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Advances and Applications of Block Copolymers
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Polymers are materials that have constantly evolved from the beginning of their
discovery until the present day. During the last few decades, polymers have been used in
many areas of science and cutting-edge research and have been applied to everyday items.
Many polymerization techniques, either synthetic or natural, exist to create molecularly
homogeneous materials with specific properties prepared from different types of organic
or even inorganic monomers.

The most important class of polymers is block copolymers (BCPs) since they can be
prepared through different methods and exhibit various properties combined with their
chemically different segments. The importance of block copolymers can be supported
by the multitude of related manuscripts published on a daily basis, their use in practical
applications in almost all areas, and novel discoveries based on BCPs in many aspects of
life. Block copolymers can be used as composites and hybrid materials, providing new
properties and, in some cases, responsiveness in terms of temperature, humidity, pH, redox,
magnetic, electric, swelling, light, and others. Block copolymers are also very important for
self-assembly studies since they can be organized into nanostructures and may be used
in applications such as lithography or membranes. In general, BCPs have been used in
medicine, chemistry, nanotechnology, physics, water treatment, environmental applications,
wound healing, solar cells, photocatalysis, and many other fields.

Nevertheless, block copolymers face new challenges and problems every day. This
Special Issue brings together different experimental works and reviews and attempts to
cover the majority of the recent advances and applications of block copolymers in the last
few years.

This Special Issue has gathered scientific works from research groups examining vari-
ous copolymers, indicating advances in architecture, functionalities, and applications. The
total number of manuscripts (17) published in this Special Issue indicates the importance
of BCPs and the fact that many research groups and relevant members of the scientific
community are thoroughly interested in the advancement of block copolymers and their
applications.

In one study, copolymers with PVP (poly(vinylpyridine)) and its partially quater-
nized derivatives were studied based on the structure/properties relationship, focusing on
solvation and optical properties [1].

Research has also been carried out on fabricating well-ordered epoxy resin nanonet-
works modified with poly(butyl acrylate)-b-poly(methyl methacrylate) (PBA-b-PMMA) to
enhance energy dissipation by exploiting the self-assembly of polystyrene-b-
poly(dimethylsiloxane) (PS-b-PDMS) with gyroid and diamond structures as templates.
Selectively etching a PDMS block can provide nanochannels for the polymerization of
epoxy resin. A PBA-b-PMMA BCP can be self-assembled into a spherical nanosized micelle
in the epoxy matrix, which acts as a toughening agent for forming soft domains [2].
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A process of combining anionic polymerization with ROP copolymers based on PLA
was carried out by a group of researchers, providing new insights into polymer design
strategies for high-performance PLA-based materials using stereo complexation [3].

In one study, copolymers of PBA-b-PDMAEMA (butyl methacrylate as a hydrophobic
monomer and 2-(Dimethylamino) ethyl methacrylate) were prepared by surface-initiated
ATRP from SiO2 and used as a hybrid adsorbent for heavy metals (Cr) and phenol [4].

In another study, linear and star block copolymer nanoparticles of (polystyrene-b-
poly(4-vinyl pyridine))n (PS-b-P4VP)n were prepared via RAFT, and their nano-assemblies
in toluene were studied. Polymerization kinetics were investigated, and the effect of the
arm number of the PS/P4VP chain on the block copolymer nano-assemblies prepared via
PISA was explored by changing the length of the PS or the P4VP [5].

Two manuscripts focusing on crystallization are also included in this Special Issue. The
first study [6] investigates the crystallization of the α and γ forms of iPP in propene–butene
copolymers by analyzing the thermodynamics and kinetics effects, whereas the second
study [7] is dedicated to the crystallization behavior of isotactic propene–octene copolymers
(iPPC8) synthesized with a metallocene catalyst. The effect of the octene units excluded
from the crystals on the crystallization of the α and γ forms of iPP was analyzed and
compared to those of the different aforementioned comonomers that are partially included
in the crystals of the α and γ forms with different degrees of incorporation.

The synthesis of hybrid materials based on AA grafted in aqueous collagen disper-
sions was also investigated in one study [8], whereby the determination of the molecular
weight characteristics, structure, mechanical properties, and cytotoxicity of the obtained
copolymers was carried out, and the authors evaluated the prospects for using the obtained
copolymers in scaffold technologies.

Block copolymers can also be a powerful new precursor for fabricating porous carbon
structures (PCFs) for electrochemical performance. Different copolymers can provide
different nanostructures and thus improve electrochemical performance. Based on the
above, a study focusing on the copolymer PAN−b−PS and carbon powder was presented
as a comparative study of two different electrode materials for supercapacitors [9].

Additionally, the formation of photo-functional nanoparticles (owing to the intrinsic
properties of the porphyrin) through the electrostatic complexation between the poly(2-
(dimethylamino) ethyl methacrylate)-b-poly[(oligo ethylene glycol) methyl ether methacry-
late] (PDMAEMA-b-POEGMA) double hydrophilic block copolymer or its quaternized
strong polyelectrolyte counterpart (QPDMAEMA-b-POEGMA) was investigated [10]. This
study examined their solution properties by changing the porphyrin content, photophysical
characteristics, and photosensitivity under different temperatures and pHs.

Moreover, a study on mixtures consisting of conjugated polymers and reduced
graphene oxide was also published with the major aim of tuning the energy gaps and
revolutionizing various electronic applications, such as organic solar cells and OLED
displays [11]. Another study is also presented to shed light on the temperature depen-
dence of the Flory–Huggins interaction parameter χ(T) between the two acrylic monomer
species of BA and MMA by small-angle X-ray scattering (SAXS). Well-defined copolymers
were prepared via ATRP, and the study’s authors measured the order–disorder transition
(ODT) temperature within the investigated temperature range [12]. In terms of theory and
simulations, the phase behaviors of molten A–b–B copolymers in the weak segregation
regime were also investigated using equivalent free energies. In this study, the theoretical
calculations were compared with the experimental results [13].

Furthermore, the self-assembly behavior of different terpolymers with the PB1,2 seg-
ment modified was studied within the scope of chemical modifications. The as-synthesized
polymer brushes from the polydiene segment can have possible applications in nanotech-
nology [14].

In addition, in another study, the nanostructure of a bio-based epoxy thermosetting
formulation was investigated by using epoxy resin modified using different amounts of the
PEO–PPO–PEO triblock copolymer. The effect of the copolymer amount on the morphology
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of the nanostructured thermosetting system was analyzed through atomic force microscopy
(AFM) [15].

Finally, two reviews are presented in this Special Issue regarding block copolymers.
The first review investigates the regulation of block copolymer self-assembly structures
by exploring the factors that affect the self-assembly nanostructure. This review high-
lights block-copolymer-based mass transport membranes, which play the role of “energy
enhancers” in concentration cells, fuel cells, and rechargeable batteries [16].

The second review explores block copolymers’ significant contribution to 3D print-
ing in recent years by focusing on bio-applications. It is shown in the study that block
copolymers constantly evolve through new synthetic approaches and through the intro-
duction of new blocks with stimulating properties. This review aims to manifest the use of
block copolymers as a leading evolving player in 3D/4D printing and show the significant
contribution of block copolymers in bio-applications with specific advances [17].

Therefore, it may be concluded that block copolymers play a significant role in the
advancement of research in polymer science and engineering. This Special Issue focuses on
various matters from different areas of block copolymer research, showing advances and
applications in self-assembly, crystallization, synthesis, chemical modification, 3D printing,
membranes, energy materials, nanotechnology, hybrid materials, micelles, order–disorder
transition, and biomaterials. As guest editors of this Special Issue, we are confident that a
significant contribution to the field of block copolymers will be made through this collection
of studies.

Conflicts of Interest: The authors declare no conflict of interest.
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Nanostructuring Biobased Epoxy Resin with PEO-PPO-PEO
Block Copolymer
Irati Barandiaran 1,2, Joseba Gomez-Hermoso-de-Mendoza 1, Junkal Gutierrez 1 , Agnieszka Tercjak 1

and Galder Kortaberria 1,*

1 Group ‘Materials + Technologies’ (GMT), Chemical and Environmental Engineering Department,
Faculty of Engineering of Gipuzkoa, University of the Basque Country (UPV/EHU), Plaza Europa 1,
20018 Donostia-San Sebastian, Spain

2 Chemical and Environmental Engineering Department, Faculty of Pharmacy, University of the Basque
Country (UPV/EHU), Paseo de la Universidad, 7, 01006 Vitoria-Gasteiz, Spain

* Correspondence: galder.cortaberria@ehu.eus

Abstract: A biobased diglycidyl ether of vanillin (DGEVA) epoxy resin was nanostructured by
poly(ethylene oxide-b-propylene oxide-b-ethylene oxide) (PEO-PPO-PEO) triblock copolymer. Due
to the miscibility/immiscibility properties of the triblock copolymer in DGEVA resin, different
morphologies were obtained depending on the triblock copolymer amount. A hexagonally packed
cylinder morphology was kept until reaching 30 wt% of PEO-PPO-PEO content, while a more complex
three-phase morphology was obtained for 50 wt%, in which large worm-like PPO domains appear
surrounded by two different phases, one of them rich in PEO and another phase rich in cured DGEVA.
UV-vis measurements show that the transmittance is reduced with the increase in triblock copolymer
content, especially at 50 wt%, probably due to the presence of PEO crystals detected by calorimetry.
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1. Introduction

During recent years, bio-based polymers have attracted attention due to the overuse
of fossil fuels as well as the increase in greenhouse gas emissions, which causes important
environmental issues [1,2]. Those polymers can be obtained from renewable materials, such
as lignin [3] or vegetable oils [4,5], among others. Between these different types of polymeric
materials, epoxy-based thermosets are the most popular, due to their broad spectrum of
properties through the selection of epoxy prepolymers and curing agents, and therefore
their use in various applications, such as coatings, adhesives, and composites, among
others [6–8]. Over 90% of these epoxide materials are based on bis(4-hydroxyphenylene)-
2,2-propane, known as bisphenol A, to which the aromatic ring confers good thermal
resistance. Commercialized for more than 50 years, these bisphenol A based thermosets
(DGEBA) have been employed in many common products, such as containers, and human
health applications, such as filling materials or sealants in dentistry. However, bisphenol
A can also mimic the body’s own hormones, and it could lead to severe negative health
effects [9,10], besides cited environmental issues. Recently, poly-functional glycidyl ether
derivatives based on both biobased and barely toxic extracts, such as vanillin [11–15] and
phloroglucinol [16–18], which are extracted from lignins and tannins [1,19], and used as
food flavoring or active ingredient in medicine, have been studied as new feedstock for
thermosets. Between different biobased resins investigated by other authors, diglycidyl
ether of vanillin (DGEVA) have shown good thermomechanical properties [20,21].

On the other hand, the self-assembly of block copolymers (BCP) into different nanoscale
structures makes them interesting polymeric macromolecules from both academic and
industrial points of view. This class of macromolecules consists of two or more covalently
linked polymers, which are thermodynamically incompatible, giving rise to a variety of the
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microstructures. As it is well known, BCPs can self-assemble to form nanoscale structures
with domain spacing that depends strongly on molecular weight, segment size and interac-
tion between the blocks among others. Consequently, microphase separation of BCPs is
determined by the degree of polymerization, N, the volume fraction of each block, f, and
the Flory–Huggins interaction parameter, χ, which depends on temperature. A typical size
of the microphase separated BCP domains is in the range of 10–200 nm.

BCPs can microphase separated in stable structures, such as lamellar, hexagonal-
packed cylinder, body-centered cubic, close-packed spherical, or bicontinuous cubic gyroid
structures. The ability to control both the length scale and the spatial organization of BCP
morphologies makes these polymeric materials attractive candidates for use as templates
for the fabrication of novel multifunctional materials with application in many fields of
nanotechnology and advanced materials.

BCPs can also act as a nanostructuring agent for different homopolymers and ther-
mosetting systems. As the main drawback of epoxy thermosetting polymers, for their
applications as adhesives, surface coatings or composite matrices, is their low fracture
toughness. One of the successful pathways to achieve high improvements on the toughness
of these systems is incorporation of BCPs [22–26]. Use of the BCPs not only improves the
toughness of thermosetting polymers but also leads to nanostructured thermosets, which
can act as templates for dispersion and selective localization of low molecular weight
organic molecules, such as azobenzene or liquid crystals, or inorganic nanoobjects, such as
nanoparticles, carbon nanotubes, nanofibers and others.

Nanostructured thermosetting materials can be formed followed two different mecha-
nisms. In the first one, the epoxy precursor acts as a selective solvent and, consequently,
the microphase separation takes place before the curing reaction, and the epoxy network
formation process only fixed the final morphology. In the second pathway, the microphase
separation of the immiscible block takes place by reaction-induced phase separation (RIPS).
Thus, the mixture of BCP and epoxy precursors is miscible before curing and the phase
separation takes place during network formation.

Many authors, among which our research group can be mentioned, obtained nanos-
tructured thermosetting systems by employing amphiphilic BCPs. Different amphiphilic
BCPs used as nanostructuring agents by different authors can be found in Table 1.

Table 1. Relation of different amphiphilic block copolymers and thermosetting precursors used by
different authors.

BCPs Abbreviation Thermosetting
Precursor References

poly(hexylene oxide)-b-poly(ethylene oxide) PHO-b-PEO DGEBA + PN [24]

poly(ethylene oxide)-b-poly(ethyl ethylene) PEO-b-PEE DGEBA + PA [27]

poly(ethylene oxide)-b-poly(ethylene-alt-propylene) PEO-b-PEP DGEBA + MDA [28]

poly(ethylene oxide)-b-poly(propylene oxide) PEO-b-PPO DGEBA + MDA [29]

poly(ethylene oxide)-b-poly(propylene oxide)-b- poly(ethylene oxide) PEO-b-PPO-b-PEO DGEBA + MDA
DGEBA + DDM

[30,31]
[32–35]

polyethylene-b-poly(ethylene oxide) PE-b-PEO DGEBA + MDA
DGEBA + MCDEA

[36]
[37]

poly(ethylene oxide)-b-poly(dimethylsiloxane) PEO-b-PDMS DGEBA + MDA [38]

poly(ethylene oxide)-b-poly(ε-caprolactone) PEO-b-PCL DGEBA + MOCA [39]

poly(ethylene oxide)-b-polystyrene PEO-b-PS

DGEBA + MDA
DGEBA + MXDA

DGEBA + MCDEA
DGEBA + DDM

[40]
[41–44]
[45,46]

[47]
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Table 1. Cont.

BCPs Abbreviation Thermosetting
Precursor References

poly(ε-caprolactone)-b-polybutadiene-b-poly(ε-caprolactone) PCL-b-PB-b-PCL DGEBA + MOCA [48]

poly(ε-caprolactone)-b-poly(n-butyl acrylate) PCL-b-PBA DGEBA + MOCA [49]

poly(heptadecafluorodecyl acrylate)-b-poly(caprolactone) PaF-b-PCL DGEBA + MCDEA [50]

polydimethylsiloxane-b-poly(ε-caprolactone)-b-polystyrene PDMS-b-PCL-b-PS DGEBA + MOCA [51]

poly(ε-caprolactone)-b-polystyrene PCL-b-PS DGEBA + MOCA [52]

As it can be seen in Table 1, poly(ethylene glycol)-poly(propylene glycol)-poly(ethyleneglycol)
(PEO-PPO-PEO), has been widely employed for nanostructuring epoxy matrices, mainly
DGEBA resin [30–35]. The popularity of PEO-PPO-PEO is due to its commercial availability,
including different ratios of each block as well as the simplicity of the experimental proce-
dure and the absence of any chemical synthesis or reaction with the epoxy system [32]. For
PEO-PPO-PEO/epoxy blends, the formation of the self-assembled nanostructure depends
on the curing conditions, curing agent and the inner characteristics of the BCP [53]. Regard-
ing the effect of BCP composition, Guo et al. [30] obtained different nanostructured features
based on the DGEBA/MDA system and PPO-PEO-PPO copolymers with different block
ratios. For the BCP with 30 wt% of PEO block, it did not find macroscopic phase separation
up to a content of 50 wt%, exhibiting nanostructures based on spherical PPO domains
with an average size of about 10 nm. For blends with the BCP with 80 wt% PEO, blends
were not macroscopically phase-separated over the entire composition range because of the
much higher PEO content, showing composition-dependent nanostructures on the order of
10−100 nm. Sun et al. [31] studied the same systems by solid-state nuclear magnetic reso-
nance (NMR), finding that the domain size and long period depended strongly on the PEO
fraction. They demonstrated that PEO blocks were only partially miscible with the cured
network. Upon curing, the cross-linked rigid epoxy resin formed a separated microphase,
while some PEO were locally expelled out of the cured network, forming another mi-
crophase with PPO. Similar systems but employing diamino diphenyl methane (DDM) as a
hardener have also been deeply analyzed by our group [32–35]. Firstly, the miscibility and
morphological features were studied, together with cure kinetics, by changing cure temper-
atures and copolymer amount [32]. Depending on the curing condition, phase separation
took place at micro or nanoscale due to competition among kinetic and thermodynamic
factors. Two distinct phases were present for every blend studied except for the system
with 10 wt% PEO–PPO–PEO and cured at a low temperature. A thermodynamic model de-
scribing a thermoset/block copolymer considered as only one entity system was proposed.
In a second stage, the effect of copolymer composition (block ratios) and curing conditions
was analyzed [33]. A delay of cure rate was found, which increased as copolymer content
and PEO molar ratio in the block copolymer increased. Infrared spectroscopy showed that
PEO block was mainly responsible for physical interactions between the hydroxyl groups
of growing epoxy thermoset and ether bonds of block copolymer that led to the delay in
cure kinetics. Regarding structural characterization [34], taking into account DGEBA/DDM
systems modifided with PEO or PPO homopolymers for comparison, it was found that,
depending on the molar ratio among blocks, micro or macrophase separated morphologies
were obtained. For high molar ratio among blocks, microphase-separated structures were
obtained for all block copolymer contents and cure temperatures, with the self-assembly
of PPO into nanoscopic entities. For low molar ratio among blocks, however, the physical
interactions among the PEO block and the epoxy matrix were not favourable enough, due
to the lower content of this block. Indeed, the micelles formed initially coalesced, leading to
macroscopic phase separation, where different morphologies were obtained depending on
copolymer content and cure temperature. Finally, the mechanical properties–morphology
relationships were also analyzed [35]. Macrophase-separated systems modified with low
PEO/PPO block ratio showed a similar behaviour to that for rubber-modified systems.
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Increasing the content of a modifier decreases both flexural modulus and strength, while
fracture toughness increases. Microphase-separated systems, on the other hand, did not
present significant changes in both flexural modulus and strength for low contents, but the
critical stress intensity factor increased due to partial miscibility of the PEO block with the
epoxy matrix.

Parameswaranpillai et al. [54] nanostructured a DGEBA/DDM system with PEO-
PPO-PEO, finding that the phase separation occurred via self-assembly of PPO blocks,
followed by the reaction-induced phase separation of PEO blocks, and confirming that
phase separated PEO blocks formed the crystalline phase in the amorphous crosslinked
epoxy matrix.

In the present work, as a preliminary study for analyzing the nanostructuring of
bio-based epoxy thermosetting formulation, DGEVA epoxy resin has been modified us-
ing different amounts of PEO-PPO-PEO triblock copolymer ranging from 10 to 50 wt%.
Thermal properties are analyzed in terms of differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA), while optical properties are characterized by UV-vis
spectroscopy and corroborated by photographs. Finally, the effect of copolymer amount
on the morphology of the nanostructured thermosetting system is analyzed by atomic
force microscopy (AFM). The possibility of nanostructuring and the control of generated
nanostructures will be further employed in future works for the preparation of ternary
systems based on biobased epoxy thermosetts by placing nanofillers at the nanodomains.

2. Materials and Methods
2.1. Materials and Sample Preparation

The biobased epoxy used in this research work was diglycidyl ether of vanillin
(DGEVA) supplied by Specific Polymers, Castries, France. The curing agent was 4,4′-
diaminodiphenylmethane (DDM), purchased from Sigma-Aldrich, Darmstadt, Germany.
The block copolymer used was poly(ethylene oxide-b-propylene oxide-b-ethylene ox-
ide) (PEO-PPO-PEO) triblock copolymer (Pluronic F-127) supplied by Sigma Aldrich,
Darmstadt, Germany. Chemical structures of employed materials are shown in Table 2.
An amine:epoxy ratio of 1:1 was used for the DGEVA/DDM system, while PEO-PPO-
PEO block copolymer content was varied from 10 to 50 wt% to design different BCP-
DGEVA/DDM systems.

Table 2. Chemical structures of employed materials.

Material Chemical Structure

DGEVA
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Sample preparation was carried out in the following way. First, DGEVA resin and
PEO–PPO–PEO triblock copolymer were blended at 80 ◦C under mechanic stirring. Then,
a corresponding amount of DDM was added with continuous stirring, in an oil bath at
80 ◦C, until a homogeneous mixture was achieved. Finally, the mixture was poured to
the mold, and samples were degassed in a vacuum oven and cured at 120 ◦C for 6 h and
post-cured under vacuum at 190 ◦C for 2 h. In both cases, a mechanical vacuum pump
device was employed.
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2.2. Techniques

Differential scanning calorimetry (DSC) measurements of the individual components,
as well as BCP-DGEVA/DDM systems, were performed using a DSC3+ from Mettler
Toledo equipment (Columbus, OH, USA). Thermal behavior of individual components
and the DGVA/DDM system was evaluated by dynamic scans performed from −80 ◦C to
250 ◦C at 10 ◦C/min scan rate. The miscibility of PEO–PPO–PEO triblock copolymer with
the uncured DGEVA/DDM system was investigated by dynamic scans performed from
−80 ◦C to 50 ◦C at 10 ◦C/min scan rate. The curing processes of all BCP-DGEVA/DDM
systems were analyzed by isothermal scan performed at 80, 100 and 120 ◦C (followed by
a dynamic scan from 25 ◦C to 200 ◦C at 10 ◦C/min). Finally, thermal behavior of BCP-
DGEVA/DDM systems was analyzed by dynamic scans performed from −80 ◦C to 250 ◦C
at 10 ◦C/min scan rate. All experiments were performed under nitrogen atmosphere, with
a flow of 10 mL/min.

Thermogravimetric tests were performed on a TGA 500 from TA Instruments Inc.
(New Castle, DE, USA). Samples were heated from 25 to 800 ◦C at a heating rate of
10 ◦C/min under nitrogen atmosphere.

Fourier-transformed infrared spectroscopy (FTIR) spectra were recorded with a Nicolet
Nexus spectrometer from Thermo Fisher Scientific SL (Bilbao, Spain) with a Golden Gate
ATR sampling accessory. Background was recorded before every sample and the spectra
were obtained in the range of 4000–650 cm−1, performing 32 scans with a resolution
of 4 cm−1.

The morphologies of the cured BCP-DGEVA/DDM systems were studied by atomic
force microscopy (AFM) under ambient conditions, using a scanning probe microscope
Multimode 8 from Bruker (Billerica, MI, USA). Tapping mode (TM) was employed in air
using an integrated tip/cantilever (125 mm in length with a 300 kHz resonant frequency).
Measurements were performed with 512 scan lines and target amplitude around 0.9 V.
Different regions of the cured BCP-DGEVA/DDM systems were scanned to ensure that
the morphology of the investigated materials was a representative one. Samples were cut
using an ultramicrotome Leica Ultracut R with a diamond blade.

UV-vis transmittance spectra of the cured BCP-DGEVA/DDM systems were per-
formed with a Shimadzu UV-3600 (Kioto, Japan) spectrophotometer in the range between
200 and 800 nm.

3. Results and Discussion
3.1. Differential Scaning Calorimetry Analysis

DSC dynamic measurements were carried out in order to investigate the miscibility
between PEO-PPO-PEO triblock copolymer and DGEVA/DDM.

Figure 1A shows thermograms of blend components (PEO-PPO-PEO and DGEVA/DDM).
Moreover, uncured BCP-DGEVA/DDM blends with different BCP amounts were also
included in Figure 1B. PEO-PPO-PEO thermogram shows a Tg at around −68.5 ◦C [32] and
a melting peak centered at 58.0 ◦C, related to the melting of crystalline PEO block. DGEVA
resin presents a Tg at−41.7 ◦C that increased up to−32.5 ◦C when curing agent was added.
This behavior can be related to the partial miscibility between the DGEVA resin and the
amine before curing. In addition, the DGEVA/DDM thermogram shows an exothermic
peak centered around 140 ◦C, indicating the curing reaction of the blend. If the dynamic
thermograms for BCP-DGEVA/DDM systems are compared, the Tg of the DGEVA resin
phase decreases from −36.5 ◦C to −44.0 ◦C with increasing BCP content, owing to the
miscibility of PEO-PPO-PEO and DGEVA [32,37]. Moreover, at the thermogram of the
50BCP-DGEVA/DDM system, the melting of the crystalline phase of the PEO block is
detected and, in contrast to that of neat BCP, the melting happens in two steps, indicating
the presence of different types of crystals. This phenomenon will be further discussed in
the morphology section shown below.
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tems with highest amount of BCP, the exothermic peak almost disappeared at 80 and 100 

Figure 1. Dynamic DSC thermograms of (A) the neat components (DGEVA resin and PEO-PPO-PEO
triblock copolymer) and uncured DGEVA/DDM blend, and (B) uncured BCP-DGEVA/DDM blends
with different BCP contents from 10 to 50 wt%. Note: thermograms have been shifted along the
Y-axes for a better visualization.

The curing behavior of all BCP-DGEVA/DDM blends was analyzed by isothermal
thermograms at 80, 100 and 120 ◦C (Figure 2).
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Figure 2. Isothermal DSC thermograms of investigated BCP-DGEVA/DDM systems with BCP
content from 0 to 50 wt% at (A) 80, (B) 100, and (C) 120 ◦C. Note: thermograms have been shifted
along the Y-axes for a better visualization.

As can be observed, the reaction rate increased with the increasing of curing temper-
ature, while BCP addition delayed the exothermic peak of the isothermal thermograms
at all temperatures, due to the dilution effect of PEO-PPO-PEO [32,46]. For systems with
highest amount of BCP, the exothermic peak almost disappeared at 80 and 100 ◦C, as the
full conversion was not reached in the analyzed time scale at 80 and 100 ◦C. For these
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BCP-DGEVA/DDM systems, the curing process would be completed at the post-curing
stage. At 120 ◦C the curing reaction was completed for all investigated BCP-DGEVA/DDM
systems, and all composites were cured at 120 ◦C.

All BCP-DGEVA/DDM systems cured at 120 ◦C were studied by dynamic DSC
analysis (Figure 3). The neat DGEVA/DDM epoxy system showed a Tg at 115.1 ◦C.
With PEO-PPO-PEO triblock copolymer addition, the Tg of the epoxy matrix decreased
from 109.5 ◦C (10BCP-DGEVA/DDM system) to 91.6 ◦C (50BCP-DGEVA/DDM system),
confirming of the epoxy matrix the miscibility between DGEVA epoxy resin and PEO block
of PEO-PPO-PEO [26]. However, the sample with 30 wt% of BCP presented a lower Tg
value of for epoxy matrix than the sample with 50 wt% of BCP. Moreover, the 50BCP-
DGEVA/DDM system presented an additional Tg at −50.2 ◦C, which could be attributed
to the Tg of PEO block of PEO-PPO-PEO. Dynamic thermograms of BCP-DGEVA/DDM
systems with BCP content from 10 to 50 wt% also presented endothermic peaks, related
to the melting of PEO block of the BCP, which is represented by two peaks that tend to
become closer as the BCP content is increased, indicating different types of crystals.
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As has been pointed out by other authors [26,33], the Tg of a blend depends on the
weight fraction of the components. For this reason, it could be expected that the higher
the BCP content in the mixture, the lower the Tg of the system will be. However, in this
case, although the BCP amount is higher for the 50BCP-DGEVA/DDM system than for
the 30BCP-DGEVA/DDM one, the value of the Tg increases. This could indicate that part
of the PEO block phase separates from the DGEVA/DDM matrix, as found in previous
works of our group [26]. These melting peaks increased significantly in the case of the
50BCP-DGEVA/DDM system. The increase in melting peaks, together with the presence of
the Tg of PEO block of BCP and the higher Tg of epoxy matrix when compared with that
for the 30BCP-DGEVA/DDM system, could indicate that the phase separated BCP content
could be remarkably higher in this case than for the rest of the systems.

3.2. Thermogravimetric Analysis

Thermogravimetric analysis of PEO-PPO-PEO triblock copolymer and developed
BCP-DGEVA/DDM systems was also carried out (Figure 4). If the thermal degradation
curves of PEO-PPO-PEO and neat DGEVA/DDM are compared, for both samples the
main degradation step occurs between 350 and 425 ◦C. As a result, for BCP-DGEVA/DDM
systems the main degradation occurs in the same temperature range, showing that BCP
addition does not affect the thermal stability of the system. On the other side, formed char
amount (32 wt% for neat epoxy system) proportionally decreases with BCP content from
29 wt% for the 10BCP-DGEVA/DDM system to 14 wt% for the 50BCP-DGEVA/DDM one.
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3.3. Fourier-Transform Infrared Spectroscopy Analysis

Figure 5A shows FTIR spectra of DGEVA resin and the DGEVA/DDM system. If these
two spectra are compared, in the case of DGEVA/DDM system, a broad band centered
at 3370 cm−1 is detected, attributed to the alcohol groups formed after the reaction of the
epoxy groups of DGEVA and the amine groups of DDM [33]. In addition, the peak related
to the epoxide group (910 cm−1) disappears at the cured spectrum, proving the curing of
the epoxy resin [33,55].
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Regarding the effect of PEO-PPO-PEO triblock copolymer addition, Figure 5B shows
that by increasing BCP content, the intensity of the band related to alcohol groups (broad
band centered at 3370 cm−1, in DGEVA/DDM) decreases and shifts towards higher
wavenumbers (3387 and 3428 cm−1 for 15BCP-DGEVA/DDM and 50BCP-DGEVA/DDM,
respectively). This could be due to the hydrogen bonding interaction between the OH
groups formed in the cured resin and the PEO block of the triblock copolymer [33]. More-
over, in the spectra of systems with higher BCP content (30 and 50 wt%) the bands related
to the PEO-PPO-PEO block copolymer present higher intensity.

3.4. Atomic Force Microscopy

The morphologies of the BCP-DGEVA/DDM systems cured at 120 ◦C were investi-
gated by AFM. As can be observed in Figure 6, all investigated systems show microphase
separation at nanoscale. In the case of the samples with BCP content up to 30 wt%, it is
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remarkable the formation of small nanostructures. For the system with 10 wt% of block
copolymer (Figure 6A), a hexagonally packed cylinder morphology is formed, in which
the dark spherical domains with diameters ranging from 10 to 15 nm correspond to the
PPO block rich phase, while the continuous light phase corresponds to the PEO-epoxy rich
one [31]. As other authors have reported for DGEBA epoxy systems [26,37,46], it seems
that as a result of the interactions between the PEO block and epoxy resin, the PEO block
is miscible with DGEBA epoxy resin, while PPO remains immiscible. In the case of the
system based on DGEVA resin, a similar behavior is observed. As shown in Figure 6B,
an increase of 5 wt% in PEO-PPO-PEO triblock copolymer content seems not to affect the
morphology observed, as the 15BCP-DGEVA/DDM system presents the same morphology
than the 10BCP-DGEVA/DDM one. Moreover, for the 30BCP-DGEVA/DDM system, no
significant morphological changes are detected, observing a similar hexagonally packed
cylinder morphology (marked at the images) than for 10BCP-DGEVA/DDM and 15BCP-
DGEVA/DDM systems. On the contrary, when PEO-PPO-PEO concentration rises up to
50 wt%, the morphology changes drastically. In this case, large worm-like domains (PPO
block) are observed, surrounded by two different phases, one of them rich in PEO (lower
hardness) and the last phase rich in cured DGEVA [56]. This fact could be in agreement
with the dynamic DSC results for the 50BCP-DGEVA/DDM system shown in Figure 3, in
which an additional Tg attributed to the PEO block of PEO-PPO-PEO was detected.
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3.5. UV-Vis Spectroscopy

UV-vis transmittance results of the BCP-DGEVA/DDM systems with different PEO-
PPO-PEO contents are shown in Figure 7. The transmittance of the DGEVA/DDM system
decreases with the addition of triblock copolymer. The DGEVA/DDM system presents a
transmittance value of 77% at 650 nm, while values of 75, 74 and 73% are measured for
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systems with 10, 15 and 30% of BCP, respectively. When the triblock copolymer content
increases to 50 wt%, the transmittance value at 650 nm is reduced to 19%. The presence
of PEO crystals observed by DSC for this system (increase in the melting temperature for
PEO block) could explain the drastic reduction in the transmittance.
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Figure 7. UV-vis transmittance results of BCP-DGEVA/DDM systems with BCP content from 0 to
50 wt% cured at 120 ◦C.

The digital images of samples shown in Figure 8 corroborate the results obtained
by UV-vis transmittance. The systems with PEO-PPO-PEO concentrations up to 30 wt%
allow light transmittance, while the 50BCP-DGEVA/DDM system presents much lower
transmittance and the image behind cannot be clearly seen.
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4. Conclusions

The following conclusions can be extracted from this preliminary work on the nanos-
tructuring of bio-based epoxy matrix by PEO-PPO-PEO block copolymer.

This research work demonstrates that the biobased DGEVA epoxy resin is an adequate
resin to be nanostructured with PEO-PPO-PEO triblock copolymer. The curing temperature
was set at 120 ◦C, as at lower temperatures systems with higher BCP content did not
reach full conversion, as BCP addition delayed the cure reaction by dilution effect. The
investigated systems showed, up to 30 wt% of triblock copolymer, a hexagonally packed
cylinder morphology, with spherical domains ranging from 10 to 15 nm. In the 50BCP-
DGEVA/DDM system, a change in the morphology was detected, forming a more complex
morphology with phase separation of PEO-PPO-PEO triblock copolymer. These results
are in agreement with presented DSC thermograms, in which an additional Tg related to
PEO crystals was detected, and also with the transmittance data obtained by UV-vis, as the
most significant decrease in transmittance was not detected up to a BCP content of 50 wt%,
probably due to the presence of PEO crystals.
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Abstract: We report the synthesis of three (3) linear triblock terpolymers, two (2) of the ABC type and
one (1) of the BAC type, where A, B and C correspond to three chemically incompatible blocks such
as polystyrene (PS), poly(butadiene) of exclusively (~100% vinyl-type) -1,2 microstructure (PB1,2) and
poly(dimethylsiloxane) (PDMS) respectively. Living anionic polymerization enabled the synthesis
of narrowly dispersed terpolymers with low average molecular weights and different composition
ratios, as verified by multiple molecular characterization techniques. To evaluate their self-assembly
behavior, transmission electron microscopy and small-angle X-ray scattering experiments were con-
ducted, indicating the effect of asymmetric compositions and interactions as well as inversed segment
sequence on the adopted morphologies. Furthermore, post-polymerization chemical modification
reactions such as hydroboration and oxidation were carried out on the extremely low molecular
weight PB1,2 in all three terpolymer samples. To justify the successful incorporation of –OH groups
in the polydiene segments and the preparation of polymeric brushes, various molecular, thermal, and
surface analysis measurements were carried out. The synthesis and chemical modification reactions
on such triblock terpolymers are performed for the first time to the best of our knowledge and
constitute a promising route to design polymers for nanotechnology applications.

Keywords: low molecular weight triblock terpolymers; hydroboration/oxidation reactions; modifi-
cation of PB1,2; high χ terpolymers; self-assembly; asymmetric interactions; double gyroid; polymer
brushes; wettability

1. Introduction

The ability of polymers to self-assemble in bulk or thin films using solvents with
different selectivity enables the formation of various well-defined morphologies at the
nanoscale. This fundamental characteristic is of major importance, leading to their possible
utilization in nano-lithographic applications as reported in the literature [1–3].

Triblock terpolymers adopt various ordered three-phase morphologies not evident in
linear diblock and triblock copolymers as expected due to the lack of the third segment.
It is documented that the morphologies in ABC systems are significantly affected by the
block sequence (ABC vs. BCA vs. CAB), the volume fraction ratios, and the three different
values of the Flory–Huggins interaction parameters (χAB, χBC, χBA) [4–6]. Unique pattern
geometries are adopted after solution and/or spin casting methods, including nanoscale
rings that provide electronic [7–10], optical [11–14], and magnetic [15,16] properties that
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are highly desirable for several applications. Despite this, due to the dissimilar properties
of the adjacent segments, such as solubility and interfacial or surface energy, only limited
research has been conducted in this field.

To tune the self-assembly and surface properties, the scientific community has shifted
its interest towards polymer brushes [17–27], which are comprised of a polymeric backbone
with attached active sites that may provide the desired surface properties [18]. A route to
obtaining specific surface properties is to combine different segments bearing functional
groups and then perform post-polymerization modification reactions. The modified seg-
ment plays the polymer brush role. Note that polydienes constitute a class of materials that
can be easily modified, as already reported in the literature [28–30].

ABC and BAC terpolymers consisting of polystyrene or PS (A), polybutadiene of exclu-
sively (~100%) -1,2 microstructure or PB1,2 poly(dimethylsiloxane) or PDMS (C) showcase
promising potential for pattern fabrication. PS and PDMS are highly immiscible blocks,
leading to a high χ parameter and, therefore, extremely low dimensions. Their utilization
in film formation for different applications has been thoroughly elaborated [31–36], but
the dissimilar surface energies between the vinyl and siloxane segments favor the parallel
orientation. To overcome this limitation, several strategies have been employed, such as
the use of homopolymer brushes (hydroxyl-terminated PS and/or PDMS), pre-patterned
surfaces, solvent annealing, etc. [1,37–41].

New properties are emerging by incorporating an additional low molecular weight
segment, namely poly(butadiene). The role of poly(butadiene) of exclusively (~100%
vinyl-type) -1,2 microstructure is dual:

(a). Due to the complexity of the system, very low domain periodicities for the PB domains
can be formed without miscibility constraints.

(b). Poly(butadiene) can be chemically modified leading to the addition of the -OH func-
tional group in each PB monomeric unit, making the modified PB a sacrificial segment
during the film formation, a fact that renders the use of homopolymer brushes unnec-
essary.

To the best of our knowledge, the synthesis of such terpolymers, their chemical
modification, and their self-assembly properties are novel discoveries that have not yet
been published in the literature.

Taking into consideration the previous study conducted by Avgeropoulos’ group [41]
where, among others, the bulk properties of PS-b-PB1,4-b-PDMS or PB1,4-b-PS-b-PDMS
were reported, it is straightforward that low molecular weight triblock terpolymers are not
frequently encountered in the relative literature and the importance of high χ/low N (N:
degree of polymerization) terpolymers in microelectronics could be proven most vital.

Herein, we report the synthesis, characterization, and post-polymerization chemical
modification reactions of PS-b-PB-b-PDMS and PB-b-PS-b-PDMS terpolymers where the
PB is exclusively (~100% vinyl-type) -1,2 microstructure. In total, three (3) samples were
synthesized (two of the PS-b-PB1,2-b-PDMS sequence and one of the PB1,2-b-PS-b-PDMS)
using anionic polymerization and sequential addition of the three monomers. Note that
only through anionic polymerization can such terpolymers with specific molecular charac-
teristics be synthesized. Based on the sub-10 nm requirements, the total average molecular
weight values (Mn) for the terpolymers were chosen to be in the range of 9 kg/mol to
18 kg/mol, while the Mn of the PB1,2 did not exceed 4 kg/mol in any case.

The molecular characterization of the synthesized samples was accomplished via size
exclusion chromatography (SEC), vapor pressure osmometry (VPO), and proton nuclear
magnetic resonance spectroscopy (1H-NMR), indicating the synthesis of well-defined,
narrowly dispersed terpolymers. In addition, differential scanning calorimetry (DSC)
experiments were carried out to determine the characteristic thermal properties of the
involved segments. The morphological characterization of all unmodified samples in
bulk was performed with transmission electron microscopy (TEM) and small angle X-ray
scattering (SAXS), revealing the formation of well-developed structures with dimensions
as low as 16 nm in certain cases.
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Also, the post-polymerization chemical modification reactions of the PB1,2 block are
reported, and additional characterization in bulk and solution was employed to evaluate the
incorporation of –OH groups in all polydiene vinyl-type monomeric units. The successful
chemical modification was verified through thermal analysis (thermogravimetric analysis,
or TGA and DSC), infrared spectroscopy, 1H-NMR, and contact angle measurements—
before and after post-treatment for comparison reasons.

2. Materials and Methods
2.1. Materials

The purification procedures of the involved reagents, including solvents [benzene
(99%), tetrahydrofuran (99%)], monomers [styrene (99%), hexamethylcyclotrisiloxane (D3)
(98%), 1,3-butadiene (99%)], termination agent [methanol (98%)], 1,2-dipiperidinoethane
[dipip (98%)], and initiator [secondary-BuLi (sec-Buli, 1.4 M in cyclohexane)] are documented
elsewhere [29,41]. 9-borabicyclo[3.3.1]nonane or 9-BBN (0.5 M in tetrahydrofuran), hydro-
gen peroxide (H2O2) and sodium hydroxide (NaOH) were used as received. All reagents
were supplied by Sigma-Aldrich (Sigma-Aldrich Co., St. Louis, MO, USA).

2.1.1. Synthesis of PS-b-PB1,2-b-PDMS

Styrene (3.5 g, 33.6 mmoles) reacted with sec-BuLi (1.0 mmole) in the presence of ben-
zene for 18 h at room temperature. A small quantity was retracted from the reactor to specify
the molecular characteristics of the first segment. Subsequently, 1,2-dipiperidinoethane
(3.0 mmoles) was introduced to increase the polarity of the solution prior to the addition
of the 1,3-butadiene (1.5 g, 27.7 mmoles). The use of the polar compound results in only
(~100%) 1,2-microstructure. The reaction was left to proceed at 4 ◦C for 22 h, and a second
aliquot was retrieved to determine the molecular characteristics of the diblock precursor.
Then, hexamethylcyclotrisiloxane (D3, 4g, 54.0 mmoles) was introduced and allowed to
react for 18 h at ambient conditions. After the ring opening of the cyclic monomer was
achieved, tetrahydrofuran was added to the solution, and the reaction proceeded for 4 h at
room temperature and then was placed at −20 ◦C for seven days under continuous stirring.
The final triblock terpolymer was precipitated in a non-solvent (methanol) and vacuum-
dried. The described quantities correspond to sample 1 (see Table 1). Alternations on the
quantity of monomers and initiator led to the preparation of sample 2. The schematics
concerning the chemical reactions are given in Scheme 1a.

Table 1. Molecular characteristics of the synthesized linear triblock terpolymers as received from
SEC, VPO, and 1H-NMR characterization techniques.

Sample A-b-B-b-C MA
n

(a)

(g/mol)
MB

n
(a)

(g/mol)
MC

n
(a)

(g/mol)
Mtot

n
(a)

(g/mol) ÐSEC (b) f A
(c) f B

(c) f C
(c) 1,2-Microstructure (c)

(%)

1 PS-b-PB1,2-b-PDMS 4.000 4.000 10.000 18.000 1.06 0.22 0.22 0.56 100
2 PS-b-PB1,2-b-PDMS 4.000 1.500 4.700 10.200 1.04 0.39 0.15 0.46 100
3 PB1,2-b-PS-b-PDMS 1.400 4.100 3.400 8.900 1.07 0.16 0.46 0.38 100

a VPO in toluene at 45 ◦C. b Dispersity (Ð) calculated from SEC in THF at 35 ◦C. c Mass fractions for the three
blocks and 1,2-microstructure percentages for the PB segments calculated from 1H-NMR in CDCl3 at 25 ◦C.

2.1.2. Synthesis of PB1,2-b-PS-b-PDMS

To synthesize the specific sequence, a slightly different synthetic route was employed
from the one previously described. A few oligomeric units of styrene and sec-BuLi
(0.14 mmoles) were introduced at ambient conditions to the reactor with benzene, enabling
the formation of a nucleophile macroinitiator. Then, 1,2-dipiperidinoethane (0.30 mmoles)
was added to promote the addition exclusively between the first and second carbon atoms
of the 1,3-butadiene (2 g, 37.0 mmoles). The monomer was distilled in the apparatus, and
the solution was placed at 4 ◦C for 22 h until complete consumption of the 1,3-butadiene.
A small quantity of polar solvent (THF, ~1 mL) was introduced to change the reaction
kinetics. Following that, styrene (3.5 g, 33.6 mmoles) was added and allowed to react at
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room temperature for 18 h until complete conversion, as already stated. The third monomer
(D3, 4.5 g, 60.0 mmoles) was introduced into the solution in a process similar to the one pre-
viously described. In each synthetic step, small aliquots were taken to study the molecular
characteristics. The synthetic routes employed for the preparation of the specific triblock
terpolymers are presented in Scheme 1b.

2.1.3. Chemical Modification Reactions of PB1,2

To obtain –OH functional end groups, the poly(butadiene) of exclusively (~100%) -1,2
microstructure is submitted to post-polymerization chemical modification reactions, namely
hydroboration and oxidation. In this process, each vinyl bond (-CH=CH2 per monomeric
unit) is converted to -CH2-CH2-OH, leading to the desired -OH group in all monomeric
units of the PB blocks. To perform the hydroboration reaction 0.15 g (3.3 mmol, 6.6 mL)
of 9-BBN were introduced into 1 g of PS-b-PB1,2-b-PDMS (sample 1, corresponding to
2.7 mmoles of the PB1,2 segment) which was dissolved in tetrahydrofuran (0.2 w/v%) under
nitrogen atmosphere at −15 ◦C. The solution was left to warm up to ambient conditions
and was stirred for 24 h to ensure the completion of the hydroboration process. Notably,
the 9-BBN is used in ~20% excess compared to the mol of the PB1,2 block. Following this,
the solution was placed at −25 ◦C, and 1 mL of properly degassed methanol was added
to deactivate all the excess of the borane reagent. After 30 min, NaOH (3.1 mmoles 6 N,
10% excess compared to the borane moles) was introduced to prevent the development
of crosslinked networks due to borane by-products. Following, the oxidizing agent H2O2
(6.2 mmoles 30% w/v solution, 50% excess compared to the NaOH moles) was added, and
the solution was stirred at −25 ◦C for 2 h before being placed at 55 ◦C for 1 h, where the
separation of the desired organic and aqueous phases occurred. The organic phase was
poured into a 0.25 M NaOH solution, and subsequently, the polymer was dissolved in
THF/MeOH and washed with 0.25 M NaOH twice using a Buhner funnel [28,29]. Finally,
the polymer was thoroughly washed with copious amounts of distilled water and placed in
a vacuum oven to remove any volatile compounds. Coherent procedures were employed
in all terpolymers. The chemical modification reactions for sample PB1,2-b-PS-b-PDMS or
sample 3 are provided in Scheme 1c. Similar reactions are followed for the other sequence
of PS-b-PB1,2-b-PDMS samples.

2.2. Methods

The instrumentations with which molecular characterization experiments were per-
formed, including SEC, VPO, 1H-NMR, and FT-IR, have already reported in our previous
works [30,41].

The thermal characterizations through DSC were carried out in an N2 atmosphere
using aluminum pans (Tzero®, TA Instruments Ltd., Leatherhead, UK) in a TA Instruments
Q20 DSC (TA Instruments Ltd., Leatherhead, UK) with a heating/cooling rate of 10 K/min.
Thermogravimetric analysis was conducted in a Perkin Elmer Pyris-Diamond instrument
(PerkinElmer, Inc., Waltham, MA, USA). The samples (~10 mg) were heated from 40 ◦C to
600 ◦C with a heating rate of 5 ◦C/min under a nitrogen atmosphere.

The wetting properties were studied in a contact angle (OCA 25, DataPhysics Instru-
ments GmbH, Filderstadt, Germany) instrument. The samples were dissolved in different
solvents (toluene for the pristine materials and a cosolvent mixture of THF/MeOH in a ratio
of approximately 2:1 for the modified ones), preparing 1 wt% solution concentrations, and
were then spin coated onto silicon wafers at ambient conditions under specific conditions
(3750 rpm for 30 s), leading to films with ~40–50 nm thickness. Silicon wafers were first
treated with piranha solution (sulfuric acid/hydrogen peroxide: 3/1), leading to purified
substrates. In the measurements, 4 µL droplets of DI water were deposited at a rate equal to
0.5 µL/s. Three different measurements in three regions of the same wafer were conducted,
and the average value was calculated and presented in the relative results. The deviation
in all cases did not exceed ±2◦, indicating the consistency of the results due to the uniform
film deposition.
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Scheme 1. Synthetic routes corresponding to: (a) the synthesis of triblock terpolymers of the PS-b-
PB1,2-b-PDMS type through anionic polymerization; (b) the synthesis of PB1,2-b-PS-b-PDMS triblock
terpolymers through anionic polymerization; and (c) post-polymerization chemical modification
reactions, including hydroboration and oxidation of the PS-b-PB1,2-b-PDMS terpolymers. Note that
similar chemical modification reactions are performed in the case of PB1,2-b-PS-b-PDMS.

The specifics regarding TEM and SAXS measurements are provided elsewhere [42].
The triblock terpolymers were cast from a dilute solution in toluene (5 wt%), and the solvent
evaporation was completed in approximately 7 days. Thin sections of the as-cast thin films
(ca. 40 nm thick) were obtained in a Leica EM UC7 ultramicrotome [Leica EM UC7 from
Leica Microsystems (Wetzlar, Germany)], and subsequently, the sections were picked up on
600-mesh copper grids. The grids were then placed in vapors of a 2% OsO4–water solution
(Science Services, Munich, Germany)] for selective staining of the poly(butadiene) segment
in order to increase the electron density through crosslinking and to improve the image
contrast between PB, PS and PDMS segments.

3. Results and Discussion

Anionic polymerization enabled the synthesis of novel triblock terpolymers of the PS-b-
PB1,2-b-PDMS and PB1,2-b-PS-b-PDMS sequences. All samples exhibited narrow dispersity
indices, justifying the high standards of the living polymerization. The SEC chromatographs
are presented in the Supporting Information (Figure S1a–c) and verify the absence of
any by-product during the synthetic procedure of all 3 samples. For clarity reasons, the
chromatographs of the PS or PB1,2 and intermediate diblock precursors are also given.
The molecular characteristics of all blocks for the 3 triblock terpolymer samples were
determined through VPO, and the results are summarized in Table 1.
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Through the characteristic chemical shifts evident from the 1H-NMR spectra, the mass
fractions of the three different segments were calculated and are also given in Table 1.
The relative spectra are presented in the Supporting Information (Figure S2a–c). It is
important to mention that the existence of exclusively -1,2 microstructure was verified
through 1H-NMR, as indicated by the absence of any proton chemical shifts at 5.30 ppm.
The complete absence of the two olefinic protons strongly suggests the successful synthesis
of pure vinyl elastomers due to the use of 1,2-dipiperidinoethane, which is well elaborated
in the literature [29]. From the molecular characterizations, it is therefore concluded that the
samples showcase high molecular and compositional homogeneity, a fact that contributes
to the formation of well-defined structures during morphological observations.

A DSC analysis was carried out to study the thermal behavior of the terpolymers.
The thermographs are shown in the Supporting Information (Figure S3a–c). Two separate
glass transition temperatures (Tgs) of approximately −121 ◦C and 65 ◦C were recorded,
corresponding exclusively to PDMS and PS blocks, respectively. The Mn values of the
PB1,2 in almost all cases were lower than or very close (sample 1) to the entanglement
molecular weight (Me ~3.8 kg/mol) [43], justifying the absence of any glass transition for
the PB segments. For the semicrystalline PDMS block, additional transitions were observed
at approximately −40 ◦C and −70 ◦C, indicating the melting and crystallization of the
siloxane crystals, respectively, due to the increased molecular weight of the specific segment
(sample 1) compared to the remaining terpolymers. The lower than expected value for the
Tg of the PS block is extensively analyzed in the literature [41,42].

3.1. Structure/Properties Relationship

The as-cast OsO4 stained samples for approximately 30 min [44] were morphologically
characterized through TEM. The unstained samples due to the similar electron densities
between the PS and PB1,2 formed two-phase morphologies as expected [41]. Comple-
mentary experiments were conducted with SAXS to justify and verify the formation of
well-developed structures. It is the very first time in the literature that the self-assembly be-
havior of such low molecular weight terpolymers with exclusively 100% -1,2-microstucture
PB segments is studied.

The interaction parameters between the different components have been theoretically
calculated at room temperature and are presented in Table 2. A thorough analysis con-
cerning the estimation of the χ values based on fundamental equations from literature are
provided in our previous works [30,41]. The values are critical for the interpretation of the
results obtained from the morphological characterization techniques since the dissimilar
driving forces promote a different self-assembly behavior for the synthesized terpolymers.

Table 2. Theoretical values of Flory-Huggins interaction parameters for PS/PDMS, PS/PB1,2, and
PB1,2/PDMS.

χ PS PB1,2 PDMS

PS - 0.130 0.479
PB1,2 0.130 - 0.074

3.2. Sample 1 (Sample Number as Indicated in Table 1)

In this triblock terpolymer similar Mn values for PS as well as PB1,2 and increased
molecular weight of the PDMS block were chosen. This strategy was followed to clarify the
effect of the larger elastomeric end block on the overall morphology. The desired compo-
sition ratio for the individual segments was approximately 2/2/5, as evident in Table 1.
Given that, the predicted morphology should include a PDMS matrix with the olefinic
minority blocks forming a complex network. Although enthalpy-driven interactions would
prevail over the entropy factors due to the major difference in molecular characteristics.
The morphology obtained for this sample was three-phase four-layer lamellae, despite the
non-symmetric composition ratio between the three blocks. As evident in the TEM image
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(Figure 1a) the white regions correspond to the PS, the black sheets to the PB1,2 and the gray
areas to the PDMS segments. The dark color of the PB1,2 is attributed to the OsO4 staining.
One could easily observe the molecular weight influence on the sheet thickness. Specifically,
the dimensional approximation for the first three lamellar sheets (black/white/black) is
attributed to the identical molecular weights between the two olefinic segments. The
enhanced thickness of grey areas is induced by the almost doubled molecular weight of
the PDMS block. The PDMS blocks due to the high incompatibility with the PS segments
probably dictate the stretching of the PB1,2 blocks. The SAXS results further support the
existence of lamellar morphology. The characteristic peak ratio of 1:2:3:4 is evident in
Figure 1b, and through the first permitted reflection, the domain spacing was found to be
equal to 23 nm (supporting the calculation from the TEM image of 21 nm).

Figure 1. (a) Bright field TEM image of the PS-b-PB1,2-b-PDMS or sample 1, after staining with vapors
of OsO4 for approximately 30 min. The white areas correspond to the PS, the grey to the PDMS, and
the black areas to the PB1,2, and (b) the relative 1-D SAXS pattern with the characteristic reflection
peaks (1:2:3:4) corresponding to lamellar morphology verifying the TEM image.

3.3. Sample 2 (Sample Number as Indicated in Table 1)

Taking into consideration the mass fraction ratio presented in Table 1, the specific
sample shows a composition ratio equal to 4/1/5 between the three blocks. The sample
adopted the three-phase four-layer lamellae morphology even though the composition ratio
between the components deviates significantly from the 1/1/1 that favors the formation
of lamellar sheets (as already reported for Sample 1 as well). This behavior has also been
observed in our previous work [41] for the PS-b-PB1,4-b-PDMS sequence with approximate
molecular characteristics and composition ratio. Even though the molecular weight of the
blocks is quite low, especially for the intermediate elastomeric block, the system formed
the structure that requires the lowest free energy. In Figure 2a, the TEM image of sample 2
is illustrated, where the black sheets correspond to the PB1,2 due to the enhanced electron
density induced after staining, the white to the PS, and the grey to the PDMS. One would
expect a different morphology to be derived from the asymmetric compositions, but
the asymmetric interactions (χPS/PB 6=χPB/PDMS 6=χPS/PDMS) have a dominant role in the
formation of a less frustrated structure [45,46]. The SAXS profile corroborated the results
obtained from real-space imaging (Figure 2b). Specifically, a peak ratio of 1:2:3, which is
in accordance with the lamellar morphology, was observed. Through the first permitted
reflection, the domain spacing was calculated to be 16 nm, which is in good proximity with
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the one calculated through TEM (~14 nm). The fact that the triblock terpolymer was able
to self-assemble in a three-phase structure despite the low molecular characteristics of the
individual blocks is of paramount importance. It is also obvious that designing high χ
terpolymers results in different structures due to the three possible pairs of interactions.

Figure 2. (a) Bright field TEM image of the PS-b-PB1,2-b-PDMS or sample 2, after staining with vapors
of OsO4 for approximately 30 min. The white areas correspond to the PS, the grey to the PDMS, and
the black areas to the PB1,2, and (b) the relative 1-D SAXS pattern with the characteristic reflection
peaks (1:2:3) corresponding to lamellar morphology verifying the TEM image.

3.4. Sample 3 (Sample Number as Indicated in Table 1)

It is well established that the ability to manipulate the block sequences in triblock
terpolymers provides different nanostructures [45,46]. This extremely low molecular
weight terpolymer (sample 3) showcases a composition ratio of 1/5/4, and in contrast
to sample 2, the block sequence of the two segments is inversed. One might expect the
formation of either three-phase, four-layer lamellae similar to the previous case or the
partial mixing of PB1,2/PS due to the low Mn values that would eventually lead to a two-
phase morphology due to the strong immiscibility between PB1,2/PS and PDMS. Strikingly,
real-space imaging and scattering results revealed the formation of a network phase where
the PS corresponds to the matrix and PB1,2 and PDMS constitute the two independent
networks (Figure 3a). We speculate that this self-assembly behavior can be explained
in terms of asymmetric interactions based on the following relationship: χPS/PDMS >>
χPS/PB > χPB/PDMS. Specifically, the most favorable interactions are between the outer
segments, meaning PB1,2 and PDMS. The favorable enthalpic interactions in combination
with the inversed sequence (compared to sample 2) induced packing frustration that
allowed the formation of the cubic network phase. The results were supported by the
SAXS pattern, as can be clearly identified in Figure 3b. The reflections at the relative q
values of

√
6:
√

8:
√

14:
√

16:
√

18:
√

24 are in good agreement with the Ia 3 d space group
corresponding to the double-gyroid phase. The appearance of an additional peak at the
low q region, meaning

√
2, as can be observed in the relative SAXS pattern, is attributed

to the distortion or deformation of the lattice [47]. The domain periodicity was calculated
using the first permitted peak, which is equal to 18 nm.
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Figure 3. (a) Bright field TEM image of the PB1,2-b-PS-b-PDMS or sample 3, after staining with vapors
of OsO4 for approximately 30 min. The white areas correspond to the PS, the grey to the PDMS,
and the black areas to the PB1,2, and (b) the 1-D SAXS pattern with the characteristic reflections
at the relative q values of
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24 corresponding to double gyroid morphology-
verifying the TEM image.

3.5. Chemical Modification Reactions

As evident from Table 1, the total average molecular weight of PB1,2 was kept extremely
low in all terpolymers to facilitate the physical adsorption of a very thin layer on the surface
of the preferred solid substrate after the chemical modification increased its binding capacity.
It would therefore be used as a polymeric brush on a corresponding surface. The chemical
modification reactions were exclusively performed on the PB1,2 segment of each triblock
terpolymer. Note that the molecular characteristics of the PS and PDMS blocks remained
unchanged while the introduction of the –OH group after the modification reactions
(-CH2-CH2-OH instead of -CH=CH2 per monomeric unit) induced an alternation on the
mass fraction ratios. This alternation on the molecular characteristics is attributed to the
enhanced molecular weight of the modified polybutadiene monomeric unit for the different
terpolymers. The results concerning the molecular characteristics of the modified samples
are summarized in Table 3.

Table 3. Molecular characteristics of the modified triblock terpolymers.

Modified
Sample A-b-B-b-C MA

n
(g/mol)

MB
n

(g/mol)
MC

n
(g/mol)

Mtot
n

(g/mol)
f A f B f C

1 PS-b-PB1,2-b-PDMS
(modified) 4.000 5.300 10.000 19.300 0.21 0.27 0.52

2 PS-b-PB1,2-b-PDMS
(modified) 4.000 1.900 4.700 10.600 0.38 0.18 0.44

3 PB1,2-b-PS-b-PDMS
(modified) 1.900 4.100 3.400 9.400 0.20 0.44 0.36
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Various techniques were employed to justify the successful chemical modification
reactions, such as 1H-NMR (Figure S4, Supporting Information), infrared spectroscopy
(Figure S5, Supporting Information), TGA (Figure S6, Supporting Information), and contact
angle for modified sample 1 (sample number as indicated in Table 3). All modified samples
demonstrated a similar behavior after being characterized with the different methods. The
comparative results, together with the appropriate interpretation concerning modified sam-
ple 1 (sample number as indicated in Table 3) before and after the chemical modifications,
are provided for better clarity.

The molecular characterization through 1H-NMR constitutes a reliable tool for the
verification of the successful modification through the analysis of the characteristic chemical
shifts. It is clear that the original chemical shifts at 5.6 ppm for the PB segment in the pristine
terpolymers have been eliminated after the chemical modification, and a new characteristic
shift at 2.1 ppm is evident, corresponding to the proton of the –OH group (Figure S4,
Supporting Information). IR experiments further supported the 1H-NMR results due to the
appearance of characteristic peaks at 3000–3500 cm−1 that are attributed to the existence
of –OH groups. The IR spectra (Figure S5, Supporting Information) presented for both
unmodified and modified samples are transmittance versus wave number (cm−1), and
one can clearly observe the differentiation between the two spectra where the different
vibrations are illustrated for better understanding.

DSC experiments were also carried out to study the thermal behavior of the ter-
polymers after the chemical modification reactions. As already discussed, in the pris-
tine materials, in which the molecular characteristics for the PB1,2 were significant low
(Mn < 4.0 kg/mol), the glass transition temperature was absent. As a result, no alternation
on the thermographs was observed, even though the physical properties of the terpoly-
mers due to the introduction of the –OH groups are expected to differ. Additionally, TGA
experiments revealed a significant weight loss at approximately 100 ◦C, attributed to the
water molecules in the modified sample (Figure S6, Supporting Information).

To find out whether the hydrophobicity of the modified samples is altered compared
to the initial terpolymers, we have measured the surface water contact angle of the films,
and the results concerning sample 1 before and after the modification are shown in Figure 4,
and all data are summarized in Table 4. The results clearly indicate that the contact angle
decreases (from approximately 103◦ to 85◦) after the samples are chemically modified
in all cases, a fact that is attributed to the more hydrophilic nature of the final modified
terpolymer due to the incorporation of –OH groups (Figure 4).

Figure 4. Images of water contact angles corresponding to the PS-b-PB1,2-b-PDMS terpolymer (sample
1). The left image corresponds to the unmodified, pristine terpolymer, and the right image to the
finally modified case.
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Table 4. Water contact angle before and after chemical modification reactions for all different terpoly-
mers.

Sample A-b-B-b-C

Contact Angle
(Degree)

Unmodified
(±2◦)

Contact Angle
(Degree)
Modified

(±2◦)

1 PS-b-PB1,2-b-PDMS 102.7 85.0
2 PS-b-PB1,2-b-PDMS 103.2 83.1
3 PB1,2-b-PS-b-PDMS 101.3 88.2

4. Conclusions

Well-defined triblock terpolymers of the ABC and BAC types consisting of polystyrene
(A), poly(butadiene) of exclusively (~100%) -1,2 microstructure (B) and poly(dimethylsiloxane)
(C) were synthesized with anionic polymerization. The total average molecular weights
were kept low to achieve as small dimensions as possible by adopting different microstruc-
tures due to the diverse composition ratios. The self-assembly behavior indicated the
impact of asymmetric compositions, different interactions between the adjacent blocks, and
segment sequence on the formed structures. Post-polymerization chemical modification
reactions such as hydroboration and oxidation were conducted on the PB1,2 segments in all
different terpolymers. Different molecular, thermal, and surface analysis measurements
were performed to verify the successful incorporation of –OH groups in all monomeric
units in the polydiene segments and therefore the preparation of polymeric brushes. The
results are considered highly promising for nanotechnology applications since the necessity
of homopolymer brushes during the film preparation is eliminated due to the physical
absorption of the modified polydiene on the substrates.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym15040848/s1. Figure S1: SEC chromatographs corresponding
to: (a) PS homopolymer precursor (blue), PS-b-PB1,2 intermediate diblock precursor (red) and final
triblock terpolymer of the PS-b-PB1,2-b-PDMS type or sample 1 (black), (b) PS homopolymer precursor
(blue), PS-b-PB1,2 intermediate diblock precursor (red) and final triblock terpolymer of the PS-b-
PB1,2-b-PDMS type or sample 2 (black) and (c) (a) PB1,2 homopolymer precursor (blue), PB1,2-b-PS
intermediate diblock precursor (red) and final triblock terpolymer of the PB1,2-b-PS-b-PDMS type or
sample 3 (black); Figure S2: 1H-NMR spectra corresponding to: (a) PS-b-PB1,2-b-PDMS type or sample
1, (b) PS-b-PB1,2-b-PDMS type or sample 2 and (c) PB1,2-b-PS-b-PDMS type or sample 3 indicating the
chemical shifts attributed to the characteristic protons of the three different monomeric units of PS,
PB and PDMS respectively; Figure S3: DSC thermographs corresponding to: (a) PS-b-PB1,2-b-PDMS
type or sample 1, (b) PS-b-PB1,2-b-PDMS type or sample 2, and (c) PB1,2-b-PS-b-PDMS type or sample
3; Figure S4: 1H-NMR spectra of the PS-b-PB1,2-b-PDMS triblock terpolymer (sample 1) before (up)
and after (down) chemical modification reactions; Figure S5: FT-IR spectra of the PS-b-PB1,2-b-PDMS
triblock terpolymer (sample 1) before (black spectrum) and after (red spectrum) chemical modification
reactions; Figure S6: TGA thermograms of the PS-b-PB1,2-b-PDMS triblock terpolymer (sample 1)
before (black spectrum) and after (red spectrum) chemical modification reactions.
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Abstract: 3D printing is a manufacturing technique in constant evolution. Day by day, new materials
and methods are discovered, making 3D printing continually develop. 3D printers are also evolving,
giving us objects with better resolution, faster, and in mass production. One of the areas in 3D
printing that has excellent potential is 4D printing. It is a technique involving materials that can
react to an environmental stimulus (pH, heat, magnetism, humidity, electricity, and light), causing an
alteration in their physical or chemical state and performing another function. Lately, 3D/4D printing
has been increasingly used for fabricating materials aiming at drug delivery, scaffolds, bioinks, tissue
engineering (soft and hard), synthetic organs, and even printed cells. The majority of the materials
used in 3D printing are polymeric. These materials can be of natural origin or synthetic ones of
different architectures and combinations. The use of block copolymers can combine the exemplary
properties of both blocks to have better mechanics, processability, biocompatibility, and possible
stimulus behavior via tunable structures. This review has gathered fundamental aspects of 3D/4D
printing for biomaterials, and it shows the advances and applications of block copolymers in the field
of biomaterials over the last years.

Keywords: block copolymers; 3D printing; 4D printing; biomaterials; scaffolds; tissue engineering

1. Introduction

Scientific progress is changing rapidly from day to day, leading to new advances in
many different aspects of research. Many areas of investigation are transforming, making
the advances important every day. More and more new techniques and advances are
imposed in scale-up on an industrial scale. An important method in the manufacturing of
materials is considered 3D printing [1]. It is an area of investigation constantly evolving
and moving towards, in terms of improving the existing pieces of equipment, using new
materials, and preparing objects that are more complex. This evolution in the research in
materials used in this technique creates the need to develop novel materials that can be
printable and have properties for specific needs and areas.

3D was introduced as a manufacturing technique in the 80s and immediately gained
attention. Now it is becoming one of the leading methods of fabrication, especially for
hierarchically complex architectures, which are not always achievable by conventional
manufacturing technologies [1]. This technique has proven to be versatile, and this is
mainly because of its operational simplicity. 3D printing can be used in many different
areas, such as electronics, education, robotics, sensing, the pharmaceutical industry, design,
aerospace, automation, and biomedical engineering [1].

Nowadays, 3D printing production can use different materials, such as metals, ce-
ramics, and polymers without the need for molds or machining typical for conventional
formative and subtractive fabrication [2]. The cost of a 3D printer can be less than $500,
enabling desktop fabrication of 3D objects even at home [2]. Since the 1980s, there has
been a considerable jump in scientific and technological impact in manufacturing [2]. 3D
printing is the primary reason for this. Apart from the scientific part, the economic impact
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is also tremendous since, with 3D printing, there was a change in product development
due to lower cost and acceleration in manufacturing. The overall market has significant
growth rates and surpassed the value of 5 billion USD in 2015 [2].

Nevertheless, interest in 3D printing has increased over the last 25 years, but bio-
printing is still young. It has constantly been developing over the last 10 years, as seen
from increased patents and publications. 3D printing has great potential to become the
major player in manufacturing complex materials for many applications in the following
years. This growth is accomplished by constantly researching new materials with exciting
properties and use in wide applications [2–7].

This review aims to explore block copolymers’ major contribution to 3D printing
in recent years by focusing on bio-applications. It is well known that one of the major
materials that are currently in use for 3D printing are polymers. Most of the polymers
used in 3D printing in bioprinting are homopolymers. Block copolymers constantly evolve
through new synthetic approaches and introducing new blocks with stimulating properties.
This review aims to manifest the use of block copolymers as a leading evolving player
in 3D/4D printing. This review will try to explore the significant contribution of block
copolymers in bio-applications with specific advances.

2. Aspects on 3D and 4D Printing

3D printing is the additive fabrication process in which a material is joined or solidified
to form complex geometric structures controlled by a computer. The term was introduced by
Emanuel Sachs et al. [8] in 1989 with the invention of binder jetting 3D printing technology.
The truth is that the concept has existed since 1986 with the use of stereolithography [9].
3D printing can be categorized into two general categories in terms of preparation of the
structures. The first is considered the “bulk” method, and the second is the “extrusion”
method. Bulk methods are based on technologies that can print directly in an extensive
reservoir of raw material by selectively curing, sintering, or binding material in a layer-by-
layer fashion [9]. Extrusion methods are distinguished by the process of the material that
is selectively deposited on a print bed from a separate reservoir. These techniques can be
seen in Figure 1.
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Figure 1. Schematics of bulk and extrusion 3D printing methods. (a–e) Bulk methods: (a) top-down
laser stereolithography (SLA), (b) top-down digital projection lithography (DLP), (c) continuous
liquid interface production (CLIP), (d) powder bed fusion (PBF), and (e) binder jet. (f–k) Extrusion
methods: (f) fused deposition modeling (FDM), (g) direct ink writing (DIW), (h) sacrificial/embedded
printing, (i) electrospinning, (j) direct inkjet printing, and k) aerosol jet printing (AJP). Reprinted with
permission from [9].
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Bulk methods are considered Figure 1a top-down laser stereolithography (SLA),
Figure 1b top-down digital projection lithography (DLP), Figure 1c continuous liquid
interface production (CLIP), Figure 1d powder bed fusion (PBF), and Figure 1e binder jet.
On the other hand, extrusion methods are Figure 1f fused deposition modeling (FDM),
Figure 1g direct ink writing (DIW), Figure 1h sacrificial/embedded printing, Figure 1i
electrospinning, Figure 1j direct inkjet printing and Figure 1k aerosol jet printing (AJP).
Table 1 gathered information about each technique as long, including basic characteristics
of resolution and speed [9]. As can be seen from Table 1, numerous techniques are being
used depending on what needs exist for manufacturing different structures. The choice
of the method is based mainly on the type of material that is going to be used and the
limitations that it has in terms of processability. According to different techniques, the
printing speed and the structure’s final resolution can be affected.

3D printing is a technique where, in order to show optimized results, efficiency
and precision are essential. Specific parameters must be taken into consideration. These
parameters can be based on three main ones [10]:

1. Geometry related (nozzle size and filament size)
2. Process related (melting temperature, bed temperature, and printing speed)
3. Structural related (layer thickness, infill geometry-density, raster angle-gap)

Table 1. 3D printing techniques with its basic characteristics [9].

3D Printing Technique Material Resolution
Speed Description

Stereolithography (SLA) Photocurable resin 50–200 µm [11]
1000 mL/h [12]

Use of ultraviolet (UV) laser to polymerize a photocurable
resin layer by layer

Digital projection lithography
(DLP) Photocurable resin 1 µm [13]

≈50 mm/h [14–17]
Use of UV light to selectively polymerize a liquid resin with a

spatial light modulating element
Continuous liquid interface

production
(CLIP)

Photocurable resin 10–100 µm [18]
500 mm/h [19]

Use of a similar projection method to DLP, with the addition
of an oxygen permeable window

Two-photon polymerization
(2PP) Photocurable resin 100 nm [11]

80 nm/s–2 cm/s [13]
Use near-infrared femtosecond laser pulses to polymerize a

nanoscale voxel at the focal point of the laser

Powder bed fusion (PBF)
Polymer

Metal
Ceramic

20–100 µm [14–20]
1000 mL/h [15–21]

Uses a high-power photon or electron source to fuse the
selectively

powder layer by layer, while fresh powder is spread onto the
previously bonded layer

Binder jet

Polymer
Metal

Ceramic
compatible liquid binder

50–400 µm [22]
25 mm/h [23]

Jets tiny droplets of binder onto a polymer, metal, or ceramic
powder using an inkjet printhead

Fused deposition modeling
(FDM) Thermoplastic filament 100 µm [12]

100 mL/h [12]
Uses rollers to push thermoplastic filament through a heated

metal nozzle

Direct ink writing (DIW) Viscoelastic ink
Shear thinning fluid

1–250 µm [11]
100 mL/h [12] Extrudes liquid ink through a nozzle or needle

Sacrificial/embedded printing

Ink compatible with DIW process.
Support: shear thinning fluid, or high
viscosity reservoir and low viscosity

filler combination

1–250 µm [11]
1300 mL/h [24]

The nozzle of an ink dispensing system is inserted into a
matrix of soft material. The supporting structure allows the

ink to be 3D printed by tracing a 3D trajectory

Electro-hydrodynamic printing
(EHD) Polymer-based solution 100 nm–20 µm [25]

20–1500 mL/h [26]
Use a voltage between the nozzle and substrate to eject fluid

from the nozzle

Direct inkjet printing Low-viscosity fluid 240 nm–5 µm [12]
500 mL/h [27]

Deposition of droplets by means of a valve inside the printhead,
formed by electrostatic, thermal, or piezoelectric plates

Aerosol jet printing (AJP)

Metal inks
biological inks

adhesives
polymers

10 µm [28]
1200 mL/h [29]

Uses aerodynamic focusing to guide a narrow spray of
atomized fluid onto a substrate

3D printing manufactures objects with properties and shapes that do not change
during their entire product life. 4D printing changes the aspect mentioned above by
fabricating “smart” structures that can alter their shape after external stimulus, such as
light, shear, water, touch, pH, electromagnetic field, or temperature [30–32]. Easily it can be
hypothesized that this type of printing can open new roads to the fabrication of materials
with use in applications with high demands. 4D printing can create dynamic structures
that can easily be used as biological structures, hydrogels, or stimuli-responsive shapes [2].

One of the first 4D printing was adopted by Skylar Tibbits in fabricating materials
that expand at different rates [33]. These materials stretch and fold to form different
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shapes when activated by the stimulus [33]. Currently, three different approaches can be
recognized:

1. Smart materials that change their shape upon stimuli.
2. 3D printing materials that can act as supporting structures for growth of organic cells.
3. Self-assembly of micro-sized smart particles that, upon stimulus change their pattern.

4D printing has differences in the technologies used for printing, mainly in using smart
polymers that are used with traditional 3D printing techniques such as stereolithography,
fused deposition modeling, inkjet printing, and others [34]. With slight modifications to the
traditional 3D printing technologies, an adaptative 4D technology can be used [35]. More
specifically, the FDM technique was modified by adding an air circulation system for 4D
printing (cooling down the system below its glass transition temperature). Inkjet printing
is also used in manufacturing cells since it is highly biocompatible [35]. DIW can also be
used with specific bio-inks to prepare biomedical scaffolds and tissue engineering. SLA is
also a technique that is used for the preparation of networks. Modification of SLA with
UV-LED parts and projection micro stereolithography (PSL) can be used for structures with
shape memory ability that can be used in drug delivery systems [33].

One of the most critical steps toward the evolution of 3D printing is the introduction
of functional polymers. These polymers have a specific structure and properties that can be
altered and perform different actions (physical, chemical, or biological) based on external
stimuli (pH, light, temperature, mechanical loading, or voltage) [36]. The changes happen-
ing to these materials are through thermodynamics (change in hydrophobicity), protonation
or deprotonation, polarization, rearrangement, and cleavage of bonds [36]. These small
changes can lead to macroscopic changes in these materials, is swelling or aggregation,
changing of color, or shrinking [37–39]. Specific reference should be made to self-healing
polymers that can recover from partial destruction, which can be attributed to the dynamic
nature of their bonds and the reversibility of the damage through reformation [40].

3D printing is becoming a versatile technique for manufacturing advanced functional
materials with specific properties for many applications. Last few years, this technique
has become more approachable to more people and industry. In the following years, 3D
printing will have a significant role in energy, food production, medicine, and engineering.
In particular, in the medicinal field, it can bring revolution to orthopedics, implants, tissue
engineering, scaffolds, drug delivery, and regenerative medicine [1].

3. Bioprinting

Biomaterials are an emerging field. These materials are constantly evolving and
developing, and they have a great share in the global market with an increased growth
rate [41]. 3D printing is a technique that can be used in the field of biomaterials, providing
top-of-the-edge constructions for applications with specific properties. In the last years, 3D
printing has increased in popularity as a bioprinting technique because has great potential.
Bioprinting can help scientists to fabricate tissues, organs, biological systems, drug delivery
systems, and other in vitro systems that mimic their natural counterparts [42]. Bioprinting
is defined by Groll et al. [43] as the process of using computer-aided transfer processes to
pattern and assembles biologically relevant materials, including molecules, cells, tissues,
and biodegradable biomaterials based on prescribed 2D or 3D originations resulting in the
formation of the engineered biofunctional construct [43].

In bioprinting, a plethora of materials can be used to achieve the goal, such as cells,
drugs, genes, growth factors, and of course, polymers (synthetic or natural). Bioprinting
is an interdisciplinary field with a combination of knowledge from chemistry, biology,
medicine, computer science, and materials science. In order to achieve the goal, many
different parameters must be kept in mind. The bioprinter is the most important part
of constructing the biomaterial apart from the material itself. This makes it clear that
parameters such as build speed, user-friendliness, full automation capability, ease of
sterilization, affordability, versatility, and compactness are important [42]. Conventional
manufacturing techniques are not at the top of preparing biomaterials with complete
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geometry control (pore size, porous network, and porosity). Bioprinting as a fabrication
method seems to have the potential to produce complex living and nonliving biological
products from cells, molecules, extracellular matrices, and biomaterials [41].

3.1. Techniques in Bioprinting

In the field of bioprinting, four main strategies exist for manufacturing objects via 3D.
The fabrication technologies include lithography-based [44–46], drop-on-demand [42,47,48],
laser-induced forward transfer [49,50], and extrusion-based [51]. In Table 2, these tech-
niques and their advantages and disadvantages can be found. Of these strategies, the
most commonly used is extrusion-based, mainly because of its versatility, affordability,
and capability to construct complex structures [52]. Tissues, living cells, organ modules,
and organ-on-a-chip are some of the examples that can be 3D printed. The advantages of
extrusion n-based are the commercial affordability, capability for printing high cell density
bioink, and creating 3D complex structures of materials and multiple cell types [53–55].
For bioprinting, the techniques are less than the standard 3D printing. The most crucial
parameter that someone needs to consider is the viability of the cells and, of course, the
resolution. Then, some disadvantages are parameters related to the cost and processability,
such as poor quality, limitation to specific materials, printing speed, and particular viscosi-
ties. Nevertheless, from the abovementioned techniques, it can be seen that now it can print
blood vessels, bone, and cartilage, and for other applications, a specific method is used.

The different techniques used in biofabrication have specific applications based on
their limitations, advantages, and disadvantages. 3D printing can be used in scaffolds,
hydrogels, tissue engineering, and cell growth. Extrusion-based methods are currently
used in pharmaceuticals, scaffolds, bone tissue engineering, and cardiovascular medical
devices. Finally, other indirect methods (stereolithography or selective laser sintering) can
be used in pharmaceutical, biomedical manufacturing, bone tissue engineering, and drug
delivery [56].

Table 2. Comparison of four types of bioprinting methods. Combining information from [52].

Printing Method Advantages Disadvantages Applications Refs.

Drop on demand

Low cost
Fast print speed
High resolution

High cell viability (>85%)

Low cell density (<106 cells/mL)
Poor quality of vertical structures

Bioink with specific range of viscosity

Blood vessel
Bone

Cartilage
Neuron

[57–60]

Lithography
based

Low cost
High cell viability (>85%)

High resolution
Good vertical structure fidelity

Fast printing speed

Limited to photopolymerization
Medium on cell density

(<108 cells/mL)

Blood vessel
Cartilage

Bone
[61–70]

Laser assisted
High cell viability (>95%)

High resolution
Fair vertical structure fidelity

Expensive
Medium printing speed

Bioink with specific range of viscosity
Medium cell density (<108 cells/mL)

Blood vessel
Bone
Skin

Adipose

[71–74]

Extrusion based

Moderate resolution
Cell-laden bioink

Good vertical structure fidelity
Supports high viscosity bioink

Fairly expensive
slow printing speed

low cell viability (40–80%)

Blood vessel
Bone

Cartilage
Neuron
Muscle
Tumor

[61–69]

3.2. Criteria and Limitations

3D printing has its limitations in terms of materials and technical parameters used
during the formulation of the objects for applications in bio. It is important to notice that
specific things must be considered since it has to deal with sensitive biological materials.
The most important is to control temperature (range between 5–50 ◦C), pH (range between
6.5–7.8), irradiation, organic solvents (avoided), and pressure (high pressure can destroy
cells) to ensure the viability of the structures prepared [75].
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In the case of tissue engineering, for example, many criteria should be considered,
especially for the case of the hydrogels used (Figure 2). These criteria are [76]:

1. Mechanical properties: tailored to meet specific end-user requirements.
2. Biodegradability/biosorbability: ideally bioresorbability and tunable degradation

upon formation of functional tissues.
3. Porosity: porosity or hierarchical transport properties is vital for efficient nutrient and

metabolic waste transport and optimal cell migration.
4. Swelling: crucial function in materials diffusion and transport within and through the

hydrogel (cell stability and molecule release for drug delivery).
5. Biocompatibility: integrated into the biological system without harming or rejected

(minimal or no immune reactions).
6. Cell adhesion: display adhesion property for cell binding.
7. Vascularization: capillary network responsible for nutrients transport to the cells.
8. Bioactivity: trigger/facilitate a biological response within a living system (tissue

interactivity and binding ability, excellent osteoconductivity and osteoinductivity, and
cell differentiation, attachment, and ingrowth).
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3.3. Bioprinting in Regenerative Medicine

Many polymeric materials exist for 3D printing organs or tissues and are under in-
vestigation. The research in organs/tissues is concentrated in bone, cartilage, heart valve,
cardiac tissue, neural tissue, blood vessels, trachea, liver, and skin in regenerative medicine
is vast (Figure 2). Materials that are currently used are based on natural polymers (agarose,
alginate, chitosan, collagen, and gelatin) or synthetic ones (homopolymers and copoly-
mers) [41]. For the case of the synthetic polymers, it can be found that the majority of
them are based on Polycaprolactone (PCL), Polyurethane (PU), Polyethylene Glycol (PEG),
Polylactic-co-glycolic Acid (PLGA), Pluronic Acid (or Poloxamer), and Polydimethylsilox-
ane (PDMS) [77]. More specifically, in the above mentioned areas, research is concentrated
on some polymers (synthetic or natural) with specific properties.

38



Polymers 2023, 15, 322

3.3.1. Bone

Bone is one of the most studied areas in 3D printing. Synthetic biodegradable polymers
that are currently under investigation are based on poly(caprolactone) (PCL), poly(glycolic
acid) (PGA), poly(lactic acid) (PLA), and their copolymers. These materials can undergo
hydrolysis, and they produce non-toxic materials. Scaffolds from these materials can be
prepared with similar properties to the natural bone [78].

3.3.2. Cartilage

As in the case of bone, this is one of the most studied areas. Bioink can be used in
order to mimic shapes from simple to more complex. Works are using thermo-sensitive
methacrylate pHPMA-lac-PEG triblock copolymer with chondrocytes showing nice me-
chanical properties, stability in the long term, and processability via printing [79]. In
another work, PCL and alginate hydrogel were used with incorporated embryonic chick
cartilage cells proving increased cell viability, proliferation, and differentiation [80]. Other
materials that can be used are Poly(ethylene glycol) terephthalate/poly(butylene terephtha-
late) (PEGT/PBT) block copolymer (grid-like structured scaffold) or an inorganic-organic
hybrid of silica poly(tetrahydrofuran)/PCL for fabricating scaffolds for articular cartilage
regeneration [78].

3.3.3. Cardiac Tissue

In this case, synthetic polymers that can be used are based on alginate with human
cardiac-derived cells, increasing cell viability and retention of the cardiac lineage. Moreover,
PEUU was also used in in vivo studies showing increased vessel formation and integration
of cells [41].

3.3.4. Heart Valve

Materials used in 3D printing involving PLA, fibrin, collagen, and PGA. In this
case, mechanical properties are essential. Methacrylated hyaluronic acid hydrogels have
been used, showing cell viability and glycosaminoglycan matrix formation. Bioprinted
alginate/gelatin hydrogels were also prepared with high viability and sound biomechan-
ics [41,78].

3.3.5. Neural Tissue

Astrocytes and neurons from embryonic rats were bioprinted in a 3D collagen gel
acting as a scaffold. Finally, an artificial neural tissue with murine neural stem cells, collagen
hydrogels, and fibrin gels was fabricated, showing high cell viability [41].

3.3.6. Blood Vessels

This area is highly important since there is a high demand for artificial blood vessels.
Ideally, an artificial blood vessel should be anti-thrombogenic, durable, biocompatible,
and have comparable structural properties to the native ones. 3D bioprinted collagen was
used with fugitive ink composed of gelatin with endothelial cells, showing a high potential
for practical use. Another natural polymer is based on fibrin by polymerizing fibrinogen
and thrombin in creating scaffolds. Finally, a 3D printed aorta based on poly(propylene
fumarate) was fabricated using digital light stereolithography, with bioactive properties
in vivo and comparable mechanical strength [78].

