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Crystalline Carbosilane-Based Block Copolymers: Synthesis
by Anionic Polymerization and Morphology Evaluation in

the Bulk State

Hanna Hiibner, Bart-Jan Niebuur, Oliver Janka, Lea Gemmer, Marcus Koch,
Tobias Kraus, Guido Kickelbick, Bernd Stiihn, and Markus Gallei*

Block copolymers (BCPs) in the bulk state are known to self-assemble into
different morphologies depending on their polymer segment ratio. For
polymers with amorphous and crystalline BCP segments, the crystallization
process can be influenced significantly by the corresponding bulk
morphology. Herein, the synthesis of the amorphous-crystalline BCP
poly(dimethyl silacyclobutane)-block-poly(2vinyl pyridine), (PDMSB-b-P2VP),
by living anionic polymerization is reported. Polymers with overall molar
masses ranging from 17 400 g to 592 200 g mol~' and PDMSB contents of
4.8-83.9 vol% are synthesized and characterized by size-exclusion
chromatography and NMR spectroscopy. The bulk morphology of the
obtained polymers is investigated by means of transmission electron
microscopy and small angle X-ray scattering, revealing a plethora of
self-assembled structures, providing confined and nonconfined conditions.
Subsequently, the influence of the previously determined morphologies and
their resulting confinement on the crystallinity and crystallization behavior of

named T, and T, whereas the amorphous
regions of the polymer are responsible for
the glass transition temperature, T,. These
values are often considered as polymer-
specific but can be affected by, e.g., addi-
tives, crosslinking, modulation of the ther-
mal history of the polymer, or variation
of the molecular weight. Here, the crys-
tallization process is especially suscepti-
ble towards the presence of heterogeneities
which usually determine the crystallization
temperature, as there are almost always
impurities or additives within the sample.
These then act as crystallization nuclei lead-
ing to heterogeneous nucleation. In the ab-
sence of those crystallization nuclei, i.e., the
neat substance without any impurities, ho-
mogeneous or surface-induced crystalliza-

PDMSB is analyzed via differential scanning calorimetry and powder X-ray
diffraction. Here, fractionated crystallization and supercooling effects are
observable as well as different diffraction patterns of the PDMSB crystallites

for confined and nonconfined domains.

1. Introduction

Crystallizable polymers usually exhibit an exothermal crystalliza-
tion and an endothermal melting event at specific temperatures,

tion occurs, leading to a significantly re-
duced crystallization temperature due to the
resulting higher free energy barrier. Also,
confinement and the resulting surface ef-
fects can impact the crystallization tempera-
ture, which was shown and reviewed by sev-
eral groups.['] Especially when the size of
the confined space is in the same order of magnitude as the
crystallites, a drastic influence on the crystallization process
and its orientation is expected.l!l This will become more and
more important, especially in the field of nanotechnology and
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nanolithography, as the physical properties of confined crystal-
lization deviates from crystallization in the bulk state, thus en-
abling different and potentially more complex structures com-
pared to fully amorphous polymers.

Polysiloxanes are highly flexible and often crystalline materi-
als. They find various applications in the field of coatings due
to their mechanical properties and their high resistance against
chemicals as well as environmental influences, as adhesion pro-
moter or as sealing compound in form of silicone resins. More-
over, this class of polymers gained significant attention due to its
possibility to perform as a preceramic material in order to gener-
ate, e.g., templated ceramic nanostructures by thermal treatment.
Those hereby obtained ceramic materials, including nanocom-
posites and their preparation procedures, are reviewed by Orilall
and Wiesner!®! and other authors.”"13] In order to obtain oxygen-
free ceramic materials, carbosilanes can be used, resulting in
silicon-carbide ceramics.[1*7]

A polycarbosilane well known for its tendency to crystallize
easily is poly(dimethyl silacyclobutane) PDMSB.["2] This De-
comes, for example, observable as the polymer precipitates due
to occurring crystallization when synthesizing it by means of
anionic ring opening polymerization (ROP) in tetrahydrofuran
(THF) at low temperatures.!*$2°2! Anionic polymerization how-
ever, is an important synthesis tool for the control over the poly-
merization and the formation of block copolymers (BCPs). As
BCPs possess the ability to self-assemble into microstructures,
they have a huge potential for bottom-up strategies, especially in
the case of PDMSB-based BCPs for nanolithographic purposes.
Different BCPs with a PDMSB segment are known to literature
such as poly(dimethyl silacyclobutane)-b-poly(methyl methacry-
late) (PDMSB-b-PMMA),[22] poly(dimethyl silacyclobutane)-b-
polystyrene (PDMSB-b-PS),[23-3] poly(dimethyl silacyclobutane)-
b-poly(2-hydroxyethyl methacrylate) (PDMSB-b-PHEMA),!2¢]
or as a BCP with different metallopolymers.¥’] Also, tri-
block terpolymers, namely, poly(dimethyl silacyclobutane)-b-
polystyrene-b-poly(2-vinyl pyridine) (PDMSB-b-PS-b-P2VP),[28-30]
poly(dimethyl silacyclobutane)-b-polystyrene-b-poly(methyl
methacrylate) (PDMSB-b-PS-b-PMMA),3132] and poly(dimethyl
silacyclobutane)-b-polystyrene-b-polylactide (PDMSB-b-PS-b-
PLA),B13334 were described in the literature. Here, the main
focus usually lies on the hydrophobicity of the carbosilane-based
polymer and its potential application in lithography processes.!*!

