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Development of Biodegradable Polyesters: Study of Variations in Their Morphological
and Thermal Properties through Changes in Composition of Alkyl-Substituted (-DL) and
Non-Substituted (-CL, EB, L-LA) Monomers
Reprinted from: Polymers 2022, 14, 4278, doi:10.3390/polym14204278 . . . . . . . . . . . . . . . . 123

v



Alya M. Al-Etaibi and Morsy Ahmed El-Apasery

Facile Synthesis of Novel Disperse Dyes for Dyeing Polyester Fabrics: Demonstrating Their
Potential Biological Activities
Reprinted from: Polymers 2022, 14, 3966, doi:10.3390/polym14193966 . . . . . . . . . . . . . . . . 137

Gabriela Montiel-Jarillo, Diego A. Morales-Urrea, Edgardo M. Contreras, Alex
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Ladegaard Skov and Arne Miller

Characterization of a Radiofluorogenic Polymer for Low-Energy Electron Beam Penetration
Depth Visualization
Reprinted from: Polymers 2022, 14, 1015, doi:10.3390/polym14051015 . . . . . . . . . . . . . . . . 309

vi
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Preface to ”Polymers Synthesis and Characterization”

Polymer science represents a domain of great interest due to the possible applications of

polymers in areas that range from the most common to those that are high-tech. To achieve

this, synthesis and characterization techniques, as well as the correlation of the chemical structure

and morphology with their properties, is critical. From the perspective of synthesis, there

are two strategies for obtaining polymers: step-growth (polyaddition, polycondensation, and

reversible-deactivation radical polymerization) and chain polymerization (radical polymerization,

coordinative polymerization, and cationic and anionic polymerization). Polymer analogous

reactions aimed at the control of the hydrophilic/hydrophobic characteristics of the surface or the

introduction of responsive moieties onto a polymer backbone are also interesting related topics.

Surface modification can also be performed using surface-initiated controlled radical polymerization

reactions such as atom transfer radical polymerization (ATRP), reversible addition-fragmentation

chain transfer (RAFT), nitroxide-mediated living free-radical polymerization (NMP), and iodine

transfer polymerization (ITP). Through these methods, polymer grafts and block copolymers are

obtained, displaying different properties than random or alternate polymers obtained by radical

copolymerization, which follows the well-known Mayo–Lewis equation. Thus, the physical

properties of the polymers can be tailored depending on the structures that are synthesized and their

morphology. The right design that encompasses structure, composition, and morphology is the key

to the final applications of polymeric structures.

The advancement of polymer applications continues to lead to the expansion of the synthesis and

characterization techniques that can be facilitated by novel, smart, multifunctional polymers. There is

a correlation between structure, composition, morphology, and properties of applications that leads

to substantial benefits for specific applications.

This Special Issue established a collection of articles and reviews that follow the latest

developments in polymer synthesis, their characterization techniques, and the correlation between

structure and properties.

Edina Rusen

Editor
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Green Synthesis of Fe–Cu Bimetallic Supported on
Alginate-Limestone Nanocomposite for the Removal of Drugs
from Contaminated Water

Inas A. Ahmed 1,* , Hala. S. Hussein 2 , Zeid A. ALOthman 3 , Abdullah G. ALanazi 3, Norah Salem Alsaiari 4

and Awais Khalid 5

1 Department of Chemistry, Faculty of Science, King Khalid University, Abha 62224, Saudi Arabia
2 Chemical Engineering & Pilot Plant Department, Engineering Research and Renewable Energy Institute,

National Research Centre, Cairo 11865, Egypt
3 Chemistry Department, College of Science, King Saud University, Riyadh 11451, Saudi Arabia
4 Department of Chemistry, College of Science, Princess Nourah bint Abdulrahman University, P.O. Box 84428,

Riyadh 11671, Saudi Arabia
5 Department of Physics, Hazara University, Mansehra 21300, Khyber Pakhtunkhwa, Pakistan
* Correspondence: eaahmed@kku.edu.sa

Abstract: In this study Fe–Cu supported on Alginate-limestone (Fe–Cu/Alg–LS) was prepared. The
increase in surface area was the main motivation for the synthesis of ternary composites. Scanning
electronic microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), and transmission elec-
tron microscopy (TEM) were used to examine the surface morphology, particle size, percentage
of crystallinity, and elemental content of the resultant composite. Fe–Cu/Alg–LS was used as an
adsorbent for the removal of drugs such as ciprofloxacin (CIP) and levofloxacin (LEV)from contami-
nated medium. The adsorption parameters were computed using kinetic and isotherm models. The
maximum removal efficiency of CIP (20 ppm) and LEV (10 ppm) was found to be 97.3% and 100%,
respectively. The optimal conditions were pH 6 and 7 for CIP and LEV, optimum contact time 45,
40 min for CIP and LEV, and temperature of 303 K. The pseudo-second-order model, which confirmed
the chemisorption properties of the process, was the most appropriate kinetic model among the
ones used, and the Langmuir model, which was the most appropriate isotherm model. Moreover,
the parameters of thermodynamics were also assessed. The results imply that the synthesized
nanocomposites can be used to remove hazard materials from aqueous solutions.

Keywords: ciprofloxacin (CIP); levofloxacin (LEV); bimetallic; limestone; alginate; adsorption

1. Introduction

In the last decade, pharmaceutical residues, typically at low concentrations, have been
detected in the water cycle, including surface waters, wastewater, groundwater and, to
a lesser extent, drinking-water. Their presence in water, even at very low concentrations
is a potential risk not only to human health from exposure to traces of pharmaceuticals
via drinking-water, but also to aquatic organisms and other components of the environ-
ment [1,2]. Accordingly, there is a significant need to propose cost-effective and feasible
alternatives to eliminate these toxic products from the environment. In this investigation,
the fluoroquinolone antibiotics ciprofloxacin (CIP) and levofloxacin (LEV) are used as
model antibiotics. In river water, CIP and LEV antibiotics were found in amounts ranging
from 0.2 to 18.8 ng/L and 0.3 to 6.0 ng/L, whereas industrial wastewater had concentrations
of 0.91 to 99.3 ng/L and 0.5 to 19,981 ng/L, respectively [3]. These antibiotics were detected
in drinking water after conventional water treatment techniques such as flocculation, sed-
imentation, and chlorination. As a result, alternative technologies for treating effluents
containing antibiotics, such as electrocoagulation [4], membrane filtration [5], advanced
oxidative process [6], or adsorption, have received a lot of attention [7–9]. The adsorption
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process has been suggested as a more viable approach than alternative treatment methods
due to a number of advantages, including cheap cost, reusability, accessibility and flexibility,
ease of operation, and nonsusceptibility to contaminants and dangerous compounds [10].
Recently, there is a tremendous increase in research for using green nanomaterials as an ad-
sorbent, with an emphasis on their possible use in environmental remediation. Metal-based
nanoparticles (for instance, nCu or nFe) are one type of nanomaterial that is frequently
suggested for wastewater treatment because of their advantages of higher intrinsic reac-
tivity on their surface sites due to their small particle size and large specific surface area,
which is frequently suitable for removal of various organic and inorganic contaminants
from surface or ground waters [10–14].

Alginate is a naturally occurring polysaccharide that is commercially harvested from
brown algae. It has a highly functionalized backbone (mostly hydroxyl and carboxylic
groups) and can be used to create materials that are ionically crosslinked with divalent
cations. It has additional properties such as biodegradability, renewability, and nontoxicity
which encouraged its contribution with other adsorbents to water treatment [15]. Alginate
can be combined with other materials, such as chitosan, hydroxyapatite, or activated carbon
to create materials with a variety of properties used in several fields, such as medicine,
pharmacy, and environmental protection. Hence, Wasilewska and Deryo-Marczewska used
alginate–carbon composites as an effective adsorbent for the removal of non-steroidal anti-
inflammatory drugs [16]. Moreover, limestone is a common adsorbent due to its reasonable
price and widespread availability in nature. It has been shown that limestone can remove
various contaminants, including heavy metals, dyes, and pharmaceuticals. In addition to
its heterogeneous surface, the buffering capability, secondary binding site, and repurposing
properties are particularly helpful. As a result, limestone can be used as an inexpensive
adsorbent in the treatment of water [17].

Green synthesis provides several advantages over conventional synthesis technologies,
including being more freely diffused and using less chemicals that are naturally harmful
and dangerous. For the creation of metal-based nanoparticles, several natural plants,
including green tea, have been employed [18]. According to Zhu et al.’s study [19] on the
green synthesis of nano zero-valent iron/Cu using green tea, this approach was shown
as more affordable and environmentally friendly than traditional ones. Polyphenols,
flavonoids, and other reducing agents found in plant extracts can effectively reduce ferric
or ferrous ions and prevent the agglomeration of nanoparticles. Hu et al., [20] investigated
the removal of ciprofloxacin with aluminum-pillared kaolin sodium alginate beads with
maximum adsorption capacity 68.36 mg/g at pH = 4. Moreover, levofloxacin (LEV) was
examined by Al-Jabari et al. [21] for its ability to bind to the surface of superparamagnetic
iron oxide nanoparticles (Fe3O4) and Fe3O4 & SiO2 nanocomposites. At pH 6.5 and 240 min
contact time, the greatest removal effectiveness of 80.2% of LEV was attained.

In this study, zero valence Fe–Cu nanoparticles supported on alginate-limestone
(ZVFe–Cu/Alg–LS) were prepared as a successful nanocomposite material for eliminating
antibiotics from water. The nanocomposite (ZVFe–Cu/Alg–LS) is presented as a group of
adsorbents (zero valence Fe–Cu nanoparticles, alginate polymer and limestone) exhibting
high ability to adsorb and degrade the fluoroquinolone antibiotics. It is an environmentally
friendly nanocomposite that includes several active sites synthesized for removal of CIP
and LEV antibiotics. The efficient removal of CIP and LEV was predicted to benefit from the
synergistic effect of the (ZVFe–Cu/Alg–LS) nanocomposites. The operating conditions such
as the solution pH, drug concentration, contact time and temperature were investigated
beside Langmuir and Freundlich isotherm models. In addition, the kinetic models, were
also applied to analyze the experimental equilibrium data.

2. Experimental

2.1. Materials

The materials utilized included limestone from Al-Gomhoria Company (Al-Mansoura,
Egypt), calcium chloride (CaCl2), sodium alginate, potassium dichromate (K2Cr2O7), cop-
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per (II) sulphate pentahydrate (CuSO4·5H2O), and ferrous sulfate (FeSO4.7H2O) acquired
from Sigma-Aldrich. Green tea leaves obtained from a local market (Egypt). Amon Com-
pany, Cairo, Egypt, provided the ciprofloxacin (20 ppm) and levofloxacin (10 ppm). Table 1
lists the physicochemical properties of ciprofloxacin and levofloxacin. The sample’s pH
was accustomed using sodium hydroxide (NaOH) and hydrochloric acid (HCl). None of
the chemicals had been refined and were all of commercial purity.

Table 1. Physicochemical properties of ciprofloxacin and levofloxacin.

Ciprofloxacin (CIP) [22] Levofloxacin (LEV)

Structure

Molecular formula C17H18FN3O3 C18H20FN3O4
Usage Antibiotic Antibiotic

Molecular weight (g mol−1) 331.346 361.373
pKa 6.09 5.59 (acid) and 7.94 (base) [23]

Water solubility (g L−1) at 20 ◦C 36 1.44 [24]

2.2. Synthesis of Copper Nanoparticles

The production of green copper nanoparticles was performed using green tea leaf
extracts, according to the technique explained by Asghar [25]. Green tea leaves were
purchased from a local market in Cairo (Egypt). The leaf extracts of each tea were separated
by exactly weighing 10 g of tea leaves and transferring into a 250 mL conical flask already
containing 100 mL of DI-H2O. The mixtures were then heated at 80 ◦C for 10 min, cooled
and filtered. Copper nanoparticles from black tea were synthesized using a CuSO4 solution
with the corresponding tea leaves extract. Briefly, CuSO4 (1 mmol/L) and tea leaf extracts
were used in a 4:1 ratio by volume, and the solution was subjected to continuous stirring at
80 ◦C for 10 min. The resultant suspensions were settled at room temperature for 24 h to
complete the reaction, then filtered and washed three times with DI-H2O to remove any
unbound molecules. Lastly, Cu-NPs were dried at 65 ◦C for 3 h.

2.3. Synthesis of Fe− Nanoparticles

Black tea leaves were used to prepare Fe− nanoparticles. Black tea leaves was washed
many times with tap water and then with double distilled water to eliminate impurities.
The washed tea was dried at 105 ◦C for 24 h in a hot air oven and then powder form
obtained after grinding of dried tea. Extraction procedure was carried out according to
Anamika et al. [14]. An extraction of tea sample was prepared with a 1:10 ratio of tea powder
to water, and the extraction was carried out at 80 ◦C for 30 min. Then the extract was filtered
after cooling at room temperature and then 0.1 M of FeSO4 solution was added to the tea
extract at a ratio of 1:3 (1-part FeSO4 and 3-part extract) [26,27]. Then sodium hydroxide
solution was added, dropwise. During this process, the ferrous ions were converted into
nanometallic particles rapidly. Separation of prepared black nanoparticles was performed
by filtration and then washed with double distilled water. Separated nanoparticles were
subsequently dried in a vacuum at 50 ◦C for 24 h.

2.4. Preparation of ZV Fe–Cu/Alg–LS Nanocomposites

In order to formulate ZV Fe–Cu/Alg–LS nanocomposites, 2% (w/v) adsorbents of
sodium alginate and 7 g of limestone were mixed in 100 mL of distilled water. The
combination was stirred with a mechanical stirrer and heated on a hot plate to 80 ◦C. When
the mixture of limestone and alginate attained a homogeneous condition, a solution of
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mixed zero valance Fe–Cu (0.5 Fe–0.5 Cu in 100 mL) was added. Then 0.3 M of calcium
chloride was dripped through a syringe injector into to form beads. In order to obtain
hardened beads, the beads were submerged in a calcium chloride (CaCl2) solution for 12 h.
Washing the adsorbents with distilled water several times removed the excess unbounded
calcium chloride from the adsorbent surface.

2.5. Surface Characterization of the Nanocomposites
2.5.1. Instruments

The investigation of the adsorbent was carried out using a Genesis-II FTIR spec-
trometer (ALT, San Diego, CA, USA) (using potassium bromide). Additionally, (SEM)
was performed using an Inspect S (FEI Company, Eindhoven, the Netherlands) equipped
with an energy-dispersive X-ray analyzer (EDX, Quanta 200, FEL, Eindhoven, the Nether-
lands).The mineralogical structure of the powdered materials was determined using X-ray
diffraction (XRD) and logged on a Philips PW 1050/70 diffractometer (Philips, Am-sterdam,
the Netherlands) using a Cu–Kα source with a post-sample Kα filterant, a scanning speed
of 1 s/step, a range of 5 to 50 (2θ◦) and a resolution of 0.05◦/step. The surface area was
determined using BEL SORB max (Made in Japan). TEM analysis was performed using
the JEM-HR-2001 model (JEOL, Akishima, Japan) with an accelerating voltage of 200 kV
to assess the particle sizes of the material. CIP and LEV were detected in aqueous solu-
tions using an Agilent HPLC 1200 Infinity apparatus equipped with a photodiode array
detector (Agilent Technologies, Waldbronn, Germany). At 280 nm, the chromatograms
were captured. At a temperature of 25 C, an Agilent Zorbax Eclipse Plus C18 column
(3.5 mm, 150 mm, 4.6 mm) (Agilent, Newport, CA, USA) was used. A total of 40% water
(mobile phase A) and 60% acetonitrile made up (mobile phase C). The flow rate was set
at 1.0 mL/min. BEL and SORB max (Made in Japan) assisted in measuring the surface’s
area, and an OHAUS STARTER 2100 pH meter (Pine Brook, NJ, USA) was used for pH
adjustment [28].

2.5.2. Adsorption Process

The adsorption was carried out by mixing an identified quantity of the sorbent with an
aqueous solution of CIP and LEV at the necessary concentration in a 100 mL capped flask
using a mechanical stirrer. First, a certain quantity of the sorbent and 25 mL of the sorbate
solution were mixed and agitated for long enough to allow for sorption equilibrium. After
filtering the mixtures using filter paper, HPLC was used to calculate the concentration of the
antibiotic and medication in the solution. By adjusting the contact duration t (10–90 min),
pharmaceutical solution starting concentration (10–100 ppm), and drug solution beginning
pH (2–10) using 0.1 M NaOH and HCl, researchers were able to study the effects of a
variety of parameters on sorption. The proportion of antibiotics sorption was assessed by
the incoming Equations (1) and (2) [29].

Adsorption capacity qe =
(C0 − Ce)V

W
(1)

Removal efficiency % =
(C0 − Ce)

C0
× 100 (2)

where V (L) and W (g) stand for the volume of the solution and the weight of the adsorbent,
respectively, C0 and Ce also stand for the initial and equilibrium concentrations (mg/L) of
CIP and LEV ions, respectively.

3. Results and Discussion

3.1. Zero Valant Fe–Cu/Alg–LS Nanocomposites Characteristics
3.1.1. FTIR Study

Figure 1 shows the Fe–Cu/Alg–LS nanocomposites’ Fourier-transform infrared spectra
before and after CIP and LEV adsorption. A specific band that was associated with O-H
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(hydroxyl) groups appeared at about 3440 cm−1. The peaks observed at 1334 and 1081 cm−1

suggest the existence of OH bending and C-O stretching vibrations [30]. At 1774 cm−1, two
additional peaks can be seen that are associated to the stretching vibration of C=O seen
in carboxylic and/or carbonyl moiety groups [31]. Additionally, a peak at 700 cm−1 that
was correspond to C-H out-of-plane bending in benzene derivatives [32] was observed. As
demonstrated in Figure 1B, in Fe–Cu/Alg–LS loaded CIP, After the adsorption, numerous
functional groups adjusted to different bands, it was noticed that the bands at 3430, 1776,
881, 700 and 416 cm−1 shifted to 3428,1774, 879, 696 and 420 cm−1, respectively. Moreover,
after adsorption of levofloxacin (LEV) the bands at 3430, 1776, 1384, 881, 700 and 416 cm−1

shifted to at 3482, 1774, 1382, 856 and 422 cm−1, respectively. Shifting the bands can
explain the presence of H-bonded OH in the adsorption of CIP and LEV on Fe–Cu/Alg–LS
nanocomposites.

 

Figure 1. FTIR spectra of (A) the Fe–Cu/Alg–LS nanocomposite, (B) Fe–Cu/Alg–LS—loaded CIP,
(C) Fe–Cu/Alg–LS—loaded LEV.

3.1.2. XRD Study

Spectra were analyzed for the phase purity of the Fe–Cu/Alg–LS nanocomposite as
shown in Figure 2. The characteristic diffraction peaks located at 43.7◦ (111) indicated
formation of Cu nanocrystals [33]. The diffraction peak observed at 2θ = 44.77◦ are indexed
to (101) denoted the crystalline phase for Fe nanoparticles [34]. The peaks at 29.4 and 47.1◦
indicated the presence of calcite [35]. The results reveal the formation of copper, ferric and
calcite that guarantees the good synthesis of the Fe–Cu/Alg–LS nanocomposites.

3.1.3. SEM and EDX Study

Figure 3 shows the SEM analysis of the generated. Fe–Cu/Alg–LS nanocomposites
both before and after the adsorption of ciprofloxacin (CIP) and levofloxacin (LEV). Figure 3
provides SEM images (A–D). The micrographs display rough surfaces, many holes, and
nanoparticles dispersed throughout the sample. The surface exhibits an uneven surface
overall for the adsorption of the designated antibiotics. Figure 3A’s surface morphologies
showed more pores than Figure 3B,C, indicating that the nanocomposite has enough space
for the adsorption process to take place. According to Figure 3B,C, the nanocomposite had
less pores due to the CIP and LEV that cover the composite.
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Figure 2. XRD of the Fe–Cu/Alg–LS nanocomposite.

 

Figure 3. SEM of (A) Fe–Cu/Alg–LS nanocomposite, (B) Fe–Cu/Alg–LS—loaded CIP, (C) Fe–Cu/Alg–
LS—loaded LEV.
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The EDX analysis of Fe–Cu/Alg–LS nanocomposites are shown in Figure 4. The EDX
analysis of the Fe–Cu/Alg–LS nanocomposites before adsorption reveals the peaks corre-
sponding to oxygen, carbon, cupper, ferric and calcium elements. Thus, EDX guarantees
the good synthesis of the Fe–Cu/Alg–LS nanocomposites.

Figure 4. EDX of Fe–Cu/Alg–LS nanocomposite.

3.1.4. Transmission Electron Microscopy Study

The TEM and particular area electron diffraction images of the Fe–Cu/Alg–LS nanocom-
posite is provided in Figure 5. From TEM micrographs, it is clear that the constructed
Fe–Cu/Alg–LS nanocomposite exhibited a multilayer structure. This rough surface in-
dicates that nucleation occurred. As seen in Figure 5A, the sample’s microstructure and
porosity are well suited for enhanced absorption. The wide range in particle size was
shown in a histogram of the particle size distribution generated from the TEM images. The
particles have an average diameter of 45.54 nm and range in size from 40 to 50 nm.

 
(A) 

Figure 5. Cont.
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(B) (C) 

Figure 5. (A) TEM analysis of the ZVFe–Cu/Alg–LS nanocomposite (B) particle size distribution for
ZVFe–Cu/Alg–LS nanocomposite (C) Adsorption–desorption nitrogen isotherms.

3.1.5. BET Adsorption—Desorption Measurements

The surface area and porous structure were examined with N2 adsorption–desorption
tests. The N2 adsorption–desorption isotherms curve of the as-prepared aerogels obtained
at 77 K are shown in Figure 5C. Figure 5C reveals a type-IV isotherm for the as-prepared
samples calcined at different temperatures, indicating the existence of a mesoporous struc-
ture. The surface area data showed that the pore volume and surface area of the Fe–
Cu/Alg–LS nanocomposite were 0.04432 cm3 g−1 and 21.05 m2 g−1, respectively, as listed
in Table 2.

Table 2. The pore size distribution adsorption results (surface area, pore volume and average pore radius).

Sample Surface Area (m2 g−1) Pore Volume (cm3 g−1) Pore Radius (nm)

Fe–Cu/Alg–LS 21.0506 0.04432 1.92176

3.2. Performance of the Fe–Cu/Alg–LS Nanocomposite
3.2.1. Effect of pH

An extremely significant factor that affects the removal efficiency of an adsorbent in
wastewater treatment is the pH of the solution since the adsorption efficiency is influenced
by the pH of the medium. CIP and LEV adsorption was adjusted to make the solution
acidic, neutral, and alkaline (2–10). According to Figure 6A, the maximum CIP and LEV
removal was obtained at pH 6 and 7, respectively. It is well recognized that the solubility
of CIP and LEV is a function of pH, which is explained by the presence of different CIP
and LEV chemical species at the different pH values. At low pH values, a highly soluble
CIP+ and LEV+ species occurs and its fraction value decreases as pH values move from
2 to 7, where the pKa constant value (carboxylic acid group) is located [36]. Finally, as the
pH value continues to increase to higher than 7, CIP+ and LEV+ becomes more soluble
because of the appearance of the CIP− and LEV- species [37,38]. This behavior can be
described through the relationship between CIP and LEV total charge and the surface
charge of the Fe–Cu/Alg–LS nanocomposite. As the pH increases up to 6 and 7, the
cationic form (CIP+ and LEV+) is present, the negative Fe–Cu/Alg–LS nanocomposite
surface will perform a significant adsorption of the pollutant. Moreover, the high efficiency
may be attributed to the increase of adsorbent surface area and greater availability of
adsorption active sites. The removal efficiency decreases significantly after the initial pH
value reaches 7. This performance can be associated with the presence of the anionic
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CIP and LEV form (CIP− and LEV−), which can produce repulsive interactions with the
Fe–Cu/Alg–LS nanocomposite negative surface [39].

  

 

Figure 6. Influences of (A) pH, (B) contact time and (C) initial (CIP and LEV) concentration on the
adsorption of CIP and LEV by 0.2 g/25 mL of the nanocomposite at pH 6 (CIP) 7 (LEV) and a contact
time of (40 min (CIP) 45 min (LEV)).

3.2.2. Contact Time Effect

Contact time is one of the important influences in the adsorption of the CIP and LEV
onto the Fe–Cu/Alg–LS. The effect of contact time on CIP and LEV adsorption on the
Fe–Cu/Alg–LS nanocomposite at concentrations of 20 ppm (CIP),10 ppm (LEV) using
0.2 g/25 mL of the nanocomposite and pH 6 (CIP) and 7 (LEV) is presented in Figure 6B.
The results illustrate that in CIP and LEV removal efficiency increased to 97.3% and 100%
with time. Furthermore, Figure 6B exhibited that the adsorption rate was quick in the first
period of time and moderate after 40 min. This may be qualified to the accessibility of
abundant free active sites on Fe–Cu/Alg–LS at the initial adsorption stage for CIP and LEV
sorption. The rate became very slow after 40 min, and no appreciable CIP and LEV removal
was achieved. Hence, equilibrium was reached at about 40 min for CIP and 45 min for
LEV. The number of existing active sites reduced with time, and eventually, the adsorbent
becomes saturated [40,41]. Consequently, beyond the equilibrium time, no significant
uptake of CIP and LEV took place as depicted in Figure 6B. This result could be ascribed to
an increase in electrostatic interactions between the surfaces of adsorbents and adsorbates.

3.2.3. Effect of the CIP and LEV Concentrations

Using 0.2 g/25 mL of the nanocomposite, the impact of CIP and LEV concentrations
on the adsorption process was investigated at concentrations ranging from 10 to 100 ppm.
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In addition, the applied pH was (6 for CIP and 7 For LEV), and a contact time of (45 min
for CIP and 40 min for LEV), as shown in Figure 6C. As expected, the increase in the
concentration of CIP and LEV has a negative effect on the removal efficiency. Moreover,
at high concentrations of antibiotics, the adsorbent surface was saturated with pollutants
which decreased the adsorption uptake. Consequently, the removal efficiency was found to
be decreased from 97% to 69% for CIP and from 100% to 80% for LEV.

3.3. Kinetic Models

The pseudo-first-order, pseudo-second-order, and intraparticle diffusion models were
engaged to evaluate the adsorption kinetics of the Fe–Cu/Alg–LS nanocomposite. [37].
The optimum situations were conventional as pH 6 for (CIP) 7 for (LEV), Fe–Cu/Alg–LS G
nanocomposite mass of 0.2 g/25 mL, a contact time of (40 min (CIP), 45 min (LEV)), and
20 ppm (CIP), 10 ppm (LEV) as the initial concentrations.

3.3.1. Pseudo-First-Order Reaction Kinetics

Figure 7A [42] provides a description of the PFOR reaction kinetics equation. The
following equation is used to represent the current starting phase:

Log (qe − qt) − log qe = − Kads t/2.303 (3)

where qt (mg/g) represents the adsorption capacity at time t. Kads (min−1) stands for the
rate constant of PFOR adsorption.

  

 

Figure 7. Adsorption kinetics: (A) pseudo-first-order reaction (PFORE), (B) pseudo-second-order reaction
(PSORE), (C) Morris–Weber equation for CIP and LEV on the Fe–Cu/Alg–LS nanocomposite (sorption
time, (40 min (CIP) 45 min. (LEV) by 0.2 g/25 mL of the nanocomposite at pH 6 (CIP) and 7 (LEV).
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In this study, a linear relationship was recognized for the adsorption of CIP and LEV
ions onto the Fe–Cu/Alg–LS nanocomposite. The values of qe and kads were measured from
the slope and intercept by plotting log (qe−qt) versus t. The PFOR kinetics are illustrated
in Figure 7A. The outcomes exhibited correlation coefficients (R2 = 0.8073, 0.9613) for CIP
and LEV. The collected data show that the pseudo-first-order model has a poor fit for the
adsorption of CIP and LEV onto the Fe–Cu/Alg–LS nanocomposite.

3.3.2. Pseudo-Second-Order Reaction

The PSOR kinetic model [43] is illustrated in the following equation:

t/q = 1/K2qe2 + t/qe (4)

The PSOR rate constant, denoted by K2 (g/mg/min), is shown in Figure 7B. When
t/qt is plotted versus t, the slopes and intercepts determine the values of the rate constant
K2, equilibrium adsorption capacity qe, and correlation coefficient (R2).

PSOR correlation coefficients (R2) for the Fe–Cu/Alg–LS nanocomposite in Table 3
maintained high values. The outcomes exhibited high correlation coefficients (R2 = 1) for
both CIP and LEV. The statistics imply that the CIP and LEV adsorption suitable for the
pseudo-second-order kinetics.

Table 3. Kinetic modeling with the PFOR, PSOR and Morris–Weber equations.

Kinetic Models Parameter Ciprofloxacin (CIP) Levofloxacin (LEV)

qe, exp (mg g−1) 2.425 1.24
PFOR qe, cal (mg g−1) 1.915 1.34

Kads (min−1) 0.4120 0.8064

R2 0.8073 0.9613
PSOR qe, cal (mg g−1) 2.427 1.24

K2 (g mg−1 min−1) 0.00007 1.157

R2 1 1
Morris–Weber Kd (mg g−1 min0.5) 0.0831 0.0727

R2 0.1884 0.9783

3.3.3. Morris–Weber Kinetic Equation

The Morris–Weber Equation (5) [44] can be used to represent the intraparticle mass
transfer diffusion, as shown in Figure 7C.

q = Kd (t)1/2 (5)

where the uptake of metal ions is denoted by the symbol q (g/g), the intraparticle mass
transfer diffusion rate constant is denoted by Kd, and the square root of time is denoted by
the symbol t1/2. Only in the shorter stage, if the intraparticle diffusion and adsorption data
overlapped, would it occur. The first part is linear, which is related to the boundary layer
effect, as shown by the Morris–Weber equation in Figure 7C. However, the intraparticle
diffusion effect may be related to the second component [45]. The fact that practically all
sorption occurs within the first 40 min for CIP and 45 min for LEV, with a clear linear
trend, indicates that the porosity of nanocomposites exceeds the resistance influencing
intraparticle diffusion [46]. For CIP and LEV adsorption, the intraparticle diffusion rate
constant value Kd was estimated to be 0.0831 and 0.0727 (g/g min−1), respectively, onto
the Fe–Cu/Alg–LG nanocomposite, suggesting CIP and LEV ions move to the composite.
The values of Kd for both antibiotics represent the rate of diffusion of pollutants towards
the pore of nanocomposite, accordingly the rate of diffusion of CIP is higher than LEV onto
nanocomposite. The kinetic modeling with the PFOR, PSOR and Morris–Weber equations
are detailed in Table 3.
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3.4. Isotherm Model

To adequately understand the adsorption process, isotherm studies are required [47].
The Langmuir, Freundlich, and Dubinin–Radushkevich isotherm models were used to
study the adsorption process. The Fe–Cu/Alg–LS nanocomposite was 0.2 g/25 mL in mass,
with contact times of 40 min for CIP (20 ppm) and 45 min for LEV (10 ppm) according to
the optimized experimental conditions.

The Langmuir isotherm was used to explain the adsorption of any substance on
a homogeneous surface with minimal interaction between the molecules that had been
adsorbed [48]. The model assumes a homogeneous uptake in accordance with the saturation
level of the monolayer on the surface with the highest adsorption. The following gives an
illustration of the Langmuir linear equation model [49]:

Ce/qe = 1/KL qmax + (1/qmax)·Ce (6)

where KL (L·mg−1) denotes the monolayer’s maximum adsorption capacity and qmax
(mg.g−1) denotes its maximum capacity for sorption heat. Figure 8A,B illustrate the
Langmuir adsorption isotherm that was constructed on the basis of monolayer adsorption
through the adsorption process. The equilibrium absorption of the homogeneous surface
of the adsorbents is explained by the Langmuir model.

  

Figure 8. (A) Langmuir (B) Freundlich adsorption isotherm.

The Freundlich model, particularly for heterogeneous surfaces [50,51], is one of the
first empirical equations compatible with the exponential distribution of active centers
as follows:

ln qe = ln Kf + 1/n ln Ce (7)

If Kf denotes adsorption capacity, n denotes intensity, and Kf is a crucial and relative
indicator of adsorption capacity; it denotes a beneficial adsorption extent. Adsorption
is considered suitable when n is greater than 1 [52]. The results demonstrate that the
Langmuir model performed better than the Freundlich model in describing the experimen-
tal data of the Fe–Cu/Alg–LS nanocomposites. The values for the correlation coefficient
(R2) are described in Table 3. For both CIP and LEV adsorption, the R2 values from the
Langmuir model data were 0.9731 and 0.9990, above those of the Freundlich isotherm. The
displacement of CIP and LEV ions appears to be a monolayer covered on the surface of
the Fe–Cu/Alg–LS nanocomposite, according to the adsorption results. As a result, the
outcomes closely matched the Langmuir model.
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Dubinin–Radushkevich Isotherm

This model fits exceedingly well with the Gaussian energy distribution and adsorption
techniques that were used on a heterogeneous surface. The D-R equation is as follows [53]:

ln q = ln q(D-R) − ßε2 (8)

ε = RT ln(1 + 1/Ce) (9)

When the ideal gas constant, R, is taken into account, the theoretical adsorption
capacity, q(D-R) (mg·g−1), the activity coefficient, ß (mol2 kJ−2), the Polanyi potential(ε), T
(absolute temperature in K), and E (kJ mol−1), represented as the free energy change, are
as follows:

E = 1/(2ß)1/2 (10)

The E value can be used to identify the type of reaction. Physical forces are predicted
to have an impact on the adsorption process if E < 8 kJ mol−1. If E is between 8 and
16 kJ mol−1, chemical ion exchange takes place during the sorption process. Particle diffu-
sion may also be used to determine the sorption process if E is more than 16 kJ mol−1 [54].
Table 4 provides a list of the D-R model simulation data. E values for the absorption of CIP
and LEV ions onto the Fe–Cu/Alg–LS nanocomposite were 0.7624 and 0.7446 kJ mol−1. As
a result, if E is less than 8 kJ mol−1, physical adsorption will affect the sorption [55].

Table 4. Sorption isotherms.

Kinetic isotherm Parameter Ciprofloxacin (CIP) Levofloxacin (LEV)

Langmuir qe, cal. (mg g−1) 8.84 5.3
KL (L mg−1) 0.0012 0.0011

R2 0.9731 0.9990

Freundlich KF (moln−1 Ln g−1) 4.5850 2.7150
n 4.12 3.60

R2 0.9137 0.9221

D–R model E (kJ mol−1) 0.7624 0.7446
q(D-R) (mg g−1) 8.4350 4.4260

R2 0.9402 0.8088

3.5. Sorption Thermodynamics

To estimate the thermodynamic action of the CIP and LEV adsorbed onto the Fe–
Cu/Alg–LS nanocomposite, the thermodynamic factors were assessed in order to determine
the thermodynamic viability and spontaneous nature of the process of adsorption. At varied
temperatures (30, 40, and 60 ◦C), the findings were recorded. The formulae listed below
were used to calculate the thermodynamic factors [56,57]:

ΔG◦ = −RT ln Kd (11)

ΔG◦ = ΔH◦ − TΔS◦ (12)

ln Kd = −ΔH◦/RT + ΔS◦/R (13)

where T is the absolute temperature (K), Kd is the distribution coefficient, and R is the gas
constant (8.314 J mol−1 K−1). Using Equation (11), the Gibbs free energy was calculated.
Furthermore, using Equation (12), G◦ might be calculated from H. Using Equation (13), the
thermodynamic variables S◦ and H◦ were calculated (from the intercept and slope). The
data showed that the amount of CIP and LEV ions taken up by nanocomposites slightly
decreased in direct proportion to the temperature increase. In contrast to the adsorbent
particles, the rise in degree of temperature increased the pollutants’ solubility in a bulk
solution to a larger extent [58]. Table 5 illustrates the Fe–Cu/Alg–LS nanocomposite
components’ thermodynamic sorption response to CIP and LEV ions.
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Table 5. Thermodynamic conditions using 0.2 g/25 mL of the nanocomposite at pH 6 for CIP (10 ppm)
and 7 for LEV (20 ppm), with contact times of 40 min and 45 min for CIP and LEV, respectively.

Parameter T (K) A% ln KL
ΔH◦

(KJ·mol−1)
ΔS◦

(J·mol−1·K−1)
ΔG◦

(kJ·mol−1)
R2

Ciprofloxacin
(CIP)

303 97.0 1.25
10.75 −46.12

−3.148
0.9621313 97.2 1.46 −3.812

333 97.6 1.65 −4.568

levofloxacin
(LEV)

303 99.0 2.50
−12.39 −20.49

−6.26
0.8929313 98.6 2.20 −5.72

333 98.4 2.03 −5.45

Negative G◦ show that the adsorption process is feasible and spontaneous. Addition-
ally, negative findings of H◦ also suggest that LEV was adsorbed onto the Fe–Cu/Alg–LS
nanocomposite in an exothermic manner. Positive readings of H◦ show that CIP was
adsorbed endothermically. Given how CIP and LEV adsorbed onto the surfaces of the
adsorbents, negative S◦ for the Fe–Cu/Alg–LS adsorbent demonstrated that randomness
declined at the solid–liquid interfaces, demonstrating that the adsorption was energetically
stable [59]. For G◦ values under 80 kJ mol−1, the sorption was of a physical origin. How-
ever, if G◦ was between 80 and 400 kJ mol−1, it might have been chemical [60]. Table 4
shows the “G” values, which show that CIP and LEV sorption were of a physical origin.
These results support the D-R isotherm.

3.6. A Comparison Study

A comparison study between the sorption capacities for CIP and LEV with other
sorbents in literature are listed in Table 6.

Table 6. A comparison between the sorption capacities for CIP and LEV with other sorbents in
previous work.

Ciprofloxacin

The Sorbent Adsorption Capacity, mg/g Conditions References

Fe–Cu Bimetallic Supported on
Alginate–Limestone Nanocomposite 8.8 20 ppm, 45 min. Current research

Chemically prepared carbon from date
palm leaflets 44.6 Ci = 200 ppm, 2880 min. [9]

Pillared Clays 122.1 Ci = 18–500 ppm, 1440 min. [61]
A chemically modified bamboo biochar

was prepared from bamboo sawdust 78.43 Ci = 20 ppm, 46 min. [42]

Protein-modified nanosilica (ProMNS) 85 Ci = 10 ppm, 90 min. [62]
Activated carbon from Mangosteen Peel 29.76 Ci = 300 ppm, 60 min. [63]

Fe clay cellulose-acrylamide beads 57.84 Ci= 0.01, ppm [3]

Levofloxacin

Fe–Cu Bimetallic Supported on
Alginate–Limestone Nanocomposite 8.8 10 ppm, 40 min. Current research

Clay nanotubes 442 Ci =10 ppm,1800 min. [64]
Fe clay cellulose-acrylamide beads 38.01 Ci= 0.01 ppm [3]

Magnetite (Fe3O4—gINPs) nanoparticles
from Moringa olifera 22.47 Ci= 4 ppm, 1440 min. [65]

Hydroxyapatite nanopowder
157.09

(uncalcined
Nanohydroxyapatite)

Ci= 25 ppm, 80 min. [66]
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4. Conclusions

Through the use of FTIR, SEM, EDX, and TEM, it was demonstrated that the Fe–
Cu/Alg–LS nanocomposite was successfully designed and used to remove the CIP and
LEV ions from aquatic solutions. The elimination of CIP and LEV ions was successfully
accomplished by the Fe–Cu/Alg–LS nanocomposite. It was also fairly stable at high tem-
peratures. The pharmaceutical concentration and pH level of the solution have a significant
impact on sorption capacity. The ideal pH values of 6 and 7 for the adsorption of CIP and
LEV ions from contaminated solutions, respectively, were carefully selected. The kinetic
models of CIP and LEV ions onto the Fe–Cu/Alg–LS nanocomposite were fitted using
the Langmuir adsorption and pseudo-second-order rate equation. After calculating the
thermodynamic variables, it was determined that the reaction was spontaneous, exother-
mic for LEV and endothermic for CIP. The Fe–Cu/Alg–LS nanocomposite sorption was
physical. The developed composites demonstrated the potential to be used as an adsorbent
in water treatment.
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Abstract: Piroxicam is a Biopharmaceutical Classification System (BCS) Class II drug having poor
aqueous solubility and a short half-life. The rationale behind the present research was to develop a
Piroxicam nanosuspension to enhance the solubility and thereby the in vitro bioavailability of the
drug. Piroxicam nanosuspension (PRX NS) was prepared by an anti-solvent precipitation technique
and optimized using a full-factorial design. Herein, the nanosuspension was prepared using polymer
polyvinylpyrrolidone (PVP) K30® and Poloxamer 188® as a stabilizer to improve the solubility and
in vitro bioavailability of the drug. Nine formulations were prepared based on 32 full-factorial experi-
mental designs to study the effect of the formulation variables such as concentration of poloxamer
188 (%) (X1) and stirring speed (rpm) (X2) as a process variable on the response of particle size (nm)
and solubility (μg/mL). The prepared NS was characterized by phase solubility, Fourier-transform
infrared (FT-IR), differential scanning calorimetry (DSC), X-ray powder diffraction (XRPD), transmis-
sion electron microscopy (TEM), particle size, zeta potential, entrapment efficiency, and percent drug
release. DSC and XRPD analysis of freeze-dried NS formulation showed conversion of PRX into a
less crystalline form. NS formulations showed a reduction in the size from 443 nm to 228 nm with
−22.5 to −30.5 mV zeta potential and % drug entrapment of 89.76 ± 0.76. TEM analysis confirmed the
size reduction at the nano level. The solubility was increased from 44 μg/mL to 87 μg/mL by altering
the independent variables. The solubility of PRX NS in water was augmented by 14- to 15-fold
(87.28 μg/mL) than pure PRX (6.6 μg/mL). The optimized formulation (NS9) at drug-to-stabilizer
concentration exhibited a greater drug release of approximately 96.07% after 120 min as compared to
the other NS formulations and pure PRX (36.78%). Thus, all these results revealed that the prepared
NS formulations have improved the solubility and in vitro dissolution compared to the pure drug.
Furthermore, an increase in the drug release was observed from the NS than that of the pure PRX.
All these outcomes signified that the prepared PRX NS showed an increase in solubility and in vitro
dissolution behavior; which subsequently would aid in attainment of enhanced bioavailability.

Keywords: polymers; nanosuspension; solubility; bioavailability; anti-solvent precipitation; in vitro
drug dissolution
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1. Introduction

There has been a growing need for alternative drug delivery systems and techniques
owing to the increasing number of newly investigated drugs, increased sensitivity to clini-
cal findings, and escalating healthcare costs. The current drug delivery system is rapidly
evolving and has increased productivity. There has been significant advancement and re-
search in delivery systems for the optimization of therapy and its cost-effectiveness. Newer
pharmaceutical and biopharmaceutical product categories are accelerating the development
of drug delivery technology. Often, conventional methods are unable to deliver these novel
entities effectively. Thus, advanced delivery systems have therefore become increasingly
important in today’s world. Most of the recently developed drug molecules have poor
solubility, which can lead to significant formulation issues and poor bioavailability.

Solubility is one of the key parameters to achieve the desired concentration of drug in
the systemic circulation necessary for achieving the required pharmacological response.
Following oral administration, poorly water-soluble drugs require high dosages to attain
therapeutic plasma concentration. Water insolubility is one of the central elements which
restrict the usage of many potential drug moieties and other active compounds. Because
of this, the bioavailability of the drug is less and it fails to reach the site of action [1].
Solubility is closely associated with bioavailability. It greatly increases the bioavailability
of the dosage form. Only highly soluble drug molecules can cross the cell membrane and
show their desired therapeutic effect by reaching the site of action [2,3]. In vitro dissolution
of the drug is related to its in vivo bioavailability [2]. The primary strategy in this study
domain is enhancing the solubility of BCS class II drugs. Solubility of the drugs can be
improved by a variety of techniques, such as particle size reduction, micro-emulsion, micel-
lar solubilization, solvent deposition, Super Critical Fluid (SCF) process, solid dispersion,
nanosuspension (NS), cryogenic techniques, inclusion complex formation-based techniques,
hydrotropy, co-crystallization, complexation, liquid-solid system, etc. [2,4].

The majority of the aforementioned solubility enhancement methods, including NS,
may be utilized to make drugs more soluble. In developing an ideal formulation, several
factors, such as stability at various temperatures, solubility, compatibility of the solvent and
excipients, and photostability, are essential. Thus, the present study aimed in developing
NS to resolve issues relating to low solubility and poor bioavailability [5]. A drug that is
weakly water soluble and free of any matrix material can be utilized to develop NS [6]. NS
improves medication safety and effectiveness by resolving the challenges of low solubility
and bioavailability as well as by changing the pharmacokinetics of the drug [7]. NSs
are colloidal dispersions having surfactant-stabilized drug particles that are nanoscale in
size [4,8]. Pure drug particles are dispersed in the aqueous medium to create a biphasic
system known as an NS. The suspended particle has a diameter of less than 1 μm. The
increase in surface area and saturation solubility of the drug particles results from the
reduction in drug particle size, which accelerates the dissolution. The increased vapor
pressure of the particles leads to increased saturation solubility and solution velocity of the
nanoparticles. Because of these properties, NS is the best technique for enhancing the water
solubility and dissolution rate of drugs [9,10]. The particle size distribution, surface charge,
crystalline state, dissolution rate, and saturation solubility are the main characteristics of
oral NSs. A zeta potential of at least ±30 mV is needed for an electrostatically stabilized NS
to be physically stable. A general guideline line of ±20 mV will be sufficient in the case of
a combined steric and electrostatic stabilization. For pharmaceuticals that exist in several
polymorphs, the crystallinity of the NS is crucial [11].

The drug Piroxicam(PRX) [4-Hydroxy-2-methyl-N-(2-pyridinyl)-2H-1, 2-benzothiazine-
3-carboxamide 1,1-dioxide] belongs to the class of anti-inflammatory drugs. PRX demon-
strates prolonged and delayed oral absorption [12]. It is a highly protein-bound medication
that is slowly removed from the body, increasing the half-life to up to 36 to 86 h. It has
various side effects such as diarrhea, constipation, headache, dizziness, and ringing in
the ears. Although it has a variety of side effects, PRX has a stronger pharmacological
efficacy because it is a potent anti-inflammatory drug [12]. In the US, PRX is approved
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for the treatment of rheumatoid arthritis and osteoarthritis [13]. PRX is a BCS class II
medication that has high permeability and low solubility [2]. It exhibits a slow and gradual
absorption when taken orally and is proven to be ulcerogenic. Therefore, the need of the
hour is to develop novel formulations that would accelerate its absorption in the GI tract
and might give quick relief from rheumatoid arthritis and osteoarthritis with a reduction
in its dose and dose-dependent side effects. The NS development approach has viable
potential for enhancing solubility of poorly soluble drugs and is also cost effective, simple
and robust. PRX in the form of NS is a practically executable and promising way to mitigate
this problem. Hence, the objective of the current study was to investigate the effects of a
formulation variable (polymer concentration) and process parameters (stirring speed and
time) on the NS formulation of PRX with the intent of attainment of improved solubility
and in vitro bioavailability. In the present study, NS has been chosen as an approach to
enhance the solubility, dissolution release and in vitro bioavailability of PRX. Differential
scanning calorimetry (DSC), X-ray powder diffraction (XRPD), and transmission electron
microscopy (TEM) analysis were performed to determine the solid-state properties of the
drug in physical mixtures and NSs in comparison with the free PRX.

2. Materials and Methods

2.1. Materials

PRX was procured from Zydus Cadila Healthcare Ltd., Goa, India. The following
chemicals were obtained commercially: PVP K30®, Poloxamer 188®, Methanol, Hydrochlo-
ric Acid and Dichloromethane (Loba Chemie, Mumbai, India). All the other chemicals,
solvents and reagents used were of analytical grade and were stored and used as per the
supplier’s instructions.

2.2. Methods
2.2.1. Pre-Formulation Study

Pre-formulation studies were carried out to determine the characteristics of the drug
and excipients, particularly on the physicochemical, physicomechanical, and biopharma-
ceutical aspects [14].

2.2.2. Organoleptic Evaluation

The drug sample was evaluated for organoleptic properties. The organoleptic evalua-
tion was conducted by observing the appearance, color, and odor of the drug sample.

2.2.3. Melting Point

Using a micro-controlled based melting point apparatus (SMP10/1, Stuart, UK), the
melting point of the drug was determined. The drug sample was inserted into a capillary
tube with one end closed. The capillary tube was inserted into a silicone oil bath, which was
heated with the help of an electrical heating coil in a controlled manner. The temperature
at which the drug sample started melting was noted as the melting point temperature. The
average of triplicate readings was noted and compared with the literature value.

2.2.4. Ultraviolet-Visible (UV-Visible) Spectrophotometry

The absorbance maxima (λmax) of PRX were determined in various solvents such as
methanol, methanolic HCl, phosphate buffer solution (PBS) pH 6.8, and PBS pH 7.4 in the
range of 200–400 nm by using a UV-Visible double beam spectrophotometer (Shimadzu
1800, Tokyo, Japan) [14].

2.2.5. Determination of Calibration Curve

The calibration curve of PRX has been investigated in different solvents such as
methanol, methanolic HCl, PBS pH 6.8, and PBS pH 7.4 at specific wavelengths [14].
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2.2.6. Solubility of Drug

Drug solubility was assessed in a variety of solvents, including distilled water, PBS
pH 7.4, and methanol. In order to create saturated solutions, the excess drug was added to
the vehicles, which were then shaken continuously for 48 h at a temperature of 25 ± 0.5 ◦C.
The solutions were filtered, diluted and analyzed using UV spectrophotometry (Shimadzu
1800, Japan) [14].

2.2.7. Fourier-Transform Infrared (FT-IR) Spectroscopy

Drug-excipient compatibility was confirmed by FT-IR spectroscopy (Bruker Alpha
II). The spectra were obtained using the KBr pellet method within the range of 4000 cm−1

to 400 cm−1. Briefly, the pellets were prepared with KBr in a ratio of 1:100 and force was
applied for several minutes to obtain uniform thin pellets. These pellets were placed in
between two plates in a sample holder and scanned. The absorbance was plotted against
their corresponding wavenumber [12].

2.2.8. Preparation of NS

Preparation of drug solution: the required amount of the drug was dissolved in 4 mL
dichloromethane to obtain a clear solution [15].

Preparation of polymer solution: the required amounts of Poloxamer 188 and PVP
K30 were dissolved in water. Using a mechanical stirrer (Remi RQT 124 AD, Mumbai,
India), the polymer solution was homogenized at 1000–1200 rpm. Then, the drug solution
was added dropwise into the polymer solution using a syringe and stirred continuously
followed by sonication for 20 min. From the preliminary study, based on complete mixing
and the optimal particle size, stirring time was optimized at 15 min [15,16].

2.3. Optimization of Formulation

A randomized, 32 full factorial design with two factors and three levels was employed
to systematically study the nanosuspension formulation (Table 1). A total of nine experi-
mental trials were performed at all possible combinations. The concentration of stabilizer
and stirring speed were identified as the independent variables based on the experiments
conducted during the optimization, which were altered at three different levels, i.e., low,
medium, and high. Solubility (μg/mL) and particle size (nm) were considered as depen-
dent variables (responses) The response variables used were solubility and particle size
(nm). The development and evaluation of the statistical experimental design were accom-
plished by utilizing the Design-Expert 8.0 software (Stat-Ease Inc., Minneapolis, USA). The
effect of two independent variables, stabilizer concentration (X1) and stirring speed (X2),
on the response (Y) was studied.

Table 1. 32 full factorial design with composition and independent variables.

Formulation
Code

Composition

Speed (rpm)
Total

Volume (mL)PRX
(mg)

PVP K30®

(mg)

Poloxamer
188® (%w/v)

NS1 50 50 0.1 (−1) 1000 (−1) 100
NS2 50 50 0.1 (−1) 1800 (0) 100
NS3 50 50 0.1 (−1) 2600 (+1) 100
NS4 50 50 0.3 (0) 1000 (−1) 100
NS5 50 50 0.3 (0) 1800 (0) 100
NS6 50 50 0.3 (0) 2600 (+1) 100
NS7 50 50 0.5 (+1) 1000 (−1) 100
NS8 50 50 0.5 (+1) 1800 (0) 100
NS9 50 50 0.5 (+1) 2600 (+1) 100

−1: low level, 0: medium level, and +1: high level of independent variables.
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Formulation optimization using the desirability function: using Design-Expert 8.0
software (Stat-Ease Inc., USA), various response surface methodology (RSM) computations
were carried out for the current optimization research. All of the response variables were
developed in a linear model with quadratic terms. Additionally, using the Design-Expert
software output files, linear plots and 3D graphs were developed. Analysis of variance
(ANOVA) was used to determine the importance of these characteristics on the variables.

The optimization process employed the desirability function once the mathematical
model had been fitted. The results were combined to find a product with the desired
properties during formulation optimization. The desirability function predicts the ideal
values for the independent variables by combining all the results into one variable. The
least desirable value for the replies is represented by a desirability value of 0, while the
most desirable value is represented by a desirability value of 1.

2.3.1. Freeze-Drying of Optimized Formulation

The optimized batch (NS9) was lyophilized using mannitol as a cryoprotectant for
24 h under controlled conditions to obtain dry powder using a laboratory-scale lyophilizer
(Alpha 1–2 L Dplus, Martin Christ Gefriertrocknungsanlagen GmbH, Germany). The
product was stored in an airtight container until further characterization [17].

2.3.2. Characterization of NS

Determination of phase solubility of NS: for the determination of the phase solubility
of PRX, different concentrations of Poloxamer 188 were prepared. Briefly, an excess amount
of the drug (1 g) was added to each of the 250 mL flasks containing 25 mL of stabilizer
poloxamer 188 having three distinct concentrations (0.1%, 0.3%, and 0.5%) and at different
speeds. The flasks were properly sealed and agitated for 48 h at 37 ◦C at 100 rpm in
an orbital shaker cum incubator (Orbit™ 1000 multipurpose digital shaker). For the
establishment of the equilibrium, they were kept in the incubator for a further 24 h. Five (5)
mL of the supernatant was filtered and appropriately diluted, and the amount of drug in the
filtrate was evaluated photometrically using a UV-Visible spectrophotometer (Shimadzu
1800, Tokyo, Japan) at 354 nm [18].

Particle size, polydispersity index and zeta potential analysis: by using the dynamic
light scattering (DLS) technique, the mean particle size, polydispersity index and zeta
potential were determined using a particle size analyzer (Horiba Scientific SZ-100). Freshly
prepared NS was diluted 100 times with distilled water and analyzed [17,19].

Determination of Entrapment Efficiency (EE): entrapment efficiency (EE) of the opti-
mized formulation was determined by quantitatively estimating the amount of drug loaded
into the NS. The NS formulation was ultracentrifuged (Optima KE-90-IVD, Beckman Coul-
ter, Pasadena, CA, USA) for 20 min; the resulting supernatant was diluted sufficiently with
methanol for subsequent UV-spectrophotometric analysis at 334 nm [20].

% EE =
Total amount of drug − Free drug

Total amount of drug
× 100 (1)

Transmission Electron Microscopy (TEM): the size and shape of the optimized NS
were evaluated by means of TEM (H-7500, Hitachi, Tokyo, Japan).

Differential Scanning Calorimetry (DSC) analysis: a differential scanning calorime-
ter (Mettler-Toledo DSC 821e, Columbus, OH, USA), was used to carry out the thermal
analysis for confirming the compatibility between the drug and the excipient. The thermal
behavior of the drug and the optimized formulation was investigated via DSC analysis.
Briefly, the samples were weighed accurately and sealed hermetically in aluminum pans
and crimped and were heated from 25 to 250 ◦C at a heating rate of 10 ◦C/min. Through-
out the measurement, nitrogen gas was purged over the sample cell with a flow rate of
50 mL/min [21].

X-ray Powder Diffraction (XRPD): XRPD is a crucial method used to determine the
crystalline or amorphous nature of the sample. Using a powder X-ray diffractometer (AXS
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D8 Advances, Bruker Ltd., Germany), diffractograms of the pure drug and NS formulation
were obtained with tube anode Cr over the interval of 10–70◦/2θ using copper as an X-ray
target, with 1.54 Å wavelength [21,22].

In vitro dissolution study: a USP Type II dissolution testing paddle apparatus was
used for determining the in vitro dissolution. An amount of sample which is equivalent
to 10 mg of PRX was added to the glass jar of apparatus containing 900 mL of PBS pH
6.8 maintained at a temperature of 37 ◦C [18,23]. Then, for 2 h, the paddle was rotated
at 75 rpm. Three (3) mL of sample was taken out at predetermined intervals, filtered,
and properly diluted. The concentration of the drug dissolved in the medium was then
determined with the help of a UV spectrophotometer (Shimadzu 1800, Tokyo, Japan). To
maintain a constant volume of a medium during the dissolution, 3 mL of fresh medium
was always replaced in the glass jar.

3. Result and Discussion

3.1. Pre-formulation Study
3.1.1. Organoleptic Properties

For identifying the compound, the organoleptic features of the drug sample, such as
appearance, color, and odor were examined. Table 2 displays outcomes that adhere to the
standards set out in the existing literature.

Table 2. Organoleptic properties of PRX.

Sr. No. Identification Test Observation Standard

1 Appearance Off-white powder Off-white to light tan or light-yellow powder
2 Odor Odorless Odorless
3 Color White Off-white

3.1.2. Melting Point

The melting point of PRX was determined using the capillary method. It has been
noted in the range of 198–200 ◦C. The experimental values are in good agreement with the
criteria in the published literature [13].

3.1.3. Determination of Maximum Wavelength (λmax)

The absorption maxima (λmax) of PRX in the methanol, methanolic HCl, PBS pH 7.4,
and PBS pH 6.8 is represented in Figure 1 and the same has been depicted in Table 3.

Table 3. λmax of PRX in different solvents.

Solvent
λmax (nm)

Observed Standard [12]

Methanol 334 334
Methanolic HCl 334.8 334

PBS pH 7.4 354 354
PBS pH 6.8 354 354

3.1.4. Preparation of Calibration Curve

The calibration curve of PRX was plotted in methanol, methanolic HCl, PBS pH 6.8,
and PBS pH 7.4. It showed the linear relationship in the concentration range of 2-10 μg/mL.
The R2 values were obtained above 0.99.

3.1.5. Solubility of Drug

In contrast to being poorly soluble in water, PRX readily dissolves in methanol, ethanol,
and dichloromethane, among other organic solvents. PRX solubility was investigated in a
variety of solvents including water, PBS pH 7.4, and methanol. The investigation shows
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that the drug was freely soluble in methanol, soluble in PBS pH 7.4, and very slightly
soluble in water (Table 4).

Table 4. Solubility of the drug in different solvents.

Sr. No. Solvent
Reference Solubility

(mg/mL)
Observed Solubility

(mg/mL)

1 Methanol 5.0 4.44
2 PBS pH 7.4 0.592 0.6606
3 Water 0.0076 0.0066

Figure 1. UV spectra depicting λmax of PRX in methanol (A), methanolic HCl (B), PBS pH 6.8 (C) and
PBS pH 7.4 (D).

3.1.6. FT-IR Studies

FT-IR studies predict the possible interaction between the drug and the excipients.
FT-IR spectra (Figure 2) of pure PRX, its physical mixture and optimized formulation
depicted all the characteristic IR peaks corresponding to their functional groups as reported
in the literature. (Table 5).
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Figure 2. Overlain FT-IR spectra of PRX (A), physical mixture of PRX and PVP K30® (B), physical mix-
ture of PRX and Poloxamer 188® (C), physical mixture of PRX and mannitol (D), physical mixture of
PRX, PVP K30®, Poloxamer 188® and mannitol (E), and freeze-dried optimized formulation (NS9) (F).

Table 5. Interpretation data of the FT-IR spectral analysis.

Characteristics Functional
Groups.

Standard Range
(cm−1)

Observed Peak for
Pure PRX (cm−1)

Observed Peak for NS
Physical Mixture (cm−1)

–OH and –NH Stretching 3650–3300 3337.34 3337.72
Aromatic –C=C–H 3300–2700 2374.30 2878.27

C=O Stretching 1850–1680 1628.71 1628.93
Aromatic –C=C– 1680–1450 1575.84 1575.95

Ar–NH 1360–1250 1349.93 1342.49
N-CH3 Stretching 1220–1050 1148.62 1147.59
–SO2-N= Group 1070–1050 1065.53 1059.18

o-disubstituted phenyl 750 772.14 771.90

All the characteristic peaks were observed in the IR spectra of pure PRX and in the
physical mixture of PRX, poloxamer 188®, PVP K 30®, and mannitol. This indicates that
there is no interaction between the PRX and excipients.

3.2. Preparation of NS

PRX NS was prepared by the antisolvent-precipitation technique. The aqueous phase
containing suitable polymer and stabilizer (PVP K30® and Poloxamer 188®) was used as
the antisolvent and dichloromethane was used as a solvent.
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3.2.1. Full Factorial Design

The experimental design shown in Table 1 is a factorial design for two variables at
three different levels using −1, 0, and +1 corresponding to a 32 full factorial design. It is
possible to evaluate the impact of distinct variables (primary effects) and their second-order
effects using this efficient second-order experimental design with a small number of tests.
Further, this design has the advantage of calculating the quadratic response surface, which
is not estimable using a factorial design at two levels. A full factorial design was used to
carefully evaluate the variables.

Data from the experimental runs were subjected to regression and graphical analy-
sis, which produced the equations in Table 6 with F ratios that were statistically signifi-
cant (p < 0.05) and Adj-R2 values in the range of 0.7–1. The data were well-fit by these
model equations.

Table 6. Results of statistical analysis of the 32 full factorial experimental design.

Response
Sources

Model p Value R2 Adjusted R2 Predicted R2

Particle Size 0.0053 0.8255 0.7673 0.5975
Solubility 0.0005 0.9217 0.8956 0.8126

The significance of the effect on particle size (Y1) was established using ANOVA and
the linear regression equation fit to the data was:

Y1 = 326.56 − 70.50 × X1 − 41.67 × X2 (2)

As the stabilizer concentration and stirring speed rise, respectively, the negative sign at
coefficients X1 and X2 indicate a reduction in particle size. Because super-saturation occurs
with increasing drug concentration in the aqueous phase and leads to fast precipitation
on diffusion, particle size was reduced. In order to prevent agglomeration, the drug
particles were reduced in size up to nanosized ranges and well-protected by a stabilizer.
Moreover, considerable stabilizer upholds Oswald’s ripening while too little stabilizer
causes agglomeration or aggregation and increases particle size (a phenomenon in which
smaller particles get smaller due to more solubility, and larger particles become larger
through re-precipitation of small particles on it). The stabilizer concentration was found
to be ideal between 0.2 and 0.6 percent. The same observation has been reported by
Ahire et al. [24]. The increase in the stirring speed also results in the reduction in the
particle size.

The effect on solubility (Y2) was established to be meaningful by ANOVA and the
linear regression equation fit to the data was:

Y2 = 67.23 + 11.80 × X1 + 6.36 × X2 (3)

Poor wetting of the drug surface is a sign of hydrophobicity, which contributes to
low solubility. As a result of this, the particles agglomerate instead of dispersing. Because
of the increased surface area brought on by the reduction in particle size, the drug’s
solubility in the NS was enhanced shown in Figure 3. The increase in solubility (Y2) is
predicted by the positive coefficient of X1 and X2 as the stabilizer concentration and stirring
speed, respectively.

3.2.2. Formulation Optimization Using the Desirability Function

The pharmaceutical formulation is optimized by studying the effects of different levels
of variables on the responses. During the optimization process, all measured responses
that can have an impact on the product’s quality were taken into account. Considering the
effect of stabilizer concentration (0.5%) and stirring speed of 2600 rpm and manipulating
data from Table 6 it was observed that the optimized formulation (NS9) showed a decrease
in particle size (228 nm) and high solubility (87.28 μg/mL).
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Figure 3. Linear and 3D response surface plot for independent variable’s effects on the response
particle size (A,B), respectively, and on response solubility (C,D), respectively.

3.3. Characterization of NS
3.3.1. Phase Solubility of NS

The initial solubility of PRX in distilled water was found to be 6.6 μg/mL. The solubil-
ity study of NS was performed at different concentrations of stabilizer, i.e., poloxamer 188®

and at a different speed. The results showed an increase in the solubility of PRX in the NS
formulations (Table 7).

3.3.2. Particle Size and Zeta Potential

The particle size in the NS formulation was found to be decreasing with an increase in
the poloxamer 188® concentrations and an increase in the speed as shown in Table 7. The
particle size and zeta potential of the optimized formulation are shown in Figure 4.

28



Polymers 2023, 15, 483

Table 7. Particle size, PI, zeta potential, PDE, and solubility of the NSs.

Formulation Code Particle Size (nm) PI
Zeta Potential

(mV)
* PDE ± SD

* Solubility ± SD
(μg/mL)

NS 1 412 0.706 −22.5 89 ± 0.14 44.95 ± 0.63
NS 2 389 0.713 −24.7 89.48 ± 1.02 57.86 ± 1.21
NS 3 342 0.794 −25.6 89.4 ± 0.21 61.74 ± 0.63
NS 4 443 0.705 −29 88.42 ± 0.32 66.6 ± 1.04
NS 5 334 0.615 −35.9 90.54 ± 0.80 69.65 ± 1.96
NS 6 287.7 0.722 −34.2 88.87 ± 0.95 68.96 ± 1.24
NS 7 258 0.703 −26.4 88.44 ± 1.05 68.96 ± 0.41
NS 8 240 0.566 −28.2 89.41 ± 0.75 79.09 ± 0.24
NS 9 228 0.458 −30.5 89.76 ± 0.76 87.28 ± 0.24

* All values are expressed as mean ± SD (n = 3).

Figure 4. Particle size distribution curve (A) and zeta potential peak (B) of the optimized formula-
tion NS9.

Entrapment efficiency.
The amount of non-capsulated PRX was determined by an indirect method. The en-

trapment efficiency of NSs is shown in Table 7. The optimized formulation (NS9) exhibited
the highest drug entrapment, i.e., 89.76 ± 0.76%.

3.3.3. TEM Study

TEM analysis was used to depict the morphology of suspended PRX nanoparticles,
and the resulting TEM micrograph of the optimized NS is shown in Figure 5. TEM analysis
revealed that the suspended nanoparticles were roughly spherical or irregular in shape
with uniform distribution; these findings were in good agreement with the particle size
analysis outcomes of the optimized formulation NS9 suggesting an average particle size of
228 nm.

3.3.4. DSC STUDY

DSC was used to examine the thermal behavior of the drug and nanoparticles. The
pure drug shows a sharp endothermic peak, which corresponds to its melting point, which
was observed at 203.15 ◦C. However, a significant shift in the melting peak of the pure
drug (PRX) in the nanoformulation was observed at 198.05 ◦C, indicating a reduction in
crystallinity compared to pure PRX (Figure 6). This indicated the change in the crystalline
nature of PRX during the preparation of nanosuspension. The shift also may be due
to the presence of stabilizers (Poloxamer 188® at 51.05 ◦C and PVP K30® at 152.15 ◦C)
in the formulation when compared with the pure drug. A sharp endothermic peak at
164.05 ◦C represents the melting of mannitol used as a cryoprotectant in the formulation.
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The conclusions drawn from the DSC analysis were in good agreement with the noted
FT-IR outcomes and were further validated using the results of the XRPD analysis.

 
Figure 5. TEM micrograph of optimized PRX NS formulation (NS9).

Figure 6. Overlain DSC thermograms of the pure drug (PRX) (A) and freeze-dried formulation (NS9) (B).

3.3.5. XRPD Analysis

To characterize the crystalline nature of PRX within the NS and to evaluate the mode
of interaction between PRX and NS, XRPD data of pure PRX and freeze-dried formulation
(NS9) samples were acquired (Figure 7). Typical diffraction peaks at 8.62◦, 11.65◦, 12.49◦,
13.28◦, 14.51◦, 15.86◦, 16.70◦, 17.71◦, 18.85◦, 21.74◦, and 27.80◦ were used to identify the
crystalline nature of PRX. The pure PRX exhibits an intense crystalline peak between 10◦
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and 30◦. However, the peaks in the NS9 formulation were less intense; indicating a decrease
in crystallinity. Additionally, the peaks at 9.10◦, 20.22◦, 36.42◦, 40.80◦, and 45.10◦ are the
peaks of D-mannitol used in freeze drying which was absent in pure drug (PRX). Similar
kinds of results were reported in previous research studies in the literature [25,26].

Figure 7. XRPD diffractograms of (A) pure drug PRX and (B) freeze-dried optimized formulation NS9.

3.3.6. In Vitro Dissolution Study

The in vitro dissolution profile of all the NS formulations (Figure 8) revealed that the
PRX was released significantly faster than that of the pure drug. The optimized formulation
(NS9) exhibits a greater drug release of approximately 96.07% after 120 min as compared to
the other NS formulations and pure PRX (36.78%). According to the dissolution profile, all
formulations exhibit burst release, which may be caused by the solubilized drug present in
the NS. PRX was more easily dissolved by the formulation when the stabilizer, Poloxamer
188®, was used in higher concentrations and stirred at higher rpm. This improvement
can be due to the ability of PVP K30® and stabilizer Poloxamer 188® to form a complex
with PRX altering its crystalline nature, which leads to an increase in the solubility and
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dissolution rate of the PRX in NS than pure PRX. Dissolution efficiency is the area under
the dissolution curve within a given range of time. The amount of drug dissolved and the
time of solution in contact with the region of absorption, i.e., the GI tract, directly correlate
with drug absorption, which increases drug bioavailability.

Figure 8. In vitro drug release profiles of prepared PRX NS formulations.

3.3.7. Mathematical Modeling Studies

The R2 values from fitting the experimental model’s in vitro dissolution data into the
various release kinetic models are shown in Table 8. Pure PRX drug release data were
extremely well-described by the Higuchi model, whereas the Korsmeyer-Peppas model
was found to best fit for NS. The Korsmeyer-Peppas model was the most accurate model
for describing the release mechanism for all formulations, while all other models were the
least accurate.

Table 8. Kinetic profiles of in vitro drug release of optimized PRX NS (NS9).

Dissolution
Medium

Zero
Order

First Order Higuchi Model Hixson-Crowell Korsmeyer–Peppas
Diffusion

Mechanism
R2 R2 Release

Exponent (n)

PBS pH6.8 0.82 0.9797 0.9413 0.9432 0.9929 0.098 Quasi Fickian
Diffusion

The highest R2 value noted for the Korsmeyer-Peppas model (0.9929) established it
to be the best-fitting model and the release exponent (n) value of NS was below 0.5 which
indicated that NS had followed Quasi-Fickian release kinetics [27]. This Fickian diffusion
corroborates to the transport of water via the diffusion process which was driven by the
concentration gradient, i.e., drug release from high concentration to low concentration.
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4. Conclusions and Future Scope

Nano-sizing is the finest method to improve the solubility and dissolution rate of
poorly water-soluble drugs. The anti-solvent precipitation method implied in current
research vocation is a cost-effective and simple approach for formulating NS. This research
work was aimed at optimizing the NS formulation of PRX by varying concentrations of stabi-
lizers and stirring speed. Optimization was successfully achieved implying 32 full factorial
design as a Quality by Design (QbD) approach. The obtained 3D surface response analysis
results and plots revealed that increasing the stabilizer concentration and stirring speed
had resulted in the reduction in particle size and increase in solubility. Different NS batches
have depicted a reduction in the particle size from 443 nm to 228 nm and the solubility has
increased from 44 μg/mL to 87 μg/mL over changing the independent variables. From
all the noted results, it was concluded that the solubility of PRX in water was enhanced
by 14- to 15-fold (87.28 μg/mL) than that of the pure PRX (6.6 μg/mL). The optimized
NS formulation (NS9) exhibited a greater in vitro drug release of approximately 96.07%
post-120 min with respect to the other NS formulations and pure PRX (36.78%). Moreover,
the in vitro drug release data from the PRX NS was fitted into diverse mathematical models
to predict the drug release mechanism. The release kinetics outcomes established that
release profile best fits into the Korsmeyer-Peppas model suggesting the Fickian diffusion
as drug release mechanism. Furthermore, from the DSC and XRPD analysis data, it was
evident that the PRX was converted into a less crystalline form when formulated into NS,
which could be a valid justification for the enhanced PRX solubility. In a nutshell, from all
the noted results, it was evident that the NS formulations had improved the solubility and
in vitro dissolution of PRX quite significantly in comparison with the pure drug. Hence,
from the in vitro-in vivo correlation (IVIVC) point of view, we conclude that prepared and
optimized NS formulation would also lead to an increase in the bioavailability of PRX.
However, to validate the in vivo performance and to establish the in vivo pharmacokinetic
parameters in detail, a multicentric, randomized in vivo pharmacokinetic study should
be undertaken in near future. To conclude, the present research outcomes have clearly
indicated that NS formulation approach could be a potential alternative to the conventional
methods of solubility as well as bioavailability enhancement and need to be explored much
for the diverse promising existing and newly developed BCS Class II drugs.
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Abstract: Background: Different compositions of DSF/NaOH/IA-PAE/R. spp. composite particle-
board phantoms were constructed. Methods: Photon attenuation characteristics were ascertained
using gamma rays from 137Cs and 60Co. Absorbed doses at the location of an ionization chamber and
Gafchromic EBT3 radiochromic films were calculated for high-energy photons (6 and 10 MV) and
electrons (6, 9, 12, and 15 MeV). Results: The calculated TPR20,10 values indicate that the percentage
discrepancy for 6 and 10 MV was in the range of 0.29–0.72% and 0.26–0.65%. It was also found that
the relative difference in the dmax to water and solid water phantoms was between 1.08–1.28% and
5.42–6.70%. The discrepancies in the determination of PDD curves with 6, 9, 12, and 15 MeV, and
those of water and solid water phantoms, ranged from 2.40–4.84%. Comparable results were found
using the EBT3 films with variations of 2.0–7.0% for 6 and 10 MV photons. Likewise, the discrepancies
for 6, 9, 12, and 15 MeV electrons were within an acceptable range of 2.0–4.5%. Conclusions: On
the basis of these findings, the DSF/NaOH/IA-PAE/R. spp. particleboard phantoms with 15 wt%
IA-PAE addition level can be effectively used as alternative tissue-equivalent phantom material for
radiation therapy applications.

Keywords: dosimetric properties; tissue-equivalent phantom; absorbed dose; IA-PAE; radiation therapy

1. Introduction

Phantoms have become essential for quality assurance (QA) and quality control (QC)
in a variety of medical procedures involving radiation. The earliest phantoms consisted
of water or wax, but wax phantoms had a number of issues. Wax formulations differed
greatly depending on the type of wax used and, at low energies, deviated from tissue
equivalence [1]. On the other hand, water has been described as the standard and most
universal phantom material for dosimetry measurements of photon and electron beams. As
the use of liquid water can prove to be challenging and inconvenient in certain situations,
because of its surface tension and the uncertainty in positioning the detector near the surface,
solid homogeneous phantom materials have achieved substantial recognition [2]. The
benefit of these phantoms allows the measurement of the interaction of ionizing radiation
in the human body, which enables the range of doses in various organs and tissues to be
measured according to their sensitivity. The most widely used tissue-equivalent material
(TEM) are those that are both easy to work with and relatively inexpensive. The usage of
natural, readily available, and cheap phantom material, such as wood (Rhizophora spp.), is
often of interest.
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Rhizophora spp. (R. spp.) has received increasing attention for industrial applications
due to its fast-growing nature, high productivity, quick maturity, and high strength, with
advancement in processing technology and increased market demand. The chemical
composition of R. spp. is very similar to those of TEM normally utilized as phantoms
for radiation therapy when compared with other wood species [3–8]. Moreover, R. spp.
possesses convenient morphological characteristics and physiological adaptations, with
moisture content ranging from 5–10% and basic physical density within 0.90–1.04 gcm−3 [9].
Various researchers have shown that R. spp. is a highly attractive material for use as an
effective TEM for a wide range of benefits, including high-energy photon and electron
radiation therapy, as well as X-ray imaging [5–7,10–12]. However, due to its shortcomings,
such as the tendency to be warped, cracked, degraded, and weakened over time, the
usage of appropriate resins with unique characteristics in the development of R. spp.
particleboards has been reported [5–8,11,12]. The type of these curing resins and their
chemical properties are also crucial criteria that should be well-decided for particleboard
phantom formation and structure.

Among the various forms of modifying resins, synthetically-based ones are the most
commonly adopted [13], but prolonged human exposure to non-renewable resources has
been shown to cause chronic toxicity, myeloid leukemia mortality, and lymphohematopoi-
etic malignancies [14–16]. In relation to TEM studies, synthetically based resins were also
found not to be compatible with the intended density and radiation attenuation prop-
erties (RAPs) of R. spp. particleboards as compared to water [17]. On the other hand,
bio-based materials, such as soy protein (DSF—defatted soy flour) developed in wood
resin, have been validated through specific independent studies because of their ready
availability and low cost, coupled with the fact that they are biodegradable, biocompatible,
and eco-friendly [6,7,15,16,18–20].

DSF is a highly oxygenated carbon compound, which makes it attractive for use
in the development of phantom materials equivalent to tissue and water, and it can be
appropriate either as an uncured or a cured bio-based adhesive [18]. Uncured DSF was,
however, identified as a weak adhesive, and a chemical change is needed to break the
internal bonds and disperse the polar protein molecules [6,16,18–24]. The most commonly
used cross-linking agents for DSF are itaconic acid polyamidoamine-epichlorohydrin (IA-
PAE), epoxy, formaldehyde, glutaraldehyde, and glyoxal. Since some of these curing agents
also have a deleterious environmental impact, as well as being non-renewable, IA-PAE
has been considered as an alternative cross-linker for DSF-based adhesives [6,18–20,24].
The cross-linking reaction of DSF with NaOH/IA-PAE resins is highly regarded for their
incomparable multifunctionality, enhanced physical and mechanical characteristics, stable
water resistance, and good wood-bonding ability [6].

The current study aims to construct and examine the dosimetric characterization of bio-
based particleboard phantoms for radiation therapy by integrating DSF-based resins—R.
spp. particles of size ≤74 μm, NaOH (10 wt%)—and four different treatment levels of IA-
PAE (0, 5, 10, and 15 wt%). High energy photon attenuation measurements were ascertained
using a Ludlum setup with 137Cs and 60Co sources with effective photon energies of 0.662
and 1.250 MeV. A linear accelerator (LINAC) was utilized to determine the dosimetric
characteristics of the DSF/NaOH/IA-PAE/R. spp. particleboard phantoms. This is done
using a cylindrical Farmer-type ionization chamber (IC) (NE 2581/334) and Gafchromic
EBT3 radiochromic films to evaluate the tissue–phantom ratio (TPR20,10), percentage depth
dose (PDD) and beam profile of the samples for high energy photon (6 and 10 MV) and
electron (6, 9, 12 and 15 MeV) beams. The findings were compared with those of appropriate
standard phantom materials (water and solid water) utilized in radiation therapy.

2. Materials and Methods

2.1. Preparation of Bio-Based Adhesives

As previously reported [6,7], the synthesized IA-PAE solution had a solid content of
55.96 ± 0.01 wt%, a pH of 6.68 at 27.58 ◦C, and an apparent viscosity of 100.40 ± 0.25 mPa.s,
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comparable to commercial PAE-soy protein (C-PAE-SF) and IA-PAE reported by Gui et al. [19].
The DSF-based bio-adhesives were prepared at room temperature by dissolving 35 g of
DSF under steady mechanical stirring in distilled water (65, 50, 45, and 40 g) for 0.5 h
following the procedure described by Samson et al. [6]. Various concentrations of the
prepared IA-PAE (0, 5, 10 and 15 wt%) were then applied to the uniform mixtures and
moderately stirred for 0.5 h. The cured DSF/IA-PAE slurry mixture was maintained at
pH 11.0 with 2N of NaOH (10 wt%) solution, since pH 11.0 is the optimum condition for
cross-linking reactions [25].

2.2. Fabrication of DSF/NaOH/IA-PAE/R. spp. Particleboard Phantoms

At the start of the process, all sample formulations with particle size ≤ 74 μm were
thoroughly mixed by hand as they were applied for 0.5 h to the DSF/NaOH/R. spp. mix-
ture with different IA-PAE content. Thereafter, they were mixed evenly for another 10 min
using a rotary mixer machine to ensure the uniformity of the samples. By using a mould of
dimension (30 cm × 30 cm × 1.0 cm), the mixtures were subsequently cold-compressed
for 10 min using a hydraulic press machine (0.49 MPa, 5 min, and 0 ◦C) fitted with stops
to achieve a target density of 1.0 gcm−3 at room temperature and relative humidity of
55%. The stacked mats were then constructed using a hydraulic hot press machine at
170 ◦C for 20 min with 20 MPa [6]. A total of 150 units of DSF/NaOH/IA-PAE/R. spp.
particleboard phantoms were developed. Tables 1 and 2 have been tabulated to examine the
physico-mechanical and dimensional stability properties (PMDSP) (MC—moisture content,
SC—solid content, IB—internal bonding, MOR—modulus of rupture, MOE—modulus
of elasticity, TS—thickness swelling, and WA—water absorption), elemental composi-
tions, effective atomic numbers (Ze f f ), and electron densities (Nel) of the particleboards
and standard phantom materials. As can be seen, Table 1 shows that sample A15 with
15 wt% IA-PAE concentrations provides the ascribable parameters and meets the minimum
requirements of Type 8, Type 13, and Type 18, according to JIS A-5908 [26]. The Ze f f and
Nel of these phantoms, which were the exclusive parameters used to characterize various
types of materials, were found to be comparable to those of water and other commercial
phantom materials (Table 2).

Table 1. PMDSP of particleboard phantoms.

Sample

Physico-Mechanical Property Dimensional Stability Property

MC (%) SC (%) IB (MPa) MOR (MPa) MOE (GPa)
TS (%) WA (%)

2 h 24 h 2 h 24 h

A0 7.44 ± 0.21 33.18 ± 0.40 0.11 ± 0.09 5.39 ± 0.57 2.04 ± 0.10 34.62 ± 1.8 50.3 ± 1.7 60.2 ± 1.1 66.1 ± 0.9
A5 8.08 ± 0.30 34.10 ± 1.08 0.65 ± 0.02 14.18 ± 0.31 4.46 ± 0.51 21.11 ± 1.0 25.2 ± 1.3 31.4 ± 1.6 36.3 ± 1.0
A10 7.11 ± 0.27 35.06 ± 0.56 0.69 ± 0.06 17.60 ± 0.45 7.30 ± 0.13 10.20 ± 1.2 11.0 ± 1.8 24.2 ± 0.8 30.6 ± 1.2
A15 7.05 ± 0.19 37.31 ± 1.01 0.72 ± 0.01 18.97 ± 0.22 7.89 ± 0.11 10.01 ± 0.9 10.5 ± 1.2 20.7 ± 1.0 23.9 ± 0.5

Remark: A0 = Uncured R. spp., A5 = DSF/NaOH/IA-PAE/R. spp., A10 = DSF/NaOH/IA-PAE/R. spp.,
and A15 = DSF/NaOH/IA-PAE/R. spp. indicate 0, 5, 10, and 15 wt% IA-PAE. Data are expressed as an
average ± standard deviation (SD).

Table 2. Elemental compositions, Ze f f , and Nel of phantom samples.

Sample
Weight Fraction of Elements in Each Sample (%) Ze f f Nel × 1023

H C O N Na Mg p S Cl K Ca Fe Zn

A0 - 51.01 46.24 2.64 - - - 0.11 - - - - 7.18 a 3.39
A5 - 51.48 42.10 4.71 0.55 0.20 - - 0.15 0.21 0.60 - - 7.45 a 3.26
A10 - 51.07 43.92 4.02 0.28 - - - 0.11 0.24 0.31 0.05 7.51 a 3.33
A15 - 53.11 41.28 2.56 0.43 0.04 0.12 0.05 0.32 0.18 1.75 0.07 0.09 7.72 a 3.34

Solid water 8.10 67.20 19.90 2.40 - - - - 0.10 - 2.30 - 7.29 b 3.32
Water 11.20 - 88.80 - - - - - - - - - 7.42 b 3.34
Virtual
water 7.70 68.70 18.90 2.30 - - - - 0.10 - 2.30 - - 6.12 c 3.38

PMMA 8.00 60.00 31.96 - - - - - - - - - - 5.85 c 3.87
Polystyrene 7.74 92.26 - - - - - - - - - - - 5.29 c 3.43

a Curent study, b Sahoo et al. [27], c Schoenfeld et al. [28].
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Using the gravimetric technique (Equation (1)), the average particleboard densities
(ρ) were assessed, and the propagation of uncertainty was deduced based on the external
dimensions using Equation (2):

ρ =
m

l × w × h
(1)

dρ =

(
dm
m

+
dl
l
+

dw
w

+
dh
h

)
ρ (2)

where, m, l, w, and h denote the respective particleboard mass, length, width, and thickness;
dm, dl, dw, and dh are the uncertainties in m, l, w, and h, respectively.

The computed tomography (CT) image modality was achieved based on a previous
technique detailed by Samson et al. [7]. The parameters of the various standard phantom
materials, compared with DSF/NaOH/IA-PAE/R. spp., are listed in Table 3. The results of
the average density show that the density of A15 is within the range found for water and
other commercial phantom materials. According to the results, the mean HU values and
ED of the A15 were near to those acceptable standard reference equivalent materials [7],
while a significant variation is observed with Ao, A5, and A10, respectively. This might
explain the fact that better attenuation abilities were observed when X-ray beams passed
through the corresponding sample (A15). Therefore, the A15 sample formulation showed
the potential to replicate human tissue because it has a comparable dynamic and is higher
in terms of stability as a medical phantom.

Table 3. Parameters of various standard phantom materials compared with DSF/NaOH/IA-PAE/R. spp.

Phantom Materials Manufacturer Density (g/cm3) Mean HU Value ED × 1023 (Electrons/cm3)

A0 Current study 1.07 −89.71 3.39 a

A5 Current study 0.96 −55.55 3.26 a

A10 Current study 0.99 −33.01 3.33 a

A15 Current study 1.01 −12.79 3.34 a

Solid water
Gammex,

Middleton,
WI, USA

1.04 5.30 3.32 b

Water - 1.00 −9.01 3.34 b

Virtual water
Med-Cal,

Middleton,
WI, USA

1.04 −7 ± 7 3.38 c

Polymethyl methacrylate - 1.19 133 3.87 c

Polystyrene - 1.06 140.5 3.43 c

a Current study, b Sahoo et al. [27], c Schoenfeld et al. [28].

2.3. Measurement of RAPs

The attenuation properties were determined using a Ludlum lead equivalent setup,
as depicted in Figure 1. 137Cs and 60Co sealed sources with effective gamma energies of
0.662 and 1.250 MeV were used to provide the incident photons. The sources and the
Ludlum NaI(TI) detector, with diameters of 2.5 cm and 6.5 cm, were encapsulated in a lead
container with collimation of diameter 0.5 cm and thickness of 2 cm to simulate the line
source projection and avoid leakage. An aluminum (Al) plate of dimension 7 cm × 7 cm,
with an approximate thickness of 0.1 cm, was used as an attenuator to produce the scattered
photons. The optimum distance between the source compartment and the Al plate and
between the Al plate and the detector compartment was 30 cm, whereas the distance
between the phantom samples and the detector compartment was 6.2 cm. The transmitted
photons from the source were collected and detected using the Ludlum scintillation detector
connected to a single channel analyzer (SCA).
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Figure 1. Ludlum setup: (a) schematic diagram and (b) actual experimental setup.

The linear attenuation coefficient (LAC) and mass attenuation coefficient (MAC) are
the fundamental parameters to evaluate the dosimetric and radiation shielding performance
of any composite material. These commonly used parameters provide some information on
the possibility of photon interaction processes with matter per unit thickness. As a photon
beam propagates through a homogeneous medium, the beam intensity at depth t is assigned
as It, whereas the beam intensity at a reference point in the absorbing material (t = 0), is
assigned as Io. This can be described by the familiar Beer-Lambert’s law (Equation (3)) [6,7].

μ =
1
x

ln
(

Io

It

)
(3)

μm =
μ

ρ
=

1
ρt

ln
(

Io

It

)
=

A
M

ln
(

1
T

)
(4)

where μ (cm−1) denotes the LAC, ρ (g·cm−3) is the density, x (cm) and t (g·cm−2) are the
physical thickness and mass thickness (mass per unit area), T is the transmittance, M (g)
is the mass of the sample material, A is the cross-sectional area (cm2), and μm (cm2g−1)
indicates the total MAC. The total μm values were calculated on the basis of the mixture
rule by using the weight fraction (ωi) for each element i of the particleboard materials, as
expressed in Equations (5) and (6):

μm =

(
μ

ρ

)
DSF−based particleboard

= ω1

(
μ

ρ

)
1
+ ω2

(
μ

ρ

)
2
+ . . . =

N

∑
i=1

ωi

(
μ

ρ

)
i

(5)

ωi =
ni Ai

∑i ni Ai
=

ρ̃i
ρ

(6)

where ni denote the number of atoms of the ith individual element, Ai is the atomic weight,
and ρ̃i is the actual mass density. The related cumulative discrepancies in the experimental
MAC were obtained by using the propagation of error relationship from ambiguities in
Io, It, x and areal density (ρ) [7]:

Δ
(

μ

ρ

)
=

1
ρ

√√√√[(
ΔIt

It

)2
+

(
ΔIo

Io

)2
+

(
ln

ΔIo

It

)2
+

(
Δx
x

)2
]

(7)

where ΔIt, ΔIo, and Δx are the errors in the intensities It, Io, and thickness x of the
sample material, respectively. Paired t-test using SPSS (V22.0) was used to calculate any
variations in μm values, as compared with the value of water ascertained via the photon
cross-section database (XCOM) [29]. The half-value layer (HVL–X1/2) is used to assess how
far X-ray penetrates the particleboard samples, which were used to verify the performance
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of the patient’s radiation exposure. It can be defined, as given in Equation (8), whereas
Equation (9) is the relationship between the mean free path (MFP − λ) and X1/2 [7,8].

HVL, X1/2 =
0.693

μm × ρ
(8)

MFP, λ =
X1/2

0.693
(9)

2.4. Dosimetric Evaluation of DSF/NaOH/IA-PAE/R. spp. Particleboard Phantoms

Samples with up to 15 wt% IA-PAE addition were selected because of their opti-
mum characteristics, and a total of 34 units of DSF/NaOH/IA-PAE/R. spp. particleboard
phantoms of sizes 30 cm × 30 cm × 1.0 cm and 30 cm × 30 cm × 0.5 cm, simulating the
dimensions of widely used solid water phantom slabs (CIRS Inc., Norfolk, VA, USA), were
fabricated. Additionally, two of these slabs were designed with slots to accommodate
the cylindrical IC. The Farmer-type IC was used due to its unique features, such as high
precision, stability, dose rate independence, excellent linearity, little to no fading, and equiv-
alency to soft tissue nature. All experimental measurements with both photon and electron
beams were carried out on the medical Elekta Synergy PRIMUS LINAC at the Department
of Oncological and Radiological Science, Advanced Medical and Dental Institute, Universiti
Sains Malaysia (USM).

2.5. Determination of Photon Beam Quality Index (TPR20,10—Tissue Phantom Ratio)

Samples of DSF-based particleboard and solid water phantoms were mounted and
aligned on the central axis of the beam, followed by the insertion of the IC into an electrom-
eter (Model PTW-Unidos ET10008/081134) at depths z = 20 cm and z = 10 cm below the
water surface at 10 cm × 10 cm field size and 100 cm SSD, as depicted in Figure 2. Before
taking any reading, the IC and electrometer were warmed up for 10 min. For each of the
phantom samples, three exposures were made at the two depths, and the average charge
collected was evaluated. The expression related to the charge collected at the two depths
can be expressed as:

TPR20,10 =
Q20

Q10
(10)

where Q20 and Q10 are the respective charge (nC) collected at depths z = 20 cm and
z = 10 cm for DSF-based particleboards, water, and solid water phantoms, respectively.

Rhizophora spp

 

Figure 2. Measurement setup for TPR20,10: (a) depths z = 20 cm and (b) depth z = 10 cm below the
water surface at field size (10 cm × 10 cm) and SSD (100 cm).
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2.6. PDD Evaluation Using IC

Samples of 15 cm thickness were placed on the LINAC couch to establish the photon
and electron beams with backscatter. The calibrated IC with an inner volume of 0.6 cm3,
connected to the electrometer, was placed in the chamber slot to acquire PDDs in the
DSF-based particleboards, water, and solid water phantoms, as displayed in Figure 2.
The slabs of solid water were selected for the phantom material, as it was found to be
appropriate for dosimetry of high energy photon and electron beams [30]. The IC and
phantoms were positioned in an isocentre distance of the LINAC at an SSD of 100 cm
using the front pointer device, and the field size was set at 10 cm x 10 cm on the surface
in accordance with the calibration parameters in the dosimetry protocol of IAEA TRS-
398:2000 [31]. Exposures were rendered using photon beams of 6 and 10 MV and electron
beams of 6, 9, 12, and 15 MeV with 100 monitor units (MU). Particleboard slabs were added
above the IC to assess the ionization at depth below the surface of the phantoms, and the
SSD and field size were subsequently readjusted. During these measurements, both the
gantry and collimator angles were set to zero degrees. The PDDs were measured from
the phantom surface at 0 cm until a depth of approximately 20 cm was reached along
the central axis, with a measurement interval of 1 mm from the surface to 2 cm depth
followed by 2.5 cm and then 3 cm up to 25 cm. The PDD determination for each depth
took 6 s. Exposure using electron beams was achieved by adopting an applicator to the
LINAC treatment head. After each exposure, a time delay of 120 s was applied before
the next phantom slab was inserted in order to take proton production into account. The
PDD values were expressed as a percentage of the absorbed dose at a given depth D′ to
the absorbed dose at a specified reference depth (maximum depth) D” along the central
axis of the phantom samples (Equation (11)). The discrepancy in the calculated PDD was
estimated as a percentage (D%), as given in Equation (12):

PDD =
D′

D′′ × 100% (11)

D(%) =
PDD(DSF) − PDD(water/solid water)

PDD(water/solid water)
× 100 (12)

where PDD(DSF) is the PDD for the constructed DSF-based R. spp. particleboard phantom
samples and PDD(water/solid water) is the PDD for the water and solid water phantoms.
The PDD curves were plotted for 6 and 10 MV photons, as well as for 6, 9, 12, and
15 MeV electrons.

2.7. PDD Evaluation Using Gafchromic EBT3 Radiochromic Films

The Gafchromic EBT3 radiochromic film sheets (Lot #: 05161903), with dimensions
of 20.3 cm × 25.4 cm, were inserted between the DSF-based particleboard phantoms
and solid water phantoms in a portrait orientation due to their near tissue- and water-
equivalent characteristics, and 10 cm of phantom material was placed under the film to
ensure sufficient backscatter. Phantom slabs were inserted above the film, and the SSD and
field size were readjusted afterward. The measurements were repeated until a depth of
almost 20 cm, and the results were compared with that of water and solid water phantoms.
All films were marked with reference points to indicate the film orientations relative to
the gantry. Irradiation was made parallel to the beam for a static 10 × 10 cm2 field size at
100 cm SSD and with a dose ranging from 0 to 700 cGy. Three films were exposed for each
photon and electron energy. The irradiated films were kept at room temperature for 24 hrs
post-irradiation to allow time for the polymerization reactions in the film to stabilize and
produce a stable optical density measurement [32]. The films were then processed with
an EPSON Expression 10,000 XL flatbed scanner. To acquire images, a desktop computer
was interfaced with the scanner, and VeriSoft® software 5.1 was used for image scanning
and capture. The experimental setup for the PDD evaluation is highlighted in Figure 3.
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The PDD data were normalized to the maximum dose, expressed as a percentage, and the
percentage variation was measured, as indicated in Equations (11) and (12).

Rhizophora spp

Figure 3. Experimental setup used for PDD evaluation.

3. Results and Discussion

3.1. Density Measurement of DSF-Based R. spp. Particleboard Phantoms

Figure 4 displays the variation of average densities with point distribution of DSF-
based R. spp. composite particleboard phantom slabs. It is seen that the constructed
particleboard phantoms exhibit acceptable quality values of average densities to those of
water (1.00 gcm−3) and solid water phantom (1.04 gcm−3) in the range between 0.99 ± 0.01
–1.04 ± 0.03 gcm−3, making them potentially suitable for use in the fabrication of tissue-
equivalent phantom materials. This is attributed to better adhesive-coated particles that
provide intimate contact with the mat’s wood particles and, thus, increase the bonding
capabilities of the particleboards. This revealed that the combination of DSF/NaOH/IA-
PAE with an increased percentage concentration of IA-PAE up to 15 wt% leads to an
improvement in the average mass density of the particleboards approaching the value of
water. These findings are in good agreement with previous studies of the average density
of particleboard phantoms for dosimetric applications at high photon and electron energies
utilized in radiation therapy [5,10].

Figure 4. Average density with point distributions of DSF/NaOH/IA-PAE/R. spp. composite
particleboard phantoms.

3.2. Evaluation of RAPs

The experimental computation has been performed in order to obtain the total LAC
and MAC values for photon energies of 0.662 and 1.250 MeV and compared with those of
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solid water phantom and theoretical values of water using cross-section data (XCOM), as
displayed in Table 4. The errors in density, thickness, incident, and transmitted gamma-ray
intensities were used to evaluate the uncertainties in experimental MAC. The dependency
of MAC values on photon energies can be explained by the dominance of partial photon
interactions (e.g., photoelectric absorption, coherent scattering, incoherent scattering, and
pair production) with the samples. As we know, the photoelectric effect dominates below,
and pair production dominates above 1 MeV, whilst Compton scattering dominates at
around 1 MeV [8,33]. The calculated values of LAC ranged from 0.059–0.083 cm−1 for
0.662 MeV photon energy, while for 1.250 MeV, the observed LAC values were within
0.043–0.056 cm−1. Additionally, the observed total MAC values for these photon energies
ranged between 0.059–0.082 cm2g−1 at 0.662 MeV, whereas for 1.250 MeV, the MAC values
were found to range between 0.041–0.056 cm2g−1. The estimated errors in experimental
total MAC values for all the samples were less than 0.028%. As observed from Figure 5a,
the difference of total MAC values with the incident photon energy for all composite
particleboard samples and those of solid water phantom and water (XCOM) is almost
identical as IA-PAE concentration increases with A15, depicting higher MAC values for
both photon energies, potentially providing a useful approximation of tissue-equivalent
phantom materials. As expected, by increasing the incident photon energy, the total MAC
values in all samples decreased slightly. This behavior may be due to the incoherent
scattering process, which becomes the dominant mechanism in this region [34]. This can
be ascribed to the fact that the Compton scattering cross-section is inversely proportional
to the incoming photon energy (E−1) and varies linearly with atomic number. In all the
investigated samples, by increasing the incident photon energy, the highest HVL and MFP
values were found for samples containing A0 and A5, while the lowest values were found
for water (XCOM) and solid water phantom (Figure 5b,c). It was also observed that, in all
samples and for all energies, A15 has the lowest HVL and MFP values with approximately
no noticeable difference relative to those of solid water phantom and water (XCOM), which
implies a higher radiation absorption ability. A comparison between the calculated values
shows reasonable agreement with 15 wt% IA-PAE, solid water phantom, and theoretical
values of water (XCOM), as depicted by the χ2 values (Table 5). It can be seen that, among
the selected samples, A15 provided the least values of χ2 (0.044). This revealed, with an
insignificant difference, the closest value of RAPs to those of solid water phantom and the
theoretical value for water (XCOM).

Table 4. LAC and MAC values of DSF/NaOH/IA-PAE/R. spp. particleboards and solid water
phantoms in comparison with water (XCOM).

Sample Average ρ (gcm−3)

137Cs
(0.662 MeV)

60Co
(1.250 MeV)

μ (cm−1) μ/ρ (cm2/g) σμ/ρ ± (%) μ (cm−1) μ/ρ (cm2/g) σμ/ρ ± (%)

A0 1.040 0.063 0.061 0.028 0.043 0.041 0.023
A5 1.038 0.067 0.064 0.021 0.045 0.044 0.017
A10 1.002 0.070 0.070 0.019 0.054 0.054 0.015
A15 1.006 0.083 0.082 0.009 0.056 0.056 0.011
Solid water 1.040 0.085 0.082 0.013 0.058 0.056 0.017

Water (XCOM) 1.000 0.086 0.059
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Figure 5. RAPs of DSF-based composite phantoms, water (XCOM), and solid water phantom against
gamma energies: (a) MAC, (b) HVL, and (c) MFP.

Table 5. χ2 values for MAC of DSF-based R. spp. particleboards and solid water phantoms.

Sample
χ2 Water (XCOM)

137Cs (0.662 MeV) 60Co (1.250 MeV)

A0 0.797 0.612
A5 1.098 0.779
A10 0.709 0.111
A15 0.198 0.044
Solid water 0.095 0.031

3.3. Dosimetric Characteristics of DSF-Based R. spp. Particleboard Phantoms
3.3.1. Measurement of Photon Beam Quality Index

The tissue-phantom ratio (TPR20,10) remains the most appropriate parameter for
ascertaining the beam quality of a clinical photon beam. It is believed that material with
near TPR20,10 to water has similar RAPs to those of water and soft tissue [35]. The measured
TPR20,10 values of DSF-based R. spp. particleboards (sample A15), solid water, and water
phantoms for 6 and 10 MV photon beams with the use of IC are presented in Tables 6 and 7.
The result indicates that the percentage discrepancies of sample A15 in comparison to those
of solid water and water phantoms are in the range between 0.29–0.72% for 6 MV photons.
Likewise, the discrepancies for the 10 MV photon beam are within the acceptable range
of 0.26–0.65%. These results are in good agreement with previous work on the TPR20,10 of
renewable resources in the respective photon energy ranges [5,10].

44



Polymers 2023, 15, 244

Table 6. TPR20,10 measurement for DSF/NaOH/IA-PAE/R. spp. particleboards (sample A15), water,
and solid water phantoms for 6 MV photons.

Phantom Depth (cm)
Charge Collected (nC)

Mean Ratio
Discrepancy (%)

1 2 3 W/S W/R S/R

Water
20 9.786 9.791 9.792 9.789

0.698 - - -
10 14.04 14.01 14.03 14.027

Solid water
20 9.511 9.509 9.512 9.511

0.695 0.43 - -
10 13.69 13.69 13.69 13.690

DSF-based
20 9.845 9.836 9.841 9.841

0.693 - 0.72 0.2910 14.22 14.20 14.20 14.207

Note: W, S, and R depict the water, solid water, and DSF-based (DSF/NaOH/IA-PAE/R. spp.) phantoms.

Table 7. TPR20,10 evaluation for DSF/NaOH/IA-PAE/R. spp. particleboards (sample A15), water,
and solid water phantoms for 10 MV photons.

Phantom Depth (cm)
Charge Collected (nC)

Mean Ratio
Discrepancy (%)

1 2 3 W/S W/R S/R

Water
20 12.23 12.20 12.22 12.217

0.770 - - -
10 15.86 15.86 15.86 15.860

Solid water
20 12.05 12.08 12.08 12.070

0.767 0.39 - -
10 15.74 15.73 15.73 15.733

DSF-based
20 12.32 12.31 12.31 12.313

0.765 - 0.65 0.2610 16.10 16.10 16.09 16.097

Sample A15 with p-values of 0.071 and 0.069 for 6 and 10 MV photons showed no sig-
nificant difference to those of water and solid water phantoms in the photon beam radiation
quality, as presented in Tables 8 and 9. These findings demonstrated that DSF/NaOH-based
R. spp. particleboard phantoms with 15 wt% IA-PAE (sample A15) provide the ascribable
characteristics that are proper as appropriate tissue-equivalent phantom materials.

Table 8. Paired t-test of the TPR20,10 measurement for 6 MV photons.

Phantom

Paired Differences

t df Sig.
(2-Tailed)Mean (d) Std. Dev. (σd) Std. Error Mean

95% Confidence Interval
Difference

Lower Upper

Water 0.698 0.0082 0.0004 0.6967 0.6993 1709.7 20 0.081
Solid water 0.695 0.0016 0.0082 0.6924 0.6976 851.2 20 0.073
DSF-based 0.693 0.0022 0.0011 0.6896 0.6964 641.59 20 0.071

Table 9. Paired t-test of the TPR20,10 measurement for 10 MV photons.

Phantom

Paired Differences

t df Sig.
(2-Tailed)Mean (d) Std. Dev. (σd) Std. Error Mean

95% Confidence Interval
Difference

Lower Upper

Water 0.770 0.0008 0.0004 0.7690 0.7715 1942.2 20 0.086
Solid water 0.767 0.0011 0.0005 0.7654 0.7689 1414.4 20 0.077
DSF-based 0.765 0.0010 0.0005 0.7638 0.7670 1486.8 20 0.069
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3.3.2. Determination of PDD Photon Beams Using IC

The measured PDD values of 6 and 10 MV photon beams with the use of IC for
sample A15, water, and solid water phantoms are shown in Figure 6. The computed profiles
were normalized to the maximum dose in the depth-dose profile positioned symmetrically
opposite the IC within the photon beam to ensure that the profiles being compared were
identical to those of water and solid water phantoms. The dose first increases steadily
below the surface dose (ds), reaches a maximum value (dmax) at zmax, then decreases almost
gradually until it reaches dext at the patient’s exit position. The discrepancies in the d_max
in comparison to those of water and solid water phantoms were at most 1.08% and 1.28%
for 6 MV photons (Figure 6a). On the other hand, for 10 MV photons (Figure 6b), the
observed percentage differences in the dmax were found to be 5.42% and 6.70% at the dose
build-up region, which is the region from the phantom surface to the depth at d_max and
the equilibrium region. The greatest difference was recorded for 10 MV photons for all the
phantoms, which is similar to previous observations by Yusof et al. [5] and Banjade et al. [10].
The observed values of the surface dose were found to range between 2.29% and 2.34% for
6 MV photons. Similarly, the surface dose values for 10 MV photons were found to be 4.69%
and 5.29%, respectively. The PDD values for the examined particleboard phantoms at a
depth beyond dmax indicates no significant difference with percentage difference within the
limit of 0.09–0.16% for 6 MV, while for 10 MV photon, the variations in the depth beyond
dmax were found to range between 0.37–0.70%, which is consistent with those of water and
solid water phantoms.

Figure 6. PDD curves for water, solid water, and DSF/NaOH/IA-PAE/R. spp. particleboard
phantoms using IC for: (a) 6 MV and (b) 10 MV photons.

3.3.3. PDD Curves for Gafchromic EBT3 Radiochromic Films for Photon Beams

Figure 7 shows a comparison between the estimated PDD profiles for sample A15,
water, and solid water phantoms for 6 MV and 10 MV photon beams using Gafchromic
EBT3 radiochromic films. As shown in the Figures, the percentage variations in the dmax
of the particleboard phantom, relative to those of water and solid water phantoms, were
found to be 1.03% and 1.68% for 6 MV photons (Figure 7a), whereas the contrast between
the measured PDD at all depths for 10 MV photon beams indicates good consistency with
a difference within the range of 5.42% and 5.92% (Figure 7b). Overall, the results depict
agreement with those of water and solid water phantoms in the build-up region for 6 MV
photons with lower variations in the PDD values at dmax, whereas the variations were
marginally higher for 10 MV photons with discrepancies found within 5% and 7%. This can
be ascribed to the fact that the dominant free electron population originating in the build-
up region continues to cause further interactions as a result of pair production, Compton
scattering, and the photoelectric effect. High energy electrons are emitted as high energy
photons (10 MV) interact with the phantoms and are absorbed by their interaction with
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the phantom. The resulting electrons will reduce with depth inside the phantoms owing
to the continuously reduced energy fluence of the photons. The corresponding results
for the surface dose of fabricated particleboards with water and solid water phantoms
were found to be within 2.23–2.44% and 4.48–4.84%. With regards to the depth beyond
dmax, the PDD values showed agreement to those of water and solid water phantoms, with
percentage deviation in the interval of 0.01–0.02% and 0.06–0.07%, respectively. These
trends are similar to what was reported for IC performance.

Figure 7. PDD plots with the use of EBT3 film for water, solid water, and DSF/NaOH/IA-PAE/R.
spp. particleboard phantoms ascertained for: (a) 6 MV and (b) 10 MV photons.

3.3.4. Beam Profile Comparison at Reference Dose (dre f ) and Maximum Dose (dmax)

The comparison of the relative dose plots against distance from the central axis of
sample A15 and solid water phantoms for the beam profile curves for 6 and 10 MV photons
are presented in Figures 8 and 9. As can be seen from the figures, the DSF-based particle-
boards reveal remarkable beam profiles with good dose homogeneity and beam symmetry
in comparison to those of solid water phantoms. There was a consistency between the
constructed particleboard and solid water phantom plots in both the dose plateau and the
penumbra regions. Table 10 addressed the variation of flatness of the beam profiles at dre f
and dmax between the DSF-based particleboards and solid water phantoms for both photon
energies. Overall, the beam uniformity enhanced as the photon energy increased, with
10 MV photons having a reduced percentage discrepancy of beam flatness values at dre f
and dmax compared with that of 6 MV photons relative to solid water phantom. This has
demonstrated the appropriateness of DSF/NaOH/IA-PAE/R. spp. particleboards to be
utilized as phantom material for high-energy photons in medical health applications.

Figure 8. Beam profile for 6 MV photons evaluated at: (a) dmax and (b) dre f .
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Figure 9. Beam profile for 10 MV photons measured at: (a) dmax and (b) dre f .

Table 10. Beam profile flatness for DSF/NaOH/IA-PAE/R. spp. particleboards (sample A15) com-
pared to that of solid water phantom for 6 MV and 10 MV photons.

Phantom

Beam Flatness Discrepancy (%)

6 MV 10 MV 6 MV 10 MV

5 cm zmax 5 cm zmax 5 cm zmax 5 cm zmax

Solid water 2.582 2.416 1.933 1.816 - - - -
DSF-based 2.761 2.596 2.010 1.923 6.93 7.45 3.98 5.89

3.3.5. Determination of PDD for Electron Beams Using IC

The PDD curves of the electron beams for the particleboard phantoms showed an
improved surface dose when compared with that of water and solid water phantoms, as
displayed in Figure 10a–d. DSF-based phantom delivers a reasonably homogeneous dose
from the surface to a specific depth, after which the dose falls off rapidly with increasing
depth, eventually to near zero values. As can be seen from the figures, the percentage dose
variations in dmax between the DSF-based R. spp. Particleboards, with respect to water
and solid water phantoms for the four electron beam energies, were within 2.40–3.87%,
3.52–3.59%, 4.36–4.55%, and 2.82–4.63%, respectively. In addition, the percentage difference
at which the electron PDD beyond the depth of zmax drops off sharply as a result of the
scattering and continuous energy loss by the incident electrons. The therapeutic range (R90
and R80) and half-value depth range (R50) were found to be within the limit and similar to
those of water and solid water phantoms for 6, 9, 12, and 15 MeV electrons (Table 11).

Table 11. Comparison of PDD curves between DSF/NaOH/IA-PAE/R. spp., water and solid water
phantoms for different electron beams.

Depth

Percentage Difference of PDD (%)

Water Solid Water

6 MeV 9 MeV 12 MeV 15 MeV 6 MeV 9 MeV 12 MeV 15 MeV

zmax 2.06 1.33 1.27 1.81 1.51 0.79 1.01 1.30
d50 2.34 2.75 2.73 2.22 1.69 1.56 1.09 2.02
d80 2.69 2.54 2.84 2.05 1.71 2.33 1.34 2.67
d90 2.51 2.78 2.64 2.40 1.60 2.89 1.78 2.44

48



Polymers 2023, 15, 244

Figure 10. PDD curves for water, solid water, and DSF/NaOH/IA-PAE/R. spp. particleboard
phantoms using IC for: (a) 6 MeV, (b) 9 MeV, (c) 12 MeV, and (d) 15 MeV electrons.

3.3.6. Evaluation of PDD for Electron Beams Using Gafchromic EBT3 Radiochromic Film

Figure 11a–d depicts the PDD profiles between DSF-based particleboard phantom, wa-
ter, and solid water phantom evaluated from their surfaces for 6, 9, 12, and 15 MeV electron
beams using Gafchromic EBT3 radiochromic films. As shown in the figures, comparable
results were found in the constructed particleboards at the selected electron beams range to
those of water and solid water phantoms. In this case, for 6, 9, 12, 15 MeV electrons discrep-
ancies found were within 1.49–1.90%, 1.89–3.01%, 1.74–3.53%, and 2.38–3.84%, respectively.
These findings indicate that, at 6 MeV, DSF-based particleboards depicted good agreement
to those of water and solid water phantom with minimum discrepancies, whereas 9, 12,
and 15 MeV give maximum values of percentage of discrepancies. Additionally, it can be
observed that variations in percentage between the examined phantoms were lower at a
depth beyond zmax in comparison to that in the build-up region. According to the obtained
results, the dissimilarities in the discrepancy of the surface dose values were found to
improve in the range between 1.45–1.63%, 1.51–1.79%, 1.53–2.17%, and 1.98–2.70%, which
showed good agreement with the results of the IC. The observed reduction in surface dose
can be assigned to a slight reduction in backscatter. This confirms that EBT3 radiochromic
film is suitable and provided surface dosimetry measurements in 6, 9, 12, and 15 MeV
electrons beam fields.
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Figure 11. PDD plots for water, solid water, and DSF/NaOH/IA-PAE/R. spp. particleboard phan-
toms with the use of Gafchromic EBT3 radiochromic film for: (a) 6 MeV, (b) 9 MeV, (c) 12 MeV, and
(d) 15 MeV electrons.

4. Conclusions

The RAPs and dosimetric characterization of DSF/NaOH/R. spp. particleboard
phantoms as a tissue-equivalent phantom material with different amounts of IA-PAE
(0, 5, 10, and 15 wt%) have been demonstrated. The ascertained average mass density
exhibited acceptable quality values to those of water and solid water phantom in the
range between 0.99 ± 0.01 gcm−3–1.04 ± 0.03 gcm−3. The PMDSP, ze f f , and Nel values
were found to be satisfactory. Comparison between the calculated RAPs values shows a
reasonable agreement with 15 wt% IA-PAE, solid water phantom, and theoretical values
of water (XCOM), as indicated by the χ2 values (0.044). The dosimetric computation
results of DSF/NaOH/IA-PAE/R. spp. particleboard phantoms from IC showed good
agreement with Gafchromic EBT3 radiochromic films, and they were benchmarked with
those of water and solid water phantoms for the selected high energy photons and electrons,
demonstrating the possibility to use these dosimeters under extremely intense radiation
fields and confirming the effectiveness of the DSF/NaOH/IA-PAE/R. spp. particleboards.
The fabricated particleboard phantom (sample A15) was shown to be ideal for use in
radiation therapy dosimetry as tissue-equivalent phantom material within the range of 1%
variations to those of water and solid water phantoms.
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Abstract: The present study show the usability of starch (tamarind) based-bio-composite film rein-
forced by fenugreek by various percentages to replace the traditional petrochemical plastics. The
prepared bio-composite films were systematically characterized using the universal testing machine
(UTM), soil degradation, scanning electron microscope (SEM), X-ray diffraction (XRD), thermogravi-
metric analyzer (TGA), and antibacterial tests. The experiments showed that a lower percentage
of fenugreek improves biodegradation and mechanical strength. More than 60% of biodegradation
occurred in only 30 days. Almost 3 N/mm2 tensile strength and 6.5% tensile strain were obtained.
The presence of micropores confirmed by SEM images may accelerate the biodegradation process.
Antibacterial activity was observed with two samples of synthesized bio-composite, due to photoac-
tive compounds confirmed by FTIR spectra. The glass transition temperature was shown to be higher
than the room temperature, with the help of thermal analysis. The prepared bio-composite containing
5% and 10% fenugreek showed antibacterial activities.

Keywords: starch bio-composite; environmental concern; natural resource; biodegradability; antimi-
crobial activity

1. Introduction

Our everyday human life has been transformed by plastic playing an important part
in many aspects of life. Global plastic production from petrochemical sources is increasing
rapidly, owing to its extraordinary mechanical, versatility, and barrier properties [1]. As a
raw material, around 4% of the total extracted fossil fuels are consumed for the production
of these bio-composites. Increasing future demand suggests that by the year 2050, 20%
of total fossil fuel extracted internationally may be consumed to produce plastic [2]. The
production of these plastics is creating a big challenge, as very few of them are recycled or
reused [3,4]. These plastics can remain in the environment for a long period of time, even
1000 years. Moreover, the harmful effect of this waste on the environment is very high. A
significant amount of carbon dioxide and other toxic gases are released from this waste,
which is harmful to human health and nature [5]. Because of these effects on human health
and the environment, finding an alternative has become inevitable.

Bio-composite can be a suitable alternative to petrochemical plastic. Significant de-
velopment is being made in bio-composite, to make it usable. The production of these
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plastics has also significantly increased, although the production of bio-composites is only
0.59% of total plastic production [6,7]. The data suggest that more research is necessary
to replace harmful plastics completely in any kind of application. One big drawback of
bio-composite is its high price compared to conventional plastic, which makes it uncom-
petitive in the market and limits its use. One alternative to reduce the cost can be the
use of waste or by-products of the agri-food industry, which are produced every day in
huge quantities [8]. This low-cost waste and by-products are rich in protein, making them
competitive candidates to be used as raw material to synthesize bio-composite [9].

The materials of bio-composite that need to biodegrade quickly should have antibacte-
rial properties to kill harmful viruses and bacteria produced from food, but should not have
harmful effects on human health and the environment, in order to be used as biodegrad-
able food packaging. Many researchers have synthesized composite bio-composite to
improve physio-chemical properties, but such a type of bio-composite contains harmful
additives, such as sulfuric acid or titanium dioxide [10–14]. Thus, it is necessary to focus
on the research of synthesizing biodegradable bio-secured plastic that is not harmful to
human beings and the environment, is not expensive, has antibacterial properties, is avail-
able in nature, and represents properties allowing it to be used as a true alternative to
petrochemical plastic.

Starch is an available, biodegradable, and low-cost material used as a renewable poly-
mer in wide number of applications. The production of biodegradable films using starch
shows promising results, although shortcomings are still there in mechanical properties,
dimensional stability, hydrophilicity, and light permissibility. A nonstructured and plasti-
cized version of starch is known as thermoplastic starch, prepared by adding plasticizers to
the mixture of starch. Plasticizers can penetrate starch molecules and form hydrogen bonds,
which are necessary to increase the durability of the bio-composite [14]. Thermoplastic
starch materials are cost-effective, biodegradable, abundant in nature, and renewable.
However, humidity causes recrystallization problems in these materials, which drastically
decreases their mechanical properties [15]. The other shortcomings of these materials are
their hydrophilic character and lower thermal stability [16,17].

Throughout human history, it has been known that Fenugreek is consumed as a
food and used as medicine. Its seeds are used in spices, to increase the taste of food.
Numerous medicinal properties such as hypocholesterolemic, gastric stimulant, antidiabetic
agent, hepatoprotective effect, lactation aid, anticancer, galactagogue, and antibacterial,
are available in the seeds of fenugreek. Some of these effects are attributed to the intrinsic
dietary fiber constituent. The texture of food is changed by the dietary fiber, which is
almost 25% of the seeds. It is also used as a food stabilizer, emulsifying agent, and adhesive,
because of its high fiber, gum, and protein content. The protein is more soluble in an
alkaline solution. It helps us with digestion, and it can modify food [18,19]. Fenugreek
contains up to 60% starch. Different industrial products such as polysaccharides, kernel
powder, gum, starch, and oil are produced (Table 1) from fenugreek [20–22].

Table 1. Percentages of chemical compounds present in fenugreek seed.

Constituent Moisture Ash Fat Protein Fiber NFE

Percentages 10.17 ± 0.06 2.63 ± 0.15 7.47 ± 0.31 27.55 ± 1.56 3.79 ± 0.31 48.39 ± 1.33

Tamarind is a commercially valuable plant that grows in different parts of Asia, Africa,
and America. It is an evergreen plant belonging to the Fabaceae family and Caesalpin-
ioideae subfamily. Different parts of the tree, including leaves, seed, shell, and fiber are
used in pharmaceutical, food, electrochemical, biofuel, composite, water, and textile indus-
tries [23]. Around 55% pulp, 34% seed, and 11% shell and fiber are available in a typical
tamarind pod. Tartaric acid, reducing sugar, and minerals including calcium, phosphorus,
and potassium are available in the pulp of tamarind seeds [24]. The pulp has antimicrobial
properties and can be used as a preservative. Tamarind seeds contain Zn, Fe, Mg, P, Na,
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K and Ca as minerals [25]. Tamarind seeds contain polysaccharides that are naturally
biodegradable and biocompatible. A typical tamarind fruit fiber contains cellulose, hemi-
celluloses, lignin, wax, and moisture. The tamarind shell which covers the pulp contains
carbohydrates, free tartaric acid, and protein [26]. The leaves of tamarind are composed of
lipids, vitamins, fatty acids, and flavonoids [27]. Table 2 shows the percentages of chemical
compounds present in the tamarind seed [28].

Table 2. Percentages of chemical compounds present in tamarind seed.

Constituent Moisture Protein Fat/Oil Crude Fiber Carbohydrates Total Ash Total Sugar

Percentages 9.4–11.3 13.3–26.9 4.5–16.2 7.4–8.8 50.0–57.0 1.6–4.2 11.3–25.3

In the current situation of increased pollution worldwide because of synthetic petro-
chemical plastic, biodegradable composite can be a good source that will help to minimize
environmental pollution. Both tamarind and fenugreek are abundant in the local area, and
can be grown in vast quantities because of the good quality of the soil. Therefore, it can
be said that both tamarind and fenugreek can be used as raw materials to manufacture
bio-composite as an alternative source.

The current research work shows the synthesis and characterization of biodegradabil-
ity properties of bio-composites synthesized from naturally available and cheap sources,
which can be used as an alternative to synthetic plastic. The purpose of this work is to
show the usability of naturally cheap sources of a biodegradable composite material that
can kill bacteria, so that the material can be used for food-packaging applications. The
bio-composite in this research work was synthesized from naturally available fenugreek
seeds. The synthesized bio-composites were characterized by biodegradable, mechanical,
FTIR, SEM, XRD, thermal and antimicrobial tests.

2. Materials and Methodology

2.1. Materials

The bio-composites were synthesized by tamarind, fenugreek, distilled water, vinegar,
and glycerin. After collecting the tamarind seeds from the local market of the Gazipur
district, Bangladesh, they were washed properly with deionized water, boiled for 30 min,
and blended to make the extract of starch. Fenugreek was also collected from the local
market of the Gazipur district of Bangladesh. The collected fenugreek was also washed
properly with deionized water, boiled for 30 min, and blended, and thus starch was
obtained. The environmental lab of IUBAT within the department of civil engineering
supplied the necessary distilled water for the experiments. Glycerin and white vinegar
were also collected from the local market of the Gazipur District of Bangladesh.

2.2. Production of Bio-Composite

Table 3 shows the synthesized bio-composites at different percentages of fenugreek.
Initially, with the help of a precise electronic scale, all the ingredients were carefully and
precisely weighted. After measuring, the mixing of the ingredients was performed using
a magnetic stirrer shown in Figure 1, followed by blending. Clumping was avoided by
stirring for seven minutes. Heat was applied to the process at 100 ◦C temperature. A
thick and translucent mixture was obtained after some time. Aluminum foil was used for
pouring the mixture, and bubbles were removed if found. The desired bio-composites were
obtained after six hours of natural cooling. The thickness of the obtained bio-composite
was 1 mm, and it was opaque and chocolate-colored. The obtained bio-composite samples
were then taken for characterization. All the samples were made in a dry environment.
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Table 3. The used constituents with their percentages.

Sample Distilled Water White Vinegar Glycerol Tamarind Seed Starch Fenugreek Powder

S1 69% (360 mL) 8% (40 mL) 6% (30 mL) 12% (60 gm) 5% (26 gm)

S2 66% (360 mL) 8% (40 mL) 6% (30 mL) 11% (60 gm) 10% (54 gm)

S3 62% (360 mL) 7% (40 mL) 5% (30 mL) 11% (60 gm) 15% (85 gm)

Figure 1. Bio-composite preparation from the natural sources.

2.3. Characterization
2.3.1. Biodegradation Test

The synthesized bio-composites were subjected to different characterization processes.
For the biodegradability test, each sample was cut to a size of 50 mm × 20 mm × 1 mm. The
average weight of each sample was 10 gm. The samples were buried at 2 cm depth. The pH
value of the soil was 6. Weight loss was measured by burying the bio-composite samples in
soil for 7, 15, and 30 days, in aerobic conditions. Before burying the bio-composite samples
under the soil, the weight of each sample was measured carefully, using a precise electronic
balance. After the test, each sample was removed from the soil, cleaned with water, dried,
and the weight was taken again (Table 3). The biodegradability was measured using the
following formula:

Biodegradability (%) =
W1 − W2

W1
× 100

Here, W1 = the weight of the bio-composite sample before the biodegradable test.
W2 = the weight of the bio-composite sample after the biodegradable test [29–34].

2.3.2. Mechanical Test

After production, the bio-composite samples were taken for mechanical testing. A
universal testing machine controlled by a computer called CMT-10 was employed to
evaluate the tensile properties of the bio-composite samples. All the tests were conducted
maintaining the ASTM D638-77 standard method. The samples were cut with a dimension
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of 100 mm × 30 mm, in a dry environment. Then the samples were hung on a ring,
using a thread at the bottom part of the samples with an attached hook, to place the
loads. Maintaining a 2 mm/min strain rate, the force–distance data was measured at
room temperature, and the loads were applied until the samples failed. The total length
of the failure samples was measured carefully, and recorded. The total applied loads
were recorded as well. Elongation and tensile strength were measured with the help of a
stress–strain curve. For the same condition, 5 experiments were done for each sample, and
the average value was considered.

2.3.3. Scanning Electron Microscopy Test

The surface microstructure of the synthesized bio-composites was analyzed by a
Hitachi brand scanning electron microscope, model number S-4800. For analyzing the
surface of these bio-composite samples, the bio-composites were submerged in liquid
nitrogen and cut into 0.5 cm2-sized samples. Then, cryo-fracturing was performed. The
cryo-fractured samples were fixed onto the support using adhesive tape and mounted
on aluminum stubs. Coating of the bio-composite samples was performed with gold-
palladium, to observe the microstructure.

2.3.4. X-ray Diffraction Test

The X-ray diffraction analysis of the synthesized bio-composites was performed us-
ing a Rigaku, Tokyo, Japanese-made X-ray diffractometer, where scattering speed was
0.02(θ) s−1 ranging 5 to 60◦ (2θ) angles maintaining 40 kV voltage and 35 mA current, to
determine the crystallographic structure.

2.3.5. Thermal Analysis

An SDT 650 TA-Instrument was employed to analyze the TGA of the synthesized
bio-composites at a heating rate of 5 ◦C and weighing 10–25 mg, from room temperature
to 500 ◦C temperature. TGA was performed in a nitrogen environment, with the lid kept
hermetically sealed.

2.3.6. Antimicrobial Test

The evaluation of the antimicrobial properties of the developed bio-composite samples
was performed using the ASTM-E2149-01 standard. Here, the evaluation of microbial
growth and the resistivity of the non-leaching antimicrobial-treated specimens was per-
formed under dynamic conditions. The microbiology department of Dhaka University sup-
plied the necessary microbial for the experiments. The Kirby–Bauer disk-diffusion method
was used to examine the antimicrobial performance of the synthesized bio-composites.
Staphylococcus aureus was the bacteria cell subjected to the microbial test. The bacterial cell
and sample concentrations were 1000 CFU/mL and 200 mg/mL, respectively, and the disc
size was 6 mm × 6 mm.

3. Results and Discussion

3.1. Biodegradation

The biodegradation process of the synthesized bio-composites is represented by
Figures 2a–c, 3a–d, 4a–d, 5a–d and 6. The weight loss of the bio-composite films was esti-
mated after 7, 15, and 30 days. Linear biodegradation was observed in the bio-composite
samples, which indicated obedience to pseudo-zero-order kinetics in reaction rates and
constant, as well as independent rates of biodegradation [35]. From the figures, it can also
be seen that the bio-composite films had a slower degradation initially. However, after
30 days the degradation was enhanced. The results also suggest that the addition of fenu-
greek slowed the degradation process of the starch-based bio-composite films. A sample
with a lower percentage of fenugreek was obtained with maximum degradation among all
synthesized bio-composite films. Ecologically-friendly and biodegradable properties were
proved by the outcomes demonstrated.
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(a) (b) (c) 

Figure 2. Prepared samples for soil biodegradation test (a) 5% fenugreek, (b) 10% fenugreek, and
(c) 15% fenugreek.

(a) (b) (c) (d) 

    
0% 6% 25% 62.5% 

Figure 3. 5% fenugreek containing bio-composite degradation sample on (a) Day 1, (b) Day 7,
(c) Day 15, and (d) Day 30.
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(a) (b) (c) (d) 

   
 

0% 5% 36% 59% 

Figure 4. 10% fenugreek containing bio-composite degradation sample on (a) Day 1, (b) Day 7,
(c) Day 15, and (d) Day 30.

(a) (b) (c) (d) 

    
0% 8% 17% 42% 

Figure 5. 15% fenugreek containing bio-composite degradation sample on (a) Day 1, (b) Day 7,
(c) Day 15, and (d) Day 30.
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Figure 6. Biodegradibility comparison of the synthesized bio-composites at different percentages of
fenugreek.

3.2. Tensile Strength

Figure 7a–c shows the tensile behavior of the developed bio-composites. Table 4 shows
the comparison of tensile strength, tensile strain, and the Young’s modulus of the prepared
samples. An increase in the percentage of fenugreek decreased both the tensile strength and
the tensile strain of the bio-composites, up to a certain level. Maximum stress development
was reflected in the tensile strength of the film during the tensile testing [36]. The higher
concentration of fenugreek decreased tensile strength and increased flexibility [37]. The
presence of 15% of fenugreek exhibited the lowest tensile strength of 1.357 N/mm2, due to
the increased water presence in the matrix of the film, provided by the hygroscopic nature
of fenugreek. The disarrangement of the polymer network was caused by the fenugreek
present in the film, which worked to decrease the tensile strength and increase the film’s
flexibility [38]. Lower concentration percentages of fenugreek were distributed properly
in the matrix, resulting in higher mechanical strength. However, minimum tensile strain
was obtained after the addition of 10% of fenugreek. Tensile strain slightly increased after
that percentage.

Table 4. Comparison of tensile strength, tensile strain and Young’s modulus of the prepared samples.

Sample
Tensile Strength

(MPa)
Standard
Deviation

Tensile Strain (%)
Standard
Deviation

Young’s Modulus
(MPa)

S1 2.905 0.110 6.797 0.353 0.427

S2 1.435 0.071 2.189 0.094 0.655

S3 1.357 0.062 3.029 0.125 0.448
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Figure 7. Tensile behavior of the bio-composite samples at various ratios of fenugreek (a) 5%, (b) 10%,
and (c) 15%.

3.3. Scanning Electron Microscopy

The microstructure of the developed bio-composites is seen in Figures 8a–d, 9a–d and 10a–d.
Defects such as voids, cracks, and micropores are seen in SEM images, and result in more
porous and irregular surfaces. The samples containing a higher percentage of fenugreek
show more micropores, due to the cohesion between the tamarind starch and fenugreek.
Voids and micropores may affect the modulus of elasticity and tensile strength of the
bio-composite samples [39,40]. The biodegradation process of the bio-composite samples
may be accelerated in the soil, due to the interaction between micropores and microorgan-
isms [41]. Impurities are seen with globular-like fibers on the surface in higher magnifica-
tion images, because potency is provided to the biomass by the non-cellulosic contained in
the natural biomass [42].
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Figure 8. SEM images of 5% fenugreek bio-composite at (a) 500 μm (b) 200 μm (c) 100 μm (d) 50 μm.

Figure 9. SEM images of 10% fenugreek bio-composite at (a) 500 μm (b) 200 μm (c) 100 μm (d) 50 μm.
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Figure 10. SEM images of 15% fenugreek bio-composite at (a) 500 μm (b) 200 μm (c) 100 μm (d) 50 μm.

3.4. X-ray Diffraction Analysis

Figure 11a–c shows the X-ray diffraction patterns of the bio-composite samples with
different percentages of fenugreek, where intensity is shown vertically and the 2θ region
is shown horizontally. The bio-composite sample with 5% fenugreek shows only two
distinct peaks. Small peaks in the region of 2θ are represented in the bio-composite by the
XRD pattern. Sharp peaks confirm the crystalline nature of the cellulose [43]. The peak
at 2θ = 20◦ is attributed to the parallel-chain-segment aggregate region, which confirms
the bio-composite semi-crystalline nature [44]. The region of 2θ = 28◦ also relates to the
occurred disturbance in the cellulose at the time of the acetylation process, which can cause
breakage in the micro-fibrillar structure of the cellulose [45,46]. However, the bio-composite
samples with 10% and 15% fenugreek show no peaks, confirming the amorphous structure
of the synthesized bio-composite samples.

3.5. Thermal Analysis

Figure 12a–c shows the TGA analysis of the bio-composite samples. Similar trends are
observed in all the samples with variable temperatures. However, the graphs indicate that
weight loss is reduced, due to the higher fenugreek percentage at elevated temperatures.
Initially, 5% of weight loss is observed, because of moisture evaporation as the temperature
changes from 25 to 100 ◦C [47,48]. Moreover, cellulose decomposes rapidly at around 350
◦C because of the removal of hemicelluloses. Only about 30% weight is left for the pyrolysis
of the cellulose skeleton at 350 ◦C [49].
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(a) 

(b) 

(c) 

Figure 11. XRD analysis of the bio-composite samples at various ratio of fenugreek (a) 5%, (b) 10%,
and (c) 15%.
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(a) 

(b) 

(c) 

Figure 12. TGA analysis of the bio-composite samples at various ratios of fenugreek (a) 5% (b) 10%
and (c) 15%.
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3.6. Antibacterial Activity

The antibacterial analysis of the bio-composite samples against Staphylococcus aureus
is seen in Figure 13a–c. The samples showed some form of antibacterial activity against
Staphylococcus aureus, due to the presence of active phytocompounds shown in FTIR analysis.
The antibacterial performance was obtained due to the presence of fenugreek. Reducing
and/or capping agents containing phytochemicals may be present in the samples, which kill
the virus. Moreover, inherent antibacterial activities may also be present in those botanic
compounds. In addition, different types of metabolites such as alkaloids, terpenoids,
tannins, flavonoids, and glycosides are available in fenugreek. These metabolites have
antibacterial properties which make fenugreek active against bacterial strains [50].

   
(a) (b) (c) 

Figure 13. Antimicrobial analysis of the bio-composite samples at various ratio of fenugreek (a) 5%,
(b) 10%, and (c) 15%.

4. Conclusions

Starch-based bio-composite films with varying percentages of fenugreek were suc-
cessfully developed, using vinegar and glycerin. The properties of the bio-composite films
were significantly affected by the concentration percentages of fenugreek. It was observed
from the biodegradability test that a maximum of 62.5% of the bio-composite film was
biodegraded in only 30 days. Lower percentages of fenugreek distributed properly in the
film resulted in higher mechanical strength. Higher percentages of fenugreek led to the
formation of an amorphous structure of bio-composite films, confirmed with XRD analysis.
Thermal stability was assured for the synthesized bio-composites by thermal analysis.
Some samples showed antimicrobial activity against Staphylococcus aureus bacteria, which
confirmed the usability of the synthesized bio-composites in packaging applications.
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15. Peidayesh, H.; Heydari, A.; Mosnáčková, K.; Chodak, I. In situ dual crosslinking strategy to improve the physico-chemical
properties of thermoplastic starch. Carbohydr. Polym. 2021, 269, 118250. [CrossRef] [PubMed]
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Abstract: Owing to their suitable physical and chemical properties, hydrogels have been consid-
ered a convenient choice for wound dressings because of the advantages that they offer, such as
maintaining the moist environment required for wound healing. In this research, interpenetrating
hydrogels of polyphenol-functionalized gelatin (GE), a water-soluble protein derived from natu-
ral polymer collagen with excellent biocompatibility, no immunogenicity, and hydrophilicity, and
polyvinylpyrrolidone (PVP), a hydrophilic, non-toxic, biodegradable, biocompatible polymer that is
soluble in many solvents, widely used in biomedical applications, particularly as a basic material for
the manufacturing of hydrogel wound dressings, were synthesized. Gallic acid (GA) was selected in
this work to study whether the interpenetrating polymer networks (IPNs) synthesized can provide
antioxidant properties given that this material is intended to be used as a potential wound dressing.
The obtained IPN hydrogels showed improved mechanical properties in comparison with pristine
gelatin network (net-GE), a porous structure, and good thermal stability for biological applications.
The antioxidant capacity of the IPNs functionalized with GA was compared to Trolox standards,
obtaining a radical scavenging activity (RSA%) equivalent to a Trolox concentration of 400 μM.

Keywords: gelatin; poly(vinylpyrrolidone); hydrogel; radiation crosslinking; interpenetrating network;
antioxidant

1. Introduction

Skin, the largest organ of the human body, serves as the primary barrier for protection
against the surrounding environment and external damage, such as exogenous pathogens
and mechanical injuries, [1]. For that reason, skin injuries are a health concern worldwide.
A wound can be defined as a defect or a break in the skin, or as a result of the presence
of an underlying medical or physiological condition [2]. The degree of damage depends
on the depth of the wound, which can be superficial, partial-thickness or full-thickness.
Wound repair is a physiological process that includes four overlapping phases, namely,
hemostasis, inflammation, tissue formation or proliferation, and tissue remodeling [3]. All
of these are required to occur in the proper sequence and time in order to achieve successful
wound healing. However, there are several factors that interfere with one or more of these
phases, resulting in irregular wound healing or even in extra damage [4]. Deficient or
inappropriate care of wounds may threaten individual health, triggering infections, other
pathological reactions, and even death [5].

Due to the risk of complications and infections, different strategies are widely used
in the treatment of both acute and chronic wounds; these strategies include, but are not

69



Polymers 2022, 14, 4705

restricted to, the use of wound dressings, which are physical barriers that isolate and
protect the wound from the harmful factors of the external environment and further
damage [6]. Different kinds of wound dressings are applied on damaged tissue depending
on the type, depth, and size of the injury. In general, an ideal wound dressing should
meet particular requirements: it can effectively prevent the invasion of bacteria, has a
strong liquid absorption capacity but also maintains high humidity at the wound site, and
promotes the rapid healing of wounds. Moreover, a wound dressing should possess a
certain strength to resist pulling during use, proper adhesion performance, so that it does
not cause any extra damage when it is removed from the wound.

Hydrogels are polymeric materials with three-dimensional (3D) crosslinked networks
that are capable of absorbing large amounts of water or biological fluids, resulting in
materials with unique properties, such as softness, flexibility, high water absorption, and
water retention capacity [7]. Owing to their suitable physical properties, hydrogels have
become very popular biomaterials for use in drug delivery [8,9], tissue engineering [10],
pharmaceuticals [11], and sensors [12,13]. Additionally, hydrogels have been considered a
convenient choice for wound dressings because of the advantages that they offer, such as
maintaining the moist environment required for wound healing, while at the same time
removing the excess wound exudate and promoting wound recovery via granulation and
re-epithelialization [14].

Because of their outstanding biodegradability and biocompatibility, natural polymers
have been used for decades in the biomedical and pharmaceutical fields. These materials have
the capacity to retain relevant biochemical cues, and some of them present structures that can
mimic the extracellular matrix of native tissues [15]. Gelatin (GE) is a water-soluble protein
derived from natural polymer collagen. It offers many advantages for clinical applications,
such as excellent biocompatibility, nonimmunogenicity, and hydrophilicity [16,17]. However,
gelatin has poor in vivo mechanical strength and elasticity due to its high swelling capacity in
water [18], resulting in the quick breakage of hydrogels. Moreover, gelatin has low thermal
stability, which restricts its use in biomedicine [19]. This challenge can be overcome by
using crosslinking techniques (physical, chemical, and radiation-induced) and reinforcing
materials [18,20].

A number of chemical crosslinking molecules, such as formaldehyde and glutaralde-
hyde, have been used in attempting to crosslink GE and other polymers. However, it has
been documented that the use of these agents results in toxicity issues [17]. Genipin is a
naturally occurring crosslinker, and it has been considered an alternative to glutaraldehyde,
as it is a nontoxic molecule. Nevertheless, its elevated cost restricts its use [21].

Radiation-induced crosslinking is a suitable alternative to crosslinking gelatin molecules
without the need for chemical reagents, being a safe and environmentally friendly tech-
nique. For that reason, it also ensures that the biocompatibility of the materials is not altered
after the crosslinking process [22]. Additionally, it allows the simultaneous sterilization of
the irradiated polymer [23,24].

Another method to improve the mechanical strength of hydrogels is to prepare them
as an interpenetrating polymer network (IPN); this is defined as a combination of at least
two polymer networks in which the polymers have been crosslinked and entangled but not
covalently bonded to each other [25]. IPNs obtained from a mixture of synthetic and natural
polymers offer the advantage of combining the mechanical properties of the synthetic
polymer chain and the biological properties and biocompatibility of the natural component.
In the present study, poly (vinylpyrrolidone) (PVP) was chosen as the synthetic polymer to
obtain IPN systems. PVP is a hydrophilic, non-toxic, biodegradable, biocompatible linear
synthetic polymer that is soluble in many solvents and interacts with many hydrophilic and
hydrophobic materials. It has been widely used in biomedical applications, particularly as
a basic material for the manufacturing of hydrogel wound dressings [26–28].

Gallic acid (GA) is a flavonoid compound also named 3,4,5-trihydroxybenzoic acid. It
is found in almost all plants, including fruits, leaves, and wildflowers [29,30], and it has
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been reported to possess powerful health benefits, such as antioxidant, anti-inflammatory,
analgesic, neuroprotective, anticancer, and anti-diabetic properties [31].

Since antioxidants are considered to help control wound oxidative stress and thereby
accelerate wound healing, GA was selected in this work to study whether it can provide
antioxidant properties to the synthesized IPNs given that this material is intended to be
used as a potential wound dressing.

2. Materials and Methods

2.1. Reagents

Gelatin type A (GE), polyvinylpyrrolidone (PVP), gallic acid (GA), Folin–Ciocalteu phe-
nol reagent (FC), 6-hydroxy-2,5,7,8-tetramethyl-chroman-2-carboxylicacid (Trolox), N,N,N′,N′-
Tetramethylethylendiamine (TEMED), N,N′-Methylenebis(acrylamide) (MBAAm), azobisisobu-
tyronitrile (AIBN), (1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride) (EDC-
HCl), N-hydroxysuccinimide (NHS), and 2,2-diphenyl-2-picrylhydrazyl (DPPH) were pur-
chased from Sigma Aldrich (Estado de México, México) and used without further purification.
Ethanol and methanol were supplied from JT Baker (Ciudad de México, Mexico). Deionized
water was obtained from a Milli-Q plus apparatus (Millipore, Molsheim, France). N-vinyl-2-
pyrrolidone (NVP) and azobisisobutyronitrile (AIBN) were also obtained from Sigma Aldrich.
NVP was vacuum-distilled, and AIBN was recrystallized in methanol prior to use.

2.2. Synthesis of Hydrogels
2.2.1. Gamma Radiation Crosslinking of Gelatin Hydrogels

Gelatin hydrogels were prepared from 5% and 10 wt% aqueous gelatin solutions.
Gelatin type A was dissolved in deionized water at 40 ◦C with constant stirring. Then,
6 mL aliquots of the solutions were transferred to glass ampoules and bubbled with argon
for 20 min in order to eliminate oxygen.

Gamma-ray irradiation of the ampoules was performed at ambient temperature using
a Gammabeam 651PT (Nordion International Inc., Ottawa, ON, Canada) 60Co gamma-ray
source with an average dose rate of 6.1 KGy h−1 at various total absorbed doses (5, 10, 15,
and 30 KGy) at the Institute of Nuclear Sciences of Universidad Nacional Autónoma de
México (UNAM).

The crosslinked hydrogels were washed for 48 h with distilled water, changing the
solvent 3 or 4 times a day. Once cleaned, the samples were vacuum-dried at 45 ◦C until
reaching a constant weight. The percentage of reticulation was calculated with Equation (1):

Gel (%) = (W1/W0) × 100 (1)

where W1 and W0 are the insoluble crosslinked GE after extraction with distilled water and
the initial crosslinked GE, respectively.

The initial formation of the gel dose was estimated using the Charlesby–Pinner equa-
tion, shown in Equation (2) [32]:

S + S1/2 = (Gd/2Gc) + (9.65 × 105/MnGc) × (1/Dg) (2)

where S is the soluble part present in the product (if one knows the percentage of the
original sample and the insoluble sample after crosslinking, the remanent percentage is
the soluble part); Gd is the radiochemical yield of scission (the number of chain scissions
per 100 eV); Gc is the radiochemical yield of crosslinking (the number of crosslinkings per
100 eV); Mn is the number-average molecular weight at the beginning of the experiment;
and Dg is the absorbed dose, converted to kGy from Mrad.

2.2.2. Synthesis of IPN GE/PVP Hydrogels

IPNs were prepared by the free radical polymerization of NVP. MBAAm (2%), TEMED
(0.55%), AIBN (3%), and NVP monomer (10% and 15%) were thoroughly dissolved in an
ethanol:water mixture (70:30, v:v). GE crosslinked hydrogels were immersed in 5 mL of
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this solution for 48 h. After that time, the solutions were bubbled with Ar for 10 min at
room temperature, and ampoules were sealed by heat. The polymerization reaction was
performed for 4 h in a water bath at 70 ◦C.

The gels were subsequently washed with an ethanol:water mixture (70:30, v:v) and
vacuum-dried at 45 ◦C until reaching a constant weight.

2.2.3. Coupling of GA

The carbodiimide-mediated coupling reaction was used to covalently modify the IPN
GE/PVP hydrogels with the polyphenol GA according to the procedure of Xu et al. [33]
with some modifications. In brief, GA (1 mmol) and EDC-HCl (3 mmol) were dissolved in
10 mL of ethanol in an ice bath. Then, 3 mmol of NHS was added under continuous stirring.
After the reaction for 1 h at 4 ◦C, swollen samples of net-GE and IPN GE/PVP hydrogels of
approximately 0.0500 g were introduced into the reaction mixture. The reaction was further
performed at 4 ◦C for 1 h and 24 h more at room temperature.

Afterward, the samples were washed with distilled water for 48 h with at least 4 changes
of solvent each day to remove the free GA, EDC-HCl, and NHS prior to characterization.

2.3. Physicochemical Characterization
2.3.1. FT-IR Characterization

The total attenuated reflectance–Fourier transform infrared (ATR-FTIR) spectra of the
different samples were recorded with a Perkin-Elmer spectrum 100 spectrometer (Perkin-Elmer
Cetus Instruments, Norwalk, CT, USA) with a universal ATR with a diamond tip, perform-
ing 16 scans per sample in the range of 4000–650 cm−1. The spectra were analyzed using
PerkinElmer Spectrum Spectroscopy software (Version 6.2.0.0055).

2.3.2. Thermogravimetric Analysis

The thermal stability and decomposition temperatures of the hydrogels were measured
using a TGA Q50 (TA Instruments, New Castle, DE, USA). Each sample was pulverized
and weighted (15–20 mg) before being heated (temperature ramp rate 10 ◦C/min) under a
nitrogen atmosphere in the range of 25–800 ◦C. The degradation temperature was calculated
as the midpoint of the 1st derivative peak of the TGA thermograms for GE, PVP, and IPN
GE/PVP.

2.3.3. Scanning Electron Microscopy (SEM)

The hydrogels were immersed in deionized water at room temperature until equilib-
rium was reached. The swollen hydrogel was then frozen in liquid nitrogen for 10 min and
fractured carefully prior to being subjected to lyophilization (Labconco, Kansas City, MO,
USA). The interior morphology of a specimen of the freeze-dried hydrogels was observed
using scanning electron microscopy (JEOL, Tokyo, Japan). Before conducting the SEM
observation, the specimen was fixed on aluminum stubs and coated with gold for 60 s.

2.3.4. Equilibrium Swelling Time and Water Content Test

Hydrogel cylinders of 2 cm in diameter and 1 cm in height were previously dried
and studied to determine their water adsorption capacities. The study was performed
by immersing the samples in distilled water at room temperature. The mass gain was
measured gravimetrically by intervals of time from 5 min until 100 h of immersion; in each
measurement, the sample was taken out from the distilled water, placed on an absorbent
tissue paper to remove the excess water, and weighted. This was repeated until the weight
remained unchanged.

Equation (3) was used to calculate the swelling percentage:

Swelling (%) = [(Ws − Wd)/Wd] × 100 (3)

where Ws and Wd represent the weights of the swollen and dry samples, respectively.
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The dried hydrogel samples were placed in 5 mL of distilled water until they fully
swelled. They were then blotted with tissue paper and weighted. The water content was
calculated according to Equation (4):

Water content (%) = (Wt − W0)/Wt × 100 (4)

where Wt is the weight of the swollen hydrogel after reaching equilibrium, and W0 is the
weight of the dried hydrogel.

All measurements were carried out with triplicated samples and averaged.

2.3.5. Mechanical Testing

The hydrogel samples were characterized using an mechanical microindentation assay
as described in [34]. In short, microindentation tests were performed using a commer-
cial microindenter setup, the FT-MTA03 Micromechanical Testing and Assembly System
(FemtoTools AG, Zúrich, Switzerland). The force versus displacement data were obtained
with a FT-S200 tip (spherical tip with a diameter of 50 μm), with a measurement range
of ±200 μN and a maximum resolution of 0.0005 μN (at a sampling rate of 10 Hz). Since
the measurements were performed while the hydrogel was submerged in MilliQ water,
attraction forces between the hydrogel surface and the tip were not observed. Thus, the
Hertz model [34] was used to fit the experimental data after a preprocessing step. The data
analysis was performed using Wolfram Mathematica 12.1 (Wolfram Research, Oxford, UK),
assuming a Poisson’s ratio of 0.45 [35].

2.3.6. Gallic acid Content

The gallic acid content of the hydrogel–polyphenol conjugates was measured accord-
ing to the Folin–Ciocalteu method [36,37]. Briefly, triplicated samples of IPNs with gallic
acid were immersed in 300 μL of 1N Folin–Ciocalteu phenol reagent solution mixed with
2.4 mL of sodium carbonate solution 0.5 M. The volume was adjusted to 3 mL with 300 μL
of distilled water. Samples of net-GE without gallic acid were used as controls.

The absorbance of the samples was determined at 750 nm using a UV–Vis spec-
trophotometer (Specord 200 plus, Analytik Jena, Germany). Solutions of gallic acid with
concentrations in the range of 5–50 ppm were used as standards for the calibration curve.
The gallic acid content of the hydrogels was expressed as mg gallic acid equivalent per
gram of sample (GAE/g sample).

2.3.7. Radical Scavenging Activity

The radical scavenging activity of the hydrogels was determined spectrophotomet-
rically by measuring the decrease in the absorbance of the DPPH radical at 520 nm [38].
In brief, DPPH was dissolved in anhydrous ethanol to prepare a stock solution (100 μM).
Samples of polyphenol-modified IPNs were then incubated with 2 mL of DPPH solution
at room temperature. The radical scavenging activity (%) of the samples was compared
to Trolox, a water-soluble derivative of vitamin E, regularly used as a reference standard
for antioxidant capacity. All standards and samples were kept in the dark for 30 min.
Absorbance values were measured at 517 nm using a UV–Vis spectrophotometer (Specord
200 plus, Analytik Jena, Germany). The free radical scavenging effect was calculated as
follows (Equation (5)):

Radical scavenging activity (%) = [1 − (A/A0)] × 100 (5)

where A0 is the absorbance of the blank (DPPH solution alone), and A is the absorbance of
DPPH incubated with the hydrogels. All tests were performed in triplicate and averaged.

3. Results and Discussion

Antioxidant IPN hydrogels were prepared according to the global synthesis process
depicted in Figure 1. Gamma radiation was used to permanently crosslink GE via the
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formation of covalent bonds. The resulting net-GE hydrogels were interpenetrated with a
second network of PVP, synthesized via free radical polymerization with NVP monomers
using N,N′-Methylenebisacrylamide (MBAAm) as a crosslinking agent, with N,N,N′,N′-
Tetramethyl ethylenediamine (TEMED) as the activator and azobisisobutyronitrile (AIBN)
as the initiator.

Figure 1. Scheme of the synthesis route to obtain GA-functionalized IPN hydrogels.

3.1. Crosslinking of GE

Net-GE hydrogels were synthesized via gamma-ray crosslinking in aqueous media.
Gamma radiation induces water radiolysis, which yields proton radicals and hydroxyl
radicals. According to the proposal of Wan Ishak et al. [22], OH radicals remove H in the
gelatin chain and induce the formation of gelatin radicals, which, after recombination, form
covalent bonds between gelatin chains.

Four total absorbed doses were selected for this study: 5, 10, 15, and 30 kGy. The
hydrogels obtained had differences mainly in their mechanical stability. While the 5 and
10 kGy hydrogels were mechanically unstable and their manipulation was complicated,
the hydrogels with a total dose of 30 kGy were brittle.

3.2. Radiochemical Yield Ratios of Crosslinking and Scission

The radiochemical yield ratios of crosslinking and scission (degradation) and the dose of
incipient gel Dg calculated using the Charlesby–Pinner equation can be observed in Table 1.

Table 1. Radiochemical yield ratios and initial gel dose of net-GE at different initial GE concentrations.

Concentration 5% 10%
Gd/Gc −0.0436 0.1115

Dg

(kGy)
0.2829 0.3978

The radiochemical yield of the degradation and crosslinking ratio was almost zero,
indicating that only crosslinking takes part in this system. Degradation increased with
the initial concentration of GE. Due to these results, a 5% GE concentration was chosen to
synthesize IPNs and their subsequent characterization.
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3.3. FT-IR Analysis

The FTIR-ATR spectra of GE, PVP, and IPN GE/PVP are presented in Figure 2. GE
shows bands at 3285 cm−1 corresponding to O-H and N-H stretching, 2937 cm−1 corre-
sponding to C-H stretching (methyl groups), 1629 cm−1 corresponding to C=O stretching
(amide I), and 1520 cm−1 corresponding to N-H bending (amide II) [39]. The PVP spectrum
shows peaks at 3424 cm−1 corresponding to O-H stretching, 2921 cm−1 corresponding to
C-H stretching (polymer chain), 1654 cm−1 corresponding to C=O stretching (pyrrolidone
ring), and 1430 cm−1 corresponding to C-H bending (polymer chain) [40]. IPN GE/PVP
shows the characteristic bands of both GE and PVP, but it is more similar to GE because the
quantity of PVP is low, and the two polymers have the same functional groups. Neverthe-
less, it is possible to identify PVP because this material has a peak at 712 cm−1, which is
attributed to the C-H rock vibration of polymer long chains.

 
Figure 2. FTIR-ATR stacked spectra.

3.4. Thermal Analysis

In Figure 3, we can see the TGA of net-GE, PVP, and IPN net-GE/PVP, and it is possible
to observe the thermal decomposition steps of each material. GE and PVP show only one
step at 330 ◦C and 442 ◦C, respectively, while IPN shows two steps at 343 ◦C and 449 ◦C,
corresponding to starting compounds. This proves that GE and PVP were incorporated
into the system in an interpenetrated way; i.e., only physical interactions occurred between
both polymers. The thermal stability of IPN is very similar to that of GE.
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Figure 3. TGA thermograms under N2 of net-GE, PVP, and IPN net-GE/PVP.

3.5. Morphology of the Hydrogels

The SEM micrographs of the freeze-dried hydrogels are shown in Figure 4. Figure 4a
corresponds to a sample of net-GE crosslinked with a total absorbed dose of 15 kGy. It has a
porous structure with a homogeneous appearance. We can observe that a second network
is appreciable in the cross-section of the sample IPN net-GE/PVP, obtained by the free
radical polymerization and crosslinking of NVP 10% and 15% solutions (Figure 4b and 4c,
respectively). It is notable that an increase in monomer concentration generates a reduction
in the total void space of the hydrogel structure, which correlates with the decreased values
of the equilibrium swelling and an increase in the Young’s modulus value.

Figure 4. SEM micrographs of cross-section morphology of hydrogels after lyophilization. (a) net-GE,
(b) net-GE/PVP IPN (10% NVP solution), and (c) net-GE/PVP IPN (15% NVP solution). Magnification:
1000×. Scale bar: 50 μm.
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3.6. Swelling Behavior and Water Content

In the equilibrium swelling studies, it was possible to observe different swelling
capacities. In Figure 5, we show the effect of radiation dose on the degree of the equilibrium
swelling of the GE gels of 5% and 10% concentrations (Figures 5a and 5b, respectively).

Figure 5. Swelling of net-GE synthesized with different GE concentrations: (a) 5% and (b) 10% in
distilled water at room temperature (c).

The hydrogels with a total dose of 5 kGy had the highest swelling capacity, around
1220.22 ± 252.43% for GE 5% and 923.86 ± 283.16% for GE 10%; however, their mechanical
stability was very poor and decreased with time, resulting in the loss of their integrity
after 30 h of being immersed. It is important to clarify that the elevated values of the
measurement errors, particularly in the samples of 5 kGy, were due to the loss of material
over the course of time. Because of that, the registered values of mass started to differ
considerably in the measurements of the samples with more than 20 h of swelling.

The samples of GE 10% irradiated with a total dose of 10 and 15 kGy had very
similar behavior.

In general, the hydrogels obtained from the 10% gelatin solutions had a lower swelling
capacity than those obtained from gelatin concentrations of 5%.

The samples with 5 and 10% concentrations of GE and a total dose of 30 kGy were
discarded because they had to be manipulated very carefully, as they were very fragile and
had the lowest swelling capacity (507.83 ± 42.36% and 485.40 ± 16.00%, respectively).

The water content of all analyzed samples and the equilibrium swelling data are
reported in Table 2.
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Table 2. Water content and equilibrium swelling of hydrogels of 5% and 10% GE with different total
absorbed doses, expressed as percentages.

GE Concentration
Total Absorbed Dose

(kGy)
Water Content (%) a Equilibrium

Swelling (%) b

5%

5 92.22 ± 1.64 1220 ± 252.43

10 88.43 ± 0.25 764.81 ± 18.28

15 91.01 ± 0.54 1014.79 ± 68.98

30 83.49 ± 1.19 507 ± 42.36

10%

5 89.76 ± 2.59 923.86 ± 283.16

10 85.71 ± 1.62 606.12 ± 82.48

15 86.09 ± 1.22 622.69 ± 61.08

30 82.01 ± 0.47 485.40 ± 16.00
a Data are shown as means ± SD (n = 3); b data are means ± SD (n = 3).

3.7. Mechanical Stability Measurements

To determine whether the interpenetrated PVP network impacts the mechanical stabil-
ity of the hydrogels, three different conditions (net-GE, net-GE/PVP 10%, and net-GE/PVP
15%) were mechanically characterized using a microindentation assay (see the Materials
and Methods Section). The results of the mechanical characterization presented as mean
± standard deviation of the Young’s modulus (E) are reported in Figure 6 and summa-
rized in Table 3. At least two independently manufactured samples per condition were
characterized, and at least 10 measurements per sample were performed.

Figure 6. Stiffness of GE-based hydrogels. Young’s modulus was measured using a microinden-
tation test and by fitting the Hertz model to the force–distance curves. A one-way analysis of
variance (ANOVA) with Tukey correction was employed for multiple comparisons. It was considered
statistically significant when p < 0.05; *** p < 0.0001.
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Table 3. Elastic modulus of gelatin-based hydrogels.

E (kPa)

net-GE 15.82 ± 2.59

net-GE/IPN-PVP 10% 25.71 ± 4.75

net-GE/IPN-PVP 15% 44.85 ± 7.55

As can be seen in Figure 6, Young’s modulus increases significantly with the increase
in PVP content, suggesting a positive correlation between PVP concentration and E. These
results show that the addition of PVP increases the stiffness of the gelatin network, provid-
ing better mechanical stability. The tunability of the mechanical properties of this material,
which depend on the total absorbed dose of gamma radiation and the interpenetration of a
second polymeric network, is an advantage that allows the gamma radiation crosslinked
gelatin-based hydrogels to be suitable for biomedical applications, such as wound dressings
and tissue engineering.

3.8. Gallic Acid Content and Radical Scavenging Activity

The amount of GA attached to the net-GE/PVP hydrogels was determined according
to the Folin–Ciocalteu method, which is easy to perform, rapid, and low-cost. Polyphenols
react with Folin–Ciocalteu reagent in alkaline media to form a blue phosphotungstic–
phosphomolybdenum complex that is quantifiable by UV–Vis spectrophotometry at 750 nm.
A standard calibration curve of GA, shown in Figure 7a, was used to quantify the amount
of GA in the hydrogel samples of known mass employing the Beer–Lambert Law.

Figure 7. (a) Calibration curve of gallic acid; (b) calibration curve of Trolox.

Table 3 shows the amounts of GA coupled with the IPN net-GE/PVP hydrogels after
an amide coupling reaction.

The antioxidant properties of the net-GE/PVP IPN hydrogels were investigated using
a 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay. Trolox was used as a
reference compound to compare the antioxidant efficiency of the prepared hydrogels.

The DPPH radical has an absorption maximum at 517 nm. Once it is reduced in the
presence of an antioxidant molecule, its color changes from purple to colorless due to the
formation of stable hydrazine, noted as DPPH-H, upon the absorption of hydrogen from
an antioxidant molecule. The antioxidant effect of that molecule is proportional to the
decrease in the absorbance values at 517 nm.

The radical scavenging activity (RSA%) is related to the antioxidant activity of the
analyzed samples. A calibration curve with increasing concentrations of Trolox, shown in
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Figure 7b, was used to set a reference of antioxidant capacity and to compare the radical
scavenging ability of the hydrogels with that of Trolox standards.

Figure 8 shows that there is a significant difference between the antioxidant capacity
of the functionalized hydrogels of net-GE and net-GE/PVP. Both samples were compared
to net-GE hydrogels without GA.

Figure 8. Comparation of radical scavenging activity (RSA%) of net-GE/PVP IPN and net-GE hydro-
gels functionalized with GA. net-GE was used as a control. A one-way analysis of variance (ANOVA)
with Tukey correction was employed for multiple comparisons. It was considered statistically
significant when p < 0.05; *** p < 0.0001.

Table 4 shows that strong antioxidant abilities were observed for net-GE/PVP + GA
IPN hydrogels, which inhibited 91.61 ± 1.36% of DPPH radical, while net-GE + GA showed
an inhibition of 83.28 ± 1.22%. Samples of pristine net-GE were used as negative controls.

Table 4. Amounts of coupled GA.

Sample
Gallic Acid Content
(mg GA/g Sample) a Antioxidant Activity b

net-GE (pristine) 0.20 ± 0.21 13.085 ± 1.22

net-GE + GA 1.39 ± 0.19 83.281± 5.85

IPN net-GE/PVP 1.64 ± 0.34 91.61 ± 1.36
a Data are shown as means ± SD (n = 3); b data are means ± SD (n = 3).

A polymeric material with antioxidant properties is of relevant importance for the
development of wound dressings. It has been found that the presence of reactive oxygen
species (ROS) in the wound bed promotes a pro-inflammatory environment, which is
associated with the oxidative stress of cells and an impaired wound healing process [4].

Previous studies have reported that GA exhibits a potent anti-inflammatory effect
due to the reduction of inflammatory cell accumulation and the downregulation of major
pro-inflammatory cytokines, namely, interleukins, tumor necrosis factor α (TNF-α), and
nuclear factor κB (NF-κB) [41,42]. This kind of bioactive material could improve wound
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management versus the use of dressings, which only protect the wound surface and mois-
turizes the wound bed, in standard care. In this context, the material studied in this research
could potentially restore an appropriate ROS balance, particularly in chronic wounds.

In the next stage of this research, it is necessary to evaluate the biocompatibility of the
material by performing in vitro and in vivo tests.

4. Conclusions

In this study, we developed IPN hydrogels composed of GE and PVP networks,
with covalent crosslinking in each network but only physical interactions between them.
The crosslinking degree of the net-GE hydrogels increased with an increase in the total
absorbed dose of gamma radiation, while the equilibrium swelling decreased when the
total absorbed dose was augmented. After optimizing the concentration of the initial GE
solution and the total absorbed dose of gamma radiation for the GE hydrogels, 15 kGy
was selected as the best condition to obtain mechanically stable materials in order to
achieve adequate manipulation without breakage. IPN formation was accomplished via
the free radical polymerization of NVP inside the crosslinked network of GE, confirmed by
thermogravimetric and FT-IR analyses.

The antioxidant capacity of the functionalized IPNs was evaluated by a DPPH analysis,
demonstrating that the synthesized materials had a radical scavenging activity comparable
to that of a Trolox standard with a concentration of 400 μM. The results suggest that the
polyphenol-functionalized IPN net-GE/PVP could be considered as a candidate in the use
of polymeric biomaterials for improving the wound healing process.

Further research must be conducted to evaluate the biocompatibility of the materials
and their performance in vivo to enhance the wound healing process, and to evaluate their
potential as a bioactive material for wound dressing.
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Abstract: Organophosphazenes are of interest due to the combination of increased mechanical and
thermal properties of polymer materials obtained with their use, however, they are characterized
by a complex multi-stage synthesis. Moreover, the high viscosity of phosphazene-containing epoxy
resins (PhER) makes their processing difficult. To simplify the synthesis of PhER, a one-step method
was developed, and bisphenol F was chosen, which also provided a decrease in viscosity. In the
current study, PhER were formed by a one-stage interaction of hexachlorocyclotriphosphazene
(HCP) with bisphenol F isomers and epichlorohydrin in the presence of alkali, which was a mixture
of epoxycyclophosphazenes (ECPh) with a functionality from 1 to 4 according to the results of
MALDI-TOF analysis. Conventional epoxy resins based on bisphenol F, also formed during the
process, showed high mechanical properties and glass transition temperature, and the reactivity of
the obtained resins is similar to the base epoxy resins based on bisphenols A and F. Cured PhER
had higher or the same mechanical properties compared to base epoxy resins based on bisphenol
A and F, and a glass transition temperature comparable to base epoxy resins based on bisphenol F:
glass transition temperature (Tg) up to 174.5 ◦C, tensile strength up to 74.5 MPa, tensile modulus
up to 2050 MPa, tensile elongation at break up to 6.22%, flexural strength up to 146.6 MPa, flexural
modulus up to 3630 MPa, flexural elongation at break up to 9.15%, and Izod impact strength up
to 4.01 kJ/m2. Analysis of the composition of the obtained PhER was carried out by 1H and 31P
NMR spectroscopy, MALDI-TOF mass spectrometry, X-ray fluorescence elemental analysis, and
contained up to 3.9% phosphorus and from 1.3% to 4.2% chlorine. The temperature profile of the
viscosity of the resulting epoxy resins was determined, and the viscosity at 25 ◦C ranged from 20,000
to 450,000 Pa·s, depending on the ratio of reagents. The resins studied in this work can be cured with
conventional curing agents and, with a low content of the phosphazene fraction, can act as modifiers
for traditional epoxy resins, being compatible with them, to increase impact strength and elasticity
while maintaining the rest of the main mechanical and processing properties, and can be used as a
resin component for composite materials, adhesives, and paints.

Keywords: epoxy resin; epoxy oligomer; phosphazene; bisphenol F; mechanical properties; glass
transition temperature

1. Introduction

Epoxy resins are one of the most common thermosetting polymers, having a wide
range of applications, such as: coatings, adhesives, casting compounds, resins, and binders
for composite materials in various areas, from household to critical in aircraft, rocket,
mechanical engineering, and electronics and electrical engineering [1].
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At the same time, a number of thermoplastics and other types of thermosetting poly-
mers are used for the same applications. A new generation of binders is being developed
with enhanced mechanical properties, thermal and fire resistance, such as: bismaleimides,
polyimides, and cyanate ethers [2]. However, they are inferior to epoxides in cost, manufac-
turability, and in some cases in mechanical properties and toxicity during processing [2,3].

With their advantages, base epoxy resins also have a number of disadvantages, as
they often have low and unstable performance characteristics, in particular, combustibility
and relatively low heat resistance [4]. An effective way to increase the heat resistance of
epoxy matrices is to modify them with polyfunctional resins that crosslink and form a joint
mesh structure with base resins. Examples of such resins are triglycidyl-p-aminophenol,
tetraglycidyl-4,4′-methylenedianiline, and epoxidized novolaks [4,5].

The problem of flammability of epoxy resins is more complex and can be solved using
various additives and/or components:

• Halogenated epoxy resins
• Additive-type fire retardant
• Halogen-free organoelement compounds

The traditional way to reduce flammability is to use halogen-containing epoxy resins,
in particular based on brominated bisphenol A. However, these types of resins release toxic
gases when in contact with a flame, which limits their use in areas that involve human
contact [6,7].

The modern global trend is the use of halogen-free polymer materials as additives to
improve the fire resistance of polymeric materials [6]. A cheap and common option is the use
of inorganic additives, such as aluminum or magnesium hydroxides, polyphosphates, and
red phosphorus, but they significantly reduce the mechanical properties and transparency of
materials and degrade the technological properties important for processing [6,8].

Organophosphates proved to be more functional. They are better combined with the
base polymer, but at the same time they can act as a plasticizer and reduce heat resistance [9].

Functional organoelement compounds combine the advantages of non-toxicity, preserva-
tion of the properties of the base polymer, and heat resistance, capable of forming a common
three-dimensional structure with the base epoxy resin [7,10]. An example of such modifiers
are glycidyl esters of phosphorus acids, with a decrease in flammability, which increase the me-
chanical and adhesive strength of the material [10,11]. However, they are not well-compatible
with base epoxy resins [11,12]. Additionally, the disadvantage of phosphorus-containing fire
retardants is their lower heat resistance compared to modified epoxy bases [6,7,13,14], which
limits their use in engineering plastics and high-temperature binders.

One of the promising classes of compounds that can meet the growing needs of high-
tech industries are phosphazenes. The main chain of organophosphazenes consists of
alternating phosphorus and nitrogen atoms, and at the phosphorus atom there are organic
radicals introduced by substitution of a halogen in halophosphazenes. The nature of
organic substituents, usually introduced by the reaction of nucleophilic substitution of
chlorine, can vary widely and determines the properties of the final polymer or oligomer.

There are two main synthetic approaches that make it possible to obtain functional
phosphazenes capable of forming covalent bonds with epoxy matrices:

(1) Synthesis of organophosphazenes with reactive epoxy groups for addition to the
epoxy component [15–40].

(2) Synthesis of organophosphazenes with reactive amino groups for use as a hardener
or its component [41–49].

Epoxyphosphazenes are well-compatible with the epoxy matrix and at the same time
improve its mechanical properties and heat resistance, probably due to the formation of
a special three-dimensional polymer network at the junction nodes, where phosphazene
cycles are located [50].

Previously, the synthesis of epoxyphosphazenes was primarily scientific due to the
complexity of scaling and the large number of intermediate steps [15–19,21,25,27,28,30–33].
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At present, a number of works have appeared that present fairly simple synthesis meth-
ods, with a level of manufacturability close to the production processes of basic epoxy
resins [20,22–24,26,29,34,37]. Some of them, such as alkoxyphosphazenes, are thermally
unstable [51]. Thus, the synthesis of aromatic organophosphazenes is preferred. Examples
of such processes are one-stage methods for obtaining: (a) phosphazene-containing epoxy
resins based on bisphenol A [52,53] and (b) based on resorcinol [54]. The resulting PhER
consisted mainly of tetra- and penta-epoxyphosphazenes and an organic epoxy monomer,
which is essentially an active diluent that reduces the viscosity and average functionality
to a level acceptable for further processing, and these PhER demonstrated increased me-
chanical properties and heat resistance. Due to the fact that the viscosity of such resins at
ambient temperature is more than 200 Pa·s, which is a value close to the processing limit,
studies were carried out to obtain PhER based on bisphenol A and phenol, including the
one-stage method, with the purpose of reducing viscosity and increasing the phosphorus
content to reduce flammability [50,55].

In order to obtain PhER with a lower viscosity, which ensures the processability of
processing, and a higher phosphorus content, for a potential reduction in flammability,
in comparison with PhER described in [52–55], while maintaining their advantages in
mechanical properties, PhER were synthesized by direct interaction of HCP, bisphenol F,
and epichlorohydrin. To assess the impact on the physical properties of the use of bisphenol
F and the content of the phosphazene fraction, the analysis of the composition of the
obtained phosphazene-containing epoxy resins and tests for mechanical properties, glass
transition temperature, and viscosity were carried out.

2. Materials and Methods

In this article, PhER were synthesized by a single-stage interaction of hexachlorocyclot-
riphosphazene with an isomer mixture of bisphenol F, in the medium of epichlorohydrin,
which acts both as a reagent and as a solvent (Figure 1). The epoxy group formed by the
catalyst and the HCl acceptor NaOH was used in one case in solid form, and in the other in
the form of an aqueous solution.

Figure 1. Single-stage synthesis of phosphazene-containing epoxy resins by direct interaction of
hexachlorocyclotriphosphazene (HCP) and bisphenol F in epichlorohydrin medium (this work).
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2.1. Materials

Hexachlorocyclotriphosphazene (HCP), a white crystalline substance (Tm.p. = 113.0 ◦C;
31P NMR spectrum, singlet with δP = 19.9 ppm), was obtained by the method in [56].

Bisphenol F (BPF), a white powder (mixture of isomers 2,2′-, 2,4′-, and 4,4′-
dioxydiphenyldimethylmethane, Tm.p. = 162–164 ◦C) (Manufacturer: Hangzhou Sartort
Biopharma Co., Ltd., Hangzhou, China).

Epichlorohydrin (ECH) is a colorless liquid, the content of the main substance is
99.8%, and it was used after preliminary distillation, b.p. = 116 ◦C (Manufacturer: Solvay,
Tavaux, France).

Potassium hydroxide, in the form of white flakes (the content of the main substance
is 90%), was used without purification. The water content was determined by acid-base
titration and was about 10% (Manufacturer: JSC “Caustic” Volgograd, Russia).

Acetone is a colorless liquid, and the content of the main substance is 99.8%. It was
used as a solvent during isolation without preliminary purification (Supplier: Component-
Reaktiv LLC, Moscow, Russia).

Diglycidyl ether of bisphenol A (DGEBA) is a clear-cloudy viscous liquid at room
temperature. Commercial-grade KER 828 was used without pre-treatment (Manufacturer:
Kumho P & B Chemicals, Inc., Seoul, South Korea).

Diglycidyl ether of bisphenol F (DGEBF) is a clear-cloudy viscous liquid at room
temperature. The commercial brand Ipox er 1016 was used without preliminary purification
(Supplier: NORTEX LLC, Moscow, Russia).

Diaminodiphenylsulfone (DDS) (Aradur 9664-1) is a fine powder with a particle size
smaller than 64 μm and m.p. = 175 ◦C (Manufacturer: Huntsman Corporation, Spain).

2.2. Synthetic Methods
2.2.1. Synthesis of Phosphazene-Containing Resins Based on Bisphenol F (PNA-BPF) with
Batch Introduction of Solid Alkali NaOH

HCP, BPF, and epichlorohydrin were loaded into a 2 L batch reactor equipped with a
mechanical stirrer and a direct condenser cooled by recycled water in HCP:BPF ratios from
1:8 to 1:24 with a constant excess of 16-fold ECH (Table 1).

Table 1. The amounts of initial reagents for the synthesis of PhER.

Sample
Molar Ratio

HCP:BPF:ECH
HCPg
(Mole)

BPFg (Mole)
ECHmL
(Mole)

NaOHg
(Mole)

PNA-BPF-S 1:8:16 35 (0.101) 161.11 (0.805) 1387.865
(17.606) 64.363 (1.609)

PNA-BPF-1 1:8:16 35 (0.101) 161.11 (0.805) 1387.865
(17.606) 64.363 (1.609)

PNA-BPF-2 1:9:16 35 (0.086) 181.249
(0.905)

1639.022
(20.917) 72.408 (1.810)

PNA-BPF-3 1:12:16 23 (0.066) 158.809
(0.793)

1574.182
(20.096) 63.444 (1.586)

PNA-BPF-4 1:18:16 15 (0.043) 155.356
(0.776)

1675.045
(21.376) 62.064 (1.552)

PNA-BPF-5 1:24:16 10.5 (0.030) 144.999
(0.724)

1626.414
(20.757) 57.927 (1.448)

The reaction mixture was heated with stirring to a temperature of 45–50 ◦C and kept
at this temperature until complete dissolution of the solid reagents. Then, the mixture was
heated to 77 ◦C, after which the first portion of sodium hydroxide was loaded in the form
of a powder, then at intervals of 5 min, but taking into account that the temperature of the
reaction mixture should not exceed 85 ◦C, the rest of the sodium hydroxide was loaded
in equal portions over 1/8 of the total. Sodium hydroxide was taken in a stoichiometric
amount. After loading the entire amount of sodium hydroxide, the reaction was carried
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out for 50 min at a temperature of 80 ◦C, distilling off the epichlorohydrin–water mixture
in a vacuum.

At the end of the reaction, from the resulting suspension, ECH was distilled off on
a rotary evaporator, and then the resulting mixture of resin and salt was dissolved in an
excess of acetone, and the solution was subsequently filtered from the precipitate through a
paper filter, after which acetone was distilled off from the filtrate on a rotary evaporator.
The product was a yellow viscous liquid. The yield was 91.2–94.3%.

2.2.2. Synthesis of Phosphazene-Containing Resins Based on Bisphenol F (PNA-BPF-S)
with Batch Introduction of NaOH Alkali Solution

The synthesis of PNA-BPF-S was carried out in exactly the same way as the synthesis
of PNA-BPF, except that the alkali was loaded in portions in the form of a solution (Table 1).
The yield was 76%.

2.3. Methods of Analysis
2.3.1. Epoxy Group Content

The epoxy group content was determined by back acid-base titration in acetone
according to GOST R 56752-2015 (ISO 3001:1999).

2.3.2. Elemental Analysis

Elemental analysis was carried out by X-ray fluorescence spectrometry with calibration
according to the method of fundamental parameters on an X-ray fluorescence spectrometer,
ARL PFX-101 (Thermo Fisher Scientific (Ecublens) SARL, Ecublens, Switzerland).

2.3.3. Nuclear Magnetic Resonance Spectroscopy
31P NMR spectroscopy was performed on a Bruker AV600 at a working purity of

242 MHz. 1H NMR spectroscopy was carried out on a Bruker AV600 instrument at a
working purity of 600 MHz. Deuterochloroform was used as a solvent.

2.3.4. Mass Spectrometric Analysis of MALDI-TOF

Mass spectrometric analysis of MALDI-TOF was carried out on a Bruker Auto Flex
II instrument.

2.3.5. Rheology

The temperature profile of viscosity was measured on an MCR 302 rheometer (Anton
Paar, Graz, Austria). The measurements were carried out in the continuous shear mode
with the measuring plate–plate geometry, shear rate of 10 s−1, and gap of 1 mm. Top plate
diameter was 25 mm.

2.4. Method of Curing

The calculated amount of hardener, DDS, was added to the epoxy resin, based on
the stoichiometric ratio. The resulting composition was stirred and degassed on an oil
bath rotor at 125 ◦C under a vacuum of 100 mm Hg for 20–40 min until the mixture was
completely homogenized. The molds were degreased with acetone before pouring and
then treated with an anti-adhesive liquid. All samples were cured at 180 ◦C for 8 h.

2.5. Methods of Testing
2.5.1. Tensile Testing

Tensile tests were carried out on a 50ST (Tinius Olsen, Redhill, United Kingdom)
universal electromechanical tensile testing machine according to GOST 11262-2017 (ISO
527-2:2012). Samples of the cured binder were cut from a 4 mm-thick plate on a milling
machine in accordance with the paragraph 6.1. standard (Figure 2). The stretching speed
was 10 mm/min. From the data obtained, the values of tensile strength, tensile modulus,
and elongation were calculated.
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Figure 2. Tensile test sample. Dimensions, in mm: l1 = 80 ± 2, l2 = 109.3 ± 3.2, l3 = 170, L0 = 75 ± 0.5,
L = 115 ± 1, b1 = 10 ± 0.2, b2 = 20 ± 0.2, h = 4 ± 0.2, r = 24 ± 1.

2.5.2. Flexural Testing

Flexural tests were carried out on a 50ST electromechanical universal tensile test-
ing machine (Tinius Olsen, Redhill, United Kingdom) according to GOST R 56810-2015
(ASTM D790-10) at a speed of 0.85 mm/min. Samples of the cured binder were cut from
a 3.6 mm-thick plate on a milling machine in accordance with the paragraph 6.1. stan-
dard. The samples were bars with an aspect ratio of length × width × thickness equal to
80 × 9.8 × 3.6 mm. Span-to-depth ratio was 64:3.6 mm. From the data obtained, the values
of flexural strength and flexural modulus were calculated.

2.5.3. Izod Impact Test

Izod impact tests were carried out on an Izod-Charpy K 1053 machine (ATS FAAR,
Cassina De’ Pecchi, Italy) according to GOST 19109-2017 (ISO 180:2000), “Plastics. Izod
impact strength method”, which is a modified ISO 180:2000 standard. The samples were
bars with an aspect ratio of length × width × thickness equal to 80 × 9.8 × 3.6 mm.

2.5.4. Glass Transition Temperature

The glass transition temperature was determined on a DSC 204 F1 Phoenix differential
scanning calorimeter (Netzsch, Selb, Germany) according to GOST R 55135-2012 (ISO
11357-2:1999). Under the dynamic heating mode, the temperature range was 40–270 ◦C,
and the heating rate was 10 ◦C/min. All tests were carried out under a nitrogen atmosphere
with a flow rate of 60–100 mL/min. The weight of the samples was 5–10 mg.

The device was calibrated for temperature and enthalpy for standard metals gallium,
indium, tin, bismuth, and zinc.

The analysis of parameters and characteristic points was carried out in the Proteus
thermal analysis software.

3. Results and Discussion

3.1. Synthesis and Study of PNA-BPF and PNA-BPF-S

Analysis of the composition and structure of the obtained PhER was carried out using
MALDI-TOF spectrometry and 31P NMR spectroscopy.

MALDI-TOF analysis showed the presence in the products of compounds with m/z
values and possible structures, as presented in Table 2.
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Table 2. Possible structures and formulas of the main compounds formed during the synthesis of
PNA-BPF and PNA-BPF-S.

m/z Structure and Formula 1 No. of Structure

693

 
P3N3Cl3(OArO)(OArOGly)

I

822

P3N3Cl(OArO)2(OArOGly)

II

914

 
P3N3Cl2(OArO)(OArOGly)2

III

985

 
P3N3Cl2(OArO)(OArOGly’)2

IV

1007

 
P3N3Cl3(OArOGly)3

V
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Table 2. Cont.

m/z Structure and Formula 1 No. of Structure

1043

 
P3N3(OArO)2(OArOGly)2

VI

1135

 
P3N3Cl(OArO)(OArOGly)3

VII

1206

 
(P3N3)2Cl4(OArO)4

VIII

1298

(P3N3)2Cl5(OArO)3(OArOGly)

IX
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Table 2. Cont.

m/z Structure and Formula 1 No. of Structure

1357

 
P3N3(OArO) (OArOGly)4

X

1 AR =  , Gly =  , Gly’ = .

The formation of VII-membered spirocyclic fragments at the phosphorus atom with
the participation of the 2,2-isomer of bisphenol F in almost every component of the product
mixture is noteworthy. This leads to a decrease in the average functionality of the mixture
in comparison with epoxyphosphazenes based on bisphenol A and resorcinol, which can
favorably affect the pot life of the resins.

MALDI-TOF analysis is not an unambiguously quantitative method of analysis with-
out confirmation of its results by other methods, however it can be used to determine
the qualitative presence of compounds and trends in their formation depending on the
conditions. According to the results of MALDI-TOF, presented in Tables 3 and 4 and
Figures 3 and 4, there are pronounced extreme dependencies of the formation of com-
pounds with structures I and V with peaks at a ratio of 1:12. A less pronounced increase in
the formation of compounds VI, VIII, and X, and a decline for compounds III, VII, and IX,
were observed with peaks at a ratio of 1:18. The amounts of compounds II and IV fluctuate
without unambiguous dependencies. Extreme values of the formation of substances are
typical for synthesis 4 with a ratio of 1:18.

Table 3. The main compounds formed during the synthesis of PNA-BPF and PNA-BPF-S, the share
of which is more than 4% in at least one of the experiments.

m/z Formula Content (wt.%)

PNA-BPF-1 PNA-BPF-2 PNA-BPF-3 PNA-BPF-4 PNA-BPF-5

693 P3N3Cl3(OArO)(OArOGly) (I) 0 0 8 0 0
822 P3N3Cl(OArO)2(OArOGly) (II) 7 9 8 10 9
914 P3N3Cl2(OArO)(OArOGly)2 (III) 6 5 3 2 4
985 P3N3Cl2(OArO)(OArOGly’)2 (IV) 5 6 6 7 6
1007 P3N3Cl3(OArOGly)3 (V) 0 1 5 1 0
1043 P3N3(OArO)2(OArOGly)2 (VI) 3 3 7 10 7
1135 P3N3Cl(OArO)(OArOGly)3 (VII) 21 16 14 10 15
1206 (P3N3)2Cl4(OArO)4 (VIII) 2 3 4 7 5
1298 (P3N3)2Cl5(OArO)3(OArOGly) (IX) 8 7 6 5 7
1357 P3N3(OArO)(OArOGly)4 (X) 2 2 3 5 4

Total proportion of major compounds 54 52 64 57 57
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Table 4. Possible structures and formulas of hexa-substituted phosphazenes formed during the
synthesis of PNA-BPF.

Structure and Formula No. of Structure

 

XI

 

XII
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Table 4. Cont.

Structure and Formula No. of Structure

XIII

XIV

 

XV

 

XVI
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Figure 3. The content of compounds I–X (Table 2) in samples PNA-BPF-1 ÷ 5 ((1)–(5), respectively).

Figure 4. (a–e) MALDI-TOF spectra of the obtained PhER syntheses of PNA-BPF-1 ÷ 5, respectively.
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31P NMR spectra of the final product (Figure 5) indicate incomplete substitution
and the formation of a mixture of tetra-, penta-, and hexa-derivatives of hexachlorocyclo-
triphosphazene with a predominance of penta-derivatives. Due to the presence of singlet
signals in the region of 7.07, 7.51, and 8.08 ppm, it can be assumed that several types of
hexa-substituted triphosphazenes are formed (Table 4). However, due to steric difficulties,
the formation of compounds XIV, XV, and XVI is unlikely; therefore, the three signals
mentioned above probably correspond to compounds XI, XII, and XIII. The presence of
compound XIII is also confirmed by MALDI-TOF analysis and corresponds to compound
VI. As the BPF excess increases, the yield of hexa-substituted derivatives with a singlet
signal of 8.08 ppm decreases, and the yield of hexa-substituted derivatives of the structure
increases with signals at 7.51 and 7.07. The penta-derivative penta I corresponds to the
doublet (4.88–5.21 ppm) and triplet (20.08–20.75 ppm) systems. The penta-derivative penta
II corresponds to the doublet (5.64–5.99 ppm) and triplet (20.75–21.48 ppm) systems. In the
penta-derivatives penta I and penta II, the triplet peaks in the region of 20.78 ppm overlap,
which is confirmed by the values of the integral areas—the integral area under the peak
with overlap is equal to the sum of the areas under the peaks in the region at 21.48 and
20.08 ppm. A tetrasubstituted product corresponds to a triplet (2.96 ppm) and a doublet
(19.41–19.74 ppm) signal system. Derivatives of hexa I, II, III, and penta I and II may not be
individual substances, but a mixture of derivatives with the same degree of substitution,
but different substituents—epoxy, spirocyclic, and bridging—which produce signals in one
or close intervals, which can lead to their overlap.

Figure 5. 31P NMR spectra of PNA-BPF.

1H NMR spectra of the obtained epoxy oligomers (Figure 6) are similar to the spectra
for dianic epoxy resins (industrial grades ED-20, KER-828, and their analogues); however,
the signals in the region of 3.55–3.95 ppm indicate the presence of a small amount of glycol
end groups formed as a result of the hydrolysis of epoxy groups, apparently caused by the
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presence of residual alkali in the reaction medium, which was not completely consumed
due to incomplete substitution of chlorine atoms in hexachlorocyclotriphosphazene. The
results of the integration of signal systems are consistent with theoretical calculations.

 

Figure 6. 1H NMR spectra of PNA-BPF.

Table 5 shows the PhER yields depending on the ratios of the initial reagents. The
values of the yields of syntheses 1–5 are close and are associated with losses during filtration
from salts during the isolation process. The lower yield in the synthesis of PNA-BPF-S-1
is associated with the formation of sparingly soluble oligomers, which were deposited
on the filter along with the salt during filtration, which also affected the deviation in the
epoxy number.

Table 5. Yield of the obtained PhER.

Sample Molar Ratio
HCP:BPF:ECH

Yield

g %

PNA-BPF-S-1 1:8:16 180 76.0
PNA-BPF-1 1:8:16 216 91.2
PNA-BPF-2 1:9:16 247 92.2
PNA-BPF-3 1:12:16 223 94.0
PNA-BPF-4 1:18:16 220 93.5
PNA-BPF-5 1:24:16 209 94.3

Table 6 presents the technological characteristics of various base and phosphazene-
containing epoxy resins. Among all pairs of base and phosphazene-containing epoxy resins
based on the same diphenols, there is a pattern of increase in viscosity and decrease in the
epoxy number in PhER. An exception can be considered PhER obtained by the interaction
of HCP with BPA and phenol. By using phenol, this type of resin reduces the viscosity and
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increases the phosphorus content, which can improve the fire resistance. However, at the
same time, the epoxy number drops significantly for these resins, which will reduce the
crosslink density during curing, and may worsen the mechanical properties. The described
pattern is observed in the case of PhER based on BPF; first, when epoxyphosphazenes
appear in the composition, the mechanical properties increase compared to the base resin,
then, with an increase in the proportion of the phosphazene fraction and a decrease in
the epoxy number, the mechanical properties either remain at the same level, or fall
(Tables 7 and 8).

Table 6. Comparison of technological characteristics of base and phosphazene-containing epoxy resins
based on basic diphenols and the content of phosphorus and chlorine between different PhER. The
content of P and Cl wt.% in PhER obtained in this work, determined by X-ray fluorescence spectrometry.

Raw Reagents Ratio

M
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n

a
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ty

Content (wt.%)

Viscosity (Pa·s)
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Temperature of
(◦C)

E
p
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x

y
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ro
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(%

)

P Cl

P
h

o
sp

h
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z
e

n
e

F
ra

ct
io

n
1

20 40 70

DGEBA
2.0 22.8 - - - 41.72 2.17 0.15

DGEBF
2.0 24.6–27.0 - - - 16.31 0.92 0.09

RDGE
2.0 34.4–36.4 - - - 1.10 0.11 0.03

HCP:BPA PhER obtained by interaction of HCP with BPA and ECH [52,53,57]
1:8 2.5 17.1 3.1 2.7 49 - 220 3

1:9 2 2.5 18.1 3.3 2.4 52 5855 85 2
1:12 2.3 20.0 1.8 1.5 30 - 130 2
1:16 2.2 21.4 1.5 1.3 25 440 78 2

HCP:Resorcinol PhER obtained by interaction of HCP with resorcinol and ECH [54]
1:12 2.4 21.0 4.0 4.4 43 8.33 6.15 0.36
1:16 2.3 28.6 3.0 2.4 32 2.43 1.94 0.15
1:24 2.2 29.6 2.0 1.9 21 1.71 0.45 0.05

HCP:PhOH:BPA PhER obtained by interaction of HCP with BPA, phenol, and ECH [55]
1:2:6 2.2 16.1 4.6 2.2 54 64.6 13.7 0.8
1:3:5 2.0 15.5 5.0 2.3 51 58.6 10.6 0.8
1:4:4 1.9 14.7 5.4 2.7 47 9.4 6.0 0.8

HCP:BPF:ECH PhER obtained by interaction of HCP with BPF and ECH (this work)
1:8:16

(NaOH solution) 2.8 15.2 3.7 4.2 56 1942.00 38.68 0.73

1:8:16 2.8 18.1 3.9 2.1 59 2463.11 45.03 1.04
1:9:16 2.7 20.5 3.4 1.9 52 229.24 7.45 0.34

1:12:16 2.4 20.4 2.7 1.6 41 282.99 10.65 0.43
1:18:16 2.2 22.8 1.8 1.4 28 181.12 4.69 0.22
1:24:16 2.2 21.5 1.5 1.3 22 62.65 2.16 0.13

1 Values for this work are calculated based on the phosphorus content. 2 Synthesis at this ratio was performed
within the framework of this work.
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Table 7. Tensile and impact properties and glass transition temperature of the cured epoxy resins
compared to base epoxy resins.

Sample
(HCP:BPF:ECH)

Tensile
Strength

(MPa)

Tensile
Modulus

(GPa)

Tensile
Elongation

at Break (%)

Izod Impact
Strength
(kJ/m2)

Tg (◦C)

DGEBA 69.8 2.6 4.1 2.1 169.2
DGEBF 50.9 2.7 2.6 2.9 174.8

PNA-BPF-5
(1:24:16) 72.7 2.1 6.1 4.1 156.7

PNA-BPF-4
(1:18:16) 74.5 2.1 5.7 3.7 169.3

PNA-BPF-3
(1:12:16) 70.2 1.7 6.2 2.6 174.7

PNA-BPF-2
(1:9:16) 66.0 2.0 4.5 2.9 153.0

PNA-BPF-1
(1:8:16) 66.7 2.0 5.2 2.2 160.0

PNA-BPF-S
(1:8:16) 29.4 2.6 1.2 1.4 141.8

Table 8. Flexural properties of the cured epoxy resins compared to base epoxy resins.

Sample
(HCP:BPF:ECH)

Flexural Strength
(MPa)

Flexural Modulus
(GPa)

Flexural Elongation
at Break (%)

DGEBA 125.6 3.02 6.99
DGEBF 121.8 3.13 9.84

PNA-BPF-5
(1:24:16) 131.8 3.28 9.15

PNA-BPF-4
(1:18:16) 133.4 3.27 8.19

PNA-BPF-3
(1:12:16) 130.6 3.17 8.23

PNA-BPF-2
(1:9:16) 146.6 3.63 6.66

PNA-BPF-1
(1:8:16) 128.0 3.35 5.73

PNA-BPF-S
(1:8:16) 108.3 4.28 2.68

Figure 7 shows the temperature dependence of the viscosity of PhER compared to base
epoxy resins. With a decrease in the higher molecular weight phosphazene component
and a change in the substituent from bisphenol A to bisphenol F, when receiving PhER
(Table 6), the viscosity also naturally decreases.
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(a) 
 

 
(b) 

Figure 7. Temperature profile of viscosity versus temperature of obtained PhER, (a) from 10 to 180 ◦C
and from 22 to 26 ◦C, and (b) from 30 to 170 ◦C, respectively. PNA-BPA—epoxy resin obtained by the
method in [52] at a ratio of HCP:BPA equal to 1:9.

3.2. Testing of Cured Compositions PNA-BPF and PNA-BPF-S

With an increase in the degree of substitution along with an increase in the excess
of bisphenol, which is described by the interpretation of 31P NMR spectra (Figure 5),
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and the overall increase in the content of phosphazene, the dynamics of changes in the
physical and mechanical properties of cured epoxy resins with diaminodiphenyl sulfone at
180 ◦C for 8 h are also complexly correlated. Extreme dependencies of the formation of a
number of compounds and fluctuations in their content, which is described in Section 3.1
when interpreting the MALDI-TOF spectra, could affect the fluctuations in the values of
mechanical properties (Tables 7 and 8).

With an increase in the phosphazene fraction, first, an increase in the strength and
elasticity of the cured PhER during tensile testing was observed, then a tendency to a
decrease in tensile modulus (Figure 8). In flexural tests, an increase in strength was also
observed, while the trends in elasticity and flexural modulus were different to tensile tests:
the flexural elongation at break continuously decreased with increasing content of the
phosphazene fraction, while flexural modulus remained unchanged (Figure 9).

 

Figure 8. Tensile strength properties of cured resins.

 

Figure 9. Flexural strength properties of cured resins.

Similar dependencies were also observed when testing for impact strength (Figure 10).
With a decrease in the phosphazene fraction, the impact resistance increased to its maximum
in the synthesis of PNA-BPF-5, but at the same time it decreased again for the DGEBF
epoxy resin, which does not contain epoxyphosphazenes. Based on this, one can talk about
the existing modifying property of epoxyphosphazenes based on bisphenol F with respect
to the base DGEBF resin. The modifying effect is most likely maximal at the content of the
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phosphazene fraction in the range of 10–25%. A similar dependence was observed earlier
in the study of the properties of PhER based on bisphenol A in [58].

 

Figure 10. Impact strength according to Izod.

Supplementary Materials show graphs of percentage changes in the mechanical prop-
erties of neat and phosphazene-containing resins based on bisphenol F relative to DGEBA.

A different kind of dependence was observed for the glass transition temperature. Its
values decreased compared to the DGEBF neat resin (Table 8), with a minimum content of
the phosphazene fraction in PNA-BPF-5, after which they passed through a maximum in
PNA-BPF-3 with indicators at the level of base epoxy resins, and then with an increased
PhER content, continued to drop significantly, which was not observed for PhER of other
types [58].

It is likely that with a further decrease in the content of the phosphazene fraction, the
glass transition temperature will resume growth, which may coincide with the maxima
of the values of impact strength, elasticity in tension and flexion, and viscosity, while
maintaining or some increase in the tensile and flexural properties, according to comparison
with the base resin DGEBF, which was observed for all experiments during synthesis on
the solid alkali.

Despite the sharply different composition of PNA-BPF-4, corresponding to a phosp-
hazene content of 28%, this was not reflected in the physical and mechanical properties. A
sharp change in properties was observed immediately at the lowest phosphazene content
of 22%, then the properties either remained at the same level or a tendency to decrease
was observed. This may be due to a double modifying effect of the phosphazene content:
factor 1 is an increase in the total phosphazene content, and factor 2 is a change in the ratio
of the various epoxyphosphazenes (compounds I–X) formed depending on the proportions
of the initial reagents. Comprehensively, we can speak of an important effect on the im-
provement of the properties of compounds II and VII, which constitute the main part for
all syntheses. For the remaining compounds, more pronounced fluctuations and extreme
dependencies in content were observed with an increase in the proportion of phosphazene,
which could affect the general trend of a gradual or significant decrease in properties with
an increase in the proportion of phosphazene after an initial sharp increase. The difficulty
of assessing factor 2 lies in the need to obtain individual substances formed during the
synthesis, and for this it is necessary to develop a method for separating the resulting
mixture of epoxyphosphazene resins into individual substances, after which it will be
possible to evaluate the modifying effect of the content of each epoxyphosphazene. This
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paper presents a comprehensive assessment of the effect of the phosphazene content in the
production of PhER by a one-stage method, which may be of interest from the perspective
of commercial production. Based on the results obtained during the tests, to find the best
combination of properties, it is worth studying PhER with a content of 10–25% obtained by
this method.

4. Conclusions

The phosphazene-containing epoxy resins obtained in this work have the content of
epoxy groups of 15.2–22.8%, and phosphorus of 1.5–3.9%. With a decrease in the content of
HCP in the initial reagents, an increase in the mechanical properties of the cured resulting
epoxy resins was observed. The most successful in terms of their performance were samples
with a ratio of initial reagents HCP:BPF:ECH of 1:12:16–1:24:16. They demonstrated an
increase in impact strength by 40–80%, relative elongation at fracture in tension and in
flexion by 50–100%, while maintaining glass transition temperature and tensile and flexural
strength compared to base epoxy resins based on bisphenols A and F. These PhER can be
cured with conventional hardeners to obtain materials with mechanical properties and
heat resistance above the base commercial grades of epoxy resins and potentially lower
combustibility due to the content of phosphorus.

