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Abstract: In this study, the use of anionic polymerization for the synthesis of living poly(dimethylsiloxane)
or PDMS-Li*, as well as poly(2-vinylpyridine) or P2VP-Li* homopolymers, and the subsequent use
of chlorosilane chemistry in order for the two blocks to be covalently joined leading to PDMS-b-P2VP
copolymers is proposed. High vacuum manipulations enabled the synthesis of well-defined materials
with different molecular weights (M, from 9.8 to 36.0 kg/mol) and volume fraction ratios (¢, from 0.15
t0 0.67). The M, values, dispersity indices, and composition were determined through membrane/vapor
pressure osmometry (MO/VPO), size exclusion chromatography (SEC), and proton nuclear magnetic
resonance spectroscopy (*H NMR), respectively, while the thermal transitions were determined via
differential scanning calorimetry (DSC). The morphological characterization results suggested that for
common composition ratios, lamellar, cylindrical, and spherical phases with domain periodicities ranging
from approximately 15 to 39 nm are formed. A post-polymerization chemical modification reaction to
quaternize the nitrogen atom in some of the P2VP monomeric units in the copolymer with the highest
P2VP content, and the additional characterizations through 'H NMR, infrared spectroscopy, DSC, and
contact angle are reported. The synthesis, characterization, and quaternization of the copolymer structure
are important findings toward the preparation of functional materials with enhanced properties suitable
for various nanotechnology applications.

Keywords: high x copolymers; anionic polymerization; chlorosilane chemistry; PDMS; P2VP;
divergent Tjs; self-assembly behavior; quaternization

1. Introduction

To obtain well-defined and stable nanostructures with extremely low dimensions, for
nanotechnology purposes, highly immiscible copolymers should be designed [1-5]. Inherent
properties, including thermal stability, etching selectivity, post-polymerization chemical
modification capability, and high-throughput synthesis, are of great significance [1-11].

Silicon-containing copolymers have a leading role in various applications because they
showcase the aforementioned characteristics [1,2]. This fact has motivated the scientific
community towards the synthesis of various copolymer combinations, which include at
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least one inorganic segment. Several poly(dimethylsiloxane) or PDMS-based copolymers
such as PS-b-PDMS [12,13], PDMS-b-P2VP [14], PDMS-b-P4VP [15], PDMS-b-PLA [16],
PDMS-b-PMMA [17], P3HS-b-PDMS [18], PDMS-b-PEO [19], and PDMS-b-PTFEAs [20]
[where PS: polystyrene, P2VP: poly(2-vinylpyridine), P4VP: poly(4-vinylpyridine), PLA:
poly(lactid acid), PMMA: poly(methyl methacrylate), P3HS: poly(3-hydroxystyrene), PEO:
poly(ethylene oxide and PTFEAs: poly(2,2,2-triflouroethyl acrylate)s] have been synthe-
sized using living anionic, control radical polymerization techniques, ring-opening poly-
merization or azide-alkyne “click” reactions.

Poly(vinylpyridine)-based copolymers are highly versatile materials due to the chem-
ical modification capability of the pyridinyl nitrogen atoms in the —ortho or —para po-
sitions [21-27]. Significant studies have shed light on the properties afforded after the
reactions, which induce an electron-rich backbone and electron-poor pyridiniums for dif-
ferent quaternization degrees. It is straightforward that the properties and, therefore, the
targeted application are dependent on the percentage of quaternization [21-23]. The tun-
able properties of the specific materials render them as possible candidates for various
applications in diverse fields such as nanophotonic crystals (exquisite optical properties),
stimuli-responsive materials (response to changes in pH), antimicrobial agents (interaction
due to cationic nature), biosensors (detection of certain analytes due to electrical and/or
fluorescence properties), and membranes (ion selectivity) [28-31].

Notwithstanding the fact that the advent of new synthetic approaches has enabled the
fabrication of different systems, the synthesis of PDMS-b-P2VP remains largely unexplored.
Their combination affords desirable properties due to the fact that a silicon-based flexible
hydrophobic segment is combined with a stiff, amorphous block, which is capable of being
modified, leading to completely different characteristics.

Regarding their preparation, Lee et al. [32] proposed certain synthetic protocols for
the synthesis of linear diblock and triblock copolymers of the AB and ABA types (where
A: P2VP and B: PDMS) that involved the use of an organolithium compound as initiator
or a reagent with combined alkylating and acetal functional groups. Fragouli et al. [33]
reported the synthesis of tetrablock quarterpolymers of the PS-b-PI-b-PDMS-b-P2VP [PI:
poly(isoprene)] through anionic polymerization followed by coupling with a selective
heterofunctional linking chlorosilane agent (chloromethylphenylethylenedimethylchlorosi-
lane). Reversible addition-fragmentation chain transfer (RAFT) polymerization was em-
ployed quite recently by Hur et al. [34] for the synthesis of low molecular weight copolymers
of the specific type. Only limited research works report the synthesis of the specific se-
quence, but its great potential is displayed in a work by Jeong et al. [14] in which the
self-assembly behavior in thin films after exposure to different solvents, in a process widely
established as solvent vapor annealing, was studied. Also, the self-assembly behavior
of a PDMS-b-P2VP copolymer in thin films using pre-patterned substrates coated with
different brushes was studied to evaluate the minimum value of line edge and/or width
roughness [34]. Different research involved the fabrication of silicon oxide dots and the
incorporation of gold nanoparticles in the polymeric matrix [35]. The bulk phase behavior
prior to and after blending with 1-pyrenebutyric acid towards the formation of complexes
through non-covalent interactions between the nitrogen of P2VP monomeric units and the
butyric acid functional group as the temperature varied was examined by Shi et al. [36].

In our work, an alternative synthetic approach for the preparation of linear PDMS-b-
P2VP copolymers is proposed. Living anionic polymerization was utilized for the synthesis
of both living PDMS-Li* and P2VP-Li* homopolymers, which were then coupled using
an appropriate reagent through chlorosilane chemistry. Combining the specific segments
is rather challenging due to the quite different synthetic protocols followed during their
polymerization. Restrictions related to electron affinity and weak nucleophilicity in con-
junction with the strict purification protocols should be taken into consideration. The
molecular characteristics of the involved segments, including the dispersity indices and to-
tal number average molecular weights, as well as the successful synthesis, were determined
using size exclusion chromatography (SEC) and membrane/vapor pressure osmometry
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(MO/VPO). The mass as well as the volume fraction ratios were calculated using IH NMR
(proton nuclear magnetic resonance spectroscopy) experiments, while the thermal behavior
was studied using differential scanning calorimetry (DSC). Two distinct glass transition
temperatures corresponding to the PDMS and P2VP blocks were recorded, indicating the
strong repelling forces between them. Lamellar, cylindrical, and spherical phases with
dimensions ranging from approximately 15 to 39 nm were formed in bulk as indicated by
morphological characterization through transmission electron microscopy (TEM) and small
angle X-ray scattering (SAXS). Also, a post-polymerization chemical modification reaction
towards the formation of a quaternized copolymer derivative was carried out on the sample
with the highest P2VP content. The molecular, thermal, and wetting properties after the
quaternization were determined to map any alternation induced due to the existence of a
positive charge in some monomeric units of the P2VP segment. All samples are abbreviated
as DVP-x (where x = 1, 2, 3) since three samples in total were synthesized.

