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ABSTRACT: The aim of this investigation is the development of crosslinked polycarbosilanes (PCSs) with excellence on 
mechanical properties. Crosslinked polycarbosilanes were obtained by using a hydrosilylation curing reaction between 
multi-functional vinylsilanes and hydrosilanes. The PCSs were prepared with a casting method from the monomer solution, 
The mechanical properties and the glass transition temperatures (T.s) of the PCSs were measured by a flexural test and 
Diflerential Scanning Calorimetry (DSC), 29Si solid-state NMR spectroscopy was employed for estimating the conversion of 
the vinylsilanes. The effects of the following three points on the mechanical properties of the crosslinked PCSs were evaluated: 
(I) the molecular weight between the crosslinking points, (2) the introduction of !lexural units, and (3) the network chain 
density. The mechanical properties and r.s of the PCSs were found to be dependent on the structures of the monomer used. 
It was clear that both the high network chain density and the rigid-rod unit, [ Me 2 Si-p-C6 H 4 -Me2Si CH 2CH 2- ], are favorable 
to high mechanical properties. The improvement in strength can be related to the structures of vinylsilancs and hydrosilanes 
used. 

KEY WORDS Polycarbosilane! Crosslinked Polymer/ Hydrosilylation Cure/ 29Si Solid-State Nuclear 
Magnetic Resonance j Network Chain Density I Mechanical and Thermal Property! Rigid-Rod Polymer I 

Much attention has been focused on the structure and 
properties of polycarbosilanes (PCSs), which contain 
Si-C bonds in polymer back bones. 1 - 3 Furthermore, 
PCSs are of considerable practical concern as welL In 
industry, polycarbosilanes created by the thermal iso
merizing of poly(dimethylsilylene) are pyrolyzed to pro
duce Nicalon ™, which is a SiC fiber. 4 Poly(silylene
ethynylenephenyleneethynylene)s [ -Si(R)H-C = C
C6HcC = C-] were recently reported to be used as 
heat-resistant polymers5 and poly(silmethylene)-based 
polymers as liquid crystal polymers6. 

There have been various investigations into methods 
of synthesizing polycarbosilanes, which are a ring
opening polymerization of strained monomers 7, a po
lymerization via Grignard reaction 8 and a hydrosilyla
tion polymerization. Hydrosilylation polymerization has 
been reported as a well-known reaction leading to 
polycarbosilanes and related polymers. 9 - 12 Recently, the 
authors have reported on the synthesis and properties of 
linear PCSs produced by means of a hydrosilylation 
polymerization. 13 ·14 

Crosslinked polycarbosiloxanes have been investigated 
by Hadziioannou's group. 15 ·16 They prepared poly
carbosiloxanes by hydrosilylation reaction and evaluated 
the mechanical properties. Hyperbranched polycarbosi
lanes 17 and dendritic polycarbosilanes 18 ·19 were synthe
sized by hydrosilylation reaction. The synthesis and 
application of crosslinked PCSs have been reported by 
Friedmann. 20 Here, they used a hydrosilylation reaction 
as the synthetic method and various carbon-based com
pounds as monomers which have vinyl groups. Very little 
work is currently available, however, on the synthesis 
and mechanical properties of crosslinked PCSs. More 
recently, the authors reported the synthesis and prop
erties of the crosslinked PCSs by a hydrosilylation reac
tion of multifunctional Si-vinyl and Si-H monomers. 21 
The crosslinked PCS (Scheme I, PCS A) obtained from a 
hydrosilylation between compounds (I) and (2) possessed 
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good thermal properties, but the value of maximum 
flexural strength of the PCS, 47.4 MPa, was too low to 
use the PCS as structural materials. The purpose of 
this work is to obtain PCSs with improved mechanical 
properties. 

