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Abstract 

The thermal properties of polycarbosilanes from the gas phase pyrolysis of SiMe,,, Me3SiCI. Me2SiC! 2 and the polymeric 
(Me~Si-CH,), has been investigated. They decompose above 400 °C to form volatile methylsilanes, H 2, CH 4, viscous carbosilanes and 
insoluble glassy products via condensation reactions. The ceramic yield is between 10 and 20 wt.% at about 900 °C and falls to only a 
few weight per cent when heating is continued to 1000 °C. The gas phase pyrolysis of Me2SiH 2 at 650 °C produces plastic, meltable 
polycarbosilanes (PCS). Tempering the compounds to 900 °C gives a ceramic residue in 85% yield with Si:C:H I: i.2:0.4. Heating this 
residue under thermal gravimetry (TG) conditions to 1500 °C (argon atmosphere) results in a further weight loss of 0.7% and formation of 
/3-SIC. Silicon carbide is also formed when the PCS from Me 2 Sill 2 (Si:C: H 1:1.5:2.5) are heated to 1400 °C, with a weight loss of 16.3% 
under nitrogen and one of 42% in vacuum. 

Kcyuv)rd.~: Silicon; Pyrolysis; Carbosilanes; /#Silicon carbide 

I. |ntroduct |on 

We previously reported the formation and structures 
of low molecular weight carbosilanes produced by the 
gas phase pyrolysis of SiMe,~ and methylchlorosilanes 
at about 700 °C [2]. In their production, the evaporated 
methylsilanes together with the initially formed low 
molecular reaction products were circulated through the 
reaction zone. The high-boiling compounds were col- 
lected in cold traps under the reaction vessel. Reaction 
conditions, temperature and flow rate all influence the 
ratio of low to high molecular weight products, and 
longer reaction times lead to formation of a larger 
proportion of high molecular weight compounds. All 
the silanes R,,SiH4_,, with R = M e  form molecular 
compounds with al,ernating Si and C atoms in the 
molecular framework, and the number of methyl groups 
in the starting compound determines the molecular 
structure of the carl~silanes formed. 

" Corresponding author. 
I Ref. [1]. 
2 Dedicated to Professor Robert Corriu. 
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The corresponding pyrolysis of EtSiCla yields no 
carbosilanes but silicon compounds containing C°-C 
double and triple bonds [3]. After the investigation and 
characterization of the low molecular weight carbosio 
lanes, the next step was to investigate the products of 
higher molecularity and to study their applicability as 
precursors for silicon carbide. The t,.,llowing report 
deals with these investigations and related ones concern- 
ing the polymeric (-Me2SiCH2-),,. 

2. Results 

2. !. The silicon-rich products of the pyrolysis of methyl- 
silane 

The yield of high molecular weight carbosilanes (oily 
and glassy solids) as products of pyrolysis decreases 
with the number of methyl groups in the starting meth- 
ylsilane as follows: SiMe4 47%, Me3SiCI 40%, 
Me 2 SiC! z 30% and MeSiC! 3 2%. 

The compounds SiMe4, Me3SiC! and Me3SiH form 
1,3,5-trisilacyclohexanes and 1,3,5,7-tetrasilaadaman- 
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tanes . In the case of Me2S'C1 2 and McS'Cl 3 , besides
1,3,5-trisilacyclohexanes carbosilanes with barrelane and
asterane frames are also formed . In order to obtain
information about the mechanism of formation of the
silicon-rich compounds we investigated the molecular
composition of the compounds with five to ten Si atoms
resulting from the pyrolysis of Me3SiCl and Me2 S'C1 2 .
This required separation by chromatographic methods,
isolation of the compounds, and their characterization .
Because SiCl-containing compounds are not suitable for
HPLC, the relevant fractions were converted into the
SiH derivatives with LiAIH4. To achieve separation we
had to develop a special procedure involving consecu-
tive steps. Separation depending on molecular weight
(HPGPC), followed by separation depending on polarity
(adsorption chromatography) and then by reverse phase
chromatography allowed isolation of the compounds
[4,51. We isolated and characterized 41 compounds from
the product mixture from the Me2S'Cl 2 pyrolysis and
25 compounds from the Me3SiCl pyrolysis. The com-
pounds formed from Met S'Cl z contain, as a structurally
defining group, the six-membered 1,3,5-trisilacyclohe-
xane ring with C-Si-C-Si side chains and C or Si
bridging (Fig . 1) . Most of the compounds formed from
Me3SiCl contain the 1,3,5,7-tetrasilaadamantane skele-
ton (Fig. 2) . Compounds with C-C or Si-Si bonds are
not observed . Details of the chromatographic separation
and the characterization of the compounds (NMR, mass
spectra) will be described elsewhere [5]. The results
lead to the conclusion that the high molecular products
from the pyrolysis of MI24 SiCI, and Me,,SiCl are
oligomers whose structures are formed by condensation
of the above-mentioned species (Figs . I sand 2) .

