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Preface

This Reprint, entitled “Advances and Applications of Block Copolymers II”, is a collection of

works on polymer science and applications of block copolymers. This Reprint covers different aspects

of polymer science, including synthesis, properties, and applications. The works presented focus on

the full spectrum of materials science and nanotechnology. The aim of this Reprint is to help materials

science researchers, especially those in polymers, understand various aspects of copolymers from a

synthetic perspective for potential applications. This Reprint also aims to showcase a collection of

works on polymeric materials, with an emphasis on applications. The Guest Editors were motivated

by the ongoing, applied research on polymeric materials, being a class of materials used in everyday

life, from simple applications to more specialized ones.

Nikolaos Politakos and Apostolos Avgeropoulos

Guest Editors
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Editorial

Advances and Applications of Block Copolymers II

Nikolaos Politakos 1,* and Apostolos Avgeropoulos 2,*

1 Institute of Chemical Biology, National Hellenic Research Foundation, 11635 Athens, Greece
2 Department of Materials Science Engineering, University of Ioannina, 45110 Ioannina, Greece
* Correspondence: npolit@eie.gr (N.P.); aavger@uoi.gr (A.A.)

Polymers are an essential class of materials; they are constantly evolving, and new
monomers/polymers are being synthesized and/or produced every day. Polymeric materi-
als can be used in both every-day and cutting-edge applications, including nanotechnology,
energy, biotechnology, environment, aerospace, electronics, and agriculture industries. Cur-
rently, enormous challenges are being raised where polymers may offer solutions. Globally,
there is a focus on circular economy and sustainability, high-performance and functional
materials, and advanced manufacturing.

Block copolymers (BCPs) are a major part of polymeric materials overall. This class
of materials is evolving through the development of new monomers and polymerization
techniques, leading to biodegradable BCPs for novel applications. Self-assembly of BCPs
can lead to improved applications in nanolithography and nanomanufacturing, as well
as in various hierarchical architectures. In energy storage and conversion, particularly in
photovoltaics, solid polymer electrolytes and BCPs are also essential. Another growing
area of research into BCPs is innovative nanomedicine and targeted delivery of bioactive
compounds, in which stimulus-responsive systems based on BCPs are being synthesized to
deliver drugs, RNA, or proteins with high accuracy. The use of BCPs as vaccine platforms
or in bioimaging is also relatively novel and currently under development. Finally, BCPs
are also important for sustainability applications, especially as bio-based materials.

However, BCPs face new challenges every day, and scientists should focus their
research on current and future trends in applications. Active areas of research include
semiconductors, high-energy solid-state batteries, chemical recycling, personalized medical
treatments, conversion of toxic materials, reutilization, and membranes.

This Special Issue is a collection of scientific contributions from research groups inves-
tigating diverse copolymers, highlighting recent advances in polymers, functionalities, and
applications. The publication of thirteen (13) manuscripts in this Special Issue underscores
the significance of block copolymers (BCPs) and demonstrates the sustained interest of the
scientific community in the development and application of these materials.

A study on the compatibility, crystal structure, and mechanical properties of new-
generation block copolymer PP-b-PE (polypropylene-b-polyethylene) and PPR (random
polypropylene) blends has revealed that PPR crystallizes first, during the cooling process,
inducing early crystallization of PP-b-PE, which increases the crystallization temperature
of PPR/PP-b-PE blends [1].

Another study has explored the self-assembly of cylinder-forming BCPs under the
guidance of pillar topographic patterns, utilizing mesoscale density functional theory
simulations. This investigation also focuses on directed self-assembly structures of cylinder-
forming BCPs with varying parameters, including pillar pitch and diameter. The insights
from this study provide a theoretical framework for designing directed self-assembly

Polymers 2025, 18, 335 https://doi.org/10.3390/polym18030335
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systems capable of multiplying the density of contact holes, a crucial component of litho-
graphic processes used in electronic devices [2].

Moreover, a series of novel renewable copolymers based on poly(ethylene succinate)
(PESu) and poly(isosorbide succinate) (PISSu), with a varying isosorbide (Is)/PESu molar
ratio, were synthesized in situ and studied. The designed copolymers were character-
ized in depth with respect to their structural and thermodynamic properties. Dielectric
spectroscopy, along with proper analysis, enabled molecular dynamics mapping of both
local and segmental types, which is presented for these materials for the first time. Based
on the overall findings, the systems were homogeneous, with the two polymer segments
thoroughly distributed. Upon analyzing the results, evaluating them by using widely
adopted routes and models, and comparing those from different techniques, an in-depth
structure–property relationship was found [3].

Other experimental work focused on interpenetrating hydrogel networks (IHNs) com-
posed of p(HEMA) or p(MAA) and different pluronic block copolymers that were designed
for potential use as medical device biomaterials or as platforms for controlled drug delivery.
In this study, the physicochemical properties of IHNs provided a greater understanding
of the physical state of the two polymer components as well as the interactions between
them, and how these interactions affect retention within the network when immersed in an
aqueous fluid. This approach provided invaluable knowledge of the practical uses of these
specific IHNs as medical device biomaterials/coatings [4].

The high importance of BCPs in structural biology is evident in the production of
functionally active membrane proteins (MPs) in an appropriate membrane environment.
Polymer–lipid particles based on styrene and maleic acid (SMA) represent a promising type
of membrane mimic, as they can extract properly folded MPs directly from their native
lipid environment. The introduction of a novel SMA derivative with a negatively charged
taurine moiety demonstrates that both polymers can form nanodiscs with a patch of lipid
bilayer that can undergo phase transitions at temperatures close to those of the lipid bilayer
membranes [5].

In the field of thermal insulation, a study of melamine–aniline–formaldehyde copoly-
mer organoclay nanocomposite foams is presented, analyzing their structural and textural
properties and investigating their thermal insulation and strength. Better thermal insulation
behavior indicates the effect of a more uniformly packed microsphere arrangement and a
more elastic network structure, including aniline–formaldehyde bridges, on the formation
of void structures. The thermal insulation values decreased gradually with increasing
organoclay content in resin–organoclay nanocomposites, while the mechanical stability
indicated an increase in elasticity caused by the incorporation of aniline–formaldehyde
bridges into the polymer network [6].

There is global demand for stimuli-responsive polymeric nanostructures for a
wide range of applications. Self-assembling amphiphilic copolymers with stimuli-
responsive characteristics—created by introducing a hydrophilic tuneable monomer,
(2-dimethylamino)ethyl methacrylate (DMAEMA), together with a hydrophilic one, lauryl
methacrylate (LMA)—within linear and branched copolymer topologies were investigated.
The structural changes in the obtained self-organized supramolecular structures were
thoroughly analyzed using aqueous media with varying pH and salinity values. These
findings contribute to general knowledge of the synthesis of linear and hyperbranched
amphiphilic polyelectrolyte-type copolymers and their self-assembly behavior, leading to
the formation of nanostructures in solution. The pH- and salt-responsive properties of
the PDMAEMA component, together with variations in copolymer composition, allow for
fine-tuning of the formed nanoparticles’ structures [7].

https://doi.org/10.3390/polym180303352



Polymers 2025, 18, 335

Additionally, responsive material and environmental applications could be possi-
ble for the CO2-responsive polymer poly(N-[3-(dimethylamino)propyl]-acrylamide)-b-
poly(methyl methacrylate) (PDMAPAm-b-PMMA), which is expected to be implemented
in direct air capture (DAC) technology. In this work, a kinetic model, a crucial tool for
optimizing polymer synthesis protocols and facilitating scaled-up production of the above-
mentioned copolymer, is presented. In the end, the optimal parameters were determined
for synthesizing a CO2-responsive diblock copolymer of PDMAPAm-b-PMMA with the
desired molar mass and PDMAPAm block-to-PMMA block molar mass ratio [8].

The mechanical properties of double hydrophilic block copolymers based on
poly[oligo(ethylene glycol) methacrylate] (POEGMA) and poly(vinyl benzyl trimethy-
lammonium chloride) (PVBTMAC) blocks were studied using small-amplitude oscillatory
shear rheology. The authors showed that changing the block arrangement along the back-
bone from statistical to sequential results in a distinct change in the viscoelastic response,
indicating the presence/absence of bulk-like regions. The tunable viscosity and shear-
thinning behavior achieved by altering the copolymer composition and block arrangement
along the backbone render these materials promising candidates for drug delivery ap-
plications. Overall, this study provides information about the viscoelastic properties of
densely grafted macromolecular architectures and shows how the mechanical and dynamic
properties can be tailored for different drug delivery applications by simply altering the
ratio between the two homopolymers [9].

Further work on the combination of Brownian dynamics simulations and self-
consistent field theory has demonstrated that stable assembled structures, such as vesicles,
toroidal micelles, bowl-like micelles, sheet-like micelles, non-spherical vesicles, and cylin-
drical micelles, are dependent on the molecular parameters of amphiphilic comb-like
copolymers. In this study, it was found that vesicle formation involves two intermedi-
ate states—sheet- and bowl-like micelles—and that the difference in their free energies
is minimal, indicating coexistence. This study describes how to obtain different mor-
phologies by adjusting the molecular parameters of amphiphilic comb-like copolymers,
further confirming their potential for stable drug encapsulation and enhanced targeted
drug delivery [10].

In the field of self-assembly behavior, a series of amphiphilic diblock copolymers, each
consisting of a hydrophilic poly(N-vinyl pyrrolidone) (PNVP) block and a hydrophobic
block derived from n-alkyl vinyl esters, namely, poly(vinyl butyrate) (PVBu), poly(vinyl
decanoate) (PVDc), and poly(vinyl stearate) (PVSt), in aqueous solutions was investigated.
Using dynamic and static light scattering techniques, the micellization behavior was stud-
ied. The effect of the hydrophobic block’s nature in the copolymer composition, as well
as the copolymer molecular weight on the self-assembly properties were thoroughly ex-
amined. The study also investigated the encapsulation of curcumin and indomethacin
within the dry cores of the micellar structures. Combined with the observed stability of the
micellar structures, these findings suggest that block copolymers have significant potential
as drug carriers [11].

Another study on the self-assembly of a high-molecular-weight poly(styrene-b-
isoprene) block copolymer was analyzed after chemical modification. The polymer
was converted into poly(styrene-b-(ethylene-alt-propylene)) by hydrogenation and into
poly(styrene-b-sulfonated isoprene) by mild sulfonation of the PI block. The obtained
morphologies were examined by atomic force microscopy to analyze the effects of sample
preparation parameters, including solvent, casting technique, and annealing temperature,
which highlighted that significant morphological and topographical changes were observed
across different parameters used. Each modification introduces new variables that can
affect the final structure and properties of different types of copolymers [12].

https://doi.org/10.3390/polym180303353
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Finally, a review of the different routes and methods for preparing hybrid materials
based on nanostructured block copolymers (BCPs) and magnetic nanoparticles (MNPs) is
included in this Special Issue. This work synthesizes studies on the synthesis and charac-
terization of BCP/MNP hybrid systems using various strategies or methods, highlighting
the main findings and potential applications of the resulting materials [13].

Throughout this Special Issue, it is clear that block copolymers play a key role in
advancing polymer science. The progress of block copolymers, both in synthesis and in
self-assembly, as well as diverse applications, is thoroughly demonstrated in this collection.
As Guest Editors, we are confident that these studies will make a substantial contribution
to the field of block copolymers.

Author Contributions: Writing—original draft preparation, N.P. and A.A.; writing—review and
editing, N.P. and A.A. All authors have read and agreed to the published version of the manuscript.

Funding: N.P. would like to acknowledge the European Union for the funding, HORIZON-WIDERA-
2022-TALENTS-02, grant number Project 101090325—PuDeRegels.
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Investigation of Crystallization, Morphology, and Mechanical
Properties of Polypropylene/Polypropylene-Polyethylene Block
Copolymer Blends

Wenjun Shao 1,2, Li-Zhi Liu 1, Ying Wang 1,2, Yuanxia Wang 1,*, Ying Shi 1,3,* and Lixin Song 1

1 Advanced Manufacturing Institute of Polymer Industry, Shenyang University of Chemical Technology,
Shenyang 110142, China; shaowenjun0813@163.com (W.S.); violetlj@yahoo.com (L.-Z.L.);
wy584436393@163.com (Y.W.); lxsong@syuct.edu.cn (L.S.)

2 School of Materials Science and Engineering, Shenyang University of Technology, Shenyang 110870, China
3 Dongguan HAILI Chemical Material Co., Ltd., Dongguan 523808, China
* Correspondence: wangyuanxia@aliyun.com (Y.W.); shiying86@aliyun.con (Y.S.)

Abstract: Polyethylene (PE)-based elastomers are the ideal choice for enhancing the compatibility of
polypropylene/polyethylene (PP/PE) blends and improving the mechanical properties of PP-based
materials. However, the issue of blend systems lies in the interplay between the crystallization
processes. Therefore, we investigated the crystallization behavior during the cooling process of a
new generation of PP/PE block copolymers (PP-b-PE) and random polypropylene (PPR, a copoly-
mer of propylene and a small amount of ethylene or an alpha-olefin) blends using in-situ X-ray
diffraction/scattering and differential scanning calorimetry (DSC) techniques. We also conducted
mechanical performance tests on PPR/PP-b-PE blends at room temperature and low temperature
(−5 ◦C). The results indicate that during the cooling process, the PP phase of PP-b-PE will follow the
PPR to crystallize in advance and form a eutectic mixture, thereby enhancing the compatibility of
PP/PE. Moreover, the PPR/PP-b-PE blend will form stable β-(300) crystals with excellent mechanical
properties. Due to the improved compatibility of PP/PE with PP-b-PE, PE crystals are dispersed
within PP crystals, providing bonding that improves the toughness of PPR under the low stiffness fail-
ure conditions of PPR/PP-b-PE blends, thereby enhancing their impact performance at low and room
temperatures. This research has great significance for both recycling waste plastics and enhancing
the low-temperature toughness of PPR.

Keywords: polypropylene; block copolymer; crystal structure; compatibility; X-ray

1. Introduction

It is widely known that despite the similarity of their chemical structure, polyethylene
(PE) and polypropylene (PP) are incompatible [1–4]. Random polypropylene (PPR) is a PP
that modified polypropylene obtained by adding a small amount of ethylene or α-olefin.
The short-chain distribution of PP and other comonomers in the PPR molecular chain is
irregular. Compared with traditional PP, PPR has excellent physical and chemical properties.
Therefore, PPR is widely used in areas such as water pipes. However, PPR pipes are prone
to brittle cracking in low temperatures, which limits their application in cold areas, and the
brittle nature of PPR at low temperatures is also a PP/PE compatibility issue [5]. Adding
a compatibilizer is the most common approach [6–10]. Compatibilizers typically include
block or graft polymers, or compatibilizers with the same, or miscible, monomer units as the
blend components [11–13]. Block copolymers can reduce the phase separation behavior, and
may exhibit a homogeneous or microphase separation morphology, becoming commonly
used compatibilizers [14–16]. Block copolymers with alternating hard and soft segments can
effectively improve the rough phase structure and poor mechanical properties of materials,
making them important materials for industrial products and academic research [17–19].
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Previous studies have been conducted on the application of block copolymers [20,21].
For example, Fortelny et al. [22] researched PP/PE/PS tri-block copolymers and found
the interface to be the main factor affecting mechanical properties. Chaffin K et al. [23]
investigated the mechanical properties of PP/PE blends and found that the toughness
of semi-crystalline blends depends on the existence of crystallite-anchored interfacial en-
tanglement and proposed that a small amount of block copolymer is needed for melt
stabilization of PE/iPP blends. James M et al. [24] used catalysts to synthesize iPP/PE di-
block and tetra-block copolymers, showing that the addition of block copolymers increases
the elongation at break of PP/PE blends. The fact that block copolymers can form different
phase separations determines the interface adhesion of the material and the macroscopic
mechanical properties of polyolefin blends [25,26]. Ethylene octene block copolymers
(OBCs) possess several characteristics, such as low octene content, high melting point, and
rapid crystallization, which make them an ideal choice for improving the compatibility of
PP/PE block copolymers [27,28]. Hence, some researchers use OBCs as compatibilizers to
enhance the mechanical properties of PPR [7,29–32]. For instance, Qilin Ren significantly
improved the toughness of PPR by blending OBCs and PPR [33]. However, since OBCs are
PE-based block copolymers while PPR mainly consists of PP, there remain phase interface
issues in OBC/PPR blends, resulting in a reduction in tensile strength. To overcome this
problem, it is better to choose PP-based block copolymers. In 2013, Dow Chemical Com-
pany introduced a new PP-based block copolymer called INTUNE4544, which combines
polyethylene, polyolefin elastomer (POE), and polar materials such as ethylene vinyl alco-
hol copolymer (EVOH) and polyamide (PA) with polypropylene. INTUNE4544 not only
has the high impact resistance of elastomers but also avoids the phase interface problems
caused by PE-based block copolymers. The investigation of PP-based block copolymers
and the PPR blend on the structural properties of PPR is of great significance for improving
the performance and optimizing the application of PPR [34,35]. On the other hand, while
the brittle fracture problem of PPR has been extensively studied, its low-temperature brit-
tleness as a pipe material remains unsolved, particularly in colder regions where pipes are
exposed for prolonged periods. Consequently, improving the low-temperature brittleness
of PPR remains of significant importance. Moreover, the mechanical properties of semi-
crystalline polymers are dependent on their crystal structure. Therefore, understanding
how changes in crystal structure affect mechanical properties is critical to obtaining high-
performance materials [34]. Currently, research on block copolymers is limited, particularly
with regards to how their crystal structure during cooling affects the material’s mechanical
properties [35]. There is a lack of research on PP-based block copolymer modified PPR,
and it is also important to have practical verification of the material that theoretically
provides the most effective toughening of PPR. Real-time study of the crystalline structure
of modified blends is crucial.

To address this issue, this article chose a new generation of PP-based block copolymers
(PP-b-PE) to blend with PPR and investigate the effects of PP-b-PE on the mechanical
properties of PPR at room temperature and low temperature (−5 ◦C). The changes in the
crystal structure and interaction mechanism of PPR/PP-b-PE blends during cooling were
studied in real-time using non-isothermal crystallization techniques (DSC) and synchrotron
radiation X-ray (SAXS and WAXD). The relationship between the mechanical properties
and crystal structure of PPR/PP-b-PE blends was explored through tensile and impact
tests. The results of this research indicate that PP-b-PE can be utilized as a compatibilizer
to enhance the compatibility of PP/PE and modify polyolefin materials. Furthermore, it
has been demonstrated that PP-b-PE exhibits strong compatibility and interaction with
PP-based polyolefin materials, even at low temperatures (−5 ◦C), which helps solve the
low-temperature brittle cracking problem encountered in PPR.
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2. Experimental

2.1. Preparation of Materials

The random polypropylene PPR503 from Sinopec Yangzi Petrochemical in Nanjing,
China, and the block copolymer PP-b-PE, which is a combination of PP and PE produced by
Dow in Delaware, USA, were used. The molecular weight (Mw) of PP-b-PE is 16,000, and
the mass ratio of the PP-b-PE PE chain to the PP chain is 49:51 [36]. PPR and PP-b-PE were
melted together using a micro twin screw extrusion equipment (WGT200, Shanghai, China)
at a temperature of 200 ◦C and blended according to the proportions listed in Table 1. The
mixture was then granulated.

Table 1. Samples with different proportions.

Sample PPR PP-b-PE

1 PPR 100 0
2 PPR/PP-b-PE (90/10) 90 10
3 PPR/PP-b-PE (70/30) 70 30
4 PPR/PP-b-PE (50/50) 50 50
5 PPR/PP-b-PE (30/70) 30 70
6 PPR/PP-b-PE (10/90) 10 90
7 PP-b-PE 0 100

2.2. Thermal Analysis (DSC)

The thermodynamic behaviors of the blends were characterized using differential
scanning calorimetry (TA, 200). The sample was initially heated from room temperature to
220 ◦C at a rate of 30 ◦C/min for 5 min to eliminate any thermal history of the crystal during
processing. The sample was then cooled down to −30/20 ◦C at a rate of 5/10 ◦C/min and
kept at this temperature for 3 min. Finally, the temperature was increased again to 200 ◦C
at a rate of 10 ◦C/min.

2.3. Synchrotron Wide-Angle X-ray Diffraction (WAXD) Measurements

WAXD was conducted at the synchrotron radiation line station (BSRF 1W2A) at
the Institute of High Energy Physics, Chinese Academy of Sciences, Beijing. For the
WAXD experiments, the sample-to-detector distance was set at 89 mm and calibrated using
aluminum oxide (Al2O3) as a standard. The detector used was a Mar 165 CCD (Mar USA
Co., Palm Beach, FL, USA) with a light source wavelength of 1.54 Å and a recorded effective
area of 165 mm. The resolution was 100 mm (FWHM), and the exposure time was 20 s. All
2D images were corrected for air scattering and beam fluctuations. Before any analysis, the
collected data underwent air background correction. Data collection and processing were
performed using the computer program “X-polar”.

An in situ temperature rising and falling WAXD experimental device was also used
in this study. The sample was fixed on a heating table and heated to 200 ◦C at a rate of
30 ◦C/min, maintained at this temperature for 10 min, and then cooled down to 40 ◦C at a
rate of 4 ◦C/min. During the cooling process, a 2D image was collected every 11 s. The
collector used was a Mar 165 CCD, and the distance from the sample to the detector was
set at 100 mm. The obtained 2D scattering diagram was processed using x-polar software
(version 1.6.3.0) and integrated within the range of 135◦–225◦ to obtain the WAXD cooling
process spectrum.

2.4. Small Angle X-ray Scattering (SAXS)

SAXS was also conducted at the synchrotron radiation line station (BSRF 1W2A) at the
Institute of High Energy Physics, Chinese Academy of Sciences, Beijing. The detector used
was a Mar 165 CCD (USA) with a light source wavelength of 1.54 Å, an acquisition time
of 20 s, a resolution of 100 mm (FWHM), and a sample-to-detector distance of 2900 mm.
The data were collected using a Genix3D Cu operated at 50 kV and 0.6 mA (30 W). The
detector area was (83.9 × 106.5) mm2, and the spot size was (0.8 × 0.8) mm2. The peak
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position qmax can be related to the long period L by Bragg’s law. Calculate the long period
according to Formula (1). The collected data were corrected for air background prior to
analysis using X-polar.

L = 2Π/q (1)

where q is the scattering vector defined as q = 4π (sin θ)/λ, where λ is the X-ray wavelength,
θ is half the scattering angle (2θ), and L is the long period.

2.5. Mechanical Scattering
2.5.1. Tensile Testing

A dumbbell-shaped sample rod with a length of 50 mm, neck length of 16 mm,
and neck width of 4 mm was used to prepare samples with a thickness of 1 mm. The
deformation test was conducted using an Instron 3365 tensile testing machine with a
clamping distance of 20 mm. The specimens were stretched symmetrically at a constant
strain rate of 100 mm/min at room temperature (25 ◦C), with the measuring point fixed in
space. The average of five samples was collected for each material throughout the entire
deformation process. All experimental data were averaged from five samples.

2.5.2. Impact Test

The impact strength was measured using a s1107 according to GB/T 1843-2008 [37].
The maximum pendulum energy was 5.5 J (−5 ◦C) and 50 J (25 ◦C), and the impact speed
was 3.5 m/s. The sample had a 2mm notch with a cross-sectional area of 4 mm2. The values
obtained are presented as arithmetical means of the measurements on 10 specimens. All
samples were kept at a constant temperature (−5 ◦C) for 24 h during the experiment.

2.6. Scanning Electron Microscopy (SEM)

Electron microscopy experiments were carried out with a high-resolution scanning
electron microscope operated at 10 kV. All samples were gold sputtered prior to the SEM
characterization. The Apreo-2C was used to observe the impact fracture surface and the
morphological structure in the stress-whitened area of the PPR and PPR/PP-b-PE blend.

3. Results and Discussion

3.1. Non-Isothermal Crystallization Kinetics and Thermodynamic Behavior

In Figure 1, the DSC results of the PPR/PP-b-PE blends are presented. Figure 1a
shows the cooling curve of the PPR/PP-b-PE blends. The crystallization temperatures of
pure PPR and the PPR/PP-b-PE (90/10) blend were 102.3 ◦C and 102.1 ◦C, respectively,
with almost no change observed. Figure 1a indicates that PPR has an initial crystallization
temperature of around 110 ◦C, whereas the initial crystallization temperature of PP-b-PE is
approximately 91 ◦C, suggesting that PPR undergoes crystallization earlier than PP-b-PE.
As PPR is essentially PP, it exhibits good compatibility with PP in PP-b-PE. The ratio of PP
to PE in PP-b-PE is approximately 1:1 [36], and the PPR/PP-b-PE (90/10) blend contains
95 wt% of PP. The early crystallization of PPR in PPR/PP-b-PE (90/10) blends promote
the early crystallization of PP (PP-b-PE). These findings indicate that a small amount of
PP-b-PE has almost no effect on the non-isothermal crystallization in PPR/PP-b-PE blends.

When the content of PP-b-PE was further increased to 30–50 wt%, a small heat dissi-
pation peak appeared at a lower temperature (as shown in Figure 1a), indicating that the
PPR/PP-b-PE blend had a small microphase separation.
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Figure 1. DSC curves of cooling (a) and heating (b) of PPR, PP-b-PE, and different proportions of
PPR/PP-b-PE blends.

Further exploration of the crystallization process of phase separation was completed
using PPR/PP-b-PE (50/50). According to the dashed line, the cooling curve and melting
curve of the PPR/PP-b-PE (50/50) blend was divided into two parts, as shown in Figure 1.
The crystallization and melting area ratios of PP peaks at high temperature and PE peaks at
low temperature were calculated as 10:27 and 10:15, respectively. The results showed that
the PP ratio of the PPR/PP-b-PE (50/50) blend in cooling crystallization was significantly
higher than that in melting, indicating that both the PPR and PP phase from PP-b-PE
contributed to the PP peak in cooling crystallization. This also showed that the PP segment
in PP-b-PE had good compatibility with PPR and could co-crystallize. Since PPR has
a higher crystallization temperature, PPR first crystallized in cooled crystallization and
induced the PP phase (from PP-b-PE) to co-crystallize, thereby improving the compatibility
of PPR and PP-b-PE. Additionally, the crystallization temperature of the PPR/PP-b-PE
(10/90) blend was 102.1 ◦C, which was 15.2 ◦C higher than that of pure PP-b-PE. This
suggests that a small amount of PPR (10 wt%) can also first crystallize and induce PP-b-PE
to crystallize ahead of time. This happens because, as the content of PP-b-PE increases, the
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crystallization of PP-b-PE that is not induced by PPR to form nuclei becomes dominant,
and a single peak is formed on the DSC cooling curve.

In Figure 1b, the second heating DSC traces of the PPR/PP-b-PE blends exhibit melting
behavior. PP-b-PE has two melting peaks, of which the higher temperature is the wide
melting peak of PP, which is platform-shaped, and the lower temperature is the sharp
melting peak of PE. This is because PP-b-PE is a block copolymer of PP and PE. The
molecular weight distribution of PP is wide and that of PE is narrow. PPR has only
one melting peak at 143.8 ◦C. When the amount of PPR is 10 wt%, the crystallization
temperature of the PE peak is 109.3 ◦C, which is higher than the Tm (PE) of PP-b-PE
(108.5 ◦C). This is due to the early crystallization of PE induced by the first crystallization
of PPR, forming a larger chain segment. However, when the PPR content increases, the
melting point of PE almost does not change, because the PE of the generated larger sized
chain segment is stable and does not change with the increase in PP-b-PE content. With
an increase in PPR content, the melting peak of PP gradually narrows, and the strength
gradually increases. The reason for the increased melting point is that PPR and PP-b-
PE have good compatibility between the PPR and PP phases (from PP-b-PE), forming a
relatively high molecular weight and uniform chain segment. Additionally, we conducted
DSC testing while cooling down at a rate of 5 ◦C/min to −30 ◦C, and the results for Tg are
summarized in Table 2. From Table 2, it can be observed that the Tg of PPR is −14.1 ◦C,
while the Tg of PP-b-PE is −17.8 ◦C. As the content of PP-b-PE increases, the Tg gradually
approaches that of PP-b-PE. Furthermore, the PPR/PP-b-PE blend exhibits only one Tg,
which further indicates the good compatibility between PPR and PP-b-PE.

Table 2. Melting point and crystallization temperature of different samples.

Sample Tc/◦C Tm (PE)/◦C Tm (PP)/◦C Tg/◦C

PP-b-PE 86.9 108.5 −17.5
PPR/PP-b-PE (10/90) 90.6 109.3 136.5 −17.5
PPR/PP-b-PE (30/70) 93.9 109.1 140.0 −17.4
PPR/PP-b-PE (50/50) 99.6 109.1 142.8 −15.7
PPR/PP-b-PE (70/30) 100.7 108.9 143.3 −14.7
PPR/PP-b-PE (90/10) 102.1 107.8 143.4 −14.1

PPR 102.3 - 143.8 −13.8

In summary, the addition of 10% PP-b-PE has no effect on the crystallization tem-
perature of PPR. However, when the content exceeds 30%, PPR co-crystallizes with PP in
PP-b-PE. This indicates that PP-b-PE has good compatibility with PPR. Moreover, even a
small amount of PPR can induce early crystallization of PE in PP-b-PE.

3.2. In Situ Non-Isothermal Crystal Structure Change

The selected circularly averaged one-dimensional (1D) wide angle X-ray diffraction
(WAXD) intensity profiles at various temperatures after cooling are shown in Figure 2.
WAXD was used to analyze the crystal structure of PPR/PP-b-PE blends during the cooling
process. This study focused on the crystallization process of the PPR/PP-b-PE (50/50)
blend during cooling. The initial pattern (T = 180 ◦C) showed diffuse scattering without any
crystal reflections due to a completely amorphous polymer melt. When the temperature was
reduced to 120 ◦C, a lower diffraction peak appeared near 14.2◦, which corresponds to the
PP (110) crystal plane and has a starting crystallization temperature much higher than PP-b-
PE (as shown in the DSC curve in Figure 1a). This may be due to the strong crystallization
ability of PPR. Within the experimentally determined crystallization temperature range
of 120 ◦C to 40 ◦C, the diffraction intensity of the (110) peak increased with increasing
crystallization temperature. When the temperature dropped to 111 ◦C, other PP α typical
diffusion peaks of crystals (2θ angles of 14.1◦, 16.8◦, and 18.6◦), corresponding to the
reflections of the (110), (040), and (130) crystal planes, respectively, were observed. However,
when the temperature cooled to 113 ◦C, a small new diffraction peak of the β-crystal of
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the PP phase (shown in the dotted line circle in Figure 2) appeared at 16.1◦, corresponding
to the (300) crystal plane. According to the cooling WAXD curves of PPR and PP-b-PE
(Figure 3), it can be observed that during cooling crystallization, PP-b-PE and PPR only had
a lower diffraction peak at 2θ angles of 15.3◦ corresponding to the reflections of (300) crystal
planes. The β-(300) characteristic plane diffraction peak was not observed in Figure 3. This
indicates that the PPR/PP-b-PE blends induced the formation of new β-crystals. With the
further decrease in temperature, the relative intensity of the (300) plane of the β-crystal
was gradually covered by the diffraction relative intensity of other crystal planes. Because
the contribution of β (300) is relatively small, the scattering intensity was reduced. When
the temperature dropped to 108 ◦C, another tiny characteristic peak of the PP β-crystal
could be seen at about 20.3◦, corresponding to the (301) crystal plane of the β-crystal. The
characteristic peak of the β-crystal generated by the blend became increasingly sharper
with decreasing temperature. As shown in Figure 3, the β-(301) crystal plane generated
by the blend was provided jointly by PPR and PP-b-PE, this also proves the existence of
simultaneous crystallization behavior of PPR and PP-b-PE.
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Figure 2. Linear WAXD profiles of PPR/PP-b-PE (50/50) blends cooling process at 4 ◦C/min.
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Figure 3. Linear WAXD profiles of PPR and PP-b-PE cooling to 40 ◦C at 4 ◦C/min.

The crystal structures of PPR/PP-b-PE blends were analyzed by WAXD, which re-
vealed the presence of β-crystals with excellent mechanical properties. Furthermore, the
good compatibility between PPR and PP phases in PP-b-PE led to the early crystallization
of PP-b-PE this may help enhance the mechanical properties of the blend, which will be
discussed below. The co-crystallization of PPR and PP phases in PP-b-PE during the cooling
process, as demonstrated by WAXD, indicates good compatibility between PPR/PP-b-PE
components. This finding is consistent with the conclusion drawn from DSC analysis.

3.3. Microcrystals and Arrangement Structure of Different Blending Systems

Figure 4 displays the SAXS static I-q curve of the PPR/PP-b-PE blend at room tem-
perature, revealing that the scattering intensity of PP-b-PE is significantly higher than that
of PPR. According to the formula, the intensity of SAXS is proportional to the square of
the difference in scattering length density (SLD) between two phases. The SLD difference
between PE amorphous and crystal is larger than that of PP, the scattering intensity of PE
is significantly higher than that of PP. Since PP-b-PE is a PP and PE block copolymer, it
is composed of two polymers, PP and PE, with different SLDs, so PP-b-PE has the high-
est scattering intensity. On the other hand, pure PPR only has a SLD contrast between
amorphous and crystalline PP, so PPR has the lowest scattering intensity. This explains
the higher scattering intensity of PP-b-PE compared to PPR. The scattering intensity of the
PPR/PP-b-PE (90/10) blend was only slightly increased compared with PPR, and the peak
position remained almost unchanged. This was because most of the blend was made up
of PPR, with only a small amount of PE phase added, resulting in no significant change
to the crystal structure. As the PP-b-PE content increased, the peak intensity gradually
decreased, and a small scattering peak appeared at a higher angle in the PPR/PP-b-PE
(50/50) blend (as indicated by the arrow in Figure 4). This is due to the increase in PP
content and the decrease in SLD contrast between PP and PE. When the content of PP-b-PE
increased to 30 wt%, the scattering intensity increased significantly and the scattering peak
showed an obvious move to a lower angle (q = 0.27), which may be due to the penetration
of PP-b-PE into the amorphous region of PPR, resulting in an increase in crystal spacing.
When the content of PP-b-PE continued to increase, there was only an increase in scattering
intensity while the position remained almost unchanged. Based on the DSC results, this
may be because PP-b-PE and PPR co-crystallize, but excessive PP-b-PE will crystallize
separately. The crystal spacing comes from the average of all crystal spacing, so the change
in scattering peak position is not significant.
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Figure 4. SAXS curves of PPR, PP-b-PE, and 10%, 30%, 50%, 70%, and 90% PPR/PP-b-PE blends.

In summary, the addition of 10 wt% PP-b-PE did not affect the crystal structure of
PPR. However, when the content of PP-b-PE increased to 30–70 wt%, the excessive PP-b-PE
penetrated the amorphous region of PPR, resulting in an increase in crystal spacing and a
shift in the scattering peak position. Excessive PP-b-PE will crystallize separately, leading
to a basically unchanged scattering peak position.

The in situ SAXS technique has been widely used to investigate the effects of cooling
on flow-induced crystallization, including the early stages and final microstructure. The
ordered melt exhibits both short-range (unit lattice) and long-range (alternating crystal
and chip structure) order. To further understand the microscopic crystal structure during
cooling, we conducted an in situ SAXS experiment to study the cooling crystallization
process. Figure 5 displays the SAXS curve (I(q)-q) of the PPR/PP-b-PE (50/50) blend.
Figure 5a is divided into two regions based on intensity changes.
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Figure 5. SAXS curves of PPR, PP-b-PE, and 10%, 30%, 50%, 70%, and 90% PPR/PP-b-PE blends
(a) Linear-(I(q)-q) and (b) Lorentz-q2*I-(q).

In region I, when the temperature is 180 ◦C, the materials are in a completely molten
state and the lamellar structure is destroyed. The system hardly contributes to the intensity
of SAXS, and the curve does not show any characteristic peaks. As the temperature de-
creases from 180 ◦C to 95 ◦C, the scattering peak intensity increases while shifting towards
the high vector direction, and the characteristics of the scattering peak become more appar-
ent. At 113 ◦C, the characteristic crystal peaks can be observed, indicating the formation
of PP phase crystals and the folding of PP chain segments, forming a long-range ordered
periodic structure. Small lamella structures are more likely to undergo structural changes as
the temperature decreases, resulting in significant changes in scattering intensity. The most
distinct characteristic peak is observed at 105 ◦C, indicating that the crystal structure of PP
is relatively perfect, forming a regular lamellar structure. The peak position of the maxi-
mum value in the scattering curve corresponds to the long period of the semi-crystalline
polymer. The size of the polymer’s long period can be calculated using Formula (1). The
Lorentz transformation method q2I-(q) is typically used to plot the scattering intensity q to
accurately determine the peak position (as shown in Figure 5b). The results are displayed in
Figure 6. It can be observed from Figure 6 that the long period structure of 18.5 nm appears
at 113 ◦C, and the long period decreases to 16.7 nm when the temperature drops to 105 ◦C.
This decrease is due to the orderly arrangement and tight packing of PP crystal chains.

In region II, when the temperature is reduced to 95 ◦C, the scattering intensity reaches
its maximum, but the characteristic peak disappears and only one peak shoulder appears.
This phenomenon occurs because the PE phase crystal begins to form at 95 ◦C, resulting in
a decrease in SLD contrast. On the other hand, the presence of PP crystals may affect the
regularity of newly formed PE crystals and may also be one of the reasons this phenomenon
occurs. As the temperature decreases further, the scattering intensity gradually decreases,
and the peak position continues to shift towards the high vector direction. This decrease
occurs because the scattering intensity of PE is significantly higher than that of PP. Due to
the formation of PE crystals, the SLD becomes smaller, resulting in a reduction in scattering
intensity. In addition, according to the DSC cooling curve (Figure 1), the PE crystal accounts
for about 1/3 of the PP crystal, and although the proportion of crystal is small, the size of
PE crystal is slightly larger than that of PP [38]. Therefore, after the formation of PE, it has
little influence on the average size of the overall crystal, manifested as a small long-term
change in the cooling region II.
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Figure 6. Long period curves of PPR/PP-b-PE (50/50) blends under difficult temperatures at
4 ◦C/min.

The study examined the crystallization behavior of PPR/PP-b-PE (50/50) blends
using in situ cooling experiments with SAXS. The results showed that PP crystallized first
and formed small lamellar structures before the temperature decreased to 105 ◦C. As the
temperature decreased, crystal compact accumulation and long period reduction occurred
quickly. When the temperature reached 105 ◦C, PE began to crystallize, but its crystal
regularity decreased, and the scattering intensity reduced during the process. Since the
crystal size of PE was larger than that of PP, there was little long-term change observed.

3.4. Mechanical Behavior

The effects of PP-b-PE components on the mechanical properties of the PPR/PP-b-PE
blend systems were investigated. Table 3 summarizes the modulus, yield stress, impact
strength, breaking strength, and elongation at break values for the PPR/PP-b-PE blend.
The elongation at break of PPR/PP-b-PE (70/30) blends increased by 14.2% compared to
pure PPR (457.5%), reaching a value of 522.6%. The yield stress of PPR/PP-b-PE (70/30)
(19.9 MPa) only decreased by 3.1 MPa compared to pure PPR (23.0 MPa). As the PP-b-PE
content increased further, the elongation at break of the PPR/PP-b-PE blends continued to
increase significantly, while stiffness only slightly decreased. These results demonstrate
that the addition of PP-b-PE improves interface adhesion and indicates that PPR has good
compatibility with PP-b-PE.

Table 3. Mechanical data of samples.

Sample Yield Stress
Elongation at

Break
Impact Strength (KJ/m2)

Breaking
Strength

Modulus

MPa (%) 25 ◦C −5 ◦C MPa GPa

PPR 23.0 457.5 15.8 4.1 32.7 7.2
PPR/PP-b-PE (90/10) 21.1 467.1 22.3 8.1 31.3 6.5
PPR/PP-b-PE (70/30) 19.9 522.6 58.0 9.8 33.6 6.2
PPR/PP-b-PE (50/50) 16.5 535.1 unbreak 28.4 4.8
PPR/PP-b-PE (30/70) 13.9 573.5 unbreak 26.0 3.9
PPR/PP-b-PE (10/90) 12.5 694.4 unbreak 22.1 3.3

PP-b-PE 13.1 739.5 unbreak 25.6 3.7

In addition to the tensile experiments, we also conducted impact tests on the blends,
and the results are shown in Table 3. The increase in impact strength fell within the limits
of experimental error. At room temperature (25 ◦C), when the amount of PP-b-PE added
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was 10–30 wt%, the impact strengths of PPR/PP-b-PE (90/10) (22.3 kJ/m2) and PPR/PP-
b-PE (70/30) (58.0 kJ/m2) blends were 41.1% and 267.1% higher than that of pure PPR
(15.8 kJ/m2), respectively. This shows that PP-b-PE has a significant toughening effect on
PPR at room temperature. We also conducted impact experiments at the glass transition
temperature of PP (−5 ◦C), and the results are also summarized in Table 3. The impact
strength of PPR was found to be low at 4.1 kJ/m2. However, the impact strengths of
PPR/PP-b-PE (90/10) and PPR/PP-b-PE (70/30) blends were significantly increased to
8.1 kJ/m2 and 9.8 kJ/m2, respectively, with an increase of 97.6% and 139%, respectively,
compared to pure PPR. From Table 2, it can be seen that the Tg of the blended samples
is all below −5 ◦C, and the Tg gradually decreases with the increase in PP-b-PE addition,
which is also one of the reasons for the high impact strength. These results confirm that
PP-b-PE also has a significant toughening effect on PPR at low temperature.

In conclusion, adding PP-b-PE can significantly increase the mechanical properties of
PPR, owing to the good compatibility between PPR and the PP component of PP-b-PE, co-
crystallization of PPR and part of PP-b-PE, and improved interface binding force. In blends,
the phase interface is an important factor determining the material properties, including the
mechanical properties, of the blends, thus improving the mechanical properties of PPR/PP-
b-PE blends are essential. The better impact strength of PP-b-PE itself is also a contributing
factor to this improvement. Additionally, the WAXD data analysis (Figure 4) indicates that
PPR/PP-b-PE blends form β-crystals, which is another reason for the significant increase
in the impact strength of PPR/PP-b-PE blends at low or room temperature.

In summary, studying the mechanical behavior of different samples has shown that
the addition of PP-b-PE can significantly improve the impact strength and elongation at
break of PPR at low and room temperatures without sacrificing stiffness. It is of great
significance to toughen and improve the low-temperature brittleness of PPR.

3.5. SEM

To better observe the toughening effect of PP-b-PE on PPR, we further studied the
SEM images of the impact fracture surface of PPR/PP-b-PE blends. Since samples with a
content of 50 wt% or higher of PP-b-PE did not fracture, we only studied the impact fracture
surface SEM images of samples with 10–30 wt% PP-b-PE content. From Figure 7, there is a
significant relationship between the morphology and composition of different blends. The
impact fracture surface of pure PPR is relatively flat and clear, while the addition of only
10 wt% PP-b-PE results in a very rough impact fracture surface with localized voids and
domain distortions. However, in Figure 7b, distinct relatively flat and clear areas can still
be observed. As the content of PP-b-PE continues to increase, the impact fracture surface
becomes rougher, with larger void sizes, and more pronounced plastic flow can be observed,
along with fiberization and drawing caused by tough fractures. This further indicates
that increasing the content of PP-b-PE enhances the impact strength of the blend (from
22.3 KJ/m2 to 58.0 KJ/m2). Additionally, from Figure 7c, distinct intertwining between
the matrices can be observed. Impact fractures can be seen as the fractures of polymer
molecular chains, and when the entanglement density is high, the impact fracture’s surface
exhibits shear yielding as shown in Figure 7c, which requires a substantial amount of
energy consumption. Therefore, adding 30 wt% PP-b-PE can increase the impact strength
of the blend by 139% compared to PPR.
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Figure 7. SEM images of the fracture surface of the PPR/PP-b-PE blend in specimens with different
PP-b-PE content: (a) PPR (b) PPR/PP-b-PE (90/10); (c) PPR//PP-b-PE (90/10).

4. Conclusions and Discussion

The present study investigated the compatibility, crystal structure, and mechanical
properties of new generation block copolymer PP-b-PE and PPR blends (hereafter referred
to as PPR/PP-b-PE). Crystallization kinetics revealed that PPR crystallizes first during the
cooling process, inducing early crystallization of PP-b-PE, which increases the crystalliza-
tion temperature of PPR/PP-b-PE blends. When the PP-b-PE content exceeded 30 wt%, the
PP crystallization peak of the PPR/PP-b-PE blend showed clear evidence of containing PP
(from PP-b-PE) and PPR, indicating that PP-b-PaE and PPR have good compatibility.

The in situ non-isothermal WAXD/SAXS analysis identified a diffusion peak of the
β-crystal in the PPR/PP-b-PE blends, with 2θ values of 16.1◦ and 20.8◦, attributed to the
crystal planes (300) and (301), respectively. The β-(301) crystal plane was supplied by
PP-b-PE and PPR, while a new β-(300) crystal plane was generated, resulting in improved
mechanical properties of the PPR/PP-b-PE blends. During cooling, PPR first crystallizes
and induces early crystallization of PP-b-PE. As a result, the resulting PE is distributed in the
PP crystal and plays a bonding role, enhancing the toughness of the PPR/PP-b-PE blends.

The mechanical properties test and SEM results demonstrated a significant increase
in the impact strength of PPR/PP-b-PE blends, particularly when the PP-b-PE content
was 30 wt%, resulting in increases of 267.1% (25 ◦C) and 139% (−5 ◦C), respectively. The
impact strength also increased with the increase in PP-b-PE content. The addition of PP-b-
PE can significantly increase the elongation at break of PPR/PP-b-PE blends at low and
room temperature, with minimal damage to stiffness. These enhancements in mechanical
properties indicate that PP-b-PE has good compatibility with PPR, which is crucial for
addressing the compatibility problem between PP and PE and for the application of PPR
tubes at low temperatures.
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Abstract: We conducted a computational study on the self-assembly behavior of cylinder-forming
block copolymers, directed by a guide pattern of hexagonally or tetragonally arrayed pillars, using
mesoscale density functional theory simulations. By adjusting the spacing (Lp) and diameter (D)
of the pillars in relation to the intrinsic cylinder-to-cylinder distance (L2) of the cylinder-forming
block copolymer, we investigated the efficiency of multiple-replicating cylinders, generated by the
block copolymer, through the pillar-directed self-assembly process. The simulations demonstrated
that at specific values of normalized parameters L̃2 = L2/Lp and D̃ = D/Lp coupled with suitable
surface fields, triple and quadruple replications are achievable with a hexagonally arrayed pillar
pattern, while only double replication is attainable with a tetragonally arrayed pillar pattern. This
work, offering an extensive structure map encompassing a wide range of possible parameter spaces,
including L̃2 and D̃, serves as a valuable guide for designing the contact hole patterning essential in
nanoelectronics applications.

Keywords: block copolymer; directed self-assembly; hole density multiplication; contact hole

1. Introduction

Directed self-assembly (DSA), a process involving the structural organization of self-
assembling molecules such as block copolymers (BCPs) under the guidance of external
processing factors, is a challenging yet crucial technique in various applications, including
nanoelectronics. A prime example is the use of chemo-epitaxy or grapho-epitaxy, which
involves chemical or topographic patterns to effectively direct BCP self-assembly into
desired patterned structures with enhanced pattern precision that is unattainable without
the guidance of these prepatterns [1–3].

In DSA for nanoelectronics, a meaningful approach, along with line–space patterns [4,5],
involves fabricating nanosized contact holes that serve as connection points for electrical
signals across different layers or components in semiconductor devices, such as integrated
circuits (ICs) [6–9]. Indeed, numerous recent studies demonstrate that DSA effectively com-
plements extreme ultraviolet lithography (EUV), a premier method in the semiconductor
industry [10–12]. This synergy, where DSA aids in multiplying, healing, or rectifying EUV
patterns, is particularly beneficial given the challenges EUV faces, including stochastic
defects, high operational costs, and other limitations [13–16]. As a specific implementation
of a DSA system for contact hole patterning, cylinder-forming BCPs or their blends can be
utilized as self-assembling molecules under the guidance of either chemical or topographic
patterns. In this case, the pattern transfer from the cylindrical domains of BCPs creates the
contact hole patterns. Particularly, when it comes to multiplying contact holes, an effective
strategy is to design guide patterns that are congruent with the BCP pattern (i.e., cylinders
on a hexagonal array) but have a larger pitch. This larger pitch should ideally match the
intrinsic pitch of the BCP pattern, allowing for precise alignment and replication. The pat-
tern multiplication based on this “hexagons within hexagons” strategy also necessitates
the appropriate tuning of system or material parameters including the interaction energies
between the prepattern and BCP components.
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This work conducts a computational investigation into the self-assembled structures
formed by cylinder-forming BCPs under the guidance of topographic pillar patterns. We
explore two types of pillar arrays: those arranged in hexagonal and tetragonal configu-
rations. In this DSA system, it is postulated that arrays of contact holes, formed through
prepatterning, are capped with hollow cylinders or pillars that serve as a guiding pattern
(Figure 1). In semiconductor manufacturing, this type of nanofabrication is indeed feasible;
hollow cylinders, typically made from materials such as silicon dioxide (SiO2) or similar
compounds [17–20], are strategically placed over contact holes to serve various functions.
In particular, one such function is to guide the assembly of material in subsequent layers,
which is the specific focus of this study. Upon removal of these pillars after the DSA process,
a density multiplication of contact holes can be achieved.

Figure 1. Illustration of (a) a cylinder-forming BCP with a natural period L1 =
√

3L2/2, (b) pillars
arranged in a hexagonal array, and (c) pillars in a tetragonal array, where Lp represents the center-to-
center distance between pillars and D denotes the diameter of a pillar. The holes beneath the pillars
represent the contact holes that were prepatterned.

For the model DSA system, we employ a simulation of mesoscale density functional
theory simulation based on a modified diffusion equation using Landau–Ginzburg–Cahn–
Hilliard (LGCH) theory [21,22]. This simulation was used to investigate the effects of
various DSA parameters, including those related to the BCP material (e.g., intrinsic pitch of
the BCP) and the prepattern (e.g., pillar-to-pillar distance), on the resulting DSA pattern.
This approach enables the construction of DSA structure maps within the associated
parameter space.

2. Simulation Methods

We model the self-assembly process of a BCP, that is, the phase separation process
between monomer types A and B that constitute the BCP, using simulations of mesoscale
density functional theory. The key parameter describing phase separation in this mesoscale
density functional is the order parameter Ψ(r), which represents the local deviation of
the A-monomer fraction φ(r) from its average value, i.e., the A-monomer fraction in the
BCP f at a given position r (thus, Ψ(r) = φ(r)− f ). The diffusion equation governing the
dynamics of Ψ(r) with time t is given by

∂Ψ(r)

∂t
= M∇2 ∂(F + Fsur f )

∂Ψ(r)
+ ξ(r) (1)

Here, M is a mobility constant which we set to unity for simplicity, F represents
the free energy functional of the BCP, Fsur f accounts for the free energy associated with
the interaction between the BCP component (A and B) and the surface (pillar, substrate,
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and film top) in contact with the BCP, and ξ represents the thermal noise. The free energy
functional, F, is approximated using the Landau-type expression

F(Ψ) =
∫

dr

[
− τ

2
Ψ2(r) +

μ

3!
Ψ3(r) +

λ

4!
Ψ4(r) +

D
2

{
∇Ψ(r)

}2
]

+
b
2

∫
dr1

∫
dr2G(r1 − r2)Ψ(r1)Ψ(r2)

(2)

Here, τ represents a parameter related to the Flory interaction parameter between the
A- and B-monomers (χ), functioning similarly to a temperature-like parameter. The pa-
rameters μ, λ, and D are integral to the chain architecture of the BCP, shaping the con-
formational contributions. The last term in the expression, characterized by the Green
function G with a period control parameter b, accounts for long-range repulsion, thus
penalizing long-wavelength inhomogeneity. The Green function for the Laplacian is given
by ∇2G(r1 − r2) = −δ(r1 − r2). For a diblock copolymer architecture, the molecular
parameters τ, μ, λ, D, and b are approximated as

τ = 2(χ − χs) +
31/2

N f 3/2(1 − f )3/2 , μ = Γ3/N, λ = Γ4(0, 0)/N,

D =
1

12 f (1 − f )
, b =

9
N2 f 2(1 − f )2

(3)

where χs is the χ at the spinodal, N is the number of statistical monomers in a BCP,
and Γ3 and Γ4(0, 0) are Leibler vertex functions computed from the monomer correlation
functions [23–25]. The surface free energy, Fsur f , is expressed as

Fsur f = ∑
{α}

∫
drsα(r)Ψ(r) (4)

Here, sα(r) is a surface field at the position r in contact with the surface α (where
α = p for pillar, s for substrate, t for film top). This field is proportional to the difference in
interfacial tension, σαA − σαB, where σαA and σαB represent the interfacial tension between
surface α and component A and between surface α and component B, respectively.

The geometries of the BCP mesophase and the guide patterns used in the simulation,
featuring cylindrical A-domains hexagonally embedded in a B-matrix along with pillars
arranged in both hexagonal and tetragonal arrays, are illustrated in Figure 1. The natural
period of a cylinder-forming BCP, L1 =

√
3L2/2, and the diameter of the pillar, D, are

the main variables investigated in this study, while the center-to-center distance between
adjacent pillars, Lp, remains constant throughout the investigation. The geometry of a
single pillar is composed of a cylindrical region with a height of 0.8Lp and a capping region
formed by a hemisphere with a radius of D/2, where the block copolymer (BCP) fills only
the cylindrical region. The fraction, f , of the minor component A in the cylinder-forming
BCP and the degree of incompatibility, χN, are set to f = 0.3 and χN = 18, respectively.
In our investigation, the variables L2 and D are explored within the normalized ranges of
L̃2 = L2/Lp = 1/3.0 to 1/1.7 and D̃ = D/Lp = 1/1.9 to 1/1.3, respectively. These ranges
were selected based on their potential to yield interesting DSA structures. For pillars,
the meaningful physical sizes are encompassed in the range of 0 < D̃ < 1, where D̃ = 1
signifies the case in which pillars are in contact with their adjacent pillars. Within this
range, we focused on 1/1.9 < D̃ < 1/1.3, as the DSA systems within this specific range of
pillar size exhibited notable results concerning hole density multiplication. Preliminary
simulations were also conducted for other pillar sizes (0 < D̃ < 1/1.9 or 1/1.3 < D̃ < 1),
but these did not yield structures featuring hole density multiplication. Since the natural
period L2 of a BCP is dependent on N, altering N serves as a means to adjust L̃2, given
that Lp remains constant. The range ofL̃2, spanning from 1/3.0 to 1/1.7, is equivalent
to N ranging from 100 to 320, which roughly translates to the molecular weights from
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10 kg/mol to 32 kg/mol, assuming that the monomer has a molecular weight of 100 g/mol.
The surface field for the top of the BCP film is set to be neutral between blocks A and B,
(st = 0), while the surface field for the pillar and substrate can be designed to be attractive
to majority B (sp > 0, ss > 0) or neutral.

The diffusion equation Equation (1) is numerically integrated in the discrete space
using an explicit method through a numerical algorithm based on the cell dynamics simu-
lation (CDS) approach initially proposed by Oono and Puri [26,27]. This method has been
widely utilized for simulating the phase separation phenomena in various multicomponent
polymeric systems at mesoscale, including polymer blends and block copolymers, both in
bulk and confined spaces, as well as mixtures with particles [28–31]. All the DSA systems
are modeled in an initially disordered state by assigning uniformly distrubuted random
numbers between −η and η to the order parameter at each grid point: Ψ(r) ∼ u(−η, η)
where u(−η, η) denotes a uniform distribution ranging from −η to η. The parameter η is
set to be 0.1. The surface boundary is treated by a Neumann boundary with vanishing
gradient of the order parameter, that is, ∂Ψ

∂n |s = 0, where n represents the direction that
is normal for the surface boundary (s). This boundary condition implies that there is
no flux of the order parameter across the boundary, which corresponds to a reflecting
boundary. To numerically update the order parameter at each cell or grid, we utilized
Lx × Ly × Lz = 96 × 84 × 60 grids for the DSA systems with hexagonally arrayed pillars
and 96 × 96 × 60 grids for those with tetragonally arrayed pillars. Here, Lα represents
the lattice dimension in the α-direction, measured in units of grids. Periodic boundary
conditions were applied in the x and y directions, while reflective boundary conditions
were implemented in the z direction and at the surface of pillars. Our CDS model, based on
the CHC diffusion equation, adheres to a stability condition, formulated as follows: [32]

Δt <
Δx4

18M − 3(A − 1)Δx2 (5)

where Δt is the time step, Δx is the grid spacing, M is the diffusivity in Equation (1), and A
is related to the parameter τ (approximately 1 + τ ) in Equation (3). Given that Δx, M = 1,
and A ranges from 1.1 to 1.25, this condition indicates that the time increment for the
stability should be Δt < 0.056. All simulations were performed using self-developed code
for the CDS algorithm with a time step Δt = 0.05.

3. Results

In the following, we present the DSA structure maps within the variable space of
L̃2 = L2/Lp and D̃ = D/Lp where the geometrical parameters for the cylinder-forming
BCP and pillars, L2 and D, are varied, while the parameter for prepatterned holes, Lp,
remains constant. In practice, this means adjusting the molecular weight of the BCP by
controlling b through the adjustment of N in Equations (2) and (3) as well as the size of
pillars (D) that are placed over the prepatterned contact holes, thereby keeping Lp fixed.

We begin with the case of hexagonally arrayed pillars. Figure 2a presents the structure
map of the BCP self-assembled under the guidance of the hexagonally arrayed pillars
that are attractive to the majority B block (sp = 0.5) on a neutral substrate (ss = 0).
The film thickness h of the BCP is set to h̃ = h/Lp = 0.8. This case of surface fields
(sp = 0.5, ss = 0.0) roughly corresponds to the condition where the pillar is coated with
homopolymer B, the same component as the major block B in the cylinder-forming BCP,
while the substrate is coated with a random copolymer composed of A and B components.
Well-organized cylinder arrays are predominantly found when L̃2 = 1/31/2 and L̃2 = 1/2,
showcasing two distinct hexagonal orientations. Ideally, as shown in Figure 2b,c, a 30◦
orientation difference between the hexagons formed by the pillars and those by the BCP
cylinders (referred to as H30) is expected when L̃2 = 1/

√
3, whereas a 0◦ orientation

difference (referred to as H0) should be observed when L̃2 = 1/2. In the former case,
the number of replicated holes increases from the original 4 prepatterned holes (beneath
the pillars) to 12, which includes 8 BCP cylinders in addition to the 4 prepatterned holes,
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as observed at (D̃ = 1/1.5, L̃2 = 1/
√

3) (Figure 2b). In the latter case, the number increases
to 16, consisting of 12 BCP cylinders plus the original 4 prepatterned holes, as identified
at (D̃ = 1/1.9, L̃2 = 1/2) (Figure 2c). It is noted that both hexagon orientations, H30 and
H0, are found not only within their ideal regions (associated with L̃2 = 1/

√
3 for H30

and L̃2 = 1/2 for H0) but also in regions where L̃2 is slightly smaller or larger than these
ideal values by compressing or expanding the intrinsic cylinder-to-cylinder distance of
the BCP. Furthermore, of interest is the dodecagon structure surrounding a pillar, which
results in a sevenfold replication of holes (increasing from 4 to 28 holes), observed at
(D̃ = 1/1.3, L̃2 = 1/3) (Figure 2d). Unlike the homogeneous tessellation patterns seen with
H30 and H0, this case shows a heterogeneous tessellation characterized by the nonuniform
spacings between the holes (both pillar-to-cylinder and cylinder-to-cylinder), leading to a
pattern that is not a single, uniform tessellation.

