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creased ceramic yields. Another fact less emphasized is 
that pyrolysis gases from these organic groups are evolved 
primarily a t  higher temperatures. This becomes a critical 
issue when fabricating parts from these preceramic poly- 
silazanes. As the temperature increases, the pyrolytic 
residues become increasingly more rigid and the nonde- 
structive, controlled removal of the gaseous products be- 
comes more difficult. 
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The pyrolysis under argon and under ammonia of Yajima's poly(carbosilane) (PCS) was studied by means 
of thermogravimetric analysis associated with continuous mass spectrometry of the gases evolved. The 
degradation of the polymer skeleton under argon leads to the evolution of methylsilanes and higher linear 
oligomers; the escape of hydrogen starts simultaneously. Mechanisms of pyrolysis are proposed, which 
involve in a first step the homolytic cleavage of Si-H and Si-C bonds in the poly(carbosi1ane) skeleton. 
Under ammonia, amination and carbon removal (mainly as methane) start well below the thermal de- 
composition of ammonia. The first step likely corresponds to the nucleophilic substitution of Si-H bonds 
by ammonia; Si-C bonds are substituted at higher temperature, and homolytic cleavages are probably 
involved. However, H-abstraction from N-H bonds hinders the cross-linking via Si-Si and Si-C-Si bridges, 
thus allowing complete nitridation. 

Introduction 
Since the early work of Verbeekl and Yajima,2 the 

preparation of silicon carbide and silicon nitride ceramics 
by pyrolysis of organosilicon polymers has led to numerous 
publications, which have been reviewed by several au- 
t h o r ~ . ~ - ~  Insights into the thermolysis chemistry are 
necessary in order to choose suitable polymeric precursors 
as well as to set up the procedure of the pyrolysis step, such 
as the temperature, the heating rate, and the atmosphere 
(inert or reactive gas, or vacuum). In practice, the use of 
a reactive atmosphere may drastically modify the nature 
of the ceramic material for a given precursor. 
Thus, the production of Sic Nicalon fiber first developed 

by Yajima et a l . ' p 6  was based on the curing of poly(carb0- 
silane) (PCS) fiber by heating in air. This oxidation stage 
makes the melt-spun PCS fiber infusible before its final 
conversion into ceramic at  higher temperatures under 
nitrogen. The oxygen introduced during the curing step 
is still present after the pyrolysis, and the continuous phase 

(1) (a) Verbeek, W. Ger. Offen. 2,218,960,1973. (b) Winter, G.; Ver- 
beek, W.; Mansmann, M. Ger. Offen. 2,243,527, 1974. (c) Verbeek, W.; 
Winter, G. Ger. Offen. 2,236,078, 1974. 

(2) (a) Yajima, S.; Hayashi, J.; Omori, M. Chem. Lett. 1976, 931. (b) 
Yajima, S.; Okamura, K.; Hayashi, J. Ibid. 1976, 1209. 

(3) Wynne, K. J.; Rice, R. W. Annu. Rev. Mater. Sci. 1980, 14, 297. 
(4) Atwell, W. H. Silicon-Based Polymer Science. A Comprehensive 

Resource; Adu. Chem. Ser. 224; Zeigler, J. M., Fearon, F. W., Eds.; Am- 
erican Chemical Society: Washington, DC, 1990; p 593. 

(5) Peuckert, M.; Vaahs, T.; Buck, M. Ado. Mater. 1990,2, 398. 
(6) Hasegawa, Y.; Iimura, M.; Yajima, S. J. Mater. Sei. 1980, 15, 720. 

in the final fiber is actually an amorphous silicon oxy- 
carbide phase.I 

Pyrolysis under an ammonia atmosphere has been also 
used?pg It completely changes the elemental composition 
of the ceramic material by removing carbon and incorpo- 
rating nitrogen. Thus, PCS cured either by electron ir- 
radiations or thermallyg is converted to silicon nitride by 
pyrolysis in ammonia, whereas PCS cured by oxidation 
leads to silicon oxynitride? The pyrolysis in ammonia may 
also be used to remove the excess carbon from Sic or Si3N4 
ceramic powders.1° Many papers have been devoted to 
the thermal conversion of PCS under argon. The struc- 
tural evolution of the materials during the pyrolysis was 
investigated by IR, NMR, and X-ray absorption spec- 
tros~opy,"-'~ while the analysis of the volatile products was 

(7) Lipowitz, J.; Freeman, H. A.; Chen, R. T.; Prack, E. R. Ado. Ceram. 