EXPERIMENTAL 

Materials 
PCS monomers, I ,4-bis(dimethylvinylsilyl)benzene 

(I), 1,3,5, 7-tetramethylcyclotetrasiloxane (2), 1 ,4-bis( di
methylsilyl)benzene (3), I ,3-divinyl-1, I ,3,3-tetramethyl
disiloxane ( 4), methylphenyldivinylsilane (5), I ,3,5-
trimethyl-1 ,3,5-trivinylcyclotrisiloxane (6), tetravinyl
silane (7), I ,3,5, 7-tetramethyl-1 ,3,5, 7-tetravinylcyclote
trasiloxane (8), phenylsilane (10), methylphenylsilane 
(11), were purchased from Shin-Etsu Chemical Co., Ltd. 
1,3,5-Tris(dimethylsilyl)benzene (9) was synthesized 
according to the methods previously reported. 22 The 
platinum catalyst [Pt[ (CH 2 = CHSiMe2)20 }2] (1.0 wt% 
xylene solution) was prepared through the reaction of 
H 2PtCI 6 · 6H 20 and I, I ,3,3-tetramethyl-1 ,3-divinyldi
siloxane.23·24 Dimethyl maleate (TOKYO KASEl Co., 
Ltd.) and tetrahydrofuran (Nacalai Tesque Co., Ltd.) 
were used without further treatment. 

Preparation of Crosslinked PCS (Table TV, Sample No. 
I as an Example) 
Monomer (I) (2.97 g, 12.0 mmol), monomer (9) (2.03 g, 

8.0 mmol), I 0 wt% tetrahydrofuran (THF) solution of 
dimethyl maleate (32 mg), and the Pt catalyst (5.0 mg, 
9.71 x w- 5 mmol mg- 1) were dissolved in THF (2 mL). 
The can was then covered with a lid and placed in an 
oven at 50uC for 16 h, additionally heated stepwise 
(80cC/9 h--+ IOO'C/ 16 h -d 50°Cj24 h). The cured sample 
obtained (1.2 mm thickness) was transparent. Its gel 
content was 92%. Gel content was measured by the 
following procedure: A piece of cured specimen (ca. 
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200 mg) wrapped in a stainless steel net was immersed 
in THF (ca. 200mL) for 12 h. The gel content here was 
defined as the residual weight ratio of a sample after 
dipping and drying (lOOoC/4 h). The other crosslinked 
PCS samples were prepared in the similar manner as 
described above. 

Measurements 
29Si NMR measurements were made using a Bruker 

AMX-400 spectrometer. The high-resolution solid-state 
29Si NMR spectra were obtained by the combined use 
of dipolar-decoupling (DD) and magic-angle spinning 
(MAS). 25 ·26 The spinning frequency was about 5.0 kHz. 
Mechanical data were collected from flexural bars (4.0 x 
0.7 x made from cured film in a Shimadzu 
AUTO-GRAPH with maximum load cell of lOOkg, and 
a cross-head speed of 0.9 mm min- 1 was used for all 
flexural analysis (JIS K7203). The specimen was cut from 
the cured sample by a cutter with a diamond-blade. DSC 
(Differential scanning calorimetry) was performed with 
a DSC-50 Shimadzu thermal analyzer at heating rates 
of 20°C min- 1 . 

RESULTS AND DISCUSSION 

The crosslinked PCSs have been prepared by using a 
hydrosilylation curing reaction between multi-functional 
vinylsilanes and hydrosilanes. The effects of following 
three points on the mechanical properties of the cross
linked PCSs were evaluated: ( 1) the molecular weight 
between the crosslinking points, (2) the introduction of 
flexural units, and (3) the network chain density. 

Effects of the Molecular Weight between the Cross/inking 
Points 
There are several ways to evaluate the molecular weight 

