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S i l o x a n e s  as sources  of  s i lanones  
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Pyrolysis of hexamethyldisiIoxane (HMDS) and its copyrolysis with chlorotrimethylsilane 
and tetrachtorosilane were studied. Based on the data of GLC analysis and on the mass 
spectrum of the condensate obtained after the pyrolysis of HMDS, it was concluded that 
HMDS acts as a source of dimethytsilanone. The results of the copyrolysis of HMDS with 
chlorotrimethylsflane used as a trapping reagent indicate that the dimethylsilanone generated 
from HMDS can be inserted into the Si--CI and Si--O bonds. In the copyrolysis of HMDS 
with tetrachlorosilane serving as a trapping reagent for dimethylsilanone, both dimethylsilanone 
and dichlorosilanone are generated. 
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In t952, it was suggested t that thermal transforma- 
tions of polysiloxanes involve the formation of silanones, 
viz., molecules with an Si=O double bond. 

We were the first to find out (see the previous 
communicat ion 2) that under  conditions of pyrolysis at 
temperatures >675 ~ hexamethyldisiloxane (HMDS) 
acts as a source of dimethylsilanone. 

In fact, GLC and mass-spectrometric analyses of the 
condensate resulting from the pyrolysis of HMDS car- 
ried out in a hollow quartz reactor at 650--720 ~ under 
atmospheric pressure and at a residence time of the 
reactants in the reaction zone (t) of 30 s have shown the 
presence of octamethyltrisiloxane (1), decamethyltetra- 
siloxane (2), hexamethylcyclotrisitoxane (3), octamethyl- 
cyclotetrasiloxane (4), tetramethylsilane, and hexa- 
methyldisilane. 
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The formation of these products  (Scheme I) can be 
explained within the framework of transformations of 
the dimethylsilanone generated f rom H M D S  during the 
pyrolysis, namely, by its homocycl iza t ion  to cyclo- 
siloxanes 3 and 4 and by inser t ion  into the Si--O bond 
of the starting HMDS to yield compounds 1 and 2 
(Scheme 2). 

Scheme 2 
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The hig,laest total content of s i loxanes 1, 2, 3, and 4 
in the condensate obtained after pyrolysis at 675 ~ and 
z = 30 s is 8%, and the yield of te tramethylsi lane is 3% 
based on the starting HMDS. 

The data on the composi t ion of the condensate, 
together with the results of a mass spectrometric investi- 
gation of HMDS, made it possible to propose a possible 
mechanism for its thermal decompos i t ion  (Scheme 3). 
Apparently, radical decomposi t ion  of HMDS to give 
trimethylsilyl and trimethylsilyloxyl radicals is the pre- 
dominant pathway under the cond i t i ons  of pyrolysis. 

Scheme 3 

Me4Si + [O=SiMe2] MeaSi + [O=SiMe2] 

[O=SiMe2] + Me" 

Translated from Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 9, pp. 1663--1666, September, 1997. 
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The  va l id i ty  of  this  s c h e m e  is suppor ted  by  the  
f o r m a t i o n  o f  hexame t hy l d i s i l ane  and  also by the  data  
ob t a ined  in a s tudy of  the  behav io r  of  H M D S  u n d e r  
e t ec t ron  i m p a c t .  The  mass  spec t rum of  H M D S  c o n t a i n s  
a peak  wi th  m/z 147 and  with an in tens i ty  of  I00%,  
wh ich  c o r r e s p o n d s  to t he  [ M - M e ]  + ion. The  peak wi th  
m/z 73 c o r r e s p o n d i n g  to  the  [Me3Si] + ion is the  s econd  
in in tens i ty  (27.8%).  