Thus, phosphazene-containing epoxy resins based on bisphenol F, with a low content
of the phosphazene fraction, can act as modifiers for traditional epoxy resins, being compat-
ible with them, to increase impact resistance and elasticity while maintaining other basic
mechanical and technological characteristics, and can be used as a binder component for
composite materials, adhesives, and paints.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym14214547/s1. Figure S1. Flexural properties; Figure S2.
Impact strength; Figure S3. Tensile properties.
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Abstract: The goal of this study was to optimize and formulate apigenin (APG)-loaded pegylated
chitosan nanoparticles (PEGylated-CNPs) via ionic gelation techniques using the Box–Behnken design
(BBD). Three individual variables, X1(chitosan: TPP concentration), X2 (PEG-400 concentration), and
X3 (sonication time), were investigated for their influence on response variables (Y1—particle size
(PS); Y2—drug entrapment efficiency (DEE); and Y3—zeta potential (ZP). The optimized formula of
APG-PEGylated CNPs was picked from the statistical design and was then examined for physical,
morphological, release characterization, anti-oxidant, and anti-tumor potential. The average PS, PDI,
%DEE, and ZP were found to be 139.63 ± 5.67 nm, 0.296 ± 0.014, 79.55 ± 3.12%, and 24.68 ± 1.84 mV,
respectively. The optimized APG formulation was chosen and reformulated based on the desirability
function. Results of the observed and predicted values of responses through the BBD process were
found to be nearly identical. The resulting APG-PEGylated CNPs were spherical and smooth,
according to surface morphology studies. The release study revealed that PEGylated-CNPs exhibited
biphasic release patterns distinguished by an initial burst release of APG only at early phases
accompanied by a delayed release near 24 h. Furthermore, APG-PEGylated CNPs demonstrated
statistically increased antioxidant activities and cytotoxicity against MCF-7 cells compared to pure
APG. Based on the findings, it is possible to conclude that BBD was efficient in optimizing the
PEGylated CNPs formulation and recognizing the impacts of formulation variables. In conclusion,
the developed formulation has a significant potential for anticancer therapy.

Keywords: apigenin; Box–Behnken design; antioxidant; chitosan; nanoparticles

1. Introduction

Natural products persist as incredibly valuable sources of new bioactive molecules
with pharmacotherapy utility because of the enormous structural complexity found in
them. From a long period of time, plants have been used to treat a wide range of diseases
such as cancer with natural sources, accounting for more than 60% of today’s anti-cancer
medications. Plants, animals, aquatic species, and microorganisms all contribute to drugs,
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which makes nature an appealing source of new therapeutic entities that could be used as
anti-cancer agents [1].

Apigenin (APG), chemically known as 5,7-dihydroxy-2-(4-hydroxyphenyl)-4H-1-benz
opyran-4-one, is a flavone found in several vegetables and fruits, which include parsley,
celery, onions, oranges, wheat sprouts, corn, rice, tea, and is abundant in chamomile [2]. It
has multiple biological effects; in addition, it has potent chemoprotective and chemother-
apeutic features for a variety of cancers, including lung, breast, skin, prostate, and colon
cancer. The possible mechanism for the anticancer effects of APG could be its capability of
inhibiting migration or invasion, endorsement of cell cycle arrest, suppression of prolifera-
tion, initiation of apoptosis, or interruption with tumor cellular signal pathways [3,4]. APG
has low internal toxicity with no mutagenic properties compared to other plant flavonoids,
making it an effective frontrunner for the production of successful cancer therapies [5].
APG is a Biopharmaceutics Classification System (BCS) Class II drug with an aqueous
solubility of less than 2.16 g/mL [6]. Unfortunately, its poor water solubility results in
poor bioavailability, which significantly limits its clinical use [7]. Therefore, investigating
emerging innovations or formulations to improve APG solubility and bioavailability and
to enhance antitumor efficacy is, thus, the main issue at present.

Nanoparticles (NPs) are expected to be the key focus in drug-delivery applications;
however, NPs are associated with various conjugation properties due to their higher surface
area, resulting in in the quickest systemic clearance. To overcome the problem of rapid
systemic clearance, NP’s surfaces were coated with a hydrophilic polymer-like chitosan (CS)
and polyethylene glycol (PEG). CS is a USFDA-approved and popular polymer because
of its low cost of production, biocompatibility, biodegradability, and positive charge. The
positive charge of CS enhances interaction as well as penetration inside heterogeneous
tumors [8]. CS improves drug penetration by opening epithelial tight junctions and fa-
cilitating both paracellular and transcellular drug transport [9]. PEG is also a non-toxic
and non-immunogenic polymer that changes a molecule’s hydrophobicity and enhances
its aqueous solubility. PEGylation is a well-known method that enhances stability and
decreases proteolysis and renal excretion, thereby minimizing dosing frequency and im-
proving pharmacokinetics. Coating with PEG was intended to improve oral nanoparticle
bioavailability because it is known to reduce immune system interactions and can eliminate
these interactions, thus further increasing systemic half-life [10,11]. One more feature of
PEG coating has been shown to reduce nanoparticle agglomeration and improves the
therapeutic agent’s safety and efficacy [12,13]. Therefore, the aim of the present study
was to create, optimize, and characterize PEGylated chitosan nanoparticles of APG and to
evaluate the optimized formulation for its anti-oxidant and anti-tumor potential.

2. Methods and Materials

2.1. Materials

Apigenin (purity 98%), chitosan medium molecular weight (190–310 kDa and degree of
acetylation 85%), and polyethylene glycol (PEG) 400 were purchased from Baoji Guokang
Bio-Technology Co., Ltd. Baoji, China. Sodium tripolyphosphate (TPP) and all other
reagents and chemicals were of analytical grade in this study.

2.2. Preparation of APG-Loaded PEGylated Chitosan Nanoparticles (PEGylated-CNPs)

NPs were prepared by ionotropic gelation and were then homogenized and ultrasoni-
cated [14,15]. For this, CS was dissolved in water that contained 1% v/v glacial acetic acid
solution. Then, a weighed amount of APG was incorporated to the CS solution, and the
added mixture has been homogenized at 12,000 rpm for 10 min. Throughout the process of
homogenization, a TPP solution was added drop-wise to the mixture. Based on preliminary
research, the CS-to-TPP ratio was determined as 4:1. Instantly, after homogenization, the
dispersion was exposed to probe sonication (SONICS Vibra cell VC750, Newton, CT, USA)
at 30% amplitude and pulsed at pulse 10 s for 20 min to generate nanoparticles. To keep the
temperature increase under control, the dispersion was kept in an ice bath. NPs were coated
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with PEG 400 immediately after they were formed. Several batches were prepared by using
the Box–Behnken design (BBD) to optimize the formulation. The schematic representation
for the preparation of PEGylated-CNPs is as follows (Scheme 1).

 

Scheme 1. The schematic representation for the preparation of PEGylated-CNPs.

2.3. Experimental Design

The BBD is a 3-factor 3-level design experiment that is recommended over others
because it requires minimal experimental runs and provides the desired points under the
cuboidal space; therefore, the probability of receiving unsuitable results reduced [16,17].
To examine the formulation variables influencing the studied, a three-factor, three-level
BBD was applied, in which three formulation variables (amount of CS: TPP, amount of
PEG 400, and sonication time) were differentiated at low (−1), middle (0), and high (+1),
explored in Table 1. This design necessitates 15 runs with three replicated center points
in order to obtain a more uniform estimation of the prediction variance across the overall
experimental design. The responses considered in this studied were particle size (PS)
(Y1), drug entrapment efficiency (DEE) (Y2), and zeta potential (ZP) (Y3). The BBD was
developed by Design-Expert software (Version 12.0, Stat-Ease Inc., MN, USA), which
created and analyzed fifteen experimental runs (Table 2). The ranges for each independent
factor were preferred from the preliminary study, which can be seen in Table 1.

In order to identify the most desirable mathematical model by using F-tests, Design-
Expert produced linear, two-factor interaction (2FI), and quadratic models. Among these,
the quadratic model was considered as the best-fitting model with respect to all responses
(Table 3). The predicted and adjusted R2 should be close with an approximate difference of
0.2 that must be achieved with a “reasonable agreement” [18]. Adequate precision is also
one of the significant parameters in predicting the optimum response for a given variable.
The chosen model was also subjected to a lack-of-fit test, and the lack of significance ob-
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served for this value in comparison to pure errors indicated that the independent variables
and their responses had a significant correlation [19]. The polynomial equation obtained by
experimental design is expressed mathematically as follows:

Y = A 0+ A1 X1 + A2 X2 + A3 X3 + A12 X1 X3 + A13 X1 X3 + A23 X2 X3 + A11 X1
2 + A22 X2

2 + A33 X3
2 (1)

where Y is the dependent responses, Ao represents intercept, A1 to A33 represent the
regression coefficients of Y, and X1 to X3 are presented as independent variables [20]. After
producing polynomial equations directly related to dependent and independent variables,
the optimization of minimum PS (Y1), maximum DEE (Y2), and low ZP (Y3) was performed
using a desirability function to obtain the levels of X1, X2, and X3.

Table 1. Variables in BBD for formulation development of APG-loaded PEGylated-CNPs.

Variable
Levels

−1 0 +1

Independent variables

X1 = CS: TPP (% w/w) 0.2 0.5 0.8

X2 = PEG 400 (% w/w) 0.5 0.75 1

X3 = Sonication time (minutes) 10 20 30

Dependent variables

Y1 = Particle size (nm)

Y2 = Entrapment efficiency (%)

Y3 = Zeta potential (mV)

Table 2. Variables and observed responses in BBD.

Formulation
Code

Factors Combinations at Different Levels Response Variables

X1 = Chitosan:
TPP

X2 = PEG 400
X3 = Sonication

Time
Y1 = Particle

Size (nm)
Y2 = Entrapment

Efficiency (%)
Y3 = Zeta

Potential (mV)

CNP 1 0.2 0.5 20 140.52 75.11 19.62

CNP 2 0.8 0.5 20 247.5 85.37 24.51

CNP 3 0.2 1 20 158.6 79.72 21.82

CNP 4 0.8 1 20 303.3 90.54 26.56

CNP 5 0.2 0.75 10 248.3 87.61 19.41

CNP 6 0.8 0.75 10 354.2 96.68 24.76

CNP 7 0.2 0.75 30 120.52 65.96 19.62

CNP 8 0.8 0.75 30 214.4 80.76 25.15

CNP 9 0.5 0.5 10 261.5 89.12 23.48

CNP 10 0.5 1 10 314.2 93.41 25.15

CNP 11 0.5 0.5 30 134.1 70.21 23.19

CNP 12 0.5 1 30 153.8 77.52 25.45

CNP 13 0.5 0.75 20 141.2 76.35 23.49

CNP 14 0.5 0.75 20 150.1 80.82 23.92

CNP 15 0.5 0.75 20 153.1 80.91 24.11
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Table 3. Summary of results of regression analysis for responses.

Model R2 Adjusted R2 %C.V S.D PRESS Remarks

Response: Particle size (Y1)

Linear model 0.7481 0.6899 - 41.57 33,163.03 -
Quadratic model 0.9941 0.9865 4.36 8.66 6423.28 Suggested

Cubic model 0.9985 0.9939 5.85 ND -

Response: Entrapment efficiency (%) (Y2)

Linear model 0.9312 0.9153 - 2.34 105.50 -
Quadratic model 0.9842 0.9638 1.87 1.53 59.49 Suggested

Cubic model 0.9864 0.9457 - 1.87 ND -

Response: Zeta potential (mV) (Y3)

Linear model 0.8494 0.8146 - 0.9122 21.40 -
Quadratic model 0.9933 0.9848 1.12 0.2614 4.38 Suggested

Cubic model 0.9968 0.9874 - 0.2380 ND -
ND = not defined.

3. Physicochemical Characterization of APG-Loaded PEGylated-CNPs

3.1. PS, and ZP Analysis

The average PS and ZP of 15 formulations (CNP1–CNP15) were determined with
zeta sizer (PSS NICOMP Z3000, Port Richey, FL, USA). Initially, 1 mL of samples was
diluted ten times with double distilled water and mixed gently by handshaking to obtain
an appropriate scattering intensity; it was measured at a fixed scattering angle of 90◦. All
measurements were taken in triplicate [21].

3.2. Determination of DEE (Drug Entrapment Efficiency) and Loading Capacity (LC)

For determining the DEE, 10 mg of nanoparticles (NPs) was added to 10 mL of acetone
to isolate APG into acetone. The samples in acetone were gently ultra-centrifuged at
20,000 rpm for 1 h at 4 ◦C to collect the supernatant. Then, 10 μL of suspension was diluted
to 1 mL with acetone and underwent the process of estimations. The appropriate APG
concentrations were obtained with a UV-VIS spectrophotometer (Jenway 6850 double beam
spectrophotometer, Cole-Parmer, Saint Neots, UK) [4,22]. The following formula was used
to calculate the DEE and LC.

DEE (%) =
Total amount of APG added − Total amount of APG in supernatant

Total amount of APG added
× 100

LC (%) =
Total amount of APG added − Total amount of APG in supernatant

weight of NPs
× 100

3.3. Transmission Electron Microscope (TEM) Analysis

The sample for TEM was prepared using phosphotungstic acid staining. The TEM
sample was developed by placing a drop of the NPs suspension on a carbon-coated copper
grid. The sample was dried and examined with TEM (JEOL JEM1010, Tokyo, Japan).

3.4. In Vitro Drug Release

The release study of encapsulated APG from PEGylated-CNPs was studied at two
different pH conditions using the dialysis bag diffusion technique, both at 37 ◦C under sink
conditions. The selected dialysis bag (M.W 12 kDa, Sigma–Aldrich, St. Louis, MO, USA)
was washed and prepared for study according to the manufacturer’s guidelines. A release
study was carried out in PBS at pH 6.8 and pH 7.4 to estimate the drug’s release in tumor
surroundings that became slightly acidic and physiological pH, respectively [8,23]. In both
studies, samples containing 10 mg APG were installed in dialysis bags and submerged in a
beaker of 100 mL PBS with 1% w/v Tween 20 retained at 37 ◦C and stirring at 200 rpm. The
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sample’s aliquots were withdrawn at predefined time points and examined using a UV-VIS
spectrophotometer at 335 nm to estimate the release of APG.

3.5. Storage and pH Stability Studies

Physical and chemical stabilities of the optimized formulation were evaluated at two
different temperatures 4 ± 2 ◦C and 25 ± 5 ◦C for periods of 4 weeks to analyze any
changes with respect to PS, PDI, and ZP. The formulation’s stability was also tested at two
different pH levels of 6.8 and 7.4.

3.6. Determination of Antioxidant Potential of Optimized APG-Loaded PEGylated-CNPs

The antioxidant potential of plant origin materials is defined as their capacity to
catalyze the degradation of free radicals, i.e., 1,1-Diphenyl-2-picrylhydrazyl (DPPH), and
the ability to significantly reduce their concentration. According to previously published
reports, the study was carried out on optimized APG-loaded PEGylated-CNPs and APG
suspension to assess their antioxidant potential [24]. The stock solution (10 mg/mL) was
diluted with ethanol up until a concentration of 25–250 g/mL. The collected samples (500 L)
were added to DPPH solution (0.02 percent in ethanol). The prepared samples were stirred
and kept at 25 ◦C in a dark place for 1 h to carry the complete reaction process. At the end of
the reaction, the violet color of DPPH changed to being colorless. The same experiment was
repeated with blank PEGylated-CNPs. The samples were spectrophotometrically examined
at 517 nm. The percentage of antioxidant activity was calculated as follows.

Antioxidant activity (% AA) =
Absorbance of control − Absorbance of test

Absorbance of control
× 100

3.7. Cytotoxicity Study

The impact of various concentrations of pure APG and APG-loaded PEGylated-CNPs
on MCF7 cells was analyzed along with MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide). The cytotoxic evaluation via the MTT assay is based on the prin-
ciple of colorimetric tests, which relies on viable cells’ ability to selectively minimize the
tetrazolium constituent of MTT to purple-colored formazan crystals [24]. In brief, MCF7
cells were grown into 96-well plates at around 15,000 cells/well density in 100 μL cell
media (DMEM, 10% FBS). Seeded cells were kept overnight at 37 °C and 5% CO2 to enable
improved adherence. Various concentrations of pure APG and the formulation were placed
in different wells to examine their cytotoxic effects. DMSO was also used to produce stock
solutions of the standard and the prepared formulation, which were sequentially diluted
in a 96-well plate using serum-free media. The final DMSO concentration was kept below
1% to avoid any unwanted effects on the cells. The same diluted DMSO in the cell culture
media was considered as the vehicle control. Following several pilot experiments, a range
of concentration was chosen for pure APG and optimized formulations, and the assay
was conducted in quadruplicate. After 24 h of exposure to APG, each well, except the
blank, was filled with 10 μL MTT solution (5 mg/mL PBS). The treated cells were kept for
incubation of 4 h to allow the metabolic process of MTT by viable cells. Cell media was
removed from each well, and 100 μL DMSO was incorporated to liquefy the formazan of
MTT. After the incubation of 30 min, the plate was read at 570 nm using DMSO as blank.
The cellular viability was calculated as the viable cell’s percentage compared with the
control group [25]. The dose–effect curve was also used to calculate IC50 values, which
were then expressed as concentrations (μM).

3.8. Statistical Analysis

Data are displayed as Mean ± SD. Raw data were evaluated with Graph Pad InStat
demo version (GraphPad Software Inc., La Jolla, CA, USA). Data were examined using
one-way ANOVA along with Tukey–Kramer multiple comparison tests to evaluate the
statistical significance at different concentration exposures and the control.
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4. Results and Discussion

In this study, we optimized and developed APG-loaded PEGylated-CNPs for improv-
ing therapeutic potential and for investigating the current use of APG in the treatment of
cancer. The use of polymeric NPs as a drug carrier was motivated by the fact that it holds
unique potential in cancer treatments. This is due to its biocompatibility and safeness with
respect to normal tissues, which are attained by hiding the drug’s toxicity. An additional
significant benefit of NPs is that they improve drug efficacy at the targeted site because of its
permeable properties [8]. Furthermore, CS was chosen as a carrier system for NPs because
of its inherent positive charge, as well as other advantages including its biodegradability,
biocompatibility, and lower cost. The positively charged surface of NPs targets tumor cells
to a greater extent than the negatively charged surface of NPs [26]. They are more readily
absorbed by cells, and this may damage cell membranes [27]. The mucoadhesiveness of CS
relative to the bio-membrane is due to its adhesive nature. Furthermore, cells preferentially
consume positively charged CNPs over negatively or neutrally charged CNPs [28]. The
key mechanism is electrostatic interaction between the CS’s NH3+ groups and negatively
charged DNA’s phosphoryl groups. The positive surface charge allows binding with
negatively charged cell membrane and increases permeation.

To confirm the hypothesis, we used a single-step ionotropic gelation method to make
CNPs loaded with APG. CNPs were designed by ionic gelation, which requires two aqueous
phases mixture, one of which is the polymer CS and another is a polyanion TPP. The ratio
of CS to TPP was optimized to be 1:1. The amino group of CS interacts with the TPP to
form a nano-sized complex [29]. Furthermore, CNPs were also coated with PEG400 on
the surface to enhance their safety and stability. The surface coatings of CNPs with PEG
are based on physical cross-linking using electrostatic interactions. The method used here
is a simple and gentle method for the preparation of the formulation. It is preferable to
use physical crosslinking rather than chemical crosslinking to prevent excipient toxicity
and other undesirable side effects. In particular, this method tries to avoid surfactants and
organic solvents, resulting in the preparation of a novel formulation that is both safer and
more cost-effective.

Preliminary experiments were carried out to ascertain the composition of PEGylated-
CNPs. On the basis of preliminary research, three factors were chosen at three different
levels: the amount of CS: TPP (X1), the amount of PEG 400 (X2), and the sonication time (X3).
According to selected range of the components, BBD resulted in 15 different APG-loaded
PEGylated-CNP formulations, and these were examined with selected response variables,
i.e., PS (Y1), % EE (Y2), and ZP (Y3), as seen in Table 2.

4.1. Designed Experiment Statistical Analysis

The surface response methodology along with BBD is an efficient appliance for the ex-
amination of independent variables at a different level with limited experimental runs [20].
In this present study, three-factor three-level factorial designs with respect to responses
were investigated. The generated BBD was then used to conduct a series of experiments.
The result of measured responses for all formulations are reported in Table 2. The con-
tributing factors and its responses were integrated, with statistical evaluation providing
the polynomial equation for evaluating the impact of excipient on responses Y1–Y3. All
dependent variables were analyzed with the quadratic model, and 3D surface plots for
responses were created. The quadratic model’s statistical study found significant p-values,
indicating a better fit for selected responses (Table 4) [30].

Table 4. Statistical ANOVA results of the quadratic model.

Quadratic Model

Response F-Value p-Value R2 Adjusted R2 Predicted R2 Lack of Fit Remarks

PS 131.32 <0.0001 0.9941 0.9865 0.9280 0.1159 Significant
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Table 4. Cont.

Quadratic Model

Response F-Value p-Value R2 Adjusted R2 Predicted R2 Lack of Fit Remarks

EE 48.35 <0.0001 0.9842 0.9638 0.9426 0.8763 Significant

ZP 116.01 <0.0001 0.9933 0.9848 0.9390 0.3471 Significant

4.2. Evaluation of Response Surface with Polynomial Equation

The three-dimensional response surface plots shown in Figure 1A–C are helpful for
demonstrating the relationship of independent variables with dependent variables. These
plots represent the effect of two independent factors on a response at a particular point.
Whenever these 3D-plots are critically examined, the characteristic effects of independent
variables on each response were observed [16].

 

Figure 1. Three-dimensional response surface plot showing the effect of independent variables
(A) X1 and X2; (B) X1 and X3; and (C) X2 and X3 on PS.

4.3. Response 1 (Y1): Effect of Investigated Independent Variables on PS

The PS of APG-PEGylated CNPs was influenced by the selected independent variables;
the average PS of multiple batches of formulations ranged from 120.52 nm to 354.2 nm,
as shown in the Table 2. The following polynomial equation describes the mathematical
relationship between independent variables and PS for APG-PEGylated CNPs. The coded
equation assists in identifying the correlation of factors and PS (Equation (2)).

Y1 (PS) = +145.32 + 56.43 A + 18.29 B − 69.42 C + 9.43 AB − 3.00 AC − 8.25 BC + 42.81 A2 + 24.35 B2 + 46.23 C2 (2)

The given equation reflects the quantitative impact of independent variables (A and
C) and their interactions in the terms of AB, AC, and BC in the respect of response Y1.
The coefficient’s p-value (0.05) demonstrated that they had a significant effect on Y1. The
plus sign of the coefficient denotes a synergistic effect, whereas the minus sign denotes
the independent variables’ antagonistic effect on response. The factor’s high coefficient
value demonstrates that it has a significant impact on the preferred response. All selected
responses admirably corresponded with the quadratic model. ANOVA and multiple
correlation tests were used to verify the model’s efficiency (R2). The quadratic model’s
results, along with ANOVA and the multiple correlation test (R2), are shown in Table 4.

The F-value 131.32 of this model designated that it is significant. p-values less than
0.05 for this model terms are considered as significant. A, B, C, A2, B2, and C2 present
as significant model terms, while the model’s terms are not significant if the value is
greater than 0.10. The F-value of 3.78 for the lack of fit indicates that it is non-significant in
comparison to the pure error. There is an 11.59% probability that a large lack-of-fit F-value
is caused by noise. A relatively insignificant lack of fit is satisfactory, and we only want the
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model to fit. The adjusted R2 of 0.9865 is relatively close to the predicted R2 of 0.9280; i.e.,
the difference between them was less than 0.2. The signal-to-noise ratio is calculated by
adequate precision. It is better to have a ratio of more than 4. Our signal-to-noise ratio of
37.895 implies an appropriate signal.

Response surface plots were utilized to further clarify the relationship between the
dependent and independent variables. Three-dimensional surface response plots were
created to better understand the relationship between the variables and PS. The 3D surface
plot, illustrated in Figure 1A, showed that increasing the CS:TPP concentration (mass ratio
of 1:1) ultimately resulted in the largest PS formation. The relationship between sonication
time and PS was found to be negative, with PS decreasing as sonication times increased.
The 3D surface plot in Figure 1B demonstrates the influence of CS:TPP concentrations and
sonication times on PS, while PEG 400 concentrations and sonication times on the PS of
APG-loaded PEGylated CNPs are shown in Figure 1C.

4.4. Response 2 (Y2): Effect of Independent Variables on % DEE

The outcome of the % DEE study is reported Table 2. It was found that the % DEE
ranged between 65.96 and 96.68. The quadratic model was the significant model for the %
DEE analysis with a p-value of 0.0001, a p-value of 0.8763 for the lack of fit, and a % CV of
1.87 after fitting data responses on different models, as shown in Table 3. A polynomial
equation (Equation (3)) was used to demonstrate a relationship of different independent
factors with % DEE of the APG-loaded PEGylated CNPs.

Y3 (% DEE) = +79.13 + 5.62 A +2.67 B − 9.05 C + 0.1400 AB + 1.43 AC + 0.7550 BC +1.87 A2 + +1.68 B2 +1.75 C2 (3)

It can be concluded from equation 3 that CS:TPP (A) and PEG concentrations (B)
both had a positive influence on % DEE, whereas the sonication time (C) had an inverse
relationship with % DEE. The final model after ANOVA analysis revealed that A, B, and C
factors showed significant effects on the % DEE of APG, as all possessed a p-value of <0.05.
The model’s F-value of 48.35 indicates that it is statistically significant. p-values of less than
0.05 are considered significant for model terms. A, B, C, and A2 are significant model terms
in this study. The model terms are not significant if the value is above 0.10. The lack-of-fit
F-value of 0.22 indicates that the lack of fit is not significant in comparison to the pure error.
The adjusted R2 of 0.9638 is probably close to the predicted R2 of 0.9426; i.e., the variation
was below 0.2. The signal-to-noise ratio is calculated by adequate precision, and it has
a ratio that is more than 4. The ratio of 24.988 indicates that the signal is adequate. The
obtained design space is acceptable by using this model.

Interaction patterns are analyzed using a 3D-response surface graph. As shown by
the 3D-response surface graph in Figure 2A–C, it is apparent that the percent DEE is
significantly affected by CS:TPP concentration, PEG concentration, and sonication time.
This could be clarified by the interaction of APG with the hydrophobic group of PEGylated
CNPs. Increased CS:TPP and PEG concentrations are assumed to increase the number of
hydrophobic groups accessible for interactions with the APG (hydrophobic), resulting in
improved drug entrapments in NPs [31].

4.5. Response 3 (Y3): Effect of Investigated Independent Factors on ZP

The surface charge of the APG-loaded PEGylated CNPs formulations ranged from
+19.41 to +26.56 mV (Table 2). The positive charge on the NP’s surface indicates the existence
of freely ionized amino groups that is necessary for electrostatic repulsion between particles
to produce stable nano-dispersions. The measured response, Y3, has a mathematical
concept of a polynomial equation, which is enumerated below.

Y3 (ZP) = +23.88 + 2.56 A + 1.02 B + 0.0762 C − 0.0375 AB + 0.0450 AC + 0.1475 BC − 1.42 A2 + 0.6650 B2 −0.2275 C2 (4)
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Figure 2. Three-dimensional-response surface plot showing effect of independent variables (A) X1

and X2; (B) X1 and X3; and (C) X2 and X3 on DEE.

The obtained mathematical equation can be used to determine the relative effects of
these factors by equating the factor’s coefficients. The concentration of CS:TPP and PEG
had more significant effects on ZP. The model’s F-value of 116.01 suggests that it is really
significant. Model terms with p-values below 0.05 are significant. This case show that
that A, B, A2, and B2 are considered as significant model terms. If the value is higher than
0.10, the model’s terms really are not significant. The F-value for the lack of fit is 1.48,
which indicates that the lack of fit is insignificant in comparison to the pure error. An
insignificant lack of fit is acceptable, and we desired to fit the model. The adjusted R2 of
0.9848 is probably close to the predicted R2 of 0.9390; the difference is below 0.2. Adequate
precision was discovered at 35.779, indicating that the obtained model is used to processed
the design space. 3D surface plots that analyze the impact of independent variables on ZP
are reported in Figure 3A–C.

 

Figure 3. Three-dimensional-response surface plot showing effect of independent variables (A) X1

and X2; (B) X1 and X3; and (C) X2 and X3 on ZP.

4.6. Formulation Optimization for the APG-PEGylated CNPs

The impact of independent variables on responses, as well as the levels of such
factors, was decided using the RSM statistical optimization process. Response optimization
was used to accomplish an improved formulation with adequate PS, ZP, and high DEE.
The selected optimized formulation produce values of independent variables, viz., at
X1 (CS: TPP concentration) of 0.5% w/v, X2 (PEG 400 concentration) of 0.75% w/v, and
X3 (sonication time) of 20 min, which granted predicted values for selected responses.
Three formulation batches of optimal content were prepared, and their responses for each
formulation were examined to confirm the model’s appropriateness for prediction. The
optimized formulation components, as well as the experimental and predicted values
including all dependent responses, are shown in Table 5. The experimental values were
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found to be very close to the predicted values, denoting the achievement of the BBD
coupled with a preferable function for formulation evaluations and optimizations. For
predicted versus observed values, the R2 values (>0.9) showed a linear correlation across
all dependent variables, denoting the superior model’s reliability (Figure 4).

Table 5. Results of optimization of APG-loaded PEGylated-CNPs prepared under optimum condition.

Independent Variables for Response Optimization

A- Chitosan: TPP (% w/w) 0.50

B- PEG 400 (% w/w) 0.75

C- Sonication time (minutes) 20

Optimized results

Dependent variables (responses) Predicted value Experimental value a

Y1 = Particle size (nm) 145.32 139.63 ± 5.67

Y2 = Entrapment efficiency (%) 79.12 79.55 ± 3.12

Y3 = Zeta potential (mV) 23.88 24.68 ± 1.84
a Mean ± SD, n = 3.

 
(A) (B) (C) 

Figure 4. Predicted vs. actual plot representing the effects of X1 and X2 on the measured responses at
the mid-level of X3 on (A) PS (Y1), (B) DEE (Y2), and (C) ZP (Y3).

4.7. Characterization of Optimized APG-PEGylated CNPs

The particle size distribution of NPs play a characteristic features in biodistribution,
and as a drug carrier, its required a small particle size (i.e., a low PDI value) [4]. The PS
distribution spectrum for the optimized APG-PEGylated CNPs is presented in Figure 5A,
expressing the average PS of 139.63 ± 5.67 nm and PDI of 0.296 ± 0.014. The EE% and
LC% of the formulation were found at 79.55 ± 3.12% and 37.78 ± 2.46%, respectively. The
surface morphology of the optimized nanoparticle was examined by TEM (Figure 5B). The
NPs were found to be nearly spheroidal vesicles in shape, with a size <200 nm, which
matches the results of Zeta Sizer’s PS analysis. The image also revealed that the NPs
maintained their shape and that the vesicle’s integrity is preserved. The layer seen around
the nanoparticle’s core could be the PEG molecules tied to the CS polymer.

4.8. In Vitro Dissolution Studies

To estimate the in vivo release profile of APG, in vitro dissolution analyses were
conducted in PBS at pH 6.8 and 7.4. In comparison to free drug suspensions, PEGylated
CNPs showed controlled drug released, as observed in Figure 6A,B. A biphasic release
was also found with an initial burst release of APG in the early phase, followed by a
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delayed release of APG in the later phase (up to 24 h). The optimized CNPs showed a
sustained release, but the rate was a little higher in pH 6.8 than in PBS pH 7.4. In 8 h
of study, about 74% of the drug was released at pH 6.8 and about 62% was released at
pH 7.4. The burst effect could have been caused by APG elution near the surface during
nanoparticle preparation, which then quickly dispersed when nanoparticles interacted
with the dissolution medium. Because of the swelling or deterioration of the polymer, APG
was slowly released later on. The remaining APG in nanoparticles did not entirely release
until particles have been completely eroded or dissolved in the dissolution media because
of the interaction between both the residual APG and the few amine groups of chitosan.

 

Figure 5. (A) Particle size and (B) TEM micrograph of optimized APG-PEGylated CNPs formulations.

 

Figure 6. In vitro drug release profile of the optimized APG-PEGylated CNPs in (A) pH 6.8 and
(B) pH 7.4 phosphate buffer.

4.9. Storage and pH-Dependent Stability Studies

Colloidal systems require a high level of stability. Physical instability is frequently
a big obstacle to their clinical application. Optimized PEGylated CNPs were stored for
three months at temperatures of 5 and 25 ◦C to assure physical stability. The estimation
of stability was carried out based on PS, PDI, and ZP (Table 6). The measured features of
prepared formulation were stable and had a statistically insignificant difference, indicating
that CNP formulations remained stable during these time periods.
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Table 6. Stability data.

CNPs Formulation ( 5 ± 2 ◦C)

Time (Days) Particle Size ± SD nm PDI Zeta Potential (mV)

Initial
30
60
90

139.63 ± 5.74
141.51 ± 7.65
142.19 ± 6.21
142.92 ± 7.58

0.296 ± 0.02
0.294 ± 0.03
0.306 ± 0.03
0.316 ± 0.04

24.68 ± 1.84
24.89 ± 1.96
23.76 ± 2.67
24.13 ± 2.39

CNPs formulation ( 25 ± 2 ◦C)

Initial
30
60
90

139.63 ± 5.74
142.45 ± 6.24
142.98 ± 7.12
143.12 ± 7.28

0.296 ± 0.02
0.301 ± 0.03
0.307 ± 0.04
0.310 ± 0.04

24.68 ± 1.84
23.97 ± 1.88
24.69 ± 2.25
24.13 ± 2.23

Stability at different pH conditions (incubation for 24 h)

pH condition Particle size ± SD nm PDI Zeta potential (mV)

pH 6.8 138.39 ± 6.14 0.299 ± 0.03 23.98 ± 1.88

pH 7.4 143.23 ± 7.05 0.303 ± 0.03 24.56 ± 2.08

When the formulation comes in direct contact with different pH conditions, it may
experience physical changes that cause particle aggregation. As a result, the formulation’s
physical stability was tested at various pH levels to which it could come into contact.
The stability characteristics of CNPs in various experiments is shown in Table 6. The PS,
PDI, and zeta potential were all insignificantly different, ensuring the stability of stored
formulations under changing pH conditions [32].

4.10. In Vitro Antioxidant Activity: DPPH Assay

The biological activity of APG is influenced by antioxidant activities. The DPPH assay
was applied to measure the antioxidant activity of the APG-PEGylated CNPs formulations
in vitro, which relies on the lowering of the DPPH radical in the existence of an antioxidant
molecule. DPPH is an incredibly sensitive and commonly used antioxidant assay that
is used to evaluate antioxidant activities of a wide range of drugs and drug-delivery
systems [16,33]. The test results are reported in Table 7, and it is undeniable that APG has
anti-oxidant properties. Because of the presence of CS, weak antioxidant activities were also
identified in the blank formulations (13.8 ± 3.1%). The CS alone showed some scavenging
activities in a previous study by Anraku M. et al. [33]. These findings also show that CS has
antioxidant properties and point to potential pharmaceutical applications. These findings
indicate that the APG-PEGylated-CNPs formulation had higher radical-scavenging actions
than the pure APG suspension. Overall, these findings show that APG-loaded PEGyalted-
CNPs are more effective at scavenging oxygen- and nitrogen-centered radicals and have
higher antioxidant capacities.

Table 7. In vitro antioxidant activity (% AA) of PEG-CNPs formulation in the presence or absence of
APG in comparison with a methanolic solution of the APG and calculated as the inhibition percentage
of DPPH radical. Data are expressed as mean ± SD (n = 3).

AA (%)

Pure APG suspension 67.94 ± 4.2

APG loaded PEGylated CNPs 74.11 ± 5.6

PEGylated CNPs (Blank) 13.8 ± 3.1

4.11. Cytotoxicity Study

The possible features of the cytotoxic activity study in MCF-7 cells are depicted in
Figure 7. When compared to pure APG, PEGylated CNPs composite exhibited significantly
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greater concentrations and time-dependent cytotoxicity at 24 h of study. Data reveal that
the lower concentrations of both APG standard and APG-PEGylated CNPs formulation
have MCF7 cell viability, which decreases as the concentration increases (Figure 7). When
considering the effects, it seems that the lower concentrations of the APG formulation had
improved growth inhibitory effects in MCF7 cells than the standard APG. These influences
and comparisons are depicted in Figure 7. After 24 h of treatment against MCF-7 cells,
the IC50 values of PEGylated CNPs and pure APG were observed to be 162 ± 14.54 μM
and 1834.1 ± 55.74 μM, respectively. When compared to standard APG, data from the cell
viability assay revealed that the PEGylated-CNPs formulation containing APG significantly
enhanced these impacts in terms of lowering the IC50. The APG inhibits the growth of
MCF7 cells in a concentration-dependent manner, as reported by cell viability assays or
MTT assays. However, that could be time-dependent, and the current study did not require
a time-dependent cell viability assay.

 

Figure 7. Effect of different concentrations of apigenin standard and apigenin formulation (optimized
APG-PEGylated CNPs) on cell viability of A549 cells evaluated by MTT assay. Results are expressed
as percentage mean ± SD (n = 3) (ns = not significant when compared with control; * = p < 0.05
when compared with control; *** = p < 0.001 when compared with control; NS = not significant when
compared with same concentration group of apigenin standard; ### = p < 0.001 when compared with
the same concentration groups of apigenin standard).

This can be explained by the fact that positively charged surface NPs have a higher
chance of attacking tumor cells and are more easily gained by cells, potentially causing cell
membrane destruction [29,30]. The important mechanism is the electrostatic interaction of
the positively charged NH3+ groups of CS with the negative charge entity of DNA. They
seem to have a total positive surface with respect to NPs, which allows them to bind with
plasma membrane and increases the permeation through it [8].

5. Conclusions

In the present inspection, BBD was successfully used to design and formulate PE-
Gylated APG-encapsulated CNPs. BBD had been used to generate design spaces, and
three independent factors were used to achieve an optimized formulation that resulted
in a smaller size, optimal ZP, and a higher % DEE. The single-step ionotropic gelation
technique was used to make CNPs. PEG 400 was also applied to the surface of the NPs
to ensure their safety and stability. For APG-PEGylated CNPs, the optimized formula
yielded PS, ZP, and % DEE of 139.63 ± 5.67 nm, 24.68 ± 1.84, and 79.55 ± 3.12 respectively.
TEM micrographs revealed a smooth surface and a spherical shape. According to the
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release study, PEGylated CNPs had a sustained release pattern for 24 h of periods. Once
compared to pure APG, APG-loaded PEGylated CNPs had significantly higher antioxidant
capacity. The formulation showed increased dose-dependent antitumor activities in breast
cancer cells in comparison to pure APG. As a result, the study’s conclusive result is that
PEGylated CNPs improved the therapeutic potential and expanded the current use of novel
formulations of APG in cancer treatments.
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Abstract: Three series of polyesters based on monomer combinations of ε-caprolactone (ε-CL), ethy-
lene brassylate (EB), and L-Lactide (LLA) with the alkyl substituted lactone ε-decalactone (ε-DL) were
synthesized at different molar ratios. Copolymers were obtained via ring opening polymerization
(ROP) employing TBD (1,5,7-triazabicyclo-[4.4.0]-dec-5-ene), an organic catalyst which can be handled
under normal conditions, avoiding the use of glove box equipment. The molar monomer composition
of resulting copolymers differed from theoretical values due to lower ε-DL reactivity; their Mn and Mw

values were up to 14 kDa and 22.8 kDa, respectively, and distributions were ( ) ≤ 2.57. The thermal
stability of these materials suffered due to variations in their ε-DL molar content. Thermal transitions
such as melting (Tm) and crystallization (Tc) showed a decreasing tendency as ε-DL molar content
increased, while glass transition (Tg) exhibited minor changes. It is worth mentioning that changes
in monomer composition in these polyesters have a strong impact on their thermal performance, as
well as in their crystallization degree. Consequently, variations in their chemical structure may have
an effect on hydrolyic degradation rates. It should be noted that, in future research, some of these
copolymers will be exposed to hydrolytic degradation experiments, including characterizations of
their mechanical properties, to determine their adequacy in potential use in the development of soft
medical devices.
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1. Introduction

One of the main research activities in health sciences is the development of biodegrad-
able and biocompatible materials for medical applications. At present, surgical stents and
other prosthetics are made of stainless steel, silver and platinum [1]. The use of metals
in the construction of implants provides durability and mechanical properties. However,
these medical devices suffer from limited control of their degradation rates, resulting in
undesirable modifications, compromising functionality and causing adverse systemic reac-
tions in the host [2]. To tackle the limitations of metals in the medical field, the introduction
of polymers has brought solutions in terms of biocompatibility and biodegradability issues.
Among such materials, aliphatic polyesters have been in the spotlight in recent years [3–5].

Aliphatic polyesters are characterized by their saturated linear structure and the
presence of ester groups in their backbone. They are an interesting alternative in biomedical
applications due to their renewable nature, physicochemical, thermal and morphological
properties, ease of synthesis, processability and customizable degradation rates [6]. Current
medical applications of polyesters include, but are not limited, tissue scaffolding, drug
delivery systems and bone regeneration. Poly(glycolic acid) (PGA), poly(L-lactide) PLLA
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and poly(ε-caprolactone) (PCL) are examples of commonly synthesized aliphatic polyesters
with adequate chemical, thermal and mechanical properties for the manufacturing of
medical devices [5,7]. In tissue engineering, PLLA and PCL are frequently applied in bone,
nerve, vascular and skin implants [8], while polyesters with high biodegradability, such as
PGA and poly(ε-decalactone) (PDL), have been employed as encapsulations for proteins
and antibiotics in drug delivery systems [9].

In ester copolymerization, materials with tailored features can be obtained by com-
bining monomers with specific properties. For instance, inclusion of branched lactones
comonomers as ε-decalactone into PLLA which possesses features as brittleness and
low thermal stability, result in copolymers with improved mechanical properties, and
higher degradation temperatures in comparison with PLLA homopolymer. These prop-
erties enhancements are mainly supported in the morphological changes induced by
n-butyl side groups presented in PDL segments [10]. Regarding copolymers based on L-
lactide/ε-caprolactone and ethylene brassylate/δ-valerolactone, variations in molar ratios
of monomer were studied in order to establish a correlation between chemical composition,
thermal properties and morphology. Copolymers based on L-lactide/ε-caprolactone exhibit
enhanced thermal stability using PCL at 50–60 %mol, but their amorphous arrangement
disrupts crystal formation [11]. Jin et al. [12] established a Tm eutectic point in ethylene
brassylate/δ-valerolactone random copolymers, wherein formulation with δ-valerolactone
at 80 %mol induced co-crystallization and isodimorphism. Another example of biodegrad-
able polyesters (Mw up to 285 kDa) includes the use of biobased monomers, such as
ethylene brassylate-b-δ-hexalactone, wherein a branched comonomer favors an amorphous
arrangement, which has an impact on the mechanical properties, giving rise to possible
applications in cell culture scaffolds [13]. On the other hand, triblock copolymers consist-
ing of ethylene oxide-b-ε-caprolactone-b-γ-butyrolactone and ε-caprolactone-b-ethylene
adipate-b-ε-caprolactone have also been reported; these synthesized copolyesters with Mn
up to 12.3 and 23.2 kDa, respectively, offer drug delivery system capabilities with specific
drug-release profiles [14,15].

There are two main synthesis routes to obtain polyesters: polycondensation (step-
growth polymerization) and ring-opening polymerization (ROP). In the first one, the
polymerization reaction involves the esterification of diacids and diols, linking both types
of molecules through the formation of ester groups. Although this type of polymerization
can be performed under moderate conditions, and the required precursors are widely
available, one of its most notorious disadvantages is the generation of byproducts, which
promote reversible polymer–monomer reactions if they are not eliminated from the reaction
media, leading to polymers with low molecular weights and wide dispersity [16]. Taking
into consideration the limitations of polycondensation, ROP emerges as an alternative
methodology to synthesize aliphatic polyesters which is based in the opening of cyclic
monomers (lactones) by usage of catalysts, initiators or specific reaction conditions to obtain
linear macromolecules. In contrast to step-growth polymerization, byproducts are not
generated through ROP, allowing the synthesis of polymers with high molecular weights
and narrow dispersity [17]. For instance, successful ROP of ε-caprolactone, ε-decalactone
and pentadecalactone employing a zinc complex with phenoxy-imine ligand as a catalyst
has been reported, achieving molecular weights at 21–73 kDa and dispersities of 1.8–2.3 [18].
In addition, some researchers have reported the implementation of stannous octoate and
bismuth salts as catalyst in the synthesis of PLLA, PDL and L-lactide/ε-decalactone copoly-
mers with block and random architectures via ROP methodologies, in which molar masses
reached 58.7 kDa for PLLA, 86.6 kDa for PDL and 54.1 kDa for L-lactide/ε-decalactone
copolymers with dispersity values of 1.2–2.2, although reaction times were higher than
48 h and temperatures were up to 130 ◦C [10,19].

It is worth mentioning that ROP via organometallic-catalysis represents a feasible tech-
nique for aliphatic polyester synthesis of, e.g., PCL and PLA with high values of conversions
and molar mass, as well as narrow dispersion [20]; however, some of the major drawbacks
are the purity conditions for handling the organometallic inititator and monomers, and the
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absence of oxygen and environmental humidity in the reaction media to ensure high reac-
tion performance [10,21]. Furthermore, ineffective and expensive purification procedures
of the synthesized polymers are required for the removal of metal complex residues coming
from catalysts like stannous octoate (Sn(Oct)2), bismuth salts and neodymium isopropoxide.
For instance, FDA regulations state that the presence of Sn(Oct)2 cannot exceeded 20 ppm,
and so usage of this kind of reagent may be result hazardous in medical, pharmaceutical
and food packaging applications [22]. Other drawbacks to consider are depolymerization
and oxidation reactions, which increase the toxicity, lower the biocompatibility, and influ-
ence the chemical, thermal and mechanical properties [23]. To overcome the consequences
of organometallic initiators, polyester synthesis via metal-free ROP is a green and low-cost
alternative, featuring milder reaction conditions and undemanding purification techniques
of raw materials and products. In this regard, 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD)
and 1,8-diaza[5.4.0]bicycloundec-7-ene (DBU) have emerged as organo-catalytic options
providing versatility in terms of the monomer/catalyst and initiator/catalyst ratios, control
over molecular weight and dispersity, ease of storage, handling without requirements of
inert atmosphere conditions and consistent biocompatibility due to their easy removal [24].
Therefore, TBD and DBU catalysts are interesting candidates for the synthesis of PLA, PCL,
PDL and PEB; previous works have employed these reaction systems for the synthesis of
these polyesters, reaching molecular weight values from 2.4 to 85 kDa and dispersities of
1.05–1.90 in periods shorter than 24 h [10,13,25].

In this work, series of polyesters based on combinations of L-lactide/ε-decalactone,
ethylene brassylate/ε-decalactone and ε-caprolactone/ε-decalactone at different molar
ratios were achieved through the ROP methodology using TBD as a catalyst. It is worth
mentioning that there are no previous works reporting the systematic study of the chem-
ical, thermal and morphological properties of this type of copolymer and the influence
of ε-decalactone on such properties. Therefore, these aliphatic polyesters may exhibit
biodegradable features through variations in their chemical structures, possibly resulting
in an interesting alternative for the development of soft medical devices.

2. Materials and Methods

2.1. Reagents

The monomers ε-caprolactone (ε-CL), ε-decalactone (ε-DL) and ethylene brassylate
(EB) (Sigma-Aldrich) were purified via a distillation system which included Na0 as a drier
reagent, a vacuum pressure at 15 mm Hg and a temperature of 160 ◦C to achieve complete
removal of humidity and oxygen. L-Lactide (L-LA) (Sigma-Aldrich, St. Louis, MO, USA),
was purified through a crystallization process into ethyl acetate (J. T. Baker, Radnor, PA,
USA) solution (33.33% weight). Other reagents such as TBD (TCI chemicals, Portland, OR,
USA), benzyl alcohol and trioxane (Sigma-Aldrich, St. Louis, MO, USA) were used as
received. Toluene and methanol were provided by J. T. Baker. Toluene was washed with
H2SO4, dried in CaCl2, stirred under reflux conditions with LiAlH4 and distilled using a
sodium/benzophenone complex, while methanol was used as received.

2.2. Characterization and Equipment

The chemical composition was determined by proton nuclear magnetic resonance (1H
NMR) at room temperature using a Bruker (Billerica, MA, USA) Advance III 400 MHz
spectrometer and deuterated chloroform (CDCl3) as a solvent. Additionally, characteristic
functional groups in copolymers were confirmed through Fourier transform infrared spec-
troscopy (FTIR)–attenuated total reflectance (ATR) mode, recorded from 4000 to 400 cm−1

in a FTIR spectrometer model Nicolet iS5 from Thermo-Scientific, (Madison, WI, USA).
Gel permeation chromatography (GPC) was used in the determination of molar mass
(Mn and Mw) and distribution ( ) in copolymers employing an Agilent ( Santa Clara, CA,
USA) series 1100 calibrated with polystyrene standards, CHCl3 (HPLC grade) as eluent, a
refraction index detector, a set of three columns PL-gel 5 μm, one column 106 Å and two
column Mixed-C. Thermal stability was recorded in a thermogravimetric analyzer Q500
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model from TA Instruments (New Castle, DE, USA); the heating rate was 10 ◦C min−1 from
30 to 600 ◦C under N2 atmosphere. Thermal transitions (Tg, Tc and Tm) were obtained with
a differential scanning calorimeter (DSC–2500 from TA Instruments) at heating and cooling
rates of 10 ◦C min−1 from −70 to 100 ◦C under a N2 atmosphere. X-ray diffraction (XRD)
provides information about the crystalline arrangements in copolymers; XRD analyses
were performed using a Bruker D8 Advance ECO. The radiation frequency selected was
the kα1 line from Cu (1.5406 Å). A power supply of 40 kV and 25 mA and an angle from 3
to 110◦ with an increment rate of 0.02◦ at 0.5 s were used.

2.3. Polyester Copolymers Synthesis

Polyesters were synthesized via ROP using cyclic esters monomers with alkyl side
groups (ε-DL) and non-substituted (ε-CL, EB, L-LA). In Series I, the combination of
monomers was L-LA and ε-DL. Meanwhile, Series II was done by EB and ε-DL and Series
III by ε-CL and ε-DL (see Scheme 1). It should be noted that the chemical arrangement in
these copolymers was block architecture, taking into consideration the sequential addition
of monomers. In more detail, the first step corresponded to the addition of ε-DL. The
non-substituted monomer was added afterwards, following the periods of time mentioned
in the Supplementary Information section (Tables S1–S3). Polymerization reactions were
done in a 50 mL Schlenk flask, wherein ε-DL, catalyst (TBD), NMR reference (trioxane)
and solvent (toluene) were added at the corresponding molar ratios (Tables S1–S3). Each
reaction mixture was degassed through three vacuum/N2 cycles to eliminate oxygen and
humidity traces. Thereafter, the reaction system was exposed to heating (100 ◦C) and
stirring (400 rpm) and the initiator (benzyl alcohol, BzOH) was added dropwise. It is
worth mentioning that the second monomer (L-LA, EB, ε-CL) was added, taking into
consideration the ε-DL percentage loaded in each formulation. The established time for all
reactions was fixed at 24 h. Finally, the purification process consisted of the evaporation of
toluene, washing the product twice in cold methanol (~0 ◦C) to eliminate raw materials,
filtration and drying in a vacuum oven at 40 ◦C in a period of 24 h. The reaction conditions
implemented in this work come from previous studies, although parameters such as the
catalyst, reaction time, and molar ratios were modified [26].

Scheme 1. Synthesis of Series I–III via organocatalytic ROP.

3. Results

3.1. Polyester Copolymers Synthesis

Monomer conversion and the chemical structure in the copolymer series were studied
by 1H NMR in order to corroborate the expected signals and chemical shifts (δ), as well
as the percentages of monomers in the synthesized copolymers. The success of the ROP
reactions catalyzed by TBD was monitored by changes in δ of representative protons in
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polymers and monomers, specifically, proton signals in methylene and methine groups,
located in the α position of O-C=O (carboxylic groups). Moreover, calculated conversions
for the homopolymerization of the four studied monomers were >90% after 24 h, which
indicated the high catalytic efficiency of TBD in these polymerizations due to its ability
to act as a H-bond donor and acceptor, granted by the secondary and tertiary nitrogen
atoms in its structure, thereby favoring the ring-opening mechanism of cyclic esters [27].
Such conversions in the given duration represent an improvement over the reaction time
established by Ramos-Durán et al., who employed a neodymium isopropoxide-catalyzed
system for the polymerization of ε-CL and ε-DL, among other lactones [28]. Figure 1
shows 1H NMR spectra of copolymers A-3, B-3 and C3. Likewise, the 1H NMR spectra
of monomers, as well as those of the rest of the copolymers in Series I–III, are displayed
in the Supplementary Materials (Figures S1–S4). In the Series I spectra, the target PLA
proton CH α O-CO was fixed at 5.18 ppm. Regarding PDL segments in the copolymers
of series I–III, the characteristic proton in the methine group was located at 4.86 ppm,
resulting in δ matching the expected values for the proton CH α O-CO in both the PLA
and PDL segments. It is worth to mention that ROP in L-LA with TBD as a catalyst and
the applied reaction conditions favor the obtention of atactic PLA, which could develop an
amorphous arrangement (see Section 3.2). Additionally, the 1H NMR spectra in Series I
(Figure S2) reveal multiple signals from 5.27 to 5.14 ppm, suggesting the presence of several
stereoregular arrangements. These studies were mentioned by Moins et al., who achieved
the synthesis of isotactic PLA via ROP using a TBD catalyst under cryogenic conditions
(−72 ◦C), while non-stereoregular PLA was obtained at 23 ◦C [29].

Figure 1. 1H NMR spectra of representative polyesters A3, B3 and C3.

CH2 α O-CO of PEB segments in Series II and PCL segments in Series III showed the
expected δ of 4.28 ppm and 4.06 ppm, respectively, for these polyesters. A composition
analysis was performed, taking as reference the integration values of the signals previously
mentioned. The calculation methodology employed was previously described by Ramos-
Durán and co-workers [28]. The results are displayed in Figure 2 and Tables 1–3. Notably,
the molar mass percentage of ε-DL was less than the stoichiometric reference; this was
attributed to the minor reactivity ratio in comparison to the non-substituted lactones (ε-CL,
L-LA and EB) [30].
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Figure 2. Percentage composition of comonomers determined through 1H NMR in Series I (A), Series
II (B) and Series III (C).

The spectra of polyesters A3, B3 and C3 are shown in Figure 3. A complete FTIR
characterization of Series I–III is presented in the Supplementary Materials (Figures S5–S7).
The characteristic stretching absorption bands for C-H were observed at ~2940 cm−1 (CH3),
~2860 cm−1 (CH2), while the carbonyl group was located at ~1730 cm−1 (C=O) and C-O
absorption bands exhibited a wide range of wave number, i.e., from 1244 to 1093 cm−1. We
draw your attention to the A3 spectrum, in which two absorption bands were observed
in the C=O region. Firstly, the signal which corresponded to C=O in PLA was fixed at
1750 cm−1, while the C=O groups related with PDL segments were observed at 1730 cm−1.
The overlap in the absorption bands was related to differences in the chemical environment
of PLA and PDL, wherein carbonyl groups in PLA underwent a bathochromic effect due to
vicinal interactions between polar groups (O-C=O), in contrast with PDL, in which there
were longer distances between these groups [31].

Molar mass analysis and the distributions of the obtained polyesters are shown in
Tables 1–3. In Series I–III, the theoretical average molecular weight (Mn) was calculated,
ranging from 28.5 to 42.5 kDa (Tables S1–S3), while the experimental values of Mn and
recorded by GPC gave Mn ranging 4.0 to 14.0 kDa, as shown in Figure 4, denoting that
the target molar masses were not achieved through the performed ROP organocatalytic
reactions. Taking into consideration the temperature (100 ◦C) and time established for all
reactions (24 h), the low molecular weights were attributed to secondary transesterification
reactions which took place during the polymerization of monomers that showed higher
reactivity than ε-DL, especially L-LA and ε-CL, leading to the generation of polymeric chains
with reduced lengths and high dispersities [32]. Therefore, in Series I and III, a narrowing
tendency in the dispersities was observed as the ε-DL content increased. It should be
mentioned that these results are approximative, given that the measurements were carried
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out using polystyrene standard references, which possess a different chemical nature
than polyester-based systems. Likewise, chromatograms obtained from GPC allowed us
to observe that the molar mass distributions had acceptable monomodal performance
( ≥ 1.63) in all ROP reactions (Figure 5) [33]. In contrast, PLA homopolymer (A-1) showed
the formation of an oligomer, observed as a bimodal distribution. This was attributed to
the reaction conditions, wherein loss of control in the propagation step was induced, or by
the presence of intermolecular transesterification reactions [34] due to long reaction periods
(24 h). The sequential addition of the second monomer (L-LA, EB, ε-CL) at specific times, as
shown in Tables S1–S3, led us to expect a block arrangement in the copolymers. Through the
analysis of the resulting chromatograms, monomodal curves suggested that this sequential
addition did not result in the formation of oligomers or low molar mass species.

Figure 3. Absorption bands of characteristic functional groups through FTIR in A3, B3 and C3.

Figure 4. Average number molar mass (Mn) in Series I–III.
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Figure 5. GPC analysis of polyesters of Series I (A), Series II (B) and Series III (C).

3.2. Thermal and Morphological Analysis

Thermal stability in Series I–III was measured to determine the degradation profiles
(Supplementary Materials, Figures S8–S10) of these compounds. Data are reported in
Tables 1–3, taking a 5% weight loss as a reference. The copolymers in Series I exhibited the
lowest stability, in a range from 203 to 237 ◦C, in comparison to Series II and III (294–324 ◦C).
It should be mentioned that Series I contained PLA blocks, wherein carboxylic groups are
closer to each other in comparison to PEB, PCL and PDL blocks. As such, higher quantity
of O=C-O groups favored chains scission and the formation of CO2 as a byproduct at lower
temperatures [10]. Likewise, thermal stability is important for setting heating–cooling
temperatures in DSC analyses, making it possible to perform tests without compromising
the chemical structure of the polyesters.

Regarding DSC, analyses were recorded from −70 to 170 ◦C in Series I and −70 to
100 ◦C in Series II and III. Some differences in thermal transitions values were observed
during the heating and cooling processes, as shown in Figure 6 and Tables 1–3. For
instance, A1-A5 only exhibited second order transitions (Tg), possibly due to the amorphous
arrangement in the PLA and PDL blocks (Figure 6A,B). It should be noted that the polyesters
in Series I were synthesized at 100 ◦C, which would have a detrimental effect on the
crystallinity of PLA. This fact is supported by the reports mentioned in Section 3.1, where,
for example, the PLA obtained using TBD as catalyst at a temperature of 23 ◦C developed
an atactic arrangement [29]. In addition, some works related to block copolymers based on
L-LA and ε-DL observed a similar thermal performance, as well as loss of crystalline order
caused by microphase separation and perturbation of chain interactions due to side butyl
groups in PDL segments [21,30].

In Series II, B1 exhibited endotherms at 57, 62 and 68.8 ◦C (Figure 6C) that may be
related to semicrystalline arrangements. Additionally, the multiplicity in transitions could
be associated with differences in the lamellar thickness [35]. This thermal performance
could be supported in the structural features of EB, taking in consideration its 11 methylene
units between carboxylic groups, and so, the macromolecules can acquire several arrange-
ments that are function of carboxylic interaction and stability in the backbone conformation
Likewise, B2–B4 exhibited endotherms in a wide temperature range, while B3 and B4
developed melt recrystallization events, in which the presence of a branched comonomer
(ε-DL) had an impact on the crystallization decrease due to decoupled intermolecular
interactions. B5 (PDL homopolymer) only displayed Tg (−55.1 ◦C), which is associated
with amorphous domains.

In series III, C1–C3 exhibited endothermic transitions composed of two broad peaks
that may have been related to different crystalline arrangements (Figure 6E). These transi-
tions could have a correlation with ordered lamellar domains in the PCL blocks (higher
temperature peak) in coexistence with backbone segments that suffer from reduced crys-
tallinity due to their reduced interactions and chain folding [36]. It is worth mentioning
that the percentage of ε-DL ≥ 30% mol was sufficient to achieve a transition from semi-
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crystalline to amorphous arrangement, as shown in C4. These morphological changes are
of interest for biodegradable applications, where control over degradation rates is required.

Figure 6. Thermograms of Series I–III. (A) heating-Series I; (B) cooling-Series I; (C) heating-Series II;
(D) cooling-Series II; (E) heating-Series III; (F) cooling-Series III.

Regarding the morphological features in Series I–III, XRD patterns were collected to
elucidate the structural organization. For instance, diffractograms in Series I exhibited
broad undefined peaks in region 2θ = 10–30◦, characteristic of non-ordered domains. This
amorphous arrangement was predicted in formulations based on L-LA:ε-DL (Figure 7A).
In the case of Series II and III, polyesters with low percentages of ε-DL developed a
semicrystalline arrangement with similar diffractograms and 2θ values (Figure 7A,B).
Herein, they exhibited a main sharp peak at 2θ = 21.45◦, corresponding to reflection (110),
and a shorter signal at 2θ = 23.8◦, corresponding to reflection (200) [37,38]. Additionally,
an increase of ε-DL in formulations led to an intensity reduction in the diffraction peaks,
denoting a loss of crystalline domains in the polyesters.
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Table 1. Comonomer molar percentage, Mn, Mw, , thermal properties and Xc in Series I.

Series I
L-LA

(% mol)
ε-DL

(% mol)
Mn

(kDa)
Mw

(kDa)
Tm

(◦C)
Tc

(◦C)
Tg

(◦C)
TGA

(5%w)
cXc

A-1 100 0 9.2 20.8 2.26 - - 43.1 203 -
A-2 91.6 8.4 9.7 15.9 1.64 - - a −51.5, b 45 247 -
A-3 76.2 23.8 5.6 13.6 2.42 - - −51.7, 30 217 -
A-4 54.4 46.6 8.5 14.8 1.74 - - −53.2 237 -
A-5 0 100 12.9 21.7 1.68 - - −55.1 316 -

a Tg in PDL; b Tg in PLA; c Xc obtained via integration peaks from XRD diffractograms (Figure 7).

Table 2. Comonomer molar percentage, Mn, Mw, , thermal properties and Xc in Series II.

Series
II

EB
(% mol)

ε-DL
(% mol)

Mn
(kDa)

Mw
(kDa)

Tm
(◦C)

Tc
(◦C)

Tg
(◦C)

TGA
(5%w)

Xc

B-1 100 0 5.4 12.6 2.34 68.8 52.7 - 294 1.0
B-2 93.0 7.0 4.5 9.9 2.2 71.8 38.5 - 321 0.90
B-3 77.0 23.0 4.2 8.9 2.12 52.6 27.5 −56.8 316 0.45
B-4 67.6 32.4 7.3 17.8 2.44 23.5 −16.1 −56.3 318 -
B-5 0 100 12.9 21.7 1.68 - - −55.1 3.16 -

Table 3. Comonomer molar percentage, Mn, Mw, , thermal properties and Xc in Series III.

Series
III

ε-CL
(% mol)

ε-DL
(% mol)

Mn
(kDa)

Mw
(kDa)

Tm
(◦C)

Tc
(◦C)

Tg
(◦C)

TGA
(5%w)

Xc

C-1 100 0 5.9 15.2 2.57 55.8 29.8 - 324 1.0
C-2 93.5 6.5 4.0 8.2 2.04 50.8 18.6 - 317 1.01
C-3 83.4 16.6 4.4 7.8 1.78 44.1 12.1 −61.7 317 0.25
C-4 69.9 30.1 14 22.8 1.63 21.5 - −62.1 319 -
C-5 0 100 12.9 21.7 1.68 - - −55.1 316 -

Figure 7. Diffractograms in Series I (A), Series II (B) and Series III (C).
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4. Conclusions

In this work, the synthesis of three series of polyesters using a combination of an alkyl
substituted monomer (ε-DL) with other non-susbstituted monomers (L-LA, EB, ε-CL) was
achieved. The architecture of the copolymers was induced block-type, taking into consid-
eration the sequential addition of monomers. TBD, an organic catalyst, was successfully
implemented in ROP reactions without usage of anhydrous handling conditions. Therefore,
this methodology may be implemented with other monomers, avoiding the requirement of
glove box equipment.

In these copolymers, a reduction of crystallinity was observed as result of an increase
in the molar content of ε-DL. In particular, at molar concentrations ≥30%, the remains of
crystalline domains were embedded into the amorphous domains. The ROP of L-LA under
the established reaction conditions resulted in an amorphous polyester, despite the usage
of a reagent with specific stereoregularity.

Generally speaking, the crystallization features of these copolymers can be modified
with branched comonomer inclusion in the backbone of the polyesters. Therefore, it is
suggested that the degradation rates of this class of materials can be modified by changes in
the chemical arrangement of their backbone. In addition, some of the studied polyesters are
currently being analyzed under hydrolytic degradation conditions, and encouraging results
are being obtained. Likewise, our copolymers are of potential value for the development of
soft medical devices with biodegradability and biocompatibility features, as their synthesis
does not involve the use of organometallic reagents.
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in synthesis of Series I; Table S2. Nomenclature and molar ratios in synthesis of Series II; Table S3.
Nomenclature and molar ratios in synthesis of Series III; Figure S1. 1H NMR spectra of monomers;
Figure S2. 1H NMR spectra in polyesters of Series I; Figure S3. 1H NMR spectra in polyesters of
Series II; Figure S4. 1H NMR spectra in polyesters of Series III; Figure S5. FTIR-ATR spectra in
polyesters of Series I; Figure S6. FTIR-ATR spectra in polyesters of Series II; Figure S7. FTIR-ATR
spectra in polyesters of Series III; Figure S8. TGA thermograms in polyesters of Series I; Figure S9.
TGA thermograms in polyesters of Series II; Figure S10. TGA thermograms in polyesters of Series III.
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Abstract: Original work showed the composition of the dyes and the antimicrobial/UV protective
properties of a series of dyes obtained in our laboratories over the past twelve years in an easy way
using microwave technology and their comparisons with conventional methods. The results we
obtained clearly indicated that by using the microwave strategy, we were able to synthesize the new
disperse dyes in minutes and with a much higher productivity when compared to the traditional
methods, which took a much longer time, sometimes up to hours. We also introduced ultrasonic
technology in dyeing polyester fabrics at 80 ◦C for an environmentally friendly approach, which was
an alternative to traditional dyeing methods at 100 ◦C; we obtained a much higher color depth than
traditional dyeing methods reaching 102.9%. We presented both the biological activity of the prepared
new dyes and the fastness properties and clearly indicated that these dyes possess biological activity
and high fastness properties.We presented through the results that when dyeing polyester fabrics
with some selected disperse dyes, the color strength of polyester fabrics dyed at high temperatures
was greater than the color strength of polyester fabrics dyed at low temperatures by 144%, 186%,
265% and 309%. Finally, we presented that a ZnO or TiO2 NPs post-dyeing treatment of polyester
fabrics is promising strategy for producing polyester fabrics possess multifunction like self-cleaning
property, high light fastness, antimicrobial and anti-ultraviolet properties.

Keywords: disperse dyes; polyester fabrics; microwave irradiation; ultraviolet protection factor

1. Introduction

Since time immemorial, colors have played a major role in human life, as they are
deeply linked to their means of living, their traditions, their ideas, their customs and their
concepts. Since the dawn of humanity, man has been fascinated by the diversity of colors;
therefore, he has been fascinated by beauty of their many colors, which has had far-reaching
effects in his religious, emotional and social life. Azo disperse dyes were the most widely
used synthetic dyes of the past decade because of their ease of manufacture and wide
application in cosmetics, textile dyeing and printing. It is worth noting that heterogeneous,
bright-colored. Azo dyes are widely used for dyeing polyester [1–12]. Polyester is one of
the polymers containing ester bonds obtained from the polycondensation reaction of diol
and dicarboxylic acid (Figure 1) [4].
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Figure 1. Structure of Polyethylene terephthalate.

Polyester (PET) is the most hydrophobic fiber among ordinary fibers, and this fiber
is less prone to wrinkling and has excellent washability and abrasion resistance. It is

137



Polymers 2022, 14, 3966

known that the polyester dyeing process is performed by water dyeing using dispersed
dyes in the presence of high temperatures and pressures. It is known that azo dyes
are widely used in textile dyeing in view of environmental pollution, so azo dyes harm
the environment if their effluents are not treated. Among these treatments are modern
techniques using ultrasound, infrared, microwaves, and ultraviolet rays to improve the
fabric’s absorption capacity for dyes and reduce effluents load from dyeing processes [13–
24]. Some recent reports [1,2] have used ultrasound energy to improve the dyeing of
polyester fabrics when dyeing with disperse dyes by modifying the surface of the fabric.
Additionally, some studies [3] confirmed that UV rays can be used to improve the color
fastness properties without compromising the chemical properties of polyester fabric. One
of the environmentally friendly advantages of using microwave energy is the rapid heating
to high temperatures that allows for greater ease of reactions, because increasing the
frequency of molecular vibrations during microwave irradiation speeds up these reactions
as well as reduces the use of solvents [25–66]. Skin cancer and sensitive skin are primarily
caused by prolonged exposure to ultraviolet radiation from sunlight. Therefore, the best
choice is to locate well-designed clothing composed of ultraviolet-blocking materials. One
of the qualities cloth should have is the ability to filter ultraviolet rays, either by containing
an ultraviolet absorber or by being dyed, as dyed fabrics offer better sun protection than
bleached materials. Therefore, it could be claimed that dyed cloths with darker colors
may provide better protection from the Sun rays [1,4]. According to a literature survey,
pyrazolopyrimidines, pyridones and enaminones are significant key intermediates in
the production of new azo dyes, particularly disperse dyes with numerous biological
applications. Because of their facile synthesis, low cost, and great efficacy against bacterial
infections, they are now widely employed as antimicrobial agents [4]. In general, the kinds
of substituted function present in the heterocyclic ring structure, as well as the form of
the heterocyclic system, have a significant impact on the antibacterial activity of the entire
molecule. The majority of the matching substituted analogues had stronger antibacterial
inhibitory activities that were on par with or better than the reference drugs. A lot of
researchers are now interested in creating smart fabrics for human wellbeing. The need
to create materials that improve defense against microorganisms such as bacteria or fungi
is expanding. Due to their propensity to retain moisture, fabrics can act as transporters
and ideal environments for the growth of germs such as bacteria, especially when they
come into contact with the human body. Therefore, it is essential to create textiles that are
microbe-resistant. To produce smart fabrics, we had to improve the functional performance
of polyester fabrics by using nanotechnology. To increase their anti-bacterial and UV-
protective properties and to achieve this goal, nanoparticles were used, especially metal
oxides and metal nanoparticles. The potential mechanism behind titanium dioxide NPs’
antibacterial action is their photocatalytic function, which results in the generation of
extraordinarily active oxygen species, such as super oxide anions, hydrogen peroxide,
singlet oxygen, and hydroxyl radicals, which kill bacteria. Due to the presence of the
outer cell wall membrane in the G-ve bacteria, which acts as a barrier to the antibacterial
action, the NPs-treated polyester fabric demonstrated greater antibacterial activity against
G+ve bacteria in companion with G-ve bacteria. In this review article, we present the
contributions of our laboratories over the past twelve years using modern technologies
such as ultrasound or microwave technology to synthesize many new disperse dyes while
demonstrating their biological activities. We will not only present the use of modern
technologies such as ultrasound or microwave technology in dyeing polyester fabrics and
compare them with traditional dyeing methods but also discuss the process of treating
polyester fabrics dyed with ZnO or TiO2 NPs and whether it achieved a UV protection factor,
as well as the ability of these polyester fabrics to improve the properties of self-cleaning,
light fastness and, antimicrobial activities.
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2. Materials

It is true that microwave and/or ultrasound technologies have many uses and unique
advantages. However, we should also note that with a better understanding of the physical
principles underlying the coupling mechanisms between microwave radiation or ultra-
sound energy and matter, we may be able to expand the applications of these technologies
to cutting-edge scientific applications. In 2011, we formed a research team with the inten-
tion of synthesizing novel disperse dyes utilizing microwave heating by reacting hydrazine
hydrate 4 with hydrazonocyanoacetate 3 [58]. By combining ethyl cyanoacetate 1 and diazo-
niun salt 2, hydrazone 3 was formed (Scheme 1) [58,59]. As a result, dye 5 was formed when
hydrazone 3 and hydrazine hydrate 4 interacted in ethanol. We found that compound 5

quickly condensed with acetyl acetone 6 to produce the disperse dye 7 under microwave
irradiation (c.f. Scheme 1, Figure 2). Compound 5 interacted with enaminones 8a-d through
microwave irradiation to create the disperse dyes 9a–d (c.f. Scheme 1, Figure 3).
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Scheme 1. Preparation of pyrazolopyrimidines disperse dyes 7 and 9.

139



Polymers 2022, 14, 3966

Figure 2. ORTEP of dye 7.

Figure 3. ORTEP of compound 9c.

In 2012, we were able to explain the one-pot synthesis of compound 7 with a better
outcome using microwave irradiation, using hydrazone 3, hydrazine hydrate 4 and acetyl
acetone 6. According to Scheme 1 [58], disperse dye 7 can exist in isomeric forms. We also
reported in 2012 [58] that compounds 8a–d, hydrazone 3, and hydrazine hydrate 4 could
be easily reacted as one-pot synthesis to synthesize compounds 9a–d (c.f. Scheme 1).

One of the sequences used in the synthesis of the disperse dye 16a–h was the coupling
of malononitrile 10 with diazonium salt 2 to generate compound 12. (Scheme 2). An
increase in the aryl proton signal resulted from irradiating the hydroxyl signal, according
to the Nuclear Overhauser Effect (NOE) measurements [59].
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In order to create the disperse dye 14, hydrazine hydrate 4 refluxed with com-
pound 12 [60]. When compound 11 was combined with diazonium salt 2 in the presence
of ethyl alcohol/sodium acetate, a high yield of hydrazone 13—85%, was produced. In
order to help construct the structure of 13, NOE experiments were conducted. The results
demonstrated that irradiating the NH signal at 12.1 ppm induced an amplification of the
aryl proton resonances at 7.39 and 6.80 ppm (Scheme 2) [60].

Hydrazone 13 and hydrazine hydrate were combined to create the disperse dye 15

by refluxing the mixture for four hours while adding ethanol as a solvent. According to
NOE difference measurements, irradiation of the NH signal at 11.94 ppm corresponding to
compound 15 boosted the methyl proton signal at 2.36 ppm. Through refluxing for an hour
in the presence of acetic acid and sodium acetate, dyes 14 or 15 easily condensed with the
enaminones 8a–d to generate disperse dyes 16a–d or 16f–h (Scheme 2) [60].

It is well known that dye 22 was created by combining different types of diazonium
chloride 21 with diketones 23 to create substituted arylazodiketones 24, which may then be
condensed with cyanoacetamide derivatives 25 using either a traditional heating method
or a microwave heating method [67–71]. (Scheme 3).
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Scheme 3. Synthesis of disperse dyes based on pyridones moieties 22a–i.

On the other hand, the first reaction method for the synthesis of these azo dyes
utilized the interaction between diazonium chloride and pyridones. We described a three-
component condensation of methyl propionylacetate 17 as -ketoesters, ethyl cyanoacetates 1
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and ethyl amines 18 to generate pyridine 19 in 2014 [61] by utilizing microwave irradiation
at 160 ◦C for 20 min. It is important to note that in 2013 [57], we created compound 19 by
heating it traditionally for 6 h. Two tautomeric forms, 19 and 20, of this compound readily
equilibrated in solution (Scheme 3).

Based on X-ray crystallographic structure determination, pyridine 19 could be com-
bined with different diazonium salts 21 to create the disperse dyes 22a–i that exist in the
hydrazone tautomeric form, as shown in Scheme 3. (Figures 4 and 5).

Figure 4. ORTEP of dye 22b.

Figure 5. ORTEP of dye 22g.

In 2015 [72–74], we were able to produce novel disperse dyes that were safe for the
environment. We accomplished this by reacting enaminones 8e and 8f with the phenyl
diazonium salt 21a in an acidic medium to produce the disperse dyes 26a and 26b that
were 3-oxo-2-(phenylhydrazono)-3-p-arylpropionaldehydes (Scheme 4).
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Due to the significance of thiophene molecules and their potent biological activity,
numerous researchers have investigated aminothiophene derivatives as azo-disperse dyes
in dyeing synthetic fibers [75]. We are aware of no reports of the corresponding arylazoth-
iopyridazines as prospective monochromatic disperse dyes, despite the numerous studies
on the efficacy of these compounds in the production of dyes. In 2014, we synthesized some
arylazothienopyridazines 28a–d using a straightforward and environmentally friendly
conventional method by reacting 7-Amino-4-benzotriazol-1-yl-2-p-tolyl-2H-thieno[3,4-
d]pyridazin-1-one 27 with various diazonium salts 21. This work continued the growing
interest in the synthesis of arylazothienopyridazinones (Scheme 4) [75].

3. Dyeing

The disperse dyes 5, 7, 9a–d, 14, 15, and 16a–h were used to dye polyester fabrics with
hues 2% using microwave heating at 130 ◦C, producing a range of color shades (Table 1).
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Table 1. K/S of polyester fabrics dyed with synthesized dyes 130 ◦C.

Dye
Color Shade on

Polyester
Color Strength

(K/S)
Ref.

5 Yellowish-orange 2.12

[58]

7 Pale orange 3.79
9a Dark orange 5.95
9b Dark orange 5.81
9c Orange 4.64
9d Orange 4.73
14 Yellowish brown 0.84

[60]

15 Pale brown 4.35
16a Yellow 9.78
16b Yellow 15.72
16c Yellow 14.92
16d Yellowish brown 21.08
16f Yellowish orange 23.55
16g Orange 20.93
16h Orange 16.52
22a Yellow 27.39

[61]

22b Dark orange 30.29
22c Orange 30.28
22d Orange 8.88
22e Yellow 28.91
22f Dark Yellow 28.09
22g Very dark yellow 27.31
22h Deep greenish yellow 19.38
22i Orange yellow 12.63
26a Greenish-yellow 17.59

[72]
26b Yellowish-orange 16.69
28a Reddish-orange 10.05

[75]
28b Red 16.03
28c Pink 7.84
28d Violet 9.79

Color strength was assessed at the maximum wavelength λmax and given as K/S
values. The Kubelka–Munk equation was used to perform K/S [1,21].

K/S =
(1 − R)2

2R
− (1 − R0)

2

2R0

where R is the decimal fraction of the reflectance of the dyed fabric; R0 is the decimal
fraction of the reflectance of the not dyed fabric; K is the absorption coefficient; and S is the
scattering coefficient.

The dyes have a good affinity for polyester materials at the stated temperatures of
130 ◦C, as shown by the color strength values K/S listed in Table 1, giving it brilliant hues.
In order to treat the dyeing baths, we decided to reuse the dye bath from the previous study
and extend the dyeing time from 60 to 90 min without adding any new dye. It is difficult
for the human eye to distinguish the dye’s color constancy after the dye bath was reused.

Additionally, it is evident from the results that the color strength K/S values for the
initial dyeing process were 2.12, 3.79, 5.95, 5.81, 4.64 and 4.73, and the K/S values for the
subsequent dyeing bath process were 1.67, 3.56, 5.47, 3.49, 3.54 and 3.95. After comparing
the K/S values of the two methods, we discovered that the K/S for the second dyeing
process had reuse rates of 78.77%, 93.93%, 91.93%, 60.06%, 6.29 and 83.5%. Table 1 makes
it very evident that dye 16d yields far stronger colors than dyes 16a–c and 16h. Polyester
fabrics were dyed using compounds 22a–i, 26a, 26b and 28a–d at a high pressure, high
temperature and 2% shade.
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The materials were colored in a variety of hues, from yellow to violet. Following that,
the fastness properties of polyester fabrics were used to evaluate the dyeing features of
such materials. According to the K/S estimations in Table 1, the 22a–i hues exhibited a
significant attraction for polyester materials, and all color strengths were typically positive.

The International Commission on Illumination (CIE) established the CIELAB (Color
space) psychometric coordinates in 1976, where L* stands for lightness and (C) for chroma.
The information in Table 2 shows that almost all colored polyester fabrics conveyed a
similar hue when the dye’s hue was expressed as (h) values. The positive estimates of b*
showed that the dyed polyester materials’color hues shifted in a reddish direction [61].

Table 2. Color strengths of the untreated polyester fabrics *.

Dye
No.

K/S λmax L* a* b* c h Ref.

High temperature dyeing at 130 ◦C
22h 19.38 445 76.33 4.47 93.78 93.88 87.27

[63]
22i 12.63 450 78.41 −0.56 87.34 87.34 90.37
26a 17.59 410 77.22 −20.37 53.94 57.66 110.69

[72]
26b 16.69 405 67.58 9.29 61.34 62.04 81.39

Low temperature dyeing at 100 ◦C
22h 4.74 445 80.06 −4.58 68.35 68.51 93.83

[63]
22i 3.46 450 80.35 −5.20 61.82 62.04 94.80
26a 12.21 410 84.81 −14.26 52.16 54.08 105.29

[73]
26b 8.97 405 78.08 −0.21 51.20 51.21 90.23

US dyeing at 80 ◦C
22h 9.07 445 80.58 −3.80 78.86 78.92 92.24 [1]

* Fabrics: bleached 100%polyester fabric (149 g/m2) were supplied by El-Mahalla El-Kobra Company. The fabrics
were scoured in an aqueous solution with a liquor ratioof 1:50 containing 2 g/L nonionic detergent solution
(Hostapal, Clariant) and 2 g/L Na2 CO3 at 50 ◦C for 30 min to remove impurities, then rinsed thoroughly in
cold tap water and dried at room temperature.Fabric samples (2 g) were introduced into a flask containing a dye
bath of 2% (owf) dye shade and Matexil DA-N (supplied by ICI Company, UK) as a dispersing agent (1 g/L)
at 130 ◦C with a 1:20 liquor ratio; during dye bath preparation, the dye was mixed with a few drops of DMF
and then mixed with the dispersing agent, and water was added to prepare a homogeneous dispersion of the
dye. The pH was adjusted to 4.5 by using acetic acid. The dyeing process was carried out in a microwave oven
(Discover [80-mL vessel], CEM) or in a laboratory dyeing machine (Atlas Linitest Plus) for an hour. At the end of
the dyeing process, the dyed samples were removed, rinsed in warm water, and subjected to reduction clearing in
a solution comprising 2 g l1 of sodium hydrosulphite and 2g/L of sodium hydroxide (caustic soda) for 10 min at
60 ◦C, with a liquor ratio of 1:40, and the reduction-cleared sample was rinsed thoroughly in water. After rinsing
well in cold water and being neutralized with 1 g/L of acetic acid for 5 min at 40 ◦C, the dyed samples were
removed, rinsed in tap water and allowed to dry in the open air. Conventional dyeing: Samples of 100% polyester
texture were placed into a container containing 2% disperse dyes 1 or 2 shade, dispersing agent Matexil DA-N,
carrier Tanavol EP 2007 at different conventional dyeing temperatures of 80 ◦C or 100 ◦C for 1 h. We continued
the dyeing method as explained above. Ultrasonic dyeing: Samples of 100% polyester texture were placed into a
container containing2% disperse dyes 1 or 2 shade, dispersing agent Matexil DA-N, carrier Tanavol EP 2007 at an
80 ◦C coloring temperature and a coloring time of 1 h utilizing sonic force level 500 W with wavelength132 kHz
(thermostated CREST benchtop 575 HT ultrasonic). The dissolved dye in a few drops of DMF (dimethylformamide)
was assorted with Matexil DA-N, then, water was added with liquor ratio 1:50 at pH of 4.5. After the dyeing
process, the colored samples were subjected to a reduction clearing process for 15 min at 60 ◦C.

The total color difference ΔE was measured by using an UltraScan Pro (Hunter Lab,
Reston, VA, USA) 10◦ observer with D65 illuminant, d/2 viewing geometry and measure-
ment area of 2 mm. The total color difference ΔE* between the sample and the standard
was calculated using the following equation:

ΔE∗ =

√
(ΔL∗)2 + (Δa∗)2 + (Δb∗)2

where ΔL*, Δa* and Δb* are the derivatives of corresponding parameters, respectively
The hues 22e–g were lighter and brighter than the 22b–d because electron-donating

groups were included into the benzene ring, which decreased brightness, while electron
withdrawing groups improved lightness and brightness.
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Dye Uptake

The colorimetric parameter values obtained for the high temperature and low temper-
ature colored polyesters are listed in Table 2, which demonstrates that the high temperature
dyed fabrics were darker than the low temperature dyed fabrics. Color strength (K/S)
showed the dye uptake. The K/S values for dyes 22h and 22i were 19.38, 12.63, and 4.74
and 3.46, respectively, for materials colored at high and low temperatures. These results
show that the dye uptake of fabrics colored at high temperatures was greater than that of
materials dyed at low temperatures by 309% and 265%, respectively.

Additionally, the K/S values for dyes 26a and 26b were 17.59, 16.69, and 12.21 and 8.97,
respectively, for materials colored at high and low temperatures. These results show that the
dye uptake of the materials dyed at high temperatures was more than that of low temperature
dyeing by 144% and 186%, respectively. According to the results, high temperature dyeing is an
environmentally safe technique since it can lessen the pollution load in colored dye effluents,
which would otherwise have a negative impact on the environment.

Furthermore, as the rate of dye penetration into the filament increased, the pressure
increased along with the dyed fabrics at high temperatures. The kinetic energy of the dye
molecules may be increased by the temperature, and the temperature may also cause the
polyester fibers to inflate, increasing the dyeing rate relative to low temperature dyeing.

According to Table 2′s findings, the K/S value for dyeing by ultrasound at 80 ◦C is
9.07, while for dyeing by the traditional method at 100 ◦C, it is 4.47. This means that the
first approach using ultrasound is superior to the traditional method by 102.9% for the
disperse dye 22h [1].

4. Fastness Properties

According to the tests of the American Association of Textile Chemists and Col-
orists [58], the fastness characteristics of the dyed samples were evaluated against perspira-
tion, washing and light. The information in Table 3 demonstrates that the color fastness
characteristics of polyester textiles dyed with dyes 5, 7, 9a–d, 14, 15, 16a–h, 22a–i, 26a–b

and 28a–d were measured.
The results for dyed polyester fabrics dyed with dyes 5, 7, and 9a–d are shown in

Table 3, where the ratings for color fastness to light and washing were good and very good
and the rating for color fastness to perspiration was excellent [60].

Data obtained by testing the color fastness characteristics of polyester fabrics colored
with dyes 14, 15, and 16a–h are shown in Table 3. With the exception of dye 16d, all of the
tested dyes had outstanding washing and perspiration fastness, according to the fastness
values listed in Table 3.

The polyester colored materials’ light fastness showed moderate fastness. The type of
substituents in the diazonium component had a considerable impact on the light fastness.
As a result, this moiety’s fading rate should increase for electron-donating groups, whereas
it should decrease for electron-withdrawing groups.

The results (Table 3) show that the inclusion of a methyl group in dyes 16b and 16g

produced a reduction in light fastness to 3; our idea is consistent with these findings. The
chlorine atom in the dyes 16c and 16h, on the other hand, was linked to an increase in light
fastness to 4 and 6, respectively [61].

Data acquired by assessing the color fastness characteristics of polyester fabrics dyed
with dyes 22a–i are displayed in Table 3 as fastness data. The grades for fastness are listed in
Table 3, which demonstrates very good levels of fastness for perspiration and outstanding
levels of fastness for washing. The polyester colored fabrics’ moderate fastness is shown by
their light fastness.
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Table 3. Fastness properties of the polyester dyed fabrics with 2% shades of disperse dyes.

Dye
No.

Light
Fastness

Washing
Fastness

Perspiration Fastness

Ref.Alkaline Acidic

SC SW SC SW SC SW

5 4 5 5 5 5 4 5

[58]

7 2 5 5 5 5 5 5
9a 2–3 5 5 5 5 5 5
9b 3 5 5 5 5 4 5
9c 2–3 4 4–5 5 5 4–5 4–5
9d 2–3 4–5 4–5 5 5 5 5
14 3–4 5 5 5 5 4 5

[60]

15 5–6 5 5 5 5 5 5
16a 3–4 5 5 5 5 5 5
16b 3 5 5 5 5 5 5
16c 3 5 5 5 5 4 5
16d 3 4 4–5 5 5 5 5
16f 2–3 5 4–5 5 5 5 5
16g 3 5 4–5 5 5 5 5
16h 6 5 5 5 5 5 5
22a 4 5 5 5 5 5 5

[61]

22b 2 5 5 5 5 5 5
22c 5 5 5 5 5 5 5
22d 2 5 5 5 5 5 5
22e 3–4 5 5 4–5 5 5 5
22f 3–4 5 5 3 5 3–4 5
22g 5 5 5 5 5 5 5
22h 4–5 5 5 5 5 5 5
22i 4 5 5 5 5 5 5
26a 3 4–5 4–5 5 5 5 5

[72]
26b 3–4 4–5 4–5 5 5 5 5
28a 3–4 5 5 5 5 5 5

[75]
28b 4 4–5 4 5 5 5 5
28c 3–4 5 5 5 5 5 5
28d 4 5 5 5 5 5 5

SC = staining on cotton; SW = staining on wool.

The type of substituents in the diazonium component has a considerable impact on the
light fastness. The addition of electron-withdrawing (bromine, chorine or nitro) substituents
increase the dye 22e, 22f and 22g’s light fastness to (3–4), (3–4) and (5), respectively. In
terms of the following factors, the results generally indicated that the dyed fabric might
have good fastness: (i) Effective dye molecule diffusion throughout fabric fibers. (ii) The
dye molecule’s size was regarded as being fairly large. (iii) The solubility and detergency
of fabric dyeing were unaffected by any solubilizing groups [61].

5. In Vitro Cytotoxicity Screening

One of the most important markers for biological evaluation in in vitro investigations
is cytotoxicity. Different cytotoxicity mechanisms exist for compounds in vitro, such as the
suppression of protein synthesis or irreversible binding to receptors [64]. The synthetic
disperse dyes 22h and 22i were tested for their preliminary anticancer activity against four
human cell lines, including HepG-2 cells (for the treatment of hepatocellular carcinoma),
MCF-7 cells (for the treatment of breast cancer), HCT-116 cells (for the treatment of colon
cancer) and A-549 cells (for the treatment of lung carcinoma). The IC50 values, the con-
centration needed to prevent 50% of the development of the culture when the cells were
exposed to the tested disperse dyes for 48 h, were calculated using various concentrations
of the two disperse dyes. Disperse dye 22h displayed significant activity, as shown by
Table 4 and Figures 6–9, with IC50 values of 23.4, 62.2, 28 and 53.6 g/mL in HePG-2, MCF-7,
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HCT-116 and A-549 cells, respectively. In contrast, dispersion dye 22i showed negligible
activity in HePG-2, MCF-7, HCT-116 and A-549 cells with IC50 values of 196, 482, 242 and
456 g/mL, respectively.

Table 4. Antitumor and antioxidant activities of disperse dyes 22h and 22i.

Dye
No.

Antioxidant Activity
(IC50)

Cytotoxic Activity (IC50)
Ref.

MCF-7 HepG-2 A-549 HCT-116

22h 64.5 62.2 ± 4.1 23.4 ± 1.2 53.6 ± 5.8 28 ± 1.9

[64]
22i 191.6 482 ± 8.9 196 ± 3.2 456 ± 7.3 242 ±3.6

Ascorbic acid 14.2
Imatinib 24.6 9.7
Cisplatin 18.4 ± 0.9 19.3 ± 0.8
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Figure 6. Antitumor (HepG-2) activities of disperse dyes 22h and 22i.

 

0
10
20
30
40
50
60
70
80
90

100
110

0 25 50 75 100 125 150 175 200 225 250

Ce
ll 

 V
ia

bi
lit

y 
 %

Concentration (μg/ml)

Dye 22h
Dye 22i

Figure 7. Antitumor (MCF-7) activities of disperse dyes 22h and 22i.
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Figure 8. Antitumor (HCT-116) activities of disperse dyes 22h and 22i.
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Figure 9. Antitumor (A-549) activities of disperse dyes 22h and 22i.

6. Antioxidant Activity (DPPH Radical Scavenging Activity)

In vitro testing of the two dispersion dyes’ antioxidant properties used their capacity
to scavenge DPPH free radicals. The IC50 value of the dyes—the dose needed to suppress
the production of DPPH radicals by 50%, was used to describe their antioxidant activity.
Data from Table 4 show that disperse dye 22h had a moderate antioxidant activity and
outperformed ascorbic acid as the standard, which had an IC50 of 14.2, while disperse dye
22i had a poor antioxidant activity with an IC50 of 191.6. (Figure 10).
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Figure 10. Antioxidant activities of disperse dyes 22h and 22i.

7. Antimicrobial Activities of Dyes 3, 5, 7, 9a–d, 22a–i and 26a,b

The agar well diffusion method was used to investigate the antibacterial effects of
the produced dyes 3, 5, 7 and 9a–d against various bacteria and yeast. The information
in Table 5 reveals encouragingly effective antibacterial activity. While the other disperse
dyes exhibited moderate to poor antibacterial properties, disperse dyes 3 and 5 had strong
antibacterial activity against Gram-positive bacteria.

Table 5. Inhibition zones of dyes 3, 5, 7, 9a-d, 22a–i and 26a,b.

Dye
No.

Inhibition Zone Diameter (Nearest mm)

G− Bacteria G+ Bacteria Yeast

E. coli B. subtilus C. albicans

3 NI 11(0.1) 8(0.3)
5 NI 11(0.2) 1(0.2)
7 NI 4(0.2) 4(0.1)

9a NI 7(0.2) 1(0.1)
9b NI 2(0) 2(0.1)
9c NI 2(0) 3(0.2)
9d NI 2(0) 3(0.2)
22a 14 (1) 12.2 (0.5) 14 (0.3)
22b 10.8 (1.5) 9 (0.3) 12 (1)
22c 12.1 (0.7) 10.8 (0.5) 19.1 (1.3)
22d 15 (0.5) 14.6 (0.5) 10.1 (0.5)
22e 10 (0.6) 9 (0.2) 12.7 (0.6)
22f 10 (0.4) NI 20.4 (0.7)
22g 11 (0.6) 9.7 (0.5) 16.2 (1)
22h 8 NI NI
22i NI NI 8
26a 9 NC NI
26b 10 NC 20

(NI): No inhibition, (NC): Not checked.

All of the substances tested inhibited the development of Candidia albicans after six days
of incubation. Additionally, the agar well diffusion method was used to test the dispersion
dyes 22a–i and 26a,b for their antibacterial properties against a range of bacteria and yeast.

In addition, Figure 11 shows that Candida albicans re-grew in the formed zone sur-
rounding the wells containing compound 3. This may reflect the cytostatic effect of the
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chemicals rather than their cytolytic effects. Note that the plate color changed with the
increase in the incubation time indicates a complete diffusion of the chemical used in the
agar as the incubation period increased.

 
Figure 11. Candida albicans treated with 10mg ml−1 of compound 3 after one day (A), three days
(B) and six days (C) of incubation. It is worth noting that Figure 10 shows the cytolyticeffects of dyes
number 5, 7 and 9a on Candida albican where after one, three and six days of incubation, the inhibition
zone did not change (Figure 12).

While, the cytostatic effect of the same dyes is clear on the plates inoculated with
Bacillus subtilus. The growth of B. subtilus resumed in the inhibited area after six days of
incubation, which may indicate that as the concentration/toxicity of dyes number 5, 7 and
9a reduce due to possible evaporation of these dyes or diffusion in the media, the effect of
these dyes on B. subtilus decrease, and the organisms start growing again (Figure 13).

 

Figure 12. Bacillus subtilus treated with 10mg ml−1 of dyes 5, 7, and 11a after one day (A) (1, 2, 3),
three days(B) (4, 5, 6) and six days (C) (7, 8, 9) of incubation.
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Based on data for the inhibition zone diameter for the dispersion dyes 22a–g, Table 5
shows that all of the tested dyes demonstrated strong positive antibacterial activities against
the studied pathogens. For all of the examined bacteria, disperse dye 22a had a cytolytic
effect, with no growth being seen in the inhibition zone.

 

Figure 13. Candida albican treated with 10mg ml−1 of dyes 5, 7, and 9a after one day (A) (1, 2, 3),
three days(B) (4, 5, 6) and six days (C) (7, 8, 9) of incubation.

8. UV Protective Properties of Untreatedand Treated Polyester Fabrics with ZnO or
TiO2 Nanoparticles NPs

The UV protection factor (UPF) was calculated to obtain ultraviolet-protective qualities.
UPF is a characteristic that endows materials such as polyester textiles with ultraviolet
protection properties. Table 6 shows UV blocking data for polyester fabrics treated with
ZnO or TiO2 nanoparticles. According to the UPF data in Table 6, treated polyester fabrics
with ZnO nanoparticles had UPF values of 173.25 for disperse dye 26a and 190.59 for
disperse dye 26b, respectively. This shows that treated polyester fabrics with dye 26a

have UPF values that are significantly higher than treated polyester fabrics with dye
26b.Table 6 further demonstrates that treated polyester fabrics have higher UPF values
than untreated polyester fabrics, with respective values of 141.88 for dye 26a and 122.37 for
dye 26b. Additionally, the UPF data in Table 6 shows that treated polyester fabrics with
TiO2 nanoparticles have UPF values of 283.60 for disperse dye 22h and 34.9 for disperse
dye 22i, respectively. This shows that treated polyester fabrics with dye 22h have much
higher UPF values than treated polyester fabrics with dye 22i. Table 6 further demonstrates
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that treated polyester fabrics have higher UPF values than untreated polyester fabrics, with
values of 236.2 for dye 22h and 25.5 for dye 22i, respectively.

Table 6. UPF of treated polyester fabrics with ZnO or TiO2 NPs *.

Dye
No.

ZnO
Treatment

UPF
Dye
No.

TiO2

Treatment
UPF

Blank 19.42 Blank 8.2

26a
Untreated 141.88

22h
Untreated 236.2

Treated 173.25 Treated 283.60

26b
Untreated 122.37

22i
Untreated 25.5

Treated 190.59 Treated 34.9
* Treatment of polyester fabrics by ZnO or TiO2 NPs: The dyed polyester fabrics were treated with ZnO or
TiO2 nanoparticles via the exhaustion method. The fabrics were treated with five different percentages of TiO2
nanoparticles (0.5–2.5% weight of fabric for ZnO or 1–5% weight of fabric for TiO2) at 80 ◦C for 20 min, the
liquorratio of the exhaustion bath was 1:30.The polyester fabrics were squeezed to remove the excess dispersion
and dried in an oven at 70 ◦C for 15 min. under atmospheric pressure (dry heat).The treated polyester fabrics
were cured at 140 ◦C for 10 min. Finally treated fabrics were washed at 60 ◦C for 20 min. in an aqueous solution
with a liquor ratio of 1:30 containing 3 g/L nonionic detergent solution (Hostapal, Clariant), then left for drying.
The drying step was carried out on a horizontal flat surface. Titanium(IV) oxide TiO2 NPs: Nano powder, 21 nm
primary particle size (Tem), ≥99.5% trace metals basis, Lot # MKBV3126V was purchased as 718467-100Gfrom
ALDRICH Chemistry.

9. Self-Cleaning of Untreatedand Treated Polyester Fabrics with ZnO or TiO2 NPs

One of the benefits of polyester fabrics coated with nanoparticles is the conversion of
absorbed light into self-cleaning substances to remove stains. To gain the self-cleaning prop-
erties of nano ZnO or TiO2 particles, the photodegradation of methyl red and methylene
blue adsorbed on nano ZnO or TiO2 treated polyester fabrics was explored (Table 7).

Table 7. Effect of Light fastness and Stains * on ZnO or TiO2 NPs treated polyester fabrics.

Dye No.
ZnO%

Treatment
Methyl Red

Stain ΔE*
Light

Fastness
Dye No.

TiO2%
Treatment

Methylene
Blue Stain

Light
Fastness

Untreated 67.23 3–4 Untreated No removal 5–6

26a

0.5 60.20 3

22h

1 80% 5–6
1.0 59.41 3 2 80% 6
1.5 60.88 3 3 75% 6
2.0 55.44 3 4 80% 6
2.5 60.36 3 5 60% 6

Untreated 50.02 4

22i

Untreated 10% 5

26b

0.5 54.42 5 1 80% 5
1.0 55.32 5 2 75% 5
1.5 54.37 4 3 80% 5
2.0 53.73 4–5 4 70% 5
2.5 60.18 4–5 5 65% 5–6

* Photo-stimulated color removal on polyester: 60 μL methyl red or methylene blue was marked on both post-
treated ZnO or TiO2 nanoparticles (0.5–2.5% w.o.ffor ZnO and 1–5% w.o.f for TiO2)-treated polyester and the
untreated fabrics. The polyester fabrics were illuminated through exposure to an ultraviolet lamp for 24 h for
ZnO and 12 h forTiO2.

After 24 and 12 h of UV exposure, Table 7 displays the results of methyl red and
methylene blue stains on polyester fabrics treated with ZnO or TiO2 NPs. For polyester
fabrics treated with ZnO or TiO2 NPs, a partial discoloration of methyl red and methylene
blue stains brought on by ultraviolet radiation was seen. When polyester fabric is treated
with ZnO or TiO2 NPs, thin layers of ZnO or TiO2 nanoparticles develop, increasing the
fabric’s hydrophobic qualities. A hydrophobic surface stops dirt from adhering, keeping
the polyester surface clean at all times. The results showed that the highest rates of
photodegradation on the surface were 60–70% for methyl red stains treated with ZnO NPs
after 24 h and 60–80% after 12 h for methylene blue stains treated with TiO2 NPs (Table 7).
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10. Light Fastness of Untreated and Treated Polyester Fabrics with ZnO or TiO2 NPs

The light fastness property of all colored polyester fabric samples that were treated
with ZnO or TiO2 NPs of disperse dyes 26a, 26b, 22h, and 22i were measured, and the
results were more significant. Table 7 shows that, with the exception of dye 26a, using ZnO
or TiO2 NPs more effectively resulted in treated polyester fabrics having stronger light
fastness than the untreated samples (Table 7).

11. Antimicrobial Activity of Untreated and Treated Polyester Fabrics with ZnO or
TiO2 NPs

The untreated and treated polyester fabrics are tested against the pathogenic fungi
Aspergillus flavus and Penicillium chrysogenum, as well as the Gram-positive bacteria Bacillus
subtilis and the Gram-negative bacteria Klebsiella pneumoniae. Table 8 revealed that untreated
polyester fabrics with ZnO or TiO2 NPs did not exhibit antibacterial activity against all of
the microorganisms [64,73].

Table 8. Inhibition zone diameters of the dyed polyester fabrics of disperse dyes 26a and 26b against
Gram-positive, Gram-negative bacteria and yeast.

Dye No.
ZnO%

Treatment

Inhibition Zone Diameter
(Nearest mm)

Dye
No.

TiO2%
Treatment

Inhibition Zone Diameter
(Nearest mm)

Fungi
G+ Bacteria

Bacillus
subtilis

G− Bacteria
Klebsiella

pneumoniae

Aspergillus
flavus

Penicillium
chrysogenum

26a
Untreated NI NI

22h
Untreated NI NI

Treated 11 NI Treated 21 19

26b
Untreated NI NI

22i
Untreated NI NI

Treated 8 10 Treated NI NI

(NI): No inhibition.

While only Bacillus subtilis was the target of the antibacterial activity of nano ZnO
treated polyester fabrics of dispersion dye 26a, nano ZnO treated polyester fabrics of
disperse dye 26b were effective against both Bacillus subtilis and Klebsiella pneumoniae. ZnO
NPs had antibacterial activity against bacteria, and its mechanism involved either ZnO
nanoparticles or TiO2 nanoparticles influencing bacterial membranes to inhibit bacterial
growth. Alternatively, nano ZnO may enable the generation of peroxide, which may offer
antibacterial properties [65,73].

According to the antifungal screening results given in Table 8, the two harmful fungi
Aspergillus flavus and Penicillium chrysogenum were not resistant to the treated polyester dyed
fabrics with TiO2 NPs of dispersion dye 22i. Aspergillus flavus and Penicillium chrysogenum
were resistant to Aspergillus flavus and the treated polyester colored fabrics with TiO2 NPs
of dispersion dye 22h.

12. Conclusions

Our original work highlighted that the synthesis of new disperse dyes, with the help of
microwaves, could be carried out in the presence of small quantities or sometimes in the ab-
sence of any amounts of organic solvents, which are harmful to the environment, in a short
time that did not exceed minutes and gave great yields compared to the synthesis of those
dyes using traditional methods. It is known that cytotoxicity is one of the most important
markers of biological evaluation in laboratory tests, so we presented two examples of new
disperse dyes as one of the examples of in vitro cytotoxicity examination.We showed that
these dyes possess anticancer activities against some common cancers such as lung, breast,
liver and colon cancer. The added value of these new disperse dyes was also discussed and
presented by showing the biological activity and clarifying that these dyes have a great
biological activity against Gram-positive and Gram-negative bacteria, as well as various
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fungi and yeasts. It is worth noting here that polyester fabrics dyed with these dyes had
biological activity, which makes these fabrics able to be used in many medical activities.
We presented and discussed the use of ultrasound energy to dye polyester fabrics, as it
gave a high color strength compared to traditional dyeing methods. In this review, we also
discussed the methods of treating polyester fabrics with nano-zinc oxide or nano-titanium
dioxide and presented the advantages of this strategy in endowing the dyed polyester
fabrics with multiple functions, such as self-cleaning property, maximizing light fastness
property and maximizing antimicrobial activities.
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Abstract: The use of mixed microbial cultures (MMC) and organic wastes and wastewaters as feed
sources is considered an appealing approach to reduce the current polyhydroxyalkanoates (PHAs)
production costs. However, this method entails an additional hurdle to the PHAs downstream
processing (recovery and purification). In the current work, the effect of a sodium hypochlorite
(NaClO) pre-treatment coupled with dimethyl carbonate (DMC) or chloroform (CF) as extraction
solvents on the PHAs recovery efficiency (RE) from MMC was evaluated. MMC were harvested
from a sequencing batch reactor (SBR) fed with a synthetic prefermented olive mill wastewaster. Two
different carbon-sources (acetic acid and acetic/propionic acids) were employed during the batch
accumulation of polyhydroxybutyrate (PHB) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) from MMC. Obtained PHAs were characterized by 1H and 13C nuclear magnetic resonance,
gel-permeation chromatography, differential scanning calorimetry, and thermal gravimetric analysis.
The results showed that when a NaClO pre-treatment is not added, the use of DMC allows to obtain
higher RE of both biopolymers (PHB and PHBV), in comparison with CF. In contrast, the use of CF as
extraction solvent required a pre-treatment step to improve the PHB and PHBV recovery. In all cases,
RE values were higher for PHBV than for PHB.

Keywords: polyhydroxyalkanoates; mixed microbial cultures; extraction; sodium hypochlorite;
dimethyl carbonate; chloroform

1. Introduction

There is a growing environmental concern as a result of the problems driven from the
overuse of petroleum-based plastics. This has caused enormous interest in the research of
new bio-based and biodegradable materials that can potentially replace them. According
to Kurian et al. [1], as of 2020, the estimated market size for bioplastics and biopolymers
in North America and Europe was around 10.5 billion USD, which is projected to rise to
25–30 billion USD by 2025.

Polyhydroxyalkanoates (PHAs) are one of the most promising bioplastics because they
are biodegradable and biocompatible and can be obtained from renewable resources. PHAs
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possess similar mechanical, thermal, and barrier properties to petroleum-based plastics
such as polyethylene and polypropylene [2,3]. PHAs have been used in several fields
including agriculture, medicine, packaging, and pharmacy [1,4,5].

One of the most important limitations for the commercial application of PHAs is
their high production costs compared with petroleum-based plastics [1]. The current price
of PHAs is between 2.2 and 5.0 €/Kg. This is around three times higher than the price
of petroleum-based plastics such as polystyrene (PS), polypropylene (PP), or polyvinyl
chloride (PVC) (<1.0 €/kg) [6]. The main factors affecting the final cost of PHAs are the use
of pure cultures (e.g., genetically modified bacterial strains), specific carbon sources and
operating conditions, and downstream processing [7].

Currently, a large part of the industrial scale production of PHAs is achieved us-
ing pure or genetically modified cultures, which necessitates sterile conditions and the
utilization of expensive substrates [8,9]. Therefore, ongoing efforts to lower the cost of
PHA manufacturing relies on using MMC. MMC do not require sterile conditions and are
flexible enough to adjust to variations in the carbon source, affording the use of a wide
variety of waste substrates, such as agricultural and industrial wastes [10,11]. In particular,
MMC from waste-activated sludge from wastewater treatment plants have demonstrated
a great PHA-accumulating potential under stressing conditions [10,11]. However, it has
been reported that different substrates and production methods lead to various types of
microbial biomass. Thus, an extraction method that is optimized for one particular MMC
may not be effective in all conditions [12]. In addition, the recovery of PHAs from MMC is
a more complex process because several microorganisms are coexisting and the different
cellular matrices that surround the PHAs’ granules hinders their extraction because the
cells present different resistance to lysis [13,14]. Therefore, it is often necessary to apply
pre-treatment methods that favor cell disruption, such as NaClO digestion [10,15].

Extraction using chlorinated solvents, such as chloroform (CF) and 1, 2-dichloroethane,
is one of the most widespread methods to recover PHAs from MCC [7]. In contrast, the use
of halogen-free solvents, such as dimethyl carbonate (DMC), in the extraction of PHAs from
MMC, has been largely unexplored [7]. DMC has the advantage of being considered a green
solvent because it is fully biodegradable, as well as being minimally toxic for the operators
and the environment [7]. Samorì et al. (2015) [13] studied the extraction of PHAs from
MMC using a NaClO pre-treatment coupled with DMC, finding that polymer recovery
increased from 50% to 80%. Recently, Elhami et al. (2022) [16] extracted PHBV from MMC
using DMC as an extraction solvent, and ethanol to precipitate the dissolved PHA. They
found that the highest PHBV recovery value was 94%. This occurred when biopolymer
precipitation was performed following complete evaporation of DMC.

In the current work, the application of an MMC pre-treatment using NaClO as an
alternative to increase the extraction of PHAs with DMC or CF was investigated. The
extracted biopolymers were characterized in terms of polymer structure, molecular weight,
and thermal properties.

2. Materials and Methods

2.1. Production of PHAs

MMC used in the present study were harvested from a sequencing batch reactor
(SBR) fed with a synthetic prefermented olive mill wastewaster (Montiel-Jarillo et al.,
submmited) [17]. The SBR was operated under fully aerobic conditions and under a
feast/famine regimen. The biomass was collected at the end of the feast phase. The
supernatant was removed by settling, and the biomass was resuspended in a mineral
medium devoid of a nitrogen source, as described in Montiel-Jarillo et al. [18]. Before
the accumulation experiments, the biomass was aerated overnight in the absence of any
substrate. Then, batch PHA-accumulation experiments were performed in 1 L glass stirred
reactors according to the protocol described in Mannina et al. (2019) [19]. Briefly, the change
of the dissolved oxygen (DO) concentration in the reactor was used as an indicator of the
substrate exhaustion. The experiment started with the addition of a pulse of the substrate
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(0.2 gCOD L−1). The addition of the substrate caused a noticeable drop in the DO. After a
certain time (typically, 5–10 min), the DO increased due to the substrate depletion. Then,
a new pulse of the substrate was added. Using this procedure, a total of 30 pulses of the
substrate were added to the reactor in 4–5 h of operation. Two different carbon sources
were used. In batch A, acetic acid (HAc) was used to obtain PHB, whereas in batch B a
mixture of HAc and propionic acid (HPr) in a proportion of 75:25 over the chemical oxygen
demand (COD) leads to the accumulation of the copolymer PHBV [18].

During PHA-accumulation experiments, mixed liquor samples were taken to deter-
mine the concentration of biomass as total and volatile suspended solids (TSS, VSS), acetate
and propionate as volatile fatty acids (VFA), and the specific content of PHA of the biomass.
TSS and VSS concentrations were measured according to the APHA methods 2540D and
2540E, respectively [18]. The samples for VFA were filtered through 0.45 μL pore size mem-
branes and transferred to 2 mL septum-capped vials. VFA concentration of the filtrate was
measured according to the procedure described by Montiel-Jarillo et al. [18]. To evaluate
the specific content of PHA in the biomass, 10 mL of the culture was mixed with 0.4 mL
of formaldehyde (37 wt% in H2O) to inhibit biological activity. Then, at the end of each
experiment, 6 mL of formaldehyde (37 wt% in H2O) was added to the reactor to inhibit
biological activity. In all cases, the biomass was harvested by centrifugation at 11× g for
45 min. The supernatant was discarded. The PHA-enriched biomass was stored overnight
at −80◦ and then lyophilized during 24 h.

The amount of PHA in the biomass was quantified by gas chromatography (GC) [18].
A known amount of the lyophilized biomass was mixed with benzoic acid as an internal
standard. Then, 1.5 mL of butanol and 0.5 mL of hydrochloric acid were added, and
the mixture was incubated at 100 ◦C for 8 h. After that, 2.5 mL of hexane and 4 mL of
Milli-Q were added. The tubes were vortexed and left to stand for 15 min to allow the
separation of the phases. The organic phase was transferred to clean tubes and 4 mL aliquot
of Milli-Q water was added. Then, the tubes were vortexed and centrifuged at 2× g for
10 min. The organic phase was filtered through 0.22 μm filters and transferred into GC
vials. One microliter of the sample was injected and analyzed in an Agilent Technologies
(7820 A) gas chromatograph equipped with an FID detector and an HP-InnoWax column
(30 m × 0.53 mm × 1 μm).

2.2. Evaluation PHAs Extraction

PHAs were extracted from the lyophilized biomass using dimethyl carbonate (DMC)
and chloroform (CF) as the extraction solvents, according to the method described by
Samorì et al. [20]. The PHAs extraction assays were carried-out at boiling temperature
of each solvent (DMC at 90 ◦C and CF at 60 ◦C) for 1 h, using a lyophilized biomass
concentration of 50 g dry-cell/L. These operational conditions were chosen from prelimi-
nary experiments in which different biomass concentrations (25 and 100 g dry-cell/L) and
extraction time (1 and 3 h) were evaluated (Supplementary Material Table S1).

Figure 1 shows the schematic representation of the proposed PHAs extraction pro-
cess using DMC and CF. Fifty milligrams of the lyophilized biomass were transferred to
Eppendorf vials. Then, the samples were resuspended in 1 mL of Milli-Q and mixed with
2 mL of the tested extraction solvent. The vials were periodically stirred using a vortex.
Then, vials were centrifuged at 6.5× g for 15 min at room temperature. Three phases
were obtained: (1) a supernatant phase composed by water and water-soluble compounds,
(2) an intermediate phase that corresponds to the organic fraction containing the solubilized
PHAs, and (3) a precipitate composed by biomass and cell debris. The organic fraction (2)
was recovered and filtered through 0.45 μm pore size cellulosic membranes (Millipore®,
Burlington, MA, USA) to remove any cell debris. Finally, the solvent was removed by
evaporation to obtain a dried PHA sample.
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Figure 1. Schematic representation of the proposed PHAs extraction process using DMC and CF.

A second set of experiments to enhance the recovery of PHA from the lyophilized
biomass were performed employing a chemical digestion using sodium hypochlorite
(NaClO) [13]. In this case, 50 mg of lyophilized biomass was resuspended in 5 mL of
NaClO 5% (w/v) and incubated at 100 ◦C for 1 h. The digested samples were centrifuged
at 3× g for 10 min at room temperature. The pellets were washed three times with Milli-Q
water and resuspended in 1 mL of Milli-Q water. Then, PHAs were extracted using DMC
and CF according to the procedure previously described in this section.

Calculations

To compare the different tested extraction protocols, the overall recovery efficiency
(RE, %) was calculated as follows:

RE = 100
YEPE

PHAcontent
(1)

where YE (g extract/g dry-cell) is the extraction yield, PHAcontent (g PHA/g dry-cell) is
the amount of PHA (measured by GC) within the cells, and PE (g PHA/g extract) is the
amount of PHA (measured by GC) per gram of extract. Measured purities were 0.79 g
PHA g extract−1 for extracts from batch A, and 0.85 g PHA g extract−1 for the copolymer
obtained from samples of batch B.

2.3. Characterization of the Obtained Biopolymers

To obtain enough amounts of PHAs for their further characterization, PHAs were
extracted from the lyophilized biomass using a Soxhlet device (Buchi, E-816 SOX). In
these cases, 2 g of the lyophilized biomass obtained at the end of each PHA-accumulation
experiment was mixed with 220 mL of NaClO 5% (w/v) at 100 ◦C for 1 h. The digested
sample was centrifuged at 3× g for 20 min. The obtained pellet was centrifuged and
washed three times with milli-Q water and introduced into the Soxhlet cartridge. PHA was
extracted using 90 mL of chloroform (CF) for 1 h. Finally, CF was removed by evaporation.

The chemical structure of the obtained PHAs was determined by quantitative 1H and
13C nuclear magnetic resonance (NMR) spectra using a BRUKER DRX-500 spectrometer.
Known amounts (30–40 mg) of the obtained PHA were dissolved in deuterated chloroform
(CDCl3). The software Bruker TopSpin3.5pl7 was used to analyze the obtained NMR
spectra. Also, gradient-selected 1H/13C heteronuclear single quantum coherence (HSQC)
spectra were acquired.
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Mass-average (Mw) and number-average (Mn) molecular weights of the biopolymers
were measured by Gel Permeation Chromatography (GPC) on a Waters equipment pro-
vided with RI and UV detectors. Biopolymer samples were diluted (0.1% w/v) and filtered.
Then, 100 μL of this solution were injected and operated using 1,1,1,3,3.3-hexafluoro-
2-propanol as a mobile phase with a flow of 0.5 mL min−1. HHR5E and HR2 Waters
linear Styragel columns (7.8 mm × 300 mm, pore size 103–104 Å) packed with crosslinked
polystyrene and protected with a pre-column were used. Molecular weight was calibrated
using poly(methyl methacrylate) as the reference compound.

To evaluate the degradation temperature (Td), melting temperature (Tm), and en-
thalpy of fusion (ΔHm) of the obtained biopolymers, a simultaneous Thermogravimetry
(TGA)–Differential Scanning Calorimetry (DSC) analysis (Netzsch STA 449F1 Jupiter®,
Gaithersburg, MD, USA) under a nitrogen atmosphere was performed [21]. The crys-
tallinity degree (X, %) of the biopolymer was calculated as follows Dai et al. [22].

X (%) = 100
ΔH

ΔHo
PHB

(2)

where ΔH (J/g) is the melting enthalpy of the analyzed PHA, and ΔHo
PHB = 146 J/g is the

melting enthalpy of a fully crystalline PHB [23].

3. Results and Discussion

3.1. Production of PHA Using Mixed Microbial Cultures (MMC)

Figure 2 shows a typical result corresponding to batch A. When a pulse of HAc was
added, pH immediately dropped from a value above 8 to about 6. Also, a quite noticeable
decrease of the DO concentration was obtained. While a gradual increase in pH was
observed, DO remained below 1 mg L−1 for about 6–8 min. Then, a sudden increase
in DO indicated the substrate depletion. At this point, the measured soluble COD was
negligible, confirming the absence of a substrate. Therefore, a new pulse of HAc was added.
Figure 2 also shows that the specific content of PHA in the cells increased as a function of
the added pulse.

Figure 2. Performance of batch A as a function of time using HAc as the sole carbon source. The black
line represents the DO profile, while the black dotted line corresponds to pH. The lines connecting the
experimental points were included as a visual aid. Bars indicate the standard deviation of triplicates
of PHAs content.

When HAc was tested as the sole carbon source, the specific PHA production rate
(qPHA), and the specific substrate consumption rate (qS) were 0.37 C-mol PHA (C-mol
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biomass)−1 h−1 and 0.52 C-mol VFA (C-mol biomass)−1 h−1, respectively. Accordingly,
the PHA yield (YPHA) was 0.71 C-mol PHA (C-mol VFA)−1. In other words, about 70% of
the carbon in form of HAc yielded PHA, while the other 30% was used for biomass synthesis
and energy production (e.g., respiration). At the end of the experiment, the specific PHA
content of the biomass was about 0.57 gPHA g(dry-cell)−1. CG analysis showed that
more than 95% (w/w) of the PHA corresponded to HB units, suggesting that the obtained
polymer was mainly PHB.

Figure 3 shows a PHA accumulation assay using a mixture of HAc:HPr as the carbon
source (batch B). A similar trend with respect to pH, and DO in comparison with batch
A was obtained (Figure 2), however, the PHV increased by up to 35% w/w. In this case,
qPHA and qS values were 0.47 C-mol PHA (C-mol biomass)−1 h−1 and 0.55 C-mol VFA
(C-mol biomass)−1 h−1, respectively. According to these values, YPHA corresponding to
these experiments was 0.85 C-mol PHA (C-mol VFA)−1. Thus, the performance of the
mixture of HAc:HP, with reference to the production of PHA, was slightly better than that
of HAc as the sole carbon source. CG analysis showed that the polymer composition was
quite constant during the whole experiment. The average polymer composition of the
obtained PHA was 52% (w/w) of HB and 48% (w/w) of HV. At the end of the experiment,
the PHA content of the biomass reached 0.72 gPHA g dry-cell−1.

Figure 3. Performance of batch B as a function of time using a mixture of HAc and HPr. The black
line represents the DO profile, while the black dotted line corresponds to pH. The lines connecting the
experimental points were included as a visual aid. Bars indicate the standard deviation of triplicates
of PHAs content.

Kinetic (qPHA, qS) and stoichiometric (YPHA) coefficients obtained for both tested carbon
sources were within the range reported for the production of PHA using MMC grown
on different synthetic substrates such as acetate, propionic, or mixtures of them [24–26];
fermented sugar cane molasses; cheese whey; and waste-activated sludge [27,28].

3.2. Evaluation of PHAs Extraction

Table 1 shows the obtained PHA recovery efficiencies (RE) with DMC or CF as extrac-
tion solvent using a biomass concentration of 50 g/L and extraction time of 1 h. In all cases,
it was observed that PHBV had higher recovery than PHB, suggesting that PHBV was
longer soluble in both solvents. In addition, it was found that when a MMC pre-treatment
was not carried out, the use of DMC solvent afforded higher PHB and PHBV recovery than
CF. This behaviour was probably because the use of a solvent with a high boiling point
promoted cell lysis, leading to better contact of the solvent with the intracellular granules of
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PHAs. On the other hand, it was observed that the pre-digestion step successfully enhanced
the PHB and PHBV recovery using both solvents. It has been stated that NaClO weakens
cell membranes, thus facilitating the subsequent extraction of PHA by solvents [7,8].

Table 1. PHA recovery efficiencies (RE) using dimethyl carbonate (DMC) or chloroform (CF).

Sample Pre-Treatment with NaClO
RE (%)

DMC (at 90 ◦C) CF (at 60 ◦C)

Biomass enriched in PHB
No 4 ± 3 2 ± 1
Yes 8 ± 3 17 ± 1

Biomass enriched in PHBV
No 17 ± 1 5 ± 2
Yes 25 ± 4 23 ± 2

Depicted values correspond to the average ± one standard deviation of three measurements.

In complementary experiments, the effect of different biomass amounts (25, 50, and
100 g dry-cell/L) and incubation times (1 and 3 h) on PHB and PHBV recovery from MMC
was evaluated for comparison purposes. Furthermore, the influence of the ethanol-induced
precipitation on the PHAs extraction was studied (Supplementary Material Table S1). It was
found that when the lyophilized biomass concentration was 25 g/L, the PHB and PHBV
recoveries were negligible. The use of concentrations of 100 g/L led to lower recovery
efficiencies than those obtained when using a concentration of 50 g/L. This may be due
to the suspension at 100 g/L becoming very viscous, leading to quite low recovery of the
biopolymers [29]. Besides, the results showed that an increase in the extraction time from
1 to 3 h and a precipitation step using ethanol did not improve the recovery of the polymers
in comparison with the results showed in Table 1. Similarly, de Souza Reis et al. (2020) [29]
studied the effect of different extraction times (0.25, 0.5, 1, 1.5, and 2 h) and biomass to DMC
solvent proportions (1, 2.5, 5, and 10%) on the PHBV recovery from MMC. They obtained
recovery percentages of 32.9 when using a biomass to solvent ratio of 1% with an extraction
time of 1.5 h. Abbasi et al. (2022) [30] extracted PHBV from MMC using CF and DMC
as extraction solvents, obtaining recovery values of 33.5% and 30.6%, respectively. This
variability observed in the recovery percentage of PHBV could be due to the heterogeneity
and complex cell structure of the MMCs, meaning that a specific extraction method may
not have been efficient for all MMC sources [26,29].

3.3. Characterization of the Obtained Biopolymers

3.3.1. Quantitative 1H/13C Nuclear Magnetic Resonance (NMR)

Figure 4a shows the 1H-spectrum corresponding to the biopolymer obtained from
batch A (PHB), exhibiting three characteristic signals of PHB [31]. The signal corresponding
to the methyl group (peak 4 in Figure 4a) is the first doublet at 1.28 ppm (B4 in Figure 4a).
Signals at 2.50–2.58 ppm (peak 2 and peak 3 in Figure 4a) correspond to the methylene
group (B2 in Figure 4a), while the multiplet at 5.25 ppm (peak 1 in Figure 4a) corresponds to
the methine group (B3 in Figure 4a). Other small signals observed in Figure 4a may be due
to the presence of small amounts of HV. Figure 4b shows the 1H-spectrum corresponding
to the biopolymer from batch B (PHBV). According to the literature, this spectrum has
the characteristic signals of a copolymer PHBV 44. Methyl groups corresponding to HV
(V5) and HB (B4) are represented by the resonance peaks at 0.90 (peak 8 in Figure 4b) and
1.28 ppm (peak 7 in Figure 4b), respectively. The peak at 1.63 ppm (peak 6 in Figure 4b) is
due to the HV methylene protons (V4). Overlapping resonance peaks within the range of
2.50–2.60 ppm (peaks 3, 4, 5 in Figure 4b) represent the methylene protons of HV (V2) and
HB methylene group (B2). Resonance signals at 5.15 and 5.25 ppm (peaks 1,2 in Figure 4b)
are characteristic for the methine proton of HV (V3) and HB (B3), respectively.
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Figure 4. 1H-NMR spectra corresponding to PHB (a) and PHBV (b), obtained from batch A and B,
respectively.

The molar fraction of HB and HV corresponding to the polymer obtained from batch
B can be estimated by the intensity of the signals B3 with respect to V3, and V5 to B4 [32]
(Table 2). According to the data corresponding to the methine groups, the obtained copoly-
mer was composed of 58% of HB and 42% of HV on a molar basis. A similar composition
was obtained from the intensity of the methylene groups (59% and 41% of HB and HV,
respectively). It must be noted that these results are similar to those obtained by GC during

168



Polymers 2022, 14, 3938

the accumulation assay (Figure 3), confirming that the biopolymer obtained from batch B
was a copolymer of PHBV.

Table 2. Assignment of resonance peaks for 13C-NMR spectra of copolymer PHBV.

Position Diad/Triad 13C (ppm)

V5
VV 9.33
VB 9.36

B4
BB 19.73
BV 19.77

V4

VVV 26.75
BVV 26.77
VVB 26.82
BVB 26.85

V2

VVV 38.64
BVV 38.65
VVB 38.76
BVB 38.79

B2
BV 40.77
BB 40.78

B3
VB 67.61
VV 67.67

V3
BB 71.87
BV 71.91

B1
BB 169.15
BV 169.32

V1
VB 169.35
VV 169.52

B and V represent butyrate and valerate units, respectively.

Figure 5 shows resonance 13C-spectra corresponding to the obtained polymers. The
results for the resonance peaks were similar to those documented in the literature [14,32–34].
Only four clearly discernible peaks can be observed in the 13C-spectrum corresponding to
PHB (Figure 5a). Those peaks correspond to carbonyl (B1) at 169.12 ppm, methyl carbon
(B4) at 19.77, and methylene (B2) and methine (B2) at 40.78 and 67.62 ppm, respectively.
All those peaks are characteristic of PHB. Conversely, the 13C-spectrum corresponding
to PHBV (Figure 5b) was typical of a copolymer PHBV. Figure 6 shows an expansion of
several zones corresponding to the 13C-spectrum depicted in Figure 5b. The methylene
moieties of HB and HV are responsible for the peaks between 26 and 41 ppm.

Carbonyl peaks can be observed at around 169 ppm [14,22,34]. These signals contribute
to diads of HB and HV units, namely BB, BV, VB, or VV, where B corresponds to butyrate,
and V to valerate. The peak at 169.15 ppm is consistent with the carbonyl resonance of
PHB, and it was assigned to the sequence BB. According to Doi et al. [35], the sequence
VV was assigned for the peak that appears with a difference of 0.38 ppm. Intermediate
peaks with low intensities were assigned to the BV and VB sequences. The obtained peaks
within the methylene region were consistent with those reported in the literature. First,
the peak at 40.78 ppm that corresponds to the methylene of the HB unit (B2) exhibits a
shoulder due to the presence of two almost overlapping peaks. The split is due to the diad
sequences BV and BB. For the HV unit, the signals for the side-chain methylene group (V4)
and main-chain methylene group (V2) may be differentiated, unless both signals are split
into four peaks and have almost similar intensities. The main-chain methylene signal is
observed between 26.75 and 26.85 ppm and the shift for side-chain methylene is around
38.64–38.79 ppm. In both cases, peaks were assigned for triad sequences of VVV, BVV, VVB,
and BVB.
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Figure 5. 13C-NMR spectra corresponding to PHB (a) and PHBV (b) obtained from batch A and B,
respectively.

The molar ratio of HV with respect to HB in the copolymer can be obtained from
the signals corresponding to the methine carbons at 67.61 ppm for PHB (B3 in Figure 5a),
and at 71.91 ppm for PHV (V3 in Figure 5b) [14]. According to these considerations,
PHBV was composed of 58.4% of HB and 41.6% of HV. The calculated composition was
in agreement with that obtained from the 1H spectrum. Results obtained from the HSQC
spectra confirmed the assignment of resonance peaks of the carbons belonging with their
corresponding hydrogen signals. The C-H couplings in HSQC are shown in Figure 7 for
PHB, and Figure 8 for PHBV.
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Figure 6. Detail of 13C-NMR spectrum corresponding to PHBV obtained from batch B.

Figure 7. HSQC spectra corresponding to PHB obtained from batch A.
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Figure 8. HSQC spectra corresponding to PHBV obtained from batch B.

The comonomer composition distribution (CCD) of a copolymer has been identified
as a key factor in determining the physical properties of a biopolymer [34]. To evaluate
the degree of randomness of the obtained polymer in batch B, 1H NMR (Figure 4b) and
13C NMR (Figure 5b), spectra were analyzed using the procedure proposed by Kamiya
et al. [36] and other authors [34,37]. Two parameters, D and R, can be calculated from
the relative peak intensities of 1H and 13C NMR spectra. Statistically random copolymers
have D values in the range 0.99–1.5, while D > 1 or D < 1 define non-random copolymers.
Besides, a D value close to 0 is characteristic for alternating nature copolymers, while
D > 1 indicates “blocky” copolymers [21,36]. However, in cases where D is greater than 1,
the copolymer may be a true block copolymer, a mixture of random copolymers, or a
mixture of HB and HV homopolymers [36,37]. It must be noted that according to several
authors, the parameter R is more sensitive than D for estimating the degree of randomness
of a copolymer [34,37]. A value of R around 0 indicates a diblock copolymer, while an R
value of 1 corresponds to a completely random distribution [21,34,37].

Table 3 shows the relative peak intensities of 13C NMR spectra corresponding to the
copolymer PHBV. These were used to calculate the parameter D and R. For the PHBV
obtained in this study, the calculated value of D was 4.06. Thus, it can be concluded that
the microstructure corresponds to a “blocky” copolymer character. Considering reports
found in the literature, PHBV may be considered as a mixture of random copolymers, or
a simple block structure [21,34]. Moreover, R value obtained herein was 0.65, supporting
the idea that the obtained PHBV is closer to a “blocky” copolymer rather than a random
copolymer. As a general rule, “blocky” materials have better elongation properties (e.g.,
larger Young’s module and tensile strength) than random polymers [38,39].
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Table 3. Experimental monomer, dyad, and triad sequence mole fractions obtained from 1Ha and
13Cb NMR spectra corresponding to the copolymer PHBV.

Monomer
FB

0.587 a

0.584 b

FV
0.413 a

0.416 b

Dyad

FBB 0.409
FBV 0.176
FVB 0.151
FVV 0.264

Triad

FVVV 0.181
FVVB 0.081
FBVV 0.075
FBVB 0.075

B: butyrate unit; V: valerate unit. a determined by 1H NMR spectra and b determined by 13C NMR spectra.

3.3.2. Gel-Permeation Chromatography (GPC)

The results obtained regarding the mass-average molecular weight (Mw), number-
average molecular weight (Mn), and polydispersity index (PDI) are summarized in Table 4.
These parameters are of great importance as they are responsible for the end-use suitability
of a given polymer for specific applications [37,40].

Table 4. Molecular weights corresponding to the obtained biopolymers.

PHA Mw (×104 Da) Mn (×104 Da) PDI

PHB 4.53 1.69 2.7
PHBV 3.49 1.23 2.8

Mw: mass-average molecular weight. Mn: number-average molecular weight. PDI: polydispersity index.

The corresponding Mw and Mn of the polymers obtained in this study were lower
than PHA molecular weights frequently reported [40]. The reason for such low molecular
weights may be a consequence of the effect of different conditions during the extraction
process. On one hand, the first extraction step was the biomass digestion using NaClO for
1 h at 100 ◦C. Although these conditions are favorable for disrupting cell walls, they also
may favor polymer hydrolysis, yielding a decrease of the molecular weight of the obtained
polymer [13,41]. In this sense, several authors report that amorphous polymers are weak
to alkaline saponification [42]. However, other authors support the use of NaClO in the
presence of an extraction solvent, arguing that once PHA is released, it may be immediately
dissolved in the extraction solvent, preventing the polymer hydrolysis [42]. Moreover,
the temperature and time of the thermal treatment also affect the molecular weight of the
obtained polymer. As a general rule, higher temperatures increase the PHA solubility, but
also favor its hydrolysis [40]. Additionally, other variables, such as the extraction from
dried or wet cells, and fermentation conditions (pH, type and concentration of the carbon
source, and nutrients) were reported as factors that affect the molecular weight of the
obtained biopolymers [14,37,43].

The polydispersity index (PDI) of a given polymer is a measure of the heterogeneity
of the polymer chain lengths [40]. In principle, PDI values range from one to infinity. A
polymer composed of molecules with the same chain lengths has PDI values close to one.
Conversely, PDI > 1 are characteristic of polymers composed of different chain lengths.
While for a typical addition polymerization, PDI can range around 5–20, most probable PDI
values for typical step polymerizations are around two. As a general rule, polymers with
PDI close to one are preferred, which enables their use in a huge range of applications [41].
Although molecular weights of the obtained polymers were lower than those commonly
found in the literature, their PDI values (Table 4) were within the range reported (from 1.84
to 7.12) by other authors during PHAs extraction from MMC [10,21].
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3.3.3. Thermogravimetry (TGA) and Differential Scanning Calorimetry (DSC)

Figure 9 shows that TGA profiles corresponding to both obtained polymers were
similar. The degradation of both polymers occurred as a single step, starting at around
200 ◦C. In both cases, the temperature corresponding to the maximum degradation rate was
291 ± 1 ◦C. The degradation temperature for a 5% weight loss obtained for both polymers
was 243 ± 2 ◦C. This value was within the range reported by other authors [21,23,42].

Figure 9. Thermogravimetric curves corresponding to PHB (continuous line) and PHBV (dotted line)
obtained from batch A and B, respectively.

Table 5 shows the results obtained with the DSC corresponding to the obtained
polymers. PHB exhibited a single melting point at 154.6 ◦C. This value is within the range
of results reported in several studies [42–44]. Conversely, for PHBV, two melting points
were observed at 78.3 and 152.9 ◦C. These melting points were close to those reported
by Arcos-Hernández et al. [21] (77.5 and 159.2 ◦C) corresponding to a PHBV obtained
using the same feeding strategy and carbon source as in the experiments reported herein.
According to several authors [21,36], blocky copolymers with D > 1.5, such as the PHBV
obtained in the present study, can exhibit two or three melting points as a result of the
presence of polymers with different structures.

Table 5. Thermal characterization parameters corresponding to the obtained biopolymers.

PHA Td-5% Td-max Tm1 ΔHm1 Tm2 ΔHm2 Xc (%)

PHB 244.9 – – 154.6 47.2 35.8
PHBV 242.3 78.3 15.9 152.9 3.44 14.7

T5%: degradation temperature corresponding to 5% weight loss. Tmax: temperature corresponding to the maximum
degradation rate. XC: crystallinity (Equation (1)). Temperature values are expressed in ◦C and ΔH in J g−1.

Based on the melting enthalpy for each biopolymer, the degree of crystallinity (Xc) was
obtained using Equation (2). Table 5 shows that the degree of crystallinity corresponding to
PHBV was 2.4 times lower than that corresponding to PHB. According to several authors,
polymers with higher crystallinity have a greater range of potential applications [23,45].

4. Conclusions

In this study, PHB and PHBV were obtained from MMC using acetic and a mixture
of acetic/propionic acids as carbon sources. Overall, the recovery of PHBV was higher
than PHB, regardless of which extraction solvent was used. The PHAs recovery without
a NaClO pre-treatment step was highest when DMC was employed, while when CF was
used, a pre-treatment step was necessary to improve the extraction of PHB and PHBV.
PHAs characterisation by 1H and 13C NMR spectra demonstrated that PHBV corresponded

174



Polymers 2022, 14, 3938

to a “blocky” copolymer. In general, thermal properties suggested that the presence of
HV units confers desirable thermal characteristics for further PHA processability. The
decomposition temperature of both polymers was similar, but the melting point and degree
of crystallinity were lower in PHBV than that of PHB. Further studies are necessary to
microbiologically characterize the MMC obtained.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14193938/s1, Table S1: PHA recovery efficiencies (RE)
using DMC at 90 ◦C. Depicted values correspond to the average ± one standard deviation of three
measurements.
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Abstract: Polymer composite sheets using a low-cost filler (local natural sand) and polymer (high-
density polyethylene, HDPE) as a replacement of the traditionally used wood-fiber-based sheets for
paper-based applications were developed. The sand/polymer composite sheets were prepared by
melt extrusion in a melt blender followed by compression molding. The effects of varying particle
size, concentration, and the use of a compatibilizer (polyethylene-grafted maleic anhydride) was
studied on the mechano-chemical performance properties of the composite sheets such as morphology,
thermal and mechanical properties, and wettability characteristics used in the printing industry. In
terms of thermal stability, filler (sand) or compatibilizer addition did not alter the crystallization,
melting, or degradation temperatures significantly, thereby promoting good thermal stability of the
prepared sheets. Compatibilization improved anti-wetting property with water. Additionally, for
the compatibilized sheets prepared from 25 μm sand particles, at 35 wt%, the contact angle with
printing ink decreased from 44◦ to 38.30◦, suggesting improved ink-wetting performance. A decrease
in the elastic modulus was also observed with the addition of the compatibilizer, with comparable
results to commercial stone paper. Results from this study will be considered as a first step towards
understanding compatibility of local natural sand and polymers for paper-based application.

Keywords: sustainability; silica; sand; polymer; composite; synthetic; sheets

1. Introduction

Traditionally, paper is derived from wood by pressing together moist fibers of cellulose
pulp followed by drying. Global use of papers for various applications, such as printing
papers, bags, posters, cutlery, etc., is also adding a toll on the environment as it requires a
huge amount of water to wash away the initial pulp as well as requires chemicals to bleach
such products, thereby also increasing wastewater and sludge disposal problems.

Additionally, increasing population has increased the global production and use of
paper and paper products exponentially. An average global growth rate of paper production
was almost 3.6% in the 1980s and approximately 3.3% in the 1990s, currently reaching up
to a massive 400 million tons per year requirement [1]. On the other hand, increasing use
of plastics has become a major cause of concern as it leads to drastic environmental issues
due to its non-eco-friendly disposal [2]. An estimate of about 2500 million metric tons
(MMT) of plastics are currently in use. It is also reported that over the past 65 years, the
cumulative amount of waste generated from primary and recycled plastic waste adds up
to a staggering amount of ~6000 MMT. Of this waste, approximately 12% is incinerated
and 9% is recycled. Furthermore, over 60% of all plastics produced are directly discarded
in nature (marine or in landfills) and continue to accumulate to this date [3]. Figure 1
illustrates a schematic of the worldwide production and disposal of plastics in MMT for the
last 65 years. At the current consumption rate of plastics, the Earth will hold an estimate of
3.3 billion tons of plastic by 2050 [4].
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Accordingly, both issues require more innovative methods to help tackle current en-
vironmental problems as well as benefit the society in a more sustainable way. Hence,
the development of synthetic “paper” came into existence. Synthetic paper or sheet pro-
duced from thermoplastic polymers (virgin or recycled) and fillers and additives form a
thin composite film that can be used in a variety of paper-based applications. Since the
synthetic composite sheet is a “tree-free” product, it will contribute towards reducing the
environmental impact of the paper industry, and its potential can be even increased when
using recycled plastics [5].

The detrimental effects of manufacturing paper and paper-based products from wood
on the environment have led to the commercialization of synthetic papers on a global scale.
Taiwan Lung Meng industries was the first to commercialize a synthetic paper named
“stone paper”, which is manufactured using minerals dispersed in polyolefins [6]. The stone
paper, which is used to produce a variety of paper-based products such as bags, calendars,
labels, etc., has been given several other commercial names, such as Rockstock [7] and
mineral paper, and is eco-friendly with the main composition being a varying ratio of a
polymer and suitable filler.

Synthetic “paper” or filler-polymer composite sheet has properties similar to the
traditional cellulose-based paper [8]. It is developed by extruding polyolefin films which
may be multilayered and are filled with inorganic particles, more commonly known as
fillers. A large number of inexpensive inorganic particulate materials have been widely
used as fillers to enhance the thermal and mechanical properties of polymers such as
calcium carbonate (CaCO3), glass, titanium dioxide (TiO2), and silica (SiO2) in paper-based
applications [9–11]. Out of the mentioned fillers, CaCO3 has been extensively studied
and used for paper-based applications as it can provide the properties required such as
opaqueness and printability, as well as increase the mechanical properties [2,12]. However,
an increase in such a filler leads to an increase in its brittle nature [10,11].

Figure 1. Simplified estimation of worldwide production and disposal of plastics in MMT for the last
65 years [9].

The Middle East, including the UAE, similar to any other onshore country, has natu-
rally abundant sand (silica). The sand available in the UAE varies with geological position
in composition, color, size, and surface texture. Due to its high thermal stability, high
durability, and unreactive nature, silica is used in various fields such as in 3D printing,
construction, textile, electronic applications, etc. [13–20]. Using UAE’s sand in writing
paper applications can be cost-effective and produce more eco-friendly sheets compared to
wood-based paper.

In general, the existing literature indicates the extensive development and commer-
cialization in the production of synthetic composite sheets and its potential replacement for
wood-based sheets. The literature represents increased mechanical and durable properties
as well as increased thermal stability and degradation, signifying its good potential for
such a product [13,14,20–23]. The literature also shows the use of sand in polymers to
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improve properties in applications such as construction, waste management, and recycling
applications [24–28]; however, not much study has been conducted on using natural sand
(silica) as a filler to develop sheets for printing applications.

Therefore, the main objective of this research is to utilize the UAE’s sand in manufac-
turing synthetic composite sheets for writing/printing applications using melt extrusion
technique followed by compression. The physiochemical properties of developed compos-
ite sheets are assessed and compared with commercial stone paper and regular A4 paper
for writing applications. The goal is to develop paper-like composite sheets using a natural
resource to contribute towards a more sustainable approach of paper production. The
presented solution contributes to using sand as a raw material in a useful way and thereby
widens its potential for industrial use [29]. Additionally, the novelty of this work lies in
attempting to utilize the raw local sand as a potential filler in a composite material that can
have a commercial-scale application, such as in the printing industry, which can potentially
grow as an alternative to the traditional wood-based fiber sheets which are extensively
used.in numerous applications.

2. Materials and Methods

Sand sample was collected from Ras Al-Khaimah, UAE (25.6741◦ N, 55.9804◦ E). The
local sand was classified into 3 types (carbonates, silicates, and free silica, which is in the
form of detrital quartz). The actual relative abundance in terms of the mineral content was
analyzed to be about 47 wt% silicates, 26 wt% carbonates, and 14 wt% quartz. The mineral
composition of SiO2 was analyzed to be 36.93 wt% [30]. All chemicals used, unless stated
otherwise, were supplied by Sigma Aldrich, Germany and were of appropriate purity for
application in this study. High-density polyethylene (HDPE) pellets (ρ = 0.98 g/cm3) were
purchased from Sigma-Aldrich. PE-g-MA (ρ = 1.8 g/cm3) pellets were also purchased
from Sigma-Aldrich. Sand from the UAE was collected and ground to finer particles using
heavy-duty grinders. A sieve (200 mm diameter, 25 microns aperture, stainless steel mesh)
was further used to refine the fine powder to a particle size of 25 μm. Grinding sand to
5 μm was performed by Retsch, Haan, Germany.

2.1. Experimental Procedure

The sand/polymer composite sheets were prepared via melt-blending, followed
by compression molding. For all the experiments, American Standard Test procedures
were adopted.

2.2. Synthesis of Sand/Polymer Composite Material via Melt-Blending

Weighed amounts of sand at two different particle sizes (5 and 25 μm) and different
fractions (0 wt%, 20 wt%, 35 wt%, and 50 wt%) were mixed with HDPE and melt-blended
in a twin-screw extruder (MiniLab HAAKE Rheomex CTW5, Germany) for 15 min at 170 ◦C
and at a screw speed of 100 rpm. These conditions were selected after several trials of
varying the time, temperature, and rpm for the process. The total feed amount was kept
constant at 4 g as required by the extruder setup [23]. The control sample was prepared
by blending pure HDPE using the same conditions as in numerous studies [31–34]. For
the samples prepared with the addition of the compatibilizer (C), the composition of the
compatibilizer was kept constant at a filler-to-compatibilizer ratio of 2:1. Compatibilizers
are used as additives to enhance the properties of the fabricated polymer composites
prepared by various techniques. Studies report polyethylene grafted with maleic anhydride
(PP-g-MA) as a compatibilizer to increase the dispersion of the clay in the nonpolar polymer
matrices and improved properties [14], which is why it was chosen. PE-g-MA and its ratio
was also chosen after several trials of varying the compatibilizer type and amount. Table 1
represents chosen weight percentages for the three components for the preparation of the
sand/polymer composite sheets.
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Table 1. Chosen weight percentages for HDPE, sand, and compatibilizer.

Sample HDPE (wt%) Sand (wt%) Compatibilizer (wt%)

Sand/polymer
composite sheets

prepared from
25 μm and 5 μm

sand
particles

0 wt% 100 0 0
20 wt% 80 20 0
35 wt% 65 35 0
50 wt% 50 50 0

20 wt% + C 70 20 10
35 wt% + C 47.5 35 17.5
50 wt% + C 25 50 25

Synthesis of Sand/Polymer Composite Sheets via Compression Molding

The compounded composites were chopped into small pieces (~1 g) and compressed
(hot-pressed) for 10 min using a Carver’s press (Carver™ Lab Presses) under 5000 psi pres-
sure at 170 ◦C to prepare the flat sand/polymer composite sheets. Sand/polymer composite
sheets were prepared from two different sizes (25 μm and 5 μm) of sand as the filler. The
same sets were prepared with the addition of the compatibilizer as well. Figures 2 and 3
show images for sand/polymer composite sheets prepared from 25 μm sand particles
without and with compatibilizer, respectively, whereas Figures 4 and 5 represent the same
for sheets prepared with 5 μm, respectively. All the sheets were roughly 1 mm thick and
100 mm in diameter. It could be visually seen that increasing filler addition made the sheets
darker in appearance. However, addition of compatibilizer produced sheets that were
relatively lighter in appearance and softer. Furthermore, based on a visual inspection, it can
be said that the dispersion was random in all sheets, with a more homogeneous dispersion
in 20 wt% and 35 wt%, and a non-homogeneous dispersion was observed in both cases
of 50 wt% filler before and after compatibilization. The overall process is illustrated in
Figure 6. A similar process was followed with the addition of compatibilizer.

 

(a) (b) 

(c) (d) 

Figure 2. Images of prepared composite sheets for (a) pure HDPE, (b) 20 wt%, (c) 35 wt%, and
(d) 50 wt% prepared from 25 μm sand particles.
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(a) (b) 

(c) (d) 

Figure 3. Images of prepared compatibilized composite sheets for (a) pure HDPE, (b) 20 wt%,
(c) 35 wt%, and (d) 50 wt% prepared from 25 μm sand particles.

 

(a) (b) 

(c) (d) 

Figure 4. Images of prepared composite sheets: (a) pure HDPE, (b) 20 wt%, (c) 35 wt%, and (d) 50 wt%
with 5 μm sand particles.

 

(a) (b) 

(c) 
(d) 

Figure 5. Images of prepared compatibilized composite sheets: (a) pure HDPE, (b) 20 wt% + C,
(c) 35 wt% + C, and (d) 50 wt% + C, with 5 μm sand particles.
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Figure 6. Process of preparing the composite sheets.

2.3. Characterization
2.3.1. Scanning Electron Microscope (SEM)

A JEOL/EO scanning electron microscope (SEM), operated at 2 kV, spot size of 40, was
used to image the sand of both 25 μm and 5 μm, and neat HDPE at their surface. To improve
conductivity and quality of image, samples were coated with Au/C using a vacuum sputter
coater. Likewise, SEM analysis was used to observe the surface morphology of the selected
composite sheets. Selected composite sheets were placed on an aluminum pin-mount
adapter using double-sided carbon tape and then were sputter-coated with gold using a
sputter-coater to avoid electrostatic charging during examination. The SEM was operated
at high vacuum mode with an acceleration voltage of 15 kV and the images were acquired.

2.3.2. X-ray Diffraction (XRD)

X-ray diffraction (XRD) was performed on sand samples (within 2θ = 5–40◦) using a
Panalytical X-ray diffraction system (X’Pert3 Powder, Malvern Panalytical, Denver, CO,
USA) to confirm the presence of SiO2, which is the major component of sand, as reported
in the literature [35]. XRD was also performed on HDPE after the addition of the compati-
bilizer to determine any alteration in the characteristic peaks of HDPE. Similarly, XRD was
performed for selected composite sheets to observe any shifts or alterations due to filler
and compatibilizer addition.

2.3.3. Differential Calorimetry Analysis (DSC)

The melting temperatures (Tm) and the crystalline temperatures (Tc) of the control
sample, i.e., the neat HDPE sheet and the prepared synthetic composite sheets, as well
as the compatibilized composite sheets, were determined using modulated differential
scanning calorimetry (Discovery DSC 25, TA Instruments, New Castle, DE, USA). About
5–10 mg of sample was heated from 20−180 ◦C at a heating rate of 40 ◦C/min to remove
thermal history of the polymer. Once the thermal history was eliminated, all samples
were cooled from 180 ◦C to room temperature (20 ◦C) at 10 ◦C/min for recording the
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crystallization temperature (Tc) followed by subsequent heating scans from 20–180 ◦C at
10 ◦C/min to record the melting temperatures (Tm). All experiments were carried out
under inert nitrogen atmosphere. The same was also repeated for stone paper and regular
A4 paper for comparative analysis.

2.3.4. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis of neat HDPE, the prepared composite sheets, and stone
paper, as well as for regular A4 paper, was carried out using TGA (Q500 series, TA Instru-
ment). For each experiment, a sample weight of 6.0 mg (±1.0) was used for thermogravi-
metric analysis. The heating rate was controlled at 10, 15, 20, and 25 ◦C/min from 25 ◦C to
900 ◦C, using nitrogen as a carrier gas at 20 mL/min. During the thermo-decomposition
process, the initial weight was recorded continuously as a function of temperature and time.
The derivative (DTG) curve was also plotted for the weight loss of sample per unit time.

2.3.5. Tensile Test

Durability of the prepared composite sheets was tested using mechanical testing. Tensile
properties of the composite sheets were determined by the Universal Testing Machine (UTM)
using the American Society for Testing and Materials (ASTM)-D 638. Dumbbell-shaped test
specimens were prepared from the composite sheets of 35 (l) × 0.5 (w) × 1 (t) mm, and their
tensile properties were studied on a Zwick 50 kN. The rate of crosshead motion was set
to be 100 mm/min, which was taken from the ASTM D 790 standard. The same was also
repeated for stone paper and regular A4 paper for comparative analysis.

2.3.6. Wettability

Contact angle measurement (θ) was used to determine the wettability of composite
sheets which can be determined by the standard ASTM D 2578–17 test. This test assumes
that the surface energy of a film (γ) is equal to the surface tension of a liquid that wets the
film, without merging, when a drop is placed on the surface via contact angle measurements.
Each composite sheet was placed in the Teclis tracker tensiometer equipment setup, and a
droplet of liquid (water) was ejected out of the micrometer syringe onto the sample using a
gauge needle. Images of the droplet on the surface of the sample were taken, and, using
the Teclis tracker software, the angle between a tangent drawn on the liquid droplet and
the surface of the composite sheet was calculated as reported in the literature [13].

Figure 7 shows samples for the tangent to the surface drawn on a sheet surface for
non-polar, extremely non-polar, and polar surfaces, respectively. The same test was also
performed using a non-polar solvent, benzene, a mixture of water-non-polar solvent, as
well as pure printing ink (Epson ink 664, black, Carrefour, Al Ain, UAE) to test for the
wettability characteristics of the prepared sheets for ink-based applications. The wettability
tests were also performed on stone paper and regular A4 paper for comparative study.

   
(a) (b) (c) 

Figure 7. Contact angle measurements. (a) Extremely polar surface: (θ) = 90◦, (b) Extremely non-polar
surface (θ) => 90◦, (c) Non-polar surface (θ) =< 90◦ taken via drawing tangent to the liquid droplet
and the surface.
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2.3.7. Printing Test

Selected composite sheets had no surface treatment and were cleaned with a dry
tissue paper. The sheets were then glued on a regular A4 paper, dried for approximately
15 min, and then sent to the printer (RICOH class driver laser printer) as conducted by
other studies [2,36]. As a comparison, a printing test was also performed on stone paper
and regular A4 paper as well.

2.3.8. Adherence Test

To test the adherence of ink on the prepared sand/polymer sheets, marker pens were
used to write on the sheets. After writing on the sheets, the sheets were left to dry for
15 min. A piece of clear adhesive tape (1.5 cm wide) was then applied onto the surface
where text was written. Any small bubbles that appeared while applying the clear tape were
removed manually, and by using the rolling weight of the hand, the tape was firmly pressed.
Consequently, the tape was pulled off each sample, implying that the smaller the amount
of ink that was removed by the tape, the better the assessment. The test was repeated
twice; once with permanent marker pen and the second time with removable marker pen.
The adherence of ink to the selected sand/polymer composite sheet surfaces was assessed
qualitatively as excellent, good, regular, or poor, as reported in the literature [13]. The
removed tape was placed alongside the sheet to observe the difference. As a comparison,
an adherence test was also performed on stone paper and regular A4 paper.

3. Results and Discussion

3.1. Morphology

In order to determine the size of the ground sand samples, SEM analysis was con-
ducted to obtain an idea of the particle size as well as the shape of the particles. Figure 8a,b
show the two sand samples, respectively. It can be clearly seen that the 25 μm sand particles
have larger, more irregular-shaped distant particles, whereas the 5 μm sand particles have
smaller, finer, and closer particles comparatively. The neat HDPE sheet, with 0 wt% filler,
which was processed in the same way as the composite sheets was also analyzed using
SEM. Figure 8c shows only a fine structure which is expected in a neat polymer film and is
in agreement with the literature [37].

  
(a) (b) 

Figure 8. Cont.
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(c) (d) (e) 

5 kV     X1000      10 μm 5 kV     X1000       10 μm 

Figure 8. SEM images of (a) 25 μm sand particles and (b) 5 μm sand particles; (c) neat HDPE;
(d) 50 wt%, 5 μm sand composite sheet; (e) 50 wt%, 5 μm sand compatibilized composite sheet.

Selected composite sheet samples were also chosen to conduct SEM analysis. At
35 wt% prepared from 5 μm, particles were visibly seen. However, after compatibilization,
particles had decreased interparticle distance, suggesting improved dispersion and binding
ability [21]. The literature reports good appearance at ~30 wt% for composite sheets as
well [2]. Similarly, in the case of 50 wt% and 5 μm particle size, compatibilization shows
increased presence of particles, thereby indicating decreased interparticle distance. An
increase in the filler accumulation can result in agglomeration of particles, which can lead
to a brittle material [13]. SEM images of both sets of composite sheets at 50 wt% are shown
in Figure 8d,e, respectively.

3.2. XRD Analysis

The successful preparation of the composite sheets with sand as well as with the
addition of the compatibilizer (C) was confirmed using XRD analysis. HDPE characteristic
peaks at 2θ = ~21.5◦ and 2θ = ~23.5◦ were observed, which are supported in the literature
as well [38,39]. Addition of the compatibilizer did not alter the characteristic HDPE peaks
as shown in Figure 9; however, slight broadening of the peak was observed.

Just as a confirmation, XRD was also performed for selected sand/HDPE composite
sheets. Figure 9 also shows that the presence of the 5 μm sand particles and compatibilizer
did not alter the characteristic peaks of HDPE, as two distinct diffraction peaks of HDPE
were observed for all the prepared sand/polymer composite sheets. As for the sand,
two significant characteristic peaks were obtained at 2θ = 21.38◦ and 23.71◦, which are
quite comparable to the literature values obtained for precipitated silica as well as sol–gel-
produced silicon dioxide, ranging from 21.8◦ to 23◦, respectively [40,41]. The presence
of these peaks was noticed for all the prepared samples at values close enough to the 2θ
values (with slight shift to the right), showing that the addition of the filler (sand) does not
significantly alter the basic structure of the prepared sand/polymer composite sheets at the
molecular level as well.
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(a) 

 
(b) (c) 

Figure 9. XRD characteristic peak patterns: (a) neat HDPE before and after compatibilization;
(b) sand/polymer composite sheets prepared from 5 μm sand particles; (c) sand/polymer compatibi-
lized composite sheets prepared from 5 μm sand particles.

3.3. Thermal Analysis
3.3.1. Melting and Crystallization Behavior

DSC analysis was conducted for all sand/polymer composite sheets prepared from
both 25 μm sand particles and 5 μm sand particles at the same heating rate (10 ◦C/min) to
understand the crystallization properties of the prepared sand/polymer composite sheets.
Figure 10a shows the cooling (first cycle) and heating (second cycle) profiles for the neat
HDPE. The observed peak melting temperature (Tm,peak) and peak crystallization tem-
perature (Tc,peak) values for the neat HDPE were ~133.86 ◦C and ~117.50 ◦C, respectively,
which is also well reported in the literature [38]. A trend of smooth transition temperatures
is seen by the neat HDPE, which also shows the absence of any impurity in the sample.

Figure 10b,c show the cooling and heating profiles for the compatibilized sand/polymer
composite sheets prepared from 5 μm sand particles, respectively. The thermal properties
for all the sand/polymer composite sheets prepared from 25 μm sand particles and 5 μm
sand particles are reported in Table 2.
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(a) 

(b) (c) 

Figure 10. (a) DSC thermogram for neat HDPE. (b) Cooling profiles for compatibilized sand/polymer
composite sheets prepared from 5 μm sand particles. (c) Heating profiles for compatibilized
sand/polymer composite sheets prepared from 5 μm sand particles.

Table 2. DSC data for sand/polymer composite sheets prepared from 25 μm sand particles and 5 μm
sand particles, stone paper, regular A4 paper.

Sample
1st Cooling Scan 2nd Heating Scan

Tc,onset (◦C) Tc,peak (◦C) ΔHc (J/g) Tm,peak (◦C) ΔHm (J/g) %Xc

0 wt% 117.54 ± 0.01 114.79 ± 0.61 120.62 ± 21 133.86 ± 0.55 148.77 ± 13.9 48.57 ± 8.5
Sand/polymer

composite
sheets

prepared from
25 μm sand

particles

20 wt% 117.46 ± 0.11 113.91 ± 0.83 121.51 ± 15 135.60 ± 3.5 131.27 ± 9.0 56.00 ± 3.8
35 wt% 117.82 ± 0.06 114.61 ± 0.88 94.79 ± 14 135.423 ± 3.4 99.791 ± 9.0 52.40 ± 4.7
50 wt% 118.71 ± 0.09 115.04 ± 0.33 74.38 ± 14 132.11 ± 0.07 86.034 ± 7.5 58.73 ± 5.2

20 wt% + C 117.50 ± 0.07 115.40 ± 0.39 85.06 ± 9.1 133.58 ± 0.3 110.35 ± 2.5 47.08 ± 1.1
35 wt% + C 117.82 ± 0.06 115.80 ± 0.40 87.03 ± 1.4 132.31 ± 1.9 96.60 ± 8.2 50.71 ± 4.3
50 wt% + C 117.68 ± 0.49 114.95 ± 0.13 51.87 ± 16 134.01 ± 1.6 60.11 ± 5.4 41.0 ± 3.7

Sand/polymer
composite

sheets
prepared from

5 μm sand
particles

20 wt% 117.59 ± 0.08 115.04 ± 0.58 105.58 ± 10 133.35 ± 3.6 122.877 ± 11 52.42 ± 5.0
35 wt% 118.23 ± 0.35 114.12 ± 1.32 98.32 ± 5 136.31 ± 4.2 109.07 ± 7.5 57.27 ± 3.4
50 wt% 118.24 ± 0.05 116.21 ± 0.48 64.30 ± 6.2 133.72 ± 1.5 77.91 ± 5.7 53.18 ± 3.9

20 wt% + C 117.66 ± 0.15 115.41 ± 0.64 112.23 ± 3.5 134.21 ± 5.1 118.77 ± 14 50.67 ± 6.3
35 wt% + C 117.95 ± 0.21 115.48 ± 0.91 85.35 ± 3 134.56 ± 2.7 91.32 ± 2.5 47.95 ± 1.3
50 wt% + C 117.78 ± 50 115.15 ± 0.16 42.49 ± 1.8 132.17 ± 2.7 54.51 ± 3.6 37.42 ± 3.4
Stone Paper 117.72 ± 0.12 114.62 ± 0.1 27.08 ± 2.3 134.52 ± 0.8 33.26 ± 1.9 41.03 ± 3.7
Regular A4 - - - - - -
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The obtained DSC results show that the crystallization temperature of HDPE is not
influenced due to the addition of filler (sand) or the compatibilizer. All the samples
exhibited a single crystallization exotherm and a corresponding melting endotherm. From
the DSC thermograms, the onset crystallization temperatures (Tc,onset), peak temperatures
for crystallization exotherms (Tc,peak), and melting endotherms (Tm,peak) for neat HDPE,
all the prepared sand/polymer composite sheets, as well as stone paper and regular A4
paper, were evaluated. Determining the Tc,onset, Tc,peak and Tm,peak help in defining
the processing temperature range of the polymer. Usually, the processing temperature of
polymers is ±40 ◦C from the melting temperature, as reported by various studies [25,35].
Furthermore, by observing the changes that occur in the Tc,peak and Tm,peak, the values
of their respective enthalpies can be calculated, which gives a wider idea of how much heat
and energy is needed in the manufacturing process of such polymeric sheets.

Slight changes were observed for all the samples in the Tc,onset and Tc,peak in addition
to the peak broadening/stretching during crystallization. For the compatibilized composite
sheets prepared from 5 μm sand particles, the peak crystallization temperatures (Tc,peak)
increased slightly from ~114 ◦C at 0 wt% to ~115 ◦C at 50 wt%. As for the peak melting
temperatures (Tm,peak), the temperatures decreased slightly from ~133 ◦C at 0 wt% to
~132 ◦C at 50 wt%. Moreover, due to similar melting and crystalline temperatures obtained
in all the prepared sand/polymer sheets, it can be inferred that filler or compatibilizer
addition does not alter the thermal characteristics of HDPE and promotes their good
thermal stability, as reported in literature as well [42,43]. The Tc,onset, Tc,peak, and
Tm,peak for neat HDPE and for all the prepared sand/polymer composite sheets, as well
as stone paper, are presented in Table 2.

The enthalpies of crystallization (ΔHc) and melting (ΔHm) were calculated by inte-
grating the area under the cooling and heating curves, respectively. The percentage of
crystallinity (Xc) in the prepared sand/polymer composite sheets was calculated using the
following equation:

Xc(%) =
ΔHm

ΔH100%(1 − θ)
× 100% (1)

where Xc is the percentage of crystallinity of HDPE, ΔHm is the melting enthalpy, ΔH100%
is the melting enthalpy of a 100% crystalline HDPE, taken as 293 J/g [43], and θ is the mass
fraction of the filler (sand). For stone paper, the weight is considered as the manufacturer
states, which is 70 wt% [7].

The observed melting enthalpy (ΔHm) in all the prepared sand/polymer composite
sheets was always lower than for the pure HDPE (148.77 J/g). Moreover, a general fluctuat-
ing value of percent crystallinity (Xc) was observed throughout the prepared sand/polymer
composite sheets, ranging from a crystallinity of 40–60%, which is well reported in several
filler–polymer composite systems [36,44,45]. This variation is explained by either an insuf-
ficient amount of filler (sand) particles at the surface which can cause agglomerates, or an
excess accumulation of filler particles which can form a soft layer at the interface present,
which tend to decrease the nucleating effect [42].

Moreover, the reduction of the sand/polymer composite melting enthalpies (ΔHm)
and crystallinity (Xc) could be further explained by the reduction in the conformational
changes available to the macromolecules during crystallization, which is due to the pres-
ence of the silica particles in the composites which are not densely packed. According
to statistical thermodynamics, particles, in this case, silica, restrict the mobility of macro-
molecules and reduce the spaces available to be occupied by the macromolecules, thereby
restricting the ability to form well-developed crystals. Additionally, the crystalline phase
is not densely packed, which results in minimum intermolecular interactions and hence
a decrease in the heat of fusion on melting which is also experienced by other HDPE sys-
tems such as carbon black/HDPE composites, wood/HDPE composites, and clay/HDPE
composites [39,42].

Reduction of ΔHm in industrial terms can be translated to money and power savings
during the extrusion/molding process, which encourages a positive attribute for the
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industrial process. ΔHm, ΔHc, and Xc for all the prepared sand/polymer composite sheets,
as well as stone paper, are also presented in Table 2.

3.3.2. Thermal Stability of Composite Sheets

The amount of filler can have a significant impact on the end use properties, for
instance, thermal expansion, stiffness, etc., of a final product. The thermal stabilities of
the prepared sand/polymer composite sheets were also analyzed by thermal gravimetric
analysis (TGA) by observing their onset degradation temperatures (Td,onset), peak degrada-
tion temperatures (Td,peak), and their onset degradation temperatures at 10% weight loss
(Td,onset @ 10% weight loss). By determining the Td,onset and Td,peak values, the upper range of
processing temperature and the maximum temperature before degradation of the material
can be confirmed, respectively. Hence, the range of processing temperature can be opti-
mized to avoid any degradation of the material to occur which proves to be of substantial
value for polymeric industrial scale processes. By noticing the changes occurring to the
Td,onset @ 10% weight loss, the effect of filler percentages and compatibilizer can be evaluated on
the initial degradation corresponding to the same weight loss occurring. This can suggest
which composition has more impact on the onset of degradation.

The TG curves for 25 μm sand particles and 5 μm sand particles alongside neat HDPE
and prepared sand/polymer composite sheets, as well as their compatibilized versions,
are shown in Figure 11a–d, respectively. Figure 11 shows that the composites have two
degradation steps; the first degradation step is for the polymer, the second degradation
is for the sand particles, which is comparable to the neat HDPE, which has only one
degradation step, and sand has degradation at higher temperatures [46,47]. HDPE was
stable (no significant weight loss) up to 400 ◦C, confirming that the processing of HDPE and
HDPE composites at 170 ◦C would not degrade the polymer. The complete weight loss was
observed near 490 ◦C, where almost all of the HDPE was burned. The peak degradation
temperature (Td,peak) for HDPE (obtained from derivative of weight loss curve (DTG)) was
observed at ~489 ◦C.

The degradation steps became more evident at 50 wt% of filler addition. Additionally,
it can be seen that increasing the amount of the filler increases the Td,onset and shifts the ther-
mograms to the right, implying improved thermal stability, which is also reported for an-
other study conducted on a SiO2/polymer composite system [47]. Moreover, in the case of
sand/polymer composite sheets prepared from 25 μm sand particles, the Td,peak increased
very slightly from ~491 ◦C at 20 wt% to ~492 ◦C at 35 wt%, and Td,onset @ 10% weight loss
increased from 448 ◦C to 453 ◦C, respectively. Furthermore, there is also a slight increase in
the Tonset for the same set from 20 wt% to 35 wt%, which is also explained in the literature
as due to the presence of filler minimizing the permeation of heat [47–49].

In addition to that, it can also be observed that the Td,peak after compatibilization
were always lower than their corresponding samples prepared without the addition of
the compatibilizer (except for sand/polymer sheet prepared at 20 wt% from 5 μm sand
particles). This can be explained as due to the presence of acidic groups of maleic anhydride
in the compatibilized sheets possibly interacting with some parts of the filler, resulting
in slightly faster degradation [50]. For instance, for the compatibilized sand/polymer
composite sheets prepared from 5 μm, the Td,peak decreased very slightly from ~499 ◦C
at 20 wt% to ~488 ◦C at 50 wt%. However, the overall Td,peak remained comparably close
enough to the neat HDPE value (489 ◦C), hence promoting good thermal stability for the
prepared sand/polymer composite sheets. A similar trend was observed for the case of
sand/polymer composite sheets prepared from 25 μm sand particles.

The differential rate of weight loss (dW/dt) of all the prepared sand/polymer compos-
ite sheets was obtained from differential thermogravimetric analysis (DTG) at a set heating
rate of 20 ◦C/min. Figure 11 also shows the DTG plots (as insets) for neat HDPE (0 wt%)
and for sand/polymer composite sheets at varying compositions prepared from 25 μm
sand particles and 5 μm sand particles without the addition of the compatibilizer and with
the addition of the compatibilizer, respectively.
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(a) (b) 

(c) (d) 

Figure 11. (a) TGA thermogram and DTG plot for sand/polymer non-compatibilized composite
sheets prepared from 25 μm sand particles. (b) TGA thermogram and DTG plot for sand/polymer
compatibilized composite sheets prepared from 25 μm sand particles. (c) TGA thermogram and
DTG plot for sand/polymer non-compatibilized composite sheets prepared from 5 μm sand particles.
(d) TGA thermogram and DTG plot for sand/polymer compatibilized composite sheets prepared
from 5 μm sand particles.

A large fraction of the sand/polymer composite sheets decomposed between 300 ◦C
and 600 ◦C, and this can be attributed to the decomposition of the HDPE. The thermal
decomposition peak between 600 ◦C and 800 ◦C was assigned to the decomposition of
sand particles which is more visible in samples prepared from 35 wt% composition and
50 wt% composition.

Both the DSC and TG analyses results indicated that the addition of sand particles
of both 25 μm particle size and 5 μm particle size, as well as the addition of the compat-
ibilizer, did not affect the thermal properties of the prepared sand/polymer composite
sheets significantly, which promotes good thermal stability for the sheets. Comparable
results for thermal stability are reported by numerous studies for various filler–polymer
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composites [36,51]. Table 3 reports the onset degradation temperatures (Td,onset), peak
degradation temperatures (Td,peak), and onset degradation temperatures at 10% weight loss
(Td,onset @ 10% weight loss) for all the prepared sand/polymer composite sheets, stone paper,
and regular A4 paper for comparison.

Table 3. TGA data for all the prepared sand/polymer composite sheets, stone paper, and regular A4
paper; 25 μm sand particles, 5 μm sand particles.

Sample Td,onset (◦C) Td,peak (◦C) Tonset, @ 10% weight loss (◦C)

0 wt% 466.69 489.0 444.86

Sand/polymer
composite sheets
prepared from

25 μm sand
particles

20 wt% 458.03 491.0 448.85
35 wt% 461.74 492.01 453.43
50 wt% 464.6 490.0 454.66

20 wt% + C 461.42 479.0 409.42
35 wt% + C 460.11 481.3 439.66
50 wt% + C 458.69 488.0 457.61

Sand/polymer
composite sheets
prepared from

5 μm sand
particles

20 wt% 467.78 486.21 443.14
35 wt% 464.31 490.53 449.48
50 wt% 462.39 490.10 459.56

20 wt% + C 437.68 499.01 446.97
35 wt% + C 454.08 488.41 447.20
50 wt% + C 456.76 488.06 442.17
Stone Paper 457.05 489.50 469.72
Regular A4 347.74 381.60 324.63

3.4. Mechanical Properties

The effect of filler and compatibilizer (C) on the elastic modulus and tensile strength
for sand/polymer composite sheets prepared from 25 μm sand particles and 5 μm sand
particles was studied with the elastic modulus for both sets illustrated in Figure 12a,b,
respectively. As seen in Figure 12, at 0 wt% filler the elastic modulus obtained for the pure
HDPE sheet was ~1200 MPa with a corresponding yield stress of 35.15 MPa, respectively,
which is comparable to the literature [2,45,52]. Generally, a decrease in the elastic modulus
was observed with increasing filler concentration from 1298.33 MPa at 20 wt% to 905.
72 MPa at 50 wt% for the sheets prepared from 25 μm sand particles (in Figure 12a).
Similar trends were observed in the case of 5 μm, where the elastic modulus dropped from
950.59 MPa at 20 wt% to 887.47 MPa at 35 wt% (except for an increase in the case of 50 wt%),
as seen in Figure 12b.

(a) (b) 

Figure 12. Elastic modulus for sand/polymer composite sheets and compatibilized sand/polymer
composite sheets prepared from (a) 25 μm sand particles; (b) 5 μm sand particles.
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Compatibilization lowered the elastic modulus for all cases compared to their non-
compatibilized versions. For instance, compatibilized sand/polymer composite sheets
prepared at 35 wt% experienced a sharp reduction in elastic modulus from 1182.23 MPa
before compatibilization to 629.95 MPa after compatibilization, and from 887.47 MPa to
687 MPa for sand/polymer composite sheets prepared from 25 μm sand particles and
5 μm sand particles at the same filler composition, respectively (Figure 12a,b). The effect
of addition of fillers and compatibilizers on the decreasing value of elastic modulus is
observed for many polymer composites and is believed to be caused by the random
agglomeration of particles weakening the polymer matrix, causing uneven crystallization
leading to their brittle nature, which also contributes to weaker adhesion between filler
particles and the polymer matrix [34,47,51,53]. This also contributes to the fact that the
compatibilizer (maleic anhydride) is not able to form strong bonds with the composite
sheets, leading to a weaker matrix structure, as seen for other blends as well [54,55].

Furthermore, with elastic moduli of 603.54 MPa and 687 MPa, the compatibilized
sand/polymer composite sheets prepared with 5 μm sand particles at 20 wt% and 35 wt%,
respectively, gave results closest to the stone paper, which yielded an elastic modulus of
596.32 MPa. Moreover, another study on composite sheets also suggested that optimum
results were obtained from sheets prepared at 30% by weight [2].

The tensile strength did not change significantly with increasing the filler concentration
before and after compatibilization, which is reported in the literature as well [56]. However,
the tensile strength decreased significantly with the addition of the compatibilizer for both
sets of sand/polymer composite sheets prepared from 25 μm sand particles and 5 μm sand
particles. Even though compatibilizers are expected to increase the tensile strength, the
decreasing trend could possibly be explained due to the compatibilizer limiting the stress
transfer and swamping the surface [57]. Furthermore, as increasing the filler decreases the
mechanical properties (such as the elastic modulus), the decreased tensile strength can also
be a combined effect of the addition of the compatibilizer and filler, as reported in another
study on a filler–polymer composite material [53].

A wide variation of mechanical properties was observed for the case of sheets prepared
at 50 wt%, irrelevant of the particle size, which is also reported to occur in thermoplastic-
based films subjected to extensive molecular orientation [2]. For filler content of 50 wt%,
the lowest tensile strength values were obtained, thereby suggesting increased brittleness
for sheets prepared at higher filler percent by weight, which is also supported by the
literature [45]. Due to possible formation of hydrogen bonding, crack propagation at weak
phase interfaces can be facilitated, resulting in a lower tensile strength of the blend, which
is also reported in the literature [54]. Comparatively, one of the highest tensile strength
values (15.66 MPa) was measured for the regular A4 paper, which can be corresponded to
its fibrous network structure with strong hydrogen bonding [58]. Table 4 reports all the me-
chanical properties of sand/polymer composite sheets and compatibilized sand/polymer
composite sheets prepared from 25 μm sand particles and 5 μm sand particles, as well as
stone paper and regular A4 paper.

3.5. Wettability Performance

Surface wettability is one of the most essential properties to determine the use of
the material in a specific application, such as in this case for printing-based applications.
Wettability is determined based on the contact angle measured on the surface of the material.
Typically, any non-polar surface would measure a contact angle of 90◦ or above. Anything
below 90◦ suggests increased hydrophilicity with the liquid on the surface and results in
increased absorption of the liquid in contact. Increasing the filler concentration increased
the contact angle slightly from 86.62◦ at 20 wt% to 94.72◦ at 50 wt% and 88.88◦ at 20 wt% to
94.6◦ at 50 wt% for sand/polymer composite sheets prepared from 25 μm sand particles
and 5 μm sand particles, respectively, suggesting improved anti-wetting performance with
water for both particle sizes. These results indicate that the nonpolar, hydrophobic blocks
of the compatibilizer units may have been arranged on the surface of the composite sheets,
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as reported for other blends in the literature as well [54]. Contact angles of above 90◦ were
obtained for all the compatibilized sheets. Figure 13 illustrates this data.

Table 4. Mechanical properties of all the prepared sheets, stone paper, and regular A4.

Sample
Elastic Modulus

(MPa)
Yield Stress

(MPa)
Yield Strain

(MPa)
Tensile

Strength (MPa)
Tensile Strain

(MPa)

0 wt% 1200.77 ± 127.3 35.15 ± 2.7 2.1 ± 3.5 33.76 ± 6.2 2.26 ± 0.42
Sand/polymer

composite
sheets prepared

from 25 μm
sand

particles

20 wt% 1298.33 ± 169.8 27.84 ± 4.3 0.0424 ± 0.008 20.23 ± 3.5 0.17 ± 0.15
35 wt% 1182.33 ± 328.4 23.11 ± 4.8 0.028 ± 0.009 18.96 ± 6.7 0.035 ± 0.01
50 wt% 905.72 ± 343.1 12.74 ± 5.4 0.022 ± 0.009 9.93 ± 4.7 0.030 ± 0.02

20 wt% + C 448.78 ± 194.1 11.98 ± 2.4 0.04 ± 0.01 8.01 ± 2.7 0.05 ± 0.01
35 wt% + C 629.95 ± 138.9 9.56 ± 43.5 0.02 ± 0.004 8.68 ± 3.5 0.02 ± 0.005
50 wt% + C 465.11 ± 94.9 6.71 ± 1.8 0.02 ± 0.01 4.36 ± 1.9 0.03 ± 0.01

Sand/polymer
composite

sheets prepared
from 5 μm sand

particles

20 wt% 950.59 ± 86.6 24.89 ± 1.9 0.04 ± 0.002 21.56 ± 0.6 0.06 ± 0.01
35 wt% 887.47 ± 96.2 19.11 ± 0.9 0.03 ± 0.002 17.17 ± 2.8 0.05 ± 0.003
50 wt% 1137.05 ± 8.2 18.64 ± 3.37 0.02 ± 0.002 17.22 ± 1.48 0.02 ± 0.001

20 wt% + C 603.54 ± 157.9 17.64 ± 2.53 0.05 ± 0.02 15.94 ± 2.76 0.05 ± 0.02
35 wt% + C 687 ± 80.87 212.48 ± 0.38 0.02 ± 0.00 10.98 ± 1.04 0.03 ± 0.01
50 wt% + C 890.87 ± 101.6 16.78 ± 3.12 0.03 ± 0.005 15.09 ± 2.18 0.03 ± 0.02
Stone Paper 596.32 ± 135.14 6.07 ± 0.53 0.11 ± 0.04 6.17 ± 0.73 0.54 ± 0.19
Regular A4 175.18 ± 146.36 16.17 ± 5.08 0.06 ± 0.03 15.66 ± 5.14 0.06 ± 0.03

Figure 13. Contact angles of printing ink on sand/polymer composite sheets prepared from 25 μm
sand particles and 5 μm sand particles.

In the case of the non-polar solvent, benzene, decreased contact angles were obtained
(ranging between 20–35◦) for all the sand/polymer composite sheets prepared, suggesting
their absorption ability to a certain extent if they were to come into contact with any organic
solvents. This can be excepted, as the surface is mainly non-polar and any contact with a
non-polar liquid would promote the widely known “like dissolving in like” phenomena.
Since maleic anhydride is an organic compound, the oxygen in its functional group binds
to the chemical structure of benzene. Values of ~90◦ were obtained when the sheets were
tested with a water–benzene mixture. In addition to that, regular A4 paper also exhibited a
relatively higher value of contact angle (82.27◦) with water–benzene mixture.

Contact angle values of lower than 45◦ were obtained with printing ink. Irrespective
of the particle size used, a general trend of decreased contact angles was observed with the
addition of the compatibilizer compared to their non-compatibilized versions, indicating
improved ink-wetting performance. For example, as seen in Figure 13 for sand/polymer
composite sheets prepared from 25 μm sand particles, for both at 35 wt% and 50 wt%, the
contact angles decreased from ~44◦ to ~38◦. Similar contact angles for ink-wetting have
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been reported [59]. Moreover, the values obtained were relatively close to the commercial
stone paper, which resulted in a contact angle of 32.50◦ with printing ink. Contact angles
below 50◦ correspond to surface free energies of below 45 dyne/cm, which is preferred for
printing [13,60]. A contact angle of 0◦ was obtained for regular A4 paper with printing ink,
which is expected due to its increased hydrophilic surface. The wettability performances
with printing ink for all the sand/polymer composite sheets prepared from 25 μm sand
particles and 5 μm sand particles are illustrated in Figure 13.

Table 5 summarizes all the measured contact angles for the prepared sand/polymer
composite sheets with water, benzene, water–benzene mixture, and printing ink. Contact
angles for commercial stone paper and regular A4 paper are reported as well.

Table 5. Contact angle measurements.

Sample Water Benzene
Water-Benzene

Mixture
Printing

Ink

0 wt% 97.96 ± 9.2 22.05 ± 1.8 100.93 ± 9.5 80.63 ± 8.2

Sand/polymer
composite sheets

prepared from
25 μm sand

particles

20 wt% 86.62 ± 6.3 31.80 ± 2.6 90 ± 0 44.70 ± 1.1
35 wt% 89.6 ± 0.9 22.83 ± 4.1 90 ± 0 44.0 ± 2.9
50 wt% 94.72 ± 3.0 37.95 ± 6.9 90 ± 0 44.9 ± 2.8

20 wt% + C 99.62 ± 6.2 26.03 ± 7.0 90 ± 0 43.40 ± 1.3
35 wt% + C 92 ± 5.7 21.70 ± 6.9 90 ± 0 38.30 ± 3.4
50 wt% + C 98.74 ± 8.3 20.17 ± 2.2 91.77 ± 3.1 38.80 ± 0.5

Sand/polymer
composite sheets

prepared from
5 μm sand
particles

20 wt% 86.88 ± 5.5 30.95 ± 6.2 90 ± 0 42.27 ± 2.8
35 wt% 92.08 ± 4.7 20.37 ± 2.1 90 ± 0 37.65 ± 1.9
50 wt% 94.6 ± 8.6 27.03 ± 6.7 90 ± 0 41.67 ± 3.2

20 wt% + C 105.6 ± 9.1 24.23 ± 0.8 90 ± 0 38.73 ± 3.7
35 wt% + C 99.4 ± 3.9 21.13 ± 2.2 94.83 ± 8.3 37.55 ± 0.78
50 wt% + C 99.12 ± 3.7 21.87 ± 1.6 102.33 ± 11.4 41.65 ± 6.3
Stone Paper 105.62 ± 2.1 26.50 ± 4.4 113.30 ± 7.2 32.50 ± 9.5
Regular A4 83.34 ± 7.8 0 ± 0 83.27 ± 21.8 0 ± 0

3.6. Printing Test

The printing tests showed the capability of the prepared sand/polymer composite
sheets of absorbing printer ink. The sheets were printed on and left to dry for over 24 h. It
was observed that some parts were still able to wipe off for all the prepared sand/polymer
composite sheets, and some parts were able to stay on the surface. Pure HDPE showed the
least absorption of the printing ink and was unable to retain the printing ink on the surface.
The selected 35 wt% sheet prepared from 25 μm sand particles showed almost similar
printability to its compatibilized version. However, for the case of the 35 wt% prepared
from 5 μm sand particles, improved printability with the addition of the compatibilizer was
noticed. Moreover, by observing the printing tests closely, ink had the ability to form drops
yet not spread on the surface of the sand/polymer composite sheets prepared with either
25 μm sand particles or 5 μm sand particles, resulting in a blurred, non-graphic quality,
which could be easily smudged. Similar results have been reported in the literature [13].
Figure 14 shows all the sheets after the printing tests (enclosed within the red highlights
are the surfaces of the respective sheets).

On the stone paper, slight removal was observed after 24 h in contrast to the regular
A4 paper, where the ink was completely dried and absorbed almost immediately. It can be
concluded that the quality of the printing improved with the addition of the filler for the
case of sand/polymer composite sheets prepared from 25 μm sand particles (compared
to pure HDPE), and after compatibilization in the case of sand/polymer composite sheets
prepared from 5 μm sand particles.
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(f) (g) 

Figure 14. Printing tests after 24 h for (a) stone paper, (b) regular A4 paper, (c) HDPE, (d) 35 wt%,
25 μm (e) 35 wt% + C, 25 μm, (f) 35 wt%, 5 μm, and (g) 35 wt% + C, 5 μm.

197



Polymers 2022, 14, 3351

3.7. Adhesion Test

Selected sand/polymer composite sheet surfaces that were studied for the adherence test
using a permanent marker pen are shown in Table 6. Amongst all the sand/polymer composite
sheets, including the compatibilized sand/polymer composite sheets, the sand/polymer
composite sheet prepared from 5 μm sand particles at 35 wt% showed relatively better
adherence. Stone paper and regular A4 paper showed excellent adherence comparatively.

Table 7 shows the sand/polymer composite sheet surfaces before and after the ad-
herence test using removable marker pen. Only stone paper showed excellent adhesion
compared to all the other tested sheets, which is reported in the literature as well [13]. For
all the sand/polymer composite sheets prepared, the ink was easily removed with the tape
irrespective of the particle size used or compatibilizer added. Moreover, the ink could
be wiped out manually by swiping of the hand as well, which could be an advantage for
applications that require such kind of erasable surfaces.

3.8. Comparative Analysis of Prepared Sand/Polymer Composite Sheets to Stone Paper

In this study, several properties varying from thermal to mechanical and wettability
properties with several liquids were analyzed. Printing and adhesion tests were also
tried on selected composite sheets as well as on the stone paper. To obtain a complete
understanding of which sheets resulted in properties closest to the commercial stone paper,
a comparative analysis was conducted.

In terms of percent crystallinity (%Xc), the compatibilized sand/polymer composite
sheet prepared from 25 μm sand particles at 50 wt% yielded an almost similar value, of
41%, to stone paper, which resulted in 41.03%. With a peak degradation temperature
(Td) of 490 ◦C, the sand/polymer composite sheet prepared from 25 μm sand particles
at 50 wt% resulted in the closest value to stone paper, which had a peak degradation of
489.5 ◦C. In terms of mechanical properties, the compatibilized sand/polymer composite
sheet prepared from 5 μm at 20 wt% resulted in an elastic modulus (E) of 603.54 MPa,
whereas stone paper resulted in an elastic modulus of 596.32 MPa. For the tensile strength,
with a value of 4.36 MPa, the compatibilized sand/polymer composite sheet prepared from
25 μm sand particles at 50 wt% gave the closest value to stone paper, which had a tensile
strength (TS) of 6.17 MPa.

In terms of the wettability performance, the sand/polymer composite sheet prepared
from 5 μm sand particles at 20 wt% gave almost the exact same contact angles (θ) with water
to stone paper, each yielding value of 105.61◦ and 105.62◦, respectively. The contact angle
(θ) with printing ink that was closest to the stone paper (32.5◦) was of the compatibilized
sand/polymer composite sheet prepared from 5 μm sand particles at 35 wt% (37.55◦).

The printing performance of the sand/polymer composite sheet prepared from 25 μm
sand particles at 35 wt% showed the best results amongst all the tested composite sheets.
In terms of the adhesion property using permanent marker, the sand/polymer composite
sheets prepared from 5 μm sand particles at 35 wt% showed relatively better adherence
compared to the other tested composite sheets. As for the adhesion property using a
removable marker, all the tested sand/polymer composite sheets showed the same results.
The sheets that resulted in values closest to the stone paper with respect to the analyzed
properties are tabulated in Table 8.
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Table 8. Comparison of sheets resulting in values closest to stone paper.

Surface

Support
%Xc Td E TS θ/Water θ/Printing Ink Printing Test Adhesion Using

Permanent Marker

Sand/polymer
composite sheets

prepared from
25 μm

sand particles

20 wt%

35 wt%

50 wt%

20 wt% + C

35 wt% + C

50 wt% + C

Sand/polymer
composite sheets

prepared from
5 μm

sand particles

20 wt%

35 wt%

50 wt%

20 wt% + C

35 wt% + C

50 wt% + C

4. Conclusions

In this work, sand/polymer composite sheets prepared from sand and HDPE were
successfully manufactured via melt blending and compression molding at varying filler
compositions. Thermal characterization revealed that the crystallization temperatures
remained almost constant at ~113–115 ◦C, and the melting temperatures remained steady
at ~132–135 ◦C for all the prepared sand/polymer composite sheets, promoting their good
thermal stability. Moreover, no significant degradation (visual or on the bases of weight loss)
at the optimized processing conditions were observed. The maximum degradation temper-
ature was almost constant, ranging from ~489–493 ◦C for all the prepared sand polymer
composite sheets, and similar crystallization, melting, and degradation temperatures were
also obtained for the commercial stone paper, giving the prepared sand/polymer composite
sheets decent thermal results. The mechanical characterization of all the sand/polymer com-
posite sheets showed a decrease in their strength, as the elastic modulus values decreased
significantly with the addition of the compatibilizer. The wettability analysis suggested
that increasing the filler composition, as well as addition of the compatibilizer, led to an
increase in the contact angles corresponding to the improved anti-wetting performance.
Additionally, in the case of contact angles with printing ink, the observed angles were
almost half the value obtained for the pure HDPE, varying in the ranges of 30–45◦, which
was also comparable to the stone paper, suggesting good potential for their ink wettability
for printing and paper-based applications. The printing test showed that the prepared
sand/polymer composite sheets gave comparatively better results than the pure HDPE
sheets, implying some potential for printing with filler and compatibilizer addition. The
prepared sheets showed good adherence with the use of permanent marker pen, suggesting
potential for possible ink-based applications with such kind of ink. Furthermore, the sheets
showed weaker adherence with a removable marker pen, but could possibly be used for
any application that requires erasable surfaces (such as erasable sheets/boards for student
learning, educational toys, etc.). The results obtained in this research provide information
about the potential of the production of local sand/polymer composite sheets and their use
in paper-based applications.

Key achievements:

• Local sand was used as a filler to develop composite sheets, which were investigated.
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• Addition of a compatibilizer to the composite sheets was also investigated.
• Melt extrusion and compressing molding techniques were used.
• A set of two particle sizes of silica were used for this study.
• Data were compared to regular A4 paper, and stone paper was also analyzed.
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Abstract: A Diels–Alder (DA) bond containing poly(tetrahydrofuran)-co-(ethyleneoxide) (PET) based
linear polyurethane (PET-DA-PU) was synthesized via a prepolymer process using PET as raw
material, DA diol as chain extender agent, and toluene-2,4-diisocyanate (TDI) as coupling agent.
The structure of PET-DA-PU was characterized by attenuated total reflectance-Fourier transform-
infrared spectroscopy (ATR-FTIR), proton nuclear magnetic resonance spectrometry (1H NMR)
and carbon nuclear magnetic resonance spectrometry (13C NMR). The thermal performance and
self-healing behavior of PET-DA-PU were investigated by differential scanning calorimetry (DSC),
polarized optical microscope, universal testing machine, scanning electron microscopy (SEM) and
NMR, respectively. The glass transition temperature of PET-DA-PU was found to be −59 ◦C. Under
the heat treatment at 100 ◦C, the crack on PET-DA-PU film completely disappeared in 9 min, and the
self-healing efficiency that was determined by the recovery of the largest tensile strength after being
damaged and healed at 100 ◦C for 20 min can reach 89.1%. SEM images revealed the micro-cracks
along with the blocky aggregated hard segments which were the important reasons for fracture. NMR
spectroscopy indicated that the efficiency of retro DA reaction of PET-DA-PU was 70% after 20 min
heating treatment at 100 ◦C. Moreover, the PET-DA-PU/Al/Na2SO4 composite was also prepared to
simulate propellant formulation and investigated by universal testing machine and SEM; its healing
efficiency was up to 87.8% under the same heat treatment process and exhibits good self-healing
ability. Therefore, PET-DA-PU may serve as a promising thermally self-healing polymeric binder for
future propellant formulations.

Keywords: thermally self-healing; PET; linear polyurethane; Diels–Alder reaction

1. Introduction

PET (poly(tetrahydrofuran)-co-(ethyleneoxide)) has attracted considerable attention
in recent investigations aimed at developing advanced propellant formulations, owing
to its excellent mechanical properties and strong compatibility with energetic materials
and nitrate plasticizers [1–3]. Therefore, PET was widely used as a polymeric binder in
propellant formulations to achieve higher energetic performance and superior mechanical
behavior [4–7]. However, micro-cracks frequently appeared when the propellant suffered
from being continuously exposed to the external environment, e.g., mechanical attack,
chemical abrasion, and UV radiation [8,9]. These cracks, which are difficult to detect and
repair, can adversely affect final properties of the propellant formulations, and even worse,
the micro-cracks may develop further into irreversible damage and significantly shorten the
service life of propellant formulations [10–12]. Smart polymeric binders with self-healing
capability are highly desirable for practical application; however, this demand has not been
met yet.

In order to produce polymeric materials with more durable security and reliable prop-
erties, various strategies were exploited from renewable resources, including encapsulation,
hollow fibers, microvascular networks, supramolecular self-assembly, reversible chemistry,
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dynamic covalent bonds, etc. [13–18]. Among them, the Diels–Alder (DA) dynamic cova-
lent bond between furan and maleimide (which needs neither additional healing agent
nor catalyst) has garnered increasing attention for synthesizing heat activated healable
systems [19,20]. The reason is that the maleimide group shows a relatively high reactivity
in the DA reaction, due to the more electron-deficient C=C bond, and the formed DA
cycloaddition also could be easily cleaved at 90~150 ◦C. Hence, the self-healing polymeric
materials based on DA reaction have high self-healing efficiency and a repeating ability to
heal the damage at the same position.

In the last decades, a variety of self-healing polymers based on DA bonds were
reported, and the majority of the research was focused on cross-linked networks, polymer
gels and thermosetting polymers [21–23]. Typically, the formation of thermally reversible
networks based on furan–maleimide DA reaction with maleimide and excess furan were
prepared to achieve a satisfying healing efficiency. However, researchers discovered that
sufficiently molecular mass polyurethanes were difficult to obtain, because the forward
DA reaction gives rise to both endo and exo stereoisomer adducts and does not play a
significant role in these macromolecular syntheses, since both participate in the chain
growth. Therefore, few teams also concentrated their attention on DA bonds containing
linear polyurethane based on furan–maleimide [24–26].

In this paper, PET based linear polyurethane with DA bonds (PET-DA-PU) was synthe-
sized using PET as the raw material, DA diol as chain extender agent, and TDI as coupling
agent, via a prepolymer process. The chemical structure and thermal performance of
polyurethane were characterized by attenuated total reflectance-Fourier transform-infrared
spectroscopy (ATR-FTIR), nuclear magnetic resonance spectrometry (NMR) and differential
scanning calorimetry (DSC). The self-healing behaviors of as-synthesized PET-DA-PU were
demonstrated by polarized optical microscope (POM), universal testing machine, scanning
electron microscopy (SEM) and NMR. Moreover, the PET-DA-PU/Al/Na2SO4 composite
was also prepared to simulate the propellant formulation and evaluated by universal testing
machine and SEM.

2. Experimental

2.1. Materials

PET with Mn of 4000 g mol−1 and hydroxyl value of 23.1 mg KOH/g was pro-
vided from the Liming Chemical Engineering Research and Design Institute (Luoyang).
Dibutyltindilaurate (DBTDL), furfuryl alcohol and 1,1′-(methylenedi-1,4-phenylene) bis-
maleimide (BMI, 98%) were purchased from Aldrich and used as received. Toluene-2,4-
diisocyanate (TDI), N,N-dimethylformamide (DMF), sodium sulfate (Na2SO4), chloroform,
1,2-dichloroethane and ethanol were supplied by China National Medicines. Aluminium
power with the diameter of 20 μm was self-made. All solvents for the reactions were
analytical grade and were dried before use.

2.2. Synthesis of DA Diol

An amount of 2,2′-(methylenebis(4,1-phenylene))bis(4-(hydroxymethyl)-3a,4,7,7a-tetrahydro-
1H-4,7-epoxyisoindole-1,3(2H)-dione) (DA diol) was synthesized via cycloaddition reaction
using frufuryl alcohol and 1,1′-(methylenedi-1,4-phenylene) bismaleimide as the raw mate-
rials, as shown in Scheme 1. Briefly, 1,1′-(methylenedi-1,4-phenylene) bismaleimide (20 g,
55.8 mmol) was dissolved in chloroform (100 mL) in a 250 mL round-bottomed Schlenk
flask with a magnetic stirring bar; the reaction solution was heated up to reflux until a
uniform system, and then the freshly distilled frufruyl alcohol (11.3 g, 115.2 mmol) was
added dropwise into the reaction system. The reaction was allowed to proceed for 30 h.
The solution was then poured into 8 fold excess of isopropanol to precipitate the crude
product. The precipitation process recrystallization in isopropanol/DMF mixed solvent
three times, and the DA diol was obtained after drying under vacuum at 60 ◦C as a pale
yellow solid (22.3 g, yield: 72%).
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Scheme 1. Synthesis route of DA diol.

2.3. Synthesis of PET-DA-PU

PET based polyurethane with self-healing properties based on Diels–Alder reaction,
PET-DA-PU, was synthesized via the successive prepolymerization of PET using TDI as
the curing agent, and DA diol as the chain extender, which is illustrated in Scheme 2. In a
typical synthesis example, exactly anhydrous PET (20 g, 5.0 mmol) and freshly distilled
1,2-dichloroethane (30 mL) were placed in a 250 mL three-neck round-bottomed Schlenk
flask with a mechanical stirrer, condenser and thermometer under N2 atmosphere, and
then heated to 60 ◦C; TDI (3.48 g, 20 mmol) and DBTDL (20 μL) dissolved in 20 mL 1,2-
dichloroethane were added drop by drop into the reaction solution. After stirring for
2 h, DA diol (8.32 g, 15 mmol) was added into the reaction mixture, which was then
stirred at 80 ◦C for an additional 3 h. After the polymerization reaction was finished, the
reaction system was precipitated by adding to excess ethanol under vigorous stirring. The
product PET-DA-PU was finally obtained after drying under vacuum at 40 ◦C. (30.97 g,
yield: 97.4%).

Scheme 2. Synthetic route and chemical structure of PET-DA-PU.

2.4. Synthesis of PET-DA-PU/Al/Na2SO4 Composite

The PET-DA-PU/Al/Na2SO4 composite was synthesized with a weight ratio of
1/0.5/0.5. Briefly, 20 g of PET-DA-PU was dissolved in ethyl acetate (30 mL) in a 200 mL
beaker, Al power (10 g) and Na2SO4 (10 g) were added into the solution and the mix-
ture was then left under intensive stirring for 1 h. The mixture was then poured into
the Teflon-mold, and the solvent in mixture was removed under vacuum. Finally, the
PET-DA-PU/Al/Na2SO4 composite was obtained after being dried in vacuum at 40 ◦C for
24 h.

2.5. Self-Healing Property

The self-healing property of PET-DA-PU was evaluated by three means: (1) The
healing process of PET-DA-PU was observed under POM equipped with temperature
programmed heating stage. Briefly, ‘X’ crack with 0.5 mm in depth of PET-DA-PU films
was cut with a thin knife, while a sample with a crack was put on the heating stage at
100 ◦C. The photographs were taken at different time intervals during the healing process.

