
Polymer Bulletin 13, 499-503 (1985) Polymer Bulletin 
�9 Springer-Verlag 1985 

Networks 

Stopping of Crosslinking Reaction 
in a PDMS Polymer at the Gel Point 

Francois Chambon and H. Henning Winter 

Department of Polymer Science and Engineering, and Department of Chemical Engineering, 
University of Massachusetts, Amherst, MA 01003, USA 

SU~IARY 

A me thod  h a s  b e e n  d e v e l o p e d  to  s t o p  t h e  c r o s s l i n k i n g  r e a c t i o n  o f  a 
p o l y d i m e t h y l s i l o x a n e  s y s t e m  w i t h o u t  d i s t u r b i n g  t h e  s t a t e  o f  t h e  s a m p l e .  
O s c i l l a t o r y  s h e a r  e x p e r i m e n t s  on s a m p l e s  j u s t  b e f o r e  and j u s t  be yond  t h e  
g e l a t i o n  p o i n t  d e m o n s t r a t e d  t h e  t r a n s i t i o n  o f  t h e  m a t e r i a l  f rom a 
v i s c o e l a s t i c  l i q u i d  t o  a v i s c o e l a s t i c  s o l i d .  At t h e  g e l  p o i n t  t h e  l o s s  
m o d u l u s  and t h e  s t o r a g e  m o d u l u s  were f o u n d  t o  be i d e n t i c a l  o v e r  s e v e r a l  
d e c a d e s  o f  f r e q u e n c y  and f o r  t e m p e r a t u r e s  r a n g i n g  b e t w e e n  - 5 0 ~  and 
+180~ Bo t h  m o d u l i  were p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  o f  t h e  
f r e q u e n c y .  

INTRODUCTION 

Very  l i t t l e  i s  known a b o u t  t h e  t r a n s i e n t  s t a t e s  o f  a m o l e c u l a r  n e t -  
work d u r i n g  i t s  c r o s s l i n k i n g  r e a c t i o n .  M e a s u r e m e n t s  c a n  r e a d i l y  be t a k e n  
b e f o r e  o n s e t  o r  a f t e r  c o m p l e t i o n  o f  t h e  r e a c t i o n  b u t  i n t e r m e d i a t e  s t a t e s  
a r e  p a s s e d  by  too  q u i c k l y  t o  a l l o w  d e t a i l e d  p h y s i c a l  c h a r a c t e r i z a t i o n .  A 
me thod  i s  n e e d e d  f o r  c o n s e r v i n g  t r a n s i e n t  s t a t e s  of  t h e  n e t w o r k  by  
s t o p p i n g  t h e  r e a c t i o n  w i t h o u t  d i s t u r b i n g  t h e  s t a t e  o f  t h e  m o l e c u l a r  
s t r u c t u r e  a l r e a d y  f o r m e d .  The e v o l v i n g  c r o s s l i n k i n g  p r o c e s s  i s  t h e n  
r e p r e s e n t a b l e  by a d i s c r e t e  s e t  o f  s a m p l e s  w i t h  i n c r e a s i n g  e x t e n t  o f  
r e a c t i o n .  M e a s u r e m e n t s  on t h e s e  s a m p l e s  can  a n s w e r  q u e s t i o n s  s u c h  a s :  

- How do v i s c o e l a s t i c  p r o p e r t i e s  c h a n g e  w i t h  t h e  e x t e n t  o f  r e a c t i o n ?  
- How d o es  m o l e c u l a r  n e t w o r k  s t r u c t u r e  d e v e l o p ?  

- I s  t h e r e  a s i n g l e  t r a n s i t i o n  s t a t e  b e t w e e n  l i q u i d  and s o l i d ?  
- I f  so ,  what  a r e  t h e  p r o p e r t i e s  o f  t h e  t r a n s i t i o n  s t a t e ?  