between the crosslinking points. At first, the prepolymer 

having vinyl functionalities was prepared and then 
crosslinked with reactive silicon-hydrogen groups. 
However, the linear PCS oligomer, which was caused to 
react between the monomers (1) and (3), was insoluble 
in common organic solvents. 13 Therefore, the crosslinked 
PCS via in situ chain extending and crosslinking reaction 
of the PCS monomers (1), (3), and the crosslinking agent 
(2) were synthesized (Scheme 1, PCS B). The curing 
reaction was performed with a casting method heating 
stepwise (50/80/100/150°C). In this case, the casting 
sample was the THF solution of the PCS monomers and 
Pt catalyst. Table I shows the appearance, glass transition 
temperatures (Tgs) and gel contents of PCS B varying 
the molar ratio of 1/2/3. The number of units (n) is 
calculated by the molar ratio of 1/3. In the case of No. 
2-5 in Table I, the structure between the crosslinking 
points (2) was formally illustrated as Figure I. In actually, 
however, the structure was very complex one. The 
transparency, Tgs and gel contents, illustrated in Table 
I, are seen to decrease with an increase in the number 
of repeating units (n). The decrease in transparency was 
presumed to be owing to the high crystallinity of polymer 
backbones. Table II shows the relation between the 
number of repeating units (n) and the tensile properties. 
Both the tensile modulus and maximum tensile strength 
were inversely proportional to the number of repeating 
units (n)-the molecular weight between the crosslinking 
points. The same trend was reported in the crosslinked 
polycarbosiloxanes. 16 This result indicates that the high 
molecular weight between the crosslinking points have 
no effect on the improvement of mechanical properties 
of crosslinked polycarbosilanes. 

Effects of the Introduction of Flexural Units 
Si-vinyl monomers having flexible units were used to 

obtain a tough material. Monomers (4) and (5) were used 
as the flexible monomers (Scheme I, (3), (4)). PCS C and 

[MeSi(H)0]4 

2 

Ptcat./DM 
THF 

PCS A (I) 

Ptcat./ DM 
PCS B (2) 

THF 
+ [MeSi(H)0]4 

1 3 2 
I I 

ffi-0-fi"\ 

4 

+ [MeSi(H)0]4 

2 

Ptcat./DM 
PCS C (3) 

THF 

No. 

I 
2 
3 
4 
5 

Number of 
units (n) 

I 
3 
5 
9 

19 

Ph 

rt-" + [MeSi(H)0]4 
Ptcat./DM 

THF 
5 2 

Scheme I. 

Table I. Preparation of a series of PCS Bs" 

Amounts of monomers, g/mmol 

3.50 (14.2) 
3.05 (12.4) 
2.88 (11.7) 
3.00 (12.1) 
2.80 (11.4) 

2 

1.71 (7.10) 
0.75 (3.10) 
0.47 ( 1.96) 
0.29 (1.20) 
0.14 (0.58) 

3 

0.00 (0.00) 
1.22 (6.30) 
1.52 (7.80) 
1.88 (9.70) 
2.00 (10.3) 

Appearance 

Transparent 
Translucent 
Translucent 
Opaque 
Opaque 

PCS D (4) 

85.3 
31.9 
25.9 

Gel content 

% 

100 
96.9 
92.8 
84.1 
83.7 

• Curing conditions: 50oCj 16 h -.80°Cj9 h -+I OOoCj 16 h--+ 150°Cj24 h, Pt cat.; 1.0 x I 0- 5 molar equivalent rei. to the vinyl substituents. b By DSC. 
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Table II. Tensile properties of PCS B 
--------------

Tensile Tensile Maximum 
Number of modulus strength elongation 

No. units (n) ---

GPa MPa % 
------

Figure 1. Repeating unit of PCS B. I I 0.99 27.9 5.9 
2 3 1.00 13.2 53.8 
3 5 0.59 8.2 25.9 

Table III. Properties of PCS C and PCS D 
--------------------- -------------

PCS C 
PCS D 

'By DSC. 

Appearance 

Transparent 
Transparent 

2.7 
15.2 

Gel content 

% 

100 
93.1 

------------ - ---

PCS D was transparent and leather-like materials which 
Tgs were below r.t. (Table III). The tensile modulus and 
maximum tensile strength of both PCSs were smaller 
than those of PCS A (sample No. I in Table II). As a 
result, it was clear that the bis(dimethylsilylene)-p
phenylene unit [Si(Me)z-p-C6 HcSi(Me)z] was impor
tant for improving the mechanical properties of the 
crosslinked PCS. 