2.2 . The thermal behaviour of polyearbosilanes front
the gas phase pyrolysis of 5i ej . hfe~ SWl, e2 SWl2
and (-Me2 Si-CH2-),,

in a study of the thermal behaviour of the polycar-
silanes, they were heated in an apparatus which al-

lowed isolation of the gaseous, liquid and viscous com-
unds formed in cold traps for further investigation [4] .

Starting from the temperature of initial decomposition,
the compounds were heated in steps of 50 T. The
,temperature was held c% stant at each step until no
further increase of pressure could be detected .
The study also included the behaviour of polymeric

(-Me2Si-CH2-).. From our work on the gas phase
pyrolysis of SiMc,, at 700 T we know that
(Me2 SiCH2 )2 is formed sand then immediately pztrtici-

tes in the subsequent stages of the process [7] . We
found that isolated (Me2SiCH2 )2 condenses at 300 T
to polymeric GMeSi-CH2-),, (a plastic elastic product)
[g), whereas at 500T (Me2 SiCH 2)s and the Si-methyl-
ated 1,3,5,7-tetrasilaadamantane are formed amongst
other compounds [7). (Other methods of forming (-
MeeSi®CH 2-). are described in Ref. [S1.)
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Fig . 1 . Six characteristic carbosilanes (out of 41) from the gas phase
pyrolysis of Nte,SiCl at 7tl(1 °C containing four to seven silicon
atoms in the molecule.

Table I contains the results of the thermolysis stud-
ies. The products of pyrolysis, which are solid at room
temperature, melt between 200 and 300 T. When the
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Fig. 2 . Two char^cteristic carbosilanes (out of 25) from the gas phase
pyrolysis of Me3SiCl at 700 °C containing six to eight silicon atoms
in the molecule.
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Table 1 
Results of the thermal treatment of polycarbosilanes (PCS) A from the gas phase pyrolysis of SiMe4, Me3SiCI, Me2SiCI 2 at 700°C and the 
polymeric ( -  Me 2 Si - CH 2 - ),, 

A from Products formed (amounts in mass% refered to A) 

g S i : C : H  °C H2/CH 4 Methylsilane Viscous Product Si : C: H 

(m2 g-  t) distillate Insoluble Soluble 

SiMe 4 

( -Me2Si-CH 2-)n 

Me3SiCI 

Me,SiCI 2 

! : 2.54: 5.8 
(a) 23.6 650 54.5 1.3 41 49 1 : 1.95: 2.7 
(b) 20.4 400 32 "67 40 "1 : 2.52: 5.4 
(c)" 5.6 500 7.3 14 84 
(d) ° 9.0 800 60.3 91 1 : 1.75 : 0.78 

! 000 (TG) ! 0 
" (c) Reaction of product from (b); (d) reaction of product from (a) 

9.7 450 ! 00 
10.7 550 26.6 i.8 54 42 2 : 2.95 : 7.96 
6.2 600 146.6 6.5 54 18 
7.2 800 191 4.2 61 19 !: 1.74:0.63 