I n  t h i s  s t u d y ,  a me thod  i s  p r o p o s e d  f o r  s t o p p i n g  t h e  c r o s s l i n k i n g  
r e a c t i o n  o f  a model  n e t w o r k  p o l y m e r .  The t e c h n i q u e  i s  b a s e d  on v e r y  r a p i d  
p o i s o n i n g  o f  t h e  c a t a l y s t  a t  c h o s e n  d e g r e e s  o f  c o n v e r s i o n .  I n i t i a l  
t h e o l o g i c a l  e x p e r i m e n t s  r e v e a l  u n e x p e c t e d  p r o p e r t i e s  a t  t h e  t r a n s i t i o n  
s t a t e .  

S e v e r a l  o t h e r  m e t h o d s  f o r  s t o p p i n g  t h e  r e a c t i o n  were c o n s i d e r e d :  
t h e r m a l  q u e n c h i n g  o f  t h e  s y s t e m  w h i l e  c r o s s l i n k i n g ,  c h a n g e s  o f  t h e  
s t o i c h i o m e t r i c  r a t i o  o f  t h e  r e a c t a n t s ,  e n d - c a p p i n g  o f  a l l  t h e  f u n c t i o n a l  
g r o u p s .  T h e s e  m e t h o d s  a r e  n o t  employed  s i n c e  t h e  f i r s t  one d o e s  n o t  a l l o w  
t h e  u s e  o f  t i m e - t e m p e r a t u r e  s u p e r p o s i t i o n ,  and t h e  l a t t e r  two w i l l  
s t r o n g l y  d i s t u r b  t h e  s t a t e  o f  t he  s t r u c t u r e  fo rmed  and h e n c e  would  o n l y  
b a r e l y  a p p r o x i m a t e  t h e  s t a g e s  o f  p a r t i a l  c o n v e r s i o n .  

F u r t h e r  t h e o l o g i c a l  e x p e r i m e n t s  and m e a s u r e m e n t s  o f  t h e  e x t e n t  o f  
r e a c t i o n  w i l l  be p r e s e n t e d  i n  a l a t e r  p u b l i c a t i o n .  The l o n g  t e r m  
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o b j e c t i v e  o f  t h i s  r e s e a r c h  i s  a c o r r e l a t i o n  o f  t h e o l o g i c a l  p r o p e r t i e s  w i t h  
e x t e n t  o f  r e a c t i o n  ( 1 )  a n d  w i t h  b r a n c h i n g  t h e o r y  ( 2 - 4 ) .  

EXPERIMENTAL 

P o l y ( d i m e t h y l s i l o x a n c )  (PDMS) n e t w o r k s  we re  p r e p a r e d  b y  t h e  h y d r o -  
s i l a t i o n  r e a c t i o n  o f  t e t r a k i s ( d i m e t h y l s i l o x y ) s i l a n e  and  a ,  ~ d i v i n y l -  
t e r m i n a t e d  l i n e a r  PDMS p r e p o l y m e r  i n  t h e  p r e s e n c e  o f  c i s - d i c h l o r o b i s  
( d i e t h y l s u l f i d e ) p l a t i n u m ( I I )  c a t a l y s t .  T h i s  s y s t e m  was  s u g g e s t e d  b y  t h e  
p r e v i o u s  w o r k  o f  V a l l e s  and  M a c o s k o  ( 1 ) .  I t  was  c h o s e n  f o r  i t s  w e l l  
d e f i n e d  c h e m i c a l  n a t u r e ,  t h e  n e e d  o f  c a t a l y s i s ,  t h e  a v a i l a b i l i t y  o f  
p r e p o l y m e r s  w i t h  d i f f e r e n t  m o l e c u l a r  w e i g h t s ,  and  t h e  e l a s t o m e r i c  n a t u r e  
o f  t h e  s a m p l e s  a f t e r  c r o s s l i n k i n g .  