207



Polymers 2022, 14, 3334

(2) Evaluating the self-healing efficiency PET-DA-PU films quantitatively by tensile test. In
a typical example, the well-prepared PET-DA-PU film was cut off, and heated at 100 ◦C
for 20 min, then cooled down to 60 ◦C and kept for 48 h to obtain the healed PET-DA-
PU film. The tensile properties of pristine and healed films were tested on a universal
testing machine, and the self-healing efficiency was calculated by the recovery of the largest
tensile strength. (3) NMR spectroscopy was employed to study the thermal reversibility
of PET-DA-PU and investigate the degradation rate of DA bonds in PET-DA-PU under
heating treatment.

2.6. Characterization

Chemical structure: the chemical structure of PET-DA-PU was examined by ATR-FTIR
and NMR. ATR-FTIR was performed on a Bruker Tensor 27 instrument (KBr pellet) in the
range 4000–400 cm−1. NMR spectra were performed on a Bruker 500 MHz instrument
with CDCl3 as the solvent at 25 ◦C and tetramethylsilane as the internal standard. Thermal
property: the thermal property of PET-DA-PU was investigated by differential scanning
calorimetry (DSC). DSC was performed in a TA Instruments Q1000 equipment in the range
of −100~0 ◦C at a heating rate of 10 ◦C min−1 under a nitrogen flow. POM (Zeiss Axioskop
2 plus) with a heating stage was employed to observe the evolution of cracks on PET-DA-PU
film. Mechanical property: AG-X Plus universal testing machine (Shimadzu, Kyoto, Japan)
was used to measure the tensile property of PET-DA-PU films in accordance with GB/T528-
1998 with a loading rate of 500 mm min−1. The specimens were cut into dumbbell-like
with the sizes of 20 mm (neck length) × 4 mm (width) × 2 mm (thickness) and kept at
0% humidity for 7 days before measurement. Samples were conducted independently in
quintuplicate, and the results were presented with the average values. Fracture morphology
of the films which were prepared by freeze-fractured (films were frozen in the liquid
nitrogen and ruptured) and tensile-fractured were observed on a Tescan Vega 3 LMU
scanning electron microscope (Tescan, Brno, Czech Republic).

3. Result and Discussion

3.1. Preparation and Characterization of PET-DA-PU

PET-DA-PU was synthesized via a prepolymer process of PET, using DA diol which
prepared though cycloaddition reaction as chain extender, and TDI as a curing agent, as
demonstrated in Schemes 1 and 2. The chemical structure of as-synthesized PET-DA-PU
was first investigated by ATR-FTIR (as shown in Figure 1). In the ATR-FTIR of PET-DA-PU,
the shoulder peaks at 1775 and 1513 cm−1 specific were due to the characteristic absorption
of DA ring on PET-DA-PU [27]. The peak at 1107 cm−1 is ascribed to the characteristic
absorption of C–O from PET. As compared to PET, the intensity decreases in –OH peak
(3490 cm−1) of PET and the absence of adsorption peak at around 2270 cm−1 indicated that
there were no residual hydroxyl and isocyanate groups in PET-DA-PU. It is worth noting
the additional peaks at 3295, 1714 and 1540 cm−1 which were due to the –NH stretching
vibration, –C=O band and –N–H stretching bands of the urethane group on PET-DA-PU,
respectively [28]. Therefore, it could be confirmed that PET based polyurethane containing
DA bonds had been synthesized successfully.

The chemical structure of as-synthesized PET-DA-PU was also characterized by 1H
NMR and 13C NMR (as shown in Figure 2). The peaks at 1.61, 3.46 and 3.62 ppm were
assigned to the methylene protons of PET as shown in Figure 2a, and the corresponding
carbon atom signals appearing at 26.6 and 70.3 ppm in Figure 2b. Meanwhile, the peaks
at 3.04, 3.15, 5.15 and 6.54 ppm due to DA ring on the PET-DA-PU. The signals at 1.25
and 7–8 ppm were attributed to the methyl protons and hydrogen protons on the benzene
rings of TDI, respectively, and the corresponding carbon signals appeared at 16.9 ppm and
127–135 ppm [29]. All of the results above confirmed that PET-DA-PU has been synthesized
successfully via the prepolymerization of PET.
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Figure 1. ATR-FTIR spectra of PET-DA-PU and PET.

Figure 2. 1H NMR (a) and 13C NMR (b) spectra of PET-DA-PU. (‘*’ for CDCl3).

3.2. Glass Transition Temperature of PET-DA-PU

Glass transition temperature (Tg) is an important property of polymeric binders as it
determines the application temperature range. In this study, DSC was used to investigate
the Tg of PET-DA-PU, and the Tg was measured by the cooling DSC curves of the PET-
DA-PU. As shown in Figure 3, in comparison of PET prepolymer (Tg = −84 ◦C), the
PET-DA-PU showed a slightly higher Tg of −59 ◦C, which allows it to work in a low-
temperature environment. It is due to the decrease in chain flexibility of PET as to the
introduction of DA diol and TDI, and the formation of urethane group [30]. Moreover, PET-
DA-PU exhibits only one Tg, which may be attribute to the fact that PET and TDI-extended
DA diol segments are well-dispersed and blended within the films, thus the polyurethane
consists of one phase. The same phenomenon was also observed in other literature [31].
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Figure 3. DSC curves of PET-DA-PU and PET prepolymer.

3.3. Self-Healing Property of PET-DA-PU

The self-healing property of PET-DA-PU under heat treatment was firstly investigated
by observing the healing process with POM, as shown in Figure 4 [32]. The PET-DA-PU
film sample with 1 mm thickness was prepared, and an ‘X’ crack with 0.5 mm in depth was
produced by a thin knife on the film. The PET-DA-PU film sample was put on the heating
stage and heated for 100 ◦C and observed by POM.

Figure 4. The healing process of PET-DA-PU film upon heat treatment at 100 ◦C.
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As shown in Figure 4, the width of the crack in PET-DA-PU film decreased clearly with
the heat treatment time increasing, and the crack on the film had completely disappeared
in 9 min [33]. The results indicated good self-healing properties of PET-DA-PU.

The healing efficiency of the PET-DA-PU was measured quantitatively by the universal
testing machine [34]. The PET-DA-PU film samples were prepared and tested according to
GB/T528-1998. The PET-DA-PU film was cut off by a thin knife, and the film was heated at
100 ◦C for 20 min, then cooled down to 60 ◦C and kept for 48 h, and the healed PET-DA-PU
film was obtained. As shown in Figure 5, compared with the PET-DA-PU (the tensile
strength was 0.92 MPa, with an elongation at 151.3%), the tensile strength of repaired
PET-DA-PU was 0.82 MPa with an elongation at 137.5%. Thus, the healing efficiency
of PET-DA-PU was 89.1%. The results reveal that the PET-DA-PU has a satisfactory
healing efficiency.

Figure 5. Mechanical property of PET-DA-PU and its damaged and healed samples.

To investigate the rupture mechanism of PET-DA-PU in the tension process, the frac-
ture morphologies of the PET-DA-PU films which were prepared by freeze-fractured and
tensile-fractured were studied by SEM. As shown in Figure 6a,b, the wrinkles are marked
by red restangular frames representative of aggregated hard segments, and the ravines are
marked by blue circle frames representative of non-homogeneous soft segments. Clearly,
the phase separation exists between the soft and hard segments and is well dispersed within
the whole vision [35–38]. However, the hard segments (marked as red rectangular frames)
in tension-fractured PET-DA-PU film display aggregated as blocky shapes in Figure 6c,d,
and the micro-cracks along with the blocky aggregated hard segments which were the
important reasons for fracture were also observed [39]. These results revealed the fracture
of hard segments and the formation of micro-cracks resulting in the fatigue fracture of
PET-DA-PU film.

3.4. Thermal Reversibility of PET-DA-PU

To study the thermal reversibility of PET-DA-PU, NMR was employed to investigate
the changes in 1H NMR spectroscopy after the heat treatment in Figure 7 [40]. It is well
known that BMI and furan prepolymer formed in the retro-DA reaction of PET-DA-PU
under heat treatment. As marked in Figure 7, the chemical shift at 3.17 ppm (labeled as a),
4.93 and 4.96 ppm (labeled as b), 6.54 ppm (labeled as c), 6.63ppm (labeled as d), 5.24 ppm
(labeled as e), 7.14 ppm (labeled as g), 7.35 ppm (labeled as f) decreased visibly, and the
new chemical shifts at 7.25 ppm (labeled as a’), 7.28 ppm (labeled as f’), 7.15 ppm (labeled
as g’) owing to BMI, and chemical shifts at 7.69 ppm (labeled as b’), 6.46 ppm (labeled as c’),
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6.54 ppm (labeled as d’), 5.09 ppm (labeled as e’) owing to furan prepolymer appeared
after heat treatment [41–44]. It is indicated that DA bonds in PET-DA-PU de-bonded under
heat treatment.

Figure 6. SEM images of freeze-fractured (a,b) and tension-fracture (c,d) surface of the PET-DA-PU
gels. (wrinkles were marked as red square frame, and ravines were marked as blue circle frame).

Figure 7. 1H NMR spectra of PET-DA-PU during the heating procedure at 100 ◦C for 20 min. (PET-DA-
PU was marked as black, and PET-DA-PU after heat treatment was marked as red, ‘*’ for DMSO-d6).
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To investigate the efficiency of retro DA reaction under heat treatment quantitatively,
the changes in 1H NMR spectroscopy of DA diol were also studied [45]. As shown in
Figure 8, the chemical shifts at 5.18 ppm (labeled as a), 4.08 and 3.77 ppm (labeled as b),
6.57 ppm (labeled as c), 5.0 ppm (labeled as d), 3.02 and 3.18 ppm (labeled as e), 7.35 ppm
(labeled as f), 7.14 ppm (labeled as g) owing to DA diol were significantly decreased
after heat treatment, and the new chemical shifts at 5.19 ppm (labeled as a’), 4.38 ppm
(labeled as b’), 6.27 and 6.38 ppm (labeled as c’), 7.57 ppm (labeled as d’) owing to frufuryl
alcohol, and 7.36 ppm (labeled as e’), 7.26 ppm (labeled as f’), 7.15 ppm (labeled as g’),
4.03 ppm (labeled as h’) owing to BMI were observed. Based on the changes in the 1H NMR
spectroscopy peak areas of DA diol after heat treatment, conversion x can be calculated
from the following formula:

x =
Ac′ + Ac′′

Ac + Ac′ + Ac′′
(1)

Ac, Ac’, Ac” integral areas of peaks c, c’, c”, respectively.

Figure 8. 1H NMR spectra of DA diol during the heating procedure at 100 ◦C for 20 min. (DA diol
was marked as black, and DA diol after heat treatment was marked as red, ‘*’ for DMSO-d6).

According to the formula, the conversion of DA diol was 70% after 20 min heating
treatment at 100 ◦C. It demonstrated that DA bonds in PET-DA-PU can degrade into
BMI and furan prepolymer in a short time via retro DA reaction, and it is good benefit
for repairing of PET-DA-PU. All of these results indicate that PET-DA-PU has a good
thermal reversibility.

3.5. Healing Behavior of PET-DA-PU Based Composites

To evaluate the healing efficiency of PET-DA-PU in propellant, the PET-DA-PU/Al/Na2SO4
composite was prepared and measured by the universal testing machine. The PET-DA-
PU/Al/Na2SO4 composite was prepared in a ratio of 1/0.5/0.5, and the obtained composite
film was cut into dumbbell-shaped specimens and tested according to GB/T528-1998. The
PET-DA-PU/Al/Na2SO4 composite film was cut off and heated at 100 ◦C for 20 min, then
cooled down to 60 ◦C and kept for 48 h and the healed PET-DA-PU/Al/Na2SO4 composite
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films were obtained. As shown in Figure 9 and Table 1, in comparison with the PET-
DA-PU/Al/Na2SO4 composite (the tensile strength was 0.82 MPa, with an elongation at
138.8%), the tensile strength of repaired PET-DA-PU/Al/Na2SO4 composite was 0.72 MPa
with an elongation at 113%. Hence, the healing efficiency of PET-DA-PU/Al/Na2SO4
composite was 87.8%, which was slightly lower than PET-DA-PU. It is due to the reduction
in DA bond density in composite as to the introduction of Al and Na2SO4 and decrease
the healing efficiency of the PET-DA-PU/Al/Na2SO4 composite. However, the PET-DA-
PU/Al/Na2SO4 composite still has a high healing efficiency exceeding 85% and exhibits
outstanding self-healing performance.

Figure 9. Mechanical property of PET-DA-PU/Al/Na2SO4 composite and its damaged and
healed samples.

Table 1. Tensile testing of PET-DA-PU/Al/Na2SO4 composites before and after reparation.

Sample E Modulus/MPa
Max Tensile

Strength/MPa
Elongation at Max

Stress/%
Elongation at

Break/%

PET-DA-PU/Al/Na2SO4 composite 1.72 0.82 138.8 945.8
PET-DA-PU/Al/Na2SO4 composite

after repairation 1.56 0.72 113 926.2

The fracture morphologies of the PET-DA-PU/Al/Na2SO4 composite which were
prepared by freeze-fracturing and tensile-fracturing were also observed by SEM. As shown
in Figure 10a,b, the crack surface of the composite was smooth and the interface between
the exposed particles and polymeric matrix was fuzzy, meaning that the interface adhesion
property between solid filler and matrix is strong. However, a number of exposed particles
and cracks appeared in Figure 10c,d, and voids were found between the exposed particles
and polymeric matrix, meaning that the interface adhesion property between solid fillers
and PET-DA-PU matrix became poor during the tensile process [46]. Generally, the cracks
and voids also occurred in aging stages of polymeric binder. Therefore, the PET-DA-PU
polymeric binder which can repair the micro-cracks within the matrix under heat treatment
could prolong its service life.
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Figure 10. SEM images of freeze-fractured (a,b) and tension-fracture (c,d) surface of the PET-DA-
PU/Al/Na2SO4 composite. (the cracks and voids were marked as red arrows).

4. Conclusions

A Diels–Alder bond containing PET based linear polyurethane, PET-DA-PU, was
synthesized using PET as raw material, DA diol as chain extender agent, and TDI as
coupling agent. From ATR-FTIR, 1H NMR and 13C NMR results, the PET-DA-PU was
synthesized successfully via prepolymer process. The DSC curves indicated that PET-DA-
PU had a low glass transition temperature of −59 ◦C, which allows it to work in a low
temperature environment. The evolution of cracks on PET-DA-PU was observed by POM,
and the results indicated that the cracks on PET-DA-PU film completely disappeared in 9
min under the heat treatment at 100 ◦C. A tensile test was used to determine the self-healing
efficiency by the recovery of the largest tensile strength after being damaged and healed;
the self-healing efficiency of PET-DA-PU can reach 89.1% after 20 min heating treatment at
100 ◦C. NMR spectroscopy indicated that the efficiency of retro DA reaction of PET-DA-PU
can reach up to 70% after 20 min heating treatment at 100 ◦C. SEM images were used to
investigate the fracture morphologies of the PET-DA-PU film, and the results revealed the
micro-cracks along with the blocky aggregated hard segments which were the important
reasons for fracture. Moreover, the PET-DA-PU/Al/Na2SO4 composite was also prepared
to simulate the propellant formulation, and its healing efficiency was 87.8% under the
same heat treatment. In the SEM images of tensile-fractured PET-DA-PU/Al/Na2SO4
composite, exposed particles, cracks and voids were observed, meaning poor interface
adhesion property between solid fillers and PET-DA-PU matrix. Consequently, PET may
find its application as a novel self-healing binder in propellant formulations.
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Abstract: The spatiotemporal temperature distributions of NIR irradiated polypyrrole nanoparticles
(PPN) were evaluated by varying PPN concentrations and the pH of suspensions. The PPN were
synthesized by oxidative chemical polymerization, resulting in a hydrodynamic diameter of 98 ± 2 nm,
which is maintained in the pH range of 4.2–10; while the zeta potential is significantly affected, decreasing
from 20 ± 2 mV to −5 ± 1 mV at the same pH range. The temperature profiles of PPN suspensions were
obtained using a NIR laser beam (1.5 W centered at 808 nm). These results were analyzed with a three-
dimensional predictive unsteady-state heat transfer model that considers heat conduction, photothermal
heating from laser irradiation, and heat generation due to the water absorption. The temperature profiles
of PPN under laser irradiation are concentration-dependent, while the pH increase only induces a
slight reduction in the temperature profiles. The model predicts a value of photothermal transduction
efficiency (η) of 0.68 for the PPN. Furthermore, a linear dependency was found for the overall heat
transfer coefficient (U) and η with the suspension temperature and pH, respectively. Finally, the model
developed in this work could help identify the exposure time and concentration doses for different tissues
and cells (pH-dependent) in photothermal applications.

Keywords: polypyrrole nanoparticles; NIR laser irradiation; photothermal modeling; photothermal
transduction efficiency; overall heat transfer coefficient

1. Introduction

Nanoparticles based on conductive polymers have emerged as a promising material
for applications in targeted photothermal medical therapies [1,2]. In this therapy, nanopar-
ticles could be placed at different tissue-penetration depths and convert irradiated energy
from the near-infrared (NIR) region into thermal energy [3,4]. Several conductive polymers,
such as polyaniline, polypyrrole, etc., could be used for photothermal therapies due to their
biocompatibility and excellent photothermal conversion performance [5–8]. Within these
conductive polymers, polypyrrole is one of the most widely used for developing nanoma-
terials for biomedical applications [9]. Furthermore, polypyrrole-based nanostructures are
being studied because of their strong absorption in the NIR region (λ = 700–1200 nm) [2].
For instance, polypyrrole nanoparticles (PPN) could generate heat suitable to ablate cancer
cells through their effective photon-to-thermal energy transfer [10–12]. Moreover, PPN
could be used singly or combined with chemotherapy agents [11].

Furthermore, PPN shows high specificity and excellent anti-cancer effects in cellular
and animal experiments [13]. The elevated temperature could thus target cancer cells
while avoiding significant side effects on normal cells. The latter is based on the higher
heat tolerance of normal cells compared to cancer cells [14]. However, the photothermal
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application of polypyrrole-based materials is still in its early stages. Further research is
required to understand and improve its potential performance under diverse in vitro or
in vivo scenarios. In this context, one of the most common PPN preparation methods
is oxidative chemical polymerization, consisting of a facile one-step aqueous dispersion
polymerization that could be used with poly(vinyl alcohol) as stabilizing agent [15]. This
method allows, up to some degree, the tuning of PPN properties by changing the stabilizing
agent, varying the stabilizing agent concentration, and adjusting the molar ratios of the
oxidative agent and the pyrrole monomer [16].

The modeling of heat dissipation from suspended nanoparticles irradiated at different
wavelengths has been reported previously [17–19]. Roper et al. determined the efficiency
of transducing resonant continuous-wave irradiation to bulk heat by a gold NP suspension
by analyzing thermal energy transfer in a thermally isolated system with a macroscopic
linearized heat transfer model that incorporates radiation and conduction [20]. The cal-
culation of the photothermal transduction efficiency requires theoretical analysis of the
experimental data [20–23]. Huang et al. analyzed the temperature distribution with a
two-dimensional model for either fluid or tissue containing gold nanorods, based on the
Pennes’ bioheat equation, with an additional term to account for energy released by the
gold nanorods [24].

In this work, the chemical oxidative polymerization technique was used to prepare
PPN, and their properties at different pH values were studied. Furthermore, the spatiotem-
poral temperature distributions of NIR-irradiated PPN were experimentally evaluated under
different particle concentrations and pH values. An unsteady-state three-dimensional heat
transfer model that describes the temperature behavior of the suspensions by considering
conduction, photothermal heating from laser irradiation, and heat generation due to the
water absorption was developed. The model was validated with experimentally obtained
temperature measurements of PPN suspensions irradiated in the NIR region. This math-
ematical approach allows the prediction of the nanoparticle spatiotemporal temperature
distributions and could help improve the doses of bioactive NPs and times of light irradia-
tion at different pH values to reach the desired temperatures in photothermal therapies.

2. Materials and Methods

2.1. Materials

Pyrrole (reagent grade, 98%), iron (III) chloride hexahydrate (reagent grade, 97%,
FeCl3·6H2O), and polyvinyl alcohol (86.7–88.7% hydrolysis, Mw~31,000 a.m.u, PVA) were
purchased from Sigma Aldrich, Inc., St. Louis, MO, USA. The pyrrole monomer was
purified by distillation under vacuum and inert atmosphere conditions before use.

2.2. Synthesis of PPN

PPN were synthesized by the oxidative chemical polymerization of pyrrole using
ferric chloride as oxidant and PVA as stabilizer [15,25,26]. A schematic of the synthesis of
PPN is presented in Figure 1. A total of 20 mL of an aqueous solution of 7.5% of PVA (% w/v)
was kept under magnetic stirring at 500 pm, at 5 ◦C (Figure 1A). Then, 4.6 mmol of ferric
chloride ([FeCl3]/[monomer] = 2.3) was added to a PVA solution. The mixture reacts for
1 h to reach equilibrium, forming the PVA/iron cation complex (orange solution) (Figure 1B).
Then, 2 mmol of pyrrole monomer was added to the PVA/iron cation complex solution.
The solution turned black-green, indicating that polymerization started (Figure 1C), and
the polymerization process was allowed to react for 4 h with continuous stirring and at
5 ◦C. Then, PPN was washed by three centrifugation cycles at 22,096× g (14,500 rpm) for
35 min, where supernatant was discarded, and the precipitate was resuspended in deion-
ized water. Finally, PPN was collected and stored at 4 ◦C for further use. All experiments
were performed in triplicate.
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Figure 1. PPN synthesis scheme by chemical oxidation of pyrrole. (A) PVA solution at 5 ◦C;
(B) formation of PVA/iron complex, and (C) polymerization of pyrrole and formation of PPN.

2.3. pH Effects over PPN

The polymerization of pyrrole with FeCl3 and PVA results in acidic PPN suspensions.
Accordingly, the pH values of the PPN suspensions must be tuned to be used in biological
applications. Therefore, it is necessary to evaluate the influence of pH on the properties of
the PPN. The pH values studied were 4.2 (pH obtained from synthesis), 6, 7.4, 8, and 10;
adjusted using solutions of 0.1 M NaOH.

2.4. Characterization of PPN

Hydrodynamic size, polydispersity index (PDI), and zeta potential (ζ) were measured
using a Zetasizer (Zetasizer Nano ZS Malvern Instruments Ltd., Worcestershire, UK).
Hydrodynamic size measurements of PPN were performed by the Dynamic Light Scattering
technique (DLS). A refractive index of 1.33 and water as a dispersant were used in the
analysis. Each sample was measured three times with at least 10 runs at 25 ◦C for the size
and ζ analysis. The ζ was obtained by using the laser Doppler electrophoresis technique.
The morphology of PPN was observed with a field transmission electron microscopy (TEM)
JEOLTEM-2010F with an operating voltage of 200 kV (JEOL, Ltd., Tokyo, Japan). For TEM
observations, a drop of the sample solution was spread on a smooth film of a carbon-coated
copper TEM grid and dried. After that, 1% phosphotungstic acid was applied on the grid
for 1 min; the excess was absorbed using filter paper. All samples were subsequently dried
in a vacuum before observation. The optical absorption spectra of PPN were acquired in
a UV6300PC spectrophotometer (VWR, Radnor, PA, USA). The characteristic absorption
band of PPN in the NIR region was verified. A standard curve of PPN suspensions was
built at 808 nm to determine the PPN concentration. All experiments were performed
in triplicate.

2.5. Photothermal Evaluation of PPN

The temperature variations of PPN suspensions irradiated with an NIR laser beam
with an output power of 1.5 W centered at 808 nm (Changchun New Industries Optoelec-
tronics Tech Co., Ltd., Model No. PSU-III-LED, Changchun, China) were measured. PPN
suspensions were placed into a rectangular quartz cuvette cell and irradiated with the NIR
laser. The experimental setup for the analysis and data acquisition is shown in Figure 2.
The temperature variations were measured using a K-Type thermocouple connected to
a multimeter that acted as a data acquisitor. Suspensions of PPN from 0 to 30 μg/mL
and the pH of nanoparticle suspensions from 4.2 to 10 were analyzed. As a control, the
temperature of a nonirradiated cuvette cell with water was measured simultaneously to
calculate the temperature increments of the suspensions; that is, to adjust to the ambient
temperature variations.
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Figure 2. Scheme of heating experiments with the laser irradiation, indicating the dimensions of
the quartz cuvette cell and the suspension volume (left), and a frontal view with the approximate
position of the laser spot and the thermocouple (right).

2.6. Spatiotemporal Temperature Distribution Analysis

The spatiotemporal temperature distribution of irradiated PNP suspensions was
mathematically analyzed by modeling PPN suspensions inside a quartz cuvette. The
modeled PNP suspension volume is comprised of two regions: the laser region, where the
laser irradiates and the heat is produced, then the suspension region, where the heat is
transported only by heat conduction. The energy equation in the laser region is:

ρCP
∂T
∂t

= k∇2T + η
I
V

(
1 − 10−OD

)
+ SW (1)

where the term on the left side is the thermal energy accumulation. The first term on the
right-hand side is the heat conduction, and the second term represents the photothermal
heating from laser irradiation. This second term η I

V
(
1 − 10−OD) consists of heat generation

due to the PPN. Furthermore, the heat generation due to the water absorption is considered
in the third term of the right side (Sw). The energy equation for the suspension region is

ρCP
∂T
∂t

= k∇2T (2)

The equation shows the accumulation term on the left-hand side, and on the right-hand
side, only the conduction term appears.

In these equations ρ (kg/m3) is the density and CP (J/kg·K) is the heat capacity
of the suspension, respectively, k is the thermal conductivity (W/m·K), η counts for the
photothermal transduction efficiency, I (W) is the laser power, V (m3) stands for the
irradiated volume, OD is the optical density of the suspension and SW (W/m3) is the water
heat generation in the irradiated volume.

To solve Equations (1) and (2), the following boundary condition was applied to the
cell walls and the air/suspension interface:

q = U
(

Tf − T
)
+ εσ

(
T4

∞ − T4
)

(3)

where q is the heat flux at the system boundaries (W/m2), U is the overall heat transfer
coefficient (W/m2·K), Tf is the temperature of media surrounding the cell (air) (K), T is the
suspension temperature (K), ε is the emissivity of either the cell wall or the air/solution
interface, σ is the Stefan–Boltzmann constant, and T∞ is the temperature of the radiation
sink on the exterior of the domain (K). The overall heat transfer coefficient U incorporates
the thermal resistance of the cell wall and the external free convection thermal resistance.
Furthermore, the bottom of the quartz cuvette was considered adiabatic, resulting in the
following boundary condition:

q = 0 at z = 0 (4)

222



Polymers 2022, 14, 3151

The main physical parameters used in the mathematical model were obtained from the
experimental setup and the literature [27], as presented in Table 1. The model was numeri-
cally solved using Ansys Fluent R3 [20,21] using a hexahedral mesh of 85,536 elements. A
semi-implicit method for pressure-linked equations was used with a time step of 0.4 s and
3750-time elements.

Table 1. Main physical parameters used in the mathematical model.

Parameter Description Unit Value

ρ Dispersion density kg/m3 998.2
CP Heat capacity at constant pressure J/kg·K 4182
k Thermal conductivity W/m·K 0.6

Ilaser Laser power W 1.5
Vlaser Irradiated volume m3 6.25 × 10−8

Tf Temperature of surrounding media (air) K 297.15
T∞ Temperature of the domain exterior K 297.15
εcell Emissivity of the cell walls − 0.925 *

εwater Emissivity of the air/solution interface − 0.96 *

* The emissivity of glass at 300 K is between 0.90 and 0.95; the emissivity of water at 300 K is 0.96 [27].

Determination of Model Parameters: η, U, and SW

The values of parameters η, U and SW were obtained by fitting the model temperature
predictions to the experimental measurements during laser heating. A two-step approach
was followed: first, the order of magnitude η and U was obtained by analyzing a hypothet-
ical case of the adiabatic cell and using a heat transfer correlation, respectively. The second
step consisted of minimizing the sum of squares of differences between the experimental
and predicted temperature increments using the heat model.

The order of magnitude of η was determined from the maximum temperature in the
irradiated system (analyzed by considering a hypothetical case of an adiabatic cell), where
all the energy absorbed by the system is accumulated, resulting in the maximum possible
temperature at the given laser power and time of irradiation. The value of η defined as
baseline must satisfy two conditions at a specific PPN concentration. The first condition is
that the temperature increment in the adiabatic case be higher than the experimental one.
The second condition is that the initial heating rate be faster than the experimental heating
rate (Figure S1).

The order of magnitude of U was obtained using a correlation for free convection on a
vertical surface. The properties of air used were estimated from an average temperature
between the temperature of the surrounding media and the temperature measured by the
thermocouple in the heating plateau (Figure S2).

The second step for determining η and U was implemented as follows: a set of values
of U for each concentration and a single value of η equal to or greater than the baseline
values were used to solve the model. Then the model was solved using the parameters
and conditions described above. Next, the sum of squares was calculated for the values
following Equation (5). The process was repeated at least three times to find the values of
η and U and the minimum sum of squares. The term SW was obtained by fitting the heat
model to the experimental data at a concentration of 0 μg/mL nanoparticles.

σ2 =
n

∑
i=1

(
ΔTexp − ΔTsim

)2

n − k
(5)

2.7. Statistical Data Analysis

The statistical analysis for PPN hydrodynamic size, PDI, and ζ measurements was
performed by the software OriginPro (ver. 9). Results were analyzed by ANOVA followed
by Tukey’s HSD test (α = 0.05). The differences were considered statistically significant
when the p-values were minor or equal to 0.05.
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3. Results and Discussion

3.1. Characterization of PPN Synthesis

PPN was synthesized by chemical oxidizing polymerization with hydrodynamic av-
erage sizes of 98 ± 2 nm from three independent preparations, verifying the method’s
reproducibility. Furthermore, the DLS results show a narrow size distribution with a
PDI of 0.04 ± 0.02 (as shown in Figure 3A). Different sizes can be obtained by varying
the concentrations and molecular weight of PVA and the molar ratio between FeCl3 and
pyrrole monomer [16]. Furthermore, using a different stabilizer in the chemical oxidizing
polymerization could influence the PPN sizes. The literature has reported polyvinylpyrroli-
done (PVP) as a stabilizer, resulting in PPN sizes ranging from 151.5 to 93.5 nm in the
function of the PVP concentration increment [28]. The ζ distribution of PPN that resulted
from the synthesis shows a single peak with a narrow width and a positive value, as
seen in Figure 3B. This value, obtained from three independent preparations of PPN, was
20.0 ± 2.1 mV, indicating good nanoparticle stability due to electrostatic particle repulsion
and preventing further particle aggregation [29]. The positive charge of these PPN is
attributed to the presence of amino groups in the polypyrrole polymeric chain [30]. Other
authors using a similar synthesis method of PPN report ζ values of 14.0 ± 0.4 mV for
particles of 106 ± 1 nm [31]. The slight differences in the ζ values may be due to the
concentrations of PVA used in the synthesis since the PPN surface covered by this stabilizer
changes with the concentration used in the synthesis. Then, as the PVA concentration
increases in the synthesis, the PPN surface-exposed hydroxyl groups increase, producing
variations in the PPN surface charge.

 

Figure 3. PPN properties were obtained from the synthesis (pH value from the synthesis of 4.2).
(A) Diameter size distribution from DLS measurements. Means ± SD, n = 3. (B) ζ distribution.
Means ± SD, n = 3. (C) TEM image of PPN with an insert of a single particle. (D) Histogram of the
size distribution of PPN from TEM images (analysis with a number of particles >700).

The PPN morphologies and sizes can be observed in Figure 3C,D, respectively. The
PPN has a uniform quasi-spherical morphology, with diameters of ~60 nm, as shown in
Figure 3C and the insert. These morphologies and sizes agree with previous literature
reports [32]. Furthermore, the excellent monodispersity can be confirmed by the narrow
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histogram distribution presented in Figure 3D, obtained from TEM pictures using the
free software ImageJ version 1.53e. The difference in the sizes obtained from the DLS
technique and the TEM analysis, as known, is related to the hydrodynamic size of PPN
in the suspension (DLS) and the actual size of dried particles (TEM). Furthermore, in
the literature, it was found that PPN synthesized with different methods showed similar
amorphous structures [33,34].

The optical properties of the aqueous PPN suspensions were analyzed by UV-vis
spectroscopy. The UV-vis absorption spectra were recorded at different PPN concentra-
tions in the wavelength range of 300–1000 nm, as shown in Figure 4. PPN exhibits the
typical π–π* transition band of the polypyrrole around 420 nm, in agreement with the
literature [35,36]. At the same time, the observed band above ~650 nm is attributable to the
sizeable π-conjugated structure of polypyrrole chains [37]. As expected, the absorbance
increased proportionally to the PPN concentration. Similarly, Zha et al. reported that the
absorbance increases linearly as the concentration of PPN in water is elevated, indicating
the excellent dispersity of the aqueous PPN solution [15]. Furthermore, a calibration curve
was obtained from this linear behavior, with a resulting extinction coefficient (ε) of 0.0559
a.u./(μg/mL·cm) and a determination coefficient (R2) of 0.994 (Figure S3). It should be
mentioned that the absorption spectra of PPN also depend on the nature of the solvent [38].

Figure 4. Optical absorption spectra of PPN suspensions at pH values of 4.2 and different concentra-
tions of particles.

3.2. pH Effects over PPN

The pH effect over the hydrodynamic particle size, ζ, and optical spectra of PPN
suspensions are presented in Figure 5. The pH values of PPN suspensions were: 4.2, 6.0,
7.4, 8.0, and 10.0. In this range of pH, the PPN size presents a quadratic behavior with
respect to the pH of the suspension (Figure 5A). However, the size differences are not
significant between the pH values except for a pH of 10, where a significant difference
resulted, compared with all the other pH values. This behavior is similar to the PDI values
obtained, the results of which indicate monodisperse particles (PDI < 0.1) at pH values
below 10 (Figure 5A). As observed for the size results, the only significant difference in PDI
was at a pH of 10, compared with all the other PDI values. The ζ results for the different
pH suspensions could be described with a quadratic relationship, as presented in Figure 5B.
The ζ values for suspensions with pH of 4.2 and 6.0 do not present significant variations,
with values around 20 mV. However, when the pH value of the suspension increases to
7.4 and 8.0, the ζ decreases to values of 9.8 ± 0.4 and 9.3 ± 1.1 mV, correspondingly, with
significant differences for the pH values of 4.2 and 6.0.

Nevertheless, the ζ differences between pH 7.4 and 8.0 are not significant. The ζ values
of suspensions of PPN at pH 10 resulted in −4.7 ± 1.3 mV, with substantial differences
from all the other ζ values. The changes in the ζ of PPN are related to the deprotonation
process that suffers the polymeric chain of PPN as the pH rises [39,40]. This deprotonation
affects the surface charge due to changes in the PPN surface composition. Other authors
have reported that iron nanoparticles coated with polypyrrole change from a positive ζ
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value to a negative one at a pH higher than 9 [41,42]. The significant differences observed
in size and PDI measurement results could be attributed to the change in the surface charge
character of the PPN, from positive to negative, indicating that some disturbance was
obtained by passing throughout the isoelectric point of PPN (~pH of 9.4).

Figure 5. PPN properties at different pH values. (A) Diameter size distributions and PDI of PPN;
Squares represent nanoparticle diameter sizes, the continuous line represents the quadrating fitting
to the diameter size, and circles represent the polydispersity index. Means ± SD, n = 3. (B) ζ of
PPN; squares represent nanoparticle ζ, and the continuous line represents the quadrating fitting.
Means ± SD, n = 3. (C) Optical absorption spectra of PPN suspensions; insert shows the color of
suspensions at different pH values, ranging from 4.2 to 10.

The optical spectra of PPN at different pH values are presented in Figure 5C, with
wavelength scans ranging from 300 to 1000 nm. The characteristic optical spectra bands
of PPN suspensions are similar for all the pH values. However, when the pH of the PPN
suspension increases, a shift to a shorter wavelength is produced in the spectra of PPN.
Furthermore, a change in the color of the PPN solutions is observed, from a black-green
color in acidic conditions to a light blue in alkaline conditions (insert of Figure 5C). These
wavelength shifts are related to the surface charge of the PPN, as described in Figure 5B.
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As the PPN is deprotonated (pH rises), the hydroxyl groups cover the surface, and a shift
to shorter wavelengths is observed.

3.3. Determination of Model Parameters: η, U, and SW

The order of magnitude values of η (adiabatic cells) and U were 0.65 and 7 W/m2·K,
respectively. These values were used to initiate the minimization of the sum of squares
of differences between the experimental and predicted temperature increments. The re-
sulting value of η was considered constant for all the nanoparticle concentrations. This
consideration is justified by the low PPN polydispersity (monodisperse particles), the ho-
mogeneous nanoparticle morphology, and the range of particle concentrations used [21,43].
The parameter U changed proportionally to the nanoparticle concentration. This effect
could be explained by the coefficient U’s dependence on the media’s temperature after
irradiation [27].

The resulting value η, from the minimization of the sum of squares, was 0.68. This
value is greater than other similar systems of PPN prepared using PVP and the same
oxidant [2,5] and similar to gold nanoparticles of similar sizes [44]. Other works using
FeCl3 as oxidant have shown remaining Fe at the PPN surface in the form of iron oxides,
improving the electrical conductivity and optical properties of the particles by the formation
of a semiconductor–semiconductor heterojunction [45]. For instance, these remaining
oxides could also improve the η value. The values of U for different PPN concentrations in
the suspension are shown in Table 2. Furthermore, a value of 4.7 × 105 (W/m3) was fitted
to SW by simulation of the particle-free suspension. These values agree with other values
reported in the literature [46,47].

Table 2. Maximum temperature increments and the corresponding values of U as a function of the
PPN concentration.

PPN Concentration (μg/mL) ΔTmax (K) U (W/m2·K)

30 27.7 24
15 24.9 22
7.5 17.8 19

3.75 11.7 17
1.875 6.1 15

3.3.1. Photothermal Effect of PPN at Different Concentrations

The photothermal effect of PPN at different concentrations under laser irradiation
and the respective heat transfer model fittings are presented in Figure 6. The heating
analysis as a function of PPN concentration was evaluated at a fixed pH value of 7.4 to
simulate biological conditions. The concentrations of PPN evaluated were 30, 15, 7.5,
3.75, 1.875, 0 μg/mL, equivalent to the absorbances of 1.677, 0.839, 0.419, 0.210, and 0.105,
respectively (Figure 6A–E). The spatiotemporal temperature distributions of irradiated
PNP suspensions show the same heating profile, but different temperature increments are
reached proportionally to the nanoparticle concentration increase. The profiles started with
a period of rapid heating until a plateau was reached, indicating a steady state. Results
show a direct dependency between the PPN concentration and the temperature increment
obtained, with maximum temperature increments of 27.6, 24.8, 17.7, 11.7, and 6 ◦C for
30, 15, and 7.5, 3.75, and 1.875 μg/mL, respectively. Furthermore, a slight temperature
increment for the 0 μg/mL solution is presented after irradiation, confirming that most of
the temperature increments are due to the laser interactions with the PPN. Comparable
results have been reported in the literature for the spatiotemporal temperature distributions
of other irradiated materials, such as gold nanoparticles [48], gold nanorods [24], carbon
nanotubes [49], iron oxide nanoparticles [50], etc.
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Figure 6. Temperature profiles of PPN suspensions at pH values of 7.4 and model fitting at concen-
trations of (A) 30, (B) 15, (C) 7.5, (D) 3.75, (E) 1.875, and (F) 0 μg/mL. Circles represent experimental
data, and the continuous solid lines represent the model fitting. Means ± SD, n = 3.

The mathematical analysis for the spatiotemporal temperature distributions of irradi-
ated PNP at different concentrations shows good agreement with the experimental data.
The model predicted the temperatures with an average absolute error below 1 ◦C, compared
to the experimental data, as shown in Figure S4. The best agreement is found at higher PPN
suspension concentrations. However, with lower nanoparticle concentrations, the model
underestimates at the early stages of heating, overestimating the temperature change when
reaching the thermal plateau. Furthermore, a linear correlation between the overall heat
transfer coefficient and temperature increment is shown in Figure 7, contrasting with the
non-linear dependency predicted by the correlation used as a starting point (Figure S2).

Figure 7. Estimated overall heat transfer coefficient. Circles represent the overall heat transfer
coefficient, and the continuous dotted line represents a linear fitting.
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3.3.2. Photothermal Effect of PPN at Different pH

The photothermal effect of PPN at different pH was performed at an average nanopar-
ticle concentration of 28.5 μg/mL. Figure 8A–E present the measured temperature profiles
and their model predictions at solution pH values of 4.2, 6.0, 7.4, 8.0, and 10, respectively.
The mathematical analysis at different pH values agrees well with the experimental data.
The model predicted the temperatures with an average absolute error below 1 ◦C com-
pared to the experimental data (Figure S5). The heating profiles in Figure 8 present similar
behavior within them, observing a gradual temperature increase until a steady temperature
is reached.

Figure 8. Laser irradiation effects of PPN suspensions as a function of the pH. Temperature profiles
of PPN suspensions and model fitting at pH values of (A) 7.4, (B) 6.0, (C) 7.4, (D) 8.0, and (E) 10.
Circles represent the experimental data of PPN suspensions, and the continuous solid lines represent
model fitting. Means ± SD, n = 3. (F) The efficiency of transducing resonant irradiation of light to
heat (η) for a PPN suspension of 28 μg/mL as a function of the pH. Circles represent the η value
obtained, and the dotted line the linear adjustment.

Furthermore, a small increment in the suspensions’ maximum temperature occurs
when pH increases. This increment in the maximum temperature is not related to the
absorbance of the suspensions but to variations in the efficiency of transducing resonant
irradiation of light to heat. As a result, the model predicts that this efficiency increases
linearly with the pH values of the suspension (Figure 8F). This finding is supported by the
ζ value measurements presented in Figure 5B, in which a decrease in the ζ value occurs as
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the pH increases, indicating that the nanoparticle surface charge affects the transduction
of light.

The predicted temperature contours for a concentration of PPN of 3.75 μg/mL and
pH 7.4 are presented in Figure 9. At a glance, no matter which contour is selected, the
laser region is the hottest spot in the contour, unlike the suspension/air interface in the
suspension region, which remains almost at room temperature during the experiment. The
temperature of ~51 ◦C is reached in the laser region, with an exposure time of 25 min. The
contour analysis helps to understand and control the maximum temperature reached in the
irradiated volume as a function of time, which is necessary for all biological applications to
avoid undesirable effects, for example, necrosis, damage surrounding healthy tissue, and
the possible effects of prolonged laser exposure.

 

Figure 9. Computed temperature contours at different times during the suspensions heating at PPN
of 3.75 μg/mL and pH of 7.4. Plane xz at y = 6.3 mm located at the midpoint of the cuvette depth.
The color scale represents temperatures in K.

4. Conclusions

Polypyrrole nanoparticles (PPN) were synthesized by oxidative chemical polymer-
ization, resulting in an appropriate size, good stability, and strong absorption in the NIR
region, suitable for applications in photothermal therapies. The zeta potential (ζ) of PPN
could be tuned from positive to negative values by controlling the pH of the suspensions
while maintaining similar sizes. A three-dimensional mathematical model that considers
the extinct radiation of suspensions of PPN and the photothermal transduction efficiency
was developed. A direct approach was proposed to determine the order of magnitude
of the photothermal transduction efficiency and the overall heat transfer coefficient. The
heat transfer model shows good agreement between the experimental and the predicted
temperature changes. Furthermore, a linear dependency of the overall heat transfer coef-
ficient with the temperature was found. For PPN of 60 nm dispersed at a pH of 7.4, the
photothermal transduction efficiency had a value of 0.68.

Additionally, a linear dependency was found between the photothermal transduction
efficiency and the pH of the suspensions. The model could predict temperature zones
with potential photothermal therapy use around the laser region regarding nanoparticle
concentration and power. The current approach for modeling the conversion of NIR light
into heat by using nanoparticle suspensions could contribute to the analysis and design of
systems/devices for photothermal ablation of cells and tissues.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/polym14153151/s1, Figure S1: Temperature gradients at the thermocouple
position (6.25, 6.25, 16 mm) for the adiabatic cell for different photothermal transduction efficiency
(η). The experimental data correspond to a concentration of PPN of 30 μg/mL and a pH value of 7.4;
Figure S2: Calculated temperature gradients for different values of overall heat transfer coefficient (U).
The solid dots correspond to the experimental heating data at a concentration of PPN of 30 μg/mL and
a pH value of 7.4; Figure S3: PPN calibration curve at a wavelength of 808 nm. The mass extinction
coefficient (ε) of PPN is 0.0559 a.u./

( μg
mL ·cm

)
. Mean ±SD, n = 3; Figure S4: Comparison of simulated

temperature gradients and experimental temperature gradients for the different concentrations of PPN
at a pH value of 7.4; Figure S5: Comparison of simulated temperature gradients and experimental
temperature gradients for the different pH values at a concentration of PPN of 30 μg/mL.
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Abstract: This work first synthesized a series of linear polyesters by step-growth polycondensa-
tion, then an amino-terminated hydrophilic polyether was grafted to the polyester as side-chains
through aza-Michael addition to prepare a self-dispersible, non-ionic waterborne comb-like polyester
(NWCPE). In contrast to traditional functionalization methods that usually require harsh reaction
conditions and complex catalysts, the aza-Michael addition proceeds efficiently at room temperature
without a catalyst. In this facile and mild way, the NWCPE samples with number-average molecular
weight (Mn) of about 8000 g mol−1 were obtained. All dispersions showed excellent storage stability,
reflected by no delamination observed after 6 months of storage. The NWCPE dispersion displayed
better hydrolysis resistance than an ionic waterborne polyester, as was indicated by a more slight
change in pH value and Mn after a period of storage. In addition, the film obtained after the NWCPE
dispersion was cross-linked with the curing agent, it exhibited good water resistance, adhesion, and
mechanical properties.

Keywords: aza-Michael addition; comb-like polymer; non-ionic waterborne polyester; hydrolysis
resistance

1. Introduction

The emission of volatile organic compounds (VOC) is harmful to the environment and
human health, causing many countries and regions have formulated strict restrictions on it.
This has driven the development of waterborne polymer materials [1]. In addition to the
characteristics of traditional polyester (including high gloss, good weather resistance, and
biocompatibility), waterborne polyester (WPE) also has the advantages of low VOC, low
toxicity, lack of odor, nonflammability, ease of disposal, and so on [2,3]. These characteristics
make waterborne polyester attract lots of attention in coatings, adhesives, biomedical
applications, and other fields [4–6].

According to whether an emulsifier is used in the preparation process, WPEs can be
divided into two groups: external-emulsifying polyester and self-emulsifying polyester.
The emulsifiers are required in the preparation of external-emulsifying WPE. There are often
residual emulsifiers in the prepared emulsion which would migrate to the surface of the
emulsion in the film-forming process. This event would affect the performance of emulsions,
as well as reduce the surface evenness and the water resistance of cross-linked films [7]. Self-
emulsifying WPE can be roughly divided into ionic and nonionic types according to their
hydrophilic components. The ionic WPE usually contains carboxyl groups or sulfonic acid
groups. When Ma et al. [8] prepared WPE with trimellitic anhydride as terminal groups,
the polyester dispersed well in water after neutralization, but the molecular weight was
below 2000 g mol−1, which would limit its application scope. Zhang et al. [9] introduced
5-sulfoisophthalic acid monosodium salt into the molecular backbone and obtained a
WPE with a solid content of 10%. Although the ionic polyesters are facile in synthesis
and dispersing procedures, there are still defects to be resolved. The anionic polyester is
usually difficult to apply in acidic environments and has poor compatibility with certain
additives and inert pigments, [10] and the sulfonate-based polyesters are corrosive to metal
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substrates [11]. Waterborne polyester prepolymer with a molecular weight of around
6000 g mol−1 usually exhibits better comprehensive properties and is suitable for the
classical hardening formulations, [12] but it was difficult for ionic WPE to achieve such a
molecular weight. For the carboxyl-terminated polyester, decarboxylation is unavoidable
at high temperatures; moreover, only terminal carboxyl groups cannot provide sufficient
hydrophilic capacity for high molecular weight polyester [13]. For the multi-carboxyl
containing polyester, the uncontrolled branching reaction between carboxyl groups and
polyols would limit the growth of molecular weight [14]. For the sulfonate-based polyester,
the molecular weight of polymer decreases when a sulfonic acid monomer is involved in
copolymerization [15]. Moreover, ionic WPEs are usually poor in hydrolysis resistance.
Non-ionic WPEs, which rely on polyethylene glycol (PEG) segments on the main chain
to achieve water-dispersibility, would sacrifice the hydrolysis resistance and mechanical
properties, as well as the hydrophilicity of the obtained polymer is usually weak. [16,17].

Therefore, researchers have made some attempts to explore other methods for the
preparation of water solubility polymers [18]. It was found that by grafting the hydrophilic
segments as side chains to the molecular backbone, the molecular weight of the WPE was
improved, as was the mechanical property, etc. [19,20] Li et al. [20] used dimethylolpro-
pionic acid modified by PEG to synthesize a polyester prepolymer. After conducting a
reaction with isocyanate, a series of non-ionic waterborne comb-like polyurethane were
obtained. With the increase in the comb-like polyester segment, the elongation at break
(ε) of the product increased by 30%, and the solid content increased from 20% to 30%.
However, the modification process has to undergo tedious protection and deprotection
procedures. Taniguchi et al. [21] prepared a water-soluble, comb-like polyester through a
chemoselective reaction between PEO side chains and ketone-bearing polyester; however,
the water-solubility and mechanical properties of these polymers were not discussed in
detail, and the synthetic pathways were complex, involving multiple steps with multiple
catalysts. Furthermore, when side chains with a certain steric hindrance were grafted
to the molecular skeleton to form a comb-like structure, the ester bonds of the polyester
were protected according to the “rule of six” theory, and the hydrolysis resistance of the
WPE would be improved [22]. However, the synthesis of polyesters with side chains or
side chain functionalized groups usually require complex multistep reactions under harsh
conditions including multiple expensive catalysts and long reaction times, which usually
leads to the degradation of polyester chains in deprotection reactions [21,23]. In recent
years, the aza-Michael addition, which is considered as a very efficient method to create
new C-N bond and β-amino carbonyl derivatives, has attracted the attention of researchers
in the post-polymerization modification of polymers [24–26]. The aza-Michael addition
proceeds between a nucleophilic amine and an electron-deficient alkene. Interestingly,
dimethyl maleate, a common structural unit in polyester, has been confirmed to be a class
of Michael receptors with high reactivity and selectivity [27]. Bosica et al. [28] demon-
strated that dimethyl maleate could undergo an efficient Michael addition reaction with
various aliphatic amines at room temperature without any catalyst. Yu et al. [29] also
confirmed that the primary amines with different chain lengths react efficiently with cis-
methyl maleate and that the obtained sample was highly functionalized, with the addition
reaction being almost irreversible. These works inspire us for preparing NWCPE via green
aza-Michael addition.

This work aims to develop a facile and green methodology for preparing self-dispersible
NWCPE. By step-growth polycondensation and aza-Michael addition, the NWCPE with
hydrophilic polyether-amines Jeffamine M-1000 as side chains was prepared. In this
way, the properties of waterborne polyester, such as molecular weight, storage stability,
hydrolysis resistance, and mechanical properties have been improved. The results exhibited
that the NWCPE has excellent application prospects in eco-friendly waterborne coating.
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2. Materials and Methods

2.1. Materials

Maleic acid (MA), hexanedioicacid (HA), n-butyl titanate (Ti(OBu)4), methanol, chlo-
roform, and p-toluene sulfonic acid (TsOH) were obtained from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). In addition, 1,4-cyclohexanedimethanol (CHDM), 1,6-
hexanediol (HG), eopentyl glycol (NPG), and dibutyltin dilaurate (DBTDL) were purchased
from Aladdin Reagents Co., Ltd. (Shanghai, China). Jeffamine® M-1000 was commercial-
ized by Huntsman Corp. (Texas, USA). Waterborne non-ionic hexamethylene diisocyanate
trimer (WHDIT, with a -NCO content of 19.5 ± 0.5%) was purchased from Habo Chemical
Co., Ltd. (Wuhan, China).

2.2. Methods
2.2.1. Synthesis of Linear Polyesters

The mixture of monomers (MA, HA, HG, CHDM, and NPG), catalyst (0.6 mol%
with respect to the diacids), and antioxidant 4-methoxy phenol (0.5 wt% related to all
reactants) were added to a 100 mL three-neck round-bottom flask, which was equipped
with a mechanical agitator, a nitrogen inlet, and a condenser. Firstly, the mixture was stirred
at 180 ◦C (760 mmHg) under N2 atmosphere for 5h. Secondly, the pressure of the system
was gradually decreased to 0.3–2 mmHg, and the mixture was stirred under vacuum until
an apparent Weissenberg effect (the viscoelastic liquids climb up to a rotating rod) was
observed. The product was dissolved in chloroform, followed by precipitation with a
large amount of cold methanol. Following this, a pale yellow, transparent, viscous, linear
polyester was obtained.

2.2.2. Synthesis of Comb-like Polyester

Once the linear polyester was dissolved in chloroform, the Jeffamine M-1000 was
added to the solution at a ratio of 10:3 ([maleate units]/[Jeffamine], mol/mol), and the
mixture reacted at room temperature for 10 h. The mixture was precipitated by being
poured into diethyl ether and was then dried in a vacuum oven. The obtained comb-like
polyester was a light yellow fluid and its viscosity was lower than the linear polymer
prepared in previous step. The synthesis route of comb-like polyester was displayed in
Scheme 1.

Scheme 1. The synthesis route of comb-like polyester.
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2.2.3. Preparation of Non-Ionic Waterborne Comb-like Polyester (NWCPE) Dispersion

The dried comb-like polyester was dispersed by adding deionized water dropwise at
60 ◦C under a mechanical dispersion process at 1500 rpm, after which a light yellow and
transparent NWCPE dispersion with 40% solid content was obtained. The formulations of
different linear polyester and NWCPEs were listed at Table 1.

Table 1. The formulation and synthesis condition of NWCPEs.

Sample (a) Catalyst
Reaction

Temperature (◦C)

Diacid Dosage (mol) Diol Dosage (mol)
Functionality (b)

MA HA CHDM HG NPG

Entry-1L DBTDL 180 0.05 0.05 0 0.084 0.021 /
Entry-2L Ti(OBu)4 180 0.05 0.05 0 0.084 0.021 /
Entry-3L

TsOH 180 0.05 0.05 0 0.084 0.021
/

Entry-3C 4.94

Entry-4L TsOH 140 0.05 0.05 0 0.084 0.021 /
Entry-5L TsOH 170 0.05 0.05 0 0.084 0.021 /
Entry-6L TsOH 190 0.05 0.05 0 0.084 0.021 /

Entry-7L
TsOH 180 0.03 0.07 0 0.084 0.021

/
Entry-7C 3.52
Entry-8L

TsOH 180 0.04 0.06 0 0.084 0.021
/

Entry-8C 4.16
Entry-9L

TsOH 180 0.06 0.04 0 0.084 0.021
/

Entry-9C 5.63
Entry-10L

TsOH 180 0.07 0.03 0 0.084 0.021
/

Entry-10C 7.48

Entry-11L
TsOH 180 0.05 0.05 0.021 0.063 0.021

/
Entry-11C 4.48
Entry-12L

TsOH 180 0.05 0.05 0.042 0.042 0.021
/

Entry-12C 4.82
Entry-13L

TsOH 180 0.05 0.05 0.063 0.021 0.021
/

Entry-13C 5.15
Entry-14L

TsOH 180 0.05 0.05 0.084 0 0.021
/

Entry-14C 5.21

(a) The linear and comb-like polyesters in same formula were distinguished by suffix letters: Entry-L represented
the linear polyester and Entry-C represented the comb-like polyester; (b) the functionality (i.e., the number of
side chains on a molecular chain) was calculated with 1H NMR spectroscopy and GPC data. (The calculation
method was based on the protons of HA units (-OOCCH2(CH2)2CH2COO-) and the protons of the residual trans
MA units.)

2.2.4. Cross-Linking of the NWCPE Dispersions

The synthesized NWCPE dispersion and curing agent WHDIT were fed in a ratio of
-NCO/-OH = 1.5:1.The mixture was diluted to solid content of 35% with deionized water
under stirring. The mixture was stirred for 15 min and then coated on a glass plate or clean
tinplate After drying to constant weight at room temperature, the film was taken out for
further testing.

2.3. Characterizations

Fourier transform infrared spectroscopy. FTIR of samples was performed by Thermo
Nicolet Fourier transform infrared spectroscopy (Thermo Fisher, Waltham, MA, USA) with
the attenuated total reflectance (ATR) method. The scanning range was 4000–500 cm−1.

Nuclear magnetic resonance. 1H NMR spectra of samples were taken on a Bruker
Avance-400 MHz spectrometer in deuterated chloroform.

Particle size. Malvern Zetasizer Nano Model ZS90 was used to measure the particle
size and distribution (PDI). The sample was diluted before testing (<0.01 wt %).
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Solid content. The solid content of the sample was determined according to GB/T
1725-1979:

Solid% =
Dried sample weight
Initial sample weight

×100% (1)

Gel permeation chromatography (GPC). The Waters-515 gel permeation chromato-
graph (US WATERS Corporation) equipped with a Waters-2414 refractive index detector
was used to measure the number-average molecular weight (Mn) and weight-average
molecular weight (Mw) of the samples. THF was selected as eluent with polystyrene
as calibration.

Viscosity. The viscosity of NWCPE dispersions was measured by DV-79 digital vis-
cometer. The E-type rotor was selected and tested at 75 r min−1.

Water resistance. According to the national standard GB/T 1733-1993, the film was
boiled in boiling deionized water for 2 h. The state of the film was observed.

Scratch experiment. The adhesion of the film coated on the tinplate was evaluated
according to GB/T 9286-1998.

Pencil hardness. The pencil hardness of the film coated on the tinplate was tested
according to GB/T 6739-2006.

Mechanical properties measurement. The tensile property of the film was tested
according to the ASTM D 638 by using the Electronic Universal Testing Machine from MTS
SYSTEMS (China) Co., Ltd. (Shanghai, China), at a crosshead speed of 10 mm min−1.

Light transmittance. The transmittance of the cross-linked NWCPE sample was tested
by an ultraviolet−visible spectrometer (UV-3600, Shimadzu, Japan).

Scanning electron microscopy (SEM). The film was coated with gold at a voltage of
5 kV, and the sample was observed on a field emission scanning electron microscope (SEM,
Zeiss Sigma, Germany).

Differential scanning calorimetry (DSC). TA Q2000 DSC Instrument (TA Instruments,
New Castle, DE, USA) was used to test the glass-transition temperature (Tg) and the
measurement was carried out in a nitrogen atmosphere at a temperature range of −80 ◦C
to 100 ◦C at a rate of 10 ◦C min−1.

Thermogravimetric analysis (TGA). The thermal stability of the sample was measured
with a TG 209 F1 thermogravimetric analyzer from NETZSCH (Selb, Germany). The
measurement was carried out in a nitrogen atmosphere at a temperature range of 30 ◦C to
650 ◦C and at the heating rate of 10 ◦C min−1.

3. Results and Discussion

In this work, a MA units containing linear polyester was synthesized by step-growth
polycondensation. Following this, the hydrophilic polyether was grafted to the molecular
skeleton as side chains through aza-Michael addition to prepare NWCPE.

3.1. Structure Characterizations

The 1H NMR data of Entry 3L and Entry 3C are given as a representative in Figure 1.
The characteristic signal at 6.24 ppm originates from cis double bonds and the signal
at 6.85 ppm belongs to trans double bonds. After the completion of the step-growth
polycondensation, the integral area ratio of cis double bonds to trans double bonds was
about 3:1, indicating that 25% of the cis units isomerized to trans units. The signal of the
cis double bonds (δ = 6.24 ppm) disappeared and the signal of the trans double bonds
(δ = 6.85 ppm) increased slightly after aza-Michael addition. The reason for this was that
part of the cis units participated in the addition reaction and partially isomerized into the
trans units [29]. The newly emerging signals at 4.02–3.98 ppm (−OOCCH2CHNHCH2−)
and 2.69 ppm (−OCOCH2CHNHCH2−) belong to the reacted cis units’ proton. According
to the integration analyses of the ratios between the two new signals and the trans signal
peaks, the functionalization extent of the polyester was about 31%.
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Figure 1. The 1H NMR of linear polyester (a), and comb-like polyester (b).

The FTIR spectrum and the second derivative spectrum of both Entry 3L and Entry 3C
are shown in Figure 2. The broad absorption peak at 3545 cm−1 is the stretching vibration
peak of O−H, and the absorption peak at 3420 cm−1 in the spectrum of comb-like polyester
is the stretching vibration peak of N−H. The stretching vibration peaks of −CH3 and −CH2
appear at 2936 cm−1 and 2862 cm−1, and the peak at 1459 cm−1 belongs to −CH3 and −CH2
bending vibration. The difference of the peak at 1723 cm−1 was amplified by the second
derivative spectrum. The peak at 1740 cm−1 belongs to the carbonyl ester C=O, which is
attached to C−C bonds. The peak that appears at 1700 cm−1 is ascribed to the carbonyl
ester C=O attached to the C=C bonds. The two peaks at 1253 cm−1 and 1102 cm−1 belong
to the asymmetric stretching vibration and symmetric stretching vibration of the carboxyl
group C−O−C, respectively [30]. After the aza-Michael addition was accomplished, the
ratio of the C−O−C peak intensity to the C=O peak absorption intensity increased, which
indicated that the addition reaction was successful. The two peaks observed at 1640 cm−1

and 976 cm−1 are ascribed to the C=C tensile vibration and the trans C=C−H out-of-plane
bending vibration, respectively. The peak intensity at 976 cm−1 was enhanced after aza-
Michael addition, which indicates that cis units reduced in the addition process.

Figure 2. The FTIR spectrum and the second derivative spectrum of linear polyester and comb-like
polyester.
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3.2. The Influence of Various Factors on Polyester and Polyester Dispersion

The aza-Michael addition proceeds between a nucleophilic amine and an electron
deficient alkene. In this work, the electron deficient alkene was the cis MA units, and the
Jeffamine M-1000 acted as the nucleophilic amine. The cis double bonds of MA would
isomerize into trans units in both polymerization and aza-Michael addition process, [31]
but the amino-terminated hydrophilic polyether is more likely to react with cis double
bonds in addition reaction [29,32]. The amount of the side chains was closely related to
the cis MA units’ content on the molecular skeleton, which determined the hydrophilic
nature and stability of the NWCPE dispersions. Moreover, in the polycondensation process
a side reaction called Ordelt saturation took place between the hydroxyl group of the
diol monomers and the double bonds of the unsaturated diacid. This interaction should
be avoided, because it would lead to uncontrollable branching [33,34]. The routes of
Ordelt saturation were described in Scheme 2. In the polycondensation process, the
isomerization extent is related to various factors including reaction temperature and the
type of catalyst. At the same time, the Ordelt saturation reaction is more likely to proceed
at high temperatures. In addition, the properties of the NWCPE and the cross-linked film
are related to the type and dosage of the monomers. Hence, it was worth studying the
influence of the synthesis conditions such as catalyst type, reaction temperatures, and the
dosage of different monomers on the polymer.

Scheme 2. The Ordelt reaction, cis and trans C=C bonds saturate with diol.

3.2.1. Effect of the Catalyst Type

In previous works, various catalysts have been explored for the preparation of polyesters,
including organometallic compounds Ti(OBu)4 [35,36], DBTDL [37], and acid TsOH [38,39].
In this paper, we investigated the influence of the catalyst type on the isomerization extent
and molecular weight of the polyester. As shown in Table 2, when the Ti(OBu)4 was
selected as the catalyst, higher molecular weight polyester was obtained, but the severe
isomerization made it unsuitable for this system. Although the isomerization extent was
well controlled with DBTDL as the catalyst, the molecular weight (2820 g mol−1) could
be further improved. When TsOH was selected, the Mn of the synthesized polyester
was about 5870 g mol−1, the isomerization extent was below 25%. Because the catalytic
activity of Ti(OBu)4 was the higher than both TsOH and DBTDL, the Entry 2L was the
largest in molecular weight, but the excessive degradation reactions of Ti(OBu)4 during
polymerization process resulted the darkest color of the sample [37]. Moreover, the catalysts
play an important in the isomerization process, which was usually used to manufacture
fumarate from maleate [40], and the different isomerization extent using different catalysts
may be related to the nucleophilicity [41] and rigidity [42] of the catalyst. In general, TsOH
was more suitable as a polycondensation reaction catalyst in this work.

Table 2. Effect of catalyst type on the polymerization and properties of polyester.

Sample Catalyst cis:trans Mn (g mol−1) Mw/Mn Appearance

Entry-1L DBTDL 83:17 2820 2.12 Light yellow transparent
Entry-2L Ti(OBu)4 62:38 14330 2.25 Dark brown transparent
Entry-3L TsOH 75:25 5870 2.05 Yellow transparent
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3.2.2. Effect of the Reaction Temperature

The reaction temperature is a significant yet complicated factor in polycondensation.
High reaction temperatures were usually accompanied by some negative influence, includ-
ing unwanted Ordelt saturation reaction and severe isomerization, whereas the polyester
obtained at low temperature was usually lower in molecular weight [29,43]. As depicted
in Figure 3, four samples were prepared under different reaction temperatures ranging
from 140 ◦C to 190 ◦C. During the polymerization, the temperature must exceed 140 ◦C
to maintain the molten state of the monomers. As shown in Figure 3a, the isomerization
extent increased from 7% to 42% when the reaction temperature gradually increased from
140 ◦C to 190 ◦C. The driving force of the isomerization behavior is regarded to be that the
trans isomer possesses higher energetic stability. The sufficiently thermodynamic driving
force was obtained at a high temperature, which might lead to uncontrolled isomeriza-
tion [44]. The cis units served as grafting sites for hydrophilic side chains, and its content
was closely related to the water dispersibility of the synthesized polyester. An excessive
degree of isomerization would result in insufficient grafting sites, leading to polyester that
is difficult to disperse in water. In addition, even in the presence of antioxidants, when the
temperature reached 190 ◦C, obvious gelation caused by Ordelt saturation reaction was
observed, leading to the low yield. As shown in Figure 3b, the Mn of polyester ranged
from 3410 g mol−1 to 6410 g mol−1 with the reaction temperature rising. The cause might
be that the viscosity decreases with the increasing temperature, which accelerated the
discharge of water. This drove the polymerization reaction forward further. In addition,
4-methoxyphenol was selected as a radical quencher to suppress the Ordelt saturation
reaction in this manuscript. Satisfactorily, this was successful, as was confirmed by the
relatively low molecular weight distribution value as shown in Figure 3b, which indicated
the Ordelt saturation reaction was effectively suppressed [29]. On the whole, it was more
reasonable to set the reaction temperature to 180 ◦C.
 

Figure 3. Effect of reaction temperatures on the isomerization extent and yield (a), Mn and Mw/Mn

(b) of polyester.

3.2.3. The Influence of MA/HA Monomer Ratio

The water dispersibility and storage stability of the NWCPE dispersions were affected
by the density of side chains, which was related to the dosage of MA. The influence of
the MA content was investigated with all other reaction parameters (the formulation of
monomers, catalyst, inhibitor, and the reaction time), which were kept invariable. As
we can see in Figure 4a, at the same reaction temperature the isomerization extent of
the polyester was not significantly affected by the MA content, which stayed at 25−30%.
As shown in Figure 4b, the Mn of the linear polyester increased from 4950 g mol−1 to
7230 g mol−1, with the content of MA increasing from 30% to 70%. This behavior might be
related to the higher reactivity of MA as compared to HA during the polycondensation.
In the same reaction time, it was found that the more reactive the monomer, the greater
the polymerization extent, resulting in a larger molecular weight. All samples exhibited
a reasonable polydispersity value, ranging between 2.05–2.79 for linear polyester. This
indicates that no branched polymers were brought during the polymerization [33]. After
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functionalization was complete, the corresponding comb-like polyesters were obtained.
As shown in Figure 4c, the Mn of the comb-like polyester changed from 6530 g mol−1 to
8950 g mol−1 with polydispersity ranging from 2.34 to 2.94. Because of the extra volume
gained from the side chains, the Mn of comb-like polyesters increased slightly after the
addition, and the polydispersity also became wider. In addition, the longer polyester
possessed more side chains, which was related to the hydrophilic of NWCPE dispersion.

Figure 4. Isomerization extent and yield (a), Mn and Mw/Mn of linear polyester (b) and comb-like
polymer (c), particle size and viscosity (d) of polyester dispersions in different MA/(MA + HA).

The self-dispersing ability in water of NWCPE dispersions with different MA content
is shown in Figure 4d and Table 3. Due to the free hydrophilic side chains, Jeffamine
M-1000 swelled well in water and provided good dispersion capability, and all of the
polyesters were able to be self-dispersed in the water. With the content of MA improved
from 30% to 50%, the amount of side chains increased from 3.52 to 4.94, the hydrophilicity
of the polyester was significantly enhanced, and the particle size gradually decreased.
However, with the further increase in the number of side chains, the particle size showed
an increasing trend. The reason might be due to the following factors. As the number of
side chains increased from 3.52 to 4.94, the hydrophilicity of the polymer increased. At
the same time, owing to the increase in side chains, the intermolecular repulsion increased
and the intermolecular aggregation decreased. All of these led to a decrease in particle size.
On the other hand, as the MA dosage continued to increase, the molecular weight of the
polymer increased slightly. Meanwhile, the polyester particles were greatly softened with
an increase in flexible polyether-amine segments. The soft particles tended to coalesce under
the external shear force during the emulsification process [45,46]. Hence, the particle size
of dispersions decreased and then increased with the increase in the number of side chains.
The storage stability of dispersions is related to the average particle size and viscosity [47].
The prepared dispersions were metastable systems because of the small average particle
size [48]. In addition, with the increase in the density of side chains, the viscosity of the
dispersion decreased. The reason might be that, with the increase in the number of side
chains, the hydrophilic components of the polyester increased, and the hydrodynamic
volume of particles decreased [49–51]. When the number of side chains exceeded 4.94,
the viscosity was lower than 120 mPa·s and the particle size of the dispersion was below
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100 nm. According to Stokes’ law, dispersions with small particle size and low viscosity
are more prone to precipitate [47]. As a result, the storage stability of the dispersions
deteriorated seriously and obvious flocculation was observed in less than 30 days. As for
the coating properties, with the MA content increased from 30% to 70%, the pencil hardness
of cured films was maintained at B, the adhesive property was kept at level 1, and all cured
films exhibited good water resistance. In summation, when the content of MA was 50%,
the prepared NWCPE dispersion and cross-linked film possessed good performance.

Table 3. The properties of NWCPE dispersions and cured films with different MA dosage.

Sample MA Content Dispersion Appearance Pencil Hardness Adhesion Water Resistance Storage Stability

Entry-7C 30% Milky white,
untransparent B 1◦ Transparent >180 d

Entry-8C 40% Light yellow, transparent B 1◦ Transparent >180 d
Entry-3C 50% Light yellow, transparent B 1◦ Transparent >180 d
Entry-9C 60% Flocculation / / / <30 d
Entry-10C 70% Flocculation / / / <30 d

3.2.4. The Influence of the Rigid Monomer Content

Since our objective is to synthesize a co-polyester with good comprehensive proper-
ties, mechanical properties are of great concern to us. As such, the toughness monomer
CHDM was introduced into the molecular skeleton [52–54]. Although the transforma-
tion of isomerization is mainly affected by the steric hindrance effect of the polymer, the
synthesized polyesters exhibited almost no difference in isomerization extent (all were
around 25%) with the increase in CHDM dosage. The reason for this might be that the
two primary hydroxyl groups of CHDM are widely separated [31]. The result indicated
that this method is universal and applicable to a wide variety of diols. As can be gathered
from Figure 5a,b, the Mn of all linear polymer ranged from 5850 g mol−1 to 6810 g mol−1

with the polydispersity ranging between 2.03–2.27, the Mn of comb-like polymer ranged
from 7590 g mol−1 to 8810 g mol−1, with the polydispersity ranging from 2.32 to 2.48. All
synthesized polyesters were similar in molecular weight and polydispersity, indicating that
the step-growth polycondensation of the system was not significantly affected when the
HG was replaced with CHDM.

As shown in Figure 5c, all synthesized comb-like polyesters only showed one glass
transition temperature, indicating that the polyesters were random co-polyesters. As
the content of rigid monomer CHDM increased, the Tg of the polyester rose slightly.
Furthermore, the crystal behavior existed in some samples, and it was found that the higher
the CHDM content, the higher the crystallization temperature. The mobility of the NWCPE
molecule was limited when the soft monomer was replaced by more than 60%. Therefore,
the crystal behavior was not observed in samples CHDM 60% and CHDM 80% [55]. After
the NWCPE was cross-linked with the WHDIT, the Tg increased significantly, and, due to
further restricted in the movement of polymer chains, no crystallization melting behavior
was observed.

As we can see from Figure 5d, after dispersing into water the average particle size
of NWCPE dispersions ranged from 30.3 nm to 84.4 nm with the pdi value below 0.25.
When the CHDM was introduced to the polyester sparingly, there was nearly no difference
in average particle size, but the polyester particle size increased significantly when the
CHDM content exceeded 40%. It might be that when the soft monomer HA was largely
replaced by the more rigid monomer CHDM, the movement of the polymer chains was
limited, resulting in poorer swelling of the NWCPE. Owning to the similar molecular
weight and the density of side chains, the hydrodynamic volume of the NWCPEs in water
with different CHDM content was relatively close, and the viscosity of all the dispersions
was at about 130 mPa·s [56]. The storage stability would be similar naturally when the
dispersions were closely in the particle size and viscosity.
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Figure 5. Molecular weight and polydispersity for linear polyester (a) and comb-like polyester (b),
DSC curves of comb-like polyester and part of cross-linked polyester (c), and average particle size of
dispersions (d) in different CHDM content.

As shown in Figure 6a, all polyester dispersions were alkaline because of the polyether-
amine side chains, and the pH value of dispersions decreased during storage. In this
work, the ΔpH of prepared dispersions was below 0.8 after 2 months of storage at room
temperature. As mentioned in previous work, the pH of polyester dispersions changed
above 1.5 after just 20 days of storage [57]. As we can see from Figure 6b, after 6 months of
storage, the Mn of the polymer just decreased by a few hundred Da, and the change was
less than 10%, while the Mn of polyester which, in other work, dropped by 40% after only
being stored for one week [58]. This result indicates that the prepared NWCPE dispersions
possess stronger hydrolysis resistance than waterborne ionic polyester. Furthermore, after
the CHDM was utilized as a monomer, the decline in pH value and Mn were arrested,
which was also related to the hydrolysis resistance of CHDM.

Figure 6. The ΔpH of dispersions (a), and ΔMn of comb-like polyester after storage for 6 months
(b) in different CHDM content.

The hardness of the coatings is related to the cross-linking density of networks and
the chemical structure of the prepolymers [59]. As displayed in Table 4, the pencil hardness
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of the cross-linked coating increased with the increase in the CHDM content. The reason
might be that the rigidity and the intermolecular force of the cured polyester increased
with the increasing rigidity of diol. However, when the CHDM content reached 40%, the
improvement of the rigid monomer dosage showed little effect on the hardness of the film.
After the cross-linking process was accomplished, many urethane bonds were formed on
the molecule, which grants that all cross-linked coatings exhibited good adhesion on the
tinplate substrate. With the increasing dosage of CHDM, the molecular rigidity increased as
well. The aliphatic chain length decreased compared to HA, but due to the steric hindrance
of the side chains, the internal stress displayed almost no change [60]. As a result, the
adhesion did not decrease with the utilization of CHDM. Because of the hydrophilic polar
groups, the waterborne coatings are more sensitive to moisture, hence demonstrating
that water resistance is an important factor in determining their application. Because
the hydrophilic segments of the waterborne non-ionic polymer acted as side chains, all
cross-linked films displayed good water resistance.

Table 4. The properties of NWCPE dispersions and cured films with different CHDM dosage.

Sample CHDM Content Dispersion Appearance Pencil Hardness Adhesion Water Resistance Storage Stability

Entry-3C 0% Light yellow, transparent B 1◦ Transparent >180 d
Entry-11C 20% Light yellow, transparent HB 1◦ Transparent >180 d
Entry-12C 40% Light yellow, transparent H 0◦ Transparent >180 d
Entry-13C 60% Light yellow, transparent H 0◦ Transparent >180 d
Entry-14C 80% Dark yellow, transparent H 0◦ Transparent >180 d

3.3. Thermogravimetric Analysis

The thermal degradation behaviors and DTG curves of Entry 12C are shown in
Figure 7, and some crucial data are also displayed. The degradation curve of the cross-
linked polyester in the first step was almost the same as the pure polyester, which was
reflected by the same 5% weight loss temperature (327 ◦C) and the maximum weight loss
rate temperature (403 ◦C). This step degradation was attributed to the ester and aliphatic
moieties. The Tmax2 (455 ◦C) was observed in the cross-linked sample, which indicated the
cross-linked polyester degraded by a multistep process. The reason might be that the hard
segment urethane bonds formed after cross-linking, which reduced the migration of the
chain segments. The thermal stability of the material was enhanced after cross-linking [61].

Figure 7. TG and DTG of NWCPE and cured polyester film.
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3.4. Tensile Properties of the Cross-Linked NWCPE Films

The tensile properties of cross-linked NWCPE films were summarized in Table 5, and
the stress–strain cures were listed in Figure 8. Mechanical properties are crucial for polymer
materials which directly affect their industrial applications. The tensile strength increased
from 3.1 MPa to 5.9 MPa after CHDM being introduced into the molecule. But when the
content of CHDM reached 40%, the strength of the polymer no longer increased with the
increase in the CHDM content. In addition, the toughness even decreased slightly due
to the excessively high content of this rigid monomer. The result may be related to the
following factors. First, the utilization of CHDM enhanced the rigidity of the polymer
which could restrict the movement of the molecular chains, and the intermolecular force
was increased, resulting in improved mechanical properties. Secondly, the molecular
weight of the polymers were slightly different. Polyester with minor Mn contained more
terminal hydroxyl groups in the same mass, resulting in a slightly larger cross-linking
density during the curing process. The stress–strain curves of all of the films showed typical
plastic deformation, and the elongation at the break (ε) of the films were all basically above
70%. The cause might be the following two factors. First, the synthesized polyester has low
crystallinity, leading to high mobility between molecular chains. Secondly, the polyether-
amine side chains are similar to a spring and increased the ductility of the molecular.
The tensile properties of cured NWCPE were better than some cured ionic waterborne
polyesters, some of which were about 2–3 MPa [3,62,63].

Table 5. Tensile properties of cross-linked films.

CHDM Content 0% 20% 40% 60% 80%

σ (MPa) 3.1 ± 0.2 5.2 ± 0.2 5.9 ± 0.2 5.8 ± 0.3 5.2 ± 0.3
E (MPa) 4.0 ± 0.4 10.1 ± 0.3 5.8 ± 0.5 6.7 ± 0.8 4.8 ± 0.7

ε (%) 70.3 ± 0.8 51.6 ± 0.6 88.1 ± 0.4 73.2 ± 0.9 90.5 ± 1.2

Figure 8. Stress-strain profiles of cross-linked films.

3.5. The Morphology and Light Transmittance of the Cured Film

As shown in Figure 9a,c, the neat cross-linked film was transparent, and, at the
entire visible wavelength range, the light transmittance of the film was high. In addition,
owing to the absence of emulsifier, no surfactant molecules migration during the film-
forming process was observed, and the surface of the film was smooth and flat according
to Figure 9b [64]. At the same cross-linking density, the CHDM content exerted almost no
influence on the transmittance of the film. The SEM and photographic images of cured
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Entry 12C (CHDM 40%) were taken as examples. The high transparency was attributed
to the following reasons. First, the synthesized NWCPEs have good compatibility with
the curing agent WHDIT and there was not significant macrophase separation during the
cross-linking procedure. Second, the surface of the film was smooth, which was hard for
scattering light [65]. As such, the low crystallinity of the WCPE may also contribute to the
high transmittance of the film.
 

 

Figure 9. The light transmittance (a), SEM image (b), and photograph (c) of cross-linked films.

4. Conclusions

In this paper, MA, HA, CHDM, HG, and NPG were first used as monomers to syn-
thesize linear polyesters by step-growth polycondensation. After this, the hydrophilic
segment Jeffamine M-1000 was grafted to the polymer backbone by aza-Michael addition to
prepare the NWCPE. The optimal reaction conditions were verified as TsOH as the selected
catalyst, a reaction temperature of 180 ◦C, a MA/HA ratio of 5:5, and the content of the
rigid monomer CHDM at 40%. In this condition, NWCPE with a molecular weight of about
8000 g mol−1 was prepared. After dispersing into water, the dispersion with a solid content
of 40% and the particle size was appropriate with narrow distribution. The dispersion
was good in storage stability and remained stable after 6 months. The good hydrolysis
resistance was identified by the slight drop in pH after two months and little change in
Mn of the dispersion. After cross-linking with the curing agent, a transparent film with
good mechanical properties and water resistance was obtained. The hardness of the film
was H, and the adhesion level on the tinplate reaches level 0. The tensile strength of the
film was 5.9 MPa, and the ε was about 88%. This work provides ideas for the synthesis
and functionalization of waterborne polyesters. These synthesized polymers have wide
application prospects in environmentally friendly polymer materials.
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Abstract: Poly(methyl methacrylate) (PMMA) is widely used in aviation, architecture, medical treat-
ment, optical instruments and other fields because of its good transparency, chemical stability and
electrical insulation. However, the application of PMMA largely depends on its physical properties.
Mechanical properties such as tensile strength, fracture surface energy, shear modulus and Young’s
modulus are increased with the increase in molecular weight. Consequently, it is of great significance
to synthesize high molecular weight PMMA. In this article, we review the application of conventional
free radical polymerization, atom transfer radical polymerization (ATRP) and coordination polymer-
ization for preparing high molecular weight PMMA. The mechanisms of these polymerizations are
discussed. In addition, applications of PMMA are also summarized.

Keywords: poly(methyl methacrylate); high molecular weight; polymerization; application

1. Introduction

Poly(methyl methacrylate) (PMMA), commonly known as plexiglass, is a kind of
polymer synthesized by free radical polymerization, ionic polymerization and coordination
polymerization [1–3]. Compared with ordinary glass (silica glass), PMMA not only has
a relatively low density, but also has a better crushing resistance. PMMA can be used as
an excellent functional polymer material due to its good biocompatibility [4]. Moreover,
PMMA is also widely used in medical technologies and photoelectronic devices as well as
other areas [5].

In general, the PMMA with a number-average molecular weight exceeding 106 Da can
be defined as ultrahigh molecular weight PMMA and the PMMA with a number-average
molecular weight exceeding 105 Da can be defined as high molecular weight PMMA [6,7].
Low molecular weight PMMA has limited applications because of its poor heat resistance,
poor wear resistance, poor organic solvent resistance, low hardness and easy combustion
features. It has long been known that the mechanical properties of PMMA largely depend
on its molecular weight [8–12]. Consequently, it is of great importance to develop feasible
polymerization routes for the synthesis of high molecular weight PMMA. Conventional free
radical polymerizations including emulsion polymerization and suspension polymerization
can be used to synthesize high molecular weight PMMA [13]. Since it was discovered by
Matyjaszewski in 1995 [14], atom transfer radical polymerization (ATRP) has become a
successful approach for the preparation of well-defined polymers. The synthesis of high
molecular PMMA by ATRP can also be realized. Other synthesis routes such as coordination
polymerization, reversible addition-fragmentation chain transfer radical polymerization
(RAFT) and plasma-initiated polymerization are also employed to prepare high molecular
weight PMMA [15].

In this review, synthesizing high molecular weight PMMA by conventional radical
polymerization, atom transfer radical polymerization and coordination polymerization
from the aspects of catalytic activity, initiation activity, molecular weight and mechanism
are discussed. Other polymerization methods, including reversible addition-fragmentation
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chain transfer radical polymerization (RAFT) and plasma-initiated polymerization, are
also described. Applications of high molecular weight PMMA and its copolymers on
medical, electricity and other areas are summarized. In addition, we briefly introduce some
achievements of our group in the synthesis of ultra-high molecular weight vinyl polymers.

2. Synthesis of High Molecular Weight PMMA

2.1. Free Radical Polymerization

Free radical polymerization is one of the most important technologies for industrial
production of polymers, owing to its simple operation and good reproducibility property.
Free radical polymerization including conventional radical polymerization, ATRP and
RAFT are effective methods for preparing high molecular weight PMMA. In this part, appli-
cations of conventional radical polymerization and ATRP for synthesizing high molecular
weight PMMA are mainly discussed.

2.1.1. Conventional Radical Polymerization

It is difficult to obtain the polymer with controlled molecular weight and narrow
molecular weight distribution by conventional radical polymerization because of the slow
initiation, fast growth and fast termination characteristics of conventional free radical poly-
merization. However, conventional free radical polymerization has an excellent advantage
for preparing high molecular weight polymers.

In general, the rate of free radical polymerization of vinyl monomer and the molecular
weight of its vinyl polymer mainly depend on initiation, propagation, and termination steps.
In a free radical polymerization, the rate of polymerization (Rp) should follow the equation
of Rp = kp[M][I]0.5(fkd/kt)0.5 (kp is the propagation rate constant; kd is the decomposition
rate constant; kt represents the termination rate constant; f represents the initiator efficiency)
and the kinetic chain length (υ) should follow the equation of υ = kp[M]/2(fkdkt[I])1/2 [16].
It indicates that the molecular weight of the polymer is increased with the decrease in
initiator concentration. Therefore, a low initiator concentration is needed for preparing high
molecular weight polymers. However, a low initiator concentration will cause the decrease
in polymerization rate (Rp) and it needs much longer reaction time to realize the preparation
of high molecular weight polymer with a high yield. Moreover, the polymerization will not
occur under an extremely low initiator concentration [16]. Therefore, a suitable reaction
system is essential for the synthesis of high molecular weight polymers.

Azodiisobutyronitrile (AIBN) and benzoyl peroxide (BPO) are the most commonly
used initiators in conventional radical polymerization. Figure 1 shows the mechanism of
conventional free radical polymerization of MMA initiated by BPO.

In a conventional free radical polymerization of MMA, PMMA can be synthesized
by bulk polymerization, emulsion polymerization and suspension polymerization. High
molecular weight PMMA can be prepared by bulk polymerization. However, it is difficult
to remove the generated heat in the polymerization, resulting in a generation of gel effect
and side reactions. Therefore, there is still obstacles to preparing high molecular weight
PMMA with high yield through bulk polymerization. Compared with ionic polymeriza-
tion, conventional free radical polymerization is more resistant to water. Consequently,
dispersion polymerization, suspension polymerization and emulsion polymerization using
water or other solvents as medium are proposed and used to synthesize high molecular
weight PMMA.

Commonly, in a free radical polymerization, the initiating and chain growing free
radicals are easily quenched by oxygen (O2), generating stable and inactive peroxyl radicals.
Therefore, it is important to solve the problem of oxygen inhibition in a radical polymer-
ization. Degassing of the polymerization environment with an inert inactive gas, such as
argon or nitrogen, is an effective method to prevent oxygen inhibition.
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Figure 1. Conventional radical polymerization of MMA initated by BPO.

Hsiao et al. [17] report a polymerization of MMA by using poly(1,1-dihydroperfluorooctyl
acrylate) [poly(FOA)] as a stabilizer, AIBN as an initiator, and supercritical CO2 as a reaction
medium. Due to the special properties of supercritical CO2, the dissolution capacity of
the solution is easily controlled by changing temperature and pressure. They find that
the molecular weight of PMMA is influenced by stabilizer concentration and monomer
concentration. A relatively higher monomer concentration is beneficial for preparing high
molecular weight PMMA, and the PMMA with a number-average molecular weight (Mn) of
3.16 × 105 Da has been synthesized. Subsequently, Hsiao et al. [18] also report a dispersion
polymerization of MMA with poly(FOA) as a stabilizer, AIBN as an initiator, and supercritical
CO2 as a reaction medium in the presence of helium. The high molecular weight PMMA with
a Mn of 3.65 × 105 Da is synthesized. The solvency of supercritical CO2 has an important
influence on the particle size and particle size distribution of the synthesized PMMA. The
solvency of supercritical CO2 can be adjusted by the addition of helium. Consequently, the
use of helium offers an attractive method for controlling the particle size and size distribution.

Lepilleur et al. [19] report a dispersion polymerization of MMA with poly(methyl
methacrylate-co-hydroxyethyl methacrylate)-g-poly(perfluoropropylene oxide) [P(MMA-
co-HEMA)-g-PFPO] as a stabilizer, AIBN as an initiator and supercritical CO2 as a reaction
medium. The effect of P(MMA-co-HEMA)-g-PFPO hyperbranched polymers with different
molecular weights on molecular weight of the synthesized PMMA is investigated, and the
PMMA with a high molecular weight of 3.55 × 105 Da has been synthesized. Actually, the
solubility of P(MMA-co-HEMA)-g-PFPO hyperbranched polymers has a significant effect
on the molecular weight distribution of PMMA, and P(MMA-co-HEMA)-g-PFPO with good
solubility is beneficial for synthesizing narrow molecular weight distribution PMMA.

Although the addition of stabilizers improves the dispersing ability of the monomer
in the polymerization system, it brings increased costs of production and post-processing.
Wang and coworkers find that the dispersion polymerization of MMA using AIBN as
an initiator and supercritical CO2 as a reaction medium in the absence of stabilizers can
realize the synthesis of high molecular weight PMMA [7]. It seems that the vapor-liquid
equilibrium (VLE) is one of the key factors of the molecular weight. For instance, the
polymerization conducted under 28.5–11.8 MPa, the PMMA with a low molecular weight
is obtained and MMA-CO2 mixture is in a homogeneous phase. However, when the
polymerization conducted below 9.2 MPa, the MMA-CO2 mixture is at VLE and the high
molecular weight PMMA (Mn = 1.31 × 105 Da) is synthesized.

Similarly to supercritical CO2, ionic liquids (ILs) are also an environmentally friendly
reaction medium. IL is a kind of low melting point (<100 ◦C) salt composed of a large
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volume of organic cation and an organic or inorganic anion [20,21]. ILs are widely inves-
tigated because of their advantages such as being non-volatile and non-flammable, and
having high solubility and recyclability. ILs can be used as plasticizers for PMMA and
poly(vinylidene fluoride) [22–24], and can also affect the formation of functional polymer
materials such as coordination polymers [25], silicon-containing gels [26], and macroporous
membranes [27].

Vygodskii et al. [28] report a free radical polymerization of MMA with AIBN as an
initiator and ILs as a solvent, and ultrahigh molecular weight PMMA with a weight-average
molecular weight (Mw) of 5.77 × 106 Da is synthesized. The used ILs are mainly composed
of 1,3-dialkylimidazole cations and BF−

4 PF−
6 , SbF−

6 , CF3SO−
3 , (CF3SO3)2N−, CH3COO−,

(CF3CF2)3PF−
3 and other anions. They find that the molecular weight is affected by ILs,

and ILs with a long carbon chain length are not beneficial forpreparing high molecular
weight PMMA.

Suspension polymerization has a similar polymerization mechanism for bulk poly-
merization. However, it is easier to control the heat and the viscosity in suspension
polymerization. Therefore, suspension polymerization is more promising for synthesizing
high molecular weight PMMA with high monomer conversion. Moreover, suspension
polymerization is also applied to prepare polymer-inorganic nanocomposites, which is
widely used in optics [29], photoconductors [30,31], and electronic equipment areas [32].
Regrettably, the polymer produced by suspension polymerization inevitably contains a
small amount of dispersant residue, which will affect the electrical properties of the product.

In fact, alongside a high molar ratio of monomer to initiator, a relatively low poly-
merization temperature is also needed for preparing high molecular weight polymers
using suspension polymerization. This is because of the suppression of chain termination
reaction and chain transfer reaction under low polymerization temperature. Therefore, a
low-temperature initiator such as 2,2′-azobis (2,4-dimethylvaleronitrile) (ADMVN) can use
to initiate the suspension polymerization of MMA at a low temperature.

Lyoo et al. [16] report a suspension polymerization of MMA conducted at 25 ◦C with
poly (vinyl alcohol) (PVA) as a suspending agent and 2,2′-azobis (2,4-dimethylvaleronitrile)
(ADMVN) as an initiator. The ultrahigh molecular weight PMMA with a Mn of 3.61 × 106 Da
and monomer conversion of 83% is synthesized at 25 ◦C with a polymerization time of
96 h. The feed ratio has an observable effect on polymerization and the molecular weight
of PMMA is increased with the decrease in the molar ratio of initiator to monomer. How-
ever, the polymerization fails to be realized when the molar ratio of initiator to monomer
decreased to 5 × 10−5. In the presence of silver nanoparticles, ultrahigh molecular weight
(Mυ = 3.70 × 106 Da; Mυ is viscosity-average molecular weight) PMMA is also synthesized
by suspension polymerization with PVA as a suspending agent and ADMVN as an initia-
tor [33]. Actually, the advantage of addition of silver microspheres not only promotes the
formation of PMMA/silver microspheres but is also beneficial in improving the polymeriza-
tion rate.

Emulsion polymerization is one of the most commonly used methods to synthesize
high molecular weight polymer owing to its high reactivity and property of simultaneous
increase in the polymerization rate and molecular weight. However, it is unavoidable to
add a large amount of emulsifier in emulsion polymerization, resulting in a decrement in
the properties of synthesized polymers. Consequently, both differential microemulsion
polymerization and soap free emulsion polymerization are developed and applied to the
synthesis of high molecular weight polymers.

Jiang et al. [34]. propose a microemulsion polymerization of MMA using sodium
dodecylsulfate (SDS) as a surfactant, 1-pentanol (n-Pt) as a co-surfactant, and ammonium
persulfate (APS) as an initiator. The dosage of surfactant is obviously decreased, which
provides beneficial conditions for the interaction between the free radicals and polymer
particles. Therefore, it is easier to synthesize PMMA with narrow molecular weight dis-
tribution and high molecular weight. By optimizing the conditions, the high molecular
weight PMMA with a weight-average molecular weight of 7.60 × 105 Da and a molecular
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weight distribution (Mw/Mn, PDI) of 1.40 has been successfully synthesized in their group.
Moreover, this polymerization method provides a new route for preparing multi-chain
PMMA particles. Norakankorn et al. [35] report a differential microemulsion polymer-
ization of MMA with SDS as surfactant and AIBN as initiator, and PMMA with a high
number-average molecular weight of 1.00 × 106 Da has been successfully prepared under
a condition of [MMA]:[SDS] = 130:1 (weight ratio). As an oil-soluble initiator is used in
this reaction, the particle nucleation is believed to take place in micelles and follow the
heterogeneous nucleation mechanism.

In recent years, the semiconductor nanoparticles composed of transition metal ions
and group VI and group VII ions have attracted much attention of chemists due to their
wide applications in solar cells, photovoltaics, biosensors, and environmental protection ar-
eas [36,37]. Based on this, the semiconductor nanoparticles mediated photopolymerization
of vinyl monomers has attracted the great attention of chemists [38,39]. In addition, the use
of O2 in the initiation mechanism has also been investigated in photopolymerization [40,41].

In the presence of O2, Dadashi-Silab et al. [37] find that the ZnO or Fe/ZnO semicon-
ductor nanoparticles can be used as photoinitiators for free radical polymerization of MMA
under the irradiation of UV light. The addition of triethylamine (TEA) and diphenyliodo-
nium hexafluorophosphate (Ph2I+PF6

−) can promote the polymerization, and the PMMA
with a Mn of 2.10 × 105 Da is synthesized via Fe/ZnO/TEA system. They believe that the
addition of TEA and Ph2I+PF6

− will promote the formation of radical capable of initiating
the polymerization. Mandal et al. [42] report a photopolymerization of MMA with ZnO
or ZnO/Ag nanoparticles as a catalyst under the irradiation of UV light. A relatively
high polymerization rate is achieved in the ZnO/Ag catalyst system, and the monomer
conversion is reached to 82% after 9 h. In the ZnO catalyst system, the polymerization
rate is comparatively slower, and the monomer conversion is only upped to 50% after 10 h.
The molecular weight of PMMA produced in the ZnO/Ag system is higher than in the
ZnO system, and the PMMA with a Mn of 1.94 × 105 Da is prepared. The mechanism has
also been investigated, finding that the hydroxyl radical generated due to the photolysis of
water by ZnO/Ag nanoparticle is the active species for the polymerization.

2.1.2. Atom Transfer Radical Polymerization (ATRP)

The high molecular weight polymer with a controlled structure is widely used in
crystallization characteristics control, rheology modification, mechanical performance and
morphology development [43]. Conventional free radical polymerization has the advan-
tage of preparing high molecular weight polymers. However, it is difficult to prepare
polymers with a controlled structure and a narrow molecular weight distribution through
conventional free radical polymerization. In 1995, Matyjaszewski and coworkers firstly
report a “living”/controlled polymerization of styrene via atom transfer radical polymer-
ization (ATRP) [14]. In 2001, Matyjaszewski and coworkers systematically summarized the
development of ATRP [44]. In this period, a series of catalytic systems were developed and
then used for the preparation of well-defined polymers. Nowadays, ATRP also becomes an
effective route for preparing high molecular weight polymers [45,46]. The mechanism of
copper mediated normal ATRP of MMA is shown in Figure 2.

As shown in Figure 2, under the catalysis of a transition metal complex (CuIX/L), the
radical (R•) is formed via a reversible redox process which undergoes an abstraction of a
halogen atom (X) from a dormant species (R-X). The chain growth reaction is realized via the
addition of monomer to the active species (R• or RMn•). There exists reversible dynamic
equilibrium (ka/kd) between active specie (RMn•) and dormant specie (RMnX). Owing
to this, the molecular weight of the polymer is increased with the increase in monomer
conversion. Actually, similarly to conventional free radical polymerization, termination
reactions such as radical coupling and disproportionation also occur in ATRP. Differently,
there is no more than a few percent of the polymer chains which undergo termination in a
well-controlled ATRP [44]. Oxidized metal complexes (CuIIX2/L) generated in the system
have a significant effect on the chain termination during the initial stage of the polymeriza-
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tion. The formation of CuIIX2/L will reduce the chain growth radical concentration and
thereby decrease the occurrence of termination reaction.

Figure 2. Mechanism of copper mediated normal ATRP of MMA [44].

Typically, the normal ATRP system is composed of monomer, organic halide initiator
and catalyst. A variety of monomers such as styrenes and (meth)acrylates are successfully
polymerized via ATRP. Each monomer has its own suitable atom transfer equilibrium con-
stant (Keq = ka/kd) for its active and dormant species. ATRP will occur very slowly or even
fail if the Keq is too small. Conversely, a large Keq will cause a high radical concentration
and thereby cause a large amount of termination [45]. Therefore, it is important to control
the active species concentration and radical deactivation rate in the polymerization system.

The initiator is also a key factor in ATRP owing to its control of the number of macro-
molecular growth chain. Using a good ATRP initiator, the initiation should be fast and
quantitative. Therefore, the number of macromolecular growth chain can be controlled. In
addition, the selection of initiator will affect the formation of polymer. One of the reasons is
that the migration speed of the halide group (X) will affect the PDI of synthesized polymer
and a fast migration speed of the halide group between the chain growth radical and the
transition-metal complex is beneficial to obtain a polymer with small PDI. It means that a
successful ATRP should have features such as a small amount of terminated chains and a
uniform growth of all the chains.

In order to prepare high molecular weight PMMA, we should firstly know the kinet-
ics of ATRP. Typically, in a copper mediated normal ATRP, the polymerization rate (Rp)
follows the equation of Rp = kp[M][P*] = kpKeq[M][I0] × [CuI]/[CuII] and the degree of
polymerization (DP) follows the equation of DP = ΔM/[I0] [44,47]. Therefore, we can know
that a high molar ratio of monomer to initiator is necessary for preparing high molecular
weight polymers. In addition, the decrease in initiator concentration can also decrease the
occurrence of termination reaction [43]. However, this will inevitably cause a decrease in
polymerization rate.

Agarwal et al. [43] report a ATRP of MMA with phenyl 2-bromo-2-methylpropionate
(BMPE) as an initiator, CuCl as a catalyst and N,N,N′,N”,N”-pentamethyldiethylene tri-
amine (PMDETA) or 4,4′-dinonyl-2,2′-bipyridine (dnNbpy) as a ligand. The molecular
weight synthesized in PMDETA system is deviated from the theoretical values, which may
be caused by coupling termination of free radicals. High molecular weight PMMA with
a Mn of 3.67 × 105 Da and molecular weight distribution of 1.20 is prepared in dnNbpy
system with a molar ratio of [MMA]:[BMPE]:[CuCl] = 6400:1:6.

The star polymer attracts a lot of interests because of its branched structure. Similarly to
the preparation of linear polymers, the preparation of high molecular weight star polymers
also requires a low extent of chain transfer and chain termination, high initiation efficiency,
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and moderate polymerization rate. Agarwal and coworkers [48] report a ATRP of MMA
using 2,3,6,7,10,11-triphenylhexyl-2-bromo-2-methylpropionate (TP6Br) or ethylene glycol
bis[3,4,5-tris(2-Bromo-2-methylpropionate)]benzoate (EG(Bz3Br)2) as an initiator, CuCl
as a catalyst, and dnNbpy as a ligand. The high molecular weight six-arm star PMMA
with a Mw of 2.35 × 106 Da is synthesized using TP6Br as initiator. In addition, a six-arm
star PMMA with a Mw of 2.10 × 106 Da is successfully synthesized using EG(Bz3Br)2
as initiator.

A high concentration of catalyst is often required to ensure the controllability of normal
ATRP, which will cause an increment in side reaction and the decrement in molecular
weight. The concentration of the catalyst can be significantly decreased in an electron
transfer activation regeneration catalyst atomic transfer radical polymerization (ARGET
ATRP), resulting in a decrease in side reactions. Therefore, the ARGET ATRP may be
applied to prepare higher molecular weight polymers. The mechanism of copper mediated
ARGET ATRP of MMA is shown in Figure 3.

Figure 3. Mechanism of copper mediated ARGET ATRP of MMA (Reprinted with permission from
Ref. [49]. Copyright 2007 American Chemical Society).

Different from normal ATRP, in a copper mediated ARGET ATRP, the transition metal
complex in its higher oxidation state is added to the system. The activator species (CuI) are
constantly regenerated from the transition metal complex in its higher oxidation state (CuII)
by the reduction in reducing agent. Therefore, the amount of Cu(II) species is much lower
than the amount of reducing agent. Actually, the use of Cu(II) species can be reduced to
around 10 ppm. The extent of the side reaction is reduced owing to the drastically smaller
amounts of required Cu(II) species and thereby high molecular weight polymer can be
prepared via ARGET ATRP [50].

Alkyl dithioester is a commonly used RAFT chain transfer agent (CTA), which can be
activated by free radicals or ATRP catalysts to initiate the polymerization of MMA. There-
fore, CTA acted as an alkyl pseudohalide is also an ATRP initiator. Matyjaszewski et al. [50]
report an ARGET ATRP of MMA by using cumyl dithiobenzoate (CDB) as an initiator, CuBr
as a catalyst, copper powder or copper wire as a reducing agent. The effects of catalyst con-
centration on the polymerization rate and the molecular weight of PMMA are investigated.
Within a certain catalyst concentration range (0.33–50 ppm), increasing the catalyst concen-
tration will cause an increment in the polymerization rate and a decrement in the molecular
weight. The high molecular weight PMMA (Mn = 1.25 × 106 Da) with a narrow molecular
weight distribution (PDI = 1.21) is synthesized. Moreover, the high molecular weight
(Mn = 2.22 × 105 Da) poly(styrene) (PS) and high molecular weight (Mn = 1.80 × 106 Da)
poly(methyl methacrylate)-b-poly(butyl methacrylate) (PMMA-b-PBMA) are also synthe-
sized. Matyjaszewski et al. [51] also report a surface-initiated ATRP (SI-ATRP) of MMA
using SiO2-Br as an initiator. The polymerization of MMA can be successfully realized
with a low concentration of catalysts (12.5 ppm) and producing a high molecular weight
(Mn = 1.70 × 106 Da) SiO2-b-PMMA.

Youk et al. [52] report that the high molecular weight 3-arm PMMA can be synthesized
via ARGET ATRP by using 1,3,5-tris(2-bromoisobutoxy)benzene (TBIB) as an initiator,
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CuBr2 as a catalyst, PMDETA as a ligand and tin(II) 2-ethylhexanoate [Sn(EH)2] as a
reducing agent. The effects of initiator concentration, catalyst concentration and reducing
agent concentration on the molecular weight of PMMA have been investigated, and the
high molecular weight PMMA (Mn = 5.70 × 105 Da, PDI = 1.36) is successfully prepared
under a molar ratio of [CuBr2]:[PMDETA]:[Sn(EH)2] = 0.1:1.5:1.5.

In a free radical polymerization system, the molecular weight of synthesized poly-
mers is proportional to the ratio of kp

2/kt, and the propagation rate constant (kp) can be
improved by increasing the pressure [53,54]. Therefore, increasing polymerization pressure
is beneficial to prepare high molecular weight polymer.

Matyjaszewski et al. [55] report a ATRP of MMA by using CuBr2 as a catalyst, EBiB as
an initiator, tris(2-pyridylmethyl)amine (TPMA) as a ligand and ascorbic acid (AsAc) as a
reducing agent. The effect of pressure (10−3, 3, 6, and 10 kbar) on the polymerization is
investigated. The polymerization proceeded at 3 kbar has a relatively higher polymerization
rate than the polymerization conducted at atmospheric pressure. The high molecular weight
(Mn = 5.93 × 105 Da) PMMA can be synthesized at 10 kbar, but a relatively low monomer
conversion (46%) and high molecular weight distribution (PDI = 1.96) are obtained. The
polymerization rate and molecular weight can both be increased at 6 kbar, giving a well-
defined PMMA with a Mn of 1.88 × 106 Da.

In the presence of a low catalyst concentration ([CuCl] = 14 mM), Fukuda et al. [53]
systematically investigated the effect of pressure (0.1-500 MPa) on the polymerization of
MMA. The controllability of the polymerization is increased by increasing the pressure,
producing PMMA with a narrow molecular weight distribution (PDI = 1.20–1.60). Under
a 500 MPa pressure condition, the polymerization rate is 20 times faster than that at
ambient pressure and produces the PMMA with a Mn of 5.00 × 105 Da and PDI of 1.25.
However, the controllability of the system will decrease at higher monomer conversion.
In order to improve the controllability, 0.03 mM CuCl2 used as a deactivator is added
into the original feed. The polymerization is also conducted at 500 MPa, finding that the
polymerization rate and PDI are both decreased, and giving a well-defined high molecular
weight PMMA (Mn = 1.50 × 106 Da, PDI = 1.25). The effect of initiator concentration on
the molecular weight is also investigated, and the PMMA with a high molecular weight
(Mn = 3.60 × 106 Da) is synthesized with a low initiator concentration of 0.047 mM.

2.2. Coordination Polymerization

Coordination polymerization is also an effective method for preparing high molecular
weight PMMA [56]. The mechanism of coordination polymerization of MMA is shown in
Figure 4.

In a coordination polymerization, the catalytic activity and the polymer molecular
weight are significantly affected by metal, ligand, temperature, cocatalyst and molar ratio
of monomer to catalyst [57–65]. Generally, increasing the molar ratio of monomer/catalyst
will cause an increment in the molecular weight. The steric encumbrance in the ligand
around the metal center has an obvious influence on the catalytic activity. For instance,
for a pyrazole-based ligand, if the pyrazole moiety has a substituent, the catalytic activity
will be enhanced in the polymerization of MMA. The bulkier the substituents on pyrazole
moiety, the higher the catalytic activity for MMA polymerization. The solubility of the
catalyst will also affect the catalytic activity. For a typical Ziegler-Natta catalyst such as
TiCl4-AlR3, if the halogen has been substituted by cyclopentadienyl (Cp), the obtained
catalyst (Cp2TiCl2-AlR3) will be soluble in the organic solvent. The polymerization rate
can be increased by increasing the temperature. However, this will cause a decrement in
the molecular weight. According to the literature [57–69], temperature range from 30 ◦C to
80 ◦C might be conducive to the synthesis of high molecular weight PMMA in a coordina-
tion polymerization. The cocatalyst (AlR3) is also a key factor for the polymerization of
MMA. Within a certain range, both polymerization rate and polymer molecular weight can
be increased by increasing the concentration of cocatalyst. However, a high concentration of
cocatalyst will cause a decrement in molecular weight, owing to the chain transfer reaction.
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Figure 4. Mechanism of coordination polymerization of MMA.

The electron-donating atoms such as O and N in polar monomers are easy to co-
ordinate with the catalyst, forming a stable complex and destroying the catalytic ability.
Consequently, the typical Ziegler-Natta catalyst is not quite suitable for the polymeriza-
tion of polar monomers such as AN and MMA. Homogeneous metallocene activated by
aluminum alkyl (AlR3) can induce a coordination polymerization of MMA but showing a
relatively poorer efficiency [57]. Lanthanocene catalysts have high activity in the coordina-
tion polymerization of MMA, and easily produce high molecular weight PMMA [56].

Sun et al. [57] report a coordination polymerization of MMA by using ethylene bridged
of titanocene chloride and samarocene (Sm-Ti) as a single component catalyst or using
the triisobutylaluminum (TIBA) activated Sm-Ti as a catalyst. Both the binary catalyst
and the single component catalyst are soluble in the polymerization system. The binary
catalyst shows a higher activity than single component catalyst but provides PMMA with a
relatively lower molecular weight. In the single component catalytic system, the molecular
weight of PMMA is increased with the increase in temperature. However, the molecular
weight of PMMA synthesized in binary catalytic system is decreased with the increase
in temperature. By optimizing the reaction conditions, the PMMA with a high Mυ of
1.50 × 106 Da and monomer conversion of 87% has been synthesized with a polymerization
time of 20 h and temperature of 80 ◦C.

Schiff base is an important nitrogen donor ligand, and a large number of schiff bases
are investigated due to their activity to reversibly bind oxygen [58]. Yousaf et al. [59]
propose that lanthanocene complexes with schiff base derivatives or methoxyethylindenyl
derivatives as ligands can be used as an effective catalyst for the polymerization of MMA.
The catalyst is easily dissolved in toluene and thus the homogeneous catalysis can be
realized. The effects of the catalyst such as [(CP)(Cl)Ln Schiff base (THF)] (Ln = Sm,
Dy, Er, Y) and (COT)Ln (methoxyethylindenyl) (THF) (Ln = La, Nd, Sm, Dy, Er) on the
polymerization are investigated. Compared to (COT)Ln (methoxyethylindenyl) (THF), the
[(CP)(Cl)Ln Schiff base (THF)] shows a better activity in the polymerization. The effects
of temperature and feed ratio on the polymerization have also been investigated, and the
high molecular weight PMMA with a Mυ of 4.16 × 105 Da has been synthesized with a
polymerization time of 20 h and temperature of 70 ◦C.

Compared to the early transition metal, the later transition metal has a lower oxygen
affinity and higher functional group tolerance. Therefore, the later transition metal can
also be applied to the polymerization of polar monomers. For instance, late transition
metals such as Cu(II), Pd(II), Zn(II), Cd(II) and Co(II) complexed with N-substituted
pyridylamine ligands are used as the catalysts in the polymerization of MMA [60,61].
Lee and coworkers report that Zn(II) complexes bearing 2-iminomethylquinoline and 2-
iminomethylpyridine based ligands can be applied to the polymerization of MMA [62].
The bidentate [(NN′)ZnCl2] complexed with modified methylaluminoxane (MMAO) is
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used as a catalyst and toluene is used as a solvent in the polymerization of MMA. The
PMMA with a Mw of 9.62 × 105 Da is prepared at 60 ◦C with a polymerization time of 2 h.

Lavastre et al. [63] report that CuCl2 or Cu(OAc)2 combined with N-tripod ligand is
an effective catalyst for the polymerization of MMA in the presence of methylaluminoxane
(MAO). The commonly used N-tripod ligands are shown in Figure 5.

Figure 5. The structure of N-tripod ligands (Reprinted with permission from Ref. [63]. Copyright
2007 Elsevier B.V.).

CuCl2 or Cu(OAc)2 alone does not induce the polymerization, indicating that the
N-tripod ligand is also a key factor for the polymerization. In Cu(OAc)2 catalyst systems,
the PMMA is prepared with a yield of 23% to 40%. CuCl2 combined with ligands 1b or 1g

gave a PMMA with a yield of 60%. The molecular weight of PMMA prepared in Cu(OAc)2
system is higher than that produced in CuCl2 system. In the presence of toluene, the PMMA
with a Mn of 3.39 × 105 Da is synthesized in Cu(OAc)2/1b system with a polymerization
time of 4 h and temperature of 30 ◦C.

Lee and coworkers [64] report a coordination polymerization of MMA using the
cobalt (II) complex combined with N,N-bis{(1-pyrazolyl)methyl}aniline (bpmaL1) ligand
as a catalyst in the presence of MMAO. A series of bidentate [N,N]-cobalt (II) dichloride
complexes are synthesized and presented in Figure 6.

Figure 6. Synthesis of cobalt (II) complex catalyst (Reprinted with permission from Ref. [64]. Copy-
right 2010 Elsevier B.V.).

Effects of catalysts on the polymerization rate and molecular weight have been stud-
ied. The 4w/MMAO (1.14 × 106 g/mol-Co·h) shows the highest activity, 2w/MMAO
(8.00 × 105 g/mol-Co·h) and 3w/MMAO (8.73 × 105 g/mol-Co·h) have a moderate activ-
ity, and 1w/MMAO (6.17 × 104 g/mol-Co·h) presents the lowest activity. However, the
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1w/MMAO system is more suitable for preparing high molecular weight PMMA. With
a polymerization temperature of 60 ◦C, the PMMA with a Mn of 1.13 × 106 Da and PDI
of 1.75 has been synthesized in 1w/MMAO system. Later, Lee et al. [65] also report a
polymerization of MMA by using 4-coordinate cobalt(II) complexes bearing N′-substituted
N,N′,N-bis((1H-pyrazol-1-yl)methyl)amine derivatives ligands as catalysts in the presence
of MMAO. In the presence of toluene, the high molecular weight PMMA with a Mw of
1.05 × 106 Da is prepared at 60 ◦C with a polymerization time of 2 h.

Half-sandwich nickel(II) complexes [Ni( 5-C5H4R)(X)(NHC) (R = H or alkyl, X = Cl,
Br, I)] (NHC = N-heterocyclic carbenes) are an efficient catalyst for the polymerization of
styrene and phenylacetylene [66,67]. The Ni(II) complexes such as Ni(acac)2 can be used
as a catalyst for the polymerization of MMA in the presence of MAO [68]. In the presence
of MAO, Buchowicz and coworkers find that the [Ni( 5-C5H4R)(X)(NHC) (R = H or alkyl,
X = Cl, Br, I)] complex can also be used as a catalyst for the polymerization of MMA [69].
The Ni(II) complex or MAO alone does not induce the polymerization, indicating the
polymerization must be conducted by both the participation of Ni(II) complexes and
MAO. The effect of catalyst on the molecular weight of PMMA is investigated. After a
polymerization time of 3 h at 50 ◦C, the ultrahigh molecular weight PMMA with a Mn of
1.50 × 106 Da has been successfully prepared in the presence of toluene.

2.3. Other Polymerizations

Except for conventional free radical polymerization, atom transfer radical polymer-
ization (ATRP) and coordination polymerization, other polymerizations such as reversible
addition-fragmentation chain transfer polymerization (RAFT), anionic polymerization and
plasma-initiated polymerization are also used to prepare high molecular weight PMMA.
However, reports of RAFT, anionic polymerization and plasma-initiated polymerization
for preparing high molecular weight PMMA are much lower than radical polymerization.

Rzayev et al. report a RAFT of MMA by using AIBN as an initiator and cyanoisopropyl
dithiobenzoate as a RAFT [6]. The effect of pressure (5 or 9 kbar) on the molecular weight of
PMMA is investigated. The PMMA with Mn of 1.50 × 105 Da and 2.02 × 105 Da are synthesized
under 9 kbar and 5 kbar, respectively. The effect of feeding ratio on the molecular weight is also
investigated. Moreover, the ultrahigh molecular weight PMMA with a Mn of 1.25 × 106 Da is
synthesized with a molar ratio of [MMA]:[RAFT agent]:[AIBN] = 1.20 × 104:1:0.2.

Kitayama and coworkers report an anionic polymerization of MMA usingα-lithioisobutyrate
(Li-iPrIB) as initiator in the presence of lithium trimethylsilanolate (Me3SiOLi) [70]. The molecular
weight of PMMA is significantly influenced by the feeding ratio. Moreover, the PMMA with a
high molecular weight (Mn = 8.25 × 105 Da) and low polydispersity index (PDI = 1.16) has been
prepared under a molar ratio of [MMA]:[initiator] = 3000:1.

Since it was discovered by Osada and coworkers [71], the plasma-initiated polymer-
ization has attracted a lot of attention of the chemists. It is easy to synthesize ultrahigh
molecular weight PMMA with a Mn upped to 107 Da through plasma-initiated polymer-
ization [71,72]. The plasma-initiated polymerization has a complicated mechanism, and
the most accepted mechanism at present is the radical polymerization mechanism. Plasma-
initiated polymerization possesses an outstanding advantage for preparing high molecular
weight polymers due to its little number of macromolecular chains. Cheng et al. report
that the combination of RAFT and plasma-initiated polymerization can realize the poly-
merization of MMA [73]. The 2-cyanoprop-2-yl-1-dithionaphthalate (CPDN) is synthesized
in their group, and then using as a RAFT reducing agent in the plasma-initiated RAFT
polymerization of MMA without the use of any other thermal initiators or photoinitiators.
The effect of CPDN concentration on the polymerization of MMA is investigated, find-
ing that the controllability of the polymerization is increased with the increase in CPDN
concentration. The polymerization of MMA is also realized in the absence of CPDN, and
produces PMMA with an ultrahigh molecular weight of 1.41 × 106 Da.

Nanoparticles have high catalytic activity due to their large surface energy. In our
group, the polymerization of MMA with organic halide as initiator in the presence of

263



Polymers 2022, 14, 2632

palladium nanoparticles has been investigated. The ultrahigh molecular weight PMMA
with a Mn of 4.65 × 106 Da and a Mw of 8.08 × 106 Da is synthesized at 70 ◦C using 2-
bromoisobutyric acid ethyl ester (EBiB) as an initiator in the presence of catalytical amount
(10.1 ppm) of Pd NPs [74].

As the development of research, much more polymerization methods are reported
and used for the preparation of high molecular weight PMMA [75,76]. Some typical
experimental results for the preparation of high molecular weight PMMA are summarized
in Table 1.

Table 1. The results of the polymerization of high molecular weight PMMA.

Entry Catalyst Ligand/Additive Initiator
Temp.
(◦C)

Time
(h)

Conv.
(%)

Mn

(g/mol)
Mw/Mn Refs.

1 / cyanoisopropyl
dithiobenzoate AIBN 65 7.0 99.0 1.25 × 106 1.03 [6]

2 / Supercritical CO2 AIBN 65 10.0 100.0 1.31 × 105 2.54 [7]
3 / PVA ADMVN 25 96.0 83.0 3.61 × 106 2.40 [16]
4 / Poly(FOA) AIBN N/A 4.0 92.0 3.16 × 105 2.09 [17]
5 / Poly(FOA) AIBN 65 4.0 88.0 3.65 × 105 2.48 [18]

6 / P(MMA-co-HEMA)-g-
PFPO AIBN 65 10.0 90.0 3.55 × 105 1.70 [19]

7 / SDS APS 70.0 N/A N/A 5.30 × 105 1.43 [34]
8 / SDS AIBN 70 N/A 50.0 1.00 × 106 1.80 [35]
9 / TEA Fe/ZnO N/A N/A 36.0 2.10 × 105 2.85 [37]

10 /
poly(1-vinyl-3-

butylimidazolium
ascorbate)

ZnO/Ag 30 9.0 82.0 1.94 × 105 1.38 [42]

11 CuCl dnNbpy BMPE 90 2.0 N/A 3.67 × 105 1.20 [43]
12 CuBr Copper powder CDB 80 125.0 43.9 1.25 × 106 1.21 [50]

13 CuBr2
Tris(2-

dimethylaminoethyl)amine SiO2-Br 60 24.0 40.5 1.70 × 106 1.31 [51]

14 CuBr2 PMDETA TBIB 90 4.5 53.0 5.70 × 105 1.36 [52]
15 CuCl dnNbpy EBiB 60 24.0 N/A 3.60 × 106 1.24 [53]
16 CuBr2 TPMA EBiB 20 15.0 57.0 1.88 × 106 1.25 [55]
17 Cu(OAc)2 MAO / 30 2.0 31.0 3.39 × 105 N/A [63]

18 CoCl2
N,N-bis{(1-

pyrazolyl)methyl}aniline / 60 N/A N/A 1.13 × 106 1.75 [64]

19 Ni(II)
complexes MAO / 50 3.5 20.0 1.50 × 106 N/A [69]

20 / Me3SiOLi Li-iPrIB −78 1.0 100.0 8.25 × 105 1.16 [70]
21 / / / 25 16 5.0 1.41 × 106 2.03 [73]

22 Palladium
nanoparticles / EBiB 70 24 82.8 4.65 × 106 1.73 [74]

3. Applications of High Molecular Weight PMMA

High molecular weight PMMA and its copolymers are important precursors for the
preparation of polymer materials with high light transmittance, excellent electrochemi-
cal performance and mechanical properties. PMMA and its copolymers or composites
are widely used in electronic equipment, medical technology, and polymer membranes
areas. The relationship between molecular weight and physical properties is deeply investi-
gated [77,78]. For instance, the mechanical properties of PMMA are significantly affected by
the molecular weight (Figure 7). It shows that the tensile strength, fracture surface energy,
shear modulus and Young’s modulus increase with the increase in molecular weight (Mυ)
up to 106 Da. Therefore, the synthesized high molecular weight PMMA will further expand
the application value of PMMA.
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Figure 7. Relationships between mechanical strength ((a): Tensile strength; (b): Fracture surface
energy; (c): Shear modulus; (d): Young’s modulus) of PMMA and its molecular weight [77,78].

3.1. Application of High Molecular Weight PMMA in Medical Field
3.1.1. PMMA Bone Cements

Osteoporotic vertebral compression fracture (OVCF) is one of the most common
complications of osteoporosis. At present, percutaneous vertebroplasty (PVP) is widely
used for the treatment of OVCF. PMMA bone cement shows an important function in PVP.
In a PVP surgery, PMMA bone cement is injected into the injured vertebra of the patient,
which can quickly relieve pain, stabilize and strengthen the injured vertebra, and restore
the height and angle of the injured vertebra [79–81]. However, the strength of ordinary
PMMA bone cement is weaker than the bone [82]. Therefore, high molecular weight PMMA
can use to prepare higher strength PMMA bone cement. PMMA with viscosity-average
molecular weights (Mυ) range from 1.7 × 105 Da to 7.5 × 105 Da are successfully used for
the preparation of PMMA bone cements [83], indicating that high molecular weight PMMA
might be an excellent raw material for PMMA bone cements.

Inadequate strength at the cement/bone interface is one of the main drawbacks
of PMMA bone cement in the current orthopedic surgeries. PMMA cement strength,
surface roughness properties and osteo-blast cell growth can be improved by incorporating
additives such as MgO, chitosan and hydroxyapatite to PMMA [84–86]. Khandaker and
coworkers have investigated the fracture toughness (KIC) of bone-PMMA with nano MgO
particles or micro MgO particles, finding that the KIC of bone-PMMA with nano MgO
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particles and bone-PMMA with micro MgO particles are much higher than the KIC of
bone-PMMA [87].

Lin and coworkers report that the bone/cement interfacial strength can be enhanced
by partially degradable PMMA/Mg composite bone cement (PMC) [88]. This reinforcement
is accomplished via the increase in the osteo-conductivity of PMMA and the enhancement
of the mechanical interlocking between bone tissue and the porous PMMA surface. The
effects of Mg composition, particle size and content on the injectability, biocompatibility,
mechanical, and degradation properties of PMCs are investigated. They find that the
biocompatibility, mechanical and degradation properties of PMCs are influenced by the
particle size (75–550 μm), concentration (9–17 wt%) and alloy composition of Mg particles.
Moreover, antibacterial capabilities are increased owing to the degradation of Mg, resulting
in a decrement in the infection rate.

Roldo and coworkers report a preparation and characterization of antibacterial PMMA
composite cement [89]. The chitosan (CS) and methacryloyl chitosan (CSMCC) with con-
centrations ranging from 10 to 30% w/w are added to PMMA cement, finding that the
mechanical behavior of PMMA cement can be modified by the addition of CS and CSMCC.
Bioactive PMMA surfaces at the site of implantation are obtained via the addition of am-
phiphilic molecule phosphorylated 2-hydroxyethylmethacrylate (HEMA-P) in PMMA bone
cement [90]. The addition of HEMA-P shows a positive effect with respect to differentiation
and proliferation of the osteoblast-like cell (SaOs-2) without the detrimental changes in
other properties. The effects of the addition of soluble calcium and carbonate salts on the
properties of PMMA bone cement are investigated. A small amount (1–5%) of soluble salts
can enhance the clinical performance of bone cement.

3.1.2. PMMA Denture

PMMA resin is commonly used dental material because of the low cost and lightweight
performances. However, the properties such as tenacity, fracture strength of PMMA used
for dental material should meet a suitable value. Kusy and coworkers find that the fractions
of viscosity-average molecular weight less than 105 make no contribution to the plastic
toughening of the material [91]. Huggett and coworkers have investigated the relationship
between molecular weight and properties of PMMA denture base, finding that denture base
systems with weight-average molecular weights >105 display optimum fracture strength
properties [92]. Therefore, the high molecular weight PMMA (Mn > 105 Da) should be a
suitable candidate for dental material.

Both heat- and cold-cured PMMA materials are used for the relining of dentures [93].
Heat-cured PMMA has good bonding strength and wear resistance. However, the roughen-
ing of the surface results in a difficulty in cleaning of dental material. Similarly, cold-cured
PMMA has poor mechanical properties, leaching of monomers, and associated biocompati-
bility issues [93,94].

Acrylic (PMMA) teeth are a novel dental material which is manufactured by compres-
sion or injection molding techniques. Compared to heat-cured PMMA, acrylic teeth are
less brittle owing to the high resilience and flexibility. Distinct from porcelain teeth, acrylic
teeth are lightweight and do not cause clicking sounds [95]. However, the strength and
adhesion of acrylic teeth are still to be considered. The strength can be improved by the use
of additive (nanofillers) or using silanized, feldspar-reinforced PMMA.

Alaa Mohammed and coworkers prepare a new composite material via the mixing
of eggshell powder and PMMA resin [96]. The effects of different eggshell powder con-
centration (1%, 3%, 5% and 7% w/w) on the property of the material have been studied.
The tensile properties and fracture toughness are enhanced by the addition of 7% w/w
of eggshell powder, while the elongation percentage at break and impact strength are de-
creased compared with other specimens. Eggshell has a poor dispersion ability in PMMA
and this may cause a formation of agglomerates in the PMMA matrix. This might be a
main reason for the decrement in percentage at break and impact strength. A similar result
is obtained when using some other nanofillers as additives [97].
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The addition of silica to PMMA has a negative impact on flexural strength. However,
the flexural strength can be slightly improved by using silanized feldspar as an additive.
Raszewski and coworkers find that properties such as Brinell hardness, elastic modulus,
maximal displacement, and flexural strength of PMMA modified with silanized feldspar
are obviously improved [97]. In addition, the PMMA modified with silanized feldspar
has no adverse effect on Isolde impact resistance compared with the conventional acrylic
resin. When using silica filler as the additive, the Brinell hardness and elastic modulus of
PMMA are increased. However, this causes a significant decrease in the flexural strength
and Isolde impact resistance.

Various types of PMMA materials such as heat-cured PMMA, cold-cured PMMA and
light-cured PMMA are used for denture repair [98]. The heat-cured PMMA has a better
mechanical property than cold-cured PMMA. However, the heat-cured PMMA has some
disadvantages such as time consuming and denture warpage. Compared with heat-cured
PMMA and cold-cured PMMA, the light-cured PMMA has some advantages of ease of
manipulation, controlled polymerization time, no monomer issues, and better mechanical
properties [99,100]. In addition, light-cured PMMA has a better repair strength (40–44 MPa)
than heat-cured PMMA (21–34 MPa) and cold-cured PMMA (~13 MPa) [101].

3.2. Applications of High Molecular Weight PMMA in Optical and Electricity Area

The PMMA-based polymer nanocomposites have attracted the considerable interest
of chemists due to their excellent optical, mechanical and electrical properties [102–104].

Polymer field-effect transistors (PFETs) have attracted the significant attention of scien-
tists owing to their potential applications in smart card, displays and sensor [105,106]. The
property of a polymer thin film transistor is not only affected by semiconductors, but also by
gate insulating film. Therefore, suitable insulating gate dielectric film is very important for
the investigation of high-performance polymer field-effect transistors. As the development
of donor-acceptor (D-A) copolymers, it has long been known that the molecular weights of
polymeric semiconductors play significant roles in enhancing performances of polymer
field-effect transistors [107]. PMMA is a commonly used dielectric material owing to its
excellent electrical properties.

Mao and coworkers reported that the electron and hole mobilities in polymer field-
effect transistors can be enhanced by tailoring the molecular weight of polymeric dielec-
tric [107]. PMMA with different molecular weights are used to investigate the electrical
properties of polymer field-effect transistors (Table 2).

Table 2. Performance parameters of PFET devices using the PMMA dielectric with different molecular
weights [107].

Entry
Mw

(Da)

n-Channel
μe,max (cm2

V−1 S−1)

p-Channel
μh,max (cm2

V−1 S−1)

n-Channel
Ntrap (×1011 cm−2)

p-Channel
Ntrap (×1011 cm−2)

1 1.2 × 105 0.30 0.01 5.46 3.64
2 5.5 × 105 0.55 0.18 4.67 2.33
3 1.0 × 106 0.85 0.35 1.38 1.10

It shows that the PFETs based on PMMA (Mw = 1.2 × 105 Da) exhibit a large electron
mobility of 0.30 cm2 V−1 s−1 but show a low hole mobility of 0.01 cm2 V−1 s−1 (Table 2,
entry 1). When the molecular weight of PMMA increases to 5.5 × 105 Da, hole mobility of
the PFETs is greatly increased to 0.18 cm2 V−1 s−1 and electron mobility is also improved
to 0.55 cm2 V−1 s−1 (Table 2, entry 2). Moreover, electron mobility and hole mobility are
increased to 0.85, 0.35 cm2 V−1 s−1 respectively when using PMMA with a molecular weight
of 1.0 × 106 Da as the dielectric (Table 2, entry 3). In addition, when the molecular weight of
PMMA increases from 1.2 × 105 to 1.0 × 106 Da, the trap density (Ntrap) for electron traps
decrease from 5.46 to 1.38 × 1011 cm−2 and the trap density (Ntrap) for hole traps decrease
from 3.64 to 1.10 × 1011 cm−2. Therefore, using high molecular weight PMMA as dielectric
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is beneficial for simultaneously enhancing electron and hole mobilities. Consequently, high
molecular weight PMMA is an excellent candidate for electrical applications.

Organic field effect transistors (OFETs) have also attracted significant attention ow-
ing to their potential applications in electronics [108]. Dinaphtho[2,3-b:2′,3′-f]thieno [3,2-
b]thiophene (DNTT) based OFET devices with a bilayer dielectric system comprising of
poly (vinyl alcohol) (PVA) and poly (methyl methacrylate) (PMMA) are fabricated by Dhar
and coworkers [109]. The influence of molecular weight of PMMA on the property of DNTT
based OFET is investigated. They find that high molecular weight PMMA devices are more
effective for achieving high photosensitivity and responsivity from the transistors.

Recently, the rare earth luminescent materials have attracted considerable attention
owing to their potential applications in optoelectronic devices [110]. However, proper-
ties such as processing features, thermal stability and mechanical strength of lanthanide
complexes are relatively poor. The addition of polymer is an effective method for the im-
provement in thermal stability and mechanical strength of lanthanide complexes. Kara and
coworkers find that the high molecular weight PMMA (Mw = 3.50 × 105 Da) is an excellent
material for the preparation of Sm/PMMA luminescent composite fiber [111]. Compared
to the pure Sm(III) complex, the photostability and temperature stability of Sm/PMMA
composite fibers are enhanced due to the modification via PMMA matrix. PMMA provides
a rigid environment to prevent the decomposition of the pure Sm(III) complex under high
temperature and UV irradiation. The luminescent spectra of Sm/PMMA composite fibers
display intense characteristic emissions of the Sm3+ ion.

The Co doped ZnO nanoparticle (NP) is used to prepare PMMA (Mw = 3.50 × 105 Da)
and poly (ethyl methacrylate) (PEMA) nanocomposite via casting method [112]. The con-
ductivity of the nanocomposite is increased with the increase in nanofiller contents due to
the formation of charge transfer complexes. Furtheemore, the dielectric constancy of the
nanocomposite is increased with the increase in temperature. Moreover, the nanocompos-
ite shows excellent thermal and electric properties. Therefore, PEMA/PMMA-Co/ZnO
polymer electrolyte is a promising candidate for applications in electrochemical devices.

3.3. Applications of High Molecular Weight PMMA in Other Areas

Metal injection molding (MIM) is an important method for the production of small
parts with complex shape. The key factor in MIM is the selection of the binder, which
should permit the mixing and injection molding of feedstocks with high powder loading.
Ideally, the debinding should occur in a short time without causing defects. Bakan et al.
report that the complexes consisted of PMMA (Mn = 1.00 × 106 Da), PEG and stearic acid
can be used as a binder for the MIM of 316L stainless steel powder [113]. The viscosity
of the system can be reduced by the decrease in the molar ratio of PMMA/PEG, which is
beneficial to the molding of feedstocks with high powder loading. However, the strength,
stiffness and toughness of the molding are decreased after the binder solidifies. Therefore,
the PMMA can harden the solidified molding product.

Membrane gas separation technology is widely used in nitrogen purification, oxygen
enrichment, hydrogen recovery from reactor purge gas, and stripping of carbon dioxide
from natural gas [114]. Compared to traditional gas separation technologies, the mem-
brane gas separation technology is more competitive. The main subject of membrane gas
separation technology is the improvement in the permeability and selectivity of polymer
membranes [114,115]. PMMA membrane has a good O2/N2 selectivity, but it is difficult
to operate under a high-pressure condition due to its brittleness [116]. Fu and coworkers
report that the high molecular weight PMMA films (Mw = 9.96 × 105 Da) with different
free volumes (FFV) are synthesized in different solvents (dichloromethane, ethyl acetate,
tetrahydrofuran, butyl acetate, methyl isobutyl ketone) [114]. This membrane can be
operated under a high pressure (30 atm) condition. The permeability coefficients of dif-
ferent gases (He, O2, N2, CO2) in the PMMA membrane are studied, finding that the gas
permeability is increased with the increase in FFV. Moreover, they have found that the
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high molecular weight PMMA membranes possess higher gas permeability than the low
molecular weight membranes.

4. Summary and Outlook

Compared to low molecular weight PMMA, the high molecular weight PMMA has a
better mechanical strength. The application value of PMMA is further expanded due to the
synthesis of high molecular weight PMMA. This review summarized the application of
conventional free radical polymerization, ATRP, RAFT, plasma-initiated polymerization
and ionic polymerization on the preparation of high molecular weight PMMA. A series of
linear PMMA, star-shaped PMMA and block polymers with molecular weights between
105–107 Da have been prepared and reported by chemists. The mechanisms of some
polymerization systems have also been summarized. Finally, this work also proides a brief
description of the application of high molecular weight PMMA in medical, optical and
electricity, and other areas. We hope that this work can bring more research insights into
this field.
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Abstract: The influence of the molecular weight of oligoamine, oligoether, and the type of diisocyanate
on the physical and mechanical properties of elastomers with urethane hydroxyl hard segments was
studied. For this purpose, oligoetherdiamines with molecular weights ~1008 and ~1400 g mol−1

were synthesized by a three-stage method. Epoxyurethane oligomers were synthesized according to
a two-step route with an oligodiisocyanate as an intermediate product. A series of 12 elastomers with
controlled crystallinity were synthesized from these elastomers and amines. The deformation and
strength properties of the elastomers were studied.

Keywords: curing agent; epoxyurethane oligomer; oligotetramethylene oxide diol; synthesis;
bromination; Gabriel reaction

1. Introduction

Smart materials are the next generation of functional materials, after natural, man-
made, and synthetic materials [1,2]. These high-tech materials combine the advantages of
structural and functional materials [3–5].

Shape memory polymers (SMPs) are a type of smart materials that can recover from a
deformed temporary shape to a “memorized” permanent shape in response to an external
environmental stimulus, for example, light, temperature, solvent, pH, electrical or mag-
netic field [6–10]. Shape-memory polymers can be both thermoplastic and thermosetting
ones. The mechanical properties, thermal stability, fixation ratio, and recovery rate of the
thermosets are higher than those of the thermoplastics [11]. At present, these polymers are
used in aerospace structures and biomedical devices [12–16].

Recently, segmented polyurethanes have been increasingly considered as shape mem-
ory materials. This class of polymers is characterized by a high shape recovery ability,
controlled shape recovery temperature, high stress–strain properties, wear resistance,
and biocompatibility.

In general, segmented urethane-containing elastomers (SUE), such as polyurethanes
and polyurethane ureas, can be considered to be a unique class of polymers. The structure
and properties of these polymers can be regulated over a wide range [17]. Segmented
polyurethanes (SPU) and polyurethane ureas (SPUM) are block copolymers with macro-
molecular chains consisting of the alternating soft and hard segments, SS and HS, respec-
tively. Hard segments are formed as a result of the reaction of a diisocyanate with low
molecular weight chain extenders, such as diamines and diols. The soft segment structure
is determined by the oligomers used in the synthesis of an SUE [18].

The difference in the polarity of soft and hard segments results in the microphase
separation followed by the formation of hard domains [19–21]. In the microdomains, the
hydrogen bonds play an important role in the stabilization of the hard phase structure [22].
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Solid domains act as a reinforcing filler. These domains are in the nodes of a specific
physical network stable in a wide range of positive temperatures [23].

It should be noted that the shape memory effect of polyurethane elastomers is largely
dependent on the degree of crystallinity and hydrogen bonds of the polymer, as well as
its microphase separation [24]. These parameters can be varied by using polyesters with
different molecular weights, different types of diisocyanates, etc.

Despite all the advantages of polyurethanes and polyurethane ureas, the deformation
and strength properties of these elastomers depend on humidity. This is due to the ability
of the terminal isocyanate groups, present in oligodiisocyanates, to react with water. To
solve this problem, isocyanate groups should be “blocked” by some reactive substance.
From this point of view, the most promising reactants are epoxy alcohols, for example,
2,3-epoxy-1-propanol [25]. In this case, the isocyanate group of the oligodiisocyanate reacts
with the hydroxyl group of 2,3-epoxy-1-propanol to provide an epoxyurethane oligomer.
In addition, the toxicity of isocyanate terminal compounds is substantially reduced. For
the elastomers based on these oligomers, no deterioration of the stress–strain properties is
observed when subjected to humidity. Amines, anhydrides of dicarboxylic acids, carboxyl-
containing compounds, and imidazoles are used as curing agents for epoxyurethane
oligomers [26–31].

The epoxyurethane elastomers are characterized by high dielectric properties and
mechanical characteristics, and, not least, their properties are independent of humidity.

The elastomers, synthesized using polyester-based epoxyurethane elastomers, are
crystallizable [25] and can be used as shape memory materials. However, the use of
these materials at low temperatures is limited by a high glass transition temperature of
−30–40 ◦C.

The glass transition temperature of polyether-based epoxyurethane elastomers is up
to −72–74 ◦C. Thus, at a low temperature, it is advisable to use this class of elastomers.
However, these elastomers are non-crystallizable, and this property limits the use of these
polymers as shape memory materials.

In our opinion, for the preparation of crystallizable polyether-based elastomers, linear
oligomer curing agents should be used.

In literature, a wide variety of synthetic methods for oligoethylene glycol diamine have
been described, and the synthesis of oligopropylene glycol diamine (trademark Jeffamine)
is also well-developed. Such oligomers can be prepared from oligoglycols by a variety of
synthetic routes. The most common synthetic route is a three-step procedure that includes
mesylation, azidation, and reduction [32]. In addition, in [33], another preparation method
for oligoether diamines is described. According to this procedure, amino terminated
oligomers can be prepared via the two-step route: substitution of oligoglycol hydroxyls
with phthalimide moieties, followed by the hydrazinolysis reaction. Synthetic methods for
oligoetherdiamines, including the step of catalytic amination under elevated pressure and
temperature conditions, have been also studied [34,35]. As reported by J. M. Harris and
colleagues, oligoethylene glycol diamine was synthesized via oxidation of oligoethylene
glycol followed by reduction of carbonyl compound [36]. In our opinion, the elastomers
cured with these amines are likely to be non-crystallizable. In the first case, when using
methyl branched Jeffamine, it is due to the steric hindrance, and in the second—to high
oxygen content.

In the present paper, the elastomers cured with oligoamine, synthesized from olig-
otetramethylene oxide diol, are studied. The authors consider this oligoamine to be the
most promising curing agent for the preparation of crystallizable elastomers based on
epoxyurethane oligomers.

The aim of the present study was the preparation and characterization of cold-resistant
crystallizable elastomers. Four epoxy-terminated oligomers based on oligotetramethylene
oxide diols of different molecular weights were synthesized. A novel synthetic method for
oligoamines was developed. Two amino terminated oligomers with molecular weights
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of 1000 and 1400 were used as curing agents. The elastomers based on oligoethers and
oligoamines were synthesized and characterized.

2. Materials and Methods

2.1. Materials and Synthesis
2.1.1. Materials

Phosphorus tribromide 99% (Sigma-Aldrich Co., St. Louis, MO, USA), Phthalimide
potassium salt 98% (Sigma-Aldrich Co., St. Louis, MO, USA), Hydrazine monohydrate
98% (Sigma-Aldrich Co., St. Louis, MO, USA), 2,4-toluene diisocyanate (TDI) (BASF,
Ludwigshafen, Germany), isophorone diisocyanate (IPDI) (Evonik Chemistry Ltd., Essen,
Germany), oligotetramethylene oxide diol (OTMO; BASF, Ludwigshafen, Germany) with
Mn ~ 1008 g·mol−1, Mn ~ 1400 g·mol−1, glycidol (grade pure, 99.0%, Research Institute
of Polymer Materials, Perm, Russia), Dibutyltin dilaurate (grade pure, 99.8%) were used
without purification.

2.1.2. Synthesis of OTMO-Diamines

The three-step synthetic route for preparation of OTMO-diamines is presented in
Figure 1.

 
Figure 1. Synthetic route for amino terminated oligo tetramethylene oxide (OTMO-diamine).

Nucleophilic substitution of polyfurite hydroxyls with bromine was carried out using
phosphorus tribromide. This approach excludes the use of toxic thionyl chloride, as in the
methods of polyethylene glycol halogenation described in [37]. Bromination of polyfurite
was carried out in a round-bottomed three-necked flask equipped with a mechanical
stirrer and a thermometer. First, a weight of polyfurite (23 mmol, Mn ~ 1008 g·mol−1,
Mn ~ 1400 g·mol−1) was dissolved in chloroform (50 mL), and the solution was introduced
into the flask and cooled to 0 ◦C. Then phosphorus tribromide (1.82 mL, 19 mmol) was
added to the solution dropwise, and the reaction mixture was heated to room temperature
and then boiled for 5 h. After the reaction was completed, reaction mixture was cooled and
added to a saturated aqueous sodium hydrocarbonate solution (50 mL). The organic phase
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was washed with water (3 × 50 mL) and dried over anhydrous magnesium sulfate. The
excessive solvent was removed at a rotary evaporator. As a result, OTMO-dibromides were
obtained in high yields (95–98%).

In the second step, for preparation of OTMO-diamines, potassium phthalimide (24.5 g,
13.2 mmol) was added to a solution of an OTMO-dibromide (22 mmol, Mn ~ 1134 g·mol−1,
Mn ~ 1526 g·mol−1) in DMF (180 mL) and the reaction mixture was stirred under argon
at 120 ◦C for 5 h. Then the solution was cooled and filtered, and DMF was evaporated
in vacuum. For purification, the product was dissolved in DCM, filtered, and the excess
solvent was removed at a rotary evaporator. OTMO-diphtalimides were obtained in the
form of a white viscous mass in high yields (80–85%).

At the final step, hydrazine hydrate (180 mmol, 8.75 mL) was added to OTMO-
diphtalimide (18 mmol) dissolved in absolute ethanol (100 mL). The reaction mixture was
stirred at reflux under argon atmosphere for 5 h. Then the solution was cooled and filtered,
and ethanol was evaporated under vacuum. For purification, the product was dissolved in
DCM and filtered, and the excess solvent was removed at a rotary evaporator. The yield of
OTMO-diamines was 50–58%.

2.1.3. Synthesis of Epoxyurethane Oligomers

A two-step synthetic route for epoxyurethane oligomers via oligodiisocyanate forma-
tion is shown in Figure 2.

 

Figure 2. Synthetic route for epoxyurethane oligomers.

The pre-synthesized polyesters were dried at 90 ◦C for 7 h. Oligodiisocyanates were
obtained via interaction of oligodiols and diisocyanate (NCO/OH = 2.03) at constant
temperature of the reaction mixture of 1 h at 60 ◦C and 80 ◦C at stirring for 6 h. The
content of NCO groups in the prepolymers was determined by titration with n-butylamine
(standard method ASTM D 2572-97). Then the reaction mixture was cooled to 40 ◦C, and
the catalyst, di-n-butyl tin dilaurate, and the calculated amount of glycidol were added.
The catalyst amount was 0.03 wt.% of the reaction mixture. Then the reaction mixture
was heated to 70 ◦C and stirred for 8 h. The completeness of the reaction was confirmed
by IR spectroscopy. No band at 2270 cm−1, characteristic of isocyanate group [38], was
observed in the IR spectra of the reaction products. The content of free epoxy groups was
determined according to the technique described in [39]. The composition and properties
of the synthesized oligomers are summarized in Table 1.
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Table 1. Composition and properties of the synthesized oligomers.

Product Code
Molecular Weight

of Initial EUO
OTMO

Diisocyanate
Type

Content of Free Isocyanate
Groups, wt %

Content of Free Epoxy Groups,
wt %

Calculated Determined Calculated Determined

FP-1 1008 2,4-toluene
diisocyanate 6.23 6.31 ± 0.03 5.82 5.71 ± 0.03

FP-2 1008 isophorone
diisocyanate 5.82 5.85 ± 0.03 5.43 5.31 ± 0.03

FP-3 1400 2,4-toluene
diisocyanate 4.81 4.92 ± 0.03 4.64 4.72 ± 0.03

FP-4 1400 isophorone
diisocyanate 4.56 4.62 ± 0.03 4.37 4.45 ± 0.03

FP-5 2000 2,4-toluene
diisocyanate 3.57 3.65 ± 0.03 3.51 3.47 ± 0.03

FP-6 2000 isophorone
diisocyanate 3.43 3.53 ± 0.03 3.54 3.45 ± 0.03

2.1.4. Polymer Synthesis

At the final synthetic step, epoxyurethane oligomers were mixed with a synthesized
curing agent for 10 min under vacuum (1–2 kPa) at 40 ◦C. The resulting reaction mixture
was cured for 48 h at 30 ◦C. Cure monitoring by FTIR was used to determine the required
cure time. Disappearance of the absorption band at 910 cm−1 indicated the completeness
of the epoxy group conversion [40]. The synthetic route is demonstrated in Figure 3.

 

Figure 3. Synthetic route of polymers.

The sample compositions are provided in Table 2.

Table 2. Compositions for preparation of the polymers.

Composition Code Oligomer Code Curing Agent

C-1 FP-1 OTMODA 1000
C-2 FP-3 OTMODA 1000
C-3 FP-5 OTMODA 1000
C-4 FP-1 OTMODA 1400
C-5 FP-3 OTMODA 1400
C-6 FP-5 OTMODA 1400
C-7 FP-2 OTMODA 1000
C-8 FP-4 OTMODA 1000
C-9 FP-6 OTMODA 1000

C-10 FP-2 OTMODA 1400
C-11 FP-4 OTMODA 1400
C-12 FP-6 OTMODA 1400
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2.2. Methods

2.2.1. 1H- and 13C-NMR Spectroscopy
1H and 13C NMR spectra were recorded using a Bruker, Moccow, Russia) Avance

Neo III spectrometer (1H: 400 MHz, 13C: 75 MHz); tetramethyl silane was used as an
internal standard. NMR chemical shifts were calibrated using the deuterium signal of
CDCl3 (7.26 ppm for 1H and 77.16 ppm for 13C).

2.2.2. Elemental Analysis

Elemental analysis was carried out using a LECO, Moscow, Russia CHNS-932 analyzer.

2.2.3. Gel Permeation Chromatography

The molecular mass of the oligomers obtained was determined by gel permeation
chromatography using an ULTIMATE 3000 chromatograph (Dionix Thermo Scientific,
Moscow, Russia) equipped with a RefractoMax 521 refractometric detector according
to [41].

2.2.4. FTIR Spectroscopy

FTIR spectra in the area of carbonyl valence vibrations (between wave numbers
ν = 1600 and 1760 cm−1) of the investigated samples were recorded using an IFS-66/S
spectrometer (Bruker, Moscow, Russia) with spectral resolution of 1 cm−1. The spectra were
normalized with respect to the band at 2860 cm−1, corresponding to symmetric vibrations
of aliphatic –CH2 groups [42].

2.2.5. Differential Scanning Calorimetry (DSC)

Endothermic and exothermic effects in the samples within the temperature range from
−100 ◦C to +100 ◦C were recorded using a Mettler Toledo MDSC Q100 calorimeter (Mettler
Toledo, Moscow, Russia). Heating and cooling rates were 5 K min−1.

2.2.6. Mechanical Tests

Mechanical tests of specimens of the materials obtained were performed with an
Instron 3365 (Moscow, Russia) testing machine at the extension velocity υ = 0.417 s−1 and a
temperature of 25 ± 1 ◦C by the standard procedure. The following characteristics were
measured: the nominal strength σk (MPa), i.e., the maximal stress per initial specimen cross
section; the relative critical strain εk (%); the nominal elastic modulus E100 (stress at the
relative strain ε = 100%). The synthesized polymer was subjected to 5 tests.

3. Results

This section is divided into subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

3.1. NMR Spectra of Functionalized Oligotetramethylene Oxides

The transformations of the terminal fragments of the initial polyfurites were confirmed
by NMR data (Figure 4a–d). In the 1H NMR spectra, the protons of the methylene groups of
the initial polyfurites (Mn ~ 1008 g·mol−1, Mn ~ 1400 g·mol−1) are observed at 1.51–1.62 (O-
CH2-CH2-CH2-CH2-O (a)) and 3.31–3.39 (O-CH2-CH2-CH2-CH2-O (b)) ppm, respectively.
The triplet at 3.56 (c) ppm can be attributed to the terminal hydroxy methylene groups.
The signals of the two hydroxy group protons appear at 2.31 ppm (Mn ~ 1008 g·mol−1)
or at 2.60 ppm (Mn ~ 1400 g·mol−1). Upon the substitution of hydroxy groups with
bromine, these signals disappeared. In addition, the signals attributed to the protons of the
methylene groups in the vicinity of halogen atoms were found to be shifted. Further, the
substitution of bromine with phthalimide groups resulted in the appearance of phthalimide
proton signals in a weak field region (δ = 7.63 ppm and 7.76 ppm), and again a shift of
the methylene proton signals in the vicinity of the substituent, in this case, phthalimide, is
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observed. In the next step, in OTMO diamine spectra, there are the peaks attributed to the
protons of two amino groups (δ = 2.87 ppm for Mn ~ 1008 g·mol−1 and δ = 2.67 ppm for
Mn ~ 1400 g·mol−1). The strong field shift of the signals of the functionalized methylene
groups is observed.

 
(a) (b) 

 
(c) (d) 

Figure 4. 1H NMR spectra: (a)—with Mn ~ 1008 g·mol−1 and its derivatives, (c) OTMO with Mn ~
1400 g·mol−1 and its derivatives; 13C NMR spectra: (b)—with Mn ~ 1008 g·mol−1 and its derivatives,
(d) OTMO with Mn ~ 1400 g·mol−1 and its derivatives.
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In 13C NMR spectra, at each step of the synthetic route, a shift of the signals of the
terminal methylene carbon (c) and (d) can be distinguished (Figure 4b,d). In addition, weak
field signals (δ = 123, 132, 134, and 168 ppm) appear in the spectra of OTMO-diphtalimides.
These signals disappear after the aminolysis is completed.

Number-average molecular weight (Mn) was determined from 1H NMR spectroscopy
by comparing the integration of the end-group proton resonances to the repeating unit
proton resonances. The results are presented below.
OTMO-dibromide (Mn = 1134 g/mol): 1H NMR (400 MHz, CDCl3, δ, ppm): 3.35 (br m, 55H,
OCH2CH2CH2CH2Br, OCH2CH2CH2CH2O main chain), 1.88 (t, 4H, OCH2CH2CH2CH2Br),
1.64 (t, 4H, OCH2CH2CH2CH2O main chain), 1.55 (br m, 47H, OCH2CH2CH2CH2O
main chain). 13C NMR (75 MHz, CDCl3, δ, ppm): 26.5 (OCH2CH2CH2CH2O), 28.3
(OCH2CH2CH2CH2O), 29.7 (OCH2CH2CH2CH2O), 33.6 (OCH2CH2CH2CH2Br), 69.6 (O
CH2CH2CH2CH2Br), 70.5 (OCH2CH2CH2CH2O).
OTMO-dibromide (Mn = 1526 g/mol): 1H NMR (400 MHz, CDCl3, δ, ppm): 3.35 (br m, 80H,
OCH2CH2CH2CH2Br, OCH2CH2CH2CH2O main chain), 1.88 (t, 4H, OCH2CH2CH2CH2Br),
1.64 (t, 4H, OCH2CH2CH2CH2O main chain), 1.55 (br m, 72H, OCH2CH2CH2CH2O
main chain). 13C NMR (75 MHz, CDCl3, δ, ppm): 26.4 (OCH2CH2CH2CH2O), 28.3
(OCH2CH2CH2CH2O), 29.7 (OCH2CH2CH2CH2O), 33.6 (OCH2CH2CH2CH2Br), 69.6 (O
CH2CH2CH2CH2Br), 70.5 (OCH2CH2CH2CH2O).
OTMO-diphtalimide (Mn = 1266 g/mol): 1H NMR (400 MHz, CDCl3, δ, ppm): 7.76
(m, 4H, Pthalimide), 7.63 (m, 4H, Pthalimide), 3.65 (t, 4H, -CH2CH2-Phtalimide), 3.35
(br m, 51H, OCH2CH2CH2CH2O main chain), 1.70 (t, 4H, -CH2CH2-Phtalimide), 1.55
(br m, 51H, OCH2CH2CH2CH2O main chain). 13C NMR (75 MHz, CDCl3, δ, ppm):
25.3 (OCH2CH2CH2CH2O), 26.4 (OCH2CH2CH2CH2O), 27.0 (OCH2CH2CH2CH2O), 37.7
(OCH2CH2CH2CH2Phtalimide), 69.9 (OCH2CH2CH2CH2Phtalimide), 70.4 (OCH2CH2CH2
CH2O), 123.0 (Pthalimide), 132.0 (Pthalimide), 133.7 (Pthalimide), 168.2 (Pthalimide).
OTMO-diphtalimide (Mn = 1658 g/mol): 1H NMR (400 MHz, CDCl3, δ, ppm): 7.76
(m, 4H, Pthalimide), 7.63 (m, 4H, Pthalimide), 3.64 (t, 4H, -CH2CH2-Phtalimide), 3.35
(br m, 76H, OCH2CH2CH2CH2O main chain), 1.70 (t, 4H, -CH2CH2-Phtalimide), 1.55
(br m, 76H, OCH2CH2CH2CH2O main chain). 13C NMR (75 MHz, CDCl3, δ, ppm):
25.3 (OCH2CH2CH2CH2O), 26.4 (OCH2CH2CH2CH2O), 27.0 (OCH2CH2CH2CH2O), 37.7
(OCH2CH2CH2CH2Phtalimide), 69.9 (OCH2CH2CH2CH2Phtalimide), 70.5 (OCH2CH2CH2
CH2O), 123.0 (Pthalimide), 132.1 (Pthalimide), 133.7 (Pthalimide), 168.2 (Pthalimide).
OTMO-diamines (Mn = 1006 g/mol): 1H NMR (400 MHz, CDCl3, δ, ppm): 3.35 (br m, 51H,
OCH2CH2CH2CH2O main chain), 2.87 (br s, 4H, NH2), 2.66 (t, 4H, OCH2CH2CH2CH2NH2),
1.55 (br m, 55H, OCH2CH2CH2CH2O main chain). 13C NMR (75 MHz, CDCl3, δ, ppm): 26.4
(OCH2CH2CH2CH2O, OCH2CH2CH2CH2NH2), 70.4 (OCH2CH2CH2CH2NH2, OCH2CH2
CH2CH2O).
OTMO-diamines (Mn = 1398 g/mol): 1H NMR (400 MHz, CDCl3, δ, ppm): 3.35 (br m,
80H, OCH2CH2CH2CH2O main chain, OCH2CH2CH2CH2NH2), 2.67 (br s, 4H, NH2), 1.55
(br m, 80H, OCH2CH2CH2CH2O main chain). 13C NMR (75 MHz, CDCl3, δ, ppm): 26.5
(OCH2CH2CH2CH2O, OCH2CH2CH2CH2NH2), 70.6 (OCH2CH2CH2CH2NH2, OCH2CH2
CH2CH2O).

3.2. Elemental Analysis

The data obtained in the course of elemental analysis are provided in the Table 3.
The closeness of the indices to the theoretical values confirms the structure of the synthe-
sized compounds.
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Table 3. Elemental analysis of the synthesized compounds.

C, % H, % N, %

Founded Calculated Founded Calculated Founded Calculated

OTMO-dibromide
(Mn = 1134 g/mol) 58.41 58.20 9.87 9.70 - -

OTMO-dibromide
(Mn = 1526 g/mol) 60.58 60.38 10.19 10.06 - -

OTMO-diphtalimide
(Mn = 1266 g/mol) 67.48 67.30 9.49 9.32 2.37 2.21

OTMO-diphtalimide
(Mn = 1658 g/mol) 67.32 67.15 9.90 9.74 1.84 1.69

OTMO-diamines
(Mn = 1006 g/mol) 65.75 65.61 11.46 11.33 2.90 2.78

OTMO-diamines
(Mn = 1398 g/mol) 66.05 65.90 11.40 11.27 2.17 2.00

3.3. Gel Permeation Chromatography of Functionalized Oligotetramethylene Oxides

In the determination of the molecular mass of compounds, the retention time was
from 4.98 to 5.75 min (Figure 5a,b). The small width of the peaks corresponds to the
narrow molecular-mass distribution of the oligomer. The obtained values of the average
compound molecular mass agree with the theoretical values (Table 4). Furthermore, NMR
spectroscopy and GPC revealed that the Mn values of compounds in both series remained
constant throughout the end-group transformations (Table 4).

  
(a) (b) 

Figure 5. GPC chromatograms: (a) OTMO with Mn ~ 1008 g·mol−1 and its derivatives; (b) OTMO
with Mn ~ 1400 g·mol−1 and its derivatives recorded using THF as the mobile phase.

Table 4. Molecular weight characteristics of the compounds determined via 1H NMR spectroscopy,
and GPC.

Mn
1 Mn

2

GPC 1H GPC 1H

OTMO-dibromide 1121 (5.105 *) 1134 1480 (5.550 *) 1526

OTMO-diphtalimide 1250 (5.265 *) 1266 1640 (5.748 *) 1658

OTMO-diamines 1020 (4.980 *) 1006 1380 (5.426 *) 1398

Mn
1—Number-average molecular weight of compounds synthesized on the basis of OTMO with Mn ~

1008 g·mol−1, Mn
2—Number-average molecular weight of compounds synthesized on the basis of OTMO

with Mn ~ 1400 g·mol−1, *—Retention time, min.
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3.4. FTIR Spectroscopy
3.4.1. FTIR Spectra of Functionalized Oligotetramethylene Oxides

The transformation of the terminal hydroxyls in polyfurites into amino groups was
also demonstrated by FTIR spectra (Figure 6).

 
(a) (b) 

Figure 6. The FTIR spectra for the samples: (a) OTMO with Mn ~ 1008 g·mol−1 and its derivatives;
(b) OTMO with Mn ~ 1400 g·mol−1 and its derivatives.

The absorption band at 665 cm−1 (C-Br) is observed in polyfurite spectra after nu-
cleophilic substitution of hydroxy groups with bromine. At the same time, there are no
hydroxyl group bands at 3300–3500 cm−1, usually present in polyfurite spectra. In the
OTMO-diphtalimide spectrum, a characteristic imide peak appears at 1720 cm−1. An ab-
sorption band of amino groups at 3300–3600 cm–1 is observed in the FTIR spectra of OTMO
diamines. The rest of the bands of the intermediates and the end product, OTMO-diamine,
are identical to those of the initial polyfurite. Thus, it can be concluded that the main
chain structure of the oligomer remained unchanged, and only the terminal groups were
involved in the reactions.

3.4.2. FTIR Spectra of the Synthesized Elastomers

The FTIR spectra of the synthesized elastomers are shown in Figure 7a,b. The NH
band of urethane can be found at 3350 cm−1 as a broad absorption. A broad band with
the center at 2950 cm−1 and the one at 2860 cm−1 were assigned to the CH asymmetric
stretching and the symmetric one in the CH2 groups. The absorption bands at 1542, 1454,
and 1412 cm−1 were assigned to the amide−NH stretching. The elastomers synthesized
from 2,4-toluene diisocyanate (C-1–C-6) have absorption bands at 1600 cm (aryl ring) and
also at 1612 cm−1. This band is typical for urethane-containing elastomers synthesized on
the basis of this diisocyanate. For elastomers synthesized from isophrondiisocyanate, these
bands do not appear.

The analysis of the FTIR spectra in the range of carbonyl stretching vibrations
(1600–1760 cm–1) reveals the important features of the structural organization of the synthe-
sized elastomers. It is known that the microphase separation of soft and hard segments
of elastomers with urethane hydroxyl hard blocks is characterized by an absorption band
at 1695 cm−1 when using isophorone diisocyanate and 1705 cm−1 when using 2,4-toluene
diisocyanate [43].

The samples synthesized from 2,4-toluylene diisocyanate (Figure 8a,b) in the vibration
range of 1600–1760 cm−1 have a strong absorption band at 1705 cm−1 that corresponds to
the hydrogen bond between the hard segments of the elastomer showing the high degree
of microphase separation. With an increase in the molecular weight of the oligodiol used
in the synthesis of the epoxyurethane oligomer, the intensity of this band decreases. This
fact indicates that the degree of microphase separation decreases with an increase in the
molecular weight of oligodiol. In the case of using isophorone diisocyanate, the same
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regularity appears (Figure 9). It should be noted that the degree of microphase separation
is higher for samples synthesized from isophorone diisocyanate.

 
(a) (b) 

Figure 7. The FTIR spectra for the samples: (a) C-1, C-2, C-3, C-4, C-5, C-6; (b) C-7, C-8, C-9, C-10,
C-11, C-12.

  
(a) (b) 

Figure 8. Sections of the FTIR spectra for the samples: (a) C-1, C-3, C-5; (b) C-2, C-4, C-6.

3.5. Differential Scanning Calorimetry Data

The thermal properties of the synthesized elastomers were studied by differential
scanning calorimetry. First, the samples were heated to 150 ◦C, then cooled to 100 ◦C
below zero, kept for 30 min, and heated at a heating rate of 5 ◦C/min. In Figure 10a,b, the
reheating thermograms of the samples C1–C12 are shown. The thermophysical properties
of the synthesized elastomers are shown in Table 5.
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(a) (b) 

Figure 9. Sections of the FTIR spectra for the samples: (a) C-7, C-9, C-11; (b) C-8, C-10, C-12.

(a) (b) 

Figure 10. DSC-curves of the epoxy urethane samples from: (a) C-1, C-2, C-3, C-4, C-5, C-6; (b) C-7,
C-8, C-9, C-10, C-11, C-12.

Table 5. Thermophysical properties of synthesized elastomers.

Composition Code
Glass Transition Temperature of

the Soft Phase, ◦C
Melting Temperature of the

Soft Phase, ◦C

C-1 −63 29
C-2 −61 29
C-3 −59 29
C-4 −63 29
C-5 −65 29
C-6 −64 29
C-7 −67 -
C-8 −66 30
C-9 −65 30

C-10 −73 30
C-11 −71 30
C-12 −70 30
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From the presented thermograms, it can be seen that when using the hardener with a
molecular weight of 1000, the glass transition temperature is 5–8 ◦C higher than when using
a hardener with a molecular weight of 1400. This is due to an increase in the segmental
mobility of polymer chains. On the other hand, the use of a hardener with a higher
molecular weight provides the prerequisites for the crystallization of the polymer, which
should reduce the segmental activity of the chains.

The elastomers synthesized from isophorone diisocyanate have a glass transition
temperature lower by 5–10 ◦C than elastomers from 2,4-toluene diisocyanate. This is due
to the lower degree of microphase separation of soft and hard segments in elastomers
(Figures 8a,b and 9a,b). In this case, an increase in the degree of microphase separation
leads to a decrease in the degree of crystallinity of elastomers. It should be noted that
the melting temperature of the flexible phase of all the elastomers except C-7 (there is no
melting in sample C-7) is 29–30 ◦C.

3.6. Deformation and Strength Characteristics

According to the data obtained during mechanical tests (Table 6), the deformation–
strength characteristics depend on both the molecular and supramolecular structure of
the elastomers.

Table 6. Physical–mechanical characteristics of the synthesized elastomers.

Composition Code σk, MPa εk, % E100, MPa

C-1 6.2 ± 0.3 175 ± 7 5.3 ± 0.3
C-2 6.1 ± 0.3 196 ± 7 5.7 ± 0.3
C-3 6.3 ± 0.3 224 ± 7 6.0 ± 0.3
C-4 6.1 ± 0.3 115 ± 5 5.8 ± 0.3
C-5 7.2 ± 0.4 121 ± 5 6.0 ± 0.3
C-6 6.9 ± 0.3 141 ± 5 6.2 ± 0.3
C-7 6.5 ± 0.3 205 ± 7 4.1 ± 0.2
C-8 10.2 ± 0.5 221 ± 7 4.2 ± 0.2
C-9 9.3 ± 0.4 256 ± 10 4.6 ± 0.2

C-10 6.2 ± 0.3 196 ± 7 4.9 ± 0.2
C-11 6.4 ± 0.3 206 ± 7 5.0 ± 0.3
C-12 7.0 ± 0.3 261 ± 10 5.5 ± 0.3

The elastomers synthesized from 2,4-toluene diisocyanate show a higher Young’s
modulus (E100), which is explained by a higher degree of crystallinity of the elastomers.
However, elastomers synthesized from isophrondiisocyanate, due to a higher degree of
microphase separation of soft and hard segments, are characterized by higher strength char-
acteristics. With an increase in the molecular weight of the used hardener, Young’s modulus
also increases. Increasing the molecular weight of EUO when using a higher molecular
weight OTMO in its synthesis leads to an increase in the deformation characteristics of the
cured elastomer.

4. Conclusions

For the first time, a method has been developed for the synthesis of oligotetramethy-
lene oxides with terminal amino groups, including the initial bromination of oligotetram-
ethylene oxide diols, followed by the Gabriel reaction.

Six epoxyurethane oligomers were prepared using the oligotetramethylene oxide
diol with Mn ~ 1008 g·mol−1, Mn ~ 1400 g·mol−1, isophorone diisocyanate, 2,4-toluene
diisocyanate, and epoxy alcohol-glycidol.

Twelve elastomers from oligomers with urethane hydroxyl hard segments were pre-
pared using synthesized amines.

For the first time, on the basis of epoxyurethane oligomers, synthesized on the basis of
polyethers, crystallizable elastomers have been obtained.
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The degree of microphase separation is higher for samples synthesized from isophorone
diisocyanate.

It has been shown that the use of new oligoamines makes it possible to obtain elas-
tomers with a controlled degree of crystallinity, which allows them to be used as shape
memory materials. At the same time, the glass transition temperature of elastomers
−60–70 ◦C allows them to be used in extreme conditions of the far North.

The elastomers synthesized from 2,4-toluene diisocyanate exhibit a higher Young’s
modulus (E100) due to a higher degree of crystallinity of the elastomers. However, elas-
tomers synthesized from isophrondiisocyanate, due to a higher degree of microphase
separation of soft and hard segments, are characterized by higher strength characteristics.

Author Contributions: Conceptualization, A.S.; methodology, D.K.; investigation, A.S. and D.S.;
resources, N.E.; writing—original draft preparation, A.S.; writing—review and editing, A.S. and
D.S.; project administration, V.S. All authors have read and agreed to the published version of
the manuscript.

Funding: The reported study was funded by RFBR and Perm Territory, project number No. 20-
43-596010. The work was carried out within the framework of the State Assignment (theme state
registration number 122011900165-2) using the equipment of the Center for Collective Use “Investiga-
tions of materials and substances” of Perm Federal Research Center of the Ural Branch of the Russian
Academy of Sciences.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The most significant data generated or analyzed during this study are
included in this published article. Further results obtained during the current study are available
from the corresponding author on reasonable request.

Acknowledgments: The study was performed using the equipment of the Center for Shared Use
Studies of Materials and Substances at the Perm Federal Research Center Ural Branch Russian
Academy of Sciences.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bahl, S.; Nagar, H.; Singh, I.; Sehgal, S. Smart materials types, properties and applications: A review. Mater. Today Proc. 2020, 28,
1302–1306. [CrossRef]

2. Shahinpoor, M. Fundamentals of Smart Materials; Royal Society of Chemistry: London, UK, 2020.
3. Cheng, F.; Liang, J.; Tao, Z.; Chen, J. Functional Materials for Rechargeable Batteries. Adv. Mater. 2011, 23, 1695–1715. [CrossRef]

[PubMed]
4. Cornwell, D.J.; Smith, D.K. Expanding the scope of gels—Combining polymers with low-molecular-weight gelators to yield

modified self-assembling smart materials with high-tech applications. Mater. Horiz. 2015, 2, 279–293. [CrossRef]
5. Singh, A.V.; Rahman, A.; Kumar, N.S.; Aditi, A.; Galluzzi, M.; Bovio, S.; Barozzi, S.; Montani, E.; Parazzoli, D. Bio-inspired

approaches to design smart fabrics. Mater. Des. 2012, 36, 829–839. [CrossRef]
6. Leonardi, A.B.; Fasce, L.A.; Zucchi, I.; Hoppe, C.E.; Soulé, E.R.; Perez, C.J.; Williams, R.J. Shape memory epoxies based on

networks with chemical and physical crosslinks. Eur. Polym. J. 2011, 47, 362–369. [CrossRef]
7. Xiao, X.; Kong, D.; Qiu, X.; Zhang, W.; Liu, Y.; Zhang, S.; Zhang, F.; Hu, Y.; Leng, J. Shape memory polymers with high and low

temperature resistant properties. Sci. Rep. 2015, 5, 14137. [CrossRef]
8. Zhang, F.H.; Zhang, Z.C.; Luo, C.J.; Lin, I.-T.; Liu, Y.; Leng, J.; Smoukov, S.K. Remote, fast actuation of programmable multiple

shape memory composites by magnetic fields. J. Mater. Chem. C 2015, 3, 11290–11293. [CrossRef]
9. Xiao, R.; Guo, J.; Safranski, D.L.; Nguyen, T.D. Solvent-driven temperature memory and multiple shape memory effects. Soft

Matter 2015, 11, 3977–3985. [CrossRef]
10. Dong, Y.; Xia, H.; Zhu, Y.; Ni, Q.-Q.; Fu, Y. Effect of epoxy-graft-polyoxyethylene octyl phenyl ether on preparation, mechanical

properties and triple-shape memory effect of carbon nanotube/water-borne epoxy nanocomposites. Compos. Sci. Technol. 2015,
120, 17–25. [CrossRef]

11. Dong, Y.; Ni, Q.-Q.; Fu, Y. Preparation and characterization of water-borne epoxy shape memory composites containing silica.
Compos. Part A Appl. Sci. Manuf. 2015, 72, 1–10. [CrossRef]

12. Lendlein, A.; Langer, R. Biodegradable, Elastic Shape-Memory Polymers for Potential Biomedical Applications. Science 2002, 296,
1673–1676. [CrossRef]

288



Polymers 2022, 14, 2136

13. Zarek, M.; Layani, M.; Cooperstein, I.; Sachyani, E.; Cohn, D.; Magdassi, S. 3D Printing of Shape Memory Polymers for Flexible
Electronic Devices. Adv. Mater. 2015, 28, 4449–4454. [CrossRef] [PubMed]

14. Hu, J.; Zhu, Y.; Huang, H.; Lu, J. Recent advances in shape–memory polymers: Structure, mechanism, functionality, modeling
and applications. Prog. Polym. Sci. 2012, 37, 1720–1763. [CrossRef]

15. Wang, Y.; Tian, W.; Xie, J.; Liu, Y. Thermoelectric Responsive Shape Memory Graphene/Hydro-Epoxy Composites for Actuators.
Micromachines 2016, 7, 145. [CrossRef]

16. Hu, J.; Meng, H.; Li, G.; Ibekwe, S.I. A review of stimuli-responsive polymers for smart textile applications. Smart Mater. Struct.
2012, 21, 053001. [CrossRef]

17. Akindoyo, J.O.; Beg, M.D.H.; Ghazali, S.; Islam, M.R.; Jeyaratnam, N.; Yuvaraj, A.R. Polyurethane types, synthesis and
applications—A review. RSC Adv. 2016, 6, 114453–114482. [CrossRef]

18. Kojio, K.; Nozaki, S.; Takahara, A.; Yamasaki, S. Influence of chemical structure of hard segments on physical properties of
polyurethane elastomers: A review. J. Polym. Res. 2020, 27, 140. [CrossRef]

19. Shokrolahi, F.; Yeganeh, H. Soft segment composition and its influence on phase-separated morphology of PCL/PEG-based
poly(urethane urea)s. Iran. Polym. J. 2014, 23, 505–512. [CrossRef]

20. Zhang, L.; Zhang, C.; Zhang, W.; Zhang, H.; Hou, Z. Synthesis and properties of biodegradable poly(ester-urethane)s based
on poly(ε-caprolactone) and aliphatic diurethane diisocyanate for long-term implant application: Effect of uniform-size hard
segment content. J. Biomater. Sci. Polym. Ed. 2019, 30, 1212–1226. [CrossRef]

21. Hou, Z.; Xu, J.; Teng, J.; Jia, Q.; Wang, X. Facile preparation of medical segmented poly(ester-urethane) containing uniformly sized
hard segments and phosphorylcholine groups for improved hemocompatibility. Mater. Sci. Eng. C 2019, 109, 110571. [CrossRef]

22. Kasprzyk, P.; Benes, H.; Donato, R.K.; Datta, J. The role of hydrogen bonding on tuning hard-soft segments in bio-based
thermoplastic poly(ether-urethane)s. J. Clean. Prod. 2020, 274, 122678. [CrossRef]

23. Tereshatov, V.V.; Makarova, M.; Senichev, V.Y.; Volkova, E.; Vnutskikh, Z.A.; Slobodinyuk, A.I. The role of the soft phase in
the hardening effect and the rate dependence of the ultimate physico-mechanical properties of urethane-containing segmented
elastomers. Colloid Polym. Sci. 2014, 293, 153–164. [CrossRef]

24. Xiao, M.; Zhang, N.; Zhuang, J.; Sun, Y.; Ren, F.; Zhang, W.; Hou, Z. Degradable Poly(ether-ester-urethane)s Based on Well-Defined
Aliphatic Diurethane Diisocyanate with Excellent Shape Recovery Properties at Body Temperature for Biomedical Application.
Polymers 2019, 11, 1002. [CrossRef]

25. Slobodinyuk, A.; Strelnikov, V.; Senichev, V.Y.; Slobodinyuk, D. Preparation, Structure and Properties of Urethane-Containing
Elastomers Based on Epoxy Terminal Oligomers. Polymers 2022, 14, 524. [CrossRef] [PubMed]
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Abstract: A mathematical model for the kinetics, composition and molar mass development of the
bulk reversible addition-fragmentation chain transfer (RAFT) copolymerization of glycidyl methacry-
late (GMA) and styrene (St), at several GMA molar feed fractions at 103 ◦C, in the presence of 2-cyano
isopropyl dodecyl trithiocarbonate as the RAFT agent and 1,1′-azobis(cyclohexane carbonitrile), as
the initiator, is presented. The copolymerization proceeded in a controlled manner and dispersities
of the copolymers remained narrow even at high conversions. Experimental data and calculated
profiles of conversion versus time, composition versus conversion and molar mass development
for the RAFT copolymerization of St and GMA agreed well for all conditions tested, including
high-conversion regions. The kinetic rate constants associated with the RAFT- related reactions and
diffusion-controlled parameters were properly estimated using a weighted nonlinear multivariable
regression procedure. The mathematical model developed in this study may be used as an aid in the
design and upscaling of industrial RAFT polymerization processes.

Keywords: glycidyl methacrylate; styrene; kinetic modeling; RAFT copolymerization

1. Introduction

Functionalized copolymers are relevant at the industrial level due to their participation
in chain extension, crosslinking, and polymer grafting reactions. The applications of these
copolymers are diverse. They can be used as dispersants, surfactants, surface modifiers,
compatibilizers, and drug delivery matrices [1]. Poly(styrene-co-glycidyl methacrylate)
(St-GMA copolymers) are very interesting functional polymers. The epoxide group is useful
for the chemical modification of copolymers, leading to a wide variety of applications. The
glycidyl functional group has potential applications in functionalization with amines [1],
compatibilized polymer blends [2], acids [3], cation-exchange adsorbents [4], and the chain
extension of polyesters [5,6], leading to the production of materials with increased melt
viscosities and strengths.

Industrial production of St-GMA copolymers is usually carried out by conventional
free-radical polymerization (FRP) processes [7,8]. FRP has the advantages of undemand-
ing operation conditions and versatility of monomers that can be used. The negative
aspects of FRP include poor control of the molar mass and polymer microstructure of the
product. St-GMA copolymers synthesized by FRP typically possess broad molar mass
distributions [9].

Another disadvantage of FRP processes is temperature control. For instance, the
free radical copolymerization of St and GMA proceeds very rapidly and exothermically.
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Therefore, efficient heat removal is required to avoid reaching reactor-runaway conditions,
which may result in the production of out-of-specification materials.

Reversible-deactivation radical polymerization (RDRP), also known as controlled
radical polymerization (CRP), is important because it allows the synthesis of copolymers
with not only narrow molar mass distributions and well-defined microstructures, but also
more homogeneous composition distributions, compared to FRP [10].

The main RDRP techniques, namely, nitroxide-mediated polymerization (NMP) [11,12],
atom transfer radical polymerization (ATRP) [13], and reversible addition-fragmentation
chain transfer polymerization [14], have allowed the synthesis of functional polymers with
predefined molar masses, low dispersity values, and defined microstructures.

Recently, the incorporation to RAFT polymerization of photoinduced electron/energy
transfer (PET) and polymerization-induced self-assembly (PISA) methodologies into RAFT
polymerization has been applied to the polymerization of various functional monomers,
resulting in good control of molecular weight and molecular weight distributions, similar
to thermally initiated systems, with supplementary advantages, such as mild reaction con-
ditions and low energy consumption [15,16]. PET-RAFT polymerization was successfully
conducted, obtaining polymer products with controlled molecular weights and narrow
dispersities (Ð = 1.02–1.13) [15], while RAFT-PISA was successfully applied to the synthesis
of block copolymer nano-objects with different morphologies [16].

Few experimental reports on the RAFT copolymerization of St and GMA are available,
and to the best of our knowledge there are no reported studies on the production of
functional St-GMA copolymers synthesized by RAFT polymerization above 100 ◦C [17],
which is the range of interest in the synthesis of acrylate-containing copolymers.

As far as we are aware, only the syntheses of St-GMA copolymers by atom transfer
radical polymerization using copper-based catalyst systems in bulk and in toluene, at
60 ◦C [18], and by nitroxide mediated polymerization in 50 wt.% 1,4-dioxane solution, at
90 ◦C, have been reported [19].

The control of polymer microstructural parameters, such as copolymer composition,
copolymer sequence distributions and molar mass dispersities, is important in copolymer-
ization processes. Parameter estimation of kinetic rate constants associated with copoly-
merization processes is important for accurate calculation of polymerization rates and
copolymer sequence distributions, which are fundamental to the production of copolymers
with predefined properties.

The application of fundamental polymerization models, including kinetic and reactor
models, is necessary to understand the mechanisms and phenomena behind these processes.
Kinetic studies are particularly important because they provide better control strategies
during the production of polymers at an industrial scale [20]. These models can be used
to calculate monomer conversion, polymer microstructure, molar mass averages, and
full molar mass distributions (MMD) under various operating conditions. Furthermore,
mathematical modeling may be used to better understand and operate polymerization
processes, allowing the prediction of the effect of operating conditions on polymerization
rate and polymer properties; a good model may simplify experimental programs. The
industrial production of polymer materials usually involves high-temperature processes.
Therefore, it is important to carry out kinetic studies at similarly high temperatures. To the
best of our knowledge, the kinetic modeling of the RAFT copolymerization of St and GMA
has not been reported so far. It is known that RAFT agents alter the concentration profiles
of active species, compared to FRP [20–22]. This situation may favor the preferential
incorporation of one of the comonomers, affecting both, copolymer composition and
polymerization kinetics [21].

In this contribution, the kinetic modeling of the RAFT bulk copolymerization of St
and GMA using 2-cyano-2-propyl dodecyl trithiocarbonate (CPDT) as a RAFT agent, and
1,1′-azobis (cyclohexane carbonitrile) as an initiator, at different levels of GMA content, is
reported. Our objectives were to estimate the rate coefficients for RAFT reactions involved
in the polymerization scheme and evaluate the performance of the model by comparing
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model predictions against experimental data generated in our laboratory. In developing the
model, it was assumed that the terminal model is valid and that the RAFT activation and
transfer cycles proceed with the same kinetic parameters. Diffusion-controlled termination
was considered using a model based on free-volume theory.

2. Experimental

2.1. Reagents

GMA (97%) and styrene (99%) were purchased from Aldrich (Saint Louis, MO, USA)
and purified as explained in one of our earlier studies. [9] 1,1′-azobis(cyclohexane car-
bonitrile) (ACHN, 98%) and 2-cyano-2-propyl dodecyl trithiocarbonate (97%) were both
purchased from Aldrich (Saint Louis, MO, USA) and used as received.

2.2. Size Exclusion Chromatography (SEC) Characterization Method

Number- and weight-average molar masses (Mn and Mw, respectively), and molar
mass dispersity (Ð = Mw/Mn) of the synthesized polymers were measured using a Waters
1515 gel permeation chromatograph (GPC, Waters, Milford, MA, USA) equipped with a
refractive-index detector as well as HR 1, HR 3, and HR 4 columns. Calibration proce-
dure and operating conditions were the same as described in an earlier report from our
group [19].

2.3. 1H-NMR Characterization Method
1H-nuclear magnetic resonance (1H-NMR) spectra were obtained using a Varian

300 MHz spectrometer (Varian, Santa Clara, CA, USA) using deuterated chloroform (CDCl3)
as a solvent and tetramethylsilane (TMS) as an internal standard, at room temperature.
Sample preparation and measurement proceeded as reported in our previous studies. [14]
Data analysis for determination of copolymer composition and sequence distribution of
monomer units from 1H-NMR characteristic signals was carried out using the appropriate
equations [23].

2.4. Copolymerization Reactions

Bulk copolymerizations of St and GMA, at 103 ◦C, proceeded in a 1-L high-pressure
stainless-steel jacketed reactor (Parr Model 4523, Moline, IL, USA) with temperature control,
as well as pressure and stirring sensors. Ultra-high-purity nitrogen was used to provide an
inert environment. Appropriate amounts of GMA and St were then added to the reactor,
followed by the initiator and RAFT agent. A mixing rate of 150 rpm was used. The
polymerizations proceeded under nitrogen atmosphere, at 4.14 bar. Then, temperature was
increased to 103 ◦C using a Huber Unistat 815w thermoregulator, in cascade mode. The
thermal oil flew directly to the reactor jacket and to the coil, which ensured temperature
control with a precision of ±1 ◦C. Sample withdrawal, preparation and analyses proceeded
as detailed in one of our earlier studies [19].

Monomer conversion was not measured directly. We measured polymer yield, which
was calculated gravimetrically, as the ratio of mass of produced polymer to mass of initial
total monomer. Therefore, although we refer to monomer conversion in the figures of this
contribution, when referring to experimental data, it is strictly polymer yield.

3. Model Development

A kinetic mathematical model was developed to calculate polymerization rate, evo-
lution of molar mass averages, and copolymer composition. The model contains the
following assumptions: (a) penultimate effects were neglected; (b) while in some reactions
the intermediate macroradical species formed during the additional step of the RAFT
process may be stable enough to delay polymerization (maximum lifetime of 1 s), it is not
considered here to initiate new species and terminate [24–27]; and (c) branching has also
been neglected.
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The starting polymerization scheme is shown in Table 1. Three polymer populations
are involved: propagating radical or active (living) polymer molecules with terminal units
A or B (Pn and Qn), dormant polymer molecules with terminal units A or B (TPn and TQn),
and dead polymer molecules (Mn), where subscript n is the number of monomeric units in
the macromolecule. A and B represent St and GMA terminal units, respectively. T is the
RAFT agent.

Table 1. Detailed polymerization scheme used in this study.

Initiation Propagation

I
kdf→2 R•

R•+ A
ki1→P1 Pn + A

kp11→ Pn+1 Qn + A
kp21→ Pn+1

R•+ B
ki2→Q1 Pn + B

kp12→ Qn+1 Qn + B
kp22→ Qn+1

RAFT activation

T + Pn
kaa1
�
kfa1

R• + TPn

T + Qn
kaa2
�
kfa2

R• + TQn

RAFT transfer

Pn + TPr
kat1
�
kft1

TPn + Pr

Pn + TQr
kat3
�
kft3

TPn + Qr

Qn + TQr
kat2
�
kft2

TQn + Qr

Qn + TPr
kat4
�
kft4

TQn + Pr

Termination

Pn + Pr
ktc1→Mn+r Pn + Pr

ktd1→Mn + Mr

Qn + Qr
ktc2→Mn+r Qn + Qr

ktd2→Mn + Mr

Pn + Qr
ktc3→Mn+r Pn + Qr

ktd3→Mn + Mr

The mathematical model developed in this contribution is based on the method of
moments. The definitions of moments of several polymer species are shown in Table 2.

Table 2. Definition of moments of the several polymer species.

Ya
i = ∑∞

n=0 ni [Pn] Za
i = ∑∞

n=0 ni [TPn] Di = ∑∞
n=0 ni [Mn]

Yb
i = ∑∞

n=0 ni[Qn] Zb
i = ∑∞

n=0 ni[TQn]
i = 0, 1, 2

The detailed kinetic equations for low molar mass and polymer species are summa-
rized in Table 3.

Table 3. Kinetic equation for species.

dA
dt = −ki1[ R• ][A] − kp11[A][ Ya

o ] − kp21[A][ Yb
o ] St monomer (1)

dB
dt = −ki2[ R• ][B] − kp12[B][ Ya

o ] − kp22[B][ Yb
o ] GMA monomer (2)

dI
dt = −kd[I] initiator (3)

dR•
dt = 2kdf[I] − ki1[A][ R•] − ki2[B][ R• ] − kfa1[ Za

o ][ R• ] + kaa1[ Ya
o ][T] − kfa2[ Zb

o ][R*] + kaa2[ Yb
o ][T] (4)

dt
dt = kfa2[ R• ][ Zb

o ] − kaa2[T][ Yb
o ] + kfa1[ R• ][ Za

o ] − kaa1[T][ Ya
o ] RAFT agent (5)

dPn
dt = ki1[ R• ][A] + kfa1[ R• ][TPn] − kaa1[T][Pn] − kat3[ Zb

o ] [Pn] + kft3[ Yb
o ][TPn] + kft1[ Ya

o ][TPn] − kat1[ Za
o ][Pn] − kp11[A][Pn] −

kp12[B][Pn] + kp11[A][Pn−1] + kp21[A][Qn−1] − ktc3[ Yb
o ][Pn] −ktd3[ Yb

o ][Pn] − ktc1[ Ya
o ][Pn] − ktd1[ Ya

o ][Pn]
(6)

dQn
dt = ki2[ R• ][B] + kfa2[R*][TQn] − kaa2[T][Qn] – kat4[ Za

o ][Qn] + kft4[ Ya
o ][TQn] + kft2[ Yb

o ][TQn] − kat2[ Zb
o ][Qn] − kp21[A][Qn] −

kp22[B][Qn] + kp12[B][Pn−1] + kp22[B][Qn−1] − ktc3[ Ya
o ][Qn] − ktd3[ Ya

o ][Qn] − ktc2[ Yb
o ][Qn] − ktd2[Y

b
o ][Qn]

(7)

dTPn
dt = −kfa1[ R• ][TPn] + kaa1[T][Pn] + kat3[ Zb

o ][Pn] – kft3[ Yb
o ][TPn] + kat1[ Za

o ][Pn] − kft1[ Ya
o ][TPn] (8)

dTQn
dt = −kfa2[ R• ][TQn] + kaa2[T][Qn] − kft2[ Yb

o ][TQn] + kat2[ Zb
o ][Qn] + kat4[ Za

o ][Qn] − kft4[ Ya
o ][TQn] (9)

dMn
dt = ktc3(∑n

a=0PaQn−a) + 1
2 ktc1(∑n

a=0PaPn−a) + 1
2 ktc2(∑n

a=0QaQn−a) + ktd3[ Yb
o ][Pn] + ktd1[ Ya

o ][Pn] + ktd2[ Yb
o ][Qn] + ktd3[ Ya

o ][Qn] (10)
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Table 4 shows the obtained moment equations.

Table 4. Moment equations for the species present in the St-GMA copolymerization.

Zeroth-order moments
dYa

o
dt = ki1[R•][A] + kfa1[R•][Za

o] − kaa1[T][Ya
o] − kat3[Zb

o][Ya
o] + kft3[Yb

o][ Za
o] + kft1[Ya

o][ Za
o] − kat1[Za

o][Ya
o] − kp11[A][Ya

o] −
kp12[B][Ya

o] + kp11[A][Ya
o] + kp21[A][Yb

o] − ktc3[Yb
o][Ya

o] − ktd3[Yb
o][ Ya

o] − ktc1[Ya
o][ Ya

o] − ktd1[Ya
o][ Ya

o]
(11)

dYb
o

dt = ki2[R•][B] + kfa2[R•][Zb
o ] − kaa2[T][Yb

o ] − kat4[Za
o][Yb

o ] + kft4[Ya
o][ Zb

o ] + kft2[Yb
o ][ Zb

o ] − kat2[Zb
o ][Yb

o ] − kp21[A][Yb
o ] −

kp22[B][Yb
o] + kp12[B][Ya

o] + kp22[B][ Yb
o] − ktc3[Ya

o][Yb
o] − ktd3[Ya

o][Yb
o] − ktc2[Yb

o][Yb
o] − ktd2[Yb

o][Yb
o]

(12)

dZa
o

dt = −kfa1[R•][Za
o] + kaa1[T][Ya

o] + kat3[Zb
o][Ya

o] − kft3[Yb
o][ Za

o] + kat1[Za
o][Ya

o] − kft1[Ya
o][ Za

o] (13)

dZb
o

dt = −kfa2[R•][Zb
o] + kaa2[T][Yb

o] − kft2[Yb
o][Zb

o] + kat2[Zb
o] [Yb

o] + kat4[Za
o][Yb

o] − kft4[Ya
o][Zb

o] (14)

dDo
dt = ktc3[Y

a
o ]
[
Yb

o ] +
1
2 ktc1[Y

a
o ][Y

a
o ] +

1
2 ktc2

[
Yb

o ]
[
Yb

o ] + ktd3

[
Yb

o ][Y
a
o ] + ktd1[Y

a
o ][Y

a
o ] + ktd2

[
Yb

o ]
[

Yb
o ] + ktd3

[
Yb

o ][Y
a
o ] (15)

First-order moments
dYa

1
dt = ki1[R•][A] + kfa1[R•][Za

1] − kaa1[T][Ya
1] − kat3[Zb

o][Ya
1] + kft3[Yb

o][Zb
1 ] + kft1[Ya

o][Za
1] − kat1[Za

o] [Ya
1] − kp11[A][Ya

1] −
kp12[B][Ya

1] + kp11[A][ Ya
1 + Ya

o] + kp21[A][Yb
1 + Yb

o] − ktc3[Yb
o][Ya

1] − ktd3[Yb
o][Ya

1] − ktc1[Ya
o][Ya

1] − ktd1[Ya
o][Ya

1]
(16)

dYb
1

dt = ki2[R•][B] + kfa2[R•][Zb
1 ] − kaa2[T][Yb

1 ] − kat4[Za
o][Yb

1 ] + kft4[Ya
o][Zb

1 ] + kft2[Yb
o][Zb

1 ] − kat2[Zb
o][Yb

1 ] − kp21[A][Yb
1 ] −

kp22[B][Yb
1 ] + kp12[B][ Ya

1 + Ya
o] + kp22[B][Yb

1 + Yb
o] − ktc3[Ya

o][Yb
1 ] − ktd3[Ya

o][Yb
1 ] − ktc2[Yb

o][Yb
1 ] − ktd2[Yb

o][Yb
1 ]

(17)

dZa
1

dt = −kfa1[R•][Za
1] + kaa1[T][Ya

1] + kat3[Zb
o][Ya

1] − kft3[Yb
o][Za

1] + kat1[Za
o][Ya

1] − kft1[Ya
o][Za

1] (18)

dZb
1

dt = −kfa2[R•][Zb
1 ] + kaa2[T][Yb

1 ] − kft2[Yb
o][Zb

1 ] + kat2[Zb
o][Yb

1 ] + kat4[Za
o][Yb

1 ]− kft4[Ya
o][Zb

1 ] (19)

dD1
dt = ktc3

[
Ya

oYb
1 +Ya

1Yb
o ] +

1
2 ktc1[Y

a
oYa

1 +Ya
1Ya

o] +
1
2 ktc2

[
Yb

oYb
1 +Yb

1 Yb
o ] + ktd3

[
Yb

o ][Y
a
1 ] + ktd1[Y

a
o ][Y

a
1 ] + ktd2

[
Yb

o ]
[
Yb

1 ] +

ktd3[Y
a
o ]
[
Yb

1 ]
(20)

Second-order moments
dYa

2
dt = ki1[R•][A] + kfa1[R•][Za

2] − kaa1[T][Ya
2] − kat3[Zb

o][Ya
2] + kft3[Yb

o][Za
2] + kft1[Ya

o][Za
2] − kat1[Za

o][Ya
2] − kp11[A][Ya

2] −
kp12[B][ Ya

2] + kp11[A][ Ya
2 + 2Ya

1 + Ya
o] + kp21[A][ Yb

2 + 2Yb
1 + Yb

o] − ktc3[Yb
o][Ya

2] − ktd3[Yb
o][Ya

2] − ktc1[Ya
o][Ya

2] −
ktd1[Ya

o][Ya
2]

(21)

dYa
2

dt = ki2[R•][B] + kfa2[R•][Zb
2 ] − kaa2[T][Yb

2 ] − kat4[Za
o][Yb

2 ] + kft4[Ya
o][Zb

2 ] + kft2[Yb
o][Zb

2 ] − kat2[Zb
o][Yb

2 ] − kp21[A][Yb
2 ] −

kp22[B][Yb
2 ] + kp12[B][ Ya

2 + 2Ya
1 + Ya

o] + kp22[B][ Yb
2 + 2Yb

1 + Yb
o] − ktc3[Ya

o][Yb
2 ] − ktd3[Ya

o][Yb
2 ] − ktc2[Yb

o][Yb
2 ] −

ktd2[Yb
o][Yb

2 ]

(22)

dZa
2

dt = −kfa1[R•][Za
2] + kaa1[T][Ya

2] + kat3[Zb
o][Ya

2] − kft3[Yb
o][Za

2] + kat1[Za
o][Ya

2] − kft1[Ya
o][Za

2] (23)

dZb
2

dt = −kfa2[R•][Zb
2 ] + kaa2[T][Yb

2 ] − kft2[Yb
o][Zb

2 ] + kat2[Zb
o][Yb

2 ] + kat4[Za
o][Yb

2 ] − kft4[Ya
o][Zb

2 ] (24)

dD2
dt = ktc3

[
Ya

oYb
2 +2Ya

1Yb
1+Ya

2Yb
o ] +

1
2 ktc1[Y

a
oYa

2 +2Ya
1Ya

1+Ya
2Ya

o] +
1
2 ktc2

[
Yb

oYb
2 +2Yb

1 Yb
1+Yb

2 Yb
o ] + ktd3

[
Yb

o ][Y
a
2 ] +

ktd1[Y
a
o ][Y

a
2 ] + ktd2

[
Yb

o ]
[
Yb

2 ] + ktd3[Y
a
o ]
[
Yb

2 ]
(25)

Overall monomer conversion, copolymer composition and average molar masses,
Mn and Mw are calculated using Equations (26)–(32). M in Equations (26) and (27) stands
for monomer content; subscripts 1, 2 and 0 stand for monomer 1, monomer 2, and initial
conditions, respectively.

Overall conversion = (M1o + M2o − (M1 + M2))/(M1o + M2o) (26)

Copolymer composition: F1 = (M1o − M1)/((M1o − M1) + (M2o − M2)) (27)
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Number-average chain length : rN=
Ya

1 + Yb
1 + Za

1 + Zb
1 + D1

Ya
0 + Yb

0 + Za
0 + Zb

0 + D0
(28)

Weight-average chain length : rw=
Ya

2 + Yb
2 + Za

2 + Zb
2 + D2

Ya
1 + Yb

1 + Za
1 + Zb

1 + D1
(29)

Dispersity : Ð =
rw

rN
(30)

Mn = rN (F1 PM1 + F2 PM2) (31)

Mw = Ð Mn (32)

The kinetic rate constants and parameters required by the model are summarized
in Table 5. The values of the reactivity ratios for the RAFT copolymerization of St and
GMA were obtained using a weighted non-linear multivariable regression approach, using
software RREVM [19]. These values are also provided in Table 5.

Table 5. Kinetic constants for RAFT copolymerization of St (1)-GMA (2).

PM1 = 104.15 gmol−1

PM2 = 142.20 gmol−1

kd (s−1) = 2.2798 × 1019 exp(−166.9 kJmol−1/RT) initiator [28]
f = 0.60
kp11 (L mol−1 s−1) = 4.266 × 107 exp(−3909.61/T) St [29]
kp22 (L mol−1 s−1) = 5.100 × 106 exp(−2754/T) GMA [30]
ki1 (L mol−1 s−1) = kp11
ki2 (L mol−1 s−1) = kp22
r1 (kp11/kp12) = 0.3724 [19]
r2 (kp22/kp21) = 0.6834 [19]
ktc1 (L mol−1 s−1) = 2.0 × 1010 exp(−1553.01/T) St [31]
ktc2 (L mol−1 s−1) = 2.57 × 108 exp(−292.0/T) (a) GMA [32]
ktc3 (L mol−1 s−1) =

√
ktc1ktc2

ktd = ktc
(a) Assumed equal to the corresponding value for butyl acrylate (see [32]).

The mobility of high-molar-mass macromolecules is reduced at high conversions in
FRP. Consequently, the rates of termination, propagation and RAFT reactions involving
polymer molecules change throughout the reaction. In this study, diffusion-controlled
(DC) effects were considered only for the termination reactions (auto-acceleration (AA)
effect), using Equations (33) and (34), where kt is an effective kinetic rate constant, ko

t
is the corresponding intrinsic kinetic rate constant, Vfo and Vf are the initial and final
free-volume fractions, respectively, and βkkt is a free-volume parameter. It was assumed
that βktc = βktd, parameters to be evaluated as AA effect.

ktc = ko
tc exp

[
−βktc

(
1

Vf
− 1

Vfo

)]
(33)

ktd = ko
td exp

[
−βktd

(
1

Vf
− 1

Vfo

)]
(34)

The free-volume fraction, Vf, is calculated using Equation (35) [33].