It is k n o w n  3 t ha t  alk'yl and  silyl radicals are s imi la r  in 
m a n y  respects .  T h e  c a r b o n  a n a l o ~  o f  silyloxyl a n d  silyl 
radicals  e i t h e r  r e c o m b i n e  or  d i sp ropor t iona te  to give 
s table  p r o d u c t s  and  uns a t u r a t ed  or  ca rbeno id  type c o m -  
pounds .  T h u s ,  it can  be  a s sumed  tha t  in t he  pyrolysis o f  
H M D S ,  t r imethyls i ly l  a n d  t r imethyls i lyloxyl  radicals  dis-  
p r o p o r t i o n a t e  to  yield s tab le  t e t r a m e t h y t s i l a n e  a n d  
d i m e t h y l s i l a n o n e .  

D i m e t h y l s i t a n o n e  cou ld  also result  f rom t he  t h e r m a l  
des t ruc t ion  o f  the  t r imethyls i ly loxyl  radical  acco rd ing  to  
t he  s c h e m e  o f  d e c o m p o s i t i o n  o f  silyloxyl radicals p ro-  
posed  previously .  4 O n e - a c t  e l imina t ion  o f  d i m e t h y l -  
s i l anone  f rom H M D S  also c a n n o t  be  ruled out.  

O n e  o f  t h e  r eac t ions  typical  o f  d ime thy l s i l anone  is its 
i n se r t ion  i n t o  the  S i - - C I  bond  o f  ch lo ro t r ime thy t s i l ane  
( C T M S ) ;  t he  l a t t e r  is used  as a t rapping  reagent  a n d  is 
thus  c o n v e r t e d  in to  c h l o r o p e n t a m e t h y l d i s i l o x a n e  (5). 
We  s tudied  t h e  reac t ion  of  H M D S  with C T M S  in  the  
gas phase  at  675 ~ �9 = 30 s, and  at  a H M D S / C T M S  

ratio of  1 : 1. The  degree o f  c o n v e r s i o n  o f  H M D S  
unde r  these  cond i t ions  was 10%. In  add i t i on  to  t h e  
products  o f  the  homopyrolysis  o f  H M D S  (see S c h e m e  1), 
the  condensa te  ob ta ined  af ter  copyrolys is  c o n t a i n e d  c o m -  
pound  5 and  c h l o r o h e p t a m e t h y l t r i s i l o x a n e  (6).  

These  results  indica te  t h a t  s i l a n o n e  c a n  inser t  i n to  
bo th  the  Si--C1 and S i - - O  b o n d s  in t he  s tar t ing a n d  
in t e rmed ia t e  c o m p o u n d s  ( S c h e m e  4). 

Scheme 4 
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Tet rach lo ros i l ane  (TCS)  was also used  as a t r app ing  
reagent  for  d ime thy l s i l anone .  Copyro lys i s  o f  H M D S  
with TCS  was carr ied out  in a h o l l o w  quar t z  r eac to r  at  
600 - -700  ~ x = 30 or 60 s, and  H M D S / T C S  rat ios  of  
2 : t ,  I : i ,  or  1 : 4_ The  d a t a  o n  the  effect  o f  the  
reac t ion  cond i t i ons  o n  the  c o m p o s i t i o n  o f  the  c o n d e n -  
sate are p resen ted  in Tables  I - - 3 .  In  a d d i t i o n  to the  
c o m p o u n d s  fo rmed  in the  pyrolys is  o f  H M D S ,  th is  
condensa t e  c o n t a i n e d  C T M S ,  c o m p o u n d s  5 and  6, 

Table t .  Dependence of the compos{tien of the condensate obtained after copyrolysis of HMDS with TCS 
on the residence time of the reactants in the reaction zone at 700 ~ and at a HMDS/'I 'CS ratio of 1 : I 

x/s Degree of Composition of the condensate (%) 
conversion 

of HMDS (%) CTMS + T C S  HMDS 1 5 3 +  7 6 8 9 4 +  11 HCDS 

30 8.4 43.0 50.1 0.4 2.2 2.7 --  0.6 --  1.0 - -  
60 20.0 40.8 43.8 0.7 4.6 6.5 0.3 1.2 0.2 1.7 0.2 