2. Materials and Methods
2.1. Materials

The solvents (benzene, tetrahydrofuran, methanol, chloroform, and n-hexanes), monomers
[1,1-diphenylethylene, 2-vinyl pyridine (2-VP) and hexamethylcyclotrisiloxane (D3)], coupling
agent [dichlorodimethylsilane], initiators [normal-BuLi (n-Buli), secondary-BuLi (sec-BuLi)], and
drying agents (calcium hydride and triethylaluminum) have been provided by Sigma-Aldrich
(Sigma-Aldrich Co., St. Louis, MO, USA), as well as the alkyl halide used in the quaternization
(bromoethane) reaction. The purification procedures of all solvents and coupling agents
were performed according to the demanding protocols of anionic polymerization, already
described in the relative literature [37]. The apparatuses were meticulously rinsed with n-BuLi
to eliminate any contaminants prior to any reaction. 2-VP was purified twice by calcium
hydride prior to distillation to sodium mirror and finally to triethylaluminum [37,38]. D3 was
dissolved in benzene, then was purified over calcium hydride as well as over living polystyrene
lithium [PS()Li™) at least twice] chains and stored in pre-calibrated ampoules [12,37,39].

2.2. Synthesis Protocols

Synthesis of sample DVP-1 (see Table 1): The procedure is realized by polymerizing
the hexamethylcyclotrisiloxane (6.0 g, 0.08 mol) with sec-BuLi (1.13 mmol) in the pres-
ence of non-polar solvent (benzene ~200 mL) followed by the addition of a polar solvent
(tetrahydrofuran ~200 mL) in a 1:1 ratio after seven days at cryogenic conditions (—20 °C)
as thoroughly elaborated in the literature [12,13]. Through this protocol, the conversion of
monomer approaches 100% with minimum side reactions, which is critical for the effective
coupling of the living PDMS homopolymer with dimethyldichlorosilane [(CH3),SiCl;].

The molar ratio of the coupling agent towards the PDMS™Li" is in significant excess
(at least 500-fold, 0.57 mol) to ensure the substitution of only one chlorine atom [37,40,41].
The excess coupling agent was removed under high vacuum, and the intermediate PDMS-
5i(CH3),Cl product was washed with purified benzene, dissolved in tetrahydrofuran, and
kept at a low temperature. The P2VP homopolymer was prepared in a different apparatus,
which was meticulously rinsed with a bis phenyl hexyl lithium solution. 2-vinyl pyridine
(6.0 g, 0.06 mol) and sec-BuLi reacted in the presence of tetrahydrofuran at —78 °C for
1 h using a nitrogen/isopropyl alcohol bath. The final step involved the coupling of the
intermediate PDMS-Si(CHj3),Cl product and the living P2VP block. To control the instability
of the materials at increased temperatures, the new apparatus with the attached vessels
containing the two different segments is placed for approximately 15 min at —20 °C, and
subsequently, the break-seal is ruptured towards the coupling of the macromolecular chains.
The solution was left under stirring for approximately two weeks, where the gradual
discoloration of the solution was apparent prior to the precipitation to cold stabilized
methanol. Manipulating the monomers and/or initiator quantities but keeping coherent
synthetic protocols, the remaining samples were synthesized. Note that after the completion
of each synthetic step, aliquots were retrieved to determine the molecular characteristics
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and justify the successful reactions. Figure la summarizes all the reactions that took
place for clarification reasons. Overall, three (3) samples were synthesized with different
molecular characteristics and volume fractions depicted as DVP-1, DVP-2, and DVP-3,
respectively (see Table 1).

Table 1. Molecular and thermal characteristics of PDMS-b-P2VP copolymers, including number
of average molecular weight (M,), dispersity indices (D), mass fraction, and volume fraction of
PDMS (fppums and @ppus, respectively), as well as the glass transition temperatures of the chemically
different segments.

MnPDMS (a) Mn P2VP (a) MnTOTAL (a)
Sample (g/mol) (g/mol) (g/mol) pTOTAL@ J; roms oroms P TgPIO)MS @ Tgpivp ©
SEC/VPO SEC/VPO SEC/VPO SEC H-NMR O 0O
or MO or MO or MO
DVP-1 5300 4500 9800 1.06 0.55 0.54 1258 84.6
DVP-2 15,500 7000 22,500 1.05 0.68 0.67 —124.0 87.1
DVP-3 6000 30,000 36,000 1.04 0.16 0.15 1220 102.5

@ SEC in THF at 35 °C, VPO or MO in toluene at 45 °C or 35 °C, respectively. ~®'H NMR
measurements in CDCl3 at 25 °C. The mass fraction ratio was calculated as follows: fpppys =
integration valuey; (5 integration valueg oy
contributing protons (or 6) contributing protons (or 1)
monomeric unit molecular weight (or 105 g/mol). A characteristic example with respect to the calculation
of mass fractions is provided in the Supporting Information for comprehension reasons. Consequently the

X monomeric unit molecular weight (or 74 g/mol), fpvp

Lo . . ; . _ fravpPPDMS _
volume fraction is estimated through the following equations: @pyp = Fovroroae O fosvp)ppavs . PPDMS =
o SopuspRUe o where ppoyp = 0.975 g/cm® and ppows = 0.970 g/cm?. ) DSC experiments.

