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Grignard coupling-based synthesis of vinyl-
substituted hydridopolycarbosilane: effect of
starting material and polymerization behavior

Minji Jeong,®® Moon-Gun Choi® and Yoonjoo Lee (2 *P

Despite the multitude of available alternatives, the Grignard coupling-based synthesis of polycarbosilanes
remains attractive, offering the benefit of easy structural design. Moreover, this method allows one to
obtain a polymer precursor with the stoichiometric Si: C ratio required for SiC ceramic production and
is also suited for the synthesis of polymers containing curable functional groups (e.g., allyl and vinyl).
Herein, vinyl-substituted hydridopolycarbosilane was synthesized from three different starting materials
(CI5SICH,CL, (MeO)sSiCH,CL, and (EtO)3SiCH,Cl) using Grignard coupling, and the effects of starting
material on polymer growth behavior were investigated. The alkoxysilane starting materials had the
advantage of being safe to handle, but had a limitation in polymer growth. The largest molecular weight
was observed for ClzSiCH,Cl, although side reactions occurred. This behavior was ascribed to the
retention of unreacted —SiCH,Cl groups contributing to polymer growth via coupling with neighboring

rsc.li/rsc-advances polymer chains.

Introduction

Since their development 50 years ago, preceramic polymers
have been studied and modified to fabricate ceramics with
variable morphology (e.g., fibers, composites, and thin films), as
exemplified by the widespread use of polycarbosilanes as SiC
(especially SiC fiber) precursors. Although SiC fiber and related
materials are most commonly prepared using the one-pot
Yajima method, polycarbosilanes can be synthesized through
various routes, with each method giving unique characteristics
to the resulting polymer. In the Yajima method, poly-
dimethylsilane is placed in a sealed container and heated at
350-470 °C to afford a polymer with a carbosilane structure.™*
Although this method is advantageous for mass production in
batch-type reactors, it is severely limited in that only methyl and
phenyl groups are tolerated due to the high reaction
temperature.

Another notable polymerization method relies on
Grignard coupling, generally affording polymers in a liquid
phase and allowing the synthesis of polymers featuringa1: 1
Si: C ratio (hydridopolycarbosilane) or containing various
functional groups (e.g., allyl and vinyl).>* While poly-
carbosilane is originally known to be a precursor to SiC
fibers, these modified polymers are mainly applied to
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additive manufacturing or PIP (polymer infiltration and
pyrolysis) process.>” As the industrial field to which the
polymer derived ceramics (PDC) technology applied is
rapidly advanced, interest in preceramic polymer is growing
again. In order to develop application-specific processes,
polycarbosilane with proper properties is needed, but there is
a limit to the use of commercial products. In PDC technology,
the main properties of carbosilane-based polymers are
melting point, viscosity, and thermal decomposition yield. As
these depend on the polymer size, the molecular weight of
the polymer must be adequately controlled.

The Grignard coupling-based synthesis of poly-
carbosilanes has already been investigated in terms of
mechanism, structural characteristics, kinetics, and side
reactions;*** however, out current understanding of poly-
carbosilane growth via this method is very limited."*'* For
example, Guodong and Jang analyzed and discussed the
change in the properties of polycarbosilane with the growth
behavior of the polymer, but it is limited to the Yajima
method."* In other cases, molecular weight was analyzed
only to evaluate individual synthesis conditions, and the
studies related to polymer growth were very insignifi-
cant.’*'®*” Therefore, in order to prepare the suitable
precursor for the required properties of each different field, it
is necessary to understand growth behavior of the polymer
and to control the reaction condition accordingly.

Chlorosilanes such as Cl3SiCH,Cl is the most commoly used
starting materials for polycarbosilane synthesis. Although
chlorosilanes are toxic and may cause side reactions, they
remain the most commonly used reagents because of their high
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reactivity. Considering that these silanes are converted to
alkoxysilane intermediates in some reactions, increasing
attention has been drawn to using relatively safe alkox-
ysilanes as alternative starting materials.’"*! Despite the fact
that reaction conditions such as starting material type can
affect polymer formation and growth, many studies have
mainly focused on the reaction properties and structural
characteristics of individual synthetic conditions to form
polymers, thus leaving polycarbosilane growth behavior
largely unexplored. Herein, vinyl-substituted hydridopoly-
carbosilane (VHPCS) is synthesized using a Grignard reac-
tion, and the effects of reaction conditions and starting
material (i.e., Cl3SiCH,Cl, (MeO);SiCH,Cl, and (EtO);SiCH,-
Cl) on molecular weight are analyzed.