(8) Okamura, K.; Sato, M.; Hasegawa, Y. Ceram. Int. 1987, 13, 55. 
(9) Burns, G.; Chandra, G. J. Am. Ceram. SOC. 1989, 72, 333. 
(10) Van Dijen, F. K.; Pluijmakers, J. J. Eur. Ceram. SOC. 1989, 5, 

(11) Okamura, K.; Sato, M.; Matauzawa, T.; Hazegawa, Y. Ultra- 
structure Processing of Advanced Ceramics; Mackenzie, J. D., Ulrich, D. 
R., Eds.; Wiley & Sons: New York, 1988; p 501. 

(12) Soraru, G. D.; Babonneau, F.; Mackenzie, J. D. J. Mater. Sci. 
1990,25,3886. 

(13) Taki, T.; Inui, M.; Okamura, K.; Sato, M. J. Mater. Sci. Lett. 
1989, 8, 918. 
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R.; Olry, P.; Cotteret, J.; Dixmier, J.; Miquel, J. L.; Hommel, H.; Legrand, 
A. P. J. Mater. Sci. 1989,24,1503. (b) Laffon, C.; Flank, A. M.; Lagarde, 
P.; Bouillon, E. Physica B 1989, 158, 229. 
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Table I. Ceramic Yields, Elemental Analysis, and Silicon 
Loss for PCS Pyrolyzed at 1350 OC in Argon, and at 750 and 

1350 "C in an Ammonia-Argon Mixture (30/70 v/v) 
ASi/Si,,, 

conditions yield, % % Si % C % H % 0 % N % 
1350 "C, 42 57.4 38.2 0.2 1.3 52 

750 O C ,  61 48.2 7.2 3.7 2.6 36.6 41 

1350 "C, 54 56.2 4.8 0.4 4.8 37.3 39 

carried out by GC and MS15J6 and by gas evolution mea- 
s u r e m e n t ~ ~ ~  in addition to the usual thermal analysis 
methods (TGA, DTA). The thermal conversion of PCS 
under ammonia was investigated mainly by NMR spec- 
troscopy,18 by elemental analysis," and thermogravimetry? 

Some mechanisms have been proposed for the cross- 
linking and the mineralization of PCS,''P~~ but very little 
has been done concerning its thermal fragmentation in 
argon or in ammonia, although this step governs the ce- 
ramic yield.3 As to the nitridation of PCS, it is not known 
whether it proceeds via nucleophilic attack of ammonia5 
or by reactions involving the NH2 radicals, generated 
during the decomposition of In this work we 
investigated the thermal reactivity of PCS in argon and 
in ammonia, by means of thermogravimetric analysis as- 
sociated with the continuous mass spectrometry of the 
gases evolved during pyrolysis (TG/MS analysis). TG/MS 
analysis is a valuable tool for investigating the thermal 
reactions occuring during the pyrolysis of ceramic pre- 
cursors; it complements the information gained by other 
essential techniques, such as elemental analysis and sol- 
id-state NMR. 

Experimental Section 
Materials. The PCS used for this study originated from Dow 

Corning (PC X9-6348); according to gel permeation chromatog- 
raphy (GPC) its number average molecular weight (M,) relative 
to polystyrene standards is 1420 g mol-' and its weight average 
molecular weight (M,) is 3030 g mol-' (see Figure 2). Elemental 
analysis led to the following atomic compositions: SiC1,95H1,7. 
According to Soraru et al.,12 this polymer is mainly built of 
-Si(CHd2CH2- and -Si(CH3,H)CH2- units in a 1/1 ratio, although 
a significant amount of cross-linking units is certainly present.l9 

We chose to study PCS without further cross-linking in order 
to avoid the presence of oxygen atoms. 
Techniques. TG/MS Analysis. Thermogravimetric analysis 

(TGA) was carried out using a Netzsch STA409 thermobalance. 
Typically about 20 mg of sample was heated in an alumina crucible 
from room temperature to 1200 "C at 10 K m i d  in a stream of 
pure argon or an ammonia-argon (30/70) mixture (flow rate 50 
mL min-') to avoid the presence of ammonia in the balance 
section. 