Figure 2. (a) DSA structure map in the (D̃, L̃2) variable space for cylinder-forming BCP, guided by
hexagonally arrayed pillars selective for the majority B block (sp = 0.5) on a neutral substrate (ss = 0).
The minority A domains of the block copolymer (BCP) are represented by red color, and the minority
B domains are depicted by translucent blue, while the pillars are represented by translucent purple
color. Notable structures (top views) observed include the following: (b) threefold replication of
holes, expanding from 4 to 12 holes (H30), (c) fourfold replication of holes, expanding from 4 to
16 holes (H0), (d) sevenfold replication of holes, expanding from 4 to 28 holes. The dashed triangles
in (b,c) depict the difference in hexagon orientation between the hexagons formed by the pillars and
those by the BCP cylinders. The dashed dodecagon in (d) represents the BCP cylinders surrounding
a pillar.

Another interesting aspect is the dynamics of structure evolution, specifically, how the
surface fields from pillars arranged in a hexagonal pattern direct the self-assembly of the
BCP. Figure 3 illustrates the temporal evolution of the BCP structure shown in Figure 2c,
evolving into the H0 structure starting from the early stages of self-assembly. In the initial
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stages, phase separation starts with AB layering encircling the pillar (Figure 3a). As the
layering thickens and the layers start to converge (Figure 3b), cylinders emerge, notably
with the B component organized into a hexagonal lattice exhibiting an H30 orientation
(Figure 3c). As the self-assembly process progresses, the B domains become interconnected,
breaking the continuous A domains into discrete sections, resulting in the inversion of
cylinders from B to A (Figure 3d,e), eventually leading to the formation of cylinders
composed of the A component with an H0 orientation (Figure 3f).

Figure 3. Time evolution of BCP self-assembly guided by hexagonally arrayed pillars with sp = 0.5
on a neutral substrate (ss = 0) under the geometric conditions of D̃ = 1/1.9 and L̃2 = 1/2, depicted
in arbitrary time units, t. Phases at different times are shown: (a) t = 100, (b) t = 300, (c) t = 600,
(d) t = 1000, (e) t = 1200, and (f) t = 2000. For each of (a–f), the first two images at the top display
the angular and top views of the DSA structures, respectively. The minority A domains of the
block copolymer (BCP) are represented by red color, and the minority B domains are depicted by
translucent blue, while the pillars are represented by translucent purple color. The bottom two plots
for each time frame illustrate the order parameter profiles (Ψ(x) = φ(x)− f ) along the blue and
green lines indicated in the top-view images. The dashed line represents the case of a homogeneous
state (Ψ(x) = 0).

Figure 4a presents the DSA structure map for the same case as Figure 2 but with
sp = 0.5 and ss = 0.5, i.e., both pillar and substrate are attractive to the major component B.
This setup corresponds to both the pillar and the substrate being coated with homopolymer
B, which, in terms of the coating process, offers advantages over the previous case (sp = 0.5,
ss = 0.0), which requires multiple steps for surface modification. Certainly, coating with
single-molecular species simplifies the process by enabling completion in a single step.
Compared to the neutral substrate case shown in Figure 2, the effect of the surface field
from the substrate is obvious, as seen in Figure 4. For instance, at (D̃ = 1/1.5, L̃2 = 1/

√
3),

an H30 structure is also formed, but slight modulations from the perfect cylindrical shape
are observed (Figure 4b). The substrate effect becomes more pronounced as the area of
substrate increases, which corresponds to a decrease in D. At (D̃ = 1/1.9, L̃2 = 1/2), where
H0 is formed in the case of the neutral substrate, the B-attractive substrate induces the
formation of connected cylinders that do not come into contact with the substrate due to the
formation of the B layer on the substrate (Figure 4c). These imperfections can be mitigated
by either reducing the surface fields at both the pillar and the substrate to be weakly
attractive to the major B block or by increasing the film thickness, thereby enhancing the
pillar wall effect relative to the substrate effect. This is demonstrated in Figure 5, where the
impacts of surface fields and film thickness are examined. In practice, a weaker B attraction
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can be achieved by coating them with a random copolymer composed of components A
and B, with a higher fraction of B [33,34].

Figure 4. (a) DSA structure map in the (D̃, L̃2) variable space for cylinder-forming BCP, guided by
hexagonally arrayed pillars where both pillars and substrate are selective for the majority B block
(sp = 0.5, ss = 0.5). The minority A domains of the block copolymer (BCP) are represented by red
color, and the minority B domains are depicted by translucent blue, while the pillars are represented
by translucent purple color. Notable structures for comparison with Figure 2 include the following:
(b) top view and side view of DSA structure at (D̃ = 1/1.5, L̃2 = 1/

√
3), (c) top view and side view

of DSA structure at (D̃ = 1/1.9, L̃2 = 1/2).

Next, we explore the case involving an alternative guide-pattern geometry: pillars
arranged on a tetragonal lattice. This configuration has garnered both academic and
practical interest due to the inherent challenges in achieving tetragonal symmetry through
self-assembly as compared to the more commonly observed hexagonal symmetry [35,36].
Figure 6a presents the structure map for structures formed by DSA under the guidance
of tetragonally arrayed pillars that are selective for the majority B block (sp = 0.5) on
a neutral substrate (ss = 0). Notably, when L̃2 = 1, the DSA structure forms a single
and uniform tessellation with twofold-replicated holes (increasing from four to eight
holes), exhibiting tetragonal symmetry (Figure 6b). One crucial aspect of BCPs, especially
when they need to fill a confined space, is their tendency to stretch uniformly as they
form mesophases. This underpins the preference for a hexagonal array over a tetragonal
array, where BCPs must stretch further to fill the corners in the tetragon compared to
the hexagon, even though tetragonally arrayed cylinders have a smaller interfacial area
than hexagonally arrayed cylinders. This excessive and undesirable chain stretching of
BCPs at the corners of the tetragon can be significantly mitigated by introducing pillars,
as illustrated in the schematic in Figure 6b. Another interesting observation includes the
formation of heterogeneous tessellations. We identified two instances of such patterns,
observed at (D̃ = 1/1.5, L̃2 = 1/2.0) and at (D̃ = 1/1.5, L̃2 = 1/2.5), where fivefold and
sevenfold replications of holes were found, respectively. These notable DSA structures,
identified for the tetragonally arrayed pillar case, can similarly be achieved on substrates
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with pillars coated in a single material (uniform surface fields) by precisely adjusting the
film thickness and surface fields, akin to the hexagonally arrayed pillar case.

Figure 5. Effect of surface fields and film thickness on the DSA structure guided by hexagonally
arrayed pillars with D̃ = 1/1.9, L̃2 = 1/2. Displayed structures correspond to the following:
(a) ss = sp = 0.5, h̃ = 0.8, (b) ss = sp = 0.3, h̃ = 0.8, (c) ss = sp = 0.5, h̃ = 1.2, and (d) ss = sp = 0.3,
h̃ = 0.4. The minority A domains of the block copolymer (BCP) are represented by red color, and the
minority B domains are depicted by translucent blue, while the pillars are represented by translucent
purple color.

Figure 6. (a) DSA structure map in the (D̃, L̃2) variable space for cylinder-forming BCP, guided by
tetragonally arrayed pillars selective for the majority B block (sp = 0.5) on a neutral substrate (ss = 0).
The minority A domains of the block copolymer (BCP) are represented by red color, and the minority
B domains are depicted by translucent blue, while the pillars are represented by translucent purple
color. Notable structures (top views) observed include the following: (b) twofold replication of
holes, expanding from 4 to 8 holes, (c) fivefold replication of holes, expanding from 4 to 20 holes,
(d) sevenfold replication of holes, expanding from 4 to 28 holes. The schematic in (b) illustrates
howBCPs, represented by red and blue lines, stretch to fill the space, both in the presence and absence
of pillars.
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4. Concluding Remarks

In conclusion, this study explores the self-assembly of cylinder-forming BCPs under
the guidance of pillar topographic patterns, utilizing mesoscale density functional theory
simulations. The investigation encompasses DSA structures of cylinder-forming BCPs
across various parameters, including the pitch and diameter of the pillars. Under hexag-
onally arrayed pillars, we observed that homogeneous tessellations featuring threefold
and fourfold hole replications can be realized through the careful adjustment of the pitch
and diameter of the pillars, as well as the surface interactions. A previous study employ-
ing hexagonally arrayed circles as chemo-patterns for the DSA of cylinder-forming BCPs
also reported threefold and fourfold hole multiplication. Similar to the grapho-epitaxial
assembly in our work, this multiplication occurs when the distance between circles is

√
3

times and twice larger, respectively, than the natural period L2 of the BCP [37]. On the
other hand, for tetragonally arrayed pillars, a single instance of homogeneous tessellation
was identified, achieving twofold hole replication.

While not all aspects of our simulations could be directly validated by experiments
due to the scope and available data, certain key findings show promising alignment with
experimental observations conducted by our collaborators at Samsung Electronics [38]. This
alignment reinforces the credibility of our simulation approach, particularly in modeling
the complex dynamics of DSA systems. The insights from this study provide a theoretical
framework for designing DSA systems capable of density multiplication of contact holes,
a crucial component in the lithographic processes used for electronic devices.
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Abstract: A series of novel renewable copolymers based on poly(ethylene succinate) (PESu) and
poly(isosorbide succinate) (PISSu), with the Isosorbide (Is)/PESu molar ratio varying from 5/95 to
75/25, were synthesized in-situ and studied in this work. A sum of characterization techniques was
employed here for the structural and thermo-dynamical characterization. The sophisticated technique
of dielectric spectroscopy, along with proper analysis, enabled the molecular dynamics mapping of
both the local and segmental types, which is presented for such materials for the first time. With
increasing the Is fraction, shorter copolymeric entities were gradually formed. Based on the overall
findings, the systems were found to be homogeneous, e.g., exhibiting single glass transitions, with
the two polymer segments being found to be excellently distributed. The latter is indirect, although
strong, evidence for the successful copolymerization. The thermal degradation mechanism for the
copolymers was exhaustingly explored employing analytical pyrolysis. The systems exhibited, in
general, good thermal stability, according to the thermogravimetric analysis. Confirming one of the
initial scopes for the present systems, isosorbide plays here the role of hardener (PISSu) over the soft
polymer (PESu), and this is reflected in the monotonic increase of the glass transition temperature,
Tg, from −16 to ~56 ◦C. The introduction of Is results in an increase in constraints (hardening of the
matrix), while there seems to be an overall densification of the polymer (decrease of the free volume).

Keywords: poly(ethylene succinate); poly(isosorbide succinate); renewable copolyesters; structure-
properties relationships; molecular dynamics

1. Introduction

For more than a century, polymers, commonly referred to as plastics, have been ap-
plied to a vast number of human needs, namely, from industry to biomedicine, academia,
and everyday life [1,2]. This mainly owes to the fact that polymeric materials combine, in
general, a sum of wanted properties regarding the requirements of applications with the
low cost of synthesis and processing [3,4]. As expected, due to the growing aspects/needs
of humanity for new and more targeted applications (e.g., aeronautics, drug delivery, 3–4D
printing, etc.), more and more specialized materials are necessary. In parallel, along the
fast development of society, there have grown significant concerns for the large amount of
‘plastic waste’ on earth [5,6], which has been, up to now, due to the extensive use of poly-
mers synthesized from fossil-based sources and employing non-ecofriendly processes [7].
A main problem for this accumulation of traditional polymer wastes is their lack or weak
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degradability in nature [8–11]. Obviously, this is combined with the lack of people’s general
environmental consciousness [12]. During the last couple of decades, such consciousness
has grown, and, regarding polymers, a serious attempt to turn toward the so-called ‘green
materials’ and ‘circular economy’ is taking place [13–15].

A partial solution to these issues is attempted via the use of polymers based on
renewable resources [16–20], for example, by exploiting agricultural products and byprod-
ucts. Such can be, for example, acids formed during metabolic processes (lactic acid,
succinic acid, furan-dicarboxylic acid, adipic acid, caprolactone, vanillic acid, itaconic
acid, etc.) [16,21–25]. Among others, the polymers prepared by such resources, being
mainly polyesters [26,27], exhibit both desired properties, such as thermochemical sta-
bility, good mechanical and permeation performance, and good and moderate physi-
cal/enzymatic degradation rates in soil conditions (compostability) [28]. As a next step,
there has been progress by many groups, including ours, to combine such biobased poly-
mers in the form of polymeric blends [29–31] and copolymers [32–37], as well as com-
posites/nanocomposites [38–41]. This combination has opened room for new innovative
materials envisaged for even more specific applications due to the achievement of complex
and, even, new properties of polymers. For example, this work has resulted in the almost
‘at will’ manipulation of thermal degradation, mechanical performance, crystallinity, per-
meation of small molecules [42], thermal and electrical conductivity [43], as well as physical
degradation [44]. In the same context, the study of these new materials has been fruitful
from the point of view of basic research.

In our recent published works, we have shown that by carefully chosen synthetic
routes, the compatibilization of different polyesters can be achieved by in situ polymeriza-
tion of a polymer block in the presence of either another existing block or simultaneously
with the polymerization of the second block [34,36,45,46]. The compatibilization and
successful copolyester synthesis result in many effects, for example, the tuning of the
glass transition, crystallization and melting, the manipulation of free volume [47], and,
subsequently, the micro- and macro-scopic performance of the polymers.

Following such routes, in the present study, we synthesized and investigated a series of
copolymers based on two aliphatic renewable polyesters. On the one hand, poly(n-alkylene
succinate) [48–50] with n = 2, i.e., poly(ethylene succinate) (PESu), is used as the first
block. On the other hand, poly(isosorbide succinate) (PISSu) [51,52] was synthesized as the
second block.

We should report that isosorbide is a diol exhibiting a ‘V’-like shape consisting of
two sterically different secondary hydroxyl groups with the so-called ‘exo-’ and ‘endo-’
configurations, respectively, as well as two ‘cis-’ connected tetrahydrofuran rings [53–55].
Isosorbide is actually a commercial biobased monomer, produced either from D-glucose
or, even, from starch [56]. Isosorbide has been involved in part in the step-type synthesis
of many polymers, including polyesters, polyurethanes, polyamides, polycarbonates,
etc. [56–59].

Coming back to the present systems, for PISSu, prior to polymerization, the isosor-
bide (Is) monomers were practically mixed with the succinic acid at various Is/ethylene
glycol molar ratios between 5/95 and 75/25. For comparison, we also synthesized the two
homopolymers PESu and PISSu, i.e., of molar ratios 0/100 and 100/0, respectively. For the
structural investigation of these newly synthesized co-polyesters, we employed infrared
spectroscopy, nuclear magnetic resonance spectroscopy, gel permeation chromatography,
thermogravimetric analysis, and pyrolysis gas chromatography-mass spectrometry analy-
sis, while for the thermal transitions, we employed conventional calorimetry. Finally, to
investigate molecular mobility (local and segmental), we employed the sophisticated tech-
nique of broadband dielectric spectroscopy. Upon analysis of the results and evaluation by
widely adopted routes and models, we combined the results by the different techniques to
conclude the in-depth structure-properties relationship. Especially, the molecular dynamics
for these novel systems are shown here for the first time.
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2. Materials and Methods

2.1. Materials

Succinic acid (SA, purum, ≥99.5%), ethylene glycol (EG, 99.8%), and isosorbide (Is,
98%) were purchased from Sigma Aldrich (St. Louis, MO, USA). Titanium isopropoxide
(TIS, ≥97%), used as a catalyst, was provided by Alfa Aesar (Kandel, Germany). Any other
employed reagents were of analytical grade.

2.2. Synthesis of Copolyesters

The PESu-PISSu (Figure 1) copolyesters were prepared by a two-step in-situ melt
polycondensation method (esterification and polycondensation). During the esterification
process, appropriate amounts of SA, EG, and Is with 400 ppm of titanium isopropoxide
(TIS) catalyst were added to a 250 mL round-bottom flask equipped with a mechanical
stirrer and a vacuum apparatus. The reaction mixtures were degassed and purged three
times with dry nitrogen. The reaction mediums were then heated up to 180 ◦C for a
period of time until all the reagents were completely melted. Then, the reaction mixtures
were further heated at a slow rate to 220 ◦C and maintained there for 4 h. During the
polycondensation process, a high vacuum was applied, and the temperature was increased
slowly to 250 ◦C for 2 h.

 

Figure 1. Schematic of the synthesis of poly(ethylene succinate)-co-(isosorbide succinate).

In total, eight (8) polyesters were prepared, namely, six (6) copolyesters with Is/EG mol
ratios of 4.5/95.5, 9.6/90.4, 18.6/81.4, 35/65, 50/50, and 75/25, and two (2) homopolymers,
namely, neat PESu (0/100) and neat PISSu (100/0). For the sake of ease, a specific code name
is used henceforth. The list of samples, along with the code names and main properties,
can be found in Tables 1 and 2 (sections in the following).

Table 1. Code naming of the materials under investigation and properties of main interest: intrinsic
viscosity, [η], molecular weight, Mn, polydispersity index, PDI, average sequence length, Li, and
degree of randomness, R, respectively (details in the main text).

Microstructure

Sample
Code Name

Is/PESu
Ratio

[η]
(dL/g)

Mn
(g/mol)

PDI LEGSu LIsSu R

PESu 0/100 0.51 83 k 1.71 - - -

co045 4.5/95.5 0.56 62 k 1.84 - - -

co096 9.6/90.4 0.43 39 k 2.15 - - -

co186 18.6/81.4 0.50 33 k 2.32 - - -

co350 35/65 0.18 12 k 1.83 2.7 1.7 0.97

co500 50/50 0.28 8 k 1.97 1.9 2.1 1.02

co750 75/25 0.17 7 k 1.78 1.4 3.9 0.99

PISSu 100/0 0.16 5 k 1.81 - - -
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Table 2. Main thermal events as observed by DSC: glass transition temperature, Tg; corresponding
changes in heat capacity, Δcp; melt crystallization temperature and enthalpy change, Tc and ΔHc,
respectively; cold crystallization temperature and enthalpy change, Tcc and ΔHcc, respectively; and
melting temperature and enthalpy change, Tm and ΔHm, respectively.

DSC Cooling DSC Heating

Sample
Code Name

Tc

(◦C)
ΔHc

(J/g)
Tg

(◦C)
Tg

(◦C)
Δcp

(J/g·K)
Tcc

(◦C)
ΔHcc

(J/g)
Tm

(◦C)
ΔHm

(J/g)

PESu 34 1 −16 −13 0.65 41/81 51 102 53

co045 - - −12 −9 0.63 61 12 94 12

co096 - - −9 −6 0.60 - - - -

co186 - - −2 1 0.59 - - - -

co350 - - 3 5 0.56 - - - -

co500 - - 19 20 0.52 - - - -

co750 - - 40 43 0.49 - - - -

PISSu - - 51 53 0.46 - - - -

2.3. Fourier-Transform Infrared Spectroscopy (FTIR)

For the FTIR study we employed a Perkin-Elmer spectrometer (Thermo Fisher Scien-
tific, Waltham, MA, USA). Each sample was scanned 32 times with a resolution of 4 cm−1

from 4000 to 650 cm−1. All spectra were subsequently baseline-corrected and normalized.

2.4. Nuclear Magnetic Resonance Spectroscopy (NMR)

Nuclear magnetic resonance spectra were recorded at room temperature, in deuterated
chloroform, on an Agilent 500 spectrometer (Agilent Technologies, Santa Clara, CA, USA).
Spectra were calibrated using the residual solvent peaks. The average sequence length and
degree of randomness were calculated according to Equations (1) and (2).

LEGSu = 1 +
2 × IEGSuEG

IEGSuIs−EG + IEGSuIs−Is
and LIsSu = 1 +

2 × IIsSuIs
IEGSuIs−EG + IEGSuIs−Is

(1)

R =
1

LEGSu
+

1
LIsSU

(2)

where LEGSu and LIsSu are the average sequence lengths of the copolymer segments con-
taining EG and Is respectively, IEGSuEG is the integration of the C(O) resonance signals of
succinic acid with EG units on both sides, IIsSuIs is the integration of the C(O) resonance
signals of succinic acid with Is units on both sides, IEGSuIs-EG is the integration of the C(O)
resonance signals of the carbon atom adjacent to EG in units of succinic acid with EG and
Is on each side, IEGSuIs-Is is the integration of the C(O) resonance signals of the carbon atom
adjacent to Is in units of succinic acid with EG and Is on each side, and R is the degree
of randomness.

2.5. Gel Permeation Chromatography (GPC)/Size Exclusion Chromatography (SEC)

The number and weight (average molecular weight, respectively, Mn and Mw) and
dispersity (PDI) of synthesized materials were obtained by GPC/SEC. To that end, we
employed an Agilent 1260 Infinity II LC system (Agilent Technologies, Santa Clara, CA,
USA) equipped with an isocratic G7110B pump, an automatic vialsampler G7129A, a
Refractive Index Detector (RID) G7162A, and a PLgel 5 μm (50 × 7.5 mm) guard column
combined with 2 PLgel 5 μm (300 × 7.5 mm) MIXED-C columns. Polystyrene standards
with Mns varying between ~0.5 and ~1600 kg/mol were used for the determination of
the calibration curve. The corresponding solutions were prepared at a concentration of
3 mg/mL and filtered through PTFE filters of ~0.45 μm in pore size. The injection volume
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was 20 μL, whereas the total elution time of each sample was 30 min. The temperature of
the columns and the RID were both fixed at 40 ◦C.

2.6. Differential Scanning Calorimetry (DSC)

The thermal transitions, with a focus on the glass transition, were studied by DSC
in the temperature range of −100 to 160 ◦C and in a high-purity nitrogen atmosphere.
The measurements were conducted by means of a TA Q200 calorimeter (TA Instruments,
New Castle, DE, USA) properly calibrated for temperature and heat capacity. Pieces
of the prepared samples of ~8 mg in mass were closed in TA-standard aluminum pans.
All samples were subjected to a first heating at 160 ◦C to erase any thermal history and
maximize thermal contact with the aluminum pan. Then, a cooling and subsequent heating
scan were performed at the fixed rate of 10 K/min.

2.7. Broadband Dielectric Spectroscopy (BDS)

The technique of dielectric spectroscopy was employed to assess the local and segmen-
tal molecular dynamics. To that end, we employed a Novocontrol (GmbH, Germany) BDS
setup, i.e., an Alpha frequency response analyzer combined with a Quatro liquid-nitrogen
cryosystem. The measurements were performed on samples in the form of a sandwich-like
capacitor, with the polymer sample (insulator) being melted between two well-polished,
brash disk-like plates (electrodes, one with a diameter of 14 mm and the other of 30 mm).
The specimen diameter was determined by the upper electrode diameter (14 mm). To
prevent the contact of the electrodes and keep a constant electrode’s distance, thin silica
spacers from Novocontrol (~100 μm) were employed. The melting of the polymers was
performed on a hot plate by heating the samples up to T equal to the melting temperature
(Tm), the latter being previously estimated by DSC. The samples were kept at Tm for ~30 s,
removed from the hot plate, and immediately placed on a large, cold metallic surface in
order to be cooled down as soon as possible. After this process, the capacitor was placed
in a Novocontrol BDS 1200 measurement cell and inserted into the cryostat. Prior to the
recordings, the sample was cooled in the cryostat by a cold nitrogen gas flow down to
−140 ◦C. The complex dielectric permittivity, ε*, was isothermally recorded as a function
of frequency, from 0.1 Hz to 1 MHz, for a large range of temperatures, from −140 to 120 ◦C,
during heating at steps of 5 or 10 K, depending on the followed process.

2.8. Thermogravimetric Analysis (TGA)

The thermal degradation profile of the synthesized copolymers was evaluated by
thermogravimetric analysis (TGA), employing the thermal analyzer NETZSCH STA 449F5
(Germany). At a heating rate of 20 ◦C/min, the samples were heated in the temperature
range of 30 to 600 ◦C under N2 atmosphere (99.9%) at 30 cm 3 min−1.

2.9. Pyrolysis–Gas Chromatography-Mass Spectrometry Analysis (Py–GC/MS)

For Py-GC/MS analysis [60] of the PESu-PISSu copolymers, a small amount of each
composition/sample was initially placed into the “Double-Shot” EGA/PY 3030D Pyrolyzer
(Frontier Laboratories Ltd., Fukushima, Japan) employing a CGS-1050Ex carrier gas selector.
For the pyrolysis analysis (flash pyrolysis), each sample was placed into the sample cup
and, subsequently, allowed to fall into the Pyrolyzer furnace. The temperature of the
preselected pyrolysis was set at 450 ◦C, while the GC oven temperature was programmed
at 50 ◦C for 2 min. This was followed by a step-like elevation of the temperature to
200 ◦C at 5 ◦C/min, at which the temperature was kept stable for a period of 8 min.
Then, the temperature was increased to 300 ◦C at 20 ◦C/min, where it was preserved
for 5 min. Sample vapors generated in the furnace were split (at a ratio of 1/50), a
portion moved to the column at a flow rate of 1 mL/min and a pressure of 53.6 kPa,
and the remaining portion exited from the system via the vent. The pyrolyzates were
separated using a temperature-programmed capillary column of a Shimadzu QP-2010
Ultra Plus (Kyoto, Japan) gas chromatogram and analyzed by the mass spectrometer MS-
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QP2010SE of Shimadzu (Kyoto, Japan). An Ultra-ALLOY® metal capillary column from
Frontier Laboratories LTD (Fukushima, Japan) was used, containing 5% diphenyl and 95%
dimethylpolysiloxane stationary phases, a column length of 30 m, and a column ID of 0.25
mm. For the mass spectrometer, the following conditions were used: ion source heater 200
◦C, interface temperature 300 ◦C, vacuum 10−4–100 Pa, m/z range 40–500 amu (atomic
mass unit), and scan speed 10,000. The ion gas chromatograms and spectra retrieved by
each experiment were subjected to further interpretation through Shimadzu and Frontier
post-run software. The chromatograms and spectra retrieved by each experiment were
subjected to further interpretation through Shimadzu (NIST11.0) and Frontier (F-Search
software 4.3) post-run software. The identification/recognition were done depending on
the similarity percentage (minimum value of 80%) between the average mass spectra on
the entire chromatogram.

3. Results and Discussion

3.1. Materials—Scope—Structure

The initial scope of these materials (described in Table 1) is the tuning of PESu proper-
ties (soft polymer, low glass transition temperature polymer) by the addition of another
harder monomer: isosorbide. The copolymerization involving the in-situ polymerization
of the different monomers simultaneously aims at achieving the as-uniform as possible
distribution (compatibilization) of the two polymers.

The structural characterization begins with FTIR, the results of which are shown in
Figure 2. The main absorbance peaks are described within the plot. These are the CH2
symmetric and asymmetric stretching, the various O-C-O and C-O-C vibrations, and the
vibration of the ester bond (-C=O), the latter being the more polar site of PESu and is
expected to be involved within interpolymer physical associations/interactions. Regarding
PESu, the FTIR data are in accordance with previous findings in the literature [61,62].

Figure 2. Comparative FTIR spectra for PESu and selected PESu/PISSu copolymers. The most
significant absorbance bands along the corresponding molecular-bond origins are marked within
the plot.

The NMR spectra of the homo- and copolymers are presented in Figure 3. In the
1H NMR spectrum of PESu, two resonance signals corresponding to OCH2 C (4.29 ppm)
and C(O)CH2 B (2.66 ppm) groups are observed. In the spectra of PISSu, we can note
the following signals: 5.20 and 5.16 ppm (OCH 4&5), 4.83 and 4.47 ppm (CH 8&9), 3.9
and 3.8 ppm (CH2 6&7), 2.7 ppm (C(O)CH2 3). Signals of both PESu and PISSu segments
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are observed in the copolymers, with proportional intensities to the EG/IS ratio, thus
confirming the successful polymerization. Similarly, in the 13C spectra of the copolymers,
signals of both PESu and PISSu segments are observed: 171.8 ppm (C(O) A), 171.4 and
171.2 ppm (C(O) 1&2), 85.7 and 80.6 ppm (CH 8&9), 78.1 and 74.1 ppm (OCH 4&5), 73.1
and 70.3 ppm (CH2 6&7), 62.2 ppm (OCH2 C), and 28.6–28.8 ppm (C(O)CH2 3&B).

δ  δ  
(a) (b) 

 
(c) 

Figure 3. Nuclear magnetic resonance spectra of the synthesized polymers, (a) 1H and (b) 13C, and
(c) the structure of the copolymers.

Regarding the composition of the copolymers (calculated by comparing the integration
of the -OCH- signals of the PISSu segments and the -OCH2- signals of the PESu segments),
we can note that the Is content is slightly lower compared to the feed ratio, and this trend is
more pronounced in the copolymers with a higher Is content. Finally, the microstructure of
the copolymers was studied by NMR (Table 1), and co350, co500, and co750 were found
to be random copolymers (R = 1). For the other copolymers synthesized with a lower
Is content, i.e., co045, co096, and co0186, the studied NMR signals could not be safely
integrated; the copolymers are probably constituted by large PESu blocks interrupted by
random PISSu units. More specifically, the ester carbon atoms exhibit slightly different
shifts depending on whether the adjacent units are an EG or an Is unit. Therefore, besides
the EG-SA-EG and Is-SA-Is units, where succinic acid is esterified by the same alcohol,
EG or Is, discrete signals corresponding to EG-SA-Is or Is-SA-EG units were detected.
Assuming similar relaxation times for all C=O ester groups, the average sequence length, L,
and degree of randomness of the copolymers were calculated [63].

In Figure 4, we present the results by GPC-SEC for Mn/Mw and PDI. Neat PESu
exhibits an Mn of ~83 kg/mol and a moderate PDI~1.7. During the copolymerization, the
Mn drops systematically, with the Is fraction increasing. This can be explained as follows:
Is hydroxyl groups have a lower reactivity compared to EG. Since the time periods and
temperatures of the polymerization were kept constant for all systems, we expected the
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formation of gradually shorter copolyesters when increasing Is due to its lower reactivity,
as indicated by the systematic Mn drop. We have reported similar correlations of Mn
alterations with successful/homogeneous in situ copolymerization within various other
copolyesters (e.g., in [34–36,46]). At the same time, within all copolyesters, PDI is increased,
interestingly, in a non-monotonic way regarding the Is ratio. Obviously, the situation of the
chemo- and thermodynamical processes taking place is quite complex to easily interpret
the complex PDI(Is) trend.

 
Figure 4. The isosorbide molar fraction dependence of (left axis) the molar mass values Mn and Mw

and (right axis) of the polydispersity index.

3.2. Glass Transition—Thermal Events

Coming to the thermal response, we present in Figure 5 the comparative DSC traces
for all compositions. We recall that prior to the cooling shown in Figure 5a, all samples
had been well melted at ~160 ◦C; thus, any thermal history was erased and the thermal
contact between the polymer and the aluminum pan was optimized. Neat PESu exhibits a
weak crystallization peak at ~34 ◦C (Table 2), whereas PISSu is amorphous. The presence
of Is in the copolymers, at all ratios, seems to preclude the weak crystallization of PESu, as
manifested by the complete lack of exothermal peaks in the copolymers.

During cooling as well as the subsequent heating (Figure 5b), all samples demonstrate
single glass transition steps. This provides, by itself, solid evidence for the homogeneity
of the systems. From the data on heating, we evaluated the characteristic temperature of
the glass transition, Tg, as the T of the half-heat capacity change, Δcp/2. The Tg values are
listed in Table 2 and are shown in Figure 5a as a function of the Is molar fraction. While for
neat PESu, Tg equals −16 ◦C, in the copolymers, Tg increases monotonically up to 40 ◦C,
tending to approach the value of neat PISSu (51 ◦C). To check this systematic behavior, we
fitted mathematical models describing the degree of miscibility judging from the Tg. Our
results seem to coincide quite well with the prediction by the well-known Fox equation [64]
for completely miscible polymers in the form of blends. A similar systematic dependence
is observed for the Δcp of the glass transition (the so-called ‘glass transition strength’),
dropping from 0.65 J/g·K down to 0.46 J/g·K.

From the point of view of segmental polymer mobility, both results (Tg and Δcp,
Figure 6) indicate that these PISSu/PESu can be considered homogeneous systems of
excellently mixed polymers (miscible), wherein the ‘hard’ polymer (isosorbide-based)
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systematically affects the softer one (PESu). In practice, we gain the first significant proofs
of the successfully synthesized copolymers and the achievement of the initial scopes. The
simultaneous increase of Tg and decrease of Δcp is a result of constrained polymer chain
mobility [65,66] (even the degrees of freedom for each chain), which actually suggests
the hardening of the polymeric matrix. Obviously, this will have a severe impact on the
materials’ performance, such as the mechanical permeation of small molecules (e.g., air,
humidity, gases), heat transport, etc., as well as future processing.

  

Figure 5. Raw DSC results for all samples are indicated during (a) cooling and (b) subsequent heating.
The recorded heat flow is shown upon normalization to each sample mass. The added curved arrows
mark the effect on the glass transition step by increasing the isosorbide molar fraction.

 

Figure 6. The isosorbide molar fraction dependence of (a) Tg and (b) Δcp. The added line in (a)
corresponds to the prediction by the Flory equation, whereas the added line in (b) is just an eye-
guiding line.

Due to the hardening of the systems in combination with the increased rigidity of the
copolymer chains, both due to the existence of the hard PISSu segments and the simulta-
neous shortening of the chain lengths, we would expect a suppression of crystallizability.
This is found to be true, as observed by the almost immediate vanishing of melt/cold
crystallization and melting events in Figure 5a,b. The result is another supportive clue on
the copolymers’ homogeneity, as, at least on the micrometric scale, there seems to be no
PESu separation from PISSu.
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3.3. Molecular Dynamics

The effects on molecular dynamics of local and segmental types are assessed by BDS.
Upon keeping fixed thermal treatment and initial erasing of the thermal history for all
samples, we basically exploit the information supplied by the imaginary part of dielectric
permittivity ε′′(f,T). ε′′ is considered to be related to the dielectric losses, whereas the
dipolar relaxation mechanisms related to the molecular mobility are recorded as peaks of
the isothermally recorded ε′′(f ) spectra.

In Figure 7, we present a selection of representative BDS data for the overall tem-
perature range of investigation (−140 to 120 ◦C). Therein, mainly three distinct types of
relaxations are recorded. At T < Tg, the dipolar response is mainly weak and is dominated
by two local-like relaxations, i.e., the ones named as β and βw. These relaxation mechanisms
originate from the more localized molecular motions [35,67–69] (and references therein).
At T > Tg, the dielectric signal increases significantly by ~1 order of magnitude due to
the implementation of additional dipole moments due to the mobilization of the overall
polymer chains and their cooperative motions (transition from the glassy to rubbery state
of the polymers). The corresponding relaxation mechanism (peak) is widely addressed
as the ‘main α relaxation’ and is considered the dielectric and dynamic analogue of the
calorimetric glass transition [70].

  

  

Figure 7. The raw BDS data for the indicated selected samples, namely, in terms of the isothermal
ε′′(f ) plots at all temperatures of measurement. The results are shown for (a) neat PESu, (b) neat
PISSu, (c) co186 and (d) co500. The local (β, βw) and segmental (α) relaxations, recorded as peaks of
ε′′, are indicated at selected temperatures.
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To facilitate a better comparison between the different samples and, simultaneously,
with the calorimetric findings (Figure 5b), we replotted the isothermal results [ε′′(f )] in the
form of isochronal plots [ε′′(T)]. In particular, this is done for the selected relatively high
frequency of ~3 kHz. These spectra can be seen in Figure 8. From these data, it can be
easily seen that while the local dynamics (β-type relaxations) are barely affected by the
copolymers’ composition, the segmental dynamics (α relaxation) migrate systematically
toward higher temperatures with an increasing Is/EG ratio. This is in qualitative agreement
with the effects recorded on the calorimetric glass transition, as shown in Figures 5b and 6a.
This migration suggests the retardation, or else deceleration, of segmental dynamics.

Figure 8. Comparative isochronal ε′′(T) results for all compositions shown at 3.162 kHz. The added
red arrow marks the impact of the isosorbide molar fraction on the main α relaxation.

In order to enrich our conclusions with more information regarding molecular dy-
namics, such as the dynamical Tg and fragility, the width of the relaxation time range,
and dielectric strength, we performed a specific analysis of the complex spectra in terms
of fitting mathematical models [70,71]. To this end, we employed the Havriliak–Negami
(HN) [72] function, mathematically described in Equation (3).

ε∗( f ) =
Δε[

1 +
(

i f
f0

)αHN
]βHN

+ ε∞ (3)

In the HN function, the following parameters are involved: the dielectric strength, Δε,
a characteristic frequency related to the frequency of maximum dielectric loss, f 0, a value
of the real part of the dielectric permittivity (ε′) at f >> f 0, ε∞, the shape parameter that
denotes the width of relaxation times range, αHN, and, finally, another shape parameter
that evaluates the symmetry or asymmetry of the ε′′(f ) peak, βHN. For βHN < 1, the HN
term is asymmetric, which is the common case for an amorphous, unaffected segmental α
relaxation. We note that in the case of a symmetric relaxation, βHN equals 1, and the HN
equation becomes practically the so-called Cole-Cole function [73]. During the fitting, there
is also the need to simulate the effects arising from conductivity-related effects, i.e., at the
higher frequency side of the measurement window. For that, we may employ the additional
linear term −i·σ0/(2π f )Cε0 where σ0 is related to the specific DC conductivity and the
C exponent parameter describes the Ohmic (for C = 1) and non-Ohmic contributions in
conductivity (for C < 1). In case of additional polarization effects, such as the ‘electrodes
polarization’ additional terms may be needed [71,74].
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In Figure 9, we show representative examples of the performed fittings for both
homopolymers and copolymers, as well as both local and segmental relaxations. As
expected [70,71], the local-β-type relaxation could be sufficiently fitted by symmetric terms,
whereas the segmental α relaxations were fitted by asymmetric HN terms.

   

Figure 9. Examples of analysis of the ε′′(f ) spectra for three cases of samples [(a) co186, (b) PISSu
neat and (c) co500] and temperatures in terms of model functions (details in the main text).

From the values for the peak maxima, fmax, coming from this fitting, we were able
to construct the dielectric relaxation map (time scale) by plotting logf max as a function of
the reciprocal temperature, 1000/T, for all samples under investigation. This map, also
called Arrhenius plots, is presented in Figure 10. Therein, we have included data for neat
poly(isosorbide) (PIS), as adapted from a recent work by our groups [36].

Figure 10. The overall dielectric relaxation map for all samples in terms of time scale, i.e., the recipro-
cal temperature dependence of the frequency maxima for all the resolved dipolar relaxations (local
and segmental). For comparison, we have added results for neat poly (isosorbide) and PIS (grey stars),
adapted from a recent work [36]. The straight and curved lines connecting the experimental points
are fittings of the Arrhenius and the Vogel–Tammann–Fulcher–Hesse [75] equations, respectively.

Comparing with previous findings on poly(n-alkylene succinates) [35,64,68], we could
identify the local relaxations recorded here. Both processes were found to originate from
the localized motions of PESu, namely the βPESu and the βw,PESu. βPESu has been proposed
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to monitor the dipole moments arising from the crankshaft rotations of the ester groups at
the polymer backbone. Such relaxations in many polyesters have been found to depend
strongly on segmental dynamics, in particular in poly(n-alkylene succinates) to even
scale with the Tg [68], despite their local character. Regarding the slightly slower βw,PESu
relaxation, there are only two previous recordings in the literature on poly(n-alkylene
succinates) to compare with [35,64,68]. The relaxation has been found to be stronger for
small n- and weaker for larger n-alkylene sequencies. Based on similarities recorded
between this process and other local processes arising from hydrophilic sites with attached
water molecules located at solid surfaces and/or hydrophilic polymer groups [76–78], we
have proposed such origins for our βw,PESu [68].

For PESu and the copolymers, both processes exhibit independence from the Is fraction
and show similar and almost constant activation energies, Eact~0.6 eV. Interestingly, in
neat PISSu, the local relaxation (βPESu-like process) is mainly accelerated, exhibiting a
suppressed Eact~0.3 eV. Taking into account the data for γPIS relaxation, it seems that β in
PISSu could be the superposition of βPESu and γPIS. Contrariwise, βw,PESu demonstrates a
similar time scale with PESu and PESu/PISSu.

None of the local processes was found to coincide with the time scale of local relax-
ations of neat PIS (grey stars in Figure 10).

The focus is now turned to segmental dynamics. To facilitate the discussion, we
created Figure 11a, which shows the dynamics map solely of the α relaxations. It is quite
clear from a simple glance that by increasing the amount of the ‘hard phase’ (Is), the α

relaxations are systematically decelerated, i.e., migrate toward higher temperatures/lower
frequencies. The migration, at the higher Is ratio (75%), sets the segmental mobility similar
to that of a neat PIS. Even more decelerated (and constrained) is the segmental dynamics
of neat PISSu. Employing known routes, from the data in Figure 11a, we could evaluate
the dielectric glass transition temperature, Tg,diel, and the fragility index of α relaxation,
mα [68,79]. Tg,diel is actually the T extrapolation of the time scale of α to the equivalent
frequency of conventional DSC (i.e., ~0.0016 Hz), arising from the corresponding relaxation
time at T = Tg (τrel~100 s).

  

Figure 11. The segmental dynamics characteristics, in terms of (a) the time scale for α relaxation and
(b) the isosorbide fraction dependence of the dielectric and calorimetric Tg, as well as the fragility
index of α relaxation, mα (inset to b).

Tg,diel and mα were plotted in Figure 11b as a function of the Is molar fraction. Similarly
to the calorimetric Tg, the Tg,diel increases almost linearly with the Is fraction, from −16
to 56 ◦C. The calorimetric and dielectric data are in quite good agreement with each other.
Taking a careful look at the main Figure 11b, there seems to be an interesting variation
of the Tg(Is) above the Fox prediction for the higher EG/IS ratios. This may suggest the
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involvement of more interactions between the two polymers that lead to constraints on
the chains’ mobility or/and the chain-chain associations. The fragility index in the inset
to Figure 11b shows an in general increasing mα(Is) trend (from 127 to 160), nevertheless
not strictly monotonic. The increasing of Tg(Is) in terms of the increasing of the dynamical
constraints seems initially controversial to the ma(Is). The dynamical fragility of ‘simple’
homopolymers could be used as a measure of the chains’ cooperativity [79]. In our case,
this seems to increase, despite the increasing constraints imposed by the addition of the
‘hard polymer (PISSu)’ to the softer one (PESu). During the copolymers’ synthesis, the
average Mn decreases (Table 1), which would also lead to a tendency for mα to drop. This
would be due to an increase in the average cooperativity length [80,81], or, in other words,
the inter-chain distance and the free volume would increase [82]. Obviously, this is not
the main case here. So, taking into account the overall findings, we may conclude that
the data revealed in Figure 11 suggest the implementation of more than one parameter
for the molecular mobility effects. In particular, with the addition of Is, both constraints
increase (hardening of the matrix); however, there seems to be an overall densification of
the polymer (decrease of the free volume).

3.4. Thermal Stability and Degradation Mechanism of Copolymers

Aiming to investigate the thermal stability of the synthesized copolymers, TGA anal-
ysis was employed. The TGA thermograms of PESu, PISSu, and their copolymers are
presented in Figure 12. The thermal degradation evolved in one step for all samples, in
particular, starting after 350 ◦C and being almost completed at around 480 ◦C. As noted
from the recorded thermograms, the studied copolymers exhibited relatively good thermal
stability, with no significant mass loss up to 300 ◦C, implying by these means their potential
to undergo shape-forming processes without degrading. Seeking further systematic behav-
ior of thermal degradation, from the data in Figure 12 (and inset), it can be stated that there
was no direct effect of the PESu/PISSu composition. The weaker thermal stability was
observed for co750, whereas the higher one was observed for co096, presenting even higher
thermal stability than the starting polyester building blocks. Obviously, this suggests
the multiple parameters involving, beside the structure, the interchain associations (bond
strengths) as well as, in connection to the previous section, the potential alterations in the
free volume.

  ° °

Figure 12. (a) Mass loss curves and (b) derivative of the mass loss curves (dTG) for neat PESu, PISSu,
and the studied copolymers.

While TGA was used to study the effect of different contents in homo-polyesters on the
thermal stability of the synthesized polymers, the technique of pyrolysis combined with gas
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chromatography/mass spectrometry (Py–GC/MS) was employed to evaluate in detail the
mechanism of the thermal degradation of copolymers and, moreover, to determine whether
and how the latter was altered by changing the EG/Is ratio. Analytical pyrolysis has been
extensively investigated to explore the polymers’ thermal degradation mechanisms, since
it delivers significant data on the macromolecules after the analysis and identification of
their evolved thermal degradation products [83]. In the context of the present study, flash
pyrolysis was performed at 450 ◦C, corresponding roughly to the end of the degradation for
all studied polymers and being a temperature at which most of the degradation products
were possibly formed. Understanding the decomposition process of newly synthesized
polymers is crucial because it aids in selecting the most appropriate methodologies or
additives to ameliorate their thermal stability.

The total ion chromatograms (TICs) of PISSu and PESu polyesters, along with their
copolyesters, after pyrolysis at 450 ◦C are illustrated in Figure 13 (mass spectra not shown
for briefness reasons). As depicted, the chromatograms of the studied samples exhibit
relatively simple patterns, with some differences being present in the intensity of the
peaks corresponding to each different block of polyester. Each peak corresponds to a mass
spectrum that resembles a thermal decomposition product. As for the assigned compounds
identified by their mass spectra and the available library, the most important pyrolysates
are summed and listed in Table 3. Our research group has already thoroughly explored
the thermal degradation pattern of several succinate copolymers [83–85], as well as the
mechanism of thermal degradation of poly(isosorbide furanoate) (PIsF) [58].

Pyrolysis temp. °

Figure 13. Overall ion chromatograms (TICs) of the PESu-PISSu copolymers in different ratios after
pyrolysis at 450 ◦C.
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Table 3. Analysis of evolved gaseous compounds during pyrolysis at 450 ◦C of neat PESu, PISSu,
and their copolymers at different content ratios.

Rt (min.)
MW (amu) Assigned Structure

PISSu co750 co500 co350 co186 co096 co045 PESu

1.72 1.72 1.68 1.67 1.64 1.77 1.78 1.78 44 CO2 or acetaldehyde

1.92 1.91 n.d. n.d. n.d. n.d. n.d. n.d. 86

(S)-tetrahydrofuran-3-ol

 
or
(R)-tetrahydrofuran-3-ol

 

5.20 5.11 5.04 5.00 4.91 4.64 n.d. n.d. 110

3a,6a-dihydrofuro[3,2-b]furan

 

n.d. n.d. 6.32 6.35 6.34 6.42 6.28 6.33 118

propanoic acid, 2-hydroxyethyl ester

 

n.d. n.d. 9.20 9.20 9.22 9.24 9.25 9.21 100

succinic anhydride

9.67 9.69 9.69 9.50 9.49 n.d. n.d. n.d. 126

(3R)-hexahydrofuro[3,2-b]furan-3-ol

 
or
(3S)-hexahydrofuro[3,2-b]furan-3-ol

 

n.d. n.d. n.d. 13.47 13.49 13.51 13.25 13.40 172

butanedioic acid, diethyl ester

 

13.42 13.36 13.32 13.49 13.51 13.50 13.55 n.d. 146

hexahydrofuro[3,2-b]furan-3,6-diol (isosorbide)

14.70 14.60 14.64 14.53 14.45 14.49 n.d. n.d. 142

(3S)-3-methoxyhexahydrofuro[3,2-b]furan

 

16.05 15.80 15.87 15.61 15.49 n.d. n.d. n.d. 160

(3R,6S)-6-methoxyhexahydrofuro[3,2-b]furan-3-ol

 

46



Polymers 2024, 16, 2173

Table 3. Cont.

Rt (min.)
MW (amu) Assigned Structure

PISSu co750 co500 co350 co186 co096 co045 PESu

n.d. n.d. 16.94 16.89 16.91 16.83 16.72 16.61 202

allyl (2-hydroxyethyl) succinate

n.d. n.d. 18.71 18.71 18.71 18.72 18.63 18.62 188

2-hydroxyethyl vinyl succinate

n.d. 19.81 19.88 19.83 19.80 19.75 n.d. n.d. 229

(((3S,6R)-6-hydroxyhexahydrofuro[3,2-b]furan-3-
yl)oxy)methyl acrylate

 

n.d. 21.15 21.36 21.42 21.47 21.56 21.40 21.49 260

2-(acryloyloxy)ethyl (2-hydroxyethyl) succinate

 

n.d. n.d. 23.71 23.72 23.74 23.76 23.70 23.73 290

2-hydroxyethyl (2-((4 oxobutanoyl)oxy)ethyl)
succinate

 

n.d. 24.03 24.10 24.10 24.08 n.d. n.d. n.d. 306

4-((((3S,6R)-6-(hydroxymethoxy)hexahydrofuro[3,2-
b]furan-3-yl)oxy)methoxy)-4-oxobutanoic acid

n.d. 26.21 26.25 26.24 n.d. n.d. n.d. n.d. 328

2,3,3a,6a-tetrahydrofuro[3,2-b]furan-3-yl
(2-((vinyloxy)methoxy)ethyl) succinate

 

n.d. n.d. 28.95 29.02 29.05 29.10 29.10 29.01 332

2-((4-(2-hydroxyethoxy)-4-oxobutanoyl)oxy)ethyl
vinyl succinate

 

At lower retention times (Rt), volatile molecules with lower molecular weights, such as
carbon dioxide or acetaldehyde, were observed. The presence of carbon dioxide indicated
the occurrence of homolytic processes and the decarboxylation of carboxyl-end groups in
the synthesized polymers under study [86]. As the Rt proceeded, larger and more complex
structures were observed. The chromatogram of PESu, as already reported in previous
works, illustrated a fairly simplistic pattern, with some major pyrolytic peaks (annotated
with gray color) that were identified as propanoic acid, 2-hydroxyethyl ester (Rt = 6.33 min),
succinic anhydride (Rt = 9.21 min), butanedioic acid, diethyl ester (Rt = 13.40 min), allyl (2-
hydroxyethyl) succinate (Rt = 16.61 min), 2-hydroxyethyl vinyl succinate (Rt = 18.62 min),
2-(acryloyloxy)ethyl (2-hydroxyethyl) succinate (Rt = 21.49 min), 2-hydroxyethyl (2-((4
oxobutanoyl)oxy)ethyl) succinate (Rt = 23.73 min), 2-((4-(2-hydroxyethoxy)-4-oxobutanoyl)
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oxy)ethyl vinyl succinate (Rt = 29.01 min). These compounds could be categorized as
hydroxyl-, vinyl-, methyl-, and aldehyde-terminated, which can be primarily products of
β-hydrogen and, to a lesser extent, α-hydrogen scission reactions. After the incorporation
of Is units in the macromolecular chain of PESu, new peaks emerge in the recorded TICs.
It is important to mention that the new Is-derived peaks increased in number as well as
in intensity as the PISSu molar ratio in the copolymers increased, whereas the intensity
of the PESu-derived peaks decreased significantly. The identified compounds assigned
to PISSu counterpart are the following (annotated with pink color): tetrahydrofuran-3-ol
(Rt = 1.92 min), 3a,6a-dihydrofuro[3,2-b]furan (Rt = 5.20 min), hexahydrofuro[3,2-b]furan-
3-ol (Rt = 9.67 min), isosorbide (Rt = 13.42 min), 3-methoxyhexahydrofuro[3,2-b]furan
(Rt = 14.70 min), and (3R,6S)-6-methoxyhexahydrofuro[3,2-b]furan-3-ol (Rt = 16.05 min).
For higher retention times, pyrolysis compounds were not recorded. Noteworthy was
also the formation of new peaks for almost all the studied copolymers, which were com-
prised of both copolymers that were absent in PESu and PISSu polyesters. These newly
formed peaks were detected for Rt > 19 min and were primarily vinyl-, carboxyl-, and
hydroxyl-terminated compounds, namely (((3S,6R)-6-hydroxyhexahydrofuro[3,2-b]furan-3-
yl)oxy)methyl acrylate (Rt = 19.8 min), 4-((((3S,6R)-6-(hydroxymethoxy)hexahydrofuro[3,2-
b]furan-3-yl)oxy)methoxy)-4-oxobutanoic acid (Rt = 24.01 min) and 2,3,3a,6a-tetrahydrofuro
furan-3-yl(2-((vinyloxy)methoxy)ethyl) succinate (Rt = 26.25 min). The detection of the
aforementioned compounds could also be considered a validation of the successful copoly-
merization of the studied polymers, nicely supplementing the indirect evidence reported
in the previous sections.

A large sum of interesting data regarding these novel PESu/PISSu copolyesters was
recorded, as expected, with a few points still open. Further work on these materials
(mechanical tests, compostability, permeation to water and gases) would be illuminating,
both from the point of view of basic research and that of future applications, processing,
and disposal aspects.

4. Conclusions

We demonstrate a sum of structural and thermodynamic data on a newly synthesized
series of copolymers based on two renewable polymers, PESu and PISSu. The synthesized
copolymers exhibited, in general, good thermal stability, as indicated by TGA thermograms,
which is quite an exploitable parameter regarding processing and specific applications.
The thermal degradation mechanism for the studied copolymers was also explored in high
detail employing analytical pyrolysis. With the increasing of the Isosorbide(Is)/EG molar
ratio, i.e., gradually from 5/95 to 75/25 during the in-situ copolymerization, the molar
mass (copolymer chain length, Mn) decreases from ~80 down to ~5 kg/mol. Despite that,
the ‘single’ glass transition temperature increases monotonically from −16 to 40 ◦C, while,
at the same time, the crystallizability of PESu vanishes. Both direct and indirect results are
dependent on the homogeneity of these systems. During the molecular dynamics mapping,
the local mobility was found to be dominated by the ester dipolar motions exhibiting
mild effects, while the dynamical view resembles mainly that of PESu rather than that
of PISSu. On the other hand, in agreement with the calorimetric findings, the dynamical
glass transition was found to monotonically increase when increasing Is. Interestingly, this
increase follows quite well the predictions of models on miscible polymers in the form of
blends. Simultaneously, the dynamical fragility increases, supplying indirect evidence for a
decrease in free volume, or, in other words, a densification of the copolymers. Combining
all the results, we gained firm evidence for the ‘hardener’ role played by Is on the softer
PESu, which was actually the main scope of these PESu/PISSu systems, envisaging specific
applications for the future.
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Abstract: This study describes the physicochemical characterisation of interpenetrating hydrogel
networks (IHNs) composed of either poly(hydroxyethylmethacrylate, p(HEMA)) or poly(methacrylic
acid, p(MAA)), and Pluronic block copolymers (grades F127, P123 and L121). IHNs were prepared by
mixing the acrylate monomer with Pluronic block copolymers followed by free radical polymerisation.
p(HEMA)–Pluronic blends were immiscible, evident from a lack of interaction between the two
components (Raman spectroscopy) and the presence of the glass transitions (differential scanning
calorimetry, DSC) of the two components. Conversely, IHNs of p(MAA) and each Pluronic were
miscible, displaying a single glass transition and secondary bonding between the carbonyl group of
p(MAA) and the ether groups in the Pluronic block copolymers (Raman and ATR-FTIR spectroscopy).
The effect of storage of the IHNs in Tris buffer on the physical state of each Pluronic and on the loss
of Pluronic from the IHNs were studied using DSC and gravimetric analysis, respectively. Pluronic
loss from the IHNs was dependent on the grade of Pluronic, time of immersion in Tris buffer, and
the nature of the IHN (p(HEMA) or p(MAA)). At equilibrium, the loss was greater from p(HEMA)
than from p(MAA) IHNs, whereas increasing ratio of poly(propylene oxide) to poly(ethylene oxide)
decreased Pluronic loss. The retention of each Pluronic grade was shown to be primarily due to its
micellization; however, hydrogen bonding between Pluronic and p(MAA) (but not p(HEMA)) IHNs
contributed to their retention.

Keywords: interpenetrating hydrogel networks (IHNs); biomaterials; spectroscopy; pluronic block
copolymers; glass transition; micellization; retention

1. Introduction

Hydrogels are three-dimensional crosslinked hydrophilic polymers that can absorb
considerable masses of aqueous fluids through polymer chain expansion and yet maintain
their mechanical properties [1]. They can be homopolymers or copolymer networks and
are frequently classed according to the nature of their side groups, as either neutral or
ionic [2]. The selective choice of acrylate monomers and polymerisation by free radical
polymerisation enables the production of polymers that can demonstrate a wide range of
physicochemical properties, notably mechanical properties [3], lubricity [4], swelling [5],
drug release and degradation [2,6].

Medical-device-associated infections are, unfortunately, the most common nosocomial
infection within the primary care setting [7,8], with the incidence of infection being depen-
dent on both the site of implantation and whether the device is external to the body. For
example, it has been reported that catheter-associated urinary tract infections account for
9% of all hospital-acquired infections and that approximately two-thirds of these could
have been prevented [9]. The annual costs of healthcare-associated infections have been
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reported to be circa USD 33 billion in the U.S. [10]. Due to their versatility, hydrogels have
found application as matrices/coatings for medical devices and as drug delivery systems.
Hydrogels are the mainstay of lubricious coatings of urinary catheters, e.g., Lofric and
Speedicath [11]. Furthermore, several hydrogel-based approaches have shown promise
for the prevention/treatment of medical-device-related infections. These include silver-
containing hydrogels [12–14], antimicrobial (antibiotics, antimicrobial polymers/peptides)
hydrogels [15,16], photosensitisers [17], polyelectrolyte and polyzwitterionic hydrogels [18],
and double network chitosan hydrogels [19].

Despite their widespread usage in urology, several limitations are associated with
hydrogels as medical device materials. Firstly, their mechanical properties are often in-
appropriate for fabricating devices solely using these materials, and whilst this may be
addressed by, e.g., changing the monomer composition or the degree of crosslinking, these
interventions may compromise other properties, e.g., release kinetics of the bioactive com-
ponent [20], contact angle [20], and catheter lubricity [21]. An approach that may be used to
modify the properties of mono-polymeric systems, including hydrogels, is interpenetrating
polymer networks, which contain two or more interlaced polymers and may be designed to
retain the key functionalities of each component [22]. In this study, we sought to design bio-
material platforms that may be used as medical device biomaterials and/or drug delivery
platforms that provide greater functionality. Specifically, we describe interpenetrating hy-
drogel networks (IHNs) composed of either poly(hydroxyethylmethacrylate, p(HEMA)) or
poly(methacrylic acid, p(MAA)) and block copolymers of poly(ethylene oxide) (PEO) and
poly(propylene oxide) (PPO) (Pluronics), arranged in a PEO-PPO-PEO triblock structure.
The choice of Pluronic block copolymers as the second network component was informed
by the reported use of Pluronic F127 as a brush coating for medical devices to reduce
subsequent microbial colonisation [23,24] and the adhesion of blood components [25]. Nor-
mally, chemical grafting techniques are required to attach the Pluronic block copolymers to
the polymeric device; however, the network structures described in this study may be of
potential value in this respect, thus avoiding the need for polymer grafting. Furthermore,
the networks described herein may offer advantages for improved delivery of bioactive
agents, again designed to control medical-device-related infection.

In this study, we describe the physicochemical (spectroscopic and thermal) properties
of IHNs to provide a greater understanding of the physical state of and interactions
between the two polymer components and how these interactions affect retention within
the network when immersed within an aqueous fluid. This provides an invaluable key step
in understanding the practical uses of this IHN as medical device biomaterials/coatings.

2. Materials and Methods

2.1. Chemicals

The materials used were of analytical grade or higher and were used as supplied. 2-
Hydroxyethylmethacrlyate 97% (HEMA), methacrylic acid 99% (MAA), benzoyl peroxide,
ethylene glycol dimethacrylate 98% (EGDMA), and Pluronic F127 (F127) were purchased
from Aldrich, Poole, Dorset, UK. Pluronic P123 (P123) and Pluronic L121 (L121) were
supplied by BTC UK, Cheshire, UK. To facilitate sample preparation, medical-grade silicone
tubing was purchased from S.F. Medical, Hudson, MA, USA, Poly(ester) film, one-sided
siliconised release liner (FL2000TM PET 75 μ 1S) was purchased from Rexam Release B.V.,
Apeldoorn, The Netherlands, and glass plates (100 mm × 150 mm × 3 mm) were purchased
from J.E. Harrison Ltd. Glaziers, Belfast, Northern Ireland.