To the best of our knowledge, only very little is known about the
crystallization process of PDMSB-based BCPs. Kawahara et al.
performed several differential scanning calorimetry (DSC) mea-
surements as well as WAXS measurements on PDMSB, giving
proof of the crystallinity of the analyzed material in the bulk
state,[2) whereas Gallei et al. focused on the melting behavior of
PDMSB on a curved surface leading to an overall diminished and
even suppressed melting behavior.'®] Li et al. intensively stud-
ied the melting behavior of PDMSB homopolymers as they ob-
served two endothermal signals while heating the sample during
DSC measurements. Using isothermal crystallization at various
temperatures and subsequent heating at different rates, they ex-
plained this complex melting behavior by postulating a recrys-
tallization process, resulting in a deeper understanding of this
multiple melting phenomenon.!'! But since the cooling rate was
kept constant, still little is known about the crystallization pro-
cess and its possibility to be influenced. Moreover, BCPs with an
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amorphous and a crystallizable polymer segment provide a more
complex approach toward the crystallization behavior of PDMSB
because of the influence of the amorphous polymer segment. Of-
ten, this influence is avoided by analyzing the crystallization of a
polymer infiltrated in templated matrices (e.g., nanoporous an-
odic alumina oxide), as deposited droplets or dispersed in a liquid
medium.[13#436-3%] In the present study, the crystallization behav-
ior of PDMSB in the form of a BCP with an amorphous second
block segment P2VP is investigated. For this purpose, anionic
ROP was used to synthesize BCPs with various block lengths to
generate different microstructures which are known from amor-
phous BCPs, e.g., spheres and lamellae and characterize the in-
fluence of the self-assembled structures on the crystallization be-
havior of PDMSB. The polymers themselves were analyzed by
size exclusion chromatography (SEC) and nuclear magnetic res-
onance (NMR) spectroscopy to determine the molecular weight
and the composition of the polymer, followed by an analysis of
the morphology by means of transmission electron microscopy
(TEM) and small angle X-ray scattering (SAXS). Subsequently,
the crystallization behavior of the PDMSB homopolymer and the
corresponding BCPs was analyzed using differential scanning
calorimetry (DSC) and powder X-ray diffraction (PXRD) taking
the previously determined microstructures and the so potentially
created confinement into account, in order to prove the suscepti-
bility of the crystallization process towards confinement.

2. Results and Discussion

2.1. Synthesis and Characterization of Poly(1,1-dimethyl
silacyclobutane)-b-poly(2-vinyl pyridine)

To obtain BCPs with an amorphous and a crystallizable polymer
segment, PDMSB-b-P2VP was synthesized with different com-
positions via sequential anionic polymerization (Scheme 1). For
this purpose, DMSB was polymerized in THF by initiation with
n-butyllithium. After 1 h, an aliquot for SEC measurements of the
formed PDMSB homopolymer was taken, diphenylethylene was
added to the living polymer chains to prevent side reactions and
2VP was added subsequently to form the desired BCP altering
the monomer ratio to obtain BCPs with different PDMSB/P2VP
ratios and overall lengths. PDMSB is known to literature for its
tendency to crystallize rapidly and is providing a hydrophobic-
ity to the segment whereas P2VP is used as an amorphous, hy-
drophilic counterpart resulting in an amphiphilic BCP with an
amorphous and a crystalline polymer segment.

The resulting polymers and taken aliquots were analyzed via
SEC to determine the molecular weights and molar mass distri-
bution. Here, the molecular weights of the PDMSB segments
range from 11 300 to 24 900 g mol™' according to the aliquots,
whereas a clear shift toward higher molecular weights after the
addition of P2VP proved the formation of a block copolymer. This
is exemplarily shown in Figure 1a as the SEC trace of the PDMSB
segment with a molecular weight of 16 500 g mol~! is shifted
to 40 100 g mol~" after the addition of 2VP, suggesting an ap-
parent molar mass growth of 23 600 g mol~!. According to SEC
measurements, PDMSB-b-P2VP block copolymers with a wide
range of overall molecular weights from 17 400 up to 592 200 g
mol~! were obtained. However, it is noteworthy that the PDMSB
homopolymer precipitates during the polymerization procedure,
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Scheme 1. Polymerization of 1,1-dimethyl silacyclobutane with n-butyllithium as the initiator in tetrahydrofuran at —50 °C with subsequent addition of

1,1-diphenylethylene to polymerize 2-vinyl pyridine at —60 °C.
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Figure 1. a) Molecular weight distribution of PDMSB1¢5-b-P2VP34 and the corresponding PDMSB aliquot according to SEC measurements; b) "TH NMR

spectrum of PDMSB 5-b-P2VP;34 in CDCl;.

giving rise to slightly increasing dispersity index values D, rang-
ing from 1.09 to 1.54 (see Supporting Information). 'H NMR
spectroscopy analysis was performed to determine the compo-
sition and volume fraction of PDMSB when evaluating the inte-
gral of the signal at —0.061 ppm, which can be assigned to the
dimethylsilane groups of PDMSB and at 8.16-8.31 ppm stand-
ing for P2VP (Figure 1b). The results indicate a broad spectrum
of calculated volume fractions of PDMSB for the obtained BCPs
ranging from 4.8 to 83.9 vol% and therefore potentially creating
different microstructures upon self-assembly of the BCPs in the
bulk state. Moreover, the molecular weight of the BCPs was cal-
culated by taking the molecular weight of the PDMSB aliquot and
the segment ratio of both polymer species into account. The de-
gree of polymerization, calculated by the SEC data in the case of
PDMSB and the data obtained from the respective 'H NMR spec-
tra for P2VP is indicated in the index, e.g., PDMSB; (5-b-P2VP.
All estimated and calculated molecular weights as well as the cor-
responding dispersities and the volume fractions of PDMSB are
compiled in Table 1.