Experimental

Materials

Cl;SiCH,Cl (98%), (MeO);SiCH,Cl (98%), and (Et0O);SiCH,Cl
(98%) were purchased from JSI Silicone and used as received.
Vinyl magnesium bromide (ViMgBr, 1.6 M in tetrahydrofuran
(THF), Sigma-Aldrich), magnesium turnings (Mg, 99%, Alfa-
Aesar), LiAlH, (95%, Alfa-Aesar), and BrCH,CH,Br (98%, Alfa-
Aesar) were used without purification. THF was distilled over
sodium benzophenone ketyl. Moisture- or air-sensitive
compounds were handled under an Ar atmosphere using
standard Schlenk techniques.
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VHPCS synthesis

All VHPCS samples were synthesized using the same method,
with a representative example for Cl;SiCH,Cl described in detail
below (Fig. 1). A three-neck flask equipped with a dropping
funnel, magnetic stirrer, and a reflux condenser was charged
with dry THF (30 mL) and magnesium turnings (2.2 g, 90
mmol). Several drops of BrCH,CH,Br were added for magne-
sium activation and Cl;SiCH,Cl (14.7 g, 80 mmol) diluted with
a small amount of THF was then added dropwise using
a dropping funnel. The reaction mixture containing the MgCl,
precipitate was stirred at 60 °C for 1-3 days, and then warmed to
room temperature (~20 °C). Thereafter, ViMgCl (1.6 M in THF,
10 mL, 16 mmol) was added into filtered solution, and the
mixture was stirred for 12 h. The suspension was then cooled to
room temperature as about 20 °C, and LiAlH, (1.5 g, 40 mmol)
was added. The resulting slurry was then slowly warmed to
60 °C and stirred overnight at this temperature. The slurry was
then cooled in an ice bath and hydrolyzed with 4 M HCI and
hexane. The organic THF/hexane phase was separated from the
water phase using separation funnel. Than, the solution was
dried over anhydrous MgSO, (=99.5%, Sigma-Aldrich), and
concentrated under vacuum to afford a viscous yellow oil.

Instrumentation

"H NMR and ">C NMR spectra were recorded on Avance II DRX
400 MHz (Bruker Corp.) and Avance III HD 300 MHz spec-
trometers (Bruker Corp.), respectively. Chemical shifts were

Fig.1 Mechanism of Grignard reaction-induced VHPCS chain growth.
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Fig. 2 FT-IR spectra of VHPCS samples obtained from (a) ClzSiCH,Cl (P1-1), (b) (MeO)sSiCH,Cl (P2), and (c) (EtO)sSiCH,CL (P3).
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Fig. 3 Side reaction induced by chlorosilane with THF in Grignard coupling reaction.

reported relative to the residual peak of CDCl; (7.26 ppm) and
expressed in 6 (ppm). *°Si NMR spectra were acquired on
a Bruker ADVANCE III 400 MHz solid-state NMR spectrometer
at the Korea Basic Science Institute, Western Seoul Center.
Fourier-transform infrared (FT-IR) spectra were recorded on
a VERTEX 70 FT-IR spectrometer (Bruker Corp.) in attenuated
total reflection mode. Molecular weight distribution patterns
were obtained by gel permeation chromatography (GPC; Agilent
1200 series, Agilent Technologies, Inc.) using a toluene mobile
phase (1.0 mL min~ ', HPLC-grade toluene, J. T. Baker™), and
the average molecular weight was determined using a poly-
styrene calibration kit (Agilent PS-H EasiVial standards Kkit,
Agilent Technologies, Inc.).