Vf =
[
0.025 + αp

(
T − Tg,p

)]
ϕp +

[
0.025 + αM1

(
T − Tg,M1 )] ϕM1 +

[
0.025 + αM2

(
T − Tg,M2

)
] ϕM2 (35)
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α in Equation (35) is the thermal expansion coefficient, ϕ is the volume fraction, and
Tg is the glass transition temperature. Subscripts p and Mi denote polymer and monomer i,
respectively. Tgp is estimated using the Fox expression, given by Equation (36) [34].

Tg,p = 1/

[
fP1

Tg,P1

+
fP2

Tg,P2

]
(36)

fp in Equation (36) is the weight fraction of the polymer. Table 6 shows the physical
properties of monomers and polymers used.

Table 6. Physical properties of monomers and polymer for calculation of fractional free volume.

ρM1 (g mL−1) = 0.9193 − 0.000665 T/◦C [35]
ρM2 (g mL−1) = 1.09428 − 0.001041 T/◦C [36]
ρP1 (g mL−1) = 1.09926 − 2.65 × 10−4 T/◦C [35]
ρP2 (g mL−1) = 1.08 This work
Tg,M1 (K) = 156.15 [37]
Tg,M2 (K) = 348.15 [38]
Tg,P1 (K) = 373.15 [39]
Tg,P2 (K) = 347.0 [40]
αM1 (K−1) = 0.00062 [41]
αM2 (K−1) = 0.0004 This work
αP1 (K−1) = 0.00045 [39]
αP2 (K−1) = 0.00048 (a) [41]
αp (K−1) = F1 αP1 + F2 αP2 [42]

(a) Assumed equal to the corresponding value for butyl acrylate (see [36]).

Although there are many mathematical models for DC effects in FRP and step-growth
polymerization processes available in the literature, it is difficult to adequately describe
the performance of different monomers under wide ranges of operating conditions using
a single model with a single set of parameters. One such model is the Marten-Hamielec
(MH) model [43,44], but it has the disadvantage of being discontinuous and requires an
onset trigger criterion. Attempts to remove the trigger criterion resulted in a simpler, but
less accurate model [45]. Therefore, in this study, we used the simplified version of the
MH model [45], with a simpler onset trigger criterion, which causes it to be closer to the
original model.

The assumptions summarized in Table 7 allow the determination the kinetic rate
constants of RAFT activation and transfer for homopolymerizations of St and GMA. The
assumptions indicated in the columns of Table 7 (e.g., kaa1 = kat1) are necessary, due
to the absence of experimental data to isolate the contributions of the two RAFT cycles
to the properties of the produced polymer. Some authors have argued that the kinetic
constants of the RAFT activation and RAFT transfer cycles may be different [46–48]; in
RAFT polymerization modeling work, the equality of the kinetic constants of the RAFT
cycles is supported [49–52].

Table 7. Simplifications made about the RAFT activation and transfer kinetic rate constants.

St homopolymerization
RAFT activation kaa1 = kfa1 RAFT transfer kat1 = kft1 kaa1 = kat1

GMA homopolymerization
RAFT activation kaa2 = kfa2 RAFT transfer kat2 = kft2 kaa2 = kat2

Another assumption is that the kinetic rate constants associated with the dormant
species [TPn] and [TQn] (kat3, kft3, kat4, kft4) can be approximated from the Mayo-Lewis
terminal model [53]. This is achieved by considering the four reactions present in the RAFT
transfer cycle and performing only consumption balances for the [TPn] and [TQn] species,
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which are complemented with consumption balances for the [TPr] and [TQr] species to
complete the cycle. By calculating this, Equations (37)–(42) were obtained.

d [TPn]

d [TQn]
=

kft3[TPn](r3[Pr] + [Qr])

kft4[TQn](r4[Qr] + [Pr])
(37)

where:
r3 =

kft1
kft3

(38)

r4 =
kft2
kft4

(39)

d [TPr]

d [TQr]
=

kat4[TPr](r5[Pn] + [Qn])

kat3[TQr](r6[Qn] + [Pn])
(40)

where:
r5 =

kat1

kat4
(41)

r6 =
kat2

kat3
(42)

Additionally, r1 = r3 = r5 and r2 = r4 = r6. This is due to the application of the
terminal model to the RAFT-transfer cycle. The RAFT-activation and -transfer kinetic
parameters corresponding to homopolymerization of styrene and GMA were estimated
using homopolymerization data for each monomer.

RAFT-related kinetic rate constants (optimization A) and AA effect parameters (opti-
mization B) were estimated from overall conversion (X)-time and Mn-time experimental
results, using a weighted non-linear multivariable regression procedure where the residual
variance was minimized. The objective function is defined in Equation (43).

Objective function = min

[
∑n

i
1
σ2

X
(Xe

i − Xc
i )

2 + ∑n
i

1
σ2

M
(Me

i − Mc
i )

2

]
(43)

Superscripts e and c in Equation (43) stand for experimental and calculated values,
respectively; σX

2 and σM
2 are variances of conversion and molar mass data, respectively;

and n is the number of data points in each experimental data set. However, for simplicity,
both variances were assumed equal to one. Optimization A was carried out using St and
GMA homopolymerization data only, using the model without the AA terms. Optimization
B was conducted for each copolymerization data set. The parameters obtained from each
data set were regressed to obtain the final estimates. The flow chart that describes the
modeling and parameter estimation strategies used in this contribution is shown in Figure 1.
The model equations were solved using an in-house Fortran code. The optimization
procedure for parameter estimation was carried out with the subroutine UWHAUS [54].
The system of ordinary differential equations was solved using subroutine DDASSL [55].
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Figure 1. Flow chart for the estimation of kinetic and AA effect parameters.

4. Results

RAFT Synthesis and Characterization of Reactive Copolymers
St-GMA copolymers of different compositions (fGMA = 0.10, 0.15, 0.30, and 0.40) were

synthesized by RAFT bulk copolymerization of the monomers, at 103 ◦C, according to
Figure 2. A Mn of ~30,000 g mol−1 was sought for all polymers. Final overall monomer
conversions in a range of 85–90% were obtained. The experimental conditions used in this
study are reported in Table 8.

Molar compositions of the St-GMA copolymers synthesized in this study were de-
termined from the relative areas of the 1H NMR characteristic signals [23,30]. 1H NMR
spectra for some of the obtained St-GMA copolymers are shown in Figure 2. Chemical
shifts from phenyl protons in the region of 6.6–7.3 ppm, and methylene oxy (–OCH2–)
protons and methyl protons of GMA units at 3.5–4.5 and 0.5–1.2 ppm, respectively, are
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observed in Figure 3. The mole fraction of GMA in the copolymer was calculated as:
F2 = 5 A3/(5 A3 + 3 A2), where A2 and A3 are peak areas of phenyl and methyl protons,
respectively. This method was used in this work due to the distinct NMR resonance of the
GMA methyl group even at low GMA mole fractions in the copolymer [30].

Figure 2. Simplified polymerization scheme.

Table 8. Summary of experimental conditions used in this study; T = 103 ◦C; [St + GMA]o:[CPDT]o:
[ACHN]o = R3:R2:R1.

Copolymer
Identifier

Styrene
[St]o

GMA
[GMA]o

RAFT
[CPDT]o

Initiator
[ACHN]o

R3:R2:R1

(mol L−1) (mol L−1) (mol L−1) (mol L−1)

St-GMA 100-00 8.6445 – 0.0297 0.0074 291:4:1
St-GMA 90-10 7.6091 0.8455 0.0304 0.0076 278:4:1
St-GMA 85-15 7.1370 1.2595 0.0307 0.0077 273:4:1
St-GMA 70-30 5.7546 2.4662 0.0316 0.0079 260:4:1
St-GMA 60-40 4.8669 3.2446 0.0322 0.0080 251:4:1

St-GMA 00-100 – 7.5949 0.0360 0.0090 211:4:1

The St-GMA copolymers were characterized by SEC. They had Mn ~22,200–26,300 g mol−1

and Ð~1.21–1.28, which suggests that no side reactions took place and that most of the active
polymer molecules remained living until the end of the polymerization.

Several kinetic models have been developed for RAFT homo- [56–58] and copoly-
merization of a few monomers [59–62]. As stated earlier, in our polymerization scheme
we assumed that no branches to the adduct were produced, making it easier to model
our RAFT copolymerization system using the terminal model [53], which is given by
Equations (37)–(42). Therefore, the RAFT homo- and cross-propagation kinetic rate con-
stants for the copolymerization system were determined by the corresponding values of
RAFT homopolymerizations of St and GMA, and from reported values of r1 y r2 for the
same copolymerization system [19].

Even though the RAFT polymerization mechanism is well-established and accepted [63–67],
the parameters involved, such as addition, fragmentation, and termination kinetic rate constants,
are not always reliable even in well-known systems, such as the RAFT homopolymerizations of
methyl methacrylate and St [68]. The activation and transfer kinetic rate constants evaluated in
this study for RAFT copolymerization of St and GMA are summarized in Table 9.

The profiles obtained with the parameters reported in Table 9 are not included due to
space restrictions, but very good agreement is obtained in the low-conversion region, where
DC effects are not observed. Although it has been reported that DC effects are important
in all the reactions where polymer molecules are involved, in RAFT polymerizations [64],
we considered DC termination only [69], to capture the phenomenon without adding too
many additional parameters that required estimation. The AA termination parameters
evaluated are provided in Table 10. As observed in Table 10 the higher the content of St in
the copolymer, the higher the value of the AA termination parameter.
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Figure 3. 1H NMR spectrum of a RAFT synthesized St-GMA copolymer with (a) 55% and (b) 20%
mole fractions of GMA in the feed mixture, using CPDT and ACHN. (f) phenyl protons of styrene;
(m, n, o) methylene oxy (–OCH2–) protons of GMA; (p, q) methyl protons of GMA.

Figure 4 shows a first order behavior plot. A comparison of experimental data and
calculated profiles of conversion, Mn, Mw, and dispersity versus time (or conversion, in
one case) is shown in Figures 5–10.
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Figure 4. First-order of different St-GMA samples. Symbols represent experimental data, whereas
solid lines correspond to model predictions.
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represent experimental data, whereas solid lines correspond to model predictions.
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Table 9. Activation and transfer kinetic rate constants evaluated in this study.

RAFT activation, L mol−1 s−1

kfa1 = 101,113 ± 2690 kaa1 = 101,113 ± 2690
kfa2 = 484,000 ± 1200 kaa2 = 484,000 ± 1200

RAFT transfer, L mol−1 s−1

kft1 = 101,113 ± 2690 kat1 = 101,113 ± 2690
kft2 = 484,000 ± 1200 kat2 = 484,000 ± 1200
kft3 = 271,517 ± 7223 kat3 = 708,224 ± 1756
kft4 = 708,224 ± 1756 kat4 = 271,517 ± 7223
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Table 10. AA termination parameters determined in this study.

Sample
St-GMA

100-00 90-10 85-15 70-30 60-40 00-100

βktc = βktd 0.3836 ± 0.0023 0.3581 ± 0.0214 0.3979 ± 0.0001 0.23045 ± 5 × 10−5 0.2925 ± 5 × 10−5 0.00081 ± 7 × 10−7
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Figure 7. Profiles of Mn versus time for St-GMA samples. Symbols and solid lines correspond to
experimental and calculated profiles, respectively.
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The AA effect occurs at high conversions for the copolymerization reactions of St-GMA.
Considering this, the determination of the kinetic rate constants associated with the RAFT
cycles and the parameters associated with the termination reactions were carried out
independently, which helped minimize possible correlations.

Except for sample St-GMA 00-100 where some discrepancies between experimental
data and calculated profiles of conversion versus time were obtained (see Figure 5), the
agreement is good in all other cases. Regarding copolymer composition, the agreement
between calculated and experimental profiles of F1 versus conversion is good when St
content is high, but some deviations are observed in low conversions when its content
decreases (see Figure 6).

Calculated and experimental profiles of Mn and Mw versus time are compared in
Figures 7 and 8, respectively. Once again, the agreement is good except for sample
S-GMA 00-100, where some discrepancies are observed. Considering the results obtained
with the adjustment in high conversions, it is not enough to consider only diffusion-
controlled effects on the termination kinetic rate constants for GMA homopolymerization
(St-GMA 00-100).
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Figure 9 shows how the dispersity of the produced copolymers evolves over time.
Figures 9 and 10 show that the model can describe the controlled/living behavior of this
RDRP system. Figure 10 shows the typical linear behavior of an Mn versus conversion
profile for an RDRP system.

The effect of GMA content on the AA-termination parameter (βkt) is shown in
Figure 11. A linear behavior of the AA termination parameter as a function of GMA
content is observed, with an R2 correlation of 0.9237.
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Figure 11. Linear regression of the AA-termination parameters vs. GMA content.

As observed from this modeling study, AA-termination parameters for each copoly-
merization case were needed to obtain good results, but as observed in Figure 11, a linear
trend was obtained for the GMA homopolymerization case.

5. Conclusions

Our model for the RAFT copolymerization of St and GMA agrees very well with
the experimental data generated in our laboratory and also reported in this contribution.
The reactivity ratios determined for this copolymerization system were used considering
that the terminal model was also fulfilled in the RAFT activation and transfer reactions.
DC-termination using a simple free-volume model was sufficient to capture the effect of
DC reactions in this system.

Unlike other modeling studies where neglection of the intermediate adduct results
in qualitatively correct, but quantitatively inaccurate, predictions of the behavior of a
RAFT polymerization system (Model 3 of [62]), the use of activation and transfer RAFT
reactions resulted in our case in both qualitatively and quantitatively correct representa-
tions of the RAFT copolymerization of St and GMA. This model can be applied to other
homo- and copolymerizations, and also extended to other systems, such as photo-RAFT
polymerizations [15,70–72].
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Abstract: Low-energy (80–300 keV) electron beam accelerators are gaining in importance in the
radiation processing industry due to their ease of use and wide range of applications (e.g. product
surface sterilizations or polymer curing and cross-linking). Due to their very low penetration depth
(tens to hundreds of microns), currently used film dosimeters exhibit dose gradients over their
thickness and do not resolve the dose response in the first microns of the irradiated material. Hence,
the surface dose, defined as the dose in the first micron Dμ, cannot be measured directly. This
study presents a polymer material as a dosimeter candidate for high-dose low-energy electron
beam irradiations. The readout of the dose-dependent fluorescence intensity, originating from a
pararosaniline dye reaction when irradiated, is measured using fluorescence microscopy. So far, no
in-depth characterization of the material has been performed, leaving the stability and fluorescence
properties of the material not fully optimized. We describe the improvements in polymer composition
and the fabrication method, and characterize the material properties in terms of the thermal stability,
glass transition temperature, refractive index, hardness, rheological behavior, and water affinity.
All of these create a complex set of requirements a polymer needs to fulfill to become an effective
dosimeter when measuring using confocal microscopy. The fluorescence readout procedure will be
addressed in further studies.

Keywords: low-energy electron beam; fluorescence; polymer dosimeter; radiofluorogenic; 3D dosimetry

1. Introduction

Having its beginnings in the 1950s, electron beam (e-beam) industrial processing has
been developing rapidly and used extensively in many areas of industry, where there is a
need for enhancement of the physical and chemical properties of materials or a reduction of
undesirable contaminants [1]. Low-energy electron beams, which are typically of energies
ranging between 80 and 300 keV [2], have found several applications in the radiation pro-
cessing industry, starting from polymer curing [3], cross-linking of coatings and inks [4] and
polymer functionalization by grafting [5], through decontamination of packaging materi-
als [1], up to sterilization of surfaces [6,7] and pharmaceutical components [8]. Low-energy
e-beam accelerators offer a number of advantages, such as (1) electrical energy conversion
of the order of 70% [9], (2) high dose rates (~100 kGy/s), allowing rapid processing [1],
(3) radiation protection in a form of self-shielded equipment [1], (4) environmental benefits,
as they reduce the emission of volatile organic compounds and air pollutants [10], and
(5) low costs [1].

However, low-energy electrons are able to penetrate matter only up to a few hundred
micrometers [2], which in fact becomes challenging in terms of absorbed dose determina-
tion. The dosimetry requirements are especially rigorous when performing the surface
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sterilization process of, for example, pharmaceutical or medical products [11]. There, only
the external surfaces of, for example, pre-sterilized tubs (of vials or syringes) should be
irradiated before they can enter an aseptic filling area. In this way, the production of
radiolysis products within the volume of a tub is avoided [12].

Several dosimetry systems are used in the radiation processing industry, such as
alanine-EPR [13], calorimeters [14] or radiochromic dye films [13,15]. They are all excellent
tools for high-dose measurements (~kGy). However, at low electron energies, dose gradi-
ents are introduced over the thickness of a dosimeter, and the measured average doses will
depend on the chosen system [16]. In addition, they are not able to measure the dose in the
first microns of irradiated material, the so-called surface dose. Thus far, the surface dose has
been extrapolated from obtained depth–dose curves and corrected to the average dose in
the first micrometer—Dμ [16]. Schuster et al. [17] proposed a thin dosimetric spray-coating
material for surface dose measurements of complex surface geometries (exemplified by PET
bottles). The concept relies on a readout of the dose-dependent luminescence decay time of
an inorganic phosphor under near-infrared excitation. However, fading of the phosphor
was a limiting factor that this dosimetry system so far has not been able to overcome, and
hence, the challenge of directly measuring the dose in the first micrometer of a material is
still to be addressed.

Here, we investigate a new type of material that could be applied as a low-energy elec-
tron beam dosimeter, focusing on surface dose verification. As a starting point, a radiochromic
and radiofluorogenic polymer dosimeter developed by Bernal-Zamorano et al. [18–20], which
was initially intended to work as a dosimeter for the medical dosimetry dose range (~Gy),
was selected. However, industrial radiation processing applies doses of the order of tens
or even hundreds of kGy, so the material had to be appropriately modified. Furthermore,
the material’s composition, its mechanical, optical and thermal properties, hydrophilicity
as well as the photocuring process had not yet been fully optimized or characterized. The
system previously developed by Skowyra et al. [21] was a proof of concept where the solid
state polymer material responded to kilogray radiation doses of low-energy electron beam
irradiations by its change in fluorescence intensity, measured using an epi-fluorescence
widefield microscope. However, issues related to the background fluorescence signal, shelf
life and environmental stability of the material prompted further investigation into estab-
lishing and demonstrating suitable material requirements before optimizing the readout
technique into confocal laser scanning microscopy.

In this paper, we investigate the influence of the polymer material’s composition
on the properties of the material. This includes the polymer matrix and the optimal
solvent for the radiation-sensitive dye. We present the material’s properties in terms of its
thermomechanical behavior, particularly the decomposition process and glass transition
temperature, as well as hardness and rheological studies. Additionally, the optical quality
of the polymer, with a focus on refractive index measurement, was determined, and for
fluorescence imaging purposes, the water affinity of the material was evaluated. Finally,
we show the absorbance and fluorescence response spectra of pararosaniline leuco-dye in
both a solution and solid material, and demonstrate the spectral response of the material
irradiated with a low-energy electron beam.

2. Materials and Methods

2.1. Composition

The dosimeter material consisted of (1) host polymer–PPGDA (poly(propylene glycol)
diacrylate, 1.12 M, Sigma-Aldrich, Darmstadt, Germany, CAS: 52496-08-9, inhibitors: 100 ppm
BHT and 100 ppm MEHQ); (2) photoinitiator–TPO (diphenyl (2,4,6-trimethylbenzoyl) phos-
phine oxide, 28 mM, Sigma-Aldrich, Germany, CAS: 75980-60-8); (3) leuco-dye (4′,4′,4′′-
triamino-triphenylaceto-nitrile, 6.89 mM, NCK A/S, Farum, Denmark); and (4) acetonitrile
(0.99 M, Sigma-Aldrich, Germany, CAS: 75-05-8, max. 0.005% H2O).

The solvents tested for solubility were acetone (CAS: 67-64-1, ≥99.5%), acetonitrile
(CAS: 75-05-8) and ethanol (CAS number: 64-17-5, ≥99.9%) supplied by Sigma-Aldrich
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(Merck, Germany) and 2-ethoxy ethanol (CAS: 110-80-5, ≥98.5%) provided by Fluka
Chemie (Buchs, Switzerland). The concentration of the dye solution was 20 mg/mL.

2.2. Fabrication

The leuco-dye, the selected solvent (acetonitrile) and the host polymer were mixed at
room temperature using a magnetic stirrer in a closed, UV-blocking glass vial for 30 min.
After that, the photoinitiator was added, and the solution was mixed for another half an
hour. The mixed composition was then placed in a refrigerator at 4 ◦C until the photocuring
was carried out to lower the oxygen diffusion and avoid a viscosity increase [22]. The
samples were prepared by means of a photopolymerization reaction using a LED lamp of a
385 nm wavelength as described in [21]. Three different sample types were manufactured:
(1) cuboids of dimensions 3 × 3 × 45 mm, (2) cuboids of dimensions 1 × 3 × 45 mm and
(3) cylinders 10 mm in diameter and 3 mm in thickness. The samples were cured in silicone
molds [21] of corresponding shapes with a plastic foil placed on the top surface to block
oxygen inhibition during the reaction [23]. The illumination time was 5 min, with the
intensity of the UV light measured to be 15.0 ± 0.3 mW/cm2. Unless otherwise stated,
the uncertainties throughout the performed measurements were given at one standard
deviation (k = 1).

Two resins for 3D-printed molds were tested as alternatives for the silicone mold:
(1) traditional resin (black, ELEGOO standard [24]) and (2) acrylonitrile butadiene styrene
(ABS)-like resin (transparent, ELEGOO ABS-like [25]). The compositions of the resins were:
epoxy resin (50%), hexamethylene diacrylate (40%) monomer, N-(dimethylcarbamoyl)
glycine (5%) and hydroxycyclohexyl phenyl ketone (5%) photoinitiator. The molds were
3D printed using stereolithography (SLA) technology.

2.3. Irradiation Process

Irradiations were carried out using a low-energy electron beam accelerator at the Risø
High Dose Reference Laboratory (e-beam, EBLab-200, COMET AG, Wünnewil-Flamatt,
Switzerland), maintaining a 15-m/min conveyor speed and 15 mm air gap between the
sample surface and electron beam window, at laboratory conditions with an average
temperature of 21 ◦C and a humidity level between 30 and 50%. The samples were
placed on a polystyrene backplate and fastened with tape to ensure surface evenness. The
irradiation process parameters used throughout for these measurements are presented in
Table 1.

Table 1. Specification of the irradiation process parameters.

Nominal
Irradiation Dose (kGy)

Voltage (kV)

80 120 200

Beam Current (mA)

10 1.746 - -
15 2.619 - -
20 3.492 - -
30 5.238 3.065 4.639
40 6.894 - -
50 8.730 5.108 7.733

2.4. Thermogravimetric Analysis (TGA)

In order to establish the thermal stability of the polymer material, thermogravimetric
analysis was performed. The measurements of weight loss versus temperature were carried
out on a Discovery TGA (TA Instruments, New Castle, DE, USA). The TGA data also helped
in selecting the experimental conditions for the differential scanning calorimetry measure-
ments. 10 mg of the polymer (top surface part) was placed in a platinum pan and heated in
a nitrogen atmosphere from room temperature to 900 ◦C, with a heating rate of 10 ◦C/min.
The readout of the sample weight versus temperature was performed every 0.01 s. The
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analysis was performed on both non-irradiated and irradiated samples (120 keV e-beam,
30 kGy), and the results were analyzed by TRIOS software (TA Instruments, New Castle,
DE, USA). The accuracy of the weight determination was <±0.1% of a measured value.

2.5. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) was conducted to determine the phase transi-
tions of the polymer by measuring the heat flow produced in a sample as a function of the
temperature. Particularly important was the determination of the glass transition tempera-
ture (Tg), as this indicates what physical properties of the polymer can be expected in a
specified range of temperatures and how they will later influence the dosimetric properties
of the material. A total of 2–5 mg of the polymer was cut into small pieces and placed
in the Tzero aluminum hermetic pan. The masses of the pieces were determined with the
uncertainty of ±0.01 mg. Both the non-irradiated and irradiated material was tested. DSC
measurements were performed in a nitrogen atmosphere on the Discovery TGA with a
heating and cooling rate of 10 ◦C/min. Each measurement consisted of a first heating step
from −90 ◦C to 200 ◦C (isothermal at −90 ◦C for 5 min), a cooling step from 200 ◦C to
−90 ◦C (isothermal at −90 ◦C for 5 min) and finally a second heating step from −90 ◦C to
300 ◦C.

The glass transition temperature was measured from DSC curves as the endothermic
transition from the amorphous glassy state into the viscous rubbery state [26] by means
of the second heating scan. Tg was determined using TRIOS software (TA Instruments,
New Castle, DE, USA) as the midpoint (i.e. halfway point) temperature of the jump in heat
capacity in the chosen temperature range [27]. The temperature accuracy of the equipment
was ±0.1 ◦C, and the temperature precision was ±0.05 ◦C.

2.6. Refractive Index

For the purpose of verifying the homogeneity of the material and finding a refrac-
tive index matching medium for fluorescence microscopy readouts, optical coherence
tomography (OCT) was used. The refractive index (RI) measurements of a cured polymer
sample were measured using Spectral Domain Optical Coherence Tomography (Telesto-II,
Thorlabs Inc., Newton, NJ, USA) by applying the optical path shifting method [28,29] at a
wavelength of 1310 nm. At this wavelength, no absorption of light was observed by the
polymer material. Only when the optical path length of the sample and reference arm
match, the observed interference signal reach a maximum. Hence, it can be used to measure
the distance precisely. First, an image of the reflection coming from the scanning stage
(glass) was acquired. While keeping the distance between the probe and the scanning stage
fixed, the cuboid sample (Type 2) was placed on the scanning stage, and another image
was acquired. In OCT measurements, the measured value of the thickness does not present
its real thickness but its optical thickness OT [29]:

OT = n × T (1)

where n and T are the refractive index and the physical thickness of the sample, respectively.
After the sample placement, the position of the scanning stage shifts down due to imaging
of material with a refractive index larger than 1, and that optical shift OS can be expressed
as follows [29]:

OS = OT − T (2)

Consequently, the refractive index n of the sample was calculated using the following
equation:

n =
OS
T

+ 1 (3)

The RI of three samples was measured, and the uncertainty of one standard deviation
(k = 1) of the result was determined. The physical thickness of the samples was measured
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using a Millitron Meter (Mahr Feinprüf, Germany, Type 5312340 230 V) with an accuracy of
±1 μm.

2.7. Hardness

Measurements of the hardness of the polymer material were conducted in order to test
if additional post-processing high-temperature heating was needed. The hardness of the
polymer material was measured using a Shore A durometer (AD-300, Checkline Europe,
Enschede, The Netherlands). Cured, non-irradiated samples (Type 2), as well as samples
heated in an oven at 180 ◦C for 10 min, were tested. Six samples, each approximately 1 mm
thick, were stacked on top of each other to fulfill the minimal thickness requirement of
6 mm for the measurement [30]. Five measurements of both sample types were carried out,
each with a time duration of 15 s.

2.8. Rheology

Rheological studies of the polymer material were performed in order to determine its
viscoelastic properties that contribute to the optimal dosimetric properties. The viscoelastic
properties of the polymer material were tested using a rheometer (DHR-1, TA Instruments,
New Castle, DE, USA) with a 20-mm parallel plate (Peltier plate steel 106669), a gap of the
sample’s thickness (1 mm) and temperature of 25 ◦C. Some 1-mm thick cylinder samples
were cut out of cuboid samples (Type 2). Amplitude sweep tests were performed for three
different samples by applying an angular frequency of 10 rad/s in the strain region from 0.1
to 10% in order to determine the linear viscoelastic region of the polymer material. For the
chosen strain of 0.25%, the frequency sweep test of those samples was run in the angular
frequency region from 100 to 0.1 rad/s. In addition, a temperature sweep measurement was
performed by applying 0.25% strain at an angular frequency of 10 rad/s in the temperature
range of 10–100 ◦C. A frequency sweep test was also run for samples irradiated with a
low-energy e-beam of energies 80, 120 and 200 keV and a dose of 50 kGy, applying 0.25%
strain in the frequency region from 100 to 0.1 rad/s.

2.9. Water Affinity

The water affinity of the polymer material was tested in order to determine the material
swelling properties and the possible use of a water immersion objective for fluorescence
imaging. Water contact angle (WCA) measurements were conducted on an OCA20 Contact
Angle System (DataPhysics Instruments GmbH, Filderstadt, Germany) using a sessile drop
technique at room temperature. A 6 μl droplet of MilliPore water was dispersed through a
needle and placed on the surface of the sample. The non-irradiated and irradiated (200 keV,
30 kGy) samples’ top, bottom and side surfaces were tested. The WCA was determined
using SCA20 software (DataPhysics Instruments GmbH) as an average value of three
measurement points on each of the sides.

2.10. Absorbance and Fluorescence Spectra

The absorbance and fluorescence spectra were measured using a Tecan Spark M10
multimode plate reader (Tecan Trading AG, Männedorf, Switzerland) with a 12-well plate
(VWR Tissue Culture Plates). The absorbance spectra were measured as the optical density
(OD) in the wavelength range of 300–800 nm with a wavelength step size of 2 nm. The
fluorescence (emission) spectra were recorded in the wavelength range of 560–800 nm with
a step size of 1 nm, after excitation with 555 nm light of a 5 nm bandwidth. The fluorescence
signals were quantified as relative fluorescence units (RFUs) while keeping a constant gain
of 100 (the amplification factor for the photomultiplier).

For this, 0.5% w/v of the leuco-dye was dissolved in the selected solvent (acetonitrile)
and divided into two parts: (1) a non-irradiated liquid solution (kept in laboratory condi-
tions up to the measurement time) and (2) an irradiated liquid solution (200 keV e-beam,
30 kGy). The liquid solution was irradiated in a thin (0.5 mm) metal petri dish. The solid
samples were prepared as described in Section 2.2 and divided into: (1) a non-irradiated
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solid and (2) an irradiated solid (200 keV e-beam, 30 kGy). Additionally, the absorbance and
fluorescence spectra of polymer material, irradiated with a low-energy e-beam of 80 keV
and 5 doses (15, 20, 30, 40 and 50 kGy), were measured. The spectra were normalized to
the absorbance and fluorescence peak value of the 50 kGy sample.

3. Results

3.1. Dosimeter Composition
3.1.1. Solubility of the Dye

Pararosaniline leuco-dye, used as a radiation-sensitive medium, needs to be fully
dissolved before it is mixed with other chemicals. This step is particularly important in
order to ensure the uniformity of the samples and their later response to the radiation
dose, measured as fluorescence intensity values. Accumulation of undissolved dye might
also impair the fluorescence readouts by introducing shadowing or scattering effects.
The composition developed by Bernal-Zamorano et al. [19] used ethanol as a solvent.
However, our observations indicated that the dye was sparingly soluble, which is also in
agreement with the literature values of triphenylmethane dye solubility in ethanol [31].
The dye formed a precipitate and rapidly changed its color once dissolved in ethanol. The
dye is reported to be very soluble in solvents like diethyl ether, pyridine, chloroform and
benzene [31], but none of these were considered here due to their toxicity. The commercially
used Risø B3 radiochromic film [32], which contains the same radiation-sensitive dye as
our dosimeter material, uses 2-ethoxy ethanol as a solvent in the fabrication process, and
hence it was also tested. Additionally, acetone and acetonitrile were tested due to their
lower toxicity and versatility.

All the tested solvents—2-ethoxy ethanol, acetone and acetonitrile—successfully dis-
solved the required amount of dye. However, the 2-ethoxy ethanol solution very quickly
changed its color to magenta and was not further tested, which was also due to its toxicity.
Acetone and acetonitrile solutions, after mixing with the rest of the composition and being
stored in the refrigerator for 5 days, showed much less coloration. However, the acetone
solution started to precipitate after a few days. Due to acetone being more volatile [33] and
less polar than acetonitrile [34], acetonitrile was chosen as a solvent for the composition.

3.1.2. Host Polymer: PEGDA vs. PPGDA

The polymer matrix, which is formed by cross-linking of a diacrylate host polymer,
must provide stiffness for the embedded leuco-dye so that it can undergo a radiofluorogenic
reaction and efficiently emit the fluorescence signal. The environment of the fluorescent
molecule should hinder the mobility of the benzene groups of the leuco-dye. The fluores-
cence is known to be favored in a more viscous medium [35–37], as the energy released by
other means, such as vibrations and rotation, becomes suppressed. Previous systems [19,21]
employed poly(ethylene glycol) diacrylate (PEGDA) as the host polymer with the addition
of 2-hydroxyethyl methacrylate (HEMA) as an additional polymer for increased mechanical
stability. However, we observed that the polymer prepared using that composition was
very sensitive to UV light, and the coloration process of the dye would start even in daylight
conditions after a few minutes. Moreover, HEMA seemed to introduce an increase in the
autofluorescence signal seen in the fluorescence spectra, which was due to the hydroxyl
group present in the backbone that may undergo a deprotonation process in the presence
of amino groups in the leuco-dye structure. Additionally, in order to limit the rotational
freedom of the phenyl groups of the dye and improve the rigidity, bulkier substituents
should be present in the polymer chain [38], as in the case of poly(propylene glycol) diacry-
late (PPGDA), where a single methylene group is introduced. However, polymers with
longer side chains are not recommended, since they might favor flexibility and cause a
plasticizing effect. The same applies to branched substituent groups—even though they
might support the stiffness requirement, the prepolymers were usually extremely viscous,
and the cured samples showed restricted diffusion of oxygen, preventing the reaction of
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the leuco-dye. Hence, the new composition contained PPGDA as a host polymer, which is
UV transparent and has good polarity [39], stability and solubility properties [40].

3.2. Sample Preparation: Curing Mold

The photopolymerization process from a liquid solution into a solid sample took place
in a specially designed silicone mold, like the one shown in Figure 1a. We observed that
the lifetime of the silicone mold was limited to approximately 2 months of daily use. After
that, the high-intensity UV light used for curing caused damage to the silicone [41], which
started interacting with the polymer solution and drastically worsened the optical quality
of the sample surfaces. Therefore, we tested two different 3D-printed molds, presented
in Figure 1b. Both of them, however, exhibited sticking of the cured solution inside the
3D-printed mold, with no possibility of removal because of the lack of flexibility of the
mold. This was probably due to the polymer solution reacting with some part of the residue
resin that was not fully cured during 3D printing. The photopolymerization process of
polymer samples used UV light of a wavelength close to the excitation wavelength of
the printed resin’s photoinitiator. Therefore, it was decided to continue using the silicone
mold for the specified lifetime of 2 months, being approximately 100 curing procedures.
Nonetheless, other 3D printing resins with higher flexibility and lower hardness could be
tested, but this was beyond the scope of this study.

 

Figure 1. Manufacturing molds: (a) silicone mold, (b) 3D-printed molds: transparent (bottom) =
ABS-like resin; black (top) = traditional resin.

3.3. Material Characteristics
3.3.1. Thermal Stability

TGA measurement of the non-irradiated and irradiated (120 keV e-beam, 30 kGy)
samples was carried out to determine the decomposition temperature of the polymer, which
was further needed for the selection of experimental conditions (temperature range) for the
DSC measurements. The weight loss versus temperature curves for the non-irradiated and
irradiated material can be seen in Figure 2a,b, respectively. The thermal treatment caused
the mass of the polymer to change continuously, and rapid weight loss of the material
started to occur at around 350 ◦C, followed by a complete, one-step decomposition at
around 380 ◦C for both the non-irradiated and irradiated samples. In the end, after heating
to 900 ◦C, there were no residues left in the crucible, leaving the material fully degraded.
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Figure 2. TGA curves of: (a) non-irradiated and (b) irradiated (120 keV, 30 kGy) polymer material.
Blue = weight (%) vs. temperature (◦C); green = the derivative of weight with respect to temperature
(%/◦C). Green coordinates illustrate the maximum of the derivative of weight, and blue coordinates
represent the end weight of the tested sample.

3.3.2. Glass Transition Temperature

The measurement of the heat flow versus temperature of the non-irradiated and
irradiated (80 keV e-beam, 30 kGy) polymer material can be seen in Figure 3a,b, respectively.
The first heating cycle erased the thermal history of the material and left the determination
of the glass transition temperature in the second heating cycle more distinct. The calculated
Tg of both the non-irradiated and irradiated material was around −45 ◦C, with no changes
introduced during the irradiation process. The glass transition temperature of the material
is below room temperature, which means that the polymer will be in a rubbery state while
working at the intended temperature. Above Tg, it will remain soft and flexible [38], and
because large elastic deformations are possible, the polymer is actually both tougher and
more pliable [26]. This allows for a more profound oxygen diffusion [42], which is needed
for the reaction of the leuco-dye to proceed. Furthermore, it provides a rigid polymer
matrix, which facilitates the fluorescence emission of the dye [35].

Figure 3. DSC curves of: (a) non-irradiated and (b) irradiated (80 keV, 30 kGy) polymer material.
Green = 1st heating cycle; red = cooling step; violet = 2nd heating cycle. Tg value (midpoint) is
presented on the graph in purple.

An exothermic peak appeared during the first heating cycle for both the non-irradiated
and irradiated material, with its maximum at around 180 ◦C. It could have its origin in
some additional high-temperature curing reaction of a residual monomer or a reaction
commencing due to free radicals trapped in the polymer matrix [43], since the obtained
double-bond conversion was of the order of 80%. In Section 3.3.4, it is tested how a
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post-manufacturing heating at 180 ◦C may influence the hardness, and consequently the
material stiffness.

Additionally, a measurement of the glass transition temperature of the polymer sam-
ples irradiated with an 80 keV e-beam and different nominal doses of 10, 30 and 50 kGy was
performed. Their second heating cycles are presented in Figure 4. No influence of the irra-
diation dose on the glass transition temperature was observed, meaning that the polymer
material did not undergo any significant chain scission, chain reorganization or cross-
linking while exposed to high-dose e-beam radiation. The glass transition temperature is a
function of the polymer’s molecular weight [44], and it may be altered after exposure to
radiation, which is known to cause chain scission and increase the polydispersity of the
molecular weight [45].

Figure 4. DSC curves: second heating cycle for polymer material irradiated with 80 keV electron
beam for 3 doses: 10, 30 and 50 kGy. A curve for non-irradiated polymer (0 kGy) is also presented
for comparison.

3.3.3. Refractive Index

The refractive index of a cured polymer sample gives information about what kind
of immersion medium has to be used during fluorescence imaging in order to minimize
the refractive index mismatch [46]. A mismatch might lead to poor imaging quality, and
therefore a correction factor has to be introduced to the axial intensity distribution. A
schematic of the readout geometry is presented in Figure 5a, where a sample (magenta)
is placed on a scanning stage. The OCT axial scan (B-scan) of the single field of view
(FOV) is shown in Figure 5b. The calculated refractive index of the polymer material was
n = 1.47 ± 0.01. This finding suggests that fluorescence imaging should be performed in
an immersion medium of a refractive index between 1.46 and 1.48, (e.g. glycerol) [47] or
a fluorescence immersion oil (Type FF, Cargille-Sacher Laboratories). Another possibility
would be to correct the introduced axial distortion, caused by the difference between the
observed optical thickness and actual thickness, by multiplying the axial sampling by 1.47
(assuming air of n = 1 as the surrounding medium). It was also observed that the material
was optically clear, and its properties were not dominated by scattering. The thin line
visible in the middle of the sample (Figure 5b) might be a reflection of the top of the sample
from the glass scanning stage.
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Figure 5. (a) The scheme of the OCT readout. Sample (magenta) placed on a scanning stage, and XY
field of view (FOV, green) is chosen for the axial profile measurement. (b) OCT B-scan of the polymer
sample for RI measurement using optical path shifting method. OT = optical thickness of the sample;
OS = optical shift of the scanning stage.

However, the refractive index value is dependent on the wavelength [48], a phe-
nomenon known as dispersion. Hence, the value measured at 1300 nm might be different,
in this case lower from the value at the excitation wavelength of 555 nm. This discrepancy
may be a cause of additional uncertainty introduced due to imaging in a medium with a
different refractive index or when correcting for the axial distortion.

3.3.4. Hardness

The hardness of the polymer material was tested to evaluate if additional post-
fabrication heating at a high temperature (180 ◦C) would be needed for full curing (monomer
conversion) and stabilization of the remaining free radicals. The expectation was that the ad-
ditional heating step would increase the stiffness of the polymer by increasing the crosslink
density [49] and ultimately increase its hardness. As can be seen in Figure 6a, the material’s
Shore A value was measured to be 57 ± 3, and after heating at 180 ◦C for 10 min, the value
was 60 ± 6. No significant difference in hardness was observed. Moreover, an undesirable
color formation was obtained after heating, which could worsen the optical properties of
the material and hinder the leuco-dye reaction when irradiated. Hence, high-temperature
heating after manufacturing was contraindicated. It is possible that yellowing of the sample
was caused by the formation of benzil from benzoyl radicals, which were produced during
the photopolymerization process of TPO [50].

3.3.5. Rheology

In order to evaluate the structural and viscoelastic characteristics of the polymer mate-
rial, amplitude and frequency sweeps were performed, as seen in Figure 7a,b, respectively.
It can be noted that the storage modulus G′ was larger than the loss modulus G′′ for all
applied oscillation strains (Figure 7a), indicating that the elastic behavior of the material
dominated over the viscous behavior. The permissible maximum strain frequency sweep
measurement was chosen to be γ = 0.25%, and the value agreed with the estimation for
cross-linked polymers of γ ≤ 1% [51,52]. Higher strains could cause an irreversible defor-
mation, with a tendency toward viscous-like behavior. The variation in loss modulus values
might be due to axial force changes or thickness variation of the sample introduced during
the photocuring step. The differences in thickness could be a result of resin shrinkage
during the photopolymerization reaction, which was caused by the reduction of distance
between the monomers while shifting from longer double-bonds (van der Waals) to shorter
covalent bonds [53].
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Figure 6. (a) Shore A measurement of cured, non-irradiated polymer material. (b) Polymer before
(bottom) and after (top) post-manufacturing heating at 180 ◦C for 10 min.

Figure 7. Rheology results: (a) amplitude sweep of non-irradiated polymer material with mea-
surement performed in triplicate, (b) frequency sweep of non-irradiated polymer material with
measurement performed in triplicate, (c) temperature sweep of non-irradiated polymer material with
measurement performed in triplicate and (d) frequency sweep of irradiated polymer material with
measurement performed in triplicate. Blue = storage modulus G′ (Pa); green = loss modulus G′′ (Pa);
red = complex viscosity (Pa·s). Error bar areas are filled under the curve.
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Figure 7b shows the dependency of the storage and loss moduli on the frequency at
a strain of 0.25%. Both G′ and G′′ displayed almost parallel lines in the whole frequency
range, showing the behavior of closely cross-linked polymers [51]. Moreover, G′ was high
in relation to G′′, and the loss tangent was tan ϕ = G”

G′ ≈ 0.01. Even at lower frequencies,
the values of G′ and G′′ remained constant, showing a high structural strength (rigidity).
From the polymer point of view, rigidity of the polymer matrix is required for efficient
fluorescence emission of the immobilized dye [19,35].

The variations of the elastic and viscous moduli versus temperature for the non-
irradiated polymer were also tested, and the curves are presented in Figure 7c. Here,
G′ > G′′ also remained valid over the whole temperature range. Above the glass transition
temperature of the material, only a limited deformation of the polymer network is possible,
depending on the length and density of the bonds. The material did not reach a liquid state
even at high temperatures due to the strong chemical bonds that form the polymer network.

The frequency sweep of an irradiated polymer material was also tested, as presented
in Figure 7d, for the samples irradiated with 50 kGy and electron beam energies of 80, 120
and 200 keV. Here as well, both the storage and loss moduli took the form of parallel lines
in the chosen frequency range, with G′ always being much greater than G′′. The irradiation
process did not cause any significant structural changes to the material. A slight increase in
G′ could be observed for the irradiated samples, which could be an indication of probable
cross-linking reactions taking place at these very high doses [54] and a lack of chain scissions
caused by the irradiation process [55,56]. All of this demonstrates the suitability of the
chosen polymer matrix as a radiation dosimeter for low-energy electron beams.

3.3.6. Water Affinity

Determination of the wettability of the polymer samples is extremely important for
fluorescence microscopy measurements when using an immersion medium, because an
inadequate choice of a surrounding medium might result in sample swelling or altering of
its properties. As a result, additional uncertainties in fluorescence intensity measurements
would be introduced. Additionally, when air is utilized as an imaging medium, the ability
of the microscope objective to gather light and resolve fine details is limited by its numerical
aperture, which in practice cannot be more than 1. However, by increasing the imaging
medium’s refractive index to, for example, 1.33 for water, it is possible to obtain a higher
numerical aperture, and ultimately, more details can be distinguished in a sample. Hence,
we determined the water affinity of the polymer surfaces by measuring the water contact
angle (WCA) as shown in Figure 8a. The WCA was measured for both the non-irradiated
and irradiated (200 keV, 30 kGy) material, and the average values are presented in Figure 8b.
It can be seen that none of the values exceeded 90◦, indicating that the surfaces were
hydrophilic [57] and had a high affinity with water. There was no significant difference
between the top, bottom and side of the sample, indicating uniformity of the manufactured
samples. Such a hydrophilic polymer network is similar to a hydrogel, which exhibits
a swelling ability in water but will not dissolve when immersed in it [58]. Moreover,
the affinity to water did not change after irradiation, which is sometimes introduced
deliberately for other polymers by using electron beam irradiation [59]. Based on the
obtained results, it is clear that the use of water immersion objectives should be avoided. It
also suggests that the polymer material should be stored in a low-humidity environment.
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Figure 8. Water contact angle (WCA) measurements. (a) A single water drop placed on a polymer
surface. The green horizontal line indicates a baseline, and the red circle is the circle of interest. The
WCAs (left and right) are marked. (b) WCAs of non-irradiated and irradiated (200 keV, 30 kGy)
polymer material (top, bottom and side). The red dashed line marks a 90◦ angle where the transition
from hydrophilic to hydrophobic properties takes place [57].

3.4. Fluorescence Signal
3.4.1. Fluorescence from the Dye Dissolved in a Liquid and Solid

As a proof of concept, the absorbance and fluorescence spectra of the dye dissolved in
a liquid and a solid sample were obtained, as can be seen in Figure 9a,b, respectively. The
non-irradiated acetonitrile solution did not absorb or fluoresce, as expected, as is shown
in the dashed black and red curves in Figure 9a. Then, once irradiated with a 200 keV
e-beam to 30 kGy, an absorption peak with a maximum at around 555 nm was present, but
there was no fluorescence emission (solid lines of the same figure). This observation agrees
with the theory that triphenylmethane dyes need to be held in some fixed configuration
when excited [35], and this was supported by the observation that after placing the dye in a
stiff polymer matrix, a fluorescence signal with a peak at around 600 nm was detected, as
presented in Figure 9b (solid red line). Additionally, a slight increase in the fluorescence
signal for the non-irradiated sample was observed (dashed red line), which might have
been due to the background absorbance of the sample at the excitation wavelength [60]. At
the peak fluorescence value, the fluorescence intensity of the non-irradiated sample was 5%
of the value of the sample irradiated with 30 kGy. This observation may have an influence
on the dose-dependent fluorescence signal and the assessment of the dose, and it should be
investigated in a separate study.

3.4.2. Absorbance and Fluorescence Spectra from an 80 keV E-Beam-Irradiated Polymer

The excitation and emission spectra of the dosimeter material were measured for the
samples (Type 3) irradiated with an 80 keV e-beam to doses of 15, 20, 30, 40 and 50 kGy,
as shown in Figure 10a. The absorbance and fluorescence peak values increased with the
absorbed dose. It should be noted that the penetration depth of the 80 keV e-beam is very
small, of the order of 60 μm in water [2], and so the material needs to have good sensitivity.
The noise present in the spectra may have its origin in a very high resolution (1 nm) set for
the measured signal while keeping the excitation light bandwidth comparatively broad
(5 nm). The background subtraction of the well plate and normalization process also
introduced unwanted signal fluctuations. A possible way to reduce these would be to
perform additional measurements, which could average out the noise.
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Figure 9. Absorbance and fluorescence spectra of the dye placed in: (a) a liquid solution of acetonitrile
and (b) a polymer (solid) sample. Absorbance spectra are depicted as black solid and dashed lines
for irradiated and non-irradiated samples, respectively. Fluorescence spectra are presented as red
solid and dashed lines for irradiated and non-irradiated samples, respectively.

Figure 10. (a) Absorbance (grayscale) and fluorescence (red scale) spectra of polymer material
irradiated with 80 keV electron beam of different doses. The spectra were normalized to the maximum
values of the 50 kGy sample. (b) Peak fluorescence intensity versus dose for the polymer irradiated
with 80 keV electron beam. The data points were fitted with a linear function of the parameters
presented in the Table.

The peak fluorescence intensity at 600 nm increased linearly with the dose as shown
in Figure 10b, demonstrating the proof of concept of the dosimeter material. The trend is in
agreement with the theory that at low concentrations of analyte, the emission intensity is
proportional to its concentration [61]. However, a significant part of the fluorescence signal
could also be observed for a non-irradiated material, introducing a non-zero background
fluorescence signal. This would need to be subtracted from the fluorescence intensity
measurements for correct dose estimation. However, this will cause the signal-to-noise ratio
to decrease, and a part of the meaningful information might be lost. Another possibility,
therefore, would be to include the background signal in the calibration of the material and
thereby correct for the introduced offset. A following paper will describe the fluorescence
imaging results, including the background information concerns.
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4. Discussion

The development of a polymer material for its use as a radiofluorogenic dosimeter
consisted of several interrelated steps, and only careful evaluation of each of them allowed
for the choice of a final material with the necessary characteristics needed for fluorescence
imaging using confocal laser scanning microscopy.

In terms of composition, the choice of a proper solvent for the radiation-sensitive
dye was important, and acetonitrile showed the best performance. The dose-dependent
fluorescence intensity is a function of the dye concentration, so any errors introduced
already at this stage would propagate further and cause artifacts such as shadowing and
saturation problems in fluorescence microscopy imaging.

During the selection of a host polymer, a compromise between rigidity and diffusion
had to be met for an efficient reaction of the leuco-dye. Both acrylates and methacry-
lates were initially considered as candidates. However, the photopolymerization rates for
methacrylates were much lower due to the stabilizing effect of the α-methyl group [62]. The
functionality of a monomer was also a deciding factor, as higher functionalities led to higher
reaction rates and faster vitrification. However, a higher cross-link density lowered the con-
version, so more of the uncured monomer remained trapped between the cross-links [63].
Higher functionality of a monomer also means its viscosity is greater, which limits the
easy handling of a solution. Therefore, lower functionalities were chosen, which due to
slower vitrification enabled in-depth curing with less shrinkage and enhanced mobility of
the system [64]. The length and nature of a spacer group were also considered, with a con-
clusion of a not-too-bulky and long spacer group between unsaturations. Poly(propylene
glycol) diacrylate turned out to be an excellent candidate for the host polymer, but similar
monomers could be also considered.

The photopolymerization process is responsible for the quality and uniformity of the
produced samples. Hence, the lifetime of used silicone molds was limited to 2 months of
use, corresponding to approximately 100 curing procedures. Even though the attempted
use of 3D-printed molds was not successful here, they presented a great potential for a new
method of sample production by using, for example, highly flexible 3D printing resins.

The polymer’s glass transition temperature, measured to be −44.45 ◦C, indicated that
the material remained in a rubbery state at room temperature. Low Tg is also a sign of
a higher cure extent [65]. Such an elastic material could be compared by its hardness of
57 ± 3 Shore A to a pencil eraser, indicating both toughness and pliability. The domination
of elasticity was confirmed in the rheology measurements, where the elastic portion (G′)
was around 100 times greater than the viscous one (G′′) in the chosen frequency range, a
feature similar to thermosets and closely cross-linked materials. Additionally, high thermal
stability (up to 350 ◦C) was achieved in an inert atmosphere. This would be lowered once
oxygen is introduced into the system. It is a great advantage that none of these features
were influenced by the absorbed dose, meaning that the radiation-induced defects were
not the most significant obstacles.

For fluorescence imaging, the assessment of the refractive index and the water affinity
is crucial. Thus, a refractive index matching medium cannot be water due to the hydrophilic
properties of the polymer, and it should be chosen so that n = 1.47 ± 0.01. The refractive
index was measured at 1300 nm, and it might be somewhat greater at the excitation
wavelength of 555 nm due to chromatic dispersion [48].

All of the above had an impact on the observed fluorescence signal; a molecule non-
fluorescent in liquid became fluorescent once embedded in a rigid polymer matrix. The
solid state polymer restricted the motion of the benzene groups of the leuco-dye. Irradiation
with the low-energy electron beam at high doses caused the fluorescence signal to increase
linearly with the dose, as expected, for increasing concentration of excited fluorophores.
The background signal will have to be taken into account during fluorescence imaging,
which can be solved by either its subtraction or inclusion in calibration. The first one may
limit the dynamic range and lower the signal-to-noise ratio, whereas the second might
complicate the readout procedure.

323



Polymers 2022, 14, 1015

There exists a demand for the development of new radiofluorogenic dosimeters,
especially in the medical dosimetry field [66–70]. Typically, radiofluorogenic gels are
investigated, which show a linear increase in fluorescence intensity with the dose (Gy) but
often lack system stability due to diffusion of the radiation products, oxygen interference
and dose rate dependency. Our polymer material, even though intended to work with much
higher doses, brings advantages in terms of mechanical and thermal stability, as well as the
possibility of 3D signal detection when imaged using confocal laser scanning microscopy.
The limitations of our study, such as low measurement reproducibility and a limited
number of tested compositions and characterization techniques, should be accounted for in
future studies of the radiofluorogenic polymer dosimeter.

5. Conclusions

The present study characterized a novel polymer material as a dosimeter candidate
for high-dose, low-energy electron beam irradiations widely used for product surface
sterilizations. The current lack of a dosimetry system being able to resolve the information
about the surface dose might be overcome with the proposed solid state radiofluorogenic
polymer material, which responds linearly to the absorbed dose and shows properties not
harmed by it. This material is the first of its kind to deliver information about the absorbed
dose distribution in 3D, which is to be measured using confocal microscopy.

The properties of the proposed polymer material were analyzed in order to establish
the required characteristics for a reliable solid state dosimeter. Acetonitrile showed the
best performance in dissolving the leuco-dye. Improved rigidity was achieved by using
poly(propylene) glycol diacrylate as a host polymer. The thermal decomposition of the
polymer was measured by TGA to occur at 350 ◦C and was not influenced by the irra-
diation process. The glass transition temperature determined from DSC measurement
was −44.45 ± 1.35 ◦C with no changes after irradiation. A 57 ± 3 Shore A hardness was
determined, and high-temperature heating was not needed for improved conversion. The
refractive index of the material, evaluated using OCT, was equal to n = 1.47 ± 0.01. A
closely cross-linked polymer, with a dominating storage modulus (G′ > G′ ′) in the analyzed
frequency and temperature range, was found. A water contact angle of less than 90◦ was
measured, indicating a hydrophilic material. The fluorescence intensity of the dye, which
was not seen for the liquid system, increased linearly with the absorbed dose, although it
exhibited a non-zero background signal. To conclude, the polymer demonstrated promising
characteristics for use as a dosimeter in low-energy electron beams. The readout of the
fluorescence signals will be further investigated in a following paper.
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Abstract: A systematic study is presented to explore the NH4CN polymerization induced by mi-
crowave (MW) radiation, keeping in mind the recent growing interest in these polymers in material
science. Thus, a first approach through two series, varying the reaction times and the temperatures
between 130 and 205 ◦C, was conducted. As a relevant outcome, using particular reaction conditions,
polymer conversions similar to those obtained by means of conventional thermal methods were
achieved, with the advantage of a very significant reduction of the reaction times. The structural
properties of the end products were evaluated using compositional data, spectroscopic measurements,
simultaneous thermal analysis (STA), X-ray diffraction (XRD), and scanning electron microscopy
(SEM). As a result, based on the principal component analysis (PCA) from the main experimental
results collected, practically only the crystallographic features and the morphologies in the nanoscale
were affected by the MW-driven polymerization conditions with respect to those obtained by classical
syntheses. Therefore, MW radiation allows us to tune the morphology, size and shape of the particles
from the bidimensional C=N networks which are characteristic of the NH4CN polymers by an easy,
fast, low-cost and green-solvent production. These new insights make these macromolecular systems
attractive for exploration in current soft-matter science.

Keywords: HCN polymers; cyanide polymerization; microwave-driven polymerization; nanoparti-
cles; nanofibers; multifunctional materials

1. Introduction

The development of new smart and multifunctional materials is currently encouraged
to be constrained toward the design of low cost and free-solvent synthetic processes, or
at least green-solvents, and easy, fast, effective and robust productions. The MW-driven
polymerization of NH4CN may be considered as a good example of this kind of processes
for the generation of polymeric macrostructures with potentially versatile properties. One
of the advantages of this polymerization technique is to reduce the reaction times with
respect to the conventional heating processes. However, the kinetic variations during the
syntheses due to the effect of the MW radiation must be taken in consideration, as they may
change the final properties of the products. In the case of the HCN-derived polymers, it is
well established that their properties are strongly conditioned by the synthetic conditions
and for extension, their potential applications are directly dependent on their chemical
composition and structure, thermal stability, particle shape and size, among others.

Recently, it has been shown that the particle morphology of the known HCN-derived
polymers can be tuned by the choice of the synthetic conditions [1–3]. Some polymers of
this heterogeneous family [4] have been proposed as emergent materials with different
applications, such as photocatalysts [5], semiconductors, nanowires, ferroelectric materi-
als [6], capacitors [1], coatings with potential biomedical applications [2,7–9], protective
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films against corrosion [10,11], or for the development of antimicrobial media for passive
filtration [12].

Different HCN-derived polymers present some structural characteristics resembling
those of the extensively researched carbon nitrides [1,13,14], which are used as carbon
materials in multiple fields [15–18]. Moreover, it has been proposed that the incorporation
of HCN-derived polymeric nanoparticles as novel fillers in different polymeric matrixes
could lead to the creation of new composite materials [1]. However, only one work has
described the production of nanoparticles derived from HCN [13]. In that case, the aqueous
polymerization assisted by the MW radiation of cyanide lead to the simultaneous genera-
tion of nanoparticles with different sizes and shapes, together with isolated long nanofibers.
In this context, it is important to note that HCN polymer nanofibers have attracted consid-
erable attention due to their attractive features, e.g., their high visible-light photocatalytic
activity. These materials were prepared from formamide, the hydrolysis product of HCN,
through conventional thermal heating at 200 ◦C and a prolonged reaction time of 48 h [5].
Therefore, these polymer materials, at the nanoscale, present an extraordinary potential in
the different areas mentioned previously.

Taking into account the high potential of HCN-derived polymers for the development
of multifunctional materials, as well as the key role of their polymeric morphology for these
potential applications, several aspects related with the MW-driven synthesis of NH4CN
polymers are explored here in detail, paying special attention to the relationships between
the experimental conditions and the features and properties of the final polymeric products.
In this way, two series of NH4CN polymers synthetized using MW radiation were compared
between themselves and also against a control polymer produced under conventional
heating using equivalent reaction times or by fixing this time, in order to determinate the
influence of the MW radiation on the features of the insoluble polymers obtained.

Moreover, statistical methods were used for a better interpretation of the results
reported in the present work. The obtained data were comparatively discussed in or-
der to obtain useful synthetic conditions for the production of cyanide polymers using
MW radiation, taking into special consideration the structural characteristic of the poly-
mers and their morphological and textural properties for the further development of
multifunctional materials.

2. Materials and Methods

2.1. Synthesis of the NH4CN Polymers

All of the NH4CN polymers synthetized in this work were produced as was previously
described in [13] using the reaction times and temperatures indicated in Table 1. The initial
equimolar concentrations of NaCN and NH4Cl always were 1 M. Figure 1 shows some
experimental details of the synthesis process.

2.2. Characterization of the NH4CN Polymers

The Fourier transform infrared (FTIR) spectra were recorded as was reported in [1],
but using a Nicolet Is50-FTIR spectrometer (Thermo Scientific, Waltham, MA, USA). The
powder X-ray difracction (XRD) was performed as in [1], but by scanning the samples
from 10◦ to 50◦ (2θ) and with a count time of 3 s. All of the parameters and the equipment
for the measurements of the elemental analysis, thermal analysis and 13C solid-state cross
polarization/magic angle spinning nuclear magnetic resonance (CP/MAS) NMR were
described in [1]. The X-ray Photoelectron Spectroscopy (XPS) analysis of the samples (pure
pellets of the polymers) was carried out in an ultra-high vacuum chamber equipped with a
hemispherical electron analyser, using an Al Kα X-ray source (1486.6 eV) with an aperture
of 4 mm × 7 mm (Specs company, Berlin, Germany). The base pressure in the chamber
was 5 × 10−9 mbar, and the experiments were performed at room temperature. The
following core level peaks were recorded under the same experimental conditions: C (1 s),
N (1 s) and O (1 s). The pass energy applied to take the overview sample was 30 eV, while
20 eV pass energy was applied for the fine analysis of the core level spectra. The surface
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morphologies of the polymers were determined by a ThermoScientific Apreo C-LV field
emission electron microscope (FE-SEM) equipped with an Aztec Oxford energy-dispersive
X-ray microanalysis system (EDX). The samples were coated with 4 nm of chromium using
a sputtering Leica EM ACE 600. The images were obtained at 10 kV. This SEM study
was analogous to those detailed in [13]. The values of the Z-average and polydispersity
index (PdI) were registered using a Zetasizer Nano instrument (Malvern Instruments Ltd.,
Almelo, Netherlands), using ethanol as a solvent to scatter the samples.

Table 1. Experimental conditions used for the synthesis of NH4CN polymers assisted by MW
radiation, as well as some of their properties. Note that polymer 2 is present in both series. 1 Maximum
pressure reached along the syntheses. * No reproducible measurements.

Polymer
T

(◦C)
t (min) P 1 (bar)

Z-Average
(nm)

PdI
Crystallinity

(%)
Moisture

(%)
Char
(%)

Series 1

1 130 309 3 506 0.23 71 10 20

2 150 67 5 342 0.25 66 10 20

3 170 18 10 318 0.22 64 9 19

4 190 4 14 276 0.22 65 10 19

5 205 2.5 19 279 0.23 64 9 22

Series 2

6 130 67 3 724 0.75 61 10 13

7 170 67 10 383 0.25 66 10 22

8 190 67 14 321 0.34 63 10 24

9 205 67 19 601 * 0.73 * 67 10 25

 

a)
a)

b)

c)

d)

e)

Figure 1. (a) Microwave reactor using in the present work; (b) equimolar water solution of NaCN
and NH4Cl; (c) raw reaction. A representative suspension of the cyanide polymers; (d) filtration
sys-tem. In the bottom part, dark solution or sol fraction which will be freeze-dried. In the upper
part, black insoluble solid or gel fraction; (e) characteristic cyanide polymer over a glass fiber filter
after drying by reduced pressure.

2.3. Statistical Analysis

Three principal component analyses (PCAs) using the polymers’ physicochemical
characteristics as variables were carried out. The tests were performed using the multivari-
ate data analysis software CANOCO 4.5 (Microcomputer Power, Ithaca, NY, USA) [19]. The
program CANODRAW 4.0 (in the Canoco package) was used for the graphical presentation.
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3. Results and Discussion

3.1. MW Radiation Effect in the Production of NH4CN Polymers

In order to explore the effect of the MW radiation in the aqueous polymerization of
NH4CN, two set of experiments were carried out. The first one used equivalent reaction
times (polymers 1–5, Table 1); the second one fixed the reaction time at 67 min (polymers
2, 6–9, Table 1). For the first series of syntheses (series 1), the reaction times were chosen
with a comparative proposal in a relationship with the NH4CN polymer obtained at 80 ◦C
using conventional heating and a reaction time of 144 h (control polymer) [1]. Based on the
manufacturer specification of the MW reactor, 6 days under a classical thermal treatment is
equivalent to the short reaction times using MW radiation indicated in Table 1 (series 1).
On the other hand, the fixed time for the second series (series 2) was based on the fact that,
in order to probe a polymerization time shorter than 309 min (polymer 1) but longer than
those explored previously in the NH4CN polymerization assisted by MW at 180 ◦C, with a
reaction time of up to 30 min [13]. Thus, the reaction time for polymer 2 was chosen for
polymeric series 2.

The conversion degrees, α (%), reached for each polymer are displayed in Figure 2a,
and they were calculated as is described in [1] by means of gravimetric measurements of the
gel fraction and the insoluble product. The use of conventional heating demonstrated that
the increase in the temperature leads to a decrease in the yield of the NH4CN polymers [14].
For the control polymer, the conversion was about ≈38%, while this value decreased to
≈17% when the polymerizations are conducted at 180 ◦C using MW radiation [13]. Note
that the higher conversion was found in series 1, around 25%, at the lowest temperature
under study 130 ◦C, and that the data of series 1 is in agreement with these previous results.
However, a slight increase in the conversion for the polymerizations was observed at
temperatures higher than 180 ◦C. For series 2, at 130 ◦C, a decrease of practically five times
in the polymerization time produced a relevant and unexpected increase in conversion. On
the contrary, an increase in the reaction time at temperatures of 170 and 205 ◦C causes an
increase in the yield of insoluble polymer. The conversion values for polymers 6, 7 and 9

was really unexpected, reaching yields similar to those obtained by means of a traditional
heating process [1,14]. This behavior of the polymerization in the presence of MW radiation
seems to indicate significant differences with respect to the kinetic approach reported
using conventional heating, in which a clear limit conversion was observed after a concrete
reaction time for a fixed temperature [4]. Further works are in progress to study in detail
the kinetic behavior of the MW-driven polymerization of cyanide.

In addition, the pathways proposed to explain the formation of NH4CN polymers in
aqueous media suggest collateral reactions during the course of this precipitation poly-
merization, such as deaminations, denitrogenations, dehydrocyanations, hydrolysis and
oxidations. These last processes are responsible for the incorporation of oxygen in the
macrostructures [4], which would lead to a gain of weight considering the total initial mass
input in the system (the initial weight of NaCN plus NH4Cl). Figure 2b shows the weight
balance found in both series, considering the reaction conditions shown in Table 1, based
on the following formula: Weight Balance (%) = [(weight NaCN + weight NH4Cl) − (gel
fraction weight + freeze-dry sol content)]/(weight NaCN + weight NH4Cl)]·100. In any
case, no direct relationship could be found between the conversion values and the weight
balance, as can be observed when comparing Figure 2a,b. In series 1, an increasing weight
loss was found as the temperature increased; however, in series 2, when the polymerization
time was kept constant, a dissimilar behavior was observed. In this case, at low temper-
atures, the weight loss, around 5%, was maintained throughout these polymerizations.
However, the MW reactions at 170, 190 and 205 ◦C occurred with substantial weight gain,
close to 15% or higher. The increase of weight might be related with a minor loss of nitrogen
and/or to a higher increase of mass by oxygenation, but the results of the elemental analysis
were inconsistent with this proposal (see below), which suggests that complex secondary
processes have no reflex directly in the generation of the gel fraction macrostructures.
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Figure 2. (a) Conversion degree, α (%), for the insoluble polymers synthesized according to the reac-
tion conditions shown in Table 1. Above each column is indicated the number of the corresponding
polymer. Note that the polymer 2 is included in both series. The conversions for polymers 7 and
9 were calculated using the values obtained in seven independent experiments; for the rest of the
polymers, at least three independent syntheses were carried out. (b) Weight balance for the global
NH4CN polymerization reactions indicated in Table 1, according with the following expression:
Weigh balance (%) = [(mg gel fraction + mg freeze-dried solution) − (mg NaCN + mg NH4Cl)]/(mg
NaCN + mg NH4Cl)]·100. (c) Elemental analysis data for the polymers synthetized according to the
conditions indicated in Table 1. At least three representative independent samples were measured for
each point in the graph; (d) corresponding molar ratios. Note that the %O was calculated by the differ-
ence. For the C/O and N/O molar ratios, we considered the %O present in the macrostructure after
subtracting this percentage from the water absorbed for the polymers as moisture, which was about
~10% for all of the samples. This amount of water was estimated by the TG data discussed below.

The elemental analysis data displayed in Figure 2c indicates that the C percentage did
not present significant differences among the two series under study, and it was about 41%.
The same behavior was observed for the %O, at around 17%. Only a slight decrease in the
nitrogen content was observed in series 2 with the increase of the temperature, from 41 to
37%. This result was also reflexed in the C/H and C/N molar relationship for this series,
when the reaction time was fixed, going from 1.18 to 1.31 for this last ratio (Figure 2d).
Therefore, it seems that the increase in the temperature favors the deamination processes
during the polymerization based on the lower %N and %H. This fact was in agreement
with previous results [13]. In contrast, for series 1, no significant variations were found in
the molar relationships with the increasing of the polymerization temperature.

As a result, it can be concluded that a temperature of 170 ◦C seems to be a key
parameter in these polymerizations under MW radiation, and also that low polymerization
temperatures, such as 130 ◦C, present a singular behavior. However, the compositional
data do not give a clear response to the high weight gain observed in series 2.

At this point, it was necessary to point out that the lower yields for the insoluble
polymers may be due to the hydrothermal conditions achieved by MW radiation, which
favors the oxidation, hydrolysis and decomposition processes of the NaCN and/or other
intermediate reaction products, as in Scheme 1, decreasing the availability of them, and
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therefore reducing the final amount of insoluble polymers collected. Note that all of the
reactions were prepared under ambient conditions of pressure and moisture, and neither
oxygen or CO2 were removed from the reaction vessel or the solvent.
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Scheme 1. Possible oxidation and hydrolysis processes likely favored by the MW radiation, which
can be undergone by cyanide and by DAMN. These processes lead to lower conversion values for
the NH4CN polymerization assisted by MW radiation than for polymerization carried out under
conventional heating due to the decrease of the available cyanide and DAMN [20,21].

The left part of Scheme 1 shows the possible processes which can decrease the available
amount of cyanide to polymerize. Atmospheric oxygen can lead to the partial oxidation
of cyanide at elevated temperatures, generating cyanate. CO2 can react with cyanide to
produce carbonate and HCN. In addition, the hydrolysis of the cyanide solutions under
heating can produce formiate and ammonium. Under the conditions considered herein,
the initial cyanide solutions have a pH of 9.2, and a ~50% of HCN was present in the
solutions, which can be hydrolyzed to give formic acid and ammonia. The generation
of volatile compounds such as HCOOH, NH3 and even HCN may explain the negative
weight balances observed in the NH4CN polymerization above studied. However, the
increase observed for the production of insoluble polymers 6, 7 and 9 might be due to
the recycling of the delivered HCN and NH3, generated first as by-products, that finally
were implicated in new processes of oligomerization/polymerization, as a closed system
was used in the described reactions. On the other hand, the positive weight balances
can be due to the formation of no volatile oxygenated molecules such as carbonate and
cyanate, as this takes place at high temperatures within series 2. Besides this, in order to
explore whether the ambient conditions have a significant influence in these plausible side
reactions, where the atmospheric oxygen and the CO2 were implicated, two additional
reactions were carried out. Polymers 3 and 7 were again synthetized, but using an inert
atmosphere of nitrogen and carefully removing the CO2 and O2 of the water by an N2
stream. The following conversion values were obtained (syntheses were made twice)
α(%) = 7.7 ± 0.1 and α(%) = 3.8 ± 0.3 for the analogous polymers 3 and 7, respectively.
Furthermore, in both cases a loss of mass was observed in the total weight balance. Note
that the effect of the absence of air in the conversion obtained was outstandingly significant
for the analogous polymer 7. Therefore, the lack of air in the reaction environment does not
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seem to prevent the side reactions in the cyanide polymerization assisted by MW radiation;
on the contrary, the yield of the reaction was remarkably lower. Due to the great impact of
the air in the microwave-cyanide polymerizations, new works will be developed to obtain
a full understanding of this factor in these highly complex polymerization reactions.

In addition, we might take into consideration that other hydrolysis and/or oxida-
tions of some the intermediate products during the polymerization process finally lead
to the lack of formation of the insoluble polymers, as is the case for diaminomaleonitrile
(DAMN). DAMN, the tetramer of the HCN, was considered to be a main intermediate in
the generation of the HCN polymers (Scheme 1) (see, e.g., [4]). However, this compound
can be oxidized to diiminosuccinonitrile in water, and this is finally decomposed into oxalic
acid and urea (upper part of the Scheme 1). Furthermore, DAMN in an aqueous medium
can be transformed into formamide, glycine and aminomanolic acid (the bottom part the
Scheme 1), as was revealed by Ferris and Edelson [20].

The higher yields (~75%) in the hydrothermal polymerizations of DAMN than were
the obtained in analogous NH4CN polymerizations (35–40%) using conventional heating
for the production of black insoluble HCN-derived polymers [1], and the significant diminu-
tion of these yields in the MW-driven polymerization of DAMN (~30%) (a further work
is in progress; no data are shown here) allows us to reaffirm the following points: (i) the
DAMN was a main intermediate product cyanide polymerization, as similar—although not
identical—final products can be obtained in both ways, i.e., the cyanide and DAMN poly-
merizations produced resemble—but are not identical—to HCN-derived polymers [1]. The
possible polymerization of cyanide by other different DAMN pathways through its dimer
and/or its trimer, aminomalononitrile (AMN), for the generation of the suggested C=N net-
works of the HCN-derived polymers must also be taken in consideration (Scheme 2); (ii) the
higher yields obtained for the DAMN polymers seem to indicate that the cyanide undergoes
several processes in water, which prevent the generation of DAMN and the subsequent
polymerization of this oligomer. Therefore, it seems that the cyanide polymerization via
the DAMN pathway was the main process.

As a summary of the above, one can say that: (i) the lack of air in the cyanide poly-
merization assisted by MW radiation does not seem to inhibit the side reactions which
prevent the generation of DAMN, and (ii) the decomposition processes of the DAMN are
related to the presence of water. The increase of the temperate increases the ratio of DAMN
decomposition in water environments. Both aspects are the main focus of other works
in progress.

The FTIR spectra of both series closely resembled those reported from the NH4CN poly-
merizations under a classical heating and also assisted by MW at 180 ◦C (Figure 3a,b) [1,4,13,14].
In these previous works, analyses of the features for these spectra were discussed in detail.
The greatest difference between the spectral features of series 1 and 2 was the relative
intensity of the bands related with the nitrile groups (-C≡N), around 2200 cm−1. This
difference was clearly observed when the EOR values (the extension of the reaction, EOR
= [I1645/(I1645 + I2200)] 100) [22] were represented (Figure 3c). For series 1, this value
decreased with the temperature, and by the contrary, for series 2 the behavior was the
opposite. This quantitative spectroscopic parameter was directly related to the progress
of the polymerization reaction under traditional heating conditions, i.e., the increase of
the monomer conversion along the reaction time gives noticeably higher EOR values [22].
However, there was no observed clear relationship between the EOR and the conversion
degree, especially in series 2 (Figure 3d, upper part). This behavior was also observed from
the NH4CN polymers synthetized at 180 ◦C by MW [13].
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Figure 3. (a) Representative FTIR spectra of polymers 1–5 (series 1), and (b) of polymers 2, 6–9 (series
2); (c) relationship of the EOR (extension of the reaction) and the EOC (extension of the conjugation)
with the temperature; (d) dependence of both the EOR and EOC relationships on the conversion
degree. (c,d) Each point was calculated from at least three FTIR spectra from independent samples.

In addition, the calculation of the EOC (extension of the conjugation,
EOC = [I1645/(I1645 + I3330)]·100) [1,13] indicated no significant differences between se-
ries 1 and 2, with the exception of the values determined at 170 ◦C (Figure 3c). Likewise,
there was no clear trend found when these values were confronted with the conversion.
Again, these spectroscopic data revealed that 170 ◦C shows a remarkable singularity with
respect to the rest of the temperatures under study.

Simultaneous thermal analysis (STA) for representative samples of polymers 1–9 was
carried out (Figure 4), and some parameters obtained from these measurements are listed
in Table 1. All of the samples showed the same amount of moisture, at about 10%; however,
while the NH4CN polymers from series 1 presented a similar content of char residue,
19–22%, the samples from series 2 exhibited an increase of the char from 13 to 25% with
the increase of the temperature. Polymer 9 was the sample that presented the highest
percentage of char, and by the contrary, polymer 6 registered the lowest value. In general, a
greater amount of char was related with highly cross-linking macrostructures and rigid
chains; in particular, NH4CN polymers were associated with the presence of cross-linking
oxygenated groups, such as inter- and intramolecular amide bonds [4]. The C/H, C/N,
C/O and N/O molar ratios were 0.9, 1.2, 4.1 and 3.5, respectively, for polymer 6; and 1.0, 1.3,
3.5 and 2.7, respectively, for polymer 9. Thus, it seems that the higher thermal stability of
sample 9 was related with greater oxygenated macrostructures, and with a minor amount
of nitrogenized groups, but not with a more conjugated structure, considering the C/H
values and the EOC data. Therefore, it might be proposed that this stability may be due to
the presence of oxygenated cross-linking groups.
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according to recent works [1,3,4,23]. Note that the incorporation of oxygen in some of the structures
for the suggested macromolecular systems was due to hydrolytic processes (blue color).

On the other hand, the DTG curves showed similar profiles to other NH4CN polymers
synthetized at 80 ◦C [1]. Five characteristic peaks were observed: (i) at ~70 ◦C (water
desorption); (ii) at 220–260 ◦C and at ~400 ◦C (thermal break of the weakest bonds); and
(iii) at ~670–680 ◦C and 820–840 ◦C (high thermal decomposition, carbonization stage).
Only a slight difference was found for polymer 5 with an additional degradation peak
at 477 ◦C, and the decrease of the relative peak intensity at ~260 ◦C in series 2 with the
increase of the temperature. In addition, the DSC curves were really dissimilar to those
registered for NH4CN polymers synthetized at lower temperatures [1,4], proving that the
thermal analysis techniques provide excellent fingerprints to distinguish NH4CN polymers
with very similar FTIR spectra [4]. For both series of experiments, the first endothermic
peak, at 75–85 ◦C, can be related to the loss of the absorbed water in the polymeric matrix,
and the rest of peaks can be related to degradative processes.

Some morphological aspects, such as the hydrodynamic diameter, were measured for
representative polymers 1–9 (Z-average, Table 1). Considering this parameter, for series 1,
the particle size was decreased with the increase of the temperature, reaching nanoparticles
with a diameter of ~280 nm and with relatively low PdI = 0.22–0.25. On the contrary,
in series 2, although an apparent decrease in the molecular size may be related with the
increase of the temperature, the PdI values were higher than those in series 1, indicating a
higher degree of heterogeneity. Indeed, the data from sample 9 were not properly registered
due to a presumable aggregation of the particles.
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Figure 4. Thermal analyses for representative samples of polymers 1–9. (a,b) TG curves; (c,d) DTG
curves; (e,f) DSC curves.

The XRD pattern profiles for NH4CN polymers 1–9 have the same look as those
previously reported for analogous polymers synthetized using a conventional hydrothermal
procedure or MW radiation [13,14] (Figure 5a,b). It was expected that an increase in the
temperature would lead to a more ordered macrostructure [13,14]. This is the unique
observed peak (2θ ~27◦) related to graphitic-like two-dimensional (2-D) structures, such
as layered g-C3N4 [16,24], would be higher and narrower at the higher polymerization
temperatures. However, this prediction was not valid for the range of temperatures under
study when analyzing the data of the crystallinity of the different samples collected in
Table 1. There was no clear relationship between the order level of the macrostructures
with the increase of the temperature or the reaction time. All the samples exhibited an
average crystallinity values of 65%, with the exception of polymers prepared at 130 ◦C,
with values higher and lower values than this; showing a particular behavior of the
cyanide polymerization at this temperature at least related with the internal order of the
macrostructure.
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Figure 5. XRD patterns of representative samples from both series, (a) and (b), synthesized by a
MW method.

It was clearly shown above that the heating by MW radiation has an unexpected
and significant influence in the behavior of the cyanide polymerization, providing results
which were not previously observed with conventional heating, i.e., there was not a
proportional direct relationship between the reaction time and the conversion degree
(%) and EOC [14,22], or temperature and crystallinity [14], for example. However, the
final reaction products present resemble the spectroscopic and thermal characteristics of
analogous HCN-derived polymers synthetized using conventional heating; for the size
of the particles and the higher order of the macrostructures, this was the main difference
found between the conventional heating against MW radiation. No nanoparticles were
identified in NH4CN polymers synthetized using conventional heating (the Z-average and
PdI could not be measured; the data are not shown; however, see [1] for SEM images);
at the lower temperature herein considered, the greater size of particles were observed.
In addition, at 130 ◦C and 170 ◦C, particular features were observed with respect to the
syntheses carried out at the other temperatures. The global and proper interpretation
of all of these results is not simple and trivial. Thus, multivariate analysis could be an
excellent analytical tool to reach a better and more objective interpretation of the data
presented above, and could help us to choose preferential conditions to tune the nanoscale
of the NH4CN polymeric particles. In this way, a PCA was carried out to reach a first full
overview of the MW radiation effect in the NH4CN polymerization behavior (Figure 6). For
this analysis, the total data for the nine polymers (Table 1) were considered. The conversion
degree, the balance weight, and all of the molar ratios were calculated; the EOR, the EOC,
the crystallinity, the char content, the moisture percentage, the Z-average and the PdI were
taken in consideration, explaining 99% of the variance. The first axis shows the highest
positive correlation among a wide number of variables, with the exception of EOC and the
balance weight. The right-hand portion of the first axis was predominantly occupied by
EOR, moisture, monomer conversion, C/O molar ratio, Pdl, Z-average and N/O molar
ratio; the left-hand portion was occupied by crystallinity (%) and the C/N molar ratio. The
second axis indicates the highest positive correlation among char (%) and the C/H molar
ratio. By contrast, the EOC and balance weight exhibited the highest negative correlation
with this axis. From these statistical results, one can say that the there is a direct relationship
between the conversion degree and the EOR values, as was expected, although a clear
relationship was not observed in Figure 3d. In addition, a higher conversion degree was
directly related to less-oxidized structures; interestingly, this minor oxidation degree was
directly related with a higher size of the particle and a higher polydispersity degree. On
the other hand, the percentage of char (%) was strongly correlated with the molar C/H
ratio, indicating that the more conjugated structures are the more thermally stable, but
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apparently independent of the %O in the structure. A higher internal order based on the
percentage of crystallinity is directly related with the C/N ratio and with the char (%),
i.e., the more carbonaceous and more conjugated structures are the more crystalline and
also the more thermally stable, but the Z-average and crystallinity (%) are independent
variables. Therefore, if the MW radiation is considered to obtain nanoparticles of NH4CN
polymers, as under conventional heating these are not formed and MW notably reduces the
reaction times, it seems that reaction conditions which lead preferentially to the oxidization
of structures but are highly conjugated should be considered.

Figure 6. PCA biplot based on the physicochemical variables: C/N, C/O and N/O molar ratios;
char (%); crystallinity (%); α (%) conversion; EOC and EOR; balance weight; Pdl; moisture (%); and
Z-average (nm) for the polymers obtained. The relative proportions of the different variables are
indicated by arrows, and polymers are indicated by dots.

With respect to the polymeric samples, PCA analysis indicated groupings of the
NH4CN polymers into well-differentiated sets: (i) one corresponding to series 1 (polymers
2, 3, 4 and 5), with the exception of polymer 1; (ii) another one with polymer 7 and 8;
(iii) and polymers 1, 6 and 9 isolated from the rest, indicating a particular behavior, as was
expected especially for 1 and 6, as they were the polymers synthetized at 130 ◦C, although
polymer 1 was next to the group of series 1, in agreement with a relative resemblance with
the samples of this group. In relation to the first group, the clear grouping of polymers
2, 3, 4 and 5 indicated that, statistically, the choice of the equivalent reaction times for
different temperatures according to the instruction of the manufacturer of the MW reactor,
and considering the experimental results indicated above, gives NH4CN polymers with
similar characteristics. The second group, formed by polymers 7 and 8, showed higher
char (%), C/H and C/N molar ratios and crystallinity (%), indicating that these polymers
are thermally stables carbonaceous structures. For the first, the polymers 6 and 9, and to a
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lesser extent 1, showed a higher EOR, moisture (%), α (%), C/O molar ratio, Pdl, Z-average
and N/O molar, i.e., they presented the polymeric particles with the highest size and lowest
oxygen content. Therefore, the lowest and the highest temperature here studied do not
seem adequate for the development of nanoparticles.

These well-defined groupings by similar and resemblance features revealed by the
PCA analysis, in a certain way, could also be observed for the shape differences found
by SEM (Figure 7). Thus, polymers 2, 3, 4 and 5 presented rice-shaped nanoparticles and
other stacking oval particles together with isolated nanofibers. Polymers 7 and 8 showed
clear groupings of nanofibers together with other particles with other shapes (please see
Figures S1–S9 from the supplementary information for details), whereas polymer 9 was
estranged from this set in the PCA analysis, showing isolated nanofibers and undefined-
shape particles. Polymers 1 and 6, synthetized at the lowest temperature, presented a
particular behavior. Polymer 1 displayed similar rice-shaped nanoparticles and staking
oval particles to the rest of the polymers from series 1, but also spherical particles similar
to those identified in the control polymer [1]. The particles observed in polymer 6 were
similar to the particles found for series 1, although the staking oval particles were not
identified. These SEM images also seemed to indicate that 130 ◦C and 205 ◦C are not
optimal temperatures to produce nanoparticles from cyanide, which is in agreement with
the PCA results.

 

Polymer 1 Polymer 2 Polymer 3

Polymer 4 Polymer 5 Polymer 6

Polymer 7 Polymer 8 Polymer 9

Figure 7. SEM images for NH4CN polymers representative samples from series 1 and 2, Table 1.

3.2. Structural Comparative Study between NH4CN Polymers

In order to complete this study about the effect of MW radiation on cyanide polymer-
ization, a detailed structural comparison between the control polymer and polymer 3, as
a representative sample of series 1, was carried out. The previous results for this series
indicated that polymers 2, 3, 4 and 5 are very similar, as was expected considering the
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equivalence of the reaction times; they resembled polymer 1, but were at least morpho-
logically very different to the control polymer. Thus, this section can help us to obtain a
comprehensive knowledge about the MW heating role in the polymerization of the NH4CN
when equivalent polymerization times are considered on the spectroscopic and thermal
properties, as the morphological differences clearly showed above.

The comparison of the data from the control polymer and from polymer 3 indicated
that the conversion degree decreases notably when the NH4CN polymerization is assisted
by MW radiation, as it was explained above, but no significant elemental composition
variations were observed. For the control polymer, the elemental compositional data were
%C 41.4 ± 0.3, %H 3.8 ± 0.2, %N 40.1 ± 0.4 and %O 14.7 ± 0.7, and for polymer 3 they were
%C 40.3 ± 0.6, %H 3.5 ± 0.1, %N 39.3 ± 0.8, %O 16.7 ± 1.5 (taking into consideration at least
three samples synthetized independently). The subtraction of the normalized FTIR spectra
of both samples does not indicate significant differences among them, except for a few
low-intensity features (Figure 8a). Some of these bands can be related with the resonances
found when the corresponding 13C NMR spectra were subtracted (Figure 8b). The FTIR
band centered at 2163 cm−1 can be related with the resonance at 115 ppm assigned to nitrile
groups, the band at 1720 cm−1 with the resonance at 151 ppm associated with carbonyl
groups, and the bands at 3615 and 3495 cm−1 with the signal at 51 ppm related to hydroxyl
groups. However, the relative intensity of these FTIR bands and resonances seems to point
to there being no great differences between the two polymers.
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Figure 8. Comparative spectroscopic and thermal studies between polymer 3 and a control polymer
synthetized using conventional heating. (a) Substation of the FTIR spectra; (b) substation of the
13C NMR spectra; (c) XRD patters; (d) second derivative of the TG curves.

The XRD analyses showed the same diffraction, but in the case of the polymer 3, this
peak was higher and narrower, indicating a more ordered structure (Figure 8c). In addition,
the analysis of the second derivative of their corresponding TG curves showed a very
resemble thermal behavior (Figure 8d) which would indicate similar macrostructures, as
both polymers present the same thermal behavior. Only the decomposition step at 278 ◦C
may be more noticeable for the polymer 3. This thermal decomposition step would be
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related, based on the TG-MS curves (data no shown), with the fragment m/z 44 which can
be assigned to the loss of CO2 and/or HC(=NH)NH2 or HCONH- (a detailed discussion of
the TG-MS results is out of the scope of the present work, and it will be given in a further
paper). The slightly higher delivery of CO2 or HCONH- for polymer 3 is in good agreement
with the spectroscopic data and elemental compositional data indicated above, indicating a
higher content of oxygen in polymer 3.

In the light of these results, the control polymer and the polymer 3 seem to resemble
one another, except for very little differences related with the amount of oxygenated
functional groups. Thus, detailed XPS analyses of these two samples were made in order
to provide further information about them. Figure 9 shows the core-level spectra of the C
(1s), N (1s) and O (1s) peaks, as well as their deconvolutions on different components of
the control polymer and polymer 3 samples.

 

Figure 9. XPS photoemission spectra of the C (1 s), N (1 s) and O (1 s) core level peaks, and the
deconvolution of a control polymer and polymer 3.

A deconvolution study of the C (1 s) peak showed three components for both cases:
the first component at 285.1 eV (binding energy) was attributed to the C adventitious, C–H
and C–C group; the second component at 286.7 eV corresponded to C-N, C-O, C=N and
amide groups; whereas the third component was observed at 288.5 eV, and was assigned to
the C=O and nitriles groups. Both samples showed similar carbon components, and the
ratio between the components was also comparable; polymer 3 showed a slight increase of
10% for the first component and a decrease of 10% for the second. Thus, the resemblance
between spectra C (1 s) seems to indicate very similar macromolecular structures for
polymer 3 and the control polymer. The N(1 s) peaks of both samples were resolved
into two components, the first one at 398.9 eV being assigned to -CONH2 and imines
(-N=C<), which were predominant in the control polymer sample, and the second one at
400.0 eV corresponding to -CONH- groups, amides and nitriles; both nitrogen components
showed a similar percentage for polymer 3’s case. Regarding the O (1 s) peak, we fitted the
experimental data points using three components. The first component occurred at 530.9 eV,
which was possibly assigned to the carboxylate group and to the amide group (-CONH-),
which was predominant in the control polymer’s case; the second one appeared at 532.0 eV,
but it was mainly a contribution from contamination during the sample preparation in
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air instead of under UHV conditions; the main component for the polymer 3 sample, and
finally a third component at 533.7 eV assigned to C=O and COOH groups, were similar in
both cases. Therefore, this comparison study did not show large differences between both
samples. The overlapping of several functional groups at similar binding energies did not
help us to make an unambiguous assignment for the complex functional group mixture
present in the NH4CN synthetized polymer’s structure. Nevertheless, the carbon and
oxygen components related to the adventitious are more intense for polymer 3, whereas for
the control polymer, the carboxylate and C=N functional groups seems to be the principal
component of the analysis.

As a result, taking into account the comparative results between the control polymer
and polymer 3, the more significant effects of the NH4CN polymerization assisted by MW
radiation are the decrease on the conversion degree and variations in the textural and mor-
phological properties of the final products (as was indicated above, please see the SI of [1]
for the look of the control polymer particles; these ones were not nanoparticles). The MW
radiation leads to the generation of nanoparticles and/or nanofibers of cyanide polymers
in minor yields, but with similar compositional/structural characteristics and the same
thermal properties with respect to those microparticles produced under conventional heat-
ing conditions and with a more ordered macrostructure. Thus, nanoparticles/nanofibers
can be obtained using MW radiation by aqueous cyanide polymerization. The size, shape
and polydispersity of these particles seems to be directly related with the reaction time and
with the temperature. In order to deepen this result, in the next section, analyses of the
morphology of a series of NH4CN polymers synthetized at 170 ◦C and distinct reaction
times are given.

3.3. Polymeric Particles’ Morphology Variations along the Reaction Time

A relative study of samples synthetized at 170 ◦C was completed by SEM using differ-
ent reaction times, from 5 to 120 min. Representative images of these new polymeric series
are shown in Figure 10 (for more details, please see Figures S11–S17 in the supplementary
information section). We focused on this temperature based on the data reported in the
first part of this work, as greater yields were obtained at this temperature; 130 ◦C and
205 ◦C were ruled out to explore the production of nanoparticles/nanofibers based on the
PCA results, and also due to the easier dispersion of the polymer synthetized at 170 ◦C in
EtOH to prepare the samples for the SEM measurements compared to those synthetized at
higher temperatures, i.e., 190 ◦C and 205 ◦C. Note that the values of the PdI and Z-average
increase with the increase of the temperature and with the reaction time (Table 1), leading
finally to molecular aggregates.

All of the samples from the 170 ◦C series present isolated long nanofibers, with
the exception of polymer 7 (reaction time ~ 67 min), which showed a clear grouping of
long nanofibers (Figure 7 and Figure S7). Other shapes observed were spherical/oval
particles, irregular and planar stacking, rice-shaped nanoparticles and short nanofiber
networks. In all of the samples studied, on general lines, there was a dominant morphology
against others depending on the reaction time, as is qualitatively summarized in Table 2.
Interestingly, it is the generation of short nanofibers at 36 and 52 min which was not
observed previously for this type of polymer. On the other hand, the production of rice-
shaped nanoparticles was specially improved at 105 min, and was practically the only
shape observed. Thus, to highlight, short nanofibers, long nanofibers and nanoparticles
were obtained at 170 ◦C with reaction times of 36, 67 and 105 min, respectively. Therefore,
it seems that there is a clear effect of the reaction time on the shape and size of the NH4CN
polymers synthetized in the presence of MW radiation.
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5 min 18 min 36 min

52 min 58 min 67 min

90 min 105 min 120 min

Figure 10. SEM images for representative samples from NH4CN polymers synthetized at 170 ◦C.
Note the variation of the morphology with the reaction time indicated in each picture.

Table 2. Qualitative summary for the observed shapes based on the SEM images from the NH4CN
polymers synthetized at 170 ◦C (please see the images collected in the supplementary information).
– = not detected; + = detected but very minority and poorly representative; ++ and +++ = observed;
++++ = main shape observed.

Reaction Time (min)

Shape of Particles 5 18 36 52 58 67 72 90 105 120

Long isolated nanofibers + + + + + +++ + + + +

Short nanofibers networks − − ++++ ++++ − − − − − −
Spherical/oval nanoparticles +++ ++ − ++ + − ++ +++ + ++

Irregular and planar stacking ++ − + − − + − − −
Rice-shape like nanoparticles +++ +++ + − ++++ ++++ +++ +++ ++++ ++++

Based on the PCA results discussed above, the more oxidized and conjugated
macrostructures derived from the MW-driven cyanide polymerization would be nano-sized.
This statistical result could be experimentally proven. Thus, Figure 11 shows the evolution
in the composition along the time of the cyanide polymers synthetized at 170 ◦C. It can
clearly be seen that the two samples with a greater content in oxygen, in this case those
obtained at 36 and 52 min, present short nanofiber networks, with these being apparently
the smallest nanoparticles observed. It is also interesting that the sample obtained at
105 min, with the highest content in oxygen, showed the tiniest particles observed in all
of the cases here studied. On the contrary, the sample prepared using a reaction time of
67 min, polymer 7, presented the lower content in oxygen, and in this case long nanofiber
networks were found. Therefore, taking into account these results, it seems possible to tune
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the morphologies of the NH4CN polymers to obtain mainly short or long nanofibers or
nanoparticles for the development of new families of polymeric materials. However, the
lack of a direct relationship between the conversion degree, elemental composition and
reaction time, as was observed in Figure 11, encourages us to carry out comprehensive
studies about the cyanide polymerization promoted by MW radiation.
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Figure 11. Evolution of the polymerization of NH4CN with the time at 170 ◦C. (a) Variation of the
conversion degree, α (%), and the elemental composition of the cyanide polymers; (b) variation of
the molar relationships.

4. Conclusions and Outlooks

This is the first systematic study regarding the MW-assisted polymerization of cyanide,
addressing a wide range of temperatures and reaction times. As the main results, the MW
radiation has a notable influence on the yields of the insoluble polymers obtained. This
fact could be due to the likely increase of the decomposition processes for the cyanide,
and of its main oligomer, the DAMN, hindering the polymerization pathways proposed
for the production of the extended C=N polymeric networks, as postulated for the HCN-
derived polymers. However, using equivalent reaction times, polymers with very similar
compositional, spectroscopic and thermal properties were obtained. In addition, note that
for particular reaction conditions at higher temperatures, the conversions achieved were
similar to those using traditional heating systems. Moreover, it is highly informative that the
MW radiation allows the generation of HCN-derived polymeric particles at the nanoscale
which were not observed previously under any experimental condition using conventional
methods; this technique could be successful for the tuning of their morphological properties,
and for extension to obtain a new promising family of nanomaterials, taking into account
the recent potential revealed by these polymeric systems. Due to the unexpected behavior of
the cyanide MW polymerization, the multivariate analysis has turned out to be a successful
tool to obtain a global interpretation of the results obtained herein and beyond to help
us to find appropriate reaction conditions which lead to the generation of materials with
concrete structural and morphological properties.

Being a very fast, robust, easy, low cost and green-solvent process, and the possibility
to tune properly the properties of the final products makes the aqueous microwave-driven
cyanide polymerization a highly attractive and promising methodology for the generation
of new multifunctional materials. However, due to the apparently random behavior of
the system along the reaction time, mainly due to the experimental variables to tune the
properties of the polymers, it is necessary to carry out exhaustive synthetic and structural
studies, and to examine the results under the light of statistical approaches to develop
properly cyanide-based materials.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/polym14010057/s1. Figures S1–S17: SEM images of all of the cyanide polymers synthetized herein.
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Abstract: This paper gives a short overview of homogeneous post-metallocene catalysts based on
group 4 metal and vanadium complexes bearing multidentate ligands. It summarizes the catalytic
behavior of those catalysts in copolymerization of ethylene with 1-olefins, with styrenic monomers
and with α,ω-alkenols. The review is focused on finding correlations between the structure of a
complex, its catalyst activity and comonomer incorporation ability, as well as the microstructure of
the copolymer chains.

Keywords: post-metallocene catalyst; copolymerization; ethylene; 1-olefin; styrenic monomer;
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1. Introduction

According to statistics, the global production of plastics in 2019 reached 368 million
tons [1]. The production of polyethylene is estimated to account for about one third of
all plastics manufactured, of which nearly 80% is formed in the catalytic processes [2].
The catalysts based on transition metal compounds were, for the first time, employed in
the ethylene polymerization in the first half of 1950s. These were the Philips supported
chromium catalyst and Ziegler–Natta catalysts comprising titanium chlorides and organoa-
luminium compounds which were converted into supported systems in time [3]. These
multi-site catalysts produce polymers which are mixtures of macromolecules with different
lengths and, in the case of copolymers, also with different compositions. Then, single-site
metallocene and constrained geometry catalysts (CGC) were developed, which made it
possible to synthesize polyolefins with more uniform macromolecules with narrow molec-
ular weight distribution and more homogeneous comonomer distribution [4–6]. Moreover,
they afford the incorporation of bulky olefins into polyethylene chains, as well as allowing
production of copolymers with higher comonomer content than Ziegler–Natta catalysts and
enable the synthesis of a variety of other materials, such as homopolymers and copolymers
of cycloolefins, syndiotactic polystyrene, ethylene/styrene copolymers, etc. Since the 1990s,
significant interest has arisen in catalysts based on well-defined transition metal complexes
with non-cyclopentadienyl type ligands. Those catalysts with ligands containing donor
heteroatoms, such as oxygen, nitrogen, sulfur, etc., termed “post-metallocene catalysts”,
enable fine-tuning of chain microstructure of polymers by ligand design [7,8]. The pres-
ence of many donor atoms in a ligand usually has a good stabilizing effect on active sites.
Moreover, the ligand structure is decisive for the geometry of the complex to be formed, for
metal coordination number, and for the formal oxidation state of the transition metal [9].

The catalytic polymerization of ethylene leads to high density polyethylene (HDPE),
which is a thermoplastic polymer with high softening point and high crystallinity, and has
very good chemical resistance [10]. Its properties are strongly affected by molecular weight,
and higher molecular weights are advantageous inter alia for mechanical properties of
polyethylene. Classifications of PE materials depending on their molecular weights are
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presented in Table 1 [11,12]. Molecular weight distribution (MWD) of polyethylene is
another factor which influences the properties of polyethylene. For example, broad MWD
polyethylene offers good impact resistance and good processability, while narrow MWD
polyethylene will have greater toughness at low temperatures and higher resistance to
environmental stress-cracking [13,14].

Table 1. Classification of linear polyethylene by its weight [11].

PE Type Mw, kg/mol Tm, ◦C

HDPE 100–500 125–135
HMWPE 200–1000 130–135

UHMWPE 2 >3000 1 135–148

HMWPE—high molecular weight polyethylene, UHMWPE—ultra high molecular weight polyethylene, 1—
viscosity average molecular weight (Mv), and 2—there is no single definition for that polymer. According to ISO
11542-1, this is PE with molecular weight of at least one million g/mol, while ASTM D 4020-00a specifies that the
molecular weight value for UHMWPE is over 3.1 million g/mol [15].

Among the commercially available various grades of polyethylene (ref. to Tables 2 and 3),
of great importance are polyethylenes which, from the viewpoint of their chemical structures,
are copolymers of ethylene with other monomers, mostly with 1-olefins. They are usually
statistical copolymers differing in the amounts of comonomer incorporated and chemical
compositions distributions. That group covers: linear low density polyethylene (LLDPE
and produced by metallocene catalysts mLLDPE), very low density polyethylene (VLDPE)
and ultra-low density polyethylene (ULDPE). Ethylene and 1-olefin copolymers are com-
mercially produced with the use of Ziegler–Natta catalysts and metallocene catalysts
including constrained geometry catalysts. Multiblock copolymers of ethylene and 1-olefins,
called olefin block copolymers (OBC), are also commercially available, and are synthesized
with the use of post-metallocene catalysts and a new coordination polymerization method,
i.e., Chain Schuttling Polymerization (CSP) [7,16]. The amount of 1-olefin incorporated
into the copolymer, as well as the microstructure of the copolymer, influences the product
density and the physicochemical properties which are determining factors for its final
application.

Table 2. Structures of main grades of polyethylene and ethylene copolymers.

Ethylene Homopolymers Ethylene Copolymers

HDPE UHMWPE LLDPE mLLDPE VLDPE

   

LDPE ULDPE OBC COC

  

The properties of polyethylene can be modified, not only by introducing 1-olefin
units, but also by copolymerization of ethylene with other compounds like norbornene,
styrene, or polar monomers. The ethylene/norbornene copolymers, called cyclic olefin
copolymers (COC), are successfully produced commercially and show high transparency,
high humidity and thermal-resistance, and high water-vapor barrier properties. They are
resistant to polar solvents and chemicals, too [17,18]. The introduction of styrene units
into the polyethylene macromolecules causes changes in the viscoelastic behavior and
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thermo-mechanical properties of HDPE [19]. Functionalization of polyethylene through
copolymerization of ethylene with polar comonomers is advantageous for the produced
material from the viewpoint of its adhesion, toughness, printability/paintability, and rheo-
logical properties [20]. The copolymers of ethylene with polar comonomers or with styrene
offer improved miscibility with other polymers [19,20]. It should be noted, however, that
catalytic copolymerization of ethylene with polar monomers, for example, α,ω-alkenols,
or styrene and its derivatives, faces some problems which result from the nature of those
comonomers. Early transition metal catalysts have a tendency to form stable σ-complexes
with the polar group of comonomer due to high oxophilicity of metal centers and, as a
consequence, they can be easily poisoned [21]. Copolymerization of ethylene and styrenic
monomers, on the other hand, often in addition to copolymer, yields homopolymer as
contaminants. However, in the late 90s, production of ethylene/styrene copolymers, called
pseudorandom interpolymers, was commercialized with the use of type CGC catalysts [22].

Table 3. Properties of LDPE and main polyethylene and ethylene copolymers grades produced using
transition metal catalysts.

Type of
(Co)Polymer

d 1, g/cm3 Tm
2, ◦C χ 3, % MW 4, kg/mol CC 5, wt% Ref.

UHMWPE 0.93–0.94 130–140 60–75 2000–6000 - [23]
HDPE 0.94–0.97 130–135 60–80 200–500 0–2.5 [23,24]
LDPE 0.91–0.93 100–110 40–50 ≤600 0 [23,24]

LLDPE 0.91–0.94 120–125 40–60 ≤600 5.0–12.0 [23–25]
VLDPE 0.89–0.91 118–122 25–40 - 10.0–35.0 [24,25]
ULDPE 0.86–0.89 40–84 - - - [26,27]

OBC ~0.865–0.935 ~120–130 - - - [25]
COC 1.01–1.02 100–180 6 - - - [23]

1 d—density, 2 Tm—melting temperature, 3 χ—crystallinity, 4 molecular weight, 5 CC—comonomer content in
copolymer, and 6 glass temperature (Tg, ◦C).

2. Copolymerization of Ethylene with Vinyl Monomers

2.1. Copolymerization of Ethylene with 1-Olefins

Copolymerization of ethylene with 1-olefins leads to structural changes in macro-
molecules of linear polyethylene, i.e., incorporated 1-olefins produce short branches the
lengths of which are dependent on the type of the higher 1-olefin used. Such modifica-
tions cause changes in the crystallinity and density of polyethylene, and other physical
properties, e.g., melting point, optical properties, as well as mechanical properties [25].
The ethylene/1-olefin copolymers show good strength, toughness, and sealing properties.
Moreover, they offer advantageous optical properties which make them widely applicable
in the packaging industry [24]. In addition to type of 1-olefin used, the properties of those
materials depend on the amount of comonomer incorporated, as well as its distribution
along the copolymer chains (inter- and intramolecular). The microstructure of copolymers,
and other characteristics, like molecular weight and its distribution, are strictly related to
the type of catalyst used for copolymerization. The metallocene catalysts make it possible to
produce copolymers with higher degrees of comonomer incorporation, with more uniform
comonomer distribution, and with narrower molecular weight distribution compared to
the copolymers obtained with the use of Ziegler–Natta heterogeneous catalysts [26,28].
That results from existence of single site in metallocene catalysts and multiple active sites in
the Ziegler–Natta catalysts with different reactivities toward the monomers, and from dif-
ferent accessibility of catalytic active sites for the comonomer molecules [26,28]. In addition
to statistical ethylene/1-olefin copolymers, post-metallocene catalysts offer copolymers
with new architecture, block copolymers, and multiblock copolymers. It became possible
due to innovation in living polymerization of olefins and development of chain shuttling
polymerization.
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2.1.1. Complexes of Group 4 Transition Metals

The post-metallocene catalysts, which are based on the complexes of group 4 transition
metals, have been extensively examined in copolymerization of ethylene with 1-olefins. It
is not possible to present the catalytic performance of all the groups of the investigated com-
plexes within this short review. Hence, the survey is limited only to the most representative
catalysts producing copolymers with different macromolecular structures.

The titanium and zirconium complexes with tetradentate ligands make one of the
groups most often used in olefin copolymerization. S.E. Reybuck et al. [29] compared the
effects of the symmetry of complexes, steric bulk of the substituent at the aryl ring, and
the type of activator on the ethylene/1-hexene copolymerization behavior of zirconium
diamino-bis(phenolate) complexes Zr-1–Zr-5 (Figure 1). The complexes with Cs symmetry
(Zr-2–Zr-5), i.e., those with the amino-bis(phenolate) ligands with the pendant donor
group, were demonstrated to be more active and to offer a better ability to incorporate
comonomer than those with C2 symmetry (Zr-1). The copolymer produced by Zr-2/MMAO
(MMAO- modified methylaluminoxane) at XE/XH = 0.11 (mol/mol) contained 44.9 mol%
1-hexene, while the copolymer synthesized with Zr-1/MMAO at the same feed ratio
of comonomers contained only 8.7 mol% of 1-hexene. The symmetry of the complex
also affected the distribution of comonomer. The product of the reactivity ratios for
copolymerization with Zr-1 was higher than 1 (rerh = 2.6) and for copolymerization with
Zr-2 below 1 (rerh = 0.18), which suggested the presence of blocky and slightly alternating
sequences of the comonomer units, respectively. It was also shown that the 1-hexene
incorporation ability of the Cs symmetric complexes increases in the order of decreasing
steric bulk at the 2,4-aryl positions. However, bulky substituents like tert-butyl groups
(Zr-2) or phenyl groups (Zr-3) were found to improve the complex activity at the same
time. The copolymerization behavior of the complexes was also sensitive to the nature of
the activator. Copolymers produced by Cs-symmetric complexes activated with MMAO
had higher 1-hexene incorporation by about 10 mol% than those synthesized with borates
as activators. All the copolymers synthesized with the use of Zr-1–Zr-5 complexes showed
monomodal distribution and narrow molecular weight distribution (Mw/Mn = 1.3–1.9),
which is indicative for homogeneity of active sites in the catalysts [29].

The dimeric diamine-bisphenolate complex Zr-6 activated with Al(iBu)3/Ph3CB(C6F5)4
produced copolymers with very high 1-octene incorporation, up to ≈20 mol% at 0.70 mol/L
of comonomer in the feed, with moderate molecular weight and dispersity (Mw =
14,000–42,000 g/mol, Mw/Mn = 2.1–3.2). In addition, the activating effect of the comonomer
on the copolymerization yield was observed independently on the comonomer concen-
tration. Its activity was over four times higher in ethylene/1-octene copolymerization
than in ethylene homopolymerization [30]. In contrast, the titanium complexes Ti-1–Ti-4

bearing the same type of tetradentate ligand in conjunction with Al(iBu)3/Ph3CB(C6F5)4
exhibited the negative comonomer effect and lower activity than the zirconium catalyst.
The comonomer incorporation ability for these catalysts was also lower than for Zr-6 and
it was strictly dependent on the ligand structure. The complexes Ti-1 and Ti-4 with the
NMe2 donor group gave copolymers with 9.0 and 12.0 mol% of 1-octene at the comonomer
concentration equal to 0.70 mol/L. Interestingly, Ti-4 produced the ethylene/1-octene
copolymer, not only with a high incorporation level, but at the same time with the very high
molecular weight and very narrow molecular weight distribution (Mw = 755,000 g/mol,
Mw/Mn = 1.7). The introduction of sterically bulkier N(iPr)2 pendant donor group in the
complexes Ti-2 and Ti-3 resulted in lower 1-octene contents: 5.1 mol% and 2.8 mol%,
respectively [30].
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Figure 1. Titanium, zirconium and hafnium complexes investigated as precatalysts for ethylene/1-olefin copolymeriza-
tion [29–44].

353



Polymers 2021, 13, 4456

Further studies [31] showed that the presence of AlMe3 in the feed during the copoly-
merization catalyzed by Zr-6/Al(iBu)3/Ph3CB(C6F5)4 lowered the catalyst activity and
greatly increased the amount of comonomer content in the copolymer from about 10 to
approximately 40 mol% for 1-octene and 31 mol% for 1-hexene when the AlMe3/Zr molar
ratio was equal to 100/1. The increase in the AlMe3/Zr molar ratio to 150:1 resulted in the
production of ethylene/1-octene copolymer with the comonomer content of 65 mol%. The
presence of AlMe3 significantly affected the microstructure of the produced copolymers
which possessed both blocky and alternating sequences, and decreased the molecular
weight of the produced copolymers. However, other alkylaluminium compounds, AlEt3
and Al(iBu)3, changed molecular weight of copolymers but did not cause any important
changes in the catalytic activity, composition, or microstructure of the copolymerization
products. Hence, only AlMe3 interacts with the active sites to modify their catalytic
properties [31].

Titanium catalyst Ti-5/MAO (MAO-methylaluminoxane), based on a complex with
tetradentate salan type ligand, was investigated in ethylene/1-octene copolymerization as
well. At the comonomer concentration of 0.73 mol/L, it gave the copolymer with moderate
incorporation (3.7 mol%) and its activity was low (3.7 kg/(molTi·h)) [32]. Similarly, low
activity and moderate incorporation ability were exhibited in ethylene/1-octene copoly-
merization by the titanium catalyst Ti-6/MAO, which was based on the tetradentate salen
type ligand [33]. At the highest investigated comonomer concentration, 1.340 mol/L,
the copolymer with 5.5 mol% of 1-octene was obtained and the catalytic activity was
14.7 kg/(molTi·0.5 h). The copolymers produced by Ti-6 were characterized by very high
molecular weights (Mw = 1023 × 103–1545 × 103 g/mol) and very broad molecular weight
distributions.

Among the large number of group 4 post-metallocene catalysts reported for ethylene
copolymerization, are those based on complexes with tridentate ligands. That group covers
Ti-7 and Zr-7 complexes bearing the bisphenolate ligand with the pyridinediyl linker which
were tested in ethylene/1-octene copolymerization [34]. Both complexes in conjunction
with MAO turned out ineffective in that process. The titanium catalyst exhibited very
low, 3 kg/(molTi·h), activity and Zr-7/MAO gave the copolymer which contained only
0.5 mol% of comonomer, despite low ethylene pressure (1 atm) and high concentration of
1-olefin (~50% vol.) in the feed. In contrast, the titanium complexes Ti-8–Ti-10 bearing the
tridentate monoanionic [ONX] (X = O, S) ligands, after activation with MMAO, showed
much better capability to copolymerize ethylene and 1-hexene [35,36]. The complex Ti-9

with S in the sidearm was both highly active (387 kg/[molTi·h·atm]) and gave a copolymer
with the very high 1-hexene content (30 mol%). The corresponding complex with an
O-donor as the sidearm (Ti-8) under the same reaction conditions produced copoly-
mers with lower activity and comonomer incorporation equal to 23 kg/(molTi·h·atm)
and 14.1 mol%, respectively. The excellent copolymerization behavior showed the com-
plex Ti-10 with sulfoxide group [36] which produced copolymer with incorporation levels
as high as 38.8 mol% and the activity of 320 kg/(molTi·h·atm). These results show that
pendant donor group in phenoxy-imine ligand can easily tune the activity of catalyst and
its capability for copolymerization. Further investigations showed that substituent on
the sidearm also influenced strongly the copolymerization behavior of the complexes. In
contrast to Ti-10, complex Ti-11, due to the steric effects of the isopropyl group, produced
copolymer with very low comonomer content (0.6 mol%) [36]. Those results demon-
strate that the catalytic properties of Ti-8–Ti-11 can be well correlated with the steric and
electronic properties of the side arm donor group [35].

When the zirconium Zr-8 and titanium Ti-12 complexes bearing potentially triden-
tate phenoxy-imine ligands were employed in ethylene/1-octene copolymerization in the
presence of MMAO, their activities were very high (≈12,300 kg/[molZr·h]) and moder-
ate (≈450 kg/[molTi·h]). However, their comonomer incorporation abilities were very
low (up to 0.1 mol%) and low (up to 1.5 mol%), respectively [37]. When activated with
Al(iBu)3/Ph3CB(C6F5)4, these complexes were able to produce copolymers with higher
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comonomer contents (1.6 and 3.8 mol%, respectively), yet their activities were much lower.
Interestingly, the produced copolymers showed broad chemical composition distributions
and very broad molecular weight distributions, as well as high molecular weights irre-
spective of the comonomer concentration in the feed. At the 1-octene concentration of
0.58 mol/L, Zr-8 produced copolymers with Mw = 440,000 g/mol and Mw/Mn = 116
(trimodal distribution), whereas Ti-12 gave the product with Mw = 690,000 g/mol and
Mw/Mn = 26.5 (bimodal distribution) [37].

Y. Gao et al. [38] studied ethylene/1-octene copolymerization with the use of phenoxy-
imine complexes of zirconium (Zr-9–Zr-12). In contrast to other studies, they did not focus
on modification of ancillary ligand structure, but on changing the type of monodentate
σ-ligands. The synthesized complexes had chloride, methyl, benzyl, and dimethylamine
as labile ligands. Such modification of precatalyst Zr-9–Zr-12 was found to have consid-
erable effect on their copolymerization behavior. Poly(ethylene-co-1-octene) produced by
Zr-9/AlMe3/Ph3CB(C6F5)4 contained 7.2 mol% of comonomer. Under the same conditions
(5 mL of 1-octene, 4 atm of ethylene, 40 ◦C, Zr/AlMe3 = 40), complexes with benzyl and
methyl σ-ligands, Zr-10 and Zr-11, gave copolymers with much lower 1-olefin incorpora-
tion, ≤1 mol%. Then, the complex Zr-12 with the chloride labile ligand turned out inactive
in copolymerization of ethylene and 1-octene. The comparison of the copolymerization
results for the bis-FI and mono-FI complexes Zr-9 and Zr-13 revealed that both complexes
are capable of producing copolymers with high comonomer incorporation, with 6.3 and
7.2 mol% of 1-octene, respectively, albeit with different activities. The activity of Zr-9 with
two phenoxy-imine ligands was 2846 kg/(mol·h·atm) while that of Zr-13 was equal to
1812 kg. These two complexes behaved even more similarly at Zr/AlMe3 = 120 which
could indicate that both those complexes form similar or identical cationic mono-FI-Zr
catalytic species [38].

Recently, dinuclear titanium complex bearing anthracene-briged bisphenoxyimine
ligand (Ti-13) activated with MAO was investigated as a precatalyst for ethylene/1-hexene
copolymerization [39]. However, it was found to exhibit rather low activity and comonomer
incorporation ability (303 kg/(molTi·h), 1.8 mol%). In contrast, C2 symetric dinuclear
zirconium catalysts supported by bisphenolate ligands with bulky Si(iPr)3 substituent,
Zr-14 and Zr-15, in conjunction with MAO showed high activity and produced copolymers
with good 1-hexene incorporation. At 3 bar of ethylene and 20 mL of comonomer in the
feed, their activity and 1-hexene incorporation were equal to 2000 kg/(molZr·h), 22 mol%
and 1900 kg/(molZr·h), 30 mol%, respectively. Their monometallic analogues, Zr-16 and
Zr-17, showed slightly lower incorporation ability (19 mol% and 28 mol%) [40]. It was
also revealed that Zr-14–Zr-17 incorporate the longer chain 1-olefin, 1-tetradecene, at lower
level (3 mol%–10 mol%).

Ethylene and 1-hexene were also copolymerized by hafnium-amine bis(phenolate)
complex with tetrahydrofuran pendant arm (Hf-1), activated by B(C6F5) [41]. The catalyst
was able to produce copolymers over a wide range of 1-hexene incorporation, from 25 mol%
to 85 mol%, narrow dispersity, and Mn = 5600–47500 g/mol by changing comonomer con-
centration from 0.1 to 2.5 mol/L and reaction time from 10 to 90 min. However, its
activity was modest (5.4–41.6 g/(mmolHf·h)). Amido-trihydroquinoline hafnium com-
plexes Hf-2, Hf-3 and Hf-4 with Ph3CB(C6F5)4 as the activator showed both high activ-
ity and ability to produce copolymers with high 1-octene content and high molecular
weights (224,000–1220,000 g/mol) at high temperature (100 ◦C). At 1-octene concentration
equal to 1 mol/L their activity decreased in the order Hf-2, 16,200 kg/(molHf·h) >> Hf-4,
2520 kg/(molHf·h) > Hf-3, 2340 kg/(molHf·h) and incorporation ability was changed as
follows: Hf-2 (15.6 mol%) > Hf-3 (7.8 mol%) > Hf-4 (4.8 mol%), indicating significant
substituent steric effect on catalytic properties of hafnium catalysts [42]. Zirconium com-
plex Zr-18 bearing the same ligand as complex Hf-2 was also highly efficient in ethylene/
1-octene copolymerization (13,500 kg/(molZr·h), 12.4 mol%) but the exchange of Hf by Ti
(Ti-14) led to catalyst with lower activity and low incorporation ability (2160 kg/(molTi·h),
1.7 mol%) [42].
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Phosphine–amido hafnium and zirconium complexes bearing various substituents at
the 2-position of the tetrahydroquinoline framework (R = H, Me, iPr, nBu) were evaluated
in ethylene/1-octene copolymerization with [HNMe(C18H37)2][B(C6F5)4] as activator and
under the following conditions: 1 mol/L of 1-octene, 30 bar of ethylene, 100 ◦C (initial
reaction temperature), and 3 min [43]. Moderate 1-octene incorporation (7.7 mol%) showed
zirconium complex Zr-19, however its Hf counterpart (Hf-5) and the other Zr and Hf
complexes exhibited low comonomer incorporation (2.1 mol%–3.6 mol%). Activities of
complexes fell in the range of 7000–29,000 kg/(molM·h), with the highest and lowest
activity shown by Zr-20 and Hf-5, respectively.

One of the interesting classes of postmetallocene catalysts are catalysts based on
pyridylamido hafnium complexes which were shown to have high incorporation ability in
ethylene/1-olefin copolymerization at high temperature [44–46]. C1-symmetric tert-butyl
substituted pyridylamido hafnium complex Hf-6 activated with Ph3CB(C6F5)4/Al(iBu)3
was able to incorporate 6.0 mol% of 1-octene and 8.7 mol% of 1-hexene in ethylene/
1-olefin copolymerization carried out with the addition of 0.1 mol of comonomer, at 80 ◦C
for 10 min under 10 atm of ethylene. The produced copolymers had broad MWD with
bimodal distribution and high molecular weight equal to 262,000 g/mol and 931,000 g/mol
(copolymer with 1-octene and 1-hexene, respectively) [44]. Selected results of ethylene/
1-olefin copolymerization with group 4 metal complexes are displayed in Table 4.

Fluorinated bis(phenoxy-imine)titanium complexes Ti-15, Ti-16, Ti-17, Ti-18, and
Ti-19 (Figure 2) activated by MAO were also applied in ethylene/1-olefin copolymerization
(1-olefin = 1-hexene, 1-octene, 1-decene) [47]. All the catalysts were shown to offer high
productivity. However, they had significantly different abilities to incorporate 1-olefins; this
was dependent on the steric hindrance of the ortho-substituent. Reduction in the bulkiness
of the substituent R enhanced reactivity of the catalysts towards higher 1-olefins. Ti-18

(R1 = H) displayed the highest 1-hexene incorporation ability (22.6 mol%), whereas Ti-16

(R1 = tBu) showed the lowest efficiency (3.2 mol%). Moreover, the produced copolymers
had very narrow molecular weight distributions (Mw/Mn = 1.07–1.22) which indicated that
the living ethylene/1-olefin copolymerization took place in the presence of those catalysts.

i

i

i

t

i

Figure 2. Fluorinated bis(phenoxy-imine) titanium complexes as well as bis(phenoxy-imine) zirco-
nium and pyridylamide hafnium complexes used for synthesis of multiblock copolymers [47–49].
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The living polymerization which occurs with rapid initiation and negligible chain
termination or chain transfer makes it possible to synthesize copolymers with well-defined
blocks [50]. Most of the catalysts displayed the living olefin polymerization characteristics
at low temperatures which resulted in low activity and insufficient molecular weights of
the polymers [51,52]. Bis(phenoxy-imine) titanium catalysts which incorporate fluorine
atom(s) ortho to the imine-nitrogen can catalyze the living (co)polymerization of olefins
at ambient and elevated temperatures [51]. In the presence of Ti-15/MAO, a number
of block copolymers of type PE-block-poly(ethylene-co-1-hexene) were synthesized using
the sequential addition polymerization procedure. Linear polyethylene macromolecules
(Mn = 38,300 g/mol, Mw/Mn = 1.11) were obtained initially and then a mixture of ethylene
and 1-hexene monomers was fed to obtain another block. The produced block copolymers
contained from 3.3 mol% to 15.0 mol% of 1-hexene and were characterized by high molecu-
lar weights (Mn = 61,500–121,000 g/mol), narrow MWD (Mw/Mn = 1.21–1.31), and melting
points from 117 ◦C to 130 ◦C [47]. The block copolymers of that type were shown to possess
a good combination of extensibility and toughness compared to the corresponding random
copolymers.

Further, the coordinative chain transfer copolymerization, CCTcoP, of ethylene with
1-olefins was developed. It was aimed at reducing the amounts of transition metal catalysts
needed and controlling the molecular weight of polymers. In this approach, the growing
polymer chain is capable of transferring from the catalyst to the chain transfer agent (CTA),
which is a dormant species in the course of copolymerization [53]. P.D. Hustad et al.
reported the method for the synthesis of block copolymers in the continuous process using
CCTcoP, with Hf-7/MAO as a catalyst (Figure 2) and ZnEt2 as CTA [48]. Two reactors were
employed in the process (Figure 3). Ethylene homopolymerization took place in reactor I,
while copolymerization of ethylene and 1-olefin was carried out in reactor II. When the
HDPE-block-VLDPE copolymers obtained with CTA were compared with the products
synthesized with no CTA (physical blend obtained in a dual-reactor), it was found that the
copolymer produced with the use of CTA showed higher molecular weight, narrower MWD
(Mn = 44.5 kg/mol, Mw/Mn = 1.67), and somewhat lower melting point (Tm = 122 ◦C) than
the product obtained with no use of CTA (Mn = 25.9 kg/mol, Mw/Mn = 4.42, Tm = 126 ◦C).
In that type of copolymerization, both the block composition and the comonomer content
in each block can be easily tailored by changing the production rate in reactor I and reactor
II, and by feed composition, respectively [48].

Figure 3. Synthesis of HDPE-block-VLDPE copolymer using coordinative chain transfer copolymer-
ization and two reactors. Adopted from [48].

Block copolymers with novel architecture, showing excellent elastomeric properties,
were introduced by Arriola et al. [49]. Linear multiblock ethylene/1-octene copolymers,
with sequential crystallizable segments (low 1-octene content) and amorphous segments
(high 1-octene content) were synthesized via chain shuttling polymerization. That type of
polymerization involves two catalysts with different comonomer incorporation abilities
and a chain shuttling agent (CSA) which is able to pass the growing polymer chain between
catalytic sites so that different parts of a single polymer molecule grow on different cata-
lysts [49,53]. The pyridylamide complex Hf-7, with the high ability to incorporate 1-octene,
and the bis(phenoxy-imine) complex Zr-21 (Figure 2), with low incorporation ability, com-
bined with ZnEt2 as a CSA, made it possible to obtained multiblock copolymers which
were characterized by very low densities (0.879–0.883 g/cm3) and high melting points
(Tm = 120–124 ◦C) at the same time. Moreover, unlike the copolymer prepared with-
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out ZnEt2, which was bimodal with Mw/Mn = 13.8, they show monomodal and narrow
distributions of molecular weights (Mw/Mn = 1.98–3.22) [49].

2.1.2. Complexes of Vanadium

The vanadium catalysts for the olefin polymerization have been known since the
1950s and such classical Ziegler–Natta ones possess some interesting properties, which
made them applicable in the commercial production of ethylene/propylene/diene and
ethylene/cyclic olefins copolymers [54]. Although metallocene-type vanadium catalysts
did not attract much attention of the researchers, the vanadium catalysts based on com-
plexes with multidentate ligands started drawing considerably more and more interest
as their catalytic performance, including thermal stability, can be modified by the use
of specific multidentate ligands. The detailed review of the vanadium catalysts, which
were employed in the olefin polymerization processes within the last decade, was pub-
lished by A. M. F. Phillips et al. in Coordination Chemistry Reviews in 2020 [55], and
earlier works were summarized by S. Gambarotta in Coordination Chemistry Reviews in
2003 [56]. Here, we summarize some interesting developments of the vanadium complexes
for ethylene/1-olefin copolymerization.

Y.S. Li et al. studied the performance of vanadium(III) complexes (Figure 4) bearing
bidentate ligands with [O,P], [N,N], and [O,O] donor atoms in ethylene/1-hexene copoly-
merization [57–59]. Et2AlCl and Cl3CCOOEt (ETA) were used as the activator and the
reactivator, respectively. The copolymerizations were carried out at 1 atm of ethylene,
1-hexene concentration equal to 0.2 mol/L, and at 25 ◦C for 5 or 10 min. The complexes
V-1–V-5 showed high activities, 4.08–7.44 kg/(mmolV·h), and they produced copolymers
with comonomer content between 2.22–4.20 mol% and with very narrow molecular weight
distribution (Mw/Mn ≤ 1.9). For the complexes with electron donating imino groups, the
1-hexene incorporation ability was shown to increase in line with the decreasing steric
hindrance at the 2,6-aryl positions (V-3 < V-2, V-4 < V-1). The presence of the electron
withdrawing group in the complex decreased the 1-hexene incorporation (V-1 > V-5). In
addition, the properties of the resultant copolymers can be controlled over a wide range
by changing the reaction parameters. At 75 ◦C and at 1-hexene initial concentration of
0.6 mol/L, the V-3/Et2AlCl system was found to produce the copolymer with 1-hexene
incorporation as high as 16 mol% [57]. In general, the complexes V-6–V-12 and V-13–V-19

exhibited good activities and incorporation ability in the range of 1.08-5.34 kg/(mmolV·h),
2.34–5.21 mol% [58], 0.84–4.56 kg/(mmolV·h), and 2.33–3.75 mol% [59], respectively. Nev-
ertheless, their copolymerization behavior is influenced by the nature of substituents in the
ligands. The increasing steric hindrance on the aryloxy moiety of the phenoxy-phosphine
ligand was shown to improve the catalytic activity (V-13 < V-15 < V-16, and V-17 < V-18).
However, the increased steric bulk of the ligand in V-19 slightly lowered the catalytic
activity for copolymerization (V-18 > V-19). In addition, the electron-withdrawing effect of
the F-substituted phenoxy-phosphine ligand influenced the catalytic performance unfavor-
ably [59]. Moreover, the steric hindrance of the ligand and the electron-withdrawing effect
of the ligand was also unfavorable for 1-hexene insertion.
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Figure 4. Vanadium complexes with bidentate ligands investigated as precatalysts for ethylene/
1-olefin copolymerization [57–59].

The vanadium complexes V-20 and V-21 (Figure 5), activated either with EtAlCl2
or with Et2AlCl, were also examined in ethylene/1-octene copolymerization [37]. The
copolymerization tests were carried out in the presence of ETA at 60 ◦C, for 20 min, under
5 bar ethylene, and in the presence of 2, 5, and 6.5 mL 1-octene. Both these complexes in
conjunction with EtAlCl2 exhibited high catalytic activities (66,400–10,400 kg/(molV·h))
and, taking into account the high pressure of ethylene and low comonomer concentration,
they offered acceptable incorporation ability (1.3–3.6 mol%). The produced copolymers
were characterized by high molecular weights and low MWD (Mw = 380,000–120,000 g/mol,
Mw/Mn ≤ 2). When the activator was changed for Et2AlCl, both complexes were less
active and they produced copolymers with lower comonomer contents and high dispersity
(Mw/Mn = 6.4–7.9).

Figure 5. Vanadium complexes investigated as precatalysts for ethylene/1-olefin copolymerization [32,34,37,60–65].
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S.R. Golisz [34] reported the use of the vanadium complex V-22 with the tridentate
bis(phenolate) ligand with the pyridinediyl linker, which was analogous to the complexes
Ti-7 and Zr-7, in copolymerization of ethylene and 1-octene. V-22/MAO exhibited low ac-
tivity (50 kg/[molv·h]) and moderate incorporation ability. The copolymer obtained at high
1-octene/ethylene ratio contained 6.6 mol% of comonomer; still, it was much higher than for
the use of group 4 catalysts under the same conditions. J-Q. Wu et al. [60] studied the perfor-
mance of the vanadium(III) complexes V-23–V-28 bearing tridentate phenoxy-imine ligands
with different pendant donor groups, in copolymerization of ethylene with 1-hexene. At
the same copolymerization conditions: 0.27 mol/L 1-hexene, 1 bar ethylene, at 25 ◦C, with
Et2AlCl as an activator, and ETA as a reactivator, the studied complexes were characterized
by different activities, from 0.3 kg/(mmolV·h·bar) up to 3.61 kg/(mmolV·h·bar), with the
figures changing as follows: V-23 < V-27 < V-24 < V-26 < V-28 < V-25. Hence, the results
were dependent both on the pendant donor and on the electronic effect of the backbone of
the ligands. All the catalysts produced copolymers with moderate comonomer contents,
2.3–3.2 mol%, with high molecular weights, 41,800–93,800 g/mol, and with unimodal
molecular weight distributions (Mw/Mn = 1.9–2.9). The most active complex, V-25, pro-
duced the copolymer with 3 mol% of 1-hexene and its content in the copolymer increased
to 12.9 mol% when the comonomer concentration was raised to 1.35 mol/L. Moreover,
enhanced catalytic activity was observed for the catalyst V-25 with the increasing polymer-
ization temperature up to 50 ◦C, which is indicative for its good thermal stability.

The oxovanadium(V) complexes (V-29–V-31) with tetradentate Schiff base ligands
were also used in copolymerization of ethylene with 1-olefins as precatalysts. Those
complexes, when activated with EtAlCl2, make it possible to produce poly(ethylene-
co-1-octene) with the comonomer content from 5.26 to 6.25 mol% and melting points
~112 ◦C, at the comonomer concentration of 0.40 mol/L. The copolymer with the highest
1-octene content was obtained with the use of V-29 and it was found to contain isolated
comonomer units only [61]. The discussed complexes offered low catalytic activities
in copolymerization, from 2.6 kg/(molV·h) to 18.1 kg/(molV·h), and it grew up in the
following line: V-29 < V-30 < V-31. Higher activities in ethylene/1-octene copolymerization,
from 1193.5 to 197.6 kg/(molV·h), at the comonomer concentrations changing from 0.20 to
0.73 mol/L, were exhibited by the vanadium catalyst V-32/EtAlCl2 which was based on the
complex with the tetradentate salan-type ligand. However, no neat copolymer was formed
at higher comonomer concentrations, but the mixtures of products were obtained [32].

The copolymerization process of ethylene with 1-octene was also explored for three
different comonomer concentrations: 0.19, 0.38, and 0.70 mol/L, with the use of the
vanadium(IV) complex V-33 with the diamino-bis(phenolate) ligand, which was activated
by EtAlCl2 [62]. Catalyst activity fell within 350–120 kg/(molV·h) and it decreased for
the increasing comonomer concentrations. The comonomer incorporation was equal
to 4.1 mol% at the lowest comonomer concentration and it increased to 9.1 mol% for
0.70 mol/L. At this comonomer concentration, however, a by-product was formed as
a colorless oily liquid in addition to the solid copolymer. It should also be noted that
the activator considerably affected the copolymerization process. When the activator
was changed for Al(iBu)3/Ph3CB(C6F5)4, some lowering of the catalytic activity and
considerably lower 1-octene incorporation was observed. The obtained copolymer showed
a high molecular weight (Mw ~ 1 × 106 g/mol) and narrow MWD (Mw/Mn = 1.4) [62].

Lorber et al. employed the vanadium(III-V) complexes V-34–V-38 bearing similar
diamine-bis(phenolate) ligands in the ethylene/1-hexene copolymerization reaction [63,64].
The copolymerizations were conducted in the presence of the EtAlCl2 activator, under
2 bars ethylene, and with 8 mmol 1-hexene. Although V-38 did not produce any copolymer,
the complexes V-34–V-37 gave the products which contained 3.5–7.4 mol% comonomer,
with the activity from 12 to 120 kg/(molV·h). The V(III) complex V-37 exhibited both the
highest activity and incorporation ability. When the catalytic properties were compared
for V-37/EtAlCl2 and for the classical-type system based on vanadium acetylacetonate,
V-39/EtAlCl2, those catalysts were found to have similar comonomer incorporation abili-
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ties: they produced copolymers with 7.4 mol% and 7.5 mol% comonomer. However, the
distinguishing feature of the copolymer synthesized with V-39 was its very high dispersity
(Mw/Mn = 225) versus the copolymer produced with V-37 (Mw/Mn = 1.7). The catalytic
performance of V-37 in copolymerization of ethylene with 1-hexene and ethylene with
1-octene was additionally compared in [64]. It was found that, under the same conditions,
the copolymers with higher amounts of comonomer units were created in copolymerization
of ethylene with 1-octene (8.0–12.0 mol% vs. 7.4–10.6 mol%).

Vanadium complexes bearing ligands featuring sulfur, nitrogen, and oxygen donors
were screened for the copolymerization of ethylene and 1-hexene in the presence of dimethy-
laluminum chloride as an activator and ETA as reactivator by Homden et al. [65]. Copoly-
merizations were performed at 25 ◦C for 30 min under 1 bar of ethylene and with different
comonomer concentrations. It was found that V-40 exhibited the highest incorporation abil-
ity (11.3 mol% at 4000 equv of 1-hexene) and the highest activity, 1190 kg/(molV·h), showed
V-41. Selected results of ethylene/1-olefin copolymerization with vanadium complexes
were displayed in Table 5.

As results from the review of the literature reports on copolymerization of ethylene
with 1-olefins show, it is hard to directly compare the performance of the complexes which
are used in this process due to the different copolymerization conditions adopted for the
experiments, and, in particular, ethylene pressure and 1-olefin concentration values. The
studied complexes contained ligands with various denticity and with different donor
atoms, and their catalytic performance in copolymerization may be significantly modified,
not only by ligand backbone, but also by the type of substituents on the aromatic rings
(the effects of their steric and electron donor properties need to be considered). Since the
living polymerization catalysts and new coordination polymerization techniques were
developed, the group 4 metal complexes made it possible to obtain block copolymers
and multiblock copolymers which, so far, could not be produced with the use of the
vanadium catalysts. It should also be noted that when the vanadium complexes and
the titanium/zirconium complexes with the ligands of the same structure are used in
copolymerization, the former usually exhibit higher comonomer incorporation ability
and produce more uniform copolymers. However, it should also be stressed that when
ethylene/1-octene copolymerization with vanadium complexes activated by EtAlCl2 is
conducted with no reactivator, higher comonomer concentrations in the reaction medium
may yield mixture of products (copolymerization in the presence of V-32 and V-33). This
is probably due to the simultaneous presence of various types of active sites formed by
reduction of the initial vanadium compound.
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2.2. Copolymerization of Ethylene with Styrene and Its Derivatives

The properties of polyethylene can be also modified by incorporating units which
come from styrene or its derivatives. Depending on the amount of the incorporated
styrene units, the products may be from semicrystalline to amorphous [19]. It is hard
to copolymerize ethylene with styrene because their reactivity towards most of the cat-
alysts is different, and because of the copolymers chains can be produced together with
homopolymers [22,66]. It is for that reason as well as low activity and low styrene incorpo-
ration (usually below 1 mol%) that the Ziegler–Natta catalysts failed in the synthesis of
ethylene/styrene copolymers [19]. The type CGC homogeneous catalysts turned out un-
doubtably better in the copolymerization of ethylene and styrene monomers [66–70]. Based
on single-site, constrained-geometry catalysts, the INSITE technology was developed for
the production of ethylene/styrene interpolymers which are described as “pseudo-random”
ones, and contain typically up to 50 mol% of styrene [67,71]. Complexes with the monocy-
clopentadienyl ligands [72–74] and ansa-zirconocenes [75,76] are also used as precursors
for ethylene/styrene copolymerization. Their use made it possible to obtain copolymers
with various compositions, microstructures and properties, and namely copolymers with
isolated styrene units, stereoregular Et-St alternating sequences or block copolymers with
isotactic polystyrene blocks [75–78].

Complexes of Group 4 Transition Metals

Early transition metal complexes with chelating ligands have attracted a lot of at-
tention as precatalyst in ethylene/1-olefin polymerization. However, there are not many
reports of their use in ethylene/styrene copolymerization. That process employed inter alia
titanium bis(phenolate) complexes Ti-20–Ti-25 (Figure 6) activated with methylaluminox-
ane [79]. The type of the bridging unit between the phenolate moieties of the ligand was
shown to be decisive for incorporation of styrene and catalytic activity. The complexes with
the sulfur bridge were observed to be most active and to promote lowest styrene incorpo-
ration at the same time. For the reaction conducted at 60 ◦C and with the styrene/ethylene
molar ratio of 5/1, the reported activity and the comonomer content in the copolymer
were: 82 kg/(molTi·h·mol/L), 6.0 mol% (Ti-21); and 109 kg/(molTi·h·mol/L), 5.5 mol%
(Ti-20), respectively. The activity of the complexes with the ethylene bridge amounted to
1 kg/(molTi·h·mol/L) and the comonomer incorporation level reached about 35.5 mol%
under the same conditions. The sulfoxy-bridged complex, Ti-22, gave the styrene incorpo-
ration of 10 mol% with the activity of 10 kg/(molTi·h·mol/L), and the methylene-bridged
complex, Ti-25, did not make it possible to incorporate any styrene at all. Such changes
in catalytic activity of complexes indicate that the additional coordination of the bridg-
ing unit to the titanium center leads to the increased Lewis-acidity and consequently
to the increased catalyst activity. On the other hand, the steric hindrance at the active
center was also affected by the type of the bridging group and it was responsible for the
decreased styrene incorporation. The detailed analysis demonstrated that Ti-20/MAO
produce random poly(ethylene-co-styrene) with broad distribution of molecular weight
and the comonomer incorporation [79].

The 1,4-dithiabutanediyl-linked bis(phenolato) titanium complex activated by methy-
laluminoxane, Ti-26/MAO produced exclusively ethylene/styrene copolymers with high
activity, up to 1600 kg/(molTi·h) [80]. Synthesized copolymers had a broad range of
styrene content, from 23 to 68 mol%, and their microstructures were dependent on their
compositions. The copolymers with the styrene content of 40 mol% were pseudoran-
dom, and the presence of styrene–styrene homo-sequences (SSS) and isolated ethylene
units was observed for the copolymers with higher styrene contents [80]. Synthesis of
PE-block-PS the diblock copolymers by sequential monomer addition in the presence
of various phenoxyimine complexes (Ti-27–Ti-30), suitable for living olefin polymeriza-
tion, i.e., with fluorine substituents, activated by MAO, was reported in [81]. In fact,
a blend of the block copolymers and polyethylene was obtained and, at high styrene
concentrations, atactic polystyrene was formed as a by-product. It was also found that
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copolymers synthesized with Ti-27/MAO possessed ultra-high molecular weights, with
Mn = 540,000–850,000 g/mol for polyethylene blocks and with Mn = 40,000–90,000 g/mol
for polystyrene blocks [81].

The copolymerization experiments involving ethylene and styrene derivatives were
conducted principally with metallocene, CGC, or scandium catalysts [82–84]. However,
the examples described below show that the replacement of styrene with its derivative
may induce essential change in the copolymerization behavior of post-metallocene cata-
lysts. The bis(phenoxy-imine) zirconium catalysts, Zr-22–Zr-24/MAO, were not able to
produce ethylene/styrene copolymers, probably due to the dominant mechanism of the
2,1-insertion, which resulted in the formation of unreactive benzyls [85]. Replacement of
styrene with para-tert-butylstyrene (TBS) made it possible to conduct the reaction and to
produce the copolymer with substantial comonomer incorporation, from 4.9 to 11.3 mol%
at a relatively low concentration of comonomer (0.7 mol/L). The copolymers were also
characterized by narrow molecular weight distribution (Mw/Mn = 1.86–2.84) and lack of
sequential TBS units and TBS-E-TBS triads. Moreover, on moving from ethylene homopoly-
merization to ethylene/para-tert-butylstyrene copolymerization, only a small reduction in
the catalyst activity was observed [85].
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Figure 6. Titanium and zirconium complexes investigated as precatalysts for ethylene/styrene copolymerization [79–81,85].

Copolymerization of ethylene with styrene and its derivatives with electron-donating
substituents at the para position, para-methylstyrene (MS), and TBS, was described in [86].
It was catalyzed by diamine-bis(phenolate) complexes of zirconium (Zr-6) and titanium
(Ti-1) activated either by MMAO or by Al(iBu)3/Ph3CB(C6F5)4. Copolymerization with
Zr-6/MMAO was found to produce, exclusively, copolymers with the incorporation level
of 2.2–4.6 mol%, whereas other catalytic systems yielded mixtures of copolymers and
homopolymers. The catalytic activity of Zr-6/MMAO in ethylene/styrene copolymer-
ization at 88.5 mmol comonomer and at 5 bar ethylene was equal to 613.6 kg/(molZr·h)
and was higher than in ethylene homopolymerization (203.0 kg/[molZr·h]); it increased to
985.4 and 1027.2 kg/(molZr·h) after changing the comonomer to MS and TBS, respectively.
This effect of a styrenic monomer on catalyst activity is consistent with previous findings
observed for the catalysts based on Sc-1, Ti-31 and Zr-25 (Figure 7) [82,83]. Selected results
of ethylene/styrene copolymerization were displayed in Table 6.
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i

 

Figure 7. Complexes investigated as precatalysts for copolymerization of ethylene with alkyl deriva-
tives of styrene or α,ω-alkenols [82,83,87].

Table 6. Ethylene/styrene copolymerization results.

Complex [M], μmol Activator E, bar Styrene, mol/L Activity, kg/(molMt·h) Tm, ◦C χ, % CI, mol% Ref.

Ti-21 4 MAO 2.56 1.1 52 1 - - 1.2 [79]

Ti-22 20 MAO 2.56 1.1 10 1 - - 10.0 [79]

Ti-23 20 MAO 2.56 1.1 1 1 - - 35.2 [79]

Ti-26 0.1 2 MAO 0.20 3 2.2 1600 30.5 4 - 55.0 [80]

Ti-26 0.08 2 MAO 0.20 3 0.55 1300 40.5 4 - 40.0 [80]

Ti-1 10 MMAO 5 0.55 28.8 125.0 41.3 0.5 [86]

Zr-6 10 MMAO 5 0.8 475.6 110.8 57.7 3.0 [86]

E = ethylene, CI = comonomer incorporation, 1 activity in kg/(molM·h·mol/L), 2 mmol/L, 3 mol/L, 4 Tg.

As far as we know, the post-metallocene catalysts based on complexes of group 5 tran-
sition metals were not examined in copolymerization of ethylene and styrenic monomers.

2.3. Copolymerization of Ethylene with α,ω-Alkenols

Functionalized polyolefins can be synthesized in numerous ways. Polymer post-
functionalization is one of the approaches used. That method requires harsh conditions
and may lead to undesirable side reactions which eventually change the properties of the
polymer in an unwanted manner [20]. The ring-opening metathesis polymerization of
functionalized cyclic alkenes and acyclic diene metathesis polycondensation, both followed
by hydrogenation, are other approaches for obtaining functionalized polyolefin. However,
a multi-step fashion and special monomers needed for those methods are their main
drawbacks [20]. An alternative method for the production of functionalized polyolefins is
the free-radical copolymerization of olefins and polar vinyl monomers, which is widely
applied in industry. This, however, does not provide satisfactory control of the composition
and the microstructures of the produced copolymers. It is definitely easier to control the
composition and the polar monomer distribution along the polymer backbone in the direct
copolymerization of ethylene and polar comonomers promoted by organometallic catalysts.
As polar monomers, acrylates, vinyl ethers, vinyl halides, unsaturated carboxylic acids,
and esters, mostly methyl esters of those acids, α,ω-alkenols, and others, were used [88,89].
Although late transition-metal catalysts are able to incorporate the unprotected polar vinyl
monomers, early transition-metal complexes require the protection of the polar groups to
prevent partial or complete deactivation of the catalyst [20,88–90]. One of the groups of
polar monomers are unsaturated alcohols with various spacers between the double bond
and the functionality, like 5-heksen-1-ol (5H1O), 9-decen-1-ol (9D1O), and 10-undecen-1-ol
(10U1O). In order to protect the catalytic active sites against coordination of polar groups
and their deactivation, α,ω-alkenols are most frequently reacted with the organoaluminium
compounds.

The use of Ziegler–Natta catalysts in the ethylene/α,ω-alkenols copolymerization,
alike with other monomers, has limitations because of their low comonomer incorporation

366



Polymers 2021, 13, 4456

ability. More comprehensive and more effective attempts to functionalize polyethylene
were carried out in the presence of metallocene catalytic systems. The research in this field
was reviewed in detail by M. Atiqullah et al. [91]. Later, copolymerization of ethylene and
4-penten-1-ol as well as 9D1O was shown to be effective by using the half-titanocene cata-
lyst (Ti-32) with the additional aryloxy ligand [87,92]. In ethylene/9D1O copolymerization,
the incorporation level of the polar monomer was as high as 13.6 mol% [87].

2.3.1. Complexes of Group 4 Transition Metals

Copolymerization of ethylene with α,ω-alkenols and their derivatives involved the
use of post-metallocene catalysts based on titanium and zirconium complexes with mul-
tidentate ligands of the type [ON], [ONS], [ONNO], and [OSSO] [90,93–97]. Y. Saito et al.
verified the ability of the zirconium complex with the [OSSO]-type bis(phenolate) lig-
and (Zr-26, Figure 8), activated by dMAO, to copolymerize ethylene with 5-hexen-1-
oxytriisopropylsilane (iPr3Si-protected 5-hexen-1-ol, 5H1OSi) [93]. That catalytic system
was found to be efficient in copolymerization at 25 ◦C under atmospheric pressure of
ethylene and it produced highly random ethylene/5H1OSi copolymers containing from 7.5
to 21.4 mol% 5H1OSi, depending on the comonomer concentrations in the feed. The highest
comonomer incorporation was achieved under the most favorable process conditions, i.e.,
a high amount of comonomer (3.9 mmol) was used and the reaction was conducted over
5 h. The resulting copolymers had Mw in the range of 3800–10,800 g/mol and their disper-
sity was narrow (Mw/Mn=1.8–2.7). Unfortunately, the catalytic activity of the system de-
creased drastically compared with its activity in ethylene/1-hexene copolymerization, from
1110 g/(mmolZr·h) to 77–470 g/(mmolZr·h). That was probably due to the bulkiness of the
protecting group in the monomer [93].
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Figure 8. Titanium and zirconium complexes investigated as precatalysts for ethylene/α,ω-alkenols copolymeriza-
tion [90,93–96].

Good catalytic activity and incorporation ability in copolymerization of ethylene with
10-undecen-1-ol and with 9-decen-1-ol showed the zirconium catalysts Zr-6/Al(iBu)3/
Ph3CB(C6F5)4 [97]. The copolymerizations were carried out at various conditions and the
polar monomers were subjected to pretreatment with various alkylaluminium compounds
but Al(iBu)3 was found to be the best protecting agent. Ethylene/9-decen-1-ol with the
comonomer content as high as 16.4 mol% was obtained at a low comonomer concentration,
0.073 mol/L, under 1 bar of ethylene. Moreover, good comonomer incorporation (up to
5.9 mol% at the same alcohol concentration) was possible at a higher ethylene pressure
(3 bar). It is also worth noting that it exhibited much higher activity in copolymerization
than in ethylene homopolymerization or ethylene/1-olefin copolymerization which is
contrary to most tested catalysts.

Yang et al. employed titanium complexes Ti-33, Ti-34 and Ti-35 bearing tridentate
phenoxy-imine ligands with the additional sulfur donor atom in copolymerization of
ethylene and 9-decen-1-ol [96]. Copolymerizations catalyzed by Ti-33–Ti-35/MMAO were
conducted in the presence of 20 mmol of comonomer pretreated with 1.2 equivalent of
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Al(iBu)3 under 1 atm ethylene at 25 ◦C and at Al/Ti molar ratio of 1000. The catalytic
activity of Ti-33 and Ti-34 was good, equal to 600 kg/(molTi·h) and 700 kg/(molTi·h), and
the produced copolymers contained 3.5 mol% and 3.4 mol% of the polar comonomer. The
less-hindered Ti-35, with the strong electron-donating ligand which improved the tolerance
of active sites to functional groups, turned out more beneficial for copolymerization. It
produced the copolymer with the highest activity, 10,100 kg/(molTi·h), and with the highest
alcohol content, 11.2 mol%. Moreover, Ti-35/MMAO (Al/Ti = 3000) was able to produce
the ethylene/9-decen-1-ol copolymer with high activity (1200 kg/[molTi·h]) and good
comonomer incorporation (3.7 mol%), even when the comonomer was not subjected to
pretreatment with Al(iBu)3 [96].

The catalytic performance of the phenoxy-based zirconium complexes, Zr-27–Zr-29,
activated by MAO, in copolymerization of ethylene and 10-undecen-1-ol was compared by
X. Zhang et al. [94]. The reactions were carried out at 25 ◦C for 5 min under 1 atm ethylene.
Comonomer was pretreated with Al(iBu)3 and added in the amount of 2–16 mmol. It was
found that the addition of the polar monomer caused only a very slight deactivation of
the catalysts and complex Zr-29 was the most active one. At the α,ω-alcohol concentration
equal to 0.08 mol/L, its catalytic activity was equal to 19.2·103 kg/(molZr·h). The results
also showed that the structure of the complex was important for the incorporation of the
polar monomer and molecular weights of the copolymers. Both changed in the following
order: Zr-27 < Zr-28 < Zr-29. The complex Zr-29 gave the copolymers with the highest
molecular weights and the highest incorporation of polar comonomer, 3.93 wt% at 8 mmol,
which increased to 8.15 wt% (1.4 mol%) at 16 mmol of comonomer in the feed. It should,
however, be mentioned that the obtained incorporation level was rather low when the
reaction conditions are taken into consideration. The observed changes indicate that the
introduction of the phenyl group onto the imine carbon atom and introduction of the
fluorine atom at the ortho position of the aniline moiety enhanced the stability of the
catalyst [94]. The research on the effect of the properties of the central metal on the catalytic
performance of bis(phenoxyketimine)-based complexes (Zr-29 and Ti-36) in ethylene/
10-undecen-1-ol copolymerization showed that Ti-36 was less active than Zr-29 and its
ability to incorporate the comonomer was low, like that for the zirconium complex. Under
the same polymerization conditions (1 atm ethylene, 12 mmol α,ω-alkenol, 10 min, 25 ◦C)
they produced copolymers containing 6.2 wt% and 5.6 wt% comonomer, respectively [95].
When the comonomer with a shorter spacer between the polar group and the double bond
was employed (5-hexen-1-ol), the catalytic activity and the comonomer content in the
copolymer decreased [95].

Mono- and dinuclear zirconium complexes Zr-14–Zr-17 were tested in ethylene/
10-undecen-1-ol and ethylene/5-hexen-1-ol copolymerization over comonomer concentra-
tions ranging from 0.02 to 0.16 mol/L in the presence of MAO as activator and Al(iBu)3 as
masking agent [98]. Modest polar comonomer incorporations, from 0.04 mol% to 1.7 mol%,
were observed.

Fujita et al. used bis(phenoxy-imine)Ti complexes, inter alia Ti-37, Ti-38, and Ti-

39, activated by dMAO in ethylene/5- hexene-1-yl-acetate copolymerization [90]. When
1 mmol comonomer and 1 atm ethylene were applied, these catalysts produced copoly-
mers with low comonomer incorporation, 0.13–0.90 mol%, and high molecular weights,
497,000–273,000 g/mol. It was found that the presence of the phenyl group ortho to the
phenoxy-O induces higher comonomer incorporation than the tert-Bu group. When a
higher amount of 5-hexene-1-yl-acetate was used, it resulted in the higher comonomer
contents, up to 3.30 mol% for Ti-39/dMAO at 5.25 mmol of the comonomer in the feed.
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2.3.2. Complexes of Vanadium

L.P. Lu et al. reported the use of vanadium(III) complexes with bis(imino)pyrrolyl
V-42–V-44, iminopyrrolyl V-45, and β-diketiminate V-46 ligands (Figure 9) in copolymer-
ization of ethylene with 10-undecen-1-ol [99]. The polar comonomer was subjected to
pretreatment with Et2AlCl as a protecting reagent. The same organoaluminium compound
was used as an activator, an ETA was employed as a reactivator. The reactions were
conducted at 50 ◦C for 5 min under 1 atm of ethylene pressure and at the comonomer con-
centration of 0.1 or 0.5 mol/L. V-43 was found to offer higher catalytic activity than V-42,
and the highest activity showed V-44. That relation suggests that the large steric hindrance
of 2,6-iPr2C6H3 groups and interaction of fluorine atoms with hydroxyls of comonomer
more efficiently protect the metal center from coordination of heteroatom and deactiva-
tion of catalyst. On the other hand, the ability of all complexes to incorporate the polar
comonomer was high (12.1–14.0 mol%) and it was growing as follows: V-43 < V-42 < V-44,
which demonstrates that a bulky 2,6-iPr2C6H3 groups may make it harder for a comonomer
molecule to access the active site [99]. The complexes V-45 and V-46 were characterized by
lower tolerance towards the heteroatoms of comonomer than the bis(imino)pyrrolyl vana-
dium(III) complexes, but their ability to incorporate the comonomer was equally high as
that for V-44 [99]. Complex V-46 (Figure 9) was also tested in copolymerization of ethylene
with 3-buten-1-ol, 5-hexen-1-ol, and 10-undecen-1-ol. As predicted, decreasing the length
of the methylene spacers in the polar comonomer decreased both the catalytic activity
and comonomer incorporation [100]. In turn, the comparison of the catalytic properties of
vanadium(III) complexes bearing different [N,O] bidentate ligands (V-46–V-48) revealed
that their capabilities to copolymerize ethylene with 10-undecen-1-ol was only slightly
dependent on the ligand structure. The catalytic activities of V-46–V-48 under the same
reaction conditions were 9.72, 8.70, and 11.2 kg/(mmolv·h), while the 10-undecen-1-ol
incorporation levels in the resultant copolymers were 3.70, 4.00, and 3.40 mol%, respec-
tively [100]. Selected results of ethylene/α,ω-alkenols copolymerization with vanadium
and group 4 metal complexes were displayed in Table 7.

i

i

i

Figure 9. Vanadium complexes investigated as precatalysts for ethylene/α,ω-alkenols copolymeriza-
tion [99,100].
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3. Conclusions

The catalytic copolymerization of ethylene with other vinyl monomers like 1-olefins,
styrenic and polar monomers, produces materials with unique and interesting set of
properties which can fill property gaps not addressed by HDPE. Numerous efficient post-
metallocene catalysts based on well-defined complexes of both vanadium and group 4
metals have been developed for ethylene/1-olefin copolymerization. The wide variation of
the available structures of the complexes allows the production of copolymers which differ
with regard to their composition, chemical composition distribution, molecular weight,
and its distribution. It is worth noting that vanadium post-metallocene catalysts often
afforded more homogeneous copolymers than their group 4 metal counterparts. Moreover,
development of the catalysts, which exhibit living behavior and chain shuttling systems,
allowed for the formation of block and multi-block copolymers with various compositions
and microstructures. From the work described herein, it is also clear that the successful
copolymerization of ethylene with styrene and/or its derivatives was achieved only in the
presence of a few titanium and zirconium complexes, while any post-metallocene vanadium
complexes were not applicable in that process. As for the copolymerization of ethylene
with α,ω-alkenols, complexes of both group 4 and group 5 metals were tested. However,
their catalytic activity was usually much lower compared to that for homopolymerization
of ethylene, despite the protection of hydroxyl group. Moreover, the reaction conditions for
the reported copolymerizations were selected to provide the highest possible incorporation
of comonomer. Namely, the process was conducted at atmospheric pressure or lower,
which is favorable indeed for higher comonomer contents, but which considerably reduces
catalytic activity and molecular weight of the copolymer product. The one exception was
the catalytic system based on diamine-bis(phenolate) zirconium complex (Zr-6) for which a
significant activating effect of the polar comonomer on the catalyst activity was observed.
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Abstract: The tuning of binding modes of polar groups is the key step to mimicking the structure
and properties of natural rubber through the molecular design of synthetic polyisoprenes. Herein,
the ordering and binding distances of oligopeptides could be altered systematically by changing
their lengths and distribution along the polyisoprene chain, which impose huge impacts on the me-
chanical properties and chain dynamics of green rubber. In detail, a series of peptide-functionalized
polyisoprenes with terminal blocks (B-2A-PIP, B-3A-PIP) or random sequences (R-2A-PIP, R-3A-PIP)
are fabricated by using dipeptides (2A) or tripeptides (3A) as crosslinkers to explore the mechanism
of terminal interaction on mechanism properties and chain dynamics. B-4A-PIP and R-4A-PIP served
as control samples. It is found that the increased oligopeptide length and the block distribution
improves the mechanical properties and confine the chain movement by elevate the contents of
ordered and compact microstructures, which is indicated by XRD, broadband dielectric spectroscopy
(BDS) and consistent with the result of molecular dynamics simulation. New relaxation signals
belonging to oligopeptide aggregates are found which showed elevated dielectric strengths upon
temperatures increase. Additionally, it also reveals that the binding modes of oligopeptide do not
significantly influence the entanglements of polyisoprene.

Keywords: polyisoprene; oligopeptide length; distribution; terminal block

1. Introduction

As an important strategic material, natural rubber (NR) is used in a wide range of
livelihood and military applications, such as tires, seals, and aerospace applications. This
is due to its excellent comprehensive performance, such as high strength, high toughness,
high abrasion resistance, tear resistance, and wet skid resistance [1–3]. However, the natural
conditions of the origin greatly limit the quality and yield of natural rubber. Therefore,
it is necessary to find alternatives to natural rubber. IR is the most promising synthetic
rubber to replace natural rubber, which has similar chemical composition and cis content
with NR [4]. Nevertheless, the comprehensive properties of IR are quite inferior to those
of NR, such as tensile strength and fatigue resistance [5–7]. Practically, the properties of
NR are not only related to the cis content and molecular weight, but also closely related
to their terminal structures [8]. In particular, the α-terminal and ω-terminal consist of
phospholipids or non-covalently linked proteins, respectively [9]. Different polar terminal
structures make distinct contribution on the mechanical properties. However, so far it
is relatively challenging to reverse engineer the terminal structures of NR by synthetic
approach due to their complicated components. For example, several types of proteins are
found in NR and each type is one kind of huge molecule. Therefore, to mimic the terminal
structures of NR from the principal level, simplified system is urgently required.

It is generally assumed that the key functions of terminal structures of NR consists
of two factors [10]. One is the formation of branching structures which elevated the en-
tanglement of polyisoprene chains, and another one is the dissociation of noncovalent
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interactions to dissipate energy which are both closely related to the terminal supramolecu-
lar interactions. However, although a great deal of research has been conducted focused on
the mechanism of supramolecular interactions on comprehensive properties, the support
regarding terminal interactions such as NR is rare [11,12]. Moreover, the contributions of
terminal groups are generally verified in tensile strength [13], dimensional stability [14],
shape memory [15] and so on because of their unique structures. Thus, to construct high
performance elastomers, it is valuable to establish the structure–property relationship of
terminal interactions on high performance elastomers via precisely tuneable systems.

As a commonly utilized self-assembly tool, oligopeptide has the potential to pro-
vide aggregates with tuneable supramolecular interactions and self-sorting properties.
If proper terminal structures and oligopeptide structures are selected, precise terminal
supramolecular interactions between different polymer chains would occur and their as-
sembly or dissociation could be manipulated. Specifically, the hydrogen bonding numbers
of oligopeptide units can be expediently tuned by changing the oligopeptide backbone
length [16], which significantly tunes the supramolecular binding strength and impact
the elastomer properties. For instance, Jia et al. [17] synthesized a series of star-block
copolymers comprising of polyisobutylene stars and oligo(β-alanine) end segments with
different length. β-alanine dimer is partially hydrogen-bonded, while the trimer, tetramer
and pentamer are fully hydrogen-bonded and form β-sheets. As the oligopeptide length
increased, the melting temperatures of crystalline domains raised and eventually increased
the rubber elastic moduli.

In addition, the oligopeptides can form aggregates and affect the dynamics of the mul-
tiscale units of the polymer. To better understand the structure–property relationships on
the molecular unit concepts, the molecular dynamics are necessary. Dielectric spectroscopy
is a powerful tool for detecting multi-level molecular units relaxation, which can easily
allow to cover 10−6–1012 Hz in frequency [18]. In the present work, we use cis-1,4-PI as the
bulk material. Owing to the asymmetrical structure, cis-1,4-PI has a dipole moment both
parallel and perpendicular to the chain contour [19]. Usually, it presents two relaxation
modes under an external electric field, defined as segmental mode (SM) relaxation and
normal mode (NM) relaxation, respectively. SM relaxation is caused by the perpendicular
component of the dipole, and NM relaxation is caused by the parallel component [20]. Valid
information can be obtained from the changes of multi-level molecular units relaxation,
and therefore, dielectric spectroscopy will contributes to a better understanding of the
structure–property relationships.

In our previous research of mimicking the terminal structure of natural rubber, tech-
niques to prepare terminally oligopeptide functionalized polyisoprene have been de-
veloped [21]. However, how to tune the supramolecular binding strength of terminal
structures and their principle to maintain terminal interactions need to be further explored.
In this paper, besides the previously prepared B-4A-PIP and R-4A-PIP, dipeptide and
tripeptide units were grafted onto hydroxyl-functionalized polyisoprenes B-OH-PIP with
terminal block and R-OH-PIP with random sequence, producing B-2A-PIP/B-3A-PIP and
R-2A-PIP/R-3A-PIP, respectively (Scheme 1). It is found oligopeptide backbone lengths in-
fluence the mechanical properties, relaxation processes of elastomers and the self-assembly
mode of oligopeptide themselves because of different terminal supramolecular strength
and β-sheet aggregation. Furthermore, the terminal block of oligopeptide will self-sort
to form stronger terminal interactions regardless of the peptide length, which provide a
robust tool to construct the mimicking terminal structures of NR.
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Scheme 1. Chemical structures of oligopeptide functionalized polyisoprene with terminal blocks
(B-nA-PIP, n = 2, 3, 4) or random sequences (R-nA-PIP, n = 2, 3, 4).

2. Materials and Methods

2.1. Materials

B-OH-PIP (Mn = 9.2 × 105) and R-OH-PIP (Mn = 8.2 × 105) were synthesized by the
stereoselective coordination polymerization in the glove box according to our previous
method [21]. The average number of hydroxyl groups in the terminal block of B-OH-
PIP copolymer is approximately forty, while about one hundred hydroxyls are randomly
dispersed in the rest polyisoprene chain. For R-OH-PIP, there are about 130 hydroxyl
groups randomly dispersed in the polyisoprene chain. Additionally, B-4A-PIP and R-4A-
PIP are prepared according to our previous study [21]. Tetrahydrofuran was refluxed over
sodium/diphenylketone under nitrogen and then distilled before use. Other chemicals,
unless otherwise specified, were purchased from Aldrich (Aldrich, Shanghai, China) and
used as received.

2.2. Synthesis of Samples
2.2.1. B-2A-PIP

Step 1: The preparation of 2Ala-OCH2Ph. Boc-2Ala-OCH2Ph was synthesized accord-
ing to the reported procedure [22]. Boc-2Ala-OCH2Ph (399 mg, 1.14 mmol) was resolved in
the dichloromethane (3 mL) for 10 min and then trifluoroacetic acid (TFA, 7 mL) was slowly
added into the suspension at the room temperature. The solution was stirred overnight
and concentrated by rotary evaporation. The crude product 2Ala-OCH2Ph was then used
without further purification. Step 2: The preparation of B-DSC-PIP. N,N′-disuccinimidyl
carbonate (76.8 g, 300 mmol) and 4-dimethylaminopyridine (37.0 g, 300 mmol) were re-
solved in the mixed solution of dry THF (3000 mL) and DMF (1400 mL) in the three-neck
bottle while B-OH-PIP (3.0 g) was resolved in dry THF (300 mL) in the flask. Secondly,
the latter was slowly added into the mixed solution at 0 ◦C. The reaction was stirred at
the room temperature for 8 h. The mixture was evaporated and poured into acetone to
get the precipitate B-DSC-PIP. The crude grey product was collected (2.98 g, 99.3%) and
the conversion ratio from hydroxyl group to carbonate group is detected with 1H-NMR,
which is 99.4%, as shown in Figure S1. 1H NMR (400 MHz, Chloroform-d) δ: 5.12 (t, 2H),
4.29 (t, 2H), 2.83 (s, 4H), 2.04 (m, 10H), 1.83 (m, 2H), 1.68 (s, 3H). Step3. The synthesis
of B-2A-PIP. 2Ala-OCH2Ph (1.14 mmol) and diisopropylethylamine (DIEA, 5.5 mL) were
resolved in the mixed solution of THF (150 mL) and water (14 mL) in the three-neck bottle
while B-DSC-PIP (1.5 g) was resolved in dry THF (300 mL) in the flask. Secondly, the
latter was slowly added into the mixed solution at 0 ◦C. The reaction was stirred at the
room temperature for 8 h. The mixture was evaporated and poured into water to get the
precipitate B-2A-PIP. The precipitate was washed with water for three times and the final
product was dried in vacuum oven at 45 ◦C to afford a gray elastomer (1.46 g, 97.3%). The
conversion ratio from carbonate group to dipeptide is detected with 1H-NMR, which is
99.6%, as shown in Figure S2. 1H NMR (400 MHz, Chloroform-d) δ: 7.34 (s, 5H), 5.12 (t,
2H), 4.61 (m, 1H), 4.21 (m, 1H), 4.04 (t, 2H), 2.04 (m, 10H), 1.83 (m, 2H), 1.68 (s, 3H).
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2.2.2. Synthesis of B-3A-PIP

Step 1: The preparation of 3Ala-OCH2Ph. Boc-3Ala-OCH2Ph was synthesized ac-
cording to the reported procedures [22]. Boc-3Ala-OCH2Ph (480 mg, 1.14 mmol) was
resolved in the dichloromethane (3 mL) for 10 min and then trifluoroacetic acid (TFA, 7 mL)
was slowly added into the suspension at the room temperature. The solution was stirred
overnight and concentrated by rotary evaporation. The crude product was then used
without further purification. Step 2: The synthesis of B-3A-PIP. 3Ala-OCH2Ph (1.14 mmol)
and diisopropylethylamine (DIEA, 5.5 mL) were resolved in the mixed solution of THF
(150 mL) and water (14 mL) in the three-neck bottle while B-DSC-PIP (1.48 g) was resolved
in dry THF (300 mL) in the flask. Secondly, the latter was slowly added into the mixed
solution at 0 ◦C. The reaction was stirred at the room temperature for 8 h. The mixture
was evaporated and poured into water to get the precipitate B-3A-PIP. The precipitate was
washed with water for three times and the final product was dried in vacuum oven at
45 ◦C to afford a gray elastomer (1.46 g, 98.6%). The conversion ratio from carbonate group
to tripeptide is detected with 1H-NMR, which is 99.6%, as shown in Figure S3. 1H NMR
(400 MHz, Chloroform-d) δ: 7.34 (s, 5H), 5.12 (t, 2H), 4.61 (m, 1H), 4.21 (m, 1H), 4.04 (t, 2H),
2.04 (m, 10H), 1.83 (m, 2H), 1.68 (s, 3H).

2.2.3. Synthesis of R-2A-PIP

Step 1: The preparation of R-DSC-PIP. N, N′-disuccinimidyl carbonate (76.8 g, 300 mmol)
and 4-dimethylaminopyridine (37.0 g, 300 mmol) were resolved in the mixed solution of
dry THF (3000 mL) and DMF (1400 mL) in the three-neck bottle while R-OH-PIP (3.0 g)
was resolved in dry THF (300 mL) in the flask. Secondly, the latter was slowly added into
the mixed solution at 0 ◦C. The reaction was stirred at the room temperature for 8 h. The
mixture was evaporated and poured into acetone to get the precipitate R-DSC-PIP. The
crude grey product was collected (2.96 g, 98.7%) and the conversion ratio from hydroxyl
group to carbonate group is detected with 1H-NMR, which is 97.8%, as shown in Figure S4.
1H NMR (400 MHz, Chloroform-d) δ: 5.12 (t, 2H), 4.29 (t, 2H), 2.83 (s, 4H), 2.04 (m, 10H),
1.83 (m, 2H), 1.67 (s, 3H). Step 2: The synthesis of R-2A-PIP. 2Ala-OCH2Ph (1.14 mmol)
and diisopropylethylamine (DIEA, 5.5 mL) were resolved in the mixed solution of THF
(150 mL) and water (14 mL) in the three-neck bottle while R-DSC-PIP (1.5 g) was resolved
in dry THF (300 mL) in the flask. Secondly, the latter was slowly added into the mixed
solution at 0 ◦C. The reaction was stirred at the room temperature for 8 h. The mixture
was evaporated and poured into water to get the precipitate R-2A-PIP. The precipitate was
washed with water for three times and the final product was dried in vacuum oven at
45 ◦C to afford a gray elastomer (1.48 g, 98.7%). The conversion ratio from carbonate group
to dipeptide is detected with 1H-NMR, which is 98.3%, as shown in Figure S5. 1H NMR
(400 MHz, Chloroform-d) δ: 7.34 (s, 5H), 5.12 (t, 2H), 4.61 (m, 1H), 4.21 (m, 1H), 4.04 (t, 2H),
2.04 (m, 10H), 1.83 (m, 2H), 1.67 (s, 3H).

2.2.4. Synthesis of R-3A-PIP

3Ala-OCH2Ph (1.14 mmol) and diisopropylethylamine (DIEA, 5.5 mL) were resolved
in the mixed solution of THF (150 mL) and water (14 mL) in the three-neck bottle while
R-DSC-PIP (1.5 g) was resolved in dry THF (300 mL) in the flask. Secondly, the latter
was slowly added into the mixed solution at 0 ◦C. The reaction was stirred at the room
temperature for 8 h. The mixture was evaporated and poured into water to get the
precipitate R-3A-PIP. The precipitate was washed with water for three times and the final
product was dried in vacuum oven at 45 ◦C to afford a gray elastomer (1.43 g, 97.9%). The
conversion ratio from carbonate group to tripeptide is detected with 1H-NMR, which is
99.6%, as shown in Figure S6. 1H NMR (400 MHz, Chloroform-d) δ: 7.34 (s, 5H), 5.12 (t,
2H), 4.58 (m, 1H), 4.45 (m, 1H), 4.20 (m, 1H), 4.05 (t, 2H), 2.04 (m, 10H), 1.83 (m, 2H), 1.67
(s, 3H).
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2.3. Sample Molding Process

Each product (1.4 g) was resolved in toluene (70 mL) and the solution slowly volatilized
in the fume hood to obtain a flat membrane. The product was then moved into the vacuum
oven at 40 ◦C for 12 h to remove the solvent. The species were cut from the membrane
according to requirements of different measurements. As a representative, a picture of the
sample used for uniaxial tensile testing is shown in Figure S7.

2.4. Characterization

The Bruker ASCEND 400 spectrometer (Bruker, Karlsruhe, Germany) was used to
collecting the 1H NMR spectra, operating at 400 MHz. The samples are resolved in
deuterated chloroform solution with TMS as reference. The universal testing machine
Instron 5966 (Instron, Boston, MA, USA) was used to measure mechanical properties at
25 ◦C. The tensile speed is 100 mm/min. The specimen was cut into a dumbbell shaped thin
strip with dimension of 35 mm × 2 mm × 1 mm. For each data, the strength was calculated
from three measurements and taken from the average value. The Nicolet iS10 (Nicolet,
Waltham, MA, USA) was used to measure FTIR spectra in the range of 4000–400 cm−1. The
Rigaku X-ray diffractometer (Ultima IV, Akishima-shi, Japan) were used to carry X-ray
diffraction experiments with parallel beam optics attachment.

Novocontrol Concept 50 system (Novocontrol GmbH, Montabaur, Germany) was car-
ried on dielectric measurements with Alpha impedance analyzer and Quatro Cryosystem
temperature control over the frequency range of 10−1–107 Hz. The measured film was
about 1 mm thickness and placed between two parallel electrodes with 10 mm diameter.
The measured temperatures were from −70 ◦C to 80 ◦C at the step of 10 ◦C. The result were
fitted using the Havriliak–Negami function with a conductivity term [23]. In this model,
the frequency dependence of the dieletric complex (ε*) can be described by the equation:

ε∗(ω) = ε∞ +
Δε[

1 + (iωτHN)
α]β

(1)

where Δε = εs − ε∞ is the dielectric strength, εs and ε∞ are the relaxed and unrelaxed values
of dielectric constant, the parameters α and β (0 < α, αβ ≤ 1) define the symmetrical and
asymmetrical broadening of the loss peak, and τHN is the characteristic relaxation time.
The relation between τHN and τmax is given by Refs [24,25].

τmax = τHN

[
sin

παβ

2(1 + β)

] 1
α
[

sin
πα

2(1 + β)

]− 1
α

(2)

This characteristic relaxation time (τmax) obtained from the HN equation fit can be cor-
related with the temperature through the Vogel–Fulcher–Tamman (VFT) equation [26,27]:

τmax = τ0 exp
(

B
T − T0

)
(3)

where τ0 and B are empirical parameters and T0 is the so-called Vogel temperature.
The polymer models were constructed using the polymer builder of Materials Studio

package. The GROMACS [28–32] version 2018.3 was used to carry further full-atomistic
classical molecular dynamics simulations. The forcefield used for this study was the OPLS
all-atom (OPLSAA) force field [33–36], considering its wide applicability in different poly-
mer systems. The timestep used for all simulations was taken as 1 fs. VMD [37] was used to
visualize and analyze various properties based on MD trajectories saved every 5000 steps
(5 ps). The equilibrated systems have densities of 0.890 ± 0.003 g/cm3, 0.899 ± 0.003 g/cm3

and 0.873 ± 0.017 g/cm3, for B-4A-PIP, B-3A-PIP and B-2A-PIP, respectively.
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3. Results and Discussion

3.1. Mechanical Properties and Secondary Structure Analysis

B-OH-PIP and R-OH-PIP were decorated with dipeptides and tripeptides, producing
B-2A-PIP/ B-3A-PIP, R-2A-PIP/ R-3A-PIP, respectively. The synthetic routes are shown
in Figure S8. B-4A-PIP and R-4A-PIP serve as control samples. All copolymers have
similar molecular weights and amounts of polar groups. The tensile strength and strain
at break of B-2A-PIP and R-2A-PIP are relatively weak compared to those of B-3A-PIP
and R-3A-PIP (Figure 1a), but slightly higher than those of B-OH-PIP and R-OH-PIP
(Figure S9), respectively. The limited effect of dipeptide is ascribed to its weak binding
strength. Compared to dipeptide counterparts, the mechanical properties of B-3A-PIP and
R-3A-PIP are remarkably heightened, as shown in Figure 1b. Moreover, the mechanical
properties of B-4A-PIP and R-4A-PIP are further increased (Figure S10a), revealing the
significant influence of oligopeptide length on the mechanical properties of polyisoprene.
Generally, in the aspect of the effect of peptide distribution, the sample with terminal
block showed enhanced yield stress and tensile stress at break and increased length of
oligopeptide improved the mechanical properties of elastomers. This indicated increased
terminal supramolecular interactions produce certain positive role to mechanical properties
of elastomers.

θ

α α

Figure 1. Stress–strain curves as a function of strain of (a) B-2A-PIP and R-2A-PIP; (b) B-3A-PIP and
R-3A-PIP at the tensile rate of 100 mm/min. (c) FTIR spectra and (d) X-ray diffraction spectra of
B-2A-PIP, R-2A-PIP, B-3A-PIP and R-3A-PIP.

Then, FT-IR experiments were further carried out to reveal their difference on the
secondary structures of polyisoprene (Figure 1c). Two characteristic bonds at 1644 cm−1

and 1664 cm−1 are observed for all the samples, attributing to the C=C stretching vibration
of polyisoprene [38]. Importantly, obvious β-sheets structures were found at 1531 cm−1,
1632 cm−1 and 1706 cm−1 in B-4A-PIP and R-4A-PIP (Figure S10b). However, B-2A-PIP and
R-2A-PIP give weak amide II absorption at 1543 cm−1 and overlapping amide I absorption
at 1644 cm−1, corresponding to the random coils [39]. Random coils and extended chain
structures of B-3A-PIP and R-3A-PIP are also observed as indicated by the existence of
bands at 1541 cm−1 (amide II) and at 1639 cm−1 (amide I) [39]. The terminal sheet structures
are closely related to their corresponding mechanical strength.
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Thus, X-ray diffraction experiments were performed to further analyze the structural
information of β-sheet (Figure 1d). The diffraction peaks with d spacing of 3.01~3.04 Å
are assigned to the hydrogen spacing of β-sheet structures [40,41]. Typically, the augment
of hydrogen bonds spacing [42,43] usually indicated weakened binding of hydrogen
bonds. Hence, a second reflection around a spacing of 3.13 Å should be attributed to
the hydrogen spacing in extended chain structures whose binding strength of hydrogen
bonding aggregations is weaker than that of β-sheet structures. Additionally, the reflections
at a spacing of 3.56 Å and 3.36 Å should be ascribed to the hydrogen spacing in loosely
built β-sheets. In our research, the diffraction peaks of B-4A-PIP assigned to β-sheet
and extended chain structures are obvious and sharper than R-4A-PIP (Figure S10c),
while the diffraction peak of R-3A-PIP assigned to extended chain structures is also sharp.
Additionally, the others are relatively weak. Especially, the diffraction peaks of B-2A-PIP
and R-2A-PIP assigned to β-sheets and extended chain structures are both quite weak,
while the diffraction peaks assigned to loosely built β-sheets are sharp. It has been reported
that the increased oligopeptide length facilitates the formation of ordered and compact
structures. However, as the aspect of distribution, the influence of terminal oligopeptide on
the secondary structures are not consistent. The oligopeptide aggregates in R-2A-PIP and
R-3A-PIP formed more ordered structures than those in B-2A-PIP and B-3A-PIP, mainly
reflected in the more pronounced diffraction peaks of loosely built β-sheets and extended
chain structures in R-2A-PIP and R-3A-PIP. That is, although the random samples are more
ordered, loose aggregates dominate in these ordered structures, while compact aggregates
dominate in the block samples (include B-4A-PIP and R-4A-PIP, as shown in Figure S10).
Combined with the fact that the block samples have better mechanical properties than the
random samples, it seems to indicate that the compact aggregates have a greater effect on
the mechanical properties than the loose aggregates.

3.2. Molecular Dynamics-SM Relaxation, NM Relaxation and α′ Relaxation

To explore the influence of terminal oligopeptide and its length on the chain dynamics
of copolymers, broadband dielectric spectroscopy (BDS) was conducted. The temperature
dependences of dielectric spectroscopy at 6.9 Hz are shown in Figure 2. A low-temperature
relaxation just above the glass transition temperature (Tg~−65 ◦C), which is originated
from local motions of the perpendicular dipole moment and assigned as the segmental-
mode process (SM) [44,45] (indicated by blue arrows in Figure 2). However, there are no
significant differences in the SM relaxation temperatures among these systems. A second
broader relaxation peak indicated by black arrows should be assigned to the normal-mode
process (NM), which corresponds to the motions of the entire chains [46,47]. The NM
relaxation peaks of B-2A-PIP and R-2A-PIP are detected at −30 ◦C. For the B-3A-PIP
sample, its NM relaxation peak shifts toward higher temperature and is detected at 0 ◦C.
Notably, the NM relaxation peaks of R-3A-PIP, B-4A-PIP and R-4A-PIP disappear, maybe
due to their stable network in the test condition, as with vulcanized rubber. Moreover,
new mode relaxations can also be observed on random copolymers and B-4A-PIP, as
indicated by red arrows which are assigned as α‘-relaxation. This may be aroused by the
terminal interactions.

For more details, quantitative analyses are carried out in the frequency domain. The
typical dielectric loss spectra are shown in Figure S11. A clear loss peak emerging around
−50 ◦C (indicated by blue arrows in Figure S11) should be due to SM relaxation [45]. This
SM relaxation peak shifts to higher frequency with increasing temperature, which is known
as a thermally activated process. The frequency spectra are on further fitted using the
Havriliak–Negami function. The temperature dependences of τmax are shown in Figure 3.
However, no obvious differences in the SM relaxation speed are observed among these
systems. Therefore, it is rational that the terminal oligopeptide and its length have weak
influence on the segmental motions.
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αε
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Figure 2. Dielectric loss ε′′ for different copolymers as a function of the temperature at 6.9 Hz
((a) B-2A-PIP, R-2A-PIP, B-3A-PIP and (b) R-3A-PIP, B-4A-PIP, R-4A-PIP).

αε

α

ε

Figure 3. Temperature dependence of τmax for SM relaxation of different samples. Solid lines
represent fitting curves.

Quantitative analyses are also carried out for NM relaxations. The typical dielectric
loss spectra of B-2A-PIP, R-2A-PIP and B-3A-PIP at higher temperature are shown in
Figure 4 and the NM relaxations are indicated by black arrows. The temperature depen-
dence of τmax can also be well described with Vogel–Fulcher–Tamman (VFT) equation.
The NM relaxation speed of B-2A-PIP is slower than R-2A-PIP above 254 K, revealing the
constraint of terminal blocks on longitudinal chain mobility in the system. Additionally,
B-3A-PIP possesses much slower NM relaxation speed than B-2A-PIP. Conclusively, the
increased oligopeptide length elevates the temperature of NM relaxation and decreases its
speed which may be related to the different stability of β-sheets structures.

Furthermore, while the NM relaxation of B-2A-PIP, R-2A-PIP and B-3A-PIP conform to
the VFT equation, the Arrhenius-like equation is used to calculate the apparent activation
energy [48,49]:

τ = τ0 exp
(

Ea

RT

)
(4)

where Ea is the activation energy and τ0 is a proportionality constant. As marked in
Figure 4d, the Ea of the NM relaxation of B-2A-PIP is 49.4 KJ/mol, while that of B-3A-PIP
increases to 71.3 KJ/mol. In fact, the NM process, detectable because of the dipole com-
ponent parallel to the backbone, corresponds to motions of the entire chain. It indicates
that the entire chain relaxation in B-3A-PIP is more severely constrained. The result corre-
sponds well with the X-ray diffraction experiments, which shows the peptide secondary
structures in B-3A-PIP are more ordered and compact than those of B-2A-PIP. Therefore,
the oligopeptide aggregates in B-3A-PIP are more effective in anchoring the molecular
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chains, and thus the entire chain relaxation is more severely restricted. In addition, the
activation energy of R-2A-PIP is the largest, reaching 100 KJ/mol. This finding confirms
that the distribution of oligopeptides has a great influence on chain relaxation. From the
secondary structure analysis by X-ray diffraction experiments (Figure 1d), we can find that
the peptides in random copolymers tend to form loose aggregates. However, the number
of loose aggregates far exceeds that of the more compact aggregates because hydrogen
bonds between loose aggregates are more likely to form. Therefore, 2A-PIP possesses more
non-covalent crosslinking, which results in the highest NM relaxation activation energy. In
addition, compact aggregates are more stable, while the proportion of compact aggregates
in R-2A-PIP is relatively small. Therefore, the relaxation time of R-2A-PIP is faster when
the temperature is higher than 254 K, as shown in Figure 4d. For R-3A-PIP, B-4A-PIP and
R-4A-PIP, the impacts of terminal oligopeptide on the NM relaxation temperature and
speed are unclear due to the disappearance of the NM relaxation.

ε

εε

τ

Figure 4. Dielectric loss ε′′ as a function of the frequency at for (a) B-2A-PIP, (b) R-2A-PIP and
(c) B-3A-PIP. (d) The temperature dependence of τmax for NM relaxation of B-2A-PIP, R-2A-PIP
and B-3A-PIP.

Interestingly, in the typical dielectric loss spectra of all the samples, there are new
peaks in the frequency range of 100–102 Hz, as indicated by red circles in Figures 4 and 5.
New relaxation processes are named as B-2A-α′ relaxation, R-2A-α′ relaxation, B-3A-α′
relaxation, R-3A-α′ relaxation, B-4A-α′ relaxation and R-4A-α′ relaxation for B-2A-PIP,
R-2A-PIP, B-3A-PIP, R-3A-PIP, B-4A-PIP and R-4A-PIP, respectively. To clarify the origin
of α′-relaxation, their dielectric strengths (Δε) are extracted from dielectric spectra and
compared with NM relaxation. For polyisoprene, the increased temperature leads to
decreased Δε of NM relaxation [50]. The Δε of NM relaxation of B-2A-PIP, R-2A-PIP and B-
3A-PIP are also decreased with temperature elevation, as shown in Figure S12. Additionally,
a slight decrease in Δε with temperature elevation is characteristic, reflecting the decreasing
cooperativity of SM process at higher temperature [51]. However, the Δε of α′-relaxation
exhibits the opposite trend with increasing temperature (Figure 6a,b). Thus, α′-relaxation is
neither SM nor NM relaxation. Muller et al. [18] reported that functionalized polybutadiene
with a small number of 4-phenyl-1,2,4-triazoline-3,5-dione showed new relaxation mode
which is ascribed to the dissociation of the complexes. Inspired by this view, we turn
to analyze the secondary structures of alanine oligopeptides and it has been reported
that the alanine oligopeptide is arranged in an anti-parallel manner in the secondary
structure [52,53]. This anti-parallel arrangement results in a centrosymmetric structure and

385



Polymers 2021, 13, 4408

should not have any dipole moment. Therefore, oligopeptide aggregates exhibit very low
dielectric strength. As the temperature rises, the oligopeptide aggregates gradually shift to
the dissociated state, which breaks the centrosymmetric structure between oligopeptides.
This process increases the dipole moment of the system and, therefore, increases the
dielectric strength. Thus, it is reasonable to conclude that α′-relaxation originates from
the dissociation of complexed oligopeptides. To further describe the α′-relaxation, we
fitted the dielectric spectra with HN equations and extracted the characteristic relaxation
time (τmax) in Figure 6c. The temperature dependence of τmax of B-2A-PIP, R-2A-PIP and
B-3A-PIP can be well described with Vogel–Fulcher–Tamman (VFT) equation. Compared
with NM relaxation, the α′-relaxation speed of B-2A-PIP, R-2A-PIP and B-3A-PIP is slower
by several orders of magnitude, all close to 0.1 s. While B-2A-a′ relaxation, R-2A-a′
relaxation and B-3A-a′ relaxation conform to the VFT equation, the Arrhenius-like equation
is used to calculate the apparent activation energy (Ea). As shown in Figure 6c, the Ea of
B-2A-a′ relaxation and R-2A-a′ relaxation is, respectively, 12.1 KJ/mol and 11.0 KJ/mol,
while the activation energy of B-3A-a′ relaxation increases to 13.5 KJ/mol. Strikingly,
α′-relaxation peaks of R-3A-PIP, B-4A-PIP and R-4A-PIP almost keep at the same frequency
with increasing temperature, which should be ascribed to the restricted mobility of entire
chains. The τmax of R-3A-PIP, B-4A-PIP and R-4A-PIP are temperature-independent, which
are 0.151 s, 0.143 s and 0.146 s, respectively. Considering the similar activation energy of
B-2A, R-2A and B-3A and similar τmax of all six samples, it is speculated that the relaxation
of peptide aggregates are closely related to the disentanglement of polyisoprene chains,
which are quite independent on the length or distribution of oligopeptides.

ε ε

ε

Figure 5. Dielectric loss ε′′ as a function of the frequency for (a) R-3A-PIP, (b) B-4A-PIP and (c) R-4A-PIP.

3.3. Classical Molecular Dynamics Simulation

To deeply understand the influence of terminal oligopeptide and its length on the
microstructures of copolymers, the molecular dynamics simulation method was carried
out. The frame structures of B-2A-PIP, B-3A-PIP and B-4A-PIP are shown in Figure 7.
Oligopeptides in block part tend to form nano-sized aggregates, reflecting the influence
of terminal oligopeptide on their self-assembly. The structures are further dissected into
different layers along the z-axes for better understanding the distribution of oligopeptides
and how they interact, as shown in Figure S13–S15. Block oligopeptides are surrounded by
abundant random oligopeptides. For B-2A-PIP, the random dipeptides tend to be evenly
distributed in all slices. For B-3A-PIP and B-4A-PIP, tripeptides or tetrapeptides increase in
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the slices with block oligopeptides presented. In particular, one more nano-sized aggregate
formed by random tetrapeptides in Figure S14e also increase the number of tetrapeptide
chains in that slice. These results can qualitatively support the experimental findings that
the microstructures of copolymers become more heterogeneous with increasing oligopep-
tide length, and may increase the mechanical strength of elastomers. Detailed analyses into
structural features of B-4A-PIP shown in Figure 7d,e indicate that block tetrapeptides are
likely to form structures with obviously β-sheet feature. In comparison, the interactions
between random tetrapeptides can form less ordered β-sheet features.

ε ε

ε

Figure 6. (a,b) Temperature dependence of Δε for a′ relaxation; (c) Arrhenius model for a′ relaxation.
Solid line represents fitting curve.

 

Figure 7. (a–c) Three different views of frame structures of B-2A-PIP, B-3A-PIP and B-4A-PIP from
top with axis denoted figures. A closed black dot indicates that the axis is pointing into the paper.
The block segment with 40 repeat units is colored in blue, while the random units are colored in
green. PIP units are colored in light grey for clarity. All hydrogen atoms are hidden. (d) A part of the
block segment of B-4A-PIP. (e) A typical random-tetrapeptide interacting units with hydrogen bonds
shown in blue dotted lines.
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The functions of terminal oligopeptide in copolymers are explored by putting block
and random oligopeptides into one or two simulation boxes. Radial distribution functions
(RDFs) are used to describe the structures, as shown in Figure 8. Firstly, the interactions
between the block and random oligopeptides in one simulation box are analyzed (Figure 8a).
In the tetrapeptide system, the peaks formed around 5 Å and 10 Å are sharper than those in
the dipeptide and tripeptide systems, as indicated by the black arrows. This suggests that
much more ordering structures are formed for tetrapeptides than the others. Increasing
the oligopeptide length facilitates more ordering structures. Next, the interactions within
block or random oligopeptides in two different simulation boxes are analyzed. In the block
system, the curve with similar peak shapes but higher ordinate values are observed for
tetrapeptides compared to dipeptides and tripeptides, as indicated by the black arrows.
This suggests that increasing the oligopeptide length has a slight influence on the ordered
degree of structures while significantly increasing the number of ordered structures in the
block system, while in the random system, much sharper and higher peaks of tetrapeptides
than the others are observed. It indicates that increasing the oligopeptide length improves
both the ordered degree of structures and the number of ordered structures in the random
system. Conclusively, the terminal block interaction increased the ordered structures which
may well increase the mechanical properties while the increased length of oligopeptide
form more, ordered sheet structures in random system. The two factors cause the abnormal
difference of β-sheets structures in B-3A-PIP, R-2A-PIP and B-3A-PIP, R-3A-PIP.

Figure 8. (a) The radial distribution functions between block-oligopeptides and random-oligopeptides; (b) The radial
distribution functions for block-oligopeptides; (c) The radial distribution functions for random-oligopeptides.

4. Conclusions

Here, we introduce dipeptide, tripeptide and tetrapeptide into polyisoprene with
different hydroxyl distributions, investigating the influence of oligopeptide length and
distribution on the mechanical properties, molecular motion and self-assembly behaviors
of polyisoprene. The increased oligopeptide length increases the ordered microstructure,
which includes compact structure as well as loose structure, and the block distribution of
oligopeptides can further increase the proportion of compact aggregates in the ordered
microstructure, which is indicated by XRD. Chains dynamics probed by broadband di-
electric spectroscopy (BDS) reveals the mechanism. The NM-relaxation and α′-relaxation
speed of B-3A-PIP is slower than that of B-2A-PIP, while the Ea of NM-relaxation and
α′-relaxation of B-3A-PIP is higher than that of B-2A-PIP, demonstrating that the increased
oligopeptide length enhances the restriction effect of oligopeptide aggregates on longi-
tudinal chains movement by increasing the ordered microstructure. In addition, above
254 K, the NM relaxation rate of R-2A-PIP is faster than that of B-2A-PIP due to dissoci-
ation of the loose aggregates, demonstrating that there is indeed a larger proportion of
compact aggregates in the block samples and, therefore, more severely restricted chain
motion in the block samples. However, R-3A-PIP has no significant NM relaxation peak
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and its α-′ relaxation is temperature-independent. The mechanical properties of B-4A-PIP
and R-4A-PIP are further improved compared with B-3A-PIP and R-3A-PIP. B-4A-PIP
and R-4A-PIP also have no significant NM relaxation peaks and their α′-relaxations are
temperature-independent. In the system with longer oligopeptide length, the mobility of
longitudinal chains and oligopeptide complexes are significantly suppressed because of
more stable β-sheets structures.

Herein, a new structure–properties relationship regarding terminal interaction in
elastomer has been developed. The increased oligopeptide length improves the ordered
degree of structures and the number of ordered structures in the matrix which are closely
related to the mechanical properties. The binding strength of aggregates derived from
the terminal blocks is remarkably improved, which dominantly impacts on the dynamic
properties. The mobilities of longitudinal chains and oligopeptide complexes are gradually
suppressed. The reinforced robustness of networks ultimately increases the mechanical
properties of polyisoprene.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13244408/s1, Experimental procedures, analytical data and additional spectra. Figure S1.
1H NMR spectrum of B-DSC-PIP; Figure S2. 1H NMR spectrum of B-2A-PIP; Figure S3. 1H NMR
spectrum of B-3A-PIP; Figure S4. 1H NMR spectrum of R-DSC-PIP; Figure S5. 1H NMR spectrum of
R-2A-PIP; Figure S6. 1H NMR spectrum of R-3A-PIP; Figure S7. Representative pictures of samples.
All samples show the same appearance; Figure S8. Synthesis of B-2A-PIP, R-2A-PIP, B-3A-PIP and
R-3A-PIP; Figure S9. Stress–strain curves as a function of strain of PIP, B-OH-PIP and R-OH-PIP;
Figure S10. (a) Stress–strain curves as a function of strain; (b) FTIR spectra and (c) X-ray diffraction
spectra of B-4A-PIP, R-4A-PIP; Figure S11. Dielectric loss ε′′ as a function of the frequency at −60 ◦C
to −30 ◦C for different copolymers: (a) B-2A-PIP, (b) B-3A-PIP, (c) B-4A-PIP, (d) R-2A-PIP, (e) R-3A-
PIP, (f) R-4A-PIP; Figure S12. The temperature dependence of Δε for NM relaxation of B-2A-PIP
(a), R-2A-PIP (b) and B-3A-PIP (c); Figure S13. Three different views of last frame structures of
B-2A-PIP from top, side 1 and side 2 with axis denoted figures. A closed black dot indicates such
axis is pointing into the paper while the open dot suggests the axis is pointing outwards. The block
segment of 2A with 40 repeat units is colored in blue, while the random units are colored in green.
PIP units are colored in light grey for clarity. All hydrogen atoms are hidden. We plotted structures
for slices along the z-axis. Each slice has a thickness of 2 nm (with Figure S1f slightly greater than
2 nm); Figure S14. Three different views of last frame structures of B-3A-PIP from top, side 1 and
side 2 with axis denoted figures. A closed black dot indicates such axis is pointing into the paper
while the open dot suggests the axis is pointing outwards. The block segment of 3A with 40 repeat
units is colored in blue, while the random units are colored in green. PIP units are colored in light
grey for clarity. All hydrogen atoms are hidden. We also plotted structures for slices along the z-axis.
Each slice has a thickness of 2 nm (with Figure S1f slightly greater than 2 nm); Figure S15. Three
different views of last frame structures of B-4A-PIP from top, side 1 and side 2 with axis denoted
figures. A closed black dot indicates such axis is pointing into the paper while the open dot suggests
the axis is pointing outwards. The block segment of 4A with 40 repeat units is colored in blue, while
the random units are colored in green. PIP units are colored in light grey for clarity. All hydrogen
atoms are hidden. We also plotted structures for slices along the z-axis. Each slice has a thickness of
2 nm (with Figure S3f slightly greater than 2 nm).
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Abstract: Fatty acids esters have a wide application as bioplasticizers and biolubricants in different
industries, obtained mainly in classic batch reactors, through an equilibrium complex reaction, that
involves high temperatures, long reaction times, vigorously stirring, and much energy consumption.
To overcome these shortcomings, we synthesized a series of fatty acid esters (soybean oil fatty acids
being the acid components with various hydroxyl compounds) through novel low energy consump-
tion technologies using a bubble column reactor, a microwave field reactor and for comparison
meaning, a classic batch reactor. The obtained bioesters physicochemical properties were similar to
one another, a good concordance among their rheological properties was obtained, but the energetic
consumption is lower when using the bubble column or the microwave reactors instead of the
classical batch reactor.