2.2. Analysis of Bulk Morphologies via TEM
The thermal properties comprising crystallization and glass tran-

sition temperature of the analyzed BCP can be significantly in-
fluenced by the self-assembled microstructures. Therefore, the
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Table 1. Molecular weights of the synthesized homo- and block copolymers
according to SECand TH NMR measurements, the dispersity index values,
and volume fractions of PDMSB.

Polymer M, M BY MD vol%®)
[kg mol=1]  [kg mol~1] [kg mol~']  PDMSB

1 PDMSByy3-b-P2VP,s  592.2 7618 129  230.6 4.8%
2 PDMSBy5;-b-P2VP 9 539.1 7732 143 1708 8.9%
3 PDMSBy5o-b-P2VPyy, 43.7 541 124 103.4 14.3%
4 PDMSBygg-b-P2VP;3 40.1 486 121 932 17.5%
5  PDMSBys3-b-P2VPg3o 2322 2534 1.09 825 18.3%
6  PDMSBy,5-b-P2VPg,, 138.6 1702 123 714 20.1%
7 PDMSBg-b-P2VPs,, 94.3 1456 154 729 25.7%
8  PDMSB,30-b-P2VPge 39.7 479 121 530 43.1%
9 PDMSB,49-b-P2VP,y, 39.4 60.7  1.54 473 52.3%
10 PDMSB,;9-b-P2VP,35 37.6 451 120 360 60.5%
11 PDMSByy,-b-P2VP;, 27.2 331 121 230 62.3%
12 PDMSBy39-b-P2VPys 17.4 217 125 165 83.9%
13 PDMSB,g, 26.9 344 128 - 100.0%

2 Determined via SEC with THF as eluent at 1 mL min~', calibrated against
polystyrene Y Determined via SEC of corresponding PDMSB aliquot and polymer
ratio according to "H NMR 9 Determined via 'H NMR with densities of 1.102!"7]
and 1.14140] for PDMSB and P2VP, respectively.

© 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 2. TEM images of spherical morphologies of a) PDMSB;s;3-b-
P2VP479 (8.9 vol% PDMSB) with a domain size of 18 + 3 nm, b)
PDMSB 50-b-P2VPgy, (14.3 vol% PDMSB) with a domain size of 17 +
3 nm, ¢) PDMSB 45-b-P2VP;3q (17.5 vol% PDMSB) with a domain size
of 20 + 3 nm, and d) PDMSBy5-b-P2VPs,; (20.7 vol% PDMSB) with a
domain size of 16 + 3 nm.

bulk morphologies of the prepared BCPs are first analyzed by
means of TEM and SAXS, to gain a deeper understanding of the
dependency of crystallinity and bulk morphology. To investigate
the self-assembly behavior of the polymers, the microphase sep-
aration in the bulk state was analyzed via TEM. Here, the poly-
mer films were solvent-casted from chloroform and thermally
treated at 140 °C to improve the self-assembly and resulting mi-
crostructures. For polymers featuring a content of up to 25.7 vol%
PDMSB, the images reveal that spheres were obtained as the
bulk morphology (Figure 2), as expected from the volume ratio of
both polymer species. The lighter areas in the TEM images rep-
resenting the PDMSB segments with the lower volume fraction
form spheres which are embedded in a P2VP matrix. The latter
domains appear dark due to the aromatic system of the lateral
bound pyridine moiety and the iodine staining, respectively. The
diameters of the spheres determined via TEM are 18 + 3 nm for
the BCP with 8.9 vol% PDMSB, 17 + 3 nm for 14.3 vol% PDMSB,
20 + 3 nm for 17.5 vol% PDMSB, and 16 + 3 nm for 20.1 vol%.
When increasing the amount of PDMSB, TEM images from
the samples with 43.1 vol% PDMSB and 52.3 vol% PDMSB re-
vealed morphologies that seem to be a mixture of different mi-
crostructures (Figure 3a,b). According to the volume fractions
of the polymer segments, cylindrical, bicontinuous or lamellae
structures would be expected, whereas the herein observed struc-
tures could be in an intermediate state between two structures
and have not fully reached their thermodynamic equilibrium yet.
This might happen due to insufficient solvent annealing or ther-
mal treatment of the sample in order for the polymer to assem-
ble into its thermodynamic stable morphology. Although both
additional self-assembling strategies were used, still a plurality
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Figure 3. TEM images of a) mixed morphologies of PDMSB 34-b-P2VP g
(43.1 vol% PDMSB), b) mixed morphologies of PDMSB,4q-b-P2VP,,
(52.3 vol% PDMSB), c) lamellar morphologies of PDMSB,14-b-P2VP;35
(60.5 vol% PDMSB), and d) mixed morphologies with a PDMSB matrix of
PDMSB1-b-P2VPy;, (62.3 vol% PDMSB).

of morphologies is observable, which might be caused by the
softness of the material. Therefore, the sample preparation, as
well as the tendency of the PDMSB to crystallize rapidly, possibly
resulting in break out crystallization, might alter the structures
formed by self-assembly and microphase separation, leading to
not clearly determinable structures.

