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In the era of our “plastic age”, polyurethanes (PUs) represent one of the most versatile polymers
that are produced by the nucleophilic addition reaction between isocyanates and various polyols [1].
The broad range and excellent mechanical and chemical properties of PUs resulting from the huge
number of possible variations in the types of isocyanates and polyols have made this fascinating group
of polymers very useful and valuable materials that can now be found in almost all facets of our
every day life [2]. Furthermore, depending on the chemical formulation, their chemical, mechanical,
and biological properties can be designed and tailored for specific applications. The area of use can
be further broadened by incorporation of additional polymer segments in and onto the polymer
backbone to produce PUs with additional (e.g., shape-memory and/or self-healing) properties [3–6].
Thus, research interest in the preparation and characterization of various PUs is steadily and rapidly
growing, as demonstrated by the number of research articles published per year in this field (Figure 1).

Figure 1. Variation of the number of research articles per year from 1975 to 2019. (Web of Science, 27.
01. 2020, search for topic: polyurethane, document type: article).

Indeed, as shown in Figure 1, the number of articles published annually increases exponentially,
as indicated by an ascendant interest in PUs. Following this trend, this Special Issue focused on novel
design strategies, and the synthesis and characterization of PUs with special and/or multifunctional
properties. This Issue consists of 22 original research papers addressing various aspects of PUs, ranging
from the synthesis to their applications, including some reports on high-level theoretical calculations
supporting the experimental results.

Eight articles in this Issue aim at the synthesis of various PUs that are potentially applicable for
biomedical purposes. Innovative research demonstrates an intriguing method for the synthesis of
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surface-grafted segmented poly(ester-urethane) by poly(ethylene glycol) (PEG) utilizing allophanate
reaction with 1,6-hexanediisocynate and Michael addition to attach PEG of varying molecular weights
onto the surface [7]. According to the in vitro tests, the resulting surface-grafted PUs showed
elevated resistance to protein and platelet adsorptions and increased their number of potential
uses in biomedical applications. Another report in this Issue focuses on the improvement of the
hemocombatibility of a bioderadable poly(ether-ester-urethane) (PEEU) by blending it with a copolymer
containing phosphorylcholine pendant groups [8]. The authors revealed that both the mechanical
properties and the hemocompatibility of the blend met the requirements for potential blood-contacting
applications. A subsequent paper from the same research group demonstrated that PEEUs synthesized
from poly(ether-ester) and diurethane diisocyanate exhibit shape memory properties [9]. These
materials are believed to be capable of fabricating medical devices with shape recovery near body
temperature. Nagy et al. designed and prepared PUs with different crosslink densities containing
biodegradable poly(ε-caprolactone)-diol, 1,6-hexamethylene diisocyanate (HDI), and sucrose as a
chain-extender/crosslinker [10]. It was shown that the crosslink densities, and thus the mechanical
properties, could be varied according to the amount of sucrose added to the reaction mixture. The
PUs synthesized by the method proposed by the authors of this article are expected to be promising
materials for making scaffolds for tissue engineering.

Injuries are almost unavoidable in our lives, and hence it is essential to protect wounds from
infection and to use implants in case of serious injury. The report by A. Worsley et al. proposes
an elegant approach to avoiding infection of wounds using polyhexamethylene biguanide (PHMB)
embedded in PU nanofibrous membranes produced by electrospun. It was shown that after an initial
burst, prolonged release of the PHMB from the polymer matrix with excellent antimicrobial effect
could be achieved [11]. The stability of NanoShort titanium dental implants in PU foam sheets was
evaluated in vitro in terms of foam densities and thicknesses, and high-level protection ability of PU
foams was found [12].

New biocompatible PUs based on isorbide were prepared form poly(propylene glycol) and
D-isosorbide aliphatic isocyanates such as isophorone diisocyanate. In vitro experiments with these
PUs displayed low cytotoxicity towards HaCaT human skin cells [13]. Fluorescent labeling and
magnetic response play an invaluable role in many areas of chemistry, biology, and materials science,
including biomedicine, as shown by the authors of [14]. B. Li et al. [15] combined fluorescent and
magnetic properties into biocompatible Janus particles [16] composed of fluorescent polyurethane and
magnetic nano-Fe3O4. The authors were able to control both the core/shell and the Janus structure,
thus making the rational design of composite nanoparticles for biomedical application possible.

Knowledge of the structure–property relationships is of great importance in designing new
materials with tailored properties. The following seven papers are devoted to the presentations
of structural modifications of PUs and some theoretical aspects of urethane forming reactions. An
interesting paper is reported by Brzeska et al. This group prepared linear and branched polyurethanes
containing polyhydroxybutyrate with tunable properties. The resulting PUs proved to be capable of
controlling the water and oil sorptions through variations of the poly([R,S]-3-hydroxybutyrate)
amount incorporated into the PUs [17]. Novel PUs containing fluorinated chain extenders
were synthesized and investigated by J-W. Li et al. [18]. They demonstrated that introducing
1H,1H,10H,10H-perfluor-1,10-decanediol chain extender enhances the rigidity of the PU films by
forming hydrogen bonds between the fluorinated moieties and the NH of the urethane bonds. In
another paper, an intriguing approach to producing thermoplastic dynamic vulcanizates (TDVs) based
on PUs is presented by A. Kohári et al. [19]. The authors dispersed rubbers such as NBR, XNBR,
and ENR in “in situ”-generated thermoplastic PUs to obtain PU based TDVs. It was shown that these
TDVs possess higher tensile strengths and a slightly lower elongation at break than commercial ones.
Another way to improve the mechanical properties of PUs is to employ different kinds of modifiers.
A. Strakowska et al. [20] proposes polyhedral oligomeric silsesquioxanes (POSSs) to enhance the
properties of rigid PU foams. They report that POSSs, especially with amino and hydroxyl groups,
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were capable of reinforcing the rigid PU foams and both the morphology and the hydrophobicity of the
foams could be varied with added POSS modifiers. The next theoretical study by D. Niedziela et al. [21]
was motived by the experimental results obtained on the spatial distribution of solid foam, who, of
course, have a practical interest in foam-forming industrial formulations. They set up a detailed
mathematical model that successfully described the spatial inhomogeneity in the expanding PU-foams.
The following paper by W. Cheikh et al. [22] focuses on the alcohol-isocyanate reaction, which is
the base reaction of urethane formation. In this report, the authors propose a two-step mechanism
for urethane formation, including two reaction routes: one is catalyzed by alcohol and the other by
isocyanate. The two possible reaction paths were also confirmed by theoretical calculations employing
a fourth generation Gaussian thermochemistry method combined with SDM (Solvent Model Density)
model. In a subsequent publication from the same research group [23], a report on the ab initio study
of the reaction leading to the formation of 4,4’-methylene diphenyl diisocyanate (4,4’MDI) from aniline
and formaldehyde is also given.

In the next seven papers, some environmental aspects of PUs are emphasized. In recent years,
due to the depletion of fossils in one hand and the desire to reduce the ecological footprint of plastics
produced worldwide on the other [24], much effort has been devoted to manufacturing plastics from
renewable resources. J.-W. Li et al. [25] prepared environmentally friendly PUs from castor-oil and
carbon black. Carbon black served as a promoter in these PU formulations to facilitate microphase
separation in order to enhance the mechanical properties. Evening primrose oil as a potential alternative
to petrochemical polyols used in PU foams was demonstrated by J. Paciorek-Sadowska et al. [26].
The authors synthesized bio-based rigid PU foams with lower density, thermal conductivity, water
sorption, and higher content of closed shell as compared to their petrochemical-based counterpart.
W. Zhou et al. [27] revealed a nice example of how to combine an additive and a bio-based polyol to
obtain flame-retardant rigid polyurethane foam. They synthesized phosphorous- and silicon-containing
tung oil-based polyols by the reaction of the flame-retarding compounds with epoxidized tung oil,
which were thereafter incorporated into PU foams. The resulting rigid polyurethane foams were
proved to have enhanced thermal stability and flame retardancy. S. M. Choi et al. [28] developed
a one-pot environmentally friendly approach to obtain a cellulose nanoparticles/waterborne PU
nanocomposite with increased biodegradability and mechanical properties, while a contribution by B.
Necasová et al. offers [29], in addition to the conventional ones (mechanical and chemical), and a new
surface treatment method of woods called Multihollow Surface Dielectric Barrier Discharge (MHSDBD)
plasma to fabricate wood/plastic composites (WPCs). The authors evaluated the surface-modification
methods on PVC- and PE-based WPCs, and it was concluded that plasma treatment (MHSDBD) was
the most effective one to produce WPCs with appropriate mechanical properties. The accumulation
of heavy metal ions including, e.g., Cd2+, Cu2+, and Pb2+ ions, in industrial wastewaters, poses
severe environmental problems [30]; therefore, efforts to remove and recover them are highly
welcome. D. Xue et al. [31] proposed a new adsorbent with high adsorption efficiency, namely,
dithiocarbamate-grafted PU/polyethyleneimine-polidopamine graphene-base PU composite for quick
removal and recovery of Cd2+, Cu2+, and Pb2+ ions, from wastewaters. R. Yu et al. [32] used
thermoplastic PUs (TPUs) to modify the properties of asphalt. They found that by adding TPUs to
asphalt, not only the physical but also the chemical properties of the modified asphalt could be altered
and the aging resistance could also be improved with respect to the base asphalt.

At the end of this section, I would like to recall that guest editoring of this Issue was started by
Prof. József Karger-Kocsis but unfortunately fate intervened and Prof. Karger-Kocsis passed away at
the age of 68 on 13 December, 2018. I would like to salute the outstanding scientific achievements he
made during his academic life. Accordingly, the editorial team has decided to dedicate this Special
Issue to the Memory of Prof. József Karger-Kocsis.

Finally, I would like to thank all the authors and reviewers for their invaluable contributions to
this Special Issue, and I hope that the scientific results presented here and in this Issue will stimulate
further ideas and research interests in this prosperous field.
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Abstract: The aim of this paper was the detailed investigation of the properties of one-shot bulk
polymerized thermoplastic polyurethanes (TPUs) produced with different processing temperatures
and the properties of thermoplastic dynamic vulcanizates (TDVs) made by utilizing such in situ
synthetized TPUs as their matrix polymer. We combined TPUs and conventional crosslinked rubbers
in order to create TDVs by dynamic vulcanization in an internal mixer. The rubber phase was based on
three different rubber types: acrylonitrile butadiene rubber (NBR), carboxylated acrylonitrile butadiene
rubber (XNBR), and epoxidized natural rubber (ENR). Our goal was to investigate the effect of different
processing conditions and material combinations on the properties of the resulting TDVs with the
opportunity of improving the interfacial connection between the two phases by chemically bonding
the crosslinked rubber phase to the TPU matrix. Therefore, the matrix TPU was synthesized in situ
during compounding from diisocyanate, diol, and polyol in parallel with the dynamic vulcanization
of the rubber mixture. The mechanical properties were examined by tensile and dynamical mechanical
analysis (DMTA) tests. The morphology of the resulting TDVs was studied by atomic force microscopy
(AFM) and scanning electron microscopy (SEM) and the thermal properties by differential scanning
calorimetry (DSC). Based on these results, the initial temperature of 125 ◦C is the most suitable for the
production of TDVs. Based on the atomic force micrographs, it can be assumed that phase separation
occurred in the TPU matrix and we managed to evenly distribute the rubber phase in the TDVs.
However, based on the SEM images, these dispersed rubber particles tended to agglomerate and form
a quasi-continuous secondary phase where rubber particles were held together by secondary forces
(dipole–dipole and hydrogen bonding) and can be broken up reversibly by heat and/or shear. In terms
of mechanical properties, the TDVs we produced are on a par with commercially available TDVs with
similar hardness.

Keywords: thermoplastic dynamic vulcanizates; TDV; thermoplastic polyurethane; TPU; in situ
produced matrix

1. Introduction

One of the most important reasons for the successful and continuously growing market penetration
of thermoplastics is the diverse characteristics of their blends. By melt blending two (or more)
different polymers, a material with new or improved properties can be produced. Blending can
enhance mechanical performance (especially toughness), resistance to thermal degradation, improve
processability, support cost efficiency, etc., or even result in novel properties. One emerging family of
polymer blends is the group of thermoplastic dynamic vulcanizates (TDVs). These TDVs, composed of
a continuous thermoplastic phase in which a dynamically cured rubber phase is dispersed, combine the
elasticity of rubbers with the easy processing and recyclability of thermoplastics. The term “dynamically”
refers to the fact that the rubber component is cured simultaneously with its dispersion in the molten
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thermoplastic resin by intensive mixing/kneading [1–3]. With this technique, a fine dispersion of the
rubber phase in the thermoplastic matrix can be achieved, which is often referred to as a “sea-island”
structure with submicron–micron-sized rubber “islands” in the thermoplastic matrix “sea”. This structure
combines the beneficial properties of the components, namely, the elastic behavior of rubbers and the
simple processing (and possible reprocessing as well) of thermoplastic polymers [4].

The development of TDVs started with research on the impact modification possibilities of isotactic
polypropylenes (iPP). The results of these studies clarified that the impact resistance of iPP homopolymers
could be highly improved through the incorporation of uncured ethylene-propylene-based rubbers.
This toughening was even more pronounced below the glass transition temperature range of iPP and
was strongly dependent on the dispersion state of the rubber phase. However, the dispersibility of
the rubber phase was limited by the recurring agglomeration and coalescence of the rubber particles,
which happened during compounding. As a solution for this issue, partial curing of the rubber phase
was recommended and attempted [5–7]. The breakthrough was achieved in the late 70s and early 80s
when several patents were filed and the first commercialized TDV appeared under the trademark of
Santoprene® by Monsanto. It was composed of iPP and ethylene-propylene-diene terpolymer rubber
(EPDM). Based on intensive research, the requirements for the optimal mechanical performance of
TDVs were deduced, which can be summarized as follows [8–10]:

• the interfacial tension of the constituents is small,
• the crosslink density of the rubber phase is relatively high,
• the matrix polymer is semi-crystalline [11,12].

Similar to blends of various polymers, polyurethanes (PUs) can satisfy an enormously wide range
of application requirements due to the great structural diversity of its constituents: isocyanates, polyols,
and chain extenders. These constituents may be bifunctional or polyfunctional, allowing the production
of both linear and crosslinked molecular structures. Through the appropriate selection of the properties
of the precursors such as the polarity of the chains, the mechanical, thermal, and optical behavior of the
final PU can be tailored according to the requirements, and through the modification of the constituents,
reactive moieties can be introduced into the final chain [13–16]. PUs can be synthetized in one shot or
via the pre-polymer route. The former means the simultaneous mixing of all three main PU components,
while the latter is composed of two separate steps. In the first step, the polyol reacts with an excess of
isocyanate to form an isocyanate-terminated urethane prepolymer, then this prepolymer reacts with the
chain extender and the PU is obtained [17]. The one-shot method leads to a relatively more random
polymer chain segment structure, whereas the prepolymer route delivers a more regular sequence of
the chain segments [18].

Several studies can be found on compounding PUs with rubbers (particularly with NBR rubbers,
due to their similar polar character) with the aim of producing polymer blends with novel performance
characteristics, although these usually focus on solution and high-temperature melt blending techniques,
which are less economical as they need more time and energy. For this reason, dynamic curing is
seldom, if ever, used. It was reported that the quasi-static and dynamic mechanical properties were
improved (sometimes even outperforming the neat PU), although this reinforcing effect was limited by
the melting of the PU phase at higher temperatures as well as by the breakdown of secondary structures
between the PU and the NBR at higher strain amplitudes [19]. The same reinforcing effect was observed
in blends produced with the solution method [20]. It was reported that if the acrylonitrile content of
the NBR was increased, the properties of the blends improved due to the better compatibility between
the PU and NBR phases [21]. The incorporation of PU in NBR and hydrogenated NBR (HNBR) rubbers
were also researched with the aim of enhancing the wear resistance of the rubber. This technique may
have application potential in areas where elastic behavior and good wear resistance are simultaneously
required [11,12].

As introduced above, materials with promising novel performance characteristics can be created
by blending thermoplastic polymers with rubbers. This potential can be augmented by the utilization
of thermoplastic polyurethanes as matrix materials due to their relatively simple in situ synthesis.
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Note that a wide range of properties can be obtained within the thermoplastic PU family due to the
diversity of the available precursors. Additional benefits can be expected from the dynamic curing
introduced above. Our present paper represents the first steps of our research in this field and is aimed
at investigating the properties of one-shot bulk polymerized TPUs produced with different processing
temperatures as well as the properties of TDVs produced by the dynamic vulcanization of various
rubber compounds accompanied by the in situ polymerization of the TPU matrix. The target of this
research work was the exploration of the effect of different processing conditions and the material
combination on the properties of the resulting TDV, keeping the mechanical performance in focus.

2. Materials and Methods

2.1. Materials and Processing

The tested polyurethanes were prepared from 4,4′-methylenebis(phenyl isocyanate) (MDI),
1,4-butanediol chain extender (BD), and polyether polyol poly(tetrahydrofuran) (PTHF) with a molecular
mass of 1000 g/mol and a functionality of 2.0. The purity of all components was over 99%; the components
were supplied by Sigma-AldrichDarmstadt, Germany. MDI was used as received, and butanediol
and PTHF were dried at 90 ◦C for 4 h in vacuum. The composition of the materials was described by
the ratio of the –NCO (isocyanate) and –OH (hydroxyl) functional groups at the start of the reaction
(NCO/OH ratio) and the ratio of the –OH functional groups of the polyol to the total diol (pOH/OH
ratio). The NCO/OH ratio was kept constant at 1.05, while the pOH/OH ratio of the TPUs was set to 0.5.

As a base rubber for the rubber phase of the TDVs acrylonitrile-butadiene (NBR), carboxylated
acrylonitrile-butadiene (XNBR), and epoxidized natural rubber (ENR) were used. The NBR rubber
was produced by Lanxess under the name of Perbunan 3445F. Its Mooney viscosity (ML, 1 + 4, 100 ◦C)
was 45 ± 5, and its bound acrylonitrile content was 34 ± 1 wt%. The XNBR rubber was produced by
Lanxess under the name of Krynac X146 with a Mooney viscosity (ML, 1 + 4, 100 ◦C) of 45 ± 5 and a
bound acrylonitrile content of 32.5 ± 1.5 wt%. The ENR rubber was produced by Muang Mai Guthrie
Company Limited under the name of Dynathai Epoxyprene 50. Its Mooney viscosity (ML, 1 + 4,
100 ◦C) is 70–90 and its level of epoxidation is 50 ± 2%. As a curative, dicumyl peroxide with 40 wt%
active peroxide content (DCP40) was used (Norac, Norox DCP-40BK). The formulation of the rubber
mixtures was as follows: base rubber 100 phr, DCP40 3.75 phr (1.5 phr active peroxide). The rubber
mixtures were prepared on a laboratory two-roll mill (Labtech LRM-SC-110, Labtech Engineering Co.
Ltd., Samutprakarn, Thailand) at roll temperatures of 70 and 50 ◦C (front and rear, respectively), and
friction of 1.3.

One-step bulk polymerization of the TPUs and dynamic vulcanization of the rubber phase was
carried out in a Brabender internal mixer (Brabender Plasti-Corder equipped with a W 50 EHT chamber,
Brabender GmbH., Duisburg, Germany) at initial temperatures of 100, 110, 125, and 150 ◦C for the
TPU production and 125 ◦C for the TDV production with a rotor speed of 50 rpm and a mixing time of
30 min. The reaction scheme is shown in Figure 1. Torque and melt temperature were recorded during
the process. TDVs contained 50 wt% TPU and 50 wt% rubber mixture. The initial temperature was
125 ◦C. First, the components of the TPU were added, then the rubber blend after 13 min.

The 0.5 mm thick TPU and TDV sheets were compression molded at 190 ◦C under a pressure of
2 MPa for 3 min in a Collin Teach-Line Platen Press 200E laboratory press (Dr. Collin GmbH, Ebersberg,
Germany). Specimens for further tests were cut from the sheets produced.
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Figure 1. The reaction scheme of the synthesis of thermoplastic polyurethane.

2.2. Testing Methods

Hardness was determined according to the ISO 7619-1 Shore A method with a Zwick H04.3150.000
hardness tester (Zwick GmbH, Ulm, Germany) on the compression molded sheets. Ten tests were
performed on each compound.

The tensile mechanical properties of the compounds were investigated according to the ISO
37 standard on a Zwick Z005 universal testing machine with a 5 kN load cell (Zwick GmbH, Ulm,
Germany) at room temperature at a crosshead speed of 500 mm/min. Five tests were performed on
each compound.

Curing properties of the rubber compounds were tested on a MonTech D-RPA 3000 Dynamic
Rubber Process Analyzer, (MonTech GmbH, Buchen, Germany). The curing curves were recorded
both in isothermal conditions at 170 ◦C (1.67 Hz and 1◦ amplitude) and non-isothermal conditions.
The purpose of the latter was to verify the proper vulcanization of the rubber phase during dynamic
vulcanization, therefore the temperature profile of the vulcanization test was set according to the
temperature curves recorded during the production of the corresponding TDV.

Polymerization of the TPU phase was investigated with a TA AR 2000 parallel plate rheometer
(TA Instruments Ltd., New Castle, DE, USA) with a sinusoidal oscillation. We set the temperature
profiles of each test according to the temperature curves recorded during the production of the TDVs in
order to confirm the proper polymerization of the TPU. The strain amplitude and oscillation frequency
were 1% and 10 rad/s. Curves were recorded on a time scale of 30 min and the gap was set to 0.5 mm
between the parallel plates, which had a diameter of 25 mm.

Thermal analysis of the samples was carried out on a TA Q2000 DSC machine (TA Instruments
Ltd., New Castle, DE, USA) in a N2 atmosphere with a heat–cool–heat cycle. The heating rate was
10 ◦C/min in the −90 . . . .250 ◦C range.

Dynamic mechanical tests of the compounds were performed with a TA Q800 DMTA machine (TA
Instruments Ltd., New Castle, DE, USA) in tensile mode on rectangular specimens with dimensions
of 0.5 mm × 2.5 mm × 10 mm (thickness ×width × clamped length). Tests were run in the range of
−100 . . . 200 ◦C with a 3 ◦C/min heating rate at a frequency of 10 Hz with a preload of 0.01 N and
superimposed 0.1% sinusoidal strain.

The structure of the TPUs and TDVs were analyzed by attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR). A Bruker Tensor type FTIR machine (Bruker Optics Inc.,
Billerica, MA, USA) was used equipped with a Specac Golden Gate ATR unit (Specac Ltd., Orpington,
UK) in the wavelength range of 4000 to 600 cm−1 with a resolution of 4 cm−1, accumulating 16 scans.

The morphology of the TDVs was characterized with the use of AFM micrographs of
cryo-microtomed surfaces. Samples were cooled down to −80 ◦C and cut with a glass knife with the
use of a Leica EM UC6/FC7 ultramicrotome (Leica Microsystems GmbH, Wien, Austria). AFM images
were taken with a Nanosurf FlexAFM 5 (Nanosurf AG, Liestal, Switzerland) type AFM in tapping
mode in air at room temperature. A single-beam silicon cantilever was used with a nominal force
constant of 48 N/m and a resonance frequency of 190 kHz. It was a TAP 190Al-G cantilever (Budget
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Sensors, Innovative Solutions Bulgaria Ltd., Sofia, Bulgaria). The scan rate was between 0.5 and 1.0 Hz.
The morphology of the TDVs was also investigated with a JEOL JSM 6380LA (Jeol Ltd., Tokyo, Japan)
type scanning electron microscope (SEM). The samples were immersed in liquid nitrogen for 3 min
and then fractured. The fractured surfaces were etched with boiling tetrahydrofuran (good solvent
for TPU) for 1 h. After that, the samples were dried under vacuum for a day [22]. Before the test, the
etched surfaces were coated with a thin layer of gold.

3. Results

3.1. Synthesis of Thermoplastic Polyurethanes (TPUs)

First, we evaluated the torque and temperature curves that were recorded during the production
of the specimens. The temperature profiles are very important because we needed to select an initial
temperature in which the TPU could be polymerized and the rubber phase could be vulcanized at a
sufficient rate, but without the degradation of the materials. The torque curves measured during the
reactions also carry important information. Torque is proportional to melt viscosity, which depends on
molecular weight. Thus, the torque change in the internal mixer is a good indicator of the change in
molecular weight [23]. Figure 2 shows that in the case of the samples with initial temperatures of 100
and 110 ◦C, the torque increased until the end of the mixing time and did not reach an equilibrium.
From this, we can conclude that polymerization was too slow at these initial temperatures, and did not
finish within the time span of compounding. In contrast, at the initial temperatures of 125 and 150 ◦C,
the torque reached a plateau. Due to the nature of the step polymerization in the first two cases (100 and
110 ◦C), oligomers with various molecular weights or perhaps short polymers chains were produced,
while in the second two cases (125 and 150 ◦C), high molecular weight polymer chains were generated
at the end of the mixing time. Figure 2 also shows the recorded temperature curves. In the case of the
TPU100 and TPU110 samples, the temperature curves also did not reach a steady state. The maximum
temperatures (114 and 137 ◦C) were low for the vulcanization of the rubber phase, and polymerization
was also slow at these temperatures. In contrast, the 186 ◦C of the TPU150 sample could lead to the
degradation of the rubber phase. The final temperature of the TPU125 sample was 175 ◦C, which is
suitable for both polymerization and vulcanization, so we chose this initial temperature (125 ◦C) for
preparing the TDVs.

 
Figure 2. The parameters recorded during the synthesis of the thermoplastic polyurethanes (TPUs):
torque curves (——) and temperature curves (– – –).
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3.2. Thermoplastic Dynamic Vulcanizates (TDVs)

3.2.1. Production of TDVs

Isothermal Curing Properties

Before preparing the TDVs, we determined the isothermal curing properties of the rubber mixtures
(continuous lines in Figure 3). It can be observed that in the case of NBR and XNBR, the curves almost
ran together, but in the case of ENR, the torque was far lower during the tests. We determined the
vulcanization times (t90) of the mixtures, which was 7 min for NBR and XNBR, and 8 min for ENR.

 
Figure 3. The curing curves of the rubber mixtures in isothermal (——) and in non-isothermal conditions
(– – –).

On the basis of the torque curves of the TPUs (Figure 2) and the vulcanization times, we determined
that we had to add the rubber mixtures in the thirteenth minute of mixing to have in situ polymerization
and vulcanization occur simultaneously.

Torque and Temperature Curves

The best way to keep track of the processes in the internal mixer is to analyze the torque and the
temperature curves. In the torque curves recorded during the production of TDVs (Figure 4), there
was a sharp and steep increase when the rubber mixture was added, followed by a sudden decrease.
This decrease was due to the mastication of the rubber. Thereafter, the curves showed a pronounced
increase again, which was due to the polymerization of the TPU and the vulcanization of the rubber
phase. Finally, in the last stage, there was another decrease due to the fragmentation and dispersion of
the vulcanized rubber islands.

The temperature curves (Figure 4) decreased at two points where we added the components.
Figure 4 clearly shows that the torque and temperature values of the TDV sample containing ENR
were well below that of the other two samples as well as the matrix TPU. The ENR rubber mixture was
much softer than the others, consequently, even after the addition of ENR, the torque did not increase
as intensely as in the internal mixer. At the same time, the temperature increase due to friction was also
reduced, therefore we did not achieve the optimal conditions for the vulcanization of the rubber phase.
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Figure 4. The parameters recorded during the synthesis of the thermoplastic dynamic vulcanizates
(TDVs): torque curves (——) and temperature curves (– – –).

Non-Isothermal Curing Properties

Later, we also recorded the non-isothermal curing curves of the mixtures (Figure 3, dashed lines).
The purpose of the test was to verify whether the rubber phase was properly vulcanized, therefore
the temperature profile of the test was set according to the temperature curves recorded during the
production of the corresponding TDV. We approximated these temperature curves with linear sections
as shown in Figure 5.

 
Figure 5. The real temperature profiles recorded during the production of TDVs (——) and their
approximate curves (– – –) that were used for the non-isothermal curing test for the rubber compounds.

About 16 min were available for the vulcanization of the rubber mixtures during the production
of TDVs, which we indicated with a vertical line in Figure 3. The non-isothermal curing test indicated
that we achieved quite a good degree of vulcanization in TDVs containing NBR and XNBR. As shown
in Figure 3 (dashed line), the torque curve of the ENR sample did not show saturation. This is because
the maximum temperature that the TDV containing ENR reached was not sufficient to completely
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vulcanize the rubber phase during compounding. This is also supported by the fact that the material
removed from the internal mixer was in this case slightly tacky.

The Investigation of Matrix Polymerization

In a rheometer, we modeled the processes in the internal mixer in order to investigate the
polymerization of the matrix. Our aim was verify that the polymerization of TPU is possible with
the temperature profiles of the production of TDVs. We approached these temperature curves with
straight sections as shown in Figure 6 (dashed lines).

 
Figure 6. The real temperature profiles recorded during the production of TDVs (——) and the approximate
curves (– – –) that were used for the investigation of the polymerization tests of the matrix TPU.

During the evaluation of the curves, we examined the complex viscosity (η*) of the TPU. Based on
this, we compared the processes during the synthesis of pure TPU and those during the production
of TDVs. The curves (Figure 7) show that the thermoplastic polyurethane polymerized in each TDV
because the final complex viscosity values are similar or greater than those of the TPU.

 
Figure 7. The simulation of the complex viscosity of the matrices in a rheometer during the production
of pure TPU and TDVs.
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3.2.2. Mechanical Properties

The tensile test results show that the modulus (Figure 8), the tensile strength, and the elongation
at break of the TDVs are lower than those of the pure TPU (Table 1). The hardness of the materials was
reduced by the rubber phase, which is consistent with the decrease in modulus. TDVs containing NBR
and XNBR have similar strength properties and Shore A hardness. The tensile strength and hardness
of the TPU125/ENR sample are lower, while the elongation at break is higher than for other TDVs.

 
Figure 8. Typical tensile curves of the TPU matrix and the TDVs.

Table 1. Mechanical properties of the TPU matrix and the TDVs.

TPU125 TPU125/NBR TPU125/XNBR TPU125/ENR

Elongation at break (%) 377 ± 52 316 ± 35 328 ± 38 447 ± 21
Modulus at 10% (MPa) 1.73 ± 0.05 0.84 ± 0.05 0.77 ± 0.08 0.45 ± 0.08

50% (MPa) 4.35 ± 0.06 1.98 ± 0.06 2.23 ± 0.22 1.04 ± 0.10
100% (MPa) 5.64 ± 0.05 2.92 ± 0.14 3.18 ± 0.23 1.60 ± 0.15
200% (MPa) 8.63 ± 0.09 5.04 ± 0.17 5.79 ± 0.38 2.74 ± 0.26
300% (MPa) 14.24 ± 0.17 7.92 ± 0.16 9.06 ± 0.48 4.09 ± 0.39

Tensile strength (MPa) 24.4 ± 7.8 8.9 ± 0.9 10.8 ± 1.7 6.6 ± 0.9
Hardness (Shore A◦) 81.3 ± 0.9 66.4 ± 0.5 64.5 ± 0.7 55.9 ± 0.9

These results are due to the poor properties of the cured rubbers. Our rubber blends were only
model materials that did not contain any filler (e.g., carbon black, silica) and thus had poor mechanical
properties. We used such model mixtures because at this stage of our research, we sought simplicity to
minimize the effects of possible variables and influencing parameters.

3.2.3. Dynamical Mechanical Analysis

Figure 9 and Table 2 show that the Tg values of the TDVs are higher than those of the matrix.
On the tan delta curves of the TDVs, there is a shoulder on the damping peak, which belongs to the
glass transition temperature of the soft segments of the TPU phase, while the well-developed peak
represents the glass transition of the rubber phase.

In accordance with the results of the tensile test, the storage moduli of the TDVs are smaller than
that of the TPU matrix, which is caused by the inherently lower storage modulus of the rubbers when
compared to the TPU matrix.
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Figure 9. Thermomechanical curves of the TPU matrix and the TDVs.

Table 2. The glass transition temperatures (Tg) and room temperature storage modulus (E′23 ◦C) of
the TDVs.

Sample
Tg

(◦C)
E′23◦C
(MPa)

TPU125 −15.82 21.82
TPU125/NBR −11.36 11.51

TPU125/XNBR −12.05 8.98
TPU125/ENR −10.23 6.70

3.2.4. Differential Scanning Calorimetry

On the thermograms of the TDVs, there are three different glass transitions. The first one belongs
to the soft segments of the TPU, the second to the rubber phase, and the third to the TPU′s hard
segment (Figure 10 and Table 3). On the curve of TPU125 and TPU125/ENR, there is also a melting
peak, which belongs to the crystalline part of the hard phase. The melting temperature and the peak
intensity of the TPU125/ENR sample are smaller than those of the TPU125. For the other two samples,
the melting peak is not visible. This is due to the rubber phase, which did not allow the TPU chains to
organize and crystallize because the hard segments can form strong hydrogen bonds with the –C≡N
and >C=O groups of the rubber [24].

Table 3. The glass transition (Tg) and the melting (Tm) temperature of the different phases in the TDVs.

Sample
Tg, soft

(◦C)
Tg, rubber

(◦C)
Tg, hard

(◦C)
Tm

(◦C)

TPU125 −42.1 — 56.5 211.3
NBR — −23.0 — —

XNBR — −22.7 — —
ENR — −24.6 — —

TPU125/NBR −43.1 −21.5 53.7 not visible
TPU125/XNBR −43.0 −20.2 57.6 not visible
TPU125/ENR −45.5 −22.3 49.9 207.0
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Figure 10. DSC thermograms of the TPU matrix and the TDVs.

3.2.5. Fourier-Transform Infrared Spectroscopy

We used ATR-FTIR spectroscopy to study the chemical structure of the polymers produced.
The recorded spectrum of pure TPU125 and the TDVs containing different rubbers are shown in
Figure 11. The spectra contain all of the characteristic peaks (i.e., the >N–H peak at 3318 and 1530 cm−1

and the >C=O peaks at 1730 and 1702 cm−1) from the urethane linkage. The peak at 1730 cm−1

represents the stretching vibration of free >C=O groups, and the peak at 1702 cm−1 shows the
hydrogen-bonded version. The peak of the isocyanate groups (2275–2250 cm−1) was not visible in the
spectrum, which indicates that the diisocyanate reacted completely. The peaks at 2938 and 2854 cm−1

belong to the >CH2 groups of the polymer chains. The aromatic ring in the diisocyanate has an
absorption peak at 1597 cm−1. On the spectrum of the TPU125/NBR and the TPU125/XNBR, three
new peaks appeared, which belong to the rubber phase. The –C≡N peak appeared at 2238 cm−1, the
CH peak at 1447 cm−1, and the =CH2 peak at 968 cm−1. In the case of TPU125/ENR, one new peak
appeared at 869 cm−1, which belongs to the epoxy group [24–26].

 
Figure 11. Fourier-transform infrared spectra of the TDVs and TPU125.
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3.2.6. Morphology

Atomic Force Microscopy (AFM)

Figure 12 shows the atomic force microscopy phase images of the TDVs and the neat TPU.
The bright parts indicate the hard segments of the TPU due to its high surface energy and modulus,
and the dark parts are the soft segment of the matrix [27,28]. Figure 12d shows that phase separation
took place in the material. In Figure 12a–c (marked by black arrows), there are 1 to 2 μm morphological
units, which are probably the rubber islands distributed in the matrix.

  

(a) (b) 

  

(c) (d) 

Figure 12. Atomic force microscopy (AFM) phase images (10 μm × 10 μm) of (a) TPU125/NBR, (b)
TPU125/XNBR, (c) TPU125/ENR, and (d) TPU125.

The pictures show that the phase separation occurred in the thermoplastic polyurethane we
produced and that we managed to evenly distribute the rubber phase in the matrix.

Scanning Electron Microscopy (SEM)

Figure 13 shows the SEM images of the cryo-fractured (a, c, e, g) and the etched, cryo-fractured
(b, d, f, h) surfaces of the samples. Etching with tetrahydrofuran (THF) was successful since there were
significant differences between the pairs of pictures. In the case of the neat TPU (Figure 13h), holes
with an elongated shape appeared on the surface as a result of etching. This may suggest that the
polymerization of the TPU did not finish completely, therefore small regions with lower molecular
weights were present in the material. THF dissolved these regions faster than the rest of the TPU, which
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explains the presence of the holes. Figure 13b shows the TDV containing NBR. The agglomerated
particles of the NBR phase can be observed on the surface, and the holes indicate the dissolved
TPU matrix. In the case of the TDV containing XNBR (Figure 13d), a stronger interaction may have
developed between the XNBR and the TPU phase as a result of a reaction between the carboxyl groups
of the XNBR and the isocyanate groups of the MDI component of the TPU, resulting in a chemically
bonded thin TPU layer on the surface of the XNBR phase. This assumption is supported by Figure 13d,
which shows that a thin layer of TPU remained on the etched surface due to the above-mentioned strong
interaction between the XNBR phase and the TPU. Figure 13b,d suggest that the dispersed vulcanized
rubber particles are agglomerated, creating a secondary structure. There are weak secondary bonds
between these particles, which can reversibly dissociate at elevated temperatures and/or due to high
shear. This phenomenon has already been demonstrated for other material pairs (PP/EPDM) [29].
In the case of the TDV containing ENR (Figure 13f), the rubber phase was not visible, which suggests
that it was also dissolved. This is most probably because its degree of vulcanization was insufficient to
make it insoluble in THF.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 13. Cont.
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(g) 

 
(h) 

Figure 13. SEM images of the cryo-fractured, and cryo-fractured and etched surfaces of (a,b) TPU125/NBR,
(c,d) TPU125/XNBR, (e,f) TPU125/ENR, and (g,h) neat TPU125.

4. Conclusions

We prepared thermoplastic dynamic vulcanizates with an in situ synthesized TPU matrix and with
polar rubbers NBR, XNBR, and ENR. The optimum initial temperature for the internal mixer at which
the TPU polymerized and the rubber phase was vulcanized at a sufficient rate without degradation
of the materials was 125 ◦C. The non-isothermal vulcanization and rheological tests confirmed the
successful in situ polymerization of the matrix and the dynamic vulcanization of the rubber phase.
Based on the AFM phase images, it is likely that the rubber segments were successfully dispersed in the
TPU matrix. However, based on the SEM images, these dispersed rubber particles tend to agglomerate
and form a secondary quasi-continuous phase structure formed by rubber particles held together only
by secondary forces. TDVs have lower hardness and weaker strength characteristics than pure TPU.
These TDVs have a higher tensile strength, while their elongation at break is only slightly below that of
commercial thermoplastic vulcanizates (TPVs) with similar hardness.
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Abstract: A kinetic and mechanistic investigation of the alcoholysis of phenyl isocyanate using
1-propanol as the alcohol was undertaken. A molecular mechanism of urethane formation in both
alcohol and isocyanate excess is explored using a combination of an accurate fourth generation
Gaussian thermochemistry (G4MP2) with the Solvent Model Density (SMD) implicit solvent model.
These mechanisms were analyzed from an energetic point of view. According to the newly proposed
two-step mechanism for isocyanate excess, allophanate is an intermediate towards urethane formation
via six-centered transition state (TS) with a reaction barrier of 62.6 kJ/mol in the THF model. In the
next step, synchronous 1,3-H shift between the nitrogens of allophanate and the cleavage of the C–N
bond resulted in the release of the isocyanate and the formation of a urethane bond via a low-lying TS
with 49.0 kJ/mol energy relative to the reactants. Arrhenius activation energies of the stoichiometric,
alcohol excess and the isocyanate excess reactions were experimentally determined by means of
HPLC technique. The activation energies for both the alcohol (measured in our recent work) and the
isocyanate excess reactions were lower compared to that of the stoichiometric ratio, in agreement
with the theoretical calculations.

Keywords: urethane formation; isocyanate excess; mechanism; ab initio; allophanate; kinetics

1. Introduction

Isocyanates are among the most valued synthetic intermediates [1]. Their reactions with various
nucleophiles give rise to important classes of compounds, such as urethanes, thiouretanes and ureas.
These reactions are of industrial importance because they provide the basis of the very versatile class
of polymers, polyurethanes, where the main process is the reaction of di-isocyanates with polyols.

From a kinetic and mechanistic point of view, the addition reaction between the isocyanato and
the hydroxyl group has been of interest since the 1930 [2]. The first detailed kinetic investigations of
uncatalyzed and catalyzed reactions was made by Baker and co-workers in the 1940s [3–5]. Their studies
concluded that the apparently bimolecular addition is catalyzed by both the alcohol reactant and the
urethane product [4]. Later, the possibility of having alcohol associates as the active reacting partner
was pointed out [6–8]. The rate constant of the reaction strongly depends on the solvent [9].

The experimental activation energies for the reactions of aryl isocyanates with alcohols are
generally in the range of 17–54 kJ/mol ([10,11] and references cited in each). For a given reaction
the activation energy depends on the solvent and the ratio of the reactants. Theoretical calculations
showed that the rather high energy barrier (>100 kJ/mol) [8,12,13] needed for reaching the bimolecular
transition state (direct addition) becomes substantially lower if one or two additional alcohol molecules
(alcohol catalysis), or a urethane molecule (autocatalysis) are also incorporated into the transition
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state [8,14,15]. A schematic mechanism of such alcohol catalysis is presented in the upper part of
Figure 1.

 

Figure 1. Elementary reaction mechanism for urethane bond formation. The alcohol excess mechanism
(top) involves a hydrogen-bonded alcohol associate as the reactant, while the isocyanate excess
mechanism (bottom) starts with dipole-dipole stabilized intermolecular isocyanate dimer. In the
present study R = Pr and Ar = Ph.

Strong intermolecular hydrogen bonds can stabilize these alcohol associates which is also confirmed
by consistent molecular dynamic simulation and X-ray experiment study on liquid 1-propanol by
Akiyama and co-workers [16]. This fact makes the above-mentioned mechanism plausible in the
condition of excess alcohol. On the other hand, isocyanates also have potential to form associates due to
its large permanent electric dipole moment (|μtot,MP2/aug-cc-pVTZ| = 2.78 D [17], |μtot,MW| = 2.81 D [18]).
Indeed, Lenzi et al. reported interaction energy of 24.3–32.8 kJ/mol for alkyl-isocyanates dimers using
density functional theory (DFT) calculation [19]; therefore, these isocyanate associates can also be
formed in isocyanate excess and can provide a starting point for urethane formation. The proposed
reaction mechanism can be seen in the bottom of Figure 1. In this paper, we present this new possible
reaction mechanism, supported by both theoretical and experimental findings, in which two isocyanate
molecules facilitate the urethane formation process. The theoretical investigation of the reaction
mechanism requires an adequate and robust quantum chemical protocol. The fourth generation
G4MP2 quantum chemical protocol had been demonstrated several times [20–22] to provide overall
thermodynamic results with chemical accuracy [23].

2. Materials and Methods

2.1. Materials

The reaction of phenyl isocyanate (PhNCO) and 1-propanol (PrOH) was conducted at a
stoichiometric ratio and at 20-fold isocyanate molar excess. PhNCO (≥99%, Acros Organics BVBA,
Geel, Belgium) was used as received. Acetonitrile (ACN) was HPLC grade (VWR International LLC,
Debrecen, Hungary). To achieve low water content, PrOH (≥99%, VWR International LLC, Debrecen,
Hungary) and tetrahydrofuran (THF) (≥99%, VWR International LLC, Debrecen, Hungary) were stored
over 20%(m/V) activated molecular sieves (3Å, beads, VWR International LLC, Debrecen, Hungary)
for at least two days [24]. n-Butylamine (≥99%) was purchased from Merck Kft. (Budapest, Hungary).
N,N′-diphenylurea (≥98%) was purchased from Alfa-Aesar (Ward Hill, MA, USA).
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2.2. Kinetic Experiments

Stock solutions of 2.0 M PhNCO and 2.0 M PrOH in THF (for the stoichiometric runs), and 4.0 M
PhNCO and 0.2 M PrOH in THF (for the NCO excess runs) were prepared in volumetric flasks.
From the prethermostated (±0.1 ◦C) stock solutions, 5.0 mL of PhNCO and 5.0 mL of PrOH solutions
were pipetted into a prethermostated glass vial, which was then capped. The experiments were
conducted at 303,313 and 323 K. At different time intervals a sample of 10 μL was withdrawn from
the reaction mixture and mixed into 990 μL ACN containing 30 μL of n-butylamine in order to
quench the reaction. The amine reacted spontaneously with the isocyanate to form the adduct
N-butylphenylurea. The quenched samples were further diluted by a factor of 50 (for the PhNCO
excess runs) or 5 (for the stoichiometric runs) with an ACN:H2O = 1:1 mixture and were subjected
to HPLC analysis. The concentration of the N,N’-diphenylurea side-product (originating from the
hydrolysis of PhNCO) was also determined and was found to be a maximum of 5.6% of the starting
PhNCO concentration.

2.3. Analysis Method

Analysis of the quenched and diluted samples was done using a Shimadzu HPLC (Shimadzu
Corporation, Kyoto, Japan) equipped with LC-20AD pumps, SIL-20AC autosampler, DGU-20A3R
degassing unit, CTO-20A column oven and a SPD-M20A photodiode array detector. A SunShell C8
column (2.6 μm, 150 × 3.0 mm; ChromaNik Technologies Inc., Osaka, Japan) thermostated at 40 ◦C was
used for the separation. The injection volume was 25 μL. The eluent was ACN:H2O with a gradient
as follows: 0–3.50 min, 42% ACN; 3.51–4.50 min, 82% ACN; 4.51–9.00 min and 42% ACN, at a flow
rate of 0.6 mL/min. The product n-propyl phenylcarbamate was quantified at 239 nm. For calibration,
the reference compound was synthesized from PhNCO in PrOH and purified by flash chromatography.

2.4. Theoretical Method

G4MP2 composite method [23] was applied for obtaining accurate thermodynamic properties,
such as zero-point corrected relative energy (ΔE0), relative enthalpy (ΔH(T)) and relative molar Gibbs
free energy (ΔG(T,P)) for the species involved in the studied reaction mechanisms. As part of G4MP2
protocol B3LYP [25], functional was applied in combination with the 6–31G(2df,p) (this basis set is
noted as GTBas3 in Gaussian09 [26]) basis set for Berny algorithm driven geometry optimizations
(using “tight” convergence criteria with the following thresholds: maximum force = 0.000015, RMS
force = 0.000010, maximum displacement = 0.000060 and RMS displacement = 0.000040) and frequency
calculations. Normal mode analysis was performed on the optimized structures at the same level
of theory to characterize their identities on the potential energy surface (PES). TS structures were
also checked by visual inspection of the intramolecular motions corresponding to the imaginary
wavenumber using GaussView05 [27] and were confirmed by intrinsic reaction coordinate (IRC)
calculations [28] for mapping out the minimal energy pathways (MEP).

For each step of the G4MP2 protocol, including geometry optimization and single point calculations,
the SMD polarizable continuum model [29] was used to mimic the effect of the surrounding solvent
of 1-propanol (PrOH, εr = 20.524) as well as that of tetrahydrofuran (THF, εr = 7.4257). It is worthy
to note that the static relative permittivity for phenyl isocyanate (PhNCO, εr = 8.940 [30]) is close
to that of THF; therefore, the potential energy surface (PES) obtained in PhNCO and in THF can
be expected to be similar. The SMD model is considered highly accurate, since it achieves mean
unsigned errors of 2.5–4.1 kJ/mol in the solvation free energies of neutral species [29] for the reported
test set. All quantum chemical calculations were performed by the Gaussian09 [26] software package.
The optimized structures and calculated G4MP2 thermochemical properties (E0, H(298.15 K) and
G(298.15 K, 1 atm)) are collected in the Tables S1 and S2 of the Supporting Information.
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3. Results and Discussion

3.1. Results of the Kinetic Experiments

The rate constants (kS for the stoichiometric reaction, kI,obs for the reaction running at 20-fold
isocyanate excess) at different temperatures were determined by plotting the urethane concentration
against time (Figure 1) and applying a non-linear regression using the kinetic Equation (1) for second
order and Equation (2) for pseudo first-order reactions. For the latter, because of the 20-fold isocyanate
excess, the isocyanate concentration during the reaction was regarded to be constant ([PhNCO]0).
In like manner, the rate constant kI can be calculated from the observed rate constant kobs (Equation (3)).

[urethane] = [PrOH]0 ×
(
1− 1

1 + [PrOH]0 × kS × t

)
(1)

[urethane] = [PrOH]0 ×
(
1− e−kI,obs×t

)
(2)

kI,obs = kI × [PhNCO]0 (3)

It is apparent from Figure 2 that the first few data points fit well for the appropriate equations,
namely, the second order one (Equation (1)) for Figure 2a and the pseudo first-order one (Equation (2))
for Figure 2b, but at later reaction stages a positive deviation occurs which possibly accounts from
urethane autocatalysis. In case of a stoichiometric NCO/OH ratio, the addition can be described with
second-order kinetics up to 50–60% conversion. When the isocyanate is in 20-fold excess, the reaction
follows pseudo first-order kinetics only up to a conversion of 25–30%. Therefore, only the initial domain
of the data (see Figure 2) were used for non-linear regressions and reaction rate constant calculations.

 

Figure 2. Experimental kinetic curves. (a) Second-order kinetics for the stoichiometric ratio. (b) pseudo
first-order kinetics for the 20-fold PhNCO excess. Data points used for fitting and reaction rate constants’
determinations are indicated by solid curve segments.

Table 1 summarizes the kinetic parameters of the reactions. For the alcohol excess reaction,
the rate constants (kA) and the activation energies were measured in our previous work [11]. Both at
alcohol excess and at isocyanate excess the Arrhenius activation energies are lower than that of the
stoichiometric reaction. (For the Arrhenius plots see Figure S1 in Supporting Information.) From this it
is assumed that not only alcohol, but isocyanate molecules can also exert a catalytic effect and facilitate
the reaction. At or near stoichiometric ratios, both self-catalytic pathways can occur.
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Table 1. Experimental reaction rate constants (kA, kS and kI) at different temperatures, Arrhenius
activation energies (Ea) and pre-exponential factors (A). Ea and A values were obtained by the method
of least squares. For [NCO]0/[OH]0 = 0.005, data are taken from [11]. (n.m. = not measured).

Temperature, K

Alcohol Excess
[NCO]0/[OH]0 = 0.005

Stoichiometric Ratio
[NCO]0/[OH]0 = 1

Isocyanate Excess
[NCO]0/[OH]0 = 20

kA × 105, M–1 s–1 kS × 105, M–1 s–1 kI × 105, M–1 s–1

303 n.m. 1.76 ± 0.18 0.52 ± 0.04
313 0.16 ± 0.01 3.72 ± 0.32 0.91 ± 0.07
323 0.23 ± 0.01 7.41 ± 0.60 1.55 ± 0.11
333 0.33 ± 0.02 n.m. n.m.

Ea, kJ mol–1 30.4 ± 1.6 58.6 ± 6.0 44.2 ± 4.5
A, M–1 s–1 18.8 ± 1.0 234113 ± 23971 214.9 ± 21.9

Rate constants in Table 1 are apparent rate constants, as the values depends on reaction conditions,
such as the applied solvent and the concentrations of the reactants.

3.2. Results of the Theoretical Calculations

Hydrogen bond stabilized alcohol associates have been confirmed [16] and their role of reduction
of the activation barrier in the urethane formation is already accepted [8]. Therefore, the energies of the
PrOH dimer and PhNCO were used as the references in this G4MP2 model calculation. Thermodynamic
values for the stationary points of the reactive potential energy surface are summarized in Table 2 and
relative zero-point corrected energies in PrOH and THF are also displayed in Figure 3.

Figure 3. G4MP2 energy profiles (zero-point corrected) for the alcoholic route in solvents 1-PrOH (red
solid line) and THF (red dashed line), and for the isocyanate route with 1-PrOH (blue solid line) and
THF (blue dashed line).
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Table 2. G4MP2 thermochemical properties calculated in 1-propanol (PrOH) and in tetrahydrofuran
(THF), including zero-point corrected relative energies (ΔE0), relative enthalpies (ΔH(T)) and relative
Gibbs free energies (ΔG(T,P)) at T = 298.15 K, and P = 1 atm. (A) according to alcohol excess,
and according to isocyanate excess (I). All values are in kJ/mol.

Pathway Species
ΔE0 ΔH(T) ΔG(T,P)

PrOH THF PrOH THF PrOH THF

Alcohol
Excess (A)

PhNCO + 2 PrOH 0 0 0 0 0 0
A_RC −17.0 −30.8 −14.0 −27.2 25.1 50.5
ATS 35.4 20.7 32.7 17.0 91.4 119.2

A_PC −99.7 −109.3 −100.9 −109.8 −47.4 −17.2

Isocyanate
Excess (I)

2 PhNCO + PrOH 0 0 0 0 0 0
I_RC −34.6 −12.7 −33.0 −11.1 −12.7 36.9
ITS1 51.1 62.6 44.0 55.7 62.6 141.3
I_IM −152.3 −139.3 −160.1 −147.2 −139.3 −59.0
ITS2 39.4 49.0 31.5 41.2 49.0 129.4
I_PC −105.6 −103.1 −109.2 −106.4 −103.1 −38.4

In line with the theoretical and experimental work of Raspoet et al. [8], a reactive complex of
the alcohol excess reaction (A_RC) had been characterized and its structure is shown in Figure 4.
This structure is stabilized by three strong hydrogen bonds between the molecular moieties, and the
energy gain of the complex formation is 16.9 kJ/mol in PrOH medium (values obtained in propanol
solvent will be discussed further). In this concerted mechanism, the transition state structure (ATS in
Figure 4) is a six centered structure. In ATS, the positively charged hydrogen of PrOH shifts to the
electron rich nitrogen of the PhNCO, while the NCO group is being bent, activating the carbon for
the formation of a new C–O bond, while the other PrOH and the hydrogen of this alcohol’s oxygen is
transferred to the other alcohol in the same time. Due to the complex interaction network, the transition
state energy is only 35.4 kJ/mol above the reactant level, which is consistent with the theoretical value
of 27.0 kJ/mol (obtained at the MP2/6-311++G(d,p) or MP2/6-31G(d,p) level of theory) reported by
Raspoet et al. [8] for methanol and hydrogen isocyanate. As a result of the IRC calculation, the product
complex (A_PC) was also localized and the relevant structural parameters are displayed in Figure 4.
As is seen, the urethane bond formed is strongly hydrogen bonded to the oxygen of the remaining
PrOH. This exothermic reaction releases 99.7 kJ/mol energy to form A_PC. Interestingly, the relative
energies of these stationary points become significantly lower by the replacement of the solvent of
PrOH to THF. Obviously, the catalytic effect of the second alcohol can only be manifested when enough
PrOH dimer is accessible for the urethane formation reaction.

Despite of intensive use of PhNCO as a proxy in the mechanistic studies for the urethane formation,
the physicochemical properties of liquid PhNCO are scarcely mentioned in the literature. For example,
only a schematic representation of the intermolecular interactions between PhNCO molecules can be
found in the work of Baev [31], with an enthalpy of vaporization value (ΔvapH◦ = 46.5 ± 0.3 kJ/mol),
while neither the viscosity or liquid structure of PhNCO were never reported to the best of our
knowledge. This ΔvapH value is similar to that of 1-propanol (ΔvapH◦ = 47.5 kJ/mol) [32]. On the other
hand, the kinematic viscosity of PhNCO is 0.96 mm2/s (298 K) according to our measurement, which is
about 2.76 times smaller than that of 1-PrOH (2.65 mm2/s at 298 K). Due to the recent development
of an accurate GAFF-based force field [33] for isocyanate compounds, the structural elucidation of
PhNCO liquid is expected to come. Until then, as supported by the above-mentioned ΔvapH◦ [31]
and interaction energy [19] of PhNCO being similar to those of propanol, one might hypothesize
that the PhNCO dimers are stable enough to act as a reactant for the urethane formation under
isocyanate excess.
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Figure 4. Reactive complex (RC), transition state structure (TS) and product complex (PC) structures
(obtained at a B3LYP/6-31G(2df,p) level of theory from the G4MP2 calculation) for the alcohol excess
reaction mechanism of urethane bond formation in solvent 1-PrOH or THF (in parenthesis). The relative
zero-point corrected energies are also presented in kJ/mol.

The reactive potential energy profile of two phenyl isocyanate molecules with PrOH is shown in
Figure 3. The reactive complex (I_RC) is stabilized with a hydrogen bond between the nitrogen of one
of the PhNCOs and the hydroxyl of the PrOH molecule, as shown in Figure 5. In addition, the lone
pairs of the hydroxyl point towards the positively charged carbon atom of the NCO group in the second
PhNCO with a distance of 2.992 Å. These interactions can significantly reduce the relative energy of
the reactive complex (−34.6 kJ/mol) compared to that of the reactants. The six-centered transition
state structure (ITS1) resulted in the formation of allophanate (I_IM), which has two synchronized
bond forming components that are combined with hydrogen-abstraction motion, as shown in Figure 5.
In that case, both isocyanate groups are bent, and a long, new C–N bond is being formed between the
isocyanate groups (2.320 Å), while the critical distance between the alcohol’s oxygen and the isocyanato
carbon is extremely small (1.519 Å). In the hydrogen abstraction component of the motion along the
reaction coordinate, the moving hydrogen is attacked by the nitrogen of the isocyanato group from
relatively large distance (rH-N = 1.474 Å) and the O–H length is slightly elongated (rO-H = 1.067 Å).
This motion also leads to the formation of a new C=O bond with a distance of 1.337 Å. ITS1 is 51.1 kJ/mol
higher in energy compared to the energy level of the reactants (PhNCO dimer and PrOH) and it is
15.7 kJ/mol higher in relative energy than ATS in the case of the alcohol excess mechanism.
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Figure 5. Reactive complex (RC), transition state structure (TS), intermediate (IM) and product complex
(PC) structures (obtained at the B3LYP/6 31G(2df,p) level of theory from the G4MP2 calculation) for
the isocyanate excess reaction mechanism of urethane bond formation in solvent 1-PrOH or THF
(in parenthesis). The relative zero-point corrected energies are also presented in kJ/mol.

As IRC calculation started from ITS1 confirmed, I_RC and I_IM are connected through ITS1.
The allophanate formed (I_IM, propyl N,N’-diphenylallophanate) is a thermodynamically stable
intermediate of this potential energy surface with the corresponding relative zero-point energy
of—152.3 kJ/mol. In its planar central structure, a strong intramolecular hydrogen bond can be found
with a short H–O distance (rNH-O = 1.834 Å). According to our B3LYP/6-31G(2df,p) calculation, N–H
bond stretching mode and its rocking mode can be seen as intensive IR peaks at 3547.7 cm−1 and
1574.2 cm−1, respectively. Furthermore, an additional four IR wavenumbers with high intensities can
be assigned to the allophanate functional group. Symmetric and asymmetric C=O stretch modes are at
1761.2 cm−1 and 1713.7 cm−1, respectively. The remaining two complex vibrational motions of the
allophanate ire at 1367.1 cm−1 and 1213.1 cm−1. These IR spectral data may be used to monitor the
components that take part in the reaction [34], although assignment of these peaks can be difficult due
to the multicomponent reaction mixtures, as well as the overlap amongst the IR peaks corresponding
to similar functional groups (e.g., allophanate, biuret and urethane). Proper peak assignment for
allophanates is still under debate [35].

Nevertheless, the allophanate intermediate can further react through transition state ITS2, leading
to the urethane–phenyl isocyanate complex I_PC. As can be seen from Figure 5, ITS2 is a tight,
four-centered transition state corresponding to a hydrogen shift from one of the allophanate nitrogens
to the other. Comparing the relative energy of ITS1 and ITS2, ITS1 is found to be an energetic bottleneck
of this reaction’s channel, since all thermodynamic parameters are higher for ITS1 than for ITS2 by at
least 11.8 kJ/mol, as shown in Table 2. In contrast to the propanol excess mechanism, solvent change
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(from PrOH to THF) increased the relative energy, enthalpy and Gibbs free energy values in the
isocyanate excess mechanism, as also seen from Table 2.

Allophanate formation in isocyanate excess has been already reported [36], although the previously
proposed reaction mechanism starts from a covalently bonded, cyclic isocyanate dimer (uretdione)
which then reacts with alcohol to give allophanate. Allophanate can then decompose to urethane
and isocyanate. In contrast to that, our proposed mechanism only assumes the formation of the
non-covalent dimer, which can react with alcohol through a low-lying, six-centered transition state to
form an allophanate intermediate. This transition state is structurally similar to the proposed one at
alcohol excess.

4. Conclusions

We conclude, that based on theoretical and experimental results, urethane formation can occur
with the active participation of three molecules. One of these molecules, originating from either the
excess alcohol or isocyanate, corresponds to self-catalysis. Our new findings indicate that, besides
the alcohol-catalyzed route which had already been discussed in the literature and verified by this
study, an isocyanate-catalyzed mechanism can also exist. This route, in contrast to the one-step
alcohol-catalyzed mechanism, includes two consecutive reactions and the formation of an allophanate
intermediate. The key step of the new mechanism is the 1,3-H shift between the nitrogens of the
allophanate. The potential energy surface (PES) highly depends on the applied solvent. This agrees with
the well-known solvent dependence of the reaction kinetics of urethane formation. The experimental
findings, i.e., lower activation energies for either the alcohol or the isocyanate-excess reactions
compared to the stoichiometric reaction, also suggest that both self-catalytical pathways could be
feasible. Considering the importance of catalysis in polyurethane synthesis, molecular understanding
the role of the third molecule in the reaction mechanism of urethane formation gives a new direction to
the design of a better catalyst.
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Abstract: This study created water polyurethane (WPU) prepolymer by using isophorone diisocyanate,
castor oil, dimethylolpropionic acid, and triethanolamine (TEA) as the hard segment, soft segment,
hydrophilic group, and neutralizer, respectively. TEA, deionized water, and carbon black (CB)
were added to the prepolymer under high-speed rotation to create an environmentally friendly
vegetable-oil-based polyurethane. CB served as the fortifier and promoter of microphase separation.
Fourier transform infrared spectroscopy was performed to elucidate the role of H-bond interactions
within the CB/WPUs. Additionally, atomic force microscopy was conducted to determine the
influence of H-bond interactions on the degree of microphase separation in the WPU. Furthermore,
this study used four-point probe observation to discover the materials’ conductivity of CB in the
WPU. Thermogravimetric analysis and dynamic mechanical analysis were performed to measure the
thermal properties of the CB/WPUs. The mechanical properties of CB/WPUs were measured using
a tensile testing machine. The CB/WPUs were also soaked in 1 wt.% NaOH solution for different
amounts of time to determine the degradation properties of the CB/WPUs. Finally, scanning electron
microscopy was performed to observe the topography of the CB/WPUs after degradation.

Keywords: carbon black; microphase separation promoter; polyurethane; vegetable oil;
environmentally friendly

1. Introduction

The promotion of green materials has attracted global attention to the development of
environmentally friendly polymers. Numerous studies have investigated vegetable oils [1,2], such
as castor oil (CO) [3,4] and soybean oil [5]. CO is extracted from the seeds of caster plants. Because
every CO molecule consists of three –OH groups, CO can serve as a cross-link agent [6]. Scholars
have imported CO into polyurethane (PU) structures [7,8], and even implemented the postmodified
ester [9,10] and alkenyl [11,12] groups of CO in PU. PU has outstanding mechanical properties, abrasion
resistance, and stiffness [13,14]. Therefore, this study synthesized green PU by using natural materials
and isocyanate [15]. Water polyurethane (WPU) has inferior mechanical properties 5 to oil PU [16].
The mechanical properties of PU are mainly determined by the degree of microphase separation during
PU formation. Microphase separation is generated by the polarity between hard and soft segments,
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which also causes the clustering of hard segments [17,18]. The formation of microphase separation
mainly arises from the generation of hydrogen bond between the -NH group on urethane group
(–COONH–) hard segment and C=O group, which promotes the aggregation of hard segment.

Scholars have employed 1-octadecanol as a promoter to improve the degree of microphase
separation and mechanical properties in PU [19]. In other studies, the H-bond interaction between
inorganic substances and PU has been used to increase the degree of microphase separation. Xia et al.
discovered that adding a suitable amount of silicate clay increased the degree of completion of
microphase separation during the PU production process. However, the addition of excessive amounts
of clay lowered the degree of microphase separation [20]. Studies have also reported that the addition of
multiwalled nanotubes accelerated the microphase separation of structures within the thermoplastic PU
matrix [21,22]. This type of microphase separation is mainly caused by the H-bond interaction formed
by the –COOH or –OH group of the inorganic substance and the C=O group in the thermoplastic PU.
The increase in the degree of microphase separation also improved the mechanical properties of PU.
Although WPU has poorer mechanical properties than PU, the WPU synthesis process does not require
the use of solvents. Thus, the production of WPU creates fewer volatile organic compounds and is
thus more environmentally friendly [23]. In one study, scholars used isophorone diisocyanate (IPDI)
and CO to successfully synthesize WPU with outstanding mechanical properties [24]. The present
study aimed to synthesize the aforementioned type of green PU and employ inorganic substances as
the microphase separation accelerator for producing environmentally friendly PU nanocomposites.
The inclusion of inorganic substances in PU can endow PU with various functions [25,26]. For example,
the blending of PU and Ag produced an antibacterial material [27]; the use of oyster shell powder
as a nucleating agent in PU imbued PU with the antibacterial properties of the oyster shell powder,
producing a biomedical material [28]; and the addition of carbon material to PU produced a conductive
material [29]. Carbon black (CB) is a natural product produced when hydrocarbon substances are
burned in insufficient air. The surface layer of CB comprises –OH groups, which can form H-bond
interactions with C=O groups in PU. These groups not only can attract the hard segments to around
CB to increase the microphase separation, but also can promote the spread of CB within PU, creating
PU with conductivity and adding to the functionality of PU to enable production of static conductive
materials. This study employed the –OH group in CB to promote microphase separation in CO-based
PU and endow PU with static conductive functionality.

This study employed IPDI, CO, dimethylolpropionic acid (DMPA), and triethanolamine (TEA)
as the hard segment, soft segment, hydrophilic group, and neutralizer, respectively, to create a WPU
prepolymer. Scheme 1 displays the process of adding TEA, deionized water, and CB to the PU under
high-speed rotation to produce environmentally friendly CO-based WPU. Figure 1 shows the cycle
of environmental CB/WPUs. Fourier transform infrared spectroscopy (FTIR) was used to determine
the functional group changes. Thermogravimetric analysis (TGA) and dynamic mechanical analysis
(DMA) were used to investigate the thermal properties of the CB/WPUs. Additionally, the mechanical
properties and surface topography of the CB/WPUs were obtained using a tensile testing machine and
atomic force microscopy (AFM). A four-point probe was employed to measure the conductivity of the
CB/WPUs. Subsequently, this study analyzed the degradation properties of the CB/WPUs after they
were soaked in NaOH for different periods of time and employed scanning electron microscopy (SEM)
to observe the topography of the hydrolyzed CB/WPUs.
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Scheme 1. Formula for the castor oil based-WPU.
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Figure 1. Schematic of environmentally friendly CB/WPUs.

2. Experimental

2.1. Materials

Methyl ethyl ketone (MEK) from Mallinckrodt Baker Chemical Inc. (Phillipsburg, NJ, USA) was
dehydrated with 4-Å molecular sieves for several days before its use as a solvent. Dimethylolpropionic
acid (DMPA) and triethylamine (TEA) were purchased from Aldrich Chemical Co. (Milwaukee, WI,
USA). Isophorone diisocyanate (IPDI) was obtained from Tokyo Chemical Industry Co. Ltd. (Tokyo,
Japan). Ethylenediamine (EDA) was obtained from Tedia Company Inc. (Fairfield, OH, USA). Castor
oil (CO) was purchase from Alfa Aesar (Ward Hill, MA, USA). Carbon black was from Lingo Industry
Co., Ltd. (Jhongli, Taiwan), and its diameter size is 50–100 nm.

2.2. Synthesis of CB/WPUs

First, CB was added to 10 mL of MEK and dispersed using an ultrasonicator. Subsequently, CO
and IPDI were added to the 500-mL three-necked flask. Nitrogen was passed through the flask to heat
it to 75 ◦C. A mechanical mixer was employed to mix the content at 300 rpm. After 2 h of reaction had
passed, DMPA was added for prepolymerization. When the stickiness of the mixture had increased,
butanone containing CB was added to moderate the stickiness of the mixture. The WPU prepolymer
was then cooled to 50 ◦C and neutralized using TEA for 20 min. Deionized water and ethylenediamine
(EDA) were added to the mixture for 1 h to disperse the CB/WPUs (Scheme 1). The obtained CB/WPU
solution was poured into a serum bottle and stored under a vacuum to defoam for 1 day. Finally, the
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CB/WPU solution was poured onto a Teflon plate and placed in an oven to dry. The recipe, symbols,
and theoretical contents of the hard and soft segments for the CB/WPUs films are shown in Table 1.

2.3. Fourier Transform Infrared Spectroscopy (FT-IR)

Fourier transform infrared spectroscopy measurements were performed on a Digilab (Hopkinton,
MA, USA) (model (FTS-1000)). The spectra of the samples was obtained by averaging 16 scans in a
range of 4000 to 650 cm−1 with a resolution of 2 cm−1.

2.4. Surface Roughness Analysis

Scanning was performed using a Bruker dimension icon atomic force microscope (Billerica, MA,
USA), which is generally operated in two imaging modes: tapping and contact. The tapping mode
was used in this study, and the tip of the oscillation probe cantilever made only intermittent contact
with the sample. Regarding the phase of the sine wave that drives the cantilever, the phase of the tip
oscillation is extremely sensitive to various sample surface characteristics; therefore, the topography
and phase images of a sample’s surface can be detected.

2.5. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was performed on a TA instrument Q-500 (New Castle, DE, USA).
The samples (5–8 mg) were heated from room temperature to 700 ◦C under nitrogen at a rate of
10 ◦C/min.

2.6. Conductivities

The sheet resistances of the CB/WPUs were measured with a Keithley 2400 digital source meter
equipped with a four-point probe. Every resistance was tested 3 times and the average value was
obtained. Generally speaking, the conductive materials used in the antistatic materials can be divided
into three grades. The first one is basic antistatic grade with a 109~1012 of surface impedance.
The second one is antistatic grade (static dissipation) with 106~109 of surface impedance. The third
one is conductive grade with 104~106 of surface impedance.

2.7. Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis was performed on DMA Q800 machine (TA Instruments, New Castle,
DE, USA) at 1 Hz with a 5 μm amplitude over a temperature range of −50 to 50 ◦C at a heating rate of
3 ◦C/min. Specimens with dimensions of 35.6 × 12.7 × 2 mm3 were used in these tests. The Tg was
taken as the peak temperature of the glass transition region in the tan δ curve.

2.8. Stress–Strain Testing

Tensile strength and elongation at break were measured using a universal testing machine (model
CY-6040A8, Chun Yen Testing Machine Co., Ltd., Taichung, Taiwan). Testing was conducted with
ASTM D638. The dimension of the film specimen was 45 mm × 8 mm × 0.2 mm.

2.9. Hydrolytic Degradation Tests

Hydrolytic degradation evaluation of the specimens was conducted in a 1% aqueous NaOH
solution [30,31]. In order to accelerate the tests, all samples were tested at 45 ◦C. The specimens
with dimensions of 2 × 2 cm2 were tested for various days, washed with distilled water, and dried
completely in a vacuum oven at 70 ◦C for 3 h. The degree of degradation was determined from the
weight loss in Equation (1):

Weight loss =
W0 −Wt

W0
(1)

where W0 is the dry weight before degradation, and Wt is the dry weight at time t.
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2.10. Morphology Analysis

Morphology of the specimens after hydrolytic degradation was observed by using a high
resolution field-emission scanning electron microscope (FESEM), model JSM-6500F(JEOL, Tokyo,
Japan). Specimens of 2 × 2 cm2 were fixed on a sample holder using conductive adhesive tape and
were then coated with a thin layer of platinum to improve image resolution. The samples were
photographed with 1.00 K magnification

3. Results and Discussion

3.1. Fourier Transform Infrared Spectroscopy (FT-IR)

Figure 2a displays the FTIR analysis results and reveals that the curve of the CB/WPUs is within
4000–650 cm−1. The FTIR curve contains the characteristic peak of PU (–COONH–). The stretching
vibration peaks of the –NH and –OH groups are located at 3100–3550 cm−1, whereas the stretching
vibration peak of CH2 is located at 2800–3000 cm−1 (the asymmetric and symmetric stretching vibration
peaks of CH2 are located at 2923 and 2856 cm−1, respectively). The stretching vibration peak of C=O is
located at 1600–1800 cm−1 and represents the ordered H-bonded carbonyl groups (C=Oorder), disordered
H-bonded carbonyl groups (C=Odisorder), and free carbonyl groups (C=Ofree). The stretching vibration
peaks for amide II (δN–H + νC–N + νC–C) and III (νC–N, N–H bending, and C–Cα) are located at
1529 and 1234 cm−1, respectively. These results are consistent with those in other reports [6,32]. This
study conducted curve fitting of the C=O curve section (1620–1740 cm−1) to determine changes in
the number of H-bonds and reveal the influence of adding CB to the WPU on H-bond interactions
(Figure 2b). The results revealed that the stretching peaks of C=Oorder, C=Odisorder, and C=Ofree

are located at 1644, 1703, and 1738 cm−1, respectively. After calculating the curve area of C=Oorder,
C=Odisorder, and C=Ofree, the percentage of total H-bond content within the C=O functional group of
each CB/WPU was determined (Table 2). The calculations indicated that the C=O functional group
comprised 79.96%, 88.27%, 92.28%, and 84.90% of the total H-bond content in WPU, CB/WPU-01,
CB/WPU-02, and CB/WPU-03, respectively. The original C=O comprised 79.96% of the total H-bond
content of the WPU. These H-bonds were located in the hard section of the C=O· · ·H–N. When the
amount of CB added was 0–2 wt.%, higher amounts of CB resulted in more total H-bonds in the C=O
functional group, with the maximum difference being 12.32%. These H-bonds were located in the
C=O· · ·H–O section between WPU and CB. When 3 wt.% CB was added, the total number of H-bonds
was lower. This was possibly due to severe clustering of CB that prevented the formation of H-bonds.

Table 1. Formulas of the CB/WPUs.

Designation IPDI (moles) CO (mole) DMPA (moles) EDA (moles) TEA (moles) CB (wt.%)

WPU 4 1.2 0.8 0.8 0.6 0
CB/WPU-01 4 1.2 0.8 0.8 0.6 1
CB/WPU-02 4 1.2 0.8 0.8 0.6 2
CB/WPU-03 4 1.2 0.8 0.8 0.6 3

Table 2. Thermal properties and FTIR results of the CB/WPUs.

Designation
TGA FTIR

Tonset (°C) T50 (°C) 700 °C Residue C=Oorder C=Odiorder C=Ofree H-Bond Content

WPU 290.49 337.05 1.81% 53.07% 26.89% 20.04% 79.96%
CB/WPU-01 294.89 344.55 2.24% 42.33% 45.94% 11.73% 88.27%
CB/WPU-02 297.13 347.21 2.30% 34.45% 57.83% 7.72% 92.28%
CB/WPU-03 299.58 348.43 2.45% 57.55% 27.35% 15.10% 84.90%
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Figure 2. FT-IR spectra of the CB/WPUs at the wavenumber range of (a) 4000–650 cm−1,
(b) 1740–1620 cm−1. (C=Oorder as blue line; C=Odisorder as green line; C=Ofree as pink line).

3.2. Surface Roughness and Electrical Resistance Analysis

The hydrogen bond is one of the key factors promoting the microphase separation of PU. So on
the whole, it can be said that the hydrogen bond influences the surface roughness and also influences
the distribution of microphase separation at the same time. The left and right parts of Figure 3 display
the three-dimensional morphology and phases of the CB/WPUs. The average surface roughness of
WPU, CB/WPU-01, CB/WPU-02, and CB/WPU-03 is 1.58, 2.07, 4.32, and 2.84 nm, respectively. Up to
CB addition of 2 wt.%, an increase in the CB added caused an increase in the surface roughness of
the WPU. However, adding an excessive amount of CB resulted in lower average surface roughness
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due to the H-bond interaction produced by the –OH group of CB and –C=O group of PU. The FTIR
results revealed that CB/WPU-02 had the most H-bonds, causing an unstable film-forming process and
increasing the average surface roughness. The phase figure indicates that WPU had similar microphase
separation conditions as PU. When 1 wt.% of CB was added, the number of surface hard segments was
increased. The hard segments (i.e., the white dots in Figure 3) showed the presence of CB. Because in
the phase diagram of AFM, it is able to identify the soft or hard degree of the film, and when the values
are higher (white dots), it represents the film is harder. The microphase separation in PU can promote
the separation of soft segment and hard segment. The hard segment belongs to the harder area in the
film. So the white dots represent the hard segment (IPDI), but they can also represent CB (because CB
is relatively harder compared to the film). This indicates that CB promotes microphase separation.
When 2 wt.% of CB was added, the hard segments began to cluster and the soft segments (i.e., darker
area) were evenly distributed. This result indicated that the degree of microphase separation was
greater in CB/WPU-02 than in CB/WPU-01. The phase figure of CB/WPU-03 indicates that when the
amount of CB added was 3 wt.%, the white dots were clustered. Microphase separation in PU is caused
by the different polarity of hard and soft segments. Additionally, hard segment clustering is caused by
H-bond interactions between hard segments. Because the CB/WPU-02 film exhibited the most H-bond
interactions, it had the greatest degree of microphase separation.

Figure 3. AFM 3D Morphology and phase images of the CB/WPUs.
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The amount of CB substantially influences the conductivity of CB/WPUs. The resistive properties
of the CB/WPUs are displayed in Table 3. The standard WPU did not exhibit conductivity. When
1 wt.% CB was added, the resistive value was 2.01 × 106, indicating that the addition of 1 wt.% CB
gave the WPU static conductivity. CB/WPU-02 and CB/WPU-03 had resistive values of 8.41 × 105 and
3.99 × 104, respectively. This was because more CB was present in the WPU and indicates that all
samples had static conductivity.

Table 3. DMA and electrical resistance results of the CB/WPUs.

Sample Tgd from Tanδ (°C) Tan δmax Electrical Resistance (ohm)

WPU 52.66 0.403 – a

CB/WPU-01 59.36 0.400 2.01 × 106

CB/WPU-02 59.41 0.398 8.41 × 105

CB/WPU-03 55.82 0.384 3.99 × 104

a Indicates that the resistance value is not detected.

3.3. Thermal Properties

Figure 4 displays the TGA curves of WPUs containing different amounts of CB. Table 2 records
the following TGA values of the samples: Tonset, T50, and 700 ◦C residue. The results indicated that
the Tonset of WPU, CB/WPU-01, CB/WPU-02, and CB/WPU-03 were 290.49 ◦C, 294.89 ◦C, 297.13 ◦C,
and 299.58 ◦C, respectively. Additionally, the T50 of WPU, CB/WPU-01, CB/WPU-02, and CB/WPU-03
were 337.05 ◦C, 344.55 ◦C, 347.21 ◦C, and 348.43 ◦C. Thus, when 3 wt.% CB was added to the WPU,
the temperature required to reach Tonset or T50 was increased by 10 ◦C. This was because CB has
greater thermostability than WPU. Therefore, the thermostability of WPU was increased by adding
more CB. Furthermore, the 700 ◦C residue masses of WPU, CB/WPU-01, CB/WPU-02, and CB/WPU-03
were 1.81%, 2.24%, 2.30%, and 2.45%, respectively. The increase of residue mass in CB/WPUs with CB
content again indicates that more CB has remained in WPU.

100 200 300 400 500 600 700
0

20

40
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80

100

Figure 4. TGA curves of the CB/WPUs.

3.4. Dynamic Mechanical Analysis (DMA)

Figure 5 displays the tanδ of the WPUs obtained when different amounts of CB were added.
The dynamic glass transition temperature is denoted Tgd. Table 3 lists the maximum Tgd and tanδ
for the different CB/WPUs. The Tgd of the standard WPU was 52.66 ◦C. Adding 2 wt.% CB to WPU
resulted in a higher Tgd of 59.41 ◦C. This was possibly due to H-bond interactions between the –OH
groups in CB and C=O groups in WPU. This H-bond interaction prevents WPU molecular chains
from moving, causing a higher Tgd. However, when 3 wt.% CB was added, the Tgd was lower. This
may have been caused by the extensive clustering of CB, which restrained the –OH groups of CB
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and prevented them from forming H-bonds with the C=O groups, as was demonstrated in the FTIR
analysis. Additionally, the maximum tanδ of WPU, CB/WPU-01, CB/WPU-02, and CB/WPU-03 was
0.403, 0.400, 0.398, and 0.384, respectively. The tanδ is obtained from the loss modulus divided by the
storage module. So, lower tanδ value means harder membrane. Thus, the maximum tanδ decreased
with an increase of CB. This was because the addition of CB increased the hardness of the CB/WPUs,
reducing the flexibility and increasing the stickiness of the WPUs.

Figure 5. DMA Tan δ curves of the CB/WPUs.

3.5. Tensile Properties

Figure 6 displays the stress–strain curve of the various CB/WPUs. Table 4 records the maximum
tensile strength, breaking strain, and Young’s modulus of each CB/WPU. The maximum tensile strength
of WPU, CB/WPU-01, CB/WPU-02, and CB/WPU-03 was 9.7, 12.9, 13.8, and 10.4 MPa, respectively,
whereas their breaking strains were 123%, 108%, 69%, and 60%. CB/WPU-02 thus had the greatest
tensile strength. Possible reasons for this include the dispersibility of CB when 2 wt.% CB was added
to WPU and the H-bond interactions between CB and WPU. In these two situations, the degree of
microphase separation was increased. This microphase separation result was also shown in the AFM
results. When an excessive amount of CB (i.e., 3 wt.%) was added, the CB in the WPU was severely
clustered. This clustering increased the stress concentration point of the WPU and caused more
defects in the material, reducing the maximum tensile strength and breaking strain. The Young’s
modulus of WPU, CB/WPU-01, CB/WPU-02, and CB/WPU-03 was 0.85, 1.39, 3.64, and 1.77 MPa,
respectively. CB/WPU-02 thus exhibited the greatest Young’s modulus. This result is consistent with
the aforementioned description.

Figure 6. Tensile properties of the CB/WPUs.
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Table 4. Tensile properties of the CB/WPUs.

Sample Tensile Strength (MPa) Young’s Modulus (MPa) Elongation at Break (%)

WPU 9.7 0.85 123
CB/WPU-01 12.9 1.39 108
CB/WPU-02 13.8 3.64 69
CB/WPU-03 10.4 1.77 60

3.6. Hydrolytic Degradation

This study sought to develop an environmentally friendly and degradable material. Figure 7
displays the mass loss of the CB/WPUs after degradation in 1 wt.% NaOH. The mass loss of all samples
exceeded 15% after 12 h of degradation. After 16 h of degradation, most of the polymer structure
was fractured, causing difficulties in sampling. CB/WPU-02 exhibited the lowest degradation speed.
This was because the CB/WPU-02 had the most H-bond interactions. When the amount of CB added
was 3 wt.%, the CB was severely clustered within the WPU, increasing the number of defects in
the material. This enabled 1 wt.% NaOH to enter the CB/WPU-03 film more easily and caused the
CB/WPU-03 to lose more mass.

Figure 7. Weight loss of hydrolytic degradation results of the CB/WPUs.

3.7. SEM Morphology Analysis

Figure 8 displays the SEM surface topology of CB/WPUs after degradation in 1 wt.% NaOH for
different amounts of time. After 12 h, numerous holes had developed on the WPU sample containing
no CB, whereas CB/WPU-01 had considerably fewer holes. This was because the H-bond interactions
between CB and WPU prevented the 1 wt.% NaOH solution from infiltrating the WPU film. The surface
topography of CB/WPU-02 is rougher than the other samples. This was possibly because more H-bond
interactions were causing the greatest degree of microphase separation within the CB/WPU-02 (such as
AFM). The high degree of microphase separation promoted the clustering of degradable casotor oil
segments, so after CB/WPU-02 was immersed in 1 wt.% NaOH solution, the clustered soft segments on
CB/WPU-02 surface were degraded and the shape was changed. After being degraded for 12 h, large
cavities formed on CB/WPU-03. This was because of severe CB clustering in the WPU, which caused
numerous defects in the CB/WPU-03 film. In summary, from the degradation loss rate and SEM, it was
known that CB/WPU-02 had less degradation loss rate and no formation of cavities, and this was
possibly because the H-bond interactions inhibited 1 wt.% NaOH, permeating into CB/WPUs film.
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Figure 8. Scanning electron microscope micrographs of the CB/WPUs with hydrolytic degradation for
4, 8, and 12 h at 45 ◦C.

4. Conclusions

This study successfully synthesized an environmentally friendly vegetable-oil-based PU. FTIR
analyses revealed that CB/WPU-02 had the most H-bond interactions. The AFM and conductivity
test results revealed that 2 wt.% CB was the optimal amount of CB to add to promote microphase
separation. This was due to CB microclustering when 2 wt.% CB was employed. The CB microclustering
and H-bond interactions caused CB/WPU-02 to exhibit the highest degree of microphase separation.
Additionally, TGA revealed that greater amounts of CB in the WPU resulted in higher initial degradation
temperatures. The DMA and tensile test revealed that the CB/WPU-02 film had the highest Tgd and
most favorable mechanical properties. When the amount of CB added was 3 wt.%, the CB clustered
severely and numerous defects were created. The degradation experiment and SEM results revealed
that CB/WPU-02 exhibited the greatest degradation stability of all samples. NaOH was found to not
easily infiltrate the CB/WPU-02 film, causing the degradation process to commence from the film
surface. In summary, when 1 wt.% of CB is added (CB/WPU-01), it has already become the static
conductive material (such as Table 3). So the cost has already been reduced, it is much more suitable
to be used in the application of operation room and weapon storehouse. As for the raise of benefit,
2 wt.% of CB addition (CB/WPU-02) will be the most appropriate addition level.
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Abstract: Dithiocarbamate-grafted polyurethane (PU) composites were synthesized by
anchoring dithiocarbamate (DTC) as a chelating agent to the polyethyleneimine-polydopamine
(PE-DA)-functionalized graphene-based PU matrix (PE-DA@GB@PU), as a new adsorbent material
for the recovery of Cu2+, Pb2+, and Cd2+ from industrial effluents. After leaching with acidic media
to recover Cu2+, Pb2+, and Cd2+, dithiocarbamate-grafted PE-DA@GB@PU (DTC-g-PE-DA@GB@PU)
was decomposed and PE-DA@GP was regenerated. The latter was used to recover Pd2+, Pt4+, and
Au3+ from the copper leaching residue and anode slime. The present DTC-g-PE-DA@GB@PU and
PE-DA@GB@PU composites show high adsorption performance, effective separation, and quick
adsorption of the target ions. The morphologies of the composites were studied by scanning electron
microscopy and their structures were investigated by Fourier transform infrared (FT-IR) spectroscopy
and Raman spectroscopy. The effects of pH values, contact time, and initial metal ion concentration
conditions were also studied. An adsorption mechanism was proposed and discussed in terms of the
FT-IR results.

Keywords: polyurethane; graphene; metallurgy; polymeric composites; thiocarbamate

1. Introduction

Heavy metal ions (Cu2+, Pb2+, and Cd2+) are non-biodegradable, accumulative, and persistent
environmental contaminants. In recent years, the surge of industrial effluents and mine wastewater
has intensified environmental problems, posing a severe harm to ecological and global public health
because of the carcinogenicity, high toxicity, and biological accumulation of such ions [1]. Pd2+, Pt4+,
and Au3+ are well-known noble metals (NMs) used for coins, jewelry, catalysts, and electric and
corrosion-resistant materials. As NM resources are limited, their demand in the jewelry market and for
medical applications is generally quite high [2]. Consequently, considerable research efforts have been
made toward the removal of heavy metal ions from industrial wastewater and recovery of NMs from
industrial waste, which usually involve using adsorbents derived from polyurethane (PU) by virtue
of its extremely low cost, 3D porous structure, easy handling and storage [3]. Jinchuan Group Ltd.
is China’s biggest platinum group metals producer. During the electrorefining process, some heavy
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metals (HMs) in industrial effluents are discharged to the tailings dam and some NMs accumulate in
the byproduct copper leaching residue and anode slime. The latter is an important source for recycling
and recovery of Au, Pd, and Pt [4]. These sludges are categorized as hazardous wastes, and their
storage and disposal are very costly. However, as these wastes contain valuable metals in abundance,
it is extremely important to maximize the utilization and recycling of HMs and NMs economically to
achieve both environmental protection and sustainable development.

