
C H A P T E R  I

1.1 B a c k g r o u n d

O rg a n o s ilic o n  p o ly m e rs  a re  m a c ro m o le c u le s  c o n ta in in g  s ilic o n  in 
th e  b a c k b o n e  w ith  o rg an ic  m o ie tie s  as p e n d a n t g roups. T h e  p o ly m e rs  c o m b in e  
th e  th e rm a l s tab ility  o f  in o rg a n ic  m a te ria ls  w ith  th e  e la s tic ity  and  so lu b ility  o f  
o rg an ic  p o ly m e rs  (A k h m eto r, 1983). T h e  e n tire  a rea  o f  o rg a n o s ilic o n  c h e m is try  
h as  f lo u rish e d  sin ce  K ip p in g ’s p re p a ra tio n  by  th e  m o re  c o n v e n ie n t G rig n a rd  
p ro c e ss  (K ip p in g , 1937).

T h e  first c lea r e x a m p le  o f  a p o ly s ila n e  p o ly m e r a p p ea rs  in a 
c la ss ic  p a p e r  b y  C .A . B u rk h a rd  (B u rk h a rd , 1949) in e q u a tio n  1.1. T h e  p o ly m e r 
is a h ig h ly  c ry s ta llin e  m a te ria l, th a t re a rra n g e s  ab o v e  250°c w ith o u t m e ltin g  
and  is e s se n tia lly  in so lu b le  in all o rg a n ic  so lv en ts .

M e 2 S iC l2  +  2 N a  ------ -> (M e 2 S i)n  +  2 N a C l (1 .1 )

S ilicon , in th e  fo rm  o f  s ilic a  ( S i 0 2 ), a cco u n ts  fo r 2 8 %  b y  w e ig h t 
o f  th e  E a r th ’s crust. T h e  sy n th e tic  ro u te s  to  o rg a n o s ilic o n  p o ly m e rs  s te m m in g  
fro m  th e  u se  o f  s ilica  w o u ld  b e  e x tre m e ly  a ttra c tiv e  b e c a u se  o f  th e  m o d e s t co st 
o f  th e  p u re  s ta r tin g  m ate ria l. A lth o u g h  b o th  s ilic o n  and  ca rb o n  are  G ro u p  IV A  
e lem en ts  (C o tto n  and W ilk in so n , 1992), th e y  do n o t h av e  th e  sa m e  p ro p e rtie s . 
S ilicon  w ith  its e lec tro n ic  c o n fig u ra tio n  o f  \ s ^ 2 s ^ 2 p ^ 3  ร'^ 3p~  is s im ila r  to 
ca rbon  in  fo rm in g  p re d o m in a n tly  te tra c o v a le n t co m p o u n d s .
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A ll s ilic o n -b a se d  fe e d s to c k  c o m p o u n d s  do  n o t o c c u r  n a tu ra lly . 
T h e y  h a v e  to  b e  sy n th e s iz e d  fro m  s ilic o n  d io x id e  by  tw o  re la tiv e ly  m a tu re  
p ro c e sse s . T h e  firs t, th e  d is so lu tio n  o f  SiC>2 in  s tro n g  b ase , p ro v id e s  access  to  
v a r io u s  k in d s  o f  in o rg an ic  s ilic a te s , as illu s tra te d  in eq u a tio n  1.2 ( lie r , R .K ., 
1979).

S iO ?  +  x M O H  H2°  > • M 2 S 1 0 3  +  M4SiC>4 +  o th e rs  (1 .2 )
u n d e r p re ssu re

M = alkali metal

(S im e t)  in re a c tio n  1.3, p ro v id e s  a c c e ss  to  h ig h  o rg a n o s ilic o n  
c o m p o u n d s  v ia  re a c tio n  o f  S im e t w ith  a lk y l o r a ry l c h lo rid e s  (m o s t ty p ic a lly  
M e C l)  in th e  p re se n c e  o f  a ca ta ly s t :

