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Summary 

The number of products and the H2/CH4 ratio obtained from the flow 
pyrolyses of (CH, ),GeH and (CH3)3SiH were very different. The (CHJ)3GeH 
decomposition is consistent with the following mechanism: 

(CH3)3GeH --c (CHJ),Ge- + H- 
(CH,),GeH + (CH,),ceH + ‘CH, 
‘CHJ(H-) + (CH,),GeH + (CH:,)JGe’ + CH4(Hz) 
(CHX)3Ge- * (CH,)?Ge + ‘CHX 
(CH,)?Ge + (CH1)3GeH --c (CHx)jGeaH 
2(CH,)3Ge’ - (CH3),Ge, 

The pyrolysis of (CHJ)3SiH was found to be much more ccmplex, pre- 
sumably due to the formation of silicon-carbon double bonded intermediates 
and the (CH,),Si(H)CH; radical. We also present data which supports the pre- 
sence of a H atom chain sequence durmg this pyrolysis. 

Introduction 

Double bonded (or biradical) silicon-carbon intermedlates have been pro- 
posed as precursors to the formation of 1,1,3,3-tetramethyl-1,3-disilacyclobu- 
tane [ 1, 21 and other 1,3-disilacyclobutanes [ 21. These intermediates appear to 
be present during the pyrolysis of (CHH)3SiH [2]. We have studied the pyrolysis 
of (CHJ)JGeH in an effort to elucidate the decomposltlon mechanism and to 
examine the possibility of the formation of “double bonded” germanium- 
carbon Intermediates. We have also examined the pyrolysis of (CH3),SiH under 
similar conditions to compare the decompositions of these analogous compounds, 
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Experimental 

T’rimethylgermane and (CH,),SiH were prepared by the LI.AIH~ reduction 
of theu- respective chlorides. They were identified by their infrared and mass 
spectra and their purrty was checked by GLPC. 

The (CHJ),GeH pyrolyses were carried out in a fIow system contalnrng an 
automatic Toepler pump, a thermal zone and a “U” trap. The 15 cm thermal 
zone was constructed of 1 cm OD Vycor tubmg and heated by a heating tape. 
X thermometer was seated rn a Pyrex well between the heating tape and the 
Vycor tubmg. The Cleating assembly was knell insulated with layers of asbestos 
tape. A germanium mu-ror was deposited in the thermal zone by the pyrolysis 
of Gefl, _ 

P>lrolysw of trirnetlz~lgermane 
In a typical experiment. (CHx),GeH (1.1 mmol) was pyrolyzed for 6 h at 

1703 wth the “U” trap cooled to -63”. The product fraction which passed a 
-196” trap (0.19 mmol) wa3 Toepler pumpeci Into a callhrated volume for 
quantitative determination. .A mass spectrum of thrs fraction demonstrated that 
it was CH4 and Hz In about a 30/l ratio. The fraction condensed at -196” was 
separated by trap to trap dlstlllatlon. The fraction condensed at -196” hawng 
passed a -63” trap (0.80 mmolj was (CH,),GeH. This fractiorl was rclentified 
by an Infrared and mass spectra and by GLPC. The fraction condensed at -78” 
(0.059 mmol). rvas identified c?-s 3 misture of (CH,)5Ge.2H and (CH,),Ge, _ The 
GLPC chromatogram of this mrxture conslsted of only two peaks. The retention 
time of the smaller peak corresponded to that of an authentic sample of 
(CH, IaGe,. 

The infrared spectrum of this ml?cture was essentially identical to that 
reported for (CH3)SGe2H [3( _ The proton NMR spectrum In DCCI, (for 6 be- 
tween 1 and 0) conslsted of Iwo resonances aL 6 0.267 and 0.325 (rel. rnt. 42/l) 
and a resonance at 0.51 ppm The resonances at 6 0.26’7 and 0.325 are from 
(CHS )JGeGe(CHJ)21i [3] co!xslstrn g of a slnglt-t at 0.26’7 (3CH,) and a doublet 
centered at 0 297 ppm (2CH ,) with J 1 Hz. Thus the relative lntensltles at 
6 0.267 and 0.325 ppm should be 4/l. The resonance at 6 0.21 ppm is due to 
(CH,),Ge, [4j. The ratio (CHJ)jGe,H/(CH,),Ge, was determlned to be 4.15 
from this NlllR spectrum. 

