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The poly(methylsilene) (1) was modified with the group 4 metallocene Cp2MC12/Red-Al (M = Ti, Zr, Hf) com­
bination catalyst and with the group 6 metal carbonyl M(CO)6 (M = Cr, Mo, W) catalyst, producing the highly 
cross-linked insoluble p이ymer and the lowly cross-linked s이uble polymer, respectively. An interrelationship 
between molecular weight and percent cermic residue yield with metal within the respective group was not 
found. The polymers modified with the group 4 metallocene combination catalysts have higher molecular 
weight and lower percent ceramic residue yield than the polymers modified with the group 6 metal carbonyl ca­
talysts do. The catalytic activity of group 4 metallocene combinations appears to be higher at *100  °C, but to 
be lower at very high temperature than those of group 6 metal carbonyls. The pyrolysis of the modified 1 
yielded SiC ceramic.

Introduction

There are two kinds of ceramics known: oxide type and 
non oxide type.1 Silicon-containing ceramics have attracted 
a great deal of attention for many special applications. Sil­
icon-containing non-oxide ceramics such as silicon carbide 
(SiC) and silicon nitride (Si3N4) have been known for some 
time.2 In particular, silicon carbide ceramic has been widely 
used as a reinforcement in advanced ceramics and com­
posites? A process of fabricating silicon carbide fiber was 
developed by Yajima et 에？ The process includes pyrolytic 
conversion (in the 400-470 °C temperature range) of po­
lydimethylsilane into polycarbosilane (PCS), which is melt- 
spun into fiber form (trade name "Nicalon" manufactured 
by Nippon Carbon Co., Tokyo, Japan) and is then cross­
linked under an air atomosphere (in the 300-350 °C tem­
perature range), followed by its final pyr이ysis (at 1200 °C 
or higher) under an inert atomosphere into SiC fiber. The 
cross-linking process by oxidative curing allows the conv­

ersion of PCS fiber to SiC with minimal loss of organic 
constituent molecules without softening. However, the ox­
ygen introduced during the oxidative curing process may 
cause fiber degradation at high temperature. In order to im­
proved heat resistivity of PCS some doping agents (e,g., 
BC13) or cross-linking agents (eg., vinyl derivatives) were 
added, resulting in the contamination of SiC ceramics and 
in the oversupply of carbon source to SiC ceramics, respec­
tively.5 Another cross-linking method should be considered 
as an alternative of the disadvantageous curing processes by 
oxidation and hydrosilation.

The role of Si-H groups in PCS in the Yajima process is 
very important because Si-H groups permit cross-linking 
between PCS chains. Recently, Seyferth et al. described the 
preparation of near-stoichiometric silicon carbide by py­
rolyzing a polymethylsilane modified by zirconocene-ca- 
talyzed dehydrocoupling of Si-H bonds.6 Harrod discovered 
an alternative group 4 metallocene-catalyzed dehy­
dropolymerization leading to great progress in p이y 
(organosilane) sythesis.7 Subsequently, Tilley et al. reported 
the catalytic dehydropolymerization of various silanes by 
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(CpCp*ZrH 2)2 and CpCp*Zr[Si(SiMe 3)3]Me.8 We recently re­
ported the catalytic redistribution/dehydrocoupling of vari­
ous aryl group-containing alkylsilanes by CpzMCL/Red-Al, 
Cp2MC12/n-BuLi (M = Ti, Zr, HQ, and Cr(CO)6 catalysts.9 
Seyferth et al. reported the preparation of SiC/MoSi2 com­
posite by pyrolyzing a polymethylsilane modified by Mo 
(CO)6-catalyzed dehydrocoupling of Si-H bonds.10 Very re­
cently, one of us described the synthesis of SiC/Mo2C and 
SiC/MQSiyCz composites by pyrolyzing the mixture of PCS 
with different weight percents Mo and Mo(CO)6, respec­
tively.11 To the best of our knowledge, the group 4 and 6 
transition metal complexes have never been directly used as 
a catalyst for modification of polymethylcarbosilane. In this 
paper, we report the catalytic modification and pyrolysis of 
poly methylcarbosilane preceramic polymer, poly 
(methylsilane), by the group 4 Cp2MC12/Red-Al (M = Ti, Zr, 
Hf) combination catalyst and by the group 6 M(CO)6 (M = 
Cr, Mo, W) cataly아 to compare their catalytic effects at dif­
ferent temperature.

