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POLYMERS WITH SILICON-CARBON CHAINS FRAMED BY SILACYCLOALKANE 
GROUPS 

N. S. Nametkin,  V. M. Vdovin, V. I. Zav 'yalov,  and P. L. Gr inberg  

Khimiya Geterots ikl ieheskikh Soedinenii ,  Vol. 5, No. 2, pp. 357-363,  1969 

UDC 547.72'8+547.79'128: 542.6:543.422.8 

We have synthesized spiran compounds with the silicon-carbon hetero- 
J . . . . . . . .  1 

cycles CHz(CH2)n-ISi(CH2)2CHz (n = 4, 5) and their analogs with alkyl 
radicals RR'Si(CHe)2CH2-f (R=C2Hs; R'=n-C~H7; C2Hs), and also 

I . . . .  / / C H 2 \  
the tricyclic compound CH= (CH2) aSi \ / S i  (CH=) aCH2 7.  Their 

X C H 2 /  I 
heat-induced polymerization and the properties of the resulting 
polymers have been investigated, The influence of the groups 

I-CH2(CH2) n- lSi= (n=4,5) framing the main chain of the polymers 

on the stability of the chain to thermal oxidation and on its flexi- 
bility has been studied, 

The presen t  work is a continuation of p reced ing  
invest igat ions  on the synthes is  of po lymers  with s i l i -  
con-ca rbon  main  chains and on the study of the i r  p rop-  
e r t i e s  [1-5].  By the po lymer iza t ion  of s t ra ined  s i l i con-  
carbon r ings  we have previous ly  obtained h igh-molec-  
u la r -weigh t  compounds of the type of [--RaSi--R'--]  n, 
where R'  is an alkylene or a ry lene  group and R is  
alkyl,  a ry l ,  or  alkenyl.  

We have effected the synthes is  of po lymers  with a 
s i laeycloalkane f raming  of the main  chain of the type 

I . . . . . .  r 
[--CH2(CH2)kSi(CH2)~--]~, where m = 1 or 3 and k = 

= 3 or  4 and have given an evaluation of the contr ibut ion 
made by the s i lacycloalkane f raming  to the p roper t i e s  
of the s i l i con -ca rbon  polymer .  The introduct ion into a 
po lymer  chain of s i lacycloalkane,  and pa r t i cu l a r l y  
s i lacyclohexane,  r ings  is of in te res t  for a number  of 
r easons .  Thus,  it  is known f rom the case of individual 
compounds of the type R2Si (CH2)4CH2 that the s i laeyc lo-  

J I 

hexane group is stable to the action of s t rong acids and 
bases  and pos se s se s  an inc reased  the rmal  s tabi l i ty  
[6-8].  The endocyelic Si--C bond of the s i lacyclohexane 
group is ex t remely  stable to the action of e lec t ron  i m -  
pact [9] and, f inal ly,  1, 1-di(n-alkyl)s i lacyelohexanes  
possess  low glass  points (from -50  to -60  ~ C) [10]. 

The monomer ie  compounds used for the synthes is  of 
these po lymers  were obtained by the following routes :  

C H 2 C I  CI 

clt2(cn~)as@ + > Si(Clt~)aCH2~ M~ 
] J \ e l  C I C H 2  ] I ether 

. /cn~ \ /7 .  I 
---+ cu~(cuy)~_~S,\ca, / s,(cn=)~cn, 

CH2(C H2)2$.iC12 + BrMg(CH2) nMg Br 
I - -  I e t h e r  

V - - I  
CH~(CH2)2Si(CH2) n-lCH2 

I1 ( n = 4 ) ;  ! I i  (n=5) 

The reac t ion  was ca r r i ed  out as descr ibed  p r e v i -  
ously [11, 12]. The proper t i es  and yields of the sub-  
s tances  obtained are  given in Table 1. The i r  pur i ty  

was checked by means  of gas- l iquid  chromatography 
and was ~96% for I and ~99.5% for II and III. 

In addition, we have obtained ! ,  1 - d i e t h y l - l - s i l a -  
cyclobutane CH2 (CH2)2Si (C2Hs) 2 (IV) and 1 - e t h y l - l - h -  

i 
p r o p y l - l - s i l a c y c l o b u t  ane CH2 (CH2) 2Si (C2H5) CH2CH2CHa 

] i 

(V), and these have been used for the p repara t ion  of 
po lymers  the p roper t i es  of which have been compared 
with the proper t ies  of po lymers  of der iva t ives  of the 
sp i ran  compounds.  

compound IV was synthesized f rom CH2(CHD2SiCI2 
I - - - - !  

and C2HsMgBr, and V f rom CH2 (CH2)2Si (C2H5) C1 
r I 

and Call7 MgBr. The i r  p roper t i es  a re  also given in 
Table 1. Compound IV is an open-chain  analog of II, 
and compound V an analog of III. 