2.2. Synthesis of Network Homopolymers and IHNs

p(HEMA) homopolymer and p(HEMA)/Pluronic interpenetrating hydrogel networks
(IHNs) were prepared by initially dissolving the crosslinking agent EGDMA (2% w/w)
and the free radical initiator benzoyl peroxide (1% w/w) in the required amount of HEMA
in a flat-bottomed beaker. The mixture was stirred mechanically until benzoyl peroxide
had fully dissolved. The resultant solution was then injected into a mould comprising two
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vertical glass plates lined with a siliconised release liner, separated by medical-grade tubing
and clamped together by bulldog clips. The mould was placed in a fan-assisted oven at
90 ◦C for two hours to produce the p(HEMA) control. To produce the IHNs, Pluronic
block copolymers (L121, P123 or F127) were dissolved in this monomer mixture at defined
concentrations (10%, 20%, 30%, 40% w/w). The maximum concentration of Pluronic block
copolymers, which could be dissolved in HEMA, was 40% w/w. The resultant solution
was then polymerised under the same conditions as p(HEMA).

p(MAA)/Pluronic IHNs were prepared similarly; however, a further concentration of
Pluronic (50% w/w) was added to the monomer solution.

2.3. Modulated Temperature Differential Scanning Calorimetry (MTDSC) of IHNs

MTDSC experiments were performed using a T.A. Instruments Q100 Modulated
Differential Scanning Calorimeter (T.A. Instruments, West Sussex, UK) with a refrigerated
cooling system. Small sections (7–10 mg) of each material were cut using a scalpel and
placed in an oven at 60 ◦C for 72 h to remove any unreacted monomer. Heat flow was
calibrated using an indium standard, and heat capacity with a sapphire standard. Nitrogen
was used as the purge gas, with a flow rate of 50 mLmin−1 through the DSC cell. Standard
aluminium pans and lids from T.A. Instruments were used throughout the experiments.
The pans were sealed using a T.A. Instrument press.

Samples were exposed to an initial 5 min isothermal period at −100 ◦C followed by a
modulation amplitude of ±0.7 ◦C every 50 s with a 2 ◦C min−1 underlying heating rate
to 160 ◦C for p(HEMA) IHNs and to 250 ◦C for p(MAA) IHNs. Total heat flow, reversing
heat flow and non-reversing heat flow were calculated automatically by the Universal
Analysis 2000 software as a function of temperature. Experiments were performed at least
in quadruplicate for each candidate material.

The glass transition (Tg) was taken as the midpoint of the slope change of the heat
capacity. The melting temperature (Tm) was accepted as the minimum of the endothermic
peak, whereas the crystallisation temperature (Tc) was determined as the maximum of
the exothermic peak. The heat of melting (ΔHm) and the heat of crystallisation (ΔHc)
were evaluated from the areas of the melting and crystallisation peaks, respectively. The
percentage crystallinity, χc, was calculated from Equation (1) [26,27]:

χ
c(PEO)=(

ΔHmPEO
wcrystΔHo

mPEO
)×100

(1)

where ΔHm,PEO is the apparent melting enthalpies of PEO present in the network, wcryst is
the weight fraction of the crystalline component in the blend and ΔHmPEO

0 is the heat of
melting per gram of 100% crystalline PEO. It has been reported to be 188 kJ Kg−1 [28].

2.4. Dynamic Mechanical Analysis (DMA) of IHNs

DMA was performed using a Dynamic Mechanical Analyser model 2980, (T.A. In-
struments). The machine was calibrated for position, force, and electronics every month.
Samples of approximate dimensions 30 mm × 10 mm were cut from the films using a
scalpel. Using single-cantilever clamps, the sample was subjected to a sinusoidal oscillation
at a frequency of 1 Hz while the sample was heated at a rate of 2 ◦C min−1 from 30 ◦C
to 200 ◦C. The storage modulus and loss tangent (tan δ) were calculated automatically
on the Thermal Analysis Universal Analysis 2000 software as a function of temperature.
Experiments were performed at least in quadruplicate for each candidate material.

2.5. Raman Spectroscopy of IHNs

Raman spectroscopy of the various IHNs was performed using an Avalon Instruments
Raman Station R3 (PerkinElmer Life and Analytical Sciences Inc., Wellesley, MA, USA),
with a Class 3B laser emitting at 785 nm. Spectra were recorded from 200 to 3200 cm−1,
with a resolution of 2 cm−1 [29].
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2.6. Attenuated Total Reflectance–Fourier-Transform Infrared Spectroscopy of IHNs

Samples were scanned on a PerkinElmer Spectrum One FT-IR spectrometer (PerkinElmer
Life and Analytical Sciences Inc., Wellesley, MA, USA) with a diamond attenuated total
reflectance accessory, from 4000 cm−1 750 cm−1, with a scan resolution of 4 cm−1. A
minimum of 32 sub-scans were signal averaged.

2.7. Differential Scanning Calorimetry (DSC) of Pluronic Solutions and Hydrated IHNs

DSC was used to investigate the micellization behaviour of the Pluronic block copoly-
mers in solution and to identify micellization in the hydrated IHNs. Solutions for each
Pluronic block copolymer (5, 10, and 20% w/v) were prepared in deionised water and
150 mL of Tris buffer (10% w/w Pluronic only) and stored at 5 ◦C. Samples of these solutions
(approximately 7 mg) were carefully placed in DSC hermetic aluminium pans and sealed
prior to analysis. To investigate micellization in the IHNs, the IHNs were soaked for one
week in Tris buffer (pH 7.2), after which samples (approximately 9 mg) removed, and, after
excess water was carefully removed from the surface, these were placed in an aluminium
hermetic pan and sealed. In both cases, DSC experiments were performed using a TA
Instruments Q100 Modulated Differential Scanning Calorimeter (TA Instruments Ltd.,
Crawley, West Sussex, UK) with a refrigerated cooling system attached. Heat flow was
calibrated using an indium standard, and heat capacity with a sapphire standard. Nitrogen
was used as the purge gas, flowing at a rate of 50 mLmin−1 through the DSC cell. The
samples were initially cooled to −10 ◦C, held isothermally for 10 min and then heated at
a rate of 2 ◦C min−1. Micellization was observed in the total heat flow signal as a broad
endothermic transition, and the critical micellization temperature (CMT) was accepted as
the minimum of the endothermic peak, as determined using Universal Analysis software.

2.8. Retention of Pluronic Polymers within IHNs

The IHNs were immersed in 150 mL of Tris buffer (pH 7.2) and at 37 ◦C with shaking
(50 oscillations/min). The samples were removed and placed into a fresh solution at fixed
periods, the solvent removed by evaporation, and the residual mass recorded. The mass
of the buffer was subtracted from the total mass to enable the mass of Pluronic lost from
the IHNs to be determined. The fraction of Pluronic block copolymers released from the
IHNs as a function of the theoretical mass of Pluronic block copolymers present was then
plotted as a function of time. In all cases, measurements were made on quadruplicate
replicate samples.

2.9. Statistics

The effects of Pluronic concentration and type on the thermal properties of the IHNs,
the critical micelle temperature and the retention of the Pluronic block copolymers within
the network were statistically analysed using a two-way analysis of variance (ANOVA)
(Prism 10, GraphPad Software). Individual differences between treatments were examined
using Dunnett’s test with a probability less than 0.05, denoting significance.

3. Results and Discussion

A key challenge to the performance of urinary medical devices is resistance to medical-
device-related infection [30]. For example, it has been reported that in 50% of patients who
receive urinary catheterisation, infection occurs within 7–10 days [31]. The consequences
of catheter-associated infections are considerable, in terms of morbidity/mortality and
related healthcare costs [32]. It has been reported (in 2011) that approximately 70% of
patients who presented with a urinary tract infection had been catheterised; this occurrence
increased to 95% of patients in the intensive care unit setting [33]). Similarly, infection
is also a problem for ureteral stents [34]; however, the incidence of infection associated
with ureteral stents is lower than with urethral catheters [35]. There have been several
proposed strategies to reduce the incidence of urological device-related infection, including
changes to device designs (as summarised by [36–38]), the materials from which the device
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is manufactured (polymeric and non-polymeric [37–39]), and the use of biodegradable
stents [40] and novel coatings, e.g., hydrogels, often containing antimicrobial agents [41–45].
To perform optimally, urological devices/coatings of urological devices must offer a wide
range of physicochemical properties, notably mechanical properties and the ability to
release a microbicidal concentration of drug at the device–fluid interface for a prolonged
period; these properties are rarely achieved using a simple, single polymeric system.

Polymer coatings, e.g., brush coatings, have been shown to offer microbial anti-adherent
properties and, as a result, have been proposed to lower the incidence of medical-device-
related infection [23]. Several studies have used Pluronic F127, either as the brush coating
material or as a brush layer onto which other polymers may be grafted/entrapped, leading
to enhanced resistance to microbial colonisation of the device surface [23,24] and blood
protein repulsion [25]. These systems most often require a chemical grafting process to locate
the Pluronic onto the medical device substrate and then, if required, a further grafting of a
second polymer using the Pluronic block copolymer as a substrate. We are currently inter-
ested in the entrapment and retention of Pluronics within biomaterials as the inclusion of this
polymer may offer modified surface properties, properties that are advantageous as medical
device coatings. Accordingly, this study examined the formation of interpenetrating hydro-
gel networks (IHNs) between three candidate Pluronic block copolymers, offering different
physicochemical properties with two model hydrogels, poly(hydroxyethylmethacrylate)
and poly(methacrylic acid) [46]. Given the importance of the interactions of the components
within the polymer network and the retention of the Pluronic component in aqueous condi-
tions for device performance, this study provides a comprehensive investigation of these key
properties, thereby enabling polymer candidates to be identified for further consideration
as medical device and/or drug delivery biomaterial.

3.1. Thermal and Spectroscopic Properties of Pluronic Block Copolymers

To understand the thermal and spectroscopic properties of IHNs, it was necessary to
initially examine the properties of each Pluronic block copolymer. The three grades had the
same molecular weight of PPO as the central block (approximately 4000 g mol−1). The PEO
molecular weight was dependent on the grade of Pluronic tested and consisted of 70% of
the total molecular weight for F127, 30% of P123, and only 10% of the total weight for L121.
The thermal properties of Pluronic block copolymers used in this study are presented in
Table 1. In addition to differences in the melting properties, differences in the degree of
crystallinity, associated with the PEO block component of the polymer, were observed, with
F127 exhibiting the greatest crystallinity (due to the largest PEO block length). Thus, the
observed melting point for F127 was greater than for P123 [47]. Table 1 additionally shows
the glass transition temperatures for the three Pluronic block copolymers. The presence
of a common glass transition (as opposed to two separate transitions for the PEO and
PPO components) located between the glass transition components for the two polymers
(−73 ◦C and −50 ◦C for PPO and PEO, respectively [48]) indicates that the amorphous
phases of PPO and PEO are considerably mixed [49,50]. Reducing the PEO block length
significantly reduced the observed glass transition temperature (Tg).

Table 1. Glass transition (Tg), crystallisation (Tc), and melting (Tm) temperatures; enthalpies of
melting (ΔHm PEO) and crystallisation (ΔHc PEO) and degree of crystallinity (χc PEO) of Pluronic block
copolymers (F127, P123, L121).

Pluronic
Grade

Mean (±sd) Glass Transition, Melting and
Crystallisation Temperatures

Mean (±sd) Enthalpies of Melting
and Crystallinity

Degree of
Crystallinity

Tg (◦C) Tm (◦C) Tc (◦C) ΔHm,PEO (J g−1) ΔHc,PEO (J g−1) χc(PEO) (%)

P F127 −65.8 ± 0.4 56.5 ± 0.3 Not Measured 116.9 ± 1.4 Not Measured 62.2 ± 0.8

P P123 −68.8 ± 0.4 36.8 ± 0.3 Not Measured 42.8 ± 0.8 Not Measured 22.7 ± 0.4

P L121 −71.4 ± 0.8 Not Measured −56 ± 0.8 Not Measured 6.6 ± 0.4 Not Measured
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The Raman spectra of Pluronic F127, P123, and L121 over two wavenumber ranges are
shown in Figure 1. The region 250–650 cm−1 contained peaks attributed to PEO backbone
vibrations [51,52], with F127 showing the strongest (highest intensities) and most well-
defined peaks of the three block copolymers (Figure 1a). Differences were observed within
the spectral region 1000–1200 cm−1 as the PEO/PPO ratio decreased (from F127 to P123
to L121, Figure 1b). The bands in the spectrum of F127 (at 1142 cm−1 (C–O stretch) and
1064 cm−1 (C–O stretch, CH2 rock)) were well-defined, whereas the absorbance bands
for P123 and L121 were much less distinct and poorly resolved. Strong peaks at 280, 364,
538 and 582 cm−1 were detected and assigned to C–C–O, C–O–C bends, and C–C, C–O
internal rotations for F127. P123 also showed peaks at these frequencies but were of much
lower intensity, whereas peaks for P L121 were not detected at these frequencies. The
Raman spectra for Pluronic F127, P123 and L121 are shown in Figure 1a (250–650 cm−1)
and Figure 1b (1000–1200 cm−1).

(a) (b) 

Figure 1. Raman spectra for Pluronic F127 (black line), Pluronic P123 (red line), and Pluronic L121
(green line) within two wavenumber ranges, 250-650 cm−1 (a) and 1000–1200 cm−1 (b).

3.2. Thermal and Spectroscopic Properties of IHNs of p(HEMA) and Pluronic Block Co-Polymers

Understanding the miscibility (or immiscibility) of the IHNs may be readily performed
by consideration of the thermal properties (Table 2) in conjunction with spectroscopic
properties (Figure 2). The glass transition temperatures of the IHNs were examined using
modulated temperature differential scanning calorimetry and dynamic mechanical analysis,
the latter method offering greater sensitivity. Whilst the values for the glass transition of the
polymers were greater when measured using DMA (due to the high frequency employed
by this method) [53], good correlations were observed between the two methods. The glass
transition temperature of p(HEMA) was 114.2 ± 0.6 ◦C and 126.6 ± 0.5 ◦C when measured
using MTDSC and DMA, respectively, and agrees with previous reports, e.g., [53]. This
transition may be attributed to the onset of large-scale, cooperative displacements of the
methylene chains of p(HEMA) in the macromolecular network [54].

Incorporation of Pluronic F127, P123, or L121 sequentially from 10% w/w to 40%
w/w did not change the temperature at which this primary glass transition occurred.
Furthermore, a second glass transition was observed with the p(HEMA)/Pluronic IHNs at
approximately −67 to −71 ◦C that was statistically independent of Pluronic concentration,
and which was statistically similar to the glass transition temperature of the individual
Pluronic components. Accordingly, it may be concluded that each Pluronic is immiscible
in the p(HEMA) network; therefore, the p(HEMA)–Pluronic IHNs comprise two distinct
phases [54].
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Table 2. Glass transition temperatures (Tg), melting points (Tm), melting enthalpies (ΔHm) and
degrees of crystallinity (χc) for p(HEMA) and p(HEMA)/Pluronic interpenetrating hydrogel net-
works (IHNs).

Pluronic
Type

Pluronic Conc.
(% w/w)

Mean ± sd Glass Transition Temperature(◦C) Melt Temperature
(◦C, Tm)

ΔHm PEO

(J g−1)Tg 1 Tg 2 Tg 2*

None 0, p(HEMA) Not present 114.2± 0.6 126.6 ± 0.5 Not present Not present

F127

10 Not present 111.3 ± 0.5 126.7 ± 1.5 43.2 ± 1.3 66.0 ± 3.1

20 −67.0 ± 0.5 112.0 ± 1.1 124.0 ± 1.9 47.5 ± 1.0 85.7 ± 3.4

30 −67.0 ± 0.5 113.6 ± 0.6 128.1 ± 1.7 50.3 ± 0.9 99.6 ± 3.3

40 −66.9 ± 0.5 113.9 ± 0.4 128.9 ± 1.1 53.4 ± 0.6 108.9 ± 3.2

100 −65.8 ± 0.4 Not present Not present 56.5 ± 0.3 116.9 ± 1.4

P123

10 −67.1 ± 0.4 113.8 ± 0.6 125.8 ± 0.5 24.8 ± 0.7 2.1 ± 0.6

20 −67.1 ± 0.3 112.7 ± 0.5 124.8 ± 1.4 28.1 ± 0.3 4.8 ± 0.5

30 −67.4 ± 0.2 112.0 ± 0.7 126.8 ± 0.9 31.7 ± 0.9 8.8 ± 0.8

40 −67.6 ± 0.3 112.0 ± 0.4 127.5 ± 0.5 33.9 ± 0.8 13.1 ± 0.7

100 −68.8 ± 0.4 Not present Not present 36.8 ± 0.3 42.8 ± 0.8

L121

10 −67.9 ± 0.8 114.2 ± 0.6 126.6 ± 0.5 Not present Not present

20 −67.9 ± 0.4 113.4 ± 0.5 124.8 ± 2.4 −41.4 ± 0.4 0.2 ± 0.0

30 −69.0 ± 1.4 113.7 ± 0.8 121.5 ± 1.6 −42.8 ± 0.7 1.0 ± 0.2

40 −69.0 ± 1.8 113.6 ± 0.9 125.8 ± 1.9 −48.5 ± 0.9 2.4 ± 0.4

100 −71.3 ± 0.8 113.0 ± 0.9 127.3 ± 1.6 −51.4 ± 0.6 4.5 ± 0.4

Tg 1: Glass transition temperature of the Pluronic component determined using modulated temperature differen-
tial scanning calorimetry. Tg 2: Glass transition temperature of the methacrylate component determined using
modulated temperature differential scanning calorimetry. Tg 2* Glass transition temperature of the methacrylate
component determined using dynamic mechanical analysis.

The spectroscopic properties of IHNs composed of p(HEMA) and each of the three test
Pluronic block copolymers are shown in Figure 2, split into separate wavenumber ranges
to enhance clarity. The spectra of p(HEMA)/Pluronic F127 IHNs within the wavenumber
ranges of 200–650 cm−1, 1000–1200 cm−1, and 1600–1900 cm−1 are shown in Figure 2a–c,
whereas the spectra of p(HEMA)/Pluronic P123 IHNs within the wavenumber ranges
of 200–700 cm−1 and 1600–1900 cm−1 are shown in Figure 2d,e. Finally, the spectra of
p(HEMA)/Pluronic L121 IHNs within the wavenumber ranges of 200–700 cm−1 and
1600–1900 cm−1 are shown in Figure 2f,g. To facilitate analysis, the focus was directed to
wavenumbers associated with peaks in p(HEMA) and the Pluronic block copolymers and
how these change within the IHNs, notably the carbonyl peak for p(HEMA) (1720 cm−1)
and the ether peak of PEO (1142 cm−1 (C–O stretch) and 1064 cm−1 (C–O stretch, CH2
rock)). Due to the lower intensity of these vibrations in P123 and L121, greater focus was
placed on F127 as potential polymer interactions would be easier to observe. Importantly,
it was noted for all three IHNs that no changes in the key wavenumbers associated with
the molecular groups of the polymeric components of the IHNs occurred. Similarly, within
the fingerprint region of the spectrum (200–700 cm−1), the peak at 602 cm−1 (associated
with C-C-O bond vibration) was present in each of the IHNs at the same wavenumber and
the peaks associated with the crystalline regions of F127 (364 and 538 cm−1) were detected
in the IHNs without any shift in wavenumber. Similarly, the lack of change in the spectra
of individual network components has been reported to be evidence of immiscibility in
other studies [55–57], Accordingly, spectroscopy has provided further evidence of the
immiscibility of the two polymers in these IHNs.
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(a) (b) 

 
(c) (d) 

 
(e) (f) 

 
(g) 

Figure 2. Raman spectra of p(HEMA) (black line), Pluronic (grey line), and p(HEMA)/Pluronic
IHNs (10% w/w red line, 20% w/w, green line, 30% w/w blue line, 40% w/w purple line) within
three wavenumber ranges: 250-650 cm−1, 1000-1200 cm−1 and 1600-1900 cm−1. (a–c) refer to F127,
(d,e) P123 and (f,g) L121.
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3.3. Thermal and Spectroscopic Properties of IHNs of p(MAA) and Pluronic Block Co-Polymers

The reported applications of p(MAA) as a medical device biomaterial are less than
p(HEMA); however, p(MAA) has been used as brushes as biomaterials and for pH-
responsive drug delivery applications [58–60]. This study aims to understand the in-
teraction between p(MAA) and Pluronic copolymers and their stability within an aqueous
environment. Previous studies have confirmed an interaction between poly(acrylic acid,
p(AA)) and poly(ethylene oxide). For example, Li et al. [61] described a complexation
between p(AA) and PEO that was pH-dependent, and similarly, Monir et al. described
an interaction between these two chemical components [62]. As in Section 3.2, the interac-
tion between p(MAA) and Pluronic block copolymers was examined using thermal and
spectroscopic methods, presented in Table 3 and Figure 3, respectively.

Table 3. Glass transition temperatures (Tg), melting points (Tm), melting enthalpies (ΔHm), and
degrees of crystallinity (χc) for p(MAA), P F127, and p(MAA)/Pluronic inter-penetrating hydrogel
networks IHNs.

Pluronic
Type

Pluronic Conc.
(% w/w)

Mean ± sd Glass Transition (◦C, Tg) Melt Temperature
(◦C, Tm)

ΔHm PEO

(J g−1)Tg 1 Tg 2 Tg 2*

None 0, p(MAA) Not Present 205.5 ± 0.8 211.5 ± 0.4 Not Present Not Present

F127

10

Not Present

203.2 ± 1.0 206.8 ± 0.6

Not Present Not Present

20 194.8 ± 2.2 195.5 ± 0.8

30 171.8 ± 2.0 185.7 ± 0.8

40 158.5 ± 2.6 173.1 ± 0.7

50 142.3 ± 2.5 168.7 ± 1.5

100 −65.8 ± 0.4 Not Present Not Present 56.5 ± 0.3 116.9 ± 1.4

P123

10

Not Present

208.3 ± 1.7 213.7 ± 0.2

Not Present Not Present

20 207.0 ± 0.3 205.3 ± 1.0

30 198.5 ± 0.7 199.0 ± 0.5

40 193.5 ± 1.0 197.8 ± 0.2

50 194.1 ± 1.2 197.3 ± 1.1

100 −68.8 ± 0.4 Not Present Not Present 36.8 ± 0.3 42.8 ± 0.8

L121

10

Not Present

210.0 ± 2.8 213.3 ± 0.5

Not Present Not Present

20 207.8 ± 1.0 207.3 ± 0.6

30 198.4 ± 1.5 205.9 ± 0.4

40 191.9 ± 1.4 202.2 ± 0.2

50 −68.4 ± 0.6 189.0 ± 1.5 202.0 ± 0.2

100 −71.3 ± 0.8 Not Present Not Present 4.5 ± 0.4

Tg 1: Glass transition temperature of the Pluronic component determined using modulated temperature differen-
tial scanning calorimetry. Tg 2: Glass transition temperature of the methacrylate component determined using
modulated temperature differential scanning calorimetry. Tg 2*: Glass transition temperature of the methacrylate
component determined using dynamic mechanical analysis.

61



Polymers 2024, 16, 2796

 
(a) (b) 

 
 

(c) (d) 

 
(e) (f) 

 
(g) 

Figure 3. Raman spectra of p(MAA) (black line), Pluronic (grey line), and p(MAA)/Pluronic IHNs
(10% w/w red line, 20% w/w green line, 30% w/w blue line, 40% w/w purple line, 50% w/w
dashed line) within three wavenumber ranges, 250–650 cm−1, 1000–1200 cm−1, and 1600–1900 cm−1;
(a–c) refer to F127, (d,e) P123 and (f,g) L121.

The glass transition temperature for p(MAA) was 205.5 ± 0.8 ◦C and 211.5 ± 0.4 ◦C
when measured using MTDSC and DMA, respectively. Sequential addition of Pluronic
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F127 (0–50% w/w) resulted in significant successive reductions in the glass transition
temperature of p(MAA), and a disappearance of both the glass transition and the melt
transition of F127. Reductions in the glass transition temperature of p(MAA) were noted
only upon the addition of 30% w/w of P123 and 30% w/w L121, with reductions in the
main glass transition temperature noted following the addition of 40% w/w of these block
copolymers (although the addition of 50% did not result in a further decrease). There was
no statistical difference in the primary glass transitions of p(MAA) containing equivalent
concentrations of P123 and L121. At a 50% w/w loading, the polymer network containing
50% w/w Pluronic L121 also displayed a secondary glass transition temperature associated
with the PPO blocks of the Pluronic component, indicative of phase separation at this
concentration. Therefore, it may be concluded that, based on thermal analysis, the IHNs of
p(MAA) and Pluronic systems form miscible blends [63–65]. The loss of the crystallinity of
PEO (and reduction in primary glass transition) suggests an interaction between the PEO
component of the Pluronic block copolymers and the carbonyl group of p(MAA) [27,66].
The greater affinity of F127 within the IHNs may be explained by the greater number of
PEO blocks.

As before, the spectra of the p(MAA)/Pluronic IHNs have been individually presented
in Figure 3 (Figure 3a–c F127, Figure 3d,e P123, and Figure 3f,g L121). p(MAA) typically
exhibits a characteristic peak at 1700 cm−1 due to the existence of the associated carboxylic
acid dimer and a much lower intensity peak at 1730 cm−1 due to the presence of the free
carbonyl group [67–69]. However, these peaks were partially masked by a second peak at
1640 cm−1 with a shoulder at 1656 cm−1, attributed to the C=C bond of residual methacrylic
acid. The Raman spectra of Pluronic block copolymers within the 1500–1850 cm−1 region
were devoid of peaks. As the concentration of Pluronic F127 was increased within the
IHNs, the ratio of the intensity of the shoulder present at 1700 cm−1 (associated with the
p(MAA) dimer) decreased as the intensity of the shoulder at 1730 cm−1 (free carbonyl)
increased and resolved into a clear peak. It has been proposed that the miscibility of
Pluronic block copolymers within the p(MAA) network is due to a hydrogen bonding
interaction between the ether oxygen of PEO and the carboxyl group of p(MAA). Therefore,
Figure 3b focuses on the spectral region 1200–1000 cm−1, associated with the C-O vibrations
in F127. The absence of these peaks in the IHNs, the absence of peaks associated with the
the crystallinity of PEO (observed in the wavenumber region 250–650 cm−1), and the shift
in the wavenumber of the peak due to the carbonyl group of p(MAA) from the dimer to
monomer form is evidence of the interaction between the two components in the IHNs.
The intensity of the peaks associated with Pluronics P123 and L121 were dramatically
lower than that for F127; however, the emergence of the peak at 1730 cm−1 was apparent,
indicating an interaction with p(MAA).

ATR/FTIR was used to confirm the possible polymer interactions within p(MAA)/P
F127 IHNs, with a particular focus on the carbonyl region of the spectra (a region that was
partially masked by the C=C vibrational peak in Raman spectroscopy). The spectra for
the IHNs with wavenumber ranges of 1550–1800 cm−1 and 1000–1200 cm−1 are shown in
Figure 4a,b, respectively.

A large, broad peak at 1690 cm−1 was detected for the p(MAA) homopolymer due to
the mainly associated dimeric carbonyl groups. As the concentration of F127 was increased
within the network, this peak shifted to a higher wavenumber, indicating the dissociation
of the hydrogen bonding between MAA units. With the increasing concentration of F127,
a further peak became apparent due to unassociated carbonyl groups at approximately
1730 cm−1. The peak at 1100 cm−1 in F127 is due to the C-O-C asymmetric stretch, which,
in the presence of p(MAA), shifted to a lower wavenumber (circa 1080 cm−1, for IHNs
containing 30% w/w and 40% w/w F127). This indicates the ether group’s involvement in
hydrogen bonding with the carbonyl group of p(MAA) [51,70].
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Figure 4. ATR-FTIR spectra of p(MAA) (black line), Pluronic (grey line), and p(MAA)/Pluronic F127
IHNs (10% w/w red line, 20% w/w green line, 30% w/w blue line, 40% w/w purple line) within two
wavenumber ranges, 1550–1800 cm−1 (a) and 1000–1200 cm−1 (b).

3.4. Thermal Properties and Loss of Pluronic Block Copolymers from IHNs Following Immersion in
Aqueous Fluid

For the IHNs to be clinically successful, either as a medical device biomaterial or as a
potential drug delivery platform, the properties of the network should be stable during
the period of use. The most potentially catastrophic event would be the rapid loss of the
Pluronic block copolymers from the network into the biological fluid, thereby negating
any possible advantages of the IHNs. Accordingly, it was important to study the loss
of Pluronic block copolymers within the network following the immersion of the IHNs
into a simple buffer system (phosphate-buffered saline, pH 7.2) and to identify whether
the micellization of the Pluronic block polymers had occurred following immersion in
an aqueous environment, the latter phenomenon increasing the effective molecular mass
of the Pluronic block copolymers, thereby reducing the diffusion of individual Pluronic
monomers from the IHNs. Initially micellization was studied in deionised water and Tris
buffer (Table 4).

The temperature at which micellization occurred was dependent on three variables,
namely the type and concentration of Pluronic and whether micellization occurred in water
or Tris buffer (Table 4). The formation of micelles of the Pluronic copolymers occurs at
lower concentrations (CMC) and at lower temperatures (CMT) for Pluronic copolymers
with a high PPO:PEO ratio [71]. This is due to the increased hydrophobic interactions in
the micelle core compared to Pluronic with a high proportion of PEO. Furthermore, the
presence of buffer has been reported to affect the micellization of surfactants.

64



Polymers 2024, 16, 2796

Table 4. Critical micelle temperatures (CMT) of Pluronic solutions in deionised water and Tris buffer.

Concentration of
Pluronic (% w/v)

Mean (±sd) Critical Micellization Temperature of Pluronic Solutions

Pluronic F127 Pluronic P123 Pluronic L121

1 not detected not detected 16.5 ± 0.1

5 25.1 ± 0.1 19.9 ± 0.1 14.4 ± 0.1

10 22.6 ± 0.1 17.4 ± 0.1 13.5 ± 0.1

10 (Tris buffer) 18.3 ± 0.1 14.1 ± 0.1 11.7 ± 0.1

20 17.1 ± 0.2 14.3 ± 0.1 not tested

Micellization was predominantly dependent on the type of Pluronic and the network
composition (p(HEMA) and p(MAA)) of the IHNs (Table 5). IHNs containing Pluronic
L121 exhibited the lowest critical micelle temperature. Interestingly, micellization was not
observed in p(HEMA) IHNs containing Pluronic F127 that had been stored in Tris Buffer
for one week.

Table 5. The effect of Pluronic type and concentration on their critical micelle temperatures within
interpenetrating hydrogel networks (IHNs) that had been stored in Tris buffer (pH 7.2) for 1 week.

Network
Composition

Pluronic
Grade

Mean (±sd) Critical Micelle Temperature (◦C) in IHNs Containing Different Concentrations of
Pluronic (% w/w)

0 10 20 30 40 50

p(HEMA)

F127 Not detected Not detected Not detected Not detected Not detected Not detected

P123 Not detected 13.3 ± 1.4 12.8 ± 1.3 11.7 ± 1.4 13.8 ± 1.5 Not determined

L121 Not detected 11.4 ± 1.2 11.3 ± 1.5 10.5 ± 1.8 9.8 ± 2.1 Not determined

p(MAA)

F127 Not detected Not detected 18.0 ± 1.2 18.5 ± 1.1 18.9 ± 1.3 19.4 ± 0.9

P123 Not detected 15.2 ± 1.0 15.8 ± 1.0 15.5 ± 0.7 15.9 ± 0.8 16.0 ± 1.1

L121 Not detected 12.0 ± 1.1 11.8 ± 1.0 12.4 ± 0.8 12.0 ±0.4 11.9 ± 1.0

The losses of each Pluronic block copolymer from p(HEMA)- and p(MAA)-based IHNs
over an extended period of storage in Tris buffer are shown in Tables 6 and 7, respectively.
Pluronic loss was statistically dependent on the hydrogel type (p(HEMA) or p(MAA)),
the type of Pluronic (F127, P123, L121), and the time of immersion of the IHNs within the
buffer. The loss of F127 from the two networks was significant and markedly greater than
P123 and L121 and was significantly lower from the p(MAA) network than the p(HEMA)
IHNs. Total loss of F127 occurred between 14 and 21 days from the p(HEMA) network,
whereas, at equilibrium, the loss of F127 from p(MAA) IHNs ranged from approximately
2% (10% initial loading) to 25% (50% initial loading).

65



Polymers 2024, 16, 2796

T
a

b
le

6
.

Th
e

ef
fe

ct
of

ti
m

e
of

im
m

er
si

on
in

Tr
is

bu
ff

er
(p

H
7.

2)
on

th
e

%
lo

ss
of

Pl
ur

on
ic

bl
oc

k-
co

po
ly

m
er

s
w

it
hi

n
p(

H
EM

A
)i

nt
er

pe
ne

tr
at

in
g

hy
dr

og
el

ne
tw

or
ks

(I
H

N
s)

.

T
im

e
(D

a
y

s)

M
e
a
n

(±
s.

d
.)

%
L

o
ss

o
f

P
lu

ro
n

ic
B

lo
ck

C
o

p
o

ly
m

e
rs

:

P
lu

ro
n

ic
F

1
2
7

(%
w

/w
In

it
ia

l
L

o
a
d

in
g

)
P

lu
ro

n
ic

P
1
2
3

(%
w

/w
In

it
ia

l
L

o
a
d

in
g

)
P

lu
ro

n
ic

L
1
2
1

(%
w

/w
In

it
ia

l
L

o
a
d

in
g

)

1
0

2
0

3
0

4
0

1
0

2
0

3
0

4
0

1
0

2
0

3
0

4
0

3
53

.4
±

4.
1

73
.6
±

4.
9

76
.1
±

5.
8

78
.1
±

5.
4

0.
1
±

0.
0

0.
4
±

0.
0

0.
8
±

0.
1

2.
2
±

0.
0

0.
0
±

0.
0

0.
9
±

0.
0

1.
9
±

0.
2

2.
3
±

0.
1

7
87

.2
±

4.
0

94
.2
±

7.
2

95
.2
±

6.
1

96
.4
±

4.
9

0.
1
±

0.
0

0.
5
±

0.
0

2.
0
±

0.
3

3.
7
±

0.
2

0.
1
±

0.
0

1.
2
±

0.
1

2.
2
±

0.
1

2.
7
±

0.
1

14
95

.8
±

5.
0

95
.0
±

6.
1

94
.7
±

5.
4

95
.8
±

6.
8

0.
1
±

0.
0

1.
0
±

0.
0

2.
6
±

0.
2

5.
5
±

0.
4

0.
1
±

0.
0

1.
3
±

0.
1

2.
2
±

0.
1

3.
0
±

0.
2

21
N

A
N

A
N

A
N

A
0.

2
±

0.
0

1.
5
±

0.
2

3.
4
±

0.
3

6.
4
±

0.
4

0.
1
±

0.
0

1.
3
±

0.
1

2.
3
±

0.
1

3.
1
±

0.
3

28
N

A
N

A
N

A
N

A
0.

3
±

0.
0

2.
2
±

0.
2

4.
0
±

0.
4

7.
5
±

0.
3

0.
1
±

0.
0

1.
4
±

0.
1

2.
4
±

0.
1

3.
1
±

0.
2

N
A

:N
ot

an
al

ys
ed

.

T
a

b
le

7
.

T
he

ef
fe

ct
of

ti
m

e
of

im
m

er
si

on
in

Tr
is

bu
ff

er
(p

H
7.

2)
on

th
e

%
lo

ss
of

Pl
ur

on
ic

bl
oc

k-
co

po
ly

m
er

s
w

it
hi

n
p(

M
A

A
)i

nt
er

pe
ne

tr
at

in
g

hy
dr

og
el

ne
tw

or
ks

(I
H

N
s)

.

T
im

e
(D

a
y

s)

M
e
a
n

( ±
s.

d
.)

%
L

o
ss

o
f

P
lu

ro
n

ic
B

lo
ck

C
o

p
o

ly
m

e
rs

:

P
lu

ro
n

ic
F

1
2
7

(%
w

/w
In

it
ia

l
L

o
a
d

in
g

)
P

lu
ro

n
ic

P
1
2
3

(%
w

/w
In

it
ia

l
L

o
a
d

in
g

)
P

lu
ro

n
ic

L
1
2
1

(%
w

/w
In

it
ia

l
L

o
a
d

in
g

)

1
0

2
0

3
0

4
0

5
0

1
0

2
0

3
0

4
0

5
0

1
0

2
0

3
0

4
0

5
0

2
1.

5
±

0.
1

2.
4
±

0.
1

3.
1
±

0.
2

9.
1
±

0.
4

17
.4
±

2.
4

1.
2
±

0.
1

2.
0
±

0.
1

2.
6
±

0.
2

4.
5
±

0.
3

9.
0
±

0.
5

N
D

N
D

0.
9
±

0.
1

1.
3
±

0.
1

2.
4
±

0.
1

4
1.

8
±

0.
1

3.
0
±

0.
2

3.
3
±

0.
1

10
.9
±

6.
1

24
.5
±

1.
8

1.
4
±

0.
1

2.
6
±

0.
2

3.
0
±

0.
1

5.
4
±

0.
2

11
.9
±

1.
1

0.
1
±

0.
0

0.
1
±

0.
0

1.
1
±

0.
1

1.
5
±

0.
1

3.
2
±

0.
2

7
2.

0
±

0.
1

3.
1
±

0.
1

3.
5
±

0.
2

13
.1
±

6.
2

25
.2
±

1.
8

1.
6
±

0.
2

2.
6
±

0.
2

2.
9
±

0.
2

6.
2
±

0.
3

14
.0
±

1.
4

0.
1
±

0.
0

0.
1
±

0.
0

1.
4
±

0.
1

1.
5
±

0.
2

3.
7
±

0.
2

14
2.

0
±

0.
1

3.
2
±

0.
1

3.
5
±

0.
2

13
.1
±

2.
4

25
.3
±

2.
0

1.
7
±

0.
2

2.
6
±

0.
2

3.
0
±

0.
2

6.
2
±

0.
4

14
.4
±

1.
3

0.
1
±

0.
0

0.
1
±

0.
0

1.
5
±

0.
1

2.
0
±

0.
3

3.
7
±

0.
3

N
D

:N
ot

de
te

ct
ed

.

66



Polymers 2024, 16, 2796

In the IHNs, following the uptake of aqueous fluid, the micellization of the different
Pluronic block co-polymers and the dissolution of the Pluronic monomers and subsequent
loss from the network in the surrounding aqueous fluid occurred. The retention of various
Pluronic block copolymers within the IHNs was facilitated by both the stability/size of the
micelle and the interaction of the monomers/micelles with the poly(nethacrylates). The
micellization of F127, P123, and L121 did not occur within the IHN xerogels, evidenced
by the lack of an endothermic event at or close to the micellization temperature of the
various Pluronic block copolymers [72]. As the ratio of PPO to PEO of the Pluronic block
copolymers increased ((F127 (0.43) to P123 (2.3) to L121 (9.0)), micellization occurred at
lower concentrations due to increased hydrophobic interactions in the micelle core. Pluronic
loss was investigated at 37 ◦C, a temperature that exceeded the critical micelle temperature
for each Pluronic block copolymer investigated. It is proposed that the greater retention
of Pluronic P123 and L121 within the hydrated IHN is due to their existence within a
stable micelle structure, one that resists destabilisation in the presence of aqueous fluid and
resists monomer diffusion and loss from the network. The loss of Pluronics from p(MAA)
IHNs is further reduced through the chemical interaction of these block copolymers with
the acrylate, as evidenced by spectroscopy studies; however, the contribution of this
phenomenon is relatively limited in comparison to micellization. Interestingly, the loss of
Pluronic P127 from the IHNs was markedly greater than the loss of the other Pluronic block
copolymers and, moreover, the differences in loss between the p(MAA) and p(HEMA) IHNs
were the most pronounced. In p(HEMA) IHNs, the loss of Pluronic F127 was relatively
rapid and micelles were not observed following immersion in Tris buffer for 1 week. This
suggests that, whilst F127 micelles may have formed, these were not stable and, as a result,
F127 monomer was free to diffuse through the network, leading to loss from the IHNs.
The loss of F127 from p(MAA) IHNs was less than from the p(HEMA) IHNs with this
stabilising at approximately 4 days. We showed that F127 micelles were present in p(MAA)
IHNs following storage in Tris buffer for 1 week, at which point stabilisation of F127 loss
had occurred. Therefore, the retention of F127 may be accredited to micelle formation;
however, based on the previous spectroscopic observations, hydrogen bonding between
p(MAA) and F127 may contribute to micelle stabilisation.

4. Conclusions

This manuscript describes novel interpenetrating hydrogel networks (IHNs) composed
of p(HEMA) or p(MAA) and different Pluronic block copolymers (F127, P123, and L121) de-
signed for potential use as medical device biomaterials or as platforms for controlled drug
delivery. There was minimal interaction with the Pluronic block copolymers in p(HEMA)
IHNs, evidenced from Raman spectroscopy and the existence of the individual glass transi-
tion temperatures of the components, determined using differential scanning calorimetry
(DSC) and dynamic mechanical analysis (DMA). As a result, p(HEMA)-Pluronic block
copolymer IHNs may be described as immiscible blends. Conversely, in p(MAA) IHNs,
the ether group on the Pluronic block copolymers and the carbonyl group of p(MAA) inter-
acted, as shown from shifts in their wavelength in both Raman spectroscopy and attenuated
total reflectance–Fourier–transform spectroscopy. The p(MAA) IHNs exhibited a single
glass transition temperature that lay between the two individual network components, the
magnitude of which was dependent on the ratio of p(MAA) to Pluronic block polymers.
Accordingly, these systems may be described as miscible. The physical state of the Pluronic
block polymers within IHN that had been stored in Tris buffer (pH 7.2) for one week was
determined using DSC. With the exception of p(HEMA)/F127 IHNs, each Pluronic block
copolymer was present as micelles, the critical micelle temperature (CMT) being dependent
on the grade of Pluronic block copolymer (decreasing as the ratio of poly(propylene oxide)
to poly(ethylene oxide) increased). In the p(HEMA)/F127 IHNs, the micellization of F127
was not observed. Examination of the loss of each Pluronic block copolymer from the two
networks following storage in Tris buffer showed that F127 and L121 showed the greatest
and lowest loss, respectively. Loss from p(MAA) IHNs was less than from p(HEMA)

67



Polymers 2024, 16, 2796

IHNs. The retention of the Pluronic block copolymers is accredited to their existence as
micelles, the intermolecular bonding and large molecular weight of which suppresses
Pluronic monomer diffusion and subsequent loss from the network. However, given the
greater retention of Pluronic block copolymer p(MAA) IHNs, it may also be concluded that
interactions between each Pluronic block copolymer and p(MAA) significantly contributed
to the stability of the Pluronics within this network. Based on the observations in this study,
notably the stability of several IHNs under aqueous conditions, we are currently assessing
these systems as platforms for medical device biomaterials, particularly for use as urinary
biomaterials where, if combined with bioactive agents, enhanced resistance to infection
may result.
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Abstract: The production of functionally active membrane proteins (MPs) in an adequate mem-
brane environment is a key step in structural biology. Polymer–lipid particles based on styrene and
maleic acid (SMA) represent a promising type of membrane mimic, as they can extract properly
folded MPs directly from their native lipid environment. However, the original SMA polymer is
sensitive to acidic pH levels, which has led to the development of several modifications: SMA-EA,
SMA-QA, and others. Here, we introduce a novel SMA derivative with a negatively charged
taurine moiety, SMA-tau, and investigate the formation and characteristics of lipid–SMA-EA and
lipid–SMA-tau membrane-mimicking particles. Our findings demonstrate that both polymers can
form nanodiscs with a patch of lipid bilayer that can undergo phase transitions at temperatures
close to those of the lipid bilayer membranes. Finally, we discuss the potential applications of
these SMAs for NMR spectroscopy.

Keywords: membrane proteins; membrane mimetics; NMR spectroscopy; SMALP

1. Introduction

Membrane proteins attract the most interest in structural biology, as they may serve
as drug targets for a wide range of severe diseases. However, studies on membrane
proteins are hampered due to the need to place these proteins into an environment closely
resembling the cell membrane. None of the existing high-resolution approaches can work
efficiently in the presence of liposomes, the most adequate membrane mimetic. Therefore,
it is necessary to utilize lipid-containing nanoparticles of relatively small size (a radius
of 2–6 nm is desirable). Several types of such membrane mimetics have previously been
suggested for structural studies, namely, detergent micelles, bicelles, amphipols, and lipid–
protein nanodiscs (LPNs) [1–12], which all have their advantages and drawbacks. Among
the most recent advances in the field, one can highlight so-called SMA–lipid particles,
SMALPs, or lipodiscs [13].

SMA is an amphipathic copolymer of styrene and maleic acid. When added to
liposomes or cell membranes, SMA can extract lipids and form discoidal particles, which
are believed to contain a patch of lipid bilayer [14]. This is an essential advantage of SMA
in comparison to bicelles and LPNs, because SMA can extract the properly folded proteins
directly in their native lipid environment, and no detergent is used [14–22]. At the same
time, SMALPs represent an “open system”, similar to bicelles, and SMALPs can exchange
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their contents upon collision [23]. Additionally, SMA can form nanodiscs of various sizes in
the range of 10–60 nm, and the largest particles can align spontaneously in a strong magnetic
field, which is beneficial for solid-state NMR applications [24,25]. The original SMA
polymer cannot tolerate an acidic pH or the presence of divalent cations [14,26]; therefore,
several modifications to SMA have been introduced (SMA-QA, SMA-EA, SMA-ED, and
many others [27–29]). SMA nanodiscs have been successfully applied in structural studies
using cryo-electron microscopy [4,30–32], and their principal applicability for the NMR
investigation of membrane-anchored soluble domains has been demonstrated [16,33,34].
On the other hand, the possibility of the observation of transmembrane domains has not
yet been shown.

In addition to the general applicability of lipodiscs for structural studies, an essential
question is whether the state of lipids in particles resembles the interior of the cell mem-
brane. The same question stands for other membrane mimetics, including lipid–protein
nanodiscs [35] and phospholipid bicelles [36,37]. One of the major properties of lipid
bilayers is that they undergo phase transitions, and in the case of SMALPs, this property
was investigated for particles formed by the original SMA polymer [38]. It appeared that
polymers with different ratios between styrene and maleic acid affected lipid behavior to
various extents, and the effect was additionally dependent on the contents of the polymer
and lipids [26,27,34]. However, the properties of lipodiscs formed by the modified SMA
analogs were not studied in much detail. Here, we utilize the NMR-based approach that
we previously proposed to investigate the structure of lipid bicelles [36,37,39] and study
the phase transitions, size, and applicability limits of lipodiscs based on the modified
SMA polymers.

2. Materials and Methods

2.1. SMA-EA and SMA-Tau Synthesis

The SMA modifications used in this work were synthesized using previously character-
ized commercially available SMAnh (Sigma-Aldrich, Burlington, MA, USA, Mw = 1900 g/mol,
ratio of styrene to maleic units of 3:1) [40].

To synthesize SMA-EA, SMAnh (1 g, 2.55 mmol) was dissolved in 50 mL of Dimethyl-
formamide (DMF) with stirring. Ethanolamine (311.5 mg, 5.1 mmol) was dissolved in
2 mL of DMF. The solutions were mixed and stirred with magnetic stirrer (5drops-HS-19,
5drops.ru, Moscow, Russia) for 1 h (until the reaction mixture turned light yellow). A
total of 50 mL CHCl3 was added (until the reaction mixture became cloudy and heated).
Then, 30 mL of petroleum ether was added and left to stir for 2 days, during which a white
crystalline precipitate formed. It was filtered under vacuum conditions and freeze-dried
(INEJ-6, Institute for Biological Instrumentation of RAS, Pushchino, Russia). The yield was
30% [41].

To synthesize SMA-tau, 15 mL of distilled DMF was added to SMAnh (300 mg,
0.765 mmol) and stirred for an hour. Taurine (191 mg, 1.53 mmol) and KOH (86 mg,
1.53 mmol) were dissolved in 5 mL distilled water. The solutions were drained and stirred
for two hours. The resulting solution was evaporated on a rotary evaporator (Rotavapor
R-300, Buchi, Flawil, Switzerland). The resulting white crystals were lyophilized. Then,
they were dissolved in 10 mL of water, and dialysis was carried out (the dialysis bag used
allows substances weighing up to 1 kDa to pass through). The bag was placed in a 1 L glass
container and stirred overnight. The yield was 58%.

2.2. Protein Expression and Purification

p75-TM-ICD was expressed in E. coli strain BL21(DE3) in M9 medium. To obtain
the 15N-labeled protein, 15NH4Cl was used. The cells were grown overnight at 28 ◦C in
a shaking incubator (New Brunswick Innova 44R, Eppendorf SE, Hamburg, Germany)
at 250 rpm. Protein expression was induced at OD600 ~ 0.6 by adding isopropyl β-d-
1-thiogalactopyranoside (IPTG) to a final concentration of 0.1 mM, and cultivation was
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continued at 13 ◦C for 36 h. Cells were harvested by centrifugation (H1750R, Cence,
Changsha, China) at 7000× g for 10 min at 4 ◦C and stored at − 20 ◦C for later use.

The protein purification protocol is described in detail in [42]. Briefly, the cells were
lysed in Lys buffer (20 mM Tris, pH 8.0, 250 mM NaCl, 0.2 mM phenylmethylsulfonyl
fluoride, 1 mM EDTA, 10 mM β-mercaptoethanol) by sonication (Bandelin SONOPULS
HD 2200, Bandelin, Berlin, Germany). The lysate was clarified by centrifugation (H1750R,
Cence, Changsha, China) at 14,000× g for 30 min at 4 ◦C, and the membrane fraction
was harvested by centrifugation at 150,000× g for 1 h at 4 ◦C. The precipitate was
resuspended in IMAC buffer (20 mM Tris, pH 8.0, 250 mM NaCl, 10 mM Imidazole,
10 mM β-mercaptoethanol, 0.5 % lauryl sarcosine) and purified by immobilized metal
affinity chromatography using Ni-Sepharose HP resin (GE HealthCare, Chicago, IL,
USA). The fractions containing the target protein were combined, and the protein was
further purified by size-exclusion chromatography (SEC) in SEC buffer (10 mM Tris,
pH 8.0, 100 mM NaCl, 10 mM β-mercaptoethanol, 0.5 % lauryl sarcosine). To prepare
liposomes with p75-TM-ICD, the lipid was added to the protein sample, and detergent
was removed using BioBeads SM2 resin (BioRad, Hercules, CA, USA) [42]. Detergent
removal was monitored by 1H-NMR.

2.3. Lipodisc Preparation

To prepare the lipodisc samples, stock mixtures of lipid MLVs and SMA-EA or SMA-
tau in water were used. Lipid and SMA stocks contained 20 mM phosphate buffer (pH 8)
and 5% D2O. The final concentration of SMA was 1% w/w, and the final concentration
of lipid depended on the desired mass ratio of lipid to SMA, q = masslipid/massSMA.
Samples were incubated in a thermomixer (Thermomixer comfort, Eppendorf SE, Germany,
Hamburg) at 30 ◦C overnight.

To prepare the DMPC/DMPG/SMA samples, lipids were mixed in chloroform and
dried using a centrifugal vacuum concentrator (Savant SPD1010, Thermo Scientific, Waltham,
MA, USA). Next, 100 mM PBS buffer (pH 8) was added to the lipids, and the resulting
mixture was vortexed and supplied with the SMA stock. The final concentration of SMA
was 0.75% (w/w), and the final concentration of lipids was 1.5% (w/w) (individual lipid
concentrations depended on the desired DMPC/DMPG ratio). Samples were incubated in
the thermomixer at 30 ◦C overnight.

To prepare SMALPs containing an E. Coli membrane fraction with p75-TM-ICD, 20 mM
phosphate buffer (pH 8) was added to the membrane fraction, the resulting mixture was
vortexed, and the SMA stock was added afterwards. The final concentration of E. coli lipids
was 0.55% (w/w), and the final concentration of SMA depended on the desired q ratio.
Samples were incubated in the thermomixer at 303 K overnight and centrifuged (Centrifuge
5417 R, Eppendorf SE, Germany, Hamburg) at 25,000× g at 4 ◦C for 120 min.

2.4. Size-Exclusion Chromatography

Size-exclusion chromatography (SEC) experiments were performed on a Superdex 200
Increase 10/300 GL column (GE HealthCare, Chicago, IL, USA). An amount of 500 μL of
the 2% w/w SMA-EA/tau sample or 500 μL of the 2% w/w DMPC/SMA-EA/tau sample
with a lipid/SMA mass ratio of q = 1 was injected into the column. The working buffer
was PBS pH 7.5. The flow rate was 0.5 mL/min.

2.5. Dynamic Light Scattering

Dynamic light scattering (DLS) experiments were performed on a DynaPro instrument
(Wyatt Technology, Santa Barbara, CA, USA) using a 12 μL cuvette. Data were recorded in
25 scans of 5 s each. DLS data were processed using Wyatt Dynamics 6.7.7.9 software. Each
measurement was repeated 3 times, and the mean size distribution was calculated.
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2.6. NMR Spectroscopy
1H diffusion spectra for the DMPC/SMA-EA and DMPC/SMA-tau samples were

acquired on a Bruker Avance 700 MHz spectrometer equipped with a room temperature
triple resonance probe (Bruker, Billerica, MA, USA) using a double-stimulated echo pulse
sequence with the suppression of convection effects and the solvent signal [43]. The
diffusion delay was set to 400 ms.

31P NMR spectra were recorded on a Bruker Avance III 600 MHz spectrometer
equipped with a broadband double resonance probe (Bruker, Billerica, MA, USA). A
single pulse experiment was used, with a π/6 pulse of 4 μs, a relaxation delay of 3 s, and
an acquisition time of 2.7 s, and with broadband WALTZ16 proton decoupling at a field
strength of 1.42 kHz. A pre-acquisition delay of 10 min was used before each experiment to
ensure the equilibrium state of the system.

1H-15N-HSQC spectra of p75-TM-ICD were recorded on Bruker Avance III 800 MHz
and Bruker Avance 700 MHz spectrometers equipped with cryogenic triple-resonance
probes (Bruker, Billerica, MA, USA).

2.7. NMR Data Processing

Diffusion NMR spectra were processed using Wolfram Mathematica software. The
diffusion of DMPC was measured using signals at 0.9 and 1.3 ppm. The dependencies of
DMPC/SMA particle radii on the q ratio were approximated by the ideal bicelle model
with a cylindrical rim:

R(q) = r

(
1 +

q
λ
+

√
q(q + λ)

λ

)
(1)

where R is the SMALP radius, r is the width of the rim, formed by SMA molecules, and λ
is the ratio between the lipid and SMA densities [36].

Based on the ideal bicelle model approximation, the average amount of DMPC
molecules in the NMR-observable particles was estimated using the following formula:

Nlipids =
2π(R − r)2

S0
, (2)

where R is the SMALP radius, r is the width of the rim, formed by SMA molecules, and S0
is the surface area of a single DMPC polar headgroup (was taken equal to 0.6 nm2 [44]).

To determine the chemical shifts, signals in the 31P spectra were deconvoluted using
the Lorentzian lineshapes and nonlinear regression in Wolfram Mathematica software. The
temperature dependence of the chemical shift was approximated by the following function:

δ(T) = (a1T + b1)
Exp[c(d − T)]

1 + Exp[c(d − T)]
+ (a2T + b2)

Exp[c(T − d)]
1 + Exp[c(T − d)]

(3)

the inflection point of this function was calculated to determine the temperature of the
phase transition.

3. Results

Our approach is based on three major techniques. First, by studying the depen-
dence of particle size on the lipid/polymer ratio, q, we tested different models of the
SMALP structure [36]. Second, we used 31P NMR spectroscopy to monitor the lipid phase
transitions in the SMALPs [37]. Finally, using a model membrane protein, we analyzed
the prospects of lipodiscs for solution NMR [42,45–47]. These three steps were taken to
study the nanodiscs composed of two SMA-based polymers, modified with ethanolamine
(SMA-EA) and taurine moieties (SMA-tau) (Figure 1). The ability of the SMA-EA copoly-
mer to form lipodiscs of defined sizes, which can be controlled by adjusting the q ratio,
makes it one of the most versatile SMA polymers [41]. The SMA-tau modification, a
novel analog of SMA-EA in which the hydroxyl group is replaced with sulfonic acid,

75



Polymers 2024, 16, 3009

has not been proposed previously and is introduced in this study for the first time. We
hypothesized that this modification could increase the solubility and monodispersity of
SMA and SMA-based lipodiscs due to the double-negative charge on the modified maleic
acid groups.

 

Figure 1. The chemical structure of SMA and its modifications SMA-EA and SMA-tau.

3.1. SMA-EA and SMA-Tau Form SMA–Lipid Particles

As previously reported, SMA forms particles with lipids [48]. Therefore, the first step
of our work was to estimate the size distribution of lipodisc particles and to find out if the
particles are suitable for solution NMR studies. We used size-exclusion chromatography
(SEC) and compared the profiles of pure SMA-EA and SMA-tau (derivatives hereafter
referred to as SMA) and their aggregates with DMPC lipids (Figure 2a). First, the elution
volumes for the main peaks of SMA-EA and SMA-tau correspond to particles with a mass
of about 40 kDa. At the same time, the SMA-EA profile is highly asymmetric and has a
wide dispersion. This indicates an oligomerization of SMA-EA in solution, which is in
agreement with previously reported data, where the formation of micellar species was
observed [48]. Secondly, the profiles of the DMPC/SMA samples are shifted to the left
and show a narrower, distinct peak in contrast to pure SMA. This indicates the formation
of mixed massive DMPC/SMA particles with almost all SMA molecules being in the
lipid-bound state. Based on the column calibration (Figure 2a), the molecular weight of the
DMPC/SMA particles (1:1, w/w) exceeds 150 kDa, which corresponds to the expected size
of lipodiscs (~5 nm in radius).

We analyzed the size of DMPC/SMA particles using dynamic light scattering (DLS)
and NMR spectroscopy (Figure 2b–d). The results are consistent with the data provided
by SEC. The peak fractions of the DMPC/SMA-EA and DMPC/SMA-tau mixtures consist
of particles with average radii of 5.22 ± 0.05 and 4.33 ± 0.04 nm measured by DLS and
of 4.36 ± 0.03 and 4.12 ± 0.06 nm measured by NMR. At the same time, it should be
noted that there are some discrepancies in the values obtained by the different methods.
We believe that this is explained by the fact that in NMR, larger particles contribute less
to the signal, whereas in DLS, larger particles contribute more. Thus, there is most likely
a particle size distribution in the sample, with the center lying between the DLS and
NMR values.

In conclusion, SMA-EA and SMA-tau are able to interact with lipids and form particles
with a size of ~10 nm, which corresponds to conventional lipid–protein nanodiscs used in
solution NMR spectroscopy [49].
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Figure 2. Size of SMA and SMA–lipid particles. (a) SEC profiles of SMA-EA (dashed blue line),
DMPC/SMA-EA (blue line), SMA-tau (dashed red line), and DMPC/SMA-tau (red line) samples.
(b) Distribution of radii for DMPC/SMA-EA (blue bars) and DMPC/SMA-tau (red bars) samples
at 303 K obtained by DLS. The DMPC/SMA ratio in all cases was 1:1 (w:w). (c) Average radii
of DMPC/SMA-EA (blue bar) and DMPC/SMA-tau (red bar) particles measured by DLS and
NMR (blue and red dashed lines, respectively). (d) Average mass of DMPC/SMA-EA (blue bar)
and DMPC/SMA-tau (red bar) measured by DLS compared to SEC data (blue and red dashed
lines, respectively).

3.2. SMA-EA and SMA-tau Nanoparticles Reveal Bicelle-Like Behavior

To control the size and evaluate the morphology of the particles at typical working
temperatures, we examined the sizes of DMPC/SMA-EA and DMPC/SMA-tau particles
as a function of the DMPC/SMA w/w ratio, q, using the NMR diffusion measurements
as described previously [43]. Since NMR diffusion measurements are less demanding in
terms of sample preparation, and are more accurate and reproducible than the DLS, we
continued our study with NMR as the main approach. The dependence of the average
SMALP hydrodynamic radii on q for the DMPC/SMA-EA and DMPC/SMA-tau samples
at 303 K and 313 K is shown in Figure 3.