Experimental Section

All reactions and manipulations were performed under 
prepurified nitrogen using Schlenk techniques. Dry, oxygen- 
free solvents were empolyed thi■이igh이it. Glassware was 
flame-dried or oven-dried before use. Infrared spectra were 
obtained using a Perkin-Elmer 1600 Series FT-IR or a Ni- 
c이et 520P FT-IR spectrometer. Proton NMR spectra were 
recorded on a Varian Gemini 300 spectrometer using CDC1J 
CHC13 as a reference at 7.24 ppm downfield from TMS. Sil- 
icon-29 NMR spectra were obtained on a Varian XL-300 
spectrometer operating at 59.59 MHz with CDC13 as a sol­
vent utilizing a DEPT (Distortionless Enhancement of Po­
larization Transfer) pulse sequence. An external reference of 
50/50 by volume of TMS (0.00 ppm) in CDC13 was used. 
Gel permeation chromatography (GPC) was carried out on 
a Waters Millipore GPC liquid chromatograph. The cali­
brant (monodisperse polystyrene) and the sample were dis­
solved in toluene and separately eluted from an Ul- 
trastyragel GPC column series (sequence 500, 103, 104, 105 
A columns). Molecular weights were extrapolated from the 
calibration curve derived from the polystyrene standard. 
Data analyses were carried out using a Waters Data Module 
570. Themogravimetric analyses (TGA) of samples were 
performed on a Perkin Elmer 7 Series Thermal Analysis 
System under an argon flow. The sample in a platium boat 
was heated from 25 °C to 800 °C at a rate of 10 °C/min. 
Ceramic residue yield is reported as the percentage of the 
weight of the residue remaining after completion of the heat­
ing cycle divided by the original sample weight. Pyrolysis 
under an argon atomosphere to 1500 °C using a Lindberg 
Model 59545 single zone tube furnace, equipped with a 
mullite tube and a carbon pyrolysis boat supported on a 6" 
alumina tube dee. Percent ceramic residue yield was cal­
culated as change in weight before and after pyrolysis. X- 
ray powder diffraction (XRD) measurements were done on 
an APD 3600 X-ray powder diffractometry. The d-spacings 
were matched to computer-generated patterns based on re­
ferenced files.12 Cp2MCl2 (M = Ti, Zr, Hf), M(CO)6 (M = Cr, 
Mo, W), and Red-Al (or Vitride; sodium bis(2- 
methoxyethoxy)aluminum hydride; 3.4 M in toluene) were 

purchased from Aldrich Chemical Co. and were used 
without further purification. The poly(methylsilene) [1, IR 
(film, KBr, cm1): 2900 s, 2950 m (v^), 2100 s (vSiH), 1250 
m (vSiC), 1410 s (8ch)；NMR (5, CDC13, 300 MHz): 
-0.9-0.8 (br, SiCH2, SiCH3), 3.8-5.0 (br, SiH), CH/SiH in­
tegral ratio=12.2; 29Si NMR (5, CDC13, 59.59 MHz): 
-17.23 (br, SiH, SiCH2, SiCH3); GPC: A/w=2200, Afn=750, 

MJMn=2.9; TGA ceramic residue yield: 65% (black solid)], 
which was obtained from fractional precipitation, was pre­
pared according to the literature prcedure.13

Modification of 1 Catalyzed by Cp2MC12/Red-Al 
(M = Ti, Zr, Hf). The following procedure is the 
representative of the modification reactions with the group 4 
metallocene Cp2MC12/Red-Al (M = Ti, Zr, Hf) combination 
cataly아s. P이y(methylsilene) (1) (1.0 g, 17.2 mm이 equiv) 
in 1.0 mL of toluene was injected to a Schenk flask con­
taining Cp2TiCl2 (0.085 g, 0.34 mmol) and Red-Al (0.10 
mL, 0.34 mmol). The reaction mixture was heated at 90 °C 
to turn brown instantly, and the reaction medium became 
slowly gelatinous. The catalyst was inactivated 24 h later 
by exposure to the air for a few hours. The brown gela­
tinous material was washed well with toluene and diethyl 
ether and dried at reduced presure to give 1.0 g (100% 
yield) of light chocolate solid which was insoluble in most 
organic solvents. IR (KBr pellet, cm '): 2100 s (vSiH)； TGA 
ceramic residue yield: 73% (black solid).