For this purpose, many kind of adsorbents have been synthesized and various techniques such
as nanoparticles [5], nanofibers [6,7], ion exchange [8,9], membrane separation [10,11], and solvent
extraction [12,13] have been investigated over the past few years. However, the extraction of HM and
NM ions from wastes is still challenging. In this respect, the critical issues are low selectivity and
insufficient adsorption capacity of the adsorbents. PU is the most practical adsorbent material for NMs.
Graphene-based composite materials have attracted considerable attention because of the large specific
surface area of graphene [14]. It has been shown that the fusion of graphene oxide (GO) with PU
polymers can enhance the mechanical properties and surface area of graphene-based PU (GB@PU) [15].

In the present work, a polyethyleneimine-polydopamine (PE-PDA) hybrid coating was
spontaneously co-deposited onto the surface of GB@PU [16]. By taking advantage of the
self-polymerization of catechol-inspired natural PDA, PE-DA coated GB@PU (PE-DA@GB@PU)
hybrid was prepared via Michael addition or Schiff base reactions [17]. The homogeneous and
well-controlled coating layer of PDA on GB@PU improved the hydrophilicity of the GO sheets.
Simultaneously, the PDA layer offered abundant active sites to graft the high-density PE molecule.
The prepared PE-DA@GB@PU composite exhibited excellent selectivity and high adsorption capacity
for NMs. In order to further improve the adsorbent performance, dithiocarbamate (DTC) was anchored
on the surface of PE-DA@GB@PU. DTC could strongly chelate with various metal ions owing to its
sulfur and nitrogen groups, which provided lone pair electrons form chemical bonding [18,19]. First,
DTC-g-PE-DA@GB@PU was used to recover HMs from industrial effluents. When the adsorption
efficiency of DTC-g-PE-DA@GB@PU decreased, 0.1 M HCl was used to leach the HMs and regenerate
PE-DA@GB@PU, which was used to recover NMs from the copper leaching residue and anode slime
of Jinchuan Group Ltd. This new design strategy greatly improves sorbent utilization efficiency
and saves the raw material. Continuous recycling of two different types of metal ions is more
environmentally-friendly than other sorbents. In addition, the adsorbents are readily regenerated and
exhibit excellent stability and recyclability.

2. Materials and Methods

2.1. Materials

Open-cell type polyether PU was purchased from Taobao (China). Graphene oxide solution was
acquired from XFNANO Materials Tech Co., Ltd. (China). Dopamine hydrochloride (DA) and PE
(Mw = 600 Da) were obtained from Sigma-Aldrich (USA) and Aladdin (China), respectively. Other
chemicals, including dopamine hydrochloride (DA), PE (Mw = 600 Da), ethanol (EtOH), sodium
hydroxide (NaOH), ammonium hydroxide, and carbon disulfide (CS2), were obtained from Sinopharm
Chemical Reagent Co., Ltd. The stock standard solutions for Cu2+, Pb2+, Cd2+, Pd2+, Pt4+, and Au3+

were procured from Spex CertiPrep Inc. (Metuchen, NJ, USA).

2.2. Instrumentation

An inductively coupled plasma optical emission spectrometer (ICP-OES) was used to determine
the concentration of metal ions (Table S1, Supplementary Materials). A 540 Zeiss scanning electron
microscope (SEM, Merlin, Oberkochen, Germany) with energy dispersive X-ray spectroscopy (EDS,
Oxford Instruments, Oxford, the UK), Fourier-transform infrared spectrometer (FTIR, Bruker VERTEX
70v, Karlsruhe, Germany), Raman spectrometer (HR800, HORIBA Jobin Yvon, Paris, France) and
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wide-angle X-ray diffraction (WAXD, Panalytical X’Pert PRO, Almelo, The Netherlands) were used for
the characterization of the new materials.

2.3. Synthesis of PE-DA@GB@PU and DTC-g-PE-DA@GB@PU

The PE-DA@GB@PU and DTC-g-PE-DA@GB@PU materials were prepared from PU, as illustrated
in Scheme 1. Raw PU (3.0 g) was boiled in 2 M HCl solution for 2 h for the amination of PU
(APU). GB@PU was prepared by a dip coating and solvothermal synthesis method [20,21]. First,
AP was immersed in GO (2.0 mg mL−1) solution, then transferred into a Tetrafluoro autoclave. After
ultrasonication for 1 h, the Tetrafluoro autoclave was heated to 90 ◦C and maintained at this temperature
for 12 h. Next, GB@PU was dried in a vacuum oven at 50 ◦C. Finally, GB@PU was immersed in Tris
buffer solution (pH = 8.5) of DA (2 mg/mL) and PE (4 mg/mL) in a mass ratio of 1:1 (25 ◦C, 24 h).
After modification, the samples were withdrawn and washed several times using deionized water,
then dried in a vacuum oven at 50 ◦C overnight. Subsequently, PE-DA@GB@PU was immersed in
20 mL of 1.0 M NaOH solution, and 10 mL of 0.1 M CS2 solution in ethanol was added dropwise
to the reaction system. The reaction mixture was then stirred at room temperature for 24 h. Finally,
DTC-g-PE-DA@GB@PU was filtered and rinsed four times with water [22].

Scheme 1. Synthetic routes of PE-DA@GB@PU and DTC-g-PE-DA@GB@PU.

2.4. Static Adsorption Experiments

Adsorption experiments were carried out by batch method. A series of standards or sample
solutions containing Cu2+, Pb2+, Cd2+, Pd2+, Pt4+, and Au3+ were transferred into a 50-mL triangular
bottle with a grinding plug. The pH of each solution was adjusted to the desired value and the volume
was adjusted to 20 mL. Either PE-DA@GB@PU or DTC-g-PE-DA@GB@PU (0.02 g) was added, and the
mixture was shaken vigorously to attain equilibrium by a vibrating machine. The remaining metal
ions in the solution were determined by ICP-OES. The amounts of HM and NM ions adsorbed by the
adsorbent were calculated by the difference.

The percentage of each metal ion adsorbed on the adsorbent (A) was calculated according to
Equation (1):

A =
(Di −De) ∗ 100%

Di
(1)

After equilibration, the extent of adsorption (Fe (mg g−1)) was calculated according to Equation
(2):

Fe =
(Di −De)B

w
(2)

where Di and De are the initial and equilibrium concentrations of the metal ions in the solution,
respectively; and B and w are the volume (mL) and mass (g) of the solution and adsorbent, respectively.
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3. Results

Dopamine can easily form insoluble PDA in alkaline solutions via versatile reactions with
molecules containing thiol or amine groups by Michael addition and/or Schiff base reactions. Herein,
PE was introduced on the GB@PU surface with PE-DA hybrid coating because it had a larger amine
density, which proved advantageous for interaction with CS2 to form dithiocarbamate composites.
The reaction scheme is represented in Scheme 1 [23,24].

3.1. Characterization of PE-DA@GB@PU and DTC-g-PE-DA@GB@PU

Raw PU (Figure 1a) at 70× magnification exhibited a smooth reticular skeleton, whereas the
surface of the APU was denuded (Figure 1b). As shown in Figure 1c, the appearance of GB@PU was
markedly different from that of raw PU and APU. Raman scattering revealed that the coating observed
on the skeleton of GB@PU was composed of graphene sheets (Figure S1, Supplementary Materials).
The skeleton of PE-DA@GB@PU was covered with a large number of microscale protrusions (Figure 1d).
As shown in Figure 1e,f the skeleton of DTC-g-PE-DA@GB@PU was more smooth without protrusions
as compared with PE-DA@GB@PU.

Figure 1. SEM image of (a) raw PU, (b) APU, (c) GB@PU, (d) PE-DA@GB@PU, and (e)
DTC-g-PE-DA@GB@PU, (f) magnification SEM image of (e).

The chemical structures of PU, APU, GB@PU, PE-DA@GB@PU and DTC-g-PE-DA@GB@PU were
analyzed by FTIR spectroscopy, and their FTIR spectra are shown in Figure 2. The broadening of the
band at 3308 cm−1 in the spectrum of APU was ascribed to stretching vibration of N–H for PU shifted
to 3293 cm−1 for APU [25]. After graphene coated on the APU skeleton, the peaks of GB@PU between
2700 and 3500 cm−1 became weaker, because the graphene coating inhibited spectral absorption.
Compared to APU and GB@PU, PE-DA@GB@PU showed a new absorption peak at ~1650 cm−1 and a
broad band from 3200 to 3600 cm−1. The former could be assigned to the carbonyl groups derived
from dopamine oxides, whereas the latter likely corresponded to the stretching vibration of hydroxy or
amino groups of dopamine and PE [17]. For DTC-g-PE-DA@GB@PU, the characteristic peak of NH2

group at 3216 cm−1 disappeared and a new adsorption band could be observed at 958 cm−1, which
indicated that the amino groups had reacted with CS2. However, the characteristic peaks of the DTC
group (N–CS2 vibration and C=S vibration) were obscured by the strong absorption peaks of the PU
matrix at ~1490 and 1100 cm−1.
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Figure 2. FTIR spectra of (a) raw PU, (b) APU, (c) GB@PU, (d) PE-DA@GB@PU, and (e)
DTC-g-PE-DA@GB@PU.

3.2. pH Effect

Solution pH is one of the most important factors for the metal ions adsorption [26]. The influence of
pH on the sorption of HM and NM ions on DTC-g-PE-DA@GB@PU and PE-DA@GB@PU, respectively,
was studied over a pH range (Figure 3a,b). As shown in Figure 3a, there was a general increase in
the recoveries of these ions with increasing pH of the solution. At low pH, the H+ ions competed
with HM ions for the ion-exchange reaction at the adsorption sites, and accordingly, low adsorption
recoveries were observed. With increasing pH, the concentration of H+ ions decreased and the active
adsorption sites mainly turned into dissociated states, which were sufficient for catching the HMs by
coordination interaction between dithiocarbamate groups and HM ions. According to the literature [27],
DTC compounds are generally decomposed into the constituent amine and carbon disulfide in acidic
media (presented in Figure S2, Supplementary Materials). After 0.1 M HCl was used to elute the
HM ions from DTC-g-PE-DA@GB@PU, PE-DA@GB@PU is regenerated. PE-DA@GB@PU exhibited
excellent extraction yields of Pd2+, Pt4+, and Au3+ over a wide pH range because of the rich amino
groups and flexible chains of PE [17] (Figure 3b).

 
(a) (b) 

Figure 3. Effect of pH on the adsorption of Cu2+, Pb2+, and Cd2+ monometallic solutions (10.0 μg mL−1)
by DTC-g-PE-DA@GB@PU (a) and the adsorption of Pd2+, Pt4+, and Au3+ monometallic solutions
(1.0 μg mL−1) by PE-DA@GB@PU (b). Other conditions: adsorbent, 20 mg; shaking time: heavy metal
ions 60 min, noble metal ions 30 min; and temperature, 25 ◦C.
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3.3. Adsorption Isotherms

The adsorption capacities of DTC-g-PE-DA@GB@PU for HM ions and PE-DA@GB@PU for NM
ions were assessed using the equilibrium adsorption isotherm by varying the initial concentrations
(The concentrations of Cu, Pb, Cd, Pd, Pt, and Au were in the ranges 20–100, 20–180, 20–120, 20–800,
20–600, and 20–800 μg mL−1, respectively), as shown in Figure 4.

 
(a) (b) 

Figure 4. Adsorption isotherms of Cu2+, Pb2+, and Cd2+ onto DTC-g-PE-DA@GB@PU (a) and Pd2+,
Pt4+, and Au3+ onto PE-DA@GB@PU (b). Other conditions: solution pH= 6 for DTC-g-PE-DA@GB@PU,
solution pH = 0 for PE-DA@GB@PU; volume, 20 mL; adsorbent dose, 20 mg; contact time: 30 min for
PE-DA@GB@PU; 60 min for DTC-g-PE-DA@GB@PU, temperature, 25 ◦C; n = 3.

The equations of Langmuir, Freundlich, and Dubinin–Radushkevich isotherm models were used
to analyze the experimental data. The experimental parameters are presented in Table 1.

Table 1. Parameters of the Langmuir, Freundlich, and Dubinin–Radushkevich isotherms for the
adsorption of HM and NM ions onto DTC-g-PE-DA@GB@PU and PE-DA@GB@PU, respectively,
at 25 ◦C.

Isotherms
Isotherm
Constants

Heavy Metal Ions Noble Metal Ions

Cu2+ Pb2+ Cd2+ Pd2+ Pt4+ Au3+

Langmuir

Fmax (mg g−1) 41.2 113.9 57.1 285.7 185.2 384.6
K (L mg−1) 0.02915 0.3776 0.1726 0.0986 0.1192 0.2524

R2 0.9164 0.9935 0.9971 0.9985 0.9988 0.9997
RL 0.2554–0.6317 0.0145–0.1169 0.0461–0.2246 0.0125–0.9103 0.0138–0.8935 0.0049–0.7985

Freundlich

Kf (mg g−1) (L
mg−1)1/n 2.816 44.17 15.57 37.025 32.946 58.844

n 1.823 4.200 3.207 2.682 3.095 2.597
R2 0.9431 0.9891 0.9635 0.9653 0.9614 0.9102

Dubinin–
Radushkevich

FD-R (mg g−1) 30.6 98.2 45.6 128.14 101.64 195.43
E 0.082 0.780 0.728 2.946 3.402 2.884

R2 0.9832 0.7024 0.8152 0.6336 0.7531 0.7947

The adsorption isotherms of Pb2+, Cd2+, Pd2+, Pt4+, and Au3+ fitted well with the Langmuir
model, which implied monolayer adsorption (linear correlation coefficients values (R2) for this model
were greater than 0.9935). The theoretical Fmax values of Pb2+, Cd2+, Pd2+, Pt4+, and Au3+ (113.9, 57.1,
285.7, 185.2, and 384.6 mg g−1, respectively) acquired from the Langmuir model were close to the
experimental values (111.9, 53.8, 279.6, 175.3, and 380.5, mg g−1, respectively) at 25 ◦C. As for Cu(II),
the D–R isotherm model fitted best to the experimental data, as concluded when its R2 value was
compared with the R2 values of the Langmuir and Freundlich models. In addition, the maximum
adsorption QD-R value calculated from the experimental data (30.6 mg g−1) was in good accordance with
the experimental Q value (28.7 mg g−1) (Figures S3–S5, Supplementary Materials). Comparison of the
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maximum capacities of DTC-g-PE-DA@GB@PU and PE-DA@GB@PU with those of other adsorbents is
shown in Table S2 (Supplementary Materials). Shannon reported [28] that the ionic radii of the heavy
metal ions are in the following order: Pb2+ > Cd2+ > Cu2+. As is all known, dithiocarbamate group
can bond to metal ions through its sulfur moiety. Based on the hard and soft acids and bases (HSAB)
principle, sulfur is a soft base, which easily forms bonds with large, highly polarizable metal ions
(soft-soft interaction). For the three HM ions, Pb2+ is much larger and much softer (more polarizable)
than the others and interacts more strongly with sulfur. As metal ions become larger and more
polarizable (Cu2+ < Cd2+ < Pb2+), the tendency for attachment of the increasingly “soft” metal ions to
sulfur increases. The resultant [Pb(DTC)4]2− ions is a soft–soft combination, while [Cu(DTC)4]2− is
a relatively hard–soft combination, consistent with the HSAB prediction. Therefore, the maximum
adsorption capacity order is Pb2+ > Cd2+ > Cu2+. Meanwhile, the adsorption rate has a similar trend.
In fact, other researchers have reported the same trend as that obtained in our study [27,29,30].

3.4. Adsorption Kinetics

Figure 5 illustrates the adsorption of HM (Figure 5a) and NM (Figure 5b) ions on the adsorbent as a
function of time. The adsorption plots showed that the initial adsorption rate of HM and NM ions was
high. With the passage of time, the rate of percent adsorption decreased and then reached equilibrium,
which was due to the gradual occupation of the available adsorption sites on DTC-g-PE-DA@GB@PU
and PE-DA@GB@PU.

  
(a) (b) 

Figure 5. Effect of contact time on the adsorption of 10.0 μg mL−1 Cu2+, Pb2+, and Cd2+ onto
DTC-g-PE-DA@GB@PU (a) and 1.0 μg mL−1 Pd2+, Pt4+, and Au3+ onto PE-DA@GB@PU (b).
Other conditions: solution pH = 6 for DTC-g-PE-DA@GB@PU, solution pH = 0 for PE-DA@GB@PU;
volume, 20 mL; adsorbent dose, 20 mg; temperature, 25 ◦C; (n = 3).

The results of various adsorption parameters obtained from the kinetic models are presented in
Table 2. The pseudo-second-order kinetic model fitted well as compared to the pseudo-first-order
model. The plots were not linear over the time range, implying that more than one process affected
the adsorption process, thereby confirming that adsorption involved multiple stages (Figures S6–S8,
Supplementary Materials).
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Table 2. Kinetic parameters for the adsorption of HM and NM ions onto DTC-g-PE-DA@GB@PU and
PE-DA@GB@PU, respectively (25 ◦C).

Model Parameters
Heavy Metal Ions Noble Metal Ions

Cu2+ Pb2+ Cd2+ Pd2+ Pt4+ Au3+

Pseudo-first-order k1 (min−1)
R2

0.1020
0.9440

0.1105
0.9649

0.1021
0.9657

0.1951
0.9456

0.2077
0.9240

0.1967
0.6513

Pseudo-second-order k2 (g mg−1min−1)
R2

0.6965
0.9988

2.2519
0.9995

1.1523
0.9993

5.1564
0.9997

1.1750
0.9838

26.8477
0.9998

Intraparticle diffusion Ki (mg g−1 min−0.5)
R2

0.02166
0.8860

0.01451
0.7155

0.01773
0.8487

0.0247
0.6995

0.0369
0.7628

0.0118
0.3221

3.5. Adsorption Mechanism

In order to understand the mechanism of adsorption of Cu2+, Pb2+, and Cd2+ onto
DTC-g-PE-DA@GB@PU, and Pd2+, Pt4+, and Au3+ onto PE-DA@GB@PU, FTIR spectroscopy studies
were conducted for DTC-g-PE-DA@GB@PU and HM ions loaded DTC-g-PE-DA@GB@PU (abbreviated
as DTC-g-H), and PE-DA@GB@PU and NM ions loaded PE-DA@GB@PU (abbreviated as PE-N).

The FT-IR spectrum for DTC-g-PE-DA@GB@PU (Figure 6) showed peaks at 1112, 958, and
1435 cm−1, which were attributed to C=S vibration, C–S stretching vibration, and N–CS2 vibration,
respectively [19]. There was a red-shift and decrease in intensity of the characteristic FTIR DTC-g-H
signals (C–S and C=S stretching vibrations) after the adsorption of HM ions. In addition, sharp new
peaks were observed at 1375 cm−1 in the spectra of DTC-g-Cu, DTC-g-Pb, and DTC-g-Cd. These results
indicated that a strong metal-ligand bond had formed between the metal ions and chelating groups in
DTC-g-PE-DA@GB@PU.

Figure 6. FT-IR spectra of DTC-g-PE-DA@GB@PU adsorbent and the DTC-g-Cu, DTC-g-Pb, and
DTC-g-Cd complexes.

As seen in Figure 7, after the adsorption of NM ions, the N–H stretching peak shifted from 3297
to 3319 cm−1 and the peak 3216 cm−1 disappeared altogether, which was likely attributable to either
the electrostatic attraction between the positively charged amine groups in the adsorbent and the
negatively charged NM anions [31,32], or because the nitrogen atoms in the amino groups coordinated
with the NM ions. Moreover, the interaction between the NM ions and NH group resulted in the
broadening of the peaks from 3100 to 3600 cm−1.

The mechanisms of HM and NM ions adsorption by DTC-g-PE-DA@GB@PU and PE-DA@GB@PU
were also elucidated by the SEM/EDS measurements before and after loading the HM and NM ions,
respectively. DTC-g-PE-DA@GB@PU and PE-DA@GB@PU were shaken in 100-ppm HM ions and
1000-ppm NM ions, respectively, for half an hour. The HM and NM ions were prepared using their
nitrates and adjusted to optimal pH. The presence of Cu, Pb, Cd, Pd, Pt, and Au peaks, along with other
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elemental peaks (where the carbon (C) and oxygen (O) peaks were due to DTC-g-PE-DA@GB@PU
and PE-DA@GB@PU) in the EDX analysis spectrum (Figure 8) confirm the adsorption of Cu2+,
Pb2+, Cd2+ and Pd2+, Pt4+, Au3+ onto the surfaces of DTC-g-PE-DA@GB@PU and PE-DA@GB@PU,
respectively [33,34].

Figure 7. FT-IR spectra of PE-DA@GB@PU adsorbent and the PE-Pd, PE-Pt and PE-Au complexes.

The samples were subjected to WAXD analysis using a PANalytical diffractometer with Cu-Kα

radiation (40 kV, 40 mA). The WAXD diffraction patterns of PU, APU, GB@PU, PE-DA@GB@PU,
DTC-g-PE-DA@GB@PU, and GO are shown in Figure 9a. The WAXD diffraction pattern of PU
exhibited a characteristic broad peak. GO shows a diffraction peak at ~10.8◦ [20]. After reaction of GO
with APU, the diffraction peak of GB@PU was broadened and red shifted to 21.1◦, compared with
GO, suggesting a reduction in the content of oxygen-containing groups from GO to graphene [35].
For PE-DA@GB@PU and DTC-g-PE-DA@GB@PU, broad and weak peaks were observed in the WAXD
patterns, corresponding to the amorphous feature of the crosslinked polymer matrix, implying the
presence of intercalated PEI and PDA with GB@PU [36]. To explore the adsorption mechanism,
DTC-g-PE-DA@GB@PU was added to copper nitrate, lead nitrate, and cadmium nitrate solution (HM
ions ~1000 ppm) separately. Unlike the observations reported by Sharma et al. [33,34], no precipitate
or floc appeared. We speculate that nitro-oxidized carboxycellulose nanofibers (NOCNF) constituted
a kind of particle material, whereas the DTC-g-PE-DA@GB@PU was bulk material. The surface of
the former was negatively charged, which could be induced to aggregate in the presence of cations.
However, the form of DTC-g-PE-DA@GB@PU was bulk, and its adsorption characteristics were mainly
due to its porous characteristics. In addition, the pH of the HM ion solutions may not be optimum for
adsorption because the pH levels of 1000-ppm solutions of Cu2+, Pb2+, and Cd2+ were 4.04, 4.05, and
4.87, respectively. However, when some NaOH solution was added to adjust the pH to 6, precipitation
appeared (Figure S9, Supplementary Materials). Then we reduced the concentration of the solutions to
100 ppm, and WAXD analysis of DTC-g-PE-DA@GB@PU was performed after adsorption (Figure 9b).
Unfortunately, the WAXD patterns show no significant changes. The probable main reason was maybe
that the low concentration of HM ion solutions resulted in low adsorption amount and the higher
baseline of DTC-g-PE-DA@GB@PU masked the peaks of Cu, Pb, and Cd loaded on the adsorbent. For
Pd2+, Pt4+, and Au3+, 1000-ppm solutions were used, because at low pH (pH = 0), no precipitation
was observed. As shown in Figure 9b, after the impregnation of PE-DA@GB@PU into gold solution,
new peaks appeared at 20 = 38.4◦, 44.5◦, 64.8◦, and 77.7◦, which matched exactly with those of gold,
verifying the formation of elemental gold during the adsorption process. Chloroauric acid has high
oxidation. Amino groups, which are the major surface constituents of PE-DA@GB@PU, can be easily
reduced by AuCl4− [37]. For Pd and Pt, there were no obvious changes in the WAXD patterns because
the main adsorption mechanism may have been electrostatic attraction. In Figure 8d,e the EDX show
the presence of chlorine atom, which could reinforce this assumption.

54



Polymers 2019, 11, 1125

  
(a) 

  
(b) 

  

(c) 

  
(d) 

Figure 8. Cont.
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(e) 

  

(f) 

Figure 8. SEM image and energy-dispersive X-ray (EDX) analysis results of (a) Cu2+-, (b) Pb2+-, (c)
Cd2+-loaded DTC-g-PE-DA@GB@PU and (d) Pd2+-, (b) Pt4+-, (f) Au3+-loaded PE-DA@GB@PU.

 
(a) (b) 

Figure 9. WAXD patterns for (a) PU, APU, GB@PU, PE-DA@GB@PU, DTC-g-PE-DA@GB@PU, and
GO; (b) after Cu2+, Pb2+, and Cd2+ adsorption on the DTC-g-PE-DA@GB@PU and Pd2+, Pt4+, and
Au3+ adsorption on the PE-DA@GB@PU.

3.6. Regeneration of DTC-g-PE-DA@GB@PU and PE-DA@GB@PU

Regeneration of adsorbents is essential in practical applications because of the economic and
ecological appeals for sustainability. Thus, the adsorption–desorption ability of DTC-g-PE-DA@GB@PU
was examined with of 0.1 M HCl and NaOH solutions. Both of these eluents were effective for leaching
the HM ions. However, DTC-g-PE-DA@GB@PU decomposed under strong acid conditions. Therefore,
when simple recovery of HM ions is desired, 0.1 M NaOH should be used as the eluent. After the
adsorption of the HM ions, DTC-g-PE-DA@GB@PU was soaked in 0.1 M NaOH to remove the
adsorbed HM ions. The adsorbent was then dried in air and the adsorption recycling was repeated
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again. The adsorption–elution processes were repeated for four successive cycles without evident
loss of the adsorption capacity (Figure 10a). After four adsorption–desorption processes of using
DTC-g-PE-DA@GB@PU to adsorb HM ions, 0.1 M HCl was used in the final desorption step to
remove the HM ions. Simultaneously, PE-DA@GB@PU was obtained, which could then be used
to directly recover NM ions. After the adsorption of NM ions by PE-DA@GB@PU, the sorbent
was soaked in 1.0 M HNO3 to effectively remove the NM ions. In a similar manner as for
DTC-g-PE-DA@GB@PU, the PE-DA@GB@PU sorbent was dried in air, and the adsorption cycle
was repeated again. The extraction percentages of NM ions for PE-DA@GB@PU lost nearly 10% of the
original efficiency after four cycles (Figure 10b).

Figure 10. Recyclability of (a) DTC-g-PE-DA@GB@PU toward 10.0 μg mL−1 Cu2+, Pb2+ and Cd2+.
Other conditions: solution pH = 6; volume, 20 mL; adsorbent dose, 20 mg; temperature, 25 ◦C;
(b) recyclability of PE-DA@GB@PU toward 1.0 μg mL−1 Pd2+, Pt4+, and Au3+. Other conditions:
solution pH = 0; volume, 20 mL; adsorbent dose, 20 mg; temperature, 25 ◦C.

The described method was also applied for the removal of Cu2+, Pb2+ and Cd2+ from industrial
effluents and recovery of Pd2+, Pt4+, and Au3+ present in copper leaching residue and anode slime,
successively. The industrial effluents and the refining wastes (copper leaching residue and anode
slime) were obtained from Jinchuan Group International Resources Co. Ltd. The industrial effluents
and the refining wastes (copper leaching residue and anode slime) produced in the refining process
contained a certain amount of HMs and NMs, respectively. Sorption with these new adsorbents that
allowed HM and NM deep concentration and their separation from other base metals proved to be
one of the most efficient ways to recover HMs and NMs. Industrial effluents were adjusted to the
desired pH values before the adsorption process. After the adsorption of HM ions, 0.1 M HCl was
used as an eluent and PE-DA@GB@PU was obtained, which was then used to recover NMs from the
copper leaching residue and anode slime. Before the recovery process, copper leaching residue and
anode slime were treated with aqua regia by Elci’s procedure [38]. The method developed for the
determination of HM and NM ions in industrial effluents, copper leaching residue, and anode slime
from Jinchuan Group International Resources Co. Ltd. is summarized in Table 3.
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Table 3. Standard addition method for HM ions and NM ions determination in industrial effluents and
copper leaching residue, anode slime, respectively.

Sample Analytes
Added

(μg g−1)
Found a

(μg g−1)

Recovery
(%)

Industrial effluents

Cu
— 112.6 ± 5.8 —

100 209.2 ± 7.6 96.6

Pb
— 12.7 ± 2.0 —
10 22.6 ± 2.6 96.0

Cd
— 5.4 ± 0.4 —
10 14.6 ± 1.8 92.0

Copper leaching
residue

Pd
— 13.2 ± 1.8 —
20 32.1 ± 3.4 94.5

Pt
— 20.0 ± 3.7 —
20 40.7 ± 4.0 104

Au
— 25.3 ± 2.4 —
20 46.5 ± 3.0 106

Anode slime

Pd — 33.4 ± 2.8 —
30 62.1 ± 2.4 95.7

Pt — 8.3 ± 1.6 —
10 17.7 ± 2.2 94.0

Au — 179.8 ± 3.5 —
100 285.1 ± 2.2 105

a Mean value ± standard deviation, n = 3.

4. Conclusions

Novel PU composites were synthesized and their adsorptive selectivities for HM and NM ions
were investigated. The ‘S’ donor ligands of DTC-g-PE-DA@GB@PU were responsible for its high
selectivity for Cu2+, Pb2+ and Cd2+; while PE-DA@GB@PU possessed abundant amine groups that
obviously increased its adsorption capacity, and the composite exhibited excellent selectivity properties
toward Pd2+, Pt4+, and Au3+. The adsorption processes depended on the pH value, contact time,
and initial metal ion concentration. The optimal conditions, adsorption isotherms, and kinetics for
recovery were investigated systematically. The proposed method was applied for the removal of HMs
from industrial effluents and recovery of NMs from the copper leaching residue and anode slime,
with satisfactory results being obtained in all cases.
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diffusion plots for (a) HM ions on DTC-g-PE-DA@GB@PU and (b) NM ions on PE-DA@GB@PU at 25 ◦C, Figure
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Abstract: Three types of polyhedral oligomeric silsesquioxanes (POSSs) with different functional
active groups were used to modify rigid polyurethane foams (RPUFs). Aminopropylisobutyl-POSS
(AP-POSS), trisilanoisobutyl-POSS (TS-POSS) and octa(3-hydroxy-3-methylbutyldimethylsiloxy-POSS
(OH-POSS) were added in an amount of 0.5 wt.% of the polyol weight. The characteristics of fillers
including the size of particles, evaluation of the dispersion of particles and their effect on the
viscosity of the polyol premixes were performed. Next, the obtained foams were evaluated by their
processing parameters, morphology (Scanning Electron Microscopy analysis, SEM), mechanical
properties (compressive test, three-point bending test, impact strength), viscoelastic behavior
(Dynamic Mechanical Analysis, DMA), thermal properties (Thermogravimetric Analysis, TGA,
thermal conductivity) and application properties (contact angle, water absorption). The results
showed that the morphology of modified foams is significantly affected by the fillers typology,
which resulted in inhomogeneous, irregular, large cell shapes and further affected the physical and
mechanical properties of the resulting materials. RPUFs modified with AP-POSS represent better
mechanical properties compared to the RPUFs modified with other POSS.

Keywords: RPUF; POSS; reinforcing effect; thermal properties; morphology

1. Introduction

Polyurethanes (PUs) are a group of polymers characterized by the most diverse properties,
thanks to which they have a very wide range of industrial applications [1–3]. For the synthesis of
polyurethanes, isocyanates that were obtained by Wurtz in 1849 are used as the fundamental raw
material [4]. Among the synthesized polymeric materials, PUs currently occupy fifth place among
the most commonly used plastics in the world and constitute 7.7% of total plastics produced [5,6].
The global PU market is dominated by PU foams, which account for over 65% of global production.
Worldwide production of PU foams mainly includes elastic foams, which cover about 37% of world
production, making them the most comprehensive group of polyurethane and rigid materials,
which immediately after flexible foams, are the second largest group of polyurethane plastics and
constitute about 28% of global polyurethane production [7]. Rigid polyurethane foams (RPUFs)
are used as high-performance thermal insulation materials in construction, pre-insulated pipelines
and in the refrigeration industry due to their properties, such as closed cell structure, low thermal
conductivity, and low moisture absorption capacity [8–11]. Open-cell polyurethane foams increase the
heat transfer capacity, which means they are characterized by much higher thermal conductivity than
RPUFs with a closed-cell structure [12]. The thermal insulation properties of RPUFs also depend on the
apparent density of the foam, which has a fundamental influence on the heat conduction coefficient.
The values of apparent density for RPUFs with an open cell structure is 10 to 12 kg m−3, while for
closed cell foams the value usually lies in the range 25–70 kg m−3. The smallest values of thermal
conductivity are observed for RPUFs with closed-cell structure, the apparent density of which is from
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25 to 35 kg m−3 [13]. A significant impact on the wide range of applications of rigid PUR foams also
has mechanical and physical properties. However, PU materials are flammable, giving off toxic gases
during combustion that pose a threat to the surrounding environment. Fire resistance should be limited
so that it can be successfully used in building applications [14–18].

A review of the related literature indicates that one of the method of increased flammability of PU
foams are fire-resistant coatings. For example, a layer-by layer assembly technique of polyethylenimine
(PEI), graphene oxide (GO) and synthetic melanin nanoparticles (SMNPs) was constructed on the
surface of PU foams [19]. Obtained materials exhibited an excellent radical scavenging capacity
and high-temperature stability. Cho et al. employed polydopamine into the flame-retardant surface
coating system of the flexible PU foam, realizing a decreased peak heat release rate by 67% [20].
Roberts et al. [21] further analyzed the thermal degradation kinetics of polydopamine-nanocoated PU
foam and discovered that polydopamine could consistently decrease the release amount of combustible
volatiles [22]. On the other hand, another studies have shown that better improvement of mechanical
properties and heat resistance, can be also obtained by use of nanomaterials combined with PU
matrix [18,22–28].

It was reported that, in addition to traditional fillers, an interesting group of reactive nanofillers
are polyhedral oligomeric silsesquioxanes (POSS), which combine the features of organic and
inorganic materials [29–31]. They were discovered at the beginning of the 20th century and
are currently in the interest of many research centers due to their unique properties, including
well-defined, three-dimensional, chemically and thermally resistant hybrid structure with nanoscopic
dimensions [32–35]. Their biggest advantage is the ease of functioning with various organic or
inorganic substituents. The most frequently occurring substituents are hydrogen, amine, acrylic and
methacrylic, vinyl, allyl, epoxide, hydroxyl or halogen groups [36,37]. Thanks to the hybrid structure
and the diversity of function groups, POSS exhibits comprehensive chemical compatibility [38,39].
POSS has a regular polyhedral spatial structure presented as a regular cube. The size of POSS depends
on their construction. The size of the octasilsesquioxane core is about 0.5 nm, and the whole particle
reaches dimensions of 1 to 3 nm depending on the type of substituents [40]. The oligosilsesquioxanes
in the polymer matrix tend to agglomerate so that crystals can form in the polymer matrix [41].
Their dimensions can range from a dozen to several dozen nanometers [42,43]. Due to their properties,
POSS compounds are commonly used in multifunctional applications. In contrast to the traditional
organic compounds, they do not emit volatile organic substances, thanks to which they are odorless
and environmentally friendly [40]. The basic element deciding about the potential application and
influencing the final properties of the material are the organofunctional substituents found in the
corners of the silicon-oxygen skeleton, and more specifically their number, distribution, and chemical
nature. Thanks to the combination of reactive and non-reactive substituents POSS molecules can be
easily attached to the polymer by copolymerization, transplantation or simply mixing [44].

Hybrid nature and nanometric size scale make silsesquioxanes extremely attractive materials
used as nanofillers [45]. It was shown in previous studies that the introduction of POSS compounds
to the polymeric material may increase the temperature of use and decomposition, affect the glass
transition temperature, increase the resistance to oxidation of the composite, improve mechanical
strength, affect surface hardening, reduce flammability and heat [43,46,47].

The aim of this research is to develop and test PU foams modified with three type of POSS—two
of them with closed-cage functionalized by amino- or hydroxyl group (Aminopropylisobutyl-POSS
(AP-POSS) and octa(3-hydroxy-3-methylbutyldimethylsiloxy-POSS (OH-POSS) and one with open-cage
(trisilanoisobutyl-POSS (TS-POSS)). The influence of the different type of POSSs on thermal properties
(Thermogravimetric Analysis, TGA), dynamic mechanical properties (Dynamic Mechanical Analysis,
DMA), physico-mechanical properties (compression strength, three-point bending test, impact strength,
apparent density, water absorption) and morphology of obtained PU composites was examined in
current work. The obtained results, indicate that the addition of POSS influences the morphology of
analyzed foams and consequently their further mechanical and thermal properties.
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2. Experimental Section

2.1. Materials

The water-blown PUR foams used in this study were obtained from a two-component
system supplied by Purinova Sp. z o. o. from Bydgoszcz, Poland, after mixing the polyol
(Izopianol 30/10/C) and the diphenylmethane diisocyanate (Purocyn B). The polyol is a mixture
of components containing polyester polyol (hydroxyl number ca. 230–250 mgKOH/g, functionality of
2), catalyst (N,N-Dimethylcyclohexylamine), flame retardant (Tris(2-chloro-1-methylethyl)phosphate),
chain extender (1,2-propanediol) and water as blowing agent [48]. This formulation was selected
because of its industrial relevance for the production of PU insulation ensures that the raw materials
are available from a range of manufacturers at a competitive cost. AP-POSS, TS-POSS and OH-POSS
were provided by Hybrid Plastics Inc. (Hattiesburg, MS, USA). The chemical structures of AP-POSS,
TS-POSS and OH-POSS are presented in Figure 1a,b,c respectively.

Figure 1. Chemical structure of (a) AP-POSS, (b) TS-POSS and (c) OH-POSS.

2.2. Manufacturing of RPUFs

RPUFs containing 0.5 wt.% of AP-POSS, TS-POSS, and OH-POSS were obtained as follows.
The adequate amount of selected POSS was added to the Izopianol 30/10/C and the mixture (component
A) was homogenized with an overhead stirrer at 600 RPM under ambient conditions for approximately
60 s. Purocyn B (component B) was added to component A and the mixture was stirred for 10 s at a
speed rate of 1800 RPM. Following the information provided by the supplier, the ingredients were
mixed in the ratio of 100:160 (ratio of component A to component B). Such prepared system was poured
into an open mold and allowed to expand freely in the vertical direction. RPUFs were conditioned
at room temperature for 24 h. After this time, samples were cut with a band saw into appropriate
shapes (determined by obligatory standards listed below in the Characterization techniques) and their
physico-mechanical properties were investigated. A schematic figure of the synthesis of RPUFs is
presented in Figure 2.
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Figure 2. Schematic procedure of synthesis of rigid polyurethane foams (RPUFs).

2.3. Characterization Techniques

The average size of POSS powder particles was measured using a Zetasizer NanoS90 instrument
(Malvern Instruments Ltd., UK). The size of particles polyol dispersion (0.04 g/L) was determined with
the dynamic light scattering DLS method.

The absolute viscosities of polyol and isocyanate were determined corresponding to ASTM D2930
(equivalent to ISO 2555) using a rotary Viscometer DVII+ (Brookfield, Germany). The torque of samples
was measured as a range of shear rate from 0.5 to 100 s−1 at room temperature.

The apparent density of foams was determined accordingly to ASTM D1622 (equivalent to ISO
845). The densities of five specimens per sample were measured and averaged.

The morphology and cell size distribution of foams were examined from the cellular structure images
of foam which were taken using JEOL JSM-5500 LV scanning electron microscopy (JEOL Ltd., USA).
All microscopic observations were made in the high-vacuum mode and at the accelerating voltage of
10 kV. The samples were scanned in the free-rising direction. The average pore diameters, walls thickness,
and pore size distribution were calculated using ImageJ software (Media Cybernetics Inc.).

The thermal properties of the synthesized composites were evaluated by TGA measurements
performed using a STA 449 F1 Jupiter Analyzer (Netzsch Group, Germany). About 10 mg of the sample
was placed in the TG pan and heated in an argon atmosphere at a rate of 10 K min−1 up to 600 ◦C with
the sample mass about 10 mg. The decomposition temperatures (T5%, T10%, T50% and T70% of mass
loss) were determined.

The compressive strength (σ10%) of foams was determined accordingly to the ASTM D1621
(equivalent to ISO 844) using Zwick Z100 Testing Machine (Zwick/Roell Group, Germany) with a load
cell of 2 kN and the speed of 2 mm min−1. Samples of the specified sizes were cut with a band saw in a
direction perpendicular to the foam growth direction. Then, the analyzed sample was placed between
two plates and the compression strength was measured as a ratio of the load causing 10% deformation
of sample cross-section in the parallel and perpendicular direction to the square surface. The result
was averaged of 5 measurements per each sample.

Impact test was carried out in agreement with ASTM D4812 on the pendulum 0.4 kg hammer
impact velocity at 2.9 m s−1 with the sample dimension of 10 × 10 × 100 mm. All tests were performed
at room temperature. At least five samples were prepared for the tests.

Three-point bending test was carried out using Zwick Z100 Testing Machine (Zwick/Roell Group,
Germany) at room temperature, according to ASTM D7264 (equivalent to ISO 178). The tested samples
were bent with testing speed 2 mm min−1. Obtained flexural stress at break (εf) results for each
sample were expressed as a mean value. The average of 5 measurements per each type of composition
was accepted.

Dynamic mechanical analysis (DMA) was determined using ARES Rheometer (TA Instruments,
USA). Torsion geometry was used with samples of thickness 2 mm. Measurements were examined
in the temperature range 20–250 ◦C at a heating rate of 10 ◦C min−1, using a frequency of 1 Hz and
applied deformation at 0.1%.

Surface hydrophobicity was analyzed by contact angle measurements using the sessile-drop
method with a manual contact angle goniometer with an optical system OS-45D (Oscar, Taiwan) to
capture the profile of a pure liquid on a solid substrate. A water drop of 1 μL was deposited onto the

64



Polymers 2019, 11, 1092

surface using a micrometer syringe fitted with a stainless steel needle. The contact angles reported are
the average of at least ten tests on the same sample.

Water absorption of the RPUFs was measured according to ASTM D2842 (equivalent to ISO 2896).
Samples were dried for 1 h at 80 ◦C and then weighed. The samples were immersed in distilled water
to a depth of 1 cm for 24 h. Afterward, the samples were removed from the water, held vertically for 10
s, the pendant drop was removed and then blotted between dry filter paper (Fisher Scientific, USA) at
10 s and weighed again. The average of 5 specimens was used.

Changes in the linear dimensions were determined in accordance to the ASTM D2126 (equivalent
to ISO 2796). The samples were conditioned at the temperature of 70 ◦C and −20 ◦C for 14 days.
Change in linear dimensions was calculated in % from Equation (1).

Δl = ((l − lo)/lo) × 100 (1)

where lo is the length of the sample before thermostating and l is the length of the sample after
thermostating. The average of 5 measurements per each type of composition was reported.

3. Results and Discussion

3.1. Average Size of POSS Powder Particles and the Dispersion of POSS-Modified Polyol Premixes

One of the most important parameters determining the behavior of the filler in the polymer matrix
is the size of its particles. If the particles are too small, their dispersion may be difficult because they
have a greater tendency to aggregate and agglomerate, forming large clusters in the matrix. Too large
particles may affect the foaming process and further properties of the obtained materials. The particle
size of the POSS powder was measured in a polyol dispersion (0.04 g/L). The results of particle size
measurements are given in Figure 3.

 
(a) 

 
(b) 

Figure 3. Distribution of particles size of (a) AP-POSS, (b) TS-POSS.
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From the diagram, it follows that the size of AP-POSS particles ranges from 65 to 104 nm,
the highest percentage—29% is shown by 82 nm particles. In the case of TS-POSS, the particle
size distribution is somewhat larger and ranges from 59 to 108 nm, with the largest 69 nm volume
fraction. Such small particle sizes of nanofillers may suggest their tendency to agglomerate in the
polyol, which may negatively affect mechanical and functional properties. Figure 4 shows the optical
micrographs obtained for the polyol systems with AP-POSS, TS-POSS and additionally OH-POSS.
A comparison of the optical images for the sample with AP-POSS (Figure 4a) with that of TS-POSS
(Figure 4b) reveals that in both cases the particles are well dispersed in the polyol systems and no
aggregates of the POSS’s particle are observed. A different trend is observed for the sample with
OH-POSS. As presented in Figure 4c, a homogenous dispersion of the polyol system is observed, as a
result of the liquid character of the used OH-POSS.

   
(a) AP-POSS (b) TS-POSS (c) OH-POSS 

Figure 4. Polyol premixes with 0.5 wt.% of (a) AP-POSS, (b) TS-POSS and (c) OH-POSS.

3.2. Impact of POSS on PU Mixture Viscosity

The viscosity of the reactive mixture was measured first since it is a critical parameter affecting the
foaming process [49]. Increased viscosity hinders bubble growth, yielding foams with lower cell size.
Table 1 presents the results of the change in dynamic viscosity depending on the type of POSS in polyol
mixture. The polyol premixes that contained AP-POSS, TS-POSS and OH-POSS are characterized by
an increase in their viscosity, as a result of the presence of POSS particles interacting with the polyether
polyol through hydrogen bonding and van der Wall’s interaction [48]. Compared to control polyol,
the greatest dynamic viscosity has AP-POSS modified polyol mixture.

Table 1. Dynamic viscosity and logarithmic plot of the fitting equations for polyol premixes.

Sample
Code

Dynamic Viscosity η [mPa·s]
Fitting Equation

Power Law
Index (n) R2

0.5 RPM 5 RPM 10 RPM

PU-0 628 424 380 y = −0.058 + 0.335 0.335 0.982
PU-AP 2110 1313 1149 y = −0.060 + 0.318 0.298 0.978
PU-TS 1317 1098 957 y = −0.060 + 0.315 0.315 0.978
PU-OH 1149 805 702 y = −0.059 + 0.298 0.318 0.979

The rheological properties of polyol premixes are shown as the viscosity versus shear rate in
Figure 5a. In all systems, the viscosity is generally reduced at increased shear rates. Such a phenomenon
is typical for non-Newtonian fluids with a pseudoplastic nature and is quite often found in the many
previous works [50,51]. To further analyses the data, graph of viscosity versus shear rate is converted
to log viscosity versus log shear rate form as shown in Figure 5b. It can be seen that the curvatures
of viscosity versus shear rate can be made close to linear using this log-log format with regression
of 0.979–0.982. The power law index (n) was calculated from the slopes. All results are presented
in Table 1. For the system containing AP-POSS, the power law index is lower than that of their
TS-POSS and OH-POSS modified system counterparts. It indicates that the effect of the filler on the
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pseudoplasticity behavior becomes more significant for systems modified with AP-POSS, leading to
the highly non-Newtonian behavior.

 
(a) (b) 

Figure 5. (a) Viscosity as a function of shear rate and (b) log-log plot of the viscosity vs. the shear rate
for polyol premixes.

3.3. The Influence of POSS on the Maximum Temperature (Tmax) of the Reaction Mixture during the Foaming Process

The reaction of the synthesis of RPUFs is highly exothermic [15,52]. The rate of increase in
temperature determines the activity of reaction mixture that is associated with the reactivity of the
components of the mixture. As shown in Table 2, the introduction of AP-POSS, TS-POSS, and OH-POSS
into the PU system increases the activity of reaction mixture which is confirmed by an increase in the
Tmax during the foaming process in each case. The presence of the additional groups as a result of the
incorporation of the filler can lead to the exothermic reaction providing more heat evaporated to the
system, and consequently higher temperature of the modified system compared to the PU-0. The Tmax

increases by about 20 ◦C with the addition of each POSS and appears at longer times compared
to the PU-0 (Figure 6). Basically, an analog tendency was observed by other authors in previous
works [16,53,54].

Table 2. Selected properties of RPUFs.

Sample
Code

Temperature
[◦C]

Cream
Time [s]

Extension
Time [s]

Tack-free
Time [s]

Cell Size
[μm]

Wall
Thickness

[μm]

Apparent
Density
[kg m−3]

PU-0 110 43 ± 4 277 ± 10 341 ± 14 472 ± 10 62 ± 4 38
PU-AP 135 49 ± 2 512 ± 11 376 ± 12 390 ± 8 68 ± 2 43
PU-TS 136 47 ± 2 504 ± 8 370 ± 12 402 ± 6 66 ± 3 42
PU-OH 134 46 ± 2 428 ± 9 320 ± 10 410 ± 8 66 ± 2 40

Figure 6. Temperature of reaction mixture in PU formulations.
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3.4. Foaming Kinetic of RPUFs

The foaming process was determined by measuring the characteristic processing times like cream,
extension and gelation time. The cream time was measured from the start of mixing of components
to a visible start of foam growth, extension time elapsing until reaching the highest volume of the
foam and gelation time was determined as the time when the foam solidifies completely and the
surface is no longer tacky [17]. The results presented in Table 2 indicate a slight increase in cream
and extension time for the RPUFs containing AP-POSS, TS-POSS, and OH-POSS. This dependence is
mostly related to the fact that well-dispersed filler in the reaction mixture acts as a nucleating agent
and higher viscosity of the modified systems is observed. It was reported in a previous work that
higher viscosity has a major impact on the growth of RPUFs and causes an increase in reaction time
by a few minutes [39]. Also, an increase of filler content affects the kinetics of the reaction and the
phase separation. The rate of PU polymerization during foaming and morphology development is
slowed down [40]. The addition of the filler into the system decreases the rate of isocyanate conversion
during the early stage reaction. Also, due to the presence of the filler, a reduction of the mobility of the
molecules takes place [40], leading to prolonged cream and extension time [18,22]. Compared to the
PU-0, composites modified with the addition of the fillers are also characterized by a shorter tack-free
time, indicating that filler particles act as a curing accelerator. Among studied fillers, the highest
values of extension time and tack-free time are determined for PU-AP composites, as a result of higher
viscosity, as compared to the PU-TS and PU-OH counterparts.

3.5. Density of RPUFs

Apparent density is one of the most important parameters to control the physical, mechanical
and thermal properties of the RPUFs which has influence on their performance and applications.
The values of density of prepared foams are presented in Table 2. In general, term, the apparent density
tends to increase when the POSS are added. PU-0 is characterized by an apparent density of 38 kg
m−3. The apparent density increases to 43, 42 and 40 kg m−3 for samples with AP-POSS, TS-POSS,
and OH-POSS, respectively. This effect can be explained by an analysis of the role of filler particles
on nucleation and cell growth. The POSS particles act as nucleation sites promoting the formation of
bubbles, and this is an increasing trend with nanoparticles content, but, at the same time, the growth
process of the resulting cells is hindered by an increase of the gelling reaction speed, revealing in bigger
viscosity. This results in bubble collapse and higher density foams. Moreover, the reactive groups of
POSS particles (such as, hydroxyl and amine groups) would react with isocyanate (–NCO) groups,
therefore, the content of isocyanates which reacted with water and produced CO2 foaming gas would
decrease, leading to the decreased foaming ratio and increased density. To sum up, the density of the
composite foams increased with the incorporation of POSS filler in the PU system.

3.6. Morphology of RPUFs

The cell morphology is one of the most important factors determining the physico-mechanical
properties of RPUFs [23,51]. The foaming process, the formation of cells, and their shape can be
explained by a nucleation and growth mechanism [24]. A proper balance of filler concentration, reaction
temperature, viscosity and dispersion of the filler in the polymer matrix is the key for optimization
of the cellular structure of RPUFs [25]. The cellular structures of RPUFs composites are presented in
Figure 7.
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(a) PU-0 (b) PU-0

(c) PU-AP (d) PU-AP

(e) PU-TS (f) PU-TS

(g) PU-OH (h) PU-OH

Figure 7. Morphology of (a,b) PU-0; (c,d) PU-AP, (e,f) PU-TS, (g,h) PU-OH observed at different magnification.

As observed from the micrograph of the neat PU-0 (Figure 7a,b), the cell size and cell distribution
are nearly uniform and the PU-0 consists of closed cells with a negligible amount of cells with broken
walls. With the addition of AP-POSS, the overall cell structure becomes less uniform and the number
of broken cells increased (Figure 7c,d). A similar trend is observed for sample PU-TS, as shown in
Figure 7e,f, although it has a higher content of broken cells compared to PU-AP. The more homogenous
structure is observed in Figure 7g,h, which corresponds to the PU-OH. The closed-cell structure is
well-preserved, and the number of broken cells is decreased. Higher content of open cells in the case
of RPUFs modified with AP-POSS and TS-POSS can be connected with poor interfacial adhesion
between the filler surface and the polymer matrix, which promotes earlier cell collapsing phenomena
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and increases a high possibility of generating open pores [26]. Moreover, the possible interphase
interactions between POSS and PU in cell struts disturbed formulation of stable foam structure [27]
which results in the coalescence of crowded cells. The alteration of cell morphology as the result of
filler incorporation was also observed in previous studies [28,35,55].

The values of the cell size of the RPUFs were statistically analyzed by means of ImageJ software
from SEM images and the median values are summarized in Table 2. The cell size distribution of the
RPUFs is presented in Figure 8. From the table, the PU-0 has fewer cells with a larger cell size than the
POSS-modified composites. In general, the PU-0 has an average cell size of 466 μm, and the addition of
small amounts of POSS yielded smaller cells. RPUFs with AP-POSS, TS-POSS, and OH-POSS have a cell
size of 396 μm, 389 μm and 408 μm, respectively. This means that RPUFs composites containing POSS
have a higher cell density and smaller cell size than those of the PU-0. Therefore, it can be concluded
that the POSS addition has an effect on reducing the cell size. This may be due to the increased viscosity
of the system after POSS addition which restrains the expansion of the cells. Moreover, it has been well
established in previous works that filler particles can act as nucleation sites for cell formation and since
a higher number of cells starts to nucleate at the same time, thus a higher amount of cells with reduced
diameter is present [56–61].

Figure 8. Cell size distributions of RPUFs.

3.7. Compressive Strength of RPUFs

The mechanical properties of RPUFs depend primarily on the cells’ morphology with the strength
being higher in the direction of foam expansion. In Figure 9 it can be seen that all the compressive
stress-strain plots of RPUFs are composed of a first linear region which corresponds to the elastic
response of the material and a second region in which the curves present a large plateau due to the
plastic deformation and rupture of the cell walls while the stress is constant until the cells are crushed.
Nevertheless, some differences can be observed between the samples. The increase in brittleness
caused by the reinforcements determines a more abrupt transition from the elastic region to the plateau,
in contrast to the smooth transition observed in the case of the PU-0. The elongation at break of the
PU composites decreases with POSS incorporation, implying that POSS particles make the PU matrix
more rigid. This is a common result in PU composites reinforced by a conventional filler [16,62,63].

The compression modulus and compressive strength of RPUFs are presented in Table 3.
The compressive strength of all materials tested in the direction parallel and perpendicular to
the direction of foam rise is greater than the strength of the reference foam. The largest increase in
compressive strength is observed for the PU-AP and it is about 351 kPa in a parallel direction and
159 kPa in the perpendicular direction. In the foams containing TS-POSS and OH-POSS, there is a
slight decrease in compressive strength compared with RPUFs containing AP-POSS; however, it is still
larger than for the PU-0. As presented in Figure 10 the mechanical properties are closely related to the
apparent density of polymer composites. An increase in density is accompanied by an increase in the
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mechanical properties of the composites since in compression the stiffness arises from buckling of cell
walls. The higher density is related to more compact cellular structures, hence there is more material
per unit area and the modulus and strength increase [64]. POSS-modified foams obtained in this study
show apparent density values of 40–43 kg m−3 and compressive strengths of 309–351 kPa, which are
well in the range exhibited by conventional commercial foams that present densities in the 15–130 kg
m−3 range and compressive strength values in the range 200–220 kPa (for RPUFs at a density of 40 kg
m−3) [60,65]. Based on these results, the foams modified with POSS can potentially be used on an
industrial scale in the construction and packaging industries.

Figure 9. Compression behaviors of RPUFs measured parallel to the foam rise direction.

Table 3. Mechanical properties of RPUFs.

Sample
Code

Compressive
Strength
(Parallel)
σ10 [kPa]

Compressive
Strength

(Perpendicular)
σ10 [kPa]

Young
Modulus

[MPa]

Flexural
Strength σf

[MPa]

Elongation
[%]

Impact
Strength [kJ

m−2]

PU-0 260 144 5 0.402 11.2 0.35
PU-AP 351 159 6.1 0.469 10.2 0.46
PU-TS 312 144 5.4 0.430 10.4 0.45
PU-OH 309 135 5.2 0.427 10.8 0.42

(a) (b)

Figure 10. Effect of apparent density on compressive strength of RPUFs of RPUFs measured (a) parallel
and (b) perpendicular to the foam rise direction.

3.8. Flexural Strength of RPUFs

As in the case of compression results presented in Figure 10, the correlation between flexural
strength (σf) and apparent density is observed as well (Figure 11). It can be also seen that incorporation
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of POSS filler affects the σf of POSS-modified materials. Compared to the PU-0, σf is improved by the
addition POSS in all cases. The value of tensile strength of PU-AP increases by 38% from 0.402 to
0.469 MPa as compared to the PU-0. Similar trend id observed for RPUFs modified with TS-POSS and
OH-POSS. The value of σf increases to 0.430 and 0.427 MPa for samples PU-TS and PU-OH. Figure 12
shows the stress-elongation curves for the RPUFs. All samples exhibit a linear elastic behavior in
the low-stress region and plastic deformation in the high-stress region, pointing at the comparable
mechanical performance of modified foams. The incorporation of POSS reduces the elongation at
break (εf) of RPUFs in all cases. The reason is due to the presence of POSS aggregates within the PU
matrix, which may act as defects during the tensile testing process and decrease εf of foam composites.

σ

Figure 11. Effect of apparent density on flexural strength (σf) of RPUFs.

σ

Figure 12. Flexural stress-elongation curves of RPUFs.

3.9. Impact Strength of RPUFs

The correlation between impact strength and apparent density is observed as well (Figure 13).
With the incorporation of AP-POSS, TS-POSS, and OH-POSS, the impact strength increases from 0.35
to 0.46, 0.45 and 0.42 kJ m−2, respectively. This behavior is related to the good interface reinforcement
matrix and the generation of fracture paths through the POSS-reinforced RPUFs. Thus, the deformability
of the RPUFs matrix is reduced, which in turn affects the ductility in the foam surface. With this effect,
the foam composite tends to form a more rigid structure and decrease the concentration of POSS,
thus reducing the foam’s energy absorption, resulting in greater impact strength.
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Figure 13. Effect of apparent density on the impact strength of RPUFs.

3.10. Dynamic Mechanical Analysis (DMA) and Thermogravimetric Analysis (TGA)

The dynamic mechanical behavior of RPUFs as a function of the temperature is shown in Figure 14.
The results presented in Figure 14a and Table 4, indicate that the incorporation of POSS to the PU
matrix affects the value of Tg, which corresponds to the maximum value of the curve loss tangent (tanδ)
versus temperature. Compared to the RPUFs modified with TS-POSS and OH-POSS, RPUFs containing
AP-POSS are characterized by higher Tg. Wu et al. [66] have shown that the Tg of RPUFs reflects
the rigidity of the polymer matrix which is a function of the isocyanate index, cross-link density and
aromaticity level of the RPUFs. Given that the isocyanate index has been held constant in this study,
the increase in the Tg for POSS-modified samples must be a reflection of the increased aromaticity and
cross-link density due to the presence of the POSS [67]. Moreover, as shown in Figure 14a, the reference
and POSS-modified foams exhibit one wide peak in the range of temperature analyzed. The width
of the peak becomes broader with the POSS incorporation due to different relaxation mechanisms
appearing in the modified materials as a consequence of the added filler. The broadening of the tanδ
peak is often assumed to be due to broader distribution in molecular weight between crosslinking
points or heterogeneities in the network structures [19].

(a) (b) 

Figure 14. (a) tanδ and (b) storage modulus as a function of temperature plotted for RPUFs.

In Figure 14b, it is also notable that RPUFs modified with POSS are characterized by higher
storage modulus (E’) as compared to PU-0. It can be concluded that the addition of all POSS has
significantly increased the E’ of PU and consequently the stiffness of studied composites is also
enhanced. This is due to the presence of filler in the PU matrix as well as higher viscosity of the
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modified systems, which imposes serious limits on the mobility of polymer chains, affecting their
higher stiffness. Similar results are reported in the literature [68,69].

Table 4. The results of the thermogravimetric analysis of RPUFs.

Sample
Code

Tg T5% T10% T50% T70% Char Residue
[◦C] [◦C] [◦C] [◦C] [◦C] [%]

AP-POSS - 267 280 342 531 21.6
TS-POSS - 260 287 350 449 18.4
OH-POSS - n.d. n.d. n.d. n.d. n.d.

PU-0 112 220 265 454 591 27.9
PU-AP 137 205 245 418 595 29.0
PU-TS 127 216 261 451 586 28.7
PU-OH 121 210 251 449 585 28.6

The thermal degradation of pure polyurethane foam and hybrid composites was monitored by
TGA thermograms as displayed in Figure 15a. The thermo-oxidative decomposition temperatures
for 5, 10, 50 and 70% weight loss are evaluated from TGA curves, as listed in Table 4. In the case of
PUR foams, thermal degradation occurred in 3 stages. In the first stage of decomposition at about 10%
loss of initial mass, dissociation of urethane bonds occurs at a temperature of 150 to 330 ◦C [70,71].
The second degradation step RPUF corresponding to a weight loss of about 50% occurs at a temperature
between 330 and 400 ◦C and is attributed to the decomposition of the soft polyol segments [70,72].
Then, the third degradation step associated with the degradation of the fragments generated during
the second stage occurs at 500 ◦C, which corresponds to 80% loss of mass [70,72].

 
(a) (b) 

Figure 15. (a) TGA and (b) DTG curves for RPUFs modified with POSS.

It can be observed that the addition of fillers affects the thermal stability of RPUF (Table 3).
POSS used as foam modifiers is characterized by higher thermal stability and percentage losses of
masses at much higher temperatures than PU-O. However, in the presence of POSS, the acceleration of
mass loss at the initial stage of degradation was observed.

The reduction of thermal stability can be attributed to non-homogeneous dispersion of POSS and
changes in cross-link density [51]. Confirmation is SEM photos, which clearly show that the presence of
POSS increases the heterogeneity of the RPUF morphology. In further stages of degradation, modified
foams are slightly more stable and are characterized by weight losses obtained at a similar temperature
as pure foam. In further degradation steps, the modified foams are slightly more stable and are
characterized by mass losses obtained at a similar temperature as pure foam, with maximum mass
losses of approximately 314–322 ◦C and 551–584 ◦C, which is related to the reaction of oxygen with
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hydroperoxides that are themselves unstable and decay, creating more free radicals [73]. In addition,
it can be seen that the amount of char residue for POSS filled foams is increased compared to PU-0.
This results in more stable char layers that can protect materials from further decomposition and,
in turn, increase thermal stability. The change is also visible on the DTG curves, which are the first
derivative of TGA that represent the speed of the composite decomposition process during heating.
It can be seen in Figure 15b that the degradation rate of POSS modified foams is slightly lower than
that of PU-0 foam.

3.11. Dimensional Stability, Contact Angle and Water Absorption

For RPUFs, often used as construction materials, dimensional stability, as well as affinity for
water, is a very important parameter. Table 5 and Figure 16 show the dimensional stability of foams
at low (−20◦C) and high temperature (70 ◦C), respectively. The variability of dimensions at low
temperature was slightly higher than at high temperature for the same foam samples. Furthermore,
the % linear changes in length, width, and thickness after exposure indicate that the addition of POSS
generally resulted in smaller dimensional changes of the modified foams compared to the reference
foam, indicating a stabilizing effect of POSS on the degradation factor. This is particularly evident in
the conditions of elevated temperature, where for TS-POSS modified foams, the dimensional stability
improved by an average of 20% in comparison with the PU-0. The only exception to this trend is the
POSS-OH-modified sample, which shows slightly larger changes in linear dimensions compared to
the reference sample, especially at reduced temperatures. However, according to industrial standard,
PU panels tested at 70 ◦C should have less than 3% of linear change. In each case, the dimensional
stability of PU foams is thus still considered to be mild and within commercially acceptable limits [74].

Table 5. Dimensional stability and affinity for water of RPUFs.

Sample
Code

Dimensional Stability (+70◦C)
[%]

Dimensional Stability (−20◦C)
[%]

Water
Absorption

[%]

Contact
Angle [◦]

Width Length Thickness Width Length Thickness

PU-0 1.80 1.6 2.5 1.90 1.8 1.65 12.3 129
PU-AP 1.55 1.5 2.2 1.72 1.74 1.74 11.5 135
PU-TS 1.5 1.4 1.90 1.89 1.75 1.95 11.8 136
PU-OH 1.7 1.9 2.4 2.26 1.82 1.72 11.2 140

(a) (b) 

Figure 16. Dimensional stability of RPUFs modified with AP-POSS, TS-POSS and OH-POSS after
exposure at 70 ◦C (a) and −20 ◦C (b).

Polyhedral oligomeric silsesquioxanes significantly affected the hydrophobicity of the foams
(Figures 17 and 18). Regarding water absorption, it is notable that foams modified by POSS absorb
less water than the reference sample. This effect is attributed to the greater surface roughness of
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foams with smaller pore sizes as well as the lack of large surface pores in which water droplets can be
stored. Lower water absorption indicates greater hydrophobicity, which is also well illustrated by the
contact angles of foam surfaces with water (Figure 18). The most hydrophobic foam was modified with
POSS-OH, which achieved a contact angle of 140◦ and water absorption at the lowest level (11.2% after
24 h). This is due to the presence of non-polar side chains in the corners of silsesquioxane cages,
which reduces the surface energy of the entire system.

Figure 17. Effect of contact angle on water absorption of RPUFs modified with POSS.

(a) PU-0 (b) PU-AP (c) PU-TS (d) PU-OH 

Figure 18. The contact angle of the surface of the (a) PU-0, (b) PU-AP, (c) PU-TS, (d) PU-OH.

4. Conclusions

RPUFs were successfully reinforced using POSS with hydroxyl and amino groups. The impact
of POSSs on thermal properties, dynamic mechanical properties, physico-mechanical properties
(compressive strength, three-point bending test, impact strength apparent density), foaming parameters
and morphology of RPUFs was examined. The presented results indicate that the addition of AP-POSS,
TS-POSS, and OH-POSS in the range of 0.5 wt.% influences the morphology of analyzed foams and
consequently their further mechanical and thermal properties. It was noticed that RPUFs modified
with AP-POSS are characterized by smaller and more regular polyurethane cells. This suggests better
compatibility between PU foam matrix and AP-POSS compared with other fillers. This results in
significant improvement of physico-mechanical properties and thermal stability of composites with
AP-POSS. For example, compared to the RPUFs modified with OH-POSS and TS-POSS, composition
with 0.5 wt.% of the AP-POSS showed greater compressive strength (351 kPa) and higher flexural
strength (0.469 MPa). However, the highest hydrophobicity showed OH-PU foams, which were
characterized by the greatest contact angle (140◦) and less water uptake (11.2% after 24 h).
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Abstract: Objectives: The aim of this study was to investigate, in polyurethane foam sheets, the
primary implant stability of a NanoShort implant compared to a self-condenser implant and to a
standard, conventional implant. Materials and Methods: Three implant designs were evaluated in the
present in vitro investigation: The Test implant (NanoShort), the Control A implant (self-condenser),
and the Control B implant (standard design). The study was conducted by comparing the insertion
torque values, the pull-out strength values, and the resonance frequency analysis (RFA) values of the
Test and Control A and B implants inserted in polyurethane foam models of different thicknesses and
densities. The foam densities were 10, 20, and 30 pounds per cubic foot (pcf). Three thicknesses of
polyurethane foams (1, 2, 3 mm) were evaluated for a total of 640 experimental sites. Results: The
Pearson correlation showed a moderate/strong correlation between all study groups (r > 0.3) for
insertion torque and pull-out strength levels. Increased stability of the Test implants was obtained
in 3 mm polyurethane sheets. The 2.5 and 3.5 mm Test implants presented good stability in 3 mm
polyurethane sheets of 20–30 pcf densities. The Control implants showed better results compared
to the Test implants in 1, 2, and 3 mm polyurethane sheets with densities of 10, 20, and 30 pcf.
Conclusions: The NanoShort dental implant evaluated in this in vitro study showed a high level of
stability in some experimental conditions, and could represent a useful tool, especially in the posterior
mandible, as an alternative to vertical augmentation procedures.

Keywords: implant stability; insertion torque; pull-out strength; polyurethane foam

1. Introduction

During the insertion of dental implants, bone density plays a key role in determining the primary
stability of the implants [1,2]. There is, then, a need to understand the relationship between bone
density and primary implant stability to plan implant treatment in a proper way [1]. To get mineralized
tissues at the interface with the implants, there is an absolute need to achieve primary implant stability,
i.e., the initial biomechanical engagement between bone and implant, with no relative micromovements
between these two structures, immediately after insertion of the implants [3–6]. Poor bone density
affects primary stability in a negative way [4,5,7]. Higher bone quality is correlated with higher primary
implant stability [6,8]. Therefore, the main factors influencing primary stability are the percentage of
bone-to-implant contact (BIC) and the compressive stresses at the implant–bone interface [5]. Besides
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bone quantity and bone quality, primary stability is also related to implant geometry (length and
diameter) and to the surgical technique used to prepare the insertion site of the implants [8]. A low
primary stability has been reported to carry a higher risk of implant failure or loss, while with a
high stability, better conditions for the formation of mineralized tissues at the implant interface are
realized [8]. Moreover, it must also be underlined that a high level of primary stability is associated in
a positive way with secondary implant stability [8]. It is, then, extremely important to be able to assess,
in an accurate way, primary stability [8].

So far, several non-invasive and non-destructive methods have been suggested to evaluate implant
stability, such as insertion torque measurement (IT) and resonance frequency analysis (RFA). IT
measures the compression produced by an implant during placement into the surgical site [7] and it
is closely related to the primary implant stability, which is considered the most important factor for
successful implant treatment [5]. Pull-out torque measures the force needed to remove the implants.

RFA is a validated, useful, and non-invasive tool in the clinical practice [9]. This procedure is able
to measure the deflection of the implant–bone complex at different time intervals [10]. Polyurethane
foam has been proposed for in vitro tests because it simulates the consistency and density of bone tissue.

The intrinsic mechanical features and biocompatibility of polyurethane foam have been applied
in several different medical fields, including vascular engineering and orthopaedics [11–13]. This
material has been reported to show mechanical properties as described by the ASTM (American Society
Testing Materials) F-1839-08 2012 standard [1,4]. Its characteristics render it a very good material
to test different implant materials [1], and to standardize the procedures excluding the anatomical
and structural differences present in bone [5,6]. The low-to-high densities of polyurethane foams are
representative of different bone densities, according to the bone tissue classification D1–D4 proposed
by Misch [14].

Short implants (less than 8 mm in length) have been proposed mainly in the clinical condition of
deficient alveolar ridges in the posterior jaws [15–17]. They could avoid the use of maxillary sinus
augmentation procedures or bone grafts, avoiding increased morbidity, higher costs, and higher risks
of complications [18–21]. Several recent systematic reviews with meta-analyses have shown that the
survivals of short and standard-length implants are similar [18–23]. In the past few years, implants
with a reduced length (4, 5, and 6 mm) (Ultrashort or Extrashort implants) have been proposed [16,24].
In the market, it is also possible to find implants with a still-reduced length (2.5 or 3.5 mm) (NanoShort
implants) [25].

The aim of the present investigation was to evaluate the in vitro biomechanical behavior of a
NanoShort implant compared with a self-condenser implant and a standard implant.

2. Materials and Methods

2.1. Implants

NanoShort titanium dental implants (Oralplant Suisse, Mendrisio, Switzerland; Test Implants)
were used for the present in vitro investigation (Figure 1). These implants had a length of 2.5 mm and
a diameter of 4.5 mm (Test A), or a length of 3.5 mm and a diameter of 4.1 mm (Test B) (Figure 2A).

SinusPlantTM implants (Oralplant Suisse, Mendrisio, Switzerland) were used as Control A
implants, and were 4.5 mm diameter and 10 mm length.

Cylindrical screw-shaped implants were used as Control B implants, and they were of 13 mm
length, had a platform diameter of 4.1 mm, and a body diameter of 3.75 mm (Restore, Keystone
Dental, Burlington, MA, USA). The coronal portions of two of the experimental implants presented the
same diameter, but different shapes: A troncoconical geometry for the Test implants and a cylindrical
morphology for the Control B implants (Figure 2A).
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Figure 1. Summary of the model design of the study.

2.2. Polyurethane Foam Blocks

Polyurethane foam represented a useful tool for biomedical applications, including testing
instruments and dental implants for the comparative testing of bone screws [16]. This material has been
demonstrated to be able to eliminate the variables of human cadaver bone and of animal bone. Artificial
bone blocks presented a uniform cortical bone density and depth, and were unaffected by desiccation.
This material exhibited similar properties to bone, and was shown to be reliable and required no special
handling or preservation. This synthetic material presented consistent mechanical characteristics.

2.3. Experimental Design of the Study

A total of 40 implants (10 Test A, 10 Test B, 10 Control A, and 10 Control B) were used in the
present investigation. A total of 640 osteotomies were produced into the polyurethane blocks. Each
implant was repositioned 16 times for each experiment, for a total of 10 implants for each study group.
The implants were inserted following the protocol of the manufacturer, using an implant lance drill,
a 2 mm drill (1600 rpm), and a 3.8 mm final drill (800 rpm) (Figure 1). The handpiece was calibrated at
a speed of 70 rpm and a torque of 30 Ncm. Torque values were taken with a software (ImpDat Plus,
East Lansing, MI, USA) installed on a digital card. The insertion torque (IT; Ncm) values indicated
the force of the maximum clockwise movement that stripped the material. The investigation was
conducted by a single operator (LC), comparing the torque insertion and pull-out strength values
of the Test, Control A, and Control B implants when inserted into polyurethane foam models of
different sizes and densities. Different types of solid rigid polyurethane foam (SawBones H, Pacific
Research Laboratories Inc, Vashon, WA, USA) with homogeneous densities were selected for the
present investigation. Solid rigid polyurethane foam provided a closed cell content range from 96.0%
to 99.9%. Foam was available in a range of sizes and densities, from 0.08 to 0.80 grams per cubic
centimeter (5 to 50 pounds per cubic foot). The densities of polyurethane foam used in the present
study were 10 pounds per cubic foot (pcf), corresponding to a density of 0.16 g/cm3 (similar to the D3
bone type); 20 pcf, corresponding to 0.32 g/cm3 (similar to the D2 bone type); and 30 pcf, corresponding
to 0.48 g/cm3 (similar to D1 bone). Furthermore three different sizes of polyurethane foams were
evaluated, for a total of 32 blocks and 640 experimental sites: 13 cm × 18 cm × 1 mm (20, 30 pcf);
13 cm × 18 cm × 2 mm (10, 20, and 30 pcf); and 13 cm × 18 cm × 3 mm (10, 20, and 30 pcf).
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2.4. Insertion Torque and Pull-Out Torque

The study was conducted by comparing the insertion torque and the pull-out strength values
using a calibrated torque meter (UNIKA, Oralplant Suisse, Mendrisio Switzerland) with a torque
range of 5–80 Ncm. The final 1 mm insertion torque of the implants into the polyurethane sheets was
recorded. In the present study, mechanical torque gauges were used to assess the insertion torque and
pull-out strength values. A total of 640 drilling sites (160 for each group) were produced in different
sizes and densities of the polyurethane foam models. For each block, 20 drilling sites were obtained.

2.5. Implant Drill

Test A implants were inserted following a dedicated drill protocol: A surgical twist drill of 2 mm at
1500 Rpm, a pilot drill of 2–4.5 mm at 800 Rpm, and finally, burs of 4.5 mm diameter and 2.5 mm length.

Test B implants were inserted following a dedicated drill protocol: A surgical twist drill of 2 mm at
1500 Rpm, a pilot drill of 2–4.1 mm at 800 Rpm, and finally, burs of 4.1 mm diameter and 3.5 mm length.

Control A implants were inserted using a surgical twist drill of 2 mm at 1500 Rpm, a pilot drill of
2–3.8 mm at 800 Rpm, osteocondensation screw burs of 10 mm length and 4.5 mm diameter used at the
top at 40 Rpm, and then the implant was placed with a predetermined maximum torque of 46 Ncm
and 30 Rpm with the surgical motor.

Control B implants were inserted using a surgical twist drill of 2 mm at 1500 Rpm, a pilot drill of
2–3 mm at 800 Rpm, a final 3 mm drill, and then the implant was placed with a calibrated torque of
46 Ncm at a predetermined 30 Rpm with the surgical motor (Figure 2B–D).

Figure 2. (A) From the left to the right: NanoShort 2.5, NanoShort 3.5, self-condenser implant,
standard implant; (B) details of site preparation of the polyurethane blocks after the drillings protocols;
(C) implants positioned into a polyurethane block; (D) detail of the back view of the positioned implant.

2.6. Resonance Frequency Analysis

After implant insertion, primary stability was measured using RFA values, expressed using the
implant stability quotient (ISQ), with hand-screwed Smart-Pegs (type 7 for Test implants and type 3 for
Control implants; Osstell Mentor Device, Integration Diagnostic AB, Savadelen, Sweden). The implant
stability quotient (ISQ) ranged from 0 to 100 (measured between 3500 and 85,000 Hz), and was divided
into Low (lower than 60 ISQ), Medium (60–70 ISQ), and High stability (more than 70 ISQ) [26]. For
each specimen, the RFA measurement was repeated two times. Measurements were performed in two
orientations separated by a 90-degree angle, and the average ISQ values were calculated.

2.7. Statistical Analysis

Differences between the values of insertion torque, pull-out strength, and RFA of the four groups
were analyzed by one-way analysis of variance (ANOVA), followed by Tukey’s post-hoc test. A p-value
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< 0.05 was considered statistically significant. The correlation between the values of insertion torque
and pull-out strength was determined by the Pearson Test. Data treatment and statistical analysis were
performed by Excel origin and StatPlus6 software.

3. Results

The results were similar when comparing the 2.5 and 3.5 NanoShort implants (Test A and Test B).
The Test implants had good stabilization in 3 mm polyurethane sheets of 20–30 pcf densities. In 2 mm
sheets, good stability of the Test implants was only obtained in the sheets of 30 pcf density (Table 1).
Control A implants showed better results when compared to the Test implants in 1, 2, and 3 mm
polyurethane sheets of 10, 20, and 30 pcf densities (p < 0.01) (Figures 3–5). Control B implants showed
good results in 1 and 2 mm polyurethane sheets. In 3 mm sheets, the values of the Control B implants
were similar or slightly lower when compared to the Test A and B Implants (p > 0.05). The pull-out
torque values of the Test implants were lower than the values of insertion torque, while in Control A
implants, the values were similar, and in Control B implants, the values of the insertion torque were
lower than the values of the pull-out torque (Table 1) (Figures 3–5).

 
Figure 3. Insertion torque values for the four experimental groups. The self-condenser implant showed
the highest ratio of stability.

 
Figure 4. Results of the investigation of pull-out torque. The self-condenser implant showed the highest
ratio of stability.
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Figure 5. Resonance frequency analysis (RFA) effectiveness of the study groups.

Table 1. Values of insertion torque, pull-out strength, and RFA effectiveness of the study groups.

INSERTION
TORQUE

PULL OUT RFA ANALYSIS

Groups MEAN SD MEAN SD
Pearson

Correlation (r)
MEAN SD

1 MM

20 PCF

NANO 2.5 0 0 0 0 1.000 0 0
NANO 3.5 0 0 0 0 1.000 0 0

SELF CONDENSER 14.14 2.049 12.1 1.723 0.69 40.9 1.107
STAND 10.7 1.625 8.1 1.518 0.76 31.5 1.721

30 PCF

NANO 2.5 0 0 0 0 1.000 0 0
NANO 3.5 0 0 0 0 1.000 0 0

SELF CONDENSER 46.2 1.704 45.8 1.508 0.56 82.43 1.173
STAND 19.15 1.755 18.4 1.142 0.72 42.15 1.065

2 MM

10 PCF

NANO 2.5 1.25 2.221 0 0 1.000 0 0
NANO 3.5 1 0.4588 0 0 1.000 0 0

SELF CONDENSER 19.75 2.049 18.55 1.905 0.75 64 1.564
STAND 5.25 0.9105 5.1 0.9119 0.34 20.93 2.38

20 PCF

NANO 2.5 1.45 2.114 0 0 1.000 0 0
NANO 3.5 3.35 0.7373 0 0 1.000 0 0

SELF CONDENSER 26.2 1.963 25.55 1.317 0.48 69.58 1.633
STAND 10.8 1.196 8.2 1.824 0.69 41.58 1.115

30 PCF

NANO 2.5 20 1.1 19.5 1.433 0.98 34.05 2.299
NANO 3.5 12.9 0.4224 9.4 2.529 0.61 34.85 2.529

SELF CONDENSER 46.2 1.704 45.8 1.508 0.36 82.33 1.321
STAND 19.25 1.803 18.6 1.667 0.80 42.93 1.29

3 MM

10 PCF

NANO 2.5 12.9 2.222 8.95 1.986 0.73 43.75 2.505
NANO 3.5 10.9 0.2283 7.8 1.262 0.61 44.25 1.262

SELF CONDENSER 20.9 1.651 19.1 1.518 0.56 64.7 1.712
STAND 8.4 1.353 5.1 1.373 0.60 27.78 2.835

20 PCF

NANO 2.5 18.05 2.012 14.35 2.498 0.60 47.65 2.72
NANO 3.5 13.45 0.3733 10.15 1.928 0.89 42.83 1.928

SELF CONDENSER 27.45 2.235 26.15 2.007 0.79 69.35 1.702
STAND 10.7 1.625 9.05 1.849 0.59 41.4 1.283

30 PCF

NANO 2.5 22.3 2.003 19.25 1.618 0.92 52.68 2.358
NANO 3.5 20.3 0.3332 16.95 2.047 0.80 46.68 2.047

SELF CONDENSER 46.8 2.042 46.25 1.832 0.45 82.5 1.225
STAND 19.15 1.981 18.65 1.814 0.80 42.75 1.323

4. Discussion

Recent systematic reviews with meta-analyses agreed that short implants could be a suitable
alternative to more invasive procedures when there is the need to treat alveolar atrophy of the posterior
jaws [15,17–24]. Similar survival rates, when compared with standard-length implants, have been

86



Polymers 2019, 11, 1020

reported for short implants. A trend towards a reduction in the implant length of short implants
has been observed in recent years, with the introduction in the market of Extrashort and Ultrashort
implants (5–6 mm length, or even less) [15–17,24]. These implants have been shown to be able to
osseointegrate and bear a functional load [24]. Furthermore, Nanoshort implants with a still-reduced
implant length (2.5/3.5 mm length) are available in the market [25].

Polyurethane foam could be a useful alternative material to provide mechanical tests for human
bone. The American Society for Testing and Materials (ASTM F-1839-08) has approved this material,
and has recognized it as a standard for testing instruments and oral implants for the comparative testing
of bone screws (“Standard specification for Rigid Polyurethane Foam for Use as a Standard Material for
Testing Orthopaedic Devices for Instruments”). Given the difficulties of working with human cadaver
bone and animal bone, synthetic polyurethane foams have been widely used as alternative materials in
several biomechanical tests, due to the fact that these materials present a similar cellular structure and
consistent mechanical characteristics. Artificial bone blocks were chosen over animal or cadaver bone,
as they presented a uniform cortical bone density and depth, and were unaffected by desiccation. This
material exhibited similar properties to bone, and it was reliable and required no special handling
or preservation.

On the contrary, the limitation of this study is that the study design provided only an analysis of
the mechanical retention of the implant, whereas in clinical situations, many biological factors affect
primary stability, and the physiological and molecular events of the healing of bone tissue produce
phenomena like bone resorption, neoformation, and remodeling, leading to secondary stability.

In this way, the reuse of fixture and implant drills did not produce any effect on the outcome
of this research, because the study model provided an experimental design that evaluated only the
macro-mechanical interactions between the surfaces in the absence of variables of biological interaction
that could be conditioned in vivo.

The good primary stability obtained by the Test implants in polyurethane foams of 20 and 30 pcf
densities makes them a suitable implant for use in the posterior regions of the mandible, where the
bone quality is good and is similar to 30 pcf polyurethane. The polyurethane foam density values of
10–20 pcf are comparable to the D3 bone type. D3 is a bone quality typical of the anterior maxilla and
the posterior regions of the jaws. The D3 bone of the anterior maxilla presents less thickness than the
mandibular D3.

Yamaguchi et al. (2016) reported that the mean mineral density in the posterior maxilla is 0.31 g/cm.
Test implants would probably have less utility in the posterior maxilla, where the bone quality is
usually poor. In this anatomic area, Control B implants seem to have higher stability parameters in
all the polyurethane heights and densities. The lack of differences between the two different types
of Test implants (2.5 vs. 3.5 mm) is probably related to the fact that 2.5 mm implants had a wider
diameter (4.5 vs. 4.1 mm), and the PIC (polyurethane-implant contact) was, in all probability, the
same. The better results of Control B implants were probably correlated to the fact that these implants
were conical, while the Test Implants were cylindrical, and they produced higher friction between
the implant and the polyurethane. The similar values obtained by the 2.5 and 3.5 mm implants could
probably support the hypothesis that diameter is more important than length [2,7], as the highest load
is present in the cortical zone, which is more rigid than the cancellous zone [8], even though some
authors have reported that implant length is of great value in obtaining primary stability, particularly
in low-density bone [4]. Mohlherich et al. (2015) reported that a significant increase in implant stability
was found when there was an increase in bone density [8].

The authors concluded that to achieve the highest possible primary stability, the largest possible
diameter must be chosen [8]. Moreover, in cases where it could be possible to use either 2.5 or 3.5 mm
Test implants, a preference for the 2.5 mm implants could be suggested due to their easier positioning.
When the height of the residual alveolar bone in the posterior mandible is at least 3 mm, it could be
preferable to use the Test implants instead of performing a vertical augmentation procedure that has
higher morbidity, higher cost, and the need of an additional surgical procedure. The present study
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showed that in these cases, the Test implants could reach a good stabilization. Furthermore, the use
of a higher number of implants could improve the load distribution of the prosthetic restauration.
Short, Ultrashort, and NanoShort implants should have an appropriate design to improve the primary
stability, even in regions with low bone density [7]. In the case of the Test implants used in the present
study, a conical shape would probably have been better than a cylindrical design, and also a different
pitch of the threads could have helped to better engage the material. Falco et al. (2018) demonstrated
that larger implant threads with a greater pitch could contact more bone trabeculae and better compact
the bone debris in a peri-implant location.

5. Conclusions

The NanoShort implants used in this study demonstrated an acceptable primary stability in solid
rigid polyurethane models when compared to standard implants. The outcome of this investigation
suggested a possible clinical application in cases of critical atrophy of posterior mandible, instead of
using a more complicated vertical ridge augmentation procedure.
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Abstract: The aim of this study is to offer a new class of degradable shape-memory
poly(ether-ester-urethane)s (SMPEEUs) based on poly(ether-ester) (PECL) and well-defined aliphatic
diurethane diisocyanate (HBH) for further biomedical application. The prepolymers of PECLs
were synthesized through bulk ring-opening polymerization using ε-caprolactone as the monomer
and poly(ethylene glycol) as the initiator. By chain extension of PECL with HBH, SMPEEUs
with varying PEG content were prepared. The chemical structures of the prepolymers and
products were characterized by GPC, 1H NMR, and FT-IR, and the effect of PEG content on
the physicochemical properties (especially the shape recovery properties) of SMPEEUs was studied.
The microsphase-separated structures of the SMPEEUs were demonstrated by DSC and XRD.
The SMPEEU films exhibited good tensile properties with the strain at a break of 483%–956% and
an ultimate stress of 23.1–9.0 MPa. Hydrolytic degradation in vitro studies indicated that the time
of the SMPEEU films becoming fragments was 4–12 weeks and the introduction of PEG facilitates
the degradation rate of the films. The shape memory properties studies found that SMPEEU films
with a PEG content of 23.4 wt % displayed excellent recovery properties with a recovery ratio of
99.8% and a recovery time of 3.9 s at body temperature. In addition, the relative growth rates of the
SMPEEU films were greater than 75% after incubation for 72 h, indicating good cytocompatibility
in vitro. The SMPEEUs, which possess not only satisfactory tensile properties, degradability, nontoxic
degradation products, and cytocompatibility, but also excellent shape recovery properties at body
temperature, promised to be an excellent candidate for medical device applications.