Keywords: soybean oil fatty acids; bubble column reactor; microwave reactor; lowest energetic
consumption; color; rheology

1. Introduction

Environmental protection efforts in the industry is focused on reducing wastes by
recycling some of these materials [1] and replacing the raw materials of petroleum-based
products used in different industries with organic fluids [2,3]. At the same time, modern
technologies should be friendly with the environment [4–6], obviously in terms of energy
and economic efficiency. Industrial soybean oil is often used, by further processing, as an
ingredient for paints, plastics, fibers, detergents, cosmetics and lubricants that show similar
viscosity to commercial lubricants [7]. Natural solvent and for example, clear liquid soy
derived from soybean oil as methyl esters could serve as a green alternative to synthetic
solvents. In addition, due to their low evaporation rate and longer contact time, maintained
with a target material, they are recommended as natural adjuvant and surfactant in order
to increase crop yields while lowering input costs by improving contact of spray droplets
on plant surfaces and more effectively penetrating waxy surfaces. Soy esters present some
benefits as safe to handle and store, low toxicity compared to other common substances.
Vegetable oils, containing non-toxic and ecofriendly fatty acids, are successfully used by
esterification and transesterification syntheses in biodiesel production [8–10], which is
one of the main important biodegradable products [2,11–15]. Color properties of certain
substances is often used in describing their properties, either organic or inorganic ones,
as well as in food field [16–18]. As known, rheological behavior is important because it
provides information regarding flow and storage of relevant materials under operation
conditions [19] especially when the products are used in paint industry. Rheology is used

393



Polymers 2021, 13, 4190

in many researches, as for the analysis of engine oil lubricants [16–24], hydrogels [25,26],
different polymer—plasticizer systems [27,28], heterocycles [29–31], nanofluids [32,33]
collagen solutions [34], cyclodextrin nanospongies [35] and other. Energy efficiency repre-
sents another important issue in today’s technology, in order to find and implement low
cost processes [36,37]. At present, the esterification processes in classical batch technology
require much energy consumption, because of the necessity of high temperatures (up to
220–250 ◦C), long reaction time, and vigorously stirring. That is why researches are made
to find new energy-saving technological methods [12,13,37].

At present, the microwave heating is gaining more and more influence in technological
processes due to its energy economy and environmental advantages, being used in different
fields [38–44].

To overcome these shortcomings, the present paper refers to the synthesis of a series
of fatty acid esters via two modern technologies that do not deal with solvent extraction
of the azeotrope namely a bubble column reactor [11,45] and a microwave field reactor.
In this reactor the process time is short, microwave heating being a widely accepted tool
for synthetic chemists [26,46]. For the sake of comparison, the synthesis was performed
in a classic batch reactor as well. To the best of our knowledge, there is no reported work
on a comparison between energy consumption in the various esterification reactors, or a
comparative rheological study of the obtained products. Therefore, this paper investigated
these aspects, revealing that the bubble column reactor and the microwave field reactor are
energy-saving technological methods for the bioester synthesis. All products properties
are similar, regardless the synthesis method.

2. Materials and Methods

The soybean oil fatty acids were received from Baichim SRL Bucharest. The organic
alcohols n-propanol, n-butanol and n-pentanol, and the catalyst p-toluene-sulfonic acid
were purchased from Fluka Honeywell (Charlotte, NC, USA). The fatty acids (R-COOH)
from hydrolyzed soybean oil have a typical composition containing 11% palmitic acid, 4%
stearic acid, 25% oleic acid, 50% linoleic acid and 9% linolenic acid. The physicochemical
properties of fatty acids from used soybean oil are: viscous liquid without mechanical
impurities; yellow color; 0.89 g/cm3 density at 20 ◦C; 14–16 ◦C melting point; 193.4 mg
KOH/g acid number; −1.458 refraction index at 20 ◦C.

The main esterification reactions were performed in a bubble column reactor (B), in a
microwave reactor (M) and in a classic batch reactor (C), using soybean oil fatty acids as
the acid component and three hydroxyl-compounds: n-propanol (1), n-butanol (2), and
n-pentanol (3), with the 1:2 mole fraction between the fatty acids from soybean oil and the
organic alcohols respectively. The catalyst p-toluene-sulfonic acid was used in proportion
of 0.4%. The obtained bioesters with n-propanol are B1, M1 and C1, with n-butanol are B2,
M2, C2, and n-pentanol are B3, M3, C3 respectively.

A cylinder glass column with an internal diameter of 0.03 m and a height of 0.3 m
provided with a heating mantle was used as bubble column reactor. Agitation was achieved
by bubbling nitrogen through a nozzle at the base of the column. The energetic efficiency
calculation of the bubble column reactor was developed upon esterification reaction among
benzoic acid and propylene glycol, using different reaction conditions [47]. Considering
the best conditions achieved in terms of energy consumption (the nozzle of 0.6 mm, argon
pressure of 123.6 Pa and with no filling material) esterifications in the bubble column
reactor were carried out. Esters of soybean oil fatty acids with the organic alcohols were
synthesized in two steps. The first step took place in a flask fitted with a thermometer and
a water reflux cooler, where the preheating of the reaction mixture was carried out for one
hour under continuous stirring, at 60 ◦C on an electric stove of 5 kW. Then the product
was transferred directly into the column reactor, where the synthesis was carried out at the
reflux temperature, to give the products B1, B2 and B3. The reaction conditions and times
are presented in Table 1.
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Table 1. The reaction conditions for soybean esters production in different technologies.

Bubble Column Microwave Field Classic Reactor

Bioester B1 B2 B3 M1 M2 M3 C1 C2 C3
Reaction time, h 3 4 4 2 3 3 9 9 10
Temperature, ◦C 100 105 110 110 115 120 120 125 130

Fatty acid esters, namely M1, M2 and M3 were obtained in a chemical reactor with a
microwave heating oven (model DB-001, China Doble Best, China) provided with a reflux
cooler, in a single step in the presence of the catalyst—p-toluene sulfonic acid at the reflux
temperature (Table 1). The characteristics of the chemical reactor with microwave (M)
heating are: microwave power 0~800 W; microwave frequency 50 MHz 2450+; Shaking
magnetic stirrer.

In the classic technology, the reactor (Model ELN9.1, Carl Roth GmbH + Co. KG, Karl-
sruhe, Germany) was heated with an electric stove of 5 kW. The synthesis was performed
in a solution esterification process, using p-toluen sulfonic acid as catalyst. The water
azeotrope was extracted with toluene. The esterification was carried out in a single step
according to the reaction conditions presented in Table 1, with the formation of products
C1, C2 and C3.

In all cases, the esterification was monitored by periodic determination of the acid
number over the whole synthesis, and the process was considered to be completed when
acid index (IA) was below 1 mg KOH/g. The synthesized esters were purified by neutral-
ization with 10% aqueous sodium carbonate solutions, washed with demineralized water
to neutral pH, then vacuum distillation and decolourisation with activated charcoal and
filtration. The purified compounds were then subjected to specific analysis.

The physicochemical properties of the bioesters were determined by using standard-
ized techniques: density—SR EN ISO 12185-03, refractive index—SR 7573-95, acidity
index—SR EN ISO 660:2009, iodine value—SR EN ISO 3961:2013, color—visual, rheological
study was performed using a Brookfield CAP2000+L viscometer (AMETEK GmbH/B.U.
Brookfield, Dresden, Germany), according to ASTM D445, temperature range 5–70 ◦C.

The calculated data are the mean of three independent replicates. Before running
the one-way ANOVA analysis, Equal Variances tests (Multiple comparisons and Levene’s
methods) were performed to verify that the samples have equal variances. The 95%
confidence level was adopted and the Tukey pairwise comparisons was applied to establish
the significant differences between samples. Minitab 19 software (Minitab, LLC, USA) was
utilized to perform the required calculations.

Thermo-gravimetric (TG/DTG) analyses were performed with NETZSCH STA 449F1
STA449F1A-0220-M (NETZSCH-Gerätebau GmbH, Germany)—approximately 3–7 mg
of sample was heated in an Al2O3 crucible, with 5 ◦C/min, in nitrogen atmosphere,
within the range 20–600 ◦C. An ion trap mass spectrometer ITQ 1100 coupled with Gas
Chromatograph Trace 1310 (Thermo Fisher Scientific, Waltham, MA, USA) was used for
qualitative analysis of soybean fatty acids bioesters. MS parameters were set as following:
transfer line temperature at 310 ◦C, source temperature at 170 ◦C and scan range between
30 and 350 amu. The reaction product structure was established based on the m/z ratio.
Fourier Transform Infrared (FT-IR) spectra of the samples were obtained in attenuated
total reflectance (ATR) mode on a Bruker Vertex 70 (Bruker Daltonik GmbH, Bremen,
Germany) spectrometer equipped with a Platinum ATR, Bruker Diamond Type A225/Q.
Spectra were collected in the range 4000–400 cm−1 with a resolution of 4 cm−1 and with
40 scans/min. A MINOLTA CM 3220d spectrophotometer (Konica Minolta Sensing Europe
B.V., Nieuwegein, The Netherlands) was used for the colorimetric analysis of the applied
pigment in films in the following conditions: the CIE D65 illuminant (natural day light)
and the standard 10◦ observer function.
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3. Results and Discussion

In the present study, three esterification methods were used for obtaining of bioesters
from soybean fatty acids with different alcohols. Raw materials are well mixed and
esterification reactions can be completed within 3 to 10 h depending on esterification
method. The aim was to determine which synthesis method is more energy efficient. As it
was expected, microwave and bubble column methods are promising routes with lower
energetic consumption.

3.1. Energetic Efficiency Comparison

Taking into account the properties of the heating devices used in the three technologies
of this research, the calculated energy consumption of the process developed in the bubble
column reactor was approximately 18,000 kJ for one synthesis of 300 g bioester. In the
reactor with a microwave field the energy consumption for the same esterification process
was approximately 8700 kJ, and in the classical reactor 144,000 kJ. As can be seen, for the
same bioester production, the use of the classical reactor requires a much more energy
consumption than in the case of the other two technologies, which are also environmental
protective ones.

3.2. Bioesters Analysis

In order to verify the properties of the esters of soybean oil fatty acids with various
alcohols synthesized via the technologies mentioned above, the purified products were
characterized by physicochemical analyzes specific to this class of substances (Table 2 and
Figure 1).

Table 2. The properties of esters via the technologies: bubble-column reactor (B1–B3), microwave heated reactor (M1–M3)
and classical reactor (C1–C3).

Sample Aspect Color
Acid Index

(mg KOH/g)
Refractive

Index at 20 ◦C
Density at

25 ◦C (g/cm3)
Iodine Value
(g I2/100 g)

B1 viscous, opalescent orange <1 1.4562 ± 0.0578 0.8981 ± 0.0271 120 ± 3
B2 gelatinous, opalescent orange <1 1.4577 ± 0.0581 0.8926 ± 0.0268 121 ± 4
B3 gelatinous red-brown <1 1.4591 ± 0.0584 0.9122 ± 0.0272 121 ± 4
M1 viscous orange <1 1.4499 ± 0.0575 0.8673 ± 0.0261 121 ± 3
M2 viscous orange <1 1.4598 ± 0.0587 0.8835 ± 0.0264 121 ± 5
M3 viscous orange <1 1.4611 ± 0.0584 0.9254 ± 0.0278 121 ± 4
C1 viscous, opalescent orange <1 1.4590 ± 0.0581 0.8810 ± 0.0263 120 ± 3
C2 viscous, opalescent orange <1 1.4593 ± 0.0579 0.8820 ± 0.0265 121 ± 5
C3 viscous, opalescent orange <1 1.4597 ± 0.0584 0.8815 ± 0.0264 121 ± 3

All products showed viscous, opalescent aspect, with a light brown-orange color. The
unsaturated degree of oils being appreciated by the iodine index, the iodine values of the
synthesized bioesters are in the range of 120–140 g I2/100 g, according to the one of the
soybean oil. As known, acidity is an indication of the presence of free fatty acids that are
to be limited due to the formation of soaps, which may lead to the emulsions formation.
The values of the acid index indicate a low content of free fatty acids. The values of the
refractive index and density at 20 ◦C, presents a slightly variation. The dynamic viscosity
increases with the number of carbon atoms brought by the alcoholic rest. Similar results
were reported in the literature [8].

The results from Figure 1 show that there was no statistically significant difference
of this parameter between esters, obtained with n-propanol (B1, M1, C1), synthetized in
bubble column reactor, microwave reactor and classic batch reactor. The same conclusion
can be drawn by observing the results concerning the esters obtained with n-butanol (B2,
M2, C2) and n-pentanol (B3, M3, C3) respectively.
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Figure 1. Dynamic viscosity at 25 ◦C, for the synthetized bioesters. Values are expressed as means of
three independent replicates and error bars represent the standard deviation. Columns denoted by
different letters indicated significant (p < 0.05) differences among different synthesis conditions.

All that suggested the formation of similar esters despite the different reactors used
for their synthesis.

3.3. TG/DTG Analysis

Thermo-gravimetric analysis provides essential information on the relative thermal
stability of the analyzed compounds, the content of water or other volatile ingredients
of synthetic or natural materials [48]. From thermo-analytical curves, recorded for the
synthesized esters in the range of 25 and 600 ◦C in nitrogen atmosphere, the inflection
points and the total weight loss at 600 ◦C (Table 3) indicate that the method used does not
affect the physicochemical properties of the obtained esters.

Table 3. The inflection points in the TG analysis.

Sample
T1 the Inflection

Points (◦C)
T2 the Inflection

Points (◦C)
Total Weight Loss

at 200 ◦C (%)
Total Weight Loss

at 600 ◦C (%)

B1 267 319 3.38 97.55
B2 274 330 3.21 97.61
B3 285 335 3.26 98.66
M1 263 315 2.96 98.77
M2 275 329 3.43 98.91
M3 282 333 3.13 97.64
C1 269 321 3.36 99.11
C2 277 330 2.98 98.98
C3 286 342 3.02 97.93

All of the obtained bioesters present low weight loss until 200 ◦C (lower than 3.5%).
Therefore, the products exhibited good thermal stability below 200 ◦C so they may be
used in technologies where such property is required, for example as natural adjuvant and
surfactant in increasing crop yields with lowering costs. Above 300 ◦C, the weight loss is
more important as the temperature increases.
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For all studied bioesters the total weight loss appears around 600 ◦C, and the per-
centage of the residual mass remaining is insignificant. Three decomposition steps were
observed. The first step corresponds to the water loss, are max. 3.5% (Table 3).

The observed mass loss values are similar and are not affected by the nature of the
synthesis method. The second decomposition step (between 210 ◦C and 350 ◦C) and the
third step (between 350 ◦C and 550 ◦C) were associated with the destruction of esteric
group, the C-C and the C-H bonds. The decomposition process presents two inflection
points at T1 and T2, associated with the highest decomposition rates.

Nitrogen atmosphere thermal stability analysis of methyl and ethyl esters of soy-
bean oil [49] showed that they have a lower thermal stability compared to the samples
synthesized by us by the three obtaining methods.

Comparable results were also obtained for erythritol tetra myristate and erythritol
tetra laurate esters [50] or lubricants of the type gallate ester oils, respectively [51].

In contrast the polyester amides series [52] and the esters obtained by transesterifica-
tion of palm oil-based methyl ester to trimethylolpropane esters [53] show better thermal
stability compared to our samples.

Figure 2 presents an example of the degradation process of the B3 product, in nitro-
gen atmosphere.

Figure 2. TG/DTG curves of bioester B3, in nitrogen atmosphere.

3.4. GS-MS Analysis

GS-MS spectra (Figures 3–5) are also presented for the B3 bioester. The chromatogram
indicates the presence of two main reaction products. The major compound was separated
in the analysis conditions at the retention time of 19.15 min. Its peak had the highest
intensity from the whole GC chromatogram. The second reaction product, pentyl palmitate,
was eluted in the GC chromatogram at the retention time of 17.70 min (Figure 3).
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Figure 3. The chromatogram of the reaction mixture resulted from the esterification reaction in the case of B3 bioester.

 

Figure 4. The mass spectrum of the ester, corresponding to the peak separated on the GC column at 19.15 min retention
time (M = 348 g/mol), in the case of B3 bioester.
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Figure 5. The mass spectrum of the ester, corresponding to the peak separated on the GC column at 17.70 min retention
time (M = 326 g/mol), in the case of B3 bioester.

In the Figure 4, the molecular peak at m/z 348, as expected for the main product,
was observed with very low intensity, mainly due to its fragmentation. From the MS
spectrum it is obvious that the structure of the analyzed compound that the structure is
most probably (9Z,12Z,15Z)-octadeca-9,12,15-trienoate. This is proved because the first
fragmentation of this compound is expected to occur at carboxyl group, resulting in the
signal observed at 262.2 m/z. Therefore, this signal belongs to the fragment remained after
losing thepenthoxy group.

Furthermore, on the region of lower mass values, several differences of around
14–15 m/z units were observed. This proved that CH3 and/or CH2 fragments are present,
either from penthyl or from octadeca-9,12,15-trienoate or even from both.

The MS spectrum of the compound which eluted first (see Figure 3) at 17.7 min, but
with a lower intensity, is presented in Figure 5. From this MS spectrum (Figure 5) the
molecular peak at 326 m/z can be easily observed, with a better intensity. Moreover,
in the same mass spectrum presented in Figure 5, the signals observed at 257.2 and
239.2 m/z indicated the presence of palmitate fragments. Nevertheless, the peak observed
at 257.2 m/z showed also the highest intensity from the whole MS spectrum of pentyl-
palmitate.

This proved that palmitate fragment had a higher ionization in the used ion source,
in comparison with the other fragments formed during MS analysis. The signal obtained
at 87.1 m/z proved the presence of penthoxy fragment, as for the previous analyzed ester.
Moreover, in this region of the mass spectrum, were also observed more signals, at 71 m/z,
70 m/z and 69 m/z respectively. All of those peaks belong to pentyl fragments.

3.5. FTIR Analysis

The FTIR is often used in polymer analysis [54,55]. The FTIR spectrum of the bioester
B2 (Figure 6) reveal peaks at 2926 cm−1 and 2855 cm−1. Those peaks can be attributed to
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the stretching of C-H bonds. At 1736 cm−1 the peaks are attributed to the stretching of
C=O, typical of esters spectra [56]. The =C–H and C=C bands appear at 3012 cm−1 and
1657 cm−1. The peak at 1465 cm−1 correspond to the asymmetric stretching of -CH3 present
in the biodiester. This peak is absent in soy oil spectrum. The peak at 1358 cm−1 was
attributed to the O-CH2 group and the peak at 1173 cm−1 is corresponding to the stretching
of O-CH3. Nevertheless, the peak at 1049 cm−1 was to attributed in plane deformation
vibration of =C-H bond and the peaks at 926 cm−1 and at 725 cm−1 are attributed to the
C–H wagging bond vibration. All of these proved also the absence of alcohol impurities.

Figure 6. FT-IR analysis of the bioester B3.

3.6. Color Study

For the bioester B3 color study was also performed. The ester was introduced in differ-
ent concentrations (0.1–2%) in an acrylic resin—that is often used in film industry [57,58].
The film was then deposited on a cellulosic support (wood). Color properties reveal
that the reflectance increased with the ester concentration (Figure 7) according to other
studies [59,60].

For all dried films, color CIEL*a*b* parameters were determined: lightness (L*), redness
(a*), yellowness (b*), chroma or saturation (C*) and hue angle (h*) respectively.

The CIEL*a*b* color properties (Figure 8) reveal that the ester acrylic composition is in
the light yellow-olive domain, i.e., the a* parameter is in the light green domain and the
b* parameter is in the yellow domain. As expected, the film darkness increasing with the
ester concentration. The same result were presented in scientific literature [18,60,61].

The total color difference ΔE*ab may be calculated with the Equation (1) [17,62,63],
results being presented in Table 4.

ΔE∗
ab =

√
(ΔL∗)2 + (Δa∗)2 + (Δb∗)2, (1)
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Figure 7. Reflectance spectra of the bioester B3 of the ester acrylic film at different ester concentration.

Figure 8. CIEL*a*b* properties of the bioester B3 of the ester acrylic film at different ester concentration.

Table 4. Color differences of the ester acrylic film at different ester concentration.

Concentration, % 0.5 1.0 1.5 2.0

ΔL* 0.09 1.06 1.39 1.73
Δa* 0.06 0.03 −0.15 −0.35
Δb* 0.86 −0.65 −1.69 −2.22

ΔE*ab 0.86 1.24 2.19 2.83
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3.7. Rheology Comparative Study of the Bioesters

An important parameter that can remarkably influence the rheological properties of
all fluids is temperature. Rheology measurements for all esters obtained in this research
reveal a non-Newtonian behavior at the temperatures where their viscosity was measured
(25–70 ◦C) and at different share rates (1333–13,333 s−1) [64]. The characteristic equation
of Ostwald de Waele model (Equation (2) may be used for interpretation. All bioesters
submitted to the rheology tests present a decrease of viscosity when increasing temperature.
The same behavior was reported in other papers [18,65,66]. Although the allure of the
curves is similar, the viscosity is higher as the number of the carbon atoms increases,
exemplified for esters B1–B3 in Figure 9.

ηa = Kγn−1, (2)

where: K—the index of consistency, Pa·sn; n—the flow behavior index.

Figure 9. The dependence of the apparent viscosity on temperature for bioesters (B1–B3).

The pseudoplastic flow behavior is proved both by the decrease of the apparent
viscosity with the increase of shear rate (shear-thinning behavior) [67], as well as by the
sub-unit values of the flow index n (Table 5). The decreasing of the apparent viscosity
with increasing temperature is also evidenced by the variation of the consistency index k
correlated with the value of the flow index n.

Power law model R2 values indicate that k and n values are a good fit. It was observed
an increase of consistency coefficient (k) with the increase of carbon atoms number in alkyl
group from alcohol. As expected, the increase in temperature reduces the consistency
coefficient (k) and increase the flow behavior index (n) and at the same temperature, the
decrease of consistency coefficient (k) is more evident for ester with long alkyl chain in
alchool (B3). The modification of k with temperature revel some influence of Brownian
movement. Regardless of the temperature and of the obtaining method, the apparent
viscosities of the prepared with n-propyl alcohol (B1, M1, C1), at the same shear rate are
very close to one another. For the esters prepared with n-butyl alcohol (B2, M2, C2) or
n-pentanol (B3, M3, C3) the viscosities became more different, their values depending on
the technology used (Figure 10).
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Figure 10. The dependence of the esters apparent viscosity on the share rate.

They can act as thickening agents. According to rheological results, addition of bioester
B2 as ingredient for paints, plastics, fibers, detergents, cosmetics and lubricants, is able to
modify easily the rheological data and thicken the formulations. The temperature increase
leads to micro drops mobility intensification, which influences the activation energy of the
system. The phenomenon may be explained by an Arrhenius type equation (Equation (3)):

ηa = A′ · expEa/RT, (3)

where: Ea is the activation energy of viscous flow, (J/mol); R is the gas general constant,
(J/mol·K); T is absolute temperature and A′ represents the material constant, (Pa·s).

The dependence ln ηa = f(1/T) was graphically represented, as obtained from the
logarithmic form of Equation (3), for apparent viscosity values corresponding to the three
chosen values of the shear rate. Particular expressions of Equation (3) as well as the
values of the activation energy are presented in Table 6. The activation energy decreases
with the increasing of the shear rate, due to the increase of the turbulence and its effect
on the linearization tendency of the molecules, considering the reduction of the degree
of association of the molecules as well. In both cases, the effort to move molecules is
diminished. The activation energy of the bioesters varies in opposite direction with their

405



Polymers 2021, 13, 4190

viscosity when increasing the number of the carbon atoms in alcohols (Figure 10 and
Table 6).

Table 6. Particular types of the Arrhenius equation for all esters.

.
γ

ηa = A′ × 103 ·
expEa/RT

Ea

(kJ/mol)
ηa = A′ × 103 ·

expEa/RT
Ea

(kJ/mol)
ηa = A′ × 103 ·

expEa/RT
Ea

(kJ/mol)

B1 M1 C1
4000 ηa = 0.66 · exp1130.7/T 9.4 ηa = 0.90 · exp1045.1/T 8.7 ηa = 0.83 · exp1074.8/T 8.9
9333 ηa = 1.19 · exp886.2/T 7.4 ηa = 1.92 · exp754.8/T 6.3 ηa = 1.62 · exp809.2/T 6.7

13,333 ηa = 1.84 · exp696.6/T 5.8 ηa = 2.50 · exp610.8/T 5.1 ηa = 3.22 · exp535.6/T 4.4
B2 M2 C2

4000 ηa = 0.97 · exp1030.8/T 8.6 ηa = 0.82 · exp1057.4/T 8.8 ηa = 0.77 · exp1093.4/T 9.1
9333 ηa = 1.98 · exp757.8/T 6.3 ηa = 1.19 · exp891.9/T 7.4 ηa = 1.52 · exp813.0/T 6.9

13,333 ηa = 3.18 · exp550.5/T 4.6 ηa = 2.04 · exp659.4/T 5.5 ηa = 2.35 · exp629.0/T 5.2
B3 M3 C3

4000 ηa = 1.38 · exp947.4/T 7.9 ηa = 0.66 · exp1127.9/T 9.4 ηa = 0.87 · exp1059.9/T 8.8
9333 ηa = 2.52 · exp710.8/T 5.9 ηa = 1.24 · exp872.6/T 7.2 ηa = 1.91 · exp759.2/T 6.3

13,333 ηa = 3.88 · exp519.8/T 4.3 ηa = 1.68 · exp711.9/T 5.9 ηa = 3.00 · exp559.1/T 4.6

4. Conclusions

The synthesis of a series bioesters, using soybean oil fatty acids as the acid component,
through three different technologies (in a bubble column reactor, in a reactor heated in a
microwave field, and in a classic batch reactor) was performed. Energetic evaluation of the
processes pointed out that the processes in the microwave field and in the bubble column
reactor are more energetic efficient then in the classic batch reactor. The physicochemical
and thermal properties of all esters were determined, and they present similar properties,
regardless of the used synthesis routes. Rheological comparative study shows a pseudo-
plastic behavior for all esters. Equations of dependence of share stress on share rate, and of
apparent viscosity on 1/T are proposed. Activation energy was determined for all samples
and revealed an opposite variation with the bioesters viscosity when increasing the number
of the carbon atoms in the alcohols from the constitution of esters. It should be noted
that the results obtained herein can contribute to the development of new applications
containing esters or to the synthesis of biopolymers using the low energy consumption and
environmental friendly technologies.
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Abstract: The issue of heavy metal and radionuclide contamination is still causing a great deal of
concern worldwide for environmental protection and industrial sites remediation. Various techniques
have been developed for surface decontamination aiming for high decontamination factors (DF) and
minimal environmental impact, but strippable polymeric nanocomposite coatings are some of the
best candidates in this area. In this study, novel strippable coatings for heavy metal and radionuclides
decontamination were developed based on the film-forming ability of polyvinyl alcohol, with the
remarkable metal retention capacity of bentonite nanoclay, together with the chelating ability of
sodium alginate and with “new-generation” “green” complexing agents: iminodisuccinic acid (IDS)
and 2-phosphonobutane-1,2,4-tricarboxylic acid (PBTC). These environmentally friendly water-based
decontamination solutions are capable of generating strippable polymeric films with optimized
mechanical and thermal properties while exhibiting high decontamination efficiency (DF ≈ 95–98%
for heavy metals tested on glass surface and DF ≈ 91–97% for radionuclides 241Am, 90Sr-Y and 137Cs
on metal, painted metal, plastic, and glass surfaces).

Keywords: “green” chelates; complexing agents; nanocomposite; strippable coating;
surface decontamination; heavy metal; radioactive material; radionuclide

1. Introduction

Over the last decades, many ecosystems have been altered by human activities, caus-
ing the contamination of the environment. Heavy metals, as well as radioactive materials,
have been extensively used in industrial applications, medicine, military activity, or var-
ious research fields. Despite strict loyalty to all laboratory safety procedures, it is still
very possible to encounter heavy metal or radionuclide contamination. During the use
of materials containing heavy metals or radioactive metals, various surfaces, such as
concrete, steel, glass, rubber, plastic materials, or painted surfaces, from a laboratory, a
shooting range [1,2], an industrial or a nuclear facility [3–5], can be contaminated with
these hazardous materials.

“Toxic metals”, including “heavy metals” or “radioactive metals”, are compounds
that pose severe environmental problems, negatively affecting the health and the safety of
humans at the same time. In very low concentrations, some heavy metals are necessary
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to support life, but at higher concentrations, they become poisonous due to their bioaccu-
mulation. Occupational exposure to lead is one of the most widespread overexposures.
High potential exposures sources include firing ranges, car batteries or pigment indus-
tries. Another prevalent heavy metal is mercury. Typical sources of mercury exposure
include mining and refining of gold and silver ores. Another category of “toxic metals” is
represented by radioactive metals. Radioactive metals are natural or synthetic isotopes of
natural non-radioactive metals that can release alpha (α), beta (β), and gamma (γ) radia-
tion [6] In certain circumstances, these metals can be useful for humans, being employed
for cancer treatment, material engineering, or for power generation. Uranium is one of
the most valuable radioactive material of the modern world. It is the main raw material
for nuclear bombs and nuclear power plants. Cesium and strontium are high-yield fission
products that are present in significant amounts in fuel pond waters and reprocessing
stream liquors [7]. Radioactive contamination can occur as a result of working with ra-
dioisotopes, an accident, or even a terrorist attack [8]. A nuclear explosion is followed by
the production of a considerable quantity of radioactive cesium isotope 137Cs (1.6 times
greater than 90Sr) [3]. 137Cs has long-term consequences due to relatively long half-life [9].
90Sr is utilized in medicine and industry, but it generates significant concerns regarding the
fallout from nuclear weapons or nuclear accidents. The probability of 90Sr being released
as a part of a nuclear reactor accident is lower than the one of 137Cs because it is much less
volatile, but 90Sr is probably the most hazardous element of the radioactive effect from a
nuclear weapon.

A major problem with exploiting radioactive metal is represented by wastes. Once
released into the environment they will result in possibly catastrophic effects that may last
long periods and cause malignant illnesses. While “high-level radioactive waste (HLW)”
mainly comes from spent fuel from commercial or research reactors, reprocessing of spent
fuel, nuclear weapons, or propulsions industry, “low-level radioactive waste (LLW)” comes
from hospitals and industry, as well as the nuclear fuel cycle [6]. External contamination
occurs when a heavy metal or a radioactive material, in the form of dust, powder, or
liquid, encounters an object or a person. External contamination can become internal if the
hazardous material enters their bodies through ingestion, inhalation, or skin. Unfortunately,
surface contamination with heavy metals and radioactive metals can, very often, become
airborne or can be easily transferred by contact [10].

Considering the significant number of environmental incidents caused by heavy
metals or radioactive materials, an overabundance of formulations for decontamination
have been developed, and described in the literature, to successfully address different
types of contamination scenarios. Efficient decontamination techniques are essential for
minimizing occupational exposures, facilitating waste management, restricting the po-
tential accidental release of hazardous materials, and allowing the reuse of some of the
components from nuclear reactors, industrial installations, laboratory equipment, shooting
ranges, etc. Well-weighted decisions must be taken when choosing between passing the
entire system through the decontamination process or replacing just the contaminated
equipment/component [11]. Several in situ chemical decontamination technologies, which
can be applied for the removal of these hazardous materials, have been developed: wiping
with textiles wetted with a decontamination solution [12]; wet vacuum treatment (when the
vacuum cleaner is charged with a decontamination solution) [13]; electrochemical decon-
tamination with use of external electrode [14]; foam decontamination [15]; decontamination
by etching pastes and gels [16]; decontamination by removable polymer coatings [5,17];
and decontamination by sorbents [16]. A major problem in chemical decontamination is
the production of a high volume of secondary waste that needs additional treatment for
radionuclides removal. Moreover, to increase the decontamination factor and accelerate
the decontamination process, chemical methods involve the use of concentrated acid so-
lutions and temperatures up to 70–90 ◦C, which could endanger the health and safety of
the workers that are manipulating these corrosive and toxic materials. Electrochemical
decontamination is limited by the size of the bath in which the contaminated object must
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be immersed and could not be used on an industrial scale [12]. Using strippable coatings
has the advantage of higher efficiency with simpler equipment, fewer chemical reagents,
and less waste volume. Among the above-mentioned techniques, decontamination by
removable polymer coatings is described in the literature as being the most rapid and
cost-efficient technique [16]. Koryakovskiy et al. explained that the application of pastes
and gels to the surface takes about 20 to 30 s/m2, while their removal takes additional 45 to
90 s/m2 or even more to wash the residues; still less productive is an electric brush having
a treatment rate of about 8 to 10 min/m2 or electrochemical methods, which are expensive
and difficult to manage [16].

It is very important to reduce the work time in the contaminated areas because pro-
longed exposure to these hazardous metals can lead to serious health and safety problems.
Moreover, finding a method to remove and fix the contaminants (in a polymeric matrix for
example), efficiently with the shortest possible personnel exposure time, is imperative. In
this context, removable polymer coatings fulfill most of the requirements listed above.

This method of decontamination was used for the first time on radioactively hazardous
facilities of the naval forces, on nuclear submarines. Since then, polyvinyl alcohol-based
decontamination formulations were used on a large scale. These polymeric compositions
were employed for Chernobyl accident response activities and displayed the highest
decontamination degrees for most of the contaminated materials [16].

However, despite the positive findings, certain problems remain regarding the remov-
able polymeric coatings. One of them is related to their chemical composition because
some of the film-forming decontamination solutions contain volatile solvents or corrosive
components. In addition, they contain “old-generation” chelating agents which are not
biodegradable, thus leading to supplementary disposal issues. Another problem is related
to their viscosity control, which also needs improvement, because the available commercial
solutions have low viscosities and poor adhesion to smooth surfaces and cause serious
problems for the decontamination of vertical surfaces, flowing down by gravity. As already
mentioned, decontamination of surfaces with strippable coatings is a technique that has
been extensively studied in the last decade, due to its multiple advantages, but especially
because it is a decontamination method that generates a considerably smaller amount of
post-treatment waste [10]. Even though polyvinyl alcohol (PVA), employed in nearly all
these types of strippable coatings, is a biodegradable polymer (in specific circumstances), it
is still a synthetic polymer and requires special conditions for biodegradation [18]. More-
over, PVA has gained attention lately, being among the major pollutants of industrial
wastewater in the textile industry [19]. Therefore, the environmental issues include not
only the well-known contaminating agents but also the polymeric materials due to the
problems arising from their subsequent disposal. Thus, finding solutions to improve the
biodegradability of these decontamination solutions should become a main concern for an
environmentally responsible collective attitude. Sodium alginate (SA) could represent an
adequate candidate for decontamination applications due to its unique set of properties.
SA is a biodegradable hydrophilic linear polysaccharide obtained from marine brown
algae [20]. The major advantage of alginates is represented by their liquid-gel behavior in
aqueous solutions, due to the ion exchange phenomenon that occurs between the sodium
ions in alginate and other divalent ions (calcium ions especially), leading to a gel structure
with higher viscosity. In the presence of divalent ions, the G-blocks of alginate participate at
the formation of the intermolecular crosslinking, thus gaining enhanced mechanical prop-
erties [21]. Depending on the concentration of divalent ions in the system, the crosslinking
process can be temporary or permanent. At lower concentrations of Ca ions, the tempo-
rary association of the chains can occur, leading to viscous, thixotropic solutions, while
at higher Ca ions concentrations precipitation or gelation will occur due to permanent
crosslinking phenomena [21]. In the literature, numerous papers have shown that the gel-
forming kinetics have a significant influence on its functional properties involving porosity,
swelling behavior, stability, biodegradability, gel strength, or biocompatibility [21,22].
Polysaccharides, including cellulose, chitosan, pectin, or alginate, possess the ability to
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produce films/coatings [23]. Numerous studies have revealed that some films obtained by
employing alginate displayed improved barrier and mechanical properties [23,24].

In the actual context, considering all the shortcomings of the existing decontamination
methods detailed above, this work describes a novel approach towards obtaining novel
water-based film-forming decontamination solutions, containing “green” chelates, for an
ecological tactic of efficiently removing heavy metals and radionuclides. These innovative
biodegradable solutions can generate resistant and easy-peelable polymeric nanocomposite
coatings, due to their specially designed composition, comprising a polymeric blend
(polyvinyl alcohol and sodium alginate), with excellent film-forming abilities conjoined
with the reinforcing effect brought by bentonite nanoclay. Once these aqueous solutions
are applied on the contaminated surface, the complexation of the contaminants occurs,
together with their entrapment in the polymer-clay system. After solvent evaporation,
they form resistant continuous films that can be easily removed from the surface by
simply being peeled off, thus ensuring fast and efficient decontamination. These modern
decontamination solutions generate a considerably lower volume of post-decontamination
wastes than the traditional methods. The material resulting after decontamination can
be easily compacted and temporarily stored in a special small container, until it can be
further disposed of as hazardous waste. Another purpose of this study was to evaluate
the effect obtained by reducing the PVA amount employed in the strippable coatings
through the introduction of SA, an eco-friendlier alternative. Thus, using different amounts
of SA, we were able to reduce the PVA concentration in the nanocomposite films while
ensuring the same performance: homogenous film-forming ability, ease of film removal,
thermal, and mechanical resistance. Another advantage brought by these alginate-based
solutions consists of the ability of SA to bind divalent heavy metal ions or radioactive
metals, which ensures higher decontamination degrees in this case. Moreover, these
novel alginate–based decontamination solutions have higher viscosities that increase in
the presence of divalent ions, due to the crosslinking phenomenon, thus allowing the
use of these decontamination solutions also on vertical surfaces. Decontamination can
possibly occur through two distinct paths: chemical interaction (complexation by “green”
chelating agents [25–27] or SA), and physical interaction (adsorption by bentonite nanoclay).
These two mechanisms, in conjunction with alginate crosslinking [28], enhance the overall
efficiency of the decontamination solutions.

The novelty of this work consists of an innovative way of combining the ability of
polyvinyl alcohol to produce films, with the remarkable adsorption capacity of bentonite
nanoclay, together with the chelating ability of alginate and “new-generation” “green”
complexing agents: iminodisuccinic acid (IDS) and 2-phosphonobutane-1,2,4-tricarboxylic
acid (PBTC), to obtain powerful, versatile, and environmentally-friendly water-based
solutions for surface decontamination of heavy metal or radioactive metals. Both “green”
chelating agents, PBTC and IDS, are well-known in literature for being efficient in chelating
metals in aquatic environments [29]. In comparison with the classical complexing agent
EDTA, these new generation “green” complexation agents are considered eco-friendly
materials, due to their biodegradability. From our knowledge, we report here for the first
time, a decontamination solution, containing two “green” chelates: PBTC and IDS, utilized
together with sodium alginate as a complexing agent and, at the same time, as an integrant
part of eco-friendly peelable polymeric coatings, for the efficient removal heavy metals or
radioactive metals from contaminated surfaces. This paper comprises structural, thermal,
and mechanical characterization of the newly synthesized nanocomposites through various
analytical techniques and decontamination tests on various types of surfaces (glass, metal,
painted metal, plastic, and textile sample from the CBRN individual protection equipment)
contaminated with heavy metals and three types of radioactive solutions: alpha (241Am),
beta (90(Sr−Y)) and gamma (137Cs).
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2. Experimental

2.1. Materials

Reagent: iminodisuccinic acid (IDS—BAYPURE® CX 100 solid G (>78% Iminodis-
uccinic acid Na4 salt, <15% Aspartic acid, Na2 salt, <5% Fumaric acid Na2 salt, <0.7%
Hydroxysuccinic acid, Na2 salt, <0.5% Maleic acid Na2 salt and <4% Water)—Lanxess,
Cologne, Germany), 2-phosphonobutane-1,2,4-tricarboxylic acid (PBTC—BAYHIBIT® AM
(40.0–42.5 % PBTC-Na4 content in water)—Lanxess, Cologne, Germany), poly(vinyl alcohol)
(PVA with 98–99% hydrolysis degree, DP ≈ 1700–1800, Mw ≈ 115000 Da—Loba Chemie,
Mumbai, India), nano-clay hydrophilic bentonite (BT, Sigma–Aldrich, St. Louis, MO, USA),
Glycerol ≥ 99% (GLY—Sigma–Aldrich, St. Louis, MO, USA); Sodium alginate (Special
Ingredients®, SA, Garlenda, Savona, Italy). Metal solutions: caesium sulphate (Cs2SO4—
99.99% trace metal basis, Sigma–Aldrich—0.005 M, 0.05 M and 0.5 M Cs2SO4 aqueous
solutions); lead standard for AAS (1000 mg/L ± 4 mg/L Pb in nitric acid, Sigma–Aldrich);
strontium standard for AAS (1000 mg/L ± 4 mg/L Sr in nitric acid, Sigma–Aldrich); cobalt
standard for AAS (1000 mg/L ± 4 mg/L Co in nitric acid, Sigma–Aldrich). Radioactive
solutions: 137Cs; 241Am; 90(Sr-Y). Tested surfaces: stainless steel sheets (10 mm × 10 mm ×
0.4 mm classical 18/8 stainless steel), galvanized metal sheets (10 mm × 10 mm × 0.4 mm),
brass sheets (10 mm × 10 mm × 0.5 mm) and cooper sheets (10 mm × 10 mm × 0.2 mm),
metal (100 mm × 100 mm × 0.5 mm, MIL-46100 military grade steel), painted metal (100
mm × 100 mm × 0.5 mm, paint based on urethane modified resin), plastic (100 mm × 100
mm × 1 mm, polycarbonate), glass (100 mm × 100 mm × 5 mm) and BC/SP2 (Romanian
Army Individual Protective Equipment (IPE) material sample (100 mm × 100 mm × 0.5
mm)).

2.2. Methods
2.2.1. Synthesis of the Decontamination Solutions

The water-based decontamination solutions were obtained according to the proce-
dure described below. The correlation between the composition of the decontamination
solutions and the sample IDs is summarized in Table 1. Every decontamination solution
contains water, 5% PVA, 1% BT nano-clay, 2.5% glycerol, and different sodium alginate
concentration (0%, 0.25%, 0.5%, 0.75%, or 1%), indicated in Table 1. Each of the last two
samples (GD-3-PBTC and GD-3-IDS), contained 1% chelating agent (CA). The aqueous
decontamination solutions were obtained through the following steps: the first one con-
sisted in the dissolution of the chelating agent in water (for GD-3-PBTC and GD-3-IDS
samples), followed by the dispersion of bentonite by ultrasonication. The next step con-
sisted in the addition of the alginate water solution, followed by the dissolution of PVA.
The last step consisted in the addition of glycerol. The solutions were stored at 2–5 ◦C
until they were employed for decontamination tests. All the decontamination solutions
containing SA exhibited a liquid-gel behavior in the presence of divalent ions, changing
from a relatively low viscosity solution to a gel structure. They were allowed to dry on the
target surface, forming thin films, which were subsequently removed by being peeled off.
The nanocomposite films were subjected to different analytical investigations, described in
Characterization Section 2.3.

2.2.2. Nanocomposite Films Preparation

To evaluate the properties of the nanocomposite films obtained from the decontami-
nation solutions, various analytic techniques were employed (described in the Character-
ization section). The films subjected to analysis were obtained through casting method.
Decontamination solutions were placed in rectangular glass molds (12 cm × 12 cm × 2 cm),
and they were allowed to dry on a plane horizontal surface, at room temperature and 50–55
relative humidity. Usually, the drying time for these film-forming materials is below 24 h,
depending on the thickness of the film and the environmental conditions.
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Table 1. Composition of the gel-forming decontamination solutions.

Sample ID SA (Weight %) * CA (Weight %) *

GD-0 0 0

GD-1 0.25 0

GD-2 0.5 0

GD-3 0.75 0

GD-4 1 0

GD-3-PBTC 0.75 1

GD-3-IDS 0.75 1
* % calculated from the total mass of the decontamination solution.

2.2.3. Controlled Contamination for SEM-EDS Analysis

Non-radioactive cesium was employed for evaluating in-depth and surface contam-
ination on three different types of metallic surfaces. For this purpose, Cs2SO4 solutions
were employed for the contamination of stainless-steel surfaces (square-shaped metallic
coupons: 1 cm × 1 cm × 0.05 cm) with 3 types of finishing: mirror-finish (SSMF), grinded-
finish (SSGF), and etched-finish (SSEF)—immersed in royal water). To reproduce in-depth
contamination [30], stainless steel coupons were immersed for 30 min of in 0.005 M Cs2SO4
aqueous solution followed by a thermal treatment at 700 ◦C, in a furnace, for 2 h. To simu-
late superficial contamination, three different concentrations of Cs2SO4 aqueous solutions
were employed: 0.005 M, 0.05 M, and 0.5 M. The metallic coupons were placed in Petri
dishes and the contamination solution was added until they were completely covered by
liquid. Then, the coupons were maintained at 40 ◦C until the complete evaporation of water.
For the decontamination tests, metallic coupon was covered with decontamination solution.
Once the drying process (complete evaporation of water, at 25 ◦C, approximately 8 h)
ended, the strippable coatings were easily peeled off from the metallic coupons. Both, poly-
meric films containing the contaminant and decontaminated surfaces were subsequently
subjected to SEM/EDS (Billerica, MA, USA) analysis. This investigation offered prelimi-
nary qualitative information about the decontamination process. To quantitatively evaluate
the decontamination efficiency, decontamination tests described below were performed.

2.2.4. Decontamination Tests

Decontamination tests aimed to evaluate the removal efficacy of herein reported de-
contamination solutions. For this purpose, controlled contamination with heavy metals and
radionuclides was performed prior to the decontamination step. For the evaluation of the
decontamination degree, two distinct analytic investigations were performed: (1) atomic
absorption spectrometry and (2) alpha, beta, and gamma radiation measurements.

2.2.5. Evaluation of the Decontamination Efficacy through Atomic Absorption
Spectrometry (AAS) Technique

For the controlled contamination with heavy metal, a standard solution of lead was
employed. Standard solutions containing Sr and Co were also utilized for controlled
contamination (as simulants for their analogous radionuclides). To obtain surfaces with
similar contamination degrees, 1 mL from each metal standard solution (Pb, Sr, and Co)
was placed in a distinct glass Petri dish (ϕ = 50 mm) and they were allowed to dry. Then,
the decontamination solutions (8 mL) were applied on the contaminated surfaces. After
being completely dried, they were easily peeled. Triplicate experiments were performed
for a better accuracy. Decontamination efficacy was evaluated by comparing the remnant
metal concentration from the surface with the initial concentration of contaminant. For
this analysis, after removing the strippable coatings, the Petri dishes were washed three
times with 5 mL of distilled water and the collected solutions (3 × 5 mL) constituted the
sample that were subjected to AAS investigation, to assess the remnant metal concen-
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tration on the decontaminated surface. The decontamination factor was calculated with
the following formula: DF = 100·(C0 − Cf)/C0 [4,30], where DF is the decontamination
factor, C0 is the initial metal concentration, and Cf is the final concentration, reflecting the
residual contamination.

In parallel, the concentration of “toxic metal” found in the polymeric nanocomposite
film was also calculated using the AAS technique. For this purpose, each of the polymeric
nanocomposite films obtained was dissolved in 50 mL of distilled water, sonicated, and
then centrifugated and filtered to obtain a clear aqueous solution that was also subjected to
AAS analysis. Since these samples required intermediary operations before being ready for
AAS analysis, we can use the concentrations obtained only to demonstrate the presence of
the “toxic metal” in the exfoliated film, and we can presume that the lacking amount of
contaminant remained fixed in the bentonite eliminated after centrifugation and filtration
steps. The differences between the values obtained for “toxic concentration” occur due to a
certain degree of uncertainty evaluated internally, for the performance of sample prepara-
tion procedures for AAS analysis. This consists in a cumulative uncertainty regarding the
measuring instruments, the human factor, and the analysis equipment. Losses also occur
in the process of extraction, filtration, and dilution. To minimize the uncertainty, triplicate
analyses were performed with the same sample, reporting the measured average value.
The data collected from these decontamination tests are useful for a better understanding of
the metallic contaminant removal process. As already mentioned above, these experiments
were repeated three times and the average value was reported.

2.2.6. Evaluation of the Decontamination Efficacy through Radiation Measurement

Three standard radioactive solutions, 241Am for alpha radiation, 90(Sr-Y) for beta
radiation, and 137Cs for gamma radiation, were employed for radioactive controlled con-
tamination of 5 types of surfaces: metal, painted metal, plastic, glass, and BC/SP2. The
radioactive controlled contamination was performed according to NATO standard AEP-
58 [4]. Every tested surface measured a 10 cm2 area and a specific quantity of each solution
was uniformly dispersed on the surfaces to reach a value between 30 ÷ 80 Bq/cm2 for
medium contamination level and 300 ÷ 800 Bq/cm2 for high contamination level. The
activity of the contaminated surface was measured at 10 min after the deposition of the
radioactive solution. After measuring the initial activity (Ai) of the surfaces, 10 mL of
decontamination solution was poured over the targeted area. The decontaminating so-
lution was allowed to cure and dry. After the completion of this step (after 24 h), the
coatings were peeled off and the final activity (Af) of the surface was measured again
immediately after the removal of the nanocomposite film. The decontamination factor (DF)
was calculated considering the initial activity of the contaminated surfaces and the final
activity of the decontaminated surface, with the aid of the following formula (equivalent
to the one utilized for heavy metals): DF = 100 (Ai − Af)/Ai, where Ai represents the
initial contamination (Bq/cm2) and Af represents the residual contamination (Bq/cm2),
measured after the removal of the nanocomposite film. DF was determined in accordance
with NATO standard AEP-58 [4]. The radioactive activity investigations were carried out
with Berthold dose/dose rate monitor. The measurements for each type of sample were
repeated three times and the average value was reported.

2.3. Characterization

FT-IR spectra were obtained with the aid of a Perkin Elmer Spectrum Two with a Pike
Miracle™ ATR modulus, at 4 cm−1 resolution, 550 to 4000 cm−1. Thermogravimetric analy-
sis (TGA) was performed on a Netzsch TG 209 F3 Tarsus instrument (Selb, Germany) under
nitrogen atmosphere, a flow rate of 20 mL/min, on samples weighting approximately 4 mg,
on a temperature ramp starting from ambient temperature up to 700 ◦C with 10 ◦C/min
heating rate. A 710 Titan 2 universal strength testing machine, equipped with a 3000 N
force cell was employed for tensile tests, performed according to ISO 37: 2011(E). The
dumbbell-shaped specimens were obtained from the strippable nanocomposite films using
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a cutting mold device that had 75 mm overall length. The test area implied a length of the
narrow section of about 25 ± 1 mm. The variation of the length and force was continuously
monitored with an accuracy of ±0.2% at a speed of 8.33 mm/s. Five specimens from
each sample were analyzed. The mean values obtained for each material were plotted
in a comparative stress–strain graph. To evaluate thermo-mechanical and viscoelastic
properties of the nanocomposite coatings, measurements were conducted on a Discovery
850 DMA-TA Instruments, in single cantilever-bending mode. Experiments were run on
samples (10 × 30 × 0.5 mm3 size), at a frequency of 1 Hz, and a temperature ramp starting
from −80 ◦C to 200 ◦C with a heating rate of 5 ◦C/min. SEM-EDS analysis was performed
with the aid of a Zeiss Gemini 500 microscope coupled with an XFlash 6 EDS detector
from Bruker (Billerica, MA, USA). All data from the EDS were analyzed using the ESPRIT
Software (version ESPRIT 2, Billerica, MA, USA). For the evaluation of the efficiency of
heavy metal removal we employed an atomic absorption spectrometer, PerkinElmer AAna-
lyst™ 800 (Waltham, MA, USA) high-performance with WinLab32 software (Perkin Elmer,
Waltham, MA, USA) for AA. The determinations were performed by subjecting samples
to electrothermal atomization in a graphite furnace. The radionuclides decontamination
efficiency was determined by measuring the activity of the targeted surfaces (contaminated
with 241Am, 90 (Sr-Y), and 137Cs), before and after decontamination, using Berthold L123
dose/dose rate monitor with specific detectors for alpha, beta, and gamma radiation.

3. Results and Discussion

The decontamination process with strippable coatings involves the following three
steps, presented in Scheme 1: (1) The decontamination solution is applied (poured or
sprayed) on the surface contaminated with the “toxic metal” (heavy metal or radioactive
metal). For exemplification, Scheme 1 describes contamination with cesium, because 137Cs
is one of the radionuclides investigated in this study, but it could be replaced with any other
metallic contaminant. The decontamination reaction occurs at the interface between the
aqueous decontamination solution and the contaminated metallic surface. If this solution
maintains its liquid state, contaminant ions are continuously extracted from the moistened
metallic surface into the decontamination solution through complexation and adsorption
mechanisms. As the solvent (water) is lost or the polymers undergo crosslinking, the
metallic contaminants are entrapped inside the matrix of the polymeric nanocomposite.
(2) After stage (1) is complete (less than 24 h), the dry nanocomposite film containing the
contaminant can be easily peeled off from the metallic surface. The strong interactions
between the components of these materials ensure the formation of a compact polymeric
nanocomposite film which maintains its integrity when it is detached from the surface.
(3) When the peeling process ends, the metallic surface is considered successfully decon-
taminated. The strippable coating containing the “toxic metals” should be compacted and
sealed in a small container towards final disposal. According to legislation requirements,
these materials should be disposed or incinerated as low-level waste [31], but their greatest
advantage is represented by the small volume of material generated post-decontamination.

The schematical illustration (Scheme 1) presents only the main mechanisms of action
of the active components from our decontamination solution: complexation (by chelating
agents) and physical interactions (specific interactions between nano-clay and contaminant
cations). Bentonite clay possesses five types of adsorption sites [32]: basal surface site
(planar site), interlayer site, hydrated interlayer site, edge site, and the frayed edge site (FES)
and their existence allows metal contaminants adsorption through distinct routes [32–34],
part of them drawn in Scheme 1. The chelating effect of SA is also a factor which influences
decontamination performances, but since it did not bring any outstanding improvements,
it was intentionally omitted from this scheme, for the ease of visualization.

The nanocomposite strippable coatings were obtained through casting method, as
described in Methods Section 2.2. Figure 1 illustrates the casting process. As can be seen
in Figure 1a, the decontamination solution can be easily transferred on the contaminated
surface. Depending on the surface type and position, these solutions can be simply poured

418



Polymers 2021, 13, 4194

onto the surface, applied with a roller or a brush, or they can be applied by spraying
technique. After being deposited on the targeted area, the decontamination process begins.
The decontamination solution is allowed to dry and after the complete evaporation of the
solvent (water), the nanocomposite film can be peeled off (Figure 1b), and thus the surface
is decontaminated. These decontamination formulations are customizable, because the
active ingredients of these decontamination solutions can be selected depending on the
targeted contaminating agent (chemical, biological, radiological, or nuclear contaminants).
In this study, “green” chelating agents and sodium alginate were employed, and the aim
was “toxic metals” (heavy metals and radioactive metals) removal.

 

Scheme 1. Schematic illustration of decontamination process: (1) application of the decontamination solution on the
contaminated surface; (2) decontamination process (exemplified by complexation or adsorption mechanisms); (3) removal
of the contaminants entrapped into the nanocomposite film.

 

Figure 1. Casting process: (a) decontamination solution is transferred on the contaminated surface;
(b) the surface is decontaminated after film removal.

The composition of the decontamination solutions and the interactions that occur
between the components have a significant influence on the performances of the strippable
coatings obtained. Thus, various decontamination formulations comprising different SA
concentrations (Table 1) were developed to establish which composition of the polymeric
matrix is adequate for this type of application.

The FT-IR spectra, illustrated in Figure 2, display the variation of the characteristic
peaks of the decontamination strippable coatings with the increase in SA concentration.
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Figure 2. FT-IR spectra of decontamination strippable coatings.

The O–H stretching vibrations at 3293 cm−1 were slightly shifted to 3288 cm−1, proba-
bly due to the supplementary hydrogen bonds brought by increasing the amount of SA
added in the decontamination solutions [35]. By increasing the concentration of SA, the
two peaks associated with the asymmetric O–C–O stretching vibrations at 1630 cm−1 and
1575 cm−1 merged into a singular peak visible at 1610 cm−1, confirming that the interaction
between SA and the other components of the decontamination films occurs also trough
the carboxylic groups. The intensity of the characteristic peak for bentonite (attributed
to Si–O stretching vibrations visible at 1029 cm−1) decreased with the addition of SA.
A clearer indication of the interaction between the Si-OH group from the nanoclay and
SA can be highlighted through a more visible peak, at 994 cm−1, also given by the Si–O
stretching vibrations. The specific peak for mannuronic acid sequence of SA was visible
at 820 cm−1, being slightly shifted in comparison with pure SA, due to the interactions
established between SA and the other components, mainly hydrogen bonds formation.
The peak at 850 is due to Si–O–Si vibrations, also slightly shifted in comparison with pure
bentonite spectra.

The thermal and mechanical properties of the decontamination strippable coatings
obtained by employing different concentrations of SA were investigated to establish the
optimal composition for these strippable coatings designed for surface decontamination.
Figure 3 illustrates the results of the TGA analysis performed on the synthesized materials
for the assessment of their thermal stability.

As can it be observed in Figure 3a, all the strippable films exhibited a first weight-
loss of approximately 8% (up to approximately 140 ◦C), probably due to the loss of the
residual water in their composition. Additionally, the results confirm the thermal stability
of the polymeric nanocomposite films up to 140–150 °C, after which a second weight-loss
stage is registered varying from 15% (GD-0, GD-1, and GD-2) to 7% (GD-3 and GD-4).
Therefore, the addition of SA led to a smaller weight-loss for the material in this temperature
range. As it can be noticed in Figure 3b, the peak at 220 °C, assigned to the third weight
loss step, is slightly shifted to higher temperatures in the case of GD-2, GD-3, and GD-4
samples; thus, the increase in SA concentration leads to a slightly increased thermal stability
for the samples, due to the higher number of hydrogen bonds established between SA
and PVA [36].
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(a) (b) 

Figure 3. TGA (a) and DTG (b) plots of decontamination strippable coatings.

Table 2 summarizes the results obtained from tensile tests. According to these results,
the strippable films containing SA possess a higher elasticity. Figure 4 describes the correla-
tion between the SA concentration and the mechanical properties of the nanocomposite
strippable films. The value of the elastic modulus (λ = σ/ε) increases with the addition
of SA, up to a concentration of approximately 0.8% SA, and then starts to decrease. Con-
sidering these results, an optimum amount of SA (approximatively 0.7–0.8%) permits the
reduction in PVA concentration, thus affording decontamination strippable coatings with a
lower environmental and superior mechanical and thermal properties.

Table 2. Mechanical properties nanocomposite films.

Sample ID
Measured Values Calculated Values

Lb (mm) Fm (N) σ = TSb (MPa) ε = Eb (%)

GD-0 182.1 ± 26.6 23.2 ± 3.5 3.6 ± 0.5 363.8 ± 53.1

GD-1 135.6 ± 20.3 28.5 ± 2.7 11.5 ± 1.3 271.2 ± 40.6

GD-2 55.9 ± 25.4 22.3 ± 1.9 8.4 ± 1.1 111.8 ± 50.8

GD-3 39.0 ± 6.5 33.6 ± 0.7 9.9 ± 1.0 82.1 ± 12.9

GD-4 29.5 ± 5.5 18.7 ± 5.9 6.9 ± 1.6 58.9 ± 5.5
Fm is the maximum force recorded. Tensile stress, σ, was calculated, according to ISO37:2011(E), taking into
account W (the average width of the narrow part of the specimen, mm) and t (the average thickness, mm): σ =
Fm/(W·t). Tensile strain, ε, was calculated, according to ISO37:2011(E), taking into account Lb (length at breaking,
mm) and L0 (the initial length, mm): ε = 100·(Lb − L0)/L0. TSb is the tensile strength at break (tensile stress
recorded at the moment of rupture). Eb stands for elongation at break. The average values for each sample were
reported.

Thus, based on the above-mentioned analyses, it can be observed that GD-3 possess
remarkable thermal properties and adequate mechanical properties for this type of ap-
plication. Therefore, the solution containing 0.75% Na-Alginate (GD-3) was chosen as
the basic polymeric matrix for the decontamination solutions containing also complexing
agents. Thus, starting from this point, the following tests were performed only on the
blank solution (GD-0), the solution with optimal level of alginate (GD-3), and the solutions
comprising both alginate and chelating agents (GD-3-PBTC and GD-3-IDS).

The investigation of viscoelastic behavior is important for a proper design of the strip-
pable coatings. Considering the results obtained from the tensile tests, which concluded
that GD-3 displayed the best mechanical characteristics, four types of polymeric composites
were selected to be subjected to DMA analysis: GD-0, GD-3, GD-3-PBTC, and GD-3-IDS.
Figure 5 illustrates the comparative graph between these four types of decontamination
polymeric composite films.
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Figure 4. Correlation between the SA concentration and the mechanical properties of the films.

 

Figure 5. Loss and storage modulus of strippable coatings.

DMA results revealed distinct viscoelastic behavior of the cured strippable coatings de-
pending on the chelating agents employed in the decontamination solutions. An adequate
viscoelasticity is important for the peeling process of these coatings because their compo-
nents should facilitate the final removal of the polymeric film from the decontaminated
surface, while ensuring a high decontamination performance. When a stress is applied to a
viscoelastic material [37] such as our decontamination coatings, during the peeling process,
some parts of the long polymer chain change their position and when the stress is taken
away, namely when the coating is completely peeled off, the accumulated back stresses will
bring the polymeric nanocomposite film to its original shape, because, theoretically, the
polymer chains will return to their initial position. When a stress is applied, the strippable
coatings possessing higher viscoelasticity (higher storage and loss modulus values) will
undergo a more significant molecular rearrangement. Whereas elasticity (described by
the variation of storage modulus) is related to bond stretching, viscosity (described by the
variation of loss modulus) is related to the diffusion of molecules inside an amorphous
material [38]. From Figure 5, we can conclude that storage and loss modulus decrease
in the following order: GD-0 > GD-3-PBTC > GD-3-IDS > GD-3, probably due to the
different number of hydrogen bonds established inside the polymeric nanocomposite and
depending on different strengths of these hydrogen bonds. The formed hydrogen-bonds
network is responsible for the mechanical and structural properties of a material. Therefore,
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according to the values obtained for storage and loss modulus, it can be noticed that the
strippable coatings without alginate and chelating agent exhibited the highest viscoelastic-
ity, the one with alginate displayed the lowest viscoelasticity, while the ones containing
IDS and PBTC display improved qualities compared to GD-3 [39].

The thermal properties of the polymeric nanocomposite films employed for decon-
tamination were determined using the DMA technique because it can detect molecular
relaxations, such as glass transition temperatures (Tg), with a higher accuracy than DSC
or DTA [40,41]. According to the tan delta (δ) plots (Figure 6), the strippable coatings
displayed an apparent double glass transition temperature (Table 3). This property was
predictable because neat PVA (the polymer matrix employed in these decontamination
nanocomposite films) shows typical behavior of a semi-crystalline polymer with two transi-
tion regions as well: Tg1 ≈ 30–60 ◦C and Tg2 ≈ 80–150 ◦C [39,42]. Our PVA nanocomposite
peelable films possess significantly lower glass transition values due to their higher flexibil-
ity given by glycerol and the other additives. Therefore, the lower temperature amorphous
glass transition, Tg1, varies from −61.8 ◦C to −51.6 ◦C and could be associated with the
glass-rubber transition of the amorphous phase of the polyvinyl alcohol composites while
the higher amorphous glass transitions, Tg2, varies from 5.7 ◦C to 14.6 ◦C and could be
assigned to the relaxation of the PVA crystalline domains, representing the temperature
range where amorphous, rubbery, and crystalline domains coexist [39,42,43]. Alginate and
the chelating agents employed in these decontamination coatings also influence glass tran-
sition due to the interactions with the polymeric chain. The hydrogen bonds established
between the hydroxyl groups of PVA and the other components of the strippable coating,
influence the polymer chains mobility; therefore, both glass transition temperatures will be
different for each strippable coating, depending on their composition, as can be observed
in Table 3.

 

Figure 6. Tan Delta of strippable coatings.

Table 3. Characteristic temperatures * for the polymeric films.

Name Tg1 (◦C) Tg2 (◦C)

GD-3 −51.6 14.6

GD-3-IDS −61.8 5.7

GD-3-PBTC −56.7 10.3

GD-0 −61.5 8.7
* Tg1 and Tg2 correspond to the maximum value of each of the two tan delta peaks.
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After characterizing the peelable coatings employed for decontamination, the next ob-
jectives consisted of the evaluation of the decontamination efficiency. This goal was accom-
plished through various analytical techniques: SEM-EDS, AAS, and radiation measurements.

The morphological evaluation of the targeted surfaces, prior- and post-decontamination,
offered a preview on the decontamination efficiency through the qualitative information
offered by this technique. Since decontamination performances also depend on the type
of surface that requires decontamination, SEM/EDS analyses were carried out to observe
the contaminant behavior on three types of stainless-steel surfaces: mirror-finish (SSMF),
grinded-finish (SSGF), and etched-finish (SSEF). SEM analyses are made in a controlled
environment, which cannot be contaminated with radioactive materials; thus, for these
analyses, we employed 133Cs as simulant for 137Cs. For the controlled contamination
of the above-described surfaces, a 0.005 M Cs2SO4 aqueous solution was utilized. The
dispersion-pattern of the contaminant on each surface depends on the roughness of the
employed material. As shown in Figure 7a, when applied to a mirror-finish metallic sur-
face, contaminant droplets tend to clump in one place. The molecules of these aqueous
droplets are held together by strong cohesive forces that are intermolecular attractive forces,
which leads to the formation of large crystals that exhibit low-adhesion forces towards
the mirror-finish metallic surface; therefore, they were easily removed using strippable
coatings method. When surface roughness increases, the contaminant droplets tend to
spread much more along the axes of the cracks: linear direction on grinded-finish stainless
steel (Figure 7b), and dendritic direction on etched-finished stainless steel (Figure 7c), thus
penetrating the interstices of the material.

 

Figure 7. SEM images of cesium surface contamination patterns on different types of surfaces (before decontamination):
(a) mirror-finish stainless steel, (b) grinded-finish stainless steel, and (c) etched-finish stainless steel.

For the controlled contamination process, we tried to reproduce cesium contamination
at levels representative of those found in the nuclear industry, namely we started with
5 mM (C1) of Cs2SO4 aqueous solution, a similar concentration with those mentioned in
the literature [7,44]. After being subjected to the controlled contamination process, stainless-
steel samples were further analyzed by the EDS technique, the mean values, and standard
deviations for the determined and calculated values are reported in Table 4. The results
obtained through SEM-EDS technique for the metallic samples subjected to controlled
“artificial in-depth contamination”, with C1 at 700 ◦C, did not render major differences
in terms of decontamination factors obtained, since cesium could not be detected on the
tested surface after decontamination. The only difference, when compared to superficial
contamination with C1, consisted of the aspect of the contaminated surface after being
subjected to the thermal treatment and the visible solid residues entrapped in the polymeric
films (Figure S2 Supplementary Material). Since this attempt led to quite similar results
with the samples subjected to “superficial” contamination, only the results obtained for
superficial contamination are worth to be further detailed.

As expected, the relative atomic concentration (at.%) [45] was higher on mirror-
finish surfaces where the droplets tended to agglomerate, and was lower in the cases of
grinded-finish and etched-finish surfaces, according to the increasing number of surface
imperfections, as, in these cases, the contaminant spread on the higher surface while
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also entering the pores and cracks of the metallic sheets, leading, at the same time, to
in-depth contamination.

Table 4. EDS analysis of the control sample.

No. Type of Surface Cs (at. %) * Cs (wt.%) *
Cs Abs. Error

(%) **

1 SSMF 15.23 58.48 2.42

2 SSGF 10.12 40.22 0.83

3 SSEF 3.74 15.74 0.3
* Detailed in Supplementary Material in Figures S3–S5 and Tables S2–S4, respectively. The values reported for
wt% and at% were calculated using the Bruker ESPRIT QUANTAX software of the scanning electron microscope.
** Abs. Errors (%) were calculate by Bruker ESPRIT QUANTAX software at 3 sigma for a single determination.

After the controlled contamination step, the decontamination solutions were poured
over the contaminated surfaces and allowed to dry. All four types of decontamination
solutions (GD-0, GD-3, GD-3-PBTC, and GD-3-IDS) were tested on mirror-finish, grinded-
finish, and etched-finish stainless steel samples. Figure 8 illustrates the stainless-steel
surfaces after the peeling process. Even though some polymer traces, probably resulting
from the peeling process, are slightly observable, cesium crystals were not visible anymore.
Thus, this information can serve as a screening method for the preliminary performance
evaluation of the strippable films, thus confirming that all the four strippable coatings can
be considered efficient for this type of surfaces, because the amount of residual cesium was
undetectable after decontamination. Even if supplementary investigations were performed
to prove and quantify the decontamination efficiency, SEM-EDS analysis offered, however,
a reasonable preview of decontaminated surfaces.

Figure 8. SEM images of surfaces (after decontamination): (a) mirror-finish stainless steel, (b) grinded-finish stainless
steel and, (c) etched-finish stainless steel. (These surfaces were contaminated with 0.005 M Cs2SO4 (C1) solution and
decontaminated with GD-3-IDS.)

SEM-EDS analysis was also performed at higher contamination levels compared to
those found in the literature, for a rough estimation of the upper limit of Cs retention in the
polymeric coatings. For this purpose, two supplementary concentrated Cs2SO4 aqueous
solutions (0.05 M (C2) and 0.5 M (C3)) were employed to find a correlation between the
amount of Cs on the metallic surface and the upper limit of Cs retention in the polymeric
coatings. The behavior of these strippable coatings on other types of metallic surfaces was
also evaluated using galvanized metal (GM), brass (BS), and cooper substrates (CS). These
three types of metallic surfaces (GM, BS, and CS) were contaminated with 0.005 M (C1),
0.05 M (C2), and 0.5 M (C3) Cs2SO4 aqueous solutions. Contamination and decontamina-
tion were performed according to the same procedure (described for C1) for all samples,
but different amounts of residual cesium were still detected on some of the metallic sur-
faces, as can be observed in Table 5. Successful decontamination results were obtained for
the metallic coupons contaminated with the lowest concentration of Cs (C1). For C1, after
peeling the strippable decontamination coatings, undetectable amounts of residual cesium
or a maximum of 0.66 Cs (at. %) for SC2-PBTC were measured for GMS. When the level of
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contamination was increased, using 0.05 M (C2) and 0.5 M (C3) Cs2SO4, decontamination
efficiency seemed to decrease. From Table 5, it can be noticed that after decontamination,
residual Cs levels increased, according to the contamination level (C3 > C2 > C1), but
the residual levels are also influenced by the type of the surface and the decontamination
solution employed. Even so, for the usual contamination levels (C1) found in the literature
for the nuclear industry, GD-3-IDS displayed the best decontamination performances, for
all the tested surfaces; because in this case, the residual cesium was undetectable after
decontamination. Figure 9 showed that employing different types of metallic surfaces led
to Cs2SO4 crystals with distinct shapes, depending on the interaction with these metals.
Therefore, on brass surfaces, the crystals have an elongated hexagonal shape, and on galva-
nized metal and copper surfaces, the crystals have a dendritic shape. When comparing the
SEM images from Figure 9 with the ones illustrated in Figure 8, corelated with the data
from Table 5, it can be noticed that as expected, the polymeric nanocomposite films become
less efficient at higher levels of contamination (concentrations higher than 0.005 M). Thus, if
this extreme situation were to be encountered in real contamination circumstances, several
repeated decontamination procedures would be required for the complete removal of the
contaminant. Another solution could be to increase the concentration of the chelating agent,
but this might induce modifications in the properties of the strippable nanocomposite film,
which is not desirable because it might reduce its performance.

Table 5. EDS—comparative evaluation of the remnant contaminant after decontamination (means not detectable).

GD-3-IDS

Concentration C1 C2 C3

Surface GM BS CS GM BS CS GM BS CS

Cs (at. %)
experimental - - - 2.97 ± 0.36 1.29 ± 0.21 3.01 ± 0.15 9.47 ± 0.46 4.96 ± 0.36 5.22 ± 0.35

Cs (wt.%)
calculated - - - 10.83 8.37 6.09 37.23 28.98 30.06

GD-3-PBTC

Concentration C1 C2 C3

Surface GM BS CS GM BS CS GM BS CS

Cs (at. %)
experimental 0.66 ± 0.12 - - 2.46 ± 0.28 2.67 ± 0.19 3.95 ± 0.18 4.79 ± 0.37 6.45 ± 0.34 9.86 ± 0.42

Cs (wt.%)
calculated 2 - - 8.97 9.29 9.09 18.25 19.68 40.6

It is useful to reiterate that the SEM-EDS method was employed only as screening
method, the data obtained being useful only as preliminary results and complementary
information for further investigations. Supplementary analyses with higher accuracy,
which offer the possibility of better quantifying the contamination/decontamination levels,
calculated according to AEP-58 NATO standard, were further employed (AAS technique
and measurement of the activity of the radioactive materials) and are described in the
following section of the study.

Decontamination Tests

Heavy metal uptake capacity of the strippable coating was evaluated by applying
the decontamination solutions on glass surfaces contaminated with lead (Pb), strontium
(Sr), and cobalt (Co), employed in this experiment as simulants for their radioactive
analogues, were also subjected to the same procedure of analysis. Atomic adsorption
spectrometry (AAS) was utilized to assess the concentration of “toxic metals” before and
after decontamination. The data obtained from AAS analysis were utilized to calculate
the decontamination efficacy of each solution, for every metal. The decontamination
factor, DF = 100 (C0 − Cf)/C0 (DF is the decontamination factor, C0 is the initial metal
concentration, and Cf is the final concentration) was calculated. Figure 10 illustrates a
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comparative plot comprising the results obtained for glass surfaces contaminated with Pb,
Sr, and Co.

 

Figure 9. Exemplification of SEM images after decontamination and EDS elemental mapping of Cs, S, and O (the metallic
surfaces: (a) brass surface (BS), (b) galvanized metal surface (GM), and (c) copper surface (CS) contaminated with 0.05 M
Cs2SO4 (C2) solution and decontaminated with GD-3-IDS.

Figure 10. Efficacy of the strippable coatings for toxic metals removal illustrated (DF calculus based
on the concentration of metal before and after decontamination).

For each metal tested, different decontamination degrees were reached, depending on
the intensity of the interaction between the targeted metal and the surface on which it was
deposited and the interaction with the components of the decontamination solutions. As it
can be observed in Figure 10, the reference sample (Bk0), exhibited lower decontamination
efficiency for all the three metals tested, because, in this case, metal uptake involved only
the physical interactions established between the nanoclay adsorbent and the contaminant.
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The metallic contaminant was entrapped and fixed in the matrix of the nanocomposite, and
it was removed along with the exfoliation of the dry nanocomposite film. The influence
of SA on the decontamination efficiency can be deduced from the values obtained and
presented in Figure 10 with Alg label attributed to GD-3 decontamination solution. The
chelating ability of sodium alginate significantly improved the decontamination perfor-
mances, obtaining higher DF for all the metals tested. The “green chelates”, IDS and PBTC
had a significant positive influence on the decontamination efficacy of the solutions, con-
firmed by the results presented in Figure 10 (Alg-PBTC refers to GD-3-PBTC and Alg-IDS
refers to GD-3-IDS). These results showed that IDS led to higher decontamination factors
(as anticipated from the preliminary data obtained from SEM-EDS analysis). Therefore,
these experiments proved the influence of each of the components on the performances
of the decontamination solutions, showing that GD-3-IDS, especially, can be successfully
employed for the removal of heavy metals from the contaminated surfaces.

Figure 11 offers information about the presence and abundance of the metals in the
nanocomposite coatings after decontamination. However, because the process of obtain-
ing clear AAS solutions required intermediary steps in this case (described in Methods
Section 2.2), we cannot retrieve the expected concentration of metal in the values obtained,
probably because a part of the metallic contaminant was fixed by bentonite. Even so,
most of the contamination can be retrieved in Figure 11, while the results summarized in
Figure 10 showed that on the decontaminated surface the toxic metals were only found
as traces.

 
(a) 

  
(b) (c) 

Figure 11. (a) Concentration of toxic metals found in the peeled nanocomposite film after decontamination; (b) SEM image
of the nanocomposite film after decontamination of lead; (c) EDS image displaying C, O, and Pb elements present in the
film obtained after decontamination of lead.
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The most relevant tests in this study are represented by the decontamination inves-
tigations performed on radioactive materials. For this purpose, we used five different
types of surfaces (metal-M, painted metal-PM, plastic-P, glass-G, and CBRN protective
material—BC/SP2) and three radioactive solutions to generate alpha (241Am), beta (90(Sr-
Y)), and gamma (137Cs) contamination. The decontamination solution employed for these
experiments was GD-3-IDS, due to its remarkable efficiency, sustained by the previous
results obtained in this study. The decontamination method herein described is in accor-
dance with AEP-58 NATO standard. This military standard also establishes the minimal
requirements for a new decontamination method to be considered efficient: the decontam-
ination factor must have a value higher than 90% [4]. The results depicted in Figure 12
demonstrate that this criterion was successfully reached by GD-3-IDS decontamination
solution. As can be seen, all the decontamination factors obtained indicated values above
90%, thus demonstrating that GD-3-IDS polymeric nanocomposite coatings efficiently
removed radioactive contamination.

 
(a) (b) 

Figure 12. Decontamination factors obtained for GD-3-IDS decontamination solution in two distinct scenarios: (a) medium
contamination and (b) high contamination (PM—painted metal; M—metal; P—plastic; G—glass; and BC/SP2—CBRN
protective material).

In the first scenario described in Figure 12 implied a medium contamination level
of 30 ÷ 80 Bq/cm2 while the second scenario implied a high contamination level of
300 ÷ 800 Bq/cm2. 241Am was tested only in medium contamination scenario, due to
safety reasons. From Figure 12, it can be noted that decontamination efficiency of GD-3-
IDS varies with the type of targeted surface, probably due to the different adherence of
the polymeric matrix to each substrate and with the type of radionuclide employed for
contamination. This can be explained by the different interactions established between
the contaminant and the contaminated surface, and between the contaminant and the
components of the decontamination solution (GD-3-IDS).

The advanced performances of the decontamination solutions developed in this study
are sustained especially by the high contamination scenario, because even at this high
contamination level, GD-3-IDS still managed to reach the 90%DF imposed by NATO
standards. Therefore, even if the values obtained for DF were lower in high contamination
than in the case of medium contamination, the strippable nanocomposite films can still be
considered efficient in removing 241Am, 90(Sr-Y), and 137Cs contaminants.

429



Polymers 2021, 13, 4194

4. Conclusions

Novel environmentally friendly surface decontamination solutions were successfully
prepared based on PVA/SA/GLY/BT/IDS or PBTC aqueous mixtures. After deposition
and during drying the solutions were capable to entrap heavy metals and radionuclide
contaminants using physical and chemical processes by generating a composite poly-
meric film with good wetting capability on a large variety of solid surfaces displaying
peeling-off capacity.

Chemical, mechanical, and thermal characterization of the polymeric films were
performed using FTIR, tensile tests, TGA, and DMA techniques showing the influence
of each component and allowing further optimization and selection of the formula for
decontamination performance tests.

Controlled contaminations were performed on various surfaces metals (with different
finishes), painted metal, plastic, glass, and CBRN protective material, according to NATO
standard AEP-58 and using typical concentrations (or above) for contaminated sites found
in the literature.

The decontamination effectiveness was first evaluated in a qualitative manner us-
ing SEM-EDS techniques followed by a quantitative approach employing AAS and sur-
face activity measurements on live radioactive agents. The influence of SA, IDS, PBTC
concentrations, and surface type over the DF was also emphasized. The presence of
sodium alginate, and especially of chelating agents IDS/PBTC, decisively improves the
decontamination factor.

Solution GD-3-IDS containing 5% PVA, 1% BT nano-clay, 2.5% glycerol, 0.75% sodium
alginate, and 1% IDS chelating agent showed the best results as having decontamination
factors that overpassed the DF imposed by NATO standards [4], DF being ≥90% for all
surfaces tested and for the highest contaminations.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13234194/s1. Figure S1—Different types of “polishing” for the stainless-steel coupons
employed for decontamination tests prior to contamination step; Figure S2—Contamination
(a) immersion in Cs2SO4 aqueous solution (C1 = 0.005 M); (b) “in-depth” contamination at 700 ◦C;
(c) metallic coupons after in-depth decontamination; and Decontamination processes (d) applying one
of the decontamination solutions; (e) peeled film; (f) different types of metallic samples prepared for
SEM-EDS analysis after decontamination; Table S1—AAS instrumental parameters; Figure S3—EDS
spectrum for SSMF contaminated with Cs; Table S2—Values obtained from EDS analysis for SSMF
contaminated with Cs; Figure S4—EDS spectrum for SSGF contaminated with Cs; Table S3—Values
obtained from EDS analysis for SSGF contaminated with Cs; Figure S5—EDS spectrum for SSEF
contaminated with Cs; Table S4—Values obtained from EDS analysis for SSEF contaminated with Cs.

Author Contributions: Conceptualization, G.T., D.P., A.D., T.R., E.R. and R.G.; methodology, G.T.,
D.P., L.L. and T.R.; software, A.M., D.P., B.P., F.D., O.I. and M.U.; validation, G.T., D.P., A.D., T.R.
and E.R.; formal analysis, G.T., D.P., A.D., A.M., R.G., A.P., A.M., B.P., L.L., F.A., S.A.B. and O.I.;
investigation, G.T., D.P., A.D., A.M., R.G., F.A., S.A.B., L.L., F.D., A.P., A.M. and B.P.; resources, G.T.,
T.R., A.M., A.D., L.L. and R.G.; data curation, G.T., D.P., F.D., M.U., O.I., A.P., A.M., B.P. and F.A.;
writing—original draft preparation, G.T., D.P., T.R., A.D., E.R. and R.G.; writing—review and editing,
G.T., D.P., T.R., A.M., A.D., E.R., A.P., R.G., F.A., O.I., S.A.B., B.P., M.U., F.D. and L.L.; visualization,
G.T., D.P., R.G., A.M. and F.D.; supervision, G.T., A.D., T.R., L.L. and E.R.; project administration,
G.T., A.M., R.G., A.D., L.L. and T.R.; funding acquisition, G.T., A.M., R.G., L.L., A.D. and T.R. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by a grant of the Ministry of Research, Innovation and Digiti-
zation, CNCS/CCCDI—UEFISCDI through the National Project PN-III-P2–2.1-PTE-2019–0400, ctr.
No. 49PTE/2020. L.L. would like to acknowledge the financial support of the Romanian Ministry of
Research and Innovation and UEFISCDI through the Project PN-III-P2-2.1-PED-2019-1411, and Core
Program PN19-03 (contract no. 21 N/08.02.2019).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

430



Polymers 2021, 13, 4194

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: A.D. gratefully acknowledges financial support from the Competitiveness
Operational Program 2014–2020, Action 1.1.3: Creating synergies with RDI actions of the EU’s
HORIZON 2020 framework program and other international RDI programs, MySMIS Code 108792,
Acronym project “UPB4H”, financed by contract: 250/11.05.2020. Authors are also grateful to Lanxess
for donating the complexing agent BAYPURE® CX 100 and BAYHIBIT®. The article processing
charges were supported by the Military Technical Academy “Ferdinand I”.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Toader, G.; Stănescu, P.-O.; Zecheru, T.; Rotariu, T.; El-Ghayoury, A.; Teodorescu, M. Water-based strippable coatings containing
bentonite clay for heavy metal surface decontamination. Arab. J. Chem. 2019, 12, 4026–4034. [CrossRef]

2. Pulpea, D.; Rotariu, T.; Toader, G.; Pulpea, G.B.; Neculae, V.; Teodorescu, M. Decontamination of radioactive hazardous materials
by using novel biodegradable strippable coatings and new generation complexing agents. Chemosphere 2020, 258, 127227.
[CrossRef]

3. Whicker, F.W.; Eisenbud, M.; Gesell, T. Environmental Radioactivity from Natural, Industrial and Military Sources, 4th ed.; Academic
Press: Cambridge, MA, USA, 1997.

4. AEP. AEP-58. Combined Operational Characteristics, Technical Specifications, Test Procedures And Evaluation Criteria For Chemical,
Biological, Radiological And Nuclear Decontamination Equipment; NATO Standard: Brussels, Belgium, 2013.

5. Gray, H.N.; Jorgensen, B.; McClaugherty, D.L.; Kippenberger, A. Smart Polymeric Coatings for Surface Decontamination. Ind.
Eng. Chem. Res. 2001, 40, 3540–3546. [CrossRef]

6. Ying, L.; Li, N. Chapter 8. In Membrane-Based Separations in Metallurgy; Jiang, L.Y., Li, N., Eds.; Elsevier: Amsterdam, The
Netherlands, 2017; pp. 391–402.

7. Lang, A.R.; Engelberg, D.; Walther, C.; Weiss, M.; Bosco, H.; Jenkins, A.; Livens, F.R.; Law, G.T.W. Cesium and Strontium
Contamination of Nuclear Plant Stainless Steel: Implications for Decommissioning and Waste Minimization. ACS Omega 2019, 4,
14420–14429. [CrossRef]

8. Aono, H.; Takahashi, R.; Itagaki, Y.; Johan, E.; Matsue, N. Cs immobilization using the formation of the glassy phase by the
heat-treatment of natural mordenite. J. Nucl. Mater. 2018, 508, 20–25. [CrossRef]

9. Claverie, M.; Garcia, J.; Prevost, T.; Brendlé, J.; Limousy, L. Inorganic and Hybrid (Organic–Inorganic) Lamellar Materials for
Heavy metals and Radionuclides Capture in Energy Wastes Management—A Review. Materials 2019, 12, 1399. [CrossRef]

10. Yang, H.-M.; Park, C.W.; Lee, K.-W. Polymeric coatings for surface decontamination and ecofriendly volume reduction of
radioactive waste after use. Prog. Nucl. Energy 2018, 104, 67–74. [CrossRef]

11. Kinnunen, P. ANTIOXI—Decontamination Techniques for Activity Removal in Nuclear Environments; VTT Technical Research Centre
of Finland: Espoo, Finland, 2008.

12. NEA. Decontamination Techniques Used in Decommissioning Activities; Nuclear Energy Agency: Paris, France, 1999.
13. International-Atomic-Energy-Agency. Innovative and Adaptive Technologies in Decommissioning of Nuclear Facilities. In Waste

Technology Section; International-Atomic-Energy-Agency: Vienna, Austria, 2008; Volume IAEA-TECDOC-1602.
14. Grebennikova, T.; Jones, A.N.; Sharrad, C.A. Electrochemical decontamination of irradiated nuclear graphite from corrosion and

fission products using molten salt. Energy Environ. Sci. 2021, 14, 5501–5512. [CrossRef]
15. Yoon, I.-H.; Yoon, S.B.; Sihn, Y.; Choi, M.-S.; Jung, C.-H.; Choi, W.-K. Stabilizing decontamination foam using surface-modified

silica nanoparticles containing chemical reagent: Foam stability, structures, and dispersion properties. RSC Adv. 2021, 11,
1841–1849. [CrossRef]

16. Koryakovskiy, Y.S.; Doilnitsyn, V.A.; Akatov, A.A. Improving the efficiency of fixed radionuclides’ removal by chemical decon-
tamination of surfaces in situ. Nucl. Energy Technol. 2019, 5, 155–161. [CrossRef]

17. He, Z.-Y.; Li, Y.-T.; Zhang, Q.-P.; Li, Y.-J.; Liu, D.-L.; Xiao, Z.-Q.; Zhang, S.-F.; Zhou, Y.-L.; Luo, D.L. Study on the Influencing
Factors in the Process of Surface Strippable Decontaminant. Coatings 2020, 10, 649. [CrossRef]

18. Wu, H.F.; Yue, L.Z.; Jiang, S.L.; Lu, Y.Q.; Wu, Y.X.; Wan, Z.Y. Biodegradation of polyvinyl alcohol by different dominant degrading
bacterial strains in a baffled anaerobic bioreactor. Water Sci. Technol. 2019, 79, 2005–2012. [CrossRef]

19. Halima, N.B. Poly(vinyl alcohol): Review of its promising applications and insights into biodegradation. RSC Adv. 2016, 6,
39823–39832. [CrossRef]

20. Baldevraj, R.S.M.; Jagadish, R.S. Incorporation of chemical antimicrobial agents into polymeric films for food packaging. In
Multifunctional and Nanoreinforced Polymers for Food Packaging; Woodhead Publishing: Sawston, UK, 2011; pp. 386–390.

21. George, M.; Abraham, T.E. Polyionic hydrocolloids for the intestinal delivery of protein drugs: Alginate and chitosan–A review. J.
Control Release 2006, 114, 1–14. [CrossRef]

22. Lei, Q.; Huang, Z.Y.; Pan, J.Z.; Bao, J.Q.; Xun, Q.N. Effect of Sodium Alginate on the Properties of Composite Protein Films. Appl.
Mech. Mater. 2014, 541–542, 49–56. [CrossRef]

431



Polymers 2021, 13, 4194

23. Castro-Yobal, M.A. Evaluation of physicochemical properties of film-based alginate for food packing applications. e-Polymers
2021, 21, 82–95. [CrossRef]

24. Li, J.; He, J.; Huang, Y.; Li, D.; Chen, X. Improving surface and mechanical properties of alginate films by using ethanol as a
co-solvent during external gelation. Carbohydr. Polym. 2015, 123, 208–216. [CrossRef]

25. Begum, Z.A.; Rahman, I.M.M.; Tate, Y.; Sawai, H.; Maki, T.; Hasegawa, H. Remediation of toxic metal contaminated soil by
washing with biodegradable aminopolycarboxylate chelants. Chemosphere 2012, 87, 1161–1170. [CrossRef]

26. Sahu, A.; Rane, N.V.; Lodaya, B.G.; Pandit, A.B. Green synthesis and kinetic study of eco-friendly chelating agent by hydrothermal
process for remediation of heavy metals. Indian Chem. Eng. 2021, 1–16. [CrossRef]

27. Nowack, B. Chelating agents and the environment. Environ. Pollut. 2008, 153, 1–2. [CrossRef]
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Abstract: The effect of a long alkyl end group on the thermal and structural properties of RAFT
(reversible addition-fragmentation chain transfer)-polymerized poly(stearyl acrylate) (PSA) was
investigated. RAFT-polymerized PSA was prepared using 2-cyano-2-[(dodecylsulfanylthiocarbonyl)
sulfanyl] propane (CDTP) with long alkyl group as a chain transfer agent and azobisisobutyronitrile
(AIBN) as an initiator. The RAFT polymerization resulted in the polymerized structure having
trithiocarbonyl (TTC) at one end and isobutyronitrile at the other end. RAFT-polymerized PSA was
prepared with two different molecular weights. The TTC end group was replaced by isobutyronitrile
using radical reaction with AIBN through optimization of the conditions, which resulted in isobu-
tyronitrile at both ends. The effect of the end group on the thermal and structural properties was
investigated using differential scanning calorimetry and X-ray diffraction, and the results indicated
that the long alkyl group from TTC lowers the melting point and semi-crystalline structure in the
case of low molecular weight PSA.

Keywords: RAFT polymerization; poly(stearyl acrylate); poly(octadecyl acrylate); semi-crystalline
polymer; side chain crystalline polymer; end group effect

1. Introduction

End group modification of polymers has received considerable attention, especially
for polymers with specific functional groups as side chains, such as polyacrylate and
polyacrylamide, with an aim to further improve functionalization toward various applica-
tions [1–4]. There are two end groups for linear polymers without branching structures,
and the influence of the end groups is significant when the molecular weight of the polymer
is lower. Reports related to polymers with narrow molecular weight distribution produced
by living radical polymerization has recently increased in a drive to enhance the effect of
end groups with reproducibility and uniformity.

Although there are various methods for living radical polymerization, reversible
addition-fragmentation chain transfer (RAFT) polymerization has been frequently uti-
lized for various monomers, such as conjugated vinyl monomers (i.e., acrylate) and non-
conjugated monomers (i.e., vinyl acetate) by optimization of the chain transfer agents
(CTAs) [5–9]. There have been many previous reports on RAFT-polymerized polymers
with trithiocarbonyl (TTC) groups as the one end group, which was modified in vari-
ous ways, including by using nucleophile agents [10–13], oxidation agents [14,15], and
protonation [10,13,16].

Among the various end modifications, the most frequently utilized method is the use
of radical initiators [13,17–20]. The chemical reaction proceeds with the dozens of times
the initiator (based on moles) for polymerization is added and reacted, which results in
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cleavage of the C-S bond between the polymer end and the TTC group, and the further
addition reaction of the initiator radical. The end group, after the modification with
this method, is determined by the chemical structure of the applied radical initiators.
Therefore, various radical initiators have been utilized for the modification of end groups
produced by RAFT polymerization, such as azo radical initiators [17–20] and peroxide
radical initiators [18,20].

The polymer crystallinity of acrylate polymers, either amorphous or semi-crystalline,
is determined by the number of alkyl groups in the side chain. An acrylate polymer
with longer alkyl groups of more than 6 carbons as side chains is semi-crystalline and
has strong hydrophobic properties and a low glass transition temperature. Among these
polymers, poly(stearyl acrylate) (PSA) has been utilized for applications such as the surface
modification of polyethylene [21], control of polymer deterioration [22], and as a positive
temperature coefficient (PCT) thermistor [23]. The crystalline region forms as the side
chains line up in parallel for a semi-crystalline polymer with a side chain, which is different
from that of a semi-crystalline main chain polymer, such as polyethylene. The melting
point of the semi-crystalline polymer increases with the molecular weight; however, there
have been no reports on the effect of end groups on the thermal properties and crystalline
structure of such polymers.

In this paper, PSA, a semi-crystalline polymer with side chains, was synthesized
through RAFT polymerization. The complete removal of the one end group of CTA was
examined under various conditions for optimization. The effect of the end group on
the crystalline properties was investigated. 2-Cyano-2-[(dodecylsulfanylthiocarbonyl)
sulfanyl] propane (CDTP), a trithiocarbonyl (TTC) type CTA with a long alkyl chain of
12 carbons, was used as the CTA for the RAFT polymerization. Azobisisobutyronitrile
(AIBN) was used as a radical initiator to remove the TTC end groups. The exact amount
of TTC removed was carefully analyzed using nuclear magnetic resonance spectroscopy
(NMR), elemental analysis, and matrix assisted laser deposition/ionization time of flight
mass spectrometry (MALDI-TOF-MS). The effect of TTC removal on the crystallinity was
examined using differential scanning calorimetry (DSC) together with analysis of the
degree of crystallinity from X-ray diffraction measurements. PSAs with two different
molecular weights were synthesized and the influence of the end group on the molecular
weight was also examined.

2. Materials and Methods

2.1. Materials

Stearyl acrylate (SA) was obtained from Tokyo Chemical Industry (Tokyo, Japan),
and the inhibitor was removed by recrystallization in methanol. CDTP was obtained
from Fujifilm Wako Pure Chemical Co. (Osaka, Japan). AIBN and dehydrated toluene
were obtained from Kanto Chemical Co., Inc. (Tokyo, Japan). AIBN was purified by
recrystallization in ethanol.

2.2. Synthesis of PSA by RAFT Polymerization

Scheme 1 shows the synthesis route for RAFT-polymerized PSA with CDTP as the
CTA, and Table 1 shows the properties of the polymerized PSA. The details of synthesis
are as follows.

Scheme 1. Synthesis of PSA by RAFT polymerization using CDTP as chain transfer agent.
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Table 1. RAFT polymerization of SA with CDTP as CTA.

Polymer
[SA]0/[CDTP]0/

[AIBN]0
a Conv. [%] b Mn(theo.) c Mn(SEC) d Mw(SEC) d Mw/Mn

d

PSA4.9k 45/3/1 85 4500 4900 5200 1.05
PSA17k 300/3/1 78 26,000 16,700 18,500 1.11
a Solution polymerization with toluene (2M). b Calculated by 1H-NMR. c Theoretical Mn calculated with [SA]0, [CDTP]0, and monomer
conversion. d PSt-calibrated SEC values.

PSA4.9k: SA (2.94 g, 9.07 mmol), CDTP (210.4 mg, 0.61 mmol), and recrystallized
AIBN (34.6 mg, 0.21 mmol) were dissolved in 4.5 mL of anhydrous toluene in a 30 mL
Schlenk flask. Three freeze-pump-thaw cycles were performed, after which the flask was
filled with nitrogen and removed from the vacuum line. The solution was stirred at 70 ◦C
for 3 h and the reaction was then quenched. The reacted solution was reprecipitated
in methanol, followed by filtration. The polymer was dried under vacuum after three
precipitation/filtration cycles to obtain the product as a yellow powder.

PSA17k: SA (0.98 g, 3.01 mmol), CDTP (10.8 mg, 0.03 mmol), and recrystallized AIBN
(1.6 mg, 0.01 mmol) were dissolved in 1.5 mL of anhydrous toluene in a 30 mL Schlenk
flask. Three freeze-pump-thaw cycles were performed, after which the flask was filled with
nitrogen gas and removed from the vacuum line. The solution was stirred at 70 ◦C for 3 h,
and the reaction was then quenched. Purification of the polymer was the same as that for
PSA4.9k, to obtain the product as a pale-yellow powder.

2.3. Removal of TTC End Group from RAFT Polymerized PSA and Modifying Isobuthironitrile
End Group

Scheme 2 shows removal of TTC and modifying isobuthironitrile end group reactions.
The synthesized PSA was dissolved in toluene (100 mg/mL), and AIBN was added to the
solution in a PSA:AIBN ratio of 1:30. Three freeze-pump-thaw cycles were performed,
after which the flask was filled with nitrogen gas. The reaction of TTC end group removal
from PSA4.9k was conducted with various temperatures and reaction times: 90 ◦C for 2 h,
80 ◦C for 2.5 h (same condition as [17]), 70 ◦C for 16 h, and 65 ◦C for 24 h. The reaction
of TTC removal from PSA17k was performed at 70 ◦C for 16 h. The reacted solution was
precipitated in acetone, followed by filtration, and drying under vacuum, to obtain each
product after the reactions.

 

Scheme 2. Removal of TTC end group and modifying isobutyronitrile end group by conventional radical reaction with
AIBN as radical resource.

2.4. Polymer Characterization
1H-NMR (JNM-EC500, JEOL, Tokyo, Japan; 500 MHz) was used to determine monomer

conversion, the number average of molecular weight, and the TTC removal rate. CDCl3
was used as the solvent for NMR analysis, and the chemical shift was calibrated using
residual CHCl3 (at 7.26 ppm) as the internal standard. Size exclusion chromatography (SEC;
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GULLIVER 1500, JASCO, Tokyo, Japan) analysis was performed using a chromatograph
equipped with a pump, an absorbance detector (UV, λ = 254 nm), and three polystyrene
gel columns, based on a conventional calibration curve using polystyrene standards. The
eluent was tetrahydrofuran (THF) at a flow rate of 1.0 mL/min at 40 ◦C. Elemental analysis
(EA; CHN and S) was performed with a CHNS/O Elemental Analyzer 2400 II (Perkin-
Elmer, Waltham, MA, USA) calibrated using stearic acid, sulfanilamide, sulfathiazole,
1,3-diphenylthiourea (Kishida Chemical Co., Ltd., Elemental analysis standard, Japan) and
cystine (Perkin-Elmer, Waltham, MA, USA). Matrix-assisted laser desorption ionization
time-of flight mass spectrometry (MALDI-TOF MS) analysis was performed on a JMS-
3000 Linear TOF spectrometer (JEOL Ltd., Japan) at an acceleration voltage of 20 kV in
the positive linear mode. External mass calibration was performed using a PSt standard
(Mn = 5000). Trans-2-[3-(4-tert-buthylphenyl)-2-methyl-2-propanylidene]malononitrile
(DCTB) was used as the matrix and sodium trifluoroacetate as the cationization agent.
The polymer (10 mg/mL), matrix (20 mg/mL), and cationization agent (1 mg/mL) were
dissolved in THF, and these solutions were mixed at a volume ratio of 1:5:1. 1 μL of
the mixed solution was deposited on a MALDI sample plate, and the spots were dried
in air at room temperature. Thermogravimetric analysis (TGA) was conducted using a
TG-DTA8122 with Smart loader analyzer (Rigaku, Japan) in a nitrogen atmosphere, with
calibration using indium. All samples were weighed (8–9 mg) and then heated to 500 ◦C
at 5 ◦C/min. Differential scanning calorimetry (DSC) analysis was conducted using a
calorimeter (DSC Q200, TA Instruments, Tokyo, Japan) with a refrigerated cooling system
(RCS, TA Instruments Japan) that was calibrated with sapphire for calibration of the cell
resistance and thermal capacity, and with indium for the cell constant and temperature
calibration. All samples were weighed (2–3 mg), heated to 80 ◦C at 5 ◦C/min followed by
holding at 80 ◦C for 10 min, and then cooled to −30 ◦C at 5 ◦C/min followed by holding
at −30 ◦C for 10 min. The heating and cooling cycle was conducted 2 times. All values
reported in this work were taken from the first cooling and second heating cycles. X-ray
diffraction (XRD) measurements were performed at the BL03XU beamline, Spring-8, Japan.

3. Results and Discussion

3.1. Optimization for TTC End Group Removal and Modification with the Isobutyronitrile End
Group by Radical Reaction with AIBN

Table 2 shows the various conditions for removal of the TTC end group from RAFT-
polymerized PSA and then modification with the isobutyronitrile end group. The TTC
removal rate was calculated from 1H-NMR measurements. Figure 1 shows 1H-NMR spectra
for the polymers reacted under various conditions (Entries 1–4) and the PSA4.9k precursor.
The peaks of focus are b’ and h, where peak h is S-CH2- in TTC, peak b’ is S-CH- the SA
unit next to TTC, and the integral ratio of h:b’ = 2:1 for the PSA 4.9k precursor. Therefore,
if all TTC was removed, then the peaks of b’ and h should disappear. Perrier et al. [17]
reported the successful removal of the TTC end group from RAFT-polymerized poly(methyl
methacrylate) (PMMA) and modification with various end groups by radical reaction with
azo-type initiators in a initiator:PMMA ratio of 20:1 at 80 ◦C for 2.5 h. Therefore, 30 eq.
AIBN was taken in the present experiment under the condition of 80 ◦C for 2.5 h (Table 2
and Figure 1, Entry 3) to obtain PSA without TTC. Although the AIBN decomposition rate
at 80 ◦C for 2.5 h was 72.2%, the TTC end groups were not removed. We then attempted
the procedure using a higher temperature of 90 ◦C for 3 h (Table 3 and Figure 1, Entry 4),
by which the AIBN decomposition rate was 99.5%; therefore, more AIBN was decomposed
under this condition. However, the TTC removal reaction did not occur.
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Table 2. TTC removing reaction from RAFT-polymerized PSA.

Entry Precursor
Removal Condition Using Precursor

[AIBN]0/[PSA]0 Temp. [◦C] Time [h] AIBN Decomposition Rate [%] a TTC Removal b

1

PSA4.9k

30/1 65 ◦C 24 h 81.1 32%
2 30/1 70 ◦C 16 h 88.9 88%
3 30/1 80 ◦C 2.5 h 72.2 none
4 30/1 90 ◦C 3 h 99.5 none
5 PSA17k 30/1 70 ◦C 16 h 88.9 N/A

a Calculated data. b Calculated by 1H-NMR in Figure 1.

Figure 1. 1H-NMR spectra for (a) RAFT-polymerized PSA 4.9k in Table 1; (b–e) TTC removal from PSA 4.9k conducted
under various conditions.

The time-decomposition rate for AIBN at 65–90 ◦C was calculated and plotted (Figure 2).
At 90 ◦C, the 1 h decomposition rate was over 80%, which indicates that radicals are imme-
diately generated, although radical deactivation is also very fast. At 80 ◦C, the 1 h later
decomposition rate was 40%; the decomposition rate was less than that at 90 ◦C. Although
it should be very fast, there was concern that radical deactivation would occur before the
radicals reacted with TTC. In addition, the radical concentration was very high initially,
but rapidly decreased with time.

Entries 1 and 2 in Table 2 show the TTC removal reaction conducted at 65 ◦C for 24 h
and 70 ◦C for 16 h, respectively. These AIBN decomposition rates per unit time were lower
than those at 90 ◦C and 80 ◦C; however, radical generation was sustainable for a long time.
Entry 2 in Figure 1 shows that the b’ peak almost disappeared and the h peak was decreased.
The reason why only the h peak remained was that the removed TTC (the structure is the
same as CDTP) would be included in purified PSA after the TTC removal reaction (Entry 2).
The TTC removal rate was calculated from the ratio of (c+c’) and b’ integrals from 1H-NMR
measurements. The TTC removal rate in Entry 2 was 88%, which demonstrates that the
condition of sustainable radical generation for a long time is necessary for the TTC removal
reaction by AIBN with the RAFT-polymerized PSA. The TTC removal reaction was then
conducted at 65 ◦C for 24 h (Entry 1); this condition continued to generate radicals for a
longer time than Entry 2. However, Entry 1 in Figure 1 shows TTC remained (i.e., peak b’
and h) more so than Entry 2, and the TTC removal rate was only 32%. Radicals continued
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to be gradually generated at 65 ◦C for 24 h; however, the concentration of radicals per unit
time was not sufficient to remove the TTC end group from RAFT-polymerized PSA. The
removal of TTC from PSA17k was performed at 70 ◦C for 16 h only (Entry 5). PSA17k
has higher molecular weight, so that the difference before and after reaction could not
be determined because the proton peaks of b’ and h were very weak. Therefore, TTC
removal from PSA17k was conducted using the most suitable condition for TTC removal
from PSA4.9k.

Figure 2. Calculated time-decomposition rate for AIBN.

3.2. Polymer Characterization
3.2.1. Size Exclusion Chromatography (SEC)

Figure 3 shows SEC chromatograms before and after the TTC removal reaction from
PSA4.9k and PSA17k, and Table 3 shows the number average molecular weight (Mn),
weight average molecular weight (Mw), and polydispersity index (PDI; Mw/Mn) for each
sample. These results show that the molecular weight and PDI were almost the same
before and after the TTC removal reaction. Side reactions have often been reported, where
2 polymer radicals are coupled during removal of the RAFT-polymerized end group by
radical reaction using radical initiators before the generated radical and polymer radical
were coupled [18]. Our results shows that the coupling of two polymer radicals did not
occur during the TTC removal reaction at 70 ◦C for 16 h, and the polymer main chain was
not damaged from excessive amounts of isobutyronitrile radicals generated by AIBN.

Figure 3. SEC chromatograms for before and after TTC removal reaction from (a) PSA4.9k (Entry 6a
and 6b in Table 3) and (b) PSA17k (Entry 7a and 7b in Table 3).
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Table 3. SEC value for PSAs.

Entry TTC Removal Rate [%] a Mn (GPC) b Mw (GPC) b Mw/Mn
b Remarks

6a 0 4900 5200 1.05 Same as PSA4.9k
6b 88 5400 5600 1.04 Entry 2
7a 0 16,700 18,500 1.11 PSA17k
7b 100 17,900 19,700 1.11 Entry 5

a Calculated by 1H-NMR. b PSt-calibrated SEC values.

3.2.2. Elemental Analysis

Table 4 shows the results of elemental analysis. The theoretical mass percentage of
Entries 6a and 7a were calculated from the SEC results. Entries 6b and 6c were calculated
for the TTC removal rate using NMR, and Entry 7b was calculated from the estimation
of the TTC removal rate as 100%. The experimental mass percentage of S for Entry 6a is
slightly less than theoretical. The TTC end groups may have been removed during polymer
synthesis or purification. Entry 6b is that for TTC removed from Entry 6a, the experimental
mass percentage of S is significant, even if the N value is the same as the theoretical. This
also confirmed that the TTC removed by the radical reaction remained with the polymer,
because the b’ peak disappeared, whereas the h peaks remained in the 1H-NMR spectra
(Figure 1). Therefore, a purification method to completely wash the removed TTC from the
polymer is an issue for future work. In Entry 7b, S was not detected (or was only trace amounts
below the detection limit), which indicates that TTC was completely removed. However, the
mass of N was half the theoretical value, and although TTC was successfully removed, it is
possible that the isobutyronitrile group derived from AIBN could not be introduced.

Table 4. Results of elemental analysis for PSAs.

Entry
TTC Removal

Rate [%] a
C [%]

(Theo. b)
H [%]

(Theo. b)
N [%]

(Theo. b)
S [%]

(Theo. b)
Remarks

6a 0 76.2 (76.4) 12.4 (12.2) 0.3 (0.3) 1.7 (1.9) PSA4.9k in Table 1
6b 88 77.0 (76.8) 12.2 (12.2) 0.4 (0.4) 1.2 (1.3) Entry 2 in Table 2
6c 32 76.7 (77.4) 12.2 (12.3) 0.6 (0.6) 0.4 (0.2) Entry 1 in Table 2
7a 0 77.6 (77.3) 12.4 (12.4) 0.1 (0.2) 0.5 (0.5) PSA17k in Table 1
7b 100 77.4 (77.7) 12.4 (12.4) 0.1 (0.2) 0.0 (0.0) Entry 5 in Table 2

a Calculated by 1H-NMR. b Calculated by SEC value and TTC removal rate by 1H-NMR.

3.2.3. MALDI-TOF MS Analysis

Analysis using MALDI-TOF MS was performed to identify the end structure of PSA
though the removal of TTC with an excess amount of AIBN. Figure 4 shows the MALDI-
TOS MS spectra and Table 5 summarizes the various PSA chemical structures, which
are speculated from the mass peaks detected by MALDI-TOF MS. The MALDI-TOS MS
spec trum of the PSA structure that was synthesized by RAFT polymerization, shown in
Figure 4a, revealed only single mass peaks (m/z = 3938.2, n = 11 with Na+), which was in
agreement with the mass of PSA with TTS as the one end group and isobutyronitrile as the
other (P1 in Table 5). Figure 4b shows the MALDI-TOF MS spectrum for 32% TTC removed
PSA, the mass peak of which indicated isobutyronitrile at both ends of PSA (P2 in Table 5,
m/z = 4070.9, n = 12 with K+), in addition to that of the [P1+Na]+ structure. The largely
increased mass peak for isobutyronitrile at both ends [P2+K]+ was shown for the 88%
TTC removed PSA (Figure 4c), which was prepared by optimization of the conditions for
removal by AIBN, although the mass peak for TTC [P1+Na]+ as one end was not detected.
In addition, two newly generated mass peaks (m/z = 4309.5, 4324.5) were detected, which
was in good agreement with the PSA structures (shown as P3 in Table 5) with cationated
ions of Na and K, respectively. There have been former reports regarding the structural
change by laser effects or oxidation during MALDI measurements [24,25]; however, no
peaks related with these changes were detected in the present study. From these results, it
is clearly demonstrated that the isobutyronitrile group from AIBN was possibly introduced
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through the end group modification of PSA to remove the TTC end group due to the CTA
at 70 ◦C for 16 h with an excess amount of AIBN.

 
Figure 4. MALDI-TOF MS spectra for (a) RAFT polymerized PSA (PSA4.9k in Table 1), (b) 32% TTC
removed PSA (entry 1 in Table 2, entry 6c in Table 4), and (c) 88% TTC removed PSA (entry 2 in
Table 2, entry 6b in Table 4). The TTC removal rate was calculated from the 1H-NMR results.

Table 5. Polymer structures corresponding to the peaks in Figure 4.

Polymer Structure n Cationization
m/z

Theoretical Experimental

P1

 

11 Na 3938.6 3938.2

12 Na 4263.1 4262.3

P2

 

12 K 4069.8 4070.9

13 K 4394.3 4394.8

P3

 

13 Na 4309.1 4309.5

13 K 4325.2 4324.5
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3.2.4. TGA

Figure 5 shows TGA results for entries 6a, 6b, 7a, and 7c in Tables 3 and 4. All samples
were not decomposed in the range of room temperature to 200 ◦C. The weight loss of
entries 6a and 6b with smaller molecular weights began at around 250 ◦C, and then all
samples were rapidly pyrolyzed at 350 ◦C.

Figure 5. TGA curves corresponding to entries 6a, 6b, 7a, and 7b in Tables 3 and 4 to determine the decomposition
temperature of PSAs.

3.2.5. DSC Analysis

Figure 6 shows two DSC curves: PSA with TTC (Entry 6a in Table 4) and PSA with
the isobutyronitrile group (Entry 6b in Table 4) after modification with the respective end
groups. An increase of molecular weight causes the melting point to be higher [26,27],
and the crystallization temperature is dependent on the cooling speed [28]. Although
these two samples have almost the same molecular weight, with the only differences
being the end group of either TTC or isobutyronitrile, both the melting point and the
crystallization point at the peaks were unexpectedly shifted to higher temperature by
ca. 3 ◦C. This result suggests that the end group, long alkyl (TTC) lowers both the melting
and crystallization temperatures.

Here, let us discuss the melting point temperature of the end group itself, low molec-
ular weight CDTP, because CDTP has a long C12 alkyl chain that exhibits crystalline
characteristics (melting point around 10 ◦C). On the other hand, the monomer of PSA,
i.e., SA, also has a long C18 alkyl chain that exhibits crystalline characteristics (melting
temperature around 30 ◦C). This melting point temperature difference of the two low
molecular weight compounds is interpreted as the longer alkyl (C18, SA, monomer of PSA)
has a higher melting point than that of the shorter alkyl (C12, CDTP, end group); therefore,
the C12 alkyl melts and crystallizes at lower temperature. The other possible interpretation
is that the end group of CDTP exists in an amorphous region instead of a crystalline region.
Whichever the case, it is considered that at least the end of CDTP lowers the melting point
temperature of PSA and makes the crystallite size smaller.

Figure 7 shows DSC curves of PSA, which has higher molecular weight, before
(Entry 7a) and after (Entry 7b) the modification. A comparison of Figure 7 with Figure 6
shows that the modification makes no difference to the melting and crystallization char-
acteristics for the larger molecular weight PSA. The volume percentage of the CDTP end
group differs largely between PSA4.9k and PSA17k. In the case of PSA17k, the volume
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percentage of the CDTP end group is very small (ca. 2%), while that of PSA4.9k is large
(ca. 7%). The effect of end group modification thus becomes negligible for PSA17k.

Figure 6. DSC curves before (red line, Entry 6a) and after TTC removal from PSA4.9k (blue line, Entry 6b). The heat-
ing/cooling rate was 5 ◦C/min.

Figure 7. DSC curves before (red line, Entry 7a) and after TC removal from PSA17k (blue line, Entry 7b). The heating/cooling
rate was 5 ◦C/min.

Here, let us consider the crystallite size through careful observation of the DSC curves
in Figures 6 and 7. The common point between PSA4.9k (Figure 6) and PSA17k (Figure 7)
is that there are two crystallization peaks, small and large, after the removal of the end
long alkyl chain, as shown in Figure 6 (6b) and Figure 7 (7b). Figure 7 (7a) shows that the
lower peak is not clear and should be considered as a shoulder. DSC characteristics for a
larger size crystallite indicate crystallization at higher temperature, which suggests that
the higher and larger peak comes from the formation of larger size crystallites (42.4 ◦C in
Figure 6 (6b) and 44.2 ◦C in Figure 7 (7b)). On the other hand, the lower and smaller peak
(or shoulder) is related to the formation of smaller size crystallites (36.9 ◦C in Figure 6 (6b)
and 38.6 ◦C in Figure 7 (7b)). PSA prior to modification exhibited only a single broad peak
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without a smaller peak or shoulder, which indicates that the end group causes a wider
size distribution of crystallites, so that the peak distribution widens down to the lower
temperature region. There should be no conflict regarding the interpretation before and
after the modification in terms of the crystallite size and DSC curves.

Let us discuss the degree of TTC removal in detail. The removal of TTC causes the
crystallite size to become larger. The second lower peak is relatively large in Entry 6b than
in Entry 7b. Assuming residual TTC of ca. 12% and the volume percentage of TTC because
of lower molecular weight into consideration, it can be considered that the remaining TTC
causes smaller crystallite size with a larger distribution, which results in widening of the
peak down to lower temperature. The DSC curve of Entry 7a shows a shoulder at lower
temperature, which suggests the amount of TTC in Entry 7a is smaller than that in Entry 6a,
so that the content of middle size crystallites would be less because there is less probability
to disturb the crystallite growth compared with that of Entry 6a.

3.2.6. XRD

Figure 8 shows the XRD patterns for PSA4.9k and PSA17k, before and after TTC
removal. All the diffraction patterns were almost identical with the peak at 20◦ 2θ, which
indicates the crystalline structure is the same because the crystalline structure of PSA is not
affected by the end group. The degree of crystallinity is calculated to be ca. 50% for Entries
6a, 6b, 7a, and 7b. The crystallinity was almost the same, even if the molecular weight of
PSA was different.

Figure 8. X-ray diffraction (XRD) patterns. Entry 6a (red solid line) is for PSA4.9k before TTC
removal, and Entry 6b (red dashed line) is that after TTC removal. Entry 7a (blue solid line) is for
PSA17k before TTC removal and Entry 7b (blue dashed line) is that after TTC removal.

4. Conclusions

PSA was prepared by RAFT polymerization using CDTP as the CTA to examine the
effect of the end group on the thermal and structural properties. The long alkyl C12 end
group of PSA polymerized by the RAFT process was removed by a radical reaction using
AIBN. The reaction condition was optimized, especially with respect to the temperature,
which resulted in the successful removal of TTC, which was characterized by 1H-NMR,
elemental analysis, and SEC. The polymer structures before and after removal of TTC were
determined by MALDI-TOF MS spectra. We demonstrated removal TTC and modifying
isobutyronitrile end group were succeeded by using AIBN. The thermal and structural
properties were characterized using TGA, DSC, and XRD, which provided evidence that the
long alkyl end groups of TTC lower the melting point and crystallization peak temperatures
by 3 ◦C, which in turn affects the formation of different crystallite sizes with identical
crystalline structure and degree of crystallinity.
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Abstract: In the context of imminent threats concerning biological and chemical warfare agents, the
aim of this study was the development of a new method for biological and chemical decontamina-
tion, employing non-toxic, film-forming, water-based biodegradable solutions, using a nano sized
reagent together with bentonite as trapping agents for the biological and chemical contaminants.
Bentonite-supported nanoparticles of Cu, TiO2, and Ag were successfully synthesized and dispersed
in a polyvinyl alcohol (PVA)/glycerol (GLY) aqueous solution. The decontamination effectiveness
of the proposed solutions was evaluated by qualitative and quantitative analytical techniques on
various micro-organisms, with sulfur mustard (HD) and dimethyl methylphosphonate (DMMP) as
contaminants. The results indicate that the peelable active nanocomposite films can be successfully
used on contaminated surfaces to neutralize and entrap the hazardous materials and their degrada-
tion products. Mechanical and thermal characterization of the polymeric films was also performed to
validate the decontamination solution’s potential as peelable-film generating materials. The removal
efficacy from the contaminated surfaces for the tested micro-organisms varied between 93% and 97%,
while for the chemical agent HD, the highest decontamination factor obtained was 90.89%. DMMP

was almost completely removed from the contaminated surfaces, and a decontamination factor of
99.97% was obtained.

Keywords: eco-friendly; nanoparticles; chemical warfare agents; sulfur mustard (HD); dimethyl
methylphosphonate (DMMP); biological agents; nanocomposite films; decontamination; antimicro-
bial materials; peeling; active coatings

1. Introduction

The most recent global crisis caused by the SARS-CoV-2 pandemic demonstrated that
it is vital to be prepared for emerging sanitary, biological, chemical, or environmental haz-
ards. Decontamination has always represented a major challenge, but especially now, in the
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current situation of the COVID-19 crisis, developing efficient methods for the neutralization
and the removal of the contaminants should become a priority. Although chemical and
biological weapons are forbidden by the Chemical Weapons Convention [1] and Biological
and Toxin Weapons Convention [2], certain states are still suspected to currently possess
chemical weapons, as well as biological weapons. Moreover, even if a virus, like SARS-
CoV-2, is not on the list of biological weapons, it is still important to develop new methods
for biohazards management. Considering the large number of nosocomial infections with
pathogens resistant to classical methods of treatment and decontamination (with antibiotics
and disinfectants), in recent years, the emphasis has been on the development of new,
versatile products with antimicrobial properties. Another important threat is represented
by the main ingredients used for the synthesis of chemical warfare agents (CWA): sulfur
mustard, sarin, soman, tabun, Vx, etc., which are also found in the manufacturing processes
of various chemical and pharmaceutical industries (chlorine, phosgene, and cyanides).
The use of chemical and biological agents from military stockpiles or biological civilian
applications drives the critical need to improve decontamination capabilities worldwide.
Therefore, decontamination plays a crucial role in defense against biological and chemical
warfare agents (BCWA). After a chemical or biological attack, decontamination is vital. This
complex process converts hazardous materials into products that can be safely handled.
The methods that are typically applied are nucleophilic reactions or oxidations [3]. Toxic
chemicals or micro-organisms must be eliminated by the application of efficient decontami-
nation methods as quickly as possible in order to be able to resume routine activities. For
military purposes, decontamination is undertaken to restore the combat effectiveness of
equipment and personnel as rapidly as possible [4]. Most current decontamination proce-
dures are labor- and resource-intensive, require excessive amounts of water, are corrosive
and/or toxic, and are not considered environmentally safe [4–7]. Current research and de-
velopment are focused on developing decontamination systems that would overcome these
limitations and effectively decontaminate a broad spectrum of chemical and biological
agents (CB agents) from all surfaces and materials [6,8–11]. There is no single technology
that will be applicable in all situations and all types of contaminations because the nature
and extent of contamination are different in different places. Surface decontamination is
very difficult to achieve as contaminants can be located within the pores and cracks of
materials, which makes their removal more challenging [12]. Depending on the type of
contaminating agent, many decontamination methods for surfaces can be found in the
literature: aspiration [13], abrasion of the surface layer [14], rinsing with water or with sol-
vents [15], foams [15,16], gels [16], polymeric coatings [17–19], etc. The main disadvantages
and limitations of the existing surface-decontamination solutions are: most of them are cor-
rosive and/or toxic, affecting the decontaminated substrate and also exposing the user to
hazardous materials; most of the existing decontamination methods are not considered en-
vironmentally safe because they require excessive amounts of reactants, solvents, or water,
generating enormous quantities of post-decontamination waste, which requires subsequent
decontamination; the decontamination systems that require large amounts of water do not
represent a feasible solution because water can often be difficult to find (for example, on
the battlefield [4]), and the disposal of this contaminated water will also further represent
a cumbersome problem. Recent trends in BCWA decontamination technologies involve
the use of materials capable of neutralizing contaminants under atmospheric conditions
via hydrolysis and/or oxidation routes, under mild conditions of the reaction. Besides
the classical decontamination methods, the use of modern methods that imply using poly-
meric films/coatings seems to bring multiple advantages for BCWA removal [11,17,20].
In comparison with the traditional techniques, these decontamination methods usually
consist of applying a smaller amount of material (containing the active ingredients) onto
the contaminated surface, thus resulting in a coating that will entrap and neutralize the
contaminant and can be easily removed and compactly stored at the end of the decon-
tamination process. This new decontamination method can be found referred to in that
literature as “stripping/peelable coating techniques” [5,11,17,18,20]. This technique applies
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to a wide range of contaminants and surfaces/materials. Thus, polymeric peelable films
represent a modern and versatile method for surface decontamination [6,10,14,21,22]. Vari-
ous polymers can be listed as film-forming polymers: acrylates [17,21,23,24], silicones [25],
vinyl polymers [12,26,27], polyurea [28–32], alginate derivates [17,33–35]. Film-forming
materials are already commercially available as products comprising paint-like polymeric
mixtures that can be applied by spray-on or roll-on/brush-on techniques, and they can form
peelable coatings for decontamination/decommissioning purposes: CBI Polymers, New
York, USA—DeconGel™ 1108, Instacote Inc Protective Coatings, Erie, USA—InstaCote™
CC Wet/CC Strip, or Bartlett Nuclear Inc., Plymouth, USA—StripCoat TLC Free™. Al-
though these products do generate a smaller volume of secondary waste and they ensure
reasonable DFs, their main disadvantage is represented by the toxicity and corrosivity of
some of the active ingredients comprised in these commercial formulations.

The development of nanotechnology in various fields has experienced exponential
growth over the last decade. In the biological and chemical decontamination fields, formu-
lations based on nanoparticles and metal oxide nanoparticles have attracted a tremendous
interest due to their remarkable properties. Small particle sizes and high specific surface
areas bring multiple advantages and unique physicochemical properties that facilitate
the adsorption and degradation of toxic compounds [36,37]. Advances in the preparation
of metallic NPs and metallic oxides like ZnO, MgO, CaO, CeO2, ZrO2, TiO2, etc., have
led to the development of a new class of antimicrobial materials and decontaminants
for chemical warfare agents with a high stability under harsh process conditions [8,37].
Highly ionic metallic NPs (e.g., Cu-NPs, Ag-NPs) are of particular interest due to their
numerous reactive surface sites with atypical crystal morphologies. Ag and Cu nanoparti-
cles immobilized on metal-oxide substrate have been demonstrated to neutralize viruses,
bacteria, and fungi [38]. Nano-scaled copper particles (Cu-NPs) have many applications in
industry, such as in gas sensors, high-temperature superconductors, solar cells, and other
applicatoin. Copper ions have demonstrated antimicrobial activity against a wide range of
micro-organisms (Staphylococcus aureus, Salmonella enteric, Campylobacter jejuni, Escherichia
coli, and Listeria monocytogenes) [39]. The antibacterial effect exhibited against bacterial
cell functions can occur through various mechanisms, depending on the physicochemical
properties of NPs and the type of interactions between bacterial cells (e.g., adhesion to s
Gram-negative bacterial cell wall due to electrostatic interaction [39]). These interactions
lead to a disruption of the integrity of the bacterial membrane and finally cause the death
of the micro-organism. Copper NPs possess better properties in comparison with other ex-
pensive metals with antimicrobial activity, such as silver and gold [40]. Silver nanoparticles
(Ag-NPs) are known to neutralize both bacteria and viruses through metal-ion binding.
In 2003, during the first SARS outbreak, Al2O3-supported Ag was investigated for the
neutralization of SARS coronavirus, E. coli (bacterium), and Debaryomyces polymorfus (fungi).
After only five minutes of exposure to the Ag nanoparticles, the three pathogens were
inactivated successfully. The mechanism was not investigated, but it is assumed that
catalytic oxidation is responsible and not metal poisoning (Au and Cu inactivate bacteria,
viruses, and fungi only under aerobic conditions) [38].

Metal NPs and metal oxide NPs are also efficient for the decontamination of chemical
warfare agents [41,42]. Sulfur mustard (HD) can be decontaminated through dichlorination,
oxidation, or hydrolysis mechanisms, thus being converted into non-toxic products [41].
From all the materials used for the chemical degradation of HD, it was demonstrated that
nano-oxides can adsorb and degrade sulfur mustard to thiodiglycol and divinyl sulfide at
room temperature. A disadvantage of this decontamination method is that requires several
hours for full degradation [42]. There are also studies regarding metal-organic frameworks
(MOFs) constructed from metal ions or clusters and multifunctional organic linkers through
self-assembly, which have been reported as perfect candidates for chemical and biological
decontamination. The most well-known is Cu-BTC MOF, and it was also demonstrated
to be capable of hydrolyzing HD and nerve agents under ambient conditions via its
coordination of water molecules, which have an important practical value [43,44]. Silver
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nanoparticles (Ag-NPs) encapsulated in MOF were reported as efficient decontaminants
for HD [43].

While the abovementioned BCWA decontamination methods offer promising possibil-
ities, they also possess a series of disadvantages, such as high production costs, laborious
production processes, toxicity and corrosivity of some of the active ingredients, gener-
ation of a large amount of post-decontamination waste, unsatisfying decontamination
degrees, etc.

The novelty of this paper consists in the development of a new method of biolog-
ical and chemical decontamination by employing non-toxic, film-forming, water-based
biodegradable solutions using both neutralization and adsorption mechanisms for the
removal of the contaminant from a surface by employing a nanosized reagent together with
bentonite as trapping agents for BCWA contaminants. Once they are applied to the contam-
inated surface, the neutralization of the contaminants occurs, followed by their entrapment
in the polymer-clay system. After drying, these solutions form strippable films that can
be easily removed from the surface. Decontamination tests herein reported confirmed the
antimicrobial activity of the decontamination solutions (DF ≥ 93%) and the successful
neutralization and removal of chemical agents: up to 90% decontamination efficiency for
HD and over 99% decontamination efficiency for dimethyl methylphosphonate. Therefore,
this study reveals that BC contaminants were successfully neutralized and entrapped in
the polymer matrix, demonstrating that this novel ecological approach towards obtaining
innovative peelable active nanocomposite films for the removal of biological and chemical
agents from contaminated surfaces could represent a powerful environmentally responsible
tool for decontamination applications in the future.

2. Materials and Methods

2.1. Materials

Poly(vinyl alcohol) (PVA, 86.7–88.7% hydrolysis degree, Mw ≈ 130,000 Da, DP ≈ 2700,
Sigma–Aldrich), hydrophilic bentonite (BT, Nanomer® PGV, Sigma–Aldrich, St. Louis,
MO, USA), anhydrous glycerol (GLY, Sigma–Aldrich, St. Louis, MO, USA), copper(II)
acetate monohydrate (≥98%, Sigma Aldrich, St. Louis, MO, USA), titanium(IV) ox-
ide (nanopowder, <100 nm particle size, 99.5% trace metals basis, Sigma Aldrich, St.
Louis, MO, USA), Triton™ X-100 solution (Sigma Aldrich, St. Louis, MO, USA), ascorbic
acid (≥99%, Sigma Aldrich, St. Louis, MO, USA), Silver nitrate (≥99.0%, Sigma Aldrich,
St. Louis, MO, USA), tri-sodium citrate dihydrate (Sigma Aldrich, St. Louis, MO, USA), and
sodium borohydride (≥99.0%, Sigma Aldrich, St. Louis, MO, USA) were used as received.
For the chemical decontamination tests, real chemical warfare agents (CWA) were used:
bis(2-chloroethyl) sulfide (HD, sulfur mustard, purity: 95%, own synthesis), together with
a chemical warfare simulant: dimethyl methylphosphonate (DMMP, as simulant for nerve
agents, ≥97%, Sigma Aldrich). All the tests involving the decontamination of the toxic
agents utilized in this study were performed at the Research and Innovation Center for
CBRN Defense and Ecology in the ‘Chemical Analysis Laboratory’ from Bucharest, the
only OPCW-designated laboratory in Romania.

2.2. Methods
2.2.1. Preparation of Decontamination Solutions

Solutions free of metal nanoparticles and bentonite were initially prepared to serve
as reference points (Table 1). The BCWA decontamination solutions based on bentonite-
supported metal nanoparticles were obtained as follows: the metallic salts were dissolved
in water (according to Table 2), various amounts of bentonite and TiO2 were dispersed in
these solutions (continuous magnetic stirring, 800 rpm), and the nanoparticle precursor and
bentonite (or bentonite and TiO2) were kept in contact under stirring for 24 h. After this, the
obtained dispersions were sonicated for 30 min while the corresponding reducing agents
(according to Tables 2 and 3) were added. PVA was introduced next, and the dispersions
were maintained at 95 ◦C under vigorous stirring until the complete dissolution of the
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polymer. Finally, the glycerol was added last, while the dispersions were allowed to
cool down.

Table 1. Composition of the reference samples.

Sample
PVA

(wt.%)
GLY

(wt.%)
BT

(wt.%)

SD1 10 - -

SD2 10 5 -

SD3 10 5 1

Table 2. Composition of the solutions containing CuNPs.

Sample
PVA

(wt.%)
GLY

(wt.%)
BT

(wt.%)

Cu (CH3COO)2

• H2O
(wt.%)

TiO2

(wt.%)

Dispersing Agent
Triton X100

(wt.%)

Reducing Agent
Ascorbic Acid

(wt.%)

SD4 10 5 0.5 0.04 - - 0.143

SD5 10 5 1 0.04 - - 0.143

SD6 10 5 1.5 0.04 - - 0.143

SD7 10 5 0.5 0.04 1 0.25 0.143

SD8 10 5 1 0.04 1 0.25 0.143

SD9 10 5 1.5 0.04 1 0.25 0.143

Table 3. Composition of the solutions containing AgNPs.

Sample
PVA

(wt.%)
GLY

(wt.%)
BT

(wt.%)
AgNO3

(wt.%)

Reducing Agent 1
Trisodium Citrate Dihydrate

(wt.%)

Reducing Agent 2
NaBH4 (wt.%)

SD10 10 5 0.5 0.04 0.012 0.01

SD11 10 5 1 0.04 0.012 0.01

SD12 10 5 1.5 0.04 0.012 0.01

2.2.2. Preparation of the Nanocomposite Films

The obtained solutions were further used for decontamination tests, but they were
also employed for obtaining square-shaped, thin nanocomposite films that were useful
for characterization through different analytic procedures. To obtain the nanocomposite
films by the casting method, approximately 100 mL of each decontamination solution was
introduced in a square (12 cm × 12 cm) glass mold, placed on a perfectly flat surface, and
allowed to dry (at 25 ◦C, 50–55% relative humidity). Afterwards, the films obtained were
peeled and employed for further investigation.

2.3. Decontamination Tests
2.3.1. Biological Decontamination Tests

The biological decontamination tests involved the characterization of the antimicrobial
activity of the decontamination solutions, followed by the evaluation of the efficacy of the
strippable nanocomposites for the removal of biological contaminants from the targeted
surfaces. For the characterization of antimicrobial activity of these substances, three of the
most used methods appropriate for this type of sample were applied: minimal inhibitory
concentration (MIC), minimal bactericidal concentration (MBC) and time-kill test. The
MIC value is defined as the lowest concentration of the antimicrobial agent that inhibits
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the visible growth of the micro-organisms tested. This is usually expressed in mg/mL
or mg/L. The MBC is defined as the lowest concentration of antibacterial agent needed
to kill 99.9% of the final inoculum after incubation for 24 h under a standardized set of
conditions. Time-kill assay is the most appropriate method for determining bactericidal
effect. It is a good method for obtaining information about the interaction between the
antimicrobial agent and the microbial strain. The time-kill test reveals a time-dependent or
a concentration-dependent antimicrobial effect [45].

Minimal Inhibitory Concentration

The antimicrobial activity of the decontamination solutions was evaluated against
Staphylococcus aureus (ATCC 6538) as a model for Gram-positive bacteria and Escherichia
coli (ATCC 8739) and Pseudomonas aeruginosa (ATCC 9027) as a model for Gram-negative
bacteria. S. aureus, E. coli, and Ps. aeruginosa were chosen, considered standard micro-
organisms for testing the antimicrobial properties of newly synthesized products [46].
After cultivation overnight in Muller Hinton broth (MHb) (Merck) at 37 ◦C with stirring
(200 rpm), the bacterial strains were harvested. Portions of suspension were harvested
by centrifugation and resuspended in phosphate buffer saline (PBS) (Sigma-Aldrich, St.
Louis, MO, USA). The suspensions were adjusted to approximately 106 CFU/mL [47].
Minimum inhibitory concentrations (MIC) were established for each solution by the broth
microdilution method [48,49]. Two-fold serial dilutions of each solution were performed
in MHb in duplicate. Negative and positive controls were associated [50]. The inhibitory
effect of the substances was evaluated starting from 50% concentration (the samples of
substances were diluted 1:1 with MHb). A total of 10 μL of the micro-organism suspensions
(~104 CFU) was added in each well corresponding to the testing samples and controls.
Because the solutions are turbid themselves and the bacterial growth is difficult to discern,
at the end of the incubation period, 10 μL of resazurin 0.1% was added to each well. After
2 h of incubation with resazurin, the plates were read.

Minimal Bactericidal Concentration

MBC was determined after broth microdilution by subculturing the content of each
well that did not show any visible signs of growth on the surface of non-selective agar
plates (Muller-Hinton agar, MHa, Merck, Darmstadt, Germany). This allowed for the
determination of the number of surviving cells (CFU/mL) after 24 h of incubation at
37 ◦C [45].

Time-Kill Test

Portions of more concentrated bacterial strain suspensions (107 CFU/mL), prepared
as previously described, were treated with the studied substances at 2× MIC concentration
for solutions with MIC values established and 50% concentration for the others and kept in
direct contact for 2 h and 24 h, respectively, at 37 ◦C. At each established time, portions
of bacterial cultures were serial diluted in PBS and then plated on Muller Hinton agar
medium (MHa). After incubation at 37 ◦C for 24 h, bacterial survival was evaluated [51].

Efficacy of Biological Contaminant Removal from the Targeted Surfaces

The efficacy of micro-organism removal from the surface was determined by cal-
culating the decontamination factor achieved by polymeric nanocomposite films after
exfoliation. Sterile surfaces (sterile Petri dishes) were contaminated with known concentra-
tions of micro-organisms. Two micro-organisms were applied separately: Staphylococcus
aureus (ATCC 6538) and Escherichia coli (ATCC 8739). The contaminated plates were dried,
and then the polymer solutions were applied. The plates were kept under airflow at room
temperature. After 24 h, the formed polymeric films were exfoliated. After this, the culture
media was applied by spreading on the decontaminated surfaces of Petri dishes. The plates
were incubated at 37 ◦C for 24 h. After the incubation period, the number of CFUs was
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counted. DF was calculated by considering the initial contamination and the number of
CFUs counted after the incubation period.

2.3.2. Chemical Warfare Agent Decontamination Tests

Chemical decontamination using one real warfare agent, sulfur mustard (Yperite or
HD), and one simulant for nerve agents, dimethyl methylphosphonate (DMMP), was
performed as follows: firstly, controlled contamination was performed, followed by the
application of the decontamination solution on the contaminated surface (after 5 min
from contamination); following the film-curing process (20–24 h), the nanocomposite films
containing the degradation products of HD and DMMP were peeled off and subjected to
extraction in DCM, followed by GC-MS analysis.

In the first step (controlled contamination, 10 g(toxic)/m2), some metallic probes, mea-
suring 10 cm2, were contaminated with 7.87 μL (10 mg) of HD (ρ = 1.27 g/cm3) and other
metallic probes, also measuring 10 cm2, were contaminated with 8.61 μL (10 mg) of DMMP

(ρ = 1.145 g/cm3). After 5 min of toxic-metallic probe direct contact, approximately 1.5 mL
of decontamination solution was poured over the contaminated area, making sure the sur-
face was completely covered by the liquid. Once the decontamination solution was placed
on the contaminated surface, the active ingredients set up the degradation of the toxic
agent while being adsorbed by bentonite nanoclay and entrapped in the polymeric matrix
of the nanocomposite. After approximately 20 h, the polymeric nanocomposite coating
containing the entrapped contaminants could be easily peeled off. Both the decontaminated
surface and the film obtained were subjected to extraction in 10 mL of dichloromethane
(DCM). The organic extracts were dried over sodium sulfate, filtered on 45 μm a Sartorius
filter, and analyzed by the GC-MS technique. To evaluate the decontamination efficiency,
the decontamination factor (DF) was calculated by considering the initial concentration of
contaminant and the residual toxic found on the metallic probe after decontamination.

DF = 100 × (C0 − Cf)/C0 (1)

where DF is the decontamination factor, C0 is the initial toxic concentration, and Cf is the
final concentration, reflecting the residual contamination. Measurements were repeated in
triplicate, and the average values obtained were reported.

2.4. Characterization

To acquire quality imaging of the samples, a high-resolution transmission electron
microscope (HRTEM), type TECNAI F30 G2STWIN, Fei Company, Oregon, USA, was
used at 300 kV acceleration voltage and with a resolution of 1 Å. The correlation between
dynamic viscosity and shear gradient of the decontamination solutions was studied to
establish a model flow profile of the polymeric solution with superior film-forming charac-
teristics. Rheological tests were performed on a Rheotest 2.1 device (Rheotest Medingen
GmbH, Ottendorf-Okrilla, Germany) with coaxial cylinders at room temperature (25 ◦C)
to determine the behavior of the solutions. The amount of solvent evaporated in time at
different temperatures (25 ◦C, 30 ◦C, and 35 ◦C) was used to investigate the drying profile
of the nanocomposite films. An ATS 120 Axis Thermobalance was used to measure the
evaporation rate of 4 mL of sample for evaluation of the film-formation process. Promas
software calculated the evaporation rate by weighting the sample every 150 s. FT-IR spectra
were obtained using a Perkin Elmer Spectrum Two (Perkin Elmer, Waltham, MA, USA)
with a Pike MiracleTM ATR modulus and a 4 cm−1 resolution, from 550 to 4000 cm−1. To
investigate the mechanical proprieties, polymeric films were obtained by casting method
and then cut in a dumbbell shape with 75 mm overall length and a narrow section of
about 25 ± 1 mm, which were subsequently subjected to tensile tests on a 710 Titan
2 universal strength-testing machine equipped with a 3000 N force cell, according to ISO
37: 2011(E). The test involves continuous observation of the length and force variation with
an accuracy of ±0.2% at a speed of 8.33 mm/s. To compare the results, the mean values of
each sample were plotted in a stress/strain graph. Five specimens from each sample were
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subjected to tensile tests. Samples weighing approximately 25–30 mg were subjected to
thermal tests, heated from 30 ◦C to 450 ◦C with a constant heating rate of 5 ◦C/min on a
DTA OZM 551 Ex Differential Thermal Analysis System equipped with Meavy dedicated
software. GC-MS investigations were performed on a GC Thermo Scientific Trace 1310
(Thermo Fisher Scientific, Waltham, MA, USA) gas chromatograph coupled with a TSQ
9000 triple quadrupole mass spectrometer (MS/MS) (Thermo Fisher Scientific, Waltham,
MA, USA) using a TR5MS GOLD capillary column (5% phenyl 95% dimethylpolysiloxane).
The injection mode used was splitless with an injector temperature of 250 ◦C and helium
as carrier gas (1.5 mL/min). The temperature program started from 40 ◦C, up to 300 ◦C,
with a rate of 10 ◦C/minute. Electron impact ionization (EI) mode (mass range between 40
and 650 amu) was used. The compounds were identified based on the interpretation of
MS/EI fragmentation.

3. Results and Discussion

This first step of this study consisted of the synthesis of bentonite-supported metal
and metal oxide nanoparticles that are suitable for decontamination applications, capable
of reacting with chemical warfare agents to form non-toxic products while also neutralizing
biologic agents due to their anti-bacterial properties. Thus, nanosized hydrophilic bentonite
was used as support for the metal/metal oxides nanoparticles during their generation. In
the decontamination process, bentonite can act as an efficient adsorbent for the contam-
inants, facilitating their deactivation induced by the presence of the nanoparticles. The
bentonite-supported metal/metal oxide nanoparticles were dispersed in an aqueous solu-
tion of polyvinyl alcohol (PVA), a biodegradable polymeric matrix, which plays an essential
role in holding together (and thus “binding”) all the components of the decontamination
solution (including the entrapped contaminant). The excellent film-forming capacity of
PVA ensures the formation of peelable films from these decontamination solutions, which
facilitates the efficient removal of contaminants from different types of surfaces.

TEM analysis was employed as the first characterization tool to confirm the generation
of Cu and Ag nanoparticles in the decontamination solutions (Figure 1). From the images
presented in Figure 1A–D, it can be noticed that for the samples containing 1% bentonite
(SD5), the CuNPs diameter is around 20 nm, while for the SD6 (containing 1.5% bentonite),
the particle size is around 40–60 nm. In the case of SD4 (0.5% bentonite), the presence of
independent nanoparticles outside the clay structure was not visible by TEM. Thus, as the
concentration of bentonite increased in the samples, larger nanoparticles were observed.
Similar behavior was evidenced for the AgNPs (samples SD10, SD11, and SD12). The
particle size of the AgNPs increased at a higher clay content. An explanation for the particle
size modification can be attributed to the adjustment of the growth process due to the
presence of clay, which causes smaller particles to destabilize, due to the clay’s inherent
electrostatic charge [52], and promotes growth. In the case of the samples containing
TiO2, no visible effect on the particle size was observed; the CuNPs’ particle size varied,
depending on the bentonite content.
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Figure 1. TEM image of bentonite-supported metal nanoparticles employed in the decontamination solutions:
(A,B) SD5-mag 100,000×, mag 50,000×; (C,D) SD6-mag 180,000×, mag 50,000×; (E,F) SD10-mag 180,000×, mag 50,000×;
(G,H) SD11-mag 180,000×, mag 60,000×; (I,J) SD12-mag 180,000×, mag 29,000×.

An important parameter that influences both the polymer solution deposition pro-
cedure and the type of surface that will undergo decontamination is represented by the
dynamic viscosity of the solution. Thus, the solutions presenting a higher viscosity are
suitable for application by brush technique, whereas less viscous solutions can be deposited
by spray technique. A higher viscosity can also affect the mobility of the molecules influ-
encing the rate of adsorption of the biological compounds, as well as decrease the capacity
of the solution to enter the pores and cracks of the surface. Thus, the influence of each
component on the viscosity of the solutions was evaluated, and the results are illustrated
in Figure 2. Polyvinyl alcohol (PVA) has an essential role in film formation (SD1), while
the addition of glycerol (SD2) improves the elasticity of the peelable films and bentonite
aids in the improvement of the biological/chemical-agent retention inside the film by
complexation and adsorption processes (SD3). The effect of glycerol and bentonite on the
viscosity of the solution can be explained by the physical interactions that occur between
the polymer and these components, such as the formation of hydrogen bonds. Considering
these aspects, all the components employed can form hydrogen bonds with water or PVA,
thus connecting the macromolecules through physical interaction. Consequently, there is
an apparent increase in the molecular weight of the polymer, which leads to an increase in
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the viscosity of the decontamination solution. Additionally, the variation of the dynamic
viscosity of the decontamination solutions containing copper and silver nanoparticles was
investigated. Compared with the control sample (SD3), it can be noticed that for all the
solutions, similar dynamic viscosity values were obtained, due to the low concentration
of nanoparticles.

Figure 2. Variation of the dynamic viscosity with shear rate for the decontamination solutions,
(a) SD1, SD2, SD3, SD4 and (b) SD5, SD6, SD7, SD8, SD9, SD10, SD11, SD12.

In order to determine the time required for solvent evaporation from the decontami-
nation solution and film formation, determination of the evaporation rate is essential. The
capacity of solvent evaporation (water in this case), after solution deposition, depends
on several factors: temperature, humidity, type of surface, etc. but also on the viscosity
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and nature of solution constituents. To ascertain these values, parameters such as sample
surface and quantity of solution were kept constant. The evaporation parameters are
presented in Table S1. As the temperature is increased, the solvent evaporation rate is more
predominantly influenced by the chemical composition of the solution, the interaction
between the components, and solution viscosity. The measurements taken at temperatures
between 25 and 40 ◦C showed that the solution’s components influence the evaporation
rate, which is due to the intermolecular interaction between the components and water
molecules; thus, the stronger the interaction, the longer the interval required for drying.

FT-IR spectroscopy was employed to highlight the formed hydrogen bond between
the polymer and glycerol, respectively, as well as the presence of bentonite in the polymer
films. The results are presented in Figure 3 and detailed in Figure S1. The broad peaks
around 3300 cm−1 can be attributed to hydroxyl groups from the PVA chain, while the
values in the range of 1095–1085 cm−1 indicate the presence of hydrogen bonds formed
between PVA and glycerol. The weak bands at 3028 and 2919 cm−1 can be assigned to
C–H stretching vibrations. The strong peak highlighted around 1031 cm−1 has a double
meaning: it appears due to the strong vibrations of the C–O bonds of a primary alcohol,
and at the same time, it also indicates the presence of Si–O bonds due to bentonite clay. At
the same time, an increase in absorbance is observed with the addition of bentonite.

Figure 3. FT-IR spectra of the polymer films (SD3, SD5, SD8, and SD11).

The mechanical properties of polymer films are very important for the peeling process
and efficient decontamination of surfaces, which requires a high resistance but also a
certain degree of elasticity. Figure 4 illustrates comparative stress-strain plots for all the
nanocomposites obtained. As can be observed, the addition of glycerol led to higher
stress-strain values. In the absence of glycerol, films containing only polyvinyl alcohol
(SD1) are more resistant, but they are much too rigid and brittle to be used for surface
decontamination. Based on the results of the tensile strength tests, it can be stated that
each component modifies the mechanical properties of the films. Moreover, this aspect
must be considered when formulating decontamination solutions to obtain the desired
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characteristics. Thus, to obtain films easily exfoliated from the surface of interest while
avoiding fracture of the composite material, careful selection of components and their ratio
is required. The exact values of the mechanical parameters are given in the Table S2. As can
be observed, the nanocomposites containing metallic nanoparticles also displayed good
mechanical properties. The polymeric films maintained their integrity after the completion
of peeling. Thus, when these materials were subjected to low stretching forces (typical
for a peeling process) the nanocomposite film had enough mechanical resistance and
did not break. The mechanical resistance of the nanocomposites employed for surface
decontamination is afforded by the synergistic effect between the reinforcing nanoclay, the
polymer matrix, and the glycerol (acting as plasticizer).

The differential thermal analysis presented in Figure 5 allowed the evaluation of the
thermal characteristics of the polymer nanocomposite films. The thermal behavior of
the film containing only PVA (SD1) is slightly different than that of the films containing
glycerol. Thus, the peak situated at approximately 236 ◦C can be attributed to the melting
of the crystalline regions/domains of PVA. Comparing SD2 and SD3, very small differences
in terms of thermal transitions can be noticed. The first characteristic signal is endothermic
for a temperature range between 70 and 150 ◦C (Figure 5A), which can be attributed to
the evaporation of water trapped between the polymer chains. The shift of this peak to
slightly higher values in the case of SD3 can be explained by the increased interaction due
to the presence of bentonite. The second signal between 175 and 260 ◦C, also endothermic,
can be attributed to the melting of the polymer (Tm), while the signals after 270 ◦C can be
attributed to the polymer degradation process. Similarly, the presence of bentonite (SD3),
copper nanoparticles (SD5, SD8), or silver nanoparticles (SD11) in the composition of the
polymer films leads to a slight modification of the characteristic temperature response;
nevertheless, the responses of all samples are within the abovementioned temperature
intervals. The decrease in melting temperature could be attributed to an increase in the
thermal conductivity and polymer chain mobility due to the presence of the metallic
nanoparticles (Table S3).

3.1. Decontamination Tests

The decontamination tests were performed to prove and evaluating the efficacy of
this BCWA decontamination method. Biological decontamination tests were performed
first, using E. coli, Ps. aeruginosa and S. aureus (as simulants for biological agents), and
they were followed by chemical decontamination tests run on one real chemical war-
fare blistering agent, HD, and one simulant for neuroparalytic agents, DMMP. Figure 6
illustrates the steps taken to perform the decontamination using the herein-reported
film-forming solutions.

The method for biological or chemical decontamination consists of the utilization of
the synthesized eco-friendly active solutions (containing bentonite-supported nanoparti-
cles) for the degradation/neutralization and entrapment of toxic agents, followed by the
exfoliation of the formed film, which contains the degradation products resulting from the
neutralization of the targeted hazardous materials.

459



Polymers 2021, 13, 3999

 

 

 

Figure 4. Tensile tests results for the polymer films: (A) SD1, SD2, SD3; (B) SD4, SD5, SD6; (C) SD7, SD8, SD9; (D) SD10,
SD11, SD12; (E) SD3, SD5, SD8, SD11.
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Figure 5. DTA thermograms for the polymer films (A) neat APV, SD1, SD2, SD3 and (B) SD3, SD5, SD8, SD11.

Figure 6. Decontamination using eco-friendly active nanocomposite peelable coatings: (a) decontamination solution,
(b) decontamination solution is allowed to neutralize the contaminant, (c) dried peelable film, (d) peeling process and
(e) decontamination waste.

3.2. Biological Decontamination Tests

The results obtained of decontamination tests performed on biological contaminants
are further detailed. An antimicrobial activity assay generated the MIC and MBC values
of the decontamination solutions, displayed in Table 4 and Figure 7A,B. Solutions SD4,
SD5, and SD6 revealed the lowest antimicrobial activity against bacterial strains used in
the test. Solutions SD7, SD8, and SD9 showed low antimicrobial activity against Gram-
negative bacteria (E. coli, Ps. aeruginosa) and pronounced activity against Gram-positive
bacteria (S. aureus), MBC being established in this case. Solutions SD10, SD11, and SD12
showed stronger antimicrobial activity against Gram-negative bacteria, with MBC values
established, but lower than those presented for Gram-negative bacteria for solutions SD7,
SD8, and SD9.
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Table 4. Minimal inhibitory concentration (MIC) and Minimal bactericidal concentration (MBC).

Sample/
Micro-Organism

E. coli Ps. aeruginosa S. aureus

MIC
(%)

MBC
(%)

MIC
(%)

MBC
(%)

MIC
(%)

MBC
(%)

SD4 >50 – 50 – 50 –

SD5 >50 * – 50 – 50 –

SD6 >50 * – 50 – 25 –

SD7 >50 * – 25 – 1.56 25

SD8 50 – 25 – 0.78 12.5

SD9 25 – 25 – 0.39 25

SD10 6.25 25 0.39 3.125 3.125 –

SD11 12.5 25 0.78 12.5 6.25 –

SD12 12.5 25 0.39 6.25 6.25 –

SD3 (BK) – – – – – –
* Under the test conditions, the antimicrobial activity of the solution against the E. coli micro-organism could not
be highlighted.

Figure 7. ((A) S. aureus ATCC 6538) MIC determination against S. aureus ATCC 6538 observed from broth microdilution
assay using MH broth and resazurin (columns from left to right: NC, SD4, SD5, SD6, SD7, SD8, SD9, SD11, SD10, SD12, SD3
(Bk), PC). and (B) E. coli ATCC 8739.observed from broth microdilution assay using MH broth and resazurin (columns from
left to right: NC, SD4, SD5, SD6, SD7, SD8, SD9, SD11, SD10, SD12, SD3 (Bk), PC).

The inhibition of the bacterial strain growth could be explained by specific interactions
of nanoparticles with the cell envelope of micro-organisms [53]. When nanoparticles are
small enough, they can penetrate membrane pores. Nanoparticles that can enter the cell
membrane interact with bacterial enzymes, damaging the cell [54]. Some nanoparticles
interact electrostatically with the bacterial membrane, and reactive oxygen species are
generated, leading to the disruption of the membrane and DNA damages [55].

A time-kill assay was performed on E. coli and S. aureus. After the proposed contact
times (2 h and 24 h) between strains and bentonite-supported nanoparticle solutions,
bacterial growth was evaluated. In the case of the time-kill assay, it is observed that
after 2 h of contact, all the decontamination solutions showed activity against both micro-
organisms. After periods longer than 2 h of contact, in the case of E. coli strains, an
increase in the number of CFU/mL was observed. Most likely, in the case of this bacteria,
nanoparticles adhered to the surface of the cells or penetrated inside the membranes
and were blocked. It is known that nanoparticles containing Cu, Zn, and Ti ions bind to
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negatively charged membranes (such as E. coli) [56]. This would explain the survival rate
and resumption of the growth and division cycle. Considering that after 2 h of contact, an
accelerated increase in the number of CFU/mL was observed, only the values recorded
at time t1 (2 h of direct contact) were represented graphically (the results are illustrated
in Table 5, Figures 8 and S3), highlighting their antimicrobial activity during the short
contact period. In the case of S. aureus, the activity is more pronounced, with observed
antimicrobial activity even after 24 h in the case of SD7, SD8, SD9, SD10, SD11, and SD12
(results illustrated in Figure S4). The substrate solution (BK) has a slight activity on E. coli
but no activity on S. aureus.

Table 5. Bacterial cell population decrease (%) after 2 h of contact with decontamination solutions.

Micro-
Organism/Sample

SD4 SD5 SD6 SD7 SD8 SD9 SD10 SD11 SD12
SD3
(BK)

E. coli 96.25 98.65 97.53 98.1 97.23 93.25 95.43 95.43 80.25 47.5

S. aureus 87.2 93.7 86.6 90.4 94.6 95.8 96.1 97 97.35 −75

Figure 8. Bacterial cell population decrease (%) after 2 h of contact with decontamination solutions.

Rutala et al. [57] showed that the use of soap and water can sometimes be less efficient
due to their lower microbial reduction capacity (≤80% reduction, in comparison with
a phenolic disinfectant, which offers 94–95% reduction) and also due to the possibility
of contamination of the soap solution. However, a few hours later, the bacterial count
was nearly back to the pretreatment level [57]. In an Ayliffe et al. study [57,58], bacterial
contamination of soap and water without a disinfectant increased from 10 CFU/mL to
34,000 CFU/mL after cleaning a hospital ward. If the soap solution or the mop are reused,
contamination will, in fact, be transferred from one room to another.

The use of strippable coatings offers the advantage of avoiding these re-contamination
incidents like the ones described above because on each contaminated surface, a new
coating is formed, and after removal, it can be compacted and sealed in small containers
dedicated to biological waste. As a conventional substitute for the classical soap and water,
disinfectants significantly improved microbial removal when a conventional string mop
was used (95% vs. 68%) [57], but using a microfiber mop instead of the conventional mop
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could also prevent the possibility of transferring microbes from room to room if a new
microfiber pad is used in each room. By comparing the classical decontamination methods
with the advantages of the strippable coating method, coupled with the DF values obtained
for our decontamination solutions, we can affirm that this new method, based on peelable
films, ensures sufficiently high values of microbial reduction while bringing the advantage
of consisting of eco-friendly materials.

To evaluate the efficacy of biological contaminant removal from the targeted surfaces,
controlled contamination of Petri dishes with E. coli and S. aureus was performed, followed
by the addition of the decontamination solution. At the end of the curing process, the
obtained nanocomposite coatings were easily peed off (Figure 6), and the decontaminated
surface was further investigated to evaluate the decontamination efficiency.

The surfaces of Petri dishes were contaminated with portions of 10 μL suspension
of E. coli (5 × 103 CFU/Petri dish) and S. aureus (7 × 103 CFU/Petri dish). Following
the application of the decontamination solutions and removal of the peelable films, the
number of residual micro-organisms on the targeted surface was assessed by cultivation in
culture media (MHa). The effectiveness of the biological decontamination can be expressed
utilizing the decontamination factor (DF). The decontamination factor can be calculated by
the following equation:

DF = 100 × (Ci−Cf)/Ci (2)

where Ci represents the contamination level before applying the decontamination solution
and Cf reflects the residual contamination [6]. Table 6 presents the DFs obtained for E. coli
and S. aureus, and to facilitate comparison, Figure 9 summarizes all these values.

Table 6. Efficacy of removal of E. coli and S. aureus strains from surfaces.

Micro-
Organism/Sample

SD4 SD5 SD6 SD7 SD8 SD9 SD10 SD11 SD12
SD3
(BK)

E. coli 95 94 94.6 95.8 95.4 94.2 95.8 95 94 93.6

S. aureus 95.9 95.6 95.4 96.3 96.4 96.1 97.1 96.9 96.6 95.6

Figure 9. Biological decontamination efficacy.
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The efficacy of removal for the tested micro-organisms varies (93% < DF < 97%). There-
fore, we can affirm that these polymeric decontamination solutions represent a useful tool
for biological decontamination of surfaces. Basically, biological decontamination occurred
through two mechanisms: the first one consists of the entrapment of micro-organisms in
the polymeric matrix of the nanocomposite due to the excellent adsorptive properties of
bentonite nanoclay; and the second one consists of the active inhibition of the activity of
micro-organisms with the aid of the antimicrobial effect of the bentonite-supported Ag, Cu,
and TiO2 nanoparticles present in the decontamination solutions. Therefore, even if some
of the decontamination solutions did not show remarkable antimicrobial activity, they can
still be successfully used for decontamination as they have a great potential for entrapping
and sealing the biological contaminants inside the polymeric matrix of the nanocomposite
film obtained following the evaporation of the solvent (water). The increased stability of the
peelable films herein reported could ensure minimization of risks associated with biological
contamination, ensuring immediate decontamination by first covering and then capturing
the contaminant inside the polymeric film. The peeled nanocomposite films containing
the entrapped contaminant can be further subjected to analysis for the identification and
evaluation of the concentration of the contaminant.

3.3. Chemical Decontamination Tests

Chemical decontamination tests followed the biological decontamination tests. Since
the biological decontamination tests showed that the solutions based on bentonite-supported
silver nanoparticles displayed the best results, we employed only these solutions (SD10,
SD11, and SD12) for the tests performed on real chemical warfare agents. This choice was
also influenced by safety concerns, as working with real warfare agents imposes higher
risks and requires specially trained personal. Thus, we tried to limit the number of experi-
ments by employing only these three decontamination solutions, and we maintained the
relevant steps for the decontamination procedure in order to obtain accurate information.
For the same reasons, we also tested a simulant. Chemical decontamination of metallic
surfaces measuring 10 cm2 was accomplished in three stages: the first one consisted of the
controlled contamination of the metallic coupons with HD and DMMP (10 mg/10 cm2),
respectively; the second one consisted of applying the decontamination solution on the
contaminated surface and allowing it to neutralize the toxin and to form the film by evapo-
ration of the solvent at room temperature (25 ◦C); the last step consisted of DCM extraction
of the decontaminated surface and of the peeled film. The results obtained for HD and
DMMP are presented in Table 7, Figure 10. Some relevant chromatograms were selected
and are shown in Figures S6–S9.

Decontamination factor was calculated according to the following equation, also de-
scribed in the Methods section: DF = 100 × (C0 − Cf)/C0, where DF is the decontamination
factor, C0 is the initial toxic concentration found on the tested metallic surface, and Cf
is the final concentration found on the decontaminated metallic surface, reflecting the
residual contamination (according to the area of the characteristic peak of toxin). The
values obtained are illustrated in Figure 11.
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Table 7. Evaluation of chemical decontamination efficacy with the aid of GC-MS results.

Sample ID DF (%)
Residual

Contamination
(%)

Residual
Contamination

(mg/10 cm2)

S0_HD 0 100 10

HD_SD10_M 78.28 21.72 2.1722

HD_SD11_M 90.89 9.11 0.9111

HD_SD12_ M 66.73 33.27 3.3273

HD_SD10_P N/A 21.02 2.1018

HD_SD11_P N/A 14.58 1.4579

HD_SD12_P N/A 36.47 3.6470

S0_DMMP 0 100 10

DMMP_SD10_M 99.97 0.03 0.0026

DMMP_SD11_M 99.98 0.02 0.0018

DMMP_SD12_ M 99.96 0.04 0.0036

DMMP_SD10_P N/A 3.00 0.2619

DMMP_SD11_P N/A 5.79 0.5063

DMMP_SD12_P N/A 7.53 0.6584
HD—sulfur mustard; S0_HD—sulfur mustard blank; DMMP—dimethyl methylphosphonate; S0_DMMP—
dimethyl methylphosphonate blank; M—samples extracted in DCM from the metalic surfaces after decontamina-
tion; P—samples extracted in DCM from the nanocomposite film after decontamination.

Figure 10. Chemical decontamination efficacy: decontamination factors.

As it can be noticed in Table 7 and Figure 10, the SD11 decontamination solution
achieved the highest decontamination factor for HD. In the case of DMMP, employed
as simulant for nerve chemical agents, the decontamination factors obtained were much
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higher, with all decontamination solutions (SD10, SD11, and SD12) being highly efficient. It
is well known that HD is more difficult to decontaminate due to its chemical structure, as it
tends to establish stronger interactions with the metallic substrate on which it is deposited.
Even so, SD11 managed to efficiently remove more than 90% from the contaminated
surface. The other decontamination solutions were not so efficient, probably due to their
composition. We can presume that SD10 was not able to entrap the same amount of
toxin, probably due to the lower content of bentonite, which was reflected in a higher
residual contamination ≈ 21.72%. On the other hand, even if SD12 had more bentonite and
theoretically greater adsorptive capacity, having a slightly higher viscosity and less NP
active centers (bigger NPs and lower specific surface) with decreased mobility in a more
viscous media, this could have led to much lower DF values.

Figure 11. Cont.
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Figure 11. Degradation products of HD tracked during the decontamination process (y-axis values correspond to the values
obtained for the area of the specific peak (counts) of each analyte): (a) sulfur mustard, (b) 1,4—dithiane, (c) thiodiglycol, (d)
ethanol.2-((2-chloroethyl)thio)1-acetate, (e) Bis((2-cloroethylthio)ethyl)sulfide, (f) Bis(2-chloroethyl) disulfide, (g) sesqui-
mustard and (h) O-mustard.

The achieved HD decontamination efficiency was 90.89% for SD11. This experiment
demonstrates the functionality of the polymeric films used for the capture and removal
of the toxic agent and also a small amount of waste generation. A comparative assess-
ment between the result obtained and SD11 polymer films on HD-contaminated metallic
surfaces (DF ≈ 90.89%) and conventional decontamination products, which are commer-
cially available (bleach (full strength)- DF ≈ 86% or hydrogen peroxide- DF ≈ 71% for
HD-contaminated metallic surfaces) [59], shows a clear improvement in terms of decon-
tamination efficiency, afforded by the strippable coatings herein reported (SD11).

An ideal achievement is a 100% efficient decontamination, but in the case of opera-
tional decontamination, this percentage is relatively difficult to obtain for yperite, as the
decontamination process depends on a multitude of factors, such as decontamination time,
ambient temperature, the contact time elapsed between the contaminated surface and toxic
agent until the application of the decontamination solution, and last but not least, the type
of material that has been contaminated. In this regard, the U.S. Environmental Protection
Agency (EPA) conducted some studies covering aspects of mustard decontamination using
commercial decontamination solutions, wherein it concluded that depending on the factors
listed above, decontamination efficiency can vary in practice between 37% and max. 95%
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when applying the decontamination product only once [59,60]. Thus, we can affirm that
SD11 polymeric films present unique perspectives in their operational use for removing
HD contaminant.

In general, DMMP is much easier to decontaminate because of the weaker interactions
it establishes with the metallic surfaces on which it is deposited in decontamination tests.
Even so, it still requires an adequate decontaminating agent. All the decontamination
solutions managed to reach DF values greater than 99.96%. These high values of DF
were obtained due to the remarkable adsorption capacity of the materials employed
for decontamination and the compatibility of the components of the decontamination
solutions with DMMP but also due to the weak interactions between DMMP and the
metallic substrate.

The last step in the evaluation of chemical decontamination efficacy consisted of the
investigation of the degradation products of sulfur mustard. The HD solution employed
for controlled contamination had a purity of 95%. Thus, 5% of the solution contained
by-products of the synthesis of HD and small amounts of degradation products (Table S5).
The solution utilized for controlled contamination, together with the degradation products
of HD, was also tracked during the decontamination process because part of these synthesis
by-products from the HD initial solution is also part of the blister agent class, possessing a
higher blistering action than neat HD. Thus, even if they are found in a small concentration
in the initial solution, the higher toxicity of these compounds imposes the necessity of
examining their degradation. The results are illustrated in Figure 11 and Table S5.

In Figure 11, it can be noticed that the decontamination solution does not just entrap
the toxic, but it also actively decomposes HD (and the other initial components of the
contaminating solution) into less toxic compounds. These results offer clear evidence of
the ability of the decontamination solutions to efficiently neutralize the toxic agent. The
decontamination is performed by two pathways: the chemical degradation of the toxins,
which is possible with the aid of the active components, as well as the entrapment and
sealing-off of the degradation products and the toxic compounds that were only partially
degraded. As can be seen in Figure 11, HD was only partially degraded, as HD can still
be detected on the surface and in the nanocomposite films after DCM extraction. sesqui-
mustard and O–mustard, which are well-known for their higher toxicity, both present
in the initial contaminating solution were also partially degraded. In comparison with
HD, sesqui–mustard, and O-mustard, the compound 1,4—dithiane was not visible in
the polymeric film after decontamination. Thiodiglycol, the hydrolysis product of HD,
was found in significant quantities in the samples obtained from DCM extraction of the
polymeric film after decontamination, thus offering evidence of the high capacity of these
decontamination solutions to hydrolyze HD.

Based on the chemical decontamination tests, it can be concluded that these novel
water-based decontamination solutions are a useful and versatile tool for the neutralization
and removal of chemical warfare agents, ensuring high decontamination levels.

4. Conclusions

This study proposes new decontamination solutions consisting of innovative, ecolog-
ical, peelable active nanocomposite films specially designed for biological and chemical
warfare agents. These film-forming decontamination solutions are water-based solutions
obtained from eco-friendly materials. Bentonite-supported nanoparticles (Cu, TiO2, and
Ag) were successfully synthesized in aqueous solution and were employed in the decon-
tamination formulations as active agents facilitating the neutralization of the hazardous
materials. The unicity of these formulations consists of their environmentally responsible
composition and high capacity to entrap and neutralize BCWA contaminants.

Particle-size control of the synthesized nanoparticles was accomplished by employing
three different concentrations of bentonite nanoclay, which also served as adsorbent in
the decontamination solutions, trapping the contaminants that diffuse in the polymeric
composite network until the end of the drying process. Bentonite-supported silver nanopar-
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ticles displayed high antimicrobial activity and had a positive effect on the degradation
process of the chemical warfare agent sulfur mustard, as well as DMMP, a nerve agent
simulant. TEM analyses confirmed the nanometric dimensions of the obtained metallic
particles. The decontamination formulations were further prepared based on these active
ingredients and a water-soluble polymer, APV. Their viscosity was evaluated, revealing
only minor differences between them due to the low concentration of nanoparticles and
nanoclay (up to 1.5%). Viscosity influences the application method (spraying vs. brushing),
but it also influences the motion of the active ingredients towards the contaminants within
the polymeric matrix. The evaporation rate of each decontamination solution was evalu-
ated to assess the necessary time for obtaining the peelable nanocomposite films. Chemical,
mechanical, and thermal characterizations of the polymeric nanocomposite films were per-
formed using FT-IR, tensile tests, DTA, and DMA techniques, showing the influence of each
component on the final properties of the polymeric nanocomposite designed for BCWA
decontamination. The decontamination effectiveness was first evaluated by qualitative and
quantitative approaches, employing specific analytic tools for each type of contaminant.
The influence of the concentration of bentonite nanoclay, and subsequently, the influence
of the nature and size of the synthesized nanoparticles over the decontamination efficiency
were also emphasized. The presence of nanoparticles led to higher decontamination fac-
tors. The solutions containing Ag-NPs displayed more antimicrobial activity. Copper
nanoparticles displayed less antimicrobial activity, but this aspect was improved by the ad-
dition of TiO2 nanoparticles. The efficacy of removal for the tested micro-organisms varies
(93% < DF < 97%), thus confirming that these polymeric decontamination solutions repre-
sent a useful tool for biological decontamination of surfaces. The decontamination solution
containing 1% bentonite nanoclay and Ag-NPs (SD11) displayed the best results for HD

decontamination (DF ≥ 90.89%). In contrast, DMMP was almost completely removed from
the contaminated surfaces, displaying a decontamination factor of DF ≈ 99.97% ± 0.01.

In conclusion, the eco-friendly, peelable active nanocomposite films designed for
biological and chemical warfare agent decontamination can be successfully used on con-
taminated surfaces, reducing the risk of spreading bio-contaminants or chemical agents by
neutralizing and entrapping the hazardous materials and their degradation products into
the polymer nanocomposite matrix. In comparison with classical decontamination meth-
ods, employing ecological peelable coatings brings multiple advantages: significantly lower
consumption of water and reagents, significantly lower amount of post-decontamination
waste, ease of application, eco-friendly components, and high decontamination factors for
both biological and chemical agents.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13223999/s1, Table S1. Evaporation rate of the decontamination solutions; Figure S1.
FT-IR spectra of the polymer nanocomposite films; Figure S2. Tensile tests results; Table S2. Tensile
tests results; Figure S3. Cell population after 2 h in contact with the decontamination solutions for
E. coli; Table S3. Antimicrobial activity of the decontamination solutions against E. coli; Figure S4. Cell
population after 24 h in contact with the decontamination solutions for E. coli; Table S4. Antimicrobial
activity of the decontamination solutions against S. aureus; Figure S5. Mass spectra of HD (up—from
analysis; down—NIST database) RT—10.71 min; Figure S6. Chromatograms multigraph; Figure S7.
Total Ions Chromatograms overlap for all samples, representing HD at the RT (retention time):
10.70; Figure S8. Chromatograms overlap for reference sample and samples extracted from the
metallic surface after decontamination; Figure S9. Chromatograms overlap for reference sample
and samples extracted from the nanocomposite film after decontamination; Table S5. Degradation
products of HD monitorized during the decontamination process; Figure S10. Degradation products
of Yperite; Figure S11. Mass spectra of HD (up—from analysis; down—NIST database) RT—5.93
min; Figure S12. Chromatograms overlap for all samples; Figure S13. Chromatograms overlap for all
samples; Figure S14. Chromatograms overlap for reference sample and samples extracted from the
metallic surface after decontamination; Figure S15. Chromatograms overlap for reference sample
and samples extracted from the nanocomposite film after decontamination.

470



Polymers 2021, 13, 3999

Author Contributions: Conceptualization, G.T., A.D., T.R., M.A., E.R. and R.E.G.; methodology,
G.T., A.D., T.R. and M.A.; software, A.E.M., D.P., A.M.G. and R.S, .; validation, G.T., A.D., T.R., M.A.,
T.V.I. and E.R.; formal analysis, G.T., A.D., M.A., R.E.G., F.A., R.O., F.L.Z., A.P., A.E.M., D.P., A.M.G.
and R.S, .; investigation, G.T., A.D., M.A., R.E.G., F.A., R.O., F.L.Z., A.P., A.E.M., D.P., T.V.I. and R.S, .;
resources, G.T., T.R., M.A., A.D., T.V.I. and R.E.G.; data curation, G.T., A.D., M.A., F.A., R.O., F.L.Z.,
A.P., A.E.M., D.P. and R.S, .; writing—original draft preparation, G.T., A.D., T.R. and M.A.; writing—
review and editing, G.T., A.D., T.R., M.A., E.R., R.E.G., F.A., R.O., F.L.Z., A.P., A.E.M., D.P., A.M.G.,
T.V.I. and R.S, .; visualization, G.T., A.D., M.A., E.R., D.P.; supervision, G.T., A.D., T.R., M.A. and E.R.;
project administration, G.T., A.E.M., R.E.G., A.D. and T.R.; funding acquisition, G.T., A.E.M., R.E.G.,
M.A., A.D. and T.R. All authors have read and agreed to the published version of the manuscript.

Funding: The authors are thankful for the financial support provided by the Executive Agency for
Higher Education, Research, Development, and Innovation Funding (UEFISCDI), the Ministry of Ed-
ucation of Romania, through the National Projects PN-III-P2-2.1-PED-2019-4222 ctr. no. 427PED/2020
and PN-III-P2-2.1-PTE-2019-0400 ctr. no. 49PTE/2020.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Aurel Diacon gratefully acknowledges financial support from the Competitive-
ness Operational Program 2014–2020, Action 1.1.3: Creating synergies with RDI actions of the EU’s
HORIZON 2020 framework program and other international RDI programs, MySMIS Code 108792,
Acronym project “UPB4H”, financed by contract: 250/11.05.2020.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. OPCW. The Convention on the Prohibition of the Development, Production, Stockpiling and Use of Chemical Weapons and
on Their Destruction (the Chemical Weapons Convention or CWC). Available online: https://www.opcw.org/ (accessed on
29 April 1997).

2. UN. The Convention on the Prohibition of the Development, Production and Stockpiling of Bacteriological (Biological) and Toxin
Weapons and on Their Destruction. Available online: https://www.un.org/disarmament/biological-weapons/ (accessed on
26 March 1975).

3. Wagner, G.W.; Yang, Y.-C. Rapid Nucleophilic/Oxidative Decontamination of Chemical Warfare Agents. Ind. Eng. Chem. Res.
2002, 41, 1925–1928. [CrossRef]

4. Wartell, M.A.; Kleinman, M.T.; Huey, B.M.; Duffy, L.M. Strategies to Protect the Health of Deployed, U.S. Forces: Force Protection and
Decontamination; National Academic Press: Washington, DC, USA, 1999.

5. EPA. Evaluation of the Curing Times of Strippable Coatings and Gels as Used for Radiological Decontamination. In EPA Report;
U.S. Environmental Protection Agency: Washington, DC, USA, 2014.

6. Kumar, V.; Goel, R.; Chawla, R.; Silambarasan, M.; Sharma, R.K. Chemical, biological, radiological, and nuclear decontamination:
Recent trends and future perspective. J. Pharm. Bioallied Sci. 2010, 2, 220–238. [CrossRef] [PubMed]

7. Zorila, F.L.; Ionescu, C.; Craciun, L.S.; Zorila, B. Atomic force microscopy study of morphological modifications induced by
different decontamination treatments on Escherichia coli. Ultramicroscopy 2017, 182, 226–232. [CrossRef]

8. Dent, E.; Espina-Benitez, M.B.; Pitault, I.; Pollet, T.; Blaha, D.; Bolzinger, M.A.; Rodriguez-Nava, V.; Briancon, S. Metal oxide
nanoparticles for the decontamination of toxic chemical and biological compounds. Int. J. Pharm. 2020, 583, 119373. [CrossRef]
[PubMed]

9. Gephart, R.T., 3rd; Coneski, P.N.; Wynne, J.H. Decontamination of chemical-warfare agent simulants by polymer surfaces doped
with the singlet oxygen generator zinc octaphenoxyphthalocyanine. ACS Appl. Mater. Interfaces 2013, 5, 10191–10200. [CrossRef]
[PubMed]

10. Gray, H.N.; Bergbreiter, D.E. Applications of polymeric smart materials to environmental problems. Environ. Health Perspect.
1997, 105, 55–63.

11. Gray, H.N.; Jorgensen, B.; Mc Claugherty, D.L.; Kippenberger, A. Smart Polymeric Coatings for Surface Decontamination. Ind.
Eng. Chem. Res. 2001, 40, 3540–3546. [CrossRef]

12. Toader, G.; Stănescu, P.O.; Zecheru, T.; Rotariu, T.; El-Ghayoury, A.; Teodorescu, M. Water-based strippable coatings containing
bentonite clay for heavy metal surface decontamination. Arab. J. Chem. 2019, 12, 4026–4034. [CrossRef]

13. Almeida, C.C.; Garcia, R.H.L.; Cambises, P.B.S.; Da Silva, T.M.; Paiva, J.E.; Carneiro, J.C.G.G.; Rodrigues, D.L. Radiation Protection
Procedures for the Dismantling and Decontamination of Nuclear Facility. In Proceedings of the International Nuclear Atlantic
Conference, Recife, Brazil, 24–29 November 2013.

471



Polymers 2021, 13, 3999

14. Bossart, S.; Blair, D.M. Decontamination Technologies for Facility Reuse. In Proceedings of the WM’03 Conference, Tucson, AZ,
USA, 23–27 February 2003; pp. 1–13.

15. Kohli, R. Chapter 1—Removal of Surface Contaminants Using Ionic Liquids. In Developments in Surface Contamination and Cleaning;
Elsevier: Amsterdam, The Netherlands, 2013; pp. 1–63.

16. Sutton, M.; Burastero, S.R.; Perkins, J.; Chiarappa-Zucca, M.L.; Andresen, B.D. Alpha-Aminobenzyl-Alpha, Alpha-Diphosphoric
Acid Selective Chelation of Beryllium. U.S. Patent 11,731,421, 1 November 2007.

17. Yang, H.-M.; Park, C.W.; Lee, K.-W. Polymeric coatings for surface decontamination and ecofriendly volume reduction of
radioactive waste after use. Prog. Nucl. Energy 2018, 104, 67–74. [CrossRef]

18. Pulpea, D.; Rotariu, T.; Toader, G.; Pulpea, G.B.; Neculae, V.; Teodorescu, M. Decontamination of radioactive hazardous materials
by using novel biodegradable strippable coatings and new generation complexing agents. Chemosphere 2020, 258, 127227.
[CrossRef]

19. Toader, G.; Rotariu, T.; Moldovan, E.A.; Esanu, S.R.; Pulpea, D.; Podaru, D.; Dirloman, F.; Iordache, T.V.; Gavrila, A.M.; Istrate, M.
Biodegradable Polymeric Nanocomposites, with Film-Forming Properties, Intended for Surface Decontamination and Process for
Obtaining and Using Them. Rumanian Patent OSIM A00340, 16 June 2021.

20. Toader, G.; Rotariu, T.; Pulpea, D.; Moldovan, A.; Podaru, A.; Gavrila, A.M.; Alexandru, M.; Diacon, A.; Ginghina, R.; Iorga, O.;
et al. Polymeric blends designed for surface decontamination. UPB Sci. Bull. Series B 2021, 83, 73–86.

21. He, Z.; Li, Y.; Xiao, Z.; Jiang, H.; Zhou, Y.; Luo, D. Synthesis and Preparation of (Acrylic Copolymer) Ternary System Peelable
Sealing Decontamination Material. Polymers 2020, 12, 1556. [CrossRef]

22. Koryakovskiy, Y.S.; Doilnitsyn, V.A.; Akatov, A.A. Improving the efficiency of fixed radionuclides’ removal by chemical decon-
tamination of surfaces in situ. Nucl. Energy Technol. 2019, 5, 155–161. [CrossRef]

23. Bromberg, L.; Creasy, W.R.; McGarvey, D.J.; Wilusz, E.; Hatton, T.A. Nucleophilic Polymers and Gels in Hydrolytic Degradation
of Chemical Warfare Agents. ACS Appl. Mater. Interfaces 2015, 7, 22001–22011. [CrossRef]

24. Teodorescu, M.; Lingu, A.; Stanescu, P.O. Preparation and Properties of Novel Slow-Release NPK Agrochemical Formulations
Based on Poly(acrylic acid) Hydrogels and Liquid Fertilizers. Ind. Eng. Chem. Res. 2009, 48, 6527–6534. [CrossRef]

25. Klykken, P.; Servinski, M.; Thomas, X. Silicone Film-Forming Technologies for Health Care Applications. Dow Corning 2004,
1, 1–8.

26. Ben Halima, N. Poly(vinyl alcohol): Review of its promising applications and insights into biodegradation. RSC Adv. 2016, 6,
39823–39832. [CrossRef]

27. Moshin, M. Thermal and mechanical properties of poly(vinyl alcohol) plasticized with glycerol. J. Appl. Polym. Sci. 2011, 122,
3102–3109.

28. Casalini, R.; Bogoslovov, R.; Qadri, S.B.; Roland, C.M. Nanofiller reinforcement of elastomeric polyurea. Polymer 2012, 53,
1282–1287. [CrossRef]

29. Li, Y.; Chen, C.; Hou, H.; Cheng, Y.; Gao, H.; Zhang, P.; Liu, T. The Influence of Spraying Strategy on the Dynamic Response of
Polyurea-Coated Metal Plates to Localized Air Blast Loading: Experimental Investigations. Polymers 2019, 11, 1888. [CrossRef]

30. Toader, G.; Rusen, E.; Teodorescu, M.; Diacon, A.; Stanescu, P.O.; Damian, C.; Rotariu, T.; Rotariu, A. New polyurea MWCNTs
nanocomposite films with enhanced mechanical properties. J. Appl. Polym. Sci. 2017, 134, 45061. [CrossRef]

31. Toader, G.; Rusen, E.; Teodorescu, M.; Diacon, A.; Stanescu, P.O.; Rotariu, T.; Rotariu, A. Novel polyurea polymers with enhanced
mechanical properties. J. Appl. Polym. Sci. 2016, 133, 43967. [CrossRef]

32. Toader, G.; Diacon, A.; Rusen, E.; Rizea, F.; Teodorescu, M.; Stanescu, P.O.; Damian, C.; Trana, E.; Rotariu, A.; Bucur, F.; et al.
A Facile Synthesis Route of Hybrid Polyurea-Polyurethane-MWCNTs Nanocomposite Coatings for Ballistic Protection and
Experimental Testing in Dynamic Regime. Polymers 2021, 13, 1618. [CrossRef] [PubMed]

33. Castro-Yobal, M.A.; Contreras-Oliva, A.; Saucedo-Rivalcoba, V.; Rivera-Armenta, J.L.; Salinas-Ruiz, J.; Herrera-Corredor, A.;
Hernández-Ramírez, G. Evaluation of physicochemical properties of film-based alginate for food packing applications. e-Polymers
2021, 21, 82–95. [CrossRef]

34. Lei, Q.; Huang, Z.Y.; Pan, J.Z.; Bao, J.Q.; Xun, Q.N. Effect of Sodium Alginate on the Properties of Composite Protein Films. Appl.
Mech. Mater. 2014, 541, 49–56. [CrossRef]

35. Li, J.; He, J.; Huang, Y.; Li, D.; Chen, X. Improving surface and mechanical properties of alginate films by using ethanol as a
co-solvent during external gelation. Carbohydr. Polym. 2015, 123, 208–216. [CrossRef] [PubMed]

36. Salerno, A.; Pitault, I.; Devers, T.; Pelletier, J.; Briançon, S. Model-based optimization of parameters for degradation reaction of an
organophosphorus pesticide, paraoxon, using CeO(2) nanoparticles in water media. Environ. Toxicol. Pharmacol. 2017, 53, 18–28.
[CrossRef]

37. Wagner, G.W.; Koper, O.B.; Lucas, E.; Decker, S.; Klabunde, K.J. Reactions of VX, GD, and HD with Nanosize CaO: Autocatalytic
Dehydrohalogenation of HD. J. Phys. Chem. B 2000, 104, 5118–5123. [CrossRef]

38. He, H.; Dong, X.; Yang, M.; Yang, Q.; Duan, S.; Yu, Y.; Han, J.; Zhang, C.; Chen, L.; Yang, X. Catalytic inactivation of SARS
coronavirus, Escherichia coli and yeast on solid surface. Catal. Commun. 2004, 5, 170–172. [CrossRef] [PubMed]

39. Gyawali, R.; Ibrahim, S.; Abu Hasfa, S.H.; Smqadri, S.Q.; Haik, Y. Antimicrobial Activity of Copper Alone and in Combination
with Lactic Acid against Escherichia coli O157:H7 in Laboratory Medium and on the Surface of Lettuce and Tomatoes. J. Pathog.
2011, 2011, 650968. [CrossRef] [PubMed]

472



Polymers 2021, 13, 3999

40. Usman, M.S.; El Zowalaty, M.E.; Shameli, K.; Zainuddin, N.; Salama, M.; Ibrahim, N.A. Synthesis, characterization, and
antimicrobial properties of copper nanoparticles. Int. J. Nanomed. 2013, 8, 4467–4479.

41. Singh, V.V.; Jurado-Sánchez, B.; Sattayasamitsathit, S.; Orozco, J.; Li, J.; Galarnyk, M.; Fedorak, Y.; Wang, J. Multifunctional
Silver-Exchanged Zeolite Micromotors for Catalytic Detoxification of Chemical and Biological Threats. Adv. Funct. Mater. 2015,
25, 2147–2155. [CrossRef]

42. Wagner, G.W. Decontamination of Chemical Warfare Agents with Nanosize Metal Oxides. In Defense Applications of Nanomaterials;
American Chemical Sociaty: Washington, DC, USA, 2005; pp. 139–152.

43. Roy, A.; Srivastava, A.K.; Singh, B.; Mahato, T.H.; Shah, D.; Halve, A.K. Degradation of sulfur mustard and 2-chloroethyl ethyl
sulfide on Cu–BTC metal organic framework. Microporous Mesoporous Mater. 2012, 162, 207–212. [CrossRef]

44. Roy, A.; Srivastava, A.K.; Singh, B.; Shah, D.; Mahato, T.H.; Gutch, P.K.; Halve, A.K. Degradation of sarin, DEClP and DECNP
over Cu-BTC metal organic framework. J. Porous Mater. 2013, 20, 1103–1109. [CrossRef]

45. Balouiri, M.; Sadiki, M.; Ibnsouda, S.K. Methods for in vitro evaluating antimicrobial activity: A review. J. Pharm. Anal. 2016, 6,
71–79. [CrossRef] [PubMed]

46. Borges, A.; Abreu, A.C.; Ferreira, C.; Savedra, M.J.; Simões, L.C.; Simões, M. Antibacterial activity and mode of action of selected
glucosinolate hydrolysis products against bacterial pathogens. J. Food Sci. Technol. 2015, 52, 4737–4748. [CrossRef]

47. Cui, Y.; Oh, Y.J.; Lim, J.; Youn, M.; Lee, I.; Pak, H.K.; Jo, W.; Park, S. AFM study of the differential inhibitory effects of the green
tea polyphenol (-)-epigallocatechin-3-gallate (EGCG) against Gram-positive and Gram-negative bacteria. Food Microbiol. 2012, 29,
80–87. [CrossRef] [PubMed]

48. CLSI. Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria That Grow Aerobically. In CLSI Document M07-A9;
CLSI: Wayne, PA, USA, 2012.

49. De Brucker, K.; Delattin, N.; Robijns, S.; Steenackers, H.; Verstraeten, N.; Landuyt, B.; Luyten, W.; Scoofs, L.; Dovgan, B.; Fröhlich,
M.; et al. Derivatives of the mouse cathelicidin-related antimicrobial peptide (CRAMP) inhibit fungal and bacterial biofilm
formation. Antimicrob. Agents Chemother. 2014, 58, 5395–5404. [CrossRef]

50. Wiegand, I.; Hilpert, K.; Hancock, R.E. Agar and broth dilution methods to determine the minimal inhibitory concentration (MIC)
of antimicrobial substances. Nat. Protoc. 2008, 3, 163–175. [CrossRef]

51. Konaté, K.; Mavoungou, J.F.; Lepengué, A.N.; Aworet-Samseny, R.R.; Hilou, A.; Souza, A.; Dicko, M.H.; M’Batchi, B. Antibacterial
activity against β- lactamase producing Methicillin and Ampicillin-resistants Staphylococcus aureus: Fractional Inhibitory
Concentration Index (FICI) determination. Ann. Clin. Microbiol. Antimicrob. 2012, 11, 18. [CrossRef]

52. Zhou, D.; Abdel-Fattah, A.I.; Keller, A.A. Clay Particles Destabilize Engineered Nanoparticles in Aqueous Environments. Environ.
Sci. Technol. 2012, 46, 7520–7526. [CrossRef]

53. Lesniak, A.; Salvati, A.; Santos-Martinez, M.J.; Radomski, M.W.; Dawson, K.A.; Åberg, C. Nanoparticle Adhesion to the Cell
Membrane and Its Effect on Nanoparticle Uptake Efficiency. J. Am. Chem. Soc. 2013, 135, 1438–1444. [CrossRef] [PubMed]

54. Behzadi, S.; Serpooshan, V.; Tao, W.; Hamaly, M.A.; Alkawareek, M.Y.; Dreaden, E.C.; Brown, D.; Alkilany, A.M.; Farokhzad,
O.C.; Mahmoudi, M. Cellular uptake of nanoparticles: Journey inside the cell. Chem. Soc. Rev. 2017, 46, 4218–4244. [CrossRef]
[PubMed]

55. Petersen, E.J.; Reipa, V.; Watson, S.S.; Stanley, D.L.; Rabb, S.A.; Nelson, B.C. DNA damaging potential of photoactivated p25
titanium dioxide nanoparticles. Chem. Res. Toxicol. 2014, 27, 1877–1884. [CrossRef] [PubMed]

56. Wang, L.; Hu, C.; Shao, L. The antimicrobial activity of nanoparticles: Present situation and prospects for the future. Int. J.
Nanomed. 2017, 12, 1227–1249. [CrossRef] [PubMed]

57. Rutala, W.A.; Weber, D.A. Guideline for Disinfection and Sterilization in Healthcare Facilities; CDPC: Atlanta, GA, USA, 2008.
58. Ayliffe, G.A.; Collins, B.J.; Lowbury, E.J.L.; Babb, J.R.; Lilly, H.A. Ward floors and other surfaces as reservoirs of hospital infection.

J. Hyg. 1967, 65, 515–536. [CrossRef]
59. Oudejans, L. Decontamination of Agent Yellow, a Lewisite and Sulfur Mustard Mixture; U.S. Environmental Protection Agency:

Washington, DC, USA, 2015.
60. Oudejans, L. Decontamination of Sulfur Mustard and Thickened Sulfur Mustard Using Chlorine Dioxide Fumigation; U.S. Environmental

Protection Agency: Washington, DC, USA, 2011.

473





polymers

Article

Novel Polyurethanes Based on Recycled Polyethylene
Terephthalate: Synthesis, Characterization, and Formulation of
Binders for Environmentally Responsible Rocket Propellants

Florin Marian Dîrloman 1,† , Gabriela Toader 1,† , Traian Rotariu 1,*, Tudor Viorel T, igănescu 1,2,

Raluca Elena Ginghină 3 , Răzvan Petre 3, Florentina Alexe 3, Mihai Ionut, Ungureanu 1, Edina Rusen 4 ,

Aurel Diacon 4 , Adi Ghebaur 4, Monica Duldner 5, Alina Elena Coman 5 and Robert T, incu 6

Citation: Dîrloman, F.M.; Toader, G.;
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Abstract: Novel polyurethane-based binders, specifically designed for environmentally responsible
rocket propellant composites, were obtained by employing the polyester-polyols that resulted from
the degradation of polyethylene terephthalate waste. A new class of “greener” rocket propellants,
comprising polyurethanes (based on recycled PET) as the binder, phase stabilized ammonium nitrate
(PSAN) as the eco-friendly oxidizer, and triethylene glycol dinitrate (TEGDN) as the energetic
plasticizer, together with aluminum as fuel and Fe2O3 as the catalyst, is herein reported. The
components of the energetic mixtures were investigated (individually and as composite materials)
through specific analytical tools: 1H-NMR, FT-IR, SEM-EDX, DTA and TGA, tensile and compression
tests, DMA, and micro-CT. Moreover, the feasibility of this innovative solution is sustained by the
ballistic performances exhibited by these composite materials in a subscale rocket motor, proving
that these new formulations are suitable for rocket propellant applications.

Keywords: polyethylene terephthalate recycling; polyurethane; binder; polymeric composite; rocket
propellant; mechanical properties; subscale rocket motor

1. Introduction

Solid rocket propellants are a particular class of energetic materials that are developed
to ensure the propulsion of spacecrafts, missiles, and rockets toward a target. The main
energetic transformation is represented by steady combustion in an enclosed environment,
specifically designed to release hot gases at high speeds to obtain the appropriate propul-
sion thrust [1]. The main aspects that influence the combustion behavior are the constituent
elements and the configuration of the grains. Structurally, solid rocket composite pro-
pellants are typically based on a heterogeneous combination of distinct compounds that
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serve as fuel, oxidizer, burn-rate modifiers, and binder [1,2]. Usually, the applicability of
polyurethane or polyurea matrices lies in the field of thermal insulations, hydro-isolations,
adhesives, and ballistic protection [3–6]. In the case of energetic materials, they have a
dual purpose, as a binding agent and as an organic fuel [1,2]. These polymeric matrices are
used for binding other solid components of the rocket propellants, to protect them against
environmental agents and to confer a certain geometry and mechanical strength. In state-of-
the-art composite rocket propellants, ammonium perchlorate (AP) is the preferred oxidizer,
almost without exception, due to its outstanding properties [1,2,7,8]. However, in the
last decade, environmental impact issues have urged research activities for a replacement
with “green” oxidizers, such as phase-stabilized ammonium nitrate (PSAN) or ammonium
dinitramide (ADN) [2,9–11]. A common practice in rocket propellant technology consists in
adding metallic additives to increase the heat output, the density, and the specific impulse
of the energetic material. Aluminum fine powder, magnesium, and boron are the main
candidates as fuels in rocket propellant formulations. Together with the oxidizers and
additives, the solid fuel is introduced in the polymeric matrix to ensure homogeneity,
protection, and proper mechanical characteristics of the energetic mixture [2,8,12–16].

Historically, the beginning of the use of polymers in the development of solid rocket
propellants is marked by the introduction of nitrocellulose (NC). NC was mainly employed
in homogeneous (colloidal) rocket propellants, providing the necessary structural integrity
to the propellants so that they could be molded into different geometric configurations, ac-
cording to the type of launching system [1,2,17]. In heterogeneous propellants, polysulfide
polymers were initially used as the binding agent. The drawback of this polymer was the
high incompatibility with metallic fuels, causing safety problems occasionally leading to
autoignition during long-term storage [2,18]. In this context, the necessity of developing
a new class of binders became imperative. The polybutadiene chain was found to be a
more suitable binder for the energetic composites, due to its high elasticity and low glass
temperature. The copolymer of butadiene and acrylic acid (PBAA) was the first one to be
used from this class [1,2,18,19]. The low viscosity of these binders allowed significant solid
loading ratios of oxidizer and metallic fuel in the energetic composites. However, these
materials exhibited poor mechanical properties. This aspect was overcome using a polybu-
tadiene acrylonitrile copolymer (PBAN). The low cost of production, the low viscosity, and
the impulse increase made PBAN, at that time, the ideal candidate as a rocket propellant
binder [1,2,18–21]. However, the high temperature required to cure these propellants led
to the development of other types of binders, such as carboxyl-terminated polybutadiene
(CTPB). CTPB-based composites displayed significantly enhanced mechanical properties,
especially at lower temperatures, in comparison with PBAA or PBAN binders, without
affecting the specific impulse, density, or solid loading ratios [1,2,18,19]. The curative
agents used for these types of polymers employed as binders are usually based on di- or
tri-functional epoxides or aziridines [18]. Modern solid rocket propellants use hydroxyl-
terminated polybutadiene (HTPB), an inert binder from the same class as CTPB, which
ensures the optimal combination of thermodynamic and mechanical properties [7,8,18,20].
The HTPB binders exhibit superior elongation capacity at low temperatures and better
ageing properties in contrast with CTPB [18,19]. The curing process of HTPB is quicker due
to the use of isocyanates [19,22,23]. Despite the advantages of HTPB binders, the problem
of using this type of inert binder in a composite rocket propellant is represented by the
necessity of adding an extra amount of oxidizer to balance the oxygen score and achieve the
appropriate performances. Consequently, it is desirable to develop more versatile polymers
with substantial energetic character. The integration of azido- or nitro-functional groups
on the polymeric chain is conducted for a significant performance enhancement with
lower amounts of energetic materials. Among the polymers employed as energetic binders
in solid rocket propellants, two worth mentioning are polyglycidyl nitrates (PGN) and
glycidyl azido polymers (GAP) [10,18]. GAP are considered excellent energetic polymers
due to their unique structure, which ensures a high heat of formation. These polymers
are recommended for rocket propellant composites that comprise eco-friendly oxidizers
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with weaker energetic characteristics, such as ammonium nitrate, to balance the energy
loss caused by replacing classical oxidizers such as ammonium perchlorate [10].

In recent times, the pollution of ecosystems due to the inappropriate disposal of PET
waste is widespread. Moreover, the high level of carbon dioxide emissions released into
the air because of their combustion has led to the application of preventive measures.
As a countermeasure to these ecological issues, interest in the development of materials
based on recycled PET has achieved substantial growth [24]. As a result, in December
2015, the European Commission adopted a plan based on a circular economy strategy that
will be applied in the context of reusing plastic wastes [24–27]. For obtaining eco-friendly
polyols, with extensive applicability, PET waste can be recycled by undergoing a controlled
degradation procedure that aims to generate oligomers that can be subsequently utilized
for specific applications [27–30].

In this paper, a new group of flexible polyurethanes was synthesized from polyols
obtained through the recycling of PET waste. A commercial polyol and a commercial
aromatic polyisocyanate were also employed for the development of polyurethane for-
mulations. These polyurethanes were subsequently used as binders in various rocket
propellant composites, also comprising an eco-friendly oxidizer. The polyurethane net-
works were softened with an energetic plasticizer (triethylene glycol dinitrate, TEGDN) to
boost the exothermic decomposition of these rocket propellants and to obtain composites
with appropriate mechanical behavior suitable for this type of application. The synthesized
eco-friendly composites can be successfully employed as rocket propellants, an aspect
that was demonstrated through the subscale rocket motor experimental investigations that
we performed.

Therefore, the novelty of this work consists in the innovative path of demonstrating
the applicability of novel synthesized polyurethanes as binders for new environmentally
friendly rocket propellants, herein reported. These original energetic mixtures, comprising
newly synthesized components such as polyurethanes (from recycled PET) as the binder,
PSAN as the eco-friendly oxidizer, TEGDN as the energetic plasticizer, together with
aluminum for fuel and Fe2O3 as the catalyst, achieved remarkable performances as rocket
propellants, demonstrable by the results obtained through the measurements performed
using the subscale rocket motor.

Furthermore, the experimental data revealed that these new “green” binders could
successfully replace classical binders from existing rocket propellants, since they possess
comparable performances (similar thermal stability, up to 300 ◦C [31], similar mechan-
ical properties [32]), but multiple advantages in comparison with HTPB binders [33],
emphasized in the experimental section. The new rocket propellant composites, besides
their environmentally friendly character, displayed better performances: up to a 30% im-
provement of the specific volume (in comparison with HTPB-based rocked propellant
from consecrated aviation missiles). The heat of combustion (≈1000 cal/g) and Tg val-
ues (−60 ◦C to −32 ◦C) were comparable with nitrocellulose double base propellants
(≈1020 cal/g and −35.5 ◦C) [34,35], which ensure that they maintain their performances
even at lower environmental temperatures. The polyols obtained from PET degradation,
the polyurethanes, and the composite rocket propellant formulations were investigated
through specific analytical tools. Moreover, the feasibility of these novel energetic com-
posites was demonstrated through the evaluation of the combustion rate and maximum
pressure, proving that these new materials are suitable for rocket propellant applications.