The  PDMS p r e p o l y m e r  was  p u r c h a s e d  f r o m  P e t r a r c h  S y s t e m  I n c . .  Low 
m o l e c u l a r  w e i g h t  v o l a t i l e s  ( 1 . 1 %  b y  w e i g h t )  we re  r e m o v e d  by  s t i r r i n g  t h e  
m a t e r i a l s  f o r  12 h o u r s  a t  1 4 0 ~  u n d e r  h i g h  v a c u u m .  The  n u m b e r  a v e r a g e  
m o l e c u l a r  w e i g h t  was  m e a s u r e d  b y  v a p o r  p r e s s u r e  o s m o m e t r y  and  was  f o u n d  t o  
b e  Mn=10300 .  The  t e t r a f u n c t i o n a l  c r o s s l i n k e r  was  d i s t i l l e d  i n  a P e r k i n  
E l m e r  s p i n n i n g  b a n d  c o l u m n .  The  p u r i t y  o b t a i n e d  was  h i g h e r  t h a n  99 .99% as  
m e a s u r e d  b y  g a s - l i q u i d  c h r o m a t o g r a p h y  ( u s i n g  a 10% 0V101 c o l u m n ) .  The  
p u r i f i e d  c r o s s l i n k e r  was  s t o r e d  u n d e r  n i t r o g e n  a t m o s p h e r e .  The  p l a t i n u m  
c a t a l y s t  was  s y n t h e s i z e d  f o l l o w i n g  t h e  p r o c e d u r e  o f  K a u f f m a n  ~ Cowan ( 5 ) .  
The  c i s  i s o m e r  was  made v e r y  p u r e  a f t e r  s u c c e s s i v e  r e c r y s t a l l i ~ a t i o n s  
( m . p .  1 0 5 ~  The  c a t a l y s t  was  p r e p a r e d  i n  t h e  f o r m  o f  a 1 . 8 X 1 0  ~ m o l a l  
s o l u t i o n  o f  p l a t i n u m  i n  d r y  t o l u e n e  a n d  was  s t o r e d  u n d e r  n i t r o g e n .  

The  s a m p l e s  w e r e  p r e p a r e d  a t  room t e m p e r a t u r e  and  u n d e r  n i t r o g e n  
a t m o s p h e r e  b y  f i r s t  m i x i n g  t h e  PDMS p r e p o l y m e r  w i t h  t h e  c a t a l y s t  f o r  one  
h o u r .  T h e n  t h e  c r o s s l i n k e r  was  a d d e d  i n  s t o i c h i o m c t r i c  a m o u n t s ,  and  t h e  
m i x t u r e  was  s t i r r e d  f o r  15 m i n u t e s  and  d e g a s s e d .  The  p l a t i n u m  
c o n c e n t r a t i o n  i n  t h e  s a m p l e  was  8 . 6 X 1 0  - 5  mo le  o f  P t  p e r  m o l e  o f  p r o -  
p o l y m e r ,  a n d  t h e  a m o u n t  o f  t o l u e n e  ( f r o m  t h e  c a t a l y s t )  i n c o r p o r a t e d  i n t o  
t h e  r e a c t a n t s  was  l e s s  t h a n  0 .4% b y  w e i g h t .  A f t e r  m i x i n g  t h e  r e a c t a n t s ,  
t h e  p r e p a r a t i o n  was  p l a c e d  i n t o  s e v e r a l  s m a l l  c o n t a i n e r s  w h i c h  we re  s t o r e d  
i n  l i q u i d  n i t r o g e n .  