Keywords: poly(ether-ester-urethane)s; poly(ethylene glycol); well-defined hard segments; degradability;
shape memory behavior

1. Introduction

Shape-memory polymers (SMPs), as a kind of smart polymeric material, have the ability to
remember and recover their permanent shape upon application of an external stimulus, such as heat,
humidity, pH, light, electromagnetic induction, or a solvent [1–6]. Compared with shape-memory
alloys (SMAs), SMPs have a lot of advantages, such as flexible transition temperatures, high recoverable
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strains, low density, low manufacturing cost, and easy processing [2]. Nowadays, SMPs have been
proposed for application in several kinds of medical devices [7–9]. As an example, SMPs were used
to fabricate medical bandages by the Luo group, and they found that SMPs could produce gradient
pressures acting on an ulcer of the leg to accelerate blood circulation and the healing process [10].
Although SMPs are very useful, their applications in medical implant materials are limited because of
their nonbiodegradability and low biocompatibility. For medical implantations, SMPs are required to
be degradable, possess high biocompatibility and have a recovery temperature near the human body
temperature. Therefore, it is urgently required to develop biocompatible and degradable SMPs with
adequate tensile properties to fabricate novel kinds of medical devices [11–13]. In 2017, the Becker
group [14] provided an overview of SMPs being used in medical applications, and after that, a large
number of works related to biocompatible SMPs have been published [15–17].

Segmented polyurethanes (PUs), as one of the important types of shape-memory materials,
have received attention recently because of their unique properties, such as high shape
recoverability, a wide range of shape recovery temperatures, good tensile properties, and adequate
biocompatibility [18,19]. The unique properties of segmented PUs are attributed to microphase
separation, and the primary driving forces behind microphase separation are both the immiscibility of
the soft and hard segments and the strong intermolecular interaction of H-bonding among the hard
segments, with hydrogen bonding energies of 12~36 kJ/mol [20,21].

As implant medical devices, many commercial medical PUs, including ElasthaneTM, Biomer®,
BiospanTM, and ChronoFlex® AR, are quintessentially synthesized based on 4,4’-diphenylmethane
diisocyanates (MDI) [22,23]. Aromatic diamines are carcinogenic degradation products that are
produced and released during the degradation process [24]. Clearly, PUs prepared from aliphatic
diisocyanate can conquer these shortcomings; however, compared with MDI-based Pus, these types
of PUs possess weak tensile properties because they lack a significant length of hard segments [25].
Long well-defined hard segments are significant for good tensile properties [26]. In our previous
report [27], a kind of degradable medical PU containing well-defined hard segments was prepared by
using the chain extender of aliphatic diurethane diisocyanate. The well-defined chemical structure
of the hard segments enhances the microphase separation degree of the hard and soft segments, and
in addition, the existence of multiple H-bonds between the urethane units gives a compact network
structure physical-linked by H-bonds, which leads to comparative or even better tensile properties
than MDI-based PUs.

On the other hand, most of the commercially available shape-memory PUs (SMPUs) are
thermo-responsive. They have a higher recovery temperature (50–90 ◦C) than human body temperature,
which makes them not particularly suitable for medical device applications as they would need high
activation temperatures [28]. Therefore, it is desirable to design degradable SMPUs with a near-body
recovery temperature for medical applications. Poly(ethylene glycol) (PEG) not only possesses good
hydrophilicity, biocompatibility, and nontoxicity, but also exhibits excellent flexibility and a low
glass-transition temperature [29,30]. The introduction of a PEG chain into hydrophobic polyester
chains as the soft segment can produce a low transition temperature. Thus, the corresponding SMPUs
based on the poly(ether-ester) have both biodegradability and a near-body recovery temperature.
Besides, the flexible PEG chain can serve as a plasticizer to enhance the distance between the soft
segments, and thus enhances the shape memory properties of the SMPUs, as other papers have
reported [10,31,32].

This work describes the preparation and properties of a new class of shape-memory
poly(ether-ester-urethane)s (SMPEEUs) based on poly(ether-ester) and well-defined aliphatic
diurethane diisocyanate. The SMPEEUs are expected to have not only excellent shape recovery
properties at body temperature, but also acceptable physicochemical properties, degradability,
biocompatibility, and nontoxic degradation products for further biomedical application. First,
the poly(ether-ester) of triblock poly(ε-caprolactone)-poly(ethylene glycol)-poly(ε-caprolactone) (PECL)
was synthesized by bulk ring-opening polymerization with ε-caprolactone (ε-CL) as the monomer and
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PEG as the initiator. Then, the SMPEEUs with well-defined hard segments were obtained by one-step
chain extension of PECL with diurethane diisocyanate. The chemical structures of the PECLs and
SMPEEUs were characterized, and the influences of PEG content on the tensile properties, in vitro
degradability, and shape-memory properties of the SMPEEU films were researched. In addition,
the biocompatibility (cytocompatibility) of the SMPEEU films was evaluated by a cytotoxicity test.

2. Materials and Methods

2.1. Materials

ε-CL was purchased from Acros Chimica, Geel, Belgium and distilled from CaH2 under
reduced pressure. Dibutyltin dilaurate (DBTDL) and 1,6-hexanediisocyanate (HDI) were supplied by
Sigma-Aldrich Chemical Co., St. Louis, MO, USA and used without further purification. PEG (Mn = 400,
600, 1000, 2000 g/mol) and 1,4-butanediol (BDO) (Shanghai Aladdin Reagent Co., Shanghai, China)
were dried at 110 ◦C under reduced pressure for about 4 h prior to use. Diurethane diisocyanate
of 1,6-hexanediisocyanate-1,4-butanediol-1,6-hexanediisocyanate (HBH) was synthesized in our lab,
as shown in Figure 1a according to our previous report [33] and HR-MS and NMR were adopted to
confirm its chemical structure. N,N-dimethylformamide (DMF, Beijing Chemical Reagent Co., Ltd,
Beijing, China) was dried with phosphorus pentoxide for 8 h and then distilled under vacuum before
use. Other reagents (AR grade) were purified by standard methods.

Figure 1. Synthetic pathways of (a) diurethane diisocyanate (HBH), (b) PECL, and (c) SMPEEU.

2.2. Polyurethane Synthesis

2.2.1. Synthesis of PECLs

OH-terminated PECLs were prepared by bulk ring-opening polymerization with ε-CL as the
monomer and PEG as the initiator [34]. Briefly, the predetermined amount of ε-CL, PEG and catalyst
DBTDL (0.25 wt % of ε-CL) were mixed in a vacuum flask at room temperature, and the system was
deoxygenated with dry argon three times. After the flask was sealed, the reaction was performed at
140 ◦C under vacuum conditions (~50 Pa) with an oil bath for 24 h. A small amount of chloroform
was added to the system to dissolve the raw product, and the solution was precipitated with cold
diethyl ether to obtain the PECLs, which were then dried thoroughly under reduced pressure (~150 Pa)
at room temperature. The PECLs based on PEG-400, PEG-600, PEG-1000, and PEG-2000, are named
PECL-I, PECL-II, PECL-III, and PECL-IV, respectively. The reaction scheme is shown in Figure 1b,
and the feed ratios and molecular weights of the PECLs are listed in Table 1.
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Table 1. Molecular weight and feed ratios of the poly(ether-ester) (PECL).

PECLs ε-CL/g
PEG/g

Mtheo Mn ÐM MNMR−400 −600 −1000 −2000

-I 36 4.0 - - - 4000 3890 1.11 3990
-II 34 - 6.0 - - 4000 3920 1.08 4020
-III 30 - - 10.0 - 4000 3880 1.10 3970
-IV 20 - - - 20.0 4000 3940 1.12 4040

Note: Mtheo., theoretical molecular weight calculated from the molar ratio of CL/PEG; Mn and ÐM, number average
molecular weight and molecular weight dispersity obtained from GPC; MNMR, molecular weight calculated from
the peak integration in 1H NMR.

2.2.2. Preparation of SMPEEUs and SMPEEU Films

A representative process was as follows: A certain amount of PECL was added to a two-necked
flask and the system was heated to 80 ◦C with an oil bath under dried argon. Then the DMF solution
of HBH (~0.25 g/mL) was added dropwise into the system with mechanical stirring, and the ratio of
–NCO/–OH was 1.02 (mol:mol). When the reaction became too viscous to be stirred, a small amount of
DMF could be added to keep the reaction homogeneous. After that, the reaction mixture proceeded
at the same temperature with dried argon until the characteristic peak of –NCO at 2250~2280 cm−1

disappeared completely in FT-IR (approximately 3.5 h), and then was diluted to ~0.045 g/mL with
DMF. The diluted solution was degassed under reduced pressure and then gently poured into a
polytetrafluoroethylene mold, in which most of the DMF was volatilized at 40 ◦C for five days. The last
trace of DMF was removed under vacuum for two days to give semitransparent films with a thickness
of 0.3 ± 0.02 mm. The SMPEEU films, based on PECL-I, PECL-II, PECL-III, and PECL-IV are named
SMPEEU-I, SMPEEU-II, SMPEEU-III, and SMPEEU-IV, respectively. The reaction scheme is displayed
in Figure 1c, and the molecular weight and feed ratios of the SMPEEUs are shown in Table 2.

Table 2. Molecular weights and feed ratios of the shape-memory poly(ether-ester-urethane)s
(SMPEEUs).

SMPEEUs
PECL/g

HBH/g PEG Content/wt % Mn (kDa) ÐM
-I -II -III -IV

-I 19.5 - - - 2.17 9.25 118 1.38
-II - 19.6 - - 2.17 13.8 113 1.41
-III - - 19.4 2.17 23.2 115 1.43
-IV - - - 19.7 2.17 45.7 108 1.37

Note: PEG content, PEG content in SMPEEUs; Mn and ÐM, number average molecular weight and molecular weight
dispersity obtained by gel permeation chromatography (GPC).

2.3. Instruments and Characterization

Characterization: Nuclear magnetic resonance (NMR) spectra were obtained by employing a
Bruker 400 MHz Avance II spectrometer (Rheinstetten, Germany) at room temperature. DMSO-d6

and CDCl3 were used as the solvents for HBH and polymer analysis, respectively. Fourier transform
infrared (FT-IR) spectra were conducted on a Bruker Alpha spectrometer (Rheinstetten, Germany) in
the range of 4000–400 cm−1

, with a resolution of 4 cm−1. The number average molecular weight (Mn)
and molecular weight dispersity (ÐM) were determined using Viscotec TriSEC302 (Kennesaw, GA,
USA) gel permeation chromatography (GPC) at 35 ◦C, with tetrahydrofuran as the continuous phase
(flow rate: 1.0 mL/min) and monodisperse polystyrene as the calibration standard.

Thermal transition: Thermal transition behaviors were researched with a Q20 differential scanning
calorimeter (DSC) (TA Instrument, New Castle, DE, USA) under nitrogen (flow rate: 30 mL/min).
Samples, which were encapsulated in standard aluminum pans with lids, were first heated up to
150 ◦C with a heating rate of 10 ◦C/min to relieve the thermal history. The samples were then cooled

93



Polymers 2019, 11, 1002

to −75 ◦C at 5 ◦C/min, and finally scanned from −75 to 150 ◦C at 10 ◦C/min. The reported thermal
transition values were collected from the second heating cycle, and the value of the glass transition
temperature (Tg) was obtained from the center of the change of slope.

Crystallization behaviors: X-ray powder diffraction (XRD) was adopted to investigate the
crystallization behaviors of SMPEEU films. The data were collected on a Max 2200PC power X-ray
diffractometer (Rigaku, Tokyo, Japan) with Cu Kα radiation (wavelength: 1.54051 Å) at 40 kV and
20 mA. The sample holder containing film samples was scanned from 5◦ to 55◦ with a step size of
2θ = 0.02◦.

Tensile properties: The tensile properties were tested with a single-column tensile test machine
(Model HY939C, Dongguan Hengyu Instruments, Ltd., Dongguan, China) according to national
standard GB/T1040.2-2006. The film samples were cut into dumb-bell shapes with a neck length and
width of 4.0 and 30 mm, respectively. The tests were performed at room temperature with a cross-head
speed of 50 mm/min. The ultimate stress, strain at break, and initial modulus were extracted from the
stress-strain curves. Property values obtained here were the average of at least three tensile samples.

Bulk hydrophilicity: The water absorption was adopted to measure the bulk hydrophilicity of
the SMPEEU films. A film disc with a 10.0 mm diameter was immersed in distilled water (10 mL) at
37 ± 0.1 ◦C until water absorption equilibrium was reached. The water absorption was obtained from
the formula (1):

Waterabsorption (%) =
Ws −Wo

Wo
× 100 (1)

where Ws and Wo are the weights of the swollen and original samples, respectively. The results were
the average of three samples.

Surface hydrophilicity: The film surface hydrophilicity was evaluated by sessile static water
contact angle measurement, which was executed on an optical goniometer (CAM200, KSV Instruments,
Helsinki, Finland) with a sessile drop method. Ultrapure water (~0.02 mL) was used as a liquid probe,
and the measurement of each contact angle were finished within 5 s after steady state for the angle was
reached. All the measurements were carried out at room temperature and the results were the average
of at least six replicate measurements on each sample.

In vitro degradation: In vitro hydrolytic degradation tests of swollen films were carried out in
phosphate-buffered saline (PBS) with a pH value of 7.4, employing the mass loss. The swollen film
discs (diameter: 10.0 mm) were put into individual sealed vial containing PBS (10 mL), and incubated
in a biochemical incubator at a temperature of 37 ± 0.1 ◦C. At given time intervals, the discs were
taken out, wiped with filter paper, and weighed to determine the weight loss. The measurements were
performed until the discs lost their tensile properties and became fragments. The weight loss was
calculated according to the formula (2):

Weightloss (%) =
ms −md

ms
× 100 (2)

where the ms is the mass of the swollen sample after immersing it in water for ~2 hours, and md is the
mass of the sample after hydrolysis at the given time. The measurements were performed with three
independent discs and the average results were reported.

Cytotoxicity tests: According to the reported method [35], mouse fibroblast cells (L929) were
adopted as the test model to evaluate the cytotoxicity of possible substance that could leach from
SMPEEU films. Before the cytotoxicity tests, SMPEEU films in the form of 10 ± 0.02 mm discs were
rinsed with ethanol to eliminate the effects of impurity on the cells, and then were sterilized with
UV radiation for 30 min on each side of the discs. The sterilized film discs were incubated in 2.0 mL
culture medium (Dulbecco’s modified Eagle’s medium with 10% (v/v) fetal bovine serum) overnight
at 37 ± 0.5 ◦C. The extract solution was filtrated with a filter membrane (0.22 μm pore size) to avoid
the possible presence of solid particles released from the samples, and the filtrate was diluted with
equivoluminal culture medium. L929 cells with a density of 5.0 × 104 cells/mL were seeded into a
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96-well tissue culture plate containing 100 μL of the respective film extracted dilutions, and wells
which only contained the cells and culture medium served as controls. After incubation at 37 ◦C
with 5% CO2 for 72 h, cell viability was measured with the thiazolyl blue tetrazolium bromide (MTT)
assay method. The optical density (OD) was obtained with a multiwell microplate reader (Multiskan
Mk3-Thermolabsystems, Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 570 nm, and values
relative to the control were reported.

Shape memory behaviors: The shape memory behaviors of SMPEEU films were evaluated with
the “fold-deploy shape memory test” method [36,37] using rectangular strips with dimensions of
40 mm × 10 mm × 0.30 mm. First, the sample was immersed in a water bath with temperature of
~55 ◦C (25 ◦C above the Tg) for 0.5 min, and then was folded in half under the aid of external force.
Second, the folded sample was quickly quenched by immersion in an ice water bath (0 ◦C) under the
existence of constant external force to fix the shape. A few minutes later (typically 1.5 min), the applied
external force was removed and a marginal recovery occurred. The blending angle was recorded as θf.
Finally, the sample with the fixed shape was immersed in a water bath at body temperature (37.5 ◦C)
and reheated to recover its original shape. The corresponding bending angle after recovery was
recorded as θr, and the time of the bending angle changing from θf to θr was recorded as the recovery
time (Tr). In order to quantitatively describe the shape memory properties of the films, the fixity ratio
(Rf) and recovery ratio (Rr) were roughly defined as the following formulas (3) and (4), respectively:

Rf (%) =
θf

180
× 100 (3)

Rr (%) =
180− θr

180
× 100 (4)

3. Results and Discussion

3.1. Characterization

1H NMR and FT-IR measurements were adopted to confirm the structure of the chain extender,
prepolymer, and polyurethane. Representative 1H NMR and FT-IR spectra of HBH, PECL and SMPEEU
are displayed in Figures 2 and 3, respectively.

Figure 2. Representative 1H NMR spectra of (a) HBH, (b) PECL-III, and (c) SMPEEU-III.
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Figure 3. Representative FT-IR spectra of (a) HBH, (b) PECL-III, and (c) SMPEEU-III.

The chain extender of diurethane diisocyanate (HBH) was obtained through the reaction of
eight-fold excess of HDI with BDO without using a catalyst. The data obtained from the 1H NMR
spectrum (Figure 2a) were consistent with the results of our previous paper [33] and matched the
chemical structure of HBH (Figure 1a), indicating no longer segments existing in the products. The peaks
at 3319, 2262, 1680, and 1521 cm−1 in the FT-IR spectrum (Figure 3a) were attributed to the characteristic
absorptions of –NH–, –NCO, amide I, and amide II, respectively. The FT-IR results provide additional
support for the formation of the desired diurethane diisocyanate structure.

Typical signals appeared at δ 4.06, δ 2.29, and δ 3.64 ppm in the 1H NMR spectrum of PECL
(Figure 2b), and were attributed to proton signals of ω-CH2, α-CH2 from [CL] units and repeat units of
–O–CH2–CH2– ([EO]) from PEG segments, respectively [38]. According to the molecular weight of the
PEG macroinitiator, the number of average repeat units of [CL] in the prepolymer could be obtained
by calculating the peak integration at δ 4.06 and/or δ 2.29 with δ 3.64 ppm. The average repeat units of
[CL] (DPCL) in the prepolymer and the molecular weight (MNMR) of the prepolymer were obtained
according to Equations (5) and (6), respectively [39]:

DPCL =
MPEG

44
× Sα,ω−CH2

SEO
(5)

MNMR = MPEG + DPCL × 114 (6)

where Sα,ω−CH2 and SEO are the peak integration of α,ω-CH2 proton signals from [CL] units and [EO]
proton signals from PEG segments, and 44 and 144 are the molecular weight of [EO] and [CL] repeat
units. The values of MNMR matched with those of Mtheo. calculated from the stoichiometry of CL/PEG
(mol:mol) and Mn obtained from GPC (Table 1), indicating a complete ring-opening reaction and the
absence of residual ε-CL in the PECL. In the FT-IR spectrum (Figure 3b), the stretching vibration of cyclic
ester C=O (~1760 cm−1) disappeared completely, and another strong absorption band at ~1723 cm−1

appeared which should be attributed to the aliphatic ester C=O stretching vibration. In addition,
the absorption bands at 3510 and 1092 cm−1 belonged to ether C–O–C stretching frequencies and
terminal hydroxyl groups. This was further support that the ring-opening reaction indeed occurred.

SMPEEUs were prepared via chain extension of PECLs with HBH at 80 ◦C. The transesterification
reaction, which had been reported to be severe when using diol as a chain extender at 80 ◦C [25],
could be limited by using HBH diisocynantes as the chain extender, resulting in low ÐM (Table 2),
The chemical structures of the SMPEEUs were characterized by 1H NMR (Figure 2c) and FT-IR
(Figure 3c). The proton signal of –CH2– next to –NCO (δ 3.33 ppm, ‘a’ in Figure 1a) and the absorption
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band of –NCO (~2262 cm−1 ) of HBH and the terminal –OH (~3319 cm−1) of PECL disappeared
completely, alongside the appearance of the proton signals of –NH– in urethane groups and –CH2– next
to urethane groups at δ 4.90 and 3.15 ppm, respectively (the signals appeared at δ 7.07 and 2.94 ppm of
HBH in DMSO-d6, Figure 2a). In addition, the absorption peaks at 1093, 1168, 1535, 1675 and 1723 cm−1

in the FT-IR spectrum (Figure 3c) belonged to the stretching vibration of ether C–O–C, ester C–O–C,
amide II, amide I, and aliphatic ester C=O, respectively. All the results represented a thorough chain
extension reaction.

3.2. Thermal Transition

The typical DSC curves of the SMPEEU films with varying PEG content are presented in Figure 4
and the corresponding transition temperatures obtained from the thermograms are listed in Table 3.
Two glass transition temperatures (Tg1, Tg2) were founded in their curves. The first glass transition
points of Tg1 −41.9 to −48.5 ◦C belonged to the soft domains, which was consistent with the result of
polyurethanes-based poly(3-hydroxybutyrate) and PCL-PEG-PCL in a previous study [40]. Only one
Tg appeared at a low temperature, indicating the high miscibility of PEG and PCL segments. The second
glass transition points (Tg2) appeared at higher temperature of ~32 ◦C, belonging to the well-defined
hard domains. Because the polarity of urethane groups in hard segments is much higher than that of
ester and ester groups in soft segments, they are hardly miscible, leading to microphase separation
structure and two Tg for soft and hard domains [41]. The Tg1 decreased slightly with the increment of
PEG content in SMPEEU, which meant that the introduction of PEG could improve the flexibility of
the SMPEEU films and act as a plasticizer [42]. Moreover, one broad endothermic peak (Tm) at about
50~80 ◦C was observed, which should belong to the crystalline melting transition of PCL segments
and hard domains. The ΔHf decreased from 56.7 to 19.6 J/g (Table 3) with the PEG content increasing
from 9.25 to 47.5 wt % in SMPEEU (Table 2), which signified that the PEG segments introduced to the
main chain of the SMPEEU destroyed the crystallization of PCL and/or hard segments.

Figure 4. The typical differential scanning colorimetry (DSC) curves of the SMPEEU films in the second
heating cycle.

Table 3. The transition temperatures of SMPEEU films.

SMPEEUs -I -II -III -IV

Tg1 (◦C) −41.9 −43.7 −46.1 −48.5
Tg2 (◦C) 30.4 32.8 33.4 31.6
Tm (◦C) 52–81 53–80 53–77 55–78
ΔHf (J/g) 56.7 43.8 29.3 19.6
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3.3. Crystallization Behaviors

The crystallization behaviors of the SMPEEU films were studied by means of XRD, and the results
are presented in Figure 5. The SMPEEU-I film exhibited a broad diffraction zone with two clear
diffraction peaks (2θ: 21.4◦, 23.6◦) in the scattering pattern, suggesting some degree of crystallinity.
This was assigned to the crystalline soft domains (mainly PCL segments) and regular hard regions
formed by the well-defined structure [43,44]. The intensity of the broad peaks decreased with the
increasing PEG content in the SMPEEUs (SMPEEU-I~SMPEEU-IV), which indicated that the degree
of crystallinity decreased gradually. It was supported that the introduction of PEG could affect the
crystallinity of the SMPEEUs, and the results were consistent with DSC analysis.

Figure 5. X-ray diffraction (XRD) patterns of SMPEEU films.

3.4. Tensile Properties

Quintessential stress–strain curves of SMPEEU films with varying PEG content are displayed
in Figure 6, and the tensile properties obtained from the curves are listed in Table 4. All the films
first presented an elastic deformation, and then necking was observed clearly with a yield point,
which indicated a smooth transition from elastic to plastic deformation. With PEG content increasing
from 9.25 to 47.5 wt %, the strain at break increased from 483% to 956%, while the ultimate stress and
initial modulus decreased from 23.1 to 9.0 MPa and 48 to 8.7 MPa, respectively (Table 4). The trend
appears to be correlated with the PEG chain in the polymers which is much more flexible than a
PCL chain of comparable molecular weight. The introduction of a flexible PEG chain hinders the
crystallization of PCL soft segments and/or well-defined hard segments, and weakens the average
crystallite size as shown by XRD analysis [45]. Consequently, the tensile properties can be tailored by
adjustment of the PEG content to meet the requirements of medical materials.

Table 4. Tensile properties of SMPEEU films.

Films
Strain at Break

(%)
Ultimate

Stress (MPa)
Yield Stress

(MPa)
Yield Strain

(%)
Initial Modulus

(MPa)

SMPEEU-I 483 ± 12 23.1 ± 1.7 9.7 ± 0.76 20.2 ± 1.2 48.0
SMPEEU-II 589 ± 15 18.5 ± 1.5 9.5 ± 0.69 24.0 ± 1.4 39.6
SMPEEU-III 675 ± 18 14.8 ± 1.3 5.8 ± 0.52 34.1 ± 1.6 17.0
SMPEEU-IV 956 ± 23 9.0 ± 0.9 4.7 ± 0.27 54.1 ± 1.9 8.7

Note: “±” represents standard error of mean; n = 3.
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Figure 6. Stress-strain behaviors of SMPEEU films.

3.5. Bulk and Surface Hydrophilicity

The bulk and surface hydrophilicity, which can be reflected directly by the measurements of
water absorption and water surface contact angle, are very significant for biomaterials because the
wettability can affect the hydrolytic degradation rate and the interaction of cells with the materials [46].
The water contact angle and water absorption of SMPEEU films with varying PEG contents are shown
in Figures 7 and 8, respectively. With the increment of PEG content in SMPEEUs, the water contact angle
gradually decreased from 72.8◦ to 41.7◦, indicating an improving surface hydrophilicity. The decrease
in water contact angles should be ascribed to the excellent hydrophilicity of PEG chains exposed on
the surfaces, and the better surface hydrophilicity means higher biocompatibility, such as reduced
tissue adhesion [42]. The water absorption of the films occurred with a rapid water penetration at
early immersion and reached the equilibrium after ~90 min (Figure 8), displaying a Fickian diffusion
behavior [47,48]. The equilibrium water absorption increased sharply from 3.1 to 23.6 wt % with the
increasing amount of PEG incorporated into the polymer structure, which is also attributed to the
unique hydration effect of the PEG. The intermolecular forces between water and the PEG chains
caused the water to actively penetrate into the films. From the results, the bulk and surface hydrophilic
ability—important roles in the hydrolytic stability—are mainly influenced by the hydrophilicity of
the components [49]. Therefore, it is deduced that the degradation rate of the SMPEEU films can be
affected by the content of hydrophilic PEG.

Figure 7. Water surface contact angle of SMPEEU films with varying PEG contents. (Error bars
represent standard error of mean; n = 6).
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Figure 8. Water absorption of SMPEEU films with varying PEG contents. (Error bars represent standard
error of mean; n = 3).

3.6. In Vitro Hydrolytic Degradation

In vitro hydrolytic degradation tests of the SMPEEU films were carried out at 37 ◦C in PBS solution
with a pH value of 7.4. The time dependence of the percentage weight loss is shown in Figure 9.
The degradation process included two stages: the samples presented a slight weight loss of less than
10 wt % in the first two weeks, followed by a sharp increase in the weight loss rate up to the end
of the test (degradation criterion is the film becoming fragments). The swelling and hydration of
the films are contained in the incipient stage, which leads to a slow weight loss rate in appearance.
The substantial weight loss in the second stage should be due to the loss of water-soluble molecules
formed during the hydrolysis of the ester groups. Obviously, introduction of hydrophilic PEG could
enhance the degradation rate of the polymers, and the time of the SMPEEU-I, -II, -III, and -IV films
becoming fragments was 12, 9, 6, and 4 weeks, respectively. The trend can be explained by two factors:
PEG content and crystallinity. As in the description of the measurement of water absorption, high
hydrophilic PEG content can bind more water molecules. The introduction of PEG can slightly destroy
the order of the polymer structure and decrease the crystallinity of the polymer, as verified in XRD,
which allows the water molecules to easily pass through the film. Thus, the ester groups approached
the water molecules easily, generating an enhanced hydrolytic degradation rate.

Figure 9. Degradation behaviors of SMPEEU films with varying PEG content. (Error bars represent
standard error of mean; n = 5).
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3.7. Shape Memory Properties

The shape memory properties are the most significant characteristics by which to evaluate the
quality of SMPs. The purpose of this paper is to offer a new shape-memory biomaterial for medical
device applications, so the recovery process is carried out at body temperature—37.5 ◦C.

The shape memory properties, including the fixity ratio (Rf), recovery ratio (Rr), and recovery time
(Tr), are quantitatively measured to assess the shape memory behaviors of the developed SMPEEU
films, and the results are displayed in Table 5. In the process for the “fold-deploy shape memory test”,
the fixed angle θf was almost equal to 180◦ (less than 1◦), and Rf is more than 99.5%, so that the films had
high Rf and could be fixed to the desired shape completely. After the shape-fixed films were immerged
in a 37.5 ◦C water bath, all the samples needed only several seconds to recover their original shape,
indicative of an excellent shape recovery performance. As previous papers have reported [20,21,50,51],
the hydrogen bonds play an important role in the structure change in the deformation and shape
memory processes, so it can be assumed that the excellent shape memory properties are related to
the denser hydrogen bonds in the SMPEEU structure. Four urethane groups are contained in each
hard segment; therefore, multiple hydrogen bonds can exist not only among the hard segments but
also between the hard and soft segments. The influence mechanism of denser hydrogen bonds on the
shape memory performance needs further research. In addition, the crystalline PCL chain segments
in the soft phase contributed to the shape memory performance [52,53]. The SMPEEU with a PEG
content of 23.4 wt % (SMPEEU-III) manifested more excellent recovery properties with an Rr of 99.8%
and Tr of 3.9 s, meaning that introduction of flexible PEG chain into the SMPEEU structure improved
the recoverability at body temperature and the optimum PEG content in SMPEEUs was approximately
23.4 wt %. The representative recovery process of the an SMPEEU-III film is visualized in Figure 10.
In order to more directly exhibit the shape memory performances, the SMPEEU-III film was designed
as “A” shape and dyed, and the shape fixity and recovery procedure was demonstrated in Movie S1
(Supplementary Materials) in the ESI†. The deformed shape of the random clew needs only 3.5 s to
recover its original “A” shape.

Table 5. Shape memory properties of SMPEEU films.

Films Thickness (mm) Rf (%) Rr (%) Tr (s)

SMPEEU-I 0.30 99.5 ± 0.02 81.1 ± 1.4 12.2 ± 0.5
SMPEEU-II 0.31 99.6 ± 0.02 90.7 ± 1.2 7.5 ± 0.4
SMPEEU-III 0.30 99.7 ± 0.01 99.8 ± 0.06 3.9 ± 0.2
SMPEEU-IV 0.29 99.8 ± 0.01 92.8 ± 0.7 8.4 ± 0.5

Note: “±” represents standard error of mean; n = 3.

Figure 10. Representative shape memory process of an SMPEEU-III film. (a) original shape; (b) fixed
shape; (c) recovered shape.

Repeatability of shape memory recovery, which can characterize the fatigue resistance of materials,
is an important performance parameter for SMPs. The influence of repeated fold-deploy cycles on the
recovery properties of Rr and Tr was studied, and the results are shown in Figure 11. The SMPEEU-III
film could almost recover its original shape rapidly over four cycles. The slight decrease of Tr may be
due to the adjustment of multiple hydrogen bonds existing in the SMPEEU structures. The friction
among molecules was reduced with frequent bending, and thereafter, the molecules became more
submissive, resulting in a reduced Tr [36,54]. During the subsequent cycles, the Rr and recovery rate
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decreased dramatically, which could be caused by material fatigue, demonstrating that the multiple
hydrogen bonds were partly destroyed so that the material gradually lost its shape memory property.

Figure 11. Shape memory properties of an SMPEEU-III film after several fold-deploy cycles. (Error
bars represent standard error of mean; n = 3).

3.8. Cytotoxicity Test

The first step to evaluate the biocompatibility of biomedical materials is the cytotoxicity test. L929
cells were cultured with SMPEEU film extracts to measure whether the film extracts were toxic to cells.
From the average OD values calculated with Equation (7), the relative growth rate (RGR) of the test
biomaterial can be obtained. An RGR ≥ 75% implies low or no cytotoxicity, and the material can be
utilized in medical applications [35]. The results of an MTT assay of L929 cells in SMPEEU film extracts
after 72 h are presented in Figure 12. Although a slight reduction of RGR was observed compared with
the control, all the RGRs were larger than 75%, indicating that the SMPEEU films had low toxicity to
cells in vitro and met the requirement of medical materials. The RGR increased gradually with the
increase of PEG content, which can be attributed to the excellent cytocompatibility of PEG.

Figure 12. MTT assay of L929 cells on SMPEEU film extracts. (Error bars represent standard error of
mean; n = 3).
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RGR (%) =
OD value of sample suspension

OD value of negative control suspension
× 100 (7)

4. Conclusions

In this paper, a new class of degradable SMPEEUs with well-defined hard segments was prepared
by one-step chain extension. The chemical structures of PECLs and SMPEEUs were confirmed by
1H NMR, FT-IR, and GPC. The effect of PEG content on the physicochemical properties, including
the thermal transition, crystallization behavior, bulk and surface hydrophilicity, tensile properties,
and in vitro degradability, was extensively studied. DSC and XRD research demonstrated that the
SMPEEUs had a microphase-separated structure, and the introduction of PEG segments could lead
to a low transition temperature and decrease the crystallinity of the polymers. The surface and bulk
hydrophilicity of SMPEEU films were found to be closely related to the hydrophilic PEG content.
With the PEG content increasing from 9.25 to 47.5 wt %, the strain at break increased from 483 to
956%, and the ultimate stress decreased from 23.1 to 9.0 MPa. Hydrolytic degradation in vitro studies
indicated that the time of the SMPEEU films becoming fragments was 4–12 weeks, and the introduction
of PEG could facilitate the degradation rate of the films. The shape memory properties were evaluated
by the fold-deploy test. The SMPEEU-film with a PEG content of 23.4 wt % displayed excellent
recovery properties with a recovery ratio of 99.8% and recovery time of 3.9 s at body temperature,
and the film could almost recover its original shape rapidly after four fold-deploy cycles. In addition,
a cytotoxicity test of the film extracts was conducted using L929 cell, and the RGR was larger than
75% after incubation for 72 h, indicating good cytocompatibility in vitro. The SMPEEUs possess
not only satisfactory tensile properties, biodegradability, nontoxic degradation products, and good
cytocompatibility, but also excellent recovery properties at body temperature, suggesting their potential
for application as biomedical devices.
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Abstract: Polyhexamethylene biguanide (PHMB) is a broad-spectrum antiseptic which avoids many
efficacy and toxicity problems associated with antimicrobials, in particular, it has a low risk of
loss of susceptibility due to acquired antimicrobial resistance. Despite such advantages, PHMB
is not widely used in wound care, suggesting more research is required to take full advantage of
PHMB’s properties. We hypothesised that a nanofibre morphology would provide a gradual release
of PHMB, prolonging the antimicrobial effects within the therapeutic window. PHMB:polyurethane
(PU) electrospun nanofibre membranes were prepared with increasing PHMB concentrations, and the
effects on antimicrobial activities, mechanical properties and host cell toxicity were compared.
Overall, PHMB:PU membranes displayed a burst release of PHMB during the first hour following
PBS immersion (50.5–95.9% of total released), followed by a gradual release over 120 h (≤25 wt %
PHMB). The membranes were hydrophilic (83.7–53.3◦), gradually gaining hydrophobicity as PHMB
was released. They displayed superior antimicrobial activity, which extended past the initial release
period, retained PU hyperelasticity regardless of PHMB concentration (collective tensile modulus
of 5–35% PHMB:PU membranes, 3.56 ± 0.97 MPa; ultimate strain, >200%) and displayed minimal
human cell toxicity (<25 wt % PHMB). With further development, PHMB:PU electrospun membranes
may provide improved wound dressings.

Keywords: PHMB; polyhexanide; wound dressing; polyhexamethylene biguanide; polyurethane;
electrospinning; nanofibres; antimicrobial; antiseptic

1. Introduction

Preventing and stabilising infection is a global challenge that is growing within healthcare systems.
In addition to being a major cause of death, slow healing increases costs and perpetuates patient
suffering. For example, one of the most common complications of diabetes mellitus is a chronic diabetic
foot ulcer [1]; infection of these ulcers can contribute to serious negative outcomes including limb loss
and sepsis [2]. The challenge of infection control is becoming more difficult with rising rates of acquired
antimicrobial resistance. This is a worldwide concern that should be taken into consideration in wound
infection control. With many populations still overusing antibiotics [3], research into non-antibiotic
alternatives is essential.

Topical antiseptic treatments are commonly used to prevent infection in wounds; they are effective
against a wide range of different types of yeasts, fungi and bacteria and result in relatively low
levels of antimicrobial resistance [4,5]. There are many different antiseptic treatments currently
used in healthcare [5], and many different delivery systems are being investigated. For example,
silver nanoparticles have shown promise in hydrogel [6] and microemulsion [7] delivery systems,
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chlorhexidine in gel form has displayed strong antimicrobial properties [8], and a povidone-iodine foam
dressing fully prevented infection in a prospective phase 4 study [9]. Despite comprehensive research
on antiseptics for wound infection control, many have undesired side effects or have poor delivery
systems: Silver leads to skin sensitisation and has limited tissue penetration; chlorhexidine causes skin
sensitisation; iodine-based antiseptics stain the skin and some of the delivery systems for iodine can
reduce wound healing or lead to skin sensitisation [4,5,10]. Therefore, there is a requirement for more
research on alternative antimicrobials and delivery systems that may provide reduced side effects.

Polyhexamethylene biguanide (PHMB), also known as polyhexanide, is a polymerised biguanide
compound used as a broad-spectrum antiseptic [4,11], disinfectant [4], and preservative [12];
see Scheme 1. It has proven to be effective against a wide range of pathogens, including strains
of Escherichia coli [11,13], Staphylococcus epidermidis [13,14], and even the Protista Acanthamoeba
castellanii [14]. It has previously been thought to work primarily through microbial membrane
disruption [11,13,15,16], however, more recently it was reported to also selectively bind and condense
bacterial DNA, arresting bacterial cell division. This mechanical antimicrobial mechanism of action
may help explain why PHMB has a low risk for antimicrobial resistance, of which, none has been
recorded despite extensive testing since its first synthesis [11]. Mammalian cells are comparatively
unaffected by the polymer as it is segregated into endosomes, seemingly protecting the nuclei from its
harmful effects [11], leading to faster wound closures compared to other antimicrobials [17].

Scheme 1. The molecular structure of PHMB. The different variations for end structures (x) and number
of repeats (n) are indicated. [12].

Many different methods have been evaluated in attempts to improve the release of PHMB [16,18,19].
For example, there is evidence that the method of loading and the use of other substances are important
factors for maintaining PHMB’s microbicidal properties [19,20]. Specifically, it has been suggested that
antimicrobials in fibrous form have superior release properties [20]. This may be due to an increased
surface area, allowing for a high loading capacity and a more gradual release. As a strategy to improve
release properties, electrospinning offers a relatively simple and versatile technique to manufacture
a range of nanostructured drug delivery systems, from monolithic nanofibres to various multiple
drug composition systems [21]. Llorens et al. used electrospinning to fabricate polylactide:PHMB
nanofibres [22]. Interestingly, PHMB was only released in the first 1–4 h with a substantial amount
not released at all, meaning only higher concentrations of spun PHMB gave sufficient antimicrobial
properties when compared to controls [22]. These features indicate a possible route to producing a
tunable release of PHMB, where optimisation of the electrospinning process and alternative backbone
polymers may improve performance and duration of antimicrobial activity. Despite this, PLA:PHMB
electrospun membranes allowed for MDCK cell attachment and were hydrophobic in nature [22].
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This may cause cell surface damage when removing the wound dressing [23], as well as not allowing
for wound exudate movement and therefore full PHMB release. Hydrophilic polymer matrices, such as
polyurethane, may give more beneficial results by avoiding these problems, while matching the
mechanical properties of the skin. Polyurethanes have favourable hyperelasticity, strength, wettability
and biocompatibility for biomaterial applications [24–27]. They have been used to incorporate a wide
range of compounds, including antimicrobial membranes for wound infection control, and have been
intensively characterised [24–31].

This project developed hyperelastic nanofibrous membranes of PHMB and polyurethane (PU)
blend through the technique of electrospinning, with the aim of producing an improved antimicrobial
wound dressing with a gradual release of PHMB. As the electrospinning of PU with PHMB is
unexplored, antimicrobial activity, human cell toxicity and release profile investigations were required.
The hypothesis is that electrospinning could be used to engineer the nanostructure of PU-based wound
dressings to have high compliance and a sustainable PHMB release overtime to improve antimicrobial
effects, with minimal host cell damage.

2. Materials and Methods

2.1. Materials

PHMB with an average molecular weight of 3000 g/mol was obtained from Arch Chemicals
(Castleford, UK) and Tecrea Ltd., (London, UK). Selectophore™ thermoplastic PU (a medical-grade
aliphatic poly(ether-urethane) [25]), 2,2,2-trifluoroethanol, Dulbecco’s Modified Eagle Medium
(DMEM), fetal bovine serum (FBS), penicillin/streptomycin, glutaraldehyde, hexamethyldisilazane and
ethanol were purchased from Sigma-Aldrich (Dorset, UK). Phosphate buffered saline (PBS) with a pH
of 7.4 was purchased from ThermoFisher Scientific (London, UK). Mueller Hinton broth and agar were
purchased from Merck (Watford, UK). Alamar blue was purchased from Invitrogen (London, UK).
Surgical glue Med1-4013 was obtained from Polymer Systems Technology Ltd. (High Wycombe,
UK). Actisorb Silver 220 (Systa genix) was donated by a diabetic foot clinic at the Royal Free hospital,
London, UK. HaCaT keratinocytes were obtained from Dr. Amir Sharili, Queen Mary University of
London, London, UK.

2.2. Preparation of PHMB:PU Nanofibrous Membranes via Electrospinning

2.2.1. Solution Preparation and Electrospinning Optimisation

Eight percent PU (wt %) in 2,2,2-trifluoroethanol was prepared overnight on a magnetic spinner at a
temperature of 40 ◦C. PHMB was then added as a weight percentage (wt %) of PU and stirred at 40 ◦C for
between 30 and 60 min until fully dissolved. A typical vertical electrospinning setup was custom built
in house, as described by Wang et al. [25]. For all characterisation experiments, 5, 15, 25 and 35 (wt %)
of PHMB were used (5-35PHMB:PU membranes); these were compared to a PU only electrospun
control group (0PHMB:PU membranes). High concentrations of PHMB were chosen to optimise the
percentage of PHMB released from the wound dressing. Previous research into electrospinning showed
that a large quantity of PHMB is trapped within the fibres and is not released [22], suggesting higher
concentrations should be included to maintain strong, clinically relevant antimicrobial properties
overtime. To find the optimal electrospinning parameters for nanofibrous PHMB:PU membranes,
25PHMB:PU membranes were spun with varying parameters onto glass slides for between 0.5 and
4 min depending on the speed set. These fibres were analysed with a light microscope and tested
parameters were chosen in response to previous research papers on electrospinning [32] and initial
results. A distance of 17 cm from the collector, a voltage of 25 kV and a flow rate of 2 mL/hour were
chosen for all future experiments.
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2.2.2. Sample Preparation

For all experiments, excluding tensile strength tests, electrospinning was carried out for 90 min
onto collection platforms (smooth aluminum foil). For tensile strength analyses, samples were spun
over 180 min. The edges of all electrospun membranes were then taped down to prevent the material
from contracting and creasing while excess solvent evaporated. For PHMB release and biological
characterisation studies, the electrospun membranes were cut with a laser cutter (Speedy 100R, trotec,
Wells, Austria) into disks with 13-mm diameter. For all other experiments, samples were cut with a
scalpel into rectangular shapes. Electrospun samples were not used immediately and contracted and
shrunk; disk samples shrunk to an average diameter of 6.84 mm by the time they were tested. These
disk samples, used for all release and biological characterisations, weighed an average of 2.30 ± 0.65 mg
and contained approximately 0.12, 0.35, 0.58 and 0.81 mg of PHMB in 5-, 15-, 25- and 35PHMB:PU
membranes respectively. All samples were stored in normal room conditions.

2.3. Structural, Physical and Mechanical Property Characterisation

2.3.1. Morphology and Fibre Diameter of PHMB:PU Membranes via SEM

A scanning electron microscope (SEM, Carl Ziess EVO HD LS15, Ziess, Oberkochen, Germany)
was used with the associated SmartSEM 5.07 software to visualise the morphology of the membranes.
Average fibre diameter was then calculated by measuring 30–50 fibre diameters from three different
areas of each electrospun membrane. Samples tested included untreated membranes and membranes
that had undergone a 24 h immersion in PBS to mimic use in vivo. The latter were washed in distilled
water to remove released PHMB that may still reside on the sample surface and air dried before
being measured.

2.3.2. Surface Chemistry of PHMB:PU Membranes via ATR-FTIR

Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) was used to
assess PHMB levels on the surface of untreated PHMB:PU electrospun membranes and on membranes
that had been immersed in PBS for 1 h, 4 h and then every 24 h up to 120 h to mimic use in vivo.
These soaked membranes were washed in distilled water and air dried before being measured. Three
different material samples were measured for each membrane type. The Jasco ATR-FTIR machine
(Jasco, Dunmow, UK) was used for all measurements at room temperature.

2.3.3. Static Tensile Mechanical Properties of PHMB:PU Membranes

Static tensile strength was measured using an Instron 5565 testing system and Instron Bluehill
3 software (Instron, High Wycombe, UK). The samples were all spun for 180 min to have a similar
thickness of 0.17 ± 0.07 mm. Samples were cut with a scalpel to a width of 10 mm and length of 8 mm.
Calculations of tensile modulus at 5–10 mm extension, strain at break-up, strength of the membranes
and result compilation was done by the software. Tensile toughness was calculated by finding the area
under the stress-strain curve. Measurements from three different material samples were taken for each
membrane type.

2.3.4. Pore Size and Distribution of PHMB:PU Membranes

The membranes pore size and distribution were characterised by the gas-liquid displacement
method using Porolux 1000 (Porometer nv, Nazareth, Belgium). The membranes were cut to have
a measurable area of 0.785 cm2 and wetted with the specific wetting liquid PorefilL (Porometer nv,
Nazareth, Belgium; surface tension of 16 mN·m−1). The pressure of the testing gas (N2) was increased
from 0 to 34.5 bar in a step-by-step manner to replace the wetting liquid inside the pores of each
sample. The pressure and flow were stabilised within ±1% for 2 s at each step before the data were
recorded. The relevant pore size corresponding to each operating pressure was calculated using the
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Young-Laplace equation. As well as untreated samples, membranes that had been immersed in PBS
for 24 h were tested to mimic use in vivo. These samples were washed in distilled water and air dried
before being measured.

2.3.5. Surface Wettability of PHMB:PU Membranes

The contact angle was measured using sessile drop analysis with the DSA 100 instrument and
drop shape analysis software (KRUSS, Hamburg, Germany). A flat tip needle with a 0.5 mm diameter
was used as part of the syringe pump to dispense the 3 μL volume sessile drop of deionised water.
All experiments were undertaken at room temperature. As well as untreated samples, membranes
that had been immersed in PBS for 1 h, 4 h and then every 24 h up to 120 h were tested to mimic use
in vivo. These samples were washed in distilled water and air dried before being measured. Three
different material samples were measured for each membrane type.

2.3.6. PHMB Release Kinetics from PHMB:PU Membranes

The release of PHMB from electrospun membranes was measured using optical density (OD;
230–249 nm [33,34]) readings using the nanoDrop ND1000 spectrophotometer with associated software
(version 3.8.1; ThermoFisher Scientific, London, UK). All samples were immersed in PBS in a 96-well
plate and left at room temperature. OD readings were taken after 1 h, 4 h and then every 24 h up
to 120 h. Before readings were taken, the wells were mixed with a pipette to make sure the released
PHMB was evenly distributed for accurate measurements. Concentrations of PHMB released into
the liquid were calculated using a standard curve produced using known PHMB concentrations
(See Appendix A, Figure A1). Percentage release was then calculated using the known quantity of
PHMB within each sample. As well as 5-35PHMB:PU membranes, a non-electrospun PHMB-only
control group (ctrl PHMB) was tested. These ctrl PHMB samples were prepared by injecting 20 μL
of a 1 mg/mL PHMB/water solution into paper disks with a pipette. These disks were then air dried,
forming non-electrospun samples carrying 0.02 mg of PHMB (the equivalent of approximately 1%
PHMB when compared to electrospun samples). The ctrl PHMB disks had a similar diameter to the
electrospun samples. Three different material samples were measured for each sample type with three
measurements taken per sample.

2.4. Biological Interaction Characterisations

2.4.1. Antimicrobial Properties of PHMB:PU Membranes

Disk diffusion and liquid bacterial inoculation assays were carried out using Staphylococcus aureus
RN4220. An overnight liquid bacterial culture was prepared using MH broth, incubated at 37 ◦C.
Samples included the 0-35PHMB:PU electrospun membranes; the non-electrospun PHMB-only controls
(ctrl PHMB) as described above in Section 2.3.6; and the commercial wound dressing Actisorb Silver
220 (Systa genix, Skipton, UK), a silver and charcoal woven antimicrobial dressing used in diabetic
foot clinics. Three different material samples were used for each sample type. For disk diffusion
assays, agar plates were air dried of condensation and evenly inoculated with 1,000,000 colony forming
units (CFU) in 100 μL of MH broth from an overnight culture. These were semi-air-dried before the
samples were added and then incubated overnight at 37 ◦C. The zone of growth inhibition that formed
overnight was measured and results were normalised by subtracting the disk diameter. For liquid
bacterial inoculation assays, samples were incubated in 96-well plates overnight at 37 ◦C with 280 μL
of phenol-free high glucose DMEM containing 1.5 × 108 CFU per mL of Staphylococcus aureus RN4220
from an overnight culture. Untreated samples and samples that had been immersed in PBS overnight
were tested. After the overnight incubation, 3 × 10 μL diluted samples from each well were seeded
onto MH agar plates for analysis. These were incubated for 24 h at 37 ◦C before the total CFU count for
each well was measured.
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2.4.2. Human Cell Viability and Attachment on PHMB:PU Membranes

HaCaT keratinocytes were cultured in low glucose DMEM with phenol red, supplemented with
10% FBS and 1% penicillin/streptomycin in a 37 ◦C, 5% CO2 humidified atmosphere. Samples tested
were the same as in the antimicrobial studies undertaken, with tissue culture plate as an extra control
group. For SEM analysis, glass controls were also used. Three different material samples were used for
each sample type. For toxicity assays, cells were seeded in 12-well plates, with 150,000 cells per well.
The first Alamar blue assay was carried out 24 h after seeding. Samples were then added and further
Alamar blue assays were carried out after another 24 h and 48 h to assess the toxicity of released PHMB.
For each assay, 10% Alamar blue with cell culture media was added to wells and incubated (37 ◦C, 5%
CO2 humidified atmosphere) for 4 h before readings were taken. Four × 100 μL samples of the Alamar
blue/media were taken per well and placed into 96-well plates. Relative fluorescence readings were
taken at 530 nm emission and 620 nm excitation.

For cell attachment analysis, material was electrospun as described before, but instead of being
laser cut, glass coverslips were glued on around its circumference with surgical glue. These were
then cut out with a scalpel and sterilised under UV light for 30 min. Cell culture was as described
above, but with 1,000,000 cells per well being seeded. After 24 h of incubation, samples were moved
to new 12-well plates and incubated in 10% Alamar blue for 4 h before analysis. This experiment
was then repeated with samples that had been immersed in cell culture media overnight before cell
seeding. For these samples, Alamar blue assays were undertaken 24 h and 48 h after cell seeding.
The cells attached to these soaked samples were then fixed for SEM analysis. To fix these samples,
membranes were incubated in 2.5% w/v glutaraldehyde/PBS for 1 h. Samples were then washed in
distilled water and dehydrated in a series of ethanol (20%, 40%, 80% and 100% for 10 min each) at
room temperature. Samples were then incubated in hexamethyldisilazane at room temperature for
15 min and air dried. Dried samples were sputter coated with 20 nm of gold using a Quorum Q150RS
instrument (Laughton, UK).

2.5. Statistical Analysis

Statistical significance was assessed using GraphPad Prism 7 software (San Diego, CA, USA).
A statistically significant difference was set at p < 0.05 (*), p < 0.001 (**) and p < 0.0001 (***). All error
bars are a standard deviation from the mean. One-way Analysis of Variance (ANOVA) tests were used
for single time point experiments and two-way ANOVA for multiple time point experiments.

3. Results

3.1. Initial Optimisations

As the combination of PU with PHMB had not been evaluated previously, electrospinning
parameters were first optimised. Different parameters were compared and the optimal distance
between the needle and collector was found to be 17 cm with a voltage of 25 kV and a rate of 2 mL/hour
for the most uniform and straight fibres. These parameters were therefore used for all subsequent
material production.

3.2. Structure, Physical and Mechanical Properties

3.2.1. Morphology and Fibre Diameter of PHMB:PU Membranes via SEM

SEM was used to analyse the fibre morphology of untreated electrospun membranes and
membranes after a 24 h immersion in PBS to mimic 24 h of use. Fibres of electrospun PHMB:PU
membranes before treatment were long, straight and uniform. However, with increasing amounts of
PHMB they became thicker and more sinuous (Figures 1 and 2, 0 h). There was a gradual increase
in fibre diameter as PHMB concentration increased, however there were no immediate significant
differences between PHMB:PU membranes, see Figures 1 and 2, 0 h. All membranes also had thinner
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web-like fibres in-between the main fibres, these were found to be much thinner in diameter (52 ± 21
nm in all membrane samples).
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Figure 1. Representative scanning electron microscopy images of 0-, 15- and 35PHMB:PU electrospun
membranes. Images are representative of untreated membranes and membranes after immersion in
PBS for 24 h. Scale bars are for both untreated and treated samples.

After a 24-h immersion in PBS, fibres in all membrane samples became less uniform and distinct.
This change was more prominent with higher PHMB contents (Figure 1, 24 h). Fibres with a lower
concentration of PHMB (<25%) become more sinuous after immersion, but retained their fibrous
structure. In 35PHMB:PU membranes, the fibres were severely deformed and adhered together, with the
apparent closure of pores. Immersion in PBS also caused fibres to swell, with fibre diameters increasing
by 51%, 18.4%, 59%, 18.1% and 40% in 0-35PHMB:PU membranes respectively after 24 h (Figure 2,
p < 0.0001 for 0-, 15- and 35PHMB:PU membranes, p< 0.05 for 25PHMB:PU membranes). The relatively
large standard deviation for all sample measurements reflects a relatively wide distribution of the fibre
diameters in both untreated and treated membranes (Figure 2).
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Figure 2. Fibre diameters (nm) of electrospun PHMB:PU membranes. Samples included untreated
membranes (0 h) and membranes after immersion in PBS for 24 h. N = 20–50, taken from three different
areas of material imaged with SEM. Error bars describe the standard deviation from the mean. * signifies
a significant percentage change after immersing samples in PBS (* for p < 0.05; *** for p < 0.0001).

3.2.2. Surface Chemistry of PHMB:PU Membranes via ATR-FTIR

The FTIR spectra for electrospun PHMB:PU membranes had characteristic absorption peaks for
PU (functional groups of N–H, C–H, aromatic C=C and ester groups C=O and C–O at wavelengths of
3320, 2928 and 2852, 1530, 1696, 1230 and 1100 cm−1 respectively [25]) and PHMB (functional groups
of C=N, N–H and C–H with wavelengths of 1600 cm−1 [stretch], 3310 cm−1, 2928 and 2852 cm−1

respectively [35]), see Figure 3a–c. Percentage transmission at these wavelengths exhibited a trend
of PHMB influence on PU peaks as PHMB levels increased (Figure 3). In particular, the stretch
corresponding to PHMB’s imine group became more pronounced as PHMB concentration increased
(Figure 3a–c). The amine peak (N–H) characteristic of PU and PHMB also had a dampened percentage
transmission with the addition of PHMB (Figure 3a–c), significantly decreasing for 25- and 35PHMB:PU
membranes before PBS immersion (Figure 3d, 0 h). This is likely related to a secondary peak forming
at around 3150 cm−1 with higher PHMB concentrations, corresponding to PHMB’s primary amine
groups as opposed to PU which only has secondary amine groups.
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Figure 3. FTIR measurements of PHMB:PU electrospun membranes. (a) Pure PHMB (green), untreated
membranes: 0-, 5- and 35PHMB:PU electrospun membranes (black, red and blue respectively). (b,c), 5-
and 35PHMB:PU membranes respectively that were immersed in PBS for 0, 1 and 120 h (black, red and
blue respectively). These were compared to pure PHMB (green). (d) Percentage transmission for the
3320 cm−1 peak (N–H) before and after membranes were immersed in PBS for 0 and 120 h. * indicates a
significant difference (* for p < 0.05; ** for p < 0.001).

3.2.3. Tensile Mechanical Properties of PHMB:PU Membranes

The overall tensile mechanical properties of PHMB:PU membranes, in terms of the strain at
break, elastic modulus, ultimate strength and toughness, were reduced in the presence of PHMB,
compared to pure PU electrospun membranes (0PHMB:PU), as shown in Figure 4. In particular,
the ultimate strength and tensile toughness of PHMB:PU electrospun membranes were seen to decrease
significantly by an average of 58.65% and 70.95% respectively when compared to electrospun PU only
membranes (Figure 4c,d, p < 0.05 and p < 0.001 respectively). However, this trend did not reflect the
increasing load of PHMB to electrospun PU membranes as no significance was recorded between
5-35PHMB:PU membranes.
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Figure 4. Tensile mechanical properties of electrospun PHMB:PU membranes. (a) Strain at break;
(b) Tensile modulus at 5–10 mm extension; (c) Ultimate strength; (d) Tensile toughness. Samples
tested were the 0-35PHMB:PU electrospun membranes. Error bars describe the standard deviation
from the mean, with n = 3. * signifies a significant difference between samples (* for p < 0.05; *** for
p < 0.0001).

3.2.4. Pore Size and Distribution of PHMB:PU Membranes

Pore size and distribution were evaluated to access the breathability and permeability of
membranes. As the content of PHMB increased, the pore size of the membranes reduced drastically,
but were not fully exhausted (significant differences recorded between 0-, 5- and 15-35PHMB:PU
membranes, Figure 5). After the PHMB:PU membranes were immersed for 24 h in PBS, pore size
decreased further with 35PHMB:PU membranes becoming impermeable.
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Figure 5. The effect of increasing PHMB concentration on pore size in PHMB:PU electrospun membranes.
(a) Mean flow pore size (nm). Error bars describe the standard deviation from the mean, with n =
20–114. * signifies a significant percentage change after immersing samples in PBS (** for p < 0.001;
*** for p < 0.0001). (b) Representative pore size distributions (percentage flow of N2) after a 0-h and
24-h immersion in PBS. 35PHMB:PU membranes were not included in (b), 24 h, as they were recorded
as impermeable.

3.2.5. PHMB Release Kinetics of PHMB:PU Membranes

To prove the hypothesis that an electrospun nanofibrous structure would allow for a gradual
delivery of PHMB, the PHMB:PU membranes were immersed in PBS and the PHMB release was
measured over time. All membranes showed a significant burst release of PHMB within the first
hour; see Figure 6 (p < 0.05 for 5PHMB:PU membranes, p < 0.001 for 15PHMB:PU and p < 0.0001 for
25-35PHMB:PU membranes). The percentage of the total released PHMB released in this initial burst
increased as PHMB concentration increased from a 15% content (after 1 h, 5-35PHMB:PU membranes
released 50.5%, 50.4%, 71.9% and 95.9% of their total PHMB content released respectively). The initial
burst release was followed by a more gradual release of PHMB in 5-25PHMB:PU electrospun membranes
(no significant differences between each immediately succeeding time point, but significant differences
measured between 1 h and 120 h time points, p < 0.0001). In contrast, 35PHMB:PU electrospun
membranes showed no further significant release after the first hour. All electrospun membranes
released a significantly lower percentage of their total PHMB content compared to non-electrospun
PHMB samples, reflecting work done by Llorens et al. who electrospun PHMB with polylactide [22],
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(p < 0.0001, Figure 6; percentage released at 120 h: 16.4% ± 0.69% from 5PHMB:PU membranes,
equating to an average of 0.02 mg PHMB; 18.8% ± 1.2% from 15PHMB:PU membranes, equating to an
average of 0.07 mg PHMB; 36.3% ± 2.7% from 25PHMB:PU membranes, equating to an average of
0.2 mg PHMB; 23.9% ± 2.7% from 35PHMB:PU membranes, equating to an average of 0.2 mg PHMB).
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Figure 6. Average percentage release of PHMB from electrospun PHMB:PU membranes after immersion
in PBS. Error bars describe the standard deviation from the mean, with n = 3. Paper disks freely infused
with PHMB (Ctrl PHMB) were used as controls, as described in the methods section.

3.2.6. Surface Wettability of PHMB:PU Membranes

As PHMB content increased in the PHMB:PU membranes, surface hydrophilicity increased
(as seen in Figure 7, 0 h measurements; the contact angles for 0-35PHMB:PU electrospun membranes
were measured at 93◦ ± 2◦, 84◦ ± 1◦, 66◦ ± 1◦, 53◦ ± 1◦ and 55◦± 1◦ respectively, significant differences
between all values excluding between 0- and 5PHMB:PU membranes and between 25- and 35PHMB:PU
membranes, p < 0.05). 35PHMB:PU membranes at 0 h were measured to have a contact angle similar
to that seen for 25PHMB:PU membrane, however, the droplets were unstable and dissipated after a
few minutes, indicating higher levers of hydrophilicity than measured.

The contact angle of electrospun PHMB:PU membranes was recorded after membranes had been
immersed in PBS, revealing the change in wettability as PHMB was released. 35PHMB:PU membranes
had a significant decrease in wettability in the first hour, which then stabilised and remained constant
over the next 119 h analysed. 15- and 25PHMB:PU electrospun membranes also showed this initial
significant decrease in wettability (the surface contact angle of 15-, 25- and 35PHMB:PU membranes
increased by 27.39%, 51.89% and 34.21% respectively after 1 h of PBS immersion, p < 0.0001, Figure 7).
However, after this first hour, 5-25PHMB:PU electrospun membranes had a more gradual decrease in
wettability up to the 120 h time point (significant increases in contact angle recorded between 1 and
120 h but not between each immediately succeeding time point; the overall increase of surface contact
angle for 5-, 15- and 25- PHMB:PU membranes was 26.73%, 30.54% and 21.98% respectively, p < 0.001).
After 120 h, wettability of 5-25PHMB:PU electrospun membranes decreased to values similar to PU
only membranes (0PHMB:PU, Figure 7).
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Figure 7. The contact angle change of electrospun PHMB:PU membranes after immersion in PBS.
Changes in contact angle inversely indicate changes in wettability as PHMB was released. Error bars
describe the standard deviation from the mean, with n = 3. 0 h measurements for 35PHMB:PU
membranes were taken but were found to give unstable droplet formation, indicating higher
hydrophilicity than reported.

3.3. Effects on Pathogen and Host Cells

3.3.1. Antibacterial Activities of PHMB:PU Membranes

The antimicrobial activity of the PHMB:PU membranes was first examined using disk diffusion
assays, where sample disks were placed on lawns of bacteria and the diameter of growth inhibition was
measured after 24 h. Antimicrobial activity increased as PHMB content increased, with all PHMB:PU
membranes having a significantly higher antimicrobial activity than PU only membranes, as shown in
Figure 8b. 5PHMB:PU membranes showed similar antimicrobial activity compared to control PHMB
paper disks despite containing more PHMB, indicating a gradual release of PHMB from 5PHMB:PU
membranes (Figure 8b).

Measurements from liquid inoculation incubations, where samples were suspended in infected
liquid broth, also displayed impressive antimicrobial activity (Figure 8a); 0 CFU/mL survived after 24 h
of incubation with all PHMB:PU electrospun membranes. After 24 h of immersion in PBS, electrospun
15-35PHMB:PU membranes showed a continuation of their antimicrobial activity strength. 5PHMB:PU
electrospun membranes lost some of their antimicrobial activity after the 24 h of immersion, although
this was not statistically significant; the level of antimicrobial activity was still significantly lower
than 0PHMB:PU groups (p < 0.05) and was not significantly different to 15-35PHMB:PU membranes
(Figure 8a). Control PHMB samples still showed antimicrobial activity after 24 h of immersion, however
this was seen as a false positive result. Unlike the PHMB:PU membranes, the paper control disks could
not be efficiently washed to remove excess PHMB collected on the surface because it had partially
deteriorated with immersion, allowing for released PHMB to collect and remain on the sample surface
after removal from the PBS.
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Figure 8. Antibacterial activities of PHMB:PU membranes. (a) Antimicrobial activity in liquid S.aureus
RN4220 cultures. Surviving bacterial colony forming units (CFU/mL) after overnight incubation with
samples. Samples included PHMB:PU electrospun membranes and controls before (0 h) and after a
24 h immersion in PBS. (b) Zones of bacterial (S.aureus RN4220) growth inhibition using disk diffusion
assays. Error bars describe the standard deviation from the mean, with n = 3. * indicates a significant
difference to 0% electrospun membrane samples (** for p < 0.001; *** for p < 0.0001). Controls used were
PU only (0PHMB:PU membranes), PHMB freely infused in paper (Ctrl PHMB), the commercial product
Actisorb Silver 220 (Actisorb), and for (a), no addition of material or reagent to bacterial liquid cultures.
Images (c–e) are representative of the zones of bacterial growth inhibition measured as shown in (b),
(5-, 15- and 35PHMB:PU electrospun membranes respectively). The red arrows indicate the inhibition
zone diameter measured, this was normalised by subtracting the sample diameter (e, blue arrow).

3.3.2. HaCaT Cell Responses

Human Cell Toxicity of PHMB:PU Membranes

Alamar blue assays were used to assess the toxicity of PHMB:PU electrospun membranes against
cultured human keratinocytes via metabolic activity. 5PHMB:PU electrospun membranes showed no
cell toxicity at all time points (Figure 9). The same was seen for pure PU only electrospun membranes,
displaying the non-toxic nature of PU. After 24 h of incubation with samples, the cell viability levels of
15PHMB:PU membranes were not significantly different to the commercial product Actisorb Silver 220
or the non-electrospun PHMB control groups, all of which showed a significant amount of cell toxicity
(Figure 9, p < 0.05). However, after 48 h, Actisorb Silver 220 showed slight but significant improvements
in cell viability, while 15PHMB:PU membranes did not. Finally, 25- and 35PHMB:PU electrospun
membranes showed high levels of toxicity that were not recoverable during the monitoring period.
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Figure 9. HaCaT cell toxicity. Alamar blue results taken 24 and 48 h after sample addition. Controls
included TC plate (tissue culture plate), paper disks freely infused with PHMB (Ctrl PHMB) and the
commercial product Actisorb Silver 220 (Actisorb). Error bars are the standard deviation from the
mean, with n = 3. * indicates a significant difference between time points within samples groups (* for
p < 0.05 and *** for p < 0.0001 respectively).

Human Cell Attachment on PHMB:PU Membranes

All electrospun PHMB:PU membranes showed no successful cell attachment after 24 h of
incubation. Cells were then seeded onto PHMB:PU electrospun membranes that had been immersed
in cell culture media for 24 h to allow for more protein attachment and to mimic use overtime.
Some attachment was seen with these samples (Figure 10). However, as seen in the SEM images, these
cells were rounded in morphology showing unfavorable attachment conditions (Figure 11). 25- and
35PHMB:PU electrospun membranes showed minimal cell attachment but showed high levels of
toxicity in the previous section; therefore, they could not be imaged.
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Figure 10. HaCaT cell metabolic activity on PHMB:PU membranes. Cell metabolic activity after 24
and 48 h using the Alamar blue assay on membranes which had been immersed in cell culture media
overnight before cell seeding to mimic attachment after use in vivo. Tissue culture plate (TC plate) and
glass were used as controls. Error bars describe the standard deviation from the mean, with n = 3.
* indicates a significant difference (** for p < 0.001; *** for p < 0.0001).
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Figure 11. HaCaT cell morphology on PHMB:PU membranes. SEM images showing cell morphology
after 48 h on membranes which had been immersed in cell culture media overnight before cell seeding
to mimic attachment after use in vivo.

4. Discussion

PHMB was successfully incorporated within PU nanofibre membranes at concentrations ranging
from 5% to 35% (Figure 3). The aim of this project was to develop a wound dressing which would allow
PHMB to be released in a gradual manner, allowing for the optimisation of PHMB’s antimicrobial
properties. This was accomplished using 5-25PHMB:PU membranes; when immersed in PBS, these
membranes had an initial burst release of PHMB followed by a more gradual release over the 120 h
measured (Figure 6). This was reflected in the change of wettability also recorded with PBS immersion
overtime (Figure 7). The initial burst release measured within the first hour mirrors similar results
recorded by Llorens et al. [22] and could be beneficial for heavily infected wounds. The gradual release
after the initial burst would prevent bacteria growth recovery and colonisation overtime, providing
ideal conditions to reduce bacterial load while minimising host cell toxicity. The frequency of wound
dressing changes may also be reduced as the PHMB:PU membranes retain their antimicrobial activity
overtime [36].

5-25PHMB:PU membranes were found to be porous even after use (Figure 5), allowing for
breathability and permeability for wound exudate passage. Fibres became swollen and more sinuous
when immersed in PBS (Figure 1), causing pores to shrink but not fully close up. This change in fibre
diameter and morphology may be due to the hydrophilic nature of PHMB, which could promote some
liquid absorption prior to PHMB release and is consistent with the observed increase in wettability
(Figure 7). Along with the hydrophilic nature of the PHMB:PU membranes (Figure 7), the continued
permeability would aid continued PHMB release and may allow for a moist wound bed that does
not become overly wet, aiding wound healing further [36]. The decrease in pore size with increasing
PHMB content also displays a possible route for tunability.
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The addition of PHMB to PU electrospun membranes slightly reduced their elasticity and
tensile strength and significantly decreased their ultimate strength and tensile toughness (Figure 4).
This suggests that PHMB:PU electrospun membranes are elastic but are quicker to tear with deformity
than with pure PU electrospun membranes. Despite this, the overall tensile strength, modulus and
ultimate strain of the blend membranes remained favorable for a wound dressing as they still retained
the hyperelastic and durable properties of polyurethane that are relevant to skin [37].

As 5PHMB:PU electrospun membranes showed no cell toxicity and 15PHMB:PU membranes
had comparable toxicity levels to non-electrospun PHMB samples, despite a higher PHMB content
(Figure 9), these samples are the most promising for further development. Cell death in response to 25-
and 35PHMB:PU membranes was possibly because too much PHMB released in the first burst; therefore,
the amount of PHMB entering the cells was too high for them to cope leaving some to enter the nuclei
and condense chromosomes, as seen in bacterial cells [11]. These higher concentration membranes are
unlikely to be used in future work unless the release is slowed in further material optimisations.

Cell attachment and cell morphology analysis indicated that PHMB:PU membrane surfaces were
not ideal for cell attachment (Figures 10 and 11 respectively). This may be related to the high positive
charge of PHMB causing some abnormal protein attachment; when released onto the membrane
surface, proteins may bind too strongly, resulting in abnormal conformation and protein denaturation.
It is important to clarify that low cell attachment is in fact beneficial for wound dressings as it would
prevent healthy tissue removal on dressing changes [23]. Therefore, our results suggest that PHMB:PU
electrospun membranes could avoid associated complications with healthy cell removal, improving
the wound healing process.

5. Conclusions

Electrospun PHMB:PU nanofibrous membranes offer an exciting alternative strategy for providing
a gradual release of PHMB in wound infection prevention and control, and show promise for the
development of a future antimicrobial wound dressing. Their elastic and hydrophilic nature could
aid patient comfort and help prevent host cell damage. The strong antimicrobial properties sustained
overtime may provide an ideal dressing for clearing bacterial load while enhancing healing. Sustained
PHMB release may also mean fewer wound dressing changes, saving time, waste products and money.
For future work, the tunability of PHMB:PU membranes will be further investigated to produce an
optimised wound dressing material.
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Abstract: To improve the hemocompatibility of the biodegradable medical poly(ether-ester-urethane)
(PEEU), containing uniform-size aliphatic hard segments that was prepared in our lab, a copolymer
containing phosphorylcholine (PC) groups was blended with the PEEU. The PC-copolymer of
poly(MPC-co-EHMA) (PMEH) was first obtained by copolymerization of 2-methacryloyloxyethyl
phosphorylcholine (MPC) and 2-ethylhexyl methacrylate (EHMA), and then dissolved in mixed
solvent of ethanol/chloroform to obtain a homogeneous solution. The composite films (PMPU)
with varying PMEH content were prepared by solvent evaporation method. The physicochemical
properties of the composite films with varying PMEH content were researched. The PMPU films
exhibited higher thermal stability than that of the pure PEEU film. With the PMEH content increasing
from 5 to 20 wt%, the PMPU films also possessed satisfied tensile properties with ultimate stress of
22.9–15.8 MPa and strain at break of 925–820%. The surface and bulk hydrophilicity of the films were
improved after incorporation of PMEH. In vitro degradation studies indicated that the degradation
rate increased with PMEH content, and it took 12–24 days for composite films to become fragments.
The protein adsorption and platelet-rich plasma contact tests were adapted to evaluate the surface
hemocompatibility of the composite films. It was found that the amount of adsorbed protein and
adherent platelet on the surface decreased significantly, and almost no activated platelets were
observed when PMEH content was above 5 wt%, which manifested good surface hemocompatibility.
Due to the biodegradability, acceptable tensile properties and good surface hemocompatibility, the
composites can be expected to be applied in blood-contacting implant materials.

Keywords: poly(ether-ester-urethane); MPC copolymers; composites; physicochemical properties;
hemocompatibility

1. Introduction

Polyurethanes (PUs) are a kind of polymer with carbamate groups (–NHCOO–) on the backbones.
Compared with other biomedical materials, PUs possess a multitude of advantages, including
high tenacity, chemical resistance, and adjustable mechanical flexibility [1–3]. Due to their excellent
physical-mechanical properties and adequate biocompatibility, PUs have been widely used in the
medical field for almost half a century as heart valves, pacemaker wires, vascular grafts, cardioids,
artificial skin joints, and catheters [4–7].
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Biodegradable PUs are designed to undergo hydrolytic degradation to produce noncytotoxic
products [8]. Most PUs based on aliphatic diisocyanate are prepared for biomedical application because
they have lower toxicity compared to aromatic ones [9,10]. However, because of the absence of hard
segments of significant length, these kinds of PUs exhibit dissatisfactory tensile properties like low
tensile strength [11]. Penning and coworkers found that PUs containing long uniform-size hard
segments possess excellent tensile properties [12]. In our previous reports [13,14], several kinds of
biodegradable medical PUs based on aliphatic diurethane diisocyanate were prepared. The uniform
chemical structure of hard segments improves the microphase separation degree of soft and hard
segments, and, at the same time, the denser hydrogen bonds among carbamate units give a more
compact physical-linking network structure, leading to comparative or even better tensile properties
than aromatic PUs.

Biocompatibility, especially hemocompatibility, is another important requirement for the clinical
implant or/and blood-contacting materials [15–18]. When PUs are used as long-term blood-contacting
materials, proteins can accumulate rapidly on the material surface, subsequently platelets are activated,
and then blood coagulation and thrombus occur [19,20]. Therefore, many strategies have been developed
in order to achieve improved hemocompatibility of PUs. The most widely used method is chemical
surface modification [21–23], which mainly includes introduction a high activation barrier to repel
proteins by grafting hydrophilic polymers or biomimicking materials on the surface. However, the
surface modification approaches inevitably deteriorate the bulk properties, especially the tensile
properties of the substrates, which is difficult to overcome.

Recently, much attention has been concentrated on synthetic/natural polymer composites because
it is simple and efficient to obtain new materials from mixing two different polymer materials. In the
previous articles [24–26], the composites of PU and bioactive polymers were prepared and their
fundamental properties were evaluated. The hemocompatibility of the composites, with attention to
protein adsorption and platelet adhesion, was much better than that of original PU material. In addition,
the tensile properties had no obvious change after addition a small quantity of bioactive polymer to
PU. It provides a novel technique for exploitation of PU in biomedical application.

Phosphorylcholine (PC) is a hydrophilic zwitterionic head group of cell membrane
phosphatidylcholine that endows the cell membrane with ideal biocompatibility, especially in resistance
to protein adsorption and platelet adhesion [27,28]. In order to exploit new biocompatible materials,
the methacrylate monomer-bearing PC group 2-methacryloyloxyethyl phosphorylcholine (MPC) was
synthesized by Nakabayashi [29], and later Chapman [30]. Research on surface modification of
biomaterials with PC functionality has been developed rapidly after publication of the MPC [31,32].
Because of the polymerizable methacrylate moiety, MPC can easily be copolymerized with other
monomers to enable the design of numerous materials with various molecular architectures.
The modification of biomedical PU with the MPC copolymer by blending to improve the biocompatibility
has been studied by many researchers for nearly thirty years [33–35]. For example, Ishihara groups [36,37]
prepared the composite films of MPC polymer and commercial PU (Tecoflex® and Pellethane® 2363-90),
and the film materials exhibited excellent nonthrombogenicity in contact with human whole blood.
The PC groups could be concentrated effectively near the surface in the plasma resulting in the formation
of a ‘self-assembled biomimetic membrane bilayers’, which can form a thermodynamic hydration barrier
over the surface and suppress any unfavorable interaction with blood cells and proteins. Therefore, it
can be hypothesized that incorporation of MPC polymers will improve the biocompatibility (especially
hemocompatibility) of new kinds of medical PU with uniform-size hard segments prepared in our lab.

In this paper, the composites of the PU–PC copolymer were prepared by simple physical blending to
improve the hemocompatibility of PU materials. The biodegradable poly(ether-ester-urethane) (PEEU),
which contains uniform-size hard segments, was obtained in our lab and used as model PU. Based on
the fundamental properties of PC-containing polymers, the MPC copolymer was used as a polymeric
additive, which could blend and interact with PEEU. The effect of the MPC copolymer introduced
in the PEEU films on the physicochemical properties of PEEU was investigated. Furthermore, the
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surface hemocompatibility of the composite films was evaluated by protein adsorption and platelet
adhesion tests.

2. Materials and Methods

2.1. Materials

MPC (>98%) were purchased from J&K Scientific Ltd. (Beijing, China) and used without further
purification. 2-Ethylhexyl methacrylate (EHMA, Shanghai Macklin Biochemical Co., Ltd., Shanghai,
China) was dried with anhydrous magnesium sulfate and distilled under reduced pressure, then
saved at −20 ◦C before use. 2,2′-Azobisisobutyronitrile (AIBN) was obtained from Shanghai Macklin
Biochemical Co., Ltd. (Shanghai, China) and recrystallized several times from ethanol. Poly (ethylene
glycol) (PEG, Mn = 600, Aladdin Reagent Co., Ltd., China) was dehydrated at 110 ◦C for ~4 h under
vacuum. l-lactide (l-LA, J&K Scientific Co., Ltd.) was recrystallized several times times from dry ethyl
acetate. ε-Caprolactone (ε-CL, Sigma-Aldrich, city, country) was distilled from CaH2 under reduced
pressure. N,N-dimethylformamide (DMF, Beijing Chemical Reagent Co., Ltd., Beijing, China) was
refluxed with phosphorus pentoxide for about 5 h and then distilled under reduced pressure. Diurethane
diisocyanate (hexanediisocyanate-1,4-butanediol-hexanediisocyanate, HBH) was synthesized in our lab
according to our previous paper [13]; NMR and HRMS analyses were used to confirme its chemical
structure. Phosphate buffer saline (PBS, pH = 7.4) was supplied by Beijing Chemical Reagent Co., Ltd.
and used as received. Other regents were AR grade and purified by standard methods.

2.2. Preparation of PEEU

The PEEU was prepared referring to our published literature according to Figure S1 [13]. In brief,
ε-CL (0.15 mol), l-LA (0.19 mol), and PEG600 (0.05 mol) were mixed in a vacuum flask under dried argon
atmosphere. After three rounds of deoxygenation, catalyst stannous octoate (0.1 wt% of monomers)
was added and the reaction was carried out at 140 ◦C for 36 h under vacuum to obtain the prepolymer
(Figure S1a). Then, the DMF solution of HBH (25 wt%) was added dropwise into the prepolymer
at 80 ◦C under dried argon atmosphere (molar ratio of –NCO/–OH was controlled at 1.05). After
that, the reaction was allowed to proceed at the same temperature for about 3.5 h until the NCO peak
(~2270 cm−1) in the FT-IR spectrum disappeared completely. Subsequently, the solution was diluted to
about 5 wt% and precipitated in cold diethyl ether. The product was dried to a constant mass at 40 ◦C
under reduced pressure to obtain the white filiform PEEU.

The chemical structure of PEEU was characterized by 1H NMR (Figure S2), FT-IR (Figure S3)
and GPC. 1H NMR (400 MHz, CDCl3, ppm): δ 5.10–5.31 (CH3–CH–), 4.80 (–NHCO–), 4.06–4.23
(–COOCH2–), 3.65–3.70 (–CH2–CH2O– of PEG), 3.15 (–NHCH2–), 2.29–2.41 (–CH2CO–), 1.67
(CH3–), 1.46–1.52 (–OCH2 (CH2)3CH2CO, –OCH2(CH2)2CH2O–), 1.34 (NHCH2(CH2)4CH2NH). FT-IR
(ATR, cm−1): 3321 (N–H), 2937, 2864 (–CH2–), 1731 (C=O), 1687 (amide I), 1533 (amide II), 1091 (C–O–C
of ester). GPC (THF): Mw-GPC = 141,200, Mn = 101,300, Mw/Mn = 1.39.

2.3. Preparation of Poly(MPC-co-EHMA) (PMEH)

Monomers of EHMA (0.1 mol, 13.8 g) and MPC (0.025 mol, 7.4 g) were placed in a vacuum
flask and the mixture was dissolved with ethanol (10 mL). After dried argon was bubbled into the
solution to remove oxygen, AIBN (1 wt% of monomers) was added and the vacuum flask was sealed.
The polymerization was carried out under vacuum at 60 ◦C for 12 h. The reaction mixture was cooled
to room temperature, and then precipitated with a large amount of hexane. The precipitate was filtered
off and dried under reduced pressure at room temperature. The copolymer was purified by Soxhlet
extraction, first with water and then with ether, to remove the unreacted monomers. The reaction
scheme is displayed in Figure S4.

The chemical structure of PMEH was characterized by 1H NMR (Figure S5), FT-IR (Figure S6), GPC
and elemental analysis. 1H NMR (400 MHz, CDCl3, ppm): δ 4.52 (–COCH2CH2P–, –N+CH2CH2OP,
–COCH2CH–), 3.65–3.83 (–N+CH2–, –N+CH3), 3.28 (–CH2–C–), 1.83 (–CH2CHCH2–), 1.28 (–CHCH2CH3,
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–CH(CH2)3CH3), 0.84 (CH3CH2–, CH3C–). FT-IR (ATR, cm−1): 3380 (–OH of H2O), 2957, 2928, 2863
(–CH2–), 1724 (C=O), 1238 (P=O), 1090 (C–O–C of ester), 1067 (P–O), 953 (–N+(CH3)3). GPC (THF): Mw

= 27,000, Mn = 23,100, Mw/Mn = 1.17. Anal. Calcd (%): C, 65.09; H, 10.21; O, 20.58; N, 1.29. Found: C,
65.12; H, 10.25; O, 20.52; N, 1.21.

2.4. Preparation of PEEU/PMEH Composite Films

The composite films were prepared by a solvent evaporation technique solvent evaporation
technique according to Figure S7. Briefly, four weight percent solutions of both PEEU and PMEH
solutions were prepared separately using ethanol/chloroform mixture (1/1 by volume) as solvent.
The homogeneous solution containing the predetermined amounts of PEEU and PMEH (4.0 g/100 mL)
was poured on to a Teflon mold, and the solvent was evaporated at room temperature for 72 h.
Subsequently, the formed film was dried under reduced pressure for 24 h to eliminate the last traces
of solvent. The PEEU/PMEH (PMPU) composite films were obtained with 0.25 ± 0.02 mm thickness.
The chemical composition of PMPU films is listed in Table 1, and the PMPUs are described as PMPU-X
(X: the weight percent of PMEH in the composites).

Table 1. The chemical composition of PEEU/PMEH (PMPU) films.

Components

Films
PMPU-0 PMPU-5 PMPU-10 PMPU-20

PEEU/g 4.0 3.8 3.6 3.2
PMEH/g 0 0.2 0.4 0.8

PMEH content/wt% 0 5 10 20

The chemical structure of PMPUs was characterized by FT-IR and the representative spectrum is
shown in Figure S8. FT-IR (ATR, cm−1): 3324 (N–H), 2932, 2869 ((–CH2–), 1730 (C=O), 1683 (amide I),
1535 (amide II), 1240 (P=O), 1086 (C–O–C of ester), 1059 (P–O), 957 (–N+(CH3)3).

2.5. Characterization and Instruments

Characterization: 1H NMR spectra were recorded on a 400 MHz Avance II spectrometer (Bruker,
Rheinstetten, Germany) using CDCl3 as solvent. FT-IR spectra were recorded between 4000 and
400 cm−1 on a Bruker Alpha infrared spectrometer (Bruker, Rheinstetten, Germany) equipped with a
Bruker platinum ATR accessory. The weight average molecular weight (Mw), number average molecular
weight (Mn) and polydispersity index (Mw/Mn) of polymers were measured by gel permeation
chromatography (GPC) on a Water Alillance GPC 2000 system (Waters, Milford, MA, USA) with
tetrahydrofuran as the eluting solvent. Elemental analysis (C, H, N, and O) was performed on Elementar
Vario E1 III analyzer (Elementar, Langenselbold, German).

Thermogravimetric analysis (TGA): TGA tests were conducted using a TGA 2050 analyzer
(Universal, New Brunswick, NJ, USA). The mass loss of the dried samples was performed under
nitrogen inert atmosphere (N2, 40 mL/min) from 50 to 600 ◦C at a heating rate of 15 ◦C/min.

Tensile properties: According to the national standard GB/T1040-2006, tensile stress–strain tests
were measured using a single-column tensile test machine (Model HY939C, producer, Dongguan,
China) at room temperature with a cross-head speed of 50 mm/min. The films were cut in a dumbbell
shape with neck width of 4.0 mm and length of 30 mm, respectively. For each data, the result was the
average value of five parallel measurements.

Water absorption: The amount of absorbed water by the film is the parameter to evaluate the
water-swelling property of the films. The preweighed dry film disks (mo) with ~10 mm diameter were
immersed in deionized water at 37 ± 0.1 ◦C and equilibrated for about 48 h. The swollen samples were
blotted with laboratory tissue to remove the surplus absorbed water, and weighed immediately (mt).
The water-swelling property of the film was expressed as the water absorption calculated from the
following formula. Water absorption (%) = (mt − mo)/mo × 100. The results reported were the average
values for at least five replicated samples.
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Water contact angle: The surface hydrophilicity was assessed by measuring the water contact
angles formed between the water drops and the film surface. The sessile static water contact angles
against the film surface were measured by a contact angle setup of KSV CAM 200 (KSV Instruments,
Helsinki, Finland) using a sessile drop method at room temperature. Before measurement, the film
specimens were immerged in distilled water for 2 h and then dried under vacuum. To ensure that
the droplets did not penetrate the compact material, the test was carried out within 5 s. The test was
performed on six samples, and three drops were applied on each sample.

In vitro degradation: Film degradation was quantified by the weight loss in PBS (pH = 7.4).
The film in a disk shape (diameter: 10 mm) was placed into a sealed bottle which containing 10 mL
PBS solution, and incubated at the temperature of 37 ± 0.1 ◦C. At given time intervals, the sample was
removed from the solution, washed with distilled water and dried in a vacuum oven at 25 ◦C until
constant weight. The weight loss was calculated using the following equation to evaluate the films
degradation. Weight loss (%) = (Wo −Wr)/Wo × 100, where Wr is the rest weight of the sample after
degradation for a predetermined time and Wo is the weight of the dry sample. The tests were carried
out until the films lost tensile properties and became fragments. Each test was repeated at least three
times and the results were the average.

