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Pyrolysis of trichlorosilane in the presence of chloroform 
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The pyrolysis of trichlorosilane in the presence of different amounts of chloroform and 
the copyrolysis of HSiCI 3 with buta-l ,3-diene in the presence of I tool.% chloroform were 
studied. The enthatpies of formation of  products resulting from the pyrolysis of HSiCI 3 in the 
presence of chloroform were calculated by the quantum chemical method. Based on the 
thermochemical data as well as data from GLC and mass spectrometry, it was concluded from 
the condensate composition that introduction of chloroform into the zone of pyrolysis of 
HSiCI 3 favors generation of silylenes. 
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To  increase the degree o f  conve r s ion  and  t he  yields 
o f  the  desired p roduc ts  in the pyrolysis of  t r i ch lo ros i l ane ,  
c o m p o u n d s  easi ly  d e c o m p o s a b l e  in to  r ad i ca l s  a n d  
ha loca rbenes  are usually i n t roduced  into the  r eac t ion  
zone .  ! - 9  Halogen derivatives (CHF2CI ,  CH2CI 2, CH3CI ,  
CHCI3)  are the  s t rongest  in i t ia t ing  agents ,  w h e n  added  
in c o n c e n t r a t i o n s  varying f rom 0.5 to 10 tool .%. 

In the present  work,  the  pyrolysis of  t r i ch l o r o s i l ane  
in the  presence  o f  ch lo ro fo rm was studied.  It was  in te r -  
es t ing  to d e t e r m i n e  how the a m o u n t  o f  c h l o r o f o r m  and  
the  t empera tu re  o f  the  reac t ion  zone  affect the  c o m p o s i -  
t i on  of pyrolysis products .  

Experimental 

A mass-spectrometric analysis of the final products was 
performed with an MKh-1303 spectrometer. The quantitative 
composition of pyrolysis products was determined by GLC 
with an LKhM-72 chromatograph equipped with a katharometer 
(t2.8% PMS on an INZ-600 substrate as a stationary phase; 
He as carrier gas). 

Copyrolysis of HSiCI 3 with chloroform in the molar ratios 
100 : I and 1 : 1 was studied at 350--600 ~ and with a 
residence time (z) of the reagents in the reaction zone of 30 s. 

Pyrolysis and eopyrolysis were performed in a hollow quartz 
tube (inner diameter 28 ram. reaction zone length 400 ram). 

Pyrolysis of trichlorosilane in the presence of 1 tool.% 
chloroform. A mixture of trichlorositane (27.1 g, 0.2 moo and 
chloroform (0.24 g, 0.002 tool) was passed through a hollow 
quartz tube (heated to 575 ~ with a velocity sufficient for the 
reagents to stay in the reaction zone for 30 s. The resulting 
condensate.(26,1 g)-contained (GLC and mass spectrometry.) 
HSiCI 3 (65.1%, m/z 133 [SiCI31~), SiCI 4 (25.8%, m/z 168 
[SiCI4}+), tetrachlorodisi tane ( ! )  (I .7%. rn/z 197 
[SiCt2SiC12H]+), pentachtorodisilane (2) (5.1%, m/z 231 
[SiC I2SiCI3]+), hexachlorodisi lane (3) ( I .6%, m/z 266 
[CI3SiSiCI3]+), and trichloro(dichloromethyl)silane (4) (0.7%). 
The pyrolysis of trichlorosilane in the presence of I tool.% 
chloroform at other temperatures as well as the copyrolysis of 

* Deceased. 

trichlorosilane with chloroform (in the ratio 1 : 1) at different 
temperatures were carried out in a similar way. 