Polyurethane networks, mainly those based on HTPB, are currently considered state-
of-the-art propellant binder systems, being extensively used for composite solid propellants.
Unfortunately, as already described above, they possess several disadvantages, among
which the drawbacks of their inadequate life-cycle assessment can also be mentioned.
In contrast, the materials developed in this study are especially designed to be environ-
mentally friendly, while ensuring improved performances as new “green” alternatives for
rocket propellants.
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2. Materials and Methods

2.1. Materials
2.1.1. Materials for the Catalytic Degradation of Polyethylene Terephthalate (PET)

PET (Mn ≈ 40,000–70,000 Da, melting range: 254–260 ◦C) was obtained from post-
consumer bottles cut into square shaped flakes (5 mm × 5 mm). The PET flakes were
washed with distilled water and dried at 100 ◦C for 6 h before being introduced into
the degradation reactor. Poly(ethylene glycol) of an average Mn≈ 570–630 Da (PEG600,
Sigma Aldrich, St. Louis, MO, USA), titanium(IV) isopropoxide (TTIP, 97%, Sigma Aldrich,
St. Louis, MO, USA), adipic acid (AA, 99%, Sigma Aldrich, St. Louis, MO, USA), se-
bacic acid (SA, 99%, Sigma Aldrich, St. Louis, MO, USA), and tin(II) 2-ethylhexanoate
(C16H30O4Sn, 92.5–100%, Sigma Aldrich, St. Louis, MO, USA) were used as received.

2.1.2. Materials for Polyurethane Synthesis

The two types of polyester-polyols (named RP1 and RP2 in this paper, according to the
compositions described below in ‘Methods’ section) that resulted from PET degradation
were vacuum dried for 24 h at 50 ◦C and were subsequently used for polyurethane synthe-
sis. Setathane D1160, hydroxyl content 5.4%, (SET, Allnex, Brussels, Belgium) was vacuum
dried for 24 h at 50 ◦C before being employed in polyurethane synthesis. Diphenylmethane–
4,4′–diisocyanate, -NCO content 31.5% (MDI, technical product Desmodur® 44V20L, Cove-
stro, Leverkusen, Germany), was used as received. The energetic plasticizer, triethylene
glycol dinitrate (TEGDN), was synthesized and purified in the Military Technical Academy
(MTA) according to a procedure found in the literature [36].

2.1.3. Materials for Composite Rocket Propellants Based on Polyurethane Binders

The above-mentioned synthesized polyurethanes were employed as binder for the
new rocket propellant composite formulations. The “green” oxidizer, phase-stabilized
ammonium nitrate (PSAN), was prepared in MTA: ammonium nitrate (AN, min. 98%,
Honeywell Fluka™, Seelze, Germany) and potassium nitrate (KN, 99%, ACROS Organics™,
Fair Lawn, NJ, USA) were co-crystallized from aqueous solution, according to the procedure
described in the literature [37]. As metallic fuel, two types of aluminum powder, with
an average particle size <5 μm (99.5%, Sigma Aldrich, St. Louis, MO, USA) and 100 μm
(99.5%, Sigma Aldrich, St. Louis, MO, USA), were used as received. As catalyst, iron oxide
(99.9%, powder, Fe2O3, Sigma Aldrich, St. Louis, MO, USA) was employed as received.

2.2. Methods
2.2.1. Polyester-Polyols Synthesis through the Catalytic Degradation of Polyethylene
Terephthalate (PET)

The polyester-polyols (RP1 and RP2) necessary for the synthesis of the binder were
obtained following two main steps. In the first step, 1 mol of PET, 1.8 mol of PEG600, and
tin(II) 2-ethylhexanoate (0.5% from PET wt.) were introduced in a four-neck round-bottom
flask (with inlets fitted for a mechanical stirrer, a thermometer, a reflux condenser, and a
nitrogen gas purging line), and they were maintained under an inert atmosphere, at total
reflux, with continuous stirring, for 3 h at 190 ◦C. The reaction mixture was then cooled
below 100 ◦C. In the second step were added 0.3 mol of PEG600, 0.5 mol of AS, 0.5 mol of
AA, and TIPT (0.5% from PET wt.), and the reaction mixture was maintained under inert
atmosphere, at total reflux, with continuous stirring, for another 4–6 h at 190–200 ◦C. The
main possible reaction products obtained through this two-step catalytic degradation are
illustrated in Scheme 1. RP1 and RP2 were obtained according to the procedure described,
with the following observations: RP1 was obtained by employing both AA and SA (0.5 mol
of AS, 0.5 mol of AA), while RP2 was obtained by employing only AA (0.75 mol of AA).
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Scheme 1. Schematic presentation of the synthesis and curing of the polyurethane binders (PM: poly-
ols mixture; PPM: plasticizer-polyols mixture; PU-L: polyurethane liquid state; PU-C: polyurethane
cured state).

2.2.2. Synthesis of Polyurethane Binder

Starting from the reaction products described, a series of miscible blends was prepared
by mixing (Scheme 1, Step 1 and Step 2) the newly synthesized polyester-polyols (RP1
or RP2) with the commercial polyol (SET) and with the synthesized energetic plasticizer
(TEGDN). Therefore, RP1, RP2, SET, and TEGDN were mixed in different molar ratios, as
detailed in Table 1 (Scheme 1, Step 1 and Step 2), before polyurethanes synthesis.

Table 1. The composition of the investigated polyols.

Sample Composition
-OHSET/-OHRP

Ratio 1
TEGDN
(wt%) 2

S50 SET - -
SRP1 SET:RP1 0.75:0.25 -

SRP1T1 SET:RP1 + TEGDN 0.75:0.25 15%
SRP1T2 SET:RP1 + TEGDN 0.75:0.25 30%

SRP1 SET:RP2 0.75:0.25 -
SRP1T1 SET:RP2 + TEGDN 0.75:0.25 15%
SRP1T2 SET:RP2 + TEGDN 0.75:0.25 30%

1 -OH molar ratios for SET and RP blends. 2 TEGDN added to SET:RP blends, as weight percentage calculated
from the total weight of the binder.

To investigate the possibility of utilizing these newly obtained polyurethanes as
binders in rocket propellant composites, polyurethane formulations were obtained by
following two working strategies: the first one employing only a commercial polyester-
polyol (SET) and the second one consisted in the addition of the polyester-polyols that
resulted from the catalytic degradation of PET (RP1 and RP2) to the commercial polyol
(SET), as described in Table 1. Thus, the polyurethanes were obtained by reacting the
commercial polyol (SET) and the recycled polyols (RP1 and RP2) with the curing agent
Desmodur® 44V20L (MDI, diphenylmethane-4,4′-diisocyanate) by adjusting the -NCO/-
OH molar ratios, according to the compositions detailed in Table 2. The energetic plasticizer,
TEGDN, was added in two different proportions: 15 wt.% and 30 wt.% of the total binder
content, according to Tables 1 and 2. The polyurethane synthesis process occurred in one
simple step: MDI was added to the polyol blends (Tables 1 and 2) and the mixture was
stirred vigorously (except for binders that also included energetic plasticizer (TEGDN),
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which was introduced into the polyol blends before the addition of the curing agent).
The mixing process was carried out at 50 ◦C to improve processability. The resulting
compounds were poured into glass molds, and they were allowed to cure at 60 ◦C in
a vacuum oven. The polyurethane films were exfoliated from the glass molds after the
completion of the curing process and were subjected to specific investigations, as described
in Results section.

Table 2. Composition of the polyurethane binders.

Sample Composition
-NCO/-OH

Ratio
TEGDN

(wt%)

PU_1
DES:SET

1:1 -
PU_2 3:2 -
PU_3 2:1 -

PU_1T1

DES:SET+TEGDN

1:1 15%
PU_2T1 3:2 15%
PU_3T1 2:1 15%
PU_1T2 1:1 30%
PU_2T2 3:2 30%
PU_3T2 2:1 30%

PU_11
DES:SET: RP1

1:0.75:0.25 -
PU_21 3:1.5:0.5 -
PU_31 2:0.75:0.25 -

PU_11T1

DES:SET:RP1+TEGDN

1:0.75:0.25 15%
PU_21T1 3:1.5:0.5 15%
PU_31T1 2:0.75:0.25 15%
PU_11T2 1:0.75:0.25 30%
PU_21T2 3:1.5:0.5 30%
PU_31T2 2:0.75:0.25 30%

PU_12
DES:SET:RP2

1:0.75:0.25 -
PU_22 3:1.5:0.5 -
PU_32 2:0.75:0.25 -

PU_12T1

DES:SET:RP2+TEGDN

1:0.75:0.25 15%
PU_22T1 3:1.5:0.5 15%
PU_32T1 2:0.75:0.25 15%
PU_12T2 1:0.75:0.25 30%
PU_22T2 3:1.5:0.5 30%
PU_32T2 2:0.75:0.25 30%

2.2.3. Rocket Propellant Composite Formulations

The new composite formulations consisted in a solid–liquid mixture, in which the
liquid component, represented by the novel polyurethane binders, incorporated the solid
components, comprising an oxidizer (PSAN, two granulometric sizes), a metallic fuel
(two granulometric sizes of aluminum powder), and catalyst (iron oxide). To provide
adequate mechanical strength for these rocket propellant composites and to facilitate the
mixing process, the oxidizer chosen for this application used bi-granular (200 μm and
50 μm) mixture. To ensure a good homogeneity of the composite rocket propellant, the
liquid and the solid phases were mixed separately, as follows: the liquid mixture was
prepared by simply mixing the polyols with the curing agent (MDI); separately, the solid
mixture containing the oxidant (PSAN), the metallic fuel (Al), and the catalyst (Fe2O3) was
sieved and sorted by granule size, then dried. Then, the liquid and the solid phases were
thoroughly mixed and introduced in cylindrical molds with 45 mm diameter and allowed
to cure at 60 ◦C in a vacuum oven. The described procedure can be better understood in
conjunction with the illustrations presented in Scheme 2.
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Scheme 2. Schematic representation of the rocket propellant composite fabrication process.

The novel composite rocket propellant formulations were produced in small batches
(25 g) and pressed at 10 bar (as required by the characteristic tests necessary for the evalua-
tion of the performances of solid rocket propellants: evaluation of combustion behavior,
evaluation of the mechanical properties, and morphological analysis) [38]. Subsequently,
the samples were cured under vacuum for 96 h at 60 ◦C. The binders employed in this
processing step were selected according to their homogeneity and their thermal and me-
chanical properties. Therefore, only the polyurethanes with molar ratio -NCO/-OH of
2:1 plasticized with 30 wt.% TEGDN were eligible to be used as binders for the rocket
propellant formulations. Table 3 provides information regarding the composition of the
new eco-friendly composite propellants (ECP) obtained in this study. All the formulations
contained 57 wt.% PSAN with 200 μm granulation and 16 wt.% of PSAN with 50 μm
granulation, as well as 1 wt.% of burn rate regulator Fe2O3.

Table 3. Formulations for the rocket propellant composite.

Sample

Components [wt.%]

PU_3 PU_3T2 PU_31 PU_31T2
Al

<5 μm
Al

100 μm

ECP_A5 15 12
ECP_A100 15 12

ECP_B5 15 12
ECP_B100 15 12
ECP_C5 15 12

ECP_C100 15 12
ECP_D5 15 12

ECP_D100 15 12

2.2.4. Characterization

The hydroxyl number of the polyols (I-OH) was determined according to ASTM-D4274-
21 [39]. The acid number (IA) was determined according to ASTM D4662-20 [40]. The
number-average molecular weight (Mn) was quantified according to the “end -groups”
method, using the acid number and hydroxyl number, without removing the free glycols,
by using the following formula: Mn = (2·56.1 × 1000)/(IA + IOH) [41,42]. The FT-IR
spectra of the synthesized polyols were recorded using a Spectrum Two FT-IR Spectrometer
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(PerkinElmer, MA, USA). The parameters used for the FT-IR ATR determinations were
number of scans: 32; resolution: 4 cm−1; spectral range: 600–4000 cm−1. 1H-NMR spectra
of the polyols were acquired with a Gemini Varian 300 MHz 300 MHz spectrometer
(Varian Inc., Palo Alto, CA, USA). To conduct the 1H-NMR analyses, the samples were
dissolved in 0.5 mL of deuterated chloroform (CDCl3). The viscosity of the samples was
measured at 25 ◦C on a Rheotest 2.1 (Germany) device with coaxial cylinders. A shear
rate varying from 1 to 1400 s−1 was applied for all samples. The thermal properties of
the synthesized polyurethanes were investigated using DTA and TGA analyses. DTA
OZM 551 Ex Differential Thermal Analysis System (OZM Research, Hrochův Týnec, Czech
Republic), with Meavy dedicated software, was used for the evaluation of the influence of
each component on the thermal properties of these new materials. Each test was performed
on 35 mg of sample heated between 25 ◦C and 300 ◦C with a 5 ◦C/min heating rate,
according to STANAG 4515 [43]. The thermogravimetric analysis (TGA) of the synthesized
polyurethanes was executed using a Netzsch TG 209 F3 Tarsus instrument (NETZSCH, Selb,
Germany). The experiments were performed at a heating rate of 10 ◦C/min under nitrogen
flow, where samples of approximately 4 mg were heated from ambient temperature 25 ◦C to
700 ◦C. The morphology of the polyurethane films and the distribution of the main elements
have been investigated by means of SEM-EDX (scanning electron microscopy) using a
Tescan Vega II LMU SEM instrument (TESCAN, Brno, Czechia) at 10 keV acceleration
voltage, under high vacuum. To ensure good data acquisition, the samples were sputter-
coated with gold. The distribution of the metallic particles inside the polyurethane matrix
of the rocket propellant composite was studied through micro-CT (μCT) method. Thus,
the SkyScan micro-CT was attached to the previously mentioned Tescan Vega II LMU
SEM instrument. Samples were examined as follows: exposure time, 4 s per projection at
electron beam currents of 100 nA; accelerating voltage, 30 KeV; step size, 1◦; scanning time,
24 min. The reconstructed images were obtained using the NRecon program by using float-
point data values for internal calculations during reconstruction, which allow the operator
to define the density window as a range of reconstructed values. The reconstruction
results were visualized with the aid of the program DataViewer® 2D/3D Micro-CT Slice
Visualization (Micro Photonics Inc., Allentown, PA, USA). Tensile tests were carried out by
using a 710 Titan 2 Universal Strength Tester by James H. Heal and Co. Ltd. testing machine
(Richmond Works Halifax, UK). The tests were carried out according to the international
standard ISO 37: 2011(E) [44]. Polyurethane samples were prepared by cutting tensile
specimens (standard dumbbell: 5 mm width of the narrow parallel part, 100 mm total
length, the distance between gauge marks 20 mm). Tests were performed at a rate of
extension of 500 mm/min, starting from 50 mm jaw separation (plain jaw faces). For each
polyurethane film, five tensile tests were performed, and the average value was reported.
The low strain rate compression tests of the composite propellant were performed on
an Instron 2519-107 Universal Test Machine (Instron, Norwood, MA, 02062-2643, USA).
Cylindrical specimens, with a diameter of 20 mm and a length of 20 mm, were tested
at a compression rate of 50 mm/min. Each test was repeated three times. Dynamic
mechanical analysis (DMA) tests were carried out on a Discovery DMA 850 apparatus
from TA Instruments (New Castle, DE, USA). Samples were analyzed in single cantilever
mode, frequency 1 Hz, on a temperature ramp between −100 ◦C and 50 ◦C, using a heating
rate of 5 ◦C/min maintained by cooling with liquid nitrogen. On the same instrument, 3-
point bending clamp was installed to evaluate the sample sheets during a bending process
consisting of successive stress, amplitude varying from 1 to 100 μm, 1 Hz, initial preload
force 0.01 N, at 25 ◦C. The measurements of the frequency-dependent shear modulus were
performed on the DMA 850 instrument with shear-sandwich clamps, at frequencies varying
from 0.01 Hz to 10 Hz, 20 μm amplitude at 25 ◦C. For the single cantilever temperature
ramp and 3 point bending analyses performed on DMA 850, the specimens were cut from
the propellant cylinders in rectangular shapes with the following dimensions: 60 mm ×
12.5 mm × 3 mm; for the shear-sandwich set-up, they were cut in square shapes of 10 mm
× 10 mm × 1.5 mm. The experimental tests regarding the burning mechanics of the new
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environmentally friendly rocket propellants were conducted on a subscale rocket motor
TRM35 (OZM Research, Hrochův Týnec, Czech Republic). The specimens were designed
as cylinders with inner hole with the following dimensions: 40 mm × 12 mm × 45 mm
(outer diameter × inner diameter × length).

3. Results and Discussion

The degradation of PET through glycolysis involved the use of PEG600, employed
in the first step, followed by the addition of AA and SA in the second step. The AA and
SA were introduced in the second step of the reaction to ensure the consumption of the
unreacted PEG600, while also serving as chain extenders and maintaining the low viscosity
of the final reaction products mixture. Another purpose was to ensure a high concentration
of OH-ending groups for the synthesis of the polyurethane binders. Scheme 3 illustrates
only the main, hypothetical reaction products that resulted from PET, because it is difficult
to depict all the combinations that may arrive from this situation.

 
Scheme 3. Hypothetical scheme comprising the main probable degradation products obtained through the two-step
catalytic degradation of PET.

Before proceeding with the synthesis of the polyurethane binders, a thorough analysis
of the synthesized polyols was imperative. Thus, the products obtained through the two-
step catalytic degradation of PET, together with the blends obtained with the commercial
polyol and with the energetic plasticizer, were investigated through various analytical
techniques; 1H-NMR and FT-IR were employed for the evaluation of the chemical structure
of the polyester-polyol, while the titration methods offered information about the hydroxyl
number and acid number. Rheological properties were also investigated, because the
viscosity of the polyol blends directly influences the polyurethane synthesis (ease of mixing
the components, reaction rate, homogeneity of the obtained materials) and the preparation
of the final composite formulation.

Figure 1 illustrates the 1H-NMR spectra of the polyols that resulted from the degra-
dation of PET (RP1 and RP2). In both cases, the peaks labeled with 1 can be assigned to
the protons from the aromatic rings (δH = 8.05 ppm, singlet) from the terephthalates
moieties derived from PET, and the peaks labeled with 2 and 3, respectively, and 5
and 6 can be attributed to the protons from methylene groups adjacent to -COO groups
(δH = 4.44 ppm, triplet and δH = 4.16 ppm, triplet, respectively, and δH = 2.26 ppm, mul-
tiplet and δH = 1.59 ppm, multiplet), while peak 4 (δH = 3.8 ppm, triplet) can belong to
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the protons adjacent to -OH groups, and peak 7 (δH = 1.24 ppm) can be attributed to the
protons from methylene groups adjacent to other methylene groups. The intense peak from
3.59 ppm can be attributed to PEG fragments. Figures S1–S4 from the “Supplementary
Material” file illustrate the 1H-NMR spectra of the polyol blends that resulted from mixing
RP1 and RP2, respectively, with SET and with SET+TEGDN. In comparison with the plots
obtained for the neat polyester-polyols derived from PET (RP1 and RP2), the plots from
the “Supplementary Material” file contain two additional peaks in the 5.4–5.5 ppm region,
specific for the tertiary proton of the -CH2CHCH2- backbone of SET (this commercial
polyol is mainly based on castor oil) and one new peak at δH = 4.61 ppm, specific for the
protons adjacent to nitro groups in TEGDN.

 

RP1 

RP2 

Figure 1. 1H-NMR spectra of the polyol mixtures that resulted from the degradation of PET.

In all the polyol mixtures (polyester-polyols obtained from the degradation of PET
(RP1 and RP2) and polyol mixtures (SRP1 and SRP2, SRP1T1 and SRP1T2) (see details
on composition in Table 1), FT-IR spectra confirmed the presence of free hydroxyl groups
by the presence of a peak at the 3667–3670 cm−1 region. The presence of intermolecular
bonded hydroxyls was also visible through a broad peak situated in the 3475–3490 cm−1

region. The intense peak that can be observed around 1740 cm−1 can be attributed to C=O
stretching from ester groups. C-OH stretching vibrations are visible in the 1097–1100 cm−1

region. The peaks from 1269 cm−1 and 1252 cm−1 can be assigned to C-O bonds, while
2866 cm−1 and 2945 cm−1 can be assigned to C-H bonds. C-H bending can be evidenced
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through the peaks present at 1454 cm−1 and 1350 cm−1. For the samples containing TEGDN
(SRP1T1 and SRP1T2), three additional peaks can be observed at 1626 cm−1, 1277 cm−1,
and 855 cm−1, which represent the -O-NO2 stretching vibrations. The data can be observed
in Figure 2. The RP2 mixture spectra are presented in Figure S5 in the “Supplementary
Material” file.
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Figure 2. FT-IR spectra of RP1 and RP2 polyols and mixtures SRP1, SRP1T1, and SRP1T2.

The number-average molecular weight (Mn) of the compounds that resulted from the
degradation of PET was estimated based on the experimental values obtained from the
hydroxyl number and the acid number. The results are presented in Table 4. As can be
observed, when the ratio of glycol/PET (RP1) was higher, the numerical-average molecular
weight (Mn) obtained for the glycolyzed products was lower. Since these products will
be included in the synthesis of the polyurethane binders designed for energetic mixtures,
the results presented in Table 4 are useful for further calculations (e.g., calculation of the
amount of MDI necessary for the synthesis of polyurethane binders).

Table 4. Assessment of IOH and IA for the polyester-polyols that resulted from the degradation of
PET, through titration methods.

Sample

Properties

I-OH

mgKOH/g
IA

mgKOH/g
Mn,

calc. *
Description

RP1 30.86 1.47 3470 Pale yellow, viscous liquid

RP2 33.36 1.08 3257 Light brown, viscous liquid
* Mn calc. = (2 × 56.1 × 1000)/(IA + IOH) [41,42].

An important aspect for this type of application (polyurethane-based binders for rocket
propellants) needs to be underlined: when the PET degradation reaction is completed, the
free glycols should not be separated. Thus, they offer the possibility to maintain a low
viscosity for the glycolyzed products mixture, which is an important factor for the synthesis
of polyurethane binders. The presence of these unreacted glycols led to lower viscosities
of the RP1 and RP2, also demonstrated through rheological measurements illustrated in
Figure 3a–d. The neat commercial polyol (SET) exhibited lower dynamic viscosities than
the polyol mixtures that resulted from the degradation of PET (RP1 and RP2). The addition
of the energetic plasticizer to the polyester-polyol blends can significantly improve the
performance of these rocket propellants. Therefore, analyzing its influence on the physical
and chemical properties of these energetic composites is of great importance.
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Figure 3. The effects of SET and TEGDN upon the viscosity of polyester-polyols.

The plots illustrated in Figure 3a–d describe the behavior of the polyol mixtures at
25 ◦C (Figure 3a,b) and 50 ◦C (Figure 3c,d), with the increase of the shear rate. As can be
observed, RP1 and RP2 do not seem to exceed some of the tolerable limits [1,2] for this type
of application, their viscosities allowing them to be easily mixed with the solid components
of the rocket propellants. Moreover, the addition of SET and TEGDN led to even lower
viscosities, facilitating the synthesis of homogenous binders. The viscosity of the mixtures
SRP1 and SRP2, which resulted from the addition of the commercial polyol (SET) to the
recycled polyols (RP1 and RP2), was slightly increased in comparison to neat RP1 and RP2.
However, this aspect does not represent a problem for this type of application, because the
addition of TEGDN results in a decrease of the polyol mixture’s viscosity. It was observed
that the viscosity of the polyol blends diminished with the extent of TEGDN added: the
dynamic viscosity of SRP1T1 was higher than for SRP1T2. The polyol mixtures based
on RP2 exhibited the same behavior: the dynamic viscosity of SRP2T1>SRP2T2. A lower
viscosity of the polyol mixture will facilitate the mixing process of the rocket propellant
composite, at least in terms of rheological properties.

To obtain specimens with a certain geometric shape, specific for each investigation
method employed for this study, after following the three steps of polyurethane synthesis
illustrated in Scheme 1, the freshly prepared liquid polyurethanes were poured into glass
vessels and placed in a vacuum oven. During the curing process, the time was recorded, and
the process of surface hardening was examined periodically. According to the observations
summarized in Figure S6 from the “Supplementary Material” file, we can conclude that
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the curing time of polyurethane samples is inversely proportional to the -NCO/-OH ratios.
More precisely, when the concentration of MDI increased, the curing time decreased. All
three types of SET-MDI films successfully incorporated a large amount of TEGDN, while in
the case of the polyurethanes based on the polyols that resulted from PET, some problems
were identified for PU_11T1, PU_11T2, PU_12T1, and PU_12T2, where the reaction seemed
incomplete. In the case of PU_22T2 and PU_32T2, the surfaces had an irregular aspect.
Moreover, the color changed and the ‘air-bubble‘ trapping that was observed in the case
of PU_2, PU_3, PU_21, PU_31, PU_22, and PU_32, was diminished as we increased the
amount of TEGDN added to the polyol blends. A brief description of the cured samples
and curing time (TC) for each formulation is depicted in Figure S6 in the “Supplementary
Material” file.

The visual inspection of the cured polyurethane films (illustrated in Figure S6 in the
“Supplementary Material” file) offered evidence about the potential polyol blends that can
serve as candidates for the polyurethane binders. Based on their visual aspect, for a detailed
investigation, polyurethane films having 3:2 and 2:1 -NCO/-OH ratios, with and without
TEGDN, were chosen to be subjected to SEM-EDX analysis. These examinations were
performed only for RP-based polyurethanes, because the aim of this study consisted in
developing eco-friendly binders for “green” rocket propellants. The morphological results
provided by SEM analysis can be found in Figure S7 in the “Supplementary Material” file.
The visual inspection of the polyurethane films revealed that the surfaces of the samples
based on RP2 (samples PU_22T2 and PU_32T2) were irregular. Therefore, an elemental
mapping of carbon, nitrogen, and oxygen, with the aid of an energy dispersive X-rays
(EDX) technique, was necessary for a better understanding of the interaction between
the elements. According to EDX images, displayed in Figure S8, all the polyurethane
formulations based on RP1 showed good homogeneity. The same can be observed for
PU_22 and PU_32 samples. However, in the case of PU_22T2 and PU_32T2, there is an
obvious lack of homogeneity, probably induced by the incompatibility of TEGDN with
the polyol blends containing RP2. Therefore, for the next steps of our study, based on the
information obtained through SEM-EDX analysis, we decided to employ only the polyol
formulations containing RP1.

The thermal behavior of polyurethane films (with and without the energetic plasticizer,
TEGDN) was investigated by TGA and DTA analytic techniques. Due to safety reasons, the
rocket propellant composite formulations were analyzed only by DTA means. Differential
thermal analysis (DTA) gives complementary information about the thermal properties of
the synthesized materials. Typical DTA thermograms for the polyurethane films, based on
3:2 and 2:1 -NCO/-OH group molar ratios, are shown in Figure 4a,b. Figure 4c displays
a comparative plot between neat TEGDN and the rocket propellant composites obtained
in this study. There is only one exothermic peak of great significance for both films and
composites. The decomposition temperature attributed to this peak varies in the interval
of 190–200 ◦C; detailed values, for each formulation, are summarized in Table S3 from the
“Supplementary Material file” file. Based on the DTA analysis, this high exothermic peak,
present in all thermograms of the formulations containing TEGDN (Figure 4c), corresponds
to the decomposition temperature of this energetic plasticizer [36]. After evaluating the
thermograms illustrated in Figure 4 together with the values summarized in Table S3 from
the “Supplementary Material file” file, it can be observed that the higher compatibility
between RP1 and TEGDN (confirmed by SEM-EDX) led to a more efficient energetic binder,
which can be demonstrated by the existence of a higher and sharper peak of decomposition
for the rocket propellant ECP_D5 (comprising a polyurethane binder based on RP1, molar
ratio 2:1, sample PU_31T2). The positive influence of RP1 on the thermal performances
of the synthesized materials can be observed in all the thermograms containing RP1 and
TEGDN (Figure 4a–c), samples PU_31T2 and ECP_D5. Therefore, we can conclude that the
optimal polyurethane binder, in terms of thermal performances of the rocket propellant, is
represented by the polyurethane based on RP1 (sample PU_31T2), which seems to enhance
the exothermic efficiency of the energetic formulation.
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Figure 4. DTA thermograms for polyurethane films: (a) 3:2 -NCO/-OH group molar ratio; (b) 2:1 -NCO/-OH group molar
ratio; (c) neat TEGDN and composite rocket propellants.

Moreover, the sharpness of the characteristic exothermic peak gives indications about
reaction kinetics, being related to the rate of reaction. It is commonly known that the
energetic materials undergo fast exothermic degradation transformations, which also occur
with our rocket propellant composites, a necessary characteristic for obtaining efficient
propulsion. This positive effect was not present when PU_3T2 was employed in the
synthesis of the rocket propellants (sample ECP_B5). As can be observed in Figure 4, the
peak height of the composite ECP_D5 (based on polyurethane containing TEGDN, sample
PU_31T2) is higher than the peak height of neat TEGDN. Therefore, this gives clear evidence
of the positive effect that RP1 has on the energetic formulation, enhancing the exothermic
decomposition process, which can be considered beneficial and desirable for this type of
application. The samples containing only the commercial polyol (SET), presented here
for comparison, namely the samples named here PU_3 and ECP_A5, displayed lower
values in terms of thermal performances. Therefore, we can conclude that the most efficient
polyurethane formulation that can be employed as an energetic binder for the rocket
propellants involved both commercial (SET) and recycled (RP1) polyols together with the
energetic plasticizer (TEGDN, 30 wt.%). Namely, the optimal polyurethane binder was
the sample coded with PU_31T2. Since in the DTA analysis the polyurethane films based
on a 2:1 -NCO/-OH molar ratio (sample PU_31T2) displayed the best values for these
rocket propellants, thermogravimetric analysis was performed on the samples based on
SET (samples PU_3 and PU_3T2) and SET+RP1 (samples PU_31 and PU_31T2), to obtain
complementary information regarding the thermal properties of the polyurethane films.
Figure 5 displays TGA (a) and DTG (b) curves for the new synthesized polyurethane
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films. As can be observed in Figure 5 and Table S4 from the “Supplementary Material”
file, the decomposition process of the polyurethane films based on SET (sample PU_3)
began slightly earlier than in the case of the polyurethane films obtained with SET+RP1
(sample PU_31). This trend was not similar for the samples containing TEGDN, because
the decomposition process for sample PU_31T2 began earlier due to better compatibility
and miscibility of RP1 with the energetic plasticizer (as already confirmed by SEM and DTA
analyses). The peaks displayed in the DTG curve offer information about the succession of
the degradation phases of the polyurethane films. The first peak, situated around 190 ◦C,
can be attributed to the decomposition of TEGDN embedded in the polyurethane matrix,
while the peaks that appeared starting at 300 ◦C can be assigned to the degradation of the
polyurethane matrices.
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Figure 5. (a) TGA and (b) DTG profiles of the polyurethanes.

Table S5 from the “Supplementary Material” file summarizes the weight loss per-
centage, at certain temperatures, for the polyurethane binders. As can be observed, those
containing TEGDN, samples PU_3T2 and PU_31T2, displayed earlier a significant weight
loss than the polyurethane matrices without the energetic plasticizer (samples PU_3 and
PU_31). The mechanical properties of the polyurethane matrix directly influence the me-
chanical behavior of the propellant grains. Thus, the commercial and recycled polyol-based
polyurethanes (with and without TEGDN) were subjected to tensile stress. The compar-
ative tensile stress–strain profiles of PU_3, PU_3T2, PU_31, and PU_31T2 are depicted
in Figure 6, while in Figure S9 from the “Supplementary Material” file can be found the
stress–strain curves of each specimen of the polyurethane formulation. As can be observed,
the maximum values of tensile stress and strain were reached by the polyurethanes based
on the commercial polyol, samples PU_3 and PU_3T2. Even though, theoretically, samples
PU_31 and PU_3 should display similar mechanical behavior (both are based on Setathane
(SET)), tensile tests revealed lower mechanical resistance for PU_31 polyurethanes. The
difference between the mechanical properties of these two analogue matrices (samples
PU_3 and PU_31) appeared due to the introduction of RP1 during synthesis. This polyol
blend (SRP1) was obtained by mixing SET (commercial polyol) with RP1 (polyol that
resulted from the degradation of PET). Besides the long aliphatic chains of SET (which
is a branched, castor oil-based polyol [45]), it contains multiple shorter chains belonging
to RP1, which led to a decrease of the overall mechanical resistance of these polymeric
films. The introduction of an energetic plasticizer in the polyurethane network, which
is compatible with the other reactants employed for the synthesis (RP1, SET, and MDI),
is imperative for enhancing the performance characteristics of the correspondent rocket
propellant. As can be seen from Figure 6, the addition of TEGDN led to a higher elongation
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of the tested specimens and thus an increase of strain values, but the stress values were
slightly decreased. The Young’s modulus followed the same trend, decreasing with the
addition of RP1 and TEGDN. Explicit values for the Young’s modulus, maximum tensile
stress, and strain of the synthesized polyurethane films are presented in Table 5. The
mechanical properties of the rocket propellant composites are not influenced only by the
nature and concentration of the polyurethane binder, but it also depends on the properties
and concentration of the solid components (oxidizer, metallic fuel). Thus, to investigate
the influence of the metallic fuel granule size on the mechanical properties of the newly
synthesized composite rocket propellants, different propellant formulations were subjected
to tensile tests (Table 6) and compression (Figure 7 and Table 7).
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Figure 6. Tensile stress–strain plots of polyurethane films.

Table 5. Tensile characteristics of polyurethane films.

Sample
Young’s Modulus

(MPa)
Maximum Tensile

Stress (MPa)
Maximum Tensile

Strain

Deformation Energy
(Tensile Toughness)

(J m−3)

PU_3 18.01 ± 2.06 10.19 ± 1.54 0.56 ± 0.05 3.95 ± 0.82
PU_31 13.27 ± 1.86 9.22 ± 1.29 0.69 ± 0.07 3.16 ± 0.66

PU_3T2 12.79 ± 0.76 3.30 ± 0.31 0.26 ± 0.02 0.45 ± 0.08
PU_31T2 5.92 ± 1.78 1.97 ± 0.39 0.34 ± 0.03 0.32 ± 0.06

Table 6. Tensile properties for the novel composite rocket propellants.

Sample
Young’s Modulus

(MPa)
Tensile

Stress (MPa)
Tensile

Strain (%)

ECP_B5 140.6 ± 0.10 1.3 ± 0.11 0.01
ECP_C5 106.3 ± 0.21 1.1 ± 0.20 0.01
ECP_D5 44.9 ± 0.06 0.4 ± 0.07 0.01

Compression deformation at the breaking point of the composite propellants, as a
function of the metallic fuel (aluminum) particle size, is illustrated in Figure 7. During the
tests, the percentage of binder used was the same for all samples. Hardness appears to be
directly influenced by particle size and binder type used. The most rigid sample is ECP_A5,
due to PU_3 and small particles (<5 μm), while the most elastic is ECP_D100, based on
PU31_T2 and large particles (100 μm), as shown in Table 7 for a strain value around 0.2%.
Comparing formulations with similar grain sizes, the stress–strain differences appear due to
the use of RP1 and TEGDN. Thus, before adding TEGDN, ECP_A5 and ECP_A100 showed
a compressive stress resistance four times higher than that of ECP_B5 and ECP_B100,
respectively. Similar behavior was distinguished for ECP_C5, ECP_C100, ECP_D5, and
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ECP_D100, based on RP1. The use of RP1 decreases the resistance only twice compared
to those that did not contain it. As anticipated, the addition of the energetic plasticizer,
TEGDN, has a significant impact on the compression behavior of these materials.
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Figure 7. Compressive stress–strain profiles for composite rocket propellants.

Table 7. Compressive strain–stress values of the composite rocket propellants.

Sample
Compressive Strain

(%)
Compressive Stress

(MPa)

ECP_A5 0.22 0.90 ± 0.13
ECP_A100 0.23 0.52 ± 0.03

ECP_B5 0.22 0.75 ± 0.03
ECP_B100 0.26 0.41 ± 0.01
ECP_C5 0.29 0.49 ± 0.09

ECP_C100 0.23 0.66 ± 0.07
ECP_D5 0.22 0.61 ± 0.04

ECP_D100 0.25 0.38 ± 0.03

Since the formulations based on small particle granulation exhibited higher compres-
sion resistance, the tensile tests were performed only for this category (aluminum particles
size < 5 μm). The composite tensile test results are shown in Figure S10, except for ECP_A5,
because its mechanical resistance exhibited the limits of traction force of the instrument
employed for this analysis. As can be observed in Table 7, the stiffness of the rocket pro-
pellant specimens varied with the modification of the grain sizes and their composition.
Specifically, the rocket propellants based on RP1 displayed poorer mechanical resistance
than those based only on SET. On the other hand, the composite propellants containing
smaller grain sizes (samples ECP_B5, ECP_C5, and ECP_D5) of the solid components
displayed better mechanical resistance, due to a better arrangement of these grains inside
the polymeric matrix. The results indicate that the mechanical characteristics of the new
materials are closely related to their internal structure, homogeneity of the solids dispersion
in the binder matrix, particles sizes, and good interaction of the organic binder with the
grains of the inorganic oxidizer and metallic fuel.

The mechanical behavior of these binders, such as elasticity, viscosity, hardness, brit-
tleness, or rigidity, under a variety of stresses (for example pressure or traction) influences
the mechanical properties of the rocket propellant composites. Even if the polyurethane
matrices based on the commercial polyol (PU_3 and PU_3T2) displayed higher mechanical
resistance than those containing the polyols from PET degradation (PU_31 and PU_31T2),
we can conclude that these recycled materials possess a mechanical resistance suitable to be
employed as binders in rocket propellants. Moreover, the selection of the polymeric matrix
of the binder must take into consideration the advantages brought by the recycled polyols
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through their outstanding thermal properties. Thus, a compromise can be made, and
despite their poorer mechanical resistance (which is situated within some tolerable values),
the binders based on recycled PET can enhance the thermal performances of the rocket
propellant and contribute to a less polluted environment. Moreover, its higher flexibility
will ensure resilience, a better shock resistance, which is very important for maintaining
the geometry of the propellant, preventing crack formation and adhesion failure.

DMA analysis was aimed at investigating the thermo-mechanical properties of the
synthesized polyurethanes and polymeric composites in a single cantilever bending mode
(on temperature ramp from −100 ◦C to +50 ◦C or +100 ◦C), three-point bending mode
(ambient temperature, +25 ◦C), and shear-sandwich configuration (ambient temperature,
+25 ◦C). The rocket propellant composites were tested only up to +50 ◦C due to safety
reasons [46], as they are energetic materials. Figure 8 illustrates a comparative plot of
the storage modulus, loss modulus, and tan delta obtained in a single cantilever bending
mode for the polyurethanes (Figure 8) based on polyols obtained from the degradation of
PET (with and without TEGDN, namely PU_31 and PU_31T2). The DMA results for the
corresponding polymeric composites are presented in Figure 8d–f: based on commercial
polyol, ECP_B5; based on polyols recycled from PET, ECP_D5. According to STANAG
4540 [47], the maximum value of the loss modulus E” peak of the composites for rocket
propellants can be considered their glass transition temperature. Therefore, according to
this standard for energetic materials, we can assume that the glass transition temperatures
of our samples correspond to the maximum of the loss modulus E” peak. Thus, PU_31 (the
polyurethane based on polyols recycled from PET) displayed a glass transition temperature
at around −25 ◦C, while its homologous polyurethane containing TEGDN (PU_31T2)
displayed a lower Tg (−53 ◦C), due to its plasticizing effect. The rocket propellant composite
(comprising the polyurethane based on polyols recycled from PET), ECP_D5, displayed
a glass transition temperature at approximately −32 ◦C. In comparison with the neat
polyurethanes, this transition is also influenced by the interactions that occur between
the solid components of the rocket propellant composite and the polymeric matrix of
the binder. The structure and the properties of the rocket propellant composites are
influenced by the composition and ratio of the blended polyols employed for the synthesis
of the binder. Thus, it can be observed that the composite containing only SET, ECP_B5,
displayed two glass transition temperatures, due to a stronger segregation [48] of the
hard and the soft segments of the polyurethane employed in this type of composite. In
this case, the polymeric chains of SET (castor-oil-based polyol), possessing considerably
higher lengths, will generate larger zones where soft segments will merge. Thus, the
structuring of these polyurethanes will have a particular microscopic aspect, consisting
of congregated hard segments (consisting mostly of aromatic regions originating from
MDI, Desmodur®44V20L), which will look similar to “isles areas” in the soft polymeric
matrix (consisting of long aliphatic chains originating from SET). This behavior can also
be observed in SEM-EDX images illustrated in Figure S7. On the other hand, the recycled
polyol blends did not lead to the same behavior as the polyurethanes, probably because in
this case, soft segments are more homogenous and intercalated with hard segments due to
the shorter length of the diols employed for the synthesis of these binders. Thus, the rocket
propellant composites that contain binders based on polyurethanes obtained from recycled
polyol blends displayed only one Tg point (−32 ◦C).

Many properties of viscoelastic materials are dependent on time (frequency). The
viscoelastic nature of polyurethane binders employed in this study requires consideration
of their creep behavior during the design process of the rocket propellant composites. This
variation is illustrated in Figure 9a–f, for the shear storage modulus, shear loss modulus,
and δ, based on data collected in the shear-sandwich DMA set-up. As can be observed in
Figure 9, the storage modulus presented a significant increase in the sample containing the
commercial polyol and TEGDN (PU_3T2), indicating that this plasticized polyurethane has
a great potential for storing the energy during a loading cycle [49].
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Figure 8. Dynamic mechanical analysis for polyurethanes and composite propellants. (a,d) Storage modulus for
polyurethane films and for the corresponding composites; (b,e) Loss modulus for polyurethane films and for the cor-
responding composites; (c,f) Tan delta plots for polyurethane films and for the corresponding composites.
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Figure 9. Shear storage modulus (a,d), shear loss modulus (b,e), and tan delta (c,f) profiles vs. frequency for synthesized
polyurethanes and for the corresponding composite propellants.

Consequently, this parameter can be related to the shape recovery of this polymer
during loading. Similar behavior was observed for PU_31, the polyurethane based mainly
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on polyols derived from PET. Therefore, we can sustain that these materials also possess a
remarkable capacity for storing energy. This ability is important for the binders employed
in the rocket propellant composites because, when the energetic charge/loading encounters
a shear stress situation, the polyurethane binder absorbs the energy, thus preventing the
accidental initiation of the energetic composite. The loss modulus, which characterizes the
ability of the polyurethane binder to dissipate this energy through the internal molecu-
lar motions of the polymeric chains, displayed higher values for the PU_3T2 and PU_31
samples. Therefore, tracking the changes of the shear modulus as a function of frequency
offers evidence about the “damping” behavior of these polyurethanes by describing the
dissipation of mechanical energy through internal motion (loss modulus, tan delta). Com-
paring these mechanical properties of the synthesized polyurethanes with those obtained
for the corresponding rocket propellant composites (Figure 9d–f), we can affirm that the
composite based off the recycled polyol blends and TEGDN (ECP_D5) displayed the most
significant increase in terms of storage and loss modulus. Thus, we can presume that
this rocket propellant composite displayed better ability to store and disperse mechanical
energy. Tan delta (δ) represents the ratio of the loss to the storage modulus, and it is often
called damping, being a measure of the capacity of the dissipation of energy in a material
under cyclic loadings. All the composites designed for use as rocket propellant exhibited
similar frequency-dependent damping behaviors. These polyurethane-based composites
displayed slightly decreased values for tan delta at higher frequencies. This behavior
can be explained by the gradual slippage exhibited by the main backbone chain of the
polyurethane binders while shear stress was applied. Their damping capacity reflects their
ability to dissipate mechanical energy. Therefore, we can conclude that they will be able to
reduce the vibration amplitude significantly. The damping properties of the solid compo-
nents from these rocket propellants conjoined with the remarkable damping properties of
the employed polyurethane matrices (Figure 9c), which led to high-performance energetic
composites, are suitable to be safely used as rocket propellants.

The rocket propellant composites (based on the synthesized polyols) were also an-
alyzed using a three-point bending clamp. This is a typical flexural test that uses three
identically sized cylindrical rollers to bend the sample. The three-point bending mode was
employed as a method of analysis of the rocket propellant composites because, according
to literature data, this type of deformation is usually considered “cleaner” than either
the single/dual cantilever or tension modes, since clamping effects are eliminated [50].
For each sample, the oscillation amplitude was incrementally increased from 1 μm to
500 μm. As can be observed in Figure 10, the composites based on recycled polyols and
TEGDN (ECP_D5) displayed higher flexibility, being the only rocket propellant composite
that did not break during the bending test. The other energetic composites broke earlier
because they were more rigid. An appropriate flexibility of these materials ensures the
ease of charging the rocket motor with the composite propellants and guarantees that these
energetic composites will maintain their integrity when the rocket motor is subjected to
external mechanical stress.
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Figure 10. Bending behavior of the composite rocket propellants.
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The highly aqueous solubility of PSAN employed in these rocket propellant com-
posites allowed its extraction from the polymeric matrix and the assessment of the inner
morphology of the energetic composites pressed in a cylindrical geometry. For this goal,
small transversal slices of ECP were cut and placed in an aqueous solution until the oxidizer
particles completely dissolved and migrated from the polyurethane matrix into the water
solution. The samples were recovered after 6 h and dried at 50 ◦C for 12 h. The morphology
of the resulted specimens was evaluated through the SEM-EDX technique. Figure 11 shows
the SEM-EDX morphological images of the “oxidizer free” composite samples, investi-
gated at different scales. According to these results, the voids that can be observed in
these images correspond to the spaces that were previously occupied by the grains of the
oxidizer. The dissolution of the oxidizer in water leads to a porous polyurethane matrix
(still containing the metallic component). This experiment allows us to evaluate the way
that the oxidizer solid grains are dispersed inside the polyurethane matrix, this being an
important aspect for the investigation of the burning rate behavior inside the motor rocket
chamber. Furthermore, based on the EDX analysis depicted in Figure 11, the distribution
of aluminum and iron oxide particles inside the polyurethane matrix can be evaluated.
Figure S12 from the “Supplementary Material” file presents the SEM-EDX morphological
analysis of the surface for the composite formulations with oxidizer and both types of
polyurethanes (based on commercial polyol, PU_3, and based on polyols obtained from
PET degradation, PU_31, 2:1 molar ratio -NCO/-OH). Figure S13 and Table S1 illustrate
the elemental composition of the “oxidizer free” composite samples. For comparison,
Figures S14 and S15, and Table S2 respectively illustrate a morphological characterization
of a pressed solid mixture of an oxidant and metallic fuel, without a binder. In the absence
of the binder, the mechanical resistance of this pressed mixture is almost inexistent, being a
very friable structure.

Based on this SEM-EDX evaluation of the rocket propellant composites, we can
conclude that the solid grains of the oxidizer and metallic fuel are uniformly distributed
inside the polyurethane binder matrix, which ensures a good cohesion between all the
solid components, conferring proper explosive and mechanical characteristics.

As mentioned above, our composites, being specifically designed to be employed
as rocket propellants, require a uniform dispersion of the solid components inside the
polymeric matrix to ensure a constant burning rate. Thus, for obtaining complementary
information to the SEM-EDX analyses presented above, the synthesized composites were
also subjected to μCT analysis to evaluate the 3D distribution of the solid components
inside the rocket propellant composites. As can be observed in Figure 12, all the composites
displayed a homogenous three-dimensional distribution of the solid components in the
polyurethane matrix. There are some slightly notable differences between the four rocket
propellant composites illustrated in Figure 12, due to the addition of TEGDN and also
due to the addition of the recycled polyol, which led to a less dense network of hard
nanodomains inside the polyurethane matrix than the commercial polyol.

The evaluation of the ballistic performances of these new rocket propellants based
on PSAN, Al, and polyurethane matrices synthesized from polyester-polyols derived
from PET degradation cannot be complete without confirming its applicability in a firing
set-up. For this reason, a series of static experimental firings was performed with the
ECP_D5 composite on a subscale rocket motor (SRM) TRM-35 to determine its performance
characteristics. The experimental system was designed to investigate the burning behavior
of the composite propellant for small-grain rockets before introducing them into a large-
scale launching system. Figure 13 shows the experimental set-up used in the test. The
propellant grain was wet pressed and cured in a cylindrical geometry with the inner bore,
with obstructed front and rear ends, providing a neutral burning [2] from the inner and
outer surface of the cylinder, as can be seen in detail in Figure 13. A structural view of
the subscale rocket motor stand burner and the rocket propellant cylindrical composites is
shown in Figures S16 and S17 from the “Supplementary Material” file. The ignition was
ensured by a small amount of pyrotechnic composition, presented in Figure S18. To ensure
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the pressurization of the combustion chamber and the propellant grain ignition, the nozzle
was equipped with an aluminum membrane that breaks after ignition. Figure S19 provides
a view of the eco-friendly rocket propellant at the convergent section nozzle and the shape
of the flame generated during an outdoor combustion session.

I II III 

   

   

   

Figure 11. SEM and EDX analysis of the porous ECP_D5 formulation (after oxidizer extraction) at different scales: (I) 200 μm;
(II) 100 μm; (III) 50 μm.
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Figure 12. Micro-CT images (250 μm voxel size) of composite formulations: (A) ECP_A5; (B) ECP_B5;
(C) ECP_C5; (D) ECP_D5.

 

Figure 13. Subscale rocket motor set-up: (1) ignition; (2) pressure transducer; (3) thrust transducer (e1: burning propellant
thickness).

The burning characteristics for the environmentally responsible rocket propellant
obtained in this study are illustrated in Figure 14. Although the aspect of the burning
profile pressure vs. time does not perfectly match the theoretical burning profiles of
rocket propellant, due to the low scale of the experiment, we were able to emphasize
that it provides promising results for this type of application. Thus, the average value
of the pressure (pth), calculated with Equation (1), was 39.23 bars, which indicates good
premises for this type of propellant, being in accordance with the values presented in
the literature [50]. An average combustion rate (uth) of 2.78 mm/s was calculated using
Equation (2), which is in the same range with the burning rate of ammonium perchlorate-
based composite propellants [51]. The burning profile of the sample indicates a progressive
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burning at the beginning and then a regressive burning, probably due to the erosion of the
propellant grain at the obstructed front/end surfaces and the transition towards a spherical
geometry.

pth =
1

th − tz

th∫
tz

p(t)dt (1)

uth(pth) =
e1

th − tz
(2)

where: e1 is the burning thickness, as presented in Figure 13 and (th − tz) = tb is the burning
time interval.

where: t0—ignition time, defined by electric or mechanic impulse. 
tz—beginning of burning, defined by level of pressure. 
tzef—effective beginning of burning, defined by tangent line (2 points). 
tpmax—maximum pressure time, defined by Pmax. 

th—end of burning, defined by junction of 2 tangent lines (4 points). 
tp/2—half pressure end, defined by half value of average pressure. 
tvef—effective efflux time, defined by tangent line (2 points). 
tvef—end of efflux time, defined by level of pressure. 

Figure 14. The burning rate profile and characteristics for the developed propellant.

4. Conclusions

Novel polyurethane binders and their applications in future environmentally responsi-
ble composite rocket propellants were investigated. To highlight the advantages brought by
this new “green” approach, in comparison with state-of-the-art HTPB binders (extensively
utilized nowadays in this field), we further summarized the most important achievements
of this study. The polyurethane-based binders were synthesized using polyester-polyols
obtained from catalytic degradation of recycled PET, commercial polyols, and the energetic
plasticizer TEGDN. To demonstrate that the polyurethanes are suitable for this type of
application, they were subjected to structural and rheological characterization (1H-NMR,
FT-IR, and viscosity analysis), while the new composite propellants were subjected to mor-
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phological, thermal, and mechanical characterizations using various analytical techniques
(SEM-EDX, DTA, TGA, DMA, μCT, and tensile and compression tests). Moreover, the com-
posite propellant formulations developed were analyzed in terms of ballistic performances
by real firing tests in a subscale rocket motor.

1H-NMR and FT-IR characterizations confirmed that the synthesized polyester-polyol
has the appropriate chemical structure, while their viscosity follows the requirements
imposed in the development of propellants. SEM-EDX and μCT analyses proved the
homogenous dispersions of the solid load inside most of the composites. The uniformity
of the oxidizers and fuel distribution inside the polymeric matrix was also indicated by
the continuous combustion of the propellant grain, thus improving the energetic perfor-
mances of these composites. TGA measurements indicated that the presence of TEGDN
lowered the decomposition temperature of the polyurethanes, an aspect also confirmed
by DTA investigations. However, the polyurethanes possess good thermal stability (up
to about 300 ◦C for PU_3 and PU_31 and up to 190 ◦C for PU_3T2 and PU_31T2). Even if
the combustion process of the rocket propellants begins at lower temperatures than the
neat polyurethane binders, they still can be safely utilized, each composite possessing
decomposition onset temperatures above 165 ◦C.

DMA profile of the polyurethanes from recycled PET plasticized with TEGDN dis-
played a very low glass transition temperature (−53 ◦C), while for the propellant based
on it, the Tg was slightly higher due to the presence of solid loading. DMA analysis also
demonstrated that the polyurethanes and propellant specimens based on polyester-polyols
synthesized from PET waste possess a good capacity for absorbing and dissipating en-
ergy. Tensile and compressive test results also showed that the developed specimens
(polyurethanes and propellants) have an acceptable mechanical behavior, in accordance
with the minimal requirements for solid rocket propellant binders. Thus, in comparison
with the existing HTPB binders present in available rocket propellants, despite their poorer
mechanical resistance (which is situated within some tolerable values), the binders based
on recycled PET waste can enhance the thermal performances of the rocket propellant and
contribute to a less polluted environment. Additionally, the higher flexibility will ensure
resilience, a superior shock resistance necessary for the prevention of crack formation and
adhesion failure, thus insuring the geometric stability of the propellant grain.

Small-scale real firing testing of the novel solid composite propellants indicated ballis-
tic performances in accordance with those exhibited by state-of-the-art solid propellants
(adequate values for pressure and combustion rate, improved energetic performances). We
can conclude that the extensive study herein reported offers a comprehensive image of the
possibility to replace the existing binders, such as HTPB, with binders derived from PET,
while maintaining high performance standards, thus substantially minimizing the envi-
ronmental impact of the rocket propellants. This ecological approach could be integrated
into the life cycle assessment of environmentally responsible rocket propellants that should
be developed in the future. By developing future “greener” rocket propellants based on
polyols synthesized from PET waste and “clean” oxidizers, a great contribution could be
added to the circular economy process and to the global effort to protect the environment
and human health.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym13213828/s1. Included are NMR spectra of SRP1, SRP2, SRP1T2, and SRP2T2
(Figures S1–S4), FT-IR of polyurethanes based on RP2 (Figure S5), images of polyurethane binders
and curing time (Figure S6), SEM images of polyurethane formulations based on RP1 and RP2
(with and without TEGDN) (Figure S7), EDX mapping of the polyurethane formulations from S7
(Figure S8), tensile stress–strain plots for PU formulations (Figure S9), tensile stress–strain plots for
composite propellant formulations (Figure S10), compression test plots for composite formulations
(Figure S11), SEM-EDX images of composite propellant formulations (Figure S12), EDX spectra for
oxidizer-free and binder-free formulations (Figure S14 and S15), stand burner equipped with subscale
rocket motor TRM-35 (Figure S16), structural configuration of ECP_D5 (Figure S17), pyrotechnic
composition for propellant ignition (Figure S18), flame configuration of ECP_D5 during combustion
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(Figure S19), behavior of PUs during manual bending (Figure S20), structural configurations of
composite propellants for mechanical analysis (Figure S21), weight and atomic composition of free
oxidizer composite formulations (Table S1), weight and atomic composition of free binder solid
mixture (Table S2), thermal characteristics for polyurethane films, composite propellant formulations,
and energetic plasticizer (Table S3), thermal properties of synthesized polyurethanes (Table S4), the
decomposition process of the polyurethanes (weight loss versus temperature) (Table S5), and heat
of combustion, specific volume and Tg for our new composite propellants in comparison with the
existing commercial formulations (Table S6).
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Abstract: Thirty bacterial isolates were tested on three different media for Poly-ß-hydroxybutyrate
(PHB) production. The best bacterial isolates for producing PHB were screened and identified based
on molecular biology; then, using three different alternative carbon sources (dried whey, sugar
beet molasses and date molasses), physical properties were evaluated by Infrared (IR) spectrometry
and Gas chromatography–mass spectrometry (GC-MS/MS) analysis. Our results showed that
the best isolates identified based on molecular biology were Bacillus paramycoides MCCC 1A04098,
Azotobacter salinestris NBRC 102611 and Brevundimonas naejangsanensis BIO-TAS2-2. The addition
of sugar beet molasses to the medium of A. salinestris increased the cell dry weight (CDW), PHB
concentration, PHB% and conversion coefficient (4.97 g/L, 1.56 g/L, 31.38% and 23.92%, respectively).
The correlation coefficient values between PHB g/L and CDW g/L varied between very strong and
moderate positive correlation. IR of the produced PHB from B. paramycoides and A. salinestris showed
similar bands which confirmed the presence of PHB; however, B. naejangsanensis showed weak bands,
indicating lower PHB concentration. The chemical composition obtained showed that the GC-MS
of the PHB extracted represents 2, 4-ditert-butylphenol for B. paramycoides and isopropyl ester of 2-
butenoic acid for both of A. salinestris and Brevundimonas naejangsanensis. Therefore, PHB produced by
microorganisms can be considered a biodegradable polyester, and represents a promising technique
for the development of eco-friendly and fully biodegradable plastics.

Keywords: agro-industrial waste; GC-MS/MS spectrometry; IR spectrometry; PHB

1. Introduction

Since petroleum-based plastics have become a major cause of environmental pollution,
degradable plastics have attracted a great deal of attention worldwide for their unique
properties, such as thermoplasticity. However, production of these vital plastics is limited
due to their high cost of production. Hence, studies looking for bacterial strains with better
yields and improving their culture conditions are of the greatest importance in order to
reduce the costs of PHB production [1]. The slow growth of the PHB market since the 1980s
is due to the high cost of production for the amount of PHB produced. Currently, only
about 1% of plastic materials on the market are biodegradable, and with the increase in
environmental pollution, there is a need to increase the production of PHB [2]. PHB and

503



Polymers 2021, 13, 3801

different biodegradable polyesters are promising tools for the development of eco-friendly
and fully biodegradable plastics. PHBs are a class of biopolymers produced by different
microbial species. Unlike plastics derived from petrochemicals, PHB is biodegradable
and biocompatible in nature. PHBs have advanced applications in the medical sector
(surgical pins and sutures, wound dressings, bone replacements), the packaging industry
(packaging films, bags, cosmetics containers, shampoo bottles), and agriculture (plastic
mulch, as a carrier for long-term doses of herbicides, fungicides and insecticides) [3–6].
PHB is produced using various raw materials such as agricultural and food industry
wastes, which contributes to its economic feasibility. Research is currently concerned with
reducing the cost of production [7]. The use of food industrial byproducts in the production
of PHB is considered one of the growing areas of modern biotechnology; these products
can be used as a nutrient-rich medium at no additional cost. Whey and molasses are very
important byproducts that are rich in nutrients and which bacteria can convert into PHB [8].
The use of molasses as a potential low-cost substrate for PHB biopolymer production has
been studied by [9]. The use of molasses, which is a cheap substrate available in Egypt,
may help reduce the cost of producing such biopolyesters [3]. Beet molasses has been
shown to be an excellent starting material for PHB production by Azotobacter vinelandii. The
substrate cost for PHB production from beet molasses in fed-batch culture was one-third of
that using glucose [10]. The results obtained by [11] indicate that by using Bacillus subtilis
RS1, agro-industry wastes such as sugarcane molasses can be used as an inexpensive
substrate for PHB production. Date molasses and date seed oil have also been used as
the sole carbon source for PHB biosynthesis [12]. Processes are currently underway to
improve PHB production via genetic modification of some strains in order to develop
desirable and suitable properties for some diverse applications [7]. Pavan [13] aimed
to conduct an economic assessment of PHB production process using molasses. The
alternative sources showed equally low production costs (USD 4.28 per kg) and better
economic indicators among the evaluated scenarios. In recent years, using renewable
raw materials for PHB production as degradable bioplastics has been a good method of
environment consideration. Low-cost carbon substrates have the potential to reduce PHB
production cost and increase sustainability [14]. According to [11], the global PHB market
is expected to reach USD 93.5 million by 2021. In the Middle East and Arab countries, Date
palm (Pheonix dactylifera L.) is an important commercial crop. Egypt is one of the largest
date producers among Arab and world countries. Egyptian date production in 2020 was
1.9 million tons, which represented 21.2% of world production. Date soft types are highly
perishable and easily attacked by microbial enzymes; thus, date and date molasses are
considered good materials for fermentation processes [15–17]. The main reason for the low
prevalence of bioplastic products is the high cost of production.

Therefore, this study aims to produce PHB using efficient PHB-producing bacteria on
different available alternative carbon sources (whey, sugar beet molasses and date molasses)
and to study their properties by infrared (IR) spectroscopy and gas chromatography GC-
MS/MS mass spectrometry analysis.

2. Materials and Methods

2.1. Bacterial Isolation

Four different soil samples were obtained from Damietta and Dakahlia Governorates
(New Damietta city, Kafer El-Batekh, Kafer Saad, and Kalabshou), Egypt, were used for
bacterial isolation. From these soil samples, 30 bacterial isolates were randomly isolated on
three different selective media (10 for each medium): medium (A) [18], medium (B) [19] and
medium (C) [20], for PHB production. These isolates were identified in the Agricultural
Microbiology Department, Faculty of Agriculture, Damietta University, Damietta, Egypt.
Morphological and physiological characteristics of bacterial isolates such as shape, Gram
stain, spore stain, capsule stain and motility were microscopically studied, as were indole
and catalase tests, starch hydrolysis and casein hydrolysis [21–23].
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Isolates obtained from each of the three previously-mentioned media (10 randomly
picked from each medium) were maintained on slants of Nutrient agar medium [24],
Modified Ashby’s medium [25], and Nutrient-rich medium [26], incubated at 5 ◦C, and
sub-cultured monthly.

2.2. Efficacy of PHB-Producing Isolates
2.2.1. Cultivation Media

A cultivation process was implemented so that isolates from each medium could be
cultivated on the same isolation media for PHB production. Carbon and nitrogen sources
for each medium were sterilized separately and were aseptically added before inoculation
and after cooling of each medium.

For medium (A) [18], 20 g/L glucose (carbon source) and 2.0 g/L ammonium acetate
(nitrogen source) were added to the sterilized medium. The pH was adjusted to 7. For to
medium (B), 10 g/L fructose was added as a carbon source [19] and 1.2 g/L ammonium
acetate (nitrogen source) was added to the sterilized medium; the pH was adjusted to
7.2. Finally, 30 g/L sucrose was used as a carbon source for medium (C) [20], and 1 g/L
ammonium sulfate was added to the sterilized medium. The pH was adjusted to 6.8.

2.2.2. Cultivation System

Batch cultivation on conical flasks was used in this experiment. Twenty ml of each
medium was prepared from maintenance cultures to be used as an inoculum. Incubation
was performed in an incubator shaker at 200 rpm at 30 ◦C for 48 h. The inoculum was
aseptically transferred to 50 mL of the same medium and incubated under the same
conditions for the same period mentioned above [27]. All experiments were conducted in
three replications.

2.2.3. Biomass Determination

A 50 mL sample of each culture was centrifuged at 5000× g for 10 min. Cell pellets
were washed twice with sterile distilled water. The precipitated biomass was dried at
100 ◦C for 24 h or until a constant weight was reached. This value was used for determina-
tion of cell dry weight (CDW) [28].

2.3. PHB Determination

Ten ml of chloroform was added to the dried cell biomass obtained from the previous
centrifuged cultures and incubated at 70 ◦C for 10 min, then centrifuged at 5000× g for
10 min. The resulting solution was separated and collected, and the chloroform was
allowed to evaporate in order to obtain PHBs for further assessment. Then, the precipitate
was dried at 100 ◦C for 24 h or until a constant weight was reached. This value was
used for PHB–free cell dry weight determination [19]. The difference in weight between
the previous two values was considered as PHB production (g/50 mL); this value was
calculated by [29,30], as g/L:

PHB (%) = PHB weight (g/L) × 100/total cell dry weight (g/L)

Conversion coefficient (%) = PHB weight (g/L) × 100/utilized sugar weight (g/L)

2.4. Determination of Utilized Sugars and Nitrogen

Total carbohydrates were determined as glucose [31]. The total sugars remaining
in the culture broth were estimated, and by subtracting this value from the amount of
total sugars in the medium composition at the beginning of the experiment, the consumed
sugars or utilized sugars were calculated. Total nitrogen was measured according to the
Kjeldahl digestion method [32].
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2.5. The Relationship between PHB Production, CDW and Utilized Sugar (g/L)

The correlation coefficient values (r) was calculated according the equation given
in [33]. The correlation between PHB g/L and CDW g/L was calculated where X is the
value of PHB g/L, X is the arithmetical mean of PHB g/L, Y is the value of CDW g/L, and
Y is the arithmetical mean of the CDW g/L values. The value of CDW was replaced with
the value of utilized sugar when the correlation coefficient was calculated between PHB
g/L and utilized sugar.

r =
∑
(
X − X

)(
Y − Y

)√
∑
(
X − X

)2
√

∑
(
Y − Y

)2

If the value of the correlation coefficient (r) = +1, there is a perfect positive correlation;
if (r) = −1, a perfect negative correlation; if r = 0, there is no correlation. If the value of the
correlation coefficient is between r = 0.0–0.2, 0.2–0.4, 0.4–0.6, 0.6–0.8 or 0.8–1.0, this means a
very weak correlation, weak correlation, moderate correlation, strong correlation or very
strong correlation, respectively [33].

2.6. Identification of Bacterial Isolates Based on Molecular Biology

The highest PHB-producing isolates were inoculated in suitable media and incubated
overnight at 37 ◦C. The resulting bacterial suspension was pelleted at 10,000 rpm for
5 min and genomic DNA was extracted using a Pure Link genomic DNA mini kit. PCR
amplification of 16s rDNA was performed using the isolated DNA. The PCR conditions
were set as follows: initial denaturation at 95 ◦C for 5 min, followed by 25 cycles of
denaturation at 95 ◦C for 40 s, annealing at 55 ◦C for 2 min and primer extension at 72 ◦C
for 1 min, ending with the final elongation step at 72 ◦C for 7 min. PCR products were
gel purified and sent for sequencing with 16S rRNA primer. The obtained sequences were
trimmed to obtain a sequence with ladder 1–1.5 Kb DNA. Then, the sequences were BLAST
search analyzed on the (www.ncbi.nlm.nih.gov, accessed on 1 September 2021) to identify
the isolate [34].

2.7. PHB Production Using Cheap Alternative Carbon Sources

Three different alternative carbon sources were used; dried whey and date molasses
were purchased from Damietta City market, Damietta City, Egypt, and sugar beet molasses
was purchased from the Sugar Beet Factory Kalabsho, Belkas, Dakahlia Governorate, Egypt.
Molasses was pretreated according to the method in [35]. Total sugars and total nitrogen of
all sources were determined. The values of carbon and nitrogen were considered during
preparation of the cultivation media which already contain these sources.

2.8. The Physical Properties of PHB Polymer

IR was used to confirm the formation of PHB using a MATTISON 5000 FTIR spec-
trometer at Mansoura University, Faculty of Pharmacy, Chemistry Department, Spectral
Analysis Unit. A 50 mm mortar and pestle were used. Hydraulic presses were performed
using a PIKE die press. A SPECAC press instrument was used for preparation of the KBr
sample discs of investigated drugs, pressing under a 7 mm die at a pressure of 2 tons
for 1 min. A SHIMADZU CORPORATION balance BL-220H (Kyoto, Japan) was utilized
throughout the work. IR spectra of the PHB polymer were determined at 2 cm−1 spectral
resolution by using a MATTSON 5000 FTIR spectrometer. An excitation wavelength at
3900 nm was provided and the laser power at the sample position was typically 500 nm.
Spectra were obtained with a spectral resolution of 4 cm−1, and 1024 [36].

For GC-MS/MS analysis, the chemical composition was obtained after extraction
and derivatized using BSTFA reagent. The derivatization product MTBSTFA-HB was
analyzed on a Finnigan GCQ (Finnigan MAT, Austin, TX, USA), which is an ion trap MS
with external ionization. A 30 m fused silica capillary column DB-5MS, I.D. 0.25 mm,
film thickness 0.25 mm (J&W Scientific, Folsom, CA, USA) was used for separation. The
samples were injected in splitless mode. The injection temperature was 250 ◦C, temperature

506



Polymers 2021, 13, 3801

of ion source 200 ◦C and transfer line 275 ◦C. Helium velocity was 40 cm s−1. The oven
temperature, initially at 60 ◦C, was gradually increased (20 ◦C min−1) to 250 ◦C and held at
this temperature for 15.5 min. The MS/MS detection consisted of a sequence of three steps:
(i) isolation of the “parent” ion of the detected compounds (immediate rejection of other
ions except the “parent” ion); (ii) fragmentation of the “parent” ion; and (iii) analysis of the
fragmentation products. These steps were realized using GCQ MS/MS software, version
2.0. The MS/MS measurements were performed at a collision energy of 0.8 V for parent
ions of m/z 275 (for the analyte) and m/z 331 (for the internal standard). The product
spectra in the mass range of m/z 100–331 were scanned. The retention time of the analyte
was 8.34 ± 0.04 min and of the internal standard 10.2 ± 0.04 min [37].

2.9. Statistical Analysis

Data obtained throughout this study were analyzed by computer-assisted one-way
ANOVA, using the software package stat graphics version 5.0 (costat). Least significance
differences (LSDs) were calculated at level of significance p < 0.05 [38].

3. Results

3.1. Morphological and Physiological Characteristics of the Bacterial Isolates

Thirty bacterial isolates (10 isolates for each medium) were randomly isolated on three
different selective media, medium (A), medium (B), and medium (C). Some of morpho-
logical and physiological characteristics of bacterial isolates were obtained. In addition,
10 bacterial isolates which were isolated on medium (A) were bacilli, Gram positive, spore
positive, capsule positive and negative, and motile, and the indole test, catalase test, starch
hydrolysis and casein hydrolysis were positive (Table S1, Supplementary Materials). From
these characteristics, all isolates seemed to be Bacillus spp. [21]. Finally, 10 bacterial isolates
which were isolated on medium (B) were diplococcic, Gram negative, non-spore, capsule
positive, and motile and non-motile, and the indole test, catalase test, starch hydrolysis
and casein hydrolysis were positive (Table S2, Supplementary Materials). From these
characteristics, all isolates seemed to be Azotobacter spp. [21].

Bacterial isolates which were isolated on medium (C) were bacilli, cocci and short rods.
Gram stain, spore stain, and capsule were positive and negative. Motile and none motile,
indole test, catalase test, starch hydrolysis and casein hydrolysis were positive (Table S3,
Supplementary Materials).

3.2. Screening the Best PHB-Producing Bacterial Isolates

The results presented in Table 1 show that all tested isolates cultivated on medium
(A) produced PHB. The CDW varied from 0.98 to 2.99 g/L. PHB production ranged from
0.10 to 0.62 g/L. PHB% ranged between 6.84 and 27.55%. Sugar utilization ranged from
14.32 g/L to 18.51 g/L. The values of the conversion coefficient ranged between 0.62%
and 3.90%. Significant differences were observed between bacterial isolates in most cases.
Generally, the best isolate which yielded the highest PHB production with reasonable sugar
utilization was No. A6. Therefore, this isolate was chosen and used in the subsequent
experiments. Isolates No. A1, A2 and A6 also produced more than 20% PHB.

In addition, all tested isolates grown on medium (B) also produced PHB (Table 1). The
highest values of cell dry weight, PHB production, PHB%, sugar utilization and conversion
coefficient were 4.00 g/L, 0.93 g/L, 28.51%, 20.93 g/L, and 6.17%, respectively. However,
the lowest values of the above parameters were 2.56 g/L, 0.73 g/L, 19.50%, 15.07 g/L,
and 2.86%, respectively. It was observed that there were significant differences between
the bacterial isolates; thus, the best isolate with the highest value of PHB (0.93 g/L) was
No. P3. This isolate was therefore chosen for identification based on molecular biology
and used in the experiments on alternative carbon sources. PHB was produced from all
isolates grown on medium (C) (Table 1). The CDW values varied from 0.79 to 3.1 g/L.
PHB production ranged from 0.08 to 0.73 g/L, and PHB% ranged between 6.04 and 23.67%.
Sugar utilization ranged from 6.09 g/L to 8.17. The values of the conversion coefficient
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ranged between 1.00% and 8.93%. Generally, the best isolate which yielded the highest
PHB production (0.73 g/L) with reasonable sugar utilization was No. W8. It was noted
that there were significant differences between the bacterial isolates. Therefore, this isolate
was chosen and used in the subsequent experiments.

Table 1. Screening of different bacterial isolates to produce PHB on different media.

Isolate
Number

C.D.W (g/L) PHB (g/L) PHB (%)
Utilized

Sugar (g/L)
Conversion

Coefficient (%)

Medium A

A1 2.99 a 0.61 b 20.40 c 17.03 c 3.58 b

A2 2.52 b 0.51 b 20.23 b 15.36 d 3.32 b

A3 1.27 f 0.11 de 8.66 h 16.00 d 0.68 e

A4 1.69 d 0.15 de 8.87 h 14.32 e 1.04 d

A5 1.17 fg 0.13 de 11.11 g 18.51 a 0.70 e

A6 2.25 c 0.62 a 27.55 a 15.88 d 3.90 a

A7 0.98 h 0.17 d 17.34 e 16.85 c 1.00 d

A8 1.46 e 0.10 e 6.84 i 15.94 d 0.62 e

A9 1.03 gh 0.12 de 11.65 f 17.77 b 0.67 e

A10 1.58 de 0.29 c 18.35 d 15.80 d 1.83 b

LSD 0.05 0.145 0.042 0.404 0.486 0.140

Medium B

P1 3.61 b 0.85 b 23.54 c 15.34 e 5.54 b

P2 3.93 a 0.83 b 21.11 d 19.58 c 4.23 de

P3 3.47 bc 0.93 a 26.80 ab 15.07 e 6.17 a

P4 3.30 c 0.83 b 25.14 bc 15.19 e 5.46 b

P5 4.00 a 0.78 bc 19.50 d 15.44 e 5.05 c

P6 3.62 b 0.78 bc 21.54 d 17.32 d 4.50 d

P7 2.78 d 0.74 c 26.62 ab 19.17 c 3.86 e

P8 2.56 e 0.73 c 28.51 a 20.93 b 3.48 f

P9 3.88 a 0.82 b 21.12 d 19.40 c 4.22 de

P10 3.40 bc 0.84 b 24.75 bc 29.33 a 2.86 g

LSD 0.05 0.165 0.053 1.571 0.455 0.365

Medium C

W1 1.37 d 0.10 ef 6.6 d 7.94 a 1.25 ef

W2 2.04 b 0.28 b 13.72 b 6.82 e 4.10 b

W3 1.85 c 0.17 d 9.37 c 7.71 b 2.20 d

W4 1.15 e 0.17 d 15.40 b 7.39 c 2.30 d

W5 1.36 d 0.21 c 14.73 b 7.10 d 2.95 c

W6 1.98 b 0.16 d 8.25 cd 6.09 f 2.62 cd

W7 1.82 c 0.13 de 7.68 cd 7.65 b 1.69 e

W8 3.10 a 0.73 a 23.67 a 8.17 a 8.93 a

W9 0.79 f 0.11 ef 14.79 b 7.44 c 1.47 ef

W10 1.33 d 0.08 f 6.04 d 7.96 a 1.00 f

LSD 0.05 0.121 0.032 1.748 0.203 0.433
C.D.W: cell dry weight; PHB: Poly-ß-hydroxybutyrate; A1–10: symbol for unknown bacterial isolate grown on
medium (A) [15]; P1–10: symbol for unknown bacterial isolate grown on medium (B) [16]; W1–10: symbol for
unknown bacterial isolate grown on medium (C) [17]. Means followed by different letters indicate significant
differences between treatments according to Duncan’s test (p < 0.05).

3.3. Identification of the Best Bacterial Isolates Based on Molecular Method

Isolates No. A6, P3 and W8 (which were the best isolates for PHB production in the
previous experiments) were identified according to the Polymerase Chain Reaction (PCR)
method by Sigma Company (Cairo, Egypt) [34]. Isolate No. A6 was identified by the
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16S ribosomal RNA gene and the partial sequence Query1 GAGCTTGCTCTTATGAAGT-
TAGCGGCGGACGGGTGAGTAACACGTGGGTAACCTGCCCAT 60.

The sequences of this isolate were accessed through a database (www.ncbi.nlm.nih.
gov, accessed on 1 September 2021) using the accession number, and it was found to belong
to the Bacillus paramycoides strain MCCC 1A04098 (Figure 1A). Isolate No. P3 was identified
using the same method, by the partial sequence Query 1 AATACCCTGCAGTCTTGACGT-
TACCGGCAGAATAAGCACCGGCTAACTTCGTGCCAGCAG 60. It was identified as the
Azotobacter salinestris strain NBRC 102611 (Figure 1B). Isolate No. W8 was also identified
using the same method, by the partial sequence Query 1 GAATAACTCAGGGAAACTTGT-
GCTAATACCGAATGTGCCCTTTGGGGGAAAGATTTATCG 60. It was identified as
Brevundimonas naejangsanensis strain BIO-TAS2-2 (Figure 1C).

3.4. PHB Production from Cheap Alternative Carbon Sources

The values of carbon and nitrogen were considered during preparation of the culti-
vation media, which already contained these sources. In dried whey, sugar beet molasses
and date molasses, the carbon contents were 70%, 51%, and 37%, respectively, and the
nitrogen contents were 15%, 13%, and 14.1%, respectively. Table 2 shows the effect on PHB
production from B. paramycoides strain MCCC 1A04098 of replacing glucose in medium
(A) with the three cheap alternative carbon sources (dried whey, treated sugar beet mo-
lasses, and treated date molasses). The addition of treated sugar beet molasses was the
most economically suitable, as it increased PHB production (0.98 g/L) and the conversion
coefficient (6.5%). Furthermore, the utilized sugar (15.11 g/L) was moderate and slightly
lower than the control value (15.88 g/L). On the other hand, dried whey yielded the lowest
PHB production (0.51 g/L), even lower than the control. The values of treated date mo-
lasses showed the same pattern as treated sugar beet molasses, except for sugar utilization
which was the highest among all carbon sources (16.40 g/L). It was observed that there
were significant differences between bacterial strains. In the present study, the maximum
production of PHB and CDW by B. paramycoides was 0.98 g/L and 2.84 g/L from sugar
beet molasses, respectively.

A 

Figure 1. Cont.
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B 

 
C 

Figure 1. Genotype tree of Bacillus paramycoides MCCC 1A04098 (A), Azotobacter salinestris NBRC
102611 (B) and Brevundimonas naejangsanensis BIO-TAS2-2 (C).
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Table 2. Effect of cheap alternatives carbon sources on PHB production by different strains of Bacillus paramycoides,
Azotobacter salinestris and Brevundimonas naejangsanensis.

Alternatives Carbon
Sources

C.D.W (g/L) PHB (g/L) PHB (%) Utilized Sugar (g/L)
Conversion

Coefficient (%)

Bacillus paramycoidesstrain MCCC 1A04098

Dried whey 1.56 d 0.51 d 33.81 a 13.74 b 3.71 c

sugar beet molasses 2.84 a 0.98 a 34.50 a 15.11 ab 6.50 a

Date molasses 2.67 b 0.88 b 32.86 a 16.40 a 5.36 b

(Control, glucose) (2.25 c) (0.62 c) (27.55 b) (15.88 a) (3.90 c)

LSD 0.05 0.123 0.079 4.499 1.391 0.804

Azotobacter salinestris strain NBRC 102611

Dried whey 2.47 d 0.66 d 26.51 bc 5.15 d 12.81 c

Sugar beet molasses 4.97 a 1.56 a 31.39 a 6.52 c 23.92 a

Date molasses 4.61 b 1.36 b 29.45 ab 6.83 b 19.91 b

(Control, fructose) (3.10 c) (0.73 c) (23.67 c) (8.17 a) (8.93 d)

LSD 0.05 0.227 0.047 2.951 0.220 0.984

Brevundimonas naejangsanensis strain BIO-TAS2-2

Dried whey 1.63 d 0.64 d 39.27 b 11.59 d 5.51 b

Sugar beet molasses 3.57 a 1.36 b 40.36 b 16.71 a 9.73 a

Date molasses 3.19 c 1.50 a 47.14 a 16.03 b 9.35 a

(Control, sucrose) (3.47 b) (0.93 c) (26.80 c) (15.07 c) (6.17 b)

LSD 0.05 0.161 0.069 3.537 0.284 0.657

Means followed by different letters indicate significant differences between treatments according to Duncan’s test (p < 0.05).

Fructose was replaced with alternative carbon sources in medium (B) for PHB produc-
tion using the A. salinestris strain NBRC 102611. Table 2 showed that the use of treated beet
molasses yielded the highest PHB production (1.56 g/L) and highest conversion coefficient
(23.92%), with moderate sugar utilization (6.52 g/L) in comparison with the control values.
Dried whey yielded the lowest PHB production (0.66 g/L). It was observed that there were
significant differences between the bacterial isolates.

Sucrose was replaced with alternative carbon sources in medium (C) for PHB produc-
tion from the Brevundimonas naejangsanensis strain BIO-TAS2-2. Table 2 showed that the
use of treated date molasses yielded the highest PHB production (1.5 g/L) and the highest
conversion coefficient (9.35%), with moderate sugar utilization (16.03 g/L) in comparison
with the control values. Dried whey yielded the lowest PHB production (0.64 g/L). It was
observed that there were significant differences between the bacterial isolates.

3.5. The Correlation Coefficient Value between PHB Production, CDW and Utilized Sugar (g/L) of
All Tested Isolates and Strains

The correlation coefficient was calculated according the equation in [33]. Statistical
analysis indicated there was a very strong positive correlation (r = 0.987) between PHB
g/L and CDW g/L in the A. salinestris strain and a strong positive correlation (r = 0.457) in
the isolates grown on medium (B). A very weak negative correlation (r = −0.161) between
PHB g/L and utilized sugar g/L in the isolates grown on medium (B) was observed, with
the highest value between them being r = 0.897 (a very strong positive correlation) in the
case of B. naejangsanensis (Table 3).
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Table 3. The correlation analysis between PHB, dry cell weight and utilized sugar.

Strains or Isolates
Obtained From

Correlation Coefficient Analysis (r Value)

Correlation between PHB
g/L and CDW (g/L)

Correlation between PHB
g/L and Utilized Sugar (g/L)

Medium (A) 0.901 −0.012
Bacillus paramycoides 0.958 0.527

Medium (B) 0.457 −0.161
Azotobacter salinestris 0.987 0.051

Medium (C) 0.840 0.239
Brevundimonas
naejangsanensis 0.724 0.897

Medium (A) [15]; Medium (B) [16]; Medium (C) [17].

3.6. The Physical Properties of PHB Polymer
3.6.1. Fourier Transform Infrared Spectroscopy (FTIR)

Poly ß-hydroxybutyrate (PHB) Polymer extracted from B. paramycoides was charac-
terized using IR spectra in the range of 600–4000 cm−1, as displayed in Figure 2a. The IR
spectra of PHB produced show obvious peaks at 1262 and 1725 cm−1, corresponding to
specific rotations around carbon atoms specific to –CH and C=O stretching of the ester
group present in the molecular chain [36]. Strong peaks at 1034 and 1097 indicate the
presence of C-O stretching. Additionally, the absorption bands at 2926 and 2963 cm−1

are due to C–H stretching vibrations of methyl and methylene groups, which confirms
PHB formation. PHB extracted from A. salinestris, as shown in Figure 2b, is similar to that
extracted from B. paramycoides. Furthermore, the IR spectra of the extract from A. salinestris
display similar bands at 1032, 1098 1262, 1725, 2925 and 2963 cm−1 which confirm the
presence of PHB, as shown in Figure 2b. On the other hand, the IR spectra of PHB extracted
from Brevundimonas naejangsanensis illustrate weak bands at 1264 and 1748 cm−1, indicating
lower PHB concentration in comparison with the other obtained extracts, as shown in
Figure 2c. In addition, all peaks at 3400 to 3600 cm−1 correspond to specific amino groups.

3.6.2. Gas Chromatography–Mass Spectrometry (GC-MS) Analysis

Chemical composition was obtained after extraction and derivatized using BSTFA
reagent. Figure 3a shows a peak at retention time 15.91 min, which represents Polyhydrox-
ybutyrate (PHB) from B. paramycoides. The molecular ion peak in the mass spectrum at m/z
104 agrees well with the molecular formula for PHB. In addition, Figure 3b shows a peak
at 20.08 min, which represents 2, 4-ditert-butylphenol. The area under the peak denotes
the PHB content, which was determined to be 4.85%.

Figure 4a shows the GC-MS chromatogram of the PHB extracted from A. salinestris;
the peak at retention time 16.07 min represents the isopropyl ester of 2-butenoic acid
(Figure 4b), confirming the present of Polyhydroxybutyrate (PHB). The area under the
peak denotes the PHB content, which was determined to be 10.73% (Figure 4b). Figure 5a
shows the GC-MS chromatogram of the PHB extracted from Brevundimonas naejangsanensis,
showing a peak at retention time 16.07 min which represents the isopropyl ester of 2-
butenoic acid (Figure 5b), confirming the presence of Polyhydroxybutyrate (PHB). The area
under the peak denoting the PHB content was determined to be 0.85%, with very low mass
spectrum matching.
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Figure 2. IR spectrum of PHB extracted from B. paramycoides (a), A. salinestris (b), and Brevundimonas naejangsanensis (c).
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(b)

Figure 3. (a) Total GC-MS chromatogram of PHB extracted from Bacillus paramycoides. (b): The mass spectrum of isopropyl
ester of 2-butenoic acid of PHB extracted from Bacillus paramycoides.

 
(a) 

(b) 

Figure 4. (a): Total GC-MS chromatogram of PHB extracted from Azotobacter salinestris. (b): The mass spectrum of isopropyl
ester of 2-butenoic acid of PHB extracted from Azotobacter salinestris.
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Figure 5. (a): Total GC-MS chromatogram of PHB extracted from Brevundimonas naejangsanensis. (b): The mass spectrum of
isopropyl ester of 2-butenoic acid of PHB extracted from Brevundimonas naejangsanensis.

4. Discussion

4.1. Screening the Best PHB-Producing Bacterial Isolates

Significant differences were observed between the bacterial isolates in most cases.
Generally, the best isolate which yielded the highest PHB production with reasonable sugar
utilization was No. A6 (Table 1). Isolates No. A1, A2 and A5 produced more than 20%
PHB. These results were similar to the results obtained by [39], who isolated three bacteria
from the roots of beans (Vicia faba) grown in Qalyubia Governorate, Egypt to produce PHB
using the flask culture technique. These isolates collected more than 20% of PHB, and were
identified as Pseudomonas fluorescens S48, B. megaterium 7A and B. megaterium UBF19. Four
isolates (A1, A2, A6 and A10) were higher than those found by [18], who reported that the
highest value of PHB in B. megaterium was 0.27 g/L. Furthermore, all of these isolates were
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higher than [40], who produced PHB by batch fermentation of B. subtilis from glucose and
reached only 0.077 g/L.

In addition, all tested isolates grown on medium (B) produced PHB (Table 1). It
was observed that there were significant differences between bacterial isolates. Thus,
the best isolate with the highest value of PHB (0.93 g/L) was No. P3. Multiple previ-
ous studies [19,41] produced PHB from A. chroococcum in amounts ranging from 2.0 to
3.0 g/L, higher than in the current study; however, [10] produced only about 1.0 g/L from
A. vinelandii, lower than this study. In [42], the production of PHB was studied using the
shaking culture method with A. chroococcum resulting in a PHB% of 46.80%. On the other
hand, PHB was produced from all isolates grown on medium (C) in the present study
(Table 1).

4.2. Identification of the Best Bacterial Isolates Based on Molecular Method

Isolates No. A6, P3 and W8 were identified according to the Polymerase Chain
Reaction (PCR) method. The sequence of the A6 isolate was accessed using the accession
number and it was found to belong to the Bacillus paramycoides strain MCCC 1A04098
(Figure 1A). Although several reports have produced PHB from Bacillus sp., such as
B. amyloliquefaciens, B. aryabhattai, B. brevis, B. cereus, B. circulans, B. coagulans, B. firmus,
B. laterosporus, B. licheniformis, B. macerans, B. megaterium, B. sphaericus, B. subtilis, and
B. thuringiensis [1,14,43], and a few researchers [44–48] have used B. mycoides for producing
PHB, to the best of our knowledge only this study has produced PHB from B. paramycoides.

In addition, the isolate No. P3 was identified as Azotobacter salinestris strain NBRC
102611 (Figure 1B). Three species of the genus Azotobacter sp. have commonly appeared
in the literature on the production of PHB, including A. chroococcum [19,28,41,42,49],
A. vinelandii [50–53], and A. beijerinckii [54–56]; however, only one used A. salinestris for
PHB production [57] before this study. Isolate No. W8 was identified as the Brevundimonas
naejangsanensis strain BIO-TAS2-2 (Figure 1C). Only one study has used Brevundimonas
naejangsanensis for PHB production [58] prior to the current study. This study is also the
first to report the newly isolated bacterial strain designated as Bacillus paramycoides strain
MCCC 1A04098 as potential source for PHB production.

4.3. PHB Production from Cheap Alternative Carbon Sources

Table 2 shows the effect of replacing glucose in medium (A) with three cheap alter-
native carbon sources, namely dried whey, treated sugar beet molasses, and treated date
molasses, on PHB production from B. paramycoides strain MCCC 1A04098. Generally, in or-
der to decrease the cost of PHB and increase the cell dry weight, PHB concentration, PHB%,
and conversion coefficient, the addition of treated sugar beet molasses in the medium of
B. paramycoides is recommended.

Bacillus sp. is capable of producing hydrolytic enzymes, which can degrade agro-
industrial and other wastes that can be utilized as carbon sources for PHB production [43].
These results were similar to [46], where the highest PHB yield was observed in B. mycoides
DFC1 (1.28 g/L) using wheat starch, and lower than [47], where a maximum dry cell weight
of 4.35 g/L was obtained. In addition, these results were higher than those obtained in [59],
where the maximum PHB% obtained by B. subtilis was 13.02% ± 1.67%. As for the attempts
that have been made to reduce the cost of production, there have been many attempts,
such as [1], who reported that PHB production from B. aryabhattai showed good polymer
accumulation in basal medium with glycerol after 48 h of incubation and accumulated
1.79 g/L. Hence, glycerol may be a better option as it is cheaper than glucose and can be
obtained as a byproduct from industries such as biodiesel production. In the same trend,
the current study was better than [3], who studied the effect of different carbon sources on
PHB production by B. megaterium. The highest production of PHB was observed with cane
molasses as the sole carbon source (40.8, mg/L). The same results were obtained by [60],
who reported that sugar beet molasses could be a suitable substrate for the production
of PHB with B. megaterium. Cell dry weight was 16.7 g/L and PHB production was
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0.6 g/L with batch cultivation. Sugarcane molasses was also used as a sole carbon source
by [11,61,62], using B. cereus and B. subtilis to obtain a PHB% of 57.5%, 49.9% and 44.7%,
respectively.

Fructose was replaced with alternative carbon sources in medium (B) for PHB produc-
tion from A. salinestris strain NBRC 102611 (Table 2). In [52] it was found that there are more
than of 300 bacterial species that can produce PHB, of which only a few have been used
on a commercial scale. Molasses and whey have been reported to be excellent substrates
for PHB production [35,57,63]. Similar results were obtained by [60], who reported that
the use of sugar beet molasses in PHB production led to a two- to three-fold increase in
biomass production compared to the control experiment. In [10] it was reported that the
results obtained with beet molasses were the best compared with other sugars, especially
unrefined sugar; in addition, it was proven that it is not only a source of carbon, but
also contains some other nutrients that may interfere with the synthesis of PHB. Thus, to
decrease the cost of PHB, the addition of sugar beet molasses in the medium of A. salinestris
to increase cell dry weight, PHB concentration, PHB% and conversion coefficient appears
very promising.

Sucrose was replaced with alternative carbon sources in medium (C) for PHB produc-
tion from Brevundimonas naejangsanensis strain BIO-TAS2-2 (Table 2). Both the current study
and [12] used date molasses as a novel carbon source for B. naejangsanensis and Cupriavidus
necator for PHB production. The current findings were homogeneous with [58], who tested
the ability of B. vesicularis to accumulate PHB and found that with acid-hydrolyzed wood
(sawdust) as the substrate, PHB production was improved. In order to reduce the produc-
tion cost by 50% and make it as economical as possible, more than 96% of sugars must be
consumed, and the cells must contain more than 90% PHB with a yield not less than 64%
of the DCW.

4.4. The Correlation Coefficient Value between PHB Production, CDW and Utilized Sugar (g/L) of
All Tested Isolates and Strains

Multiple studies [64,65] have found a positive correlation between PHB production
and CDW with r = 0.999, which was similar to our results where r = 0.987 (Table 3). The
available studies on the correlation between PHB production and CDW were insufficient,
with little information available; [64–66] published that there was a positive correlation
between PHB and CDW. On the contrary, Aslim [67], reported there was a low correlation
between CDW and the PHB contents of Lactobacillus cultures. Thus, there is a need for
further study on this point. In this context, [68] reported that the correlation between PHB
synthesis and nitrogen fixation was little discussed in purple non-sulfur bacteria species.
In keeping with this trend, [65,69] studied the correlation between PHB production, pH,
and viscosity, finding that it was decreased or that no correlation could be observed.
However, there are no studies dealing with the correlation between PHB production and
the amount of sugar consumed, which is the most important economic factor affecting
polymer production.

4.5. The Physical Properties of PHB Polymer
4.5.1. Fourier Transform Infrared Spectroscopy (FTIR)

Poly ß-hydroxybutyrate (PHB) Polymer extracted from the studied strains was char-
acterized using IR spectra in the range of 600–4000 cm−1, as displayed in Figure 2. The
results were obtained by [14], which observed that 1624–1724 cm−1 was associated with the
C=O stretching of the ester carbonyl bond. The bond at 1529 cm−1 was characteristic of the
stretching and deformation vibration of the C-H group, and those at 2960 and 3277 cm−1

were characteristic of the stretching and deformation vibrations of the terminal OH groups.
The PHB polymer functional groups were confirmed as C=O groups by FT-IR spectroscopy.
In addition, analysis of the spectrum of PHB was observed at 3400, 1639, 3018, 2978, 2842,
1216, 1044 and 669–765 δ, respectively, for the (-OH) broad peak, (C=C) double bond, (≡C-
H) acetylenic bond, (-CH3) methyl group, (-S-H) thiol weak adsorption, (≡C-O-C≡) ether,
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sulfoxide and (F-Cl) haloalkanes [41]. The same results were obtained by [70], who showed
that the bands of PHB between 3300 and 3700 cm−1 were ascribed to O-H groups in the
phenolic and aliphatic structures. The band at 2923 cm−1 was assigned to C-H stretching
in aromatic methoxyl groups, or in methyl and methylene groups of the side chain. The
band at 1645 cm−1 was attributed to unconjugated C=O stretching. The bands centered
at 1508 and 1593 cm−1 were associated with aromatic structural vibrations. The bands
between 1400 and 1450 cm−1 originated from C-H deformation coupled with the vibration
from the aromatic ring. The bands at 1217 and 1128 cm−1 indicated guaiacyl and syringyl
groups, respectively. Moreover, Rathika [11], reported that, the broad transmittance peak
at 3281 cm−1 could be ascribed to the stretching of O–H groups. Peaks observed at 2924
and 2852 cm−1 were associated with the C-H stretching of bonds of methyl (CH3) and
methylene (CH2) groups. The intense absorption peak at 1722 cm−1 was the characteristic
carbonyl (C=O) stretching of ester groups in the extracted PHAs.

The 1H NMR spectrum showed the expected resonances for PHB as demonstrated
by the methine group (-CH-) between 5.22 and 5.28 ppm, a methylene group (-CH2-)
between 2.45 and 2.62 ppm, and the methyl group (-CH3) between 1.26 and 1.28 ppm, as
in standard PHB. Scans of 13C NMR showed peaks at 169.13, 67.62, 40.81 and 19.76 ppm,
which represent the carbonyl carbon (-C-), ester (-O-CH-) group, methylene (-CH2-) and
the methyl (-CH3) groups, as shown in the standard. These results confirm the material as
a homopolymer of 3-hydroxybutyrates, i.e., poly-3-hydroxybutyrate [1].

4.5.2. Gas Chromatography–Mass Spectrometry (GC-MS) Analysis

Our observation in Figures 3–5 were in agreement with [11], who detected PHAs
extracted from B. subtilis RS1 cultured and processed in a medium of sugarcane molasses
using GC–MS and revealed significant peaks at retention times 20.9, 23.1, and 23.8 min,
corresponding to methyl esters of pentadecanoic acid and hexadecanoic acid, respectively.
Furthermore, the results revealed that hexadecanoic acid methyl ester is the predominant
monomer of PHA produced from B. subtilis RS1. In addition, Ramya [14] reported that the
bioplastics produced by B. cereus RBL6 were characterized by GC–MS. B. cereus RBL6 was
reported to produce methyl-3-hydroxy hexadecanoic acid, which belongs to the monomer
chains of the medium-chain-length PHA class.

5. Conclusions

Our study aimed to use cheap and available alternative carbon sources (whey, sugar
beet molasses and date molasses) to produce PHB using Bacillus paramycoides, Azotobacter
salinestris and Brevundimonas naejangsanensis. The results showed that the addition of
sugar beet molasses in the medium of A. salinestris increased the cell dry weight (CDW),
PHB concentration, PHB% and conversion coefficient. In addition, statistical analysis
indicated that the correlation coefficient values between PHB g/L and CDW g/L varied
between r = 0.987 and r = 0.457 (very strong positive correlation and moderate positive
correlation); however, these values were r = −0.161 and r = 0.897 when the correlation
was calculated between PHB g/L and utilized sugar g/L. In addition, the IR of the pro-
duced PHB from B. paramycoides and A. salinestris showed similar bands, which confirmed
the presence of PHB; however, B. naejangsanensis showed weak bands. The chemical
composition obtained by GC-MS of the PHB extract represented 2, 4-ditert-butylphenol
for B. paramycoides, and isopropyl ester of 2-butenoic acid for both of A. salinestris and
Brevundimonas naejangsanensis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym13213801/s1: Table S1. Morphological and physiological characteristics of bacterial
isolates on medium (A); Table S2. Morphological and physiological characteristics of bacterial isolates
on medium (B); Table S3. Morphological and physiological characteristics of bacterial isolates on
medium (C).
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Abstract: A series of xanthan gum/titanium dioxide-based polyurethane elastomers were synthe-
sized through the prepolymer method by the step growth polymerization. In the present work,
xanthan gum was used as a bioactive material, with TiO2 as a nanofiller. The structural characteriza-
tion of newly prepared polyurethane samples was carried out with the help of Fourier Transform
Infrared Spectroscopy. Thermogravimetric Analysis gave us the information about the thermal
stability. Differential Scanning Calorimetry directs the thermal changes in the polyurethane samples.
The Atomic Force Microscopy technique revealed that the degree of micro-phase separation increases
by augmenting the % age of TiO2, which was further confirmed by X-Ray Diffraction results. XRD
confirmed the crystallinity of the final sample at about 2θ = 20◦. Antimicrobial activity determined
through the Disc Diffusion Method, and the results indicated that the synthesized polyurethane have
antimicrobial activity. The water absorption capability of the polyurethane samples showed that
these polymer samples are hydrophilic in nature.

Keywords: polyurethanes; xanthan gum; titanium dioxide; atomic force microscopy; X-Ray
diffraction

1. Introduction

Polyurethanes have become the 6th most used group of polymers in the last few
decades and have gained more importance due to multiple use in different fields, such
as coatings, adhesives, furniture, and foams [1,2]. Polymeric composites are currently
at an important crossroad, where research is shifted toward more sustainable bio-based
materials. In the last few years, biomaterials and biocomposites have gained extraordinary
attention. Biocomposites have additional benefits, apart from their eco-friendly nature [3].
Polyurethanes are often applied as biomaterials because they have good mechanical prop-
erties and low adsorption of biomolecules [4].

In recent years, numerous polymeric materials have utilized for the manufacturing of
different medical devices that interact with blood, body liquids, and tissues [5]. The soft,
as well as hard, segment of polyurethanes exhibited elastomeric properties [6]. Basically,
the polyurethanes are incorporated in medical applications due to their toughness, cost
effectiveness, and durability [7–9].

By comparing them with additives, they have gained much more attention due to
ease of processing and, specifically, the countless architectural variety for optimizing their
stages. The characteristics of the final polyurethane could be modified and controlled by
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the addition of additives [10]. They have a basic skeleton for lightweight materials, which is
necessary for the transport industry. Reducing average weight decreases fuel usage, as well
as greenhouse gases. Moreover, most of them are recyclable, bioactive, and biodegradable,
depending upon the ingredients [11]. The physical properties of a polyurethane, such as
density, tensile strength, high water abrasion, etc., distinguish its functioning [12]. They
have admirable properties, such as hardness, tensile, compressive, impact resistance, etc. In
general, polyurethanes are used in many different applications. These properties are tightly
correlated with the biphasic nature of the segmented polyurethanes in the hard and soft
phase. This, in turn, depends upon the chemical nature and composition of both phases.
Flexible segment polyether and polyester-based polyurethanes (PUs) are susceptible to
degradation under hydrolytic and oxidation environments [13].

The mechanical characterization of microcapsules of polyurethanes exhibits increased
mechanical strength by a variable quantity of chain extenders, i.e., 1,4-butanediol (BDO) [14].
In the modern era, the standard of living could be enhanced with the employment of poly-
meric biomaterials. Generally, such biomaterials are simulated/artificial polymers, which
are used in artificial organs, implants, dentistry, abrasion bandages, and drug delivery
systems [15]. However, investigation on the degradation, morphology, and thermal and
mechanical behavior is crucial to determine the end use of these materials.

In various extra and intracorporeal devices, biomedical polyurethanes are exten-
sively applied. Typical illustrations include pacemaker leads insulation, indwelling
tubes, heart pump tubes, and balloons of angioplasty [16]. Aliphatic diisocyanates,
such as hexamethylene diisocyante (HDI), or cycloaliphatic diisocyanates, such as 4,4′-
methylenebis(cyclohexyl isocyanate) (H12MDI) and isophorone diisocyanate (IPDI), have
bid superior stability over the aromatic isocyanate. The aliphatic diisocyanates show
improved phase separation compared to corresponding aromatic diisocyanates. They
also show improved phase separation behavior over the corresponding aromatic diiso-
cyanates [3]. Today, extensive studies have been accomplished on polyurethane due to
their inimitable possessions, as well as to illustrate their different behaviors [17].

By supplementing the diols of lower molecular weight as chain extender, Barikani and
Hepburn reported that thermal stability of polyurethanes was enhanced [18]. Polyurethane
biocompatible organic polymers, with an alginate nucleus and chitosan shell, used as
nanoparticles, were prepared for increasing encapsulation efficiency, more regular insulin
liberation, and better insulin accessibility [19]. Today, polysaccharides extracted from
plants, such as guar gum or pectin, and extracted from algae, such as alginate, are re-
placed by some bacterial exopolysaccharides, such as xanthan gum and gellan gum [20].
Xanthomonas campestris produces the xanthan gum, which is basically heteropolysaccharide.
Xanthan gum has extensive applications in industries, such as food, oil, pharmaceuticals,
etc., due to its rheological properties, i.e., pseudo plasticity, high viscosity, etc. [1].

Biopolymer collection has been turned into a noteworthy natural issue today because
of expanding use of biomaterials for pharmaceutical applications. Reprocessing of poly-
meric wastes by recycling them has been extensively applied. Now, there is a dire need to
synthesize environmentally friendly biodegradable polymer [15].

Biocompatibility is an index which is a basic requirement for a polymeric material to
be appropriate as an ideal biomaterial, which, in turn, depends upon degradable nature,
cytotoxicity, and the other mechanical properties [21].

A few biomaterials out of bulk commodity polymers have been found promising.
The novel polymeric materials of nanocomposites of nylon 6/clay has led to emanation
having unanimity of incomparable characteristics [22]. For structural development, the
amalgamation of layered nanofillers can radically influence the blends’ and polymers’
microphase morphology by acting as templates [23]. In order to promote biodegradability
and biocompatibility, current studies have marked the porosity worthy of acritical stuff,
more distinctively, porosities distribution and structure [24].

In this study, the xanthan gum/TiO2-based polyurethanes (XTPUs) were prepared by
augmentation of weight (% age) of TiO2, by the prepolymer method. The microstructure
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biocompatibility of the nanocomposites was investigated. It was hoped that the introduc-
tion of nano TiO2 could not only improve the physical properties and biocompatibility of
PU but also inhibit the growth of bacteria even when nanofiller TiO2 were used in low
concentrations and were embedded in the polyurethane (PU) matrix.

2. Experimental

2.1. Materials and Synthesis

Analytical grade chemicals were used in this research work, provided by Sigma
Chemical Co. (St. Louis, MO, USA), including Hydroxyl-terminated polybutadiene (HTPB,
Mn = 3000 g/mol); Isophorone Diisocyanate (IPDI), 1,4-butanediol (BDO) was used as chain
extender, titanium dioxide (TiO2) was used as a nanofiller, and the commercial xanthan
gum (XG) was used as bioactive material. These were used to synthesize polyurethanes’
elastomers by the step growth synthesis method. Before the use of these chemicals, for
removal of moisture, they were dried at 80 ◦C in an electrical oven. During the drying
process, they were placed in a vacuum for 24 h.

The prepolymer synthesis was done, according to a reported method [25]. Firstly,
TiO2 (% by weight) and XG (% by weight) were dispersed and mechanically stirred in
one mole of HTPB for 2 h at 100 ◦C until it completely dispersed in four-necked specially-
designed apparatus equipped with round bottom flask, heating oil bath, magnetic stirrer,
reflux condenser, nitrogen inlet, and dropping funnel at 100 ◦C. Then, it was reacted with
two moles of IPDI for 2 h at 80–100 ◦C, in order to obtain isocyanate terminated (NCO)
polyurethane prepolymer. The stirring continued until NCO-terminated prepolymer was
synthesized. Titration with n-butylamine (ASTM D 2572-80) was conducted to obtain
the NCO contents of the polymer. The synthesis of prepolymer was confirmed using
FT-IR spectroscopy [26].

2.2. Synthesis of Final Polymer

The final xanthan gum/TiO2-based polyurethane (XTPU) polymer was obtained by
stirring, for 30 min, the polyurethanes prepolymer with the chain extender 1,4-butanediol
(1.2 mol). On the appearance of homogeneity and completion of dispersion of the chain
extender in the reaction mixture, the polymer, in liquid form, was poured on the Teflon
plate in order to develop a sheet having thickness of almost 2–3 mm. Then, at 100 ◦C for
24–48 h, the circulating hot air oven was used to cure the synthesized polymer. Before
testing, i.e., characterization by various techniques, the cured sheets was stored at 25 ◦C for
one week in order to attain almost 40% humidity. A series of six polymer samples were
prepared by keeping constant the weight % age of XG, i.e., 1% and by varying weight % age
of TiO2 from 0% to 5%, as shown in Table 1. Figure 1 presents the schematic demonstration
of the chemical route for synthesis of the polymer.

Table 1. General formulation of polyurethanes.

Sample
Code

IPDI
(mole)

HTPB
(mole)

BDO
(mole)

TiO2

%
Xanthan
Gum %

XTPU-1 2 0.8 1.2 0 0
XTPU-2 2 0.8 1.2 1 1
XTPU-3 2 0.8 1.2 2 1
XTPU-4 2 0.8 1.2 3 1
XTPU-5 2 0.8 1.2 4 1
XTPU-6 2 0.8 1.2 5 1
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Figure 1. Synthesis of polyurethane.

3. Characterization

3.1. Fourier Transform Infrared Spectroscopy (FT-IR)

Structural characterization of synthesized polymer was done by BRUKER TENOSR
II FT-IR spectrometer (Bruker, Billerica, MA, USA). The infrared spectra recorded after
15-s interludes, by using 8 scans over a resolutions of 2 cm−1. The KBr beam splitter and
DTGS detector were provided to the spectrometer. Data was collected, processed, and
presented by thermo scientific spectroscopy software against a time-dependent series. The
mechanism of reaction, as well as crosslinking behavior, was interpreted by FT-IR [27].

3.2. Atomic Force Microscopy (AFM)

AFM (CP-II, Veeco, Newport Beach, CA, USA) was used to assess surface morphology
of prepared samples. A phosphorus-doped silicon-integrated pyramidal tip was used as
support, in order to acquire images in tapping mode with a triangular cantilever (force
constant of 20–80 N/m). Simultaneously, the images of topography and phase separation
were recorded. The root-mean square average of the surface roughness was calculated
within the given area as the standard deviation of all heights. Image Pro Plus 4.5 software
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(Media Cybernetics, Rockville, MD, USA) was used to measure the average hard and soft
domain size from the phase images [28].

3.3. Thermogravimetric (TGA) and Differential Scanning Calorimeter (DSC)

Thermogravimetric and Differential Scanning Calorimeter analysis were accomplished
using an SDT Q600 V20.9 Build 20 (TA Instruments, Newcastle, DE, USA) under a dry nitro-
gen flow. The temperature range was set at 0–600 ◦C, and tamp (heating) rate was retained
at 10 ◦C/min. The samples for TGA and DSC were primed on a glass substrate by spin
coating of the mixed solution. Then, it was cured at various temperature steps. Aluminium
sample pans were utilized to seal the almost 4 mg of each sample. Then, the prepared
materials were analyzed under dry nitrogen by DSC over a heating rate of 10 ◦C/min
from 0 to 500 ◦C. The glass transition temperature (Tg) crystallization temperature (Tc) and
melting temperature (Tm) of the prepared polymers were investigated with the help of
differential scanning calorimeter SDT Q600 V20.9 Build 20 [29].

3.4. Antimicrobial Activity

The capacity of a substance to have contact with the human body tissues without
affecting the human body is called biocompatibility. The samples were subjected to assess
the antimicrobial activity. The inhibition studies were done by actively growing bacterial
cells. First of all, a nutrient agar media of 1000 mL was prepared, and 150 mL was poured
in separate 150-mL flasks. The autoclave was used for 15 min at 120 ◦C by putting in
agar medium nutrients flasks. Later on, it was cooled and bacteria, i.e., Escherichia coli
(gram-negative) and Macrococcus (Gram-positive), were added to about 15 μL in the above
two flasks. The sterile petri plates were used, and almost 20 mL of each agar nutrient
medium was transferred in these plates, while room temperature was maintained. For 24 h,
the samples were incubated at 37 ◦C, and they were then placed in petri dishes. The zone
of inhibition, in which growth of bacteria was inhibited, was calculated by the diffusion
active compound in the surrounding of the sample [30,31].

3.5. X-Ray Diffractometry (XRD)

In X-ray diffractometry, X-rays were used to irradiate XTPU polymers, and the scatter-
ing pattern was noted. Basically, the scattered radiations intensity noted as a function of
the scattering angle θ. The X-rays scattering is due to electron density difference. A small
angle scattering of X-Rays is used to investigate the microstructures in the range of tens to
thousands angstrom (Ǻ). It is basically a phase segregation in polymers. Meanwhile, X-ray
scattering of a wide angle was also applied to calculate the crystallinity of the polymer
samples at atomic level. The different reflections of XRD were the result of crystalline
behavior of the polymer samples, which was calculated by using Bragg’s law.

2d sin θ = nλ, (1)

where d is the basically distance between crystalline planes, θ is the angle of X-ray beam
which it makes with the planes, n is an integer, and λ is the wavelength. The dispersion
range (2θ) of 0–70◦ was used to record the relative intensity [32].

4. Results and Discussion

4.1. FT-IR Analysis

Figure 2 represents the FT-IR spectra of 1,4-butanediol, Isophrone Diisocyanate, HTPB,
Xanthan Gum, NCO-terminated Prepolymer, and XTPU final Polymer. Figure 2a shows the
FT-IR spectrum of 1, 4-butanediol and indicated that, due to the OH group, a very strong
peak appeared at 3400 cm−1. Due to the CH2 group the peak appeared at 2900 cm−1. In
Figure 2b, the FT-IR spectrum of IPDI showed the anti-symmetric stretching peak of the
CH2 group at 2939.52 cm−1 and symmetric stretching peak of the CH2 group at 2862.0 cm−1

was also observed. In the spectrum of IPDI, due to the NCO group, a sharp peak at
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2250.71 cm−1 was also observed. In Figure 2c, the FT-IR spectrum of HTPB where the peak
of hydroxyl (OH) appeared at 3736.12 cm−1 due to stretching vibration is shown. There
appeared a peak due to anti-symmetric stretching vibration of the CH2 group, observed
at 2945.30 cm−1. Figure 2d shows the most significant bands for the xanthan gum in the
range of 4000–500 cm−1. It includes an axial deformation of OH at 3300–3450 cm−1 and an
axial deformation of C-H at 2855–2926 cm−1, which may due to absorption of symmetrical
and asymmetrical stretching of -CH3 or may be due to -CH2-groups. There was also an
aldehydic (-CHO) peak at 1710–1730 cm−1. An axial deformation of C-O of enols was
observed at 1530–1650 cm−1. An axial deformation of C-O at 1045–1150 cm−1 was also
observed. In Figure 2e, the NCO-terminated prepolymer clearly showed that peaks due to
the OH group diminished. The peak due to the NH group appeared at 3325 cm−1. The
NCO group’s intensity was lower to some extent, which means that isocyanate groups
reacted completely. The formation of the prepolymer was confirmed by the appearance
of peak of the NH group at 3325 cm−1 and supported its proposed structure. The anti-
symmetric peak of the CH2 group was seen at 2945.30 cm−1. The stretching peak of –C=O
was observed at 1724.36 cm−1. Figure 2f shows, by extending prepolymer with 1,4-BDO,
that the FT-IR spectra showed a very strong peak at about 1707 cm−1, which was assigned to
C=O stretching of urethane. Peaks corresponding to the absorption of NH, C=O, and C=O
were observed at 3325 cm−1, 1707 cm−1 (non-hydrogen bonded), 1643 cm−1 (hydrogen
bonded), and 1225 cm−1, respectively, which indicate the new synthesized product being in
the urethane group. The observed N-H bending vibrations at 1598 cm−1, C-O-C stretching
absorption band corresponding to linkage between OH and NCO groups to form urethane
bond in the range 1057–1130 cm−1, also provide strong evidence for the formation of XTPU.

The FT-IR spectra of XTPU 1 to 6 with varying weight % age of TiO2 and constant
weight % age, i.e., 1% xanthan gum, are shown in Figure 3. All the spectra confirm the
formation of urethane linkage in the final XTPU polymer samples. In Figure 3, the XTPU-1
spectra showed the formation of urethane linkage NH at the peak 3750.17 cm−1, by the
disappearing peak of NCO at 2156 cm−1. It showed the symmetric and asymmetric peak
at 2840 cm−1 of the –CH2 group and 2913.45 cm−1, respectively. The peak of –C=O group
appeared at 1697.82 cm−1. FT-IR spectra of XTPU-2 is shown in Figure 3. This spectra
showed the formation of urethane linkage NH at the peak 3750 cm−1. It also displayed the
symmetric and a-symmetric peak of the –CH2 group at 2800 cm−1 and 2912.59 cm−1. The
–C=O group peak appeared at 1698.02 cm−1. The peak of NCO disappeared at 2160 cm−1.
The FT-IR spectra of XTPU-3 is shown in Figure 3. This spectrum characterizes the peak
of –C=O group at 1698.02 cm−1. The peak of N-H forms at 3750.13 cm−1. It also gives the
symmetric and a-symmetric peak at 2850 cm−1 and 2911.38 cm−1. Figure 3 shows the FT-IR
spectra of XTPU-4. This spectrum characterizes the peak of –C=O group at 1698.02 cm−1.
The peak of N-H forms at 3853.72 cm−1. It also gives the symmetric and a-symmetric peak
at 2843.05 cm−1 and 2913.05 cm−1. In Figure 3, the FT-IR spectra of XTPU-5 shows the
formation of N-H at 3760 cm−1. It shows the formation of –C=O peak at 1698.05 cm−1. It
also shows the a-symmetric and symmetric peaks of CH2 group at 2950 cm−1 and 2840
cm−1. Furthermore, it gives information about the disappearing peak of the NCO group
at 2300 cm−1. Figure 3 also shows FT-IR spectra of XTPU-6 and confirmed the formation
of N-H at 3753 cm−1. Moreover, it illustrates the formation of –C=O peak at 1697.97
cm−1. It shows the a-symmetric and symmetric peaks of –CH2– group at 2912.56 cm−1

and 2843 cm−1. It also gives information about the disappearing peak of the NCO group
at 2300 cm−1.

4.2. Evaluation of Antimicrobial Activity

The gram positive, as well as gram negative, bacteria and fungi were used for an-
timicrobial activity, so they can be classified as evaluation of antibacterial activity and
evaluation of antifungal activity.
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Figure 2. FT-IR spectra of (a) 1,4-Butanediol (BDO), (b) Isophrone diisocyanate, (c) Hydroxyl Termi-
nated Polybutadiene (HTPB), (d) Xanthan Gum (XG), (e) NCO-terminated Prepolymer, and (f) XTPU
final Polymer.

4.2.1. Evaluation of Antibacterial Activity

Biocompatibility is necessary for any material to be in contact with living tissues with-
out resulting any harm to living body. Most polyurethane polymers are biocompatible, and
their biocompatibility was evaluated by antibacterial activity. Antibacterial analysis was car-
ried out through the disc diffusion technique, and Escherichia coli and Macrococcus (a gram
negative and gram positive, respectively) strains of bacteria were used for this purpose.
On agar plates, the bacterial cultures were spread, and punched samples of polyurethane
polymer of 5 mm diameter samples were applied over the plates. This complete setup
was carried out at 37 ◦C in an incubator overnight. The results for biocompatibility with
E. coli and Macrococcus are presented in Figure 4. The resistance of polyurethane samples
against E. coli the gram negative and Macrococcus the gram positive bacteria are shown in
the inhibition zone. It was found that antibacterial ability or biodegradability of a polymer
depends upon the concentration of TiO2, along with content of xanthan gum used. We may
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increase the quality by changing the composition. It was observed that samples based on
BDO show less antibacterial activity against E. coli. Antibacterial activity was influenced
by bacterial strain used as given in results as reported in literature [30].

Figure 3. FT-IR spectrum of polyurethane samples XTPUs having 0–5% TiO2, respectively.

4.2.2. Evaluation of Antifungal Activity

Antifungal activity was evaluated against Aspergillus flavus using disc diffusion
method. Vogel’s media was used for fungal culture growth. The selected polyurethane
polymer samples were punched in disc of 5 mm diameter and applied over the place incu-
bated at 37 ◦C overnight in incubator. Antifungal activity of 6 polyurethane samples with
a variable content of Titanium dioxide and 1% xanthan gum was evaluated. The observed
antifungal activity is shown in Figure 5. A clear zone of inhibition was observed on the
plates of XTPU-5 and XTP-6; however, other polymer samples inhibited fungal growth at
the area under the sample disc. The results exhibited that antifungal or biodegradability of
polymer depends upon the content of TiO2 used. We may increase the quality by changing
the composition. Moreover, the zone of inhibition can be increased by increasing the
weight % age of TiO2.
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Figure 4. Antibacterial assay of samples against E. coli and Macrococcus.

Figure 5. Antifungal assay of polyurethane samples against Aspergillus flavus.

4.3. Thermal Analysis

The thermal analyses of xanthan gum, titanium dioxide-based polyurethanes were
performed by Thermogravimetric analysis (TGA) and Differential Scanning Calorimetry
(DSC). These analyses are further explained below.

4.3.1. Thermogravimetric Analysis (TGA)

The thermal properties of xanthan gum, titanium dioxide-based polyurethanes (XTPU)
were analyzed by using the TGA technique. The TGA thermograms of XTPU 1 to 6 are
shown in Figure 6. The thermograms of TGA of all XTPU samples showed thermal stability
and thermal degradation behavior. In an inert atmosphere, the thermal analysis data
revealed that all of the XTPU polymer samples are thermally stable up to 140–225 ◦C.
All the polymer samples faced a 10% loss of weight in the range of 305–355 ◦C. These
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samples faced a 20% loss of weight in the range of 372–410 ◦C. They also faced a 50% loss of
weight in the range of 423–463 ◦C, and maximum decomposition observed in the samples
occurred at 460–495 ◦C. The comparative results showed that the chain extender, i.e., BDO,
and bioactive material, i.e., xanthan gum, play a vital role. The results illustrated that
poly (ethylene glycol adipate)-based polyurethane [33] is thermally less stable compared
to xanthan gum, TiO2-based polyurethanes with BDO as a chain extender. The values
of temperature showed that pure polymers have lower degradation temperature, i.e.,
460 ◦C, while, at the same time, the polymers having 1% XG, 5% of TiO2 have higher
degradation temperature, i.e., 495 ◦C, showing degradation temperature variation about
35 ◦C. Results revealed that the percentage mole ratio of xanthan gum and TiO2 enhances
the degradation temperature of polyurethane more than pure polyurethane, i.e., XTPU-1.
The chain extender, i.e., BDO, and xanthan gum increase the decomposition temperature
and thermal stability of XTPU, as shown in Table 2.

Figure 6. TGA thermogram of XTPUs at 500 ◦C.

Table 2. Thermal stability data of the XTPU samples based on TGA.

Sample
Code

IPDI
(mole)

HTPB
(mole)

BDO
(mole)

TiO2

%
X.G
%

T0

(◦C)
T20

(◦C)
T50

(◦C)
T80

(◦C)
T max

(◦C)

XTPU-
1 2 0.8 1.2 0 0 140 372 423 448 460

XTPU-
2 2 0.8 1.2 1 1 150 380 430 470 479

XTPU-
3 2 0.8 1.2 2 1 162 385 435 475 485

XTPU-
4 2 0.8 1.2 3 1 190 372 455 479 487

XTPU-
5 2 0.8 1.2 4 1 210 390 457 482 489

XTPU-
6 2 0.8 1.2 5 1 225 405 467 485 495

Temperature at which 0%, 20%, 50%, and 80% weight losses obtained from TGA. Maximum decomposition tempera-
ture obtained from TGA.
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4.3.2. Differential Scanning Calorimetry (DSC) Study

The effect of chain extenders length, XG, and TiO2-based polyurethanes samples were
also studied by DSC measurements. The XTPU thermograms are shown in Figure 7. In
the XTPU 1 to 6 samples, it is clear by DSC analysis that thermal changes took place
when temperature was increased from 0 to 500 ◦C. It is clear from the data of Table 3
and from DSC thermograms that polymer degradation started in the range of 140–225 ◦C,
which is also in accordance with TGA thermograms. The polymers samples showed glass
transition temperature (Tg) in between 178–193 ◦C, crystallization temperature in the
range 368–373 ◦C, melting temperature (Tm) in the range of 430–450 ◦C, and decomposi-
tion/degradation temperature in the range of 460–495 ◦C [34]. Here, it has been observed
that the melting transition was found to be high near the decomposition temperature. This
causes an arrangment of the chains and facilitates a greater interaction between chains,
increasing the miscibility between the rigid and soft segment, as seen in TM and Tc, for
all materials. The glass transition temperature observed at these values is relative to the
rigid segment. The value of the Tg of the polyurethane sometimes also depends on the
type of nanofiller (TiO2) employed in the synthesis. This value is indicative of the soft
and rigid segment mixing degee. The higher value of Tg usually represents the higher
miscibilty or campatibity degree of rigid-flexible segments [35]. The results revealed that
presence of a nanofiller, i.e., TiO2, and its bonding between xanthan gum and diisocyanate,
i.e., IPDI, increases the stability and crystalline behavior of the synthesized polymer. So,
the crystillinity may be observed because of nanofiller. The most probable reason for
this behavior in the nanocomposite is reduction in mobility of chains of urethanes, which
reduces the process of degradation, as reported in literature [36]. This can also be related to
the formation of longer crosslinked microdomains of rigid segments or the structure with a
greater degree of organization. This trend agrees with the results obtained in the literature.

Table 3. Thermal stability data of the XTPU samples based on DSC.

Sample
Code

IPDI
(mole)

HTPB
(mole)

BDO
(mole)

TiO2

%
X.G %

Tg

(◦C)
Tc

(◦C)
Tm

(◦C)
Td

(◦C)

XTPU-
1 2 0.8 1.2 0 0 178 368 430 460

XTPU-
2 2 0.8 1.2 1 1 180 365 435 479

XTPU-
3 2 0.8 1.2 2 1 183 370 435 485

XTPU-
4 2 0.8 1.2 3 1 185 370 440 487

XTPU-
5 2 0.8 1.2 4 1 191 371 447 489

XTPU-
6 2 0.8 1.2 5 1 193 373 450 495

Tg is Glass transition temperature; Tc is Crystallization temperature; Tm is melting temperature; Td is degrada-
tion/decomposition temperature.

4.4. X-ray Diffraction Study

The crystalline behavior of XTPU samples was calculated by using the crystalline peak
intensity of respective samples. The Debye-Scherer (powder) method, applying Bragg’s
relation, was used to estimate the d-spacing of various XTPUs [37].

In XTPU samples, relative contents, structure regularity, and thermodynamic incom-
patibility affect the phase separation of soft, as well as hard, segment. A well oriented
crystallinity was perceived at 2θ = 20◦, as reported in literature [38]. The phase separation
of the soft and hard segment in XTPUs is attributed to crystallinity of sample, and it was
revealed by X-ray diffraction studies. So, crystalline behavior improved as % age of TiO2 in
the final XTPU increased. Finally, in the current study, we can attribute the crystallinity to
the soft segment, and increasing percentage of TiO2 did not show any appreciable change
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in polymer structure. The chemical cross-linking of xanthan gum restricts the soft segment
melting. So, it can be determined that only XTPU-6, having 1% xanthan gum and 5% TiO2,
showed higher crystallinity, which has been associated with phase separation at 2θ = 20◦,
as shown in Figure 8.

Figure 7. DSC curves of XTPU-1, 2, 3, 4, 5, and 6 at 500 ◦C.

4.5. Atomic Force Microscopy (AFM)

The change in surface morphology of XTPU samples was mainly investigated by
AFM. It provides important information relating surface characterization. In the current
study, the final morphology of XTPUs films is visualized in Figure 9. In these phase
images, the darker regions correspond to soft segments, while lighter domain or crystalline
regions correspond to hard segments [2]. The XTPUs can be visualized for the microphase
structures as a roughness gradient of 2.5 μm, 158 nm, and 300 nm for XTPU-1, XTPU-3,
and XTPU-6 respectively. The complete and better dispersion of nanofiller, also with
biomaterial, was also observed within samples. These results showed (the circled region)
homogeneous structure of polymer and pattern of distribution of xanthan gum with TiO2
in the polyurethane polymer. AFM images of XTPUs have shown that hard segments
are completely dispersed in the soft segment matrix. Moreover, it was inferred that, by
increasing the content of TiO2 from 0% to 5% in 6 polymer samples from XTPU-1 to
XTPU-6, the order in pattern crystalline character and stability increases and cracking
decreases in the polymer, according to reported literature [25]. Morover, in regard to
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polyurethane composition, it was also reported that hydrogen bonding was present in
urethane groups, which may be the cause of phase segregation. The higher molecular
weight of macrodiol and xanthan gum provided ordered and compact arrangments of soft
and hard phases. However, various factors can be reponsible for phase segregation in PU,
such as the diminsions of soft and hard segments, the polarity of groups, the chemical
nature, and molecular weight [37,39].

Figure 8. X-ray diffractograms of XTPU-2, XTPU-3, XTPU-5, and XTPU-6 with varying titanium
dioxide % age.
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Figure 9. Three-dimensional AFM images of XTPU-1, XTPU-3, and XTPU-6 with 0%, 2%, and 5%
titanium dioxide, respectively.

4.6. Evaluation of Water Absorption

The water absorption test and hydrophobicity/hydrophilicity of polyurethane sam-
ples are used for evaluation of biodegradability of synthesized polymer. The degree of
swelling of polymer components and their affinity to water is one of the indices of decom-
position rate of polymeric materials under the influence of environmental factors. Due
to presence of soft segment HTPB and XG into the back bone, the prepared polymers
are hydrolytic resistant and can be utilized to perform indoor and outdoor environments.
So, water absorption capability can be used to determine the hydrolytic degradation of
them. The investigation of the hydrolytic stability of XTPUs has shown an increase of the
water absorption. Such an increase may be due to the presence of free polar fragments
(OH groups), which determine the hydrophilic properties of the polymer. Probably, a part
of XG hydrophilic hydroxyls involved in the formation of intermolecular bonds with the
polar groups of XTPUs remains unengaged [40]. Water absorption as a function of time
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and type of samples is summarized in Table 4. Water absorption was calculated by the
following formula:

Water absorption (% ) =
mw − md

md
× 100 (2)

where md and mw are the masses of dry and wet XTPU samples, accordingly [38]. There
was a remarkable water absorption indicated with passage of time in these prepared
samples of polyurethanes. The results noticeably indicated that the polymer samples are
hydrophilic in nature [41].

Table 4. Percentage of water absorption.

Sr. No
Samples

Code

Temperature
(◦C)

% Age of Water Absorption
Day 1 Day 2 Day 3 Day 4 Day 5

01 XTPU-1 37 0.94 0.95 0.98 1.10 1.21
02 XTPU-2 37 0.95 0.96 0.99 1.10 1.23
03 XTPU-3 37 0.95 0.98 1.10 1.21 1.31
04 XTPU-4 37 1.10 1.20 1.3 1.5 1.61
05 XTPU-5 37 1.80 1.85 1.90 1.95 1.99
06 XTPU-6 37 1.96 1.98 1.99 2.0 2.1

5. Conclusions

Xanthan gum/Titanium dioxide-based polyurethane elastomers with concordant
crystallinity and hydrophilicity were synthezied. The reactants were HTPB, IPDI, and
Titanium dioxide that produced prepolymer, extended with BDO. Xanthan gum was used
as a bioactive material. Molecular characterization of the prepared elastomers was carried
out by FT-IR spectroscopy, and the appearance of NH peaks with disappearance of NCO
and OH peaks indicates that the proposed structure of polyurethane has been accomplished.
The AFM technique revealed that the degree of micro-phase separation increases with
augmenting % age of TiO2, which was further confirmed by XRD results. It was revealed by
XRD that the crystalline behavior of the synthesized samples due to amorphous region of
macrodiol. The % age of TiO2 influence on TGA and DSC values gave the information about
the thermal stability and thermal changes in the polyurethane samples. The higher value of
DSC is due to segments’ mobility in the hard blocks’ microregions (hard domain) and their
destruction. Such changes may be caused by three-dimensional XG molecules, which form
steric hindrence during polymer formation. Antimicrobial activity determined through the
Disc Diffusion Method and the results indicated that the synthesized polyurethane had
antimicrobial activity against the Macrococcus, E. coli, and Aspergillus flavus.
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Abstract: Highly cis-1,4 selective (up to 98%) coordination–insertion polymerization of 1,3-butadiene
(BD) has been achieved herein using acenaphthene-based α-diimine cobalt complexes. Due to the pres-
ence of intra-ligand π-π stacking interactions, the complexes revealed high thermostability, affording
polybutadiene products in high yields. Moreover, all of the obtained polymers possessed a relatively
narrow molecular weight distribution as well as high molecular weight (up to 92.2 × 104 Dalton).
The molecular weights of the resultant polybutadienes could be finely tuned by varying polymer-
ization parameters, including temperature, Al/Co ratio, etc. Moreover, the copolymerization of
butadiene with polar monomer 2-(4-methoxyphenyl)-1,3-butadiene (2-MOPB) was also successfully
realized to produce a type of polar cis-1,4 polybutadiene (cis-1,4 content: up to 98.1%) with a range of
2-MOPB content (0.46–1.83%). Water contact angle measurements indicated that the insertion of a
polar monomer into a polymer chain could significantly improve the polymer’s surface property.

Keywords: cis-1,4 selective; 1,3-butadiene; α-diimine cobalt complexes; copolymerization; π-π stack-
ing interactions

1. Introduction

Hydrocarbon polymers, which mainly include polyolefins and polydienes, have been
widely used in modern human life because of their excellent chemical and physical proper-
ties in combination with their low cost, superior processability, and good recyclability [1–3].
However, due to the lack of polar functional groups, most hydrocarbon polymers exhibit
very poor surface properties, such as low adhesive properties, low compatibility with
polar fillers, etc., which greatly limits their applications in a broader scope [4–6]. Copoly-
merization with polar monomers to access functionalized hydrocarbon polymers is the
most direct and economic strategy to solve the above issue; nevertheless, most catalytic
systems have extremely high oxophilic active species that are able to be decomposed by
heteroatoms (such as N, O, S, or other polar groups) due to their strong and irreversible
coordination to the metal center. In 1995, Brookhart et al. disclosed a family of α-diimine
late transition metal-based catalytic systems [7,8]. Owing to the low oxophilic nature of
the metal centers and the properties of α-diimine coordination ligand that are able to be
regulated exactly, a catalytic system that shows a high heteroatom tolerance and that can
directly catalyze the copolymerization of olefins with polar comonomers, has created a new
field aiming to access functionalized polyolefins, and colossal advances have been made
this field in the past few years [9–12]. Similar to polar polyolefin materials, functionalized
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polydienes elastomers are also of great significance because the incorporated functional
groups can greatly improve the compatibility between the polydienes matrix and reinforce
polar fillers, such as carbon black, silica, etc., which therefore produces well-performing
elastomers with good modulus, tensile strength, and other dynamic mechanical proper-
ties [13]. However, research n copolymerization with polar copolymers in this field o is
very limited [14,15]. In the present research, a series copolymerizations of 1,3-butadiene
with polar comonomer 2-(4-methoxyphenyl)-1,3-butadiene (2-MOPB) is conducted, and
the corresponding catalytic performances and microstructures of the resulting copolymers
are discussed.

Despite of the inherent advantage of late-transition metal complexes for the direct
preparing of polar copolymers, they still currently suffer from some shortages, and one of
them is the thermal stability of the active species. Currently, the specific high-temperature
decomposition mechanism for late-transition metal catalysts is still unclear, yet one widely
accepted explanation ascribes it to the C-H activation that occurs between the metal center
and alkyl groups located on the ortho-position of the N-aryl fragment after it rotates to the
coordination plane [16]. Therefore, suppressing N-aryl rotations is believed to be one of
the most efficient strategies to enhance the thermal stability of these complexes, and in the
past few years, various intra-ligand covalent and non-covalent interactions, e.g., hydrogen
bonding, π,π-stacking, etc., have been introduced to ligand design, aiming to fasten the
N-aryl moiety and to subsequently prohibit its rotation [17–19]. In the present research,
ortho-substituted dibenzhydryl groups were introduced to the N-aryl moiety of α-diimine
cobalt complexes, and surprisingly, it was found that one of the aryl groups in dibenzhydryl
could form π,π-interaction with the acenaphthenyl backbone, which subsequently endows
the complexes with excellent thermal stability. Detailed research discussing these findings
will be presented in the following sections.

2. Materials and Methods

2.1. General Considerations and Materials

All reactions were conducted under a dry and oxygen-free argon atmosphere using
Schlenk techniques or under a nitrogen atmosphere in an MBraun glovebox (MBraun,
Garching bei München, Germany). Toluene for polymerization was dried with sodium
and was distilled under the nitrogen atmosphere. Dichloromethane and diethyl ether were
also dried with calcium hydride and were distilled under the nitrogen atmosphere. EASC
(Aladdin, Shanghai, China) was purchased and then diluted in a 2 M toluene solution.
Catalysts were dissolved in toluene and were added to the polymerization vessel with the
injector. Other commercially available reagents were purchased and were used without
purification. Ligands L1–L4 were synthesized following the procedures reported upon
in the literature [17]. The compound 2-MOPB was also prepared according to previous
reports [11].

NMR spectra of the organic compounds were recorded on a Bruker AV400 (Bruker
Optics, Ettlingen, Germany) (FT, 400 MHz for 1H; 100 MHz for 13C) spectrometer at room
temperature with tetramethylsilane (TMS; δ = 0 ppm) as an internal reference, and then the
NMR spectra of copolymers were measured at a room temperature using a Varian Unity
400 MHz spectrometer (Varian, Inc., Palo Alto, CA, USA). Polymer characteristics were
investigated on a TOSOH HLC-8220 GPC instrument (Tosoh Asia Pte. Ltd., Tokyo, Japan)
at 40 ◦C with polystyrene as a standard. Tetrahydrofuran (THF) was used as the eluent at a
flow rate of 1.0 mL min−1. The polymer microstructure analysis was performed using a
Nicolet Is10 FTIR (Thermo fisher, Waltham, MA, USA). Copolymer water contact angles
were measured using a JY-PHB contact angle meter (YouTe, Chengde, China).

The crystal of Co1 was obtained by hexane diffusion to its saturated dichloromethane
solution, while the crystal of L2 precipitated from its saturated dichloromethane/hexane
mixed solution at room temperature. All of the crystal performances took place in the
nitrogen atmosphere, and data collection took place at a low temperature on a Bruker
SMART APEX diffractometer (Bruker Optics, Germany) with a CCD area detector using
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graphite monochromated Mo Kα radiation (λ = 0.71073 Å). The raw frame data were
processed using SAINT (Bruker Optics, Germany) and SADABS (Bruker Optics, Germany)
to yield the reflection data file. The crystal class characteristics and unit cell parameters
were performed with the SMART program package. The structures were determined using
the SHELXTL program. The hydrogen atoms were located at the calculated positions and
were included in the structure calculation without further refinement of the parameters.
CCDC numbers for Co1 and L1: 2095433-2095434.

2.2. Typical Procedure for Butadiene Homopolymerization and Copolymerization

Polymerizations of 1,3-butadiene were performed by introducing butadiene (0.1 g/mL
in toluene) and EASC solution into 20 mL glass flasks equipped with a magnetic stirrer to
mix the solution. At the setting polymerization temperature, a cobalt complex toluene solu-
tion was injected. Then, the polymerization was initiated and performed for a designated
amount of time. After the polymerization was finished, acidified MeOH (HCl, 10 wt%) and
antioxidant were added, and the polymer was collected and purified by pouring ethanol
(150 mL) into a flask to precipitate. The polymer was dried at 40 ◦C in a vacuum oven to a
constant weight. For the copolymerization of 2-MOPB and butadiene, the same procedure
was performed except for that the mixed monomer of the evaluated amount of 2-MOPB
and butadiene was added to the glass flasks for polymerization.

2.3. Synthesis of Complexes (Co1–Co4)
2.3.1. Synthesis of Complex Co1

To a mixture of L1 (240 mg, 0.32 mmol) and CoCl2 (42 mg, 0.32 mmol), dichloromethane
(20 mL) was added at room temperature. Then, the mixture was stirred overnight at room
temperature. The solvent was removed until 2 mL were left. An amount of 50 mL hexane
was added while the mixture was being stirred. The mixture was filtered, and the residue
was washed with hexane (3 × 10 mL) and was dried under vacuum; the pure target product
(197 mg, 0.22 mmol) was collected as a brown solid at a 69.9% yield. FTIR (KBr, cm−1):
3057(w), 3024(w), 2958(w), 2920(w), 2853(w), 1652(vC=N, s), 1466(m), 1450(m), 1383(w),
1355(w), 1317(w), 1204(w), 1157(w), 1095(w), 1025(w), 862(m). MS (ESI): m/z calcd. for
C56H48Cl2CoN2, [M]+ 878.83, found [M-Cl]+ 842.3.

2.3.2. Synthesis of Complex Co2

The procedure was similar to the synthesis of Co2. Yield: 215 mg, 0.23 mmol,
(yield: 73.0%). FTIR (KBr, cm−1): 3058(w), 3025(w), 2959(w), 2920(w), 2853(w), 1647(vC=N, s),
1469(m), 1452(m), 1383(w), 1357(w), 1290(w), 1174(w), 1089(w), 1031(w), 1016 (w), 862(m).
MS (ESI): m/z calcd. For C54H42Cl4CoN2, [M]+ 919.67, found [M-Cl]+ 884.2.

2.3.3. Synthesis of Complex Co3

The procedure was similar to the synthesis of Co3. Yield: 149 mg, 0.16 mmol, (yield:
51.2%). FTIR (KBr, cm−1): 3059(w), 3026(w), 2959(w), 2921(w), 2852(w), 1648(vC=N, s),
1452(m), 1440 (m), 1383(w), 1204(w), 1177(w), 1092(w), 1033(w), 863(m). MS (ESI): m/z
calcd. for C56H48Cl2CoN2O2, [M]+ 910.83, found [M-Cl]+ 874.2.

2.3.4. Synthesis of Complex Co4

The procedure was similar to the synthesis of Co4. Yield: 235 mg, 0.25 mmol, (yield:
77.3%). FTIR (KBr, cm−1): 3054(w), 3025(w), 2956(w), 2920(w), 2854(w), 1650(vC=N, s),
1451(m), 1437(m), 1383(w), 1364(w), 1318(w), 1203(w), 1076(w), 1033(w), 862(m). MS (ESI):
m/z calcd. for C62H48Cl2CoN2, [M]+ 950.9, found [M-Cl]+ 915.3.

3. Results

3.1. Synthesis and Characterization of the Cobalt Complexes

Ligands L1–L4 were synthesized by the condensation reaction between ortho-substituted
aniline and acenaphthene according to the reported method [20,21]. Their correspond-
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ing cobalt complexes Co1–Co4 could subsequently be accessed in high yields by directly
treating L1–L4 with a stoichiometric amount of CoCl2 (Scheme 1) in dichloromethane and
with subsequent precipitation by diethyl ether. All of the complexes Co1–Co4 were well
characterized by FTIR and mass spectra. In the FTIR spectra, the stretching vibration
absorptions of the C=N groups in complexes Co1–Co4 appeared at 1647.9–1652.7 cm−1,
which was shifted slightly compared with their counterparts in the free ligands, indicating
good coordination between the α-diimine nitrogen atoms and the metal cobalt. Single
crystal structures of ligand L2 and complex Co1 were further characterized by single crys-
tal X-ray crystallographic analysis, and their structures are shown in Figures 1 and 2. As
expected, a distorted tetrahedron geometry was observed for complex Co1, and the bond
angles and bond distances in L2 and Co1 are typical for previously reported α-diimine
Co(II) complexes [22–24].

 
Scheme 1. Synthetic procedure for cobalt complexes Co1–Co4.

Figure 1. ORTEP drawing of complex L2 with thermal displacement parameters at 50% probability.
Bond lengths (Å): N1-C15, 1.268(5), N1-C5, 1.420(5). Bond angles (deg): C5-N1-C15, 122.97(3).

Figure 2. ORTEP drawing of complex Co1 with thermal displacement parameters at 50% probability.
Bond lengths (Å): Co1-Cl1, 2.202(8), Co1-N1, 2.075(2), N1-C1, 1.279(3) N1-C8, 1.442(3). Bond angles
(deg): Cl1-Co1-Cl1, 114.69(5), N1-Co1-Cl1, 117.29(6), N1-Co1-N1, 81.87(11), C1-N1-Co1, 110.81(16),
C1-N1-C8, 121.26(19), C8-N1-Co1, 127.79(14).
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For the ligand L2, both imine groups revealed E,E-configurations, which were dif-
ferent from some of the previous literature, which stated that E,Z-configurations were
adopted [25–28]. Such a difference was probably due to the intra-ligand π,π-interactions
that were found between the acenaphthenyl plane and the phenyl rings on the diben-
zhydryl groups, which favored the E,E-configuration as the more thermodynamically
stable state. As seen from the illustrative structure shown in Figure 1 (right), the two
phenyl rings on the dibenzhydryl groups (colored into red) connected to the ortho-position
of the aniline fragments were nearly parallel with the acenaphthenyl plane (colored into
blue), revealing dihedral angles of only 25.85◦ and 21.89◦, respectively. The distances from
the center of the two phenyl rings to the acenaphthenyl plane are also very short, with
values of 3.386 Å and 3.388 Å, respectively. The nearly parallel structure as well as the
short distances clearly indicate the presence of intra-ligand π,π-interactions.

Such a π,π-interaction can be also clearly observed in the complex Co1. Similar to L2,
the distances from the centers of the two phenyl rings (colored into red) on the dibenzhydryl
groups to the acenaphthenyl plane (colored into blue) are also very short, producing values
of 3.408 Å (due to the symmetric structure, the two distances are identical) (Figure 2). The
dihedral angles between the two phenyls and the acenaphthenyl plane are even smaller,
producing values of only 11.26◦. Such a smaller dihedral angle indicates a stronger π,π-
interaction in the complex than the one in the ligand. This result makes sense when
considering the electrons flowing from the acenaphthenyl group to the imine groups after
coordination with the cobalt metal, which renders acenaphthenyl more electron-deficient
and therefore produced a stronger interaction with the electron-rich phenyl rings on the
dibenzhydryl substituents [18,19].

3.2. 1,3-Butadiene Homopolymerization

Cobalt complexes have previously been explored as efficient precatalysts for 1,3-diene
polymerization [29–32]; nevertheless, most of them suffer from poor thermostabilities,
i.e., at high temperatures (generally higher than 50 ◦C), the active species deactivated
fast and produced polybutadiene products at rather low yields. Until now, no relative
literature has put forward a specific reason for this; however, inspired by late-transition
metal-mediated ethylene polymerization, the active species could be deactivated by C-H
activation between the metal center and the ortho-substituted alkyl groups on the aniline
fragments [16]. Suppressing such C-H activation through the rotation restrain of N-aryls
has previously been proven as an effective strategy to enhance the thermostabilities of
late-transition metal-based catalysts [17,33]. For the present cobalt complexes, due to the
presence of intra-ligand π,π-interactions, such N-aryl rotations and thereby C-H activations
could be also suppressed, resulting in the anticipation of improved thermostabilities. Based
on the above consideration, the present cobalt complexes were subsequently explored for
1,3-butadiene polymerization at various temperatures.

All of the 1,3-butadiene homopolymerizations employed ethylaluminum sesquichlo-
ride (EASC) as a cocatalyst because in our previous reports, EASC was determined to be one
of the most efficient cocatalysts. Before exploring the thermal catalytic performances, the
cocatalyst EASC/Co ratio was first optimized. As per the data shown in Table 1, with the
increment of EASC loading, gradually increasing catalytic activities were witnessed for Co1

mediated systems, which was consistent with previous reports. Moreover, monotonously
decreasing molecular weights of the resultant polybutadienes were revealed, indicating
the facilitated polybutadienyl chain transfer reactions from the propagating cobalt active
species to aluminum alkyl compounds as well as increased activation and formation of
catalytic species when the EASC equivalents increased. At EASC/Co = 300, the resulting
polymer possesses a similar molecular weight to a commercial polybutadiene counterpart
that has a Mooney viscosity of approximately 45; therefore, this condition was applied to
subsequent studies. It is worthy of noting that the cis-1,4- contents of the polybutadienes
almost remained completely unchanged when varying the Al/Co ratios, indicating their
subtle influences on the regioselectivity of the active species.
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Table 1. Polymerization of 1,3-butadiene by cobalt complexes Co1–Co4.

Entry a Cat. EASC/[Co] Trxn (
◦
C) Yield (g) Activity b

Microstructure c

Mn
d Mw/Mn

d
trans-1,4 % cis-1,4 % 1,2 %

1 Co1 50 30 0.33 3.3 2.4 95.3 2.3 57.2 2.17
2 Co1 100 30 0.42 4.2 1.6 95.8 2.6 35.7 2.04
3 Co1 300 30 0.62 6.2 1.4 94.1 4.5 13.4 2.06
4 Co1 600 30 0.81 8.1 1.2 95.8 3.0 6.8 2.21
5 Co1 300 0 0.06 0.6 2.0 97.0 1.0 77.2 1.86
6 Co1 300 50 0.64 6.4 4.6 93.6 1.8 19.2 8.56
7 Co1 300 70 —- f —- —- —- —- —- —-
8 Co2 300 0 0.04 0.4 2.8 95.7 1.5 92.2 1.64
9 Co2 300 30 0.83 8.3 1.5 94.9 3.6 35.0 2.18

10 Co2 300 50 0.45 4.5 4.6 95.4 1.7 2.9 4.43
11 Co2 300 70 —- f —- —- —- —- —- —-
12 Co3 300 0 0.02 0.2 2.0 96.8 1.2 91.8 1.77
13 Co3 300 30 0.38 3.8 1.3 96.2 2.5 41.0 1.84
14 Co3 300 50 0.33 3.3 2.9 95.3 1.5 3.2 2.45
15 Co3 300 70 —- f —- —- —- —- —- —-
16 Co4 300 0 0.17 1.7 1.0 98.1 0.9 36.2 2.07
17 Co4 300 30 0.83 8.3 4.3 91.4 4.3 7.6 1.88
18 Co4 300 50 0.83 8.3 5.9 90.0 4.1 7.8 6.22
19 Co4 300 70 0.78 7.8 9.3 87.4 3.3 5.7 8.94
20 Co4 300 90 0.70 7.0 9.5 86.9 3.6 2.3 3.86

21 e Co4 300 50 0.83 99.6 4.3 85.3 13.0 3.7 1.54
a General conditions: solution, toluene = 8.3 mL, (BD) = 1.85 M, Co complex = 5 μmol. (BD):(Co) = 3000, polymerization time = 2 h. b 104 g
of PBD (mol of Co)−1 h−1. c Microstructure determined by 1H NMR in CDCl3 and IR. d Mn: 104 g mol−1, Mn and Mw/Mn determined
using GPC. e Polymerization time was 10 min. f Not detected.

The thermal stabilities of the complexes Co1–Co4 were next investigated systemati-
cally by conducting polymerization at various temperatures. As per the data summarized
in Table 2, their thermal catalytic performances were highly dependent on the ligand
structures. For complex Co1, its catalytic activity increased dramatically from 0.6 × 104.1 to
6.4 × 104 g PBD (mol of Co)−1 h−1 when the temperature was elevated from 0 ◦C to 50 ◦C;
nevertheless, further temperature increases led to a completely deactivated system, suggest-
ing the poor stability of the corresponding active species. Similar results were observed for
complexes Co2 and Co3: their highest catalytic activities were achieved at 30 ◦C; however,
elevating the temperature resulted in quickly deactivated systems, and at 70 ◦C, no polymer
products were obtained. In contrast to Co1–Co3, outstanding high catalytic efficiency as
well as high thermostability were revealed from Co4-mediated polymerizations. As per the
data shown in Table 1 and Figure 3, all of the 1,3-butadiene monomers were converted to
polymer products when conducting the polymerization at 30 ◦C with a catalytic activity of
8.3 × 104 g PBD (mol of Co)−1 h−1; increasing the temperature to 50 ◦C had little influence
on the polymer yields, indicating the much better thermostability of the active species
than the other three analogs. To our satisfaction, Co4 also afforded high polymer yields
at high temperatures between 70 and 90 ◦C, at which point, most of the late transition
metal complexes had been deactivated. These outstanding catalytic efficiencies of Co4 at
elevated temperatures were probably due to the enhanced π,π-interaction between the
electron-rich naphthyl group with an acenaphthenyl backbone that could suppress the
rotation of the N-aryls at a high temperature; for the other three complexes, however, the
π,π-interaction interaction was comparatively weaker, and the stacked structure would
have decomposed at high temperatures, which therefore could not guarantee the ther-
mostability of the active species. Another thing worthy of note is that quite a high reaction
rate was revealed from the Co4-mediated systems; when implementing polymerization at
50 ◦C, the monomer could be fully converted in only 10 min, demonstrating high catalytic
activity of 99.6 × 104 g PBD (mol of Co)−1 h−1.
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Table 2. The copolymerization of 2-MOPB with BD using Co4.

Entry a Cat. [2-MOPB]/[Co] Yield (g) Activity b Inc. (mol %)
Microstructure c

Mn
d Mw/Mn

d
trans-1,4 % cis-1,4 % 1,2 %

1 Co4 5:1 0.58 5.8 0.46 10.1 85.5 4.4 28.4 2.23
2 Co4 10:1 0.46 4.6 0.53 11.4 85.4 3.2 17.4 2.07
3 Co4 20:1 0.44 4.4 0.66 6.9 90.2 2.8 12.9 2.02
4 Co4 50:1 0.40 4.0 1.83 9.4 88.4 2.2 5.4 1.97

 
a General conditions: solution, toluene = 8.3 mL, (BD) = 1.85 M, Co complexes = 5 μmol. (BD) + (2-MOPB):(Co) = 3000, EASC: (Co) = 300,
polymerization time = 2 h, polymerization temperature = 20 ◦C. b 104 g of PBD (mol of Co)−1 h−1. c Microstructure is determined by 1H
NMR in CDCl3 and IR. d Mn: 104 g mol−1, Mn and Mw/Mn determined using GPC.

Figure 3. Influences of polymerization temperature on polymer yields.

Temperature also imposed a significant influence on the microstructures and molecu-
lar weights of the resultant polymers. For Co4-mediated polymerizations, a monotonous
cis-1,4- content decrease of from 98.1% to 86.9% occurred when the temperature increased
from 0 ◦C to 90 ◦C. Such a decrease can be ascribed to the facilitated anti–syn isomerization
of the terminal π-allylic propagating unit through the π–σ-rearrangement at high tem-
peratures, leading to decreased cis-1,4- content and simultaneously increased trans-1,4-
units (Figure 4). Regarding the molecular weight of the resultant polymers, monotonously
decreased Mns due to facilitated chain transfers at high temperatures were revealed.
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Figure 4. The microstructures of the polybutadiene obtained at different temperatures with Co4.

3.3. Copolymerization of 2-(4-Methoxyphenyl)-1,3-butadiene with 1,3-Butadiene

Considering the high catalytic efficiency of complex Co4, the copolymerization of
1,3-butadiene with polar comonomer 2-(4-methoxyphenyl)-1,3-butadiene (2-MOPB) was
conducted next to improve the surface properties of polybutadiene elastomers, and the
results were summarized in Table 2. It was determined that although Co4 could successfully
catalyze the copolymerizations, the polar comonomer incorporation rate was very low,
even when 50 equivalents of 2-MOPB to Co4 were introduced. Under these conditions,
the incorporated contents are shown to be in the range of 0.46–1.83%. The 1H and 13C
NMR spectra of poly(2-MOPB-co-BD) are shown in Figure 5. Due to the relatively low
incorporation of comonomer in the polymer, it can be reasonably predicted that the 2-
MOPB unification was always isolated in the polymer chain. For the 1H NMR of the
resultant polar copolymer, the resonances at δ 2.22 and 2.49 ppm were assigned to the newly
generated methylene groups directly bonding to the double bond, which corresponded
to the resonances at δ 26.97 and 29.70 ppm in the 13C NMR spectrum, respectively, while
the resonances at δ 5.58 ppm corresponded to the double bond groups generated after 1,4
insertion. Moreover, 1H NMR produced the singlet at 3.79 ppm, which can be ascribed
to the methoxy group that can also be observed at 55.25 ppm in the 13C NMR spectrum.
The signals at 6.84 ppm corresponded to the aryl protons of 2-MOPB. This is consistent
with previous reports [11]. When it comes to the other aryl hydrogens (H3), they may be
overlapped by the d-chloroform resonances. Further analysis on the 13C NMR spectrum
revealed that the signals at δ 161.20, 127.42, and 113.55 ppm corresponded to the aryl
carbons of 2-MOPB. Moreover, some of the other groups were hardly assigned due to
the low incorporation. According to these results, the copolymerization of 2-MOPB and
butadiene was achieved successfully. Due to the poisoning of the active species by the
methoxyl group in the comonomer, gradually decreased polymer yields as well as the
molecular weights of the resultant polybutadienes were demonstrated. The static water
contact angle (WCA) was tested for the copolymers to determine the changes in the surface
properties. As per the results shown in Figure 6, the WCA of P(2-MOPB-co-BD) decreased
from 95.6◦ to 89.1◦ when the 2-MOPB content increased from 0.46% to 1.83%, which was
much lower than the value of 102.9◦ in PBD, which is indicative of the much-improved
surface properties.
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Figure 5. The 1H and 13C NMR spectra of poly(2-MOPB-co-BD) from entry 4, Table 2.

 

Figure 6. Contact angle characteristic of poly(2-MOPB-co-BD).

4. Conclusions

A new series of acenaphthene-based α-diimine cobalt complexes were synthesized that
can polymerize 1,3-butadiene to access highly cis-1,4 selective (up to 98%) polybutadiene
in all conditions. Due to the formed intra-ligand π-π stacking interactions, the complexes
performed high catalytic activities at elevated temperature, and for complex Co4, the
activities were maintained at 7.0 × 104 g PBD (mol of Co)−1 h−1, which had not been
reported before. Furthermore, all of the obtained polymers possessed a relatively narrow
molecular weight distribution as well as high molecular weight (up to 92.2 × 104 Dalton).
The complexes were also able to promote the copolymerization of 1,3-butadiene with polar
2-MOPB, directly producing functionalized polymers, although their incorporation content
was limited. After introducing polar 2-MOPB into the backbone, the surface properties
of the polymers significantly improved, and greatly decreased water contact angles were
revealed.
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Abstract: Styrene–acrylic emulsions containing hydroxyl functional monomer unit’s component are
widely used for maintenance coating. In this paper, a stable emulsifier-free styrene–acrylic emulsion
with solid content over 43% could be obtained in 210 min via reverse iodine transfer polymerization
(RITP). By adding a mixture of methacrylic acid (MAA) and poly(ethylene glycol)methyl ether
methacrylate (PEGMA) into a system containing a high content of hydroxyl functional monomer
component (19.4 wt.% of the total monomer mass), styrene (St) could be copolymerized with methyl
methacrylate (MMA); the modified film exhibited good hardness properties, good adhesive proper-
ties, and low water absorption. An increase in the amount of PEGMA decreased the glass transition
temperature (Tg). When 1.4 times the reference amount of initiator was added, the highest molecular
weight Mn could reach 40,000 g.·mol−1 with 0.25 times the reference amount of iodine in the emulsion.
The largest tensile strength of the dried emulsion film over 5.5 MPa endowed the material with good
mechanical properties. Living polymerization was proven by the kinetics of RITP emulsion and chain
extension reaction. TEM micrographs manifest the emulsification of the seed random copolymer.
This paper may provide a potential methodology for preparing polymer materials with excellent
mechanical properties.

Keywords: styrene–acrylic emulsion; cooperated; reverse iodine transfer polymerization; poly-
meric emulsifier

1. Introduction

Styrene–acrylic emulsions are widely used as industrial maintenance coating for the
acrylate unit’s resistance to photodegradation and the styrene unit’s resistance to hydrol-
ysis [1,2]. Furthermore, styrene–acrylic emulsions are also used for preparing nanoparti-
cles [3–9], which are applied in the treatment of bacterial infections [10,11] or encapsulation
medicine [12,13]. The optionality of the monomer endows emulsion polymers with some
special properties. In emulsion polymerization, methacrylic Acid (MAA), methacrylic
acid-β-hydroxyethyl ester (HEMA), methyl methacrylate (MMA), styrene (St), n-butyl
acrylate (BA), and n-butyl methacrylate (BMA) are widely used monomers [14,15]. For ex-
ample, the carboxyl group from MAA units or acrylic acid (AA) units endows the polymer
with adhesive properties [16]; the hydroxyl group from methacrylic acid (MAA) units or
methacrylic acid-β-hydroxyethyl ester (HEMA) can be crosslinked with amino resin [17],
whereby the modified film with the crosslinked structure exhibits good mechanical proper-
ties [18]. MMA or St are used as hard monomers, which can increase the glass transition
temperature of the polymer [1]. BA is used as a soft monomer [19]. Thus, styrene–acrylic
emulsion polymers with functional groups such as carboxyl or hydroxyl in the pendant
group have wide application prospects.

Styrene–acrylic emulsions can be prepared via emulsion polymerization with or with-
out an emulsifier. Emulsion polymerization with a nonpolymeric emulsifier is conducted
via the polymerization of weak water-soluble monomers within the emulsion of a nonpoly-
meric emulsifier [11]. In emulsifier-free polymerization, an initiator [20] or water-soluble

553



Polymers 2021, 13, 3348

monomer [21] can act as a polymeric emulsifier. HEMA is a water-soluble monomer;
however, polymers with HEMA units may not be stably dispersed in water easily. A high
content of HEMA units or hydroxyl groups in a polymer favors the crosslinking reaction
between HEMA units and amino resin [22], and this can guarantee high crosslinking den-
sity that enhances mechanical properties [18]. However, there exists difficulty in preparing
an acrylic emulsion polymer with a high content of HEMA for the low stability of the
emulsion, and the low stability is derived from crosslinked polymer led by the crosslinking,
which is caused by transesterification among the pendant hydroxyl groups of the polymer
chain [23,24] and the interpolymer complex. Our group identified coagulum over 0.5 wt.%
and flocculation when an excessive amount of HEMA (≥25 wt.% total monomer mass)
was added in the polymerization [25]. For this reason, the content of HEMA should not be
too high when preparing a high-solid-content acrylic emulsion to restrain the crosslinked
polymer. Thus, it is necessary to study a synthetic methodology to prepare a stable emul-
sion with HEMA units in the polymer chain. An interpolymer complex is formed in acidic
conditions because of the hydrogen bonding between the hydroxyl and carboxyl groups in
monomer units [26,27], and the complex decreases the stability of the emulsion. For this
reason, the ammonium salt of MAA [28] was used as a polymeric surfactant to restrain the
formation of the interpolymer complex in our previous paper, and a stable emulsion with
a high content of hydroxyl functional monomer HEMA (19.4 wt.% of the total monomer
mass) units was prepared; the highest Mn of the polymer could reach 34,100 g·mol−1, but
the content of MAA in the total monomer mass was 12.3 wt.%. Furthermore, the emulsion
viscosity with St units in the polymer chain was high, and the fluidity of the emulsion
was not good. The carboxyl group in MAA units may corrode metal when ammonia
solution is volatilized; hence, choosing a polymeric emulsifier that does not corrode metal
and can stabilize an emulsion with St units in the polymer chain is necessary. Nonionic
polymeric emulsifier PEGMA was added to stabilize the emulsion with St units [29–31],
and the copolymer particles were uniform. In terms of the chemical structure, the group of
poly(ethylene glycol) ethyl ether in PEGMA does not corrode metal. On the basis of the
above understanding, PEGMA was chosen to study the preparation of a styrene–acrylic
emulsion in this paper.

Emulsion polymerization can be conducted via controlled radical polymerization
(CRP) [32]. In CRP, the controlled mechanism is based on the reversible deactivation
of growing radicals [32,33]. An emulsion copolymer with PEGMA units and St units
in the polymer chain can be prepared via CRP such as nitroxide-mediated polymeriza-
tion (NMP) [21] and reversible addition fragmentation chain transfer polymerization
(RAFT) [34–36]. The monomer benzyl methacrylate (BnMA) is analogous to St in chemical
structure, and an emulsion copolymer containing PEGMA units and BnMA units can be
prepared via photo-controlled iodine-mediated green reversible deactivation radical poly-
merization (RDRP) [37]. In our previous paper, an emulsion copolymer containing HEMA
units and MAA units was prepared via RITP, and the emulsion was stable. Compared
with NMP polymerization and RAFT polymerization, RITP does not require complicated
chemicals to regulate the polymerization, and the chain transfer angents are synthesized in
situ during the polymerization [38]. On the other hand, only a few of the chain transfer
agents in RAFT are commercially available, and disadvantages of the polymer prepared
by RAFT polymerization include its odor and color [39]. Iodine is commercially available,
and there is no odor in the dried emulsion film. Thus, iodine transfer polymerization
was chosen. Furthermore, PEGMA can be copolymerized with HEMA [24] or a monomer
mixture comprising MAA and St [40], forming a stable emulsion. Therefore, it is probable
that an emulsion copolymer containing PEGMA units, HEMA units, MAA units, and St
units may be prepared via RITP emulsion polymerization.

In this paper, the copolymerization of St and an acrylate-based monomer (Figure 1)
was studied via RITP emulsion polymerization. The research was conducted by changing
the mass ratio of methyl methacrylate/St, the mass ratio of PEGMA/MAA, the amount of
PEGMA, and the amount of iodine. Kinetics experiments of the random copolymerization
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and chain extension reaction with St units and BA units proved the living polymerization
of the chain. The emulsion polymer was characterized by monomer conversion, viscosity,
particle size, molecular weight, Tg, particle morphology, and Fourier-transform infrared
(FTIR) spectra. The protective properties of the modified film were measured by pencil
hardness rank, adhesive property, toluene absorption, and water resistance. The mechanical
properties of the dried emulsion film or modified film were measured by tensile experiment.

 

Figure 1. (A) Synthetic route of styrene–acrylic emulsion copolymer via RITP and (B) chain extension
reaction via RITP.

2. Materials and Methods

2.1. Materials

Ammonia solution (25–28 wt.%), n-butyl acrylate (BA), methyl methacrylate (MMA),
styrene (St), n-butyl methacrylate (BMA), methacrylic acid (MAA), p-toluene sulfonic
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acid (TsOH), and sodium hydroxide (NaOH) were purchased from Sinopharm Chemi-
cal Reagent Co., Ltd. (Shanghai, China), as analytical reagent grade (AR). Methacrylic
acid-β-hydroxyethyl ester (HEMA) was purchased from Tianjin Institute of Chemical
Reagents, AR. Poly (ethylene glycol) methyl ether methacrylate (PEGMA, average molecu-
lar weight = 475 g·mol−1) was purchased from Shanghai Aladdin Biochemical Technology
Co., Ltd (Shanghai, China). 4,4′–Azobis (4-cyanovaleric acid) (ACPA, 98%, AR), contain-
ing ca. 20% water, was purchased from Energy Chemical. N, N-Dimethylethanolamine
(DMEA) was purchased from Tianjin Kemiou Chemical Reagent Co., Ltd. (Tianjin, China),
AR. Hexamethylolmethymelamine (HMMM, MF Resin) was provided by H. J. Unkel Co.,
Ltd. (Zhuhai, China). The monomers BA, MMA, St, and BMA were extracted by washing
four times with 10 wt.% aqueous sodium hydroxide solution in a separatory funnel, fol-
lowed by washing with deionized water four times in a separatory funnel. Other materials
were used as received.

2.2. Methods
2.2.1. Emulsifier-Free Copolymerization of Acrylate Monomers

In a typical example illustrated in Figure 1A, BA (1.027 g, 8.01 mmol), BMA (6.162 g,
40.33 mmol), MMA (0.822 g, 8.21 mmol), St (1.233 g, 11.83 mmol), HEMA (2.618 g,
20.12 mmol), 9.138 g of deionized water, and 273 mg (1.074 mmol) of I2 were added
to a flat-bottom flask (100 mL), and the mixture was stirred by a magnetic stirrer for 15 min.
Thereafter, a neutralized MAA solution comprising MAA (1.664 g, 19.33 mmol), deionized
water (4.141 g), and ammonia solution (1.49 g, 21.87–24.50 mmol NH3) was added to
the flask and stirred for 15 min. Next, 3.461 g (1.235 mmol) of ACPA 10 wt.% solution
(2.25 g ACPA, 642 mg NaOH, and 19.608 g H2O) was added. The reaction system was
deoxygenated by bubbling with high-purity nitrogen for 25 min at room temperature while
stirring. Afterward, the ingredients were placed under the atmosphere of high-purity
nitrogen provided by a balloon, and the mixture was heated to 80 ◦C while stirring; the
total heating time was 210 min. The reaction was ceased by exposure to air. The total
theoretical monomer mass content by weight was 40 wt.%. The monomer conversion and
the solid content were determined by gravimetric analysis.

When the mass ratio of the monomer or the mass of the I2 was changed, the procedures
were as described above.

2.2.2. Chain Extension Reaction with BA and St

Firstly, BMA (6.162 g, 40.33 mmol), HEMA (2.618 g, 20.12 mmol), deionized water
(9.892 g), and I2 (164 mg, 0.644 mmol) were added to a flat-bottom flask (100 mL), and
the mixture was stirred by a magnetic stirrer for 15 min. Thereafter, a PEGMA solution
comprising PEGMA (0.832 g, 1.75 mmol) and H2O (2.27 g) was added into the flask and
stirred for 15 min; then, a neutralized MAA solution comprising MAA (0.832 g, 9.66 mmol),
deionized water (3.80 g), and ammonia solution (0.708 g, 10.39–11.64 mmol NH3) was
added to the flask and stirred for 10 min. Afterward, 3.461 g (1.235 mmol) of ACPA 10 wt.%
solution was added. The reaction system was deoxygenated by bubbling with high-purity
nitrogen for 25 min at room temperature while stirring. Next, the ingredients were placed
under the atmosphere of high-purity nitrogen provided by a balloon, and the mixture was
heated to 80 ◦C while stirring. The sample was removed by a syringe under a nitrogen
atmosphere after heating for 130 min (the first stage). Thereafter, the nitrogen gas-saturated
mixture comprising BA (1.027 g, 8.01 mmol) and St (2.054 g, 19.72 mmol) was immediately
added to the flask, and polymerization continued for 90 min (the second stage).

When the mixture comprising BA and HEMA was added at the second stage, the
procedures were as described above. The reaction time of the first stage was 168 min, and
that of the second stage was 33 min.
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2.2.3. Modification of the Emulsion Polymer

Firstly, the emulsion (2.5 g) and deionized water (2.08 g) were added to a round flask
(25 mL) at room temperature, and then stirred for 5 min. Afterward, HMMM (0.64 g) was
added while stirring for 10 min. TsOH solution (85 μL, 10 wt.%) was added dropwise to
the mixture, and the mixture was stirred for 1 h.

To measure the hardness, adhesive properties, and water resistance, the ingredients of
the modified film were coated on a clean tinplate and coverslip, and these samples were
placed in room temperature for 2 h to evaporate water naturally. Thereafter, the tinplate
and coverslip were heated at 80 ◦C for 120 min and then 150 ◦C for 40 min. After heating,
the tinplate and coverslip were cooled to room temperature via natural cooling.

To measure tensile strength, the ingredients of the modified film were coated on a
horizontal tetrafluoroethylene plate, and the samples were placed in room temperature
for 2 h to evaporate water naturally. The plate was heated at 80 ◦C for 120 min and then
150 ◦C for 40 min. Afterward, the modified film could be torn off the plate.

2.2.4. Preparation of Dried Emulsion Films

To measure tensile strength, the emulsion mixture was poured onto a horizontal
tetrafluoroethylene plate, and the emulsion was dried under the radiation of an infrared
lamp for at least 24 h; then, the film could be torn off the plate. At least three samples of
the layer could be obtained per piece of emulsion film.

2.3. Characterizations
2.3.1. Viscosity

The emulsion viscosity was measured using a DV-79 digital viscometer (Shanghai Ni
Run Intelligent Technology Co., Ltd., Shanghai, China) with a rotor (E-type rotor, F-type
rotor, or G-type rotor) at 25 ◦C. The rotational rate of the rotor was 75 or 750 rpm when the
viscosity was in the corresponding measurement range of the rotor type and rotational rate.

2.3.2. Monomer Conversion

The determination of monomer conversion was as follows:

Conversion% = m (Dried emulsion)/(m (Emulsion solution)× w (Total monomer)) (1)

where w (Total monomer) is the total mass content of the monomer in weight.

2.3.3. Particle Diameter

After adding deionized water to the emulsion according to the volume, the emulsion
sample was diluted 1000-fold. Then, the particle size diameter and the particle size
distribution of the diluted emulsion sample were measured using a Zetasizer Nano ZS
laser particle sizer, Malvern Instruments Ltd. (Shanghai, China) at 25 ◦C; the Malvern
Zetasizer ZS device that we used worked at 173◦ in backscattering mode.

2.3.4. Molecular Weight

The emulsion sample was further neutralized using DMEA, and the excess DMEA
could be removed via rotary evaporation under reduced pressure. Afterward, the sample
was dispersed in THF (20 mg/mL), and the mixture was filtered using an organic phase
filter head. Then, 50 μL of the filtered sample was injected into the device. The number
average molecular weight (Mn), the weight average molecular weight (Mw), and the in-
dex of the molecular weight distribution (Ð) of the polymer were measured using a gel
permeation chromatograph (GPC) from US WATERS Corporation (Milford, MA, USA).
The GPC device was equipped with a Waters-2414 Refractive Index Detector, and the
eluent THF flowed at a rate of 1.0 mL/·min at 25 ◦C. The material of the GPC columns
was styrene–divinylbenzene copolymer. The GPC columns used were WATERS Styragel
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HR1 + Styragel HR3 + Styragel HR4. The calibrated material in the chromatographic col-
umn was polymethyl methacrylate.

2.3.5. Glass Transition Temperature

Tg was tested using a TA Q20 DSC Instrument (TA Instruments, New Castle, DE,
USA), and the measurement was conducted under nitrogen atmosphere. The measuring
temperature range was −15 ◦C to 120 ◦C, and the heating/cooling rate was 10 ◦C/min.

2.3.6. Fourier-Transform Infrared Spectroscopy

The sample was prepared by drying the emulsion under the radiation of an infrared
lamp. The infrared spectrum of the sample was tested using a Thermo Nicolet Fourier-
transform infrared spectroscope (FTIR) (Thermo Fisher, Waltham, MA, USA), and the
device was equipped with a diamond from Smiths Detection for attenuated total reflectance
(ATR). The scanning range was 4000–500 cm−1.

2.3.7. Transmission Electron Microscopy

The 1000-fold diluted sample was added to the copper mesh, and then stained with
3% phosphotungstic acid (PTA) solution. After evaporation of water in the mesh, the mesh
was observed using a JEM-2100 transmission electron microscope from JEOL Corporation
(Tokyo, Japan), with an accelerating voltage of 220 kV. The sample morphology could be
observed after vacuuming.

2.3.8. Hardness Rank of the Modified Film

The hardness of the modified film was tested by sliding pencil lead on the film
surface. The procedures and the hardness rank were conducted according to China National
Standard GB/T 6739-2006/ISO 15184:1998.

First, the pencil was pressed down on the film surface at an angle of 45◦ by hand.
The pencil was shifted at a rate of 0.5–1 mm/s and for at least 7 mm. If the length of the
marking was longer than 3 mm, a pencil with lower hardness was used until no marking
longer than 3 mm existed. When a marking shorter than 3 mm existed, the pencil hardness
rank was regarded as the hardness rank of the film. This measurement was conducted at a
temperature of 23 ± 2 ◦C. The measurement was conducted at least three times.

2.3.9. Adhesive Property Rank of the Modified Film

The adhesive property was evaluated by the affected area of cuts on the surface of
the modified film or dried emulsion film adhered to the tinplate piece. The procedures
and the evaluation standard were conducted according to China National Standard GB/T
9286-1998 equivalent ISO 2409:1992.

Six cuts were made in each direction of the lattice pattern, and the lattice was made by
scratching the knife under the surface of the film with the use of ruler. The spacing of the
cuts in each direction were equal to 1 mm (0–60 μm thick film) or 2 mm (60–120 μm thick
film). The tape was removed on the surface of the cuts by grasping the free end and pulling
it off in 0.5–1.0 s at about 60◦. When none of the lattice squares were detached, classification
was regarded as rank 0. When 0–5%, 5–15%, 15–35%, and 35–65% of the area was affected,
classification was regarded as 1, 2, 3, and 4, respectively. Any degree of flaking that could
not be classified as 4 was classified as 5. This measurement was conducted at a temperature
of 23 ± 2 ◦C. The measurement was conducted at least three times.

2.3.10. Water Resistance of the Modified Film

The water resistance of the modified film was measured by the change in the film
immersed in boiling water. The test was based on a comparison with a modified film not
immersed in boiling water. The procedures and the evaluation standard were conducted
according to China National Standard GB/T 1733-1993.
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Water resistance of the films was determined by immersing three sample pieces into
boiling water for 2 h, and then the immersed part was dried by filter paper. Next, the
appearance of these three sample pieces in terms of gloss, whitening, wrinkling, etc. was
compared with those not immersed in boiling water.

2.3.11. Water Absorption of the Modified Film

The modified film was weighed. Then, the same piece of modified film sample was
immersed in deionized water for 24 h. After 24 h, the sample immersed in water was
weighed. The determination of water absorption was as follows:

Water absorption% = 100% × m (Dried film)/(m (Film immersed in water)). (2)

2.3.12. Toluene Absorption of the Modified Film

The modified film was immersed in toluene for 24 h. The determination of toluene
absorption was as follows:

Toluene absorption% = 100% × m (Dried film)/(m (Film immersed in Toluene)) (3)

2.3.13. Tensile Strength

Tensile strength of the dried emulsion film or modified film was measured using
an Electronic Universal Testing Machine from MTS SYSTEMS (China) Co., Ltd. (Shang-
hai, China) with SANS-Power Test software, and the measurement was conducted at
10 mm·min−1 at 20 ± 2 ◦C. The shape of the film was rectangular in general. The length of
the film was longer than 12 mm, and the width ranged from 5–12 mm.

3. Results and Discussion

3.1. Participation of Styrene in Emulsifier-Free Polymerization

As shown in Table 1, when all hard monomer MMA was replaced by St, the emulsion
was not stable throughout the reaction when only the ammonium salt of MAA was used as
a polymeric emulsifier in the emulsion system. In Tables 1 and 2, the total mass of MMA
and St was constant, while the mass ratio of MMA/St was changed; the mass of other
ingredients was constant. When hard monomer MMA participated in the polymerization,
the emulsion was stable, the monomer conversion was higher than 95%, and the solid
content was over 40 wt.%. The monomer conversion was not changed obviously for the
four mass ratios. The emulsion was stored and remained stable for 6 months. The emulsion
polymer had a measured Mn range from 23,000 to 30,000 g·mol−1, which is analogous to
the range in our previous paper. The measured Mn was higher than the theoretical Mn.
Iodine is hydrolyzed in water [41], and this hydrolysis decreases the amount of iodine
that is involved in the synthesis of the chain transfer agent in situ [42–44]. Furthermore,
ammonia solution facilitates hydrolysis. Thus, the deviation of measured Mn from the
theoretical Mn was caused by the hydrolysis of I2 in water. The measured Mn increased
with the increase in MMA. The index of the molecular weight distribution decreased overall
with the increase in MMA. According to the work of Tonnar et al. [38,45], the index of the
molecular weight distribution with iodine in the polymerization was smaller than that
without iodine, and the index with iodine in the polymerization ranged from 1.40 to 2.20 in
most cases. In comparison with typical controlled radical emulsion polymerization such as
RAFT polymerization [8,36] or atom transfer radical polymerization (ATRP) [46], the index
of the molecular weight distribution in RITP was relatively large. However, the diameter
of the particle (dp) was not increased with the increase in MMA, and the dp ranged from
350–430 nm. When the mass ratio of MMA to St was 4:6, the viscosity value of emulsion
was 2350 mPa·s at 750 rpm. This viscosity was larger than that (525 mPa·s at 750 rpm) in
our previous paper with the mass ratio of BA to MMA kept at 1:2 [28]. More MMA led to
an overall decrease in the emulsion viscosity. Side products are unavoidable because chain
transfer occurs due to collision between two active centers attached to polymer chains in
polymerization [47] or emulsion polymerization [48–50]. Experimentally, an emulsion with
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lower viscosity can improve the diffusion of the added hydrophobic monomer or monomer
mixture, and this may ensure that random copolymerization or block copolymerization
with St monomer units is conducted more fluently. The results in Table 1 show that, when
all MMA was replaced by St, the emulsion was not conducted fluently with only the
ammonium salt of MAA used as a polymeric emulsifier, whereas when both St and MMA
were present, the emulsion was stable and of low viscosity.

Table 1. Results of emulsion with St units in polymer chain.

m(MMA)/m(St)
Conversion

(%)

Mn,th
a

(103

g·mol−1)

Mn,GPC

(103

g·mol−1)
Ð dp(nm) b/PDI

Viscosity
(mPa·s)/Rotor

Type/Rotor
Rate (rpm)

Reaction
Phenomena

0/10 - - - - - - Opalescent,
a lot of gel.

4/6 99.5 7.34 18.6 1.89 359/0.139 2350/F/750
Opalescent, high

viscosity, no
gel.

6/4 >99.5 7.38 24.1 1.70 429/0.040 639/F/750 Opalescent with
weak blue color.

8/2 96.8 7.15 27.5 1.56 409/0.042 664/F/750 Opalescent with
weak blue color.

10/0 >99.5 7.38 30.2 1.62 357/0.066 525/F/750 Opalescent with
weak blue color.

a Mn,th = (mass of monomer) × (monomer conversion)/(2 × nI2,initial) + MAI, in which MAI = 275.02 g·mol−1. b dp: particle size diameter; PDI:
polydispersity index of particle size diameter. Conditions: MAA solution was neutralized by 1.39 g of ammonia solution; m(BA)/[m(MMA)
+ m(St)] = 1/2; m(MMA) + m(St) = 2.054 g; n(MAA)/n(HEMA)/n(BMA)/n(BA)/n(ACPA)/n(I2) = 18/18.74/40.36/7.46/1.15/1; the total
mass of ingredients without ACPA solution and I2 was maintained at 30.08 g in theory.

Table 2. Properties of the cured film synthesized by emulsion with St units in polymer chain.

m(MMA)/m(St)

Pencil
Hardness of

the Dried
Emulsion

Film

Pencil
Hardness of
the Modified

Film

Adhesive
Property of
the Dried
Emulsion

Film

Adhesive
Property of

the Modified
Film

Toluene
Absorption

(Wt.%)

Water
Absorption

(Wt.%)

Water
Resistance in
Boiled Water

4/6 1 H 2 H 1 0 12.2 5.70 Whitening
6/4 1 H 2 H 1 0 12.0 5.42 Translucent
8/2 1 H 2 H 1 0 11.4 4.47 Whitening

10/0 - 2 H - 0 16.9 3.82 Translucent

Conditions: MAA solution was neutralized by ammonia solution; n(MAA) /n(HEMA)/n(BMA)/n(BA)/n(ACPA)/n(I2) = 18/18.74/
40.36/7.46/1.15/1; m(BA)/[m(MMA) + m(St)] = 1/2; m(MMA) + m(St) = 2.054 g; ammonia solution (1.39 g); the total mass of ingredients
without ACPA solution and I2 was maintained at 30.08 g in theory.

Before modification by MF resin, the pencil hardness rank of the three kinds of dried
emulsion film was 1 H in room temperature, and their adhesive property rank was 1.
Furthermore, the dried film was translucent, and it could be dispersed in water when
the mixture was stirred. The cured film surface became hard with a pencil hardness
rank of 2 after the modification in Table 2. The reason is that a crosslinked structure
polymer was prepared via the reaction of hydroxy functional acrylics with MF resin [22],
and this crosslinked structure limited the movement of the segment [18], thus leading
to the hardness of the polymer film being higher than that of the dried emulsion film.
Furthermore, the adhesiveness rank of the cured film was 0, suggesting that the adhesive
property of the modified film was better than that of the dried emulsion film. Toluene
absorption at the mass ratio of 10/0 was higher than that for the other three mass ratios;
hence, the toluene resistance of the cured film was increased when St was added. The cured
film was not dissolved in toluene, as polymers with a crosslinked structure only swell in
some kinds of organic solvent [51]. Water absorption decreased when the mass ratio of
MMA/St increased. The cured film was translucent after immersing in boiled water when
the monomer mass ratio was 6/4 or 10/0, indicating water resistance. The best results in
terms of good pencil hardness, good adhesive property, low toluene absorption, low water
absorption, and good water resistance of the modified film were obtained when the mass
ratio of MMA/St was 6/4.
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Styrene is a hydrophobic monomer, and the phenyl structure of St units in the polymer
promotes chain rigidity. Poly (ethylene oxide) (PEO) in the pendant group of a polymeric
emulsifier can form a dense protective layer around the surface of the latex particles [29,52]
prepared via conventional radical emulsion polymerization. Some reports have proposed
that hydrophilic polymeric emulsifiers such as poly (ethylene glycol) ethyl ether methacry-
late (PEG-EEA) can be copolymerized with St to prepare a stable emulsion [29,30,53] via
conventional radical polymerization. Furthermore, MAA can cooperate with PEGMA to
stabilize an emulsion with St units [40] via conventional radical polymerization. Consider-
ing the above properties of polymers containing St monomer units, a high-solid-content
styrene–acrylic emulsion may be prepared by adding PEGMA to an RITP system. As
shown in Table 3, when there was no PEGMA in the polymerization system, the emulsion
was of high viscosity and poor fluidity. In Tables 3 and 4, the total mass of PEGMA and
MAA was constant, while the mass ratio of PEGMA/MAA was changed; no MMA was
added, and St was added; the mass of other ingredients was constant. Increasing the
mass content of PEGMA resulted in lower monomer conversion, lower molecular weight,
higher index of molecular weight distribution (Ð), lower diameter, lower viscosity, and
good fluidity. The dense protective layer derived from PEGMA on the latex particles may
hinder the access of hydrophobic monomers such as St, BA, and BMA, which may not be
beneficial for the increase in particle size. The steric effects depend upon the size of the
substituents [54], whereby larger substituents in the PEGMA may lead to a larger steric
effect; thus, propagating chain radicals with PEGMA leads to a larger steric effect than that
with ammonium salt of MAA, resulting in lower reactivity, a lower propagating reaction
rate, and lower monomer consumption. Therefore, an increase in PEGMA may also lead to
a lower molecular weight and lower monomer conversion. Furthermore, the dense pro-
tective layer may decrease the frictional effect between particles, which may decrease the
viscosity of the emulsion. The emulsion was stable when the mass ratio of PEGMA/MAA
was 5/5, indicating that half the referenced mass amount of MAA could be used to prepare
a stable emulsion with analogous Mn range and low viscosity. However, when the mass
ratio of PEGMA/MAA was 7/3, the stability of the emulsion was not good, and a little
white precipitate existed in the emulsion. This phenomenon indicated that enough MAA is
needed to guarantee higher monomer conversion and maintain the stability of the emulsion
with St units in the polymer chain. Furthermore, a high mass content of PEGMA may not
guarantee high monomer conversion, high molecular weight, and low polydispersity index
in this polymerization system. The above results show that the cooperation of PEGMA and
MAA facilitated stabilization of the styrene–acrylic emulsion, and all MMA monomers
could be replaced by St.

Table 3. Results of emulsion with PEGMA units in polymer chain.

m(PEGMA)/
m(MAA)

Conversion
(%)

Mn,th

(103

g·mol−1)

Mn,GPC

(103

g·mol−1)
Ð dp(nm)/PDI

Viscosity
(mPa·s)/Rotor

Type/Rotor
Rate (rpm)

Reaction
Phenomena

0/10 - - - - - - Opalescent,
high viscosity, and poor fluidity.

3/7 >99.5 7.14 27.4 1.64 336/0.187 1210/G/750 Opalescent,
no gel.

5/5 94.6 6.61 23.3 1.70 271/0.201 151/F/750 Opalescent with weak blue color.

7/3 83.0 5.70 21.0 1.79 220/0.037 38.2/F/750 Opalescent with weak blue color,
little white precipitate.

Conditions: m(MAA) + m(PEGMA) = 1.664 g; no MMA in the emulsion polymerization system; n(St)/n(HEMA)/n(BMA)/n(BA)/
n(ACPA)/n(I2) = 18.36/18.74/40.36/7.46/1.15/1; m(BA)/m(St) = 1/2; MAA solution was neutralized by ammonia solution; the total mass
of ingredients without ACPA solution and I2 was maintained at 30.08 g in theory.
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Table 4. Properties of the cured film synthesized by emulsion with PEGMA units in polymer chain.

m(PEGMA)/m(MAA)
Pencil Hardness

Rank
Adhesion Property

Rank
Water Absorption

(Wt.%)

3/7 2 H 1 5.70
5/5 2 H 1 4.69
7/3 2 H 4 2.57

Conditions: m(MAA) + m (PEGMA) = 1.664 g; no MMA in the polymerization system; n(St)/n(HEMA)/
n(BMA)/n(BA)/n(ACPA)/n(I2) = 18.36/18.74/40.36/7.46/1.15/1; m(BA)/m(St) = 1/2; MAA solution was neu-
tralized by ammonia solution; the total mass of ingredients without ACPA Solution and I2 was maintained at
30.08 g in theory.

From the perspective of the chemical structure of PEGMA, no groups in PEGMA
monomer units exist that can react with MF resin. This property is different from that of
MAA units or HEMA units. Thus, it is necessary to research the influence of the mass
ratio of MAA/PEGMA on the properties of the cured film. The pencil hardness rank of the
cured film was not changed by the mass ratio of MAA/PEGMA, as shown in Table 4. The
adhesive property worsened when the mass ratio of PEGMA/MAA was 7/3. The water
absorption decreased with the increase in mass ratio, which may be because less MAA
decreased the hydrophilicity of the chain segment in the crosslinked film when no MMA
participated in polymerization. The best results in terms of good pencil hardness, good
adhesive property, and low water absorption were obtained when the mass amount of
PEGMA was equal to that of MAA.

From the perspective of the chemical structure of PEGMA, it can be used as a polymeric
emulsifier. However, the emulsification ability of PEGMA in this emulsion polymerization
was unknown. As shown in Table 5, the emulsion was stable when the polymeric emulsifier
consisted of neutralized MAA, and all St monomer units were replaced by MMA. However,
the emulsion was not stable when all MAA was replaced by PEGMA, and there existed
flocculation that could not be dispersed in water or THF. These phenomena suggest that
the emulsification ability of neutralized MAA units in the polymer chain was stronger than
that of PEGMA, and the emulsion was not stable when all neutralized MAA was replaced
by PEGMA. The hydrophilic/lipophilic balance (HLB) value of the ammonium salt of
MAA is 21.25, while that of PEGMA is 9.68. Thus, the lipophilic property of PEGMA is
stronger than that of neutralized MAA. However, the steric hindrance due to the side group
of PEGMA is larger than that of neutralized MAA, which may result in a lower reactivity
of propagating radical with PEGMA in the chain than that of the neutralized MAA. In
summary, the emulsion ability of neutralized MAA throughout the polymerization period
was stronger than that of PEGMA. St is more hydrophobic than MMA; hence, the emulsion
polymerization with St units must be conducted with the addition of neutralized MAA.

Table 5. Results of emulsion with MMA units in polymer chain.

m(MAA)/
m(PEGMA)

Reaction
Time(min)

Conversion
(%)

Mn,GPC

(103

g·mol−1)
Ð dp(nm)/PDI

Viscosity
(mPa·s)/Rotor

Type/Rotor
Rate (rpm)

Reaction
Phenomena

10/0 210 >99.5 30.2 1.62 357/0.066 525/F/750 Milky white with
weak blue color.

0/10 320 - - - - - Pale yellow color, a
lot of flocculation

Conditions: MAA solution was neutralized by ammonia solution; m(MAA) + m(PEGMA) = 1.664 g; n(HEMA)/n(BMA)/n(BA)/n(ACPA)
/n(I2) = 18.74/40.36/7.46/1.15/1; m(BA)/m(MMA) = 1/2; no St in the emulsion; the total mass of ingredients without ACPA solution and I2
was maintained at 30.08 g in theory.

As shown in Table 3, when the mass ratio of PEGMA/MAA was 3/7, the viscosity
was much higher than that of the others. As mentioned in Table 1, changing the mass ratio
of MMA/St could tune the viscosity when no PEGMA units existed in the polymer chain.
Similarly, changing the mass ratio of MMA/St could tune the viscosity when MAA and
PEGMA were used as polymeric emulsifiers. This experiment was done, and the results
are shown in Table 6. In Tables 6 and 7, the total mass of MMA and St was constant, while
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the mass ratio of MMA/St was changed; the mass of other ingredients was constant, and
the monomer conversion was higher than 95%. The monomer conversion decreased when
the mass ratio was increased from 0/10 to 8/2. The measured molecular weight decreased
when the mass ratio of MMA/St was increased from 0/10 to 4/6, while the measured
molecular weight was reduced when the mass ratio of MMA/St was increased from 4/6 to
8/2. The measured molecular weight ranged between 21,000 and 28,000 g·mol−1, and the
index of molecular weight distribution ranged between 1.55 and 1.87. The largest dp existed
when the mass ratio of MMA/St was 8/2, and dp at the six mass ratios ranged from 330 to
430 nm. When no MMA or no St took part in the polymerization, the viscosity was higher
than 1100 mPa·s. The smallest viscosity existed when the mass ratio of MMA/St was 4/6.
The viscosity of the emulsion with no St units in the polymer chain was larger than that
with both St and MMA units in the polymer chain. This indicates that a styrene–acrylic
polymer with analogous molecular weight and lower viscosity could be prepared when
MAA was combined with PEGMA, and the emulsion with some MMA replaced by St was
stable when PEGMA was added to the system.

Table 6. Results of emulsion with MMA and St units in polymer chain.

m(MMA)/m(St)
Conversion

(%)

Mn,th

(103

g·mol−1)

Mn,GPC

(103

g·mol−1)
Ð dp(nm)/PDI

Viscosity
(mPa·s)/Rotor

Type/Rotor
Rate (rpm)

Solid Content
(wt.%)

0/10 >99.5 7.14 27.4 1.64 336/0.187 1210/G/750 45.8
2/8 99.5 7.10 22.7 1.75 340/0.050 454/F/750 41.8
4/6 98.8 7.06 21.3 1.85 333/0.097 46.9/E/750 41.5
6/4 97.6 6.97 22.8 1.73 377/0.062 501/F/750 41.0
8/2 96.2 6.87 27.3 1.57 454/0.249 415/F/750 40.4

10/0 >99.5 7.14 26.5 1.65 430/0.061 1270/G/750 42.6

Conditions: m(MMA) + m(St) = 2.054 g, m(MAA) + m(PEGMA) = 1.664 g, and m(PEGMA)/m(MAA) = 3/7; n(MAA)/n(PEGMA)/n(HEMA)/
n(BMA)/n(BA)/n(ACPA)/n(I2) = 12.60/0.98/18.74/40.36/7.46/1.15/1; ammonia solution (1.10 g); m(BA)/[m(St) + m(MMA)] = 1/2; the
total mass of ingredients without ACPA solution and I2 was maintained at 30.08 g in theory.

Table 7. Properties of the cured film synthesized by emulsion with MMA and St units in polymer chain.

m(MMA)/m(St)
Pencil Hardness

Rank
Adhesive

Property Rank

Toluene
Absorption

(Wt. %)

Water
Absorption

(Wt. %)

Water
Resistance in
Boiled Water

0/10 2 H 1 16.0 5.70 Whitening
4/6 1 H 0 13.7 4.05 Whitening
6/4 2 H 0 13.8 2.98 Whitening
8/2 2 H 0 12.8 3.67 Translucent
10/0 3 H 0 12.4 2.28 Translucent

Conditions: m(MMA) + m(St)= 2.054 g, m(MAA) + m(PEGMA) = 1.664 g, and m(PEGMA)/m(MAA) = 3/7;
n(MAA)/n(PEGMA)/n(HEMA)/n(BMA)/n(BA)/n(ACPA)/n(I2) = 12.60/0.98/18.74/40.36/7.46/1.15/1; m(BA)/
[m(St) + m(MMA)] = 1/2; ammonia solution (1.10 g); the total mass of ingredients without ACPA solution and I2
was maintained at 30.08 g in theory.

In Table 7, the properties of the cured film synthesized by emulsion with MMA units
and St units in the polymer chain are shown. Here, the pencil hardness of the cured films
was at rank 2 in most cases, and the adhesive property was good for all six mass ratios
of MMA/St. The toluene absorption of the cured film ranged between 12.3 wt.% and
16.1 wt.%, and the difference was overall minimal. The water absorption of the cured film
ranged between 2.20 wt.% and 5.75 wt.%. The best results in terms of good pencil hardness,
good adhesive property, low toluene absorption, low water absorption, and good water
resistance of the modified film were obtained when the mass ratio of MMA/St was 10/0.

In summary, PEGMA could be combined with MAA in the reaction system to stabilize
a styrene–acrylic emulsion with HEMA units in the polymer chain, and an emulsion
polymer with analogous molecular weight range and relative low viscosity was synthesized.
Moreover, the cured film exhibited a good hardness property, good adhesive property, low
toluene absorption, low water absorption, and good water resistance.
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3.2. Influence of the Amount of PEGMA on Emulsifier-Free Polymerization

In our previous paper, MAA accounting for at least 8.6 wt.% of the total monomer mass
was added to stabilize the emulsion; however, the viscosity of the polymerization upon
changing the amount of MAA was higher than 1200 mPa·s for most of the experiment [28].
As mentioned before, the viscosity of the emulsion without MMA units in the polymer
chain could be decreased when the proportion of PEGMA was increased. Furthermore,
the emulsion with St units in the polymer chain was stable and of relatively low viscosity
for the combination of MAA and PEGMA. Therefore, it is necessary to study the influence
of the amount of PEGMA on the emulsion when both MMA and St are involved in
the polymerization.

In Tables 8 and 9, the mass of PEGDMA was changed, and the mass ratio of MMA/St
was constant; the mass of other ingredients was constant, and the total mass content was
constant. Monomer conversion was over 98%, and the solid content of the emulsion could
reach 45 wt.%, as shown in Table 8. The monomer conversion did not change obviously
with the change in mass ratio. The measured molecular weight decreased when the mass
ratio PEGMA/MAA was increased from 1/7 to 5/7. The reason may be that PEGMA could
be used as an emulsifier and monomer, and the polymeric emulsifier favored the generation
of oligomers, whereas the generated oligomers increased the index of molecular weight
distribution (Ð) and the PDI; Ð or PDI was increased at this mass ratio. The molecular
weight was increased when the mass ratio was increased from 5/7 to 12/7. The reason may
be that PEGMA was used as a monomer, and the concentration of monomers increased
with the increase in PEGMA amount, while the increase in monomer concentration could
increase the average degree of emulsion polymerization [55]. The measured molecular
weight ranged between 18,000 and 22,000 g·mol−1, and the index of molecular weight
distribution ranged between 1.70 and 1.91. Larger-diameter particles existed when the mass
ratio of PEGMA/MAA was 5/7 or 7/7. The viscosity ranged from 520 mPa·s to 770 mPa·s
in most cases. When the mass ratio of PEGMA/MAA was between 5/7 and 12/7, the
viscosity was increased with the increase in PEGMA, but the tendency was opposite for the
molecular weight distribution index and the diameter. The emulsion was stable throughout
the reaction and remained stable for 6 months.

The Tg of the emulsion polymer decreased with the increase in PEGMA, as shown
in Figure 2. According to the Fox equation of Tg [14], Tg of a random copolymer can be
changed as a function of the weight fractions of the monomer unit and Tg of the component
monomer, whereby more of the soft monomer unit leads to a decrease in the polymer
Tg. The Tg of the PEGMA homopolymer (Mn of PEGMA monomer is 475 g·mol−1) is
−62.8 ◦C [56]; hence, PEGMA is a soft monomer. Thus, a greater amount of PEGMA
would lead to a decrease in the Tg of a random polymer. Moreover, the Tg at all six mass
ratios was in the range of room temperature applied for acrylic resin, indicating that the
emulsion has a potential application in coating.

Table 8. Influence PEGMA on emulsion with St units and MMA units in polymer chain.

m(PEGMA)/
m(MAA)

Conversion
(%)

Mn,th

(103

g·mol−1)

Mn,GPC

(103

g·mol−1)
Ð dp(nm)/PDI

Viscosity
(mPa·s)/Rotor

Type/Rotor
Rate (rpm)

Solid Content
(wt.%)

1/7 >99.5 6.98 21.9 1.80 342/0.073 594/F/750 42.7
3/7 98.8 7.20 21.3 1.85 333/0.097 46.9/E/750 41.5
5/7 >99.5 7.29 19.0 1.90 521/0.134 530/F/750 44.4
7/7 >99.5 7.45 21.0 1.84 507/0.176 552/F/750 44.9
9/7 >99.5 7.60 21.3 1.78 442/0.054 620/F/750 45.1

12/7 99.4 7.78 21.9 1.72 439/0.157 767/F/750 46.1

Conditions: m(MMA) + m(St) = 2.054 g and m(MMA)/m(St) = 4/6; m(MAA) = 1.165 g; n(MAA)/n(HEMA)/n(MMA)/n(St)/n(BMA)/
n(BA)/n(ACPA)/n(I2) = 12.60/18.74/7.64/11.02/40.36/7.46/1.15/1; ammonia solution (1.10 g); m(BA)/[m(St) + m(MMA)] = 1/2; the total
mass of ingredients without ACPA solution and I2 was maintained at 30.08 g in theory.