Surface morphologies: The samples after in vitro degradation for a fixed time period were
collected to observe the surface morphologies. The dried samples were coated with gold for the
morphological observation by using a SU8010 FE-SEM (Hitachi, Tokyo, Japan).

Protein adsorption: The Bradford protein determining method was used to determine the amount
of adsorbed protein onto the film surface when using bovine serum albumin (BSA, Shanghai Aladdin
Reagent Co., Ltd., Shanghai, China) [38,39] and human plasma fibrinogen (HPF, Shanghai Macklin
Biochemical Co., Ltd., Shanghai, China) [40,41] as model proteins. The film discs (~10 mm diameter)
were equilibrated with PBS (pH = 7.4) for ~12 h to achieve complete hydration, and then immersed in
a solution of 1.0 mL protein solution (BSA: 45 μg/mL; HPF: 30 μg/mL) for 3 h at the temperature of
37 ± 0.5 ◦C. The discs were gently taken off and rinsed sufficiency with PBS to remove the unbound
BSA. After sonication in sodium dodecylsulfonate aqueous solution (1 wt%) for 30 min to detach
the adsorbed protein on the surface, a micro-Bradford protein analysis kit (Sangon Biotech Co., Ltd.,
Shanghai, China) with a multiwall microplate reader (Multiskan Mk3-Thermolabsystems, Thermo
Fisher Scientific, Inc., USA) was used to determine the concentration of the adsorbed BSA and HPF in
the solutions at 595 nm and 562 nm, respectively. The amount of proteins adsorbed on the surface could
be calculated from the protein concentration in the solution. At least three replicate samples were tested
to ensure reproducibility of the measurements, and values relative to the controls (PBS) were collected.

Platelet adhesion: To evaluate the interactions between blood and films, the platelet adhesion
tests were performed in this study. Platelet-rich plasma (PRP) was obtained from fresh rabbit blood
(Shandong Success Biotechnology Co., Ltd., Jinan, China) by centrifugation of blood in a sodium citrate
buffer at 2000 rpm for 20 min at 4 ◦C. The disk-shaped samples (diameter: 10 mm) were contacted with
PBS (pH = 7.4) for 2 h to equilibrate the surface, and then removed from the solution and incubated with
1.0 mL PRP at 37 ◦C for 1 h. The samples were rinsed thoroughly with fresh PBS to remove nonadherent
platelets. The platelets adhering to the surface were fixed with 2.5% glutaraldehyde for 30 min at 40 ◦C.
Then, the discs were dehydrated by treating with gradual ethanol/water solutions (60, 70, 80, 90, 100%
(v/v)) for 30 min in each step and allowed to dry at room temperature on a clean bench. Finally, the
platelet-attached surfaces were coated with gold prior to observation by FE-SEM on different fields
of surfaces.

3. Results and Discussion

3.1. Thermal Stability

TGA analysis is often used to evaluate the thermal stability of materials; Figure 1 shows the TGA
and differential thermal gravimetric analysis (DTGA) curves of the composite films with varying PMEH
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content. There were two clear consecutive weight losses observed in curve of pure PEEU (PMPU-0).
The first weight loss occurred at ~247–353 ◦C with the maximum decomposition temperature (Tmax)
of 320 ◦C and the weight loss was 68 wt%, which was attributed to the decomposition of carbamate
and ester bonds. Another weight loss occurred at a higher temperature of 354–438 ◦C; Tmax of
385 ◦C was assigned to the decomposition of ether bonds. The remaining weight was lower than
2 wt%, indicating that the PMPU-0 decomposed almost completely. While the PMEH exhibited
obvious three-step weight loss, which was due to the complex structure. The initial decomposition
temperature (~200 ◦C) was lower that of pure PEEU, but the PMEH had higher thermal stability than
pure PEEU at high-temperature region (above 400 ◦C). The residue weight was more than 20 wt%,
which should be ascribed to the nitrogen and phosphonium salt formed after the decomposition of
PMEH segments. Compared with PEEU, the thermal stability of composite films (PMPU-5~PMPU-20)
increased obviously and the Tmax was ~20 ◦C higher than that of pure PEEU, which could be due to
the interaction (maybe H bonds) among the chains of PMEH and PEEU. Obviously, the increasing
residue weight should be attributed to the increase of PC content in composite films. No other weight
loss steps found in the curves of PMPU films indicated that the PMEH component was compatible
with PEEU component.

 
Figure 1. (a) Thermogravimetric analysis (TGA) and (b) differential gravimetric thermal analysis
(DTGA) curves of composite films with varying PMEH content.

3.2. Tensile Properties

Tensile property was an important quality for long-term implant biomaterials. The typical
stress–strain curves of the composite films with varying PMEH content are shown in Figure 2, and
the corresponding characteristic values obtained from the curves are listed in Table 2. From the
curves, it could be found that the composite films with PMEH content increasing from 0 to 20 wt%
(PMPU-0~PMPU-20) behaved as soft elastic materials, displaying a smooth transition from the elastic
to plastic deformation regions [42]. The pure PEEU (PMPU-0) containing uniform-size hard segments
exhibited good tensile properties with ultimate stress of 20.8 MPa, strain at break of 930% and initial
modulus of 19.5 MPa, which was due to the compact physical-linking network structure formed by
denser H bonds existing not only among carbamate groups but between carbamate and ether/ester
groups [43]. When the PMEH was blended in PEEU, the strain at break decreased gradually. However,
with the PMEH content increasing from 5 to 20 wt%, the ultimate stress of the composites films first
expressed no obvious change and then decreased gradually. When the PMEH content in composites is
as low as 5 wt% (PMPU-5), the PMEH can be homo-dispersed in PEEU and acts as a filler; additionally,
the PMEH content maybe too low to be reflected, the two reasons result in almost unchanged
strain at break and ultimate stress. When the PMEH content is higher than 5 wt% (PMPU-10 and
PMPU-20), the residual brittle PMEH can be aggregated as a stress concentration point and destroy
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the tensile properties, thus the strain at break, ultimate stress and initial modulus of the composite
films decrease [44]. However, the composite film with high PMEH content up to 20 wt% (PMPU-20)
exhibited good tensile properties with strain at break of 820% and ultimate stress of 15.8 MPa, which
could also meet the clinical requirements of long-term implant medical biomaterials, such as cartilage.

 
Figure 2. Stress–strain behaviors of PMPU films with varying PMEH content.

Table 2. Tensile properties of PMPU films with varying PMEH content.

Films
Strain at Break

(%)
Ultimate

Stress (MPa)
Yield Stress

(MPa)
Yield Strain

(%)
Initial Modulus

(MPa)

PMPU-0 932 ± 41 20.8 ± 2.4 9.97 ± 1.2 51.1 ± 4.2 19.5
PMPU-5 925 ± 38 22.9 ± 2.3 8.15 ± 1.05 43.3 ± 3.3 18.8
PMPU-10 825 ± 32 18.2 ± 1.9 7.26 ± 0.92 41.3 ± 3.4 17.5
PMPU-20 820 ± 34 15.8 ± 1.4 6.20 ± 0.76 39.8 ± 3.0 15.6

3.3. Surface and Bulk Hydrophilicity

The surface and bulk hydrophilicity of the composite films with varying PMEH content were
characterized by measuring the surface water contact angle and water absorption, and the results are
displayed in Figure 3. The pure PEEU film exhibited a hydrophobic surface with the water contact angle
of 87.4◦, and the water contact angle showed a trend to decline dramatically after PMEH was introduced.
With the PMEH content varying from 5 to 20 wt% (PMPU-5~PMPU-20) in composite films, the water
contact angle decreased dramatically from 64.5◦ to 29.8◦, presenting an increasingly hydrophilic surface.
After water immersion of the composite films, the hydrophilic PC units can rearrange to the water-side
and the concentration of the PC units on the surface increases. The zwitterionic PC groups interact
with water molecules by hydrogen bonding, which forms a hydration layer on the film surface and
improves the surface hydrophilicity [45]. The equilibrium water absorption of the composite films,
which was reached after immersion in water for 48 h, increased gradually from 8.4 to 31.5 wt% with the
PMEH content varying from 0 to 20 wt% (Figure 3). It is also ascribed to the hydrophilicity of PC units
which can bind much water into film. The results manifested that the surface and bulk hydrophilicity,
an important role in the hydrolytic degradation and surface hemocompatibility, could be affected by
the content of hydrophilic PC units in composites.
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Figure 3. Water contact angle and water absorption of composite films with varying PMEH content.

3.4. In Vitro Degradation

In vitro hydrolytic degradation was examined by the weight loss in PBS solution at 37 ◦C, and the
degradation behaviors of composite films are shown in Figure 4. The degradation process included
three stages. In the first several days, all films exhibited a similar degree of degradation with slight
weight loss less than 10 wt%, which should be attributed to the hydration and swelling of the films
in the incipient stage. After that, the weight loss rate increased sharply, mainly because the films
were cleaved to water-soluble molecules that were soluble in the media. Finally, the films become
fragments and lost the tensile properties. In addition, the degradation rate of composite films increased
with the increase of PMEH content, and the time taken for PMPU-0, -5, -10, and -20 films to become
fragments was ~24, 18, 14, and 12 days, respectively. As the description in test of water absorption,
high hydrophilic PC units can bind more water molecules, which make the ester groups in PEEU
chains easily expose to water molecules. Thus, the chain scission occurs easily through hydrolysis of
ester bonds, which leads to an increased degradation rate. From the results, it can be found that the
degradation rate of composite films can be adjusted by changing the PMEH content.

 
Figure 4. Weight loss curves of composite films with varying PMEH content in PBS (pH = 7.4) at 37 ±
0.1 ◦C.

The degradation process can be directly reflected by morphological changes in film surface.
The typical surface morphologies of PMPU-10 after different degradation periods were presented in
Figure 5. The nondegraded film (Figure 5a) was semitransparent with a relatively smooth surface.
A rough surface was observed when the film was degraded for 3 days (Figure 5b), and more and more
irregular cavities appeared on the film surface with the further degradation (Figure 5c,d). A large
number of holes were observed after 10 and 12 days of degradation (Figure 5e,f), which indicates the
film gradually losing its tensile properties.
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Figure 5. Surface morphologies of PMPU-10 film in PBS (pH = 7.4) at 37 ± 0.1 ◦C after (a) 0, (b) 3, (c) 5,
(d) 7, (e) 10, and (f) 12 days of degradation.

3.5. Protein Adsorption

The protein adsorption on biomaterials’ surfaces has been considered the first step to test many
undesired biological reactions [46], and the formation of thrombus at the interface is dependent on the
number and state of the protein adsorption layer [47]. The adsorption behaviors of protein (BSA and
HPF) on the composite film surface are exhibited in Figure 6. As shown in Figure 6, the amount of
adsorbed protein on pure PEEU (PMPU-0) film surface was 1.99 μg/cm2 for BSA and 2.52 μg/cm2 for
HPF, both decreased significantly after the introduction of PMEH into the films. With the PMEH content
increasing from 5 to 20 wt%, the absorbed amount of BSA and HPF on the composite film surface
decreased gradually from 1.65 to 0.45 μg/cm2 and from 1.92 to 0.53 μg/cm2, respectively. It may be
ascribed to the presence of a hydrated layer around the zwitterionic PC groups on the film surface which
reduces molecular interactions with protein [48]. In addition, the proteins are very difficult to replace
the water molecule because of the strong interaction between water molecules and PC groups [27].
The lower protein adsorption capacity of composite films means better surface hemocompatibility.

 
Figure 6. The amount of adsorbed protein on the surface of composite films with varying PMEH
content at 37 ± 0.5 ◦C.

3.6. Platelet Adhesion

The platelet adhesion on materials surface is an effective and frequently used measurement
to evaluate the hemocompatibility of blood-contacting biomaterials [49]. The platelet adhesion on
the composite films after contacting with rabbit PRP was assessed by SEM observation, and the
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representative micrographs are given in Figure 7. Massive platelets adhered on the surface of
pure PEEU film (PMPU-0, Figure 7a). Some of the platelets aggregated to some extent and some
exhibited deformation and formed pseudopods, presenting the highly activated state. The platelet
adhesion on the surface was effectively suppressed after PMEH was introduced to the PEEU, and
moreover, deformation of adherent platelets was also hindered on the composite film surface. When the
composition of PMEH in the composites was 20 wt% (PMPU-20, Figure 7d), very few adherent platelets
were observed, which proved an excellent antiplatelet adhesion surface. It has been reported that PC
groups on the surface can migrate and reorientate onto the interface between the film surface and
water, which forms a mimetic structure of cell outer membrane and possesses outstanding antiplatelet
adhesion property [50,51]. Although the results of platelet adhesion test demonstrated that the films
surface hemocompatibility was improved dramatically by adding a small amount of the additional of
PMEH, the surface hemocompatibility need further evaluations, such as using human whole blood
and subcutaneous implant tests.

 

 

Figure 7. Representative SEM images of platelet adhesion on the surface of (a) PMPU-0, (b) PMPU-5,
(c) PMPU-10, and (d) PMPU-20 films.

4. Conclusions

In this paper, the novel composites of the biodegradable PEEU and blood-compatible PC copolymer
(PMEH) were prepared by blending from a homogeneous solution, and the corresponding films were
obtained by a solvent evaporation method. The physicochemical properties of the composite films with
varying PMEH content were studied. The composite films (PMPU) exhibited higher thermal stability
than that of original PEEU film. With PMEH content increasing from 5 to 20 wt%, the PMPU films
also possessed satisfied tensile properties with ultimate stress of 22.9–15.8 MPa and strain at break
of 925–820%. The surface and bulk hydrophilicity of PMPU films were closely related to the content
of hydrophilic PC groups. In vitro degradation studies indicated that the degradation rate increased
with the increment of PMEH content, and the time of the composite films becoming fragments was
12–24 days. The reduction of protein adsorption and platelet adhesion on the composite films surface
manifested good surface hemocompatibility. Due to the biodegradability, satisfied tensile properties
and good surface hemocompatibility, the composites can be expected to be applied in blood-contacting
implant materials.

Supplementary Materials: The supplementary materials are available online at http://www.mdpi.com/2073-4360/
11/5/860/s1.
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Abstract: In this paper the preparation and detailed characterization of designed polyurethanes
(SPURs) are reported for potential biological, biomedical and/or pharmaceutical applications.
Importantly, in order to fulfill these goals all reactants and solvents used were selected according
to the proposal of EUR-8 Pharmacopoeia. For the synthesis, a novel strategy was introduced and
elaborated. A series of SPUR samples was prepared from poly(ε-caprolactone)-diol, 1,6-hexamethylene
diisocyanate and sucrose as a chain extender/crosslinking agent to obtain sucrose containing
polyurethanes. In addition, the mol ratios of the sucrose were varied within an order of magnitude.
The prepolymers and the products of the syntheses were investigated by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) and infrared spectroscopy
(IR), respectively. It was found that the reactivity of the eight free hydroxyl groups of sucrose are
different, and after curing the SPUR samples at 60 ◦C no free isocyanate groups can be observed.
Furthermore, swelling experiments performed with various solvents of different polarities revealed
that the highest degree of swelling took place in dimethyl-sulfoxide. However, low degrees of swelling
were recognized in water and hexane. It is important to note that the gel contents were around 90%
in all cases, which demonstrate that the crosslinking was almost complete. In addition, the kinetics
of swelling were also evaluated and successfully modeled. The crosslink densities were calculated
from the data of the swelling experiments by means of the Flory-Rehner equation. Unexpectedly,
it was found that the crosslink density decreased with the increasing sucrose content also in line with
the results obtained by relaxation modulus experiments and dynamic mechanical analysis (DMA).
The Tg and Tm of SPUR samples, determined from DSC and DMA measurements, were around
−57 ◦C and 27 ◦C, respectively. According to the mechanical tests the SPUR samples showed high
elongation at break values, i.e., high flexibilities. Furthermore, the stress-strain curves were also
modeled and discussed.

Keywords: poly(ε-caprolactone), 1,6-hexamethylene-diisocyanate; sucrose; polyurethane, swelling;
mechanical testing
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1. Introduction

The last few decades have witnessed an unprecedented increase in human life expectancy and
life quality. The key to keep up with these improvements can be offered by tissue engineering and
regeneration, which involve the use of a tissue scaffold for the formation of new viable tissue for a
medical purpose [1]. The certain mechanical and structural properties the tissues require for proper
functioning are to be provided by biocompatible synthetic polymers, such as poly(ε-caprolactone),
polyurethanes and polylactic acid, since through macromolecular engineering their properties can be
tailored and fine-tuned more precisely than those of natural polymers [1].

Poly(ε-caprolactones) (PCLs) are useful biomaterials whose utilities span from as materials for
biomedical devices to food packaging applications. Importantly, the Food and Drug Administration
(FDA) has approved PCLs for specific human applications. For example, FDA allowed their use in
long term implantable devices, absorbable sutures and in certain drug delivery systems. However,
there are some shortcomings with PCLs, such as their low degradation rates and poor mechanical
properties, which are not beneficial for their special applications, e.g., for tissue engineering [2–4].
One potential solution for improving the physical, chemical and biological properties of PCLs, among
others, is to prepare polyurethane derivatives involving PCL blocks.

Polyurethanes (PURs) play an important and unavoidable role in everyday life [5]. They are
frequently used as flexible foams, rigid foams, elastomers and so on [5]. The physical, chemical and
biological properties of PURs are fundamentally determined by their chemical structures. A general
synthetic approach for producing of PURs involves polyaddition reaction between isocyanates and
polyols. If the target PURs are intended to be thermosets, the use of crosslinking agent is necessary [5].
The step-growth polyaddition reaction carries a great variability in the compositions including the
types and functionality of both the isocyanates and polyols as well as of other additives [5–9].
Furthermore, both isocyanates and polyols can originate from natural resources, such as polyols, e.g.,
from carbohydrates [6]. Thus, one can vary the chemical structure of PURs in a wide range to tailor their
physical, chemical and biological properties for specific applications. The use of naturally occurring
carbohydrates for the synthesis of PURs is well-documented [6]. Garcon et al. synthesized PURs from
protected sugar derivatives and 1,6-hexamethylene diisocyanate (HDI) [7]. M. Barikani et al reacted
corn starch with a prepolymer obtained from the reaction of HDI and poly(ε-caprolactone)-diol (PCLD)
to prepare hydrophobic PUR-copolymers [8]. Kizuka and Inonue reported the preparation of PURs from
aromatic 4,4’-diphenylmethane diisocyanate (MDI), and different polyols and sucrose as a cross linker
were reported by putting all reactants in one pot to obtain copolymers [9]. Since our primary purpose
was to synthesize flexible, biocompatible and biodegradable PUR-s for potential biological use in
general, and pharmaceutical and/or biomedical applications in particular, we encountered some serious
limitations. Importantly, we should exclude all aromatic isocyanates and various unsupported solvents
from the synthesis. Thus, the solvents should be selected according to the European Pharmacopoeia
(Ph. Eur. 8th edition) requirements, i.e., the solvents should be of class 2 and class 3 [10]. Under these
constraints, we elaborated a novel synthetic method to prepare PURs with well-defined structures
and networks as well as to control their swellability and flexibility. Our novel concept is based on
the followings: (i) first, a prepolymer is synthesized in melt from a biodegradable, biocompatible
polyester polyol, i.e., from poly(ε-caprolactone) diol (PCLD) to obtain prepolymer diisocyanate; (ii)
in the second step a multifunctional chain extender and/or crosslinking agent dissolved in DMSO is
added to the melted prepolymer to obtain the main polymer chain. It is important to note that the
substituents of the chain extender/crosslinking agent should have different reactivity and furthermore,
the chain extender/crosslinking agent should have two highly reactive functional groups to yield the
main polymer backbone chain. Then the reaction proceeds between the excess of free isocyanate
groups of the prepolymer and the lesser reactive functional groups in the chain extender/crosslinking
agent to form the final polymer network. On the other hand, upon variation of the Mn of the polyol
moiety in the prepolymer one can vary the distances between the main polymer chains. The crosslink
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density can thus be regulated deliberately simply by adjusting the molar ratio of the prepolymer and
the chain extender/crosslinking agent.

We have recently reported that the reactivity of the primary OH groups towards isocyanates is
higher than that of the secondary ones [11]. As it is well known, the sucrose has eight free OH-groups,
from which 3 of them are primary OH groups (one of them is sterically hindered) and five of them
are secondary OH groups. Taking into consideration this fact, the sucrose fulfills the requirement
to be an appropriate chain extender/crosslinking agent, therefore, we selected sucrose as a chain
extender/crosslinking agent to synthesize the target PURs.

Our purpose was to solve the challenge of the synthesis to fulfill the strict requirements of the
different biological applications. Based on the strong, well established literature background, we accept
that all ingredient used in this work are biocompatible and biodegradable. The biocompatibility and
the biodegradation behaviors of both poly(ε-caprolactone) and certain poly(ε-caprolactone) containing
polyurethanes are also extensively investigated and proved therefore we concentrated our efforts to
the chemical solutions [12,13].

In this paper, we report a one pot synthesis and detailed characterization of biocompatible and
completely biodegradable PUR networks synthesized from PCLD/HDI/sucrose systems.

2. Materials and Methods

2.1. Materials

Poly(ε-caprolactone) diol (PCLD, Mn = 2000 g/mol), dimethyl-sulfoxide (99.9 %, DMSO, stored
on molecular sieve), 1,6-hexamethylene diisocyanate (HDI, reagent grade), Tin(II) 2-ethylhexanoate
(reagent grade) were purchased from Sigma-Aldrich (Darmstadt, Germany) and were used as received.
D(+)-sucrose (puriss, Ph. Eur. 6.) from Reanal (Budapest, Hungary) was powdered and dried in a
vacuum oven at 40 ◦C for overnight before use. Toluene (analytical grade), acetone (99.9%, HPLC grade)
from Sigma-Aldrich (Darmstadt, Germany), methanol (HPLC grade) from Merck (Darmstadt, Germany)
and hexane (HPLC grade) from VWR (Debrecen, Hungary) were used without any purification.

2.2. Synthesis of the Prepolymer

The synthesis of prepolymer was basically carried out according to ref. [8] in melt. The modified
method applied was the following: A 100 mL round-bottom, three-necked flask equipped with a
mechanical stirrer, nitrogen inlet, reflux condenser and a nitrogen outlet was used. The temperature
was kept at 90 ◦C by means of a silicon oil bath. Before assembly, all the glassware were dried at 140 ◦C
for a day. The flask was charged with 20 g (10 mmol) of PCLD under continuous nitrogen flow. After
complete melting of the PCLD the mechanical stirrer was turned on and 3.5 mL (22 mmol) HDI was
introduced to the reactor. The homogeneous mixture was stirred at 80 ◦C for four hours. During the
prepolymer synthesis only a negligible amount of gas formation may be observed. When the mixing
time expired a sample (around 0.2 mL) was taken out from the reaction mixture for further analysis.

2.3. Synthesis of Sucrose Containing (SPUR) Polyurethane Networks

Predetermined amount of vacuum dried sucrose (9.5–0.95 mmol) was dissolved in 50 mL of
anhydrous DMSO at 60 ◦C. After complete dissolution of sucrose, the solution was added in one
portion to the melt prepolymer (synthesized according to Section 2.2.) during vigorous stirring (0.08 g,
0.2 mmol). Tin(II) 2-ethylhexanoate catalyst was also introduced to the reaction flask. The temperature
was kept at 80 ◦C. The opaque mixture was then stirred until the mixture became homogenous again.
It usually took place within a minute. To avoid the fast gelation the resulting viscous mixture was
poured into Teflon coated pans within 2 min and cured at 60 ◦C for 24 h. The obtained SPUR sheets
were dried in a vacuum oven at 40 ◦C for several (2–3) days for constant weight. During the synthesis
no weight loss was observed.
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2.4. Characterization

2.4.1. Scanning Electron Microscopy (SEM)

To visualize the morphology of the SPUR samples scanning electron microscopy (SEM) was used.
A secondary electron image was taken from the cut edge of SPUR samples after covering them by
30 nm conductive gold layer by a Hitachi S-4300 scanning electron microscope (Tokyo, Japan).

2.4.2. Attenuated Total Reflectance Fourier-Transform Infrared (ATR-FTIR)

Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectra were recorded on a
PerkinElmer Spectrum Two Instrument equipped with Ultra ATR Two Sampling Accessory having a
diamond-zinc-selenium composite prism (Waltham, MA, USA). The penetration depth of the IR beam
into the SPUR sample is 6 μm. Thickness of the specimens were ca. 0.5 mm. Sixteen scans were taken.
The spectra were evaluated by Spectrum ES 5.0 program.

2.4.3. Swelling Experiments

SPUR samples (having initial measures: 10 × 15 × 0.2–0.4 mm, and initial weight: mo) were placed
in 20 mL of different solvents in Erlenmeyer flasks of 50 mL at room temperature. The following
solvents were used for swelling: acetone, DMSO, hexane, methanol, toluene and water. The swelled
SPUR samples were taken out and the immersion fluid was wiped off from the surfaces with a paper
towel. The weight gain was followed by an analytical balance in every hour. The weight gain was
monitored until equilibrium was reached. It usually took around two days. The degree of swelling,
i.e., the swelling ratio (%) (Q) is defined by Equation (1) as:

Q =
m−mo

mo
× 100 (1)

where m and mo are the masses of the swollen and the initial (dry) sample, respectively.
After completing the swelling test, the absorbed solvent was removed in a vacuum oven at 40 ◦C

until constant weight (m1). The gel content (G%) of the SPUR samples were calculated according to
the following Equation (2):

G(%) =
m1

mo
× 100 (2)

The crosslink density of SPUR samples was calculated according to the Flory-Rehner equation [14]
as given by Equation (3):

νe =
− ln[(1−Yp) + Yp + χY2

p]

Vs(Y1/3
p − Yp

2 )
=
ρp

Mc
(3)

where νe = crosslink density, Yp = the volume fraction of the polymer, Vs is the molar volume of the
solvent, χ is the polymer-solvent interaction parameter, ρp is the density of the polymer and Mc is
the number average molecular weight between crosslink points. The polymer-solvent interaction
parameter for the SPUR networks was determined as detailed in the results and discussion.

2.4.4. Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry (MALDI-TOF MS)

The Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry (MALDI-TOF
MS) measurements were carried out with a Bruker Autoflex Speed mass spectrometer equipped
with a time-of-flight/time-of-flight (TOF/TOF) mass analyser. In all cases 19 kV acceleration voltage
was used in the positive ion mode. To obtain appreciable resolution and mass accuracy ions were
detected in the reflectron mode and 21 kV and 9.55 kV were applied as reflector voltage 1 and voltage
2, respectively. A solid phase laser (355 nm, ≥100 μJ/pulse) operating at 500 Hz was applied to produce

143



Polymers 2019, 11, 825

laser desorption and 5000 shots were summed. The MALDI-TOF MS spectra were externally calibrated
with poly(ethylene glycol) standard (Mn = 1540 g/mol).

Samples were withdrawn from the reaction mixture and dissolved in a mixture of THF and
methanol (50/50 v/v) at a concentration of 10 mg/mL and allowed the free isocyanate groups to react
with the methanol for 2 days. Samples for MALDI-TOF MS were prepared with 2,5-dihydroxy benzoic
acid (DHB) matrix. The matrix was dissolved in a mixture of THF and methanol (50/50 v/v) at a
concentration of 20 mg/mL. The matrix solution, the sample solution and sodium trifluoroacetate
solution (5 mg/mL in THF/methanol (50/50 v/v)), used as the cationization agent to promote the
ionization, were mixed in a 10:2:1 (v/v) ratio (matrix/analyte/cationization agent). A volume of 0.5 μL
of the solution was deposited onto a metal sample plate and allowed to air-dry.

2.4.5. Mechanical Tests

Instron 4302 type mechanical testing machine (Instron, Norwood, MA, USA), equipped with
a 1 kN load cell, was used for tensile testing of the SPUR series. Four dumbbell specimens were
cut (clamped length 60 mm) from the SPUR samples and the tensile was loaded at a strain rate 50
mm/min. For the data evaluation Instron series 9 Automated Materials Tester—version 8.30.00 software
was used.

For the stress relaxation experiments an Instron 3366 (Instron, Norwood, MA, USA) type
mechanical testing machine was used. The specimens were subjected to 100% elongation and the decay
of the load at this strain was measured and evaluated under the supervision of the Instron Bluehill
Universal V 4.05 (2017) software.

2.4.6. Differential Scanning Calorimetry (DSC)

The thermal properties of the samples were evaluated by Differential Scanning Calorimetry (DSC)
applying a DSC Q2000 power compensation equipment (TA Instruments, New Castle, DE, USA)
operating at 10 ◦C/min heating rate. Nitrogen was used as protective atmosphere.

2.4.7. Dynamic Mechanical Analysis (DMA)

The dynamic mechanical properties of the samples were carried out using Dynamic Mechanical
Analysis (DMA) testing with a DMA Q800 device (TA Instruments, New Castle, DE, USA). The DMA
traces were recorded in tension mode (dimension of the specimens: length: 25 mm, clamped length:
12 mm, width: 7 mm, thickness: ca. 0.5 mm) at an oscillation amplitude of 0.2% with a frequency of
1 Hz and applying a static load of 1 N. The temperature was varied between −100 ◦C and 200 ◦C with
a heating rate of 3 ◦C/min.

3. Results and Discussion

Our purpose was to elaborate a one pot synthesis for the preparation of PCLD and sucrose
containing polyurethane networks with regular structures and to improve their physical and chemical
properties, such as swelling and flexibility for biological applications.

For the synthesis we worked out a novel synthetic strategy: first, a macro diisocyanates
(prepolymer) was prepared from PCLD and HDI in melt. To obtain the main polymer chains
of the network, sucrose as a multifunctional, small molecular weight chain extender/crosslinking agent
dissolved in DMSO was used. The main polymer chains were thus formed by the polyaddition reaction
between the prepolymer and the 6 and 6′ primary hydroxyl groups of sucrose (see Scheme 1).

The crosslinking reaction took place by the reaction of the excess of the free isocyanate groups in
the prepolymer with the residual primary hydroxyl group, most probably, in the 1′position of sucrose.
Thus, by varying the Mn-s of PCLD and the molar ratios of the prepolymer to sucrose, the distances
between the main polymer chains and the crosslink density can also be altered, respectively (Scheme 1)
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Scheme 1. Synthesis path for the preparation of SPURs.

Based on the synthesis route presented in Scheme 1, a series of SPUR samples was prepared.
The compositions, densities and Shore A hardness of SPUR samples are summarized in Table 1.

Table 1. Sample name, composition, density and Shore A hardness of sucrose containing PUR polymers
(SPUR samples).

Sample Name
Composition (mol Ratio)

PCLD/HDI/Sucrose
Sucrose
% (m/m)

Density
(g/cm3)

Hardness
Shore A Scale (%)

SPUR-1 1/2.2/0.95 12.1 1.136 67
SPUR-2 1/2.2/0.71 9.3 1.133 62
SPUR-3 1/2.2/0.475 6.4 1.109 51
SPUR-4 1/2.2/0.238 3.3 1.124 52
SPUR-5 1/2.2/0.095 1.4 1.102 66

As can be seen in Table 1 the mol ratio of prepolymer and the sucrose was varied within one order
of magnitude. The prepolymer concentration was kept constant while the concentration of sucrose in
DMSO was changed gradually as shown in Table 1.

During the synthesis there was no weight loss, indicating that all reactants were built in the SPUR
networks formed. This finding agrees well with the results from the swelling experiments (see later).
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3.1. Infrared Spectroscopy of the SPUR Samples

In order to get information on the molecular structures of the SPUR networks formed Attenuated
Total Reflectance Fourier-Transform Infrared (ATR-FTIR) spectra were recorded (Figure 1).

Figure 1. ATR-FTIR spectra of the SPUR samples.

As seen in Figure 1, the intermolecularly bonded OH stretching, which might overlap with the
NH stretching vibrations, especially at lower prepolymer/sucrose molar ratios, occur in the range of
3358–3334 cm−1 (shaded area I). A double band at 2937 and 2863 cm−1 (shaded area II) and at 1361 cm−1

belonging to CH2 stretching and bending vibrations, respectively can also be observed and a strong
absorption band of C=O stretching is visible at 1727 cm−1 (shaded area III). An absorption band at
1537 cm−1 is attributed to the C-N stretching. The presence of this band in the ATR-FTIR spectrum
confirms the formation of polyurethane linkages. The =C-O/-C-O-C- vibrations are assigned to appear
in the range of 1150–1230 cm−1 (shaded area IV). In addition, no absorption can be seen at around
2275–2230 cm−1 (i.e., no absorption in the 2750–1850 cm−1 region), indicating no residual isocyanate
groups present after 24 h of curing at 60 ◦C.

3.2. MALDI-TOF MS Investigations

The MALDI-TOF MS spectrum obtained on the prepolymer poly(ε-caprolactone)-diol (PCLD) with
two HDI end-groups is shown in Figure 2. Prior to recording the MALDI-TOF mass spectrum the free
isocyanate groups in the prepolymer were reacted with methanol in order to prevent further reaction
of the free isocyanate groups with the matrix molecules. Furthermore, to enhance the cationization
and to obtain mainly sodiated oligomers, sodium trifluoroacetate was added to the reaction mixture.
As seen in Figure 2, the mass difference between the neighboring peaks is 114 Da that corresponds to
the mass of a caprolactone repeat unit.
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Figure 2. MALDI-TOF mass spectra of the samples obtained from the PCLD-HDI reaction mixture
(Reaction conditions: temperature = 90 ◦C, reaction time: 4 h) (a) and from the HDI-PCLD prepolymer
sucrose reaction (Reaction conditions: temperature = 90 ◦C, reaction time: 3 min, the molar ratio
for PCLD/HDI/sucrose is 1/2.2/0.95, sample SPUR-1) (b). The numbers in the brackets represents the
number of the caprolactone repeating unit. The isotopic distribution, the measured and the calculated
(red in brackets) m/z values are shown in the inset (top right corner of Figure 2a).

Furthermore, the measured masses match those of the PCLD with two HDI and two methanol
units as expected for a prepolymer HDI-PCLD-HDI. For example, as illustrated in the top right corner
of Figure 2a. inset, the measured monoisotopic mass at m/z 1782.053 is in line with that found for
the composition [C89H154N4O30+Na]+ (m/z 1782.054). On the other hand, as seen in the zoomed
MALDI-TOF MS spectrum (Figure 2a., in the range of m/z 2800–4000) in addition to the main series,
series A corresponding to a HDI-PCLD-HDI-PCLD-HDI oligomer series also appeared.

In the next synthetic step the resulting prepolymer was further reacted with sucrose in DMSO.
After a short reaction time, in order to avoid considerable cross-linking, a sample was withdrawn from
the reaction mixture and analyzed by MALDI-TOF MS to prove that successful coupling reactions have
been taken place between the prepolymer and sucrose. Indeed, as it turns out from Figure 2b, series B
appeared in the MALDI-TOF MS spectrum, which was identified as HDI-PCLD-HDI-Sucrose oligomers.
Furthermore, at higher masses, series A reacted with sucrose was also detected as demonstrated in the
lower inset of Figure 2b. In the low mass region of the MALDI-TOF MS spectrum products resulting
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from the reaction of sucrose with HDI, i.e., sucrose + HDI containing no PCLD oligomer were also
detected. This latter finding is very intriguing, since two sucrose + 2HDI and three sucrose + 2 HDI
were also formed as seen in Figure 2b. Thus, the presence of these compounds in the reaction mixture
indicates that albeit sucrose has eight OH groups to be reacted with the isocyanate, they are not equally
reactive. Furthermore, it seems unambiguous from these findings that two of these OH groups are
more reactive than the others thus yielding linear versions of sucrose + HDI oligomers at the early
stage of the reaction. This finding has also consequence on the cross-linking process with sucrose that
will be discussed later.

3.3. Swelling Experiments

In order to gain insight into the crosslink densities and the nature of the network formed by the
reaction of the prepolymer HDI-PCLD-HDI with sucrose, the resulting crosslinked polymers were
swollen with solvents (such as n-hexane, toluene, acetone, methanol, DMSO and water) of different
polarities and solubility parameters. The swelling of the SPUR samples was followed in time by
measuring the weight of the swollen samples with respect to those of the dry ones and the swelling
ratios (%) as a function of the time were plotted (Figure 3). To describe the swelling ratio (%) (Q)
versus time curves various models were tried to fit to the experimental data. The investigated models
included the single exponential (SE, Equation (4)), the integrated form of the pseudo second order rate
equation (PSOE, Equation (5)) [15], the power law equation (PLE, Equation (6)) [16] and the stretched
exponential function of Kolmogorov, Erofeev, Kozeeva, Avrami, Mampel (KEKAM, Equation (7)) [17].

Q = A(1− e−kt) (4)

Q =
kt

A + kt
(5)

Q = ktγ (6)

Q = A[1− e−(kt)γ ] (7)

where k and A are the rate coefficients and the equilibrium value of Q respectively, while A and γ stand
for the constant of the stretched exponential function.

Figure 3a illustrates the results of fitting of Equations (4)–(7) to the experimental swelling ratios
(%) versus time data obtained for the sample SPUR-4 and Figure 3a demonstrates the differences
(residuals) between the fitted and the experimental data.
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Figure 3. Variation of the swelling ratios with time for the sample SPUR-4 and fitting of the different
models to the experimental data (solid lines) (a) and the dependence of the swelling ratio on the time
together with the curves fitted by the streched exponential function (solid lines) (b). The inset in
Figure 4a. shows the residuals as the difference between the experimental and the fitted data by the
various models. The fitted parameters can be found in the Supplementary Materials (Table S1).

Figure 4. Variations of the swelling ratios with the molar ratios of sucrose (a) and the dependences of
the swelling ratios on the values of the Hildebrand solubility parameter (δT) (b). The solid lines in
Figure 4b represent the fitted curves by Equation (8).

As seen in Figure 3a, the PLE model (Equation (6)) is unable to render the main characteristics
of the experimental swelling ratio (%)-time dependences, whereas the other three models may give
acceptable fitting. However, as it turns out from Figure 3a, KEKAM model (Equation (7)) provides the
best fitting and this finding is also true for the rest of the SPUR samples investigated. Thus, the KEKAM
model was applied for the description of the swelling properties of these polymer samples. As seen
in Figure 3b, Equation (7) is indeed capable of the description of the variation of the swelling ratio
with the time for various solvents. The parameters of the KEKAM model obtained by fitting it to
the experimental data are compiled in Supplementary Table S1. According to the data of Table S1,
the value of the parameter γ is around 0.8 independently of the solvent, while values of k are spannig
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from 0.16 to 1.65, however, no rigorous relationships can be established between these values and the
degrees of crosslinks.

In Figure 4a the variations of the equilibrium swelling ratios (Qe) with the molar ratios of sucrose
to that of prepolymer HDI-PCLD-HDI are plotted. As a general trend, it was found that the values of
Qe decrease with the sucrose molar ratio from which it can be surmised that the crosslink densities also
decrease with the increasing sucrose content. An explanation for this unusual finding will be given
later. Furthermore, it is also evident from Figure 4a that the Qe –s at higher sugar content decrease
in the order of DMSO > acetone > toluene >methanol >water > n-hexane, whereas at low sucrose
content no considerable differences can be found in the Qe values of acetone and toluene.

To evaluate the dependence of the equilibrium swelling ratio on the solvent, the experimental
equilibrium swelling ratios were plotted as a function of the solvent solubility parameters (δT ) and
Equation (8) [18] were fitted to these data to determine the solubility parameters of the crosslinked
polymer networks (δN).

Q = Qee−ω(δT−δN)2
(8)

where Qe is the equilibrium swelling ratio, and ω = κV1
RT , in which κ, V1, R and T are the empirical

parameter, the molar volume of the solvent, the gas-constant and the temperature, respectively.
In Equation (8), parameters Qe at δ = δT, δN and ω were determined and the fitted curves by

Equation (5) together with the corresponding experimental data are shown in Figure 4b and the fitted
values of the parameters are compiled in Table 2.

Table 2. The values of parameters Qe, ω and δN obtained by fitting of Equation (8) to the corresponding
experimental data.

Sample Qe (%) ω (MPa−1) δN (MPa1/2)

SPUR-1 1705 ± 540 0.078 ± 0.026 24.0 ± 0.3
SPUR-2 1452 ± 496 0.069 ± 0.027 23.9 ± 0.4
SPUR-3 705 ± 253 0.049 ± 0.024 23.7 ± 0.5
SPUR-4 460 ± 126 0.036 ± 0.016 23.3 ± 0.5
SPUR-5 344 ± 113 0.041 ± 0.019 23.7 ± 0.6

It was found that the values of δN fall into a narrow range with values of δN = 23.3–24.0 (MPa)1/2,
i.e., crosslinking in the applied extent does not alter significantly the solubility of the polymer network
formed. In addition, we have also investigated the effect of the components of the Hansen solubility
parameters [19], i.e., the dispersion δD, the dipole δP and hydrogen-bonded δH solubility parameters on
the swelling ratios. However, no significant correlation between the swelling ratios and the separated
Hansen solubility parameters were found indicating that all of these three solubility parameters
have an important role in determining the swelling properties of these polymer networks. It is to be
noted that δN values in Table 3. were used for the determination of crosslink densities. The crosslink
densities were calculated using the Flory-Rehner equation (as indicated in the Materials and Methods).
The results are compiled in Table 3.

Table 3. The gel content (G(%)), crosslink densities (νe) and the average molecular weights of segment
between crosslinks (Mc) with different sucrose content determined in DMSO.

Sample G(%) νe × 104 (mol/cm3) Mc × 103 (g/mol)

SPUR-1 91.0 0.89 12.6
SPUR-2 81.8 0.91 12.4
SPUR-3 90.6 2.5 4.4
SPUR-4 98.3 3.7 3.1
SPUR-5 95.1 7.3 1.5

The graphical presentations of the data in Table 3. are shown in Figure 5.
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Figure 5. Dependence of the crosslink densities (νe) and the average molecular weights of the segment
between crosslinks (Mc) on the sucrose content.

According to the data of Table 3 the crosslink densities unexpectedly increase from
8.5 × 10−5 mol/cm3 to 7.3 × 10−4 mol/cm3 with the decreasing sucrose content and the dependence of νe

on the sucrose content can be described as νe = 8.65× 10−5n−0.95
sucrose (see Figure 5), i.e., νe is approximately

inversely proportional to nsucrose. Furthermore, it also turns out from the Mc data in Table 3 that at the
highest crosslink density Mc closely reflects to the Mn of the PCLD segment. To interpret this unique
finding one should consider that there is a competitive reaction between the isocyanate groups of
the prepolymer and the OH groups of sucrose. The sucrose bears eight free OH-groups, from which
three are primary OH groups (one of them is sterically hindered) and five of them are secondary OH
groups. The main polymer chains of the SPURs are formed by the reaction of the prepolymer and the
primary OH groups at the 6 and 6′ positions of sucrose. The crosslinking reaction between the main
polymer chains may take place by the reaction of the free isocyanate groups of the prepolymer with
the less reactive primary OH group at the 1′ position of sucrose to form the major skeleton of the SPUR
networks (see Scheme 1). Moreover, upon depleting the primary OH groups, i.e., if the prepolymer
concentration is significantly higher than that of the sucrose, which is the case for the samples SPUR-3,
SPUR-4 and SPUR-5, the excess of prepolymer can react with the secondary OH groups of sucrose
resulting in increasing crosslink densities.

3.4. Morphology of SPURs by SEM

The SEM images of SPUR samples are shown in Figure 6.
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Figure 6. SEM images of SPUR samples.

As can be seen in Figure 6, similar, but not identical microstructures were found. There are no deep
inclusions and no significant phase separation occur. These facts suggest that the polymer networks
obtained have regular structure.

3.5. Mechanical Properties of SPURs

The data in Table 4 shows the results of the uniaxial tensile measurements. All the polymers were
very flexible and transparent before the tests.

Table 4. Uniaxial tensile mechanical properties of SPURs.

Sample Elastic Modulus (MPa) Ultimate Elongation (%) Stress at Break (MPa)

SPUR-1 5.0 ± 0.4 810 ± 110 22.6 ± 2.2
SPUR-2 3.3 ± 0.8 800 ± 40 14.8 ± 6.4
SPUR-3 2.1 ± 0.3 940 ± 330 15.8 ± 1.0
SPUR-4 2.8 ± 0.3 945 ± 110 24.3 ± 4.7
SPUR-5 5.3 ± 0.6 1100 ± 80 26.3 ± 1.3

As seen in Table 4, all the SPUR samples show low elastic modulus and high ultimate elongation
values. Elastic (Young) moduli vary in the range of 2.1–5.3 MPa according to a minimum curve
depending on the composition, i.e., the crosslink density.

However, the ultimate elongation data reveals an increasing trend with the decreasing amount of
sucrose (i.e., with increasing crosslink density, see Table 3). On the other hand, more crosslink gives
higher stress at break (sample SPUR-1 is an exception to that) and increasing ultimate elongation at the
same time.

An attempt was made to describe the resulting stress-strain (σ−ε) curves at low and high strains.
The description of the σ−ε relationship was based on the standard linear solid (SLS) viscoelastic model.
As it was shown earlier in uniaxial tensile mode and at constant strain rate (dε/dt) “the equation of
motion” can be given by Equation (9) [20,21].

σ+ a1

(
dε
dt

)
dσ
dε

= a2ε+ a3
dε
dt

(9)

where a1, a2 and a3 are the parameters that contain the moduli of springs and the viscosity of the
dashpot in the constitutive SLS model.
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Equation can be solved analytically to obtain Equation (10).

σ = b1[ε+ b2(1− e−b3ε)] (10)

where b1 = a2, b2 = (dε/dt)(a3/a2 − a1) and b3 = [(dε/dt)a1]
−1

The stress-strain (σ − ε) curves for the samples SPUR-5 and SPUR-2 are shown in Figure 7. and in
the inset of Figure 7. As it turns out from the inset of Figure 7, Equation (9) is capable of rendering
the experimental σ-ε curves up to moderate strains (ε < 2.2). However, it fails to describe the whole
(σ-ε) curves especially at higher strains where marked deviations from the calculated ones have been
observed. These deviations can be attributed to the upward curvature of the σ-ε plot, i.e., σ increases
more rapidly with the increasing ε above ca. 2.2. These upward curvatures were supposed to be the
effect of strain hardening, i.e., crystallization of the polymer segments can take place upon increasing
strain, yielding an increase in the apparent modulus [20]. It is to be noted that a similar effect was
observed and described for the epoxy-polyurethane (EPU) shape memory polymers [21]. The model
that takes into account the strain hardening above a critical value of ε (ε > εL) is similar to that
reported for the EPUs, with an extension that the present model provides a more general description
of strain-hardening by introducing a new variable (β) as seen in Equation (11).

a2(ε) = a2 + α(ε− εL)
β (if ε > εL) (11)

dσ/dε = [(dε/dt)a1]
−1[a2(ε)ε+ a3(dε/dt)−σ] (12)

Figure 7. The stress-strain (σ-ε) curves for the samples SPUR-5 and SPUR-2. The symbols and the solid
lines stand for the experimental data and the fitted curves, respectively. The inset figure reveals the
lower part of the σ−ε curves up to ε = 2.2. The pictures illustrate the dumbbell from sample SPUR-5 at
low (1) and at high strain (2). The fitted parameters for the sample SPUR-5 are b1 = 1.41 MPa, b2 = 1.18
and b3 = 3.24 (i.e., [(dε/dt)a1]−1 = 3.24, a2 = 1.41 MPa, (dε/dt)a3 = 2.10 MPa and α = 0.136 MPa and
β = 0.75), while for the sample SPUR-2 these parameters are b1 = 0.12 MPa, b2 = 8.80 and b3 = 3.15
i.e., [(dε/dt)a1]−1 = 3.15, a2 = 0.12 MPa, (dε/dt)a3 = 1.09 MPa and α = 0.084 MPa and β = 1.75). (The
stress-strain (σ-ε) curves for the samples SPUR-1, SPUR-3 and SPUR-4 are shown in Figures S1–S3,
respectively in the Supplementary Materials).
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Integrating Equation (12) numerically (after the substitution of Equation (11) into Equation (12)
and the fitted values obtained by Equation (10)) and then fitting it to the experimental data over the
whole ε range, the values of α and β can now be determined. One can also realize that the fitted (solid
lines) and the experimental (symbols) values are in good agreement (see Figure 7).

It is interesting to note that σ increases more rapidly with ε in the case of sample SPUR-2 than
it does for the sample SPUR-5 and this finding is also reflected in the values of βwhich are 0.75 and
1.75 for the sample SPUR-5 and SPUR-2, respectively. Furthermore, as seen in Figure 7, the stress at
break for the sample SPUR-2 is lower than for the sample SPUR-5. These findings are in line with
the crosslink densities that are 9.1 × 10−5 and 7.3 × 10−4 mol/cm3 for sample SPUR-2 and SPUR-5,
respectively. At lower crosslink densities there are larger free spaces available for the polymer chains
to crystallize giving rise to a steeper increase in σ with ε, and providing lower stress at break at the
same time.

In addition, as illustrated by Figure 7, at low strains the sample is transparent (1), whereas at high
strain it becomes opaque (white) due to the crystallization of the polymer segments upon the effect of
strain (2), which also supports the validity of our approach.

In addition to these mechanical investigations, stress relaxation experiments were also performed
to get deeper insight into the relaxation processes of these SPUR samples and in parallel, to determine
the crosslink densities. The stress and the relative stress relaxation curves are demonstrated in Figure 8.

Figure 8. Stress (σ) (a) and relative stress (σ/σo) (b) relaxation curves for the SPUR samples. The relative
stress is defined as σ/σo, where σo and σ are the initial and the instant stress, respectively.

As it turns out from Figure 8a there is a relative fast relaxation process at the beginning of the
relaxation curves that is followed by a slower relaxation period and eventually reaching a plateau
value of σ that corresponds to the equilibrium relaxation modulus. Furthermore, as it is also seen
from Figure 8b, the extent of decrease in the values of σ/σo with time and to the equilibrium value
follows an order of SPUR-4 > SPUR-3 > SPUR-5 > SPUR-2 > SPUR-1. This trend is almost in line
with the decreasing crosslink densities for these SPURs except sample SPUR-5. This exception may
highlight the fact that although the relative “viscous” part (relaxation to the equilibrium state) is mainly
determined by the crosslink densities other factors can also affect the relaxation process. Moreover,
the equilibrium stress value called as equilibrium modulus (σeq) is directly related to the crosslink
density of elastomers (νr) according to theory of rubbers [22] as shown by Equation (13).

νr =
σeq

RT(λ− 1/λ2)
(13)

where λ, R and T are the extension ratio (i.e. the ratio of the extended and the initial length of the
sample), the universal gas-constant and the temperature in Kelvin, respectively.

The corresponding crosslink densities calculated by Equation (13) are compiled in Table 5.
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Table 5. The crosslink densities calculated by Equation (13). for the SPUR samples.

Sample νr × 104 (mol/cm3)

SPUR-1 1.1
SPUR-2 1.2
SPUR-3 1.5
SPUR-4 2.4
SPUR-5 5.0

Comparing the data of Table 5 with that of Table 3, one can realize that the crosslink densities
determined by the two methods (swelling and stress relaxation) agree relatively well. Hence,
the decreasing crosslink densities with the increasing sucrose content is again supported by an
independent method.

3.6. Thermal and Thermomechanical Properties of PURs

The thermal properties of the SPUR samples were investigated by differential scanning calorimetry
(DSC) to determine their thermal transitions such as the glass transition temperature (Tg) and the
melting temperature (Tm). A typical DSC trace for the sample SPUR-3 along with the characteristic
thermal transitions are shown in Figure 9.

Figure 9. Representative DSC trace for the sample SPUR-3 (Tg = −56 ◦C, and Tm = 26 ◦C) (The DSC
traces for the samples SPUR-1, SPUR-2, SPUR-4 and SPUR-5 can be seen in Figures S4–S7, respectively
in the Supplementary Materials).

As seen in Figure 9 the Tg occurs between −50◦C and −60 ◦C, while Tm are present at 20–30 ◦C.
The values of Tg and Tm of SPUR samples determined from DSC measurements are presented in
Table 6.

Table 6. The glass-transition (Tg) and the melting temperature (Tg) determined from DSC measurements.

Sample Tg (◦C) Tm (◦C)

SPUR-1 −58 27
SPUR-2 −58 27
SPUR-3 −56 26
SPUR-4 −52 30
SPUR-5 −51 23

155



Polymers 2019, 11, 825

As it turns out from Table 6, the Tg-s of the SPUR samples vary from −58 ◦C to −51 ◦C with
the decreasing sucrose content, i.e., Tg increase with the increasing crosslink density. This finding is
in line with the fact that chain mobility is gradually reduced with the increasing crosslink densities
resulting in an increasing trend for Tg values. Furthermore, it can also be expected that at higher
crosslink densities the crystallization is more hindered giving rise to lower Tm values. On the other
hand, the Tm values for the PCLD segments in the SPUR samples are close to the room temperature,
and thus are much lower than that of the high molecular weight poly(ε-caprolactone) (PCL), which
melts at ca. 60 ◦C. That means the PCLD segments in the SPUR networks are in amorphous rubbery
physical state. This fact is highly favorable for improving the chemical and/or biodegradation process
in biological environments.

The dynamical mechanical properties of SPUR samples were also characterized by DMA.
The dependences of the storage moduli (E′) on the temperature for the samples SPUR-5, SPUR-4 and
SPUR-3 are shown in Figure 10.

Figure 10. Variation of the storage modulus (E′) with the temperature for the samples SPUR-5, SPUR-4
and SPUR-3. (The DMA traces for the samples SPUR-1 and SPUR-2 are shown in Figures S8 and S9,
respectively in the Supplementary Materials).

As seen in Figure 10 different regions can be distinguished on the DMA curves: at low temperature
(at about −50 ◦C) the considerable decrease in E′ can be attributed to the transition from the glassy
to the rubbery state and a further, marked decrease at around 20–30 ◦C is due to the melting of the
crystalline segments. The temperatures at which these processes occur are in good agreement with
the values of Tg and Tm obtained from DSC measurements (see Table 6). At higher temperatures,
however, the melting is followed by a gradual loosening of the physical network, but owing to the
chemical crosslinks, DMA curves exhibit rubbery like plateaus in the temperature range of 100–150 ◦C.
Typically, above 140 ◦C, an increase in the storage modulus with the temperature can be observed. This
finding is most probably due to the caramelization of the sucrose and thus this process leads to the
formation of tighter crosslinks between these sucrose moieties. Furthermore, it can also be surmised
that higher crosslink densities yield lower Tm-s owing to the reasons outlined above. Indeed, as seen in
Figure 10. the melting of the crystalline phase occurs in the order of Tm: SPUR-5 < SPUR-4 < SPUR-3
and this order is in line with the crosslink densities determined from swelling and the stress relaxation
experiments (see Tables 3 and 5) as well as with the data of Table 6. In addition, the rubbery-like
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plateau provides another way to estimate the crosslink density (νd) from DMA results according to
Equation (14).

νd =
E′

3RT
(14)

where E′ is the value of the storage modulus at the plateau value of T and R is the universal gas-constant,
and T is the temperature in Kelvin.

The crosslink densities from DMA data for samples SPUR-5, SPUR-4, SPUR-3, SPUR-2 and SPUR-1
were determined to be 2.1 × 10−4 mol/cm3, 1.7 × 10−4 mol/cm3, 1.3 × 10−4 mol/cm3, 8.8 × 10−5 mol/cm3

and 8.6 × 10−5 mol/cm3, respectively. Although these values are lower than those determined by
swelling and stress relaxation experiments the order of νd agrees well.

4. Conclusions

For improving the mechanical, chemical and biological properties of poly(ε-caprolactone) for
potential biomedical and pharmaceutical applications novel polyurethanes were synthesized involving
sucrose as chain extender/crosslinking agent and HDI. For the selection of the reactants and solvents
the proposals of European Pharmacopoeia-8 were considered, i.e., no aromatic diisocyanates were
used and the solvents applied were selected from class 2 and class 3 groups.

For the synthesis, a novel synthetic strategy was elaborated and used. First a prepolymer was
synthesized in melt from PCLD and HDI. The main polymer chains of the networks were prepared “in
situ” by reacting the prepolymer with the two most reactive primary hydroxyl groups at the 6 and 6′
position of the sucrose molecule. The networks were formed after reacting the sucrose less reactive
primary OH (-OH group at 1′ position) with the excess of the prepolymer. This way, the distances
between the main polymer chains can be changed deliberately by varying the Mn-s of the prepolymer.

The crosslink density can simply be adjusted with the molar ratio of the prepolymer and the
sucrose. The prepared rubbery sheets showed highly improved swelling properties. Furthermore, the
mechanical properties such as the tensile behaviors and flexibility of SPURs can be chemically tailored.
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Abstract: The most commonly applied industrial synthesis of 4,4′-methylene diphenyl diamine
(4,4′-MDA), an important polyurethane intermediate, is the reaction of aniline and formaldehyde.
Molecular understanding of the 4,4′-MDA formation can provide strategy to prevent from side
reactions. In this work, a molecular mechanism consisted of eight consecutive, elementary reaction
steps from anilines and formaldehyde to the formation of 4,4′-MDA in acidic media is proposed
using accurate G3MP2B3 composite quantum chemical method. Then G3MP2B3-SMD results in
aqueous and aniline solutions were compared to the gas phase mechanism. Based on the gas phase
calculations standard enthalpy of formation, entropy and heat capacity values were evaluated using
G3MP2B3 results for intermediates The proposed mechanism was critically evaluated and important
side reactions are considered: the competition of formation of protonated p-aminobenzylaniline
(PABAH+), protonated aminal (AMH+) and o-aminobenzylaniline (OABAH+). Competing reactions
of the 4,4′-MDA formation is also thermodynamically analyzed such as the formation of 2,4-MDAH+,
3,4-MDAH+. AMH+ can be formed through loose transition state, but it becomes kinetic dead-end,
while formation of significant amount of 2,4-MDA is plausible through low-lying transition
state. The acid strength of the key intermediates such as N-methylenebenzeneanilium, PABAH+,
4-methylidenecyclohexa-2,5-diene-1-iminium, and AMH+ was estimated by relative pKa calculation.

Keywords: bis(4-aminophenyl)methane; MDA; PABA; aniline; water; reaction mechanism; ab initio;
G3MP2B3; transition state; pKa; standard enthalpy of formation

1. Introduction

Polyurethane industry requires large amount of methylene diphenyl diisocyanate (MDI) as raw
material and global market of MDI reached 6 Mt in 2016 [1]. The MDI production is mostly based
on methylene diphenyl diamine (methylenedianiline, MDA). MDA can be also applied as ingredient
of epoxy resins, intermediate for pigments, organic dyes, coatings, plastic fibers, and insulation
materials [2] making it an important intermediate for chemical industry.

The most commonly applied industrial MDA synthesis is the reaction of aniline with formalin
in the presence of hydrochloric acid under mild (60–110 ◦C) reaction conditions [3]. To avoid the use
of corrosive hydrochloric acid and the formation of large amount of salt solution as waste, several
attempts [4–11] had been made to replace the current technology with catalytic process using solid acids,
zeolites, delaminated materials, ionic liquids, or ion exchange resins as catalysts. However, neither of
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the catalytic MDA productions have gone beyond the laboratory stage. Although, proposed reaction
mechanism for current MDA synthesis is presented in Ref. [12] (see left side of Figure 1), it has not been
clarified entirely. According to this mechanism, aniline (A) is reacted with formaldehyde (F) producing
N-hydroxymethyl aniline as the initial reaction step. In acidic medium this product loses water rapidly
to form N-methylidene anilinium which reacts with aniline to form N-(p-aminobenzyl)aniline (PABA).
PABA is then decomposed to 4-aminobenzylium and aniline. In the last step of this rearrangement
4,4′-methylene diphenyl diamine (4,4′-MDA) is formed as final product. Beside missing elementary
steps, this early mechanism also cannot clarify the detected side products of MDA.

Figure 1. Overall reaction mechanism for methylene diphenyl diamine (methylenedianiline, MDA)
synthesis according Kirk–Othmer Encyclopedia of Chemical Technology [12] as well as Wang [13]
compared with our proposed mechanism based on G3MP2B3 computation.

More recently Wang et al. [13] suggested an alternative mechanism in which the reaction of
N-hydroxymethylamine and aniline (A) gives N,N’-diphenylmethylenediamine first (so-called aminal
noted as AM in Figure 1) before the formation of PABA. Due to the protonation of one of the
secondary amine group in AM (AMH+), the C-N bond is activated for the rearrangement making
PABA. According to Wang, same activation is supposed to happen to the other secondary amine group
to form MDA: PABA is protonated (PABAH+) which then initiates aniline rearrangement. Wang et
al. found some evidences to support the latter mechanism by isolation and identification of aminal
using the combination of isotope labeling and HPLC-MS [13]. Albeit other intermediates has not
been characterized at all. In the same study by-products including oligomers of MDA (e.g., 3- and
4-ring MDA) were also suggested. As a continuation of this work stabilities, potential protonation sites
and structural characterization of these MDA oligomers were determined using ion mobility-mass
spectrometry (IM-MS) and tandem mass spectrometry (MS/MS) techniques [14]. This resulted in
two partially overlapping, but still gappy mechanism for MDA production as seen from the left side
and the center of Figure 1. Furthermore, initial step of both mechanisms requires close contact of
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aniline and aqueous formaldehyde. Although aniline and water have similar density [15], but they are
only slightly soluble in each other and aniline has large viscosity (3.770 cP) due to strong hydrogen
bond between amine groups, [16] therefore, solvent effect can be crucial in the MDA production for
these solvents.

Although, the MDA synthesis is essential to MDI production, the thermochemical properties of
the participated species are also poorly characterized [17]. To the best of our knowledge, only the
standard reaction enthalpy of formation for MDA, PABA, and AM is estimated using Benson group
additivity method [18]. Only the heat of formation of 4,4′-MDA had been reported very recently
using G3MP2B3 quantum chemistry protocol and group additivity increments for OCN and NHCOCl
groups has been recommended [19] based on protocols mentioned in Ref. [20,21].

The aim of this study is to establish an ab initio-based molecular mechanism consisting of
consecutive elementary reaction steps from anilines and formaldehyde to the formation of 4,4′-MDA.
These elementary reactions can include short living species with low steady state concentrations which
makes them inaccessible for most of the current detection techniques. Furthermore, we characterized
thermodynamically the detailed reaction mechanism of the current industrial MDA production using
quantum chemical calculations. The effects of the surrounding media as well as the protonation state of
the intermediates is also characterized. Few important competing reaction channels are also included
to provide theoretically established evidence for by-products.

2. Methods

G3MP2B3 [22] composite method was applied for obtaining thermodynamic properties such as
zero-point corrected relative energy (ΔE0), relative enthalpy (ΔH), standard enthalpy of formation
(Δf,298.15KH(g)), relative molar Gibbs free energy (ΔG), standard molar entropy (S), and heat capacity
(CV) for the species involved in the reaction mechanism of the formation of MDA from the reaction
of aniline molecules with formaldehyde in acidic medium. As part of G3MP2B3 protocol B3LYP [23]
functional was applied in combination with the 6-31G(d) basis set for geometry optimizations and
frequency calculations, except for solvated TS2 structures (Since B3LYP/6-31G(d) was unable to localize
these transition states (TS), it was replaced by BH&HLYP/6-31G(d) level of theory). Normal mode
analysis was performed on the optimized structures at the same level of theory to characterize their
identities on the potential energy surface (PES). TS structures were also checked by visual inspection of
the intramolecular motions corresponding to the imaginary wavenumber using GaussView05 [24] as
well as confirmed by intrinsic reaction coordinate (IRC) calculations [25] for mapping out the minimal
energy pathways (MEP).

Although accuracy of G3MP2B3 is proven in our previous work for similar reaction system [19],
gas phase standard heat of formation values obtained at G3MP2B3 and CBS-QB3 [26] computations
were compared for further verification purposes. The gas phase standard heat of formation values
at T = 298.15K, Δf,298.15KH(g), were achieved using an atomization scheme (AS) [27] and isodesmic
reaction (IR). Accurate literature data necessary for AS calculation was collected from Ruscic’s Active
Thermochemistry Tables [28].

SMD polarizable continuum model developed by Truhlar and co-workers [29] was used to
estimate the effect of the surrounding solvent (water and aniline). The acid dissociation constant
(pKa,aq) in aqueous solution of the intermediates were also derived from G3MP2B3 calculations.
The pKa,aq values can be calculated using Gibbs free energy of the gas phase species in neutral and
cationic form (noted as G(Ag) and G(AH+

g), respectively) which corrected by the solvation Gibbs free
energies (ΔGaq) of the species involved [30]:

pKa,aq = [G(Ag) − G(AH+
g) + ΔGaq(A) − ΔGaq(AH+) + Gg(H+) + Gaq(H+) + RTln(Vm)]/RTln10, (1)

where gas phase Gibbs free energy for proton Gg(H+) comes from Sackur-Tetrode equation
(26.3 kJ/mol [31]) and solvation Gibbs free energy for proton, ΔGaq(H+), is −1107.1 kJ/mol [32].
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Molar volume (Vm) at reference state is 24.46 dm3. Although, such direct pKa calculation via
thermodynamics cycle usually suffers from larger error, therefore proton exchange scheme was applied
to improve the accuracy of a pKa calculation (pKa of anilinium, AH+, used as reference). All quantum
chemical calculations were performed by Gaussian09 [33] software package.

3. Results and Discussion

3.1. Main Reaction Mechanism in Gas Phase

Similar to our previous study [19] gas phase mechanism is used as reference to measure the
solvent effect as the presence of solvent can make a significant difference on the reaction energy profile.

According to the X-ray scattering experiment of aniline [16], closest intermolecular distance
between nitrogen atoms in a pair of aniline (A) molecules is 3.31 Å, which is close to the distance
(3.159 Å) found in the V-shape non-covalent bonded aniline dimer (A2) computed at G3MP2B3 in
gas phase. This short distance and orientational preference are due to the strong hydrogen bond
between two amine groups explaining the large viscosity of liquid aniline [16], which is in line with
our G3MP2B3 results (the formation of the gas phase non-covalent aniline dimer is −19.5 kJ/mol in
term of zero-point corrected energy). Therefore, in our calculations, A2 structure had been selected as
initial structure (see right side of the Figure 1). The energy reference used in Figure 2 (also given in
Table 1) corresponds to the sum of non-covalent A2 dimer, formaldehyde (F) and protonated aniline
(AH+). The latter species supposes to mimic the acidic environment used by chemical industry.

Figure 2. G3MPB3 energy profile (zero-point corrected) for MDA synthesis in gas phase (black),
in aniline (red) and in water (blue).

The protonated aniline dimer (A2) approaches the formaldehyde (F) to form the pre-reactive
complex (IM0, see Figure 3), in which formaldehyde is strongly hydrogen bonded to one of the anilines
(rO-H = 2.108 Å) and its carbon atom approaches the nitrogen atom of the other amine (rC-N = 2.671 Å).
This structure is 29.2 kJ/mol lower in energy compared to the separated formaldehyde, protonated
aniline and aniline dimer (reference state). As seen in Figure 3, the transition state for formaldehyde
addition to the aniline (TS1) is a six-membered ring structure, where the carbon of F got closer to
the nitrogen of the amine by roughly 1 Å (rC-N = 1.644 Å) compared to the IM0. Simultaneously,
attacked nitrogen releases a hydrogen which is transferred to the oxygen of formaldehyde through the
other aniline amine group. The corresponding energy is 60.7 kJ/mol higher than that of the reactants
making this structure as the highest energy TS along the entire reaction mechanism studied here.
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As next step, the resulted N-hydroxymethylaniline (IM1) forms molecular complex with protonated
aniline (AH+), noted as IM1H+, in which the protonated amine group is in vicinity of the OH group of
N-hydroxymethylaniline (rOH = 1.599 Å). This protonated complex has significantly lower in energy
(−118.1 kJ/mol) compared to the previous neutral complex (−58.7 kJ/mol).

Figure 3. Transition state structures (obtained at B3LYP/6-31G(d) level of theory) for MDA synthesis
in gas phase. The G3MP2B3 relative energies are also given.

Transition state of the water elimination (TS2) is structurally similar to the previous IM1H+,
although the O-H being formed become significantly shorter (rO-H = 1.092 Å), while the C-O bond
expanded to 1.748 Å. TS2 is 21.7 kJ/mol higher than IM1H+. The product of this exothermic
reaction (IM2H+) is a trimolecular complex (aniline-water and N-methylenebenzeneaminium) having
−144.4 kJ/mol of relative energy. In this structure, the carbon of the aniline at para position is just
2.992 Å far from the methylene group of N-methylenebenzenaminium and the water oxygen is
hydrogen bonded to the hydrogen atom of the secondary amine group. The critical C-C distance
is 1.953 Å in the transition state structure of the aniline addition (TS3) and water is only slightly
rotated around the elongated hydrogen bond (1.887 Å). The activation energy of TS3 is 41.2 kJ/mol,
while its relative energy become −103.2 kJ/mol. By linking these two aromatic ring structures,
water complex of 4-(anilinomethyl)cyclohexa-2,5-dien-1-iminium is formed (IM3H+) in a slightly
endothermic reaction (ΔrH = 29.5 kJ/mol obtained from data in Table 1). Despite the partial loss of
the aromatic nature of the aniline, the IM3H+ structure is −111.8 kJ/mol lower than the reference
energy. In the next step of the proposed mechanism, the water reoriented to initiate the transfer of
the positive charge to the amine nitrogen in such a way that the second aromatic ring can also be
formed (TS4). This six-centered transition state with the activation energy of 49.4 kJ/mol resulted in the
product (noted as IM4H+) with the lowest relative energy (ΔE0(IM4H+) = −210.0 kJ/mol) structures in
the entire mechanism, the hydrogen bonded complex of the N-(p-aminobenzyl)anilinium (PABAH+)
and water. Due to the proton of the amine, PABAH+ is activated to dissociate to aniline (A) and
4-methylidenecyclohexa-2,5-diene-1-iminium (MCH+) noted as IM5H+ via C-C bond scission (TS5).
The activation energy of this reaction step is 104.0 kJ/mol. To make rearrangement of the released
aniline happen, the formed PABAH+ should be chemically activated and stabilization of PABAH+
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should be avoided (e.g., through deprotonation of PABAH+). Firstly, we considered the aniline addition
occurs at para position to the MCH+ to form protonated 4,4′-methylenedianiline (4,4′-MDAH+) noted
as IM6H+. After the formation of the loosely bounded complex of MCH+ and aniline (IM5H+),
these two species can form TS6 structure in which C-C bonds being formed is 2.207 Å. Only small
rotational motion of the water molecule contributes to the reaction coordinate (ν‡ = 168.0i cm−1) in
this case. The energy level of TS6 is −104.8 kJ/mol compared to the entrance level.

Table 1. G3MP2B3 thermochemical properties calculated in gas phase, in aniline and in water including
zero-point corrected relative energies (ΔE0), relative enthalpies (ΔH(T)) and relative Gibbs free energies
(ΔG(T,P)) at T = 273.15 K, and P = 1 atm.

Species
ΔE0 ΔH(T) ΔG(T,P)

Gas Aniline Water Gas Aniline Water Gas Aniline Water

A2 + F + AH+ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
IM0 + AH+ −29.2 −15.2 −11.7 −30.0 −15.2 −11.7 17.2 26.3 31.3
TS1 + AH+ 60.7 48.0 32.4 52.4 40.2 24.6 121.7 106.3 92.5
IM1 + AH+ −58.7 −57.4 −60.5 −64.0 −61.9 −65.6 −6.2 −10.1 −8.3
IM1H+ + A −118.1 −75.9 −75.9 −123.3 −80.3 −81.0 −68.6 −26.4 −23.8

TS2 + A −96.4 −26.8 −28.3 −121.6 −53.0 −53.8 38.2 106.2 102.3
IM2H+ + A −144.4 −65.3 −57.7 −162.4 −83.2 −75.2 −18.5 58.0 64.0

TS3 + A −103.2 −26.4 −15.7 −124.4 −46.3 −35.1 30.9 104.1 114.2
IM3H+ + A −111.8 −60.4 −59.1 −132.9 −80.5 −79.6 23.8 70.0 72.7

TS4 + A −62.4 3.7 10.2 −88.3 −20.5 −13.6 81.1 141.0 148.1
IM4H+ + A −210.0 −146.4 −139.1 −231.8 −167.5 −160.5 −72.9 −14.6 −6.9

TS5 + A −106.0 −40.5 −32.3 −125.0 −57.7 −49.9 21.0 79.9 87.8
IM5H+ + A −111.1 −43.6 −34.4 −127.3 −58.9 −49.3 15.1 72.3 83.0

TS6 + A −104.8 −14.4 −2.8 −123.0 −29.9 −20.7 28.0 108.8 128.2
IM6H+ + A −157.0 −92.7 −95.8 −177.3 −110.7 −114.3 −20.0 34.5 33.4

TS7 + A −108.4 −38.5 −37.8 −132.3 −60.5 −60.1 35.7 98.4 101.2
IM7H+ + A −124.6 −66.7 −84.5 −147.3 −88.1 −06.3 17.0 69.0 53.1

4,4′-MDA + H3O+ + A 79.9 −22.6 −60.0 60.0 −41.5 −79.3 176.7 67.6 32.8

In IM6H+, water binds to the MDAH+ by hydrogen bond and interaction occurs of its other
hydrogen and the aromatic ring. This structure shows similarity for the deprotonation transition state,
that is TS7, in which the distance of C-H being broken is significantly elongated (1.557 Å) and the critical
distance of H-O bond is short (1.159 Å). Moving along the reaction coordinate the water molecule
reoriented again and its one of the alone pairs is now pointed toward the extra proton of IM6H+ making
the post-reaction complex, IM7H+ after a slight reorientation of the H3O+ cation. This structural change
resulted in an energy decrease by 16.2 kJ/mol (ΔE0(IM7H+) = −124.6 kJ/mol). The relative energy
of last three transition states is also energetically close to each other (ΔE0(TS5) = −106.0 kJ/mol,
ΔE0(TS6) = −104.8 kJ/mol, and ΔE0(TS7) = −108.4 kJ/mol). Finally, the post-reaction complex
converted into the final product that is the 4,4′-MDA (ΔE0(4,4′-MDA) = 79.9 kJ/mol) which has the
highest relative energy considering the whole reaction coordinate in gas phase. Basically, this consistent
mechanism can be considered as an extension of the mechanism found in Kirk–Othmer Encyclopedia
of Chemical Technology [12] by three new intermediate elementary steps (formation of IM3H+, IM4H+,
and IM6H+). No experimental evidence found for 4-(aminomethyl)cyclohexa-2,5-dien-1-iminium
(part of IM3H+ complex) as well as protonated 4,4′-MDA (part of IM6H+ complex). One plausible
reason for that is their destroyed aromatic nature making them short living and strong acid. Although,
amongst these new species, IM4H+ differs only in the protonation state from the PABA intermediate
suggested in Ref. [12]. On the other hand, the one step formation of aminal (AM) suggested by
Wang [13] is unlikely, since the corresponding hypothetical transition state would be crowded around
the methylene carbon, therefore reaction of N-methylenebenzeneaminium and aniline is considered
as a formation of protonated aminal (AMH+) instead (for its detailed discussion see Important side
reactions section). Before the solvent effect is discussed the gas phase thermochemistry of the species
playing role is evaluated.
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3.2. Gas Phase Thermodynamic Properties of Reactants, Intermediates, and Products

As shown in Table 2, the calculated standard enthalpies of formation for aniline, 4,4′ MDA
and all intermediates are endothermic, while the formation of formaldehyde (−111.5 kJ/mol) and
N-hydroxymethylaniline (−71.8 kJ/mol) are exothermic.

Highly accurate standard enthalpy of formation (Δf,298.15KH0) value is only reported for aniline
and formaldehyde in the literature [28,34]. The largest error for their G3MP2B3 computation is
2.3 kJ/mol, which is significantly smaller than those for CBS-QB3, therefore only the G3MP2B3 results
are discussed latter. While the G3MP2B3 value for 4,4′-MDA (171.2 kJ/mol) is also consistent with
the estimated values based on group additivity rules by Benson [18] and Benson and Stein [36–38]
(165.6 kJ/mol [11] and 172.0 kJ/mol, respectively), only CBS-QB3 estimates more endothermic enthalpy
of formation for 4,4′-MDA. Interestingly, ortho and meta isomers of MDA (2,4-MDA, 2′,4-MDA,
and 3,4-MDA) have less endothermic formation than 4,4′-MDA, while among their protonated forms
2,4-MDA and 4,4′-MDA found to be less endothermic. For these species, only modest difference in
molar entropy had been found. Furthermore, G3MP2B3 and the group additivity values are also
consistent with each other in the case of PABA. To the best of our knowledge, no literature Δf,298.15KH0

was found for other intermediates presented here (Table 2). The computed standard molar entropy
(S◦(g)) and molar heat capacity (CV(g)) values are also tabulated in Table 2, and their deviation from
accurate literature values [34,35] is less than 8.6 J/molK, while larger deviation is observed from the
results obtained form group additivity (22.6 J/molK for 4,4′-MDA) which is probably due to missing
correction terms in the group additivity.

Table 2. Gas phase thermochemical properties for reactants, products and all the intermediates MDA
synthesis as well as MDA and MDAH+ isomers. Standard enthalpy of formation (Δf,298.15KH◦(g)) is
calculated from G3MP2B3 and CBS-QB3 enthalpies by means of atomization scheme (AS) at 1 atm
pressure at 298.15 K. Absolute deviation is given in parenthesis.

Species
Δf,298.15KH0 (g)

Method Ref.
S0(g) Cv(g)

Ref.
kJ/mol J/molK J/molK

aniline (A)
86.5 (0.5) AS(G3MP2B3) 1 319.0 96.6 1
96.0 (9.0) AS(CBS-QB3) 1 317.3 97.4

87.0 ± 0.88 Burcat [34] 311.6 104.5 [34]

non-covalent aniline dimer (A2) 156.2 AS(G3MP2B3) 311.7 529.6 214.3 1

formaldehyde (F)
−111.5 (2.3) AS(G3MP2B3) 1 224.4 26.8 1−113.3 (4.1) AS(CBS-QB3) 1 224.3 26.8
−109.2 ± 0.11 Ruscic ATcT [28] 218.8 35.4 [35]

4,4′-methylene diphenyl diamine
(4,4′-MDA)

171.2 AS(G3MP2B3)
[19]

500.1 221.4 1
191.5 AS(CBS-QB3) 503.6 223.3
165.6 additivity rule [18] 522.7 n.a. [18]
172 additivity rule [36,37] NIST [37,38] 511.6 234.7 [38]

2,4-MDA 159.4 AS(G3MP2B3) 1 490.4 220.6 1

2′,4-MDA 168 AS(G3MP2B3) 1 484.0 219.8 1

3,4-MDA 168.3 AS(G3MP2B3) 1 499.4 221.3 1

N-(p-aminobenzyl)aniline (PABA) 202.4 AS(G3MP2B3) 1 496.3 216.5 1

201.3 additivity rule [18] 514.4 n.a. [18]

N-hydroxymethylaniline −71.8 AS(G3MP2B3) 1 379.3 129.3 1

protonated aniline (AH+) 739.4 AS(G3MP2B3) 1 339.9 97.2 1

N-methylenebenzeneaminium 828.6 AS(G3MP2B3) 1 346.2 107.9 1

4-(anilinomethyl)cyclo-hexa-2,5-dien-1-iminium 858.5 AS(G3MP2B3) 1 491.2 220.0 1

p-aminobenzylaniline (PABAH+) 785.1 AS(G3MP2B3) 1 501.2 219.4 1

4-methylidenecyclohexa-2,5-diene-1-iminium
(MCH+) 802.8 AS(G3MP2B3) 1 340.9 113.7 1

4,4′-MDAH+ 814.3 AS(G3MP2B3) 1 494.8 225.1 1

2,4-MDAH+ 812.2 AS(G3MP2B3) 1 494.7 226.4 1

2′,4-MDAH+ 830.9 AS(G3MP2B3) 1 487.1 224.4 1

3,4-MDAH+ 858.6 AS(G3MP2B3) 1 534.2 236.5 1

1 this work.
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3.3. Solvent Effect

The presence of solvents (aniline and water) changes significantly energy profile of the reaction
as shown in Figure 2, the solvent effect is very similar regardless which solvent is considered.
The most dramatic change is the stabilization of the final product (see 4,4′-MDA+H3O++A in Table 1)
by 102.5 kJ/mol for aniline solution and by 139.9 kJ/mol for aqueous solution which is mainly
due to the solvation energy difference between protonated aniline (AH+) and hydronium cation
(H3O+). The highest lying barrier in gas phase, that is TS1, is also decreased due to solvation
by 12.7 kJ/mol (in aniline) and 28.3 kJ/mol (in water). While its pre-reaction (IM0 + AH+) and
post-reaction (IM1 + AH+) complexes are destabilized slightly (14.0 kJ/mol and 1.3 kJ/mol in aniline,
respectively), large destabilization effect can be observed for the intermediates and transition states
after the protonation of IM1 intermediates (IMx and TSx, where 2 ≤ x), its magnitude is in the range of
42.2–90.5 kJ/mol for the aniline solution, while it is 40.1–102.1 kJ/mol for the aqueous solution (about
60 kJ/mol in average). The largest increase in relative energy belongs to the transition state of the
second aniline addition (TS6) for both solutions, this energy shift was 90.5 kJ/mol and 102.1 kJ/mol for
aniline and for aqueous solution, respectively. Similarly, the transition state for first aniline addition
(TS3) and its pre-complex (IM2H+) are also significantly destabilized by solvation compared to the
other TSs and intermediates (in the range of 76.8–87.5 kJ/mol). Structural changes according to solvent
effect are shown in the Supplementary Materials (see Figures S1 and S2 in for aqueous and aniline
solution, respectively).

As Table 1 shows, relative enthalpies (ΔH0) show same trend as ΔE0, ΔH0 values tend to
be larger, but not more than 26.6 kJ/mol. Most of the cases, difference in relative enthalpies
(ΔΔH0

an→aq) by comparing aniline to aqueous phase is less than 9.2 kJ/mol. Larger difference
in ΔH0 values found in those cases, where large solvation effect for ΔE0 had already been
observed, such as TS1, TS3, TS6, IM7H+ and 4,4′-MDA (ΔΔH0

an→aq(TS1) = −15.6 kJ/mol,
ΔΔH0

an→aq(TS3) = 10.7 kJ/mol, ΔΔH0
an→aq(TS6) = 11.6 kJ/mol, ΔΔH0

an→aq(IM7H+) = −17.8 kJ/mol,
and ΔΔH0

an→aq(4,4′MDA) = −37.3 kJ/mol). Analysis of the relative Gibbs free energies (ΔG0) in
Table 1 show also that solvation Gibbs free energies (ΔGaq

0) and ΔE0,aq are in linear relationship for
both surrounding media.

3.4. Proton Dissociation Constants (pKa) of Intermediates

The species in proposed mechanism are proton activated, their possible deprotonation can lead to
side reactions and appearance of deactivated intermediates in the industrial process. Therefore, the
affinity of these species for deprotonation is important and it can be described by site-specific acid
dissociation constant (pKa) [39,40]. Ghalami-Choobar et al. performed calculation for aqueous pKb
values of aniline and its substituted derivatives with good accuracy [41]. Behjatmanesh-Ardakani [42]
and Lu [43] also reported calculated pKa for some aniline derivatives. Although, direct pKa calculation
via thermodynamics cycle usually suffers from larger error than the relative method. In this study,
the G3MP2B3-SMD based absolute pKa value of anilinium (AH+) was found to be 2.86 in aqueous
phase using the direct pKa estimation which is smaller by 1.74 pKa units than the reference value
(pKa,aq = 4.60 in Ref. [44], so we have used the deprotonation half-reaction of anilinium as reference
for the relative pKa calculation shown in Table 3.

N-methylenebenzeneanilium, N-(p-aminobenzyl)anilinium and PABAH+ have similar pKa values
which corresponds to weak acid and they can lose their potential to turn into MDA by deprotonation,
while acid strength of MCH+ is far less therefore it likes to be protonated. Indeed, instead of
PABAH+

, deprotonated PABAH+ (PABA) has been detected from aniline-formaldehyde condensation
mixture [45].
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Table 3. Protonation dissociation constants (pKa,aq) for the protonated intermediates in aqueous
solution. The dissociative proton presented in red.

Species pKa,aq pKa,aq

AH+ 4.6 1 4.60 [44]

N-methylenebenzeneanilium 4.2

PABAH+ 6.7

MCH+ 11.4

AMH+ 5.1

1 used as reference.

3.5. Important Side Reactions

Alternative aniline addition reactions can also be proposed. One of these side reactions can
be the protonated aminal formation (see AMH+ in Figure 1), which is essentially an alternative
to the formation of IM3H+ from aniline to the N-methylenebenzeneaminium (‘the first’ aniline
addition). However, the aniline addition occurs through the amine group instead of the aromatic
carbon at para position. Interestingly, loose transition state had been found for this reaction in
both condensed media, which was also proven by scan of the potential energy surface via the C-N
bond stretching of the protonated aminal at B3LYP/6-31G(d) level of theory. The B3LYP curve was
also reproduced by BHandHLYP and MP2 methods. In contrast, the formation of ortho adduct
(o-aminobenzylaniline, OABAH+) undergoes tight submerged transition state (Δ‡E0 = −9.4 kJ/mol in
aniline phase, Δ‡E0 = −5.0 kJ/mol in aqueous phase).

As seen from Table 4, aminal (AMH+) formation reaction is exothermic, but it has only moderate
exergonicity in each media studied in contrast to the competitive reaction step, IM3H+ formation.
However, the thermochemical and kinetic favor of formation of AMH+ over IM3H+ is obvious, AMH+

is without relevant new exit channel. Similarly, formation of OABAH+ is more exothermic than that of
IM3H+, although it is more endergonic by 32 kJ/mol than in the case of IM3H+.

Table 4. Thermochemical properties for some side reactions of the formation of 4,4′-MDAH+.

Reaction
Aminal (AMH+) Formation IM3H+ Formation OABA+ Formation

Gas Aniline Water Gas Aniline Water Gas Aniline Water

ΔrE0(kJ/mol) −90.7 −75.2 −77.2 32.7 4.9 −1.4 −61.1 −24.9 −26.8
ΔrH0(kJ/mol) −92.2 −76.6 −78.8 29.6 2.7 −4.4 −62.4 −25.8 −28.0
ΔrG0(kJ/mol) -41.1 −26.5 −28.6 42.2 12.0 8.7 −7.7 27.1 26.0

Beside the formation of 4,4′-MDAH+, the aniline addition to MCH+ (second aniline addition)
can also result in the formation of ortho and meta MDAH+ isomers (2,4-MDAH+, 2′,4-MDAH+ and
3,4-MDAH+). The thermodynamic properties of these competitive reactions are collected in Table 5.
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Table 5. Energetic description for aniline addition to 4-methylidene-cyclohexa-2,5-diene-1-iminium
(MCH+) reactions.

Reaction
ΔrE0 (kJ/mol) Δ‡E0 (kJ/mol)

Water Aniline Water Aniline

IM5H+ + A → TS6 → IM6H+ + A 1 −49.2 −61.4 29.2 31.6
A+MCH+ → TS6 → 4,4′-MDAH+ −62.2 −64.4 17.8 22.5
A+MCH+ → TS6* → 2,4 MDAH+ −45.1 −49.0 15.5 18.9
A+MCH+ → TS6* → 2′,4-MDAH+ −52.7 −53.6 −1.9 2.3
A+MCH+ → TS6* → 3,4-MDAH+ 48.4 45.2 54.8 57.4

1 IM5H+ represents complex of MCH+, A and water while IM6H+ stands for water complex of 4,4′-MDAH+ (see
Figure 1).

From both thermodynamic and kinetic points of view, aniline addition to ortho position (2,4) is
at least as preferred as the para position (4,4) due to the low activation energy and energy release.
In contrast, the meta addition (3,4) is endothermic with high activation barrier in both condensed
phases. More interestingly, one of the ortho addition steps has submerged transition state (−1.9 kJ/mol
in aqueous phase) due to the strong ion-dipole interaction manifested in the vicinity (2.2 Å) of amine
group of A and benzene ring of MCH+ as shown in Figure 4.