For the sample with a volume fraction of 60.5% PDMSB lamel-
lae structures were observed with a repeat distance of 30 + 3 nm
(Figure 3c). When increasing the PDMSB content further (62.3
vol% PDMSB), again mixed structures were obtained (Figure 3d)
but in this case with the light PDMSB-rich domains as the pre-
dominant segment. Here, lamellae structures were visible as well
as cylinders or a mixture of both. Finally, at a PDMSB content of
83.9 vol%, the sample could not be prepared by means of ultra-
microtomy as the rising PDMSB content leads to an increased
softness of the material.

2.3. Analysis of Bulk Morphologies via SAXS

To further investigate the self-assembled nanostructures of the
BCPs, SAXS measurements were performed. Figure 4 presents
the small angle X-ray scattering of six samples. PDMSB;,-b-
P2VPy,,, featuring a PDMSB content of 14.3 vol%, shows a pro-
nounced structure factor peak at ~0.018 A=, marking the pres-
ence of domains with a well-defined inter-distance. A secondary
peak is visible at around 0.045 A~', and at higher g-values, the
scattered intensity decreases with g~*, indicating that the bound-
aries between domains are sharp. The results from TEM (Fig-
ure 2) motivated us to fit the scattering using the form factor of
spheres to describe the spherical domains formed by PDMSB
multiplied with the structure factor of disordered hard sphere

© 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

‘[M acro-
olecular
Chemistry ana Physics

www.advancedsciencenews.com

Intensity /(g), shifted [arb. units]

0.01 0.1

Momentum transfer g [A?]

Figure 4. Scattering curves derived from SAXS measurements of selected
BCP samples with PDMSB contents as given in the graph. The black lines
are model fits using Equation (1).

packings [Equation (1)]. The fit matches the data in the entire
measured g-range, showing that the dominating morphology is
indeed composed of disordered spheres.

Increasing the PDMSB content up to 52.3 vol% in the case
of PDMSB, 44-b-P2VP,,,, shifts the primary structure factor peak
to smaller g values and reduces its magnitude, indicating that
the distances between the sphere-centers increase and become
more broadly distributed. The same fitting model for disordered
spheres could be used to satisfactorily describe the data for all
analyzed polymers containing up to 52.3 vol% PDMSB. For
PDMSB,,4-b-P2VP,,,, with a PDMSB content of 52.3 vol%, the
fit describes a morphology which was not clearly observable by
means of TEM. Even though the fit describes the data reason-
ably well, the small deviations may suggest the presence of minor
amounts of secondary structures, as suggested by TEM measure-
ments (Figure 3a,b). The sphere radii and inter-domain distances
for these samples resulting from the fits are given in Table 2.

The scattering curve of PDMSB,,4-b-P2VP, ;5 with 60.5 vol%
PDMSB depicts a high intensity at low g values, but a distinct pri-
mary Bragg reflection is not visible. This suggests the presence of
several different morphologies, but the data are too limited for an

Macromol. Chem. Phys. 2023, 224, 2200178 2200178 (5 of 10)
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Table 2. Sphere radii and interdomain distances as determined by SAXS.

Interdomain
distance [nm]

Average sphere
radius Ry, [nm]

Polymer

3 PDMSB5y-b-P2VPy,, 11.9 0.1 35.6+0.2
4 PDMSB5-b-P2VP3, 13.2+0.1 39.2+0.2
7 PDMSBg4-b-P2VPs,, 9.2+0.3 572402
9 PDMSB,,9-b-P2VP, , 26.5+0.2 55.6 +0.7
)
)
)
~ \ 2 K min™
2 \ -
= 40 K min”
S
N
2 in”!
3 40 K min
(e —
- 10 Kmin
©
o) —
T 2 K min
T T et T T
-50 0 50 100

Temperature (°C)

Figure 5. DSC thermograms of PDMSB homopolymer with various cool-

ing rates (2, 10, and 40 K min~') and a constant heating rate of 10 K min~".

Blue representing the cooling cycles, red the heating cycles. Dashed verti-
cal lines are given to indicate the peak positions.

unambiguous reconstruction of morphology. Three pronounced
secondary peaks are visible at g ratios of 2:3:4, which indicates
that the dominating structure is composed of lamellae, with the
primary Bragg reflection present at g* = 0.018 A~'. This corre-
sponds to a repeat distance of D = 2z /g* = 35 nm, in reasonable
agreement with the results from TEM (Figure 3c). The scatter-
ing curve of PDMSB,,,-b-P2VPy, containing 62.3 vol% PDMSB
points to a mixed morphology, which may contain lamellae, in-
dicated by a weak primary peak at g* = 0.008 A~" and secondary
peaks at ~#0.016 A~! (2g%) and ~0.032 A~ (4g*).