(a)
SXO)
\S/ ()@L? CsHG/THF(l 1) -~ oL
0, ® oo _Cetls o “si Si
/W LU+ 8 & Tom i \
—i. o Si o 1.25°C. 4h /j n-1
0,
sec-BuLi D; 2.-20°C, 7 days PDMS Li*
(.l‘H; ([HS N@L?)
NGL? X500 ~_gi—0] —— A~ Si—Cl + LiCl + (CH);SIiCL
excess | |
CH; CH;
(CH3),SiCl, PDMS-SiMe;Cl
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CHj CHj
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(b)
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Figure 1. (a) Synthesis reactions for the preparation of PDMS-b-P2VP copolymers involving different

X

steps, meaning the polymerization of D3 toward the formation of living PDMS chains, the coupling
of PDMSLi* with dichlorodimethylsilane, the polymerization of 2-VP toward the formation of living
P2VP chains and finally the coupling of the chlorosilane terminated PDMS homopolymer with the
active P2VP chains and (b) Post-polymerization chemical modification reaction toward the formation
of PDMS-b-[P2VP-r-poly(1-ethyl-2-vinylpyridinium bromide)].
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Concerning the post-polymerization chemical modification reaction toward the forma-
tion of PDMS-b-[P2VP-r-poly(1-ethyl-2-vinylpyridinium bromide)], 1.0 g of sample DVP-3
(see Table 1) was vigorously stirred with an excess (with respect to the concentration of
the pyridine units) of bromoethane (3.2 mL) under reflux for 16 h (Figure 1b) prior to
purification, based on a previous study conducted by our research group [23].

2.3. Methods

A fully Integrated GPC System (PL-GPC 50) from Agilent Technologies (Agilent
Technologies/Polymer Labs, St. Clara, CA, USA), with an isocratic pump (1.0 mL/min), a
three-column [three columns in series (PLgel 5 mm Mixed-C, 300 x 7.5 mm) capacity oven
(LabAlliance, New York, NY, USA) operating at 35 °C, refractive index (RI, Shodex RI-101,
Munich, Germany) and ultraviolet absorbance (UV, SpectraSystem UV1000, Odense NV,
USA) detectors was used. The eluent was stabilized (2% v/v triethylamine) THEF, and the
calibration took place using eight PS standards (My: 1390 to 1,214,000 g/mol)].

Membrane Osmometry and Vapor pressure Osmometry [Gonotec Osmomat 070 at
45 °C or a Gonotec Osmomat 090 at 35 °C, respectively (Berlin, Germany)] using toluene as a
solvent were used to determine the number-average molecular weight of the homopolymer
precursors and the final copolymers.

'H NMR spectra were recorded in deuterated chloroform at 25 °C using Bruker
AVANCE II spectrometers (Bruker GmbH, Berlin, Germany) operating at 250 MHz. All 'H
NMR experiments in this work are reported in 0 units, parts per million (ppm), and were
measured relative to the signals for residual chloroform (7.26 ppm) in CDCls. The CDCl3
used in this study contained no TMS as the internal reference. A UXNMR (Bruker) software
(TopSpin v8.1) was used in the data analysis. The quaternized sample and the diblock
copolymer precursor (DVP-3) were recorded in deuterated dimethyl sulfoxide (DMSO-dg)
at 25 °C.

DSC measurements were carried out on a Q20 TA instrument (TA Instruments Ltd.,
Leatherhead, UK) from —140 °C to 140 °C at a 10 °C/min heating rate. From the three cycles
(two heating and one cooling) conducted, the presented thermographs corresponded to the
second heating and were processed using Advantage v5.4.0 (TA instruments) software.

A Nicolet Nexus 670 (Wake Forest, NC, USA) infrared spectrometer equipped with a
single horizontal golden gate attenuated total reflectance (ATR) cell was used for the FT-IR
measurements. Spectra were recorded by averaging 64 scans between 4000 and 400 cm ™!
with a resolution of 2 cm ! under ambient conditions.

A contact angle instrument (OCA 25, DataPhysics Instruments GmbH, Filderstadt,
Germany) was used to study the wetting properties. Samples were initially dissolved in
chloroform (3 wt% solution) and were spin-cast onto silicon wafers [treated with piranha
solution (sulfuric acid /hydrogen peroxide: 3/1)] at ambient conditions using 3700 rpm for
30 s to obtain films with ~50 nm thickness. Five separate measurements in five different
regions were conducted, and the average value was calculated and presented. The deviation
was £2°.

A JEOL JEM 2100-HR, 200 KeV electron microscope (JEOL Ltd., Tokyo, Japan) was
utilized for the TEM studies. Prior to TEM experiments, samples were cast from a dilute
5 wt% solution in chloroform, and the solvent evaporation was completed after 7 days. The
obtained ultra-thin sections (ca. 50 nm thick) from a Leica EM UC7 ultramicrotome (Leica
EM UC7 from Leica Microsystems, Wetzlar, Germany) at —140 °C were placed on 600 mesh
copper grids.

Small angle X-ray scattering (SAXS) experiments were performed on a Xenocs Xeuss
SAXS/WAXS (Holyoke, MA, USA) system equipped with a GeniX3D copper microfocus
tube operating at 60 kV and 0.59 mA. All samples were placed in an evacuated chamber
and illuminated with monochromatic X-rays in transmission geometry. The scattered
intensity was recorded using a Dectris Pilatus 300k detector located 2.2 m downstream of
the sample position. Small-angle X-ray scattering experiments were also conducted at the
BM26 beamline of the ESRF (Grenoble).
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3. Results and Discussion

Through anionic polymerization and chlorosilane chemistry, segments that are weak
nucleophiles and not prone to sequential monomer addition can be synthesized. The
linking of the living PDMS-Li* homopolymer with the appropriate chlorosilane compound,
followed by the reaction with the living P2VP-Li* chains, enabled the synthesis of PDMS-b-
P2VP copolymers with targeted molecular weight values and well-defined characteristics.
This methodology constitutes a significant synthetic advance that can be further applied
to segments with similar nucleophilicity-related issues. In this work, we demonstrate an
additional route to synthesize the PDMS-b-P2VP copolymers that are desirable for diverse
applications not only due to the high immiscibility they present but also because of the ability
of the pyridine moiety to be chemically modified, leading to novel functional materials.

The molecular characteristics were determined using size exclusion chromatography,
membrane or vapor pressure osmometry, as well as proton nuclear magnetic resonance spec-
troscopy, and the thermal properties were studied with differential scanning calorimetry. Table 1
summarizes the molecular as well as the thermal characteristics of the copolymers (the samples
are abbreviated as DVP) as directly calculated through the above-mentioned techniques.

As showcased in the relative SEC chromatograms, where the area from 0 up to 27 min
is observed (Figure 2a), monomodal distributions were received for the final copolymers
in the three different cases, indicating the absence of any undesired by-product prior to
the self-assembly studies. The whole SEC chromatograms (including elution times from
0 up to 35 min) of the living PDMS-Li* and P2VP-Li* precursors together with the final
copolymers in each case are presented in the Supporting Information (Figure Sla—c).