The thermogravimetric analyzer was coupled to an Anagaz 200 
Delsi Nermag quadrupole mass spectrometer (ionization energy 
75 eV). The volatile products evolved during pyrolysis were 
sampled above the crucible by a stainless steel capillary (internal 
diameter 0.25 mm) heated at 150 OC. The capillary is connected 
to the mass spectrometer through a 32-pm molecular leak. A scan 
from 2 to 150 amu was collected and stored every 30 s throughout 
the pyrolysis process. This apparatus permits the identification 
of the different gases evolved during pyrolysis; it is possible either 
to plot mass spectra obtained at selected temperatures or to plot 
the evolution of the signal of characteristic ions as a function of 

Ar 

Ar/NH3 

Ar/NH, 

(15) Poupeau, J. J.; Abbe, D.; Jamet, J. Mater. Sci. Res. 1984,17, 287. 
(16) Bouillon, E.; Pailler, R.; Naslain, R.; Bacqu6, E.; Pillot, J. P.; 

Birot, M.; Dunogues, J.; Huong, P. V. Chem. Mater. 1991, 3, 356. 
(17) Hasegawa, Y.; Okamura, K. J. Mater. Sci. 1983, 18, 3633. 
(18) Taki, T.; Inui, M.; Okamura, K.; Sato, M. J. Mater. Sci. Lett. 

(19) Hasegawa, Y.; Okamura, K. J. Mater. Sci. 1986,21, 321. 
1989, 8, 1119. 

Table 11. Weight Composition of the Ceramics after 
Pyrolysis at 1350 OC in Argon and in an Ammonia-Argon 

Mixture (30/70 v/v), According to the Rule of Mixture 
Calculations' 

~ 

atmosphere % Si02 % Si3N4 % Sic % C 
83.0 14.5 AI 2.5 

Ar/NH3 (70/30) 8.4 87.1 4.5 

I 
0 200 400 600 800 laM 1200 1400 

Temperature ("C) 

F w  1. TG/MS analysis under argon of PCS. (-) TGA curve; 
the ion signal at m/z  2 (---) arises from hydrogen; m/z  16 (----) 
arises from methane; m/z  59 ( - . e )  corresponds to SiMe2H+ and 
arises from Me2SiH and Me3SiH. 

temperature. In the absence of standardization only qualitative 
information may be drawn from these curves. It should be noted 
that, due to the limited range of the mass spectrometer and to 
condensation in the cold parts of the apparatus, only low molecular 
weight compounds such as gases or volatile liquids are detected 
by TG/MS. Thus, a release of condensable compounds such as 
oligomers may not be detected by MS despite a noticeable weight 
loss in the TGA curve. 

Elemental Analyses. Elemental analyses were performed by 
the Service Central &Analyses du CNRS in France. The samples 
were heated in an ammonia-argon atmosphere (30/70) using a 
temperature program of 10 OC/min to the specified temperature. 

Gel Permeation Chromatography. Gel permeation chroma- 
tography (GPC) was performed in tetrahydrofuran (flow rate 1 
cm3/min) using a Waters apparatus (Ultrastyragel columns, 1O0, 
500,1000, and 10000 A, pump EF410, refractive index detector) 
and polystyrene standards. 

Results 
Elemental Analysis and Ceramic Yield. Table I 

shows the ceramic yields and compositions of pyrolysed 
PCS after heating to 1350 OC under argon. 
Loss of Silicon. The ceramic yields are quite low, in- 

dicating a significant loas of organosilicon species. The loss 
of silicon during the pyrolysis, Psi, may be calculated 
according to 

ASi = Sip - YSi, 

where Sip is the wt % silicon content of the starting pre- 
cursor, Si, the wt % silicon content of the final ceramic, 
and Y the ceramic yield. The relative loss of silicon, 
ASi/Si, calculated for each case (argon and ammonia) is 
reported in Table I. These values show that the loss of 
silicon is significantly lower when the samples are pyro- 
lyzed in ammonia, (40% compared to 52%). 

Excess of Carbon. The composition of the residues at  
1350 OC, assuming that only equilibrium phases, SiOz, Sic, 
Si3N4, and C, are present in the final ceramic (rule of 
mixture calculations'), is reported in Table 11. These 
calculations allow the evaluation of the amount of excess 
carbon in the ceramic. As expected the composition of the 
sample pyrolysed under argon corresponds to Sic with an 
excess of carbon of ca. 15%; under ammonia the compo- 
sition is close to Si3N4 with a final carbon content much 
lower than under argon. Elemental analyses also show 
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Figure 2. GPC analysis of PCS (-) and of the volatile fraction 
collected by vacuum distillation at 300 "C (---) (molecular 
weights relative to polystyrene standards). 
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Figure 3. Mass spectrum of the gases evolved at 570 OC during 
the pyrolysis of PCS under argon. 