2.4. DSC Analysis of PDMSB Homo- and Block Copolymers

To finally evaluate the crystallization and melting behavior of
PDMSB-b-P2VP, first, the corresponding behavior of the PDMSB
homopolymer is analyzed by means of DSC. Li et al. varied the
heating rates and applied isothermal treatment in their DSC mea-
surements to determine their influence on the multiple melting
phenomenon of PDMSB, but the significance of the cooling rate
is yet unknown and an in-depth analysis of the crystallization be-
havior itself remains to be done. Therefore, in this study cool-
ing rates of 2, 10, and 40 K min~! were used whereas the heat-
ing rate was kept constant at 10 K min~! (Figure 5). The hereby
recorded crystallization signal shifts to lower temperatures with
increasing cooling rates. For a cooling rate of 2 K min™', the
crystallization signal was detected at 17 °C, for 10 K min~! at

© 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

‘[M acro-
olecular
Chemistry ana Physics

www.advancedsciencenews.com

a)

100 vol% PDMSB

/ /8\3.9 vol% PDMSB

Heat Flow (mW mg™") exo —
w
)

60 -40 20 0 20 40 60 80 100 120
Temperature (°C)

83.9 vol% PDMSB

25.7 vol% PDMSB
-45°C

Heat Flow (mW mg™") exo —

60 -40 20 O 20 40 60 80 100 120
Temperature (°C)

www.mcp-journal.de

&

3 8°¢
F'U!
=
£

Z [PDMSB,sb-P2VR

[

©

2 IPDMSB,¢sb-P2VR;

20 -10 0 10 20
d ) Temperature (°C)

1 -52°C 6°C

[e]

x

> /\/;__’_——A
‘TU')

= -55 °C

2

E

H 100 °C
[T

8 .

2 37°C

-80 -60 -40 -20 O 20 40 60 80 100
Temperature (°C)

Figure 6. DSC thermograms of a) PDMSB homopolymer and PDMSB;34-b-P2VP,5 (83.9 vol% PDMSB), b) extract of cooling cycles of PDMSB;14-b-
P2VP,35 (60.5 vol% PDMSB), PDMSB,,,-b-P2VPg, (62.3 vol% PDMSB), and PDMSB,34-b-P2VP,s (83.9 vol% PDMSB), c) PDMSB,39-b-P2VP,s (83.9
vol% PDMSB), and PDMSBgq9-b-P2VPs;, (25.7 vol% PDMSB), and d) PDMSB,49-b-P2VP,, (52.3 vol% PDMSB). Blue representing the cooling cycles,

red the heating cycles.

10 °C and for 40 K min~! at 1 °C. This can be explained by the
fact that it takes time for the crystallization process to occur and
proceed during the cooling process. Hence, crystallization takes
place at lower temperatures and proceeds faster with increasing
cooling rates. Interestingly, however, the overall crystallinity of
the sample (determined via the crystallization enthalpy AH of
the crystallization and both melting events) is independent of
the applied cooling rate, which is a strong indicator for the rapid
crystallization process of PDMSB. As the crystallization enthalpy
of a fully crystalline PDMSB has not been determined yet, the
absolute degree of crystallization cannot be calculated. Further-
more, no glass transition is observed, which, according to litera-
ture, is located at —55 °C.[2% This again indicates the likeliness
of PDMSB to crystallize, which therefore creates only very little
amorphous material, impeding a clear detection of the glass tran-
sition temperature. Moreover, the DSC measurements revealed
that the first of the two melting events in the heating cycle is
also influenced by the previously applied cooling rate. Upon de-
creasing the cooling rate, its intensity increases and it addition-
ally shifts from 27 °C (40 K min™!), via 30 °C (10 K min™!) to
32 °C (2 K min™'), moving closer to the final melting process,
which occurs at about 37 °C and is independent of the previous
cooling rate.

When analyzing the PDMSB-b-P2VP block copolymers with
a high PDMSB content, as it is the case for, e.g., PDMSB;4-b-
P2VP,; with a PDMSB content of 83.9 vol%, similar results com-
pared to the PDMSB homopolymer can be obtained, i.e., no glass
transition, one crystallization and one melting event which is
broadened due to the two melting events of PDMSB which are

Macromol. Chem. Phys. 2023, 224, 2200178 2200178 (6 of 10)

now combined to one signal with a peak at 35 °C and a signifi-
cant shoulder at 30 °C (Figure 6a).

Whereas the melting temperature of PDMSB of the BCP
agrees with the one of the PDMSB homopolymer, the crystalliza-
tion temperature deviates significantly as it is shifted about 7 K
toward lower temperatures. When analyzing several BCPs with a
PDMSB content of 60.5, 62.3, and 83.9 vol%, still no T, of P2VP
is visible due to its low content but, the crystallization signal of
PDMSB shifts to lower temperatures for lower molecular weights
of P2VP. Figure 6b shows an overlay of the crystallization signals,
revealing a shift from 6 °C, over 4 to 3 °C, whereas the PDMSB
homopolymer reveals a crystallization temperature of 10 °C. This
shift might be due to an incomplete phase separation of the two
polymer segments, resulting in a partial dissolution of P2VP in
the PDMSB phase which therefore, decreases the crystallization
temperature.

In the case of BCPs with a PDMSB content below 50 vol%, as
it is the case for PDMSB,4-b-P2VPy,, with a PDMSB content of
25.7 vol% (Figure 6c¢), the glass transition temperature of P2VP
at 98 °C becomes visible as the P2VP content increases which
agrees well with the literature.[*!! On the other hand, the intensity
of the melting signal of PDMSB decreases significantly as there
is less PDMSB in the sample but the temperature of the signal
stays comparable to the one of the homopolymer. The observed
crystallization temperature however, shifts drastically by about 50
K to lower values, indicating a different crystallization behavior
as in the PDMSB homopolymer or the previously analyzed block
copolymers. According to the TEM and SAXS measurements, the
morphology of the BCPs consists of PDMSB spheres imbedded
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Figure 7. Compiled DSC results plotted against their PDMSB content.
Blue data points are extracted from cooling cycles, red of heating cycles.