Results and discussion
Spectroscopic analysis of VHPCS

Samples synthesized from all three starting materials were ob-
tained as viscous yellow liquids. The skeleton of VHPCS
comprises Si-C bonds, and the polymer network can be probed
by spectroscopic (e.g., FT-IR and NMR) analyses. As shown in
Fig. 2, the FT-IR spectra of all samples featured strong peaks at
1040, 855, and 750 cm™ ', which were ascribed to the bending
and stretching vibrations of Si-CH,-Si.***®* The other strong
peaks at 2150 and 950 cm ™' were attributed to the stretching
and bending vibrations of Si-H bonds, respectively. The two
peaks at >3000 and 1600 cm ™! were attributed to Cyjiene—H and

-SiHx -SiCHx
Si-O-allkyl

4

cpcl,

-CH=CH,
(b) M;\ w

-SiCH,Cl

(a)

Chem icalshift
Fig. 4 H NMR spectra of (a) P1-1, (b) P2, and (c) P3.
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C=C bond vibrations, respectively, indicating the presence of
vinyl groups.* Finally, two very weak peaks at 3050 and
1600 cm ™' were observed for all three samples. Thus, a carbo-
silane chain functionalized with vinyl groups was formed in all
cases.

However, the spectrum of the polymer prepared from Cl;-
SiCH,Cl (P1-1) differed in some regions from those of the
polymers prepared from alkoxysilanes, especially at 1500-
1200 cm ! and the emergence of a shoulder at 1100 cm ™.
The shoulder at 1100 em™" was ascribed to the Si-O bond
vibration, in line with the fact that silanes easily undergo
oxidation to form Si-O-Si networks or Si—-OR units. The rate
of silane Grignard coupling is affected by solvent type, with
the most common solvents being THF and diethyl ether.*®
However, when Cl;SiCH,Cl is used, these solvents may be
involved in side reactions to form Si-OR units at Si-Cl sites.>®
In this study, THF was used as the solvent, so the side reac-
tion was estimated as shown in Fig. 3. In the case of alkox-
ysilanes, the shoulder at 1100 ¢m™' was not observed
(Fig. 2(b) and (c)), which indicates that these species were
more suitable starting materials when performing the
Grignard coupling in THF. The peaks at 1500-1200 cm ™’
generally correspond to the vibrations of Cyx,1 single bonds,
such as C-O and C-H, but are not easy to index. Therefore,
NMR spectroscopy was used to gain further insights.

Polycarbosilane hydrogen exists in the forms of Si-CH, and
Si-H,, featuring '"H NMR chemical shifts of 0 and 4 ppm,
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Fig. 5 *C NMR spectra of (a) P1-1, (b) P2, and (c) P3
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Fig.6 Molecular weight distribution of VHPCS obtained from different
starting materials.

respectively. The vinyl group can be identified based on the
appearance of -CH=CH, and -CH=CH, signals at 4.5-5 and
~6 ppm, respectively. All of these defining peaks were observed
for all three samples (Fig. 4), with the vinyl group peaks being
more pronounced than those of the corresponding FT-IR
spectra. However, when Cl;SiCH,Cl was used, the '"H NMR
spectrum contained additional strong peaks at 1.5-4 ppm
(Fig. 3(a)) that were not observed (or were very weak) when the
other starting materials were used. Although the NMR patterns
in Fig. 4(a) and (b) were close to those expected for the theo-
retical structure of VHPCS,'**"?® the pattern shown in Fig. 4(a)
had also been reported as VHPCS elsewhere.”***> However,
there was no agreement regarding the origin of the peaks at 1.5-
4 ppm; Zhong et al. indexed the peak at 3.4 ppm to -CH,ClL.**
Sawali et al. and Whitmarsh et al. assigned the peak at ~2 ppm
to -CH,- units in the scaffold and SiCH,Cl units, respec-
tively.3*% Herein, based on the 'H NMR spectra of (CHj)s-
SiCH,Cl and (CH;3)SiOCH,CH3,***” we confirmed that the peaks
observed at 1.5-4 ppm originate from Si-O-alky! and -SiCH,Cl
units (Fig. 4).

The -SiCH,Cl unit, which is responsible for the formation of
the polycarbosilane basic unit or polymer chain, was present in
all starting materials. However, detection of this unit in the
polymer suggested that the coupling reaction was not complete.
As shown in the ">C NMR spectra (Fig. 5), the -SiCH,Cl signal
was observed at 30 ppm for all three polymers, with the stron-
gest signal observed for the polymer produced from Cl;SiCH,Cl
(Fig. 5(a)). Thus, even under the same reaction conditions, the
reaction rate and polymer structure depended on the starting
material.