S i 0 2 +  2C  1200° - >-  2 C O  +  S im e t (1 .3 )
0๙ รท catalyst 200-3500C 0 .n 1 /I 4.\M e C l +  S im e t ------------- — ----------►  M e S iC ls  +  M e 2 S iC l2 ( l - 4 )

A lte rn a te ly , S im e t is re a c ted  w ith  a v a r ie ty  o f  o x id a n ts  to  p re p a re  
re la te d  p ro d u c ts . F o r  ex am p le , re a c tio n  w ith  HC1 p ro v id e s  :

HC1 +  S im et ----------> H 2  +  H S iC l3  +  S iC l4  (1 .5 )

SiCLq is a f e e d s to c k  fo r  th e  p r e p a r a t io n  o f  S i(O E t) 4 . H S iC l 3 is 
d is p ro p o r tio n a te d  a c c o rd in g  to  re a c tio n  1 . 6  to  fo rm  s ilan e , th e  p r im a ry  so u rce  
o f  e le c tro n ic s  g rad e  Si m eta l.

4 H S iC l3
amine catalyst S iH 4  +  3 S iC l4 ( 1.6)
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T h e  w id e sp re a d  av a ila b ility  o f  SiC>2 a n d  its re la tiv e ly  low  cost, 
c o n tin u e  to  m a k e  it th e  m ost ideal s ta rtin g  m a te ria l fo r an y  n e w  ro u te (s )  to  
s ilic o n  fe e d s to c k  ch em ica ls . H o w e v e r, the  prim ary ' p ro b le m  w ith  d e v e lo p in g  
any  la rg e  sc a le  in d u stria l p ro cess  b a se d  on SiC>2 is th a t th e  S i - 0  b o n d s  in S i0 2  
are  so m e  o f  th e  s tro n g e s t in n a tu re  [128 kcal (535  k J /m o l)] . T h is  p ro b le m  has 
b een  so lv e d  b y  L a in e  et al. (1 9 9 3 ) w h o  h av e  e x p lo re d  w a y s  to  a c tiv a te  th e  h ig h  
b o n d  s tre n g th  an d  p o ly m e riz e  S i0 2 -

1 .2  L i t e r a t u r e  S u r v e y

R o se n h e im  and  co w o rk e rs  (1 9 3 1 ) w e re  th e  f irs t  g ro u p s  to  
d e sc rib e  th e  d ire c t re a c tio n  o f  s ilica  w ith  a c o o rd in a tin g  lig an d . T h e y  fo u n d  
th a t c a te c h o l c o u ld  b e  u sed  to  tra n s fo rm  a w id e  v a r ie ty  o f  m e ta l o x id e s  in to  
c a te c h o la to  c o m p le x e s , as illu s tra te d  in S ch em e  I :

S i0 2 + 2KOH + 3

R = alkyl or aryl

3[ hcxacoo rdm a le  s ilic a te  c o m p le x  )

SiH4

RMgBr \ rLi/H20
UHC1 \

R4Si + R3SiOH
R^Si + R3SiCl

S c h e m e  I : T r a n s f o r m a t i o n  o f  c a th e c o l  to  c a t h e c o l a t o  c o m p le x e s .
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2Si0 2 + 2M0H + 5HOCH2CH2OH ------ ►Mî
-6HjO

M = Li, Na, K or Cs
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S c h e m e  I I  ะ S y n th e s i s  o f  p e n t a c o o r d i n a t e  a n i o n i c  a n d  h e x a c o o r d i n a t e  

d i a n i o n i c  g ly c o la to  s i l i c a t e  c o m p le x e s .

Si02 + M'O + x's HOCH2CH2OH

M 1 = Mg, Ca, Ba

- 3H,0 (1.7)
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C o rriu  et a l .(1 9 8 3 ; 1986; 1988; 1990), in p u rs u it  o f  n ew  
s y n th e tic  ro u te s  to  s ilico n  c o n ta in in g  co m p o u n d s , ex p lo re d  m e th o d s  o f  
t ra n s fo rm in g  th e  re su ltin g  tr isc a te c h o la to  s ilica te  in to  a w id e  v a r ie ty  o f  
s ilic o n  c o n ta in in g  c o m p o u n d s  by  re a c tio n  w ith  s tro n g  n u c le o p h ile s , su c h  as 
a ry l o r a lk ly  G rig n a rd  o r lith iu m  re a g e n ts , as sh o w n  in  S ch em e  I.