3.3.7. Trachea

Here, a work based on PCL powder with hydroxyapatite was used for preparing
scaffolds. MSC-seeded fibrin coated the scaffold to improve bioactivity; in vivo studies
showed reconstruction of the trachea and mechanically stable structures. Other works
involve the methacrylated silk fibroin crosslinked via UV. This cell-loaded hydrogel scaffold
showed excellent results in vitro [78].
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3.3.8. Liver

The liver is one of the most fundamental organs in the human body with essential
functions. A work is related with gelatin hydrogel with hepatocyte as an extracellular
matrix (ECM), crosslinked with glutaraldehyde. In vitro experiments showed the survival
of the cells over two months. A chitosan-gelatin scaffold was prepared to mimic the
natural liver in architecture. This hybrid scaffold was highly porous with a well-organized
structure [78].

3.3.9. Skin

The skin is an area in which many applications of 3D printing can be found, especially
in the case of skin burns. Collagen is one of the obvious candidates for use since it is a
big part of the natural skin. With bioprinting using fibroblasts and keratinocytes, fully
functional skin was prepared. In vivo experiments revealed the epidermis’ formation and
blood vessels’ presence in the wound area [41].

As 3D printing techniques evolve and more complex structures are prepared, this
opens the road for printing different organs and more complex systems of the human body.
The printing of bone and skin can move towards printing blood vessels and neurons, as
already seen from the numerous kinds of research in biomaterials.

3.4. Bioinks

Bioinks are one of the most important ways of fabricating structures in bioprinting,
especially with stereolithography. The bioinks used in printing must have certain aspects,
such as biocompatibility, printability, and robustness [81]. The main types of bioinks
are microcarriers, cell aggregates, decellularized components, and most importantly, hy-
drogels [42]. Hydrogels are considered one of the best choices as bioinks can easily be
loaded with cells, can be crosslinked, have a high swelling degree, printability, and bio-
compatibility [81]. Hydrogels can be widely categorized into natural and synthetic ones.
Natural ones that are currently used or investigated are based mainly on polysaccharides
(agarose, alginate, and chitosan) and components of ECM (fibronectin, laminin, collagen,
and gelatin) [81]. When control over mechanical and chemical properties is needed, then
synthetic hydrogels can be used. There are notable works for a lot of synthetic hydrogels
based mainly on PLA, PCL, PEG and others.

3.5. 4D Printing as Biofabrication Method

4D printing can be used to exploit its capabilities compared to its analogous 3D. The
main difference between 3D and 4D is the nature of the material used. For the 4D, the
material should have a “smart” behavior. These smart behaviors can be categorized into
five main categories.

1. Shape memory (shape is changed in response to an external stimulus).
2. Self-assembly (external stimulus obligates chains into assembly in specific shape).
3. Self-actuating (Automated actuation upon exposure to an external stimulus).
4. Self-sensing (detection of external stimulus and quantification).
5. Self-healing (the damaged structure is auto-repaired)

It can be said that 4D has several advantages compared to 3D. The introduction of the
fourth dimension of time, spatial and temporal control over the fabrication process and the
final product makes the structure’s dynamic [42]. The 4D printing process is influenced by
five main factors: (i) Type of stimulus, (ii) type of manufacturing process, (iii) interaction
mechanism (stimulus and material), (iv) type of responsive material, and (v) mathematical
model of the transformation of the material [42]. The two areas where 4D bioprinting
is mostly used in regenerative medicine and tissue engineering for fabricating complex
tissue/organ geometries and controlling the tissue microarchitecture with 3D printing. 3D
printing is considered as a more traditional method that can also be used for introducing
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cells to the structure, but 4D is a more dynamic method that can have the “smart” property
of the material introduced into the structures (Figure 2).

The “smart” behavior of a material printed in 4D can be generally divided into
five significant responsiveness: (i) Temperature, (ii) pH, (iii) humidity, (iv) photo, and
(v) magnetism.

Temperature responsiveness: This is one of the most frequently studied with many
materials under investigation. Generally, it can be used in tissue engineering. The most
common classes are shape memory polymers and responsive polymer solutions. In the first
polymeric class, materials such as poly(caprolactone) dimethacrylate, soybean oil epoxi-
dized acrylate, polycaprolactone triol (Ptriol), poly (ether urethane) (PEU), and poly (lactic
acid) can be found. For the responsive polymer solutions that can be used in drug delivery
and tissue engineering, polymers that can be used are poly(N isopropylacrylamide), poly(N
vinyl caprolactam), gelatin and GelMA, collagen and ColMA, methylcellulose, agarose,
pluronic and poly(ethylene glycol)-based block polymers [42].

pH responsiveness: This type of responsive behavior is based on polymers that are
polyelectrolytes with weak acidic or basic groups. Accepting or releasing protons is the
key to their responsiveness to changes in pH. Functional groups like phosphate, tertiary
amine, pyridine, carboxyl, and sulfonic are responsible for changes in pH, resulting in
structural changes. Drug delivery and sensing are where more applications can have these
materials. Natural polymers with this responsiveness are chitosan, gelatin, dextran, alginic
acid, and hyaluronic acid. In terms of synthetic ones, polymers such as poly(histidine)
(PHIS), poly(acrylic acid) (PAA), poly(acrylamide/maleic acid), Poly(dimethylaminoethyl
methacrylate) (PDMAEMA), Poly(2-hydroxyethyl methacrylate) (PHEMA), Sulfonamide/
polyethyleneimine (PEI), Poly(N-isopropyl acrylamide-co-butyl methacrylate-co-acrylic
acid) and poly(aspartic acid) (PASA) [42,82] exist.

Humidity responsiveness: Changes in humidity can alter the volume of the material.
Systems with this responsiveness can transform the absorption or desorption of humidity
into a driving force for movement. Polymers that can be used are poly(ethylene glycol)
diacrylate (PEGDA), cellulose, and polyurethane copolymers. These materials can have ap-
plications such as stents, drug delivery, sensing, soft robotic, and tissue engineering [42,82].

Photo responsiveness: Exposure to light can undergo a physical or chemical trans-
formation for some polymers. Generally, changes in hydrophobicity, charge, polarity,
bond strength, or conformation can lead to changes in solubility, degradability, wettabil-
ity, and optical properties. Using this type of responsiveness has an advantage in terms
of zero contact. Polymers with specific side groups, such as diarylethenes, spiropyrans,
azobenzenes, and fulgides, are commonly used. In tissue engineering, examples exist with
printing hydrogels that swell or shrink upon the external stimulus of light. Some of these
systems are based on PNiPAM (functionalized with spirobenzopyran) and a hydrogel of
4,4′-azodibenzoic acid, cyclodextrin, and dodecyl (C12)-modified poly(acrylic acid) [42,82].

Magnetic responsiveness: In this type of responsiveness, polymers are generally
functionalized (physically entrapped or covalently bonded) with magnetic nanoparticles
that have in their structure magnetic elements such as nickel, iron, cobalt, or oxides.
Polymeric scaffolds prepared from these materials can undergo physical changes, structural
or mechanical, as a general area of applications is more targeted to drug delivery [42,82].

Electrical responsiveness: This type of responsiveness is based on electric or mecha-
noelectrical external stimulus. These materials depend on their electrically conductive
character to respond to the stimulus. Swelling or shrinkage of the material can undergo
under an electric field. Some of these polymers can have applications in drug delivery,
sensing, implant devices, artificial muscles, neural tissue engineering, and others. Hy-
drogels based on these types of polymers are generally based on polyelectrolytes. Some
examples are sulfonated-polystyrene (PSS), poly(2-(acrylamide)-2-methylpropanesulfonic
acid) (PAMPS), polythiophene (PT), poly(2-hydroxyethyl methacrylate) (PHEMA), poly(3,4-
ethylenedioxythiophene): polystyrene sulfonate (PEDOT:PSS) and Poly(L-lactic acid)/Poly(3,4-
ethylenedioxythiophene) (PLLA/PEDOT) [82].
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4. Advances and Applications of Block Copolymers in 3D/4D Printing in the Area of
Biomaterials

Block copolymers are a class of materials that can be used in different aspects of 3D
printing. Copolymers are a class of materials with versatile properties and there are many
different ways of preparation. Using copolymers instead of homopolymers in 3D printing
is based mainly on the versatility and tunability of the properties the researcher wants to
achieve. The temperature of the processing during 3D printing is very important. This
temperature can be tuned by using a copolymer instead of a homopolymer. Crystallinity is
another parameter that needs to be controlled, and copolymers can adjust this. Parameters
such as wetting behavior, hydrophilicity, and solubility can also be altered by adding a more
hydrophobic block or, reversely, a more hydrophilic one. Finally, mechanical properties can
also be different when two or more blocks are combined. The use of copolymers uses the
best properties of two synthetic polymers or polypeptides or natural polymers to adjust
the material prima to easy processing during 3D printing, improved properties, and better
stability and stability biocompatibility. There are numerous examples of copolymers of
different architectures, such as AB, ABA, ABC, and star copolymers, or in combination
with other inorganic materials or natural polymers. This review will focus on the advances
and applications of biomaterials in 3D printing over the last ten years. Copolymers will
be divided into (i) AB, (ii) ABA, and (iii) other architectures/combinations with inorganic
materials or natural polymers.

4.1. AB Block Copolymers

The research in the area of copolymers type AB in the last years is mainly focused on
two essential polymers that also have the lion share in the 3D printing technology, with
PEG being the third one. These two polymers are poly(lactic acid) and poly(caprolactone),
two polyesters with degradation properties.

Block copolymers of poly(L-lactide-co-ε-caprolactone) (PLACL), Poly(D, L-lactide-
co-glycolide) (PLGA), and poly(D, L-lactide-co-glycolide) (PDLGA) were prepared via
extrusion-based 3D printing in terms of extensively studying and deeply understanding
how printing parameters affect degradation, printability, and properties of lactide-based
medical grade polymers. In this work, authors vary printing parameters (pressure, speed,
and temperature) to evaluate the relationship between composition, degradation, print-
ability, polymer microstructure, and rheological behavior. It is crucial to notice that the
innovation of this work is based on the evaluation of the polymer changes occurring during
printing that many do not consider during the preparation of scaffolds. This work found
that polymers had good printability at a relatively good speed and high resolution until
a certain degree of degradation. Polymers of this chemical composition can thermally
decompose from the first minute leading to a decrease in the average block length. PLACL
had better printability at higher molecular weights with less degradation than PLGA and
PDLGA, which can be explained in terms of viscosity [83].

Scaffolds of PCL with poly(1,3-propylene succinate) (PCL-PPSu), including antimi-
crobial silver particles printed by a custom-built computer numerical control 3D printer,
were prepared. These scaffolds were prepared as promising biomaterials for regenerative
skin therapies. Essential points in this study are also the low-processing temperature, the
enhanced degradation, and the antimicrobial properties. These scaffolds were quite porous
with well-defined interconnected porosity, as seen from SEM images (Figure 3). Structures
showed higher enzymatic and hydrolytic degradation rates and better hydrophilicity than
PCL. Experiments with E. coli and C. albicans showed reduced microbial adhesion com-
pared to P. aeruginosa and S. aureus. These materials can be attractive biomaterials for tissue
engineering and wound healing applications [84].
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Another work used poly(lactide-co-ε-caprolactone) (PLACL) as the ink for printing
scaffolds with a desktop 3D printer. These scaffolds have great potential in regenerating soft
tissues such as muscle, tendon, nerve, cartilage, and myocardium. An important issue is
the biocompatibility and cost-effectiveness of these materials in tissue engineering scaffolds.
Here, the authors promoted the incorporation of PCL into PLA as an effective strategy to
control stiffness and elasticity. PCL is introduced as a solution to overcome present defects
associated with PLA. Combining these two polymers can lead to adjustable mechanical
properties and good biocompatibility, compared to their analogous homopolymers. Scaf-
folds that have different properties and different optical aspect can be seen in Figure 4
where porous cubes with or without large holes (Figure 4a,d), round tubes (Figure 4b), and
cambered plates with holes (mimicking the PEEK-based cranium restoration substitute,
Figure 4c) are presented [85].
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PCL has also been combined in a block copolymer with polypyrrole (PPy), fabricating
a 3D porous nerve guide conduit. This block copolymer was used to fabricate 3D scaffolds
with an in-house built electrohydrodynamic-jet 3D printing system. These biodegradable
and conductive scaffolds can lead to pretty soft structures with conductive properties and
similar mechanics to the native human peripheral nerve (∼6.5 MPa). This work found
improved degradation profiles to aid the growth and differentiation of the neuronal cells
in vitro. These scaffolds proved to be promising materials for future use and treatment of
neurodegenerative disorders [86].

Polylactide, in combination with polycaprolactone, has led to many interesting appli-
cations in the area of biomaterials. This combination of poly(D,L-Lactic Acid) (PDLLA) and
PCL as photoinks led to digital light 3D printing with the DLP technique of customized and
bioresorbable airway stents. This material proved to be a bioresorbable elastomer that can
be used in customized medical devices where high precision, elasticity, and degradability
are needed. The as-prepared stents have comparable mechanical properties to state-of-the-
art silicone stents. An essential point in this work is that these stents would disappear over
time, preventing the need for additional procedures. This is something that is significant
for children and elderly patients. An in vivo study in healthy rabbits confirmed biocom-
patibility and showed that the stents stayed in place for at least seven weeks after their
incorporation. After this period, they became invisible through radiography, as can be seen
in Figure 5 [87].
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Other materials that can be used in 3D printing with the AB architecture are also based
on a thermosensitive/moderately hydrophobic poly(2 N-propyl-2-oxazine) (pPrOzi) and
thermosensitive/moderately hydrophilic poly(2-ethyl-2-oxazoline) (pEtOx). By using an
extrusion-based 3D bioprinter, the preparation of a bio-printable and thermoreversible
hydrogel was fabricated for use in tissue engineering applications. These hydrogels have a
microporous structure with high mechanical strength (3 kPa). This block copolymer was
used in printing various 2D and 3D patterns with high resolution. Furthermore, hADSC
stem cells were efficiently encapsulated, and the hydrogel showed cytocompatibility in
post-printing cell experiments. This hydrogel can be an alternative in combination with
other bioinks to improve printability or be used as a drug delivery platform [88].
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Another approach was investigated with a polyester thermoplastic elastomer contain-
ing alternating semi-crystalline polybutylene terephthalate as hard segments and amor-
phous poly(ether terephthalate) as soft segments. This work is more orientated toward
improving patient compliance and personalized drug delivery with long-acting drug de-
livery devices (e.g., implants and inserts). This study highlights processability and drug
delivery. These 3D printed materials have outstanding mechanical properties and drug
permeability similar to conventionally marketed inserts, such as intravaginal rings, using
progesterone (P4) as a model drug. A significant point was the dependence of drug loading
(via solvent impregnation) on the external and internal geometry of the 3D-printed struc-
ture. The drug was mainly distributed in the outer layers of large structures, hence a high
burst effect during release [89].

Finally, work with blocks AB and triblock ABA based on PEG and maleic anhydride
led to biocompatible hydrogels. These materials were based on PEG-diol and monomethyl
ether PEG that were used to polymerize (with ring-opening polymerization) maleic an-
hydride and propylene oxide to AB and ABA PEG-poly(propylene maleate) (PPM) and
finally to PEG-poly(propylene fumarate) (PPF). In this work, the structures were prepared
via continuous digital light processing and were then photochemically printed from an
aqueous solution. These 3D printed structures could potentially be applied in soft tissues,
such as peripheral nerve regeneration. Experiments with three different cell types (MC3T3,
NIH3T3, and Schwann cell lines) showed non-toxic behavior and compatibility [90].

4.2. ABA Block Copolymers

The area of block copolymers type ABA has been studied more in the last years than
copolymers type AB. The polymer that is used in the majority of the cases is based on
some type of PEG. The FDA considers this polymer safe and inert and has many uses in
medicine, biology, and chemistry.

A material that can be used in regenerative medicine, including bioprinting, is
based on the synthetic copolymer poly(propylene fumarate)-b-poly(ethylene glycol)-b-
poly(propylene fumarate) (PPF-b-PEG-b-PPF). 3D printed materials via digital light pro-
cessing additive manufacturing can be prepared using this copolymer. These 3D-printed
amphiphilic hydrogels show the importance of the nanoscale size and ordering of hy-
drophobic crosslinked domains in terms of degradation and mechanical properties. It
points out a direct correlation between mechanical properties and structure. Compared
with other works that studied the number of cross-linking sites concerning mechanical
properties/resorbability, this work also considers how these domains are connected. It
was shown that size, connectivity, and phase ordering changes resulted from aggregation
mechanisms driven by the length of the blocks. The importance of these nanoscale ordering
can also be seen in the authors’ swelling and in vitro tests [91].

In another work based on polymer poly(N-(2-hydroxypropyl)methacrylamide lactate)
A-blocks, (partly derivatized with methacrylate groups), and hydrophilic poly(ethylene
glycol) B-blocks (ABA) a hydrogel prepared as a synthetic extracellular matrix for tissue
engineering via 3D fiber deposition [92]. According to the authors, this hydrogel can
be seen as a potential applicant in bioprinting. The authors showed the preparation of
3D-printed structures with good mechanical properties, stability in photopolymerization,
and well-defined vertical porosity. Mechanically, this polymer showed similarities to
many natural polymers, including collagen. This similarity makes it an ideal candidate for
synthetic extracellular matrix for engineering cartilage. This work has demonstrated the
support of encapsulated cells until new tissues are formed, parallel with high chondrocyte
viability after one and three days. The highly defined patterning of these printed materials
can be observed in Figure 6, where pore shape is maintained, showing good resolution
and distinct localization, after loading the fibers (layered and adjacent) with fluorescent
microspheres (fluorescent lemon and fluorescent orange) [92].
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Figure 6. Microscopy pictures of subsequently printed layers of 25 wt% M30P10 hydrogels loaded
with Dye-Trak “F” fluorescent microspheres, fluorescent lemon and fluorescent orange, at the con-
centration of 1 × 106 spheres per mL. (a) Two and (b) three layer angled constructs (1.5 mm strand
spacing) with distinct localization of fluorescent microspheres. (c,d) Printing of adjacent fibers with
circular patterns with maintenance of distinct dye localization. (e) Two layers construct with 0.8 mm
strand spacing. Reprinted with permission from [92].

An interesting work based on using an ABA copolymer as part of polyurethane is also
found in the literature [93]. This work uses the poly(ε-caprolactone)-b-poly(ethylene glycol)-
b-poly(ε-caprolactone) triblock copolymer (PCL-b-PEG-b-PCL) to react with hexamethylene
diisocyanate to form polyurethane. These hydrogels can be used in 3D printing, especially
for tissue engineering scaffolds with high fracture toughness. These structures can have
excellent processability and excellent properties in terms of mechanics. The preparation of
these materials was done by extrusion using a filament extruder. This work found that a
high amount of water (more than 500%) can be uptaken from the materials. In terms of
mechanical properties, the high elongation at break, toughness, tensile strength, and tear
resistance was proven [93].

PEG is a polymer that is used quite often in ABA architectures. The use of PCL-b-PEG-
b-PCL and PLA-b-PEG-b-PLA is another example of this. This work showed that PCL-b-
PEG-b-PCL hydrogel with crystallinity could be extruded and printed with adjustments in
temperature. 3D structures can effectively be prepared, and good cell compatibility was
found with good mechanical properties. According to the authors, these materials can be
used as a responsive hydrogel model for 3D bioprinting [94].

3D structures that can have potential applications in tissue engineering are prepared
from hydrogels based on an ABA poly(isopropyl glycidyl ether)-b-poly(ethylene oxide)-b-
poly(isopropyl glycidyl ether). These structures were prepared via a direct-write printer
from a three-stepper motor stage. These structures can have a dual stimuli responsiveness
in temperature and shear response [95].

ABA copolymers consisted of a triple stimuli-responsive poly(allyl glycidyl ether)-
stat-poly(alkyl glycidyl ether)-b-poly(ethylene glycol)-b-poly(allyl glycidyl ether)-stat-
poly(alkyl glycidyl ether) can create new opportunities in the biotechnological field. These
materials can have three different responsiveness, based on temperature, pressure (shear-
thinning), and UV light, and a direct-write printer prints them. The authors designed these
triple responsiveness in order to have easy handling and transfer of the gel (temperature
response), printed at ambient conditions (pressure response), and crosslinking for preparing
robust structures (UV response). By changing the composition of these materials, the
properties of the final object can be tuned, leading to an expansion of a set of materials [96].
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An ABA copolymer was prepared from PEG (Block B) and partially methacrylated
poly[N-(2-hydroxypropyl) methacrylamide mono/dilactate] (Block A). These hydrogels
could be attractive biomaterials since they have biodegradability, tunable thermorespon-
siveness/mechanical properties, and cytocompatibility. To improve printability, mechanical
properties, and long-term stability, the authors have incorporated methacrylated chon-
droitin sulfate (CSMA) or methacrylated hyaluronic acid (HAMA). This work showed that
the pure ABA copolymer laden with equine chondrocytes showed potential for significant
cartilage-like tissue formation in vitro. Finally, incorporating HAMA or CSMA resulted in
3D porous structures with excellent cell viability and improved properties. Overall, are
attractive systems for the design of 3D cell-laden constructs for cartilage regeneration [79].

The last work based on PEG as the main component is based on a triblock with
PCL as the A block. These hydrogels showed tunable mechanical properties, mainly
for soft tissues and high elasticity. Good compatibility with cells to support fibroblast
growth in vitro was also studied. The most crucial point of this work is the bioprinting of
cells with these hydrogels to form constructs of cell–gel with high viability. The printing
procedure has the main component, and a dispenser is mounted onto a robotic stage;
then, a motor-controlled stage acts as the printing substrate. A syringe pump drives the
extrusion-based dispenser. This work has demonstrated a system with tunable properties,
elasticity, and biodegradability. According to the authors, this hydrogel may be fully
compatible with other biomaterials, such as proteins, growth factors, peptides, or other
bioactive molecules [97].

Apart from PEG as the main component of ABA copolymers, another work involves
the acrylic ABA, composed of poly(methyl methacrylate) (PMMA) as block A and poly(n-
butyl acrylate) (PnBA) as block B. This copolymer is categorized as a thermoplastic elas-
tomer and is for industrial use. This material is to be used as material in the dental field.
The results showed that this copolymer has good physical properties, concluding that it
can be used to make provisional restorations for dental 3D printers [98].

An interesting work for materials potentially used as medical implants where biocom-
patibility and stability are essential is based on a copolymer of poly(styrene-b-isobutylene-
b-styrene) (SIBS)/PS homopolymer blend. In this work, filaments of the blends were used
for FFF (Fused filament fabrication) 3D printing. 3D constructs can be prepared, as can be
seen in Figure 7. The use of PS homopolymer is based on increasing the toughness of the
SIBS copolymer due to its limitation in printing because it is soft. This work found that the
microarchitecture is tunable, and printability is excellent under specific conditions [99].
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then 3D printed (Figure 8). This polymer is based on PCL as the middle block (B) and 
PLLA or PDLA as the A blocks. The prepared 3D constructs were tested for biocompati-
bility via MTT assay, using rat bone osteosarcoma cells (UMR-106) to evaluate them as 
potential biomaterials. It was found that the block length and the composition of the ABA 
affect the macroscopic properties of the specimens and the mechanical ones. This is im-
portant since, varying the final material’s properties, customized constructed can be pre-
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Figure 7. (a–c) Photos of 3D-printed cylinders with infill patterns from the SIBS/PS blends:
(a) SIBS/PS (77/23), (b) SIBS/PS (67/33), and (c) SIBS/PS (57/43). The insets show higher-
magnification images taken with an optical microscope. (d–f) 3D-printed objects with different
shapes from SIBS/PS (57/43). Scale bars are 5 mm. Reprinted with permission from [99].
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A triblock that can be prepared in large quantities is investigated in another work
with polymers first processed from a twin-screw extruder for making the filament and then
3D printed (Figure 8). This polymer is based on PCL as the middle block (B) and PLLA or
PDLA as the A blocks. The prepared 3D constructs were tested for biocompatibility via
MTT assay, using rat bone osteosarcoma cells (UMR-106) to evaluate them as potential
biomaterials. It was found that the block length and the composition of the ABA affect the
macroscopic properties of the specimens and the mechanical ones. This is important since,
varying the final material’s properties, customized constructed can be prepared. Finally,
the MTT assay found a non-toxic nature of the material [100].
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Figure 8. Melt processing of the triblock copolymer (synthesized by the scale-up method) to fabricate
the filament which was successfully used for 3D printing a mesh-type scaffold. Reprinted with
permission from [100].

An interesting work was proposed using an ABA triblock based on PCL-b-PTMC-
b-PCL (trimethylene carbonate as TMC) [101]. The idea of this study was to prepare
copolymers with biodegradability and to evaluate physical properties and potential melt-
processable thermoplastic elastomeric biomaterials in 3D printing via extrusion of the
polymer solution. Mechanical properties showed a tensile strength of 120 MPa, elongation
at break 620%, and tensile strength of 16 MPa. With melting points close to 58 ◦C, these
materials can be extruded and are promising as biomaterials for use as implants and
scaffolds for tissue engineering. The advantage of these materials is the microporosity that
can be tuned for cell culture; however, cell compatibility must be evaluated [101].

A triblock ABA copolymer based on polydimethylsiloxane (PDMS) (B block) and
poly(benzyl methacrylate) (PBnMA) (A block) was prepared as a linear-bottlebrush ar-
chitecture (Figure 9). This copolymer could have much potential in future applications
since it has extraordinary properties such as stimuli-reversible, extraordinarily soft, and
stretchable elastomer (Figure 10). This material can be used as ink for direct writing in
3D printing structures without post-treatment or external mechanical support. This work
compares the material used with existing 3D printable elastomers, showing more than two
orders of magnitude softer material and six times more strechable. The authors explain
these results from the bottlebrush molecular architecture, which prevents entanglement
formation, whereas stretchability ought to have an extensive network strand size. These
elastomers can be readily used as a matrix for functional nanoparticle-polymer composites.
The self-assembly and thermoreversibility can be an essential advantage for direct-writing
printing to avoid solvent evaporation-induced material defects during printing [102].
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linear blocks aggregate to form spherical glassy domains. (c) Glassy domains dissociate at high tem-
perature or in the presence of solvents, resulting in a solid-to-liquid transition of the network. The 
stimuli-triggered reversibility allows the elastomers for direct-write 3D printing. (d) Synthesis of 
linear-bottlebrush-linear triblock copolymers using ARGET ATRP. The side chain of the middle bot-
tlebrush block is linear polydimethylsiloxane (PDMS), whereas the end blocks are linear poly(benzyl 
methacrylate) (PBnMA). A bottlebrush-based triblock polymer is denoted as BnMAy-b- PDMSxw-b-
BnMAy, in which y is the number of repeating BnMA units, x is the number of PDMS side chains per 
bottlebrush, and w represents theMW of PDMS side chains in kg/mol. The weight fraction of the end 
blocks in the triblock copolymer is kept below 6% to ensure that the bottlebrush-based ABA triblock 
copolymers self-assemble to a sphere phase. Reprinted with permission from [102]. 

 
Figure 10. Direct-write printing soft elastomers to create deformable 3D structures. (a) 3D printed 
UVA initials with a stack thickness of 2 mm. Upper: bird’s eye view; lower: side view. (b) Free-
standing, 3D printed letter “A”. (c) 3D rendering of a cubic gyroid (left) and the corresponding 
printed product with dimensions 10 × 10 × 10 mm3 (right). (d) For the bulk sample, the compres-
sion−release profile exhibits a hysteresis associated with 23% energy dissipation (dashed lines), 
whereas for the gyroid, there is almost no energy dissipation, as evidenced by the complete overlap 

Figure 9. Design concept and synthesis of 3D printable, reversible, ultrasoft, and stretchable elas-
tomers. (a) Schematic of a responsive linearbottlebrush-linear triblock copolymer. (b) At low tem-
perature, the middle bottlebrush blocks (blue) act as elastic network strands, whereas the high Tg
end linear blocks aggregate to form spherical glassy domains. (c) Glassy domains dissociate at high
temperature or in the presence of solvents, resulting in a solid-to-liquid transition of the network.
The stimuli-triggered reversibility allows the elastomers for direct-write 3D printing. (d) Synthesis
of linear-bottlebrush-linear triblock copolymers using ARGET ATRP. The side chain of the mid-
dle bottlebrush block is linear polydimethylsiloxane (PDMS), whereas the end blocks are linear
poly(benzyl methacrylate) (PBnMA). A bottlebrush-based triblock polymer is denoted as BnMAy-b-
PDMSxw-b-BnMAy, in which y is the number of repeating BnMA units, x is the number of PDMS side
chains per bottlebrush, and w represents theMW of PDMS side chains in kg/mol. The weight fraction
of the end blocks in the triblock copolymer is kept below 6% to ensure that the bottlebrush-based
ABA triblock copolymers self-assemble to a sphere phase. Reprinted with permission from [102].

Polymers 2023, 15, 322 18 of 33 
 

 

 
Figure 9. Design concept and synthesis of 3D printable, reversible, ultrasoft, and stretchable elasto-
mers. (a) Schematic of a responsive linearbottlebrush-linear triblock copolymer. (b) At low temper-
ature, the middle bottlebrush blocks (blue) act as elastic network strands, whereas the high Tg end 
linear blocks aggregate to form spherical glassy domains. (c) Glassy domains dissociate at high tem-
perature or in the presence of solvents, resulting in a solid-to-liquid transition of the network. The 
stimuli-triggered reversibility allows the elastomers for direct-write 3D printing. (d) Synthesis of 
linear-bottlebrush-linear triblock copolymers using ARGET ATRP. The side chain of the middle bot-
tlebrush block is linear polydimethylsiloxane (PDMS), whereas the end blocks are linear poly(benzyl 
methacrylate) (PBnMA). A bottlebrush-based triblock polymer is denoted as BnMAy-b- PDMSxw-b-
BnMAy, in which y is the number of repeating BnMA units, x is the number of PDMS side chains per 
bottlebrush, and w represents theMW of PDMS side chains in kg/mol. The weight fraction of the end 
blocks in the triblock copolymer is kept below 6% to ensure that the bottlebrush-based ABA triblock 
copolymers self-assemble to a sphere phase. Reprinted with permission from [102]. 

 
Figure 10. Direct-write printing soft elastomers to create deformable 3D structures. (a) 3D printed 
UVA initials with a stack thickness of 2 mm. Upper: bird’s eye view; lower: side view. (b) Free-
standing, 3D printed letter “A”. (c) 3D rendering of a cubic gyroid (left) and the corresponding 
printed product with dimensions 10 × 10 × 10 mm3 (right). (d) For the bulk sample, the compres-
sion−release profile exhibits a hysteresis associated with 23% energy dissipation (dashed lines), 
whereas for the gyroid, there is almost no energy dissipation, as evidenced by the complete overlap 

Figure 10. Direct-write printing soft elastomers to create deformable 3D structures. (a) 3D printed
UVA initials with a stack thickness of 2 mm. Upper: bird’s eye view; lower: side view. (b) Free-
standing, 3D printed letter “A”. (c) 3D rendering of a cubic gyroid (left) and the corresponding printed
product with dimensions 10× 10× 10 mm3 (right). (d) For the bulk sample, the compression−release
profile exhibits a hysteresis associated with 23% energy dissipation (dashed lines), whereas for the
gyroid, there is almost no energy dissipation, as evidenced by the complete overlap between the
compression and release profiles (solid lines). The apparent Young’s modulus, E = σ/ε, of the gyroid
is about 8 kPa, nearly half of 20 kPa for the bulk; this is likely because the porous gyroid has a lower
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density of about 1/2 of the bulk. The strain rate is 0.005/s. Error bar: standard deviation for n = 5.
(e) As the compression strain increases from 0.2 to 0.55, the bulk sample exhibits strain-stiffening with
the compression stress increasing from 8 to 130 kPa, and further compression with ε > 0.55 results in
material fracture (optical images). The stress−strain profile is used to calibrate the FEA simulation
(dashed line). (f) Cubic gyroid exhibits a nearly linear elastic deformation up to ε = 0.35, at which the
stress is about 5 kPa, 10 times lower than the 50 kPa for the bulk. Slightly above ε = 0.35, the stress
exhibits a sharp decrease (solid line). (g) Decrease is associated with structural collapse of the gyroid,
as indicated by comparing the snapshots from FEA simulation (dashed line in (f) and upper panel)
with the optical images of the gyroid (lower panel) under various extents of compression. The use of
UVA initials in 3D printing is under the permission from the UVAOffice of Trademark and Licensing.
Reprinted with permission from [102].

Finally, a material that can have potential use as bioink is studied in another work, with
the use of ABA triblock hydrophilic poly(2-methyl-2-oxazoline) (pMeOx) (block A) and a
more hydrophobic poly(2-iso-butyl-2-oxazoline) (piBuOx) (block B). Hydrogel scaffolds
of a 20% aqueous solution were printed with a compact bench-top 3D bioprinter from
these materials. Rheological experiments show a soft hydrogel above 25 ◦C with an elastic
modulus of 150 Pa, while an increase at almost 600 Pa is observed at 37 ◦C. The significant
point of this work towards the use as bioink was the low cytotoxicity after 24 h at 37 ◦C
observed for both HEK and Calu-3 cells. This work indicates that the fabricated hydrogel
may be a potential candidate for printable, functional bioink [103].

4.3. Other Architectures of Block Copolymers and Systems with Other Materials

The preponderance of the works in block copolymers consisted of ABA and AB
architectures. Most polymers are based on PLA, PCL, and PEG. In the literature, the
last year’s other architectures based on the same polymers as AB/ABA architectures or
other polymers are currently under investigation. Moreover, using natural polymers,
polypeptides, hydroxyapatite, or clay has contributed much to 3D printing in the last few
years [104–119].

4.3.1. Other Architectures of Block Copolymers

The use of polypeptides as alternative polymers in 3D printing is also explored [104,108].
This work involves the preparation of highly stable hydrogels with crosslinking under UV.
The triblock is an ABC consisting of peptides, glutamic acid, nitrobenzyl-protected cysteine,
and isoleucine. This polymer then is deprotected, and a reaction of the cysteine residue
with alkyne functionalized four-arm polyethylene glycol (PEG) via nucleophilic thiol–
yne chemistry occurred (Figure 11). These hydrogels showed remarkable shear-thinning
properties according to the authors. Very important is gellation at lower concentration
(3 wt%), desired mechanical properties, low cytotoxicity, and high printability. This material
can be an alternative catalyst-free curing method for 3D-printed structures for different
biomedical applications [104].

A similar architecture was also investigated to create enzyme-cleavable inorganic-
organic hybrid inks with potential applications in scaffolds for bone regeneration. The
copolymer used was based on 3-(trimethoxysilyl)propyl methacrylate (TMSPMA) and
methyl methacrylate (MMA). The arms were connected at a core consisting of degradable
enzymes using a collagenase peptide sequence GLY-PRO-LEU-GLY-PRO-LYS. Three-star
copolymers were prepared TMSPMA was randomly distributed, or inner block or outer
block (Figure 12). The inorganic-organic hybrid was prepared of a composition of 70 wt%
polymer and 30 wt% silica via the sol-gel method and was used for direct 3D extrusion
printing without additional carriers or binders. From this work, it was shown that the 3D
constructs could be degraded from endogenous tissue-specific enzymes that are involved
in the natural remodeling of bone. The specific position of the TMPSMA group controlled
the hybrid formation, mechanical properties, degradation, and printability. Better results
were found for the inner-star TMSPMA, which led to a more flexible and tougher material
than the others [105].
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A different approach in terms of architecture comes from a work where grafted copoly-
mer was prepared [106]. In this work, a PEDOT-g-PCL (poly(3,4-ethylendioxythiophene)-g-
poly(ε-caprolactone)) synthesized intending to fabricate electroactive scaffolds for muscle
tissue engineering (bioelectronics). Here, it was found that the percentage of PEDOT is a
crucial parameter in printability and that only low percentages led to the process with direct
ink writing. Biocompatibility of the materials was evaluated with 8220 muscle cells showing
encouraging results in compatibility, cell alignment, and myotubes differentiation [106].

Hydrogels that can be used as bioinks with dual sensitivity are very important and can
have many potential applications, especially in tissue engineering [107]. In this way, via
an microextrusion bioprinter, a triblock copolymer consisted of poly(lactide-co-glycolide)-
b-polyethylene glycol-b-poly(lactide-co-glycolide) with acrylate groups in the chain is
reported. This hydrogel proved thermo/photo sensitive with excellent shear-thinning
properties and fast recovery in the elastic region. The 3D printed scaffolds were very stable
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after the photopolymerization, which can lead to low-cost and mass production on an
industrial scale [107].

Another work of star architecture is based on an amphiphilic copolymer of poly(benzyl-
L-glutamate)-b-oligo(L-valine), which forms hydrogels via hydrophobic interactions [108].
This star copolypeptide can be used as ink to rapidly fabricate defined microstructures,
opening the road for manufacturing complex scaffolds, which is far more difficult with
conventional methods. The fabricated structures were degradable, did not affect the
metabolic health of fibroblasts (cell line Balb/3t3), and could have a favorable release of
encapsulated molecules [108].

A different approach in the star architecture was introduced by another work, using
a dendritic polyester core with a poly(oligo(ethylene glycol) methyl ether acrylate) inner
layer and a poly(acrylic acid) as the outer layer [109]. The solution formed a hydrogel
by adding metallic ions (zinc, copper(II), aluminum, and ferric ion). 3D structures were
printed using a custom-made inkjet printer (Figure 13). It has been reported that the fast
gelation of the star upon the addition of the ions can give a potential candidate that can
be used in 3D inkjet printing through an in-process cross-linking approach. The authors
showed that an 8% polymer solution has enough viscosity to be ejected from the inkjet
nozzle. Adding Zn2+, Cu2+, Al3+, and Fe3+ formed different hydrogels that also altered the
dynamic viscoelasticity. The highest resolution upon printing was found for hydrogel with
Fe3+ [109].
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Figure 13. 3D inkjet printing of the star block copolymer hydrogels crosslinked using metallic ions.
(a) Overview of the inkjet printing system. Inset: horizontal slice of the design of the 3D hydrogel
structures that was inputted into the printer. (b) Schematic illustration of the printing process. The
star block copolymer solution was ejected from the inkjet nozzle towards the agarose gel substrate
containing metallic ions. The printed droplets show gelation layer-by-layer through metallic ions
supplied from the substrate. (c) Transfer of the 3D-printed hydrogels from the substrate. Inset:
the gel printed on the substrate containing Zn2+ showed extremely low resolution. (d) Overview
and microscopic images of the 3D-printed hydrogels crosslinked using Cu2+, Al3+, or Fe3+. The
hydrogel crosslinked using Zn2+ is not shown because it was too brittle to maintain its structure
when transferred from the substrate. Reprinted with permission from [109].

An interesting approach is based on the Pluronic F127, poly(ethylene oxide)-b-
poly(propylene oxide)-b- poly(ethylene oxide) (PEO–PPO–PEO) with modified end groups
of dimethacrylate (FdMA). This component is responsible for reverse thermo-responsiveness;
the second is acrylic acid for pH responsiveness. In that way, the FdMA-co-acrylic acid
hydrogels will have dual responsiveness. 3D structures via stereolithography are formed,
and their environmentally sensitive dimensional behavior was evaluated. As expected, it
was found tunable responsiveness in terms of temperature and pH. Combining hydrogels
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with different compositions, a different response of the structures obtained in temperature
and pH, altering their size and geometry accordingly (Figure 14). The novel structures that
were 3D printed are expected to contribute to the field of medical devices since they can
change their size-volume-geometry “on command”, by changes in the temperature and
pH [110].
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Figure 14. 3D printed valve structure of FA70(80) at different conditions. (a) Dry, (b) pH 2.0/37 ◦C
(c) pH 7.4/37 ◦C, (d) pH 2.0/6 ◦C and (e) pH 7.4/6 ◦C. (Bar: 2 cm.). Reprinted with permission
from [110].

Finally, the pluronic F127 (PEO–PPO–PEO) was used as pentablock, with the end
blocks being PLA or PCL. These pentablocks were also modified with 2-isocyanatoethyl
methacrylate to improve printability and can be used with acrylic acid and form hydrogels.
These structures could have dual responsiveness of pH and temperature due to their blocks
and degradability because of PLA and PCL. Adjusting the composition of PLA/PCL,
the physicochemical properties of the hydrogels can be tuned, such as water absorption
and biodegradation. These structures showed a fast and reversible swelling–deswelling
response in pHs 2.0–7.0 or between 10 to 37 ◦C. The dual behavior for BSA release at
different rates has been exploited by changing the release conditions. It has been shown
that the PLA/PCL ratio plays an important role. It has been suggested that these materials
can be good candidates for colon protein release formulations [111].

4.3.2. Block Copolymers with Other Type of Materials

Research in block copolymers and other materials also has significant and interesting
publications [112–119]. Work preparing bioinks for hydrogel implants for controlled drug
release is based on different formulations. These systems fabricate cross-linkable chitosan
with PLA-PEG and PEGDA. The authors are presenting three different bioink systems:
(i) Methacryloyl chitosan/PEGDA, (ii) PLA-PEG (micelle)/PEGDA, and (iii) methacryloyl
chitosan/PLA-PEG (micelle)/PEGDA, which are all systems photo-crosslinked during 3D
printing. This work studied the biocompatibility–biodegradability of the systems for the
controlled release of the hydrophobic drug simvastatin from 3D structures hydrogels for
osteogenic stimulation. Tuned mechanical properties and swelling behavior was found for
the different systems. The viability of these hydrogels was proved when in contact with
NIH3T3 fibroblast cells. The critical point of this work was increased release over 14 weeks
with a therapeutic concentration [112].

Another work is based on the preparation of polyurethane, with one of the compo-
nents being an ABA type or ABCBA pentablock [113]. The first case is PCL-PEG-PCL,
and the second one is PLA-PCL-PEG-PCL-PLA. In this way, the final product will also
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have a biodegradability property that can have vast wide-range utility in various appli-
cations as scaffolds. The different compositions and lengths of the blocks led to tunable
biodegradability, elastic properties, hydrophilicity, morphology, water uptake, and thermal
properties [113].

A work based on combining organic-inorganic components is also found in the litera-
ture [114]. This work focuses on a thermoplastic amphiphilic poly(lactic acid-co-ethylene
glycol-co-lactic acid) combined with hydroxyapatite. This work aims to create scaffolds
with shape-memory effects and macroporosity that can be fabricated by rapid prototyping.
These systems were found to have a shape-memory effect at a safe triggering temperature
of 50 ◦C and high elasticity at room temperature. The incorporation of hydroxyapatite until
20% increased the tensile modulus while maintaining shape-memory properties at more
than 90%. All the above led to the conclusion that these systems showed that osteoconduc-
tivity and osteoinductivity make them ideal candidates for bone regeneration [114].

Another organic-inorganic system is based on the thermoresponsive block copolymer
poly(2-methyl-2-oxazoline)-b-poly(2-n-propyl-2-oxazine) (PMeOx-b-PnPrOzi) combined
with nanoclay laponite [115]. The work wants to show this formulation’s potential applica-
tion as bioink and evaluate the critical properties relevant to extrusion bioprinting. The
authors could show the system’s thermoresponsive character and enhanced viscoelastic
properties, leading to improved printability (Figure 15). According to the authors, this
material can be a versatile support bath for fluid extrusion printing, thermoresponsive self-
protection, controlled drug delivery, and a sacrificial template in microfluidic devices [115].
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This work fabricates 3D constructs based on the mixing of acrylated and non-acrylated 
pluronic F127 with hyaluronic acid via UV crosslinking. These gels have a reversible 
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delity of biomaterial inks (red arrows are guiding for eyes). (b) Optical and stereomicroscopic images
of the printed constructs composed with three layers of 5 × 5 orthogonal strands with a base area of
20 × 20 mm2 (amplified in dashed red circles). (c) Photographic images of 3D printed six layers of a
5 × 5 woodpile structure, letters “GEL” and a five-pointed star with PMeOx-b-PnPrOzi/clay hydro-
gel. (d) SEM images of clay and cryo-SEM images of PMeOx-b-PnPrOzi and PMeOx-b-PnPrOzi/clay.
Scale bars in (a–c) represent 5 mm. Reprinted with permission from [115].

In order to increase the mechanical properties of polymers to meet the requirements
of 3D bioprinting by extrusion, this work proposes the addition of rigid nanoparticles of
cellulose nanocrystals (CNC) into a poly(ε-caprolactone/lactide)-b-poly(ethylene glycol)-b-
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poly(ε-caprolactone/lactide) (PCLA-PEG-PCLA) triblock copolymer. The results showed
increased thermal stability, a broader gel state (in terms of temperature) and increased
mechanical properties with CNC at higher concentrations. This work proved that incorpo-
rating rigid CNC into amorphous gels could improve printability [116].

In another work [117], the authors have a different approach based on nanostructuring
in order to increase the biocopmatibility of pluronic gels at printable concentrations. This
work fabricates 3D constructs based on the mixing of acrylated and non-acrylated pluronic
F127 with hyaluronic acid via UV crosslinking. These gels have a reversible thermo-gelling
property and good rheological properties due to F127. A very important point is also the
14 day cell viability that was assessed using a live/dead assay (viable cells stained green
and dead cells stained red fluorescent), as shown in Figure 16 [117].
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To prepare a hydrogel suitable for cartilage 3D printing applications, a material based
on methacrylated chondroitin sulfate and a thermo-sensitive poly(N-(2-hydroxypropyl)
methacrylamide-mono/dilactate)/polyethylene glycol triblock copolymer was prepared [118].
The 3D technique for preparing these materials is based on a bioprinter equipped with UV
lamps. These hydrogels showed superior rheological properties when compared to their
homopolymer analogous. This polymer solution was used as ink to fabricate 3D structures
with different porosity. An important point was the good survival and proliferation of
chondrogenic cells when incorporated into the hydrogel [118].

Finally, an exciting work involving a two-component hydrogel for preparing scaffolds
is presented here [119]. The first component of hydrogel consists of an ABC copoly-
mer in combination with hyaluronic acid (HA) or PEG, both functionalized with N-
hydroxysuccinimide. The ABC copolymer was a PEG-b-NiPAAm-b-HPMACys (N-2-
Hydroxy-propyl)methacrylamide-Boc-S-acetamidomethyl-L-cysteine) and was used to pre-
crosslinked with oxo-ester mediated native chemical ligation and physically crosslinked
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after deposition on a 37 ◦C printing plate. The researchers proved that the significant in-
crease in Young modulus (17 to 645 kPa) by covalently grafting to a thermoplastic polymer
scaffold (Poly(hydroxymethylglycolide)-co-ε-caprolactone). The authors have successfully
demonstrated the increase in mechanical properties of the two-component hydrogels and
also high cell viability of chondrocytes in the structure with hyaluronic acid [119].

5. Challenges and Future Works

3D printing, alongside 4D, is currently in constant evolution. New materials, tech-
niques, and 3D structures for various applications are discovered yearly. The future of
this technique in the biomaterials area has great potential but also many challenges and
obstacles that need to be considered, improved, or changed to the level of the different
applications required.

5.1. Challenges

Regarding challenges, the three main directions that need to be considered are:
(i) Materials and techniques, (ii) scaffold architecture, and (iii) cell viability/vascularization.

(I) Materials and Techniques

The choice of material is a very crucial issue to deal with for scientists working with
3D printing. The chemical properties, physical properties, potential stimulus, printability,
versatility, cost, degradability, and bioavailability will come from the selection of the
materials. For hydrogels, for example, the printing resolution needs to be considered. Now
it is at 0.3 mm, and for specific scaffolds, a better resolution will be required. Degradation
or not is another challenge, especially for scaffolds, where new cells must be adhered to
and slowly replaced by the printed scaffold. In the case of by-products after degradation,
a careful evaluation must be done to ensure that they are not toxic and do not affect the
environment where the 3D-printed object was present. Mechanical properties play a vital
role since they are responsible for the printability and stability of the structure. Different
parts of the human body need other mechanics for the constructs. In part of the materials,
the biocompatibility must always be considered, and the way of sterilization is also a crucial
issue for the choice of material.

(II) Scaffold architecture

In the case of scaffold architecture, the physical characteristics should be improved,
meaning pore size, distribution and morphology, and topography. It should always be
taken in mind that in these scaffolds, cells will adhere and grow and substitute the existing
structure. All physical properties should be adequate for the specific cells. During 3D
printing, many hydrogels show inhomogeneity due to the uncontrollable crosslinking,
leading to poorer mechanical properties, so the way crosslinking is to happen during the
preparation of the scaffolds is also quite important.

(III) Cell viability/vascularization

Finally, there are still many unsolved issues in terms of cell viability and vasculariza-
tion. Cells must be viable and evenly distributed onto the scaffold in tissue engineering.
Cells loaded to the printer are also crucial since viability is important during loading,
printing, and postprocessing. At present, existing 3D printing technologies can be used
to precisely dispense one or two cell-laden hydrogels for the construction of simple or
vascularized tissues. They need to recapitulate the intrinsic complexity of vasculature
in a natural organ. Building a real blood circulatory network is challenging and one of
the future directions. The last point is the 3D printing of personalized constructs or drug
delivery for each patient [41,76,77,82].
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5.2. Future Works

Overcoming the challenges that now exist in 3D printing technologies, the future can
be fruitful for functional materials in biology and medicine. The main lines of investigation
that the researchers will focus their research on will be:

(I) Materials
(II) Combination of natural and synthetic polymers
(III) 3D printers
(IV) Crosslinking
(V) Testing and simulation of the 3D structures
(VI) New techniques of processing incorporated in 3D

The selection of materials will always be an area of investigation that can lead to the
discovery of new combinations or polymers. These formulations will affect the processabil-
ity, degradation, mechanical properties, and cell viability. Controlling the diversity and the
different polymers (natural or synthetic), desirable physiological functions will be captured
in specific micro/macro-environments. An investigation will also be made into the 3D
printers to improve their capabilities, especially in the bioprinting technology.

In crosslinking, new techniques will be studied to differentiate pre and post-printing
chemistries that can improve and better control the crosslinking. In many formulations,
the material to be printed consist of different components that can create formulations
with agglomerations; therefore, new methods that ensure homogeneous distribution of
the different phases must be studied. The testing and simulation of these 3D constructs is
also significant. In biomaterials, high standards must be applied in terms of mechanical,
physical, chemical, and stimuli. Finally, the investigation will be done with other techniques,
such as electrospinning, biofabrication, microfluidics, and 4D printing [41,76,77,82].

6. Conclusions

In the last 10–12 years, 3D/4D printing has changed dramatically. Techniques or
polymers used at the beginning are modified or functionalized to have better printability,
processability, resolution, and dual properties with or without stimuli. Researchers are
constantly investigating new materials and ways of preparing 3D constructs. Every time
they fabricate materials that can substitute hard or soft tissues, used as drug delivery
vehicles, scaffolds where cells will grow and proliferate and structures printed alongside
different types of cells. The structures are every time more complex and try to mimic organs
or systems or functions of the human body.

Someone will ask, where is the limit? It can be said that it is almost infinite. Next-
generation printed devices are expected to respond after sensing first local changes in live
tissues (infection, cancer, neurodegeneration, or inflammation), offering more personalized
therapy. In the case of polymers, many architectures and polymers are already in use. Apart
from homopolymers (synthetic or natural), block copolymers play a significant role in the
evolution and development of 3D/4D printing. Figure 17 shows two graphs of the different
architectures and polymers of block copolymers used in the last 10–12 years. Most of
the architectures are based on AB and ABA but with natural polymers (e.g., chitosan
or hyaluronic acid) or inorganic materials (e.g., hydroxyapatite or clay) and star-like
polypeptides to gain their way in more and more applications. In terms of polymers,
poly(ethylene glycol), poly(caprolactone), and poly(lactide) are used in half of the works
in one way or another. Nevertheless, new polymers are used in at least 18% of the works.
One-third of the works also use candidates with potential due to their properties, such as
acrylates, acrylamides, peptides, poloxamers, and oxazolines.
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Finally, it has to be said that the future will bring many discoveries in smart materials
for 4D (bio)printing, complete automations in high-resolution printers, computational mod-
eling, and artificial intelligence. The therapy will be transformed into a more personalized
one thanks to 3D printing and its constant evolution.
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Abbreviations

2PP two-photon polymerization
AB block copolymers
ABA triblock copolymers
ABC triblocl terpolymers
AJP aerosol jet printing
CLIP continuous liquid interface production
CNC cellulose nanocrystals
CSMA methacrylated chondroitin sulfate
DIW direct ink writing
DLP digital projection lithography
EHD electro-hydrodynamic printing
FDM fused deposition modeling
FdMA pluronic F127 dimethacrylate
FFF fused filament fabrication
HAMA methacrylated hyaluronic acid
HAMA hyaluronic acid
HPMACys N-2-Hydroxy-propyl)methacrylamide-Boc-S-acetamidomethyl-L-cysteine
PAA poly(acrylic acid)
PAMPS poly(2-(acrylamide)-2-methylpropanesulfonic acid)
PASA poly(aspartic acid)
PBF powder bed fusion
PBnMA poly(benzyl methacrylate)
PBT poly(butylene terephthalate)
PCL polycaprolactone
PCLA poly(ε-caprolactone/lactide)
PCL-PPSu poly(1,3-propylene succinate)
PDLGA poly(D, L-lactide-co-glycolide)
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PDMAEMA poly(dimethylaminoethyl methacrylate)
PDMS polydimethylsiloxane
PEDOT poly(3,4-ethylenedioxythiophene)
PEG polyethylene glycol
PEGDA poly(ethylene glycol) diacrylate
PEGT poly(ethylene glycol) terephthalate
PEI polyethyleneimine
pEtOx poly(2-ethyl-2-oxazoline)
PEU poly(ether urethane)
PGA poly(glycolic acid)
PHEMA poly(2-hydroxyethyl methacrylate)
PHIS poly(histidine)
piBuOx poly(2-iso-butyl-2-oxazoline)
PLA poly(lactic acid)
PLACL poly(L-lactide-co-ε-caprolactone)
PLGA polylactic-co-glycolic Acid
PLLA poly(L-lactic acid)
pMeOx poly(2-methyl-2-oxazoline)
PMMA poly(methyl methacrylate)
PnBA poly(n-butyl acrylate)
PNiPAM poly(N-isopropylacrylamide)
PPF poly(propylene fumarate)
PPG poly(propylene glycol)
PPM poly(propylene maleate)
PPO poly(propylene oxide)
pPrOzi poly(2 N-propyl-2-oxazine)
PPy polypyrrole
PSS sulfonated-polystyrene
PT polythiophene
PTMC poly(trimethylene carbonate)
Ptriol polycaprolactone triol
PU polyurethane
SIBS poly(styrene-b-isobutylene-b-styrene)
SLA laser stereolithography
TMSPMA 3-(trimethoxysilyl)propyl methacrylate
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Abstract: Phase behaviors of molten A-b-B diblock copolymers with disparity in self dispersion
interactions are revisited here. A free energy functional is obtained for the corresponding Gaussian
copolymers under the influence of effective interactions originating in the localized excess equation
of state. The Landau free energy expansion is then formulated as a series in powers of A and B
density fluctuations up to 4th order. An alternative and equivalent Landau energy is also provided
through the transformation of the order parameters to the fluctuations in block density difference
and free volume fraction. The effective Flory χ is elicited from its quadratic term as the sum of the
conventional enthalpic χH and the entropic χS that is related to energetic asymmetry mediated by
copolymer bulk modulus. It is shown that the cubic term is balanced with Gaussian cubic vertex
coefficients in corporation with energetics to yield a critical point at a composition rich in a component
with stronger self interactions. The full phase diagrams with classical mesophases are given for the
copolymers exhibiting ordering upon cooling and also for others revealing ordering reversely upon
heating. These contrasting temperature responses, along with the skewness of phase boundaries, are
discussed in relation to χH and χS. The pressure dependence of their ordering transitions is either
barotropic or baroplastic; or anomalously exhibits anomalously both at different stages. These actions
are all explained by the opposite responses of χH and χS to pressure.

Keywords: diblock copolymer; Landau analysis; weak segregation regime; upper order-disorder
transition; lower disorder-order transition; barotropicity; baroplasticity

1. Introduction

Block copolymers have been of great importance for the past several decades be-
cause of their self-assembly into arrays of ordered nanoscopic structures such as lamellae,
hexagonally packed cylinders, body-centered cubic spheres, double gyroids, other network
structures, and Frank-Kasper phases [1–4]. Block copolymers are used in diverse areas and
applications such as elastomers, surface modifiers, blend compatibilizers, and templates
for directing structured materials towards data storage, nanolithography, and nanopattern
transfer [5–9]. Block copolymers in selective solvents can be useful for drug delivery, cancer
theranostics, nanoreactors, and stimuli-responsive materials [10,11].

It is well known from phenomenological studies on the corresponding incompressible
copolymer systems that their phase behaviors are to be determined by the total number
of monomers or chain size N, the component volume fractions φ, and the effective Flory
interaction parameter χ [12]. However, the copolymer behaviors are considered to be
much more complicated than the simple incompressible picture. It is typical that block
copolymers exhibit ordering upon cooling, which is referred to as the upper order-disorder
transition (UODT) [3,13]. Ordering of block copolymers upon heating has also been
found, which is referred to as the lower disorder-order transition (LDOT) [14–19]. Some
copolymers have been shown to reveal immiscibility loops [20–23] with both LDOT and
UODT. These two types of temperature dependences of the ordering behaviors are driven
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by different mechanisms. The UODT has an enthalpic origin because it is driven by
unfavorable energetics. On the contrary, the LDOT is of an entropic origin that is divided
in three-fold ways [24]. Firstly, for copolymers with directional interactions between
different monomers, there is entropic penalty in forming such directional pairs. Thus,
increase in temperature allows those pairs less to phase separate less [25–27]. Secondly, the
disparities in self dispersion interactions or compressibilities between component blocks
lead to phase separation to gain more entropy through volume increase [24]. Thirdly,
some polymer mixtures without directional interactions or compressibility differences
exhibit phase separation because of entropic penalty arisen by asymmetry in monomer
structures [28–31].

Block copolymers exhibiting either UODT or LDOT respond to pressure in two differ-
ent ways. Firstly, their ordered region is enlarged upon pressurization, which is referred to
as barotropicity. The unfavorable energetics are augmented by pressurization as a result
of the densification of such interactions. Many UODT-type block copolymers such as
polystyrene-b-polybutadiene (PS-b-PBD) and PS-b-polyisoprene (PS-b-PI) fall into this
category in their responses to pressure [32–36]. Some strongly interacting LDOT-type mix-
tures exhibits barotropicity due to this densification effect [37]. The transition temperatures
change typically by ~20 K over 100 MPa in the absolute sense. Secondly, the ordered
region is shrunken upon pressurization, which is observed for some copolymers with
substantial disparities in their compressibilities. This phenomenon is referred to as baro-
plasticity [35,38,39]. Some UODT-type copolymers such as PS-b-poly(n-hexyl methacrylate)
(PS-b-PnHMA) [35] and PS-b-poly(ethyl hexly acrylate) (PS-b-PEHA) [40] are baroplastic.
LDOT and loop-type block copolymers from PS and ethyl to n-pentyl polymethacrylates
also exhibit this property [21,35,39]. The change in transition temperatures varies from ten
to several hundred kelvin over 100 MPa in the absolute sense.

Over the years, we have sequentially developed sequentially the random-phase ap-
proximation theory [41–43], Landau analysis [44–46], and self-consistent field theory [47–49]
for A-b-B block copolymers of all possible types exhibiting UODT, LDOT, barotropicity,
and baroplasticity. Narrowing our attention down to Landau approach, the Landau free
energy was first obtained as a series in powers of two order parameters, which are A
and B density fluctuations, in a direct way [44]. Later in a separate study, an alternative
Landau free energy was formulated through the transformation of order parameters [45,46].
The copolymer, with equal self-dispersion interactions for A and B blocks, reveals it is
Landau free energy mathematically identical to that of the incompressible counterpart by
Leibler. However, an effective Flory χ is shown to carry molecular parameters. Therefore,
the symmetric copolymer exhibits a critical point (CP) that is pressure dependent [45,46].
It was argued that the copolymer with disparity in self dispersion interactions yields its
Landau energy possessing the nonvanishing and negative cubic term, and the second-order
transition is nullified even at the symmetric composition [44,46]. This energetic disparity
gives asymmetry in densities or average intermonomer distances for different block do-
mains. The notion that the copolymer phase transition is fully of first order seemed to be in
harmony with other known facts. For the liquid-solid transition and isotropic-nematic tran-
sition in liquid crystals, their Landau free energy expansions usually possess nonvanishing
cubic vertex coefficients [50]. These transitions are only of first order. Here, we revisit the
phase behaviors of molten A-b-B diblock copolymers in the weak segregation regime. In
the course of formulating the Landau free energy, it is understood that the effective cubic
order term is more intricate than previously studied. It is shown that our Landau energy
with the deepened conception resurrects the CP, whereas its location is dependent on the
disparity in self dispersion interactions. The Landau free energy is derived in two different
ways; one is in a direct way with the two order parameters, and the other is through the
transformation of the order parameters. Using these two equivalent free energies, the
theoretical calculation of the copolymer phase behaviors and transitions are to be compared
with experimental results.
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2. Theory
2.1. Free Energy Density in the Bulk State

Our system of interest is A-b-B diblock copolymer chains made of A and B monomers
in volume V. There are nc such chains, where each j-block possesses Nj tangent spheres
having the identical diameter σ. The close packed volume of j-blocks in the system is given
as Vj = ncNjv∗, where v∗ = πσ3/6 is the monomer volume. Then, the close packed volume
fraction of j-block is given as φj = Vj/ ∑ Vk= Nj/Nc, where Nc =NA + NB is the copolymer
chain size. The overall packing density η is given by η = ∑ Vj/V, and the packing density
of j-block is equal to ηj = φjη.

The Helmholtz free energy A of the copolymer melt is given as the sum of ideal Aid
and non-ideal Ani as A = Aid + Ani [41,46,47]. The former Aid is given below:

βAidv∗
V

=
η

Nc
ln

ηK
Nc

(1)

where β = 1/kBT as usual, and K is the molecular constant that does not affect any
thermodynamic properties. The latter Ani is subdivided into Ani = AHSC + Unb, where
AHSC implies the excluded volume contribution by hard sphere chains, and Unb represents
dispersion (van der Waals) interaction energy between nonbonded monomers. The first
contribution AHSC is formulated from Baxter’s integral equation theory for adhesive hard
spheres under Chiew’s connectivity constraint [51–53]. Mathematically stated,

βAHSCv∗
V

=
3
2

[
η

(1− η)2 −
(

1− 1
Nc

)
η

1− η

]
− η

Nc

[
ln(1− η) +

3
2

]
(2)

The second contribution Unb is obtained from the Bethe-Peierls-type mean-field en-
ergy [54] of locally packed nearest-neighbors around a chosen monomer. There are AA,
AB, and BB pairs, whose contact energies are represented by εAA, εAB, and εBB, respectively.
Then, Unb can be written as

βUnbv∗
V

=
1
2
· β ·∑

ij
φiφjεij · u(η) · η =

1
2
· β ·∑

ij
ηiηjεij ·

u(η)
η

(3)

The density dependence of Unb is determined by u(η) =4[(γ/C)4η4− (γ/C)2η2] with
γ = 1/

√
2 and C = π/6. We denote the free energy A per unit volume as a ≡ A/V, and

its nonideal part as ani ≡ Ani/V.

2.2. Series Expansion of Free Energy Functional

The free energy density functional for an inhomogeneous A-B diblock copolymer melt
is written in general as [47]

βAinhv∗

V
=

η

Nc
ln

ηK
Nc
− η

Nc
ln
(

1
V

∫
d
→
r · q(→r , 1)

)
+

1
V

(∫
d
→
r · βani(

→
r )v∗ −∑

j

∫
d
→
r · iωj(

→
r ) · ηj(

→
r )

)
(4)

where ani(
→
r ) is the localized ani to give the effective short-ranged interactions. The function

ωj(
→
r ) indicates the external potential conjugate to the local j-density ηj(

→
r ). In Equation (4),

q is the end-segment distribution function of Gaussian A-b-B chains subject to ωjs which
transmits the influence of the local interactions to the chain conformations to describe
microphase segregated state.

Fluctuations in various field variables are defined by ∆ηj(
→
r ) ≡ ηj(

→
r ) − ηj and

∆ωj(
→
r ) ≡ ωj(

→
r ), where the spatial average of ωj is shifted to zero. Then, the loga-

rithm of Q (≡ 1/V ·
∫

qd
→
r ) in Equation (4) can be expanded as a series in powers of ωjs up

to 4th order as
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ln Q = ln
[

1
V

∫
d
→
r · q(→r , 1)

]
= ln Q +

4

∑
n=2

(−1)nNc

n!V

∫ n

∏
l=1

d
→
k l

(2π)3 · G
(n)0
i1,...,in(

→
k 1, . . . ,

→
k n)ωi1(

→
k 1) . . . ωin(

→
k n) (5)

where Q is defined by Q = Q
(
ωj → 0

)
, and G(2)0

ij , G(3)0
ijk , and G(4)0

ijkl are the proper Gaussian correla-

tion functions. It is common to replace G(2)0
ij with S0

ij. Equation (5) is written in Fourier form with scatter-

ing vectors
→
k s. In our A-b-B copolymer system, S0

AA(
→
k ) = ηN · d1(φA, x) is used for AA correlations

with its gyration radius RG, where d1(φA, x) = 2/x2 · (e−φAx + φAx− 1) is the modified Debye

function and x ≡ k2R2
G. Likewise, S0

BB(
→
k ) = ηN · d1(1− φA, x) is used for BB correlations. The re-

maining AB correlations is described by S0
AB(
→
k ) =ηN/2 · [d1(1, x)− d1(φA, x)− d1(1− φA, x)].

Now, the free energy is written below as

βAinhv∗
V ≈ η

Nc
ln ηK

Nc
+

4
∑

n=2

(−1)n Nc
n!V ·

∫ n
∏
l=1

d
→
k l

(2π)3 ·G(n)0
i1,...,in

(→
k 1, . . . ,

→
k n

)
ωi

(→
k 1

)
. . . ωin

(→
k n

)

+ 1
V

(
βaniv∗V + 1

2 ∑
i,j

∫ d
→
k

(2π)3 ·βDija·v∗∆ηi(
→
k )∆ηj(−

→
k )

)
− 1

V

(
∑
j

∫ d
→
k

(2π)3 ·ωj(
→
k ) · ∆ηj(−

→
k )

) (6)

where Q is absorbed into K and ani indicates ani in the homogeneous state. The symbol
Dija denotes the second-order derivatives of ani as Dija ≡ ∂2ani/∂ηi∂ηj to give the effective
local interactions in two-body level. For compressible systems, the Gaussian correlation
functions are diluted by η because of free volume.

The Landau free energy is formulated from Equation (6) by replacing ∆ηj(
→
k ) and

ωj(
→
k ) with their ensemble averages. For simplicity, we will use the same symbols for

their averages. To minimize the Landau free energy, it is required that δ(Ainh/V)/δωj = 0,

which yields the relations between ωj(
→
k )s and ∆ηj(

→
k )s. The Landau free energy is then

re-written as a series in powers of ∆ηj(
→
k )s as follows:

βAinhv∗
V = η

Nc
ln ηK

Nc
+ βaniv∗ + 1
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d
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∆ηj

(→
k 2
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k 2
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∆ηk
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)]
+ O

(
∆η5

j

)
(7)

The second-order vertex function Γ(2)
ij is identical to S−1

ij , which is given by the sum

of Gaussian S0−1
ij and effective interaction fields. The higher-order vertex functions are

obtained as the combination of Gaussian correlation functions, which can be found else-
where [12,44,46]. It should be recognized that all the vertex functions require ∑ ki = 0.

2.3. Formulation of Landau Free Energy
2.3.1. Method I: Direct Way

Owing to the covalent bonds between A and B blocks, A-b-B diblock copolymer
melts exhibit phase separation only on a nanometer scale. These nanoscale mesophases
are diverse, but here we consider only the classical ones such as 3-dimensional body-
centered cubic spheres (BCC), 2-dimensional hexagonally packed cylinders (HEX), and
1-dimensional lamellae (LAM). The quadratic form of the free energy functional expansion
yields the characteristic wavenumber k∗ at its minimum, which in turn gives the periodicity
of the repeating structures with the domain size D as D = 2π/k∗. These nanostructures are

determined by n characteristic scattering vectors
→
K js, whose magnitudes are

∣∣∣∣
→
K j

∣∣∣∣ = k∗.
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Lamellar mesophase possesses one base vector
→
K1 = k∗ · (1, 0, 0) with n = 1. Meanwhile,

HEX mesophase possesses three base vectors,
→
K1 = k∗ · (1, 0, 0),

→
K2 = k∗ ·

(
−1/2,

√
3/2, 0

)
,

→
K3 = k∗ ·

(
−1/2,−

√
3/2, 0

)
along with n = 3. The last BCC mesophase possesses six

base vectors,
→
K1 = k∗/

√
2 · (1, 1, 0),

→
K2 = k∗/

√
2 · (−1, 1, 0),

→
K3 = k∗/

√
2 · (0, 1, 1),

→
K4 = k∗/

√
2 · (0, 1,−1),

→
K5 = k∗/

√
2 · (1, 0, 1),

→
K6 = k∗/

√
2 · (1, 0,−1), along with n = 6.

Following Leibler’s seminal analysis [12,44], the integral in Equation (7) is approxi-

mated to the finite sum of integrands at
→
K j. Each ∆ηi(±

→
k 1) is now treated as a plane wave

with its amplitude
(
1/
√

n
)
ς j and phase angle ±ϕ(i) as ∆ηi(±

→
k 1) =

(
1/
√

n
)
ςie±iϕ(i). The

free energy expansion is greatly simplified to yield the following form as a series in powers
of ς js up to 4th order:

β∆A =
(
ΓAAς2

A − 2ΓABςAςB + ΓBBς2
B
)

−
∣∣αAAAς3

A − 3αAABς2
AςB + 3αABBςAς2

B − αBBBς3
B

∣∣+ δijkle−iπ·cB(ijkl) · ςiς jςkςl
(8)

where the necessary treatment of the vertex coefficients of Equation (7) for the three
mesophases is given in the Appendix A. In Equation (8), Einstein’s summation convention
is used when necessary. It is seen that the permutation of indices of αAAB and αABB yields
the identical vertex function values. The cubic coefficients αijks for LAM, HEX, and BCC
are given respectively as follows:

αLAM
ijk = 0; αHEX

ijk =
12

3!
(√

3
)3 Γijk(1); αBCC

ijk =
48

3!
(√

6
)3 Γijk(1) (9)

In Equation (9), a number h is put into the bracket to indicate the relative angles between

the three scattering vectors
→
k 1,

→
k 2, and

→
k 3, where its definition is h ≡

∣∣∣∣
→
k 1 +

→
k 2

∣∣∣∣
2
/(k∗)2.

Then, the right triangular arrangement of those vectors yields
∣∣∣∣
→
k 1 +

→
k 2

∣∣∣∣ =
∣∣∣∣
→
k 3

∣∣∣∣ and h = 1.

The quartic coefficients δijkls are obtained as

δLAM
ijkl =

3!
4!

Γijkl(0, 0) (10)

δHEX
ijkl =

18

4!
(√

3
)4

[
Γijkl(0, 0) + 4Γijkl(0, 1)

]
(11)

δBCC
ijkl =

36

4!
(√

6
)4

[
Γijkl(0, 0) + 8Γijkl(0, 1) + 2Γijkl(0, 2) + 4Γijkl(1, 2)

]
(12)

The set of numbers (h1, h2) in Equations (10)–(12) indicates the relative angles between the

four scattering vectors
→
k 1,
→
k 2,
→
k 3, and

→
k 4. We define h1 and h2 as

∣∣∣∣
→
k 1 +

→
k 2

∣∣∣∣
2
≡ h1 · (k∗)2 and

∣∣∣∣
→
k 1 +

→
k 4

∣∣∣∣
2
≡ h2 · (k∗)2, respectively. Then, it can be shown that

∣∣∣∣
→
k 1 +

→
k 3

∣∣∣∣
2
= (4− h1 − h2) ·

(k∗)2. The Landau free energy is to be minimized with respect to ςA and ςB to determine the
equilibrium mesophase at a given set of composition, temperature, and pressure.
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2.3.2. Method II: Transformation of Order Parameters

Now, let us express our Landau free energy in a more familiar form through the
transformation of the order parameters [45,46]. The new order parameters are denoted as
ψ1

(→
r
)

and ψ2

(→
r
)

, which are defined by the following matrix equation:

[
ψ1
ψ2

]
=

[
(1− φA)/η −φA/η

1 1

][
∆ηA
∆ηP

]
=
[
Mij
][∆ηA

∆ηP

]
(13)

Using this equation, ψ1

(→
r
)

is given as ψ1 = (∆ηA − ∆ηP)/2η at φA = 1/2. Thus, the
profiles of phase segregating A and B blocks are joined to yield a composite profile in phase
with A block. The other order parameter ψ2

(→
r
)

is determined to be
ψ2 = ∆ηA + ∆ηP = −∆η f , which implies the negative fluctuations in free volume fraction.
Upon this transformation, the new vertex functions Γs are obtained from the original vertex
functions Γs as

Γ(n)
i1 ...in

(→
k 1, . . . ,

→
k n

)
ψi1

(→
k 1

)
· · ·ψin

(→
k n

)
= Γ(n)

i1 ...in

(→
k 1, . . . ,

→
k n

)
∆ηi1

(→
k 1

)
· · ·∆ηin

(→
k n

)
(14)

Then, Γs are equated to

Γ(n)
j1 ...jn = Γ(n)

i1 ...in M−1
i1 j1
· · ·M−1

in jn (15)

where Einstein’s summation convention is used for this tensorial equation.
We will consider nanoscale mesophases, whose structures are defined by characteristic

scattering vectors
→
k 1 ∈

{
±
→
Kn

}
. Regular geometric morphologies are represented by the

order parameter ψ1 that is treated as a plane wave as ψ1(±
→
Kk) =

(
1/
√

n
)
ζ1e±iϕk(1). The

remaining ψ2 is separated into two parts as −ψ2 = ∆η f= −ψ2c − ψ2i, where the former
indicates the excess free volume in phase with the more compressible constituent and the
latter represents the excess free volume at the interfaces between domains. While ψ2c is

parametrized as ψ2c(±
→
Kk) =

(
1/
√

n
)
ζ2ce±iϕk(2c), ψ2i should have 1/2 period to locate the

interfaces as ψ2i(±2
→
Kk) =

(
1/
√

n
)
ζ2ie±iϕk(2i).

Taking the proper mathematical procedure given in the Appendix B, this alternative
Landau free energy is formulated as

β∆A = Γ11ζ2
1 + 2Γ12ζ1ζ2c + Γ22ζ2

2c + Γ22(2k∗)ζ2
2i −

∣∣∣anζ3
1 + b1ζ2

1ζ2c

∣∣∣+ c4ζ2
1ζ2i + dnζ4

1 (16)

where the coefficient an is given respectively for LAM, HEX, and BCC by

aLAM
n = 0; aHEX

n = 12/
(

3!33/2
)
· Γ111(1); aBCC

n = 48/
(

3!63/2
)
· Γ111(1) (17)

The coefficient b1 is given respectively by

bLAM
1 = 0; bHEX

1 = 12/
(

3!33/2
)
·
(
3Γ112(1)

)
; bBCC

1 = 48/
(

3!63/2
)
·
(
3Γ112(1)

)
(18)

for LAM, HEX, and BCC. The coefficient c4 respectively becomes

cLAM
4 = 2/3! ·

(
3Γ112(4)

)
; cHEX

4 = 6/
(

3!33/2
)
·
(
3Γ112(4)

)
; cBCC

4 = 12/
(

3!63/2
)
·
(
3Γ112(4)

)
(19)

The quartic coefficient dn is given as

dLAM
n =

3!
4!

Γ1111(0, 0) (20)
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dHEX
n =

18

4!
(√

3
)4

[
Γ1111(0, 0) + 4Γ1111(0, 1)

]
(21)

dBCC
n =

36

4!
(√

6
)4

[
Γ1111(0, 0) + 8Γ1111(0, 1) + 2Γ1111(0, 2) + 4Γ1111(1, 2)

]
(22)

for LAM, HEX, and BCC, respectively.
Differentiating Equation (16) with respect to ζ2c and ζ2i, and then nullifying those

derivatives yield the following conditions:

ζ2c = −
Γ12

Γ22
ζ1 ±

b1

2Γ22
ζ2

1; ζ2i = −
c4

2Γ22(2k∗) ζ2
1 (23)

where + and − signs are assigned to anζ1 + b1ζ2c > 0 and anζ1 + b1ζ2c < 0, respectively.
Replacing ζ2c and ζ2i with Equation (23), the free energy becomes in general

β∆A =

(
Γ11 −

Γ2
12

Γ22

)
ζ2

1 −
∣∣∣∣an −

b1Γ12

Γ22

∣∣∣∣ζ3
1 +

(
dn −

b2
1

4Γ22
− c2

4
4Γ22(2k∗)

)
ζ4

1 ≈
(

Γ11 −
Γ2

12

Γ22

)
ζ2

1 −
∣∣∣∣an −

b1Γ12

Γ22

∣∣∣∣ζ3
1 + dnζ4

1 (24)

Equation (20) is our final suggestion of the alternative Landau free energy to find
the equilibrated ordered state as its minimum. It can be seen that the effective cubic and
quartic coefficients of the free energy contain not only the Gaussian correlation functions
but also interaction-dependent Γij. The vertex coefficient Γ22 implies the bulk modulus of
the copolymer melt [42]. Thus, the effective quartic coefficient in Equation (24) is further
approximated to simply dn.

2.4. Spinodals and Effective Flory χ

The quadratic form A2 of the Landau free energy in Equation (9) can be expressed in
the matrix form as

βA2 = ΓAAς2
A − 2ΓABςAςB + ΓBBς2

B =
[
ςA ςB

][ ΓAA −ΓAB
−ΓAB ΓBB

][
ςA
ςB

]
(25)

The phase stability requires the positive definiteness of A2. The spinodals are then
defined as the border line of stability to require det

[
Γij

]
= 0 at k∗ or

ΓAA/ΓAB = ΓAB/ΓBB (26)

The same situation occurs in our alternative Landau free energy in Equation (24),
where the spinodals are determined by

Γ11 − Γ2
12/Γ22 = det

[
Γij

]
/Γ22 = 0 (27)

These two different equations for spinodals are simply equivalent because
det
[
Γij

]
= η2det

[
Γij

]
.

The essence of the phase behavior of diblock copolymer melts is concentrated on
effective Flory χ parameter. In our previous works [42,46], χ was properly elicited from the
spinodals to consist of two contributions as χ = χH + χS. The former χH of our χ indicates
the conventional enthalpic contribution gotten from Γ11 in the following way. There are
Gaussian and non-Gaussian parts in Γ11/η as

Γ11/η = η(ΓAA − 2ΓAB + ΓBB) = η
(

S0−1
AA − 2S0−1

AB + S0−1
BB

)
+ ηβv ∗ (DAAani − 2DABani + DBBani) (28)
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where the latter non-Gaussian ones give χH as

χH = −1
2

βv ∗ (DAAani − 2DACani + DCCani)η = β · 1
2

∆ε · |u(η)| (29)

The symbol ∆ε (=εAA + εBB − 2εAB) implies the exchange energy between εij’s. Unlike
incompressible situations, χH possesses density dependence because of u(η). Meanwhile,
Γ12 (=η/2 ·

(
ΓAA − ΓBB

)
) is analyzed to be

Γ12 =
η

2
βv ∗ (DAAani − DBBani)=

1
2

β(εAA − εBB) · η
du
dη

(30)

where εAA − εBB indicates disparity in self dispersion interactions between constituent
blocks. The remaining vertex function Γ22 (=∑ Γij/4) is the average of Γij. It was shown

in our previous works [42,46] that Γ22 ≈ BT/η2, where BT (≡ η ∂P/∂η)T) is the bulk

modulus of the copolymer. Therefore, Γ2
12/Γ22∝ [εAA − εCC]

2/BT dominantly. As Γ2
12/Γ22

is always positive, it hampers phase stability. The latter χS of our χ represents the entropic
contribution to phase stability as

χS =
1

2η
· Γ2

12

Γ22
(31)

which is associated with volume fluctuations [42,46]. In general, a component with larger
εjj has a stronger cohesive energy and thus smaller compressibility (larger ηφj→1) than the
other. Therefore, χS vanishes for the copolymers with the same εjjs or compressibility. The

determinant det
[
Γij

]
can then be re-written as

det
[
Γij

]
=

1
η2 det

[
Γij

]
=

Γ22
η

{
η
(

S0−1
AA − 2S0−1

AB + S0−1
BB

)
− 2χ

}
(32)

This χ is capable of predicting all types of block copolymer phase behaviors.
In response to pressure, χH and χS behave in the opposite way to each other. Upon

pressurization, the increased η augments χH , whereas the increased BT diminishes χS.
In the case that |εAA − εBB|→0, χS/χ→0 and χH becomes a dominating contribution
to χ. Therefore, pressurization leads the system to a deeper segregation, which is the
conventional behavior or barotropicity. In the case that |εAA − εBB|/εAA is more sizable,
χS/χ gets more substantial. The applied pressure enhances BT , and then χS as well as χ is
suppressed by BT , which is the baroplasticity.

3. Discussions
3.1. Symbolic Arguments on Critical Point

A critical point (CP) or continuous transition point occurs when the spinodal line
meets the ODT and OOT lines. The partial minimization of the free energy in Equation (8),
with respect to ςB is obtained by ∂∆A/∂ςB = 0, which yields ςB = (ΓAB/ΓBB)ςA + O

(
ς2

B
)
.

When approaching its CP, ςB → (ΓAB/ΓBB)ςA and higher-order terms can be ignored.
Putting this ςB back into the free energy yields the following symbolic equation:

β∆A = τς2
A + ας3

A + δς4
A (33)

where τ ≡ ΓAA − Γ2
AB/ΓBB (∝ det

[
Γij

]
) serves as an effective temperature. The condition

that τ > 0 indicates the disordered state, above the spinodals for the conventional UODT-
type copolymers but below the spinodals for LDOT-type copolymers. The situation that
τ < 0 implies the ordered state. The remaining effective coefficients α and δ are given by

α ≡ −
∣∣∣∣∣αAAA − 3αAAB

ΓAB
ΓBB

+ 3αABB

{
ΓAB
ΓBB

}2
− αBBB

{
ΓAB
ΓBB

}3
∣∣∣∣∣ (34)
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and

δ ≡ δAAAA − 4δAAAB
ΓAB
ΓBB

+ 2{δAABB + δABAB + δABBA}
{

ΓAB
ΓBB

}2
− 4δABBB

{
ΓAB
ΓBB

}3
+ δBBBB

{
ΓAB
ΓBB

}4
(35)

where it is perceived that δAABB = δBBAA, δABAB = δBABA, and δABBA = δBAAB. In other
cases, such as δABBB or δAAAB, the vertex functions under the permutation of indices are
equivalent. It will be seen that δ is dominated by δAAAA and δBBBB. A CP is obtainable if
the cubic coefficient α vanishes. It is clearly seen in Equation (34) that the energetics come
into play in finding the CP through Γijs.

In case of using the alternative Landau free energy, the same symbolic expression for
the free energy is understood as

β∆A = τζ2
A + αζ3

A + δζ4
A (36)

where the effective coefficients are given as

τ = Γ11 −
Γ2

12

Γ22
; α = −

∣∣∣∣an −
b1Γ12

Γ22

∣∣∣∣; δ ≈ dn (37)

Our alternative Landau free energy in Equation (24) suggests that a CP is obtainable
if an − b1Γ12/Γ22 = 0 along with the condition that Γ11 − Γ2

12/Γ22 = 0 or det
[
Γij

]
= 0. It is

also observed that the energetics play their role in finding the CP due to Γ12 and Γ22.
The mathematical structure of the effective cubic term in either Equation (34) or

Equation (37) demonstrates the existence of CP for an A-b-B copolymer with or without
disparity in εjjs unlike liquid-solid and nematic-isotropic transitions. The continuous
transition for the copolymer with a finite chain size is of course to be destroyed due to
concentration fluctuations to that turn to a weak first-order transition [55]. Nonetheless, this
mean-field analysis is amenable and neat. It is still of importance because the mean-field
behaviors are restored if Nc → ∞ [56]. Furthermore, our Landau free energy works as the
starting point for any fluctuation correction analyses.

3.2. Temperature Dependence of Ordering Transitions
3.2.1. UODT System

In this section, we use the Landau free energy in Equation (8) or Equation (24) to
discuss various phase behaviors of molten A-b-B copolymers through numerically deter-
mining equilibrium mesophases and their stability. Consider first the phase behaviors
of PS-b-PBD, which is quite a typical UODT-type block copolymer. In order to probe
its phase behavior, our equation-of-state model requires three homopolymer parameters:
the self-interaction parameter εjj, monomer diameter σj, and chain size Nj. The sets of
homopolymer parameters for PS and PBD are given in Table 1, where a composite pa-
rameter Njπσ3

j /6Mj carrying the ratio of Nj to molecular weight Mj is provided. So, Nj

can be determined from the experimental molecular weight of a polymer or Nj is directly
given. Cross interactions between different polymers are characterized by εij, which is
an adjustable parameter and determined by fitting the phase behaviors of a given block
copolymer system or those of the corresponding blends. The ratio εij/

(
εiiεjj

)1/2 for PS-b-
PBD is determined to be 0.99565 from fitting binodal points of PS/PBD blends [41,57] and
also the ordering transitions of PS-b-PBD [41,45,58,59].
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Table 1. Molecular Parameters for PS and other polymers that form A-b-B copolymers.

Parameters PS PBD PVME PI PEHA

σi (Å) 4.039 4.039 3.900 a 4.350 a 3.840 a

εii/k (K) 4107.0 4065.9 3644.8 4057.7 3755.7
Niπσ3

i /6Mi
(cm3/g) b 0.41857 0.49395 0.42906 0.50209 0.48564

εij/
(

εPSεjj

)1/2 - 0.99565 1.00264 0.99680 0.99880

a This discrepancy in monomer diameters is resolved by adopting the conventional Lorentz mixing rule as
σ =

(
σi + σj

)
/2. b This composite parameter gives the ratio of the chain size Ni to molecular weight Mi .

The characteristic squared wavenumber x∗ (=
(

RGk∗
)2) obtained at the minimum of

det
[
Γij
]

gives the information on the domain size. In Table S1 of Supplemental Materials
(SM), x∗ for PS-b-PBD is tabulated against φA. It is seen from this table that x∗ is symmetric
to φA = φPS for the typical UODT systems such as PS-b-PBD, with little to no disparity in
self dispersion interactions εjjs.