Copyrolysis of trichlorosilane with beta-1,3-diene (5). A mix- 
ture of trichlorosilane (27.1 g, 0.2 mol l  buta-t ,3-diene (21.6 g, 
0.4 tool), and chloroform (0.24 g, 0.002 moo was passed through 
a hollow quartz tube (heated to 560 ~ with a velocity sufficient 
for the reagents to stay in the reaction zone for 30 s. The resulting 
condensate (39.9 g) contained (GLC and mass spectrometry.) 
buta-l.3-diene (10%), HSiCI 3 (25.6%), SiCI4 (6.5%), disilane 1 
(4.1%), disilane 2 (4.9%), but-2-enyltrichlorosilane (6) (I 1.1%), 
I, I -dichloro- I -silacyclopent-3-ene (7) (19.1%), and l-chloro- 1 - 
silacyclopent-3-ene (8) (5.7%). 1~ The copyrolysis of HSiCI 3 with 
buta-l,3-diene in the presence of I tool.% chloroform at other 
temperatures was carried out in the same fashion. 

Res. l ts  and Discussion 

Table I presents data  on  the compos i t i ons  o f  c o n d e n -  
sates obta ined  upon pyrolysis o f  t r ichloros i lane  in the 
presence of  I mol.% chloroform.  A compar i son  with the 
published results 1~ shows that  the pyrolysis of  HSiCI 3 starts 
at ~350 ~ regardless of  the presence of  C H C I  3. In t roduc-  
t ion to the pyrolysis zone o f  I mol .% C H C I  3 increases the 
degree of  convers ion  o f  HSiCI 3. The  pyrolysis condensa te  
con ta ins  s i l icon te t rach lor ide ,  t e t r a ch lo rod i s i l ane  (1), 
pentachlorodis i lane  (2), and  hexachlorodis i lane  (3). 

Table 1. Influence of temperature on the pyrolysis of 
trichlorosilane in the presence of I mol.% chloroform 

7"* Condensate composition (%) 

/~  H_SiCI3 SiC'In 1 2 3 4 

350 91.5 6.5 0.6 1.2 0.2 
400 86.8 8.9 0.8 2.7 0.5 0.3 
450 82.6 11.8 0.9 3.4 0.8 0.5 
500 76.0 14.2 1.6 5.1 2.1 1.0 
550 66.2 22.7 2.1 6.4 1.8 0.8 
575 65. I 25.8 1_7 5.1 t.6 0.7 
600 64.9 27.8 1. t 4.8 0.9 0.5 

* Temperature of the reaction zone. 

Translated from Izvestiya Akademii Nauk. Ser(va Khimicheskaya, No. I0, pp. 1984--1987. October, 1999. 

1066-5285/99/4810-1960 $22.00 �9 1999 Kluwer Academic/Plenum Publishers 



Pyrolysis o f  trichlorosilane Russ.C hem.Bull., Vol. 48, No. 10, October, I999 1961 

Table 2. MNDO-calculated (calc) and 
experimental (exp) 12--14 enthalpies of for- 
mation (~H 0 of compounds and interme- 
diates discussed 

Compound, ~Hr/'kJ tool -I 

intermediate calc exp 

HSiCI3 -494.9 -481.5 
HCI -64.6 -92.3 
:SiCh -195.6 -157.3 
�9 SiCI 3 -378.3 -320.0 
HSiCI2SiCI 3 -756�9 
:SiCIH 28.4 - 
SiCI 4 -619.5 -656.3 
�9 SiCI~H -223�9 - 
HCCI 3 -121.2 -104.5 
:CCh 239.5 224.9 
�9 CCI 3 -78.4 -79.4 
HCCI2SiCI 3 -581.0 
�9 C C I 2 H  - 8 . 8  - 

To est imate  the probability o f  one or another  mecha-  
nism operat ive in ' the format ion o f  the products,  we 
calcula ted the enthalpies o f  format ion (~Hfl) of  some 
chlorosi lanes and organochloric compounds�9 In this work, 
the ~H~ 25 values were calculated by the semiempir ical  
MN D O  method  with the ChemOff ice  Pro program c o m -  
plex. As can be seen from Table 2, the calculated and 
exper imenta l  enthalpies o f  formation in most cases are 
in a good  agreement.  Hereafter,  whenever  possible, we 
will use the experimental  values. 

F r o m  compar ison of  the experimental  and the rmo-  
chemica l  data, a conclusion can be made that the py- 
rolysis o f  tr ichtorosilane proceeds through the forma- 
tion o f  highly active dicblorosi lylene.  