T h u s , C o rriu  et al. e leg an tly  p ro v e d  th a t it is p o s s ib le  to 
p re p a re  o r g a n o s i la n e s  fro m  SiC>2 w ith o u t in te rm e d ia te  c a rb o th e rm a l 
re d u c tio n . U n fo r tu n a te ly , tr isc a te c h o la to  s ilica te  is v e ry  s ta b le  a n d  reac ts  
o n ly  u n d e r  fo rc in g  co n d itio n s  w ith  s tro n g  n u c le o p h ile s . C o n se q u e n tly , it is 
o n ly  p o s s ib le  (e x c e p t w ith  v e ry  s te r ic a lly  h in d e re d  a lk y l g ro u p s) to  g e n e ra te  
tr i-  o r te tra fu n c tio n a liz e d  s ilico n  sp ec ies . D ifu n c tio n a l sp e c ie s  w o u ld  be 
m o s t u se fu l b e c a u se  th ey  o ffe r th e  o p p o rtu n ity  to  fo rm  p o ly m e rs .

L a in e  et al. (1 9 9 1 ; 1993) recen tly  d e sc r ib e d  th e  sy n th e s is  o f  
p e n ta c o o rd in a te  a n io n ic  and h e x a c o o rd in a te  d ia n io n ic  g ly c o la to  s ilica te  
c o m p le x e s  b y  re a c tio n  S i0 2  w ith  eq u iv a le n t a m o u n ts  o f  G ro u p  I/II m e ta l 
h y d ro x id e s /o x id e s  in  ex cess  e th y le n e  g ly co l, as i l lu s tra te d  in S c h e m e  II and  
re a c tio n  1.7. T h e  re su ltin g  g ly co la to  s ilica tes  are  v e ry  re a c tiv e , in e x p e n s iv e  
a n d  o ffe r  u n iq u e  o p p o rtu n ity  to  d ev e lo p  n ew  ro u te s  to  s il ic o n -c o n ta in in g  
g la sse s , c e ra m ic s  an d  zeo lites .

H o w e v e r, w h en  M g O  w as u sed  in re a c tio n  1.7, th e  y ie ld s  w ere  
very' low . A s  a re su lt, and  a lte rn a tiv e  sy n th es is  w as d e v e lo p e d  (S c h e m e  I I I )  :

Mg + 2MeOH +HgC1; > Mg(OMe)2 
cooling

Mg(OMe)2 + Si(OEi)„ + 3HOCH2CH2OH -  Mc๐H V--4EtOH

3

S c h e m e  I I I  ะ S y n th e s i s  o f  s i l i c o n - c o n ta in in g  c o m p o u n d  u s in g  M g O  a s