Prior to the actual phase behaviors, let us briefly take a look at a hypothetical A-
b-B diblock copolymer with Nc = 400, where each block has the same homopolymer
parameters as those of PS and εij = 0.99565

(
εiiεjj

)1/2. The exchange energy then becomes
∆ε/k = 35.73 K. In Table S2 of SM, Γijs are tabulated for this copolymer at some selected

φAs. As is seen in this table, ΓAA = ΓAB = ΓBB at φA = 0.5. In this case, Γ12 = 0 due to
εAA = εBB. Its phase behavior at ambient pressure is identical to that of the incompressible
A-b-B copolymer melt discussed by Leiber. In Table S3 of SM, Γijks are tabulated against the
composition φA. It is noted that Γiii is negative and large in its magnitude, whereas ΓAAB
or ΓABB is positive and mostly small. It is shown that ΓAAA = ΓBBB and ΓAAB = ΓABB
at φA = 0.5. Therefore, α in Equation (34) is nullified at this composition to yield the CP,
where Nχc = 10.49487. In case of PS-b-PBD with Nc = 400, there is a small difference in
εjjs between PS and PBD with |εPS − εPBD|/εPS = ~0.01. The exchange energy for this
copolymer is ∆ε/k = 35.66 K. Based on Γijs tabulated for PS-b-PBD in Table S4 of SM, Γijs
are not identical at φA = φPS = 0.5. Therefore, α cannot vanish at φA = 1/2. The CP of
PS-b-PBD is found to be at φA = 0.50095 (>1/2) and at Ncχ = 10.49494 because of the small
disparity in εjjs.

Using the alternative Landau free energy in Equation (24), the CP of PS-b-PBD system
turns out to be φA = 0.50095, which is identical to the one using Equation (8) at least up
to 9 decimal places. These results prove the equivalence of our two different Landau free
energies even though the first method does not provide the profile for the free volume
fraction. It needs to be mentioned that the threshold or maximum of the spinodals for
PS-b-PBD copolymer is located at φA = 0.50069, which is slightly moved to the copolymer
with more PBD than at the CP. The shift of the CP is more vivid in the next copolymer
exhibiting LDOT.

Starting from the CP of PS-b-PBD copolymer melts, all the transition points at ambient
pressure are to be determined by minimizing the Landau free energy given in Equation (8).
Using the vertex coefficients as given in Tables S3 to S7 of SM, various transition points
are obtained by numerically solving both ∂∆A/∂ςA = 0 and ∂∆A/∂ςB = 0. In Figure 1a,
the transition temperatures are plotted against φA. Because of the small |εPS − εPBD|, the
phase diagram is almost symmetrical. The phase diagram can also be drawn in terms of
the well-known relevant parameter for phase segregation, i.e., Ncχ, as shown in Figure 1b.
As was mentioned in the previous section, the effective Flory χ is a composite function of
various molecular parameters as χ = χH + χS. In Table 2, Ncχ along with χH and χS for
the symmetric PS-b-PBD copolymer with Nc = 400 is tabulated at the selected temperatures
and at 0.1 MPa. In this system, χ is almost equal to χH . This typical UODT-type copolymer
shows the decreasing tendency of χ as χH ∼ 1/T, as seen in this table.
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Figure 1. Phase diagram for molten PS-b-PBD with Nc = 400 plotted against PS (A) volume fraction
φA in terms of: (a) absolute temperature and (b) the relevant parameter Ncχ. The disparity in εjjs is
|εPS − εPBD|/εPS = 0.010 and the exchange energy is ∆ε/k = 35.66 K. As this disparity is quite small,
the phase boundaries are almost symmetrical with the CP at φA = 0.50095. The arrows indicate BCC
mesophase in the narrow region between ODT and spinodals.

Table 2. The relevant parameter Ncχ and its two contributions, χH and χS, evaluated at selected
temperatures for symmetrical PS-b-PBD with Nc = 400 a.

T (K) χH χS Ncχ

350 0.04573 4.40866 × 10−5 18.31053
400 0.03905 4.57456 × 10−5 15.63757
450 0.03382 4.71030 × 10−5 13.54714
500 0.02962 4.82407 × 10−5 11.86625
550 0.02616 4.92196 × 10−5 10.48438
600 0.02327 5.00868 × 10−5 9.32755
650 0.02081 5.08801 × 10−5 8.34431

a Pressure is fixed to 0.1 MPa.

In drawing Figure 1, the Landau free energy in Equation (8) is used. If we use
the Landau free energy given in Equation (24), where there is only one order parameter
amplitude to determine through solving ∂∆A/∂ζ1 = 0, we get almost the identical phase
diagram. The spinodals from the two methods are perfectly identical. The ODT from
disorder to BCC is different only by ~0.01 K between the two methods. The calculated
differences in OOTs from the two methods are ~0.0007 K and ~0.102 K for BCC-HEX and
HEX-LAM OOTs, respectively.

3.2.2. LDOT System

Our second system is a molten diblock copolymer from PS and poly(vinyl methyl ether)
(PVME). The corresponding PS/PVME blend is a widely studied blend system that reveals
the miscibility between PS and PVME and also the lower critical solution temperature
behavior [60]. The origin of their miscibility is considered to be the weak hydrogen bond
between the aromatic hydrogen (C-H) and ether oxygen (-O-) [61]. In analyzing copolymer
phase behavior, all the molecular parameters for PS-b-PVME are given in Table 1. The
cross interaction εij for this copolymer is determined to be εij/

(
εiiεjj

)1/2 = 1.00264 from the
binodal points of the corresponding PS/PVME blends, where this εij yields ∆ε/k =−6.637 K
and the calculated transition temperatures are similar to the experimental values [41,44,60].
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The characteristic squared wavenumber x∗ (=
(

RGk∗
)2) for PS-b-PVME is tabulated

against φA = φPS in Table S1 of SM. Unlike the typical UODT systems such as PS-b-PBD, it
is seen from this table that x∗ is slightly asymmetric to φA. The ratio of x∗φA=0.9 to x∗φA=0.1 is
shown to be x∗φA=0.9/x∗φA=0.1 = 1.0011, which implies that the domain size of the copolymer
richer in PS is shrunken compared with that richer in PVME.

The effect of disparity in self dispersion interactions appears drastically in PS-b-
PVME, which exhibits |εPS − εPVME|/εPS = 0.113. Since εPS > εPVME, PS is denser and
less compressible than PVME. PS and PVME are compatible with ∆ε < 0 due to the
aforementioned weak H-bonds between them. In Table 3, we listed the theoretical χ for PS-
b-PVME with Nc = 20,000 at φA = 1/2 as a function of temperature while fixing pressure to
0.1 MPa. It is seen that the energetic χH ∝∆ε/T is negative and decreases with temperature.
However, there is comparable entropic χS∝ [εAA − εCC]

2/BT , which is always positive and
grows with temperature. As a result of these two competing actions, the copolymer is in
the disordered state at lower temperatures but reveals nanoscopic phase separation upon
heating or LDOT caused by compressibility difference. The phase separation induced in
this way requires a large chain size to suppress the combinatorial entropy. In Figure 2,
the spinodal points (red line) are plotted against φA. It is seen that the spinodal line
is seriously asymmetric because of the substantial disparity in εjjs. More precisely, the
threshold or minimum of the spinodal line is skewed towards more compressible PVME-
rich side at φA = ~0.305. This phenomenon is caused by the fact that the positivity of χS
always hampers phase stability, which is stronger in the side rich in more compressible
PVME. However, this minimum is not the CP. The calculated CP using the free energy
in Equation (8) is found to be φA = 0.50974, rich in less compressible component PS. This
action is caused by the fact that εPS > εPVME. The stronger binding of PS monomers in
turn yields that ΓAA < ΓAB < ΓBB, as seen in Table S4 of SM. The system rich in denser
component has smaller volume. Therefore, at the CP with a continuous transition, the
copolymer system strives to search the composition of comparable volumes of the two
components. Henceforth, the critical composition should be φA > 1/2 in order to add more
volume of less compressible and denser component. This result is in sharp contrast to the
phase behavior of the corresponding blend, where the threshold point in the spinodal line is
indeed the CP. Using the Landau free energy in Equation (24) yields the CP of PS-b-PVME
at φA = 0.50974, which is identical to that from Equation (8) up to six decimal places.

Table 3. The relevant parameter Ncχ and its two contributions, χH and χS, evaluated at selected
temperatures for symmetrical PS-b-PVME with Nc = 20,000 a.

T (K) χH χS Ncχ

425 −0.00668 0.00656 −2.46405
450 −0.00622 0.00664 8.46668
475 −0.00581 0.00672 18.30529
500 −0.00544 0.00680 27.21505
525 −0.00510 0.00687 35.32983
550 −0.00479 0.00693 42.76065

a Pressure is fixed to 0.1 MPa.

Starting from the CP of PS-b-PVME copolymer, all the transition points at ambient
pressure are to be determined again using the vertex coefficients as in Tables S2–S7 of SM.
Because of the asymmetry in x∗, the δijkls for the copolymer is minutely different from these
given in those tables when approaching both extremes at φA → 0 and φA → 1 . Figure 2a
displays all the phase boundaries as well as spinodals for PS-b-PVME in terms of the
absolute temperature. The substantial disparity in εjjs between PS and PVME forces all
those lines to skew, as seen in this figure. In Figure 2b, the phase diagram is redrawn in
terms of Ncχ, which is quite slanted for molten PS-b-PVME. To get the data in Figure 2,
the Landau free energy in Equation (8) is used. Even if the free energy in Equation (24)
is used instead, it is observed that we still get almost the identical phase diagram. The
spinodals from the two methods are perfectly identical. The ODT from disorder to BCC
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for the copolymer at φA = 0.1 using Equation (8) is different by ~0.2 K from that using
Equation (24). The calculated difference in OOTs from BCC to HEX using the two methods
for the copolymer at the same composition is found to be ~0.2 K. The predicted HEX-LAM
OOTs using Equations (8) and (24) are 1040.074 K and 1056.842 K, respectively. In this
case, ∆T reaches 16.8 K. However, the agreement between the two methods is satisfactory
considering that the difference is less than 2% even in this unreachable temperature region.
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Figure 2. Phase diagram for molten PS-b-PVME with Nc = 20,000 plotted against PS (A) volume
fraction φA in terms of: (a) absolute temperature and (b) the relevant parameter Ncχ. The disparity
in εjjs is sizable as |εPS − εPBD|/εPS = 0.113 and the exchange energy is ∆ε/k = −6.637 K. In this
situation, the phase boundaries are skewed towards more compressible PVME side, but with the CP at
φA = 0.50974. The arrows indicate BCC mesophase in the narrow region between ODT and spinodals.

The compressible nature and disparity in εjjs for PS-b-PVME gives the difference
in the order parameter amplitudes. The ratio ςA/ςB is shown to be ~1.04 for ODT and
BCC-HEX OOT for the copolymer at φA = 0.1. At other compositions, ςA/ςB > 1, which
reflects the fact that PS is denser than PVME. As the transition temperature is further
increased in case of HEX-LAM OOT for the copolymer at the same composition, ςA/ςB
is increased to become ~1.11. The density difference between PS and PVME should grow
with thermal expansion.

3.3. Pressure Dependence of Ordering Transitions

In this section, we discuss the responses of diblock copolymers to pressure. The first
system to consider is PS-b-PI copolymer, whose ordering transition temperatures have
been reported by Hajduk et al. [33,62]. The requisite molecular parameters are also given
in Table 1. It is seen in this table that |εPS − εPI |/εPS = 0.012, which is similar to that for
PS-b-PBD. The cross interaction parameter εSI =0.99680(εPSεPI)

1/2 is determined from
fitting the CP (388 K) of PS/PI blend with molecular weights of 2117 and 2594, reported by
Rudolf and Cantow [63], and adjusted by comparison with the ODT data for PS-b-PI with
Mw = 8000/8500 [33]. Figure 3a depicts the two contributions to χ against pressure for
PS-b-PI at φA = φPS = 0.442 and at T = 365 K. As is now expected from |εPS − εPI | for this
copolymer, Flory χ is mostly given by χH along with O(χS) ∼ 10−5. The enthalpic χH
increases upon pressurization. Although χS goes in a reverse way due to the bulk modu-
lus of the copolymer, the effective Flory χ follows χH to be strengthened by the applied
pressure. In Figure 3b, all the transition points for the copolymer at the same composition
are plotted as a function of P. The pressure coefficient, ∆Ttrs/∆P, of the ordering transi-
tion is predicted to be ~15 K/100 MPa, which describes well the experimental value of
~17 K/100 MPa for the copolymer with Mw = 16,500 or Nc = 327.4 [33]. This type of pressure
response is barotropicity, as already mentioned.
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Figure 3. Pressure responses of (a) χH as well as χS at T = 365 K and (b) various transitions for
molten PS-b-PI with Nc = 327.4 (Mw = 16,500) at φA = φPS = 0.442. The symbols in plot (b) indicate
the experimental ODT data measured by Hajduk et al. The arrows indicate the proper axes for χH

and χS.

Our next system is the copolymer from PS and poly(ethyl hexyl acrylate) (PEHA).
The PS-b-PEHA diblock copolymer exhibits a completely reverse response to pressure, as
was measured using light scattering (cloud points) and small angle neutron scattering [40].
This copolymer is a member of baroplastic systems, whose nanoscopic phase separation
and pressure response were first studied by Mayes and co-workers [38]. Again, all the
necessary molecular parameters for PS and PEHA are given in Table 1. It is seen in this
table that |εPS − εPEHA|/εPS = 0.086, which is quite larger than that for PS-b-PBD. The
cross-interaction parameter of εS−EHA =0.99880(εPSεPEHA)

1/2 is the optimized one to fit
the phase behavior of PS-b-PEHA with Mw = 23,000 or Nc = 529.581. In Figure 4a, we
display χ and its two contributions, χH and χS, for the copolymer at φA = φPS = 0.42 and at
T = 445 K. It is observed in this figure that χS is near 20% of χH at ambient pressure. As
pressure is increased, the enthalpic χH is increased due to densification. The entropic χS is
suppressed by the applied pressure to have χS/χH~ 0.12 at P = 100 MPa. As a result, the
effective χ becomes a decreasing function of pressure. Figure 4b depicts all the transition
temperatures for the copolymer at this composition. The decrease of its ODT is predicted
to be ∆Ttrs/∆P = −16 K/100 MPa, which matches well with the scattering result [40].
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Figure 4. Pressure responses of (a) χH and χS along with Ncχ at 445 K, and (b) various transitions for
molten PS-b-PEHA with Nc = 541.8 (Mw = 23,000) at φA = φPS = 0.42. The symbols in plot (b) indicate
the experimental ODT data for the copolymer measured by Lee et al. The arrows indicate the proper
axes for χH , χS, and Ncχ.
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Our third system is the diblock copolymer from poly(ethyl ethylene) (PEE) and
poly(dimethyl siloxane) (PDMS). The PEE-b-PDMS copolymer is one of UODT-type block
copolymers. However, its response to pressure is abnormal in the sense that the copolymer
reveals the retreat of its ordering temperatures in the low pressure region and then resur-
gence of the transition temperatures in the high pressure region [46,64]. This anomalous
pressure response of the copolymer can be understood by the subtle balance of χH and
χS. In describing the copolymer, the necessary molecular parameters are given in Table 4.
The key elements there are |εEE − εDMS|/εEE = 0.108 and εEE−DMS = 0.99654(εEEεDMS)

1/2,
determined by fitting the phase behaviors of symmetric PEE-b-PDMS with Mw = ~10,700.
Using these parameters, ∆ε is unfavorable as ∆ε/k = 27.158 K. Figure 5a depicts the effective
χ along with its two contributions, χH and χS, plotted against pressure for PEE-b-PDMS
at φA = φPEE = 0.52 and at 352.5 K. At ambient pressure, it is seen that χS is near 20% of
χH , and at 100 MPa χS drops to near 10% of χH just as in the case of PS-b-PEHA. How-
ever, unlike PS-b-PEHA, the increase of χH is more rapid, so that χS becomes just 5%
of χH at 200 MPa. Therefore, χH regains the control of the phase behaviors. The transi-
tion temperatures of this copolymer are shown in Figure 5b against pressure from 0.1 to
200 MPa. In this figure, the baroplastic, followed by barotropic responses of PEE-b-PDMS,
are clearly demonstrated in agreement with the experiment.

Table 4. Molecular parameters for PEE-b-PDMS systems.

Parameters PEE PDMS

σi (Å) 3.590 a 3.952 a

εii/k (K) 2819.60 2514.50
Niπσ3

i /6Mi (cm3/g) 0.47823 0.41778
εAB/(εAAεBB)

1/2 0.99654
a This discrepancy in monomer diameters is resolved by adopting the conventional Lorentz mixing rule as
σ =

(
σi + σj

)
/2.
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Schwahn et al. The arrows indicate the proper axes for χH , χS, and Ncχ.

We have revisited the Landau free energy for A-b-B diblock copolymer melts with
diverse types of phase behaviors from the viewpoint of their response to temperature
or pressure. Being analytical with one harmonic for order parameters, the present work
deals with the classical nanostructures. For the equilibration of other mesophases, it is
necessary to use our self-consistent field theory for the copolymers, which was developed
a few years ago [47–49]. All of our works are based on the restricted chain model with
the identical monomer diameters σjs. This restriction can be alleviated to allow for the
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variation of σjs. The present mean-field Landau energy with its correct cubic term exhibits
continuous transitions or CPs, whose locations are dependent on disparity in εjjs. When the
concentration fluctuations are involved, such mean-field CPs are known to be destroyed to
yield the weak first-order transition [55]. The necessary fluctuation correction in one-loop
order was suggested by Fredrickson and Helfand [56] for the corresponding incompressible
A-b-B diblock copolymer systems utilizing Brazovskii’s Hamiltonian form. One of the
present authors also introduced the similar approach for the copolymer melt in case of small
|εAA − εBB| [65]. In Appendix C, we provide the fluctuation correction analysis starting
from our Landau free energy in Equation (24).

4. Conclusions

Nanoscopic phase behaviors of molten A-b-B diblock copolymers within general dis-
parity in self dispersion interactions are revisited through Landau approach. A continuum
space molecular equation of state is first considered to describe such copolymers in the bulk
state. A free energy functional is obtained for the inhomogeneous copolymer as that for the
corresponding Gaussian chains under the influence of effective two-body interactions from
the localized excess equation of state. The free energy functional in the weak segregation
regime is then expanded directly as a series in powers of two order parameters, which
are fluctuations in A and B block densities (〈∆ηA〉 and 〈∆ηB〉), up to 4th order. The order
parameters are treated as the sum of plane waves with their amplitude and phase angles.
The Fourier-transformed momentum integral for the Landau free energy is approximated

to the finite sum of terms at the scattering vectors
→
k , whose lengths are the characteristic

wavenumber k∗ signifying the domain sizes of ordered mesophases. A completely alter-
native Landau free energy is obtained after the transformation of the order parameters
to fluctuations in block density difference (∼ 〈∆ηA − ∆ηB〉/2η) and negative free volume
fraction (−

〈
∆η f

〉
). It is shown that those two different Landau free energies are equivalent

to yield almost identical ordering transition temperatures.
The analysis of spinodals from the quadratic term of the Landau energy, which are

perfectly identical for the direct and alternative ones, leads to effective Flory χ as the
sum of the conventional enthalpic χH for exchange energy (∝ ∆ε|u(η)|) and entropic χS
representing disparity in self dispersion interactions mediated by copolymer bulk modulus
(∝ [εAA − εCC]

2/BT). The cubic term of the Landau free energy is shown to be balanced
with all the Gaussian cubic vertex coefficients Γijk in corporation with Γij to yield its critical
point (CP) depending on asymmetry in self dispersion strengths. The quartic terms of the
Landau free energy are given mainly by the Gaussian quartic vertex coefficients Γiiiis at the
proper combinations of the scattering vectors pertinent to the given mesophases.

Taking PS-b-PBD and PS-b-PVME as model systems, the responses of the copolymers
to temperature are first discussed. The former copolymer exhibits typical ordering transition
upon cooling (UODT), whereas the latter copolymer reveals the reverse ordering transition
upon heating (LDOT). The phase boundaries for these copolymers are fully determined
by numerically minimizing the Landau energy. The PS-b-PBD copolymer with quite
close self-dispersion interactions for both blocks gives a symmetric phase diagram. This
phenomenon can be understood because χ ≈ χH and χS << 1, in this case. The copolymer
phase behaviors at ambient pressure are almost identical to those of the incompressible
A-b-B copolymer. In contrast, PS-b-PVME copolymer possesses quite sizable disparity
in self dispersion interactions. The substantially large χS in this copolymer develops
phase segregation tendency upon heating because of the diminished bulk modulus. The
phase boundaries are skewed towards the side rich in more compressible PVME. While
PS-b-PBD possesses its CP near the symmetric composition, PS-b-PVME pushes its CP
towards the copolymer rich in denser component to match domain volumes to fulfill a
continuous transition.

The responses of A-b-B copolymers to pressure are investigated by taking PS-b-PI,
PS-b-PEHA, and PEE-b-PDMS as model systems. The PS-b-PI copolymer is barotropic,
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which is typical for many block copolymers. In this case, χ is dominated by χH , which is
augmented by pressurization due to the increased density. On the contrary, the PS-b-PEHA
copolymer is baroplastic with more sizable χS. Pressurization suppresses χS because of the
copolymer bulk modulus, and the decrease in χS affects the total χ more than the increase
in χH . Anomaly is observed for the PEE-b-PDMS copolymer, because it is baroplastic at
lower pressure region and then barotropic in higher pressure region. The reason for this
complicated pressure response is because there is a subtle competition between χH and χS,
which prevails between the two switches at different stages of pressurization.
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Appendix A. Landau Free Energy in a Direct Way

In this appendix, we provide the detailed procedure in deriving the Landau free
energy given in Equation (8). The general integral form of the free energy in Equation (7)

is approximated to the finite sum of integrands at n characteristic scattering vectors
→
K js

signifying a given structure, where
∣∣∣∣
→
K j

∣∣∣∣ is equal to its characteristic structural wavenumber

k∗. The quadratic form A2 of the free energy functional in Equation (7) is then given by

βA2 =
1
2

∫
d
→
k 1Γij

(→
k 1,−

→
k 1

)
∆ηi(

→
k 1)∆ηj(−

→
k 1) ≈

1
2 ∑
→
k 1∈{±

→
Kn}

Γij

(→
k 1,−

→
k 1

)
∆ηi(

→
k 1)∆ηj(−

→
k 1) (A1)

There are only 2n such cases. Each ∆ηi(±
→
k 1) is treated as a plane wave with its

amplitude
(
1/
√

n
)
ς j and phase angle ±ϕ(i) as ∆ηi(±

→
k 1) =

(
1/
√

n
)
ςie±iϕ(i). Then,

Equation (A1) turns to

βA2 = ΓAA

(→
k 1,−

→
k 1

)
ς2

A + 2ΓAB

(→
k 1,−

→
k 1

)
ςAςBei[ϕ(A)−ϕ(B)] + ΓBB

(→
k 1,−

→
k 1

)
ς2

B (A2)
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It is found that all the Γijs are positive, as seen in Tables S2 and S3 of SM. The mini-
mization of Equation (A2) gives

βA2 = [ΓAA(k
∗) ς2

A − 2ΓAB(k
∗)ςAςB + ΓBB(k

∗)ς2
B

]
(A3)

where the phase angles need to satisfy ϕ(A)− ϕ(B) = π.
Let us discuss how to obtain higher-order terms in Equation (8) of the main text.

This is where the present work takes a step forward with the deepened conception from
the previous study [44]. The cubic form A3 of the free energy functional has the vertex
functions of all possible combinations of indices i, j, and k. The same parametrization of

∆ηi(
→
k 1) and approximating A3 to the finite sum of integrands give

βA3 =
1
3! ∑
→
k i∈{±

→
Kn}

Γijk

(→
k 1,
→
k 2,
→
k 3

)
ςiς jςk(√

n
)3 ei(ϕa(i)+ϕb(j)+ϕc(k)) (A4)

One should bear in mind that the scattering vectors
→
k 1,
→
k 2, and

→
k 3 satisfy

→
k 1 +

→
k 2 +→

k 3 = 0 not to nullify Γijk(h). These vectors should then form a right triangle to have h = 1.
The given vertex functions change their signs according to indices. However, the sum of
phase angles cannot be decided by their signs, because the sums are not fully indepen-
dent. All those sums can be determined relative to ∑ ϕm(A) ≡ ϕa(A) + ϕb(A) + ϕc(A)
as follows:

ϕa(i) + ϕb(j) + ϕc(k) = ϕa(A) + ϕb(A) + ϕc(A)− π · cB(ijk) = ∑ ϕm(A)− π · cB(ijk) (A5)

where cB(ijk) is the number of B among indices i, j, and k. Inserting Equation (A5) into
A4 yields

βA3 =
1
3! ∑
→
k i∈{±

→
Kn}

ei(ϕa(A)+ϕb(A)+ϕc(A)) · Γijk(1)
ςiς jςk(√

n
)3 e−i·πcB(ijk) (A6)

where Γijk(h) is evaluated at h = 1. The minimization of Equation (A6) leads in general to

βA3 = −
∣∣∣αAAAς3

A − 3αAABς2
AςB + 3αABBςAς2

B − αBBBς3
B

∣∣∣ (A7)

where αijk is given in Equation (9) of the main text. It should be remembered that there

is no way to have h = 1 for Γ(3)
ijk of LAM mesophase. In BCC mesophase, forming a right

triangle takes only 4 cases such as (
→
K1,−

→
K3,−

→
K6), (

→
K1,−

→
K4,−

→
K5), (

→
K2,−

→
K4,

→
K6), and

(
→
K2,−

→
K3,

→
K5) in order to have h = 1.

The quartic form A4 of the free energy functional is originally made of vertex functions
of all possible combinations of indices i, j, k, and l as

βA4 =
1
4! ∑
→
k i∈{±

→
Kn}

Γijkl

(→
k 1,
→
k 2,
→
k 3,
→
k 4

)
ςiς jςkςl(√

n
)4 ei(ϕ1(i)+ϕ2(j)+ϕ3(k)+ϕ4(l)) (A8)

where ∑
→
k i = 0 must be satisfied by the integrand. The sums of phase angles are resolved

by those of the second and third order terms. However, unlike A3, the mesophase ge-
ometry is directly used for A4. Still, the values of these sums are determined relative to
∑ ϕl(A) ≡ ϕa(A) + ϕb(A) + ϕc(A) + ϕd(A) for pure A correlations as follows:

ϕa(i) + ϕb(j) + ϕc(k) + ϕd(l) = ∑ ϕl(A)− π · cB(ijkl) (A9)
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where cB(ijkl) is the number of B among indices i, j, k, and l. Then, A4 is obtained as

βA4 =
1
4! ∑
→
k i∈{±

→
Kn}

ei(ϕa(A)+ϕb(A)+ϕc(A)+ϕd(A))Γijkl(h1, h2)
ςiς jςkςl(√

n
)4 e−i·πcB(ijkl) (A10)

We need to count all the possible cases in accord with LAM, HEX, and BCC mesophases,
which are given below in detail.

LAM:
In regards to the quartic form A4 for lamellae, the only possible option to have

the vanishing ∑
→
k i is

→
k 1 −

→
k 1 +

→
k 1 −

→
k 1 = 0 or (h1, h2) = (0, 0). This condition leads to

∑ ϕi(A) = ϕa(A)− ϕa(A) + ϕa(A)− ϕa(A) = 0. Then, the quartic form A4 is expressed as

βA4 =
3!
4!

Γijkl(0, 0)ςiς jςkςle
−iπ·cB(ijkl) (A11)

where all such cases are included.
HEX:
For the quartic form A4 of HEX mesophase, the only possible sets of (h1, h2) are (0,0)

and (0,1). After counting all such case, we have

βA4 =
18

4!
(√

3
)4

[
Γijkl(0, 0) + 4Γijkl(0, 1)

]
ςiς jςkςle

−iπ·cB(ijkl) (A12)

It should be noted that (h1, h2) = (0, 0) and (0, 1) respectively require one
→
Ka (ϕa − ϕa + ϕa − ϕa = 0 and two

→
K js forming either 60◦ or 120◦ between them

(ϕb − ϕb + ϕc − ϕc = 0).
BCC:
The quartic form A4 of the free energy for BCC is given by

βA4 = 36
4!(
√

6)
4

{
Γijkl(0, 0)ei(ϕa(A)−ϕa(A)+ϕa(A)−ϕa(A))+

8Γijkl(0, 1)ei(ϕb(A)−ϕb(A)+ϕc(A)−ϕc(A)) + 2Γijkl(0, 2)ei(ϕd(A)−ϕd(A)+ϕe(A)−ϕe(A))+

2Γijkl(1, 2)
(

ei(ϕ1(A)+ϕ2(A)−ϕ3(A)−ϕ4(A)) + ei(ϕ1(A)−ϕ2(A)−ϕ5(A)−ϕ6(A))
)}

ςiς jςkςle
−iπ·cB(ijkl)

(A13)

There are only one
→
Ka required for (0,0) contribution (ϕa − ϕa + ϕa − ϕa = 0) and two

→
K j’s required for (0,1) and (0,2) contributions (ϕb − ϕb + ϕc − ϕc = 0) to βF4. In the case of the

(0,1) contribution, two
→
K j’s form either 60◦ or 120◦ between them. In the other case of the (0,2)

contribution, two
→
K j’s should be selected to form the right angle. However, there are four

→
K j’s

necessary to describe (1,2) contribution to βF4, as they are clearly expressed in Equation (A13).
Using the result that ϕ1(A)− ϕ3(A)− ϕ6(A) = ϕ2(A)− ϕ4(A) + ϕ6(A) = 0 or π, we have

ϕ1(A) + ϕ2(A)− ϕ3(A)− ϕ4(A) = ϕ1(A)− ϕ3(A)− ϕ6(A) = 0 (A14)

or

ϕ1(A) + ϕ2(A)− ϕ3(A)− ϕ4(A) = ϕ1(A)− ϕ3(A)− ϕ6(A) + π = 2π (A15)

The same argument applies to the other set of phase angles in Equation (A13), because
ϕ1(A)− ϕ4(A)− ϕ5(A) = ϕ2(A)− ϕ4(A) + ϕ6(A) = 0 or π. Then, we have

ϕ1(A)− ϕ2(A)− ϕ5(A)− ϕ6(A) = ϕ1(A)− ϕ4(A)− ϕ5(A) = 0 (A16)

or
ϕ1(A)− ϕ2(A)− ϕ5(A)− ϕ6(A) = ϕ1(A)− ϕ4(A)− π − ϕ5(A) = 0 (A17)
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Therefore, we have the final expression for the quartic form A4 as

βA4 =
36

4!
(√

6
)4

[
Γijkl(0, 0) + 8Γijkl(0, 1) + 2Γijkl(0, 2) + 4Γijkl(1, 2)

]
ςiς jςkςle

−iπ·cB(ijkl) (A18)

where e−iπ·cB(ijkl) gives 1 or −1 depending on cB(ijkl) as before.
The Landau free energy is given by β∆A = βA2 + βA3 + βA4 to have its final and

general form in Equation (8) for each mesophase with the two amplitudes ςA and ςB.

Appendix B. Landau Free Energy through Transformation of Order Parameters

In this appendix, we provide the mathematical procedure to formulate our alternative
Landau free energy in a more familiar form through the transformation of order parameters.
The transformed order parameters, ψ1

(→
r
)

and ψ2

(→
r
)

, are defined in the main text, where
the former is a composite density profile in phase with A block and the latter indicates the
negative fluctuations in free volume fraction. Upon this change of variables, the new vertex
functions Γs are obtained from the original vertex functions Γs by Equation (15).

We will consider nanoscale mesophases, whose structures are defined by character-

istic scattering vectors
→
k 1 ∈

{
±
→
Kn

}
. Those regular geometric morphologies are repre-

sented by ψ1 as the sum of plane waves. The remaining ψ2 is separated into two parts as
−ψ2 = −ψ2c − ψ2i, where −ψ2c indicates the excess free volume at the interfaces between
domains and −ψ2i represents the excess free volume in phase with the more compressible
constituent. These order parameter parts are parametrized as given in the main text.

The quadratic form A2 of the free energy expansion can be written as

βA2 ≈
1
2 ∑
→
k 1∈{±

→
Kn}

Γij

(→
k 1,−

→
k 1

)
ψi(
→
k 1)ψj(−

→
k 1) = Γ11ζ2

1 + 2Γ12ζ1ζ2cei(ϕ(1)−ϕ(2c)) + Γ22ζ2
2c + Γ22(2q∗)ζ2

2i (A19)

where the integral is approximated to the finite sum of the integrand at the characteristic

wavevectors. Since
→
k j −

(
2
→
k j

)
6= 0, there is no mixed term such as ψ1ψ2i.

We will discuss how to obtain higher-order terms in Equation (16) of the main text.
This is where the present work takes a step forward with the deepened conception from
our previous studies [45,46]. The cubic form A3 is suggested in the following way. The fluc-
tuations in free volume is considered to be small. Therefore, the only possible contributions
in our 4-field theory are given by ψ1ψ1ψ1, ψ1ψ1ψ2c, and ψ1ψ1ψ2ias

βA3 = 1
3! ∑
→
k 1∈{±

→
Kn}

Γ111(1)ψ1

(→
k 1

)
ψ1

(→
k 2

)
ψ1

(→
k 3

)
+ 1

3! ∑
→
k 1∈{±

→
Kn}

(
Γ112(1) + Γ121(1) + Γ211(1)

)
ψ1

(→
k 1

)
ψ1

(→
k 2

)
ψ2c

(→
k 3

)

+ 1
3! ∑
→
k 1∈{±

→
Kn}

(
Γ112(4) + Γ121(4) + Γ211(4)

)
ψ1

(→
k 1

)
ψ1

(→
k 2

)
ψ2i

(
2,
→
k 3

) (A20)

The number h inside the bracket of Γijk indicates the relative angles between
→
k 1,
→
k 2,

and
→
k 3. Therefore, h = 1 implies that those three vectors form a right triangle, whereas

h1 = 4 means that
→
k 1 =

→
k 2 and

→
k 3 = −2

→
k 1. Equation (A20) is re-written with the

parametrized order parameters as

βA3 = 1
3!(
√

n)
3 ∑
{
→
K a ,
→
Kb ,
→
K c}

Γ111(1)ζ3
1ei(ϕa(1)+ϕb(1)+ϕc(1)) + 1

3!(
√

n)
3 ∑
{
→
K a ,
→
Kb ,
→
K c}

(
3Γ112(1)

)
ζ2

1ζ2cei(ϕa(1)+ϕb(1)+ϕc(2c))

+ 1
3!(
√

n)
3 ∑
{
→
K a ,
→
K a ,−2

→
K a}

(
3Γ112(4)

)
ζ2

1ζ2iei(ϕa(1)+ϕa(1)−ϕ(2i)) (A21)
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where Γ112 = Γ121 = Γ211 is used above. In the same way, the quartic form A4 of the free
energy is only given by ψ1ψ1ψ1ψ1 as

βA4 =
1
4! ∑
→
k i∈{±

→
Kn}

Γ1111

(→
k 1,
→
k 2,
→
k 3,
→
k 4

)
ψ1

(→
k 1

)
ψ1

(→
k 2

)
ψ1

(→
k 3

)
ψ1

(→
k 4

)
=

1

4!
(√

n
)4 ∑
{
→
K a ,
→
Kb ,
→
K c ,
→
Kd}

Γ1111(h1, h2)ζ
4
1ei(ϕa(1)+ϕb(1)+ϕc(1)+ϕd(1)) (A22)

and other combination of the order parameters are ignored. In Equation (A22), the

relative angles between
→
k js are described by h1 and h2 defined in the main text.

Let us try to minimize the free energy term by term starting with A2. The A block is as-
sumed to be less compressible. Then, Γ12 ∼ Γ11 − Γ22 < 0, which requires
ϕ(1)− ϕ(2c) = 0. The ψ1 and ψ2c is then totally in phase with each other. The quadratic
form A2 is now written as

βA2 = Γ11ζ2
1 + 2Γ12ζ1ζ2c + Γ22ζ2

2c + Γ22(2k∗)ζ2
2i (A23)

Later, this relation between phase angles affects the sums of phase angles for the cubic
and quartic forms of the free energy. The higher-order free energy terms are structure
dependent. Therefore, we probe three classical structures including LAM, HEX, and BCC
mesophases.

LAM:
Lamellae possess only one characteristic wave vector

→
K1. Since it is only possible to

form ∑
→
k i = 0 with

→
k 1,

→
k 1, and −2

→
k 1, the cubic form A3 of the Landau free energy is

solely given by ψ1ψ1ψ2i as

βA3 =
1

3!
(√

1
)3 ∑
→
k i∈{±

→
Kn}

(
3Γ112(4)

)
ζ2

1ζ2ie
i(ϕa(1)+ϕa(1)−ϕ(2i)) =

2
3!
(
3Γ112(4)

)
ζ2

1ζ2i (A24)

It is shown that Γ112 at h = 4 is negative, which requires that ϕ(1) + ϕ(1)− ϕ(2i) = 0.
The coefficient in Equation (A24) is cLAM

4 in Equation (16) of the main text.
The quartic form A4 of the Landau free energy for LAM is given by

βA4 =
1

4!
(√

1
)4 ∑
→
k i∈{±

→
Kn}

Γ1111(0, 0)ζ4
1ei(ϕ(1)−ϕ(1)+ϕ(1)−ϕ(1)) =

3!
4!

Γ1111(0, 0)ζ4
1 = dLAM

n ζ4
1 (A25)

where only (h1, h2) = (0,0) is possible for our choice of wave vectors.
HEX:
The cubic form A3 of the Landau free energy for HEX consists of

βA3 = 1
3!(
√

3)
3 ∑
→
k i∈{±

→
Kn}

Γ111(1)ζ3
1ei(ϕ1(1)+ϕ2(1)+ϕ3(1)) + 1

3!(
√

3)
3 ∑
→
k i∈{±

→
Kn}

(
3Γ112(1)

)
ζ2

1ζ2cei(ϕ1(1)+ϕ2(1)+ϕ3(2c))

+ 1
3!(
√

3)
3 ∑
→
k i∈{±

→
Kn}

(
3Γ112(4)

)
ζ2

1ζ2ie
i(ϕa(1)+ϕa(1)−ϕ(2i)) (A26)

For the first two parts, the situation is a bit complicated. It should be noticed that
Γ112(1)’s and Γ112(4)’s are all negative. However, Γ111(1) changes its sign, which leads to
two different cases. In case that Γ12 < 0 and Γ111(1) < 0, ϕ1(1) + ϕ2(1) + ϕ3(1) = 0 and
ϕ1(1) + ϕ2(1) + ϕ3(2c) = −ϕ3(1) + ϕ3(2c) = 0 in minimizing the free energy. Consider
the opposite case that Γ12 < 0 and Γ111(1) > 0. If we choose ϕ1(1) + ϕ2(1) + ϕ3(1) = π
for Γ111(1) first, then ϕ1(1) + ϕ2(1) + ϕ3(2c) = −ϕ3(1) + π + ϕ3(2c) = π for Γ112(1). If
we choose ϕ1(1) + ϕ2(1) + ϕ3(2c) = 0 for Γ112(1) first, then ϕ1(1) + ϕ2(1) + ϕ3(1) =
−ϕ3(2c) + ϕ3(1) = 0 reversely for Γ111(1). In all these cases, it is seen that ϕ1(1) + ϕ2(1) +
ϕ3(2c) = ϕ1(1) + ϕ2(1) + ϕ3(1). Owing to the negativity of Γ112(4), it is gotten that
ϕa(1) + ϕa(1)− ϕ(2i) = 0. Summarizing all, A3 should be as follows:
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βA3 = 1
3!(
√

3)
3 ∑
{
→
K a ,
→
Kb ,
→
K c}

ei(ϕa(1)+ϕb(1)+ϕc(1)) ·
(
Γ111(1)ζ3

1 + 3Γ112(1)ζ2
1ζ2c

)
+ 6

3!(
√

3)
3

(
3Γ112(4)

)
ζ2

1ζ2i

= − 12
3!(
√

3)
3

∣∣Γ111(1)ζ3
1 + 3Γ112(1)ζ2

1ζ2c
∣∣+ 6

3!(
√

3)
3

(
3Γ112(4)

)
ζ2

1ζ2i

(A27)

where the last expression is the outcome of minimizing A3. The coefficients in Equation (A27)
are aHEX

n , bHEX
1 , and cHEX

4 in Equation (16) of the main text. It should be emphasized that
there is a chance to have Γ111(1)ζ1 + 3Γ112(1)ζ2c = 0, if Γ111(1) > 0.

The quartic form A4 is considered to contain only the contribution by ψ1 as

βA4 = 1
4! ∑
→
q i∈{±Qn}

Γ1111

(→
q 1,
→
q 2,
→
q 3,
→
q 4

)
ψ1

(→
q 1

)
ψ1

(→
q 2

)
ψ1

(→
q 3

)
ψ1

(→
q 4

)

= 1
4!(
√

n)
4

{
∑

(0,0)
Γ1111(0, 0) ζ4

1ei(ϕa(1)−ϕa(1)+ϕa(1)−ϕa(1)) + 1

(
√

n)
4 ∑
(0,1)

Γ1111(0, 1)ζ4
1 ei(ϕb(1)−ϕb(1)+ϕc(1)−ϕc(1))

} (A28)

It can be seen that ϕa(1)− ϕa(1) + ϕa(1)− ϕa(1) = 0 for (h1, h2) = (0,0) contribution
and also ϕb(1) − ϕb(1) + ϕc(1) − ϕc(1) = 0 for (h1, h2) = (0,1) contribution. Therefore,
A4 becomes

βA4 =
18

4!
(√

3
)4

[
Γ1111(0, 0) + 4Γ1111(0, 1)

]
ζ4

1 = dHEX
n ζ4

1 (A29)

by counting all such cases for HEX mesophase.
BCC:
BCC mesophase requires the correct combinations from the six base vectors. The cubic

form A3 is given as

βA3 = 1
3!(
√

6)
3 ∑
→
k i∈{±

→
Kn}

Γ111(1)ζ3
1

{
ei(ϕ1(1)−ϕ3(1)−ϕ6(1)) + ei(ϕ1(1)−ϕ4(1)−ϕ5(1)) + ei(ϕ2(1)−ϕ4(1)+ϕ6(1)) + ei(ϕ2(1)−ϕ3(1)+ϕ5(1))

}

+ 1
3!(
√

6)
3 ∑
→
k i∈{±

→
Kn}

3Γ112(1)ζ3
1ζ2c

{
ei(ϕ1(1)−ϕ3(1)−ϕ6(2c)) + ei(ϕ1(1)−ϕ4(1)−ϕ5(2c)) + ei(ϕ2(1)−ϕ4(1)+ϕ6(2c)) + ei(ϕ2(1)−ϕ3(1)+ϕ5(2c))

}

+ 1
3!(
√

6)
3 ∑
→
k i∈{±

→
Kn}

3Γ112(4)ζ3
1ζ2iei(ϕa(1)+ϕa(1)−ϕ(2i))

(A30)

Regarding the first two parts, we need to do the same argument as that for HEX
mesophase. In any cases, it is obtained that ϕa(1)+ ϕb(1)+ ϕc(2c) = ϕa(1)+ ϕb(1)+ ϕc(1).
The cubic form A3 can then be written as

βA3 = 1
3!(
√

6)
3 ∑
{
→
K a ,
→
Kb ,
→
K c}

{
ei(ϕ1(1)−ϕ3(1)−ϕ6(1)) + ei(ϕ1(1)−ϕ4(1)−ϕ5(1)) + ei(ϕ2(1)−ϕ4(1)+ϕ6(1)) + ei(ϕ2(1)−ϕ3(1)+ϕ5(1))

}
[Γ111(1)ζ3

1

+3Γ112(1)ζ2
1ζ2c] +

1
3!(
√

6)
3 ∑
{
→
K a ,
→
Kb ,
→
K c}

3Γ112(4)ζ2
1ζ2iei(ϕa(1)+ϕa(1)−ϕ(2i)) (A31)

The sums of phase angles in the first bracket should go to either 0 or π simultaneously
in order to minimize Equation (A31). The phase angles associated with Γ112(4) sum up to 0
due to Γ112(4) < 0. Summarizing all, we have the same type of formula for BCC as that for
HEX as

βA3 = − 48

3!
(√

6
)3

∣∣∣Γ111(1)ζ3
1 + 3Γ112(1)ζ2

1ζ2c

∣∣∣+ 12

3!
(√

6
)3 · 3Γ112(4)ζ2

1ζ2i (A32)

where the coefficients in Equation (A32) are aBCC
n , bBCC

1 , and cBCC
4 in Equation (16) of the

main text.
The quartic form A4 for BCC mesophase is given by
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βA4 = 1
4!(
√

6)
4

[
∑

(0,0)
Γ1111(0, 0)ζ4

1ei(ϕa(1)−ϕa(1)+ϕa(1)−ϕa(1)) + ∑
(0,1)

Γ1111(0, 1)ζ4
1ei(ϕb(1)−ϕb(1)+ϕc(1)−ϕc(1))

+ ∑
(0,2)

Γ1111(0, 2)ζ4
1ei(ϕd(1)−ϕd(1)+ϕc(1)−ϕc(1)) + ∑

(1,2)
Γ1111(1, 2)ζ4

1

{
ei(ϕ1(1)+ϕ2(1)−ϕ3(1)−ϕ4(1)) + ei(ϕ1(1)−ϕ2(1)−ϕ5(1)−ϕ6(1))

} (A33)

The sums of phase angles become zero for (h1, h2) = (0,0), (0,1), and (0,2). For (h1, h2)
= (1,2) contributions, we provide a table to show all the results for those sums.

Table A1. Sum of phase angles associated with Γ1111(1, 2).

Case ϕ1(1) + ϕ2(1) −ϕ3(1) −ϕ4(1) a ϕ1(1) −ϕ2(1) −ϕ5(1) −ϕ6(1) b

ϕa(1) + ϕb(1) + ϕc(1) = 0 ϕ1(1) + ϕ2(1)− ϕ3(1)− ϕ4(1)
= ϕ1(1)− ϕ5(1)− ϕ4(1) = 0

ϕ1(1)− ϕ2(1)− ϕ5(1)− ϕ6(1)
= ϕ1(1)− ϕ5(1)− ϕ4(1) = 0

ϕa(1) + ϕb(1) + ϕc(1) = π
ϕ1(1) + ϕ2(1)− ϕ3(1)− ϕ4(1)

= ϕ1(1) + π − ϕ5(1)− ϕ4(1) = 2π
ϕ1(1)− ϕ2(1)− ϕ5(1)− ϕ6(1)

= ϕ1(1)− ϕ5(1)− ϕ4(1)− π = 0

a This sum is given from
→
K1 +

→
K2 −

→
K3 −

→
K4 = 0 out of the six base vectors of BCC. b This sum is given from

→
K1 −

→
K2 −

→
K5 −

→
K6 = 0

Using this table, A4 is given as

βA4 =
36

4!
(√

6
)4

{
Γ1111(0, 0) + 8Γ1111(0, 1) + 2Γ1111(0, 2) + 4Γ1111(1, 2)

}
ζ4

1 = dBCC
n ζ4

1 (A34)

where all such cases are corrected counted.
The Landau free energy is given by β∆A = βA2 + βA3 + βA4 with the three ampli-

tudes ζ1, ζ2c, and ζ2i. Differentiating ∆A with respect to ζ2c and ζ2i and then nullifying
those derivatives give Equation (23). Replacing such ζ2c and ζ2i into ∆A yields the final
mathematical expression of our alternative Landau free energy in Equation (24).

Appendix C. Free Energy Expansion through Fluctuation Correction in
One-Loop Order

Diblock copolymers belong to Brazovskii universality class. In the mean-field picture,
they possess their CP depending on disparity in self dispersion interactions. However, the
effect of concentration fluctuations is known to destroy the mean-field CP to yield weak
first order transition, as was revealed by Brazovskii [55]. A simplified fluctuation correction
analysis adopted by Fredrickson and Helfand for incompressible diblock copolymers [56]
is then applied to the compressible Landau energy, especially our alternative version in
Equation (24). The free energy expansion β∆A is first divided by η as

β∆A
η

=

(
Γ11
η
− Γ2

12

ηΓ22

)
ζ2

1 −
∣∣∣∣
an

η
− b1Γ12

ηΓ22

∣∣∣∣ζ3
1 +

dn

η
ζ4

1 (A35)

which is cast back to the integral expression as

β∆A
η
≈

4

∑
n=2

1
n!

∫
Γ′n

(→
k 1, . . . ,

→
k n−1

)
· ψ1

(→
k 1

)
. . . ψn−1

(→
k n−1

)
ψn

(
−

n−1

∑
l=1

→
k l

)
(A36)

where

Γ′2(k
∗) =

Γ11
η
− Γ2

12

ηΓ22
(A37)

and the remaining effective vertex coefficients, Γ′3 and Γ′4, are obtained in the corresponding
fashion. The order parameter ψ1 is rewritten with the more general order parameter
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ψ1 + ψ̃1, where ψ1 is the mean and ψ̃1 the fluctuation part. An average external potential
M, which is conjugate to ψ1 + ψ̃1, can be given from the functional differentiation of the
free-energy expansion with respect to either ψ1 or ψ̃1. After Brazovskii’s approximate
closure relation [55] is employed, the inspection of M yields the following self-consistent
equation for a function S−1, which is the correction to Γ′2 owing to the fluctuation effects as

S−1
(k) = Γ′2(k) + Γ′4(k

∗)ψ2
+

1
2

Γ′4(k
∗) ·

∫
d
→
k 1S(

→
k 1) (A38)

Because of the profound minimum of Γ′2 at k∗, it is expanded around k∗ up to the
quadratic order as Γ′2(k) = Γ′2(k∗) + c(k− k∗)2, where the symbol c indicates c = 1/2 ·
∂2 Γ′2/∂k2

)
k∗

. This expression for Γ′2 is put into Equation (A38) to yield S−1
(k) = S−1

(k∗) +

c(k− k∗)2, which helps us to evaluate an ultraviolet divergent integral
∫

d
→
k 1S(

→
k 1) as

∫
d
→
k 1S(

→
k 1) = (3x∗/Ncπ)/

√
S−1

(k∗) · c̃ (A39)

The new symbol c̃ is given by c̃ = Ncx∗/3 · ∂2 Γ′2/∂x2
)

x∗
, where x = k2R2

G as before.

The corresponding x∗ is then evaluated at k∗. The S−1 at k∗ then becomes

S−1
(k∗) = Γ′2(k

∗) + Γ′4(k
∗)ζ2 +

Γ′4(k∗) · 3x∗/2π

Nc

√
S−1

(k∗) · c̃
(A40)

where ζ is the amplitude parameter of ψ1. The desired free energy with the inclusion of
fluctuation correction is now given from the integration of the approximate expression for
M as

β∆A
η

=
1

2Γ′4

(
S−2

(k∗)− S−2
D (k∗)

)
+

3x∗/2π

Nc
√

c̃

(√
S−1
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√

S−1
D (k∗)

)
−
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an

η
− b1Γ12

ηΓ22

∣∣∣∣ζ3 +

(
dn

η
− Γ′4

2

)
ζ4 (A41)

where S−1
D represents S−1 in the disordered state, and can thus be obtained if ζ in Equation (A40)

is taken to be zero.
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Abstract: The temperature dependence of the Flory–Huggins interaction parameter χ for poly(n-
butyl acrylate)-b-poly(methyl methacrylate) (PBA-b-PMMA) was quantified from small-angle X-ray
scattering (SAXS) analysis using random phase approximation (RPA) theory. It was found from the χ

estimation (χ = 0.0103 + 14.76/T) that the enthalpic contribution, χH , a measure for temperature
susceptibility of χ, is 1.7–4.5 folds smaller for PBA-b-PMMA than for the conventional styrene-
diene-based block copolymers, which have been widely used for thermoplastic elastomers. This
finding suggests that these fully acrylic components can be a desirable chemical pair for constituting
terpolymers applied for thermally stable and mechanically resilient elastomers.

Keywords: acrylic block copolymer; Flory–Huggins interaction parameter; thermoplastic elastomer;
small-angle X-ray scattering

1. Introduction

The development of technologies of ligated anionic polymerization (LAP) and con-
trolled radical polymerization (CRP) have allowed the commercialization of novel block
copolymers with well-defined molecular architectures [1–4]. Various block copolymers
are being produced using LAP and nitroxide-mediated polymerization (NMP) technol-
ogy, the representative example being Kurarity by Kuraray and Nanostrength by Arkema.
In particular, fully acrylic block copolymers [2,5–10], comprised of a rubbery poly(alkyl
acrylate) block and glassy poly(alkyl methacrylate) block, have attracted steady interest
in the thermoplastic elastomer (TPE) community because of the much higher weather
resistance of poly(meth)acrylates when compared to traditional diene-based TPEs [11–13].
Well-designed triblock copolymers consisting of two terminal blocks with glassy segments
and a middle block with rubbery segments can form glassy nanodomains embedded in a
rubbery matrix, where chains bridging between two different glassy domains, which can
efficiently persist the mechanical deformation, play a critical role for the overall mechani-
cal properties of TPE. In this respect, the interaction between block components, usually
quantified by the Flory–Huggins interaction parameter χ, is of critical importance in con-
trolling the conformational and morphological behavior, which determines the mechanical
performance of TPE.

Among many possible acrylic components, the block copolymers comprised of an n-
butyl acrylate (BA) block and a methyl methacrylate (MMA) block are one of the promising
species for TPE owing to their excellent properties, such as light sensitivity and oxida-
tion stability. Previously, several studies have been carried out to synthesize PBA-PMMA
copolymers with various chain architectures [2,5–10,14–16], some of which have reported
their methods for the generation of elastomers and thermomechanical properties. Nonethe-
less, no works have been conducted for the temperature dependence of the interaction
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parameter χ(T) between PBA and PMMA despite its importance for thermomechanical
properties, which are closely related to conformational and morphological behavior via
χ(T). For instance, it has been theoretically reported that the fraction of bridging conforma-
tions between nanodomains, which contributes favorably to the mechanical performance of
TPE, is proportional to χ−1/9 [17]. This prediction suggests that introducing a constituent
block pair with small χ with weak temperature dependence is advantageous for developing
a TPE with enhanced thermal stability.

In this paper, we report the temperature dependence of the Flory–Huggins interaction
parameter χ(T) between the two acrylic monomer species of BA and MMA by small-
angle X-ray scattering (SAXS) measurements of a molten PBA-b-PMMA block copolymer
using a random phase approximation (RPA) analysis. To do this, we synthesized the PBA-
b-PMMA diblock copolymer with a carefully chosen molecular weight by ATRP, which
allowed measuring the order-disorder transition (ODT) temperature within the investigated
temperature range.

2. Materials and Methods
2.1. Materials

Butyl acrylate (TCI, 99%), methyl methacrylate (DAEJUNG CHEMICALS & METALS,
Siheung, Korea 99.5%), and styrene (Junsei, Tokyo, Japan, 99.5%) were purified by passing
through a basic alumina column before use. Copper(I) bromide (CuBr, Sigma-Aldrich,
Seoul, Korea, 98.0%) and copper(I) chloride (CuCl, Sigma-Aldrich, 98.0%) were purified by
stirring with glacial acetic acid, followed by filtering and washing the resulting solid four
times with ethanol. The solid was dried under a vacuum for two days. Anisole (DAEJUNG
CHEMICALS & METALS, 98.0%), (1-Bromoethyl)benzene (Sigma-Aldrich, 98%), copper(II)
bromide (CuBr2, Sigma-Aldrich, 98.0%), copper(II) chloride (CuCl2, Sigma-Aldrich, 98.0%)
and N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA, Sigma-Aldrich, 98%), and
all other chemicals, internal standards, and solvents were used as received.

2.2. ATRP Synthesis
2.2.1. Synthesis of Poly(n-butyl acrylate) (PBA) Macro Initiator

A dried 100 mL Schlenk flask was charged with CuBr (152.97 mg, 1.07 mmol), CuBr2
(4.86 mg, 0.02 mmol). Then, degassed butyl acrylate (30.0 mL, 208.27 mmol), (1-Bromoethyl)
benzene (0.15 mL, 1.09 mmol), PMDETA (0.23 mL, 1.09 mmol) and anisole (20.0 mL) were
added to the flask via N2 purged syringes. The mixture was reacted in an oil bath at 90 °C.
At 40% monomer conversion (measured by gas chromatography), the polymerization was
quenched by THF and exposed to air. Then, the reaction mixture was passed through a
neutral alumina column to remove the Cu catalyst. After being concentrated using a rotary
evaporator, the solution was dropped into methanol/water (8:2) to obtain the polymer as
a precipitate. The molecular weight of the resulting polymer in SEC was determined as
Mn = 12,460 g/mol and Mw/Mn = 1.084, where Mn and Mw are the number-averaged and
the weight-averaged molecular weight, respectively.

2.2.2. Synthesis of Poly(n-butyl acrylate)-b-p,oly(methyl methacrylate) (PBA-b-PMMA)
Diblock Copolymer

A dried 50 mL Schlenk flask was charged with CuCl (122.0 mg, 0.91 mmol) and CuCl2
(7.50 mg, 0.02 mmol). After being sealed with a glass stopper, the flask was evacuated
and back-filled with N2 three times. Then, degassed methyl methacrylate and PBA Macro
initiator (1 g, 0.09 mmol) resolved in anisole (10.0 mL) were added to the flask via N2
purged syringes. The mixture was reacted in an oil bath at 85 °C. The polymerizations were
quenched by THF and exposed to air. Then, the reaction mixtures were passed through
a neutral alumina column to remove the Cu catalyst. After being concentrated using a
rotary evaporator, the solutions were dropped into methanol to obtain the polymer as
precipitates. After filtration and drying under a vacuum, the polymers were isolated as
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white powder. The molecular weight of the resulting polymer in SEC was determined as
Mn = 23,470 g/mol and Mw/Mn = 1.151.

2.2.3. Conversion Analysis

In all the ATRP stages, monomer conversion was confirmed by HP 5890 gas chro-
matography (GC) equipped with an HP101 column. The number-averaged molecular
weight and the dispersity were determined by SEC calibrated with PMMA standards.

2.3. SAXS Measurements

SAXS measurements were performed at the 4C SAXS II beamline of the Pohang Light
Source II (PLS II) with 3 GeV power at the POSTECH. A sample-to-detector distance of
3.00 m was used for SAXS. SAXS profiles were measured in situ at each temperature
with the SAXS apparatus described elsewhere. The sample was placed in the sample
chamber filled with nitrogen gas, and the temperature was controlled with an accuracy
of +/−0.03 ◦C. Since SAXS measurements were conducted in the temperature range of
170–230 ◦C, precise temperature control was required for block copolymer samples to avoid
the possible thermal degradation of PMMA [18,19]. GPC found no mass loss after SAXS
measurements of samples. The profiles were desmeared for slit-height and slit-width effects
and corrected for absorption, air scattering, and thermal diffuse scattering as described
elsewhere [20]. The SAXS measurements were conducted during a heating process that
started at 130 ◦C. During the heating run, the PBA-b-PMMA sample was maintained for 1h
at a specific temperature to obtain thermal equilibrium as much as possible.

3. Results

Figure 1a presents the SAXS profiles of PBA-b-PMMA obtained at various tempera-
tures covering both disordered and ordered regimes. As seen in Figure 1, the broad SAXS
curves in the high-temperature regimes become sharply peaked below T = 180 ◦C, at which
point the PBA-b-PMMA undergoes the order-disorder transition. This is manifested more
clearly in Figure 1b, where the inverse of the maximum scattering intensity (I−1

m ) and the
half-width at half-maximum (σ2

q ) are plotted against the reciprocal temperature (T−1 ),
where a jump-like discontinuity of I−1

m and σ2
q at 180 ◦C can be seen.

Figure 1. (a) SAXS profiles at various temperatures and (b) the inverse of the maximum scattering
intensity (I−1

m ) and the half-width at half-maximum (σ2
q ) versus the inverse of the temperature for

PBA-b-PMMA. The dashed line in (b) indicates the temperature at ODT, TODT.

Having identified the disordered and the ordered regime by locating the temperature
at ODT (TODT), the temperature-dependence of χ parameters between PBA and PMMA
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was estimated by RPA analysis at T > TMF, where T > TMF is the crossover temperature
from a mean-field disordered regime to the non-mean-field regime [21–23]. The RPA
states that the scattered intensity I(q) at scattering vector q in the disordered state is
linearly proportional to [Γ(q, R1, R2)− 2χ]−1 where Γ is referred to as the second vertex
function related to the single chain density correlation functions in the ideal state, and Rα

is the root-mean-square radius of gyration of the component (α = 1: PBA, α = 2: PMMA).
The estimation of χ at each temperature was then obtained by fitting I(q)/Im using the
fitting function F(q; R1, R2, χ) = Nmin[Γ(q, R1, R2)− 2χ]−1 with the fitting parameters R1,
R2 and χ for a given set of molecular parameters (Table 1), where Nmin is the minimum
value of Γ(q, R1, R2)− 2χ. The complete formulas for the fitting function with molecular
parameters are documented in Appendix A.

Table 1. Molecular parameters of PBA-b-PMMA used for fitting with the fitting function F(q; R1,
R2, χ) = Nmin[Γ(q, R1, R2)− 2χ]−1 using Equations (A1)–(A3).

Volume Fraction of
PBA Block ( f1)

Dispersity of PBA
Block (λ1)

Dispersity of PMMA
Block (λ2)

Total Number of
unit Segments (N̄)

0.553 1.084 1.579 1 208.2 2

1 Parameterized by λ− 1 = (λ1 − 1)w2
1 + (λ2 − 1)w2

2 with λ = 1.151, λ1 = 1.084, and w1 = 0.53 = 1− w2, where
wα is the weight fraction of the component α. 2 Parameterized by N̄ = (v1 N1 + v2 N2)/(v1v2)

1/2 with N1 = 97.3,
N2 = 110.1, v1 = 118.7 cm3/mol and v2 = 84.7 cm3/mol, where Nα and vα are the number-averaged degree of
polymerization and the molar volume of the component α , respectively.

Figure 2 shows the normalized scattering profiles I(q)/Im fitted to F(q; R1, R2, χ) at
various temperatures in the disordered state, by which the temperature dependence χ(T)
can be obtained assuming the linear relation χ = χS + χH/T in the mean-field regime
where χS and χH are the temperature-independent constants associated with the entropic
and enthalpic contribution to the overall χ [23–26]. It is worth commenting that although
the peak fits well to the RPA model in the region q > 0.03 Å−1, the agreement in the low q
region is poor, which is also observed in the similar previous works on the χ measurements
using SAXS [27–29]. While this could be due to the slope in the SAXS data or background
mismatch, there are also errors due to the polydispersity of the block copolymer and
the conformational asymmetry between blocks [27]. As for the present work, since the
corrections for polydispersity and asymmetry were taken into account in our RPA equations,
it is likely that this error in the low q region is mainly due to the slope in the SAXS data.
Nonetheless, the estimation of χ, which uses the inverse proportionality between χ and the
width of scattering profile in the q region at 0.03 Å−1 < q < 0.04 Å−1, is unaffected because
the peak width is independent of the slope in the SAXS.

Figure 3 shows the temperature dependence of the estimated χ values and the charac-
teristic length 2π/q∗, where q∗ is the dominant wave vector in the scattering profile such
that Im = I(q∗). The two plateau regions in the plot of T−1 − 2π/q∗ also identify the mean-
field (T > TMF) and the ordered region (T < TODT), respectively. The resultant temperature
dependence χ(T), which was obtained by the linear regression in the mean-field regime,
was found to be

χ = (0.0103± 0.0031) +
(14.76± 1.64)

T
(1)

where the thermodynamic temperature is used for T.
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Figure 2. The normalized scattering profiles I(q)/Im fitted to F(q; R1, R2, χ) at various temperatures
in the disordered state for PBA-b-PMMA.

Figure 3. Temperature dependence of χ values and the characteristic length (2π/q∗) for PBA-b-
PMMA. The mean-field (T > TMF) and the ordered region (T < TODT) are identified by two plateau
regions in the T−1 − 2π/q∗ plot. The red solid line represents the linear regression of (T−1, χ) data in
the mean region.

It is of interest to compare our estimation of χ(T) for PBA-b-PMMA to those for
other diene-based block copolymer systems widely used for TPE, such as polystyrene-
polybutadiene-polystyrene (SBS) or polystyrene-polyisoprene-polystyrene (SIS) triblock
copolymers. Table 2 compares some of the available χ(T) measured for the polystyrene-b-
polybutadiene diblock (PS-b-PB) and the polystyrene-b-polyisoprene diblock (PS-b-PI) to
that of our system of PBA-b-PMMA.
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Table 2. χ(T) reported for various diene-based block copolymers compared to that of PBA-b-PMMA.

System χ(T) Ref

PS-b-PB 1 −0.021 + 25/T [30]
PS-b-PB 2 −0.027 + 28/T [31]
PS-b-PI 3 −0.0090 + 25/T [30]
PS-b-PI 4 −0.0937 + 66/T [32]

PBA-b-PMMA 0.0103 + 14.76/T
1 1,2 and 1,4 diene microstructures are 95% and 5%, respectively. 2 Diene microstructures are unspecified. 3 1,4
and 3,4 diene microstructures are 93% and 7%, respectively. 4 1,2, 1,4 and 3,4 diene microstructures are 38%, 3%
and 59%, respectively.

As shown in Table 2, the temperature dependence of χ, which can be characterized
by the enthalpic contribution χH , is weaker for the PBA-b-PMMA block copolymer than
that for diene-based block copolymers. For instance, χ values in the temperature range
of 100–200 °C are 0.042–0.050 for PBA-b-PMMA, 0.032–0.046 or 0.032–0.048 for PS-b-PB,
and 0.062–0.076 or 0.046–0.083 for PS-b-PI, which suggests less temperature-dependent
conformational and morphological behavior for PBA-PMMA-based block copolymers than
those for the conventional styrene-diene-based block copolymers.

4. Conclusions

In conclusion, we report the temperature dependence of the Flory–Huggins interaction
parameter χ(T) between BA and MMA components by analyzing SAXS measurements
fitted to RPA equations for a molten PBA-b-PMMA diblock at various temperatures. It was
found from the χ estimation that the BA-MMA interaction is less susceptible to temper-
ature than the interactions of styrene-diene-based block copolymers such as SIS and SBS
triblock copolymers used commercially for TPE applications. Since the fraction of bridging
conformation of triblock copolymer, a key for mechanically resilient TPE, is proportional
to χ−1/9, this weaker temperature dependence of χ between BA and MMA provides a
desirable option when designing terpolymers for developing thermally stable TPE.
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Appendix A

Here, we briefly summarize the fitting function F(q; R1, R2, χ) = Nmin[Γ(q, R1, R2)−
2χ]−1, which was used for the fitting SAXS data, I(q)/Im, to extract χ of PBA-b-PMMA.
The fitting function is based on the second-order vertex function Γ(q) related to the single
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chain correlation functions between the component α and β in the ideal binary system, gαβ

(α,β = 1 (PBA), 2 (PMMA)) in the RPA equation [33]:

Γ(q) =
∑αβ gαβ(q)
|gαβ|

(A1)

The single chain correlation functions between the same species (g11, g22) and between
the unlike species (g12) for ideal diblock copolymer are given as

g11(q) =
2N̄ f 2

1
x2

1

[
x1 − 1 + u(λ1, x1)

]
(A2)

g12(q) = g21(q)
2N̄ f1 f2

x1x2

[
1− u(λ1, x1)

][
1− u(λ2, x2)

]
(A3)

and g22 is obtained by switching the indices of species from 1 to 2 in Equation (A2).
In Equations (A2) and (A3), N̄ is the number of segments (or the number of reference
volumes) in the diblock, fα is the volume fraction of the component α, xα = q2R2

α is the
square of the scaled wave vector where Rα is the root-mean-square radius of gyration of
the component α, and u(λα, xα) is the function for taking into account the dispersity λα of
the component α, which is given by [27,34]

u(λα, xα) =
[
xα(λα − 1) + 1)

]− 1
λα−1 (A4)

The total number of segments, N̄, can be further expressed by N̄ = (v1N1 + v2N2)/
(v1v2)

1/2, where Nα and vα are the number-averaged degrees of polymerization and the
molar volume of the component α , respectively, and given for the present PBA-b-PMMA
system as N1 = 97.3, N2 = 110.1, v1 = 118.7 cm3/mol and v2 = 84.7 cm3/mol. Lastly,
the dispersity of the second block component (2:PMMA) in the ATRP, λ2, was obtained by
using the rule for the sum of variances of the distributions: λ− 1 = (λ1 − 1)w2

1 + (λ2 −
1)w2

2 [35]. Here, λ and λ1 are the overall dispersities of the block copolymer, the dispersity
of the first block component (1:PBA), and wα is the weight fraction of the component α,
respectively, which are given for the present PBA-b-PMMA system as λ = 1.151, λ1 = 1.084,
and w1 = 0.53.
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Abstract: In this study the preparation of hybrid materials based on reduced graphene oxide (rGO)
and conjugated copolymers is reported. By tuning the number and arrangement of thiophenes in the
main chain (indacenothiophene or indacenothienothiophene) and the nature of the polymer acceptor
(difluoro benzothiadiazole or diketopyrrolopyrrole) semiconducting copolymers were synthesized
through Stille aromatic coupling and characterized to determine their molecular characteristics.
The graphene oxide was synthesized using the Staudenmaier method and was further modified to
reduced graphene oxide prior to structural characterization. Various mixtures with different rGO
quantities and conjugated copolymers were prepared to determine the optoelectronic, thermal and
morphological properties. An increase in the maximum absorbance ranging from 3 to 6 nm for all
hybrid materials irrespective of the rGO concentration, when compared to the pristine conjugated
copolymers, was estimated through the UV-Vis spectroscopy indicating a differentiation on the
optical properties. Through voltammetric experiments the oxidation and reduction potentials were
determined and the calculated HOMO and LUMO levels revealed a decrease on the electrochemical
energy gap for low rGO concentrations. The study indicates the potential of the hybrid materials
consisting of graphene oxide and high band gap conjugated copolymers for applications related to
organic solar cells.

Keywords: hybrid materials; conjugated copolymers; rGO; HOMO; LUMO; indacenothiophene;
indacenothienothiophene; cyclic voltammetry

1. Introduction

Over the last two decades graphene [1] has made an impressive impact on current
technology due to its remarkable properties. The oxidized form of graphene, namely
graphene oxide (GO), has been known for almost two centuries [2], and despite its im-
pressive features, it lacks the electronic properties of graphene due to the mixed sp3 and
sp2 orbital attributed to the oxygen groups. Many efforts have been conducted to reduce
the oxygen groups using reductive substances such as NaBH4 etc. [3,4]. This allotropic
form of carbon is generally known as reduced graphene oxide (rGO) and constitutes a
fairly good compromise between the outstanding electronic properties of graphene and
the excellent solubility of graphene oxide. This fact is allocated to the reduction process
which is not exclusively completed (not 100% yield of the process) and the produced rGO
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still retains some of the aforementioned oxygen groups that enable stable dispersions with
hydrophobic interactions, since rGO is not water-soluble similar to its precursor [5].

The above-mentioned characteristics strongly suggest that rGO could readily form
films for a great number of applications such as organic photovoltaics [6,7], sensors [8]
etc. To that end, many groups have endeavored the combination of conjugated polymers
and rGO [9–11] to address the fact that their possible π-π stacking with graphene and
rGO enables the fine-tuning of the optoelectronic polymers. Such an approach leads to
the opportunity for a flexible and adjustable system which may solve the relatively low
photovoltaic efficiencies that these polymers commonly exhibit [12,13]. As a result, a wide
range of applications based on composite materials consisting of graphene oxide in polymer
matrices have been reported in the literature. These systems have already been used as
membranes [14,15], energy devices [16], supercapacitors [17], drug delivery [18] flexible
and/or wearable electronics [19] etc.

The non-covalent attachment between the conjugated polymer and the rGO has
significant advantages. The rGO is added to the polymer solution and the mixture is
agitated through sonication. This approach leads to the stabilization through non-covalent
interactions which do not induce intrinsic changes in the chemical structures, electronic or
mechanical properties of the rGO. The π-π interactions between the rGO and the conjugated
backbone render the hybrid materials capable of being easily processed due to the rGO
solubility. The exquisite properties presented on the specific hybrid copolymers have paved
the way for their extensive use in photovoltaic devices using facile methods [20–23].

Herein, our focus was the synthesis of high band gap conjugated polymers [24] based
on indacenothiophene and indacenodithienothiophene [25] through the Stille aromatic
coupling method. These monomers play the role of donors, in donor-acceptor units with
varying acceptor units. The characterization through Gel Permeation Chromatography
(GPC) indicated the molecular features of the copolymers such as number average molecu-
lar weight and dispersity (Ð). In addition, we report the synthesis of graphene oxide from
graphite powder using a modified Staudenmaier method [2] and its further reduction to
obtain the reduced graphene oxide [3]. X-ray Diffraction Analysis (XRD) was carried out
to assess the characteristic properties before and after the oxygen incorporation between
the graphene oxide sheets. The preparation of mixtures consisting of conjugated polymers
and reduced graphene oxide is expected to have a significant role in the fine tuning of their
energy gaps and possibly revolutionize various electronic applications such as organic solar
cells, OLED displays etc. The materials were mixed in an appropriate dispersing medium
(ortho-dichlorobenzene or o-DCB) and sonicated for 6 h prior to their characterization.
Specifically, the hybrid dispersions were morphologically characterized using Scanning
Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS). Their optoelec-
tronic properties were evaluated with UV-Vis Spectroscopy and Cyclic Voltammetry (CV).
Also, the thermal stability of the involved materials (GO, rGO, conjugated copolymers,
hybrid materials) was verified through thermogravimetric analysis (TGA).

2. Materials and Methods
2.1. Materials

All monomers (thiophene-based, difluorobenzothiadiazole and diketopyrrolopyrrole)
and solvents (toluene, methanol, acetone, hexane, acetonitrile, ortho-dichlorobenzene)
were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used without further
purification. All reagents for the preparation of the samples [tris (dibenzylideneace-
tone)dipalladium (0) or Pd2dba3, tri (o-tolyl)phosphine or P (o-Tol)3, powdered graphite,
sulfuric acid, nitric acid, potassium chlorate powder and sodium borohydride or NaBH4]
were purchased from Fluka (Fluka Chemie GmbH, Buchs, Switzerland) and used without
additional manipulations.
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2.2. Methods

Number average molecular weights (Mn) and dispersity indices (Ð) were determined with
Gel Permeation Chromatography (GPC) at 150 ◦C on a high temperature PL-GPC 220 system
using a PL-GEL 10 µm guard column, three PL-GEL 10 µm Mixed-B columns and o-DCB as the
eluent. The instrument (Agilent Technologies, St. Clara, CA, USA) was calibrated with narrow
polystyrene standards (Mp ranged from 4830 g/mol to 3,242,000 g/mol).

UV/vis spectra were measured on a Cary 5000 UV-Vis-NIR (Agilent Technologies, St.
Clara, CA, USA) in dual beam mode.

Raman spectroscopy studies were conducted through a micro-Raman RM 1000 Ren-
ishaw system (Renishaw, Wotton-under-Edge, UK). The power of the laser was 30 mW and
a 2 µm focus spot was utilized.

X-ray diffraction (XRD) measurements were carried out in a Bruker D8 Advance
(Bruker, Billerica, MA, USA) with Bragg–Brentano geometry with LYNXEYE detector in 2θ
range from 2◦ to 30◦. For the X-rays, a Cu-Kα wire was used, resulting in a radiation of
1.5406 Å wavelength.

Thermogravimetric analysis (TGA) was carried out in a Perkin Elmer Pyris-Diamond
instrument (PerkinElmer, Inc., Waltham, MA, USA). Approximately 10 mg of each sample
(graphene oxide, reduced graphene oxide, pristine conjugated copolymers and final hybrid
materials) was heated from 40 ◦C to 800 ◦C following a step of 5 ◦C/min under nitrogen
atmosphere.

Scanning Electron Microscope (SEM) images were obtained on gold coated samples
(Polaron SC7620 sputter coater, Thermo VG Scientific, Waltham, MA, USA) using a JEOL
JSM6510LV scanning electron microscope equipped with an INCA PentaFETx3 (Oxford
Instruments, Abingdon, UK) energy dispersive X-ray (EDX) spectroscopy detector. Data
acquisition was performed with an accelerating voltage of 20 kV and 60 s accumulation time,
respectively. The samples were prepared using an appropriate solvent for solution casting
and then dried overnight in a vacuum oven. Prior to the morphological characterization a
gold/palladium target was used to sputter the samples utilizing the SC7620 Mini Sputter
Coater/Glow Discharge System (Quorum technologies, Sacramento, USA). Also, additional
experiments were conducted on a specific copolymer (copolymer-C2 with 5 wt% and
10 wt% rGO) in order to study its morphological behavior in thin film state. The samples
were prepared using spin coating onto silicon wafer under ambient conditions (spinning
velocity ~3000 rpm for approximately 30 s, polymer solution in o-DCB concentration equal
to 3%).

Voltammetric Experiments were performed with a PGSTAT12 electrochemical analyzer
(Metrohm Autolab, Utrecht, Netherlands) in a single compartment three-electrode cell.
Bare or modified GCEs (IJ Cambria, Swansea, UK) were used as working electrodes
and a platinum wire served as the auxiliary electrode. The reference electrode was an
Ag/AgCl 3M KCl (IJ Cambria, Swansea, UK) electrode and all potentials hereafter are
quoted to the potential of this electrode. Cyclic Voltammograms (CVs) were recorded
in 0.1 mol L−1 Bu4NBF4 in solvent mixture acetonitrile (ACN):o-DCB at a scan rate of
0.05 V s−1. All potentials are quoted after the Fc/Fc+ redox couple as explained in the
experimental section.

2.3. Synthesis of Hybrid Materials

Three (3) conjugated copolymers using thiophene-based and difluoro benzothiadia-
zole or diketopyrrolopyrrole as monomers were synthesized based on the Stille aromatic
coupling in a process that has been already described by our group [26] in order to be used
as matrices for the preparation of hybrid materials. In a three-neck round bottom flask,
fitted with a condenser, 3 cycles of argon/vacuum were conducted. Afterwards, the donor-
and the acceptor-type monomers were added along with Pd2dba3, which is the catalyst
(22.90 mg), and P (o-Tol)3 as a ligand (60.87 mg) and 3 cycles of argon/vacuum were carried
out again. Finally, toluene (20 mL) was added, and 3 cycles of argon/vacuum were again
performed. The reaction mixture is allowed to react for at least 48 h at 120 ◦C.
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Upon completion of the polymerization, the synthesized material was precipitated in
500 mL of methanol and filtered on a paper filter. The filter was placed in a Soxhlet type
device and solvent cleaning of different polarity starts. Initially, the polymer was purified
with methanol (250 mL) to remove any catalyst residues, then with acetone (250 mL) to
remove any unreacted monomers, followed by hexane (250 mL) to remove any oligomers
and finally with chloroform (250 mL) to extract the desired copolymer. The chloroform
fraction was concentrated on a rotary evaporator to a volume of approximately 50 mL and
the copolymer was precipitated in 800 mL of methanol. The precipitated copolymer was
collected by vacuum filtration and dried for 24 h on a PTFE filter. Further drying of the
polymer in a vacuum oven at 40 ◦C for 9 h led to a yield of 0.86 g of the final copolymer.
The synthetic procedure and chemical structures of the synthesized conjugated copolymers
are presented in the Supporting Information for clarification reasons (Scheme S1). The
molecular characteristics of the copolymers were specified using GPC and the results are
summarized in Table S1 (Supporting Information). The three different molecular weight
copolymers are abbreviated as C1, C2 and C3 respectively as evident in Table S1 in the
supporting information. In addition, in Figure S1 the GPC curves with respect to the
different copolymers are presented.

2.4. Synthesis of Graphene Oxide and Reduction to the Desired rGO

Graphene oxide was synthesized with the modified Staudenmaier method which is
widely established [2]. In a typical synthesis, powdered graphite (5 g, purum powder
≤ 0.2 mm; Fluka) was added to a mixture of concentrated sulfuric acid (200 mL, 95–97 wt%)
and nitric acid (100 mL, 65 wt%) while cooling in an ice-water bath. Potassium chlorate
powder (100 g, purum > 98.0%; Fluka) was added to the mixture gradually while stirring and
cooling. The reaction was quenched after 18 h by pouring the mixture into distilled water
and the oxidation product was washed until the pH reached a value of 6.0 and finally dried
at room temperature. The resulting GO was re-dispersed in 200 mL distilled water under
agitation for 24 h. Then, 50 mL of an NaBH4 aqueous solution (8 mg/mL) were added and
the dispersion was agitated for another 24 h [3]. Finally, the dispersion was centrifuged for
five (5) times and the sediment was left to dry on a glass substrate. Using this procedure rGO
was efficiently prepared.

2.5. Preparation of the Hybrid Dispersions

Many solvents have been proposed as appropriate dispersion mediums for rGO [27,28].
High-boiling point solvents showcase an outstanding performance in terms of stability.
Our choice of dispersing rGO in o-DCB was two-fold: firstly to produce extremely stable
dispersions of rGO and secondly it is a common solvent of conjugated polymers of the
indaceno- type. Thus, we have prepared nine (9) different dispersions of hybrid materials
using sonication for 6 h in each of the three different copolymers with 3, 5 and 10% wt rGO
loading respectively as evident in Table 1.

Table 1. The oxidation and reduction potentials from the respective cyclic voltammograms for each
system (recalibrated versus Fc/Fc+) and the corresponding HOMO, LUMO and band gaps.

Copolymer Mn (kDa) *
Eox

onset
(V vs. Fc/Fc+)

Ered
onset

(V vs. Fc/Fc+)
EHOMO (eV) ELUMO (eV) Egec

1

128

0.05 −2.01 −5.15 −3.09 2.06
3 %rGO −0.18 −1.73 −4.92 −3.37 1.55
5 %rGO −0.13 −2.09 −4.88 −3.01 1.87

10 %rGO 0.11 −1.95 −5.21 −3.15 2.06

2

153

0.13 −2.35 −5.23 −2.75 2.48
3 %rGO −0.16 −1.88 −4.94 −3.22 1.72
5 %rGO −0.14 −1.79 −4.96 −3.31 1.65

10 %rGO 0.44 −2.07 −5.54 −3.03 2.51
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Table 1. Cont.

Copolymer Mn (kDa) *
Eox

onset
(V vs. Fc/Fc+)

Ered
onset

(V vs. Fc/Fc+)
EHOMO (eV) ELUMO (eV) Egec

3

150

0.55 −2.04 −5.65 −3.06 2.59
3 %rGO 0.03 −1.94 −5.13 −3.16 1.97
5 %rGO 0.01 −1.59 −5.11 −3.51 1.60

10 %rGO 0.17 −1.97 −5.27 −3.13 2.14

* Number average molecular weights were calculated from Gel Permeation Chromatography measurements. (For
additional information, refer to Supporting Information).

3. Results and Discussion
3.1. Raman and X-ray Diffraction Analysis

Raman spectroscopy was performed to study the oxidation of pristine graphite to GO
and its further reduction to rGO. In Figure S2 in the Supporting Information the Raman
spectra of the two allotropic forms of graphene oxide obtained are illustrated. In the
GO spectrum, the two major peaks D and G are 1310 cm−1 and 1590 cm−1 respectively
possess quite large deviations and structural deficiencies in relation to graphene due to
the existence of the oxygen groups that alter sp2 hybridization and therefore its structure.
The imperfections are represented by the ID / IG ratio, which equals to 1.99, a value that
is justified by the oxidation process of graphite. Correspondingly for the case of rGO, D
and G peaks at 1301 cm−1 and 1575 cm−1 respectively show the structural defects from the
non-selective removal of the oxygen groups due to the reduction which induces gaps along
the structure. In this case, the ID/IG ratio increases to 2.23, indicating the successful rGO
reduction [29].

Concerning the XRD measurements conducted on GO and rGO a clearcut difference
on the first reflection is evident in the XRD spectra presented in Figure S3. Taking into con-
sideration the primary reflection (001) and by applying Bragg’s relationship one concludes
that the reduction of the original oxygen groups leads to a change in the arrangement of
the graphene sheets. Specifically, d(001) GO equals to 7.4 Å while d(001) rGO to 9.1 Å.

The successful chemical modification is verified by the increase of the neighboring
graphite sheets distance as indicated by the synergy of literature [30] and experimental
results. In Figure S3 the comparative diffraction diagram for GO and rGO is presented
showcasing a distinct difference on the first reflection which reveals the larger interstitial
space between the rGO sheets. The specific properties are desirable for the preparation of
nanocomposite materials due to the capability of the conjugated polymer to be accommo-
dated between the interstitial spaces of the laminar material.

TGA experiments were performed to study the thermal behavior of both the GO and
the rGO. A minimal weight loss (8%) at approximately 100 ◦C is evident and corresponds
to the water molecules, while functional groups (-O(CO)-, -OH, -O-) are decomposed at
approximately 230 ◦C, leading to a second significant weight loss (30%). The graphitic
lattice decomposition (50% weight loss) took place at approximately 500 ◦C (Figure S4A
in the Supporting Information). The TGA studies on the rGO revealed a weight loss at
approximately 10% due to the removal of moisture. The remaining functional groups
(-O(CO)-, -OH, -O-) after the chemical modification are removed at approximately 190 ◦C
leading to 20% weight loss which is less than the one observed in the GO further verifying
the successful chemical modification. The graphitic lattice decomposition occurred at
approximately 530 ◦C indicating higher thermal stability of the rGO due to the chemical
modification of the functional groups (Figure S4B in the Supporting Information). The
thermograph of the pristine conjugated copolymer (C3) and hybrid materials consisting of
the conjugated copolymer C3 with different weight percentages of rGO are also presented
in Figure S4C–F. The original decomposition of the pure conjugated copolymer took place
at approximately 238 ◦C (Figure S4C). It is evident that the decomposition of the conjugated
copolymer with 3 wt% of rGO initiated at 242 ◦C (Figure S4D), while for the 5 wt% rGO
at 250 ◦C (Figure S4E) and for the 10% rGO at 260 ◦C (Figure S4F) indicating that the
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higher the rGO ratio the greater the thermal stability of the final hybrid material. Coherent
behavior was also observed in the remaining samples. Note that, the materials with the
highest percentage of rGO not only showcased the highest stability but also less weight
loss which is in accordance to previous studies [31].