Table 2. Dependence of the composition of the condensate obtained after ",.he copyrolysis of HMDS 
with TCS on the temperature in the reaction zone at a HMDS/'I 'CS ratio of 1 : 1 and ~ = 30 s 

T/~ Degree of Composition of the condensate (%) 
conversion 

o f H M D S ( % ) C T M S + T C S  HMDS 1 5 6 3 + 7  8 9 4 +  11 

600 2.7 45.7 53.8 --  0.4 -- 0.2 --  - -  - -  
650 3.5 43.1 52.7 0.1 0.9 --  2.2 0.4 - -  0.6 
675 5.5 42.0 51.7 0.2 2.3 --  2.0 0_8 -- 1.0 
700 8.4 43.0 50.1 0.4 2.2 - -  2.7 0.6 --  1.0 
720 18.3 44.0 44.7 1.0 1.9 1.2 4.9 0.5 0.8 1.0 

Table 3. Dependence of the composition of the condensate obtained after the eopyrolysis of 
HMDS with TCS on the ratio of the starting components at 675 *C and �9 = 30 s 

HMDS/TCS Degree of 
conversion 

of HMDS (%) 

Composition of the condensate (%) 

CTMS + TCS HMDS 1 5 3 + 7 8 4 + I1 

2 : t  6.9 26.8 67.6 0.7 3.1 1 _ 8  - -  - -  
1 : I  3.5 42.0 51.7 0.2 2.3 2.0 0.8 1.0 
1 : 4  68.5 86.9 12.4 '  0.1 0.1 0.2 0.1 0.2 

c 
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3,3,3-trichloro- i, 1,1 -trimethyldisiloxane (7), i ,3,3,3-tet- 
r ach lo ro - l , l -d ime thy ld i s i loxane  (8), 3,3-dichloro- 
1,1,1,5,5,5-hexamethyltr is i toxane (9), hexachloro-  
disiloxane (HCDS) ,  3,3,5,5,5-pentachloro- 1,1,1 -tri- 
methyltrisiloxane (10), 5,5,5-trichloro- 1,1,1,3,3-penta- 
methyltrisiloxane (11), etc. The formation of these com- 
pounds can be explained by intermediate generation of  
dichlorosilanone in the reaction zone. 

Since TCS does not undergo any changes during 
homopyrolysis under these conditions, it can be as- 
sumed that the trimethylsilyl radical resulting from the 
decomposition of  HMDS is stabilized by abstracting a 
C1 atom from SiCI4 to give CTMS and a trichlorosilyl 
radical (Scheme 5). 

Scheme 5 

SiCI 4 + "SiMe 3 _~ Me3SiC1 + SiCI  3 

The trimethylsilyl, trimethylsilyloxyl, and trichloro- 
silyl radicals present in the reaction zone can either 
recombine to yield siloxanes or disproportionate to give 
silanones and silanes (Scheme 6). 

Scheme 6 

Me3SiCl + [O=SK~2] 

Me3SiCI~ 

M e.3SiOSiCl 3 

Me3SiO + SiC1 a 

M%SiOSiMe , . . 
r ~3 M e3SiOSICI2OSIM e 3 

t SCla ~ Cl3SiOSiCl 3 

~M%SiOSiGIz M SiQSiCI2OSiCl a 
- % l o  
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Me3SiCI Me.3SiOSiMe2Cl 

[ SiCI4 
= Ct3SiOS~M e2CI 

The relative quantities of  dichloro- and dimethyl- 
silanones and of  the products of  their insertion into the 
Si--CI and Si--O bonds are determined by the condi- 
tions of  the copyrolysis: the temperature in the reaction 
zone, the residence time of  the starting compounds in 
the reaction zone, and their ratio in the initial mixture 
(see Tables i--3).  For example, when the temperature is 
increased from 675 to 720 ~ (HMDS/TCS = 1 : 1, 

= 30 s), the degree of conversion of  HMDS increases 
from 3.5 to 18% (see Table 2). 