that, a t  750 "C, most of the carbon is removed and that 
the amination is complete (actually there is even an excess 
of nitrogen a t  750 "C compared to 1350 "C). 
TG-MS Analysis. Under argon (Figure l), TGA curve 

shows a large weight loss (ca. 23%) from 350 to 475 "C; 
no gaseous species are detected by mass spectrometry until 
475 "C, indicating that this first loss possibly corresponds 
to the distillation of volatile oligomers, which further 
condense in the cold parts of the apparatus. Indeed, the 
PCS sample used has a very low number average molecular 
weight: M, = 1420 g mol-'. The GPC curves displayed 
in Figure 2 shows that about 24% of the sample has a 
molecular weight lower than lo00 g mol-'. By vacuum 
distillation (300 "C, 0.1 Torr) a volatile fraction repre- 
senting about 19 wt % of the PCS was collected; the GPC 
analysis of this fraction, reported in figure 2, gave the 
following average molecular weights (relative to polystyrene 
standards): M, = 655 g mol-'; M, = 905 g mol-'. This 
result c o n f i i  that most of the weight loss occuring below 
475 "C may be ascribed to the distillation of the low mo- 
lecular weight oligomers initially present in PCS. 

In the temperature range 475-650 "C, a 21% weight loss 
is recorded, and a large release of organailicon compounds 
is detected, as shown by the spectrum recorded at  560 "C 
which is displayed in Figure 3. Comparison with mass 
spectral data for silane and the methylsilanesm (Table 111) 
indicates that this spectra very likely corresponds to a 

(20) van der Kelen, G .  P.; Volders, 0.; van Onckelen, H.; Eeckhaut, 
2. Anorg. Allg. Chem. 1966,338, 106. 

Table 111. Monoisotopic Mass Spectra of Silane, 
Methylsilanes, and Trimethylsilylamine 

(from Refs 20 and 22) 
m/z SiH, MeSiH, Me2SiH2 Me3SiH Me,Si MeSSiNH2 
28 23.0 24.9 24.3 5.0 1.7 
29 23.4 9.3 13.6 8.4 5.2 
30 100.0 21.5 
31 78.2 11.3 24.5 14.1 3.0 
40 0.3 2.1 
42 17.6 16.9 6.5 2.4 
43 43.4 54.9 23.4 10.7 10.0 
44 100.0 57.6 7.0 26.0 
45 66.8 70.2 13.5 16.0 
46 0.6 12.2 
53 1.7 
57 7.0 5.2 
58 75.0 21.6 
59 100.0 100.0 2.8 
60 3.0 
73 54.6 100.0 2.7 
74 100.0 
89 4.7 

I 
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Figure 4. TG/MS of PCS analysis under ammonia/argon 
(30/70). (-) TGA curve; the ion signal at m/z 2 (---) arises 
from hydrogen; m/z 13 (- - -) arises from methane; m/z 59 (. .) 
corresponds to SiMe2H+ and arises from Me2SiH and Me,SiH; 
m/z 74 (---) corresponds to SiMe2NH2+ and arises from 
M~HSiNH, or Me&iNH,; m/z 28 (--) corresponds to N2 &sing 
from the dissociation of ammonia. 

mixture of Me,SiH, Me2SiH2, and possibly SiMe4 and 
MeSiH3. The formation of SiH4, which was previously 
assumed,15 is not detected; indeed in all the spectra m/z 
30 is much less abundant than m/z 31, contrary to what 
would be expected for SiH4 (Table 111). Fragments at m/z 
117 and 131 correspond to Me2HSiCH2SiMeH+ and 
Me2HSiCH2SiMe2+ ions, which are the base ions in the 
spectra of Me2HSiCH2SiMe2H and Me3SiCH2SiMe2H, 
respectively.21a Cyclic dimers, such as 1,3-dimethyl-l,3- 
disilacyclobutane (base ion a t  m/z 101) or 1,1,3-tri- 
methyl-l,3-disilacyclobutanes (base ion at  m/z 115) are not 
observed.21b Higher oligomers are possibly formed during 
the pyrolysis of PCS, but the limited range of our mass 
spectrometer as well as condensation in the cold parts of 
the furnace preclude their detection. It is noteworthy that 
hydrogen is detected only above about 475 "C. 

The third weight loss (ca. 14% from 650 to 1150 "C) 
originates mainly from a loss of methane (mlz 14-16) 
between 500 and 820 "C and hydrogen; a small escape of 
C2 hydrocarbons is also detected from 500 to 700 "C. It 
must be added that, due to the melting of PCS before ita 
thermal cross-linking, escape of pyrolysis gases is somewhat 
discontinuous, leading to poorly reproducible shapes for 
the peaks of methane and the methylsilanes. 