P r i o r  t o  u s e ,  a l l  t h e  s a m p l e s  w e r e  r e m o v e d  f r o m  l i q u i d  n i t r o g e n  and  
r e a c t e d  i s o t h e r m a l l y  a t  3 4 ~  Some s a m p l e s  w e r e  u s e d  t o  c o n t i n u o u s l y  
r e c o r d  t h e  e v o l u t i o n  o f  t h e  s t o r a g e  ( G ' )  and  l o s s  (G m) m o d u l i  d u r i n g  t h e  
c r o s s l i n k i n g  r e a c t i o n .  The  m e c h a n i c a l  m e a s u r e m e n t s  we re  p e r f o r m e d  w i t h  a 
R h e o m e t r i c s  D y n a m i c  M e c h a n i c a l  S p e c t r o m e t e r  u s i n g  25mm d i a m e t e r  p a r a l l e l  
d i s k s .  A l l  t h e  m e a s u r e m e n t s  w e r e  c a r r i e d  o u t  w i t h i n  t h e  r a n g e  o f  l i n e a r  
v i s c o e l a s t i c i t y .  The  o t h e r  s a m p l e s  w e r e  p o u r e d  on  t h e  b o t t o m  p l a t e  o f  t h e  
r h e o m e t e r  and  a l l o w e d  t o  r e a c t .  At  c h o s e n  e x t e n t s  o f  c o n v e r s i o n  t h e  
r e a c t i o n  was  s t o p p e d  b y  s p r a y i n g  a t o l u e n e  s o l u t i o n  o f  e l e m e n t a l  s u l f u r  on  
t o p  o f  t h e  s a m p l e .  E l e m e n t a l  s u l f u r  e v e n  i n  t r a c e  a m o u n t s  i s  known t o  
d e s t r o y  t h e  c a t a l y s t  i n s t a n t a n e o u s l y  ( 1 ) .  The  m o l a r  r a t i o  o f  s u l f u r  t o  
p l a t i n u m  e m p l o y e d  was  l e s s  t h a n  1 0 0 0 ,  a n d  t h e  a m o u n t  o f  t o l u e n e  i n t r o d u c e d  
i n t o  t h e  s a m p l e s  was  l e s s  t h a n  1 .5% b y  w e i g h t .  Y u s t  a f t e r  s p r a y i n g  t h e  
p o i s o n  s o l u t i o n ,  t h e  u p p e r  p l a t e  o f  t h e  r h e o m e t e r  was  p o s i t i o n e d ,  and  t h e  
s t o r a g e  a n d  l o s s  m o d u l i  w e r e  r e c o r d e d  d u r i n g  t h e  p r o c e s s  o f  c a t a l y s t  
p o i s o n i n g .  A f t e r  t h e  r e a c t i o n  was  c o m p l e t e l y  s t o p p e d ,  m a s t e r  c u r v e s  o f  G' 
a n d  G ~ v e r s u s  f r e q u e n c y  w e r e  o b t a i n e d  b y  a p p l y i n g  t i m e - t e m p e r a t u r e  s u p e r -  
p o s i t i o n  ( 7 ) .  

RESULTS AND DISCUSSION 

F i g u r e  1 s h o w s  t h e  e v o l u t i o n  o f  t h e  d y n a m i c  s t o r a g e  G' and  l o s s  G n 
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F i g u r e  1.  E v o l u t i o n  o f  t h e  complex  s h e a r  m o d u l u s ,  G' and G n d u r i n g  c r o s s -  
l i n k i n g  o f  PDMS a t  34~ ~ = 0 . S r a ~ / s  

m o d u l i  d u r i n g  t h e  i s o t h e r m a l  c r o s s l i n k i n g  p r o c e s s .  By c o n t i n u o u s l y  
d e c r e a s i n g  t h e  s h e a r  s t r a i n  a m p l i t u d e  f rom 3 . 0  to  0 . 0 0 5  t h e  i n c r e a s e  o f  
t h e  l i n e a r  v i s c o e l a s t i c  m a t e r i a l  p r o p e r t i e s  i s  a c c u r a t e l y  f o l l o w e d  o v e r  6 
d e c a d e s  i n  m o d u l u s .  Samples  f rom t h e  same b a t c h  have  t h e  same h i s t o r y ,  
t h u s  t h e  c u r i n g  c u r v e  i s  e x t r e m e l y  r e p r o d u c i b l e .  B e c a u s e  o f  t h e  w e l l  
d e f i n e d  p r o c e d u r e  employed  d u r i n g  t h e  sample  p r e p a r a t i o n ,  and b e c a u s e  o f  
t h e  h i g h  p u r i t y  o f  t h e  r e a c t a n t s ,  a v e r y  h i g h  r e p r o d u c i b i l i t y  f rom b a t c h  
t o  b a t c h  i s  o b t a i n e d .  