For both DMPC/SMA-EA and DMPC/SMA-tau, the average lipodisc radius grows
with increasing lipid content in the samples, similar to phospholipid bicelles. With this in
mind, we applied the ideal bicelle model to describe the obtained dependence [36,50]. The
ideal bicelle model is an equation that relates the size of the particle to the composition of
the mixture, assuming the complete separation of the components within the particle, and
can generally be applied to any type of discoidal aggregate. For SMA mixtures, we used the
model that assumes a cylindrical shape of the lipodisc rim, which has two parameters: rim
thickness and the ratio of the volumes that are occupied by the disc and rim molecules [36].
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According to this analysis, SMA-EA forms a rim as thick as 2.8 nm at 303 K and 2.5 nm at
313 K, and SMA-tau forms rims of 3.0 and 2.7 nm at 303/313 K, respectively (Table S1).

 

Figure 3. Dependencies of the lipid–SMA particle radii on q (a) obtained at 303 K and (b) at 313 K. Blue
and red lines correspond to the data for DMPC/SMA-EA and DMPC/SMA-tau samples, respectively.
Dashed lines correspond to their approximation by the ideal bicelle model with a cylindrical rim.
Sample buffer contained 20 mM NaPi, pH 8.

Based on the ideal bicelle model approximation, the calculated average number of
lipid molecules per SMA-EA particle increased from 9.0 to 96.3 in the q range of 0.2 to 1.2
at 313 K. The average number of lipid molecules per SMA-tau particle increased from 3.3
to 50.7 at 313 K in the q range of 0.2 to 1.6 (Figure S1). Therefore, the DMPC/SMA-EA
samples demonstrate a more rapid increase in lipid number compared to DMPC/SMA-tau,
with a ratio of over twofold at q = 1.0 at both 303 K and 313 K, for instance.

It is noteworthy that, in contrast to bicelles, the DMPC/SMA-EA samples exhibit pro-
nounced temperature-dependent behavior. The SMA-EA–lipid particles are substantially
larger at higher temperatures, which could be an undesired effect for the NMR applications.
Like bicelles, DMPC/SMA-EA particles deviate from the ideal bicelle model starting from
a specific SMA/lipid ratio, a phenomenon not observed in DMPC/SMA-tau mixtures [36].

We also tested how pH, ionic strength, and volume fraction of SMALPs affect lipodisc
radius. Changes in pH moderately affected the DMPC/SMA-EA particles. An increase
in pH from 7.0 to 8.0 resulted in an expansion of the particles, reaching 14% at 303 K and
20% at 313 K (Figure S2a). These changes can be attributed to the differing charges of
the polymers present in the rim. Interestingly, the radii of the DMPC/SMA-tau particles
remained almost unaffected. The addition of NaCl up to 100 mM had no pronounced
effect on the DMPC/SMA-EA particle radii (Figure S2b). These particles showed moderate
growth (~8% at 303 K and ~12% at 313 K), with an increase in volume fraction from 1.5% to
3% (Figure S2c).

To summarize, the radii of DMPC/SMA-EA and DMPC/SMA-tau particles behave
similarly to bicelles and can be analyzed using the ideal bicelle model [36]. This model
reveals that the SMA molecules form a thick rim, and the fraction of the volume oc-
cupied by the SMA in the SMALP particle is greater than the fraction occupied by the
lipid for the q values considered. One might even wonder whether the lipid packing in
SMALPs is disturbed and whether the properties of the lipids are similar to those in lipid
bilayer membranes.

3.3. Phase Transitions in SMA Nanoparticles Reveal the Presence of Lipid Bilayer

Phase transition is a fundamental property of a lipid bilayer. Therefore, the study of
such transitions in lipid–SMA samples would allow us to conclude whether lipodiscs mimic
the properties of lipid bilayers. For this purpose, we analyzed the temperature-dependent
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behavior in the 31P NMR spectra of the lipid–SMA samples. The presence of inflection
in the temperature–chemical shift dependence plots indicates the process of lipid phase
transition [37].

Temperature dependencies of the DMPC 31P chemical shift for the DMPC/SMA-EA
samples with q 0.3, 0.6, and 1.0 and DMPC/SMA-tau samples with q 0.6, 1.0, and 1.6 are
shown in Figure 4a,b. No inflection is observed in the plots until the q value is higher than
0.6 in the case of the DMPC/SMA-EA samples and 1.0 in the case of the DMPC/SMA-tau
samples, and this inflection is more pronounced at higher q values, which allows us to
determine the critical temperatures of the phase transitions (Table S2, Figure 4d, Figure S3).
Furthermore, the DMPC/SMA plots are similar to those observed for the DMPC/DHPC
bicelles and lipid–protein nanodiscs [37] (Figure 4c).

 

Figure 4. Analysis of chemical shifts in 31P spectra at different temperatures. Temperature depen-
dence of chemical shifts for (a) DMPC/SMA-EA samples and (b) for DMPC/SMA-tau samples (c).
Temperature dependence of chemical shifts for DMPC/SMA samples with DMPC/DHPC bicelles and
lipid-protein nanodiscs (LPNs); (d) Phase transition temperatures for DMPC/SMA-EA, DMPC/SMA-
tau, and LPNs compared with available data for DMPC in a lipid bilayer (dashed line) [51].

The next step of the work was to study lipodiscs with alternative lipid compositions
in order to simulate various properties of the lipid bilayer, such as thickness or charge
(Figure 5). For this purpose, 31P NMR spectra were obtained for POPC/SMA-EA (q = 1.5),
DPPC/SMA-EA (q = 1.5), DMPC/DMPG/SMA-EA, and DMPC/DMPG/SMA-tau (q = 2)
at various DMPC/DMPG ratios (60/40, 70/30, and 80/20).
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Figure 5. Phase transition temperatures of (a) DMPC and (b) DMPG in DMPC/DMPG/SMA-EA
and DMPC/DMPG/SMA-tau samples compared to literature data for DMPC and DMPG bilayers
(dashed lines) [51].

First, no phase transition was observed in the POPC/SMA-EA particles (Figure S4a).
This is consistent with the fact that the phase transition temperature of POPC is below
the water melting point [52]. For the DPPC/SMA-EA samples, the phase transition was
observed at 311.3 ± 1.2 K, which is also in agreement with the higher phase transition
temperature reported for DPPC bilayers [53] (Figure S4a, Table S2).

For the DMPG-containing samples, changes in the DMPC/DMPG ratio as well as
the choice of SMA modification did not reveal a significant effect on the phase transition
temperature (Figures 5 and S5b, Table S2).

Thus, phase transitions reveal the presence of a lipid bilayer in the particles with a suf-
ficiently high lipid/SMA ratio. The phase behavior of different lipids in SMALPs is similar
to the behavior of these lipids in bilayer membranes; therefore, the properties of the lipids
are likely to be retained to a certain extent in the lipid–SMA particles under investigation.

3.4. Effect of the SMA Rim on Membrane Protein

So far, we have demonstrated that the tested SMALPs exhibit bicelle-like behavior
and contain a patch of lipid bilayer that undergoes phase transitions [36,37,39], which is
observed in the q range of 0.6–1.4 for SMA-EA and 1.0–1.6 for SMA-tau.

As a final step, we investigated the applicability of SMA-EA and SMA-tau lipodiscs as
membrane mimetics for membrane proteins. As a model protein, we selected a fragment of
the human p75 receptor, comprising the transmembrane and intracellular domains (p75-
TM-ICD). NMR spectra of this protein have been previously obtained in various mimetics:
bicelles, LPNs, and liposomes [42,45–47]. Furthermore, this protein is trafficked to the
E. coli membrane during expression, allowing us to test the ability of SMA to extract the
protein from the membrane.

We prepared protein-containing SMALP samples by extracting p75-TM-ICD from
either POPC liposomes or the E. coli membrane fraction (MF), recorded the 1H-15N-HSQC
NMR spectra (Figures 6 and S5), and compared them with spectra of the same protein
obtained directly in liposomes or the membrane fraction.

In the initial spectra of p75-TM-ICD (Figure 6a,c), the signals of the mobile ICD domain
are observed. The TMD signals are broadened and invisible because TMD is embedded in
the large lipid particles (liposomes or membrane vesicles). The addition of SMA-EA to the
protein in POPC at q = 1.3 resulted in a dramatic decrease in signal intensity (Figure 6b).
The addition of SMA-EA to the protein in MF at q = 2.0 left the intensity unchanged
(Figure 6c,d), but further addition of SMA to q = 1.5 also resulted in a significant decrease
in intensity (Figure 6e). Unlike SMA-EA, the addition of SMA-tau resulted in signal loss at
both q = 2.5 and q = 1.5 (Figure S5d,e).
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Figure 6. 1H-15N-HSQC spectra of p75-TM-ICD in different membrane mimetics: (a) in POPC
liposomes; (b) in POPC/SMA-EA at q = 1.3; (c) in E. coli membrane fraction (MF); (d) in MF/SMA-
EA at q = 2.0; (e) in MF/SMA-EA at q = 1.5; (f) relative change in cross-peak intensities in the
1H-15N-HSQC spectra of p75-TM-ICD after the SMA-EA addition.

The observed effect of intensity decrease upon SMA addition could be caused either by
protein precipitation (since the effect is proportional to the amount of SMA added) or by the
interaction between the ICD domain and SMA molecules. To test the first hypothesis, we
compared the intensities of the signal corresponding to the amino group of the C-terminal
residue before and after SMA addition. The intensities of this signal remained weakly
affected (Figure S5a), ruling out protein precipitation. Therefore, we assume that there are
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transient interactions between the ICD domain and SMA molecules, leading to a decrease
in ICD mobility.

To quantitatively assess the immobilization of the ICD, we calculated the average
decrease in NMR cross-peak intensity of the protein amide groups. The values were
normalized to the intensity of the C-terminal amide group signal and plotted in Figure 6f.
In the case of the MF/SMA-EA sample, at q = 2.0, almost no intensity decrease is observed
after SMA addition compared to q = 1.5, where signal intensities decreased twofold. In
contrast, in the case of MF/SMA-tau, there is no significant difference in spectral quality
for either q value (Figure S5d,e).

To summarize, we show here that both SMA-EA and SMA-tau can efficiently ex-
tract MPs from liposomes and cell membranes; however, the quality of the NMR spectra
could be strongly affected by the protein–SMA interaction, as previously shown for SMA
derivatives [34].

4. Discussion

The search for membrane mimetics that sufficiently reproduce the native membrane
environment of MPs and at the same time are compatible with NMR, X-ray crystallography,
and CryoEM remains a relevant task of modern structural biology. Bilayer-containing
discoidal particles, bicelles and LPNs, have proven to be a suitable choice in several
cases [1–12], but they have a number of disadvantages and limitations, including non-
specific affinity, e.g., for water-soluble proteins. Therefore, the expansion of the existing
set of available membrane mimetics is essential for the structural biology of membrane
proteins. Analysis of the physical and chemical properties characteristic of hydrophobic
particles formed in membrane mimetic solutions is also important to understand the
limits of their applicability and to rationally select the mimetic for a particular membrane
protein. In the current work, we applied the methodology previously developed in our
group to investigate small isotropic bicelles [36,37,39] to study the structure and physical
properties of SMALPs, a recently introduced and actively developed type of membrane
mimetic [13,14,26,27,54–56].

First, we proposed the novel SMA derivative, SMA-tau. The polymer carries a nega-
tively charged taurine moiety, an addition to the carboxyl group of SMA, which makes it a
unique dianion in the set of available SMA variants [27–29]. We investigated the formation
and properties of lipid–SMA-EA and lipid–SMA-tau membrane-mimicking particles. These
SMALPs form particles with molecular weights greater than 150 kDa, which is similar
to conventional lipid–protein nanodiscs. Using diffusion and 31P NMR in solution, we
have shown that the lipid–SMA particles exhibit bicelle-like behavior, and their structural
parameters can be obtained from the ideal bicelle model [36]. Both SMAs form a rim that is
at least two times thicker than the detergent rim of commonly used bicelles and three times
thicker than the rim thickness of lipid–protein nanodiscs [57]. At the same time, the data
obtained here differ from the values presented in previous works [58–62]. According to the
measurements obtained by SANS/SAXS methods, the rim thickness varies in the range of
0.6–1.8 nm depending on the SMA modification. This discrepancy can be explained by one
of the following possibilities: (1) the SMA derivatives obtained here form a special rim that
is different from the previously studied SMA; (2) the packing is highly dependent on the
q parameter and the ideal bicelle model we used does not describe this system correctly;
(3) the double-cylinder model used to process the SAXS data does not allow obtaining
the correct rim thickness values due to the smooth transition between the disk and rim
areas of the particles. Considering that the SMA-EA modification has been characterized
previously, the problem is most likely explained by the inaccuracy of one of the models.
Nevertheless, the studied SMALPs contain a lipid bilayer patch that can undergo phase
transitions at temperatures close to those of lipid bilayer membranes [51–53].

Next, we employed SMA-EA and SMA-tau to extract a fragment of the p75 receptor
from POPC liposomes and the membrane fraction of E. coli cells. The extraction was
successful to some extent; however, we observed undesired interactions between the water-
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soluble domains of p75 and the SMA rim of the lipodiscs, and similar effects were previously
found for the modified SMA lipodiscs and cytochrome p450 [34]. These interactions were
stronger in the case of SMA-tau, making the protein almost unobservable in the NMR
spectra. We believe that there are some non-specific interactions between the soluble
domain of p75 and SMA. Higher values of q correspond to larger bilayer sizes, resulting in
a reduced probability of the contact between the p75 intracellular domain and the SMA
rim. This explains why we observed a decrease in signal intensity as the q value decreased.
Thus, we can provide additional evidence that the properties of the SMA rim are extremely
important for the solubilization of the membrane proteins under investigation. In this
regard, the introduction of SMA-tau could be a valuable development. For the particular
case of p75NTR, SMA-tau does not provide a significant improvement over SMA-EA;
however, the situation may be different for the other proteins. Therefore, the introduction
of SMA-tau, with its unique physical and chemical properties, expands the existing palette
of SMA derivatives and may be useful for structural studies of other membrane proteins
with different molecular surface properties. In addition, the overall smaller size of SMA-
tau–lipid particles compared to SMA-EA particles formed at the same q is potentially
advantageous for NMR applications.

SMALPs have numerous advantages over micelles, bicelles, and LPNs. They allow
avoiding the use of detergents that can unfold the target protein [14–22]. Moreover, SMA
polymers can extract the protein directly from lipid membranes, preserving the native
lipid environment. The properties of SMA polymers can be altered by various covalent
modifications to adapt to different pH values. SMALPs have demonstrated their appli-
cability in a number of studies of membrane proteins by CryoEM [30–32]. However, as
with other membrane mimetics, SMALPs have their drawbacks and limitations, especially
when it comes to their application for the needs of solution NMR spectroscopy. As we
have found here, the size of SMA-EA SMALPs depends on the temperature, which is an
undesirable phenomenon, considering that the object size is an important parameter that
defines the quality of NMR spectra. Furthermore, for the low q values (<0.6 for SMA-EA
and <1.0 for SMA-tau), where the relatively small particles are formed, we did not observe
any phase transitions, indicating that the environment provided by these particles is far
from native. Conversely, at high q values (>1 for SMA-EA and SMA-tau), excessively
large particles were found, which are not applicable for solution NMR. Furthermore, the
experiments with the p75 protein revealed that the ICD domain can interact non-specifically
with the rim. Thus, although these SMA polymers have all the properties of beneficial
membrane mimetics, their use in solution NMR is limited and varies with the system under
investigation. Screening experiments are necessary for each particular protein.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/polym16213009/s1, Table S1: Parameters of approximation
DMPC/SMA R(q) dependencies using ideal bicelle model with cylindrical rim; Table S2: Phase
transition temperatures in studied lipid–SMA samples; Figure S1: Number of lipid molecules at
different q values in observed DMPC/SMA-EA and DMPC/SMA-tau particles estimated with ideal
bicelle model; Figure S2: (a) Radii dependence on pH for DMPC/SMA-EA at q = 1.0 (w/v = 3%)
and DMPC/SMA-tau at q = 1.0 (w/v = 3%) samples at 303 K and 313 K, (b) radii dependence on
NaCl concentration for DMPC/SMA-EA q = 1.0, pH = 7.0 samples at 303 K and 313 K, (c) radii values
for DMPC/SMA-EA q = 1.0, pH = 7.0, w/w 3% and 1.5% samples at 303 K and 313 K; Figure S3:
Temperature dependence of chemical shifts in 31P spectra for DMPC/SMA-EA (a) and DMPC/SMA-
tau samples (b); Figure S4: Temperature dependence of chemical shifts for (a) POPC/SMA-EA and
DPPC/SMA-EA (q = 1.5) and (b) for DMPC/DMPG/SMA-EA and DMPC/DMPG/SMA-tau samples
(q = 2) at DMPC/DMPG ratios of 60/40, 70/30, and 80/20; Figure S5: 1H-15N-HSQC spectra of
p75-TM-ICD in different membrane mimetics.
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Abstract: The main purpose of this study is to prepare a melamine aniline formaldehyde foam,
an MAF copolymer, with lower water sensitivity and non-flammability properties obtained by the
condensation reaction of melamine, aniline, and formaldehyde. In addition, the preparation of MAFF
composites with organoclay reinforcement was determined as a secondary target in order to obtain
better mechanical strength, heat, and sound insulation properties. For the synthesis of foams, the
microwave irradiation technique, which offers advantages such as faster reactions, high yields and
purities, and reduced curing times, was used together with the heating technique and the effect of
organoclay content on the structural and textural properties of foams and both heat insulation and
mechanical stability was investigated. Virgin melamine formaldehyde foam, MFF, melamine aniline
formaldehyde foam, MAFFF, and melamine aniline formaldehyde–organoclay nanocomposite foams
prepared with various organoclay contents, MAFOCFs, were characterized by HRTEM, FTIR, SEM,
and XRD techniques. From spectroscopic and microscopic analyses, it was observed that organoclay
flakes could be exfoliated without much change in the resin matrix with increasing clay content. In
addition, it was determined that aniline formaldehyde, which is thought to enter the main polymer
network as a bridge, caused textural changes in the polymeric matrix, and organoclay reinforcement
also affected these changes. Although the highest compressive strength was obtained in MAFOCF5
foam with high organoclay content (0.40 MPa), it was determined that the compressive strengths
in the nanocomposites were generally quite high despite their low bulk densities. In the prepared
nanocomposite with 0.30% organoclay content (MAFOCF2), 0.33 MPa compressive strength and
0.051 thermal conductivity coefficient were measured. For virgin polymers and composites, bulk
density, thermal conductivity, and compressive strength values were determined in the order of
magnitude as MFF > MAFOCF1 > MAFOCF5 > MAFOCF6 > MAFF > MAFOCF3 > MAFOCF2 >
MAFOCF4; MFF > MAFF > MAFOCF6 > MAFOCF5 > MAFOCF1 > MAFOCF4 > MAFOCF3 >
MAFOCF2 and MAFOCF5 > MAFOCF4 > MAFOCF2 > MAFF > MAFOCF6 > MFF > MAFOCF1
> MAFOCF3. As a result, both compressive strength and thermal conductivity values indicate that
nanocomposite foam with 0.20 wt% organoclay content can be a promising new insulation material.

Keywords: melamine formaldehyde; aniline formaldehyde; melamine aniline formaldehyde;
organoclay; polymer nanocomposite; foam; thermal insulation; compressive strength

1. Introduction

Properties such as crack resistance, ductility, and thermal stability of thermoset resins,
which exhibit hardness, brittleness, and low toughness due to excessive crosslink den-
sity, can be improved by adding various reinforcements such as nanofillers and -fibers
and using the copolymerization process [1–4]. However, nanomaterials and -fibers in
particular can easily agglomerate due to their high specific surface area fibrous structures,
and preventing their agglomeration is extremely important for their effective adhesive

Polymers 2024, 16, 3578. https://doi.org/10.3390/polym16243578 https://www.mdpi.com/journal/polymers87



Polymers 2024, 16, 3578

interactions with polymer molecules [4–8]. Melamine formaldehyde (MF) resins, which
have excellent thermal stability and high aging resistance, have advantages such as low
cost and versatile usability as leather tanning and coating material, as well as high flame
retardancy, advanced sound and heat insulation, low density, and high void volume [9,10].
They have higher application potential compared to traditional organic foams in fields
such as construction, transportation, and aviation. Melamine formaldehyde prepolymers
need to be cured by heating to gradually connect the existing oligomers with methylene
and ether bridges to form a three-dimensional network structure. On the other hand,
reinforcements such as nanoparticles and -fibers and different polymers have the ability to
form a steric barrier against the proximity of triazine rings in the melamine formaldehyde
polymer network. In particular, nanoparticles added at very low rates and uniformly
dispersed in the polymeric matrix can absorb some of the impact energy generated by an
external force and thus provide increased strength. In order to provide superior properties
such as high strength, high thermal insulation performance, good wettability, high thermal
stability, toughness, flame retardancy to melamine formaldehyde resins, clay minerals,
various oxides, carbon nanotubes, graphite nanofillers, and cellulose nanofibers, oxide
nanoparticles such as SiO2, ZnO, Al2O3, and TiO2 and metals such as Fe and Ni are widely
used as reinforcements. In particular, organo-montmorillonite produced from montmoril-
lonite clay, which has the advantages of low cost, abundance and prevalence, high aspect
ratio, and excellent particle–surface interaction potential, can significantly improve the
thermal and chemical stability and processability of thermosets [7,11–20]. On the other
hand, the addition of flexible short-chain polymers such as starch, carbon fiber, polyvinyl
alcohol, and polyurethane to melamine formaldehyde resin, which is highly brittle due
to its molecular structure containing a large number of triazine rings and short flexible
carbon chains, is also a common modification process. It has been observed that modified
rigid closed-cell resins, whose flexibility is increased by increasing the flexible chain length
between triazine rings, can exhibit better compressive strength, flexural strength, cellular
structure integrity, thermal insulation performance, and flame resistance compared to
unmodified melamine formaldehyde foams. Modifiers, which generally contain various
functional groups that can react with hydroxy methyl groups or amino groups, can create
less crosslink density than methylene linkage by forming links between triazine rings
and thus increase the flexibility of the resin network [21,22]. There are many studies on
various copolymers synthesized by condensing a mixture of phenol or various amines and
formaldehyde [23,24]. These modified and copolymer resins have practical applications in
many fields such as electronics, insulation materials, protective adhesives, and aerospace
industries due to their high thermal stability, heat and chemical resistance, and electrical in-
sulation properties. Melamine and aniline formaldehyde resins are well-known thermoset
resins, and the most obvious advantage of aniline formaldehyde over melamine formalde-
hyde is its high resistance to water. Therefore, the presented study aims to characterize the
surface morphological, structural, and textural properties of a new foam, both a terpolymer
foam synthesized from melamine, formaldehyde, and aniline (MAFF) and its organoclay
nanocomposite foams (MAFOCFs) with different organoclay ratios, and to investigate their
thermal insulation behaviors and mechanical stability.

2. Materials and Methods

2.1. Materials

Raw montmorillonite (MMT), supplied from Karakayalar A.Ş. in Çankırı province,
Turkey, with a specific surface area of 64.2 m2/g and X-ray Fluorescence (XRF) composition
given in Table 1, was used for the synthesis of organo-montmorillonite (OMMT) to be used
in the preparation of nanocomposites [25].
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Table 1. X-ray Fluorescence (XRF) chemical compositions of montmorillonite (MMT).

Component (%)

SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 SO3 Other

59.32 17.19 5.95 3.63 2.21 1.68 0.97 0.74 0.51 7.81

Melamine, aniline (99.5% wt.), formaldehyde (37% wt.), NaOH, acetic acid, Tween 80, a
nonionic surfactant (polyoxyethylene (20) sorbitan monooleate), and analytical-grade glyc-
erin (all supplied by Merck KGaA, Darmstadt, Germany) were used to prepare melamine
formaldehyde (MFF), melamine aniline formaldehyde (MAFF) and composite foams
(MAFOCFs). In addition, gasoline, a mixture of isooctane, butane, and 3-ethyltoluene
used for foaming, was also supplied by a local gas station.

2.2. Method
2.2.1. Organoclay Synthesis

Montmorillonite (MMT), a cationic surfactant, cetyltrimethylammonium bromide, and
CTAB (Merck Co.) suspensions, a hydrocarbon material that is a product of petroleum
refining and some of the properties of which are given in Table 2, were used to prepare
organoclay using the solution intercalation method [25]. The procedure applied for the
synthesis of organo-montmorillonite (OMMT) is the same as in our previous work.

Table 2. Some characteristics of the hydrocarbon material [25].

Density
(15 ◦C), kg/m3

Calorific
Value MJ/kg

Flash Point ◦C
Water by

Distillation, wt. %
C H N S Ash

990.70 42.74 105.80 0.10 83.40 11.90 0.80 1.50 0.03

2.2.2. Preparation of Melamine Formaldehyde Prepolymer (MF), Melamine Aniline
Formaldehyde Prepolymer (MAF), and MAF–Organoclay Nanocomposites

A mixture of melamine, aniline (99.5 wt%), and formaldehyde (37 wt%) (mass ratio:
0.67:0.02:0.31) was placed in a flat-bottomed flask equipped with a thermometer and
cooling equipment and heated with stirring at approximately 60 ◦C until a clear solution
was obtained. Then, the pH of the mixture was adjusted to 8.5 with a concentrated
NaOH solution and refluxed at approximately 95 ◦C for 1 h. After neutralization using
concentrated acetic acid, the prepolymer containing 1.0 wt% glycerin, 1.0 wt% Tween 80,
and 6.0 wt% gasoline was mechanically stirred for homogenization. Virgin melamine
formaldehyde resin (MF) was also prepared by the same procedure using melamine and
formaldehyde (37 wt%) in a mass ratio of 0.68:0.32. In the preparation of resin–organoclay
nanocomposites by in situ synthesis, organoclay was added to the flask containing other
components at weight ratios of 0.10, 0.15, 0.20, 0.30, 0.40, and 0.45%. For the foaming
process, mixtures with and without organoclay reinforcement were exposed to microwave
radiation in a microwave oven for 2 min in a suitable container. Finally, the mixtures were
placed in a modular aluminum mold of 10.0 cm × 10.0 cm × 1.0 cm and heated in an oven
at 140 ◦C for 1 h. The samples were prepared in duplicate. The compositions and codes of
virgin MFF and MAFF and MAFOCFs are presented in Table 3.
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Table 3. Codes and compositions of virgin MFF and MAFF and MAFOCF1-6 foams.

Sample No. Sample Code
Organoclay

wt. %

1 Melamine formaldehyde foam
MFF -

2 Melanin aniline formaldehyde foam
MAFF -

3 Melamine aniline formaldehyde–organoclay
nanocomposite foam1 MAFOCF1 0.10

4 Melamine aniline formaldehyde–organoclay
nanocomposite foam2 MAFOCF2 0.15

5 Melamine aniline formaldehyde–organoclay
nanocomposite foam3 MAFOCF3 0.20

6 Melamine aniline formaldehyde–organoclay
nanocomposite foam4 MAFOCF4 0.30

7 Melamine aniline formaldehyde–organoclay
nanocomposite foam5 MAFOCF5 0.40

8 Melamine aniline formaldehyde–organoclay
nanocomposite foam6 MAFOCF6 0.45

2.2.3. Spectroscopic and Microscopic Analyses and Measurements of Compressive
Strength and Thermal Conductivity

Structural, crystallographic, and textural characterization of virgin MFF foam, virgin
MAF foam, and MAF–organoclay nanocomposite foams were performed using spectro-
scopic techniques such as XRD and FTIR and microscopic techniques such as HRTEM
and SEM.

XRD diffractograms for the prepared samples were obtained using a PANalytical
Empyrean X-ray diffractometer with Cu Ka (1540 Å) radiation operating at 5 kV and 40 mA
for 2 h in the 9–90◦ range and a scan rate of 4/min (Malvern Panalytical Ltd., Malvern, UK).

FTIR spectra were obtained using a Vertex 70 V FTIR spectrometer with a mid-IR
ceramic source in the range of 4000 to 400 cm−1, an average of 100 scans, and a resolution
of 1 cm−1 (Bruker Optics Inc., Billerica, MA, USA).

HRTEM images of the samples were taken using a HITACHI HT7700 high-resolution
transmission electron microscope (LaB6 filament) operating at 120.0 kV (Hitachi Ltd.,
Tokyo, Japan).

SEM (FEI-INSPECT S50 model) at 30 kV was used to take SEM patterns of virgin MFF,
virgin MAFF, and MAF–organoclay nanocomposite foams.

To measure the compressive strength of virgin MFF and MAFF and MAFOCFs, a universal
testing machine (Zwick/Roell) was used according to the DIN ISO 844:2009-10 standard [17,20].

A thermal conductivity meter (Quick Thermal Conductivity Meter QTM-500, Minami-
ku, Kyoto, Japan) with a probe consisting of a single heating wire and a thermocouple
was used to measure the thermal conductivity coefficients of virgin MFF and MAFF
and MAFOCFs. The sample thickness was 8.0 mm, and the measurements were made
in duplicate.

3. Results and Discussion

3.1. Textural Structure Analysis of Melamine Formaldehyde Foam (MFF), Melamine Aniline Foam
(MAFF), and Melamine Aniline Copolymer Organoclay Nanocomposite Foams (MAFOCFs1-6)

For the textural characterization of melamine formaldehyde foam (MFF), melamine
aniline copolymer foam (MAFF) foam, and melamine aniline copolymer organoclay
nanocomposite foams (MAFOCFs1-6) prepared with various organoclay contents, HRTEM
images are given in Figure 1.
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Figure 1. Cont.
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Figure 1. HRTEM images of virgin melamine formaldehyde foam (MFF) (a), virgin melamine aniline
co-polymer foam (MAFF) (b), and melamine aniline copolymer organoclay nanocomposite foams
(MAFOCFs1-6) (c–h).
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From Figure 1a, it can be seen that in virgin MFF, the aggregated resin microspheres
interact with each other and form a cluster-like growth in three dimensions. This was
associated with the emergence of micro water vapor bubbles by the use of microwave
irradiation before curing by heating. From Figure 1b, it can be seen that in virgin MAFF,
a relatively planar structure emerges, reflecting the formation of aniline–formaldehyde
bridges, which probably cause the triazine rings to be more distant from each other, as
well as the presence of more effective particle interactions, compared to virgin MFF. The
images of the composites prepared with various organoclay contents in Figure 1c–h show
that increasing the organoclay content produces more pronounced textural changes com-
pared to virgin MAFF, and the appearance of organoclay platelets, depicted as dark lines.
From Figure 1d, it can be seen that despite the organoclay platelets tending to partially
aggregate, they are predominantly exfoliated, resulting in a textural structure with different
topographic forms. In Figure 1e,f, it is seen that, despite the higher organoclay contents,
the organoclay platelets are almost completely exfoliated, which leads to the emergence of
a more regular structure and a more planar appearance of the topographic forms. This situ-
ation is explained by the fact that aniline formaldehyde groups are included in the network
in the form of bridging in the formation of the melamine formaldehyde polymeric network,
thus causing the planar structure to dominate, in contrast to the possibility of increasing
bending capabilities. In the images of the composites with higher organoclay contents
(MAFOCF5 and MAFOCF6), a textural structure is observed in which the organoclay
platelets are more homogeneously dispersed and more rectangular pyramidal topographic
arrangements are formed in the resin.

3.2. Surface Morphological Analysis of Melamine Formaldehyde Foam (MFF), Melamine Aniline
Copolymer Foam (MAFF), and Melamine Aniline Copolymer Organoclay Nanocomposite
Foams (MAFOCFs1-6)

The SEM patterns taken for the surface morphological characterization of melamine
formaldehyde foam (MFF), melamine aniline copolymer foam (MAFF) foam, and melamine
aniline copolymer organoclay nanocomposite foams (MAFOCFs1-6) prepared with various
organoclay contents are presented in Figure 2. The pattern of MFF in Figure 2a reflects a
surface morphology indicating the resin microsphere clusters, grown in three dimensions
and interacting with each other [17,20]. It can be seen from Figure 2b that MAFF exhibits
a more regular morphology compared to MFF, and a network structure is formed in
MAFF indicating the coherent association of relatively smaller resin microspheres. The
surface morphology of MAFOCF with low organoclay content shows the formation of
elliptical and probably tubular cavities and a surface morphology reflecting a regular
network structure formed by the aggregation of very small resin microspheres with higher
compliance, and significant changes compared to that of virgin MAFF (Figure 2c). The
surface morphologies of MAFOCFs given in Figure 2d–g show that the aggregation of
very small resin microspheres with higher compliance leads to the formation of a more
holistic structure and the elliptical cavities gradually become circular. This shows that
the organoclay platelets dispersed in the polymeric matrix are significantly effective in
both the porosity development and the topographic orientations of the polymer skeleton.
From Figure 2h, it can be seen that in the composite coded MAFOCF6, morphological
formations in the form of defects with different network structures, probably resulting
from the heterogeneous distribution of organoclay platelets, occur [26].
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Figure 2. SEM patterns of virgin melamine formaldehyde foam (MFF) (a), virgin melamine aniline
copolymer foam (MAFF) (b), and melamine aniline copolymer organoclay nanocomposite foams
(MAFOCFs1-6) (c–h).
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3.3. Structural Analysis of Melamine Formaldehyde Foam (MFF), Melamine Aniline Foam
(MAFF), and Melamine Aniline Copolymer Organoclay Nanocomposite Foams (MAFOCFs1-6)

FTIR spectra of virgin MFF and MAFF and resin–organoclay nanocomposite foams
(MAFOCF1, MAFOCF2, MAFOCF3, MAFOCF4, MAFOCF5, and MAFOCF6) are given
in Figure 3.

Figure 3. FTIR analysis of virgin melamine formaldehyde foam (MFF) (a), virgin melamine aniline
formaldehyde foam (MAFF) (b), and melamine aniline formaldehyde-organoclay nanocomposite
foams (MAFOCFs1-6) (c–h).

The peaks at 3329 cm−1, 989 cm−1, 1545 cm−1, and 1456 cm−1 in the FTIR spectrum of
MFF, MAFF, and also MAFOCF correspond to the stretching vibrations of N-H, O-H, C-O-C,
and C-N bonds, respectively [27]. From Figure 3, it can be seen that in the spectrum of the
MAF–organoclay nanocomposite foams (MAFOCFs), there was a strong peak at 3329 cm−1

originating from CTAB as well as the peaks at 2326 cm−1, 2361 cm−1, and 2937 cm−1, which
correspond to C–H anti-stretching, C–H stretching, and amine group stretching vibrations.
The peaks observed between 999 cm−1 and 500 cm−1 correspond to the bonding vibrations
of the main functional groups Si-O and Al-OH. It is observed that the intensity of these
peaks increases with increasing organoclay content. The relatively strong, broad peak at
3329 cm−1 and the peak at 3743 cm−1 indicate the presence of hydroxyl and N–H bonds,
and the peak intensities increased with increasing organoclay content [17,20].
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On the other hand, the relatively low intensities of these peaks can be attributed
to the intense interactions between the clay layers and CTA+ ions bound to long-chain
hydrocarbons. The peaks at 1545 cm−1 and 814 cm−1 are characteristic of the triazine ring
of melamine. The fact that the spectra of MAFF and MAFOCFs are almost similar may
imply that the addition of organoclay does not affect the functional groups on the polymer
surface and that they are sterically effective. The peaks at 1558 cm−1 and 3400 cm−1

observed in the spectra of MAFOCFs correspond to cyclic aromatic C=C vibrations and
N-H stretching, indicating the incorporation of aniline into the polymer backbone [28,29].
The peaks at 500 cm−1 and 444 cm−1 can be associated with Si–O–Al (octahedral Al) and
Si–O–Si bending vibrations originating from organoclay. The peaks observed in the range
of 2850–2964 cm−1 correspond to the antisymmetric and symmetric stretching of CH2
groups of the CTA+ ions on the organoclay surface [30].

3.4. XRD Analysis of Melamine Formaldehyde Foam (MFF), Melamine Aniline Copolymer Foam
(MAFF), and Melamine Aniline Copolymer Organoclay Nanocomposite Foams (MAFOCFs1-6)

The XRD diffractograms of melamine formaldehyde foam (MFF), melamine aniline
copolymer foam (MAFF), and melamine aniline copolymer organoclay nanocomposite
foams (MAFONCFs1-6) are given in Figure 4. The two typical broad peaks at 8.0◦ and
21.9◦ in the XRD pattern of MFF indicate the amorphous structure of the resin [17,20]. The
peaks at 18.4◦, 21.1◦, 26.3◦, 28.0◦, and 29.3◦ in the diffractogram of virgin MAFF indicate
the incorporation of aniline and formaldehyde into the polymer network, probably in the
form of bridging [31,32]. On the other hand, it can be seen in Figure 4 that the characteristic
smectite peak observed at approximately 10◦ in organoclay-reinforced MAFOCsF1-6 par-
tially overlaps with the smaller peak belonging to MF and this peak also shifts to the left in
composites with low organoclay content. The relative shift in the characteristic smectite
peak to the left indicates that the organoclay platelets in the polymer matrix are exfoliated.
In addition, in the diffractograms of the resin–organoclay composite foams, the peaks that
emerged with the addition of aniline formaldehyde to the amorphous MF polymer network
are shown to have decreased in intensity, or some of them disappeared with organoclay
reinforcement, which reveals the effect and decisive role of organoclay platelets in the
change in crystallographic structure.

3.5. Analysis of Thermal Insulation Characteristics of Virgin Melamine Formaldehyde Foam (MF),
Virgin Melamine Aniline Formaldehyde Foam (MAFF), and Melamine Aniline
Formaldehyde–Organoclay Nanocomposite Foams (MAFOCFs1-6)

Thermal conductivity is an important property used to evaluate the thermal perfor-
mance of a material under steady-state conditions. The thermal insulation performances
of the prepared foams were evaluated by measuring their thermal conductivity coeffi-
cients [33–36]. Table 4 shows the bulk density and thermal conductivity values of virgin
MFF and MAFF and resin–organoclay composite foams with different organoclay contents,
such as MAFOCFs1-6. From this table, it can be seen that the lowest conductivity coeffi-
cients are exhibited by composite foams with high organoclay content, such as MAFOCF2,
MAFOCF3, and MAFOCF4. This behavior, which may be related to the formation of a
very regular and holistic textural structure, indicates the decisive effect of the exfoliated
organoclay platelets on the formation of the polymeric network structure reflecting the
void textural organization. It can be said that, especially in these composite foams, the
transformation of the textural network formed by the aggregation of microspheres from
sphericity to a relatively planar or layered structure may have led to the emergence of a
more effective barrier system in terms of heat conduction with a more tortuous arrange-
ment (see Figure 1c–e). The calculated bulk density values of 0.16, 0.17, and 0.15 g/cm3

for these composite foams are significantly lower than those of virgin MFFs and MAFFs,
respectively, confirming the significant and void-friendly textural changes and the for-
mation of regular voids by the incorporation of organoclay platelets into the matrix. On
the other hand, MAFOCF5 and -6-coded foams with higher organoclay content exhibited
relatively higher thermal conductivity values compared to other composite foams, with
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lower thermal conductivity values compared to virgin MFF foam, which was attributed to
possible textural changes leading to partial disruption of the regular void structure due to
the increase in organoclay content. In particular, the better thermal insulation behavior of
virgin MAFF compared to virgin MFF indicates the effect of a more uniformly packed mi-
crosphere arrangement and more elastic network structure including aniline–formaldehyde
bridges on the formation of the void structure. The approximately 45% increase in bulk
density observed in composites with higher organoclay content may indicate a significant
disruption in the structural arrangement producing voids due to textural change.

Figure 4. XRD diffractograms of virgin melamine formaldehyde foam (MF), virgin melamine ani-
line formaldehyde foam (MAFF), and melamine aniline formaldehyde–organoclay nanocomposite
foams (MAFOCFs1-6).

3.6. Analysis of Compressive Strengths of Virgin Melamine Formaldehyde Foam (MF), Virgin
Melamine Aniline Formaldehyde Foam (MAFF), and Melamine Aniline Formaldehyde–Organoclay
Nanocomposite Foams (MAFOCFs1-6)

The compressive strength of materials is a critical design property measured under
compressive loads and is also used to characterize the structure of composite materials [37,38].
There are differences in compressive fracture behavior between brittle materials, which
are prone to splitting and sudden fracture, and ductile materials, which are prone to
flow without fracture. Thermoset resins and their composites are brittle materials. In
many materials, mechanical stability depends on porosity, and microcracks can grow
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until their dimensions are the same as the pores. Even at low porosity and hardness,
microcracks can develop between weak interfaces under load, and these interfaces can
propagate and form new cracks [39–41]. Table 5 shows the compressive strengths of
virgin MFF and MAFF and composite foams prepared with various organoclay ratios,
MAFOCFs1-6, obtained from measurements made on two replicates and 8.0 mm thick
samples, together with standard deviation values. As can be seen from Table 5, the
compressive strength of MAF foam is higher compared to MF foam. This means that
the increase in elasticity caused by the inclusion of aniline–formaldehyde bridges in the
melamine formaldehyde polymer network positively affects its mechanical stability, thus
making the MAF foam more ductile. In addition, it can be seen from the same table that the
foam with the highest organoclay content, MAFOCF6, has significantly lower compressive
strength compared to other composite foams with both relatively high densities and high
thermal conductivity coefficients. It is known that microcracks are the source of mechanical
weakness in brittle materials and that slippage along the cracks causes tensile forces along
the cracks. Microcracks, which develop for different reasons, usually occur close to the
crack tips and can interact with microstructural anomalies, leading to energy accumulation.
Therefore, the weakened mechanical strength of MAFOCF6 with high organoclay content
can be attributed to microcracks that may have occurred due to anomalies such as planar
textural changes and the formation of small polymeric fragments due to the dispersion of
organoclay platelets dispersed in the resin (see Figure 2h).

Table 4. Bulk densities and thermal conductivities of virgin MFF and MAFF and composites, such as
MAFOCFs1-6, prepared with various organoclay ratios.

Codes of Specimen
Bulk Density

g/cm3

Thermal Conductivity
Coefficient λ,

W/(m K)

Standard
Deviation

MFF 0.26 0.083 0.001
MAFF 0.19 0.069 0.011

MAFOCF1 0.23 0.063 0.008
MAFOCF2 0.16 0.051 0.010
MAFOCF3 0.17 0.052 0.007
MAFOCF4 0.15 0.053 0.008
MAFOCF5 0.23 0.065 0.004
MAFOCF6 0.22 0.076 0.003

Table 5. Compressive strengths of MAFOCF1-6 composites with virgin MFF and MAFF with various
organoclay ratios.

Codes of Specimen
Compressive

Strength, MPa
Standard
Deviation

MFF 0.27 0.020
MAFF 0.30 0.011

MAFOCF1 0.24 0.080
MAFOCF2 0.33 0.010
MAFOCF3 0.19 0.090
MAFOCF4 0.34 0.010
MAFOCF5 0.40 0.090
MAFOCF6 0.29 0.003

4. Conclusions

This study aims to prepare and analyze the structural and textural properties of
melamine aniline formaldehyde copolymer organoclay nanocomposite foams and to inves-
tigate both their thermal insulation and strength properties.
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Melamine aniline formaldehyde foam and melamine aniline formaldehyde–organoclay
nanocomposites were successfully prepared. It was determined that the addition of organ-
oclay caused significant changes in the textural structure of the resin.

In the lowest organoclay content nanocomposite foam, MAFOCF1, exfoliation and
partial aggregation of organoclay occurred, but it was determined that this nanocomposite
was similar to virgin MAFF in terms of textural and morphological features.

From HRTEM and SEM images, except for MAFOCF6, a more regular structural ar-
rangement was observed with increasing organoclay content (MAFOCF2 and -5 nanocom-
posites), indicating more advanced organoclay exfoliation. From the SEM patterns, it was
observed that the surface morphologies of MAFF with high organoclay content reflected
the formation of a holistic structure by effective and harmonious aggregation of small
microspheres, and the elliptical cavities gradually became circular.

From the XRD spectra of virgin MAFF and MAFOCFs, it was observed that in
nanocomposites, the smaller of the two peaks of MAFF partially overlapped with the
characteristic smectite peak, and the smectite peak was partially shifted to the left, imply-
ing intercalated or exfoliated dispersion of organoclay platelets.

The better thermal insulation behavior of virgin MAFF compared to virgin MFF in-
dicates the effect of a more uniformly packed microsphere arrangement and more elastic
network structure including aniline–formaldehyde bridges on the formation of void struc-
ture. The thermal insulation values gradually decreased with the increase in organoclay
content in resin–organoclay nanocomposites.

The mechanical stability of virgin MAFF and resin–organoclay nanocomposites was
relatively higher than that of virgin MFF, indicating that the increase in elasticity caused by
the incorporation of aniline–formaldehyde bridges into the polymer network had a positive
effect in terms of ductility and mechanical stability. Moreover, MAFOCF2-5-coded resin–
organoclay nanocomposites exhibited significantly higher compressive strength compared
to virgin resin foams and other composite foams despite having low density and low
thermal conductivity coefficients.
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nanocellulose in polymer composite materials: A review. Polymers 2001, 13, 231. [CrossRef] [PubMed]
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Abstract: Stimuli-responsive polymeric nanostructures are compelling vectors for a wide
range of application opportunities. The objective we sought was to broaden the array of
self-assembling amphiphilic copolymers with stimuli-responsive characteristics by intro-
ducing a hydrophilic tunable monomer, (2-dimethylamino)ethyl methacrylate (DMAEMA),
together with a hydrophilic one, lauryl methacrylate (LMA), within linear and branched
copolymer topologies. Size exclusion chromatography was used to evaluate the resultant
linear and hyperbranched copolymers’ molecular weight and dispersity, and FT-IR and
1H-NMR spectroscopy techniques were used to delineate their chemical structure. The
structural changes in the obtained self-organized supramolecular structures were thor-
oughly investigated using aqueous media with varying pH and salinity by dynamic light
scattering (DLS), fluorescence spectroscopy (FS), and transmission electron microscopy
(TEM). The nanoscale assemblies formed by the amphiphiles indicate significant potential
for applications within the field of nanotechnology.

Keywords: amphiphilic copolymer; random copolymer; polyelectrolyte; hyperbranched

1. Introduction

Stimuli-responsive (or “smart”) polymers represent a category of nanomaterials capa-
ble of undergoing reversible or irreversible alterations in their structure and physicochemi-
cal properties in response to various stimuli, both chemical and physical [1]. Numerous
factors, including pH, temperature, and ion concentration, can trigger such changes. These
environmental parameters can significantly influence the self-assembly processes in these
materials [2]. Amphiphilic macromolecules, a significant class of such materials, are dif-
ferentiated by the presence of both hydrophilic and hydrophobic moieties. When they
are introduced into aqueous environments, this duality allows them to self-assemble into
various nanostructures [3]. These macromolecules, akin to surfactants, create micelle-like
structures, rendering them valuable for various applications, notably in nanomedicine, due
to their capacity to facilitate hydrophobic compound encapsulation [4]. This process can be
accomplished through non-covalent interactions such as hydrogen bonding and hydropho-
bic interactions. However, this approach often yields low encapsulation efficiencies, which
may prematurely release the contents before they reach their intended environment in
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biomedical applications [5]. Macromolecules with modifiable properties are needed to over-
come these limitations. Cationic macrosurfactants are given particular consideration among
the amphiphilic compounds. Diverse cationic surfactants have been successfully devel-
oped, featuring various pendant groups, polymeric structures, etc. [6]. To achieve stimuli-
responsive characteristics, the former is essential; amine-bearing polymeric structures are
a desirable option because of their pH and temperature sensitivity. Striking examples
are the (co)polymers based on poly[(2-dimethylamino)ethyl methacrylate] (PDMAEMA)
and other alkylamine methacrylates, and poly(N-isopropylacrylamide). Moreover, the
ability of DMAEMA’s amine group to form complexes through hydrogen bonding and
electrostatic interactions makes it a highly suitable candidate for utilization as a functional
monomer [7]. The pH-dependency of the tertiary amino group protonation characteristics
of PDMAEMA dictates the moiety’s effective charge and, consequently, its water solubility.
Additionally, it establishes the capacity to form complexes with anionic compounds, in-
cluding biomolecules [8]. PDMAEMA exhibits thermoresponsiveness, whereby its lower
critical solution temperature (LCST) is contingent upon its molecular weight and pH level.
The presence of ionizable groups affects the LCST; specifically, it tends to decrease under
basic conditions and increase in acidic environments. This phenomenon occurs due to the
protonated state, which enhances the hydrophilicity of the polymer [9,10]. PDMAEMA-
based copolymers have been effectively complexed with proteins [11], enzymes [12], and
DNA [13]. Hydrophobic moieties are also important in producing structured nano-
assemblies of amphiphiles. Bearing a long alkyl chain (n-dodecyl side chain), lauryl
methacrylate (LMA) is a hydrophobic methacrylate ester-type monomer. The n-dodecyl
chain provides ample side chain flexibility and high hydrophobicity compared to other
alkyl methacrylates to facilitate spontaneous self-assembly. Moreover, LMA is appealing
from an environmental standpoint and suitable for naturally produced copolymers as
it can be made from plant oils, a renewable resource [14,15]. Hyperbranched polymers
are gaining traction as a viable option for nanotechnology applications, leveraging the
unique properties of copolymer topology. These materials are often more cost-effective
than dendrimers while still providing similar functionalities, such as a high number of
end and in-chain groups that can effectively interact and form complexes with various
molecules [16]. Moreover, these polymers can be efficiently produced through a one-pot
method. Established in 1998, reversible addition–fragmentation chain transfer (RAFT)
polymerization has gained widespread recognition as a valuable one-pot technique for
synthesizing complex macromolecules [17]. Its controlled polymerization characteristics
make RAFT polymerization indispensable for developing sophisticated polymer topologies
and multifunctional copolymers [18].

PDMAEMA has been successfully paired with various alkyl methacrylates, resulting
in linear diblock [19,20] and triblock copolymers forming stimuli-responsive nanostruc-
tures in solutions. Our group has previously focused on the synthesis of the triblock
copolymer PDEGMA-b-PDMAEMA-b-PLMA, which self-assembles in aqueous conditions
to create spherical micellar structures. These structures consist of a stimuli-responsive
PDMAEMA and PDEGMA corona surrounding a hydrophobic PLMA core [21]. In a similar
fashion, PDMAEMA-b-PLMA-b-POEGMA amphiphilic triblock terpolymers have suc-
cessfully encapsulated curcumin within spherical micelles [22]. Additionally, Jung et al.
developed a triblock copolymer composed of hydrophilic PDMAEMA and PEG, which is
end-capped by thermoresponsive tri(ethylene glycol) methyl ether methacrylate (TEGMA)
units and hydrophobic n-butyl methacrylate (BuMA) moieties, resulting in multiresponsive
micelles [23]. Similarly, Constantinou et al. synthesized terpolymers consisting of TEGMA,
BuMA, and DMAEMA units resulting in spherical micelles [24]. Fan et al. synthesized
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ternary random copolymers that incorporate hydrophobic hexyl methacrylate moieties
along with ionizable units of DMAEMA and MAA resulting in pH-sensitive micelles [25].
Non-linear copolymers are less researched. Skandalis et al. synthesized, utilizing the “arm
first” method, amphiphilic mikto-arm PDMAEMAxPLMAy stars [26]. In order to fully
explore the potential of amphiphilic materials, targeted research should focus on simplified
systems that effectively demonstrate their advantageous properties. Additionally, it is cru-
cial to develop straightforward and efficient methods for synthesizing these novel polymer
materials. By doing so, we can facilitate their scalability for a multitude of applications.

This work reports the synthesis of four amphiphilic random/statistical copolymers
composed of DMAEMA and LMA, including two with a linear structure and two featuring
a hyperbranched topology, utilizing RAFT polymerization. Research was conducted to
assess the influence of pH variations and ionic strength on the behavior of the stimuli-
sensitive polymeric nanostructures. This study is particularly significant as it explores, be-
yond the synthesis, the impact of macromolecular composition and non-linear, non-blocky
architecture on the self-assembly process and the formation of amphiphilic copolymer
nanostructures in aqueous media under different conditions.

2. Materials and Methods

2.1. Materials

DMAEMA, LMA, hydroquinone monomethyl ether (MEHQ) inhibitor remover,
2,2 azobisisobutyronitrile (AIBN), 4-cyano-4-(phenyl-carbonothioylthio)-pentanoic acid
(CPAD), pyrene, and all solvents, including 1,4-dioxane (99.8% pure) and tetrahydro-
furan (THF), were supplied by Sigma Aldrich (St. Louis, MO, USA). Ethylene glycol
dimethacrylate (EGDMA) monomer, utilized as the branching agent, was purchased from
Merck (Darmstadt, Germany). Water for injection (WFI) was purchased from DEMO ABEE
(Athens, Greece). The monomers were purified using a column packed with MEHQ in-
hibitor remover. Methanol was used to recrystallize AIBN. All the solvents used were of
analytical grade.

2.2. Synthesis of Amphiphilic Copolymers

Linear P-(LMA-co-DMAEMA) was synthesized via RAFT polymerization (Figure 1).
Briefly, AIBN (radical initiator), CPAD (chain transfer agent), 1,4-dioxane (reaction solvent),
DMAEMA (hydrophilic monomer), and LMA (hydrophobic monomer) were added into
a round-bottomed flask in appropriate quantities (see Table 1). The contents of the flask
were then stirred vigorously utilizing a magnetic stirrer to ensure thorough mixing. Subse-
quently, the solution was de-aerated by bubbling with N2 for 20 min. Then the flask was
set in an oil bath at 70 ◦C under magnetic stirring and the polymerization was allowed
to proceed for 24 h. The mixture was then cooled to freezing temperature (~−20 ◦C) to
quench the reaction. Finally, the frozen product was exposed to the ambient atmosphere to
complete the polymerization process. The product was precipitated in a tenfold volume
of cold hexane to remove unreacted monomers and other impurities. The precipitated
polymer was separated by decantation, collected using THF, and dried in a vacuum oven
for 72 h at an ambient temperature. The hyperbranched analogs were synthesized in the
same manner (see Figure 1), with the exception of the addition of EGDMA as the branching
agent in a 1.2:1 molar ratio to CPAD.
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Figure 1. Synthesis route of hyperbranched H-P(LMA-co-DMAEMA) copolymer.

Table 1. Polymer synthesis and characterization data.

Polymer Code mmol Ratios a
Mw

(g/mol)
(×104) b

Mw/Mn
b

%wt
DMAEMA c

P-(LMA-co-
DMAEMA) P1 3.9:6.4:0.2:0.1 9.7 1.17 56

P-(LMA-co-
DMAEMA) P2 2.4:8.9:0.2:0.1 7.6 1.2 70

H-P(LMA-co-
DMAEMA) H1 3.9:6.4:0.24:0.1:0.2 14.9 1.4 54

H-P(LMA-co-
DMAEMA) H2 2.4:8.9:0.24:0.1:0.2 20.1 1.9 70

a LMA:DMAEMA:CPAD:AIBN:EGDMA; b determined by SEC; c determined by 1H-NMR. P denotes linear
copolymer and H hyperbranched copolymer.

2.3. Colloidal Dispersion Preparation

Nanoprecipitation was selected as the aqueous polymer solution preparation tech-
nique because of its many benefits. The technique calls for two miscible solvents, one of
which is typically water in excess. This technique’s fundamental concept involves the
transition phase that occurs upon dispersion of the polymer solution in organic solvent
into the aqueous medium. The polymer is dissolved in THF and afterwards, this solution
is agitated and “violently” mixed/dispersed in an aqueous medium. The nanoparticles
develop rapidly in an effort to evade the water molecules, thus forming nanodroplets in the
aqueous phase. The organic solvent eventually evaporates with heat, creating an aqueous
colloidal solution with newly formed nanoparticles [27]. Each copolymer was dissolved
in THF (Cpolymer = 5 × 10−3 g/mL). The solution was then injected into the appropriate
volume of distilled water while being vigorously stirred at 55 ◦C. To ensure proper THF
evaporation, heat was applied for a minimum of two hours before being left overnight
at room temperature. Water was added as needed. The final copolymer concentration in
every sample was 10−3 g/mL in 15 mL total volume of water.
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2.4. Methods
2.4.1. Size Exclusion Chromatography

Each copolymer’s molecular weight and molecular weight distribution were deter-
mined by employing a Waters SEC system. Three μ-Styragel mixed bed columns (with pore
sizes varying from 102 to 106 Å), a Waters 1515 isocratic pump, and a Waters 2414 refractive
index detector (equilibrated at 40 ◦C) constitute the system. The eluent, THF, was set at
a flow rate of 1.0 mL/min and contained 5% triethylamine as a mobile phase additive.
The average molecular weights of the linear monodisperse polystyrene standards used
to calibrate the column set ranged from 1200 g mol−1 to 152,000 g mol−1. The data were
collected and analyzed using the Waters Breeze software (Breeze v2.0, Waters Corporation,
Milford, MA, USA).

2.4.2. Proton Nuclear Magnetic Resonance Spectroscopy

Vnmrj software (VNMRJ 2.2C, Varian, Palo Alto, CA, USA) was utilized to acquire
spectra using a Varian 300 (300 MHz) spectrometer. Both linear and hyperbranched poly-
mers were dissolved in CDCl3 (Cpolymer = 1–4 mg/mL). Parts per million (ppm) are used
to express chemical shifts, with TMS acting as an internal reference. MestReNova soft-
ware (MestReNova 14.0.0, Mestrelab Solutions, Bajo, Spain) was used to analyze the
acquired spectra.

2.4.3. Fourier Transform Infrared Spectroscopy

A Fourier transform instrument (Bruker Equinox 55, Bruker Optics GmbH, Ettlingen,
Germany) equipped with a single-bounce attenuated total reflectance (ATR) diamond
accessory (Dura-Samp1IR II by SensIR Technologies, Chapel Hill, NC, USA) was used
to obtain mid-infrared spectra in the 500–4000 cm−1 region. On average, 100 scans were
obtained with a resolution of 2 cm−1. A press was used to measure the solid polymers.

2.4.4. Dynamic Light Scattering

An ALV/CGS-3 Compact Goniometer System (ALV GmbH, Hessen, Germany) was
used to conduct DLS studies. The JDS Uniphase 22 mW He–Ne laser in this system operates
at a wavelength of 632.8 nm. The goniometer was fixed at a 90◦ measurement angle. The
system was connected to a digital ALV-5000/EPP multitau correlator with 288 channels.
The cumulant method and the CONTIN algorithm were used to analyze the autocorrelation
functions, averaging five measurements in 30 s duration each. Hydrophilic syringe PVDF
filters (0.45 μm pore size) were used to filter all samples before conducting measurements.

2.4.5. Electrophoretic Light Scattering

The results were obtained using a Nano ZetaSizer system (Malvern, Worcestershire, UK)
equipped with a 4 mW He–Ne laser that operated at a wavelength of 633 nm and
a scattering angle of 173◦. The data established herein represent an average of 10 con-
secutive scans at ambient temperature. The Smoluchowski equation was used to analyze
the collected data.

2.4.6. UV–Vis Spectroscopy

A Perkin Elmer Lambda 19 UV–Vis–NIR spectrometer (Perkin Elmer, Waltham, MA, USA)
was used to record the UV–Vis spectra in the 200–600 nm range. The scan speed was set
to 240 nm/min for each measurement. Given the utilization of a double-beam spectrom-
eter, a reference cuvette containing the dispersion medium served as the reference for
all measurements.
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2.4.7. Fluorescence Spectroscopy

A Spectrofluorometer Fluorolog-3 Jobin Yvon-Spex (model GL3-21, Horiba, Kyoto, Japan)
was used to record fluorescence spectra at ambient temperature throughout a wavelength
range of 350–700 nm. The excitation wavelength was set at 335 nm, and the emission and
excitation slits were both set at 2 nm in order to acquire pyrene spectra. The intensity
of the first peak (I1) in the pyrene emission spectrum was divided by the intensity of
the third peak (I3) to determine the I1/I3 ratio. A series of 11 copolymer concentrations
were prepared with consecutive dilutions, with polymer concentrations ranging from
10−3 g mL−1 to 10−8 g mL−1. Each sample contained 0.1% v/v of a 1 mM pyrene solution
in acetone (cpyrene = 1 μM).