3.2. Morphological Characterization

The morphological characterization of GO, rGO and the final hybrid materials was
performed through SEM measurements. In Figure 1 the difference in the nanosheets of
GO (Figure 1A) and rGO (Figure 1B) in the dispersion form (an aqueous dispersion for
GO and an o-DCB dispersion for rGO which was left to dry at an elevated temperature
overnight under vacuum) is depicted. The SEM micrographs presented in Figure 1C,D
correspond to the solid form of the GO and the rGO respectively, indicating an apparent
introduction of abnormalities in the rGO morphology compared to the defect-free GO,
which are attributed to the reduction process as vacancies that occur in the lattice during
the removal of the oxygen groups. From the SEM images it is evident that the conversion
of the graphite morphology to graphene oxide was accomplished successfully maintaining
its lamellar formation. Also, it is straightforward that the film and solid forms exhibit
significant alternations due to the re-dispersion of GO and rGO in o-DCB for the case of
film state.
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Figure 1. SEM images of the GO and rGO in film (A,B) and in solid (C,D) forms.

In Figure 2 the SEM micrograph in conjunction with the elemental mapping analysis
of the hybrid material which is constituted by copolymer 2 (C2) with 5 wt% rGO is demon-
strated. The interaction of the conjugated copolymer with the rGO due to π-π stacking led
to the intercalation of the copolymer between the graphene nanosheets, a behavior that has
been reported for similar layered systems [32] (Figure 2A). This is further supported by the
EDX in which the elemental mapping analysis confirmed the existence of carbon (Figure 2B)
(a common element of the hybrid system), sulfur (Figure 2C) which is derived from the
thiophene groups in the copolymer structural unit and oxygen (Figure 2D), which is solely
found in rGO and verifies the successful preparation of the hybrid material. The SEM/EDX
data obtained from the different copolymers using 3, 5 and 10 wt% of rGO, showcased
similar results, suggesting the non-covalent attachment of the rGO on the conjugated
copolymers even in low concentration values.
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Figure 2. SEM images of a hybrid system with the Copolymer 2 and the rGO (A). There is an apparent
intercalation that is supported with the aid of EDS, where the elemental mapping analysis confirms
the existence of Carbon (B), Sulfur (C) and Oxygen (D).

Interestingly enough, organic cells-related applications are based on polymer films and
therefore the morphological characterization of the hybrid material which is comprised by
the C2 copolymer with either 5 wt% or 10 wt% rGO were conducted in thin film state. The
spin coated samples were approximately ~100 nm thick and the SEM studies indicated similar
structures to the ones obtained during bulk characterization. The results are promising for
photovoltaic applications, but more comprehensive studies are required. Two representative
SEM micrographs are presented in the Supporting Information (Figure S5a,b).

3.3. Optoelectronic Properties

In Figure 3 the UV-Vis spectra obtained from 300–900 nm for the three pristine copoly-
mer systems and the hybrid materials with different rGO concentration are given. For
copolymer 1 (C1) (Figure 3A) two distinct peaks at 423 nm and 723 nm can be clearly
identified. With the addition of rGO, the first absorption peak was shifted from 423 nm to
429 nm while the second peak from 723 nm to 729 nm. This phenomenon indicates that
even a relatively small (3% wt) addition of rGO is able to alter the absorption maxima of the
copolymer and hence its energy gap. This phenomenon is also observed in samples with
higher rGO concentration, which also exhibit similar displacements at a higher absorption
intensity. Consistently, similar results were recorded for copolymer C2 (Figure 3B) which
exhibits three absorption maxima (637 nm, 411 nm and 319 nm) but the shift only occurs
for two maxima, since the peak at 637 nm shifts to 640 nm and the peak at 319 nm shifts to
322 nm. Finally, copolymer C3 (Figure 3C) demonstrates a similar shift in wavelength as
C1 (from 713 nm to 719 nm and from 434 nm to 440 nm), thus reaffirming the impact of the
rGO addition on the optical properties.
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Figure 3. UV-Vis spectra of the: (A) C1 systems; (B) C2 systems; and (C) C3 systems. Distinct
wavelength shifts can be observed in every system for even a minimum rGO addition, at (red line)
C-3% rGO, (blue line) C-5% rGO, and (purple line) C-10% rGO.

Cyclic voltammetry was performed to correlate the oxidation and the reduction poten-
tial onsets with the respective HOMO (Highest Occupied Molecular Orbital) and LUMO
(Lowest Unoccupied Molecular Orbital) levels as it has been previously described for such
conjugated copolymers by our group [33]. The cyclic voltammograph of ferrocene in ace-
tonitrile (ACN) was used as reference for the copolymers and is presented in the Supporting
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Information (Figure S6). The oxidation and reduction potentials were recalibrated versus
the Fc/Fc+ redox couple and the corresponding HOMO and LUMO levels were calculated
using the following equations:

EHOMO = 5.1 + Eox
onset, (1)

ELUMO = 5.1 + Ered
onset (2)

The cyclic voltammographs (CVs) for the pristine C1 copolymer and the produced
hybrid materials after the addition of 3, 5 and 10% wt rGO respectively are illustrated
in Figure 4. It is apparent that for lower rGO concentrations (3 and 5 wt%) a significant
alteration on the redox potentials is experienced and therefore to the HOMO and LUMO
levels, while in higher concentration (10 wt%) the redox potentials are similar to those
obtained for the pristine copolymer [34]. This effect is observed for all three hybrid systems
since it is also evident in Figure 5 (C2) and in Figure 6 (C3). Table 1 summarizes the
results provided from the CVs as well as the calculated HOMO, LUMO levels and the
electrochemical band gap (Eg).
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Figure 4. Cyclic voltammograms of the C1 systems for both the oxidation and the reduction process.
in 0.1 mol L−1 Bu4NBF4. Scan rate 0.050 V s−1. Signals presented as: (red line) C1-3% rGO, (blue
line) C1-5% rGO, and (purple line) C1-10% rGO.
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4. Conclusions

Graphene oxide (GO) and reduced graphene oxide (rGO) were synthesized and suc-
cessfully combined with indacenodithiophene- and indacenodithienothiophene-based
conjugated copolymers for the preparation of hybrid materials in order to study the alter-
ation on their optoelectronic properties due to non-covalent binding (π-π stacking) with
rGO. The conjugated copolymers were synthesized through Stille aromatic coupling. Stau-
denmaier reaction was utilized for the synthesis of GO, which was further reduced for
the preparation of rGO. The conjugated polymers were mixed using different ratios of
rGO and were ultrasonicated in ortho-dichlorobenzene that constitutes an excellent dis-
persion medium for each system, to produce stable dispersions. To identify the successful
synthesis of GO and rGO, morphological and structural characterization was performed
using Scanning Electron Microscopy (SEM), Raman spectroscopy and X-Ray Diffraction
analysis. UV-Vis absorption spectrophotometry was used to determine the optical prop-
erties of the pristine copolymers and the hybrid materials. The experiments indicated a
significant wavelength shift in the absorption maxima for all rGOs of the order of 3–6 nm,
which justifies the alteration and fine-tuning of the optical properties of the copolymers
with the aid of rGO. Finally, electrochemical characterization was performed via Cyclic
Voltammetry (CV) to determine the energy levels of copolymers and mixtures. From the
determination of oxidation and reduction potentials and the calculated HOMO and LUMO
levels it is concluded that small percentages of rGO (3–5 wt%) can alter the energy levels of
the copolymers and ultimately decrease the electrochemical Energy gap (Eg), while larger
concentrations of rGO can return these attributes to their original state. This suggests that
the specific hybrid materials are quite promising for applications such as organic solar cells,
where a tunable band gap and wavelength are of strategic importance.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14235292/s1, Scheme S1: Chemical reactions and struc-
tures of: (A) indacenothiophene-alt -3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-octyldodecyl)pyrrolo
[3,4-c]pyrrole (IDT and Dibromo-DPP) or C1; (B) indacenothiophene -alt-4,7-dibromo-5,6-difluorob
enzo[1,2,5]thiadiazole (IDT and difluoro-BTD) or C2; and (C) Indacenodithienothiophene-alt-3,6-
bis(5-bromothieno[3,2-b]thiophen-2-yl)-2,5 bis(2octyldodecyl)pyrrolo[3,4-c]pyrrole (IDTT and
Dibromo-DPP) or C3 copolymers; Figure S1: Gel Permeation Chromatography (GPC) curves of the
three different copolymers where the black line corresponds to the C1 copolymer, the red line to the
C2 copolymer and the blue line to the C3; Table S1: Molecular characteristics of the three different
copolymers as directly calculated from gel permission chromatography; Figure S2: Raman Spectra
obtained for GO and rGO. Both spectra represent materials with a great number of defects which is
evident by the respective IG/ID ratio. The red curve corresponds to the rGO while the black to the
GO; Figure S3: XRD measurements for GO and rGO. The red curve corresponds to the rGO while
the black to the GO; Figure S4: TGA thermograms under nitrogen atmosphere corresponding to:
(A) GO; (B) rGO; (C) C3 copolymer; (D) C3 copolymer with 3 wt% rGO; (E) C3 copolymer with
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5 wt% rGO and F) C3 copolymer with 10 wt% rGO; Figure S5: SEM images corresponding to
the C2 copolymer with (A) 5 wt% rGO; and (B) 10 wt% rGO. The samples were prepared using
the spin coating technique leading to thicknesses of approximately 100 nm; Figure S6: Cyclic
voltammogram of ferrocene in ACN which was used as reference for the copolymers
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Abstract: The electrostatic complexation between double hydrophilic block copolymers (DHBCs)
and a model porphyrin was explored as a means for the development of polyion complex micelles
(PICs) that can be utilized as photosensitive porphyrin-loaded nanoparticles. Specifically, we em-
ployed a poly(2-(dimethylamino) ethyl methacrylate)-b-poly[(oligo ethylene glycol) methyl ether
methacrylate] (PDMAEMA-b-POEGMA) diblock copolymer, along with its quaternized polyelec-
trolyte copolymer counterpart (QPDMAEMA-b-POEGMA) and 5,10,15,20-tetraphenyl-21H,23H-
porphine-p,p′,p”,p′ ′ ′-tetrasulfonic acid tetrasodium hydrate (TPPS) porphyrin. The (Q)PDMAEMA
blocks enable electrostatic binding with TPPS, thus forming the micellar core, while the POEGMA
blocks act as the corona of the micelles and impart solubility, biocompatibility, and stealth properties
to the formed nanoparticles. Different mixing charge ratios were examined aiming to produce stable
nanocarriers. The mass, size, size distribution and effective charge of the resulting nanoparticles, as
well as their response to changes in their environment (i.e., pH and temperature) were investigated by
dynamic and electrophoretic light scattering (DLS and ELS). Moreover, the photophysical properties
of the complexed porphyrin along with further structural insight were obtained through UV-vis
(200-800 nm) and fluorescence spectroscopy measurements.

Keywords: double hydrophilic block copolymers; porphyrins; polyion complex micelles; photosensitizers

1. Introduction

Successful cancer treatment is one of the most sought-after goals of modern-day
medicine, since cancer remains a leading cause of death worldwide, accounting for nearly
10 million deaths in 2020 according to the World Health Organization [1]. Among the
various proposed therapeutic strategies, photodynamic therapy (PDT) holds significant
promise owing to its efficiency, site-specificity, and noninvasive characteristics. It is being
used not only for the treatment of tumors related to various types of cancers (e.g., skin,
esophageal, lung) but also a number of other diseases and medical conditions, such as
atherosclerosis, rheumatoid arthritis, macular degeneration, psoriasis, and acne [2]. The
working principle of PDT is based on the administration of photosensitizers that accumulate
in pathological tissue and are subsequently exposed to a light source with appropriate
wavelength so as to generate the production of reactive oxygen species (ROS), which in
turn cause cell death [3–6]. Due to its selective action, it causes minimal damage to the
surrounding healthy tissue, has no severe local or systemic side effects, is not painful, is well
tolerated by patients, allows for outpatient use, and can even be applied in parallel with
other therapeutic protocols [2,3]. All these advantages in combination with documented
good therapeutic results render PDT a widespread contemporary method for the treatment
of cancer and other infectious diseases.

Evidently, the role of the photosensitizer is of utmost importance for the effective
application of PTD. Having entered the cell, the photoactive molecule is appropriately
irradiated, leading to its excitation from the ground to the excited singlet state as a result
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of the photon absorption [3–5]. Next, the excited photosensitizers either relax back to the
ground state via fluorescence photon emission or are transformed to the excited triplet state,
whose energy under well-oxygenated conditions can be transferred to the surrounding
tissue oxygen molecules, mainly producing singlet oxygen (1O2). These singlet oxygen
particles are characterized by extremely strong oxidizing properties and can destroy tumor
cells, either directly by inducing apoptotic and/or necrotic cell death or indirectly by
provoking autophagy [3,4]. Over the years of PDT clinical practice, several characteristics
have been established as prerequisites for ideal photosensitizers. These include high
chemical purity, stability at room temperature, high photochemical reactivity, minimum
dark cytotoxicity, preferential retention at the targeted tissue, facile solubility in bodily
fluids, low cost, and wide availability, among others [2,3]. Of course, the most widely
used photosensitizers consist of porphyrins (a class of heterocyclic macrocycle organic
compounds) and their derivatives, since the historic discovery of hematoporphyrin and its
photo-related medical properties in the beginning of the previous century [2].

Owing to their hydrophobic nature, porphyrins tend to self-assemble in aqueous
media, forming aggregates of intriguing structures and unique features [7]. Nevertheless,
aggregation reduces their photoactivity and thus therapeutic efficiency. In order to enhance
porphyrin water solubility, as well as circulation lifetime and tumor specificity, and at
the same time reduce aspecific tissue accumulation, the use of various types of polymeric
nanocarriers has been proposed [4–6,8]. Among the plethora of available macromolecular
architectures, the use of double hydrophilic block copolymers (DHBCs)—consisting of one
charged and one hydrophilic block—as delivery vehicles is of particular interest due to
their interesting self-assembly behavior [9–12]. This kind of copolymer is able to inter-
act with oppositely charged bioactive species, forming polyion complex micelles (PICs)
where the interacting charged species form the micellar core and the hydrophilic blocks
the corona, thus providing solubility or even biocompatibility and stealth properties to
the formed nanoparticles. This principle has been extensively exploited over the years as
a means of developing porphyrin-loaded micelles for potential PDT applications. Start-
ing with the work of Kataoka (a pioneer in PICs) and his coworkers on dendritic zinc
porphyrins [13,14], followed by the extended studies of the Shi group on 5,10,15,20-tetrakis-
(4-sulfonatophenyl)-porphyrin (TPPS) and its metal ions [15–20], as well as numerous
other similar investigations involving not only DHBC [21–26] but also surfactants [27,28],
polycations [29], nonionic triblock copolymers [30], or even polymeric membranes [31], one
can only begin to fathom the importance of these systems considering their prospective
therapeutic capability, and thus justify the ongoing considerable scientific interest they
have attracted.

In this work, we report on the formation of photofunctional nanoparticles (ow-
ing to the intrinsic properties of the porphyrin) through the electrostatic complexation
between the poly(2-(dimethylamino) ethyl methacrylate)-b-poly[(oligo ethylene glycol)
methyl ether methacrylate] (PDMAEMA-b-POEGMA) double hydrophilic block copoly-
mer or its quaternized strong polyelectrolyte counterpart (QPDMAEMA-b-POEGMA)
and 5,10,15,20-tetraphenyl-21H,23H-porphine-p,p′,p”,p′ ′ ′-tetrasulfonic acid tetrasodium
hydrate (TPPS) porphyrin. The resulting PIC micelles comprise a mixed polyelectrolyte–
porphyrin (Q)PDMAEMA/TPPS core and a hydrophilic biocompatible POEGMA corona/
shell. Their solution properties in regard to their mass, size, size distribution and effec-
tive charge at varying mixing ratios with increasing porphyrin content were thoroughly
investigated by means of dynamic and electrophoretic light-scattering techniques. In paral-
lel, UV-vis and fluorescence detailed spectroscopic studies were conducted to probe the
photophysical characteristics of the complexed porphyrin, extract additional information
regarding its morphology and aggregation state, and of course validate the photosensitivity
of the produced nanoparticles. The pH-dependent charge density of the PDMAEMA poly-
electrolyte and aggregation behavior of TPPS porphyrin necessitated the investigation to be
performed at different pH values, namely, pH 7 and 3. Moreover, the effect of temperature
on the overall properties of the already formed PICs was examined.
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2. Materials and Methods
2.1. Materials

The 5,10,15,20-tetraphenyl-21H,23H-porphine-p,p′,p”,p′ ′ ′-tetrasulfonic acid tetrasodium
hydrate (TPPS) porphyrin (Mw = 1022.92 g/mol, anhydrous basis) (Scheme 1a) and all other
reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as received.

Scheme 1. Molecular structures of (a) TPPS porphyrin, (b) PDMAEMA-b-POEGMA copolymer and
(c) its quaternized counterpart QPDMAEMA-b-POEGMA.

2.2. Block Copolymer Synthesis and Quaternization

The synthetic procedure of the PDMAEMA-b-POEGMA block copolymer by means of
reversible addition fragmentation chain transfer (RAFT) polymerization, as well as the sub-
sequent quaternization reaction, were performed in a similar manner to the one described
in detail in a previous publication [32]. In brief, the synthetic route comprises two steps,
starting with the initial polymerization of the DMAEMA monomer under appropriate
conditions and the formation of the PDMAEMA homopolymer, which then acts as a macro-
chain transfer agent (macro-CTA) for the polymerization of the OEGMA monomer (which
bears 9 ethylene glycol units) and the formation of the POEGMA block. The molecular char-
acteristics of the resulting copolymer as determined by SEC and 1H NMR are summarized
in Table 1, while its molecular structure is shown in Scheme 1b. The quaternization of the
PDMAEMA-b-POEGMA precursor was performed by appropriate reaction with methyl
iodide (CH3I), thus transforming the tertiary amines of the PDMAEMA block to quaternary
ammonium groups, as seen in Scheme 1c. The corresponding molecular characteristics are
also presented in Table 1.

Table 1. Molecular characteristics of PDMAEMA-b-POEGMA and QPDMAEMA-b-POEGMA copoly-
mers.

Copolymer Mw
(104 g/mol) a Mw/Mn

a
(Q)PDMAEMA

Content
(wt%)

POEGMA
Content
(wt%)

(Q)PDMAEMA
Monomeric

Units

POEGMA
Monomeric

Units

PDMAEMA-b-
POEGMA 2.29

1.34

33 b 67 b

48 c 32 c
QPDMAEMA-

b-POEGMA 2.97 48 d 52 d

a Determined by SEC; b determined by 1H NMR; c calculated based on the Mn of the corresponding monomeric
units; d calculated assuming 100% quaternization and the composition of the precursor copolymer.
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2.3. Preparation of the Polyion Complex Micelles (PICs)

Initially, stock solutions of the PDMAEMA-b-POEGMA copolymer or its quaternized
counterpart QPDMAEMA-b-POEGMA at a concentration of 1 mg/mL and TPPS porphyrin
at 0.53 mg/mL in water for injection (WFI) were prepared (magnetic stirring was usually
employed in order to assist solubilization) and left overnight at ambient conditions to equi-
librate. The pH of these solutions was around 6.5, henceforth called pH 7 in the following.
For the formation of the complexes, appropriate aliquots, namely, 0.4, 1, 1.4, and 2 mL,
of the porphyrin solution were added to 2 mL of the copolymer solution under stirring,
mixing of the two constituent solutions was continued for 5 min, and at the final stage,
dilution with WFI to a total volume of 10 mL was performed. In this way, the copolymer
concentration is kept constant throughout the series of complex solutions, while porphyrin
concentration increases thus changing the molar ratio of the two components. The resulting
solutions were stable and no precipitation was observed. The stock solution concentration
and mixing ratios were suitably chosen so as the molar ratio of the TPPS sulfonate groups
to the corresponding tertiary amine groups of the DHBC or quaternary ammonium groups
of its quaternized counterpart (QDHBC)—denoted as SO3

−/NR2 or NR3
+, where R stands

for the methyl group—ranged from 20% to 100%. The characteristics of the complex so-
lutions in regard to the final concentration of the components and charged groups ratio
are given in Table 2. Exactly the same procedure was followed for the preparation of the
corresponding complexes at pH 3, starting with copolymer and porphyrin stock solutions
whose pH was adjusted to 3 by appropriate addition of 0.1 M HCl, leading again to stable
complex solutions.

Table 2. Characteristics of the complex solutions of the DHBC or the QDHBC and TPPS porphyrin.

Sample Name C(Q)DHBC (mg/mL) CTPPS (mg/mL) SO3−/NR2 or NR3
+ a

(Q)Comp(2 + 0.4)

0.2

0.021 20%

(Q)Comp(2 + 1) 0.053 50%

(Q)Comp(2 + 1.4) 0.074 70%

(Q)Comp(2 + 2) 0.105 100%
a R = CH3.

2.4. Methods

Dynamic Light Scattering (DLS). DLS measurements were performed on an ALV/CGS-
3 compact goniometer system (ALVGmbH, Hessen, Germany) equipped with an ALV-
5000/EPP multi-tau digital correlator, a He-Ne laser (λ = 632.8 nm), and an avalanche
photodiode detector. All sample solutions were filtered through 0.45 µm hydrophilic
PVDF syringe filters (ALWSCI Group, Hangzhou, China) before measurement in order
to remove any dust particles or large aggregates. The samples were loaded into standard
1 cm width soda-lime glass dust-free cylindrical cells and measurements were performed
at a series of angles in the range of 45–135◦. A circulating water bath was used to set
the temperature at 25 ◦C, or at the desired value (25–60 ◦C) in the case of temperature-
dependent measurements.

The measured normalized time autocorrelation functions of the scattered light in-
tensity g2 (t) were fitted with the aid of the CONTIN analysis, thus obtaining the distri-
bution of relaxation times τ. Assuming that the observed fluctuations of the scattered
intensity are caused by diffusive motions, the apparent diffusion coefficient Dapp is re-
lated to the relaxation time τ as Dapp = 1/τq2, where q is the scattering vector defined as
4πn0 sin(θ/2)/λ0 with n0, θ and λ0 the solvent refractive index, the scattering angle, and
the wavelength of the laser in vacuum, respectively. From the apparent diffusion coefficient
Dapp, the hydrodynamic radius Rh can be obtained using the Stokes–Einstein relationship
Rh = kBT/6πη0Dapp, where kB is the Boltzmann constant, T is the temperature, and η0 is
the viscosity of the solvent [33,34].
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Electrophoretic Light Scattering (ELS). Zeta potential (ζP) measurements were conducted
with a Zetasizer Nano-ZS (Malvern Panalytical Ltd., Malvern, United Kingdom) equipped
with a He-Ne laser (λ = 633 nm) and an avalanche photodiode detector. The Henry equation
in the Smoluchowski approximation was used for zeta potential calculation [35]. ζP values
were determined using the Smoluchowski equation ζP = 4πηυ/ε, where η is the solvent
viscosity, υ the electrophoretic mobility, and ε the dielectric constant of the solvent, and
are reported as averages of fifty repeated measurements at a 13◦ scattering angle and
room temperature.

UV-vis spectroscopy. UV-vis absorption spectra of the complexes and neat porphyrin
and copolymer solutions were recorded between 200 and 800 nm wavelength using a
UV-vis NIR double-beam spectrophotometer (Lambda 19 by Perkin Elmer, Waltham, MA,
USA) at room temperature. Appropriate dilutions of the samples were performed so as not
to exceed maximum acceptable absorbance values. Specifically, the complex solutions were
diluted with a factor 1:20 and the neat TPPS 1:100 (final concentration 5.3 µg/mL).

Fluorescence spectroscopy. Steady-state fluorescence spectra of the neat and complexed
TPPS porphyrin were recorded with a double-grating excitation and a single-grating
emission spectrofluorometer (Fluorolog-3, model FL3-21, Jobin Yvon-Spex, Horiba Ltd.,
Kyoto, Japan) at either room temperature or higher temperatures regulated by a circulating
water bath. Excitation wavelength used was λ = 515 nm and emission spectra were recorded
in the region 535–800 nm, with an increment of 1 nm, using an integration time of 0.1 s, and
slit openings of 2 nm for both the excitation and the emitted beam. Under the employed
experimental conditions, fluorescence from the TPPS was observed and utilized to extract
information regarding its structure, while the neat copolymer solutions did not show any
significant fluorescence.

3. Results and Discussion
3.1. PDMAEMA-b-POEGMA and TPPS Complexation

At first, we investigated the formation of PICs through the electrostatic complexation
between the PDMAEMA-b-POEGMA DHBC and TPPS porphyrin at both pH 7 and 3. The
pH value plays a significant role in the protonation state of both the tertiary amine groups of
the DHBC, which become fully protonated at pH 3, thus increasing charge density, as well
as the pyrrolic nitrogen atoms of the porphyrin molecule that are protonated at pH below
5, thus transforming the porphyrin from its free-base form (H2TPPS4−) to its diacid form
(H4TPPS2−) [15–17]. The solution properties of the stable complex solutions were initially
examined by means of DLS measurements, and Figure 1 shows the obtained scattering
intensity values derived from measurements at 90◦ (I90) as a function of the porphyrin
concentration (CTPPS) or equivalently charged groups ratio (SO3

−/NR2, R = CH3) at both
pH values. Note that the I90 values at CTPPS = 0 correspond to those of the neat DHBC
solutions at the same concentration as in the complexes (CDHBC = 0.2 mg/mL).

The observed gradual increase in I90 values at both pH conditions serves as a proof
of complexation and PIC formation, since the measured intensity is proportional to the
mass of the scattering species in the solution. The apparent decrease at highest CTPPS
and pH 3 is most probably an undesired effect of the filtration of the samples (a standard
practice for DLS measurements so as to remove any large dust particles or aggregates),
which is always associated with some degree of solute retention and of course is more
pronounced at higher concentrations. At low CTPPS values (<0.06 mg/mL), the mass of the
complexes formed at pH 3 is larger than the corresponding one at pH 7, a fact that indicates
a higher degree of interaction and can be attributed to the increased charge density of
the DHBC due to amine protonation. Nevertheless, as the concentration of the porphyrin
increases (CTPPS > 0.07 mg/mL), an abrupt increase in the mass of the formed PICs at pH 7
is observed and likely denotes some degree of aggregation.
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Figure 1. DLS intensity values at 90◦ I90 for the DHBC/TPPS complex solutions at pH 7 and 3, as a
function of porphyrin concentration CTPPS or charged groups ratio SO3

−/NR2 (R = CH3).

Further insight regarding the properties of the complexes can be obtained from the
equivalent size distribution functions (SDFs) extracted through the CONTIN regularization
of the DLS measurements at 90◦ that are presented in Figure 2, along with the hydrodynamic
radius Rh values of the individual peaks as a function of CTPPS or the SO3

−/NR2 ratio at
both pH values. The corresponding SDFs of the neat DHBC and TPPS solutions at relevant
concentrations (CDHBC = 0.2 mg/mL and CTPPS = 0.053 mg/mL) are also included for
comparison, with the extracted Rh values being noted in Figure 2c as the point at CTPPS = 0
for the DHBC or the dashed line for TPPS.

With respect to the sizes of the species in solution, first of all we should point out that
the DHBC exhibits two peaks, one small with an Rh about 9 nm, which possibly represents
the molecularly dissolved copolymer single chains, and a second larger one about 90
or 70 nm depending on the pH that most likely indicates some degree of self-assembly
and the formation of multichain aggregates. Although both blocks of the PDMAEMA-b-
POEGMA copolymer are deemed hydrophilic, hydrophobic interactions stemming from
the hydrophobic nature of the polymeric backbone can never be excluded and thus lead to
the proposed formation of multichain domains, as also previously observed in analogue
systems [36,37]. However, the solutions of the complexes exhibit only one peak in all cases,
suggesting the presence of monodisperse PICs with Rh values ranging from 10 to 20 nm.
As it seems upon interaction with the porphyrin the multichain domains of the DHBC
breakup—likely because the electrostatic interactions in the system are stronger—and this
way, only one type of complexes comprising of TPPS and single copolymer chains are
formed. As the concentration of the porphyrin increases, so does the size of the PICs at
both pH conditions, indicating further incorporation of TPPS. A more pronounced increase
is evident at pH 3, leading to larger complexes, and is probably associated with the higher
degree of interaction caused by protonation of the DHBC amine groups. Remarkably, the
observed abrupt increase of the PICs mass at pH 7 and high CTPPS is not accompanied by a
similar increase in size; therefore, it must be correlated with some type of conformational
change that leads to more compact structures. One final observation here is that the neat
porphyrin has a hydrodynamic radius of about 10 nm, surely significantly larger than its
actual molecular size, which is about 20 Å [38]. Hence, we conclude that porphyrin is also
aggregated to some extent.
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Figure 2. Size distribution functions (SDFs) derived from DLS measurements at 90◦ for the
DHBC/TPPS complex solutions at pH (a) 7 and (b) 3, along with (c) the Rh values of the indi-
vidual peaks as a function of CTPPS or SO3

−/NR2 ratio. The dashed line denotes the corresponding
Rh value of neat TPPS.

Another crucial characteristic of the formed PICs is their effective charge, which was
acquired via electrophoretic light scattering (ELS) measurement, yielding the zeta potential
ζP values presented in an identical manner to the previous DLS results in Figure 3. At both
pH values, a decrease in ζP values of the complexes in regard to that of the neat DHBC
(points at CTPPS = 0) is seen, suggesting the neutralization of charges that takes place upon
interaction of the two oppositely charged species. At pH 7, we observe a broader change
that eventually leads to charge inversion from positive to negative values, or in other words
the negative charge of TPPS (ζP ≈ −20 mV) prevails. On the contrary, at pH 3, though
the initial decrease is more abrupt, the effective charge of the PICs remains positive for
all complex solutions. This is apparently a consequence of the increased charge density
of the positive DHBC (as also evident from the corresponding ζP values) and the parallel
reduction of TPPS negative charges (note that at pH 3 TPPS has a ζP ≈ −10 mV) due to N
protonation. Overall, the number of positive charges in the system is greater at pH 3, thus
resulting in positively charged PICs.
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Figure 3. Zeta potential ζP values for the DHBC/TPPS complex solutions at pH 7 and 3, as a function
of CTPPS or SO3

−/NR2 ratio. The dashed lines denote the corresponding ζP values of neat TPPS.

Of equal importance to their solution characteristics are the optical properties of
the formed PICs. For this reason, the complex solutions of the DHBC/TPPS system
at both pH conditions were studied by UV-vis spectroscopy and the collected spectra
are shown in Figure 4, where the corresponding spectra of the neat DHBC and TPPS
solutions are also included for comparison. As expected, the DHBC does not exhibit any
significant absorbance, so the observed peaks are attributed to the presence of the porphyrin.
The spectroscopic features of TPPS are well known and can be directly correlated with
the protonation and aggregation state of the porphyrin molecule [15–17,27,29,31,39]. As
previously mentioned, at physiological pH values, TPPS exists in its free-base monomeric
state (H2TPPS4−), which at high concentration or increased packing conditions can form
face-to-face H-aggregates through π–π stacking of the molecules. On the other hand, at low
pH values, the protonated diacid monomer (H4TPPS2−) is dominant and these zwitterionic
molecules can interact electrostatically via their positive central and negative peripheral
charges, forming side-by-side J-aggregates. Both types of TPPS monomers, as well as their
aggregated counterparts, have distinctive absorption signatures.

In this case, TPPS solution at pH 7 shows a Soret band located at 413 nm accompanied
by a Q-IV band at 516 nm, both indicative of the H2TPPS4− monomeric free-base form.
In comparison, a gradual blue shift of about 8 nm is observed for the Soret band of the
complex solutions, peaking at around 405 nm, while at the same time the Q-bands are
slightly shifted to higher wavelengths (red shift). These two findings are related to the
formation of H-type aggregates [15–17], an apparent consequence of the complexation with
the DHBC, which increases the proximity of the porphyrin molecules and thus enhances
their aggregation. Moreover, it is worth noting that for the complex solution with the
highest CTPPS, the Soret band shows also significant contribution from the 413 nm peak.
This probably signifies the coexistence of H-aggregates and free-base monomers, meaning
that some uncomplexed porphyrin molecules are still present in the solution. Therefore, it
is possible that the maximum binding capacity of the DHBC has been exceeded.
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Figure 4. UV-vis spectra of the DHBC/TPPS complex solutions at pH (a) 7 and (b) 3. The insets
show a scaling up of the Q-bands area. The corresponding spectra of neat TPPS and DHBC are also
included for comparison.

At pH 3, the neat porphyrin shows a Soret band again peaking at 413 nm—the spectro-
scopic signature of the free-base monomer—but also a shoulder at 432 nm is observed. This
shoulder, along with the distinctive Q-I peak at 644 nm, denote the presence of the diacid
monomer [15–17]. Interestingly, it seems that both types of monomeric forms (H2TPPS4−

and H4TPPS2−) are simultaneously present in the solution. A possible explanation for this
is that the aggregation of the porphyrin molecules hinders their protonation to a full extent.
It should be mentioned here that although no signs of H-aggregates can be seen in the
spectra of neat TPPS at pH 7, these measurements were performed on highly diluted solu-
tions (1:100) so as not to exceed maximum allowed absorbance values. Surely, the presence
of aggregates in the initial stock solutions (CTPPS = 0.53 mg/mL) that were used for the
preparation of the PICs cannot be excluded, as was also evidenced by the corresponding
hydrodynamic radii (Rh ≈ 10 nm). In regard to the complexes, the Soret band is once
more shifted at 405 nm and the Q-bands are slightly red-shifted, denoting the existence of
H-aggregates. Nevertheless, as porphyrin concentration increases the representative peaks
of J-aggregates at 490 and 701 nm appear [15–17], as clearly obvious in the case of Comp
(2 + 2) but also noticeable for the solutions of Comp (2 + 1.4) and neat TPPS, as seen in
the inset of Figure 4b. Apparently, at higher CTPPS values the number of TPPS molecules
participating in the complexes and hence their proximity increases drastically, leading to
J-type aggregation. Lastly, no signs of uncomplexed TPPS can be discerned in this pH
value, one more indication of the increased interaction capability of the DHBC due to the
protonation of its amine groups.

Fluorescence spectroscopy measurements of the same PIC solutions were also per-
formed and the relative emission spectra are shown in Figure 5. Overall, the fluorescence
spectral features corroborate the findings from the UV-vis measurements. At pH 7, the neat
TPPS solution displays a double peak at 641 and 698 nm, which is typical of the free-base
monomer [16,27,29]. A red shift of about 20 nm is observed for the complex solutions with
the main emission peak appearing at 663 nm, thus signifying the presence of H-aggregates.
Notably, as porphyrin concentration increases, contribution from the 641 nm peak becomes
more and more prominent, culminating in the case of the Comp (2 + 2) solution, again
indicating uncomplexed TPPS monomeric molecules. Respectively, at pH 3 a significant
decrease in the fluorescence intensity of the neat TPPS is observed and the main peak is
located around 677 nm, both spectral traits of the diacid H4TPPS2− form [16,27,29]. How-
ever, a small shoulder at 636 nm probably correlated with the free-base monomer is still
discerned. The obtained emission spectra for the solutions of the PICs resemble the ones at
pH 7, with the main peak about 667 nm (existence of H-aggregates). For the two complex
solutions with higher porphyrin concentration, extended quenching is observed along with
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the appearance of the peak at 732 nm, transitions that can be attributed to the formation of
J-aggregates [16,27,29].

Figure 5. Fluorescence spectra of the DHBC/TPPS complex solutions at pH (a) 7 and (b) 3. The
corresponding spectra of neat TPPS and DHBC are also included for comparison.

3.2. QPDMAEMA-b-POEGMA and TPPS complexation

Undoubtedly, electrostatic interactions play the most crucial role during the coupling
of (macro)molecular species bearing opposite charges and essentially govern not only the
complexation process itself but the properties of the resulting nanoparticles as well. Ergo,
any change in the charged state of the individual components is expected to influence the
final outcome and for this reason is worth investigating. On these grounds, we also studied
the interaction of the quaternized homologue QPDMAEMA-b-POEGMA copolymer, which
is a strong polyelectrolyte independently of pH with the TPPS porphyrin at both acidic
and neutral pH conditions. Figure 6 presents the collective DLS and ELS results attained
for the QDHBC/TPPS system in regard to scattering intensity, hydrodynamic radius, size
distribution and effective charge, as a function of CTPPS or equivalently the SO3

−/NR3
+

(R = CH3) charged groups ratio at both pH 7 and 3.
As seen in Figure 6a, the mass of the complexes (proportional to the scattering intensity)

increases with increasing CTPPS, validating once again their formation. Somewhat larger
I90 values are observed at pH 3 than at 7, although in this case the charge density of the
QDHBC is the same at both pH values. Possibly, the higher mass of the complexes at pH 3
could be attributed to the differences in the protonation and/or aggregation state of the
porphyrin molecule, as well as hydration state of the copolymer due to the additional CH3
group. Moreover, generally higher scattering values are recorded in comparison to the
previous DHBC/TPPS system (see Figure S1), indicating an analogous difference in the
mass of the corresponding PICs. Quite interestingly, abrupt increase in I90 at pH 7 occurs
only at the highest porphyrin concentration, demonstrating a more gradual and less intense
transition to more compact conformations.

A better understanding of the observed changes in the mass of the complexes can
be gained by examining the corresponding differences in their size and size distributions
(Figure 6b–d). First of all, the QDHBC shows two peaks signifying the presence of single
copolymer chains with a size of about 5 nm, along with multichain domains/aggregates
giving peaks about 70 or 80 nm (at pH 7 or 3, respectively), as was the case for the
precursor copolymer. The remarkable difference for this system is that the majority of the
complex solutions also exhibit two peaks, which most likely denote the presence of two
different types of complexes in regard to the morphology of the QDHBC. In other words,
both the single chains and the multichain aggregates of the copolymer form complexes
with the porphyrin. At pH 7 and high CTPPS, the second peak is no longer discerned,
suggesting that the multichain aggregates break up as the interaction with the TPPS
becomes more prominent and only one type of PIC is preserved. On the contrary, at pH 3
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both types of PICs coexist throughout the whole range of mixing ratios (i.e., component
analogies), a fact that clearly justifies the observed increased mass. As it seems the different
protonation/aggregation state of TPPS at pH 3 entails a different type of interaction with
the quaternized copolymer, presumably weaker, that apparently is not able to cause the
dissociation of the multichain domains. A small increase in most peaks (apart from Rh2 at
pH 7) can be seen, possibly indicating the incorporation of more porphyrin molecules.

Figure 6. Collective DLS and ELS results in regard to (a) the scattering intensity at 90◦, (b) the
hydrodynamic radius derived from (c,d) the corresponding size distribution functions (SDFs) at 90◦,
and (e) zeta potential values for the QDHBC/TPPS complex solutions at pH 7 and 3, as a function of
porphyrin concentration CTPPS or charged groups ratio SO3

−/NR3
+ (R = CH3).

As far as the effective charge of the complexes is concerned, the ζP values decrease as
CTPPS increases (Figure 6e), a direct and anticipated consequence of the charge neutraliza-
tion that takes place upon interaction. Again, the overall change is greater at pH 7 than
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at 3 owing to the increased number of positive charges related to TPPS protonation and
aggregation state.

Additional information about the state of the porphyrin molecules in the complexes
can be derived from the UV-vis and fluorescence spectra of the QDHBC/TPPS system at
both pH values shown in Figure 7. Absorbance spectra at pH 7 are almost identical to the
ones measured for the previous system, characterized by a blue-shifted Soret band peaking
about 404 nm and somewhat red-shifted Q-bands indicative of H-aggregation. Similarly, the
same observations regarding the formation of H-type aggregates can be made at pH 3, while at
high porphyrin concentrations the distinctive spectral features of J-aggregates are ascertained
(peaks at 491 and 703 nm). Note that at both pH conditions and highest porphyrin content, the
contribution of the 413 nm peak is clearly evident in the Soret band of the complexes, revealing
the existence of uncomplexed TPPS and thus implying that the maximum binding capacity
of the quaternized copolymer has been reached. Fluorescence spectroscopy measurements
confirm the attained rationalization about H-aggregation by showing at both pH 7 and 3
a main peak located around 667 nm. Nevertheless, a more pronounced quenching of the
emission signal occurs in this case, meaning that the aggregation of the porphyrin molecules is
more extensive. Furthermore, at pH 3 and high CTPPS, telltale signs of J-aggregates (extensive
quenching and peak at 732 nm) can be seen.

Figure 7. UV-vis (a,b) and fluorescence (c,d) spectra of the QDHBC/TPPS complex solutions at
pH 7 (left) and 3 (right). The insets in the top row show a scaling up of the Q-bands area. The
corresponding spectra of neat TPPS and QDHBC are also included for comparison.
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3.3. Comparison of the Two Systems in Different Conditions

Certainly, the sum of the results presented thus far emphasizes the importance of
self-assembly processes governed by electrostatic and/or hydrophobic interactions when
one deals with such nanostructured hybrid systems. According to our observations, the
nature of the macromolecular copolymer in regard to its protonation degree or equivalent
charge density, as well as solvation state and latent hydrophobic nature that leads to the
formation of multichain domains, along with the complementary features of the porphyrin
molecule mainly involving its protonation and aggregation state, constitute the key factors
influencing the structure and properties of the resulting PICs. Recapitulating, both the
precursor PDMAEMA-b-POEGMA copolymer and its quaternized counterpart form multi-
chain aggregates at either pH 7 or 3 (apparently stemming from hydrophobic backbone
interactions) coexisting with single polymeric chains in solution. In an analogue manner,
TPPS porphyrin exhibits two protonation states, that is, the free-base (H2TPPS4−) at pH 7 or
diacid (H4TPPS2−) at pH 3 monomer, which in turn self-assemble when in close proximity
into H- or J-type structures due to π–π stacking or electrostatic binding, respectively. Upon
mixing of these different species in the case of the DHBC/TPPS system at low porphyrin
concentration and both pH conditions, monodisperse PICs comprising H-aggregated TPPS
molecules and singe DHBC chains are formed. As the porphyrin content increases, so does
its aggregation, leading to more compact complexed H-aggregates at pH 7, integrating more
of TPPS molecules and eventually exceeding DHBC binding capacity. Accordingly, at pH 3
both H- and J-aggregates are incorporated in the resulting complexes, since both types are
present in the corresponding neat TPPS solution, while the increased charge density of the
DHBC causes a higher degree of interaction (no uncomplexed TPPS is discerned). When it
comes to the quaternized DHBC, it seems that the consecutive change in the hydration state
of the copolymer is associated with more stable multichain aggregates that do not easily
dissociate during complexation. This way, two types of distinct PICs are formed at both
pH values and low CTPPS corresponding to single and multichain copolymer–porphyrin
complexes. However, as the porphyrin concentration becomes higher at pH 7 only the
single-chain type of PICs remains incorporating more TPPS molecules (suggesting that
porphyrin aggregation is more prominent), while at pH 3 both types coincide and even com-
plexes of J-aggregated TPPS are observed. Still, at both pH conditions spectroscopic signs of
uncomplexed porphyrin are recorded, a fact that implies a reduced binding affinity for the
quaternized copolymer in comparison to the precursor DHBC, a counterintuitive finding
that points out the significance of the intrinsic polymeric solution properties. This proposed
interaction scenario is schematically depicted in the following illustration (Scheme 2).

3.4. Temperature Effect on the Formed PICs

The ability of photosensitizers intended for clinical applications to respond to exter-
nally applied stimuli such as temperature is of particular interest, since it can open new
treatment pathways and even enable combination of therapeutic protocols or methods,
thus enhancing their efficiency potential [4,40]. To this end, we investigated the effect of
temperature on the already formed PICs of both systems under study. Figure 8 shows
the summary of DLS results regarding the values of the scattering intensity I90 and the
hydrodynamic radius Rh derived from the corresponding size distribution functions (SDFs)-
presented in Figures S2–S4 obtained via measurements performed at 90◦ and different
temperatures ranging from 25 to 60 °C (with a 5 °C increment), for two representative
solutions of complexes-Comp (2 + 1) and Comp (2 + 2)-of the DHBC or QDHBC/TPPS
system at both pH 7 and 3. The corresponding values of the neat copolymers and porphyrin
solutions are also included for comparison. In a similar manner, fluorescence spectra of
the same representative solutions measured at temperatures of 25, 40, 60 °C, and back at
25 °C after heat treatment are displayed in Figure 9, along with the corresponding spectra
of neat TPPS.
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Scheme 2. Proposed interaction illustration for the formation of PICs between the DHBC or its
quaternized counterpart QDHBC and TPPS porphyrin at different pH values and porphyrin contents.

At first, the effect of temperature on the pure constituents of the complex systems
is presented. For both block copolymers, their mass (proportional to I90) seems rather
constant throughout the range of studied temperatures. In regard to their size, although the
Rh of the first peak (single copolymer chains) shows small changes, an apparent decrease
in the Rh of the second peak is observed (see also Figure S4). This fact indicates that the
multichain aggregates shrink as temperature increases, most probably because hydrophobic
interactions become stronger. When temperature drops back to ambient conditions, all
sizes are restored. As far as porphyrin is concerned, its size is almost unaffected but a
systematic decrease of its mass can be discerned, especially in the case of pH 3, where it is
more pronounced. This decrease of mass is also accompanied by a significant transition
in the respective fluorescence spectra, with the one at 60 °C showing clear signs of the
free-base monomer (Figure 9e). Apparently, disaggregation (at least to some extent) of the
porphyrin H-aggregates-present at both pH values, as previously discussed-takes place,
which is eventually reestablished when the solution cools down.

For the complex solutions of the DHBC/TPPS system, only small changes in their mass
are observed, apart from the noticeable decrease of the scattering intensity in the case of the
Comp (2 + 2) solution at pH 7, which in combination with the parallel increase in emission
intensity could denote a dissociation of the aggregated porphyrin molecules. At the same
time, their sizes are either stable or suggest slight shrinking as a consequence of enhanced
hydrophobic interactions. This seems to also be the case for the smaller population of
complexes of the QDHBC/TPPS system, the one that corresponds to single copolymer
chain–porphyrin complexes. Remarkably, the larger complexes that are correlated with
the copolymer multichain aggregates either diminish or even disappear completely upon
heating. This change is also expressed as an increase in the fluorescence intensity or
in other words dequenching, denoting possible disaggregation of TPPS. Most likely at
higher temperatures, the interaction between the copolymer and porphyrin molecules is
more favorable, facilitated also by the apparent dissociation of porphyrin aggregates, thus
leading to the dissociation of the multichain complexes. Overall, the increase in temperature
showed that the formed PICs are susceptible to conformational rearrangements so as to
compensate for the loss of hydration due to the stronger hydrophobic interactions.

124



Polymers 2022, 14, 5186

Figure 8. DLS results in regard to (a,c) the scattering intensity at 90◦ and (b,d) the hydrodynamic
radius derived from the corresponding size distribution functions (SDFs) at 90◦, for the complex
solutions (Q)Comp (2 + 1) and (Q)Comp (2 + 2) of the (Q)DHBC/TPPS systems at pH 7 (left) and
3 (right) at different temperatures ranging from 25 to 60 °C (5 °C step), and cooled back at 25 °C
after heat treatment (AHT). The corresponding values of neat (Q)DHBC and TPPS are also included
for comparison.
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Figure 9. Fluorescence spectra of the complex solutions (a,c) (Q)Comp (2 + 1) and (b,d) (Q)Comp
(2 + 2) of the (Q)DHBC/TPPS systems at pH 7 (left) and 3 (right) at different temperatures: 25, 40, 60 °C,
and 25 °C after heat treatment (AHT). (e) The corresponding spectra of neat TPPS for comparison.
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4. Conclusions

The electrostatic complexation between the DHBC PDMAEMA-b-POEGMA and the
corresponding quaternized strong block polyelectrolyte QPDMAEMA-b-POEGMA with
TPPS porphyrin led to the formation of nanostructured photoactive PICs. Both the solu-
tion and optical properties and the morphology and structure of these complexed hybrid
species proved to be dependent on the protonation and aggregation state of their origi-
nal constituents, the pH of the solution, and the analogy between the two components.
Monodisperse small PICs were formed in the case of the DHBC/TPPS system at both pH 7
and 3, consisting of single copolymer chains and H- or J-type aggregates of TPPS depending
on the pH. The increase in TPPS content resulted in more compact complexed porphyrin
aggregates. Respectively, the analogous QDHBC/TPPS system was characterized by the
presence of two different types of complexes, those resulting from the interaction of the
single chains or the multichain aggregates of the quaternized copolymer and the corre-
sponding H-aggregates of TPPS at both pH values and low porphyrin contents. At higher
TPPS concentration, increased aggregation of the porphyrin occurred, subsequently affect-
ing the structure of the complexes and thus leading to larger H- or even J-type complexed
aggregates. The optical properties of the PICs for both systems were directly correlated
with the intrinsic protonation and/or aggregation state of TPPS, which was evidently
further enhanced upon interaction with the copolymers. Actually, the quaternized counter-
part caused a greater degree of porphyrin aggregation compared to the precursor DHBC.
Finally, the formed PICs responded to the increase in temperature by appropriate confor-
mational rearrangements that led to disaggregation of the complexed porphyrin in the
case of multichain–porphyrin complexes or more compact structures (shrinking) for the
single-chain ones.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14235186/s1, Figure S1: Comparison of DLS scattering
intensity values at 90◦ I90 for the DHBC/TPPS (closed symbols) and the QDHBC/TPPS (open
symbols) complex solutions at pH 7 and 3, as a function of porphyrin concentration CTPPS or charged
groups ratio SO3

−/NR2 or NR3
+ (R = CH3).; Figure S2: Size distribution functions (SDFs) derived

from DLS measurement at 90◦ for the complex solutions (a, b) Comp (2 + 1) and (c, d) Comp (2 + 2) of
the DHBC/TPPS system at pH 7 (left) and 3 (right) at different temperatures ranging from 25 to 60 °C
(5 °C step), and cooled back to 25 °C after heat treatment (AHT); Figure S3: Size distribution functions
(SDFs) derived from DLS measurement at 90◦ for the complex solutions (a,b) QComp (2 + 1) and (c,
d) QComp (2 + 2) of the QDHBC/TPPS system at pH 7 (left) and 3 (right) at different temperatures
ranging from 25 to 60 °C (5 °C step), and cooled back to 25 °C after heat treatment (AHT); Figure S4:
Size distribution functions (SDFs) derived from DLS measurement at 90◦ for the neat (a,b) DHBC,
(c,d) QDHBC and (e,f) TPPS solutions at pH 7 (left) and 3 (right) at different temperatures ranging
from 25 to 60 °C (5 °C step), and cooled back to 25 °C after heat treatment (AHT).
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Abstract: The use of block copolymers as a sacrificial template has been demonstrated to be a
powerful method for obtaining porous carbons as electrode materials in energy storage devices.
In this work, a block copolymer of polystyrene and polyacrylonitrile (PS−b−PAN) has been used
as a precursor to produce fibers by electrospinning and powdered carbons, showing high carbon
yield (~50%) due to a low sacrificial block content (f PS ≈ 0.16). Both materials have been compared
structurally (in addition to comparing their electrochemical behavior). The porous carbon fibers
showed superior pore formation capability and exhibited a hierarchical porous structure, with small
and large mesopores and a relatively high surface area (~492 m2/g) with a considerable quantity of
O/N surface content, which translates into outstanding electrochemical performance with excellent
cycle stability (close to 100% capacitance retention after 10,000 cycles) and high capacitance value
(254 F/g measured at 1 A/g).

Keywords: block copolymer template; porous carbon fibers; hierarchical pores; supercapacitor

1. Introduction

Supercapacitors (SCs) are electrochemical devices that store energy by intercalating
charges at the electrode−electrolyte interface. SCs development has increased in the last
decade due to the higher capacitance and lower voltage limits compared to conventional ca-
pacitors [1]. From an energy storage point of view, SCs bridge the gap between electrolytic
capacitors and batteries [2]. The main advantages of these devices over other systems
include fast charge−discharge (on the level of seconds) without losing efficiency or de-
grading their internal structures, high power densities (>1 W/g), low heat generation,
and long lifetime (>500,000 cycles) due to the storage mechanism, which does not involve
irreversible reactions [3]. Nevertheless, supercapacitors present considerably lower energy
density than conventional batteries, which limits their use in applications, such as electric
vehicles, that demand high energy and power density.

Owing to their combination of outstanding physical and chemical properties such
as high electrical conductivity, high surface area, good corrosion resistance, and thermal
stability, activated carbons have been the most widely used and commercially available
electrode materials for electrochemical double−layer capacitors (EDLCs) [4,5]. In particular,
high conductivity and high surface area are considered key features in high−performance
electrode materials [6]. However, active carbons present some limitations that must be
overcome regarding their applications in supercapacitors. Although high surface areas
(>1000 m2/g) are achieved, high capacitance values are not necessarily obtained since not
all of the micropores are accessible to the electrolyte ions [7]. The reason for this is that these
materials do not usually show precise control over the porous structure due to the difficulty

131



Polymers 2022, 14, 5109

of optimizing the activation processes [8]. Pore size and pore size distributions have been
found to strongly influence electrochemical performance (i.e., the accessibility of ionic
species, capacitance, energy density, and power density) [9]. Therefore, the development of
advanced carbon electrode materials is largely focused on designing and obtaining precise
carbon nanostructures [10,11]. Hierarchical porosity comprising small and large mesopores
(2–50 nm), which facilitate electrical double-layer formation (as well as macropores) has
been shown to improve ion−accessibility and ion diffusion, allowing easy access to the
micropores (<2 nm) [12].

Due to their high versatility and various synthetic routes that allow excellent con-
trol over molecular weight [13,14], block copolymers (BCPs) are ideal precursors for ob-
taining ordered nanostructured materials, as the controlled morphologies generated by
the microphase−separation and self−assembly can be retained after pyrolysis [15,16].
The use of BCPs as templates (soft templating) has proven to be an effective method
for obtaining porous carbon materials suitable for energy storage applications [17,18].
BCPs used as carbon precursors typically consist of a high carbon−yielding polymer
as carbon matrix, usually polyacrylonitrile (PAN), and a thermally degradable sacrifi-
cial block. These block copolymers can be easily converted into porous carbon materi-
als derived through subsequent thermal treatments [19]. A critical first step to ensure
a high carbon yield is to stabilize PAN at temperatures around 300 ◦C in an oxidizing
atmosphere, followed by carbonization under nitrogen. These thermal treatments allow
one to retain the phase-separation morphologies and form the final porous carbon struc-
tures. Some of the most commonly used sacrificial blocks include poly(butyl acrylate)
(PBA) [20], polystyrene (PS) [21], poly(ethylene oxide) [22], poly(acrylic acid) (PAA) [23],
and poly(methyl methacrylate) (PMMA) [24].

Among different porous carbon structures, such as monoliths [25] or membranes [26],
porous carbon fibers (PCFs) stand out for offering a combination of low density, free-
standing nature, flexibility, good chemical stability, and excellent thermal and electrical
conductivity [27,28]. PCFs have been successfully designed from diverse materials dis-
playing high specific surface area (SSA) with excellent electrochemical performance [29].
Compared to powder carbons, fibers present two main advantages [30]: (i) the surface
area accessible to the electrolyte is increased; and (ii) one−dimensional fibers provide
continuous electron conduction pathways with small electrical resistance. In addition, to
boost their electrochemical applications, ideal PCFs should possess hierarchical porous
structures with mesopores and micropores interconnected. Although different polymer
blends have been explored as template materials for obtaining PCFs as supercapacitor
electrodes [31–33], BCPs have been recently proven to be a powerful new precursor for
the fabrication of PCFs for electrochemical performance. G. Liu et al. reported one of the
highest capacitance values found in the literature [34] using PMMA−b−PAN copolymer-
based porous carbon fibers for supercapacitors. Therefore, exploring different copolymers
to find optimal nanostructures and, consequently, improve their electrochemical perfor-
mance elicits noteworthy attention. This article focuses on the structural and morphological
comparative study of two different electrode materials for supercapacitors, constituted by
PCFs based on PAN−b−PS copolymer with a hierarchical porous structure and the carbon
powder as bulk material without any processing. (Scheme 1).

132



Polymers 2022, 14, 5109Polymers 2022, 14, x FOR PEER REVIEW 3 of 16 
 

 

 

Scheme 1. Preparation scheme of porous carbon fibers and powders, from PAN−b−PS copolymer 

template for use as supercapacitor electrode materials. 

2. Materials and Methods 

2.1. Materials 

Acrylonitrile (AN, ≥99%) and styrene (≥99%) were purchased from Sigma-Aldrich 

(Saint Louis, MO, USA) and purified by passing through a basic alumina column in order 

to remove the inhibitor before use. (2,2′−azobis(2−methylpropionitrile) (AIBN) (≥98%; 

Cymit), 2−cyano−2−propyl dodecyl trithiocarbonate (CPDT; ≥98%; Sigma-Aldrich), anhy-

drous N,N−dimethylformamide (DMF; ≥99.8%; Sigma-Aldrich), tetrahydrofuran (THF; 

≥99%; Sigma-Aldrich), and methanol (MeOH; ≥99.8%; Sigma-Aldrich) were used as re-

ceived without further purification. 

2.2. Synthesis of PS−CPDT MacroCTA 

PS−b−PAN copolymer was synthesized by reversible addition-fragmentation chain 

transfer polymerization (RAFT) using AIBN as initiator and CPDT as chain transfer agent 

(CTA), via two steps (Scheme S1). First, a macroCTA (PS−CPDT) was synthesized. Based 

on previously reported [35], a typical procedure was carried out as follows: styrene (2 mL, 

17 mmol) and CPDT (30 µL, 0.085 mmol) were added to a Schlenk flask equipped with a 

magnetic stirrer and sealed with a rubber septum. The mixture was subjected to three 

freeze−pump−thaw cycles to remove oxygen. Afterwards, the Schlenk flask under N2 was 

placed into a thermostatic bath at 140 °C for 30 min, followed by 24 h at 90 °C. Then, the 

reaction mixture was cooled down and diluted with a small amount of THF. The product 

was isolated by precipitation in a large amount of MeOH twice, filtered, and dried under 

vacuum for 24 h at 30 °C to give a yellow solid. Number average molecular weight (Mn) 

determined by size exclusion chromatography (SEC) was 18,615 g/mol. 

2.3. Synthesis of PS−b−PAN Copolymer 

In a second step, the purified PS−CPDT macro-agent was used to synthesize 

PS−b−PAN copolymer. A typical polymerization procedure is described as follows: 

PS−CPDT macroCTA (0.1 g, 0.0056 mmol), AIBN (0.6 mg, 0.0038 mmol), and AN (2.9 mL, 

44 mmol) were placed in a Schlenk flask equipped with a magnetic bar and dissolved in 

anhydrous DMF (6 mL). The tube was sealed with a rubber septum and the mixture was 

subjected to three freeze-pump-thaw cycles to remove oxygen. Then, the flask was placed 

into a thermostatic bath at 70 °C for 24 h under a N2 atmosphere. After this time, the reac-

tion mixture was cooled down, precipitated in a large amount of MeOH, and filtered, re-

peated twice. Finally, the resulting block copolymer was dried under vacuum for 24 h at 

Scheme 1. Preparation scheme of porous carbon fibers and powders, from PAN−b−PS copolymer
template for use as supercapacitor electrode materials.

2. Materials and Methods
2.1. Materials

Acrylonitrile (AN, ≥99%) and styrene (≥99%) were purchased from Sigma-Aldrich
(Saint Louis, MO, USA) and purified by passing through a basic alumina column in order to
remove the inhibitor before use. (2,2′−azobis(2−methylpropionitrile) (AIBN) (≥98%; Cymit),
2−cyano−2−propyl dodecyl trithiocarbonate (CPDT; ≥98%; Sigma-Aldrich), anhydrous
N,N−dimethylformamide (DMF; ≥99.8%; Sigma-Aldrich), tetrahydrofuran (THF; ≥99%;
Sigma-Aldrich), and methanol (MeOH; ≥99.8%; Sigma-Aldrich) were used as received with-
out further purification.

2.2. Synthesis of PS−CPDT MacroCTA

PS−b−PAN copolymer was synthesized by reversible addition-fragmentation chain
transfer polymerization (RAFT) using AIBN as initiator and CPDT as chain transfer agent
(CTA), via two steps (Scheme S1). First, a macroCTA (PS−CPDT) was synthesized. Based
on previously reported [35], a typical procedure was carried out as follows: styrene (2 mL,
17 mmol) and CPDT (30 µL, 0.085 mmol) were added to a Schlenk flask equipped with
a magnetic stirrer and sealed with a rubber septum. The mixture was subjected to three
freeze−pump−thaw cycles to remove oxygen. Afterwards, the Schlenk flask under N2 was
placed into a thermostatic bath at 140 ◦C for 30 min, followed by 48 h at 90 ◦C. Then, the
reaction mixture was cooled down and diluted with a small amount of THF. The product
was isolated by precipitation in a large amount of MeOH twice, filtered, and dried under
vacuum for 24 h at 30 ◦C to give a yellow solid. Number average molecular weight (Mn)
determined by size exclusion chromatography (SEC) was 18,615 g/mol.

2.3. Synthesis of PS−b−PAN Copolymer

In a second step, the purified PS−CPDT macro-agent was used to synthesize PS−b−PAN
copolymer. A typical polymerization procedure is described as follows: PS−CPDT macroCTA
(0.1 g, 0.0056 mmol), AIBN (0.6 mg, 0.0038 mmol), and AN (2.9 mL, 44 mmol) were placed in a
Schlenk flask equipped with a magnetic bar and dissolved in anhydrous DMF (6 mL). The tube
was sealed with a rubber septum and the mixture was subjected to three freeze-pump-thaw
cycles to remove oxygen. Then, the flask was placed into a thermostatic bath at 70 ◦C for 24 h
under a N2 atmosphere. After this time, the reaction mixture was cooled down, precipitated in
a large amount of MeOH, and filtered, repeated twice. Finally, the resulting block copolymer
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was dried under vacuum for 24 h at 30 ◦C as a white powder (Mn and polydispersity index
(PDI) via SEC were 118,710 g/mol and 1.26, respectively).

2.4. Preparation of Porous Carbon Materials

Heat treatments were conducted in a horizontal tube furnace with a controlled atmo-
sphere for both materials, block copolymer powder, and fibers. The as-obtained PS−b−PAN
copolymer powder was heated up at a rate of 5 ◦C/min and isothermally stabilized at
280 ◦C for 1 h under air atmosphere. Then, the stabilized copolymer was carbonized at a
rate of 5 ◦C/min at 800 ◦C for 1 h under N2 flow. The final powder carbon product was
named as bulk material. Porous carbon fibers were produced from a solution of PS−b−PAN
copolymer in DMF at 20 wt% concentration. The solution was stirred at 50 ◦C for 20 h
and electrospun under the following parameters: flow rate of 1.5 mL/h, 15 cm of working
distance, and a high voltage power supply of 18 kV under humidity ~40% RH at 20−25 ◦C.
The fiber mat was collected on a stationary plate, peeled off from the aluminum foil, and
dried in a vacuum oven at 50 ◦C for 5 h. The fibers were stabilized and carbonized by the
same heat treatments as the block copolymer powders; air oxidation at 280 ◦C for 1 h and
pyrolysis under N2 at 800 ◦C for 1 h.

2.5. Characterization

Molecular weights and blocks composition were measured by 1H−NMR in deuterated
DMF with a Bruker DPX 300 MHz (Bruker, Rheinstetten, Germany) equipment. Molecular
weight and polydispersity (PDI) of macroCTA and block copolymer were analyzed by Size
Exclusion Chromatography (SEC) using a Waters 515 HPLC pump instrument (Waters,
Barcelona, Spain) equipped with a Waters 24214 Refractive Index Detector and Agilent
PLgel columns (500, 100, and mixed C). DMF at a flow rate of 0.5 mL/min was used
as eluent at 45 ◦C working temperature and polystyrene (7,500,000−4490 g/mol) was
utilized as standards for calibration (PolyScience (PolyScience, Niles, IL, USA)). Thermal
transitions were analyzed by Differential Scanning Calorimetry (DSC) using a Mettler
Toledo DSC SC822 equipment (Mettler Toledo, Madrid, Spain). Samples were placed in
sealed aluminum pans purged with N2 flow using a heating and cooling rate of 10 ◦C min−1

from 25 to 350 ◦C. Glass transition temperature (Tg) of the macroinitiator was determined
from the second heating cycle. Thermogravimetric analysis (TGA) was carried out using
TA instruments Q50 (TA instruments, New Castle, DE, USA) equipment. Measurements
were performed with 8 mg of sample under N2 flow in a temperature range of 25−900 ◦C
at a rate of 10 ◦C/min. According to Brunauer-Emmett-Teller (BET) method, surface
areas were determined by N2 adsorption/desorption isotherms measured at 77 K on a
Micromeritics ASAP-2020 (Micromeritics, Norcross, GA, USA). Samples were degassed at
200 ◦C under N2 atmosphere for 24 h prior to analysis. Pore size distributions were studied
using Nonlocal Density Functional (NLDFT) method. The morphology and microstructure
of the obtained porous carbon materials were imaged by Field Emission Scanning Electron
Microscope (FESEM FEI TENEO LoVac (FEI, Hillsboro, OR, USA)) and Transmission
Electron Microscope (TEM, Philips Tecnai 20 FEG (FEI, Hillsboro, OR, USA)). TEM samples
were prepared by depositing the carbon material dispersion in ethanol into holey carbon
copper grids. Raman spectroscopy (LabRAM HR800 spectrometer (Horiba, Kyoto, Japan)
was performed with a 514.5 nm Ar laser excitation. X-ray photoelectron spectroscopy
(SPECS GmbH with UHV system and energy analyzer PHOIBOS 150 9MCD (SPECS
GmbH, Berlin, Germany) was carried out employing a non-monochromatic Al Mg X-ray
source operated at 200 W.

Electrochemical characterization was evaluated using Biologic VSP-300 potentiostat
(Biologic, Seyssinet-Pariset, France) working with a three electrodes cell configuration.
Cyclic voltammetry, galvanic charge/discharge cycles, and electrochemical impedance
spectroscopy measurements were carried out with Ag/AgCl as reference electrode, Pt as
counter electrode, and aqueous KOH solution (6 M) as electrolyte. The carbon powder
working electrode was prepared by pressing into a clean nickel foam a mixture of ac-
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tive material, black carbon, and PTFE 60% dispersion in water with 80:10:10 proportion,
respectively. Fibers were tested as a self−standing electrode without the use of binder.

Capacitance values of the three−electrode cell were calculated from GCD and CV
curve respectively using the following equations:

Cs =
I·∆t

m·∆V
(1)

Cs =
1

m·ν·∆V

∫ Vt

V0

|I(V)·dV| (2)

where, ∆V is the voltage window, m is the active material electrode mass, I is the current
used in the measure, ∆t is the time to take place in the discharge curve, and ν is the sweep
rate. For the symmetrical cell measurements, electrode capacitance value was calculated
according to the equation below:

Cs =
4·I·∆t
m·∆V

(3)

As for the three−electrode cell measurements, ∆V corresponded with the electrolyte
voltage window, m is the sum of the two−electrode active material mass, I is the discharge
current, and ∆t is the discharge time.

Energy density (W h/Kg) and power density (W/Kg) were calculated according to
the following equations:

E (Wh/Kg) =
(

1
2

Cs V2
)

/3.6 (4)

P(W/Kg) =
E · 3600

∆t
(5)

where ∆t (s) is the discharge time and V (V) is the discharge voltage range.

3. Results and Discussion
3.1. Synthesis of PS−b−PAN Copolymer

The copolymer PS−b−PAN, used as carbon templating material for fiber and bulk
materials, was successfully synthesized by two-step RAFT polymerization (Scheme S1).
Figure 1a shows the 1H−NMR spectra of polystyrene macroCTA and block copolymer
measured in d7-DMF. Signals related to macroCTA and copolymer were fully identified
in the spectra. Molecular weight and degree of polymerization (DP) were determined by
comparison of the relative integration of the signals at 2.45 ppm assigned to the protons
−CH2−CH(CN)− of PAN and those at the range 6.7−7.4 ppm ascribed to the phenyl
protons of PS. Calculations revealed the following composition: 0.16 volume fraction of
polystyrene as sacrificial block (Mn, NMR = 16,403 g/mol) and 0.84 of polyacrylonitrile
(Mn, NMR = 101,230 g/mol) as a carbon precursor block. SEC chromatograms presented
unimodal narrow peaks for both macroCTA PS−CPDT and the BCP PS−b−PAN with
low polydispersity index, 1.05 and 1.26, respectively (Figure 1b), indicating a successful
control of the radical polymerization. Additionally, a large total molecular weight (sum
of both blocks) has been obtained, which is demonstrated to be beneficial for strong block
segregation [14,15] and facilitates fiber production by electrospinning.

3.2. Thermal Characterization

Bulk and fiber polymer materials were stabilized at 280 ◦C and carbonized at 800 ◦C
under controlled conditions, after precipitation of the block copolymer and electrospin-
ning, respectively. First, the morphology of the PAN phase is chemically fixed under air
atmosphere through oxidative crosslinking reactions. In this step, side chain crosslink-
ing and some cyclization occurred, converting C≡N into C=N bonds and turning them
into thermally stables-triazine networks. Further cyclization followed by dehydrogena-
tion (300–400 ◦C) and denitrogenation (>600 ◦C) leads to partially graphitic structures
under an inert atmosphere [17,36]; whereas the sacrificial PS phase is thermally released
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as monomer in a gas phase, generating pores into the PAN carbon matrix [37]. PAN stabi-
lization/oxidation processes were revealed in the DSC trace of block copolymer as a sharp
exotherm at 260 ◦C (Figure 1c). The DSC trace of the macroCTA (PS−CPDT, inset in the
Figure 1c) showed a Tg at around 100 ◦C, corresponding to the amorphous region of PS,
which is slightly visible in the PS−b−PAN thermogram. According to DSC data, the stabi-
lization process was fixed at the upper limit temperature of the exothermic peak (280 ◦C for
2 h) to avoid a low efficiency of cyclization reactions and ensure an effective stabilization
before PS decomposition. No melting peak of the PAN block was detected, due to low
heating rates (<30 ◦C/min) oxidation/cyclization reactions occurred before melting [38].
Endothermic peaks corresponding to the decomposition of PS did not appear up to 350 ◦C,
therefore, stabilization of PAN and decomposition of PS are well separated, which is highly
desirable to preserve the morphologies generated in the microphase separation. Weight
loss of PS−b−PAN due to pyrolysis was evaluated by TGA (Figure 1d). The TGA profile of
PS-CPDT displayed a single weight-loss stage at 400 ◦C, while PS−b−PAN profile showed
three loss stages. The first stage (~220–290 ◦C) corresponded to partial dehydrogenation
and crosslinking (conversion of −C≡N into s-triazine ring) [39]. The second loss stage
(~310−460 ◦C) was attributed to the thermal decomposition of the sacrificial PS block. The
third stage showed a slight weight loss between 460 and 870 ◦C corresponding to further
fragmental process of the pre-stabilized PAN [12,40]. The PS−b−PAN showed a 5% of
weight loss at 290 ◦C in a nitrogen atmosphere and a char yield of 50%. Carbonization
temperature was fixed at 800 ◦C for both bulk and fibers. Higher pyrolysis temperatures
(>900 ◦C) are related to the introduction of quaternary nitrogen into the basal plane of
graphitic structures, which do not significantly participate in electrochemical reactions [17].
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3.3. Structural Characterization

The generated morphologies and microdomain sizes are affected by the phase separa-
tion between PS and PAN blocks [41]. Pore size is directly correlated to the domain size
of the sacrificial block, which is related to molecular weight or degree of polymerization,
Flory−Hugging’s interaction parameter (χ), and volume fraction (f ) [42,43]. The fraction of
sacrificial block is especially significant for designing block copolymers to obtain suitable
porous carbon materials for capacitive energy storage [8]. In this work, PS has been chosen
as a thermally sacrificial block based on its high incompatibility with PAN (segmental inter-
action parameter, χij = 0.83 of acrylonitrile and styrene monomers) [44]. Due to fast solvent
vaporization during electrospinning, BCP does not self−assemble into any thermodynam-
ically equilibrated morphologies and, independent of composition, PS−b−PAN forms
disordered nanostructures assembled through kinetic pathways, preventing any classical
block copolymer thermodynamic equilibrated morphology such as spherical, cylindrical,
or lamellar structures [45]. Instead, disordered, and interconnected domains are formed
into the electrospun PS−b−PAN fibers. Similarly, due to the co−precipitation process with
a non-solvent (MeOH) followed to obtain the powder material, disorder domains were
also formed. Although the powder or bulk material can form conventional morphologies
derived from self−assembly.

SEM and TEM images (Figure 2b,c, respectively) of the carbon bulk material exhib-
ited a continuous surface porous morphology along the inner material, confirming the
interconnectivity of the pores in the bulk grains. This type of disordered carbon structure
with percolated pores was also formed with other PS−BCPs [21,46,47]. SEM images of the
as−electrospun fibers from the PS−b−PAN copolymer showed rough surfaces (Figure 3b),
typical of a fast self-assembling of the BCP during electrospinning. The average diameter
of fibers corresponded to 107 ± 4 nm. After carbonization, fibers maintained their shape,
although diameters hardly decreased (105 ± 5 nm). Fiber diameter distribution before and
after carbonization can be found in Figure S2. SEM and TEM images (Figure 3c−e) revealed
abundant mesopores on the surface and cross−section of the fiber, with an average pore
size of around 10 nm (Figure 3f). Additional SEM and TEM images of carbon bulk and
carbon fibers can be seen in Figure S1.
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Figure 2. (a) Scheme of disordered morphology of PS−b−PAN upon uncontrolled phase-separation,
(b) SEM image of bulk material after carbonization, (c) TEM image of bulk carbon material.

N−functionalities play an essential role in ensuring a rapid ion access into the pore
structure. Pyridinic nitrogen, due to the combination of the lone pair and the π−electron
system, leads to an enhancement of the ion conductivity and diffusion [48]. Thus, ni-
trogen exposed in the pore wall surfaces improves ion accessibility and, therefore, stor-
age capability. In PAN−based BCPs, the interface between non−bonded PAN and PS
domains contained pyridinic species that formed nitrogen−rich zigzag graphene edges
(see schematic, Figure 2a) [17]. In disordered morphologies, such as those obtained here,
non−bonded interfaces are predominant, guaranteeing a greater exposure of N during the
electrochemical performance.
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Figure 3. (a,b) electrospun PS−b−PAN fibers, (c) SEM image of fiber membrane after carboniza-
tion and (d) cross−section of carbon fibers inserted, (e,f) TEM images of the porous carbon fibers,
(g) Raman spectra of both carbon materials.

Raman spectroscopy provides information about ordered and disordered carbon
structures. In Figure 3g, Raman spectra of mesoporous carbon bulk materials and fibers
revealed the characteristic bands for highly ordered graphitic structures (“G band”) at
~1560−1600 cm−1 and disordered domains (“D band”) at ~1320−1350 cm−1 [49]. The inten-
sity ratio of the D and G bands (ID/IG) may help elucidate the extent of carbon-containing
defects and, therefore, to obtain information about the degree of graphitization of the struc-
tures. The ID/IG ratio reached a value of 1.11 for the fibers and 1.10 for the bulk powders,
indicating a similar formation of graphitic structure for both materials. Deconvolution of
the Raman spectra can be found in Figure S3. In addition, X-ray photoelectron spectroscopy
(XPS) revealed the surface chemical composition of the carbon fibers. XPS full spectrum
(Figure S4a) confirmed the presence of three peaks corresponding to O 1s, N 1s, and C 1s
at ~533.3, 401.3, and 284.6 eV, respectively. Sulfur peaks were not observed in the spec-
trum (S2s and S2p at ~240 and ~163 eV, respectively), which confirmed the elimination of
sulfur−containing end−groups in the copolymer by pyrolysis. The carbon (Figure S4b),
oxygen, and nitrogen 1s XPS spectra can be resolved by curve fitting into several peaks with
attributable binding energies [50–53] to estimate the presence of different types of func-
tional groups. The N 1s spectrum was deconvoluted into four peaks (Figure 4a), verifying
the existence of pyridinic nitrogen (N−P) at 398.2 eV, amide nitrogen (O=C−N) at 399.5 eV,
pyrrolic/pyridone nitrogen (N−X) at 400.8 eV, and pyridine−N-oxide (N−O) at 402.7 eV.
For the oxygen 1s deconvoluted spectrum (Figure 4b), the binding energies at 530.6, 532.5,
534, and 535.5 eV corresponded to quinone type groups (C=O; O−I), phenol and/or ether
groups (C−OH and/or C−O−C; O−II), ester groups (O−C=O; O−III) and amide groups
(N−C=O; O−IV), respectively, demonstrating a highly oxygen-rich material. Nitrogen
atoms were intrinsically present in PAN, whereas oxygen atoms were originated during
crosslinking under air atmosphere. Table S1 presented the relative surface concentrations
of nitrogen and oxygen species determined by fitting the N 1s and O 1s core level spectra.
Furthermore, the atomic percentage of N, C, and O was determined from XPS. As discussed
above, the presence of heteroatoms may lead to a potential enhancement of charge mobility
and electrolyte wettability. The latter was confirmed by measuring the contact angles of the
fiber mats, before and after carbonization, with KOH aqueous solution (6 M). Images in
Figure S5 revealed that contact angle after pyrolysis was not noticeable due to the enhanced
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wettability of the material in presence of oxygen, which will improve the effective contact
area between the electrode and the electrolyte [54].

Polymers 2022, 14, x FOR PEER REVIEW 9 of 16 
 

 

oxide (N−O) at 402.7 eV. For the oxygen 1s deconvoluted spectrum (Figure 4b), the bind-

ing energies at 530.6, 532.5, 534, and 535.5 eV corresponded to quinone type groups (C=O; 

O−I), phenol and/or ether groups (C−OH and/or C−O−C; O−II), ester groups (O−C=O; 

O−III) and amide groups (N−C=O; O−IV), respectively, demonstrating a highly oxygen-

rich material. Nitrogen atoms were intrinsically present in PAN, whereas oxygen atoms 

were originated during crosslinking under air atmosphere. Table S1 presented the relative 

surface concentrations of nitrogen and oxygen species determined by fitting the N 1s and 

O 1s core level spectra. Furthermore, the atomic percentage of N, C, and O was deter-

mined from XPS. As discussed above, the presence of heteroatoms may lead to a potential 

enhancement of charge mobility and electrolyte wettability. The latter was confirmed by 

measuring the contact angles of the fiber mats, before and after carbonization, with KOH 

aqueous solution (6 M). Images in Figure S5 revealed that contact angle after pyrolysis 

was not noticeable due to the enhanced wettability of the material in presence of oxygen, 

which will improve the effective contact area between the electrode and the electrolyte 

[54]. 

 

Figure 4. (a,b) XPS high resolution spectra of N and O, respectively, of the porous carbon fibers, (c) 

N2 adsorption/desorption isotherms, and (d) NLDFT pore size distribution of fibers and bulk carbon 

material. 

In order to confirm and further study the overall porous structure showed in SEM 

and TEM, N2 adsorption/desorption analysis was conducted to test the specific surface 

area (SSA) and pore size distribution. Fiber material revealed a type IV isotherm with a 

large hysteresis loop (Figure 4c), which indicated the presence of mesopores, according to 

published IUPAC report [55]. Results were in good agreement with the pore structure 

previously observed in TEM images. Fast adsorption at the low relative pressure range 

(P/P0 < 0.1) confirmed the presence of micropores, revealing a BET SSA of 491.6 m2/g in 

which 170.4 m2/g corresponded to micropore SSA. In contrast, the bulk materials reached 

a BET specific surface area of 242 m2/g with micropore SSA of 93.9 m2/g and an isotherm 

type II (Figure 4c), suggesting a low pore density in the material. For both materials, pore 

sizes are concentrated in the mesopore and micropore range (Figure 4d). In the case of the 

fibers, pore size distribution with predominant micropore sizes and mesopores between 
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In order to confirm and further study the overall porous structure showed in SEM
and TEM, N2 adsorption/desorption analysis was conducted to test the specific surface
area (SSA) and pore size distribution. Fiber material revealed a type IV isotherm with a
large hysteresis loop (Figure 4c), which indicated the presence of mesopores, according
to published IUPAC report [55]. Results were in good agreement with the pore structure
previously observed in TEM images. Fast adsorption at the low relative pressure range
(P/P0 < 0.1) confirmed the presence of micropores, revealing a BET SSA of 491.6 m2/g in
which 170.4 m2/g corresponded to micropore SSA. In contrast, the bulk materials reached
a BET specific surface area of 242 m2/g with micropore SSA of 93.9 m2/g and an isotherm
type II (Figure 4c), suggesting a low pore density in the material. For both materials, pore
sizes are concentrated in the mesopore and micropore range (Figure 4d). In the case of the
fibers, pore size distribution with predominant micropore sizes and mesopores between
5 and 18 nm is shown. The presence of different micropore/mesopore sizes suggests a
hierarchical pore structure within the material, which has been reported to be beneficial,
offering transport pathways for ions, reducing diffusion distances from the electrolyte
to the micropores, and providing a large number of active sites which results in a high-
rate capacity [26]. According to the isotherm data, the bulk material exhibited lower pore
volume and reduced the number of peaks in the mesopore range, indicating that block
copolymer−derived porous carbon fiber showed a considerable better control over the
pore formation and double value of specific surface area with respect to the bulk material.

3.4. Electrochemical Characterization

In order to determine the influence of the pore structure on their electrochemical
performance, fibers and bulk material were tested in a three−electrode electrochemical cell.
Cyclic voltammetry (CV) was evaluated at different sweep rates between 5 and 500 mV/s
(Figure S6). Figure 5a showed the comparison of the electrochemical behavior of both
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materials (voltammetry at 5 mV/s), showing a rectangular shape close to an electric double
layer capacitance (EDLC) but slightly distorted from an ideal supercapacitor, which evi-
denced how charge is not stored through a purely capacitive mechanism. This deviation
from the ideal behavior can be influenced by the participation of pseudocapacitive storage
mechanism involving fast and reversible redox reactions due to the edge N functionalities
inherited from PAN stabilization process [56]. Consistent with the CV data, galvanos-
tatic charge−discharge (GCD) curves of the fiber material displayed a triangular shape
(Figure 5b) and a gravimetric capacitance value of 254 F/g measured at a current density
of 1 A/g and 308 F/g measured at 10 mV/s. By contrast, bulk material exhibited a consid-
erable reduced capacitance value of 145 F/g calculated at the same current density (1 A/g).
The superior SSABET, pore volume, and hierarchical porosity rich in micropores/mesopores
presented in the fiber material resulted in an improvement in electrochemical storage. Elec-
trochemical performance between various PCFs and carbon powder materials obtained
through different templates using blends or copolymer as precursors is shown in Table 1.
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and (d) capacitance retention of porous carbon fibers and carbon powders derived from PS−b−PAN.

Electrochemical impedance spectroscopy (EIS) was conducted from 0.1 to 100 KHz
with a perturbance of 5 mV. Nyquist plots have been fitted with the equivalence circuit
shown in Figure S6c. For both materials, Nyquist diagrams (Figure 5c) can be divided into
two different regions [57], one at high frequencies displaying a semicircle shape, from which
values of RS (series resistance) and RCT (charge−transfer resistance) can be obtained, and a
low frequency region showing a line shape related to the Warburg impedance. RS is mainly
associated with the intrinsic resistances of the electrode, electrolyte, and current collector.
Both materials exhibited RS values less than 1 Ω, with a value of 0.5 Ω for the fiber and
0.6 Ω for the bulk material. Note that the lower value obtained for the PCFs is due to both,
its continuous structure with minimum interface effects, providing intimate contact with
the electrolyte, and the intrinsic channels (or large pores) between individual fibers, which
allows the electrolyte to reach the electrode core faster compared to the powder carbon.
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Table 1. Summary of specific surface area and specific capacitance values measured at different
current densities (A/g) of various porous carbon fibers (PCFs) and porous carbon powder materials
as electrodes for supercapacitors.

Material Precursor SSA (m2/g) Cs (F/g) Electrolyte Reference

Powder carbons

S/N-doped
porous carbons PBA−b−PAN 478 236 (0.1 A/g) KOH 6M [58]

Open-ended hollow
carbon spheres (HCS) PS−b−P4VP/KOH activation 1583 249 (0.5 A/g) KOH 6M [59]

N-doped hierarchical
porous carbons (NHPC) PS−b−PAN/KOH activation 2105 230 (1 A/g) KOH 6M [47]

Mesoporous carbons PAN−b−PS−b−PAN 954 185 (0.625 A/g) KOH 2M [21]

Fibers

Linear-tube carbon
nanofibers (LTCNF) PAN/PS 212 188 (0.5 A/g) LiOH 3M [60]

Multichannel PCFs PAN/PS 750 250 (1 A/g) KOH 6M [61]

N-doped
multi-nano-channel PCFs PAN/PS 840 461 (0.25 A/g) H2SO4 1M [62]

Mesoporous carbon
nanofibers (MCNFs) PAN/PAA−b−PAN−b−PAA 250 256 (0.5 A/g) KOH 4M [23]

PCFs PAN/PMMMA 683 140 (0.5 A/g) KOH 6M [63]

Interconnected meso-PCFs PMMA−b−PAN 503 360 (1 A/g) KOH 6M [34]

Hierarchical PCFs PS−b−PAN 492 254 (1 A/g) KOH 6M This work

Additionally, RCT mainly depends on the electronic and ionic resistances at the in-
terfaces and in the whole system. Values of RCT in fiber and bulk material corresponded
with 0.45 and 0.60 Ω, respectively. The lower value achieved by the fibers is due to the
synergistic effect of higher pore density and continuous structure, which improved the
ion diffusion. Fiber presented a 50% capacitance retention at high sweep rates (500 mV/s),
which is significantly higher than the 30% retention of the bulk material (Figure 5d).