At any  c o n v e r s i o n ,  t h e  r e a c t i o n  i s  s t o p p e d  w i t h i n  2 to  3 m i n u t e s  o f  
p o i s o n i n g  w h i c h  i s  s h o r t  compared  t o  t h e  t o t a l  r e a c t i o n  t ime  o f  180 
m i n u t e s .  A s am p le  t h i c k n e s s  o f  0 . 7  to  0.8mm i s  u s e d  i n  o r d e r  t o  m i n i m i z e  
t h e  d i f f u s i o n  t ime  o f  t h e  s u l f u r  i n t o  t h e  s a m p l e .  Comple t e  e v a p o r a t i o n  o f  
t h e  s l i g h t  amount  o f  t o l u e n e  i n t r o d u c e d  i n t o  t h e  s a mp le  d u r i n g  t h e  
s p r a y i n g  o f  t h e  s u l f u r  s o l u t i o n  i s  o b t a i n e d  by d r y i n g  t h e  m a t e r i a l  f o r  2 
h o u r s  a t  120~ The p a r t i a l l y  r e a c t e d  s a m p l e s  a r e  s t a b l e  b e y o n d  180~ 
b u t  an i n c r e a s e  o f  b o t h  m o d u l i  a t t r i b u t e d  to  o x i d a t i o n  i s  o b s e r v e d  above  
200~  

As r e p r e s e n t e d  by  t h e  d a r k  s q u a r e s  on t h e  c u r i n g  c u r v e ,  F i g u r e  1,  t h e  
dynamic  and l o s s  m o d u l i  o f  t h e  p a r t i a l l y  r e a c t e d  s a m p l e s  s u p e r i m p o s e  v e r y  
w e l l  upon  t h e  d a t a  m e a s u r e d  on t h e  c o n t i n u o u s l y  c u r i n g  s a m p l e s .  The 
t e m p e r a t u r e  s t a b i l i t y  a l l o w s  t h e  u s e  o f  t i m e - t e m p e r a t u r e  e q u i v a l e n c e  i n  
o r d e r  t o  o b t a i n  m a s t e r  c u r v e s  o f  G' and G" v e r s u s  f r e q u e n c y  a t  d i f f e r e n t  
s t a g e s  o f  t h e  c r o s s l i n k i n g  p r o c e s s ,  F i g u r e  2 .  T h i s  s t u d y  r e q u i r e s  t h e  u s e  
o f  p a r a l l e l  d i s k  g e o m e t r y  s i n c e  gap c o r r e c t i o n s  m u s t  be made to  c o m p e n s a t e  
f o r  v a r i a t i o n s  i n  s a m p l e  vo lume d u r i n g  t h e  t e m p e r a t u r e  c h a n g e s .  

B e f o r e  r e a c h i n g  t h e  g e l  p o i n t ,  G" i s  h i g h e r  t h a n  G' w i t h i n  t h e  f r e -  
q u e n c y  r a n g e  i n v e s t i g a t e d ,  F i g u r e  2a .  Hence more e n e r g y  i s  d i s s i p a t e d  
t h a n  s t o r e d  d u r i n g  one c y c l e  o f  d e f o r m a t i o n .  Bo th  m o d u l i  d e c r e a s e  t o  z e r o  
a t  low f r e q u e n c i e s  o r  l o n g  t i m e s .  Beyond t h e  g e l  p o i n t ,  F i g u r e  2b ,  t h e  
v i s c o e l a s t i c  b e h a v i o r  i s  r e v e r s e d  s i n c e  G' i s  h i g h e r  t h a n  G". A p l a t e a u  
v a l u e  o f  G' i s  o b s e r v e d  a t  low f r e q u e n c i e s  w h i c h  i n d i c a t e s  t h a t  t h e  
m a t e r i a l  p o s s e s s e s  a p e r m a n e n t  e l a s t i c i t y .  