Table 1 Parameters of VHPCS formed under different conditions
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VHPCS polymerization behavior

All three types of polymers exhibited the VHPCS structure
and showed no specific structural differences except for the
occurrence of a side reaction. Polymerization behavior was
characterized in terms of GPC-determined molecular weight
distribution. GPC separates polymers according to their size,
with molecular weight being inversely correlated to retention
time. The signal of P1-1 appeared at 11 min, whereas the
signals of P2 and P3 appeared only after 13 min (Fig. 6). When
the molecular weight distribution was converted using the
polystyrene standard, the weight-average molecular weight
(M,,) of P1-1 was estimated as 2500 g mol ', while that of P2
(~900 g mol™") was only one-third of this value (Table 1).
Thus, even though these polymers were obtained under the
same reaction conditions, their molecular weights were
different.

When alkoxysilanes were used as starting materials,
polymerization behavior was affected by the nature of the
alkoxide (-OR) substituent. For example, P2 and P3 featured
M,, values of 900 and 600 g mol, respectively (Table 1 and
Fig. 6). In the case of P3, although the reaction time was three
times longer than for P2, the molecular weight did not
increase considerably. Grignard coupling induces polymeriza-
tion by chain growth, in which the polymer is formed by the
linking of monomers to afford a linear structure, although cyclic or
branched structures may also be produced as shown in Fig. 7;*%
the formation of relatively stable cyclic silanes hinders growth of
the carbosilane polymer. Brondani et al. reported that alkox-
ysilanes preferentially formed six-membered ring structures rela-
tive to linear polymers, with the cyclic silane formation rate
observed for ethoxysilane exceeding that of methoxysilane.*
Herein, VHPCS derived from alkoxysilanes had a low molecular
weight and was obtained in ~60% yield, thus indicating that the
growth of molecular weight is related to the reactivity of the
starting material. The polymerization and the formation of the
cyclic silane according to the type of starting material are
summarized in Fig. 7.

Growth via unit-size polymer coupling

Cl;SiCH,Cl afforded VHPCS with the highest molecular
weight but promoted side reactions, and the polymer weight
increased with increasing reaction time. According to GPC
results, upon going from a reaction time of 1 day to 2 days,

GPC analysis results

Sample name Starting material Reaction time (day) Production yield (%) RT? (min) M, (g mol™") M,, (g mol™") PDI
P1-1 Cl3SiCH,Cl 1 85 11 850 2500 3.0
P1-2 2 11 1000 2600 2.5
P1-3 3 11 1260 3500 2.8
P2 MeO;SiCH,Cl 1 62 13 400 900 1.3
P3 EtO3SiCH,Cl 3 65 13 500 600 1.2

“ In this table the RT (retention time) means the initial time of signal detected.
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Fig. 7 Schematic of polymerization in a basic unit.

the retention time decreased slightly, and M,, increased from
2500 g mol ™" (P1-1) to 2600 g mol ™" (P1-2), but no significant
differences were observed (Fig. 8 and Table 1). However,
when the reaction time was extended to 3 days, the GPC
pattern remarkably shifted to higher molecular weights, and
M, increased to 3500 g mol~'. Herein, the reaction time was
the time during which the reactive state (i.e., the stirring
state) was maintained after the starting material had been
added. Therefore, even without further addition of starting
material, the reaction continued for 3 days to increase the
molecular weight.

—P1-1
—P1-2
—P1-3

0 2 4 6 8 10 12 14 16 18 20 22 24

Retention Time (min)

Fig. 8 Time-dependent polymerization behavior of VHPCS followed
for 3 days.

© 2021 The Author(s). Published by the Royal Society of Chemistry

To shed further light on polymer growth behavior, the
GPC curves were divided into seven regions according to
detection time, which depends on polymer size or length

(@
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8 10 12 14 16 18 20
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Fig.9 GPC curves and the related fits of (a) P1-1, (b) P1-2, and (c) P1-3.
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Fig. 10 'H-NMR spectra of VHPCS obtained at reaction times of (a) 1
day (P1-1), (b) 2 days (P1-2) and (c) 3 days (P1-3).