2.4.8. Transmission Electron Microscopy

Transmission electron microscopy (TEM) images were obtained using a Tecnai
F20 X TWIN microscope (FEI Company, Hillsboro, OR, USA) equipped with a field emis-
sion gun, operating at an acceleration voltage of 200 kV. Images were recorded on the Gatan
Rio 16 CMOS 4 k camera (Gatan Inc., Pleasanton, CA, USA) and processed with Gatan
Microscopy Suite (GMS) software version 3.5 (Gatan Inc., Pleasanton, CA, USA). For each
measurement, 6 μL of solution was placed on a copper grid covered with carbon film and
air dried at room temperature before conducting measurements.

3. Results and Discussion

3.1. Size Exclusion Chromatography Analysis

Figure 2 illustrates the synthesized copolymers’ SEC traces, validating each synthetic
route’s success (see Table 1). Specifically, the linear copolymers produced a single sharp
peak with a narrow distribution indicating unimodal polymer molecular weight distri-
butions. On the contrary, the hyperbranched analogs generated monomodal molecular
weight distributions with significantly larger polydispersity indexes. The SEC results
show significantly higher weight-average molecular weights than stoichiometric calcula-
tions. This is due to the hyperbranched copolymer’s globular structure, which causes a
significant difference in hydrodynamic volume compared to the linear standards used for
calibration [28]. The dispersity values of the hyperbranched copolymers were higher than
those of the linear analogs due to the branching process during polymerization.

Figure 2. SEC curves of the hyperbranched (a) and linear (b) LMA/DMAEMA copolymers.

3.2. Proton Nuclear Magnetic Resonance Spectroscopy Analysis

The chemical composition and structural identity of the aforementioned copolymers
were determined qualitatively and quantitatively via proton NMR spectroscopy as shown
in Figure 3. More specifically, stoichiometric compositions were calculated based on
the major peaks on the NMR spectra, namely the -CH3 of the dimethylamino group of
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DMAEMA found at 2.28 ppm and the -CH2- of the LMA chain found at 1.27 ppm. The
experimental compositions were estimated to be nearly identical to the targeted values.
Yet, due to the similar chemical environment of the different hydrogen atoms present,
quantitative analysis was notably challenging, a fact that justifies the deviation from the
theoretical values.

Figure 3. 1H-NMR spectrum of P2 in CDCl3. Letters above the spectra peaks correspond to the
relevant H nuclei shown in the chemical structure of the copolymer in the inset.

3.3. Fourier Transform Infrared Spectroscopy Analysis

FT-IR in conjunction with 1H-NMR spectra further confirm the chemical composition
of the resulting copolymers. Beginning from the right, the primary peaks seen in Figure 4
were as follows: The C-O-C methacrylate stretch and the stretching vibration of the C-N
bond in the DMAEMA unit correspond to the split in the 1145–1180 cm−1 range. The double
intermediate peak (1240–1260 cm−1) can be attributed to C-H wagging or rocking vibration.
C-H scissoring accounts for the 1460 cm−1 medium peak. The stretching vibration of
C-O was linked to the sharp distinctive peak at 1765 cm−1. The characteristic bands of
P(DMAEMA) are associated with (C-H(-N(CH3)2) stretching and are situated between 2820
and 2710 cm−1. The strong peak at 2925 cm−1 indicates asymmetric C-H stretching, while
the neighboring peak represents symmetric stretching in the same group. Furthermore, the
FT-IR spectra’s lack of a distinct C=C stretch band indicates that the monomers—including
EGDMA vinyl units—are entirely consumed during polymerization [29,30].

Figure 4. ATR-FTIR spectra of the hyperbranched copolymers (in the solid state).
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3.4. Zeta Potential Analysis

In colloidal suspensions, zeta potential is a key parameter that influences biodis-
tribution and the nanosuspensions’ stability. High zeta potential levels can enhance
electrostatic repulsion forces between particles that help to maintain the stability of
nanoformulations [31,32]. The existence of tertiary amine groups in the DMAEMA seg-
ments is responsible for the high positive values (see Table 2) observed throughout all
samples. These suspensions are perfect for applications in nanomedicine since formulations
with zeta potential values in this range (larger than a 30 mV absolute value) are regarded
as pharmaceutically stable [33]. A high zeta potential value contributes to enhanced stabil-
ity by reducing the likelihood of aggregation, thereby ensuring the effective delivery of
therapeutic agents at the nanoscale. This stability is crucial for maintaining the efficacy and
safety of nanomedicine formulations in various biomedical applications.

Table 2. ζ-potential values of copolymer solutions at pH = 7, Cpolymer = 10−3 g/mL.

Sample ζ-Potential (mV)

P1 +49

P2 +44

H1 +50

H2 +38

Based on the results, branching does not seem to affect zeta potential significantly.
One should bear in mind that branched copolymers have a large number of -COOH groups
originating from CTA fragments in the structure, while linear ones have only one -COOH
group at the end of the chain. The protonation–deprotonation equilibria of carboxylic and
amine chains and the degree of aggregation determine the overall charge of the structures
in aqueous media. It seems that the higher number of amine groups originating from
the DMAEMA segments dominate and determine in both cases the zeta potential values.
In terms of the composition, the increase of DMAEMA from 54% to 70% in H1 and H2,
respectively, induces a 24% decrease in zeta potential, which is unexpected. However, there
is no hard evidence that could aid in ascribing this change to a specific phenomenon. Polar
groups are expected to reside on the surface of the aggregates in contact with water, but
the overall conformation of the associated chains within the aggregates determines the
surface charge of the structures formed. Apparently, amphiphilic macromolecules arrange
differently within the aggregates in the linear and branched copolymer cases.

3.5. Response to Solution pH Changes

PDMAEMA is a weak cationic polyelectrolyte (pKa = 7.5) which is largely water
soluble at both neutral and acidic pH. The amine groups are partially protonated under
these conditions, while the inverse is true at higher pH values [34]. This unique property
makes PDMAEMA particularly suitable for drug delivery applications, as it leverages the
lower acidity found in tumor tissues to facilitate sustained drug release [35]. To assess
whether these characteristics were preserved in the copolymers, light scattering techniques
were utilized at three distinct pH values: 3, 7, and 10 (refer to Figures 5 and 6 and Table 3).
These results allow for several conclusions. In most cases, two populations are observed,
indicating the formation of distinct in size nanostructures through self-assembly, probably
due to the random sequence of hydrophilic/hydrophobic segments in the copolymers.
Aggregates with small and large numbers of polymer chains coexist. The linear copoly-
mers are quite similar in terms of Rh in neutral conditions. In the case of H1, uniformly
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sized nanostructures with a rather large size dispersity and sufficient mass are formed at
pH 7 while smaller-sized structures dominate at pH 3. Furthermore, there is a noticeable
mass difference, as indicated by the scattered light intensities, between the 30–70 group-
ing (copolymers P2 and H2) and the 50–50 grouping (copolymers P1 and H1). This is
explained by the fact that a higher percentage of hydrophobic LMA segments promotes
more compact nanostructures with a higher mass, which raises the observed scattered
light intensity values. Interestingly, hyperbranched and linear nanostructures differ in
mass due to the former’s significantly higher number of -COOH polar end groups, which
enhance the hydrophilicity of these systems and promote greater interactions with aqueous
media. These structures noticeably rearrange when the pH is varied, as evidenced by
the considerable variations in intensity, size, and PDI observed in each solution. Smaller
populations are observed, particularly in acidic conditions (Rh = 1–9 nm), which in some
cases can be attributed to non-aggregated copolymer chains present in the suspension.
Additionally, a decrease in mass and an increase in size can be observed, which is associ-
ated with the PDMAEMA pendant groups’ higher charge density, which results in intense
repulsion between the hydrophilic chains [36]. As more and more solvent accumulates in
the nanostructures, this action causes swelling. Interestingly, hyperbranched and linear
nanostructures differ in mass due to the former’s significantly higher number of -COOH
polar end groups, which enhance the hydrophilicity of these systems at pH 10 and promote
greater interactions with aqueous media. As the pH of the solution increases, a greater
proportion of the carboxylic acid groups within the polymer become ionized. This ioniza-
tion leads to enhanced electrostatic repulsion between the negatively charged carboxylate
groups, which subsequently contributes to the expansion of the hydrophobic domains in
the copolymer aggregates. At these pH levels, PDMAEMA’s hydrophobicity increases.

Figure 5. DLS size distributions for P1 (a) and P2 (b) linear copolymer aqueous solutions,
Cpolymer = 10−3 g/mL.

Figure 6. DLS size distributions for H1 (a) and H2 (b) hyperbranched copolymer aqueous solutions.
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Table 3. DLS data emphasizing pH variations in the formed copolymer nanostructures,
Cpolymer= 10−3 g/mL.

Sample pH
Intensity

(kcps)
PDI Rh (nm)

P1

3 282 0.472 4
133

7 86,800 0.257 17
62

10 3064 0.426 14
100

P2

3 119 0.558
1
4
98

7 2091 0.391 9
68

10 816 0.519 7
106

H1

3 195 0.401 9
108

7 71,400 0.249 50

10 1409 0.354 12
45

H2

3 198 0.547 6
122

7 212 0.515
1
7

89

10 607 0.473 8
122

3.6. Behavior in Salt Solutions

Amphiphilic polyelectrolyte self-assembly is affected by ionic strength, as the addi-
tion of salt alters the strength of the electrostatic interactions between charged moieties.
Specifically, higher ionic strength typically screens these electrostatic interactions, making
them weaker and allowing for greater rearrangement or aggregation of the polyelectrolyte
chains. Therefore, amphiphilic ionic copolymers should exhibit variable structural charac-
teristics in response to fluctuations in the solution’s ionic strength [37]. Topology seems to
produce small effects, as copolymer compositional analogs produced similar behavioral
motifs. The intensity values in the 50–50 composition grouping (copolymers P2 and H2 see
Figures 7 and 8) increase and then quickly decline with salt concentration. This could be
explained as the structures “tightening up” due to an overabundance of ions, which causes
swelling. These structures appear to stabilize following the salt concentration increase.
Regarding the other group, a mass increase is noted, which may be explained by the fact
that hydrophobic interactions are the primary driving force behind self-assembly, which
results in more compact structures.
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Figure 7. Collective DLS data as a function of salinity. (a) P1 and (b) P2 linear copolymers,
Cpolymer = 10−3 g/mL, pH = 7.

Figure 8. Collective DLS data as a function of salinity. (a) H1 and (b) H2 hyperbranched copolymers,
Cpolymer = 10−3 g/mL, pH = 7.

3.7. Microenvironment Polarity Through Pyrene Fluorescence

Pyrene has been used as a fluorescent probe because it can provide a thorough
understanding of amphiphilic copolymer self-assembled nanostructures in aqueous
conditions [38]. In addition to serving as a sufficient measure of hydrophobicity, the I1/I3

value is often utilized to determine the critical aggregation concentration (CAC) values.
This involves plotting the I1/I3 value against the logarithm of the polymer concentration.
Specifically, the CAC is defined as the point where two tangent lines intersect over the steep
decline observed in the I1/I3 value as the concentration of the copolymer increases [39]. As
expected, H1 and P1 present lower CAC values, as the higher LMA content adds to the
hydrophobicity of the nanostructures (see Figures 9 and 10). This improved stability can be
linked to the stronger interactions among the hydrophobic regions in the nanostructures,
resulting in more robust structural integrity and allowing them to maintain their form
upon dilution in high volumes. As anticipated, the comparison of I1/I3 across varying pH
levels reveals a distinct trend: higher values are observed in acidic conditions, while lower
values are found in basic conditions (see Table 4). This indicates that the hydrophobicity
of the nanostructures changes significantly depending on the acidity or alkalinity of the
environment, just as observed in the DLS measurements.

Table 4. Pyrene fluorescence data in copolymer aqueous solutions, Cpolymer = 10−3 g/mL,
Cpyrene =1 μM.

Sample pH I1/I3

P1
3 1.29
7 0.98
10 1.11
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Table 4. Cont.

Sample pH I1/I3

P2
3 1.43
7 0.96
10 1.07

H1
3 1.26
7 1.11
10 1.10

H2
3 1.44
7 1.11
10 1.17

Figure 9. I1/I3 vs. polymer concentration plots for CAC determination regarding (a) P1 and (b) P2
copolymer aqueous solutions, Cpyrene = 1 μM. (Green lines refer to the two tangent lines described in
the text).

Figure 10. I1/I3 vs. polymer concentration plots for CAC determination regarding (a) H1 and (b) H2
copolymer aqueous solutions. (Green lines refer to the two tangent lines described in the text).

3.8. Transmission Electron Microscopy Imaging

Transmission electron microscopy (TEM) is recognized as a powerful imaging tool
for studying the structural features of copolymer nanostructures. This technique allows
for precise observation of the morphology of polymer nanostructures and the interfaces
between different inner domains [40]. In the P1 solutions, particles of both spherical and
irregular shape were identified, with noticeable high-contrast rod-like structures present
throughout (see Figure 11). These rod-like structures are likely LMA domains, which
exhibit a higher contrast due to their increased compactness/hydrophobicity compared to
the hydrophilic, water swollen, outer DMAEMA domains in the self-assembled structures.
The particle sizes range from 10 to 220 nm, with an average size of 50 nm based on the
image analysis of 200 objects.
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Figure 11. TEM images from (a) P1 and (b) P2 copolymer solutions.

Particles in the P2 solutions exhibit both spherical and irregular shapes, with sizes
ranging from 50 to 80 nm. Some particles are larger, measuring between 150 and 200 nm,
while smaller particles, approximately 5 to 15 nm, can be found on their surfaces. Smaller
spherical aggregates seem to cluster together to form larger structures, while the lower
contrast gaps observed in larger particles can be assigned to the DMAEMA nanodomains
swollen by water molecules.

Regarding H1, particles are mainly characterized by a spherical shape. Moreover,
small spherical particles resembling those in the P2 sample, with diameters ranging from 5
to 15 nm, have also been identified. Just as in the case of P2, DMAEMA nanodomain gaps
are again observed.

Particles exhibiting both spherical and irregular shapes were identified in the H2
copolymer solutions, with a lower portion of their surfaces displaying enhanced contrast.
Such high contrast domains are randomly distributed within the particle area and may
be rich in LMA segments. The average size of these particles, determined from the mea-
surement of 200 objects, was approximately 27 nm. The correlation between this topology
and the nanostructures is emphasized by the formation of seemingly vesicular structures
in the H2 hyperbranched copolymers (e.g., Figure 12b upper part). Moreover, similar to
the findings in P2, small spherical high-contrast domains were observed on the surfaces
of larger particles, measuring between 5 and 15 nm in size. Overall, the large variety of
nanostructures observed in the copolymer solutions should be attributed to the statistical
arrangement of hydrophobic segments within the macromolecules, as well as to the existing
compositional heterogeneity of the amphiphilic copolymers.

Figure 12. TEM images from (a) H1 and (b) H2 copolymer solutions.
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4. Conclusions

To summarize, the findings of this work contribute to the general knowledge regarding
the synthesis of linear and hyperbranched amphiphilic polyelectrolyte-type copolymers
and their self-assembly behavior through the formation of nanostructures in solutions. The
pH and salt-responsive properties of the PDMAEMA component together with variations
in copolymer composition allow for fine-tuning of the structure of the formed nanoparticles.
The nanoparticulate systems formulated and characterized exhibited a high surface charge,
which renders them colloidally stable and allows them to interact with anionic species
(including nucleic acids and proteins). Their amphiphilicity allowed for the encapsulation
of pyrene, which gave further information about the micropolarity of the microenviron-
ment within the nanoparticles and its variation with the solution pH, indicating their
medicinal application as nanocarriers of hydrophobic compounds. Such systems could
be engineered for the transfer and targeted release of their functional payload in acidic
cancerous cell environments. Finally, TEM imaging provided insight into the footprint
of such nanostructure collections and emphasized the impact of comonomer statistical
distribution within the macromolecular chains as well as their global topology.
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Abstract: The kinetic model is a crucial tool for optimizing polymer synthesis proto-
cols and facilitating the scaled-up production processes of the CO2-responsive polymer
poly(N-[3-(dimethylamino)propyl]-acrylamide)-b-poly(methyl methacrylate)(PDMAPAm-
b-PMMA), which is supposed to be implemented in direct air capture (DAC) tech-
nology. This study presents a simulation of the kinetic model developed for the
Reversible Addition−Fragmentation Chain-Transfer (RAFT) polymerization of N-[3-
(dimethylamino)propyl]-acrylamide (DMAPAm), alongside an investigation into the ki-
netics of this polymerization using the simulation as an analytical tool, as well as the
application of the simulation for the upscaling of RAFT polymerization. Ultimately, the
kinetic model was validated through two kinetic experiments, confirming its reliability. It
was subsequently employed to optimize the synthesis recipe and to predict the properties
of PDMAPAm homopolymers, thereby supporting the upscaling of PDMAPAm-b-PMMA
diblock copolymer synthesis. In the end, the preliminary results of the CO2-responsiveness
of the diblock copolymer were determined with a simple experiment.

Keywords: CO2-responsive polymers; kinetic modeling of RAFT polymerization; upscaling

1. Introduction

Carbon capture is a key area of research that is increasingly considered for appli-
cation as a technology to mitigate CO2 emissions [1–4]. In a recent approach, carbon
dioxide present in the atmosphere, even at relatively low concentrations, can be cap-
tured using a novel approach known as direct air capture (DAC) [2,3,5]. In DAC sys-
tems, it is essential to establish a stronger interaction between CO2 molecules and the
solid adsorbent [3,5], and diblock copolymers can be considered adsorbents for DAC
because of their capacity to form films with high porosity [6–8] and can also be scal-
able [9–12]. Diblock copolymers that incorporate amine functional groups are particularly
effective at capturing CO2 due to the strong attraction that certain chemical groups to for
carbon dioxide. A range of acrylate polymers, including poly(2-(dimethylamino)ethyl
methacrylate) (PDMAEMA) [13,14], poly(N,N-dimethylallylamine) (PDMAAm) [15,16],
poly(2-aminoethyl methacrylate) (PAEM) [17,18], and poly(N-[3-(dimethylamino)propyl]-
acrylamide) (PDMAPAm) [19], which possess amine groups (responsive to CO2), can act as
the foundational block for subsequent chain growth into diblock or triblock copolymers.

Controlled radical polymerization (CRP) is one of the most effective techniques for
synthesizing well-defined block copolymers, because this polymerization technique enables
the precise targeting of molecular weights and block ratios [20–23]. To date, three primary
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techniques of CRP have been explored and documented in the literature: atom transfer
radical polymerization (ATRP), nitroxide-mediated polymerization (NMP), and Reversible
Addition–Fragmentation Chain-Transfer Polymerization (RAFT) [24–26]. These established
polymerization techniques allow for effective control over the reaction rate, dispersity, and
molecular weight distribution (MWD) of the resulting polymer [27–30].

Compared to ATRP and NMP, RAFT-mediated polymerization offers the versatil-
ity to work with a wide variety of monomers, including butyl acrylate, (meth)acrylates,
(meth)acrylamides, acrylonitrile, styrene [30–32] and its derivatives, butadiene, vinyl ac-
etate, N-vinylpyrrolidone [27], and vinyl pyridines [20–22,33], and at the same time, the
kinetics of it can be simulated, as shown in several publications [9–11,34,35]. Due to these
flexibilities, RAFT polymerization was selected as an optimal polymerization technique for
the synthesis of PDMAPAm homopolymer in a previous publication [19].

The quest to comprehend the kinetics of the polymerization process and its impact
on the characteristics of the final products has been integral to the evolution of the RAFT
polymerization method since its invention [36,37]. Reaction kinetic models are a vital com-
ponent in this area of research, as evidenced by numerous studies in the literature. So far,
several studies have been conducted regarding the kinetic modeling of bulk and solution
RAFT polymerization of styrene [35,38–42], methyl methacrylate (MMA) [42–45], dode-
cyl methacrylate [46], 4-vinyl pyridine [9,10,12], NIPAM [47,48], and DMAEMA [49–51].
In some of them, the model has been used as a tool for upscaling the polymerization
process [9,11].

Therefore, this research demonstrates the development of a kinetic model, the ap-
plication of the validated kinetic model in upscaling of the synthesis of the poly(N-[3-
(dimethylamino)propyl]-acrylamide)-b-poly(methyl methacrylate) (PDMAPAm-b-PMMA)
diblock copolymer, and also preliminary results regarding the CO2-responsiveness of the
diblock copolymer. The model investigates the polymerization kinetics and predicts the
key properties of the homopolymer (PDMAPAm), such as molar mass, dispersity, and
livingness. These properties are crucial for chain extension with MMA to synthesize
PDMAPAm-b-PMMA. Additionally, the kinetic model is applied to scale up the synthesis
of CO2-responsive PDMAPAm-b-PMMA from a 10 mL lab flask to a 100 mL glass reac-
tor, which can facilitate the fabrication of CO2 membrane adsorbers on a larger scale for
CO2 capture.

2. Materials and Methods

2.1. Materials

N-[3-(Dimethylamino)propyl]acrylamide (stabilized with MEHQ) (DMAPAm, >98.0%,
TSI, Zwijndrecht, Belgium) was first dissolved in 1,4 dioxane (≥99.8%, Merck, Darmstadt,
Germany) and percolated through a column of basic aluminum oxide (>98%, Sigma-
Aldrich) before use to remove the inhibitor. Then, 2,2′-Azobis(2-methylpropionitrile)
(AIBN, 98%, Sigma-Aldrich, Taufkirchen, Germany, stored at 4 ◦C) and 4-cyano-4-
[(dodecylsulfanylthiocarbonyl)-sufanyl]pentanoic acid (CDTPA, 97%, Sigma-Aldrich,
Taufkirchen, Germany, stored at 4 ◦C) were added into the monomer and solvent mixture.
Methyl methacrylate (99%, stabilized with ≤30 ppm MEHQ, Sigma-Aldrich, Steinheim,
Germany) was also freshly percolated with the same procedure for the same reason. Nitro-
gen was purchased by Linde (Hamburg, Germany, 99.999% purity). The copolymer was
precipitated in n-hexane (99%, Sigma-Aldrich, Taufkirchen, Germany). The proton nuclear
magnetic resonance (1H NMR) measurements were carried out in deuterated chloroform-
d1 (CDCl3, 99.8% containing 0.03% (v/v) TMS, Sigma-Aldrich, Taufkirchen, Germany,
stored at 4 ◦C). The gel permeation chromatography (GPC) measurements were carried
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out with the use of N,N-dimethyl acetamide (DMAc, ≥99.9%, Sigma-Aldrich, Taufkirchen,
Germany) as the solvent and eluent of the system.

2.1.1. Synthesis of PDMAPAm via RAFT Polymerization

For the kinetic experiments of PDMAPAm synthesis via RAFT polymerization, CDTPA
(36.3 mg, 0.09 mmol, 1 eq.), AIBN (14.93 mg, 0.09 mmol, 1 eq.), and percolated DMAPAm
(2800 mg, 18.00 mmol, 200 eq.) were dissolved in 2.4 mL of 1,4-dioxane (20 wt% monomer
content) and separately added into small 10 mL flasks. The mixture in the flasks was
degassed with nitrogen in a cold-water bath at 15 ◦C for 20 min (see the detailed synthesis
protocol in the Supplementary Materials, Table S1). Following this, polymerization was
conducted in a 10 mL glass flask using a thermo-shaker set at 70 ◦C and 250 rpm for 4
h, and every half an hour, the reaction in one of the flasks was stopped. The reaction
was terminated by ice-cooling (0 ◦C) and exposure to air. Samples for 1H NMR and GPC
were taken to determine the monomer conversion and molecular weight of the synthesized
polymer, respectively. The final product was precipitated in n-hexane, followed by filtration
and drying in a vacuum oven at 35 ◦C and a reduced pressure of 1 mbar overnight.

For upscaling, the DMAPAm was polymerized in a 100 mL glass reactor by applying
the same recipe as mentioned above. A total of 10 g of homopolymer was synthesized (see
more in the Supplementary Materials, Table S2), which was used for the synthesis of the
diblock copolymer PDMAPAm-b-PMMA.

2.1.2. Synthesis of PDMAPAm-b-PMMA via RAFT Polymerization

To synthesize the PDMAPAm-b-PMMA diblock copolymer, dried PDMAPAm
(2600 mg, 0.126 mmol, 1 eq.), which served as the macro-RAFT/macro-stabilizer; MMA
(1000 mg, 10 mmol, 100 eq.); and AIBN (17 mg, 0.126 mmol, 1 eq.) were dissolved in 15 mL
of 1,4-dioxane (refer to the detailed synthesis protocol in the Supplementary Materials,
Table S3). The mixture was degassed with nitrogen in a cold-water bath at 15 ◦C for 20 min.
Polymerization was then conducted in a 30 mL glass flask using a thermo-shaker at 70 ◦C
and 250 rpm for 24 h. The reaction was terminated by ice-cooling (0 ◦C) and exposure to
air. Samples for 1H NMR and GPC were taken to determine the MMA conversion and the
molecular weight of the synthesized diblock copolymer, respectively. The polymer was
precipitated in n-hexane and dried in a vacuum oven at 35 ◦C and 1 mbar for 24 h.

2.2. Analytics

2.2.1. Proton Nuclear Magnetic Resonance Spectroscopy (1H NMR)
1H NMR spectroscopy experiments were performed using a Bruker AV500 spectrom-

eter (Bruker, Rheinstetten, Germany) and a Spinsolve Carbon 80 benchtop spectrometer
(80 MHz, Magritek GmbH, Aachen, Germany). The spectra obtained with the Bruker
AV500 were recorded by applying a 10 ms 90◦ pulse at a sample temperature of 298 K.
Sixteen scans were recorded with a relaxation delay of 3 s. In a similar way, the experiments
with the Spinsolve Carbon 80 were accomplished using the proton+ protocol with 4 scans,
an acquisition time of 6.4 s, a repetition time of 1 min, and a pulse angle of 90◦. The
sample concentrations were 20 g L−1 and CDCl3. The 1H NMR spectra were analyzed
with the software MestReNova 10.0 (Mestrelab Research, Santiago de Compostela, Spain).
1,3,6-trioxane was used as an internal standard. DMAPAm conversion from macro-RAFT
synthesis was estimated by comparing the integration of double-bond proton areas in the
sample before and after the reaction, which was around 90%. Using the same method, the
conversion of methyl methacrylate in the second block synthesis, also measured in CDCl3,
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was calculated from the decrease in the integral of the monomer peaks, which was also
approximately 90%.

2.2.2. Gel Permeation Chromatography (GPC)

The apparent molecular weight distributions of the PDMAPAm homopolymers
(macro-RAFT agents) and PDMAPAm-b-PMMA diblock copolymers were measured via
GPC at 50 ◦C with DMAc with the addition of lithium chloride (0.1 M) as an eluent.
A Waters 717 plus instrument (Waters, Milford, MA, USA) equipped with PSS GRAM
columns (PSS GmbH, Mainz, Germany) [GRAM pre-column (dimensions 8–50 nm) and
two GRAM columns of different porosity (3000 and 1000)] with dimensions of 8 × 300 mm
and a particle size of 10 μm was used. The samples were measured at a flow rate of
1 mL min−1 using a VWR-Hitachi 2130 pump (VWR Hitachi, Darmstadt, Germany) and a
VWR-Hitachi L2490 RI (refractive index) detector (VWR Hitachi, Darmstadt, Germany).
The GPC equipment was calibrated with narrow PMMA standards, and the data were
analyzed using PSS WinGPC UniChrom software, version 1.0, Agilent Technologies, Inc.
2023 (PSS GmbH, Mainz, Germany).

3. Results

3.1. Preliminary Remarks on Kinetic Experiments and Polymer Synthesis

As described in previous work [19], the synthesis of PDMAPAm-b-PMMA involved
two-step polymerization of the two monomers, as shown in Figure 1. First, poly(N-[3-
(dimethylamino)propyl]acrylamide) (PDMAPAm) was synthesized at 70 ◦C by RAFT
solution polymerization of N-[3-(dimethylamino)propyl]acrylamide in 1,4-dioxane. Sub-
sequently, PDMAPAm served as a macroRAFT agent for the synthesis of a PDMAPAm-b-
PMMA diblock copolymer by extending the chain via RAFT solution polymerization.

 
Figure 1. Synthesis of PDMAPAm-b-PMMA using PDMAPAm as macro-RAFT agent.

The aim was to synthesize a PDMAPAm-b-PMMA diblock copolymer with
Mw,app = 40kDa and a 70:30 = PDMAPAm/PMMA ratio in order to have a large amount of
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PDMAPAm, which is a functional material/block that shows CO2 responsivity. To achieve
this goal, it was very important to develop a kinetic model of polymerization that allows
the study of the kinetics of polymerization and optimization of the synthesis protocol in
order to obtain a polymer with the desired polymer properties, obtaining a great advantage
of digitalized synthesis and reducing possible experimental attempts.

3.2. Mark–Houwink–Sakurada Parameters

The GPC evaluation of PDMAPAm and PDMAPAm-b-PMMA is performed with the
PMMA standard, which is not a 100% fit to the molecular structure of the PDMAPAm-
based copolymer. Therefore, the Mark–Houwink parameters of PDMAPAm are required
to determine the actual apparent molar mass of the synthesized polymer. Using a similar
procedure to that described in our previous publication [9], the Mark–Houwink parameters
of PDMAPAm are determined by measuring the intrinsic viscosity (see Supplementary
Information, Figures S1 and S2) of PDMAPAm with different molar masses dissolved in
THF (Table 1).

Table 1. Determined Mark–Houwink–Sakurada parameters of PDMAPAm in THF.

KPDMAPAm( dL
g ) aPDMAPAm

1.29 × 10−4 6.25 × 10−1

The Mark–Houwink parameters a and K vary depending on the specific polymer–
solvent system. For solvents, an a-value of 0.5 indicates a theta solvent, while an a-value
of 0.8 is characteristic of good solvents [52,53]. It is evident from the results that the
Mark–Houwink parameters of PDMAPAm are also in this range and agree well with
the Mark–Houwink parameters of other N-containing polymers [54–56]. For PDEAEMA,
PDMAEMA, PDMAPMAE [54], PNEAEMA, and PMOMA [56], the value of a changes
between 6.00 × 10−1 and 7.5 × 10−1, and the a-value of PDMAPAm also falls within
this range.

As for the K value of the other N-containing polymers, it ranges from 2.10 × 10−4 to 0.5
× 10−4 dL

g , whereas the figure is equal to 1.29 × 10−4 for our homopolymer. By knowing the
Mark–Houwink parameters of PDMAPAm and PMMA [57,58] determined by viscosimetry
measurement, the real Mw of PDMAPAm is calculated using Equation (1) [59].

Mw,PDMAPAm =

[
KPMMA

KPDMAPAm

]( 1
aPDMAPAm+1 )·[Mw,PMMA

]( aPMMA+1
aPDMAPAm+1 ) (1)

In Figure 2, the weight-average molecular weights of PDMAPAm determined using the
Mark–Houwink parameters of PMMA, with those determined using the estimated Mark–
Houwink parameters of PDMAPAm, are presented. It can be seen from the diagrams that
the evaluations with PMMA and PDMAPAm standards generally provide similar results for
molecular weights below 20 kDa. The molar masses evaluated against the estimated PMMA
parameters overlap with the molar masses evaluated against the estimated PDMAPAm
parameters at higher RAFT-to-initiator ratios, but a slight discrepancy is observed as the
ratio decreases. This occurs because at higher molecular masses than 20 kDa, the difference
between the weight-average molecular masses determined using PMMA and PDMAPAm
standards increases due to the different Mark–Houwink parameters of PDMAPAm and
PMMA in THF.
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Figure 2. Correction of GPC evaluation. Evolution of weight-average molar masses of PDMA-
PAm from RAFT/initiator = 1:1 and RAFT/initiator = 3:1 experiments evaluated with PMMA and
PDMAPAm standards.

3.3. Model Description
3.3.1. Structure of Model

The model developed by De Rybel et al. [41] and F. Kandelhard et al. [9] for the RAFT
polymerization of styrene and 4-vinyl pyridine was selected as the base for this study due
to its comprehensive consideration of all critical reaction steps, which are initiation, re-
initiation, propagation, termination by recombination, cross-termination, pre-equilibrium,
and RAFT equilibrium reactions (Scheme 1). Since the monomer concentration in solvent
is 20% w/w, the gel effect for the termination reaction was not considered. There were
two approaches to cross-termination in the literature. The first one is proposed by Barner-
Kowollik et al. [23], who posit that the intermediate radical generated during the RAFT
polymerization process is relatively stable and has a long lifespan. This model is referred
to as the slow fragmentation model, which suggests negligible cross-termination of the
intermediate radical and a high equilibrium constant (approximately kadd/k f rag = 104

to 108) for the reaction between a growing radical and a dormant/RAFT-intermediated
radical. The second one, which is proposed by Monteiro et al. [60], suggests that there is
considerable cross-termination of the intermediate radical with other free radicals in the
solution. This model is known as the intermediate radical termination model, predicting
equilibrium constants that are several orders of magnitude lower than those of the slow
fragmentation model (around a maximum of 102). In this study, the model of Monteiro
et al. [60] is considered because it is assumed that kadd/k f rag will not be higher than
102 and cross-termination of radical RAFT species with two chain lengths (RnX∗Rm) is
possible with an oligomeric growing radical ( Ri) ( ic = 2 & αc = 0.33) [61], as shown in
Equations (2) and (3). Additionally, RnX∗R0 can also cross-terminate with primary radicals
and growing radicals, as assumed in the previous publications [9,41].

ktcross,i = ktcross,1(i + 1)−αc i f i ≤ ic (2)

ktcross,i = 0 i f i > ic (3)
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Scheme 1. Reaction steps of kinetic model. I, M, Rd
n, R0X, and RnX are initiator, monomer, terminated

polymer, RAFT agent, and RAFT intermediate with one chain length, respectively. I∗, R∗
0, R∗

i , RnX∗R0,
and RnX∗Rm are initiator radical, small leaving group left from RAFT agent, growing radical, RAFT
intermediate radical with one chain length, and RAFT intermediate radical with two chain lengths.

3.3.2. Reaction Rates

The rate constants for the reactions incorporated within the model are represented
in Table 2. Since the initiator, AIBN, is used in this experiment, the kd and f values are
taken from our previous publication and ki = 10·kp is assumed again [9]. In addition,
the rate coefficients for the pre-equilibrium reaction steps are also added from a previous
publication [9]. The kinetics of DMAPAm have not yet been studied, and therefore, there are
no data on the rate coefficients of propagation and termination during the recombination
of this monomer. However, DMAPAm can be considered a member of the family of
N-containing methacrylates, similar to other monomers described in one of the recent
publications of K. B. Kockler et al. [54]. This means that the propagation rate coefficient
of DMAPAm should also be in the range described in this publication, which is assumed
to be 2.50 × 103 [L mol−1 s−1] for now, and this assumption will be checked at the end by
comparing the rate coefficient of termination, estimated by applying parameter estimation,
with the termination rate coefficients of other N-containing methacrylates belonging to the
same family [54].

Table 2. Rate coefficients used for reaction kinetic modeling.

Rate Coefficient
A

[Variable Unit]
EA

[K]
k (at 70 ◦C) [Variable Unit] Reference

kd 1.58 × 1015 [s−1] 1.55 × 104 3.64 × 10−5 [s−1] [9]
f0 - - 0.6 [9]

kp
2.44 × 106

[L mol−1 s−1] 2.36 × 103 2.5 × 103 [L mol−1 s−1] [54]

ki ki = 10·kp [9]
kt,cross

Estimated in this work
kt

kadd
kfrag
kadd,a - - 1.00 × 104 [s−1] [9]

kfrag,a - - 2.00 × 104

[L mol−1 s−1]
[9]
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3.3.3. Model Validation

The kinetic model was developed using Predici, version 11. Laplace. 1.5, 2023, a
software tool designed for the numerical simulation of polymerization reactions, describing
the critical reaction steps mentioned in the previous section.

Altogether, two reaction kinetic experiments were performed with two different
RAFT/initiator ratios (CDTPA/AIBN = 1:1 and 3:1). The reaction rate coefficients of cross-
termination, termination by recombination, and addition–fragmentation reactions were
estimated by fitting the kinetic model to the experimental data of monomer conversion
(Xexp. %), the theoretical number-average molar mass (Mn,th, which was estimated using the
equation existing in the literature [7,20,21] based on monomer conversion determined with
1H-NMR measurement), and the apparent weight-average molar mass (Mw,app, measured
with GPC). For this fitting, a parameter estimation mode in the software Predici was used.
In the parameter estimation, the data from the two experiments were inserted into the
model, and the data sets of the experiments were fitted together, as shown in Figure 3.

  

Figure 3. (a) Evolution of simulated (Xsim.) and experimental (Xexp.) DMAPAm conversion for
two different RAFT/initiator ratios of 1:1 and 3:1. (b) Evolution of simulated (Mn,sim.), apparent
(Mn,app), and theoretical (Mn,th) number-average molar masses within period of 4 h for two different
RAFT/initiator ratios of 1:1 and 3:1.

As depicted in Figure 3, the model accurately predicts the evolution of conversion and
average molar mass. In particular, Figure 3a represents a complete overlap between the
experimental (Xexp.) and simulated monomer conversion (Xsim.) data, whereas Figure 3b
demonstrates that the experimental number-average molar mass (Mn,exp.) data align closely
with the simulated (Mn,sim.) data throughout the entire reaction time. There is a minimal
deviation of the apparent number-average molecular weight not only from the simulated
Mn but also from the theoretical Mn, which could be due to the fact that the used PMMA
standard in this study is only valid at Mw,app < 20 kDa, as described in the literature [57],
and this PMMA standard was chosen for comparison in our study because these Mark–
Houwink parameters of PMMA were also determined by viscosimetry [57]. Therefore,
better overlapping of Mn,app with Mn,th can be seen at a higher molar mass than this,
especially in the case of RAFT/initiator = 1:1. In addition to this, at the beginning of
the reaction, based on the simulation result, the Mn value in both cases increases very
fast, which may be related to the fast decomposition of AIBN at 70 ◦C, which leads to
the formation of a high amount of initiator radical at the start, as described in previous
publications [11,62,63]. In addition, after 3 h of reaction time, the monomer conversion and
the number-average molecular weight increase at a negligibly slow rate, which means the
reaction can be terminated earlier than after 24 h [19].
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From the fitting mentioned before, the values of rate coefficients of cross-termination,
termination by recombination, and addition—fragmentation reactions were estimated
(Table 3).

Table 3. Estimated values of rate coefficients of cross-termination, termination by recombination, and
addition–fragmentation reactions from parameter estimation (PE).

kt,cross kt kadd

8.00 × 109 [L mol–1 s–1] 4.00 × 106 [L mol−1 s−1] 1.00 × 104 [L mol−1 s−1]

The estimated rate coefficients agree quite well with the values available in the lit-
erature [9,35,41,60]. The assumption made regarding the possible cross-termination of
the intermediate RAFT radical (which possesses two chain lengths) with the oligomeric
growing radical was proven to be correct, as the equilibrium constant for the RAFT equi-
librium (K = kadd

k f rag
) was calculated to be around 5, which is lower than 102. This means

that this model follows the intermediate radical termination model of Monteiro et al. [60],
predicting equilibrium constants that are several orders of magnitude lower than those
of the slow fragmentation model of Barner-Kowollik et al. [23]. In other words, some of
the radical RAFT species are consumed for a cross-termination reaction with oligomeric
growing radicals [61], leading to an equilibrium constant several orders of magnitude
lower than those of the slow fragmentation model [23].

Another assumption was concerning the value of the propagation rate coefficient of
DMAPAm, which was assumed to be 2.5 × 103 [L mol−1 s−1], which is in the range of
propagation rate coefficients of N-containing methacrylates. The termination rate coef-
ficient of DMAPAm was estimated to be 4.00 × 106 [L mol−1 s−1], which is the same as
the termination rate coefficient of DMAEMA [51], which also belongs to N-containing
methacrylates. This means that the assumption regarding the kp value was correct, since
the final estimated value of kt is also within the values of the termination rate coefficients
of other N-containing methacrylates.

To investigate the kinetics of the living reaction, a change in the number-average molar
mass (Mn) of the polymer as a function of the monomer conversion (X%) is observed.
Figure 4a indicates this change based on the experimental number-average molar mass
(Mn,app ) (from GPC) and the monomer conversion (Xexp.) (from 1H NMR), whereas
Figure 4b demonstrates this change using the simulated number-average molar mass
(Mn,sim.) and monomer conversion (Xsim.). It can be clearly seen that both the experimental
and simulated data show that Mn changes linearly with the monomer conversion, which
means that the system exhibits pseudo-living reaction kinetics [11,64,65]. This linear
increase is due to the controlled nature of RAFT polymerization, where the chain transfer
agents regulate the growth of polymer chains, ensuring that all chains grow simultaneously
and at a similar or uniform rate [66–68], which, in the end, makes the molecular weight
distribution remain narrow [64,65].
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Figure 4. Change in number-average molar mass with monomer conversion. (a) Apparent number-
average molar mass (Mn,app) (from GPC) change with monomer conversion (Xexp.) (from proton NMR)
for both RAFT/initiator ratios of 1:1 and 3:1 and their corresponding linear trendlines. (b) Simulated
number-average molar mass (Mn,sim.) change with simulated monomer conversion (Xsim.) for both
RAFT/initiator ratios of 1:1 and 3:1 and their corresponding linear trendlines.

3.4. Model Prediction and Application for Scaling Up

Using the validated model, the apparent weight-average molecular weight and the
livingness of the PDMAPAm homopolymer were predicted and compared with the experi-
mentally determined Mn,app values and the estimated homopolymer livingness from the
experimental results. The simulation of the homopolymer livingness in the model is based
on the equation existing in the literature [69]. In contrast, the experimental livingness of
the PDMAPAm homopolymer could be determined either by comparing the theoretical
Mn of the diblock copolymer with the apparent Mn or by analyzing the GPC raw data of
the diblock copolymer synthesized from the macroRAFT of both kinetic experiments, as
described in a previous publication [4]. Since the GPC data of diblock copolymers did not
show any second peaks corresponding to any potential macroRAFT rest, the experimental
livingness was estimated only by comparing the theoretical Mn of the diblock copolymer
with the apparent Mn (see more in Supplementary Materials, Equation (S1)). The results of
the comparison are shown in Figure 5.

  
Figure 5. (a) Evolution of simulated (Mw,sim) and experimental (Mw,app) weight-average molar masses
for two different RAFT/initiator ratios of 1:1 and 3:1. (b) Evolution of simulated livingness and
experimentally determined livingness (based on ratio GPC peaks) for two different RAFT/initiator
ratios of 1:1 and 3:1.
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It can be seen from Figure 5 that, in general, the apparent weight-average molecular
weight (Figure 5a) and the livingness of the homopolymer (Figure 5b) within the reactions
were predicted correctly for both kinetic experiments.

On closer inspection, there is a slight deviation in the simulated Mw from the experi-
mental values in the kinetic experiment with a higher RAFT agent concentration, where
the maximum Mw is close to 15 kDa, which is still outside the PMMA calibration range of
GPC. The deviation is almost the same as in the Mn comparison, which means that this
could be related to the chosen PMMA standard (valid above 20 kDa) for the evaluation.

Furthermore, the model predicts the livingness, in other words, the chain-end fidelity
of PDMAPAm, very well. It was determined that after 4 h of reaction, for a RAFT/initiator
ratio of 3:1, the experimental livingness is around 90%, whereas the value reaches at 83% for
the lower-RAFT-concentration case, as illustrated in Figure 5; these values are equivalent to
4–5 DMAPAm monomeric units, which could be difficult to identify with GPC. These values
of experimentally determined livingness agree quite well with the predicted livingness of
the PDMAPAm from both kinetic experiments. There is a slight deviation in the predicted
livingness for the lower-RAFT-concentration experiment, but the deviation is so small that
it can be considered negligible.

Moreover, based on the model prediction, the livingness of the PDMAPAm homopoly-
mer decreases with reaction time for both RAFT/initiator ratios, as shown in Figure 5b,
because more radicals undergo termination during the polymerization, as stated in pre-
vious publications [9,10]. As for comparing the reaction kinetic experiments with each
other, the simulation shows that a higher RAFT concentration leads to higher livingness of
the homopolymer in the end. This trend is also followed by the experimental livingness
of the synthesized PDMAPAm. Additionally, after 3 h of reaction time, no substantial
change is observed in the value of the average molar masses. However, the livingness of
the homopolymer still decreases with the same gradient. At the same time, experimentally,
it can be seen that macroRAFT livingness is higher at the end of 3 h than at the end of 4 h of
reaction time. Therefore, the same average molar mass is obtained by stopping the reaction
earlier with even higher livingness, as experimentally proven in a previous publication [19].

In Figure 6, the simulated molecular weight distributions (MWDs) are correlated with
the experimental MWDs of the polymerization product measured with GPC for both exper-
iments after 3 h of reaction. It can be clearly seen from the data that the model-predicted
dispersity for both reactions is well estimated, because the breadth of the simulated and ex-
perimental MWDs for both reactions is the same as that calculated by the model. However,
generally, the experimental MWDs and MWDs simulated by the model do not overlap
for the experimental RAFT/initiator ratio of 3:1, and the peak point, Mp (representing the
most probable molecular weight of the polymer chains in the sample), of the experimental
and simulated MWDs are not close to each other. As mentioned before, this discrepancy
was observed between simulated Mn and experimental Mn, and this was justified with the
evaluation standards of the GPC results.

Considering the predicted Mw, livingness, and optimal reaction time for both the
kinetic experiment protocols and comparing the prediction results of the kinetic model
with our aim stated at the start of this study, the synthesis protocol with a RAFT/initiator
ratio of 1:1 is considered to be optimal, since it leads to more-or-less acceptable livingness,
which leads to the desired weight-average molar mass for the homopolymer (25 kDa) at
the end of the 3 h of reaction time and, at the same time, a PDMAPAm/PMMA block ratio
of 70:30.

Using the optimal recipe (RAFT/initiator ratio of 1:1), the synthesis of the homopoly-
mer PDMAPAm was increased from 10 mL lab-scale synthesis to 100 mL glass reactor

128



Polymers 2025, 17, 1115

synthesis. Afterwards, PDMAPAm was used as a macroRAFT to synthesize a PDMAPAm-
b-PMMA diblock copolymer with the desired molar mass and PDMAPAm/PMMA block
ratio. Based on the 1H NMR result, the conversion of MMA for the synthesis of the second
block was calculated to be over 90%.

 
Figure 6. Molecular weight distributions (MWDs) of PDMAPAm. Simulated (Sim.) MWD rep-
resented by dashed lines and experimental (Exp.) MWD shown as continuous lines for both
RAFT/initiator ratios of 1:1 and 3:1 at end of 3 h reaction time.

In Figure 7, the MWDs of the synthesized PDMAPAm and PDMAPAm-b-PMMA in
the glass reactor are presented as measured with GPC. Comparing the MWDs of both
the homopolymer and diblock copolymer, it is obvious from the graph that the MWD of
PDMAPAm shifts slightly to higher molar masses as its chain is extended with the second
monomer MMA. This shift clearly shows the growth of the second block [7,9,10,19].

 

Figure 7. Molar mass distribution curve of PDMAPAm and PDMAPAm-b-PMMA measured
with GPC.

Moreover, Table 4 shows that the weight-average molar mass of the synthesized
PDMAPAm-b-PMMA is around 40 kDa, and the ratio of the PDMAPAm block to the
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PMMA block is around 70:30, in line with the aim stated at the beginning. This means that
the targeted molecular characteristics for the diblock polymer were achieved.

Table 4. The apparent number and weight-average molecular weight along with the dispersity of the
synthesized PDMAPAm-b-PMMA.

Polymer
—
Mn,app(kDa)

—
Mw,app(kDa) Ð

PDMAPAm165 19 26 1.4

PDMAPAm163-b-PMMA130 26 39 1.5

3.5. Preliminary Results of CO2-Responsiveness of Polymer

To demonstrate the preliminary results of the CO2-responsive behavior of the
PDMAPAm-b-PMMA diblock copolymer, a small experiment was performed.

First, the pH of commercial water by “Viva con Agua” (Hamburg, Germany) was
measured to be around 8.25, and then, by degassing, it was saturated with CO2, which
reduced the pH to 5.29 due to the formation of carbonic acid ( CO2 + H2O →← H2CO3),

which dissociates into bicarbonate ( HCO3
−) and hydrogen ions (H+) [70], lowering

the pH.
The diblock copolymer was incrementally introduced into the CO2-saturated wa-

ter, and the resultant pH changes in the solution were systematically measured at room
temperature (23 ◦C) (Figure 8).

 

Figure 8. Resultant pH changes in CO2-saturated water with dissolved diblock copolymer.

It can be clearly seen from Figure 8 that as the PDMAPAm-b-PMMA diblock copolymer
is added into the CO2-saturated water, its pH increases from 5.29 to 7.10. This might be
related to the fact that as soon as the diblock copolymer is added into the CO2-saturated
water, the tertiary amine group on the PDMAPAm block can theoretically react with CO2

and water ( R3N + CO2 + H2O →← R3NH+ + HCO3
−
)

[71–73] and form bicarbonate ions.
As a result, this can reduce the proton concentration in the water and results in an increase
in the pH value. This interaction of the tertiary amine group with water and CO2 and
the formation of bicarbonate ions show that the diblock copolymer is CO2-reponsive,
as mentioned in several publications [71,72], and could be a potential material for CO2

capture [71,72].
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4. Conclusions

A reaction kinetic model for the RAFT polymerization of DMAPAm was developed
and validated with two different reaction kinetic experiments. Good agreement was ob-
tained between simulated and experimental monomer conversion and the number-average
molar masses. To validate the developed model along with more concrete parameter esti-
mation, the Mark–Houwink parameters of PDMAPAm were estimated in order to adapt
the molar masses of the polymer. Within the validation, it was determined that propagation
and termination by the recombination rate coefficients of DMAPAm follow the values of
the corresponding rate coefficients of other N-containing monomers. At the same time, it
was identified that the Mark–Houwink parameters of PDMAPAm fall within the range of
the parameters of N-containing methacrylate polymers. This means that DMAPAm also
belongs to the family of N-containing monomers, and the developed model is applicable to
the RAFT polymerization of other N-containing monomers. In addition, both simulated
and experimental Mn as a function of the monomer conversion relation showed that the
system has pseudo-living reaction kinetics, referring to the existence of the RAFT kinetics of
the system. After the validation, the model was used to predict livingness, in other words,
the chain-end group fidelity; weight-average molar mass; and MWD of the homopolymer.
Using the kinetic model, the synthesis protocol of the homopolymer PDMAPAm was
optimized to achieve the desired Mw and livingness with the highest monomer conversion
in an optimal reaction time. In the end, the optimal recipe was implemented to synthesize
the CO2-responsive diblock copolymer of PDMAPAm-b-PMMA with the desired molar
mass (40 kDa) and molar mass ratio of the PDMAPAm block to the PMMA block (70:30) on
a larger scale, which can be implemented in direct air capture technology.

In the future, to make the prediction of the simulation more precise and the examina-
tion of the reaction kinetics more thorough, a calorimeter can be utilized to determine the
polymerization rate experimentally, in other words, to determine the exact propagation
rate coefficient of the polymerization, and to investigate the energy balance of the RAFT
polymerization of DMAPAm, which could also open a door to optimizing the reaction in
terms of energy consumption and to bring the process to industry.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym17081115/s1, Table S1. Recipe of kinetic experiment for
PDMAPAm synthesis; Table S2. Recipe for scale-scaling up of PDMAPAm synthesis; Table S3. Recipe
of PDMAPAm-b-PMMA synthesis; Figure S1. Reduced viscosity change with polymer concentra-
tion in THF for PDMAPAm homopolymers with different molar masses (15 kDa, 25 kDa, 42 kDa,
94 kDa); Figure S2. Plot of intrinsic viscosity versus molar mass of both PMMA and PDMAPAm
homopolymers [57,58].
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The following abbreviations are used in this manuscript:

DMAPAm N-[3-(dimethylamino)propyl]-acrylamide
MMA Methyl methacrylate
PDMAPAm-b-PMMA Poly(N-[3-(dimethylamino)propyl]-acrylamide)-b-poly(methyl methacrylate)
RAFT Reversible Addition−Fragmentation Chain-Transfer
CDTPA 4-cyano-4-[(dodecylsulfanylthiocarbonyl)-sufanyl]pentanoic acid
AIBN 2,2′-Azobis(2-methylpropionitrile)
CDCl3 Deuterated chloroform
THF Tetrahydrofuran
4VP 4-Vinylpyridine
1H NMR Proton Nuclear Magnetic Resonance Spectroscopy
GPC Gel permeation chromatography
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Abstract: In this review work, the different routes and methods for preparing hybrid mate-
rials based on nanostructured block copolymers (BCPs) and magnetic nanoparticles (MNPs)
are analyzed, as they can be potentially employed in different sectors like biomedicine,
electronic or optoelectronic devices, data storing devices, etc. The first procedure for their
preparation consists of the nanostructuring of BCPs in the presence of previously syn-
thesized NPs by modifying their surface for increasing compatibility with the matrix or
employing magnetic fields for NP orientation, which can also promote the orientation of
nanodomains. Surface modification with surfactants led to the selective confinement of
NPs depending on the interaction (mainly hydrogen bonding) degree and their intensity.
Surface modification with brushes can be performed by three methods, including grafting
from, grafting to, or grafting through. Those methods are compared in terms of success
for the positioning and confinement of NPs in the desired domains, showing the crucial
importance of brush length and grafting density, as well as of NP amount and modification
degree in the self-assembled morphology. Regarding the use of external magnetic fields, the
importance of relative amounts of MNPs and BCPs employed and that of the magnetic field
intensity for the orientation of the NPs and the nearby BCP domains is shown. The second
procedure, consisting of the in situ synthesis of NPs inside the nanodomains by a reduction
in the respective metallic ions or employing metal-containing BCPs for the generation of
MNP patterns or arrays, is also shown. In all cases, the transference of magnetic properties
to the nanocomposite was successful. Finally, a brief summary of some aspects about the
use of BCPs for the synthesis, encapsulation, and release of MNPs is shown, as they present
potential biomedical applications such as cancer treatment, among others.

Keywords: magnetic nanoparticles; block copolymers; nanocomposites; templates; pat-
terns

1. Introduction

Organic/inorganic nanocomposites are hybrid materials in which an inorganic filler
or nanoparticles (NPs) are dispersed or selectively placed into the organic part, usually a
polymeric matrix. Those inorganic fillers or NPs transfer their specific optical, electric, or
magnetic properties to the hybrid material [1–3], with potential applications in different
sectors such as solar cells, sensors, or magnetic storage devices, among others [4–6]. Some of
the most important hybrid materials are those in which block copolymers (BCPs) constitute
the organic part.
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BCPs can self-assemble, generating nanostructures such as lamellar, cylindrical, or
spherical ones, among others. For this reason, they can be employed to lead to the
self-assembly of NPs inside those nanostructures, resulting in materials designed at the
nanoscale that can present improved properties [7]. BCPs can be employed either for the
synthesis of NPs or for their placement in high-ordered nanostructures, resulting in nano-
materials with specific optical, magnetic, or electronic properties. The concept of synergistic
assembly should be mentioned at this point, as BCPs can rearrange their nanostructures
due to their interactions with the inorganic fillers.

Many works can be found in the literature related to hybrid materials based on several
BCP matrices and different inorganic NPs, such as silver [4,8], gold [9,10], TiO2 [1,11], or
quantum dots like CdSe [3,12–14], among others, but there is still work ongoing and to be
conducted in this field, and is the object of many investigations.

On the other hand, magnetic nanoparticles (MNPs) have been deeply investigated
by many researchers in many fields, such as magnetic fluids [15], catalysis [16], biotech-
nology [17], magnetic resonance imaging [18], and data storage [19]. Different types of
MNPs have been synthesized with different compositions and phases, including iron ox-
ides [20]; pure metals such as Fe and Co [21,22]; spinel-type ferromagnets such as MgFe2O4,
MnFe2O4, and CoFe2O4 [23,24]; and alloys such as CoPt3 and FePt [25,26]. During the last
few years, several investigations have been conducted on the synthesis of iron oxides such
as Fe3O4 (magnetite), α-Fe2O3 (hematite), γ-Fe2O3 (maghemite), FeO (wüstite), ε-Fe2O3,
and β-Fe2O3 [27], with magnetite and maghemite being the most employed ones.

Regarding the procedures employed for the fabrication of hybrid BCP–MNP nanocom-
posites, they can be divided into two main types. The first one consists of first synthesizing
the NPs with a controlled size (or using commercial ones), and then nanostructuring the
BCP in their presence, taking into account that the presence of NPs can modify matrix
morphologies due to interactions or by selective positioning. The second procedure consists
of the in situ synthesis of MNPs inside the nanostructured BCP during the nanostructure
formation in controlled conditions.

For the first procedure, several strategies can be employed. One of them is the
modification of the MNP surface with surfactants or with polymeric chains (brushes)
grown on their surface. The coating of the NP surface with surfactants leads to interactions
(hydrogen bonding, hydrophilic or hydrophobic attraction) with a specific block of the BCP
in order to be placed at those domains, in addition to avoiding the formation of aggregates,
which is a trend with most of NPs [28–31]. This is the easiest procedure, as there are many
surfactants available and the chemistry is relatively simple. Another strategy is the growing
of polymeric chains (brushes) that present affinity (or even are the same) with one of the
blocks for the selective placement of MNPs at the desired domains [3,12,13,32–35]. There
are three different methods for brush growing, known as grafting to, grafting from, and
grafting through. All those procedures will be explained and compared in their respective
sections of the manuscript, including a table for a better understanding.

The last of the strategies for the first main procedure is the employment of
magnetic fields for the alignment or selective placement of MNPs in nanostructured
BCPs [29,31,36,37]. In this case, a magnetic field whose intensity is controlled is applied
during nanocomposite formation. Several authors showed that, by controlling the intensity
(usually with the distance between magnets) of the magnetic field and the amount of
MNPs employed, alignment can be achieved, in some cases orienting the BCP domains
surrounding the MNPs.

The second main pathway employed for hybrid nanocomposites consists of synthe-
sizing MNPs in situ, inside the nanodomains corresponding to one of the blocks, by a
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reduction in the corresponding metallic ions. In this vein, during the last few years, there
has been ongoing research on the employment of BCPs as templates for the synthesis of
MNP arrays with specific locations, or even for MNP encapsulation and posterior release,
with potential applications in biomedicine or drug delivery [38–45]. The scheme for both
main pathways can be seen in Figure 1.

Examples of the proper dispersion and placement of MNPs without any modification
or magnetic field can also be found [46], as well as of the control of particle/solvent and
polymer/solvent interactions in order to promote the selective placement of MNPs at the
desired domains of the block copolymer [47].

In the present work, the studies performed by many authors on the synthesis and
characterization of BCP/MNP hybrid systems by different strategies or methods are re-
viewed, showing the main findings and potential applications of the generated materials.
The review will be divided into sections regarding the different strategies employed by
authors: surface modification with surfactants, the growing of polymer brushes, the use of
the magnetic field, and the role of BCPs as templates for MNP synthesis, encapsulation, or
release. This last part will only be introduced and shown briefly, as there are many ongoing
studies, and the aim of the present review is mostly to show the rest of the procedures for
preparing thin-film composites based on hybrid BCP/MNP materials.

Figure 1. Schematic representation of the two main procedures for the preparation of BCP–MNP
hybrid materials. (Adapted with permission from [48], Frontiers 2015).

2. Surface Modification with Surfactants

This method, considered the simplest one, is based on the use of previously synthe-
sized MNPs, with the surface modified with surfactants, which are added to the BCP that
is afterwards assembled into different nanostructures [28–31]. Surfactant molecules that
coated the surface of the MNPs present higher affinity towards one of the blocks, leading to
the confinement of the MNPs into the nanodomains corresponding to that block. However,
several authors have pointed out that, especially for ferromagnetic nanofillers such as
iron oxides, cobalt, and nickel, the strong magnetic attractions among them led to the
aggregation of MNPs.