To further assess more precisely the behavior of the fiber material, electrodes were
tested in a symmetrical Swagelok type cell. CV curves (Figure 6a) presented a rectangular
shape even at high sweep rates. Charge−discharge curves (Figure 6b) also exhibited a
triangular shape showing a specific capacitance value of 234 F/g at a current density of
1 A/g, slightly lower than the capacitance value obtained in the three−electrode cell. EIS
diagram (inset in Figure 6c) showed a considerable decrease in the Rs with a value of 0.25 Ω;
however, RCT value was the same as in the three−electrode cell measurements (0.5 Ω).
Electrode stability was further evaluated. Capacitance remained stable without noticeable
degradation along 10,000 cycles, demonstrating remarkable capacitance retention of 99.9%
and electrode stability. Ragone plot of the fibers (Figure 6d) displayed a high energy density
and power density of 20 W h/Kg and 12,300 W/Kg, respectively.
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4. Conclusions

Polystyrene and polyacrylonitrile copolymer (PS−b−PAN) of high molecular weight
and low polydispersity has been successfully synthesized by RAFT polymerization. This
copolymer had been proven to be a suitable precursor for the obtention of fibers and pow-
der carbon materials. Due to the high incompatibility between PAN and PS blocks, a lower
content of the sacrificial block is required (f PS ≈ 0.16) for obtaining highly porous structures
with a considerably high carbon yield (~50%). Fibers of PS−b−PAN produced by elec-
trospinning combined with a pyrolysis process showed hierarchical porosity with mainly
micro and mesopores (2−20 nm) and relatively high SSA (~492 m2/g), demonstrating a
better control over pore formation than materials in bulk. The electrochemical behavior
of both carbon materials was tested. As expected, fibers showed superior performance,
almost doubling the capacitance value of the bulk material, 254 F/g and 145 F/g (measured
at 1 A/g), respectively. Fibers also were tested as a free-standing electrode in a symmetrical
cell showing excellent cycle stability. In short, this work provides valuable guidance for
understanding the phase-separation behavior and the designing of block copolymers for
their use as a template. Concretely, focusing on fibers−based carbon electrodes for energy
storage devices and for other applications where high carbon-yield materials with good
control over the porous structure are required.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/polym14235109/s1. Scheme S1: Synthetic route via RAFT polymerization
for the obtention of PS−b−PAN block copolymer; Figure S1: (a,b) Supplemental SEM images of bulk
material after carbonization, (c,d) electrospun PS−b−PAN fibers, (e,f) TEM images of the porous
carbon fiber; Figure S2: Diameter distribution of fibers (a) before and (b) after carbonization; Figure S3:
Deconvolution of RAMAN spectra of (a) fiber and (b) bulk material; Figure S4: (a) XPS full spectrum
and (b) High-resolution XPS spectra showing C1s peaks in XPS of carbon porous fiber; Figure S5:
Contact angle of the fiber mat (a) before and (b) after carbonization; Figure S6: (a) CVs of the fiber
electrode at scan rates of 5−100 mV/s, (b) GCD curves at different current densities of the fiber
electrode, and (c) Equivalent circuit used for the EIS fitting data; Table S1: Relative surface contents
of nitrogen and oxygen species determined from N1s and O1s peaks in XPS spectra.
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Abstract: Graft copolymers of collagen and polyacrylamide (PAA) were synthesized in a suspension
of acetic acid dispersion of fish collagen and acrylamide (AA) in the presence of tributylborane
(TBB). The characteristics of the copolymers were determined using infrared spectroscopy and gel
permeation chromatography (GPC). Differences in synthesis temperature between 25 and 60 ◦C
had no significant effect on either proportion of graft polyacrylamide generated or its molecular
weight. However, photomicrographs taken with the aid of a scanning electron microscope showed
a breakdown of the fibrillar structure of the collagen within the copolymer at synthesis temperatures
greater than 25 ◦C. The mechanical properties of the films and the cytotoxicity of the obtained
copolymer samples were studied. The sample of a hybrid copolymer of collagen and PAA obtained
at 60 ◦C has stronger mechanical properties compared to other tested samples. Its low cytotoxicity,
when the monomer is removed, makes materials based on it promising in scaffold technologies.

Keywords: collagen; polyacrylamide; tributylborane; hybrid copolymer; cytotoxicity

1. Introduction

Organoboron compounds occupy a special place both in the study of the polymeriza-
tion of a wide range of monomers and in the production of finished goods. This results
from the ability of alkylboranes to participate in all elementary stages of radical polymer-
ization [1,2]. The alkylborane–oxygen system is the most promising [3–11]. On the one
hand, it is a low-temperature radical initiator, suitable for use in graft polymerization, and
on the other, a reversible inhibition agent. The combination of these properties determines
the system’s potentially wide application in (co)polymer synthesis and in macromolecular
design. It should be noted that, frequently, alkylboranes themselves are not used directly to
solve the relevant tasks, but instead, are substituted with oxidation-stable amine complexes
that release alkylboranes during the polymerization. Papers [5,6] report on the pseudo
vivo (reversible) radical polymerization of alkyl(meth)acrylates initiated by the binary
trialkylborane–oxygen system. A method exists of modifying the surface of polypropy-
lene to change its properties through graft polymerization of alkyl acrylates [8] or maleic
aldehyde [9] using the alkylborane–oxygen system. Papers [10,11] report on a room tem-
perature polymerization method under the action of the alkylborane amine complex, using
acrylic monomers of methyl acrylate (MA) and copolymers of MA, and AA along with
linear copolymers of polydimethylsiloxane with isopropylacrylamide [11], vinylpyrroli-
done [10], etc. The alkylborane–oxygen system is already known as a low-temperature
initiator for the radical polymerization of vinyl monomers for bonding thermoplastics
and materials with low surface energy [12]. The approach of using trialkylborane amine
complexes with an acrylate base originally attracted attention in adhesive development

147



Polymers 2022, 14, 4900

because of the speed of graft polymerization on the substrate surface, being a rapid curing
material with a unique ability to promote adhesion to plastics with low surface energy
(polypropylene, polyethylene, Teflon) due to the involvement of an extremely active boron
centered radical [13]. Radical copolymerization using trialkylboranes is a method that can
produce collagen-based hybrid materials, as described in recent literature [14]. TBB is used
as a radical copolymerization initiator to obtain hybrid copolymers of methyl methacrylate
and collagen [15], methyl methacrylate and gelatin [16], AA and gelatin [17], and butyl
acrylate and collagen [18]. In the case of collagen, TBB enables polymerization even at
25 ◦C, avoiding collagen denaturation and thus maintaining its structure [15]. It should
be noted that polymerization in the presence of an alkylborane–oxygen initiator system
requires no heating or UV irradiation, this being a particular advantage for the encapsula-
tion of heat-sensitive hydrophilic active substances into silicone copolymer particles [10,11].
This advantage also allows the use of the alkylborane oxygen system in the production of
materials for 3D printing and in the synthesis of hybrid products incorporating natural
polymers [15–18]. Given the uniqueness of organoboranes as important reagents in radical
(co)polymerization, research in this field remains relevant and makes it possible for new
aspects of their capabilities to be discovered. Such versatile participation of organoboranes
in radical, including graft, polymerization contributed to the choice of these compounds for
the synthesis of scaffold precursors based on fish collagen. The prevalence of fish collagen
compared to animal collagen is currently very high [19–21]. This is due to the follow-
ing factors: 96% identity to human collagen; hypoallergenic and transdermal properties;
inertia towards viruses, as well as the absence of religious restrictions. The use of fish
collagen in the production of dressings and coatings [20–27] is due to its biocompatibility,
biodegradability, and low antigenicity.

Scaffold technologies require the creation of materials with the properties listed above,
as well as certain performance characteristics. The solution to this problem is the creation of
hybrid materials based on collagen and synthetic polymers [28–38] with the participation
of specialists from various specialties: medicine, biology, physics, chemistry, etc. Since PAA
is widely known as a component of hybrid copolymers used in medicine as hydrogels [39],
biodegradable drug carriers [40], and also has a porous structure, which makes it a promis-
ing component in the creation of scaffolds, we considered PAA as a synthetic component of
a hybrid copolymer.

The current research is aimed at investigating AA graft polymerization in aqueous
dispersions of collagen in the presence of TBB as the initiating agent at various temperatures,
the determination of molecular weight characteristics, structure, mechanical properties,
and cytotoxicity of the obtained copolymers, and the evaluation of the prospects for using
the obtained copolymers in scaffold technologies.

2. Materials and Methods
2.1. Materials

An acetic acid dispersion of collagen was obtained from cod skin using a patented
technique [41]. Collagen characteristics: Mn = 170 kDa, Mw = 210 kDa, PDI = 1.20.
A 1% collagen concentration in the dispersion was obtained by diluting with 3% CH3COOH
solution. The acetic acid dispersion was purified by recrystallization from benzene, chlo-
roform was dried with heat-treated calcium chloride, then distilled and stored in a dark
vessel [42].

The TBB was synthesized using the technique described in [17]. Mg shavings (19.46 g,
0.8 mol) were placed into a 2 L three-necked flask equipped with a mechanical stirrer
and reflux condenser; the mixture was heated and cooled in an argon atmosphere. Then,
BF3-Et2O (28.2 g, 0.2 mol), iodine crystals, and anhydrous diethyl ether (200 mL) were
added to the reaction flask still under argon. The reaction was then initiated by adding
9.4 mL of 1-butyl bromide (1) dropwise while stirring the reaction mixture, and residue
1 (73.8 g, 0.6 mol) dissolved in ether (100 mL) was slowly added over the space of 1 h, the
ether being gently boiled using a reflux condenser. Stirring was continued for another 1.5 h;
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after completion of the addition of 1, water (3.6 mL) saturated with NH4Cl was added. The
reaction mixture was allowed to stand until the clear ether supernatant could be decanted
into a distillation flask. The ether was then distilled off in an argon flow and the residual
TBB was distilled off in a vacuum. 11B NMR (CDCl3, δ, m.d., J/Hz): 86.7, J = 128 MHz.

2.2. Polymerization

An amount of 30 mL samples of the 1% collagen acetic acid dispersion were placed
into two-necked flasks filled with argon and heated in a water bath to 25, 45, or 60 ◦C,
respectively. For each of these flasks, 0.08 g of TBB was placed in an ampoule, the mixture
was degassed by freezing and thawing repeatedly under vacuum, then the ampoule was
filled with argon. The contents of the ampoule containing the TBB were then poured
into one of the argon-filled reaction flasks and incubated for 30 min at the appropriate
temperature, with constant stirring. Then, a degassed solution containing 0.3 g AA in 3 mL
water was added to the reaction flask. The reaction mixture was incubated for another 3 h.

2.3. Chromatography–Mass Spectrometry

The collagen was freeze-dried, placed in an ampoule, and vacuumized; then, a heptane
solution of TBB was added, the mixture was incubated for 30 min, and the ampoule was
filled with argon. The gas phase was sampled and analyzed on a QP-2010 (Shimadzu)
quadrupole chromato-mass spectrometer, using 70 eV electron impact ionization. Separa-
tion was performed at 40 ◦C on a DB-1 column (30 m, 0.25 mm, 0.25 µm). The evaporator,
transition line, and ion source temperatures were all 200 ◦C. Helium was used as the carrier
gas, with a 50 kPa column inlet pressure, a 1:20 sample separation, and 0.5 mL sample
injection volume. The chromatogram was recorded in positive ion mode, using a total ion
current in the 40–200 Da range.

2.4. Fourier Transform Infrared Spectroscopy

For this, copolymer films were prepared on KBr plates. The IR absorption spectra
were recorded on an “IRPrestige-21” FTIR-spectrophotometer (Shimadzu, Kyoto, Japan).

2.5. Gel Permeation Chromatography

The collagen and PAA copolymers’ water dispersion was analyzed on an LC-20 HPLC
system (Shimadzu, Japan) with an ELSD-LT II low-temperature light-scattering detector.
Measurements were performed in the following conditions: the column was a Tosoh
Bioscience TSKgel G3000SWxl (30.0 cm L, 7.8 mm i.d., 5.0 µm pore size), at a column
temperature of 30 ◦C, the mobile phase was 0.5 M acetic acid in water, and the injection
volume was 20 µL, with a flow rate of 0.8 mL/min. Calibration was performed using
narrow dispersion dextran with a molecular weight (MW) range of 1–410,000 Da (Fluca).
SEC data processing was performed with LC-Solutions-GPC software.

2.6. Determination and Removal of the Unreacted Monomer

Unreacted AA was measured by bromination according to the Knopp method. Bromine
was generated by the reaction of a bromide–bromate solution (5.568 g KBrO3, 40 g KBr in
1 L of water) and hydrochloric acid. An aqueous dispersion of copolymer ~2 g in 100 mL
of water was placed into a flask and 25 mL of the bromide–bromate solution and 10 mL
10% hydrochloric acid were added, the mixture was stirred and left in a dark place for
2.5 h. Then, 15 mL of 10% KI was added, and the released iodine was titrated with a 0.1 N
solution of Na2S2O3. A control was conducted with distilled water. The AA concentration
was determined by:

X% = ((a − b) × M)/(200 × m), where a and b are the volumes (in mL) of Na2S2O3
used for the probe and control titrations, respectively; M is the molecular weight of the AA,
g/mole; and m is the mass of the copolymer probe, g. Both the mass and percentage of the
unreacted AA were calculated.

149



Polymers 2022, 14, 4900

To remove the unreacted monomer the freeze-dried, weighed samples of copolymer
were extracted with chloroform in a Soxhlet extractor for 40 h. Then, they were dried to
reach stationary mass, weighed and the unreacted AA was calculated as described above.

2.7. Scanning Electron Microscopy

Nanometer resolution images of the surfaces of the collagen and copolymer films were
taken with a JEOL JSM-IT300LV scanning electron microscope in low vacuum at 4.0 nm
resolution, using a 30 kV accelerating voltage and 5 to 2000× magnifications to provide
prints 10 cm × 12 cm in size. The samples were obtained by removing small pieces of the
freeze-dried polymer films from the substrate.

2.8. Kinematic Viscosity Determination

The flow times of a 1% collagen solution and of further dilutions of solutions of the AA-
collagen copolymers synthesized at 25, 45, and 60 ◦C initially diluted to 1% were determined
using a d = 0.56 PZH-2 viscometer until the results converged. For the measurements, the
viscometer was filled and placed in a thermostat heated to 25 ◦C. The kinematic viscosity
was determined according to the formula:

V = g
9807 × T × K, where:

K–viscometer constant (K = 0.011797);
V–fluid kinematic viscosity, mm2/sec;
T–expiration time of the fluid, sec.

2.9. Measurement of the Mechanical Properties of Films Based on the Synthesized (co)polymers

The mechanical properties of films obtained by irrigation from the synthesized
(co)polymer solutions were measured using an AG-Xplus 0.5 universal testing machine
(Shimadzu, Japan). For testing, 5 mm × 40 mm rectangular samples of the 20 to 80 µm thick
films were cut. The tensile test was carried out at a speed of 1 mm/min. The maximum
stress (strength) and elongation at breakage were recorded. The average value of 5 tested
samples was taken as the measurement result.

2.10. Cytotoxicity Assessment Using MTT Assay
2.10.1. Testing with Cultures

Human dermal fibroblasts (HDFs) were used as MTT assay samples. Active, morpho-
logically homogeneous 5–6 passage cultures with cells that adhered well to the plastic were
used. The culture cells’ immunophenotype corresponded to that of mesenchymal cells and
the culture viability was 95 to 98%. The culture of HDFs used in this study had previously
been tested for sterility and infection.

2.10.2. MTT Assay

The MTT test is a colorimetric quantitative test used to measure cellular metabolic
activity and viability. The method is based on the reaction of 3-(4,5-dimethylthiazol-2-
yl)-2,5-tetrazolium bromide (MTT) being reduced to purple formazan inside living cells.
The extent of MTT recovery depends on the metabolic activity of NADPH-dependent
oxidoreductase enzymes; accordingly, living and actively dividing HDFs show a high
degree of MTT recovery, while HDFs that are toxically damaged (low metabolic activity),
or dead show a low degree of MTT recovery. Dimethyl sulfoxide (DMSO) is added as
a solvent to produce colored solutions as it reduces the intracellular formazan crystals. The
color intensity of the test samples after the addition of DMSO was quantitatively measured
at a wavelength of 540 nm using a flatbed reader.

The samples tested had the following characteristics:
Sample I was an aqueous solution of acetic acid containing a dispersion of collagen and

PAA copolymer resulting from synthesis at 60 ◦C. The viscous, turbid-white, translucent
liquid, with an acidic pH, was neutralized to pH = 7.3 before examination.
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Sample II was a freeze-dried copolymer sponge of collagen–PAA synthesized at 60 ◦C,
with no further treatment. It was white, brittle, and paper-like. It dissolved completely and
had a neutral pH.

Sample III was a freeze-dried copolymer sponge of collagen–PAA synthesized at 60 ◦C
and then washed with chloroform in a Soxhlet extractor. It was white and brittle.

Samples II and III were placed in Petri dishes (60 mm diameter) filled with DMEM/F12
medium containing 1% antibiotics (penicillin-streptomycin 100x, PanEco) and 2% fetal calf
serum, and were incubated for 1 day at 37 ◦C and 5% CO2. After 24 h, complete dissolution
of the samples was observed, and the extract obtained was used for the study. Sample I was
a suspension (hereafter—“extract”). For the MTT assay, the extracts obtained were diluted
and used in the following proportions: Control 0:1: Extract 1:0; with further dilutions 1:1;
1:2; 1:4, and 1:8 of extract: medium, respectively.

As a preliminary, one day before the MTT assay, HDFs at a concentration of 1 × 104 cells
per square centimeter (well size 0.5 cm2) were inoculated onto 96-well flatbeds in DMEM/F12
medium with 1% antibiotics (penicillin-streptomycin 100x, PanEco) and 10% fetal calf
serum, 200 µL suspension per well. The flatbed with HDFs was then placed in an incubator
at 37 ◦C and 5% CO2.

After 1 day of cultivation, the growth medium in the flatbed wells was removed,
discarded, and replaced with either the control medium or the above extract dilutions.
The flatbeds were replaced in the incubator for 3 days. After 72 h, 20 µL of MTT solution
was injected into each well and the flatbeds were replaced in the incubator for another
3 h. After 3 h, the liquid was gently removed from all the wells and replaced with 99%
DMSO solution, 200 µL per well. The optical density (OD) was measured using a Sunrise
analyzer (Austria).

The relative growth intensity (RGI) was calculated according to the formula:

RGI(%) =
mean OD in testing culture

mean OD in control
x100

The results were evaluated using a cytotoxicity grading scale (Table 1).

Table 1. Cytotoxicity assessment scale.

Relative Growth Intensity (RGI) Level (Rank) of Cytotoxicity

100 0
75–99 1
50–74 2
25–49 3
1–24 4

0 5

The 0–1–rank indicates the absence of cytotoxicity, 5 rank–maximum cytotoxicity.

3. Discussion of the Results

Collagen is a common, natural component used for biodegradable hybrid copolymers
with synthetic fragments; but, at elevated temperatures, collagen undergoes denaturation,
gradually transforming into gelatin, so it is important to study the effect of temperature on
the structure of the copolymers in which it has been used. For collagen and polymethyl
methacrylate (PMMA) copolymers obtained in the presence of TBB within the 25–60 ◦C
temperature range, it was found that the collagen structure was only preserved at a 25 ◦C
synthesis temperature [15]. Thus, although the molecular weight characteristics and com-
position of the copolymers have similar values, their properties depend on the synthesis
temperature, e.g., the light transmission is higher for PMMA copolymer films and collagen
films synthesized at 60 ◦C, where the collagen structure is already disrupted. It has previ-
ously been shown [43] that there are only insignificant differences between the properties
of cod gelatin and cod collagen (CC) subjected to enzymatic protein hydrolysis, and in their
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functional properties in hybrid hydrogel scaffolds in combination with fibrinogen. This
suggests that it is potentially valuable to use CC in hybrid compositions and at tempera-
tures above room temperature. Furthermore, the selected temperature profile will allow
researchers to vary some properties of the target product. We synthesized collagen and
PAA copolymers at the previously suggested temperatures of 25, 45, and 60 ◦C [15]. The
process was run under conditions minimizing the formation of active radicals through trib-
utylboron oxidation. The component ratios of the polymerizing composition were chosen
based on the results of [17] with copolymers of gelatin and PAA synthesized at different
concentrations of the TBB initiator: the TBB was first injected into an acetic acid dispersion
of collagen in an inert argon atmosphere (Scheme 1). As a result, boroxyl fragments formed
at the protein surface due to a reaction with fragments of hydroxyproline units, promoting
controlled radical graft polymerization of the synthetic monomer via a reversible inhibition
mechanism (Scheme 2):
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Scheme 2. Graft polymerization of AA by the stable free radical polymerization mechanism involving
borylated collagen fragments.

At the end of the copolymerization, a clear colorless dispersion was obtained, which
was examined by infrared spectroscopy (Figure 1) and gel permeation chromatography
(GPS) (Figure 2).

In the infrared spectrum of the obtained copolymer dispersions (Figure 1, curves 1, 2,
and 3), absorption bands related to those of collagen (Figure 1, curve 4) and PAA (Figure 1,
curve 5) can be observed.

According to the IR spectra of the obtained copolymers, the intensities of the bands
increase at 3275 cm−1 this being related to NH2 group valence vibrations ν(N-H), while
the absorption bands in the 1640 cm−1 region were related to valence vibrations ν(C = O)
(amide I), and at 1540 cm−1 they were related to planar strain vibrations δ(N-H) (amide II)
that occur when the synthesis temperature rises to 60 ◦C (Figure 1, curve 1). This is due to
the freeing of amide groups when hydrogen bonds are broken inside the collagen triple
helix on heating. Additionally, as the temperature of synthesis rises, intensity increases in
the 1720 cm−1 range absorption band, this being related to the carboxyl group, perhaps
occurring because of partial hydrolysis of the collagen molecules (Figure 1, curve 1). No
noticeable changes corresponding to these were observed at 25 ◦C or 45 ◦C.

The dispersion contains a highly polymeric product with a molecular weight (MW)
slightly higher than that of collagen, as shown by the GPC analysis (Table 2). The molecular
weight distribution (MWD) of the obtained copolymers at 25 (Figure 2, curve 2), 45 (Figure 2,
curve 3) and 60 ◦C (Figure 2, curve 4) show a slight shift to higher MWs compared to the
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original collagen MWD (Figure 2, curve 1). The trend of copolymer MW as a function of the
synthesis temperature is consistent with the kinematic viscosity changes found for these
samples (Table 2).
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Figure 1. IR spectra of grafted copolymer obtained by polymerization of AA in the presence of TBB
and collagen for 3.5 h at 60 (1), 45 (2), or 25 ◦C (3) and for collagen (4) and PAA (5).
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Figure 2. MWD of AA polymerization products in the presence of collagen and TBB synthesized for
3.5 h at 25 (2), 45 (3), or 60 ◦C (4), and of collagen (1).

Table 2. Molecular weight parameters of collagen and PAA polymerization products in the presence
of collagen and TBB at different synthesis temperatures (3.5 h synthesis period).

Temperature, ◦C Mn × 10−3 Mw × 10−3 Mw/Mn Kinematic Viscosity, mm2/s

Collagen 170 210 1.20 2.1
25 190 240 1.26 2.6
45 190 240 1.23 2.6
60 180 220 1.22 2.4
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The acetic acid copolymer dispersions obtained after grafting contain unreacted AA
amounting to 20.5–30.5% as the initial monomer (Table 3), its quantity being greater at
higher synthesis temperatures.

Table 3. Unreacted monomer and PAA content in collagen copolymers formed at different synthe-
sis temperatures.

Temperature, ◦C Time, h Residual
Monomer, %

AA
Conversion, %

Ratio of PAA in the
Copolymer, %

25 3 20.5 79.5 44.2
45 3 28.8 71.2 41.6
60 3 30.5 69.5 41.0

The dispersions were air dried, brought to a constant weight, and, knowing the unre-
acted monomer content, the PAA content of the highly polymeric products was calculated
(Table 3). As can be seen from Table 3, the content of PAA in the product slightly decreases
with increasing synthesis temperature. Probably, at 25 ◦C, a significant part of the process
proceeds under the action of the low-temperature initiating system alkylborane–oxygen,
where borylated collagen acts as the alkylborane [3–6]. With an increase in temperature,
the proportion of this process decreases, since the rate of oxidation increases, which leads
to the formation of low molecular weight products. In this case, polymerization by the
mechanism of reversible inhibition becomes predominant (Scheme 2), the rate of which
is much lower than conventional radical polymerization. All of the above leads, on the
one hand, to a decrease in the total conversion of AA and a decrease in MW.

To purify the copolymers by removing any PAA homopolymer and unreacted monomer,
the copolymer dispersions were air-dried to remove water and then placed in a Soxhlet
extractor, where they were extracted with chloroform for 40 h, the AA and PAA being
soluble in chloroform, while collagen is not. No PAA was detected by IR spectroscopy after
the extraction in chloroform, i.e., under these conditions, all the PAA had been grafted onto
the collagen, this being consistent with the results of gelatin–PAA copolymer synthesis
in the presence of TBB [17]. In addition, extraction of the copolymers with chloroform
allowed the unreacted AA to be washed off, as confirmed by Knopp’s method.

The resulting samples were examined using scanning electron microscopy (SEM).
The freeze-dried copolymers, together with native collagen and PAA synthesized with
a classical radical initiator were used to obtain photomicrographs.

Figure 3 shows significant differences between the copolymer photomicrographs
(Figure 3c–e) and those of collagen (Figure 3a) and PAA (Figure 3b). The graft copolymer has
denser contours of the collagen matrix due to the grafted synthetic fragments (Figure 3c–e).
In particular, the porosity characteristic of the PAA can be observed. The pore size in the
copolymers is about 50 µm. The photomicrographs obtained allow us to observe differences
in the structure of the collagen fibers in copolymers synthesized at different temperatures.
Collagen is characterized by a parallel arrangement of fibers (Figure 3a). With an increase
in temperature, the SEM photographs show a noticeable transition from clear parallel
collagen fibers (Figure 3a), which are preserved in the copolymer synthesized at 25 ◦C
(Figure 3c), partially preserved in the copolymer synthesized at 45 ◦C (Figure 3d) and are
almost completely absent in the copolymer synthesized at 60 ◦C (Figure 3e). Thus, collagen
fiber integrity is impaired in the copolymer structure with increasing synthesis temperature;
this has also been demonstrated for PMMA and collagen copolymers [15].

A wide range of applications for hybrid PAA copolymers occurs in their use as
biomedical materials: hydrogels, scaffolds, etc. Pure collagen scaffolds have insufficient
mechanical strength, thus limiting their use in tissue engineering. The inclusion of synthetic
polymers into the structure provides for a significant increase in the strength of the final
material. For all copolymers synthesized at 25, 45, and 60 ◦C, we measured the maximum
force F at which the sample failed and the maximum stress (tensile strength) of sample
films compared to the original copolymer constituents (Table 4).
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Table 4. Tensile mechanical properties of films based on PAA, and collagen copolymers synthesized
at 25, 45, or 60 ◦C, and of pure PAA and collagen samples.

Co(Polymer) Maximum Stress (MPa) Elongation at Break, %

PAA-g-collagen (60 ◦C) 49.1 8.24
PAA-g-collagen (45 ◦C) 47.5 8.99
PAA-g-collagen (25 ◦C) 9.87 5.65

PAA 21.4 7.99
Collagen 33.8 4.44

According to the obtained data, grafted copolymers synthesized at 60 ◦C have stronger
tensile properties than their individual constituents, PAA and collagen, respectively. Ac-
cording to the SEM data, such copolymer matrices have a denser structure with more
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cross-links, hence they are stiffer and can resist additional tensile force. This can be at-
tributed to the fact that when the temperature increases, grafting is no longer carried out
mainly on the collagen fibers, but on their denatured analog, i.e., gelatin. The identified
differences are related to changes in the gelatin supramolecular structure during collagen
denaturation: the collagen molecule is a left-handed helix of three α-chains of amino acid
residues of known amino acids around a common axis. The gelatin molecule is a denatured
helix with the bonds between the individual α-chains having broken. Unlike collagen
fibers, as these parts are no longer bound together by hydrogen bonds, they are therefore
more resistant to mechanical stress.

The cytotoxicity parameter is important when such copolymers are used as scaffolds;
the cytotoxicity grade can be used to assess the likely extent of cell engraftment on a given
material. For our cytotoxicity study using the MTT assay, a collagen and PAA copolymer
synthesized at 60◦C was selected. This copolymer was characterized by an even pore
distribution (Figure 3e) due to the collagen structural breakdown, which also gave it better
mechanical properties (Table 4), i.e., it is the most suitable for scaffolding techniques.
The data are presented in Table 5 and Figure 4. The dispersion of the collagen and PAA
copolymer obtained after synthesis (Sample I) exhibited moderate cytotoxicity—grade 3. It
should be emphasized that this toxicity persisted even when the extract was diluted (1:1,
1:2, and 1:4). When examined microscopically, the field of view showed a large number of
spherical HDF cells along with solitary flattened cells with regular morphology (Figure 4a).
Only with a 1:8 dilution of the Sample I extract could we reduce the cytotoxic effect to
cytotoxicity grade 2. However, both spherical cells and flattened HDFs could still be
observed in the field of view under a microscope (Figure 4a’). Assuming that Sample
I cytotoxicity was related to the presence of unreacted AA (Table 3), a lyophilic-dried
copolymer of collagen and PAA synthesized at 60 ◦C (Sample II) was used for further
studies, but, since Sample II also contained unreacted monomer, a lyophilic-dried and
chloroform-washed copolymer of collagen and PAA was prepared in a Soxhlet extractor
(Sample III) for cytotoxicity studies. The effectiveness of this method for purifying gelatin–
PAA copolymer had already been demonstrated in [17]. Indeed, the highest cytotoxicity
was observed in the extract and 1:1 dilution of Sample II—cytotoxicity grade 4 (Table 5).
When examined microscopically, spherical HDFs with irregular cell membranes were
observed, confirming the toxic effects on the culture (Figure 4b). These toxic effects were
reduced when the Sample II extract was diluted. A 1:2 dilution demonstrated cytotoxicity
grade 2. When examined microscopically, many spindle-shaped cells characteristic of HDFs
adhering to plastic were observed, but some of the HDFs still took on a spherical shape.
A 1:4 dilution of Sample II demonstrated cytotoxicity grade 1. Visually, the cells looked
morphologically correct, with no spherical cells being observed in the field of view, but
the cells were not growing as actively as in the control, as evidenced by the OD decrease.
A 1:8 dilution (Figure 4b’) was neither visually nor quantitatively different from the control
(Figure 4d’).

Table 5. Cytotoxicity assessment of collagen and PAA copolymer samples synthesized at 60 ◦C taken
directly from synthesis (Sample I), freeze-dried (Sample II), and both freeze-dried and washed to
remove unreacted AA (Sample III).

Sample I Sample II Sample III

OD RGI (%) Rank OD RGI (%) Rank OD RGI (%) Rank

Control 0:1 0.664 ± 0.037 100 0 0.590 ± 0.037 100 0 0.857 ± 0.028 100 0

Extract 1:0 0.204 ± 0.006 31 3 0.100 ± 0.007 17 4 0.466 ± 0.036 54 2

Extract 1:1 0.186 ± 0.005 28 3 0.102 ± 0.002 17 4 0.617 ± 0.023 72 2

Extract 1:2 0.214 ± 0.009 32 3 0.3299 ± 0.03 51 2 0.772 ± 0.042 90 1

Extract 1:4 0.228 ± 0.008 34 3 0.550 ± 0.01 93 1 0.736 ± 0.039 86 1

Extract 1:8 0.364 ± 0.019 55 2 0.680 ± 0.033 100 0 0.713 ± 0.014 83 1
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Figure 4. Representative photos, MTT test. (a)—the extract 1:0 of an aqueous solution of acetic acid
containing a dispersion of collagen and PAA copolymer synthesized at 60 ◦C; (a’)—1:8 dilution of
the (a); (b)—the extract 1:0 of lyophilic-dried copolymer of collagen and PAA synthesized at 60 ◦C;
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(b’)—1:8 dilution of the (b); (c)—the extract 1:0 of lyophilic-dried and chloroform-washed copolymer
of collagen and PAA synthesized at 60 ◦C; (c’)—1:8 dilution of the (c); (d)—control cells in the extract;
(d’)—control cells in the 1:8 dilution.

Sample III showed moderate cytotoxicity with the extract and its 1:1 dilution corre-
sponding to cytotoxicity grade 2. Morphologically correct HDFs like those adhering to
plastic were visually observed in these dilutions, but spherical cells were also present in
the field of view (Figure 4c). The MTT assay results of dilutions 1:2, 1:4, and 1:8 of Sample
III were assessed at cytotoxicity grade 1. When examined microscopically, the condition of
the cells at these dilutions (Figure 4c’) corresponded to that of the control (Figure 4d,d’).
However, even at these dilutions, cell growth activity was markedly reduced, as evidenced
by the optical density values (Table 5). A comparison of the MTT assay results for Sample
II and Sample III indicated that the collagen copolymer and PAA cytotoxicity is caused
by unreacted AA present as an impurity. Cytotoxicity is reduced by the removal of the
unreacted monomer from the copolymer.

4. Conclusions

Thus, in the present work, grafted copolymers of PAA and collagen were synthesized
in the presence of TBB at different temperatures. The synthesis temperature was found
to have no appreciable effect on the composition and molecular weight characteristics
of the copolymers. However, collagen denaturation means that the copolymer structure
is significantly different when the synthesis temperature is increased. Such a structural
change leads to a change in mechanical properties. When cytotoxicity was assessed, the
collagen and PAA copolymers synthesized at 60 ◦C containing an AA impurity (Samples I
and II) were found to have pronounced cytotoxicity. This manifestation of cytotoxicity is
related to the presence of unreacted monomer in these samples and can be reduced via its
removal by extraction with chloroform as in the case of Sample III. The low cytotoxicity of
Sample III makes materials based on promising copolymers for further activities aimed at
the development of new, artificial cytoskeletons for biomedical applications.
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Abstract: With the speedy progress in the research of nanomaterials, self-assembly technology has
captured the high-profile interest of researchers because of its simplicity and ease of spontaneous
formation of a stable ordered aggregation system. The self-assembly of block copolymers can be
precisely regulated at the nanoscale to overcome the physical limits of conventional processing
techniques. This bottom-up assembly strategy is simple, easy to control, and associated with high
density and high order, which is of great significance for mass transportation through membrane
materials. In this review, to investigate the regulation of block copolymer self-assembly structures,
we systematically explored the factors that affect the self-assembly nanostructure. After discussing
the formation of nanostructures of diverse block copolymers, this review highlights block copolymer-
based mass transport membranes, which play the role of “energy enhancers” in concentration cells,
fuel cells, and rechargeable batteries. We firmly believe that the introduction of block copolymers can
facilitate the novel energy conversion to an entirely new plateau, and the research can inform a new
generation of block copolymers for more promotion and improvement in new energy applications.

Keywords: block copolymer; self-assembly; nanochannels; membranes; energy conversion

1. Introduction

Two or more thermodynamically incompatible polymer blocks with diverse physical
and chemical properties are covalently bonded together to form so-called block copolymers
(BCPs) [1]. In the 1950s, the discovery of the surfactant Pluronic (PEO-b-PPO-b-PEO) [2–4]
first attracted the attention of scientists. The mass production of BCP received a boost
in 1956 due to the invention of living anionic polymerization [5]. Subsequently, other
controlling polymerization techniques can also be used to synthesize BCP, such as living
cationic polymerization [6], atom transfer radical polymerization (ATRP) [7–11], and re-
versible addition-fragmentation chain transfer polymerization (RAFT) [12,13]. Edwards’
self-consistent field theory (SCFT) [14] provided a premium theoretical tool for posterior
simulations to explore the phase behavior of BCP. The foundations laid by these pio-
neers [15,16] have greatly facilitated the advancement of materials science, technology, and
theory [17]. The chemical properties of various BCP blocks tend to vary with amenability to
addition. To exploit the controllable properties of BCP, scientists have combined theoretical
derivation with experimental practice to modify the structure of BCP for desired applica-
tions. This requires a thorough understanding of the factors that govern the nanostructure
of BCP to regulate it according to the actual needs.

The BCP system can stand out and become the focus of research due to its incom-
parable self-assembly ability [18], and BCP can undergo accurate microphase separation
in the range of 10–100 nm, which expands a new method to prepare nanodevices. The
self-assembly of BCP forms rich nanostructures due to the difference in structure, block
ratio, and sequences [19]. Surface structure and nanostructure are the keys to improving
the properties in applications such as electronic lithography [20], organic photovoltaics [21],
nanofiltration [22], and ultrafiltration [23], where electron transport or surface features
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dictate the performance of the devices. BCP has the potential to boost the properties of
these nanodevices [24], which can result in their flourishing applications in different areas
due to unique nanoscale customizable template nanostructures [25]. This review intends
to highlight the effective exploitation and performance enhancement of BCP for novel
energy sources instead of repeating the aforementioned applications. Our main focus will
be on the construction and application of BCP-based nanostructured materials in mass
transport for energy conversion. The massive exploitation and usage of nonrenewable
resources, such as oil and coal, has become a burden on the environment [26]. In recent
years, global warming has been responsible for frequent natural disasters [27,28], which
have resulted in an irresistible surge to limit the traditional energy methods that incur huge
carbon emissions and foster innovative and efficient clean energy sources. Concentration
cells, fuel cells, and rechargeable batteries that can convert chemical energy into electricity
without carbon emissions are new energy sources with the potential to replace traditional
energy sources in the foreseeable future [29]. Using membranes for mass transportation is
a key part to obtain high power efficiency from the cells of these devices related to new
energy conversion processes [30], which makes the development of a high-performance
battery diaphragm very important.

Because the so-called structure determines the properties, we devote a fairly lengthy
section to the nanostructure of BCP before presenting their properties relevant for various
practical applications. First, we briefly analyze the relevance of three vital parameters in
the microphase separation of BCP. Second, various factors affect the self-assembly structure
of BCP, such as the chemical structure and external conditions during the assembly process.
We elaborate on the effect of various factors on the regulation of self-assembled structures,
such as the chemical structure, solvent types, polymer solution concentration, nonsolvent,
external field conditions, and additive aspects. Well-defined nanostructures with high
order and high density can be obtained by this bottom-up self-assembly method of BCP,
which can be used as nanochannel templates for mass transport. Finally, as the highlight of
this paper, we investigate the application of BCP-based membranes in energy conversion,
such as concentration cells, fuel cells, and rechargeable batteries. Finally, we conclude with
futuristic perspectives. We hope that this review can provide a theoretical basis for how to
regulate the nanostructure of polymers and offer ideas to further promote the application
of block copolymers in new energy fields.

2. Microphase Separation of Block Copolymer

Spontaneous phase separation occurs in BCP due to repulsion between chemically and
thermodynamically incompatible blocks. At the macroscopic scale, the phase separation
between blocks cannot occur due to the presence of covalent bonds between the blocks of
BCP [31]. Instead, in the macromolecular-length scale, phase separation can only occur at
the microscopic scale, i.e., microphase separation [32]. Due to the microphase separation,
there is structural arrangement of BCP at the macroscopic scale, which is known as the
self-assembly phenomenon [33] and responsible for the generation of new boundaries
between blocks and can result in various assembly structures.

Three significant parameters are responsible for the microphase separation between
the blocks: (1) the relative volume fraction f of each block, which is used to characterize
the microscopic composition of BCP; (2) the Flory–Huggins parameter χ, which is used
to characterize the interaction between the blocks [34,35] and is inversely proportional to
the temperature change; (3) the total degree of polymerization N of the polymer. Among
them, χN, which represents the phase separation strength, plays a decisive function in
the separation state of BCP [36]. Increasing the temperature or decreasing χN gradually
decreased the incompatibility between the blocks. Molecular-level mixing changes poly-
meric molecular chain from the stretched chain state with obvious interfaces and ordered
arrangement to the disordered Gaussian chain state, as shown in Figure 1a, which results
in an order-to-disorder transition (ODT) [37] of the polymer. The critical χN value for
the occurrence of ODT is approximately 10.5. Electron microscopy can be used to clearly
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observe the ODT transition process of some BCPs with lower molecular weights, as shown
in Figure 1b, which shows TEM images of poly(styrene)-b-poly(imide) (PS-b-PI) before and
after undergoing the ODT process.

Due to the introduction of new theories such as the thermal up-and-down effect and
mean-field theory, the improved self-consistent field theory (SCFT) can more accurately
calculate the BCP phase behavior by scientists [38]. The theoretical phase diagram of the
AB diblock copolymer [39] based on self-consistent mean-field (SCMF) theory showing the
changes in phase behavior with increasing or decreasing values of fA and χN in a concrete
manner is shown in Figure 1c (left). However, the experimental phase diagram deviates
from the theoretical phase diagram because there are various practical and objective fac-
tors. Figure 1c (right) shows the experimental phase diagram of the PI-b-PS copolymer
obtained by Bates et al. Both experimental and theoretical phase diagrams of PI-b-PS are
qualitatively consistent with the variation occurring on the quantitative scale. First, the
critical χN value for ODT is approximately 20, with the loss of symmetry for the phase
diagram at approximately fA = 1/2. Instead of the CPS phase, a mesostable porous lamellar
PL phase appears between C and L regions (calculations confirmed the mesostability of this
phase later on). The difference in the PI and PS blocks from the theoretically assumed AB
blocks is the main reason behind these deviations. The molecular morphology, properties,
and interactions between PI and PS are responsible for the difference in experimental and
theoretical values. In the experimental phase diagram, the ODT transitions can directly
proceed in both the disordered D region and ordered regions that only occur at the critical
point in the theoretical phase diagram, and this phenomenon can be mainly attributed to
the effect of the thermal up-and-down phenomenon. With an increasing number of blocks,
the phase behavior of block copolymers becomes more complicated [40–42].
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Figure 1. (a) Molecular chain distribution of AB-type diblock copolymer before and after the ODT [37].
(b) TEM images of PS-b-PI before and after the ODT [37]. (c) Theoretical phase diagrams predicted
by the self-consistent field theory of the linear AB diblock copolymer and the actual phase diagram
(spherical (S, S’), cylindrical (C, C’), bicontinuous gyroidal (G), and lamellar (L)) obtained from the
PS-b-PI [39].
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3. Regulation of the Self-Assembled Structure of the Block Copolymer
3.1. Influence of the Molecular Structure on the Self-Assembled Structure

The structural morphology of BCP films is our main interest. The self-assembly of
BCP film is affected by many factors [43–45] which can be divided into molecular structure
factors and assembly condition factors. The most fundamental strategy to regulate the
nanoscale morphology of BCP is to adjust its molecular structure, since the BCP structure
determines the self-assembly properties. Above the ODT transition curve, the thermo-
dynamically stable nanostructures of BCP mainly consist of spherical S, cylindrical C,
bicontinuous gyroidal G, and lamellar L geometries. As shown in Figure 2a, a change in
volume fraction f of the AB block changes the morphology of the AB diblock copolymer [46].
Depending on whether fA < 0.5 or fB < 0.5, block A is dispersed within the continuous
phase composed of block B or vice versa, and with increasing fA, the transformation of
S→C→G→L occurs, while the same S’→C’→G’→L transition occurs with increasing fB.
The size of each block in each form is determined by the molecular weight and compatibility
of the blocks. With increasing molecular weight of the polymer, the blocks become segre-
gated with increasing distance between the domains, and these factors make it challenging
to undertake studies of high molecular weight BCPs [47].

The structure of BCP is also characterized by an essential parameter known as poly-
dispersity index (PDI) [48] of molecular weight, which is calculated as PDI = Mn/Mw [49].
The BCPs obtained from the polymerization of reactive anions are monodisperse [50].
However, in recent years, with the emergence of novel methods for synthesizing BCPs,
most of the obtained BCPs have been polydisperse [51]. It is necessary to study the effect
of broadening the molecular-weight distribution on the phase behavior of BCPs. With
the concept of maintaining thermodynamic equilibrium to the maximum possible intent,
Ruzette et al. [52] investigated the self-assembly behavior of triblock copolymer ABA with
varying molecular-weight distributions, with narrower dispersion of block B (poly (butyl
acrylate) (PBA)) and wider dispersion of block A (poly (methyl methacrylate) (PMMA)).
The resulting transparent BCP membranes are homogeneous. The TEM characterization
reveals the possibility of forming classical S, C, G, and L structures. However, a highly
curved interface between the blocks and the PMMA block was formed mainly due to the
shift of the interface to release the stretching energy of the molecular chains.

Lynd et al. [53] investigated the effect of molecular-weight distribution on the occur-
rence of ODT for two different BCPs prepared of polydispersed poly (ethylene-acrylamide)-
b-poly (DL-propyleneglycol) (PL) and polystyrene-b-polyisoprene (SI). Ultimately, during
the occurrence of ODT, increasing polydispersity in blocks with fewer (f < 0.5) or more
(f > 0.5) components decrease or increase in the critical χN value, respectively. Widin
et al. [54] reported the structural effects of a low-dispersion block polystyrene (PS) and
a high-dispersion block polybutylene (PB) on the triblock copolymer SBS. As shown in
Figure 2b (left), the molecular chain of highly dispersive block PB is stabilized by the
low dispersive PS block in the middle position. Finally, similar experimental results to
those of Ruzette were obtained, where the phase separation interface was bent toward the
polydisperse segment because the polydisperse block has a smaller filling volume than the
monodisperse block of the same molecular weight (the phase interface bending process is
shown in Figure 2b (right)). The polydisperse B-block also reduces the critical χN value for
ODT and increases the position of the lamellar phase window. The investigations show that
by playing with the polydispersity of a particular block in BCP, the microphase separation
state of BCP and its thermodynamic stability can be regulated.
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Figure 2. (a) Four equilibrium-ordered state transitions in diblock copolymers determined by relative
volume fraction f. Spherical (S), cylindrical (C), bicontinuous gyroidal (G), and lamellar (L) [46].
(b) Schematic diagram of polydispersed B-blocks in ABA-type triblock copolymers leading to distor-
tion of block microdomain interfaces [54].

3.2. Influence of Assembly Conditions on the Self-Assembled Structure

Normally, in addition to the interactions between polymer molecules, external film
formation conditions can also affect the nanostructure. Hence, the type of solvent, polymer
solution concentration, nonsolvent, additives, and external field conditions during the film
formation process can affect the structure of BCP.

3.2.1. Solvents to Prepare the Membranes and Self-Assembly

The selectivity of solvents toward different blocks significantly affect the self-assembled
structures. Hanley et al. [55] dissolved PS-b-PI in bis(2-ethylhexyl) phthalate (DOP), which
is a nonselective solvent for PS and PI, di-n-butyl phthalate (DBP), and diethyl phthalate
(DEP) solvents, which are sequentially more selective for the PS block, and tetradecane
(C14), which is a selective solvent for the PI blocks, to observe their phase behavior by
small-angle X-ray scattering (SAXS) (Figure 3a). The PS-b-PI membrane exhibited the
transformation of G→hexagonal filled C→D, which, when dissolved in different solvents,
exhibited different nanostructures. After dissolution in DBP, the phase transition process
of PS-b-PI was L→G’→C’→S’. The phase behavior in DEP, which is more selective for
PS, like DBP, was similar to that of DBP but with higher TODT. In contrast, in C14, for the
PI selective solvent, the G’→C’→S’ ordered phases were the only occurring transitions
because enhancement of segregation between microdomains by the selective solvents im-
prove the stability of the ordered phase, which results in the appearance of more ordered
phase behavior. The formation and closure of pores in BCP nanostructures can also be reg-
ulated by selective solvents [56]. The spontaneously formed poly(styrene)-b-poly (2-vinyl
pyridine) (PS-b-P2VP) membrane is a dense, nonporous film. However, when dissolved in
P2VP selective solvent (e.g., ethanol), the P2VP blocks dissolve to form a membrane with
round or elliptical pores surrounding the core of the PS blocks. With increasing time or
temperature, these pores grow into a columnar network and finally form three-dimensional
interconnected pores. This pore formation process is often reversible, and immersion of
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the porous membrane in a PS block selective solvent (e.g., cyclohexane) closes the pores to
restore the dense, nonporous membrane.

In addition, dissolution of the self-assembled structure of BCPs in mixed solvents
should be explored. Yi et al. [57] investigated the nanostructure of poly(styrene)-b-poly
(4-vinyl pyridine) (PS-b-P4VP) by adding it to N, N-dimethylformamide, DMF, (selective
for P4VP block, and slow volatilization), tetrahydrofuran, THF, (selective for PS, faster
volatilization), and their mixtures. In pure DMF solvent, a nanoscale spherical structure
was obtained for PS-b-P4VP, a dense and smooth surface was obtained in pure THF,
while the mixed solvent yielded a rod-like aggregated structure where the diameter of
the nanospheres was similar to that observed in DMF. When polymers are dissolved in a
mixture of solvents with different solubilities and volatilities, the preferential evaporation
of one solvent leads to a concentration gradient within the BCP. This concentration gradient
leads to phase separation of the BCP, the so-called evaporation-induced phase separation
(EIPS) [58] of the solvent.

In addition, the concentration of the polymer solution is an important factor that affects
the nanostructure of BCP. Jiang et al. [59] was the first to simulate the membrane formation
of a double hydrophobic poly(styrene)-b-poly (methyl methacrylate) (PS-b-PMMA). The
effect of the polymer concentration on the morphology of polymer molecules was also
investigated in the polymer concentration range of 10–55%. Figure 3b clearly shows the
difference in morphologies corresponding to different polymer concentrations. For low
polymer concentrations, microphase separation just begins to occur, and the formation of a
continuous phase in the system under this condition is not possible because there is not a
sufficient BCP concentration, which forms a spherical structure at lower concentrations.
With increasing polymer concentration, a structure can be observed because a continuous
phase forms by BCP. With a further increase in concentration, porous membranes with
elliptical pores start to form. When the concentration increases to approximately 30%,
the elliptical pores change to circular pores. From there on, a further increase in polymer
concentration only decreases the pore size within the porous membrane and membrane
wall thickening. When the polymer concentration reaches approximately 45%, the polymer
shows an irregular sponge-like, cross-linked structure, and finally, a continued increase
in polymer concentration causes the pores to plug and results in a continuous structure
of the polymer. This experiment indicates that, within a certain concentration range, the
polymer concentration can be adjusted to achieve different polymer morphologies and
obtain porous membranes with ideal pore size and stability.

Formation of the BCP membrane by selective solvents requires three steps: solvent
uptake, swelling, and solvent evaporation drying. The effects of the first two steps on
the BCP have been described in the previous section, while the evaporation rate of the
solvent has been found to affect the structural orientation of BCP. It has been proven that fast
solvent evaporation leads to a vertical orientation of the internal structure [60], while slower
solvent evaporation rates cause parallel structural orientation or structures with mixed
orientation [61]. The evaporation rate determines the propagation of phase separation from
the membrane surface to the interior. Similar conclusions were obtained by Phillip et al. [62]
when comparing the morphology of poly(styrene)-b-poly (D, L-lactide) (PS-b-PLA) under
rapid solvent evaporation and slow evaporation (Figure 3c). Because ultrafast solvent
evaporation makes steep concentration gradients rapidly propagate the vertical direction of
the membrane surface, the cylindrical structure orients along the surface’s normal direction.
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Figure 3. (a) Representative SAXS profiles as a function of temperature for DBP, DEP, and C14
solutions [55]. (b) Nanoscale morphology diagram of PS-b-PMMA porous membrane simulated
by DPD when dissolved in tetrahydrofuran solvent at different polymer concentrations. PMMA is
shown in green, and PS is shown in blue [59]. (c) SEM images of different morphologies formed by
PS-b-PLA at varied solvent evaporation rates [62].

During the self-assembly process via solvent vapor annealing (SVA), the solvents are
found to have a significant influence. For a given polymer system, the choice of different
solvents can result in different nanostructures [63–65]. Peng et al. [66] investigated the
effect of SVA on the morphology of poly(styrene)-b- poly (ethylene oxide) (PS-b-PEO). As
shown in Figure 4a, the nanostructure of the PS-b-PEO membrane obtained by conventional
casting at room temperature was a disordered and irregular worm-like morphology, while
the PS-b-PEO membrane resulting from 5 min of steam annealing treatment with toluene (a
selective solvent for PS) was transformed into a highly ordered arrangement of hexagonally
filled perpendicular cylindrical microdomains.

However, due to preferential wetting of the surface, a thermodynamically preferred
morphology should be formed with a cylindrical orientation parallel to the surface in-
stead of perpendicular to the surface, as experimentally obtained in [67]. The formation
mechanism of this morphology has not been understood, and various researchers have
attempted to use computer simulations or experimental investigations to explain this phe-
nomenon [68–70]. Phillip et al. [71] analyzed the evolution of the internal morphology
of PS-b-PLA during SVA. Theoretical analysis and experimental verification found that
the generation of such cylinders evolved from spherical intermediates nucleated at the
vapor/polymer membrane interface due to the rapid evaporation of solvent, which created
a concentration gradient in the BCP, and the perpendicular orientation of the intermedi-
ates with respect to the surface and epitaxial growth into cylinders. However, too-fast
evaporation of the solvent does not allow sufficient time for nucleation. Lin et al. [72]
used TEM analysis to demonstrate that the length of this ordered arrangement could reach
the level of membrane thickness. In other words, SVA can achieve a directional ordered
arrangement perpendicular to the membrane surface throughout the membrane, which is
of great significance for the development of certain ion- or proton-conducting membranes
or water-permeation membranes with controlled pore sizes. Kim et al. [73] demonstrated
that SVA yielded a more ordered, structurally stable membrane than those obtained by
conventional methods by imparting the molecular chain mobility, shielding the surface
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energy of the two blocks at the vapor/BCP interface and the interfacial energy between
polymer and substrate, and rapidly eliminating defects in the BCP structure (Figure 4b).

When the blocks in BCP strongly interact, more variables in the SVA process will
affect the structure [65,74,75]. For instance, Park et al. [76] proposed structural changes in a
PS-b-PMMA membrane by choosing a selective or neutral substrate (different substrate
treatments with the generated SEM images of varying morphologies are shown in Figure 4c).
The membranes on neutral substrates exhibit a cylindrical structure perpendicular to the
surface at the top (near the air) and bottom (near the substrate). For the SVA process on
selective substrates, the top structure of the BCP membrane was unaffected, exhibiting
a cylindrical structure perpendicular to the surface, but the bottom structure changed to
a cylindrical structure parallel to the substrate. This result demonstrates the possibility
of tailoring the pattern and structure of the BCP membrane by adjusting the membrane–
substrate interaction. Cheng et al. [77] investigated various process parameters during the
SVA process and ultimately demonstrated that the temperature of the substrate and vapor
were also key factors in controlling the structural morphology of BCP membranes.

However, the ordered BCP membrane obtained by the selective solvent SVA method
is only short-ranged. It has been shown that long-range ordering of BCP membrane in
the lateral direction can be obtained via annealing with nonselective solvent (solvent with
the same selectivity for each block and no specific interactions) vapors during SVA [78].
Bosworth et al. [79] obtained a long-range ordered BCP membrane by annealing poly(α-
methylstyrene)-block-poly(4-hydroxystyrene) in acetone (selective solvent) vapor, which
resulted in a spherical structure and tetrahydrofuran (nonselective solvent) vapor, forming
a columnar phase parallel to the surface. This is due to the fact that the nonselective
solvent is only uniformly distributed between the molecular chains and same selectivity
for each block. It increases only their mobility without any other interactions, resulting in
spontaneous formation of a cylindrical orientation parallel to the membrane plane with the
lowest surface energy. SVA overcomes the shortcomings of conventional thermal annealing
and enables highly ordered rearrangement of BCP in a relatively short time. By reducing the
effective Tg, it weakens the interactions between chains and between chains and substrates
to increase the mobility of polymer chain [80].
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Figure 4. (a) AFM phase images (1 × 1 µm2) of as-cast conventional PS-b-PEO film and PS-b-PEO
film annealed in PS-selective toluene vapor for 5 min [66]. (b) AFM phase diagrams of PS-b-PEO
films obtained by spin-coating method and annealed in neutral benzene vapor for 48 h [73]. (c) SEM
images of the (111) and (211) planes produced by solvent vapor annealing of PS-b-PMMA films in
neutral substrate and selective substrate [76].
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3.2.2. Nonsolvent Approaches for Constructing Nanostructure

Researchers have also investigated the effect of nonsolvent-induced phase separation
(NIPS) [81] of BCPs intensively [82–84]. The polymer is dissolved in solvent to form a
homogeneous solution, followed by the slow addition of reagents which are more soluble
in the solvent compared to the polymer (called extractants) to extract the solvent. The
resulting two-phase structure with the polymer as continuous phase and solvent as the
dispersed phase can lead to a polymer with a certain pore structure after the removal of
solvent. Plisko et al. [85] modified poly (ethylene glycol)-b-poly (propylene glycol)-b-poly
(ethylene glycol) (Pluronic F127) by the NIPS method employing polysulfone (PSF), and the
polymer membrane obtained by the NIPS method was found to be porous in comparison
to the dense polymer membrane prepared by the EIPS method (the surface structure of the
porous film is shown in Figure 5a). Similarly, Gu et al. [86] fabricated porous PI-b-PS-b-
P4VP membrane with sponge-like structure using the NIPS method, and Figure 5b shows
the cross-sectional structure of the sponge-like porous film. NIPS is the most commonly
used method for the preparation of membranes for separation [87,88], but the pore size
and distribution of pores on the surface of NIPS-formed membranes are irregular and
not well-controlled [89,90], and presence of some large pores can lead to material defects
resulting in reduced mechanical strength of the membrane. This feature is responsible for
limiting the application of BCP membranes made by the NIPS method in a great way.

In order to overcome the shortcoming mentioned above, a new NIPS strategy has
emerged in the recent years: a short self-assembly is formed via short solvent evaporation
after pouring the BCP into a solvent or mixed solvent, and then it was immersed in a
nonsolvent for NIPS [91,92]. By this method, a monolithic, asymmetrically structured
membrane, as shown in Figure 5c,d, can be formed [93]. Self-assembly results in the forma-
tion of highly ordered, dense pores in the upper thin selective layer which are uniformly
perpendicular to the membrane surface [94]; pores of the lower layer which exhibit a sparse,
disordered sponge-like interconnected pore channel are formed by NIPS [95]. This method
of combining self-assembly (S) of BCP with nonsolvent-induced phase separation (NIPS) is
named SNIPS [96,97]. As the first step of membrane formation via SNIPS is dissolution of
BCP for self-assembly, different solvent parameters that affect the nanostructure (different
selective solvents, mixed solvents, and solvent volatilization rate) discussed in the previous
section also affect the membrane structure formed by the SNIPS method [98–100].

3.2.3. The Influence of External Field on Self-Assembled Structure of BCP

Thermal annealing has proved to be one of the efficient methods for preparing long-
range ordered BCP membranes [101–104], and temperature is an effective and adjustable
experimental condition during the process of self-assembly. Thermal annealing refers to the
heating of BCP above its glass transition temperature Tg [105] for allowing the molecular
chains within the polymer to self-assemble to the state closest to thermodynamic equilib-
rium [106–108]. Stehlin et al. [109] used AFM to observe the morphological variation of
PS-b-PMMA at 180 ◦C and 200 ◦C (well above its Tg). Their resultant AFM images are
shown in Figure 6a. It illustrates that thermal annealing results in ordered arrangement of
the molecular chains, and the orderliness of PS-b-PMMA structure at 200 ◦C is higher than
that of 180 ◦C for the same time, which indicates that the higher the annealing tempera-
ture, the faster the order of the arrangement. However, the BCP membrane produced by
conventional thermal annealing techniques often shows structural defects, and the range
of order regulation is limited, and for a thick membrane, ordering of the molecular chains
over a large area cannot be obtained [110]. Moreover, for some polymers, the spacing
between Tg and the viscous flow temperature Tf is small, which may not be sufficient for
the rearrangement of molecular chains to take place within a short time.
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Figure 5. (a) SEM image of the surface of porous ultrafiltration membrane formed by the NIPS
method for Pluronic F127 [85]. (b) SEM image of cross-section of multiporous sponge-like structure
PI-b-PS-b-P4VP formed by NIPS method [86]. SEM images of the surface (c) and cross section (d) of
PS-b-P4VP membrane obtained by SNIPS [93].

In some systems, a combined method of the thermal annealing and solvent anneal-
ing methods can be used [111]. Kim et al. [112] experimentally investigated PS-b-P4VP
membrane in chloroform vapor (the schematic diagram is shown in Figure 6b). Since
chloroform is selective for the PS block, the PS block is pulled toward the outside of the
membrane, and the P4VP block forms multilayer spherical micelles. The solvent vapor
increases the mobility of the polymer molecular chains by swelling the membrane, and
consequently, some of the P4VP blocks fuse. A single SVA process is insufficient to drive
the fusion of P4VP spherical structures and subsequently convert them into columnar
structures perpendicular to the membrane surface as a result of strong repulsion between
the PS and P4VP blocks (B). During the cooling process, chloroform vapor escapes from
the inside along the direction perpendicular to the membrane as the membrane shrinks,
which allows the spherical structures to aggregate along the vertical direction (C). During
further SVA with programmed heating, the aggregation of spherical microdomains can
propagate to the inner center of the film (E), resulting in membrane expansion (D), and
shrink when cooled. After several cycles of operation, vertically oriented P4VP cylindrical
microdomains are obtained (F). This experiment provides an effective orientation method
for the orderly arrangement, with strong interactions between the blocks or thick mem-
brane. Furthermore, combining thermal annealing with SVA is enabled to surmount the
structural uncontrollability difficulties of high molecular weight BCP, which is due to the
low mobility of molecular chains caused by chain entanglement [113].

As early as 1991, Gurovich [114] made a theoretical derivation of the force and phase
behavior of BCP in an electric field, but application of electric fields in the research of
BCP has stopped at the theoretical level for a while since then. This delay ended when
A. Bo¨ker [115] observed the morphological changes of due to the application of DC
electric field on the PS-b-PI prepared via reactive anion polymerization. In the absence of
an applied electric field, the PS-b-PI self-assembled as ordered lamellar structures in the
control group, while under the application of an electric field, lamellar structures of the
samples underwent macroscopic orientation along the electric field lines. The application
of electric field achieves long-range ordered nanostructures. Schmidt [116] verified the
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changes in the lamellar structure of PS-b-PI with increasing strength of the electric field.
The phase space parallel to the electric field direction decreases, while the phase space
perpendicular to the electric field direction increases, mainly resulting from the stretching
of polymer molecular chains along the electric field lines (the mechanism is shown above
in the Figure 6c). Schoberth et al. [117] used quasi in situ scanning force microscopy (SFM)
capable of solvent vapor treatment of BCP despite high electric fields to characterize the
phase behavior. Figure 6c below shows the SFM image of the disordered Polystyrene-b-poly
(2-hydroxyethyl methacrylate)-b-poly (methyl methacrylate) S47H10M43 oriented along the
electric field direction after the application of an electric field [118]. Subsequently, it was
experimentally demonstrated that application of an electric field decreases the TODT of
PS-b-PI [119].

BCP orientation can also be regulated by the application of shear fields [120]. Unidi-
rectional shear force is applied on the BCP membrane by contacting with suitably selected
moving solid surface to induce the internal structure transformation of BCP. The shear
modification of polystyrene-b-polybutadiene-b-polystyrene (SBS) and the study of its rheo-
logical behavior were carried out by Morrison et al. [121]. The structure of SBS can become
oriented along the direction of shear force. Angelescu et al. [122] demonstrated that the
rate of shearing plays a decisive role for obtaining the molecular alignment. Low shearing
rates allow the molecular chains to arrange in an ordered manner along the shear direction,
while too-high shear rates may cause a disordered arrangement of the intramolecular
structures. It was then shown that for similar temperature, shear orientation requires
less time compared to annealing and generates structures with other defects such as dis-
ruption of grain boundaries and absence of dislocations almost in the shear range [123].
Pujari et al. [124] observed a lamellar structure perpendicular to the substrate when the
self-assembly of BCP was obtained through the application of shear stress to PS-b-PMMA
during annealing. Different structures of BCP such as S, C, and L structures were oriented
through the application of shearing. Davis et al. [125] investigated the morphological
changes of poly(styrene)-b-poly (n-hexyl methacrylate) (PS-b-PHMA) due to application
of shearing and also probed the effect of shearing on different polymer composition (see
Figure 6d for a schematic diagram of the apparatus for applying shear and its results). It
was finally concluded that shear causes orientation along the shear direction, and that for
membranes with varying PS content, the dislocation density is maximum for the membrane
containing the highest amount of PS. The ordering of shear field presents a fresh approach
toward nanostructural adjustment of BCP membrane, which can achieve unprecedented
structural ordering at lower temperatures and under simpler conditions [126,127].

3.2.4. Additives for Regulating Self-Assembly Structure

Researchers also explored various types of substances that can act as electrostatic
additives [128] to regulate the nanomorphology of BCP [129], especially, to obtain some
morphology in narrow interval [130]. Ionic liquid (IL) is a liquid composed of only anions
and cations, with high ionic conductivity, chemical stability, and high thermal stability.
Ionic liquids, when doped into BCP, can selectively complex with the charged blocks and
induce lyotropic phase transitions via strong electrostatic cohesion [131]. Kim et al. [132] im-
pregnated BCP into different ionic liquids to observe the variation in morphologies. It was
demonstrated that the IL, 1-ethyl-3-methylimidazolium p-toluenesulfonate, could induce
the structural transformation of the BCP from L to C morphology at a particular concentra-
tion, and different ILs result in the induction of different morphologies. Later, Bennett [133]
added the IL 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide (EMIM) to
PS-b-PMMA to obtain a phase transition in the following sequence: D→L→G→C→D→S.
IL-induced lyotropic phase transitions of BCP correspond to the single ion-induced phase
transitions, while the role of multicharged ions on the phase transitions have rarely been
reported, although it is easier to obtain strong electrostatic cohesion by multicharged ions.
Polyoxometalate (POM) is a class of polymetallic oxygen cluster compounds formed by
pretransition metal ions linked by oxygen, which has recently been applied for controlling
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the BCP nanostructures [134,135]. Zhang et al. [136] observed a change of an originally
ordered columnar phase structure of the block copolymer into a disordered bicontinuous
phase structure via incorporating Keggin-type POM H4SiW12O40 (SiW) into PS-b-P4VP,
which was due to strong electrostatic cohesion between the POM and P4VP chains.
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Figure 6. (a) In situ AFM images (1.25 × 1.25 µm2) of PS-b-PMMA obtained by thermal annealing
at 180 ◦C and 240 ◦C for 5 min and 80 min, respectively [109]. (b) The cylindrical microdomain
structure of PS-b-P4VP perpendicular to the surface is illustrated by the combination of programmed
temperature rise and fall and SVA [112]. (c) The impact of electric field on the stretching of BCP
molecular chains is illustrated and the microdomains are macroscopically oriented along the electric
field direction in SEM images [116,118]. (d) Schematic diagram of the unidirectional shear force
applied to PS-b-PHMA and TM-AFM phase images of the block nanoscale before and after shear
force application. Scale bar: 500 nm [125].

4. Mass Transport Applications in Energy Conversion of Block Copolymers

BCPs are one of the most important materials for the preparation of nanostructures by
the bottom-up self-assembly method. Self-assembly of BCPs results in well-defined nanos-
tructures with suitable volume fractions as well as Flory–Huggins interaction parameters.
These structures can be used as nanochannels’ template for mass transport. Regulation of
the functional groups and structures of the channels is possible via molecular structure
designing. The channel size can be tuned between 10 to 100 nm and channel density can
reach up to 1011 cm−2. High-resolution nanopatterns can be widely used in the energy
field, such as sensors, memory, battery separator, etc. We concentrate our focus on mass
transport applications of BCP in the energy conversion.
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4.1. Ion Selective Membranes for Concentration Cell

Use of ion-selective membranes for converting osmotic energy into electrical energy
is known as reverse electrodialysis (RED) [137–140]. Concentration cells use this energy
conversion system based on salinity gradient [141–143]. Concentration cells are expected to
solve the current energy crisis [144,145] by converting the salinity-gradient energy between
seawater and river water into electricity [146]. However, the performance of conventional
commercial ion-selective membranes has not been satisfactory due to their high resistance
and low electrical power density. The key in developing salinity-gradient-dependent energy
conversion is the preparation of high-performance ion-selective membranes [147,148]. In
living organisms, ion channels are mainly composed of asymmetric membrane proteins
embedded in lipid layers; these channels are capable of controlling the transport of specific
ions or molecules through the membrane and also participate in various complex life
activities of the human body.

Researchers have been working to imitate nature in order to find high-performance
membrane materials [149]. Different shapes of nanopores comparable to lipid layers
on membranes have been etched by methods known as ion-path etching [150]. Then,
asymmetric nanochannels can be obtained by modifying the charge on the surface of
the nanochannels [151]. Surface charge inside the inner wall of channels is the major
controlling factor of ion transport [152,153]. The surface charge shows ion selectivity
via adsorption of counter ions and repulsion of the co-ions [154], which can be used
for salinity-gradient-driven energy conversion. Due to distinctive and controllable self-
assembly properties, ion-selective membranes based on BCP have been used as separators
in concentration cells [155]. Researchers carried out controlled synthesis of BCP membranes
with different self-assembled structure for ion transportation. The key to improving the
energy conversion efficiency of membranes mainly lies in the construction of ordered [156],
high-density nanochannels having asymmetric chemical composition, pore size, and surface
charges [157].

The common approach toward construction of asymmetric nanochannels is to com-
bine BCP with some pre-existing and well-studied nanochannels. For example, based on
their excellent physical and mechanical properties and dimensional stability, polyethylene
terephthalate (PET) membranes are often fabricated into nanopores of various shapes by
ion-path etching [158]. Zhang et al. [159] added self-assembled positively charged PS48400-
b-P4VP21300 onto the surface of negatively charged PET membrane. The structure of the
hybridized membrane is shown in Figure 7a (left). PS48400-b-P4VP21300 self-assemble into
highly ordered, hexagonally packed pores, and when the pH is below the pKa, the P4VP
chains exhibit a swollen, positively charged, and hydrophilic state. Ion-path-etched PET
membrane contains conical channels. In the hybrid membrane, nanochannels with asym-
metric chemical structure, channel shape and size, and surface charge polarity were formed,
and the resulting membrane showed anion selectivity and ultrahigh ion rectification (rectifi-
cation ratio frec up to 1075). The asymmetric structure of the hybrid membrane increases the
energy conversion efficiency by eliminating the concentration polarization phenomenon to
obtain a power density of 0.35 W m−2 in a 50-fold salinity gradient (Figure 7a (right)).

Wang’s group [160] introduced the strategy of layer-by-layer (LBL) self-assembly to
regulate the channel size and improve the ion transport capacity of the channels. The
PET membrane with bullet-shaped pores was immersed in a mixture of PS-b-P4VP and
homopolymerized polystyrene (h-PS). Then, the BCP and homopolymer was bonded onto
the surface of the PET membrane and the inner surface of the pores by employing the
solvent annealing-induced nanowetting in the template (SAINT) method. The self-assembly
of LBL on the surface of PET membrane and the inner surface of the channel improves the
energy conversion efficiency by reducing the effective pore size. Furthermore, as shown in
Figure 7b, pH value affected the stretching state of the P4VP chains introduced within the
bullet PET channel, leading to pH-responsive behavior of the wettability, ion rectification,
ionic conductivity and ion selectivity of this hybrid membrane. Previous studies have
shown that the performance of the membranes in concentration cell systems is usually pH-
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responsive, while few systems have maintained good ion rectification even in multiple pH
environments. Yang’s group [161] incorporated poly (tert-butyl methacrylate) (PtBuMA)
into the PS-b-P2VP/PET hybrid nanochannels (the structure of the hybrid membrane
is shown in Figure 7c (left)), which hydrolyzes in alkaline solution to produce negative
charges, while the pyridine group in the P2VP block provide positive charges in acidic
conditions. The membrane maintained a high frec (up to 200) with changing pH values
(its rectification properties are shown in Figure 7c (right)). Similarly, Wu’s group [162]
employed the LBL method to graft thermally responsive PBOB-b-PNIPAM (with negative
charge) into PET conical pores (schematic diagram of the synthesis process is shown in
Figure 7d). The frec increased from 1.64 to 10.66 by introduction of the polymer into the PET
hole, while increasing the number of layers resulted in decreasing conductivity and frec.
As wettability and molecular conformation of PBOB-b-PNIPAM in channels depend on
temperature, selective change of ion rectification and conductivity of the channels can be
obtained by changing the temperature.
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Figure 7. (a) Schematic diagram of a hybrid membrane consisting of a pH-responsive BCP membrane
and a PET membrane with tapered pores obtained by ion-path etching and its permeation energy
conversion efficiency [159]. (b) The pH-sensitive ionic conductivity of PS-b-P4VP with h-PS formed
by self-assembly of molecular chain morphology with h-PS within bullet-shaped PET nanopores [160].
(c) The pH-responsive carboxyl groups, pyridine groups on BCP, and carboxyl groups in the PET pores
enable pH-responsive, unidirectional rectification of ions in BCP-PET-laminated membrane [161].
(d) Molecular structures of feedstock polymers and synthetic routes to temperature-sensitive hybrid
films [162].

In addition, one-dimensional (1D) and two-dimensional (2D) hybrid membranes can
also be obtained when BCP is composited with 2D layered nanochannels. 2D nanomaterials
have attracted the interest of researchers due to their simplicity of preparation, ease of
controlling their structure and components, and possibility to extend in a large scale [163].
The unique layered stacking structure of 2D nanomaterials possesses large specific surface
area and can be easily modified with functional groups. For example, MXene, with intrinsic
functional groups between its layers, has received wide interest in the application of concen-
tration cell [164]. Lin et al. [165], in an innovative method, hybridized negatively charged
MXene membrane with positively charged PS-b-P2VP membrane into inhomogeneous
membrane containing asymmetric structure, components, and charges. The ion selectivity
experiment indicated dominant anionic selectivity for the BCP membrane with respect to
MXene. This hybridization resulted in a power density of 6.74 W m−2 at pH = 11.

Beside these commercial BCPs, a newly designed functional BCP has also been devel-
oped. Our group [166] synthesized a UV-sensitive PEO-hv-PChal by ATRP. Introduction
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of o-nitrobenzyl ester as a degradable group between the two blocks resulted in breakage
of this group, leading to the in situ formation of carboxylic acid groups under ultraviolet
light. Self-supporting ordered nanochannels can be prepared by one-step degradation
and cross-linking under the same UV light by employing PEO with good solubility as the
degradation removal phase and the liquid crystal molecule containing chalone group as
the continuous phase (Figure 8a). The size, density, and degree of order of the channels can
be controlled by molecular weight and dispersion of the BCP. Then, we constructed asym-
metric nanochannels by compounding the ordered nanochannels with AAO membrane.
AAO is used by researchers in various fields of research because of its precise, stable, and
un-deformed honeycomb structure with uniform pore size distribution and adjustable aper-
ture. This asymmetric organic–inorganic hybrid membrane owned different channels and
groups. Solution pH controls the ionization states of both the carboxyl group in the PChal
and the hydroxyl group in the AAO pore (the pH-influenced groups within the hybridized
pore channel are shown in Figure 8b). High energy conversion efficiency can be achieved
over a wide pH range due to the synergistic effect of the hybrid nanochannels [167].

Although the above hybridization methods of combining BCP with other organic or
inorganic membranes are able to achieve high rectification ratios or high power densities,
further improvement of their performance is limited by the high internal resistance of
the membrane (membrane thicknesses are often only in the micron range) and weak
adhesion between the heterogeneous membranes. This motivated researchers to search for
a strategy that can achieve high conversion efficiency with low internal resistance of the
membrane. Zhang et al. [168] achieved innovative hybridization of two BCP membranes
composed of different structural units (PEO-b-PChal and PS-b-P4VP) into an ultrathin
ion-selective Janus membrane having only 500 nm thickness (the structure is shown in
Figure 8c). This Janus membrane achieved excellent ion rectification due to asymmetric
chemical structure, geometric aperture structure, and opposite surface charges. The results
show that the P4VP chain in the channel of PS-b-P4VP membrane plays a dominant role
in ion selectivity, making the hybrid membrane anion-selective. However, the operating
conditions of the Janus membrane depend on the state of P4VP chains, as the performance
of Janus membrane is mainly affected by the P4VP chains. Finally, this hybrid membrane
was able to achieve a power density of 2.04 W m−2 in a seawater–river water environment
at pH = 4.3.

However, the ion transport of BCP-based nanochannels is hindered due the resulting
disorder and embedding of functional group distribution originating from disorder due
to chaotic nature of the random coil conformation of P4VP flexible chain in the range
of 1–10 nm, which makes them easy to unwind. This is a limiting factor for the further
improvement of BCP-based nanochannels’ performance. Our group [169] further proposed
hybridization of rigid rod-like-structured PS-b-PPLG onto the prepared PEO-b-PChal
porous membrane. Poly (γ-benzyl-L-glutamate) (PBLG) is a poly(polypeptide) with stable
α-helical rigid structure, and its branched chain makes it easier to modify with ionic liquids
as functional groups. After the introduction of ionic liquid imidazole bromide on the α-
helical rigid-structured PBLG to provide positive charges, this hybrid membrane possesses
nanochannels with asymmetric surface charge and nanostructure (the structure of the
asymmetric nanochannel membrane is shown in Figure 8d). The rigid PPLG segments
exist in a straight chain conformation in the channel, and the arrangement is ordered in
the size range of 1–10 nm, forming hierarchical ordered structures with different sizes.
This method provides a strategy to improve the orderliness of the channel and reduce the
internal resistance of nanochannels.

To further improve the power density of energy conversion, Li et al. [170] demon-
strated a robust mushroom-shaped (with stem and cap) nanochannel array membrane with
an ultrathin selective layer and ultrahigh pore density. The stem parts, negative-charged
1D channels, are prepared from the previous PEO-b-PChal self-assembly with a density of
~1011 cm−2, while the cap parts, positive-charged 3D channels, are formed by chemically
grafted hyperbranched polyethyleneimine. As shown in Figure 8e, the hyperbranched
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polyethyleneimine cap parts as the selective layer are equivalent to tens of 1D nanochannels
per stem. These robust mushroom-shaped nanochannels achieve frec of 17.3 and power
density of 15.4 W m−2 at a KCl solution with 500-fold salinity gradient.
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Figure 8. (a) Structural formula of PEO-hv-PChal molecule which can be degraded and cross-
linked simultaneously under UV light and its self-assembly process [166]. (b) Schematic diagram
of BCP-AAO asymmetric nanochannel membrane structure [166]. (c) Schematic diagram of PS-b-
P4VP nanopore channel and schematic diagram of asymmetrical ultrathin Janus film hybridized
with PEO-b-PChal porous membrane [168]. (d) Schematic diagram of the nanopore channels of
PS-b-PPLG and its hybridization with PEO-b-PChal porous membrane to form a membrane with
asymmetric nanopore channels [169]. (e) Schematic diagram of the molecular chain structure of
PEO-b-PChal and polyethyleneimine and their hybridization to form mushroom-like asymmetric
nanopore channels [170].

The SNIPS method also gives a new perspective for the preparation of monolayer
asymmetric membrane. Koo et al. [171] combined SNIPS with a thermodynamic method for
controlling the growth process of nanochannels in the membrane to achieve an asymmetric
porous PS-b-P2VP membrane. The porous BCP membrane formed by the SNIPS method
can spontaneously form asymmetric nanopore channels with dense nanopores on the sur-
face and spongy and looser micropores inside. Parameters such as membrane thickness can
also be controlled by thermodynamic methods. In addition, the P2VP channels can be made
positively charged by quaternization, which imparts anion selectivity into the membrane
and reduces the pore dimensions. Connecting a large number of salinity-gradient cells with
PS-P2VP membranes can be used for the operation of small electronic devices.

Xie et al. [172] exploited a new method for the utilization of BCP in the construction of
nanochannels: the nanochannels can be regulated by utilizing and modifying the different
chemical properties of each block of BCP as a template. Different hydrophilic properties
of PEO and PPO in triblock copolymer Pluronic F127 were used as soft templates to
synthesize 1D anisotropic carbon-ordered mesoporous nanowires (CMWs). Then, dense
CMWs membranes (with negative charge) were synthesized on porous AAO membranes
(with positive charge) by the vacuum filtration method. In the CMWs membrane, ions
can pass through the 3D interconnected channels formed by the gaps of these CMWs.
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Therefore, the prepared asymmetric hybrid membranes possess asymmetric chemical
components, nanostructures, and surface charges, and the membrane exhibited excellent
cation selectivity.

4.2. Ion Exchange Membranes for Fuel Cell

A fuel cell is a device capable of converting chemical energy from fuels (such as
methanol, ethanol, pure hydrogen, natural gas, and gasoline) and directly oxidizing it
into electrical energy through an electrochemical reaction [173,174]. It has the advantages
of high efficiency, no toxic gas emission, and no pollution, and is regarded as the most
promising way for generation of electricity [175,176]. For example, in hydrogen fuel cell,
the basic principle is the reverse reaction of water electrolysis, where hydrogen and oxygen
are supplied to the anode and cathode, respectively. After outward diffusion of hydrogen
through the anode, it reacts with the electrolyte to release electrons which then reach
the cathode through external load. Electrolyte diaphragm is an important part of fuel
cells [177]. Its main function is to conduct ions while keeping the oxidizer and reducing
agent separate [178]. The ion transport occurs through the groups present in the membrane-
forming material, through the combination and separation of ions, and via forming a strip
of ion channels [179]. For example, proton-exchange membranes usually have some strong
electrolyte groups such as sulfonic acid radical that can easily bond with the protons [180].
Protons can easily bond with the groups and release, allowing the protons to pass through
the membrane to form a current without direct contact between the positive and negative
oxidizers and the fuel. Similarly, the function of cation-exchange membrane [181] and
anion-exchange membrane is to allow the cations or anions to pass through, forming a
current, while blocking positive and negative oxidizer and fuel. The principle is based on
the selective permeability of ion-exchange membranes [182].

A proton-exchange membrane fuel cell is a new type of fuel cell with high efficiency
and low pollution [183,184]. Proton-exchange membrane (PEM) [185], also known as
polymer electrolyte membrane, is a very thin, rigid, plastic-like polymer material with
proton conductivity that can be used to replace conventional liquid electrolytes [186,187].
The biggest challenge of PEM is to improve ionic conductivity and thermal stability without
compromising the mechanical strength [188–190]. Inspired by the common BCP structures
having rigid blocks as the skeletal support and flexible blocks as ion conductors, BCPs are
usually used as precursors for nanostructured polymer materials [191].

The bicontinuous phase of self-assembled BCP has attracted much attention. There are
two separate and mixed structures, the domain is throughout the material structure, it has
a very high interfacial area and connectivity, and it is advantageous to the ion transport in
the membrane. However, bicontinuous phase in the phase diagram has a relatively narrow
interval, and it is difficult to achieve by controlling the molecular weight and proportion.
Doping of other molecules to regulate the interaction forces is a good strategy to regulate
the self-assembled structure of BCP. Electrostatic interaction between IL [192,193] and BCP
is a promising pathway to induce BCP to form a bicontinuous phase. Morgan et al. [194]
used 1-butyl-3-methylimidazolium bis (trifluoromethylsulfonyl) imide (BMITFSI) to induce
the self-assembly of AB-type diblock copolymer PS-b-PEO. BMITFSI is immiscible with
PS, and it enters the PEO block to induce the separation of PS-b-PEO assembly into a
bicontinuous phase (the bicontinuous phase structure is shown in Figure 9a). Additionally,
as shown in Figure 9a, IL also reduces the intermolecular forces between the polymer
chains to enhance the fluidity of polymer chain, improves the ionic transport property of
the membrane, and affects the free volume and flexibility of the membrane, improving the
conductivity and electrochemical stability of the membrane.

It has also been found that in spite of IL, POM is also used to induce BCP to establish
a bicontinuous phase structure. Zhang et al. [195] induced the transition of an AB-type
diblock copolymer PS-b-P2VP from layered structure to bicontinuous phase structure using
H4SiW12O40 (SiW) (the structural transformation process is shown in the top diagram
of Figure 9b). POM in BCP plays the role of electrostatic morphology control system,
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improves the plasma conductivity, and also plays the role of nanointensifier for improving
the modulus. Ultimately, as shown in the lower graph of Figure 9b, POM increased the
proton conductivity σ and Young’s modulus of the bicontinuous structured material at
room temperature by 0.1 mS cm−1 and by 7.4 G Pa, respectively. Zhai et al. [196] introduced
H3PW12O40 (PW) into the synthesized ABA-type triblock copolymer PVP-b-PS-b-PVP. As
shown in Figure 9c, weak electrostatic interactions between PW and PVP units induced the
BCP to form a three-dimensional continuous-charged domain (for ionic conduction) and
an inverse cylindrical phase structure with embedded neutral domains (for mechanical
support). The nanocomposite corresponding to this configuration was shown to be a novel
PEM with proton conductivity σ of 1.32 mS cm−1.
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Figure 9. (a) BMITFSI induces PS-b-PEO to form a bicontinuous phase microdomain structure and
enhances the elastic modulus E’ and conductivity σ of PS-b-PEO [194]. (b) The electrostatic interaction
between SiW and PS-b-P2VP induces the formation of a bicontinuous phase favorable to proton
conduction, leading to an increase in proton conductivity and Young’s modulus [195]. (c) PW induces
PVP-b-PS-b-PVP by electrostatic interaction to form a proton-conducting continuous phase with
cylindrical, mechanically enhanced phase with great proton-conduction advantage [196].

The alkaline fuel cell composed of anion exchange membrane (AEM) is similar to
the PEM fuel cell in terms of mechanism and complete reaction equilibrium [197], but the
electrode reaction is different from that of the PEM fuel cell, as the reaction takes place
under alkaline conditions. Alkaline fuel cells have distinct advantages: the cost of fuel cell
production can be reduced by some inexpensive catalysts such as iron and nickel [198,199];
liquid fuels such as methanol and ethanol that can be stored and transported easily are
used [200]; and the corrosion of metal catalysts is less than that of acidic environment,
prolonging the fuel cell life [201]. AEMs are the critical components of alkaline fuel
cells. Their ionic conductivity and stability under alkaline environments are critical to the
performance of alkaline fuel cells [202,203]. Microstructure of the polymer determines the
material performance, and the design of a customized AEM with a rational structure is
essential for the production of high-performance alkaline fuel cells [204,205].

Sulfonated poly (styrene-ethylene-butylene-styrene) copolymer (SEBS) is a promising
diaphragm material, having high thermal and chemical stability, adjustable mechanical
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properties, and good proton conductivity and cost-effectiveness [206–208]. S-SEBS-g-MA
AEM was prepared by grafting sulfonic acid and maleic anhydride to form ion channel
for improvement of ion conductivity [209] (Figure 10a). From electrochemical analysis, as
shown in Figure 10a (right), the modified membranes showed increased ionic conductivity,
ionic exchange capacity (IEC), and water absorption, all of which were higher than those of
the conventional commercial Nafion 117 membrane. These results suggest that modified
AEMs based on BCPs such as SEBS can have comparable potential as AEMs with respect to
the commercial Nafion 117.