a b a s e .
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F u rth e rm o re , B lo h o w ia k  et al.( 1994) fo u n d  th a t p e n ta c o o rd i-  
n a te  a lk a li g ly c o la to  s ilic a te s  can  b e  sy n th es ized  d irec tly  fro m  SiC>2 b y  e ith e r  
u s in g  a m o rp h o u s  s ilic a  gel o r fu sed  s ilica . H o w ev er, th e  re a c tio n  is s lo w e r 
w h e n  c ry s ta llin e  SiC>2 o f  c o m p a ra b le  su rface  a reas is u se d  in p la c e  o f  th e  
a m o rp h o u s  m a te ria ls . T h e  ra te  o f  d isso lu tio n  o f  SiC>2 d u rin g  th e  sy n th e s is  o f  
p e n ta c o o rd in a te  s ilic o n  co m p le x e s  (S ch em e  II) w as lin ea rly  d e p e n d e n t on  
th e  su rfa c e  an d  in itia l b a se  co n c e n tra tio n . T he a p p a re n t a c tiv a tio n  e n e rg y  for 
d is so lu tio n  w as  14+2 K ca l/m o l. T h e  en tha lpy  (A H ) a n d  th e  e n tro p y  (A S) 
v a lu e s  c o n firm e d  th a t th e  s lo w  step  in  th is reac tio n  w a s  a s s o c ia tiv e  ra th e r  
th a n  d is so c ia tiv e . T h e  a m o u n t o f  s ilica  th a t d isso lv es  in th e  a b s e n c e  o f  b ase  
is m u c h  sm a lle r  th a n  in  th e  p re se n c e  o f  base. E G  m ay  in itia lly  in te ra c t w ith  
th e  SiC >2 su rfa c e  to  fo rm  p e n d a n t S i-0 C H 2 C H 2 0 H  g ro u p s . H o w e v e r , it 
w a s  p ro v e n  th a t th e se  in te rac tio n s  d id  n o t ex ist on th e  e x p o su re  to  K O H /E G  
at n o rm a l re a c tio n  te m p e ra tu re . T h e  p o ta ss iu m  g ly k o x id e  sp e c ie s  a re  s im p ly  
re a c tin g  w ith  S i-O H  m o ie tie s  to  fo rm  ionic  m o le c u le s , as i l lu s tra te d  in 
S c h e m e  IV . E ith e r  by  d ire c t reac tio n  or b y  n u c le o p h ilic  a tta c k  o f  
K O C H 2 C H 2 O H  on  a Si cen te r, p e n d an t S i-O C H 2 C H 2 0 H  sp e c ie s  are  
fo rm e d  on  th e  SiC>2 su rface . B y h y d ro g e n  b o n d in g  b e tw e e n  th e  p e n d a n t Si- 
O C H 2 C H 2 O H  g ro u p  an d  th e  p o ta ss iu m  g ly co x id e , g ly c o x id e  n u c le o p h ilic  
a tta c k  a t th e  sam e  Si a to m  co u ld  be induced  w h ile  th e  S i-O -S i lin k a g e  is 
b ro k e n  sp o n ta n e o u s ly .

G e n e ra lly , th e  a lk a li g ly co la to  s ilic a te s  a re  n o t e x tre m e ly  
m o is tu re  s e n s itiv e  an d  can  be h a n d le d  in air for m in u te s ; h o w e v e r , th e y  w ill 
e v e n tu a lly  h y d ro ly z e . In so m e  cases , ty p ica lly  w h e n  ex c e ss  b a se  is u se d , th e  
p o ta ss iu m  sa lt tu rn s  p in k  o r red . T h is  d isco lo ra tio n  is re a d ily  w a sh e d  aw ay  
w ith  e th an o l.
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P en ta - and  h e x a c o o rd in a te  s ilic o n  c o m p le x e s  p la y  a m a jo r  ro le  
in so l-g e l p r o c e s s in g  o f  s i l ic a te  g la s s e s  in o rg a n ic  s y n th e s is  a n d  
p o ly m e r iz a tio n , and  as a p recu rso rs  to  o rg a n o s ilic o n  c o m p o u n d s . A c tu a lly , 
any  s to ic h io m e tr ic  c o m b in a tio n  o f  SiC>2 and  G ro u p  I m e ta l h y d ro x id e s  or 
G ro u p  II m e ta l o x id es  can  be d isso lv ed  to  fo rm  a p re c u rso r. T h e se  
p re c u rso rs  can  be u sed  to  p rep a re  p h ase  p u re  c e ra m ic  p o w d e rs , c o a tin g , o r 
fib ers . M o re o v e r , so l-g e l p ro c e ss in g  o f  th e se  m a te ria ls  p ro v id e s  acc e ss  to  
h ig h  su rfa c e  a re a  ce ram ic  p o w d er th a t o ffe rs  e le c tro rh e o lo g ic a l p ro p e r tie s  
(L a in e  e t a l.. 1994).