The mass spectrum (TO eV) of this mixture confirmed the presence of 
(CH>),Ge, and (CH,)5Ge,H and the absence of the ger_macyclobutane, 

(CH,)IGe<~~~ Ge(CH,)?. The peak Intensities between m/e 230-250 were 
2 

identical to those of an authentic sample of (CH1)gGe,. These relative intensities 
compared to those of (CHa),Ge2 were 1.00, 1.00, 1.03 and 0.96 at m/e 238, 236, 
234 and 232 which are the most intense peaks of (CH3),Gez in the m/e region 
230-240. The peaks m this region are all from the (C!H3),Gei Ion with different 
germanium isotopes. The presence of (CH3),Ge(CH,)2Ge(CH,)z, with a molecular 
weight two units lower than (CH3)6Ge2, would change these ratios significantly. 
The mass peaks between m/e 215-226 demonstrated the presence of (CH,)j- 
Ge,H. 



343 

Pyrolysis of trir?zefhylgertnar~e in the preserwe of 1,3-C4H,. The pyrolys~ 
of (CH,),GeH and 1,3-CJH6 (0.3 mmol ~:a&) was carrled out at 500” for 3 h 
wth the cold trap set at -63”. The vapor phase rat.10 was calculated to be l/4. 
The product fraction which passed a -196’ trap was CH, and H, (0.45 mmol). 
The fraction condensed at -196” which passed a -78” trap was (CH,),GeH 
and 1,3-C4Hb (0.36 mmol). The fraction condensed at -75” (0.07 mmol) did 
not contain (CH3),Ge, or (CH3)jGe,H. The mass spectrum of thus fraction had 
peaks in the region m/e 176-170 with the hlghest Intense peak at m/e 174. 
These peaks rvould be consistent rvrtb (CHJ)JGeCHZC(H)=C(H)CH3 with a 
molecular weight of l’i4 wth ;‘Ge (most abundant Isotope at 37%). Peaks in 
the m/e region 160-154 were also present with the highest maJot peak at m/cl 
158. This would be consistent for l,l-dlmethylgermacyclopent-3-ene ~lth a 
molecular weight of 158 with “Ge. The mass spectrum \vouId suggest that the 
germacyclopent-3-ene was present in largest quantity. 

Pyroiysrs of trrmethylsilarze 
The pyrolyses of (CH,),SiH were carried out in a quartz tube. The thermal 

zone. 3.5 X 1.6 cm (diameter), was surrounded by a Lindberg heating unit 
(Model 50531) which \\as set In brick and Insulated by asbestos block. The 
quartz Interior was coated wlttj :\ s~llcon mvrcw deposited i>>’ tile thermolysls of 
SiH, _ A high temperature thermometer was set between rhe quartz tube and 
the hearing unit. The quartz. tube was preceded Iry an automatic Toepler pump 
and followed by two “Cl” traps. 

In a typlcal experimental sequence (CH, ),SiH (0.41 mmoi I was condensed 
into one “CJ” trap at -196”. A low temperature slush bath (-83”, -is”, -63” 
r)r -57”) was placed on the other “U” trap. The pressures of (CH, ),SIH in the 
flow system were 27.5, 20.5, 7.0 and 3.5 mm when the -57. -63, -78 and 
-83” slush baths were used. The oven temperature (- 710”) was recorded and 
the Toepler pump was set into operation. The liquid nitrogen bath (-196”) was 
removed and the (CHx),SiH vaporized. Xftet 15 mmutes, the -196” bath was 
replaced and the Toepler pump allowed to operate for 5 minutes. X Teflon valve 
between the oven and Toepler pump was closed. The Toepler pump was now 
operated to compress the H,-CH, product. mixture Into a small calibrated 
vo!ume for quantitative determination. X sample of this misture was then 
analyzed mass spectroscopically to determine the HZ/U-i, ratio. The mass 
spectrometer was calibrated with known mixtures of HZ and CH,. The H?-CH, 
mixture was pumped off and the experiment was repeated with the same sample 
of (CH,),SiH. However, the surface now was at least partially coated with a 
polymeric product from the last p>Tolysis. 

The initial H,-CH, fractions produced over a fresh surface* from p_yrolysos 
carried out with a -57, -63, -78 and -83” cold trap had H,/CH, ratios of 
1.17 2 0.1, 1.25 t 0.1, 2.11 2 0.2 and 3.25 + 0.3 respectively. The successive 
pyrolyses over polymerically coated surfaces produced Hz /CH., ratios that were 
higher than those of the mitial runs. As an example, for pyrolyses with a -63’ 
cold trap, the HJCH, ratio was 1.25, 1.59, 1.51,1.67,1.89,1.85 and 2.18 
for successive 15 minute pyroIyses with the same (CH3)&H over a surface 