 
Figure 4. Transition state structures (obtained at B3LYP/6-31G(d) level of theory) for 4,4′-MDA isomer
formation (Critical distance are also given for both condensed phases).

Based on these results, significant amount of 2,4-MDA should be formed as a product of the
title reaction which is in clear contradiction with laboratory observations (more than 92 w/w% of
the product is 4,4′-MDA while 7 w/w% is 2,4′-MDA [46]). This contradiction might be caused by
incomplete quantum chemical description of the solvent effect and/or neglecting the role of the counter
ion in the mechanism. On the other hand, 33.5 w/w% of the product is oligomeric and polymeric
MDA [46]. Another hypothesis might be that the 2,4′-MDA is more reactive towards further aniline
addition making oligomeric structures (e.g., 3-ring) overrepresented in these forms. To bear in mind
that the above mentioned experiments are on the several minutes time scale, that makes reactive
interferences between the intermediates and products possible (the w% of 4,4′-MDA became saturated
at 20% after ca. 40 min in Knjasev experiment at T = 70 ◦C, where the initial molar ratio of the mixture
was A:F:HCl:H2O = 4:2:1:13 [45]). An example for such interference is the highly preferred addition of
the N-methylenebenzeneaminium (the ‘3-ring’ structure) in the para position which is also supported
by the 2H- and 13C-NMR-based observation by Knjasev [45]. This step can be followed by proton
transfer which might make the dissociation of the adduct favorable to MCH+ and PABA as it shown in
Figure 5.
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Figure 5. Schematic reaction mechanism of the formation of the 3-ring adduct and its dissociation to
N-methylenebenzeneaminium and PABA.

4. Conclusions

Reaction mechanism of the MDA formation from aniline and formaldehyde was determined
using G3MP2B3 quantum chemical method in gas phase and in industrially relevant solvents such as
aniline and water. The non-covalent aniline dimer approaches formaldehyde to form the prereactive
complex from which eight elementary reaction steps resulted in 4,4′-MDA as the final product. Our
important findings for the whole reaction mechanism are:

1. The highest lying transition state (60.7 kJ/mol) corresponds to formaldehyde addition to
aniline (TS1) leading to N-hydroxymethylaniline formation and its barrier heights significantly
decreased by solvation. This step can be the main kinetic bottleneck for 4,4′-MDA production.
After exothermic water elimination, aniline addition to N-methylenebenzenaminium took place
through either tight transition state (resulted in 4-methylidenecyclohexa-2,5-diene-1-iminium)
or loose transition state to form protonated aminal. However, aminal formation is both
thermodynamically and kinetically preferred, there is no exit channel belong to it. Afterwards,
proton shift can undergo in 4-methylidenecyclohexa-2,5-diene-1-iminium to produce protonated
PABA, PABAH+, being the global minimum at this reactive potential energy surface, which can
be also along with the line with experimental observation of PABA during MDA production. Two
steps rearrangement of aniline resulted the protonated MDA isomers (MDAH+). It was found
that aniline addition in ortho position is competitive with that of in the para position from both
kinetic and thermodynamic points of view. The deprotonation of MDAH+ is thermodynamically
more favorable in water phase.

2. The species in proposed mechanism are proton activated, their possible deprotonation can lead to
side reactions and appearance of deactivated intermediates in the industrial process. Therefore,
the acid strength of four important intermediates such as N-methylenebenzeneanilium (4.2),
PABAH+ (6.7), MCH+ (11.4), and AMH+ (5.1) was estimated using relative pKa calculation.
Although, most of them found to be weak acid in aqueous solution, but they got more acidic in
aniline (basic) environment which can then deactivate the intermediates.

3. Aniline addition-type side reactions had been also investigated and it was found that aminal
formation is both thermodynamically and kinetically preferable, but it is a kinetic dead-end.
Both 2,4- and 4,4′-MDAH+ formation from MCH+ and A has low-lying transition state and
TS is submerged in the case of 2,4-MDAH+ making likely the formation of 2,4-MDAH+ beside
4,4-MDAH+.

4. Gas phase thermodynamic properties for the reactants, products and intermediates were
determined and carefully compared to the literature. Based on our G3MP2B3 and CBS-QB3
calculations, accurate standard enthalpy of formation is recommended for the intermediates.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/3/398/
s1, Figure S1: Transition state structures (obtained at B3LYP/6-31G(d) level of theory) for MDA synthesis in
aqueous phase. The G3MP2B3 relative energies are also given, Figure S2: Transition state structures (obtained at
B3LYP/6-31G(d) level of theory) for MDA synthesis in aniline. The G3MP2B3 relative energies are also given.
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Abstract: The cost of most primary materials is increasing, therefore, finding innovative solutions
for the re-use of residual waste has become a topic discussed more intensely in recent years.
WPCs certainly meet some of these demands. The presented study is focused on an experimental
analysis of the effect of surface treatment on the adhesive properties of selected WPCs. Bonding
of polymer-based materials is a rather complicated phenomenon and modification of the bonded
area in order to improve the adhesive properties is required. Two traditional types of surface
treatments and one entirely new approach have been used: mechanical with sandpaper, chemical
with 10 wt % NaOH solution and physical modification of the surface by means of a MHSDBD
plasma source. For comparison purposes, two high-density polyethylene based products and one
polyvinyl-chloride based product with different component ratios were tested. A bonded joint
was made using a moisture-curing permanently elastic one-component polyurethane pre-polymer
adhesive. Standardized tensile and shear test methods were performed after surface treatment. All
tested surface treatments resulted in an improvement of adhesive properties and an increase in
bond strength, however, the MHSDBD plasma treatment was proven to be a more suitable surface
modification for all selected WPCs.

Keywords: adhesion; adhesive; bond; cohesion; composite; joint; multi-hollow surface dielectric
barrier discharge plasma source (MHSDBD); sandpaper; wood-plastic composite (WPC)

1. Introduction

Wood-plastic composites (known as WPCs) belong to the category of fiber-reinforced composite
materials [1]. They combine the stability of wood fibers with the durability of synthetic thermoplastic
polymers, particularly PE, PP and PVC [2–6]. This combination allows a wide range of applications,
while also offering the option of using the waste products of the forestry and wood industries as well
as some types of recycled plastic waste [3–8]. Even though the technology appeared almost 100 years
ago [5,9], the greatest success of production and demand for these products has only been seen in
recent years [5,10–12]. The statistics show that the major sector in which WPCs are applied is the
construction industry, with a 76% share [8,11]. WPCs find uses primarily as flooring, fencing and
façade cladding [11–14].

The presented study is focused on an experimental analysis of the effects of surface treatment on
the adhesive properties of selected WPC façade cladding. Currently, established traditional joining
methods, e.g., rivets or screws, are commonly used, however, as some recent studies indicate [12,15–17]
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these methods cause higher failure rates. The main reason can be seen as the high stress concentration at
the joint, which results in the occurrence of fatigue-caused cracks [16,17]. Welded or adhesive-bonded
joints have proven to be more suitable and durable alternatives [4,10,15,18–21]. They ensure better
stress distribution in the joint that consequently results in greater construction stiffness and greater
stress resistance [22–24]. Unfortunately, the bonding of WPCs is more complicated than the bonding of
traditional materials [2,4,18]. This statement was also confirmed by authors in previous research, where
the adhesive properties of solid timber, cement-bonded particle board and WPC were studied [25].
The bondability of WPCs is highly affected by the thermoplastic component of the product, i.e., its
thermoplastic matrix, which has a very low surface energy and bad wettability properties [1,2,11,26,27].
The major prerequisite for perfect adhesion is the creation of interaction forces [23,24,26,27]. It has
been settled that the higher the value of surface stress the higher the polarity of the given surface.
Therefore, it is advisable to use an adhesive with lower polarity than that of the adherend. This
allows the wetting of the adherend contact surface. However, in façade systems, this step is greatly
complicated by the limited range and number of products. At present, less than eight certified adhesive
systems are available on the market. Moreover, there are only polyurethane or modified polymer
based adhesives. Both types have rather poor wetting characteristics in combination with plastics. The
wrong combination of materials of a façade system may result in considerably shorter service life and
it can significantly affect the bondability and adhesive properties. As a result, it is advisable to increase
surface polarity by modifying the bonded areas.

As proven by selected case studies, the bonding of WPCs is almost impossible without prior
surface modification [11,17–21,26,28] and also without the application of primer or any promoting
agent. Using primer puts greater demands on the cleanness of the work environment and prolongs
the installation time, therefore, a surface treatment which would allow for the promoting agent to be
eliminated is desired. According to some authors [11,22], WPC surface modifications can be divided
into three basic categories: mechanical modification (i.e., sandblasting and roughening), chemical
modification (i.e., application of acid or alkaline solutions as, for example, chromic acid, sodium
hydroxide or fluorine) and physical modification (i.e., LP/AP plasma, corona, flame or laser). It is
believed that the selection of the appropriate method depends on the matrix material and the used
WPC formulation [11,18,19]. For this reason, three different WPC façade claddings with dissimilar
formulations, polymer matrix and wood flour were selected in this study to verify the effect and
versatility of surface modifications.

In this paper the effect of three different surface treatment methods on the improvement of the
adhesive properties of WPCs was studied: Mechanical with sandpaper, chemical with a 10 wt %
NaOH solution and physical modification of the surface by means of a Multi-Hollow Surface Dielectric
Barrier Discharge plasma source (MHSDBD). The first selected surface treatment is the mechanical
modification using P40 grid sandpaper. According to Kraus et al. [11] and Oporto et al. [18] joining
of WPC products is usually performed after brushing or sawing. It is a very common, economical
and undemanding preparation process that allows for the more prominent appearance of wood fibers
on the surface. This modification regularly shows very good wetting results and strength increases.
The sandpaper coarseness was determined based on previous experience modifying cement-based
composites and WPC [25,29,30]. P80 and P240 sandpaper was used in previous research cases, both
types are less abrasive and leaves a finer surface. Even though the final results were very promising
and a 100% increase in shear strength was monitored, a visual inspection showed that the surface
was not sufficiently modified, therefore, a rougher coarseness was tested here. The chemical alkali
treatment is the next of the selected surface treatments. Application of a 10 wt % sodium hydroxide
was chosen due to its common availability, low cost and simple application process. Moreover, the
concentration used has been shown to work well with different types of materials, especially with
wood fibers [11,31,32]. Agarwal et al. [33] monitored a 120% increase in impact strength, if wood fibers
in WPC were treated with a 1 wt % and 3 wt % NaOH solution. The last selected surface treatment
was physical modification performed with a Multi-Hollow Surface Dielectric Barrier Discharge plasma
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source (MHSDBD). Plasma treatment is one of the most versatile surface treatment techniques, it is
considered the most effective, sustainable and low-cost method for surface treatment of polymer-based
materials compared with traditional treatments [27]. The positive effect of plasma treatment has
already been proven in combination with different formulations of WPCs. Kraus et al. [11] investigated
and compared LP and AP plasma surface treatments of PP-based WPC, Wolkenhauer et al. [26]
studied the potential of dielectric barrier discharge (DBD) at atmospheric pressure and ambient air in
combination with PP- and PE-based WPCs. Surfaces of WPCs formulated with HDPE and PP were
treated and the tensile bond strength increased 5 times after DBD plasma treatment. The MHSDBD also
generates atmospheric-pressure plasma in ambient air, however, it is the result of a combination of two
methods of obtaining non-isothermal plasma at atmospheric pressure; gas flow and dielectric insertion
into the discharge space. One of the advantages of MHSDBD is the possibility of driving it under
atmospheric pressure at low power. The MHSDBD plasma has been adapted for the modification
of small planar objects and for the need for patterned surface treatment [34,35]. This is the first
application of this plasma source in combination with WPCs. However, in a case study from 2016, a
similar plasma source, diffuse coplanar surface barrier discharge (DCSBD), was used to improve the
adhesive properties of WPC formulated with 50% HDPE. The obtained results showed a 100% increase
in the bond shear strength, and a 30% change in the failure mode, from adhesive to cohesive, was
observed [29]. MHSDBD is in many ways similar to the industrially available DCSBD plasma source.
This similarity is in its construction, i.e., used materials and geometry of electrode system, and physical
parameters such as temperature or plasma power density. However, MHSDBD has proven to be much
more effective in the treatment of topologically challenging materials thanks to its higher effective
thickness plasma layer. Since the main parameters such as electrode geometry, plasma temperature
and plasma power density are similar to DCSBD, we have been able to suggest the same treatment
times, as in our previous work with DCSBD in 2016. The DCSBD plasma source was not suitable for
WPC surface modification since the surfaces of the selected materials have an embossment which
imitates the look of real wood, the depth of the embossment varied for each tested WPC and ranged
between 0.05–0.5 mm.

The focus of this study is assessing the surface treatment effectiveness. The main aim is to
determine whether the selected plasma treatment can be used for different types of WPCs with
the same or better results compared to more traditional methods, i.e., mechanical and chemical
treatments. The effect is investigated on bonded assemblies of three types of WPCs in combination
with a moisture-curing permanently elastic one-component polyurethane adhesive. The adhesive is a
part of one of the most common systems intended for façade applications [35,36]. The shear strength
of a single lap joint under tensile stress and adhesion of bonded joint under axial tensile stress were
measured with a tensile test, to verify the impact of the selected surface treatment methods.

2. Materials and Methods

2.1. Materials Selection

The adhesive system used in this study is produced by Dinol GmbH and is intended only for
façade bonding. It consists of the moisture-curing permanently elastic one-component polyurethane
pre-polymer adhesive Dinitrol F500LP Polyflex, the primer Dinitrol Multiprimer 550 that acts as a
bonding promoter for the surfaces of adherends, and Dinitrol 520 Cleaner that degreases the bonded
surfaces. To ensure durable and efficient joints, all components have to be used as recommended by
the manufacturer. According to the information provided in the technical data sheet, Dinitrol F500LP
Polyflex has a tensile strength of 9.0 MPa with a maximum elongation at break of 600% and a shear
strength after 7 days of 5.5 MPa [37].

The material representing the load-bearing substructure was selected with the intent to avoid
the premature failure of joints due to their incompatibility with the chosen adhesive system. The EN
AW-2011 aluminium alloy with a tensile strength of 295.0 MPa and a yield strength of 195.0 MPa was
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chosen. The thickness of the material selected for the shear strength test was 5 mm, see Figure 1; the
samples used in adhesion testing were 15 mm thick, see Figure 2.

 
Figure 1. Single lap joint test sample geometry—cross section.

 
Figure 2. Adhesion test sample assembly—cross section.

The first tested WPC cladding (referred to as WPC_45/45 in the text) was 21 mm thick. The
ratio of components in the tested material was 45 wt % beech wood flour, 45 wt % PVC (specifically
VYNOVATM S6502 high molecular weight and high porosity vinyl chloride homopolymer) and 10 wt %
additives [38]. A material density of 1279.0 kg/m3 was determined experimentally, the bend strength
was 37.9 MPa, and information about tensile and shear strength were not declared by the manufacturer.

The second type of WPC cladding was material described in the text as WPC_60/30, which was
12 mm thick. The tested product was made of 60 wt % wood flour (hardwood, the exact type was not
declared by the manufacturer), 30 wt % high-density polyethylene (referred to as HDPE) and 10 wt %
additives [39]. Its bend strength was 21.7 MPa and tensile and shear strength were not declared by
the manufacturer. The material density was 1210 kg/m3, however, a density of 1230 kg/m3 was
determined experimentally.

The last tested material, referred to as WPC_50/38, was 9 mm thick and made of 50 wt %
poplar wood flour, 38 wt % HDPE and 12 wt % additives (light stabilizer, coupling agent, anti-ageing
component, UV retardant and colorant) [40]. The bend strength was 15.0–17.0 MPa, tensile strength
around 4.9 MPa and shear strength of 2.2 MPa. A material density of 1250 kg/m3 was determined
experimentally. Some product sheets did not contain information about material density. However,
as Klyosov verified [4], the ratio of additives, in particular that of coupling agents, may significantly
increase material density, and most importantly, it affects the material’s ability to absorb liquid.
Specification of additives was provided only by one manufacturer, that is why the volumetric density
was determined. The higher the volumetric mass density of WPC, the worse the wettability of the
surface may be expected.
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2.2. Contact Angle Measurement

Prior to the manufacturing of the test samples it was necessary to determine the wettability of the
surface of the selected materials. For all the selected materials a simple wettability test was performed
according to ČSN EN 828 (it is the national equivalent to EN 828:2013. The wettability test was also
repeated after the application of the chosen surface modification. 10 drops of distilled water were
placed on the surface of the material. The technical standard for water recommends a volume of
2–6 μL [41], a volume of 3 μL was used.

2.3. Surface Treatment

2.3.1. Mechanical Treatment

The mechanical modification of bonded surfaces was performed using P40 grid sandpaper. A layer
of c. (0.25 ± 0.10) mm thickness was removed from the test samples. The thickness of the layer that
was removed was determined using a 150 mm XTline P13430 digital Vernier caliper (XTline s.r.o., Velké
Meziříčí, Czech Republic) with a rated accuracy of 0.01 mm and measured at three points. Microscopic
examination of surface topography was not performed. All test samples were roughened by the same
person to avoid any distortion of the results.

2.3.2. Chemical Treatment

The ratio of components was determined based on the calculations of mass concentration of the
solution, 10 g of 98% NaOH and 88 g of distilled water were used to achieve the desired solution
concentration. The quantity was measured using digital scales with an accuracy of 0.01 g. The surface
of the adherend was covered with the solution for c. 3 min. Subsequently, the surface was dried with
blotting paper.

2.3.3. Physical Treatment

The MHSDBD generated atmospheric-pressure plasma on a surface area of 18 × 18.9 mm. The
contactless testing mode was used in this experiment. The samples were held by hand and always
treated in the central part of the MHSDBD by gentle movements, see Figure 3. Plasma exposure time
for all types of WPCs was 10 s. The power input of the MHSDBD during operation was 30 W in a flow
air mode of 8.0 l/min.

(a) (b) 

Figure 3. Plasma surface treatment: (a) Portable source of Multi-Hollow Surface Dielectric Barrier
Discharge plasma; (b) Surface Treatment of the test sample (here with WPC_45/45).

2.4. Specimen Preparation

All WPCs were supplied in the form of planks, the original dimensions of which had to be
adjusted to suit the requirements of the selected testing methods. The two most common destructive
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test methods were selected. The joints were tested for tensile and shear strength. For testing the
adhesion of bonded joints at tensile stress, recommendations given in the ČSN 73 2577 standard were
respected (the national standard describes steps similar to pull-off adhesion testing). All samples
consisted of two components—the chosen façade cladding and the load-bearing substructure. The
cladding was cut into squares of side length l/b = 100 mm, and the load-bearing substructure was
represented by an aluminium disc with a circular cross-section area of Aef = 2 500 mm2 [42]. The
dimensions recommended in the ČSN EN 1465 standard [43] were used for test samples to determine
the shear strength of a single lap joint under tensile stress. The test specimens were again made of
two components, both with the dimensions b/bef = 25 mm and l1/l2 = 100 mm. One component
represented the load-bearing substructure, the other the façade cladding. A standardized design of a
single lap joint sample was used with lef = 12.5 mm.

The recommended thickness of the adhesive joint was 3 mm. To avoid influencing the results
negatively, this parameter was strictly followed since it is general knowledge that the thickness
of the adhesive layer has a significant effect on the resulting mechanical properties of the bonded
joint [24,27,44–49].

When a physical or chemical treatment was applied to WPC surfaces, a cleaning agent was used
before the surface treatment. Where mechanical treatment was applied, surfaces were cleaned after
the roughening to remove all debris. To one half of the test samples (i.e., 5 samples) primer was
subsequently applied. On the second half of the samples, the primer was not applied. This procedure
would determine the effectiveness of the selected surface modifications as well as the effect of the
primer on the joint’s efficiency and strength. The test samples were kept in a standard, dry and clean
environment, at constant temperature (23 ± 2) ◦C and humidity (55 ± 10) % for 28 days, and left to
cure statically.

2.5. Strength Test

A Heckert FP 10/1 tearing machine (ZwickRoell LP, Kennesaw, GA, USA) was used to record
the development of deformations in the tested joints in relation to the applied load and time. The
testing range of the machine is from 0 to 10 kN. Axial load was always applied on the samples. For
this purpose molds were designed and made for the samples to be attached to the jaws of the tearing
machine. The strain rate was set at 5 mm/min. The displacement of the test samples was recorded
using a HBM 1-WA/100 MM-T inductive sensor (with a maximum deviation of 0.15%, Hottinger
Baldwin Messtechnik GmbH, Darmstadt, Germany), which was placed on the cross member of the
tearing machine, see the test setup in Figure 4.

An HBM Spider8 measuring station and catman® (V2.1) software (both Hottinger Baldwin
Messtechnik GmbH, Darmstadt, Germany) were used for data recording. The load and joint elongation
were recorded at a 5 Hz data storage frequency. The tests were carried out at a temperature of
(20 ± 5) ◦C and relative humidity of (50 ± 20)%.
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(a) (b) 

Figure 4. Test setup: (a) tensile test; (b) shear test.

2.6. Data Analysis

Contact angles were determined by capturing images of water drops and evaluating them using
ImageJ software and the Contact Angle extension module. The output of this simple testing method
was the determination of the arithmetic average of the contact angles α and of the wettability of the
selected surfaces.

The failure modes of test samples were also evaluated. A scale based on recommendations
presented in the ČSN ISO 10365 standard [50] (the national equivalent to ISO 10365) and in the
international technical standard ASTM D 5573 [51] was prepared. For all tested combinations of joints,
the predominant failure mode was determined.

Based on the recommendations of the aforementioned standards, the tensile stress (σadh in MPa)
and shear strength of a bonded SLJ under tensile stress (τ in MPa) was determined. For each selected
set of measured and calculated values, an arithmetic average was calculated, together with standard
deviation. Subsequently, the coefficient of variation was calculated using the given values. The values
of the coefficient over 20% indicate an ineffective surface treatment method. The elongation of the
bonded joints was continuously recorded during the tests. Using the recorded values, it was possible
to calculate the tensibility (δ in %) of a bonded joint. As only the change in length was monitored
during the tests, we can further talk about relative elongation. The tensibility is the expression of the
relative elongation in percentages.

3. Results and Discussion

3.1. Contact Angle Measurement

The results presented in Table 1 show that it is not always possible to improve wettability using
surface modification. Based on these results, it can be assumed that the chosen mechanical surface
modification will be the least appropriate option for improving the adhesive properties, however,
Oporto et al. [18] monitored similar results. They examined a 20% decrease of surface energy after
mechanical surface modification. Nevertheless, they observed a 60% and 80% increase in shear
strength. The contact angle measured after physical and chemical modification showed more than a
40% improvement in surface wettability.
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Table 1. Average contact angle α of WPC surfaces WITHOUT and WITH surface treatment 1.

Surface Treatment/WPC Type WPC_45/45 [◦] WPC_60/30 [◦] WPC_50/38 [◦]

Without Treatment 90.94 ± 2.96 80.60 ± 4.29 98.89 ± 2.97
Mechanical (P40) 104.95 ± 2.26 103.83 ± 1.47 118.77 ± 1.28

Physical (MHSDBD) 63.51 ± 2.15 50.99 ± 2.61 45.29 ± 1.09
Chemical (10% NaOH) 67.98 ± 3.55 67.43 ± 3.03 67.13 ± 1.94

1 The average values are a summary of ten measurements conducted for each WPC cladding before and after
surface modification.

3.2. Failure Mode

The purpose of this assessment was to determine the predominant type of failure mode for each
set of test samples and, if possible, to determine whether the selected method of surface modification
has any effect on the failure mode of the bonded joint. To fully understand the adhesive properties
of bonded surfaces, a description of their failure modes is necessary, as even under the same testing
conditions, the same stress rate and with the application of the same adhesive, entirely different failure
modes may occur in various materials.

The results presented in Tables 2 and 3 show that only three types of failure occurred: AF–adhesive
failure; SF–substrate (adherend) failure and NF–the sample was not broken.

Table 2. Predominant failure mode of samples WITH and WITHOUT primer after tensile test 1.

Surface Treatment/
WPC Type

WPC_45/45 WPC_60/30 WPC_50/38

With Without With Without With Without

Without Treatment AF 100% AF 100% AF 100% AF 100% AF 100% AF 100%
Mechanical (P40) SF 80% AF 100% AF 100% AF 100% AF 100% AF 100%

Physical (MHSDBD) NF 60% AF 100% AF 100% AF 100% AF 100% AF 100%
Chemical (10% NaOH) AF 80% AF 100% AF 100% AF 100% AF 100% AF 100%

1 The predominant failure mode was determined for one set of samples (i.e., 5 samples with or without primer).

Table 3. Predominant failure mode of samples WITH and WITHOUT primer after shear test 1.

Surface Treatment/
WPC Type

WPC_45/45 WPC_60/30 WPC_50/38

With Without With Without With Without

Without treatment AF 100% AF 100% AF 100% AF 100% AF 100% AF 100%
Mechanical (P40) AF 80% AF 100% AF 100% AF 100% AF 100% AF 100%

Physical (MHSDBD) SF 100% AF 100% AF 80% AF 100% AF 100% AF 100%
Chemical (10% NaOH) SF 80% AF 100% AF 100% AF 100% AF 100% AF 100%

1 The predominant failure mode was determined for one set of samples (i.e., 5 samples with or without primer).

Adhesive failure occurred in almost all cases, although, in some combinations very high joint
strength was observed. The monitored failure modes to some extent also disproved hypothesis that
suitable surface treatment might compensate for primer usage. The adhesive failure mode suggests
poor bondability of the bonded surface. In practice, this type of failure would pose considerable danger
if it occurred on an actual façade. While cohesive failure occurs gradually, adhesive failure and the
subsequent fall of the cladding is often very fast.

In combination with the WPC_60/30, only the adhesive failure mode was observed. Even though
this failure of the bonded joint was dominant, the deterioration of the bonded surface was detected in
all examined cases and wood fibers were visible, see the example in Figure 5 (WPC_60/30). This result
is similar to the conclusion presented by Oushabi et al. [32], who stated that 10 wt % NaOH surface
treatment resulted in surface damage and fiber degradation. In the presented case, due to this damage,
slight penetration of the primer into the modified surface was observed. In Figure 5 (WPC_60/30 a)),
the effect of chemical surface treatment is visible. All observed adhesive failures occurred in the
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interface between the primer and the WPC cladding. In combination with WPC_45/45, other types
of failure than adhesive failure of the joint were also observed. In a few cases, the bonded joint was
not broken, even though the limit of the tearing machine was reached. In several cases, substrate
failure occurred. When multiple failure modes occurred, see example in Figure 5 (WPC_45/45 a)), the
failure mode was classified according to the prevalent mode, in the example case it was the adhesion
failure mode.

 

WPC_50/38 

(a) (b) (c) 

(a) (b) (c) 

WPC_45/45 

WPC_60/30 

(a) (b) (c)

Figure 5. Typical failure mode of test samples after adhesion (tensile) test: WPC_45/45 (a) sample with
primer, plasma treatment (86% AF; 14% CF); (b) sample without primer, chemical treatment (100% AF);
(c) sample with primer, chemical treatment (100% AF); WPC_60/30 (a) sample with primer, chemical
treatment (100% AF); (b) sample without primer, mechanical treatment (100% AF); (c) sample without
primer, chemical treatment (100% AF); WPC_50/38 (a) sample with primer, mechanical treatment
(100% AF); (b) sample without primer, plasma treatment (100% AF); (c) sample with primer chemical
treatment (100% AF).
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Similar results were observed after the shear test. However, the more significant effect of chemical
surface modification was monitored, as shown in Figure 6. In combination with WPC_45/45, SF was
witnessed after the physical and chemical surface modification, see Figure 6 (WPC_45/45 a)). Adhesive
failure was observed in all tested combinations with WPC_60/30 and WPC_50/38. Again, the effect of
chemical treatment was monitored predominantly in combination with WPC_60/30, however, it did
not affect the failure mode. Moreover, slight surface deterioration of WPC_60/30 could be seen in all
presented examples after the application of all surface treatments.

 

(a) 

WPC_50/38 

WPC_60/30 

WPC_45/45 
(b) (c) 

(b) (a) (c) 

(b) (a) (c)

Figure 6. Typical failure mode of test samples after shear test: WPC_45/45 (a) sample with primer,
plasma treatment (100% SF); (b) sample with primer, mechanical treatment (74% AF; 26% CF); (c)
sample without primer, chemical treatment (100% AF); WPC_60/30 (a) sample without primer, plasma
treatment (100% AF); (b) sample with primer, mechanical treatment (100% AF); (c) sample with primer,
chemical treatment (100% AF); WPC_50/38 (a) sample with primer, mechanical treatment (100% AF);
(b) sample without primer, chemical treatment (100% AF); (c) sample with primer plasma treatment
(100% AF).

The improvement of adhesive properties was observed in all tested samples with PVC-based
WPC, however, the effect was not so prominent in combination with PE-based WPCs. Moreover,
although changes were observed in all samples after surface modification, these were not confirmed by
failure mode evaluation. The combination of the embossed surface and the HDPE component resulted
in both small changes in the surface adhesion and almost 100% occurrence of adhesive failure. The
prevalence of the given failure mode in the test samples was ambiguous, since all tested samples had a
visibly damaged surface.
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The selected surface modifications were completely unsuitable in terms of improving the adhesion
properties of WPC_50/38. The poor results can be most likely attributed to the silicon layer (lubricant)
that is protecting the surface of the material and polyethylene component. The surface of PVC-based
WPC (i.e., WPC_45/45) was modified by all tested treatments. This cladding was the only sample
containing this type of thermoplastic and at the same time was the only cladding the treated surface
of which was not originally deeply embossed. This allowed the modification of the bonded area
to be done more evenly. The deeper surface embossment of PE-based WPCs prevented an even
application of surface modifications, and the insufficient surface adhesion in these areas caused
premature joint failure.

3.3. Tensile/Shear Stress and Tensibility of Bonded Assemblies

All test samples without surface treatment debonded during the curing period; therefore, only
the samples with a treated bonded area were tested and evaluated.

Based on the results of the contact angle measurements and the determination of surface
wettability, it can be assumed that all samples with a mechanically modified surface would disintegrate
before even being tested. However, this hypothesis was not confirmed by any of the tested
combinations. Not even in the case of samples without primer.

In combination with WPC_50/38, the best results were achieved after mechanical surface
treatment, even though the bond strength was very small compared to the other tested combinations,
see Tables 4 and 5. The results achieved with the WPC_50/38 cladding were the worst of all the
tested combinations. It was observed that this cladding had a very thick protective silicone-based
layer (lubricant), compared to the other WPCs, which protects the surface against any damage
after its extrusion. None of the tested surface modifications removed a sufficient thickness of this
layer; therefore, any significant improvement in adhesive properties was not monitored. A similar
observation was reported by Oporto et al. [18].

In some cases with WPC_45/45 no failure was recorded as the loading limit of the testing machine
was exceeded. This referred to the samples with primer and plasma surface modification. The bonded
joint was very durable even if the primer coating was not applied. The recorded strength as well as
maximum joint elongation at break were diametrically different compared to other tested WPCs. It is
also the only sample of the composite that was composed of PVC, the other two types of cladding
contained HDPE. This fact influenced the effectiveness of the selected surface modifications. The
comparison of results presented in Figure 7 shows that MHSDBD plasma treatment was also the most
effective method in combination with WPC_60/30.

Table 4. Average tensile stress σadh (in MPa), variation coefficient (in %) and tensibility (in %) of
samples WITH and WITHOUT primer 1.

WPC Type/
Surface Treatment

Mechanical (P40) Physical (MHSDBD) Chemical (10% NaOH)

With Without With Without With Without

WPC_45/45

σadh 2.62 1.21 3.87 2.34 3.43 1.16
VC 2 12.99 12.34 10.87 8.34 10.94 4.44
δ 127.52 51.21 191.67 79.79 160.58 46.27

WPC_60/30

σadh 1.35 0.91 1.79 1.35 1.21 1.05
VC 17.79 11.45 7.41 6.81 13.10 13.26
δ 87.67 59.17 87.54 64.54 87.67 71.63

WPC_50/38

σadh 1.02 0.73 0.54 0.63 0.29 0.34
VC 8.08 8.08 6.88 24.06 19.22 19.65
δ 58.40 58.52 45.81 52.60 38.63 40.98

1 The average values are a summary of five measurements conducted for each tested combination. 2 VC is an
abbreviation of variation coefficient.
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Table 5. Average shear stress τ (in MPa), variation coefficient (in %) and tensibility (in %) of samples
WITH and WITHOUT primer 1.

WPC Type/
Surface Treatment

Mechanical (P40) Physical (MHSDBD) Chemical (10% NaOH)

With Without With Without With Without

WPC_45/45

τ 2.91 0.93 5.11 1.21 5.63 0.56
VC 2 18.58 0.78 11.68 11.27 7.54 8.70
δ 62.41 24.95 95.38 33.46 79.93 16.76

WPC_60/30

τ 2.71 0.83 3.94 0.74 2.00 0.78
VC 5.80 14.54 13.25 4.77 11.44 7.60
δ 47.92 25.04 76.44 23.44 46.24 29.01

WPC_50/38

τ 1.95 0.53 0.95 0.27 0.62 0.29
VC 12.07 12.73 29.77 38.39 27.14 24.23
δ 44.29 17.11 36.31 10.70 15.99 8.88

1 The average values are a summary of five measurements conducted for each tested combination. 2 VC is an
abbreviation of variation coefficient.

(a) (b) 

Figure 7. Comparison of average stress values: (a) in tension and (b) in shear after surface treatment.
The results of samples with and without primer are compared. The standard error in the mean is
presented in the error bar.

The results of the tests determining the shear strength of SLJs under tensile stress are clearer in
showing that using all the components of a facade mounting system is essential. Figure 7b shows that
the differences between the samples with and without primer are diametrical. Although the bonded
area was sufficiently modified in all examined alternatives, there was a significant increase in strength
in the test samples coated with primer.

The effect of the primer and increase in bond strength is clear from the comparison presented in
Figure 8. The difference in joint strength was compared. The higher the percentage value the more
important the primer coating is to achieve an efficient bond. The negative values presented in Figure 8a
in combination with WPC_50/38 indicate that samples without primer achieved better results. The
application of primer did not affect the bond tensile strength and efficiency. The negative values also
indicated that the surface wettability was not increased by the modification.

Comparable results were achieved by physical modification. The MHSDBD plasma treatment
appears to be the most suitable option for WPC_45/45 as well as for WPC_60/30. A different exposure
period might have improved the adhesive properties of the surface even more. On the other hand,
it seems to be that the selected chemical surface treatment was the least effective.
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(a) (b)

Figure 8. Comparison of surface treatment efficiency: (a) tensile test and (b) shear test. The higher the
percentage is the more important the application of primer coating and the less effective the surface
treatment. The negative values indicate that the results of samples without primer were better.

The importance and necessity of using all the components of the mounting system is obvious.
The measured values of the strength of the bonded test samples on which primer was not used are too
low, and the differences in comparison with the samples containing the primer are quite ambiguous.
Nevertheless, some isolated results show that the choice of an appropriate surface modification may
increase the effectiveness of a bonded joint even without using the primer coating, and this is certainly
a good direction to follow in the future.

While for the samples with WPC_45/45, the selected modifications were effective in both testing
methods since high ultimate stress values were achieved; in the case of WPC_60/30 and WPC_50/38,
the effect of surface modification was not so clear. Moreover, the ‘ideal’ deformation of the bonded joint
during the tests occurred only in combination with WPC_45/45, when the bonded joint transformed
progressively from elastic deformation to plastic deformation and the disintegration of the joint
appeared only after the cohesive or substrate failure. In other cases, this phenomenon was rare, as
depicted in Figure 9. The average stress-strain curves of all tested samples shown in Figure 9 (samples
after tensile test) and in Figure 10 (samples after shear test), present the effectiveness of physical
treatment. The MHSDBD plasma source successfully modified bonded surfaces of all tested types of
WPCs. The tensile strength (adhesion) of plasma treated samples increased by 100% compared to the
untreated samples even when primer was not used.

(a) (b) 

Figure 9. Comparison of average stress–strain curves from tensile test: (a) samples with primer
and (b) samples without primer. Color marking: RED—WPC_45/45; BLACK—WPC_60/30;
BLUE—WPC_58/30. Solid lines are samples with mechanical treatment, dashed lines are samples with
physical treatment and dotted lines are samples with chemical treatment.
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(a) (b)

Figure 10. Comparison of average stress–strain curves from shear test: (a) samples with primer
and (b) samples without primer. Color marking: RED—WPC_45/45; BLACK—WPC_60/30;
BLUE—WPC_58/30. Solid lines are samples with mechanical treatment, dashed lines are samples with
physical treatment and dotted lines are samples with chemical treatment.

4. Conclusions

In this study, a moisture-curing permanently elastic one-component polyurethane pre-polymer
adhesive was used to study different surface treatments of bonded areas and its effect on the strength
of the adhesive joint. The main purpose was to evaluate the effect of three different surface treatment
methods: A mechanical, a physical and a chemical treatment, on the adhesive properties of WPCs
façade cladding. Three different formulations of WPC were tested: one PVC-based and two PE-based
(HDPE) WPCs. Two destructive standardized test methods were selected to provide sufficiently
detailed information for the analysis of the effect of surface treatment on the adhesive properties of the
WPC cladding:

• An improvement in the adhesive properties was demonstrated by the increase in the strength of
the bonded joint after tensile as well as shear tests. In one combination, the achieved strength was
nearing the maximum strength of the adhesive system declared by the manufacturer.

• A positive effect of surface modifications on the failure mode was observed. In two combinations
substrate failure was the predominant failure mode after the tensile test.

• The selected surface treatments were more suitable for PVC-based WPCs than for PE-based WPCs.
Furthermore, it was confirmed that the effect of the thermoplastic component of WPC on its
adhesion properties is dominant.

• The effect of the wood fibers in WPCs was minor in all tested combinations. The assumption
that a higher content of wood flour would have a positive effect on the adhesive properties was
not confirmed.

• The most consistent results were achieved after physical modification of the bonded surface.
However, different exposure period for each tested material seems to be necessary. Physical
modification using the MHSDBD plasma source can be considered universal surface treatment
for the selected WPCs. It is also the cleanest and the least time-consuming method.

• The presented results confirm the well proven fact that the adhesive properties of the surface of
WPC materials are very poor, and without modification of the bonded surfaces, their bonding is
almost impossible, or rather the effectiveness of the joint is negligible.

The tests have shown that selected adhesive/mounting system is suitable for the bonding of
WPCs cladding, however, prior verification of the compatibility of selected materials is required. This
conclusion has proved to be decisive in terms of the statement presented in the introduction, i.e., that
adhesive-bonded joints are more suitable alternative than traditional mechanical joints. The necessity
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to conduct a detailed and often financially demanding experimental assessment of the compatibility
of selected materials, frequently with unsatisfying results, is a difficult obstacle to overcome when
arguing e.g., with investors and/or clients about why they should choose adhesive bonding to anchor
WPCs cladding. For these reasons, the plasma treatment is in our opinion, the best surface modification
method for WPCs.
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Abstract: Regenerated cellulose nanoparticles (RCNs) reinforced waterborne polyurethanes (WPU)
were developed to improve mechanical properties as well as biodegradability by using a facile,
eco-friendly approach, and introducing much stronger chemical bonding than common physical
bonding between RCNs and WPU. Firstly, RCNs which have an effect on improving the solubility and
stability of a solution, thereby resulting in lower crystallinity, were fabricated by using a NaOH/urea
solution. In addition, the stronger chemical bond between RCNs and WPU was here introduced
by regarding at which stage in particular added RCNs worked best on strengthening their bond in
the process of WPU synthesis. The chemical structure, mechanical, particle size and distribution,
viscosity, and thermal properties of the resultant RCNs/WPU nanocomposites were investigated by
Fourier transform infrared analysis (FTIR), Zeta-potential analysis, viscometer, thermogravimetric
analysis (TGA), Instron, and dynamic mechanical analysis (DMA). The results of all characterizations
indicated that the RCNs/WPU-DMF associated with the addition of RCNs in DMF-dispersed step
resulted in more effectively crosslinked between WPU and nano-fillers of nanocellulose particles
in the dispersion than Acetone and Water-dispersed steps, thereby attributing to novel interactions
formed between RCNs and WPU.

Keywords: regenerated cellulose nanoparticles (RCNs); waterborne polyurethanes (WPU);
nanocomposites; polyols; isocyanates; one-pot processing.

1. Introduction

The reinforcement of nanoparticles within a continuous polymeric phase to improve the thermal
and mechanical properties of resultant nanocomposite has been attracting attention in high functional
applications such as electronics, tissue engineering, and civil [1–4]. In particular, the mechanical
properties depend on the constituents of the nanocomposite as well as the phase morphology.
Polyurethanes (PUs) consisting of both isocyanate (hard segments) and polyol (soft segments) are one
of the polymers class with the widest applications by engineering polymer structure, thereby having
various desirable properties. In spite of the strong advantage related to their versatile applicability,
the use of organic solvents has been a controversial one to prepare PU-based composites. Consequently,
waterborne polyurethanes (WPUs) have been replaced by conventional PUs associated with the use
of organic solvents owing to growing concerns about environmental issues, health, toxicity, and the
extended application caused by substitution of it. Because of global limitations on the release of volatile
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organic compounds (VOCs) into the atmosphere, eco-friendly products have gained popularity in
diverse industries over recent years [5–7]. Viewed from this angle, water is the best medium in order
to synthesize chemicals due to it being safe, nontoxic, and a very low in price. The synthesis process of
WPU is conducted in water which functions not only as an emulsifier, but also solvent reacting with
WPUs pre-polymer. Therefore, the WPU has been considered specific materials to a particular global
condition. This is a group of multiblock copolymer elastomeric materials with alternating polyether or
polyester soft segments and rigid urethane hard segments [8]. Due to the thermodynamic differences
between the hard and soft segments, phase separation often occurs during cooling. The hard segment
domain acts as a physical intersection point and as a filler with a higher modulus than the soft segment
matrix. This network molecular structure exhibits excellent flexibility and elasticity. Nonetheless,
the improvement of the low thermal stability and mechanical properties of WPU is still a matter of
further discussion [9,10]. We here focused on the introduction of regenerated cellulose nanoparticles
(RCNs) produced from microcrystalline cellulose (MCC) isolated from diverse natural resources in
order to overcome the mentioned drawbacks. RCNs have received peculiar attention due to their
unique features such as biodegradability, biocompatibility, renewability, light weight, high aspect ratio,
and, especially, abundance [7,8]. However, many researchers have striven to concentrate on solving the
biggest challenges about dispersing cellulose in aqueous solutions with no use of surfactant and/or
modification. Accordingly, NaOH-based solutions and urea were introduced for improving both its
solubility and the stability of solution. This mechanism can be explained by the strong interaction with
NaOH to reduce the aggregation of cellulose molecules through the formation of new hydrogen bonds
between cellulose and NaOH [7,11,12]. The improvement of its solubility in NaOH/urea aqueous
solvents results in low degree of crystallinity. Also, the dispersion of RCNs within polymeric phase
enables to enhance both low thermo-stability and biodegradability of polymeric phase, WPUs [13–17].
This strategy provides a potential for dispersing of RCNs into WPU through incorporating RCNs
into the polyols which has a decisive influence on the the final WPU product characteristics [18].
We previously developed RCNs/WPU nanocomposites through this approach, and also investigated
the effect of RCNs incorporation on their performance and properties.

Furthermore, in this study, we strengthened the bond of RCNs with WPU matrix within the
nanocomposite through the adding of RCNs in each process sequence of WPU synthesis, respectively.
In addition, it was found what a particular stage added by RCNs worked best on strengthening the
bond among all processes. Therefore, the final purpose is to develop high-stretchable WPU films with
good biocompatibility by introducing not most of physical bond, but much stronger chemical bond
between RCNs and WPUs.

2. Experimental

2.1. Materials

MCC, Polycaprolactone diol (Mn = 1250), isophorone diisocyanate (IPDI), dimethylol propionic
acid (DMPA), and triethylamine (TEA) was purchased from Sigma-Aldrich (St. Louis, MO, USA)
Corporation and used as received without further purification. Urea, NaOH, and other chemicals
used were all AR grade. Celluase enzyme obtained from Aspergillusniger was purchased from Sigma.
N,N-dimethylformamide (Alfa Aesar, Haverhill, MA, USA) and Acetone (JUNSEI, Tokyo, Japan) were
used without further purification.

2.2. Preparation of RCNs

The preparation of regenerated cellulose nanoparticles (RCNs) is described in previous paper [7],
which were prepared from MCC through the method described by Adsul et al. [19]. Obtaining
RCNs aqueous dispersion with solid contents was about 1 wt %. To compare properties of RCNs
with commonly used cellulose nanocrystals (CNCs), the CNCs were obtained via acid hydrolysis
of MCC. This process was already published several times by authors [20]. Briefly, the MCC and
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H2SO4(64 wt %) were mixed at 45 ◦C for 30 min. Hydrolysis was stopped by pouring cold deionized
water, and the suspension was washed by centrifugation. The resulting suspension was dialyzed
against deionized water to a pH about 8 to obtain a RNC aqueous dispersion having a solids content
of about 0.5 wt %.

2.3. Preparation of WPU and RCNs/WPU Nanocomposites Solutions

The preparation of WPU and RCNs/WPU is also described in previous paper [7] in detail.
The acetone process [21] is a process mainly used to control the viscosity of PU polymer during the
polymerization. Acetone process is often used because it is inert with the WPU forming reactions,
can be mixed with water, and has a low boiling point. The advantage of acetone process includes not
only obtaining a homogeneous solution but also wide range of structure and emulsion, high quality
and reliable reproducibility of end products.

Subsequently, the 1.5 g amount of RCNs was added with different ways in the WPU synthetic
process, which was shown in Scheme 1. In the first method, the RCNs DMF suspension was used,
of which suspension was done from water to acetone then from acetone to DMF by several successive
centrifugation steps at 12,000 rpm and 10 ◦C for 20 min. The dispersion was added after the IPDI
addition process, stirred for 2 h, and the reaction was allowed to continue for 2 more h. And then
DMF removed by vacuum between 60 to 80 ◦C, which was coded as RCNs/WPU-DMF. In the second
method, the RCNs acetone suspension was used, of which suspension was done from water to acetone
by several successive centrifugation steps as same as first method of RCNs/WPU-DMF. Finally, a stable
suspension in acetone was obtained through 10 min ultrasonic treatment. It was added to the acetone
pouring step of the WPU synthesis, which was coded as RCNs/WPU-acetone. In the third method,
the RCNs aqueous suspension was added instead of pure water during the dispersion step of the
pre-polymer. It coded as RCNs/WPU-water. The WPU prepolymer molecules with isocyanate groups
have cross-linked effectively with the hydroxyl groups on the RCNs.

Scheme 1. Regenerated cellulose nanoparticles (RCNs)/waterborne polyurethane (WPU) nanocomposites
synthetic process.
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2.4. Preparation of RCNs/WPU Nanocomposite Films

RCNs/WPU nanocomposite films were prepared by casting process. RCNs/WPU aqueous
dispersion was sonicated for 1 h before casting and poured on glass plate, which was set square
molding type by Teflon tape with 0.32 mm thickness. Then drying was conducted in a chamber at
25 ◦C and 50% relative humidity for 24 h, and it was progressed in oven at 80 ◦C for 1 h and in
vacuum oven at 40 ◦C for 24 h, respectively. The thickness of the film used for the tensile strength was
0.16 ± 0.02 mm.

3. Analysis of RCNs/WPU Composite Solutions and Films

Transmission electron microscope (TEM): Samples were sonicated for 30 min and completely
dispersed in distilled water. The droplets of the sample dispersion were deposited on a polycarbonate
film supported on a copper lattice. After drying at room temperature, 1 × 10−9 (Gun), 8.82 × 10−8

(Column) Torr and air, a transmission electron microscope (JEM-2010, Jeol, Tokyo, Japan) was collected
at an acceleration voltage of 200 kV.

Brookfiled viscosity: The viscosity of the WPU and RCNs/WPU dispersions was measured by
a DV2T viscometer (Brookfiled, Middleborough, MA, USA). Experiments were carreid out at 12, 30,
or 60 rpm of the spindle at 25 ◦C, respectively.

Zata-potential analysis: The zata potential of the dispersion was measured by diluting the
dispersion to 0.5 wt % with deionized water before measurement and then measuring the electrical
potential at 25 ◦C with a Nano-ZS 90 zata potential analyzer (Malvern Instrument Co., Ltd, Worcester,
UK) Respectively.

Particle size distribution: The average particle size and the its distribution of the WPU were
measured using a Nano-ZS 90 zata-potential analyzer (Malvern Instrument Co., Ltd, Worcester, UK).
0.1 mL of the WPU was diluted with 3 mL deionized water. The sample was added to a deionised
water tank the pinhole of 200 μm and measured at 25 ◦C.

Fourier transform infrared analyses (FT-IR): FTIR spectroscopy was observed at room temperature
on a Nicolet FTIR spectrometer (Perkin-Elmer, Waltham, MA, USA). Powdered RCNs and RCN/WPU
were crushed with KBr and compressed to produce pellets.

UV-vis absorption spectrum: Transmittance of WPU, RCNs/WPU nanocomposite was measured
by UV-vis spectrometer (SHIMADZU UV-3600, Tokyo, Japan) with the scan wavelength from 800 nm
to 400 nm and 1nm per step. The film was shaped to 10 mm × 50 mm × 1 mm.

Thermogravimetric analysis (TGA): Thermogravimeter (TGA Q500, TA instruments, New Castle,
DE, USA) was used to measure the weight loss of the RCNs, WPU, and RCN/WPU nanocomposite
under a nitrogen atmosphere. The samples were heated from 30 to 600 ◦C at a heating rate of 10 ◦C/min.
Generally, 10 mg samples were used for thermogravimetric analysis.

Dynamic mechanical analysis (DMA): The dynamic mechanical thermal properties of the film
samples were measured at 1 Hz with a DMA-Q800 (TA Instruments, New Castle, DE, USA) at a heating
rate of 4 ◦C /min from −80 to 80 ◦C. The size of the films sample were 20 mm × 6 mm × 0.2 mm for
the DMA measurements.

Measurements of mechanical properties: The tensile strength was measured by Autograph tester
(Instron 4201, Sidmazu, Tokyo, Japan). The width and length of the samples were set to 5 and 20 mm,
respectively, with dumbbell shape, respectively, and the test speed was set to 100 mm/min.

4. Results and Discussion

4.1. Properties of RCNs Nanoparticles

Figure 1 shows TEM images of regenerated cellulose nanoparticles (RCNs). They are not a rod-like
cellulose nanocrystal from H2SO4 but spherical shape which was regenerated from NaOH/urea system.
The role of hydroxyl ions of NaOH is described in previous paper [7]
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Figure 1. TEM micrographs of spherical RCNs prepared by hydrolyzing microcrystalline cellulose
(MCC) with a NaOH-based aqueous solution.

This difference was leads to either reduction in intensity or increase of certain IR bands
characteristic of cellulose crystalline domains or considered as an amorphous band. Figure 2 shows
FTIR spectroscopy to explain difference in degree of crystallinity between RCNs and cellulose
nanocrystals (CNCs) from H2SO4 method. The FTIR absorption band at 1430 and 893 cm−1

were correspond to CH2 bending vibration and C–O–C stretching vibration at β-(1,4)glycosidic
linkage, they are known as the crystallinity band and amorphous band in cellulose, respectively [19].
A significant reduction in the intensity of the crystallinity band (1430 cm−1)and clearly increased
in the intensity of the amorphous band(893 cm−1) in the FTIR spectrum of RCNs suggests that the
crystallinity of RCNs lower than that of CNCs. The crystallinity of RCNs and CNCs was quantitatively
compared by calculating the crystallinity index of RCNs and CNCs using following Equation [22].

CrR = A1430/A893 (1)

where, A1430 and A893 correspond to absorbance at 1430 cm−1 (crystallinity band) and 893 cm−1

(amorphous band), respectively. The calculated values of crystallinity index for RCNs and CNCs
were 0.5 and 0.87, respectively. The significant reduction in the intensity of FTIR bands at 1055, 1107,
and 1161 cm−1 in RCNs was found, which corresponds to reduction inter- and intra- molecular
hydrogen bonding in RCNs. A newly appeared bands at 993 cm−1, observed in amorphous
cellulose [22], was found not in CNCs but RCNs.

Figure 2. FT-IR spectroscopy bands of RCNs prepared by hydrolyzing MCC with a NaOH-based
aqueous solution and CNCs by H2SO4 method.
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4.2. Characteristics of the RCNs/WPU Nanocomposites Dispersions

The type of polyurethane water dispersion varies depending on the ionic bond that can be
generated when mixing the ionic additive in the post-treatment process. An important and practical
type of waterborne PU (WPU) is the anionic type. The WPU has a pendant ionized carboxylic acid
group and is synthesized by a four step process as follows. First, the macromonomer diisocyanate is
prepared by reacting the excess diisocyanate with a long chain polyol. Then carboxylic acid-containing
macromonomer diisocyanate is prepared through dimethylolpropionic acid (DMPA) is incorporated
into the backbone of macromonomer diisocyanate. The next step, carboxylic acid was neutralized
with tertiary amine. Finally, the anionic WPU prepolymer is vigorously stirred in water. The chain
extenders transform the residual isocyanate groups in water into urea bonds to produce an anionic
WPU that is stably dispersed. In synthesizing WPU, water plays the role of chain extender to react with
terminal isocyanate groups. For this reason, WPU synthesized without addition of a chain extender
may be used in eco-friendly or biodegradable applications [5].

Based this procedure, the RCNs were added as above shown in Scheme 2 (right) (case of
RCNs/WPU-DMF and RCNs/WPU-Acetone). In the liquid suspension, interfacial polar interactions
are possible between the RCNs molecules and the liquid polymeric components. There are also strong
H-bonding forces between themselves. The low viscosity of the liquid medium allows the RCNs
molecules to move due to thermal fluctuations. The molecules can spatially rearrange, and form large
structures as shown in Scheme 2 (left). The dispersions states and properties are shown in Table 1.

Scheme 2. Final dispersion of prepolymer of WPU/RCNs in water (left) and dispersion of prepolymer
of WPU/RCNs in water/acetone (right).

Table 1. Properties of the WPU and RCNs/WPU nanocomposites dispersions obtained with
various methods.

Samples
Solid Contents

(wt %)
Viscosity
(mPa·s)

Mean Particle
Size (nm)

Zeta Potential
(mV)

Appearance

WPU 25.9 23.8 322 −49.5

RCNs/WPU-DMF 28 34.8 335 −42.5

RCNs/WPU-Acetone 29.3 41.4 896 −39.7

RCNs/WPU-Water 25 62.0 1041 −40.3
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The mean particle size distribution of the WPU dispersions was 322 nm, and that of RCNs/WPU
nanocomposites was larger than that of WPU. The particle formation was affected by amount
of residual free NCO groups, which can react with added water to result in urea group and
larger particles [23]. The orders of average particle size for nanocomposite dispersions were
RCNs/WPU-DMF, RCNs/WPU-Acetone and RCNs/WPU-Water. This change could results from the
ionic and hydrogen bonding interactions between WPU and nanocellulose particles contains much
amorphous regions.

The WPU aqueous dispersion has a negative zeta potential of −49.5 mV. The particles of the WPU
dispersion were stabilized in water by COO– ions of neutralized DMPA. Thus, the WPU particles
represent negative surface charge and zeta potential. The zeta potentials of the nanocomposites
dispersions become less negative due to the addition of nanocellulose particles. The hydroxyl group
of nanocellulose would interact with NCO– of WPU pre-polymer chain end and urethane bond was
formed. The dispersion of RCNs/WPU-DMF shows the lowest particle size distribution, followed by
RCNs/WPU-Acetone, and RCNs/WPU-Water.

The Brookfield viscosity of the RCNs/WPU nanocomposites was higher than that of WPU
due to its nanocomposites between WPU pre-polymers and nanocellulose particles. With higher
mean particle size, the viscosity of nanocomposites was increased in the order DMF, acetone, and
water-dispersed. In case of RCNs/WPU-Water, the nanocelluose particles were inserted in last step of
synthesis process of WPU, which acts as chain extender between WPU pre-polymer in synthesis. This
produced increasing the mean particle size of RCNs/WPU nanocomposites.

Figure 3 shows IR spectroscopy of WPU, RCNs/WPU-DMF, RCNs/WPU-Acetone,
and RCNs/WPU-Water. In the WPU+RCNs spectrums, we could observed the stronger appearance
of composited WPU spectrum than neat WPU at around 1731, 1664, 1365, 1307, 1196, and 1062 cm−1,
which were associated with the absorption of urethane hydrogen-bonded carbonyl groups (C=O),
urea hydrogen-bonded carbonyl groups (C=O), cellulose CH stretching band, cellulose CH2 stretching
band, cellulose C–C ring vibration, and cellulose C–O–C ring vibration [24], respectively. The results
indicated in Table 2.

Figure 3. FT-IR spectroscopy bands of WPU, RCNs/WPU nanocomposites, and RCNs.
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Table 2. Curve-fitting results of WPU and RCNs/WPU nanocomposites FTIR spectra.

Related Group
C=O Stretching

Regions of
Urethane Group

C=O Stretching
Regions of of
Urea Group

Cellulose CH
Stretching

Band

Cellulose CH2

Stretching
Band

Cellulose C-C
Ring Band

Cellulose
C-O-C Ring
Vibration

Location (cm-1) 1731 1664 1365 1307 1196 1062

Samples
Items intensity area intensity area intensity area intensity area Intensity area Intensity area

WPU 16.2 388 10.1 55 2.1 43.5 0.8 15.3 0.5 5.1 0.7 7.1

WPU/RCNs-DMF 25.7 840 26.6 1170 9.9 475.1 2.4 39.7 1.5 19.4 2.0 223.0

WPU/RCNs-Acetone 21.0 640 10.8 575 8.4 303.3 2.2 15.3 1.2 9.2 1.7 16.3

WPU/RCNs-Water 18.6 565 11.6 649 7.3 260.5 1.3 20.4 1.3 14.8 0.9 8.0

The nanocomposite WPU + RCNS can prove very efficient dispersion of cellulose nanoparticles
by IR results. Pei et al. [25] has already demonstrated covalent bond formation between cellulose
nanocrystals and polyurethane through FTIR spectra. The absorption of the carbonyl group (C=O)
is judged to be due to the reaction of hydroxyl group of cellulose and isocyanate group of WPU.
The peak intensity and area about hydrogen bond of WPU was order of RCNs/WPU-DMF >
RCNs/WPU-Acetone > RCNs/WPU-Water. The RCNs/WPU-DMF was most effective method
for in-situ polymerization of WPU. From the nanocomposite with nanocellulose, however the
RCNs/WPU-Acetone appeared to be more effective, which was estimated the intensity of related
nanocellulose bands at 1302, 1196, and 1664 cm-1. From the RCNs/WPU manufacturing process point
of view, the method RCNs/WPU-Acetone is simpler than the method RCNs/WPU-DMF, of which
polymerization method is troublesome to evaporate DMF at an intermediate stage.

4.3. Characteristics of the RCNs/WPU Nanocomposites Films

Transparency: The UV-Vis transmission spectra of the different composite films were tested and
the results are shown in Figure 4. The transmittance of WPU film was highest in the visible region
with a value of about 88.8% at 600 nm. The RCNs/WPU composite films have poorer visible light
transmittance than the WPU film. The order of transmittance were WPU > RCNs/WPU-DMF >
RCNs/WPU-Acetone > RCNs/WPU-Water. This result is related to tendency of mean particle size of
RCNs/WPU nanocomposites. With increase particle size, the film looks opaque.

Figure 4. UV-visible spectrums of WPU, RCNs/WPU nanocomposites films.
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Tensile, dynamic mechanical properties: Static / cyclic loading and dynamic mechanical
analysis (DMA) tensile tests were conducted to study the toughness and softening of RCNs/WPU
nanocomposites. The stress–strain (S−S) curves of the WPU and RCNs/WPU nanocomposites are
shown in Figure 5A.

Figure 5. (A) Stress–strain, Young’s moduli (inset) and (B) Tensile recovery properties curves of WPU,
RCNs/WPU nanocomposites films.

The resulting values, such as the tensile strength, strain-to-failure, and Young’s modulus are
summarized in Table 3. There is a remarkable development in the tensile strength associated with
increasing strain simultaneously. In the case of the neat WPU, it had an S−S curve with 800% strain
and 7.8 MPa tensile strength at break, the RCNs/WPU nanocomposites containing 1 wt % RCNs
exhibits stronger stress and higher elongations than WPU film. The tensile strength increases from
7.8 MPa for neat WPU to 27.9 MPa for RCNs/WPU-DMF or RCNs/WPU-Acetone. This is more
than 4 times the neat WPU value. The strain value for the RCNs/WPU nanocomposites reaches the
highest value of 1235% for RCNs/WPU-DMF with containing 1 wt % RCNs, which value is almost
2 times higher than that of neat WPU. There is a tendency that the strain of the nanocomposite
is further increased after manufacture of RCNs nanocomposites. The Young’s modulus of the
RCNs/WPU nanocomposites increases to 10.7 MPa for RCNs/WPU-Water compare to 1.8 MPa for
the neat WPU. This increase is due to the stiffening of the polymers. Polyurethane is block copolymer
with alternating soft and hard segments. In this study, the blocks of the WPUs consist of IPDI and
PCDL, which are role as hard and soft segments, respectively. The soft phases are derived from the
polyols linked by IPDI and roles of elastomeric properties. The hard phase for the IPDI segment
with high polar urethane bonds is bounded by the nanocellulose particles. The domains in which
these nanoparticles are introduced acts as physical crosslinking agent and acts as high modulus filler.
The nanocellulose particles were introduced in the reactor before increasing viscosity (DMF-dispersed
type) of the pre-polymer; at this step, there are free NCO groups at the ends of the low molecular
polyurethane chains. This result explained that later addition of nanocellulose of DMF-dispersed
steps induces an increase in the effective cross-link by homogeneous dispersion of the nanoparticles in
the nanocomposites than Acetone and Water-dispersed step. This linkage can be attributed to new
interactions formed between WPU and RCNs. For the Acetone dispersion step, the nanocellulose
was added to the viscosity control process of the polymer with acetone, which is finished formation
of pre-polymer of polyurethane. Nanocellulose particles have many hydroxyl groups on surface,
which roles as graft-point of polyurethane chains as Scheme 2. In case of Water-dispersed step,
the nanocelluloses were introduced during aqueous dispersion step of the pre-polymer, which roles as
chain extender in WPU synthesis process. This part appears as a hard segment and contributes to the
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high modulus of the WPU composite matrix through hydrogen bonding. The role as chain extender
of nanocellulose particles for RCNs/WPU synthesis process is mainly formed by Water-dispersed
step. Although the effects of reinforcement WPU by cellulose nanoparticles were accomplished,
the roles of nanoparticles were likely different in detail according to when they introduced. Comparing
with cellulose nanocrystal or nanofibers for reinforcement, semi-crystalline nanocellulose particles
improved the strain property of RCNs/WPU without stress property damage.

Table 3. Characterization Data for WPU and RCNs/WPU nanocomposites.

Samples
Transmittance a

(%)
Young’s Modulus E b

(MPa)
Tensile Strength σ b

(MPa)

Strain at Break
ε b (%)

Residual Strain ε b (%)

Cycle 1 c Cycle 20 c

WPU 88.5 1.8±0.2 7.8±1.3 796.2±13 12–13 21–22

RCNs/WPU-DMF 71.8 27.9±2.5 27.9±2.5 1234.9±18 10–11 22–23

RCNs/WPU-Actone 64.4 27.5±1.6 27.5±1.6 1031.5±22 9–10 18–19

RCNs/WPU-Water 60.8 19.7±2.2 19.7±2.2 1009.2±20 9–10 18–19
a Measured by UV–vis spectroscopy from 450 to 660. b Mechanical properties fixed on ASTM D1708 microtensile
bars. c Percent of plastic deformation calculated after 1 cycle or 20 cycles from 0 to 50% strain at 130 mm min−1.

To understand the elastomeric recovery and deformation of neat WPU and the RCNs/WPU
nanocomposites, a cyclic tensile test was conducted. The tensile loading and unloading cycles
performed at a maximum strain of 50% with a constant speed at 130 mm·m−1. The loops of hysteresis
for cycles 20 are shown in Figure 5B. The large hysteresis loop showed unrecoverable deformation
in the first cycle, and followed by very small hysteresis with negligible residual strain values in
the next 19 cycles. This is desirable phenomenon for an elastomeric material like PU (Table 3).
The large hysteresis region of the first loops in the RCNs/WPU nanocomposites represents the
stretch-induced softening due to the increased volume fraction of the effective soft phases as a result of
conversion from hard domains to soft phases during the initial alignment of the microstructures [26].
However, RCNs/WPU-Water and RCNs/WPU-Acetone displays a decrease in softening comparing
to RCNs/WPU-DMF, as shown in Figure 5B. This result can be explained that entanglement and the
networks from addition of RCNs in hard segments, which induced enhancing mechanical properties
of the RCNs/WPU nanocomposite. These results are in good agreement with the tendency of the
Young’s modulus (E), as shown in Table 3.

Dynamic mechanical analysis (DMA) of the WPU and RCNs/WPU nanocomposite were
demonstrated that the effect of the temperature and the frequency on the dynamic elastic properties.
The storage modulus of the samples is shown in Figure 6. The modulus of the RCNs/WPU
nanocomposites are slightly higher than that of the neat WPU at room temperature (20 ◦C),
which increases from 0.17 MPa for neat WPU to 0.37 MPa for RCNs/WPU-DMF. The hardening
mechanism is attributed to increasing the hard segments in the RCNs/WPU nanocomposites and
effective cross-link density of the RCNs in the nanocomposites. The neat WPU showed a sharply
decreased modulus during the glass-rubber transition. However, the decreasing tendency of storage
modulus for the RCNs/WPU nanocomposite is slowly reduced because of the confined network
structure, providing remarkable thermomechanical stability up to 50 ◦C. Also, the Tg values of
the WPU soft segments represents the degree of relaxation of the PCDL phases, which shifted to
a lower temperature from −37.3 (neat WPU) to −44.6 ◦C (RCNs/WPU-DMF). This phenomenon
is incompatible with the result of complexing with highly crystalline nanocellulose [25] Generally,
when highly crystalline nanoparticles (CNs) are introduced, the hydrogen bonded carbonyl groups
among the hard segments formation increased and strong association with CNs of the hard
segments [25]. However, since the RCN has a semi-crystalline phase, it maintains a soft chain even in
the hard segment of WPU, so that the damping due to the external environment is formed at a lower
temperature than neat WPU. This means that the cross-coupling between the WPU molecule and the
RCN increases the movement of the WPU chain, thereby increasing the damping capacity.
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Figure 6. DMA properties curves of WPU, RCNs/WPU nanocomposites films.

Thermal properties: Figure 7 shows the TGA curves for WPU, RCNs and RCNs/WPU
nanocomposite with different loadings steps of cellulose nanoparticles. The thermogram of RCNs
shows 2 steps at around 150–300 ◦C and 350–400 ◦C, which were corresponding to dehydration and
decomposition of glycosyl units, and oxidation and breakdown to lower molecular weight gaseous
products respectively, followed by the formation of a char. The curve of WPU shows 2 steps, first
decomposition stage (from approximately 280–320 ◦C) results from urethane/urea-bond degradation of
hard-segments; second decomposition stage (from approximately 320–380 ◦C) corresponding of polyol
degradation of soft-segments. The RCNs/WPU nanocomposite have 2 steps degradation at 280–400 ◦C
due to decomposition of nanocellulose particles as chain extender in hard segment in RCNs/WPU
nanocomposite and a maximum degradation at about 400 ◦C over due to WPU chains, which is much
higher than the degradation temperature of pure WPU (320–380 ◦C). This significant enhancement of
thermal resistance by the presence of RCNs can be attributed to the formation of a confined structure
in the RCNs/WPU nanocomposites. Not only the Tmax of RCNs/WPU nanocomposite is higher
than that of WPU, but also the start temperature of decomposition is different with loadings steps of
cellulose nanoparticles. The difference between RCNs-Acetone and RCNs-Water was not significant,
but RCNs-DMF showed higher thermal stability than other samples. The role of nanocellulose particles
as thermos-stability enforcement of nanocomposites is most effect in RCNs/WPU-DMF.

Figure 7. TGA properties curves of RCNs, WPU, RCNs/WPU nanocomposites films.
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5. Conclusions

In this study, RCNs with improving solubility and stability of solution, thereby resulting in lower
crystallinity were fabricated by using a NaOH-based solution with urea. Additionally, the stronger
chemical bond between RCNs and WPU was here founded by investigating which stage in particular
added by RCNs worked best on strengthening their bond. Finally, we could develop RCNs reinforced
WPU nanocomposites with biodegradability as well as enhancing mechanical properties through
a facile, eco-friendly approach fittable for global politics. FTIR indicated that the RCNs/WPU
nanocomposites using a DMF dispersed step has the strongest intensity of hydrogen bonds between
cellulose and isocyanate groups attributed by the absorption of carbonyl groups (C=O). Tensile test
also proved that the DMF-dispersed step induce an increase in the effective crosslink density by
homogeneous dispersion of the nanofillers in the nanocomposites, with 27.9 MPa of 4 times more
improvement value, 1235% of strain-to-failure, 2 times higher value. The moduli were also higher
than that of the neat WPU matrix illustrating that the value of G’ of the nanocomposites increases
from 0.17 MPa for neat WPU to 0.37 MPa for RCNs/WPU-DMF, and the Tg of the WPU soft segments
were shifted to a lower temperature from −37.3 to −44.6 ◦C for the neat WPU and RCNs/WPU-DMF,
because the breaking of hydrogen bonded carbonyl groups in the hard segments being essential for
inhibiting of HD formation, accordingly causing the enhancement in the mobility of the poly(ether)
chain in RCNs/WPU, comparing with the neat WPU sample. TGA results displayed that the role of
RCNs as thermos-stability enforcement of the resultant nanocomposites was the most effective in the
DMF-dispersed step.

In conclusion, the above all results signified that the properties involving the mechanical, thermal,
and chemical specific features, of RCNs/WPU nanocomposites by using the DMF-dispersed step
were remarkably improved, comparing with acetone or water-dispersed steps. Therefore, fabricated
nanocomposites have a great potential for further applications such as environmentally friendly
artificial leather processes, coatings, and biomedical fields.

Author Contributions: Conceptualization, E.J.S.; Methodology, E.J.S.; Software, M.W.L.; Validation, E.J.S.,
S.M.C. and M.W.L.; Formal Analysis, S.M.C.; Investigation, S.M.C.; Resources, E.J.S.; Data Curation, E.J.S.;
Writing-Original Draft Preparation, E.J.S., S.M.C.; Writing-Review & Editing, E.J.S., S.M.C.; Visualization, S.M.C.;
Supervision, E.J.S.; Project Administration, E.J.S., S.M.C.

Funding: This research was supported by the Basic Science Research Program of the National Research Foundation
of Korea (NRF) funded by the Ministry of Education (2015R1C1A2A01056027 and 2016R1A6A3A11930280).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Tian, Y.; Zhang, H.; Zhang, Z. Influence of nanoparticles on the interfacial properties of fiber-reinforced-epoxy
composites. Compos. Part A. Appl. Sci. Manuf. 2017, 98, 1–8. [CrossRef]

2. Zhang, C.; Zhao, J.; Rabczuk, T. The interface strength and delamination of fiber reinforced composites using
a continuum modeling approach. Compos. B. Eng. 2018, 137, 225–234. [CrossRef]

3. Skovsgaard, S.P.H.; Jensen, H.M. Constitutive model for imperfectly bonded fibre-reinforced composites.
Compos. Struct. 2018, 192, 82–92. [CrossRef]

4. Li, H.; Zhang, B. A new viscoelastic model based on generalized method of cells for fiber-reinforced
composites. Int. J. Plast. 2015, 65, 22–32. [CrossRef]

5. Zhou, X.; Li, Y.; Fang, C.; Li, S.; Cheng, Y.; Lei, W.; Meng, X. Recent Advances in Synthesis of Waterborne
Polyurethane and Their Application in Water-based Ink: A Review. J. Mater. Sci. Technol. 2015, 31, 708–722.
[CrossRef]

6. Shin, E.J.; Choi, S.M. Advances in Waterborne Polyurethane-Based Biomaterials for Biomedical Applications.
Adv. Exp. Med. Biol. 2018, 1077, 251–283.

7. Shin, E.J.; Choi, S.M.; Lee, J.W. Fabrication of regenerated cellulose nanoparticles/waterborne polyurethane
nanocomposites. J. Appl. Polym. Sci. 2018, 135, 46633–46641. [CrossRef]

201



Polymers 2019, 11, 356

8. Shin, E.J.; Choi, S.M. High Performance Fabrics Using Nanocellulose. Trends Text. Eng. Fash. Technol. 2018,
3, 1–3.

9. Velankar, S.; Cooper, S.L. Microphase Separation and Rheological Properties of Polyurethane Melts 2. Effect
of Block Incompatibility on the Microstructure. Macromolecules 2000, 33, 382–394. [CrossRef]

10. Hsu, S.; Tang, C.; Tseng, H. Biocompatibility of poly(ether)urethane-gold nanocomposites. J. Biomed.
Mater. Res. 2006, 79A, 759–770. [CrossRef]

11. Tao, J.; Yan, Y.; Xu, W. Physical Characteristics and Properties of Waterborne Polyurethane Materials
Reinforced with Silk Fibro in Powder. J. Polym. Sci. Part B: Polym. Phys. 2010, 48, 940–950. [CrossRef]

12. Xiong, B.; Zhao, P.; Hu, K.; Zhang, L. The dissolution of cellulose in NaOH-based aqueous system by two
step process. Cellulose 2014, 18, 237–245.

13. Moon, R.J.; Martini, A.; Nairn, J.; Simonsen, J.; Youngblood, J. Cellulose nanomaterials review: Structure,
properties and nanocomposites. J. Chem. Soc. Rev. 2011, 40, 3941–3994. [CrossRef] [PubMed]

14. Liu, H.; Cui, S.; Shang, S.; Wang, D.; Song, J. Properties of rosin-based waterborne polyurethanes/cellulose
nanocrystals composites. Carbohydr. Polym. 2013, 96, 510–515. [CrossRef] [PubMed]

15. Park, S.H.; Oh, K.W.; Kim, S.H. Reinforcement effect of cellulose nanowhisker on bio-based polyurethane.
Compos. Sci. Technol. 2013, 86, 82–88. [CrossRef]

16. Wang, Y.; Tian, H.; Zhang, L. Role of starch nanocrystals and cellulose whiskers in synergistic reinforcement
of waterborne polyurethane. Carbohydr. Polym. 2010, 80, 665–671. [CrossRef]

17. Rico, M.; Rodríguez-Llamazares, S.; Barral, L.; Bouza, R.; Montero, B. Processing and characterization of
polyols plasticized-starch reinforced with microcrystalline cellulose. Carbohydr. Polym. 2016, 149, 83–93.
[CrossRef]

18. Xiaohua, K.; John, W.; Liyan, Z.; Jonathan, M.C. The preparation and characterization of polyurethane
reinforced with a low fraction of cellulose nanocrystals. Prog. Org. Coat 2018, 125, 207–214.

19. Adsul, M.; Soni, S.K.; Bhargava, S.K.; Bansal, V. Facile Approach for the Dispersion of Regenerated Cellulose
in Aqueous System in the Form of Nanoparticles. Biomacromolecules 2012, 13, 2890–2895. [CrossRef]

20. Santamaria-Echart, A.; Ugarte, L.; Garcia-Astrain, C.; Arbelaiz, A.; Corcuera, M.A.; Eceiza, A. Cellulose
nanocrystals reinforced environmentally-friendly waterborne polyurethane nanocomposites. Carbohydr. Polym.
2016, 151, 1203–1323. [CrossRef]

21. Kim, B.K. Aqueous polyurethane dispersions. Colloid. Polym. Sci. 1996, 274, 599–611. [CrossRef]
22. Ciolacu, D.; Ciolacu, F.; Popa, V. Amprphous cellulose–Structure and Characterization. Cellul. Chem. Technol.

2011, 45, 13–21.
23. Santamaria-Echart, A.; Ugarte, L.; Arbelaiz, A.; Barreiro, F.; Corcuera, M.A.; Eceiza, A. Modulating the

microstructure of waterborne polyurethanes for preparation of environmentally friendly nanocomposites by
incorporating cellulose nanocrystals. Cellulose 2017, 24, 823–834. [CrossRef]

24. Kumara, A.; Negia, Y.S.; Bhardwaja, N.K.; Choudhary, V. Synthesis and characterization of
methylcellulose/PVA based porous composite. Carbohyd. Polym. 2012, 88, 1364–1372. [CrossRef]

25. Pei, A.; Malho, J.M.; Ruokolainen, J.; Zhou, Q.; Berglund, L.A. Strong Nanocomposite Reinforcement Effects
in Polyurethane Elastomer with Low Volume Fraction of Cellulose Nanocrystals. Macromolecules 2011,
44, 4422–4427. [CrossRef]

26. Qi, H.J.; Boyce, M.C. Constitutive model for stretch-induced softening of the stress-stretch behavior of
elastomeric materials. J. Mech. Phys. Solids 2004, 52, 2187–2205. [CrossRef]

© 2019 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 (http://creativecommons.org/licenses/by/4.0/).

202



polymers

Article

Synthesis and Morphological Control of
Biocompatible Fluorescent/Magnetic Janus
Nanoparticles Based on the Self-Assembly of
Fluorescent Polyurethane and Fe3O4 Nanoparticles

Botian Li 1,4, Wei Shao 1, Yanzan Wang 1, Da Xiao 1, Yi Xiong 3, Haimu Ye 1, Qiong Zhou 1,* and

Qingjun Jin 2,4,*

1 Department of Materials Science and Engineering, China University of Petroleum, Beijing 102249, China;
botian.li@cup.edu.cn (B.L.); shao222333@sina.com (W.S.); wangyanzan_cup@163.com (Y.W.);
18811372167@163.com (D.X.); yehaimu@cup.edu.cn (H.Y.)

2 Research Institute of Chemical Defense, Academy of Military Sciences, Beijing 102205, China
3 College of Safety and Ocean Engineering, China University of Petroleum, Beijing 102249, China;

xiongyi@cup.edu.cn
4 Key Laboratory of Advanced Materials of Ministry of Education of China, Department of Chemical

Engineering, Tsinghua University, Beijing 100084, China
* Correspondence: zhouqiong_cn@163.com (Q.Z.); jinqingjun502@163.com (Q.J.); Tel.: +86-10-8973-3200

Received: 23 January 2019; Accepted: 1 February 2019; Published: 5 February 2019

Abstract: Functionalized Janus nanoparticles have received increasing interest due to their anisotropic
shape and the particular utility in biomedicine areas. In this work, a simple and efficient method was
developed to prepare fluorescent/magnetic composite Janus nanoparticles constituted of fluorescent
polyurethane and hydrophobic nano Fe3O4. Two kinds of fluorescent polyurethane prepolymers were
synthesized by the copolymerization of fluorescent dye monomers, and the fluorescent/magnetic
nanoparticles were fabricated in one-pot via the process of mini-emulsification and self-assembly.
The nanostructures of the resulting composite nanoparticles, including core/shell and Janus structure,
could be controlled by the phase separation in assembly process according to the result of transmission
electron microscopy, whereas the amount of the nonpolar segments of polyurethane played an
important role in the particle morphology. The prominent magnetic and fluorescent properties of
the Janus nanoparticles were also confirmed by vibrating magnetometer and confocal laser scanning
microscope. Furthermore, the Janus nanoparticles featured excellent dispersity, storage stability,
and cytocompatibility, which might benefit their potential application in biomedical areas.

Keywords: Janus particle; morphology; fluorescent polyurethane; magnetic nanoparticle;
cytocompatibility

1. Introduction

In the past decades, with the development of biomedicine technologies, fluorescent/magnetic
nanoparticles (FMNPs) have received increasing attention, as they have shown great superiority
in fluorescent labeling and magnetic response [1,2], and could be potentially applied in protein
separation [3], drug delivery [4], bio-imaging [5], and so on. Usually, FMNPs consist of fluorescent
materials and magnetic nanoparticles such as Fe3O4 nanocrystals [6,7]. Although many kinds of
fluorescent quantum dots derived from Cd and Eu have been emphatically studied to constitute
the FMNPs [8,9], these inorganic quantum dots are principally involved in disadvantages of the
tedious preparation process and the threat of heavy metal ions with potential toxicity, which limit their
further applications for in vivo research [10,11]. Therefore, in most cases, organic fluorescent dyes are
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considered as the alternative owing to their numerous color species and relatively low cost. Generally,
the biological toxicity of dyes could be reduced by the covalent bonding with polymer chain, because
the migration of the chromophores is greatly inhibited in the so-called covalently colored polymer;
meanwhile, the solvent resistance and the light fastness could also be improved [12,13].

Magnetic Janus particles are of particular utility and interest, which has long been
motivated by their enormous applications in micromotors [14,15], panel displays [16], biological
imaging [17], and magneto separation [18]. So far, many great efforts have been made to prepare
fluorescent/magnetic Janus particles with tunable size, shape, and microstructure [19–21], including
the microfluidic method [22,23], electrospray method [24], and emulsion method [25]. The two former
methods, requiring specialized instruments for preparation, can only produce larger spheres in
micro-meter size, while the emulsion method is commonly feasible for the nanoparticles. For example,
Gao et. al advocated a microemulsion method to prepare the fluorescent/magnetic Janus nanoparticles
(FMJNPs) for magnetolytic therapy of cancer cells using pyrene as a fluorescent probe [26]. However,
the addition of small molecule dye introduced the possibility of relatively poor stability and high
toxicity. To solve this problem, polymeric fluorescent dyes were introduced in FMJNPs, and the
approaches based on the seed emulsion polymerization were developed [27,28], but because of
the inhibition of magnetite and fluorophores on polymerization, these methods were confined
by low monomer conversion. Furthermore, particle structure was difficult to control. As a
consequence, it is still a challenge to develop a facile, versatile, and controllable method to prepare
biocompatible FMJNPs.

Polyurethane (PU) is well known as a polymer material with good biocompatibility. Previously,
we have reported a series of studies concerning the incorporation of fluorophores into polymer
chains to prepare covalently colored PU emulsion [29,30]. In this article, a facile method based on
mini-emulsion was developed to fabricate FMJNPs composed of covalently colored fluorescent PU
and magnetic nanoparticles. The fluorescent PU prepolymer was synthesized by polymerization of
fluorescent monomers derived from 1,8-naphthalimide (NA). After the addition of the hydrophobic
Fe3O4 nanoparticles, the composite nanoparticles with core-shell and Janus structure were produced
by the self-assembly method following mini emulsification in one-pot, and their nanostructure could
be regulated by changing the non-polar segment ratio of the PU polymer to generate FMJNPs.
The resulting Janus particles featured uniform particle size with narrow distribution, as well as
promising cytocompatibility and colloidal stability. Moreover, this method was envisaged to be
effective and versatile for FMJNPs derived from other hydrophobic polymers, hence it might be
potentially applied in the fabrication of various FMJNPs with biocompatibility.

2. Materials and Methods

2.1. Materials

We purchased 4-bromo-1,8-naphthalic anhydride, 2-amino-1,3-propanediol, sodium methoxide,
diethylamine, cupric acetate monohydrate, dibutyltin dilaurate, sodium dodecyl sulfate (SDS),
and 1,2-hexadecanediol (HDO) from Shanghai Aladdin Co. Castor oil (CO), 1,4-butanediol (BDO),
isophorone diisocyanate (IPDI), and trimethylol propane (TMP) were supplied by Tianjin Chemicals
& Reagents. The solvents, such as tetrahydrofuran (THF), dimethyl sulfoxide (DMSO), chloroform,
and methanol, were purchased from Beijing Chemicals. All the reagents were analytically pure and
used without further treatment.

2.2. Characterizations

The synthesized compounds were characterized using 1H NMR (JEOL JNM-ECA600, Japan) and
FT-IR (Bruker TENSOR II, Germany). The spectroscopy of fluorescent polymer was measured on
a UV/vis spectrometer (Pgeneral T6, Beijing, China) and a luminescence spectrometer (RF-5301PC,
Shimadzu, Japan). The nanoparticles were characterized using transmission electron microscopy
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(TEM) 200kV (JEOL JEM 2100, Japan), SEM (FEI Quanta 200F, Netherlands), X-ray diffraction (XRD)
(Bruker AXS, D8 Focus, Germany), and dynamic light scattering (DLS) (Anton-Paar, Litesizer 500,
Austria). The measurements of magnetic properties were conducted on a BKT-4500 vibrating sample
magnetometer (Xinke, Beijing, China). The conversion of fluoresent dye monomer was determined
according to the integral proportion of time dependent curves, which was measured by gel permeation
chromatography (GPC) equipped with double detectors (refractive index, UV/vis) (Shimadzu, Japan).

Migration fastness was characterized by extracting the PU latex film with dichloromethane in a
Soxhlet extractor for 5 h. The extraction rate was calculated as follows: E = (d2/d1) × 100%, where
d1 and d2 denote the dye amount used in the recipe and the extracted dye amount measured by UV
analysis, respectively.

Cytocompatibility experiments were carried out using the WST-1 assay. The human intestinal
epithelial cells were incubated with the samples for a certain amount of time, after which 10 μL of
cell proliferation reagent WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene
disulfonate) was added to each well and incubated at 37 ◦C under 7% CO2 in an incubator for 2 h.
The absorbance was measured in a microplate reader (Bio-Rad) at 450 nm. The optical microscopic
pictures were obtained on a microscope (Olympus IX73).

2.3. Synthesis of 4-bromo-N-(2-hydroxy-1-hydroxymethylethyl)-1,8-naphthalimide (BHHNA)

A total of 4.17 g (0.015 mol) of 4-bromo-1,8-naphthalic anhydride and 2.43 g (0.027 mol) of
2-amino-13-propanediol were dissolved in 120 mL ethanol, after which the solution was stirred and
heated to 78 ◦C. Then, after 4 h reaction, the solvent was evaporated under reduced pressure at 50 ◦C.
Finally, the yellow crude product was washed three times with deionized water, and then dried in a
vacuum oven for 12 h to obtain 4.647 g bright yellow product. Yield: 88%.

1H NMR (600 MHz, DMSO-d6, TMS, δ): 8.57(d, 1H, NA 5-H), 8.53(d, 1H, NA 7-H), 8.33(d, 1H, NA
2-H), 8.22(d, 1H, NA 3-H), 8.01(d × d, 1H, NA 6-H), 5.22(m, 1H, –CH(CH2–OH)2), 3.82–3.96(m, 4H,
–CH(CH2–OH)2). FT-IR (KBr, v/cm−1): 3431(O–H stretch), 1726(C=O stretch), 1592, 1500 (NA skeleton
vibration) (Figure S1).

2.4. Synthesis of 4-methoxyl-N-(2-hydroxy-1-hydroxymethylethyl)-1,8-naphthalimide (MHHNA)

3.5 g (0.01 mol) BHHNA and 1.62 g (0.03 mol) sodium methoxide were added to a flask containing
60 mL methanol, the mixture was stirred and heated to 65 ◦C, after 4 h reaction the solvent was
evaporated under reduced pressure at 40 ◦C, resulting the white solid. Afterward, the crude product
was washed for three times with deionized water, then dried in a vacuum oven for 12 h to give 2.35 g
product. Yield: 78%.

1H NMR (600 MHz, DMSO-d6, TMS, δ): 8.53 (d, 1H, NA 5-H), 8.49 (d, 1H, NA 7-H), 8.45 (d, 1H,
NA 2-H), 7.83 (d × d, 1H, NA 6-H), 7.33 (d, 1H, NA 3-H), 5.22 (m, 1H, –CH(CH2–OH)2), 4.13 (s, 3H,
–O–CH3), 3.81–3.94 (m, 4H, –CH(CH2–OH)2) (Figure S2). FT-IR (KBr, v/cm−1): 3431 (O–H stretch),
2937 (CH3, C–H stretch), 1688 (C=O stretch) (Figure S3).