(21) (a) Aulinger, F.; Reerink, W. 2. Anal. Chem. 1963,197, 24. (b) 

(22) Wiberg, N.; Uhlenbrock, W. Chem. Ber. 1971, 104, 2643. 
Auner, N.; Grobe, J. J.  Organomet. Chem. 1980,188, 151. 
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of PCS, with some modifications related to the presence 
of Si-CH2-Si linkages, and the radical mechanisms pro- 
posed reasonably apply here. Indeed, the PCS sample used 
for this study contains no significant amount of Si-Si 
bonds,12 and no SiH2 or SiH3 groups are present; thus the 
formation of silylene intermediates is un fav~rab le .~~  

It was previously assumed that the bond energy of Si-H 
was the lowest among the chemical bonds in polycarbo- 
silane,13 which is not consistent with the nearly equal bond 
energies for Si-C and Si-H reported in the literature.26*28 
Our experiments show that the escape of hydrogen and the 
loss of methylsilanes start a t  the same temperature, a t  
about 475 "C, whereas the escape of methane is observed 
above 500 "C. This indicates that the cleavage of the S i 4  
bonds in the polycarbosilane skeleton, like that of the Si-H 
bonds (reactions la ,  lb)  occurs a t  a slightly lower tem- 
perature than the cleavage of Si-Me bonds (reaction IC). 

ESi-H - d i '  + H' (la) 
- =Si-CH2-Si= -+ =Si' + 'CH2-Si= (Ib) 

=Si-CH3 - a i *  + 'CH3 ( I C )  

The radicals formed may then abstract hydrogen atoms 
to give H2, CHI, SiH, and SiCH3 groups. Tetrasubstituted 
atoms such as silicon or carbon atoms are almost never 
abstracted by free radicals>O mainly due to steric hin- 
drance; thus the abstraction of an entire group such as CH3 
or SN3,  which is often postulated, is quite unlikely. Hy- 
drogen may be abstracted either from Si-H bonds as in 
reaction 2a or from C-H bonds (reaction 2b) (where R = 
H, CH3, =Si, CH,-Si=). 

R' + H-si= - RH + =Si' (2a) 
R' + CH3-Si= (d i -CH2-S i=)  - 

RH + 'CH2-Si= (di-'CH-Si=) (2b) 
The abstraction of hydrogen attached to carbon as in 

reaction 2b should take place at higher temperature26 
because the C-H bond is stronger than the Si-H bond: 
Reaction l b  leads to the cleavage of the poly(carbosilane) 
skeleton and, after H abstraction (reactions 2), to the 
formation of Si-H and Si-CH3 chain ends (Scheme I). The 
escape of the various methylsilanes and of the linear oli- 
gosilmethylenes detected may easily be accounted for by 
successive cleavages of the carbosilane linkages followed 
by H abstractions (Scheme I). In the case of polysiloxanea, 
the main degradation mechanism consist in concerted 
redistribution of Si-0 bonds, with formation of volatile, 
cyclic oligomers?1 In the case of PCS, the escape of cyclic 
oligomers (1,3-disilacyclobutanes, 1,3,5trisilacyclohexes, 
etc.) is not observed, which suggests that the degradation 
of PCS through concerted redistribution reactions of S i 4  
bonds in the skeleton does not occur; the Si-C bonds ac- 
tually rearrange much less easily than Si-0 bonds.32 

The combination of the various d i '  and W' radicals 
formed in reactions 1 and 2 leads to the formation of Si-Si, 
Si-C, and C-C bonds, according to 

(3) R" + R2' - R1R2 (where R = =Si', =C*) 

0 20 40 60 80 100 120 140 160 

mh 
Figure 5. Mass spectrum of the gases evolved at 610 "C during 
the pyrolysis of PCS under a"onia/argon (30/70). 

Additional experiments were carried out on a PCS 
sample cross-linked by thermal treatment (5 h at 250 "C) 
under argon. The ceramic yield was increased, but the 
gases detected were the same. 
TG-MS Analysis under Ammonia. As mentioned 

above, the pyrolysis was conducted under a flow of argon 
and ammonia (30/70), a t  a heating rate of 10 OC/min. 
These conditions are of course not the most suitable to 
obtain pure silicon nitride (which was not the aim of this 
work), but they are the most suitable to obtain a dynamic 
picture of the thermal processes occurring during the py- 
rolysis. 