* the same results were obtamed orer a stl~con mu-rot and a ticon-caxbon surface whxb resulted 
from the 34 h heating. in stu. of Lhe ~olvmeric product at the reactlon temperature (710c). 
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TABLE 1 

hfA.SS SPECTRUTU OF HEAVY PRODUCTS FROhI PYROLYSIS OF (CH313St” (15 eV) 

Rel.aL~be mLensty Suggested products 

146 0.13 (CH3L5S1, 
(CH3)3SICH2Si(CH3)2H 
(CH~)?SI(H)C~H?SI(CH~),~~ 

14-l 0.05 [(CH3)2SiCHr, 12 
132 0.21 (CH3)5St, H 
131 0.55 (CH,)sSt,+ 

CH2 

130 0 80 
/ \ 

(CH3)zSl 
1 / 

WCH3 )H 

CH? 
CH, 

/ ‘\ 
153 0.12 (CH~)SI 

. . 
SdCH3P 

/ 
CH2 

118 0.17 (CH3):.!h2H2 
117 0.86 (CH3LaSt>H+ 
116 o.i9 P= 
115 0.85 P-l 

101 0 -f5 P-I 5 
i3 1 00 (‘X3)3.51+ 

=Pls 
“2 

H 
\ A&/ 

H 

jS’\ / ‘, 
“3C C CHJ 

“2 

covered each time by more I)olymeric product. For the experiments wth the 
-83” cold bath, this ratio rv?nt as high as 1.60 on a seventh pyrolysis. 

in a few esperlments tb!e product fraction condensed In the cooled “U” 
trap was analyzed gas chrom3tographically and mass spectroscopically. The gas 
chromatogram contamed nine -major and three very minor peaks for compounds 
heavier than (CH3)ASi. In Taole 1, we Ilst a typical mass spectrum of the heavy 
product fraction at 15 eV where peaks are primarily due to parent Ions. 

The pyrolysis was also carried out in the same reaction tube after quartz 
rods were dropped Into the ti~ermal zone. These rods were coated with a silicon 
mirror from SiHJ pyrolyses. The quartz rods increased the surface to volume 
ratio by 6.84. The H2/CHJ ratio (with a -57” bath) was approximately i-14 
both before and after the beads were added. In 15 mmute pyrolyses, the quan- 
tity of the H2-CH4 mixture produced was 0.43 and 0.38 mmol in the un- 
packed vessel and 0.23 and 0.21 mmol m the packed vessel. The reaction volume 
of the packed reaction tube was 33 % less than that of the unpacked reaction 
tube. The quantity of the Hz-CHJ mixture normally decreased from run to run 
as more polymer was deposited. 

Results 

Trimethylgermane 
The volatile products from the pyrolysis of (CH3)LIGeH in a flow system 

at 470”, with a -63” trap present to remove less volatile products, were CH4 
and H, in a 30/l ratio and (CH3)jGezH and (CH,),Ge, in a 4/l ratio. The ab- 
sence of even small quantities of germacyclobutanes was also demonstrated by 
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mass spectra, GLPC and proton NMR spectroscopy. This pyrolysis was also 
carried out in the presence of a 4/l excess of 1,3-CaHb. In this experiment, the 
formatIon of (CHJ)jGelH and (CHa)6Gel ceased while GeH,CH2C(H)=CHCH3 
and l,l-d~methyigermacyclopent-3-ene were the probable products along with 
wnylcyclohexene, a product from the neat pyrolysis of 1 ,3-C4 Hb . 

The above results are consistent with the followmg mechanism: 

(CH,)lGeH + (CH3),Ge’ + H’ (1) 
(CH,)lGeH -, (CH,),&H + ‘CH, (2) 
‘CH,(H’) + (CH,),GeH 4 (CH:,)3Ge’ + CHq(H,) (3) 
(CHJ),Ge’ -c (CHJ)?Ge + ‘CH3 (4) 
(CH,),Ge + (CH,),GeH --t (CH,):Ge?H (5) 
2(CH3 We- -+ (CH3 ),,Ge2 (6) 

A decomposition similar to that proposed for reaction 1 occurs in the pyrolysis 
of (CH,),Ga. The first step IS loss of a CH3 radical from (CHx)jGa, while the 
second is the loss of a second CH3 radical from the (CH,),Ga’ radical (eqn. 7) 

t51. 