T h e  C s g lv co la to  p e n ta c o o rd in a te  s ilic a te  is an  e x c e p tio n a l 
case  s in ce  its  so lu b ility  p ro p e rtie s  are q u ite  d iffe re n t fro m  o th e r  c o m p le x e s . 
It is so lu b le  in  M e O H  to  g ive h y d ro ly z e d  p ro d u c ts , as illu s tra te d  in  S c h e m e  
V .

Cs2 + MeOH

oil

Cs

2

-MeOH + M eO H

f

Cs° \ อ
/
Si(OMe)3

- MeOH

+ MeOH

■+

S c h e m e  V  ะ C s  g ly c o la to  p e n t a c o o r d i n a t e  s i l i c a t e  in  M e O H .

In  r e la te d  w o rk , F ry e  ( 1 9 7 0 ;  1 9 7 1 )  d i s c o v e r e d  th a t  
sp iro s ilic a te s  re a c t in M eO H  at am b ie n t te m p e ra tu re  w ith  am in e  b a se , e .g . 
tr ie th y la m in e  ( E t3 N ), to  fo rm  p e n ta c o o rd in a te  a n io n ic  s il ic a te  w ith  
a m m o n iu m  co u n te rio n s , and th ese  sp ec ie s  w e re  n o t s tab le  ab o v e  พ 100°c, at
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w h ic h  te m p e ra tu re  th e  re v e rse  re a c tio n  o ccu rrs  to  fo rm  te tra c o o rd in a te  
sp iro s ilic a te , as sh o w n  in S ch e m e  V I.

S c h e m e  V I  ะ S y n th e s i s  o f  p e n t a c o o r d i n a t e  a n io n ic  s i l i c a t e  f r o m  r e a c t i o n  

o f  s p i r o s i l i c a t e  a n d  a m i n e  b a s e .

F ry e ’ร  o b se rv a tio n  led U S to  exp lo re  th e  u se  o f  h ig h  b o ilin g  
p o in t (b p .>  2 0 0 °C ) a m in e  b a se  in  p la c e  o f  G roup  I h y d ro x id e s  o r G ro u p  II 
o x id e s , e .g . tr ie th y le n e te tra m in e  (b p .~ 2 6 6 ° c , T E T A ) and  tr ie th a n o la m in e  
[N (C H 2 C H 2 0 H ) 3 , bp . 2 5 0 ° c  (a t 25 to rr) , T E A ], B o th  a m in es  c a n  b e  u sed  
e ith e r  in  c a ta ly tic  or s to ic h io m e tr ic  q u an titie s  to d isso lv e  SiC>2 as d isc o v e re d  
by L a in e  e t al. (u n p u b lish e d  w o rk ).

A ll o f  th e  a b o v e  in fo rm a tio n  show  th a t S i - 0  b o n d s  c le a v a g e  
o ccu r at th e  sam e  tim e  as n ew , c h e m ic a lly  eq u iv a len t S i - 0  b o n d s  fo rm . T h is  
p h e n o m e n o n  has b een  in v e s tig a te d  as the  p o ssib le  c ro ss lin k in g  re a c tio n  
w h e re b y  g ly c o la to  s ilic a te s  re a c t w ith  th e  c ro ss lin k in g  ag en t g ly ce ro l.
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1.3 R e s e a r c h  O b je c t iv e s

T he  o b je c tiv e s  o f  th is  w o rk  are  to  sy n th e s iz e  g ly c o la to  s ilo x a n e s  and  
c ro ss lin k  w ith  g ly c e ro l (H 0 C H 2 C H (0 H )C H 2 0 H ). P re lim in a ry  s tu d ie s  on  th e  
p h y sica l p ro p e r tie s  o f  c ro ss lin k e d  p ro d u c ts  w ere  ca rr ie d  ou t. In  a d d itio n , th e  
m e c h a n ic a l p ro p e r tie s  m e a su re m e n t is s tu d ie d  by the  c h a n g in g  o f  th e  m o d u lu s .
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