100

in an amorphous and solid P2VP matrix. Therefore, the crystal-
lization of PDMSB is partially impeded as it occurs in confined
spaces consisting of spheres with a diameter of about 15-20 nm
embedded in a solid matrix, which significantly influences the
crystallization process. Interestingly, the crystallization process
does not seem to be completed after the crystallization event at
—45 °C in the cooling cycle but continues in the following heat-
ing cycle at —48 °C. Here, it must be mentioned that those signals
are in close proximity of the glass transition of PDMSB at —55 °C
and therefore, the mobility of the polymer chains is significantly
hampered, which may lead to a fractionated crystallization pro-
cess.

Interestingly, for PDMSB, ,4-b-P2VP,,,, witha PDMSB content
of 52.3 vol% fractionated crystallization with exothermal events
at 6 and —52 °C in the cooling cycle and at —55 °C in the heating
cycle are observed (Figure 6d). Therefore, two different crystal-
lization conditions must be present, which can be explained by
the presence of a mixed morphology, as it was shown by TEM
measurements previously. Therefore, the data suggest that there
are confined PDMSB domains (crystallization signals at =52 °C
in the cooling cycle and —55 °C in the heating cycle) as well as
areas, where the crystallization of PDMSB is not confined and
rather occurs in a manner similar to larger PDMSB domains or
the homopolymer (crystallization signal at 6 °C). In addition, the
glass transition of P2VP is observable at 100 °C.

When plotting the obtained melting, crystallization and glass
transition temperatures derived from the DSC experiments of the
BCPs against their PDMSB content (Figure 7), several trends be-
come visible: Whereas the T, of PDMSB remains more or less
constant at about 35 °C, regardless of the ratio of both polymer
segments, the T, of P2VP at 100 °C becomes only visible below
a PDMSB content of about 50 vol%. The crystallization temper-
ature of PDMSB however, is the highest for the homopolymer
(10 °C) and a little decreased in the case of the block copolymers
with PDMSB as the major component. If the PDMSB content is
lower than 50 vol%, the crystallization temperature drops drasti-
cally by about 55 K for all analyzed samples and no crystallization
event at around 10 °C is visible anymore.
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2.5. XRD Analysis of PDMSB Homo- and Block Copolymers

In order for the XRD samples to be able to self-assemble into
their preferred morphology, the samples were heated to 150 °C
and carefully cooled with liquid nitrogen to simulate a melting
and cooling cycle comparable to the DSC experiments.

The XRD diffractograms of PDMSB,;,-b-P2VP,, providing a
PDMSB content of 83.9 vol%, as well as PDMSB,,4-b-P2VP, 4,
with a PDMSB content of 60.5 vol%, feature distinct Bragg reflec-
tions similar to those of the PDMSB homopolymer which are in
good agreement to literature (Figure 8a),[?%! revealing the same
crystallization structure for the homopolymer and the analyzed
BCPs. This resemblance of the XRD pattern of the BCPs toward
the one of PDMSB homopolymer is expected due to the low P2VP
content and agrees well with the previous results obtained via
DSC (Figure 6a).

When the sample of PDMSB, ,,-b-P2VP,, with a PDMSB con-
tent of 62.3 vol% is investigated in situ at 60 °C and therefore
above the melting temperature of PDMSB, as determined in the
DSC measurements, the previously observed reflections indicat-
ing crystalline PDMSB domains (Figure 8b, black) vanish and
only an amorphous material is observable (Figure 8b, blue and
red). When cooling the material back to 25°C, the reflections indi-
cating crystallinity prior to the heating become visible again at the
same position, proving the existence of the same crystalline mate-
rial at 25 °C (Figure 8D, green). Although the previous DSC mea-
surements suggest a crystallization temperature at about 10 °C
for the according material, DSC experiments performed by Li
et al. prove that previously heated material reveals a melting sig-
nal upon subsequent heating when applying an isothermal treat-
ment at 298 K (25 °C).1" Therefore, it can be assumed that an
isothermal treatment below the melting temperature of PDMSB,
i.e., at 37 °C, creates crystalline structures which are now de-
tectable by means of XRD although not reaching the crystalliza-
tion temperature determined via DSC, which is again a strong
indicator for the tendency of PDMSB to crystallize rapidly.

For the measurements with PDMSB, c-b-P2VP.,, featuring a
PDMSB content of 17.5 vol% and showing spheres according to
TEM and SAXS analysis, the XRD experiments show reflections,
indicating an at least partially crystalline material (Figure 8c). As
expected, the intensity of the reflections is decreased and a signif-
icant amount of amorphous material is observed due to the lower
PDMSB content and the increased amount of amorphous P2VP.
Interestingly, the diffraction pattern is different from the ones
observed in the diffractogram of the homopolymer and the block
copolymers with PDMSB as the major component. The different
positions of the reflections can be explained by the fact that crys-
tallization now occurs under confinement due to the previously
described microphase separation, leading to a different arrange-
ment in the solid state. This again is in good agreement with the
DSC measurements, which also indicate a different crystalliza-
tion behavior when PDMSB crystallizes confined due to the mi-
crophase separation, resulting in different crystallization temper-
atures.