1000 9 ! : i.7 : 0.7 

Si:C:C2 

2 : !.8 : 0.92 
(a) ! 4.9 650 25 6 57 35 10 
(b) 32.5 430 3 27 73 I O0 
(c) 20.4 530 22 3 47 '~50 !0 '~ I : 1.8 : 0.75 
(d) 240 800 70 5 57 35 ! : 2.4: 0.54 
(e) 27.9" 600 43 8 32 48 
(O 7.2" 700 62 7 89 ! : 1.5 : 0.61 
4 (e) Reaction of product from (b); (0  reaction of product from (c) 

I: 2.2:!.3 
(a~ 28 420 20 !.8 22.1 75.5 1 : 1.5:!.2 
(oJ 12" 520 26 11.7 29.2 c'55.8 ~40 tJ2: ! .9:2.0 

" ! : ! . 6 : 0 . 9  
(c) 9.2 620 28 25.2 27.2 55.4 25 I : 0.96: !. ! 
" (b) Reaction of product from (a) 

The IR spectnl ibr PCS from TMS, Me~SiCI, show the Si~-H absorption band at 2100 em ::l, In a qualitive view (no calibrated spectra) the 
a|noun! of Sill m these compounds is considerably lower in comparison with the PCS from Me2Siloi2 (Table 2). 

mixture of compounds is heated above 3{~ °C some of 
it becomes insolubel, and liquid and viscous products 
are formed which con:dst of low molecular weight 
carbosilanes such as 1,3,5-trisilacyclohexane and 
1,3,5,7-tetrasilaadamantane respectively, already known 

from gas phase pyrolysis. The residue which remains 
when the substance is heated to 800 °C has a lower 
C-content than the initial starting material. There is a 
remarkably large amount of a mixture of viscous car° 
bosilanes that distills at above 400 °C. This was also 

Table 2 
Results of the therma2 treatment of polycarbosilanes (PCS) B from the gas phase pyrolysis of Me,Sill, Me2SiH 2 and (-MeHSi-CH 2-),, 

B from Products (amounts in mass% refered to B) 

g Si: C : H °C H 2/CH 4 Methylsilane Viscous Product Si: C 
(ml g - I )  distillate Insoluble %luble 

Me~SiH 4.92 40%Si 

MezSiH 2 2.94 I: 2.5:2.5" 

200 
350 ! 
800 28 

melt 

10.4 52.6 2:1.4 

650 
900 85.3 I : 2.2:0.4 

" The IR ~;7~ctrum (KBr Pellet) shows the following absorption bands (cm- t ): C-H 2943.2; Si-H 2095.9; -CH 2- 1404.5 and ! 354.3; Si-CH 3 
1248.2; -CH 2 - 1027.2; Si -H 833.3. The PCS is an amorphous pale yellow product which becomes viscous above 140°C and forms a pale yellow 
melt at 165°C. i"rom this melt it should be possible to pull out fibres. Further investigations are underway. 
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Fig. 3. TG diagram of the PCS from Me2SiH ~ ,~empered at 900 °C 
(Table 2 with Si:C:H !:1.5:2.5) in argon atmosphere. 

ob~rved in the c~se of the products from Me3SiCI and 
MezSiCI 2 pyrolysis, and indicates the complexity of the 
decomposition and condensation reactions. Further heat- 
ing of the compounds (TG) to 1500 °C results in a fall 
of the ceramic yield to only a few per cent, and so it can 
be concluded that the polycarbosilanes synthesized in 
this way are not suitable precursors for/3-SIC. 

2.3. Thermal behaviour of polycarbosilanes from the 
ga,~ phase pyrolysis of Me~ Sill and Me2 SiH~ 

Investigations of the thermal behaviour of Si-Hocon- 
taining polycarbosilancs resultin~ from gas phase pyrol- 
ysis of Me,Sill and Me~SiH~ wet~ tan'led out to allow 
comparisons with those obtained from SiMe4, (= 
SiMe~=CH~=),, Me~SiCI and Me~SiCI:. The results of 
these investigations are shown in Table 2. 