The composition of the copolymers was calculated through the integration of the
characteristic proton signals of each monomeric unit in the 'H NMR spectra (CDCl3).
Specifically, at 6: 0.1-0.5 ppm, the chemical shifts are assigned to the six protons of the
siloxane side methyl groups, while the peak area at 6: 8.2 ppm corresponds to the proton of
the aromatic ring of the pyridine moiety as indicated in Figure 2b. Additionally, the peaks
at 6.0-7.5 ppm are attributed to the three aromatic protons in the monomeric unit of P2VP.
In all spectra, the targeted integrations through which the mass and, therefore, the volume
fraction ratios can be calculated are presented as well.

Concerning the thermal characterization results of the copolymers, DSC experiments
indicated two distinct glass transition temperatures at values similar to those of the relative
homopolymers. The significant difference between the two Tgs, which is approximately
200 °C (lower than —121 °C and 100 °C for PDMS and P2VP, respectively), suggests the
quite dissimilar properties of the components in terms of flexibility /stiffness between the
two fractions. Any additional transitions are allocated to the melting and cold crystallization
of the PDMS crystals. To calculate the degree of crystallinity of the PDMS crystals during
melting in the DVP-1 and DVP-2, the enthalpy of fully crystallized PDMS was considered
equal to 37.4 ] /g based on the literature [42,43], leading to 19% and 25% of crystalline
chains, respectively. The thermographs with the different thermal transitions are presented
in Figure 2c. Sample DVP-3 did not showcase any melting and crystallization in the DSC
thermograph (as evident in Figure 2c), which was associated with exclusively amorphous
PDMS chains.

To establish a relationship between molecular characteristics and self-assembly behav-
ior, TEM and SAXS experiments were conducted. The samples were cast in chloroform,
which is more selective for the P2VP block if one takes into consideration the solubility
parameters (chloroform: 18.7 MPal/2, PDMS: 15.5 MPa/2 and P2VP: 20.6 MPal/2) [7,21,44]
and the solvent was left to evaporate from the solutions at ambient conditions. The contrast
obtained by silicon atoms in the PDMS block and carbon atoms in the P2VP moiety allowed
for TEM observations without selective staining of the P2VP blocks with iodine. All as-cast
samples were studied without being submitted to thermal annealing since copolymers
showcase the highest repulsion at lower temperatures (the Flory—-Huggins interaction pa-
rameter, ), is inversely proportional with temperature). The results are summarized in
Figure 3.
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Figure 2. (a) SEC chromatograms, (b) 'H NMR (CDCl3) spectra, and (c) DSC thermograms of all
synthesized copolymers as taken from the corresponding characterization techniques.

Sample DVP-1 formed alternating lamellae sheets as indicated by the 1D SAXS profile
and the relative TEM micrograph after solution casting in chloroform [Figure 3a (blue line)
and Figure 3b, respectively]. The black periodic regions correspond to the PDMS domains,
while the white stripes correspond to the P2VP. The characteristic reflections at the relative
g values of 1:2:3 further justified the real-space imaging results. The domain periodicity was
calculated using the sharp primary reflection through Bragg’s law equal to 15.2 nm. The
small dimensions obtained demonstrate the ability of the specific sequence to self-assemble
despite the low degree of polymerization, and therefore, the strong immiscibility between
the divergent components is verified.
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(a)

DVP-1
— DVP-2
—— DVP-3

Log Intensity (a.u.)

00 05 1.0 15 20

g (nm")

Figure 3. (a) 1D SAXS profiles of DVP-1 (blue) (the peak ratio of 1:2:3 indicates the formation
of lamellar morphology), DVP-2 (red) (the peak ratio of 1:v/4:1/7:v/9 indicates the formation of
cylindrical morphology), and DVP-3 (black) (the peak ratio of 2:1/6:1/14 indicates the formation of
spherical morphology). TEM micrographs of (b) DVP-1, (¢) DVP-2, and (d) DVP-3 demonstrating
alternating lamellae, hexagonal packed cylinders, and a spherical phase, respectively. The dark
domains correspond to the PDMS and white/grey to the P2VP in all cases.

The self-assembly studies on sample DVP-2 suggested the formation of hexagonal
packed cylinders of the minority component or P2VP (white areas) inside the black PDMS
matrix, as indicated in the relative TEM micrograph (Figure 3b). The reciprocal space
results further confirmed the cylindrical morphology if one takes into consideration the
characteristic reflections at the relative g values of 1: V4: v/7: /9. The domain spacing was
calculated through the principal reflection equal to 21.9 nm (Figure 3a, red line).

Sample DVP-3 showcases the highest asymmetry between the molecular characteristics
of the involved segments, which is also depicted in the morphological characterization
results. Specifically, the copolymer adopted the spherical morphology as evident in the
respective micrograph (Figure 3c), but no long-range order was observed, as indicated by
the absence of sharp reflections in the corresponding 1D SAXS plot (Figure 3a, black line).
Besides the lack of ordered domains, no solid results concerning the formed structure can
be extracted due to the broad peaks, which do not allow for appropriate peak assignment
(the arrows correspond to a g ratio of V2: V6 \/ﬁ). The broad nanodomain boundaries
are indicated by the weak intensity of peaks and reveal that the copolymer is not strongly
segregated. The domain spacing was calculated to be approximately equal to 39 nm using
the first permitted reflection.
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Taking into consideration the experimental results, one can assume that the specific
copolymer sequence adopts hexagonal and lamellar phases for common volume fraction
ratios, while the highest asymmetry between the compositions of the components induced
the formation of spherical morphology without long-range order.

It has already been mentioned that P2VP-containing copolymers can be chemically
modified after polymerization, yielding materials with desirable properties. To further
make use of the pyridine moiety DVP-3 sample, as already mentioned in a previous
section, it was submitted to a quaternization reaction due to its higher content of P2VP
(¢pavp = 0.85) compared to the other two DVP samples, leading to PDMS-b-[P2VP-r-poly(1-
ethyl-2-vinylpyridinium bromide)], which is depicted as DVP-3q. The sample was char-
acterized at the molecular level through spectroscopic ['H NMR (DMSO-dg) and IR]
techniques. Additionally, the thermal (DSC) and surface (CA) properties, in comparison
with the ones observed in the pristine copolymer precursor, were accessed.