HSiCI 3 ~ HC] + :SiCI 2 ( I )  

&Hf l  = 231.9 kJ tool - I  

Like tr ichlorosilane,  ch loroform starts to decompose  
at 350 r to give dichlorocarbene,  tl 

CHC13 ~ HCI + :CCI 2 (2) 

AHj 9 = 237.0 kJ tool - I  

The  format ion of  disilanes 1 and 2 may be explained 
by genera t ion  of  mono-  and dichlorosi lylenes and their  
insert ion at the S i - -H  bond o f  tr ichlorosilane under  the 
pyrolysis condi t ions . I~  

HSiCI 3 + :SiCI 2 ~ HSiCl2SiC13 (3) 
2 

/&Hi -~ = -62 .7  kJ tool - i  

HSiCI2SiCl 3 ~ :HSiCI + SiCI4 (4) 

AH~ = 164.3 kJ mot -I  

:HSiCI + HSiCI 3 ~ H2CISiSiCI 3 (5) 

1 

AHr ~ = 149.6 kJ tool - I  

At the same time, the insertion of  the dichlorocarbene 
genera ted  from CHC13 under  the pyrolysis condi t ions  at 

the S i - -H  bond of  t r ichlorosi lane results in t r ich lo-  
ro(dichloromethyl)si lane.  

HSiCI 3 + :CCI 2 ~ CHCI2SiCI 3 (6) 
4 

~Hf  ~ = - 300 .0  kJ tool -~ 

U n d e r  py ro lys is  c o n d i t i o n s ,  c o m p o u n d  4 can  u n -  

d e r g o  both radical and silylene decomposi t ion.  

4 j. "CHCI 2 + "SiCI 3 (7) 
AHr ~ = 193.7 kJ tool -~ 

4 ~ CHCI 3 + :SiCl 2 (8) 

,~Hf ~ = 264.2 kJ mol - t  

The  enthalpies of  format ion and quan tum-chemica l  
( M N D O )  resutts 12-t5 summar ized  in Tables 2 and 3 
provide evidence in favor o f  primary carbene d e c o m p o -  
sit ion of  chloroform and penet ra t ion  of  d ichlorocarbene  
at the S i - -H bond of  t r ichlorosi lane (reactions (2) and 
(6)), followed by radical decompos i t ion  of  4 at the 
S i - - C  bond (reaction (7)). 

If  one assumes that the equi l ibr ium mixture resulting 
from the decomposi t ion  o f  t r ichlorosi lane and ch loro-  
form is composed of  "H, ' MCI 3, HC1, and :MCI 2 (M = 
C or  Si), then Iog{ [ :CCI2 ] / [ 'CCI3 ]}  -- 9.51 and  
Iog{[:CCI_,]/[:SiCI2] } = 0.87 for equimolar  mixtures at 
500 ~ This means that the relative concent ra t ions  o f  
unstable particles at 500 ~ are sufficient to initiate a 
react ion and participate in secondary processes. 

Thus, it can be assumed that chloroform,  when  
added to HSiCI 3, initiates its pyrolysis and facilitates the 
format ion of  a trichlorosilyl radical. In this case, the 
chain process leads to pentaehlorodis i lane  (2) as a pre-  
dominant  product, which, in turn. also generates silylenes 
and radicals (Scheme 1). 

T a b l e  3 .  MNDO-calculated enthalpies of pyrolytic decomposi- 
tion of compounds formed upon insertion of dichlorocarbene 
and dichlorosilylene at the Si--H bond of trichlorosilane and 
the C--H bond of chloroform 

Compound Products of radica! and AH 
molecular decomposition /kJ tool -I  

CHCI2CCI 3 "CHCI 2 + "CCI 3 120.9 
CCI 4 + :CHCI 310.0 
CHC!_3 + :CC12 256.4 

HSiCI2CCI 3 S iHCI  2 + C C I  3 215.6 
CHCI 3 + :SiCI 2 264.2 
CCI 4 + :SiHCI 369.2 
HSiCI 3 + :CCI 2 191.9 
SiCI4 + :CHCI 166.2 