A twofold increase in the time (till 60 s) the compo- 
nents spend in the reaction zone at 700 ~ and at an 
HMDS/ 'TCS ratio of 1 : 1 results in an increase in the 

degree of  conversion and, as a consequence, in the 
yields of  all the products of  copyrolysis (see Table 1). 

When the proportion of H M D S  in the initial mixture 
increases (HMDS/TCS = 2 : I) ,  the reaction at 675 ~ 
and r = 30 s yields mostly compounds  1, 2, 3, 4, 5, and 
CTMS, which result from the  insertion of  dimethyl- 
silanone into the Si--CI and Si--O bonds, as well as 
products of  its homocyclization. 

An increase in the proportion of  TCS in the reaction 
mixture ( H M D S / ' r c s  = 1 : 4)  leads to a decrease in 
the temperature of  the onset o f  the reaction to 590 ~ 
At 675 ~ the degree of conversion of  H M D S  is 68%; 
in this case, the process affords compounds whose ap- 
pearance can be explained by the  insertion of  dimethyl- 
and dichlorosilanones into the Si--CI and Si--O bonds 
in the starting compounds and in  the compounds arising 
during the process (see Table 3). 

Thus, when TCS is used as  a trapping reagent for 
dimethyisitanone, dichlorosilanone is generated; it can 
be formed not only according t o  Scheme 6 but also in 
the pyrolysis of  the linear silo• resulting from the 
copyrolysis of  H M D S  with T C S  (Scheme 7). 

Scheme 7 

Me3SiOSiCl 3 ~ [O=SiCI2] 4- Me3SiCl 

It should be noted that H C D S  arising in the 
copyrolysis of  H M D S  with T C S  is extremely thermally 
stable. It is known 4 that H C D S  does not undergo any 
transformations below 950 ~ its pyrolysis occurs only 
at temperatures o f  >I000 ~ and gives TCS and 
octachlorotrisiloxane as the ma jo r  products (Scheme 8). 

Scheme 8 

CI3SiOSiCI 3 ~ CIaSiOSiCI2OSiCI 3 + SiCI 4 

Apparently, during the pyrolysis, HCDS undergoes 
homolytic cleavage to give trichlorosilyl and tfichloro- 
silyloxyl radicals; disproportionation of  these species 
results in the generation of  dichlorosilanone and the 
formation of TCS. The dichlorosilanone is inserted into 
the Si--O bond of  the start ing compound  to give 
octachlorotrisiloxane (Scheme 9).  

Scheme 9 

CI3SiOSiC13 = Cl;SiO" + "SiCI; = [O=SiCI2] + SKI  4 

l cI3SiOSiC'3 

CI3SiOSiCI20SiCl 3 

Pyrolysis of  oc tachlorot r i s i loxane  affords TCS,  
HCDS,  and also higher linear and cyclic siloxanes 
(Scheme I0). 
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Scheme !0 

CI3SiOSiCI20SiCI  3 ~ SiCI4 + C13Si(OSiCl2)nOSiCI 3 + 

- '  (Cl2SiO)tr 

n = O t o 2 ; k  = 3 t 0 6  

Thus, at t e m p e r a t u r e s  >600 ~ l inear  s i loxanes wi th  
various s u b ~ i t u e n t s  at the  Si a tom act as sources  a n d  
t raps o f  s i lanones .  The  la t ter  can  be inser ted  in to  t he  
S i - - O  bonds  of  t he  s tar t ing and  formed s i loxanes a n d  
can  also unde rgo  homo cyc l i z a t i on  in to  cyclic s i loxanes.  