Several studies can be found on the use of surfactants for dispersing MNPs in nanos-
tructured BCPs. Char et al. [28] employed poly(styrene-b-isoprene) (PS-b-PI) assembled
into PI cylinders and poly(styrene-b-4-vinylpiridine) (PS-b-P4VP) assembled into PS cylin-
ders as templates for the placement of oleic acid-coated Fe2O3 MNPs. Their main finding
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was that, independently of the employed BCP, the placement of MNPs and the formation
of aggregates depended on the solvents employed for casting nanocomposite films: When
solvents solving both blocks were employed, the aggregation of nanofillers occurred during
film formation. On the other hand, with the use of solvents selective for one of the blocks
(forming the cylinders), MNPs were selectively placed into the cylinders and the inversion
of micelles occurred during film formation. They concluded that depending on the degree
of interaction between the MNPs and one of the blocks, nanofillers should be placed either
at the interfaces (disrupting the nanostructure when the MNPs were increased) or inside
the minor domains.

Park et al. [31] also employed oleic acid-capped Fe2O3 nanoparticles for dispersal
into a poly(3-hexylthiopene-b-ethylene glycol) (P3HT-b-PEG) copolymer by a magnetic
field. For this reason, this study will be analyzed in the section devoted to magnetic
field application.

Miles et al. [30] employed the hydrogen bonding interactions among gallic acid-capped
FePt nanoparticles and P2VP nanodomains of a PS-b-P2VP diblock copolymer to selec-
tively place them into those nanodomains, obtaining materials with good magneto-optical
properties and presenting little trade-off in terms of scattering loss. MNPs improved the
Faraday rotation properties. The control of BCP nanostructures and surface functionaliza-
tion of MNPs allowed for hybrid materials with potential magneto-optical applications to
be obtained.

J. Shin et al. [49] analyzed the effect of MNPs on the nanostructure of nanocompos-
ites formed by symmetric poly(styrene-b-1,4-butadiene) (PS-b-PB) BCP with Fe3O4 or
Au nanoparticles, comparing the effect of NP type as well as their placement at the nan-
odomains. They first synthesized Au and Fe3O4 nanoparticles stabilized with oleyl ligands.
The confined co-assembly of symmetric poly(styrene-b-1,4-butadiene) (PS-b-PB) BCP and
NPs in evaporative emulsions resulted in particles with various morphologies, including
striped ellipsoids, onion-like particles, and their intermediates. The main difference among
PS-b-PB/Au and PS-b-PB/Fe3O4 was in the distribution of NPs, which affected the overall
particle morphology. In the case of PS-b-PB/Fe3O4 ellipsoids, MNPs clustered and segre-
gated to the particle/surrounding interface of the ellipsoids, being selectively placed in the
middle of the PB domains in a string-like pattern for PS-b-PB/Fe3O4 onion-like particles.
The scheme of the employed procedure is shown in Figure 2.

Figure 2. Illustration showing co-assembly of inorganic nanoparticles (Au NP and Fe3O4 NPs) with
PS-b-PB copolymer by controlled solvent evaporation from a toluene-in-water emulsion. Reproduced
with permission from Ref. [49].
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3. Surface Modification with Polymeric Brushes

Polymer brushes are polymeric chains anchored or grafted to a surface, with a grafting
density high enough for the surface-attached chains to become crowded and expand
outward from the surface [50]. Depending on the employed criteria, different classifications
of brushes can be found. Depending on the use of linear chains, planar surfaces, or spherical
NPs as a substrate for brush growing, brushes can be divided into one-dimensional, two-
dimensional, or three-dimensional, respectively. If their composition and architecture are
taken into account, brushes can be classified into homopolymeric, mixed homopolymeric,
block copolymer, or branched polymer brushes.

Moreover, different methods can be used for grafting polymeric chains to NP surfaces,
as shown in Figure 3.

Figure 3. Different techniques for polymer brush grafting.

The first method is known as grafting to: polymers with suitable end-functional
groups react with appropriate surface sites on the inorganic nanoparticles [51,52]. The
second method, grafting through, consists of linking a monomer by a covalent bond to a
surface, from which a surface copolymerization is carried out, incorporating the inorganic
part in the polymer chains [13,53]. The growth of chains is initiated in solution, and during
propagation, a surface-bound monomer unit can be integrated into the growing chains,
with polymer chains being permanently grafted to the surface. The growth of chains can
continue with the addition of new units that are either free or attached to the surface. The
third method, known as grafting from, consists of grafting initiator molecules (or surfactant
molecules) to the surface, from which chains will grow in situ. Several techniques can
be used for the polymerization: controlled radical polymerization (CRP), ionic living
polymerization, or ring-opening polymerization (ROP) [54,55].

Many works can be found in the literature regarding the use of polymeric brushes
for increasing the compatibility with a BCP matrix and placing the MNPs into the desired
domains. Those works will be classified in terms of the method employed for the generation
of brushes.

3.1. Brushes by the Grafting from Method

Initiator molecules previously anchored to the surface of NPs are responsible for the
chain growth, which can occur via different polymerization techniques, obtaining high
grafting densities as well as more finely tuned control of the molar mass and polydispersity.
Among the variety of radical polymerization methods that can be used (atom transfer
radical polymerization (ATRP), reversible addition–fragmentation chain transfer, and
nitroxide mediated polymerization), ATRP has been the most widely employed by different
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authors. In order to obtain uniform growth of chains, the step consisting of an atom transfer
is the most important, for which two techniques can be used: the use of a sacrificial free
initiator or the employment of a persistent radical for better control of the polymerization.

I. Garcia et al. [56–59] grafted PS or PMMA brushes from the surface of Fe3O4 MNPs by
the ATRP technique in order to selectively confine them into PS or PMMA nanodomains of
different self-assembled BCPs. Firstly, they grafted PS brushes from an NP surface (PS–MN)
to add them (1, 2, and 4 wt% NPs) to a commercial poly(styrene-b-butadiene-b-styrene)
(SBS) block copolymer [56,57]. A grafting density of 0.9 chains/nm2 was obtained, in
addition to measuring the molar mass of the growth chains after cleavage. After solution
mixing, the mixtures were cast onto silicon wafers, nanostructuring them by thermal
annealing. By measuring the Tg of both blocks from the BCP and analyzing the effect
of MNPs on them (both modified and unmodified ones) and characterizing the obtained
morphologies in terms of atomic force microscopy (AFM), they pointed out that PS–MN was
located at the PS nanodomains. The improvement in mechanical properties observed for
the SBS/PS–MN system compared to that of the SBS/MN one indicated higher interactions
and better interfacial adhesion promoted by the PS brushes. Moreover, the increase in the
thickness of the PS lamellae, disrupting the morphology, indicated the presence of PS–MN
at PS domains. In conclusion, they pointed out that a very good and selective dispersion of
PS–MN was obtained in the SBS, maintaining the morphology of a neat copolymer and
increasing the mechanical properties.

In a second study, they grafted PMMA brushes (with a grafting density of around
0.1 chains/nm2) from the surface of magnetic Fe3O4 nanoparticles (PMMA–MN) by ATRP
to prepare nanocomposites with a poly(2-vinylpyridine-b-methylmethacrylate) (P2VP-b-
PMMA) block copolymer by solution mixing and spin coating onto glass wafers [58]. The
obtained films were annealed by exposure to CCl4 vapors (selective for PMMA)—that is, by
solvent vapor annealing (SVA). They employed both AFM and magnetic force microscopy
(MFM) to analyze the effect of SVA and MNP modification on generated nanostructures or
morphologies. By analyzing the effect of exposure time on the morphology of the neat BCP,
they found an evolution of the nanostructure: While a hexagonal morphology was obtained
after 3 h of exposure, after 9 h, a quasi-lamellar morphology normal to the substrate was
observed (as CCl4 is selective for PMMA, it promoted the migration of P2VP from the
free surface to the substrate). After 14 h, PMMA migrated to the surface, forming the
continuous phase, while P2VP appeared as the discontinuous one. They obtained several
conclusions by analyzing the nanocomposites: For 2 wt% PMMA–MN, the hexagonal
nanostructure of the neat BCP was maintained, with PMMA–MN being selectively placed
at PMMA domains. On the other hand, for the nanocomposite with 4 wt% PMMA–MN,
they observed that some agglomerations began to appear. Moreover, the transference of the
magnetic properties of the NPs to the nanocomposite thin films was confirmed by MFM.

C. Xu et al. [33] also employed the ATRP polymerization technique for grafting PMMA
brushes from the surface of Fe3O4 MNPs with the aim of obtaining a good dispersion into
a nanostructured PS-b-PMMA block copolymer. Brushes with 2.7, 13.3, and 35.7 kg/mol
were obtained, with a grafting density of 0.73 chains/nm2. Mixtures (with 1 to 16 wt%
MNPs) prepared in toluene were spin coated onto silicon wafers to then be thermally
annealed for different times at 160 ◦C. The increase in the molecular weight of the brushes
led to a poorer dispersion of MNPs, which tended to form aggregates. They found two
types of aggregates: small ones, located at the defects of the lamellae, and larger ones
that disrupted the nanostructure, appearing to be encapsulated by onion-ring copolymer
structures. The parallel lamellar nanostructure of the neat BCP was maintained for the
nanocomposite containing 1 wt% NPs modified with brushes presenting the lowest molar
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mass, with the nanoparticles appearing to be properly dispersed into the PMMA domains.
The higher amount of those NPs avoided the constitution of lamellar morphology, as they
tended to aggregate. When NPs grafted with 13.3 kg/mol brushes were employed for
nanocomposites, films with 4 wt% NPs presented small aggregates within the PMMA
domains, as well as some big agglomerates placed at the boundaries that were unable to be
confined into the PMMA domains. For all nanocomposites with NPs presenting brushes
of 35.7 kg/mol, aggregates were formed independently of the amount, disrupting the
morphology, as their size appeared to be bigger than the lamellar period. The importance
of the molar mass of the brushes grafted to the NPs was shown.

S. Douadi-Masrouki et al. [34] also grafted PS brushes from a magnetic γ-Fe2O3

nanoparticle surface by ATRP in order to incorporate them into lamellar poly(styrene-b-
butyl methacrylate) (PS-b-PBMA) diblock copolymer films. They were synthesized by
ATRP symmetrical diblock copolymers in order to obtain lamellar morphologies. Nanocom-
posites were prepared by solution mixing in toluene, followed by spin coating onto silicon
wafers and thermal annealing at 150 ◦C (well above the Tg of PS and below the order–
disorder transition temperature) for 48 h. The neat BCP presented a lamellar nanostructure,
with some defects on top of the films. For the NPs, they found that during the synthesis of
the brushes, as a consequence of reactions among chains growing from adjacent NPs, they
tended to form clusters. However, as the size of those clusters was lower than the lamella
thickness, they were flattened between the lamellae, being compatible with self-assembly.
They showed nanocomposites presenting the lamellar structure of the neat BCP, with NPs
located in the lamellae, despite the NP dispersal being irregular.

Barandiaran et al. [60] also functionalized Fe2O3 MNPs with PMMA brushes by
ATRP and the grafting from method to prepare nanocomposites with a poly(isoprene-
b-methylmethacrylate) (PI-b-PMMA) diblock copolymer. AFM and small-angle X-ray
scattering (SAXS) were employed for the characterization of the obtained nanostructures,
both for the neat BCP and for the nanocomposites. Morphological characterization of the
neat BCP and the nanocomposites was performed in terms of AFM, both for the as-cast
films and for those annealed with solvent vapors. The surface perpendicular lamellar
nanostructure presented by the as-cast film of the neat BCP was changed to a mixed perpen-
dicular and parallel lamellar morphology for a low NP concentration, with some cylinders
appearing for higher NP content. When annealed under solvent vapors, the neat BCP
was raised into a cylindrical morphology and maintained for nanocomposites with low
NP concentrations. The highest NP concentration, however, led to the disruption of the
morphology. By removing the organic part of the nanocomposites by UV irradiation, the
authors confirmed the selective placement of the NPs into PMMA domains as a conse-
quence of the presence of PMMA brushes on their surface, as shown in Figure 4. The
transference of magnetic properties to the nanocomposites was corroborated in terms of
magnetic characterization.

Hartmann et al. [32] analyzed the effect of FePt NPs presenting PMMA brushes
grafted from their surface on the nanostructures generated by the self-assembly of a PS-b-
PMMa diblock copolymer. They analyzed the placement of NPs within PMMA domains
at low NP amounts statistically, concluding that higher NP amounts altered the lamellar
nanostructure of the neat BCP. The positioning of NPs into PMMA domains was also
analyzed theoretically, and it was found that most of them were placed at lamellar PMMA
domains. They concluded that, as the diameter of NPs is smaller than the width of
PMMA domains, they did not alter the structure of the BCP morphology, as shown in
Figure 5. For NP loadings of higher than 0.5 wt%, they negatively affected the order of the
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lamellar nanostructure. They demonstrated that the magnetic nature of the NPs inside the
nanostructured morphology was maintained with bimodal magnetic force microscopy.

Upadhyaya et al. [35] employed Fe3O4 MNPs coated with PMMA brushes (graft-
ing from technique) to prepare mixed-matrix membranes based on a poly(methacrylic
acid-b-methyl methacrylate) (PMAA-b-PMMA) block copolymer synthesized by RAFT
polymerization. They prepared thin-film membranes by casting or spin coating solutions
prepared with different amounts of BCP in tetrahydrofurane and MNPs in water. The
pore density was increased by the incorporation of MNPs in all cases, while for the film
preparation method, those obtained by casting showed lower flux values compared to
those prepared by spin coating, mainly because of the difference in membrane thickness
obtained by each procedure. By applying an external magnetic film, the flux values of the
membranes prepared by both methods were increased, probably due to the movement of
the MNPs inside the organic matrix.

Figure 4. (A) AFM-phase image of the as-cast nanocomposite films with 1 wt% nanoparticles, (B) AFM-
phase image of nanocomposite film with 1 wt% nanoparticles exposed to UV light irradiation for 48 h,
and (C) superposition of (A,B). (Reproduced with permission from Ref. [60], copyright Elsevier 2016).

Figure 5. TEM images of the BCP films with 0.1 wt% FePt NP. (a) shows the pure FePt NPs, while
(b–d) are different images of the lamellar PS-b-PMMA morphology with 0.1 wt% FePt NPs. The
particles are marked with a green ring in the light PMMA phase, red in the dark PS phase, and yellow
on the boundary [32].
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3.2. Brushes by Grafting to Method

The method consists of the employment of polymers with end-functional groups
such as thiol groups, which are grafted to NP surfaces by the functional groups (such as
–OH ones, among others) present on them. Though this method is not as extended as the
previous one, several authors have employed it, mainly for modifying Au nanoparticles
with polymeric brushes for selective placement in BCP nanodomains [61–64], but an
interesting study with magnetic nanoparticles can also be found [65].

By this method, I. Barandiaran et al. [65] grafted a poly(methyl methacrylate-b-ε-
caprolactone) (PMMA-b-PCl) diblock copolymer to the surface of Fe2O3 MNPs to pre-
pare thin-film nanocomposites with poly(styrene-b-ε-caprolactone) (PS-b-PCl). They
employed the ATRP polymerization technique to prepare a PMMA-b-PCl copolymer
(21,000 g/mol) presenting terminal chlorine groups. MNPs were silanized with 3-
aminopropyltryethoxysilane (APTS).

BCPs were attached to the surface of MNPs by the grafting to method. The amine
functionalities at the surface of the MNPs underwent an alkylation reaction with the
terminal chlorine group, obtaining grafting density values of around 0.04 chains/nm2. The
scheme for both procedures is shown in Figure 6.

Figure 6. Reaction scheme for the APTS silanization reaction and PMMA-b-PCL copolymer anchoring
by the grafting to reaction. (Reproduced with permission from Ref. [65], copyright Elsevier 2014).

Nanocomposite thin films containing 2 and 5 wt% MNPs were prepared by spin
coating BCP/MNP solutions in toluene glass substrates. The films were thermally annealed
under vacuum at 100 or 120 ◦C. The neat BCP self-assembled into a worm-like nanostructure
for the films annealed at 100 ◦C, while a lamellar morphology was obtained for those
annealed at 120 ◦C. Nanocomposites resulted in the same morphologies as those of the
neat BCP, both at 100 and at 120 ◦C. By comparing nanocomposites with modified and
unmodified MNPs, they found that those with brushes were better dispersed. The use
of unmodified MNPs resulted in aggregates, altering the morphology of the BCP. The
presence of PCL blocks at the surface seemed to improve the compatibility with the BCP
matrix. Regarding the selective placement of MNPs, they claimed that even though some
of them appeared at PCL domains, most of them were placed at the interface between the
PCL and PS domains, without altering the BCP nanostructure. For samples annealed at
100 ◦C, MNPs presented average sizes of 25 and 40 nm (for nanocomposites with 2 and
5 wt%, respectively), while for films annealed at 120 ◦C, average sizes of 22 and 38 nm were
measured. As the initial size of the MNPs was around 9 nm, they concluded that the MNPs
were not individually dispersed. By TEM characterization they showed that during the
modification procedure, the MNPs formed agglomerates surrounded by PMMA-b-PCL,
presenting average sizes that were very similar to those found in the nanocomposites. Thus,
aggregates were formed during the modification process and not during their dispersion
into the BCP. The modification of the surface improved the MNP dispersion without
altering the nanostructure of the BCP, as was previously found by other authors.

144



Polymers 2025, 17, 1292

3.3. Brushes by Grafting Through Method

By this method, molecules presenting functional groups that are able to polymerize
(silanes with vinyl groups, for example) are fixed to the surface of MNPs. In this way, NPs
present in the polymerization medium are covered by the polymer. Usually, this method
results in higher grafting densities compared to the grafting to technique, besides being
relatively easier to perform. A kind of network is formed as polymer chains at the surface
present bonds among them, due to the multifunctionality of the MNP surface [66].

Following a procedure from Etxeberria et al. [13] employed for grafting brushes to
self-synthesized CdSe quantum dots, some authors from the same group used this method
to generate PS or PMMA brushes at the surface of Fe2O3 MNPs, to then be dispersed into
different BCPs [67–69].

In their first work, Barandiaran et al. [67], functionalized the surface of Fe2O3 MNPs
with PS brushes by this technique (Figure 7) to prepare nanocomposites with PS-b-P4VP.

Figure 7. Scheme of the grafting through procedure for NP modification.

The amount of MNPs varied between 1 and 5 wt% at the nanocomposites. Thin
films were annealed with saturated dioxane (selective for the PS block) vapors for several
exposure times. When samples were annealed for 24 h, the hexagonal morphology of
the neat BCP was maintained for the nanocomposite with 1 wt% NPs. However, by
increasing the MNP amount, the morphology of the BCP was disrupted. When the films
were annealed for 48 h, the neat BCP self-assembled into a stripped morphology, presenting
a lamellar structure normal to the substrate. With 1 wt% MNPs, the morphology was
maintained, but higher MNP amounts resulted in a nanostructure formed by cylinders
perpendicular to the surface, despite some lamellae also were detected. This morphology
evolution, in terms of AFM characterization, is shown in Figure 8. MNPs appeared to
be well dispersed, without any agglomerations. The reason given by the authors for this
evolution of the morphology was the following: as MNPs were selectively placed at PS
domains (demonstrated by the elimination of the organic part by UV radiation), there
was a reduction in their mobility. SQUID measurements were employed for the magnetic
characterization of the nanocomposite films, showing that the magnetic properties were
transferred to the nanocomposites.

In a second study [68], they modified the same maghemite MNPs with PMMA brushes
via the grafting to technique to prepare nanocomposite thin films with PS-b-PMMA. Nanos-
tructures both for the neat BCP and for the nanocomposites were obtained by SVA, with
acetone employed as a selective solvent for PMMA blocks for 16 h, as was previously
determined for obtaining a lamellar morphology for the neat BCP. They prepared nanocom-
posites with both silanized MNPs and those modified with brushes in order to compare the
effect of the latter. The use of silanized MNPs resulted in the same lamellar morphology as
that of the neat BCP, but with the presence of big agglomerates. Despite those agglomerates
tending to gather at PMMA domains, as their size was bigger than that of the PMMA
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lamellae, they were not selectively placed there. With the purpose of selectively placing
them in the PMMA domains, MNPs with PMMA brushes were employed. Even though
the lamellar morphology was maintained for nanocomposites with 2 wt%, the morphology
was not as regular as that of the neat BCP. No remarkable agglomerates were detected
with MNPs at the PMMA domains. For nanocomposites of 5 wt%, the nanostructure
started to change to a mixture of lamellae and perpendicular hexagonally packed cylinders.
This seemed to indicate that modified MNPs were selectively placed at PMMA domains,
altering the volume fraction among blocks and the equilibrium morphology. The authors
degraded the organic part by UV radiation, showing that the MNPs were selectively placed.
Moreover, SQUID measurements showed that the magnetic properties of nanoparticles
were successfully transferred to the nanocomposite thin films.

Figure 8. AFM-phase images showing the morphological evolution of the neat BCP and nanocom-
posites after 24 h (upper images) and 48 h (lower images) of exposure to dioxane vapors.

Finally, in a third study [69], they employed the grafting through technique to modify
Fe2O3 NPs with PMMA or PS brushes for selective placement at the desired domains
of a nanostructured poly(styrene-b-butadiene-b-styrene) (SBS) terpolymer. In order to
analyze the effect of functionalization on the dispersion and selective placement of the
NPs, nanocomposites were prepared by mixing an SBM copolymer with pristine, PS-,
and PMMA-modified nanoparticles. Thin films of the neat BCP and nanocomposites
(with 1, 2, and 5 wt% NPs) were prepared by casting SBM solutions in toluene onto
silicon wafers. The morphology obtained was analyzed in terms of AFM. The neat BCP
was nanostructured into a lamellar morphology, as found for ABA-type BCPs by other
authors [4,70]. In this case, the lamellar structure showed an S–B–M–B sequence, with
an average interlamellar distance of ~71 nm. For nanocomposites, independently of the
modification with PMMA or PS, the lamellar morphology was maintained, with the MNPs
appearing to be properly dispersed, without big aggregates. With the aim of analyzing
the effect of brush type, nanocomposites with 5 wt% PMMA- and PS-modified MNPs
were analyzed in detail. For PS-modified MNPs, domains corresponding to the PS block
could be better distinguished in the AFM images, compared to the images obtained for
nanocomposites with PMMA-modified MNPs. For nanocomposites with PMMA-modified
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MNPs, PS and PMMA domains tended to join together. The comparison of profile images
showed that the PS and PMMA domains tended to swell with the addition of MNPs, while
for the neat BCP, four domains could be distinguished. This could be a consequence of
the placement of MNPs at the PS and PMMA domains, increasing the respective domain
volume. The authors related the morphology differences detected between the neat BCP
and the nanocomposite thin films to the effect of MNPs on system thermodynamics,
altering the interaction among blocks. To show the effect of the surface modification of
MNPs, they also prepared nanocomposite thin films under the same conditions as MNPs
without any functionalization, concluding that even though the lamellar morphology was
maintained, big aggregates were detected, with the dispersion not being as good as for
modified MNPs. The transference of magnetic properties to the nanocomposites in all cases
was demonstrated by magnetic characterization in terms of SQUID measurements.

4. Alignment with External Magnetic Field

In order to control the location and/or orientation of MNPs in nanocomposites with
BCPs, different trials have been carried out, such as the employment of external shear
or electric fields, in addition to the previously shown surface modification. In this way,
some authors employed an external magnetic field for generating aligned BCP/MNP
nanocomposites. Moreover, this magnetic field can also direct their neighboring BCP
domains [29,31,36,37].

Hammond et al. [37] presented a method that can be used for the orientation of BCP
cylinders, both in thin and in thicker films, and in some cases, even for bulk systems.
They showed that rod-shaped NPs could nucleate coaxially oriented BCP cylinders. They
analyzed a system based on PS-b-P2VP assembled into P2VP cylinders in a PS matrix and
Fe2O3 MNPs. Due to the weak ferromagnetic nature of MNPs, they tended to orient towards
their major axes perpendicular to the magnetic field. For this reason, nanocomposites were
prepared as films with a thickness of 500 nm: MNPs laid in the film plane and perpendicular
to the magnetic field, being oriented in the desired direction. In this way, a unique particle
orientation was employed. Mixtures containing 0.05 wt% MNPs were cast onto carbon-
coated epoxy or mica substrates and placed between two permanent magnets. The solvent
was allowed to evaporate slowly.

They concluded that NMPs effectively templated the orientation of nearby BCP cylin-
ders. The application of a magnetic field during film casting led to a partial alignment of
the MNPs, resulting in an overall alignment of the nanocomposite. Though the achieved
alignment was modest, it can be considered a first step towards a complete alignment, open-
ing a path for the generation of nanocomposites with proper combinations of anisotropic
mechanical, magnetic, optical, and electrical properties, among others.

Yao et al. [36] also employed external magnetic fields to prepare nanocomposites
based on a PS-b-PMMA copolymer and PS-coated Fe2O3 MNPs. By applying the magnetic
field during the solvent casting procedure, they obtained nano- and microstructures by
magnetic field-guided positioning of maghemite NPs.

For low MNP concentrations, they were selectively placed at PS domains, but by
increasing the MNP amount, they tended to aggregate, disrupting the morphology, as they
were placed at the surface as wire-shaped stripes. The transference of magnetic properties
to the nanocomposites was demonstrated, with the films showing superparamagnetic
behavior and shape anisotropy, making them suitable for potential magnetic applications.
They were able to generate highly oriented metal oxide wires with different widths and
lengths by controlling the MNP amount and the intensity of the magnetic field. The
change in the morphology of the BCP from symmetrical to asymmetrical was found to be
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due to the movement of MNPs within it, resulting in a highly anisotropic structure. The
control of all those parameters could allow for the design of hybrid materials with many
potential applications.

Park et al. [31] also employed a magnetic field to induce the self-assembly of poly(3-
hexylthiopene-b-ethylene glycol) (P3HT-b-PEG) and iron oxide nanoparticles capped with
oleic acid at the air–water interface. They claimed to generate, for the first time, thin films
based on self-assembled BCP ordered at the nanoscale by the use of magnetic fields. The
scheme of the process employed can be seen in Figure 9.

Figure 9. Schematic illustration of the self-assembly process of P3HT-b-PEG and iron oxide NPs in
an external magnetic field B. (Reproduced with the permission of Ref. [31], copyright ACS 2022).

The relative amounts of MNPs and BCP employed assured the generation of uniform
assembled structures, with the magnetic field intensity controlled by the distance between
the magnets. They obtained nanoarrays of polymeric nanowires ordered in the long
range and bridged with 1D nanoparticle chains. They pointed out the importance of
MNP size. The generation of intermediate magnetic subunits composed by short BCP
nanowires, which appeared to be decorated with MNPs, led to the self-assembly. Those
subunits, as they claimed, could further assemble form nanoarrays ordered in the long
range due to magnetic interactions generated by low-intensity magnetic fields. They could
be employed in different potential applications in electronic, optoelectronic, or sensor
devices, among others.

Ren et al. [29] induced an order–order transition from hexagonally packed cylinders
to long-range-oriented lamellae by the use of magnetic fields in nanocomposites formed
by PS homopolymer, poly(styrene-b-ethylene oxide) (PS-b-PEO) copolymer, and a very
small amount of Fe3O4 MNPs (0.07 vol%) modified on the surface with amino groups.
They pointed out that this phase transition was induced by preforming a small-grain local
domain comprising a mixture of magnetic field-assisted uniformly arranged NH2–Fe3O4

MNPs and a disordered PS/(PS-b-PEO) BCP melt as a nucleus, in which the interfacial
tension at the junction points between PEO and PS blocks was significantly increased due
to the enhancement in the block chain immiscibility so as to be able to induce the flat
domain interface. This is in contrast with the phase transition kinetics usually found for
neat BCPs. In this way, they found that a thermodynamically favored process drove the
kinetic pathway, rather than a kinetics-dominated process, due to the alignment of MNPs
occurring with higher particle amounts employed.

They also underlined the preferential orientation induced in both nanostructures:
lamellar and hexagonally packed. Usually, when non-conductive or magnetically inactive
BCPs are employed, a mechanical shear stress is responsible for the orientation, while the
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orientation can be induced by magnetic fields of low intensity by using very low amounts
of MNPs.

Table 1 shows the main advantages and disadvantages related to the procedures
described for the development of BCP/MNP hybrid materials.

Table 1. Main advantages and disadvantages of the procedures employed for hybrid material preparation.

Process Advantages Disadvantages

Surfactant Easy to perform
Many surfactants available.

NPs tend to form aggregates
Less efective than brushes for
selective placement.

Grafting to

Acceptable grafting
densities.
Control of molecular
weight of grafted chains.
Success in the proper
dispersion and selective
placement of modified NPs
into desired domains.

Limitation on the choice of
functional groups available.
The thickness of the film, and
accordingly the number of
functional groups per surface area
that can be obtained.
Due to the inability of large
polymer chains to diffuse to the
reactive surface sites, they are
sterically hindered by the
surrounding bounded chains.

Grafting from

With the development of
controlled living radical
polymerization methods
such as ATRP or RAFT
some issues can be
improved.

Poor control of molecular weight,
polydispersity, end functionality,
chain architecture and
composition.
Stringent conditions and the
small number of monomers that
can be polymerized in ionic living
polymerization method.

Grafting through

Widely applied, even in
industrial applications
mostly for adhesion
promotion.
Success in the proper
dispersion and selective
placement of modified NPs
into desired domains.

This approach has not been
extensively explored and the
details of the mechanism are not
well understood.
Poor grafting density control.

Magnetic field

Successfully applied even
with very small NP
amounts.
Orientation of both MNPs
and surrounding BCP
domains.
Very promissing procedure
for biomedical
applications.

Not easy for transference to
industrial processes.
Higher energy comsuption than
other processes.
Has to be improved and further
investigated.

5. BCPs as Template Patterns for MNP Synthesis, Encapsulation,
and Release

Several studies can be found in the literature on the use of BCPs as template pat-
terns or nanoreactors for the generation of MNPs, for their encapsulation and release, for
self-assembly inside BCP matrices, or for the generation of magnetic patterns based on
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metallopolymers or metal-containing BCPs, in some cases assisted by advanced techniques
such as nanoimprint lithography (NIL) [38–45].

Regarding the employment of BCPs as a nanoreactor for MNP synthesis, the work
of Ahmed et al. [41] must be cited. They employed the BCP nanoreactor route for the
self-assembly of magnetic CoFe2O4 NPs in BCPs at room temperature. They employed
diblock copolymers consisting of poly(norbornene) and poly(norbornene-dicarboxcylic
acid) blocks (NOR-b-NORCOOH). The use of a template consisting of a self-assembled
BCP made it possible to obtain MNPs at room temperature, as demonstrated by wide-
angle X-ray diffraction and low-temperature Mossbauer-phase characterization. They
processed the nanocomposites by wet chemical methods, obtaining a self-assembly of
MNPs within the NORCOOH block at room temperature. The CoFe2O4 NPs were uni-
formly dispersed within the polymer matrix. They analyzed the magnetic properties of
the obtained nanocomposite films, finding that they were superparamagnetic at room
temperature and ferrimagnetic at 5 K.

Different studies can be found on the use of BCPs for the fabrication or encapsulation of
MNPs in solution—in some cases, for their posterior release [38–40,42]. In this way, Hickey
et al. [40] controlled the self-assembly structure of MNPs and amphiphilic block copolymers
in solution by controlling MNP–solvent and MNP–BCP interactions. They employed
poly(acrylic acid-b-styrene) (PAA-b-PS) copolymer and oleic acid-capped Fe2O3 MNPs.

By controlling solvent–MNP and BCP–MNP interactions, they obtained three different
nanostructures: magneto-polymersomes densely packed with MNPs, magneto core–shells
or core–shell-type BCP assemblies in which the MNPs appeared to be placed at the interface
between the core and the shell, and magneto-micelles or BCP micelles in which the MNPs
were homogeneously incorporated.

As MNP addition modified the volume ratio among the blocks, the self-assembly
structure was altered, producing magneto-polymersomes instead of the classical magneto-
micelles obtained using BCPs that self-assemble into micellar nanostructures. Moreover,
polymers forming vesicles usually form magneto-micelles as a consequence of MNP sol-
ubilization inside BCP nanostructures. The MNP–BCP interaction also controlled the
MNP arrangement. When N,N-dimethylformamide (DMF) was employed, in which PS
was not well solvated, MNPs segregated from the PS, forming radial assemblies. On the
contrary, by employing a good solvent for the PS and MNPs such as THF, they found a
homogeneous distribution of MNPs into the BCP. They concluded that the morphology of
the assembled BCP in which the MNPs were encapsulated greatly affected their magnetic
relaxation properties.

Lecommandouxa et al. [39] also developed magnetic micelles and vesicles by self-
assembly of polypeptide-based BCP and MNPs in water. Iron oxide NPs with magnetic
response even to low-intensity magnetic fields were employed as the inorganic part, while
the organic part was formed by poly(butadiene-b-glutamic acid) (PB-b-PGA) diblock
copolymers able to self-assemble into micelles or vesicles. As the PGA block underwent
a helix–coil transition, the formed peptosomes could act as stimuli-responsive capsules,
varying their hydrodynamic diameter by as much as 50% in response to a pH change.

They obtained 3D spherical micelles (micelles with a spherical shape) with a hydropho-
bic ferrofluid inside or hollow vesicles with a (2D, sheet-like structure) magnetic membrane,
in which the MNPs appeared to be confined inside the layer of PB blocks. They concluded
that the obtained soft magnetic objects could be used for drug delivery by the encapsulation
of water-soluble species. The release of this content would be achieved by pH changes or
by the use of magnetic fields, which could open the envelope.
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Skandalis et al. [38] employed micelle-forming poly(lauryl methacrylate-b-oligo ethy-
lene glycol methacrylate) (PLMA-b-POEGMA) amphiphilic block copolymers for the encap-
sulation of magnetic iron oxide nanoparticles with water as the solvent. The self-assembly
of BCPs in water resulted in micelles and could contain MNPs of up to 10 wt% in their
PLMA cores, forming mixed nanostructures, as shown in Figure 10. Comparing the size
and distribution of micelles for the BCP and the nanocomposite, they were significantly
broader for the latter. By magnetophoresis, the authors demonstrated that the solutions
maintained the magnetic properties, as MNPs continued being magnetic after the encap-
sulation. They also checked that even after the encapsulation of a drug (indomethacin)
together with the MNPs, the magnetic properties were maintained.

Figure 10. TEM images for (a) iron oxide NP-mixed, (b) PLMA-b-POEGMA/10% NP-mixed (red ar-
rows indicate areas with a higher concentration of polymeric chains), and (c) PLMA-b-POEGMA/10%
NP-mixed nanosystems after solvent evaporation (red circles indicate areas with large aggregation).
(Reproduced with permission from Ref. [38]).

Morcrette et al. [42] fabricated NPs (with a very narrow size dispersion of around
7%) released in solution with the use of BCP as a patterned template. They employed
a combined “top-down” and “bottom-up” approach with the use of a self-assembled
PS-PMMA BCP formed on a sacrificial layer. The self-assembly of PS-b-PMMA required
an intermediate layer composed of a “random” PS-r-PMMA copolymer with the same
composition as the BCP. The reason for employing this sacrificial layer was substrate surface
neutralization, which is necessary for obtaining a vertical cylinder-type morphology rather
than a horizontal one, which is obtained without the neutralization of the surface. A
cross-linking process, induced by a thermal annealing performed after the spin coating,
allowed for the grafting of the layer to the sacrificial germanium substrate (previously
deposited onto a silicon substrate, which is important for the subsequent lift-off of NPs).
Then, the PS-b-PMMA was spin coated and thermally annealed to provide mobility to the
polymer chains for self-assembly. PMMA cylinders were removed by employing acetic
acid, obtaining a hexagonal template of holes in the PS matrix. After that, they removed the
neutral copolymer layer for the deposition of the magnetic material on the cited template by
evaporation or DC sputtering. Finally, after removing the PS template by plasma exposure,
a packed hexagonal array of NPs was obtained. The method was successfully employed
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for the fabrication of different NPs such as gold-coated Ni, FeNi, and Fe2O3. The use
of the germanium oxide sacrificial layer, compatible with BCP mask fabrication, made
the release of MNPs in solution possible. In addition to the main potential applications
in imaging (MRI, MPI), as anisotropic MNPs with a small size could be obtained, the
generated materials could also be employed in other biomedical applications, such as
treatments for cancer cell destruction.

Recently, Zhang et al. [44] also employed self-assembled BCPs (in this case, bimetallic
or metal-containing BCPs) to obtain magnetic patterns of Fe, Pt NPs, assisted by lithography
nanoimprint (NIL). They synthesized four new Fe, Pt-containing BCPs, named P1–P4,
selecting a PS-b-P4VP BCP (with the possibility of self-assembly, containing pyridine
groups as effective coordination sites for metallic ions) to be employed as a precursor
for the generation of monodisperse FePt MNPs without using any surfactant. The post-
coordination of the BCP allowed those bimetallic BCPs to be obtained directly, keeping the
atomic ratio of Fe to Pt identical. The synthesis procedure is shown in Figure 11.

Figure 11. Synthetic route for obtaining Fe, Pt-containing BCPs (reproduced with permission from
Ref. [44], copyright Springer Nature 2025).

Among these four bimetallic copolymers, P3 and P4 were the most easily assembled,
especially P3, which generated spherical assemblies by solvent vapor annealing with
dioxane. For this reason, they chose P3 for the nanoimprint lithography-assisted method,
which is shown in detail in the experimental section of their paper [44].

They used the nanoimprint lithography-assisted self-assembly method to obtain large-
scale regular patterns, leading to the consequent self-assembly of the BCP into nanodomain
arrays without any defect in the previously defined features. After the thermal decom-
position (in situ pyrolisis), the patterned metal-containing copolymer was completely
transformed into Fe, Pt-based magnetic patterns. They concluded that their materials could
present potential applications in ultra-high-density data storage systems.

Metal-containing copolymers were also employed by other authors for the generation
of MNPs. Al-Badri et al. [43] synthesized Co-containing novel BCPs by living ring-opening
metathesis polymerization. Those novel BCPs could perform microphase separation and,
after a heat treatment, presented ferromagnetic properties at room temperature. As the
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employment of the parent homopolymer generated only paramagnetic materials, the
nanostructuring was shown to be a key parameter.

They claimed that the origin of the ferromagnetic properties shown at room tempera-
ture (room-temperature ferromagnetic materials (RTFM)) came from the nanostructured
confinement of Co within the one-dimensional cylinders of the BCP morphology. The
fact that the particles were too small (~5 nm) to present ferromagnetism at room tem-
perature and, moreover, that they were present in both the BCP and the homopolymer,
with only the former generating a ferromagnetic material, supported the hypothesis. They
further demonstrated the cited hypothesis by synthesizing the BCPs with different mor-
phologies (cylindrical, lamellar, and inverted cylindrical phases). All the nanostructured
morphologies led to RFTM, in contrast to the homopolymer, which did not present any
nanostructure and did not lead to any RTFM. Moreover, the cylindrical BCP, which was
the most strongly confined, presented the best ferromagnetic properties, followed by the
inverted cylindrical morphology.

Yiu et al. [45] also employed bimetallic BCP precursors for the generation of FePt
MNPs. They incorporated a complex containing Fe and Pt centers into the coordinating
block of four different PS-b-P4VP (named P1–P4) copolymers for the synthesis of bimetallic
BCPs. They analyzed both thin-film and bulk self-assembly, finding that the spherical
and cylindrical morphologies observed corresponded with those of non-metallic BCP,
but, of course, in the case of metallic BCPs, the phase-separated cylindrical or spherical
nanodomains contained FePt NPs. Once the organic part was pyrolized (at 800 ◦C in an
inert atmosphere), the pyrolisis products of those bimetallic BCPs were analyzed, and they
found that the formed FePt NPs presented an fct phase, with average sizes of between
4 and 8 nm. They demonstrated the importance of nanostructuring BCPs for the synthesis
of ferromagnetic FePt NPs with a smaller average size with a Fe/Pt stoichiometric ratio
close to 1:1 by comparing results obtained with the corresponding P4VP homopolymer.
They concluded by pointing out that metallo-BCP lithography was an effective procedure
for obtaining FePt NPs from a bimetallic source without the use of any surfactant.

6. Conclusions

This review work shows the implementation of nanostructured BCPs and MNPs,
combined in several ways and prepared by several methods, to obtain interesting materials
with potential applications in different fields such as biomedicine, optoelectronics, or data
storage devices. The main conclusions that can be extracted from the use of different
procedures and their success are the following.

The first procedure for their preparation is the nanostructuring of BCPs in the presence
of previously synthesized NPs by modifying their surface (with surfactants of polymeric
brushes) to increase their compatibility and selectively place them at nanodomains or by
employing external magnetic fields for orientation.

By employing surfactants, the degree of interaction between MNPs and one of the
blocks determines the dispersion and selective NP placement, as well as the effect on
BCP morphology. In any case, the magnetic properties are effectively transferred to
the nanocomposite.

The method consisting of the grafting of polymeric brushes has been shown to be
more effective than the use of surfactants. Brushes can be grafted to the surface of NPs by
three main methods, known as grafting from, grafting through, and grafting to.

By comparing the three methods, the last one has been found to be the least effective
for NP confinement. The other two methods are effective, but the dispersion and placement
strongly depends on the grafting density and the molar mass of the brushes. The selective
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placement of NPs at certain domains can affect the morphology of the BCP, which can also
be disrupted for higher NP contents if they tend to form aggregates.

In all cases, the magnetic properties are effectively transferred to the nanocomposites,
resulting in materials with potential optoelectronic applications.

The use of external magnetic fields for the orientation of NPs and even that of the
nearby domains has been employed with success, strongly depending on the amount of
NPs and the magnetic field intensity. By properly controlling both parameters, long-range-
ordered nanoarrays of polymeric nanowires bridged with NP chains can be obtained.

The second procedure, consisting of the in situ synthesis of NPs inside the nan-
odomains by a reduction in the respective metallic ions or by employing metal-containing
BCPs for the generation of MNPs patterns or arrays, has been successfully applied to obtain
selective dispersion and the transference of magnetic properties.

Finally, the synthesis of metallopolymers or metal-containing BCPs to generate mag-
netic patterns of different MNPs has also been explored by different authors, in some cases
assisted by the use of advanced techniques such as nanoimprint lithography. Obtaining
MNPs with better size control and properties by using nanostructured BCPs instead of
homopolymers has shown the importance of nanostructuring and confinement for a more
accurate generation of MNPs with ferromagnetic properties.
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Abstract: This study investigates the mechanical properties of double hydrophilic block
copolymers (DHBCs) based on poly[oligo(ethylene glycol) methacrylate] (POEGMA) and
poly(vinyl benzyl trimethylammonium chloride) (PVBTMAC) blocks by employing small
amplitude oscillatory shear (SAOS) rheological measurements. We report that the me-
chanical properties of DHBCs are governed by the interfacial glass transition temperature
(Tg

inter), verifying the disordered state of these copolymers. An increase in zero shear
viscosity can be observed by increasing the VBTMAC content, yielding a transition from
liquid-like to gel-like and finally to an elastic-like response for the PVBTMAC homopoly-
mer. By changing the block arrangement along the backbone from statistical to sequential,
a distinct change in the viscoelastic response is obvious, indicating the presence/absence
of bulk-like regions. The tunable viscosity values and shear-thinning behavior achieved
through alteration of the copolymer composition and block arrangement along the back-
bone render the studied DHBCs promising candidates for drug delivery applications. In
the second part, the rheological data are analyzed within the framework of the classical free
volume theories of glass formation. Specifically, the copolymers exhibit reduced fractional
free volume and similar fragility values compared to the PVBTMAC homopolymer. On
the contrary, the activation energy increases by increasing the VBTMAC content, reflecting
the required higher energy for the relaxation of the glassy VBTMAC segments. Overall,
this study provides information about the viscoelastic properties of DHBCs with densely
grafted macromolecular architecture and shows how the mechanical and dynamical prop-
erties can be tailored for different drug delivery applications by simply altering the ratio
between the two homopolymers.

Keywords: double hydrophilic block copolymer; densely grafted architecture; rheology;
viscoelastic response

1. Introduction

Copolymers are made from two or more different monomers [1,2]. The advantage
of copolymers compared to homopolymers is that it is much easier to tailor their proper-
ties. For instance, their balance between hydrophilicity and hydrophobicity, degradation
rate, mechanical strength and solubility can easily be optimized for their specific target
applications. Particularly promising polymers to use for the fabrication of copolymers are
so-called bottlebrush polymers, which consist of a linear backbone with densely grafted
side chains extending outward, creating a highly extended and bulky structure [3–10].
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The bottlebrush polymers have attracted considerable attention owing to their highly
tunable physical and chemical properties, which depend on side chain length, backbone
length, and grafting density [3–10]. In comb polymers, side chains act as a solvent, diluting
backbone concentration—a phenomenon known as dynamic tube dilution [6,11–13]. This
effect results in a low viscosity and a reduced rubbery plateau. These properties make
bottlebrush block copolymers promising for applications in drug delivery, energy storage,
nanostructures, catalysis, and 3D printing [14–25]. In the case of copolymers for drug
delivery applications, it is, for instance, possible to tune their properties to optimize drug
release, targeting molecules and biocompatibility [26,27].

Several studies [1,2,28] have indicated that the block arrangement along the polymer
backbone significantly influences viscoelastic and mechanical properties, with sequen-
tial copolymers generally exhibiting enhanced phase separation and mechanical strength
compared to their statistical counterparts. In contrast, statistical or random copolymers
lack long-range compositional order, typically exhibiting homogeneous amorphous mor-
phologies. The absence of microphase separation in these materials results in more viscous
and less elastic behavior, with lower shear moduli. Therefore, the block arrangement is
a critical parameter in tuning the mechanical and structural performance of copolymeric
materials [1,2,28].

The viscoelastic response of polymeric formulas plays a critical role in drug delivery
applications [29–34]. The ideal viscoelastic properties ensure a balance between elasticity
(for mechanical stability) and viscosity (for flow and processability). One key requirement
is a shear-thinning behavior (i.e., reduced viscosity at higher frequencies), which enables
ease of injection or spreading [29–31]. The viscoelastic properties also affect the diffusion
mechanism, which is critical for obtaining a stimuli-responsive release profile. Another
vital requirement of the polymeric material is a high degree of biodegradability and
biocompatibility, without altering the release characteristics [33,34]. Therefore, tailoring the
viscoelastic behavior through the use of copolymers with varied compositions is essential
to meet the specific needs for drug delivery applications.

Double hydrophilic block copolymers (DHBCs), composed of two chemically distinct
water-soluble blocks, are important in polymer science, pharmacy, biophysics and biochem-
istry [35–38]. They offer an alternative option to traditional amphiphilic block copolymers
and self-assemble in aqueous conditions in response to changes in ionic strength, tempera-
ture, pH, or complexation with specific (bio)molecules. DHBCs with charged blocks, known
as polyelectrolytes, are promising candidates for biomacromolecule delivery via electro-
static complexation [39]. For enhancing water solubility and stability in aqueous media,
a neutral block, such as poly(ethylene glycol) or poly(oligo(ethylene glycol) methacry-
late) (POEGMA), is used. A recent review article by Singh et al. provides an overview
of the synthesis and biomedical applications of POEGMA-based materials [33]. Diblock
and statistical copolymers consisting of POEGMA and poly(vinyl benzyl trimethylam-
monium chloride) (PVBTMAC) have been successfully synthesized using a reversible
addition−fragmentation chain transfer (RAFT) polymerization process [37,38]. Recent
research studies have focused on these copolymers’ abilities to form electrostatic complexes
with hydrophilic magnetic nanoparticles, short DNA and negatively charged proteins
(i.e., insulin) [37,38]. Additionally, the relaxation dynamics and the self-assembly of these
DHBCs were investigated under dry conditions [40]. It was shown that the weak segrega-
tion strength between the two hydrophilic blocks results in homogeneous dynamics that
are governed by the interfacial glass transition temperature (Tg

inter) [40].
Herein, the previously described block and random DHBCs were studied by means

of rheological measurements. We report that the PVBTMAC homopolymer exhibits an
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elastic response up to high temperatures, reflecting its strong (i.e., rigid) nature. The
effect of the VBTMAC block on the zero shear viscosity is presented, and the rheological
data are discussed with respect to classical free volume theories of glass formation. The
values of fractional free volume, thermal expansion coefficient, fragility, and apparent
activation energy at the glass transition temperature (Tg) are reported and compared
with those of the PVBTMAC parent homopolymer. The results indicate that a synergistic
combination of hydrophilicity, biodegradability and tunable rheological properties (such
as shear-thinning behavior and viscosity) can be achieved through optimization of the
copolymer composition and block arrangement along the backbone, rendering the studied
DHBCs promising candidates for drug delivery applications.

2. Materials and Methods

2.1. Synthesis

The synthetic procedure and molecular characterization of the studied DHBCs are
highlighted in previous studies [37,38]. Specifically, the charged DHBCs with densely
grafted macromolecular architecture were prepared by RAFT polymerization, an advanta-
geous method for controlling the molar mass (Mw) and achieving polydispersity values
close to unity [41,42]. The chemical structure of the investigated DHBCs is depicted in
Figure 1.

Figure 1. Chemical structure of the dried block and random DHBCs along with a schematic of the
block sequence along the backbone and a description of the motivation of this study.

2.2. Rheology

Rheological measurements into the linear viscoelastic regime (LVR) can provide quan-
titative insight into the viscoelastic response of the studied polymeric materials [43]. An
MCR-302 twin mode rheometer by Anton Paar was used for the identification of the vis-
coelastic properties of grafted copolymers under dry conditions. Measurements were
made with the environmental test chamber as a function of temperature by using the
heating system (P-PTD200). The samples were prepared on the lower rheometer plate
with a diameter of 8 mm. Specifically, the upper plate was brought into contact, and the
sample thickness was adjusted accordingly. Typically, the gap between plates ranged
between 0.3 mm and 0.6 mm among the investigated DHBCs. At each temperature the
linear viscoelastic region of the copolymers was determined by performing dynamic strain

160



Polymers 2025, 17, 1857

sweeps from 0.01 to 50% (the upper limit varies regarding the state of the material) at
ω = 10 rad·s−1, as shown in Figure S1. Subsequently, isothermal frequency sweeps in an
angular frequency range of 0.1 < ω < 100 rad·s−1 were carried out in temperature steps of
10 K by employing the extracted strain amplitude of the dynamic strain sweep. Before each
isothermal measurement, a thermal stabilization of 20 min was employed to ensure thermal
equilibrium. Data collected under the minimum torque of the instrument were excluded.
Master curves were constructed by using the principle of time–temperature superposition
(tTs). For estimating the zero shear viscosity, we used an extrapolation procedure for the
data that do not reach the Newtonian limit at low frequencies. Empirical models can be
utilized to fit the complex viscosity response and extrapolate to low frequencies to estimate
the value of zero shear viscosity, η0. Specifically, the Carreau–Yasuda (CY) model is given
by the following equation [44,45]:

η∗(ω) = η0
[
1 + (λω)α] n−1

α , (1)

where λ is the relaxation time, α indicates the width of the transition region between
Newtonian and power-law behavior, and n is the power-law index (i.e., a measure of the
shear-thinning nature of a polymer melt). All these parameters can be obtained by fitting
the measured data. Another empirical model that can be used for fitting the viscosity data
is the modified Cross (MC) model, according to [46]

η∗(ω) =
η0

1 + [C0ω]1−n , (2)

where C0 and n can be extracted by fitting the data to Equation (2).

3. Results and Discussion

Quantitative insight into the viscoelastic response of the dried DHBCs can be obtained
through small amplitude oscillatory shear (SAOS) rheological measurements. The effect of
temperature under isochronal conditions (i.e., at a fixed angular frequency of 10 rad·s−1) on
the mechanical properties of the dried copolymers is depicted in Figure S2. The PVBTMAC
homopolymer exhibits elastic behavior up to extremely high temperatures, indicating its
rigid/strong nature. The temperature dependence of the loss factor verifies the existence
of two Tgs, associated with the backbone and side chain vitrification [40]. The glass
transition temperatures of the PVBTMAC homopolymer and the statistical copolymers
obtained from rheological measurements are higher compared to those determined by
calorimetric and dielectric techniques [40]. This discrepancy arises primarily from two
factors: (i) differences in the characteristic timescales/frequencies of the methods (i.e., the
dielectric Tg is typically defined at a relaxation time of τ = 100 s) and (ii) the rheological
Tg, herein determined at the peak of the loss tangent (tanδ), reflects the midpoint of the
transition from the glassy modulus (Gg) to the rubbery or entanglement plateau (Ge).
Consequently, the rheological Tg corresponds to the end region of the glass transition.
Regarding the statistical copolymers, at a fixed temperature, they exhibit reduced shear
moduli that are attributable to the influence of the soft OEGMA segments. Additionally,
the viscoelastic response is governed by Tg

inter, verifying their disordered and well-mixed
state, as observed by X-ray diffraction [40].

The dynamic frequency sweeps into the linear viscoelastic response under isothermal
conditions (i.e., 293 K) for the statistical copolymers with various compositions are shown
in Figures 2 and S3.
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Figure 2. Angular frequency dependence of (a) the storage (filled symbols) and loss (open symbols) shear
moduli and (b) complex viscosity for P(OEGMA80-co-VBTMAC20) (blue symbols) and P(OEGMA60-co-
VBTMAC40) (red symbols) DHBCs and their respective homopolymers POEGMA (gray symbols) and
PVBTMAC (black symbols) at a temperature of 293 K. Lines with slopes 1 and 2 are also shown in (a).
The solid and dashed lines in (b) represent fits by Equation (1) and Equation (2), respectively.

Initially, the dynamic frequency sweep reveals that the PVBTMAC homopolymer
exhibits a strong nature and elastic response (G′ >> G′′ ~ ω0). In going to the statistical
copolymer containing 40 wt.% VBTMAC, a viscoelastic response, characterized by com-
parable and frequency-dependent storage (G′) and loss (G′′) moduli, can be observed. By
further decreasing the VBTMAC content to 20 wt.%, a liquid-like response (G′ ~ ω2 and
G′′ ~ ω1) is evident. In the latter copolymer, the complex viscosity (η∗ =

√
G′2 + G′′ 2/ω),

exhibits a plateau at lower angular frequencies, from which the zero shear viscosity, η0,
can be extracted. For extracting the zero shear viscosity, the measured data were fit-
ted/modeled with two different empirical models, as detailed in the experimental section.
The fitting parameters are provided in Table 1. In addition, the dynamic frequency data of
the statistical copolymers are compared and contrasted with those found at PVBTMAC
homopolymer under iso-Tg temperatures (i.e., Tg + 30 K) in Figure S4. The iso-Tg com-
parison reflects the changes in viscoelastic response from elastic to viscoelastic and liquid
response by decreasing the VBTMAC content, quantitatively verifying the observations at
ambient temperature.

Table 1. Zero shear viscosity and fitting parameters of CY and MC models.

VBTMAC (wt.%) η0 (Pa·s) λ (s) n α

Carreau–Yasuda (CY) model
20 (sequential) (3 ± 1) × 107 580 ± 10 0.11 ± 0.02 2 (fixed)
20 (statistical) 11,970 ± 30 0.43 ± 0.01 0.59 ± 0.01 0.91 ± 0.03
40 (statistical) (2.68 ± 0.08) × 107 3.8 ± 0.3 0.38 ± 0.02 2.0 ± 0.4

100 (2 ± 2) × 1011 2000 ± 1000 0.015 ± 0.002 0.99 ± 0.2
Modified Cross (MC) model

20 (sequential) (3 ± 1) × 107 1800 ± 900 0.11 ± 0.02 -
20 (statistical) 11,970 ± 30 0.43 ± 0.01 0.61 ± 0.01 -
40 (statistical) (3.13 ± 0.08) × 107 2.65 ± 0.4 0.25 ± 0.04 -

100 (2.47 ± 0.09) × 1011 1490 ± 60 0.015 ± 0.002 -

Concerning the statistical copolymers, the relaxation time, λ, increases by increasing
the concentration of VBTMAC glassy blocks. The extracted values of the power law
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index, n, imply a shear-thinning behavior of the copolymer melts that becomes stronger
by increasing VBTMAC content. For the copolymer with 40 wt.% VBTMAC and the
PVBTMAC homopolymer, the values of zero shear viscosity extracted from the MC model
are slightly higher than the ones obtained from the CY model.

The effect of block arrangement along the backbone can be discussed with respect to
Figure 3 and Table 1, comparing the dynamic frequency sweep data of the sequential and
statistical copolymer with a VBTMAC content of 20 wt.%.

ω

η

ω

Figure 3. Angular frequency dependence of (a) the storage (filled symbols) and loss (open symbols) shear
moduli and (b) complex viscosity for the sequential (green) and statistical (blue) DHBCs with 20 wt.%
of VBTMAC. The solid and dashed lines in (b) represent fits by Equations (1) and (2), respectively.

The sequential arrangement of VBTMAC glassy blocks yields an elastic response
(G′ >> G′′ and G′, G′ ~ ω0), compared to the liquid-like response of the statistical copoly-
mer, indicating the presence of larger and continuous bulk-like VBTMAC regions, despite
the fact that both specimens are in the disordered state, as evidenced in our previous
study [40]. Parenthetically, a reduced change in heat capacity for Tg

inter was evidenced for
the sequential copolymer compared to the statistical, verifying the aforementioned obser-
vations [40]. The determination of the zero shear viscosity is challenging and inaccurate
for the sequential copolymer, due to its predominantly elastic response, even at elevated
temperatures (see Figures S5 and S6), hindering the low-frequency plateau in the viscosity
data. To mitigate this challenge, the viscosity data were fitted with the empirical models of
Equations (1) and (2), yielding a higher value of zero shear viscosity by approximately three
orders of magnitude compared to the corresponding statistical copolymer. This indicates
that the block arrangement along the copolymer backbone plays a crucial role in tailoring
the viscoelastic response of the studied DHBCs.

The extracted values for zero shear viscosity are summarized in Figure 4 at ambi-
ent temperature.

The zero shear viscosity values can be dictated by changing (i) the copolymer’s com-
position and (ii) the block arrangement along the backbone. This is advantageous for the
use of these copolymers in drug delivery applications. The dynamic frequency sweeps for
the statistical copolymers are presented at different temperatures in Figure S7, along with
the temperature dependence of the extracted power law index. The latter increases by in-
creasing temperature, implying less shear thinning behavior, as evident from the flattening
of the viscosity curves. The shear-thinning behavior of the studied polymeric formulations
can be tailored by varying (i) temperature, (ii) composition, and (iii) block arrangement
along the polymer backbone, highlighting their potential for biomedical applications.
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η
⋅

Figure 4. Zero shear viscosity, η0, as a function of the VBTMAC weight fraction in DHBCs and
the corresponding parent homopolymers at ambient temperature. The zero shear viscosity for
polystyrene (PS) is also included for comparison and taken from Ref. [47]. The yellow and purple
arrows indicate the effect of block arrangement across the backbone and the impact of VBTMAC
content on the zero shear viscosity, respectively. The red dashed line is a guide for the eye.

Detailed information about the viscoelastic response of the studied copolymers can be
obtained through the construction of master curves by employing the tTs principle, which
involves the horizontal shifting of dynamic frequency sweeps, as shown in Figure 5. The
original data of the storage and loss moduli are presented in Figures S8 and S9.

ω

η

ω

η
λ
n

η
λ
n

Figure 5. Superimposed master curves of (a) the storage (dark symbols) and loss (bright symbols)
shear moduli and (b) complex viscosity constructed by employing the principle of tTs for the statistical
DHBCs with 20 wt.% (blue symbols) and 40 wt.% (red symbols) VBTMAC content, as indicated.
Lines with slopes 1 and 2 are also shown in (a). The solid lines represent fits by Equation (2) in (b).