564



Polymers 2021, 13, 3348

Table 9. Properties of the cured film with different amounts of PEGMA.

m(PEGMA)/m(MAA)
Pencil Hardness

Rank
Adhesive Property

Rank
Water Absorption

(wt. %)

1/7 2 H 0 3.52
3/7 1 H 0 4.05
5/7 2 H 0 5.03
7/7 2 H 0 7.85
9/7 2 H 0 4.41

12/7 2 H 0 2.89
Conditions: m(MMA) + m(St) = 2.054 g and m(MMA)/m(St) = 4/6; m(MAA) = 1.165 g;
n(MAA)/n(HEMA)/ n(MMA)/n(St)/n(BMA)/n(BA)/n(ACPA)/n(I2) = 12.60/18.74/7.64/11.02/40.36/7.46/1.15/1;
m(BA)/[m(St) + m(MMA)] = 1/2; ammonia solution (1.10 g); the total mass of ingredients without ACPA solution
and I2 was maintained at 30.08 g in theory.

As illustrated in Table 9, the pencil hardness rank of the cured film was at 2 H in most
cases, and the adhesive property was good for all six mass ratios of PEGMA/MAA. The
hardness and the adhesive property were not influenced by the mass ratio of PEGMA/MAA.
Water absorption ranged between 2.80 wt.% and 7.90 wt.%. Water absorption was increased
between the mass ratios of 1/7 and 7/7. The reason may be that, when the amount of MAA
was constant and the amount of PEGMA was less than MAA, more PEGMA was located
on the surface of the film, as PEGMA units are hydrophilic. PEGMA is a soft monomer,
and PEGMA units favor the movement of chain segments in the crosslinking reaction,
thereby allowing more polymer to react with amino resin. This may have enhanced the
crosslinking reaction and decreased the hydrophilicity of the modified film. Thus, water
absorption was decreased between the mass ratios of 7/7 and 12/7.

 

T

m m

Figure 2. Tg of the emulsion polymer with different mass ratios of PEGMA/MAA.

The tensile strength and the elongation of dried emulsion polymer films are shown
in Figure 3. In Figure 3A, the dried emulsion polymer film with Tg = 29.9 ◦C exhibited
the largest maximum tensile strength (over 5.0 MPa). The maximum tensile strength of
the dried emulsion polymer film was increased when the Tg of the emulsion polymer
was increased, but the trend was opposite for the elongation at break. Below Tg, there is
insufficient energy for whole segments of the polymer chains to move; hence, the polymer
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film is stiff and deformation is resisted [57]. When the film is elongated at a temperature
lower than Tg, a higher Tg of the tested polymer leads to higher energy, enabling whole
segments to move and more outside force to elongate the polymer film. Thus, the maximum
tensile strength of the dried emulsion film increased with the increase in Tg when the
tested temperature was below Tg. The largest maximum tensile strength (5.39 MPa) in
the polymer with Tg = 29.9 ◦C was higher than that of the polyacrylate polymer with
Tg = 43.9 ◦C (2.98 MPa) in our previous paper, indicating that the styrene–acrylic emulsion
has potential application in preparing materials with mechanical properties.

 

 

Figure 3. Stress–strain curves of (A) dried emulsion polymer film, and (B) the film modified via
reaction of emulsion polymer with MF resin.
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The maximum tensile strength of the modified film was higher than that of the film
unmodified, as shown in Figure 3B. When half the mass of the reference MF resin was
used, the maximum tensile strength of the modified film was more than 5.5 MPa. These
results indicate that the tensile strength property of the emulsion film could be improved
via modification of the polymer with HEMA units. Hydroxyl groups from HEMA units in
the polymer chain react with MF resins to form a crosslinking structure [22], which restricts
the motion of the polymer chains [18]; therefore, the strength of the modified film was
higher than that of the emulsion film without modification.

In conclusion, the best results in terms of measured molecular weight, index of
molecular weight distribution, particle size, viscosity, solid content, adhesive property
rank, pencil hardness rank, and maximum tensile strength were obtained when the mass
ratio of PEGMA/MAA was 7/7.

3.3. Influence of Iodine on Copolymerization

In Table 10, no MMA was added, hard monomer St was added, and the mass ratio of
PEGMA/MAA was 1/1; the mass of iodine was changed. As shown for runs 1a to 5a in
Table 10, the molar ratio of ACPA/I2 was 1.15 when 1.0 times the mass amount of ACPA
was added, and the measured Mn increased overall with the decrease in iodine, while
the highest measured Mn was no more than 30,000 g·mol−1. However, the increment of
Mn was not significant. The monomer conversion was no more than 97%, and the solid
content was no more than 41 wt.%. In Tonnar’s work [38], the molar ratio of ACPA/I2 was
1.6, and the measured Mn increased obviously with the decrease in I2 in the presence of
ACPA, while the highest measured Mn was 47,000 g·mol−1. This molar ratio of ACPA/I2
could be used to prepare a polymer with a measured Mn of more than 30,000 g·mol−1.
When 1.4 times the mass amount of ACPA was added, the molar ratio of ACPA/I2 was
1.61, the measured Mn was increased from 19,400 g·mol−1 to 32,900 g·mol−1 (as shown
for runs 1b to 5b in Table 10), and the largest measured Mn was more than 30,000 g·mol−1.
As shown for runs 3a to 3b or runs 5a to 5b, the measured Mn for 1.4 times the reference
mass amount of ACPA was higher than that for 1.0 times the reference mass amount of
ACPA; the reason for this phenomenon is unknown. The monomer conversion was more
than 98%, and the solid content was over 42 wt.%. The monomer conversion in Table 10
did not change obviously overall when the iodine amount was increased. The monomer
conversion, diameter, and solid content for 1.4 times the reference mass amount of ACPA
were higher than those for 1.0 times the reference mass amount of ACPA.

Table 10. Influence of iodine on emulsion with St units in polymer chain.

Run m(I2)/m(I2)0
Conversion

(%)

Mn,th

(103

g·mol−1)

Mn,GPC

(103

g·mol−1)
Ð dp(nm)/PDI

Solid
Content
(wt.%)

1a α 1/1 94.6 6.75 23.3 1.70 271/0.201 39.7
1b β 1/1 >99.5 6.98 19.4 1.97 287/0.052 42.6
2a 4/5 96.4 8.35 24.8 1.71 295/0.194 40.4
3a 3/5 94.6 10.84 24.8 1.63 282/0.107 39.8
3b 3/5 98.5 11.27 32.1 1.45 333/0.096 42.2
4a 2/5 93.5 15.94 26.0 1.58 382/0.181 39.3
5a 1/4 90.4 24.50 27.1 1.50 324/0.093 38.0
5b 1/4 >99.5 27.08 32.9 1.42 373/0.255 43.7

α m(I2)0 = 0.273 g; m(ACPA) = m(ACPA)0 = 0.346 g. Conditions: m(PEGMA)/m(MAA) = 1/1 and m(MAA) + m(PEGMA) = 1.664 g; no MMA
in the polymerization system; n(St)/n(HEMA)/n(BMA)/n(BA)/n(ACPA)/n(I2)0 = 18.36/18.74/40.36/7.46/1.15/1; m(BA)/m(St) = 1/2;
ammonia solution (0.70 g); the total mass of ingredients without ACPA solution and I2 was maintained at 30.08 g in theory. β m(I2)0 = 0.273 g;
m(ACPA) = 1.4m(ACPA)0 = 0.485 g. Conditions: m(PEGMA)/m(MAA) = 1/1 and m(MAA) + m(PEGMA) = 1.664 g; no MMA in the
polymerization system; n(St)/n(HEMA)/n(BMA)/n(BA)/n(ACPA)/n(I2)0 = 18.36/18.74/40.36/7.46/1.61/1; m(BA)/m(St) = 1/2; ammonia
solution (0.70 g); the total mass of ingredients without ACPA solution and I2 was maintained at 30.08 g in theory.
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The hard monomer St is usually combined with MMA in radical polymerization for
determination of the copolymerization parameters based on kinetic data and quantum-
chemical considerations [58]. Thus, we investigated whether the above molecular weight
tendency in Table 10 existed in the styrene–methyl methacrylate-based styrene–acrylic
emulsion polymer. In Table 11, the mass ratio of MMA/St was 4/6, the mass ratio of
PEGMA/MAA was 3/7, and the mass of iodine was changed. As shown for runs 1b to
3b in Table 11, the monomer conversion was not changed obviously with the increase
in the iodine amount, but the measured Mn for 1.4 times the mass amount of ACPA
increased obviously with the decrease in iodine, and the highest measured Mn could
reach 40,000 g·mol−1. This molecular weight tendency could have led to some changes
in the mechanical property of the polymer film. Thus, it was necessary to measure the
tensile strength of the dried emulsion film with different measured Mn. The maximum
tensile strength was increased with the increase in polymer Mn, and the largest maximum
tensile strength was more than 5.5 MPa, as shown in Figure 4. Polymer chains with a high
molecular weight become large and are, hence, entangled [18]; thus, a higher molecular
weight promotes entanglements, which can act as junction points and govern the material’s
mechanical response [59]. Thus, a polymer with a high molecular weight exhibits high
strength, including tensile strength. The elongation at break of the dried emulsion film
with Mn 40,700 g·mol−1 was more than 100%, indicating flexibility of the polymer film.
Therefore, the polymer with the highest Mn over 40,000 g·mol−1 has some significance,
and this polymerization methodology may provide potential application for preparing
styrene–acrylic emulsions used in materials with excellent mechanical properties.

Table 11. Influence of iodine on emulsion with MMA and St units in polymer chain.

Run m(I2)/m(I2)0
Conversion

(%)

Mn,th

(103

g·mol−1)

Mn,GPC

(103

g·mol−1)
Ð dp(nm)/PDI

Solid
Content
(wt.%)

1a α 1/1 98.8 7.06 21.3 1.85 333/0.097 41.5
1b β 1/1 >99.5 7.14 21.9 1.81 327/0.088 43.9
2b 3/5 93.3 10.94 25.2 1.66 407/0.074 39.9
3b 1/4 >99.5 27.73 40.7 1.27 403/0.132 43.6

α m(I2)0 = 0.273 g; m(ACPA) = m(ACPA)0 = 0.346 g. Conditions: m(MMA)/m(St) = 4/6 and m(MMA) + m(St) = 2.054 g; m(BA)/
[m(MMA) + m(St)] = 1/2; m(PEGMA)/m(MAA) = 3/7; m(MAA) + m(PEGMA) = 1.664 g; n(MAA)/n(PEGMA)/n(HEMA)/n(BMA)/
n(BA)/n(ACPA)/n(I2)0 = 12.60/0.98/18.74/40.36/7.46/1.15/1; ammonia solution (1.10 g); the total mass of ingredients without ACPA solu-
tion and I2 was maintained at 30.08 g in theory. β m(I2)0 = 0.273 g; m(ACPA) = 1.4m(ACPA)0 = 0.485 g. Conditions: m(MMA)/m(St) = 4/6
and m(MMA) + m(St) = 2.054 g; m(BA)/[m(MMA) + m(St)] = 1/2; m(PEGMA)/m(MAA) = 3/7; m(MAA) + m(PEGMA) = 1.664 g;
n(MAA)/n(PEGMA)/n(HEMA)/n(BMA)/n(BA)/n(ACPA)/n(I2)0 = 12.60/0.98/18.74/40.36/7.46/1.15/1; ammonia solution (1.10 g); the
total mass of ingredients without ACPA solution and I2 was kept at 30.08 g in theory.

The above result indicates that a styrene–acrylic emulsion polymer with a relatively
higher molecular weight could be prepared by reducing the I2 amount when 1.4 times
the mass amount of initiator was used, and the dried emulsion film could exhibit a larger
maximum tensile strength at higher molecular weight. Therefore, the polymer film has
potential application in materials with excellent mechanical properties.

3.4. Kineticks in RITP Emulsion Copolymerization

The monomer conversion was increased with time after 40 min, as shown in Figure 5.
In the first 40 min of reaction time, the mixture was brown, indicating that iodine was not
completely consumed in the induction period.
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Figure 4. Stress–strain curves of emulsion film with different measured molecular weights.

 

Figure 5. Evolution of monomer conversion versus time for RITP emulsion copolymerization. Conditions: m(PEGMA)/
m(MAA) = 1/1 and m(MAA) + m(PEGMA) = 1.664 g; m(BA)/m(St) = 1/2; n(St)/n(HEMA)/n(BMA)/n(BA)/n(ACPA)/
n(I2) = 18.36/18.74/40.36/7.46/1.15/1, ammonia solution (0.70 g); m(I2) = 0.273 g; m(ACPA) = 0.346 g; no MMA in the
polymerization system; the total mass of ingredients without ACPA Solution and I2 was maintained at 30.08 g in theory; the
reaction time was 210 min.
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A sample was withdrawn using a syringe under N2 atmosphere at 53 min, and
the mixture solution was brown, indicating that the induction period was more than
53 min. The polymerization was not complete when the monomer conversion was low,
and there were odors coming from monomers in the emulsion. Subsequently, a sample
was withdrawn at 79 min, and the emulsion was stable and white. This manifests that
iodine was completely consumed in 79 min, with the sample exhibiting a certain viscosity.
The monomer conversion did not increase obviously after 180 min. The highest monomer
conversion was 96.8%. This tendency of the monomer conversion versus time in Figure 5
is similar to that reported in the work by Tonnar [38].

As shown in Figure 6, the evolution of measured Mn versus monomer conversion
showed a linear trend, and Ð was decreased overall with conversion. The measured Mn in
the withdrawn sample at 79 min (34.6% monomer conversion) was 22,800 g·mol−1, and
this value deviated from the trend of the other five Mn values. The overall trend of Mn
versus monomer conversion indicated a living polymerization process.

 

M

M

Ð

Figure 6. Evolution of measured Mn and Ð with monomer conversion for RITP emulsion copolymerization.

3.5. Chain Extension Reaction with St and BA in Emulsion Polymerization

A random copolymer was prepared, and monomer conversion was over 99.5%, as
shown in Table 12. The emulsion of the random copolymer was stable and milky white with
a weak blue color. After the first polymerization stage, the monomer mixture comprising
water-insoluble monomer BA and St was added at the second polymerization stage. The
emulsion at the end of the second polymerization stage was stable and milky white with
a weak blue color, indicating that the random copolymer poly (PEGMA-co-MAAa-co-
HEMA-co-BMA) can be used as a macro-emulsifier in the chain extension reaction. The
measured Mn of the copolymer at the second stage was higher than that of the random
copolymer at the first polymerization stage, indicating the living polymerization of the
seed polymer chain. The molecular weight distribution index (Ð) at the second stage was
lower than that at the first stage. In Tonnar’s work [38,60], Ð was decreased after the chain
extension reaction in emulsion polymerization, and these results further indicate living
RITP. Therefore, the molecular weight distribution decreased after the chain extension
reaction in this paper, proving living polymerization. The diameter of the seed polymer was
lower than that of the block copolymer, due to the growth of the seed polymer chain in the
chain extension reaction. The solid content of the copolymer at the second stage was higher
than that of the random copolymer at the first polymerization stage due to the addition of
monomer mixtures at the second stage. These results indicate that the random copolymer
poly (PEGMA-co-MAAa-co-HEMA-co-BMA) can be used as macro-chain transfer agent to
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control the chain extension reaction containing water-insoluble monomer BA and St in this
polymerization system, and the seed random copolymer exhibited living polymerization.

Table 12. Chain extension reaction with BA and St.

Type
Stage Time

(min)
Conversion

(%)

Mn,th

(103

g·mol−1)

Mn,GPC

(103

g·mol−1)
Ð dp(nm)/PDI

Solid
Content
(wt.%)

Seed Polymer
Poly (PEGMA-co-MAAa-co-HEMA-co-

BMA)
130 >99.5 9.05 19.3 1.80 383/0.205 36.0

Block Copolymer
Poly (PEGMA-co-MAAa-co-HEMA-co-

BMA)-b-Poly (BA-co-St)
90 >99.5 11.44 29.4 1.58 463/0.077 44.6

MAAa was neutralized by ammonia solution. Conditions: m(PEGMA)/m(MAA) = 1/1 and m(MAA) + m(PEGMA) = 1.664 g; no
MMA in the polymerization system; ammonia solution (0.70 g); n(PEGMA)/n(MAA)/n(St)/n(HEMA)/n(BMA)/n(BA)/n(ACPA)/
n(I2) = 2.72/15/18.38/30.62/31.22/67.28/12.44/1.92/1; m(BA)/m(St) = 1/2; the total mass of ingredients without ACPA solution and I2
was maintained at 30.08 g in theory.

As shown in Figure 7, the core–shell microstructure of the random copolymer was
obvious. The core microstructure of the block copolymer was vague, and the shell layer
was relatively thinner than that of the random copolymer. The shape of both random
copolymer and block copolymer micelles was regular, and the core layer was completely
covered by the shell layer. The diameter of the block copolymer in Figure 7b was generally
larger than that of the random copolymer in Figure 7a. These results indicate that the
random copolymer can be used as a seed polymer to stabilize the polymerization and
as a nanoreactor for emulsion polymerization. However, the diameter according to the
TEM micrograph ranged from 100 to 190 nm, smaller than that measured by dynamic light
scattering (DLS), as shown in Table 12. The diameter measurement by TEM was conducted
in an environment without liquid water and represents the true radius of the particles [61].
On the other hand, the diameter measurement by DLS is conducted in an environment
with liquid water and represents the hydrodynamic size of the particles [62,63]. The
aggregation state of the particles affects the measured results; thus, the hydrodynamic size
of particles or the size of agglomerated particles measured by DLS is often larger than the
true radius of particles measured by TEM [63]. Agglomerated particles can be seen in the
TEM micrograph (Figure 7); hence, the diameter measured by DLS was larger than that
measured by TEM.

 

Figure 7. Cont.
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Figure 7. TEM micrograph of (a) the seed polymer and (b) the block copolymer described in Table 12.

We investigated whether the random copolymer can be used as macro-chain transfer
agent or macro-emulsifier in the chain extension reaction when BA and HEMA were
added in at second polymerization stage. As shown in Table 13, the emulsion of the
random copolymer poly (PEGMA-co-MAAa-co-BMA-co-MMA-St) was stable and milky
white with a weak blue color. When the monomer mixture comprising BA and HEMA
was added at the second polymerization stage, the emulsion was not stable, and a lot
of coagulation existed after 33 min of reaction time. The pH value of the withdrawn
sample ranged between 6.5 and 7, and there were no nonionic MAA monomers that
participated in random copolymerization with HEMA, thereby restraining the formation
of an interpolymer complex. Crosslinking caused by transesterification among the pendent
hydroxyl groups can lead to crosslinked polymers [23,24], and these crosslinked polymers
may lead to instability of the emulsion. Thus, the emulsion was not stable, and a large
amount of gel existed after 33 min. The instability of the emulsion in the chain extension
reaction period indicated that HEMA could not be copolymerized fluently in the chain
extension reaction of this emulsion polymerization system.

Table 13. Chain extension reaction with BA and HEMA.

Type Stage Time (min)
Conversion

(%)
Solid Content

(wt.%)
Emulsion Appearance

Seed Polymer
Poly(PEGMA-co-MAAa-co-BMA-co-MMA-St) 168 96.2 38.5 Opalescent with weak

blue color.
Block Copolymer

Poly(PEGMA-co-MAAa-co-BMA-co-MMA-St)-
b-Poly(PEGMA-co-MAAa-co-BMA-co-MMA-

St-co-BA-co-HEMA)

33 - - Opalescent,
a lot of gel.

MAAa was neutralized by ammonia solution. Conditions: m(PEGMA)/m(MAA) = 12/7 and m(MAA) + m(PEGMA) = 3.1611 g;
m(BA)/ [m(St) + m(MMA)] = 1/2; ammonia solution (1.10 g); n(PEGMA)/n(MAA)/n(St)/n(HEMA)/n(BMA)/n(BA)/n(MMA)/n(ACPA)/
n(I2) = 6.52/21/18.38/31.22/67.28/12.44/12.74/1.92/1; the total mass of ingredients without ACPA solution and I2 was maintained at
30.08 g in theory.

In conclusion, the living polymerization of the random copolymer chain was proven
by the chain extension reaction containing BA and St in the emulsion. Moreover, the
copolymer prepared via the chain extension reaction exhibited a higher measured Mn,
lower Ð, larger particle size, and higher solid content than the random copolymer at the
first polymerization stage. The TEM results indicate the increase in particle size and the
regular shape of the micelle. However, the chain extension reaction with BA and HEMA
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was not successful; thus, there exists some limitation to the chain extension reaction of the
seed random copolymer with other kinds of monomer.

3.6. Infrared Spectra of Polymer

The FTIR spectra of the copolymer are illustrated in Figure 8. The wide absorption
peak at 3430 cm−1 was caused by O–H stretching vibration. The wide absorption peak at
3224 cm−1 was derived from N–H stretching vibration of NH4

+ located in the ammonium
salt of MAA units. The two peaks at 2955 and 2868 cm−1 were ascribed to C–H stretching
vibrations of –CH3 and –CH2 groups, respectively. The two peaks at 1451 and 1383 cm−1

were caused by C–H bending vibrations of –CH3 and –CH2 groups, respectively. The
strong absorption peak at 1723 cm−1 was derived from the stretching vibration of the
carbonyl ester C=O. The peak at 1544 cm−1 was caused by the asymmetric stretching
vibration of carbonyl anion COO−. The bands of 1240 and 1068 cm−1 were derived from
asymmetric stretching vibration and symmetric stretching vibration of the ester group
C–O–C, respectively. The strong absorption peak at 1150 cm−1 was ascribed to the bending
vibration of the ether group C–O–C from PEGMA units and that of C–O–H from HEMA
units. With the increase in mass ratio of PEGMA/MAA, the peak intensity at 1544 cm−1

was deceased, indicating a decrease in MAA content in the polymer chain. The FTIR
spectra indicate the influence of the mass ratio of PEGMA/MAA on the signal changes
representing polymeric groups.

 

Figure 8. FTIR spectra of copolymer with different mass ratios of PEGMA/MAA. Polymerization
conditions: m(MAA) + m(PEGMA) = 1.664 g; no MMA in the polymerization system; the MAA
solution was neutralized by ammonia solution; m(BA)/m(St) = 1/2; n(St)/n(HEMA)/n(BMA)/
n(BA)/n(ACPA)/n(I2) = 18.36/18.74/40.36/7.46/1.15/1; the total mass of ingredients without ACPA
solution and I2 was maintained at 30.08 g in theory.

4. Conclusions

Emulsifier-free styrene–acrylic emulsions prepared via RITP were studied in this
paper. When the ammonium salt of MAA was used as the only kind of polymeric sur-
factant and St was added into the polymerization system containing HEMA monomer
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component, the emulsion did not flow fluently and was sticky. Thus, it was necessary to
explore a method to prepare stable styrene–acrylic emulsions with a high content of HEMA
monomer component. In this paper, a stable styrene–acrylic emulsion with low viscosity
and an analogous Mn range to previous work (from 23,000 to 30,000 g·mol−1) could be
prepared when PEGMA was combined with the ammonium salt of MAA. The acrylate-
based polymer emulsion with HEMA units in the polymer chain was not stable when only
PEGMA was used as a polymeric emulsifier. St is more hydrophobic than MMA; hence,
the polymerization containing St monomer units was conducted in combination with the
ammonium salt of MAA and PEGMA. The influence of PEGMA and I2 on the emulsion
was studied. With the increase in PEGMA amount, the Tg of the polymer decreased; the
largest maximum tensile strength (5.39 MPa) in the polymer with Tg = 29.9 ◦C was larger
than that of the polyacrylate polymer with Tg = 43.9 ◦C (2.98 MPa) in our previous paper.
When polymerization was conducted in 1.4 times the reference amount of initiator, Mn
was obviously increased with the decrease in I2, and the highest Mn of the polymer with
HEMA units (40,700 g·mol−1) was larger than that in our previous paper (32,700 g·mol−1)
when the mass ratio of BA/BMA was 1/6, while the largest maximum tensile strength
of the dried styrene–acrylic emulsion polymer film with the highest Mn was more than
5.5 MPa. The living polymerization of the random copolymer chain was proven by a
kinetics experiment and chain extension reaction; the uniformly shaped particles and the
increase in particle diameter according to TEM indicated that the random copolymer can
serve as a seed emulsifier in the polymerization. The novelty lies in that the polymerization
was conducted with a high solid content (ranging from 40 wt.% to 46 wt.%) and a high
content of hydroxyl monomer component, while St took part in the polymerization; a
moderate Mn range (20,000–41,000 g·mol−1) was achieved in a short period of time (<4 h),
and a stable emulsion with moderate viscosity (ranging from 100 mPa·s to 700 mPa·s)
was successfully prepared. The polymerization was conducted in water, and no costly
nonpolymeric emulsifier or organic solvent was used. Furthermore, the amount of MAA
could be reduced when MAA was combined with PEGMA, and this strengthened the
stability of the emulsion when ammonium hydroxide used for neutralizing MAA was
volatilized quickly in hot weather. This protocol represents an environmentally friendly
system tailored for the direct preparation of an emulsion used for maintenance coating. In
summary, the work in this article provides a synthetic method for preparing high-solid-
content styrene–acrylic emulsions with HEMA units in the polymer chain, and the synthetic
method may have application in preparing coatings or polymer materials with excellent
mechanical properties.
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Abstract: An approach to the synthesis of the novel molecular brushes with a polyimide (PI) back-
bone and poly(ε-caprolactone) (PCL) side chains was developed. To obtain such copolymers, a
combination of various synthesis methods was used, including polycondensation, atom transfer
radical polymerization (ATRP), ring opening polymerization (ROP), and Cu (I)-catalyzed azide-
alkyne Huisgen cycloaddition (CuAAC). ATRP of 2-hydroxyethyl methacrylate (HEMA) on PI
macroinitiator followed by ROP of ε-caprolactone (CL) provided a “brush on brush” structure PI-g-
(PHEMA-g-PCL). For the synthesis of PI-g-PCL two synthetic routes combining ROP and CuAAC
were compared: (1) polymer-analogous transformations of a multicenter PI macroinitiator with an
initiating hydroxyl group separated from the main chain by a triazole ring followed by ROP of CL,
or (2) a separate synthesis of macromonomers with the desirable functional groups (polyimide with
azide groups and PCL with terminal alkyne groups), followed by a click reaction. Results showed
that the first approach allows to obtain graft copolymers with a PI backbone and relatively short PCL
side chains. While the implementation of the second approach leads to a more significant increase
in the molecular weight, but unreacted linear PCL remains in the system. Obtained macroinitiators
and copolymers were characterized using 1H NMR and IR spectroscopy, their molecular weight
characteristics were determined by SEC with triple detection. TGA and DSC were used to determine
their thermal properties. X-ray scattering data showed that the introduction of a polyimide block
into the polycaprolactone matrix did not change the degree of crystallinity of PCL.

Keywords: molecular brushes; polyimide; poly(ε-caprolactone); ATRP; ROP; CuAAC

1. Introduction

Polyimides (PI) are an essential class of polymers with a set of valuable properties. In
addition to heat, thermal, radiation, and chemical resistance, good film-forming properties,
high mechanical strength, and excellent insulating properties, polyimides demonstrate
good biocompatibility in vitro and in vivo, as well as low toxicity [1–3]. Multicomponent
copolymers, in which PI blocks are combined with blocks of biocompatible aliphatic
polymers, have great potential for the development of materials for tissue engineering.

Although atom transfer radical polymerization (ATRP) has been successfully used to
synthesize many types of copolymers, it remains a challenge to synthesize copolymers of
different architectures using monomers that polymerize through fundamentally different
mechanisms, such as ATRP and ring opening polymerization (ROP). To solve this problem,
one can use initiators containing two types of functional groups capable of initiating each
of these processes in parallel and independently [4,5]. Second approach is introduction of a
functional group that initiates the polymerization of the second monomer at the stage of
initiation or termination of the first monomer polymerization (post-modification) [6].

Thus, in [7], graft copolymers with poly(2-hydroxyethyl methacrylate) (PHEMA)
backbone and block copolymer side chains containing blocks of poly(ε-caprolactone) PCL
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and poly(butyl acrylate) (PBA) were synthesized. Copolymers of PCL with poly(octadecyl
methacrylate) (POMA) and poly(N,N-dimethylamino-2-ethyl methacrylate) (PDMAEMA)
PCL-b-PODMA-b-PDMAEMA or PCL-b-(PODMA-co-PDMAEMA) were obtained in [5], in
which the PODMA block had a "pseudo-brush" structure due to long aliphatic tails. Another
example of a successful combination of the different methods of controlled polymerization
is the synthesis of a three-armed star-shaped polymer with arms of different structures, for
which different methods were used [4]. Thus, the PCL arm was obtained using ROP, the
polystyrene (PS) arm was obtained by the NMP, and the poly(tert-butyl acrylate) (PTBA)
was obtained by the ATRP.

The ROP is effectively combined with other CRP methods in the synthesis of various
copolymers. Thus, in [8], the authors describe the preparation of triblock copolymers
with a central PCL block and peripheral PDMAEMA blocks using a combination of ROP
with RAFT. Synthesized by ROP PCL with hydroxyl end groups was functionalized us-
ing 4-cyanopentanoic acid dithionaphthalenoate (CPADN) and used as a macro-RAFT
agent for polymerization of DMAEMA to obtain the targeted triblock copolymers. An
efficient method for the synthesis of linear di- and triblock copolymers with PCL blocks
with narrow molecular weight distribution is to carry out ROP on mono- or difunctional
polymer initiators. ROP of CL on the corresponding polymer initiators with hydroxyl
chain ends provides copolymers in which PCL blocks are covalently attached to a block of
polydimethylsiloxane [9], polyisobutylene [10], and poly(ethylene oxide) [11].

Grafting of polyester chains with narrow molecular weight distribution, in particular,
PCL for the production of molecular brushes is also of great interest. The method of
click chemistry is often used to graft PCL chains [12,13]. For example, in [12], the surface
modification of the nanodispersed cellulose systems by grafting PCL chains using click-
chemistry is described. However, to obtain molecular brushes with polyester side chains,
ROP is easier to perform [14]. Therefore, numerous articles are devoted to the synthesis
of molecular brushes with homopolymer PCL side chains or block copolymer side chains
with a PCL block [12,13]. Carrying out polymerization of CL on multifunctional polymer
initiators with varying numbers and positions of initiating groups leads to the production
of PCL blocks with narrow molecular weight distribution, which are usually grafted to
the carbochain backbone. To our knowledge, there are no data on the introduction of PCL
blocks into the side chains of molecular brushes with a polyarylene backbone.

At the same time, works on combining aromatic PIs with aliphatic polyesters, in
particular with PCL, have been going on for more than two decades. With simple mixing
of homopolymer PI and PCL, for example, through a common solvent, phase separation of
polymers is observed at the macroscopic level [15]. A more uniform phase system of PI
and PCL is obtained by synthesizing chemically bonded PI and PCL blocks [15–20]. Until
recently, the covalent bonding of these polymers was carried out either by stepwise polycon-
densation, leading to the production of linear alternative segmented (or multisegmented)
block copolymers [18,19], or by cross-linking between PI and PCL chains in a polymer
mixture or between PI and PCL layers in a multilayer coating [16,17,20]. A valuable feature
of such copolymers is microphase separation [17], which gives them new interesting, for
example, membrane properties. Thus, based on multisegmented linear block copolymers
containing segments of polyurethanimide and PCL, effective diffusion membranes have
been developed for the separation of binary mixtures of organic liquids [17]. However,
the preparation of such segmented block copolymers is very laborious. Another method
for combining PI and PCL by preparing block copolymers with sequentially attached PI
and PCL blocks was proposed in [21]. In [22] the synthesis of linear block copolyimide
with PCL and PI blocks based on 3,3’-dioxybenzidine was proposed using ROP of CL on a
difunctional polyimide initiator. The obtained copolyimide was intended to improve the
dispersion of carbon nanotubes in low-boiling organic solvents.

It should be noted that the introduction of PCL blocks into multiblock copolymers
is of considerable interest from the point of view of further applications of these copoly-
mers, since PCL blocks are capable of undergoing alkaline [23] and plasma [24] etch-
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ing and biodegradation. The synthesis of new initiators and ROP of monomers and
macromonomers containing functional groups on such initiators is a promising strategy
for the preparation of macromolecules of complex architecture. In recent years, due to the
development of the ROP method, it has been successfully used to obtain copolymers of
different chemical structures and architecture.

Earlier, our research group reported the synthesis of triblock copolymers based on
polyimide with external blocks of poly(ε-caprolactone) (PCL) [25], as well as grafted
pentablock copolymers of linear-brush topology with external PCL and PMMA blocks and
an internal brush-type block PI-g-PMMA [26]. This work is devoted to the development of
methods for the synthesis of previously undescribed molecular brushes with a PI backbone
and PCL side chains. To obtain such copolymers, a combination of various synthesis
methods was used, including polycondensation, ATRP, ROP, and Cu (I) catalyzed azide-
alkyne Huisgen cycloaddition (CuAAC) [27].

2. Materials and Methods

2.1. Materials

N-methyl-2-pyrrolidone (N-MP, 98%, Aldrich, St. Louis, MO, USA), toluene (an-
alytical grade) methylene chloride, chloroform, THF, DMF (all reagent grade, Vekton,
Voronezh, Russia), trimethylamine (≥99%, Aldrich, Overijse, Belgium), and pyridine
(99%, Acros Organics, NJ, USA) were purified through standard techniques. 3,3′,4,4′-
(1,3-diphenoxybenzene)tetracarboxylic dianhydride (99%, Ambinter Stock Screening Col-
lections, China), 2,4-diaminophenol dihydrochloride (98%, Lancaster, Eastgate, White
Lund, Morecambe, England), and potassium iodide (≥99.5%, Aldrich, St. Louis, MO,
USA) were dried at elevated temperature in a vacuum prior to synthesis. 2-Hydroxyethyl
methacrylate (HEMA) (99%, Acros Organics, UK) and ε-caprolactone (99%, Aldrich, St.
Louis, MO, USA) were distilled twice under vacuum. Copper(I) chloride (99%, Aldrich,
St. Louis, MO, USA) was stirred in glacial acetic acid overnight, filtered, and washed
with argon-purged methanol (reagent grade, Vekton, Russia). Sn(II) 2-ethyl hexanoate
(Sn(EH)2) (~95%, Aldrich, Japan) was distilled under vacuum. 2-Bromoisobutyryl bromide
(98%, Aldrich, St. Louis, MO, USA), 2,2’-bipyridine (bpy) (≥99%, Aldrich, St. Louis,
MO, USA), sodium azide (NaN3) (≥99.5%, Aldrich, St. Louis, MO, USA), propargyl alco-
hol (99%, Aldrich, Steinheim, Germany), N,N,N′,N′ ′,N′ ′-pentamethyldiethylenetriamine
(PMDETA) (99%, Aldrich, Steinheim, Germany), copper(I) bromide (CuBr) (98%, Aldrich,
St. Louis, MO, USA), and LiBr (≥99%, Aldrich, St. Louis, MO, USA) were used without
additional purification.

2.2. Synthesis of PI-g-PHEMA as Branched Multicenter Macroinitiator with Hydroxyl Groups in
Each Repeating Unit of the Side Chains of the Grafted Copolyimide

The polyimide multifunctional macroinitiator with initiating groups in almost ev-
ery monomer unit was obtained by polycondensation of dianhydride of 3,3′,4,4′-(1,3-
diphenoxybenzene)-tetracarboxylic acid and 2,4-diaminophenol, its phenol groups being
further modified by 2-bromoisobutyryl bromide. The initial PI1 and the related PI2 multi-
functional macroinitiator (Figure 1, see Result and Discussion section) were synthesized
using procedures described in our previous publications [28–30].

To obtain a brush-type macroinitiator with hydroxyl groups in the side chains, graft
copolyimide PI-g-PHEMA was synthesized by polymerization of 2-hydroxyethyl methacry-
late (HEMA) on PI2 macroinitiator (Figure 1) by the ATRP. A typical synthesis procedure
was as follows. A weighed portion of PI2 (0.075 g, 0.11 mmol per initiating group) and
2,2′-bipyridine (0.052 g, 0.33 mmol) was placed into a 25 mL Schlenk flask equipped with
a magnetic stirrer, then DMF (16.5 mL, 0.21 mol) and HEMA (3.65 mL, 0.03 mol) were
added with the syringe. The solvent, monomer, and syringes were purged with argon. The
flask was sealed with a rubber septum, and the mixture was stirred until the powder was
completely dissolved. Then, three freeze−pump−thaw cycles were carried out (evacuation
for 15 min), after which the flask was filled with argon. After opening the septum in
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a stream of argon, CuCl (0.011 g, 0.11 mmol) was added to the reaction mixture, after
which the flask was closed again with the septum. Three more freeze−pump−thaw cycles
(evacuation for 15 min) of the reaction mixture were carried out. The flask was filled with
argon and thermostated in an oil bath, and placed on a magnetic stirrer with a temperature
controller, at 30 ◦C.

After a given reaction time, the reaction mixture was quickly cooled to room tempera-
ture and diluted two times with THF. To remove copper salts from the mixture, reaction
solution was passed through a column filled with Al2O3, then concentrated using a ro-
tary evaporator, and the polymerization product was precipitated into a water/methanol
mixture with a volume ratio of 1/6. The filtered powder was dried under vacuum at 50 ◦C.

2.3. Synthesis of Graft Copolymers PI-g-(PHEMA-g-PCL)

The synthesis of the copolymer was carried out by ROP of CL in bulk on PI-g-PHEMA.
A typical synthesis procedure is as follows: 0.05 g (0.23 mmol per initiating group) of
PI-g-PHEMA was added to a 25-mL Schlenk flask equipped with a magnetic stirrer, and
three freeze−pump−thaw cycles were carried out (evacuation for 15 min), after which the
flask was filled with argon. Then, 1.2 mL (0.011 mol) of ε-caprolactone was introduced in
an argon flow and thermostated at 130 ◦C using an oil bath. After complete dissolution
of the macroinitiator, 0.05 mL (0.15 mmol) of Sn(Oct)2 was introduced into the reaction
in an argon flow. Upon completion of polymerization, the reaction mixture was cooled
to room temperature and diluted with methylene chloride. The resulting solution was
passed through a silica gel column to purify the product from catalyst and monomer
impurities. The solution was then concentrated on a rotary evaporator and the product
was precipitated into cooled petroleum ether. The polymer was dried under vacuum at
30 ◦C.

2.4. Introduction of Azide Groups into Polyimide

The functionalization of the polyimide with azide groups was carried out as follows.
A weighed portion of PI2 macroinitiator (0.5 g, 0.66 mmol per initiating group) (Figure 1)
and DMF (14.4 mL, 0.19 mol) was placed in a 25-mL round-bottom flask equipped with a
magnetic stirrer, and the mixture was stirred until the powder was completely dissolved.
Then NaN3 (0.214 g, 3.3 mmol) was added to the flask and purged with argon for 30 min.
The mixture was stirred on a magnetic stirrer at room temperature overnight. The reacted
polymer was precipitated into methanol. The filtered powder was dried under vacuum at
50 ◦C.

2.5. Introduction of Distant Hydroxyl Groups to Polyimide

To obtain PI4 initiator (Figure 8, see Result and Discussion section), an azide-alkyne
cycloaddition was carried out between the azide groups of PI3 (Figure 8) and the acetylene
groups of propargyl alcohol. The typical synthesis was as follows. A sample of PI3
macroinitiator (0.25 g, 0.32 mmol per initiating group) (Figure 8) was placed in a 25 mL
Schlenk flask equipped with a magnetic stirrer. Propargyl alcohol (92.9 μL, 1.6 mmol)
and PMDETA (66.7 μL, 0.32 mmol) were added, and then DMF (4 mL, 0.052 mol) was
added using a syringe. The solvent and syringes were purged with argon. The flask was
sealed with a rubber septum, and the mixture was stirred until the powder was completely
dissolved. Then, three freeze−pump−thaw cycles (evacuation for 15 min) were carried
out, after which the flask was filled with argon. After opening the septum, CuBr (0.0457 g,
0.32 mmol) was added to the reaction mixture in an argon flow, after which the flask
was closed again with the septum, three more freeze−pump−thaw cycles (evacuation
for 15 min) of the reaction mixture were carried out, the flask was filled with argon and
thermostated in an oil bath, placed on a magnetic stirrer with a temperature regulator
at 50 ◦C overnight. Then the reaction mixture was cooled to room temperature and the
product was precipitated into methanol. Residual copper was disposed of by changing the
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precipitant and reprecipitation from DMF. The filtered powder was dried under vacuum at
50 ◦C.

2.6. Synthesis of Linear Homopolymer PCL with Terminal Alkyne Groups

The synthesis was carried out by ROP of CL in a solution in toluene using propar-
gyl alcohol as an initiator. A typical synthesis procedure is as follows: Propargyl al-
cohol (51 μL, 0.89 mmol), ε-caprolactone (1.97 mL, 17.8 mmol), and toluene (2.52 mL,
23.7 mmol) were added to a 10 mL Schlenk flask equipped with a magnetic stirrer. Then
three freeze−pump−thaw cycles (evacuation for 15 min) were carried out, after which
the flask was filled with argon. Then, 0.08 mL (0.25 mmol) of Sn(Oct)2 was introduced
in an argon flow into the reaction, after which the flask was closed again with a septum,
three more freeze−pump−thaw cycles (evacuation for 15 min) of the reaction mixture
were carried out, the flask was filled with argon and thermostated in the oil bath, placed
on a magnetic stirrer with a temperature controller, at 100 ◦C for a specified time (3 h)
and at 80 ◦C overnight. Upon completion of polymerization, the reaction mixture was
cooled to room temperature and diluted with methylene chloride. The resulting solution
was passed through a silica gel column to purify the product from catalyst and monomer
impurities. The solution was then concentrated on a rotary evaporator and the product
was precipitated into cooled petroleum ether. The polymer was dried under vacuum at
30 ◦C.

2.7. Synthesis of Grafted Copolyimides PI-g-PCL

To obtain the targeted copolymers, two approaches were used. The first approach
consisted in ROP of CL on a macroinitiator with distant hydroxyl groups (“graft from”).
A typical experiment was as follows. A 10 mL Schlenk flask equipped with a magnetic
stirrer was charged with 0.05 g (0.054 mmol per initiating group) of PI4 macroinitiator
(Figure 8), sealed with a rubber septum, and then 3 mL (26.9 mmol) of ε-caprolactone was
introduced in an argon flow. The mixture was thermostated at 130 ◦C in an oil bath. After
complete dissolution of the initiator, 0.123 mL (0.38 mmol) of Sn(Oct)2 was introduced
into the flask in an argon flow, and the reaction mixture was thermostated for a preset
time. The molar ratio of PI4/CL was 1/500. The amount of Sn(Oct)2 was 5 wt.% in relation
to the monomer. Upon completion of polymerization, the reaction mixture was rapidly
cooled to room temperature and diluted with methylene chloride. The resulting solution
was passed through a silica gel column to purify the product from catalyst and monomer
impurities. The solution was then concentrated using a rotary evaporator and the product
was precipitated into cooled petroleum ether. The polymer was dried under vacuum at
30 ◦C.

The second approach was to carry out an azide-alkyne cycloaddition between the azide
groups PI3 macroinitiator (Figure 8) and the alkyne groups of linear PCL. A typical reaction
was carried out as follows. A weighed portion of PI3 macroinitiator (0.05 g, 0.064 mmol
per initiating group) (Figure 8), PCL (0.447 g, 3.9 mmol per initiating group), and PMDETA
(13 μL, 0.064 mmol) was placed in a 25-mL Schlenk flask equipped with a magnetic stirrer,
then DMF (3.7 mL, 47.8 mmol) was added using a syringe. The solvent and syringes
were purged with argon. The flask was sealed with a rubber septum, and the mixture
was stirred until the powder was completely dissolved. Then, three freeze−pump−thaw
cycles (evacuation for 15 min) were carried out, after which the flask was filled with argon.
After opening the septum, CuBr (0.009 g, 0.064 mmol) was added to the reaction mixture
in an argon flow, after which the flask was closed again with the septum, three more
freeze−pump−thaw cycles (evacuation for 15 min) of the reaction mixture were carried
out, the flask was filled with argon and thermostated in an oil bath placed on a magnetic
stirrer with a temperature regulator, at 50 ◦C overnight. After that the reaction mixture
was quickly cooled to room temperature and diluted two times with THF. To remove
copper salts from the mixture, it was passed through a column filled with Al2O3, then
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concentrated using a rotary evaporator, and precipitated into cooled petroleum ether. The
filtered powder was dried under vacuum at 30 ◦C.

2.8. Methods
1H NMR spectra were recorded on Bruker AC-400 (400.1 MHz), with the signals of

the solvent (DMSO-d6, CDCl3) as the reference.
IR spectra were recorded using a Shimadzu IR Affinity-1S spectrophotometer in the

ATR mode (multiple attenuated total internal reflection) with a 4 cm−1 resolution and
30 scans.

Molecular weights and dispersities (Ð) of the samples were estimated by size exclusion
chromatography (SEC) on Agilent-1260 Infinity fitted with differential refractive index
(RID), light scattering (LS), and viscometry (VS) detectors equipped with two Agilent PLgel
MIXED-C columns (7.5 × 300 mm, 5 μm), 1 × 43 PLgel 5 M guard column (50 × 7.5 mm),
and autosampler. The analysis was carried out at 50 ◦C using 0.1 M LiBr in DMF as
eluent at a flow rate of 1.0 mL min−1. The salt was added to suppress the aggregation
of macromolecules. For triple detection analysis the system was calibrated using PMMA
standard with Mp = 2.16 × 103 g mol−1 with dn/dc=0.052. Before analysis, all samples
were passed through a 0.45 μm Nylon filters. SEC data were analyzed using Agilent
GPC/SEC Software version 1.2.

Thermogravimetric analysis (TGA) of obtained copolymers was performed using a
TG 209 F1 Libra analyzer (NETZSCH, Germany) in the temperature range of 25–800 ◦C
and heating rate of 10 deg min–1 under nitrogen. The weight of samples was 2–3 mg.

Melting temperatures and enthalpies of synthesized copolymers were determined by
differential scanning calorimetry (DSC) using a DSC 204 F1 Phoenix device (NETZSCH,
Germany) at a heating rate of 10 deg min–1 in the range from −30 to +120 ◦C under nitrogen.
The weight of samples was 2.5–3.5 mg.

The wide-angle X-ray scattering (WAXS) was carried out on an upgraded DRON 2.0
diffractometer (Saint-Petersburg, Russia) with CuKα radiation with a 0.154 nm wavelength.

3. Results and Discussion

PCL blocks were introduced into copolyimides by two fundamentally different ways.
In the first case, to obtain grafted copolyimides, a precursor molecular brush with poly(2-
hydroxyethyl methacrylate) (PHEMA) side chains was synthesized. Hydroxyl groups
located in each repeating unit of the side chains of such brushes were used as initiators for
carrying out ROP of CL. As a result the "brush on brush" structures PI-g-(PHEMA-g-PCL)
were obtained. The second approach was aimed at obtaining graft copolymers with PCL
side chains directly attached to the PI backbone. For this, a combination of ROP and
CuAAC was used in two different variations.

3.1. Synthesis of Multifunctional Polyimide Initiators

The synthesis of multifunctional polyimide initiators with initiating OH-groups PI1
and 2-bromoisobutyrate groups PI2 in each repeating unit (Figure 1) based on soluble poly-
imide obtained by polycondensation of 4,4’-(1,3-phenylene-dioxy)bisphthalic anhydride
and 2,4-diaminophenol was carried out according to a previously developed method [29].
The synthesis of polyimide was carried out according to the standard two-stage scheme
with the preparation of polyamido acid (PAA) at the first stage and its subsequent thermal
imidization in solution. During the synthesis of PAA, the equimolar ratio of monomers
was strictly observed. The presence of a signal at 10.3 ppm in the 1H NMR spectrum of
the product of thermal imidization of PAA indicated the presence of phenolic groups in
PI1 (Figure 2). To obtain initiator PI2, samples of initiator PI1 were used as precursors, and
treated with 2-bromoisobutyryl bromide under conditions that ensure almost complete es-
terification of the hydroxyl groups of PI1 [29]. The degree of functionalization by initiating
2-bromo-isobutyrate groups of PI2 initiator intended to perform ATRP, was 97 ÷ 99 mol%
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according to the 1H NMR spectroscopy data, i.e., virtually every repeating unit contained
an initiating group.

Figure 1. Multifunctional polyimide macroinitiators.

Figure 2. 1H NMR spectrum of macroinitiator PI2.

In the IR spectrum of PI1 (Figure 3), in addition to the characteristic bands of sym-
metric and antisymmetric vibrations of C=O groups of imide rings at 1780 and 1720 cm−1,
respectively, there was an absorption band in the region of 1660 cm−1, which belongs to the
vibrations of OH-phenol groups. The absence of the band at 1680 cm−1 indicates an almost
complete conversion of o-carboxyamide groups of PAA to imide rings. It should also be
noted that there are no absorption bands in the region of 1620 and 935 cm−1, the presence of
which would indicate the development of benzoxazole rings during the high-temperature
reaction with the participation of phenol and imide groups [31].

It should be noted that in an attempt to obtain initiator similar to PI1 but with a
hydroxymethyl group in each repeating unit, during the thermal imidization of PAA
based on (3,5-diaminophenyl)methyl alcohol an irreversible gelation rapidly develops at
170–180 ◦C in the N-MP solution which leads to a product insoluble in amide solvents.
Apparently, interlink and/or interchain interactions of a more mobile and reactive (than
phenol group) hydroxymethyl group leads to the formation of insoluble supramolecular
structures due to hydrogen bonds.
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Figure 3. IR spectrum of macroinitiator PI1.

3.2. Synthesis of Brush-on-Brush Type Copolyimides

Previously, we reported [26], that polymerization of CL on PI macroinitiator PI2
(Figure 4) with phenol-type initiation groups practically does not proceed and the main
polymerization product is homopolymer PCL. So, the introduction of PCL blocks into
the side chains was carried out by performing ROP at the hydroxyethyl groups of the
side chains of the polyimide brush with poly(2-hydroxyethyl methacrylate) side chains
PI-g-PHEMA, which was used as a branched multifunctional macroinitiator. To obtain it,
ATRP of 2-hydroxyethyl methacrylate was carried out on macroinitiator PI2. Table 1 shows
the ATRP conditions and the monomer conversion values determined gravimetrically.

The formation of the copolymer PI-g-PHEMA was confirmed by the shift of the signals
of the methyl protons of 2-bromo-isobutyrate groups from the 1.9 ppm to the 1.5 ppm in
the 1H NMR spectrum of the ATRP products (Figure 5) and the appearance of signals of
methylene protons of the –CH2–OH group at the 3.8 ppm while maintaining the signals
of aromatic protons in the range of 6.0–8.5 ppm, related to the polyimide backbone. The
intensities of the peaks from the PI backbone decreased due to its lower content in the final
molecular brush.

In the IR spectrum (Figure 6) of the HEMA polymerization product, in comparison
with the spectrum of the macroinitiator, absorption bands of OH groups at 3500 cm−1,
of methylene groups at 2950 cm−1 belonging to the PHEMA chains appeared, and the
band at 1765 cm−1 disappeared, which refers to the vibrations of an ester group with an
electronegative substituent (2-Br-substituent) in the α-position.

The structure of the obtained copolymers was proved by the complex use of 1H NMR
spectroscopy and SEC. In the 1H NMR spectrum (Figure 5) of the CL polymerization
product, signals of methylene protons –OCH2– and –COCH2– groups of PCL chains were
observed at 4.1 and 2.3 ppm, respectively.
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Figure 4. Synthesis of PI-g-PHEMA and PI-g-(PHEMA-g-PCL).

Table 1. Synthesis of PI-g-PHEMA by ATRP on macroinitiator PI2 in DMF solution.

NO PI2/bpy/CuCl/HEMA * [HEMA],% T, ◦C t, h α, %

1 1/3/1/50 12 30 1 13.3

2 1/3/1/50 12 30 2 19.4

3 1/3/1/50 12 30 20 gel
*–molar ratio of the components in the reaction system, α–conversion of the monomer.

Figure 5. 1H NMR spectra of macroinitiator PI2 (a), PI-g-PHEMA (b) and PI-g-(PHEMA-g-PCL) (c).
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Figure 6. IR spectra of macroinitiator PI2, PI-g-PHEMA and PI-g-(PHEMA-g-PCL).

Sequential offset of the MWD curves in the macroinitiator PI2, PI-g-PHEMA and
PI-g-(PHEMA-g-PCL) series to the high MM values (Figure 7) and the presence of only one
peak for PI-g-(PHEMA-g-PCL) indicates the grafting of PCL side chains to the PHEMA
chains. According to the MW data corresponding to this series of polymers (Table 2), when
passing from PI to the “brush on brush” structure, the MW increases by almost four times.
A significant decrease in the value of the increment of the refractive index dn/dc in the
series obviously reflects an increase in the ratio of aliphatic units in the copolymer.

104 105 106 107

 macroinitiator PI2
 PI-g-PHEMA
 PI-g-(PHEMA-g-PCL)

Mn

Figure 7. MWD curves of macroinitiator PI2, PI-g-PHEMA, and PI-g-(PHEMA-g-PCL).

Table 2. MW characteristics of macroinitiator PI2, PI-g-PHEMA and PI-g-(PHEMA-g-PCL).

NO Sample Mn × 10−3 Ð dn/dc, mL/g

1 PI2 macroinitiator 60 2.8 0.148

2 PI-g-PHEMA 180 3.9 0.087

3 PI-g-(PHEMA-g-PCL) 220 2.5 0.058
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3.3. Synthesis of Molecular Brushes PI-g-PCL with a Polyimide (PI) Backbone and
Polycaprolactone (PCL) Side Chains Using a Combination of ROP and CuAAC

To obtain the targeted copolymers PI-g-PCL, the following synthesis scheme was
proposed, which includes two routes (Figure 8).

 
Figure 8. Routes for the synthesis of grafted copolyimides with PCL side chains by ROP and CuAAC.

3.3.1. Synthesis of PI with Azide Groups

At the first stage, samples of prepolymer PI3 (Figure 8) with azide functional groups
were obtained. For this, polyimide macroinitiator PI2 (Figure 8) with 2-bromo-isobutyrate
groups was modified under the action of sodium azide NaN3. Azidating agent was taken
in 4 ÷ 10-fold excess. The reaction proceeded at room temperature for two hours. Ac-
cording to the 1H NMR spectra (Figure 9), functionalization with sodium azide proceeded
completely, as a result of which the signal at 1.9 ppm shifted to the 1.35 ppm. The degree
of functionalization was determined by the content of 2-bromo-isobutyrate groups in the
initial polyimide macroinitiator, which was 60%.

Table 3 presents the molecular weight characteristics of the initial PI2 macroinitiator
with 2-bromo-isobutyrate groups and the obtained PI3 macroinitiators with azide groups.

During the isolation of the azidation product, the polymer is apparently fractionated,
which leads to a decrease in the dispersity and MW of the obtained macroinitiators PI3.

Table 3. MW characteristics of PI macroinitiators.

№ Sample In/NaN3 Ratio Mn × 10−3 Ð

1 Macroinitiator PI2 - 25 2.7

2

Macroinitiator PI3

1/10 22 1.3

3 1/5 17.5 1.2

4 1/5 20 1.2

589



Polymers 2021, 13, 3312

 

Figure 9. 1H NMR spectra of macroinitiator PI2 (a) and macroinitiator PI3 (b).

3.3.2. Synthesis of PI with Hydroxyl Side Groups Attached to the PI Backbone through the
1,2,3-Triazole Linker

To implement the first route of the synthesis, the obtained prepolymer PI3 (Figure 8)
was introduced into reaction with the propargyl alcohol. As a result of a click reaction,
initiating ROP hydroxyl groups separated from the benzene ring of the backbone by a
triazole ring (macroinitiator PI4, Figure 8) were introduced into the initiator. The reaction
was carried out at a 50 ◦C for 2 hours in an N-MP using a 1.5-fold excess of propargyl alcohol
and a CuCl/PMDETA catalytic system. Figure 10 shows the IR spectra of macroinitiators
PI3 and PI4 (Figure 8). In the IR spectrum of the macroinitiator PI4, in addition to the
characteristic absorption bands of imide rings (at 1370 cm–1 and a doublet at 1776 cm–1

and 1717 cm–1), there is a peak at 2300 cm–1, which refers to the stretching vibrations of the
ethynyl group (–C≡CH) (Figure 10).

3500 3000 2500 2000 1500 1000

Wavenumber, cm 1

 macroinitiator PI3
 macroinitiator PI4

Figure 10. IR spectra of PI macroinitiators PI3 and PI4.
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The resulting polymer PI4, according to the SEC data, had the following characteristics:
Mn = 34 × 10−3, Ð = 1.2.

3.3.3. Synthesis of Molecular Brushes with a PI Backbone and PCL Side Chains by
Polymerization of ε-Caprolactone on a Multicenter Macroinitiator PI4

The resulting macroinitiator PI4 (Figure 8) was used to carry out ROP of CL in bulk
(initiator/monomer molar ratio = 1/1000) at 130 ◦C in an inert atmosphere in the presence
of tin (II) octanoate as a catalyst. The 1H NMR spectrum of the obtained polymer (Figure 11)
contains signals of methylene protons of the –OCH2– and –COCH2– groups at 4.0–4.1 ppm
and 2.2–2.3 ppm and the middle methylene groups of the PCL side chains at 1.6–1.7 ppm
and 1.35–1.45 ppm. In the spectrum of the polymerization product, signals of aromatic
protons are not visible, due to the fact that in chloroform the polyimide is completely
shielded by the PCL side chains.

 

Figure 11. 1H NMR spectrum of the polymerization product of CL on macroinitiator PI4.

Table 4 presents the polymerization conditions and MW characteristics of the obtained
molecular brushes with PCL side chains.

Table 4. Polymerization conditions and MW characteristics of the PI-g-PCL.

№ In/M Ratio t, h Mn × 10−3 Ð

1 1/1000 1 43 1.7

2 1/500 2 52 1.5

Therefore, this approach allows to obtain graft copolymers with a PI backbone and
relatively short PCL side chains, which is illustrated by the MWDs in Figure 12.
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Figure 12. MWD curves of macroinitiators PI3 and PI4, and grafted copolyimide PI-g-PCL 5.

3.3.4. Synthesis of Molecular Brushes with a PI Backbone and PCL Side Chains by CuAAC
of Prepolymers

To implement the second route, a linear PCL (Figure 8) with a terminal triple bond was
synthesized. Polymerization was carried out in bulk at 100 ◦C using propargyl alcohol as
an initiator and tin (II) octanoate as a catalyst. The 1H NMR spectrum of the polymerization
product (Figure 13) contains all characteristic signals of PCL: signals of methylene protons
of the –OCH2– and –COCH2– groups at the 4.0–4.1 ppm and 2.2–2.3 ppm and the middle
methylene groups of the PCL chains at 1.6–1.7 ppm and 1.35–1.45 ppm. Moreover, clear
signal at the 4.3 ppm, related to the protons of the –C≡CH end groups is visible in the 1H
NMR spectrum (Figure 13).

 

Figure 13. 1H NMR spectrum of linear PCL with pendant –C≡CH groups.
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Table 5 presents the polymerization conditions and MW characteristics of the obtained
linear PCL with the –C≡CH end groups.

Table 5. Polymerization conditions and MW characteristics of the linear PCL.

№ Solvent In/M Ratio Mn × 10−3 Ð

1 - 1/50 13.7 1.3

2 toluene 1/20 4.5 1.6

Azide-alkyne cycloaddition was carried out between linear PCL and macroinitiator PI3
(Figure 8), as a result of which the targeted copolyimides PI-g-PCL were also obtained. The
click-reaction was carried out in an N–MP at 70 ◦C for 24 h, using CuCl/PMDETA as the
catalytic complex. The molar ratio of the reagents was PI3/PCL/CuCl/PMDETA = 1/2/1/1.

Table 6 presents the MW characteristics of the products of click-reaction between linear
PCL and macroinitiator with azide groups PI3. It can be seen that the implementation of
the second approach leads to a more significant increase in molecular weight (Table 6), but
unreacted linear PCL remains in the system. It is found in the form of a second peak in
the chromatogram in the lower molecular weight region and its MW completely coincides
with the mass of the previously analyzed linear PCL with alkyne end groups.

Table 6. MW characteristics of the click-reaction products.

Sample Peak Mn × 10−3 Ð

1
1 171 2.2

2 13 1.5

3.4. TGA, DSC and X-ray Study of the Synthesized Copolymers

Table 7 and Figure 14 presents the data on the thermal stability of the PI macroinitiator,
PCL macromonomer, and linear and grafted copolyimides based on it. All copolymers lost
most of the weight before 400 ◦C. But they are mostly stable till 275 ◦C, while linear PCL
start to decompose already at 210 ◦C. The residual mass depends on the content of PI block
in the copolymer. While linear PCL retains less than 1% of mass after 800 ◦C, molecular
brush with long PCL side chains (PI-g-PCL 1)–2%, and molecular brush with short PCL
side chains (PI-g-PCL 2)–15%.

Melting temperatures (Tm) and enthalpy (ΔHm) of copolymers determined by the
DSC method are presented in Table 7. The DSC curves of synthesized copolymers are
presented with the endothermic melting peaks (Figure 15). All copolymers melt in the
range from 52 to 58 ◦C and the melting enthalpy increases with the increase of PI content
in the copolymer.

Table 7. Thermal properties of synthesized copolymers.

Polymer
TGA DSC

τ5 (◦C) τ10 (◦C) Mass Residua, % Tm, ◦C ΔHm, J/g

PI macroinitiator 232.9 375.0 53.83 - -

PCL 210.5 259.6 0.82 54.3 −87.49

PCL-b-PI-b-PCL 284.6 311.7 7.08 58.1 −65.54

PI-g-PCL 1 274.3 296.9 2.12 55.8 −70.93

PI-g-PCL 2 279.1 303.7 14.81 52.3 −68.39
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Figure 14. TGA curves for the synthesized macroinitiators, macromonomer, and copolymers.
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Figure 15. DSC curves for the synthesized macromonomer and copolymers.

Comparison of diffractograms of linear PCL with films of its linear and grafted
copolymers showed that they are practically symbate (Figure 16). Consequently, the
introduction of a polyimide block into the polycaprolactone matrix practically did not lead
to a change in the degree of crystallinity of PCL. Apparently, the length of the PI blocks
between PCL blocks is not enough for the PI to form the amorphous areas in the copolymer,
so they’re ordered inside PCL crystalline structure.
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Figure 16. Diffractograms of linear PCL, triblock-copolymer PCL-b-PI-b-PCL, and grafted copoly-
imide PI-g-PCL.

4. Conclusions

Multicomponent copolymers, in which PI blocks are combined with blocks of biocom-
patible aliphatic polymers, have great potential for the development of materials for tissue
engineering. The introduction of PCL blocks into multiblock copolymers is of considerable
interest from the point of view of further applications of these copolymers since PCL blocks
are capable of undergoing alkaline and plasma etching and biodegradation. The synthesis
of new initiators and the ROP of monomers and macromonomers containing functional
groups on such initiators is a promising strategy for the preparation of macromolecules of
complex architecture.

In this work we suggested an approach to the synthesis of the novel polymer molecular
brushes with a polyimide (PI) backbone and poly(ε-caprolactone) (PCL) side chains. Using
combination of polycondensation, ATRP, ROP, and CuAAC – targeted grafted copolyimides
PI-g-PCL were synthesized as well as more complex “brush on brush” structures PI-g-
(PHEMA-g-PCL). Comparison of different combinations of ROP and CuAAC showed that
polymer-analogous transformations of a multicenter PI macroinitiator with an initiating
hydroxyl group separated from the main chain by a triazole ring and carrying out ROP on
it allows obtaining graft copolymers with a PI backbone and relatively shorter PCL side
chains. While a separate synthesis of macromonomers with the desirable functional groups
(polyimide with azide groups and PCL with terminal alkyne groups), followed by a click
reaction leads to a more significant increase in molecular weight, but unreacted linear PCL
remains in the system. X-ray scattering data showed that the introduction of a polyimide
block into the polycaprolactone matrix practically did not change the degree of crystallinity
of PCL.
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Abstract: This work is devoted to the influence of phosphazene modifiers with different substituents
on the curing process, thermal properties and flammability of benzoxazine resin. Novel catalysts
with m-toluidine substituents were introduced. The catalytic activity of studied phosphazene com-
pounds decreased in the row: hexachlorocyclotriphosphazene (HCP) > tetra m-toluidine substituted
phosphazene PN-mt (4) > hexa m-toluidine substituted phosphazene PN-mt (6) > hexaphenoxy-
cyclotriphosphazene (HPP), where HPP is totally inactive. Two types of catalysis: basic and acid
were proposed. A brief study of resulting properties of polybenzoxazines was presented. The
addition of any studied modifier caused the decrease of glass transition temperature and thermal
stability of polymers. The morphology of cured compositions was characterized by matrix-dispersion
phase structure. All phosphazene containing polybenzoxazines demonstrated the improved flame
resistance.

Keywords: benzoxazines cure; phosphazenes; flame retardant; catalysis; thermal analysis

1. Introduction

Polymer composite materials (PCM) have become ingrained in our everyday lives.
They have the advantages of low specific gravity combined with high strength, moisture
and chemical resistance, radio transparency, excellent dielectric properties, durability, etc.
Because of these properties PCM came into common use in automotive and shipbuild-
ing industries, aircraft, sports, medical applications, and many other fields. However,
technological progress and economic development have helped scientists improve the
quality of PCM by modifying binder and filler. As one of the main disadvantages of both
polymers and composites based on them is their high flammability due to the organic
nature of the matrix, which limits wider application of PMC, coke-forming phenolic or
polybenzoxazine matrices [1] or epoxy and polyester binders modified with flame retar-
dants are usually used in transport interior industry [2,3]. However, the introduction,
for instance, of phosphorus-containing flame retardants, as a rule, leads to a significant
decrease in mechanical properties and heat resistance of the polymer due to the absence of
compatibility between matrix and flame retardant resulting in a two-phase system.

Our object of study is benzoxazine binders for PCM. It is a novel class of monomers
commercialized in 2008. For now, many corporations such as Huntsman Advanced Materi-
als and Henkel have branded benzoxazine binders and prepregs. Benzoxazine monomers
have the feature of thermal self-curing (Figure 1) that could be proceeded by different mech-
anisms proposed in the literature [4]. Polybenzoxazines are characterized by a number of
beneficial properties, including high mechanicals, dimensional stability and heat resistance,

599



Polymers 2021, 13, 3111

near-zero curing shrinkage, and low moisture absorption [5,6]. Some polybenzoxazines
are completely nonflammable, for instance, ones based on 4,4′-diaminodiphenylmethane
(P-d) and 3,3′-dichloro-4,4′-diaminodiphenylmethane (P-q) with phenol [7]. However,
most of them have just reduced flammability reaching V-1/V-2 category by UL-94 tests.
Another common problem of benzoxazine is high curing temperature, and therefor low
energy efficiency, that limits their use in different technologies. The main way to solve this
problem is to use the catalysts [8–12] such as phenols, strong acids [9], carboxylic acids
and Lewis acids for the homopolymerization of benzoxazines. The base catalysts such as
amines [13], imidazoles [14], and organophosphorus compounds, which exhibit a weaker
catalyzing effect in comparison with acidic ones, are also applicable.

Figure 1. Formation of polybenzoxazine network by thermal curing process.

Thus, these are two problems of benzoxazine that our scientific group are to cope with:
flammability and catalysis. Pursuing this complex goal phosphazene-based compounds
may become widespread.

Phosphazenes are a unique class of heterocyclic compounds, discovered by Liebig,
Wöhler, and Rose in 1834. The unique features of phosphazenes are their outstanding
flexible molecular design and a wide range of homologous cyclo- and linear phosphazenes
applied in many different fields. A lot of functionalized epoxy resins, benzoxazines, and
amine-based curing agents with phosphazene core are proposed in the literature [6,15–20].
Cyclophosphazenes, owing to their flexible design, have the possibility of replacing chlorine
atoms in hexachlorocyclotriphosphazenes with practically any substituents that in fact
determine the properties of the resultant compound. They also may form numerous
complexes. That is why scientists often use phosphazenes as a base for catalysts, extractants,
and curing agents. Moreover, due to their inorganic nature they take on market as flame
retardants [3]. The synergistic effect of phosphorus and nitrogen atoms enclosed in an
unsaturated skeleton contributes to enhanced flame resistance [21,22] in the process of
thermooxidative destruction (combustion). The mechanism of the synergistic effect in
phosphazenes is not fully understood; however, it is known that the organophosphorus
molecules are efficient radical scavengers and flame quenching materials, and combustion
processes are essentially exothermic free-radical reactions, so the existence of radical
stabilizers impedes combustion by the quenching mechanism. On the other hand, the
nitrogen-containing moieties release an inert gaseous byproduct to form a highly porous
char that provides thermal insulation and prevents the combustion from spreading [23].

Phosphazene-based retardants as other retardants can be either additive or reactive.
The most frequently additive modifiers contribute to the reduction of mechanical properties
of resulting polymers forming a two-phase system that could be defective. Therefore,
miscible or reactive flame retardants are preferable.

Our previous work [24] was devoted to a novel catalyst-flame retardant based on phos-
phazene for benzoxazine monomer based on bisphenol A, m-toluidine, and paraphormalde-
hyde (BA-mt). The efficiency of hexakis–(3–methylphenylamino)cyclotriphosphazene (PN-
mt) as a catalyst and flame retardant was proved. In this work we intend to continue our
study of this type of phosphazene catalyst-flame retardant, disclose the influence patterns
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of substituents in hexachlorocyclotriphosphazenes on the curing process, and give a brief
study of thermal properties and flammability of the resulting polymer.

The following modifiers for BA-mt matrix were chosen: hexachlorocyclotriphosp-
hazenes, Tetrakis–(3–methylphenylamino) dichlorocyclotriphosphazene, and hexakis–(3–
methylphenylamino) cyclotriphosphazene and hexaphenoxycyclotriphosphazene. The first
and the last are well-known compounds: an initial reagent and additive in flame retardant,
respectively. They are expected to be the extreme points: the most reactive and nonreactive,
respectively. The second and the third compounds, our novel modifiers, differed in the
degree of m-toluidine substitution, so we expect the reduction of reactivity in the above
mentioned list.

2. Materials and Methods

2.1. Starting Materials

Hexachlorocyclotriphosphazene (HCP) was purchased from Shandong Chuangyu
Chemical Co., Ltd., Shandong, China. HCP was recrystallized from hexane before use.
M-toluidine (Acros Organics, Geel, Belgium) was distilled twice under vacuum before
use. Bisphenol A (4,4′–(Propane–2,2–diyl)diphenol) was supplied by by Kazanorgsintez
PJSC, Kazan, Russia and used without further purification. Phenol was distilled before use.
Excipients were used without preliminary purification. Solvents were purified according
to known methods, and their physical characteristics corresponded to literature data [25].

2.2. Synthesis of Benzoxazine Monomer Based on Bisphenol A, M-Toluidine, and
Paraphormaldehyde (BA-mt)

Benzoxazine BA-mt (bis(3–(m–tolyl)–3,4–dihydro–2H–1,3–benzoxazine) is a well-
known commercialized monomer. It was chosen as the matrix for compositions to continue
our study of a novel catalyst, revealed in our previous work [24]. It was synthesized using
the method reported in the literature [26]. The product yield was 95%. Completely cured
BA-mt has a glass transition temperature of 217 ◦C for samples cured under following
conditions: 2 h 180 ◦C, 4 h 200 ◦C, and 1 h 210 ◦C.

2.3. Synthesis of Hexakis–(3–methylphenylamino)cyclotriphosphazene (PN-mt (6))

PN-mt (6) was obtained according to the method reported in our previous work [24].
A 250 mL round-bottom flask equipped with a magnetic stirrer and a reflux condenser
was charged with 10 g (0.0287 mol) of HCP, dissolved in advance in 50 mL of 1,4-dioxane,
24.60 g (0.230 mol) of meta-toluidine, and 20.32 g (0.230 mol) triethylamine. The reaction
mixture was refluxed under intensive stirring for 8 h. Further the solvent and excess of
triethylamine and meta-toluidine were distilled off using a vacuum rotary evaporator. At
first the remaining white mass with a yellowish tinge was repeatedly washed with distilled
water. The product was twice precipitated from ethanol into water and, finally, dried in a
vacuum until a constant mass was achieved. The final product was a white fine powder.
The yield was 16.51 g (82%).

2.4. Synthesis of Tetrakis–(3–methylphenylamino)dichlorocyclotriphosphazene (PN-mt (4))

PN-mt (4) was obtained according to the following procedure. A 250 mL round-
bottom flask equipped with a magnetic stirrer and a reflux condenser was charged with
10 g (0.0287 mol) of HCP, previously dissolved in 50 mL of 1,4-dioxane, 12.30 g (0.115 mol)
of meta-toluidine and 11.61 g (0.115 mol) triethylamine. The reaction mixture was refluxed
under intensive stirring for 6 h. Then, the solvent and excess of triethylamine and meta-
toluidine were distilled off using a vacuum rotary evaporator. At first the remaining white
mass with a yellowish tinge was repeatedly washed with distilled water. The product
was twice reprecipitated from ethanol into water and, finally, dried in a vacuum until a
constant mass was achieved. The final product was a white fine powder. The yield was
16.12 g (75%).
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2.5. Synthesis of Hexaphenoxycyclotriphosphazene (HPP)

HPP was obtained according to the following procedure. A 200 mL round-bottom
flask equipped with a reflux condenser and an overhead stirrer was charged with 10.00 g
(0.0287 mol) HCP, 17.55 g (0.1868 mol) phenol, and 47.56 g (0.3446 mol) K2CO3, then
125 mL of acetonitrile was added. The mixture was boiled for 14 h. At the end of the
process, the hot solution was filtered from salts and the solvent was distilled off. After
that, the dry product was dissolved in 125 mL of toluene and washed three times with
10% sodium hydroxide solution. Then, it was washed with distilled water until neutral pH.
The resulting solution was dried to remove traces of water with sodium sulfate for 1 h with
intensive stirring. The resulting suspension was filtered, and the solvent was distilled off to
constant weight. As a result, 16.32 g of white crystals of hexaphenoxycyclotriphosphazene
were obtained. The yield was 82%.

2.6. Composition Preparation

In order to determine the effect of substituents in phosphazene compounds on the
curing process of benzoxazine monomer BA-mt, the following formulations presented
in Table 1 were prepared. The variation of modifier’s concentration in the mixtures was
determined by several applied purposes: to achieve catalysis enough for compete cure
under set curing conditions, to enhance flame resistance, and to maintain heat resistance at
an appropriate level.

Table 1. Formulations of mixtures in parts per hundred resin (phr).

Formulation Index Catalyst, Phr Catalyst

BA-mt 1 0 −
HCP-5 5

HCP 2HCP-10 10
HCP-15 15

PN-mt (4)-5 5
PN-mt (4) 3PN-mt (4)-10 10

PN-mt (4)-15 15
PN-mt (6)-5 5

PN-mt (6) 4PN-mt (6)-10 10
PN-mt (6)-15 15

HPP-5 5
HPP 5HPP-10 10

HPP-15 15
1 BA-mt—bis(3—(m—tolyl)—3,4-dihydro—2H—1,3-benzoxazine, 2 HCP-Hexachlorocyclotriphosphazene, 3 PN
-mt(4)—Tetrakis-(3-methylphenylamino)dichlorocyclotriphosphazene, 4 PN-mt(6)—Hexakis-(3-methylpheny
lamino)cyclotriphosphazene, 5 HPP—Hexaphenoxycyclotriphosphazene.

Compositions with HCP were prepared by dissolving of calculated amount of HCP in
BA-mt melt at 100 ◦C for 10 min. The other compositions were prepared by dissolving the
calculated amount of catalyst in 1,4-dioxane at 80 ◦C followed by addition of the obtained
catalyst solution to the calculated amount of BA-mt. The mixtures were stirred at 80 ◦C
for 10 min to achieve a homogeneous transparent solution. Subsequent degassing of the
systems was performed at 120 ◦C for 30 min at a residual pressure of 1.0 kPa. Obtained
compositions were either used as received for curing study or cured at 180 ◦C for 6 h for
further thermal analysis and microscopy. Samples cured at 160 ◦C − 2 h + 180 ◦C − 2 h +
200 ◦C − 2 h + 210 ◦C − 1 h were utilized for flammability tests.

2.7. Measurements

The 1H, 31P, and 13C NMR spectra were obtained in DMSO-d6 solutions with a Bruker
AV-400 spectrometer (Bruker Corporation, Bremen, Germany) operating at 400, 162, and
100 MHz, respectively. The signals, due to the deuterated solvents, were used as internal
references. The chemical shifts of the signals were calculated relative to the signals of
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tetramethylsilane (1H, 13C) and phosphoric acid (31P), which were used as references.
The spectra were processed with the help of the MestReNova Lab software package
(version 12.0.4, MESTRELAB RESEARCH, S.L, Santiago de Compostela, Spain).

Differential scanning calorimeter DSC 214 Polyma (Netzsch, Selb, Germany) was
used for monitoring thermal effects [27]. The temperature characteristics of the curing and
glass transition temperatures of cured samples were determined according to ISO 11357-
5:1999 [28] and ISO 11357-2:1999 [29], respectively. The heating rate for all measurements
was 10 ◦C/min. All tests were performed in the temperature range 50–300 ◦C in a nitrogen
atmosphere at a rate flow of 40 mL/min. The weight of the samples ranged from 5 to
10 mg. For data processing, Proteus Thermal Analysis version 8.0.2 software (Netzsch,
Selb, Germany) was used.

The simultaneous thermal analyzer STA 449 F3 Jupiter (Netzsch, Selb, Germany)
was used to evaluate the thermal stability of cured resin samples. The heating rate for
all measurements was 20 ◦C/min. All tests were performed in the temperature range
50–1000 ◦C in a helium atmosphere at a flow rate of 100 mL/min. The weight of the samples
ranged from 10 to 20 mg. For data processing, Proteus Thermal Analysis version 8.0.2.
software (Netzsch, Selb, Germany) was used.

Flammability tests were carried out in accordance with Vertical Burning Test UL-94
(ASTM D3801–20a, Northbrook, IL, USA) [30] for 5 samples. The dimensions of the samples
were 127 mm × 12.7 mm × 2 mm.

The morphology of cracks was investigated on an FEI Quanta 650 scanning electron
microscope (Thermo Fisher Scientific, Waltham, MA, USA) in the secondary electron mode
at an accelerating voltage of 10 kV. The phase structure was developed by plasma etching
of a low-frequency oxygen discharge at a universal vacuum station (Edwards Coating
System E306A, England). Sample preparation consisted of vacuum thermal sputtering of
gold onto the crack surface (Edwards Coating System E306A, Burgess Hill, Great Britain).

3. Results and Discussions

3.1. Synthesis and Characteristics of Products

Structures of all compounds used in compositions are presented in Figure 2.

Figure 2. Cont.
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Figure 2. Structures of matrix BA-mt (a) and the modifiers: HCP (b), PN-mt(4) (c), PN-mt(6) (d), HPP (e).

Benzoxazine monomer BA-mt chosen for our catalysis study was obtained according
to the method described in [26]. Monomer was characterized by 1H (Figure S1 in Supple-
mentary Materials), 13C (Figure S2 in Supplementary Materials) NMR spectroscopy, DSC
(Figure S3 in Supplementary Materials) and TGA (Figure S4 in Supplementary Materials).
1H NMR spectrum corresponds the structure of synthetized BA-mt. Signals at the area
δH = 4.67 ppm (Ar–CH2–N) and δH = 5.42 ppm (O–CH2–N) correspond to methylene
groups in the oxazine ring. The broadened signal at 4.25–4.5 ppm corresponds to the
methylene protons of oligomeric compounds. The presence of oligomerized monomer in
the product is either confirmed by a slight broadening of the DSC peak corresponded to the
benzoxazine curing. Other thermal characteristics are Tpeak = 233.3 ◦C and ΔH = 320.1 J/g.
Thermal resistance of the cured matrix was evaluated by TGA. The temperature of 5% mass
loss was 358.5 ◦C and residual mass at 1000 ◦C was 30.38%.

The modifier HPP obtained according to Section 2.5 was characterized by 1H (Figure S5
in Supplementary Materials), 13C (Figure S6 in Supplementary Materials), and 31P (Figure S7
in Supplementary Materials) NMR spectroscopy, DSC (Figure S8 in Supplementary Ma-
terials) and TGA (Figure S9 in Supplementary Materials). The 1H-NMR spectrum of the
product shows proton signals in the region of 6.85–7.40 ppm that correspond to signals
of phenoxy substituents. In the area of 2.5 ppm there is a signal of residual protons of
DMSO-d6. The 13C-NMR spectrum contains signals of carbon atoms of benzene rings
of phenoxy substituents in the ranges 120.48–129.90 ppm and 149.92 ppm. In the region
39.13–39.97 ppm carbon signal of DMSO-d6 is present. The 31P-NMR spectrum contains
signals of phosphorus atoms in HPP (8.55 ppm). DSC exotherm detected the melting
temperature of 112.6 ◦C. Destruction of the compound was evaluated by TGA revealing
the temperature of 5% mass loss being 324.8 ◦C and residual mass at 1000 ◦C − 4%.

The modifier PN-mt(4) obtained according to Section 2.4 was characterized by 1H
(Figure S10 in Supplementary Materials), 13C (Figure S11 in Supplementary Materials),
and 31P (Figure S12 in Supplementary Materials) NMR spectroscopy, DSC (Figure S13
in Supplementary Materials) and TGA (Figure S14 in Supplementary Materials). The
1H-NMR spectrum of the product shows proton signals in the range of 2.12–2.24 ppm
which correspond to the signals of the methyl groups of m-toluidine, 7.02–7.08 ppm and
8.02–8.05 ppm the protons of the benzene ring of m-toluidine, as well as 6.64–6.67 ppm
corresponding signals of protons of secondary amine groups attached to phosphorus atoms.
The ratio of protons of the secondary amine groups to methyl protons of m-toluidine is 1:3 as
calculated. The 13C-NMR spectrum of the product contains signals from the carbon atoms
of the methyl groups of m-toluidine in the regions of 21.19–21.28 ppm, 115.02–141.37 ppm
atoms of benzene rings. In the range 38.85−40.11 ppm signals of carbons 13C DMSO-d6
are present. The 31P-NMR spectrum of the product contains signals of phosphorus atoms
corresponding to the degrees of substitution: three- (geminal)—in the regions of 22–23,
6.5–7.5, and −0.5–0.5 ppm, and tetra (geminal) −21–22 and (−1.5)–(−1) ppm. Such a
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specific nature of substitution, which differs from the most common non-geminal one,
requires a separate study. DSC exotherm detected the melting temperature of 195.2 ◦C.
Destruction of the compound was evaluated by TGA revealing the temperature of 5% mass
loss being 261.9 ◦C and residual mass at 1000 ◦C − 35%.

The modifier PN-mt(6) obtained according to Section 2.3 was characterized by 1H
(Figure S15 in Supplementary Materials), 13C (Figure S16 in Supplementary Materials),
and 31P (Figure S17 in Supplementary Materials) NMR spectroscopy, DSC (Figure S18
in Supplementary Materials) and TGA (Figure S19 in Supplementary Materials). The
1H-NMR spectrum of the product shows proton signals in the range of 2.29 ppm which
correspond to the signals of the methyl groups of m-toluidine, and 6.66–7.32 ppm—to the
protons of the benzene ring of m-toluidine. It was considered that the signal of the proton
of the amine group was superimposed on the signal of one of the protons of the aromatic
ring, as reported in the article [24]. The absence of a similar overlap of signals for PN-mt(4)
could be explained by the fact that, in the case of incomplete substitution of chlorine atoms
in the initial HCP, the fraction of intermolecular hydrogen bonding increased (between
the molecules of PN-mt(4) and the solvent, DMSO-d6). Therefore, the protons of the
secondary -NH- groups in PN-mt (4) were more deshielded and shifted to the downfield
compared with PN-mt(6). The 13C-NMR spectrum of the product contains signals from the
carbon atoms of the methyl groups of m-toluidine in the region of 21.39 ppm, signals in the
region of 114.87–142.56 ppm. correspond to the atoms of the benzene rings. In the region
39.08–39.91 ppm signals of carbon 13C DMSO-d6 are present. The 31P-NMR spectrum of
the product contains a singlet signal in the region of 2.39 ppm, which indicates the complete
replacement of chlorine atoms in the initial HCP by meta-toluidine radicals. DSC exotherm
detected the melting temperature of 242.7 ◦C. Destruction of the compound was evaluated
by TGA revealing the temperature of 5% mass loss being 266.7 ◦C and residual mass at
1000 ◦C − 30.74%.

Recrystallized HCP was characterized by 31P NMR- spectrum as well as by DSC and
TGA presented in Supplementary Figures S20, S21, and S22, respectively. The 31P-NMR
spectrum contains singlet with δP = 19.9 ppm of phosphorus atom. DSC exotherm detected
the melting temperature of 112.7 ◦C. According to the TG analysis the sublimation of HCP
is observed [31].

3.2. The Influence of Phosphazene Compounds on the Curing Process

The influence of chosen modifiers on the curing process was studied by DSC method.
The key points of DSC scans are presented in Table 2. All DSC curves are presented in
Figure 3.

Table 2. Characteristic temperatures of DSC curves of uncured samples.

Formulation Index Tonset,
◦C Tpeak, ◦C Tend, ◦C ΔH, J/g

BA-mt 224.6 233.3 241.8 320.1
HCP-5 121.7 (142.1) * 146.1 (189.9) * 167.5 (227.6) * 208.6

HCP-10 122.4 (139.2) * 143.6 (187.1) * 167.9 (225.8) * 215.6
HCP-15 121.8 (134.7) * 138.6 (185.1) * 155.5 (224.8) 225.1

PN-mt(4)-5 196.4 209.0 225.3 280.0
PN-mt(4)-10 190.6 204.9 222.0 277.2
PN-mt(4)-15 186.7 201.6 218.8 269.4
PN-mt(6)-5 203.5 218.0 236.2 312.3

PN-mt(6)-10 200.4 216.0 238.2 301.4
PN-mt(6)-15 196.5 214.0 242.3 285.6

HPP-5 223.4 232.4 243.1 290.6
HPP-10 223.7 233.0 243.1 261.8
HPP-15 224.7 233.5 242.1 254.3

* the second peak according to the peak separation (Figure 4).
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Figure 3. DSC curves of uncured compositions with HCP (a), PN-mt(4) (b), PN-mt(6) (c), HPP (d).

HPP almost does not change key temperatures, but influences the heat released. Nev-
ertheless, the lone electron pair of the nitrogen atoms in PN-mt located in the phosphazene
core was expected to catalyze benzoxazine ring-opening polymerization (ROP), no catalysis
was observed.

The use of HCP as a catalyst of benzoxazine curing significantly decreased the onset
temperature of the reaction. The curing process of compositions was characterized by
complex process with at least two stages. That is why peak separation was carried out
(Figure 4). The ratio between the first and second peaks areas increased in a row, HCP-5,
HCP-10, and HCP-15 being 19:81, 72:28, and 81:19. We suppose that oligomeric compounds
presented in BA-mt resin react by nucleophilic substitution with HCP (Figure 5). The
released HCl catalyzed ROP corresponded to the first peak (Figure 6a). With the temper-
ature raise the autocatalytic effect became more significant associated with the increase
of hydroxylic group’s concentration during ROP. Further curing of composition led to
decrease in mobility of molecules and decrease in HCl concentration due to steric hindrance
or the fixation of HCl by tertiary nitrogen atoms in the formed Mannich bridges. This effect
resulted in the second wide peak on DSC curve corresponded to homopolymerization of
benzoxazine. With an increase of HCP content, the first stage prevails over the second
accompanying by the growth of heat released.
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Figure 4. Peak separation for formulations HCP-5 (a) and HCP-15 (b).

Figure 5. The proposed mechanism of phenolysis of chlorocyclophosphazenes.

The most interesting catalytic effect was observed in compositions with PN-mt(4) and
PN-mt(6). The addition of 5 phr PN-mt(4) caused the decrease of the onset temperature
to 196.3 ◦C; the addition of 5 phr PN-mt(6) decreased the onset temperature to 203.5 ◦C.
The further increase of catalyst containment to 15 phr slightly reduces onset temperature
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(to 186.7 ◦C in case of 15 phr PN-mt(4) and to 196.5 ◦C in case of 15 phr PN-mt(6)).
Additionally catalysts affect the amount of released heat. In case when we used 5 phr
PN-mt(4) released heat decreases to 280.0 J/g; 5 phr PN-mt(6)—released heat decreases to
312.3 J/g. Further increase of PN-mt(4) content did not significantly change the exothermic
effect of the polymerization. The unique catalytic effect consisted in the possibility to
catalyze benzoxazine ROP by released HCl for PN-mt(4) (Figure 6a) and a nucleophilic
attack of the lone electron pair of the nitrogen atoms in PN-mt located in substituents
(Figure 6b) on the methylene bridge connecting the oxygen and nitrogen atoms in the
benzoxazine ring for PN-mt(4) and PN-mt(6) [32]. The basic catalytic effect was weaker
for the benzoxazine polymerization than acidic one. Thus, the use of PN-mt(4) led to the
implementation of two different mechanisms of catalysis resulting in a greater catalytic
effect than in case of PN-mt(6). Moreover we supposed that compositions with PN-mt(6)
were induced by steric hindrance.

Figure 6. The proposed cationic catalytic mechanism ((A)—in case of released HCl) and anionic catalytic mechanism
((B)—in case of secondary amine group).

Thus, the catalytic activity of obtained phosphazene compounds on curing process of
benzoxazine resin decreased in row: HCP < PN-mt(4) < PN-mt(6) < HPP. This tendency
was also confirmed by the fact that acidic catalysis was more effective than basic one. The
absence of catalytic effect of HPP proved that there was no catalytic activity of lone electron
pair of nitrogen atom in the core of phosphazene ring.

In comparison with literature data, the catalytic effect of HCP was quite explicit.
The lowering of the onset by 100 ◦C was a significant effect, which was better than the
catalytic effect of acids and phenols described in [8]. The decrease of peak polymerization
temperature for PN-mt(6) and PN-mt(4) was 15 ◦C and 24 ◦C respectively. This effect was
in good agreement with literature data of catalytic effect of amines, imidazoles, and indole
on benzoxazine ring-opening reaction. Obtained phosphazene compounds were secondary
amines and the catalytic effect was similar to other secondary amines [33].

3.3. Thermal Analysys of Cured Compositions

All compositions under study were cured according to the modeling curing program
180 ◦C for 6 h. Thermal analysis of resulting polymers was proceeded by DSC and TGA
methods to correlate heat flow effects with mass loss caused by destruction. The key points
of DSC and TGA results were presented in Table 3. All DSC curves were presented in
Figure 7 and TGA curves were presented in Figure 8.
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Table 3. Characteristic temperatures of TGA, DSC and LOI data of cured samples and TGA data of neat modifiers.

Formulation Index
TGA DSC

LOI **
Tonset,

◦C T5%, ◦C Residual Mass, % Tg(middle),
◦C ΔHres, J/g

BA-mt 348.5 358.5 30.38 203.3 38.4 29.652
HCP-5 298.7 304.7 28.27 161.4 * 0 * 28.808

HCP-10 299.6 306.1 29.88 193.4 * 0 * 29.452
HCP-15 312.5 319.6 35.22 221.7 * 0 * 31.588

PN-mt(4)-5 307.2 318.3 31.43 158.5 1.0 30.072
PN-mt(4)-10 313.1 320.0 32.51 159.3 0 30.504
PN-mt(4)-15 314.4 320.3 33.49 160.5 0 30.896
PN-mt(6)-5 329.1 329.2 26.49 180.5 9.3 28.096

PN-mt(6)-10 324.8 327.1 27.74 167.4 6.0 28.596
PN-mt(6)-15 322.9 327.0 29.20 160.0 5.0 29.18

HPP-5 345.9 350.1 32.52 195.9 21.7 30.508
HPP-10 342.6 341.9 30.91 186.5 14.4 29.864
HPP-15 336.5 336.5 29.20 176.3 9.1 29.18

HCP 118.5 − 4.56 − −
PN-mt(4) 257.6 − 34.82 − −
PN-mt(6) 254.1 − 30.74 − −

HPP 332.0 − 3.90 − −
* DSC results after the second run (Figure S23 in Supplementary Materials). ** Char yield at 1000 ◦C values were used for calculation.

Figure 7. DSC curves of cured compositions with HCP (a), PN-mt(4) (b), PN-mt(6) (c), HPP (d) in the scanning mode.
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Figure 8. TGA curves of cured compositions with HCP (a), PN-mt(4) (b), PN-mt(6) (c), HPP (d) in the scanning mode.

Glass transition temperature (Tg) of the neat BA-mt cured at 180 ◦C for 6 h was
203.3◦C. After glass transition the exothermic peak was observed with enthalpy 38.4 J/g
corresponding to the post-curing of benzoxazine resin. This temperature program resulted
in incomplete curing for matrix (degree of conversion 88%) which was chosen especially for
explicit evaluation of modifiers influence in compositions on the final degree of conversion.

Cured compositions with HCP addition did not demonstrate glass transition until a
significant exothermic effect (Figure 7a). According to the DSC analysis the exothermic
effect starts for HCP-5 at 215 ◦C; for HCP-10 at 210 ◦C; and for HCP-15 at 200 ◦C. According
to the TG analysis the weight loss started at 300 ◦C so we supposed that exothermic effect
was related to the post-curing reaction and the begin of destruction. The second DSC scan
confirmed our assumption as no exothermic peaks until 280 ◦C were observed (Figure S23
in Supplementary Materials).

The addition of PN-mt(4) led to the complete cure, while PN-mt(6) and HPP led to
the slight increase of degree of conversion: 98% and 97% respectively for 15 phr compared
with neat BA-mt (88%). The addition of 5 phr of HCP and PN-mt(4) dramatically reduced
Tg of polymers till 161.4 ◦C and 158.5 ◦C, respectively. Further raise of concentration of
HCP and PN-mt(4) till 15 phr had different effects. HCP caused the great increase of Tg
to 221.7 ◦C, while composition PN-mt(4)-15 reached only 160.5 ◦C. PN-mt(6) and HPP
influenced in another way. They monotonously reduced Tg from 180.5 ◦C and 195.9 ◦C for
5 phr to 160.0 ◦C and 176.3 ◦C for 15 phr, respectively.

The outstanding dependence of glass transition temperature for HCP could be related
to the formation of rigid polymer network due to high reactivity of HCP detected by DSC

610



Polymers 2021, 13, 3111

(Figure 3a). One of the indirect evidences for proposed curing mechanism of phenolysis
(Figure 5) was the rust on the steel casting mold which was used for HCP curing.

The other modifiers reduce glass transition temperature. This effect could be caused
by incomplete compatibility of resin and catalyst. Another reason was the significant size
of the modifier molecules, which was comparable to nanoparticles with a diameter of
1–2 nm. It resulted in a change in the spatial regularity of the formed polybenzoxazine
network and a decrease in the number of hydrogen bonds between hydrogen atoms
in phenolic groups and nitrogen in polymerized benzoxazines. The decrease of glass
transition temperature upon addition of PN-mt(4) could also be explained by the fact that
the nucleophilic substitution reaction was incomplete and chlorine atoms of PN-mt(4)
were not completely replaced by benzoxazine polymeric matrix. Based on this assumption
PN-mt(4) participated in the reaction as monofunctional additive disrupted the organized
benzoxazine network resulted in decreasing of glass transition temperature.

DSC analysis revealed that for compositions with HCP, PN-mt(4) and PN-mt(6) at
the end of a measurement an exothermic peak was observed that indicated that samples
lost their thermal stability. To study degradation process TGA measurements in inert
atmosphere were carried out.

Thermal stability of the studied compositions had the same tendencies as the glass
transition temperature. The addition of HCP and PN-mt(4) dramatically reduced the onset
of thermal destruction followed by a slight increase of values in the row from 5 to 15 phr.
PN-mt(6) and HPP influenced in another way. They monotonously reduced onset of the
destruction.

It was proposed in literature that the thermal decomposition of polybenzoxazines
occurs stepwise [34,35]. At the first stage of the destruction, aromatic compounds were
formed (benzene, derivatives of phenol, aniline). On the second step low-molecular
compounds (hydrocarbons, carbon dioxide, aliphatic amines, etc.) were formed, followed
by carbonization.

Cured compositions with HCP, PN-mt4, and PN-mt6 demonstrated similar thermal
characteristics. The destruction of cured compositions endured two stages of decomposi-
tion. Whereas in systems with HPP only one stage was observed.

3.4. Morphology of Resulting Polybenzoxazines

It was important for the flame retardant additive and catalysts to be dispersed or
miscible in the polymer matrix for improved properties. The morphology of cured compo-
sitions was studied by scanning electron microscopy (SEM). The structure of cured neat
BA-mt (Figure 9a) revealed homogeneous globular structure. Cured compositions with
additives was characterized by matrix-dispersion phase structure (Figure 9b–i). The matrix
consists of globular phase with the size of 20–100 nm. The dispersed phase was irregularly
distributed in the matrix and consists of globules with the size of 130–350 nm. In some
cases, the globules of dispersed phase formed associates. This phase structure was typical
for all systems under study regardless of reactivity of additives and their concentration. We
supposed that forming of dispersed phase structure occurred during polymerization which
led to deterioration in thermodynamic compatibility of phases. As a result the heteroge-
neous phase structure was formed. For the system HPP-15 one could see minor amount
of the second phase, so mostly this system was compatible, and its additive influenced
greatly on Tg. It is well known that there are two main factors that influence Tg. The first
one is compatibility of matrix and modifier. If the system is compatible its glass transition
temperature would shift to the glass transition temperature of modifier. The second factor
is the influence of modifier on the network density due to copolymerization of matrix and
modifier. Thus glass transition temperature of systems with HCP, PN-mt(4), and PN-mt(6)
was deendent on the predominance of one of these factors.
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3.5. Flammability of Cured Compositions

Flammability of cured compositions was estimated by UL-94 standard. The results of
burning tests are shown in Table 4. The cured neat BA-mt achieved only V-1 flammability
category of the UL-94 standard. The use of obtained additives in amount of 5 phr does
not reduce the total burning time of the specimens except for the use of HCP. This effect
could be explained by low concentration of the additive and also by the introduction of a
phosphazene ring to the polymeric matrix in case of using HCP. For all used flame retardant
agents, the total time of burning decreased with the increase of additive concentration
due to an increase of the phosphazene containment. It is also important to note that no
afterglow, either of burning particles or drops, was observed during burning tests. The
HPP concentration more than 10 phr allows to achieve the V-0 flammability category. The
HPP is a well-known commercialized flame retardant which efficiency was proved by
many works [22,36,37]. HCP affects the flammability of benzoxazine resin at a content
of 5 phr and more. The concentration of 10 phr HCP and more resulted in plastic with
V-0 flammability category. We supposed that the great flame-retardant properties of HCP
were associated with introducing the phosphazene ring to polymeric matrix and high
phosphorous content due to low molecular mass of HCP (versus the other additives).
We supposed that the flame retardant effect of PN-mt(4) and PN-mt(6) will be similar
to the HPP. However, the total time of burning for compositions containing PN-mt(4)
and PN-mt(6) is higher than for compositions with HPP. PN-mt(4) contained less phenyl
residues resulted in better flammability of compositions with PN-mt(4). Another possible
explanation is that PN-mt(4) and PN-mt(6) affected the polymerization process and hence
could affect the structure of the matrix. The composition with 15 phr PN-mt(6) achieved
the V-0 flammability category but due to the above-mentioned reasons compositions with
PN-mt(4) reaches only V-1 flammability category.

Figure 9. Cont.
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Figure 9. Morphology of cured BA-mt (a) and compositions HCP-5 (b), HCP-15 (c), PN-mt(4)-5 (d), PN-mt(4)-15 (e),
PN-mt(6)-5 (f), PN-mt(6)-15 (g), HPP-5 (h), HPP-15 (i).
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Table 4. Flammability test results according to UL-94 standard.

Composition
Flame

Application
Specimen

№ 1
Specimen

№ 2
Specimen

№ 3
Specimen

№ 4
Specimen

№ 5
ΣT, S

Afterglow,
S

Drops Category

BA-mt
t1, s 24 10 3 12 22

131 no no V-1t2, s 3 4 21 30 2

HCP-5
t1, s 20 17 8 5 21

95 no no V-1t2, s 7 2 0 13 2

HCP-10
t1, s 0 0 0 1 0

20 no no V-0t2, s 0 8 6 0 5

HCP-15
t1, s 3 0 0 0 0

8 no no V-0t2, s 0 3 0 0 2

PN-mt(4)-5 t1, s 24 23 20 25 19
131 no no V-1t2, s 8 6 0 1 5

PN-mt(4)-10 t1, s 17 25 7 9 26
127 no no V-1t2, s 10 5 15 6 7

PN-mt(4)-15 t1, s 15 12 8 7 11
72 no no V-1t2, s 4 2 0 11 2

PN-mt(6)-5 t1, s 12 21 24 17 20
135 no no V-1t2, s 14 2 10 9 6

PN-mt(6)-10 t1, s 20 29 25 16 19
122 no no V-1t2, s 2 0 4 3 4

PN-mt(6)-15 t1, s 7 1 1 2 4
39 no no V-0t2, s 2 5 8 9 0

HPP-5
t1, s 0 9 0 19 4

134 no no V-1t2, s 12 18 20 27 25

HPP-10
t1, s 1 1 0 1 0

15 no no V-0t2, s 1 2 1 7 1

HPP-15
t1, s 0 1 0 0 1

4 no no V-0t2, s 0 0 0 2 0

According to calculationos by the Van Krevelen–Hovtyzer equation LOI all polymer
compositions could be related to nonflammable category as LOI > 28 [38]. So, we can
conclude that all presented additives improve the flame resistance of benzoxazine resin due
to an increase of phenyl residues content and to the phosphazene structure that possesses
the synergistic effect of phosphorus and nitrogen introduced into the mixture.

The addition of phosphazene compounds also affect the flammability of benzoxazine
resin. It was shown that 5 phr of all catalysts except HCP did not decrease the burning
time of plastic specimens. HCP, PN-mt(6), and HPP allowed to reach the V-0 flammability
category when 15 phr was added. However, the addition of novel additive PN-mt(4) to
benzoxazine resin did not reach the V-0 category but decreased the total burning time from
131 s (0 phr) to 71 s (15 phr).

4. Conclusions

The influence of modifiers with substituents in the phosphazene core including novel
flame retardant agent–catalyst PN-mt(4) on the curing process, thermal stability, morphol-
ogy, and flammability of benzoxazine resin BA-mt was studied in this work. The catalytic
activity of phosphazene compounds on the curing process of benzoxazine resin decreased
in the row: HCP > PN-mt(4) > PN-mt(6) > HPP where HPP was totally inactive. HCP,
PN-mt(4), and PN-mt(6) catalysts decreased the onset polymerization temperature and
residual enthalpy for cured samples. The two catalysis mechanisms were proposed. For
chlorine-containing catalysts HCl released during phenolysis catalyze the ROP by acidic
mechanism proposed in our work. For m-toluidine containing catalysts the lone electron
pair of the nitrogen atoms located in substituents catalyze ROP by basic mechanism. The
addition of minor amounts of modifiers overall caused the decrease of the glass temper-
ature and the thermal stability of the cured resin. However, the addition of 15 phr HCP
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resulted in the rigid polymer network due to multifunctionality of modifier and hence in-
creased the glass transition temperature. The morphology of cured modified compositions
was characterized by matrix-dispersion phase structure. The use of phosphazene catalysts
affects the flammability of benzoxazine resin. Incorporation of HCP, PN-mt(6), and HPP
allowed to reach the V-0 flammability category when 15 phr was added.
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spectrum of HPP. Figure S8. DSC curve of HPP. Figure S9. TGA curve of HPP. Figure S10. 1H NMR
spectrum of PN-mt(4). Figure S11. 13C NMR spectrum of PN-mt(4). Figure S12. 31P NMR spectrum
of PN-mt(4). Figure S13. DSC curve of PN-mt(4). Figure S14. TGA curve of PN-mt(4). Figure S15. 1H
NMR spectrum of PN-mt(6). Figure S16. 13C NMR spectrum of PN-mt(6). Figure S17. 31P NMR
spectrum of PN-mt(6). Figure S18. DSC curve of PN-mt(6). Figure S19. TGA curve of PN-mt(6).
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HCP. Figure S23. DSC curves of the second DSC run of cured compositions with HCP.
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Abstract: Reactions of divalent metal salts with 4,4-oxybis(N-(pyridine-4-yl)-benzamide), L, and
naphthalene-1,4-dicarboxylic acid (1,4-H2NDC) in various solvents gave [Zn(L)(1,4-NDC)·H2O]n,
1, [Cd(L)(1,4-NDC)(H2O)·MeOH]n, 2, and [Co(L)(1,4-NDC)(H2O)0.5·MeOH]n, 3, which have been
structurally characterized. Complexes 1–3 show eight-fold interpenetrating frameworks with the
dia topology, which exhibit porosities substantiated by CO2 adsorption, whereas 1 and 2 manifest
stability in aqueous environments and show high selectivity toward sensing of mesitylene molecules
and Fe3+ ions with low detection limits and good reusability up to five cycles.

Keywords: coordination polymer; crystal structure analysis; entanglement; luminescence

1. Introduction

Coordination polymers (CPs) have shown potential applications in luminescent sens-
ing, gas storage and separation, drug delivery, catalysis, ion exchange and magnetism [1–5].
Metal ions are linked together by organic ligands to form extended frameworks, which
are often porous and comprised into infinite arrays. In addition, polycarboxylates play
a vital role in the organization of diverse CPs with differential dimensionalities, which
show multiple potential coordination sites that are highly active to coordinate with metal
centers. Linear and angular types of polycarboxylate ligands have been used extensively in
the preparation of CPs in a mixed system [6,7]. Entanglement involving interpenetration,
polycatenation and self-catenation is a very interesting phenomenon, which is also a major
factor contributing to the diversities of CPs due to their aesthetic and intriguing topological
interests [8]. Despite many such interesting CPs being reported, the manipulation of the
structural diversity is still a challenge.

Considerable effort has been invested into understanding the entanglement of CPs
containing bis-pyridyl-bis-amide (bpba) ligands [9–13]. Two highly interpenetrated Zn(II)
and Cd(II) CPs with eight- and nine-fold interpenetrating diamondoid modes, respectively,
have been reported by using the long flexible N,N′-di(4-pyridyl)adipoamide ligand and the
short rigid 1,4-benzenedicarboxylic acid [13]. Construction of a high-fold interpenetrating
diamondoid framework with linear bidentate ligand may thus be ascribed to the length
and flexibility of the spacer ligands and the geometrical arrangements of the metal centers
that may modulate pore size and shape in a single network. While the entanglement may
reduce the solvent accessible volume required for the molecules/metal ions adsorptions,
the modulated pore size and shape may enhance the selectivity. Moreover, the tunable
porosity of luminescent CPs has a great impact on the sensitivity and selectivity for the
detection of volatile organic compounds (VOCs) and metal ions that are harmful to the
environment and public health [14].
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In this study, three CPs constructed from the angular ligand 4,4-oxybis(N-(pyridine-4-
yl)-benzamide (L), 1,4-H2NDC and divalent metal salts, namely, [Zn(L)(1,4-NDC)·H2O]n, 1,
[Cd(L)(1,4-NDC)(H2O)·MeOH]n, 2, and [Co(L)(1,4-NDC)(H2O)0.5·MeOH]n, 3, are reported,
which show eight-fold interpenetrating diamondoid networks. Complexes 1 and 2 exhibit
different emission intensity enhancement for distinct VOCs, and show a high sensitivity
toward detection of Fe3+ ion in aqueous systems. The synthesis, structural characterization
and the detections of VOCs and metal ions of these CPs form the subject of this report.

2. Materials and Methods

2.1. General Procedures

Elemental analyses of (C, H, N) were performed on a PE 2400 series II CHNS/O
(PerkinElmer Instruments, Shelton, CT, USA) or an Elementar Vario EL III analyzer (Ele-
mentar Analysensysteme GmbH, Hanau, German). Infrared spectra were obtained from a
JASCO FT/IR-460 Plus spectrometer with pressed KBr pellets (JASCO, Easton, MD, USA).
Thermal gravimetric analyses (TGA) were carried out on an SII Nano Technology Inc.
TG/DTA 6200 over the temperature range of 30 to 900 ◦C at a heating rate of 10 ◦C min−1

under N2 (SEIKO Instruments Inc., Chiba, Japan). UV–vis spectrum was performed on
a UV-2450 spectrophotometer (Dongguan Hongcheng Optical Products Co., Dongguan,
China). Emission spectra for the solid samples were determined with a Hitachi F-4500
fluorescence spectrophotometer (Hitachi, Tokyo, Japan). Gas sorption measurements
were conducted using a Micromeritics ASAP 2020 system (Micromeritics Instruments Co.,
Norcross, GA, USA). Powder X-ray diffraction patterns were carried out with a Bruker
D8-Focus Bragg-Brentano X-ray powder diffractometer equipped with a CuKα sealed tube
(λα = 1.54178 Å) at 40 kV and 40 mA (Bruker Corporation, Karlsruhe, Germany).

2.2. Materials

The reagent Zn(OAc)2·2H2O was purchased from SHOWA Co. (Saitama, Japan),
Cd(OAc)2·2H2O from Fisher Scientific Co. (Hampton, NY, USA), Co(OAc)2·4H2O from
J. T. Baker Co. (Phillipsburg, NJ, USA), and naphthalene-1,4-dicarboxylic acid (1,4-H2NDC)
from Alfa Aesar Co. (Ward Hill, MA, USA). The ligand 4,4′-oxybis(N-(pyridine-4-yl)-
benzamide) (L) was prepared according to a published procedure with some modifica-
tion [15].

2.3. Preparations
2.3.1. [Zn(L)(1,4-NDC)·H2O]n, 1

Zn(OAc)2·2H2O (0.022 g, 0.10 mmol), L (0.041 g, 0.10 mmol) and 1,4-H2NDC (0.022 g,
0.10 mmol) in 8 mL H2O and 2 mL methanol were sealed in a 23 mL Teflon-lined flask
inside a stainless steel autoclave, which was heated at 120 ◦C for 2 days, and then the
reaction system was cooled down at a rate of 2 ◦C per hour until the room tempera-
ture was reached. Colorless crystals were obtained, which were purified with methanol.
Yield: 0.041 g (58%), using Zn(II) as the limited reagent. Anal. calcd. for C36H26N4O8Zn
(MW = 707.98): C, 61.07; N, 7.91; H, 3.70%. Found: C, 61.22; N, 8.07; H, 4.01%. FT-IR (cm−1):
3237(m, N-H), 3168(m, N-H), 3070(w), 1686(s), 1596(s), 1512(s), 1490(s), 1429(m), 1332(m),
1236(m), 1210(m), 1170(s).

2.3.2. [Cd(L)(1,4-NDC)(H2O)·MeOH]n, 2

The procedures for 2 were similar to 1 except Cd(OAc)2·2H2O (0.013 g, 0.05 mmol), L

(0.021 g, 0.05 mmol) and 1,4-H2NDC (0.011 g, 0.05 mmol) in 2 mL H2O and 8 mL methanol
were used. Colorless crystals were obtained. Yield: 0.023 g (58%). Anal. calcd. for
C37H30CdN4O9 (MW = 787.05): C, 56.34; N,7.11; H, 3.80%. Found: C, 55.69; N, 7.05; H,
3.44%. FT-IR (cm−1): 3168(m), 3068(m), 1664(s), 1595(s), 1552(s), 1494(s), 1426(s), 1364(s),
1334(s), 1289(m), 1235(s), 1211(m), 1169(s), 1100(m), 1016(m), 836(m), 760(m), 583(m).
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2.3.3. [Co(L)(1,4-NDC)(H2O)0.5·MeOH]n, 3

Complex 3 was prepared according to the procedures for 1 except Co(OAc)2·4H2O
(0.025 g, 0.10 mmol), L (0.041 g, 0.10 mmol) and 1,4-H2NDC (0.022 g, 0.10 mmol) were used.
Purple crystals were obtained. Yield: 0.036 g (49%). Anal. calcd for C37H29CoN4O8.5 (MW
= 724.57): C, 61.33; N, 7.73; H, 4.03%. Found: C, 60.50; N, 7.56; H, 3.90%. FT-IR (cm−1):
3230(m), 3158(m), 3069(m), 1683(m), 1595(s), 1510(s), 1494(s), 1427(s), 1363(s), 1330(s),
1274(m), 1235(s), 1208(m), 1170(m), 1098(m), 1022(m), 838(m), 759(w), 584(w). Figure S1
shows the FT-IR spectra of complexes 1–3.

2.4. X-ray Crystallography

A Bruker AXS SMART APEX II CCD diffractometer, which was equipped with
graphite-monochromated MoKα (λα = 0.71073 Å) radiation, was used to collect the diffrac-
tion data for complexes 1–3 [16], and the data were reduced by using the well-established
computational procedures. The structure factors were treated with Lorentz and polariza-
tion corrections and an empirical absorption correction based on “multi-scan” [17]. The
Direct or Patterson method was applied to locate the positions of some of the heavier atoms,
and the remaining atoms were identified in several alternating difference Fourier maps
and least-square refinements. Hydrogen atoms were added by using the HADD command
in SHELXTL. The coordinated water molecule, O(8), of complex 2 is disordered such that
two orientations of the oxygen atom can be found, and the occupancy of each orientation
was set to be 0.5 and were refined isotropically. Moreover, the occupancy of O(8) of 3 was
refined to be 0.5. Table 1 lists the basic information regarding the crystal parameters and
structure refinement.

Table 1. Crystal data for complexes 1–3.

Complex 1 2 3

Formula
Formula weight

C36H26ZnN4O8
707.98

C37H30CdN4O9
787.05

C37H29CoN4O8.5
724.57

Crystal system monoclinic monoclinic monoclinic
Space group P21/c P21/n P21/n

a, Å 9.78070(1) 8.5591(4) 8.5240(6)
b, Å 19.3224(2) 21.5741(11) 21.5176(16)
c, Å 17.9006(2) 19.0086(9) 18.1376(13)
α, ◦ 90 90 90
β, ◦ 103.1124(8) 98.065(3) 96.850(2)
γ, ◦ 90 90 90

V, Å3 3294.77(6) 3475.3(3) 3303.0(4)
Z 4 4 4

Dcalc, mg/m3 1.427 1.504 1.457
F(000) 1456 1600 1496

μ (MoKα), mm−1 0.805 0.690 0.582
Range (2θ) for data collection,

deg. 3.14 ≤ 2θ ≤ 52.00 2.87 ≤ 2θ ≤ 52.00 4.41 ≤ 2θ ≤ 50.12

Independent reflections 6474 [R(int) = 0.0398] 6845 [R(int) = 0.0633] 5855 [R(int) = 0.1880]
Data/restraints/parameters 6474/0/437 6845/1/496 5855/0/487

Quality-of-fit indicator a 1.034 1.076 1.027

Final R indices [I > 2σ(I)] b,c R1 = 0.0618,
wR2 = 0.1761

R1 = 0.0648,
wR2 = 0.1609

R1 = 0.0655,
wR2 = 0.1477

R indices (all data) R1 = 0.0871
wR2 = 0.1939

R1 = 0.0935
wR2 = 0.1751

R1 = 0.1986
wR2 = 0.2248

a quality-of-fit = [Σw(|Fo
2| − |Fc

2|)2/Nobserved − Nparameters)]1/2. b R1 = Σ||Fo| − |Fc||/Σ|Fo|. c wR2 = [Σw(Fo
2 − Fc

2)2/Σ(Fo
2)2]1/2.

w = 1/[σ2(Fo
2) + (ap)2 + (bp)], p = [max(Fo

2 or 0) + 2(Fc
2)]/3. 1, a = 0.1067, b = 3.1664; 2, a = 0.0754, b = 7.0332; 3, a = 0.0849, b = 3.8585.
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3. Results and Discussion

3.1. Crystal Structures of 1–3

Complexes 1–3 are isostructural and their single crystals conform to the monoclinic
system. While the crystal structure of 1 was solved in the space group P21/c, those of 2 and
3 were in P21/n. Their asymmetric units are mainly composed of one divalent metal ion
[Zn(II), 1; Cd(II), 2 and Co(II), 3], one L and one 1,4-NDC2− ligands, and there is also one
cocrystallized water molecule in 1, one coordinated water and one cocrystallized MeOH
molecule in 2, and a half coordinated water and one cocrystallized MeOH molecule in
3, respectively. Figure 1a–c depict the drawings showing the coordination environments
about the metal ions of complexes 1–3. The Zn(II) ions of 1 is four-coordinated by two
pyridyl nitrogen atoms [Zn-N = 2.024(3) Å and 2.037(3) Å] from two L ligands and two
carboxylate oxygen atoms [Zn-O = 1.905(5) and 1.940(3) Å] from two 1,4-NDC2− ligands,
forming a distorted tetrahedral geometry, while the Cd(II) ion of 2 is seven-coordinated
by two pyridyl nitrogen atoms [Cd-N = 2.272(5) and 2.297(5) Å] from two L ligands, four
carboxylate oxygen atoms [Cd-O = 2.248(5)–2.577(4) Å] from two 1,4-NDC2− ligands and
one oxygen atom [Cd-O = 2.416(13) Å] of the coordinated water molecule, resulting in
a distorted pentagonal bipyramidal geometry. As shown in the X-ray crystallographic
section, the occupancy of the coordinated water of 3 was refined to be 0.5; six and five
coordination are thus possible for the Co(II) ion. The six-coordinated Co(II) ion is supported
by two pyridyl nitrogen atoms [Co-N = 2.069(5) and 2.088(6) Å] from two L ligands, three
carboxylate oxygen atoms [Co-O = 1.913(10)–2.302(5) Å] from two 1,4-NDC2− ligands
and one oxygen atom [Co-O = 2.238(9) Å] of the coordinated water molecule, revealing
a distorted octahedral geometry, while the removal of the O(8) atom results in a five-
coordinated Co(II) ion and forms a distorted square pyramidal geometry.

Considering the divalent metal ions as four-connection nodes and the ligands as
linkers, the structures of 1–3 can be simplified as 3D nets with the (66)-dia topology
(Figure 1d) revealing the 8-fold [4 + 4] interpenetration (Figure 1e), determined using
ToposPro [18]. Noticeably, the diamondoid Zn(II) and Cd(II) CPs constructed from the
flexible N,N′-di(4-pyridyl)adipoamide and 1,4-benzenedicarboxylic acid show eight- and
nine-fold interpenetrating modes, respectively [13], indicating the nature of the metal
center alters the degree of interpenetration. In marked contrast, complexes 1 and 2 with
the Zn(II) and Cd(II) ions, respectively, are both eight-fold interpenetrated, demonstrating
that the degree of interpenetration of the diamondoid CPs in mixed systems is also subject
to the changes of the shape and flexibility of the polycarboxylate and bpba ligands.

3.2. Ligand Conformations and Bonding Modes

For the bpba ligand, the two C=O (or N-H) groups that are on the same and opposite
directions define the cis and trans conformations, respectively [19]. Accordingly, all of the
L ligands in 1–3 adopt the cis conformation. A schematic drawing defining the C-O-C (θ)
angle and dihedral angle (d) is shown in Figure 2, and the angles were calculated and listed
in Table 2. Clearly, although all of the L ligands in 1–3 adopt the same cis conformation,
they differ in the dihedral angles, presumably due to the different metal identity.
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(e) 

Figure 1. Coordination environments about the (a) Zn(II) ion in 1. Symmetry transformations used to
generate equivalent atoms: (A) x, −y + 5/2, z − 1/2; (B) x − 2, −y + 3/2, z − 1/2; (b) Cd(II) ion in 2.
Symmetry transformations used to generate equivalent atoms: (A) x + 1/2, −y + 3/2, z + 1/2; (B) x −
3/2, −y + 1/2, z + 1/2; and (c) Co(II) ion in 3. Symmetry transformations used to generate equivalent
atoms: (A) x − 3/2, −y + 1/2, z + 1/2; (B) x + 1/2, −y + 3/2, z + 1/2. (d) A drawing showing a 3D
framework with the dia topology. (e) A schematic view of the eight-fold [4 + 4] interpenetration.

Figure 2. A drawing defining the C-O-C (θ) and dihedral angles (d) for L.

Table 2. Selected angles of the L ligands in complexes 1–3.

Complex C-O-C Angle (◦)
Dihedral Angle (◦)

d1 d2 d3

1 117.0 30.49 74.52 21.12
2 116.9 25.51 87.63 35.97
3 116.9 28.54 88.70 34.02

Moreover, the 1,4-NDC2− ligand of 1 bridge two Zn(II) ions through two carboxylate
oxygen atoms from two carboxylate groups to reveal the coordination mode I, while
those of 2 and 3 chelate and bridge two metal ions through four carboxylate oxygen
atoms, coordination mode II, and three carboxylate oxygen atoms, coordination mode III,
respectively (Figure 3). Noticeably, while the Zn(II), Cd(II) and Co(II) metal centers of 1–3

adopt the distorted tetrahedral, pentagonal bipyramidal and octahedral (square pyramidal)
geometries, respectively, giving rise to different coordination modes for the 1,4-NDC2−
ligands; their structural topologies are not subject to the metal identities.
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Figure 3. Various coordination modes of 1,4-NDC2− ligands in 1–3.

3.3. PXRD Patterns and Thermal Analysis

As shown in Figures S2–S4, the experimental PXRD patterns of complexes 1–3 are
in consistency with their corresponding simulated ones, demonstrating the purities of
the bulk samples. On the other hand, their thermal gravimetric analysis (TGA) curves
performed in a nitrogen atmosphere from 30 to 800 ◦C (Figure S5) display two-step weight
losses involving removal of cocrystallized solvents and the coordinated ligands were found.
From Table 3, it can be shown that the starting temperature for the removal of the organic
ligands of 3, 300 ◦C, is higher than those of 1–2, probably indicating that the framework of
3 is stronger than those of 1–2 upon heating.

Table 3. Thermal properties of 1–3.

Complex.
Weight Loss of Solvents

◦C (found/calc), %
Weight Loss of Ligands

◦C (found/calc), %

1 ~120 (2.76/2.54) 240–800 (84.89/88.21)
2 ~140 (3.33/4.07) 250–800 (80.83/81.90)
3 ~145 (3.25/4.42) 300–800 (87.34/87.64)

3.4. Chemical Stability

To estimate the chemical stability, the PXRD patterns of complexes 1–3 in water, as
well as their dehydration and rehydration products, were measured. Complexes 1–3 were
first immersed into water for seven days and then dried under vacuum. Figures S6–S8
show that only complexes 1 and 2 are stable in water. Moreover, dehydration (heated at
150 ◦C for 1 h) and rehydration (immersed into water for 1 h) of complexes 1 and 2 gave
PXRD patterns comparable to the simulated ones, indicating the stability upon solvent
removal and adsorption. The stabilities of 1 and 2 in acidic and basic solutions at 50 ◦C for
24 h were further investigated. As shown in Figures S9 and S10, the PXRD patterns of 1 in
pH 2–12 and 2 in pH 4–10 are almost identical to the simulated ones, suggesting the better
acid and base resistances of 1 than 2.

3.5. Gas Sorption

The low-pressure gas sorption properties at 273 K and 298 K were examined for com-
plexes 1 and 2 and confirmed by CO2 gas absorption and desorption isotherms, resulting
in a type II isotherm behavior [20,21]. As illustrated in Figures S11–S13, the experimental
amount of adsorbed CO2 gas in the sample at 273 K is higher than that at 298 K. While
desolvated samples of 1 and 2 adsorbed 1.40565 and 1.55795 mmol/g of CO2 at 273 K,
they adsorbed 0.83070 and 1.05312 mmol/g at 298 K, respectively. The Brunauer–Emmett–
Teller (BET) surface areas of 1 and 2 evaluated from the CO2 gas uptake are 411.3 and
302.4 m2 g−1 and the Langmuir surface areas are 482.6 and 330.5 m2 g−1 at 273 K, with
total pore volumes of 0.05 and 0.06 cm3 g−1, respectively. The pore size distribution and
sorption/desorption hysteresis are presumably related to very narrow pore sizes. Calcula-
tions using nonlocal density functional theory based on CO2 sorption data at 273 K suggest
that the pore sizes for 1 and 2 are similar and are around 1.06 nm, respectively, indicating
microporous materials. The PXRD patterns of the samples of 1 and 2 measured after the
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experiments match quite well with those of the simulated ones, indicating permanent
porous features of 1 and 2 (Figure S13c,d).

3.6. Photoluminescence Properties

An ample number of studies have shown that CPs with d10 metal centers exhibit great
sensing properties [22–26]. Therefore, the solid-state emission spectra of the water-stable 1

and 2, as well as 1,4-H2NDC and L ligands, were investigated at room temperature and
the results are shown in Figure S14 and Table 4. The emission band of L appears at 468 nm
upon excitation at 376 nm, while 1,4-H2NDC exhibits an intense emission band at 480 nm
upon two excitations at 280 and 370 nm, which may be attributed to intra-ligand π* → π or
π* → n transition.

Table 4. Luminescent properties of L, 1,4-H2NDC, 1 and 1a, 2 and 2a.

Compound
Excitation
λex (nm)

Emission
λem (nm)

Compound
Excitation
λex (nm)

Emission
λem (nm)

L 376 468 1,4-H2NDC 280, 370 480
1 350 390 1a 350 390
2 350 395 2a 350 395

As-synthesized complexes 1 and 2 may contain water molecules in the pores, they
were first activated by immersion into methanol for two days and heated at 80 ◦C for 1 h
to give 1a and 2a, respectively. It can be seen (Figure S15) that complexes 1a and 2a show
identical emission wavelengths to those of original 1 and 2. Moreover, the PXRD patterns
(Figure S16) of 1a and 2a match quite well with those of 1 and 2, respectively, indicating no
framework changes and suggesting ligand-based emissions with little contribution from
the cocrystallized solvents. The different emission wavelengths in 1 and 2 are probably due
to the distinction in the metal identity and the coordination mode of the 1,4-NDC2− ligand.
Zn(II) and Cd(II) atoms are more difficult to undergo oxidation and reduction reactions,
due to their closed-shell electronic configurations; therefore, the emissions of complexes 1

and 2, as well as 1a and 2a, are probably due to ligand-to-ligand charge transfer (LLCT),
while metal-to-ligand charge transfer (MLCT) is also possible.

3.7. Detection of Volatile Organic Compounds (VOCs)

The CO2 gas adsorption studies confirm the permanent pores in the eight-fold inter-
penetrating CPs 1 and 2, which provide a unique opportunity to investigate the role of the
entangled bpba-CPs in the sensing of abundant VOCs [26–32] and metal ions [33]. The
activated complexes of 1 and 2, 1a and 2a, were exposed to various VOCs by immersing
grounded samples (30 mg) into 5 mL different organic solvents, which were then sonicated
for 10 min and collected by centrifugation and then air dried. The emission spectra of the
VOC-absorbed complexes upon excitation at 350 nm were measured at room temperature
(Figure 4a), revealing that the emission intensities of VOC-absorbed 1a and 2a reached
the maximum for the mesitylene molecules. The PXRD patterns shown in Figure S16
for the mesitylene absorbed 1a and 2a indicate that they maintain the identical structural
frameworks. The luminescence enhancement, [(I − Io)/Io] (Io = luminescence intensity
of 1a or 2a; I = luminescence intensity of mesitylene-loaded 1a or 2a) due to the adsorp-
tion of mesitylene are calculated as 1.91 and 1.65 for 1a and 2a, respectively. The organic
uptakes were estimated from the weight-losses in TGA curves of VOC-loaded 1a and 2a

(Figure S17), showing that the uptakes of mesitylene molecules per unit cell are 2.53 in
1a and 2.97 in 2a, respectively. The emission wavelengths of mesitylene-absorbed 1a and
2a shows red-shifts of 13 and 11 nm, respectively, compared with solvent-free 1a and 2a

(Figures S18a and S19a), indicating the possible interligand couplings [34]. The mesitylene
molecules may have the strongest C-H···π interactions with L linkers among other ex-
posed solvents, inducing the largest bathochromic shift and the intensity enhancement [35].
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Recently, it has been shown that C-H···π interaction can be modulated to enhance the
luminescence [36].

 
(a) 

 
(b) 

 
(c) 

Figure 4. (a) Emission spectra of activated 1 (left) and 2 (right) loaded with different VOC’s. Emission spectra showing the
recyclability of (b) 1a and (c) 2a exposed with mesitylene for five repeated cycles.
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To estimate the selective sensing performances of 1a and 2a toward mesitylene, lumi-
nescence titration experiments were performed by the addition of the increasing mesitylene
(0–5 mL) to 1a and 2a. The volume of mesitylene and the emission intensity show linear
dependence of R2 = 0.983 and 0.985 (Figures S18b,c and S19b,c). Table S1 shows the inten-
sity enhancements of several reported complexes due to the interactions with the specific
organic solvents, showing comparable luminescence enhancements for 1a and 2a in the
detection of mesitylene molecules. Further, to determine the recyclability of mesitylene
adsorption in complexes 1a and 2a, their luminescence sensing abilities were explored for
five regeneration cycles. The PXRD patterns in Figure S16 indicate that the main diffraction
peaks of 1a and 2a are quite identical with those of the mesitylene-treated samples, while
Figure 4b,c display their similar emission spectra and intensities, respectively, suggesting
that their frameworks remain rigid for five cycles.

3.8. Detection of Metal Ions

In order to explore the potential application of 1 and 2 in luminescent sensing of
metal cations, 30 mg samples of 1 and 2, respectively, were immersed into 10 mL aqueous
solutions of nitrate salts M(NO3)x (M = Al3+, Cd2+, Cu2+, Mg2+, Ni2+, Zn2+, Na+, K+,
Cr3+ and Fe3+) with a concentration of 1 × 10−3 M. After 1 h, the solids were filtered
and then the solid-state emission spectra were measured at room temperature. As shown
in Figure S20, remarkable luminescence quenching of about 95% for 1 and 92% for 2

were found in the detection of Fe3+ ions. To further explore the quenching effect of Fe3+

ions, sensing dependence of luminescence intensity on the concentration of Fe3+ was
investigated by immersing finely grounded samples (30 mg) of 1 and 2 into Fe3+ aqueous
solutions with various concentrations (0.005–0.15 mM) for 1 h. As shown in Figure 5b,c
(left), the emission intensities were getting lower and almost completely quenched upon
increasing the concentration of Fe3+. Quantitatively, the quenching capacity of Fe3+ ion
can be rationalized by the Stern–Volmer equation: I0/I = 1 + Ksv × [Q], where [Q] is
the concentration of Fe3+, Ksv is the quenching constant, and I0 and I are the emission
intensities in the absence and presence of Fe3+, respectively [37]. As demonstrated in
Figure 5b,c (right), the titration curves for Fe3+ ions in 1 and 2 are virtually linear at low
concentrations, which gave the linear correlation coefficient (R2) of 0.997 for 1 and 0.975 for
2, respectively, while the S-V curves at higher concentrations became nonlinear, which can
be described by concurrent dynamic and static quenching or the self-absorption process.
The Stern−Volmer constant (Ksv) values are 6.895 × 105 for 1 and 9.940 × 105 M−1 for 2,
respectively, in the presence of Fe3+.

Furthermore, the detection limits were calculated according to the standard equation
3σ/k, where σ is the standard deviation from the blank measurements and k is the absolute
value of the calibration curve at lower concentration [38], giving 2.35 and 1.01 μM for 1 and
2, respectively. Noticeably, complexes 1 and 2 show comparative Ksv with some previously
reported complexes toward the detection of Fe3+ ions in aqueous phase solution (Table S2).
The recyclability test showed no significant differences in the PXRD patterns (Figure S21)
and the luminescence intensities (Figure S22) for five regeneration cycles, indicating the
reusability and demonstrating that the quenching effect was not due to the structural
decomposition of 1 and 2 upon the interactions with the Fe3+ ions.
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(a) 
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Figure 5. (a) Bar diagrams showing the relative emission intensities of 1 and 2 in various metal ions. Emission spectra
of the activated (b) 1 and (c) 2 at various concentrations of Fe3+ (left), and the Stern−Volmer (sv) plot of I0/I versus Fe3+

concentration (right).

Several mechanisms for luminescence quenching such as framework collapse, cation
exchange, and interactions between the incoming metal ion and the organic linker that
result in competitive absorption of the excited energies of the sensed metal ion and the host
CPs, have been suggested [39]. As mentioned above, by comparing the PXRD patterns
and luminescence intensities, the framework collapse can be ruled out. The interactions
between Fe3+ ions and complexes 1 and 2 through the amide carbonyl oxygen atoms may
thus lead to the luminescence quenching [40]. The UV-vis absorption spectrum of Fe3+ in
aqueous solution and the corresponding excitation and emission spectra of complexes 1 and
2 are shown in Figure S23. Partial overlaps between the absorption spectrum of Fe3+ ion
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and the excitation spectra of complexes 1 and 2 are observed, indicating that the excitation
energies of 1 and 2 can be partially absorbed by the Fe3+ ions, and the luminescence
quenching can most probably be ascribed to competitive energy absorption [39].

4. Conclusions

Three eight-fold interpenetrated 3D CPs with the (66)-dia topology have been success-
fully prepared by using angular L and the linear dicarboxylic acid 1,4-H2NDC. The Zn(II),
Cd(II) and Co(II) metal centers of 1–3 adopt the distorted tetrahedral, pentagonal bipyra-
midal and octahedral/square pyramidal geometries, respectively, resulting in different
coordination modes for the 1,4-NDC2− ligands and indicating that the structural topology
is not subject to the metal geometry. Their structural stabilities are assessed particularly in
the aqueous environments, revealing that complexes 1 and 2 with close-shell Zn(II) and
Cd(II) ions are much more stable than 3 with the open-shell Co(II) ion. The surface areas
and pore structures of 1 and 2 were observed via CO2 gas sorption measurements and the
activated samples of 1 and 2 explored by emission spectra and PXRD patterns demonstrate
efficient detection of mesitylene and Fe3+ ions with high selectivity and recyclability. This
investigation oversees the sensing properties of the highly entangled bpba-based CPs
toward VOCs and metal ions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13183018/s1. FT-IR spectra for 1–3 (Figure S1). PXRD patterns for 1–3 (Figures S2–S4).
TGA curves for 1–3 (Figure S5). CO2 sorption isotherms of 1 and 2 (Figures S11–S13). Emission
spectra for 1 and 2 (Figures S14 and S15). Sensing properties of reported compounds toward various
aromatic VOCs (Table S1). Sensing properties of reported compounds toward Fe3+ ions (Table S2).
Crystallographic data for 1–3 have been deposited with the Cambridge Crystallographic Data Centre,
CCDC No. 2100027-2100029.
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Abstract: A quaternary polymer (HGP) was prepared by the free-radical polymerization of acry-
lamide, acrylic acid, maleic anhydride functionalized β-cyclodextrin (MAH-β-CD), and N-(3-
methacrylamidopropyl)-N, N-dimethylnaphthalen-1-aminium chloride (NAP). It was found that
host–guest behavior occurred most effectively at a molar rate of NAP and CD with 1:1, which
exhibited better solubility than hydrophobically associative polymer. Moreover, the as-prepared
polymer has superior salt tolerance, shear resistance, and viscoelasticity due to host–guest strategy.
More importantly, the HGP solution simulates the distribution of formation water in the Bohai SZ1-1
oilfield has good rheological properties at 120 ◦C. All results show that the proposed polymer could
be a competitive candidate in oilfield applications such as fracturing fluids, displacement fluids, and
drilling fluids.

Keywords: host–guest strategy; hydrophobically associating water-soluble polymers; rheological
behaviors; salt tolerance; β-cyclodextrin

1. Introduction

Water-soluble polymers have become increasingly important in oilfield applications
such as hydraulic fracturing, enhanced oil recovery, and drilling [1]. As the petroleum
industry taps deeper reservoirs, there is an urgent requirement that chemicals should
maintain performances in harsh reservoirs with high temperatures and salinities [2,3].
Polyacrylamide and partially hydrolyzed polyacrylamide (HPAM) are widely used in
polymer flooding and hydraulic fracturing [4]. However, HPAM with poor heat resistance
and salt tolerance cannot withstand the harsh reservoir [5–8].

In addition, scholars have paid increased attention in recent decades to hydrophobi-
cally associating water-soluble polymers (HAWSPs), which have good thickening and salt
resistance. Hydrophobic association between the hydrophobic groups of HAWSP increases
the hydrodynamic volume and increases viscosity significantly [9,10]. Compared with
conventional water-soluble polymers, HAWSPs have poor solubility due to the presentence
of hydrophobic groups, which one of the factors restricting its application in oil fields.

The host–guest effect has attracted attention in recent years because it can improve
the performance of polymers. β-cyclodextrin (β-CD) is the most used in this field [11–14].
β-CD can form supramolecular structures with guest chains by hydrogen bonding and
van der Waals forces [15,16]. There is a network structure in such a polymer solution
caused by the inclusion of the β-CD and the guest such as phenyls, long-chain alkyls,
adamantyl, and azobenzene [17–21]. Weickenmeier et al. obtained a polymer solution with
an apparent supramolecular network structure attributed to the host–guest effect between
β-CD polymers and hydrophobically modified polymers [22]. Wei Bing et al. grafted a
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β-CD and an adamantane ring structure on the side chain of the polymer; the superior
properties make this novel polymer promising in enhancing oil recovery [23]. Zou CJ et al.
prepared a new supramolecular retarded acid system by β-CD and 2-Phosphonobutane-1,
2, 4-Tricarboxylic Acid, which can decrease the corrosion rate with formations [24]. Due to
the spatial position of the host–guest molecules on the polymer chain and the difference in
their molecular activation energy, the rheological behavior of the polymer solution system
is significantly different. According to previous studies, grafting of β-CD groups in a
HAWSP can produce host–guest interactions, improving properties such as solubility and
temperature, salt, and shear resistance [25,26].

Inspired by the above, a quaternary polymer (HGP) was designed by copolymerizing
acrylamide (AM), acrylic acid (AA), and two kinds of monomer: N-(3-methacrylamidopropyl)-
N,N-dimethylnaphthalen-1-aminium chloride (NAP) and modified maleic anhydride (MAH-
β-CD). NAP and MAH-β-CD were selected as functional monomers for the following
reasons: (1) the hydrophobic cationic monomer NAP can form hydrophobic microdomains
in an aqueous solution due to hydrophobic association, which significantly increases the
viscoelasticity. (2) Due to the poor solubility of hydrophobically associating polymers, the
introduction of cyclodextrin can speed up the dissolution of the polymer. At the same
time, NAP and MAH-β-CD have host–guest effects in the solution. It is reported that
the envelope constants between cyclodextrin and naphthalene are 4.67 × 103 molL−1

(Figure 1) [27]. (3) In addition, NAP and MAH-β-CD are rigid groups, which not only
increase the rigidity of the backbone of the polymer but also improve the temperature
resistance of the polymer.

Figure 1. Cyclodextrin and naphthalene have host–guest effects.

HGP embraces good solubility, thickening performance, shear tolerance, and salt and
temperature resistance due to the host–guest effect.

2. Experimental Section

2.1. Materials

β-cyclodextrin(β-CD, BR 99%), maleic anhydride (MAH, AR 99%), acetone (AR 98%),
chloroform Dimethylamino propyl methacrylamide (DMAPMA, AR 98%), 1-Chloromethyl
naphthalene (AR 98%), Anhydrous methanol (AR 99.5%) and acetonitrile (AR 99.5%),
Sodium carbonate (AR 99.5%), Ethyl ether, Acrylamide(AM, AR 98%), Acrylic acid (AA,
AR 99.5%), 2,2′-azobis (2-methylpropionamidine) dihydrochloride (V50, AR 98%), sodium
hydroxide, sodium chloride (NaCl, AR 99%), potassium chloride (KCl, AR 99%), Calcium
chloride anhydrous (CaCl2, AR 99%), and magnesium chloride (MgCl2, AR 99%) were
purchased from Chengdu Kelong Chemical Reagents Corp. (Chengdu, China). HPAM
(Mw = 16 to 18 × 106) was purchased from the Hengju Oil Field Chemical Reagents Co,
Ltd. (Beijing, China). Deionized (DI) water was obtained from a water purification system.

2.1.1. Synthesis of MAH-β-CD

The activity of various hydroxyl groups in cyclodextrin is different. According to nucle-
ophilic properties, the reaction activity order of the three hydroxyl groups is C6 > C2 > C3.
The steric hindrance of the 6-hydroxyl group is small, and the reaction activity is higher
under acidic conditions. Therefore, the electrophilic reagent attacks the 6-hydroxyl group,
and the reagent with lower reaction activity has the highest selectivity on the 6-primary
hydroxyl group. In addition, through references [28,29], it was found that when the molar
ratio of 1:1 for the CD and MAH, the yield was higher. A mixture of β-CD (5.68 g, 0.005 mol),
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MAH (4.90 g, 0.005 mol), and anhydrous N,N-dimethyl formamide (30 mL) was stirred at
80 ◦C for 10 h. Then, the reaction mixture was cooled to room temperature, and a large
amount of chloroform was added to precipitate the compound. The precipitate was filtered
and washed three times with a large amount of acetone. Vacuum drying the precipitate at
75 ◦C for 24 h resulted in a 62% yield of a yellow powder (MAH-β-CD) (Scheme 1).

 

Scheme 1. Synthesis route of maleic anhydride cyclodextrin (MAH-β-CD).

2.1.2. Synthesis of NAP

A mixture of (10.215 g, 0.06 mol) DMAPMA and (10.598 g, 0.06 mol) 1-(chloromethyl)
naphthalene was added to 60 mL anhydrous methanol and 60 mL acetonitrile, and sodium
carbonate (2.11 g) was added. The system was protected by argon and reacted at 60 ◦C for
48 h at reflux. After the reaction, the solid was filtered, and methanol and acetonitrile were
removed at 55 ◦C by rotary evaporator. The concentrated substance was added to diethyl
ether; there white powder was produced, named NAP (yield 91%) (Scheme 2).

Scheme 2. Synthesis route of NAP.

2.1.3. Synthesis of Copolymer

The appropriate amounts of AM (10 g, 0.14 mol), AA (2.5 g, 0.03 mol), MAH-β-CD
(0.56 g, 4.54 × 10−4 mol), and NAP (0.15 g, 4.54 × 10−4 mol) were stirred into deionized
water under a nitrogen atmosphere for 30 min, and the total monomer concentration was
maintained at 30 wt.%. Then, the pH was adjusted to 7.0–8.0 with sodium hydroxide. After
complete dissolution, V50 solution was added, the content of which was 0.035 wt.% of
the total mass of the monomer. At last, the solution was under a UV light fixture (T5 8-W
UVB) at 25 ◦C for 8 h (yield 89–92%). The product was purified three times by precipitation
with ethanol dried at 25 ◦C. In this study, three copolymers, HGP, HP-T, and GP-T, were
prepared, in which the molar ratio of MAH-β-CD to NAP in the three copolymers was 1:1,
1:0, and 0:1, respectively. The synthesis route is shown in Scheme 3.

Scheme 3. Synthesis route of copolymer.
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2.2. Characterization

The 1H NMR spectra of NAP, HGP, and MAH-β-CD were measured on a Bruker
AVANCE III HD 400 spectrometer (Bruker BioSpin, Switzerland). The Fourier Transform
Infrared Spectroscopy (FT-IR) of HGP was measured with Nicolet 6700 spectrophotometer.

2.3. Effect of β-CD and MAH-β-CD on NAP CMC

The influence of β-CD and MAH-β-CD concentration on the surface tension of NAP
was measured by KRUSS DSA30S tensiometer at 25 ◦C. The measurements were repeated
three times independently, and the error was represented by the error strip in the figure.

2.4. Effect on the Viscosity of the Functional Monomer

To investigate the effect of the molar ratio of the MAH-β-CD and NAP on the viscosity
of polymer solutions, the polymer with different molar ratio of MAH-β-CD to NAP was
prepared. The measurement was repeated three times independently.

2.5. Conductivity

In order to explore the impact of the host–guest effect on copolymers’ solubility, the
DDS-307+ conductivity meter (Chengdu Century Ark Technology Co., Ltd., Chengdu,
China) was used to measure the conductivity of HGP, GP-T, and HP-T, and all experiments
were conducted at 25 ◦C. The measurement was repeated three times independently.

2.6. Thickening Performance

The viscosities of the copolymer solutions with various concentrations were measured
by HAAKE RS600 rheometer (Thermo Fisher Scientific, 81 Wyman Street, Waltham, MA,
USA) at 170 s−1 and 25 ◦C. The measurement was repeated three times independently.

2.7. Microstructure Analysis

The microstructure of the HGP, HP-T and GP-T solutions was observed by environ-
mental scanning electron microscope (ESEM; Quanta 450, Hillsboro, OR, USA). All samples
were frozen at −50 ◦C using liquid nitrogen, and the frozen surfaces of the samples were
observed with the ESEM operating at an accelerating voltage of 20 kV.

2.8. Viscoelasticity

The viscoelasticity of copolymers solutions was measured by an Anton Paar rheome-
ter (MCR302) with CP50-1-SN30644 plate fixture (diameter = 0.099 mm) at 25 ◦C. The
measurement was repeated three times independently.

2.9. Shear Tolerance

The shear tolerances of the copolymer solutions (0.6 wt.%) were measured by a
continuous shear from 7.31 s−1 to 1000 s−1 at 25 ◦C for 30 min by the HAAKE MAR III RS
600 rheometer. The shear recoveries of shear rates at 170 s−1 and 510 s−1 were measured
under the same conditions. The measurement was repeated three times independently.
The thermal shear of HGP, HP-T, and GP-T solutions was investigated. The temperature
was raised from 30 ◦C to 120 ◦C over a period of 120 min at a constant shear rate of 170 s−1.

2.10. Salt Tolerance

To investigate the salt tolerance of the copolymer solutions HGP, HP-T, GP-T, and
HPAM, the viscosity of polymers (0.6 wt.%) in different concentrations of sodium chlo-
ride was measured. Similarly, the salt tolerance of the copolymers was investigated in
calcium chloride solution and magnesium chloride solution, respectively. The viscosity
was measured by the HAAKE rheometer at 170 s−1 and 25 ◦C.
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3. Results and Discussion

3.1. Characterization

The HGP structure was confirmed by 1H NMR, as shown in Figure 2c. The proton
signals at 4.70 ppm were assigned to the solvent proton (D2O). Proton signals of 3.0 ppm
were assigned to –N+–CH3, and 5.56 to 6.24 ppm were associated with the proton peak of
naphthalene. A 0.88 ppm proton signal could be assigned to the -CH3 proton in the polymer
backbone. The proton signals of 1.603 ppm and 2.143 ppm were attributed to the -CH2-CH-
in the polymer backbone. The two protons of the main chain of the MAH-β-CD were around
2.45 ppm (-CH-) and at 1.70 ppm (-CH2-). The proton signal at 4.998 ppm was associated
with the β-CD glucose unit (O-CH-O). The mass signal was considered to be the glucose
proton units C-CH-OH and C-CH2-OH at 3.681 ppm. The 3.272 ppm proton signal was
derived from the C-CH-O of the glucose proton unit, which corresponds to Figure 2a,b; the
experimental results verified the identity of the synthesized polymer to the target.

Figure 2. Cont.
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Figure 2. 1H NMR spectrum: (a) MAH-β-CD, DMSO; (b) NAP, D2O; (c) HGP, D2O.

HGP was characterized and confirmed by the FT-IR spectrum shown in Figure 3. The
absorption bands at 3455 cm−1 and 1673 cm−1 were due to the stretching vibration of N-H
and C=O in the acrylamide groups (–CONH2). The band at 3098 cm−1 was attributed to
the C-H stretching vibration of arene hydrocarbons. The band at 2927 cm−1 was due to the
stretching vibration peak of -CH2-. The peak at 1446 cm−1 was assigned to the stretching
vibration of the arene C-C skeleton. The 1415.4 cm−1 peak was attributed to the in-plane
bending vibration peak of amide C-N and N-H. The bands observed at 1336 cm−1 was due
to the vibration of -CH2-. The band at 844 cm−1 was the in-plane and out-plane bending
vibration of arene C-H. Furthermore, the stretching vibration of C-O-C referred to the band
at 938.00 cm−1 which corresponded to the skeleton vibrations of β-CD. The FT-IR spectra
confirmed that NAP and MAH-β-CD had been successfully introduced into the polymer.

 
Figure 3. The FTIR spectrum of HGP.
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3.2. Effect of β-CD and MAH-β-CD on NAP CMC

The critical micelle concentration (CMC) of NAP was measured at 25 ◦C. As shown
in Figure 4a, with the increase in concentration, the surface tension of the NAP solution
decreases continuously. When the concentration is 3.54 × 10−4 mol/L, the surface tension
drops to the minimum and rarely changes with the increase in concentration, indicating that
the CMC of NAP is about 3.54 × 10−4 mol/L. Figure 4b shows the relationship between the
surface tension of NAP (3.54 × 10−4 mol/L) and the concentration of cyclodextrin (β-CD
or MAH-β-CD) at 25 ◦C. Clearly, with the increase in CD/NAP, the system surface tension
increases continuously. When CD:NAP ≈ 1, the surface tension reaches the maximum and
tends to be stable. It can be seen that MAH-β-CD, like the β-CD, has a similar binding
effect on hydrophobic guest NAP, and an inclusion ratio of CD:NAP ≈ 1.

Figure 4. (a) Surface tension of NAP at 25 ◦C; (b) relationship between CD:NAP and NAP surface
tension at 25 ◦C.

3.3. Effect on the Viscosity of Host–Guest Monomer Ratio

It is well known that monomer content has a marked effect on polymer viscosity [30].
As shown in Figure 5, with the increase in the molar ratio of the host–guest monomer, the
viscosity of the solution increased first and then decreased. When the molar ratio of MAH-β-
CD to NAP was 1:1, the solution viscosity reached the maximum 194 mPa·s, corresponding
to the effect of CD on NAP CMC. The highest effective host–guest structure in the solution
occurred when the molar ratio was 1:1, resulting in a significant increase in viscosity.

Figure 5. The 0.6 wt.% HGP viscosity at various monomer molar ratios with a shear rate of 170 s−1

at 25 ◦C.
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3.4. Conductivity

It is important for application in oilfields that polymers dissolve in water immediately.
When the polymer is completely dissolved, the conductivity hardly changes over time.
As shown in Figure 6, the conductivity of HGP, GP-T, and HP-T gradually stabilized
over time. The conductivity of HGP and HP-T tends to stabilize quickly, at 4.2 min and
5.1 min, respectively. However, the GP-T was relatively slow and did not become stable
until 8.0 min. β-CD can wrap the hydrophobic groups to form an inclusion compound
due to its unique structures, including hydrophobic inner cavity and hydrophilic outer
cavity. Thus, the hydrophobic association between the hydrophobic groups in the polymer
was shielded, accelerating the diffusion rate of the polymer molecules to water, and
reducing the dissolution time of the polymer. From this perspective, polymers using
the host–guest strategy have more promising application prospects than hydrophobic
associating polymers.

Figure 6. Conductivity changes in the dissolution process of copolymers at 25 ◦C.

3.5. Thickening Performance

The viscosity of the polymer solution increases as the concentration increases. As
shown in Figure 7, the four polymers exhibited good proportional linear thickening prop-
erties. When the concentration increased from 1000 mg/L to 3500 mg/L, the growth rate
in viscosity of the HGP was the highest (168%), and HP-T had the lowest liquid viscosity
growth rate (92.5%). This could be interpreted as follows: at low concentrations, the system
thickening effect was not obvious, but when the concentration was more than 1000 mg/L,
the inclusion effect became significant, and the host–guest recognition between the β-CD
and NAP on the polymer formed a cross-linked 3D network structure. In addition, the
hydrophobic association also contributes to viscosity, as shown in Figure 8. As a result, the
viscosity of HGP rose sharply.

3.6. Microstructure Analysis

ESEM was used to investigate the reasons for the increase in polymer viscosity. In
Figure 9, microcosmic network structures in HGP are much denser than those of GP-T and
HP-T. As shown in Figure 9a, there is a noticeable multilayer 3D structure containing pores
with different sizes in the HGP solution as a result of the host–guest effect, which could not
only support the polymer chain but also encapsulate a lot of water. In other words, the
host–guest effect can increase the apparent viscosity and deformation resistance.
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⋅

Figure 7. Apparent viscosity as a function of copolymer concentrations for HGP, GP-T, HP-T, and
HPAM at shear rate of 170 s−1 at 25 ◦C.

Figure 8. The thickening mechanism of HGP.

 

Figure 9. SEM morphologies of 0.6 wt.% GP-T, HP-T, and HGP in DI water (1000×). (a) HGP, (b) HP-T, (c). GP-T.

3.7. Viscoelasticity

The change in storage modulus (G’), loss modulus (G”), and intersection (Gc) de-
pended on the frequency [4]. Figure 10 shows that for HGP, HP-T, and GP-T, at a low
frequency where the G’ was less than G”, the viscous modulus played a dominant role.
The storage and loss moduli increased with the increase in frequency. As the scanning
frequency further increased above the characteristic frequency where G’ and G” crossed
each other (Gc), the G’ was more significant than the G”, indicating that the G’ played a
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dominant role. The relaxation time tc corresponding to the intersection Gc can be used to
describe the solution viscoelasticity. A longer tc verifies that the solution contributes more
to elastic efficiency. Table 1 shows the relaxation times of different solutions according to
the calculation results; the tc of HGP, GP-T, and HP-T are about 2.68, 0.451, and 1.3103 s,
respectively, suggesting that the host–guest structure can endow the polymer solution with
superior viscoelasticity.

Figure 10. G’ and G” varying as a function of angular frequency for three polymers. (a) HGP, (b) GP-T, (c) HP-T.

Table 1. Crossover frequencies and longest relaxation times of three polymer solutions.

Polymer

HGP GP-T HP-T

Crossover frequency (Hz) 0.372 2.20 0.767
Relaxation time (s) 2.688 0.451 1.303

3.8. Shear Tolerance

As shown in Figure 11, the viscosity decreased as the shear rate increased, indicating
that those polymer solutions are typical pseudoplastic fluids. With the increase in shear
rate, the forces between groups and molecular chains were destroyed, including hydrogen
bonds, van der Waals forces, and hydrophobic associations. The flow resistance of the
system dropped dramatically, resulting in a decrease in apparent viscosity. In addition,
the viscosities of HGP, GP-T, and HP-T were 87.8 mPa·s, 47.5 mPa·s, and 53.2 mPa·s,
respectively, at a shear rate of 1000 s−1. A similar situation can also be observed in Figure 12.
When the shear rate alternated between 170 s−1 and 510 s−1, the HGP solution showed
the best shear recovery performance, indicating that the HGP solution had good shear
resistance properties caused by the interaction between the β-CD and the hydrophobic
group. When the shear occurred, the host–guest interaction was destroyed, producing
many free host and guest groups at the cross-section. While shear rate decreased, the
host–guest effect reformed, leading to the recovery in the viscosity of polymer solutions.

Figure 11. Apparent viscosity relative to shear rate of the HGP, GP-T, and HP-T at 0.6 wt.%.

640



Polymers 2021, 13, 2972

Figure 12. The HGP, GP-T, and HP-T apparent viscosity relative to alternating shear rate.

The polymer will experience shear and temperature increase in the reservoir. Thus, it
is necessary to evaluate the behaviors of polymers in formation water. In the experiment,
formation water of the SZ1-1 oilfield in the Bohai Sea was used to prepare 0.6 wt.% polymer
solution at 25 ◦C; the formation water composition is shown in Table 2.

Table 2. Formation water ion composition.

Composition Na+/K+ Ca2+ Mg2+ CO3
2− HCO3

− SO4
2− Cl−

Content (mg·L−1) 3091.64 276.17 158.68 14.21 311.48 85.29 5436.34

Figure 13 shows that the viscosity of the polymer solution decreased as the temper-
ature increased. From 30 ◦C to 120 ◦C, the HGP viscosity maintains at approximately
90 mPa·s, significantly greater than HP-T (51 mPa·s) and GP-T (30 mPa·s), indicating that
the HGP has greater temperature resistance than HP-T and GP-T. β-CD encapsulating the
hydrophobic chain was an exothermic reaction [24,31], leading to the dissociation of the
β-CD inclusion complex with increasing temperature due to the Brownian motion. In addi-
tion, the weakening of the hydrophobic association resulted in a considerable reduction
in viscosity. However, the conformation of the polymer at high temperature determines
its hydrodynamic volume, which determines the viscosity. The conformation is mainly
affected by the rigidity of the polymer and the forces between groups and molecular chains.
Although rigidity of the polymer worsens the flexibility of the molecular chain, it can
make the molecular chain more extended [32]. Therefore, increasing the rigidity of the
polymer can effectively increase the temperature resistance, and the introduction of the
hydrophobic group can also change the conformation of the polymer at high tempera-
tures [33]. Thus, the temperature resistance of the polymer solutions at high temperatures
was HGP > GP-T > HP-T.

3.9. Salt Tolerance

Inorganic salt has a negative influence on the polymer solution viscosity, especially
the divalent ones, such as Ca2+ and Mg2+ [34]. As shown in Figure 14a, the viscosity
change of the HGP solution was more pronounced than those of the HP-T and GP-T
solutions. When the NaCl concentration was less than 20,000 mg/L, the viscosity of the
HGP solution decreased as the NaCl concentration increased. This can be interpreted as
sodium ions shielding the carboxylate ions on the polymer, which reduces electrostatic
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repulsion between the anions, causing the polymer backbone to curl, resulting in the
reduction in viscosity at the initial stage.

Figure 13. Rheological properties of copolymers HGP, HP-T, and GP-T at 120 ◦C.

 

⋅

×

⋅

×

⋅

×

Figure 14. Effects of inorganic salt concentrations on the viscosities of HGP, GP-T, HP-T, and HPAM, 0.6 wt.%. (a) NaCl,
(b) MgCl2, (c) CaCl2.
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When the content of NaCl increases from 2 × 104 mg/L to 12 × 104 mg/L, the polarity
of the solution increases, which strengthens the hydrophobic association and the host–
guest effect. Macroscopically, the viscosity of HGP increased from 117 mPa·s to 290 mPa·s.
Further, when the NaCl concentration reached 30 × 104 mg/L, the viscosity lowered
from 290 mPa·s to 89 mPa·s. This can be clarified as when the salt concentration further
increases, the electrostatic shielding effect was greater than the host–guest interaction and
hydrophobic association, resulting in the polymer backbone crimp and a sharp decrease
in viscosity. For HPAM, the electrostatic shielding effect of salt on carboxylate ions was
significant, and the polymer backbone crimped seriously, so the viscosity of HPAM is
almost the same as that of water [35].

Similarly, the effect of CaCl2 and MgCl2 on the viscosity of the polymer solution was
also investigated, as shown in Figure 14b,c. With the increase in concentrations of CaCl2
and MgCl2, the viscosity of the HGP was higher than that of HP-T and GP-T, indicating that
the host–guest effect between NAP and β-CD can improve the salt tolerance of the polymer.
When the brine concentration reached 2 × 104 mg/L, the viscosity of HGP in CaCl2 and
MgCl2 decreased from the initial viscosity to 71.6 and 82.5, respectively. However, when
the concentration of inorganic salts reached 7000 mg/L, the viscosity of the HPAM solution
was reduced almost to zero.

4. Conclusions

In this study, a water-soluble polymer, HGP, was synthesized that combined the host–
guest effect of β-cyclodextrin and NAP. From the experiments, six conclusions were drawn:

(1) HGP with good properties was synthesized by free-radical polymerization. NAP,
MAH-β-CD, and HGP were characterized by 1H NMR spectroscopy.

(2) HGP using the host–guest strategy encompasses a better solubility than HAWSPs.
(3) The highest effectiveness of host–guest structures can be formed in an aqueous

solution when the molar ratio of β-CD to NAP is 1:1.
(4) When the concentration increased from 1000 mg/L to 3500 mg/L, the growth rate

in viscosity of the HGP was 168%. The microscopic reason was that microcosmic
network structures in HGP are much denser than those of GP-T and HP-T.

(5) The host–guest effect between NAP and MAH-β-CD groups improves the perfor-
mance of HGP, including the shear, viscoelasticity, and salt tolerance.

(6) For the polymer solutions prepared by the formation water of the SZ1-1 oilfield in
the Bohai Sea, HGP maintains the viscosity of 90 mPa·s at 120 ◦C, 170 s−1, which was
higher than HP-T and GP-T.

Therefore, HGP has good application prospects for drilling, hydraulic fracturing, and
enhanced oil recovery.
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Abstract: This study aimed to improve polydimethylsiloxane (PDMS) conversion in the preparation
of polycarbonate (PC)–polydimethylsiloxane (PDMS) copolymer through melt polycondensation.
We examined the transesterification process of PDMS with diphenyl carbonate (DPC) and its copoly-
merization products with bisphenol-A (BPA) for different chain lengths of PDMS. The key factors
affecting PDMS conversion were investigated. Results showed that long-chain PDMS required a
higher critical transesterification level (38.6%) to improve miscibility with DPC. During polycon-
densation, side reactions were more prone to occur when the equilibrium transesterification level of
long-chain PDMS was lower. PDMS conversion was also lower when more short-chain PDMS was
fed. Increasing the chain length of PDMS also reduced PDMS conversion. Notably, increasing the
amount of KOH can significantly improve PDMS conversion throughout the polycondensation stage
by increasing the equilibrium transesterification level of long-chain PDMS, thereby inhibiting the
occurrence of side reactions.

Keywords: PC-PDMS copolymer; melt polycondensation; miscibility; equilibrium transesterification
level; conversion

1. Introduction

Polycarbonate (PC) is widely applied in various fields such as electronics, automotive
parts, constructions, and medical equipment due to its excellent optical and mechanical
properties, including transparency and impact strength [1–3]. However, its utilization still
faces challenges because new designs tend to emphasize more on key application areas re-
quiring thin-wall parts, complex geometries, and high-impact products that can withstand
very low temperatures with no compromise on flow and processability. Meanwhile, PC
shows a V-2 rating in the UL-94 test, meaning it does not meet fire-safety requirements. For
this reason, PC modification with other components through copolymerization and melt
blending has been extensively studied over the last four decades [4–6].

Polydimethylsiloxane (PDMS) molecules have relatively flexible polymer backbones
(or chains) with a low glass-transition temperature, resulting in low temperature ductility,
high thermal stability, and versatile functionality. Thus, PDMS is an ideal flame retardant
or impact modifier for PC. These disadvantages can be compensated for through copoly-
merization with PDMS, which generally shows higher polymer-chain flexibility [7,8].
The introduction of PDMS into the PC main chain enables an easy process of PC and
improves its low-temperature toughness, weatherability, hydrolytic stability, and flame
retardancy [9–15]. Compared with traditional interfacial phosgenation, melt-condensation
polymerization is a green process not requiring the use of hazardous phosgene and chlo-
rinated solvent. Thus, this efficient and friendly method can be applied in preparing
PC-PDMS copolymer for industrial production.

The preparation of PC-PDMS copolymers by melt polycondensation is greatly hin-
dered by the difficulty of increasing PDMS conversion. PDMS and DPC are immiscible with
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each other due to the large difference in their solubility parameters (δDPC = 10.53 cal1/2 cm−3/2

vs. δPDMS = 7.3 cal1/2 cm−3/2) [16,17]. Thus, PDMS cannot be well-dispersed in DPC or PC
oligomers in the melt state, thereby suppressing the transesterification reaction of PDMS
to some extent [18]. King et al. [19] demonstrated that hydroxyl-terminated PDMS with
long chains cannot achieve high conversion through melt polycondensation (only 3–5%),
as experimentally observed by Koenig et al. [20] Moreover, the immiscibility between
PC and PDMS is a key factor affecting the heat resistance, impact resistance, and optical
transparency of PC-PDMS copolymers. Zhang et al. [21] and Zhou et al. [22] reported that
PC-PDMS copolymer formed in situ in PC/PDMS blend under the action of transesterifica-
tion catalyst helps improve the miscibility between the two. Therefore, we consider that
PDMS and DPC should be reacted first in the transesterification stage. Afterwards, the
end group of PDMS changes, which is beneficial to improving the miscibility with DPC or
PC oligomers, and then it reacts with BPA or PC oligomers to obtain the desired products.
Thus, the change in miscibility influences PDMS conversion during transesterification.

A series of siloxane equilibrium reactions occur during transesterification under the
action of strong bases, including the linear condensation between PDMS and PDMS or
the cyclic degradation of PDMS itself, thereby affecting the transesterification ratios of
PDMS [23]. The former increases the average chain length of PDMS, and the latter decreases
its average chain length. Either raising temperature or lowering pressure can break the
equilibrium state and affect the form of PDMS in the melt. GE and Bayer have found that
the siloxane chain is severely decomposed by siloxane-chain scission followed by siloxane
depolymerization to give cyclic siloxanes during the typical melt process [24,25]. Cyclic
siloxanes formed in this process remain in the polymer and have an exceptionally disruptive
effect on applications in the electrical/electronic sector [26–28]. Another potential problem
regarding PC-PDMS copolymer synthesis, which is relatively neglected often, is the stability
of the hydroxyl end groups in PDMS oligomers. Hydroxyl-end groups can backbite the
terminal silicon atoms in PDMS oligomers, leading to the formation of cyclic siloxane and
the loss of end-group functionality, thereby inhibiting the introduction of PDMS into the
PC chain. To improve PDMS conversion, the equilibrium conversion rate of PDMS in the
transesterification stage must be increased to promote the miscibility of PDMS with PC
oligomers while reducing the residual amount of PDMS and inhibiting the occurrence of
side reactions.

Accordingly, the present study initially examined the transesterification process be-
tween PDMS and DPC and investigated the degree of transesterification reaction required
for different chain lengths of PDMS and DPC to reach a critical miscibility state, as well
as the final equilibrium transesterification level. The effects of the feed amount of PDMS
and the average chain length on PDMS conversion during melt polycondensation were
then investigated. We found that PDMS conversion in the final product depended on the
equilibrium conversion rate at the transesterification stage. Finally, a solution strategy was
provided to effectively increase PDMS conversion.

2. Materials and Methods

2.1. Materials

Bisphenol-A (BPA; 99.0%), diphenyl carbonate (DPC; 99.0%), and potassium hydrox-
ide (KOH; 95%) were provided by Aladdin. Anhydrous alcohol (CH3CH2OH; 99.7%),
dichloromethane (CH2Cl2; 99.5%), chloroform (CHCl3; 99.0%), and n-hexane (C6H14; 97%)
were purchased from Shanghai Titan. DPC was purified by recrystallization in anhydrous
ethanol three times.

Silanol-terminated PDMS with an average chain length of 5.3 and 22.5 was supplied
by Shenzhen Ji-Peng Silicone Fluoride Materials Co. (Shenzhen, China) and denoted as
Silanol5.3 and Silanol22.5, respectively. Another silanol-terminated PDMS with an average
chain length of 56.2, denoted as Silanol56.2, was provided by ThermoFisher Scientific
(Shanghai, China). The average chain length of PDMS was determined by 1H-NMR as
described below. The chemical structures of BPA, PDMS, and DPC are shown in Figure 1.
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Figure 1. Chemical structures of (a) BPA, (b) PDMS, and (c) DPC.

2.2. Melt-Transesterification Reaction of DPC and PDMS

Equimolar amounts of DPC and PDMS with different average chain lengths were
poured into a 100 mL four-neck round-bottom glass flask fitted with a reflux condenser.
The flask was evacuated and refilled with dry nitrogen gas three times and then heated in a
180 °C silicone oil bath. The addition of KOH (0.01 mol% vs. PDMS) into the melted mixture
was considered the start of the reaction, and a small amount of sample was extracted
from the reactor at set intervals. Each sample was sealed and stored in a refrigerator for
analysis and direct characterization by nuclear magnetic resonance (NMR) and optical
microscopy (OM).

2.3. Synthesis of BPA/PDMS Copolycarbonates

Different amounts of Silanol5.3 were introduced into BPA and DPC mixtures. The
molar ratio of DPC/BPA was set at 1.06, and the BPA/PDMS molar ratio was changed
to 100/0, 99/1, 98/2, 96/4, 94/6, 92/8, and 90/10. The total amount of monomer was
77 mmol. A KOH amount of 100 ppm to diols on a mole basis was used. Whole reactants
were placed in a 100 mL three-neck round-bottom flask equipped with a mechanical stirrer
and high-vacuum bearing. The temperature was increased to 180 ◦C with mechanical
stirring under N2 atmosphere. The material was allowed to melt for 10 min, and then the
temperature was kept constant for 15 min to make the transesterification reach equilibrium.
Then, the temperature was increased to 210 ◦C, and the pressure was gradually reduced
to 120 mmHg. The temperature was held for 45 min to distill off phenol. Subsequently,
the temperature was raised to 270 ◦C over the next 15 min, after which the pressure
was reduced to 30 mmHg. After further reaction for 10 min, the final temperature was
set at 280 ◦C, and the pressure was reduced to less than 1 mmHg. This condition was
maintained for 10 min to complete the reaction. The synthesized polymer was cooled
to room temperature, dissolved in dichloromethane, and precipitated in an appropriate
amount of n-hexane accompanied by ultrasonic cleaning for 1 h to remove unreacted PDMS.
The final product was collected by vacuum filtration and dried in a vacuum oven at 100 ◦C
for 24 h until their use for characterizations.

A similar procedure was performed using Silanol22.5 and Silanol56.2 as raw materials.
The molar ratio of DPC to BPA was kept at 1.06, and the amount of PDMS was set at
6 mol% BPA.

2.4. Characterizations

ATR-FTIR experiments were performed on a Nicolet 5700 spectrometer with a DTGS
detector in the range of 400–4000 cm–1 at a resolution of 4 cm−1. The samples were
dissolved in dichloromethane at a concentration of 5 wt%, and then 50 μL of solution
was spread on a KBr pellet. The solvent was removed by vacuum desiccation at room
temperature before ATR-FTIR analysis.

1H, 13C, and 29Si NMR spectroscopic measurements were conducted using a Bruker
DMX-600 NMR spectrometer. CDCl3 with TMS served as deuterium solvents. The incorpo-
rated ratios, block contents, and conversions of PDMS were designated as NPDMS, WPDMS,
and Conversion, respectively. They were measured by

N PDMS =

[a]
6 × n PDMS
[a]

6 × n PDMS
+ [b]

6

(1)
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WPDMS =
74.1 × [a]

74.1 × [a] + 254 × [b]
× 100% (2)

Conversion(%) =
NPDMS

N0
(3)

where [a] represents an integrated value of a methyl group in a dimethylsiloxane moi-
ety observed at around δ −0.06 to 0.3, [b] represents an integrated value of a methyl
group in a BPA moiety observed at around δ 1.5 to 1.9, and N0 represents the initial feed
amount of PDMS.

The molecular weights and molecular-weight distributions of silanols were deter-
mined by gel permeation chromatography (GPC). The measurements were performed
using a Waters 1515 HPLC pump equipped with a refractive-index detector (Waters 2414).
Tetrahydrofuran (THF) was used as the mobile phase at a flow rate of 1 mL/min at 35 ◦C.
Weight-average molecular weight (Mw) and polydispersity index (PDI) were determined
against linear polystyrene standards.

The viscosity-average molecular weight (Mη) of the polycondensation product was
determined with an Ubbelohde viscometer at 25 ± 0.5 ◦C using CHCl3 as the solvent and
was calculated by Equations (4) and (5) as follows [29]:

[η] =
√

2
(
ηsp − ln ηr

)
/C (4)

[η] = KM α
η (5)

where C is the concentration of the solution (always 0.01 g mL−1), ηr is the relative viscosity,
and ηsp is the specific viscosity. According to ref. [29], the characteristic parameters K and
α of BPA-PC are 0.0111 mL g−1 and 0.82, respectively.

Similarly, the Mη of PDMS can also be determined using an Ubbelohde viscometer.
When CHCl3 was replaced with toluene as the solvent, it can be described as follows:

[η] = 2 × 10−2M 0.66
η (6)

Color difference (ΔC), which represents the yellowness of the synthesized product, was
measured with an ultraviolet spectrophotometer (UV-vis; UV1900, Youke Instrument). A
CHCl3 solution with a concentration of 0.01 g mL−1 was used, and ΔC was determined by:

ΔC =

(∣∣∣∣1
3
− T445

T

∣∣∣∣ +

∣∣∣∣1
3
− T555

T

∣∣∣∣ +

∣∣∣∣1
3
− T600

T

∣∣∣∣)× 100% (7)

where T445, T555, and T600 represent the transmittance of the solution relative to CHCl3 at
wavelengths of 445, 555, and 600 nm. Furthermore, T = T445 + T555 + T600.

The morphology of transesterification products was observed using an OM system
(Olympus CX21). We took a drop of transesterification product onto a glass slide, gently
pressed the sample to flow naturally, and used a low-power zoom lens (40 × 10) to observe
the changes in the morphology of the two phases.

The glass-transition temperature (Tg) of PC was measured with a differential scanning
calorimetry (DSC) system (DSC25, TA Instruments) within 20 ◦C to 250 ◦C at a heating rate
of 10 ◦C min−1 in N2 atmosphere. To eliminate the thermal history of the samples, Tg was
determined as the inflection point of the transition during the second heating process.

The decomposition temperature was tested using a thermogravimetric analysis (TGA)
apparatus (Netzsch STA 409). The samples were heated from 50 ◦C to 800 ◦C at a heating
rate of 10 ◦C min−1 under a nitrogen flow of 50 mL min−1. The 5% weight-loss temperature
was recoded as Td, 5%.
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3. Results and Discussions

3.1. Molecular Structures of Silanol-Terminated PDMS

Figure 2 shows the ATR-IR spectra of PDMS with different chain lengths. A broad
absorption peak appeared at 3000–3700 cm−1 due to the stretching vibration of the terminal
hydroxyl group. The average chain length of Silanol5.3 was shorter with a higher hydroxyl
content, resulting in a broader absorption peak. Meanwhile, shorter-chain PDMS oligomers
were more likely to form hydrogen bonds between the chains, leading to a redshift of the
absorption peak [30].

Figure 2. ATR-IR spectra of silanol-terminated PDMS with different block lengths.

Figure 3 shows the GPC curves of PDMS with different chain lengths. From the graph,
the molecular weights and molecular-weight distributions of Silanols can be analyzed.
We observed that PS standard and PDMS with different chain lengths peaked at 33 min,
indicating that this peak was not the main peak of PDMS. The GPC data of the main
peak of PDMS with different chain lengths are given in Table 1. Silanol56.2 and Silanol22.5
with longer chain lengths had wider molecular-weight distribution and a more complex
structure than Silanol5.3.

Table 1. Basic information of silanol-terminated PDMS with different chain lengths.

Sample ID Viscosity (cP) Mη
1 (g/mol) Mw

2 (g/mol) PDI 2 Wtheo.
3 Wcal.

4 nPDMS
5

Silanol5.3 30 1700 2200 1.12 8.0 8.3 5.3
Silanol22.5 60 2200 2630 1.21 4.0 4.1 22.5
Silanol56.2 100 4900 5200 1.23 0.8 0.8 56.2

1 Calculated with Equation (6); 2 determined by THF-GPC using polystyrene standards (RI detector); 3 theoretical hydroxyl group content
of Silanols (Wtheo.); 4 calculated hydroxyl group content of Silanols (Wcal.) measured by 1H-NMR analysis; 5 calculated by the Wcal. obtained
from 1H-NMR.

Figure 4 shows the 1H-NMR spectra of PDMS with different average chain lengths.
The peaks at δ 2.13 and 2.14 ppm were assigned to the hydrogen atom of terminal hydroxyl
groups of Silanol22.5 and Silanol56.2, respectively. The shorter-chain PDMS had a higher
content of hydroxyl groups, which were easily induced by the hydrogen bonding of the
terminal hydroxyl group of neighboring molecular chains and moved toward a lower field
at δ 3.20 ppm, where the peak widened. The relative values of the absorption peak area of
Si–CH3 near 0 ppm on the main chain and Si–OH enabled the calculation of the terminal
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hydroxyl content of PDMS with different average chain lengths. The average chain length
of PDMS obtained was similar to the theoretical chain length.

Figure 3. GPC curves of silanol-terminated PDMS with different chain lengths.

Figure 4. 1H-NMR spectra of (a) Silanol5.3, (b) Silanol22.5, and (c) Silanol56.2.

3.2. Melt-Transesterification Process of DPC and PDMS

Differences may exist in the miscibility of DPC and PDMS with different average
chain lengths during the melt-transesterification stage, which may affect the equilibrium
transesterification conversion of PDMS. For this reason, we reacted PDMS having different
chain lengths with DPC catalyzed by KOH. Samples were extracted from the reactor at set
intervals for analyses through 1H-NMR and OM to verify whether the miscibility of the
mixture was improved by the transesterification between PDMS and DPC.
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Figure 5 gives the OM photographs of transesterification products obtained from
DPC and PDMS with different chain lengths reacted at different times. Transesterification
temperature was set at 180 °C, and the molar ratio of DPC to PDMS was controlled at 1:1.
Figure 5 shows that when the chain length of PDMS was shorter, more DPC was added
and more DPC crystals appeared on the OM photographs. However, the results in Figure 5
revealed that the experiments of Silanol5.3 had fewer DPC crystals before KOH addition
than the other two Silanols with larger average chain lengths. The 1H-NMR spectra of the
transesterification products of DPC and PDMS with different average chain lengths before
KOH addition are shown in Figure 6. Silanol5.3 had already undergone transesterification
with DPC, and at this point, 1.8% DPC conversion had been achieved. By the time the
reaction reached 3 min, 5.2% DPC was consumed, and the relatively small volume of
Silanol5.3 more easily dissolved in the remaining DPC due to the change in end group,
reflected in the OM photographs as the complete disappearance of DPC crystals. The
DPC consumption deduced from 1H-NMR at this moment can be regarded as the critical
transesterification level when DPC and PDMS reached mutual miscibility.

Figure 5. OM photographs of transesterification products of DPC/Silanol5.3 reacted for (a) 0 min, (b)
3 min and (c) 6 min, DPC/Silanol22.5 reacted for (d) 0 min, (e) 3 min and (f) 6 min and DPC/Silanol56.2

reacted for (g) 0 min, (h) 3 min and (i) 9 min at 180 ◦C.

Table 2 shows the critical transesterification level of DPC and PDMS with different
average chain lengths to reach mutual miscibility. With an increased average chain length
of PDMS, the critical transesterification level for the complete disappearance of DPC
crystals also increased. A conversion rate of 17.0% for DPC was required with Silanol22.5
and 38.6% for DPC with Silanol56.2 for PDMS to be completely dissolved in DPC. This
phenomenon indicated that PDMS with a longer average chain length required a higher
critical transesterification level to be soluble in the melt with DPC, also indicating that
PDMS with different chain lengths had certain solubility differences.
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Figure 6. 1H-NMR spectra of first transesterification product of (a) Silanol5.3, (b) Silanol22.5, and (c)
Silanol56.2 reacted with DPC under the action of 100 ppm KOH at 180 ◦C.

Table 2. Critical transesterification level of silanol-terminated PDMS with different chain lengths
reacted with DPC to reach two-phase intermiscibility.

Sample ID Critical Transesterification Level (%)

Silanol5.3 5.3
Silanol22.5 17.0
Silanol56.2 38.6

Figure 7 presents the change curve of the transesterification level of DPC and PDMS
with different chain lengths over time. It should be pointed out that under the catalysis
of high concentrations of KOH, prolonging the reaction time may cause side effects such
as thermal degradation or rearrangement of PDMS, which affect the calculation of the
transesterification level. Therefore, we determined a suitable duration of 100 min for
the transesterification. Transesterification between Silanol56.2 and DPC already reached
equilibrium by 100 min, and the conversion of DPC was constant at 38.6%. Conversely,
the two sets of experiments on Silanol5.3 and Silanol22.5 did not yet reach equilibrium,
and the transesterification levels of the end product were 51.5% and 45.6%, respectively.
This finding explained why long-chain PDMS was more difficult to introduce into the PC
backbone, affecting its conversion in the melt-polycondensation process for the preparation
of PC-PDMS copolymers.

Figure 8 reveals the 29Si-NMR spectra of pristine PDMS with different chain lengths
and their transesterification products with DPC. Figure 8 shows that a new peak appeared
at around δ −13.72 ppm (α), which was believed to originate from DPC-PDMS oligomers
formed by transesterification. Moreover, according to the literature, some cyclic siloxanes
may be present during the preparation of silanols, and the main structures would be
D3, D4, D5, and D6, showing peaks at −9.2, −20, −22.6, and −23.0 ppm in that order [31,32].
Figure 8 shows that PDMS with different chain lengths did not display any peak at the
above positions, and no cyclic siloxanes formed in the final transesterification products after
reacting with DPC at 180 ◦C for 100 min. This finding meant that PDMS itself did not suffer
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from side reactions such as cyclic degradation during the melt-transesterification stage
within 100 min. However, the unconverted long-chain PDMS during transesterification
may be more susceptible to side reactions at high temperatures and strong bases, reducing
PDMS conversion. The experimental results confirmed that improving PDMS conversion
in melt polycondensation and suppressing possible side reactions required the selection of
PDMS with lower viscosity, shorter chain length, and higher activity as the raw material.
This selection would ensure the enhancement in PDMS conversion in the transesterification
stage and the elimination of the effect of terminal reactive groups on the side reactions,
such as chain tailoring or self-condensation.

Figure 7. Time dependence of transesterification level of silanols with different average chain lengths
reacted with DPC catalyzed by KOH at 180 ◦C.

Figure 8. 29Si-NMR spectra of (a) Silanol5.3, (b) Silanol22.5, and (c) Silanol56.2, as well as the final
transesterification products of (d) Silanol5.3, (e) Silanol22.5, and (f) Silanol56.2 reacted with DPC for
100 min at 180 ◦C.
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3.3. Influence of Silanol Feeding on Conversion

The study on the transesterification process between DPC and PDMS helped us select
Silanol5.3, which had a lower viscosity, higher hydroxyl content, and shorter chain length,
for further transesterification with DPC and BPA. Due to the difference in reactivity between
BPA and Silanol5.3, competition existed during the transesterification with DPC, so we
expected that the feed amount of Silanol5.3 affected the PDMS conversion. Hence, we
prepared a series of silanol-based copolycarbonates by varying the silanol feed amount.

The sequence distribution of BPA and Silanol5.3 moieties was determined by the chem-
ical shifts at around δ 150.5–151.2 ppm in the 13C-NMR spectrum (Figure 9). The carbonyl
carbons split into three peaks corresponding to C1 (PDMS-PDMS), C2 (BPA-PDMS), and
C3 (BPA-BPA). The chemical shifts of the three peaks detected at δ 150.8, 151.0, and 151.1
ppm were assigned to the carbon atoms. The central carbon atom of BPA linked within the
chain also split into three peaks (C4, C5, and C6) as a result of the copolymerization [33].
Molar ratios of the C1, C2, and C3 sequences of Silanol5.3-based copolycarbonates can also
be calculated by the integral ratio of the three different types of peaks [34].

Figure 9. 13C-NMR spectra of PC-PDMS copolymer with different feed ratios of BPA to Silanol5.3.

Table 3 summarizes the trends of the sequence distribution of Silanol5.3-based copoly-
carbonates with Silanol5.3 feed amount. Table 3 shows that the contents of C1 and C2
structures gradually increased with increased Silanol5.3 feed amount, whereas the con-
tent of C3 structures gradually decreased. The number-average sequence length of the
BPA segment (LnBPA) decreased with increased Silanol5.3 feeding, whereas LnPDMS grad-
ually increased. When the molar ratio of BPA/PDMS was 90/10, LnPDMS was equal
to 2, meaning that the PDMS segments in the copolymer were primarily in the form of
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Silanol5.3–O–C(=O)–O–Silanol5.3. Changing the feed amount of PDMS affected the distri-
bution of PDMS segments in the copolymer.

Table 3. Microstructure of silanol-terminated PDMS copolycarbonates with different feed ratios of BPA to PDMS.

BPA/PDMS C1
1 (mol%) C2

1 (mol%) C3
1 (mol%) LnBPA

2 LnPDMS
2 B 3

99/1 - 6.5 93.5 29.9 1 1.03
98/2 - 14.3 85.7 13.0 1 1.08
96/4 4.7 22.4 72.9 7.5 1.4 0.84
94/6 5.0 25.3 69.6 6.5 1.4 0.87
92/8 12.1 29.0 58.9 5.1 1.8 0.74
90/10 16.7 33.5 49.7 4.0 2.0 0.75

1 Molar content of BPA-BPA, BPA-PDMS, and PDMS-PDMS sequences in the carbonyl carbon region; 2 block length of BPA and PDMS mea-
sured by 13C-NMR (Figure S1 in Supplementary Materials); 3 degrees of randomness (B) of copolymers calculated by 13C-NMR (Figure S1).

Table 4 demonstrates the effect of the initial feed ratio of BPA to Silanol5.3 on the
molecular-structure characteristics of the Silanol5.3-based copolycarbonates. BPA and
DPC were well miscible at the molecular level, but BPA was less reactive than Silanol5.3,
and the poor miscibility between Silanol5.3 and DPC may need to be improved through
transesterification. This phenomenon may affect the performance of the polycondensation
product. For instance, the highest Mη of synthesized products was achieved when the
molar ratio of DPC to diols was 1:1. With decreased relative content of DPC, the conversion
of Silanol5.3 was supposed to decrease. However, PDMS conversion increased when
the BPA/PDMS feed ratio was 90/10 probably because the short-chain, high-reactivity
Silanol5.3 fed in higher amounts was more likely to produce the C1 structure. Consequently,
conversion was higher due to the inhibition of cyclic degradation by the adjacent PC
segments. The short-chain Silanol5.3 was used as a third monomer in the copolymerization
with BPA and DPC, and the PDMS conversion decreased with increased PDMS feed amount.
With further increased PDMS feed amount, PDMS conversion remained over 65%.

Table 4. Molecular-structure characteristics of silanol copolycarbonates with different feed ratios of BPA and Silanol5.3

obtained from 1H-NMR.

BPA/PDMS 1 DPC/diols 2 Mη (g/mol) ΔC (%) Conversion 3 (%) Tg
4 (◦C) Td, 5%

5 (◦C)

100/0 1.06 15,900 0.20 - 148.4 424
99/1 1.05 17,500 0.18 85.8 137.7 424
98/2 1.04 18,400 0.22 70.6 131.8 402
96/4 1.02 29,200 0.11 66.0 128.4 400
94/6 1.00 37,800 0.18 68.2 129.5 420
92/8 0.98 26,000 0.31 67.9 109.9 391
90/10 0.96 24,700 0.50 72.6 101.7 385

1 Based on the initial molar percentages of BPA and PDMS; 2 based on the initial feeding ratios of DPC and diols; 3 calculated by 1H-NMR
analysis according to Equation (3); 4 measured by DSC at a heating rate of 10 °C min–1 (2nd scan); 5 degradation temperature for 5% weight
loss was determined by TGA at a heating rate of 10 °C min–1 (with N2).

3.4. Influence of Chain Length on Conversion

After the investigation of transesterification in Section 3.2, we found differences in the
miscibility between DPC and PDMS with different chain lengths, which required improve-
ment through transesterification. The equilibrium transesterification levels of PDMS with
different chain lengths were dissimilar, and the residual PDMS oligomers increased the
tendency of side reactions to occur in the polycondensation stage. Furthermore, PDMS
conversion in the transesterification stage directly determined PDMS conversion in the
final products. Therefore, we selected PDMS with different chain lengths as substrates and
controlled the same feeding ratio of BPA to PDMS to investigate the effect of the average
chain length of PDMS on its conversion.
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Figure 10 shows the 13C-NMR spectra of PC-PDMS copolymers prepared from
different-chain-length silanols under the same conditions. A longer PDMS block length in
copolymers caused the B to approach 1, and random copolymers were more easily obtained.
Table 5 presents the molecular structure of PC-PDMS copolymers prepared from PDMS
with different chain lengths. PDMS conversion significantly decreased when longer-chain
PDMS was added (~68% vs. 13%).

Figure 10. 13C-NMR spectra of PC-PDMS copolymers using (a) Silanol5.3, (b) Silanol22.5, and (c)
Silanol56.2 as raw materials with a feeding mole ratio of BPA/PDMS = 94/6.

Table 5. Molecular-structure characteristics of PC-PDMS copolymers with different chain lengths of silanol-terminated
PDMS obtained from 1H-NMR and 13C-NMR.

Material Code BPA/PDMS 1 PDMS 2 (wt%) Conversion 2 (%) LnBPA
3 LnPDMS

3 B 3

Silanol5.3 94/6 6.5 68.2 6.5 1.4 0.87
Silanol22.5 94/6 6.9 67.7 28.2 1.0 1.04
Silanol56.2 94/6 1.4 13.1 50.3 1.0 1.02

1 Based on the initial molar percentages of BPA and PDMS; 2 determined by 1H-NMR analysis; 3 calculated by 13C-NMR.

To improve the conversion of long-chain PDMS in the polycondensation process and
to suppress side reactions such as cyclic degradation, the critical transesterification level of
DPC and PDMS must be reached to achieve mutual miscibility. The equilibrium conversion
rate of PDMS must also be increased to introduce as much PDMS into the PC oligomers as
possible at a lower temperature. Accordingly, we proposed a countermeasure to overcome
this problem of low equilibrium conversion of PDMS in the transesterification stage by
increasing the amount of KOH used as catalyst (Table 6).

Figure 11 shows the curves of transesterification level of long-chain Silanol56.2 and
DPC catalyzed by different amounts of KOH as a function of time. With increased
KOH amount, the equilibrium transesterification level of long-chain Silanol56.2 increased
(~49.0% vs. 38.6%), and this idea can be carried over to the preparation of the polycon-
densation products. Table 7 provides information about the molecular structure of the
PC-PDMS copolymers prepared from long-chain Silanol56.2 catalyzed by different amounts
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of KOH. Increased equilibrium conversion at the transesterification stage significantly
increased PDMS conversion throughout the polycondensation (90.4% vs. 13.1%).

Table 6. Polymerization of silanol copolycarbonates with different chain lengths of PDMS and BPA as two different diols
and DPC as the carbonate source.

Material Code BPA/PDMS 1 DPC/diols 2 Mη
3 (g/mol) ΔC 4 (%) Tg

5 (◦C) Td, 5%
6 (◦C)

Pure PC 100/0 1.06 15,900 0.20 148.4 424
Silanol5.3 94/6 1.00 37,800 0.18 129.5 420
Silanol22.5 94/6 1.00 25,000 0.09 139.7 412
Silanol56.2 94/6 1.00 37,000 0.23 150.7 432

1 Based on the initial feeding ratios of BPA and PDMS; 2 based on the initial molar percentages of DPC and diols; 3 measured by an
Ubbelohde viscometer using CHCl3 as the solvent through Equations (4) and (5); 4 determined by UV-vis spectrometer through Equation (7);
5 measured by DSC at a heating rate of 10 °C min−1 (2nd scan); 6 degradation temperature for 5% weight loss was measured by TGA at a
heating rate of 10 ◦C min−1 (with N2).

Figure 11. Time dependence of transesterification level of Silanol56.2 reacted with DPC under the
catalysis of different amounts of KOH at 180 ◦C.

Table 7. Molecular-structure characteristics of PC-PDMS copolymers prepared by different amounts of KOH obtained from
1H-NMR and 13C-NMR.

Material Code BPA/PDMS 1 PDMS 2 (wt%) Conversion 2 (%) LnBPA
3 LnPDMS

3 B 3

Silanol56.2 94/6 1.4 13.1 50.3 1.0 1.02
Silanol56.2

4 94/6 9.3 90.4 25.2 1.0 1.04
1 Based on the initial molar percentages of BPA and PDMS; 2 determined by 1H-NMR analysis; 3 calculated by 13C-NMR; 4 a KOH amount
of 200 ppm to diols on a mole basis was used.

4. Conclusions

We investigated the transesterification process between DPC and PDMS with different
chain lengths using KOH as catalyst and successfully prepared a series of high-molecular-
weight PC-PDMS copolymers with low color difference through melt polycondensation.
Transesterification experiments confirmed that with increased chain lengths of PDMS, the
difficulty of miscibility between PDMS and DPC increased. Consequently, a higher critical
transesterification level was needed to dissolve in DPC than PDMS with lower chain lengths.
Furthermore, the conversion rate of Silanol56.2 was only 38.6% when the transesterification
with DPC reached equilibrium, and unreacted PDMS oligomers were more prone to
undergo side reactions in the polycondensation stage. The feed amount of PDMS and its
chain length affected the conversion of PDMS throughout melt polycondensation. The
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short-chain Silanol5.3, as the third raw material in the copolymerization with BPA and
DPC, was more likely to produce a C1 structure, and PDMS conversion decreased with
increased PDMS fed. With further increased average chain length of PDMS, conversion
clearly decreased. With increased KOH amount, the equilibrium transesterification level of
Silanol56.2 and DPC was promoted, thereby enhancing the conversion rate of long-chain
Silanol56.2 in the final product (90.4% vs. 13.1%). These results can serve as a reference
for the preparation of high-conversion and high-quality PC-PDMS copolymers through
melt polycondensation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13162660/s1, Figure S1: Typical 13C-NMR spectrum (CDCl3, 150 MHz) of PC-PDMS
copolymer and calculation of LnBPA, LnPDMS and B.

Author Contributions: Writing–Original Draft Preparation, Z.Z.; Writing–Review and Editing, G.W.
and Z.Z. Both authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bryant, R.G. Encyclopedia of Polymer Science and Technology; John Wiley & Sons: New York, NY, USA, 2006.
2. Legrand, D.G.; Bendler, J.T. Handbook of Polycarbonate Science and Technology; Marcel Dekker: New York, NY, USA, 1999.
3. Schnell, H. Chemistry and Physics of Polycarbonates; Interscience: New York, NY, USA, 1964.
4. Perret, B.; Schartel, B. The effect of different impact modifiers in halogen-free flame retarded polycarbonate blends—II. Fire

behaviour. Polym. Degrad. Stab. 2009, 94, 2194–2203. [CrossRef]
5. Levchik, S.V.; Weil, E.D. Overview of recent developments in the flame retardancy of polycarbonates. Polym. Int. 2005, 54,

981–998. [CrossRef]
6. Wawrzyn, E.; Schartel, B.; Seefeldt, H.; Karrasch, A.; Jäger, C. What reacts with what in bisphenol A polycarbonate/silicon

rubber/bisphenol A bis(diphenyl phosphate) during pyrolysis and fire behavior? Ind. Eng. Chem. Res. 2012, 51, 1244–1255.
[CrossRef]

7. Wolf, M.P.; Salieb-Beugelaar, G.B.; Hunziker, P. PDMS with designer functionalities-Properties, modifications strategies, and
applications. Prog. Polym. Sci. 2018, 83, 97–134. [CrossRef]

8. Kashiwaga, T.; Gilman, J.W.; Grand, A.F.; Wilkie, C.A. Silicon-based flame retardants. In Fire Retardancy of Polymeric Materials;
CRC Press: New York, NY, USA, 2000.

9. Vaughn, J.H.A. Organopolysiloxane-Polycarbonate Block Copolymers. U.S. Patent 3,189,662, 15 June 1965.
10. Vaughn, J.H.A. Organopolysiloxane Polycarbonate Block Copolymers. U.S. Patent 3,419,634, 31 December 1968.
11. Aoki, Y. Polycarbonate Resin Composition and Moled Article. U.S. Patent 9617422B2, 11 April 2017.
12. Hein, C.L.; Patil, R.; Zhou, B.; Lin, G.Y.; Schmidt, C.; Zoller, D.; Ma, S.L.; Hassman, C. Polycarbonate Copolymers, Articles Formed

Therefrom, and Methods of Manufacture. W.O. Patent 2018164706A1, 13 September 2018.
13. Chun, B.K.; Bahn, H.M.; Hwang, Y.Y.; Park, J.J.; Hong, M.H.; Lee, K.J.; Ko, U.; Son, Y.W. Copolycarbonate and Composition

Containing Same. W.O. Patent 2016089118A2, 9 June 2016.
14. Kimura, T.; Tando, K.; Oda, K. Polycarbonate-Polydiorganosiloxane Copolymer, Resin Composition of Polycarbonate-

Polydiorganosiloxane Copolymer, and Production Method for Resin Composition of Polycarbonate-Polydiorganosiloxane
Copolymer. W.O. Patent 2019124556A1, 27 June 2019.

15. Pang, X.; Ge, X.; Ji, J.; Liang, W.; Liu, R.; Chen, X.; Yin, G.; Ge, J. Improving oxygen permeability and thermostability of
polycarbonate via copolymerization modification with bio-phenol polysiloxane. Polymers 2019, 11, 1302. [CrossRef] [PubMed]

16. Ohashi, K.E.; Suzuki, H.; Muraoka, T.; Yoshisato, E.; Nagashima, R. Method of Separating and Recovering Aromatic Carbonate
and Production Process. U.S. Patent 20030162989A1, 28 August 2003.

17. Lee, J.N.; Park, C.; Whitesides, G.M. Solvent compatibility of poly (dimethylsiloxane)-based microfluidic devices. Anal. Chem.
2003, 75, 6544–6554. [CrossRef] [PubMed]

18. Barton, A.F.M. Solubility parameters. Chem. Rev. 1975, 75, 731–753. [CrossRef]
19. King, J.A., Jr.; McCloskey, P.J.; Davis, G.C. Method for Preparation of Block Copolysiloxanecarbonate. U.S. Patent 5,504,177, 2

April 1996.

660



Polymers 2021, 13, 2660

20. Koenig, A.; Ebert, W.; Koehler, W. Process for the Preparation of Polysiloxane-Polycarbonate Block Cocondensates. D.E. Patent
19710081A1, 17 September 1998.

21. Zhang, S.M.; Zhang, H.X.; Zhang, W.Y.; Wu, Z.Q.; Chen, F.; Fu, Q. Toughening of polycarbonate through reactive melt blending:
Effect of hydroxyl content and viscosity of hydroxyl-terminated polydimethysiloxane. Chin. J. Polym. Sci. 2014, 32, 823–833.
[CrossRef]

22. Zhou, W.J.; Osby, J. Siloxane modification of polycarbonate for superior flow and impact toughness. Polymer 2010, 51, 1990–1999.
[CrossRef]

23. Scott, D.W. Equilibria between linear and cyclic polymers in methylpolysiloxanes. J. Am. Chem. Soc. 1946, 68, 2294–2298.
[CrossRef]

24. Banach, T.E.; Davis, G.C.; Smigelski, P.M.; McCloskey, P.J. Method for Making Siloxane Copolycarbonates. U.S. Patent 6252013B1,
26 June 2001.

25. Konig, A.; Kuhling, S. Process for the Production of Poly(Diorganosiloxane)/Polycarbonate Block Copolymers. U.S. Patent
5,783,651, 21 July 1998.

26. Malmgren-Hansen, B.; Olesen, S.; Pommer, K.; Funch, L.W.; Pedersen, E. Survey of Chemical Substances in Consumer Products
Survey No. 32—2003 Emission and Evalution of Chemical Substances from Selected Electrical and Electronic Products; The Danish
Environmental Protection Agency: Copenhagen, DA, USA, 2003.

27. Woodburm, K.; Drottar, K.; Domoradzki, J.; Durham, J.; Mcnett, D.; Jezowski, R. Determination of the dietary biomagnification of
octamethylcyclotetrasiloxane and decamethylcyclopentasiloxane with the rainbow trout (Oncorhynchus mykiss). Chemosphere 2013,
93, 779–788. [CrossRef] [PubMed]

28. Yilgor, I.; Yilgor, E. Thermal stabilities of end groups in hydroxyalkyl terminated polydimethylsiloxane oligomers. Polym. Bull.
1998, 40, 525–532. [CrossRef]

29. He, M.J.; Chen, W.X.; Dong, X.X. Polymer Physics, 3rd ed.; Fundan University Press: Shanghai, China, 2007.
30. Cezard, C.; Rice, C.A.; Suhm, M.A. OH-stretching red shifts in bulky hydrogen-bonded alcohols: Jet spectroscopy and modeling.