The thermal behavior of PCS is modif'ied in the presence 
of ammonia, as shown in Figure 4. A small escape of 
hydrogen is detected above 360 "C (instead of 450 OC 
under argon). On the other hand, the temperature range 
for the escape of methane is not modified (the detection 
of methane is based on mass 13 in order to distinguish it 
from The thermal decomposition of am- 
monia into nitrogen and hydrogen is negligible below 650 
OC, as indicated by the nitrogen evolution. Above 700 "C, 
a negligible escape of HCN (m/z  26, 27) was detected. 
Further features of pyrolysis under ammonia emerge from 
examination of the mass spectrum of the volatile silanes 
evolved around 600 "C (Figure 5). Release of methyl- 
silanes from PCS between 500 and 730 "C is again ob- 
served, with abundant ions at  m/z 59 and 73. In addition 
abundant ions at  m/z 74 and 75 (and, to a lesser extent, 
m/z  89) shows the formation of aminomethylsilanes such 
as Me3SiNH222 and Me2Si(NH2)2. Fragments a t  higher 
m / z  ratios (134, 147, etc.) are also detected which very 
likely arise from nitrided fragments of PCS. 

Discussion 
Pyrolysis under Argon. The escaping gases detected 

by TG/MS analysis (H2, CH,, Me3SiH, etc.) arise from 
condensation reactions between the various functional 
groups (Si-H, Si-CH3, C-H, Si-CH2-Si-) present in the 
precursors. The high temperatures required for the 
thermolysis of PCS (about 500-800 "C) are comparable to 
those used for the pyrolysis of EkSiH (480 0C),24 Me3SiH 
(660-710 0C)125,26 or SiMe, (700 0C).27 The gas-phase 
pyrolysis of trimethylsilane, Me3SiH, was investigated by 
means of mass s p e ~ t r o m e t r y ; ~ ~ ~ ~ ~  these studies provide a 
good background for the understanding of the pyrolysis 

(23) Compilation of Mass Spectral Data; Cornu, A., Massot, R., Eds.; 
Heyden & Son: London, 1966. 

(24) Fritz, G. 2. Anorg. Allg. Chem. 1953, 273, 275. 
(25) Davidson, I. M. T.; Lambert, C. A. J. Chem. SOC. A 1971, 882. 
(26) Paquin, D. P.; OConnor, R. J.; Ring, M. A. J. Organomet. Chem. 

1974, 80, 341. 
(27) Fritz, G.; Worns, K. P. 2. Anorg. Allgem. Chem. 1984,512,103. 

(28) Walsh, R. In The chemistry of organic silicon compounds; Patai, 
S., Rappoport, Z., Eds.; Wiley: New York, 1989; Part 1, p 371. 

(29) (a) Becerra, R.; Bertram, J. S.; Walsh, R.; Watts, 1. M. J. Chem. 
SOC., Faraday Tram. 2 1989,85,1837. (b) ONeal, H. E.; Ring, M. A. J. 
Organomet. Chem. 1970,24,97. (e) Davidson, I. M. T. Organometallics 
1988, 7, 1017. 

(30) March, J. In Advanced Organic Chemistry, 3rd ed.; Wiley-In- 
terscience: New York, 1985. 

(31) Kendrick, T. C.; Parbhoo, B. In The chemistry of organic silicon 
compounds; Patai, S., Rappoport, Z., Eds.; Wiley: New York, 1989; Part 
2, p 1319. 

(32) Moedritzer, K. In Organometallic Reactions; Becker, E. I., 
Tsutsui, M., Eds.; Wiley-Interscience: New York, 1971; Vol. 2, p 1. 
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Scheme I. Schematic Representation of the Thermal 
Fragmentation of PCS under Argon 
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Pyrolysis under Ammonia. Recent work has dealt 
with the pyrolysis of polymeric precursors under ammonia 
It was shown that in the case of PCS carbon removal and 
amination occur simultaneously in the range 0 7 0 0  "C? 
However the question arose whether the cleavage of Si-C 
bonds involves nucleophilic attack of NH3 molecules6 or 
radical reactions of the intermediates generated during the 
thermal decomposition of ammonia (reaction 6).9*35 

2NH3 - N2 + 3Hz (6) 
Elemental analysis and NMR spectroscopy showed that 

amination of PCS was nearly complete a t  600 0C.9J8 Ac- 
cording to our experiments, the dissociation of ammonia 
is negligible below 650 "C, whereas aminated fragments 
are detected as low as 500 "C; thus, the main amination 
processes do not involve intermediates generated during 
the decomposition of NH3. 