As far as the 'H NMR (DMSO-dg) experiments are concerned, the results showcased
the successful quaternization of the P2VP moiety up to 20% if one considers the quantitative
analysis between the quaternized and non-quaternized peaks, which is in good agreement
with the reported results in the respective literature [23]. Specifically, the DVP-3q was
dissolved in DMSO-dg¢ since quaternized pyridine blocks demonstrate better solubility
in a more polar solvent. To better indicate the effect of quaternization on the 'H NMR
spectrum, the pristine copolymer was recorded in DMSO-dg, and the comparative results
are presented in Figure 4a. The emergence of an additional peak at approximately 8.85 ppm
is allocated to the chemical shift of the proton in which the ethyl group alkylates the
nitrogen atom (N*-CH). In the relative spectra, a decrease in the intensity of the phenyl
proton peaks (at 0: 6.5-7.5 ppm) of the aromatic pyridine rings in the monomeric units
and the appearance of a new peak with the noticeable intensity of the phenyl proton
peak (at &: 8.85 ppm) corresponding to the quaternized pyridine groups are observed.
Furthermore, the signal at §: 8.3 ppm, which is attributed to the N-C-H proton of P2VP
that was a doublet prior to the modification, turned to a singlet after the completion of
the reaction. Coherent results were also reported in the literature after quaternizing P2VP-
and P4VP- containing copolymers. Also, broad peaks appeared in the region 0.5-1.0 ppm
for the DVP-3q sample, which corresponds to the alkyl groups of the quaternization
agent. As a complementary method to map any potential alternation on the absorption
bands prior to and after the quaternization, infrared spectroscopy was used, and the
comparative spectra are presented in Figure 4b. In the IR spectrum of the pristine copolymer,
the absorption signals corresponding to the characteristic P2VP and PDMS groups are
evident. In particular, the signals at 3000-3100 cm ! indicate the presence of aromatic
C-H stretching, and at 1400 and 1450 cm~!, the C=C stretching. The signals at 570 and
750 cm 1 correspond to the deformation of the aromatic ring. Also, at 1070-1340 cm L
C-N stretching vibrations can be identified, while the absorption of the -C=N- groups is
located at 1570-1660 cm~!. PDMS exhibit IR peaks at approximately 700-796 cm~! due to
the -CHj3 rocking and Si-C stretching, at 1020-1074 cm ! because of the Si-O-Si stretching,
and finally at 1260-1259 cm 1, as well as at 2950-2960 cm !, due to the -CHj; deformation
and asymmetric -CHj stretching in the Si-CHj group, respectively.

For the DVP-3q, the differentiation lies in the absorption bands located in the region
between 1700 and 1450 cm 1. In particular, the band located at 1590 cm~1 is decreased due
to the minimization of pyridine groups and the appearance of pyridinium cations [22]. A
new band appeared at 1628 cm ™!, which is attributed to the coordination bonds between
nitrogen and bromine ions. In the Supporting Information (Figure S2), a magnification of
the IR spectra concerning the region ranging between 1800 to 1000 cm ! is provided, and
the aforementioned alternations are highlighted for better clarity.
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Figure 4. (a) Comparative 'H NMR (DMSO-dg) spectra of DVP-3 and DVP-3q. The arrows in the
spectrum of DVP-3q indicate the emergence of the additional peaks which verify the successful quat-
ernization, (b) Comparative FI-IR spectra of DVP-3 (red) and DVP-3q (black), (c¢) DSC thermograph
of DVP-3q. The inlet in purple corresponds to the thermograph of the neat copolymer to indicate
the temperature differentiation in the Tgs before and after quaternization, (d) Water contact angle
measurements of DVP-3 [95° (£2°)] and DVP-3q [83° (£2°)].

Following, the thermal properties of the DVP-3q sample were studied through DSC,
and the results are given in Figure 4c. DSC experiments on the modified copolymer indi-
cated a slight increase in the Ty of the P2VP segments equal to 5.6 °C. The bromoethane
quaternizes certain nitrogen atoms [~20% as indicated by the H NMR (DMSO-dg) experi-
ments], forming the respective bromide. We speculate that the quaternization has an impact
on the mobility of polymer chains and, therefore, impedes the diffusion of the polymer
chains, which eventually leads to an increase in the Tg. Relevant studies on quaternized
P4VP homopolymers showcased similar results, strongly dependent on the modification
extent [22]. The fact that random modified monomeric units are distributed throughout
the P2VP matrix is unable to significantly affect the overall thermal behavior of the P2VP
block. We expect that a higher quaternization degree may possibly lead to more significant
changes in the thermal properties.

Finally, the wetting properties of both samples, pristine DVP-3 and modified DVP-3q
in thin film states, were evaluated using water contact angle measurements. Quaterniza-
tion of some pyridine moieties increased the overall polarity of the sample even though
the yield did not exceed 20%. Specifically, the contact angle of the neat copolymer was
calculated at approximately 95° (£2°), while the modified sample exhibited decreased
water contact angle ca. 83° (£:2°). The different surface properties of the DVP-3q sample
are attributed to the secondary interactions (such as hydrogen bonds and dipole-dipole
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interactions) between the O-H bonds of water and the quaternized groups in some of the
P2VP monomeric units. The results are presented in Figure 4d.

4. Conclusions

We propose a platform methodology to synthesize copolymers with segments pre-
senting nucleophilicity-related issues through anionic polymerization. In particular, the
living anionically synthesized homopolymer chains (i.e., PDMS-Li* and P2VP-Li*) are
covalently joined via chlorosilane chemistry leading to narrow dispersed PDMS-b-P2VP
copolymers. Each step, during the different reactions, requires meticulous manipulations
in terms of purification and vacuum quality to avoid the deactivation of reagents and the
appearance of side reactions. The samples were characterized molecularly and thermally
to determine the molecular weight values, dispersity indices, composition, and thermal
transitions, including glass transition temperatures as well as melting and crystallization
temperature of PDMS crystals, where evident. The solid-state properties of the copoly-
mers were studied through TEM and SAXS, showcasing the self-assembly capacity of the
specific system. The composition of the components allowed the formation of lamellar-
and cylindrical structures with spacings of approximately 15 nm and 21 nm, respectively.
Also, the highest asymmetry with respect to the segment’s content gave rise to a spherical
morphology with a d value equal to 39 nm. The materials are potential candidates for
nanotechnology applications due to the enhanced immiscibility of the constituents. The
presence of nitrogen atoms in the P2VP moiety may possibly lead to the preparation of func-
tional materials simply by conducting post-polymerization chemical modification reactions.
As indicated by 'H NMR experiments, the alkylation of the nitrogen atom from the ethyl
group induced additional peaks corresponding to the proton attached to the nitrogen atom
(N*-CH) as well as to the ethyl groups of the modification compound. Complementary
IR studies were carried out to detect any alternations due to the chemical modification
reaction, even though the sensitivity is more limited compared to the 'H NMR experiments.
Mild alternations in the thermal and wetting properties of the final modified copolymer
were observed. The ability to tune the properties through post-polymerization chemical
modification reactions is important for the design of new materials.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/polym15214227 /s1, Figure S1: SEC chromatograms corre-
sponding to (a) living PDMS-Li* homopolymer precursor (black), living P2VP-Li* homopolymer
precursor (blue), and final diblock copolymer of the PDMS-b-P2VP type or DVP-1 (red), (b) living
PDMS-Li* homopolymer precursor (black), living P2VP-Li* homopolymer precursor (blue), and final
diblock copolymer of the PDMS-b-P2VP type or DVP-2 (red) and (c) living PDMS-Li* homopolymer
precursor (black), living P2VP-Li* homopolymer precursor (blue), and final diblock copolymer of the
PDMS-b-P2VP type or DVP-3 (red).; Figure S2: Magnified IR spectra corresponding to the DVP-3 and
DVP-3q samples corresponding to the region between 1800 and 1000 cm™!.