For the copolymer containing 20 wt.% VBTMAC, a well-defined terminal regime
is observed, confirming its liquid- or melt-like behavior. The G′(ω) does not follow the
ideal terminal relaxation (G′ ~ ω2), reflecting mainly the ionic interactions arising from
the charged VBTMAC side groups. These ionic interactions persist into the melt state,
influencing its terminal relaxation. In contrast, the copolymer with 40 wt.% VBTMAC
maintains a viscoelastic response (G′ ~ ω) even at high temperatures (i.e., low frequencies),
highlighting the influence of the glassy VBTMAC segments and the presence of strong
ionic interactions. As depicted in Figures 5 and S2, the absence of large rubbery plateaus is
attributable to the low molar masses and the short side chain lengths that distinctly reduce

164



Polymers 2025, 17, 1857

the entanglements. Figure 5b presents the normalized complex viscosity, adjusted using
horizontal shift factors, as a function of normalized angular frequency. This representation
of the master curves for the statistical copolymers confirms the viscosity variation with
copolymer composition. Simultaneously, the extracted values of the power law index, by
employing the MC model, indicate that both statistical copolymers display comparable
levels of shear-thinning behavior. The temperature dependencies of the extracted horizontal
shift factors for the statistical DHBCs and the PVBTMAC homopolymer are depicted in
Figure 6. The original data of the frequency sweeps for the PVBTMAC homopolymer are
presented in Figure S10.

α α

Figure 6. Temperature dependence of the horizontal shift factors for (a) statistical DHBCs and (b) the
PVBTMAC homopolymer.

The results can now be discussed in terms of classical free volume theories of glass
formation [43]. As shown in Figure 6, the extracted horizontal shift factors, αT, were fitted
according to the Williamas–Landel–Ferry (WLF) equation [48]:

logαT = − c1
r(T − Tr)

c2r(T − Tr)
, (3)

where c1
r and c2

r are empirical parameters at the reference temperature, that is, Tr = 343 K,
for the studied statistical DHBCs. For the PVBTMAC homopolymer, a transition from
WLF to Arrhenius-type temperature dependence is observed in the vicinity of Tg (~383 K),
corresponding to the vitrification of the polystyrene backbone. According to the theory, the
empirical parameters can be calculated at Tg: c1

g = c1
r c2

r/(c2
r + Tg − Tr) and c2

g = c2
r +Tg

− Tr, and then the fractional free volume, f(Tg), and the thermal expansion coefficient of
free volume, αf, can be extracted, according to

f (Tg) =
1

2.303cg
1

, (4)

α f =
f
(
Tg

)
cg

2
. (5)

Furthermore, the fragility or steepness index, m*, and apparent activation energy, Eg,
can be estimated from [49,50]

m∗ =
cg

1 Tg

cg
2

, (6)
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Eg = 2.303R
cg

1

cg
2

T2
g . (7)

The estimated parameters are summarized in Table 2 and can be discussed with respect
to Figures 7 and 8.

Table 2. Rheological Tg and WLF parameters, fractional free volume, thermal expansion coefficient,
fragility along with apparent activation energy at Tg for DHBCs and PVBTMAC homopolymer.

Sample Code
Tg (K)

*
c1

g c2
g (K) f(Tg) αf (K−1) m*

Eg

(kJ·mol−1)

P(OEGMA80-co-VBTMAC20) 290 13.89 337 0.0313 9.29 × 10−5 12 66.4
P(OEGMA60-co-VBTMAC40) 310 12.49 197 0.0348 1.77 × 10−4 20 116.7

PVBTMAC 383 9.83 177 0.044 2.5 × 10−4 21 156.0
* Tg determined from rheology is higher compared to the dielectric one due to the fact that the dynamic frequency
sweeps are performed at ω = 10 rad·s−1.

Figure 7. (a) WLF coefficients, c1
g (semi-filled symbols) and c2

g (filled symbols), (b) fractional free
volume and (c) thermal expansion coefficient of free volume at Tg, determined through rheology,
plotted as a function of the VBTMAC content. Dashed lines are guides for the eye.

Figure 8. (a) Fragility and (b) apparent activation energy as a function of the VBTMAC weight
fraction for the copolymers (squares) and their parent blocks (stars). Fragility data from dielectric
measurements, taken from Ref. [40], are also included along with fragility data for PS taken from
Ref. [51].
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As depicted in Figure 7, the c1
g and c2

g parameters are dependent on the copolymer
composition, leading to differences in the fractional free volume and thermal expansion
coefficient according to Equations (4) and (5). Specifically, the fractional free volume
increases by increasing the VBTMAC content. The reason for this is most likely that
the bulky ionic side chains of the VBTMAC blocks increase the segmental rigidity and
steric hindrance, leading to packing frustration. This also results in a slight increment of
the thermal expansion coefficient. Importantly, the c2

g of PVBTMAC is approximately
three times larger compared to polystyrene (PS) [51], thereby reducing fragility values, as
discussed below in relation to Figure 8.

The PVBTMAC homopolymer exhibits one of the lowest fragility values ever reported
for common polymers (see Figure S11), reflecting a superstrong behavior [52,53]. The
rheology-derived values are in line with those found from dielectric measurements [40].
This low value of fragility indicates a less cooperative character of the structural relaxation,
meaning that fewer neighboring segments cooperate in the structural relaxation. Specifi-
cally, the PVBTMAC homopolymer exhibits distinctly reduced fragility values compared
to the linear polystyrene [43,51]. A similar trend has been observed in the family of poly(p-
alkyl methacrylates), where a change from a “fragile” (m = 92) to a “strong” (m = 36) liquid
occurs only by increasing the length of the side chain with the addition of a methylene
unit (see Figure S12) [54,55]. Specifically, the PVBTMAC homopolymer exhibits a slightly
lower value of fragility than poly(p-alkyl methacrylates) with side chain lengths, p, bearing
1 < p < 18 methylene units [55–57] and the poly(p-phenylene) homopolymer [58] bearing
side chain length with 8 methylene units, despite the higher Tg of PVBTMAC. Therefore,
the superstrong nature of the PVBTMAC homopolymer is probably driven mainly by
its side chain length and its high Tg that is mainly dictated by the strong electrostatic
interactions taking place along its side chains.

Concerning the statistical copolymers, a similar superstrong behavior can be observed.
Anticipatedly, as shown in Figure 8b, the apparent activation energy strongly increases by
increasing the VBTMAC content, reflecting the stiff nature of VBTMAC segments and the
higher amount of energy that is required for their segmental relaxation. This superstrong
nature of the studied polymeric formulations may be a valuable attribute for their use in
biomedical applications.

To sum up, this study offers a comprehensive quantitative analysis of the viscoelastic
behavior of both sequential and statistical DHBCs. The findings demonstrate that the
viscoelastic response of these systems can be precisely modulated by altering the copoly-
mer composition and the arrangement of the hydrophilic blocks, as well as by adjusting
the environmental temperature. Variations in block architecture (e.g., sequential versus
statistical copolymers) lead to distinct molecular interactions and microphase behavior,
which in turn govern the macroscopic rheological properties such as storage moduli (G′)
and loss moduli (G′′), and thus the viscosity.

These tunable viscoelastic properties are critical for drug delivery applications, where
formulation performance often depends on the mechanical adaptability, injectability and
controlled release capability of the carrier matrix. For instance, a copolymer with a high
shear moduli may provide better mechanical integrity at the site of delivery, while a
reduced viscosity or gel-like response at physiological temperatures can enable sustained
drug release. The ability to systematically tailor these rheological characteristics makes
DHBCs versatile components for designing smart and responsive drug delivery systems.

167



Polymers 2025, 17, 1857

4. Conclusions

Herein, we have investigated the mechanical properties of block and random DHBCs
using rheological measurements. We report that the mechanical properties are governed
mainly by the interfacial Tg. Depending on the VBTMAC content and block arrangement
across the backbone, the macroscopic mechanical properties change from elastic-like to
liquid-like. Specifically, the PVBTMAC homopolymer exhibits an elastic response up
to high temperatures, reflecting its strong nature. A viscoelastic response is evident for
the statistical copolymer with 40 wt.% VBTMAC. By further decreasing the VBTMAC to
20 wt.%, the statistical copolymer exhibits a liquid-like response. Overall, the zero shear
viscosity, determined by fitting the measured data with two empirical models (i.e., the
Carreau–Yasuda and modified Cross models), exponentially increases by increasing the
VBTMAC content. This behavior reflects the influence of the glassy VBTMAC segments and
the presence of strong ionic interactions arising from the charged VBTMAC side groups.
Furthermore, for the 20 wt.% VBTMAC content, the change in block arrangement of the
backbone from statistical to sequential results in a transition from liquid-like to elastic-like
behavior, accompanied by an increase in zero shear viscosity.

In terms of classical free volume theories [43], we report that the copolymers exhibit
reduced fragility reminiscent of that found in the PVBTMAC parent block. Importantly, the
PVBTMAC homopolymer exhibits 5-fold lower fragility than the one found for polystyrene,
reflecting its superstrong nature. The above observations are in line with previously reported
dielectric results [40]. A superstrong behavior is also evident for the statistical copolymers,
reflecting the impact of the glassy VBTMAC segments and their miscible state. To conclude,
this study illustrates the tunability of the viscosity and shear-thinning behavior through
systematic variation in (i) the brush copolymer composition, (ii) the block sequence along
the polymer backbone, and (iii) the temperature, which furthermore demonstrates the
potential of the investigated copolymers for advanced biomedical applications such as
drug delivery.
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Angular frequency sweeps for the studied statistical copolymers and their parent homopolymers;
Figure S4: Angular frequency sweeps at iso-Tg temperatures; Figure S5: temperature ramps for
diblock and statistical copolymer with 20 wt.% of VBTMAC; Figure S6: Angular frequency sweeps for
diblock copolymer at two temperatures; Figure S7: Complex viscosity curves and the extracted power
law index at different temperatures; Figures S8 and S9: Original dynamic frequency sweep data for
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and S12: Comparison of fragility values with the literature-reported data.
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Abbreviations

The following abbreviations are used in this manuscript:

DHBCs double hydrophilic block copolymers
POEGMA poly[oligo(ethylene glycol) methacrylate]
PVBTMAC poly(vinyl benzyl trimethylammonium chloride)
SAOS small amplitude oscillatory shear

Tg
inter interfacial glass transition temperature

RAFT reversible addition–fragmentation chain transfer
Tg glass transition temperature
LVR linear viscoelastic regime
CY Carreau–Yasuda model
MC modified Cross model
|G*| complex shear moduli
G′ shear storage moduli
G′′ shear loss moduli
η0 zero shear viscosity
tTs time–temperature superposition
WLF Williamas–Landel–Ferry
αT horizontal shift factor
f(Tg) fractional free volume at Tg

αf thermal expansion coefficient of free volume at Tg

m* fragility
Eg apparent activation energy
PS polystyrene
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Abstract: Combining Brownian dynamics simulations and self-consistent field theory, we
demonstrate that stable assembled structures, such as vesicles, toroidal micelles, bowl-like
micelles, sheet-like micelles, non-spherical vesicles, and cylindrical micelles, are dependent
on the molecular parameters of amphiphilic comb-like copolymers. Importantly, we find
that vesicle formation involves two intermediate states, sheet-like and bowl-like micelles,
and the difference in their free energies is minimal, which illustrates the coexisting phase
between them. Moreover, the assembled vesicles can be modulated in the membrane
thickness with overall size, unchanged only by adjusting the backbone length. We also
demonstrate the coexistence of toroidal and cylindrical micelles because neither structure
has a significant advantage over the other in free energy. Our work points out how to
obtain different morphologies by adjusting the molecular parameters of amphiphilic comb-
like copolymers, instilling confidence in their potential for stable drug encapsulation and
enhanced targeted drug delivery.

Keywords: amphiphilic comb-like copolymers; micelles; vesicles; Brownian dynamics

1. Introduction

Copolymer self-assembly has been a topic of great interest because of its ability to
form functional micelles or vesicles, which, in turn, determine the potential applications
of copolymers [1–5]. For example, spherical micelles and vesicles exhibit stable drug
encapsulation and enhanced targeted drug delivery [6–10]. Toroidal micelles have applica-
tions in delivery systems that mimic bacteriophages and vertebrate DNA rings [11,12]. In
biomedical sensing, self-assembled length-controlled cylindrical micelle brushes are used
to enhance the signal recognition capability of detectors [13].

The self-assembled morphologies of copolymers in solution are influenced by numer-
ous factors, with molecular structure being the most intrinsic. To date, the self-assembling
mechanisms of linear block copolymers [7,14,15], comb-like copolymers [16–19], hyper-
branched copolymers [20,21], and other topologically structured copolymers continue to be
subjects of ongoing exploration in both simulation and experimental studies [22]. Among
them, the self-assembly of non-linear polymers, such as graft copolymers, emerges as a
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more promising component in self-assembled materials [23–30]. This is attributed to their
lower critical micelle concentration [31] and higher interfacial stability [32], making them
withstand rigorous environments such as high pressure and heat, and strong alkalis and
acids [33,34].

Given this, many researchers have used different graft molecular models to explore
their self-assembly morphologies. For instance, Wang et al. employed dissipative particle
dynamics (DPD) simulations to investigate the self-assembly of amphiphilic comb-like
copolymers, specifically using the PA6(B2)3 and QC6(D2)3 models (the subscript numbers
6, 2, and 3, respectively, represent the backbone length, side-chain length, and grafting
number), which results in monolayer vesicles [35]. Lin et al. combined self-consistent
field theory (SCFT) with DPD simulations to study the A9-graft-(B6)3 model, revealing the
formation of segmented, multi-layered composite vesicles [10]. Liu et al. focused on the
spontaneous formation and fusion of onion-like vesicles using DPD simulations with the
A6(B2)3 model [19]. Additionally, Khokhlov et al. used Monte Carlo (MC) simulations to
examine the conformational transitions of a single amphiphilic comb-like copolymer, ob-
serving structural changes from spherical to elongated ellipsoids and pearl-necklace config-
urations as the grafting density increased [36]. Sheng and Tsao et al. separately employed
comb-like graft copolymers composed of a backbone of poly((N-vinylcarbazole)-co-(4-
vinylbenzyl chloride)) (P(NVK-co-VBC)) and side chains of poly(((2-dimethylamino)ethyl
methacrylate)-co-(tert-butyl acrylate)) (P(DMAEMA-co-tBA)) to regulate the formation of
vesicles from unilamellar to multilamellar structures using the DPD method. They found
that variations in grafting density can modulate the thickness and the number of layers
in the hydrophobic region [37,38]. These studies highlight the critical role of molecular
model selection in determining the self-assembly morphologies of amphiphilic comb-like
copolymers. However, a significant challenge remains: the diversity of molecular models
makes direct comparisons between different studies difficult. This limitation hinders the
ability to establish a precise relationship between molecular parameters and the resulting
self-assembled morphologies.

In the current study, we systematically investigate the relationship between the molec-
ular parameters and self-assembled morphologies of amphiphilic comb-like chains in
solution by employing Brownian dynamics (BD) simulations. The objective is to control
the self-assembly structures by tuning these molecular parameters for diverse applica-
tions. The study revealed that various self-assembled morphologies could be observed,
including toroid micelles, bowl-like micelles, vesicles, sheet-like micelles, cylindrical mi-
celles, and non-spherical vesicles, by adjusting the length of the backbone and side chains,
and the grafting density. In addition, we reveal the transition mechanisms between differ-
ent morphologies by calculating the free energy of different self-assembled morphologies
using SCFT. The remainder of this article is organized as follows. Section 2 provides the
model and simulation details. Section 3 constructs the morphological phase diagram,
elucidates the self-assembly mechanism, and provides the relationship between the molec-
ular parameters and self-assembled morphologies. Section 4 presents the conclusion and
future outlook.

2. Model and Methods

BD simulations: We conduct BD simulations to investigate the self-assembly dynam-
ics of amphiphilic comb-like chains. As demonstrated in our previous work and related
simulations, the coarse-grained model is employed, which can reasonably capture the
essential interactions and structural features with the reduced unit system [31,32,39–45].
As illustrated in Figure 1, the amphiphilic comb-like chains are modeled as bead-spring
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chains: The hydrophilic side chains B (red) are randomly grafted onto the hydrophobic
backbone A (yellow). We denote amphiphilic comb-like chains as Ax-comb-(By)n, where x
and y represent the lengths of the backbone and side chains, respectively, and n denotes
the grafting number. All bonded interactions, including the adjacent beads of the backbone
and the side chains, and the grafting points between the beads of the backbone and the side
chains, are calculated by the finite extensible nonlinear elastic (FENE) potential [46], i.e.,

UFENE(r) = −0.5κR2
0 ln[1 − (r/R0)

2] (1)

where κ denotes the spring constant and R0 is the maximum separation distance for the
bead–bead distance r.

Figure 1. Coarse-grained model of amphiphilic comb-like copolymers: Ax-comb-(By)n, composed of
a hydrophobic backbone with a length of x (represented by A, yellow) and n hydrophilic side chains
with a length of y (represented by B, red), where n ≤ x.

The non-bonded interactions between two beads accounted for the excluded-volume
interactions described through the Lennard-Jones (LJ) potential, i.e.,

ULJ(r) = 4ε[(σ/r)12 − (σ/r)6] (2)

Here, ε and σ represent the energy and length parameters, respectively. Implicit solvents
are used in the simulation system. For the interactions between hydrophobic beads, we
specify a cutoff distance rc = 2.5σ for the LJ potential, corresponding to a poor solvent con-
dition [14,47]. For the other pairwise beads, we set the cutoff to rc = 21/6σ, corresponding
to a good solvent condition [48]. Additionally, both LJ potentials are shifted separately to
ensure ULJ = 0 at rc.

We employ BD simulations, where the motion for bead i is given by [49]

ṙi(t) = −1
ξ
∇Ui +

1
ξ

fi(t) (3)

Ui represents the potentials from all FENE and LJ interactions as discussed, and ξ denotes
the friction coefficient experienced by a bead in the solvent. The random force fi(t) is
generated based on the thermal bath model using a Gaussian-distributed random number
generator, satisfying the fluctuation–dissipation theorem: 〈fi(t)fj(t′)〉 = 2ξkBTδijδ(t − t′)I,
where kB is Boltzmann’s constant, T is the temperature, and I denotes the unit tensor.
Equation (3) neglects inertial effects and can be efficiently integrated using the Euler
method. In this work, we disregard hydrodynamic interactions between different beads,
which enables us to compute the steps for a longer time with reduced computational effort.

We adopt length, mass, and energy units as σ, m, and ε, respectively. Consequently,
the unit of time can be described as τ = (mσ2/ε)1/2. We set the temperature as kBT = 1.0,
the time step as Δt = 10−4, and the friction coefficient as ξ = 0.5. Furthermore, we fix the
parameters of the FENE potential as κ = 30 and R0 = 1.5 to prevent chain crossing [50].
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We conduct simulations within a 20σ × 20σ × 20σ cubic box with periodic boundary
conditions. All samples are fixed with the same volume fraction 0.15 and are simulated with
3.5–5.0 × 108 time steps. In addition, independent simulations are carried out 5–10 times
with different random seeds.

SCFT: In the SCFT calculations, we consider an incompressible blending system
composed of AB comb-like copolymers and solvent molecules of short A homopolymer.
Under the approximations of the mean-field treatment and Gaussian-chain model, the free
energy in the canonical ensemble can be expressed as

NF
ρ0VkBT = −φ ln QC

φ − 1−φ
γ ln QH

1−φ

+ 1
V
∫

dr{χNφA(r)φB(r)− ωA(r)φA(r)− ωB(r)φB(r)

− η(r)[1 − φA(r)− φB(r)]}
(4)

where ωK(r) is the mean-field conjugating to the volume fraction φK(r) (K = A or B).
The spatial function η(r) is a Lagrange multiplier used to enforce the incompressibility
condition, φA(r) + φB(r) = 1. The two quantities QC and QH are the partition functions of
single copolymer chain and single homopolymer chain interacting with the mean fields of
ωA(r) and ωB(r), respectively.

The A1-comb-(B1)1, which can be seen as the repeating units of Ax-comb-(By)n at
y = n = 1 in the BD simulation, is modelled as an AB2 star copolymer with fA = 0.5
and N segments in the SCFT. In other words, 0.5N segments of the comb-like copolymer
in the SCFT correspond to 1 bead of the copolymer model in the BD. By setting the
number of total segments for the solvent to be 0.2N and the interaction parameter between
A and B components χABN to be 15 (χAB denotes the Flory–Huggins parameter), we
observed the order–disorder transitions and self-assembled structures in the SCFT similar
to that in the BD. More details of the SCFT can be found in references [51,52] or the
Supporting Information.

3. Results and Discussion

As shown in Figure 2, we initially fix y = 1, that is Ax-comb-(B1)n, to explore the
possible self-assembling structures. The results reveal that when n = x, the system cannot
form a stable structure and is in the dispersed phase. At this time, each bead on the
backbone is grafted with a side chain. As we reported earlier, at this time, the hydrophobic
backbone chain is surrounded by the hydrophilic side chains to form a better encapsulation
layer, that is to say, the formation of a single molecule micelle [40], which leads to the
difficulty of further self-assembly with other chains. As n decreases, we begin to be able to
observe various structures. For example, first, one can self-assemble to form cylindrical
micelles; however, when x is small, the coexistence of cylindrical micelles and toroidal
micelles can also be observed. The next larger percentage is sheet-like micelles. In addition,
when n < 4, the structures obtained are more abundant; for example, the coexistence of
sheet-like micelles and vesicles, and non-spherical vesicles and cylindrical micelles can be
obtained when x is small.

We then fix n = 2, that is, Ax-comb-(B2)2, to investigate the self-assembling structures
with two side chains. Our results indicate that most stable self-assembled structures cannot
be formed. This implies that the desired self-assembled structure will be formed only if the
molecular parameters are tuned to a suitable range. We find that only sheet-like micelles
and cylindrical micelles can be formed with small y. When x is larger, it is in the coexistence
phase of sheet-like micelles and cylindrical micelles. As reported in the literature, stabilized
micelles and vesicles with different shapes have very many promising applications [6–10].
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Therefore, we proceed to further analyze the self-assembly process of toroidal micelles,
cylindrical micelles, and vesicles, as well as the free energy of their structures.

Figure 2. Phase diagrams of Ax-comb-(B1)n and Ax-comb-(By)2, respectively, where the blue region
represents the dispersed phase, the yellow region denotes toroidal micelle, the orange region indicates
cylindrical micelle, the pink region represents vesicle, the black region signifies bowl-like micelle,
the purple region denotes sheet-like micelle, and the gray region indicates non-spherical vesicle.
The corresponding simulation snapshots for each region are indicated on the right, where the arrows
point to the cross-sectional slice of the structures. The two colored circles represent the coexistence
state of two structures simulated under the same starting conditions.

We trace the dynamic process of vesicle formation, as shown in Figure 3a. The chains
rapidly aggregate into numerous small clusters at the initial stage and assemble into sheet-
like micelles. At this stage, two distinct scenarios emerge, one where the system always
maintains the sheet-like structure, accompanying occasional minor bending. The other is
the gradual bending of the sheet-like micelles, transitioning into bowl-like structures. Simi-
larly, the system either remains in the bowl-like micelles or the bowl’s opening gradually
narrows until completely closed, forming a spherical vesicle. This suggests that vesicle
formation involves two intermediate states, sheet-like and bowl-like micelles, rather than
direct formation. This closely resembles the findings of Gianneschi et al., who utilized
in situ liquid-cell transmission electron microscopy to observe the formation of bicontinu-
ous micelle structures during the transition of amphiphilic block copolymer micelles into
higher-order vesicle structures [53].

As shown in Figure 2, the simulation results indicate the coexistence of vesicles, bowl-
like micelles, and sheet-like micelles. To justify this coexistence of states, we calculate
their formation and the corresponding free energies using SCFT, as shown in Figure 3b.
Consistently, we observe the coexistence of vesicles and bowl-like micelles as well as
sheet-like micelles, except that A6(B1)2 and A7(B1)2 failure to form the sheet-like micelles.
Although the results of the coexisting phases do not fully agree with the simulation results
of BD, the results show that the difference in the free energy of the different phases is
minimal for the same molecular parameters, which confirms that this coexisting phase is
reasonable. It also shows that this system’s potential barrier for vesicle formation is low,
which opens up new possibilities for self-assembly to form vesicles.
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Figure 3. (a) Self-assembly roadmap of amphiphilic comb-like copolymers with the molecular
parameters Ax(B1)2, which indicates that they first form sheet-like micelles, then the structure bends
and forms bowl-like micelles, or may revert to sheet-like micelles, and finally the structure closes to
form vesicles. (b) Free energies calculated by SCFT for the sheet-like micelles, the bowl-like micelles,
and the vesicles correspond representatively to (a).

The control of vesicle size and membrane thickness has been a widely studied
topic [8,10,35,54,55]. In Figure 4a, we statistically analyze the density distribution of
self-assembled vesicles with molecular parameters of Ax-comb-(B1)2, where x = 4, 8,
10, and 14, respectively. Here, r represents the distance from the vesicle center, and ρ(r)
denotes the average density of the vesicle at r + Δr on the spherical shell. Specifically,
the vesicle’s center of mass is first determined. Then, the number of hydrophilic beads at
different radial distances within concentric spherical shells of equal thickness is counted to
obtain the distribution profile. We observe two peaks with increasing r, except A14(B1)2,
which further demonstrates the formation of vesicles. When x = 14, corresponding to
non-spherical vesicles, the density distribution no longer follows the pattern of two peaks.
As x increases, the first peak continuously shifts towards the vesicle’s center. However,
the second peak is almost unchanged, suggesting that the membrane thickness is increasing
while the overall dimensions remain constant, which matches the calculated values. This is
a promising method for controlling vesicle size to modulate membrane thickness, which
infers that the assembled vesicles formed by comb-like copolymers with larger gap lengths
(i.e., fewer grafting points) possess thicker hydrophobic membranes and smaller cavities.

To clarify the molecular mechanism of such size-invariant but membrane-thickness-
variable vesicles, we give amplified molecular packing, as illustrated in Figure 4b. When
x = 4, due to the high graft density of hydrophilic side chains, most hydrophobic backbones
exhibit a straighter shape, and the average distance from backbone end to end is approxi-
mately 4. However, when x = 10, with side chains spaced farther apart, the backbone tends
to bend, and the average distance from the backbone end to end is approximately 2.36.
As hydrophobic backbones tend to aggregate, thicker hydrophobic membranes are formed.
Furthermore, when increased to “overloaded” lengths, such as x = 14, the hydrophobic
portion of the packing is not constrained, resulting in a non-spherical vesicle.

177



Polymers 2025, 17, 1870

Figure 4. (a) Average density [ρ(r)] of the hydrophilic beads (B) as a function of the distance r
from the center of the assembled vesicles, which are composed of Ax(B1)2 and x = 4, 8, 10, and 14,
respectively. The overall size of the vesicles, the cavity diameters, and the membrane thicknesses are
also listed. (b) Amplified molecular packing of the vesicles corresponds to the cases of (a).

Figure 2 shows a large coexistence zone for toroidal and cylindrical micelles. To explore
their formation mechanism and to verify the rationality of their coexistence, we calculate
the radius of gyration during their formation respectively and calculate the free energy
of their steady states using SCFT, as shown in Figure 5. The comb-like chains rapidly
aggregate at the initial simulation. Partial aggregates gradually become straight, which
may be attributed to the rearrangement of comb-like chains, causing the formation of
cylindrical micelles. Differing from that of cylindrical micelles, the middle of the aggregate
gradually broke open, eventually forming toroidal micelles. As depicted in Figure 5a,b,
when the structure of the toroidal and cylindrical micelles is gradually stabilized, their radii
of gyration are also only stable, accompanied by small fluctuations. We then calculate their
free energies using SCFT in Figure 5c and find their values almost identical. This suggests
that under the same molecular parameter conditions, neither structure has a significant
advantage over the other, and thus, coexisting phases can easily occur.
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Figure 5. Gyration radius (Rg) during the formation of cylindrical micelles (a) and toroidal micelles
(b) as a function of simulation time (t). The insets show representative simulation snapshots captured
during the self-assembly process. (c) Free energy (F) for toroidal and cylindrical micelles, where the
insets exhibit stable states.

4. Conclusions

In this work, we systematically investigate the relationship between the molecular
parameters and self-assembled morphologies of amphiphilic comb-like chains Ax-comb-
(By)n in solution by employing BD and SCFT. The results indicate that the adjustments
in x and n lead to different arrangements of chains, resulting in stable states such as
vesicles, toroidal micelles, bowl-like micelles, sheet-like micelles, non-spherical vesicles,
and cylindrical micelles. Importantly, we find that vesicle formation involves two inter-
mediate states, sheet-like and bowl-like micelles, and the difference in their free energies
is minimal, which illustrates the coexisting phase between them. Moreover, the assem-
bled vesicles can be modulated in the membrane thickness with overall size unchanged
by only adjusting the backbone length. We also demonstrate the coexistence of toroidal
and cylindrical micelles because neither structure has a significant advantage over the
other in free energy. Our work shows how to obtain different morphologies by adjusting
Ax-comb-(By)n, especially the size-invariant but membrane-thickness-variable vesicles
and toroidal and cylindrical micelles, which provides insight into their applications such
as stable drug encapsulation and enhanced targeted drug delivery. Of course, the inter-
action strength of hydrophobic beads is another critical factor influencing the outcomes,
alongside molecular parameters. The synergistic effects of these factors warrant further
investigation. Additionally, the availability of efficient sampling methods to obtain the
distribution of coexisting phases is a question worth exploring. Furthermore, future studies
could extend to environmentally responsive dynamic assembly, investigating phenomena
such as temperature-gradient-induced dynamic phase transitions.
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Abstract: The self-assembly behavior of a series of amphiphilic diblock copolymers, each
consisting of a hydrophilic poly(N-vinyl pyrrolidone) (PNVP) block and a hydrophobic
block derived from n-alkyl vinyl esters, namely poly(vinyl butyrate) (PVBu), poly(vinyl
decanoate) (PVDc), and poly(vinyl stearate) (PVSt), in aqueous solutions was investigated.
Dynamic and static light scattering (DLS and SLS) techniques were employed to monitor
the micellization behavior. In addition, the self-assembled structures were observed with
Transmission Electron Microscopy (TEM). The effect of the nature of the hydrophobic block,
the copolymer composition and the copolymer molecular weight on the self-assembly
properties was thoroughly examined. The encapsulation of curcumin and indomethacin
within the dry cores of the micellar structures was conducted in aqueous solutions for
all block copolymers at various curcumin/indomethacin-to-polymer mass ratios. UV-Vis
spectroscopy was used to evaluate the drug-loading capacity and efficiency (%DLC and
%DLE). In several cases, the encapsulation of both hydrophobic drugs was found to be
nearly quantitative. Combined with the observed stability of the micellar structures, these
findings suggest that the block copolymers demonstrate significant potential as carriers for
drug delivery applications.

Keywords: amphiphilic block copolymers; poly(N-vinyl pyrrolidone); poly(n-alkyl vinyl
esters); self-assembly; polymeric micelles; drug encapsulation; curcumin; indomethacin;
light scattering

1. Introduction

A major obstacle in the efficient development of pharmaceuticals is still their limited
solubility in aqueous media. Despite efforts to address this issue, over 40% of licensed
medications and up to 90% of investigational substances exhibit low solubility in water,
according to estimates [1]. The proliferation of barely water-soluble drug candidates,
which is attributed to the strategic application of combinatorial chemistry and the routine
implementation of high-throughput screening in non-aqueous systems [2,3], is typically
accompanied by a range of associated problems. Their poor water solubility lowers their
pharmacological potential by restricting dissolution and absorption, promoting aggregation
or premature precipitation in aqueous environments that may result in recrystallization
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and variable pharmacokinetics, and facilitating rapid systemic clearance through tissue
distribution, plasma protein binding, or accelerated elimination. Furthermore, their clinical
activity is further limited by intrinsic chemical and oxidative instability before they reach
the target site [4–7].

An effective strategy to overcome the aforementioned limitations is the employment
of biocompatible amphiphilic block copolymers, capitalizing on their spontaneous self-
assembling into micelles in aqueous solutions. The hydrophobic core of the micelles can
encapsulate therapeutic molecules that would otherwise be insoluble in water, enhancing
their apparent solubility and preventing the degradation of the active ingredient [8,9].
Moreover, the hydrophilic shell of the micelles confers colloidal stability, extending their cir-
culation half-life and biodistribution. The tunable architecture of block copolymers enables
high drug loading and controlled release profiles. This can be achieved by adding func-
tional groups to target specific tissues or tumors or by including pH- or redox-responsive
functionalities [10–12]. Finally, the broad spectrum of available loading methods, includ-
ing thin-film hydration, solvent evaporation, dialysis and co-solvent methods, facilitates
optimization of micellar formulation for a wide variety of hydrophobic drugs [13].

Curcumin is a highly hydrophobic molecule with extremely low water solubility,
which limits its bioavailability. It is considered a natural ingredient that has sparked
scientific interest due to its numerous advantages for human health, as it is believed to
have anti-inflammatory, antioxidant, antibacterial, antiviral, antifungal, antidiabetic, and
anticancer properties [14]. Another practically water-insoluble molecule with particu-
larly interesting pharmacological properties is indomethacin. It belongs to the class of
nonsteroidal anti-inflammatory drugs (NSAIDs) and has been clinically employed for
the treatment of acute pain, rheumatoid arthritis, ankylosing spondylitis, osteoarthritis,
bursitis, gouty arthritis, patent ductus arteriosus, and certain types of migraine [15]. Both
curcumin and indomethacin can easily be traced by UV-Vis spectroscopy since they ex-
hibit a maximum absorption at 429 nm [16] and 318 nm [17], respectively. The chemical
structures of both curcumin and indomethacin are shown in Scheme 1.

Scheme 1. (a) Chemical structure of the hydrophobic drug compound curcumin; (b) chemical
structure of the hydrophobic drug compound indomethacin.

The micellization behavior of a series of amphiphilic diblock copolymers, each con-
sisting of a hydrophilic poly(N-vinyl pyrrolidone) (PNVP) block and a hydrophobic block
derived from n-alkyl vinyl esters, namely poly(vinyl butyrate) (PVBu), poly(vinyl de-
canoate), (PVDc) and poly(vinyl stearate) (PVSt), in aqueous solutions was investigated.
The chemical structures of each different family of amphiphilic diblock copolymers are
given in Scheme 2. Poly(N-vinyl pyrrolidone) possesses distinctive properties, including
biocompatibility and non-toxicity, which have led to its extensive industrial utilization in
the pharmaceutical and biomedical sectors, as well as others [18]. In fact, recent studies
suggest PNVP as the optimal choice for replacing poly(ethylene oxide) (PEO), which is
currently the most widely used hydrophilic material employed in the aforementioned
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sectors [19,20]. Poly(vinyl esters) (PVEs) represent another significant class of polymeric
materials, which exhibit either hydrophilic or hydrophobic characteristics, depending on
the nature of the side group. These materials are of pharmacological significance due
to their capability to serve as precursors for the production of poly(vinyl alcohol) (PVA)
through the hydrolysis of their ester group [21,22].

Scheme 2. Chemical structures of the amphiphilic diblock copolymers consisting of a hydrophilic
PNVP block and a hydrophobic block derived from PVBu, PVDc and PVSt.

The micellization behavior of amphiphilic block copolymers is governed by a delicate
balance of molecular and environmental parameters. The nature of the hydrophobic block
is a crucial molecular factor. Flexible and amorphous hydrophobic blocks frequently result
in equilibrium micelles, while more rigid and crystallizable blocks favor highly ordered
aggregates due to restricted chain mobility [23–25]. The length of the alkyl side chain
within the hydrophobic block has been demonstrated to further modulate core packing
and stability. It has been shown that longer alkyl chains markedly reduce the critical
micelle concentration (CMC) and promote the formation of larger, more stable aggregates,
as the increased hydrophobic interactions drive self-assembly [26–29]. The composition
of the diblock copolymer also determines the resulting morphology. Specifically, the
hydrophilic-to-hydrophobic ratio affects the formed micellar structure. Higher percentage
of the hydrophilic block promote spherical micelles, intermediate ratios yield cylindrical
or worm-like micelles, and higher percentages of the hydrophobic block lead to the for-
mation of vesicular or lamellar structures [30–32]. Finally, the molecular weight of the
amphiphilic block copolymers affects both thermodynamics and kinetics of micellization
behavior. Higher molecular weights, especially of the hydrophobic block, lower the CMC
and enable the formation of well-defined, stable micelles with improved thermodynamic
stability [33–35]. The targets of the present work are summarized as follows. (a) A study
of the micellization behavior of the PNV-b-PVEs block copolymers in aqueous solutions.
Water is a selective solvent for the PNVP blocks [36–38]. The self-assembly behavior of
the same series of diblock copolymers in tetrahydrofuran (THF) has already been pre-
sented [39]. Parameters, such as the nature of the PVEs block, the composition and the
molecular weight of the block copolymers, are expected to play a crucial role in defining
the self-assembly behavior of the amphiphilic block copolymers in water. (b) Application of
the supramolecular structures as vehicles for the encapsulation of hydrophobic compounds.
Two hydrophobic drugs, curcumin and indomethacin, will be tested for encapsulation
into the core of the micellar structures that are formed. The drug loading capacity and
efficiency (%DLC and %DLE) values [40] will be calculated. The influence of the nature of
the hydrophobic block along with the molecular characteristics of the block copolymers
will be examined.
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2. Materials and Methods

2.1. Synthesis of Diblock Copolymers PNVP-b-PVBu, PNVP-b-PVDc and PNVP-b-PVSt

The synthesis of the PNVP-based amphiphilic diblock copolymers has already been
published [41]. In summary, the synthesis of the copolymers was accomplished through
the implementation of the reversible addition-fragmentation chain transfer (RAFT) radical
polymerization technique, in conjunction with the sequential addition of monomers. In each
instance, the PNVP block was synthesized first and, after purification and characterization,
was used as a macro chain transfer agent (macro-CTA) for the polymerization of each PVE
block. For each of the three distinct copolymer classes, designated PNVP-b-PVBu, PNVP-b-
PVDc, and PNVP-b-PVSt, a total of four or five different copolymers with varying molecular
weights and molar ratios of each block were synthesized in order to investigate the effect
of these parameters on the micellization behavior of the products in aqueous solutions.
The molecular characteristics of the PNVP-b-PVEs diblock copolymers are provided in
Table 1, whereas more details regarding the synthesis and characterization are provided in
the Supplementary Material File S1 of the Supporting Information Section (SIS).

Table 1. Molecular characteristics of the PNVP-b-PVEs amphiphilic diblock copolymers.

Sample

PNVP 1 PNVP-b-PVEs 1 NVP 2 PVEs 2

Mn

×103 (Da)
Ð

Mn

×103 (Da)
Ð

Molar
Ratio (%)

Molar
Ratio (%)

PNVP-b-PVBu #1 8.5 1.30 16.0 1.90 22 78
PNVP-b-PVBu #2 28.0 1.27 32.0 1.32 84 16
PNVP-b-PVBu #3 8.9 1.35 17.5 1.40 57 43
PNVP-b-PVBu #4 8.9 1.35 15.5 1.54 48 52
PNVP-b-PVBu #5 8.5 1.30 13.0 1.55 56 44

PNVP-b-PVDc #1 8.5 1.30 12.5 1.31 63 37
PNVP-b-PVDc #2 5.5 1.47 12.5 1.60 38 62
PNVP-b-PVDc #3 8.5 1.30 11.0 1.45 56 44
PNVP-b-PVDc #4 9.5 1.36 10.5 1.36 93 7

PNVP-b-PVSt #1 8.5 1.30 10.5 1.44 78 22
PNVP-b-PVSt #2 7.5 1.30 10.4 1.51 61 39
PNVP-b-PVSt #3 8.1 1.30 10.9 1.37 85 15
PNVP-b-PVSt #4 8.1 1.30 12.5 1.22 83 17
PNVP-b-PVSt #5 5.5 1.47 9.0 1.62 40 60

1 Derived by size exclusion chromatography (SEC) in CHCl3. 2 Derived by 1H-NMR in CDCl3.

2.2. Dynamic and Static Light Scattering (DLS and SLS) Techniques
2.2.1. Preparation of Stock Solutions for the DLS and SLS Measurements

The solvent exchange method was selected for the preparation of stock solutions for
each of the distinct samples in each of the three different types of diblock copolymers.
Specifically, 20 mg of each sample was initially dissolved in 5 mL of dry THF in a vial.
The THF had been dried overnight over sodium and distilled prior to use. The samples
were left in THF overnight to ensure complete dissolution of the diblock copolymers.
Thereafter, 20 mL of extra pure water was added to each vial. Subsequently, the solutions
were heated at 65 ◦C to guarantee full evaporation of the THF, thereby enabling the self-
assembly of the amphiphilic diblock copolymers in water. The initial concentrated solution
of each sample, with a concentration of about 10−3 g/mL, was further diluted to different
lower concentrations. For the SLS measurements, the stock solutions of each sample were
prepared via the exact same procedure. The examined concentrations for all samples
ranged from 0.8 × 10−4 up to 1.5 × 10−3 g/mL.
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2.2.2. Instrumentation and Methods for the DLS and SLS Measurements

Both DLS and SLS measurements were performed on a NanoBrook Omni system from
Brookhaven Instruments operating at λ = 640 nm. A JDS Uniphase 22 mW He–Ne laser
was used as the light source.

For the DLS experiments, correlation functions were collected at 25 ◦C at a 90◦ scatter-
ing angle and analyzed by the cumulant method and the CONTIN software [42]. Measure-
ments were carried out ten times for each concentration of each sample and were averaged.
Before each measurement, all solutions were filtered using a 25 mm PVDF hydrophilic
welded syringe filter with 0.45 μm pore size and directly introduced into the scattering cell.
SLS experiments were conducted at the same temperature and scattering angle.

The intensity time autocorrelation function, g2(q, t), was determined following stan-
dard procedures, where q is the scattering vector, t the time, and t0 the lag time. The
scattering vector was defined as q = 4πn0

λ sin
(

θ
2

)
, with θ being the observation angle, n0

the refractive index of the solvent, and λ the wavelength of the incident light.
As mentioned, the autocorrelation functions were analyzed using the cumulant

method. The normalized electric field autocorrelation function can be expressed as g1(t) =∫ ∞
0 G(Γ)e−ΓtdΓ, where G(Γ) is the distribution of decay rates and Γ the average decay

rate. In the cumulant expansion, this is written as g1(t) = exp
(−Γt + μ2

2! t2 − μ3
3! t3 + · · · ),

where Γ is the average decay rate of the correlation function and μ2 is the second cumulant
describing the variance of the distribution. The polydispersity index (PDI) was calculated
as PDI = μ2

Γ2 , providing a quantitative measure of the distribution width of the relaxation
times. From the mean decay rate, the apparent translational diffusion coefficients were
obtained. Extrapolation to zero concentration yielded D0,app, while the apparent hydrody-
namic radii, R0

h, were obtained from the Stokes–Einstein relation: R0
h = kT

6πηSD0,app
, where k

is the Boltzmann constant, T the absolute temperature, and ηs the solvent viscosity. The con-
centration dependence of the diffusion coefficient was described by D = D0,app(1 + kDc),
where kD denotes the diffusion interaction parameter. Characteristic autocorrelation func-
tions from the self-organizing copolymer solution are given in Figure S1 of the SIS.

Furthermore, kD is related to the second virial coefficient A2 according to kD =

2A2M − k f − u, where M is the molecular weight, k f the concentration dependence of the
friction coefficient, and u the polymer’s partial specific volume.

SLS data were processed according to the Debye formalism, employing the equation:
Kc

ΔRθ
= 1

Mw
+ 2A2c where the optical constant K is an optical constant incorporating the

refractive index increment dn/dc, and ΔRθ represents the excess Rayleigh ratio relative to
the solvent. Refractive index increments measurements were performed on a Chromatix
KMX-16 refractometer from Milton Roy, operating at 633 nm and calibrated with aqueous
NaCl solutions. These analyses enabled the determination of molecular weight and second
virial coefficient values.

2.3. Transmission Electron Microscopy (TEM) Measurements

Transmission electron microscopy (TEM) experiments were conducted employing a
Hitachi model HT7800. For the preparation of the samples, carbon-coated copper TEM
grids on 200 mesh (ProSciTech Pty. Ltd., Thurnigowa, Australia) were used. An aliquot
(5 μL) of the sample was pipetted onto each grid. The solution was allowed to be adsorbed
for 2 min. The grids were then manually blotted using Whatman 541 filter paper to remove
the excess liquid on the grids. The grids were then left to air-dry at room temperature
for approximately 20 min. No staining protocol was applied to the grid preparation for
all samples.
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2.4. Encapsulation of Curcumin and Indomethacin
2.4.1. Preparation of Stock Solutions for Drug Encapsulation

The stock solutions employed for the study of the encapsulation of curcumin and
indomethacin within the dry core of the micellar structures formed by the amphiphilic
diblock copolymers in water were prepared with the same methodology as those utilized
for the DLS and SLS measurements. The only difference is the following: the initial solution
of the diblock copolymer, dissolved in THF, was equally distributed between separate
vials. Before the addition of only 5 mL of extra pure water on this occasion, a solution
of the drug in THF was introduced into these vials at varying drug-to-polymer mass
ratios. The vials were then left overnight to ensure full interaction between the drug and
the polymer. Subsequently, the remaining steps of the procedure were identical to those
previously mentioned.

At this point, it would be beneficial to provide a concrete illustration concerning
concentrations. Approximately 20 mg of a sample IS dissolved in 20 mL of dry THF. This
solution is equally divided into 5 mL proportions in four vials. To these vials, a solution of
indomethacin in THF is introduced at concentrations of 10, 15, and 20% w/w indomethacin
or curcumin/polymer. The solution that remains without the administration of a drug
is utilized as a blank for the UV-Vis measurements, as described below. The precise
concentrations of polymers and drugs are provided, along with the results obtained in the
Results and Discussion section.

2.4.2. Drug Loading Capacity and Efficiency (%DLC and %DLE) Calculation

It has previously been established that both curcumin and indomethacin absorb at
429 and 320 nm, respectively. Consequently, UV-Vis spectroscopy was employed for their
quantitative determination in the solutions in which their encapsulation was attempted.
The experiments were conducted on a Lamda 650 spectrophotometer from Perkin Elmer,
operating within a wavelength range of 250 to 800 nm, at 25 ◦C, using a 3 mL quartz cell.

Initially, two separate calibration curves were created from UV-Vis spectroscopy,
measuring the absorbance of curcumin and indomethacin solutions in THF with varying
concentrations. Using the corresponding calibration curve and measuring the absorbance
of the polymer solutions with the encapsulated drugs, two critical parameters, namely
drug loading capacity (%DLC) and drug loading efficiency (%DLE), were evaluated via the
following equations:

Drug Loading Capacity (DLC)% =
mass o f loaded drug

mass o f polymer
∗ 100 (1)

Drug Loading E f f iciency (DLE) % =
mass o f loaded drug
mass o f drug in f eed

∗ 100 (2)

3. Results and Discussion

3.1. Self-Assembly Behavior of the Amphiphilic Diblock Copolymers in Aqueous Solutions
3.1.1. DLS Results for the PNVP-b-PVBu Samples

As illustrated in Table 1, sample PNVP-b-PVBu #2 exhibits the highest percentage of
the PNVP block and the lowest percentage of the PVBu block among the other PNVP-b-
PVBu samples. This suggests that the micellar structures formed from this sample in water
are expected to have a large shell and a small core, thus falling under the classification
of the star-like micelles. In contrast, sample PNVP-b-PVBu #1 represents the opposite
extreme, containing the highest percentage of the PVBu block and the lowest percentage of
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the PNVP block. Consequently, the expected morphology of the micellar structures formed
from this sample is reversed, featuring a comparatively thin shell and an expanded core,
which places it in the category of crew-cut micelles. The remaining three samples have a
roughly equivalent PNVP block yet vary from each other in terms of the percentage of their
hydrophobic PVBu block.

The experimental results of the DLS analysis for the PNVP-b-PVBu samples are
summarized in Table 2, and representative DLS plots are displayed in Figure 1.

Table 2. DLS results for the PNVP-b-PVBu samples.

Sample
D0

×108 (cm2/s)
KD

Rh0

(nm)
Rh1,0

(nm)
Rh2,0

(nm)

PNVP-b-PVBu #1 2.653 −86.11 92.4 - -
PNVP-b-PVBu #2 4.813 177.46 50.9 30.8 127.6
PNVP-b-PVBu #3 4.392 −174.02 55.8 23.1 104.6
PNVP-b-PVBu #4 3.645 −149.42 67.3 29.5 99.2
PNVP-b-PVBu #5 6.198 362.45 39.6 20.3 115.7

(a) (b)

Figure 1. (a) Apparent diffusion coefficient vs. concentration plot of sample PNVP-b-PVBu #3;
(b) Apparent diffusion coefficient vs. concentration plot of sample PNVP-b-PVBu #4.

The Rh0 values refer to the hydrodynamic radius at infinite dilution coming from the
cumulant analysis and the plots of diffusion coefficient versus concentration. In case of
the existence of two populations, the Rh1 and Rh2 values refer to the results given by the
CONTIN algorithm. Sample PNVP-b-PVBu #1, which contains the highest percentage of the
PVBu block, according to both CONTIN analysis and the results demonstrated in Table 2,
exhibits only a single population of particles in aqueous solutions with Rh0 = 92.4 nm, and
a polydispersity index of 0.1 < PDI < 0.2. This finding suggests that the supramolecular
structures formed are relatively uniform, most notably when considering the relatively
broad polydispersity, Ð = 1.90, of the initial diblock copolymer PNVP-b-PVBu #1. This
result, in conjunction with the large size of detected structures, indicates the presence of
either micellar aggregates or vesicles.

In contrast with the sample PNVP-b-PVBu #1, the remaining samples with the lower
percentage of the hydrophobic PVBu block, as revealed by CONTIN analysis and whose
results are presented in Table 2, exhibit two distinct populations with dimensions ranging
from 20 to 30 nm and 100 to 130 nm, respectively. Taking into consideration the low molec-
ular weights of the diblock copolymers, it can be concluded that there is an equilibrium
between micelles and either micellar aggregates or vesicles. In each sample, the overall
PDI attains relatively high values, due to the aforementioned equilibrium; however, each
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individual population exhibits a notable uniform size, a finding that is in alignment with
the observations derived from sample PNVP-b-PVBu #1.

In the case of the sample PNVP-b-PVBu #2, a substantial enhancement in the frac-
tion of micellar aggregates or vesicles was observed, with an increase from 30% at low
concentrations up to 55% at high concentrations. Upon increasing concentration, the mi-
cellar structures approach one another, thereby facilitating interactions mediated by the
hydrophilic PNVP block. This phenomenon may ultimately lead to either the formation of
micellar aggregates or to the generation of vesicles, accompanied by rearrangement of the
hydrophilic and hydrophobic segments of the copolymers.

In the case of the remaining samples, namely PNVP-b-PVBu #3, #4 and #5, which
contain a higher percentage of the hydrophobic PVBu block ranging from 43% to 52%,
the predominance of micellar aggregates or vesicles over the simple micellar structures is
clearly evident, as their percentage ranges from 65% to 80% according to CONTIN analysis.
Additionally, the variation of this fraction with respect to concentration is minimal. The
increased percentage of the hydrophobic PVBu block results in more stable and compact
micellar cores, and in conjunction with the small PNVP water-soluble block, it facilitates
micelle–micelle interactions, ultimately favoring the formation of micellar aggregates or
vesicles. The linearity of the plots of diffusion coefficients with concentration (Figure 1)
is not perfect, since these points are coming from the cumulant analysis and reflect the
equilibrium between micelles and larger supramolecular structures. Upon increasing the
concentration, the equilibrium shifts in favor of the larger aggregates.

The kD value for the sample PNVP-b-PVBu #1 is negative, indicating that hydrody-
namic interactions are predominant over thermodynamic ones. The negative kD value
further suggests that the molecular weight of the supramolecular structures is not particu-
larly high, thereby implying that the degree of aggregation is not very high. This finding
aligns more closely with the presence of micellar aggregates or vesicles in solutions, which
are defined by an elevated size yet comparatively low molecular weight, as opposed to
micellar aggregates.

A similar behavior is also observed in the individual distribution profiles correspond-
ing to the two particle populations detected in the other samples by CONTIN analysis. Two
characteristic CONTIN plots of sample PNVP-b-PVBu #1, which exhibits one population,
and of sample #2 with two populations are given in Figure 2. Additional CONTIN plots
are given in Figures S2 and S3 in the Supporting Information Section (SIS).

(a) (b)

Figure 2. (a) CONTIN plot of sample PNVP-b-PVBu #1 at C = 0.59 mg/mL; (b) CONTIN plot of
sample PNVP-b-PVBu #2 at C = 0.289 mg/mL.
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3.1.2. DLS Results for the PNVP-b-PVDc Samples

As can be seen from the data in Table 1, all PNVP-b-PVDc samples display remarkably
similar molecular weights. Consequently, the results are directly comparable in terms of
molecular weight and rely exclusively on the composition of the copolymers. The results
of the DLS analysis are summarized in Table 3, and characteristic DLS plots are featured in
Figure 3.

Table 3. DLS results for the PNVP-b-PVDc samples.

Sample
D0

×108 (cm2/s)
KD

Rh0

(nm)
Rh1,0

(nm)
Rh2,0

(nm)

PNVP-b-PVDc #1 5.84 −71 42.0 24.2 91.8
PNVP-b-PVDc #2 2.88 −502 85.0 15.6 95.4
PNVP-b-PVDc #3 3.93 −73 62.4 35.6 131.1
PNVP-b-PVDc #4 6.62 981 37.0 15.4 136.4

(a) (b)

Figure 3. (a) Apparent diffusion coefficient vs. concentration plot of sample PNVP-b-PVDc #1;
(b) apparent diffusion coefficient vs. concentration plot of sample PNVP-b-PVDc #3.

The initial observation, which is directly related to the composition of the samples, is
that the overall hydrodynamic radii of the supramolecular structures formed in aqueous
solution increase with increasing percentage of the hydrophobic PVDc block.

In addition, the CONTIN analysis reveals the presence of two distinct populations, a
behavior consistent with that observed for the PNVP-b-PVBu samples, with the exception of
PNVP-b-PVBu #1. Plots of the hydrodynamic radius of the two populations are displayed in
Figure 4. The linearity of the plots is not perfect, since the system is in dynamic equilibrium,
and in addition, the polydispersity of the structures is significant. The relative dimensions
of the two populations further indicate that there is an equilibrium between micelles
and micellar aggregates or vesicles. In samples PNVP-b-PVDc #1, #2, and #3, the larger
structures are predominant. Increasing the concentration of the solutions used for the DLS
measurements reduces the contribution of simple micelles and shifts the equilibrium further
toward the larger aggregates. The only exception to this is sample PNVP-b-PVDc #4, where
the smaller micellar structure prevails, due to the fact that the percentage of the hydrophobic
PVDc block in this sample is only 7%, as shown in Table 1. Representative CONTIN analysis
plots are given in Figure 5 for the samples PNVP-b-PVDc #1 and #4. The CONTIN plots of
the remaining two PNVP-b-PVDc samples are provided in Figure S4 in SIS.
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(a) (b)

Figure 4. (a) Rh1 vs. C plot of sample PNVP-b-PVDc #3 in H2O; (b) Rh2 vs. C plot of sample
PNVP-b-PVDc #3 in H2O.

(a) (b)

Figure 5. (a) CONTIN plot of sample PNVP-b-PVDc #1 at C = 0.352 mg/mL; (b) CONTIN plot of
sample PNVP-b-PVDc #4 at C = 0.925 mg/mL.

3.1.3. DLS and SLS Results for the PNVP-b-PVSt Samples

As observed in the case of the amphiphilic block copolymers containing PVDc, in the
last family of samples, namely PNVP-b-PVSt, all copolymers exhibit comparable molecular
weights. Therefore, the results, presented in Table 4, again depend only on the composition
of the copolymers. Representative DLS plots are also provided in Figure 6.

In contrast to all previously discussed systems, and with the sole exception of sample
PNVP-b-PVBu #1, CONTIN analysis of the PNVP-b-PVSt samples reveals the presence of a
single population across all concentrations of the stock solutions used for the measurements.
CONTIN analysis plots are given for the sample PNVP-b-PVSt #1 and PNVP-b-PVSt #2
in Figure 7. The CONTIN analysis plots of samples PNVP-b-PVSt #3, PNVP-b-PVSt #4
and PNVP-b-PVSt #5 are included in SIS in Figures S5 and S6. Taking into account the
measured hydrodynamic radii (Table 4) and the relatively low molecular weights of the free
chains (Table 1), it can be concluded that the structures formed in aqueous environment
correspond either to micelles with a high degree of aggregation, to micellar aggregates, or
to stable vesicular assemblies.
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Table 4. DLS results for the PNVP-b-PVSt samples.

Sample
D0

×108 (cm2/s)
KD

Rh0

(nm)

PNVP-b-PVSt #1 4.37 65.8 56.1
PNVP-b-PVSt #2 3.73 69.3 65.7
PNVP-b-PVSt #3 4.52 693.0 54.2
PNVP-b-PVSt #4 4.35 187.8 56.4
PNVP-b-PVSt #5 2.54 69.0 96.6

(a) (b)

Figure 6. (a) Apparent diffusion coefficient vs. concentration plot of sample PNVP-b-PVSt #1;
(b) apparent diffusion coefficient vs. concentration plot of sample PNVP-b-PVSt #2.

(a) (b)

Figure 7. (a) CONTIN plot of sample PNVP-b-PVSt #1 at C = 0.115 mg/mL; (b) CONTIN plot of
sample PNVP-b-PVSt #2 at C = 0.236 mg/mL.

In accordance with the behavior previously observed in the PVBu- and PVDc-based
amphiphilic block copolymers, the hydrodynamic radius of the supramolecular struc-
tures formed in PNVP-b-PVSt samples increases upon increasing the percentage of the
hydrophobic PVSt block, most likely due to a higher degree of aggregation.

The values of the PDI for all samples exceed 0.2, indicating that the supramolecular
structures formed in aqueous solution exhibit a broad size distribution. It is evident that
this phenomenon can be attributed, in part, to the polydispersity of the initial copolymers.
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However, it is primarily attributable to the aggregation process itself. More specifically, the
hydrophobic interactions within the core-forming material in the PNVP-b-PVSt copolymers
are stronger compared to the two other families of copolymers. The long alkyl side
chains of PVSt are able to form crystalline domains, leading to the formation of compact
micellar cores.

In all PNVP-b-PVSt samples, the kD values are found to be relatively low but positive
due to the huge Mw of the aggregates, thus indicating that thermodynamic interactions
predominate over hydrodynamic ones. As a direct consequence, and due to the reduced
interactions of the polymeric system with the solvent, the corresponding A2 values persist
at sufficiently low levels.

As already mentioned, the PNVP-b-PVSt samples are the only ones that consistently
exhibit a single population. Therefore, SLS measurements for these samples were carried
out as well. The detailed results are presented in Table 5, which, for convenience, also
includes the information from Table 1 regarding the molar ratio of the hydrophobic PVSt
block. Furthermore, characteristic SLS plots are presented in Figure 8.

Table 5. SLS results for the PNVP-b-PVSt samples.

Sample
PVSt 1

Molar Ratio (%)
(Mw)micc

2

(Daltons)
(A2)micc

2

(cm3mol/g2)
Nw

PNVP-b-PVSt #1 22 4.02 × 107 2.15 × 10−5 3828
PNVP-b-PVSt #2 39 1.18 × 108 1.65 × 10−5 11,346
PNVP-b-PVSt #3 15 5.98 × 107 1.85 × 10−5 5486
PNVP-b-PVSt #4 17 4.77 × 107 1.64 × 10−5 3816
PNVP-b-PVSt #5 60 4.35 × 108 1.87 × 10−6 48,333

1 Derived by 1H-NMR in CDCl3. 2 Derived by SLS.

(a) (b)

Figure 8. (a) SLS plot of sample PNVP-b-PVSt #1; (b) SLS plot of sample PNVP-b-PVSt #3.

In agreement with the DLS results, the structures formed upon self-assembly of
these amphiphilic block copolymers in aqueous solution are micelles characterized by
an exceptionally high degree of aggregation. In general, the degree of aggregation was
governed by both the block copolymer composition and the degree of polymerization.
Since all samples share nearly identical molecular characteristics, the degree of association
is dictated exclusively by the copolymer composition.