Effects of the Crosslink Density 
The effects of the crosslink density on mechanical 

strengths were evaluated. These are the structures of 
Si-vinyl monomers and Si-H monomers used in Figures 
2 and 3, respectively. Table IV summarizes the recipe for 
the preparation of various PCSs. Platinum divinylte
tramethyldisiloxane as a hydrosilylation catalyst and 
dimethyl maleate (DM) as a retarder of a hydrosilylation 
reaction were used. In the case of using monomer (7) as 
a Si-vinyl monomer, hydrosilylation reaction was so 
exothermic that the reaction mixture quickly turned to 
gel with at the conventional concentration of the catalyst 
and retarder (Pt cat.: 1.0 x 10- 5 eq. rei. to the Si-vinyl 
groups, [DM]: I 00 eq. rei. to Pt cat.). The reason for 
this would be that the steric hindrance around the silicon 
atom of monomer (7) is less than that of the other Si
vinyl monomers (1), (6), and (8). Using 500equiv. of 
dimethylmaleate to Pt cat., the crosslinked PCSs proved 
to be transparent material without bubbles and cracks 
(Table IV, Nos. 4. 6). Table V shows the appearance and 
gel contents of the crosslinked PCSs obtained. The 
crosslinked PCS (sample No. I) was leather-like and the 
gelation did not proceed perfectly. On the contrary, the 
other crosslinked PCSs were rigid materials and the gel 
contents were almost 100%. These results suggest that 
steric hindrance around the silyl groups of monomer (9) 
prevents the hydrosilylation curing reaction from pro
ceeding perfectly. 

To obtain more information on the hydrosilylation 
curing reaction, the ratio of the conversion of Si-vinyl 
groups was estimated with 29Si DD/MAS NMR spec
troscopy. Figure 4 provides 29Si DD/MAS NMR spectra 
of crosslinked PCS of No. I and No. 4 in Table V, and 
Table VI summarizes the 29Si chemical shifts of PCS 
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Tensile modulus 

GPa 

0.002 
0.005 

1 

Tensile strength Maximum elongation 

MPa 

3.9 
2.8 

)<" 
9' 

6 

s·-.1' 

7 

% 

3.1 
45.6 

J I 

0 0 
I 

8 

Figure 2. The PCS monomers which have Si vinyl groups. 

I I 
H·Si-0-Si-H 1-o-1 ,,(), I I 

0 0 
H-si-O-Si-H 

H-Si ;, Si-H 
I I PhSiH3 PhMeSiH2 

H-Si Si-H I I 
I I 

2 3 9 10 11 

Figure 3. The PCS monomers which have Si-H groups. 

Table IV. Recipe for preparation of PCSs with 
various crosslinking densities" 

No. 
Amounts of PCS monomers. g/mmolb p , 

· t cat. 
---------

s .. I SI·---H (X !0-') 

I 
2 
3 
4 
5 
6 
7 

1-vmy 

1. 2.97 (12.0) 
6, 2.35 (9.10) 
1, 3.50 (14.2) 
7, 1.30 (9.52) 
8, 2.34 (6.80) 
7, 1.45 (10.6) 
8, 2.53 (7.35) 

- -----

9, 2.03 (8.00) 
3. 2.64 (13.7) 
2, 1.71 (7.10) 
3, 3.70 (19.0) 
3, 2.64 (13.6) 
9, 3.57 (14.1) 
9, 2.48 (9.80) 

-------

2.0 100 
1.0 100 
1.0 100 
0.5 500 
1.0 100 
0.5 500 
1.0 100 

"Curing conditions: 50 Cj 16 h ---.80 C /9 h---. l OOCC j 16 h---> 150'Cj24h. 
"Si--viny1iSi-H = 1/1 (mol). 'Pt[(CH 2 =CHMe2Sih0h the molar 
equivalent rei. to the vinyl substituents." Relative amount of dimethyl
maleate (OM) to the Pt catalyst. 

Table V. Properties of the crosslinked PCSs 
---------- ---------

PCS monomers Gel content Conversion 
No. Appearance' of Si-vinyl/ 

Si--vinyl Si-H % %b 

9 Leather-like. TP 92 85 
2 6 3 Rigid, TP 99 100 
3 l 2 Rigid. TP 100 95 
4 7 3 Rigid, TP 100 95 
5 8 3 Rigid, TP 99 
6 7 9 Rigid, TP 100 92 
7 8 9 Rigid, TP 100 93 

--- --------

• TP; transparent. " 29 Si solid-state NMR analysis. 
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(a) E 
0. 
0. 