CHC12SiCI ] "CHCI 2 + "SiCI 3 193.7 
CCI 4 + :SiHCI 502.9 
SiCt4 + :CHCI 299.9 

HSiCIzSiCI 3 "SiHCI 2 + "SiCI 3 154.7 
HSiCI3 + :SiCI2 66.1 
SiCI4 + :SiHCI 164.0 
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Scheme 1 

CI3SiSiCI 3 ~ 2-SiCI 3 ~ :SiCI 2 + SiCI 4 

3 

:SiCI 2 '~" HSiCIa HSiCI2SiCI3 
2 

I 

"SiCI 3 + "SiHCI 2 :SiHCt + SiCI 4 

It follows from Table 1 that the content of com- 
pound 4 in the condensate obtained by the pyrolysis of 
trichlorosilane (in the presence of 1 tool.% chloroform) 
remains virtually constant over the whole temperature 
range studied and does not exceed I%. At the same 
time, the pyrolysis of compound 4 itself occurs nearly 
completely at 500 ~ (Fig. I). The appearance of 4 in 
the condensate upon pyrolysis of trichlorosilane in the 
presence of 1 tool.% chloroform at temperatures >500 
~ can be explained only by the fact that dichlorocarbene 
is continuously generated from CHCI 3 (reaction (2)) 
and inserted into the Si--H bond of trichlorosilane. 
Introduction of compound 4 in a concentration of 0.5 
tool.% into the pyrolysis zone of HSiCI 3 also initiates 
the thermal decomposition of trichlorosilane. 

A study of the reaction of HSiC13 with buta- l ,3-  
diene (5) in the gaseous phase at 470--610 ~ in the 
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Fig. 1. Influence of temperature on the yield of products of the 
pyrolysis of trichloro(dichlt~romethyl)silane: CCIr (I); SiCI4 
(2); and HCCI2SiCI 3 (3). 

presence of 1 tool.% chloroform confirms that chloro- 
silylenes (:SiCI 2 and :SiHC1) can be generated under 
pyrolytic conditions at a ratio ofd iene  5 to trichlorosilane 
of 2 :  I. 

It is known I~ that the gas-phase react ion of 
trichlorosilane with diene 5 at 560 ~ gives but-2- 
enyltrichlorosilane (6) in - I  1% yield. 

CH2=CH.--CH=CH 2 + HSiCl 3 

5 
---a,.- CH3--CH=CH---CH2SiCI 3 (9) 

6 

The gas-phase reaction of hexachlorodisilane 3 with 
buta-l ,3-diene (ratio 2 : 1, 500 ~ x = 30 s) affords 
l , l -dichloro- l -s i lacyclopent-3-ene (7) in -95% yield. 
Apparently, under these conditions, dichlorosilylene gen- 
erated from disilane 3 undergoes 1,4-cycloaddition to 
diene 5. t7 

/Cl  
CH2=CH--.CH=CH 2 + :SiCl 2 ,- [~....../Si...C I (10) 

7 

The composition of the condensate produced upon 
copyrolysis of trichtorosilane with buta-l ,3-diene, ob- 
tained in the presence of I mol.% chloroform at 470-- 
610 ~ and a HSiCI 3 : diene 5 ratio = I : 2, are given in 
Table 4. It can be seen that the condensate contains, 
apart from silane 6 (which is a product of the thermal 
addition ofdiene 5 to HSiC13), SiCI 4, disilanes 1 and 2, 
dichlorosilacyclopentene 7, and monochlorosilacyclo- 
pentene 8. Hence, one can conclude that silylenes formed 
under copyrolysis conditions are involved in an insertion 
reaction along the Si--H bond of trichlorosilane and in 
1,4-cycloaddition to diene 5 (Scheme 2). 

The maximum amount of heterocycles 7 and 8 in the 
reaction mixture (~24.8%) was obtained at 560 ~ Above 
this temperature, the overall yield of silacyclopentenes 
decreases because of their thermal destruction and an 
increase in the content of disilanes 1 and 2. 