Polyolefin-based AEMs exhibit good alkali resistance and have great potential for
mass production due to their easy processability and low cost [210,211]. In the anionic poly-
merization, the chemical composition, molecular weight, and conformational distribution
of the products can be controlled during the process of polymer synthesis. Polyisoprene-
b-poly(4-methylstyrene) (SCP) AEMs with a star topology and improved properties were
prepared (see Figure 10b left diagram for SCP-AEM structural formula) through anionic
polymerization by Pan et al [212]. This star-shaped structure is a head-to-head cross-linked
structure. The conductivity and low water absorption and alkaline stability of AEM can
be significantly improved through functionalization such as bromination and quaternary
ammonium near the “star-shaped”, nucleus resulting in the construction of continuous
ion transport channels (AFM phase diagram is shown in Figure 10b (middle)). The IEC
and hydroxide conductivity of the functionalized AEM can reach 2.15 mmol g−1 and
68.1 mS cm−1, respectively. With increasing current density, maximum power density of
the fuel cell reaches 120.2 mW cm−2. This method provides a new approach to enhance the
performance of AEM by taking advantage of the customizable structural properties of BCP.
The conductivity and basic stability of AEM can be improved by placing the functional
groups that can build continuous ion channels and the chain segments that are easily
attacked by hydroxide in the inside structure of BCP by structural design.
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Figure 10. (a) Molecular structure formula of S-SEBS-g-MA AEM and its AFM phase image. Com-
pared with AEM formed by grafting different molecular chains and Nafion 117, S-SEBS-g-MA AEM
has the superior ionic conductivity and IEC performance [209]. (b) Molecular structure and AFM
image of AEM-SCP membrane and its anion conductivity versus swelling ratio [212].
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4.3. Battery Separator for Rechargeable Batteries (e.g., Lithium-Ion Batteries)

Among commercially implemented rechargeable batteries, high specific energy and
stable cycling performance have resulted in the broad applications of lithium-ion batteries
(LIBs) [213,214] in cell phones, notebook computers, electric vehicles, and grid energy
storage, with prospects for further development. However, the performance and safety of
lithium-ion batteries still need improvement [215,216]. As a key component, lithium ions
transfer between the positive and negative electrodes during the charging and discharging
process and are controlled by a battery separator, which in turn controls the efficiency of
the lithium-ion battery [217,218]. An important parameter characterizing the migration of
lithium ions is t+, which is defined as the ratio of Li+ migration rate to that of the migration
of all ions in the electrolyte for a lithium-ion battery [219,220]. In liquid electrolytes, t+
is normally below 1, with the general value being between 0.3 and 0.4 [221]. Traditional
LIBs commonly used organic solvent-resistant, high-strength porous polyolefin membrane
as a battery separator, which has good chemical stability and mechanical stability, but
the thermal stability is poor. During heat build-up and rise of temperature inside the
battery, the diaphragm can melt, which results in a short-circuit between the positive and
negative terminals, causing an accident [222]. In recent years, there have been frequent
safety accidents concerning LIBs, which seriously threaten the safety of human life and
limit the application prospects of LIBs. Researchers are committed to finding ways to
improve the safety of LIBs [223,224], especially by enhancing the thermal stability of the
battery diaphragm to prevent accidents.

Researchers have employed polymer membranes with higher melting points and good
thermal stability, such as polyimide, cellulose, and PSF, to replace traditional polyolefin
materials, which has shown primary results regarding enhancement of thermal stability
of LIBs. Yang et al. [225] studied PSF-b-PEG, a BCP composed of PSF and hydrophilic
polyethylene glycol PEG, as a diaphragm for LIBs (diaphragm structure and lithium-
ion transport process are shown in Figure 11a). This BCP has the following advantages:
high thermal stability of PSF, strong affinity for the liquid organic electrolytes, and good
complexation ability of PEG toward lithium salts, allowing for transport of lithium ions,
which greatly improves the lithium-ion conductivity. In addition, presence of benzene ring
and ether bond on the PSF chain of PSF-b-PEG provides rigidity and flexibility, performing
good mechanical strength. A strong interaction force between the two blocks results in
good mechanical stability for PSF-b-PEG during the formation of membrane and channels,
resulting in no ion channel blockage. As is shown at Figure 11b,c, PSF-b-PEG has been
tested to be comparable to commercial polypropylene Celgard 2400 membranes, both with
respect to thermal stability and porosity at 380 ◦C, but the PSF-b-PEG membranes have
additional advantages of much higher wettability, mechanical strength, and electrolyte
absorption than Celgard 2400. During the tests in the temperature range of 75 ◦C to 150 ◦C,
PSF-b-PEG membranes consistently maintained relatively low thermal shrinkage, ensuring
the safety of LIBs. Additionally, at temperatures higher than 125 ◦C, the channels of PSF-
b-PEG membrane will automatically close due to thermal annealing, switching “off” the
working state of the battery diaphragm, and during the process of channels closure, there
will not be any change of membrane size, ensuring the safety of LIBs.
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Figure 11. (a) Molecular structure of PSF-b-PEG membrane and its selective swelling application in
lithium-ion transport. Compared to the Celgard 2400 diaphragm, PSF-b-PEG membrane exhibits
exceptional electrolyte uptake performance (b) and thermal stability (c) [225].

Even after using thermally stable diaphragms, safety accidents cannot be eliminated
at the root, and liquid organic electrolytes still have safety hazards [226]. Solid polymer
lithium-ion batteries, which use solid polymer electrolytes (SPE) instead of traditional
liquid electrolytes [227], are safer than traditional liquid LIBs and will gradually become
the mainstream of LIBs by replacing the traditional liquid LIBs [228,229]. The ion channels
of SPE should be perpendicular to the electrode surface to facilitate ion transport [230].
BCP electrolytes (BCPEs) are one of the most attractive alternatives to traditional liquid
electrolytes in LIBs, as they can improve thermal and mechanical stability while maintaining
ionic conductivity.

In general, rigid blocks are used as the skeleton support to provide mechanical strength,
whereas flexible blocks are used to enhance ionic conductivity. PEG has been widely used in
LIBs but has associated problems such as low ionic conductivity, poor mechanical strength,
and narrow electrochemical window, which can be improved by reintroducing rigid blocks.
Lin et al. [231] utilized cross-linking copolymerization reactions of flexible PEG blocks and
rigid hexamethylene di-isocyanate trimer (HDIt) blocks in different ratios to synthesize
a series of new BCPEs, named PH-BCPE, with 3D networks (see Figure 12a (left)). It has
been experimentally demonstrated that the ratio of two blocks R (nPEG/nHDIt) can be a
controlling factor for the performance of PH-BCPE. By increasing the proportion of flexible
PEG blocks (elevation of R value), the ionic conductivity of PH-BCPE can be increased
(as shown in Figure 12a (middle)) and the interfacial resistance with the electrode can be
decreased, whereas increasing the proportion of rigid HDIt blocks (decrease in R value)
can improve the electrochemical window (as shown in Figure 12a (right)) and mechanical
strength of PH-BCPE. Finally, the ionic conductivity of obtained PH-BCPE resulted in
an ionic conductivity up to 5.7·10−4 S cm−1, t+ value of 0.49, and wide electrochemical
window up to 4.65 V (vs. Li+/Li).

To achieve a BCPE with high mechanical stability and ionic conductivity, He et al. [232]
employed RAFT polymerization to synthesize a difunctional P(DBEA-co-MA)-b-PEG which
consists of the UV-cross-linkable block P(DBEA-co-MA) and suspended PEG chains (the
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network structure is shown in Figure 12b). The mechanical strength can be improved
due to the presence of tethered double bonds in P(DBEA-co-MA) which can form a cross-
linked network, while the suspended PEG molecular chains with low-crystallinity can
increase molecular mobility and reduce chain entanglement to improve ionic conductivity.
The interfacial resistance between the electrode and P(DBEA-co-MA)-b-PEG-SPE can be
reduced from 5500 Ω cm2 to 100 Ω cm2 compared to the conventional PEO-SPE. The cycle
stability of the battery is doubled, and the battery can be cycled for more than 700 h at 22 ◦C,
showing significant improvement of durability. Using bis (trifluoromethane) sulfonimide
lithium salt (LITFSI) as the ion carrier, the final value of t+ was calculated to be 0.35.

Among the various forms of BCP, cylindrical (C) pore channels have been applied,
though the lamellar (L) structures possess higher f values and theoretically higher ionic
conductivity than C, but L has been explored very little. Liu et al. [233] employed an
intermediate layer of azobenzene to synthesize a series of tablet-b-bottlebrush (TB) BCP
electrolytes (Figure 12c). The liquid crystal polymer segments can form nanopores in a
directional and rapid manner after solvent thermal annealing and the presence of polyethy-
lene oxide (PEO) side chains leads to increasing electrical conductivity. The performance of
electrolyte membrane with a thickness of 200 mm or more prepared by this method is supe-
rior to other spin-coated nanoscale membrane. The final synthesized SPE also possesses an
ionic conductivity of 2.19 mS cm−1 at 200 ◦C, along with superior thermal stability.
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structure. R has a decisive effect on the ionic conductivity and electrochemical window of PH-
BCPE [231]. (b) Synthesis of P(DBEA-co-MA)-b-PEG with 3D cross-linked network structure [232].
(c) TB-BCPEs were synthesized by tandem polymerization and have a lamellar structure favorable
for ion transport [233].
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5. Conclusions

The self-assembly behaviors of BCP can be regulated by mastering the molecular
structure, solvent type, concentration of polymer solution, nonsolvent, external environ-
mental conditions, and additives. Additionally, the self-assembly behaviors of BCP can
precisely control the structure of BCP at the nanoscale. Moreover, due to their unparalleled
surface-controllable and nanostructure-controllable properties, BCP can be introduced into
a broad spectrum of applications. This review covers advancements in block copolymers for
the optimization of energy conversion in novel batteries. The integration of BCP into new
energy sources such as concentration cells, fuel cells, and lithium-ion batteries can improve
energy conversion efficiency while sustaining high performance, which is unachievable
with classical materials.

In spite of the attractive options provided by BCP in enhancing energy conversion
efficiency, for new energy devices, there is still considerable work to be done to make them
competitive with existing technologies in terms of performance and cost. The first challenge
is to utilize novel materials for the synthesis of block copolymers with new and superior
structures and properties. The materials currently used to synthesize block copolymers
are conventional polymeric materials, and it is critical to explore new materials as well
as new structures for BCPs. This becomes potentially changing as more applications are
discovered. The second challenge is how to precisely tune the interface during self-assembly
to tailor BCPs with absolutely precise nanostructures on demand. In many cases, different
disciplines are not well-integrated, and perhaps the collision of different sciences will
bring chances for precise tuning of BCPs. Finally, due to the constraints of the established
technology platform and cost issues, the research on BCP-based composites is still at the
primary stage of laboratory research rather than large-scale commercial application. This
requires not only a change in technology, but also a long process of financial investment
and training of personnel. Certainly, all of these bottlenecks are common barriers to
the implementation of new technologies, and the future is still bright with the endless
possibilities of BCP. We are convinced that block copolymers can enable a new era of energy
conversion; the question is not if, but when.
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Abstract: The crystallization behavior of random propene-octene isotactic copolymers (iPPC8) pre-
pared with a homogeneous metallocene catalyst has been studied. Samples of iPPC8 with low octene
content up to about 7 mol% were isothermally crystallized from the melt at various crystallization
temperatures. The samples crystallize in mixtures of the α and γ forms of isotactic polypropylene
(iPP). The relative amount of γ form increases with increasing crystallization temperature, and a max-
imum amount of γ form (fγ(max)) is achieved for each sample. The crystallization behavior of iPPC8
copolymers is compared with the crystallization from the melt of propene–ethylene, propene–butene,
propene–pentene, and propene–hexene copolymers. The results show that the behavior of iPPC8
copolymers is completely different from those described in the literature for the other copolymers
of iPP. In fact, the maximum amount of γ form achieved in samples of different copolymers of iPP
generally increases with increasing comonomer content, while in iPPC8 copolymers the maximum
amount of γ form decreases with increasing octene content. The different behaviors are discussed
based on the inclusion of co-monomeric units in the crystals of α and γ forms of iPP or their exclusion
from the crystals. In iPPC8 copolymers, octene units are excluded from the crystals giving only the
interruption effect that shortens the length of regular propene sequences, inducing crystallization
of the γ form at low octene concentrations, lower than 2 mol%. At higher octene concentration, the
crystallization of the kinetically favored α form prevails.

Keywords: isotactic polypropylene; copolymers; metallocene catalysts; role of defects excluded
from crystals

1. Introduction

Copolymerization of propene with other α-olefins of different chain lengths to isotactic
random copolymer is a well know strategy to modify the molecular structure and physical
properties and mechanical behavior of isotactic polypropylene (iPP) and expand the pos-
sible applications of iPP [1–3]. The introduction of constitutional defects as comonomers
of different sizes into polypropylene chains produces, generally, a decrease of melting
temperature and density, resulting in higher clarity and an improvement of flexibility and
ductility of iPP [1,4]. The efficient change of the mechanical properties depends on the
size and concentration of the comonomer, and, in general, on the type of the incorporated
defect. Therefore, understanding the effect of different defects on the crystallization and
mechanical properties of iPP allows for a controlled modification of properties [4,5].

The effect of comonomers on the crystallization behavior of iPP and crystallization of
the different polymorphic forms has been extensively investigated in samples prepared
either with heterogeneous Ziegler–Natta catalysts [6–33] or homogeneous metallocene
catalysts [34–93]. These studies have shown that modification of mechanical properties of
iPP, as the deformation behavior, depends mostly on the crystallization of α and γ forms.

The α form is the stable form of iPP and generally crystallizes in the common condi-
tions of crystallization from solution or from the melt and in fibers [5,94].
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In standard highly stereoregular samples of iPP synthesized with heterogeneous
Ziegler–Natta catalysts, the γ form has been observed only in low molecular mass sam-
ples [95], in copolymers of iPP with various comonomers [6], and by crystallization at high
pressures [96–100].

The discovery of single-center homogeneous metallocene catalysts [101–103] allowed
the synthesis of homogeneous samples of iPP that crystallize easily into the γ form in com-
mon conditions of crystallization at atmospheric pressure in samples of high molecular
mass [104–115] and in random copolymers of iPP [34–93]. In fact, the γ form that crystallizes
in iPP samples is characterized by chains containing defects of stereoregularity (as rr triads) or
regioregularity (for instance 2,1 secondary propene units) [104–115], and constitutional defects,
such as comonomers [34–93]. In these defective samples of iPP and in its copolymers with
various comonomers, the γ form generally crystallizes in mixture with α form, and the rela-
tive amount of γ form increases with increasing the concentration of stereo-defects [104–112],
regio-defects [115], and of comonomeric units [34–93]. In these conditions, and in the special
case of copolymers, the crystallization of the γ form significantly modifies the mechanical
behavior of iPP [1,4,75,78,86–92,116–120].

The easy crystallization of γ form in metallocene-based iPP and copolymers is related
to the shortening of the length of the regular isotactic propene sequences due to the presence
of defects randomly distributed along the chains generated by the catalyst. In fact, it is
known that the crystallization of γ form is induced by short regular propene sequences,
that is, when iPP chains contain any type of defect that interrupts the regular propene
sequences [52,72,74,107,110]. The crystallization of α form is instead preferred when the
regular propene sequences are very long, which are generated when the content of defects
is low or when defects are segregated in blocks of the macromolecules [110,111,113,114].

In general, for iPP samples and iPP-based copolymers synthesized with heteroge-
neous multi-site Ziegler–Natta catalysts, the distribution of defects (and comonomeric units)
along the macromolecules is not random, but they are segregated in blocks of the macro-
molecules [113,114,121,122]. Moreover, copolymer chains are characterized by mixtures
of different macromolecules that may have different composition and type of distribution
of the comonomers along the chains [123,124]. Therefore, in these systems, the regular
propene sequences are generally much longer, giving crystallization of α form even for high
concentration of defects. The nonrandom distribution of comonomers along the chains of
Ziegler–Natta copolymers and the presence of other types of microstructural defects have
so far prevented the study of the effect of a single comonomeric unit on the crystallization
behavior and physical properties of iPP.

Copolymers of iPP and iPP homopolymer prepared with single-center metallocene
catalysts are instead characterized by a more homogeneous molecular structure with a
perfectly random and uniform distribution of molecular defects along the chain. Therefore,
even a low content of defects decreases the length of the regular propene sequences,
inducing the crystallization of the γ form [107,110,111,115].

The crystallization of α and γ forms depending on the different molecular struc-
ture and architecture has a great influence on the physical and mechanical properties of
iPP [4,5,75,88–92,110,116–119]. Therefore, in general, the molecular architecture and topol-
ogy of copolymers, from standard random to block or multiblock copolymers, greatly
affects the crystallization behavior and properties of polymers because of the different
length of crystallizable sequences [123–133].

The random distribution of defects and comonomers along the macromolecules allows
considering iPPs and its copolymers synthesized with metallocene catalysts as model
systems for the crystallization behavior of iPP, which is defined by the average length of
the regular propene sequences that is directly related (inversely) to the concentration of
defects [110]. Since the crystallization behavior of iPP depends on the length of regular
propene sequences, the inclusion of defects in the crystals or their exclusion from the
crystals plays a fundamental role. The inclusion of defects in the crystals gives longer
crystallizable propene sequences, even for high concentrations of defects, whereas exclu-
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sion produces a shortening of the regular propene sequences [72,74,93,110]. This aspect
is particularly relevant in the case of iPP-based copolymers with different α-olefins, as
different comonomeric units may or may not be incorporated in the crystals of α or γ forms,
depending on the size of comonomers and their compatibility with the crystal structures
of the α and γ forms. In this context, detailed studies of the crystallization behavior and
properties of copolymers of iPP with ethylene, butene, pentene, and hexene prepared
with metallocene catalysts have been reported in the literature [34–93]. However, all these
comonomers (ethylene, butene, pentene, and hexene) are in part included in the crystals
and in part excluded from the crystals of α and γ forms, and their degree of inclusion and
the partitioning of defects between the crystalline and amorphous phases have been also
evaluated by solution and solid-state 13C NMR and ab initio calculations [51,61,108,109].
Therefore, only the effect of comonomers included in the crystals or only the effect of
comonomers excluded from the crystals cannot be understood yet.

This paper reports an analysis of the crystallization behavior of isotactic propene-
octene copolymers (iPPC8) synthesized with a metallocene catalyst. Octene units are
completely excluded from the crystals of both α and γ forms, therefore, we aim at clarifying
the specific effect of defects excluded from the crystals on the crystallization behavior of iPP.
The crystallization behavior of iPPC8 copolymers is compared with those of copolymers of
iPP with ethylene, butene, pentene, and hexene. The effect of the octene units excluded
from the crystals on the crystallization of α and γ forms of iPP is analyzed and compared
to those of the different mentioned comonomers that are partially included in the crystals
of α and γ forms with a different degree of incorporation.

2. Materials and Methods

Propene–octene isotactic copolymers (iPPC8) were prepared with the metallocene
catalyst of Scheme 1 [134] in combination with methylalumoxane (MAO) (from Lanxess,
Cologne, Germany), as reported in ref. [79]. The used catalyst is highly isospecific in both
homo- and copolymerizations, and the iPPC8 copolymers result in being highly isotactic
and contain very low amounts of defects of stereoregularity and regioregularity, with only
about 0.2 mol% of 2,1-eryhro propene units [134] (Table 1). Moreover, octene incorporation
does not affect the molecular mass, and all samples present high values of molecular mass
(Table 1).
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Table 1. Feed (mL octene) and copolymer composition (mol% octene), melting temperature of
as-prepared samples (Tm), molecular mass (Mw), and dispersity (Mw/Mn) of iPPC8 copolymers [79].

Sample Feed
(mL Octene)

Composition
(mol% Octene) Tm (◦C) a Mw

b Mw/Mn
b

iPPC8-1 1 1.9 132.5 398,576 2.1
iPPC8-2 4 4.3 114.4 257,274 2.0
iPPC8-3 6 7.1 91.8 302,205 2.1
iPPC8-4 7 10.3 72.6/53.2 252,380 2.1
iPPC8-5 8 12.8 47.3 230,985 2.0
iPPC8-6 10 15.9 44.9 225,750 2.0

a Determined from DSC heating curves recorded at 10 ◦C/min. b Determined by GPC.

The composition and comonomer distribution were determined by 13C NMR
analysis [135,136] (Table 1). All spectra were obtained using a Bruker DPX-400 spectrome-
ter operating in the Fourier transform mode at 120 ◦C at 100.61 MHz (Bruker Company,
Billerica, Massachusetts, USA). The samples were dissolved with 8% wt/v concentration in
1,1,2,2-tetrachloroethane-d2 at 120 ◦C. The carbon spectra were acquired with a 90◦ pulse
and 12 s of delay between pulses and CPD (WALTZ 16) to remove 1H-13C coupling. About
1500–3000 transients were stored in 32 K data points using a spectral window of 6000 Hz.
For all copolymer samples, the peak of the propene methine carbon atoms was used as
an internal reference at 28.83 ppm. The resonances were assigned according to ref. [135],
and the 1-octene concentrations in the copolymers were evaluated from the constitutional
diads PP, PO, and OO concentration (P = propene, O = octene). The NMR analysis showed
that all the copolymers present a statistical distribution of comonomers (r1 × r2 ≈ 1) and
homogeneous intermolecular composition.

The molecular masses and the dispersity were determined by gel permeation chro-
matography (GPC), using a Polymer Laboratories GPC220 apparatus equipped with a
differential refractive index (RI) detector and a Viscotek 220R viscometer (Agilent Company,
Santa Clara, CA, USA), on polymer solutions in 1,2,4-trichlorobenzene at 135 ◦C.

The calorimetry measurements were performed with differential scanning calorimeter
(DSC) Mettler Toledo DSC-822 (Columbus, OH, USA) performing scans in a flowing N2
atmosphere and a scanning rate of 10 ◦C/min.

X-ray powder diffraction profiles were recorded with Ni filtered Cu Kα radiation by
using an Empyrean diffractometer (Malvern Panalytical, Worcestershire, UK), performing
continuous scans of the 2θ Bragg angle from 2θ = 5◦ to 2θ = 40◦.

All samples of iPPC8 copolymers were isothermally crystallized from the melt at
different crystallization temperatures (Tc). Powder samples were melted at 200 ◦C and kept
for 5 min at this temperature in a N2 atmosphere. They were then rapidly cooled to the
crystallization temperature, Tc, and kept at this temperature, still in a N2 atmosphere, for a
time long enough to allow complete crystallization at Tc. After the complete crystallization,
the samples were quenched to room temperature and analyzed by X-ray diffraction and
DSC. In the various isothermal crystallization experiments, the crystallization time is
different depending on the crystallization temperature. The crystallization time necessary
to have complete crystallization was evaluated by recording the crystallization exotherms in
DSC and evaluating the crystallization kinetics. The crystallization time is about 2 h for low
crystallization temperatures and about 2 weeks for the highest crystallization temperatures.

The degrees of crystallinity (xc) were determined from the powder diffraction profiles
by the ratio between the crystalline diffraction area (Ac) and the area of the whole diffraction
profiles (At = Ac + Aam), xc = (Ac/At) × 100. The area of the crystalline phase (Ac) has been
determined subtracting a baseline and the scattering halo of the amorphous phase (Aam)
from the whole diffraction profile. For iPPC8 copolymer samples with low comonomer
concentration, the amorphous halo has been obtained from the X-ray diffraction profile
of a sample of atactic polypropylene. For iPPC8 copolymer samples with high octene
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concentration, the amorphous halo has been obtained from the X-ray diffraction profile of
the amorphous sample iPPC8-6 with the highest octene concentration (15.9 mol%).

In samples that crystallize in mixtures of α and γ forms, the weight fraction of crystals
of γ form fγ, with respect to that of the α form, was evaluated from the intensity of the
(117)γ reflection at 2θ = 20.1◦ of the γ form, with respect to that of the (130)α reflection at
2θ = 18.6◦ of the α form, as the ratio: fγ = 100× (I(117)γ/[I(117)γ + I(130)α]). The in-
tensities of (117)γ and (130)α reflections were measured from the area of the corresponding
diffraction peaks above the diffuse amorphous halo in the X-ray powder diffraction profiles.
The amorphous halo was obtained as described above. Next, it was scaled and subtracted
to the X-ray diffraction profiles of the melt-crystallized samples. This method was applied
to samples of iPPC8 copolymers of low octene concentrations that present X-ray diffraction
profiles with well-defined and separated (117)γ reflection at 2θ = 20.1◦ of the γ form and
(130)α reflection at 2θ = 18.6◦ of the α form. For samples with high octene concentrations
that crystallize from the melt in disordered modifications of γ form intermediate between
the α and γ forms [112], the structural disorder reduces the intensities of both (130)α and
(117)γ reflections, and in limit of high degree of disorder in the γ crystals, both (130)α and
(117)γ reflections disappear. In these cases, the absence of the (130)α and (117)γ reflections
prevents the application of the method based on the intensities of the (130)α and (117)γ
reflections, and the amount of γ form has been evaluated using the method described
in ref. [112], based on the simulation of the diffraction profiles by calculating the X-ray
diffraction as the sum of the contributions of the diffraction of crystals of α form and of
the diffraction of disordered crystals of γ form. The amount of γ form in the mixture
of α crystals and disordered crystals of γ form corresponds to that which gives the best
agreement between experimental and calculated diffraction profiles.

3. Results and Discussion

The X-ray powder diffraction profiles of as-prepared (precipitated from the polymer-
ization solution) samples of iPPC8 copolymers are shown in Figure 1. The values of the
degree of crystallinity evaluated from the diffraction profiles are also shown in Figure 1.
The corresponding DSC heating curves are reported in Figure 2A. These data indicate that
the presence of octene produces a decrease of crystallinity and melting temperature with
increasing octene concentration from xc = 41% and Tm = 132 ◦C of the sample with 1.9 mol%
of octene down to xc = 5% and Tm = 45 ◦C of the sample with 15.9 mol% of octene. For
octene concentrations higher than 16 mol%, the copolymers do not crystallize any more.

It is apparent that samples with octene content up to about 12 mol% crystallize in the
α form, as indicated by the presence in the diffraction profiles a–d of Figure 1 of the (110)α,
(040)α, and (130)α reflections at 2θ = 14.1, 17.0, and 18.6◦, respectively, of the α form of iPP,
and the absence of the (117)γ reflection at 2θ = 20.1◦ of the γ form. The diffraction profiles
of samples with octene concentration higher than nearly 12 mol% present a diffuse halo
with some shoulders or very weak and broad diffraction peaks (profiles e, f of Figure 1).
This indicates that these samples are basically amorphous. In the sample iPPC8-5 with
12.8 mol% of octene (profile e of Figure 1), very small and broad reflections are indeed still
observed at 2θ ≈ 14, 17, and 21◦, corresponding to the (110)α, (040)α, and (111)α reflections
of the α form, and the amorphous scattering of the sample iPPC8-6 with 15.9 mol% of octene
is clearly asymmetric with a broad peak at 2θ = 14◦ (profile f of Figure 1). This indicates
that in the samples iPPC8-5 and iPPC8-6, a very small residual crystallinity (xc = 10 and
5%, respectively), which can be attributed to disordered crystals of the α form, is still
present [79]. This is also demonstrated by the DSC heating curves e and f of Figure 2A,
which still present endothermic peaks at about 47 and 45 ◦C [79].

The DSC curves of the iPPC8 copolymers recorded during cooling from the melt are
reported in Figure 2B. It is apparent that the crystallization temperature and enthalpy
decrease with increasing octene concentration, and the samples iPPC8-5 and iPPC8-6 with
12 mol% and 15.9 mol% of octene do not crystallize by cooling from the melt. In the curves
e and f of Figure 2B, only very small and broad exothermic signals are visible at very low

197



Polymers 2022, 14, 4032

temperature of nearly −10 ◦C. The DSC cooling curves recorded at low cooling rates of
2.5 ◦C/min (data not shown) are very similar to those of Figure 2B. The low crystallinity that
these two samples show in the as-prepared specimens (profiles e and f of Figures 1 and 2A)
is due to further crystallization upon aging at room temperature.
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Figure 1. X-ray diffraction profiles of as-prepared samples of iPPC8 copolymers of the indicated
octene concentration (a–f). The (110)α, (040)α, and (130)α reflections at 2θ = 14◦, 17◦, and 18.6◦,
respectively, of the α form of iPP and the values of the degree of crystallinity xc are indicated.

These data indicate that the γ form of iPP does not crystallize in these iPPC8 copoly-
mers, even at high octene concentrations. Instead, this occurs in copolymers of iPP with
ethylene (iPPC2) [72], butene (iPPC4) [72,81,92], pentene (iPPC5) [82,90,91,93], and hex-
ene (iPPC6) [68,69,74,77]. Moreover, Figure 1 also indicates that the trigonal δ form does
not crystallize in these iPPC8 copolymers, as instead occurs in iPPC5 [73,82,90,91,93] and
iPPC6 [68–70,74,77] copolymers.
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Figure 2. DSC heating (A) and cooling (B) curves of as-prepared samples of iPPC8 copolymers of the
indicated 1-octene concentration (a–f).

The analysis of the 2θ positions of the (110)α and (040)α reflections of α form in the
diffraction profiles of Figure 1 indicates that the Bragg distances of the diffracting planes
are the same as those of the homopolymer, indicating that there is not expansion of the unit
cell dimensions and that, therefore, octene co-units are excluded from the crystals of the
α form. This behavior is different from those of iPPC4 [72,81,92], iPPC5 [73,82,90,91,93],
and iPPC6 [68–70,74,75,77] copolymers, in which the comonomers are included, at least
in part, in the crystals of α form with different degree of inclusion depending on the size
and type of the comonomer unit. For iPPC6 and iPPC5 copolymers with high comonomer
concentration, a huge amount of hexene and pentene comonomeric units is included in the
unit cell of α form, inducing increase of crystal density that, in turn, induces crystallization
of the δ form [68–70,73–75,77,82,90,91,93].

The exclusion of octene from the crystals of α and γ forms and the consequent absence
of the crystallization of the trigonal δ form explains the fact that iPPC8 copolymers crystal-
lize only up to 10–12 mol% of octene, whereas iPPC5 and iPPC6 copolymers crystallize up to
very high pentene and hexene concentrations of about 55 mol% of pentene [73,82,90,91,93]
and 25–30 mol% of hexene [68–70,74,75,77].

To study the effect of the octene comonomeric units excluded from the crystals on
the crystallization of α and γ forms, samples of iPPC8 copolymers have been isother-
mally crystallized from the melt at high crystallization temperatures in conditions close
to the thermodynamic conditions. The diffraction profiles of samples of iPPC8 copoly-
mers isothermally crystallized from the melt at different temperatures are reported in
Figure 3. The diffraction profiles of the as-prepared samples, (already presented in Figure 1)
are also reported in Figure 3 (profiles a) for comparison. The isothermal crystallizations
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have been performed only for the three samples of iPPC8 copolymers with low octene
concentrations of 1.9, 4.3, and 7.1 mol% that crystallize from the melt and develop a
significant degree of crystallinity. As discussed above, samples with higher octene concen-
tration do not crystallize from the melt or develop very low crystallinity and crystallize by
cold crystallization.
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Figure 3. X-ray powder diffraction profiles of samples isothermally crystallized from the melt at
the indicated crystallization temperatures Tc (b–f) of the samples iPPC8-1 with 1.9 mol% of octene
(A), iPPC8-2 with 4.3 mol% of octene (B), and iPPC8-3 with 7.1 mol% of octene (C). The diffraction
profiles of the as-prepared samples are also reported (profiles (a)). The (110)α, (040)α, and (130)α
reflections at 2θ = 14◦, 17◦, and 18.6◦, respectively, of the α form of iPP and the (117)γ reflection of
the γ form at 2θ = 20.1◦, are indicated.

Samples of iPPC8 copolymers with low octene concentrations of 1.9 and 4.3 mol%
crystallize at any crystallization temperature in mixtures of α and γ forms, as indicated by
the presence of the (130)α and (117)γ reflections at 2θ≈ 18.6◦ and 20.1◦ of the α and γ forms,
respectively, in all the diffraction profiles of Figure 3A,B. In these two samples, the intensity
of the (117)γ reflection at 2θ = 20.1◦ of the γ form increases up to achieve a maximum,
whereas the intensity of the (130)α reflection at 2θ = 18.6◦ of the α form decreases with
increasing crystallization temperature. This indicates that the relative amount of γ form
increases, and that of the α form decreases, with increasing crystallization temperature up
to achieve a maximum (Figure 3A,B).

The sample iPPC8-3 with higher octene concentration of 7.1 mol% instead crystallizes
at all crystallization temperatures only in the α form, as indicated by the presence of only
the (130)α reflection at 2θ = 18.6◦ of the α form and the absence of the (117)γ reflection
at 2θ = 20.1◦ of the γ form in all the diffraction profiles of Figure 3C. Only at the highest
crystallization temperature of 80 ◦C does a very small broad peak at about 2θ = 20.1◦

appear, while the (130)α reflection at 2θ = 18.6◦ disappears (profile e of Figure 3C). This
indicates development at high crystallization temperature of a small amount of γ form.
However, the lack of well-defined (130)α and (117)γ reflections at 2θ = 18.6◦ and 20.1◦ of
α and γ forms in the diffraction profile e of Figure 3C indicates that the sample iPPC8-3
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crystallizes in a disordered modification of the γ form intermediate between the ordered
α and γ forms [110–112]. Contrary to propene–pentene and propene–hexene copolymers
that, for high comonomer concentration, crystallize in the trigonal δ form [74,93], no traces
of the trigonal δ form are observed in all three samples of iPPC8 copolymers isothermally
crystallized from the melt (Figure 3).

The values of the amount of γ form (fγ), with respect to the α form, that crystallizes
in the isothermal crystallizations, determined from the intensities of (117)γ and (130)α
reflections in the diffraction profiles of Figure 3, are reported in Figure 4 as a function
of the crystallization temperature. For all samples, the amount of γ form increases with
increasing crystallization temperature up to achieve a maximum fγ(max). In samples of
different octene concentrations, a maximum amount of γ form is achieved at different
crystallization temperatures (Figure 4). The values of the maximum amount of γ form
(fγ(max)) that are obtained in each sample are reported in Figure 5 as a function of the
octene concentration. It is apparent that the maximum amount of γ form achieves the
highest value of 95% at the lowest octene concentration of 1.9 mol% and then decreases
with increasing octene concentration down to a value of about 50% for the sample iPPC8-
3 with 7.1 mol%. This sample always crystallizes in the α form and crystallizes in the
disordered modification intermediate between the ordered α and γ forms only at the
highest crystallization temperature (Figure 3C). For this sample (diffraction profile e of
Figure 3C), because of the absence of both (130)α and (117)γ reflections at 2θ = 18.6◦ and
20.1◦ of α and γ forms, the amount of γ form has been calculated from the simulation of the
diffraction profile by calculating the X-ray diffraction as the sum of the contributions of the
diffraction of crystals of α form and of the diffraction of disordered crystals of γ form [112].
A value of fγ = 50% has been obtained.
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Figure 4. Relative amount of γ form (fγ) that crystallizes from the melt in samples of iPPC8 copoly-
mers isothermally crystallized from the melt at the crystallization temperatures, Tc, as a function of
the crystallization temperature Tc. (l) sample iPPC8-1 with 1.9 mol% of octene, (N) sample iPPC8-2
with 4.3 mol% of octene, (�) sample iPPC8-3 with 7.1 mol% of octene.

The behavior of iPPC8 copolymers of Figure 5 is completely different from the behav-
iors observed in iPPC2 [72], iPPC4 [72], iPPC5 [93], and iPPC6 [74] copolymers. In fact, the
maximum amount of γ form achieved in each sample of different copolymers depends
on the comonomer concentration and generally increases with increasing comonomer
concentration, while in iPPC8 copolymers, the maximum amount of γ form decreases with
increasing octene concentration (Figure 5).
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Figure 5. Maximum amount of γ form (fγ(max)) obtained in isothermal crystallization from the melt
of iPPC8 copolymers (the highest values of Figure 4) as a function of octene concentration.

The data of the maximum amount of γ form of iPPC8 copolymers of Figure 5 are also
plotted in Figure 6 as a function of the total concentration of defects, defined as the sum
of steric defects (rr diads), 2,1 regiodefects, and octene units, ε = [rr] + [1,2] + [octene],
and compared with the values of fγ(max) observed and found in the literature for highly
stereoregular iPP homopolymer [72,74,93,115], iPPC2 [72], iPPC4 [72], iPPC5 [93], and
iPPC6 [74] copolymers. The literature values refer to copolymers synthesized with similar
isospecific catalysts [72,74,93,115] that produce copolymers with isotacticity as high as that
of the iPPC8 copolymers analyzed in this paper. Therefore, the differences among the
different copolymers observed in Figure 6 are due to the different effects of the different
comonomers on the crystallization of the α and γ forms. In the plot of Figure 6, the data
of maximum amount of γ form produced by melt crystallizations of stereodefective iPPs
containing different amounts of defects of stereoregularity (only rr diad defects) synthesized
with various metallocene catalysts are also reported [110]. Figure 6 shows that, compared
to the homopolymer sample of similar high isotacticity synthesized with the same or
similar catalyst, for all copolymers the maximum amount of γ form rapidly increases with
increasing comonomers concentration. For iPPC8 copolymers, the increase of fγ(max) from
that of the homopolymer is very fast, and the highest value of fγ(max) is achieved at a
very low octene concentration of 1.9 mol%. Then, for octene contents higher than 1.9 mol%,
fγ(max) decreases (Figures 5 and 6).
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Figure 6. Maximum amount of γ form (fγ(max)) obtained in samples of iPPC8 copolymers isother-
mally crystallized from the melt (�) as a function of the total concentration of defects ε, compared to
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The compared data of Figure 6 indicate that for iPPC2 copolymers, fγ(max) increases
with increasing ethylene content to achieve the maximum value of fγ(max) = 100%, cor-
responding to the crystallization of the pure γ form [72]. A similar effect is visible in the
stereodefective samples of iPP homopolymer containing variable content of stereodefects
(only rr diad defects) (Figure 6) [110]. In fact, for these iPP samples the values of fγ(max)
increase with increasing concentration of rr defects and achieve the highest maximum
value fγ(max) = 100% for rr defects content higher than 5–7 mol% (Figure 6). Both iPPC2
copolymers and defective iPPs crystallize from the melt in the pure γ form for ethylene and
rr defect concentrations higher than 5–7 mol% [72,110]. This suggests that rr diad defects
and ethene units provide a similar effect in inducing crystallization of γ form, and the
values of fγ(max) of defective iPPs and iPPC2 copolymers in Figure 6 are interpolated by
the same curve [72,110].

Different behaviors are instead observed in Figure 6 for the other copolymers. In fact,
in copolymers iPPC8, iPPC6, iPPC5, and iPPC4, the maximum amount of γ form fγ(max)
first increases, achieves the highest value of nearly 90–95% and then decreases with further
increase of comonomer concentration (Figure 6). The rates of increase and then of decrease
of fγ(max) with the comonomer concentration are, however, different in these copolymers.
For low defects concentration (lower than 2–3 mol%), the increase of fγ(max) observed
in iPPC8 copolymers is faster than that in iPPC6, iPPC5, and iPPC4 copolymers, whereas
the increase of fγ(max) observed in iPPC6 copolymers is faster than that in iPPC5 and
iPPC4 copolymers, and, finally, the increase of fγ(max) in iPPC5 copolymers is, in turn,
faster than that in iPPC4 copolymers (Figure 6). The fastest increase of fγ(max) is, indeed,
observed for iPPC8 copolymers characterized by the largest size comonomer. Moreover,
the highest values of fγ(max) in iPPC5 and iPPC6 copolymers are obtained soon for low
pentene and hexene concentrations (2–3 mol%), whereas in iPPC8 copolymers is achieved
at the lowest comonomer concentration of 1.9 mol% (Figure 6). Furthermore, the highest
value of the maximum amount of γ form in iPPC8 copolymers (95%) is higher than those
in copolymers iPPC6, iPPC5, and iPPC4, whereas iPPC6 copolymers produce a maximum
amount of γ form (90%) higher than those in copolymers iPPC5 and iPPC4. Finally, iPPC5
copolymers give a highest maximum amount of γ form higher than that developed in
iPPC4 copolymers [72,74,93].

At high concentrations of comonomers, fγ(max) decreases in the three copolymers
iPPC4, iPPC5, and iPPC6 down to fγ(max) = 0, corresponding to crystallization of the pure
α form. The decrease of fγ(max) in iPPC6 copolymers is faster than in iPPC5 copolymers,
which is, in turn, faster than in iPPC4 copolymers. In the case of iPPC8 copolymers, the
decrease of fγ(max) from the highest value is faster than in iPPC6, iPPC5 and iPPC4
copolymers, because the value of fγ(max) = 50% is obtained already for the sample with
7.1 mol% of octene, which gives only a disordered modification of γ form with structure
intermediate between those of the α and γ forms (Figure 3C). The drop off of fγ(max) starts
at concentrations of comonomers of 2 mol% for iPPC8 copolymers, nearly 4–5 mol% in
iPPC6 copolymers, 10–11 mol% in iPPC5 copolymers, and 14–15 mol% in iPPC4 copolymers
(Figure 6) [72,74,93]. Moreover, for concentrations of pentene and hexene higher than
10–11 mol%, iPPC5 and iPPC6 copolymers do not crystallize any more in the γ form but
crystallize in the α form or in mixtures of α and δ forms [74,93]. Instead, at these high
concentrations of butene, iPPC4 copolymers continue to crystallize in a mixture of α and γ
forms, and only for butene concentration higher than 30 mol% they crystallize in the pure
α form [72]. In iPPC8 copolymers, crystallization of the γ form is no longer observed at
octene concentrations higher than 7 mol%, and for this composition, iPPC8 copolymers do
not crystallize or develop only very low crystallinity of the α form (Figure 5).

Since in the analyzed copolymers there is no effect of stereo- or regio-defects, the
observed different behavior is due to the different effect of different comonomers on the
crystallization of iPP, related to the inclusion of different comonomers into crystals of α and
γ forms or their exclusion from the crystals. Defects as comonomers [53,72,74,90–93], as well
as defects of stereoregularity [105–111] and regioregularity [108,115], give the same effect
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of interruption the propene sequences, shortening the average length of regular propene
sequences <LiPP> and favoring the crystallization of the γ form. When the defects are
incorporated in part or totally in the crystals of α and γ forms, the length of the crystallizable
sequences increases, favoring the crystallization of the form that better accommodates the
defect into crystals [72,74,90–93].

Ethylene, butene, pentene, hexene, and octene comonomers show different degrees of
inclusion in crystals of iPP. A small amount of ethene is included in crystals ofα and γ forms,
and iPPC2 copolymers do not crystallize at high ethylene concentrations [51,52,72]. A high
amount of butene is instead easily incorporated in the crystals of α form and, as a conse-
quence, iPPC4 copolymers crystallize in the whole range of composition [61,72,92]. The
degree of inclusion of pentene and hexene comonomeric units is very low in copolymers
with low comonomer content but is very high in samples of high comonomer concen-
tration [64,65,67–70,73–75,77,82,90,91,93]. Therefore, at low concentrations, pentene and
hexene comonomeric units act as defects interrupting the regular propene sequences and
inducing crystallization of the γ form [74,93]. At high comonomer concentrations, instead,
the high fraction of co-units included in the crystals of the α form induces crystallization
of the α form [68,69,73,74,77,93] and produces an increase of crystal density that then
induces crystallization of the δ form for comonomer concentrations higher than about
15–16 mol% [68–70,73,74,77,82,90,91,93]. As discussed above, octene units are instead
excluded from the crystals and are mainly segregated in the amorphous phase.

The two competing effects of interruption of the regular propene sequences of defects
excluded from the crystals and the inclusion of defects into crystals define the crystallization
behavior of iPP. The interruption effect induces crystallization of γ form [72,74,93,110],
whereas the inclusion effect induces crystallization of α and δ forms [68–70,72,73,77,82,90–93].
For random copolymers and, generally, for iPP chains characterized by random distribution
of defects along the macromolecules, the average length of the regular propene sequences
is inversely proportional to the total concentration of defects ε and can be evaluated as
<LiPP> ≈ 1/ε [110]. The data of the maximum amount of γ form fγ(max) of Figure 6 of
all copolymers and of defective iPPs [72,74,93,110] are reported in Figure 7 as a function of
the average length of the regular propene sequences <LiPP>. For the different copolymers,
different relationships between <LiPP> and fγ(max) have been obtained [72,74,93,110], and
iPPC8 copolymers give a new different behavior.
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The plot of Figure 7 indicates that the data of iPPC2 copolymers and of defective iPPs
follow the same relation between fγ(max) and <LiPP>, which essentially corresponds to
the interruption effect [72,110]. Ethylene co-units and rr stereodefects are mainly excluded
from crystals (or partially included), and the effect of interruption and of shortening the
length of the regular propene sequences prevails [72,110]. For the iPPC8 copolymers, octene
defects are also mainly excluded from the crystals, and therefore, the interruption effect
predominates and at octene concentrations lower than 2 mol% iPPC8 copolymers give the
highest maximum amount of γ form, similar to that of stereodefective iPPs and iPPC2
copolymers (Figure 7). At higher octene concentration, the behavior of iPPC8 copolymers
deviates from the master curve of iPPC2 and stereodefective iPPs, and the maximum
amount of γ form does not depend anymore on the average length of regular propene
sequences <LiPP> and decreases with increasing octene concentration and decreasing
<LiPP>. This is due to the fact that the long octene units makes the crystallization of the
γ form too much slow even for short values of <LiPP>, inducing crystallization of the
kinetically favored α form, and prevents complete crystallization of both α and γ forms at
octene concentrations higher than 12–13 mol%.

The three copolymers iPPC4, iPPC5, and iPPC6 give three different relationships
between fγ(max) and <LiPP> (Figure 7), because different amounts of the three comonomers
are included in the crystals of the α form [72,74,93]. At low concentrations of comonomer
(lower than 5–6 mol% and <LiPP> of 200-30 monomeric units), the included amounts of
pentene and hexene are low, as in the case of ethylene, and the effect of interruption prevails
inducing crystallization of the γ form. The bigger the comonomer, the more efficient the
interruption effect, and the higher the amount of γ form. In fact, for this composition, iPPC5
and iPPC6 copolymers give an amount of γ form higher than those of iPPC2 copolymers
and defective iPPs but lower than that of iPPC8 copolymers (Figure 7) [74,93]. High
amounts of butene co-units are, instead, included in the crystals of α form, even at low
concentrations, and iPPC4 copolymers give a maximum amount of γ form lower than those
of iPPC5, iPPC6, and iPPC8 copolymers, and lower than those of iPPC2 copolymers and
streoirregular iPPs (Figure 7) [72].

For comonomer concentrations higher than 5 mol% and <LiPP> lower that
20–30 monomeric units, hexene, pentene, and butene units are incorporated in the α
form to very high extents with corresponding increase of crystalline density, and the inclu-
sion effect with the stabilization of the α form prevails over the interruption effect, inducing
the crystallization of the α and δ forms, with a fast decrease of the maximum amount of γ
form down to zero for iPPC6, iPPC5, and iPPC4 copolymers (Figure 7) [72,74,93]. A fast
or slow decrease of fγ(max) depends on the fast or slow increase of crystal density, which
depends on the size of the included comonomer. Therefore, the decrease of fγ(max) is
faster in iPPC6 copolymers because of the bigger hexene units, and the decrease of fγ(max)
in iPPC5 copolymers is faster than that of iPPC4 copolymers. It is worth noting that the
fastest decrease of the maximum amount of γ form in iPPC8 copolymers is not due to
incorporation of octene units in the crystals of α form, but, as mentioned above, is rather
correlated to the fact that the excluded octene units make the crystallization of γ form too
slow, inducing the faster crystallization of the kinetically favored α form, and then, at high
concentrations, completely prevents crystallization of both α and γ forms (Figure 7).

These data on iPPC8 copolymers and the comparison with the literature demonstrate
that the crystallization behavior of iPP may be described in terms of a model that defines
a double role exerted by defects, the interruption of the regular propene sequences, and
the inclusion effect. The crystallization of α, γ, and δ forms of iPP depends on which effect
prevails, which in turn depends on the size and type of the defect.

4. Conclusions

Random isotactic propene–octene copolymers with octene concentrations ranging
from 1.9 to 16 mol% have been synthesized with a homogeneous single center metallocene
catalyst. The as-polymerized samples with octene content up to 10–12 mol% crystallize in
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the α form of iPP, whereas for higher octene concentration, the samples are basically amor-
phous or show very low crystallinity. The melting temperatures decrease with increasing
octene content from 132 ◦C of the sample with 1.9 mol% of octene down to 47–45 ◦C for the
samples with 12.8 and 15.9 mol% of octene.

Three samples of iPPC8 copolymers with low octene concentration of 1.9, 4.3, and
7.1 mol% have been isothermally crystallized from the melt at different crystallization
temperatures. The samples crystallize at any crystallization temperature in mixtures of α
and γ forms and the relative amount of γ form increases with increasing crystallization
temperature and achieves a maximum value, which depends on the octene concentration.
Contrary to propene–pentene and propene–hexene copolymers that, for high concentrations
of pentene and hexene, crystallize in the δ form [74,93], the crystallization of the trigonal
δ form has not been observed in all three samples of iPPC8 copolymers crystallized from
the melt.

The behavior of iPPC8 copolymers is completely different from the behaviors observed
in iPPC2 [72], iPPC4 [72], iPPC5 [93], and iPPC6 [74] copolymers. In fact, the maximum
amount of γ form achieved in each sample of different copolymers depends on the concen-
tration of comonomer and generally increases with increasing comonomer content, while in
iPPC8 copolymers, the maximum amount of γ form decreases with increasing octene con-
centration. This different behavior is due to the fact that in iPPC8 copolymers octene units
are excluded from the crystals, giving only the interruption effect that shortens the length
of the regular propene sequences, inducing crystallization of the γ form. A maximum
amount of γ form is achieved at low octene concentrations of nearly 1.9 mol%. At higher
octene concentration, the amount of γ form crystallized from the melt rapidly decreases.

In copolymers of iPP with butene, pentene, and hexene, the comonomer units are,
instead, incorporated in the crystals of α form to a very high extent. At a high concentration
of comonomers, the inclusion effect that favors crystallization of the α form prevails over
the interruption effect. The efficiency of the incorporation effect depends on the size of
comonomers, as a rapid or slow increase of density is obviously correlated to the size of the
incorporated comonomer.

For iPPC8 copolymers, the observed fastest decrease of the maximum amount of γ
form and the consequent crystallization of the α form for high octene concentrations is not
due to incorporation of octene units in the crystals of α form, but is due to the fact that
the excluded octene units make the crystallization of γ form too slow, inducing the faster
crystallization of the kinetically favored α form and, then, at high concentration, prevent
the crystallization of both α and γ forms.

The reported results on crystallization of iPPC8 copolymers and the comparison with
the literature demonstrate that the crystallization behavior of iPP may be described in
terms of a model that defines two effects exerted by defects: the interruption of the regular
propene sequences and the inclusion effect. The crystallization of α, γ, and δ forms of iPP
depends on which effect prevails, which in turn depends on the size and type of the defect.
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Abstract: Random isotactic propene-butene copolymers (iPPC4) of different stereoregularity have
been synthesized with three different homogeneous single center metallocene catalysts having
different stereoselectivity. All samples crystallize from the polymerization solution in mixtures of α
and γ forms, and the relative amount of γ form increases with increasing concentrations of butene and
of rr stereodefects. All samples crystallize from the melt in mixtures of α and γ forms and the fraction
of γ form increases with decreasing cooling rate. At high cooling rates, the crystallization of the α

form is always favored, even for samples that contain high total concentration of defects that should
crystallize in the γ form. The results demonstrate that in iPPs containing significant concentrations of
defects, such as stereodefects and comonomeric units, the γ form is the thermodynamically stable
form of iPP and crystallizes in selective conditions of very slow crystallization, whereas the α form is
the kinetically favored form and crystallizes in conditions of fast crystallization.

Keywords: propylene-butene copolymers; α and γ forms; metallocene catalysts; melt-crystallization

1. Introduction

The crystallization of α and γ forms of isotactic polypropylene (iPP) depends on
the conditions of crystallization and on the molecular structure of polypropylene; the
latter depends on the polymerization conditions and catalysis [1]. Different conditions
of polymerization and used catalysts produce iPP macromolecules characterized by dif-
ferent molecular structures, because different catalysts may introduce different types and
amounts of microstructural defects, such as defects of stereoregularity and regioregularity,
constitutional defects and different distribution of defects along the chains [1–5].

The α form is considered the most stable form of iPP and crystallizes usually in the
iPP homopoymer prepared with heterogeneous Ziegler-Natta catalysts in common crys-
tallization conditions from the melt or from solution, and in stretched fibers [6–8]. In
the same commercial iPP samples the γ form crystallizes only in special conditions, as in
samples of low molecular mass [9–13] and by crystallization at high pressures [14–18]. A
low amount of γ form has also been obtained in some copolymers of propylene with differ-
ent comonomers synthesized with the same heterogeneous catalysts [19–47]. The γ form
crystallizes, instead, easily in iPP samples [48–54] and its copolymers [55–92] synthesized
with homogeneous single site metallocene catalysts [2–5], which introduce different kinds
of defects depending on the catalyst structure. These defects, as stereo-defects, regio-defects
and also comonomers, indeed, favors crystallization of the γ form [48–92].

The crystallization of the γ form in chains containing defects is due to the fact that the
γ form crystallizes when iPP chains are characterized by short regular propene sequences,
therefore, it occurs when iPP chains contain any type of defect that interrupts and shortens
the regular propene sequences [51,54,62,79]. In particular, iPPs and copolymers produced
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with homogeneous single site metallocene catalysts are characterized by a perfectly random
distribution of defects along the macromolecules, which, therefore, shortens the length of
the regular propene sequences even for low concentrations of defects [51,54,62,79].

The crystallization of α form is, instead, favored when the regular propene sequences
are very long, which are generated when the concentration of defects is low or when defects
are segregated in blocks of the macromolecules [51,54,62,79], as, for instance, in samples
synthesized with Ziegler-Natta catalysts, where the non-random distribution of defects and
their segregation in blocks make the regular propene sequences always long even in the
case of a high concentration of defects and in copolymers with relatively high comonomer
concentration [93–96].

Understanding the conditions of crystallization of α and γ forms of iPP is of particular
relevance since the two different polymorphs exhibit significant differences in mechani-
cal behavior [7,46,47,54,76,77,79,87–91,97–101]. In general, the molecular architecture and
topology of copolymers, from standard random to block or multiblock copolymers, greatly
affects the crystallization behavior and properties of polymers because of the different
length of crystallizable sequences [93–96,102,103]. While the effect of the molecular struc-
ture and architecture on the crystallization behavior of iPP has been extensively investigated
and the effect of different kinds of defects on the crystallization of α and γ forms has been
clarified, the effect of the conditions of crystallization is still unclear.

In this paper we report a study of the crystallization of α and γ forms of iPP in propene-
butene copolymers in different crystallization conditions to analyze the thermodynamic
and kinetics effects on the crystallization of the two polymorphic forms. Propene-butene
copolymers of different stereoregularity synthesized with different metallocene catalysts
have been chosen for this study because they crystallize easily in the γ form, thanks to the
incorporation in the iPP chains of butene comonomeric units that shorten the length of the
regular propene sequences [79]. Hence, in this system, the γ form is the thermodynamically
stable form of iPP and, therefore, these copolymers represent the ideal system to study the
crystallization conditions that may favor crystallization of the α form.

2. Materials and Methods

Propylene-butene isotactic copolymers (iPPC4) were synthesized with the metallocene
catalysts of Scheme 1 having different stereoselectivity activated with methylalumoxane
(MAO) (from Lanxess, Cologne, Germany) [79]. All operations were performed under
nitrogen by using conventional Schlenk-line techniques. Toluene solvent was purified
by degassing with N2 and passing over activated Al2O3 (8 h, N2 purge, 300 ◦C), and
stored under nitrogen. The MAO cocatalyst was used as received (10 wt.%/vol. toluene
solution, 1.7 M in Al). The catalyst mixture was prepared by dissolving the desired
amount of the metallocene with the proper amount of the MAO solution, obtaining a
solution which was stirred for 10 min at 25 ◦C before being injected into the reactor. All
copolymerizations were run at 25 ◦C in a 250 mL Pyrex reactor, agitated with magnetic
stirrer, containing toluene (100 mL) and MAO (2.0 mL). Gas mixtures of propene and
1-butene at the appropriate composition, prepared with vacuum line techniques in a gas
cylinder at pressure of 4–5 bar and standardized by gas chromatography, were bubbled
through the liquid phase at atmospheric pressure and a flow rate of 0.3 L/min. The
polymerizations started by syringing in the toluene solution of the catalyst (2–3 mg) and
proceeded under a constant flow of the gas mixture. Under such conditions, total monomer
conversions were lower than 15%, this ensuring a nearly constant feeding ratio. The
copolymers were coagulated with excess methanol acidified with enough HCl (aqueous,
concentrated) to prevent the precipitation of alumina from MAO hydrolysis, filtered,
washed with further methanol, and vacuum-dried. Typical yields were 2–5 g with a
120 min reaction time.
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Scheme 1. Structures of the isoselective C2-symmetric (Rf) and less isoselective C1-symmetric (Z4
and Z9) metallocene catalysts used for the synthesis of iPPC4 copolymers.

The C2-symmetric metallocene Rf is highly isospecific [104,105] and produces highly
isotactic iPPC4 copolymers (samples iPPC4Rf-x, where x is the butene concentration)
containing negligible amounts of stereodefects (lower than 0.1 mol% of rr triads) and small
amount of regiodefects around 0.1–0.5 mol%, represented by secondary 2,1-erythro units
(2,1e). The two C1-symmetric metallocenes Z4 and Z9 are instead fully regioselective but
introduce significant amounts of rr stereodefects [106–109]. Samples of iPPC4 copolymers
synthesized with the catalyst Z4 (sample iPPC4Z4-x) are fully regioregular and contain
2.0–2.4 mol% of rr stereodefects, whereas samples synthesized with the catalyst Z9 (samples
iPPC4Z9-x) contain 2.5–3.4 mol% of rr defects [107,108]. Consequently, the less isotactic
samples synthesized with catalysts Z4 and Z9 show melting temperatures lower than
those of the samples synthesized with the catalyst Rf [79]. The composition, the melting
temperatures and the molecular mass of all samples are shown in Table 1.

Table 1. Catalyst, composition (mol% butene), melting temperature of as-prepared samples (Tm),
molecular mass (Mw) and dispersity (Mw/Mn) of the iPPC4 copolymers [79].

Sample Catalyst mol% Butene Tm (◦C) a Mw
b Mw/Mn

b

iPPC4Rf-1 Rf 1.9 143 316,500 2.2
iPPC4Rf-2 Rf 4.3 137 228,700 2.1
iPPC4Rf-3 Rf 4.5 137 207,000 2.0
iPPC4Rf-4 Rf 8.0 125 178,500 2.0
iPPC4Rf-5 Rf 9.0 120 200,000 2.1
iPPC4Z4-1 Z4 1.3 135 172,900 2.1
iPPC4Z4-2 Z4 4.6 123 175,700 2.0
iPPC4Z4-3 Z4 8.2 112 176,700 2.0
iPPC4Z9-1 Z9 1.4 126 214,000 2.1
iPPC4Z9-2 Z9 2.2 124 214,500 2.0
iPPC4Z9-3 Z9 6.4 113 214,400 2.0

a Determined from DSC heating curves recorded at 10 ◦C/min. b Determined by GPC.

The composition and comonomer distribution were determined by 13C NMR analysis
(Table 1). All spectra were obtained using a Bruker DPX-400 spectrometer operating in the
Fourier transform mode at 120 ◦C at 100.61 MHz (Bruker Company, Billerica, MA, USA).
The samples were dissolved with 8% wt/v concentration in 1,1,2,2-tetrachloroethane-d2 at
120 ◦C. The carbon spectra were acquired with a 90◦ pulse and 15 s of delay between pulses
and CPD (WALTZ 16) to remove 1H-13C coupling. About 1500–3000 transients were stored
in 32K data points using a spectral window of 6000 Hz. For all copolymer samples, the
peak of the propylene methine carbon atoms was used as internal reference at 28.83 ppm.
The 13C NMR spectra of two samples of iPPC4 copolymers are reported in Figure S1 of
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the Supplementary Material. The resonances were assigned according to ref. [110] and the
butene concentrations in the copolymers were evaluated from the concentrations of the
constitutional diads PP, PB, BB (P = propene, B = butene), using the Equations S1–S5 of
the Supplementary Material. The NMR analysis showed that all the copolymers present a
random distribution of comonomers and homogeneous intermolecular composition with
rP × rB ≈ 1, calculated using the Equation S6 of the Supplementary Material, according to
ref. [111].

The molecular masses and the dispersity were determined by gel permeation chro-
matography (GPC), using a Polymer Laboratories GPC220 apparatus equipped with a
differential refractive index (RI) detector and a Viscotek 220R viscometer (Agilent Com-
pany, Santa Clara, CA, USA), on polymer solutions in 1,2,4-trichlorobenzene at 135 ◦C of
2 mg/mL concentration. The injection volume was 300 µL with a flow rate of 1.0 mL/min.
The GPC apparatus was calibrated with 12 standard samples of polystyrene having narrow
dispersity and molecular masses in the range 580 and 13.2 × 106.

The calorimetry measurements were carried out with differential scanning calorimeter
(DSC) Mettler Toledo DSC-822 (Columbus, OH, USA) performing scans in a flowing N2
atmosphere and scanning rate of 10 ◦C/min.

X-ray powder diffraction profiles were recorded with Ni filtered Cu Kα radiation by
using an Empyrean diffractometer (Malvern Panalytical, Worcestershire, UK).

All samples of iPPC4 copolymers were crystallized in DSC by cooling the melt at
180 ◦C down to 25 ◦C at different cooling rates from 1 to 40 ◦C/min. After the crystallization
in DSC, the samples were analyzed by X-ray diffraction.

In samples that crystallized in mixtures of α and γ forms, the relative fraction of the γ

form fγ, with respect to the α form, was calculated from the intensities of the (117)γ and
(130)α reflections at 2θ = 20.1◦ of the γ form and at 2θ = 18.6◦ of the α form, respectively, as
the ratio: fγ = I(117)γ/[I(117)γ + I(130)α].

3. Results and Discussion

The X-ray diffraction profiles of as-prepared (precipitated from the polymerization
solution) samples of iPPC4 copolymers of Table 1 are reported in Figure 1. The diffraction
profiles present the (130)α and (117)γ reflections at 2θ = 18.6 and 20.1◦ of the α and
γ forms, respectively, indicating that all as-prepared samples of iPPC4 copolymers are
crystallized in mixtures of α and γ forms. The intensity of the (117)γ reflection increases
with increasing butene concentration and, at the same butene content, is higher in the low
stereoregular samples synthesized with the catalysts Z4 and Z9 (samples iPPC4Z4-x and
iPPC4Z9-x, Figure 1B,C). The values of the relative amount of γ form (fγ) calculated from
the intensities of the (117)γ and (130)α reflections in the diffraction profiles of Figure 1 are
reported in Figure 2 as a function of butene concentration. Since the highly stereoregular
iPP homopolymer generally crystallizes in the α form, it has been assumed fγ = 0 for
butene concentration equal to zero. It is apparent that the amount of γ form increases with
increasing concentration of butene and of rr stereodefects [79] (Figure 2). The more isotactic
samples iPPC4Rf-x crystallize almost in the pure γ form (fγ ≈ 80%) for butene concentration
of nearly 9 mol% (sample iPPC4Rf-5, profile e in Figures 1A and 2), whereas for the less
isotactic samples iPPC4Z9-x, the highest amount of γ form (fγ ≈ 88%) crystallizes at about
6 mol% of butene (sample iPPC4Z9-3, profile c in Figures 1C and 2).
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copolymers as a function of butene concentration evaluated from the diffraction profiles of Figure 
1. Isotactic samples iPPC4Rf-x with [rr] < 0.1 mol% () and less isotactic samples iPPC4Z4-x with 
[rr] = 2.0–2.4 mol% () and iPPC4Z9-x with [rr] = 2.5–3.4 mol% (). 

It is worth reminding that in iPPC4 copolymers the further increase of butene 
concentration induces decrease of the amount of γ form and crystallization of the α form 

Figure 2. Values of the fraction of γ form that crystallizes in the as-prepared samples of iPPC4
copolymers as a function of butene concentration evaluated from the diffraction profiles of Figure 1.
Isotactic samples iPPC4Rf-x with [rr] < 0.1 mol% (•) and less isotactic samples iPPC4Z4-x with
[rr] = 2.0–2.4 mol% (N) and iPPC4Z9-x with [rr] = 2.5–3.4 mol% (�).

It is worth reminding that in iPPC4 copolymers the further increase of butene con-
centration induces decrease of the amount of γ form and crystallization of the α form for
concentrations higher than 15–20 mol% because butene units are included easily in the
crystals of α form producing stabilization of the α form compared to the γ form [79].
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The DSC heating curves of the as-polymerized samples of iPPC4 copolymers are
reported in Figure 3. For the three sets of samples the melting temperature decreases with
increasing butene concentration. The values of the melting temperature are reported in
Table 1 and in Figure 4A as a function of butene concentration.
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(C). 
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Figure 3. DSC heating curves recorded at 10 ◦C/min of as-prepared samples of iPPC4 copolymers of
the indicated butene concentration. Isotactic samples iPPC4Rf-x with [rr] < 0.1 mol% (A) and less
isotactic samples iPPC4Z4-x with [rr] = 2.0–2.4 mol% (B) and iPPC4Z9-x with [rr] = 2.5–3.4 mol% (C).

It is apparent from Figure 4A that the melting temperature also depends on the stereo-
regularity of the samples and on the concentration of rr defects. In fact, at the same butene
concentration the more isotactic samples iPPC4Rf-x show melting temperatures higher than
those of the less isotactic samples iPPC4Z4-x and iPPC4Z9-x, and the samples iPPC4Z9-x
with the highest concentration of rr stereodefects show the lowest melting temperatures.

All samples have been crystallized in DSC from the melt by cooling at different
cooling rates. The samples have been melted by heating at 10 ◦C/min up to 170 ◦C, as
in Figure 3, and then cooled from 170 ◦C down to 25 ◦C at different cooling rates, from
1 ◦C/min to 40 ◦C/min. As an example, the DSC cooling curves of all samples recorded
at cooling rate of 10 ◦C/min are reported in Figure 5. All samples crystallize during
cooling and the DSC curves of Figure 5 show well-defined exothermic peaks. The values
of the crystallization temperature evaluated from the DSC cooling curves of Figure 5 at
cooling rate of 10 ◦C/min are plotted in Figure 4B as a function of butene concentration.
For the three sets of samples, the crystallization temperature decreases with increasing
butene concentration and, at the same butene concentration, decreasing the stereoregularity
(Figure 4B). Therefore, introduction of both butene co-units and rr stereodefects produces
a decrease of melting and crystallization temperatures (Figure 4) and an increase of the
fraction of γ form (Figure 2).

After the crystallization in DSC as in Figure 5, the samples were analyzed by X-ray
diffraction at 25 ◦C. The diffraction profiles of the samples iPPC4Rf-x, iPPC4Z4-x and
iPPC4Z9-x crystallized from the melt at different cooling rates are reported in Figures 6–8,
respectively. All samples crystallize into mixtures of α and γ forms and the amounts of the
two forms strongly depend on the cooling rate.
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Figure 4. Melting temperature of the as-prepared samples (A) and crystallization temperature from 
the melt (B) of iPPC4 copolymers as a function of butene concentration evaluated from DSC 
thermograms recorded at scanning rates of 10 °C/min. Isotactic samples iPPC4Rf-x with [rr] < 0.1 
mol% () and less isotactic samples iPPC4Z4-x with [rr] = 2.0–2.4 mol% () and iPPC4Z9-x with 
[rr] = 2.5–3.4 mol% (). 
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Figure 4. Melting temperature of the as-prepared samples (A) and crystallization temperature
from the melt (B) of iPPC4 copolymers as a function of butene concentration evaluated from
DSC thermograms recorded at scanning rates of 10 ◦C/min. Isotactic samples iPPC4Rf-x with
[rr] < 0.1 mol% (•) and less isotactic samples iPPC4Z4-x with [rr] = 2.0–2.4 mol% (N) and iPPC4Z9-x
with [rr] = 2.5–3.4 mol% (�).

The samples displayed the same behavior regardless of the butene concentration and
stereoregularity, that is, the intensity of the (130)α reflection of the α form at 2θ = 18.6◦

decreases and the intensity of the (117)γ reflection at 2θ = 20.1◦ of the γ form increases with
decreasing cooling rate. The amount of γ form is reported in Figure 9 as a function of the
cooling rate for the three sets of samples. These data indicate that the amount of γ form
increases with decreasing cooling rate. Correspondingly, the γ form almost disappears and
the almost pure α form crystallizes in all samples at the highest cooling rate of 40 ◦C/min
(profiles e of Figures 6–8). The highest concentration of γ form is always obtained at low
cooling rates, whereas at high cooling rates the crystallization of the α form is always
favored, even for samples that contain high total concentration of defects (high butene and
high rr defects concentrations) that tend to crystallize normally in the γ form. In fact, even
the less isotactic samples iPPC4Z4-3 and iPPC4Z9-3 with the highest butene concentrations
of 8.2 and 6.4 mol%, respectively, that crystallize in the as-prepared samples in the almost
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pure γ form (fγ = 85 and 88%, respectively) (profiles c of Figures 1B,C and 2), crystallize
in the α form in the fast crystallization from the melt at high cooling rate (profiles e of
Figures 7 and 8).
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Figure 5. DSC cooling curves recorded at 10 °C/min of samples of iPPC4 copolymers of the indicated 
butene concentration after melting at 170 °C (Figure 3). Isotactic samples iPPC4Rf-x with [rr] < 0.1 
mol% (A) and less isotactic samples iPPC4Z4-x with [rr] = 2.0–2.4 mol% (B) and iPPC4Z9-x with [rr] 
= 2.5–3.4 mol% (C). 
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Figure 5. DSC cooling curves recorded at 10 ◦C/min of samples of iPPC4 copolymers of the in-
dicated butene concentration after melting at 170 ◦C (Figure 3). Isotactic samples iPPC4Rf-x with
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Figure 6. X-ray diffraction profiles of samples of copolymers iPPC4Rf-x crystallized from the melt 
by cooling the melt from 170 °C down to 25 °C at the indicated different cooling rates. 
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Figure 6. X-ray diffraction profiles of samples of copolymers iPPC4Rf-x crystallized from the melt by
cooling the melt from 170 ◦C down to 25 ◦C at the indicated different cooling rates.
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Figure 7. X-ray diffraction profiles of samples of copolymers iPPC4Z4-x crystallized from the melt 
by cooling the melt from 170 °C down to 25 °C at the indicated different cooling rates. 
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Figure 8. X-ray diffraction profiles of samples of copolymers iPPC4Z9-x crystallized from the melt 
by cooling the melt from 170 °C down to 25 °C at the indicated different cooling rates. 

Figure 7. X-ray diffraction profiles of samples of copolymers iPPC4Z4-x crystallized from the melt by
cooling the melt from 170 ◦C down to 25 ◦C at the indicated different cooling rates.
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Figure 8. X-ray diffraction profiles of samples of copolymers iPPC4Z9-x crystallized from the melt 
by cooling the melt from 170 °C down to 25 °C at the indicated different cooling rates. 
Figure 8. X-ray diffraction profiles of samples of copolymers iPPC4Z9-x crystallized from the melt by
cooling the melt from 170 ◦C down to 25 ◦C at the indicated different cooling rates.

These results demonstrate that in iPP samples containing significant concentrations of
defects, such as stereodefects and butene comonomeric units, the γ form is the thermody-
namically stable form of iPP and crystallizes normally from polymer solution or in selective
conditions of very slow crystallization, as isothermal crystallizations from the melt at high
crystallization temperatures [79] or by cooling from the melt at very low cooling rates,
whereas the α form is the kinetically favored form and crystallizes in conditions of fast
crystallization, such as fast cooling from the melt.
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Figure 9. Values of the fraction of γ form that crystallizes in samples of iPPC4 copolymers cooled 
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Figure 9. Values of the fraction of γ form that crystallizes in samples of iPPC4 copolymers cooled 
from the melt at different cooling rates as a function of the cooling rate, evaluated from the 
diffraction profiles of Figures 6–8. (A) Isotactic samples iPPC4Rf-x with [rr] < 0.1 mol%, (B) samples 
iPPC4Z4-x with [rr] = 2.0–2.4 mol%, and (C) samples iPPC4Z9-x with [rr] = 2.5–3.4 mol%. 
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from the melt at different cooling rates as a function of the cooling rate, evaluated from the diffraction
profiles of Figures 6–8. (A) Isotactic samples iPPC4Rf-x with [rr] < 0.1 mol%, (B) samples iPPC4Z4-x
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4. Conclusions

Random isotactic propene-butene copolymers of different stereoregularity have been
prepared with three different metallocene catalysts having different stereoselectivity. The
C2-symmetric metallocene produces highly isotactic iPPC4 copolymers containing neg-
ligible amounts of stereodefects, whereas the two C1-symmetric metallocenes produce
less isotactic copolymers containing on average 2.0–2.4 mol% and 2.5–3.4 mol% of rr
stereodefects, respectively.

All as-prepared samples crystallize in mixtures of α and γ forms from the polymeriza-
tion solution and the relative amount of γ form increases with increasing concentrations of
butene and of rr stereodefects.

The samples have been crystallized from the melt by cooling the melt from 170 ◦C
down to 25 ◦C at different cooling rates. All samples crystallize from the melt in mixtures
of α and γ forms and the amount of the two forms strongly depends on the cooling rate.
The amount of γ form increases with decreasing cooling rate. Correspondingly, the γ form
almost disappears and the almost pure α form crystallizes in all samples at the highest
cooling rate of 40 ◦C/min. The highest concentration of γ form is always obtained at low
cooling rates, whereas at high cooling rates the crystallization of the α form is always
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favored, even for samples that contain high total concentration of defects that should
crystallize in the γ form.

These results demonstrate that in iPP samples containing significant concentrations
of defects, such as stereodefects and butene comonomeric units, the γ form is the ther-
modynamically stable form of iPP and crystallizes normally from polymer solution or in
selective conditions of very slow crystallization, such as by cooling from the melt at very
low cooling rates, whereas the α form is the kinetically favored form and crystallizes in
conditions of fast crystallization, such as fast cooling from the melt.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/polym14183873/s1, Figure S1: 13C NMR spectra of the iPPC4 copolymer
samples iPPC4Rf-1 with 1.9 mol% of butene and iPPC4Rf-5 with 9.0 mol% of butene; Equations
(S1)–(S5) used for the calculation of the concentrations of the constitutional diads PP, PP and BB
(P = propene, B = butene) and the concentration of the comonomeric units from the 13CNMR data;
Equation S6 used for the calculation of the product of reactivity ratios rP × rB. References [110,111]
are cited in the supplementary materials.
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Abstract: Linear and star block copolymer (BCP) nanoparticles of (polystyrene-block-poly(4-
vinylpyridine))n (PS-b-P4VP)n with arm numbers of 1, 2, 3, and 4 were prepared by two meth-
ods of polymerization-induced self-assembly (PISA) and general self-assembly of block copolymers
in the low-polar organic solvent, toluene. The effect of the arm number on the size and/or mor-
phology of the (PS-b-P4VP)n nanoassemblies synthesized by the two methods in toluene and on the
polymerization kinetics was investigated in detail. Our results show that in toluene, a low-polar
solvent, the topology not only affected the morphology of the BCP nanoparticles prepared by PISA,
but also influenced the BCP nanoparticles synthesized through general self-assembly.

Keywords: topology; star-block copolymer; polymerization-induced self-assembly; general
self-assembly

1. Introduction

Block copolymer (BCP) self-assembly has attracted much attention in the past sev-
eral decades for the synthesis of polymeric nano-objects of various morphologies and
their potential applications in many fields [1,2]. In general, two strategies, micellization
of amphiphilic block copolymers in block-selective solvent [3–10] and polymerization-
induced self-assembly (PISA) [11–19], have been adopted to synthesize/prepare BCP
nano-assemblies. In the first strategy, pre-synthesized amphiphilic block copolymers are
initially dissolved in a common solvent [3–5] and then block-selective solvent is added to
induce the soluble-to-insoluble phase transition of the solvophobic block and therefore
trigger micellization of the amphiphilic block copolymers in the solvent [6–10]. In the
PISA strategy, all ingredients including a monomer, macromolecular chain transfer agent,
and initiator are dissolved in solvent in the initial polymerization stage [11–13]. With the
proceeding of the polymerization, the newly formed hydrophobic chain grows to a certain
length, and in situ self-assembly of amphiphilic block copolymers occurs and micelles
are formed [14–16]. After that, dispersion polymerization takes place dominantly in the
monomer-swollen micelles, resulting in the change in size or morphology of the block
copolymer nanoparticles [17–19]. Therefore, the synthesis and assembly of amphiphilic
block copolymers are carried out simultaneously in one pot in the PISA method [11–19].

It is well known that the morphologies of amphiphilic BCPs are dependent on the sol-
vent characteristics [20,21] and especially the intrinsic molecular architecture [22–27]. Star
block copolymers include a single branch point from which chemically different building
blocks spread out [28–31]. Owing to this exclusive structure, star block copolymers show
many interesting characteristics and properties unattainable by linear polymers [22–27].
For example, Ma and coworkers successfully synthesized the novel dual-functional lin-
ear and star POSS-containing organic–inorganic hybrid block copolymer poly(glycidyl
methacrylate)-block-poly(methacrylisobutyl polyhedral oligomeric silsesquioxane)1,4,6
((PGMA-b-PMAPOSS)1,4,6) by the core-first ATRP method, then crosslinked the block
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copolymers in the presence of trimethylamine to form a 3-dimensional network. Further-
more, the self-assembly behavior of these block copolymers with similar volume fractions
of insoluble block was investigated in detail in water. It was revealed that the linear block
copolymers (BCPs) PGMA-b-PMAPOSS showed the formation of spherical micelles with a
size of 140–200 nm, star four-arm BCPs (PGMA-b-PMAPOSS)4 assembled as a multi-core
core-shell morphology, and star six-arm BCPs (PGMA-b-PMAPOSS)6 assembled as the
dendritic feature [26]. Huh and his team found that self-assembling the amphiphilic star
poly(ethylene glycol)-[poly(ε-caprolactone)]2 and the corresponding linear counterparts
with approximately the same chemical composition in selective solvent lead to cylindrical
and spherical micelles, respectively [27].

The preparation of star block copolymer self-assemblies through the first strategy, that
is, general self-assembly, has been widely reported [9,10]. In addition, there are also few
reports on the preparation of star block copolymer assemblies via the PISA method, and
most of them are carried out in a polar solvent, such as water or ethanol/water mixture
solution [32–37]. As we all know, solvent properties or composition have an impact on the
morphology of block copolymer nano-assemblies [20,21]. In addition, BCP nanoparticles
prepared in low polar solvents could be easily used as lubrication and emulsifiers for
water/oil emulsions [38,39]. However, rare reports on the effect of the arm number on block
copolymer nano-assemblies, i.e., linear block copolymers versus star block copolymers in
low polar organic solvent, have been reported.

The polystyrene-mediated RAFT dispersion polymerization of the 4-vinylpyridine
(4VP) monomer is a typical example that uses the low-polar solvent, toluene [40,41]. In this
paper, the effects of the topological structure on the morphology and evolution process of
block copolymer nanoassemblies in toluene were studied using RAFT dispersion polymer-
ization of 4VP regulated by linear or star PS macro-RAFT agents. Firstly, block copolymer
nanoassemblies of (polystyrene-block-poly(4-vinylpyridine))n ((PS-b-P4VP)n, n = 1, 2, 3, and
4) were formed through RAFT dispersion polymerization in toluene employing mono- and
multi-functional macromolecular chain transfer agents. Then, the polymerization kinetics
of these dispersion RAFT polymerizations were investigated, and the effect of the arm
number or the DPs of the PS/P4VP chain on the block copolymer nanoassemblies prepared
via PISA was explored by changing the length of PS or P4VP. Finally, 2-, 3-, and 4-arm star
and linear block copolymers of (PS-b-P4VP)1,2,3,4 with similar chemical compositions were
selected to prepare the nanoassemblies in toluene by the general self-assembly method to
further prove that the topology also has an important effect of on the morphology of block
copolymer nanoassemblies prepared by general self-assembly.

2. Experimental Section
2.1. Materials

Styrene (St, >98%, Shanghai chemical reagent, Shanghai, China) and 4-vinylpyridine
(4VP, 96%, Aladdin) were purified under reduced pressure for later use. The synthesis of the
RAFT reagent of four small molecules called I, II, III, IV as shown in Scheme S1 was carried
out according to the steps in our previous paper [42,43] and the detailed synthesis process
and structure characterization are described in the Supporting Information (Scheme S2) and
Figure S1. 2,2′-Azobis(2-methylpropionitrile) (AIBN, >99%, Tianjin Chemical Company,
Tianjin, China) was recrystallized from ethanol.

2.2. Synthesis of Linear and Star macro-CTAs

Linear and star macromolecular chain transfer agents (macro-CTAs) of (PSm-TTC)n,
in which m and n represent the arm number of the PS arms and the DP of each PS arm,
with TTC representing the RAFT terminal of trithiocarbonate, were synthesized by solution
RAFT polymerization of St monomers employing I-IV as chain transfer agents (CTAs).
Here is a typical synthesis of 3-arm (PS25-TTC)3 under [St]:[III]:[AIBN] = 450:5:3: St (4.000 g,
0.039 mol), III (0.262 g, 0.427 mmol) and AIBN (42.05 mg, 0.2564 mmol) dissolved in 1,4-
dioxane (4.000 g) were weighed into a 38 mL Schlenk flask. The mixture was degassed
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and ran at 70 ◦C for 32 h. The styrene conversion was determined by 1H NMR employing
1,3,5-trioxane as an internal standard as discussed elsewhere. The synthesized (PS25-
TTC)3 was precipitated into ethanol and then dried under vacuum. By changing the
[St]0:[CTA]0:[AIBN]0 molar ratio, other (PSm-TTC)n macro-CTAs with different arm chain
length and arm number n were also synthesized (Table 1).

Table 1. Summary of the Synthesized Macro-CTAs.

Macro-CTA [M]0:[CTA]0:[I]0 Time (h) Conv. a (%)
Mn (kg/mol)

Ð e
Mn,th

b Mn,GPC
c Mn,NMR

d

PS17-TTC 100:5:1 32 85.0 2.02 3.1 2.1 1.11
PS24-TTC 150:5:1 32 80.0 2.75 3.2 3.1 1.11
PS61-TTC 500:5:1 32 61.0 6.60 6.4 6.5 1.14

(PS17-TTC)2 200:5:2 32 85.0 3.97 4.4 4.1 1.12
(PS24-TTC)2 300:5:2 32 80.4 5.43 5.5 5.38 1.13
(PS57-TTC)2 1000:5:2 32 57.2 12.29 10.6 12.4 1.18
(PS17-TTC)3 300:5:3 32 85.0 5.92 5.8 6.0 1.12
(PS25-TTC)3 450:5:3 32 83.3 8.41 7.9 8.7 1.12
(PS61-TTC)3 1500:5:3 32 59.8 19.64 21.3 19.5 1.22
(PS17-TTC)4 400:5:4 32 85.0 7.86 7.8 7.7 1.18
(PS25-TTC)4 600:5:4 32 83.3 11.19 10.9 11.0 1.20
(PS60-TTC)4 2000:5:4 32 60.0 25.75 22.6 26.1 1.26

a Monomer conversion determined by 1H NMR. b Theoretical molecular weight according to eq S1. c Molecular
weight determined by GPC. d Molecular weight determined by 1H NMR. e Ð (Mw/Mn) determined by GPC.

The styrene monomer, CTA and AIBN were dissolved in toluene to obtain a homo-
geneous solution with a solid content of 20 wt%, which was subjected to RAFT disper-
sion polymerization. Taking an example as a typical representative under [4VP]0:[(PS25-
TTC)3]0:[AIBN]0 = 2400:4:3: into a 38 mL Schlenk flask, 4VP (0.300 g, 2.86 mmol), (PS25-
TTC)3 (38.571 mg, 0.0048 mmol) and AIBN (0.59 mg, 0.0036 mmol) dissolved in toluene
(1.350 g) were weighed. The mixture was degassed and then polymerization was ran at
70 ◦C for a given time. The 4-vinylpyridine conversion was determined by 1H NMR. To
check the resultant block copolymer nanoassemblies, a small drop of the block copolymer
dispersion was deposited onto a piece of copper grid, dried at room temperature under
vacuum, and then observed by transmission electron microscope (TEM). To collect the
block copolymer for GPC analysis and 1H NMR analysis, the synthesized (PS-b-P4VP)3
nanoassemblies were diluted with dichloromethane and precipitated into ethanol, and
finally dried at 40 ◦C under vacuum.

2.3. Preparation of the Block Copolymer Micelles through Self-Assembly in Toluene

The above-synthesized linear or star (PS-b-P4VP)n (n = 1, 2, 3) block copolymer
nanoassemblies were centrifuged and dissolved in dichloromethane (DCM), then precip-
itated in toluene, centrifuged and washed with ethanol/toluene (v/v = 1:8) three times,
and finally dried at 40 ◦C under vacuum to obtain the (PS-b-P4VP)n (n = 1, 2, 3) block
copolymers. The above processes were designed to eliminate the morphology of the block
copolymer nanoassemblies obtained in toluene via the PISA method. Then, (PS-b-P4VP)n
was dissolved in DCM at room temperature to prepare a 0.5 mg/mL solution, adding
a given volume of toluene at a rate of 1 drop (1 drop was about 7 µL) every 10 s under
stirring. With the addition of toluene, the solution became turbid, indicating the forma-
tion of nanoassemblies. Toluene was then added slowly until the concentration of block
copolymer nanoassemblies was about 0.2 mg/mL. Finally, the DCM in the solution was
removed under vacuum at 25 ◦C, and a dispersion solution of block copolymers with
0.2 mg/mL concentration was obtained. TEM was used to characterize the morphology of
the (PS-b-P4VP)n (n = 1, 2, 3) block copolymer nanoassemblies.

231



Polymers 2022, 14, 3691

2.4. Characterization

The molecular weight (Mn) and dispersity (Ð, Ð = Mw/Mn) of the polymers were
obtained using a Waters 1525 µ gel permeation chromatograph. The samples were passed
through three columns using DMF solution containing 0.05 M lithium bromide as the eluent
at a flow rate of 1.0 mL/min at 50 ◦C. The narrow-polydispersity samples of polystyrene
were used as a calibration standard. The 1H NMR analysis was performed on a Bruker
Avance II 400 MHz NMR spectrometer using CDCl3 as a solvent. The TEM observation
was performed using FEI Tecnai 12 transmission electron microscopy (TEM) with 120 kV or
JEM-2100 TEM with 200 kV, whereby a small drop of the block copolymer dispersion was
deposited onto a piece of copper grid and then dried at room temperature under vacuum.