CXl "' "' "' "";" 

J i 

I 
Structure Chemical shift Integral ratio 

/ppm of 29Si 

ppm -20 

(b) 

ppm 20 -20 

-1 

-11 

-40 -60 

1.00 

0.09 

Figure 4. 29Si DD/MAS spectra of (a) sample No. 1 and (b) sample No. 4 in Table V, respectively. 

Table VI. 29Si NMR chemical shifts of the monomers" 
---------

No. 

1 
2 
3 
4 
5 
6 
7 

PCS monomer 

l 
6 
7 
8 
9 
3 
2 

------

" 29Si solid-state NMR analysis without spinning. 

-10.8 
-22.4 
-26.2 
-32.5 
-16.4 
-16.8 
-32.3 

monomers used. In a spectrum (a) of Figure 4 for sam
ple No. I, two resonances at -1 and -II ppm would 
be assignable to the hydrosilylated structure of both 
monomers and unreacted monomer (1), respectively. 
From the integral ratio, the conversion ofSi-vinyl groups 
was calculated ca. 85% ( =0.5/0.59 x 100). From the 29Si 
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Table VII. 29Si NMR chemical shifts of the standard samples 
---------

No. Sample name 29Si <l/ppm 

(CH 3 ) 4 Si 1.00 
2 (CH 3 ) 3 SiCH =CH 2 -7.60 
3 (CH 3 hSi(CH =CH 2h -13.67 
4 (CH 3)Si(CH=CH 2 ) 3 -20.55 
5 (C 2 H 5 ) 4 Si 8.40 
6 (C 2 H 5 lJSiCH =CH 2 -1.70 

··--· ·--· 

DO/MAS NMR analysis, it was clear that the hydro
silylation reaction did not proceed completely. Table V 
summarizes the percentage of hydrosilylated Si-vinyl 
groups estimated in a similar manner. In the case of using 
compound (9) as a Si-H monomer (sample Nos. 1, 6, 
and 7), the percentage of hydrosilylated Si-vinyl groups 
was Jess than that of the other crosslinked PCSs. These 
results suggest that steric hindrance of monomer (9) 
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prevents the hydrosilylation curing reaction from pro
ceeding perfectly. Next, the reaction of monomer (7) 
will be discussed. Table VII summarizes the 29Si chemical 
shifts of standard samples. 27 In a spectrum (b) of Figure 
4 for sample No. 4, the resonances at 9ppm would be 
assignable to the completely hydrosilylated structure of 
monomer (7). If the hydrosilylation curing reaction 
between monomers (7) and (3) proceeded perfectly, the 
integral ratio of the signals at 9 ppm/at -I ppm would 
be 1/4. However the actual integral ratio was 1/5. This 
indicated that the hydrosilylation curing reaction did not 
proceed perfectly. Figure 5 illustrates the possible struc
ture obtained with the hydrosilylation curing reaction 
between monomers (7) and (3). 

The relationship between the structures and mech-

anical properties of the crosslinked PCSs will be dis
cussed. Table VIII summarizes the Tgs and flexural 
properties of the crosslinked PCSs in Table IV. Generally 
the Tg of crosslinked PCS increased as the sum of the 
number of Si-vinyl and Si-H groups increased. It was 
reported that Tg increased in low motility of the 
macromolecular chain. 16 The low motility would depend 
on the rigidity of the macromolecular chain and the 
network chain density. In the comparison of sample Nos. 
2, 4, and 5, in the case of using monomer (3) as a Si-H 
monomer, the Tg of sample No. 4 was the highest. The 
lower Tgs of sample Nos. 2 and 5 are considered to be 
due to the introduction of the highly flexible of the siloxy 
units. Furthermore, the Tg of sample No.6 was 145.3°C 
and that of sample No. 7 was undetectable. It was clear 

[ Si (CH2CH2-ki-o-ki \] I [ ( (CH2CH2-ki-o-ki \ -] 
\ I I 7;_ m \ I I h 2 n 
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Sample 
No. 