More specifically, as the percentage of the hydrophilic PNVP block decreases, corre-
sponding to an increase in the percentage of the hydrophobic PVSt block, the degree of
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association value, Nw, rises dramatically. For instance, in PNVP-b-PVSt samples #1, #2, and
#3, where the PNVP content ranges between 78 and 85%, Nw is already very high, from
approximately 3800 up to 5500. Upon reduction in the percentage of the PNVP block to 61%
in sample #4, Nw increases to about 11,000, and in sample #5, containing only 40% PNVP,
Nw reaches an exceptionally high value of over 48,000. This behavior reflects the formation
of a highly compact and rigid hydrophobic core, effectively minimizing the unfavorable
hydrophobic–water interfacial area.

3.2. Self-Assembly Behaviour of the PNVP-b-PVEs Block Copolymers in Aqueous Solutions by
TEM Imaging

TEM images were collected on carbon-coated copper grids. Efforts were made to stain
the specimens with uranyl acetate to improve the contrast of the images. However, this
procedure was not successful, since uranium strongly interacted through complexation
with the nitrogen atoms of the pyrrolidone rings, producing a black surface without any
possibility of observing any micellar structure on the grids. Therefore, the images were
obtained without staining. Characteristic images from the micellar solutions in THF are
given in Figures 9–14.

A characteristic image from sample PNVP-b-PVBu#1 is given in Figure 9. As was
revealed from the DLS measurements, single micellar, relatively spherical structures were
revealed by TEM imaging. In addition, the distribution of sizes is not very broad in
agreement with CONTIN analysis. It is characteristic that the size of the micellar structures
is lower than that measured by DLS, although in most cases the opposite behaviour is
obtained [43,44], due to the expansion of the structure on the surface of the grid in the
absence of any solvent. This result is associated with the hydrophilic character of the
PNVP chains, which is the corona-forming block, and the hydrophobic character of the
carbon-coated copper grids. In this case, the PNVP chains shrink to avoid contact with the
hydrophobic surface.

Figure 9. TEM image from the sample PNVP-b-PVBu #1.
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Figure 10. TEM image from the sample PNVP-b-PVBu #2.

Figure 11. TEM image from the sample PNVP-b-PVDc#1.
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Figure 12. TEM image from the sample PNVP-b-PVDc#4.

Figure 13. TEM image from the sample PNVP-b-PVSt#3.
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Figure 14. TEM image from the sample PNVP-b-PVSt#5.

The DLS measurements were also confirmed with sample PNVP-b-PVBu#2. A char-
acteristic image is given in Figure 10. It is clear that in this case, there is an equilibrium
between large supramolecular structures with small micelles. The large structures are poly-
disperse and seem to be constructed as assemblies of multimolecular micelles. Therefore,
the scenario of the existence of vesicles from the DLS measurements seems to be abandoned
in favour of the presence of micellar aggregates.

Similar conclusions were also drawn for samples PNVP-b-PVDc#1 and #4, as shown
by the images given in Figures 11 and 12, respectively.

Finally, for samples PNVP-b-PVSt#3 and #5, the DLS conclusion for the presence of
single populations of micelles is confirmed, as shown in Figures 13 and 14, respectively.

3.3. Drug Encapsulation Results
3.3.1. Encapsulation of Curcumin

The results of curcumin encapsulation within the dry cores of the micellar structures
formed by the self-assembly of the PNVP-b-PVBu amphiphilic block copolymers in aqueous
solution are summarized in Table 6. UV-Vis spectra of PNVP-b-PVBu samples with all
concentrations of encapsulated curcumin are given in Figures S7 and S8 in SIS.

As demonstrated in Table 6, the encapsulation efficiency is found to be noteworthy,
with the DLE values attaining a maximum of 80%. As might have been anticipated, sample
PNVP-b-PVBu #1, which contains the highest amount of the hydrophobic PVBu block and
exhibits a single population of micellar aggregates, as evidenced by the DLS results in
Table 2, shows the highest encapsulation capacity.

Among the three remaining samples, PNVP-b-PVBu #2 may demonstrate a slightly
higher encapsulation performance due to the larger hydrodynamic radius of its second
micellar population; however, this sample, along with samples PNVP-b-PVBu #3 and #4,
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displays a very similar behavior overall. This observation is consistent with the DLS results
presented in Table 2, given the coexistence of micelles with clusters or micellar aggregates
in all three cases, as previously discussed.

Table 6. Results of curcumin encapsulation within the dry core of the micellar structures formed in
aqueous solutions by the PNVP-b-PVBu samples.

Sample Cur. 1 A 2

(a.u.)
Pol. 3

(μg/mL)
DIF 4

(μg/mL)
LD 5

(μg/mL)
DLC
(%)

DLE
(%)

PNVP-b-PVBu
#1

1% 1.85 481.20 12.60 9.19 1.91 73.01
2% 1.78 670.09 14.59 8.83 1.32 60.54
3% 2.85 653.62 17.93 14.33 2.19 79.90
4% 2.74 643.69 21.22 13.76 2.14 64.85

PNVP-b-PVBu
#2

1% 0.45 543.50 6.23 2.00 0.37 32.08
2% 1.57 604.45 14.17 7.75 1.28 54.72
3% 1.85 599.34 17.42 9.19 1.53 52.75
4% 2.55 621.73 21.75 12.79 2.06 58.80

PNVP-b-PVBu
#3

1% 0.38 583.23 6.33 1.64 0.28 25.90
2% 1.84 650.11 14.12 9.14 1.41 64.73
3% 1.97 637.42 17.22 9.81 1.54 56.94
4% 2.34 630.40 21.68 11.71 1.86 54.01

PNVP-b-PVBu
#4

1% 0.37 537.80 5.97 1.59 0.30 26.61
2% 1.94 632.52 14.38 9.65 1.53 67.13
3% 1.93 619.94 17.38 9.60 1.55 55.23
4% 2.89 638.81 22.02 14.53 2.27 65.99

1 Curcumin concentration. 2 Absorbance. 3 Concentration of the polymer stock solutions in H2O. 4 Concentration
of the drug in feed. 5 Concentration of the loaded drug.

Overall, the observed behavior is in accordance with the anticipated trend, i.e., the
percentage of curcumin encapsulation, increases as the feed concentration increases, as
demonstrated by the increase in DLC values. However, in the case of DLE, after an initial
rise, DLE values appear to level off, reaching a plateau with nearly constant values.

The corresponding results for the PNVP-b-PVDc samples are presented in Table 7,
and the respective UV-Vis spectra are featured in Figures S9 and S10 in SIS. The values of
DLC and DLE are satisfactory and quite comparable to those of the PNVP-b-PVBu samples,
which is consistent with the similar core sizes of the micellar structures formed through
their self-assembly in aqueous environments, as also indicated by the hydrodynamic radii
of the second micellar populations, summarized in Tables 2 and 3, for the PNVP-b-PVBu
samples and the PNVP-b-PVDc samples, respectively. Nevertheless, the increase in the
hydrophobic segment length of the n-alkyl side chain in PVDc compared to that of PVBu
results in a rise in the DLE values, most likely due to stronger interactions with curcumin.

More specifically, in the case of the PNVP-b-PVDc amphiphilic block copolymers, for
samples #2 and #3, the DLE values increase with increasing concentration of curcumin in
the feed. On the other hand, for samples #3 and #4, as the concentration of curcumin in the
feed increases from C3 to C4, a slight decrease in DLE values is observed.

This phenomenon was also noted to a smaller extent in the PNVP-b-PVBu samples
and may be attributed to the fact that at higher concentrations, curcumin tends to form
aggregates and precipitate. Such behavior is not uncommon for organic dyes, where
molecular aggregation in solution frequently occurs, notably in the form of H-aggregates
and J-aggregates, particularly at elevated dye concentrations [45–48]. It is characteristic that
dye aggregates do not exhibit the same absorption maximum wavelength as the individual
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dye molecules, due to slight modifications of the conjugated double-bond system within the
aggregate compared to the isolated chromophore. Consequently, in some cases, anomalous
absorption behavior is observed in the visible region as a function of the dye concentration
in the measured solution.

Table 7. Results of curcumin encapsulation within the dry core of the micellar structures formed in
aqueous solutions by the PNVP-b-PVDc samples.

Sample Cur. 1 A 2

(a.u.)
Pol. 3

(μg/mL)
DIF 4

(μg/mL)
LD 5

(μg/mL)
DLC
(%)

DLE
(%)

PNVP-b-PVDc
#1

1% 0.61 684.13 6.18 4.82 0.71 78.05
2% 2.12 746.70 13.79 2.82 0.38 20.46
3% 2.64 765.59 17.73 10.58 1.38 59.64
4% 1.92 767.62 21.11 13.25 1.73 62.77

PNVP-b-PVDc
#2

1% 0.73 601.64 6.37 9.55 1.59 49.88
2% 2.17 668.63 13.92 3.44 0.51 24.69
3% 2.68 676.55 17.69 10.83 1.60 61.25
4% 1.69 641.88 20.09 13.45 2.10 66.96

PNVP-b-PVDc
#3

1% 0.93 615.39 6.91 8.37 1.36 21.18
2% 2.08 619.55 14.25 4.46 0.72 31.33
3% 2.52 592.96 17.34 10.37 1.75 59.81
4% 2.19 624.96 21.81 12.63 2.02 57.93

PNVP-b-PVDc
#4

1% 0.86 560.35 66.07 10.94 1.95 65.54
2% 1.96 552.45 13.03 4.11 0.74 31.50
3% 2.21 546.12 16.24 9.76 1.79 60.06
4% 2.81 544.62 19.41 11.04 2.03 56.87

1 Curcumin concentration. 2 Absorbance. 3 Concentration of the polymer stock solutions in H2O. 4 Concentration
of the drug in feed. 5 Concentration of the loaded drug.

The investigation of curcumin encapsulation within the micellar structures of the
PNVP-b-PVSt amphiphilic block copolymer samples yielded promising results, as summa-
rized in Table 8. The characteristic UV-Vis spectra are all displayed in Figures S11 and S12
in SIS. The hydrophobic drug was successfully incorporated to a satisfactory extent, with
all samples exhibiting DLE values above 40%. Similarly to the case of the PNVP-b-PVBu
samples, the DLE initially tends to increase until it reaches a plateau with nearly constant
values. However, for the PNVP-b-PVSt samples, there is a more specific explanation. As
previously mentioned, the long alkyl side chains of PVSt are capable of forming crystalline
domains [49], which reduce the capacity of the compact core, thereby limiting the available
space for the encapsulation of higher amounts of curcumin.

Table 8. Results of curcumin encapsulation within the dry core of the micellar structures formed in
aqueous solutions by the PNVP-b-PVSt samples.

Sample Cur. 1 A 2

(a.u.)
Pol. 3

(μg/mL)
DIF 4

(μg/mL)
LD 5

(μg/mL)
DLC
(%)

DLE
(%)

PNVP-b-PVSt
#1

1% 0.63 553.69 6.20 2.92 0.53 47.17
2% 1.48 570.94 13.26 7.29 1.28 54.98
3% 1.61 522.77 14.91 7.96 1.52 53.36
4% 2.24 567.39 19.22 11.19 1.97 58.25

PNVP-b-PVSt
#2

1% 0.67 567.63 6.25 3.13 0.55 50.04
2% 1.74 571.86 12.87 8.63 1.51 67.01
3% 1.95 580.85 16.02 9.70 1.67 60.59
4% 2.38 577.08 19.90 11.91 2.06 59.87
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Table 8. Cont.

Sample Cur. 1 A 2

(a.u.)
Pol. 3

(μg/mL)
DIF 4

(μg/mL)
LD 5

(μg/mL)
DLC
(%)

DLE
(%)

PNVP-b-PVSt
#3

1% 0.68 554.27 6.15 3.18 0.57 51.70
2% 1.57 574.55 12.91 7.75 1.35 60.06
3% 1.86 574.47 16.01 9.24 1.61 57.74
4% 2.51 591.43 19.06 12.58 2.13 65.99

PNVP-b-PVSt
#4

1% 0.48 554.60 5.42 2.15 0.39 39.72
2% 1.48 560.06 11.74 7.29 1.30 62.12
3% 2.04 558.56 14.81 10.17 1.82 68.64
4% 2.19 566.32 18.06 10.94 1.93 60.55

1 Curcumin concentration. 2 Absorbance. 3 Concentration of the polymer stock solutions in H2O. 4 Concentration
of the drug in feed. 5 Concentration of the loaded drug.

3.3.2. Encapsulation of Indomethacin

In addition to the encapsulation of curcumin, the encapsulation of the hydrophobic
drug indomethacin within the dry cores of the micellar structures formed by the self-
assembly of the PNVP-b-PVEs amphiphilic block copolymers in aqueous solution was
also investigated. The results of the encapsulation of indomethacin into the PNVP-b-PVBu
samples are presented in Table 9. As mentioned, UV-Vis spectroscopy was utilized for the
quantitative determination of indomethacin in the solutions in which its encapsulation
was attempted; therefore, the UV-Vis spectra of indomethacin with various concentrations
and the calibration curve for indomethacin at 320 nm are given in SIS Figure S13. The
UV-Vis spectra of sample PNVP-b-PVBu #2 and PNVP-b-PVBu #5, respectively, with all
three different concentrations of encapsulated indomethacin combined, are provided in
Figure 15, while the UV-Vis spectra of the remaining PNVP-b-PVBu samples are included
in Figures S14 and S15 in SIS.

Table 9. Results of indomethacin encapsulation within the dry core of the micellar structures formed
in aqueous solutions by the PNVP-b-PVBu samples.

Sample
Ind. 1

(w/w)
A 2

(a.u.)
Pol. 3

(μg/mL)
DIF 4

(μg/mL)
LD 5

(μg/mL)
DLC
(%)

DLE
(%)

PNVP-b-PVBu
#1

10% 0.32 178.34 17.16 12.53 7.02 73.00
15% 0.69 169.51 24.48 28.93 17.07 118.17
20% 0.80 168.85 34.39 33.98 20.13 98.83

PNVP-b-PVBu
#2

10% 0.27 168.70 15.97 10.56 6.26 66.16
15% 0.37 164.15 25.65 14.93 9.09 58.21
20% 0.45 166.63 33.01 18.24 10.95 55.26

PNVP-b-PVBu
#3

10% 0.32 180.86 16.18 12.55 6.94 77.58
15% 0.40 182.12 25.69 16.12 8.85 62.76
20% 0.61 187.77 34.82 25.70 13.69 73.82

PNVP-b-PVBu
#4

10% 0.30 171.48 16.54 11.90 6.94 71.95
15% 0.32 173.91 23.46 42.45 7.16 53.07
20% 0.56 173.42 32.31 23.32 13.45 72.18

PNVP-b-PVBu
#5

10% 0.30 165.14 15.93 11.75 7.11 73.73
15% 0.43 165.03 24.82 17.41 10.55 70.13
20% 0.61 164.20 35.00 25.46 15.51 72.75

1 Concentration of the indomethacin solutions in THF (w/w indomethacin/polymer). 2 Absorbance. 3 Con-
centration of the polymer stock solutions in H2O. 4 Concentration of the drug in feed. 5 Concentration of the
loaded drug.
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(a) (b)

Figure 15. (a) UV-Vis spectra of PNVP-b-PVBu #2 with all concentrations of encapsulated indomethacin;
(b) UV-Vis spectra of PNVP-b-PVBu #5 with all concentrations of encapsulated indomethacin.

Sample PNVP-b-PVBu #1, which, as shown in its composition in Table 1, contains
the highest percentage of the hydrophobic PVBu block, displays the highest DLC and
DLE values for the encapsulation of indomethacin, consistent with the trend previously
observed for curcumin. Remarkably, the addition of up to 20% w/w indomethacin leads
to nearly quantitative encapsulation. In contrast to sample #1, PNVP-b-PVBu #2 shows
the lowest DLC and DLE values, precisely because, as indicated in Table 1, it contains the
lowest percentage of the hydrophobic PVBu block.

The three remaining samples, PNVP-b-PVBu #3, #4 and #5, which possess similar
compositions and intermediate percentages of the hydrophobic PVBu block relative to
the two extreme cases of samples #1 and #2, exhibit comparable behaviors and DLC/DLE
values, falling between those observed for samples #1 and #2, as expected.

The results regarding the encapsulation of indomethacin within the PNVP-b-PVDc
samples are summarized in Table 10, and characteristic UV-Vis spectra are given in Figure 16.
Additional UV-Vis spectra are provided in Figure S16 in the SIS.

Table 10. Results of indomethacin encapsulation within the dry core of the micellar structures formed
in aqueous solutions by the PNVP-b-PVDc samples.

Sample
Ind. 1

(w/w)
A 2

(a.u.)
Pol. 3

(μg/mL)
DIF 4

(μg/mL)
LD 5

(μg/mL)
DLC
(%)

DLE
(%)

PNVP-b-PVDc
#1

10% 0.24 73.25 17.63 9.18 12.53 52.05
15% 0.32 94.67 16.09 12.57 13.28 78.09
20% 0.49 98.63 19.59 20.06 20.34 102.38

PNVP-b-PVDc
#2

10% 0.39 95.43 10.15 15.66 16.41 154.22
15% 0.55 98.59 15.65 22.65 22.98 144.74
20% 0.69 101.96 19.60 29.14 28.58 148.66

PNVP-b-PVDc
#3

10% 0.20 107.78 10.36 7.46 6.92 72.02
15% 0.33 109.01 17.25 12.88 11.82 74.97
20% 0.48 105.61 19.48 19.90 18.84 102.16

PNVP-b-PVDc
#4

10% 0.26 97.04 10.24 10.00 10.31 97.64
15% 0.31 94.03 16.07 11.98 12.75 74.59
20% 0.52 92.95 19.92 21.67 23.32 108.77

1 Concentration of the indomethacin solutions in THF (w/w indomethacin/polymer). 2 Absorbance. 3 Con-
centration of the polymer stock solutions in H2O. 4 Concentration of the drug in feed. 5 Concentration of the
loaded drug.
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(a) (b)

Figure 16. (a) UV-Vis spectra of PNVP-b-PVDc #1 with all concentrations of encapsulated indomethacin
(b) UV-Vis spectra of PNVP-b-PVDc #3 with all concentrations of encapsulated indomethacin.

The encapsulation results of indomethacin in the PNVP-b-PVDc samples are re-
markably high. The DLC values closely match the respective feed concentrations of
indomethacin, while the DLE demonstrates that in the vast majority of samples, the in-
corporation of indomethacin into the dry micellar core is essentially quantitative. These
findings highlight that indomethacin is more efficiently accommodated within the micelles
compared to curcumin. In the case of PNVP-b-PVDc, the encapsulation efficiency sur-
passes that of the PNVP-b-PVBu samples, which can be attributed to the longer n-alkyl
hydrophobic side chains of PVDc that promote stronger hydrophobic interactions with the
hydrophobic drug molecules.

Finally, the encapsulation performance of indomethacin within the PNVP-b-PVSt
samples is highlighted in Table 11, accompanied by UV-Vis spectra in Figure 17. Additional
UV-Vis spectra are given in Figures S17 and S18 in the SIS.

Table 11. Results of indomethacin encapsulation within the dry core of the micellar structures formed
in aqueous solutions by the PNVP-b-PVSt samples.

Sample
Ind. 1

(w/w)
A 2

(a.u.)
Pol. 3

(μg/mL)
DIF 4

(μg/mL)
LD 5

(μg/mL)
DLC
(%)

DLE
(%)

PNVP-b-PVSt
#1

10% 0.39 165.90 15.95 15.66 9.44 98.19
15% 0.46 164.14 23.65 18.75 11.42 79.26
20% 0.55 166.71 38.53 22.68 13.60 58.87

PNVP-b-PVSt
#2

10% 0.73 32.93 3.27 31.06 9.43 94.9
15% 0.36 166.27 24.02 14.17 8.52 58.98
20% 0.65 166.17 33.13 27.49 16.54 82.98

PNVP-b-PVSt
#3

10% 0.45 165.82 18.98 18.22 10.99 96.01
15% 0.55 181.78 27.56 22.82 12.55 82.80
20% 0.62 168.32 33.06 25.75 15.30 77.90

PNVP-b-PVSt
#4

10% 0.41 172.92 16.89 16.71 9.66 98.93
15% 0.51 167.90 24.12 21.07 12.55 87.33
20% 0.55 171.99 35.92 22.74 13.22 63.30

PNVP-b-PVSt
#5

10% 0.84 157.27 16.47 35.96 22.86 218.31
15% 0.84 152.17 25.01 35.64 23.42 142.47
20% 0.90 150.52 33.06 38.35 25.48 116.01

1 Concentration of the indomethacin solutions in THF (w/w indomethacin/polymer). 2 Absorbance. 3 Con-
centration of the polymer stock solutions in H2O. 4 Concentration of the drug in feed. 5 Concentration of the
loaded drug.
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(a) (b)

Figure 17. (a) UV-Vis spectra of PNVP-b-PVSt #1 with all concentrations of encapsulated indomethacin
(b) UV-Vis spectra of PNVP-b-PVSt #3 with all concentrations of encapsulated indomethacin.

All PNVP-b-PVSt samples exhibit consistent behavior. At an indomethacin feed
concentration of 10% w/w indomethacin/polymer, encapsulation is nearly quantitative,
with DLE values approaching 100%. However, further increases in feed concentration
lead to a sharp decline in DLE values. This behavior contrasts with that of PNVP-b-
PVBu and PNVP-b-PVDc, yet it can be fully explained by the nature of the micelles.
In the PNVP-b-PVDc samples, longer n-alkyl side chains enhance loading capacity and
efficiency, compared to PNVP-b-PVBu samples, due to the amorphous micellar core, which
provides ample space for drug incorporation. In PNVP-b-PVSt samples; however, the PVSt
block crystallizes, significantly reducing the available core volume. Consequently, full
encapsulation is achieved only up to 10% w/w, corresponding to the observed DLC values,
while beyond this threshold, the core becomes saturated, preventing further indomethacin
loading, which is clearly reflected in the steep drop of DLE at higher feed concentrations.

4. Conclusions

Water acts as a selective solvent for the PNVP-b-PVEs amphiphilic block copolymers,
enabling their self-assembly into micellar structures upon dissolution. In the cases of
PNVP-b-PVBu and PNVP-b-PVDc copolymers, where kD values are negative, interparticle
hydrodynamic interactions prevail, whereas in the case of PNVP-b-PVSt samples, self-
assembly in aqueous media is a thermodynamically driven process, as indicated by the
positive kD values. The investigation of the self-assembly of PNVP-b-PVEs, which differ in
the length of their n- alkyl side chains, further demonstrated the impact of this parameter
on their micellization behavior. Specifically, PNVP-b-PVBu and PNVP-b-PVDc samples,
bearing short- and medium-length side chains, respectively, exhibited an equilibrium be-
tween two populations of micelles and micelle aggregates, whereas in the PNVP-b-PVSt
samples, with the longest aliphatic side chain, only a single population was detected.
Within each copolymer family, the effect of composition on the morphology of the formed
structures was also evident. In all cases, increasing the percentage of the hydrophobic PVE
block resulted in an enlargement of the micellar core size and, consequently, an increase
in the hydrodynamic radius. Encapsulation of hydrophobic bioactive molecules within
the micellar cores was successful for both curcumin and indomethacin. These amphiphilic
block copolymers proved more effective in encapsulating indomethacin compared to cur-
cumin. Copolymer composition was identified as the key parameter for enhancing loading
capacity and efficiency, as higher hydrophobic PVE percentage consistently led to increased
DLC and DLE values due to enlargement of the hydrodynamic radius. Comparison among
the three PNVP-b-PVEs copolymer families revealed that with PVEs having short alkyl
side chains, the DLC and DLE values either increase or at least remain stable upon increas-
ing the amount of the drug, whereas with PVEs with long alkyl side chains, DLC and
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DLE decrease in the same sense. This is due to the stronger interaction of the long side
chains and the ability to form crystalline domains that restrict the incorporation of higher
amounts of drug. In summary, the morphology, size, and stability of the self-assembled
nanostructures, combined with the rather high DLC and DLE values, particularly in the
case of indomethacin, strongly suggest that the amphiphilic block copolymers investigated
in this study can be considered as possible carriers for drug delivery applications.
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Abstract: The surface morphology of high molecular weight poly(styrene-b-isoprene)
block copolymer was analyzed after chemical modification. Poly(styrene-b-isoprene)
was converted into poly(styrene-b-(ethylene-alt-propylene)) by hydrogenation and into
poly(styrene-b-sulfonated isoprene) by mild sulfonation of the PI block. Obtained mor-
phologies were examined by atomic force microscopy, analyzing the effect of sample prepa-
ration parameters such as solvent (tetrahydrofuran, toluene, and cyclohexane), casting
technique (spin casting and drop casting), and annealing temperature [room temperature,
80, 100, and 120 ◦C]. Significant morphological and topographical changes were found
depending on the different parameters. Each modification step introduces new variables
that can affect the final structure and properties of the copolymer. Finding the balance
between solvent choice, casting technique, and annealing conditions was a difficult task
and required extensive experimentation and understanding of the principles of block
copolymer self-assembly.

Keywords: hydrogenation; sulfonation; poly(isoprene); anionic polymerization; atomic
force microscopy (AFM); self-assembly; nanostructures; chemical modification reactions;
molecular characterization; thin films

1. Introduction

New challenges in nanotechnology lead to the demand of innovative materials for
different applications. Using novel polymeric systems with new monomers and different
architectures is one way to obtain the necessary materials. Polymers can be synthesized
with different methods, achieving different architectures and block combinations [1–10].
The capability of block copolymers to self-assemble into different nanostructures justifies
their suitability for use in advanced technologies [1–3,11–13]. Self-assembly is fast, easily
scalable, and relatively cheap, and from a technological perspective, provides a pathway
to synthesize materials from the nm to μm range [1,2]. Depending on the morphologies
(shape, size, and periodicity), it can be suitable for numerous applications such as drug de-
livery [14], electronics [15], masks [2,16,17], nanopatterning [3,18–20], functional nanomate-
rials [3,21,22], and nanoporous membranes [3,23–26], among others. Block copolymers can
also be combined with other materials, such as ceramic or metallic nanoparticles [3,27–32],
leading to new physical, chemical, magnetic, or electric properties [3].
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The basic key for self-assembly into ordered nanostructures is based on the blocks’
thermodynamic incompatibility. Different morphologies can be obtained depending on
the blocks’ volume fraction, the variability of the Flory–Huggins interaction parameter (χ),
the polymerization degree (N), and sample preparation parameters such as solvent or
annealing temperature. The system will evolve to different morphologies to minimize free
energy [27,33].

Selective chemical modification of one block by mild reactions is a beneficial technique
to obtain new copolymers. A copolymer can be altered into a new material with different
physical and chemical properties. It becomes essential when the polymerization of new
monomers is complex, very difficult with low yields, or needs special conditions. By
changing the chemical structure, the Flory–Huggins (χ) parameter is also altered, thus
leading to nanostructures that can vary from the initial copolymer. Polydienes [especially
poly(butadiene) and poly(isoprene)] are very suitable for chemical modification due to the
existing double bond per monomeric unit [34]. Chemical modification can also be used for
preparing amphiphilic copolymers, transforming one of the blocks into hydrophilic (PS
modification with sulfonation, for example), which may result in interesting properties
with a variety of applications, such as in micelles, polymeric surfactants, emulsifiers, foam,
and stabilizers [35–38].

Atomic force microscopy (AFM) is a powerful technique for analyzing the surfaces of
various samples and understanding their properties. It is a method which is continuously
evolving, introducing new features and expanding its capabilities. AFM probes are becom-
ing increasingly sophisticated, allowing for applications in the mechanical and electrical
characterization of samples, as well as measurements in liquid environments and even
within living cells [39]. AFM offers exciting potentials for cutting-edge applications, includ-
ing the measurement of surface tension [40], adhesion [41], and the mechanical properties
of soft tissues [42,43]. It can also be used for direct measurement of nanoindentation [44],
investigation of magnetic properties [45], assessment of electrical conductivity [46], and
analysis of the morphology and micromechanical properties of the membranes of specific
human cells [47]. It is far from certain that AFM can provide micromechanical and physical
characterization of various objects, such as red blood cells, with force-sensing capabilities
to measure properties like surface topography and stiffness at the nanoscale [48].

This manuscript aims to analyze the surface morphology of a high molecular weight
poly(styrene-b-isoprene) (PS-b-PI or SI) diblock copolymer before and after chemical modifi-
cation exclusively of the PI segments by hydrogenation leading to poly(styrene-b-(ethylene-
alt-propylene)) (PS-b-P(E-alt-P)) or SEP) and by sulfonation obtaining poly(styrene-b-
sulfonated isoprene) (PS-b-(PI-r-PIs)) or SI/sulf). In Scheme 1 the chemical structures
of the pristine diblock copolymer and the two modified cases are evident. The latter chem-
ical modification does not yield to 100% modified monomeric units (42% is sulfonated
PI). Besides the effect of chemical modification on the resulting morphologies, the sample
preparation parameters are also discussed, such as solvent (toluene, tetrahydrofuran, and
cyclohexane), film preparation technique (spin and drop casting), and annealing temper-
ature (room temperature (R.T.), 80◦, 100◦, and 120 ◦C). Different chemical structures are
sensitive to selective or nonselective solvents, while after modification, the nature of PI
and the χ parameter between PI and PS changes, leading to different morphologies, also
affected by annealing treatment and film preparation techniques. This manuscript is an
add-on study to a previous work in which a PS-b-PI diblock copolymer was studied but
with lower overall number average molecular weight [49]. The molecular weight parame-
ter is important when it is considered in the context of microphase separation (degree of
polymerization, N, is directly related to molecular weight and is an important variable for
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microphase separation fully dependent on the χN value). As molecular weight increases,
χN increases, driving the system further into the microphase separation regime. The same
copolymer and its lower-molecular-weight analogous may not fully organize, whereas the
higher-molecular-weight analogous does, due to the increased χN value.

Scheme 1. Chemical structures of the poly(styrene-b-isoprene) (PS-b-PI or SI) diblock copolymer
before and after chemical modification exclusively of the PI segments by hydrogenation lead-
ing to poly(styrene-b-(ethylene-alt-propylene)) (SEP) and by sulfonation obtaining poly(styrene-
b-sulfonated isoprene) (SI/sulf).

In this study, the initial diblock copolymer has similar volume fractions for both
blocks and a higher molecular weight than in our previous study. Finally, the molecular
weight is also essential for determining the size of the microphase-separated domains,
such as lamellae or cylinders. The longer chains must stretch farther to segregate into their
respective domains, increasing the system’s energy. To minimize this energy, the polymers
form larger domains, which allows the chains to adopt less-stretched conformations.

2. Materials and Methods

2.1. Materials

The PS-b-PI (SI) diblock copolymer used in this work was synthesized by sequential
anionic polymerization using high vacuum techniques. The number average molecular
weight of the diblock copolymer was 187,000 g/mol, dispersity (Ð) lower than 1.1, with
53% being PS and 47% of PI. Purification of all chemical reagents (styrene and isoprene
from Acros, Geel, Antwerpen Belgium and benzene from Lab-scan, Bangkok, Thailand)
to the standards required for anionic polymerization has been described elsewhere [50].
Hydrogenation and sulfonation, both by mild reactions, were carried out as mentioned
in the literature [49]. p-Toluenesulfonyl hydrazide (Sigma-Aldrich, St. Louis, MO, USA,
97%) was used for hydrogenation with p-xylene (Fluka, Pensacola, FL, USA, ≥99.5%)
as solvent. Anhydrous sulfuric acid (Panreac, Barcelona, Spain, 96%) with 1,4-dioxane
(Sigma-Aldrich, ≥99%) as solvent, methanol (Lab-scan, Puchheim, Germany, 99.8%), and
15 wt% aqueous solution of NaOH were used also in the sulfonation procedure. Finally,
tetrahydrofuran (THF) (Lab-scan, 99.8%), toluene (Lab-scan, 99.8%), and cyclohexane
(Panreac, 99.5%) were used as solvents for film preparation.
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2.2. Characterization

Morphological characterization was conducted by atomic force microscopy (AFM).
Thin films were prepared by casting or spin casting of 3 wt% solutions of copolymers in
different solvents onto glass substrates. Spin-coating was conducted at 2000 rpm for 120 s
using a Telstar Instrument P-6708D spin-coater(Terrassa, Barcelona, Spain). After complete
evaporation of the solvent, films were then annealed in a high-vacuum oven (Binder,
Tuttlingen, Germany) for 24 h at different temperatures. A Dimension 3100/Nanoscope
IVA, Veeco, New York, NY, USA (from Digital Instruments Santa Barbara, CA, USA) was
used. Tapping mode in air was employed using a TESP-V2 probe made from monolithic
silicon which is highly doped to dissipate static charge, chemically inert, and offers a
high mechanical Q-factor for high sensitivity. The AFM tip is uncoated and shaped like a
polygon-based pyramid. The shape of the tip is standard with a radius of <8 nm (<12 nm
guaranteed) and with cantilever shaped as beam with force constant 42 N/m, resonance
frequency 320 kHz, length 125 μm, width 30 μm, and thickness 4 μm, at a scan rate of
1.0 Hz and a resonance frequency of ~300 kHz. Measurements were performed with
512 scan lines. The images presented here were scanned at a scale bar of 3 μm × 3 μm
and a 3D representation was reconstructed from the same image at a scale bar of 1 μm
× 1 μm. The profile of the mean value of the phase was also extracted at a diagonal of
the initial image at 1.5 μm in the X axis with the Y axis representing the phase. For the
measurements of the mean roughness Sa, three distinct areas of 3 μm × 0.5 μm of the
initial image were selected and the mean value was presented. From the same areas, the
mean value for Sk (skewness) was also presented. The skewness is presented only for
the samples that had some type of morphology. The skewness will show a dominance
of high peaks when it is positive or dominance of valleys when it is negative. In the
case of 0 or close to 0, a symmetrical existence of both peaks and valleys is present. In
the same images, the sizes of characteristic domains were also calculated by averaging 3
to 5 points. For the analysis of the AFM images, Gwyddion 2.69 (released 28 July 2025)
(https://gwyddion.net/) was used.

Proton nuclear magnetic resonance spectroscopy (1H-NMR) was used for the verifica-
tion of the sulfonation. The sample was dissolved in deuterated chloroform (CDCl3). The
spectra were recorded at room temperature (R.T.) on an Avance Bruker 500 MHz (Rhein-
stetten, Germany) equipped with BBO z-gradient probe Bruker DSX NMR spectrometer
(Billerica, MA, USA) using a rate of 5000 Hz, a frequency of 500 MHz, and a delay of 1 s.

For the Fourier-transform infrared spectroscopy (FTIR) and size exclusion chromatography
(SEC) instruments, the experimental conditions can be found in the Supporting Information.

3. Results

3.1. Molecular Characterization

The molecular characterization instrumentation was thoroughly mentioned and ana-
lyzed for derivatives diblock copolymers in a previous work [49]. Size exclusion chromatog-
raphy (SEC) was conducted to verify that no side reactions occurred during the synthesis of
the diblock copolymer. Furthermore, Fourier transform infrared spectroscopy (FTIR), and
proton nuclear magnetic resonances (1H-NMR) were conducted to verify the success of the
chemical modification reactions. Hydrogenation and sulfonation yields of 100% and 42%
were obtained, respectively. Thus, in the SI/sulf copolymer, sulfonated and non-sulfonated
PI blocks are present randomly located throughout the PI segments. The 1H-NMR spectra
for the result of the sulfonation reaction is shown in Figure S1 (Supporting Information).
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3.2. Morphological Characterization

Solubility parameters for different solvents and blocks as well as polymer–polymer
(χAB) and polymer–solvent (χSP) interaction parameters are given in Tables 1 and 2, respec-
tively, together with the necessary equations needed for their calculation [51,52].

Table 1. Solubility parameter values for all solvents and polymeric blocks used.

Solvents
Polymers

δ (MPa1/2) a

(Hansen)
δ (MPa) b

(Van Krelen)
δ (MPa1/2) b

(Van Krelen)
δ (MPa) b

(Van Krelen)

Solvents
THF 19.46 19.50

Toluene 18.16 18.20
Cyclohexane 16.80 16.70

Polymer blocks
PS 19.07 19.10
PI 17.94 17.40

PEP 17.47 c 16.86 d

PI/sulf 24.88 c 26.44 d

a Overall solubility was calculated from δ2 = δd
2 + δp

2 + δh
2 [51]. b Solubility values were found in the literature

or calculated from Van Krelen [53]. c Solubility values were calculated from contributions of sulfonated PI groups
by δd = ΣFdi/V, δp =

√
ΣFpi

2/V and δh =
√

ΣEdi/
√

V [53]. The rest were found in the literature [51]. Volume
values were also calculated from the contributions of each group of the chemical structure [53]. d Solubility values
were calculated from δ = (Ecoh/V)1/2 by using contributions of each group to Ecoh [53].

Table 2. χAB and χSP values for all solvents and blocks used for all samples.

χAB
a 298 K (R.T.) χSP

b THF Toluene Cyclohexane

χPS/PI 0.05 χPS 0.09 0.17 0.36
χPS/PEP 0.10 χPI 0.16 0.04 0.13

χPS/PI/sulf 1.35 χPEP 0.20 0.12 0.16
χPI/PI/sulf 1.93 χPI/sulf 0.34 1.26 1.80

a χAB values were calculated from χAB ≈ (δA − δB)2Vreff/RT equation, where Vreff = 100 cm3/mol,
R = 8.314 cm3 MPa/K·mol and δ in MPa taken from Table 1 (Hansen). b χSP values were calculated from
χsp = (aV/RT)[(δds − δdp)2 + 0.25(δps − δpp)2 + 0.25(δhs − δhp)2] equation, where V is in cm3/mol, R = 8.314 cm3

MPa/K·mol, a is constant equal to 0.6 [54], and δd, δp, and δh in MPa1/2 were taken also from the literature [53].

The affinity between polymer–polymer and polymer–solvent is an essential parameter
to explain the observed morphologies. The affinity of blocks with solvent molecules will
affect their position and orientation onto the substrate after solvent evaporation. A solvent
with high affinity will move the block towards the interface with air, while the block will
be located at the substrate interface with a non-miscible solvent [55]. As evident by the
calculated interaction parameter values, THF is a selective solvent for PS and PI/sulf (much
lower affinity with non-polar toluene and cyclohexane) blocks. However, its affinity is
higher with PS. On the other hand, toluene is a selective solvent for PI and PEP (lower
affinity than PI); in this case, affinity with cyclohexane and THF is slightly lower but
quite similar.

Regarding interaction parameters among the blocks, PS and PI present the highest
affinity. PS and PI are supposed to present higher miscibility than PS and PEP so that
a higher organized nanostructure can be expected for the SEP copolymer than for the
initial diblock copolymer precursor. The SI/sulf case is more complicated since it contains
three different blocks: PS (~50 wt%), PI (~30 wt%), and PI/sulf (~20 wt%). The overall
morphology can be expected to be affected by more parameters than the other copolymers.
As PI/sulf presents low affinity with PS and PI (1.35 and 1.93, respectively), immiscibility
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among the blocks is expected, leading to nanostructured morphologies due to chemical
incompatibility among the segments [56]. Depending on the annealing treatment, different
nanostructures are expected according to the literature [57].

The morphology of the initial SI copolymer is affected when chemical modification
reactions occur. After complete hydrogenation of the PI, a new PEP block is generated
(showcasing variable affinities with blocks and solvents), and therefore different morpholo-
gies are expected from those of the initial SI. In the same manner, after the sulfonation
reaction, different topological structures are observed for the PI, PI/sulf, and PS blocks.
Table 3 shows the morphologies obtained for all copolymers under different conditions.
Figure 1 gives examples of all kinds of morphologies described in Table 3. In Figure
S2 (Supporting Information), the phase images for all samples are presented with a 3D
representation and a cut-off profile.

Table 3. Characteristic morphologies observed for all samples at different conditions.

Copolymers

SI SEP SI/sulf

Casting Technique

Casting
Spin

Casting
Casting

Spin
Casting

Casting
Spin

Casting

Morphologies Samples Samples Samples

Disorder
* 2C, 2F, 3C
3T, 3F, 4C

4T, 4F

2F, 3C, 3T
4C, 4T, 4F 3T 2C, 4T, 4F 2C, 2T, 4C

4T, 4F
1F, 4C, 4T

4F

Lamellae - 3F 1T, 2T, 2F
4T 1T 2F -

Lamellae
(not fully organized) 1T, 1F, 2T 1T 1F - 1T, 1F -

Lamellae
(not fully organized)

with crystallites
- 2T - 3T - 1T, 2T, 2F

Network - - 4C, 4F 4C - 3T

Spherical micelles - 1C, 2C 1C, 2C, 3C 1C 3C
3T, 3F -

Spherical micelles
with crystallites - - - - - 1C, 2C, 3F

Worm-like 1C 1F 3F 1F, 2T, 2F
3C 1C 3C

Worm-like
with crystallites - - - 3F - -

* Table is divided for different samples as long as for casting (c) and spin casting (sc) techniques. Abbrevi-
ations for each sample are referred as XY, where X is from 1–4 (R.T., 80, 100, 120 ◦C) and Y is for different
solvents: C (cyclohexane), T (toluene) and F (THF).

In the phase images, it is evident that stiffer materials appear brighter, while the softer
phases of the copolymers appear darker. This contrast highlights the distinct characteristics
of each material, emphasizing their varying mechanical properties. Figure 1 clearly demon-
strates that the polystyrene phase exhibits greater stiffness compared to the polydienic
segments, as seen in Figure 1b and 1g, respectively. Furthermore, in the images featuring
the hydrogenated sample (Figure 1c–e,h), the PS segment again stands out as brighter.
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Figure 1. Examples of all morphologies observed by AFM phase images (3 μm × 3 μm) with a 3D
representation of a 1 μm × 1 μm and a profile of the morphology of 1.5 μm diagonal: (a) lamellae
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(SEP, spin casted from toluene annealed at R.T.), (b) not fully organized lamellae (SI, casted from
toluene annealed at R.T.), (c) lamellae not fully organized lamellae with crystallites (SEP, spin casted
from toluene annealed at 100 ◦C), (d) polymeric network (SEP, casted from cyclohexane annealed at
120 ◦C), (e) spherical micelles (SEP, casted from cyclohexane annealed at R.T.), (f) spherical micelles
with crystallites (SI/sulf, spin casted from cyclohexane annealed at 80 ◦C), (g) worm-like (SI, casted
from cyclohexane annealed at R.T.) and (h) worm-like with crystallites (SEP, spin casted from THF
annealed at 100 ◦C).

Table 3 presents findings related to how various factors such as solvent type, annealing
temperature, and casting technique influence the resulting morphologies of copolymer
samples. Notably, disordered morphologies are predominantly observed in spin-casted
samples that are subjected to high annealing temperatures of 120 ◦C across all solvent types
used. This phenomenon is attributed to the rapid evaporation of the solvent, which does
not allow adequate time for the molecules to organize themselves into distinct and well-
defined nanostructures, as supported by prior research [58]. To achieve ordered or partially
ordered morphologies, specific parameters must be optimized. The casting technique
has a considerable impact, resulting in alternating lamellae structures, particularly when
using toluene and THF at an annealing temperature of 80 ◦C. In contrast, the simple
casting method tends to favor the formation of less ordered lamellae structures, especially
for samples that are annealed at R.T. Furthermore, less organized lamellae containing
crystallites are detected in samples that have been spin cast from toluene, suggesting that
the solvent plays a role in determining the degree of order in the film structure. Network-
type topologies are primarily observed in samples that have been spin cast from all solvent
types and subsequently annealed at the high temperature of 120 ◦C.

In samples prepared with cyclohexane, spherical micelles become pronounced, partic-
ularly for those that are annealed from R.T. up to 100 ◦C. Notably, in spin-casted SI/sulf
samples, crystallites are observed in conjunction with these spherical micelles. Worm-
like structures are predominantly found in samples spin cast from THF, with the specific
morphology depending on the copolymer under consideration. For example, the SEP
sample spin cast with THF and annealed at 100 ◦C displays both crystallite formation and
a worm-like structure. The fast evaporation rate of THF is a critical factor, restricting the
time available for the samples to develop fully ordered nanostructures, a trend consistent
with other solvents as well. When analyzing the effects of solvents, it becomes apparent
that cyclohexane typically results in the formation of spherical micelles and disordered
structures. Films derived from toluene tend to exhibit more organized domains, primarily
in the form of lamellae. Conversely, samples made from THF exhibit a range of morpholo-
gies, which may include either lamellae or worm-like structures, depending on the specific
conditions applied during processing. This variability leads to many observed disordered
morphologies due to THF’s high evaporation rate [59].

In terms of the effect of annealing temperature, the most well-ordered morphologies—
primarily lamellae structures and spherical micelles—are most frequently identified at
R.T. As the annealing temperature increases, a shift is noted towards more disordered
structures alongside the simultaneous presence of ordered domains. This is primarily due
to enhanced solubility at elevated temperatures, as indicated in previous studies [60]. The
interplay between block miscibility and the thermal energy generated during annealing
can inhibit the achievement of fully organized structures [61]. As the temperature rises,
the increased thermal energy facilitates block mobility and rearrangement; however, the
process of blocks migrating towards the surface complicates obtaining ideal morphologies.
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The influence of the casting technique is particularly noteworthy, as crystallites have only
been identified in samples that were spin cast, underscoring the importance of this method
in structuring the final films [62].

For copolymers, microphase separation is strongly linked to the glass transitions of
both blocks, enabling the blocks to move to overcome thermodynamic barriers and form
stable nanostructures. In addition to the temperature barrier, annealing time plays a crucial
role in forming nanostructures. The polyisoprene and polyethylene/polypropylene show
glass transitions below R.T., meaning that these blocks have high mobility; in contrast, the
sulfonated polyisoprene has a significantly higher glass transition temperature but is still
close to R.T. The different temperatures used in this study are capable of high mobility
for all blocks except PS. The PS is close to the glass transition at 80 ◦C and 100 ◦C and
has high mobility at 120 ◦C. The 100 ◦C barrier is the key to achieving full mobility of all
chains across all blocks. The higher temperature of 120 ◦C leads the copolymer to form
a disordered, single-phase melt, as seen in the majority of samples, which do not show
ordered structures at this temperature.

When examining the morphologies corresponding to various copolymers, it is evident
that the SI copolymer precursor tends to yield less organized structures compared to
its hydrogenated counterpart, SEP. This difference is likely due to variations in block
miscibility, with SI displaying a lower interaction parameter [63] than SEP, thus primarily
resulting in disordered morphologies such as lamellae structures, spherical micelles, and
worm-like forms, though these phenomena are only observable under specific processing
conditions. In contrast, the SEP copolymer typically exhibits more ordered structures like
lamellae—predicted due to the molecular weight ratio of the constituent blocks—and also
features some spherical micelles and worm-like morphologies due to its higher interaction
parameter between blocks. The case involving the SI/sulf copolymer is more intricate,
given the presence of multiple components such as PI, PI/sulf, and PS, which leads to a
complex interaction landscape between block/block and block/solvent. This amphiphilic
nature of the copolymer is a significant contributor to the prevalent formation of spherical
micelles in a majority of cases. Exceptions to this trend include the lamellae and network
morphologies, particularly when utilizing toluene and THF as solvents.

In terms of skewness (Table S1, Supporting Information), most of the samples have
values less than 1 (negative or positive), indicating a slight dominance of peaks or valleys,
but are relatively symmetrical in the organized or almost organized domains. Notably, some
samples also showed values very close to 0, indicating a quite symmetrical distribution of
peaks and valleys. Finally, the majority of more asymmetrical morphologies are those in
which the lamellas have not formed, showing negative values and the majority of valleys.
Some other morphologies with negative skewness are also the SEP samples, cast from
cyclohexane annealed at 80 and 120 ◦C (micelles and network), and SI/sulf, cast from THF
at 100 degrees (micelles). The only positive skewness value above 1 is the sample SI/sulf
spic cast from cyclohexane annealed at 100 ◦C (worm-like). The nature and evaporation
rate of cyclohexane are helping to create these asymmetries.

Regarding the roughness of the samples, the unorganized samples have a smoother
surface, because no structure forms. If one looks more closely at the organized domains
and the nature of each sample, as well as the individual parameters such as solvent, casting
technique, and temperature, some interesting points can be extracted. Among the samples,
the rougher surfaces are found in the SEP samples, with an average roughness of 0.148,
while SI has 0.111 and SI/sulf has 0.087. In terms of the solvents, the difference is not so
crucial, with cyclohexane and THF showing slightly higher roughness (0.121 and 0.122),
probably due to their higher evaporation rates and the time structures have to evolve. In the
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casting technique, a pattern is observed in the spin-cast samples, showing higher roughness
(0.127) than in the casted ones (0.112). Here, the influence of the substrate is evident, as
evidenced by the formation of thinner films in the spin-cast samples. For the different
annealing temperatures, all show similar values, with 120 ◦C slightly higher. Finally, the
different morphologies show a mixed trend in roughness values. The structures with
lamellae morphology have an average value of 0.104, but if we look closer, the organized
lamellae and the non-organized ones show a significant difference, with values of 0.130
vs. 0.087. This is mainly because the organized lamellae have defined the two polymeric
components, and the stiffer PS is contributing 100%. The micellar structures have a low
value of 0.107, indicating relatively smooth surfaces. Also important are the network
and worm-like structures, which can be interpreted as intermediate structures with the
polymeric components not fully organized, and this peculiar mixing shows roughness
values of 0.146 (worm-like) and 0.141 (network).

The sizes of the different domains within the organized structures are also important
points that must be addressed. For the micelles found for SEP, the sizes are very close,
ranging from 73 nm to 80 nm. A similar trend was also observed for the micelles found for
the SI/sulf. For the network morphologies of the SEP, the casting technique plays a key
role, as in simple casting, the sizes are similar for PS and PEP at 64 and 63 nm, respectively.
By introducing the spin-casting technique for the same sample, the PS domain maintains
the same size, while the PEP increases to 179 nm. Finally, the solvent plays a role: the SEP
sample has a similar size when cast from cyclohexane, whereas casting from THF results in
a PEP size of 115 nm.

The worm-like morphologies also show interesting domain sizes, with the SI case
ranging from 16 nm (cast from cyclohexane annealed at RT) to 71 nm (spin-cast from
cyclohexane annealed at 80 ◦C). In the case of SEP, the PS has quite similar sizes, ranging
from 41 to 54 nm (smaller than in the SI), whereas the PEP has a higher value, ranging
from 55 to 82 nm. The trend, as mentioned above, is directly related to the organization
of the PEP during casting and annealing, compared to the PI block found in SI systems.
The worm-like morphologies in the SI/sulf do not show significant size changes, with PS
ranging from 39 to 52 nm.

Finally, for the lamellae morphology, the only example organized for the SI system
shows PS domains of 56 nm and PI of 27 nm, spin-cast from the annealed THF at 100 ◦C.
Lamellae morphology for the SEP samples shows an impressive trend: samples cast and
spin-cast from toluene annealed at RT show differences. In casting, the PS is 63 nm, while
the PEP is 90 nm; in spin casting, the PS is reduced to 46 nm and the PEP to 79 nm, resulting
in larger PEP domains. The effect of the solvent can be seen for the SEP system casted and
annealed at 80 ◦C, where from toluene has sizes of PS 59 nm and PEP 81 nm, but changing
the solvent, and thus the affinity of the blocks, the sizes are increasing to 81 nm for PS and
130 nm for PEP; a 37% increase for the PS and 60% increase for the PEP. Finally, increasing
the annealing temperature to 120 ◦C increases the domain size for PS to 138 nm (compared
to 59 nm at 80 ◦C) and for PEP to 119 nm (compared to 81 nm at 80 ◦C), increases of 134%
and 47%, respectively. The 120 ◦C annealing temperature is crucial because it is above the
glass transition temperature of PS, allowing sufficient mobility for organization. In the
case of SI/sulf, the only sample with lamellae morphology (cast from THF at 80 ◦C) shows
similar domain sizes of 82 nm and 79 nm.

Figure 2 compares lamellae morphologies obtained for SI, SEP, and SI/sulf copolymers.
Figure 2a corresponds to SI copolymer spin cast from THF and annealed at 100 ◦C. As
can be seen, the nanostructure is not fully ordered. The fast evaporation rate of THF and
spin casting technique gave lamellas little time for complete formation [64]. Figure 2b
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corresponds to SEP copolymer cast from toluene and annealed at R.T. Due to the lower
evaporation rate of solvent (together with the casting technique), lamellas can be fully
formed, and they also show higher immiscibility among blocks for SEP when compared
to SI.

 

Figure 2. AFM phase images (3 μm × 3 μm) showing lamellae morphology observed for (a)
SI, (b) SEP and (c) SI/sulf copolymers, showing phase and ordering differences. The 3D phase
1 μm × 1 μm and 1.5 diagonal profile sections are also shown.

Figure 2c shows lamellae morphology obtained for SI/sulf copolymer cast from THF
and annealed at 80 ◦C. THF presents similar affinity with all blocks (χPS = 0.09, χPI = 0.16
and χPI/sulf = 0.34). With the casting technique, solvent evaporation is slower than by
spin casting. Thus, llamelas have enough time to form fully.

The roughness of the different lamellae morphologies is obviously governed by the
solvent, temperature, and casting technique, but it can be seen to be relatively smooth,
with values of 0.064 to 0.094. The sizes of the PS domains are increasing from 56 nm at SI
to 63 nm at SEP and 82 nm at SI/sulf. For the PI, the size is 27 nm; after modification, it
increases to 90 nm at SEP and 79 nm for the sulfonated PI. The modification creates different
balances among the PS chains, with the modified ones leading to changes in the sizes.

The solvent, temperature, casting technique, and chemical nature of blocks also affect
topography and the phase difference of morphologies [65]. The size, roughness, and
distribution of lamellae, spherical micelle, and worm-like domains will change by altering
the abovementioned parameters. As an example, in Figure 3, a 3D representation of the
morphologies obtained can be observed for SEP copolymer as cast from cyclohexane and
annealed at R.T., 80, and 100 ◦C, respectively. The interaction parameters of PS and PEP
with cyclohexane are 0.36 and 0.16, respectively (as evident in Table 2).

PEP presents a higher affinity with cyclohexane than PS, and the solvent evaporates
from the surface; therefore, the PS chains are removing the solvent faster than the PEP
blocks. The solvent is maintained longer with PEP chains giving an extra volume and
PS blocks tend to aggregate for minimizing energy. In that manner, PEP blocks create
spherical micelles on the surface. Domain size and aggregation are controlled by annealing
temperature. An estimation of size, roughness, and aggregation has been carried out for
topography and phase by AFM. Dimensions for PS are 53, 73, and 80 nm, by annealing
at R.T., 80, and 100 ◦C, respectively. At 100 ◦C, PS blocks could have enough energy to
rearrange and create more stable domains, something that can also be seen from roughness
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(0.081), where at R.T. is rougher with a value of 0.157 and at 100 ◦C of 0.161. The 3D
representation of the sample annealed at 80 ◦C has the most compact surface. The raise of
the annealing temperature at 120 ◦C disrupts the morphology creating a network (Figure S2,
Supporting Information).

 
Figure 3. 2D and 3D representation of (3 μm × 3 μm) for SEP copolymer casted from cyclohexane
and annealed at different temperatures: (a) R.T., (b) 80 ◦C, and (c) 100 ◦C, showing differences in
aggregation and organization of spherical micelles. Lower images correspond to 3 μm horizontal
profile sections, showing phase differences.

The effect of the casting technique on morphology is also crucial [66], as it can re-
veal information about the different phases. For example, Figure 4a,b shows a 3D rep-
resentation of SEP copolymer (a) casted and (b) spin casted both from toluene and an-
nealed at R.T. In Figure 4c,d, the 3D representation of the SI/sulf annealed at 80 ◦C and
spin casted from (a) toluene and (b) THF can be observed to examine the differences in
phase and topography.

 
Figure 4. 3D representation of AFM images (3 μm × 3 μm) for SEP copolymer: (a) casted and (b) spin
casted from toluene and annealed at R.T. In (c,d), the 3D representation of a SI/sulf annealed at 80 ◦C
spin cast from (c) toluene and (d) THF. Inner images (a1–d1) show the distribution of roughness
values found on the surface.
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The effect of the casting technique is obvious in Figure 4a,b, where lamellae mor-
phology was observed for both samples, but phase differences are evident. For the casted
sample, the roughness showed value of 0.094, while in the spin casted the roughness is
increased to 0.157 due to the effect of the substrate. Interestingly, the skewness is less than
1, with values of 0.10 and 0.42, respectively, indicating almost symmetrical distribution
of peaks and valleys, with the peaks being slightly more. Moreover, the thickness of the
lamellas is also affected by the casting technique, showing 63 nm for the PS and 90 nm for
the PEP for the casted samples, whereas for the spin-casted ones, the values are decreasing
to 46 nm (PS) and 79 nm (PEP). These differences are due to the slower solvent evaporation
rate from the casted technique that results in longer times for lamellas to develop and create
thicker domains. For the spin-cast sample, it is also observed that the faster evaporation
rate creates a more uneven distribution of the different phase values observed from the
histogram in Figure 4b compared to Figure 4a.

On the other hand, from Figure 4c,d, the effect of the solvent evaporation of toluene
(c) vs. THF (d) can be seen. The sample from toluene led to a not-fully organized structure,
but with potential to become fully organized. In contrast, the THF one showed a lamellae
morphology but was not fully organized. The not fully organized domains lead to smooth
surfaces with roughness of 0.099 and 0.052, where the size of the domains can be found at
72 for the modified PI (Figure 4c) and 35 for the PS (Figure 4d). In addition, the sample
spin-cast from THF has evaporated faster, leading to the formation of regions with potential
crystallites, as indicated by the high percentage of one phase, which is likely due to the
crystallite phase.

4. Conclusions

This work evaluated the morphologies of three copolymer samples by modifying only
the PI segments (hydrogenation and sulfonation) of an initial PS-b-PI diblock copolymer.
By adjusting casting techniques, annealing temperatures, and solvents, distinct topological
structures were observed through AFM characterization. The different interactions between
polymeric blocks and solvents over the various experimental parameter led to four primary
morphologies: (i) lamellae, (ii) spherical micelles, (iii) worm-like, and (iv) network. Most
samples displayed organized domains, primarily consisting of lamellae.

The spin-cast samples predominantly exhibited disordered morphologies, especially
at 120 ◦C across all solvents. Cast samples showed alternating lamellae structures us-
ing toluene and THF at 80 ◦C. Cyclohexane produced spherical micelles (annealed at
R.T. to 100 ◦C), while THF showed mainly worm-like structures. The chemical nature
of the polymeric blocks also influences morphology, with the pristine diblock showing a
lower interaction parameter than SEP, resulting in more disordered morphologies com-
pared to the ordered structures of SEP. The SI/sulf copolymer’s interactions are complex
due to multiple components—PI, PI/sulf, and PS—leading to intricate block/block and
block/solvent interactions.

The sizes of organized domains depend on experimental parameters, with SEP micelles
ranging from 73 nm to 80 nm and SI/sulf showing a similar trend. Using spin-casting
keeps the PS domain size constant while increasing PEP up to 179 nm. The solvent also
affected sizes.

The lamellae morphology of different copolymers revealed significant variations. PS
domain sizes increased from 56 nm (SI) to 63 nm (SEP) and 82 nm (SI/sulf) respectively. In
addition, PI’s initial size was 27 nm, changing to 90 nm (SEP) and 79 nm (SI/sulf).

Overall, it should be noted that the observed morphologies are specific to certain AFM
experimental conditions, which is a limitation. Although the AFM is a powerful technique
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for characterizing the self-assembly of nanostructures, it has to be used in parallel with
other techniques to verify these structures. A future perspective is the preparation of
copolymers with three blocks: fully hydrogenated, partially sulfonated, and modified with
hydrophobic segments.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym17223047/s1, Figure S1: 1H-NMR for the sulfonation of
the sample SI; Figure S2: All morphologies observed by AFM phase images (3 μm × 3 μm) with
a 3D representation of a 1 μm × 1 μm and a profile of the morphology of 1.5 μm diagonal; Table
S1: Characteristic values of roughness Sa, skewness Sk and domain sizes of bright and dark areas
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