The escape of hydrogen starts at  360 "C, about 90 "C 
lower than under argon. This behavior suggests that the 
first step of the amination process corresponds to the 
nucleophilic substitution of hydrogen atoms bonded to 
silicon by ammonia (eq 7); this mechanism is quite fa- 
vorable in the case of the Si-H bond, which is sensitive 
to nucleophilic sub~ t i tu t ion .~~  

(7) 

This result is consistent with previous observations that 
the Si-H bonds of PCS are more reactive towards am- 
monia than S i 4  bonds?J8 The substitution of an H atom 
by an amino group should lead to a gain in weight; how- 
ever, this reaction occurs a t  the same time as the distil- 
lation of low molecular weight oligomers, and an overall 
weight loss results, but smaller than under argon. 

The main hydrocarbon detected is methane, which could 
arise from the substitution of methyl groups by NH3 ac- 
cording to5 

4 i - - C H 3  + NH3 - Si-NHz + CHI (8) 

The complete amination of silicon would also imply the 
substitution of methylene groups in the poly(carbosi1ane) 
skeleton: 
=Si-CH2-Si= + NH3 - Si-NH2 + =Si-CH3 (9) 

However, our results show that the escape of methane 
and organosilicon species start a t  the same temperature 
as under argon, which indicates that homolytic cleavages 
certainly take place; in addition, the reactivity of the Si-C 
bond toward nucleophilic substitution is much lower than 
that of the Si-H bond. Accordingly, above 500 "C a radical 
amination mechanism should be considered: 

=Si-R - =Si* + R' (1) 

=Si-H + NH3 - =Si-NH2 + H2 

(R = H, CH3, CHz-Si=) 

R + NH3 - RH + 'NH2 

=Si* + 'NH2 - =Si-NHz 

(loa) 

(114 

It was shown that the thermal cross-linking of PCS 
under argon above 600 "C limited the further aminationg 
by pyrolysis in ammonia, which is consistent with the fact 
that silicon carbide is not attacked by ammonia.1° If ho- 
molytic cleavages of Si-C and Si-H bonds occur, cross- 
linking reactions similar as those proposed for the pyrolysis 

~ Y Si-Ccleavage 

I I I (reaction lb) 
R R R 

R = H, CH3 

m S i - C H , - : - S i -  D m S i - C H 2 '  + * S i 0  
I 
R 

I 

CH, CH, 
H-abstraction I *  I '  

(reactions 2) I 
D m S i - C H 3  + H - S i 0  

I 
R R 

Cleavages in 1 and 2 
H-abstractions 

D CH,-Si-H 

I 

I 
I 

R 

CH3 
Cleavages in 1 and 3 

D CH,-Si-CH, 
H-abstractions 

R 

Cleavages in 1 and 4 T CH3 I 
D CH,-Si-CH,-Si-H 

I 
R 

I H-abstractions 
R 

etc. ... 

At high temperatures, the probability of Si-C and Si-H 
bond cleavage is high, the concentration of radicals be- 
comes significant, and such combination reactions cannot 
be neglected. Note that the Si-Si bonds are unstable a t  
the temperatures required by these reactions (5" > 475 
"C)" and that they very likely rearrange to more stable 
Si-CSi bonds, for example through a methylene insertion 
as in the well-known Kumada's rearrangement:33 

H 
I 

CH3 
I 

ESi-Si= + ai+H2-Si= (4) 

Reactions 3 lead to cross-linking of the polymer, which 
hinder the escape of organosilicon spe~ies .~  However, the 
hydrogen and methane evolution shows that this cross- 
linking occurs above 475 "C only: thus after the distillation 
of low molecular weight chains, which starts at  about 300 
"C, and in the same temperature range as the degradation 
of the chain backbone, as shown by the escape of orga- 
nosilicon fragments. This explains the high loss of silicon 
observed (52%). Indeed, this loss of silicon would be much 
higher unless there is significant initial cross-linking of 
PCS.16.34 

Mineralization takes place above 500 "C, with a large 
escape of methane which indicates the occurrence of re- 
actions IC followed by H abstraction. The C-H bonds are 
the strongest bonds present in PCS, and their cleavage 
according to (5) require high temperatures: 

=C-H - =C' + H' (5) 
Reaction 5 probably accounts for most of the hydrogen 
escape above 800 "C, and for the formation of unsaturated 
carbon atoms.l6 
~ ~~ 

(33) Shiina, K.; Kumada, M. J. Org. Chem. 1958,23, 139. 
(34) Schilling, C. L.; Wesson, J. P.; Williams, T. C. Ceram. Bull. 1983, 

6218, 912. 

(35) Seyferth, D. Silicon-Based Polymer Science. A Comprehemioe 
Resource; Ado. Chem. Ser. 224; Zeigler, J. M., Fearon, F. W., Eds.; Am- 
erican Chemical Society: Washington, 1990; p 565. 