2 

3 

4 

5 

6 

7 

ml n = 1/0.27 

Figure 5. Possible structure of the crosslinked PCS (sample No. 4 in Table V). 

Table VIII. T.s and flexural properties of crosslinled PCSs 

Modulus of elasticity Maximum strength 
PCS monomers" 

GPa MPa 

'Si-H 1-o-1 ,;6_1 .r?i 
H-Si Si-H 

I I 

13.5 (0.01)' (3.7)' 

9 

)r 
o' 1'o 1-o-1 
' 'i"": H-Si " Si-H 

I I 
71.6 2.00 54.5 

6 3 

I I 1-o-1 H-Si-0-Si-H 
.r?i 

I I 
0 0 

H-si-o-si-H 
I I 

85.1 1.55 47.4 

1 2 

1-o-1 
s.# H-Si " Si-H 

I I 96.5 2.02 73.2 

7 3 

J J 1-o-1 0 0 H-Si t, Si-H 
I I 

:7 I I 

75.2 1.43 42.9 

8 3 

'Si-H 
s·.# ,;6_1 

H-Si Si-H 
145.3 1.49 49.4 

I I 

7 9 

J I 'Si-H 

,;6_1 0 0 

:7 I I H-Si Si-H 
I I 

N.D. 1.56 49.4 

8 9 

"Si-vinyl/Si-H= 1/1 (mol). bDSC analysis. 'Tensile mode. 

Maximum strain 

% 

(178.1 )' 

8.0 

5.0 

5.4 

4.7 

5.2 

7.2 
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Table IX, The appearance and flexural properties of some crosslinked PCSs prepared from monomer 7 

No. 

2 
3 

Amounts of PCS monomers, g/mmol" 

Si vinyl 

7, I. 79 ( 13 .I) 
7, 2.43 (17.8) 
7, 1.81 (13.3) 

Si H 

11, 3.20 (26.2) 
10, 2.57 (23.7) 

2, 3.20 (26.2) 

Appcaranceb 

Fragile, TP 
Fragile, TP 
Fragile, TP 

Gel content 

% 

92 
100 
100 

Modulus of 
elasticity 

GPa 

1.26 

Maximum 
strength 

MPa 

37.5 

---------

Maximum 
strain 

0/ ,o 

4.7 

"Si-vinyl;Si H= 1;1 (mol). Curing conditions: 50'C!I6h-->80T/9h-->IOOC/16h-,J50 C/24h, Pt cat.: !.Ox 10- 5 molar equivalent rei. to 
the vinyl substituents. b TP: transparent. 'Too fragile to obtain the data. 

that the Tg of crosslinked PCS increased as the sum of 
the number of Si-vinyl and Si-H groups increased. On 
the other hand, the mechanical properties of sample No. 
4 was the highest of all the PCSs. The value of flexing 
modulus was 2.02 GPa and the value of maximum 
flexural strength was 73.2 MPa. In the case of using 
monomer (9) as a Si-H monomer (sample No. 6), the 
mechanical properties decreased compared with those of 
sample No.4. The low mechanical property is considered 
to be due to the meta-linkage bending unit at the cross
linking site. Furthermore, without the bis(dimethyl
silylene )-p-phenylene unit, [Si(Me h-p-C6 H 4--Si(Me hJ, 
the crosslinked PCSs were fragile (Table IX). It was clear 
that the high network chain density and a rigid-rod unit, 
[Si(Meh-p-C6 H 4-Si(Me) 2] was necessary to obtain any 
crosslinked PCSs having high mechanical strength. 

CONCLUSIONS 

PCSs were prepared by using a hydrosilylation curing 
reaction between multi-functional vinylsilanes and 
hydrosilanes. The high molecular weight between the 
crosslinking points and the introduction of the flexible 
units have no effect on the improvement of mechanical 
properties. The high network chain density and rigid-rod 
unit, [Si(Meh-p-C6HcSi(MehJ, is necessary to give 
high mechanical strength to crosslinked PCSs. 
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