(Fig. 9). The area ratio of each molecular weight region
changed with increasing reaction time, especially in zones A-
D. In the case of P1-1, the areas of high-molecular-weight (A-
C) and low-molecular-weight (E-G) regions were symmetri-
cally distributed around D (retention time = 15 min). With
increasing reaction time, the area of D decreased, and those
of B and C increased. After 3 days, the area of D was markedly
reduced, which resulted in rearrangement of the overall
molecular weight distribution. These phenomena suggested
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Table 2 Molecular weights obtained from GPC retention times using
the polystyrene standard and by matching the number of monomer
units

Retention time Estimated MW Estimated number

Position (min) (g mol™) of mer (n + m)*
A 12.3 10 200 114-158

B 13.2 3850 68-73

C 14.0 1820 32-35

D 15.0 830 15-16

E 16.1 430 7.5-8

F 16.6 340 6-6.5

G 17.4 <150 2.5-3

% It is calculated based on the ratio of n'/m of the structure IV as 1 or 2.

that the polymer in region D was transformed to C, and then
from C to B as the reaction time increased.

The results of '"H NMR analysis revealed that P1-1 contained
residual -SiCH,Cl units (Fig. 4(a)), the proportion of which
decreased with increasing reaction time and approached zero
after 3 days (Fig. 10). In many cases, polymers are grown in
a stepwise manner. In the first step, polymers with a specific
size (e.g., corresponding to D) were formed by chain growth
(Fig. 7), and subsequent rapid growth, then occurred via the
coupling of -SiCH,Cl and -Si-Cl units in neighboring chains
(Fig. 11). The average molecular weights corresponding to
regions B, C, and D were estimated as 3850, 1820, and 830 g

Neighbor polymer (Il)

N
—/SI'C| H

MgCl 2
? —si-C Si-
N

[Coupling reaction mechanism of basic units (I1)]

Active site
CH,
A Ch N
CI\/S|C1I2 rsl\/c|
SiCl, SiCl c
Ch 1 Ch ] HoC
Cl_Si__SiCLsi__SiCl SiCl, — HoC —
SiCl_SiCl,
Cl,
Cl<_Si__SiCl SiCLSiCLCl .~
H,C
Basic unit in specific size (I1) (as the size D) Bonding with neighbor and growing to C Growing to B

[Step growth of polymer by coupling reaction]

Fig. 11 Growth of VHPCS via the coupling of basic units.
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Fig. 12 2°Si NMR spectra of (a) P1-1 and (b) P1-3.

mol ", respectively (Table 2). For these sizes, assuming that the
vinyl group substitution ratio (m : #’ in structure IV) was 1 : 1 or
1: 2, the number of unit chains was estimated as 114-158, 68—
73, and 32-35, respectively, i.e., an approximately two-fold
decrease upon going from B to C and from C to D. Fig. 12
compares the results of >°Si NMR analysis of the initial reaction
mixture (1 day) and VHPCS obtained after 3 days, revealing that
with increasing polymer size, the peak broadened and lost
intensity. Although the area of the peak at —65 ppm (ascribed to
-SiH; (ref. 27)) increased, no significant differences were
observed between the two spectra. As the polymerization reac-
tion at only one site causes the polymer to double in size, no
considerable changes to the *°Si NMR spectra were expected.

Conclusions

Three silanes were used as starting materials for carbosilane
polymer synthesis via Grignard coupling, and the effects of
starting material on polymerization behavior were probed.
According to spectroscopic data, the VHPCS structure was
formed in all cases, but a distinct difference was observed
between the chlorosilane and alkoxysilanes. In the former case,
the presence of -SiCl units resulted in side reactions with THF
to form -Si-OR moieties, and -SiCH,Cl units were partially
retained. In contrast, no such side reactions were observed for
the alkoxysilanes. However, using alkoxysilane, the growth in
molecular weight was limited because the cyclic silane was the
predominant reaction product. The residual -SiCH,Cl groups in
chlorosilane-derived VHPCS acted as active sites to significantly
increase the polymer molecular weight at prolonged reaction
times. Polymer growth was characterized by the change in
molecular weight distribution obtained by GPC analysis. As the
molecular weight of each region (A-D) detected in 12-15 min of
retention time was nearly twice as large as the smaller polymer,
this indicates that the VHPCS grew by step growth polymeriza-
tion, thus growth was determined by reaction time.
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