J. Phys. Chem. A 2006, 110, 9839–9848. [CrossRef] [PubMed]
31. Vallejo-Montesinos, J.; Villegas, A.; Jacobo-Azuara, A.; Martínez, J.M.; Ramírez, E.; Cervantes, J. Synthesis and Properties in

Solution of Gaussian Homo Asymmetric Polysiloxanes with a Bulky Side Group. J. Inorg. Organomet. P. 2012, 22, 1332–1340.
[CrossRef]

32. Demirci, A.; Yamamoto, S.; Matsui, J.; Miyashita, T.; Mitsuishi, M. Facile synthesis of cyclosiloxane-based polymers for hybrid
film formation. Polym. Chem. 2015, 6, 2695–2706. [CrossRef]

33. Williams, E.A.; Cargioli, J.D.; Hobbs, S.Y. The 13C and 29Si nuclear magnetic resonance analysis of bisphenol A polycarbonate-
polydimethylsiloxane block copolymers. Macromolecules 1977, 10, 782–785. [CrossRef]

34. Yamadera, R.; Murano, M. The determination of randomness in copolyesters by high resolution nuclear magnetic resonance. J.
Polym. Sci. Part A Polym. Chem. 1967, 5, 2259–2268. [CrossRef]

661





polymers

Article

Facile Synthesis of Thermoplastic Polyamide Elastomers Based
on Amorphous Polyetheramine with Damping Performance

Jie Jiang 1, Qiuyu Tang 1, Xun Pan 2 , Jinjin Li 1, Ling Zhao 1,3, Zhenhao Xi 1,* and Weikang Yuan 1

Citation: Jiang, J.; Tang, Q.; Pan, X.;

Li, J.; Zhao, L.; Xi, Z.; Yuan, W. Facile

Synthesis of Thermoplastic

Polyamide Elastomers Based on

Amorphous Polyetheramine with

Damping Performance. Polymers 2021,

13, 2645. https://doi.org/10.3390

/polym13162645

Academic Editor: Angels Serra

Received: 7 July 2021

Accepted: 4 August 2021

Published: 9 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 State Key Laboratory of Chemical Engineering, School of Chemical Engineering, East China University of
Science and Technology, Shanghai 200237, China; jjiangecust@gmail.com (J.J.); qiuyu.tang@foxmail.com (Q.T.);
lijinjin@ecust.edu.cn (J.L.); zhaoling@ecust.edu.cn (L.Z.); wkyuan@ecust.edu.cn (W.Y.)

2 Flinders Institute for Nanoscale Science and Technology, Flinders University, Sturt Road, Bedford Park,
SA 5042, Australia; caroline.pan@flinders.edu.au

3 College of Chemistry and Chemical Engineering, Xinjiang University, Urumqi 830046, China
* Correspondence: zhhxi@ecust.edu.cn

Abstract: Novel thermoplastic polyamide elastomers (TPAEs) consisting of long-chain semicrys-
talline polyamide 1212 (PA1212) and amorphous polyetheramine were synthesized via one-pot melt
polycondensation. The method provides accessible routes to prepare TPAEs with a high tolerance of
compatibility between polyamide and polyether oligomers compared with the traditional two-step
method. These TPAEs with 10 wt % to 76 wt % of soft content were obtained by reaction of dodecane-
dioic acid, 1,12-dodecanediamine, and poly(propylene glycol) (PPG) diamine. The structure–property
relationships of TPAEs were systematically studied. The chemical structure and the morphologic
analyses have revealed that microphase separation occurs in the amorphous region. The TPAEs that
have long-chain PPG segments consist of a crystalline polyamide domain, amorphous polyamide-rich
domain, and amorphous polyetheramine-rich domain, while the ones containing short-chain PPG
segments comprise of a crystalline polyamide domain and miscible amorphous polyamide phase and
amorphous polyetheramine phase due to the compatibility between short-chain polyetheramine and
amorphous polyamide. These novel TPAEs show good damping performance at low temperature,
especially the TPAEs that incorporated 76 wt % and 62 wt % of PPG diamine. The TPAEs exhibit high
elastic properties and low residual strain at room temperature. They are lightweight with density
between 1.01 and 1.03 g/cm3. The long-chain TPAEs have well-balanced properties of low density,
high elastic return, and high shock-absorbing ability. This work provides a route to expand TPAEs to
damping materials with special application for sports equipment used in extremely cold conditions
such as ski boots.

Keywords: one-pot method; polyamide; elastomer; PPG diamine; damping property

1. Introduction

Thermoplastic elastomers (TPEs) are usually multiblock segmented copolymers con-
sisting of thermodynamic incompatible hard blocks and soft blocks, normally leading to a
microphase separated structure. The soft blocks are often polyether or aliphatic polyester
with low glass transition temperature (Tg), enabling elastomeric properties to the copoly-
mers. Moreover, the hard blocks containing crystalline units form a physical cross-linked
site. Chemical covalent links between the two blocks can avoid macro-phase separation.
These materials bridge the gap between thermoplastics and elastomers. Thermoplastic
polyurethanes (TPUs), thermoplastic polyether ester elastomers (TPEEs), and thermoplas-
tic polyamide elastomers (TPAEs) are the three main types of segmented TPEs. TPEs
have received much industrial and commercial interest duo to their good thermomechan-
ical properties, excellent chemical resistance, wide service temperature range, and ease
of processing.
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TPAEs have been recently developed as a relatively new family of engineering plastics
because of their highly efficient energy return, good performance at low temperature, and
selective gas permeability. They are widely used in sports equipment, such as ski boots,
cleated shoes, and running shoes. Generally, TPAEs are segmented poly(ether-block-amide)
copolymers composed of polyether as soft segments and polyamide as hard segments. The
performance of the material depends not only on the ratio of soft and hard segments but
also the nature of a soft block when using a certain polyamide. Currently, the main soft
blocks for TPAEs are PEG [1] and PTMG, enabling antistatic property and good flexibility,
respectively. Commercially available TPAEs have been mainly developed by Arkema and
Evonik under the trade name of PEBAX and VESTAMID, respectively. The copolymers
are synthesized by the polycondensation of carboxyl terminated polyamide (PA6, PA11, or
PA12 oligomers) and hydroxyl terminated polyether (PTMG or PEG), resulting in ester link-
age [2,3], which is the so-called “two-step method”. The structure–property relationships of
TPAEs have been extensively studied [4–10]. For example, TPAEs consisting of PTMG has
been mostly used for footwear [11–14] and gas separation [15,16], while those containing
PEG as a flexible phase are employed to selectively separate CO2 [17–20] and permanent
antistatic packaging [21]. It should be noted that PTMG and PEG are a semicrystalline
C4 building block and C2 building block, respectively. The C3 building block has been
hardly used in the preparation of TPAEs. In our previous work, a linear semicrystalline
poly(trimethylene glycol) (PPDO) has been utilized to prepare TPAEs with high elastic-
ity [22]. Nevertheless, for these semicrystalline blocks, the melting of the corresponding
segments will cause the variation of storage modulus, which is not conducive to the use of
materials in this temperature range [2]. To enrich the TPAE family, poly(propylene glycol)
(PPG, C3) is an alternative amorphous polyether with a methyl side group on each repeat
unit, which has weak dispersion and a low dipole moment, resulting in the superior elas-
ticity to polyurethane elastomers [23,24]. However, the reactivity of secondary hydroxyl
groups in PPG is relatively low, and its poor compatibility with polyamide oligomers pre-
vents the formation of high molecular weight copolymers. Considering the condensation of
hydroxyl or amino groups with carboxyl groups, PPG diamine (trade name Jeffamine D) is
an alternative C3 building block. It is a non-crystalline aliphatic polyetheramine with low
viscosity and low tendency to form a hydrogen bond, which is generally used as a gasoline
additive, curing agents of epoxy resins [25,26], unit of epoxy-imine vitrimer [27], precursor
of main-chain polybenzoxazines resin [28], or soft segments of Pus [29], providing high
toughness, thermal stability, or flexibility. For PPG-based TPAEs, monomer casting PA6
modified with maximum 6 wt % of this polyetheramine shows an obvious decrease in
crystallization ability and an elastic deformation behavior [30]. Grymans et al. selected
PA46 salt and PPG diamine to prepare PA46-PPG segmented copolymers via condensation
followed by solid-phase polycondensation [31]. However, severe macro-phase separation
occurs despite adding m-cresol as solvent. The solid products are inhomogeneous after post-
polymerization when using mole mass 2000 of Jeffamine D. Jo et al. synthesized PA6-PPG
copolymers with soft content from 10 wt % to 56 wt % by melt copolymerization [32–34],
whose microphase separation structure was systematically investigated. Shibasaki et al.
reported a monodisperse poly(N-methyl benzamide) copolymerized with PPG diamine in
solution to afford non-hydrogen-bondable block copolymers, which are non-crystalline ma-
terials but showing weak tensile modulus [35]. Luo et al. prepared fluorene-based PA-PPG
membranes via solution polycondensation with high carbon dioxide permeability [36,37].

It is noteworthy that for the sporting applications of TPAEs, the attenuation of vi-
bration is an important property. The methyl side group in the PPG backbone allows
strong energy dissipation by internal friction, enabling the shock-absorbing capacity of the
TPAEs when using them as potential damping materials, which has not been extensively
investigated. PA1212 is an important semicrystalline engineering plastic, which owns high
toughness and strength, low temperature resistance, and low shrinkage [38]. It has close
properties with PA12, and the polymerization of PA1212 does not require high temperature
and high pressure of PA12, which is mostly used to produce commercial PEBAX. Further-
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more, it is not easy to prepare the high molecular weight of TPAEs using the “two-step
method” due to the incompatibility between polyamide and polyether oligomer and the
difficulties in adjusting the stoichiometric balance of reactive groups [39]. In this work,
one-pot melt polycondensation was proposed to firstly synthesize a series of segmented
TPAEs with variable compositions of PA1212 block (C12) and PPG block (C3). The TPAEs
were prepared directly from monomers of PA1212 and PPG diamine. This procedure
is feasible with the advantages of low starting viscosity, ease of stoichiometric balance
of acid and amine groups, and high tolerance of compatibility between polyamide and
polyether compared with the two-step method. This one-pot strategy is its simplicity, high
efficiency, and low cost, especially using commercial PPG diamine (C3) to manufacture
advanced materials. The chemical structures of novel TPAEs were studied using nuclear
magnetic resonance (NMR) and Fourier transform infrared spectroscopy (FT-IR). The
microphase-separated structures were characterized by differential scanning calorimetry
(DSC), dynamic thermomechanical analysis (DMA), and X-ray diffraction and confirmed
by microscopy technics. Additionally, tensile tests and cyclic tensile tests were performed
to evaluate the mechanical properties of the series of new copolymers, indicating that the
synthesized TPAEs have high elasticity. The novel TPAEs have the damping properties
at low temperature, especially those with high flexible content due to the incorporation
of the amorphous PPG segment. The effects of content and length of the PPG segment on
microphase separated morphology were systematically investigated. Thermal gravimetric
analysis (TGA) was applied to find that the TPAEs have good thermal stability. These novel
family of TPAEs are believed to have great potential for low-temperature applications.

2. Experiment Section

2.1. Materials

Dodecanedioic acid (≥99%), deuterated trifluoroacetic acid (TFA-d, 99.5 atom %D),
m-cresol (≥99%), and 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP, 99%) were purchased from
Shanghai Titan Science and Technical Company (Shanghai, China). Polyetheramine Jef-
famineD400 (Mn ≈ 400 g·mol−1) and JeffamineD2000 (Mn ≈ 2000 g·mol−1) (PPG diamine)
were purchased from Shanghai Aladding Biochemical Technology Co., Ltd. (Shanghai,
China), and 1,12-dodecanediamine (≥99%) was supplied by Zibo Guangtong Chemical Com-
pany (Shandong, China). Sodium hypophosphite monohydrate (NaH2PO2·H2O, ≥98%)
was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All the
reagents were used as received without further purification.

2.2. Characterization
2.2.1. Intrinsic Viscosity

The intrinsic viscosity [η] of TPAEs was determined by an Ubbelohde viscometer using
m-cresol as solvent with a concentration of 0.5 g·dL−1 at 25 ± 0.01 ◦C. [η] was calculated
by the following Solomon—Ciuta equation of a single-point method (Equation (1)).

[η] =
√

2
(
ηsp − lnηr

)
/c (1)

where ηsp is specific viscosity, ηr is relative viscosity, and c is the TPAE concentration (g·dL−1).

2.2.2. Density Measurement

The density of samples was determined using a water displacement method according
to ASTM D792-13; the density (ρ) was calculated by Equation (2):

[ρ] =

(
a

a − b

)
ρwater (2)

where a is the apparent mass of sample in air, b is the apparent mass of sample completely
immersed in water, and ρwater is the density of water.
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2.2.3. Nuclear Magnetic Resonance (NMR)

The TPAEs samples (15 mg) were dissolved in 0.5 mL of deuterated trifluoroacetic acid
(TFA-d). 1H NMR and 2D NMR spectra were recorded on an AVANCE-600 spectrometer
(Bruker Ascend, 600 MHz, Germany) at ambient temperature using TFA-d as solvent. The
chemical shift of the solvent is 11.6 ppm. Two-dimensional (2D) correlation spectroscopy
(1H-1H COSY) using the standard Bruker pulse program cosygpppqf with the following
parameters: spectral width SW1 = SW2 = 11,904.7 Hz, acquisition time 0.086 s, relaxation
delay 2.0 s; processing, SI = 1024 (f2, f1), WDW = QSINE.

2.2.4. Fourier Transform Infrared Spectroscopy (FT-IR)

The films of TPAE were analyzed on a Nicolet 6700 spectrometer (Thermo Fisher
Scientific, USA) equipped with ZnSe crystal using an attenuated total reflectance (ATR)
model. Films were prepared by drop-casting from HFIP and kept at room temperature for
48 h followed by drying in vacuum at 60 ◦C for another 48 h to remove the solvent. The
spectra were recorded from 4000 to 650 cm−1 with a spectral resolution of 4 cm−1.

2.2.5. Gel Permeation Chromatography (GPC)

GPC was performed using HFIP as eluent at 40 ◦C on an Agilent PL-GPC50 equipped
with a differential refractive index detector. Two PLHFIPgel columns (300 × 7.5 mm,
9 μm) were used. The sample concentration and eluent flow rate were 3 mg·mL−1

and 1.0 mL·min−1, respectively. Calibration of the measurements was carried out with
poly(methyl methacrylate) standards.

2.2.6. Differential Scanning Calorimetry (DSC)

Thermal properties of TPAEs were characterized on a Q2000 DSC apparatus (TA
instrument, USA). The instrument was calibrated with indium before measurements. A
sample was heated to 200 ◦C at a rate of 10 ◦C·min−1 and held for 3 min under nitrogen
atmosphere to eliminate any thermal history. Then, the sample was cooled to −80 ◦C and
reheated to 200 ◦C at a cooling/heating rate of 10 ◦C·min−1. The second endothermal
curve was recorded to analyze the thermal behavior. The Xc crystalline fraction referring
to the amount of PA1212 was calculated according to Equation (3):

Xc = ΔHm/(wPAΔH0
m) (3)

where the ideal enthalpy of fusion of pure PA1212 ΔH0
m = 292.2 J/g [40].

2.2.7. Wide-Angle X-ray Diffraction (WAXD)

The WAXD measurements were implemented on an X-ray diffractometer (Bruker D8
Advance, Germany) equipped with a Cu Kα radiation source (wavelength λ = 0.1542 nm)
at ambient temperature. The diffraction patterns were recorded in the range of 2θ from 5◦
to 80◦. Samples with about 0.5 mm of thickness were prepared by casting from HFIP.

2.2.8. Small-Angle X-ray Scattering (SAXS)

Films of TPAEs casting from HFIP solution with about 0.5 mm in thickness were used
for the tests. Samples were subsequently annealed under vacuum at 80 ◦C for 12 h to avoid
the influence of process history on the morphology. SAXS profiles were obtained from a
SAXSess mc2 apparatus (Anton Paar, Austria) equipped with a Cu Kα monochromatic
radiation (wavelength λ = 0.15406 nm). The measurements were operated at 40 kV and
30 mA at ambient temperature. The scattering intensity (I) was obtained as a function of
scattering vector (q).

2.2.9. Atomic Force Microscopy (AFM)

AFM (Bruker ICON, Germany) was used to investigate the morphology of TPAEs in
tapping mode with an Al reflective coated silicon probe (RTESPA, cantilever:
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T × L × W = 3.4 × 125 × 40 μm3, 300 kHz, 40 N·m−1). NanoScope Analysis software was
employed for the data processing. Samples were dissolved dimethylacetamide (DMAc)
to acquire 0.2 wt % of polymer solution. Thin films were obtained by drop casting on the
silicon wafer followed by carefully evaporating the solvent above 10 ◦C of the crystalline
temperature of the samples. Then, all the wafers were immediately isothermal treated for
20 min.

2.2.10. Transmission Electron Microscopy (TEM)

The morphology observation of TPAEs samples was performed on a transmission
electron microscope (JEM-1400, Japan); 0.5 wt % sample solutions were prepared by
dissolving the TPAEs in DMAc. Thin films were fabricated by dropping the solution on the
copper mesh followed by carefully evaporating the solvent above 10 ◦C of the crystalline
temperature of the samples. Then, all the samples were immediately isothermal treated for
20 min.

2.2.11. Dynamic Thermomechanical Analysis (DMA)

Dynamic thermomechanical analysis was conducted on a DMA Q800 (TA Instruments,
USA) equipped with a liquid nitrogen cooling apparatus. The specimens with a rectangular
geometry (30 × 5 × 0.5 mm3) were prepared by casting from HFIP solution. The measure-
ments were performed in the tension mode at a heating rate of 5 ◦C·min−1 from −100 to
100 ◦C in nitrogen atmosphere at a frequency of 1 Hz. The storage modulus (E’) and loss
factor (tan δ) were recorded as a function of temperature for each sample. Furthermore,
the temperature of the tan δ peak is used to define the glass transition temperature (Tg) of
each sample.

2.2.12. Mechanical Properties

Mechanical testing was performed using dumbbell-shaped samples (35 × 2 × 0.5 mm3),
according to the guideline of ISO 527-2), which were prepared by casting from HFIP and
cut by a mold. The tensile testing was conducted on an Instron 3367 (USA) universal
testing machine at a speed of 50 mm·min−1 at room temperature. Cyclic tensile tests were
conducted on a CMT6103 testing machine (MTS, USA). The test specimens were repeatedly
exposed to consecutive cycles to a constant strain of 100% (or 200%) with a constant speed of
50 mm·min−1. The recovery was measured by observing the residual strain after 10 cycles.

2.3. Synthesis of TPAEs

A typical one-pot synthesis procedure is described as follows. To a 250 mL three-
necked flask equipped with a mechanical stirrer, an argon inlet, and a condenser, dode-
canedioic acid (17.27 g, 0.075 mol), 1,12-dodecanediamine (7.52 g, 0.0375 mol), Jeffamine
D2000 (75 g, 0.0375 mol), and sodium hypophosphite monohydrate (1 wt %) were added.
The mixture was slowly heated to 220 ◦C and kept for 2.5 h in argon flow at a stirring
speed of 200 rpm until no water condensation was observed. Afterwards, the vacuum was
gradually applied to 100 Pa within 30 min. After 2 h of reaction, the reaction temperature
was raised to 240 ◦C and the vacuum was kept constant at 80–100 Pa for another hour. The
resulting product was poured into ice water and dried under reduced pressure.

3. Results and Discussion

3.1. Synthesis and Structure Characterization of TPAEs

The one-pot polycondensation for novel TPAEs was performed using monomers of
PA1212 and polyetheramine in the presence of sodium hypophosphite monohydrate, as
shown in Scheme 1. The molar amount of DA is equal to the sum of DN and PPG diamine
to maintain the stoichiometric balance of functional groups. Dodecanedioic acid (DA)
can react with both 1,12-dodecanediamine (DN) and PPG diamine, and the reaction of
DA and DN produces the PA1212 segment. Practically, the equimolar of DA and DN
forms PA1212 and the excess DA limits the molar weight of the PA1212 oligomer on one
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hand and links the PPG diamine segment on the other hand. These TPAEs can also be
considered as copolyamides due to the amide linkage between polyamide and polyether,
thus conferring more resistance to hydrolysis than the most reported TPAEs containing ester
linkages. Six TPAEs with varied soft contents were synthesized by adjusting the feed ratio
of dodecanedioic acid, 1,12-dodecanediamine, and polyetheramine. The polyetheramine
used are long-chain Jeffamine D2000 and short-chain Jeffamine D400 with mole masses
of approximately 2000 g·mol−1 and 400 g·mol−1, respectively, and the polyamide has a
regular-length segment. The sample code was expressed as TPAE-x, where x corresponds
to the soft content determined according to the 1H NMR spectra.

Scheme 1. One-pot synthesis process of TPAEs based on PA1212 and polyetheramine.

The chemical structures of the TPAEs are confirmed by NMR and FT-IR. Figure 1a,b
and Figure 2 depict the 1H NMR, 13C NMR, and 1H-1H COSY spectra of TPAE-0.76,
respectively. Each peak is assigned to the corresponding hydrogen and carbon in TPAE.
The characteristic peaks at δ = 2.75 ppm (H1) and δ = 3.60 ppm (H2) are attributed to CH2
proton next to the carboxyl and nitrogen atom respectively, indicating that the PA1212
segment has formed. The correspondingly CH2 carbons are found at δ = 33 ppm (C1)
and δ = 42 ppm in the 13C spectrum, respectively. It is noteworthy that the appearance
of resonance at δ = 4.39 ppm (H5) confirms that polyetheramine has been bonded to the
PA1212 segment, which agrees with the results of PA6-based copolyetheramide [32]. The
corresponding CH carbon appears at δ = 50 ppm. The peaks of CH2 proton (C7, C8, C9)
in the aliphatic chain of PA1212 emerge at 1.31–1.81 ppm. The strong signal at 1.31 ppm
is attributed to side CH3 (C6) of polyetheramine. The peaks at 3.82 ppm and 3.99 ppm
belong to CH2 and CH of the polyetheramine backbone, respectively. The corresponding
carbon resonance can be found in a 13C NMR spectrum. Thus, the soft content can be
calculated according to peak areas of H5, H2, and H3 in 1H NMR [5,6], and the mass
ratios of soft segment are listed in Table 1. The exact compositions of copolymers are
close to theoretical calculation based on the feeding ratio, indicating the synthesized
copolymers with expected structure. The slight decreases of soft contents calculated by
NMR are because the hydrophilic polyetheramine was brought out with water vapor. It
is noted that the peak at 180 ppm suggests that there are more residual carboxyl groups
in TPAE than amine groups. 1H-1H COSY can demonstrate coupling relations of protons
on adjacent carbon atoms, presenting cross dots on the spectrum. The cross-signals found
in the COSY spectrum prove the presence of the protons in the copolymer backbone. The
polyetheramine segment has been successfully bonded to the PA1212 segment confirmed
by the cross-peaks at 5/6 and 5/3.
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Figure 1. 1H NMR (a) and 13C NMR (b) spectrum of TPAE-0.76 (* Solvent: TFA-d).
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Figure 2. 1H-1H COSY spectrum of TPAE-0.76.

Table 1. Compositions, GPC results, [η], density of TPAEs.

Sample
Code

Feed Ratio of
DA/DN/Jeffam

(mol/mol)

MW of
Jeffam
(g/mol)

Calculated MW
of PA1212

Segment (g/mol)

[η]
(dL/g)

Density
(g/cm3)

Soft
Content
in feed

Soft
Content
by NMR

Mn
a

(×104)
(g/mol)

Mw
a

(×104)
(g/mol)

PDI
a

TPAE-0.76 2/1/1 2000 624 1.26 1.01 0.77 0.76 2.34 5.48 2.34
TPAE-0.62 3/2/1 2000 1018 1.39 1.01 0.66 0.62 3.02 7.87 2.61
TPAE-0.43 8/7/1 2000 2988 1.36 1.02 0.45 0.43 3.82 8.83 2.30
TPAE-0.39 2/1/1 400 624 1.32 1.03 0.40 0.39 3.55 7.56 2.13
TPAE-0.25 3/2/1 400 1018 1.43 1.02 0.27 0.25 4.50 11.09 2.47
TPAE-0.10 8/7/1 400 2988 1.17 1.02 0.12 0.10 3.75 9.22 2.46

a Determined by GPC.

The structure analysis of TPAEs by FT-IR is presented in Figure 3. The characteristic
peaks at 3308 cm−1 (amide A), 1634 cm−1 (amide I), and 1536 cm−1 (amide II) are attributed
to the PA1212 segment [41]. The incorporation of the polyetheramine segment to the PA1212
backbone is confirmed by the distinct absorption band at 1093 cm−1 (C-O-C stretching
vibration) that became more pronounced with increased soft content, which is ascribed
to the polyetheramine segment [41]. The peaks at 2850–2970 cm−1 are assigned to the
stretching vibration of -C-H-.
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Figure 3. FT-IR spectra of TPAEs.

3.2. Thermal Characterization

To gain a deep insight into the phase separation behavior and the crystal structure of
the copolymers with the different block length of hard and soft segments, the endothermic
behavior of different TPAEs was recorded by DSC testing and illustrated in Figure 4. The
corresponding characteristic parameters are listed in Table 2.

Figure 4. DSC thermograms of different TPAEs.
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Table 2. DSC and DMA results of TPAEs.

Sample Code
Tm

(◦C)
ΔHm
J/g

Tc
(◦C)

ΔHc
J/g

Xc

(%)
Tg (DSC)

(◦C)
Tg (DMA)

(◦C)
E’ at −25 ◦C

(MPa)
E’ at 25 ◦C

(MPa)

TPAE-0.76 170.8 6.65 133.7 6.88 9.5 −60.3 −56.4 54.0 16.3
TPAE-0.62 177.4 16.06 137.9 16.22 14.5 −60.1 −53.6 77.4 30.0
TPAE-0.43 176.9 37.65 147.1 36.67 22.6 −60.8 −51.8 414.4 168.7
TPAE-0.39 156.2 35.00 111.2 35.37 19.6 −19.5 −15.7 2378.1 213.8
TPAE-0.25 163.3 43.48 127.9 43.46 19.8 −10.2 −9.2 2008.5 306.7
TPAE-0.10 176.8 54.03 140.6 55.70 20.5 N.D. N.D. 1154.1 436.5

N.D. means not determined.

First, the polyetheramine is completely amorphous, as confirmed by the DSC scan
(Figure S1, Supplementary Material). It can be observed that each copolymer sample has
only one endothermal peak during the heating scan, which is ascribed to the melting
behavior of the semicrystalline polyamide segment. This is much different from the double
crystalline TPAEs containing PTMG, PEG, or PPDO soft segments with two distinct en-
dothermal peaks. The amorphous nature of PPG may endow high flexibility and elasticity.
Furthermore, the copolymers having long-chain Jeffamine D2000 exhibit similar Tg in spite
of different compositions (TPAE-0.76, TPAE-0.62, and TPAE-0.43), which suggests that mi-
crophase separation occurs in the amorphous region. The Tg values of the three samples are
close to −69.5 ◦C of the pristine soft block (Figure S1, Supplementary Material). Differently,
the copolymers containing short-chain Jeffamine D400 show increasing Tg values with
increasing polyamide content, which indicates that the flexible polyetheramine segments
are compatible with the rigid polyamide segments in the amorphous region [33] (TPAE-0.39
and TPAE-0.25). However, in sample TPAE-0.10, the Tg is not detected, suggesting the high
miscibility between polyetheramine and polyamide.

For containing different chain lengths and content of polyetheramine, the melting
temperature of TPAEs increases obviously as the hard content increases. It can be found that
the segmented polyamide has a lower melting temperature than homo PA1212 (184.2 ◦C).
The melting temperature of copolymers containing short-chain Jeffamine D400 show a
relatively large difference to homo PA1212. It is noted that TPAE-0.43 and TPAE-0.39
have the similar hard content but distinct melting points. This is because short-chain
Jeffamine D400 is miscible with polyamide and restricts the growth of polyamide crystals,
resulting in a reduction of crystalline degree (from 22.6% to 19.6%). Therefore, it is an
effective strategy to decrease the processing temperature of the elastomer by using short
chains of polyether. Correspondingly, the crystallization temperature exhibits the same
trend as melting temperature (Figure S2, Supplementary Material), which also indicates
that soft blocks are compatible to the hard blocks in the amorphous region and that short
chain polyetheramine is miscible in this amorphous region. Otherwise, the multiple
melting endotherms are caused by (1) the melting of crystallites with different lamellae
thickness, (2) the melting of different crystal forms, or (3) the crystallization and remelting
of imperfect crystallites [33].

3.3. Morphological Characterizations

The wide-angle X-ray diffraction of six TPAEs with different compositions are shown
in Figure 5. The copolymer films with non-crystalline soft segments show two main
diffraction peaks at around 2θ = 20.1◦ and 24.0◦ that are attributed to the (100) crystal plane
and (010)/(110) crystal plane [40,41], suggesting that the films adopt a triclinic α-crystal
phase. The corresponding d spacing values are 0.44 nm and 0.37 nm, which represent
the inter-chain distance within the hydrogen bonded-sheet and the inter-sheet distance,
respectively [42]. The microphase separation takes place in the amorphous region of
novel TPAEs.
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Figure 5. WAXD patterns of the TPAEs at ambient temperature.

Small-angle X-ray scattering was conducted to further explore the microphase sep-
arated structure of the TPAEs. Figure 6a presents the Lorentz corrected SAXS profiles
(Iq2 vs. q) of the TPAEs with different compositions. According to Bragg’s law, the corre-
sponding long period (L) can be calculated based on the maximum value of the scattering
vector (qmax), L = 2π/qmax, and the results are illustrated in Figure 6b. Only one broad
scattering peak appears in all the TPAEs samples in Figure 6a. The peak indicates the
existence of a periodic structure. The intensity peaks of copolymers with Jeffamine D400
(TPAE-0.39, TPAE-0.25, and TPAE-0.10) are similarly broad, while the ones with Jeffamine
D2000 (TPAE-0.76, TPAE-0.62, and TPAE-0.43) are broadened as the soft content increases,
suggesting the existence of a long periodic structure in copolymers with Jeffamine D2000,
and the structure disappears as soft content increases. Furthermore, due to the non-
crystallization of soft segments, the scattering peaks are attributed to the repeat distance
between the polyamide crystalline domains. The L values decrease from 16.03 nm of
TPAE-0.76 to 11.26 nm of TPAE-0.10 with increasing soft content and stay close when
copolymers have short-chain Jeffamine D400. The reduction of L in value is owing to the
crystallization of polyamide [43,44]. It is proof that short-chain polyetheramine is miscible
with polyamide amorphous domain.

The surface topographical characteristic of the TPAEs with different compositions was
investigated by AFM at ambient temperature, and the height images are shown in Figure 7.
The AFM height image of homo PA1212 is included for comparison. The copolymers
display well-ordered crystalline structure and the spherulites of the polyamide domain
with a clear boundary can be found except for the high soft content of TPAE-0.76 and
TPAE-0.62. It should be noteworthy; however, these two copolymers contain a polyamide
crystal phase according to DSC and WAXD results. The slender and rigid polyamide
domain is observed, which can be explain by the assumption that the polyamide crystalline
domain forms randomly ordered lamellar crystals by the dilute solution casting method [5].
For the other samples, the spherulitic morphology consisting of crystalline polyamide and
amorphous polyamide segments are well dispersed in the amorphous polyetheramine. It
is believed that the amorphous polyetheramine chains are comprised of the spherulites or
filled among the lamellar crystals [41].
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Figure 6. (a) Lorentz corrected SAXS profiles of the TPAEs and (b) long period vs. soft contents.

Figure 7. AFM height images of drop-casting TPAEs: (a) TPAE-0.76, (b) TPAE-0.62, (c) TPAE-0.43, (d) TPAE-0.39, (e)
TPAE-0.25, (f) TPAE-0.10, and (g) homo PA1212.
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In addition, the non-crystalline soft segments have a distinguishing effect on the
morphology features. It can be found that when using long-chain Jeffamine D2000, the
spherulitic structure forms only in TPAE-0.43 with relative high polyamide content, show-
ing packed down-feather-like lamellar topography; for TPAE-0.39 to TPAE-0.10 with
short-chain Jeffamine D400, the bundle-like structure with filamentous polyamide crystals
turns into similar spherulite with a feather-like structure. Furthermore, with the increasing
of polyamide content, the short-chain polyetheramine has a much greater dilution effect
on the crystallization of polyamide than the long-chain polyetheramine because of the
difference in the compatibility of distinct polyetheramines with polyamide. As a result, the
degree of microphase separation of copolymers with long-chain soft segments is higher
than that with short chain. The above deductions are further validated from the polar-
ized optical microscopy (POM) images (Figure S3, Supplementary Material). Only very
small crystals can be found in TPAEs with low amount of soft content (containing short-
chain polyetheramine), and small size and sparse packed spherulites of polyamidecan be
observed in TPAE-0.10.

To further investigate the morphological evolution with different compositions of
the TPAEs, TEM was performed, and the representative images are shown in Figure 8.
The TPAE-0.76 and TPAE-0.62 with high soft content grow long rigid-rod polyamide
crystals distributed in a disordered form in amorphous soft domain. The rigid-rod crystals
are assembled into a bundle-like structure in TPAE-0.39 as the increasing of polyamide
content. The densely packed spherulites with feather-like structure can be seen in TPAE-
0.10 with high polyamide content. These results are agreeable with the above deductions
by AFM measurements.

Figure 8. TEM images of (a) TPAE-0.76, (b) TPAE-0.62, (c) TPAE-0.43, (d) TPAE-0.39, (e) TPAE-0.25, and (f) TPAE-0.10.
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3.4. Dynamic Thermomechanical Analysis

To analyze the relationships between the microstructure and thermal mechanical
properties of elastomers, DMA measurements were carried out on all the synthesized
novel TPAEs. Figure 9 illustrates the temperature dependence of the storage modulus (E′)
and loss factor (tan δ) for the TPAEs with variable compositions. The glass transition
temperature Tg (peak value of tan δ) and E’ at −25 ◦C and 25 ◦C are listed in Table 2,
correspondingly. It can be found that the copolymers have decreased E’ with decreasing
soft content at low temperature ca. −70 ◦C and exhibit a plateau of E’ in the glassy
state. Then, E’ drops with the glass transition behavior. The E’ values of TPAE-0.76 and
TPAE-0.62 at −25 ◦C are far less than those of the other three samples, which are lower than
commercial PEBAX at the similar compositions [5]. That means that these two copolymers
with high soft content are well flexible at low temperature. Following the transition, the
copolymers exhibit a rubbery state and a low dependence on temperature, providing
elastic performance. The E’ value at room temperature increases with the decreasing of
soft content, which indicates the corresponding stiffness increases. It is worth noting that
the E’ value of TPAE-0.43 is smaller than that of TPAE-0.39, while the soft contents of two
TPAE are very close. The E’ of TPAE-0.43 has little change from −25 to 25 ◦C. To obtain
TPAE with high elastic property, in addition to considering increasing the soft content, it is
more significant to apply long-chain soft segments.

Figure 9. Thermomechanical analysis of TPAEs: (a) storage modulus (E’) vs. temperature and (b) loss factor (tan δ) vs.
temperature.

Figure 9b shows the thermal transitions of the TPAEs. The peak values of tan δ
decrease with the increasing of polyamide content, indicating that polyamide crystals
restrain the chain mobility of amorphous PPG. This is because the polyamide domain
can act as a physical crosslinker in TPAEs [45]. The copolymers containing long-chain
soft segments exhibit similar Tg values that are independent of the soft content, whereas
those having short-chain polyetheramine show increasing Tg values as the soft content
increases. The DMA results are in good agreement with the DSC results. The values of
Tg measured by DMA are higher than those by the DSC method, which is because the
copolymer chain begins to relax at the temperature before the tan δ peak, which is measured
by mechanical response [46].

Tan δ is defined using the ratio of loss modulus (E”) and storage modulus (E’) and
is used as an assessment of the ability of energy dissipation by elastomers. The strain
hysteresis caused by the viscoelasticity of copolymers can result in energy absorption.
Therefore, TPAEs are widely used as damping materials for attenuating vibration and
reducing noise due to their significantly viscoelastic properties. Damping materials should
meet the requirement of tan δ > 0.3, and the corresponding temperature region is defined as
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the damping temperature range [47,48]. The tan δ peak values of PEBAX are reported to be
lower than 0.16, which is indicative of good energy return when using as an elastomer [5].
However, the tan δ peak values of the synthesized TPAEs are over 0.14 except for TPAE-0.10.
Especially, the tan δ peak values of TPAE-0.76 and TPAE-0.62 with high PPG content are
distinctly high (>0.5), which indicates that these two TPAEs have excellent shock absorbing
capacity. It is because the energy dissipation by internal friction can be promoted since
this C3 building block bears a methyl side group in the backbone [48]. As tan δ > 0.3,
the damping temperature range for TPAE-0.76 and TPAE-0.62 are from −61 to −47 ◦C
(ΔT = 14 ◦C) and from −58 to −45 ◦C (ΔT = 13 ◦C), respectively. It can be found that the
synthesized TPAEs have excellent viscoelastic properties and damping performance by
introducing a PPG block, which is important for toughness applications such as ski boots
and rail gasket in an extremely cold situation. Thus, the novel TPAEs with long-chain
semicrystalline polyamide and a high content of amorphous polyetheramine enrich the
family of TPAEs for damping materials.

3.5. Mechanical Properties

Figure 10 presents the uniaxial tensile stress–strain curves of the TPAEs with different
compositions at room temperature. The typical elastic behavior of the specimen is deter-
mined by the lack of a yield point during the deformation except for TPAE-0.10, which has
the highest hard content and shows thermoplastic character. The polyetheramine-based
TPAEs have good elastic properties according to the manner in which TPAE-0.25 reveals
an intermediate stress–strain behavior. The Young’ moduli (the slope of initial linear elastic
domain) increase with increasing polyamide content due to the increase in interconnectivity
within the rigid polyamide domain [49]. Moreover, the tensile strength increases as the
rigid content increases, which is independent of the polyetheramine length. The specimens
exhibit good elongation at break that increases with the increase of soft content. Based on
the testing results, the tensile property of TPAEs highly depends on the soft content instead
of the segment length.

Figure 10. Tensile stress–strain curves of TPAE films.
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To further study the elastic properties of the TPAEs, mechanical hysteresis was mea-
sured by a cyclic tensile test and the representative stress–strain curves are presented in
Figure 11. The residual strain was calculated after 10 cycles of tensile testing. As we
expected, the residual strain increases with the decreasing of soft content and increas-
ing of testing deformation (Table S1, Supplementary Material). The novel TPAEs using
diamine-terminated PPG present good elastic recovery and flexibility. In fact, the specimens
after testing just have a small extent of residual strain after storing at room temperature
overnight (Figure S4, Supplementary Material).

Figure 11. Selected cyclic tensile stress–strain curves of TPAE films.

4. Conclusions

Novel TPAEs consisting of long-chain semicrystalline PA1212 (C12) as the hard seg-
ment and amorphous diamine terminated PPG (C3) as the soft segment were successfully
synthesized via one-pot melt polycondensation. The chemical structures of the copolymers
were characterized by NMR and FT-IR, and the results prove that the diamine terminated
PPG segments have been incorporated to PA1212 blocks with expected composition. The
molecular weights of the TPAEs were approaching the commercial grade. The microphase-
separated morphologies and tensile properties of novel TPAEs have been systematically
investigated by DSC, X-ray diffraction, AFM, SEM, and DMA. It has been found that
microphase separation occurs in the amorphous region, and short-chain PPG diamine is
miscible with the amorphous phase of PA1212. The copolymers adopt the same α-crystal
phase as homo PA1212, and the crystallinity of the copolymers (PA1212 segments) varies
with the content and segment length of PPG diamine. The microphase separation structure,
associated with the macro properties, is tunable according to the contents and length of the
flexible PPG diamine. Due to the amorphous PPG segment and long-chain semicrystalline
PA1212, the new family of TPAEs shows high elasticity and damping performance, espe-
cially at low temperature for TPAE-0.76 and TPAE-0.62. The novel TPAEs show balanced
properties of tremendous lightness, elastic return, and attenuation of vibration, suggest-
ing their potential applications such as running shoes, ski boots, and tennis rackets even
products used in extreme cold condition such as rail gaskets.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13162645/s1, Figure S1: DSC thermogram of Jeffamine D2000, Figure S2: DSC thermo-
gram of TPAEs, Figure S3: POM images of (a) (b) TPAE-0.39, (c) TPAE-0.25 (d) TPAE-0.10, (e) homo
PA1212, Figure S4: Photos of specimens before and after cyclic tensile testing for (a) TPAE-0.76 and (b)
TPAE-0.43 (stored at room temperature overnight), Figure S5: Thermal gravimetric curves of TPAEs,
Table S1: The residual strain of the specimens after cyclic tensile testing, Table S2 Characteristic
thermal degradation parameters of TPAEs.

Author Contributions: Conceptualization, J.J. and Z.X.; Formal analysis, J.J., Q.T. and X.P.; Funding
acquisition, L.Z. and Z.X.; Investigation, J.J.; Supervision, W.Y.; Writing—original draft, J.J.; Writing—
review and editing, X.P., J.L. and Z.X. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was financially supported by the National Natural Science Foundation of China
(Grant No. 21978089 and No. 21878256), the Fundamental Research Funds for the Central Universities
(Grant No. 22221818010), and the 111 Project (Grant No. B20031).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: There are no conflict of interest to declare.

References

1. Husken, D.; Feijen, J.; Gaymans, R.J. Hydrophilic segmented block copolymers based on poly(ethylene oxide) and monodisperse
amide segments. J. Polym. Sci. Part A Polym. Chem. 2007, 45, 4522–4535. [CrossRef]

2. Boulares, A.; Tessier, M.; Marechal, E. Synthesis and characterization of poly (copolyethers-block-polyamides) II. Characterization
and properties of the multiblock copolymers. Polymer 2000, 41, 3561–3580. [CrossRef]

3. Boulares, A.; Tessier, M.; MarÉChal, E. Synthesis and Characterization of Poly(Copolyethers-block-Polyamides). I. Structural
Study of Polyether Precursors. J. Macromol. Sci. Part A 1998, 35, 933–953. [CrossRef]

4. Barbi, V.; Funari, S.S.; Gehrke, R.; Scharnagl, N.; Stribeck, N. SAXS and the Gas Transport in Polyether-b lock-polyamide
Copolymer Membranes. Macromolecules 2003, 36, 749–758. [CrossRef]

5. Sheth, J.P.; Xu, J.; Wilkes, G.L. Solid state structure–property behavior of semicrystalline poly (ether-block-amide) PEBAX®

thermoplastic elastomers. Polymer 2003, 44, 743–756. [CrossRef]
6. Bai, L.; Hong, Z.; Wang, D.; Li, J.; Wang, X.; Pan, G.; Li, L.; Li, X. Deformation-induced phase transitions of polyamide 12 in its

elastomer segmented copolymers. Polymer 2010, 51, 5604–5611. [CrossRef]
7. Tavernier, B.; Mewis, J.; Van Puyvelde, P.; Takenaka, M.; Ernst, B.; Hashimoto, T. Effect of thermomechanical history on the

crystallization of poly(ether-block-amide). Polym. Eng. Sci. 2008, 48, 2418–2425. [CrossRef]
8. Sauer, B.B.; McLean, R.S.; Brill, D.J.; Londono, D.J. Morphology and orientation during the deformation of segmented elastomers

studied with small-angle X-ray scattering and atomic force microscopy. J. Polym. Sci. Part B Polym. Phys. 2002, 40, 1727–1740.
[CrossRef]

9. Song, Y.; Yamamoto, H.; Nemoto, N. Segmental orientations and deformation mechanism of poly (ether-block-amide) films.
Macromolecules 2004, 37, 6219–6226. [CrossRef]

10. Fakirov, S. Handbook of Condensation Thermoplastic Elastomers; WILEY-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2005;
Chapter 9; pp. 243–257.

11. Burns, G.T.; Tam, N. Is it the shoes? A simple proposal for regulating footwear in road running. Br. J. Sports Med. 2020, 54,
439–440. [CrossRef] [PubMed]

12. Fan, D.; Shi, Z.; Li, N.; Qiu, J.; Xing, H.; Jiang, Z.; Li, M.; Tang, T. Novel Method for Preparing a High-Performance Auxetic Foam
Directly from Polymer Resin by a One-Pot CO2 Foaming Process. ACS Appl. Mater. Interfaces 2020, 12, 48040–48048. [CrossRef]

13. Ma, Z.; Wei, A.; Li, Y.; Shao, L.; Zhang, H.; Xiang, X.; Wang, J.; Ren, Q.; Kang, S.; Dong, D. Lightweight, flexible and highly
sensitive segregated microcellular nanocomposite piezoresistive sensors for human motion detection. Compos. Sci. Technol. 2021,
203, 108571. [CrossRef]

14. Barzegari, M.R.; Hossieny, N.; Jahani, D.; Park, C.B. Characterization of hard-segment crystalline phase of poly(ether-block-amide)
(PEBAX®) thermoplastic elastomers in the presence of supercritical CO2 and its impact on foams. Polymer 2017, 114, 15–27.
[CrossRef]

15. Armstrong, S.; Freeman, B.; Hiltner, A.; Baer, E. Gas permeability of melt-processed poly(ether block amide) copolymers and the
effects of orientation. Polymer 2012, 53, 1383–1392. [CrossRef]

16. Bondar, V.; Freeman, B.D.; Pinnau, I. Gas sorption and characterization of poly (ether-b-amide) segmented block copolymers. J.
Polym. Sci. Part B Polym. Phys. 1999, 37, 2463–2475. [CrossRef]

679



Polymers 2021, 13, 2645

17. Liu, S.L.; Shao, L.; Chua, M.L.; Lau, C.H.; Wang, H.; Quan, S. Recent progress in the design of advanced PEO-containing
membranes for CO2 removal. Prog. Polym. Sci. 2013, 38, 1089–1120. [CrossRef]

18. Zhao, D.; Ren, J.; Wang, Y.; Qiu, Y.; Li, H.; Hua, K.; Li, X.; Ji, J.; Deng, M. High CO2 separation performance of Pebax®/CNTs/GTA
mixed matrix membranes. J. Membr. Sci. 2017, 521, 104–113. [CrossRef]

19. Car, A.; Stropnik, C.; Yave, W.; Peinemann, K.-V. PEG modified poly(amide-b-ethylene oxide) membranes for CO2 separation. J.
Membr. Sci. 2008, 307, 88–95. [CrossRef]

20. Wang, Y.; Li, H.; Dong, G.; Scholes, C.; Chen, V. Effect of Fabrication and Operation Conditions on CO2 Separation Performance
of PEO–PA Block Copolymer Membranes. Ind. Eng. Chem. Res. 2015, 54, 7273–7283. [CrossRef]

21. Wang, J.; Bao, L.; Zhao, H.; Lei, J. Preparation and characterization of permanently anti-static packaging composites composed of
high impact polystyrene and ion-conductive polyamide elastomer. Compos. Sci. Technol. 2012, 72, 976–981. [CrossRef]

22. Jiang, J.; Tang, Q.; Pan, X.; Xi, Z.; Zhao, L.; Yuan, W. Structure and Morphology of Thermoplastic Polyamide Elastomer Based on
Long-Chain Polyamide 1212 and Renewable Poly(trimethylene glycol). Ind. Eng. Chem. Res. 2020, 59, 17502–17512. [CrossRef]

23. Xu, J.; Chen, W.; Wang, C.; Zheng, M.; Ding, C.; Jiang, W.; Tan, L.; Fu, J. Extremely stretchable, self-healable elastomers with
tunable mechanical properties: Synthesis and applications. Chem. Mater. 2018, 30, 6026–6039. [CrossRef]

24. Wang, D.; Xu, J.; Chen, J.; Hu, P.; Wang, Y.; Jiang, W.; Fu, J. Transparent, Mechanically Strong, Extremely Tough, Self-Recoverable,
Healable Supramolecular Elastomers Facilely Fabricated via Dynamic Hard Domains Design for Multifunctional Applications.
Adv. Funct. Mater. 2019, 30, 1907109. [CrossRef]

25. Nohales, A.; Solar, L.; Porcar, I.; Vallo, C.I.; Gómez, C.M. Morphology, flexural, and thermal properties of sepiolite modified
epoxy resins with different curing agents. Eur. Polym. J. 2006, 42, 3093–3101. [CrossRef]
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Abstract: This study presents the synthesis and characterization of polymer derivatives of beta-
cyclodextrin (BCD), obtained by chemical grafting onto spherical polymer particles (200 nm) present-
ing oxirane functional groups at their surface. The polymer spheres were synthesized by emulsion
polymerization of styrene (ST) and hydroxyethyl methacrylate (HEMA), followed by the grafting on
the surface of glycidyl methacrylate (GMA) by seeded emulsion polymerization. The BCD-polymer
derivatives were obtained using two BCD derivatives with hydroxylic (BCD-OH) and amino groups
(BCD-NH2). The degree of polymer covalent functionalization using the BCD-OH and BCD-NH2

derivatives were determined to be 4.27 and 19.19 weight %, respectively. The adsorption proper-
ties of the materials were evaluated using bisphenol A as a target molecule. The best fit for the
adsorption kinetics was Lagergren’s model (both for Qe value and for R2) together with Weber’s
intraparticle diffusion model in the case of ST-HEMA-GMA-BCD-NH2. The isothermal adsorption
evaluation indicated that both systems follow a Langmuir type behavior and afforded a Qmax value
of 148.37 mg g−1 and 37.09 mg g−1 for ST-HEMA-GMA-BCD-NH2 and ST-HEMA-GMA-BCD-OH,
respectively. The BCD-modified polymers display a degradation temperature of over 400 ◦C which
can be attributed to the existence of hydrogen bonds and BCD thermal degradation pathway in the
presence of the polymers.

Keywords: beta-cyclodextrin; emulsion polymerization; adsorption kinetics; adsorption isotherms;
bisphenol A adsorption

1. Introduction

Bisphenol A (BPA) is one of the most abundant chemical synthetic additives produced
for the manufacturing of epoxy resins, polysulfones, unsaturated polyesters, polyacry-
late resins polycarbonate plastics, and rubber [1,2]. Human exposure to BPA [3,4] or its
bisphenol-based substitutes [5] exhibited cytotoxicity, neurotoxicity, endocrine-disrupting
effects, reproductive toxicity, uterine cancer, and interference of cellular pathways, capable
of mimicking some of the hormones of the human body [1,3–5]. A recent study [6] revealed
that the estimated intake of BPA is 30.76 ng/kg per body weight per day, as this compound
enters in various environmental media (air, soil, aquatic systems) and the food chain due
to improper recycling procedures [1,7]. This value, although in some countries did not
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exceed the maximum acceptable values for daily intake, is all the more worrying as the
first six countries with the highest values belong to the European Union [6]. Thus, it is of
tremendous importance on the one hand to develop efficient decontamination procedures
and on the other hand to impose stricter laws regarding plastic manufacturing or recycling.

Different methods for BPA removal were directed to biological treatment, membrane
adsorption processes, or advanced oxidation [1]. The biological treatment involves the
degradation of BPA by immobilization of enzymes such as oxidoreductase or polyphenol
oxidases [8] that are capable of oxidizing organic pollutants, such as phenols, organic
dyes, or drugs. Advanced oxidation is a method that removes BPA by the generation of
highly reactive radicals or the application of photocatalytic treatment to break down the
molecules of BPA into less harmful compounds from water, sediment, and soil [1,9–11]. The
membrane adsorption technology is based on the selective adsorption capacity of different
membranes of targeted pollutants (by chemical or physical interaction) and is sometimes
preferred for BPA removal since it does not generate new harmful by-products [12,13].

The drawbacks of these methods are not only related to the potential of generating
harmful by-products but also to the difficulty of controlling the necessary parameters for
efficient removal of BPA (such as pH and temperature in the case of enzymes or photocat-
alytic removal) and laborious/expensive synthesis methods for adsorption membranes [2].

Cyclodextrins (CDs) are a class of three-dimensional (3D) cyclic oligosaccharides
composed of D-glucose units linked together by α-1,4-glucosidic bonds with hydrophilic
surface and hydrophobic internal hollow [14,15]. The amphiphilic, biodegradable, and
non-hazardous properties of such compounds, as well as the possibility to design new
cyclodextrin derivatives, has led to a wide range of applications for drug delivery systems,
antiviral therapy, cosmetics, agriculture, enzymology, catalysis, enantiomers separation,
and environmental protection, in which it has been shown they can be excellent candidates
for decontamination of aqueous media, air or soil [15–19].

As environmental issues are becoming more important, intense research interest has
been dedicated to the removal of pollutants from water using different cyclodextrins-
polymer systems that are tailored to eliminate organic or inorganic pollutants based on the
adsorption process of the targeted molecule [20–22]. Based on the 3D spatial structure of
CDs and on the hydrophilic/hydrophobic building, the enhanced removal of pollutants
is based on guest-host interactions between the cyclodextrin derivative and the targeted
pollutant. The additional presence of polymer chains can improve the adsorption ca-
pacity of the contaminating agent depending on their chemical structure or morphology,
since polymer adsorbents can include polymers with a spherical shape, intrinsic porosity,
metal/covalent-organic frameworks, as well as hyper-crosslinked polymers [23–25].

Thus, literature data is abundant in different synthesis approaches that have the same
goal, to improve the adsorption efficiency of the cyclodextrins-polymers (CDP) systems
for wastewater decontamination. For example, beta-cyclodextrin (BCD) was reacted with
epichlorohydrin (EPI) and further with trimesoyl chloride to obtain a CDP system that was
further embedded by interfacial cross-linking into a nylon microfiltration membrane to
create a porous structure with enhanced adsorption capacities of water contaminants [26].
The adsorption efficiency capacity of modified BCD is amazing considering that struc-
turally different contaminants like BPA, methylene blue, and copper can be adsorbed
simultaneously by using citric acid-crosslinked-BCD polymers [27]. Recent approaches
demonstrated that BCD-based polymers obtained by crosslinking with EPI can be used in
municipal wastewater treatment pilot plants to remove several micropollutants, including
BPA, with over 80% efficiency [28]. Also, the BCDP adsorption capacities were improved
by the presence of nano-adsorbents such as Fe3O4, SiO2, silver nanoparticles, or carbon
nanotubes due to their high specific surface area and absence of internal diffusion resistance
that enhances the kinetics for the adsorption processes of different contaminating agents
such as BPA, organophoshorous insecticides, or p-nitrophenol from water [9,20,29].

Thus, in this work, novel BCD modified polymer particles with spherical morphology
were synthesized for a possible decontamination process of wastewater. Utilizing the
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oxirane functional groups present at the surface of polymer particles, two types of BCD
derivatives (with hydroxylic (BCD-OH) and amino groups (BCD-NH2)—Scheme 1) were
chemically grafted to the polymer colloids (Scheme 2). The materials designed aimed to
improve the interaction between the polymeric adsorbent, pollutant, and the contaminated
media. One of the main goals of this study was to determine the linking capacities of the
BCD to the polymer, as well as the maximum complexation capacity of the BCD-modified
polymers toward a targeted molecule. Thus, BPA was selected as a model molecule to
investigate the adsorption kinetics, complexation mechanism, and isotherms.

Scheme 1. Synthesis route for BCD-NH2.

 
(a) 

 
(b) 

Scheme 2. Chemical synthesis of ST-HEMA-GMA-BCD-NH2. (a) The reaction of BCD-NH2 with ST-HEMA-GMA;
(b) ST-HEMA-GMA-BCD-NH2 complex structure (3D).

2. Materials and Methods

2.1. Materials

Styrene (ST) (Sigma-Aldrich, St. Louis, MO, USA) has been purified through vacuum
distillation. 2-Hydroxyethyl methacrylate (HEMA) (Sigma-Aldrich, St. Louis, MO, USA)
and glycidyl methacrylate (GMA) (Merck, Darmstadt, Germany) have been purified by
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passing over short columns of activated basic alumina. Potassium persulfate (K2S2O8)
(KPS) (Merck, Darmstadt, Germany) has been recrystallized from an ethanol/water mixture
and then vacuum-dried. β-cyclodextrin (BCD-OH) (≥95.0%, Wacker Chemie, Munich,
Germany) was vacuum-dried before use for 24 h. p-Toluene sulfonyl chloride (Ts-Cl)
(reagent grade, ≥98%, Merck, Darmstadt, Germany), sodium hydroxide (reagent grade,
≥98%, pellets (anhydrous), (Sigma-Aldrich, St. Louis, MO, USA), 1,4-Diaminobutane (99%,
Sigma-Aldrich, St. Louis, MO, USA), acetone (for analysis, >99%, Chemical Company Iasi),
dimethyl sulfoxide (DMSO) (Aldrich-anhydrous, Darmstadt, Germany), pyridine (Aldrich,
Darmstadt, Germany), glucose (Aldrich anhydrous, Darmstadt, Germany), phenol (Merck,
Darmstadt, Germany), sulfuric acid (Sigma-Aldrich, St. Louis, MO, USA), bisphenol A
(Merck, Darmstadt, Germany), ethanol (Chimopar, Bucuresti, România) were used as
received.

2.2. Methods
2.2.1. ST-HEMA Emulsion Polymerization

A mixture of ST (1.3 mL), respectively, HEMA (0.3 mL) and KPS (25 mg) was added to
distilled water (20 mL). The mixture was purged with nitrogen and then maintained for
8 h at 75 ◦C under continuous stirring. The final dispersion was dialyzed in distilled water
for 7 days, using cellulose dialysis membranes (molecular weight cut-off: 12,000–14,000),
to remove the unreacted monomers and initiator.

2.2.2. Seeded Emulsion Polymerization of GMA (ST-HEMA-GMA)

To the dialyzed emulsion presented previously was added 0.3 mL GMA and KPS
(25 mg). The mixture was purged with nitrogen and then maintained for 8 h at 75 ◦C under
continuous stirring. The final dispersion was dialyzed in distilled water for 7 days, using
cellulose dialysis membranes (molecular weight cut-off: 12,000–14,000), to remove the
unreacted monomers and initiator.

2.2.3. Synthesis of Diamino Butane Monosubstituted BCD (BCD-NH2)

The Ts-BCD was synthesized by a method similar to that reported by Brady et al. [30]
(For the NMR spectra and Maldi see Supporting info Figures S1 and S2). The procedure for
obtaining BCD-NH2 was as follows: 5.5 g Ts-BCD (4.266 mmol) were dissolved in 166 mL
of 1,4-diaminobutane (DAB), slowly warmed up to 70 ◦C, and kept at this temperature for
24 h. At the end of reaction time, the solvent was vacuum distilled and the solid resulted
was dissolved in a minimum amount of water. This syrup was added dropwise into
150–200 mL of acetone and precipitates a white solid. At least two acetone precipitations
are needed to obtain a white powder solid, otherwise the product seems oily. The final
product was obtained by drying the sample in a vacuum oven at 40 ◦C for 2 days with a
54% yield. 1H-NMR (DMSO-d6, 500 MHz): δ 1.405 (m, H-8, H-9), 2.5–2.562 (s, NH2, NH,
DMSO), 2.688 (m, H-7), 2.882–2.860 (m, H-10), 3.346–3.304 (m, H-2, H-4), 3.627–3.551 (m,
H-3, H-5, H-6), 4.474 (s, 6-OH), 4.823 (s, H-1), 5.736 (br, 2-OH and 3-OH) and 13C NMR

(DMSO-d6, 125 MHz): δ 26.94 (C-9), 29.33 (C-8), 40.69 (C-10), 49.05 (C-7), 49.40 (C-6), 59.93
(C-6*), 72.05 (C-5), 72.43 (C-2), 73.07 (C-3), 81.55 (C-4), 101.96 (C-1). (see Supplementary
information Figures S3–S6)).

MALDI: calc. for C46H80N2O34, M is 1204.45 Da (monoisotopic mass); the simple
[M]+ or [M+H]+ were not identified but the mass 1215 corresponds to a complex adduct
[2M+Na]2+.

2.2.4. The Reaction of BCD-OH with ST-HEMA-GMA

The ST-HEMA-GMA emulsion was dried in an oven at 70 ◦C on a glass plate. A solid
powder was obtained after the water evaporation. 0.5 g ST-HEMA-GMA powder was
dispersed in 10 mL DMSO and heated to 80 ◦C. After 30 min, 0.6 g BCD-OH was added
to the mixture together with 0.01 mL pyridine, as catalysis. The reaction was kept to the
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temperature for 12 h and precipitated into hot water. The obtained white powder was
filtered and dried in the oven.

2.2.5. The Reaction of BCD-NH2 with ST-HEMA-GMA

0.5 g ST-HEMA-GMA powder was dispersed in 10 mL DMSO and heated to 80 ◦C.
After 30 min, 0.7 g BCD-NH2 was added to the mixture together with 0.01 mL pyridine, as
catalysis. The reaction was kept to the temperature for 12 h and precipitated into hot water.
The obtained white powder was filtered and dried in the oven.

2.3. Characterization

The morphology of the polymer nanoparticles was evaluated using transmission
electron microscopy (TEM) (Tecnai G2 F20 TWIN Cryo-TEM, FEI Company), at 300 kV
acceleration voltage, at a 1 Å resolution.

FTIR spectra were recorded on a Bruker VERTEX 70 spectrometer using 32 scans with
a resolution of 4 cm−1 in 4000–600 cm−1 region. The samples were analyzed using the
attenuated total reflection (ATR) technique.

The UV-Vis spectra were recorded using a V-550 Able Jasco spectrophotometer, using
a bandwidth of 1 nm, and a scanning speed of 1000 nm min−1. The BCD content was
quantified by determining the reducing sugars of the polymer using concentrated H2SO4
acidolysis and phenol colorimetric analysis [31]. The procedure employed for the determi-
nation of BCD content and the calibration curve are presented in the Supporting Info.

The thermogravimetric analyses (TGA) were performed using a Netzsch TG 209
F3 Tarsus equipment considering the next parameters: nitrogen atmosphere flow rate
20 mL min−1; samples mass: ∼3 mg; temperature range: room temperature −700 ◦C;
heating rate: 10 ◦C min−1 in an alumina crucible.

NMR experiments were carried out on Bruker Avance III 500, 1H NMR spectra were
recorded at 500 MHz using the solvent peaks as internal references and 13C NMR spectra
were recorded at 125 MHz. All NMR experiments were conducted according to the
literature, and they can be found in the supplementary material.

Matrix-assisted laser desorption ionization time of flight (MALDI-TOF) mass spec-
trometry experiments were carried out on Shimadzu AXIMA Performance, operated in
high-resolution reflectron mode using α-Cyano-4-hydroxycinnamic acid as matrix.

The fluorescence spectra have been registered using a FP-6500 Able Jasco spectrofluo-
rometer.

3. Results and Discussion

The first stage of our study consisted in the synthesis of polymeric particles presenting
the capacity for the chemical attachment of BCD derivatives (BCD-OH and BCD-NH2,
Scheme 1). The spherical shape was selected due to its high specific surface and high
surface-to-volume ratio. The presence of an oxirane functional group at the surface of the
polymer particles also permits the grafting of both beta-cyclodextrin derivatives (BCD-OH
and BCD-NH2). Therefore, the synthesis strategy involved the emulsion polymerization of
ST-HEMA system [32], followed by the seeded polymerization of GMA on the surface of
the polymer particles [33]. As a result, an oxirane functional group capable of reacting with
both hydroxyl and amino functional groups will be present on the surface of the polymer
particles after the seeded polymerization. Figure 1 presents TEM images of the polymer
particles at different stages during the synthesis route: ST-HEMA (after the emulsion
polymerization), ST-HEMA-GMA (after the seeded polymerization), and ST-HEMA-GMA-
BCD-NH2 (after BCD-NH2 grafting to the polymeric particle).
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(a) (b) 

  
(c) (d) 

Figure 1. TEM images of the samples: (a) ST-HEMA; (b) ST-HEMA-GMA; (c) ST-HEMA-GMA-BCD-
NH2 and (d) ST-HEMA-GMA-BCD-OH.

From the analysis of Figure 1, it can be observed that the ST-HEMA polymer particles
are around 200 nm with a monodisperse size distribution. The average particle size and
the size distribution are increased after the GMA seeded polymerization. Thus, the average
particle size increases to around 220–230 nm, and a core-shell structuring can be noticed
(inset detail Figure 1b). In the case of BCD-NH2 and BCD-OH grafting on the surface of the
polymer particles, aggregates with an average dimension of 20 nm [34] can be observed
deposited on the polymer particles after the seeded polymerization (darker spheres around
the ST-HEMA-GMA Figure 1c,d).

To sustain the chemical grafting of the BCD derivative through the oxirane group
reaction, the materials were analyzed by FT-IR spectroscopy (Figure 2). Thus, the specific
vibration of oxirane 907 cm−1 decreased while the intensity of the signal at 3420 cm−1

,
specific for -OH vibration increased. Moreover, the appearance of C-O-C vibration signal at
1033 cm−1 and 3266 cm−1 signal specific for NH vibration confirm the chemical attachment
of the BCD derivatives to the polymeric particles. The signal at 1026 cm−1 specific for the
vibration of primary alcohol functional groups can also be identified in the ST-HEMA-
GMA-BCD-OH and ST-HEMA-GMA-BCD-NH2 samples. In addition, the C−N bond that
is formed during BCD-NH2 grafting to the polymer particles can be highlighted in the
BCD-NH2 and ST-HEMA-GMA-BCD-NH2 samples at 1143 cm−1.
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Figure 2. FT-IR spectra for ST-HEMA, BCD-NH2, ST-HEMA-GMA-BCD-NH2, ST-HEMA-GMA-BCD-OH, ST-HEMA-GMA,
ST-HEMA. (a)ST-HEMA; ST-HEMA-GMA; (b) BCD-NH2; ST-HEMA-GMA; Pol-BCD-NH2; Pol-BCD-OH.

After the BCD attachment to the surface of the polymer particles, the degree of grafting
was determined by NMR, TGA, and UV-Vis spectroscopy (see Supporting info Figure S7—
calibration curve and determination method). Thus, BCD-OH content was determined at
4.27%, while in the case of BCD-NH2 the content was significantly higher at 19.19%. The
difference in BCD content in the final materials can be explained by the higher reactivity of
the oxirane group towards the amino than hydroxyl groups.

The organic pollutants present in water, such as bisphenol A, can be removed rela-
tively easily and at a low cost by adsorption processes that can exploit the presence of BCD
cage structure immobilized on polymeric supports [35]. In this study, we have determined
the quantity of bisphenol A adsorbed per gram of material using ST-HEMA-GMA-BCD
materials (Qe (mg bisphenol A/g polymer)). Thus, using a calibration curve for fluores-
cence intensity depending on the bisphenol A concentration (Supporting info Figure S8),
the amount adsorbed onto the BCD modified polymer spheres was determined using
Equation (1):

Qe =
(c0 − ce)× V

m
(1)

where V is the solution volume (mL), c0 (mg L−1) and ce (mg L−1) are the initial and
final solution concentrations of bisphenol A and m is the mass of BCD modified polymer
particles (mg).

After 240 min of interaction at 25 ◦C, the adsorption capacity Qe values obtained
were 9.51 and 12.57 mg/g for ST-HEMA-GMA-BCD-OH and ST-HEMA-GMA-BCD-NH2,
respectively. The higher Qe value obtained for the polymers modified using the BCD-NH2
can be related to the higher BCD grafting degree. It is easily observed that the large
difference in grafting efficiency is in contrast with the relatively small difference between
the adsorption capacity at equilibrium. This can be explained by the formation of hydrogen
bonds between the hydroxyl groups of BCD-OH and bisphenol A [20]. Nevertheless, the
higher bisphenol A adsorption characteristics of ST-HEMA-GMA-BCD-NH2 are evident.
Consequently, a kinetic analysis of the adsorption process was performed for ST-HEMA-
GMA-BCD-NH2 (Figure 3).

Figure 3 illustrates the adsorption of bisphenol A onto the ST-HEMA-GMA-BCD-NH2
as a function of time in contact. It can be noted that the absorption rate is fast up to 60 min
which is followed by a slight decrease up to 200 min, followed by an equilibrium tendency
of the system in the 200–300 min. The first stage can be explained by a high bisphenol A
concentration in solution which diffuses to the polymer particles surface. The second stage,
from 60 to 200 min, represents intermediary behavior during which the adsorption rate
decreases as the internal diffusion resistance increases, which is finally followed by the
equilibrium characteristics after 200 min. Several mathematical models were analyzed to
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determine the adsorption efficiency and the mechanism that it follows: Lagergren’s pseudo-
first-order kinetic model (Equation (2)), Ho’s pseudo-second-order model (Equation (3)),
and Weber’s intra diffusion model (Equation (4)):

ln(Qe − Qt) = lnQe − k1t (2)

t
Qt

=
1

k2Q2
e
+

t
Qe

(3)

Qt = Kp
√

t (4)

where Qe (mg g−1) and Qt (mg g−1) are the amounts of bisphenol A adsorbed per unit mass
of ST-HEMA-GMA-BCD-NH2 at equilibrium and t (min), respectively. k1 is the pseudo-
first-order adsorption rate constant (min−1), k2 is the pseudo-second-order adsorption rate
constant (g (mg min)−1), and Kp is the intraparticle diffusion constant (mg g−1 min−0.5).

Figure 3. Adsorption kinetic curve of ST-HEMA-GMA-BCD-NH2 at pH 5 and 25 ◦C.

The kinetic parameters of Lagergren’s pseudo-first-order, Ho’s pseudo-second-order,
and Weber’s intra particles diffusion models equations were calculated by slope-intercept
of the linear fitting plots of ln(Qe-Qt) versus t, t/Qt versus t, and Qt versus t, respectively
(Figure 4).

Comparing the experimental data with the results from the mathematical models for
the adsorption process, the best fit was Lagergren’s (both for Qe value and for R2) together
with Weber’s intraparticles diffusion model for the step that controls the mass transfer
(Figure 3 and Table 1). Analyzing the values for Kp of Weber’s model, this corresponds to a
rapid adsorption process in the first stage of contacting [36].

Table 1. Kinetic parameters for the adsorption of bisphenol A by ST-HEMA-GMA-BCD-NH2.

Lagergren’s Pseudo-First-Order Ho’s Pseudo-Second-Order Model
Weber’s Intraparticles

Diffusion Model

Qe, exp

(mg g−1)
k1 × 103

(min−1)
Qe

(mg g−1)
R2 k2 × 103

(g mg−1 min−1)
Qe

(mg g−1)
R2 Kp

(mg g−1 min−0.5)
R2

12.57 4.7 12.36 0.933 2.1 8.79 0.9054 0.50873 0.9882

The study of the adsorption isotherms offers information on the interaction between
the adsorbate and the adsorbent and allows the determination of the adsorption capacity
of the adsorbent, which is an important parameter for system evaluation. The most
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intensively used isotherm adsorption model are Langmuir (Equation (5)) and Freundlich
(Equation (6)).

1
Qe

=
1

Qmax
+

1
QmKL

× 1
ce

(5)

lnQe = lnKF +
1
n

lnce (6)

where Qe (mg g−1) indicates the amount of adsorbate at equilibrium; Qmax (mg g−1)
indicates the maximum amount of adsorbate at equilibrium; ce (mg L−1) is the equilibrium
concentration of the adsorbate in the solution; KL (L mg−1) and KF (L mg−1) are the
Langmuir and Freundlich constants, respectively; and n is the heterogeneity factor.

∗
∗

 

 
Figure 4. The linear plots of Lagergren’s pseudo-first-order (A), Ho’s pseudo-second-order (B), and Weber’s intraparticles
diffusion models (C).

The isothermal adsorption at the equilibrium of bisphenol A by ST-HEMA-GMA-BCD-
NH2 and ST-HEMA-GMA-BCD-OH are represented in (Supporting info Figure S9). From
this, it can be noted that the adsorption capacity increases with the increase of adsorbate
and reaches saturation as the bisphenol A concentration exceeds 45 mg/L and 40 mg/L in
the case of ST-HEMA-GMA-BCD-NH2 and ST-HEMA-GMA-BCD-OH, respectively. The
linearization of the two selected isotherms Equation (5), Equation (6), and the parameters
calculated are presented in Figure 5 and Table 2.
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Figure 5. (A,C) Langmuir plots illustrating the linear dependences of 1/Qe on 1/ce, and (B,D) Freundlich plot illustrating
the linear dependences of lnQe on lnce for adsorption of bisphenol A by ST-HEMA-BCD-NH2 and ST-HEMA-BCD-OH,
respectively.

Table 2. Isotherm parameters for the adsorption of bisphenol A by ST-HEMA-GMA-BCD-NH2 and ST-HEMA-GMA-BCD-OH.

Absorbent Adsorbate
Langmuir Freundlich

KL/ (L mg)−1 Qmax/ (mg g−1) R2 KF/ (L mg−1) n R2

ST-HEMA-GMA-BCD-NH2 Bisphenol A 0.0025 148.37 0.9431 0.6183 2.268 0.9244

ST-HEMA-GMA-BCD-OH Bisphenol A 0.0195 37.09 0.9505 1.9179 1.7478 0.9376

The comparison of the Langmuir and Freundlich isotherm parameters as listed in
Table 2 indicates better linearity in the case of the Langmuir plots, suggesting that the
adsorption of bisphenol A by ST-HEMA-GMA-BCD-NH2 and ST-HEMA-GMA-BCD-OH
can be regarded as a monolayer adsorption process. This means that the adsorption sites
located on the surface of the polymer particles were homogeneously distributed and an
equivalent adsorption force is displayed. Additionally, it could be evaluated from the
Langmuir equation that the Qmax for bisphenol A was 148.37 mg g−1 and 37.09 mg g−1

for ST-HEMA-GMA-BCD-NH2 and ST-HEMA-GMA-BCD-OH, respectively. (Table 3)
For a cross-linked polymer, three main adsorption mechanisms were proposed which
involve (1) host–guest interactions in the polymers cavities, (2) interactions in the pores
of the polymeric network, and (3) interactions on the surface (physical sorption) [37].
The difference between the adsorption characteristics of the two polymers (Qmax) can be
correlated to the amount of BCD grafted to the polymer particles [38]. Thus, due to its
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higher reactivity, BCD-NH2 afforded a larger substitution degree which is reflected by the
enhanced Qmax value.

Table 3. Comparison of adsorption capacities of different polymer adsorbents for bisphenol A.

Adsorbent Phenolic Pollutants Qmax (mg g−1) Reference

Hyper-crosslinked β-CD porous
polymer Bisphenol A 278 [24]

Graphene oxide-β-CD
nanocomposites Bisphenol A 373.4 [39]

BCD polymer functionalized Fe3O4
magnetic nanoparticles Bisphenol A 74.63 [20]

BCD grafted cellulose beads Bisphenol A 30.77 [40]

(BCD+epichlorohydrin) polyBCD Bisphenol A 84 [41]

BCD-Functionalized
Mesoporous Magnetic Clusters Bisphenol A 52.7 [42]

BCD-poly(glycidyl
methacrylate)-SiO2- nanoparticles Bisphenol A 22.48 [43]

Diatomite cross-linked BCD
polymers Bisphenol A 83.57 [44]

ST-HEMA-GMA-BCD-NH2 Bisphenol A 148.37 This study

ST-HEMA-GMA-BCD-OH Bisphenol A 37.09 This study

Comparing the values for Qmax for the adsorption of bisphenol A using different ad-
sorbents (Table 3), it can be noted that the values obtained for our materials are reasonably
high. The increased efficiency is due to the high ratio between the specific surface to the
mass of the polymer particles and the high reactivity of the surface functional groups (oxi-
rane). These characteristics permit the synthesis of BCD functionalized polymer particles
with a good weight ratio (BCD to polymer support) and a proper distribution of BCD on
the surface of the polymer particles. Therefore, the possibility of guest–host interaction is
facilitated from the steric point of view (see Supplementary Info Figure S10). In addition
to this interaction, there is also the possibility for adsorption processes in the pores of the
cross-linked polymer particles, respectively physical interaction on the surface of the mate-
rials [20]. To confirm the interaction between the polymeric structures modified with BCD
and bisphenol A (BPA) FTIR analysis was performed on the materials after the adsorption
evaluation. From the spectra (see Supplementary Materials Figure S11), the appearance
of a novel signal at 1150 cm−1 corresponding to the C-O vibration from BPA [45] can be
observed, confirming the presence of BPA on the surface of the polymer particles.

The thermal resistance is one of the most important properties of polymers and their
derivatives, in our case the polymer particles modified with BCD-OH and BCD-NH2.
Figure 6 presents the TGA and DTG curves for the synthesized polymers and starting
materials.

Comparing the temperatures corresponding for a 10% weight loss (Table 4) it can be
noted that BCD-OH has the highest thermal resistance, followed by ST-HEMA-GMA-BCD-
OH and ST-HEMA-BCD-NH2, possibly due to the hydrogen bonds formed between the
-OH groups. The ST-HEMA and ST-HEMA-GMA display lower thermal stability. The TGA
analysis also establishes the temperature where the maximum weight loss takes place. In
this case, the Tmax indicated that the most stable materials were ST-HEMA-GMA-BCD-OH
and ST-HEMA-GMA-BCD-NH2, which display stability up to 400 ◦C.
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Figure 6. (a) TGA curves for BCD-NH2, BCD-OH, ST-HEMA-GMA-BCD-NH2, ST-HEMA-GMA-BCD-OH, ST-HEMA-
GMA, ST-HEMA and (b) DTG curves for BCD-NH2, BCD-OH, ST-HEMA-GMA-BCD-NH2, ST-HEMA-GMA-BCD-OH,
ST-HEMA-GMA, ST-HEMA.

Table 4. Thermal properties of BCD-NH2, BCD-OH, ST-HEMA-GMA-BCD-NH2, ST-HEMA-GMA-
BCD-OH, ST-HEMA-GMA, ST-HEMA.

Sample T10%, [◦C] Tmax, [◦C]

ST-HEMA 283 283; 355; 373

ST-HEMA-GMA 244 257; 409

BCD-NH2 172 310

BCD-OH 306 318

ST-HEMA-GMA-BCD-OH 303 313; 425

ST-HEMA-GMA-BCD-NH2 291 299; 424
T10% = decomposition onset temperature (measured at 10% weight loss); Tmax = the maximum decomposition
temperature, corresponding to the maximum of DTG peak (the first derivative of the thermogravimetric curve).

4. Conclusions

A monoamine derivative of BCD was synthesized, characterized by NMR and mass
spectroscopy. The BCD derivative was chemically grafted to ST-HEMA-GMA particles
obtained by seeded emulsion polymerization. The GMA was used during the seeded
polymerization due to its high reactivity towards -OH and NH2 functional groups. The
chemical attachment of the BCD derivatives (BCD-OH and BCD-NH2) to the surface of the
polymer particles was qualitatively confirmed by FT-IR spectroscopy and quantitatively by
acidolysis and phenol colorimetric analysis. The degree of polymer functionalization using
the BCD-OH and BCD-NH2 derivatives were 4.27 and 19.19 weight %.

The adsorption properties of the materials were evaluated using bisphenol A as target
molecule. The results from the mathematical models for the adsorption kinetics process in-
dicated that the best fit was Lagergren’s model (both for Qe value and for R2), together with
Weber’s intraparticles diffusion model for the step that controls the mass transfer in the case
of ST-HEMA-GMA-BCD-NH2. The isothermal adsorption evaluation indicated that both
systems follow a Langmuir type behavior and afforded a Qmax value of 148.37 mg g−1 and
37.09 mg g−1 for ST-HEMA-GMA-BCD-NH2 and ST-HEMA-GMA-BCD-OH, respectively.
Due to the higher reactivity of BCD-NH2, a larger substitution degree of the polymer
particles was obtained, which is reflected by the enhanced Qmax value.

The thermogravimetric analysis of the materials indicated that the functionalization
of the polymer particles afforded an increase of the thermal resistance. Thus, the BCD
modified polymers present a degradation temperature of over 400 ◦C, which can be

694



Polymers 2021, 13, 2338

attributed to the hydrogen bonds and BCD thermal degradation pathway in the presence
of the polymers.

Supplementary Materials: NMR and Maldi characterization Figures S1–S6; UV-Vis and fluores-
cence determinations procedures and calibration curves (Figure S7 and S8); adsorption isotherms
(Figure S9), 3D rendering of bisphenol A insertion in BCD-NH2 (Figure S10) and FTIR spectra of
the polymers modified with BCD after BPA adsorption study (Figure S11) are available online at
https://www.mdpi.com/article/10.3390/polym13142338/s1.
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Abstract: The purpose of this study was to assess the ability of titanium Ti(IV) alkyloxy compounds
supported by organic polymer polyvinyl chloride (PVC) to polymerize ethylene by feeding triethy-
laluminium (TEA) as a cocatalyst. Additionally, the impacts of the molar ratio of [Al]/[Ti] on the
catalytic activities in ethylene’s polymerization and of the comonomer through utilization of diverse
quantities of comonomers on a similar or identical activity were studied. The optimal molar ratio
of [Al]/[Ti] was 773:1, and the prepared catalyst had an initial activity of up to 2.3 kg PE/mol Ti. h.
when the copolymer was incorporated with 64 mmol of 1-octene. The average molecular weight (Mw)
of the copolymer produced with the catalysts was between 97 kg/mol and 326 kg/mol. A significant
decrease in the Mw was observed, and PDI broadened with increasing concentration of 1-hexene
because of the comonomer’s stronger chain transfer capacity. The quick deactivation of titanium
butoxide Ti(OBu)4 on the polymers was found to be associated with increasing oxidation when
supported by the catalyst. The presence of Ti(III) after reduction with the aluminum alkyls cleaves
the carbon-chlorine bonds of the polymer, producing an inactive polymeric Ti(IV) complex. The
results show that synergistic effects play an important role in enhancing the observed rate of reaction,
as illustrated by evidence from scanning electron microscopy (SEM). The diffusion of cocatalysts
within catalytic precursor particles may also explain the progression of cobweb structures in the
polymer particles.

Keywords: polyethylene; olefin polymerization; Ziegler–Natta; polyvinyl chloride

1. Introduction

Ziegler-Natta (ZN) catalysts are the most commonly used catalysts in the olefin
polymerization industry [1]. They are mainly composed of transition metal compounds,
such as titanium, chromium, and vanadium precursors [2], and they are considered the best
option for olefin polymerization industries because of their high productivity and good
morphology control [3]. They undergo activation through the use of either an activator
or a cocatalyst that activates inactive sites [4]. The most commonly used cocatalysts are
alkylaluminium based, such as triethylaluminium (TEA) and tri-octyl aluminum [5,6].

MgCl2 in combination with either TiCl4 or TiCl3 enhances the effectiveness of ZN
catalysts and TEA cocatalysts [7,8]. In the synthesis of a novel chromium SiO2/MgO-
based ZN catalyst using water-soluble magnesium sources, the Cr-Ti catalysts have been
reported to increase the polymerization activity and can generate polyethylene with a
favorable hydrogen response [9]. Kinetic investigations of ethylene polymerization have
demonstrated that two types of active sites, TiCl4 and Cp2ZrCl2, are formed when TiCl4
and zirconocene (Cp2ZrCl2) catalysts are anchored with a MgCl2(THF)2 support and then
activated using TEA and methylaluminoxane [10]. Furthermore, silicon dioxide (SiO2) has
also been utilized as a support [11].

A MgCl2/SiO2 bisupport utilizes magnesium acetate as a source of Mg. When
MgCl2/SiO2 reacts with TiCl4 and VOCl3 under different reaction sequences, ZN hy-
brid titanium/vanadium catalysts are formed [12]. The effectiveness of the Ti/V hybrid
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catalysts lies between that of the MgTi/Si and MgV/Si catalysts. However, the Ti/V hybrid
catalysts, which result from a coreaction with TiCl4 and VOCl3, show increased activity
compared with the Ti/V hybrid catalysts prepared using a two-step mechanism [13].

The polymerization rate is influenced by factors such as the concentration of the
active center, the propagation rate constant, and the monomer concentration [14]. The
concentration of the monomer changes gradually as one moves from the surface toward
the core of the polymer/catalyst particles [15,16]. The concentration of the monomer is
assumed to remain even across the entire polymer medium, whereas the propagation rate
constant highly depends on the stereospecificity of the active centers [17]. The increased
concentration of the active center promotes the activity of the ZN catalysts [18]. In addition,
an appropriate amount of diethylaluminium chloride is added to the ZN catalyst system.
Here, alongside TEA as the cocatalyst, the catalytic activity increases [19].

The functional groups within polymer structures play a crucial role in promoting the
formation of either chemical bonds or interactions between the polymers and catalysts [20].
However, polymers such as atactic poly(propylene), natural rubber, and polyvinyl chloride
are characterized by low-surface free energies and a lack of functional grouping. Therefore,
they cannot interact with ZN catalysts unless functional groups are introduced [21]. Cat-
alytic systems containing chlorine either as part of the support or as a cocatalyst exhibit
enhanced activity; therefore, to allow for the study of their activities, PP, NR, and PVC are
chlorinated before being subjected to the heterogenization of the ZN catalyst [22].

Recently, it has been discovered that the use of Ti(IV) alkoxide complexes—with 1,2-
and 1,4-diolate ligands activated by a binary activator {Bu2Mg + Et2AlCl} and as a catalyst
during the polymerization process of ethylene—results in the formation of an ultrahigh
molecular weight polyethylene (UHMWPE) [23]. Ti(IV) complexes with diolate ligands
are also very efficient in the copolymerization of ethylene and α-olefins. However, the
effectiveness of the various diolate complexes differs based on the size of the chelate ring
and the amount of aluminum chloride used [23].

In the current paper, we present our experiments, which are aimed at further under-
standing ZN catalysts and the processes for olefin polymerization. The titanium tetra-
butoxide Ti(OBu)4 compound was used as a compound-containing oxygen to determine
the impact on the TiCl4 catalyst, which was supported using PVC polymeric material. The
latter was treated by a Grignard compound, and TEA (Al(C2H5)3) was used as a cocatalyst.
The utilization of a PVC-based polymeric support in preparing the catalyst provided im-
portant benefits compared with contemporary methods that use polymerization catalysts
supported by magnesium chloride (MgCl2) and SiO2. Moreover, the PVC-based polymeric
supports (or particles) for preparing the catalysts have shortened the dehydration duration
and steps, allowing for lower temperatures compared with the polymerization catalysts
supported by MgCl2 and SiO2. Therefore, PVC-based polymeric supports (or particles)
are more suitable for synthesizing catalysts because they simplify the synthesis process,
leading to a significant reduction in the cost of preparing catalysts. Additionally, the cost
of PVC-based support tends to be considerably lower compared with polymerization
catalysts that are supported by MgCl2 and SiO2. Similarly, the catalyst substantially uti-
lizes the lowest levels of catalyst precursors in preparing the catalyst compared with the
polymerization catalysts supported by MgCl2 and SiO2. The catalytic activities of Ti(OBu)4
catalysts, for both ethylene homopolymerization and its copolymerization, ethylene, and
1-octene and ethylene and 1-hexene, were assessed.

2. Experiment

2.1. Materials

Ethylene gas was supplied from Abdullah Hashem Co., Saudi Arabia, with a purity
of 99.95%. Here, n-hexane served as a polymerization medium in the heterogenous phase
and was purchased from BDH® with a purity of 99%. In addition, 1-octane was purchased
from Ried Dehean, and 1-hexene was obtained from Advanced Engineering, UK, and dried
over 5 Å molecular sieves before use. Butylmagnesium chloride (BuMgCl) was purchased
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from Aldrich Chemical (2 M in THF). Titanium(IV) butoxide (Ti(OBu)4) with 100% purity
was purchased from Akzo Chemie America. PVC spheres with an average particle size
of 50 μm were used (supplied by SABIC, Riyadh, Saudi Arabia). All support and catalyst
synthesis and characterizations were performed under inert gas.

2.2. Synthesis of PVC/BuMgCl/Ti(OBu)4·TiCl4 Catalyst

The PVC/BuMgCl/Ti(OBu)4·TiCl4 catalyst was synthesized using a three-neck round-
bottom flask equipped with a condenser and stirrer. Here, 5.0 g of PVC was added into the
flask, and the flask containing the PVC was heated to 90 ◦C using an oil bath for 30 min.
Then the flask was evacuated at 40 mbar pressure for 30 min. The flask and its contents
were purged with dried nitrogen three times to ensure that the flask did not contain any
oxygen, and the PVC was slurried using 30 mL of n-hexane. Afterwards, 1.5 mL of 2 M
BuMgCl was added to the slurry, and the resultant mixture was stirred for 5 min at 60 ◦C.
After this, 0.2 mL of 1 M Ti(OBu)4 was added to the previous slurry, and the resulting
mixture was stirred for 60 min at 60 ◦C. Once it was swept using nitrogen for a period of
60 min, the resultant precursor was then vacuum dried at 110 ◦C for 30 min. The obtained
powder was then mixed with 2 mL of TiCl4 (1 M) followed by stirring for 1 h. The mixture
was brown before the participate distilled out; the hexane was then removed by cannula.
The mixture was washed with 30 mL n-hexane three times and then dried and purged with
nitrogen. A solid brown spherical catalyst particle was obtained. The contents of Ti and
Mg were determined as 0.000379 and 0.00507 mmol respectively using inductively coupled
plasma spectroscopy.

2.3. Ethylene Homopolymerization

Ethylene polymerization was tested at five different molar ratios of cocatalyst TEA to
Ti [Al]/[Ti]: 309, 618, 773, 927, and 1236 mmol, to which 0.02 g of the catalyst was added
before pressurization with ethylene.

Ethylene homopolymerizations were carried out in a 2 L glass jacketed reactor. The
reactor was purged with a high-vacuum pump with nitrogen at 130 ◦C for 1 h to ensure that
all moisture and oxygen were removed. Afterwards, 400 mL of n-hexane was added into
the reactor. The reactor was stirred and heated to a reaction temperature of 88 ◦C. Ethylene
was then introduced, followed by the TEA cocatalyst, which was left in for 5 min. The
PVC/BuMgCl/Ti(OBu)4·TiCl4 catalyst was then fed into the reactor, followed by ethylene
gas to maintain a specific pressure of 7 bar for 1 h of the polymerization reaction. The
reactor was maintained and controlled at the desired reaction temperature throughout
the polymerization process. Upon completion, the ethylene flow was stopped, and the
reactor pressure was gradually lowered through venting. Ethylene consumption was
automatically recorded using a flowmeter. The reactor was opened, and the polymer
product was collected, filtered, and washed with petroleum ether, methanol, and chloric
acid before being dried overnight in a vacuum oven at 70 ◦C.

2.4. Ethylene/1-Octene and Ethylene/1-Hexene Copolymerization

Copolymerizations of ethylene/1-octene (32, 48, 64, 96, and 127 mmol of 1-octene) and
ethylene/1-hexene (40, 60, 68, 80, and 160 mmol of 1-hexene) were carried out in n-hexane in
a 2 L glass jacketed reactor equipped with a mechanical stirrer. The reactor was purged with
a high-vacuum pump with nitrogen at 130 ◦C for 1 h to ensure that all moisture and oxygen
were removed. The reactor was charged with 400 mL of 1-hexene. Next, the ethylene gas
feed was started, followed by equilibration at the desired polymerization temperature.
After 15 min, a solution of TEA cocatalysts in n-hexane was added and stirred for 5 min,
and an n-hexane solution (1 mL) of the titanium complex PVC/BuMgCl/Ti(OBu)4·TiCl4
was then added to the reactor with vigorous stirring to initiate polymerization. During
the polymerization process, the mixture of ethylene copolymer was fed to the reactor
continuously to maintain atmospheric pressure. Upon completion of the polymerization
process, the ethylene flow was stopped, and the reactor pressure was slowly released
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through venting. Ethylene consumption was automatically recorded using a flowmeter.
The reactor was opened, and the polymer product was collected, filtered, and washed with
petroleum ether, methanol, and chloric acid before being dried overnight in a vacuum oven
at 70 ◦C.

2.5. Characterization

The polymer features were investigated through differential scanning calorimetry
(DSC), thermogravimetric analysis (TGA), gel permeation chromatography (GPC), and
scanning electron microscopy (SEM). DSC measurements of the polymer samples were
carried out using a differential scanning calorimeter (DSC-8500, PerkinElmer, Shelton, CT,
USA). The sample weight was approximately 10 mg, and the employed heating rate was
10 ◦C/min. The sample was heated to 200 ◦C and allowed to rest for 2 min to remove
the thermal history; it was then cooled down to 25 ◦C at 10 ◦C/min and finally heated
to 200 ◦C at 10 ◦C/min to record the second heating curve and melting temperature (Tm)
because the first heating cycle is affected by the mechanical and thermal history of sample
preparation. The enthalpy of fusion (ΔHf) of each sample was also calculated using the
DSC curve.

The thermal behavior of the mixing catalyst/cocatalyst molar ratio of the polymeriza-
tion was evaluated using a thermogravimetric analyzer (TGA 1, Perkin Elmer, Shelton, CT,
USA). Each sample was heated from room temperature to 700 ◦C at a rate of 10 ◦C/min.
Thermal decomposition temperatures and weight loss were determined from the weight–
temperature curve. The TGA test was performed under a nitrogen atmosphere.

The average molecular weight (Mw) and polydispersity index (Mw/Mn) were mea-
sured using a gel permeation chromatograph (GPC 2000, Waters Corp., Milford, MA, USA)
with standard polystyrene as a reference and 1,2,4-trichlorobenzene (TCB) as the solvent.
Polymers were dissolved at 150 ◦C in TCB in a concentration of 1.0 mg/mL before injection
into the chromatograph.

The morphological characteristics of the catalyst particles incorporated during poly-
merization and copolymerization were studied by SEM (JSM-IT300, Jeol, Japan).

In this experiment, high-temperature 13C NMR (Bruker Avance 400, Bruker Biospin
Karlsruhe, Germany) was used to determine the incorporation of comonomers into re-
spective polymers. About 100 mg of the sample was then equipped into an NMR tube
(5 mm) with the organic solvent 1,4-dichlorobenzene-d4 with a sample concentration of
approximately 15 mg/mL. This was then scanned using Varian Inova-400 MHz at 110 ◦C
at 100.62 MHz having a delay of 3 s for 10 h. The internal reference for the polymer
chain was considered to be the carbon backbone at 30 ppm. Subsequently, 1-octene and
1-hexene content were introduced and their contents calculated taking into consideration
the normalized integration area within the 13C NMR spectrum as outlined in the study by
Seger and Maciel [24].

3. Results and Discussion

3.1. Ethylene Homopolymerization and Characterization of Homopolymers

The use of the catalyst system PVC/BuMgCl/Ti(OBu)4·TiCl4 in the polymerization
of a single type of monomer to form a homopolymer was examined at various stimulus
ratios to determine the best [Al]/[Ti] ratio resulting in high polymer productiveness. The
catalyst molar ratio’s power to affect the activity of the catalyst and monomer inclusion as a
function of the [Al]/[Ti] molar ratio in the polymerization process is summarized in Table 1.
With only the [Al]/[Ti] molar ratio varying during the procedure, the catalyst amount was
maintained at a constant 0.02 g. The optimum cocatalyst amount was influenced by the low
[Al]/[Ti] ratio value. Considering the optimal conditions observed under the previous con-
ditions (Figure 1), the molar ratio [Al]/[Ti] corresponds to 773, which represents a very high
[Al]/[Ti] ratio. In addition, ethylene polymerization over PVC/BuMgCl/Ti(OBu)4·TiCl4
is more economical than traditional heterogenous catalysts: as the activities increase, less
catalyst will be required to produce the same amount of polymer in the polymerization
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reactor. As a consequence, there will be less residual catalyst in the product, thereby
reducing the cost [25]. The catalytic activity decreased as the [Al]/[Ti] ratio increased from
927 to 1236, presumably because the prereduction influence of the alkyl aluminum reagent
decreased the valence of the active site to an appropriate level and a somewhat higher
dosage of cocatalyst brought about the deactivation from overreduction [13]. However,
the necessity of having optimized processing conditions has decreased, which allows for a
significant increase in the versatility of the process, making the commercialization of new
polyolefin materials possible.

Table 1. Influence of [Al]/[Ti] molar ratios on catalyst activity in ethylene polymerization.

[Al]/[Ti] Ratio
Catalyst Activity

(g PE/g Cat. h)

309 700

618 800

773 1100

927 1050

1236 550

Figure 1. Variation of catalyst activity as a function of [Al]/[Ti] molar ratio in ethylene polymerization.

In general, the TEA is known to alkylate the titanium species prior to the respective
incoming alkene molecule coordination to neighboring vacant sites in the titanium. Chain
elongation is thus produced by alkyl migration on the organic ligand thus leaving another
vacant site for insertion of another molecule. The outlined insertion process is repetitive
leading to the creation of a polymer chain. Eventually, the polymer chain is then hewed
from the respective catalyst through the process of beta-hydrogen elimination [8]. An
increase in the [Al]/[Ti] ratio for a small amount of catalyst explains the increase in catalyst
activity. This reduces the number of activated sites, hence inducing the polymerization
centers and leading to a decrease in polymerization activities, as stated in the kinetic
model proposed by Hongrui et al. [26]. The importance of the presence of a cocatalyst
to stimulate the active centers is its ability to polymerize, as in the following reactions
(Schemes 1 and 2):
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Scheme 1. Chemical reaction of cocatalyst in Ziegler-Natta catalyzed olefin polymerization.

Scheme 2. Ethylene polymerization reaction with heterogeneous Ti-based Ziegler-Natta catalyst, where R is Et.

A fraction of the catalyst material will not be fully prepolymerized if its residence
time in the prepolymerization reactor is too short. Indeed, too short a residence time can
result in catalyst deactivation or the formation of undesired fines in the principal reactor.
The prepolymerization in the dilute slurry phase of the batch operation introduces extra
costs because of its discontinuity and requires separation of the inert hydrocarbon and the
prepolymer material. Lack of catalyst activity with increasing concentrations of aluminum
results from the increase in the cocatalyst. The presence of TEA leads to adsorption of
the effective centers and competition between monomer molecules for adsorption onto
these centers. As a result, the decrease in active centers does not favor polymerization.
Furthermore, large quantities of cocatalyst reduce the oxidation state of the titanium atom
in the active center. Consequently, there will be a weakening of activities in the active
center, producing an ineffective center.

A systematic increase in the average velocity profiles for polymerization over time
is the result of the slower process of alkylation. The rate profiles expressed as grams
of polymers produced per hour and per gram of catalyst are presented in Figure 2. An
[Al]/[Ti] ratio of 618 or lower was used for catalysis preparation, indicating a constant
rise in activity over time. However, the rate profiles from the [Al]/[Ti] ratios of 773 and
927 show a rapid increase in the polymerization rate from the beginning to the end, reaching
a peak and maintaining the status to the end. The opposite was seen for the [Al]/[Ti]
ratio of 1236, in which the kinetic curve indicates that the maximum point was acquired
within a short time. The change is proof that formation and active site deactivation are
two independent processes [7]. The best productivity in the operation of the catalyst was
achieved with a molar ratio of 773. Nevertheless, at a high yield (>2 g·g−1), the catalyst
portions, despite being small, likely drift toward the surface of the polymer particles [27].
Similar results were reported by Zheng et al. [15], who investigated the effect of [Al]/[Ti]
catalytic activity and found that catalytic activity was high, as shown by the yield activity
of Ti species. They considered TEA the strongest agent for alkylating titanium chloride
because of the balance of the two active sites changed as the relative proportion of metal
species was altered.
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Figure 2. Corresponding rate profiles of the ethylene homopolymerization carried out using various
[Al]/[Ti] molar ratios.

Figure 3 shows the SEM results for ethylene polymerization using various molar
ratios of [Al]/[Ti]. (Details regarding the presence of all constituent atoms of the cata-
lysts according to the analysis of EDS images are given in the Supplementary Materials,
Figures S1–S5). It is evident that the catalyst particles remain in a good spherical shape
and that the nodal structure blossoms. The increase in cocatalyst at a [Al]/[Ti] ratio of
1236 showed that the particles of the polymer differed greatly in size and were less porous
and “fused.” The sample shows many fibrils. In addition, the current study found that
the time necessary to attain maximum polymerization activity determined the structure of
the polymer particles, in line with the observations of Nooijen [28]. The time required to
reach the maximum polymerization activity is contingent on the rate of reaction between
the catalyst precursor and the cocatalyst, which consequently depends on the type of
cocatalyst. For instance, suppose it takes a long time to attain the maximum polymerization
activity; the polymer particles will tend to show open cobweb structures [29]. The gradual
increases in catalytic activity are the reason for the development of cobweb structures. This
is because the increase in activity can cause the polymer to crack, leading to the formation
of open structures with fibrils [28,29], as indicated in Figure 3c.
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Figure 3. Cont.
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(c) 

Figure 3. SEM result of polymer and catalyst particle in various [Al]/[Ti] molar ratios: (a) 309, (b) 773, and (c) 1236.

The data acquired from the GPC offer an estimate of the polymer Mw, indicating that
polymerization was affected by the [Al]/[Ti] ratio (Figure 4). An increase in the dosage of
the cocatalysts is shown, which would contribute to the decrease in Mw. The strong chain
effect of alkyl metal salts can lower the Mw through the transfer of the nascent polymer
chain of the active sites [30].

Figure 4. The relationship between the [Al]/[Ti] molar ratio and the molecular weight of polyethylene.

To further investigate the influence of the cocatalyst/catalyst [Al]/[Ti] molar ratio on
the thermal stability of homopolymerization, characterization of the obtained polymers was
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carried out through the use of TGA and DSC. Figure 5 indicates the TGA thermograms for
five molar ratios of cocatalyst TEA to Ti [Al]/[Ti]: 309, 618, 773, 927, and 1236 mol. Table 2
shows the Tmax of decomposition. The catalytic effects for 618, 927, and 1236 are higher than
that for 309. The most active catalysis was observed for 773, with the earlier stages having a
low decomposition process. Thus, a certain level of thermal stabilization is produced by the
presence of catalysts, which dramatically accelerate the decomposition process at a certain
temperature. The Tm values were determined by assigning the maximum endotherm peaks.
Figure 6 and Table 3 represent the DSC thermogram with the melting points and ΔHf,
whose increase depends on the [Al]/[Ti] molar ratios; it increases until the ratio reaches
773 moles, and then it begins to decrease. The limitations in the chain branches of the
homopolymers were identifiable in the current study [12]. As noted by Smith et al. [31],
slow polymerization processes relative to industrial-scale polymerization rates like in the
case of slurry polymerization that is performed at room temperature, the growing chains’
local temperature is anticipated to be relatively less than the dissolution temperature of
a given linear polyethylene within the medium of reaction which is at roughly 90 ◦C in
heptane. Subsequently, considering the growing chain, a maximum of 36 CH2 units of
the given macromolecule could be considered dissolved in the respective surrounding
medium prior to commencement of crystallization. What is more, as noted by the authors,
the outlined length was relatively below the expected distance of 140 CH2 units that are
required in the overall formation of various entanglements within the polyethylene melts.
As such, the resultant formed macromolecule is highly linear. The use of the required
amount of cocatalysts is key to boosting the operation of the catalyst. The cocatalyst can
reduce the alkylate metal transition, which initiates the first polymer chain through the
elimination of impurities [32]. Active sites can be deactivated because of overreduction in
the chain transfer reaction, which is key for catalytic activities [13].

Figure 5. TGA thermograms of the ethylene homopolymerization carried out using various [Al]/[Ti]
molar ratios.
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Table 2. Temperature for the maximum rate of decomposition obtained from the TGA thermograms
of polyethylene with various [Al]/[Ti] molar ratios.

[Al]/[Ti] Ratio
(mol/mol)

Tmax (◦C)

309 536.81

618 540.86

773 553.71

927 543.29

1236 544.95

Figure 6. DSC second heating curves for polyethylene with various [Al]/[Ti] molar ratios.

Table 3. Melting temperature (Tm) and enthalpy of fusion (ΔHf) obtained from the DSC of polyethy-
lene with various [Al]/[Ti] molar ratios.

[Al]/[Ti] ratio Tm (◦C) ΔHf (J/g)

309 137.83 172.9197

618 138.4 262.5728

773 139.32 316.2398

927 137.72 179.0029

1236 137.25 203.4728

3.2. Ethylene/1-Octene and Ethylene/1-Hexene Copolymerizations and Characterization of
the Copolymers

The ethylene/1-octene and ethylene/1-hexene copolymerization behaviors were as-
sessed after the behaviors of ethylene homopolymerization were compared. The appro-
priate dosage of the TEA cocatalyst in homopolymerization with the TiCl4 catalyst was
[Al]/[Ti] = 773. A similar TEA cocatalyst dosage was utilized in both ethylene/1-hexane
and ethylene/1-octene copolymerization. Nevertheless, the copolymers of ethylene with α-
olefins had numerous benefits compared with other homopolymers. These benefits include
larger process capacity, lower viscosity, and higher flexibility; hence, an investigation of the
performance of the copolymerization of the aforementioned PVC/BuMgCl/Ti(OBu)4·TiCl4
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catalyst was important. Additional quantities of α-olefin were a determining factor in
ethylene/α-olefin copolymerization because the addition of α-olefin can significantly
impact its polymer microstructure and considerably affect the behavior of catalyst polymer-
ization. Various quantities of 1-hexene and 1-octene were added in the consequent poly-
merization of the catalyst in the current study, and their influence on catalytic properties is
shown in Table 4, which also shows noticeably enhanced activity with the PVC/BuMgCl/
Ti(OBu)4·TiCl4 catalyst. There was an initial increase in the catalytic activities before a grad-
ual decrease as the concentration of the comonomer increased. For example, the amount of
1-hexene increased from 40 to 160 mmol, while the 1-octene quantity increased from 32
to 127 mmol, and optimum activity was attained at 64 and 60 mmol, respectively. These
results show that the copolymerization of 1-hexene, 1-octene, and ethylene was strongly
activated by the comonomer. Tuskaev et al. [23], Hongrui et al. [26], and Muñoz-Escalona
et al. [33] have studied the notable preliminary enhancement in activity by α-olefin, which
is known as the comonomer effect. These studies were grouped or categorized according
to physical and chemical effects. Similar to the hydrogen effect, inserting ethylene into
the Ti–H bond leads to the production of the Ti–C2H5 complex, which remains a dormant
site via the β-agostic effect. Ti–C2H5 complex sites are not active for polymerization. On
the other hand, inserting 1-octene or 1-hexene resulted in the formation of active sites
of Ti–C6H13, Ti–C8H17, and Ti–C6H13. Additionally, the comonomer unit causes a donor
effect, improving the activities of the catalyst. Conversely, the physical effect causes a
decrease in the polymer’s crystallinity as a result of the insertion of the comonomer, leading
to accelerated monomer diffusion. Nevertheless, a comonomer will have significant and
diverse impacts on the reactions based on the types of catalyst and the conditions of the
polymerization [34]. However, the mechanism for the comonomer effect in ethylene/α-
olefin copolymerization over ZN catalysts remains unclear, warranting more studies that
can offer a better description. In the present study, the process initiated by the Ti(OBu)4
catalyst illustrates the features found in olefin polymerization.

Table 4. Copolymer activities of different comonomers and polymer properties.

Sample
Amount of

Comonomer
(mmol)

Activity
(g PE/mmol

Cat. h)
Tm

a (◦C)
ΔHf

a

(J/g)
Mw b

(×105 g/mol)
PDI b

Comonomer
Incorporation

[mol%] c

1-octene 32 1750 135 164.1 1.97 5.8 3.26
48 2200 135 190.9 - - -
64 2300 133 144.9 1.77 4.9 4.45
96 2250 133 150.5 - - -

127 2050 132 157.9 1.86 5.2 4.06
1-hexene 40 1500 134 151.3 2.47 7.3 1.34

60 2000 133 144.2 - - -
68 1900 132 143.2 3.26 4.9 4.87
80 1650 138 161.3 - - -

160 1450 136 147.5 2.31 6.8 -

Other polymerization conditions: cocatalyst [Al]/[Ti] molar ratio of 773:1. a Tm and ΔHf calculated by DSC thermograms; b Mw and PDI
estimated by GPC in TCB; c omonomer incorporated into copolymers estimated by high temperature 13C NMR and calculated according to
the literature methods [24]. “-” Not determined.

Table 4 shows a summary of the characterization of DSC. Figures 7 and 8 show
the respective second heating curves for ethylene/1-octene and ethylene/1-hexene. The
findings reveal a reduction in the ΔHf and the Tm of the copolymers because of the increased
concentration of 1-hexene and 1-octene, as shown in Table 4; this occurred because of the
insertion of a larger amount of comonomers in the mainstay of the polymer chain, which
caused an increase in the concentration of comonomers. Based on the Tm values, the
catalyst displayed lower sensitivity to 1-octene as the amount of 1-octene increased. The
catalyst showed a greater sensitivity to 1-hexene as a result of the increased concentration
of comonomer due to the introduction of the 1-hexene comonomer. The long chains caused

710



Polymers 2021, 13, 2109

an increase in Tm in addition to that caused by 80 and 160 mmol of 1-hexene because the
configuration of chains became stiffer, leading to the appearance of additional extra small
peaks in the melting line because of crystal gaps [35]. Furthermore, UHMWPE is believed
to exhibit sharper incipient melting, which shows that the crystallinity difference between
chains is smaller [35].

Figure 7. DSC second heating curve of the copolymer with various 1-octene concentrations.

Figure 8. DSC second heating curve of the copolymer with various 1-hexene concentrations.

The present research utilized GPC to characterize the resultant copolymers. The
findings reveal that the average Mw was reduced, except in the case of 68 mmol 1-hexene.
There was an increase in the concentration of the 1-hexene to 160 mmol (up from 40 mmol),
while the concentration of 1-octene increased to 127 mmol (up from 32 mmol). These
findings are consistent with those of Yang et al. [36], who found that the strength of
comonomer impacts tends to be greater in active centers, causing the production of a lower
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Mw polymer compared with those that produce higher Mw polymers; this then results in a
substantial reduction of the average Mw of the entire polymer while its molecular weight
distribution (MWD) is broadened. Furthermore, 1-hexene broadened the MWD more than
PVC/BuMgCl/Ti(OBu)4·TiCl4 catalysts did, and the polymerization of the 64 mmol of
ethylene/1-octene demonstrated that the catalyst was highly balanced. The catalyst had
the highest activity among the comonomers, while its PE products displayed the lowest
MWD. Therefore, the lower sensitivity to 1-hexene for the catalyst is associated with the
existing supports and the technique used for their preparation. In this case, the PVC-based
polymeric support was the main support in the catalyst system. Thus, future studies should
investigate the support used in catalyst systems.

SEM analysis of the comonomer concentrations was conducted to determine if there
was a higher activity in ethylene/1-octene copolymerization. The results indicate that the
catalyst particles had a satisfactory shape, showing increasing comonomer concentrations,
as can be seen in Figure 9. (Details of the existence of all constituent atoms of the cata-
lysts by analysis of EDS images are given in the Supplementary Materials, Figures S6–S8.)
Moreover, a spherical copolymer was effectively disseminated or dispersed because it
was replicated in the catalyst morphology. The copolymer particles grew gradually with
increasing the 1-octene concentration, mainly because the catalyst particles in the prelimi-
nary polymerization phase break down into sub-particles and primary particles for easier
separation. The primary catalyst particles initiate 1-octene/ethylene copolymerization,
resulting in the formation of copolymer primary particles with sizes of 4–23 μm. Generally,
these findings show that a PVC-based polymeric support has the capacity to allow for
underground crystallization on the catalyst surface. The determining factor of the process
of polymerization is the 1-octene concentration in n-hexane. These findings reveal that the
preparation of the adduct solution containing a higher 1-octene concentration yields higher
viscosity, preventing the dispersion of 1-octene, leading to its accumulation on external
surfaces [37].

 
(a) 

Figure 9. Cont.

712



Polymers 2021, 13, 2109

 
(b) 

 
(c) 

Figure 9. SEM images of the copolymer particles polymerized with catalyst using various 1-octene
concentrations: (a) 32 mmol, (b) 64 mmol, and (c) 127 mmol.

The contents of 1-octene together with 1-hexene relative to their incorporation of the
copolymers as obtained from the catalyst were investigated using high-temperature 13C
NMR. In this particular study, the copolymers chosen to be analyzed for incorporation
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were copolymers synthesized using 32, 64, and 127 mmol of 1-octene and 40 and 68 mmol
of 1-hexene. The results of the analysis are outlined in Table 4 and Figure S9 illustrates
the 13C NMR spectra within the Supplementary Materials. In this reaction, it can be
asserted that too small quantities of 1-octene and 1-hexene may not affect the overall
copolymerization behavior of given catalysts including copolymer’s microstructures while
too large quantities of the comonomer may equally not be of benefit for the resultant
activity. Consequently, the results of the study affirmed that having similar amounts of
titanium species within a catalyst makes butoxide ligand beneficial for the overall insertion
of 1-octene. The comonomer incorporation ability of respective hybrid ZN catalysts is
affected prominently by titanium modification. As such, considering the initial stage, the
molar ratio of 773 may be key in promoting the incorporation of 1-octene from 3.26% to
4.45% especially for Ti catalyst thus having 36.5% greater incorporation. There would
be a pronounced difference in the 1-hexene incorporation thus there is the importance of
controlling the comonomer content within the polymer.

4. Conclusions

Ti(IV) complexes that contain halogen atom alternatives such as Cl and are sup-
ported on PVC as a result of Grignard compound activation produce catalysts with better
integration of 1-hexene and 1-octene. They also cause stronger activation of ethylene poly-
merization. An active catalyst was produced in the slurry homopolymerization of ethylene
with the ZN catalyst, which was created using Ti(OBu)4. To obtain the highest activity, the
optimum ratio of the cocatalyst TEA to Ti [Al]/[Ti] was 773:1, which resulted in higher
activity. The higher the [Al]/[Ti] ratio, the smaller the molecular weight, suggesting that a
higher [Al]/[Ti] ratio is associated with reduced Mw. These findings illustrate that 1-octene
integration attained the highest measured activity of 2.3 kg of PE/mol of cat·h when fused
with a 64 mmol copolymer. The increase in the concentration of 1-octene was found to
be associated with a reduction in the catalytic activity in PVC/BuMgCl/Ti(OBu)4·TiCl4.
Both the ethylene/1-hexene copolymers and the catalyst demonstrated considerably lower
activities. Therefore, the embodied catalyst has a polyethylene of higher Mw, extensive
MWD, and a negative comonomer impact with a consumption rate that is moderately or
substantially unstable. Based on the SEM findings, the activated titanium sites played an
important role in decreasing the crystallinity of the polymeric PVC. They also supported
higher metal-active species on the inner surfaces of the support available to the comonomer
in the slurry stage, which can be greatly increased with a rise in reaction activity. Moreover,
the comonomer caused donor effects, leading to increased activity. From the standpoint of
the physical impact, the generated copolymers caused a decrease in crystallinity, leading to
the acceleration of monomer diffusion in the ethylene, which was assumed to be impassable
in the crystallized polyethylene. The results and conclusions acquired in this investigation
can be used as a guide to optimizing the synthesis of catalysts. Further, the experimental
results of this study confirm theoretical studies that indicate the performance of active sites
of ZN active sites having butoxide as a ligand of the titanium.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym13132109/s1. Figure S1: SEM-EDS images of the ethylene polymerization carried
out using [Al]/[Ti] molar ratio at 309. Figure S2: SEM-EDS images of the ethylene polymerization
carried out using [Al]/[Ti] molar ratio at 618 mmol. Figure S3: SEM-EDS images of the ethylene
polymerization carried out using [Al]/[Ti] molar ratio at 773 mmol. Figure S4: SEM-EDS images of
the ethylene polymerization carried out using [Al]/[Ti] molar ratio at 927 mmol. Figure S5: SEM-
EDS images of the ethylene polymerization carried out using [Al]/[Ti] molar ratio at 1236 mmol.
Figure S6: SEM-Eds images of the ethylene/1-octene copolymerization carried out using 1-octene
concentration at 32 mmol. Figure S7: SEM-Eds images of the ethylene/1-octene copolymerization
carried out using 1-octene concentration at 64 mmol. Figure S8: SEM-Eds images of the ethylene/1-
octene copolymerization carried out using 1-octene concentration at 127 mmol. Figure S9: High
Temperature 13C NMR spectra of the copolymers: (a) 32 mmol of 1-octene, (b) 64 mmol of 1-octene,
(c) 127 mmol of 1-octene, (d) 40 mmol of 1-hexene, and (e) 68 mmol of 1-hexene.
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Abstract: This study describes a simple, practical, inexpensive, improved, and efficient novel method
for obtaining polyurea-polyurethane-multiwall carbon nanotubes (MWCNTs) nanocomposites with
enhanced mechanical properties, and their experimental testing in a dynamic regime. SEM and micro-
CT investigations validated the homogeneity of the nanocomposite films and uniform dispersion
of the nanofiller inside the polymeric matrix. The experimental measurements (TGA, DSC, DMA,
and tensile tests) revealed improved thermal and mechanical properties of these new materials.
To demonstrate that these nanocomposites are suitable for ballistic protection, impact tests were
performed on aluminum plates coated with the polyurea-polyurethane MWCNTs nanocomposites,
using a Hopkinson bar set-up. The experimental testing in the dynamic regime of the polyurea-
polyurethane-coated aluminum plates confirmed that the nanocomposite layers allow the metal plate
to maintain its integrity at a maximum force value that is almost 200% higher than for the uncoated
metallic specimens.

Keywords: polyurea-polyurethane; nanocomposite; ballistic protection; coatings; mechanical proper-
ties; multiwall carbon nanotubes (MWCNTs); Hopkinson bar

1. Introduction

Nowadays, war migrates from the battlefields towards less predictable areas. All
existing ammunition types and improvised explosive devices represent serious threats.
The survival of defense, public order, or national security crews, and the vehicles that
they use during a mission, is conditioned by several factors, including ballistic protection.
Specific categories of threat require different levels of ballistic protection, regulated by the
standards valid in each state.

New effective solutions for ballistic protection are offered by the evolution of compos-
ite materials, the synthesis of new materials, and the selection and correlation of performant
materials [1]. These materials must be resistant to the action of a shock wave or the impact
of a projectile [2–5], but they must also be lightweight so they do not overload the armor
of a trooper or vehicle [6]. Composites reinforced with aramid fibers are described in the
literature as one of the materials with the highest ratios between weight (mass) and level of
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impact protection, but their cost is considered a disadvantage [6,7]. Another alternative
to steel armor is the use of an aluminum substrate coated with composite materials [8].
Numerous studies have shown that the rigidity and hardness of a material can be improved
using nanoparticles [7,9–12].

To obtain superior mechanical properties for a particular type of polymeric matrix, it
is necessary to take into account the size, shape, and chemical properties of the nanometric
filler particles [13]. Multiwall carbon nanotubes (MWCNTs) have been extensively used
in nanocomposites due to their outstanding properties: high Young’s modulus, stiffness,
flexibility, and conductivity. Additionally, only a 1% MWCNTs content can lead to an
increase of up to 36–42% of the modulus of elasticity for composite material [14–16]. Even
though carbon nanotubes have great potential as nanofillers, a major concern related to the
performance of MWCNTs-based nanocomposites is represented by the difficulty of achiev-
ing their homogenous dispersion. The dispersability of carbon nanotubes in the polymer
matrix is conditioned by their chemical and physical compatibility. Therefore, in some
cases, the functionalization of MWCNTs can become mandatory for their compatibilization
with the organic substrate.

Polyurea has been widely reported as being an appropriate polymeric matrix for impul-
sive loading ballistic protection [17–22], due to its embedded reinforcing nanoscale hard do-
mains, uniformly dispersed and chemically linked inside its soft elastic nanodomains [9,23].
Therefore, many researchers have investigated polyurea for their distinctive synergistic
properties. Li et al. [24] employed Jeffamine® D2000 and two different types of isocyanates,
isophorone diisocyanate and hexamethylene diisocyanate, to obtain self-healing elastomers.
Even though they possess this self-healing property, these elastomers exhibit insufficient
mechanical resistance (maximum tensile stress of approximately 3.5 MPa) for impulsive
loading applications. Therefore, numerous studies [17,25,26] confirmed the beneficial
contribution of polyurea coatings applied to metallic surfaces. Bai et al. [27] obtained
a polyurea with improved mechanical resistance by employing diphenylmethane diiso-
cynante and Unilink 4200 diamine, reaching a maximum true stress of approximately
13 MPa (in the quasi-static regime, at low strain rates) and 27 MPa under a dynamic regime.
Li et al. [28] investigated the response of stainless steel plates coated with a commercial
polyurea (LINE XS-350) to impulsive loadings. This commercial polyurea displayed a
maximum quasi-static true stress of only 22.4 MPa. The use of polyurea coatings affords
a better response of the coated metal sheet at the action of a shock wave or the impact of
a projectile by suffering lower deformations than the neat metallic plates. Therefore, in
terms of ballistic protection, the efficacy of polyurea is already validated by an important
volume of data available in the literature. Polyurea-MWCNTs systems [29–31] were also
demonstrated in multiple studies as good candidates for impulsive loading applications.
However, one major inconvenience is that the chemical modification of the nanofiller
sometimes involves significant costs that may not prove to be economically viable.

In many cases, a good dispersion of nanoparticles in the polymer matrix can be ob-
tained only by prior functionalization. This process can sometimes be difficult to perform
and expensive, as the synthesis process involves several steps. To simplify the manufactur-
ing process and to reduce the production costs for polyurea nanocomposites designed for
ballistic protection, a commercially available MWCNT product was used. This product
consists of a concentrate of MWCNTs pre-dispersed in a polyester-polyol system, which en-
sures a good dispersion in the polyurea matrix. This simplified synthesis method could be
more advantageous for coating extended areas specific for ballistic protection applications.
Thus, the metal substrates can be protected against cracking/failure by being coated with
this high-performance polyurea nanocomposite by simply spraying the premixed reactants
onto the targeted surface.

Therefore, taking into consideration the unique set of properties of polyurea-polyurethane
and the multiple advantages of using pre-dispersed MWCNTs, this study intended to pro-
vide a novel approach towards a new facile synthesis route for obtaining high-performing
polyurea-polyurethane nanocomposite coatings. This study also comprises a section on the
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experimental testing in a dynamic regime in order to prove the real contribution of this type
of nanocomposite coating on the deformation mitigation of metallic plates for assessing
the suitability of the materials’ design in relation to ballistic protection applications. To
improve the response of the metallic structures to impulsive loadings, we herein decided
to employ our previously synthesized polyurea matrix [17], which was obtained from poly
(propylene glycol) bis(2-aminopropyl ether) with Mn ≈ 2000 Da, diphenylmethane-4,4′-
diisocyanate, and 4′-diaminodiphenylmethane as chain extender. This polyurea possesses
superior mechanical resistance, displaying a maximum quasi-static true stress of 33.76 MPa.
Its unique set of properties established the premises for obtaining a performant nanocom-
posite with superior mechanical resistance (up to 40.84 MPa maximum quasi-static true
stress) for ballistic protection applications. To the extent of our knowledge, this is the first
paper that proposes an improved route for obtaining performant polyurea-polyurethane
nanocomposites with pre-dispersed MWCNTs, conjoined with the evaluation of the mitiga-
tion effect brought by these performant materials and using the Hopkinson bar method.
The novelty of this paper consists of both the straightforwardness of the polyurea coating
fabrication method and the experimental set-up approach for the evaluation of the behavior
of these materials at impact with a projectile.

2. Materials and Methods

2.1. Materials

Poly (propylene glycol) bis(2-aminopropyl ether) − Mn ≈ 2000 Da (PPG2000, Sigma
Aldrich, St. Louis, MO, USA), 4,4′-diaminodiphenylmethane (DADPHM, Sigma Aldrich,
St. Louis, MO, USA), and diphenylmethane-4,4′-diisocyanate (MDI, technical product
Desmodur® 44V20L, Covestro, Leverkusen, Germany) were pre-dispersed in multiwalled
carbon nanotubes in a polyester polyol based resin (MWCNTs, Graphistrength® CPU2-30,
Arkema, Colombes, France; Graphistrength® CPU2-30 is a MultiWall Carbon Nanotubes
(MWCNT), at a concentrate that is used as an additive for polyurethane-based materials,
coatings or adhesives. It contained 30 wt% of MWCNT, perfectly dispersed in a polyester
polyol. Typical final MWCNT loadings in the final compounds were in the range 0.1
to 2 wt%, depending on the host matrix characteristics, targeted performances, process-
ing methods, and conditions. Acetone (Sigma Aldrich, St. Louis, MO, USA), was used
as received.

2.2. Methods
2.2.1. Preparation of Polyurea-Polyurethane Nanocomposite Films

Five distinct types of polyurea-polyurethane nanocomposites were synthesized (Table 1)
to obtain polymeric films with different mechanical properties.

Table 1. The composition of polyurea nanocomposite films.

Sample MWCNTs (wt. %)

PU (blank) 0

PU-NC1 0.05

PU-NC2 0.1

PU-NC3 0.2

PU-NC4 0.3

For the synthesis of the blank sample, the diamines (PPG2000 and DADPHM) and the
isocyanate (MDI) were solubilized separately in acetone, obtaining two solutions: Solution
A (containing the two components with amino functional groups, PPG2000: DADPHM
molar ratio 1:2) and Solution B (containing the component with isocyanate functional
groups). The molar ratio between the isocyanate and the amino (primary amine) groups
was maintained for all reactions at 1:1. Solutions A and B were vigorously stirred for 10 to
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15 s at room temperature, and then the mixture was transferred on a Petri dish placed on a
perfectly horizontal surface. The reaction mixture was maintained at 20 ◦C and relative
humidity of between 50% and 55%, until the reaction was complete. After 24 h, a polyurea
film with a thickness of about 0.4 mm was obtained.

Polyurea-polyurethane-based composites were obtained using the same procedure, ac-
cording to the compositions described in Table 1. The only difference was the introduction
of carbon nanotubes in solution A, thus obtaining Solution C. To obtain the best possible
dispersion of MWCNT in the polyurea matrix, solution C was subjected to the action of
ultrasound for one hour, before being mixed with solution B. For a better understanding of
the behavior of the synthesized polymeric films on impact with a projectile, samples con-
sisting of aluminum plates coated with polyurea-polyurethane nanocomposites (described
in Table 1) were prepared by a casting technique (Scheme 1).

Scheme 1. Representation of the fabrication steps for the polyurea-polyurethane nanocompos-
ite films.

The nanocomposites, obtained as described above, contain a hybrid polymeric matrix
consisting of both polyurea and polyurethane zones. The polyurethane regions surround
the MWCNTs, since these carbon nanotubes were pre-dispersed in a polyester polyol
matrix before being part of the polyurea matrix. Even though these polyurethane areas are
present in the nanocomposite, their concentration is neglectable in comparison with the
polyurea matrix.

2.2.2. Characterization

The morphology of the polyurea-polyurethane-MWCNTs nanocomposite films was
investigated by SEM (scanning electron microscopy) using a Tescan Vega II LMU SEM
instrument (TESCAN, Brno, Czechia) at 10 keV acceleration voltage. The distribution of
the MWCNTs inside the polyurea-polyurethane matrix was examined via micro-CT tech-
nique. The SkyScan micro-CT attachment allowed for converting the Tescan Vega II LMU
SEM to an X-ray microtomograph for non-destructive imaging and for measuring of the
object’s internal microstructure of specimens. Analysis parameters: Exposure time—4 s per
projection at electron beam currents of 100 nA; accelerating voltage—30 KeV; step size—1◦;
scanning time—24 min. Reconstruction was performed by the NRecon program which
used float-point data values for internal calculations during reconstruction, and afterward
allowed the operator to define the density window as a range of the reconstructed values.
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The full set of reconstruction results was visualized by the program DataViewer® 2D/3D
Micro-CT Slice Visualization (Micro Photonics Inc., Allentown, PA, USA). A thermogravi-
metric analysis (TGA) of the synthesized nanocomposites was performed on a Thermal
Analysis Q500 instrument (TA Instruments, New Castle, DE, USA). Samples of about 2 mg
were heated under nitrogen flow, with 10 ◦C/min, from 25 ◦C to 700 ◦C. The glass transition
temperatures (Tg) of the polyurea-polyurethane nanocomposites were established using
differential scanning calorimetry (DSC). All the samples of around 10 mg were analyzed
using a NETZSCH DSC 204 F1 Phoenix instrument (NETZSCH, Selb, Germany), under
nitrogen flow, at 10 ◦C/min heating rate, in two heating/cooling cycles, between −80
and 200 ◦C. Stress–strain curves were obtained using an Instron 3382 testing machine (In-
stron, Norwood, MA, USA). The samples were prepared for the tensile tests by cutting the
nanocomposite films in a rectangular shape, at standard dimensions for tensile specimen,
with 5 mm width and 100 mm length. For each specimen, the rate of the extension was set
at 500 mm/min, and the separation of the initial jaws was set at 50 mm (plain jaw faces).
For each type of nanocomposite film, five tensile tests were carried out and the average of
the measured values and the standard deviation for each point was registered. For a more
accurate approach of the interpretation of these tests, the values of true stress (σT) and true
strain (εT) were employed for determining Young’s modulus values, which were calculated
according to the mathematical model described in [32]. The definition of true stress (σT)
states that this σT signifies the instantaneous applied load divided by the instantaneous
cross-sectional area. True stress is related to engineering stress (σ) through the following
equation: σT = σ (1 + ε). The definition of true strain (εT) states that εT signifies the rate
of instantaneous increase in the instantaneous gauge length. The true strain is related
to engineering strain (ε) by εT = ln (1 + ε). A comparative multigraph containing all the
true stress/true strain values characteristic for each synthesized material was plotted to
evaluate the influence of the nanofiller on their mechanical properties. This multigraph
was designed to show only the curves with the closest parameters to the mean values
from each set of specimens. The dynamic and mechanical behavior of the samples was
evaluated in single cantilever bending mode between −80 and 200 ◦C, with a controlled
heating rate of 5 ◦C/min, using a TRITEC 2000 B-Dynamic mechanical analysis (DMA,
Martignat, France) instrument.

For the evaluation of the behavior of polyurea-polyurethane nanocomposite films in a
dynamic regime, a series of experimental measurements were performed on aluminum
metal plates coated with polyurea and polyurea-polyurethane nanocomposites. The mea-
suring instruments used were an ultra-high-speed video camera PHOTRON (Photron,
Tokyo, Japan) and a PCB force transducer (PCB Piezotronics, Depew, NY, USA).

The samples used for these tests consisted of an aluminum metal plate with a thickness
of 0.5 mm and a free diameter of 100 mm, on which a layer of polyurea-polyurethane
nanocomposite of approximately 1 mm was previously deposited. Each sample was
fixed (Figure 1b) and orientated, with the uncoated side towards the projectile launch-
ing direction. The experiments were carried out using a Hopkinson bar air propulsion
system (Figure 1c), utilizing a spherical head projectile (Figure 1a). The impact strength
obtained at the impact between the projectile and the samples was measured using a
piezoelectric sensor connected to the mounting bracket of the tested aluminum plate. These
experiments were performed on three types of materials: neat aluminum plate, polyurea
coated aluminum plate (PU), and polyurea-polyurethane-MWCNTs nanocomposite-coated
aluminum plates (PU-NC2, PU-NC3, and PU-NC4).
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Figure 1. Hopkinson bar set-up for experimental testing of the polyurea-polyurethane-MWCNTs
nanocomposite-coated aluminum plates in dynamic regime: (a) Spherical head projectile; (b) sam-
ple before the experiment (coated on the backside with polyurea (PU) or polyurea-polyurethane-
MWCNTs nanocomposite (PU-NC)); (c) image captured during the experiment, at the moment of the
impact of the projectile with the sample.

3. Results and Discussion

Polyurea and MWCNT nanocomposites designed for ballistic protection applications
must meet certain performance criteria related to their thermal and mechanical strength.
Materials exposed to the impact with a projectile or at the action of a shock wave can suffer
both considerable deformation (or failure of the structure) and thermal degradation. Thus,
polyurea coatings have the role of reducing these devastating effects.

The first step in our study consisted in the morphology characterization of the
nanocomposites using SEM analysis. In Figure 2 SEM images of the PU-NC4 sample
are presented. The nanocomposite consists of a continuous film; however, it can be noticed
that, in some areas (highlighted with a white ring), there is a lack of homogeneity. The
explanation could be due to the MWCNTs’ aggregation in the polymer matrices and their
escape at the surface of the polymer films, respectively.

(a) (b)

Figure 2. SEM analysis of the polyurea-polyurethane-MWCNTs nanocomposite films: (a) in cross-section; (b) from the top.

To strengthen the hypothesis about the aggregation of the MWCNTs in sample PU-
NC4, the second step of this study involved an investigation of the distribution of the
MWCNTs inside the polyurea-polyurethane matrix through a micro-CT technique. CTVol®

Micro-CT Surface Rendering Software allowed a realistic visualization of the samples
(Figures 3a–d and 4) and displayed a homogenous spatial distribution of the nanofiller
inside the polymeric matrix. Reconstruction of the collected images was performed by the
NRecon reconstruction software (local version), and the full set of reconstruction results
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were visualized via DataViewer® 2D/3D Micro-CT Slice Visualization(Micro Photonics
Inc., Allentown, PA, USA). Representative 2D cross-section slices of each reconstructed
sample were illustrated in Figure 3e–h. As can be observed from Figure 3, the MWCNTs
are well dispersed inside the polyurea-polyurethane matrix. Moreover, the increase of
MWCNTs concentration is well distinguishable in the four micro-tomographs.

Figure 3. Micro-CT images (70 μm voxel size) of polyurea-polyurethane-MWCNTs nanocomposites comprising:
(a,e) 0.05 wt.% MWCNTs, (b,f) 0.1 wt.% MWCNTs, (c,g) 0.2 wt.% MWCNTs, (d,h) 0.3 wt.% MWCNTs.

Figure 4. Micro-CT image (10 μm voxel size) of PU-NC4 sample.

Even if the nanocomposite samples containing 0.3 wt.% MWCNTs (PU-NC4) exhibited
an apparent macro-homogeneity, there are regions where these nanoparticles tend to
agglomerate, as can be observed in Figure 4.

Thermogravimetric analysis showed that the synthesized polyurea-polyurethane-
MWCNTs films displayed a high thermal resistance, as can be observed in Figure 5 and
Tables 2 and 3.

According to the TGA analysis, it appears that the introduction of carbon nanotubes
into polyurea films had a slightly positive effect on thermal resistance, as their degradation
process began later compared to the control sample (PU). However, as the concentration
of carbon nanotubes increased, this effect decreased. The temperature corresponding to

723



Polymers 2021, 13, 1618

the maximum decomposition rate was also higher in the case of nanocomposites. Starting
at 354 ◦C (in the case of PU samples) and at 366 ◦C, respectively (in the case of the
nanocomposite samples), a significant weight loss process could be observed due to the
decomposition process of the polymeric matrix (Figure 5).
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Figure 5. TGA and DTG analyses of the polyurea-polyurethane-MWCNTs nanocomposites.

Table 2. Thermal properties of polyurea-polyurethane-MWCNTs nanocomposites.

Sample T10%, [◦C] Tmax, [◦C]

PU 303.0 354.0

PU-NC1 307.0 367.0

PU-NC2 304.5 366.5

PU-NC3 303.5 366.5

PU-NC4 302.0 364.0
T10% = decomposition onset temperature (measured at 10% weight loss); Tmax = the maximum decomposition
temperature, corresponding to the maximum of DTG peak (the first derivative of the thermogravimetric curve).

Table 3. The decomposition process of the polyurea-polyurethane-MWCNTs nanocomposites.

Sample
Weight Loss [%]

200 ◦C 250 ◦C 300 ◦C 350 ◦C 400 ◦C 450 ◦C 500 ◦C 550 ◦C 600 ◦C

PU 0.2 1.3 9.1 41.4 80.2 83.3 85.1 86.9 87.9

PU-NC1 0.2 1.1 8.5 25.7 75.9 84.8 87.7 89.7 90.6

PU-NC2 0.7 1.7 9.0 26.2 77.1 85.2 88.1 90.2 91.1

PU-NC3 0.6 1.8 9.8 28.7 79.1 86.3 88.9 90.7 91.5

PU-NC4 0.2 1.3 9.4 28.1 78.5 85.7 88.6 90.4 91.2

Another important aspect related to the performance of polyurea-based materials
designed for ballistic protection is related to their glass transition temperature. At lower
temperatures, but still above the value of the glass transition temperature, polyurea tends
to pass into the glass phase due to the energy dissipation phenomenon generated during a
deformation caused by the action of a shock wave or impact with a projectile [17,20,31].
As can be observed in Figure 6, the synthesized materials exhibited two glass transition
temperatures, each of them corresponding to the flexible and rigid nanodomains of the
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polyurea nanocomposite, respectively. Table 4 summarizes the two Tg values obtained
for the synthesized materials. It can be noticed that the values obtained for the glass
transition temperatures associated with the flexible nanodomains (Tg1) were quite similar
to the blank sample (PU) because there are no significant differences between the aliphatic
chains situated at a considerable distance from the rigid nanodomains, but there is a
visible difference between the Tg2 values obtained for the reference sample (PU) and the
nanocomposite samples (PU-NC) because the carbon nanofiller joins the rigid nanodomains,
thus reducing the mobility of the polymeric chains situated in their proximity.

Figure 6. DSC curves obtained for polyurea-polyurethane-MWCNTs nanocomposites.

Table 4. Glass transition temperature obtained for polyurea-polyurethane-MWCNTs nanocomposites
(Tg1–glass transition corresponding to the flexible nanodomains; Tg2–glass transition corresponding
to the hard nanodomains).

Sample Tg1, ◦C Tg2, ◦C

PU −54.0 6.0

PU-NC1 −54.5 9.5

PU-NC2 −55.5 10.0

PU-NC3 −55.5 10.0

PU-NC4 −55.5 10.0

To evaluate the behavior of polyurea-polyurethane films under the mechanical stress
action, the samples were subjected to tensile tests. Table 5 and Figure 7 illustrate the
obtained results. As can be noticed, the introduction of carbon nanotubes into the polyurea
matrix led to an increase of Young’s modulus, which means that they have become more
rigid than the reference sample.

Although these materials were stiffer than the control sample, they showed higher
deformation energy, which suggests that these materials can dissipate more energy. Since
these materials were specially designed for ballistic protection, their high capacity to absorb
and dissipate energy represents a remarkable advantage.

The pre-dispersed MWCNTs achieved a good dispersion in the polymer matrix until
it reached a concentration of 0.2% MWCNTs but, at higher concentrations, the nanofiller
tends to agglomerate. This situation leads to a decrease in the tensile strength of the
samples containing 0.3% MWCNTs (PU-NC4). Since PU-NC3 displayed the highest value
of tensile true strain (σT) and the highest deformation energy (Figure 7 and Table 5), we
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can affirm that these maximum values indicate the concentration of 0.2% MWCNTs as
representing the optimal composition (Figure 8) for this type of polyurea nanocomposite.
The results are also sustained by SEM and Micro-CT analyses through the aggregation of
the MWCNTs in the case of PU-NC4.

Table 5. Mechanical properties of polyurea-polyurethane- MWCNTs nanocomposites.

Sample MWCNTs Conc. (%)
Young’s Modulus *

(MPa)
Maximum Tensile

True Stress (σT) (MPa)
Deformation Energy

(Tensile Toughness) (J·m−3)

PU 0 48.65 ± 1.02 33.76 ± 0.42 11.31 ± 0.29

PU-NC1 0.05 70.11 ± 0.98 34.48 ± 0.62 12.90 ± 0.13

PU-NC2 0.1 79.22 ± 1.28 35.87 ± 0.55 13.57 ± 0.21

PU-NC3 0.2 81.54 ± 0.83 40.84 ± 0.42 16.53 ± 0.18

PU-NC4 0.3 43.87 ± 1.44 33.91 ± 0.58 12.90 ± 0.43

* Young’s Modulus was calculated according to the mathematical model described by Xue and Hutchinson [32].
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Figure 7. True stress–true strain plots for the synthesized polyurea-polyurethane nanocomposite films.
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Figure 8. Variation of the maximum of true stress, depending on the concentration of the nanofiller.

The impact strength of a material is an index of its toughness. When a load is applied
to a polymer, a part of the energy is dissipated throughout the polymer mass, while
another part is stored in the material and will be released after the load is removed. The
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DMA analysis aimed to follow the evolution of storage (E′) and loss (E”) modulus of
the synthesized nanocomposites to evaluate their potential to be used as coatings for the
structures that need improved ballistic protection. Figure 9 illustrates a comparative plot of
the E′ and E” values for the blank sample (PU), and for the nanocomposite which displayed
the best tensile test results (PU-NC3).
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Figure 9. Comparative E′ and E” plot between polyurea and polyurea-polyurethane nanocomposites.

Both E′ and E” were higher in the case of PU-NC3, showing that this nanocomposite
possesses the ability to store a significant amount of energy, and it can also dissipate a
higher quantity of energy in comparison with the neat polyurea (PU). The peaks corre-
sponding to the loss modulus can allow the estimation of the glass transition temperature
at around −50 ◦C, indicating that this value obtained through DMA technique is following
DSC analysis.

The characterization of these materials specially designed for ballistic protection would
not be complete without experimental measurements which aim to evaluate their behavior
at the impact with a projectile or the action of a shock wave. Therefore, for evaluating the
efficiency of the obtained materials, round-headed projectiles were employed for impacting
aluminum plates coated with the synthesized polyurea-polyurethane nanocomposites on
the backside.

For the experimental testing in the dynamic regime, we used a Hopkinson bar set-up,
with every sample being fixed and aligned for axial symmetry. An air gun, which allows
the variation of pressure, launches the striker (the spherical head projectile in our case)
towards the direction of the center of the tested specimen. Thus, the sample is rapidly
impacted by the compressive stress wave generated. At impact, the samples undergo rapid
and permanent deformations or fractures. Tables 6 and 7 and Figure 10 display the results
obtained with the Hopkinson bar tests. As can be noticed in Table 7, at an initial projectile
acceleration pressure of 0.2 bars, all the samples underwent deformations, but none of
them suffered fissures. Starting with 0.3 bars, small cracks appeared in the aluminum plate,
but the samples covered with polyurea, even if they displayed higher deformations, did
not suffer fractures, meaning that neat polyurea already offers significant improvement. At
a higher initial projectile acceleration pressure of 0.4 bars, the aluminum plate underwent
a higher fracture, but the polyurea-coated specimens did not exhibit fissures. Only at
0.5 bars of initial projectile acceleration pressure could a small fissure be observed on the
aluminum plate coated with polyurea, but the polyurea film remained unbroken due to
its higher elasticity, and the specimens coated with the nanocomposite suffered only low
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deformations and no fractures. At a higher initial projectile acceleration pressure of 0.6 bars,
polyurea films PU and the nanocomposite containing the lowest MWNCTs concentration
PU-NC2 started to crack. At 0.6 bars, the aluminum plate coated with PU-NC3 suffered
low fractures, but this polymeric film resisted up to 0.8 bars. Therefore, we can affirm that,
only at values higher than 0.8 bars for the initial projectile acceleration pressure, did both
layers (metallic layer and polymeric nanocomposite coating) undergo visible fractures;
at lower values, the metallic layer was the only one that cracked. In the case of PU-NC4
specimens, the metallic layer exhibited low fissures at 0.7 bars, and both layers (metallic
plate and polymeric nanocomposite coating) were fractured at values higher than 0.8 bars.
The increase in the resistance of the aluminum plates covered with PU and PU-NC can also
be highlighted by the recordings made with the help of the pressure transducer (Table 6).
From the values displayed in Table 6, it can be noticed that, for the tests performed on the
uncoated metallic plates, the maximum value of the force was 2.6 kN at the pressure of
0.3 bar. This characteristic displayed a decreasing trend for the tests performed at higher
pressures, and could be associated with the loss of the integrity of the plate (fracturing
phenomenon). On the other hand, for the specimens coated with polyurea, the values
measured with the pressure transducer were almost double for the maximum force, more
precisely 5 kN for PU-NC2 at 0.5 bars. For higher initial projectile acceleration pressure,
all specimens, including the ones coated with the nanocomposite, followed the same
trend: after reaching a maximum value of the force, there was a decrease, a phenomenon
associated with the loss of the integrity of the metal plates.

Table 6. Maximum force values obtained during the impact tests with Hopkinson bar.

Pressure (Bar)

Aluminum Plate
(Uncoated)

Aluminum Plate
(Coated with PU)

Aluminum Plate
(Coated with

PU-NC2)

Aluminum Plate
(Coated with

PU-NC3)

Aluminum Plate
(Coated with

PU-NC4)
Maximum Force

(kN)
Maximum Force

(kN)
Maximum Force

(kN)
Maximum Force

(kN)
Maximum Force

(kN)

0.2 2.0 2.0 2.1 - -

0.3 2.6 3.0 2.8 2.3 3.0

0.4 2.5 3.6 3.8 3.8 4.0

0.5 1.8 4.1 4.3 5.0 4.4

0.6 - 3.6 3.9 4.1 4.8

0.7 - - - - 4.0
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Figure 10. Maximum force values obtained during the impact tests with Hopkinson bar.
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Table 7. Images of the tested specimens, captured after the impact tests with Hopkinson bar (pressure in bar and pattern
of deformation).

Aluminum Plate Aluminum Plate + PU
Aluminum Plate +

PU-NC2
Experimental Set-Up—Hopkinson bar

Aluminum Plate +
PU-NC3

Aluminum Plate +
PU-NC4

Aluminum Plate +
PU-NC1

Aluminum Plate +
PU-NC2

Aluminum Plate +
PU-NC3

Aluminum Plate +
PU-NC4
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Table 7. Cont.

  

 

4. Conclusions

Polyurea-polyurethane and MWCNTs nanocomposites were obtained to be used for
ballistic protection applications through a facile synthesis approach involving MWCNTs
pre-dispersed in a polyester polyol-based resin. To demonstrate that these materials are
suitable for this type of application, they were subjected to thermal and mechanical charac-
terization using different analysis techniques (SEM, μCT, TGA, DSC, DMA, tensile tests),
and they were also subjected to ballistic tests using a Hopkinson bar system. SEM and
micro-CT analyses confirmed the homogenous dispersion of the MWCNTs inside the
polyurea-polyurethane matrix for the samples containing 0.05%, 0.1%, and 0.2% MWC-
NTs. In the nanocomposites containing 0.3% MWCNTs, it can be noticed that, in some
regions, there is a lack of homogeneity due to the tendency to form aggregates at higher
concentrations of this nanofiller. TGA showed that the nanocomposite films have good
thermal stability (up to about 300 ◦C). The presence of MWCNTs delayed the onset of the
decomposition process of polyurea-polyurethane films, and the maximum degradation
temperature was about 10 ◦C higher than that of the reference polyurea sample (PU).
DSC curves displayed two glass transition temperatures due to the coexistence of the
two segregated nanodomains from the componence of polyurea matrix (flexible and rigid
nanodomains). According to tensile test results, it turned out that, from all the synthesized
materials, the polyurea-polyurethane nanocomposite film containing 0.2% MWCNTs is
the optimal option for ballistic protection applications, since it possesses the highest defor-
mation energy. DMA analysis also demonstrated that PU-NC3 samples had a remarkable
capacity for absorbing and dissipating energy. Experimental testing in a dynamic regime
of the polyurea-coated aluminum plates showed that the polymeric layer allows the metal
plate to maintain its integrity at an acceleration pressure value that is almost three times
higher than the one for the uncoated metallic specimen. Synthesized nanocomposites pos-
sess unique properties that recommend them to be used in the modernization of ballistic
protection equipment and devices. Thus, military vehicles or bulletproof vests could be
safer, but also lighter and less expensive.

We can conclude that the synthesized polyurea-polyurethane-MWCNTs nanocompos-
ites possessing this exceptional combination of properties and advantages are suitable for
employment as complementary materials for ballistic protection.
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Abstract: One type of low-cost and eco-friendly organic-inorganic superabsorbent composite (SAPC)
was synthesized by free radical polymerization of acrylic acid (AA), starch (ST), sodium alginate
(SA) and kaolin (KL) in aqueous solution. The structure and morphology of the SAPC were char-
acterized by Fourier transform infrared spectrometer (FT-IR), scanning electron microscope (SEM),
X-ray diffraction (XRD) and thermogravimetric analysis (TGA). The influence of different reaction
conditions on water absorption of SAPC, i.e., SA and KL contents, AA neutralization degree (ND),
potassium persulfate (KPS) and N, N′-methylenebisacrylamide (MBA) loading were systematically
studied. Under the optimal synthesis conditions, very high water absorption of 1200 g/g was
achieved. The swelling kinetic mechanism of SAPC was studied by pseudo-second order swelling
kinetics model and Ritger-Peppas model. The performances of SAPC under different environments
were tested and results revealed that this new SAPC had excellent swelling capacity, high water
retention, good salt tolerance in monovalent salt solution (NaCl solution) and good pH tolerance
between 4 and 10.

Keywords: sodium alginate; starch; kaolin; free radical polymerization; superabsorbent composites;
characterization; swelling behavior

1. Introduction

Superabsorbent polymers (SAPs) are one type of three-dimensional (3D), cross-linked
hydrophilic materials that can absorb and hold a large amount of water within a certain
period of time [1–4]. Before the emergence of SAP, natural biomass materials, such as
cotton, have been used for traditional absorbents [5]. These materials absorb water through
capillarity, yet with low water absorption capacity, and cannot retain water for a long time,
making them unsuitable for many life and industry applications. By contrast, SAP mainly
absorbs water through chemical adsorption, with efficient water absorption and large
water retention capacity [6]. Owing to excellent performance, SAP has been widely used in
diversified fields, such as personal care, industry, chemicals, forestry, agriculture, wastewa-
ter treatment and drug-delivery systems [7–9].

Although with wide applications, SAP still has several key issues that need to be
addressed, such as high synthesis costs, potential toxicity and serious environmental
influences [10,11]. To reduce production costs and improve performance, many inorganic
clay minerals (montmorillonite, kaolin, bentonite and attapulgite) and natural polymeric
materials such as polysaccharides (starch, sodium alginate, cellulose, chitosan and their
derivatives) have been used to synthesize environmentally friendly organic-inorganic
superabsorbent composites (SAPCs) [12–14].
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Kaolin is a hydrous aluminosilicate with layered structure, which has advantages of
large specific surface area, large cation exchange capacity and low cost [15,16]. The addition
of kaolin can not only significantly reduce the production cost, but is also able to improve
water absorption, gel strength, thermal stability and mechanical properties of the final
products [17,18].

Starch is a natural polysaccharide, mainly composed of amylose and amylopectin [19].
The former possesses a linear chain composed of α-1,4-linked glucose unites, while the
latter has a highly branched chain of α-1,4-linked glucose units interlinked by α-1,6-linked
bonds [20]. Sodium alginate, an abundant natural polysaccharide extracted from various
species of brown seaweed, is composed of β-1,4-linked D-mannuronic acid and α-1,4-linked
L-guluronic acid with various proportions, which can be arranged into different sequences
in the polymeric backbone [21,22]. Taking advantages of excellent properties, such as
biocompatibility, biodegradability, low cost and low toxicity, starch and sodium alginate
have become ideal backbones for the synthesis of SAP [23]. By now, graft polymerization of
vinyl monomers such as acrylamide, acrylonitrile, and acrylic acid with starch and sodium
alginate, respectively, has been reported. Erdener Karadağ et al. synthesized novel compos-
ite sorbent AAm/MA hydrogels containing starch and kaolin used for water sorption and
dye uptake [24]. Jihuai Wu et al. fabricated one type of starch-graft-acrylamide/kaolin su-
perabsorbent composite with water absorbency 4000 times higher than its own weight [25].
Linhui Zhu et al. studied the adsorption behaviors of sodium alginate graft poly(acrylic
acid-co-2-acrylamide-2-methyl propane sulfonic acid)/kaolin hydrogel composite towards
dyes [26]. Sodium alginate graft poly(acrylic acid-co-acrylamide)/kaolin composite hy-
drogel has also been prepared by Yaoji Tang et al [27]. However, there are few reports
on the simultaneous introduction of starch and sodium alginate into the system to graft
polymerize with vinyl monomer. It is reported that the use of a polysaccharide mixture in
SAP synthesis shows better mechanical stability and water retention capacity compared to
a single polysaccharide [28]. The addition of sodium alginate can improve pH sensitivity
of starch-based SAP [29]. In addition, the preparation route of SAP from sodium alginate
nowadays is attractive as to make full use of marine resources and reduce manufacture
cost and pollution. Nevertheless, the viscosity of sodium alginate solution is extremely
high. During the synthesis of alginate-based SAP, the viscosity of the reaction system often
sharply increases due to the addition of sodium alginate, which restricts the movement
of reactants and reduces the monomer conversion rate. It is hypothesized that adding
a certain amount of starch can reduce the content of sodium alginate and viscosity of
the system.

Based on these reasons, a novel organic-inorganic SAPC was synthesized by free radi-
cal copolymerization with acrylic acid, starch, sodium alginate and kaolin. The structure of
the SAPC was characterized by Fourier transform infrared spectrometer, scanning electron
microscope, X-ray diffraction and thermogravimetric analysis. The influence of different
reaction conditions on water absorption of SAPC was studied. A pseudo-second order
kinetics model and Ritger-Peppas model also illustrated the swelling kinetic mechanism of
SAPC. The performance of this new SAPC was tested. Results showed that the SAPC had
excellent swelling capacity, salt tolerance, water retention and pH sensitivity.

2. Experimental

2.1. Materials

Starch (ST, food grade) was purchased from Shandong Lejiake Food Co., Ltd. (Dezhou,
Shandong, China). Sodium alginate (SA, analytical grade) was from Shanghai Yuanye
Biotechnology Co., Ltd. (Shanghai, China). Acrylic acid (AA, analytical grade) was pur-
chased from Tianjin Zhiyuan Chemical Reagent Co., Ltd. (Tianjin, China), kaolin (KL, chem-
ically pure) was purchased from Shanghai Fengxian Fengcheng Reagent Factory (Shang-
hai, China), and potassium persulfate (KPS, analytical grade) was purchased from, Tian-
jin Komiou Chemical Reagent Co., Ltd. (Tianjin, China). N, N′-methylenebisacrylamide
(MBA, chemically pure) was obtained from Tianjin Guangfu Research Institute of Fine
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Chemical (Tianjin, China). Sodium hydroxide (NaOH, analytical grade) was supplied by
Tianjin Tianli Chemical Reagent Co., Ltd. (Tianjin, China). All solutions were prepared
with distilled water.

2.2. Synthesis of SAPC

The ST (3 g) was dissolved in distilled water (40 mL) and then placed in a 500 mL
four-port flask with a condenser, a nitrogen tube and a mechanical stirrer. The solution
was heated to 85 ◦C and continuously stirred for 1 h. Then, the solution of SA was
added to the flask and continued to stir until temperature dropped to 50 ◦C, and then
KPS was added to generate radicals. After the temperature reached 70 ◦C and stirring
for 15 min, a mixture containing KL, MBA and partially neutralized AA (20 mL AA,
neutralized AA with 25% (w/w) NaOH solution under ice bath conditions) was added to
the above system, followed by reaction for 3 h. A nitrogen purge was used throughout
the process. The product was dried in a vacuum oven at 60 ◦C until the weight stabilized.
Afterwards, the product was milled, and the size of all powder products used for testing
was about 80 mesh.

For comparison, the synthesis of neat SAP was carried out in the same way except
without KL. The structure of ST and SA is shown in Scheme 1, while the mechanistic
pathway for synthesis of SAPC is shown in Scheme 2.

Scheme 1. Structure of (a) starch (ST) and (b) sodium alginate (SA).

2.3. Characterization

A Fourier transform infrared spectrometer (FT-IR; Bruker, Equinox 55, Mannheim,
Germany) was used to record the infrared spectra of raw materials and products in the
range of 4000–400 cm−1. The morphology of the products was observed with a scanning
electron microscope (SEM; Hitachi, S-4800, Tochigi, Japan). The crystal structure of the
sample was examined by X-ray diffraction (XRD; Bruker, D8 ADVANCE, Mannheim,
Germany). The thermal stability of the products was analyzed by thermogravimetric
analysis (TGA; Mettler, TGA/DSCI, Greifensee, Switzerland) from 35 to 800 ◦C with
heating rate 10 ◦C min−1 under nitrogen atmosphere.
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Scheme 2. The mechanistic pathway for synthesis of superabsorbent composite (SAPC).

2.4. Performance Test of SAPC
2.4.1. Swelling Ratios

To determine the swelling ratio, dry composites (0.1 ± 0.001 g) were immersed in
500 mL of solutions (distilled water, various salt solutions and pH solutions) for 4 h at
room temperature to achieve equilibrium. The swollen product was filtered through a
100-mesh screen to remove excess moisture and then weighed. Each specimen was tested
thrice, and the average value was used. The water absorbent capacity was calculated using
the following Equation (1):

Qeq =
(m 1 − m0)

m0
(1)

where Qeq is the water absorbent capacity and m0 and m1 are the mass of the dried and
swollen products, respectively.

2.4.2. Swelling Kinetics

The pre-weighed dry product (0.1 ± 0.001 g) was added into distilled water (500 mL),
and swelled for a period of time (5, 10, 15, 30, 45, 60, 120, 180 and 240 min). The water
absorption at time t was measured by the method described in Section 2.4.1.

2.4.3. Swelling in Salt Solutions

NaCl and FeCl3 were used to prepare salt solutions with different concentrations
(0.02–0.1 mol/L). The pre-weighed dry product (0.1 ± 0.001 g) was dispersed in various
salt solutions (500 mL), and water absorption was measured by the method described
in Section 2.4.1.

2.4.4. Water Retention Measurement

The fully swollen product (80 g) was placed in petri dishes at various temperatures
(25, 45 and 60 ◦C), and then weighted every 2 h. According to Equation (2), water retention
of the product was calculated:

Wr =
(M t − M0)

(M 1 − M0)
×100% (2)
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where Wr is the water retention rate of product, Mt is the mass of the swollen product
at time t, M0 is the mass of the dry product and M1 is the initial weight of the fully
swollen products.

2.4.5. Swelling Measurement in Buffer Solutions

The buffer solutions (hydrochloric acid and sodium hydroxide solutions) with pH
values from 2 to 12 were prepared to test the pH sensitivity of the SAPC. A pH-meter
(PHS-3C, accuracy is ± 0.01) provided by Shanghai INESA Scientific Instrument Co., Ltd.
(Shanghai, China) was used to detect the pH value of the solution. Then, the dry product
(0.1 ± 0.001 g) was dispersed in various buffer solutions (500 mL), and water absorption
was calculated according to Equation (1).

3. Results and Discussion

3.1. FT-IR Analysis

The FT-IR spectra of the ST, SA, SAP, SAPC and KL are shown in Figure 1. The FT-
IR spectrum of ST is shown in Figure 1a, peaks at 1158, 1081 and 1005 cm−1 were the
stretching vibration of the C-O-C bond [30,31]. After polymerization, these peaks shifted
and weakened. As shown in the spectra of SA (Figure 1b), the strong bands at 1610 and
1410 cm−1 were due to the asymmetric and symmetric stretching vibrations of -COO−
groups, respectively [32]. The peak at 1032 cm−1 was related to the stretching vibration of
C-OH [33], which moved to 1030 cm−1 and 1036 cm−1, respectively, after polymerization,
and the intensity of this peak weakened significantly. Figure 1c shows the FT-IR spectrum
of SAP, the absorption peak at 3469 cm−1 was attributed to the stretching vibration of -OH,
and three new peaks appeared at 1711, 1567 and 1409 cm−1. The peak at 1711 cm−1 may be
related to the ester group formed during graft polymerization. Also, the new absorption
at 1567 and 1409 cm−1 could be ascribed to the asymmetric and symmetric stretching
of -COO−, respectively. These results showed that both ST and SA were involved in the
grafting reaction. In the infrared spectrum of KL (Figure 1e), the absorption peaks of -OH
were observed at 3696-3621 cm−1 [25]. As revealed in Figure 1d,e, the -OH peak shifted
from 3469 cm−1 to 3457 cm−1, and a characteristic Si-O peak was observed at 471 cm−1,
which indicated that -OH on KL was also involved in the reaction.

Figure 1. FT-IR spectra of (a) starch (ST), (b) sodium alginate (SA), (c) superabsorbent polymer (SAP),
(d) superabsorbent composite (SAPC) (4 wt. % KL) and (e) kaolin (KL).

3.2. Morphology

The appearance of SAPC at different states is exhibited in Figure 2a,b. The dried SAPC
was a light-yellow solid, while the swollen SAPC was a transparent hydrogel. The volume
of dried SAPC was significantly smaller than fully swollen SAPC.
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Figure 2. Digital images of (a) dried SAPC (80 mesh) and (b) swollen SAPC. SEM of (c) SAP and (d)
SAPC (4 wt. % KL); the scaling bars are 2 μm.

SEM of dried SAP and SAPC are shown in Figure 2c,d. The surface of SAP was
compact and smooth, making it not conducive to the liquid entering into the polymer
network. By contrast, after addition of KL, the surface of SAPC displayed a more rough
and loose morphology with porous structure.

3.3. XRD Analysis

The XRD patterns of KL, SAPC and SAP are shown in Figure 3. The strong peak
of KL at 2θ = 12.59◦ had an interplanar distance of d = 0.702 nm. This peak shifted
to 2θ = 12.44◦ (0.711 nm) in SAPC due to the intercalation of KL by polymer network.
No obvious peaks were observed for SAP due to the amorphous structure. In contrast,
SAPC showed the typical crystallite reflections associated with KL, which indicated that
KL was uniformly dispersed in the polymer matrix, and an amorphous superabsorbent
composite was synthesized.

Figure 3. X-ray diffraction XRD patterns of (a) KL, (b) SAPC (4 wt. % KL) and (c) SAP.
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3.4. TGA Analysis

The TGA curves of SAP and SAPC (4 wt. % KL) are shown in Figure 4. In the range
from 35 to 203 ◦C, the minor weight loss of SAP and SAPC was mainly ascribed to the
evaporation of adsorbed moisture and bound water. The weight loss of SAP and SAPC at
203–343 ◦C were related to the dehydration of saccharide rings and breaking of the C-O-C
bond in ST and SA chain. Also, the weight loss from 343 ◦C to 416 ◦C corresponded to
the decomposition of the carboxyl groups of the copolymers. The major mass loss of SAP
and SAPC occurred in the temperature range of 416-480 ◦C and 416-495 ◦C, which was
due to the decomposition of the 3D network structure. It is noted between 343 and 495 ◦C
that the decomposition rate of SAP was obviously higher than that of SAPC. Additionally,
the weight residual of SAPC was 49.5%, 6.4% higher than that of SAP. These facts seem to
indicate improved thermal stability of SAPC compared to that of SAP, probably owing to
the heat dissipation impedance effect of KL.

Figure 4. Thermal gravimetry analysis (TGA) curves of (a) SAP and (b) SAPC (4 wt. % KL).

3.5. Effects of Reaction Conditions on SAPC Performance
3.5.1. Effect of SA Content

The effect of SA content on water absorption of SAPC is shown in Figure 5a. Water ab-
sorption increased from 736 to 933 g/g, with the SA content changing from 10 wt. % to
15 wt. %, and then decreased to 763 g/g, with SA content further increasing to 20 wt. %.
When the content of SA, which act as the basic skeleton, was too low, AA self-polymerized,
resulting in the inability to form an effective 3D network to absorb water. With much higher
SA content, sharply increased viscosity resulted in the system, restricting the monomer
movement and reducing the conversion rate. Thus, a less developed 3D polymer network
and suppressed water absorption capacity could be expected.
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Figure 5. Effects of (a) SA content (ST = 15 wt %, KL = 5 wt %, neutralization degree (ND) of
acrylic acid (AA) = 80%, potassium persulfate (KPS) = 0.5 wt %, N, N′-methylenebisacrylamide
(MBA) = 0.15 wt %), (b) KL content (ST = 15 wt %, SA = 15 wt %, ND of AA = 80%, KPS = 0.5 wt %,
MBA = 0.15 wt %), (c) ND of AA (ST = 15 wt %, SA = 15 wt %, KL = 4 wt %, KPS = 0.5 wt %,
MBA = 0.15 wt %), (d) KPS content (ST = 15 wt %, SA = 15 wt %, KL = 4 wt %, ND of AA = 80%,
MBA = 0.15 wt %) and (e) MBA content (ST = 15 wt %, SA = 15 wt %, KL = 4 wt %, ND of AA = 80%,
KPS = 0.9 wt %) on the water absorption of SAPC. These contents are based on the weight percentage
of raw materials and AA (20 mL). Qeq represents the water absorption of swelling for 4 h.

3.5.2. Effect of KL Content

Figure 5b depicts the effect of KL content on water absorption. Water absorption of
SAPC first increased and then decreased with the increase of KL content from 3 wt. % to
7 wt. %. KL with a large number of hydrophilic groups could be chemically cross-linked
with a polymer chain, forming a cross-linked polymer network with KL particles as the
additional cross-linking points. The introduction of appropriate KL particles weakens the
hydrogen-bonding interaction between carboxyl groups in the polymer and reduces the
physical entanglement of the grafted polymer network chain [34,35]. Nevertheless, with
excessive KL (>4 wt. %), the excess KL particles increased the degree of cross-linking,
leading to a decrease of the penetration space of water molecules. In addition, the extra
kaolin particles were also filled into the polymer network space in the form of physical
filling. Yet the water absorption rate of KL itself was low, as a result, the water absorption
of SAPC inevitably decreased. Therefore, appropriate KL loading is critical to obtaining
SAPC with high water absorption capacity.
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3.5.3. Effect of Neutralization Degree of AA

The water absorptance capacity of SAPC was closely related to the neutralization
degree (ND) of AA (Figure 5c). AA has higher reaction activity and polymerization rate
than sodium acrylate [36]. Water absorption of SAPC increased as ND increased from 65%
to 80%. When ND was lower, the polymerization reaction completed rapidly within a
short time, resulting in a highly cross-linked network structure with low swelling capacity.
With the increase of ND, the polymerization rate decreased correspondingly. In addition,
the increase of -COO− groups and Na+ content in the polymer network increased both
the repulsive force between the anions on the polymer chains and the osmotic pressure
difference between the inside and outside of the polymer network, which was conducive to
the entry of water or other small molecules [37–39]. However, when ND was higher than
80%, water absorption dropped significantly, attributed to the reaction of -COO− groups
with excess Na+, resulting in weakening of the repulsive force.

3.5.4. Effect of KPS Content

Water absorption was significantly affected by the initiator concentration and the
average kinetic chain length. With low KPS content (0.3–0.9 wt. %), an integral polymer
network could not be formed due to the few grafting points and a large number of unreacted
monomers in the reaction system. With too much KPS (0.9–1.1 wt. %), the excessive free
radicals terminated the propagating chains earlier, shortening the average kinetic chain
length. In both scenarios, low water absorption capacity resulted (Figure 5d).

3.5.5. Effect of MBA Content

The effect of the MBA content on water absorption of SAPC is shown in Figure 5e.
Water absorption of SAPC increased first and then decreased with the increase of MBA
content from 0.1 to 0.2 wt. %, and a maximum value of 1156 g/g was achieved with
0.15 wt. % MBA loading. Lower or higher MBA content resulted in reduced water ab-
sorption. The water absorption capacity of resin was closely related to its spatial network
structure. When the content of MBA was not sufficient, cross-linking density was low
and a complete spatial network structure could be established, leading to low water ab-
sorption and poor mechanical properties of SAPC. However, a higher concentration of
MBA produced a denser cross-linked structure, which made it difficult for liquid molecules
to enter.

The optimal reaction conditions of SAPC were when the masses of ST, SA, KL, KPS and
MBA were 15 wt. %, 15 wt. %, 4 wt. %, 0.9 wt. % and 0.15 wt. % of AA, respectively.
The neutralization degree of AA was 80%. In this work, SAP and SAPC were synthesized
under the optimal conditions for further tests.

3.6. Performance Tests of SAPC
3.6.1. Swelling Kinetics of SAPC in Distilled water

The pseudo-second order swelling kinetics model (Equation (3)) and the Ritger-Peppas
model (Equation (4)) were used to analyze the experimental swelling data to evaluate the
swelling behavior of SAPC, with results shown in Figure 6a,b [40–42]:

t
qt

=
1

(k 2q2
e )

+
t
qe

(3)

F =
qt

qe
= ktn (4)
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Figure 6. (a,b) Swelling kinetics of SAPC (4 wt. % KL), (c) Swelling capacity in different salt solutions,
(d) Water retention at different temperatures, (e) The swelling capacity of SAPC (4 wt. % KL) in
different pH solutions and (f) the swelling mechanism at various pH values.

To calculate n and k, take the natural logarithm of Equation (4):

ln F = ln (
qt

qe
) = ln k + nln t (5)

where t is absorption time and k2 is the rate constant of the pseudo-second order model.
qt and qe correspond to water absorption of SAPC at time t and at equilibrium, respectively.
F denotes fractional uptake at time t. k and n are the characteristic constants of the polymer
and the diffusion index, respectively.

From Figure 6a, water absorption of SAPC increased rapidly in the first 15 min,
reached swelling equilibrium at 15 min, and then stabilized after 15 min. The maximum
water absorption was 1200 g/g. It was also found that the relationship curve between t and
t/qt was linear with R2 value (0.99935) close to 1, indicating that the swelling behavior of
SAPC could be fitted by the pseudo-second order kinetics model. Since this model is based
on chemical adsorption assumptions, it suggests that the chemisorption was the main way
of the water absorption process.

Based on the polymer chain relaxation rate and the relative diffusion rate of water
into the polymer network, the water diffusion mechanism can be classified into five types.
That is, pseudo-Fickian diffusion (n < 0.5), Fickian diffusion (n = 0.5), non-Fickian diffusion
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(0.5 < n < 1.0), Case II transport diffusion (n = 1) and relaxed diffusion (n > 1) [43–45].
These equations were applied to the initial stages of swelling. According to Figure 6b,
within 0–15 min, 0.5 < n < 1, indicating that the water diffusion mechanism was consistent
with the non-Fickian diffusion mechanism, the diffusion and relaxation were considered
to be isochronally effective. After 15 min, n < 0.5, the main reason of swelling was the
diffusion of water molecules in the polymer network.

3.6.2. Swelling Behavior in Salt Solutions

The influences of cation and saline type on water absorption were studied using
FeCl3 and NaCl, with results shown in Figure 6c. For the same saline solution, as cation
concentration increased, water absorption of SAPC decreased. This result was due to the
charge screening effect of cations, which reduced the osmotic pressure difference between
the polymer network and the external saline solution and decreased the repulsive force
between the -COO− groups of the polymer chain. Comparing the two absorption curves,
it was found that water absorption of SAPC was lower in the multivalent cation solution.
This is attributed to the complexation between carboxylate anions of chains and multivalent
cations, resulting in an increase of the network cross-linking density and a drastic decrease
in water absorption [46,47].

3.6.3. Water Retention Properties

The water retention of fully swollen SAPC at different temperatures, i.e., 25, 45 and
60 ◦C, was studied, and the results are shown in Figure 6d. As can be seen, water retention
of SAPC decreased with time, and the water retention curve at 25 ◦C was gentler than that
at 45 and 60 ◦C. At 25 ◦C, the water retention rate was about 80% after 12 h. However,
the water retention rate of SAPC at 45 ◦C and 60 ◦C still reached about 37% and 6% after
12 h, respectively. The above results showed that SAPC had excellent water retention ability
and thus broad application prospects.

3.6.4. Swelling Behavior in Buffer Solutions

As a new superabsorbent composite, the swelling capacity in different pH solutions
has great influence on its application in various fields. Hence, the swelling behavior
of SAPC in different buffer solutions was studied, with results shown in Figure 6e and
the mechanism illustrated in Figure 6f. At low pH values (pH ≤ 4), due to the higher
concentration of H+, most of the -COO− groups were transformed into -COOH groups,
which weakened the electrostatic repulsion between -COO− groups and strengthened
the hydrogen-bonding interaction between the -COOH groups of polymer chains [48].
Therefore, water absorption was low. With an increase of pH value (4 ≤ pH ≤ 7), water ab-
sorption of SAPC increased, owing to gradual ionization of -COOH groups, which resulted
in an increase of electrostatic repulsion between -COO− groups. At a high pH value
(pH ≥ 7), as Na+ concentration increased in the solution, water absorption decreased corre-
spondingly. The decrease was due to the charge shielding effect of excessive Na+ on the
-COO− groups, which weakened the electrostatic repulsion force and reduced the osmotic
pressure difference between the inside and outside of the polymer network. Generally,
this type of SAPC had excellent pH tolerance between 4 and 10.

4. Conclusions

To summarize, a series of SAPC was successfully prepared by free radical polymeriza-
tion of SA, ST, AA and KL in aqueous solution. The optimal reaction conditions of SAPC
were achieved when the mass of ST, SA, KL, KPS and MBA were 15 wt. %, 15 wt. %, 4 wt. %,
0.9 wt. % and 0.15 wt. % of AA, respectively, with a neutralization degree of AA 80%.
With optimized reactants concentrations, a maximum water absorption of 1200 g/g was
obtained. FT-IR spectra confirmed the success of the polymerization reaction. SEM images
revealed the rough and porous surface of SAPC which was conducive to the liquid entering
into the polymer network. XRD patterns proved that KL was uniformly dispersed in the

743



Polymers 2021, 13, 1204

polymer matrix. TGA spectra indicated that the addition of KL improved the thermal
stability of SAPC. The swelling kinetic of SAPC was studied, showing that the swelling
behavior of SAPC followed the pseudo-second order kinetic model and the non-Fickian
diffusion model. Along with excellent water absorption capacity, the fabricated SAPC also
had excellent water retention property, good salt tolerance in monovalent salt solution and
pH tolerance between 4 and 10, making it promising in many applications.
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Abstract: Three low-band-gap copolymers based on isoindigo acceptor units were designed and
successfully synthesized by direct arylation polycondensation method. Two of them were ben-
zodithiophene (BDT)-isoindigo copolymers (PBDTI-OD and PBDTI-DT) with 2-octlydodecyl (OD)
and 2-decyltetradecyl (DT) substituted isoindigo units, respectively. Thiophene donor and DT-
substituted isoindigo acceptor units were copolymerized to synthesize PTI-DT. The copolymers
have a broad absorption range that extends to over 760 nm with a band gap ≈1.5 eV. The photophys-
ical property studies showed that the BDT-based copolymers have non-polar ground states. Their
emission exhibited the population of the intramolecular charge transfer (ICT) state in polar solvents
and tightly bound excitonic state in non-polar solvents due to self-aggregation. On the contrary,
the emission from the thiophene-based copolymers was only from the tightly bound excitonic state.
The thermal decomposition temperature of the copolymers was above 380 °C. The X-ray diffraction
pattern of the three copolymers showed a halo due to π − π stacking. A second, sharper peak was
observed in the BDT-based copolymer with a longer side chain on the isoindigo unit (PBDTI-DT),
and the thiophene-based copolymers with PTI-DT, exhibiting a better structural order.

Keywords: intramolecular charge transfer; copolymers; π − π stacking; direct arylation
polycondensation; and excitonic state

1. Introduction

The introduction of π-conjuageted polymers to the fast-growing solar cell technology
has brought forth new features of flexibility and solution processabiltiy in the so-called
organic solar cells (OSCs) devices. OSCs have shown a leap in efficiency in the last five
years to above 18% in single-junction [1], and over 17% in multi-junction [2], devices. This
tremendous improvement is mainly attributed to the introduction of new donor polymers
and non-fullerene acceptors that can harvest the broad solar spectrum with appropriate
energetics in the active layer. A vast number of polymers have been synthesized and
characterized to enrich the structure-property relation recipe for efficient OSCs. Alternating
donor–acceptor (D–A) copolymers are commonly synthesized to obtain low-band-gap
polymers with good solar harvest that extends to the near-infra-red region. Some important
parameters that need to be addressed during the synthesis of the D–A copolymers include
the HOMO level, which should be lower-lying, with the LUMO lying in the region for
efficient exciton dissociation.

The synthesis of low-band-gap polymers using a simple and economically viable
technique has gained the attention of researchers due to its potential for industrialization
of the OSC technology. The direct arylation polycondensation method (DAP) has notably
shortened the synthesis route compared to the commonly used Suzuki and Stille cross-
coupling techniques. In this reaction, the unsubstituted arylene monomers are directly
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coupled with dihaloarylene units with the help of transition metals—usually palladium
acetate. The by-product at each of the synthesis steps is, therefore, drastically reduced,
making the DAP method more environmentally friendly and economically viable. In ad-
dition, the DAP method made the synthesis of polymers that were difficult to prepare
with the traditional Suzuki and Stille cross-coupling techniques possible [3]. The mass
production of OSCs will need an enormous amount of donor and acceptor organic mate-
rials. An easy and fast synthesis method such as DAP is undoubtedly important in the
realization of the commercialization of OSC technology. Despite its many interesting merits,
the method has a drawback: its selectivity between C–H bonds for some monomers is
poor. Consequently, the method is more commonly used to synthesize homopolymers
like poly-3-hexylthiophene (P3HT) and benzodithiophene (BDT) [4–6]. However, D–A
copolymers synthesized by DAP method are limited. Recently, our group and others have
reported the successful synthesis of D–A copolymers using the DAP method [7–10].

The choice of D and A units in the synthesis of D–A copolymers determines their
electrical, optical and structural properties, which that will subsequently determine the
performance of the OSC that the materials are used for. Isoindigo is a widely used acceptor
unit due to its good electron-withdrawing properties. The fused ring benzo[1,2-b:4,5-
b′]dithiophene (BDTs) and thiophene units are the most commonly used donor units in the
synthesis of D–A copolymers that produced high power conversion efficeny (PCE) of over
11% in OSCs [11]. These polymers are usually contain aloxy or alkyl side chains to enhance
their solubility. A basic understanding of the structure–property relationships of the
polymers is vital for the optimization of their structure for higher PCE of OSCs. The optical
properties, intra/inter-chain interactions in the polymers, and their morphologies in the
films are some of the parameters that play important roles in the photogeneration of
charges in OSCs. In addition, their thermal properties determine their lifetimes in harsh
environment conditions, and also their application in flexible OSC devices, which are
normally processed at temperatures below 150 °C.

In this work, we report the synthesis of three D–A copolymers based on an isoindigo ac-
ceptor unit. The two copolymers have alkyl-substituted BDT (PBDTI-OD and PBDTI-DT)
donor units, while in the third copolymer (PTI-DT), an alkyl-substituted thiophene unit is
used. The structures of the BDT-based copolymers were systematically tailored by increas-
ing the side chain length in the isoindigo units from 2-octyldodecyl (OD) in PBDTI-OD

to 2-decyltetradecyl (DT) in PBDTI-DT, while keeping the backbone structure the same.
The third copolymer, PTI-DT, was synthesized to study the effect of electron-donating
groups by changing the donor units from BDT to thiophene. The structural differences in
the three copolymers allowed us to investigate the effect of backbone structure on their
photo-physics, thermal and structural properties. We found two relaxation channels in the
BDT-based copolymers, while a one-channel relaxation was found in PTI-DT. The copoly-
mers showed excellent thermal stability with decomposition temperatures (TD = 5% mass
loss) above 380 °C. The X-ray diffraction patterns of the copolymers suggested that a better
structural ordering was found in the thiophene-based copolymer.

2. Materials and Methods

2.1. Materials and Synthesis

Three copolymers based on an isoindigo acceptor were designed and synthesized
using a direct heteroarylation polymerization (DAP) method for the first time. The two
copolymers were synthesized by the copolymerization of a 4,8-bis(decyl)benzo[1,2-b;4,5-
b′]dithiophene (BDT) (1) donor unit and an isoindigo acceptor unit. N-Alkylation of the
isoindigo moiety was achieved with 2-octyldecylbromide and 2-decyltetradecylbromide
to obtain compounds 2 and 3 which were used to synthesize PBDTI-OD and PBDTI-DT,
respectively, as shown in Scheme 1. In the synthesis of PBDTI-OD/PBDTI-D, a 1:1 ratio
of BDT (1) (0.5 mmol) and isoindigo (2/3) (0.5 mmol) was copolymerized using palladium
acetate, (0.01 mmol), pivalic acid (0.15 mmol) and potassium carbonate (1.3 mmol) as the
catalyst, acidic additive and base, respectively. The polymerization reaction took place
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in an inert atmosphere at a temperature of 100 °C using anhydrous dimethylacetamide
(DMAc) for PBDTI-DT and a mixture of DMAc and toluene as the reaction solvents for
PBDTI-OD. The heating was stopped after 7 and 19 h for PBDTI-OD and PBDTI-DT,
respectively, and the solutions were left to cool down to room temperature. The copolymers
were precipitated in methanol and filtered. The crude copolymers were dissolved in
chloroform (CF) and washed with aqueous solution of ethylene-diamine tatraacetic acid
(EDTA) (pH = 8) to remove trace metals, followed by 0.1 N HCl and distilled water. PBDTI-

OD was Soxhlet-extracted with methanol, hexane, diethylether and chloroform while
PBDTI-DT was extracted with methanol, acetone, ethylacetate, hexane, diethylether and
chloroform. The CF extract of PBDTI-OD was concentrated and precipitated in acetone
and filtered. After drying the polymer at 40 °C in a vacuum oven for 24 h, the solid obtained
was further stirred in hexane overnight and filtered to obtain 0.36 g blue-black copolymer
(56%). Similarly, the CF extract of PBDTI-DT was concentrated precipitated in methanol,
filtered, dried in an oven at 40 °C for 24 h to afford 0.32 g dark brown solid (43%).

Scheme 1. Syntheses scheme of PBDTI-OD and PBDTI-DT.

PTI-DT was synthesized by copolymerizing 3-octylthiophene (4, 0.5 mmol) with
isoindigo (3), as shown in Scheme 2. The polymerization was done in anhydrous DMAc
for 3.5 h. Following the same procedure, the crude polymer was extracted. PTI-DT was
Soxhlet-extracted in methanol, acetone, ethyl acetate and CF, which afforded 0.37 g (66%)
dark-brown solid after drying in an oven at 40 °C overnight. Note here that the long side
chains attached to both the donor and acceptor units of the copolymers increased their
solubilities in chlorinated solvents like CF and 1,2-dichlorobenzene (oDCB). Comparing the
three copolymers, PBDTI-OD was found to be less soluble in these chlorinated solvents
like CF and oDCB. On the other hand, introduction of the long side chains might create
steric hindrance that might twist the backbones of the copolymers. However, BDT has
a planar structure that is expected to make the backbones of PBDTI-OD and PBDTI-DT

less twisted and have a longer conjugation length than the thiophene-based copolymer,
PTI-DT [12,13].

749



Polymers 2021, 13, 1151

Scheme 2. Synthesis scheme of PTI-DT.

The molecular weights of the copolymers weree determined by size exclusion chro-
matography was done using a Waters Alliance GPVC2000 instrument with a refractive
index detector. The columns used were Waters Stragel® HMW 6EX2 and Waters Stragel®

HT 6EX1 and the measurements were taken in 1,2 4-trichlorobenzene at a temperature of
135 °C. The relative molecular mass was measured against polystyrene standards. The av-
erage molecular weights (Mw) of PBDTI-OD, PBDTI-DT and PTI-DT were found to be
53,461, 71,234 and 23,574 g/mol, respectively. The high Mws of the copolymers are due to
the long alkyl side chains appended both in the donor and acceptor units. The calculated
poly-dispersity indices (PDI = Mw/Mn) of the three copolymers show that PTI-DT has a
more uniform molecular weight distribution. The molecular weight and yield data are
summarized in Table 1.

Table 1. Molecular weight and yield data of PBDTI-OD, PBDTI-DT and PTI-DT.

Copolymer Yield (%) Mn (g/mol) Mw (g/mol) PDI

PBDTI-OD 56.25 16,932 53,461 3.2
PBDTI-DT 43.71 17,974 71,234 4.0

PTI-DT 66.07 12,537 23,574 1.9

2.2. Absorption and Photoluminescence Spectroscopy

The absorption spectra of PBDTI-OD, PBDTI-DT and PTI-DT in both solutions
and spin-coated films were recorded using a Perkin Elmer Lambda 19, UV/Vis/NIR
spectrophotometer. The thin films were spin-coated from a CF solution of concentration
10 mg/mL at a spin speed of 1000 rpm and the films were annealed at 85 °C for 10 min.
Similarity, their photoluminescence (PL) spectra were recorded both in solutions and
spin-coated films using JY Horiba, ‘Fluoromax’-4 spectrofluorometer. The absorption and
PL spectra in solutions were taken in CF, o-DCB, and cyclohexane (Chex) with polarity
indices of 4.1, 2.7 and 0.2, respectively. The PL spectra of the copolymers in solutions
and films were taken at excitations matching their longer wavelength electronic transition.
The solutions for PL measurement absorb only 0.05 at the maxima to avoid self absorption.

2.3. X-ray Diffraction

The X-ray diffraction (XRD) patterns of the copolymers were recorded for for 2θ
values from 2 to 40° in drop-casted films on a glass substrates using Shimadzu Scien-
tific Instruments X-ray diffractometer 7000S with a copper target, Cu-Kα-radiation with
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40 kV × 40 mA power. The interlayer spacing between the planes (d) was calculated using
Bragg’s Equation (1).

nλ = 2dsin(θ), (1)

where n, λ and θ are order of diffraction (1), wavelength of the X-ray (0.154 nm) and angle
of diffraction, respectively.

2.4. Thermogravimetric Analysis

The thermal properties of the copolymers were investigated using DTG-60H ther-
mogravimetric analyser in platinum crucibles under nitrogen atmosphere flowing at a
rate of 50 mL/min.

2.5. Electrochemistry

Square wave voltammetry (SWV) was done to measure the frontier molecular
orbitals of the copolyers in a three-electrode setup. Platinium electrodes were used both
as working and counter electrodes, while Ag/AgCl was used as a reference electrode,
which was calibrated against ferocene/ferrocynium ion (Fc/Fc+). The redox potential
of Fc/Fc+ was found to be 0.44 eV versus the reference electrode, taking its energy level
to be 4.8 eV below the vacumm. The copolymer films were drop-casted on the Pt disc
working electrode, and a 0.1 M solution of tetrabutylammonium hexafluorophosphate
(Bu4NPF6) in anyhdrous acetonitrile served as a supporting electrolyte. The higherst
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
energy levels were determined from the onsets of oxidation and reduction potentials,
respectively, using Equation (2) [14].

EHOMO/LUMO = e(Eox/red + 4.4)eV (2)

3. Results and Discussion

3.1. Optical and Electrochemical Properties of PBDTI-OD, PBDTI-DT and PTI-DT

The absorption spectra of PBDTI-OD, PBDTI-DT and PTI-DT were taken both in
CF solutions and as thin films, as shown in Figure 1a,b. The spectra of PBDTI-OD and
PBDTI-DT in CF solutions are characterized by one dominant transition peaking at 631
and 628 nm, respectively, and two peaks below 450 nm. On the other hand, the absorption
spectrum of PTI-DT is quite different from the BDT-based copolymers where a dominant
one transition in solution that peaks at 615 nm and a modest peak at 450 nm are observed.
The two-energy-band profile exhibited in PBDTI-OD, PBDTI-DT and PTI-DT is common in
push–pull copolymers. The low energy band is due to the S0 → S1 transition, usually with
intra-molecular charge transfer (ICT) characteristics due to the charge transfer between the
donor and acceptor moieties in the copolymers. On the other hand, the high energy band
is due to the π − π∗ transition, which is common in the π-conjugated polymers due to the
alternating single and double bonds in their backbone [15]. The presumably assigned ICT
state transition in PBDTI-OD and PBDTI-DT is red-shifted by more than 11 nm with respect
to PTI-DT, suggesting a better electron-donating property of the BDT moiety [16]. This could
also be due to the long alkyl side chains on the thiophene and isoindigo units of PTI-DT that
can sterically intract, leading to a twisting in the backbone of the copolymer. Computaion
analusis of a similar BDT-based copolymer showed that the copolymers are likely to adopt a
planar structure [16] which facilitates ICT in PBDTI-OD and PBDTI-DT chains.
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Figure 1. Absorption spectra of PBDTI-OD (black), PBDTI-DT (red) and PTI-DT (green) in (a) CF solutions and
(b) thin films.

The absorption spectra of thin films of PBDTI-OD, PBDTI-DT and PTI-DT were
found to be red-shifted by 30, 25 and 40 nm from their solution spectra, respectively.
The red-shift in absorbance upon solidification shows a better interchain interaction in the
films due to π − π stacking, which is beneficial for charge transport when the copolymers
are used in OSCs. The larger red-shift in absorbance of PTI-DT upon solidification indicates
that a different intra- and intermolecular interaction from the DBT-based copolymers exists
due to the thiophene donor unit. One of the reasons for this could be that PTI-DT is
twisted in the absence of strong intermolecular interaction in dilute solution. However,
the stronger inter-molecular force in the solid films pushes the copolymer into a planar
conformation, resulting in a siginicant red-shift in absorption onset [17,18]. Similarly,
the smaller absorption onset shift in the films of PBDTI-DT compared to PBDTI-OD shows
the more planar structure of PBDTI-OD due to the shorter side chain on the isoindigo
unit [19]. The optical band gaps (Eg) of the three copolymers were calculated from the
onsets of absorption spectra of the films and were found to be 1.53, 1.54 and 1.56 eV
for PBDTI-OD, PBDTI-DT, and PTI-DT, respectively. The copolymers have a similar
bandgap, that is suitable to harvest substantial solar irradiation in the high solar flux
region [20]. The backbone structures of the copolymers have negligible effect on their band
gaps. The optical properties of the copolymers are summarized in Table 2.

Table 2. Electrochemical and Optical Properties of PBDTI-OT, PBDTI-DT and PTI-DT.

Name λmaxSoln (nm) λmaxFilm (nm) 1 Shift (nm) 2 Eg
Opt EHOMO ELU MO

λmax1 λmax2 λmax1 λmax2 Δλmax1 Δλmax1 eV eV eV

PBDTI-OD 366, 440 631 374, 440 631 8, 0 0 1.53 −5.5 −3.9
PBDTI-OT 363, 437 628 370, 438 623 7, 4 −5 1.54 −5.7 −3.8

PTI-DT —, 457 615 —, 461 623 -, 4 8 1.56 −5.6 −3.7
1 Abs peak shift from solution to film, 2 Eg = 1200/λonset.

The PL spectra of the thin films were recorded by exciting at their absorption maxima
in the longer wavelength region and were found to be Stokes-shifted by 179, 189 and
185 nm in PBDTI-OD, PBDTI-DT and PTI-DT, respectively (see Figure 2). Since an
efficeint overalp between the absorption and emission spectra of the copolymers is needed
for Förster resonance energy transfer (FRET), the large Stokes shift in the copolymers
will inhibit interchain excitation energy transfer [21]. However, the large Stokes shift also
shows that multiple processes have taken place to stabilize the first excited state. Since ICT
formation in solid films is not efficient, the emission from the first excited state (S0 ← S1) is
ascribed to tightly bound intrachain exciton relaxation. The strong π − π interaction upon
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solidfication of the copolymers enables an efficient interchain charge transfer interaction
that dominates over intrachain charge transfer (i.e., ICT population). Our work on three
similar copolymers with two and three thiophene donor units, coupled with an isoindgo
acceptor unit, showed similar results [7,8].

Figure 2. Absorption (solid line) and PL (broken line) spectra of PBDTI-OD (black), PBDTI-DT (red)
and PTI-DT (green).

The HOMO and LUMO energy levels of the copolymers were determined using SWV
from the onsets of their oxidation and reduction potentials, as shown in
Figure 3. The HOMO and LUMO energy levels of the copolymers are summarized in
Table 2. The difference in the HOMO levels between the copolymers with the same donor
unit (PBDTI-OD and PBDTI-DT) was 0.2 eV, whereas the difference is only 0.1 eV be-
tween PBDTI-DT and PTI-DT (with the same acceptor unit). The highest LUMO level
was found in PBDTI-OD, followed by PBDTI-OD and PTI-DT. The π-electron density
in the copolymers is not expected to be significantly affected by the alkyl side chains [22].
The reason for the difference in HOMO levels between PBDTI-OD and PBDTI-DT should,
therefore, be due to the effect of the length of the alkyl side chains on the reorganization of
the copolymers in the drop-casted films [8,19]. This is expected due to the relatively lower
solubility of PBDTI-OD.
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Figure 3. Square wave voltammograms of PBDTI-OD (black), PBDTI-DT (red) and PTI-DT

(dark yellow).

The difference in the energetics of PBDTI-DT and PTI-DT is significantly dependent
on the electron-donating strength of BDT vesus thiophene units, respectively. The stronger
electron-donating property of BDT would enhance the ICT in PBDTI-DT, which will
stabilize its LUMO level compared to PTI-DT, in which the donor unit is a thiophene [23].
Note here that the reorganization of the copolymers in the casted films also plays a role.
The medium-lying HOMO levels of the copolymers are beneficial for attaining high open-
circuit voltage when they are used in OSCs as donor materials, since VOC = e(EAcceptor

LUMO −
EDonor

HOMO), where e is the elementary charge [24]. The LUMO offset of the copolymers
with a fullerene acceptor should be around 0.3 eV for efficient exciton disscociation at the
donor/acceptor interface [24,25]. PBDTI-OD, PBDTI-DT and PTI-DT have LUMO offsets
of 0.1, 0.2 and 0.3 eV, respectively with respect to the commonly used fullerene acceptor,
PC71BM (LUMO = 4.0 eV). The LUMO offsets in the BDT-based copolymers are below the
recommended value, which is detrimental to exciton dissociation in fullerene-based OSCs,
while efficient exciton dissociation is expected in PTI-DT-based OSCs. Hence, PBDTI-OD

and PBDTI-DT might work better when blended with non-fullerene acceptors.

3.2. Photophysical Properties of the Copolymers

To further understand the photophysics of the copolymers, their absorption and
PL spectra were recorded in CF, oDCB and Chex solution in a concentration range of
125–5.7 μg/mL. The absorbances of all the copolymers in the three solvents showed neg-
ligible shift with concentration gradient, which indicates the absence of aggregation in
the solutions. The absorption spectra of the copolymers in the three solvents of different
polarity are almost similar, with a slight difference in the apperance of a shoulder when
the poor solvent (Chex) was used. However, the low-energy absorption peaks of the
copolymers remained the same with increasing solvent polarity, as shown in Figure 4a–c
(solid line). This confirms that the ground states (S0) of the copolymers are non-polar.
The PL spectra of PBDTI-OD showed a red-shift of 18 nm as the solvent polarity increased
from 2.7 (oDCB) to 4.2 (CF). The Stokes shift of PBDTI-OD in Chex is higher than both
oDCB and CF, despite its low polarity index of 0.2. Similarly, a 29 nm red-shift in PL of
PBDTI-DT is found with increasing solvent polairty from 2.7 (oDCB) to 4.2 (CF). An ever
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larger Stokes shift in was observed when Chex was used as a solvent. The PL spectra of
PTI-DT showed negligible shifts in the three solvents.

Figure 4. Absorption (solid line) and PL (broken line) of (a) PBDTI-OT, (b) PBDTI-DT and (c) PTI-DT in Chex (black),
oDCB (red) and CF (dark yellow) solutions.

The red-shift in PL of PBDTI-OD and PBDTI-DT with increasing solvent polarity
while their absorption remained the same confirms the higher dipole moments of their first
excited states (S1). This is consistent with our assumption that the longer wavelength region
transitions have ICT characterers. Hence, their electronic structure changes from the non-
polar D − A to the dipolar D+ = A− configuration [15]. The larger Stokes shift observed
in Chex solutions of PBDTI-OD and PBDTI-DT shows the population of a different state
than ICT. Consequently, the electrons in the first excited state of the copolymers have two
channels; one is the ICT state and the other is the tightly bound excitonic state. The latter
is populated when there is a significant interchain interaction either in films or solutions.
A poor solvent like Chex is expected to form aggregates that induce interchain interaction
in the solutions, resulting in red-shifted PL. Thus, the emission in the non-polar solvent
could be explained by the tightly bound interchain exciton model instead of the commonly
used ICT model [26,27]. However, the Uv-Vis absorbances of PBDTI-OD and PBDTI-

DT taken in solutions of similar concentration, as the PL measurements confirmed the
absence of aggregation. Therefore, the aggregation effect observed in the Chex solutions
should be a self-aggregation, causing the copolymer chains to form tight coils. As a result,
the excited electrons could be transferred to the other part of the chain acting as interchain
excitons [7,28]. Consequently, the PL spectra were red-shifted despite the low polarity of
the solvent.
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The photophysics of PTI-DT is quite different in that both its ground and exited
states are not influenced by the polarities of the solvents. The similar Stokes shift, both in
polar (CF and oDCB) and the non-polar (Chex) solvents, shows that self-aggregation of the
copolymer chain exists in all solvents. PTI-DT showed a large absorption onset shift as well
as a peak shift, while the BDT-based copolymers showed no peak shift upon solidification
(see Table 2). This can be attributed to the twisting of the thiophene-based copolymer in
dilute solution in the absence of a strong intermolecular interaction. The twisting in the
backbone of PTI-DT favours the self-aggregation effect in any solvent. The ICT population
from the first excited state of PTI-DT is dominated by the excitonic state, making the
emitting state insensitive to polarity of the environment.

In summary, the BDT-based copolymers have a bi-relaxation channel that can be mod-
ulated with the solvents, while PTI-DT has a quasi-one-relaxation channel. The population
of the ICT and tightly bound excitonic states were found in the BDT-based copolymers,
while only the latter was found in PTI-DT. The results confirm the importance of donor
units in the synthesis of D–A copolymers for efficient ICT processes.

3.3. Thermal Properties of PBDTI-OT, PBDTI-DT and PTI-DT

The thermal properties of PBDTI-OT, PBDTI-DT and PTI-DT were studied using
TGA, as shown in Figure 5. The three copolymers have agood thermal stabilities, with
decomposition temperatures ( TD = 5% weight loss) above 380 °C. The thermal degradation
in these materials follows two steps: one around 380 °C and the other above 550 °C.
The first degradation accounts for the breaking up of the side chains. The shorter side
chain in the isoindigo unit of PBDTI-OT slightly increased its thermal stability compared
to PBDTI-DT, despite its lower molecular weight. The second thermal degradation is due
to the decomposition of the backbone structures of the copolymers. The slight increase in
the degradation temperature in PBDTI-OT also shows the strong bonding in its backbone
structure compared to PBDTI-DT and PTI-DT. In general, the thermal stabilities of the
copolymers make them applicable to flexible OSCs, which are normally processed at
temeratures below 150 °C.

Figure 5. TGA measurement of PBDTI-OT (black), PBDTI-DT (red) and PTI-DT (green).
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3.4. Structural Properties of PBDTI-OT, PBDTI-DT and PTI-DT Films

The structures of the copolymers were studied by powder XRD in drop-casted thin
films, and the results are shown in Figure 6. The XRD traces of the three copolymers exhibit
a broad peak (010) centered around 2θ = 22° due to the π − π stacking.

Figure 6. XRD traces PBDTI-OT (black), PBDTI-DT (red) and PTI-DT (dark yellow) in drop-casted
films.

The calculated π − π stacking distances using Bragg’s equation Equation (1) are 0.38,
0.41 and 0.41 nm in PBDTI-OT, PBDTI-DT and PTI-DT films, respectively, confirming
the presence of strong intermolecular interaction in the copolymer backbones [29]. PBDT-

DT and PTI-DT exhibit a (100) diffraction peak at 2θ = 3.82° and 3.60°, corresponding
to lammelar spacings of 2.3 and 2.5 nm, respectively. The inter-lammelar spacing in
PTI-DT (2.5 nm) is higher than the well-studied thiophene-based homopolymer, poly-
3-hexylthiophne (P3HT) (d = 1.63) [30]. This is due to the longer side chains both in the
thiophene and isoindigo units of PTI-DT compared to P3HT. Note here that the (100)
plane diffraction peak is sharper in PTI-DT, indicating its slightly higher crystallinity over
the BDT-based copolymer. On the other hand, the BDT-based copolymer with a shorter
side chain on the isoindigo unit (PBDT-OT) is fully amorphous. The higher crystallity of
thiophene-based copolymer is beneficial for improved charge transport.

4. Conclusions

Three copolymers with BDT (PBDTI-OD and PBDTI-DT) and thiophene
(PTI-DT) donor units and isoindigo acceptor units were designed and synthesized using
the DAP method. The molecular weights of the BDT-based copolymers were more than
two-fold higher than that of PTI-DT. The copolymers absorb in a wide range from from
300 to above 760 nm in thin films, making them low-band-gap polymers with Eg ≈ 1.5 eV.
The photophysical properties of the copolymers were studied in both films and solutions.
Solvent polarity-dependent spectroscopic studies on PBDTI-OD and PBDTI-DT showed
that the ground state is not sensitive to polarity of the environment, while the excited
state is. This led us to conclude that the ground states of the BDT-based copolymers are
non-polar. The PL spectra of the BDT-based copolymers were red-shifted with increasing
solvent polarity of chlorinated solvents, confirming the dipolar characteristics of their first
excited states. Therefore, the first excited state has ICT characteristics. However, the Stokes
shift in PBDTI-OD and PBDTI-DT in the non-polar solvent, Chex, was not blue-shifted, as
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expected from its low polarity index. Self-aggregation of the copolymers in the poor solvent
was found to favour the population of a tightly bound excitonic state, thereby inhibiting the
generation of ICT state. The absorption and PL spectra of the thiophene-based copolymer
were not influenced by solvent polarity. This led us to conclude that self-aggregation in the
thiophene-based copolymer is induced despite the solvent polarity. Therefore, ICT state
population in PTI-DT is not efficient. The copolymers showed excellent thermal stability,
with a decomposition temperature above 380 °C. The XRD patterns of the three copolymers
showed a halo from (010) plane due to π − π stacking. A second diffraction peak was
observed in PBDTI-DT and PTI-DT, confirming a better crystallinity in these copolymers.
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