2.5. Synthesis of 4-diethylamino-N-(2-hydroxy-1-hydroxymethylethyl)-1,8-naphthalimide (DHHNA)

A total of 2.57 g (0.0075 mol) of BHHNA, 5.47 g (0.075 mol) of diethylamine, and 0.4 g (0.002 mol)
of cupric acetate monohydrate were dissolved in 20 mL DMSO, and the solution was stirred and heated
to 120 ◦C. Then, after 12 h reaction, it was cooled to room temperature and precipitated in 150 mL
deionized water. The solid was filtered and washed three times, and then dried in vacuum. The crude
product was purified by silica column chromatography using a mixture of dichloromethane/ethyl
acetate (1:3) as eluent to give 1.165 g yellow product. Yield: 45%.

1H NMR (600 MHz, DMSO-d6, TMS, δ): 8.45 (d, 1H, NA 5-H), 8.43 (d, 1H, NA 7-H), 8.36 (d, 1H,
NA 2-H), 7.78 (d × d, 1H, NA 6-H), 7.35 (d, 1H, NA 3-H), 5.22 (m, 1H, –CH(CH2–OH)2), 3.78–3.96
(m, 4H, –CH(CH2–OH)2), 3.39 (q, 4H, –N–(CH2–CH3)2), 1.10 (t, 6H, –N–(CH2–CH3)2) (Figure S4).
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FT-IR (KBr, v/cm–1): 3451 (O–H stretch), 2965, 2884 (saturated C–H stretch), 1689 (C=O stretch), 1589,
1480 (NA skeleton vibration) (Figure S5).

2.6. Synthesis of PU Prepolymer

According to the recipe listed in Table 1, IPDI, hydroxyl chain extenders, and THF were charged
into a three-necked flask equipped with thermometer, reflux condenser, and electric mechanical stirrer,
and one drop of dibutyltin dilaurate was added as catalyst. The flask was maintained at 65 ◦C in
an oil bath for 4 h under stirring, following which the reaction system was cooled to 50 ◦C, and PU
prepolymers were obtained after removal of THF by rotary evaporation under reduced pressure.

Table 1. Recipe for the preparation of the polyurethane (PU) prepolymer. MHHNA—4-methoxyl-N-
(2-hydroxy-1-hydroxymethylethyl)-1,8-naphthalimide; TMP—trimethylol propane; CO—castor oil;
DHHNA—4-diethylamino-N-(2-hydroxy-1-hydroxymethylethyl)-1,8-naphthalimide; IPDI—isophorone
diisocyanate; HDO—1,2-hexadecanediol; BDO—1,4-butanediol; THF—tetrahydrofuran.

Prepolymer IPDI/g CO/g TMP/g HDO/g BDO/g Fluorescent dye/g THF/g

PU-TMP 2.22 0 0.158 0 0.534 0 10
PU-CO 2.22 0.75 0 0 0.592 0 10

PU-MHHNA 2.22 0.4 0 0.2 0.572 0.016 a 10
PU-DHHNA 2.22 0.4 0 0.2 0.572 0.018 b 10

a MHHNA, 5.3 × 10−2 mmol. b DHHNA, 5.3 × 10−2 mmol.

2.7. Preparation of Composite Nanoparticles

The hydrophobic magnetic nanoparticles (HMNPs) were synthesized by the thermal
decomposition of iron oleate in the presence of oleic acid, according to the literature [31].

In the principal fabrication procedure of composite nanoparticles, taking PTCP-20 as an example,
20 mg of HMNPs and 80 mg of PU-TMP were dissolved in 2.8 g CHCl3. After the addition of 5 mL
SDS aqueous solution (0.6 mg/mL), the mixture was emulsified for 10 min by ultrasonication (200 W)
in an ice bath to give a mini-emulsion. Subsequently, the emulsion was slowly evaporated in a rotary
evaporator at 55 ◦C for 15 min until no chloroform vaporized, resulting a dark yellow latex of PTCP-20
(20% HMNPs content). PCCP-c, PMCP-c, and PDCP-c were similarly prepared by utilizing PU-CO,
PU-MHHNA, and PU-DHHNA, respectively, wherein c denoted HMNPs content (c = 0, 10, 20, 30)
(Table 2).

Table 2. Fabrication formula of composite nanoparticles. HMNPs—hydrophobic magnetic
nanoparticles; PTCP—PU-TMP magnetic composite nanoparticle; PCCP—PU-CO magnetic composite
nanoparticle; PMCP—PU-MHHNA magnetic composite nanoparticle; PDCP—PU-DHHNA magnetic
composite nanoparticle.

Sample PU Prepolymer/mg HMNPs/mg

PTCP-20 PU-TMP 80 20
PCCP-20 PU-CO 80 20
PMCP-0

PU-MHHNA

100 0
PMCP-10 90 10
PMCP-20 80 20
PMCP-30 70 30
PDCP-0

PU-DHHNA

100 0
PDCP-10 90 10
PDCP-20 80 20
PDCP-30 70 30
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3. Results and Discussion

3.1. Characterization of Fluorescent Polyurethane

As illustrated in Scheme 1, two fluorescent dyes (MHHNA, DHHNA) were synthesized by
a two-step procedure of imidization and nucleophilic substitution. Both of them consisted of
1,8-naphthalimide chromophore, but offered contrasting fluorescent colors due to the different
electron-donating substituents. These dyes were employed in the synthesis of polyurethane by
reacting with isocyanate group as chain extenders, thus introducing the fluorescent units into
macromolecular chain to produce covalently colored fluorescent PU prepolymers containing isocyanate
end group (Scheme 2). The polymerization conversion of fluorescent monomers measured by GPC
method showed results of 98.5% (MHHNA) and 97.3% (DHHNA), suggesting that most of the
fluorescent chromophores were covalently grafted on PU (Figures S6 and S7), and that the covalently
colored fluorescent prepolymer was successfully prepared. To characterize the migration fastness of
fluorophores, the fluorescent PU films PMCP-0 and PDCP-0 were extracted in dichloromethane for 5 h,
both giving extraction rates below 2%. Because dichloromethane was a good solvent for MHHNA
and DHHNA, it could be deduced that the covalent bonding with the polymer chain significantly
improved the migration fastness of the fluorophore.

Scheme 1. Synthetic route of fluorescent monomers. BHHNA—4-bromo-N-(2-hydroxy-1-
hydroxymethylethyl)-1,8-naphthalimide; MHHNA—4-methoxyl-N-(2-hydroxy-1-hydroxymethylethyl)-
1,8-naphthalimide; DHHNA—4-diethylamino-N-(2-hydroxy-1-hydroxymethylethyl)-1,8-naphthalimide.

The UV/vis spectroscopy of the fluorescent monomers and the fluorescent prepolymers were
determined at 6.6 × 10−2 mM fluorophore concentration in the solutions of both monomer and
prepolymer. MHHNA and PU-MHHNA were colorless with almost no absorption in the visible
light range (>400 nm), while DHHNA and PU-DHHNA were yellow under visible light because of
their red-shifted n→π* absorption band. As shown in Figure 1, the UV/vis absorption spectra
of PU-MHHNA were almost consistent with that of MHHNA with the maximum absorption
wavelength (λmax) at 362 nm, and DHHNA and PU-DHHNA had the same UV/vis profile with
λmax at 419 nm. These results indicated that the fluorescent chromophores did not change their
chemical structures during polymerization. In the study of fluorescent properties, it was revealed that
the fluorescent spectra of MHHNA and PU-MHHNA were completely identical at 1.66 × 10−3 mM
fluorophore concentration, their fluorescent excitation and emission spectra presented a good
mirror-image relationship, as well as their maximum fluorescent excitation wavelength (λex) and
emission wavelength (λem) exhibited at 362 and 433 nm, respectively, with Stokes shift of 71 nm
(Figure 2A,B). Using quinine sulfate as reference, the fluorescence quantum yields of MHHNA and
PU-MHNNA were measured to be 0.71. Meanwhile, λex (421 nm) and λem (522 nm) of PU-DHHNA
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were also the same as that of DHHNA, thus generating a larger Stokes shift (101 nm), because the
diethylamino group possessed stronger electron donating ability than the methoxy group, causing a
higher intramolecular charge transfer rate and a smaller energy gap between HOMO and LUMO [32,33].
Furthermore, it is worth noting that at the same fluorophore concentration (3 × 10–2 mM), PU-DHHNA
displayed enhanced fluorescence intensity in emission and excitation spectra, and its quantum yield
(0.15) was considerably increased compared with DHHNA (0.08) (Figure 2C,D). This result might
be ascribed to the fact that DHHNA monomers probably underwent aggregation-caused quenching
(ACQ) in relatively higher concentration by interacting with each other through intermolecular charge
transfer interaction, yet the steric hindrance of PU-DHHNA chain hindered the ACQ effect between the
fluorophores, thereby increasing the fluorescence quantum yield. Consequently, the polymerization
of fluorescent monomers could not only prevent the migration of fluorophore, but also increase the
fluorescence intensity.

Scheme 2. Illustration of polyurethane (PU) prepolymer synthesis. TMP—trimethylol propane;
CO—castor oil; IPDI—isophorone diisocyanate; HDO—1,2-hexadecanediol; BDO—1,4-butanediol.

Figure 1. UV/vis spectra of fluorescent dye (4-methoxyl-N-(2-hydroxy-1-hydroxymethylethyl)-1,8-
naphthalimide (MHHNA), 4-diethylamino-N-(2-hydroxy-1-hydroxymethylethyl)-1,8-naphthalimide
(DHHNA)) and corresponding fluorescent polyurethane (PU) prepolymer in ethyl acetate solution.
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Figure 2. Fluorescence spectra of (A) PU-MHHNA, (B) MHHNA, (C) PU-DHHNA, and (D) DHHNA
in ethyl acetate solution.

3.2. Fabrication of Composite Nanoparticles

Hydrophobic magnetic nanoparticles prepared by thermal decomposition of ferric oleate had
good solubility in nonpolar solvents such as toluene, chloroform, or n-hexane, and could form
magnetic liquid in these solvents through surface solvation, while they expectedly precipitated in polar
solvents such as ethanol or water because of their poor solubility (Figure S8). It was believed that the
surface coating of oleic acid by coordination imparted hydrophobicity to the magnetic nanoparticles.
From TEM observation, HMNPs exhibited relatively uniform spherical particles, their particle size was
analyzed by nano-measure software to give the frequency of diameter in the TEM image. As indicated
in Figure 3, the size of HMNPs was mostly in the range of 11–17 nm with an approximately normal
distribution. In the FT-IR spectrum (Figure 4A), the absorption peaks located at 2923 and 2850 cm−1

should be assigned to the saturated C–H stretching, the signals at 1707 cm−1 stemmed from the oleate
C=O vibration, and the intensive peak at 576 cm−1 could be attributed to the stretching vibration of the
Fe–O bond, suggesting that HMNPs were composed of magnetite and oleic acid. By comparing with
the standard XRD pattern, one could ascertain that the crystal structure of HMNPs was the same as that
of magnetite (Figure 4B), except that the peaks of HMNPs were significantly broadened because of the
grain refinement. According to the Debye–Scherrer formula—D = K·λ/B·cosθ, where Scherrer constant
K = 0.89, X-ray wavelength λ = 0.15406 nm, diffraction angle θ = 17.8◦ (311), and half-peak width
B = 0.0091 rad (311)—the average grain size D could be calculated as 15.8 nm, which was slightly larger
than the diameter of the most probable distribution (14 nm) in the TEM result, which implied that some
particles with a larger size (>22 nm) might not be counted by TEM measurement. Because the critical
dimension of paramagnetic Fe3O4 (single domain) was about 30 nm at room temperature [34], that part
of the magnetic particles with a larger size could generate the coercivity in HMNPs; accordingly,
the remanence occurred when the external magnetic field was removed (Figure 8).
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Figure 3. (A) Transmission electron microscopy (TEM) image of the hydrophobic magnetic
nanoparticles (HMNPs) and (B) the frequency of the particle size.

Figure 4. (A) FT-IR spectrum of HMNPs and (B) X-ray diffraction (XRD) pattern of HMNPs compared
with standard XRD of Fe3O4.

The composite particles were fabricated via two steps including mini-emulsification and
self-assembly in solvent evaporation. First, the PU prepolymer and HMNPs were dissolved in
chloroform to form a dilute solution with low viscosity, then an aqueous solution of very few SDS
was added and the mixture was homogenized by ultrasonication to obtain mini-emulsion, finally the
solvent was evaporated under reduced pressure and the composite particles were formed through the
assembly of polyurethane and HMNPs. As chloroform volatilized, PU prepolymers were exposed to
the aqueous phase, then their molecular weight gradually increased by the chain extending reaction
of isocyanate group and H2O. Simultaneously, because HMNPs were hydrophobic and extremely
arduous to diffuse into the aqueous phase, they would only remain in the nanospheres with PU
macromolecules to form inorganic–organic nanocomposites. Notably, to promote the stability of
mini-emulsion, it was usually necessary to employ hydrophobic agents to balance the Laplace pressure
and prevent the Ostwald ripening [35]; however, in this work, HMNPs in droplet were intrinsically
hydrophobic, thus a narrow distribution of particle size could be achieved without the addition of
other hydrophobic agents such as hexadecane or hexadecanol.

3.3. Nanostructure of Composite Nanoparticles

To investigate the morphology and the nanostructure, the composite nanoparticles with different
ingredients were investigated using the TEM and SEM methods, and it was revealed that the
proportion of PU nonpolar and polar segments played an important role in the assembly structure of
nanocomposites. PU-TMP without nonpolar segments was first tried in the fabrication of PTCP-20.
As shown in Figure 5A, the HMNPs could not be effectively encapsulated in the nanospheres and they
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mostly distributed on the surface, thus the further aggregation of HMNPs resulted in the precipitation
and delamination of latex. In contrast, after the addition of PU-CO containing unsaturated hydrophobic
segments, most HMNPs were embedded inside the nanoparticles PCCP-20 (Figure 5B), and the storage
stability of the latex was obviously improved. However, it was shown in Figure 5B and Table 3
that the particle size of PCCP-20 prepared from PU-CO was much larger because of the increase of
hydrophobicity in composite particles, and the size distribution of PCCP-20 became broad, which might
be ascribed to the fact that abundant multifunctional monomer CO increased the crosslinking degree
of the prepolymer, which not only broadened the molecular weight distribution, but also increased
the viscosity of the organic phase in mini-emulsion to retard homogeneous emulsification. To solve
this problem, a bifunctional diol HDO was employed to introduce the hydrophobic segment into
PU, replacing a proportion of CO in the recipe of PMCP and PDCP (Table 1). In Figure 5C, it was
seen that almost all nanoparticles of PMCP-20 displayed manifest Janus-type structure because of the
phase separation, and HMNPs remained inside the nanoparticles, indicating the formation of FMJNPs.
Similarly, the Janus nanostructures of PDCP-20 were completely consistent with PDMP-2, as shown in
Figure 5D. Moreover, the SEM image of PMCP-20 presented in Figure 6 demonstrated the FMJNPs
were well distributed and their smooth surface inferred that HMNPs located in the particles rather
than on the surface. The investigation of the colloidal properties measured by DLS further revealed
that the Janus nanoparticles of PMCP-20 and PDCP-20 enjoyed a uniform particle size distribution
with reduced polydispersity index in comparison with PCCP-20 (Table 3).

Figure 5. Cont.
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Figure 5. TEM images of (A) PU-trimethylol propane (TMP) magnetic composite nanoparticle
(PTCP-20), (B) PU-castor oil (CO) magnetic composite nanoparticle (PCCP-20), (C) PU-MHHNA
magnetic composite nanoparticle (PMCP-20), and (D) PU-DHHNA magnetic composite nanoparticle
(PDCP-20).

Table 3. The colloidal properties of the composite nanoparticles.

Sample Mean Diameter/nm Polydis Zeta Potential/mV

PTCP-20 135.5 0.143 −67.3
PCCP-20 189.0 0.259 −65.1
PMCP-10 125.7 0.052 −69.5
PMCP-20 128.4 0.083 −68.8
PMCP-30 129.0 0.095 −64.1
PDCP-10 130.2 0.064 −59.7
PDCP-20 122.8 0.090 −69.9
PDCP-30 128.8 0.121 −66.8

Figure 6. SEM image of PMCP-20.

From these results, it was inferred that the compatibility between HMNPs and PU was of
importance in the formation of stable composite nanoparticles by reducing the interface energy,
the compatibility arose from the hydrophobic interaction between PU nonpolar segments and oleic
acid coated HMNPs. On the basis of the different proportions of polar and nonpolar segments in
PU, three structures of composite nanoparticles could be formed in the assembly process (Scheme 3),
and are classified as follows: (1) Nanoparticles coated with HMNPs, in which PU constituted of all polar
segment had almost no affinity with HMNPs, leading to the severe phase separation, which excluded
the HMNPs out of the sphere. With the aid of surfactant, the hydrophobic nano Fe3O4 could only
disperse at the solid–water interface, and its combination with the nanoparticle was instable (Figure 5A).
(2) Nanoparticles with HMNPs/PU as core/shell structure, in which PU consisted of considerable
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nonpolar segments from CO or HDO, which suggested it promising interfacial compatibility with
HMNPs. Because of their hydrophobicity, the nonpolar segments of PU and HMNPs were inclined to
be distributed in the core of composite nanoparticles. (3) Janus nanoparticles, where PU contained
fewer nonpolar segments. The polymer phase was less compatible with HMNPs, thereby the phase
separation of PU polar polymer and HMNPs occurred during the solvent evaporation process, resulting
in the Janus-type particles. Accordingly, it was beneficial to utilize a suitable amount of nonpolar chain
extender in the synthesis of PU prepolymer for the preparation of FMJNPs.

Scheme 3. Illustration of the preparation of the composite nanoparticles. HMNP—hydrophobic
magnetic nanoparticle; SDS—sodium dodecyl sulfate.

Furthermore, the particle structures of PMCP with different HMNP contents were examined by
TEM. In Figure 7A, HMNPs accounted for only 10% of the total weight in PMCP-10, and most of
them were encapsulated in the nanoparticles, despite the fact that they were not evenly dispersed
because of the phase separation. The polymer spheres without the composition of HMNPs could also
be distinguished as marked by the arrow. With HMNP content increased to 30% (PMCP-30), most of
the nanoparticles were entirely filled with HMNPs, triggering a lower ratio of Janus nanoparticles
(Figure 7B). The recipe with HMNPs content higher than 30% was still applicable in preparation,
but the stability of the product decreased with the increasing HMNPs. Therefore, with the optimum
HMNP content of 20% for Janus particles, PMCP-20 and PDCP-20 were selected for further study,
and their fluorescent magnetic latexes both displayed excellent storage stability, showing neither the
demulsification of the latex nor the precipitation of Fe3O4 during five months of storage.

Figure 7. Cont.
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Figure 7. TEM images of (A) PMCP-10 and (B) PMCP-30.

3.4. Magnetic and Fluorescent Properties of Composite Nanoparticles

The magnetic hysteresis loops of PMCP-10, PMCP-20, and PMCP-30 were determined in order
to investigate their magnetic properties. In Figure 8, the saturated magnetization of pure HMNPs
was 26.5 emu/g, while that of the PMCP-10, PMCP-20, and PMCP-30 was measured as 2.6 emu/g,
5.4 emu/g, and 7.7 emu/g, respectively, which were linearly related to their HMNP contents of 10%,
20%, and 30%, suggesting that the HMNPs coated in nanoparticles persisted the original properties of
magnetic response. In addition, as analyzed above via the TEM and XRD methods, most HMNPs were
superparamagnetic with a particle size below 20 nm, resulting in the exceedingly low coercivity of the
samples (indicated by the transverse–axis intercept in Figure 8).

Figure 8. The hysteresis loops of HMNPs and the composite nanoparticles with different HMNP content.

Under visible light, both PMCP-20 and PDCP-20 appeared as yellow homogenous latex, whereas
their fluorescent colors under UV light corresponded with that of their dye monomers. As shown
in Figure 9, the microscopic observation of PMCP-20 and PDCP-20 was conducted by the laser
confocal microscope (405 nm exciting light), where the FMJNPs emitting bright fluorescence behaved
in an intensive Brownian motion in dilute latex because of their small particle size. Meanwhile,
their magnetic response could be directly examined by an external magnetic field (Figure 10). By
magnetic attraction, PMCP-20 and PDCP-20 latex gradually became transparent within approximately
16 min (Figure S9), yet the precipitated FMJNPs were able to be quickly re-dispersed by 20 s
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ultrasonication. In comparison, sodium oleate was also tried as the emulsifier in mini-emulsification
to substitute SDS; however, after magnetic attraction, the resulting nanoparticles with zeta potential
of −37 mV were unable to be dispersed by sonication. This suggested that the strong ionization of
the emulsifier was of importance to generate an adequate negative zeta potential, which triggered
the repulsion of the nanoparticles and benefitted reversible dispersion after the removal of the
magnetic field.

Figure 9. Confocal laser scanning microscopy of (A) PMCP-20 and (B) PDCP-20.

Figure 10. The magnetic response of (A,B) PMCP-20 latex, (C,D) PMCP-20 under 365 nm UV light,
and (E,F) PDCP-20 under 365 nm UV light.
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3.5. Cytocompatibility

The in vitro cytocompatibility of FMJNPs was determined by the WST-1 method [36]. Herein,
the human intestinal epithelial cells were used as model recipients and the cytocompatibility
of the nanoparticles was represented by the cell viability and, more exactly, the activity of
mitochondrial dehydrogenase in cells. The enzyme could chemically degrade the colorless substrate
(WST-1) to a yellow dye. By detecting the absorbance at 450 nm of the yellow product, one can
quantitatively measure the activity of mitochondrial dehydrogenase, thus investigating the toxicity
or the cytocompatibility of the sample. As illustrated in Figure 11, compared with the blank cell
specimen, the sample incubated with PMCP-20 and PDCP-20 (1.5 mg/mL) had relatively similar plots
of time–absorbance, indicating that the FMJNPs were nontoxic and had no influence on the cell activity.
Despite that the addition of yellow PMCP-20 and PDCP-20 resulted in higher absorbance at 450 nm
than the blank sample, the t-test values of PMCP-20 and PDCP-20 against the blank were calculated as
0.432 and 0.143, respectively, being greater than the p-value (0.05), so there was statistically considered
to be no significant difference (n.s.) between the samples and the blank.

Figure 11. The time–absorbance plot of the blank cell and the cell incubated with PMCP-20
and PDCP-20.

In addition, from the optical microscopy (Figure S10), the cells incubated with PMCP-20 and
PDCP-20 maintained normal growth without the collapsed morphology of dead cells, which again
supported the outstanding cytocompatibility of the fluorescent magnetic nanoparticles as expected.
Accordingly, we envisaged that the FMJNPs prepared by mini-emulsion method might be employed
in different areas such as enzyme separation, cell labeling, drug delivery, imaging probe, and so on.

4. Conclusions

In this work, two kinds of fluorescent PU prepolymers were firstly synthesized by
copolymerization of fluorescent dye monomers MHHNA and DHHNA. It was found that the
migration fastness and the fluorescent intensity of fluorophores were improved by the covalent
bonding with the polymer chain. Then, the nanoparticles composed of fluorescent PU and hydrophobic
Fe3O4 nanoparticles were efficiently fabricated by mini-emulsification and self-assembly process.
Noteworthily, the composition proportion of nonpolar segments of PU played an important role
in regulating the nanostructure of products including Janus and core/shell structure, while Janus
nanoparticles could be controllably produced as a result of the phase separation between PU and
Fe3O4. By vibrating magnetometer and confocal laser scanning microscope, the prominent magnetic
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properties and fluorescent properties of the FMJNPs were confirmed. They displayed responses to
the magnetic attraction and ultrasonication for reversible aggregation–dispersion behavior. Last but
not least, the excellent cytocompatibility of the FMJNPs was proven by the WST-1 method, and the
cell incubated with PMCP-20 and PDCP-20 grew normally. Accordingly, these nanoparticles enjoyed
potential applications in the biomedical field, and this work might be meaningful for the facile
fabrication of various FMJNPs with versatile functions.
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Abbreviations

FMNP fluorescent/magnetic nanoparticle
FMJNP fluorescent/magnetic Janus nanoparticle
HMNP hydrophobic magnetic nanoparticle
BHHNA 4-bromo-N-(2-hydroxy-1-hydroxymethylethyl)-1,8-naphthalimide
MHHNA 4-methoxyl-N-(2-hydroxy-1-hydroxymethylethyl)-1,8-naphthalimide
DHHNA 4-diethylamino-N-(2-hydroxy-1-hydroxymethylethyl)-1,8-naphthalimide
PU polyurethane
TMP trimethylol propane
CO castor oil
PU-TMP polyurethane from trimethylol propane
PU-CO polyurethane from castor oil
PU-MHHNA polyurethane from 4-methoxyl-N-(2-hydroxy-1-hydroxymethylethyl)-1,8-naphthalimide

PU-DHHNA
polyurethane from
4-diethylamino-N-(2-hydroxy-1-hydroxymethylethyl)-1,8-naphthalimide

PTCP PU-TMP magnetic composite nanoparticle
PCCP PU-CO magnetic composite nanoparticle
PMCP PU-MHHNA magnetic composite nanoparticle
PDCP PU-DHHNA magnetic composite nanoparticle
HDO 1,2-hexadecanediol
BDO 1,4-butanediol
NA 1,8-naphthalimide
SDS sodium dodecyl sulfate
IPDI isophorone diisocyanate
THF tetrahydrofuran
DMSO dimethyl sulfoxide
XRD X-ray diffraction
TEM transmission electron microscopy
SEM scanning electron microscopy
DLS dynamic light scattering
GPC gel permeation chromatography
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Abstract: This paper computationally investigates heterogeneity in the distribution of foam fraction
in chemically expanding blown polyurethane foam. The experimentally observed disparity in
the volumes of expanded foam when an equal mass of the foaming mixture was injected into
tubes of different dimensions motivated this study. To understand this phenomenon, attributed
to local variations in the thermal and rheological properties of the expanding system, we explore
available data from free-rise foam-expansion experiments in different geometries. Inspired by the
mathematical framework for the microstructure modelling of bubble growth in viscous liquids,
we study the reacting mixture as a continuum and formulate appropriate mathematical models that
account for spatial inhomogeneity in the foam-expansion process. The nonlinear coupled system of
partial differential equations governing flow was numerically solved using finite-volume techniques,
and the associated results are presented and discussed with graphical illustrations. The proximity
of the foaming-mixture core to the external environment and the thickness of a thermal-diffusion
layer formed near the bounding geometry was seen to influence the distribution of the foam fraction.
Our simulations showed an average spatial variation of about 1.1% in the distribution of solid foam
fraction from the walls to the core, as verified with data from μCT scan analysis of the expanded foam.
This also reflects the distribution of void fraction in the foam matrix. The models were validated with
experimental data, and our results favourably compared with the experiment observations.

Keywords: polyurethane foams; nonuniform expansion; foam fraction distribution; reaction injection
molding; chemorheology; finite-volume method

1. Introduction

The commercial relevance of flexible or rigid polyurethane (PU) foams has stimulated extensive
research interest in their production and product-optimization processes. In their production phase,
PU foams exhibit complex behavior initiated by premixing relevant isocyanate and polyol groups
in the presence of suitable catalyst and blowing agents. Depending on the type of blowing agent,
among many factors affecting the foaming process [1], the resulting PU foam matrix is classified as
rigid or flexible foam. However, certain factors, such as mixture rheology, amount of nucleated bubbles
in the mixture, rate of depletion of the created/injected gas, or other external control mechanisms,
affect their expansion process.

In flexible foams, the reaction between isocyanate and water in a chemically blown system results
in the formation of amine and CO2 gas. This CO2 gas diffuses into nucleated bubbles in the mixture
due to a pressure difference [2], leading to a continuous increase in mixture volume until the reacting
water is totally converted. More so, the combined effect of the evolution of mixture viscosity via
chain-linking/polymerization, urea formation, as well as bubble rupture also limit the expansion
process. This process results in a foam matrix with open cells [3]. On the contrary, physical blowing
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agents, such as trichlorofluoromethane, cyclopentane, or liquid CO2, do not react in the mixture [4].
However, due to their relatively low boiling point, the associated hydrocarbon vaporizes (at its boiling
temperature) as a result of the exothermic nature of the foaming system [5]. The vaporized gas diffuses
into the nucleated bubbles in the mixture, leading to the expansion of the reacting mixture and the
formation of a foam matrix with closed cells and rigid morphology

The PU foam expansion process may be homogeneous or heterogeneous depending on whether
the system is controlled or not. This, in turn, influences pore structure and pore-size distribution [6],
as well as the thermophysical and physicomechanical properties of the final foam matrix [7–10].
However, some applications of PU foams require homogeneously distributed bubbles in the final
product. Situations arise, for example, in a geotechnical engineering process, where the expanding
system cannot be controlled, thereby resulting in a heterogeneous expansion of the foaming
mixture [11]. Such inhomogeneity in bubble-size distribution, attributed to the spatial variation
of flow properties, results in a subdivided domain consisting of zones where the bubbles grow freely,
and zones where their growth is restricted [7,12].

Several successful attempts to predict bubble growth and their size distribution in various liquids
from a microscopic (cell model) view have been reported in the literature [7–9,13–18]. For instance, the
theoretical modelling and analysis of the evolution of a vapor bubble expanding in a shell of power-law
(non-Newtonian) fluid by Street et al. [13] illustrated the influence of the shear thinning, melt viscosity,
and molecular diffusivity of the blowing agent on the initial growth of the bubble. In addition, the mass
and momentum transport process of the fluid was also shown to significantly affect the initial growth
rate of the nucleated bubble [13]. In a related study [7], the effect of blowing-agent concentration and
gelling (cream) time on the expanding bubble in a PU foam mixture, as well as bubble-size distribution,
was presented. To understand the influence of fluid viscoelasticity on expanding bubbles, Feng and
Bertelo [8] carried out an extensive study on bubble expansion in a viscoelastic (Oldroyd-B) fluid.
Adopting the cell model, they simulated and discussed the effect of gas depletion and the proximity of
neighboring bubbles in the physically blown polymer, and predicted the evolution and size distribution
of the bubbles in reasonable agreement with available experimental data.

In their work, Amon and Denson [14] presented a mathematical framework for a system of
expanding bubbles, with each bubble enclosed in a shell of liquid containing supersaturated gas.
Relevant features that allow for the possible extension of the proposed model to the macroscopic
investigation of bubble growth in liquids were analyzed. Based on the cell model [13,14] and neglecting
surface tension effects, Bruchon and Coupez [15] numerically tracked the evolution of the radius
of a single bubble in a Newtonian fluid and further carried out 2D and 3D simulations of a finite
number of bubbles expanding in a pseudoplastic fluid. Although the cell model provides relevant
qualitative information on bubble dynamics in liquids [14], it reduces the foam-structure formation
to the resolution of tracking the evolution of the radius of a limited number of bubbles within the
liquid [15]. This becomes more complicated and (numerically) expensive when an increasingly large
number of bubbles [15,16], as in the case of PU foam formation, expands heterogeneously under
nonisothermal conditions.

Motivated by the theoretical framework in References [13–15] and the challenge in Reference [15],
we sought to understand and predict the nonuniform expansion observed in a thermally uncontrolled
PU foam-formation process. We propose a macroscale (continuum) model that accounts for local
variations in the foam-expansion process. We adopted the modelling approach of Reference [19],
which summarizes the specie consumption with the Kamal law [20] for the degree of cure, with an
adequately modified expansion source term and accounting for local contributions of the mixture
temperature and viscosity to the expanding system. Although this approach does not quantify the
bubbles in the foam, it gives a qualitative description of the distribution of void fractions in the
domain. Of particular importance in this study was to investigate and understand the observed
volume variation of the expanded foam when an equal mass of the reacting foam was injected into
different cylinders in free-rise experiments. In this regard, three foam-expansion experiments in
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different geometries were studied and simulated. With graphical illustrations, we present our results
and validate them against available experimental data. Furthermore, we carried-out μCT scan analysis
of the expanded foam matrix and compared our observations with results from our simulation.
Our results show qualitative agreement with observations from the experiments.

The rest of this paper is structured as follows. In Section 2, we briefly describe the experimental
setup and present a mathematical framework for the nonuniform expansion source term adopted
in our simulations. The results and corresponding discussions are presented in Section 3, and we
conclude the study in Section 4.

2. Experiment and Mathematical Framework

Following the experiment and discussions in Reference [19] on the free-rise PU foam-expansion
process, equal masses (77 and 37 g) of a reacting mixture containing isocyanate and precursors for
rigid foam with some water are injected into different cylindrical tubes in a series of experiments at
room temperature. Each pair had a diameter of 56 and 112 mm, and a height of 812 and 203 mm,
respectively. In related reaction injection molding (RIM) experiments, the same mixture was injected
into a rectangular mold of 500 × 50 × 40 mm (Figure 1) under a fixed wall temperature of 55 ◦C.
The expanding foam in each tube was monitored, and their heights and volumes were recorded in
time with the aim of understanding the effect of the mold or geometry conditions on the expanding
PU-foam system, particularly since the free-rise experiments in the cylinders resulted in a foam
matrix of different volumes. This suggested a possible influence of the geometry conditions on the
foam-expansion process.

y 
x 

z 
Injection Slit 

Analyzed region 

Figure 1. Schematic description of the geometry of the closed rectangular mold in the reaction injection
molding (RIM) experiments. The marked region corresponds to the part of the expanded foam analyzed
with μCT scans, (see Section 3.2).

Assuming that the foaming mixture is a quasihomogeneous continuum with a constant rate law
for the degree of cure, the experiments presented above were modelled mathematically, subject to
appropriate boundary conditions. The equations governing the transport of mass, energy, and degree
of polymerization follow directly from Reference [19] (see Appendix A). However, the source term in
the equation governing the conservation of mass is adequately restructured to account for possible
nonuniformity in the expanding system.

The mathematical formulations of Street et al. [13], and Bruchon and Coupez [15] from the
conservation of mass and momentum transport describe the dynamics of a bubble of radius R
expanding in a pool of viscous liquid under quasistatic motion. Adopting the continuity of stresses at
the surface of the bubble and neglecting the surface-tension effect, the evolution of the bubble radius
was summarized by:

Ṙ
R

=
Pb − Pl

4μ
e f f
l

. (1)
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where Pb and Pl are the pressure in the bubble and liquid, respectively. μ
e f f
l is the effective viscosity

of the surrounding liquid, and Ṙ is the rate of change of the radius of the bubble as it expands in
time. Equation (1) implies that, for a given bubble, expanding in a liquid with viscosity μ

e f f
l under

isothermal condition

Pb − Pl ∝ μ
e f f
l

Ṙ
R

. (2)

The equation governing the conservation of mass of the expanding PU foam relates flow velocity
v to foam volume in time (V(t)) (see Reference [19]) by:

∇ · v =
1

V(t)
dV(t)

dt
= Sp. (3)

Sp here is the expansion source term. We adopted a growth model [19,21,22] for the volume of the
expanding foam, so that at any time t, foam volume V(t) is described by

V(t) = A exp
(
−π̄

[
(t + t∗)−ε̄

])
+ γ, (4)

where t∗ is the time when the foam starts to expand after being injected into the mold. Constants A,
ε̄, π̄, and γ are estimated from available volume-expansion experiment data.

In a thermally controlled (adiabatic) foam-expansion setup, the source term, denoted here as Sad
p ,

is ideally obtained from volume V(t) of the expanding PU foam under spatially uniform temperature
conditions. Consequently, this results in the homogeneous expansion of the foaming mixture at
constant pressure. Hence, suppose there are n nucleated spherical bubbles in such an expanding
system, each bubble with an R radius, then one can show that the contribution of Sad

p to individual
bubbles relate to the radius of each bubble by

1
V(t)

dV(t)
dt

≡
(

Ṙ
R

)
add

= βSad
p , (5)

where β = 1/3 (see Appendix B). Therefore, under adiabatic conditions, Equation (1) can be
rewritten as:

Pb − Pl = 4βμad
l Sad

p (6)

Here, μad
l is the mixture viscosity under adiabatic temperatures.

Thermal conditions in chemorheological fluids significantly affect the rate of reaction, which has
direct consequence on the evolution of the chemoviscosity of the reacting fluid [19,23]. More so,
in a thermally uncontrolled (nonadiabatic) foaming system, the temperature of the expanding foam
spatially varies. Under this condition, temperature measurements at the core is often approximated
to be adiabatic since temperatures in this region are less diffusive. However, beyond a progressive
thermal diffusion layer in the region close to the boundaries, temperature conditions are nonadiabatic.
Hence, expanding bubbles in such regions would lead to restricted growth due to the combined effect
of temperature, reaction rate, and mixture effective viscosity (μe f f

l ) [7,12].

Dividing both sides of Equation (6) by 4μ
e f f
l and assuming that the pressure difference between

the bubble and the surrounding liquid is locally the same under adiabatic or nonadiabatic temperature
conditions, we have:

[
Pb − Pl

4μ
e f f
l

=
Ṙ
R

]
≡ βSp =

4βμad
l Sad

p

4μ
e f f
l

. (7)

Therefore, considering local thermal influence on the growth of individual bubbles reflected in
the local viscosity of the expanding PU foam, we define a linearly averaged local effective viscosity
μ

e f f
l by
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μ
e f f
l = (1 − α)μad

l + αμnad
l , with μnad

l ≥ μad
l . (8)

where μnad
l is the viscosity of the foaming mixture under a nonadiabatic condition, and thermal

sensitivity parameter α is to be determined (see Section 3.3.1 for details). Hence, Equation (7) becomes:

βSp =
4βμad

l Sad
p

4((1 − α)μad
l + αμnad

l )
, (9)

Rearranging Equation (9), we obtain:

Sp =
Sad

p

1 + α

(
μnad

l
μad

l
− 1

) . (10)

The equation governing mixture viscosity μm as in Reference [19] is given by

μm = μoo exp
(

Eμ

RT

)
· H(ζ) · F(ϕg), (11)

where μoo is constant, Eμ is the foam activation energy, T is the temperature, and R is the rate
constant. H(ζ) and F(ϕg) are, respectively, the contributions of the degree of cure/polymerization
ζ and the absorbed gas fraction ϕg to the viscosity of the mixture. We assume for simplicity that
these contributions are locally uniform so that by substituting Equations (11) in Equation (10),
and simplifying the resulting expression, we obtain

Sp =
Sad

p

Γμ
(12)

where local damping factor Γμ is given by

Γμ = 1 + α

(
exp

(
Eμ

R

(
1

Tnad − 1
Tad

))
− 1

)
(13)

This implies that nonlocal parameter α controls the influence of temperature, at a constant
reaction rate, on the expansion of the foam. Therefore, at any thermal conditions, the right-hand side
of Equation (3) is adequately replaced with Equation (12).

In the next section, we present and discuss the results obtained from both the experiments and
our simulations. Further comparison against the experimental data are carried out.

3. Results and Discussion

We commence this section by presenting some observations from the experimental data and
follow this up with the results from our simulations. Details of the numerical method adopted in
resolving the system of nonlinear partial differential equations governing the expansion process are
presented in Reference [19].

3.1. Experiment Observations: Free-Rise Foam Expansion in the Cylinders

Results from the free-rise experiments, carried out by our colleagues at the Institute of Lightweight
Structures, Chemnitz University of Technology, Germany (Table 1 and Figure 2) reveal a possible
influence of geometry constriction on the expanding foams.
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Table 1. Experiment observations showing the final average volume estimated from several experiments.

Tube Diameter Injected Mass Final Volume

(mm) (g) 1e6 (mm3)

112 77 1.622
56 77 1.401

112 37 0.74547
56 37 0.6452

Figure 2. Temperature measurement at a point with equal volumetric reading of 1.25 L from the
graduated cylinders. This corresponds to a height of 507.5 mm in the 56 mm diameter tube and 127 mm
in the 112 mm diameter tube, respectively.

The final volume of the expanded PU foam in the 56 mm cylinder was observed to be lower in
comparison with that of the 112 mm tube though equal initial masses of 77 and 37 g were injected into
each pair of cylinders. This unexpected behavior suggests an interplay between the heat transfer in the
reacting system and the proximity of the external environment to the core of the expanding PU foam.
In the case where the distance from the core to the bounding surface was small, the rapid heat loss in
time (Figure 2) enhanced the reduction in the final volume of the expanded foams.

3.2. μCT Scan Analysis

To investigate the distribution of solid foam fraction in the matrix, which conversely depicts the
void fraction, μCT scan images of a section of the foam with a 50 × 50 × 40 mm dimension from the
rectangular mold (Figure 3a) were studied. The corresponding scanned images were reconstructed
and analyzed with GeoDict digital material laboratory software [24]. The reconstructed image (Figure
3b) was divided into 15 bins of equal sizes in each direction and the average solid fraction of the foam
in each bin was obtained.
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(a) (b) (c)

Figure 3. (a) Setup for the μCT scan data capture. (b) Reconstructed image of the μCT scan raw
data using GeoDict. (c) Transversal binarised image of CT scan. Slice taken from middle point along
the z-axis.

In Figure 4, about 1.2% variation in the solid foam fraction was observed along the x-axis, and
about 1.8% along the y-axis. The x and y-axis are taken to be perpendicular to the entrant (y-z plane)
and the base (x-z plane), respectively. However, the distribution of the solid fraction remains almost
constant, with a variation of about 0.3%, in the z-direction perpendicular to (x-y plane) from the side
wall. We noted that the high solid fractions at the base (Bin 1) along the y-axis resulted from the fact
that this region got filled first during the injection molding, with some of the material remaining there
at lower temperatures throughout the expansion period, thereby resulting in a more dense region in
the domain.

Figure 4. Percentage average volume fraction in each bin along each axis of the reconstructed μCT scan image.

Since the proportion of the void in a given material conversely relates to the solid fractions,
the distribution of void fractions in the foam matrix, which reflects pore- or bubble-size distribution,
is also deductible from Figure 4. More voids were observed toward the core when compared to regions
near and at the walls in the expanded foam. Hence, relatively bigger bubbles concentrated at the
core when compared to the region near the walls. We therefore surmised that the higher temperature
at the core significantly contributes to the expansion rate of the nucleated bubbles in this region.
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This spatiotemporal variations in temperature and material viscosity induce a nonuniform expansion
in the foam, resulting in the variation of bubble size and their distribution across the mold.

In the next section, we numerically explore the reported inhomogeneity observed in the expanded
PU foam from experiments, and attempt to address the fundamental questions motivating this study:

• Why does equal mass of PU foam mixture injected into tubes of different dimensions in the injection
molding experiment (without overflow) result in expanded foams with different volumes?

• How can this observed nonuniformity be accounted for when modelling and simulating PU
foam-expansion processes in other geometries, different from the cylinders?

3.3. Numerical Results and Discussion

All numerical implementations in this section were carried out with our inhouse FOAM solver
based on the finite-volume method, and resident in the Complex Rheology Simulation (CoRheoS)
platform developed at the Fraunhofer ITWM. Unless otherwise stated, all relevant input material
values for our simulations were adopted from Reference [19].

3.3.1. Estimating α and Adiabatic Source Term Sad
p

With the volume data from the free-rise expansion experiments in both cylinders, we obtained
appropriate parameters for the fit functions (see Equation (4)). Here, fit volumes V112 and V56 describe
the volume of the expanding PU foam in the cylinders with 112 and 56 mm radius, respectively
(Figure 5). Following the methodology described in Reference [19], we computed the corresponding
S112

p for volume V112 and S56
p for V56. Due to the unavailability of the relevant adiabatic measurements

for the expanding PU foam, we estimated the value for α and numerically obtained the adiabatic
source term Sad

p required for our simulations (Figure 6). We conjectured that any given PU foam of
the same mixture under adiabatic conditions, irrespective of geometry, would expand with the same
volume in time. So, from Equation (12) in the form

Sb
p =

Sad
p

1 + α
(

exp
(

Eμ

R

(
1

Tb − 1
Tad

))
− 1

) , b = (112, 56). (14)

and rearranging the resulting expressions, we obtain

α =
Ŝp − 1

Ŝp + exp
(

Eμ

R

(
1

T56 − 1
Tad

))
− Ŝp exp

(
Eμ

R

(
1

T112 − 1
Tad

))
− 1

, (15)

where Ŝp =
S112

p

S56
p

.

Using the simulated average temperatures < T > in each tube over the duration of the free-rise
experiment, we obtained α from Equation (15), which varies in time, and computed Ŝad

p as the average
between the Sad

p calculated from S112
p , and that calculated from S56

p using the same α, so that

Sad
p =

〈
S112

p Γ112
μ , S56

p Γ56
μ

〉
, (16)

serve as input to our simulation. With one set of values for the duo, we achieved very good correlation
between the volumes from our simulations and those obtained in the free-rise experiments for all
considered geometries. However, we noted that approximating Sad

p became unnecessary if at least one
set of the experimental data was obtained from an adiabatic setup. In such a case, we would only need
to obtain the appropriate value for α.
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Figure 5. Fit functions for the volume data from the polyurethane (PU) foam-expansion experiments
in the 112 mm with fit parameters values A112 = 1.7041, ε̄112 = 3,249,603, π̄112 = 3.293393 and
γ112 = 0.076, and the 56 mm tubes with parameter values A56 = 1.4288, ε̄56 = 3,049,603, π̄56 = 3.3 and
γ56 = 0.076.

Figure 6. Graphical representation of the expansion source term for each experiment and the estimated
Sad

p for the adiabatic expansion.

3.3.2. Influence of Thermal Conditions on the Foam-Expansion Process

The significant difference between the adiabatic and nonadiabatic temperatures in the 56 mm
tube (Figure 7a) is attributed to the propinquity of the external environment to the core of the
expanding foam.

This proximity results in rapid heat loss through the walls of the cylinder due to diffusion. In the
112 mm tube, on the other hand, temperatures at the core were close to adiabatic conditions up to a
thermal diffusive layer (near the walls), where heat loss gradually becomes significant (Figure 7b).

The time variation of α in Figure 8a induces a local damping effect (Figure 8b), which is a
consequence of the spatial difference in temperatures. Regions with temperature values close to the
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adiabatic temperature experience minimal or no damping. In addition, depending on the closeness of
the bounding surface to the core and the local temperatures in the expanding mixture, the damping
effect increases with an increase in α (see Figure 8a,b). Therefore, at higher α values, the mixture in the
tube with the 56 mm diameter becomes less expansive when compared with the 112 mm tube, thereby
resulting in a significant decrease in the final volume of the expanded foam in the smaller tube.

(a) 56 mm Tube (b) 112 mm tube

Figure 7. Adiabatic and nonadiabatic temperature profiles along an axis across the tubes (with
maximum temperatures in the core) at a fixed time during the expansion process (a) in the 56 mm tube
and (b) in the 112 mm tube.

(a) 56 mm (b) 112 mm

Figure 8. Plots showing the (a) variation of the computed α in time and (b) the associated damping
factor 1/Γμ in each tube as a consequence of thermal disparieties in the cylinders.

To further consolidate our proposed mathematical framework for expansion source term Sp in
Equation (12), we compared the data for the final volumes of the expanded foams from the free-rise
experiments with results from our simulations (Table 2). In addition, we simulated a supplementary
experimental setup for a free-rise foam-expansion experiment conducted with 77 g of the same PU
foam material in a cylindrical tube with 84 mm diameter using the same α and Sad

p obtained from our
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previous calculations (Equations (15) and (16)). The results showed very good correlation with data
from experiments (see Table 2).

Table 2. Comparison for the final foam volumes from the experiment and our simulations for uniform
and nonuniform expansion models using the computed Sad

p .

Simulation

α = 0 α > 0 Experiment

d Mass Vol Function Vol Sp Vol Vol

(mm) (g) V(t) 1e6 (mm3) Sad
p 1e6 (mm3) 1e6 (mm3)

112 77 V112 1.63667 Sad
p 1.61 1.622

112 37 V112 0.813583 Sad
p 0.7250 0.74547

56 77 V56 1.41645 Sad
p 1.44822 1.401

56 37 V56 0.696319 Sad
p 0.664682 0.6452

Result from simulation of Supplementary
supplementary experiment Experiment

84 77 Sad
p 1.55188 1.5657

3.3.3. Spatial Inhomogeneity in the Expanded PU Foams: Simulation Results

In our previous study [19], the expanding foam was assumed to undergo nonlocal expansion,
which resulted in spatially homogeneous foam fraction within the expanded foam. However,
accounting for spatial inhomogeneity in the expansion source term (Sp) (i.e., α > 0), the local variations
which arises as a consequence of the spatial changes in temperature and the mixture viscosity influences
the distribution of foam fraction in the PU foam system, Figure 9a,b.

(a) (b)

Figure 9. Spatial variation of solid foam fraction in the expanded foam (a) in the 56 mm diameter tube
and (b) in the 112 mm diameter cylinder. The deep red region indicates higher solid fractions.

This lower temperature at the wall causes an increase in local viscosity. Therefore, the interplay
between temperature, viscosity, and local expansion results in restricted growth of the foaming mixture
near the walls. This further leads to the formation of densely packed foam fraction around those regions.
However, since thermal conditions are higher in the core, the material in this region freely expands.

This corresponds to the lighter colored regions in Figure 9, where foam fractions are lower
compared to the deep-red parts with higher solid fractions.
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The symmetry in flow direction during free-rise expansion in the tubes induces a symmetric
distribution of the foam fractions across the tube (Figure 10a,b). More so, the solid fraction of the
foamed material was observed to decrease with height around the bounding walls and in the core.

(a) (b)

Figure 10. Simulation results showing the symmetric distribution of the solid foam fraction across the
cylinder at different heights (a) in the 56 mm tube and (b) in the 112 mm tube.

The observed disparity in the fractions of the expanded foam (Figure 11a,b) directly follows
from the temperature conditions in the corresponding setup. Provided the expanding system is
non-adiabatic the thickness of the heat diffusion layer near the walls, attributed to the proximity of
the core of the expanding foam to the external environment, results in significant increase in the local
viscosities around those regions. This diffusion effect is more prominent in the 56 mm cylinder when
compared to the 112 mm cylinder. Consequently, the foaming material in the smaller tube experiences
more growth restriction around the walls in both cases of the injected masses (37 gm and 77 gm).
Therefore, the higher values of the solid foam fractions in the constricted geometry result in denser
foam with a reduction in the final volumes of the expanded foams, as seen in the 56 mm cylinder.

(a) (b)

Figure 11. Disparity in foam-fraction distribution from the center of the base to a point in the core for
both cylinders, with injected material mass of (a) 37 g and (b) 77 g.

Furthermore, we assessed our modelling technique and confirmed its efficacy by validating our
results with those from the μCT scan analysis of the expanded foam in the rectangular geometry.
Using the same values for α and Sad

p obtained from the tube simulations, we simulated the injection
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molding process of PU foam in a rectangular mold as described in Section 2. We particularly
investigated the distribution of the solid fraction and compared our simulation results with the
data from μCT scan analysis (Figure 12a–c). In Figure 12a along the x-axis, we observed a similar
variation (in foam-fraction distribution) of about 1.2% in both cases and, along the y-axis, a variation of
about 1.3%–1.8% was observed (Figure 12b). A variation of about 0.2%–0.3% was also observed along
the z-axis, as shown in Figure 12c. The asymmetry observed in the distribution of the solid fractions in
Figure 12 is due to the asymmetry in the flow of the reacting mixture along the flow direction during
the foam-expansion process. This observation qualitatively agrees with those from the experiments.

(a) Foam fractions along the x-axis.

(b) Distributions of solid foam fractions along the y-axis.

(c) Solid foam fractions along the z-axis.

Figure 12. Comparison of the percentage volume fraction from the experiment and those from our
simulations along each axis.
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Finally, we adopted the obtained models and simulated the reaction injection molding of the PU
foams in a wavelike geometry. The comparison between the final results from the simulations and
those obtained from the experiment showed very good agreement (Figure 13).

(a) 56 mm tube (b) 112 mm tube

(c) 56 mm tube (d) 112 mm tube

Figure 13. Comparison between simulation and experiment for reaction injection molding in a wavy mold.

4. Conclusions

Inspired by the cell model for a unit bubble expanding in a viscous liquid, we proposed
a mathematical framework that accounts for spatial inhomogeneity in a thermally uncontrolled
(nonadiabatic) system of expanding polyurethane foam. We surmised that, under adiabatic conditions,
a given foam material would expand in the same manner, irrespective of mold geometry. Hence,
with the understanding that temperature distribution in a nonadiabatic system plays significant role in
the local expansion of the foaming material, the source term driving foam expansion is structured to
depend on the variation between adiabatic and nonadiabatic temperatures. With one setup for the
expansion source term, calibrated for adiabatic expansions, we studied all flow conditions considered
in this work. To understand the degree of nonuniformity in the expanding foam, we modelled and
simulated free-rise PU foam-expansion experiments in cylindrical tubes of different diameters, and the
injection molding of the same foam in a rectangular mold. A fundamental issue in this study was to
investigate the observed difference in the volumes of the expanded PU foam when equal amounts of
mass were injected in different geometries.

The interplay between temperature, material viscosity, and the gap between the core and the
external environment were observed to affect the distribution of solid foam fractions in the expanded
PU foam. In a nonadiabatic system, the thickness of the thermal diffusion layer near the walls resulted
in the appearance of a viscous layer that restricts the expansion process around such locations. Then,
a densely packed foam fraction formed in the regions near the wall. This phenomenon was more
pronounced in constricted geometries, where the core of the expanding foam was relatively closer to
the external environment. Therefore, the observed disparity in the volumes of the expanded foam in
the free-rise experiments in the cylinders resulted from the combined effects of temperature, viscosity,
and the proximity of the foam core to the bounding surface. To validate our models, we compared the
results from our simulations with the volume data of the expanded foams, obtained from the free-rise
experiments in the cylinders. Our results showed good correlation with those from the experiments.
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Images from μCT scans of the expanded foam from the rectangular mold were reconstructed and
studied using GeoDict digital material laboratory software. The reconstructed images were analyzed
for the distribution of foam fractions in the mold. Analysis showed an average spatial variation
of about 1.1% in the foam fraction from the walls to the core of the foam matrix. This observation
favorably compared with the results from our injection molding simulation.

This study serves as a platform for our ongoing studies on foam-expansion processes in porous
media, with applications in reinforced structures with complex geometry.
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Appendix A. Governing Equations

Conservation of Mass

∇ · v =
1

V(t)
dV
t

= Sp, (A1)

Conservation of Momentum

∂ρv

∂t
+∇ · (ρvv) = −∇P +∇ · (ηmD) + ρg , (A2)

Conservation of Energy

ρCp

(
∂T
∂t

+ v .∇T
)
= ∇ · (k∇T) +

1
2
(ηmD : D) + ρHR

dζ

dt
. (A3)

Degree of Polymerization

dζ

dt
= (k1 + k2ζm)(1 − ζ)n, (A4)

k1, k2 m, and n are constants. ζ is the degree of cure/polymerization. ρ is density, P is pressure, D is
deformation tensor, v and g are, respectively, flow velocity and the gravitational force. Cp, HR, and k
are the specific heat capacity, heat of reaction, and thermal conductivity, respectively.

Appendix B. Relationship between Radius R and Expansion Source Term Sp

Suppose there are n bubbles in the expanding PU foam system, and each bubble of radius R(t)
expands uniformly in time with volume V(t). We can write the total volume of the expanding bubbles as

n

∑
i=1

1
Vi

dVi
dt

=
n

∑
i=1

3
4πR3

i

d
dt

(
4
3

πR3
i

)
, (A5)

since the expansion is uniform, so that R′
is are equal in time; then, with some algebraic manipulations,

it suffices to write

1
V

dV
dt

=
3
R

dR
dt

. (A6)
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Therefore, [
1
V

dV
dt

= Sp

]
≡ 3

R
dR
dt

= Sp. (A7)

So that
1
R

dR
dt

=
1
3

Sp (A8)
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Abstract: A phosphorus-containing tung oil-based polyol (PTOP) and a silicon-containing tung oil-based
polyol (PTOSi) were each efficiently prepared by attaching 9,10-dihydro-9-oxa-10-phosphaphenanthrene
(DOPO) and dihydroxydiphenylsilane (DPSD) directly, respectively, to the epoxidized monoglyceride of
tung oil (EGTO) through a ring-opening reaction. The two new polyols were used in the formation of
rigid polyurethane foam (RPUF), which displayed great thermal stability and excellent flame retardancy
performance. The limiting oxygen index (LOI) value of RPUF containing 80 wt % PTOP and 80 wt %
PTOSi was 24.0% and 23.4%, respectively. Fourier transfer infrared (FTIR), Nuclear Magnetic Resonance
(NMR) and thermogravimetric (TG) analysis revealed that DOPO and DPSD are linked to EGTO by a
covalent bond. Interestingly, PTOP and PTOSi had opposite effects on Tg and the compressive strength
of RPUF, where, with the appropriate loading, the compressive strengths were 0.82 MPa and 0.25 MPa,
respectively. At a higher loading of PTOP and PTOSi, the thermal conductivity of RPUF increased while
the RPUF density decreased. The scanning electron microscope (SEM) micrographs showed that the size
and closed areas of the RPUF cells were regular. SEM micrographs of the char after combustion showed
that the char layer was compact and dense. The enhanced flame retardancy of RPUF resulted from the
barrier effect of the char layer, which was covered with incombustible substance.

Keywords: tung oil; DOPO; dihydroxydiphenylsiane; flame retardant; rigid polyurethane foam

1. Introduction

The depletion of petroleum reserves is driving the development of polymers and polymer additives
from sustainable bio-materials. Polymer materials made from renewable sources have attracted
attention around the world [1]. Vegetable oils are particularly promising renewable chemicals for the
preparation of polyols and rigid polyurethane foam (RPUF) due to their renewability, universal availability,
and environmental compatibility. Vegetable oils have double bonds, ester groups and other reactive sites
that can be modified to form new polyol structures [2]. Vegetable oils such as castor oil, palm kernel
oil [3,4], rapeseed oil [5], and tung oil [6] have been used to produce RPUF. RPUF has been widely used in
materials for building insulation due to its excellent mechanical performance. However, a limitation to the
use of RPUF is flammability, which is related to its cellular structure and low density [7,8].

In recent years, much effort has been devoted to increasing the flame-retardant properties of RPUF.
Conventional methods of flame-retardant treatment for RPUF include the incorporation of flame-retardant
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additives based on phosphorus, silicone, nitrogen, and halogen compounds. While these flame-retardant
additives impart excellent flame retardancy to RPUF, the introduction of larger amounts of flame retardants
may have an adverse effect on the mechanical and physical characteristics of RPUF [9]. Furthermore, flame
retardant additives may easily mobilize out of the RPUF matrix into the exterior [10]. When burning,
flame retardants that contain halogens release a lot of harmful gases and bring about environmental
pollution. More importantly, organohalogen compounds fragmenting from the polymers are stable and
able to persist and bioaccumulate in the environment, and thus may pose a risk to human health [11].
Consequently, an environmentally friendly reactive flame retardant is needed. The main benefit of reactive
flame retardants compared to other flame-retardant additives is that the flame-retardant molecule is linked
to the RPUF structure with a covalent bond [12].

The compound 9,10-dihydro-9-oxa-10-phosphaphenanthrene (DOPO) [13] is an environmentally
friendly reactive flame retardant that has attracted considerable attention because of its outstanding
thermal stability and ability to resist oxidation and hydrolysis [14]. Due to its aromatic and
phenanthrene ring structure, DOPO is more thermally and chemically stable than standard organic
phosphate, and little toxic gas is released during its combustion [15]. The flame-retardant ability of
DOPO has been attributed to the formation of a reactive substance such as PO−, which is released to
the gas phase where it engages with H· and OH· groups and disrupts the combustion process [16].
DOPO exhibits prominent gas-phase flame retardant properties during RPUF combustion [17,18].
Modification of RPUF through the incorporation of silicon-containing flame retardants is also
recognized as an environmentally friendly method that reduces flammability [19]. Silicone materials
show good flame-retardant properties through the formation of char barriers (Si–C, Si–O) at the
surface of the polymer at high temperatures [20]. There are two ways to enhance the flame
retardancy of RPUF, one of which is the addition of the inorganic silicon such as nano-silica and
whisker silicon oxide [21], and the other of which is the introduction of silicon into the structure of
polyols using 3-aminopropylmethyldiethoxysilane (APTES), N-(β-aminoethyl)-γ-aminopropylmethyl
dimethoxysilane (KH-602), and SiO2 [22–24]. This has resulted in the development of novel reactive
flame retardants for RPUF. Tung oil-based flame-retardant polyols have not been reported previously.

The goal of this work was to develop an innovative RPUF based on the incorporation of a
phosphorus-containing tung oil-based polyol (PTOP) and a silicon-containing tung oil-based polyol
(PTOSi). The molecular structure of the compounds and the thermal properties of the two new tung
oil-based flame-retardant polyols were characterized using FTIR, 1H NMR, 31P NMR, and TG. RPUFs were
characterized for their thermal and flame-retardant behaviors using several analytical techniques.

2. Materials and Methods

2.1. Materials

Tung oil (TO) was provided by Jiangsu Qianglin Bioenergy Material Co., Ltd (Qianglin, China).
Glycerol, sodium methoxide and ethyl acetate were obtained from Nanjing Chemical Reagent
Co., Ltd (Nanjing, China). Acetic acid was purchased from Nanjing Chemical Reagent Co., Ltd
(Nanjing, China). Hydrogen peroxide (30 wt %) was purchased from Shanghai Linfeng Chemical
Reagent Co., Ltd (Shanghai, China). Other materials such as P-toluenesulfonic acid monohydrate
(TsOH·H2O), 9,10-dihydro-9-oxa-10-phosphaphenanthrene (DOPO), dihydroxydiphenylsilane (DPSD)
and dibutyltin dilaurate (DBTDL) were provided by Aladdin Industrial Corporation (Shanghai,
China). Polyether polyol (PPG4110) was purchased from Jiangsu Qianglin Bioenergy Material Co., Ltd
(Jiangsu, China); and its hydroxyl value was 403 mg KOH/g and its viscosity was 3.6 Pa·s at 25 ◦C.
Polyaryl polyisocyanate (PAPI) was provided by Yantai Wanhua Polyurethane Co., Ltd (Yantai, China)
with 30.3 wt % NCO. Foam stabilizer (AK8804) was purchased from Jiangsu Maysta Chemical Co., Ltd
(Jiangsu, China). Foaming agent (HFC-365mfc) was obtained from Dongguan Changze Chemical Co.,
Ltd (Dongguan, China). Deionized water was made at the laboratory.
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2.2. Synthesis of GTO and EGTO

The synthesis of the tung oil monoglyceride (GTO) was carried out as described in a previous
study [25]. The epoxidized monoglyceride of tung oil (EGTO) was prepared as follows: 100 g of GTO
(0.46 mol carbon-carbon double bond), CH3COOH (0.92 mol) and TsOH·H2O (0.046 mol) were added
to a round-bottom flask. Hydrogen peroxide solution (0.69 mol H2O2) was added dropwise over a
period of 1 h and the reaction was allowed to proceed for 4 to 5 h at a temperature of 55 ◦C. The EGTO
product was neutralized with 1 mol/L sodium hydrocarbonate solution and then extracted with ethyl
acetate. The ethyl acetate solvent was removed by reduced pressure distillation. EGTO was obtained
and its epoxy value was 3%. The synthesis of GTO and EGTO is illustrated in Scheme 1.

Scheme 1. Synthesis route of tung oil monoglyceride (GTO) and epoxidized monoglyceride of tung
oil (EGTO).

2.3. Synthesis of PTOP and PTOSi

The reaction equations for PTOP and PTOSi are shown in Schemes 2 and 3 and the parameters for
PTOP and PTOSi are summarized in Table 1. The reaction temperature and time of PTOP were 130 ◦C and
120 min, respectively. After the reaction, the product was allowed to cool to room temperature and to stand
for 48 h, after which a small amount of unreacted DOPO precipitated as a white solid. The brown clear
transparent liquid at the top was washed to neutral with distilled water, which was distilled by vacuum
distillation. The conversion rate of DOPO was obtained by comparing the change in the epoxy value of
PTOP with that of EGTO. EGTO and DPSD were blended and heated to 140 ◦C for 2 h. After the product
was cooled down to room temperature and allowed to stand for 48 h, a small amount of the white solid of
the unreacted DPSD subsided, the top brown clear transparent liquid was washed to neutral with distilled
water and water was removed by reduced pressure distillation. The conversion rate of PTOSi was obtained
by comparing the change in the epoxy value of PTOSi with that of EGTO.

Scheme 2. Synthesis route of phosphorus-containing tung oil-based polyol (PTOP).
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Scheme 3. Synthesis route of silicon-containing tung oil-based polyol (PTOSi).

Table 1. The parameters of PTOP and PTOSi.

Sample
DOPO
(mol)

EGTO/Epoxy
Group (g/mol)

DPSD
(mol)

Conversion
Rate (%)

Viscosity
(Pa·s)

P (%) Si (%)
Hydroxyl Value

(mg KOH/g)

PTOP 0.072 100/0.1875 0 95.85 2.19 1.85 0 339.96
PTOSi 0 100/0.1875 0.084 95.48 2.42 0 1.95 317.93

2.4. Preparation of RPUF

RPUF was prepared using a one-step method. The raw materials and formulations used in the
preparation of RPUF are listed in Table 2. Firstly, Part A was made up of AK8804, DBTDL, blowing
agent, water, PPG4110 and flame-retardant polyols. Then, the mixture of PAPI (Part B) and Part A
was stirred for 2 min at approximately 2000–2500 rpm to ensure homogeneous mixing. At the end,
the mixture was poured into a mold and allowed to cure at 80 ◦C for 24 h. The P content of blended
polyols of RPUF/P60 and RPUF/P80 were 1.11% and 1.48%, respectively, and the Si content of blended
polyols of RPUF/Si60 and RPUF/Si80 were 1.14% and 1.52%, respectively.

Table 2. Formulation of rigid polyurethane foam (RPUF).

Sample
Content Weight (g)

PPG4110 PTOP PTOSi AK8804 DBTDL Water HFC-365mfc PAPI

Neat RPUF 100 0 0 2.4 1.2 1.2 20 120
RPUF/P60 40 60 0 2.4 1.2 1.2 20 120
RPUF/P80 20 80 0 2.4 1.2 1.2 20 120
RPUF/Si60 40 0 60 4.0 0.28 0.17 20 100
RPUF/Si80 20 0 80 4.0 0.11 0.11 20 100

2.5. Characterization

2.5.1. Physical Parameter Analysis

The hydroxyl value and acid value of the sample were determined according to ASTM S957-86 and
ASTM D4662-03, respectively. The epoxy value of the sample was tested according to GB/T 1677-2008.
The viscosity of the sample was determined based on ASTM D2983 using a rotary Viscometer DVS+
(Brookfield, Middleboro, MA, USA).
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2.5.2. Gel Permeation Chromatography (GPC)

The reaction progress of PTOP was tracked by GPC (Waters, Milford, MA, USA). GPC spectra
were obtained at a temperature of 30 ◦C and flow rate of 1 mL/min. The parameters of the column
were as follows: mixed PL gel 300 × 718 mm, 25 μm. The solvent was THF.

2.5.3. Fourier Transform Infrared (FTIR)

FTIR spectra of each specimen was measured using a Nicolet iS10 FTIR spectrometer (Madison,
WI, USA). The wavenumber range was from 500 to 4000 cm−1 at a resolution of 4 cm−1.

2.5.4. Nuclear Magnetic Resonance (NMR)

Nuclear magnetic resonance (1H NMR) spectra and 31PNMR spectra were measured
using a BRUKER AV-300 (300MHz) (Bruker BioSpin AG Facilities, Fallanden, Switzerland).
Deuterated chloroform was used as the solvent and tetramethylsilane (TMS) and H3PO4 were used as
internal standards.

2.5.5. Scanning Electron Microscope (SEM)

The microstructure of the RPUF and RPUF residue was determined by SEM (3400N, Hitachi,
Tokyo, Japan).

2.5.6. Thermogravimetric Analysis (TGA)

The thermal stability of the specimen was tested using a NETZSCH TG 209F3
(Gebruder-Netzsch-Straße, Germany). Each specimen was heated from 40 to 800 ◦C under an
N2 atmosphere with a flow rate of 20 mL/min and a heating rate of 10 ◦C/min in alumina crucible.

2.5.7. Differential Scanning Calorimeter (DSC)

The thermal property of RPUF was analyzed by DSC on a NETZSCH DSC 200F3
(Gebruder-Netzsch-Straße, Germany). Samples of about 10 mg were weighed and sealed in the
aluminum DSC pans and placed in the DSC cell. They were first cooled for 0.5 min at −60 ◦C, and then
heated from −60 to 200 ◦C at the rate of 20 ◦C/min under nitrogen atmosphere. They were kept at 200
◦C for 0.5 min to eliminate the previous heat history and subsequently cooled to −60 ◦C at 20 ◦C/min.
Lastly, they were heated again to 200 ◦C at 20 ◦C/min.

2.5.8. Limit Oxygen Index (LOI) Test

The limiting oxygen index test was performed according to ASTM D4986 and using an LOI Meter
(PX-01-005, Nanjing Analytical Instrument Factory Co., Ltd, Nanjing, China). The dimensions of the
specimen were 100 × 10 × 10 mm3. Each sample was run twice and the average result was calculated.

2.5.9. Cone Calorimeter Test (CTT)

CTT was carried out by employing a cone calorimeter (FTT2000, Fire Testing Technology, West
Sussex, UK) according to ISO5660-1. The dimensions of the sample were 20 × 100 × 100 mm3, which
was enveloped in aluminum foil. FTT2000 provided the external heat flux at 35 kW/m2 horizontally.
Each specimen was detected two times and the average result was obtained.

2.5.10. Compressive Strength Test

The compressive strength of RPUF was measured according to ASTM D1621. It was measured
using a CMT4000 universal testing machine (Shenzhen Suns Technology Stock Co., Ltd, Shenzhen,
China) where a speed of 2 mm/s of compressive force was adopted and each sample was tested 5 times
and the average result was obtained.
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2.5.11. Thermal Conductivity Test

The thermal conductivity of RPUF was examined using a thermal conductivity analyzer
(JB-DZDR-P, Shanghai Jiubin Instrument Co., Ltd, Shanghai, China) according to ASTM C518.
The precision of the sample was 50 × 50 × 20 mm3.

2.5.12. Density Test

The density of RPUF was measured according to ASTM D1622. The measurement of the sample
was 50 × 50 × 50 mm3, and the density value was obtained from the average of five repeated tests.

3. Results

3.1. Synthesis of PTOP

The reaction progress of PTOP was monitored by GPC at different times. In Figure 1a, the peak
at 17.25 min was attributed to DOPO, and the broad peak from 10 min to 15.40 min was assigned
to PTOP, while the narrow peak from 15.40 min to 16.50 min was assigned to EGTO. Due to the
excessive amount of EGTO, the peak representing EGTO was evident during the PTOP reaction
process. The DOPO peak almost disappeared at 2 h, which implies that the reaction between DOPO
and EGTO was completed. It can be seen from the Figure 1e,d that no DOPO remained after 2 h at
130 ◦C and 140 ◦C. High temperatures may cause other side reactions to occur. Thus, the synthesis of
PTOP was conducted for 2 h at a temperature below 130 ◦C.

Figure 1. The Gel Permeation Chromatography (GPC) curves of time.

3.2. FTIR of EGTO, PTOP, and PTOSi

Figure 2 presents the FTIR spectra of EGTO, PTOP, and PTOSi. Hydroxyl absorption in EGTO
appeared at 3440 cm−1, while the –CH2– stretching vibration peaks appeared at 2930 and 2850 cm−1.
The stretching vibration at 900 cm−1 belonged to the epoxy group in EGTO [26]. The characteristic
peak for P(O)–H stretching of DOPO in PTOP at 2428 cm−1 disappeared, while a broad peak appeared
at 3340 cm−1, indicating that the epoxy ring in EGTO opened and a hydroxyl group was formed.
Simultaneously, the characteristic –OH peak in PTOP occurred around 3440 cm−1, while the absorption
peak at 1590 cm−1 was attributed to P–Ph, and the absorbing peaks of P=O appeared at 1232 and
1198 cm−1. The absorption peaks around 1043 and 918 cm−1 corresponded to P–O–C and P–O–Ph
vibrations, which are characteristics of EGTO and DOPO, respectively [27]. The absorption peaks on
the FTIR spectrum of PTOSi were consistent with observations from the literature [28]. The presence
of a pronounced peak at 1450 cm−1 characteristic of benzene was significant. Peaks at 1070–1130 cm−1

corresponded to C–O and Si–O bonding [22], and the stretching vibration of two peaks at 880 and
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730 cm−1 were assigned to the Si–C and C–H bonds of benzene. All the above changes confirmed that
PTOP and PTOSi were formed via the ring opening reaction.

Figure 2. Fourier transfer infrared (FTIR) spectra of EGTO, PTOP, and PTOSi.

3.3. 1H NMR and 31P NMR

Figure 3a presents peaks at 0.9 ppm and 2.5 ppm, which were attributed to methyl protons (peak 1)
and fatty acid protons [(–CH2) –CO–] (peak 5), respectively. While protons in –CH2– (peak 6) from glycerol
appeared from 4.0 to 4.1 ppm, the peak at 5.3 to 5.4 ppm was attributed to the carbon–carbon double
bond. The peak at 3.3 ppm in the EGTO spectra indicates that the epoxy group (peak 3) was formed after
epoxidation. The peak at 1.9 ppm corresponded to the hydrogen (peak 8) attached to the carbon adjacent
to –OH and the peak that appeared at 2.0 ppm represented the hydrogen atoms adjacent to the ester bond
[–O–CO–] (peak 7). In Figure 3b, the chemical shifts at 7.2–8.2 ppm (peak 10) indicated the Ar–H of PTOP,
while the absorption peaks at 8.65 ppm (peak 11) and 3.60 ppm (peak 12) represented the P–C–H and –OH
of PTOP, respectively. All of these characteristic 1H NMR bands matched the PTOP structure. In Figure 3c,
the peaks at 7.2–8.2 ppm (peak 14) were associated with the Ar–H of PTOSi, while the peak at 3.4 ppm
(peak 17) was characteristic of the –OH of DPSD that formed from the epoxy group via a ring opening
reaction. The peak at 2.8 ppm (peak 16) was assigned to Si–O–CH–, while the –Si–OH peak appeared
at 2.66 ppm (peak 15). Furthermore, PTOP exhibits a single peak at 35.50 ppm while there is no peak at
14.90 ppm in the 31PNMR spectrum (Figure 4). The chemical shift at 14.90 ppm was attributed to DOPO,
which reveals that the reaction between DOPO and EGTO was completed.

Figure 3. The 1HNMR spectra of EGTO, PTOP, and PTOSi.
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Figure 4. The 31P NMR of DOPO and PTOP.

3.4. SEM Micrographs of RPUF

The SEM micrographs of RPUF are presented in Figure 5, where the main structural areas noted
are the cells, cell walls, and wall joints [29]. The size range of the cells increased with an increase
in PTOP content. This phenomenon was also observed for RPUF/Si60 and RPUF/Si80 with an
increase in PTOSi content. It was noted that a number of foam cell orifices and the size of regular cells
in RPUF/P60 were consistent with those in RPUF/Si60. However, for RPUF/P80 and RPUF/Si80,
the number of cell windows is decreased. The insufficient cross-linking action of PTOP and PTOSi
with low functionality leads to a decrease in the number of closed foam cells, and the collapse of the
newly formed foam structure due to the decrease in the number of closed foam cells.

Figure 5. SEM of rigid polyurethane foam (RPUF).

3.5. Thermal Property of PTOP, PTOSi, and RPUF

3.5.1. Thermal stability of PTOP, PTOSi, and RPUF

Figures 6–8 show the TG and DTG curves of PTOP, PTOSi, and RPUF, respectively.
Tonset represents the temperature at 10% weight loss, Tmax represents the temperature when the
weight loss rate was maximum, and the residue rate was obtained at 600 ◦C. These parameters are
summarized in Tables 3 and 4.
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Figure 6. Thermogravimetric (TG) and DTG curves for PTOP and PTOSi.

Table 3. The parameters of TG and DTG of PTOP and PTOSi.

Sample
N2 Atmosphere The Maximum Decomposition

Rate (%/min)
Residue Rate

(wt %)Tonset (◦C) Tmax (◦C)

PTOP 272.40 468.10 11.31 4.13
PTOSi 228.20 440.10 6.18 8.58

As can be seen from Figure 6, PTOP exhibited a higher Tonset than PTOSi, which was attributed to
the low temperature of the initial DPSD degradation. Moreover, its Tmax was higher than that of PTOSi,
while the residue yield of PTOP was less than that of PTOSi. Silicon retained in the chemical bond
could be acted as a barrier that prevents the transfer of heat and mass in the condensed phase [30].
These results indicate that the thermal property of PTOP is higher than that of PTOSi.

Figure 7. TG curves for RPUF.
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Figure 8. DTG curves for RPUF.

Table 4. The parameters of TG and DTG of RPUF.

Sample Tonset (◦C)
Tmax (◦C)

Residue Rate (wt %)
Step I Step II Step III

Neat RPUF 313.10 354.30 478.10 / 17.54
RPUF/P60 282.60 330.90 408.70 461.40 20.48
RPUF/P80 261.80 319.60 402.30 460.60 19.20
RPUF/Si60 291.40 335.10 463.70 / 18.03
RPUF/Si80 288.50 338.60 464.50 / 17.00

Thermal degradation of RPUF/P60 and RPUF/P80 showed four stages at 100 to 200 ◦C, 200 to 350
◦C, 350 to 450 ◦C, and 450 to 600 ◦C, respectively. The first stage was attributed to the entrapment of
volatile compounds in closed cells, while the other stages were attributed to the hard and soft segments
of polyurethane. With an increase in the PTOP content of RPUF, the residue rate at 600 ◦C after complete
decomposition becomes smaller, indicating that the degradation products of DOPO have mainly
decomposed to form volatile products. The initial decomposition temperature of RPUF/P80 was
lower than that of RPUF/P60, and the decreased Tonset could be attributed to the prior chemical
decomposition of DOPO compared to PPG4110. Step I of Tmax was associated with the urethane unit,
which was considered as the hard segment in the polyurethane network. Step II of Tmax was attributed
to the soft segments, which were mainly made up of long chains of PPG4110 and PTOP. While step III
of Tmax was affected by the aromatic components in RPUF, the aromatic components were released
within the temperature range of 400 to 600◦C [31]. The condensation, chain scission, and cross-linking
reactions of PTOP and the decomposition mechanism of PTOP in RPUF were summarized in that acid
source, and polyphosphate compound could be produced via degradation in the step III.

Two stages showed in the degradation process of neat RPUF, RPUF/Si60, and RPUF/Si80.
The initial thermal temperature and Tmax of neat RPUF were highest among the five samples, due to the
hydroxyl functionality of PPG4110 was higher than those for PTOP and PTOSi, the relative molecular
weight and the cross-linking yield of neat RPUF were highest. While the maximum decomposition
rate was higher than these for other samples, results reveal that the neat RPUF was degraded quickly
when the temperature was higher than the initial thermal temperature.

The initial thermal decomposition and residue rates of RPUF/Si60 and RPUF/Si80 were similar
to those for RPUF/P60 and RPUF/P80, while the change in following characteristic parameters
such as Tmax were contrary. The degradation of RPUF/Si60 and RPUF/Si80 was divided into two
steps. The original degradation was ascribed to the urethane unit in the cross-linking network.
Substances containing benzene structures and Si-containing groups in the RPUF were degraded when
the temperature was raised.
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3.5.2. DSC of RPUF

Thermal property of RPUF was also studied by DSC, the corresponding heating thermograms
are shown in Figure 9. The molecular chain of polyurethane foam was generally composed of the
soft segment and hard segment. At the room temperature, soft segment was in an elastomeric
state, which has an effect on low temperature performance, flexibility, organic solvent resistance
and the weather-ability on RPUF. While the hard segment was in a glassy or crystalline state, which
affects the melting point, thermal stability, hardness and modulus of RPUF. The temperature range
of glassy transition of RPUF was from 29 to 102 ◦C, the Tg of RPUF/P60, RPUF/P80, RPUF/Si60,
and RPUF/Si80 were 70.72, 65.08, 73.17, and 77.95 ◦C, respectively. The soft segment was made up of
the tung oil-based flame retardant polyols and PPG4110, the hard segment was made up of isocyanate.
The reason why the Tg of RPUF was less when increasing the amount of PTOP was that PTOP could
be acted as the soft segment. On the contrary, with increasing the amount of PTOSi, the Tg of RPUF
was higher due to PTOSi could be acted as soft segment.

Figure 9. Differential Scanning Calorimetry (DSC) of RPUF.

3.6. Flame Retardancy

3.6.1. Limiting Oxygen Index (LOI) Test of RPUF

Air usually contains almost 21% O2, so materials with an LOI value of 21% or less will burn
quickly in air [6]. With the accession of PTOP and PTOSi, the LOI value of RPUF increased, indicating
that both of these are flame retardant polyols. The LOI values for RPUF are listed in Table 5, where it
can be seen that they are higher than that of neat RPUF, which is 19.0%. With increasing amounts of
PTOP and PTOSi, the LOI value increased from 21.3% for RPUF/P60 to 24.0% for RPUF/P80, while a
lower increase in the LOI value was observed for RPUF/Si60 and RPUF/Si80 from 21.0% to 23.4%.
This result was attributed to the large number of PO−, PO2

−, and P2O4
−. Free radicals that were

generated and eliminated the combustible gas during the gaseous phase. Meanwhile, phosphate
and its derivatives were formed from PO−, PO2

−, and P2O4
−, and served as a barrier to control

the transfer of heat and combustible gas during the burning process [24]. During the combustion of
RPUF/Si60 and RPUF/Si80, silicones can effectively shield via silica residue left when under oxygen at
elevated temperatures [32]. Silica plays the role of an “insulating blanket” as a barrier to delay volatile
mass transport during the decomposition. In Table 5, the LOI value of RPUF. Based on the LOI value
of RPUF, PTOP showed better flame-retardant performance than that of PTOSi.
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Table 5. RPUF Limiting Oxygen Index (LOI) values.

Sample Neat RPUF RPUF/P60 RPUF/P80 RPUF/Si60 RPUF/Si80

LOI value (%) 19.0 21.3 24.0 21.0 23.4

3.6.2. Fire Behaviors of RPUF

The heat release rate (HRR), peak of heat release rate (PHRR), time to ignition (TII), and total heat
released (THR) measured for RPUF during the cone calorimetry test are presented in Table 6.

Table 6. Cone calorimeter testing data for RPUF.

Sample TII (s) PHRR (kW·m−2) Time to PHRR (s) THR (MJ·m−2)

RPUF/P60 2 266.03 35, 75 22.78
RPUF/P80 3 259.38 40, 60 18.40
RPUF/Si60 2 285.36 30, 60 22.80
RPUF/Si80 3 255.20 40, 65 21.99

Very similar HRR curves are obtained for RPUF in Figure 10 when the PTOP and PTOSi content
is increased, where the curves are seen to decrease but then quickly increase to attain the second HRR
peak. RPUF ignited within the first few seconds (about 2–3 s) of exposure to heat burned steadily
for 175 to 230 s. The first sharp peaks for RPUF were turned up at 35, 40, 30, and 40 s, respectively.
Then, narrow peaks for each RPUF appeared at 75, 60, 60, and 65 s. The protective char layer formed
from the first peak in the HRR curves, then the protective char layer was degraded, which is represented
by the second peak was [33]. The HRR peaks for RPUF/P80 and RPUF/Si80 were slightly smaller and
thinner, while the peak times were lengthened with an increase in the amount of PTOP and PTOSi.
This may be attributed to the introduction of PTOP and PTOSi into the soft segments, contributing to
the formation of the protective and continuous char layer.

Figure 10. Heat release rate (HRR) curves of RPUF.

THR curves in Figure 11 illustrate that the value of THR decreases in the order of
RPUF/P60>RPUF/Si60>RPUF/Si80>RPUF/P80. For example, the THR of RPUF/P80 is 18.40 MJ·m−2,
a 19.30% reduction compared to that of RPUF/P60. There are two reasons for this result. On the
one hand, heat is taken away by the condensed-phase and gas-phase actions of the volatile aromatic
phosphates in RPUF/P60 and RPUF/P80. On the other hand, the barrier layer produced by PTOP and
PTOSi can prevent heat, oxygen and flammable substance from transferring. Moreover, non-flammable
gas in the gas phase system can also effectively reduce the heat released from RPUF/P80 [34].
In comparing to RPUF/Si60, RPUF/Si80 has the preferable flame-retardant property indicated by
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both the LOI value and CTT. The excellent flame-retardant behavior of PTOSi was illustrated by its
better dispersion within the RPUF and movement towards the RPUF surface during the burning
process. A highly flame-retardant char generated from the combustion of PTOSi can reduce the total
heat released.

Figure 11. Total heat released (THR) curves of RPUF.

Based on related parameters such as PHRR and THR presented in Table 6, the flame-retardant
efficiency of PTOP is higher than that of PTOSi. This result accounts for the fact that PTOP can migrate
to the surface of the RPUF during combustion and allow for the formation of the condensed-phase
and gas-phase of volatile aromatic phosphates. This indicates that the addition of PTOP and PTOSi
can boost the fire-inhibition activity during combustion.

3.6.3. SEM and EDAX of RPUF Residue

To confirm that P-containing compounds and Si-containing compounds were retained in the
residue and acted as the flame retardant barrier. The microstructure of the residue after combustion
was examined by SEM, RPUF/P60, RPUF/P80, RPUF/Si60, and RPUF/Si80 had the compacted
and smooth char. EDAX (energy dispersive spectroscopy) associated with SEM was used to get the
elemental composition of residues of RPUF. Table 7 shows the surface composition of the residues
obtained by EDAX. As can be observed from Table 7, C and O were the main remaining elements.
The char layer of RPUF/P60 and RPUF/P80 can compress well to form a protective phosphatic barrier
to resist the transfer of heat and mass during fire. As shown in Figure 12, a number of flaws were
found on the surface of RPUF/Si60 and RPUF/Si80, which may be the result of SiO2 forming and
moving onto the surface during burning. PTOP and PTOSi have the effect of promoting the char
layers, as compacted char layers may prevent the internal products of pyrolysis from transferring to
the flame zone.

Table 7. EDAX data of the residue of RPUF.

Sample C (wt %) O (wt %) P (wt %) Si (wt %) Others (wt %)

RPUF/P60 79.67 17.72 1.83 0 0.78
RPUF/P80 83.38 14.35 0.83 0 0.84
RPUF/Si60 77.37 20.61 0 1.13 0.89
RPUF/Si80 79.61 17.08 0 2.31 1.01
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Figure 12. SEM of RPUF residue.

3.7. Mechanical Property of RPUF

Mechanical property is an essential issue for the practical application of RPUF, which was further
investigated, such as density, compressive strength and thermal conductivity. In order to eliminate the
effect of RPUF density on the compressive strength, the specific compressive strength (compressive
strength/density) was used to for comparison.

Table 8 shows that the trend in RPUF density is opposite to the trend noted for compressive
strength. With large amounts of PTOP and PTOSi added into the blended polyols component, the PTOP
and PTOSi may disperse poorly, which can interfere with the development of the cell and make the cell
size larger and the number of closed cells lower (Figure 5). PTOP can reduce the compressive strength
of RPUF, while the higher content of PTOSi incorporated into RPUF can increase the compressive
strength. A similar result was obtained for σsp. When the PTOP content was below 60%, PTOP
dispersed well in the blended polyols component, and almost no agglomeration appeared. PTOSi with
its self-crosslinking function can make the RPUF matrix easily collapsible due to the wall fragility of
the foam cell, resulting in the worse value of compressive strength.

Table 8. Physical and mechanical properties of RPUF.

Sample ρ (kg·m−3) σ (MPa) σsp (N.m.kg−1) K (W·mk−1)

RPUF/P60 97.08 ± 0.44 0.82 ± 0.02 8446 0.039
RPUF/P80 89.48 ± 0.80 0.75 ± 0.03 8381 0.038
RPUF/Si60 57.09 ± 0.38 0.18 ± 0.02 3152 0.051
RPUF/Si80 52.94 ± 0.32 0.25 ± 0.02 4722 0.044

ρ: density; σ: compressive strength; σsp: specific compressive strength; K: thermal conductivity.