As the DSC of the BCP with 52.3 vol% PDMSB shows two
crystallization temperatures, one indicating a crystallization of
the material as it occurs in the homopolymer and one indicating
confined crystallization, the material is analyzed subsequently
by means of XRD. Figure 8d shows the corresponding results,
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Figure 8. X-ray diffractograms of a) PDMSB homopolymer, PDMSB 39-b-P2VP,5 (83.9 vol% PDMSB), and PDMSB,14-b-P2VP;35 (60.5 vol% PDMSB),
b) PDMSB;44-b-P2VPg, (62.3 vol% PDMSB) at 25 °C, at 60 °C, and after cooling back to 25 °C, c¢) PDMSB homopolymer and PDMSB¢5-b-P2VP 3,
(17.5 vol% PDMSB), and d) PDMSB homopolymer and PDMSB,49-b-P2VP,, (52.3 vol% PDMSB). Highlighted areas are given to point toward the

pronounced differences for the reflexes and their positioning.

indicating only a crystallization behavior comparable to PDMSB
homopolymer. This is surprising, since DSC and SAXS mea-
surements suggest a crystallization pattern comparable to the
sample with 17.5 vol% PDMSB due to the existence of spherical
domains inducing a confined crystallization process. But as
already seen in the sample with confined crystallization, the
corresponding reflections turn out to be very small and might
not be detectable since two different crystalline forms should
be present in the sample with 52.3 vol% PDMSB according
to DSC. Nevertheless, this sample remains remarkable since
two different crystalline phases are visible within one polymer
composition: SAXS proves the existence of spheres and there-
fore suggests a confined crystallization and TEM and XRD a
non-confined crystallization, and DSC measurements were able
to detect both crystallization forms.

3. Conclusion

In this study we synthesized PDM SB-b-P2VP, a block copolymer
species comprised of an amorphous and a crystalline polymer
segment, in various volume ratios and molecular weights. The
polymers were characterized by means of SEC and 'H NMR,
followed by an analysis of their corresponding bulk morphol-
ogy involving TEM and SAXS measurements, revealing spher-
ical and lamellar domains as well as mixed phases. Subsequently
performed DSC and XRD experiments revealed a clear depen-
dency between the crystallization behavior of PDMSB and the
previously determined bulk morphology: The spherical, PDMSB-
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rich domains are forced to crystallize under confinement due to
the robust P2VP matrix and therefore result in a different diffrac-
tion pattern in the case of PXRD measurements and a drasti-
cally lower crystallization temperature in DSC experiments com-
pared to a nonconfined crystallization process. The latter is com-
parable to the findings of PDMSB homopolymer characteriza-
tions. These results highlight the synthesis of novel amorphous-
crystalline block copolymers in various compositions as well as
the susceptibility of the crystallization process towards confine-
ment effects. Tailoring the architecture of the polycarbosilane-
based BCPs from a linear structure to a branched or grafted struc-
ture could further be applied to vary the confinement effect on the
crystallizable domains as a change in the polymer architecture di-
rectly influences the self-assembled microstructures.[*>~

4. Experimental Section

Reagents: All solvents and reagents were purchased from Fisher
Scientific, ABCR, Sigma-Aldrich, and Alfa Aesar and used as received
unless otherwise stated. Tetrahydrofuran (THF) was dried with a 1,1-
diphenylhexyllithium solution and freshly distilled prior to use. LiCl was
dispersed in dry THF and treated with sec-BuLi and stirred overnight.
The solvent was removed under reduced pressure and the LiCl stored in
a glovebox. DMSB and 2VP were dried overnight by stirring with CaH,
and subsequently distilled. In the case of 2VP, the monomer was further
treated with trioctylaluminum as a second drying reagent and again dis-
tilled under reduced pressure. The monomers were stored in a glovebox

© 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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at —20 °C. Methanol was dried over molecular sieve (3 A), distilled under
reduced pressure and stored in a glovebox.

Instrumentation:  NMR spectra were recorded on a Bruker Avance |l
400 spectrometer at 400 MHz and processed with MestReNova by Mestre-
lab Research. The chemical shifts are referenced relative to the deuterated
solvent used. For SEC measurements an Agilent 1260 Infinity |l setup with
THF as the eluent at a flow rate of T mL min~! was used. An SDV column
set (1000, 5000, and 6000 A) from polymer standard service (PSS, Mainz,
Germany) and a PSS Security2 RI/UV detector were used. Calibration was
carried out using PS standards (PSS Mainz, Germany).

TEM images were recorded on a JEOL JEM-2100 electron microscope
at 200 kV acceleration voltage via a Gatan Orius SC1000 camera in bright
field mode at a sample temperature of 19 °C. Software processing was
carried out using Gatan Microscopy Suite.