Modification of 1 Catalyzed by M(CO)6 (M = Cr, 
Mo, W). As a typical modification reaction, a Schlenk 
flask was charged with 1 (1.0 g, 17.2 mm이 equiv), Cr(CO)6 
(0.075 g, 0.34 mm이), and 5 mL of dioxane. The reaction 
mixture was slowly heated up to 90 °C in order to minimize 
the sublimation of Cr(CO)6 and turned light green. After 24 
h, the resulting mixture was passed rapidly through a re­
verse phase silica gel column (70-230 mesh, 20 cm x 2 cm) 
with 200 mL of toluene used as the eluent. The effluent 
was evaporated at reduced pressure to yield 1.0 g (100% 
yield) of a pale green solid which was soluble in toluene, 
THF, methylene chloride, and chloroform. IR (film, KBr, 
cm1): 2100 s (vsiH);NMR (5, CDC13, 300 MHz): -0.9- 
0.8 (br, SiCH2, SiCH3), 3.8-5.0 (br, SiH), CH/SiH integral 
ratio=13.6; 29Si NMR (8, CDC13, 59.59 MHz): - 17.16 (br, 
SiH, SiCH2, SiCH3); GPC: Mw=3600, Mn=1300; TGA 
ceramic residue yield: 90% (black solid).

Results and Discussion

Wurtz-coupling reaction of dichrolodimethylsilane using 
sodium metal dispersion in xylene-refluxing temperature pro­
duced an insoluble and infusible polydimethylsilane in high 
yield. A soluble and fusible poly(methylsilane) was then pre­
pared by pyrolytic Kumada rearrangement of the po­
lydimethylsilane at 400-450 °C in autoclave (eq. 1).

여3 料 門
I. Nateyiene f I 1 autodm [ | 1

—謚 “ 肝一七 새心・C ■ tji나

CHs CH3 H

1 (1)

The polymethylsilene (1) with weight average molecular 
weight of 2200 (polydispersity index = 2.9) and TGA ceram­
ic residue yield of 65% was obtained from fractional pre­
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cipitation.13 The polymethylsilene is known to possess some 
degree of cross-linking in the polymer chain because of in- 
termolecular Kumada rearrangement during pyrolysis.14 The

NMR spectrum of 1 shows three broad unresolved moun­
tain-like resonances centered at -0.1, 0.2, and 4.4 ppm as­
signed to SiCH2, SiCH3, and SiH, respectively. The CH/SiH 
integral ratio was 12.2 instead of 5.0 because of some de­
gree of cross-linking in the polymer chain and long re­
laxation time of Si-H bond.15 The 29Si NMR spectrum of 1 
shows one broad unresolved mountain-like resonances cent­
ered at - 17.23 ppm assigned to SiCH2, SiCH3, and SiH. 
The IR spectrum of 1 exhibits a typical intense vSiH band at 
ca. 2100 cm \

One may expect that the tertiary silyl groups of 1 should 
seldom undergo dehydrocoupling due to their steric bulk­
iness because the dehydrocoupling reactivity of hydrosilanes 
is well known to decrease drastically in the order of pri­
mary > secondary » tertiary.7,8 As expected, dehydro- 
coupling modification of 1 with 2 m이% of the Cp^iClJ 
Red-Al combination catalyst took place very slowly at am­
bient temperature and upon heating at 90 °C the reaction 
medium because slowly gelatinous over 24 h (eq. 2).

CH3 CIS
1 cp鳶H* 나，一바 (2)

toluene H Si'P
WOMh

Si’P = pdyfmethylsilene)

The modified polymer was isolated in -100% yield as a 
light chocolate solid, which was insoluble in most organic 
solvents, after workup in이uding washing with toluene and 
diethyl ether. The TGA ceramic residue yield of the in­
soluble solid was 73%. Similarly, dehydrocoupling mod­
ification of 1 with 2 mol% of the other Cp2MC12/Red-Al (M 
=Zr, Hf) combination catalysts occurred very slowly at a 
ambient temperature and upon heating at 90 °C the reaction 
medium became slowly gelatinous over 24 h. The modified 
polymers were obtained in -100% yield as a light chocolate 
insoluble solid (TGA ceramic residue yield = 76%) for Zr 
and a pale orange insoluble solid (TGA ceramic residue 
yield = 74%) for Hf. The characterization data are sum­
marized in Table 1.

The IR spectra of the modified poly(methylsilene)s ex­
hibit an intense vSiH band at ca. 2100 cm-1 of which the in­
tensity was somewhat decreased as compared with 1. The 
modification may first produce a weakly crossed-linked po­
lymer which then undergoes an extensive cross-linking reac­
tion of backbone Si-H bonds, leading to an insoluble po-

Cr(CO사digue 

90*C/24h H
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lymer. As a control experiment, modification of 1 with 2 
mol% of Red-Al was attemped under the same reaction con­
ditions, resulting in no appreciable change of NMR spec­
trum and molecular weight (confined by NMR spec­
troscopy and GPC analysis).

Dehydrocoupling modification of 1 with 2 mol% of the 
Cr(CO)6 catalyst was carried out at 90 °C for 24 h (eq. 3).