3. Results and Discussion
3.1. Synthesis of macro-CTAs with Linear and Star Structure

Due to the similar R and Z groups in the structure of I, II, III, IV CTAs (Scheme S1),
each arm of the synthesized star macro-CTAs was assumed to have a similar degree of
polymerization. The linear and star macro-CTAs of (PS)n-TTC (n = 1, 2, 3, 4) (Scheme 1)
were synthesized by solution RAFT polymerization employing an initiator of AIBN and
chain transfer agents (CTAs) of I, II, III or IV. By varying the molar ratio of St/CTAs/AIBN
(Table 1), (PS)n with a suitable DP of the PS arms was prepared. The (PS-TTC)n (n = 1,
2, 3, 4) macro-RAFT agents were characterized by 1H NMR analysis and GPC analysis,
and the results for the typical (PS24-TTC)n (n = 1, 2, 3, 4) with a similar DP of the PS arms,
around 25, are shown in Figures 1 and 2. The molecular weight, Mn,NMR by 1H NMR
analysis was calculated by comparing the integration area of the peaks at 0.88 ppm and
6.20–7.20 ppm attributed to the RAFT terminal and benzene ring. Furthermore, the Mn,NMR
was approximately equal to the theoretical molecular weight Mn,th calculated from the
monomer conversion according to eqn S1 (Table 1).
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In Figure 2, unimodal GPC traces were observed for linear PS24-TTC, (PS24-TTC)2, and
(PS25-TTC)3, while for the 4-arm star (PS25-TTC)4, a small acromion appeared on the high-
molecular-weight side. In the synthesis of star polymers, a molecule usually contains more
than one propagating radical, which is more likely to lead to a bimolecular termination
reaction as discussed elsewhere [44]. However, the dispersity of star (PS-TTC)n was narrow,
which can be verified from D < 1.3 (Table 1). It should be noted that the molecular weight
obtained by GPC for the star-shaped (PS-TTC)n prepared in this study was close to the
amount obtained by NMR characterization, which was not quite consistent with previous
results recorded in the literature, in that Mn,GPC was less than Mn,NMR for star-shaped
polymers [45,46], which will also be discussed in the following sections. (Note: herein
the DP values of PS24-TTC, (PS24-TTC)2, (PS25-TTC)3, and (PS25-TTC)4 were calculated
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according to the monomer conversions. In addition, the DP values mentioned in the
following sections were calculated through the monomer conversion.)
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3.2. Effect of the Arm Number on BCP Nanoassemblies Prepared through PISA

It has been reported that the arm number of star polymers has an important effect
on the morphology of block copolymer nanoassemblies in ethanol/water. However, the
topology of star polymers on the morphology of nanoassemblies formed through PISA
in toluene has not been studied. To achieve this, we synthesized a series of (PS-b-P4VP)n
nanoparticles with different compositions by varying the length of the PS or P4VP chain
segments according to Scheme S3, and characterized their morphologies by TEM.

Figure 3 lists the (PS-b-P4VP)n nanoparticles containing similar P4VP segments but
different PS segments. The results indicate that all the linear and star (PS-b-P4VP)n
(n = 1, 2, 3, 4) with the P4VP block chain at about 270 and the long PS arm block chain at
about 60 formed discrete nanoassemblies of 32.5 ± 4.6 nm PS61-b-P4VP272 nanospheres,
33.2 ± 2.3 nm (PS57-b-P4VP274)2 nanospheres, 40.1± 3.6 nm (PS61-b-P4VP269)3 nanospheres
and 44.3 ± 2.4 nm (PS60-b-P4VP274)4 nanospheres, respectively. When the polymerization
degree of PS arms is short, such as at about 17 or 24, linear block copolymers still form
discrete nanoassemblies, while star block copolymers n = 2, 3, and 4 all formed aggregates,
especially the aggregates of the 3- and 4-armed block copolymers. The self-assembly of
star block copolymers or linear BAB (B is insoluble chain segment) polymers can also form
large aggregates, which may be due to the formation of bridging interactions between
nanoparticles [47–50].
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P4VP still formed discrete nanoassemblies. It was found that both the linear and star (PS-b-
P4VP)n followed similar rules, i.e., the diameter of their nanoparticles increased with the
DP of P4VP block increasing. This rule is consistent with the previous morphologic change
in linear BCP nanoparticles [51–54]. In addition, the morphology of star (PS-b-P4VP)2–3
nanoparticles is much more complex than that of linear PS-b-P4VP.
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3.3. Effect of the Arm Number on Polymerization Kinetics and the Evolution of
(PS-b-P4VP)n Nanoassemblies

To further study the effect of the arm number on the polymerization kinetics and the
evolution of (PS-b-P4VP)n nanoassemblies, the (PS-TTC)n (n = 1–3) with a similar arm
length of about 25 mediated PISA of 4VP was studied in detail. In order to ensure that the
polymerization conditions were similar, [4VP]0:[trithiocarbonate]0:[AIBN]0 were designed
as a constant in all PISA reactions.

As can be seen in Figure 5A, the monomer conversion-time in the three RAFT dis-
persion polymerization reactions was very similar, indicating that the three reactions had
similar polymerization kinetics. This may be due to the fact that the (PS-TTC)n macro-
molecular chain transfer agents used had similar R and Z groups and close arm lengths. As
shown in Figure 5B, the (PS-TTC)n (n = 1, 2, 3) mediated PISA of 4VP firstly underwent a
slow polymerization process, followed by an accelerated polymerization after about 4 h
reaction (Figure 5B), which had similar polymerization kinetics as commonly reported for
RAFT dispersion polymerization [55–61]. Generally, the synthesized 3-armed stars (PS25-
b-P4VP)3 were characterized by GPC (Figure 5C) and NMR to obtain their Mn, GPC and
Mn,NMR, respectively, and the results are listed in Figure 5D. A small acromion appeared
when the monomer conversion was greater than 87% in the GPC curve of (PS25-b-P4VP)3,
which was also reflected in the increase in the Ð value in Figure 5D. Moreover, the RAFT
synthesis was controllable given that (PS25-b-P4VP)3 had a star structure and Ð was around
1.3. It is worth mentioning that when monomer conversion was low, the molecular weight
obtained by NMR was close to the molecular weight obtained by GPC, which is in agree-
ment with that described above. When the monomer conversion was greater than 20%,
the molecular weight obtained by GPC was smaller than that obtained by NMR, which is
consistent with previous results [45,46].
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In addition, the formation process of the 3-armed star-shaped (PS25-b-P4VP)3 nanopar-
ticles was recorded by TEM as shown in Figure 6. With the increase in P4VP, (PS25-b-
P4VP)3 nanoparticles changed from 16.3 ± 1.4 nm nanospheres at the beginning of 4 h to
53.8 ± 3.9 nm nanospheres at 8 h, and finally to worms of (PS25-b-P4VP190)3. However, the
linear PS24-b-P4VP was still a solid sphere when the length of P4VP was 290 (Figure 4).
Figure 6F summarizes the average diameter (D) of the (PS25-b-P4VP)3 and linear PS24-
b-P4VP nanoparticles with the DP of P4VP arms increasing, showing that the average
diameter of (PS25-b-P4VP)3 changed very little after 10 h, which may be related to the
change in morphology from nanospheres to worms. Moreover, the rate of change with the
DP was different for the 3-armed (PS25-b-P4VP)3 and linear PS24-b-P4VP block copolymer
nanoparticles.

Figure 6A-E should be improved, and the improved pictures are as follows. The lengths of P4VP chain 

segment in the original picture were incorrectly labeled in the proof stage. Thank you! 

    

  
 
 
 
 
Figure 6.  

Figure 6. TEM images of 3-armed star (PS25-b-P4VP)3 nanoparticles formed by RAFT dispersion
polymerization at 4 (A), 6 (B), 8 (C), 10 (D),14 (E), and average diameter (D) of (PS25-b-P4VP)3 and
linear PS24-b-P4VP nanoparticles with the DP of P4VP arms increasing (F).

3.4. Effect of the Arm Number on BCP Nanoassemblies Prepared through General Self-Assembly
in Toluene

As introduced above, the polymerization-induced self-assembly of block copolymers
and the self-assembly of block copolymers in block-selective solvent represent two strate-
gies to prepare block copolymer nano-objects. Herein, the effect of the arm number on
BCP nanoassemblies prepared through general self-assembly in toluene was investigated
by checking the morphology of the linear and star block copolymer nanoassemblies with
similar chemical compositions. To depress the residual monomer effect, the block copoly-
mer nanoassemblies prepared at high monomer conversion through the polymerization-
induced self-assembly were chosen. The preparation of the (PS-b-P4VP)n (n = 1, 2, 3)
block copolymer nanoassemblies through general self-assembly in the block-selective sol-
vent was achieved by initially dissolving the block copolymer in DCM, and then adding
toluene slowly, finally removing the excess DCM under vacuum at room temperature as
discussed elsewhere [42]. Whereas, differently from the highly concentrated block copoly-
mer in the polymerization-induced self-assembly (~20 wt %), very diluted block copolymer
(0.2 mg/mL) was employed in the present self-assembly strategy, since destabilization of
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the (PS-b-P4VP)n (n = 1, 2, 3) block copolymer dispersion was found when the block copoly-
mer concentration was above 1 wt %. Under this diluted block copolymer concentration at
0.2 mg/mL, all the block copolymer nanoassemblies were of great stability.

Figure 7 shows the TEM images of the linear or star (PS-b-P4VP)3 block copolymer
nanoassemblies with similar PS block chains at about 25 and similar P4VP block chains at
about 140 (top in figure) and with similar PS block chains at about 25 and similar P4VP block
chains at about 190 (bottom in figure) prepared through general self-assembly in toluene.
It indicates that the PS24-b-P4VP139 formed vesicles (Figure 7A1), whereas the similar
chemical composition of star block copolymers of (PS24-b-P4VP144)2 self-assembled into
vesicles and bicontinuous nanospheres (Figure 7B1). Similar bicontinuous nanospheres of
the mixture of poly-(ethylene glycol)-b-polystyrene/polystyrene-b-poly(ethylene glycol)-b-
polystyrene [62] and poly(ethylene oxide)-b-poly(octadecyl methacrylate) containing a long
side octadecyl chain [63] and amphiphilic polynorbornene block copolymer [64] were also
prepared, and star block copolymers of (PS25-b-P4VP144)3 self-assembled into aggregates
(Figure 7C1). The self-assembly of PS24-b-P4VP188 in toluene resulted in large nanospheres
(Figure 7A2), and the self-assembly of star block copolymers of (PS24-b-P4VP190)2 and (PS25-
b-P4VP190)3 with similar chemical composition lead to multilayered vesicles (Figure 7B2),
and bicontinuous nanospheres (Figure 7C2). These results clearly demonstrate that the
topology of block copolymers also influenced the nanoassemblies prepared through general
self-assembly in toluene.
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(A1) (PS24-b-P4VP144)2 (B1) (PS25-b-P4VP144)3 (C1) with similar PS block chains at about 25 and
similar P4VP block chains at about 140 (top), and PS24-b-P4VP188 (A2), (PS24-b-P4VP190)2 (B2), (PS25-
b-P4VP190)3 (C2) with similar PS block chains at about 25 and similar P4VP block chains at about
190 (bottom) prepared through general self-assembly in toluene.

4. Conclusions

In conclusion, linear and star BCP nanoparticles of (PS-b-P4VP)n with numbers of 1, 2,
3, and 4 were prepared by two methods of polymerization-induced self-assembly using
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(PS-TTC)n (n = 1, 2, 3, 4) macro-RAFT agents and self-assembly of block copolymers in
the low-polar organic solvent, toluene. Furthermore, the effect of the topology on the size
and/or morphology of the (PS-b-P4VP)n nanoassemblies synthesized by the two methods in
toluene was investigated in detail, and star (PS-b-P4VP)n had a more complex morphology
than its linear counterpart. In addition, the PISA process of linear or star polymers with
different topologies had similar polymerization kinetics. The possible reason is that all the
macro-CTAs had similar R and Z groups and similar arm lengths. Our results show that
in toluene, a low polar solvent, the topology not only influenced the morphology of the
BCP nanoparticles synthesized by PISA, but also affected their nanoassemblies prepared
through general self-assembly.
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Abstract: Heavy metal ions and organic pollutants often coexist in industrial effluents. In this work,
silica-di-block polymer hybrids (SiO2-g-PBA-b-PDMAEMA) with two ratios (SiO2/BA/DMAEMA =
1/50/250 and 1/60/240) were designed and prepared for the simultaneous removal of Cr(VI) and
phenol via a surface-initiated atom-transfer radical polymerization process using butyl methacry-
late (BA) as a hydrophobic monomer and 2-(Dimethylamino)ethylmethacrylate (DMAEMA) as a
hydrophilic monomer. The removal efficiency of Cr(VI) and phenol by the hybrids reached 88.25%
and 88.17%, respectively. The sample with a larger proportion of hydrophilic PDMAEMA showed
better adsorption of Cr(VI), and the sample with a larger proportion of hydrophobic PBA showed
better adsorption of phenol. In binary systems, the presence of Cr(VI) inhibited the adsorption
of phenol, yet the presence of phenol had a negligible effect on the adsorption of Cr(VI). Kinetics
studies showed that the adsorption of Cr(VI) and phenol fitted the pseudo-second-order model
well. Thermodynamic studies showed that the adsorption behavior of Cr(VI) and phenol were better
described by the Langmuir adsorption isotherm equation, and the adsorption of Cr(VI) and phenol
were all spontaneous adsorptions driven by enthalpy. The adsorbent still possessed good adsorption
capacity for Cr(VI) and phenol after six adsorption–desorption cycles. These findings show that
SiO2-g-PBA-b-PDMAEMA hybrids represent a satisfying adsorption material for the simultaneous
removal of heavy metal ions and organic pollutants.

Keywords: silica; amphipathic; block copolymer; adsorption; Cr(VI); phenol

1. Introduction

Water pollution is a worldwide problem that requires urgent attention and prevention.
Heavy metal ions [1,2] and organic pollutants [3,4] are common pollutants in water which
pose a serious threat to human health and the ecological environment. The most commonly
toxic heavy metal ions in water include Cr(VI) [5–7], As(III) [8], Cd(II) [9], Hg(II) [10],
Pb(II) [11], Cu(II) [12], Zn(II) [13], etc. The main organic pollutants include phenolic
compounds [14,15], benzene compounds [16,17], halohydrocarbons [18,19] and so on.
Among various water purification and recycling technologies, adsorption is a fast, effective,
easy to operate, inexpensive, and a universal method [20,21]. Current research on adsorbent
development mainly focuses on the adsorption of a certain type of pollutant like heavy
metal ions or organic pollutants. But in practical application, adsorption materials are
required to have good adsorption performance for different types of pollutants [22,23].
Therefore, it is urgent to design a new type of adsorption material which can adsorb metal
ions and organic molecules simultaneously and efficiently.

Organic/inorganic nano-hybrids have significant advantages in terms of having in-
organic nanoparticles with high specific surface area, high mechanical strength, high

243



Polymers 2022, 14, 2894

thermal stability, and durability [24,25]. What’s more, by means of molecular design, the
organic polymer chains of organic/inorganic nano-hybrids can adsorb different kinds
of pollutants at the same time via van der Waals forces [26], hydrogen bonding [27],
charge interactions [28], complexation [29], and other driving forces [30,31]. Therefore,
organic/inorganic nano-hybrids are deemed to be an ideal adsorption material [32–34].

Except for the usual advantages of inorganic nanoparticles, nano-silica is low-cost
and easily functionalized [35–37]. On the other hand, block co-polymerization is a useful
method for getting functional co-polymers since block co-polymer has the superiorities of a
clear chemical structure and narrow molecular weight distribution [38–40]. In this work, a
new kind of silica-di-block polymer hybrid adsorbent, SiO2-g-PBA-b-PDMAEMA, was pre-
pared by surface-initiated atom-transfer radical polymerization (SI-ATRP) [41] using butyl
methacrylate (BA) as a hydrophobic monomer and 2-(Dimethylamino)ethylmethacrylate
(DMAEMA) as a hydrophilic monomer. Interaction between the hydrophobic block
PBA and the organic pollutants was expected, and the hydrophilic functional segment
PDMAEMA was introduced into the adsorbent for its affinity with heavy metal ions. The
structure of SiO2-g-PBA-b-PDMAEMA was characterized by FTIR, GPC, and TEM. The
adsorption kinetics and thermodynamics of Cr(VI) and phenol in water were studied, and
the competitive-adsorption behavior of binary systems of Cr(VI) and phenol was discussed.

2. Materials and Methods
2.1. Materials

Nano-silica (SiO2, > 99%wt, a mean particle diameter of 20 nm and a specific sur-
face area of 120 m2·g−1) was purchased from Hai Tai Nano (Nanjing, China) and used
as received. 2-(Dimethylamino)ethylmethacrylate (DMAEMA, 99%) was purchased from
Aladdin (Shanghai, China), which was dried over calcium hydride (CaH2, 95%, Aladdin)
for 24 h and distilled under reduced pressure before use. Butyl acrylate (BA, 99%, Aladdin)
was rinsed with 5 wt% NaOH (97%, Aladdin) aqueous solution and dried over CaH2 for
24 h. Tetrahydrofuran (THF, 99%, Aladdin) and cyclohexanone (CYC, 99.5%, Aladdin)
were stirred over CaH2 for 24 h at room temperature and distilled under reduced pres-
sure prior to use. Triethylamine (TEA, 99%, Aladdin) was purified by distillation after
drying over CaH2. Cuprous chloride (CuCl, 97%, Aladdin) was purified before use [42].
(3-aminopropyl) triethoxysilane (APTES, 99%), 2-bromoisobutyrylbromide (BiBB, 98%),
N,N,N′,N′,N′′-pentamethyldiethylenetriamine (PMDETA, 99%), copper chloride (CuCl2,
98%), phenol (C6H6O, 99%), potassium dichromate (K2Cr2O7, 98%), hydrofluoric acid (HF,
40%), 1,5-diphenyl carbazide (98%) and ethanol (99.5%) were supplied by Aladdin and
used as-received without further purification. Nitric acid (HNO3, 68%) was supplied by
Foshan Huaxisheng Chemical Co. Ltd. (Foshan, China) and used as-received without
further purification.

2.2. Preparation of Silica Initiator SiO2-Br

The first step was to prepare the amino-modified nano-silica (SiO2-NH2). An amount
of 2.7 g SiO2 was dispersed in a mixture of 87 mL water and 63 mL ethanol for 30 min. Then,
10.5 mL APTES was dissolved in 24 mL ethanol and then added to the above suspension.
The pH of the system was adjusted to 10 by ammonium hydroxide, and the reaction was
kept for 24 h at 50 ◦C. After centrifugation, the lower solid layer was alternately washed
and centrifuged with water and ethanol. SiO2-NH2 was obtained after vacuum-drying
at 50 ◦C for 24 h with a yield of 78%. The second step was to bring the bromine atoms
into SiO2-NH2. An amount of 0.5 g SiO2-NH2 and 10 mL THF was added into a dried
Schlenk flask and dispersed by ultrasound for 30 min. Under the condition of an ice bath,
the Schlenk flask was filled with N2 via three vacuum/N2 cycles and the suspension was
stirred for 30 min. An amount of 1.5 mL TEA was added subsequently and then mixed with
the solution of 3 mL BiBB and 40 mL THF was injected dropwise into the flask to react for
4 h in an ice bath followed by 48 h of reaction in a water bath at 35 ◦C. After centrifugation,
the lower solid layer was alternately washed and centrifuged with water and ethanol. The
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silica surface-initiator (SiO2-Br) was obtained after vacuum-drying at 50 ◦C for 36 h with a
yield of 72%. The synthesis scheme of the silica initiator SiO2-Br is given in Scheme 1.
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2.3. Preparation of SiO2-g-PBA-b-PDMAEMA Hybrids by SI-ATRP

SiO2-g-PBA-b-PDMAEMA hybrids were obtained via a one-step ATRP. CuCl and
CuCl2 were added into a dried Schlenk flask, and the flask was sealed with a rubber septum
prior to three vacuum/N2 cycles. BA and PMDETA were injected into the flask, followed
by the suspension of SiO2-Br dispersed in cyclohexanone; the reaction was performed
at 90 ◦C for 24 h. After cooling to 70 ◦C, the cyclohexanone solution of DMAEMA was
injected, and the reaction was performed at 70 ◦C for 24 h. SiO2-g-PBA-b-PDMAEMA was
finally obtained by centrifugation and washing with THF. The synthesis scheme of SiO2-g-
PBA-b-PDMAEMA is also given in Scheme 1, and the detailed recipes of polymerization
are listed in Table 1.

Table 1. Detailed recipes for prepared samples.

Sample (SiO2-
Br:BA:DMAEMA)

SiO2-Br
/mmol

BA
/mmol

DMAEMA
/mmol

CuCl
/mmol

CuCl2
/mmol

PMDETA
/mmol

CYC
/g

S1 (1:50:250) 0.1620 8.1000 40.5000 0.1620 0.0162 0.1620 11.4773
S2 (1:60:240) 0.1620 9.7200 38.8800 0.1620 0.0162 0.1620 11.4066

Note: dosage of CYC was calculated based on a solid content of 40%.

2.4. Characterization of Initiator and Hybrids

The chemical structures for SiO2-Br and SiO2-g-PBA-b-PDMAEMA were character-
ized by Fourier transform infrared spectroscopy (FTIR, Nicolet-380, Thermo Electron
Corporation, USA) in a spectral range of 4000–400 cm−1. The molecular weights of PBA-b-
PDMAEMA cleaved from SiO2-g-PBA-b-PDMAEMA by hydrofluoric acid were measured
by gel permeation chromatograph (GPC, PL-GPC50, Agilent, USA), equipped with the PL
gel-MIXEDC chromatographic column and were calibrated by polystyrene standards. THF
was used as the eluent, and the flow rate was 0.5 mL·min−1. The particles of SiO2-g-PBA-b-
PDMAEMA were observed by transmission electron microscopy (TEM, Talos F200X, FEI,
Czech Republic) at an acceleration voltage of 200 kV. Samples were ultrasounded in water
for 30 min before measurement. The surface-grafted density of SiO2-Br was obtained by
thermogravimetric analyzer (TGA, STA449, NETZSCH, Germany) under N2 atmosphere
using a heating rate of 10 ◦C·min−1 from 25 ◦C to 1000 ◦C.
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2.5. Batch Adsorption Study

The batch mode adsorption studies were carried out by adding 0.05 g SiO2-g-PBA-
b-PDMAEMA into 50 mL Cr(VI) aqueous solutions (prepared by dissolving K2Cr2O7 in
deionized water and mostly existing as HCrO4

− and CrO4
2− [43]) or 50 mL phenol aqueous

solutions on a shaker at 120 rpm under controlled pH of 6. After thermostatic shaking for a
certain period of time, supernatant obtained by centrifugation was analyzed to detect the
concentration of Cr(VI) or phenol residues.

The concentration of residue Cr(VI) was determined using a ultraviolet-visible spec-
trophotometer (UV-Vis, Cary 5000, Agilent, USA) and developing a purple-violet color with
1,5-diphenyl carbazide in acidic solution as a complexing agent [44,45]. The absorbance of
the purple-violet colored solution was read at 540 nm after 10 min of color development.

The concentration of phenol residue was determined using a UV-Vis spectrophotome-
ter with maximum absorption wavelength of 270 nm [46,47].

The equilibrium adsorption amount Qe (mg·g−1) of SiO2-g-PBA-b-PDMAEMA of
Cr(VI) or phenol was calculated according to Equation (1) [48]. The percentage removal
η(%) was calculated according to Equation (2) [4]:

Q = (C0 − Ct)V/W (1)

η= 100(C0 − Ct)/C0 (2)

where C0 (mg·L−1) and Ct (mg·L−1) are the initial concentrations and equilibrium concen-
trations of Cr(VI) or phenol, respectively, and V (L) is the volume of the solution and W (g)
is the weight of the adsorbent.

2.6. Adsorption Kinetics

Adsorption kinetics were investigated to evaluate both the rate of Cr(VI) or phenol
adsorption and the equilibrium time required for the adsorption isotherm. Experiments
were conducted under an initial Cr(VI) or phenol concentration of 100 mg·L−1, a controlled
temperature of 298 K, and a controlled time t (5 min, 10 min, 20 min, 30 min, 60 min, 90 min,
120 min, 180 min, and 240 min).

Adsorption rate was analyzed using two kinetic models, i.e., the pseudo-first-order
model and pseudo-second-order model. The pseudo-first-order kinetic model is expressed
by Equation (3) [48]:

ln(Qe − Qt) = −k1t + lnQe (3)

where Qe (mg·g−1) and Qt (mg·g−1) are the amount of Cr(VI) or phenol adsorbed at the
equilibrium and time t (min), respectively, and k1 (min−1) is the pseudo-first-order rate
constant for the adsorption process. Values of k1 were calculated from the slope of the
ln(Qe−Qt) vs. t plot. Values of Qe were calculated from the intercept of the ln(Qe−Qt) vs.
t plot.

The pseudo-second-order kinetic model is expressed by Equation (4) [48].

t/Qt = t/Qe + 1/(k2Qe
2) (4)

where Qe (mg·g−1) and Qt (mg·g−1) are the amount of Cr(VI) or phenol adsorbed at the
equilibrium and time t (min), respectively, and k2 (g·mg−1·min−1) is the pseudo-second-
order rate constant for the adsorption process. Values of k2 and Qe were calculated from
the slope and intercept of the t/Qt vs. t plot.

2.7. Adsorption Isotherms

The adsorption isotherms were measured by controlling Cr(VI) or phenol concen-
tration at 10 mg·L−1, 20 mg·L−1, 50 mg·L−1, 100 mg·L−1, 150 mg·L−1, 200 mg·L−1, and
300 mg·L−1, respectively. After 120 min of equilibrium, the supernatant was analyzed for
the concentration of residual Cr(VI) or phenol.
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Two isotherm models were investigated, i.e., the Langmuir model and the Freundlich
model. The Langmuir model is expressed by Equation (5) [48]:

Ce/Qe = 1/(QmKL) + Ce/Qm (5)

where Qe is the equilibrium adsorption capacity (mg·g−1), Ce is the equilibrium concentra-
tion in the solution (mg·L−1), Qm is the maximum adsorption capacity (mg·g−1), and KL is
the Langmuir adsorption isotherm constant (L·mg−1). Values of Qm were calculated from
the slope of the Ce/Qe vs. Ce plot. Values of KL were calculated from the intercept of the
Ce/Qe vs. Ce plot.

The Freundlich model is expressed by Equation (6) [48]:

lnQe = lnKf + (1/n)lnCe (6)

where Qe is the equilibrium adsorption capacity (mg·g−1) and Ce is the equilibrium con-
centration in the solution (mg·L−1). Kf is the Freundlich adsorption isotherm constant
[(mg·g−1) (L·mg−1)1/n)]. The term 1/n is related to the magnitude of the adsorption driv-
ing force. Values of n were calculated from the slope of the lnQe vs. lnCe plot. Values of Kf
were calculated from the intercept of the lnQe vs. lnCe plot.

2.8. Thermodynamic Study

Three basic thermodynamic parameters were studied: the Gibbs free energy of ad-
sorption (∆G, J·mol−1), the enthalpy change (∆H, J·mol−1), and the entropy change (∆S,
J·mol−1·K−1).

∆G was calculated according to Equation (7) [48–50]:

∆G = −RTlnK (7)

where R is the universal gas constant (8.314 J·mol−1·K−1), T is the absolute temperature
(K), and K is the derived Langmuir equilibrium constant.

∆H and ∆S were calculated according to the van’t Hoff equation, which is expressed
by Equation (8) [48]:

lnK = −∆H/(RT) + ∆S/R (8)

where K is the derived Langmuir equilibrium constant, R is the gas constant (8.314 J·mol−1·K−1),
and T is the absolute temperature (K).

According to Equation (8), a linear relationship exists between lnK and 1/T. ∆H and
∆S were calculated from the slope and the intercept of the lnK vs. 1/T plot, respectively.

2.9. Recovery Experiments

Six adsorption-desorption cycles were carried out to evaluate the recovery perfor-
mance of the adsorbent. The adsorption of Cr(VI) or phenol was conducted at an initial
concentration of 100 mg·L−1, a controlled pH of 6, and a controlled temperature of 298 K.
After adsorption equilibrium, the adsorbed Cr(VI) was removed from the adsorbent using
0.1 mol·L−1 nitric acid. The adsorbent was washed with deionized water and vacuum-
dried before use. The adsorbed phenol was removed from the adsorbent using ethanol.
The adsorbent was washed with deionized water and vacuum-dried before use.

2.10. Binary Systems Competitive Adsorption

The binary-system adsorption studies were carried out using batch mode adsorption
to understand the competitive behavior between Cr(VI) and phenol onto SiO2-g-PBA-b-
PDMAEMA. The adsorption experiments were conducted by controlling the initial Cr(VI)
concentration of 100 mg·L−1 and varying the initial phenol concentration stepwise or by
controlling the initial phenol concentration of 100 mg·L−1 and varying the initial Cr(VI)
concentration stepwise. The concentration of Cr(VI) residue was measured according to
the diphenyl carbazide spectrophotometric method using a UV-Vis spectrophotometer at
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a wavelength of 540 nm. The concentration of phenol residue was determined using a
UV-Vis spectrophotometer at a wavelength of 270 nm. The equilibrium adsorption amount
Qe (mg·g−1) was calculated according to Equation (1).

3. Results and Discussion
3.1. Adsorbent Characterizations

The preparation of the silica initiator SiO2-Br was confirmed by FTIR and TGA analysis
shown in Figure 1. The new peaks in the FTIR spectrum of SiO2-NH2 at 2926 cm−1,
2854 cm−1, and 1466 cm−1 were attributed to the C-H vibration of APTES, which proved
the grafting of APTES to SiO2. Compared with the FTIR spectrum of SiO2-NH2, the new
peak in the spectrum of SiO2-Br at 1735 cm−1 was attributed to the C=O vibration of BiBB,
which proved the grafting of BiBB onto SiO2-NH2. Furthermore, the TGA curves showed
that the weight loss from 100 ◦C to 1000 ◦C for SiO2, SiO2-NH2, and SiO2-Br was 5.16%,
7.88%, and 21.93%, respectively; the weight loss below 100 ◦C was owed to the removal of
the water absorbed physically. According to these results, the graft density was calculated
at 0.81 mmol·g−1 for SiO2-Br by the content of Br in SiO2-Br.
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Figure 1. (a) IR spectra and (b) TGA curves of SiO2, SiO2-NH2, and SiO2-Br.

The verification of BA and DMAEMA grafting onto the silica surface was obtained by
the FTIR and GPC analysis of SiO2-g-PBA-b-PDMAEMA shown in Figure 2. The peaks in
the FTIR spectrum at 2958 cm−1 and 2821 cm−1 were attributed to the stretching vibration
of C-H in the PBA and PDMAEMA chains. The peaks at 1732 cm−1 were attributed to
the stretching vibration of C=O. The peaks at 1105 cm−1 were attributed to the stretching
vibration of Si-O-Si. The FTIR spectrum of SiO2-g-PBA-b-PDMAEMA showed that PBA and
PDMAEMA chains were successfully grafted onto the silica initiator SiO2-Br. Furthermore,
after etching by hydrofluoric acid, the molecular weights (Mn) of PBA-b-PDMAEMA
cleaved from SiO2-g-PBA-b-PDMAEMA were 32,930 g·mol−1 for S1 and 38,420 g·mol−1

for S2, which were close to the theoretical value for the single arm (45711 g·mol−1 for S1
and 45,421 g·mol−1 for S2, calculated from Table 1). The polydispersity indexes (PDIs)
were 1.304 for S1 and 1.391 for S2, which revealed the narrow distribution of the molecular
weights. GPC results illustrated that the polymerizations initiated by SiO2-Br were all
typically controllable ATRP, and the PBA-b-PDMAEMA chains were grafted as expected.

TEM images of SiO2 and SiO2-g-PBA-b-PDMAEMA at 100 nm are shown in Figure 3.
The particle size of SiO2 was about 20 nm. After grafting via PBA-b-PDMAEMA chains, the
silica-di-block polymer hybrids formed spherical particles with a significantly increased
diameter of 35–40 nm. Since the PBA-b-PDMAEMA chains stretched in water to some
extent, the contact between the pollutants and the adsorbent in water could be improved.
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3.2. Single Systems Adsorption Kinetics

Single system adsorption kinetics curves are shown in Figure 4. As a comparison,
adsorption using bare nano-silica was also discussed. It could be seen from Figure 4a
that Cr(VI) was adsorbed by SiO2-g-PBA-b-PDMAEMA rapidly within 0–20 min, and the
removal efficiency of Cr(VI) tended to be a constant after 60 min. The removal efficiency vs.
t plot suggested to us that it took about 60 min for Cr(VI) to reach adsorption equilibrium
on the surface of the adsorbent. The removal efficiency of Cr(VI) on S1 was 88.25%, which
was more than 17-times higher than the removal efficiency using bare nano-silica (5.01%).
In addition, the removal efficiency of Cr(VI) on S1 was higher than that of Cr(VI) on
S2 (79.88%). This was probably because of the larger proportion of PDMAEMA in S1,
which might have a stronger affinity for water-soluble ions. Figure 4b shows that phenol
was adsorbed by SiO2-g-PBA-b-PDMAEMA rapidly within 0–30 min, and the removal
efficiency of phenol tended to be constant after 120 min. This suggested to us that the
adsorption equilibrium was achieved within 120 min for phenol on the adsorbent. The
removal efficiency of phenol on S2 was 88.17%, which was more than 9-times higher than the
removal efficiency using bare nano-silica (9.09%) and was higher than the removal efficiency
of phenol on S1 (80.44%). The adsorption capacity of SiO2-g-PBA-b-PDMAEMA for phenol
greatly improved after functionalization, and the larger proportion of hydrophobic PBA in
S2 might be more conducive to the absorption of organic pollutants.
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Figure 4. Adsorption kinetics of (a) Cr(VI) or (b) phenol on SiO2-g-PBA-b-PDMAEMA and SiO2

(C0 = 100 mg·L−1, pH = 6, T = 298 K, adsorbent concentration = 1 g·L−1).

The adsorption kinetics data obtained experimentally were fitted to the pseudo-first-
order and pseudo-second-order models. The fitting results are shown in Figure 5 and
Table 2.
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Figure 5. Fitting curves of adsorption kinetics for (a) Cr(Ⅵ) and (b) phenol on SiO2-g-PBA-b-

PDMAEMA. 

Table 2. Fitting parameters of adsorption kinetics. 

Systems Adsorbents 
Qe,exp 

/mg·g−1 
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k1 

/min−1 
R2 
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Cr(Ⅵ) 
S1 88.25 18.88 0.04364 0.9055 90.66 0.00242 0.9988 

S2 79.88 37.98 0.04223 0.9688 83.19 0.00167 0.9971 

phenol 
S1 80.44 142.62 0.04313 0.9124 92.42 0.00038 0.9944 

S2 88.17 140.87 0.04821 0.9395 97.28 0.00054 0.9957 

3.3. Single Systems Adsorption Isotherms and Thermodynamic Study 
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Figure 6. Adsorption isotherms of (a) Cr(Ⅵ) on S1 and (b) phenol on S2. 

Fitting curves and adsorption isotherm constants for Cr(Ⅵ) adsorption on S1 are 

shown in Figure 7 and Table 3. According to the desired R2 greater than 0.99, the adsorp-

tion behavior of Cr(VI) on the adsorbent surface is deemed to be better described by the 

Langmuir adsorption isotherm equation, indicating that Cr(VI) was mainly adsorbed by 

monolayer. This was because, after the monolayer adsorption of Cr(VI) on the surface of 

Figure 5. Fitting curves of adsorption kinetics for (a) Cr(VI) and (b) phenol on SiO2-g-PBA-b-
PDMAEMA.

Table 2. Fitting parameters of adsorption kinetics.

Systems Adsorbents
Qe,exp

/mg·g−1

Pseudo-First-Order Pseudo-Second-Order

Qe,cal
/mg·g−1

k1
/min−1 R2 Qe,cal

/mg·g−1
k2

/g·mg−1·min−1 R2

Cr(VI)
S1 88.25 18.88 0.04364 0.9055 90.66 0.00242 0.9988
S2 79.88 37.98 0.04223 0.9688 83.19 0.00167 0.9971

phenol S1 80.44 142.62 0.04313 0.9124 92.42 0.00038 0.9944
S2 88.17 140.87 0.04821 0.9395 97.28 0.00054 0.9957

The pseudo-second-order model showed much better fitting to Cr(VI), and phe-
nol adsorption data with higher correlation coefficients (R2 > 0.99) and a better agree-
ment between experimental (Qe,exp) and calculated (Qe,cal) values is also exhibited in
Table 2. This indicated that the adsorption rates of Cr(VI) and phenol onto SiO2-g-
PBA-b-PDMAEMA were controlled by chemical processes [9]. The rate constant k2 of
Cr(VI) on S1 (0.00242 g·mg−1·min−1) was relatively higher than that of Cr(VI) on S2
(0.00167 g·mg−1·min−1), indicating a faster uptake of Cr(VI) onto S1. Similarly, the rate
constant k2 of phenol on S2 (0.00054 g·mg−1·min−1) was relatively higher than that of
phenol on S1 (0.00038 g·mg−1·min−1), indicating a faster uptake of phenol onto S2.
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3.3. Single Systems Adsorption Isotherms and Thermodynamic Study

The adsorption isotherms of Cr(VI) or phenol in aqueous solution by SiO2-g-PBA-b-
PDMAEMA at different temperatures are shown in Figure 6. The equilibrium adsorption
capacity of Cr(VI) or phenol rose with the increase of Cr(VI) or phenol equilibrium con-
centration and then tended to be constant, i.e., the saturated adsorption capacity. On the
other hand, the equilibrium adsorption capacity of Cr(VI) or phenol decreased with the
increase in adsorption temperature, indicating that the adsorption of Cr(VI) and phenol
were all exothermic processes under experimental conditions. Decreasing the temperature
was favorable for the adsorption of Cr(VI) or phenol on SiO2-g-PBA-b-PDMAEMA.
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Figure 5. Fitting curves of adsorption kinetics for (a) Cr(Ⅵ) and (b) phenol on SiO2-g-PBA-b-

PDMAEMA. 

Table 2. Fitting parameters of adsorption kinetics. 

Systems Adsorbents 
Qe,exp 

/mg·g−1 

Pseudo-first-order Pseudo-second-order 

Qe,cal 

/mg·g−1 

k1 

/min−1 
R2 

Qe,cal 

/mg·g−1 

k2 

/g·mg−1·min−1 
R2 

Cr(Ⅵ) 
S1 88.25 18.88 0.04364 0.9055 90.66 0.00242 0.9988 

S2 79.88 37.98 0.04223 0.9688 83.19 0.00167 0.9971 

phenol 
S1 80.44 142.62 0.04313 0.9124 92.42 0.00038 0.9944 

S2 88.17 140.87 0.04821 0.9395 97.28 0.00054 0.9957 

3.3. Single Systems Adsorption Isotherms and Thermodynamic Study 
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Figure 6. Adsorption isotherms of (a) Cr(Ⅵ) on S1 and (b) phenol on S2. 

Fitting curves and adsorption isotherm constants for Cr(Ⅵ) adsorption on S1 are 

shown in Figure 7 and Table 3. According to the desired R2 greater than 0.99, the adsorp-

tion behavior of Cr(VI) on the adsorbent surface is deemed to be better described by the 

Langmuir adsorption isotherm equation, indicating that Cr(VI) was mainly adsorbed by 

monolayer. This was because, after the monolayer adsorption of Cr(VI) on the surface of 

Figure 6. Adsorption isotherms of (a) Cr(VI) on S1 and (b) phenol on S2.

Fitting curves and adsorption isotherm constants for Cr(VI) adsorption on S1 are
shown in Figure 7 and Table 3. According to the desired R2 greater than 0.99, the adsorption
behavior of Cr(VI) on the adsorbent surface is deemed to be better described by the
Langmuir adsorption isotherm equation, indicating that Cr(VI) was mainly adsorbed by
monolayer. This was because, after the monolayer adsorption of Cr(VI) on the surface of
the adsorbent, the excess Cr(VI) did not easily approach the surface of the adsorbent due to
the existence of electrostatic repulsion. According to the fitting parameters in Table 3, the
saturated adsorption capacity of Cr(VI) at 298 K reached 174.22 mg·g−1. The n values fitted
by the Freundlich adsorption isotherm equation were all greater than 1, indicating that the
adsorption of Cr(VI) on S1 were beneficial adsorption processes [51]. At 298 K, the n value
was between 2 and 10, indicating that the adsorption of Cr(VI) on S1 more easily occurred
at room temperature [52].

Polymers 2022, 14, x FOR PEER REVIEW 10 of 16 

 

 

the adsorbent, the excess Cr(VI) did not easily approach the surface of the adsorbent due 

to the existence of electrostatic repulsion. According to the fitting parameters in Table 3, 

the saturated adsorption capacity of Cr(VI) at 298K reached 174.22 mg·g−1. The n values 

fitted by the Freundlich adsorption isotherm equation were all greater than 1, indicating 

that the adsorption of Cr(VI) on S1 were beneficial adsorption processes [51]. At 298 K, 

the n value was between 2 and 10, indicating that the adsorption of Cr(VI) on S1 more 

easily occurred at room temperature [52].  

 

-2 -1 0 1 2 3 4 5 6

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5(b)

 298 K

 308 K

 318 K

ln
(Q

e
/(

m
g

·g
−

1
))

ln(Ce/(mg·L−1))
 

Figure 7. (a) Langmuir and (b) Freundlich adsorption isotherms for the adsorption of Cr(Ⅵ) on S1. 

According to the Langmuir adsorption isotherm constant KL, the thermodynamic 

equilibrium constant K was obtained by getting rid of the unit. The plot of ln K vs. 1/T for 

thermodynamic parameter calculation is shown in the inset picture of Figure 7(a). The 

thermodynamic parameters calculated for Cr(Ⅵ) adsorption on S1 are shown in Table 3. 

ΔH ＜ 0 indicated that the adsorption was an exothermic process. Reducing the tempera-

ture was conducive to adsorption, and the adsorption was enthalpy-driven adsorption-

type behavior. ΔS ＜ 0 indicated that the adsorption of Cr(VI) on S1 reduced the disorder 

degree of the system, and the adsorption was not entropy-driven adsorption-type behav-

ior. ΔG ranged from −23.41 kJ·mol−1 to −22.58 kJ·mol−1. The negative values of ΔG indicated 

that the adsorption was a spontaneous process. Moreover, it could be inferred that the 

adsorption driving force was more than the typical physical interactions since studies 

have shown that the ΔG of physical adsorption was −20–0 kJ·mol−1 and the ΔG of chemical 

adsorption was −400–−80 kJ·mol−1 [53]. ΔG of between −40 kJ·mol−1 and −20 kJ·mol−1 sug-

gested to us that the main adsorption force might have been the electrostatic coulombic 

attraction [54]; this was consistent with our previous work on the adsorption of Cr(VI) to 

PDMAEMA chains [28]. 

Table 3. Adsorption isotherm constants and thermodynamic parameters for Cr(Ⅵ) adsorption on 

S1 and phenol adsorption on S2. 

Systems 

Tempera-

ture 

/K 

Langmuir Freundlich Thermodynamic Parameters 

Qm 

/mg·g−1 

KL 

/L·mg−1 
R2 n Kf R2 

ΔH 

/(kJ·mol−1) 

ΔS 

/(kJ·mol−1·K−1) 

ΔG 

/(kJ·mol−1) 

Cr(Ⅵ) 298 174.22 0.1114 0.9947 2.0617 21.3278 0.9541 −35.9 −0.0419 −23.4138 

 308 140.06 0.0701 0.9970 1.8818 12.2125 0.9341   −22.9948 

Figure 7. (a) Langmuir and (b) Freundlich adsorption isotherms for the adsorption of Cr(VI) on S1.

251



Polymers 2022, 14, 2894

Table 3. Adsorption isotherm constants and thermodynamic parameters for Cr(VI) adsorption on S1
and phenol adsorption on S2.

Systems Temperature
/K

Langmuir Freundlich Thermodynamic Parameters

Qm
/mg·g−1

KL
/L·mg−1 R2 n Kf R2 ∆H

/(kJ·mol−1)
∆S

/(kJ·mol−1·K−1)
∆G

/(kJ·mol−1)

Cr(VI) 298 174.22 0.1114 0.9947 2.0617 21.3278 0.9541 −35.9 −0.0419 −23.4138
308 140.06 0.0701 0.9970 1.8818 12.2125 0.9341 −22.9948
318 139.08 0.0447 0.9940 1.7100 8.5612 0.9395 −22.5758

phenol 298 159.74 0.1191 0.9952 2.0211 19.1839 0.9385 −36.5 −0.0449 −23.1198
308 131.58 0.0729 0.9949 1.8757 11.4701 0.9240 −22.6708
318 130.89 0.0472 0.9906 1.7124 8.2102 0.9298 −22.2218

According to the Langmuir adsorption isotherm constant KL, the thermodynamic
equilibrium constant K was obtained by getting rid of the unit. The plot of ln K vs. 1/T
for thermodynamic parameter calculation is shown in the inset picture of Figure 7a. The
thermodynamic parameters calculated for Cr(VI) adsorption on S1 are shown in Table 3.
∆H < 0 indicated that the adsorption was an exothermic process. Reducing the temperature
was conducive to adsorption, and the adsorption was enthalpy-driven adsorption-type
behavior. ∆S < 0 indicated that the adsorption of Cr(VI) on S1 reduced the disorder degree
of the system, and the adsorption was not entropy-driven adsorption-type behavior. ∆G
ranged from −23.41 kJ·mol−1 to −22.58 kJ·mol−1. The negative values of ∆G indicated
that the adsorption was a spontaneous process. Moreover, it could be inferred that the
adsorption driving force was more than the typical physical interactions since studies have
shown that the ∆G of physical adsorption was −20–0 kJ·mol−1 and the ∆G of chemical
adsorption was −400–−80 kJ·mol−1 [53]. ∆G of between −40 kJ·mol−1 and −20 kJ·mol−1

suggested to us that the main adsorption force might have been the electrostatic coulombic
attraction [54]; this was consistent with our previous work on the adsorption of Cr(VI) to
PDMAEMA chains [28].

Fitting curves and adsorption isotherm constants for phenol adsorption on S2 are
shown in Figure 8 and Table 3. According to the desired R2 (R2 > 0.99), the adsorption
behavior of phenol on the adsorbent surface could be better described by the Langmuir
adsorption isotherm equation. The thermodynamic parameters calculated for phenol
adsorption on S2 are shown in Table 3. ∆H < 0, ∆S < 0, ∆G < 0, indicated that the adsorption
was spontaneous adsorption, driven by enthalpy. As ∆H=−36.5 kJ·mol−1, which was a
within the range of hydrogen bond adsorption enthalpy (2–40 kJ·mol−1) [55], it could be
inferred that the adsorption of S2 to phenol might be dominated by the hydrogen bond
adsorption of the carbonyl group to phenol. Because of the directivity and saturation
of the hydrogen bond, the adsorption of phenol on the adsorbent surface was mainly
monolayered. The n values fitted by the Freundlich adsorption isotherm equation were all
above 1, indicating that the adsorption of phenol on S2 was a beneficial adsorption process.
At 298 K, the n value was 2.0211, indicating that the adsorption of phenol on S2 could easily
occur at room temperature.
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3.4. Recovery Performance

Six adsorption–desorption cycles were carried out to evaluate the recyclability of the
adsorbent, which is an important point for practical applications. Figure 9 represents the
adsorption–desorption cycle of Cr(VI) on S1 and phenol on S2. For the first three cycles,
the adsorption amount of Cr(VI) was 87.92 mg·g−1, 87.91 mg·g−1, and 85.32 mg·g−1,
respectively, which showed stable adsorption performance of the hybrids to Cr(VI). After
six adsorption-desorption cycles, the adsorption amount of Cr(VI) was 62.25 mg·g−1, which
accounted for 70.80% of the initial adsorption amount. These results indicated that the
adsorbent still possessed an adequate adsorption capacity toward Cr(VI) after six cycles.
For phenol adsorption, the adsorption amounts were 87.02 mg·g−1, 86.98 mg·g−1, and
85.43 mg·g−1 for the first three cycles, respectively, which also showed stable adsorption
performance of the hybrids toward phenol. After six adsorption–desorption cycles, the
adsorption amount for phenol was 72.79 mg·g−1, which accounted for 83.65% of the initial
adsorption amount. These results indicated that the adsorbent also possessed a good
adsorption capacity toward phenol after six cycles.
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3.5. Binary Systems Competitive Adsorption Behavior

The effect of the initial concentration of phenol on Cr(VI) adsorption is shown in
Figure 10a. Phenol had little influence on the adsorption effect of Cr(VI). This was because
when the pH < 7.8 [28,56], amino existed in the form of quaternary ammonium, and strong
electrostatic attraction could have happened between the quaternary ammonium in SiO2-
g-PBA-b-PDMAEMA and Cr(VI) (in the forms of HCrO4

− and CrO4
2−). The presence
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of phenol almost did not affect the electrostatic adsorption of Cr(VI) on the quaternary
ammonium groups. The effect of the initial concentration of Cr(VI) on phenol adsorption is
shown in Figure 10b. With the increase of the initial concentration of Cr(VI), the adsorption
capacity of phenol decreased gradually. This might be because potassium ion in potassium
dichromate can form co-ordination bonds with carbonyl groups, which compete may have
competed with phenol and reduced the adsorption active site for phenol. The presumed
adsorption mechanism is shown in Figure 11. Strong electrostatic attraction between the
positively charged quaternary ammonium in the PDMAEMA blocks and Cr(VI) existed
as oxygen anion, as the main driving force for the Cr(VI) adsorption. Hydrogen bonds
between ester groups in SiO2-g-PBA-b-PDMAEMA and phenol are the main driving forces
for phenol adsorption. Generally, the silica-di-block polymer hybrids (SiO2-g-PBA-b-
PDMAEMA) showed good adsorption performance toward Cr(VI) as well as phenol in
both the single and binary systems. The adsorption capacity of the hybrids compared to
other materials is given in Table 4 [5–7,14,57–60].
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Figure 10. (a) The effect of the initial concentration of phenol on Cr(VI) adsorption and (b) the effect
of the initial concentration of Cr(VI) on phenol adsorption.
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Table 4. Comparison of different adsorbent materials.

Systems Adsorbent Material Qm of Cr(VI)
(mg·g−1)

Qm of Phenol
(mg·g−1) References

Cr(VI) divinylbenzene copolymer resin 99.91 [5]
coffee polyphenol-formaldehyde resin 175.44 [6]
coffee polyphenol-acetaldehyde resin 143.32 [6]

puresorbe 76.92 [7]
silica-di-block polymer hybrids 174.22 This study

phenol palm-tree fruit stones 129.56 [14]
porous acrylic ester polymer 78.70 [57]

polymeric adsorbents IRA-96C 59.85 [58]
silica-di-block polymer hybrids 159.74 This study

Cr(VI) and phenol iron incorporated rice husk 36.3817 6.569 [59]
natural red clay modified by

hexadecyltrimethylammonium bromide
4.47 1.13 [60]

silica-di-block polymer hybrids 87.02 37.36 This study

Note: Qm refer to saturated adsorption capacity.

4. Conclusions

In this work, silica-di-block polymer hybrids, SiO2-g-PBA-b-PDMAEMA, with two
ratios (SiO2/BA/DMAEMA = 1/50/250 and 1/60/240) were obtained via SI-ATRP method-
ology. All the results of the experimental studies can be summarized as follows:

(1) The results of FTIR and GPC proved that the SiO2-g-PBA-b-PDMAEMA hybrids
were generated as expected;

(2) The adsorbent had excellent adsorption effects for Cr(VI) as well as for phenol.
Furthermore, changing the proportion of hydrophilic and hydrophobic chain segments
allowed for the adjustment of the adsorption performance of the adsorbents for water-
soluble ions and organic pollutants. S1 (SiO2/BA/DMAEMA = 1/50/250) showed a higher
removal efficiency of Cr(VI) (88.25%) than S2 (SiO2/BA/DMAEMA = 1/60/240, 79.88%),
and S2 showed a higher removal efficiency of phenol (88.17%) than S1 (80.44%);

(3) Kinetics studies showed that the adsorption of Cr(VI) and phenol fitted the pseudo-
second-order model well;

(4) The thermodynamic studies showed that the adsorption of Cr(VI) and phenol
were all exothermic processes; therefore, decreasing the temperature was favorable for
the adsorption of Cr(VI) and phenol on SiO2-g-PBA-b-PDMAEMA. The adsorption be-
havior of Cr(VI) and phenol was better described by the Langmuir adsorption isotherm
equation, indicating that Cr(VI) and phenol were mainly adsorbed by monolayer. Thermo-
dynamic parameters showed that the adsorptions were all spontaneous adsorption driven
by enthalpy;

(5) The thermodynamic parameters suggested that the driving force of Cr(VI) adsorp-
tion on S1 was mainly the electrostatic attraction of anions by the quaternary ammonium
of the PDMAEMA chains, while the adsorption of S2 to phenol was dominated by the
hydrogen bond adsorption of carbonyl groups to phenol.

Further research will be conducted on simultaneous adsorption of various pollutants.
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Abstract: Polylactides (PLAs) are thermoplastic materials known for their wide range of applications.
Moreover, the equimolar mixtures of poly(L-Lactide) (PLLA) and poly(D-Lactide) (PDLA) can form
stereocomplexes (SCs), which leads to the formation of new non-covalent complex macromolecular
architectures. In this work, we report the synthesis and characterization of non-covalent triblock
terpolymers of polystyrene-b-stereocomplex PLA-b-poly(2-vinylpyridine) (PS-b-SC-b-P2VP). Well-
defined ω-hydroxy-PS and P2VP were synthesized by “living” anionic polymerization high-vacuum
techniques with sec-BuLi as initiator, followed by termination with ethylene oxide. The resulting
PS-OH and P2VP-OH were used as macroinitiators for the ring-opening polymerization (ROP) of
DLA and LLA with Sn(Oct)2 as a catalyst to afford PS-b-PDLA and P2VP-b-PLLA, respectively. SC
formation was achieved by mixing PS-b-PDLA and P2VP-b-PLLA chloroform solutions containing
equimolar PLAs segments, followed by precipitation into n-hexane. The molecular characteristics of
the resulting block copolymers (BCPs) were determined by 1H NMR, size exclusion chromatography,
and Fourier-transform infrared spectroscopy. The formation of PS-b-SC-b-P2VP and the effect of
molecular weight variation of PLA blocks on the resulting polymers, were investigated by differential
scanning calorimetry, X-ray powder diffraction, and circular dichroism spectroscopies.

Keywords: polylactides; stereocomplexation; anionic polymerization; ring-opening polymerization;
triblock terpolymers

1. Introduction

Among synthetic aliphatic polyesters, poly(lactic acids)/polylactides (PLAs) have
attracted enormous interest because they are biocompatible and biodegradable [1–3]. PLAs
are derived from natural renewable resources, are non-toxic to the human body, and possess
good thermomechanical properties [4,5]. As a result, PLAs have been widely used in a
broad range of applications, such as packaging materials [6,7] and biomedical materials
(e.g., surgical sutures, implant materials, and controllable drug delivery systems) [8–10],
among many other applications [11–14].

PLAs also possess several inherent defects [15,16], such as long degradation periods
and slow crystallization rates, leading to inferior properties, and low heat distortion
temperature, which increases the difficulty of processing [17,18]. Diverse strategies and
chemical modifications have been employed to overcome such drawbacks, including the
use of blends and additives [19]. Another approach is the use of PLA stereocomplex
(SC)-based copolymers to enhance the properties of PLA.

Lactide (LA) exists in two optically active forms, i.e., stereoisomers, (R,R)L-lactide (LLA)
and (S,S)D-lactide (DLA), and one optically inactive form, (R,S)meso-lactide (mLA) [20,21].
When LA is converted into a polymer, the stereoregularity of the chain has a strong
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influence on the thermomechanical properties. Consequently, PLA derived from different
stereoisomers exhibits various physical and chemical properties. For example, isotactic
PLLA and PDLA with high stereoregularity are semi-crystalline polymers with a melting
temperature (Tm) between 170 and 190 ◦C [22], whereas atactic poly(rac-lactide) (PDLA) is
amorphous due to the absence of stereoregularity. Moreover, the mixture of isotactic PLLA
and PDLA can form superior material called PLA stereocomplex (SC).

The formation of SC crystallites between PLLA and PDLA was first reported by
Ikada et al. in 1986 [23]. They found that an equimolar mixture of isotactic PLLA and PDLA
in dichloromethane undergoes stereoselective physical association through multicenter
hydrogen bonding interaction between the methyl and the carbonyl groups of the opposite
configurations. This interaction was proved later by Ozaki et al. by an ultrasensitive
IR spectroscopy [24,25]. These interactions result in a new arrangement of helicoidal
chains (31) between L- and D-lactyl units interlocked side by side within the same crystal
unit (i.e., racemic crystal), indicating more dense crystal packing compared to that of the
homo-crystallites. Due to the strong interactions, SC exhibits exceptional physical and
chemical stabilities leading to significantly enhanced properties [23]. For example, SC
crystals were found to exhibit higher melting temperatures (ca. 50 ◦C higher than the
corresponding homo-crystals), improved mechanical properties, and stronger hydrolytic
resistance compared to PLA homo-crystals. Thus, stereocomplexation between PLLA and
PDLA has proven to be a powerful tool for the generation of thermally and mechanically
enhanced nanomaterials.

The stereocomplexation of block copolymers containing PLLA and PDLA blocks
has been applied to synthesize non-covalent ABA-type triblock copolymers for various
applications (A can be crystalline or amorphous block, B is PLA stereocomplex). Several
examples of the A block used in such copolymers are polyethylene glycol (PEG) [26–29],
poly(ε-caprolactone) (PCL) [30], polymenthide (PM) [31], poly(N,N-(dimethylamino)ethyl
methacrylate) (PDMAEMA) [32], polyacrylic acid (PAA) [33], polystyrene (PS) [34], and
polyisoprene (PI) [35,36]. To the best of our knowledge, P2VP-b-PLA systems have not been
used in stereocomplex systems, even though the synthesis of such diblock copolymer has
been reported via the combination of ring-opening polymerization (ROP) and reversible
addition–fragmentation chain-transfer (RAFT) polymerization [37,38].

While much research has been conducted on non-covalent triblock copolymers using
PLA SC, little information is known about PLA SC systems containing different block
copolymers, i.e., non-covalent triblock terpolymer (ABC-type triblock terpolymer). This
approach provides new insights into polymer design strategies for high-performance PLA-
based materials. Therefore, a fundamental study of the synthesis and properties of such
materials is required to establish the structure-property relationships.

Recently, our group reported the synthesis and characterization of non-covalent PS-b-
SC-b-PI triblock terpolymers by the stereocomplex formation between well-defined PI-b-
PLLA and PS-b-PDLA [39]. The synthesis of these block copolymers was accomplished by
combining anionic polymerization high-vacuum techniques (HVTs) and ROP. Hydroxy-
terminated PI and PS were synthesized via anionic polymerization and were used as
macroinitiators for the ROP of LLA and DLA in the presence of Sn(Oct)2 catalyst. The
molecular characteristics, as well as the thermal properties of the precursors and the triblock
terpolymers, were studied.

This study focuses on the synthesis and characterization of well-defined PS-b-SC-
b-P2VP via the stereocomplex formation between P2VP-b-PLLA and PS-b-PDLA. Both
BCPs were synthesized by combining anionic polymerization and ROP. First, hydroxy-
functionalized P2VP and PS were synthesized by anionic polymerization HVTs, followed
by termination with ethylene oxide and neutralization with methanol. The resulting
polymers were then used as macroinitiators for the ROP of the corresponding LA using
Sn(Oct)2 as a catalyst. The synthesized BCPs were characterized by 1H nuclear magnetic
resonance (NMR) spectroscopy and size exclusion chromatography (SEC). Stereocomplex
formation was accomplished by mixing PS-b-PDLA and P2VP-b-PLLA in chloroform,
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followed by precipitation in hexane. Both BCPs and their corresponding stereocomplexes
were characterized by differential scanning calorimetry (DSC), Fourier-tranform infrared
(FT-IR), powder X-ray diffraction (XRD), and circular dichroism (CD) spectroscopies to
study the formation of PS-b-SC-b-P2VP and to evaluate the effect of the molecular weight
of PLA on the resulting PS-b-SC-b-P2VP non-covalent triblock terpolymer properties.

2. Materials and Methods
2.1. For Anionic Polymerization

Benzene (VWR, Pris, France, 99%) and tetrahydrofuran (THF, VWR, Gliwice, Poland,
≥99.0%) were dried over calcium hydride (CaH2, 95%) followed by distillation into a
glass cylinder containing polystyrilithium (PS(−)Li(+)) for benzene, and sodium/potassium
alloy for THF, under high vacuum. Styrene (Sigma-Aldrich, 99%) was dried over CaH2
followed by distillation over di-n-butylmagnesium (Bu2Mg) and stored at −20 ◦C in pre-
calibrated ampoules. 2-Vinylpyridine (2VP,) was dried twice over CaH2 and subsequently
purified using a sodium mirror and triethylaluminum (TEA), followed by distillation into
pre-calibrated ampoules. sec-Butyllithium (1.4 M in cyclohexane, Sigma-Aldrich) was
diluted to the appropriate concentration in benzene for the polymerization of styrene, or in
n-hexane (Sigma-Aldrich, 95%) for the polymerization of 2VP, and stored under vacuum
at −20 ◦C within a home-made glass apparatus equipped with ampoules. Ethylene oxide
(EO, Sigma-Aldrich, 99.5%) was purified by distillation over CaH2, over n-BuLi at 0 ◦C,
and stored under high vacuum in ampoules. Methanol (MeOH, Sigma-Aldrich, ≥99.9%)
was purified by distillation over CaH2 and stored in ampoules under a high vacuum.

2.2. For Ring-Opening Polymerization

Toluene, 1,4-dioxane (anhydrous, >99.9%), and benzoic acid (99.5%) were dried over
CaH2 and PS(−)Li(+). Ethyl acetate (EtOAc) was purchased from VWR Chemicals (HiPer-
Solv Chromanorm) and used as received. LLA (Sigma-Aldrich, Zwijndrecht, The Nether-
lands, 99%) and DLA (Jinan Daigang Biomaterial Co., Ltd., Jinan, China, ≥99.5%) were
recrystallized from EtOAc three times and dissolved in anhydrous 1,4-dioxane, cryo-
evaporating the 1,4-dioxane, followed by drying under vacuum overnight. Stannous
octoate (Sn(Oct)2, Sigma-Aldrich, 95%) was distilled twice over anhydrous MgSO4 and
activated 4 Å molecular sieves, followed by azeotropic distillation with dry toluene. PS-OH
and P2VP-OH macronitiators obtained by anionic polymerization were dried through a
freeze-drying process in benzene two times. All monomers, solvents, and catalysts for
polymerizations were stored under argon (Ar) in a glove box (LABmaster SP, MBraun,
Stratham, NH, USA).

2.3. Instrumentation
1H NMR measurements were performed using Bruker AVANCE III spectrometers

operating at 400 or 500 MHz; chloroform-d (CDCl3, 99.8% D, Sigma-Aldrich) was used as
the solvent for all samples. 1H NMR spectra were used to calculate the number-average
molecular weight (Mn) of each block by using the integrals of the characteristic signals
from the end-groups and repeating unit of each block. SEC measurements were performed
using Agilent SEC (Agilent Technologies, Santa Clara, CA, USA) equipped with a PLgel
5 µm MIXED-C and PLgel 5 µm MIXED-D columns. THF was used as eluent at a flow
rate of 1.0 mL min−1 at 35 ◦C. The instrument was calibrated with PS standards. SEC
samples were prepared by dissolving 2 mg/mL solutions in THF and filtered through
0.22 µm Teflon filters before injection. DSC measurements were performed with a Mettler
Toledo DSC1/TC100 under nitrogen (N2) and calibrated with Indium (purity > 99.999%).
The samples were first heated from 25 to 200 ◦C to erase the thermal history and then
cooled to−20 ◦C with a heating/cooling rate of 10 ◦C min−1. This cycle was repeated twice
before the glass transition, melting, and crystallization temperatures (Tg, Tm, and Tc) were
recorded. X-ray diffractograms were obtained from XRD Bruker D8 Advance using Cu Kα
irradiation. The sample for XRD measurements was deposited on a glass substrate with
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an approximate size of 1.5 cm × 1 cm, from a chloroform solution. Circular dichroism
(CD) was performed with a Jasco J-815 model, featuring a Peltier model PTC-423S/15
thermo-stabilizing system. The cell used was a 1 mm quartz suprasil cell. The solutions
of the PS-b-PDLA, P2VP-b-PLLA, and their stereocomplexes were made with acetonitrile.
Typical concentrations were ∼0.1 mg/mL.

2.4. Synthetic Procedures

The anionic polymerization of styrene and 2VP was carried out in specific custom-
made glass apparatuses, which were evacuated and washed with n-BuLi solution prior
to polymerization. Break seals were used for the introduction of reagents. Further details
regarding the polymerization techniques are provided in previous reports [40–42].

2.5. Synthesis of Hydroxy-Terminated Polystyrene (PS-OH)

Styrene (5 g) was added to the appropriate amount of solvent (benzene, 5–10% poly-
mer concentration), followed by the addition of the initiator, sec-BuLi (0.833 mmol). The
polymerization was left to proceed until total monomer consumption (~18 h) at room tem-
perature. An aliquot was taken to verify the molecular characteristics (molecular weight
and distribution) by heat-sealing the proper constriction. EO (~1 mL) was then added to the
reaction mixture and kept for 12 h at room temperature. Finally, methanol (~0.5 mL) was
added for the termination of the living polymer. The polymer solution was precipitated
into a large excess of methanol. The resulting polymer was filtered and dried in a vacuum
oven at 40 ◦C for 24 h. Mn of PS-OH was calculated to be 6300 g mol−1 by using 1H NMR
end-group analysis. SEC analysis indicated an Mn of 6200 g mol−1 and Ð of 1.02.

2.6. Synthesis of Hydroxy-Terminated Poly(2-vinylpyridine) (P2VP-OH)

2VP (6 g) was distilled into the glass reactor containing the appropriate amount of
solvent (150 mL of THF), followed by the addition of sec-BuLi (1.2 mmol). The polymer-
ization was conducted at −78 ◦C and was left to proceed for 1 h. EO (~1 mL) was then
added to the reaction mixture and kept for 12 h at room temperature. Finally, methanol
(~0.5 mL) was added for the termination of the living polymer. The polymer solution was
precipitated into a large excess of n-hexane. The resulting polymer was filtered and dried
in a vacuum oven at 40 ◦C for 24 h. Mn of P2VP-OH was calculated to be 6000 g mol−1 by
using 1H NMR end-group analysis. SEC analysis indicated an Mn of 5500 g mol−1 and Ð
of 1.03.

2.7. Synthesis of PS-b-PDLA

In a glove box under Ar atmosphere, dry PS-OH (248 mg, 0.039 mmol), Sn(Oct)2
(8.1 mg, 0.02 mmol), D-LA (288 mg, 2 mmol), and 3 mL dry toluene were added to a dry
Schlenk flask equipped with a stirrer bar. The reaction mixture was stirred for 24 h at
80 ◦C, and the conversion was monitored by 1H NMR spectroscopy. After 24 h, the reaction
mixture was quenched with benzoic acid and precipitated in cold MeOH. The resulting
diblock copolymer was centrifuged and dried under a vacuum for 24 h at 40 ◦C.

2.8. Synthesis of P2VP-b-PLLA

In a glove box under Ar atmosphere, dry P2VP-OH (240 mg, 0.04 mmol), Sn(Oct)2
(8.1 mg, 0.02 mmol), L-LA (290 mg, 2 mmol), and 3 mL dry toluene were added to a dry
Schlenk flask equipped with a stirrer bar. The reaction mixture was stirred for 24 h at
80 ◦C, and the conversion was monitored by 1H NMR spectroscopy. After 24 h, the reaction
mixture was quenched with benzoic acid and precipitated in cold n-hexane. The resulting
diblock copolymer was centrifuged and dried under vacuum for 24 h at 40 ◦C.

2.9. Stereocomplex Formation (PS-b-SC-b-P2VP)

Equimolar solutions of PS-b-PDLA and P2VP-b-PLLA were prepared separately by
dissolving each polymer (~100 mg) in chloroform (5 mL) under vigorous stirring for 15 min
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at 400 rpm. Subsequently, the two solutions were mixed and stirred for another 15 min at
400 rpm. Finally, the final solution was precipitated in cold n-hexane (200 mL) and stirred
for 30 min at 200 rpm. The precipitate was centrifuged and dried under vacuum for 24 h at
40 ◦C. In the following discussion, the stereocomplex-based samples (PS-b-SC-b-P2VP) are
referred to as SCPLAx, where x is the calculated molecular weight of the PLA segments.

3. Results and Discussion

The anionic polymerization of 2VP and styrene was carried out in THF (at−78 ◦C) and
benzene (at room temperature), respectively, using sec-BuLi as the initiator (Scheme 1). After
complete consumption of monomers, the living polymers were end-capped by an excess
amount of EO at room temperature. Quantitative functionalization reaction of polymeric
organolithium compounds in hydrocarbon solutions with EO at room temperature proceeds
in the absence of EO oligomerization [43]. The anionic polymerization of EO does not
happen under these conditions, resulting in initiation without propagation. Therefore, only
one monomeric unit of EO is inserted at the chain-end. This is due to the high charge density
of the lithium cation resulting in the strong aggregation of terminal lithium alkoxides.

Polymers 2022, 14, x FOR PEER REVIEW 5 of 13 
 

 

2.9. Stereocomplex Formation (PS-b-SC-b-P2VP) 
Equimolar solutions of PS-b-PDLA and P2VP-b-PLLA were prepared separately by 

dissolving each polymer (~100 mg) in chloroform (5 mL) under vigorous stirring for 15 
min at 400 rpm. Subsequently, the two solutions were mixed and stirred for another 15 
min at 400 rpm. Finally, the final solution was precipitated in cold n-hexane (200 mL) and 
stirred for 30 min at 200 rpm. The precipitate was centrifuged and dried under vacuum 
for 24 h at 40 °C. In the following discussion, the stereocomplex-based samples (PS-b-SC-
b-P2VP) are referred to as SCPLAx, where x is the calculated molecular weight of the PLA 
segments. 

3. Results and Discussion 
The anionic polymerization of 2VP and styrene was carried out in THF (at −78 °C) 

and benzene (at room temperature), respectively, using sec-BuLi as the initiator (Scheme 
1). After complete consumption of monomers, the living polymers were end-capped by 
an excess amount of EO at room temperature. Quantitative functionalization reaction of 
polymeric organolithium compounds in hydrocarbon solutions with EO at room temper-
ature proceeds in the absence of EO oligomerization [43]. The anionic polymerization of 
EO does not happen under these conditions, resulting in initiation without propagation. 
Therefore, only one monomeric unit of EO is inserted at the chain-end. This is due to the 
high charge density of the lithium cation resulting in the strong aggregation of terminal 
lithium alkoxides. 

 

Scheme 1. General reactions for the synthesis of ω-hydroxyl functionalized PS and P2VP 
via anionic polymerization and the subsequent ROP of DLA/LLA. 

The functionalization of both polymers (PS and P2VP) with EO was confirmed by 1H 
NMR and by FT-IR spectrosocopies. 1H NMR spectrum shows a peak around (δ = 3.2–3.7 
ppm), which corresponds to the –CH2 attached to the hydroxyl end-group (Figure S1). 
Moreover, the –OH group can be observed using FT-IR as a broad peak around 3401 cm−1 
and 3394 cm−1 for PS-OH and P2VP-OH, respectively (Figure S2). Further confirmation is 
evident by the successful copolymerization of PLA via ROP using PS-OH and P2VP-OH 
as macroinitiators, as confirmed by SEC and 1H NMR spectroscopy (Table 1). 

PS-OH and P2VP-OH were synthesized with an Mn of 6300 and 6000 g mol−1, as ob-
tained by 1H NMR end-group analysis, respectively. Their molecular characteristics are 
presented in Table 1. Both homopolymers have low molar-mass dispersity, as indicated 
by SEC, suggesting that the polymers can be considered to be well defined (Figure S3). 

 

Scheme 1. General reactions for the synthesis ofω-hydroxyl functionalized PS and P2VP via anionic
polymerization and the subsequent ROP of DLA/LLA.

The functionalization of both polymers (PS and P2VP) with EO was confirmed
by 1H NMR and by FT-IR spectrosocopies. 1H NMR spectrum shows a peak around
(δ = 3.2–3.7 ppm), which corresponds to the –CH2 attached to the hydroxyl end-group
(Figure S1). Moreover, the –OH group can be observed using FT-IR as a broad peak around
3401 cm−1 and 3394 cm−1 for PS-OH and P2VP-OH, respectively (Figure S2). Further
confirmation is evident by the successful copolymerization of PLA via ROP using PS-OH
and P2VP-OH as macroinitiators, as confirmed by SEC and 1H NMR spectroscopy (Table 1).

PS-OH and P2VP-OH were synthesized with an Mn of 6300 and 6000 g mol−1, as
obtained by 1H NMR end-group analysis, respectively. Their molecular characteristics are
presented in Table 1. Both homopolymers have low molar-mass dispersity, as indicated by
SEC, suggesting that the polymers can be considered to be well defined (Figure S3).

ROP of DLA/LLA initiated by dry PS-OH and P2VP-OH macroinitiators and catalyzed
by Sn(Oct)2 was performed in toluene at 80 ◦C to afford PS-b-PDLA and P2VP-b-PLLA
diblock copolymers, respectively. Sn(Oct)2, is considered one of the most effective cata-
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lysts for the ROP of lactides under a wide range of conditions [44–48]. Moreover, it is
commercially available, soluble in most organic solvents, and has been approved by the
United States Food and Drug Administration. The targeted molecular weights of PLAs
were varied: 5000, 7000, and 10,000 g mol−1. The molecular characteristics of the result-
ing diblock copolymers were determined by SEC and 1H NMR measurements and are
presented in Table 1.

Table 1. Molecular characteristics of homopolymers, diblock copolymers, and the corresponding
stereocomplex.

Entry Sample Conv c (%) Mn (kg mol−1) Ð d

1 PS6.2-OH a 100 6.20 d 1.02
2 P2VP5.5-OH a 100 5.54 d 1.03
3 PS6.2-b-PDLA5.5

b 97 5.49 e 1.03
4 P2VP5.5-b-PLLA5.6

b 96 5.57 e 1.08
5 PS6.2-b-PDLA7.1

b 98 7.06 e 1.04
6 P2VP5.5-b-PLLA7

b 99 6.96 e 1.04
7 PS6.2-b-PDLA10.7

b 99 10.7 e 1.05
8 P2VP5.5-b-PLLA11

b 99 11.0 e 1.07
a Synthesized by anionic polymerization high-vacuum techniques. b Synthesized by ROP of DLA/LLA with
Sn(Oct)2 as the catalyst. c Conversions of the monomers were determined by 400 MHz 1H NMR spectra of crude
products in CDCl3 at 25 ◦C. d Determined by SEC in THF at 35 ◦C (calibrated with PS standards). e The molecular
weight corresponds to the PLA block.

Figure 1 shows the SEC traces of the homopolymer precursors compared to the
corresponding diblock copolymers. The SEC traces clearly show a shift towards a lower
elution time, indicating an increase in molecular weight compared to the PS-OH and P2VP-
OH precursors. The Ð values of all copolymers are below 1.1 (between 1.02 and 1.08),
indicating that the diblock copolymers are nearly uniform (in molar mass).
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Figure 1. SEC traces of (a) P2VP-OH precursor and P2VP-b-PLLA diblock copolymers and (b) PS-OH
precursor and PS-b-PDLA diblock copolymers (THF as eluent, 35 ◦C, PS standards).

For the following discussion on 1H NMR, FT-IR, and CD results, P2VP5.5-b-PLLA5.6
and PS6.2-b-PDLA5.5 will be used as representative samples. 1H NMR spectra of the diblock
copolymers (Figure 2) show the characteristic peaks of methine proton from PLA main
chain (c, δ = 5.2–5.3 ppm) and the terminal C–H (d, δ = 4.3–4.4 ppm). The molecular weights
of the PLA blocks were determined by calculating the integral ratio of proton (c) and (d),
i.e., end-group analysis.
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Figure 2. 1H NMR spectra of (a) P2VP5.5-b-PLLA5.6, and (b) PS6.2-b-PDLA5.5 diblock copolymers
(400 MHz, CDCl3, 25 ◦C).

FT-IR spectroscopy was used to investigate the formation of the diblock copolymers
and their corresponding stereocomplexes. The FT-IR spectra of the diblock copolymers
reveal that a new peak is present at ∼1750 cm−1, which corresponds to the carbonyl (C=O)
stretching, and two other peaks at∼1184 and 1088 cm−1 correspond to the (C–O) stretching
of PLA (Figure 3).
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Upon the formation of stereocomplex, the vibrational stretch of the carbonyl group of
PLA, i.e., ν(C=O) band, in the SCPLA (Figure 3) shifted to a slightly lower wavenumber
than that of the PS-b-PDLA (from 1756 to 1749 cm−1) and P2VP-b-PLLA (from 1754 to
1749 cm−1). This shift is attributed to the arrangement of the PLA chains into a more dense
crystal packing due to stereocomplex formation via intermolecular H-bond interaction [49].

The specific optical rotation of PDLA/PLLA blocks in the block copolymers was evalu-
ated by CD experiments. It is worth noting that PDLA chains take the right-handed helical
conformation, whereas PLLA takes the left-handed helical conformation in acetonitrile
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solution. Figure S4 shows the CD spectra for both PS6.2-b-PDLA5.5 and P2VP5.5-b-PLLA5.6
in acetonitrile. The carboxylic group of PLAs with a helical conformation is accompanied by
a characteristic absorption band of n→ π* transition. Therefore, a positive Cotton effect for
P2VP5.5-b-PLLA5.6 and a negative Cotton effect for PS6.2-b-PDLA5.5 can be observed at ~233
nm. On the other hand, the solution of SCPLA5.5 does not show such an effect, indicating
that the D- and L-helical conformations complement each other due to the stereocomplex
formation, resulting in zero CD response.

The influence of the molecular weight of PLA segments on the physical properties of
the diblock copolymers, as well as their corresponding stereocomplexes, was investigated
on the basis of DSC and XRD analyses. Figures 4 and 5 show the DSC thermograms and
XRD patterns of the block copolymers and the stereocomplexes obtained by precipitation.

DSC analysis was performed in order to evaluate the thermal properties, including
glass transition temperature (Tg) and melting temperature (Tm), of the homopolymers (PS6.2-
OH and P2VP5.2-OH) and diblock copolymers (PS6.2-b-PDLAx and P2VP5.2-b-PLLAy), as
well as the corresponding SCPLAs. The DSC thermograms of the homopolymers, block
copolymers, and corresponding SCPLAs are shown in Figure 4.

Polymers 2022, 14, x FOR PEER REVIEW 8 of 13 
 

 

The specific optical rotation of PDLA/PLLA blocks in the block copolymers was eval-
uated by CD experiments. It is worth noting that PDLA chains take the right-handed hel-
ical conformation, whereas PLLA takes the left-handed helical conformation in acetoni-
trile solution. Figure S4 shows the CD spectra for both PS6.2-b-PDLA5.5 and P2VP5.5-b-
PLLA5.6 in acetonitrile. The carboxylic group of PLAs with a helical conformation is ac-
companied by a characteristic absorption band of n → π* transition. Therefore, a positive 
Cotton effect for P2VP5.5-b-PLLA5.6 and a negative Cotton effect for PS6.2-b-PDLA5.5 can be 
observed at ~233 nm. On the other hand, the solution of SCPLA5.5 does not show such an 
effect, indicating that the D- and L-helical conformations complement each other due to 
the stereocomplex formation, resulting in zero CD response. 

The influence of the molecular weight of PLA segments on the physical properties of 
the diblock copolymers, as well as their corresponding stereocomplexes, was investigated 
on the basis of DSC and XRD analyses. Figures 4 and 5 show the DSC thermograms and 
XRD patterns of the block copolymers and the stereocomplexes obtained by precipitation. 

 
Figure 4. DSC thermograms of PS, P2VP homopolymers (a), PS-b-PDLAs, P2VP-b-PLLAs, and the 
corresponding SCPLAs with varying PLA segments with molecular weights of (b) 5 kg mol−1 (c) 7 
kg mol−1, and (d) 11 kg mol−1 (heating scan 10 °C/min, under N2 atmosphere). 

DSC analysis was performed in order to evaluate the thermal properties, including 
glass transition temperature (Tg) and melting temperature (Tm), of the homopolymers 
(PS6.2-OH and P2VP5.2-OH) and diblock copolymers (PS6.2-b-PDLAx and P2VP5.2-b-PLLAy), 
as well as the corresponding SCPLAs. The DSC thermograms of the homopolymers, block 
copolymers, and corresponding SCPLAs are shown in Figure 4. 

Figure 4. DSC thermograms of PS, P2VP homopolymers (a), PS-b-PDLAs, P2VP-b-PLLAs, and
the corresponding SCPLAs with varying PLA segments with molecular weights of (b) 5 kg mol−1

(c) 7 kg mol−1, and (d) 11 kg mol−1 (heating scan 10 ◦C/min, under N2 atmosphere).

266



Polymers 2022, 14, 2431

Polymers 2022, 14, x FOR PEER REVIEW 10 of 13 
 

 

diblock copolymers exhibited diffraction peaks at 2θ = 16.7°, 17.6°, 19.5°, 22°, and 26°, ver-
ifying the presence of α crystals, i.e., orthorhombic unit cells. In addition, the crystal struc-
ture of SCPLAs obtained from the equimolar ratio of PLLA:PDLA was also investigated. 
The diffractograms (Figure 5) show diffraction peaks of triclinic crystal at 2θ = 14°, 24°, 
and 28°, confirming the formation of stereocomplexes. Overall, the XRD patterns of block 
copolymers and their stereocomplexes are in good agreement with the literature, as the α 
crystals show the reflection at 2θ = 16.6°, 19.1° and 17°, 19°, and the SCPLA crystals show 
the reflection at 2θ = 12°, 21°, 24°, and 12°, 20.9°, 24° [23]. 

 

Figure 5. XRD patterns of PS-b-PDLAs, P2VP-b-PLLAs, and the corresponding SCPLAs 
with PLA segments with molecular weight of (a) 5 kg mol−1, (b) 7 kg mol−1, and (c) 11 kg 
mol−1 (samples were cast on top of the glass substrate). 

The total degree of crystallinity (Xc) of a polymeric material can be calculated from 
its XRD pattern. Xc is defined as the ratio of the area of all crystalline peaks to the total 
area under the XRD peaks (crystalline + amorphous), as shown in Equation (1): % 𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦   100, (1) 

where Ia and Ic are the areas of the amorphous and crystalline domains, respectively. Based 
on DSC and XRD results, both PS and P2VP segments are amorphous. Therefore, the Xc 

of the diblock copolymers and their SCPLAs obtained from XRD can be attributed to the 
Xc of their PLA segments. 

As can be seen in Figure 5, the Xcs of PS-b-PDLAs (14.5 < Xc < 52.4) and P2VP-b-PLLAs 
(34.0 < Xc < 51.4) increase with increasing molecular weight of the PLA blocks. This clearly 
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increment is insignificant. 

Figure 5. XRD patterns of PS-b-PDLAs, P2VP-b-PLLAs, and the corresponding SCPLAs with PLA
segments with molecular weight of (a) 5 kg mol−1, (b) 7 kg mol−1, and (c) 11 kg mol−1 (samples
were cast on top of the glass substrate).

The Tg values of the amorphous PS6.2-OH and P2VP5.2-OH precursors are observed
to be 92.3 ◦C and 93.6 ◦C (Table 2), respectively. In the case of the diblock copolymers,
the Tg values of PS and P2VP blocks cannot be observed, indicating that the PS/P2VP
(amorphous blocks) and PLLA/PDLA (crystalline blocks) are miscible in the melt [50,51].
The PLLA/PDLA crystallites are well organized (as proved by the distinct ∆Hm) and limit
the mobility of the amorphous blocks [50]. In addition, for PS6.2-b-PDLA7.1 (Figure 4c), the
Tg of PS overlaps with the exothermic peaks from the cold-crystallization temperature (Tcc)
of PLA. Therefore, the effect of the molecular weight of crystalline PLA blocks on the Tg
of the amorphous blocks cannot be evaluated. The small endothermic humps observed
between 50 and 80 ◦C are attributed to the Tg values of PLA.

All block copolymers exhibited a Tm of PLAs in the range of 150–180 ◦C, indicating
the existence of crystalline PDLA/PLLA block. The PLLA block in P2VP5.2-b-PLLA5.6
and P2VP5.2-b-PLLA7 shows double melting (Tm) peaks. Two plausible explanations have
been proposed for this observed phenomenon. The first concerns the lamellar crystal
thickness [52,53], and suggests that the double endothermic behavior is the result of the
existence of two kinds of crystal lamellae having different thicknesses. Consequently, the
melting of the thinner lamellae would be observed at a lower temperature endotherm,
whereas the thicker lamellae are related to the higher temperature endotherm. The second
possible explanation is the partial melting and recrystallization process [54,55], where the
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lower-temperature endotherm is the result of the melting of the initial lamellae followed by
recrystallization into more perfect lamellae.

Table 2. Thermal properties of homopolymers, block copolymers, and the corresponding SCPLA.

Sample Tg (◦C) 1 Tm (◦C) 1 ∆Hm (J/g) 1 Xc (%) 2

PS6.2-OH 92.3 - - Amorphous
P2VP5.5-OH 93.6 - - Amorphous

PS6.2-b-PDLA5.5 - 153.0 24.4 14.5
P2VP5.5-b-PLLA5.6 83.0 156.0 23.5 34.0

SCPLA5.5 - 220.3 36.1 33.0
PS6.2-b-PDLA7.1 54.2 154.0 25.5 37.3

P2VP5.5-b-PLLA7 58.9 152.6 27.7 39.6
SCPLA7 - 223.3 41.3 38.3

PS6.2-b-PDLA10.7 73.9 162.6 30.0 52.4
P2VP5.5-b-PLLA11 59.9 162.9 43.2 51.4

SCPLA11 - 231.1 39.9 39.3
1 Determined by DSC (heating scan 10 ◦C min−1, N2 atmosphere). 2 Determined by XRD (samples were deposited
on top of a glass substrate).