Author Contributions: Conceptualization, A.A.; methodology, G.-M.M., LM., D.M., C.N. and A.A;
validation, D.A.I. and A.A ; formal analysis, G.-M.M., LM. and A.A ; investigation, G-M.M., LM.,,
D.M.,, MR, L.V. and A.A.; resources, D.A.I. and A.A.; data curation, G.-M.M., LM., D.M,, G.P, C.N,,
MR, LV, G.G.A, D.AIL and A.A; writing—original draft preparation, G-M.M., LM. and A.A.;
writing—review and editing, G.-M.M., LM., D.A.I. and A.A.; supervision, A.A.; funding acquisition,
G.P, D.AIL and A.A. All authors have read and agreed to the published version of the manuscript.

Funding: The chemical synthesis part of the work was financially supported by the Ministry of
Science and Higher Education of the Russian Federation within State Contract 075-15-2022-1105. The
structural characterization part of the work was supported by the Ministry of Science and Higher
Education of the Russian Federation (Agreement 075-10-2021-093, Project BMA-RND-2009). The
research work was partially supported by the Hellenic Foundation for Research and Innovation
(HFRI) under the 3rd Call for HFRI PhD Fellowships (Fellowship Number: 6854).

Institutional Review Board Statement: Not applicable.


https://www.mdpi.com/article/10.3390/polym15214227/s1

Polymers 2023, 15, 4227 12 of 13

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: LM., G-M.M., D.M., G.P,, C.N. and A.A. would like to acknowledge the Network
of Research Supporting Laboratories at the University of Ioannina for using the Electron Microscopy
Facility and the Nuclear Magnetic Resonance Spectroscopy Center. LM., M.R., and D.A.I. would
like to acknowledge the Dual Belgian Beamline (DUBBLE) of the European Synchrotron Radiation
Facility (E.S.R.F.).

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

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Angelopoulou, P.P.; Moutsios, I.; Manesi, G.M.; Ivanov, D.A; Sakellariou, G.; Avgeropoulos, A. Designing High x Copolymer
Materials for Nanotechnology Applications: A Systematic Bulk vs. Thin Films Approach. Prog. Polym. Sci. 2022, 135, 101625.
[CrossRef]

Lo, T.Y.; Krishnan, M.R,; Lu, K.Y.; Ho, R.M. Silicon-Containing Block Copolymers for Lithographic Applications. Prog. Polym. Sci.
2018, 77, 19-68. [CrossRef]

Sinturel, C.; Bates, ES.; Hillmyer, M.A. High x-Low N Block Polymers: How Far Can We Go? ACS Macro Lett. 2015, 4, 1044-1050.
[CrossRef] [PubMed]

Cummins, C.; Pino, G.; Mantione, D.; Fleury, G. Engineering block copolymer materials for patterning ultra-low dimensions. Mol.
Syst. Des. Eng. 2020, 5, 1642-1657. [CrossRef]

Oh, J.; Suh, H.S.; Ko, Y;; Nah, Y,; Lee, J.C.; Yeom, B.; Char, K,; Ross, C.A.; Son, J.G. Universal perpendicular orientation of block
copolymer microdomains using a filtered plasma. Nat. Commun. 2019, 10, 2912. [CrossRef] [PubMed]

Cummins, C.; Ghoshal, T.; Holmes, J.D.; Morris, M.A. Strategies for Inorganic Incorporation Using Neat Block Copolymer Thin
Films for Etch Mask Function and Nanotechnological Application. Adv. Mater. 2016, 28, 5586-5618. [CrossRef] [PubMed]

Li, G,; Dong, S.; Fu, P; Yue, Q.; Zhou, Y.; Wang, J. Synthesis of Porous Poly(Ionic Liquid)s for Chemical CO, Fixation With
Epoxides. Green Chem. 2022, 24, 3433-3460. [CrossRef]

Koo, J.-M.; Park, C.H.; Yoo, S.; Lee, G.W.; Yang, S.Y.; Kim, J.H.; Yoo, S.I. Selective Ion Transport Through Three-Dimensionally
Interconnected Nanopores of Quaternized Block Copolymer Membranes for Energy Harvesting Application. Soft Matter 2021, 17,
3700-3708. [CrossRef]

Park, TH.; Yu, S.; Park, J.; Park, C. Interactive structural color displays of nano-architectonic 1-dimensional block copolymer
photonic crystals. Sci. Technol. Adv. Mater. 2023, 24, 2156256. [CrossRef]

Park, T.H.; Yu, S.; Park, C. Stimuli-Adaptive and Human-Interactive Sensing Displays Enabled by Block Copolymer Structural
Color. Polym. Rev. 2023, 63, 2245022. [CrossRef]

Tang, Q.; Ren, H.; Kochivski, Z.; Cheng, L.; Zhang, K.; Yuan, J.; Zhang, W. Topological Effects on Cyclic Co-Poly(ionic liquid)s
Self-Assembly. Macrom. Chem. Phys. 2022, 224, 2200134. [CrossRef]

Bellas, V.; Iatrou, H.; Hadjichristidis, N. Controlled Anionic Polymerization of Hexamethylcyclotrisiloxane. Model Linear
and Miktoarm Star Co- and Terpolymers of Dimethylsiloxane with Styrene and Isoprene. Macromolecules 2000, 33, 6993-6997.
[CrossRef]

Chang, C.-Y,; Manesi, G.-M.; Avgeropoulos, A.; Ho, R.-M. Superlattice Structure from Self-Assembly of High-x Block Copolymers
via Chain Interdigitation. Macromolecules 2022, 55, 3449-3457. [CrossRef]

Jeong, J.W.; Park, W.I; Kim, M.J.; Ross, C.A.; Jung, Y.S. Highly Tunable Self-Assembled Nanostructures from a Poly(2-
Vinylpyridine-b-Dimethylsiloxane) Block Copolymer. Nano Lett. 2011, 11, 4095-4101. [CrossRef] [PubMed]