RPUF is also used as the thermal insulation material in building insulation. The best method
for improving the sustainability of building insulation is to diminish the thermal conductivity of
RPUF. With an increase in the PTOP and PTOSi content, the thermal conductivity of RPUF decreased
as the thermal conductivity is mainly affected by the average cell size. The thermal conductivity of
RPUF/Si60 and RPUF/Si80 were higher than that of RPUF/P60 and RPUF/P80 due to the lower
closed cell content, which is influenced by the degree of cross-linking, the equivalent weight of
blended polyols and the content of various agents. Therefore, the molecular weight of polyurethane in
RPUF/P60 and RPUF/P80 was lower than that for RPUF/Si60 and RPUF/Si80.
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4. Conclusions

A novel method was developed to synthesize PTOP and PTOSi, which were proved to be effective
flame-retardant polyols used in the formation of RPUF with excellent flame retardancy. Different PTOP
and PTOSi contents affect the thermal stability, flame retardancy, and mechanical properties of RPUF.
Results from FTIR, TG, DSC, and LOI revealed that DOPO and DPSD are linked to EGTO by a covalent
bond, and the thermal stability of PTOP was higher than that for PTOSi. The thermal stability and
flame retardancy of RPUF increased, with the LOI value of RPUFs with 80% PTOP and PTOSi reaching
24.0% and 23.4%, respectively. PTOP and PTOSi could be acted as the soft segment and hard segment
in RPUF, respectively. The compressive strength of RPUF was reduced to 0.75 MPa with 80 wt % PTOP,
while the compressive strength of RPUF increased to 0.25 MPa with 80 wt % PTOSi. A comparison
of the flame-retardant mechanism of RPUF prepared by PTOP and PTOSi showed that RPUF with
PTOP released an acid source and polyphosphate compound while RPUF with PTOSi burned out
silicon dioxide on the surface. Based on the LOI value of RPUF, PTOP showed better flame-retardant
performance than that of PTOSi.
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Abstract: The article presents the results of research on the synthesis of a new biopolyol based
on evening primrose oil, and its use in the production of rigid polyurethane–polyisocyanurate
foams intended for thermal insulation. The obtained biopolyol was subjected to analytical,
physicochemical, and spectroscopic tests (Fourier transform infrared (FTIR), 1H NMR, 13C NMR)
to confirm its suitability for the synthesis of polyurethane materials. Then, it was used for the
partial replacement of the petrochemical polyol in the polyurethane formulation. Obtained rigid
polyurethane–polyisocyanurate foams are characterized by a lower apparent density, brittleness,
water absorption, and thermal conductivity coefficient λ. In addition, foams modified by biopolyols
had a higher content of closed cells and higher aging resistance. The results of the conducted
research showed that the use of the biopolyol based on evening primrose oil may be an alternative
to petrochemical polyols. The research presented herein is perfectly consistent with the trends of
sustainable development and the philosophy of green chemistry.

Keywords: evening primrose oil; biopolyol; synthesis; polyurethane–polyisocyanurate foam; foam
properties; thermal insulation

1. Introduction

Nowadays, the interest of producers in the chemical industry focuses on technologies using
environmental-friendly raw materials [1,2]. In the case of polymer materials, particular emphasis has
been placed on the impact of raw materials and products on man and the surrounding environment
since the beginning of the 1980s [3]. Current trends in the chemical industry are directed at the use
of sustainable products, the addition of raw materials from renewable sources, and the solution of
the waste problem at the production planning stage. The application of renewable raw materials
in the polyurethane (PU) industry is mainly based on synthesis of new polyol compounds. A wide
and huge group of renewable raw materials for the synthesis of polyol compounds (biopolyols) for
the production of PU materials are vegetable oils. The most commonly used vegetable oils include:
soybean, palm, coconut, linseed, castor, rapeseed, and sunflower oils. This group of raw materials
includes, above all, the esters of higher unsaturated fatty acids (oleic, linoleic, linolenic) and glycerol.
They also contain a few percent of saturated acids (stearic and palmitic) [4]. However, the molecules
of oil must be chemically modified to unlock or incorporate reactive hydroxyl groups, which are
capable of reacting with isocyanate groups. The methods of chemical modification of double bonds
include reactions of: epoxidation, hydrogenation, oxidation, and the halogenation of unsaturated
bonds [5–9]. Only such modification ensures obtaining a biopolyol with properties that enable its
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application in industry [10]. These methods are developed and used in the polyurethane industry,
because they are quite cheap. Raw materials (vegetable oils), which are needed in these technologies,
are easily available. Some oils, e.g., linseed or mustard oil, have a higher content of unsaturated bonds;
therefore the biopolyols that are based on them have a higher hydroxyl number, and the obtained PU
foams are more rigid. Others oils, e.g., olive oil, have a lower content of reactive groups, and obtained
polyurethane foams can be more flexible [11]. The properties of the obtained polyurethane material
can be controlled by selecting appropriate raw materials [12–19].

A large group of polyurethanes is rigid polyurethane foams. These PU materials are a modern and
safe method of thermal and acoustic insulation, due to the ease of application. They enable the exact
filling of the space, which will be thermally insulated. They are most often used in light construction
as insulation materials. They are also used for the production of cores in sandwich panels and for
insulating external installations [20]. The functional requirements of PU foams are connected with
their most important application (as good and safe thermal insulation materials), while maintaining
good mechanical properties and dimensional stability. The quality of the obtained polyurethane
material depends on a few factors, for example: the composition of raw materials, their molar ratio,
the conditions of synthesis, the additive compounds, and the application method [21]. The huge
possibilities of producing polyurethane materials with designed properties are the result of a wide
raw material base, especially in the field of polyol raw materials. Ecological aspects also play an
important role for the producers of polyurethane foams. The addition of biopolyols obtained from
vegetable oils to the base of renewable raw materials is consistent with the direction of the idea of
sustainable development for polymeric materials. This is an interesting alternative to petrochemical
polyols [22–26].

Earlier research concerned the synthesis of biopolyols based on vegetable oils, in which the
ring-opening agent was 2,2’-mercaptodiethanol [24,27,28]. The aim of the research that is presented
in this article was obtaining a new biopolyol based on evening primrose oil and diethylene
glycol, and using it for the production of rigid polyurethane–polyisocyanurate foams for thermal
insulation application.

2. Materials and Methods

2.1. Materials

Fresh and unrefined evening primrose oil was supplied by Olejarnia Kołodziejewo (Kołodziejewo,
Poland) and used for synthesis of the new biopolyol (EPB). The iodine value was 0.658 mol I2/100 g of
oil, the acid value was 8.720 mg KOH/g, and the content of unsaturated fatty acids was 92.7% of all
fatty acids. EPB was obtained in accordance with Polish Patent Application P.422888 [28], wherein
the first step used: 99.5% acetic acid (Chempur, Piekary Śląskie, Poland), 30% hydrogen peroxide
(Chempur, Poland), and 96% sulfuric acid (Chempur, Poland) as an oxidizing system of double bonds;
a second step applied: 99% diethylene glycol p.a. (Chempur, Poland) and 96% sulfuric acid (as above)
to open the epoxy rings. Anhydrous magnesium sulfate (Chempur, Poland) was used for deactivation
of the catalyst and drying the oil-based polyol.

Polyols: biopolyol based on evening primrose oil, Rokopol RF-551 (sorbitol oxyalkylation
product, PCC Rokita S.A., Brzeg Dolny, Poland) and technical polyisocyanate Purocyn B (polymeric
4,4’-diphenylmethane diisocyanate supplied by Purinova, Bydgoszcz, Poland) were used as
the main raw materials for the production of rigid polyurethane–polyisocyanurate (RPU/PIR)
foams. As an additive, agents in foam premixes were used, which included: 33% solution of
1,4-diazabicyclo[2,2,2]octane (DABCO, Alfa Aesar, Haverhill, MA, USA) in diethylene glycol (Chempur,
Poland) as a catalyst of urethane bond formation; 33% solution of anhydrous potassium acetate
(Chempur, Poland) in diethylene glycol (as above) as a catalyst of trimerization of NCO groups; Tegostab
8460 (Evonik, Essen, Germany) as a silicone surfactant; Solkane HFC 365/227 (Solvay, Brussels, Belgium)
as a blowing agent, and Antiblaze TCMP (Albemarle, Charlotte, NC, USA) as a flame retardant.
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2.2. Synthesis of Evening Primrose Oil-Based Polyol

The synthesis of a biopolyol based on evening primrose oil (EPB) was carried out in two steps in
a glass reactor with a heating jacket, equipped with a reflux condenser, temperature sensor, dropping
funnel, and mechanical stirrer. In the first step of synthesis, the evening primrose oil (EPO), acetic acid
(AA), and sulfuric acid (SA) were loaded into reactor and heated to 40 ◦C. Hydrogen peroxide (HP)
was gradually added after reaching this temperature. After the addition of HP, the whole mixture
was heated to 60 ◦C. The reaction lasted for three hours. The molar ratio of the reactants calculated
with respect to the iodine value of EPO was 1:1:1:0.02 for EPO:AA:HP:SA (mass of the reactants were
shown in Table 1). Oil and water phases were separated after reaction. The oil phase was washed
with distilled water and dried by solid anhydrous magnesium sulfate. In the first step of the synthesis,
epoxidized evening primrose oil (EPEO) was obtained, which was subjected to analytical tests. The
reaction scheme was shown in Figure 1.

 

Figure 1. Schematic epoxidation reaction.

The efficiency of the epoxidation reaction of evening primrose oil (first step) is defined by Equation (1):

E1 =
IVEPO − IVEPEO

IVEPO
·100% (1)

where: E1—efficiency of epoxidation reaction, IVEPO—iodine value of evening primrose oil, and
IVEPEO—iodine value of epoxidized oil.

In the next step, epoxidized evening primrose oil (EPEO), diethylene glycol (GDE) and the reaction
catalyst (SA) were loaded into a glass reactor with a heating jacket, which was equipped with a reflux
condenser, temperature sensor, and mechanical stirrer. The molar ratio of reactants calculated with
respect to the epoxy value of EPEO was 1:1:0.01 for EPEO:GDE:SA (Table 1). Afterwards, the whole
mixture was heated to 100 ◦C. Reaction was carried out for four hours until the opening of all of the
epoxide rings by diethylene glycol. After the synthesis, the obtained biopolyol (EPB) was neutralized

256



Polymers 2018, 10, 1334

by solid anhydrous magnesium sulfate and distilled under vacuum to reduce the water content. The
second reaction scheme is shown in Figure 2.

 

Figure 2. Schematic ring-opening reaction.

The efficiency of the opening reaction of epoxide rings (second step) was defined by Equation (2):

E2 =
EVEPEO − EVEPB

EVEPEO
·100% (2)

where: E2—efficiency of epoxide rings’ opening reaction, EVEPEO—epoxy value of epoxidized evening
primrose oil, EVEPB—epoxy value of biopolyol.

Table 1. Amounts of the reactants in the two steps of synthesis of the biopolyol based on evening
primrose oil (EPB) (g). EPO: evening primrose oil, EPEO: epoxidized evening primrose oil, AA: acetic
acid, HP: hydrogen peroxide, SA: sulfuric acid, GDE: diethylene glycol.

EPO EPEO AA HP SA GDE Efficiency (%)

1st step 1000.00 - 397.11 745.73 13.43 - 41.34
2nd step - 1000.00 - - 2.58 271.20 100.00

2.3. Synthesis of RPU/PIR Foams

The formulation of RPU/PIR foam premixes with evening primrose oil-based polyol (EPB)
required experimental investigations to determine the optimal composition of additive agents (catalysts,
surfactant, flame retardant, and blowing agent). The hydroxyl number was the basis for determining
the amount of polyol raw materials in the formulation. These values enabled calculating the mass
equivalents (R) of the hydroxyl group in polyols. The sum of mass equivalents of petrochemical polyol
and biopolyol was always one. The addition of isocyanate raw material was selected in consideration
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of the mass equivalent of NCO groups. The ratio of NCO to OH groups in the reaction mixture for
RPU/PIR foams was 3:1. An excess of isocyanate raw material was necessary for a reaction between
NCO and OH groups (to produce a urethane bond) and the trimerization of three NCO groups (to
produce an isocyanurate ring).

The content of additive agents was calculated in relation to the sum of masses of polyols and
polyisocyanate (in weight percentages): silicone surfactant (1.7 wt.%), urethane bond catalyst (1 wt.%),
isocyanate trimerization catalyst (2.5 wt.%), flame retardant (17 wt.%), and physical blowing agent
(12 wt.%). The formulation of RPU/PIR foams was shown in Table 2.

Table 2. Formulation of rigid polyurethane–polyisocyanurate (RPU/PIR) foams. DABCO: 1,4-
diazabicyclo[2,2,2]octane.

Foam
Symbol

Rokopol
RF-551,

(R)
(g)

EPB
(R)
(g)

Tegostab
8460
(g)

33%
DABCO

(g)

33%
Potassium
Acetate

(g)

Antiblaze
TCMP

(g)

Solkane HFC
365/227

(g)

Purocyn B
(R)
(g)

EPB2.0
1.0 0

4.59 2.70 6.75 45.90 32.40
3.0

66.8 0 203.2

EPB2.1
0.9 0.1

4.74 2.79 6.97 47.48 33.44
3.0

60.12 15.38 203.2

EPB2.2
0.8 0.2

4.89 2.87 7.19 48.86 34.49
3.0

53.44 30.76 203.2

EPB2.3
0.7 0.3

5.03 2.96 7.40 50.34 35.53
3.0

46.76 46.14 203.2

EPB2.4
0.6 0.4

5.18 3.05 7.62 51.82 36.58
3.0

40.08 61.52 203.2

RPU/PIR foams were obtained at a laboratory scale by using the one-step method, from the
two-component system. Component A was obtained as a result of mixing appropriate amounts
of the polyol, biopolyol, silicone surfactant, two catalysts, flame retardant, and blowing agent in a
polypropylene cup. Component B was a technical polyisocyanate raw material. Components A and
B were mixed together and stirred for 10 s with a mechanical stirrer (1800 rpm) in a suitable mass
ratio. After that, the mixture was poured into a cuboidal mould with a movable bottom with internal
dimensions of 25 cm × 25 cm × 30 cm, where the growth of foam proceeded freely. Five types of
foams were obtained in this research: EPB2.0—foam without biopolyol, and EPB2.1–2.4—foams with
increasing biopolyol content based on evening primrose oil by the partial replacement of petrochemical
polyol. The synthesis of RPU/PIR foams was thrice repeated. Obtained polyurethane materials were
thermostated for six hours at 120 ◦C in a laboratory dryer with forced circulation, after removal from
the mold.

2.4. Methods

2.4.1. Analysis of Synthesis Process and Product

Analytical and physicochemical tests were performed on the evening primrose oil, epoxidized oil,
and biopolyol. It was aimed to determine its suitability for the synthesis of RPU/PIR foams.

The hydroxyl number (HN) was determined in accordance with the industrial standard of
Purinova Ltd. No. WT/06/07/PURINOVA, by an acylation method with acetic anhydride in
N,N′-dimethylformamide as a medium. An excess of acetic anhydride after hydrolysis and obtained
acetic acid were titrated by using a standard potassium hydroxide solution and phenolphthalein as
an indicator.

The acid value (AV) was determined in accordance with PN-EN ISO 660:2010. The analysis was
performed by titration of the sample dissolved in a mixture of ethyl ether-ethyl alcohol (1:1) by using
the standard solution of potassium hydroxide in ethyl alcohol and phenolphthalein as an indicator.
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The iodine value (IV) was determined in accordance with PN-EN ISO 3961:2018-09 by the reaction
of unsaturated bonds with iodine monochloride (Wijs solution) and the titration of iodine excess.

The epoxy value (EV) was determined in accordance with PN-EN ISO 3001:2002 by the reaction
of epoxy rings with tetraethylammonium bromide and the titration of bromide excess.

The viscosity of the evening primrose oil, epoxidized oil, and biopolyol was determined by using
a Fungilab digital rheometer at 20 ◦C (293 K). The measurements were carried out using a standard
spindle (DIN-87) working with the bushing (ULA-DIN-87). A constant temperature was maintained
through the thermostat connected to the water jacket of the sleeve.

The densities of the evening primrose oil, epoxidized oil, and biopolyol were measured at 25 ◦C
(298 K) in an adiabatic pycnometer in accordance with ISO 758:1976.

The water content was determined by the Karl Fischer method using a non-pyridine reagent
under the trade name Titraqual in accordance with PN-81/C-04959.

The pH value was measured using a Hanna Instruments microprocessor laboratory pH-meter
(ORP/ISO/◦C) with an RS 22 C connector.

The average molecular weight (Mw) of the biopolyol based on evening primrose oil was determined
by gel permeation chromatography (GPC) by using a Knauer chromatograph. The apparatus was
equipped with thermostated columns and a refractometer detector. The measurements were made
on the basis of calibration, by using polystyrene standards in the range of Mw from 162 g/mol to
25,500 g/mol. Also on the basis of HN and average Mw, the functionality (f ) of biopolyol was calculated
by Equation (3):

f =
MW ·HN

56100
(3)

For confirmation, the course of the synthesis and chemical structure of the obtained oil-based
polyol, the evening primrose oil, epoxidized oil, and biopolyol were tested in Fourier transform
infrared (FTIR) spectroscopy using Brücker Vector spectrophotometer by KBr technique in the 400
to 4000 cm−1 range and in nuclear magnetic resonance spectroscopy 1H NMR and 13C NMR using
a Brücker NMR Ascend III spectrometer with a frequency of 400 MHz, in deuterated chloroform, as
a solvent.

2.4.2. Foaming Process

The foaming process was analyzed in accordance with ASTM D7487 13e—Standard Practice for
Polyurethane Raw Materials: Polyurethane Foam Cup Test [29]. During obtaining RPU/PIR foams,
cream, free rise, string gel, and tack free times were measured by an electronic stopwatch.

2.4.3. Properties of RPU/PIR Foams

The obtained rigid polyurethane–polyisocyanurate foams were tested for application as thermal
insulation materials.

The apparent density of foams (the ratio of foam weight to its geometrical volume) was determined
for cube-shaped samples with a side length of 50 mm in accordance with ISO 845:2006.

Compressive strength was determined by using the universal testing machine Instron 5544 in
accordance with ISO 844:2014. The maximum force inducing a 10% relative strain was determined
(decreasing of the foam height in relation to the initial height, according to the direction of foam
growth).

The brittleness of the foams was determined in accordance with ASTM C-421-61, as a percentage
mass loss of 12 cubic foam samples with a side length of 25 mm. Tests were conducted in a standard
cuboidal box made of oak wood with dimensions of 190 mm × 197 mm × 197 mm, rotating around the
axis at a speed of 60 rpm. The filling of the box during the measurement were 24 normalized oak cubes
with dimensions of 20 mm × 20 mm × 20 mm. The brittleness (B) of obtained foams was calculated
from Equation (4):
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B =
m1 − m2

m1
·100% (4)

where: m1—mass of the sample before test (g), and m2—mass of the sample after test (g).
The flammability of RPU/PIR foams was determined by using three flammability tests: Bütler’s

combustion test (vertical test) in accordance with ASTM D3014-04; the horizontal combustion test in
accordance with PN-EN ISO 3582:2002/A1:2008, and a limited oxygen index Bütler’s combustion test,
which consisted of burning a foam sample with the dimensions of 150 mm × 20 mm × 20 mm in a
vertical column (chimney) with dimensions of 300 mm × 57 mm × 54 mm. Combustion residue (CR)
was calculated from Equation (5):

CR =
mb
ma

·100% (5)

where: ma—mass of the sample before the burning test (g), and mb—mass of the sample after
the burning test (g). The horizontal burning test consisted of determining the susceptibility of
foam to flame. The result of this test was an evaluation of material flammability (non-flammable,
flammable, or self-extinguishing). A limited oxygen index (LOI) was measured by using Concept
Equipment apparatus in accordance with ISO 4589. The percentage limited concentration of oxygen
was determined in the mixture consisting of oxygen and nitrogen, which was sufficient to sustain the
burning of the sample. LOI was calculated according to the Equation (6).

LOI =
[O2]

[O2] + [N2]
·100% (6)

Absorbability (A) and water absorption (WA) were determined in accordance with ISO 2896:2001,
which was measured after immersion in distilled water for 24 h. Values of these parameters were
calculated from Equations (7) and (8):

A =
mA − mD

mD
·100% (7)

where: mA—mass of the sample after immersion in distilled water (g), and mD—mass of the dry
sample (g).

WA =
mWA − mD

mD
·100% (8)

where: mWA—mass of the sample after surface drying (g).
Aging resistance of the foams was carried out in thermostating process of cubic samples with a

side length of 50 mm in 48 h at a temperature of 120 ◦C. The result of this test included a change of
linear dimensions (Δl), change of geometrical volume (ΔV), and mass loss (Δm). The values of these
parameters were calculated in accordance with ISO 1923: 1981 and PN-EN ISO 4590: 2016-11. The
formulas for the calculations of Δl, ΔV, Δm are shown in Equations (9)–(11).

Δl =
l − l0

l0
·100% (9)

where: l0—length of the sample before thermostating (according to the direction of foam rise) (mm),
and l—length of the sample after thermostating (according to the direction of foam rise) (mm).

ΔV =
V − V0

V0
·100% (10)

where: V0—geometrical volume of the sample before thermostating (mm3), and V—geometrical
volume of the sample after thermostating (mm3).

Δm =
m0 − m

m0
·100% (11)
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where: m0—mass of the sample before thermostating (g), and m—mass of the sample after
thermostating (g).

The content of closed cells was determined in accordance with PN-EN ISO 4590:2016-11 by using
the helium pycnometer AccuPyc 1340 with the FoamPyc option from Micrometrics. This software
calculated the content of closed cells based on the measurement of pressure changes in the test chamber.

Thermal conductivity of the foams was determined based on the determination of the thermal
conductivity coefficient λ in accordance with ISO 8301. Tests were carried out with the FOX 200
apparatus from LaserComp, in the measurement range of λ equal to 20–100 mW/(m·K). Measurements
were performed in the series at intervals of 0.5 s and at an average measuring temperature of 10 ◦C
(temperature of hot plate—20 ◦C, temperature of cold plate—0 ◦C).

The foam structure was analyzed by scanning electron microscope (SEM) HITACHI SU8010
(Hitachi High-Technologies Co., Tokyo, Japan). The studies were performed at the accelerating voltage
of 30 kV, with the working distance of 10 mm and magnification of 150×. The statistical analysis of
cell sizes, wall thickness, and content of cell per area unit was carried out on the basis of obtained
micrographs by using ImageJ software (LOCI, Madison, WI, USA).

3. Results and Discussion

3.1. Synthesis of Biopolyol

A new biopolyol based on evening primrose oil was obtained as the result of a two-step synthesis,
involving the epoxidation of double bonds and the opening of obtained epoxide rings with diethylene
glycol. The use of this oil was due to the high content of unsaturated fatty acids (double bonds). Their
high content promotes the production of biopolyols with high hydroxyl numbers, which is desirable
in the synthesis of RPU/PIR foams [29]. The changes of raw materials during the synthesis were
presented at Figure 3.

 

 

 

 

 
(a)  (b)  (c) 

Figure 3. Visual presentation of appearance changes during synthesis (a) EPO, (b) EPEO, and (c) EPB.

The course of the synthesis was controlled by measuring the appropriate analytical parameters,
i.e., measuring iodine value and epoxide value in the first step; and measuring the epoxide value and
hydroxyl number in the second step. Evening primrose oil, epoxidized oil, and biopolyol were also
subjected to basic physicochemical tests. The results of these tests are shown in Table 3.

Table 3. Properties comparison of evening primrose oil, epoxidized oil, and biopolyol.

Parameter EPO EPEO EPB

Smell earthy earthy earthy
Iodine value (mol I2/100 g of fat) 0.658 0.386 0.386

Epoxy value (mol/100 g of fat) 0.000 0.253 0.000
Acid value (mg KOH/g) 8.720 - 0.840

Hydroxyl number (mg KOH/g) 8.720 - 182.410
Viscosity (mPa·s) 170 190 2400

Water content (wt.%) 0 0.6 <0.2
pH (-) 6.5 7.0 7.0

Molecular weight (g/mol) 820 917 1623
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A decrease of iodine value and increase of epoxy value was observed as a result of the epoxidation
reaction. It was caused respectively by a decrease in the amount of double bonds in the fatty acid
residues and an increase in the epoxide rings amount formed in their place. Also, a clear increase in
the hydroxyl value was noted. This is due to the attachment of the diethylene glycol molecules to
the chain of fatty acids, as a result of the rings’ opening reaction. However, the obtained hydroxyl
number was lower than theoretical calculations (tHN = 267.479 mg KOH/g). This is due to the side
reaction of biopolyol molecules’ oligomerization and the esterification of free fatty acids in unrefined
oil (which led to a significant decrease in the acid value) [30]. It is noteworthy that the obtained values
of biopolyol technological parameters are in the range of industrial standards.

Analysis of evening primrose oil, epoxidized oil, and biopolyol was also carried out in
spectroscopic tests (FT-IR, 1H NMR, and 13C NMR).

Infrared spectroscopy analysis of EPO, EPEO, and EPB (Figure 4) showed that these compounds
contained characteristic bonds for the structure of fatty acid glycerides. Bands at: 1740 cm−1

(stretching) belonged to the C=O groups; 1241, 1163, and 1099 cm−1 (stretching) belonged to the
C–O bonds of the ester group; 3010 cm−1 (stretching) belonged to the C–H bonds in the olefin group;
2950 cm−1 (stretching) and 1465 cm−1 (deformational) belonged to the C–H bonds in the –CH2- groups;
2925 cm−1 (stretching) and 1380 cm−1 (deformational) belonged to the C–H bond of the –CH3 groups.
Furthermore, the stretching vibration of the C=C bond from the olefin group and the pendulum
vibrations of the CH2 groups were observed respectively at 1650 and 725 cm−1. In the EPEO spectrum,
the presence of doublet bands coming from epoxy groups at 900 and 850 cm−1 was noted. These
bands did not occur in the spectra of EPO and EPB. A low-intensity band at 3450 cm−1 was also noted.
This band belonged to the stretching vibrations of the hydroxyl groups. However, its low intensity
suggests that it was a residue of water after purification. The FTIR spectrum of the biopolyol showed
a high intensity of band at 3450 cm−1. This suggests the presence of a large number of O–H bonds.
In addition, the band of the C–H bond from olefin groups (3010 cm−1) was significantly reduced [31].

 
Figure 4. Fourier transform infrared (FTIR) spectra of EPO, EPEO, and EPB.
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1H NMR spectra analysis of EPO, EPEO, and EPB (Figure 5a–c) showed characteristic chemical
shifts for: 5.35 ppm protons of the olefin groups of fatty acids –CH=CH–; 5.25 ppm methane protons
of glyceryl –CH2–CH–CH2–; 4.12–4.28 ppm methylene protons of glyceryl –CH2–CH–CH2–; 2.70–2.80
ppm protons of bis-allyl methylene groups –CH=CH–CH2–CH=CH–; 2.29–2.34 ppm protons of the
α-CH2 group to the carbonyl group –CH2-CO–; 1.95–2.15 ppm protons of α-CH2 groups to the
olefin group –CH2–CH2–CH=CH–; 1.50–1.60 ppm protons of the β-CH2 group to the carbonyl group
–CH2–CH2–CO–; 1.25–1.40 ppm protons of CH2 groups in the fatty acid chain; and 0.86–0.88 ppm
protons of ending –CH3 groups. A characteristic chemical shift for the epoxy groups was only observed
on the EPEO spectrum: 3.1–3.2 ppm protons of epoxy group –CH–(O)–CH–; 2.85–2.95 ppm protons of
α-CH2 groups to the epoxy group —CH–(O)–CH–CH2– and 1.55 ppm protons of α-CH2 groups to
the epoxy group –CH–(O)–CH–CH2–CH2–. Additional chemical shifts were only noticed in the EPB
spectrum: 3.70–3.80 ppm protons of hydroxyl groups at the end of the chain –OH; and 3.42–3.50 ppm
protons of α-CH2 groups to the hydroxyl group –CH2–OH [32].

 
(a) 

Figure 5. Cont.
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(b) 

 
(c) 

Figure 5. 1H NMR spectra of (a) EPO, (b) EPEO, and (c) EPB.
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13C NMR spectra analysis of EPO, EPEO, and EPB (Figure 6a–c) showed characteristic chemical
shifts for: 172.80–173.25 ppm carbons of carbonyl groups >C=O; 125.10–132.30 ppm carbons of olefin
group of fatty acids –CH=CH–; 68.90 ppm methane carbons of glyceryl –CH2–CH–CH2–; 62.10 ppm
methylene carbons of glyceryl –CH2–CH–CH2–; 33.00 ppm carbons of α-CH2 groups to olefin group
–CH=CH–CH2–; 31.90 ppm carbons of α-CH2 groups to the carbonyl group –CH2–OOC–CH2–;
27.20–29.80 ppm carbons of CH2 groups in the fatty acid chain; 22.70 ppm carbons of penultimate
groups –CH2–CH3; 14.30 ppm carbons of ending groups –CH3. Characteristic chemical shifts for epoxy
structures were noted in the EPEO spectrum: 55.21–57.35 ppm carbons of epoxy group –CH–(O)–CH–;
34.00 ppm carbons of α-CH2 groups to the epoxy group –CH2–CH–(O)–CH–. Furthermore, the
chemical shift of carbons of α-CH2 groups to a hydroxyl group –CH2–OH in 73.86 ppm was only
noticed in Figure 6c [33].

 
(a) 

Figure 6. Cont.
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( ) 

 
(c) 

Figure 6. 13C NMR spectra of (a) EPO, (b) EPEO, and (c) EPB.

The spectroscopic tests confirmed the assumed structure of epoxidized oil and a biopolyol based
on evening primrose oil presented in Figures 1 and 2.
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3.2. Foaming Process

The synthesis of RPU/PIR foams was monitored by measuring the appropriate technological
times with an electronic stopwatch. The result of this measurement are shown in Table 4.

Table 4. Processing times of RPU/PIR foams with biopolyol.

Foam Symbol Cream Time (s) String Gel Time (s) Tack Free Time (s) Free Rise Time (s)

EPB2.0 8 21 23 34
EPB2.1 8 22 24 35
EPB2.2 9 23 25 35
EPB2.3 9 23 25 36
EPB2.4 9 23 25 37

The research showed that the addition of biopolyol based on evening primrose oil did slightly
change the technological times. It also meant that an increase in the amount of EPB biopolyol with a
higher functionality (f = 5.3) than the petrochemical Rokopol RF-551 (f = 4.5) does not significant affect
the synthesis of RPU/PIR foams.

3.3. Properties of RPU/PIR Foams

The obtained rigid foams with a different content of polyol based on evening primrose oil were
tested for application as thermal insulation materials. The foam obtained without biopolyol was used
as a reference.

3.3.1. Physicomechanical Properties of RPU/PIR Foams

One of the most important parameters of RPU/PIR foams for thermal insulation application is
apparent density. This parameter indirectly influences the other properties of these materials, such as
for example, compressive strength in a parallel direction to foam growth and brittleness. In this case,
the increase in the content of a plant-based polyol resulted in a decrease of the apparent density from
45.12 kg/m3 for the reference foam to 40.03 kg/m3 for the foam with the highest biopolyol content.
The main reason for this decreasing was the addition of a component containing long, linear chains
(fatty acid residues), which caused a decrease in the packing degree of polyurethane macromolecules
(low or non-cross-linking potential).

It also had an influence on the compressive strength of RPU/PIR foams. With the increase in the
amount of flexible segments, this parameter decreased from 377 kPa for foam without biopolyol to
335 kPa for foam with the highest content of biopolyol. Dependence between the biopolyol content
and the apparent density and compressive strength in the parallel direction to foam growth is shown
in the Figure 7.

Despite the decrease in the compressive strength of RPU/PIR foams, the value of this parameter
is at a satisfactory level, which for this type of polyurethane materials is above 280 kPa.

Increased flexibility, which was resulting from the addition of linear polyol chains, influenced the
decrease in brittleness of obtained RPU/PIR foams. When the evening primrose oil-based polyol was
used, a significant decrease of this parameter was noted (from 40.17% for the foam with biopolyol to
22.41% for foam with 0.4 R of biopolyol).

Another important parameter of foams, which are used in thermal insulation applications, are
absorbability and water absorption. The former relates to the percentage amount of water in the
material after removal from immersion. The second one is the percentage amount of water that stayed
inside the foams. In both cases, a decrease in these values was noted. Interdependence between the
content of biopolyol based on evening primrose oil, absorbability, and water absorption is shown in
Figure 8.
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Figure 7. Dependence between EPB content, apparent density, and compressive strength in parallel
direction to foam growth.
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Figure 8. Dependence between EPB content, absorbability, and water absorption.

These decreases were mainly caused by the addition of hydrophobic groups derived from plant
oil into the macromolecule of polyurethane. Reducing absorbability and water absorption is very
beneficial when these materials are using as thermal insulation. A lack of ability for water to accumulate
in foams prevents a multiplication of mold and other microorganisms in the rooms where they are
used [34].

3.3.2. Flammability of RPU/PIR Foams

High flammability is a problem for most polymeric materials. In the case of materials used as
thermal insulation in civil engineering, this is even more important, because the health and life of
people during a fire depend on the flammability of these materials. Therefore, it is indispensable to
use the flame-retardant compounds. RPU/PIR foams have an isocyanurate ring in their structure,
which affects a partially reduction of flammability in comparison with classic PU foams. Flammability
tests of RPU/PIR foams, including Bütler’s combustion test, the horizontal combustion test, and the
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limited oxygen index showed that the new biopolyol did not affect the flammability of these materials
(Table 5) [35].

Table 5. Flammability tests of RPU/PIR foams with biopolyol.

Foam Symbol
Combustion Residue

(wt.%)
LOI vol % of O2)

Classification Based on
PN-EN ISO 3582:2002

EPB2.0 92.77 ± 0.29 24.1 ± 0.1

self-extinguishing
EPB2.1 92.59 ± 0.34 24.1 ± 0.1
EPB2.2 92.25 ± 0.32 24.0 ± 0.1
EPB2.3 92.04 ± 0.27 24.0 ± 0.1
EPB2.4 91.95 ± 0.36 23.9 ± 0.1

The presented results of the flammability tests showed a slight decrease in the combustion residue
and limited oxygen index values. However, these changes were in the range of measurement error.
So, it could be assumed that the use of a biopolyol based on evening primrose oil did not affect
the flammability of RPU/PIR foams. This is important information from the application point of
view, because the use of an oleochemical raw material did not increase the flammability of the foams.
However, the evening primrose oil itself is flammable.

3.3.3. Structure of RPU/PIR Foams

Foam structure was analyzed with regard to EPB2.0 foam without biopolyol (Figure 9a) and foam
with the highest content of biopolyol (Figure 9b).

 
(a) 

 
(b) 

Figure 9. SEM micrographs of (a) EPB2.0—reference foam; (b) EPB2.4—foam with the highest content
of biopolyol.

It was ascertained based on analysis of SEM micrographs that the increase in biopolyol content
caused a slight increase in the cell size and its wall thickness. The results of this analysis and comparison
of EPB2.0 and EPB2.4 micrographs i.e., average cell size, average cell wall thickness, shape of cells, and
average amount of cell per area unit are shown in Table 6.

Table 6. Results of SEM micrograph analysis.

Foam Symbol Cell Size (μm)
Thickness of Cell Wall

(μm)
Content of Cell per

Area Unit (cell/mm2)

EPB2.0 258 ± 14 17 ± 2 12 ± 1
EPB2.4 269 ± 17 18 ± 2 11 ± 2
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Slight changes in the structure of foams were caused by the presence of long linear molecules from
fatty acid residues in biopolyol. The higher elasticity of the polyol segments and the lower cross-linking
of the biopolyol allowed the greater migration of an easily volatile blowing agent. Consequently,
the RPU/PIR foams with biopolyol based on evening primrose oil had slightly larger cell diameters
and thicker cell walls. It affected inter alia the decrease of apparent density, compressive strength,
and brittleness.

3.3.4. Thermal Insulation Properties

The most important parameter of the polyurethane materials that are intended for application
as thermal insulation is the thermal conductivity coefficient λ. If its value is lower, then the material
is a better heat insulator [36]. The content of closed cells in foams is as important as the λ parameter.
An increase in the value of this parameter causes a decrease of the λ value. Dependence between the
λ value, the content of closed cells, and the content of a biopolyol based on evening primrose oil is
presented in Figure 10.
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Figure 10. Dependence between EPB content, thermal conductivity coefficient, and content of
closed cells.

The presented test results showed that the addition of biopolyol improved the thermal insulation
properties of RPU/PIR foams. It is true that the change is slight. However, it confirmed that the
biopolyol based on evening primrose oil may be an interesting alternative for petrochemical polyols,
because the materials based on it have properties that are not worse than commercial foams.

An important parameter of RPU/PIR foams from the thermal insulation point of view is also
aging resistance. The results of accelerated aging tests are shown in Table 7.

Table 7. Results of accelerated aging tests.

Foam Symbol
Change of Linear
Dimension (%)

Change of Geometrical
Volume (%)

Mass Loss (%)

EPB2.0 +0.96 ± 0.04 +2.75 ± 0.07 5.90 ± 0.12
EPB2.1 +0.92 ± 0.03 +2.61 ± 0.05 5.71 ± 0.06
EPB2.2 +0.91 ± 0.03 +2.53 ± 0.09 5.13 ± 0.10
EPB2.3 +0.87 ± 0.05 +2.46 ± 0.07 4.61 ± 0.09
EPB2.4 +0.85 ± 0.03 +2.39 ± 0.06 4.48 ± 0.15
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The addition of vegetable oil-based segments has improved aging resistance. This is due to
the fact that the fatty acid glyceride molecule has a higher resistance to external factors, including
high temperature, than the polyether polyol. Ether groups contained in Rokopol RF-551 are more
susceptible to degradation than ester and ether groups contained in a biopolyol based on evening
primrose oil. The reason for this is a greater content of ether bonds in petrochemical polyol (average,
one ether bond for every two carbons) than in biopolyol.

4. Conclusions

This paper presented a synthesis of a new oil-based biopolyol for the production of RPU/PIR
foams for thermal insulation applications. Evening primrose oil was used as a plant-based raw material,
which had a high content of unsaturated fatty acids (unsaturated double bonds). Synthesis was carried
out in a two-step method involving the epoxidation of double bonds and opening epoxy rings with
diethylene glycol. The obtained biopolyol was characterized by a hydroxyl number of 182.41 mg
KOH/g, an acid value of 0.84 mg KOH/g, and a water content of 0.2 wt.%. The new oil-based polyol
was used as raw material for the synthesis of rigid polyurethane–polyisocyanurate foams from 0 to
0.4 mass equivalents of OH groups in a mixture with a commercial polyether polyol Rokopol RF-551.
RPU/PIR foams were tested for use as thermal insulation materials. The conducted research has shown
that the foams based on biopolyol had a slight lower apparent density, compressive strength, and
brittleness. A slight improvement in the thermal insulation properties, closed cell contents, and aging
resistance was also observed. The price of the finished product is also important. The production costs
of this biopolyol are lower than the production costs of petrochemical polyol, which in the economic
balance sheet gives a reduction in the price of final RPU/PIR foams. The use of evening primrose
oil as an alternative raw material for the synthesis of green polyols offers great opportunities. The
appropriate choice of composition for a reaction mixture enables obtaining various products, which
may be used in various industries, such as for example in civil engineering, textile, furniture, footwear,
or automotive industries. Besides, using plant-based polyols for the production of polyurethane
materials is compatible with sustainable development principles and green chemistry philosophy. It
enables the partial or complete replacement of petrochemical polyols.

5. Patents

The synthesis of biopolyol based on evening primrose oil was carried out on the basis of the
patented method: Polish Patent Application number P.422888.
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2. Petrović, Z.S.; Guo, A.; Javni, I.; Cvetković, I.; Hong, D.P. Polyurethane networks from polyols obtained by
hydroformylation of soybean oil. Polym. Int. 2008, 57, 275–281. [CrossRef]

3. Baumann, H.; Bühler, M.; Fochem, H. Natural Fats and Oils—Renewable Raw Materials for the Chemical
Industry. Angew. Chem. Int. 1988, 27, 41–62. [CrossRef]

4. De Espinosa, L.M.; Ronda, J.C.; Galia, M.; Cadiz, V. Plant oils: The perfect renewable resource for polymer
science? J. Polym. Sci. Part A Polym. Chem. 2009, 47, 1159–1167. [CrossRef]

271



Polymers 2018, 10, 1334

5. Datta, J.; Glowinska, E. Chemical modifications of natural oils and examples of their usage for polyurethane
synthesis. J. Elastom. Plast. 2014, 46, 33–42. [CrossRef]

6. Mizera, K.; Ryszkowska, J. Thermal properties of polyurethane elastomers from soybean oil-based polyol
with a different isocyanate index. J. Elastom. Plast. 2018, 4. [CrossRef]
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17. Lubczak, R.; Szczęch, D. Polyurethane foams with starch. J. Chem. Technol. Biotechnol. 2018. [CrossRef]
18. Lubczak, R. Multifunctional oligoetherols and polyurethane foams with carbazole ring. Pol. J. Chem. Technol.

2016, 18, 120–126. [CrossRef]
19. Chmiel, E.; Lubczak, J. Synthesis of oligoetherols from mixtures of melamine and boric acid and polyurethane

foams formed from these oligoetherols. Polym. Bull. 2018, 1–23. [CrossRef]
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Abstract: In this study, novel biodegradable long-segment fluorine-containing polyurethane (PU) was
synthesized using 4,4′-diphenylmethane diisocyanate (MDI) and 1H,1H,10H,10H-perfluor-1,10-decanediol
(PFD) as hard segment, and polycaprolactone diol (PCL) as a biodegradable soft segment. Nuclear
magnetic resonance (NMR) was used to perform 1H NMR, 19F NMR, 19F–19F COSY, 1H–19F COSY,
and HMBC analyses on the PFD/PU structures. The results, together with those from Fourier transform
infrared spectroscopy (FTIR), verified that the PFD/PUs had been successfully synthesized. Additionally,
the soft segment and PFD were changed, after which FTIR and XPS peak-differentiation-imitating analyses
were employed to examine the relationship of the hydrogen bonding reaction between the PFD chain
extender and PU. Subsequently, atomic force microscopy was used to investigate the changes in the
microphase structure between the PFD chain extender and PU, after which the effects of the thermal
properties between them were investigated through thermogravimetric analysis, differential scanning
calorimetry, and dynamic mechanical analysis. Finally, the effects of the PFD chain extender on the
mechanical properties of the PU were investigated through a tensile strength test.

Keywords: fluorinated polyurethanes; chain extender; curve fitting technique; nuclear magnetic
resonance; hydrogen bond

1. Introduction

Thermoplastic polyurethane (TPU) is a type of block copolymer that is usually synthesized with a
soft segment diol, a hard segment diisocyanate, and a chain extender. The incompatibility between soft
and hard segments results in microphase separation, the structure of which dominates the mechanical
properties and phase morphology of TPU, which has high intensity, toughness, and wear resistance,
as well as the properties of both plastics and elastomers [1–4]. Through different proportions of soft
and hard segments, polyurethane (PU) can be used to synthesize materials with different properties,
which can be applied in various fields [5,6]. Therefore, TPU is of great industrial importance [7].
However, compared with other thermoplastic elastomer materials, the poor thermal stability of
TPU [8,9] results in limitations in back-end applications.

The thermal properties of TPU can be improved by using blending [10–12], copolymers [13],
and cross-linked structures [14]. Another approach is the functionalized introduction of
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fluorine-containing chemicals to form fluoroacrylate polyurethane (FPU), which is expected to
have properties similar to those of other fluorinated polymers [15], including biocompatibility,
excellent environmental stability, hydrolysis resistance, thermal stability [16,17], chemical resistance,
low interface free energy, and water and oil resistance [18]. The interaction of organic fluorine is known
to involve π–πF, C–F···H, F···F, C–F···πF, C–F···π, C–F···M+, C–F···C=O, and anion–πF [19]. Therefore,
after fluorine is introduced into TPU to form fluoroacrylate thermoplastic polyurethane (FTPU) [20],
the stronger interaction of the C–F···H hydrogen bond (HB) compared with that of the C=O···H HB,
together with the interactions of other organic fluorine enable FTPU to possess stronger molecular
interactions, resulting in higher rigidity. Moreover, the –CF2– group of organic fluorine coats the
C–C bond with fluorine atoms, which effectively enhances the chemical resistance, barrier properties,
and thermal stability of FTPU, leading to wider applications. Liu et al. [21] mixed fluorinated polyether
diol with polybutylene adipate in different proportions to produce soft segments, which were
then combined with MDI to prepare FTPU. Studies have shown that fluorinated chain extenders
with low reactivity affect the final molecular weight of FTPU and can improve thermal stability.
Yang et al. [22] successfully introduced 4,4′-[2,2,2-trifluoro-1-(trifluoromethyl)ethylidene] bisphenol
into TPU to form FTPU, and their results showed that introducing fluorine-containing chain extenders
improved the thermal stability and rigidity of TPU. Furthermore, our laboratory [23,24] successfully
completed synthesis and introduced short-segment fluorine-containing chain extenders into the main
and side chains of TPU, which enhanced thermal properties, tensile strength, and hydrophobicity.
The above studies indicated that fluorine-containing chain extenders can effectively improve the
thermal stability and mechanical properties of PU. Moreover, it was found that if a short-segment
fluorine-containing chain extender was introduced as a side chain, it was able to effectively increase the
tensile strength of FTPU, while the tensile strain and heat stability were lower. If it was introduced as a
main chain, it was able to effectively increase the thermal stability and maintain the original breaking
strain of PCL and slightly increase the tensile strength. Therefore, in this study, a long-segment
fluorine-containing chain extender was introduced and used together with the urethane group to
increase molecular interactions, thereby effectively increasing the thermal stability and mechanical
properties of FTPU. So, it is hoped to effectively increase the thermal stability and mechanical property
at the same time.

In the present study, a novel FTPU was successfully synthesized through the reaction of
4,4’-diphenylmethane diisocyanate (MDI) and polycaprolactone diol (PCL), which formed a PU
prepolymer. Subsequently, 1H,1H,10H,10H-perfluor-1,10-decanediol (PFD) was added to the
prepolymer to obtain PFD/PU polymers, and their structures were confirmed through Fourier
transform infrared spectroscopy (FTIR) and nuclear magnetic resonance (NMR). The resulting
PFD/PUs were then subjected to molecular weight determination by using varying amounts of PCL
and PFD chain extenders, and the physical and chemical properties of the PFD/PUs were investigated.

2. Experimental

2.1. Materials

1H,1H,10H,10H-Perfluor-1,10-decanediol (PFD) was purchased from Matrix Scientific (Columbia,
SC, USA). 4,4’-Diphenylmethane diisocyanate (MDI), polycaprolactone diol (PCL, Mw = 530),
and dibutyltin dilaurate (DBTDL) were purchased from Aldrich (St. Louis, MO, USA).
N,N-Dimethylacetamide (DMAc) was obtained from Mallinckrodt Chemicals (Dublin, Ireland).

2.2. Synthesis of PFD/PUs

A 2-step process was used to polymerize the PFD/PUs. First, MDI, PCL, and DMAc were
added to a 500 mL 4-neck reaction flask and heated to 80 ◦C using a heating mantle. After 2 to
3 drops of dibutyltin dilaurate were added, the solution was mixed using a mechanical stirrer at
200 rpm, and PU prepolymers were formed after 2 h of reaction. In the second step, the PFD chain
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extenders were dissolved in DMAc and slowly dripped into the reaction flask, and the reaction was
continued for 2 h (Scheme 1). In the polymerization, the di-n-butylamine method [25] was used
to calculate the NCO content in all steps to monitor the reaction process. The obtained PFD/PU
solution was subjected to vacuum defoaming for 2 h, after which it was poured into a serum bottle
and stored in a refrigerator for 1 day. Finally, the PFD/PU solution was poured into a Teflon plate and
dried in a temperature-programmable circulating oven for 8 h. The recipe, symbols, and theoretical
contents of the hard and soft segments for the PFD/PU films are shown in Table 1. This study was
only concerned with the relative contents of hard (or soft) segments of PFD/PUs with different PFD
contents, so the theoretical hard (or soft) segment content is sufficient. Therefore, theoretical hard
and soft segment contents were calculated by using Equations (1) and (2), respectively, as used in the
general literature [26].

Theoretical hard segment content (wt%) =
WMDI + WPFD

WMDI + WPCL + WPFD
× 100% (1)

Theoretical soft segment content (wt%) = 100% − Theoretical hard segment content (wt%) (2)

Scheme 1. Formula for 1H,1H,10H,10H-perfluor-1,10-decanediol (PFD)/polyurethanes (PUs).

276



Polymers 2018, 11, 1292

Table 1. Recipe and theoretical phase compositions of the PFD/PUs. MDI, 4,4′-diphenylmethane
diisocyanate; PCL, polycaprolactone diol.

Designation
MDI

(moles)
PCL (moles)

PFD
(moles)

Theoretical Hard
Segment (wt%)

Theoretical Soft
Segment (wt%)

PFD/PU-01 4 3.50 0.50 39.91 60.09
PFD/PU-02 4 3.25 0.75 43.89 56.11
PFD/PU-03 4 3.00 1.00 47.92 52.08

WMDI, weight of MDI; WPCL, weight of PCL; WPFD, weight of PFD.

2.3. Advanced Polymer Chromatography System (APC)

The molecular weights of PFD/PUs were characterized using an Acquity APC core system
(Waters Corp., Milford, MA, USA) with Tetrahydrofuran (THF) as eluent at a flow rate of 0.8 mL/min.
The measurement was carried out at 45 ◦C.

2.4. Fourier Transform Infrared Spectroscopy (FT-IR)

Fourier transform infrared spectroscopy measurements were performed on a PerkinElmer
Spectrum One spectrometer (Waltham, MA, USA). The spectra of the samples were obtained by
averaging 16 scans in a range of 4000 to 650 cm−1 with a resolution of 2 cm−1.

2.5. 1H NMR Spectrometer

1H NMR (in DMSO-d6) spectra of the specimens were measured using a Bruker Avance 300
spectrometer (300 MHz; Bruker, Billerica, MA, USA).

2.6. 19F NMR Spectrometer

19F nuclear magnetic resonance (NMR) spectra of the polymers were recorded on a Bruker
AVIII HD400 Hz spectrometer (Bruker, Billerica, MA, USA) using DMSO-d6 as a solvent and
tetramethylsilane as an internal standard.

2.7. X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) measurements were carried out using a Thermo Fisher
Scientific (VGS) spectrometer (Waltham, MA, USA). An Al Kα anode was used as the x-ray source
(1486.6 eV), and a binding energy range of 0 to 1400 eV was selected for the analysis. The binding
energies were calibrated to the C1s internal standard with a peak at 284.8 eV. The high-resolution
C1s spectra were decomposed by fitting a Gaussian function to an experimental curve using a
nonlinear regression.

2.8. Surface Roughness Analysis

Scanning was performed using a CSPM5500 atomic force microscope from Being
Nano-Instruments (Beijing, China), which is generally operated in 2 imaging modes: tapping and
contact. The tapping mode was used in this study, and the tip of the oscillation probe cantilever
made only intermittent contact with the sample. Regarding the phase of the sine wave that drives the
cantilever, the phase of the tip oscillation is extremely sensitive to various sample surface characteristics;
therefore, the topography and phase images of a sample’s surface can be detected.

2.9. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was performed on a PerkinElmer Pyris 1 TGA (Perkin Elmer,
Waltham, MA, USA). The samples (5–8 mg) were heated from room temperature to 700 ◦C under
nitrogen at a rate of 10 ◦C/min.
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2.10. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry was performed on a PerkinElmer Jade differential scanning
calorimeter (Perkin Elmer, Waltham, MA, USA). The samples were sealed in aluminum pans with
a perforated lid. The scans (−50 to 50 ◦C) were performed at a heating rate of 10 ◦C/min under
nitrogen purging. The glass transition temperatures (Tg) were located as the midpoints of the sharp
descent regions in the recorded curves. The melting points were recorded as the peak maximum of
the endothermic transition in the second scan. Approximately 5–8 mg of samples were used in all of
the tests.

2.11. Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis was performed on a Seiko dynamic mechanical spectrometer (model
DMS6100) at 1 Hz with a 5 μm amplitude over a temperature range of −50 to 50 ◦C at a heating rate of
3 ◦C/min. DMA was conducted in tension mode with specimen dimensions of 20 mm × 5 mm × 0.2 mm
(L × W × H). The Tg was taken as the peak temperature of the glass transition region in the tan δ curve.

2.12. Stress–Strain Testing

Tensile strength and elongation at break were measured using a universal testing machine
(MTS QTEST5, model QC505B1, MTS Sys. Corp., Cary, NC, USA). Testing was conducted with ASTM
D638. The dimensions of the film specimen were 45 mm × 8 mm × 0.2 mm. Every spectrum was
tested 3 times and the average value was obtained.

3. Results and Discussion

3.1. Gel Permeation Chromatography Analysis

Figure 1 shows the gel permeation chromatography curves for PFD/PUs synthesized under
different PFD proportions. As shown, the weight distributions of the PFD/PUs were unimodal,
revealing that the synthesis was complete and without material residues. The molecular weight
data are presented in Table 2. The results show that a high PFD content increased the effluent time,
and the value of the molecular weight distribution (Mw/Mn; dispersity index) calculated using the
PFD/PUs fell within 1.6–1.8. A decline in the viscosity of the PFD/PU polymer solution following the
increase in PFD content also occurred during the synthesis. These results reveal that increasing the
PFD chain extender content reduced the molecular weight of the FTPU. This was because the carbon
chain number and molecular weight of PFD are higher than those of other chain extenders, such as
1,4-butanediol and ethylene glycol used in general PU. Therefore, the reduced molecular weight of
the PFD/PUs following an increase in PFD was probably due to the effects of activity. The trend was
the same as that in the study by Yang et al. [22], in which an increase in fluorine content reduced the
molecular weight.

Table 2. Gel permeation chromatography (GPC) results of PFD/PUs.

Sample Retention Time of the Peak (min) Mn (×104) Mw (×104) Mw/Mn

PFD/PU-01 2.97 3.90 6.68 1.7
PFD/PU-02 3.05 3.08 5.46 1.8
PFD/PU-03 3.22 2.31 3.79 1.6
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Figure 1. GPC curves of PFD/PUs.

3.2. FTIR

Figure 2a shows the FTIR spectrum of the PFD/PUs at a wavenumber range of 4000–650 cm−1.
The spectrum revealed that the polymers had five major common peaks: –NH stretching vibration peak
(3333 cm−1), CH2 stretching vibration peak (2925 and 2862 cm−1), C=O (amide I band, near 1727 cm−1),
–NH (amide II band, 1534.68 cm−1), stretching vibration peak of the C–F group (1221–1205 cm−1),
and C–O stretching vibration peak (near 1098–1071 cm−1). Moreover, no free NCO group was observed
at 2240–2275 cm−1. Therefore, MDI had fully reacted with the PCL or PFD chain extender during the
synthesis processes and the yields of PFD/PUs were all 100%.

Figure 2b shows the absorption peak within the wavenumber range of 1900–1000 cm−1.
FTIR analysis conducted by Yang et al. [27] showed that C=O functional groups obtained from
the PU system using the curve-fitting technique included C=Ofree, C=OHB disordered, and C=OHB ordered,
with C=OHB ordered appearing at approximately 1724, 1701, and 1660 cm−1. Wang et al. [28] subjected
FPU to an FTIR test, and the data indicated that when the C=O and –NH functional groups appeared
at three peaks (free, disordered, and ordered) in the curve fitting, C–O and C–F functional groups
produced two peak values (free and HB). The HB percentage of FPU was calculated at 1530 cm−1

because the stretching vibration peak of the benzene ring at this wavelength did not overlap with the
other peak values. Therefore, the existence of HBs in the PU was proved using the following formula:

A% =
IH/Iref

IH/Iref + Ifree/Iref
(3)

where IH is the HB strength, Ifree is the free radical bonding strength, and Iref represents the absorption
intensity at 1534 cm−1. Additionally, according to the experimental data in this study, the characteristic
peaks of the N–H, C=O, C–F, and C–O groups affected by the HBs also appeared in the PFD/PUs,
with H–bonded C=O, H–bonded C–F, and H–bonded C–O located at 1646, 1205, and 1098 cm−1,
respectively. This confirmed that a weak HB existed between N–H and C–F.
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Figure 3 shows the absorption peaks within the wavenumber range 1240–1190 cm−1. As shown,
the three peak values that appeared at 1240–1190 cm−1 were amide III, C–Ffree, and C–FHB.
The HB percentage of N–H···F–C was calculated using Equation (3), with PFD/PU-01, PFD/PU-02,
and PFD/PU-03 having an HB percentage of 23.63%, 27.41%, and 31.18%, respectively. Accordingly,
an increase in PFD enhanced the HB interaction in the FTPU film.

 

Figure 2. FT-IR spectra of PFD/PUs at wavenumber range of (a) 4000–650 cm−1 and (b) 1900–1000 cm−1.

280



Polymers 2018, 11, 1292

 
Figure 3. FT-IR spectra of (a) PFD/PU-01, (b) PFD/PU-02, and (c) PFD/PU-03 at the wavenumber
range of 1240–1190 cm–1.
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3.3. Fluorine-19 NMR

Figure 4 shows the molecular structure of the fluorine parts of the PFD/PUs and the 19F NMR
analytical chart for PFD/PU-01. The figure shows three absorption peaks, labeled 1–3. 19F–19F COSY
of PFD/PU-01 was performed to accurately analyze F1–F3. Figure 5 shows two signals of F2 (labeled
F2 and F2′) and three strong correlations (F2–F4, F2–F2′, and F1–F2′). Fluorine spectrum studies have
found that 4J(F,F) is stronger than 3J(F,F) [29], indicating that a strong coupling exists between the
next signals (i.e., 4J(F,F)). Figure 5 also shows that F–A and F–A’ were the most affected by the other
elements and were thus labeled F1. In a similar fashion, the peaks at −119.78 ppm (F1), −121.59 ppm
(F2 and F2′), and −123.83 ppm (F3) corresponded to F–A and F–A’; F–C, F–C’, F–D, and F–D’; and F–B
and F–B’, respectively. The corresponding positions of fluorine were confirmed, as shown in Figure 6.
Such coupling was insufficient to verify that the fluorinated chain extender was attached to the PU,
and additional identification through 2D NMR spectroscopy (1H–19F COSY, 1H–13C HMBC) was
required. Figure 7 shows the 1H–19F COSY diagram for the PFD/PUs. The spectrum revealed that the
H atoms of the CH2 group in the fluorinated chain extender were located at 4.89 ppm and had a relevant
coupling (3J(H,F)) with F1. Additionally, Figure 7 illustrates that the H atoms at 4.89 ppm shared a
weak coupling (4J(F,F)) with F3, which again verified that the analysis was correct. Figure 8 shows the
1H–13C heteronuclear multiple bond correlation (HMBC) spectrum of PFD/PU-01. According to the
literature, the PU ester O–C=O is located at approximately 153 ppm [30], which revealed that the C=O
location corresponded to the location of the H atoms of CH2 (4.89 ppm). The aforementioned analysis
showed that the PFD chain extender had successfully reacted with MDI to form urethane groups.

 

Figure 4. 19F NMR spectrum and molecular structure of PFD/PU-03.
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Figure 5. 19F–19F COSY NMR spectrum of PFD/PU-03.

 

Figure 6. Structure of the biodegradable fluorine-containing polyurethanes.

 
Figure 7. 1H–19F COSY NMR of PFD/PU-03.
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Figure 8. 1H–13C HMBC NMR of PFD/PU-03.

3.4. X-Ray Photoelectron Spectroscopy

Figure 9 shows XPS spectra for PFD/PUs, with each spectrum containing four main peaks:
C1s, O1s, N1s, and F1s. The element composition and peak-related properties are listed in Table 3.
These findings revealed that the binding energies of C1s, O1s, N1s, and F1s decreased following
an increase in PFD content, and the F content increased from 2.31% to 9.47%. Compared with
PFD/PU-02 and PFD/PU-03, the F1s binding energies of the C–F bond in PFD/PU-01 exhibited a
clear offset from 690 to 688 eV. Accordingly, the molecular interaction in the PFD/PU film changed
when the PFD content increased. The O1 elements in PFD/PU-01 and PFD/PU-03 were subjected to
an XPS peak-differentiation-imitating analysis (Figure 10). As shown, the O–C=O* binding energies of
PFD/PU-01 and PFD/PU-03 were 532.08 and 531.98 eV, respectively. Berger et al. [19] concluded that
the interaction of organic fluorine reveals that a dipole–dipole interaction exists between C–F···C=O.
These results reveal that the lower transfer values of the C1s, O1s, N1s, and F1s binding energies
confirmed the interaction between the –C=O group and C–F in the PFD/PUs [31].

Table 3. XPS peak characteristics of PFD/PUs.

Content Binding Energy (eV) Atomic Ratio (%)

PFD/PU-01

C1s 289.18 92.19
O1s 536.83 2.56
N1s 403.56 2.94
F1s 690.86 2.31

PFD/PU-02

C1s 286.08 89.36
O1s 533.85 3.00
N1s 400.42 3.23
F1s 688.04 4.41

PFD/PU-03

C1s 284.54 71.45
O1s 532.23 14.9
N1s 399.76 4.18
F1s 688.22 9.47
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Figure 9. XPS survey spectra of PFD/PUs.

 
Figure 10. O1s fit theory of (a) PFD/PU-01, and (b) PFD/PU-03.
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Figure 11 shows the XPS peak-differentiation-imitating analysis of C1s plotted for the PFD/PUs
with different proportions of the PFD chain extender. The C–C binding energy distributed by the
C1s curve in the PFD/PUs was approximately 285.0 eV, and approximately 286 eV for C–O, 287 eV
for C–O–C, and 292 eV for C–F2. The corresponding peak produced by O–C=O was approximately
288 eV [32], and it was distributed to the carbonyl group in the urethane group. Table 3 illustrates
that the nitrogen content increased following an increase in PFD and that the amount of nitrogen
represented the amount of hard segments. Substantial HB interactions between C–F and N–H may also
have existed within the PFD/PUs; thus, fluorine chains were believed to facilitate the pulling of the
hard segments to the surface of the PU [33]. According to the figure, the increased PFD content led to a
shift in the C–F position from 292 to 293.0 eV, a change in the peak intensity, and an increase in C–N
binding energy from 285.88 to 285.95 eV. The reason was that increasing the PFD increased the number
of C–F···H–N HBs, which in turn increased the C–F binding energy, a result that was consistent with
the FTIR analysis. Moreover, the binding energies of C–O, C–O–C, and O–C=O decreased following
an increase in PFD content. This may have been caused by introducing long-chain fluothane segments
into the PU, which disrupted the original HB reaction of the PU due to a steric hindrance, thereby
reducing the binding energy. However, C–F···H–N had a greater HB interaction than did C=O···H–N
because of the high electronegativity of fluorine, and a stronger HB interaction was produced in the
PU film.

3.5. Surface Roughness Analysis

The left and right images in Figure 12a–c show the topography and phase data images for
PFD/PU-01, PFD/PU-02, and PFD/PU-03, respectively. The PFD/PUs exhibited some continuous
protrusions in the topography. The average surface roughness of PFD/PU-01, PFD/PU-02,
and PFD/PU-03 was 2.17, 2.72, and 4.45 nm, respectively. The results revealed that the surface
roughness increased when the PFD content increased, which caused a rougher FTPU. This phenomenon
was attributed to the increase in the hard segments of the FTPU and the interaction between CF2

and C=O in the hard segments following the increase in PFD. In other words, increasing the PFD
chain extender increased the HB interaction in the FTPU film, which in turn caused aggregations
or protrusions on the film’s surface [24]. Additionally, numerous continuous irregular granular and
stripe phases were observed in the phase diagram of the PFD/PUs, which increased as the PFD
content increased. These irregular phases revealed that the hard segments were rich in PFD chain
extender [34,35], a phenomenon that was consistent with the findings in the XPS spectrum.

3.6. Thermal Properties

Figure 13 illustrates the thermogravimetric analysis (TGA) curve of the PFD/PUs synthesized
with different amounts of PFD chain extender. The initial decomposition temperature of the
PFD/PUs was defined as Tonset, which related to pyrolysis of the FTPU. The data revealed that
the Tonset of PFD/PU-01, PFD/PU-02, and PFD/PU-03 was 299.2, 305.1, and 308.6 ◦C, respectively;
the thermogravimetric data of PFD/PUs are presented in Table 4. The results show that Tonset increased
when the PFD chain extender content increased in the PFD/PUs. This could be attributed to the strong
bonding energy of –CF2 (540 kJ/mol), which required relatively high energy to break the bond.
Furthermore, the covalent radius of the fluorine atom was equivalent to half the C–C bond length; thus,
fluorine atoms shielded the main C–C chain and ensured its stability. Moreover, the interaction between
the C=O and –CF2 groups was verified through FTIR, and the polar bonding of –CF2 contributed
to the formation of the phase separation of hard segments of the PU film in the soft segment [36].
The additional PFD increased the thermal stability of the PU film. The residual weight at 700 ◦C
exhibited an increase when the PFD increased, which consequently reduced the amount of PCL that
was required. This resulted in more hard segments, which facilitated carbon formation.
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Figure 11. C1s fit theory of PFD/PUs.
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Figure 12. Atomic force microscopy (AFM) topographic and phase images of PFD/PUs: (a) PFD/PU-01,
(b) PFD/PU-02, and (c) PFD/PU-03.
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Figure 13. TGA and DTG curves of PFD/PUs.

Table 4. Thermal properties of PFD/PUs. TGA, thermogravimetric analysis; DSC, differential
scanning calorimetry.

Designation
TGA DSC

Tonset (◦C) Residue at 700 ◦C (%) Tg (◦C)

PFD/PU-01 299.2 2.7 3.7
PFD/PU-02 305.9 4.1 5.6
PFD/PU-03 308.6 4.2 10.3

Figure 14 shows the differential scanning calorimetry thermograms of the PFD/PUs with
different PFD content, and the relevant data are displayed in Table 4. The results reveal that the
glass transition temperature (Tg) points of PFD/PU-01, PFD/PU-02, and PFD/PU-03 were 3.7, 5.6,
and 10.3 ◦C, respectively. Tg was related to the soft segment that consisted of repeat linkages of reacted
alternative MDI and PCL units. Previous FTIR spectra indicated the presence of a strong interaction
between the C=O groups in soft segments and the –CF2 groups in hard segments of the PFD/PUs.
When PFD content was higher, more –CF2 groups therein would cause a higher interaction that
inhibited the segmental chain motion in the PFD/PUs, consequently increasing the Tg of PFD/PUs.
In other words, the PFD/PUs with more hard segments or chain extenders would have higher Tg as
previously reported [37].
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Figure 14. DSC thermograms of PFD/PUs.

3.7. Dynamic Mechanical Analysis

Figure 15 shows the tan δ and loss modulus (E”) of the PFD/PUs with different amounts of PFD
chain extenders. The dynamic Tg was defined as Tgd. As shown, the Tgd of PFD/PU-01, PFD/PU-02,
and PFD/PU-0 from the tan δ curve was 7.9, 10.8, and 13.3 ◦C, respectively, whereas the Tgd from
the E” curves was 0.1, 3.6, and 5.4 ◦C, respectively. The Tg values obtained using different testing
methods are listed in Table 5. The results show that the Tgd of the PFD/PUs increased as the PFD
chain extender content increased. This may have been caused by the inhibition of segmental motion of
the PFD/PUs following the increase in hard segments and C–F···H–N HB interactions that increased
the Tgd of the PFD/PUs, a finding that was similar to the results from the thermal property analysis
described previously. The tan δ curves of the PFD/PUs indicate a decrease in tan δmax with an increase
in PFD content. This was because of the increased hard segments and influence of the HB interactions
following the increased PFD, resulting in more elastic PFD/PUs, because the value of tan δ was
obtained by dividing the value of E” by E’. Therefore, PFD/PU-03, which had the highest fluorine
content, showed the lowest peak value. In other words, the hard segments containing PFD units
were harder than the soft segments containing PCL units. Additionally, the dipole–dipole interaction
between C–F···C=O contributed to the blocking of the segmental activity of the PFD/PUs. In summary,
the PFD/PUs with relatively high PFD content were elastic, which suggests that increasing the PFD
content improves the rigidity of PFD/PUs.

Table 5. DMA results of PFD/PUs.

Sample Tgd from Tan δ (◦C) Tan δmax Tgd from E” (◦C)

PFD/PU-01 7.9 0.756 0.1
PFD/PU-02 10.8 0.668 3.6
PFD/PU-03 13.3 0.638 5.4
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Figure 15. DMA (a) tan δ and (b) loss modulus (E”) curves of PFD/PUs.

3.8. Tensile Properties

Figure 16 shows the stress–strain curves of the PFD/PUs synthesized with different amounts of
PFD chain extender, and the data on their mechanical properties are listed in Table 6. According to the
results, PFD/PU-01, PFD/PU-02, and PFD/PU-03 had, respectively, a maximum tensile strength of
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8.23, 16.34, and 21.55 MPa; an extension at break of 1630%, 1434%, and 1156%; and a Young’s modulus
of 0.5, 1.4, and 2.1 MPa. These results reveal that increasing the PFD content increased the tensile
strength and Young’s modulus. This is due to the following: first, the FTPU film was more rigid when
FTPU contained more PFD or hard segments; and second, the HBs produced between –NH and CF2 in
the PFD/PUs inhibited the segmental motion of the PFD/PUs. The result was an increase in tensile
strength and Young’s modulus in the FTPU film. The results of the mechanical property curve are
consistent with those of the dynamic mechanical analysis.

Table 6. Tensile properties of PFD/PUs.

Sample Tensile Strength (MPa) Young’s Modulus (MPa) Elongation at Break (%)

PFD/PU-01 8.0 ± 0.2 0.5 1614 ± 34
PFD/PU-02 16.1 ± 0.7 1.4 1427 ± 15
PFD/PU-03 21.0 ± 1.3 2.1 1148 ± 57

Figure 16. Tensile properties of PFD/PUs.

4. Conclusions

In this study, PFD was introduced into PU to produce FTPU, and 1H NMR, 19F NMR, 19F–19F
COSY, 1H–19F COSY, and HMBC confirmed the successful synthesis of PFD/PUs. The results from
FTIR and XPS indicate that introducing the CF2 group into the PFD produced an HB interaction with
the –NH group; a high PFD content resulted in more HB interactions in the PFD/PUs. AFM showed
that PFD contributed to the microphase separation of the PFD/PUs because of the HB interactions.
Thermal property analysis showed that because of the strong binding energy of –CF2 in the PFD
(540 kJ/mol) and because the covalent radius of fluorine atoms is equivalent to half the C–C bond
length, increasing the PFD content shielded the main C–C chain and enhanced the thermal stability of
the PFD/PUs. Dynamic mechanical analysis and tensile strength tests also confirmed that the PFD
extender enhanced the rigidity of the PU film.
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Abstract: In this reported work, thermoplastic polyurethane (TPU) was used as a reactive polymer
modifying agent to prepare a modified-asphalt, using a high-speed shearing method. Physical
performance tests of the TPU-modified asphalt were conducted before and after short-term aging, and
the aging resistance was examined by the change in materials properties. In addition, low-temperature
rheological properties, thermal properties, the high-temperature storage stability, and the aging
mechanism of TPU-modified asphalt were also investigated. The results showed that the addition of
TPU improved the aging resistance of base asphalt, which was evidenced by the increased penetration
ratio and decreased softening point of the asphalt, after aging. Similarly, Fourier Transform infrared
(FTIR) spectroscopy results verified that TPU improved the asphalt aging resistance. It was found
that the TPU functional groups played a role in improving thermal properties, high-temperature
storage stability, and in the dispersion of modified asphalt.

Keywords: modified-asphalt; thermoplastic polyurethane; rheological properties; thermal
properties; microstructure

1. Introduction

Asphalt is an engineering material used in many industrial sectors of the national economy.
Its wide range of uses makes asphalt an irreplaceable product, particularly in road construction
and in waterproofing of buildings [1]. However, increased road traffic and the heavier vehicle
loads demand that the requirements for road construction is greatly improved, which translates
to improving the properties of asphalt materials [2,3]. The elastomer rubber was the earliest asphalt
modifier and rubber-modified asphalt offer advantages in terms of low-temperature cracking resistance,
elastic properties, and toughness, while reducing traffic noise to improve driving comfort [4,5].
Combining the properties of both rubber and polymer resins, styrene butadiene styrene (SBS) can
comprehensively improve the properties of base asphalt and, currently, become the most used, and
studied, asphalt modifier [6–9]. While additives help to improve the performance of asphalt, they also
create some problems, such as the compatibility of the modifier and the base asphalt [10], stability of
the modified-asphalt [11], and the balance between high- and low-temperature properties [12]. To solve
these problems, many researchers added nanomaterials into base asphalt or polymer-modified asphalt
(PMA) to make up for the deficiencies of PMA in performance. Polacco et al. [13], Zhang et al. [14,15]
and other scholars believe that the exfoliated and intercalated structure is formed in a nano-layered
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material/polymer/asphalt system. They also believe that these structures, especially the exfoliated
structure, can separate oxygen and prevent the volatilization of the light-asphalt components, thereby,
increasing the aging resistance of asphalt and improving the service life of a modified asphalt binder.

Nanomaterials-modified asphalt technology has made some progress, such as aging resistance,
rheological properties, and high-temperature performance. However, due to the complex composition,
and viscosity features of asphalt, combined with a huge surface area and high surface energy of
nanoparticles, the agglomeration phenomenon of nanomaterials is ubiquitous in a nano-modified
asphalt. In addition, the cost of nanomaterials can also limit its engineering application.
The thermoplastic polyurethane (TPU) contains many carbamate groups (–NHCOO–), in the main
chain, as a typical multi-block copolymer [16]. While improving the performance of asphalt,
its compatibility can also be improved by the reaction between the functional groups, in the TPU and
the components of the base asphalt [17]. Partal et al. [18–20] have extensively investigated polyurethane
prepolymer and isocyanate-based polymer-modified asphalt. TPU is a kind of polymer, with both
rigid and flexible properties, as its molecule contains hard and soft segments. As an asphalt modifier,
the TPU can not only improve the strength but also the flexibility of the modified asphalt system [21].
Actually, the present literature is lacking in the reporting of TPU-modified asphalt binders. The present
study focused on the physical performance, as well as low-temperature rheological properties of
TPU-modified asphalt. In addition, the thermal properties, the high-temperature storage stability of
TPU-modified asphalt and its aging mechanism were also studied.

2. The Experimental Process

2.1. Materials

Base asphalt 90A was obtained from Xi’an Petroleum & Chemical Corporation (Xi’an, China).
Commercial TPU (Desmopan 9380A) was obtained from Bayer AG (Werk Leverkusen, Germany),
with a density of 1.110 g/cm3, and a number-average molecular weight of about 100,000. TPU easily
absorbs moisture so the resin was thoroughly dried, before use.

2.2. Sample Preparations

A FLUKO FM300 high shear emulsifier (Shanghai, China) was used to mix the TPU and the base
asphalt. The mixing process began with heating 500 g of the base asphalt, until it became pourable.
Subsequently, specific quantities of TPU were individually added into the melted asphalt and the
mixture was sheared at 150 ◦C, for 1 h, with a speed of 2500 rpm. Finally, the binders were stirred with
a mechanical agitator for another 1 h, in 150 ◦C. We prepared a series of compositions with 1 wt %,
2 wt %, 3 wt %, and 4 wt % of TPU contents, based on the weight of the base asphalt.

2.3. Aging Procedure

Short-term aging of the base asphalt and the modified-asphalts was conducted, using a rolling
thin-film oven test (RTFOT), according to American Society for Testing Materials (ASTM) D2872.

2.4. Tests Procedures

2.4.1. Physical Properties Test

The performance indexes of asphalt samples, such as penetration, softening point, and ductility
(5 ◦C) were obtained from tests conducted in accordance with ASTM D5, ASTM D36, and ASTM
D113, respectively. The penetration ratio, softening point increment, and ductility ratio of the asphalt
samples before and after aging were used to evaluate the aging resistance of the materials.
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2.4.2. Low-Temperature Creep Test

Low-temperature creep tests were performed using a bending beam rheometer (BBR, Cannon
Instrument Company, State College, PA, USA), in accordance with ASTM D6648. The creep stiffness
(S) and creep rate (m) of the asphalt samples were tested at –24 ◦C and –18 ◦C.

2.4.3. Thermal Gravity Test

Thermal gravity test was carried out using a TGA/DSC 1 thermogravimetric analyzer (Mettler
Toledo, Zurich, Switzerland), under an air atmosphere, at a scan rate of 15 ◦C/min, from 100 to 700 ◦C.

2.4.4. Storage Stability Test

Modified asphalt sample was transferred into a glass tube and stored vertically in an oven,
at 163 ◦C. After 48 h, the tube was removed, cooled to room temperature and then the sample was
cut into three equal sections, horizontally. The top and bottom sections were used to evaluate the
storage stability of the modified-asphalt, by measuring the softening points. The test was conducted in
accordance with ASTM D5976.

2.4.5. Morphology Observation

The sample’s morphology was observed using a Nikon 80i fluorescent microscope (Tokyo, Japan).
A small amount of the heated asphalt sample was placed on a glass microscope slide and then pressed
into a thin layer with a cover glass. After cooling, the sample was inspected at a magnification of
400 times, under a green incident light.

2.4.6. FTIR Test

Infrared spectra of the samples were recorded using a Shimadzu FTIR-8400S spectrometer (Kyoto,
Japan), with scans conducted from 400 to 4000 cm−1, with a 4 cm–1 resolution. Asphalt samples were
individually dissolved in tetrahydrofuran and the solution was painted onto a potassium bromide
(KBr) thin plate, for testing.

3. Results and Discussion

3.1. Physical Properties

The penetration, softening point, and ductility of the asphalt samples and their ratio or increment,
before and after aging, are shown in Figures 1–3 respectively. Compared with the base asphalt in
Figure 1, the penetration of the TPU-modified asphalt sample appeared to be reduced, indicating that
the modified-asphalt was toughened and its shear deformation resistance was also enhanced. However,
as the TPU content increased, the modified-asphalt became softer. After RTFOT aging, the ratio of
residual penetration and the penetration before aging increased and the aging resistance of the asphalt
improved. In Figure 2, the TPU-modified asphalts displayed a softening point of 4–6 ◦C higher than
the base asphalt. There was no significant difference between the two, with little improvement in
high-temperature performance. With the increase of TPU content, the softening point increment
decreased after the RTFOT aging, demonstrating the improved aging resistance of the asphalt. Base
asphalt has an excellent ductility, and its low temperature value was 111.7 cm, as shown in Figure 3.
However, the light molecular weight (MW) asphalt components, such as saturated and aromatic
hydrocarbons were oxidized and volatilized in the following the RTFOT aging, so that the residual
ductility was only 4.8% of the original value. This would indicate that, in the field, the brittleness of
the asphalt pavement would increase, thereby, decreasing its cracking resistance at a low temperature.
In the case of the TPU-modified asphalts, the low temperature ductility increased with an increasing
TPU content and the ductility ratio was higher than the base value, but with only a 4 cm of residual
ductility, it was still at a very low level.

297



Polymers 2018, 10, 1189

Figure 1. Penetration of the asphalt samples and their residual penetration ratio, after the RTFOT aging.

Figure 2. Softening point of the asphalt samples and their increment, after the RTFOT aging.

Figure 3. Ductility of the asphalt samples and their residual ductility ratio, after the RTFOT aging.

3.2. Low-Temperature Creep Properties

Figures 4 and 5 represent the BBR experimental results for the asphalt samples stored at −18 ◦C
and −24 ◦C, respectively. The addition of TPU appeared to reduce the creep stiffness (S) and improve
the creep rate (m), indicating that the inner stress of the asphalt was decreased in the same temperature
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and loading condition and could also be lost, timely, through the deformation [22]. The improvement
in these parameters indicated that the modified-asphalt performed better at a low-temperature and was
not prone to cracking. However, when the asphalt samples aged, a series of volatilization, oxidation,
polymerization, and even changes in the internal structure of the asphalt would have occurred and
the asphalt would have become harder. The low-temperature flexibility was decreased, thus the creep
stiffness was increased and creep rate was reduced. Consequently, the comprehensive analysis of S
and the m-value, before and after the RTFOT aging, indicated that when the TPU content was 3%,
the modified-asphalt had better short-term aging resistance than the other samples.

 
Figure 4. Creep stiffness (S) and creep rate (m-value) of the asphalt samples, before and after the
RTFOT aging, at −18 ◦C.

Figure 5. Creep stiffness (S) and creep rate (m-value) of the asphalt samples, before and after the
RTFOT aging, at −24 ◦C.

3.3. Thermal Properties

The Thermal gravity (TG) and differential scanning calorimetry (DSC) curves of the asphalt
combustion process are shown in Figures 6 and 7. It is well-known that the components of the
asphalt vary in chemical composition and molecular weight [1,23]. This leads to varying physical
and chemical properties, in the asphalt, so that the temperature for mass loss of each component is
different, consequently, there are several stages in asphalt degradation [24]. Every degradation stage of
the asphalt combustion is listed in Table 1, based on Figure 7. The first degradation stage could mainly
be attributed to the volatilization of the light-MW components of asphalt, such as the saturated and
aromatic hydrocarbons. At this stage, the TPU in the modified-asphalt also began to decompose and
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absorbed heat, which delayed the time of the asphalt decomposition. With the increasing TPU content,
the maximum degradation temperature of the modified-asphalt degradation increased and the thermal
stability of the asphalt was improved. The most complex and intense chemical reaction occurred in
the second-stage, where the asphalt mass loss was mainly due to the decomposition of resins. The
thermal oxidative degradation of resins produced low molecular hydrocarbons that subsequently
burned off. Dehydrogenation and polymerization occurred in the residual substance and increased
the quantity of the carbonized products, while decreasing the stable free-radical content. The third
stage was the degradation and the high-temperature charring of the asphaltene. In base asphalt, the
release of volatiles and the combustion of fixed-carbon, rearranged the asphalt molecular structure and
formed a dense layer of carbon. As a result, the oxygen and heat could not penetrate the unburned
asphalt, which prevented the release of flammable volatiles that remained as a 25–26% of the residue.
However, in the TPU-modified asphalt, the decomposition of the TPU caused the asphaltene to regain
free radicals and the reactions continued. With an increasing temperature, the hydrogen and methyl
of the asphaltene were continually removed and ultimately produced a stable char structure, the
residual amount was 1–4%, and the mass-loss stopped. In addition, the derivative thermogravimetric
(DTG) analysis curves of TPU-modified asphalt were flatter than the base asphalt’s curves, which
suggested that the combustion activity of the TPU-modified asphalt had increased and its flame
resistance had decreased.

Figure 6. TG curves of base asphalt and modified-asphalts.

Figure 7. DTG curves of base asphalt and modified-asphalts.
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Table 1. Degradation stages in the asphalt combustion process.

Asphalt Samples
Combustion Process

Stage 1 (Tpeak)/◦C Stage 2 (Tpeak)/◦C Stage 3 (Tpeak)/◦C

un-modif. 282–387 (337) 387–452(434) 452–536 (461)
1% TPU 283–383 (349) 383–482 (428) 482–575 (512)
2% TPU 286–379 (349) 379–488 (428) 488–577 (521)
3% TPU 297–407 (356) 407–485 (439) 485–578 (517)
4% TPU 284–396 (364) 396–483 (433) 483–580 (516)

3.4. Storage Stability

The segregation experiment results of the asphalt samples are shown in Table 2. In contrast
to the conventional polymer-modified asphalt, the coalescence of modifying agents, during a
high-temperature storage could not occur in the TPU-modified asphalt, which minimized their
migration and the subsequent segregation. This was mainly due to the reaction between the –NCO
groups in the TPU and the active hydrogen atoms (mainly –OH) in the asphaltene micelles [25],
as shown below:

R1–NCO + R2–OH→R1–NHCOO–R2

Combined with the analysis of FTIR, in Section 3.6, the absorption peak at 2275 cm−1 was a
characteristic peak of NCO. It was concluded that urethane bonds had formed between the polymer
and the asphalt component (mainly asphaltenes and resins). Therefore, asphalt-rich phases had
interacted together and formed a crosslinking. The modified-asphalt was uniform in its composition
and highly dispersed, and a phase separation was avoided, during the high-temperature storage [26].

Table 2. Softening point in the top and bottom segments of the asphalt samples.

Asphalt Samples 1% TPU 2% TPU 3% TPU 4% TPU

Softening point in top/◦C 55.0 55.5 56.6 57.3
Softening point in bottom/◦C 55.6 56.3 56.1 56.7

ΔSP a −0.6 −0.8 0.5 0.6
a ΔSP means the difference in the softening point, in the top and the bottom segments, of the asphalt samples.

3.5. Morphology

The morphology and dispersion of the TPU polymer in asphalt, before and after the short-term
aging, is shown in Figure 8. In Figure 8a, the polymer appears as particles and is dispersed in a
continuous phase in the asphalt. After the RTFOT aging, the quantity of the polymer particles had
increased, their size had been reduced, and there was a lesser distinction between the polymer and
the asphalt phases, as shown in Figure 8b. In Figure 8c, it appeared that the polymer content had
increased, as had the polymer particles. The morphology of the 4% TPU-modified asphalt, after aging,
is shown in Figure 8d, and it was similar to that of the 2% TPU-modified asphalt. As described above,
the TPU could react with some of the asphalt components, making it easier for the TPU to achieve
a more uniform dispersion in the asphalt system, than the polyethylene (PE), the SBS, and other
non-reactive polymer-modifying agents [27,28]. In addition, the polymer chains are prone to fracture
and decomposition in the aging process, thus, the compatibility of the polymer and the asphalt would
be further improved and finally a more uniform modified asphalt system would be formed.
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Figure 8. Morphology variation of asphalt samples, before and after aging (a: 2% TPU-modified
asphalt; b: 2% TPU-modified asphalt, after the RTFOT aging; c: 4% TPU-modified asphalt; d: 4%
TPU-modified asphalt, after the RTFOT aging.).

3.6. FTIR Analysis

Figure 9 shows the infrared spectra of the base asphalt, before and after the short-term aging.
The peaks at 2932 cm−1 and 2854 cm−1 were the typical stretching-vibrations of the aliphatic CH2.
Aldehyde CH stretching-vibration was observed at 2723 cm−1 and the benzene ring vibration, C=C,
was seen at 1604 cm−1. The peaks at 1458 cm−1 and 1373 cm−1 were assigned to the antisymmetric and
symmetric deforming-vibrations of the CH3, respectively. Sulfoxide, S=O, stretching-vibration was
observed at 1033 cm−1. The peaks at 872 cm−1, 810 cm−1, and 748 cm−1 were the stretching-vibrations
(out-of-plane) of the C–H in phenyl [29,30]. After the RTFOT aging, a new peak at 1695 cm−1 appeared
and the intensity of peak at 1033 cm−1 was enhanced. We attributed the presence of the carbonyl C=O
to the thermal oxidation of the asphalt and the sulfoxides S=O, which resulted from the oxidation of
sulfides in the asphalt. These were the characteristic peaks of asphalt-aging. In addition, the enhanced
intensity of the peaks at 872 cm−1, 810 cm−1, and 748 cm−1 reflected the volatilization of the light
alkane components and the relative increment of the fused-ring structured asphaltene, in the asphalt
thermo-oxidative aging process. The infrared spectra of the modified-asphalt, before and after the
RTFOT aging, could be summarized by the 2% TPU-modified asphalt shown in Figure 10. As described
in Section 3.4, the characteristic peak of the NCO, at 2275 cm−1, had appeared. The remaining peaks,
after the aging, were similar to that of the base asphalt, except that the characteristic peak at 1695 cm−1,
was weaker than that of the base asphalt, indicating the role that was played by the reactive polymer
TPU in the aging-resistance of the asphalt.
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Figure 9. Infrared spectra of the base asphalt, before and after the RTFOT aging.

Figure 10. Infrared spectra of the modified-asphalt, before and after the RTFOT aging.