Thermal  po lymer iza t ion  of the sp i ran  compounds was 
ca r r i ed  out as a block process  by the method used for 
s i lacyclobutanes  [2]. Immedia te ly  before polymer iza t ion ,  
the monomers  were red is t i l led  and were dried over 
l i th ium hydride or ca lc ium hydride,  and were then freed 
from dissolved gases  in a vacuum of ~10 -2 ram. The 
polymer  blocks were dissolved in benzene and p rec ip i -  
tated f rom the solution with methanol ,  af ter  which the 
polymer  was brought to constant  weight at 80-100 ~ C 
(10 ram). 

Po lymer ica t ion  of the dia lkyls i lacyclobutanes  IV and 
V was ca r r i ed  out in purif ied n-decane  (1 mole of mono-  
m e r  4 - 6  moles  of solvent).  The t empera tu re  of poly-  
mer iza t ion ,  the yields of the po lymers ,  and their  cha r -  
ac te r i s t i c  v i scos i t i es ,  e l ementa ry  composi t ions ,  and 
molecu la r  weights are given in Table 2. In the block 
polymer iza t ion  of IV and V, weakly c ros s - l i nked  poly-  
mer ic .p roduc t s  are  formed which swell readi ly  in the 
usual organic  solvents ,  This  difference in the p o l y m e r i -  
zation of the s i lacyclobutanes  containing ethyl and propyl 
groups from the sp i ran  compounds II and III and f rom 
1 , 1 - d i m e t h y l - l - s i l a c y c l o b u t a n e  [2] is due, in our opin-  
ion, to the reduced r e s i s t ance  of the Si--Calkyl bond to 
homolytie decomposit ion.  In actual fact, according to 
the l i t e r a tu re  [15-17], the energy of the Si--CH~ bond 
is 75 kca l /mole ,  that of the Si---CaH ~ bond 62 kea l /mole ,  
and that of the Si--CaHT-n bond 57 kca l /mo le .  At the 
same t ime,  the endocyclic Si--C bond in the s i laeyc lo-  
pentanes  or the s i lacyclohexanes is even more  stable 
than the  Si---CHa bond [9]. Consequently it is l ikely that 
in bulk po lymer iza t ion  (exothermic react ion) ,  the homo- 
lytie cleavage of a smal l  number  of the Si---CgH5 and 
Si----CaH7 bonds takes place and c ro s s - l i nkages  are  
formed at the posi t ions of rupture .  

The s t ruc tu re  of the po lymers  and monomers  was 
establ ished by IR spectroscopy.  Thus,  the IR spec t ra  
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T a b l e  2 

P o l y m e r s  S y n t h e s i z e d  

Poly- 
mer 

vi 1 
VII 

VIII  

IX 

Formula 

X 

[~--~SI C H 7 CII:~ CH2-- Irl 

[ ~SiCHoCH~CH.,-- I 

[ --Si--CH.--~ 

I--(C2HS)2SJC'I2C"2CH2--1~" 

/ e~ N~-, i ~ " - -  

180 

180 

200 

180 

180 

1.40 

1.35 

0.50 

1.25 

1.30 

Found, % 

~" Si C H 

1.5 23,00 65,3 

1.16 20.16 68.3~ 

- -  28.44 61,30 Iii:ii 

Si C 

I 

66.6 11.2 

6&8 l 1.4! 

61.2 10-3 

12:5 

12.6 

11.42 22,2 

11,56 20.0 

10,30 28,5 

65.12 12,37 

67.45112.54 

Calculated, % /Yield 

*In benzene solution at 20 ~ C. **Determined by the light-scattering method. * **Polymerization 
was carried out in n-decane solution. 

60 

74- 

40 

70 

71 

T a b l e  3 

VI 

IX 

VI I  

X 

XI 

Structure of the link 

~SI~CC H CIt 2 CH~ 

I 
(C.Hs).SiCHTCH~CH ~ -- 

~ICH2CH~ C H ~  
- z 

C2H5 (C3 tl7.) SiC H2OH2CH2 ~ 

I 4. 
(CH3)2SiCH~CH2CH 2 -  

P r o p e r t i e s  of t he  P o l y m e r i c  P r o d u c t s  

1,40 Cryst. 65 

1.25 A m o r p h . -  

I 
1,35 Cryst. 145 

1.49 

2.5 

I Thermal idation ~ ~ o x  

--21.5 

--54.5 

Amorph. - -  -- 

4 1 - - 7 0  Cryst. 