싸뉴1바 (3)
SiP

Si'P = pdy(methylsilene)

The modified polymer was isolated in ~100% yield as a 
pale green solid, which was soluble in most organic solvents, 
after workup including column chromatography. The TGA 
ceramic residue yield of the modified polymer was 90%. 
The weight average molecular weight (A/w) and number av­
erage molecular weight (Afn) of the modified polymer were 
3600 and 1300, respectively*  Similarly, dehydrocoupling 
modification of 1 with 2 mol% of the other M(C0)6 (M = 
Mo, W) catalysts was performed at 90 °C for 24 h. The mod­
ified polymers were obtained in -100% yields as a light cho­
colate soluble solid (TGA ceramic residue yield=87%) for 
Mo and a light yellow soluble solid (TGA ceramic residue 
yield=88%) for W. The weight average molecular weight 
and number average molecular weight of the resulting mod­
ified polymers were 3500 and 1200 for Mo and 4500 and 
1300 for W, respectively. The characterization data are given 
in Table 2.

The IR spectra of the modified poly(methylsilene)s exhibit 
an intense vSi.H band at ca. 2100 cm1 of which the intensity 
was somewhat decreased as compared with 1. The NMR 
spectra of the modified poly(methylsilene)s show that the 
CH/SiH integral ratios are in the 13-14 range. The 29Si NMR 
spectrum of 1 shows one broad unresolved mountain-like 
resonances centered at -17.16 ppm assigned to SiCH2, 
SiCH3, and SiH. We may conclude based on the 'H NMR, 
IR, GPC, and TGA data that some degree of cross-linking 
exists in the polymer chain. There was no significant change 
in the 29Si NMR spectra of 1 before and after their catalytic 
modfication except that the single broad resonance had shift­
ed downfield by 0.07 ppm. 1 was catalytically modified by 
using 2 mol% of Mo(CO)6 at 90 °C for 6 d, yielding a 
modified polymer with molecular weights of 5200 (Afw) and 
1500 (Afn) and with TGA ceramic residue yield of 91%. 
Pyrolysis at 1500 °C of the modified polymer produced a

Table 1. Characterization of Catalytic Modification of 1 with 
CpzMCL/Red-Al (M = Ti, Zr, Hf) Combination Cataly마矿

Catalyst
(M)

mol wt”
M、* 人么

% ceramic 
residue yield,7

no catalyst 2200 750 65
Ti insoluble 73
Zr insoluble 76
Hf insoluble 74

"[M]/[l]=0.02; at 90 °C for 24 h. "Measured with GPC (ys po­
lystyrene) in toluene.c Measured with TGA up to 800 °C.

Catalyst mol w? % ceramic

Table 2. Characterization of Catalytic Modification of 1 with M 
(CO)6 (M = Cr, Mo, W) Cataly마s“

(M) Mw residue yieldc
Cr 3600 1300 90
Mo 3500 1200 87
Mo” 5200 1500 91(84")
w 4500 1300 88

a [M]/[l]=0.02; at 90 °C for 1 d. [M]/[l]=0.02; at 90 °C for 6 d. 
c Measured with GPC (vs polystyrene) in toluene. d Measured 
with TGA up to 800 °C. "Bulk pyrolysis at 1500 °C.
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black ceramic solid in 84% yield which turned out to be SiC 
ceramic along with small amount of MqSLG (confirmed by 
X-ray powder diffraction analysis).11