4. Conclusions

Compared with the base asphalt, the penetration ratio and the softening point increment of
the TPU-modified asphalt was increased and decreased respectively, and continued to increase and
decrease with the raised-TPU content, which confirmed that the aging resistance of the TPU-modified
asphalt was enhanced. With respect to the combustion of the modified-asphalt, the degradation of the
TPU absorbed the heat and delayed the decomposition of asphalt, thus, improving the asphalt thermal
stability. TPU increased the thermal activity of the modified-asphalt and reduced its flame resistance.
The weakened characteristic peak of the asphalt aging in the infrared spectrum also reflected the
improvement in the aging-resistance of the TPU-modified asphalt. In general, crosslinking was formed
and the asphalt-rich phase and the polymer-rich phase had interacted together, due to the reaction
of the NCO reactive group in the TPU and the active hydrogen in the asphalt. Thus, the modified
asphalt system could be stably stored and used. The fracture and degradation of the TPU chains,
after the aging, further improved the compatibility of the polymer-modifying agent and the asphalt.
TPU’s excellent properties could be reflected in the improvement of the modified-asphalt’s properties.
The asphalt modification not only included the physical process but also included the chemical process,
and further increased the comprehensive properties of the material.
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Abstract: The synthesis of four samples of new polyurethanes was evaluated by changing the ratio of
the diol monomers used, poly(propylene glycol) (PPG) and D-isosorbide, in the presence of aliphatic
isocyanates such as the isophorone diisocyanate (IPDI) and 4,4′-methylenebis(cyclohexyl isocyanate)
(HMDI). The thermal properties of the four polymers obtained were determined by DSC, exhibiting
Tg values in the range 55–70 ◦C, and their molecular structure characterized by FTIR, 1H, and 13C
NMR spectroscopies. The diffusion coefficients of these polymers in solution were measured by
the Pulse Gradient Spin Echo (PGSE) NMR method, enabling the calculation of the corresponding
hydrodynamic radii in diluted solution (1.62–2.65 nm). The molecular weights were determined by
GPC/SEC and compared with the values determined by a quantitative 13C NMR analysis. Finally,
the biocompatibility of the polyurethanes was assessed using the HaCaT keratinocyte cell line by the
MTT reduction assay method showing values superior to 70% cell viability.

Keywords: biocompatibility; GPC/SEC; keratinocyte cells; NMR; polyurethane; renewable sources

1. Introduction

Polyurethanes (PUs) are extremely versatile polymers due to their easy structural tunability and to
their elastomeric and thermoplastic behavior. Their syntheses from the combination of new monomers
are being extensively studied by several groups [1–6].

PU materials are usually composed of two types of phases, in which hard glassy phase-enriched
domains are dispersed in a matrix of soft rubbery segments. These hard segments contribute to the
modulus, mechanical strength and elevated temperature properties owing to the strong intermolecular
interactions such as hydrogen bonding among the urethane groups, whereas the soft segments
afford elasticity and low-temperature mechanical properties [2]. Moreover, the properties of PUs
are remarkably affected by the content, type, and molecular weight of the soft segments. Therefore,
the choice of monomers used to synthesize PUs is dependent on the final applications of the
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materials [7]. For example, monomers offering excellent durability are selected for polymers to
be used for prostheses [8], those increasing the compatibility of PU with tissues are applied for
pacemakers [9], and monomers offering thermal stability are carefully chosen for catheters that require
sterilization processes [7,10].

We have been interested in the synthesis of linear polyurethanes from carbohydrates suitably
functionalized for applications in the pharmaceutical industry, namely, for the use in nail lacquer
formulations, as they are being considered as a solution to deliver relevant drugs to infected nails [11].
However, the currently available polymer excipients present some disadvantages for the formulation of
vehicles for an efficient drug delivery using therapeutic nail lacquers. Isosorbide is a monomer already
employed in the synthesis of biocompatible polymers [3,7,12,13]. This glycol (Figure 1) is a chiral
and quite thermostable diol, which raises the Tg of the corresponding polymers, and can be obtained
by the reduction of glucose followed by dehydration [14]. On the other hand, the poly(propylene
glycol) (PPG) is a biocompatible polyether that has been extensively investigated for application as
a biomedical material conferring elastomeric properties to polyurethanes [15–17]. This monomer
was then chosen as a second glycol in the outlined synthesis. To avoid the use of monomers that
probably yield toxic compounds, the isophorone diisocyanate (IPDI) and 4,4′-methylenebis(cyclohexyl
isocyanate) (HMDI) were envisaged as options to access nontoxic formulations since those isocyanates
have already been used in the synthesis of several biocompatible polyurethanes [16,18,19].

Figure 1. The molecular structure of D-isosorbide.

The present work describes the synthesis of new polyurethanes from D-isosorbide by
step-growth polymerization involving diisocyanates, such as IPDI or HDMI, and PPG as soft
segments, and the characterization of their chemical structures, molecular weights, and thermal
properties by Fourier-Transform Infrared (FTIR) and 1H and 13C Nuclear Magnetic Resonance
spectroscopies (NMR), Gel Permeation Chromatography/Size-Exclusion Chromatography (GPC/SEC),
and Differential Scanning Calorimetry (DSC). The novelty of this work consists in the synthesis
and characterization of new polyurethanes derived from unprecedented combinations of aliphatic
monomers (PPG-HMDI-Isosorbide and PPG-IPDI-Isosorbide), which are biocompatible with
keratinocyte cells and can participate as drug delivery supports in the formulation of nail lacquers
used in the treatment of onychomycosis. In fact, to the best of our knowledge, there are no reports on
the application of D-isosorbide-based polyurethanes in therapeutic nail lacquers.

2. Experimental Section

2.1. Materials

The D-isosorbide was provided by Acrös (Geel, Belgium), HMDI by Bayer Material Science
(Leverkusen, Germany), and IPDI and 2,2′-dimorpholinyldiethylether (DMDEE) by Sigma-Aldrich
(Ludwigshafen, Germany). PPG (VORANOL 1010L, average molecular weight 1000 g mol−1,
OH number range (Phthalic Anhydride-Pyridine Solution) 106–114 mg KOH g−1) was supplied
by Dow Chemical (Midland, MI, USA). Anhydrous ethanol was purchased from Carlo Erba
(Barcelona, Spain). DMSO-d6, CDCl3, and tetramethylsilane (TMS) (99.9% purity) used in the NMR
determinations were acquired from Sigma-Aldrich. The HPLC grade tetrahydrofuran (THF) and the
polystyrene (PS) standards used in GPC/SEC were obtained from Aldrich and TSK Tosoh Co. (Tokyo,
Japan), respectively.
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2.2. Polymer Synthesis

The polyurethanes reported in the present work were synthesized in two steps. The first one
involved the quasi-prepolymerization method by reacting the IPDI or HMDI monomers and PPG
for ca. 3 h, at 80 ◦C. Subsequently, the second step comprised the reaction of the previously afforded
quasi-prepolymers with D-isosorbide diol monomer for 1 h, at 80 ◦C.

2.2.1. Synthesis of Quasi-Prepolymers

Three polyurethane quasi-prepolymers were prepared by reacting IPDI or HMDI and PPG in a
250 mL glass flask, under a dry nitrogen atmosphere, to prevent and avoid the presence of moisture
and the subsequent formation of urea bonds during the synthesis. The reaction took place with
the dropwise addition of PPG to the quasi-prepolymer, under mechanical stirring (400 rpm), at 80
◦C and in the presence of 0.5 mL of the catalyst DMDEE. The reactions were practically completed
in 3 h, as determined by the isocyanate (-NCO) groups content existing in the reaction mixtures
(determined by back titration with an excess of N,N-dibutylamine with standard HCl [20]). Viscometry
measurements of the reaction mixtures by cone-plate rheometry were also used to evaluate the course
of the reaction [21] (using a shear stress-controlled ICI Cone and Plate rheometer—London, LTD—at
25 ◦C and 20 Hz, using parallel plates, with an upper plate diameter of 20 mm and a gap of 0.4 mm).
The molar ratios of the monomers used in each synthesized pre-polymer are presented in Table 1.

Table 1. The molar ratios of the monomers employed in the synthesis of the quasi-prepolymer.

Monomers Pre-1 Pre-2 Pre-3

IPDI 6 6 -
HMDI - - 6
PPG 1 2 1

2.2.2. Syntheses of Polyurethanes PU1–PU4

The syntheses of the four polyurethanes PU1–PU4 were carried out in a 250 mL reactor by the
addition of an appropriate amount of D-isosorbide to the IPDI/PPG or HMDI/PPG polyurethane
quasi-prepolymers obtained previously (see Section 2.2.1), according to the predetermined molar
and mass ratios of monomers and prepolymer, which are presented in Table 2. For comparison,
the hard segment content, as obtained by the NMR for each PU, is also presented (see below in Table
5). The reactions took place in 1 h at 80 ◦C under a dry nitrogen atmosphere, in quantitative yields.

Table 2. The molar and mass ratios of the monomers and prepolymer employed in the synthesis of the
polyurethanes PU1–PU4, and the hard segment content (wt %).

Monomers

Polymers

PU1
n (mol)/m (g)

PU2
n (mol)/m (g)

PU3
n (mol)/m (g)

PU4
n (mol)/m (g)

IPDI 0.06/13.33 0.06/13.33 0.06/13.33 -
HMDI - - - 0.06/15.74
PPG 0.01/10.00 0.02/20.00 0.01/10.00 0.01/10.00

D-isosorbide 0.05/7.30 0.05/7.30 0.06/8.76 0.05/7.30
Hard segment

content (wt %) a 67.4 50.8 68.8 69.7

a Hard segment content (wt %) = (misocyanate + mD-isosorbide)/(misocyanate + mD-isosorbide + mPPG).

2.3. FTIR Characterization

The quasi-prepolymers’ FTIR spectra were acquired with a Nexus Thermo Nicolet spectrometer
equipped with attenuated total reflectance (ATR) device for the quasi-prepolymers. The solid samples
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of polyurethane (approximately 1 mg) were finely powdered and dispersed in a KBr matrix (200 mg).
For each polymer, a pellet was then formed by compressing the sample at 784 MPa. The FTIR spectra
were obtained at room temperature, in the range of 4000 to 600 cm−1, after 128 scans with a resolution
of 4 cm−1.

2.4. NMR Spectroscopy Characterization

1H and 13C NMR spectra were obtained using a Bruker AVANCE III 500 MHz spectrometer
(Bruker Corporation, Billerica, MA, USA) equipped with a 5 mm BBO probe. To prepare each of the
polyurethanes samples, 20–53 mg of the polymers were dissolved in 0.6 mL of DMSO-d6. Quantitative
13C NMR spectra were obtained under inverse gated decoupling with a delay of 9 s and an 80-degree
pulse. Two-dimensional COSY, HSQC, and HMBC spectra were obtained with Bruker standard
sequences. All the spectra were run at room temperature employing TMS as an internal standard.

2.5. Measurement of the Diffusion Coefficients by NMR Spectroscopy

The Pulse Gradient Spin Echo (PGSE) method is a relatively simple technique of measuring
diffusion coefficients in solutions. It combines NMR spin echoes with pulsed-field gradients of variable
strength. To determine the diffusion coefficient of a molecule in a solution, a series of 1H spectra
is obtained in which the strength of the gradients is increased and the attenuation of the intensity
of the proton peaks due to diffusion is monitored [22]. In our study, the diffusion coefficient (D)
of each polymer was determined at five different concentrations. For this purpose, a series of five
solutions was prepared with concentrations 0.03%, 0.07%, 0.15%, 0.3%, and 1% (w/v) in DMSO-d6.
The diffusion coefficients of the polymers at infinite diffusion (D0) were obtained from plots of D
versus concentration (Tables S1–S4 and Figure S12 in the Supplementary Material). The D values were
measured using the PGSE method in an NMR Bruker AVANCE III 500 MHz spectrometer with a 3-mm
BBO probe and a z-gradient shielded coil. This combination gives a maximum possible gradient of 0.56
T m−1. A bipolar stimulated echo sequence (STE) with smoothed square gradients and WATERGATE
solvent suppression were used [23]. The signal intensity was monitored as a function of the square of
the gradient amplitude and the resulting self-diffusion coefficients D were calculated according to the
echo attenuation equation for STE:

I = I0 exp[−D (γδg)2 (Δ − δ/3)] (1)

where I0 is the intensity in the absence of gradient pulses, δ is the duration of the applied gradient, γ is
the gyromagnetic ratio of the nucleus, and Δ is the diffusion time. For each polymer, the areas of three
or four single proton peaks were used in the fittings and the average D value was taken. For more
details see the Supplementary Materials.

The solutions of the polymers were transferred to 3 mm NMR tubes to a total volume of
0.3 mL. To guarantee reproducibility of the results this volume was kept constant in all the samples.
The temperature was controlled at 30 ◦C by a BCU05 Bruker unit with an air flow of 521 Lh−1.

2.6. Gel Permeation Chromatography/Size-Exclusion Chromatography (GPC/SEC) Characterization

The analyses were made in an HPLC Waters chromatograph containing a Waters 515 isocratic
pump and a Waters 2414 refractive index detector. In this apparatus, the oven was stabilized at 35 ◦C
and the elution of samples was carried out through two PolyPore columns (Agilent, Santa Clara, CA,
USA), protected by a PolyPore Guard column (Agilent). The software Empower® performed the
acquisition and data processing.

THF was used as the eluent, at a flow rate of 1.0 mL min−1. Before use, the solvent was filtered
through 0.45 μm of PTFE membranes Fluoropore (Merck Millipore, Burlington, MA, USA) and
degassed in an ultrasound bath for 45 min. The oligomer/polymer samples were also filtered across
0.20 μm PTFE filters Durapore (Merck Millipore). The molecular weights were calibrated relative
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to polystyrene standards (TSK Tosoh Co.). As a result, it should be taken into account that small
deviations could have occurred when the present polymer samples were analyzed.

2.7. Thermal Behavior Characterization by Differential Scanning Calorimetry (DSC)

The characterization of the thermal behavior of the polymer samples was performed with a 2920
MDSC system from TA Instruments Inc. (New Castle, DE, USA), equipped with a refrigerated cooling
accessory (LNCA), which provided automatic and continuous programmed sample cooling down to
123 K.

The temperature scale of the instrument was calibrated with five standard compounds and the
heat flow scale was calibrated with indium and tin. Further details regarding the calibration process
can be found in the literature [24]. The samples were accurately weighed (±0.1 μg) in aluminum pans
on a Mettler UMT2 ultra-micro balance in the air. All the measurements were performed under dry
high purity helium gas (Air Liquide N55 – Alphagaz 1, Paris, France), at a flow rate of 30 mL min−1.

The protocol used in the DSC measurements consisted of two consecutive identical thermal cycles:
samples were cooled to −110 ◦C and then heated until 230 ◦C, at 10 K min−1.

2.8. In Vitro Cytotoxicity Assay

The polyurethanes were completely dissolved in ethanol under stirring (200 rpm), at a
concentration of 250 mg mL−1. Later, this solution was spread on one side of a 10 mm diameter
glass coverslip and dried for 30 min.

The biocompatibility of the polymer was evaluated in vitro by direct contact with cells, following
the ISO 10993-5:2009 recommendation guidelines [25]. The procedure used was previously published
in Reference [11]. Briefly, to each polyurethane glass coverslip was added 1.25 × 105 cells HaCaT
(Cultured Human Keratinocyte) cell suspension in the culture medium, in sterile 24-well plates. The
plates were incubated for 72 h in a humidified atmosphere of 5% CO2 at 37 ◦C without refreshing the
culture medium. For cell proliferation quantification, the general cell viability endpoint MTT reduction
was used (MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide).

The data are expressed as the mean and the respective standard deviation (mean ± SD) of 6
experiments. The statistical evaluation of data was performed using one-way analysis of variance
(ANOVA). The Tukey–Kramer multiple comparison tests (GraphPad PRISM 5 software, GraphPad
Software Inc., La Jolla, CA, USA) were used to compare the significance of the difference between the
groups; a p < 0.05 was accepted as statistically significant.

3. Results and Discussion

3.1. Syntheses of the PUs

A family of aliphatic biocompatible PUs, based on IPDI or HDMI, D-isosorbide and PPG, were
synthesized in order to convey the active principle. The PUs were designed to be composed of various
ratios of soft segments (PPG based blocks) and hard segments (D-isosorbide based blocks).

A two-stage step-growth polymerization method was employed. In an early step, the pre-
polymerization of an excess of a diisocyanate monomer (IPDI or HMDI) with the PPG diol, catalyzed
by DMDEE, was carried out by stirring the reaction mixture for 3 h, at 80 ◦C. Then, a complementary
step consisted in the addition of a pre-defined amount of the D-isosorbide diol monomer to the
previous pre-polymer reaction mixtures (catalyst included), at the abovementioned temperature,
for an additional hour. The polyurethanes PU1–PU3 were obtained from the reaction of IPDI, PPG,
and D-isosorbide, according to the ratios listed in Table 2, whereas PU4 was obtained from the reaction
of HMDI, PPG, and D-isosorbide (Figure 2). The four PU products obtained in these reactions were
characterized by FTIR, NMR, and GPC/SEC without further purification.
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Figure 2. The synthesis of polyurethanes PU1–PU4.

3.2. FTIR of the PUs

The FTIR spectra of the three quasi-prepolymers, which were synthesized according to the
monomer molar ratios defined in Table 1, are presented in Figure 3. In all the quasi-prepolymers,
a band at 2252 cm−1 is observed, indicating the presence of isocyanate groups (–NCO) corresponding
to the monomers IPDI and HMDI, which is in agreement with the reports of the literature (2270 to
2250 cm−1 for the N=C=O stretching vibration) [26–28]. The spectra of the quasi-prepolymers also
showed bands at 2927 cm−1, corresponding to –CH2- groups, and the peak of the ether group at
1527 cm−1.

These bands correspond to the PPG segments (pure PPG presents a –CH2– band between
2970–2850 cm−1 and another one corresponding to the ether group at 1526 cm−1 [29]). The band
corresponding to the carbonyl groups is observed between 1677–1708 cm−1, which is indicative of
the condensation reaction between the –OH group of PPG and the –NCO groups of HMDI and
IPDI [30–32].

The FTIR spectra of the resulting IPDI based polyurethanes PU1–PU3 and the corresponding
monomers are shown in Figure 4. The characteristic band of the isosorbide monomer –OH groups
is observed at 3366 cm−1, whereas the band at 2973 cm−1 corresponds to the isosorbide methylene
group (–CH2–) [33]. In the PUs spectra, a broad signal between 3700 and 3200 cm−1 remains. This
signal likely corresponds to the superimposition of –NH– stretching vibrations of the urethane groups
of the PUs hard segments as well as to terminal isosorbide –OH groups and terminal urea –NH2

groups (the latter resulting from the hydrolysis of the PUs’ former –NCO urethane terminal groups
upon exposure to air after the reaction). The –CH2– bands, identified in isosorbide and PPG, are
detected in the spectra of the PUs between 3050 and 2800 cm−1. The hard segments carbonyl bands
can be observed between 1705–1691 cm−1 [30,34]. The disappearance of –N=C=O stretching vibration,
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around 2250 cm−1, in the spectra of the synthesized polyurethanes suggests that there are no unreacted
isocyanate groups [19], i.e., all the isocyanate groups reacted with the monomers –OH groups (and the
remaining terminal ones with H2O from moisture) [35].

Figure 3. The FTIR spectra of the three polyurethane quasi-prepolymers.

Figure 4. The FTIR spectra of the monomers Isosorbide, PPG, IPDI, and of the polyurethanes PU1-PU3.

On the other hand, the –NH– bending bands of the synthesized PUs were identified at 1542 cm−1

(Figure 4) [27]. These bands were observed in the reaction between polycaprolactone and 2-isocyanate
ethylmethacrylate [36]. The –NH– bending of the urethane group was also detected by da Silva et al.
at the same wavenumber [37]. Furthermore, C–O–C stretching was observed at 1089 cm−1 [34].

The FTIR spectrum of the HMDI based polyurethane PU4 is depicted in Figure 5. In this spectrum,
the –CH2– stretching bands (from PPG) are observed between 2927 and 2854 cm−1, the band of the
urethane carbonyl being detected at 1704 cm−1. The C–N stretching bands, combined with those of
the bending of N–H in the plane, are typically observed at 1523 cm−1 and 1446 cm−1, demonstrating
the occurrence of the reaction between the hydroxyl group and the isocyanate [38]. The C–O–C
characteristic band was identified at 1079 cm−1.
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Figure 5. The FTIR spectrum of the polyurethane PU4.

3.3. NMR of the PUs

The 1H NMR spectra of polyurethanes PU1, PU2, and PU3 are shown in Figure 6.
The presence of amide protons near 7.0 ppm of the urethane groups –OCONH– indicates that

the reaction between the isosorbide hydroxyl groups and the pre-polymer isocyanate groups has
occurred. In the research published by Besse et al., the characteristic –NH– of the urethane group was
identified at 7.1 ppm as a result of the synthesis of polyhydroxyurethanes by the reaction of isosorbide
dicyclocarbonate with four commercial diamines [3]. Other authors mentioned that the proton from the
–OCONH– group, obtained from the reaction between IPDI and a polyester, can also be observed at 6.8,
6.82, and 7.2 ppm [39]. The literature data shows data in the polyurethanes resulting from the reaction
between isosorbide, hexamethylene diiosocyanate (HDI), and poly(tetramethylene glycol) (PTMG); the
–NH– peak is described at 8.07 ppm [7]. The 1H NMR spectra of the in-chain isosorbide units, peaks
from 4.0 to 5.2 ppm; of the IPDI units, peaks from 2.6–4.0 ppm; and of the IPDI methyl groups, ca.
1.0 ppm, were assigned on the basis of the existing literature of pre-polymers made from the reaction
of PPG with IPDI monomers [17]. The assignment of the isosorbide and IPDI resonances in the spectra
of PU1–PU3 were further confirmed by means of 2D NMR experiments (COSY, HSQC, and HMBC).
Some of these spectra are shown in Figures S1 and S3–S7 of the Supplementary Materials. The peaks
of the 1H NMR spectra of the PPG soft-segment are observed as multiple resonances between 3.2 and
4.0 ppm for both the CH and CH2 protons, and in the range 1.0–1.2 ppm for the methyl groups. The
1H NMR spectrum of PU4 is presented in Figure 7. The peaks ca. 7.2 ppm in Figure 7 corresponds
to the NH of urethane groups. The signals at 4.0–5.2 ppm are a piece of evidence for the presence of
isosorbide groups in the structure of polyurethane [18]. The strong peaks centered at 1.2 and 3.4 ppm
belong to the CH3 and CH+CH2 protons of the PPG segment, respectively. The peaks characteristic
of HMDI units are identified at 0.75–3.6 ppm [31,40]. The assignment of the spectra of the isosorbide
and HMDI units were further confirmed by means of 2D NMR experiments (HSQC and HMBC).
They are shown in Figures S8–S11 of the Supplementary Materials. The unreacted hydroxyl in exo
position of the isosorbide end group appears as a minor resonance at ca. 5.1 ppm and is characteristic
of polyurethanes with isosorbide as a chain extender [19].
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Figure 6. The 1H NMR spectra of PU1, PU2, and PU3 in DMSO-d6. Protons of the terminal groups
are primed.

Figure 7. The 1H NMR spectrum of PU4 in DMSO-d6. Protons of the terminal groups are primed.

The assignment of the 13C NMR spectra of polyurethanes PU1, PU2, and PU3 presented in
Figure 8 was complicated owing to the fact that monomer IPDI is available as a mixture of the cis
and trans isomers (3:1), and we had to use HSQC and HMBC spectra to fully assign the in-chain
carbons (see Figures S2 and S4–S7 of the Supplementary Materials). The peaks from the isosorbide
units are observed between 65 and 90 ppm, while those of IPDI appear at a higher field from 20 to
60 ppm. The carbonyl resonances appear between 153–157 ppm while the strong peaks centered at 72.4
and 74.6 ppm correspond to the methine and methylenic carbons of the PPG segments, respectively.
The methyl peaks appear at around 17.2 ppm. The experimental 13C chemical shifts agree with those
referenced in the literature [17] for pre-polymers made of PPG and IPDI monomers.
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Figure 8. The 13C{1H} NMR spectra of PU1, PU2, and PU3 in DMSO-d6. Traces of CDCl3 are seen in
the spectra of PU1 and PU2.

No peaks of the primary and secondary isocyanate groups of the IPDI terminal groups or
monomers appear at 121.7 and 122.6 ppm in the spectra [41], which indicates that all the IPDI
monomers/units have reacted with the -OH groups of the diol monomers, in accordance with the
FTIR results.

The 13C{1H} NMR spectrum of PU4 presented in Figure 9 is similar to those of the previous PUs,
except that the higher field region is occupied by the peaks of the HDMI monomers. HSQC and HMBC
spectra were used to fully assign the in-chain carbons of PU4 (see Figures S9–S11 of the Supplementary
Materials). This similarity is found in the characterization of polyether urethane urea obtained by the
reaction between HMDI and polyethylene glycol and ethylenediamine [42].

Figure 9. The 13C{1H} NMR spectrum of the PU4 in DMSO-d6.
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The disappearance of the 13C NMR peak at 124 ppm, characteristic of the isocyanate group,
indicates that all the diisocyanate groups have fully reacted with the diol monomers [31]. This result
was also confirmed by the FTIR analysis.

3.4. Determination of Hydrodynamic Radii of the PUs

The determination of the diffusion coefficients of the PUs of this work by the Pulse Gradient Spin
Echo (PGSE) NMR method, enabled the calculation of the corresponding hydrodynamic radii (rh)
using the Stokes-Einstein equation for diluted solutions of large molecules [43]:

D0 =
kBT

6πηrh
(2)

where kB is the Boltzmann’s constant, T is the temperature, η is the viscosity of the solution (N s m−2

= kg s−1 m−1) and rh is the hydrodynamic radius (m). The viscosity of DMSO-d6 at 30 ◦C, η = 1.951
× 10−3 Pa.s, was estimated from that of the non-deuterated solvent taking into account the isotopic
effects of the viscosity [44].

The self-diffusion coefficient D0 represents the translational movement of the solute at infinite
dilution and, as shown by Equation (2), is dependent on the size and shape of the solute, temperature,
and viscosity of the solvent. The dependence of the diffusion coefficient D versus solute concentration
was plotted for all the PUs (Figure S12 in Supplementary Materials), being approximately linear for
all polymers because the solutions are diluted. The self-diffusion coefficients D0 at infinite dilution
(c = 0) are summarized in Table 3. The corresponding values of rh obtained from Equation 2 are also
presented in Table 3.

Table 3. The measured average values of D0 for the PUs determined by PGSE NMR and the
corresponding hydrodynamic radii (rh) in DMSO-d6, at 30 ◦C.

Polyurethane D0 × 1011 (m2/s−1) rh (nm)

PU1 7.04 1.62 ± 0.04
PU2 4.49 2.65 ± 0.15
PU3 6.74 1.69 ± 0.04
PU4 4.51 2.52 ± 0.19

In the family of polyurethanes based on IPDI diisocyanate (PU1, PU2, and PU3), the
hydrodynamic radius increases with Mn (see below in Section 3.5.2). When the IPDI is replaced
by HMDI diisocyanate, as in the case of PU4, a substantial increase in the rh is observed in comparison
with polymers with similar molecular weights, such as PU1 and PU3. The fragment derived from
HMDI behaves like a larger (and more flexible) unit compared to IPDI, resulting in polymers of larger
sizes for a similar molar ratio of the monomers used in the synthesis of the linear polyurethanes.

3.5. Determination of the Molecular Weights of the PUs

3.5.1. Determination by GPC/SEC

The highest number-average molecular weight was obtained for PU4, the lowest one corresponds
to PU3 (Table 4), which are in agreement with the hydrodynamic radii of these polyurethanes. All the
synthesized polyurethanes presented similar relatively narrow dispersities (Đ = Mw/Mn).

Since the GPC/SEC measurements (see chromatograms in Figure S13 in the Supplementary
Materials) were calibrated with polystyrene (PS) standards, the values of Mn and Mw are relative to PS
and may be quite different from the absolute values because the hydrodynamic volumes of the present
PUs are considerably different from those of polystyrenes with equivalent molecular weights.
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Table 4. The average molecular weights and dispersities determined by GPC/SEC a.

Polyurethane
No.

Mw
a

(Dalton)
Mn

a

(Dalton)
Ð

(Mw/Mn)

PU1 15,600 10,300 1.50
PU2 19,200 12,800 1.48
PU3 9200 7200 1.27
PU4 23,500 15,100 1.55

a In polystyrene units.

3.5.2. Determination by 13C NMR Spectroscopy

Quantitative 1H and 13C NMR are powerful tools to count monomer groups in homopolymers
and copolymers of very well defined composition and narrow molecular weight distributions. The
segmented linear polyurethanes herein described satisfy the above-mentioned criteria as they present
well defined linear chains, low molecular weights, and dispersity indices below 1.5.

To improve the determination of Mn values of the present polyurethanes and attempt to obtain
absolute values, the area of methyl Ca of PPG segments, centered at 17.2 ppm, which corresponds
to an average of 17 carbons per PPG segment, was used as the reference instead of those of the
copolymer end groups (see Tables S5–S8 of the Supplementary Materials for composition calculations).
The polyurethanes average compositions obtained in this way are shown in Table 5 together with the
calculated Mn values. These compositions agree with the monomer ratios used in the synthesis of
polyurethanes PU1–PU4 (see Table 2).

Table 5. The average compositions and Mn of PU1–PU4 determined by NMR spectroscopy.

Polyurethane
No.

Number of
Isosorbide Units a

Number of
IPDI Units a

Number of
HDMI Units a

Number of
PPG Segments

Mn
b

(Dalton)

PU1 5 (t) 6 (t) - 1 3040

PU2 5 (t) 7 (t,b) - 2 4270

PU3 6 (t) 6 - 1 3210

PU4 5 (t) - 6 (t) 1 3380
a t = at least one monomer is terminal; b = one monomer is in between PPG segments. b Mn values with uncertainties
up to 15%.

The values obtained for Mn calculated by NMR are substantially lower than those determined by
GPC/SEC (see Table 4), meaning that the hydrodynamic volumes of these PUs are considerably higher
than those of the polystyrene standards with equivalent molar masses.

3.6. Thermal Properties of the PUs

The evaluation of the thermal behavior of the samples (polymers) is crucial for biomedical
applications. For instance, if the value of the glass transition temperature (Tg) of the polymer is higher
than the human body temperature, the polymer is rigid (glass region). In contrast, if the Tg value
is below the body temperature, the sample is in a rubber or elastomeric state. Figure 10 displays
the DSC thermograms of the four materials under study in the range −100 to +230 ◦C. The DSC
results presented refer to the second thermal cycle and the Tg value was determined as the onset
point of the thermal event detected. All the samples are in the amorphous state and do not present
phase separation. Thus, a unique glass transition above the human body temperature is detectable,
at 54.6, 57.7, 69.0, and 68.0 ◦C, for the samples PU1 to PU4, respectively, which indicate that these
polyurethanes exhibit a lacquer/varnish behavior. No other thermal events were detected in addition
to these glass transition temperatures, except in the case of PU3, which exhibits two additional small
Tg events at lower temperatures (−7.2 and 14.4 ◦C), with the ΔCp values ca. being three times smaller.
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The PU3 sample has a higher content of low oligomers than the remaining samples, as can be observed
in the corresponding GPC/SEC chromatograms (Figure S13 of the Supplementary Materials), which
can possibly give rise to very small domains characterized by lower Tg values (likely corresponding to
isolated short hard segments).

Figure 10. The DSC thermograms of the polyurethanes samples PU1–PU4 (exo up).

3.7. Cytotoxicity Assay

The HaCaT keratinocyte cell line was selected to evaluate the cytotoxicity of the PUs synthesized
in this work since these cells are the predominant cell type in the adult human epidermis, the outermost
layer of the skin, thus, presenting an adequate in vitro cell model that better mimics in vivo conditions.
The HaCaT cell viability, with 72 h of exposure to polyurethanes PU1–PU4, was evaluated by the MTT
reduction assay [45] (Figure 11). The tests corresponding to PU1–PU3 do not differ significantly from
the control experiment (glass coverslip), whereas the cell viability for PU4 is 80% ± 5% (i.e., significantly
different from control for p < 0.05).

Figure 11. The HaCaT cell viability by MTT after proliferation under polyurethanes PU1–PU4. Control
(glass slide). (mean ± SD) (n = 6). (* Not significantly different (p > 0.05), ** significantly different
(p < 0.05)).

The cell viability was higher than 70% for all the PUs tested. Thus, these materials can be
considered biocompatible according to this in vitro assay. These results are in accordance with the
previously published results, where the PU nail lacquers were evaluated and found to be material
biocompatible, being proposed for nail applications as safe pharmaceutical excipients [11].
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4. Conclusions

A convenient synthesis for polyurethanes from renewable sources is described. The structure of
these polyurethanes was determined and confirmed by FTIR, 1H, and 13C NMR spectroscopies of all
four samples. The structures found confirm the higher reactivity of the secondary NCO group of IPDI
compared to the primary group.

The quantitative 13C NMR spectroscopy analysis enabled the calculation of the polyurethanes
compositions, number-average molecular weights, as well as of their diffusion coefficients (D) and
hydrodynamic radii (rh) from the PGSE NMR experiments. Both values are in accordance with the
molar ratio employed in the synthesis of the polyurethanes.

The polyurethanes were also characterized by GPC/SEC leading to molecular weights, which are
considerably higher than the previous values since they are determined relative to the polystyrene
standards, and relatively narrow molecular weight distributions, with dispersity indices Mw/Mn < 1.5.

The DSC studies indicate that the four PU samples are in the amorphous state, being characterized
by Tg values above the human body temperature.

The polyurethanes obtained were biocompatible with keratinocyte cells in the conditions used in
the tests. This is a relevant property that must be taken into account when considering pharmaceutical
excipients. For this reason, these newly synthesized polymers can be used in pharmaceutics, namely,
as a component of nail lacquers for controlled-release drug delivery.
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Abstract: In the paper, poly(ethylene glycol) (PEG) was grafted on the surface of poly(ester-urethane)
(SPEU) film with high grafting density for biomedical purposes. The PEG-surface-grafted SPEU
(SPEU-PEG) was prepared by a three-step chemical treatment under mild-reaction conditions. Firstly,
the SPEU film surface was treated with 1,6-hexanediisocyanate to introduce -NCO groups on the
surface with high density (5.28 × 10−7 mol/cm2) by allophanate reaction; subsequently, the -NCO
groups attached to SPEU surface were coupled with one of -NH2 groups of tris(2-aminoethyl)amine
via condensation reaction to immobilize -NH2 on the surface; finally, PEG with different molecular
weight was grafted on the SPEU surface through Michael addition between terminal C = C bond
of monoallyloxy PEG and -NH2 group on the film surface. The chemical structure and modified
surface were characterized by FT-IR, 1H NMR, X-ray photoelectron spectroscopy (XPS), and water
contact angle. The SPEU-PEGs displaying much lower water contact angles (23.9–21.8◦) than SPEU
(80.5◦) indicated that the hydrophilic PEG chains improved the surface hydrophilicity significantly.
The SPEU-PEG films possessed outstanding mechanical properties with strain at break of 866–884%
and ultimate stress of 35.5–36.4 MPa, which were slightly lower than those of parent film, verifying
that the chemical treatments had minimum deterioration on the mechanical properties of the substrate.
The bovine serum albumin adsorption and platelet adhesion tests revealed that SPEU-PEGs had
improved resistance to protein adsorption (3.02–2.78 μg/cm2) and possessed good resistance to
platelet adhesion (781–697 per mm2), indicating good surface hemocompatibility. In addition, due to
the high grafting density, the molecular weight of surface-grafted PEG had marginal effect on the
surface hydrophilicity and hemocompatibility.

Keywords: segmented poly(ester-urethane); poly(ethylene glycol); surface grafting; chemical
treatment; high grafting density; hemocompatibility

1. Introduction

Segmented polyurethane (SPU) is widely used in biomedical fields, such as cardiovascular
devices, artificial organs, and tissue engineering scaffolds, due to its long-term bio-stability, excellent
mechanical properties, and relatively superior biocompatibility [1–6]. However, when SPU is used as
long-term blood-contacting materials, the surface of SPU films will result in significant adsorption of
proteins, and induce platelet adhesion by activating the coagulation pathway, eventually leading to
the formation of microscopic thrombi [7,8]. In addition, the biofouling on SPU surfaces can reduce
its mechanical properties [9,10]. To further improve their hemocompatibility, much attention has
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been paid to producing a nonspecific protein repelling surface by surface modification and creating
highly effective non-thrombogenic devices. A preferred strategy is to immobilize natural or synthetic
materials onto the hydrophobic surfaces that shield the surface, thus introducing a high activation
barrier to repel proteins [11–13]. Among them, grafting poly(ethylene glycol) (PEG) onto the SPU
surface has attracted considerable interest because PEG can effectively prevent protein adsorption and
platelet adhesion mostly due to its low interfacial free energy with water, unique solution properties,
hydrophilicity, high chain mobility, and steric stabilization effect [14]. Additionally, much theoretical
work is generated to explain the early discovery that grafted PEG chains resist protein adsorption to
a high degree [15,16].

Many kinds of surface modification approaches, including chemical treatment, strong oxidation,
plasma treatment, UV irradiation, and laser treatment have been used to modify the surface of medical
SPU [17–20]. Among the techniques, chemical treatment possesses some advantageous uniqueness,
such as has clearer mechanism and predictable products, and the reaction rate can accurately
be controlled by adjusting the reaction parameters. Moreover, the chemical treatment methods
including click chemistry [21] and NHS-amine reaction [22] are adopted to modify poly(ε-caprolactone)
dendrimer and poly(ethylene-co-acrylic acid) films, respectively. The most commonly used surface
chemical treatment to modify the SPU film is allophanate reaction, which is to attack on N-H bonds of
urethane groups in the backbone by small molecular diisocyanate to immobilize free -NCO groups on
the surface, and subsequently PEG (or PEG derivatives) is grafted on the surface using the chemical
reaction [13,23,24]. However, in order to obtain high -NCO density on the surface, the allophanate
reaction should be carried out at high reaction temperature of 50–70 ◦C, which inevitably deteriorates
the bulk properties of the substrates. On the other hand, even if using the high reaction temperature,
the -NCO density on the surface was unsatisfactory due to the low -NH- content in SPU.

In our previous report [25], a new biodegradable segmented poly(ester-urethane) (SPEU)
with uniform-size hard segments was prepared using aliphatic diurethane diisocyanate
(1,6-hexanediisocyanate-1,4-butanediol-1,6-hexanediisocyanate, HBH) as a chain extender. The SPEU,
which exhibited excellent mechanical properties comparable to MDI-based PU, could meet the
requirement of long-term implant biomaterial. The PEG was grafted on the surface of SPEU films via
aminolysis. However, the grafting density was only 2.74 × 10−7 mol/cm2, and the results of protein
adsorption and platelet adhesion tests showed that the surface hemocompatibility needed to be further
improved. In consideration of there being four urethane groups in each hard segment, the SPEU
possesses higher −NH- content than MDI-based PU, and thus, the high grafting density on the film
surface could be obtained by chemical treatment with diisocyanate.

In this study, we graft PEG on the surface of SPEU film to obtain a high grafting density without
deteriorating the intrinsic mechanical properties of the substrates. The surface grafting of PEG on
SPEU films was prepared by a three-step chemical treatment (Figure 1), which were all carried out
under moderate conditions. The synthetic scheme involved coupling 1,6-hexanediisocyanate (HDI)
to the surfaces of SPEU through allophanate reaction (Figure 1a); the -NCO groups attached to
SPEU surface (SPEU-NCO) were then coupled -NH2 groups of tris(2-aminoethyl)amine (TAEA) via
condensation reaction (Figure 1b) to immobilize -NH2 on the SPEU surface (SPEU-NH2); finally, the
PEG was grafted on the SPEU (SPEU-PEG) surface through Michael addition (Figure 1c) between
double bond of monoallyloxy poly(ethylene glycol) (APEG) and a primary amino group on the film
surface. The chemical structure and modified surface were characterized by Fourier transform infrared
spectroscopy (FT-IR), H Nuclear magnetic resonance (1H NMR), X-ray photoelectron spectroscopy
(XPS), and water contact angle measurements. The influence of chemical treatments on the mechanical
properties of the films was researched, and surface hemocompatibility of the PEG-grafted SPEU films
was evaluated by protein adsorption and platelet adhesion tests. Furthermore, the effect of molecular
weight of grafted PEG on the surface hydrophilicity and hemocompatibility was preliminarily studied.

323



Polymers 2018, 10, 1125

Figure 1. Schematic diagram of grafting PEG onto SPEU surface via (a) allophanate reaction;
(b) condensation reaction; and (c) Michael addition reaction.

2. Materials and Methods

2.1. Materials

Poly(ε-caprolactone) (PCL, Mn = 2000 g/mol) was supplied by Shenzhen Polymtek Biomaterial
Co., Ltd. (Shenzhen, China) and dried for 4 h at 100 ◦C under vacuum prior to use. HBH was
synthesized in our lab according our published paper [4] and the chemical structure was confirmed
by 1H NMR, 13C NMR, and HR-MS. HDI and dibutyltin dilaurate (DBTDL) were purchased from
Sigma-Aldrich Chemical Co. (St Louis, MO, USA) and used without further purification. TAEA,
(> 97%, Shanghai Macklin Biochemical Co., Ltd. Shanghai, China) was dried over 4-Å molecular sieves
and redistilled before use. APEG (Mn = 1200, 2400, 4000 g/mol) was obtained from Shanghai Aladdin
Reagent Co. (Shanghai, China) and was used as received. N,N-dimethylformamide (DMF, AR grade,
Beijing Chemical Reagent Co., Ltd, Beijing, China) was dried with phosphorus pentoxide and distilled
under reduced pressure before use. Other reagents were AR grade and purified by standard methods.

2.2. Preparation of SPEU and SPEU Films

SPEU was synthesized according to our previous publication [25]. Briefly, the DMF solution of
HBH (25 wt %) was added dropwise into the PCL containing DBTDL (0.3 wt % of PCL) with vigorous
mechanical stirring under dried nitrogen atmosphere at 80◦C. The molar ratio of -NCO/-OH was
controlled at 1.02. After that, the reaction mixture was allowed to proceed at the same temperature
until the -NCO peak (~2270 cm−1) in the FT-IR spectrum disappeared (~3.5 h), and subsequently
diluted with DMF to approximately 4.5 g/100 mL. The diluted solution was poured into a Teflon mold.
The solvent was removed by natural volatilizing at 50 ◦C for 4 days, and the semitransparent films
with 0.20 ± 0.02 mm thickness were subsequently vacuum dried at 40 ◦C for 1 day to remove the last
traces of solvent. GPC (THF): Mw = 111000, Mn = 83000, Mw/Mn = 1.33.

2.3. Grafting of PEG on the SPEU Film Surface

Before chemical treatments, the surfaces of the SPEU film discs with ~10 mm diameter were
ultrasonically cleaned in 50% ethanol for 30 min and then dried in a vacuum. First, HDI (1.0 g) and
DBTDL (0.02 g) were dissolved in anhydrous toluene (10 mL) to get a homogeneous solution, SPEU
disc was immersed in the solution and the reaction was allowed to shake for 3 h at room temperature.
The film disc was taken out and rinsed with anhydrous toluene to remove unreacted HDI from the
surface completely. The SPEU-NCO film achieved was then soaked in 10 mL anhydrous toluene
containing 0.13 g TAEA. After gentle shaking at 18 ◦C for 6 h, the film disc was removed from the
solution and flushed with anhydrous toluene to obtain the PEU-NH2 film. Finally, the PEU-NH2

film was immersed in 10 mL absolute ethanol containing APEG with different molecular weight
(0.3 mmol/mL). After gentle shaking for 12 h at room temperature, the films were rinsed with
absolute ethanol thoroughly and dried under vacuum at room temperature to constant weight. Three
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SPEU-PEGs based on APEG with Mn = 1200, 2400 and 4000 g/mol were named as SPEU-PEG-a,
SPEU-PEG-b, and SPEU-PEG-c, respectively.

2.4. Instruments and Characterization

FT-IR: FT-IR spectra were recorder on an Alpha infrared spectrometer (Bruker, Germany) equipped
with a Bruker platinum ATR accessory in the range of 4000-400 cm−1 with the resolution of 4 cm−1.

1H NMR: NMR spectra were recorded with a 400 MHz Avance II spectrometer (Bruker, BioSpin
GmbH, Rheinstetten, Germany) with CDCl3 as the solvent.

GPC: The number average molecular weight (Mn) and molecular weight distribution (Mw/Mn)
were measured by gel permeation chromatography (GPC, Waters Alliance GPC 2000). The continuous
phase was tetrahydrofuran, and monodisperse polystyrene was used as the calibration standards.

Mechanical properties: Tensile strength properties were determined with a single-column tensile
test machine (Model HY939C, Dongguan Hengyu Instruments, Ltd., Dongguan, China) at room
temperature. Dumbbell-shaped specimens were punched from the films with a punching die of 12 mm
width and 75 mm length, the neck width and length were 4.0 and 30 mm, respectively. The crosshead
speed was controlled at 50 mm/min. At least five specimens were measured and the averaged results
were reported.

XPS: Chemical composition of the film surface was characterized by XPS (ESCALAB250Xi, Thermo
Scientific, Waltham, UK) with a mono-chromated Al-Kα radiation source (energy 1486.68 eV). The base
pressure for the measurement was ~3 × 10−7 Pa. The binding energies were referenced to the C1s line
at 284.8 eV from adventitious carbon. The measurement was carried out at room temperature with
a 90◦ take-off angle of the photoelectron. The atomic concentrations of the elements were determined
by their corresponding peak areas.

Water contact angle: The static water-contact angles of blank and modified SPEU films were
measured on a drop shape analysis system (CAM 200, KSV Instruments, Helsinki, Finland) at room
temperature. Ultrapure water was used as test fluid, and the contact angles were read within 3 s
after each drop by using a microscopy. At least six replicate measurements were performed on each
specimen and the average was calculated

Protein adsorption: Bradford’s protein determining method was used to assay the albumin
adsorbed on the film surface with bovine serum albumin (BSA) as the model protein [26,27]. Before
measurement, all the film discs (~10 mm in diameter) were aged in phosphate buffer saline (PBS,
pH = 7.4) for one day to remove the physically adsorbed impurities and to achieve complete hydration.
The BSA concentration (initial concentration: 1.0 mg/mL) was diluted to 45 μg/mL with PBS.
In a typical adsorption experiment, a film disc was immersed in 10 mL of BSA solution at 37◦C
for 1 h. At the end of the predetermined equilibrium period (1 h), the disc was taken out and rinsed
with fresh PBS for several times remove the unbound BSA. The adsorbed protein on the surface
was detached in 1 wt % sodium dodecylsulfonate aqueous solution by the stirring method (100 rpm
for 1 h). The concentration of the adsorbed BSA was determined with micro-Bradford protein assay
method [25,28], and the adsorbed amount was calculated according to the standard curve. The reported
values were the average of three independent measurements.

Platelet adhesion: The interaction between the film surface and blood was evaluated by platelet
adhesion tests. The platelet-rich plasma (PRP) was prepared from fresh rabbit blood containing
sodium citrate as an anticoagulant (Shandong Success Biological Technology Co., Ltd., Jinan, China)
according the reported literature [29]. The film discs with ~10 mm diameter were firstly soaked
with PBS (pH = 7.4) for 24 h to achieve complete hydrated surface, and then immerged in 1.0 mL
PRP and incubated for 60 min at 37 ◦C. After that, the discs were taken out and rinsed with PBS to
remove the non-adherent platelet. Subsequently, the platelets adhering on the surface were fixed
with a 2.5% glutaraldehyde for 30 min at 37 ◦C, and the discs were thoroughly rinsed with PBS and
dehydrated by treating with gradual ethanol/water solution from 50% to 100% ethanol (v:v) with
a step of 10% for 30 min in each step. Finally, the platelet-attached surfaces were allowed to dry at
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room temperature and coated with gold prior to being observed with a Cold Field Emission Scanning
Electron Microscope (FE-SEM, Hitachi SU8010, Hitachi, Tokyo, Japan). Different fields were randomly
observed. Quantification of adhered platelets was calculated from eight different areas of one specimen
using FE-SEM images.

3. Results and Discussion

3.1. Preparation and Characterization

3.1.1. Activating SPEU Surface with HDI (SPEU-NCO)

The free -NCO groups were grafted onto SPEU film surface by the allophanate reaction (Figure 1a)
between -NH- proton of urethane group and -NCO group of HDI in the presence of DBTDL
catalyst. The reaction temperature was controlled at room temperature for the purpose of minimum
deterioration on the SPEU substrate. The density of free -NCO group on the surface measured by
di-n-butylamine back titration method [30] was 5.28 × 10−7 mol/cm2, which was much higher than
that of MDI-based PU (2.5 × 10−8 mol/cm2, Pellethane®, Dow Chemical Co., Midland, MI, USA)
in the reported paper in Reference [31]. It was obviously attributed to the high content of urethane
(-NH-) groups in SPEU, in which each hard segment contained four urethane groups. The calculated
-NH- content in SPEU was 1.67 × 10−3 mol/g, while the -NH- content in Pellethane® PU was only
0.9 × 10−3 mol/g (the result is based on the same soft segment content in SPEU with Pellethane® PU).
After introducing the -NCO groups onto the SPEU surface via allophanate reaction with HDI, a sharp
peak at 2270 cm−1, the characteristic symmetric stretching vibration peak of -NCO, was observed in
the FT-IR spectrum of SPEU-NCO film (Figure 2b), which strongly supported that -NCO groups had
been immobilized onto the SPEU film surface.

3.1.2. Introducing -NH2 Group onto SPEU-NCO Film (SPEU-NH2)

The free -NCO groups on the surface were reacted with -NH2 groups of TAEA by condensation
reaction (Figure 1b) to introduce -NH2 on the film surface. Obviously, one TAEA molecule contains
three -NH2 groups, two -NH2 groups can remain on the surface after one -NH2 reacts with the
-NCO group, thus producing more -NH2 groups on the SPEU surface. However, because of the high
reactive activity of -NCO group, the neighboring -NCO groups on surface may react with the -NH2

groups in one TAEA molecule, which can reduce the density of -NH2 groups on film surface [20].
With the purpose of decrease side reaction, the condensation reaction is allowed at low temperature
of 18 ◦C for 12 h without catalyst. The density of -NH2 groups on the film surface, which was
determined by an Acid Orange II assay according to reported method [32], was 9.98 × 10−7 mol/cm2.
The result was almost twice as much as that of -NCO groups on the SPEU-NCO film surface, indicating
a minimum side reaction. In the FT-IR spectrum of SPEU-NH2 (Figure 2c), the significant change is the
disappearance of the peak at 2265 cm−1, due to -NCO groups completely reacted with -NH2 groups of
TAEA. Comparing with the FT-IR spectrum of SPEU-NCO (Figure 2b), the absorption intensity of the
peak at 3324 cm−1, 1678 cm−1, and 1529 cm−1 increased obviously, which was attributed to the N-H
stretching vibration, amide I and amide II of the newly formed ureido. In addition, the characteristic
peak at 1611 cm−1, a symmetric bending vibration peak of -NH2, confirmed the introduction of -NH2

on the surface [33].

3.1.3. Grafting of PEG onto SPEU-NH2 Film (SPEU-PEG)

The terminal double bond of APEG reacted with primary amino group on the surface of PEU-NH2

film by Michael addition (Figure 1c) to realize grafting PEG onto the PEU film. As we know, Michael
addition not only possesses excellent features including mild reaction conditions, high functional
group tolerance and high conversions, but also can avoid the use of cytotoxic free-radicals [34].
The SPEU-PEG films were characterized by FT-IR and 1H NMR (SPEU-PEGs had the similar spectra),
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the spectra of SPEU-PEG-a are shown in Figures 2d and 3c, respectively. From the FT-IR spectrum,
it could be found that the -NH2 absorption peak at 1611 cm−1 disappeared thoroughly, and the peak
intensity at 3329 cm−1 increased slightly which was due to the reaction between -NH2 group and
APEG. In addition, the characteristic absorption bands at 1166 cm−1 and 1095 cm−1 belonged to the
stretching vibration of ester bonds C-O-C of SPEU and ether bonds C-O-C of grafted PEG. In the 1H
NMR spectrum, the proton signals of double bond at δ 5.25 and δ 5.92 ppm (Figure 3a) disappeared
completely, alongside the proton signals at δ 3.65 ppm belonging to the protons of repeat units of
grafted PEG, demonstrating the complete Michael addition. This was another key feature indicating
that the PEG was grafted on the film surface.

Figure 2. FT-IR spectra of (a) SPEU; (b) SPEU-NCO; (c) SPEU-NH2; and (d) SPEU-PEG-a films.

Figure 3. 1H NMR spectra of (a) APEG; (b) SPEU; and (c) SPEU-PEG-a.

3.2. XPS Analysis

The presented XPS investigations were performed in order to extract quantitative results about
the surface composition. The overview XPS spectra of the SPEU, SPEU-NH2 and SPEU-PEG-a films
(SPEU-PEGs had the similar XPS spectra) are illustrated in Figure 4, and the relevant compositions
of the surface elements (O1s, C1s and N1s) calculated from XPS results are summarized in Table 1.
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The blank SPEU film exhibited N1s signal at 398.8 eV with the content of 3.1%, while the N1s signal
of SPEU-NH2 film increased obviously with the content increasing to 10.3%, which indicated that
-NH2 groups had been immobilized onto the surface. Compared to SPEU-NH2, the nitrogen content of
SPEU-PEG decreased significantly, and with the increasing molecular weight of surface-grafted PEG,
the nitrogen content decreased gradually. After the PEG is grafted on the surface with high grafting
density, the PEG chains can form a thin layer coating on the surface which hinders the inner nitrogen
element to be detected, leading to the low surface nitrogen content. The results confirmed that PEG
was successfully immobilized onto SPEU surface.

Figure 4. Overview XPS spectra of the SPEU, SPEU-NH2, and SPEU-PEG-a films.

Table 1. Surface elemental composition of the SPEU, SPEU-NH2, and SPEU-PEG films by XPS.

Films
Atomic Content/%

C1s O1s N1s

SPEU 78.2 18.7 3.1
SPEU-NH2 74.8 14.9 10.3

SPEU-PEG-a 72.1 25.7 2.2
SPEU-PEG-b 71.3 27.1 1.6
SPEU-PEG-c 70.2 28.4 1.4

3.3. Mechanical Properties

Mechanical property was one of the most important properties for long-term implant biomaterials.
The stress-strain behaviors of the blank and modified films are displayed in Figure 5 and the
corresponding characteristic values derived from these curves are shown in Table 2. Two different
regions being visible clearly from the curves manifested that all the films behaved as a soft elastic
material, showing a smooth transition in stress-strain behaviors from elastic to plastic deformation
regions [35]. The blank SPEU film exhibited outstanding mechanical properties with a strain at
break of 896% and an ultimate stress of 38.1 MPa. The excellent mechanical properties should be
attributed to the compact physical-linking network structure formed by multiple H-bonds existing
among urethane groups and between urethane and ester groups, as per the description in our
previous report [36]. The modified films, including SPEU-NH2, SPEU-PEG-a, SPEU-PEG-b, and
SPEU-PEG-c films displayed analogous stress-strain behaviors with the strain at break of 866–884%
and ultimate stress of 35.5–36.4 MPa (Table 2), which were only slightly lower than that of parent
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SPEU film. The results indicated that the chemical treatments had minimum deterioration on the
intrinsic properties of the substrate and the molecular weight of surface-grafted PEG had a marginal
influence on the mechanical properties except for initial modulus. It seemed that the initial modulus
decreased with the increment of molecular weight of PEG, which needs further studies. Obviously, the
mechanical properties of surface-modified films could also meet the clinical requirements of long-term
implant biomaterials.

Figure 5. Stress-strain behaviors of blank and modified SPEU films.

Table 2. Mechanical properties of CPU films.

Films
Strain at Break

(%)
Ultimate

Stress (MPa)
Yield Strain

(%)
Yield Stress

(MPa)
Initial Modulus

(MPa)

SPEU 896 ± 25 38.1 ± 2.1 46.7 ± 2.6 20.2 ± 1.2 43.3
SPEU-NH2 866 ± 16 35.7 ± 1.8 45.8 ± 2.1 19.3 ± 1.1 42.1

SPEU-PEG-a 873 ± 18 36.1 ± 1.4 52.7 ± 2.2 19.8 ± 0.9 37.6
SPEU-PEG-b 879 ± 21 36.4 ± 1.9 56.8 ± 2.0 20.1 ± 1.1 35.4
SPEU-PEG-c 884 ± 20 35.5 ± 1.7 58.7 ± 1.9 19.9 ± 1.3 34.0

3.4. Surface Hydrophilicity and Swellability

The surface hydrophilicity of the blank and modified SPEU films were characterized by sessile
contact angle measurement, and the results are presented in Figure 6. The blank SPEU film exhibited
a characteristic hydrophobic surface with a high-water contact angle of 80.5◦, whereas the SPEU-NH2

film had low water contact angle of 47.1◦, which indicated that the surface hydrophilicity had been
improved after introducing -NH2 groups on surface. After the PEG was grafted onto the surface, the
water contact angle decreased dramatically. The water contact angle of SPEU-PEG-a, SPEU-PEG-b,
and SPEU-PEG-c was 23.9◦, 22.2◦, and 21.8◦, respectively. It needs to be emphasized that the measure
should be carried out immediately (within one s) after the ultrapure water is dripped onto the film
surface, otherwise the water drop will spread out on the surface. The PEG grafted on the surface can
interact with water molecules by the role of hydrogen bonding to form hydration layer on the film
surface, resulting in low water contact angle. In addition, SPEU-PEGs exhibiting similar water contact
angle indicated that the molecular weight of grafted PEG slightly affected the surface hydrophilicity,
which should be due to the high grafting density of PEG on surface. These results supported that
PEG had been grafted onto the SPEU surface and the hydrophilicity of PEG-grafted SPEU was
improved significantly.
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Figure 6. Water contact angle and images of the blank and modified SPEU films.

3.5. Protein Adsorption

Protein adsorption on the surface of a material is always considered as the first step to evaluate the
blood compatibility of the implanted or blood-contact biomaterials [37]. Figure 7 shows the adsorption
behaviors of BSA on the surface of blank and SPEU-PEG films. The amount of adsorbed protein
on the PEG-grafted surface (SPEU-PEG-a: 3.02 μg/cm2; SPEU-PEG-b: 2.88 μg/cm2; SPEU-PEG-c:
2.78 μg/cm2) was significantly lower than that of blank surface (SPEU: 11.87 μg/cm2), which was
ascribed to the surface-grafted PEG. PEG chain not only has excellent hydrophilicity, but also possesses
high flexibility. The highly flexible and well-hydrated chains can affect the fluidity of blood and
hinder the protein adsorption on the surface [14]. The SPEU-PEGs exhibited similar protein adsorption
quantity, indicating that the molecular weight of PEG grafted on the surface had marginal effect on the
protein adsorption capacity. The result is inconsistent with that of PEG-grafted surface of commercial
polyurethane (TT-1095A, Thermedics, Wilmington, MA, USA) in previous report [13], which should
be due to the high grafting density of PEG on the surface. The lower protein adsorption capacity of
SPEU-PEG surface means better surface hemocompatibility.

Figure 7. Adsorption behaviors of BSA on the surface of blank and PEG-grafted SPEU films at 37 ± 0.5 ◦C.
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3.6. Platelet Adhesion

When blood is exposed to a foreign surface, initial protein adsorption on the surface is followed
by platelet adhesion and release, which brings about cellular thrombogenesis [38]. Thus, platelet
adhesion is rather important for the hemocompatibility of blood-contacting implantable materials.
The morphologies of the platelets adherent on the surfaces of the blank and PEG-grafted SPEU films
were assessed by FE-SEM observation, and the typical micrographs and quantification of adhered
platelets are given in Figure 8 and Table 3, respectively. Massive platelets adhering on the surface of
blank SPEU film (Figure 8a). Some of the platelets aggregated to some extent, some presented shape
variation and some were spread on the surface, which indicated a highly activated state. After PEG
was grafted on the surface, as shown in the Figure 8b–d, the amount of adhered platelets was reduced
dramatically, and no obvious aggregation and deformation of platelets appeared, which proved a
better anti-platelet adhesion surface. The possible explanation for this excellent anti-platelet adhesion
is that the hydrophilic surface decreases the blood and plasma proteins interfacial energy on the
PEG-grafted surface, which suppresses platelet adhesion [39]. The SPEU-PEG films having similar
quantity of adhered platelets (Table 3) indicated that the molecular weight of PEG grafted on the
surface marginally affected on the anti-platelet adhesion capacity. Due to the grafting density of PEG
on the surface being relatively high, the denser short chain of PEG can form a layer coating the entire
surface. Analogous effects have been reported for PEG-grafted silica surfaces by Alstine [40].

Figure 8. Representative SEM micrographs of platelet adhesion on the film surface of (a) SPEU;
(b) SPEU-PEG-a; (c) SPEU-PEG-b; and (d) SPEU-PEG-c.

Table 3. Quantification of platelets adhering to the blank and MPC-grafted PEU surface.

Films SPEU SPEU-PEG-a SPEU-PEG-b SPEU-PEG-c

Quantity of adhered
platelets (per mm2) 20,702 ± 880 781 ± 56 731 ± 57 697 ± 52
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4. Conclusions

In the paper, PEG was grafted on the surface of SPEU film with high grafting density to improve
surface hemocompatibility. The PEG-grafted SPEU (SPEU-PEG) was prepared by three-step chemical
treatments (allophanate reaction, condensation reaction, and Michael addition reaction) under mild
reaction conditions. The surfaces were characterized by FT-IR, 1H NMR, XPS, and water contact
angle. The SPEU-PEGs displaying a much lower water contact angle than SPEU indicated that the
hydrophilic PEG chains improved the surface hydrophilicity significantly. The mechanical properties
of the SPEU-PEG films were slightly lower than that of parent film, verifying that the chemical
treatments had minimum deterioration on the mechanical properties of the substrate. The low BSA
adsorption quantity (2.78–3.02 μg/cm2) and good anti-platelet adhesion capacity (781–697 per mm2)
revealed that SPEU-PEGs had improved surface hemocompatibility. Moreover, due to the high grafting
density, the molecular weight of grafted PEG had marginal effect on the surface hydrophilicity and
hemocompatibility. The PEG-grafted SPEU films possessed outstanding mechanical properties (strain
at break: 866–884%; ultimate stress: 35.5–36.4 MPa) and good surface hemocompatibility, implying its
high potential to be applied as long-term implants and blood-contacting biomaterials.
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Abstract: Branched, aliphatic polyurethanes (PURs) were synthesized and compared to linear
analogues. The influence of polycaprolactonetriol and synthetic poly([R,S]-3-hydroxybutyrate)
(R,S-PHB) in soft segments on structure, thermal and sorptive properties of PURs was determined.
Using FTIR and Raman spectroscopies it was found that increasing the R,S-PHB amount in
the structure of branched PURs reduced a tendency of urethane groups to hydrogen bonding.
Melting enthalpies (on DSC thermograms) of both soft and hard segments of linear PURs were higher
than branched PURs, suggesting that linear PURs were more crystalline. Oil sorption by samples of
linear and branched PURs, containing only polycaprolactone chains in soft segments, was higher than
in the case of samples with R,S-PHB in their structure. Branched PUR without R,S-PHB absorbed
the highest amount of oil. Introducing R,S-PHB into the PUR structure increased water sorption.
Thus, by operating the number of branching and the amount of poly([R,S]-3-hydroxybutyrate) in soft
segments thermal and sorptive properties of aliphatic PURs could be controlled.

Keywords: polyurethane structure; linear and branched polyurethanes; synthetic polyhydroxybutyrate;
thermal properties; sorptive properties

1. Introduction

Typical linear polyurethane (PUR) is built with (i) a soft segment (based on oligomeric polyester- or
polyetherdiol), which gives flexibility and softness of polymer and (ii) a hard segment (synthetized
with diisocyanate and low molecular chain extender) the aim of which is to increase stiffness, hardness
changes, etc. Immiscibility of soft and hard segments facilitates their reorganization into domains.
Further ordering of chains in domains can lead to formation of crystallites. The polar nature of the
urethane group influences their tendency to hydrogen bonding. Creation of hydrogen bonds between
N–H group and C=O in urethanes facilitates their ordering and phase separation. Whereas hydrogen
bonds of the urethane group with oxygen of the soft segment can reduce chains mobility and their
ordering [1]. Generally, hydrogen bonds create physical reinforcement of the PUR network which
causes increased strength and stiffness [2].

Polymers 2018, 10, 826; doi:10.3390/polym10080826 www.mdpi.com/journal/polymers335
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Thermodynamic incompatibility of hard and soft segments and connected with this,
their insolubility, cause microphase separation in segmented PURs [3]. Ordering of chains in both
separated domains of segments can lead to formation of crystallites.

Branched polymers are a kind of macromolecules, whose architecture is neither linear nor
cross-linked. In addition to polymers with long or short side-chains, this group of polymers also
includes densely branched structures with a large number of functional end groups (star like and
hyperbranched polymers, and dendrimers).

The architecture of branched polymers causes an intermediate structure between cross-linked and
linear polymers. The presence of side chains in their structure significantly influences the properties
of polymers.

Branched PURs are generally characterized by good solubility in many organic solvents and
compatibility with different materials, low viscosity (both in the molten state and in the solution) and
they have free spaces inside the network. In consequence, they can be used as drug carriers, catalysts,
chemical sensors, coatings, binders, elastomers, sorption mats, etc. [2,4].

In branched polymers linear side-chains diverge (uniformly or randomly) from branching points
of the linear flexible chain (backbone). In this case, introducing trifunctional compound into the
PUR structure reduces a possibility of chains to order and form soft and hard domains. However,
local aggregation of soft or hard segments and their microphase separation can often still occur even
in cross-linked PURs [1]. The presence of branching points generally introduces irregularities in the
polymer structure and consequently leads to lowered crystallinity and creation of smaller crystals with
the lower melting point in comparison to linear polymers [5]. Tendency of urethane groups to create
hydrogen bonds is strongly affected by side-chains. Both short and long side-chains can influence
a possibility of interaction between polymer chains.

Polyhydroxybutyrate (PHB) is a polymer that naturally exists in prokaryote and eukaryote
cells. Biosynthesized PHB is high crystalline, stiff and brittle material, which makes it difficult to
use. Therefore, it is valuable to us its synthetic analogue, which can be obtained as an amorphous,
elastic polymer.

Synthetic PHB can be obtained via ring-opening polymerization (ROP) of β-butyrolactone to
isotactic, atactic and syndiotactic poly(3-hydroxybutyrate) [6]. Atactic (R,S)-PHB is an amorphous
polymer with low glass transition temperature and it maintains elastomer properties at room
temperature. Because of the secondary hydroxyl group in the PHBdiol structure methyl side-groups
are present in its chains (Figure 1A).

 

Figure 1. Schematic structure of polyhydroxybutyratediol (A) and polycaprolactonetriol (B).

Through the right combination of polycaprolactonetriol (PCLtriol) (Figure 1B) with
polycaprolactonediol (PCLdiol), branched PURs with the highest possible molecular weight without
reaching gelation and formed into foils could be obtained [5]. Knowing that introduction of amorphous
R,S-PHB influences thermal, sorptive and surface [7] properties of linear and cross-linking PUR
materials and their degradability profile [8], such effects are also expected in branched PURs.
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In this paper branched PURs, as potential sorptive materials and their linear analogues were
comparatively studied. The influence of PCLtriol and R,S-PHB presence in the soft segments structure
on thermal and sorptive properties of obtained PURs was estimated.

2. Experimental Section

2.1. Materials

β-butyrolactone (Aldrich, Steinheim, Germany) was purified [9], 18-crown-6 complex
(Fluka, Bucharest, Romania), 3-hydroxybutyric acid sodium salt and 2-bromoethanol (Aldrich) were
used as received. Oligomerols of R,S-PHB (Mn 1700), PCLtriol (Mn 900, Aldrich, St. Louis, MO, USA)
and PCLdiol (Mn 1870, Aldrich, St. Louis, MO, USA) were dried by heating at 60–65 ◦C under
reduced pressure (1.4 hPa). 4,4’-methylene dicyclohexyl diisocyanate (H12MDI) (Aldrich, St. Louis,
MO, USA) was vacuum distilled; 1,4-butanediol (1,4-BD) (Aldrich, Steinheim, Germany) was distilled
azeotropically with benzene; N,N-dimethylformamide (DMF) (Chempur, Piekary Śląskie, Poland) was
dehydrated over diphosphorous pentoxide (P2O5) and distilled under low pressure. Catalyst tin(II)
octanoate (OSn) (Alfa Aesar, Karlsruhe, Germany) was used as received.

2.2. Synthesis of Linear PURs

Oligomerole of telechelic (with OH groups on both sides of chains) poly([R,S]-3-hydroxybutyrate)
(R,S-PHB) was obtained by anionic ring opening polymerization of ß-butyrolactone initiated by
3-hydroxybutyric acid sodium salt/18-crown-6 complex at room temperature and terminated with
2-bromoethanol [10]. Obtained R,S-PHB was generally atactic and almost completely amorphous
polymer (with very small melting enthalpy about 4 J/g).

The synthesis of PURs was carried out in a two-step reaction with the molar ratio of NCO:OH
= 2:1 in the prepolymer step [7]. Prepolymer of PURs was synthesized for 3 h at 70–75 ◦C under
vacuum with oligomer (PCLdiol or blend of PCLdiol with R,S-PHB) and H12MDI in the presence of OSn.
NCO-terminated prepolymer was dissolved in DMF, and next its molecular weight was increased
by a reaction with the chain extender (1,4-BD) for 2 h at 60 ◦C. The final molar ratio of NCO:OH in
PURs was 1:1. PUR foil was formed by pouring the polymer solution on Teflon plates and heating it at
80–105 ◦C in the vacuum heater for 6 h.

2.3. Synthesis of Branched PURs

Branched PURs were synthesized in the same way as linear PURs. Soft segments were built with
PCLtriol, but PCLdiol and R,S-PHB were additionally added to vary a distance between branch points.
This branched PUR turned out to be easily soluble in organic solvents (dimethylformamide, toluene,
acetone, ethanol and chloroform).

Amounts of reactants in the synthesis of PUR are shown in Table 1.

Table 1. The code of linear and branched polyurethanes (PURs) and amounts of reactants [g] in their
synthesis (calculated for 100 g of final polymer).

PUR PCLtriol PCLdiol R,S-PHB H12MDI 1,4-BD

linear
l-PUR A - 74.62 - 21.66 3.72
l-PUR B - 59.75 14.96 21.56 3.72

branched
b-PUR C 5.50 66.13 - 24.10 4.27
b-PUR D 5.51 44.69 21.85 23.90 4.05
b-PUR E 2.20 35.24 35.20 23.28 4.08

Substrates used for PURs determined how they were built. All obtained PURs were aliphatic
polyesterurethanes, differing in architecture of the structure (Figure 2). Linear PURs differed in
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side-chain methyl groups from R,S-PHB. Whereas, using PCLtriol to build soft segment, introduced
branch nodes into the structure of branched PURs. So, they differed in the amount of short
(methyl groups from R,S-PHB) and long (polycaprolactone chains from PCLtriol) side-chains. These
lateral branches should affect interactions between chains (e.g., hydrogen bonds creation), which
consequently should influence sorption and thermal properties.

 
Figure 2. Illustration of the schematic structure of linear and branched PURs.

2.4. Methods

2.4.1. Differential Scanning Calorimetry (DSC)

Thermal properties of PURs and their blends were determined using the Setaram thermal analyzer
(Setaram, Caluire, France). Indium and lead were used for calibration. Specimens (with mass about
20 mg) were sealed in aluminum pans and scanned from 20 to 200 ◦C with the heating rate of 10 ◦C/min.
All experiments were conducted in a flow of dry N2.

2.4.2. Raman Spectroscopy

All Raman spectra were recorded in backscattering geometry by a WiTec 300R Alpha
device (WiTec, Ulm, Germany). The spectra are shown without background correction. A ruled
600 grooves/mm grating was chosen in the optical spectrometer (WiTEC, UHTS 300), which was
equipped with a Peltier-cooled CCD camera (ANDOR, iDus DV401A) operating at a temperature of
210 K. The resulting wave number resolution was <2 cm−1. Investigated solids were excited at a power
level of 2.5 mW using the 532 nm emission line of a continuous wave laser (Spectra Physics, Excelsior).
The Raman-laser radiation was focused on the sample surface with a microscope (Zeiss EC Epiplan
20’, NA 0.4) probing a circular spot of ~4 μm in the diameter. At the given experimental conditions,
the Raman-laser induced oxidation processes could be excluded. The spectra were recorded with the
integration time of 10 s and 10 accumulations each. After measurement, spectra were background
subtracted using WITec Project 2.08 software.
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2.4.3. ATR IR Spectroscopy

FTIR investigations of solids were performed using attenuated total reflection (ATR, Smart Orbit
Accessory) in a Nicolet 6700 FTIR spectrometer (Bruker Optics, Ettlingen, Germany) with a DTGS KBr
detector. To obtain a spectrum, 32 scans were taken at optical resolution of 4 cm−1. For ATR-FTIR
investigations the materials were pressed on the diamond cell to achieve surface sensitive test results.

2.4.4. Density

Density of polymer samples was determined according to ISO 1183 standard and using analytical
balance equipped with a density determination kit (Radwag, Radom, Poland).

2.4.5. Oil and Water Sorption

PURs and blends samples were immersed in sunflower oil at 37 ◦C for 24 h and next they were
weighed after wiping off the oil with filter paper [11]. For water sorption estimation, investigated
polymers were immersed in deionized water for 14 days at 37 ◦C. Next the swollen samples were
gently blotted with filter paper and weighed. Sorption was calculated (using the gravimetric method)
from the weight after incubation (wi) and the initial weight (w0) by:

Sorption% = (wi − w0)/w0 × 100%. The results were the average of three measurements.

3. Results and Discussion

The chemical structure of synthetized PURs was confirmed with FTIR and Raman spectroscopy.
Figure 3 shows FTIR spectra of linear and branched PURs.

 

Figure 3. FTIR spectra of linear and branched PURs.

Infrared spectra of linear and branched PURs were very similar and showed characteristic bands
typical for PURs. The absence of bands ascribing functional groups of starting substrates on FTIR
spectra indicated completion of the polyaddition reaction.
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The region between 3410 and 3200 cm−1 was ascribed to N–H stretching vibration, whereas the
region between 2990 and 2840 cm−1 to C–H stretching vibration (of both soft and hard segments).
Infrared absorptions between 1780 and 1620 cm−1 indicated the presence of the carbonyl group (amide
I), whereas bands 1550–1510 cm−1 ascribed deformation vibrations of N–H groups (amide II) and
1242–1240 cm−1 C–O stretching of the carbonate group. Bands corresponding to asymmetric and
symmetric C–H stretching vibrations of aliphatic –CH2 groups were observed at 2905 and 2860 cm–1

respectively (Figure 3).
Spectra of carbonyl moiety in PURs can be highly complex due to numerous origins of carbonyl

and hydrogen bond interactions within the polymer network. The observed on FTIR spectrum of
PCLdiol (Figure 4) carbonyl peak at 1720 cm−1 was narrow and slender, which suggested homogeneous
nature of this moiety. The presence of branch nodes in PCLtriol and the lateral methyl group in chains
of R,S-PHB (only with CH2 and CH groups between ester moiety in comparison to five CH2 in PCL)
changed molecular interaction, causing in these cases the carbonyl peak to be wider and less uniform
than for PCLdiol. Moreover, the peak appeared at a higher wavenumber (1730 cm−1).
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Figure 4. FTIR spectrum of C=O stretching region of oligomeroles used for the PURs synthesis.

On FTIR spectra observed carbonyl bands were a result of overlapping of the peaks of carbonyl
moieties from oligomeroles and urethane groups. In the case of linear l-PUR A with soft segments built
with only PCLdiol frequency (1720 cm−1) and shape of the carbonyl stretching peak were identical
as in pure PCLdiol (Figure 5 compared to Figure 4). Only a small shoulder at right sight of the peak
was observed. It was the overlapping band of carbonyl groups from urethane (with wavenumber
1690 cm−1). After introducing the R,S-PHB into soft segments the band in the stretching carbonyl
region became wider and less sharp. The overlapped urethane C=O peak was also observed on l-PUR
B FTIR spectra as a shoulder at lower frequencies (at 1690 cm−1) in relation to that of the ester group.
This band was almost no discernible at 1720 cm−1.
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Figure 5. FTIR spectrum of N–H and C=O stretching regions of linear and branched PURs.

Using PCLtriol to build soft segments caused that shape of the carbonyl band to be more
complicated (Figure 5). Besides two mentioned peaks at 1740 cm−1 another one appeared, which could
be attributed to free C=O groups. On FTIR spectra of linear PURs no bands were detected above
3500 cm−1 (Figure 5), which suggested that all N–H groups were engaged in formation of hydrogen
bonds. However, at 3430–3460 cm−1 on FTIR spectra of branched PURs (Figure 5), a little intensity
shoulder was observed. It was often described as the overtone of the band at 1720 cm−1 [12].
Taking into consideration that small intensity bands indicating the presence of non-bonded C=O
stretching of the urethane and carbonate groups, were visible at 1740 cm−1 (Figure 5), it was concluded
that this peak (at 3430–3460 cm−1) ascribed non-associated N-H groups. Moreover, increasing R,S-PHB
in the structure of branched PURs inhibited a tendency of urethane groups to hydrogen bonding.
In b-PUR E intensity of bands ascribed free C=O ester groups were larger than those bound by
hydrogen bonding. Probably, the presence of the side-chain methyl group in the R,S-PHB chain
hindered formation of hydrogen bonds. As it was said, the band attributed to stretching vibrations
of C=O in the urethane group strongly overlapped with these of the ester group, so no quantitative
information about relations between free and bonded ester and urethane groups could be obtained.
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The peak observed at 1381 cm−1 on FTIR spectra of R,S-PHB (Figure S1) was ascribed as banding
deformation vibration of CH3 according to Eldessouki et al. [13]. Its presence was noted on FTIR
spectra of branched PURs based on R,S-PHB at 1380 cm−1. Intensity of the peak was the highest in the
case of b-PUR E, because of the high amount of R,S-PHB (Figure 3). On spectra of l-PUR B (obtained
with the smaller amount R,S-PHB in comparison to branched PURs) this peak overlapped with C–H
bending vibration (Figure 3).

Raman spectroscopy, which is a complementary technique to infrared spectroscopy, also measures
vibrational energy levels [14].

The very strong FTIR spectra band at about 1740–1720 cm−1, ascribed the free C=O ester groups,
was quite weak in Raman spectra of both types of PURs (Figure 6). In addition. because of polarity of
urethane, the N–H presence on Raman spectra was invisible. The largest bands were asymmetric at
2930–2917 cm−1 and symmetric at 2890–2863 cm−1, with CH2 stretching vibration and CH2 bending
vibration at ≈1448 cm−1.

 

Figure 6. Raman spectra of linear and branched PURs.

DSC thermograms of investigated samples were typical for segmented PURs. Two endotherms,
ascribed to the melting crystalline phase of soft (with melting temperature Tm1) and hard (with melting
temperature Tm2) segments were visible on DSC diagrams of linear and branched PURs (Figure 7).
The data read from thermograms are shown in Table 2.
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Figure 7. Differential scanning calorimetry (DSC) thermograms of linear and branched PURs.

Table 2. Melting temperature, enthalpy of soft [Tm1, ΔH1] and hard [Tm2, ΔH2] segments and density
(with standard deviation SD) of PURs.

PUR Density ± SD [g/cm3] Tm1 [◦C] ΔH1 [J/g] Tm2 [◦C] ΔH2 [J/g]

l-PUR A 1.16 ± 0.06 55.6 53.2 195.7 17.1
l-PUR B 1.13 ± 0.02 55.3 54.4 194.1 10.4
b-PUR C 1.02 ± 0.08 53.6 46.2 194.3 11.4
b-PUR D 1.15 ± 0.02 53.2 30.4 196.2 5.5
b-PUR E 1.17 ± 0.03 56.6 46.7 198.8 1.7

Using semicrystalline PCL to build soft segments caused obtained PURs to be characterized by
partial crystallinity of soft segment domains.

Total melting enthalpies (ΔH) of both soft and hard segments of linear PURs were higher than
branched PURs, which suggested that linear PURs were more crystalline than branched ones, as it
was expected.

Melting temperatures of soft and hard segments depended on segments separation. In case of
linear PURs (l-PUR A and l-PUR B) and branched b-PUR E (with low amount of PCLtriol) Tm1 was
closer to melting temperature of PCLdiol (Tm = 60.1 ◦C) than for b-PUR C and b-PUR D, suggesting
the good separation of soft segment chains. However, the endothermic peak ascribing melting of
crystalline phase of soft segments on DSC thermograms of b-PUR E was very wide and was integrated
to baseline, including a small peak about 88 ◦C. It was concluded that this broad peak represents
melting of all kinds of spherulites with different volume that formed in range of soft segments. This was
a reason of high ΔH1 b-PUR E.

Mobility of long aliphatic chains of PUR in its structure facilitated re-organization of PCL and,
in consequence, formation of crystals. The presence of amorphous R,S-PHB did not restrict a tendency
of PCL to crystallize. A different situation was observed for branched PURs. In the case of reduction
of chain mobility via branch nodes, partial replacement of PCLdiol chains by amorphous R,S-PHB
reduced crystallinity of soft segments. In b-PUR E with a very small amount of trifunctional PCLtriol
the tendency was the same as in linear samples. This dependence of crystallinity with the number of
branch was also observed by Mahapatra et al. in hyperbranched PURs [15].
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What was interesting was the presence of R,S-PHB in the PURs structure reduced melting
enthalpy of hard segments. It was supposed that the presence of the lateral methyl group in R,S-PHB
hindered ordering of the PUR chain. As mentioned before the presence of non-bonded C=O in PURs
containing R,S-PHB was confirmed by FTIR and contribution of C=O urethane groups in formation of
hydrogen bonds could not be determined. However, reduced crystallinity of hard segments (lowered
ΔH2) suggested the absence of hydrogen bonds between urethane groups and connected with it
chains ordering.

Architecture of PURs structure and their hydrophilicity also influenced tendency to oil sorption.
The data presented in Figure 8 indicated that branched PUR without R,S-PHB absorbed more vegetable
oil than linear l-PUR A. The presence of free spaces in the polymer network of branched PURs,
which were a result of the presence of branching points, ought to facilitate migration of oil molecules.
However, the ability of investigated PURs to sorb oil was also connected with their soft segment
building. Soft segments, both linear and branched PURs, were mainly built with chains of hydrophobic
polycaprolactone. Oil sorptions of l-PUR A and b-PUR C were higher than appropriate PURs containing
R,S-PHB in their structure. Increasing PURs hydrophilicity after using R,S-PHB to build soft segments
was observed earlier [7]. In consequence, branched b-PUR C with soft segments built only with
polycaprolactone chains and characterized by the lowest density absorbed highest amount of lipid
among all investigated PURs.
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Figure 8. Oil sorption by linear and branched PURs.

The water sorption is a synergistic effect of crystallinity and the chemical structure of chains in
PURs. Introducing R,S-PHB into the PURs (both linear and branched) structure, instead of hydrophobic
polycaprolactone chains, increased their hydrophilicity (Figure 9), as it was observed earlier [16].
Crystallinity of samples and the presence of free spaces in polymer network were very important for
water sorption. Comparing the structure of l-PUR A and b-PUR C, it could be said that their chemical
building was very similar to each other. They differed only in architecture, i.e., the presence of long,
side chains in the branched PUR structure resulting from the introduction of tri-functional PCLtriol
(Figure 1). In consequence, the free spaces in the b-PUR C structure were formed, which facilitated
migration of water molecules into polymer bulk. However, as it was said before, more important was
using amorphous, hydrophilic R,S-PHB as a part of soft segments. Its presence significantly increased
the ability of investigated PURs to absorb water. Branched b-PUR E with the high amount of R,S-PHB
and with very low crystallinity of hard segments absorbed the most water (Figure 9).

344



Polymers 2018, 10, 826

 

0

5

10

15

20

25

0 2 4 6 8 10 12 14 16

w
at

er
 s

or
pt

io
n 

[%
]

time [days]

l-PUR A l-PUR B b-PUR C b-PUR D b-PUR E

Figure 9. Water sorption by linear and branched PURs.

4. Conclusions

Aliphatic PURs with synthetic poly([R,S]-3-hydroxybutyrate) (R,S-PHB) in soft segments were
synthesized with the prepolymer method. Branched and linear PURs differed in architecture of
structure even where they were based on the same chemical structure of starting substrates.

The spectroscopies analysis (FTIR and Raman spectra), used for structure estimation, indicated
that urethane linkage appeared and isocyanate peaks related 4,4’-methylene dicyclohexyl diisocyanate
(H12MDI) disappeared in all the samples after the synthesis. All N–H groups were engaged in
formation of hydrogen bonds in linear PURs, whereas in branched PURs the presence of non-associated
N–H groups was confirmed. Introducing R,S-PHB into the structure of branched PURs inhibited
a tendency of urethane groups to hydrogen bonding. Introducing a small amount of R,S-PHB did
not change crystallinity of linear PURs, but reduced melting enthalpy of branched PUR. Significant
changes of sorptive properties (increased water sorption and decreased oil sorption) were observed
for both linear and branched PURs after incorporation of R,S-PHB as a soft segments building block
into the macromolecular structure. Polymer materials with the desired sorption characteristic can
be obtained by manipulating architecture of the PUR structure and the amount of added synthetic
R,S-PHB.
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Author Contributions: Conceptualization, J.B.; Investigation, A.M.E., M.M. and W.S.; Validation, M.K. and M.R.

Funding: This research was funded by the statutory activity No. DS/413 of the Department of Commodity
Industrial Science and Chemistry AMG. Partial financial support from the European Regional Development
Fund Project EnTRESS No 01R16P00718 and UM0-2016/22/Z/STS/00692 PELARGODONT Project financed
under the M-ERA.NET 2 Programme of Horizon 2020 as well as Polish National Science Centre Project contract
DEC-2013/11/B/ST5/02222 are gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yilgör, I.; Yilgör, E.; Wilkes, G.L. Critical parameters in designing segmented polyurethanes and their effect
on morphology and properties: A comprehensive review. Polymer 2015, 58, A1–A36. [CrossRef]

2. Chattopadhyay, D.K.; Raju, K.V.S.N. Structural engineering of polyurethane coatings for high performance
applications. Prog. Polym. Sci. 2007, 32, 352–418. [CrossRef]

345



Polymers 2018, 10, 826

3. Klinedinst, D.B.; Yilgör, I.; Yilgör, E.; Zhang, M.; Wilkes, G.L. The effect of varying soft and hard segment
length on the structure-property relationships of segmented polyurethanes based on a linear symmetric
diisocyanate, 1,4-butanediol and PTMO soft segments. Polymer 2012, 53, 5358–5366. [CrossRef]

4. Mao, H.; Qiang, S.; Yang, F.; Zhao, C.; Wang, C.; Yin, Y. Synthesis of blocked and branched waterborne
polyurethanes for pigment printing applications. J. Appl. Polym. Sci. 2015, 1–9. [CrossRef]

5. Rivero, R.S.; Solaguren, P.B.; Zubieta, K.G.; Peponi, L.; Marcos-Fernández, A. Synthesis, kinetics of
photo-dimerization/photo-cleavage and physical properties of coumarin-containing branched polyurethanes
based on polycaprolactones. Express Polym. Lett. 2016, 10, 84–95. [CrossRef]

6. Rydz, J.; Sikorska, W.; Kyulavska, M.; Christova, D. Polyester-Based (Bio)degradable Polymers as
Environmentally Friendly Materials for Sustainable Development. Int. J. Mol. Sci. 2015, 16, 564–596.
[CrossRef] [PubMed]

7. Brzeska, J.; Morawska, M.; Heimowska, A.; Sikorska, W.; Wałach, W.; Hercog, A.; Kowalczuk, M.;
Rutkowska, M. The influence of chemical structure on thermal properties and surface morphology of
polyurethane materials. Chem. Pap. 2018, 72, 1249–1256. [CrossRef] [PubMed]

8. Brzeska, J.; Morawska, M.; Sikorska, W.; Tercjak, A.; Kowalczuk, M.; Rutkowska, M. Degradability
of cross-linked polyurethanes based on synthetic polyhydroxybutyrate and modified with polylactide.
Chem. Pap. 2017, 71, 2243–2251. [CrossRef] [PubMed]
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