When the trichlorosilane : chloroform ratio in the 
initial mixture is equal to I : 1, the main copyrolysis 
products are SiCI 4 and methylene chloride, which are 
more thermodynamically stable under  these condit ions 

Table 4. Influence of temperature on the copyrolysis of trichlorositane with buta-1,3-diene 
(5) (in the I : 2 ratio) in the presence of I tool.% chloroform 

T �9 Condensate composition (%) 

/~ 5 - HSiCI 3 SiCI4 1 2 8 7 6 EX ~ 

470 22.5 71.6 2.1 0.3 3.2 0.3 
510 15.9 51.1 5.7 0.9 0.9 tl.4 4.7 4.1 5.3 
560 10.0 25.6 6.5 4.1 4.9 5.7 19.1 I1.1 13_0 
580 7.5 18.1 6.9 9.0 6.4 4.7 17.2 12.4 17.8 
610 1.0 10.0 7.1 8.6 9.1 3.8 14.3 10.3 35.8 

* ~-X are high-boiling components. 
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Scheme 2 

HSiC1 3 

:SiHC] + :SiCI 2 

/ H  7 HCl2SiSiCI 3 H2ClSiSiCI31 S i ' C l  2 

8 

Table 5. Influence of temperature on the composition of the 
condensate of copyroiy~is of trichlorosilane with chloroform {I : 1) 

T Condensate composition (%) 

/~ HSiCI 3 CHzCI z SiCI4 CHCI 3 l 2 3 

350 59.2 -- 1.5 39.2 0.1 -- --  
400 59.0 -- 4.1 36.5 0.4 --  - -  
450 41.5 9.2 12.2 34.6 1.0 1.5 -- 
500 18.6 17.7 40.9 19.0 1.5 1.8 0.5 
550* 16.9 16.7 46.7 15.5 1.3 1.9 1.0 
575 *~ 1.9 14.9 76_6 2.9 1.0 1.3 1.4 

' Elemental carbon is formed on the wails of the reaction 
vessels. 
** Elemental carbon is formed in the bulk solution. 

(Table 5). In addit ion,  e lementa l  carbon is formed on 
the walls of  the reaction vessel. The degree of  convers ion 
o f  HSiCI  3 increases to 60% at 450 ~ and up to 100% at 
475 ~ CHCI  3 is comple te ly  conver ted at 575 ~ and 
the highest total content  o f  disilanes ! - - 3  does not  
exceed 4%. The data in Table 3 suggest that not iceable 
a m o u n t s  of  radicals "CHCt2 ,  "CCI 3, "SiCI 3, and 
"SiHCI 2, of  carbenes :CCI 2, and :CHCI ,  and of  silylenes 
:SiCI 2 and :SiHCI can be present s imultaneously in the 
react ion zone. Further  t ransformat ions  o f  c a rbon -con -  
ta ining radicals p redominant ly  involve the abstraction o f  
hydrogen from tr ichtorosi lane and chloroform 

HSiCI 3 + "CHCl 2 ~, CH2Cl 2 + "SiCl s. (11) 

HSiC[ 3 + "CC] 3 ~ CHCI 3 + "SiCI 3, (12) 

CHC] 3 + "CHCI 2 ~, CH2CI 2 + "CC13, (13) 

while those of  s i l i con-conta in ing  radicals involve the 
de t achmen t  of  chlorine from chloroform 

CHCI 3 + "SiCt 3 ~ SiCi 4 + 'CHC$2, (14) 

CHCI 3 + "SiCI2H ~ HSiCl 3 + "CHCI 2. (15) 

T h e  f o r m a t i o n  o f  e l e m e n t a l  c a r b o n  in t he / copy ro l ys i s  

of  tr ichtorosilane with ch loroform may be due to the 
d ispropor t ionat ion of  :SiCI 2 and :CCI2. 

:SiCl 2 + :CCI 2 ~ SiCl 4 + C (16) 

Thus, the int roduct ion o f  I mol.% chloroform in the 
reaction zone initiates the thermal decompos i t ion  o f  
tr ichlorosilane and favors the generation o f  silylenes,  
whereas the copyrolysis o f  an equimolar  mixture  o f  
HSiCI 3 and chloroform predominant ly  yields e lementa l  
carbon,  SiCI4, and methylene  chloride,  which are ther-  
modynamical ly  stable at the copyrolysis temperature .  
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