Kim, ].M.; Hur, Y.H.; Jeong, ] W.; Nam, T.W.; Lee, ].H.; Jeon, K.; Kim, Y.; Jung, Y.S. Block Copolymer with an Extremely High
Block-to-Block Interaction for a Significant Reduction of Line-Edge Fluctuations in Self-Assembled Patterns. Chem. Mater. 2016,
28, 5680-5688. [CrossRef]

Pitet, L.M.; Wuister, S.F.; Peeters, E.; Kramer, E.J.; Hawker, C.J.; Meijer, E.W. Well-Organized Dense Arrays of Nanodomains in
Thin Films of Poly(Dimethylsiloxane)-b-Poly(Lactide) Diblock Copolymers. Macromolecules 2013, 46, 8289-8295. [CrossRef]
Luo, Y.; Montarnal, D.; Kim, S.; Shi, W.; Barteau, K.P,; Pester, C.W.; Hustad, P.D.; Christianson, M.D.; Fredrickson, G.H.; Kramer,
E.J.; et al. Poly(Dimethylsiloxane-b-Methyl Methacrylate): A Promising Candidate for Sub-10 Nm Patterning. Macromolecules
2015, 48, 3422-3430. [CrossRef]

Azuma, K;; Sun, J.; Choo, Y.; Rokhlenko, Y.; Dwyer, ].H.; Schweitzer, B.; Hayakawa, T.; Osuji, C.O.; Gopalan, P. Self-Assembly of
an Ultrahigh-x Block Copolymer with Versatile Etch Selectivity. Macromolecules 2018, 51, 6460-6467. [CrossRef]

Luo, Y.; Kim, B.; Montarnal, D.; Mester, Z.; Pester, C.W.; McGrath, A.].; Hill, G.; Kramer, E.J.; Fredrickson, G.H.; Hawker, C.J.
Improved Self-Assembly of Poly(Dimethylsiloxane-b-Ethylene Oxide) Using a Hydrogen-Bonding Additive. J. Polym. Sci. Part A
Polym. Chem. 2016, 54, 2200-2208. [CrossRef]

Jeon, S.; Jun, T.;Jo, S.; Ahn, H; Lee, S; Lee, B.; Ryu, D.Y. Frank-Kasper Phases Identified in PDMS-b-PTFEA Copolymers with
High Conformational Asymmetry. Macromol. Rapid Commun. 2019, 40, 1800729. [CrossRef]

Kennemur, J.G. Poly(Vinylpyridine) Segments in Block Copolymers: Synthesis, Self-Assembly, and Versatility. Macromolecules
2019, 52, 1354-1370. [CrossRef]


https://doi.org/10.1016/j.progpolymsci.2022.101625
https://doi.org/10.1016/j.progpolymsci.2017.10.002
https://doi.org/10.1021/acsmacrolett.5b00472
https://www.ncbi.nlm.nih.gov/pubmed/35596447
https://doi.org/10.1039/D0ME00118J
https://doi.org/10.1038/s41467-019-10907-5
https://www.ncbi.nlm.nih.gov/pubmed/31266942
https://doi.org/10.1002/adma.201503432
https://www.ncbi.nlm.nih.gov/pubmed/26749571
https://doi.org/10.1039/D2GC00324D
https://doi.org/10.1039/D1SM00187F
https://doi.org/10.1080/14686996.2022.2156256
https://doi.org/10.1080/15583724.2023.2245022
https://doi.org/10.1002/macp.202200134
https://doi.org/10.1021/ma000635i
https://doi.org/10.1021/acs.macromol.2c00358
https://doi.org/10.1021/nl2016224
https://www.ncbi.nlm.nih.gov/pubmed/21950245
https://doi.org/10.1021/acs.chemmater.6b01731
https://doi.org/10.1021/ma401719p
https://doi.org/10.1021/acs.macromol.5b00518
https://doi.org/10.1021/acs.macromol.8b01409
https://doi.org/10.1002/pola.28093
https://doi.org/10.1002/marc.201900259
https://doi.org/10.1021/acs.macromol.8b01661

Polymers 2023, 15, 4227 13 of 13

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

Mavronasou, K.; Zamboulis, A.; Klonos, P; Kyritsis, A.; Bikiaris, D.N.; Papadakis, R.; Deligkiozi, I. Poly(Vinyl Pyridine) and Its
Quaternized Derivatives: Understanding Their Solvation and Solid State Properties. Polymers 2022, 14, 804. [CrossRef] [PubMed]
Carrasco, PM.; Ruiz De Luzuriaga, A.; Constantinou, M.; Georgopanos, P.; Rangou, S.; Avgeropoulos, A.; Zafeiropoulos, N.E,;
Grande, H.J.; Cabafiero, G.; Mecerreyes, D.; et al. Influence of Anion Exchange in Self-Assembling of Polymeric Ionic Liquid
Block Copolymers. Macromolecules 2011, 44, 4936-4941. [CrossRef]

Yu, X,; Li, J.; Yan, N.; Jiang, W. Quaternization-Assisted Assembly of Polymer-Tethered Gold Nanoparticles into Superlattices
with a Tunable Structure. J. Phys. Chem. C 2023, 127, 10253-10260. [CrossRef]

Zhang, Z.; Rahman, M.M.; Abetz, C.; Bajer, B.; Wang, J.; Abetz, V. Quaternization of a Polystyrene-block-poly(4-vinylpyridine)
Isoporous Membrane: An Approach to Tune the Pore Size and the Charge Density. Macromol. Rapid Commun. 2018, 40, 1800729.
[CrossRef] [PubMed]

Zhang, Z.-K,; Ding, S.-P; Ye, Z.; Xia, D.-L.; Xu, J.T. Thermodynamic understanding the phase behavior of fully quaternized
poly(ethylene oxide)-b-poly(4-vinylpyridine) block copolymers. Polymer 2022, 254, 125045. [CrossRef]

Briones, O.-X.; Tapia, R.A.; Campododnico, P.R.; Urzaa, M.; Leiva, A.; Contreras, R.; Gonzalez-Navarrete, J. Synthesis and
characterization of poly (ionic liquid) derivatives of N-alkyl quaternized poly(4-vinylpyridine). React. Funct. Polym. 2018, 124,
64-71. [CrossRef]

Lin, I-M.; Tsai, R.-S.; Chou, Y.-T.; Chiang, Y.-W. Photonic Crystal Reflectors with Ultrahigh Sensitivity and Discriminability for
Detecting Extremely Low-Concentration Surfactants. ACS Appl. Mater. Interfaces 2023, 15, 45249-45259. [CrossRef]