For the further thermal gravimetric investigations we 
used: 

(a) PCS B from MeESiH z pyrolysis tempered at 900 
°C to give a composition Si:C:H 1:1.2:0.3 (Table 2); 

(b) PCS B from Me2SiH:, pyrolysis (without thermal 
pretreatment) having the composition Si:C:H l: 1.5:2.5 
(Table 2). 

Fig. 3 shows the TG curve of the tempered carbosi- 
lane (a) in the region from 20 to 1500 °C. The weight 
loss is 0.7%. The X-ray powder pattern of the residue 
shows the presence of fl-SiC (Fig. 4). 

The TG diagram in Fig. 5 shows the thermal ~ -  
haviour of the PCS from Me2SiH 2 (b) in the range 20 
to 1400 °(2. In a nitrogen atmosphere (flow rate 50 ml 
h - t )  the weight loss is 16.3% and in vacuum it is 42%. 
Fig. 6 shows the influence of the heating rate on the 
reaction rate: (a) 3 °C min -I, (b) 8 °C rain-t). The 
higher heating rate in (b) results in a faster weight loss 
and curve (b) crosses curve (a) at 200 °C. In both cases 
(nitrogen atmosphere and vacuum) the X-ray powder 
pattern, like that in Fig. 4, shows the formation of 
 -sic. 

3. Discussion 

A recent review by Dunogues and coworkers [9] 
reports the current state of investigations of the forma- 
tion and applicability of polymeric precursors for the 
production of B-SiC. Our special procedure for gas 
phase pyrolysis of methylsilanes at about 700 °C per- 
mits formation of high molecular weight polycarbosio 
lanes (exclusively with alternating Si and C atoms in the 
molecular fi'amework)by reactions of the methylsilanes 

Sl 

Fig, 4, X-my powder pattern from the residue formed from the TG experiment shown in Fig. 3. 
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Fig. 5. TG diagram of the PCS from Me2SiH 2 not tempered (Table 2 with Si:C:H !" !.5:2.5) in nitrogen atnlosphere (weight loss 16.3';~,) and 
vacuum (weight loss 42%). 

with the already formed low molecular weight carbosi- 
lanes on the one hand, and with themselves on the 
other. The products are viscous, glassy meltable, and 
partly insoluble solid compounds. From knowledge of 
the structures and compositions of the low molecular 
weight products of pyrolysis, with a molecuhu" weight 
of up to 4(K) (for h,dogert~free compounds) (Figs. i and 
2), it can be assumed that the high molecular weight 
carb,:~silanes are form,:d by condensation via Si~-C links 
of these cyclic and oligocyclic compour~ds. The results 

presented in Table I for the thermal treatment of the 
PCS formed from SiMe 4, Me,SiC! and Me2SiCI 2 show 
that these polymers are further modified above 400 °C. 
Results obtained by Yajima and coworkers [10] in anal- 
ogous investigations on polydimethylsilanes and poly- 
carbosilanes from the gas phase pyrolysis of SiMe 4, 
PCSoTMS, (TG investigations) are in agreement with 
those presented in Table i. 

Our investigations, which gave the results in Table I, 
show that the condensation reactions upon heatin~ of 

5 O  
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Fig. 6. TC diagram of the PCS from MezSiH z not tempered (Table 2 with Si:C:H 1:1.5:2.5) in a nitrogen atmosphere with different heating rates: 
(a) 3 °C rain- t, (b) 8 °C rain- t 
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PCS-TMS result not only in elimination of H 2, (SH 4 