Expe r imen ta l  

Mass spectrometric analysis of the final products was 
carried out on an MX-1303 spectrometer (the energy of 
ionizing radiation was 50 eV). The quantitative composition of 
the products of pyrolysis was determined by GLC using an 
LKhM-72 chromatograph with a heat-conductivity detector 
(12.8% PMS on INZ-600 as the stationary phase; He as the 
career  gas). 

A hollow quartz tube with an internal diameter of 28 mm 
and a length of the reaction zone of 400 ram served as the 
reactor for pyrolysis and copyrolysis. 

Pyrolysis of hexamethytdisiloxane. HMDS (20 g) was passed 
through a quartz reactor heated to 675 ~ at such a rate as to 
ensure its residence time in the reaction zone of 30--40 s. This 
gave 15.7 g of  a condensate. Upon distiUadon, 10.9 g of  a 
fraction with a boiling point of 30--100 ~ was isolated; 
according to GLC, it contained tetramethylsilane (0.32 g, 
2.9%) and the starting HMDS. According to GLC and mass 
spectrometry, the bottom residue (4.1 g), consisted of  HMDS 
(3.05 g, 74.4%, m/z 147 [M--Me]~-); 1 (0.6 g, 14.6%, m/z 221 
[M--Me]~);  2 (0.26 g, 6.3%, m/z 295 {M--Me]+); 3 (0.13 g, 
3.2%, m/z 207 [M--Me]+) ;  4 (0.06 g, 1.5%, m/z 281 
[M--Me]+);  and Me3SiSiMe 3 (m/z 131 [M--Me]+; a peak that 
is second in intensity in the mass spectrum emerges in the 
claromatogram together with HMDS).  

Copyrolysis of hexamethyldis i loxane with eh loro t r i -  
methylsilane. A mixture of HMDS (16.4 g) and CTMS (11 g) 
(HMDS/CTMS = 1 : 1) was passed through a quartz reactor 

heated to 675 ~ at such a rate as to ensure a residence time in 
the reaction zone of 30--40 s. This gave 21.7 g of  a conden-  
sate. Upon distillation, 7.2 g of a fraction with a boiling point 
of >100 ~ was isolated; according to GLC and mass spec- 
trometry, it was a mixture of HMDS (4.66 g, 63%, m/z 147 
[M--Me]+); 1 (0.57 g, 7.8%, m/z 221 [M--Me]+);  2 (0.2 g, 
2.7%, m/z 295 {M--Me]" ) ;  5 (0.96 g, 13%, m/z 167 
[M--Me]+); 6 (0.76 g, I0.2%, re~z241 [M--Me]+) ;  3 (0.17 g, 
2.3%, m/z 207 [M--Me]+);  and 4 (0.08 g, 1.0%, m/z 281 
[M--Me]+). 

Copyrolysis of hexamethyidisiloxane with tetraehlorosilane. 
A mixture of HMDS (33.7 g) and TCS (68.6 g) was passed 
through a quartz reactor heated to 600 ~ at such a rate as to 
ensure a residence time of the mixture in the reaction zone of 
30--40 s. The process gave 91.7 g of a condensate; its distilla- 
tion yielded 73.4 g of a fraction with a boiling point of 32-- 
101 ~ which (GLC data) contained the initial reactants and 
CTMS; 10 g of a fraction with a boiling point  of 101 *C, 
which (according to GLC and mass spectrometry) consisted of 
HMDS (m/z 147 [M--Me]+);  4.86 g of a fraction boiling at 
127--129 ~ which was (GLC data and mass spectrum) 
disiloxane 7 (m/z 207 [M--Me]+);  and 3.44 g of  a bottom 
residue containing compounds 9 (m/z 261 [M--Me]  +) and 10 
(m/z 331 IM--Me]+).  

This  work  was car r ied  out  wi th  the  f inanc ia l  suppor t  
of  the  Russ ian  F o u n d a t i o n  for Basic R e s e a r c h  (Pro jec t  
No.  96 -03-33268) .  
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