Babutan, I.; Todor-Boer, O.; Atanase, L.I.; Vulpoi, A.; Botiz, I. Self-Assembly of Block Copolymers in Thin Films Swollen-Rich in
Solvent Vapors. Polymers 2023, 15, 1900. [CrossRef]

Hlavatovic¢ov4, E.; Fernandez-Alvarez, R.; By, K.; Kereiche, S.; Mandal, TK.; Atanase, L.I; gtépének, M.; Uchman, M. Stimuli-
Responsive Triblock Terpolymer Conversion into Multi-Stimuli-Responsive Micelles with Dynamic Covalent Bonds for Drug
Delivery through a Quick and Controllable Post-Polymerization Reaction. Pharmaceutics 2023, 15, 288. [CrossRef]

Teper, P; Celny, A.; Kowalczuk, A.; Mendrek, B. Quaternized Poly(N,N’ -dimethylaminoethyl methacrylate) Star Nanostructures
in the Solution and on the Surface. Polymers 2023, 15, 1260. [CrossRef] [PubMed]

Lee, ].; Hogen-Esch, T.E. Synthesis and Characterization of Narrow Molecular Weight Distribution AB and ABA Poly(Vinylpyridine)-
Poly(Dimethylsiloxane) Block Copolymers via Anionic Polymerization. Macromolecules 2001, 34, 2805-2811. [CrossRef]

Fragouli, P.G.; latrou, H.; Hadjichristidis, N. Synthesis and Characterization of Linear Tetrablock Quarterpolymers of Styrene,
Isoprene, Dimethylsiloxane, and 2-Vinylpyridine. J. Polym. Sci. Part A Polym. Chem. 2004, 42, 514-519. [CrossRef]

Hur, YH.; Song, SW.; Kim, ].M.; Park, W.I; Kim, K.H.; Kim, Y.J.; Jung, Y.S. Thermodynamic and Kinetic Tuning of Block
Copolymer Based on Random Copolymerization for High-Quality Sub-6 Nm Pattern Formation. Adv. Funct. Mater. 2018, 28,
1800765. [CrossRef]

Cho, H.; Kim, S; Park, S. Fabrication of Gold Nanoparticles and Silicon Oxide Corpuscles from Block Copolymers. J. Mater. Chem.
2010, 20, 1156-1160. [CrossRef]

Shi, L.Y.; Lei, WW.,; Liao, F,; Chen, J.; Wu, M.; Zhang, Y.Y.; Hu, C.X,; Xing, L.; Zhang, Y.L.; Ran, R. H-Bonding Tuned Phase
Transitions of a Strong Microphase-Separated Polydimethylsiloxane-b-Poly(2-Vinylpyridine) Block Copolymer. Polymer 2018, 153,
277-286. [CrossRef]

Hadjichristidis, N.; Iatrou, H.; Pispas, S.; Pitsikalis, M. Anionic Polymerization: High Vacuum Techniques. J. Polym. Sci. Part A
Polym. Chem. 2000, 38, 3211-3234. [CrossRef]

Angelopoulou, PP,; Kearney, L.T.; Keum, ] K.; Collins, L.; Kumar, R.; Sakellariou, G.; Advincula, R.C.; Mays, ].W.; Hong, K. High-x
Diblock Copolymers Containing Poly(Vinylpyridine-N-Oxide) Segments. |. Mater. Chem. A 2023, 11, 9846-9858. [CrossRef]
Moutsios, I.; Ntetsikas, K.; Manesi, G.-M.; Liontos, G.; Nikitina, E.A.; Chang, C.-Y.; Vidal, L.; Hadjichristidis, N.; Ho, R.-M.; Ivanov,
D.A.; et al. Defining Morphological Transformations of “Soft Nature” Diblock Viscoelastic Structured Polymers. Macromolecules
2023, 56, 6232-6246. [CrossRef]

Uhrig, D.; Mays, ].W. Experimental Techniques in High-Vacuum Anionic Polymerization. J. Polym. Sci. Part A Polym. Chem. 2005,
43, 6179-6222. [CrossRef]

Liontos, G.; Manesi, G.M.; Moutsios, I.; Moschovas, D.; Piryazev, A.A.; Bersenev, E.A.; Ivanov, D.A.; Avgeropoulos, A. Synthesis,
Molecular Characterization, and Phase Behavior of Miktoarm Star Copolymers of the ABn and AnB (n = 2 or 3) Sequences, Where
A Is Polystyrene and B Is Poly(Dimethylsiloxane). Macromolecules 2022, 55, 88-99. [CrossRef]

Klonos, P.A. Crystallization, Glass Transition, and Molecular Dynamics in PDMS of Low Molecular Weights: A Calorimetric and
Dielectric Study. Polymer 2018, 159, 169-180. [CrossRef]

Aranguren, M.I. Crystallization of Polydimethylsiloxane: Effect of Silica Filler and Curing. Polymer 1998, 39, 4897-4903. [CrossRef]
Lee, J.N,; Park, C.; Whitesides, G.M. Solvent Compatibility of Poly(Dimethylsiloxane)-Based Microfluidic Devices. Anal. Chem.
2003, 75, 6544-6554. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/polym14040804
https://www.ncbi.nlm.nih.gov/pubmed/35215717
https://doi.org/10.1021/ma200213s
https://doi.org/10.1021/acs.jpcc.3c01826
https://doi.org/10.1002/marc.201800729
https://www.ncbi.nlm.nih.gov/pubmed/30417465
https://doi.org/10.1016/j.polymer.2022.125045
https://doi.org/10.1016/j.reactfunctpolym.2018.01.003
https://doi.org/10.1021/acsami.3c06946
https://doi.org/10.3390/polym15081900
https://doi.org/10.3390/pharmaceutics15010288
https://doi.org/10.3390/polym15051260
https://www.ncbi.nlm.nih.gov/pubmed/36904499
https://doi.org/10.1021/ma001439e
https://doi.org/10.1002/pola.10856
https://doi.org/10.1002/adfm.201800765
https://doi.org/10.1039/B922334G
https://doi.org/10.1016/j.polymer.2018.02.003
https://doi.org/10.1002/1099-0518(20000915)38:18%3C3211::AID-POLA10%3E3.0.CO;2-L
https://doi.org/10.1039/D3TA01386C
https://doi.org/10.1021/acs.macromol.3c00659
https://doi.org/10.1002/pola.21016
https://doi.org/10.1021/acs.macromol.1c01863
https://doi.org/10.1016/j.polymer.2018.11.028
https://doi.org/10.1016/S0032-3861(97)10252-X
https://doi.org/10.1021/ac0346712

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis Protocols 
	Methods 

	Results and Discussion 
	Conclusions 
	References