and low molecular weight methylsilanes, but also in 
viscous earbosilanes as a distillate. The ceramic yield, 
however, decreases between 1000 and 1500 °C to a low 
value. This is exactly the same as with (-Me2SiCH2-),. 
and the PCS formed from MesSiCI and Me2SiCI 2. 
Therefore, the polycarbosilanes formed are not suitable 
precursors for the formation of t-SiC, although the 
C:Si ratio in the product falls at higher temperatures. 
The PCS from the gas phase pyrolysis of Me3SiH and 
Me2SiH, gave much better results. The ceramic yield 
from the PCS B from Me,Sill 2. with Si:C:H 1:1.2:0.3, 
which are obtained at 900 °C is clearly better than those 
from the PCS A (Table I). It is informative to compare 
the ratio Si:C:H in the PCS from SiMe 4 (Si:C:H 
1:2.54:5.8) with that obtained from M%SiH (1 2.3:5.6) 
and the ceramic yields of these materials at 800 "C. The 
ceramic yield of the PCS from SiMe4 decreases to 10% 
and that of the PCS from Me,Sill to 47%. When PCS 
fl'om SiMe 4 is heated. 90% of a viscous carbosilane 
mixture distills out between 650 and 800 °C. In contrast. 
only 10% distills out as a viscous product from the PCS 
obtained from Me,Sill. The ceramic yields from poly- 
meric (-Me.,Si-CH2-) . and from the PCS obtained 
from SiMe.~ at 800 °C are both 10%, although the 
structures of the pr(ducts are different. We thus con- 
clude that the structural difference has no influence on 
the ceramic yield. Compared with the behaviour of the 
polycarbosilanes listed in Table I, the presence of Sigh 
bonds in the PCS from Me,Sill. M%SiH, (and MeSiH ~ 
[ I I ])  inlproves the condensation to the ceramic product. 
This agrees with the results of investigations on [= 
H~Si~CI:I~=I,, by Snlith [12] and Intetvante and 
coworker~ [ 13]. 

The TG investigations ,rod Xoray powder patterns 
(Figs. 3, 4, 5 and 6) show that B-SiC ts tbrmed from the 
PCS from Me:SiH~ (Table 2). The weight loss in the 
measurements under either an argon or a nitrogen atmo- 
sphere is about 16 to 17%, and in vacuum about 42%. 

An advantage of the PCS from Me,Sill, when com- 
pared with those described in Retd. [12,13] is that 
Me,Sill, can easily be made from Me,SiCI, and that 
the gas phase pyrolysis yields the polycarbosihmes 
without significant problems. 

4. Experimental 

4.2. Thermal gravimetric experiments 

Fig. 
heating 

Fig. 
heating 
weight 
min -I, 

Fig. 
heating 
weight 
min- ' ,  

3: initial weight 156.86 mg. Ar atmosphere, 
rate 5 °C rain -~, weight loss 0.7%. 
5: (a) initial weight 43.0 mg, N, atmosphere, 
rate 3 °C min -~, weight loss 16.3%; (b) initial 
30.9 mg, 5.9 x 10 -4 mbar, heating rate 3 °C 
weight loss 42.0%. 
6: (a) initial weight 43.0 rag, N., atmosphere, 
rate 3 °C rain -~, weight loss 16.3%; (b) initial 
50.5 rag, N 2 atmosphere, heating rate 8 °C 
weight loss 13.0%. 

4.3. Synthesis of Me 2 Sill,. 

Me2SiH 2 was made by reaction of Me,SiCI: with 
LiH in an LiCI/KCI salt melt at 400 °C [14]. Before the 
LiH was added the salt melt was heated in vacuum to 
400 °(2 in order to remove water. Then M%SiC! 2 was 
heated to its boiling point and bubbled through the melt 
with He as era'tier gas. The hydrogenation proceeded 
steadily and was complete with respect to both C! 
atoms, giving Me2SiH 2 in a yield of above 90%. The 
Me2SiH 2 was condensed in cold traps and purified 
from traces of Me,SiCI., (~H, '°Si NMR spectra) by 
fractional conttensation. 