(CH,),Ga- --, (CH,)Ga + ‘CH, (7) 

The results with 1,3-C3H6 pres-znt are consiste;lt with the presence of both 
(CH3)XGe’ radical and (CH,)?Ge [eqns. S-lo]. 

v? ‘I’? 
(CH,),Ge’ + H,C=C-C=CH, * (CH3jjGcCH-,C=CCH; 

HH HH 

(CH3)3GeCH2&=dCH2w 
HdbsLracllon 

* (CH3),GeCH2&=&H, 

HH 

(CH,),Ge + H,C=&(~=CH? L* 
!Y 

/,c=c \ 

(8) 

(9) 

(10) 

H&- ‘CH, 
\ /’ 

,Ge\ \ 
CH; “CH, 

Trimethyisrlane 
The pyrolysis of (CH,),SiH was examined at 710” in a flow system con- - 

tainlng a cold “U” trap that removed products less volatile than (CH3)3SiH. The 
pyrolyses were carried out over a sliicon mirror or a silicon-carbon surface ob- 
tained from the pyrolysis of the polymer formed in these reactions. Both sur- 
faces produced the same results. The products included H, and CH, . The 
Hz /CH3 product ratio increased as the pressure of (CH, jJSiH decreased. The 
ratio was 1.17 + 0.1, 1.25 + 0.1, 2.11 k 0.2 and 3.25 f 0.3 at (CHX)XSiH pres- 
sures of 27.5, 20.5, 7.0 and 3.5 mm respectively. The above resuk were ob- 
tained over a fresh silicon or silicon-carbon surface. The H&H? ratios ob- 
tained in pyrolyses over surfaces containing polymeric product increased essen- 
tially as a function of total reaction over that surface. Thus any error in the above 
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ratios due to secondary reactrons due to polymeric product decomposition would 
have increased most for the pi rolyses at highest pressure. !Ve can thus conclude 
that the H,/CH, ratlo increase with a decrease in the (CH3)sSiH pressure was not 
due to secondary effects. 

A gas chromatogram of the heavy product fractron demonstrated the pre- 
sence of 9 major products and possiblj 3 minor products. The mass spectrum of 
this misture is listed tn Table 1. This mass spectrum can be accounted for by the 
compounds listed in Table 1. These are the same compounds suggested as prod- 
ucts by Davidson and Lambert 1-31 who identified them solely by a mass spectrum 

The (CH,)>SIH pyrolysrs over a silicon mirror was examined as a function 
of ssurface to volume ratio. This ratio was increased by 6.84 while the H,/CH, 
ratio remalned constant. The total H,-CH, product fraction decreased in quan- 
tity by about 45%. This lower rate was due to a 33% decrease in reaction volume 
(same pressure) and about a 13 ,% decrease caused by a lower temperature in the 
thermal zone. The lower temperature was the result of polymer deposii:ron inside 
the thermal zone acting as an insulatmg layer. These data strongly suggest that 
the (CHJ),S~H pyrolysis IS homogeneous over a slllcon mu-ror and the sillcon- 
carbon polymer deposited during the reaction. 

Discussion 

The gas phase pyrolysis of (CH,),GeH \vas found to produce only four 
volatile products whose formation could be esplamed by eqtis. l-6. This result 
was very different from that of the gas phase stirred-flow pyrolysis of (CHI I3 - 
SiH reported by DaVIdSOn imd Lambert where eleven products including disila- 
cyclobutanes were obtained 121. Smce OLU investigation of the pyrolysis of 
(CH3)JGeH wti carried out under somewhat; different conditions than that of 
Davidson and Lambert, we repeated the pyrolysis of (CH,)3SiH under the 
same conditions we had used for the pyrolysis of (CH,),GeH. In our (CH3)3S~H 
pyrolysis. we obtained the .came array of protlucts reported by Davldson and 
Lambert [2] _ Thus the pyrolyses of (CHJ)3SiH and (CH,),GeH are indeed very 
dtiferent. 

The additlonal produc1.s in the (CH3),SiH pyrolysis can be accounted for 
by the presence of silicon--carbon double bonded intermediates such as 
(CH,)zSi=CHr and HJCSl(H)=CH2 and the presence of the (CH,),Si(H)CHS 
radical [3-l. Reactions represented by eqns. 1-3 for (CH, ),GeH are presumed 
common to both systems. For (CHJ),&H. reaction 11, can apparently compete 

H 

CH,(H) + (CH3)3SiH - (CH3)2!&CH2 f CH,(H,) (11) 

with the silicon analog of reaction 3. For (CHa)aGeH, abstraction of a proton 
from the methyl group cannot occur m competition with abstraction of the 
germyl proton. This is the result of the fol.loHiing relative bond energies: carbon 
-hydrogen > silicon- hydrogen > germanium-hydrogen [6, 71. Thus in 
(CHx)JSiH, H atom abstraction by a methyl radical (or H atom) can take place at 
carbon (favored numerically) and silicon (favored by lower actlvatlon energy) 
[7 j while in (CH,),GeH, the abstraction only occurs at germanium due to a 
presumed much lower activation energy. 