(36) Bassindale, A. R.; Taylor, P. G .  In The chemistry of organic 
silicon compounds; Patai, S., Rappoport, Z., Eds.; Wiley: New York, 
1989; Part 1, p 838. 
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under argon should take place and should prevent a com- 
plete amination. However, easy, complete amination is 
observed. This may be explained by the possibility of 
abstraction of hydrogen atoms from N-H bonds, either on 
NH3 molecules (reaction loa) or on SiNHz and SiNHSi 
groups: 

R + =SiNH2 - RH + =SiNH' (lob) 

R' + =SiNHSi= - RH + (1Oc) 
(R' = =Si*, 'CH3, 'CH2Si=, H') 

In view of the abundance of H atoms arising from N-H 
bonds, reactions 10 must compete efficiently with other 
H-abstraction reactions (reactions 2); thus, ammonia favors 
the escape of methane and silanes.37 In addition, ami- 
nation of the silicon by combinations of &? radicals with 
=N' radicals (reactions 11) also compete with other com- 
binations (reaction 3). 

=Si* + &iNH' - HN(S=), (1lb) 

=Si* + - N(Si=), (W 
Reactions 10 and 11 lead to a consumption of the rad- 

icals which hinders the cross-linking of silicon atoms via 
Si-Si or Si-C-Si bridges, thus avoiding the formation of 
amorphous silicon carbide and allowing the complete am- 
ination of PCS. 

It is not possible to state from our results whether the 
amination of the Si-C bonds involves radical substitution 
only or if nucleophilic substitution also takes place. In fact, 
both mechanisms might take place. An other interesting 
possibility is the intermediate formation of Si-H bonds,38 
followed by nucleophilic substitution: 

=Si-R - =Si* + R (R = CH,, CH2-Si=) (1) 

Si' + NH3 - Si-H + 'NH2 (loa) 
&i-H + NH, - =Si-NH2 + H2 (7) 

The comparison of the silicon loss in argon and in am- 
monia (Table I) shows that the loss of organosilicon species 

Corriu et al. 

(37) Interrante, L. V.; Whitmarsh, C. K.; Trout, T. K.; Schmidt, W. 
R. In Inorganic and Organometallic Polymers with Special Properties, 
Laine, R. M., Ed.; Kluwer Academic Publishers: Netherlands, 1992; pp 
243-254. 

(38) Kamiya, K.; Ohya, M.; Yoko, T. J.  Non-Cryst. Solids, 1986,83, 
208. 

is noticeably lower under ammonia than under argon. This 
behavior may be explained by the early amination of Si-H 
bonds (reaction 7) to give Si-NH2 groups which may then 
condense through transamination reactions (reactions 12), 
leading to a cross-linking of the chains by Si-N-Si bridges. 
These reactions are observed in the range 200-500 "C in 
the case of p o l y s i l a z a n e ~ , ~ ~ ~ ~ ~  thus they may occur before 
the fragmentation reactions. 

2=Si-NH2 - =Si-NH-Si=z + NH3 (12a) 
2=Si-NH-Si= - N ( S ~ E ) ~  + =Si-NH2 (1%) 

The removal of excess carbon from Sic  and Si3N4 ce- 
ramic powders with ammonia has been recently investi- 
gated; it was shown that carbon is removed as HCN above 
700 "C (reaction 13) and dissociation of ammonia was 

C + NH3 - HCN + Hz (13) 
observed simultaneously. lo The elemental analyses dis- 
played in Table I shows that, even under OUT conditions, 
amination and carbon removal are nearly complete a t  750 
"C, which explains why the escape of HCN arising from 
reaction 14 is negligible in the case of PCS. 

In conclusion, we have tried to give in this paper a 
complete and reasonable scheme of the reactions involved 
in the first steps of the pyrolysis of PCS. Under argon, 
simple radical reactions (homolytic cleavage of Si-H and 
Si-C bonds plus H abstraction) account both for the gases 
evolved (H2, CHI) and for the organosilicon fragments 
arising from the degradation of the polycarbosilane skel- 
eton. The escape of hydrogen starts at the sane  tem- 
perature as the fragmentation; accordingly, cross-linking 
of PCS before fragmentation, by dehydrocoupling of the 
Si-H bonds, must be discarded. Under ammonia, nu- 
cleophilic substitution of Si-H bonds by ammonia first 
occurs; a t  higher temperatures, the substitution of Si-C 
bonds probably involves homolytic cleavages; however, in 
this case, H abstraction from N-H bonds hinders the 
cross-linking via Si-Si and Si-C-Si bridges, which allows 
complete amination. 
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