In general, the Tm values of PLLA and PDLA are affected by the increase in molecular
weight. Such a trend is also observed in the PS6.2-b-PDLA and P2VP5.2-b-PLLA block
copolymers. The higher the molecular weight of PLLA and PDLA, the higher the Tm in
the diblock copolymers. When the molecular weight is increased from ~5000 g mol−1 to
~10,000 g mol−1, the Tm values increase from 153.0 to 162.6 ◦C for PDLA-containing BCPs,
and from 156.0 to 162.9 ◦C in the case of PLLA-containing BCPs. Similarly, the Tm and
the melting enthalpy (∆Hm) of SCPLA also increase with the increase in the molecular
weight of PLA (from 220.3 to 230.3 ◦C). These results are in good agreement with our recent
findings on the thermal properties of PS-b-SC-b-PI [39]. It is worth noting that the Tm of
SCPLA is always ~70 ◦C higher than the Tm of their corresponding diblock copolymers,
indicating that the effect of the amorphous PS6.2 and P2VP5.2 on the crystal packing of
SCPLA is not significant in this case.

The investigation of crystal structure and degree of crystallinity (Xc) for the homopoly-
mers, block copolymers, and their stereocomplexes obtained by precipitation was carried
out by means of XRD analysis. The diffraction patterns are presented in Figure 5. The
diblock copolymers exhibited diffraction peaks at 2θ = 16.7◦, 17.6◦, 19.5◦, 22◦, and 26◦,
verifying the presence of α crystals, i.e., orthorhombic unit cells. In addition, the crystal
structure of SCPLAs obtained from the equimolar ratio of PLLA:PDLA was also investi-
gated. The diffractograms (Figure 5) show diffraction peaks of triclinic crystal at 2θ = 14◦,
24◦, and 28◦, confirming the formation of stereocomplexes. Overall, the XRD patterns of
block copolymers and their stereocomplexes are in good agreement with the literature, as
the α crystals show the reflection at 2θ = 16.6◦, 19.1◦ and 17◦, 19◦, and the SCPLA crystals
show the reflection at 2θ = 12◦, 21◦, 24◦, and 12◦, 20.9◦, 24◦ [23].

The total degree of crystallinity (Xc) of a polymeric material can be calculated from its
XRD pattern. Xc is defined as the ratio of the area of all crystalline peaks to the total area
under the XRD peaks (crystalline + amorphous), as shown in Equation (1):

% Crystallinity =
Ic

(Ic + Ia)
× 100, (1)

where Ia and Ic are the areas of the amorphous and crystalline domains, respectively. Based
on DSC and XRD results, both PS and P2VP segments are amorphous. Therefore, the Xc of
the diblock copolymers and their SCPLAs obtained from XRD can be attributed to the Xc
of their PLA segments.

As can be seen in Figure 5, the Xcs of PS-b-PDLAs (14.5 < Xc < 52.4) and P2VP-b-PLLAs
(34.0 < Xc < 51.4) increase with increasing molecular weight of the PLA blocks. This clearly
indicates that the fraction crystalline domain increases with increasing molecular weight
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of PLA. A similar trend is also observed for the SCPLA (33.0 < Xc < 39.3), although the
increment is insignificant.

4. Conclusions

Several well-defined diblock copolymers, PS6.2-b-PDLAx and P2VP5.5-b-PLLAy, were
successfully synthesized via the combination of anionic polymerization high-vacuum
techniques and ring-opening polymerization. PS6.2-b-PDLAx and P2VP5.5-b-PLLAy were
used as the precursors to synthesize non-covalent PS6.2-b-SC-b-P2VP5.5 triblock terpolymers
via stereocomplexation of PDLA and PLLA blocks in chloroform. 1H NMR spectroscopy
and SEC confirmed the molecular characteristics of the copolymers. FT-IR, DSC, XRD,
and CD spectroscopies revealed the formation of PS6.2-b-SC-b-P2VP5.5 as well as the effect
of varying PLA molecular weights on the thermal properties of co/terpolymers. It was
found that the Tm and Xc of the co/terpolymers increase with the increase of the molecular
weights of PLA segments.

Comprehensive studies are necessary to further understand this system and determine
a range of potential applications. Morphological and mechanical studies, including Young’s
modulus and tensile strength, will be conducted to fully establish the structure–properties
relationship of these new non-covalent triblock terpolymers. Moreover, the presence of
P2VP segments in these triblock terpolymers can be promising for biomedical applications
due to their pH-sensitive nature and the ability to bind with metal cations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14122431/s1. Figure S1: 1H NMR (400 MHz, CDCl3)
spectra of (a) PS-OH and (b) P2VP-OH; Figure S2: FT-IR spectra of (a) PS-OH and (b) P2VP-OH;
Figure S3: SEC traces of (a) PS-OH and (b) P2VP-OH in THF at 35 ◦C; Figure S4: CD spectra of PS6.2-
b-PDLA5.5, P2VP5.5-b-PLLA5.6, and SCPLA5.5 were measured in acetonitrile with a concentration of
0.1 mg mL−1 at room temperature.

Author Contributions: Conceptualization was designed by N.H.; methodology and materials (ho-
mopolymers, diblock copolymers, and stereocomplexes) were synthesized by A.A., V.L. and K.N.
under the supervision of N.H. writing—original draft preparation by A.A.; writing—review and
editing, A.A., V.L., K.N. and N.H.; supervision by N.H; funding acquisition by KAUST. All authors
have read and agreed to the published version of the manuscript.

Funding: The authors acknowledge the financial support and facilities provided by the King Abdul-
lah University of Science and Technology (KAUST).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References
1. Ikada, Y.; Tsuji, H. Biodegradable polyesters for medical and ecological applications. Macromol. Rapid. Comm. 2000, 21, 117–132.

[CrossRef]
2. Nair, L.S.; Laurencin, C.T. Biodegradable polymers as biomaterials. Prog. Polym. Sci. 2007, 32, 762–798. [CrossRef]
3. Bai, H.; Deng, S.; Bai, D.; Zhang, Q.; Fu, Q. Recent Advances in Processing of Stereocomplex-Type Polylactide. Macromol. Rapid.

Commun. 2017, 38, 1700454. [CrossRef] [PubMed]
4. Nofar, M.; Sacligil, D.; Carreau, P.J.; Kamal, M.R.; Heuzey, M.-C. Poly (lactic acid) blends: Processing, properties and applications.

Int. J. Biol. Macromol. 2018, 125, 307–360. [CrossRef]
5. Wu, C.-S. Renewable resource-based composites of recycled natural fibers and maleated polylactide bioplastic: Characterization

and biodegradability. Polym. Degrad. Stab. 2009, 94, 1076–1084. [CrossRef]
6. Bai, H.; Huang, C.; Xiu, H.; Zhang, Q.; Deng, H.; Wang, K.; Chen, F.; Fu, Q. Significantly Improving Oxygen Barrier Properties of

Polylactide via Constructing Parallel-Aligned Shish-Kebab-Like Crystals with Well-Interlocked Boundaries. Biomacromolecules
2014, 15, 1507–1514. [CrossRef]

269



Polymers 2022, 14, 2431

7. Tawakkal, I.S.M.A.; Cran, M.J.; Miltz, J.; Bigger, S. A Review of Poly(Lactic Acid)-Based Materials for Antimicrobial Packaging.
J. Food Sci. 2014, 79, R1477–R1490. [CrossRef]

8. Drumright, R.E.; Gruber, P.R.; Henton, D.E. Polylactic acid technology. Adv. Mater. 2000, 12, 1841–1846. [CrossRef]
9. Jacobson, G.B.; Shinde, R.; Contag, C.; Zare, R.N. Sustained Release of Drugs Dispersed in Polymer Nanoparticles. Angew. Chem.

Int. Ed. 2008, 47, 7880–7882. [CrossRef]
10. Casalini, T.; Rossi, F.; Castrovinci, A.; Perale, G. A Perspective on Polylactic Acid-Based Polymers Use for Nanoparticles Synthesis

and Applications. Front. Bioeng. Biotechnol. 2019, 7, 259. [CrossRef]
11. Li, Y.; Qiang, Z.; Chen, X.; Ren, J. Understanding thermal decomposition kinetics of flame-retardant thermoset polylactic acid.

RSC Adv. 2019, 9, 3128–3139. [CrossRef]
12. Cai, S.; Qiang, Z.; Zeng, C.; Ren, J. Multifunctional poly(lactic acid) copolymers with room temperature self-healing and rewritable

shape memory properties via Diels-Alder reaction. Mater. Res. Express 2019, 6, 045701. [CrossRef]
13. Armentano, I.; Bitinis, N.; Fortunati, E.; Mattioli, S.; Rescignano, N.; Verdejo, R.; Lopez-Manchado, M.; Kenny, J. Multifunctional

nanostructured PLA materials for packaging and tissue engineering. Prog. Polym. Sci. 2013, 38, 1720–1747. [CrossRef]
14. Jing, Y.; Quan, C.; Liu, B.; Jiang, Q.; Zhang, C. A Mini Review on the Functional Biomaterials Based on Poly(lactic acid)

Stereocomplex. Polym. Rev. 2016, 56, 262–286. [CrossRef]
15. Rasal, R.M.; Janorkar, A.V.; Hirt, D.E. Poly(lactic acid) modifications. Prog. Polym. Sci. 2010, 35, 338–356. [CrossRef]
16. Gao, C.; Yu, L.; Liu, H.; Chen, L. Development of self-reinforced polymer composites. Prog. Polym. Sci. 2012, 37, 767–780.

[CrossRef]
17. Gupta, B.; Revagade, N.; Hilborn, J. Poly(lactic acid) fiber: An overview. Prog. Polym. Sci. 2007, 32, 455–482. [CrossRef]
18. Raquez, J.-M.; Habibi, Y.; Murariu, M.; Dubois, P. Polylactide (PLA)-based nanocomposites. Prog. Polym. Sci. 2013, 38, 1504–1542.

[CrossRef]
19. Ye, S.; Lin, T.T.; Tjiu, W.W.; Wong, P.K.; He, C. Rubber toughening of poly(lactic acid): Effect of stereocomplex formation at the

rubber-matrix interface. J. Appl. Polym. Sci. 2012, 128, 2541–2547. [CrossRef]
20. Garlotta, D. A Literature Review of Poly(Lactic Acid). J. Polym. Environ. 2001, 9, 63–84. [CrossRef]
21. Södergård, A.; Stolt, M. Properties of lactic acid based polymers and their correlation with composition. Prog. Polym. Sci. 2002,

27, 1123–1163. [CrossRef]
22. Jamshidi, K.; Hyon, S.-H.; Ikada, Y. Thermal characterization of polylactides. Polymers 1988, 29, 2229–2234. [CrossRef]
23. Ikada, Y.; Jamshidi, K.; Tsuji, H.; Hyon, S.H. Stereocomplex formation between enantiomeric poly(lactides). Macromolecules 1987,

20, 904–906. [CrossRef]
24. Wan, Z.-Q.; Longo, J.M.; Liang, L.-X.; Chen, H.-Y.; Hou, G.-J.; Yang, S.; Zhang, W.-P.; Coates, G.W.; Lu, X.-B. Comprehensive

Understanding of Polyester Stereocomplexation. J. Am. Chem. Soc. 2019, 141, 14780–14787. [CrossRef]
25. Zhang, J.; Sato, H.; Tsuji, H.; Noda, A.I.; Ozaki, Y. Infrared spectroscopic study of CH3 center dot center dot center dot O=C

interaction during poly(L-lactide)/poly(D-lactide) stereocomplex formation. Macromolecules 2005, 38, 1822–1828. [CrossRef]
26. Fujiwara, T.; Mukose, T.; Yamaoka, T.; Yamane, H.; Sakurai, S.; Kimura, Y. Novel thermo-responsive formation of a hydrogel by

stereo-complexation between PLLA-PEG-PLLA and PDLA-PEG-PDLA block copolymers. Macromol. Biosci. 2001, 1, 204–208.
[CrossRef]

27. Yang, L.; El Ghzaoui, A.; Li, S. In vitro degradation behavior of poly(lactide)–poly(ethylene glycol) block copolymer micelles in
aqueous solution. Int. J. Pharm. 2010, 400, 96–103. [CrossRef]

28. Chen, L.; Xie, Z.; Hu, J.; Chen, X.; Jing, X. Enantiomeric PLA–PEG block copolymers and their stereocomplex micelles used as
rifampin delivery. J. Nanopart. Res. 2006, 9, 777–785. [CrossRef]

29. Song, Y.; Wang, D.; Jiang, N.; Gan, Z. Role of PEG Segment in Stereocomplex Crystallization for PLLA/PDLA-b-PEG-b-PDLA
Blends. ACS Sustain. Chem. Eng. 2015, 3, 1492–1500. [CrossRef]

30. Shirahama, H.; Ichimaru, A.; Tsutsumi, C.; Nakayama, Y.; Yasuda, H. Characteristics of the biodegradability and physical
properties of stereocomplexes between poly(L-lactide) and poly(D-lactide) copolymers. J. Polym. Sci. Part A Polym. Chem. 2004,
43, 438–454. [CrossRef]

31. Wanamaker, C.L.; Bluemle, M.J.; Pitet, L.; O’Leary, L.E.; Tolman, W.B.; Hillmyer, M.A. Consequences of Polylactide Stereochemistry
on the Properties of Polylactide-Polymenthide-Polylactide Thermoplastic Elastomers. Biomacromolecules 2009, 10, 2904–2911.
[CrossRef]

32. Li, Z.; Yuan, D.; Fan, X.; Tan, B.H.; He, C. Poly(ethylene glycol) Conjugated Poly(lactide)-Based Polyelectrolytes: Synthesis and
Formation of Stable Self-Assemblies Induced by Stereocomplexation. Langmuir 2015, 31, 2321–2333. [CrossRef]

33. Fan, X.; Wang, Z.; Yuan, D.; Sun, Y.; Li, Z.; He, C. Novel linear-dendritic-like amphiphilic copolymers: Synthesis and self-assembly
characteristics. Polym. Chem. 2014, 5, 4069–4075. [CrossRef]

34. Uehara, H.; Karaki, Y.; Wada, S.; Yamanobe, T. Stereo-Complex Crystallization of Poly(lactic acid)s in Block-Copolymer Phase
Separation. ACS Appl. Mater. Interfaces 2010, 2, 2707–2710. [CrossRef]

35. Schmidt, S.C.; Hillmyer, M.A. Synthesis and Characterization of Model Polyisoprene−Polylactide Diblock Copolymers. Macro-
molecules 1999, 32, 4794–4801. [CrossRef]

36. Frick, E.M.; Hillmyer, M.A. Synthesis and characterization of polylactide-block-polyisoprene-block-polylactide triblock copoly-
mers: New thermoplastic elastomers containing biodegradable segments. Macromol. Rapid. Comm. 2000, 21, 1317–1322. [CrossRef]

270



Polymers 2022, 14, 2431

37. He, X.; He, Y.; Hsiao, M.-S.; Harniman, R.L.; Pearce, S.; Winnik, M.A.; Manners, I. Complex and Hierarchical 2D Assemblies
via Crystallization-Driven Self-Assembly of Poly(l-lactide) Homopolymers with Charged Termini. J. Am. Chem. Soc. 2017,
139, 9221–9228. [CrossRef]

38. Long, J.; Azmi, A.S.; Kim, M.P.; Ali, F.B. Comparative Study of Poly(4-vinylpyridine) and Polylactic Acid-block-poly (2-
vinylpyridine) Nanocomposites on Structural, Morphological and Electrochemical Properties. Sains Malays. 2017, 46, 1097–1102.
[CrossRef]

39. Ladelta, V.; Ntetsikas, K.; Zapsas, G.; Hadjichristidis, N. Non-Covalent PS–SC–PI Triblock Terpolymers via Polylactide Stereocom-
plexation: Synthesis and Thermal Properties. Macromolecules 2022, 55, 2832–2843. [CrossRef]

40. Hadjichristidis, N.; Iatrou, H.; Pispas, S.; Pitsikalis, M. Anionic polymerization: High vacuum techniques. J. Polym. Sci. Pol. Chem.
2000, 38, 3211–3234. [CrossRef]

41. Uhrig, D.; Mays, J.W. Experimental techniques in high-vacuum anionic polymerization. J. Polym. Sci. Part A Polym. Chem. 2005,
43, 6179–6222. [CrossRef]

42. Bhaumik, S.; Ntetsikas, K.; Hadjichristidis, N. Noncovalent Supramolecular Diblock Copolymers: Synthesis and Microphase
Separation. Macromolecules 2020, 53, 6682–6689. [CrossRef]

43. Quirk, R.P.; Ma, J.-J. Characterization of the functionalization reaction product of poly(styryl)lithium with ethylene oxide. J.
Polym. Sci. Part A Polym. Chem. 1988, 26, 2031–2037. [CrossRef]

44. Kowalski, A.; Libiszowski, J.; Biela, T.; Cypryk, M.; Duda, A.A.; Penczek, S. Kinetics and Mechanism of Cyclic Esters Poly-
merization Initiated with Tin(II) Octoate. Polymerization of ε-Caprolactone and l,l-Lactide Co-initiated with Primary Amines.
Macromolecules 2005, 38, 8170–8176. [CrossRef]

45. Grijpma, D.W.; Pennings, A.J. Polymerization Temperature Effects on the Properties of L-Lactide and Epsilon-Caprolactone
Copolymers. Polym. Bull. 1991, 25, 335–341. [CrossRef]

46. Kricheldorf, H.R.; Meierhaack, J. Polylactones, 22 Aba Triblock Copolymers of L-Lactide and Poly(Ethylene Glycol). Makromol.
Chem. 1993, 194, 715–725. [CrossRef]

47. Ryner, M.; Stridsberg, K.; Albertsson, A.-C.; von Schenck, H.; Svensson, M. Mechanism of Ring-Opening Polymerization of
1,5-Dioxepan-2-one and l-Lactide with Stannous 2-Ethylhexanoate. A Theoretical Study. Macromolecules 2001, 34, 3877–3881.
[CrossRef]

48. Ladelta, V.; Zapsas, G.; Abou-Hamad, E.; Gnanou, Y.; Hadjichristidis, N. Tetracrystalline Tetrablock Quarterpolymers: Four
Different Crystallites under the Same Roof. Angew. Chem. Int. Ed. 2019, 58, 16267–16274. [CrossRef] [PubMed]

49. Chang, Y.; Chen, Z.; Yang, Y. Benign Fabrication of Fully Stereocomplex Polylactide with High Molecular Weights via a Thermally
Induced Technique. ACS Omega 2018, 3, 7979–7984. [CrossRef] [PubMed]

50. Ji, E.; Cummins, C.; Fleury, G. Precise Synthesis and Thin Film Self-Assembly of PLLA-b-PS Bottlebrush Block Copolymers.
Molecules 2021, 26, 1412. [CrossRef]

51. Michell, R.M.; Müller, A.J.; Spasova, M.; Dubois, P.; Burattini, S.; Greenland, B.W.; Hamley, I.W.; Hermida-Merino, D.; Cheval, N.;
Fahmi, A. Crystallization and Stereocomplexation Behavior of Poly(D- and L-lactide)-b-Poly(N,N-dimethylamino-2-ethyl
methacrylate) Block Copolymers. J. Polym. Sci. Part B Polym. Phys. 2011, 49, 1397–1409. [CrossRef]

52. Cebe, P.; Hong, S.-D. Crystallization behaviour of poly(ether-ether-ketone). Polymer 1986, 27, 1183–1192. [CrossRef]
53. Bassett, D.; Olley, R.; Alraheil, I. On crystallization phenomena in PEEK. Polymer 1988, 29, 1745–1754. [CrossRef]
54. Lee, Y.; Porter, R.S.; Lin, J.S. On the double-melting behavior of poly(ether ether ketone). Macromolecules 1989, 22, 1756–1760.

[CrossRef]
55. Jonas, A.M.; Russell, T.P.; Yoon, D.Y. Synchrotron X-ray Scattering Studies of Crystallization of Poly(ether-ether-ketone) from the

Glass and Structural Changes during Subsequent Heating-Cooling Processes. Macromolecules 1995, 28, 8491–8503. [CrossRef]

271





Citation: Siddique, S.K.; Sadek, H.;

Lee, T.-L.; Tsai, C.-Y.; Chang, S.-Y.;

Tsai, H.-H.; Lin, T.-S.; Manesi, G.-M.;

Avgeropoulos, A.; Ho, R.-M. Block

Copolymer Modified Nanonetwork

Epoxy Resin for Superior Energy

Dissipation. Polymers 2022, 14, 1891.

https://doi.org/10.3390/

polym14091891

Academic Editor: Incoronata Tritto

Received: 30 March 2022

Accepted: 3 May 2022

Published: 5 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Article

Block Copolymer Modified Nanonetwork Epoxy Resin for
Superior Energy Dissipation
Suhail K. Siddique 1 , Hassan Sadek 1 , Tsung-Lun Lee 1, Cheng-Yuan Tsai 2 , Shou-Yi Chang 2,
Hsin-Hsien Tsai 3, Te-Shun Lin 3, Gkreti-Maria Manesi 4 , Apostolos Avgeropoulos 4,5 and Rong-Ming Ho 1,*

1 Department of Chemical Engineering, National Tsing Hua University, Hsinchu 30013, Taiwan;
s105032891@m105.nthu.edu.tw (S.K.S.); hassan_sadek@azhar.edu.eg (H.S.);
tsunglunlee@mx.nthu.edu.tw (T.-L.L.)

2 Department of Material Science and Engineering, National Tsing Hua University, Hsinchu 30013, Taiwan;
tsai10681@gmail.com (C.-Y.T.); changsy@mx.nthu.edu.tw (S.-Y.C.)

3 Kaohsiung Factory R&D Department, Chang Chun Plastics Co., Ltd., Kaohsiung 81469, Taiwan;
hsin_hsien_tsai@ccpgp.com (H.-H.T.); de_shun_lin@ccpgp.com (T.-S.L.)

4 Department of Materials Science Engineering, University Campus, University of Ioannina,
45110 Ioannina, Greece; gretimanesi@uoi.gr (G.-M.M.); aavger@uoi.gr (A.A.)

5 Faculty of Chemistry, Lomonosov Moscow State University (MSU), GSP-1, 1-3 Leninskiye Gory,
119991 Moscow, Russia

* Correspondence: rmho@mx.nthu.edu.tw; Tel.: +886-3-573-8349; Fax: +886-3-571-5408

Abstract: Herein, this work aims to fabricate well-ordered nanonetwork epoxy resin modified
with poly(butyl acrylate)-b-poly(methyl methacrylate) (PBA-b-PMMA) block copolymer (BCP)
for enhanced energy dissipation using a self-assembled diblock copolymer of polystyrene-b-
poly(dimethylsiloxane) (PS-b-PDMS) with gyroid and diamond structures as templates. A systematic
study of mechanical properties using nanoindentation of epoxy resin with gyroid- and diamond-
structures after modification revealed significant enhancement in energy dissipation, with the values
of 0.36 ± 0.02 nJ (gyroid) and 0.43 ± 0.03 nJ (diamond), respectively, when compared to intrinsic
epoxy resin (approximately 0.02 ± 0.002 nJ) with brittle characteristics. This enhanced property is
attributed to the synergic effect of the deliberate structure with well-ordered nanonetwork texture and
the toughening of BCP-based modifiers at the molecular level. In addition to the deliberate structural
effect from the nanonetwork texture, the BCP modifier composed of epoxy-philic hard segment and
epoxy-phobic soft segment led to dispersed soft-segment domains in the nanonetwork-structured
epoxy matrix with superior interfacial strength for the enhancement of applied energy dissipation.

Keywords: nanonetwork; block copolymer; modifier; templated polymerization; energy dissipation

1. Introduction

Epoxy resin is one of the most versatile thermosets due to its processability, cost-
effectiveness, and superior mechanical performance, giving excellent characteristics for
industrial applications. The existence of multiple oxiranes or epoxy groups in the molecular
structure of epoxy resin can provide high crosslinking density for superior mechanical
strength, but the excessive crosslinking of epoxy rings in the molecular structure results
in the brittle or glassy characteristics, and thus limits their engineering performance [1].
As a result, the reduction in glassy characteristics of epoxy resins to enhance the toughness
gained intense attention in the last century. Extensive research has been conducted to
improve the energy absorption capability of epoxy resin by incorporating a variety of
toughening agents including liquid rubber [2,3], thermoplastic polymers [4], core–shell
particle [5,6], and ceramic fillers [7].

A well-dispersed rubber modifier without any molecular level interactions can signifi-
cantly reduce the brittle characteristics of epoxy resin by lowering the crosslinking density,
which enhances their toughness by enabling the internal cavitation of well-bounded rubber
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particles [8]. However, it might greatly affect their strength and glass transition temperature
(Tg) [1]. Recent developments in the toughening of epoxy resin using amphiphilic block
copolymers was reported [9,10] at which the BCPs self-assemble into spherical micelle,
worm-like structures or vesicles to provide high energy dissipation with the least impact
on modulus and glass transition temperature [11]. The BCPs composed of epoxy-philic
hard and epoxy-phobic soft segments can self-assemble into different morphologies in
epoxy resin due to their intermolecular interactions, which gives them the exceptional
capability to absorb applied energy through cavitation with shear banding. The addition of
a small amount of BCPs provides excellent toughening without sacrificing the strength and
effective thermal properties of epoxy resin [8,12]. Most interestingly, the energy dissipation
from the brittle to plastic transformation of intrinsic epoxy resin can also be achieved
by well-ordered structures termed metamaterials [13–15], which offer unique emergent
mechanical properties, especially for high specific energy absorption [16–19]. Mechanical
metamaterials are the materials that show exceptional mechanical properties due to their
deliberate structuring instead of bulk behavior [19].

Moreover, nanonetwork materials have been reported for their enhanced mechanical
properties due to their network structure in the nanoscale, where the nanosize can be the
secondary aspect of the mechanical property [20]. However, the fabrication of nanonetwork
structures is extremely challenging due to the difficulty of controlling their structure. The
block copolymers have been extensively studied recently due to their ability to self-assemble
into various periodic nanostructures depending on the volume fraction of their constituent
segments and molecular weight [21–24]. Due to their unique network geometry, gyroid and
diamond phases are considered appealing morphologies for practical applications [25,26].
By taking advantage of the degradable segments in BCPs, polymeric templates with well-
ordered periodic nanochannels can be fabricated and subsequently serve as a template
for templated syntheses, giving a platform technology for the fabrication of nanonetwork
functional materials [27]. The templated syntheses can be carried out by atomic layer
deposition [28], electroless plating [29], sol–gel reaction [30], electrochemical deposition [31]
and templated polymerization [32]. Recently, the enhanced energy dissipation from the
deliberate structuring of nanonetwork textures for thermosets fabricated by templated
polymerization has been demonstrated by enabling the design of mechanical metamaterials
from a bottom-up approach [33].

Herein, this work aims to demonstrate the fabrication of poly(butyl acrylate)-b-
poly(methyl methacrylate) (PBA-b-PMMA) modified epoxy resin with well-ordered nanonet-
work structures for the enhancement of energy dissipation capability using the self-
assembled BCP, followed by templated polymerization. As shown in Figure 1, a well-
ordered gyroid and diamond phase with co-continuous PS and PDMS domains from
self-assembly of a polystyrene-b-poly(dimethylsiloxane) can be fabricated by solution cast-
ing using selective solvents. Selective etching of the PDMS block from PS-b-PDMS can be
acquired using hydrofluoric (HF) acid to give nanoporous PS with gyroid- and diamond-
structured nanochannels as templates for polymerization of modified epoxy resin. The
examination of the mechanical energy dissipation of these two distinct nanonetwork epoxy
resins after the modification with PBA-b-PMMA has been carried out by using nanoinden-
tation; the PBA-b-PMMA BCP can be self-assembled into spherical nanosized micelle in
the epoxy matrix which acts as a toughening agent for the formation of soft domains. The
synergic effect of the deliberate structuring in nanoscale and the toughening of the BCP-
based modifier on a molecular level can significantly contribute to the energy dissipation
capability of nanonetwork epoxy resins as compared to intrinsic brittle epoxy resin.
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Figure 1. Schematic illustration of templated syntheses of epoxy resin modified by PBA-b-PMMA.

2. Materials and Methods

The detailed synthesis procedure for PS-b-PDMS was discussed previously [34,35].
Epoxy resin used in this study is Bisphenol-A diglycedyle ether (DGEBA) (DEH 24, Dow
Chemical, Midland, MI, USA) and the hardener is Triethylenetetramine (TETA) (DEH 24,
Dow Chemical). Solvents used in this study is toluene (Sigma Aldrich, St. Louis, MI, USA)
and chloroform (Sigma Aldrich).

2.1. Synthesis Procedures

The total number average molecular weight of the PS-b-PDMS used in this study was
86,000 g/mol (MPS

n : 51,000 g/mol; MPDMS
n : 35,000 g/mol) with the volume fraction of

PDMS equal to 0.42, giving lamellar morphology during self-assembly using a neutral
solvent. The dispersity values of the PS precursor and the final synthesized copolymer is
described in Table 1.
Table 1. Molecular characterization of the synthesized PS-b-PDMS sample.

Sample MPS
n

(kg mol−1) a
MPDMS

n
(kg mol−1) a

Mtotal
n

(kg mol−1) a Ð b f PDMS
v c

PS precursor 51 1.03
PS-b-PDMS 51 35 86 1.05 0.42

a Number average molecular weight of PS and PDMS determined by membrane osmometry (MO). b Dispersity
(Ð) measured by size exclusion chromatography (GPC). c Volume fraction of PDMS (f PDMS

v) in the PS-b-PDMS as
calculated from 1H NMR based on ρPS = 1.04 g/cm3, ρPDMS = 0.965 g/cm3.

The gyroid and diamond-structures in the PS-b-PDMS can be fabricated by solution
casting in PS selective solvents such as toluene and chloroform, respectively.

2.2. Preparation of Well-Ordered Nanoporous Template

The lamellae-forming PS-b-PDMS was dissolved in PS selective solvents, including
toluene (Sigma Aldrich) and chloroform (Sigma Aldrich) (10 wt% concentration), in a vial
with a controlled solvent evaporation rate. After drying, the samples were further dried
at 60 ◦C in a vacuum oven. The formation of network phases from the self-assembly of
lamellae-forming PS-b-PDMS indicates that a double gyroid structure can be formed using
toluene for solution casting while a double diamond structure can be formed using chloro-
form as a solvent. Moreover, the affinity of PS towards the PS-selective solvents induces a
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reduction in the PDMS volume fraction causing the flat interfaces (lamellar morphology)
to generate network or cylindrical structures. For toluene (δtoluene = 8.9 cal1/2/cm3/2), the
difference in the solubility parameters (δPS = 9.1 cal1/2/cm3/2, δPDMS = 7.4 cal1/2/cm3/2)
indicates selectivity towards PS domains, giving rise to double gyroid. Furthermore, chloro-
form (δchloroform = 9.3 cal1/2/cm3/2) enables the formation of different network phases such
as double diamond and double primitive (DP), as already reported in the literature [36].
Note that PDMS swollen ratio is 10% larger in chloroform than in toluene, as reported by
Whitesides et al. [37]. Accordingly, higher elasticity and free stretching energy provided
by the PDMS segments can contribute to the formation of kinetically trapped phases. This
behavior may be attributed to PDMS blocks expansion (instead of looping) into the core
of the junctions, even with the entropy loss at a higher strut number. As a result, network
textures such as double diamond and double primitive can be formed due to the effect of
evaporation rate control on solution casting. Subsequently, the selective etching between
the PS and PDMS segments allows the formation of the nanoporous PS template from the
self-assembled PS-b-PDMS using HF solution (HF/H2O/methanol = 0.5/1/1 by volume).
After the complete removal of the PDMS followed by washing with water and methanol,
well-ordered nanoporous PS templates with gyroid- and diamond-structures with the corre-
sponding nanochannels (approximately equivalent porosity) for templated polymerization
can be obtained.

2.3. Templated Polymerization

For templated polymerization of epoxy resin, successful pore-filling can be achieved
using methanol combined with an epoxy resin precursor for high wetting ability. The
hydrophobic inner walls of the PS template can be effectively prepared for pore filling
using short-chain alcohols. Note that effective pore filling must be confirmed before
templated polymerization of epoxy resin; if polymerization starts before pore filling it can
cause blocking of the template, which leads to incomplete networks. A mixture of dissolved
epoxy resin containing Bisphenol-A type epoxy (DER 331, Dow Chemical) with 5% wt%
of well soluble PBA-b-PMMA (see Table S1 for details) and triethylenetetramine (TETA)
(DEH 24, Dow Chemical) was initially prepared. The PS templates were immersed into the
precursor solution at low temperature (10 ◦C) for five hours to reduce the polymerization
reaction and promote adequate pore filling. The epoxy resin can be pore-filled into the
nano channeled templates by capillary force. The mild curing of epoxy resin inside the
template gradually leads to an insufficient cross-linking reaction of the resin. A temperature
increase can increase the crosslinking, but it might damage the template texture. To solve
specific issues multistep curing was conducted. The temperature was gradually raised to
the final setting temperature for curing through stepwise heating to provide the optimum
temperature. Consequently, a higher degree of curing was acquired. Direct heating from
room temperature to 150 ◦C led to template damage with disordered texture for templated
resin. The high internal stress triggered by the fast heating causes the deformation of the
resin skeleton.

2.4. Transmission Electron Microscopy (TEM)

Bright-field (BF) transmission electron microscopy (TEM) imaging was used to de-
termine the pore-filling of epoxy resin in the PS template using JEOL JEM-2100 LaB6
(Akishima, Tokyo, Japan) at an accelerating voltage of 200 kV by mass thickness contrast.

2.5. Field-Emission Scanning Electron Microscopy (FESEM)

Field emission scanning electron microscopy (FESEM) observation was performed
at an accelerating voltage of 5 keV on a JEOL JSM-7401F (Akishima). The samples were
collected on a silicon wafer and sputter-coated with platinum at approximately 2 to 3 nm.
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2.6. Small-Angle X-ray Scattering (SAXS)

National Synchrotron Radiation Research Center (NSRRC) with synchrotron X-ray
beamline X27C was used to study the SAXS where the wavelength of the beam was
0.155 nm. The two-dimensional SAXS pattern was obtained using the MAR CCD X-ray
detector (Rayonix L.L.C., Evanston, IL, USA), at which the (1D) linear profile was obtained
by integration of the 2D pattern. The scattering angle of the SAXS pattern was calibrated
using silver behenate with the first order scattering vector q*(4π sin θ)/λ, where 2θ is the
scattering angle).

2.7. Nanoindentation Measurements

Hysitron Ti950 triboindenter (Hysitron Inc. Minneapolis, MN, USA) was used to
perform the nanoindentation tests using a spherical indenter with a 2 µm diameter. The
indentation measurements were conducted on a microtome film sample with 5 µm thickness
in a silicon wafer as a substrate at room temperature. The load–displacement curve was
recorded at the same rate of loading and unloading (60 µN/s) with a maximum load of
500 µN applied. In the nanoindentation tests, the load–displacement data were recorded
continuously, while the tip was driven into the composite materials, and then smoothly
removed. The load–displacement (L-D) curves were then used to calculate the mechanical
energy dissipation of the fabricated materials at the same rate of loading and unloading
(60 µN/s). For nanoindentation, the mechanical properties of reduced elastic modulus
and hardness can be calculated from the load–displacement curve (P-h) based on the
widely used Oliver-Pharr model. In the present study, the reduced elastic modulus Er
was determined from the P h curve, using the Sneddon formula for spherical indenter
frictionless punch.

Er =
√

π

2
S
√At

(1)

Here, Er is the reduced elastic modulus (indentation modulus) which represents
the elastic deformation that occurs in both the sample and indenter tip. S is stiffness.
At represents the projected contact area. Note that the deformation in the diamond indenter
tip is negligible. As a result, the reduced elastic modulus (indentation modulus) is a
representative value for the discussion with respect to mechanical performance.

3. Results and Discussion

The study of the toughening mechanism by adding PBA-b-PMMA to brittle mate-
rial such as epoxy resin starts from the basic characterization of the modifier (PBA-b-
PMMA) (The detailed information about the sample is described in Table S1). As shown in
Figure S1a, the glass transition temperature (Tg) of the soft PBA segment is approximately
−35 ◦C, whereas the hard PMMA shows Tg at 87 ◦C (Figure S1b). Note that the Tg of
the acrylic containing soft segment is significant for mechanical stability in bisphenol A
diglycedyle ether (DGEBA) type of epoxy resin to achieve the desired toughness. The hard
segment (PMMA) was expected to provide the molecular level association with epoxy
resin in the nanoscale. Moreover, the Tg of the soft segment (PBA) was reaffirmed by
DMA analysis, as shown in Figure S1c where the tan δ peak appears at approximately
−37 ◦C. After the introduction of the PBA-b-PMMA modifier to the epoxy resin, the fea-
sibility of reaction-induced phase separation was evaluated using TEM analysis of the
dispersed PBA-b-PMMA in the epoxy matrix. As shown in Figure 2, the PBA-b-PMMA
can be self-assembled into a spherical micelle structure dispersed in the epoxy matrix. The
samples were vapor stained with 0.5 wt% OsO4 aqueous solutions for 24 h at ambient
temperature to provide adequate contrast between the two segments. In Figure 2 inset,
the PBA microdomain appears as bright and PMMA as dark in a grey epoxy resin matrix,
suggesting the formation of compatible PMMA in DGEBA. Note that PBA serves as the
soft segment core in the dispersed micelle structure and PMMA act as the shell. Moreover,
the spherical PBA-b-PMMA domains act as an impact modifier due to the compatibility
between epoxy and PMMA, based on their interfacial strength. Namely, the incompatible
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PBA block dispersed in the epoxy resin matrix can be characterized as an epoxy-phobic
core and the compatible PMMA block as an epoxy-philic shell that led to the reinforce-
ment of the interfacial strength. Additionally, as shown in Figure S1d, the glass transition
temperature of the well-cured intrinsic epoxy resin was approximately 84 ◦C, whereas the
addition of epoxy resin modified with 5% PBA-b-PMMA reduces the Tg to 83 ◦C; note that
the reduction in Tg with respect to the addition of a modifier was negligible. After the
gradual addition of PBA-b-PMMA up to 20% w/w, there is an obvious reduction in the Tg
to 73 ◦C. Following the platform technology developed in our laboratory, the fabrication
of well-ordered nanonetwork epoxy modified with PBA-b-PMMA can be successfully
achieved using templated polymerization. By taking advantage of the strong segregation
strength between PS and PDMS, gyroid-structured PS-b-PDMS can be fabricated from
lamellae-forming BCP using toluene as a selective solvent [34]. Table 1 summarizes the
molecular characterization details of the PS-b-PDMS used in this study. Figure S2a shows
the TEM projection of the solution-cast PS-b-PDMS; a typical projection of a trigonal planar
gyroid phase can be observed. The 1D SAXS results at the relative q values of

√
6,
√

8,√
16,
√

22,
√

38, and
√

52 (Figure S2b) indicate the double gyroid phase (space group of
Ia3d). By using chloroform as a selective solvent, a typical projection of a double diamond
phase with a tetrapod-like pattern can be identified by TEM analysis (Figure S2c). The
corresponding 1D SAXS profile with relative q values of

√
2,
√

3,
√

6,
√

10,
√

18 and
√

20
(Figure S2d) are in good agreement with the double diamond phase in the Pn3m space
group [38]. Following the experimental procedures shown in Figure 1, the pore-filling
of the PBA-b-PMMA modified epoxy resin and thermal treatment at 110 ◦C and 150 ◦C
for effective crosslinking of the precursor of epoxy resin can be carried out to produce
PS/epoxy nanocomposites through templated polymerization. The TEM micrograph in
Figure 3a shows the PS matrix as bright domain and the epoxy as dark domain due to the
effective staining using OsO4, which further confirms the formation of a gyroid-structured
PS/epoxy nanocomposite. Subsequently, after removal of the PS template using organic
solvents such as styrene monomer, well-ordered gyroid-structured epoxy resin can be
obtained, as evidenced by FESEM (Figure 3b). Moreover, the one-dimensional small-angle
X-ray scattering (1D SAXS) profile reaffirms the observed morphology.
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Figure 2. TEM micrograph of epoxy resin modified with 5% w/w of PBA-b-PMMA where the inset
corresponds to a magnified image of the self-assembled PBA-b-PMMA and identifies the two different
blocks. Vapor staining with 0.5 wt% OsO4 aqueous solutions for 24 h at ambient temperature was
performed leading to dark (PMMA) and bright (PBA) contrast.
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Figure 3. (a) TEM image of PS/epoxy nanocomposite in gyroid structure. (b) FESEM image of
well-ordered gyroid epoxy resin, inset shows the magnified image. (c) 1D SAXS profiles of (i) PS
template, (ii) PS/epoxy nanocomposites, and (iii) nanoporous epoxy resin with gyroid texture.

As shown in Figure 3c(i), the characteristic reflections corresponding to the 1D SAXS
results with the relative q values of

√
6,
√

8,
√

16,
√

20,
√

30, and
√

38 and an additional
reflection at

√
4 are recognized as the double gyroid phase (blue arrow) with an additional

slight deformation peak (denoted by red arrow). The appearance of an extra peak at
a relative q value of

√
2 can be observed for PS/epoxy nanocomposite in Figure 3c(ii),

which is attributed to the (dark blue) network shifting of the gyroid nanonetworks during
templated polymerization [39,40]. After the removal of the PS template, the shifting is
more significant [Figure 3c(iii)]. Correspondingly, diamond-structured epoxy resin can
be obtained by following the same experimental procedure. As shown in Figure 4a, the
TEM projection verifies the formation of diamond network-structured PS/epoxy nanocom-
posites (See Figure S3 for details). Subsequently, after the removal of the PS template,
nanonetwork-structured epoxy can be acquired, as evidenced by FESEM results in Fig-
ure 4b. As shown in Figure 4c(i,ii), a set of characteristic reflections for the double diamond
phase at the relative q values of

√
2,
√

3,
√

4,
√

6,
√

8, and
√

10 are identified for the PS
template and PS/epoxy nanocomposites. Consequently, a characteristic reflection of the
nanoporous epoxy at the relative q value of

√
3 can be found in Figure 4c(iii) due to the

network shifting after the removal of the template. The above-mentioned SAXS results
(Figure 4c) confirm the successful fabrication of diamond-structured modified resin. The
mechanical properties of the well-ordered nanonetwork thermosets were investigated
using nanoindentation analysis. Figure 5 shows a typical load–displacement curve for
intrinsic epoxy resin, as well as gyroid- and diamond-structured epoxy resins modified
with PBA-b-PMMA. Based on the unloading curve, the reduced elastic modulus (Er) of
4.2 GPa was calculated for intrinsic epoxy resin by the Oliver-Pharr model [41]; note that
the epoxy resins are inherently brittle due to their highly cross-linked structure at which
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the unloading curve retracts predominantly to the initial state due to the elastic behavior.
Interestingly, the modified epoxy resin with PBA-b-PMMA shows approximately 90% of
plastic deformation behavior with minor retracting of the unloading curve (Figure S4). The
reduced elastic modulus of epoxy resin (without deliberate structuring) after the addition
of PBA-b-PMMA is approximately 3.8 GPa, indicating that there is no significant effect on
the modulus after adding the modifier. In contrast to the intrinsic epoxy resin, a reduction
in the modulus to 0.9 GPa for the gyroid-structured nanonetwork epoxy resin due to the
introduction of porous texture. Consistently, the diamond-structured epoxy resin shows
a lower modulus with a value of 0.8 GPa. It is important to note that acrylate-base block
copolymer has better thermal and oxidative stability which prevents degradation during
high-temperature curing (Figure S1d) due to the compatibility of PMMA towards epoxy.
As a result, the dispersion of PBA-b-PMMA spherical domains in the matrix of epoxy resin
enables better mechanical properties without compromising the thermal characteristics. For
the energy dissipation measurement, the area enclosed by loading and unloading curves
was calculated. For homogeneous non-structured epoxy resin, the calculated energy dissi-
pation by area under the load–displacement curve is 0.02 ± 0.002 nJ; note that the epoxy
resin with the highest crosslinking density are nearly 90% elastic at 500 µN load (Figure S4).
By contrast, after being modified with 5% w/w of PBA-b-PMMA, a five-times higher energy
dissipation can be observed which equals to 0.09 ± 0.004 nJ, which is much higher than the
intrinsic brittle epoxy resin due to the plastic mode of deformation. This enhanced energy
dissipation might be attributed to the stress concentration on the PBA soft segment, where
the rubbery core of the self-assembled PBA-b-PMMA leads to a cavitate inside the epoxy
matrix with shear band yielding, which accounts for the enhanced toughening. Note that
the PBA in the BCP modifier incompatible to DGEBA epoxy resin that acts as a core in
the self-assembled spherical micelle, where the compatibility between PMMA and epoxy
allows the intermolecular interaction between the epoxy resin and the BCP-based modifier.
As a result, the compatibility of PBA-b-PMMA controls the reduction in modulus, whereas
the soft segment can enhance the energy dissipation. Most interestingly, the energy dissipa-
tion from brittle to the plastic deformation of intrinsic epoxy resin can be further enhanced
by using artificially engineered structures. For gyroid-structured epoxy resin, the energy
dissipation was calculated to 0.36 ± 0.02 nJ, a value quite higher than the one obtained
for intrinsic epoxy resin. In contrast to gyroid-structured epoxy resin, diamond-structured
epoxy resin show a large energy dissipation at a given loading with less retracting for the
unloading (Figure 5); both gyroid and diamond structures give the deliberate structuring
effect on energy dissipation, at which well-ordered nanonetwork structures can enhance
the energy dissipation value up to six and eight times (Figure S5), compared to the intrinsic
epoxy as reported in our previous publication [33]. These superior enhancements in me-
chanical energy dissipation is attributed to the well-ordered nanonetworks in gyroid and
diamond structure with isotropic periodicity plastic deformation. Moreover, the higher
strut number in the diamond network in comparison with the triagonal planar gyroid
network justifies the additional energy dissipation along the struts equally and symmet-
rically. As a result, a recognizable increase in the energy dissipation can be found in the
PBA-b-PMMA modified diamond epoxy resin with a value of 0.43 ± 0.03 nJ (more than
twenty (20) times of the non-structured, intrinsic epoxy resin). The enhancement of the
energy dissipation explicitly indicates the synergic effect of the deliberate structuring of
network texture in the nanoscale and the toughening of self-assembled modifiers (BCPs) in
the epoxy matrix at the molecular level.
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Figure 4. (a) TEM image of PS/epoxy nanocomposite in the diamond structure. (b) FESEM image of
well-ordered diamond epoxy resin, inset shows the magnified image. (c) 1D SAXS profiles of (i) PS
template, (ii) PS/epoxy nanocomposites, and (iii) nanoporous epoxy resin with diamond structure.
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Figure 5. Load–displacement tests of (i) non-structured epoxy without a modifier, (ii) gyroid-
structured epoxy, and (iii) diamond-structured epoxy resin with PBA-b-PMMA under 500 µN.
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4. Conclusions

In conclusion, well-ordered nanonetwork-structured epoxy resin with gyroid (trigonal
planar) and diamond (tetrapod) structures modified with a BCP based modifier, PBA-b-
PMMA, can be successfully fabricated by templated polymerization, using PS templates.
The periodic structured templates were acquired from PS-b-PDMS self-assembled samples,
followed by preferential removal of PDMS through HF etching. The incorporation of PBA-
b-PMMA in the matrix of epoxy resin imparts self-assembled spherical micelles. The PBA
core serves as an energy absorbing soft domain due to the core–shell characteristics with
reinforced interfacial strength from the association of PMMA in the matrix of epoxy resin.
By taking advantage of the well-ordered nanonetwork structure, a further enhancement
on plasticity can be achieved. The synergic effect of the deliberate structuring of nanonet-
work texture and the toughening of the BCP-based modifier, thus, presented outstanding
enhancement of plastic energy dissipation for gyroid and diamond-structured resin.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14091891/s1, Figure S1: DSC analysis of PBA-b-PMMA.
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PS-b-PDMS using toluene as solvent; (b) Corresponding 1D SAXS profile; (c) TEM micrograph of
solution-cast PS-b-PDMS using chloroform as solvent; (d) Corresponding 1D SAXS profile; Figure S3:
Three-dimensional TEM reconstruction images of (a) gyroid- and (b) diamond-structured epoxy resins
in PS matrix from templated polymerization; Figure S4: Load–displacement curve of intrinsic epoxy
resin (black) and intrinsic epoxy resin with 5% of PBA-b-PMMA (red); Figure S5: Load–displacement
curve of Gyroid and diamond- structured epoxy resin without modifier; Table S1: Characterization
of PBA-b-PMMA.
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Abstract: A series of N-methyl quaternized derivatives of poly(4-vinylpyridine) (PVP) were synthe-
sized in high yields with different degrees of quaternization, obtained by varying the methyl iodide
molar ratio and affording products with unexplored optical and solvation properties. The impact
of quaternization on the physicochemical properties of the copolymers, and notably the solvation
properties, was further studied. The structure of the synthesized polymers and the quaternization
degrees were determined by infrared and nuclear magnetic spectroscopies, while their thermal
characteristics were studied by differential scanning calorimetry and their thermal stability and
degradation by thermogravimetric analysis (TG-DTA). Attention was given to their optical properties,
where UV-Vis and diffuse reflectance spectroscopy (DRS) measurements were carried out. The optical
band gap of the polymers was calculated and correlated with the degree of quaternization. The study
was further orientated towards the solvation properties of the polymers in binary solvent mixtures
that strongly depend on the degree of quaternization, enabling a better understanding of the key
polymer (solute)-solvent interactions. The assessment of the underlying solvation phenomena was
performed in a system of different ratios of DMSO/H2O and the solvatochromic indicator used was
Reichardt’s dye. Solvent polarity parameters have a significant effect on the visible spectra of the
nitrogen quaternization of PVP studied in this work and a detailed path towards this assessment
is presented.

Keywords: poly(4-vinylpyridine); poly(N-methyl-4-vinylpyridinium iodide); quaternization;
solvatochromism; preferential solvation; optical energy gap

1. Introduction

Quaternized nitrogen involving polymers are a class of highly functional macro-
molecules that exhibit the properties of conventional polymers and an enhanced sensitivity
towards the external environment due to the existing charges, e.g., solvent polarity, pH [1,2].
They can be classified in the broader class of polyelectrolytes (PEL) [3], displaying dual
behavior and combining the properties of both polymers and electrolytes [4–6]. Unique
properties are derived from their distinct nature, such as excellent water solubility, strong
binding interactions with oppositely charged surfaces and molecules as well as a notable
solvation and swelling behavior. Due to these features, they are widely employed as
viscosity and surface modifiers as well as selective adsorbers. Consequently, these mate-
rials are useful in various industrial applications, materials and formulations from water
treatment [7], membranes [8,9], sensors [10] and cosmetics to biomedicine with specific
uses in bacterial and viral infections [11–19].
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Poly(4-vinylpyridine) (PVP) is a linear polymer with pendant pyridine groups that can
be used in a variety of applications, such as surface modification, by immobilizing atoms or
particles, electrochemical sensors [20], fabrication of antibacterial surfaces, development of
pH sensitive systems, 3D molecular level ordering systems, anti-corrosive coatings and even
dye sensitized solar cells (DSSCs) and light-emitting diodes [21–29]. Positively charged
polypyridines constitute a unique class of compounds in which quaternization enables
the introduction of permanent positive charges into the backbone, resulting in electron
delocalization phenomena that are attributed to the existence of electron-rich pyridines and
electron-poor pyridiniums [30–33]. As a result, these polymers exhibit improved molecular
properties, such as non-linear optical activity and increased conductivity [5,12,18,34–36].
Moreover, the counterion, as well as the length of the alkyl chain of the methylating agent,
have a significant influence on solubility and conductivity [37–39]. Counterion exchange
has been studied in order to obtain specific properties. It should be noted that Reillex
ion exchange resins are commercial resins based on crosslinked and partially quaternized
poly(4-vinylpyridine). Finally, amphiphilic copolymers containing a quaternized PVP block
have also been reported [40–42].

Although it has been observed that 4-vinylpyridine polymerizes spontaneously upon
protonation/quaternization, affording quaternized PVPs [43,44]; in the present study, quat-
ernization was performed by a post-polymerization step, a strategy that yields well-defined
polymers more readily [45,46]. Quaternized PVPs with a variety of alkyl halides have been
reported, with various alkyl lengths and counterions. Most quaternization reactions afford
quaternization degrees around 70%, while quantitative quaternizations have also been re-
ported, usually achieved owing to a large excess of alkyl halide [14,15,17,47,48]. Although
the kinetics of quaternization reactions and the retardation effect observed have been stud-
ied extensively ([49–51] and references therein), to the best of our knowledge, a systematic
investigation on structure/properties relationship, especially focused on solvation and
optical properties, regarding partially quaternized PVP derivatives is lacking. Indeed,
most previous works focus on the use of a highly quaternized PVP derivative for specific
applications, while the more fundamental study of the impact of quaternization on the
molecular structure and resulting behavior of quaternized PVPs has not been reported yet.

In the present study, we report the targeted synthesis and characterization of fully
(PVPQ) as well as three partially quaternized derivatives, produced by N-alkylation of the
pyridine ring with methyl iodide. The aim is to cover a full range of quaternization degrees
and perform a comparative study of the impact of quaternization on the physicochemi-
cal and optical properties as well as the solvation behavior of the resulting derivatives.
Poly(4-vinylpyridine) (PVP) was quaternized in the presence of methyl iodide according
to Scheme 1. The quaternization was quantified by 1H NMR spectroscopy. The response
of the polymers to temperature was assessed via TGA and DSC analysis. Emphasis was
given on their behavior when it comes to light absorbance, reflectance and solvent interac-
tions. Significant differences were observed between neutral PVP and the fully quaternized
derivative (PVPQ), while the partially quaternized polymers displayed an intermediate be-
havior. The optical band gap difference and the solvation effect in binary solvent mixtures
between those two polymers prove the significance of quaternization.

Polymers 2022, 14, x FOR PEER REVIEW 3 of 17 
 

 

 
Scheme 1. Illustration of the synthetic route for the fully quaternized (x = 0) and the partially quater-
nized derivatives. 

2. Materials and Methods 
2.1. Materials 

Poly(4-vinylpyridine) (Mw = 60 kDa) (PVP) and methyl iodide (CH3I, 99.5%) were 
used as received from Sigma-Aldrich (St. Louis, MO, USA). Methanol (MeOH, Read, 
Ph.Eur) and ethanol (EtOH, 99.8%) were supplied by AppliChem GmbH (Darmstadt, Ger-
many) and dimethyl sulfoxide (DMSO) A.G by Penta (Prague, Czech Republic). Reich-
ardt′s dye (dye content 90%) (RB) from Sigma-Aldrich (St. Louis, MO, USA) was used as 
the solvatochromic indicator. 

2.2. Synthesis of Poly(N-Methyl-4-Vinyl Pyridinium Iodide) Derivatives 
In this study, a fully quaternized (PVPQ) and three partially quaternized derivatives 

(PVP_Q1-3) (Table 1), were synthesized. The polyvinyl pyridine/methyl pyridinium co-
polymers were synthesized by dissolving 1 g (0.0167 mmol) of poly(4-vinylpyridine) 
(PVP) in 100 mL of ethanol and refluxing the solution in the presence of 0.35 mL (0.0055 
mol), 0.47 mL (0.007 mol) and 0.7 mL (0.011 mol) of methyl iodide for 4 h so that, PVP_Q3, 
PVP_Q2, and PVP_Q1 were synthesized, respectively [17]. For the PVPQ derivative, 1 g 
of poly(4-vinylpyridine) (0.0167 mmol) was added to 50 mL of methanol and the solution 
was refluxed in the presence of 0.9 mL (0.014 mol) of iodomethane for 4 h. All the synthe-
sized polymers were precipitated from the respective reaction mixtures using diethyl 
ether (200 mL approx.), filtered, and washed with ethanol and diethyl ether to yield a 
yellowish/greenish polymer product. All the resulting products were dried and fully char-
acterized without further treatment. 

Table 1. Characteristics of the polymers discussed in this study. 

Sample Calculated Degree of Quaternization (%) Tg 
(°C) 

PVP 0 86 
PVP_Q3 35 86 
PVP_Q2 46 98 
PVP_Q1 85 101 
PVPQ 100 114 

The reaction yields for PVP_Q3, PVP_Q2, PVP_Q1 and PVPQ were 63%, 71%, 99.8% 
and 84%, respectively. The yields were calculated by comparing the initial PVP moles with 
the moles of the final product after precipitation and drying. The molecular weight  of 
the initial PVP is 60 kDa, i.e., approximately 570 repeating units. The molecular weight of 
each newly synthesized polymer was calculated based on the degree of quaternization 
found by 1H NMR (see Equation (1)), on the basis of 570 repeating units and a Mw of 247 
g/mol per quaternized repeating unit.  

  

Scheme 1. Illustration of the synthetic route for the fully quaternized (x = 0) and the partially
quaternized derivatives.

286



Polymers 2022, 14, 804

2. Materials and Methods
2.1. Materials

Poly(4-vinylpyridine) (Mw = 60 kDa) (PVP) and methyl iodide (CH3I, 99.5%) were
used as received from Sigma-Aldrich (St. Louis, MO, USA). Methanol (MeOH, Read,
Ph.Eur) and ethanol (EtOH, 99.8%) were supplied by AppliChem GmbH (Darmstadt, Ger-
many) and dimethyl sulfoxide (DMSO) A.G by Penta (Prague, Czech Republic). Reichardt′s
dye (dye content 90%) (RB) from Sigma-Aldrich (St. Louis, MO, USA) was used as the
solvatochromic indicator.

2.2. Synthesis of Poly(N-methyl-4-vinyl pyridinium iodide) Derivatives

In this study, a fully quaternized (PVPQ) and three partially quaternized derivatives
(PVP_Q1-3) (Table 1), were synthesized. The polyvinyl pyridine/methyl pyridinium copoly-
mers were synthesized by dissolving 1 g (0.0167 mmol) of poly(4-vinylpyridine) (PVP)
in 100 mL of ethanol and refluxing the solution in the presence of 0.35 mL (0.0055 mol),
0.47 mL (0.007 mol) and 0.7 mL (0.011 mol) of methyl iodide for 4 h so that, PVP_Q3,
PVP_Q2, and PVP_Q1 were synthesized, respectively [17]. For the PVPQ derivative, 1 g
of poly(4-vinylpyridine) (0.0167 mmol) was added to 50 mL of methanol and the solution
was refluxed in the presence of 0.9 mL (0.014 mol) of iodomethane for 4 h. All the syn-
thesized polymers were precipitated from the respective reaction mixtures using diethyl
ether (200 mL approx.), filtered, and washed with ethanol and diethyl ether to yield a
yellowish/greenish polymer product. All the resulting products were dried and fully
characterized without further treatment.

Table 1. Characteristics of the polymers discussed in this study.

Sample Calculated Degree of Quaternization (%)
Tg

(◦C)

PVP 0 86
PVP_Q3 35 86
PVP_Q2 46 98
PVP_Q1 85 101

PVPQ 100 114

The reaction yields for PVP_Q3, PVP_Q2, PVP_Q1 and PVPQ were 63%, 71%, 99.8%
and 84%, respectively. The yields were calculated by comparing the initial PVP moles with
the moles of the final product after precipitation and drying. The molecular weight of the
initial PVP is 60 kDa, i.e., approximately 570 repeating units. The molecular weight of each
newly synthesized polymer was calculated based on the degree of quaternization found by
1H NMR (see Equation (1)), on the basis of 570 repeating units and a Mw of 247 g/mol per
quaternized repeating unit.

2.3. Characterization Methods

The Fourier transform infrared (FTIR) spectra of the synthesized samples were mea-
sured on a Brucker Tension 27 FTIR spectrometer (Karlsruhe, Germany), equipped with a
diamond ATR accessory at 25 ◦C and a spectral resolution of 4 cm−1 in the 4000–600 cm−1

range. IR spectra were analyzed with the Bruker OPUS software (version 5.2).
Nuclear magnetic resonance (NMR) spectra were recorded on an Agilent spectrometer

(Agilent AM 600, Agilent Technologies, Santa Clara, CA, USA), operating at a frequency
of 600 MHz for protons. Deuterated water, methanol or their mixtures were used de-
pending on the solubility of the polymers. The spectra were internally referenced with
tetramethylsilane (TMS) and calibrated using the residual solvent peak.

X-ray powder diffraction (XRD) was employed to study the structure of the synthe-
sized polymers. The XRD spectra were recorded at room temperature through a MiniFlex
II XRD system (Rigaku Co., Tokyo, Japan), with Cu Ka radiation (λ = 0.154 nm), over the
2θ range from 5◦ to 60◦ with a scanning rate of 1 ◦/min.
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Differential scanning calorimetry (DSC) measurements were carried out in the overall
temperature range from –40 to 210 ◦C in high purity nitrogen (99.9995%) atmosphere,
utilizing a TA Q200 series DSC instrument (TA, New Castle, DE, USA), calibrated with
indium for temperature and enthalpy and sapphires for heat capacity. The measurements
were performed on samples of ~8–9 mg in mass closed in TA aluminum Tzero Hermetic
pans. The cooling and heating rates were fixed at 10 ◦C/min. Overall, four (4) scans
were performed in DSC, in order to follow effects on the samples as received, namely,
equilibrated at environmental conditions, and upon drying. Details on the thermal profiles
are given below, along with the experimental results.

The thermal stability analysis of the polymers was carried out under inert atmosphere
(N2) and air (N2 80% O2 20%). The measurements under air were performed using a
thermogravimetric analyzer PerkinElmer Diamond Thermogravimetric/Differential Ther-
mal Analysis (TG/DTA) (Waltham, MA, USA). The gas flow rate was 80 mL/min. The
specific operation steps were as follows: the samples were heated from 25 to 700 ◦C at a
rate of 10 ◦C/min and were kept at 7000 ◦C for 5 min. Thermogravimetric analysis under
nitrogen was performed with a SETARAM SETSYS TG-DTA 16/18 instrument (Setaram
instrumentation, Lyon, France). Samples were heated from ambient temperature to 600 ◦C
in a 50 mL/min flow of N2. A nominal heating rate of 20 ◦C/min was used and con-
tinuous records of sample temperature, sample weight, and heat flow were taken. All
measurements were performed in triplicate.

UV-Vis spectra in solution and diffuse reflectance spectra (DRS) in the solid-state were
measured between 200–800 nm using an Agilent Carry 60 spectrometer. UV-Vis spectra
of PVP and its quaternized derivatives were measured in methanol and demonstrated
characteristic bands at a concentration of 50 ppm. All measurements were performed at
25 ± 1 ◦C. The slit width and data interval were set to 1 nm, and the scan speed in all
measurements was 960 nm/min. All spectra were normalized to show the same maximum
intensity.

The DRS measurements were performed using a DRA Fibre Optic coupler (Harrick
Agilent Barrelino). The bandgap was calculated using the Kubelka-Munk (K-M) model by
plotting [F(R) × E]1/2 vs. E (eV), where F(R) = (1 − R)2/2R is the K-M function and R is the
reflectance of the materials.

2.4. Solvatochromic Properties Study

The solvatochromic study was carried out using the following protocol: Firstly, 130
and 150 ppm stock solutions of the polymers in water (PVPQ) and ethanol (PVP) were
prepared, respectively, and 0.1 mL of each solution was left to evaporate overnight in
several vials. A Reichardt′s dye stock solution was also prepared in acetone (150 ppm) and
1 mL of it was also left to evaporate overnight and dried under vacuum the next day. Then,
to each polymer-containing vial, 1 mL of each binary solvent mixture ratio was added
and after dissolution, the solvents were left to equilibrate with the polymer for 2 h. The
binary mixtures of DMSO and water were prepared in multiple ratios in order to cover in
detail the variation of the polymers behavior in the presence of slightly different solvent
polarities. The same solvent mixture ratio was added to both polymers each time so that a
comparative study would be performed. The UV spectra of each polymer-binary mixture
was measured and used as a baseline for the measurement of the RB. After transferring
the aforementioned quantity to the dye containing vials and dissolving the dye, RB’s λmax
was recorded.

3. Results
3.1. Polymer Synthesis and Structural Characterization

Poly(4-vinylpyridine) (PVP) was quaternized in the presence of methyl iodide accord-
ing to Scheme 1. Progressively increasing amounts of methyl iodide afforded increasing
quaternization degrees (up to 100%). Methanol was used as a solvent for the synthesis
of the fully quaternized polymer (PVPQ), while ethanol was preferred for the partially
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quaternized derivatives (PVP_Q1-3). The success of these reactions was confirmed by FTIR
and NMR spectroscopy, as discussed below. According to XRD measurements the obtained
polymers were amorphous, Figure 1.
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Figure 1. X-ray diffraction patterns of the synthesized polymers. 
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The PVP_Q derivatives exhibit both peaks attributed to PVP and PVPQ. More spe-
cifically in Figure 2b, the peak at 1598 cm−1 corresponding to the non-methylated pyridine 
weakens when the quaternization ratio increases, while the peak attributed to the quater-
nized pyridine units at 1640 cm−1 increases accordingly. Last but not least, the peak around 
3400 cm−1 in the full spectra is gaining intensity in the case of PVPQ when compared to 
PVP, due to the higher hydrophilicity and consequently, larger amount of moisture bound 
to the polymer [52]. 

Figure 1. X-ray diffraction patterns of the synthesized polymers.

The FTIR spectrum of PVP in Figure 2a exhibits the characteristic vibrations of the
pyridine ring (C=C, C–N) at 1598, 1556, 1496, 1452 and 1415 cm−1 [18]. The absorption
bands at 1068 and 957 cm−1 can be assigned to the in-plane and out-of-plane C–H bend-
ing, respectively. The C-H stretching bands of the chain and the pyridine pendants are
observed in the 3000 cm−1 region. For PVPQ, the appearance of the pyridinium bands
at approximately 1640, 1570 and 1516 cm−1 confirm the quaternization of PVP [23,43]. It
must also be noted that there is no trace of PVP, as evidenced by the absence of a band at
1598 cm−1. The bands that appear at 1638, 1570, 1469 and 1300 cm−1 correspond to the C-C
and C-N stretching vibrations of the pyridinium cation. The other peaks at 1185, 1056 and
971 cm−1 correspond to the symmetric bending of CH3, the stretching of CH3–N, and the
out-of-plane stretching of H–C bond, respectively.
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The PVP_Q derivatives exhibit both peaks attributed to PVP and PVPQ. More specifi-
cally in Figure 2b, the peak at 1598 cm−1 corresponding to the non-methylated pyridine
weakens when the quaternization ratio increases, while the peak attributed to the quater-
nized pyridine units at 1640 cm−1 increases accordingly. Last but not least, the peak around
3400 cm−1 in the full spectra is gaining intensity in the case of PVPQ when compared to
PVP, due to the higher hydrophilicity and consequently, larger amount of moisture bound
to the polymer [52].

The IR results are corroborated by NMR spectroscopy (Figure 3). In the 1H NMR
spectra, Figure 3a, the broad resonance signal around 1.5–2 ppm corresponds to the aliphatic
protons of the backbone (–CH2–CH–). In the quaternized polymers, the methyl group is
clearly observed at ca. 4.2 ppm. The intensity of this peak increases with the quaternization
degree. In the aromatic region, the protons of the pyridine and pyridinium aromatic
rings are observed at 6.6 and 8.2 ppm, and 7.7 and 8.5 ppm, respectively. Similarly to the
peak at 4.2 ppm, the resonance signals corresponding to the pyridinium units increase as
the quaternization degree increases. Finally, in PVPQ, the peaks corresponding to PVP
have completely disappeared confirming the quantitative quaternization of PVP [47,53].
Similar observations are drawn from the 13C NMR spectra, Figure 3b: the resonance signals
attributed to PVP (155, 150 and 124 ppm) decrease as the quaternization degree increases
and are totally missing from PVPQ spectra. Correspondingly, the signals corresponding to
the quaternized rings (160, 147 and 128 ppm) progressively increase.

1H NMR spectra were used to calculate the quaternization degree. Due to the broad-
ness of the peaks and some overlapping, the ratio of pyridine to pyridinium units could
not be calculated by directly comparing the integrations of the corresponding peaks. It was
thus calculated indirectly, according to Equation (1). On one hand, it is assumed that the in-
tegration of the peaks from 6–8 ppm corresponds to the total amount of units (quaternized
and non-quaternized). On the other hand, when the peak corresponding to the methyl
group at 4.2 ppm is normalized to three for all derivatives, the amount of quaternized units
is equal to the amount of quaternized units in PVPQ, i.e., 4.1. The “excess” of aromatic
protons is attributed to non-quaternized pyridine units. The ratio of those two integrations
gives the degree of quaternization. The calculated quaternization degrees are reported in
Table 1.

Quaternization degree (%) =
I(6− 8)PVPQ

I(6− 8)PVP_Qx
× 100 (1)

where I(6−8)PVPQ is the integration of the aromatic protons in for PVPQ, i.e., 4.1, and
I(6−8)PVP_Qx is the total integration of the aromatic protons for the partially quaternized
derivatives.
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3.2. Thermal Properties and Stability

The thermal behavior of PVP and all PVPQ derivatives was studied by differential
scanning calorimetry (DSC). Four scans were performed by DSC. A first heating scan
(scan 1), up to 150 ◦C, was performed to erase the thermal history in the presence of
hydration water, and, subsequently (scan 2), the samples were cooled to a low temperature
and heated up to 160 ◦C, in order to simultaneously follow the effects of structure and
hydration on glass transition. Then, for scans 3 and 4, holes were made in the upper side
of the hermetic pans to allow water evaporation. The samples were heated up to 160 ◦C
(scan 3, water evaporation) and, subsequently cooled and heated up to 210 ◦C (scan 4).
Thus, during scan 4 the direct effects of structure on glass transition could be assessed.

During scan 1 in DSC, all samples exhibit complex endothermal phenomena at tem-
peratures above the glass transition (Figure 4a). Upon the erasing of thermal history and
fixing of the polymer-pan thermal contact by the first heating, we may observe in Figure 4b
that all samples demonstrate single glass transition steps. From a glance, it seems that
the quaternization leads to elevation of the characteristic glass transition temperature,
Tg (Table 1), and suppression of the glass transition strength (or else change in the heat
capacity), ∆cp. These values were estimated and are shown in Figure 5 as a function of
quaternization/modification. Beginning with PVP, which exhibits a Tg of 86 ◦C and ∆cp
of 0.50 (±0.01) J/gK, the modification results in a sharp increase in Tg and decrease in
∆cp from the lower modification level. The changes are monotonic and suggest that the
quaternization severely affects the mobility of polymer chains and particularly hinders
the polymer chain diffusion (increase in Tg) and suppresses the mobile amorphous chains
fraction (decrease of ∆cp) [54–57]. Both results are indicative of the transformation of the
flexible polymer matrix (PVP) to a significantly more rigid one. This can also be observed
from a qualitative effect in Figure 4b, namely, the change of heat flow slope (baseline) from
large to gradually lower, both prior and upon glass transition [54,55].
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Figure 5. The modification effect on (left axis) Tg and (right axis) glass transition strength, ∆cp, in the
ambient hydrated samples (as received). Included is the Tg for the initial dried PVP.

Besides these recordings, we should keep in mind that the abovementioned values
refer to hydrated samples. Based on the dehydration experiments of scan 3 and 4, the
Tg of the dried PVP equals ~140 ◦C (Figure 4). Therefore, it is essential that both the
PVP and the quaternized PVPs are plasticized, i.e., exhibit lower Tg via the increased free
volume involved due to the presence of water. Then, the elevated Tg in the hydrated
PVPQ and PVP_Q1-3 should originate from the synergetic effect of hydration water and
quaternization.

In Figure 6a, we present the DSC results for scan 3. The endothermic peak recorded be-
tween RT and 150 ◦C corresponds to the evaporation of ‘free’ and ‘semi-bound’ water [58].
The position of the peak (85–90 ◦C) barely changes between the different samples, whereas
the same happens with the corresponding evaporation enthalpy. Thus, we may conclude
that the polymer–water interaction degree as well as the evaporated water fraction is quite
similar for the various samples. Therefore, we would expect a similar level of Tg plasticiza-
tion. Despite that, the quaternization effects dominate here on the polymer mobility.
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A last comment on DSC refers to Figure 6b. Therein, upon dehydration, the PVP
exhibits a clear glass transition step; meanwhile, on the other hand, within all quaternized
samples the glass transition step has vanished. The effect suggests that the dehydration
of PVPQ and PVP_Q1-3 resulted to extremely rigid structures. Upon removal of water
molecules from the systems, the free volume decreases severely, whereas additionally, in the
quaternized systems, dense crosslinking of the polymer chains is formed. Both parameters
should be responsible for the ‘elimination’ of free polymer mobility. Another qualitative
observation coming in to support to the latter, refers to the slopes (baselines) in Figure 6b.
Comparing to PVP in the quaternized samples, the overall slope reduces. This is equivalent
to the reduction of the heat capacity, cp; the dependence from temperature. The result
can be rationalized considering the reduced fraction of mobile segments that additively
contribute to the transport of heat. Similar recordings have been demonstrated in polymer
nanocomposites, wherein the attractive polymer–filler interactions become dominant and
eliminate the free polymer mobility [55,56]. From a methodological point of view, we
should report that cp is better represented by measurements in or close to equilibrium,
namely, by step-scan or temperature modulation DSC. Interestingly, these effects seem
independent from the modification degree; however, they are in accordance to the similar
amount of evaporated water.

The thermal stability of PVP and its quaternized derivatives was studied under both
inert and oxidative conditions, Figure 7. Under inert conditions, two mass loss steps
are observed. A small initial mass loss is recorded at low temperatures (up to 150 ◦C),
which is attributed to the loss of adsorbed water. This is in agreement with the water
evaporation observed by DSC (scan 3, Figure 6a). Then, the main degradation event that
relates to the thermal degradation of the polymers is recorded between 300 and 400 ◦C for
the quaternized polymers (maximum degradation rate around 365 ◦C) and 400–450 ◦C for
PVP (maximum degradation rate around 420 ◦C). All quaternized polymers exhibit similar
behavior with the two polymers containing the highest amount of quaternized units (PVPQ
and PVP_Q1), demonstrating slightly lower stability compared to the two others. When
it comes to air atmosphere, PVP behaves similarly by degrading at a higher temperature
(between 350 and 400 ◦C). For the quaternized derivatives, an additional degradation step
is observed between 500 and 600 ◦C. It can be assumed that the degradation products
formed under O2 (oxides), which differ from the ones formed under N2, are more stable
between 400 and 500 ◦C and result in a second mass loss between 500 and 600 ◦C.
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Overall, the thermal stability of PVP decreases with quaternization. It has been
documented that modification by quaternization causes a decrease in the thermal stability
of the polymer, as it becomes susceptible to Hofmann elimination due to the ammonium
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groups. Indeed, the Hofmann elimination occurs when quaternary ammonium salts
are exposed to high temperatures; the reaction yields an alkene, a tertiary amine and a
low molecular weight compound specific for the counterion (HI) [59]. Nevertheless, the
quaternized PVP derivatives exhibit significant thermal stability.

3.3. UV-Vis Spectroscopy

The UV-Vis spectra of PVP and the partially quaternized derivatives are shown in
Figure 8. Two well-defined UV bands, a strong one at 206 nm and a weaker one at
257 nm, are observed for the non-quaternized polymer. These bands are associated with
n→π* transitions of N atoms with unshared electron pairs. However, in the case of the
quaternized derivatives, an important shift from 206 to 217 nm was observed; this shift is
associated with a bathochromic effect that occurs when the absorption wavelength shifts to
longer wavelengths, indicating the formation of the pyridinium cation [23]. Moreover, it
is observed that with increasing quaternization degree the intensity of the weaker band
in the 260 to 280 nm region is decreased, probably due to the bonding of the nitrogen’s
lone pair electrons. The decreased absorbance of the PVPQ derivatives in this region is in
accordance with the band gap reduction, as shown below.
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Figure 8. The UV-Vis spectra of PVP and the quaternized derivatives in methanol. (a) Full spectra. 
(b) Zoom in the 255–300 nm region. 

Diffuse reflectance spectra (DRS) in the solid-state were also recorded between 200–
800 nm. DRS calculates the absorption, which corresponds to the electron transition from 
the valance band to the conduction band in order to determine the bandgap of materials. 
The Kubelka–Munk plots of PVP and PVPQ derivatives are presented in Figure 9. The 
inter band electronic transitions and the absorption spectrum of all polymers represents a 
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(b) Zoom in the 255–300 nm region.

Diffuse reflectance spectra (DRS) in the solid-state were also recorded between 200–800 nm.
DRS calculates the absorption, which corresponds to the electron transition from the
valance band to the conduction band in order to determine the bandgap of materials. The
Kubelka–Munk plots of PVP and PVPQ derivatives are presented in Figure 9. The inter
band electronic transitions and the absorption spectrum of all polymers represents a strong
and broad absorption feature in the UV region. The bandgap values are determined from
the intersection of the extrapolation of the linear part of the plots to the x-axis, indicating
energy. A considerable red-shift of absorption edge in higher wavelength numbers for all
quaternized polymers is observed. This shift is attributed to the reduction of the energy
gap, which it is achieved for all quaternized polymers, and can be observed in Figure 9,
where the absorption functions (F × E)1/2 = f(E) with F = (1 − R)2/2R corresponding to
Kubelka–Munk function are presented. In Table 2, the significant difference in the energy
gap between the quaternized and non-quaternized polymers is proved.
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Table 2. Bandgap values (Eg) of the quaternized and non-quaternized polymers.

Sample Eg
(eV)_Indirect

PVP 4.1
PVP_Q3 2.83
PVP_Q2 2.75
PVP_Q1 2.74

PVPQ 2.85

As clearly observed, the optical bandgap is reduced from 4.1 eV for the non quater-
nized PVP to 2.85 eV for the fully quaternized PVPQ. The reported band gap values for
PVP and PVPQ (See Table 2) correspond to the energy gaps between the higher occupied
molecular orbital (HOMO) and the lower unoccupied molecular orbital (LUMO) of the
corresponding polymers. More specifically, the band gap of a molecular material, i.e., the
difference between its valence and conduction band, corresponds in molecular orbital
theory terms to the gap between HOMO and LUMO energy levels of the molecule (the
macromolecule in the case of PVP and PVPQ).

The optical bandgap (Eg) was found to decrease similarly in the partially quaternized
polymers; however, it is without a well-defined relation toward the degree of quaternization
in the monitored conditions. Nevertheless, a decrease can be explained for all polymers
by the fact that charge transfer complexes (CTCs) in the host polymer were formed due to
the quaternization of nitrogen. As a result, the lower energy transitions will be enhanced,
leading to the observable optical bandgap changes [60].

Quaternization of the aromatic nitrogen by nucleophilic alkylation offers an alternative
way to introduce positive charge into the backbone and provides opportunities to enhance
the electron delocalization and the molecular properties of these polymers [33]. Conse-
quently, the quaternized polymers exhibit a smaller energy gap; it should be mentioned
that partial quaternization may contribute to the Eg reduction even more due to the random
positioning of the positive charges and thus electron distribution.

3.4. Solvatochromic Study

The solvation effects occurring in the solutions of polymers are of high importance, as
their study can reveal important information regarding key solvent–polymer interactions
controlling the properties and macroscopic behavior of polymer solutions [61,62]. Studying
these interactions experimentally has various limitations, many of which can be overcome
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using suitable probe molecules, which are sensitive to minute changes in their solvation
microenvironment (cybotactic region) [63–67]. Herein, we employ the intensely sensitive
solvatochromic betaine of Reichardt [68] in order to unravel the role of hydrogen bonding
in solutions of PVP and PVPQ in binary solvent mixtures consisting of H2O and DMSO.
Two main criteria of choice of these two solvents were considered; firstly, the solubility
of the polymers and secondly, the involvement of protic and non-protic solvents in the
investigated mixtures. Water can act both as a hydrogen bond donating (HBD) as well as
a hydrogen bond accepting (HBA) solvent, whereas DMSO is an HBA solvent exhibiting
considerable HBA and Lewis basicity. In general terms, water molecules are expected
to efficiently create H-bonds with the N atoms of PVP and PVPQ involving lone pairs
of electrons, whereas DMSO is anticipated to gather around/solvate the quaternized
pyridinium entities of PVPQ. In addition to these basic specific and non-specific solvent–
polymer interactions, important solvent–cosolvent interactions are of high importance, as
DMSO and H2O efficiently form complexes when mixed; this happens at different extents
depending on the molar ratio between the two solvents [69]. Table 3 shows the fourteen
solvent ratios used as well as the recorded λmax in the presence of PVP and PVPQ. The
λmax was measured three consecutive times and the average was noted.

Table 3. Solvent systems and the respective RB’s absorption maxima in the visible region in the
presence of PVP and PVPQ.

DMSO: H2O
Ratio

PVP
(nm)

PVPQ
(nm)

100:1 635 634.5

98:2 629 631.5

95:5 628 629

90:10 597 600

85:15 575 577

80:20 569 570

75:25 562 562.5

50:50 515 514

25:75 471 485.5

20:80 465 478

15:85 462 473

10:90 458 470

5:95 434.5 465

2:98 417 438

As Reichardt’s betaine can act as an indicator of solvent polarity in DMSO/H2O
mixtures (the preferential solvation of Reichardt’s betaine in DMSO/H2O mixtures has
been examined thoroughly in the past [68]) alterations of the solvation effect in solutions of
any of the polymers PVP or PVPQ in DMSO/H2O mixtures are expected to be detectable
through the solvatochromism of Reichardt’s betaine.

Even though the solvatochromic shift patterns for solutions of PVP and PVPQ in
DMSO/H2O mixtures appear to be very similar to those observed in the absence of polymer
(see plots of Figures 10 and 11 and Table 4) important deviations appeared in the water-rich
regions of the plots. Specifically, in the case of PVP, δET (PVP) differences as large as
6 kcal/mol were observed. These large differences are obviously connected to the presence
of the polymer (PVP). As water is very prone to H-bond to N atoms of PVP in low DMSO
molar ratios (xDMSO < 0.08), these large deviations from linearity are attributed to synergistic
solvation effects encompassing the formation of complexes of the type PVP . . . HOH . . . RB
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(where RB corresponds to Reichardt’s betaine). The obtained microenvironment is sensed
by Reichardt’s betaine, as highly polar, hence the large solvatochromic shifts.
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Table 4. Results of the solvatochromic study of solutions of PVP, PVPQ, and absence of polymer in
binary mixtures of DMSO and H2O involving Reichardt’s betaine as a solvatochromic indicator.

xDMSO ET (PVP)
kcal/mol

ET (PVPQ)
kcal/mol

ET (NP *)
kcal/mol

δET (PVP) ‡

kcal/mol
δET (PVPQ) ‡

kcal/mol
δET (NP) ‡

kcal/mol

1.000 45.7 45.7 45.0 0.0 0.0 0.0
0.926 46.1 45.9 45.4 −0.9 −1.0 −0.9
0.828 46.2 46.1 46.2 −2.5 −2.6 −1.9
0.695 48.6 48.3 47.6 −2.4 −2.6 −2.9
0.590 50.4 50.3 48.8 −2.4 −2.6 −3.6
0.504 51.0 50.9 49.9 −3.4 −3.4 −4.1
0.432 51.6 51.6 50.9 −4.0 −4.0 −4.4
0.200 55.6 55.5 55.4 −3.9 −4.0 −4.0
0.078 61.6 59.7 59.5 −0.2 −2.0 −2.2
0.060 62.4 60.7 60.2 0.3 −1.4 −1.8
0.043 62.8 61.3 61.0 0.4 −1.0 −1.3
0.027 63.3 61.7 61.7 0.7 −0.9 −0.9
0.013 66.7 62.4 62.4 3.9 −0.5 −0.4
0.005 69.5 66.2 62.8 6.5 3.2 −0.2
0.000 63.1 63.1 63.1 0.0 0.0 0.0

* NP: No polymer; ‡ δET (PVP), δET (PVPQ) and δET (NP); the difference between measured charge transfer
energy of Reichardt’ betaine measured in PVP and PVPQ, and in absence of polymer, respectively, and the ideal
(linear dependence) Reichardt’ betaine charge-transfer energy are all measured in DMSO/water mixtures.

Similar effects are observed in the case of PVPQ, nevertheless, they appear to be
attenuated when compared to PVP. This confirms the role of water-pyridine H-bonding
in the observed solvation effect, as PVPQ contains a few non-quaternized N-atoms (i.e.,
N atoms with lone pairs of electrons prone to H-bonding with water molecules). Along
with the remaining DMSO fraction range 1 > x > 0.08, the differences observed are less
important, implying that the role of DMSO is less significantly altered in the presence of
each of the polymers, PVP and PVPQ.

4. Conclusions

In this work, a series of new quaternized PVP polymers were synthesized and fully
characterized. Characterization with FTIR and NMR essentially contributed to the under-
standing of the structure and composition (quaternization degree) of the fully (PVPQ) and
partially (PVP_Q1-3) quaternized derivatives. Regarding the thermal behavior, as-made
PVP as well as the quaternized PVPs exhibit single glass transition steps, with Tg system-
atically increasing and the heat capacity change decreasing with the modification. This
suggests the transformation to a gradually more rigid matrix. In all cases the matrices
are plasticized by similar amounts of hydration water (ambient), while the quaternization
dominates on the hindering of the polymer chains diffusion. The thermal stability decreases
with quaternization, due to the susceptibility of the quaternized polymers to Hoffman
elimination reactions. Nevertheless, PVPQ and PVP_Q1-3 exhibit satisfactory thermal
stability (up to 300 ◦C). When it comes to UV-vis absorbance, the quaternization reaction
resulted in a red shift of the λmax from 206 to 217 nm for all PVPQs. Moreover, as an
outcome of the quaternization, the optical energy gap of PVP was significantly reduced
from 4.1 eV to 2.74–2.85 eV for PVPQ derivatives, which could be indicative of the potential
of these materials in semiconducting and optoelectronic applications. Finally, the solvation
behavior of the polymers was assessed in binary solvent mixtures of DMSO and water,
employing a solvatochromic model dye, namely Reichardt’s betaine. The impact of solvent
polarity versus solvent basicity was proven to play an important role in the solvation of
the studied quaternized and non PVPs. More in-depth studies on the solvatochromism
of these novel polymers are in progress, broadening the understanding of the solvation
behavior and chemical bonding that goes along with the optical properties related to the
polymers’ chemical structure.
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