The double-bonded intermediates (CH3)2Si=CH2 and HJCSi(H)=CH2 are 
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presumed to arise from the (CH3),Si(H)CHI radical. Davidson and Lambert sug- 
gested that chain sequences were absent and thus the dolible-bonded intermedia- 

tes could not arise from a unimolecular decomposition of the ( CH3)? SI( H)CHi 
radwal. They suggested that this radical underwent disproportlonation reactions 
such as represented by eqn. 12. 

(CH,),%(H)CH; + (CH,),Q’- (CH,),SIH + (CHj),S~=CH, (12) 

It has now been established by Walsh and 1V4ls 181, by this study, and apparent- 
ly also by DavIdson and Howard [8], that the (CH,)3SiH decomposition does 
contain chain processes, at least for HI, formation. Thus it is possible that the 
double-bonded Intermediates are formed by unlmolecular decompositions of the 
(CH,),%(H)CHi radical, as shown by eqns. 13 and 14. 

(CH3)?S~(H)CH; - (CH,),SI=CH, + H- (13) 
(CH,),Si(H)CHl -+ CH,SiH=CH? + CH; (14) 

The results obtamed b:; LValsh and Wells demonstrated that in the pyroIysls 

of (CH3)>StH, short chains occur In the formation of Hz [S]. We found that thll 
ratio of Hz/CH4 produced Increased 3s the pressure decreased. This would be 
consistent with the presence of chain sequences. The formation of (CH,)zS~=CH2 
by reaction 13 could be the chsun propagation step for H, formation since the Ii 
atoms formed would react by the silicon analog of reaction 3 or by reaction 11 
If CH,SIH=CH? IS formed by reaction 14, a chain process would be operative 
for CH, formation since the ‘CH, radicals would react in the same manner as H 
atoms. Srnce the chain propagation steps proposed Involve unIrtlolecular de- 

compositions of the same species [(CH3)?S~(H)CHI 1, the chrvge In H,/CH4 
product ratlo could be explained by one or both unimolecular decomposition 
routes taking place III their fall-off regon. Calculations using reasonab!e estlma- 
tes of parameters suggest that the experimenral pressures were too high for 
either route to be In its low pressure fall-off region. Thus it wou!d appear that 
the H atom chain sequence eslsts Lvhile the ‘CH, radical chain sequence does 
not*. This conclusion IS consistent wth the experimental A factors determmed 
for the pyrolysis of (CH3)JSiH by Dawdson and Lambert [2]. They obtained 
,-I factors of lo”-’ and lO’s.6 for CH, and H2 formation respectively. Estimated 
values for non-chart1 mechanisms would be lOI ’ and lO’4-s respectively**. The 
high experimental value obtamed for H, formatlon IS strongly suggestive of a H 
atom chain mechanism while the experimental value ObtaIned for CH, forma- 
tion IS essentially that expected for the saloon analog of reaction 2. 

The Increase In the H2/CH4 ratio as the pressure of (CH3 I,SIH decreased 
can be accounted for by an increase In the H atom chain length with decreasing 
(CH3)3SiH pressure**X. 

l Tk ~npbes lhat D[‘CH2(H)Sl(CH3)-CH31 > D[‘CH?_(CH~JZSI-HI. 
* l For lhe process, (CHJ)~SIH - (CH3)jS~ + H. the value oi 1014.5 was calculated from ~ransr~oo 

state theory and LS a maxunurn vaJue based on lowering of twc H atom beodmg vlbrallons in lbe 
t.rans~tmn stale. For hydrocarbons. these processes hake A faclors of aboul 10i4. For the process. 
(cH313S~H - (CH3)~SNH)’ + ‘CH3. the 4 factor should be peatly Increased due LO lower fre 
suencies for motions lnvolvlng the leawng methyl groups. For hjdrocnrbom rhese ~Jues IQ. 101 
range between 10’6-J~‘7 and the best value [lOI for clobutane 1s lOI6 ?. 

l l * The steps Involved III Hz formatron are the sd~con analog of reactloos 1.3 (wth H). 11 (wttb H) and 
13 foJJou.ed b> timeriwtion 01 double bonded mtermedlales ano wcombmarmn of alyl radicals 
For a cham to exist IL LS requrcd Lhzt 1~1 1 > h3 and that reaction 13 be faster tbao recomblnatlon 
reactions u~volv~ng lhc (CHJ)~SI(H)CH! radlcaJ. With these assumptions. Lhc than length of Lhe H 
atom ch;un sequence is ProportIonal lo the pressure of (CH~)~SIH-‘I?. 
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