SAXS measurements were performed on a Xeuss 2.0 instrument
(Xenocs SAS, Grenoble, France). A collimated beam from the K,-line of
a copper X-ray source with a wavelength of 4 = 1.54 A was focused on
the sample with a spot size of 0.64 mm?2. The samples with thicknesses
of ~1 mm were placed directly in the beam, i.e., without using a sam-
ple container, and were measured under vacuum conditions at room tem-
perature. 2D scattering images with an acquisition time of 3600 s were
recorded using a Pilatus 300K detector with pixel sizes of 0.172 x 0.172
mm? and a sample-to-detector distance of 2517 mm, calibrated using a
silver behenate standard. In all cases, the scattering images showed no
sign of anisotropic scattering. Therefore, they were azimuthally integrated
to obtain I(g). Here, g is defined as q = 4aXsin(0/2)/A with @ being the
scattering angle. Scattering curves obtained for samples with PDMSB as
the minor component were fitted using the function

1) =15 (q) + Sus (@) Ps (@) + lpig

Here, Ip(q) denotes a generalized Porod law, accounting for large-scale
structures.l46] P¢(q) is a sphere form factor with a Gaussian size distri-
bution, and yields the size of the spheres, Rs, and the width of the distri-
bution, ¢.[47] To account for the disordered arrangement of the spheres,
Ps(q) is multiplied with a hard-sphere structure factor, Sy (q) 1481 It gives
the hard sphere radius, Ry, i.e., halfthe center-to-center distance between
the spheres, and the hard-sphere volume fraction, #.

DSC was carried out with a DSC 214 F1 Polyma from Netzsch (Selb,
Germany) with nitrogen as protective and purge gas in flow rates of 60
and 40 mL min~", respectively, in aluminum crucibles with a pierced lid.
The sample was cooled to —100 °C and subsequently heated up to 150 °C
to erase its thermal history. After cooling back to —100 °C, the temperature
was held for 10 min and the sample was heated to 150 °C. The heating and
cooling rate was 10 K min~" unless stated otherwise. Obtained data were
processed using the software Netzsch Proteus Thermal Analysis 8.0.1.

PXRD patterns of the samples were recorded at room temperature on
a D8-A25-Advance diffractometer (Bruker, Karlsruhe, Germany) in Bragg-
Brentano 6-0 geometry (goniometer radius 280 mm) with Cu Ka-radiation
(4 =154.0596 pm). A 12 um Ni foil working as Kj; filter and a variable di-
vergence slit were mounted at the primary beam side. A LYNXEYE detector
with 192 channels was used at the secondary beam side. Experiments were
carried out in a 26 range of 6°-55° with a step size of 0.013° and a total
scan time of 2 h.

PXRD patterns at elevated temperatures were recorded on the same
diffractometer using an XRK 900 (Anton Paar GmbH, Graz, Austria) reac-
tor chamber. The samples were investigated in air at 25 and 60 °C with a
heating rate of 5 K min~", respectively. After reaching 60 °C, the sample
was kept at this temperature for 5 h, during which five diffraction patterns
were recorded. Afterward, the sample was cooled to 25 °C by switching off
the heating. The diffraction patterns were recorded between 5° and 50° 26
with a step size of 0.013° and a total scan time of 1 h for each temperature.

Sequential Anionic Block Copolymerization of Dimethyl silacyclobu-
tane and 2-Vinyl pyridine: Exemplary synthesis of poly(1,1-dimethyl
silacyclobutane)-block-poly(2-vinyl pyridine) featuring a molar mass of
94.3 kDa (PDMSBg4-b-P2VPs14): In a glovebox, 14 mg (0.340 mmol) LiCl
was added to 40 mL of dry THF, treated with sec-BuLi for purification
followed by stirring at room temperature overnight. Afterward, 2188 L
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(16.961 mmol) 1,1-dimethyl silacyclobutane was added and the reaction
mixture was cooled to —50 °C. The reaction was initiated by a rapid addi-
tion of 21 uL (0.034 mmol, 1.6 M in hexane) n-BuLi via syringe. After 1h,
an aliquot was taken and quenched with degassed methanol. The active
PDMSB chains were treated with 12 uL (0.068 mmol) 1,1-diphenylethylene
followed by stirring for 30 min at room temperature. The mixture was then
cooled to —60 °C and at —20 °C 307 L (2.853 mmol) prechilled 2-vinyl pyri-
dine was added. The reaction presumed at —60 °C for 2 h prior to the addi-
tion of traces of degassed methanol to terminate the polymerization. The
polymer was precipitated in a tenfold excess of water, filtered and washed
before drying in vacuo. The polymer was obtained as a white solid. The de-
gree of polymerization (P,) for PDMSB was determined according to the
SEC measurement of the homopolymer aliquot whereas the P, of P2VP
was determined according to the previously determined molecular weight
of the PDMSB and the polymer ratio determined via '"H NMR. The P,
of each polymer will be indicated in the index after the respective polymer
name (PDMSB;g9-b-P2VPs14). SEC (vs PS): PDMSB: M, = 14 400 g mol~';
M,, = 16 000 g mol~'; ® = 1.11; PSMSB-b-P2VP: M, = 25 600 g mol~;
M,, = 32 500 g mol~"; & = 1.27 (all SEC traces can be found in Figure 1
and the Supporting Information). "TH NMR: (400 MHz, 300 K, CDCl;, &
in ppm): 8.31-8.16 (m, N—CH pyridine), 7.20-6.31 (pyridine), 2.29-0.06
(alkyl), =0.06 (s, Si—(CH5),).

Preparation of Block Copolymer Films: The BCP was dissolved in chlo-
roform and the solvent was slowly evaporated at atmospheric pressure
over several days. After thermal annealing at 140 °C, thin films of 40 nm
were obtained using ultramicrotomy and placed on a copper grid. In
some cases, additional staining of the P2VP domains with iodine vapor
to provide a better material contrast for the TEM measurements was
necessary.[4°]
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