290 160--175 

260 

20O 

200 

External 
form 

White, oqaque, 
solid 

3. Colorless, trans- 
parent, rubber- 

l like 
140 , White, semi- 

! te~:sntSiPc arent'  

3* :~ Colorless, trans- 
parent, rubber- 
like 

3203* White, oqaque, 
X I L solid 

*Determined under the polarization microscope and from the DTA curve. **Studied on a derivato- 
graph on the system of F. Paulik, J. Poulik, and L. Erdey, with a rate of heating of 6~ * **Weakly- 
expressed diffuse endothermie effects are observed in the 200-300~ region. ****Described previously 
[21. 
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of the sp i ran  compounds II and III have absorpt ion bands 
at 930, 1120, and 1185 cm -1 which a re  charac te r i s t i c  
for the 1, 1-disubst i tuted cyclobutane ring.  

spec t rum of the product of the thermal  polymer iza t ion  
of I (VIII). At the same t ime,  the absorpt ion of the 
dis i lacyclobutane r ing in the monomer  at 940 cm -1 
changes into absorpt ion at 1040 cm -1 on pass ing  to the 
spect rum of the polymer.  This shows the opening of 
the dis i laeyclobutane r ing and the format ion of a poly-  
me r i c  l inkage of the type of 

V I i i  

Fig. 1. X- ray  d iagram of poly- 
( t r imethylenesi lacyelopentane) .  

In the spect rum of II, ab so rp t i onbandsa t870 ,  1023, 
1077, and 1150 em -1. charac te r i ze  the s i laeyclopentane 
ring,  and in the spec t rum of tII, absorpt ion bands at 
913 and 982 cm -1 show the p resence  of the s i lacye lo-  
hexane r ing.  A study of the IR spec t ra  of the products  
of the thermal  polymer iza t ion  of II and III has shown 
that polymer iza t ion  took place with the opening of the 
Si--C bond of the sflacyclobutane r ing and the format ion 
of l inear  polymeric  products the l inks of the main  chains 
of which are:  

{(_~-s~-(c.~}~_ Io and I~-s~-(c"~}'- I~ 
Vl  VII 

respect ively .  The spect ra  of VI and VII re ta in  the 
f requencies  of the s i lacyclopentane and si lacyclohexane 
groups,  but the absorpt ion bonds at 930 and 1120 cm -1 
(sflacyclobutane ring) have disappeared,  and a whole 
se r ies  of bands charac te r iz ing  a t r imethylene  chain 
between Si atoms has appeared (905, 943, 990, 1025, 
1080, and 1140 em-1). The t r icyc l ic  compound I be-  

Fig.  l a .  X- ray  d iagram of poly-  
( tr imethyle nesi lacyclohexane).  

haves s imi l a r ly .  Its IR spec t ra  re ta ins  the absorpt ion 
bands of the s i lacyclopentane r ing (860, 1020, 1030, 
1070, and 1150 em -1) these also being observed in the 

The s t ruc tu res  of the 1, 1-dia lkyls i lacyclobutanes  
IV and V synthesized and of the heterochain  s i l i con-  
carbon polymers  IX and X obtained from them have 
been establ ished s imi i a r ly .  The proper t ies  of the 
polymers  are  given in Table 3. 

A considera t ion of the informat ion given in Table 3 
may lead to the following conclusions.  As suggested, 
the polymer  VII, containing a si lacyelohexane f raming,  
possessed  a compara t ive ly  low glass  point (-54.5 ~ C). 
Like a number  of other polymeric  s i laeyelobutanes  [2], 
because of the high regular i ty  of the s t ruc tu re  of the 
main  polymer  chain, it contains a considerable  volume 

:5~ ///"~ 
" 4  ' ~ 1 7 6  

60 CHiC~ 

/ 6 e  

Time 

Fig. 2. Differential  thermal  
analys is  curves .  

of c rys ta l l ine  phase (see t h e X - r a y  d iagram in Fig. la) .  
The polymer  with the s i lacyclopentane f raming  (VI) 
c rys ta l l i zes  even m o r e r e a d i l y t h a n  VII (Fig. 1) without 
anneal ing and mel ts  at a higher  t empera tu re ;  its g lass  
point is cor respondingly  lower than that of VII. The 
cause of this difference must  apparent ly  be sought in 
the g rea te r  conformational  r ig idi ty  of the s i lacyc lo-  
pen tane  r ing as compared with the si lacyclohexane r ing 
just  as is  the case in the i r  carbon analogs [13]. It is  
an in te res t ing  fact that the po lymers  with a noncyclic 
f raming  of the chain--IX and X--,  which are  complete 
s t ruc tura l  analogs of po lymers  VI and VII, r e spec -  
t ively,  could not be c rys ta l l ized  at t empera tu re s  >0 ~ C. 