4.4. The products of MeaSiH, pyrolysis 

The pyrolysis of Me~Silt~ was carried out at 620 '~C 
with 500 g of tv~c,~ Itt (tbr filrther details see Ref. [2]), 
and 455 g (91%) of high molecuhu" weight conlpt unds 
with a boiling point above 60 °C were isolated. From 

r ~ '  the reactor tube wc isolated 71 g of a e. tduc which is 
insoluble in organic solvents and has not yet been 
investigated fltrlher. In the traps tnlder the reactor tube 
we collected 384 g of a fluid mixture of high molecuhu" 
weight compounds. These were separated by distillation 
at 190 °C and 0.01 x 10 ~'~ Torr to yield 95 g of a pale 
yellow powder (PCS fi'om M%Sill,, Table 2) and 295 
g of a fluid mixture of carbosihmes. The pale yellow 
powder), PCS lot'ms a viscous melt between 140 and 
160 °C. The gaseous and high volatile compounds 
formed in pyrolysis are similar to those from earlier 
investigations of Me: Sill ~ pyrolysis [2]. 

4. I. h,strumcntal 

Thermal gravimetric measurements were can'ied out 
with a Co, Netzsch STA 409 apparatus, Pt/Rh furnace, 
TG-DTA sample holder in Al,,O, crucibles. "['he IR 
spectrum was recorded with KBr pellets on an Fr-IR 
spectrometer (Bruker IFS 28). X-ray powder patterns 
were obtained with a Stoe Stadi P, Cu K a,  35 mA 40 
kV instrument. 

Acknowledgements 

We thank the Deutsche Forschungsgemeinschaft and 
tile Fonds der Cilt:mischen Industrie for financial sup- 
port of these investigations, the Bayer AG Leverkusen 
for girls of chemicals, and Professor Dr. R. Riedel, 
Darmstadt for thermal gravimetric measurements on 
carbosilanes. 



D. Tiigei et al. / Journal of  Organomcmllic Chemi.~try 521 f1996) 125-131 131 

References 

[!] I. Kovacs, J. Magull mid G. Fritz, Bull Soc. C;,im. Ft., 132 
(1995) 585. 

[2] G. Fritz and E. Matem, Carln~silanes, Springer, Berlin, 1986; G. 
Fritz, Angew. Ch¢'m., int. Ed. EngL. 26 ( ! 987) ! ! I !. 

[3] G. Fritz and R. Huber, 7.. Anorg. Allg. Chem.. 421 (1976) 163. 
[4] D. T/)gei, Ph.D. Thesis, Karlsruhe, 1987. 
[5] A. Antony, Ph.D. Thesis, Karlsruhe, 1990. 
[6] G. Fritz, D. TiSgel and A. Antony, Z. Anorg. Allg. Chem., in 

press. 
[7] G. Fri.z and N. GiStz, Z. Anorg. Allg. Chem., 375 (1976) 171. 
[8] Ch. Hill, Ph.D. Thesis, Karlsmhe, 1988. 
[9] M. Birot, J.-P. Pillot and J. Dunogues, Chem. Rev., 95 (1995) 

i 443. 

[10] Y. Hasegawa, M. limum and S. Yajima, J. Mawr. &'i.. 15 
(1980) 720; Y, Hasegawa and K. Okamum, J. Mawr. &'i.. 18 
(1983) 3633; J. Mawr. Sci.. 21 (1986) 321. 

[I I] W. BiScker and !|. Hausner, Ber. Deut.~ch. Kemm. Ges.. 55(4) 
(1978) 233; G. Fritz, J. Maas and A. Homung, Z. Anorg. Allg. 
Chem.. 460 ( ! 980) I 15. 

[12] T.L. Smith, Chem. Ahstr.. 106 (1987) 106920; US Pawnt 
4,631,I79, 1986. 

[ ! 3] C.K. Whitmarsh and L.V. lnterrante, Or,~anometall&'s, ( 199 i ) 
1336; L.Y. Yang and L.V. lnterrante, Polym. Prep.. 33 (1992) 
152; L.V. Interrante, C.K. Whitmarsh, T.K. Trout and R. 
Schmidt, in R.M. Laine (ed.), inorgarfic and Organometaltic 
Polymer.~" with Spectroscopic Properties, NATO ASI Ser. 206 
(E), Kluwer Academic, London, 1992, p. 243. 

[14] W. Sundermeyer and O. Glemser, Angew. Chem.. 20 (1958) 
625. 