As 아】。wn in Table 1, the group 4 metallocene Cp2MC12/ 
Red-Al (M=Ti, Zr, Hf) combination catalysts produce the 
modified insoluble polymers with similar percent ceramic 
residue yields in the 73-76% range: any notable tendency to­
ward solubility and percent ceramic residue yield with the 
group 4 metal was not found. Red-Al for itself did not have 
an appreciable effect on the modification of 1 although bis 
(silyl)methanes RCH(SiH3)2 are known to transform into 
RCH2SiH3 in the presence of Red-Al16 and bis(silyl) 
methanes CH2(SiR3)2 are known to transform into KCH 
(SiR3)2 in the presence of 1:1 "BuLi/阳uOK.” As shown in 
Table 2, the group 6 metal carbonyl M(CO)6 (M=Cr, Mo, 
W) catalysts produce the modified soluble polymers with 
similar weight average molecular weights in the range of 
3500-4500 and with similar percent ceramic residue yields 
in the range of 87-90%. Compared with 1, the increase of 
molecular weights was not prounced. Any marked trend to­
ward molecular weight and percent ceramic residue yield 
with the group 6 metal was not observed, albeit longer reac­
tion time and W(C0)6 gave somewhat higher molecular 
weight polymers. An interrelationship between molecular 
weight and TGA ceramic residue yield was neither shown. 
Intere아ingly, as shown in Table 1 and 2, while the molec­
ular weights (or degree of cross-linking in view of their 
solubilities) of the polymers modified with the group 4 
metallocene combination catalysts were higher than those of 
the polymers modified with the group 6 metal carbonyl ca­
talysts, the percent ceramic residue yields of the polymers 
modified with the group 4 metallocene combination ca­
talysts were lower than those of the polymers modified with 
the group 6 metal carbonyl catalysts. This is opposite to the 
general fact that the percent ceramic residue yield of highly 
cross-linked polymer is higher than that of lowly cross-link­
ed polymers. Although the following explanation is only a 
speculation, we may rationalize the fact (vide infra). The 
group 4 and 6 catalytic species still remain within the po­
lymer body in view of colors of the modified polymer pro­
ducts because we were unable to remove the catalysts com­
pletely from the polymer body in spite of carefully ex­
tensive workup. We are not sure at present how the ca­
talysts can attach strongly to the polymer body without aro­
matic substituenets. The group 6 metal carbonyl moiety 
such as M(CO)3 is known to anchor strongly to the aro­
matic groups although group 6 metal hexacarbonyls for 
themselves sublime readily.18 The group 4 and 6 transition 
metal complexes are known to be weakly bound to the Si­
ll bond.19 A transition metal complex-coordinated polymer 
could be different from a transition metal complex- free po­
lymer.20 The dehydrocoupling catalytic activities of group 4 
metallocene combinations appear to be higher than those of 
group 6 metal carbonyl catalysts at -100 °C in the dehy­
drocoupling of the polymethylcarbosilane. Heating of 1 at 
200 °C for 6 days without catalyst did not effect any 
change of the NMR, GPC, and TGA data. However, the 
cross-linking catalytic activities of group 4 metallocene com­
binations appear to be lower than those of group 6 metal 
carbonyls at very high temperature (400 °C or higher?) in 
the pyrolytic transformation of the modified p이y 

(methylsilene). The group 4 and 6 catalytic species may sur­
vive at the high temperature during the catalysis because 
they may be protected within the polymer matrix even at 
the high temperature.610,11 We believe that the group 4 ca­
talytic species could be less stable at the high temperature 
than the group 6 catalytic species. One can imagine that the 
cross-linking mode of catalysis may change with catalyst, 
temperature, and physical state (ie, in solution and in solid). 
21 The modified poly(methylsilene)s were not pyrophoric 
and were found to be quite stable at air atomosphere for a 
long period: the noticeable growth of Si-0 stretching bands 
by oxidation of the Si-H bonds was not observed for servral 
months. Thermogravimetric analysis (TGA) of these mod­
ified poly(methylsilene)s remained unchanged after and be­
fore irradiation for 2 h using a medium-pressure mercury 
lamp, indicating that polymers are not appreciably pho- 
todegradable. The TGA data of the modified polycarbo­
silanes showed that the ceramic residue yields were con­
sistently higher than theoratical yields (ie, SiC/SiC2H6=69% 
for 1), probably due to extra free carbon formation, pro­
moted by the cross-linking, along with SiC formation under 
the pyrolysis conditions.

Conclusion

The poly(methylsilene) (1) was prepared in high yield by 
Wurtz coupling of dichlorodimethylsilane and Kumada rear­
rangement of polydimethylsilane. The poly(methylsilene) (1) 
was modified by the group 4 metallocene Cp2MC12/Red-Al 
(M=Ti, Zr, Hf) combination catalysts and by the group 6 
metal carbonyl M(C0)6 (M=Cr, Mo, W) catalysts to pro­
duce the highly cross-linked insoluble polymers and the low­
ly cross-linked soluble polymers, respectively. Any marked 
trend toward molecular weight and TGA cermic residue 
yield with metal within the respective group was not ob­
served. The polymers modified with the group 4 metal­
locene combination catalysts possess higher molecular 
weight and lower percent ceramic residue yield than the po­
lymers modified with the group 6 metal carbonyl cataly어s 
do. The catalytic activities of group 4 metallocene com­
binations appear to be higher than those of group 6 metal 
carbonyl catalysts at -100 °C in the dehydrocoupling of the 
poly(methylsilene). However, the catalytic activities of 
group 4 metallocene combinations appear to be lower than 
those of group 6 metal carbonyls at very high temperature 
in the pyrolytic transformation of the modified poly 
(methylsilene). The pyrolysis of the modified poly 
(methylsilene) yielded SiC ceramic.
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