The po lymer  VI proved to be hea t - s tab le .  When it 
was heated in a vacuum of 10 -~ mm at a ra te  of 2 ~ C/ 
/ ra in ,  loss  in weight began only at 330 ~ C and active 
degradat ion at 380 ~ C; and 400 ~ C the loss  in weight 
was 7%. In the case of the po lymer  VII the loss  in 
weight under  conditions of thermal -oxida t ive  degrada-  
tion began at 260 ~ C, but s t rong exothermic effects of 
oxidation appeared considerably  ea r l i e r  (Fig. 2). In 
this respect ,  the po lymer  with the sflacyclohexane 
f raming (VII) differs substant ia l ly  f rom the polymer  
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XI with a dimethyl framing of the main chain, in which 

weak exothermie effects were observed up to 300 ~ C 

[2]. At the same time, for xI the loss in weight begins 

at the same temperature as for VII. The open-chain 
structural analog (X) begins to decompose consider- 

ably earlier, although the exo effects in this are also 
weakly expressed. It is obvious that the framing sila- 

eyelohexane groups are responsible for this difference, 

increasing the number of methylene groups for each 
link of the polymer as compared with X and XI. This 

is confirmed by the fact that the exothermic effect in 
the polymer with the smaller number of methylene 

groups in the framing (Vl) appears at a higher temp- 

erature (~ 160 ~ C). An increase in the number of methylene 
groups of the framing, which are more active than 
methyl groups in thermal oxidation, is apparently not 

the only cause of the strong exo effect. Another pos- 
sible cause may be the cyclic nature of the polymethy- 

lene groups framing the polymer chain, which are 
bound twice to the silicon atom. 

In accordance with existing ideas [14], the thermal 
oxidation of an organic radical singly bound to silicon 

(Si--R) leads to the formation of an Si-- OH group and to 

volatile oxygen-containing products which leave the 
reaction zone if the polymer is heated in an open sys- 

tem. In the oxidation of the CH2(CH2)n-ISi grouping 
I _ _ J  

one may expect the formation of oxygen-carbon com- 
pounds retaining a bond with the main chain of the 

I 
p o l y m e r - - f o r  e x a m p l e  of t h e  type  of HOSi (CH2)n-lC 

[ H -  

and t h e r e f o r e  r e m a i n i n g  w i t h i n  t he  p o l y m e r  m a s s .  
A l d e h y d e  g r o u p s  f ixed  in  t h i s  w ay  m a y  a c t i v e l y  p r o -  

m o t e  the  d e v e l o p m e n t  of c h a i n  o x i d a t i o n  p r o c e s s e s  in  
t h e  m a s s  of t he  p o l y m e r  and c a u s e  e x o t h e r m i e  e f f e c t s .  

EXPERIMENTAL 

1,1-Tetramethylene-l-silacyclobutane (II). The Grignard reagent 
prepared from 216 g of 1, 4-dibromobutane and 72 g of magnesium 
turnings was added rapidly (with ice cooling) to an ethereal soiution of 
95 g of 1, 1-dichloro-1-silacyelobutane. The organic layer was separated 
off and distilled in vacuum, giving 35 g (49~ of tI. The physical con- 
stants are given in Table 1. 

1, l-Pentamethylene-l-silacyolobutane (III). With cooling, 57 g of 
1, 1-dichloro-l-silacyelobutane was rapidly added to the Grignard re- 
agent obtained from 92 g of 1, 5-dibromopentane and 36 g of magnesium 
turnings in ether. A working-up process similar to that of the preceding 
experiment yielded 19 g (34~ of III, the constants of which are given 
in Table 1. 

1, i:3, 3-Bis(tetramethylene)-l, 3-disilaeyelobutane (I). One hun- 
dred grams of magnesium turnings activated with iodine was added 
to 25 g of 1-chloro-1-chloromethyl-l-silacyclopentane in ether. The 
reaction mixture was heated for 10 hr and filtered. The yield of I was 
6.1 g (21N) (see Table 1). 

Polymerization conditions. The thermal polymerization of the 
monomers was carried out in the mass (for the spiran compounds) or in 
a solvent (for the alkly-substituted monosilacyclobutanes) in glass tubes 
with previous degassing in a vacuum of 10 -~ ram. About 2 g of mono- 
mer was used in each batch. The polymeric products obtained were 
dissolved in benzene and precipitated from the solution with methanol. 
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