The t r a n s i t i o n  s t a t e  a t  t he  g e l  p o i n t  i s  c h a r a c t e r i z e d  by  e q u a l  
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reduced at 34~ 

a) 2 minutes before the transition state 
b) 2 minutes after the transition state 
c) the transition state (very slightly before) 

M a s t e r  c u r v e s  

s t o r a g e  and  l o s s  m o d u l i  f o r  n e a r l y  a l l  t h e  f r e q u e n c i e s  i n v e s t i g a t e d ,  
F i g u r e  2 e .  T h i s  s t a t e  c o r r e s p o n d s  t o  t h e  t r a n s i t i o n  f r o m  a m a t e r i a l  
w i t h o u t  p e r m a n e n t  e l a s t i c i t y  t o  a m a t e r i a l  w i t h  p e r m a n e n t  e l a s t i c i t y .  
T h i s  t r a n s i t i o n  f r o m  l i q u i d - l i k e  t o  s o l i d - l i k e  b e h a v i o r  i s  d e f i n e d  a s  
g e l a t i o n  i n  n o n - l i n e a r  p o l y m e r i z a t i o n s  ( 2 ) .  T h i s  r e s u l t  c o n f i r m s  t h e  
s p e c u l a t i o n  o f  T u n g  e t  a l .  ( 6 )  t h a t  t h e  c r o s s o v e r  o f  t h e  s t o r a g e  and  l o s s  
m o d u l i  m e a s u r e d  d u r i n g  i s o t h e r m a l  c u r i n g  o c c u r s  a t  t h e  g e l  p o i n t .  
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The s t o r a g e  and l o s s  m o d u l i  a r e  d e f i n e d  by  t h e  t h e o r y  o f  l i n e a r  
v i s c o e l a s t i c i t y  (7)  a s :  

G' = ~ f G ( t ) s i n ( ~ t ) d t  and G" = ~ C G ( t ) c o s ( = t ) d t  
o o 

w i t h  a r e l a x a t i o n  m o d u l u s  G ( t ) .  At t h e  t r a n s i t i o n  s t a t e ,  t h e  e x p e r i m e n t s  
shown i n  F i g u r e  2c i n d i c a t e  t h a t :  

1 /2  
G' = G" = A o 

where  A i s  a m a t e r i a l  c o n s t a n t .  A p o s s i b l e  s o l u t i o n  f o r  G' e q u a l  t o  G" a t  
a l l  t h e  f r e q u e n c i e s  i s  o b t a i n e d  f o r  a r e l a x a t i o n  m o d u l u s :  

O( t )  = g ~ X / t  

where  g i s  a m o d u l u s  and X i s  a r e l a x a t i o n  t i m e .  A d e c a y  o f  t h e  
r e l a x a t i o n  m o d u l u s  p r o p o r t i o n a l  t o  t - I / 2  i s  p r e d i c t e d  a t  t h e  t r a n s i t i o n  
s t a t e  w h i c h  c o n f i r m s  t h e  l i q u i d - l i k e  n a t u r e  o f  t h e  m a t e r i a l  as  o b s e r v e d  i n  
F i g u r e  2 c .  However ,  i t  m u s t  be n o t e d  t h a t  t h e  p r o p o s e d  s o l u t i o n  p r e s e n t s  
a s i n g u l a r i t y  a t  s h o r t  t i m e s  and h e n c e  t h e  b e h a v i o r  d e s c r i b e d  by  t h i s  
s o l u t i o n  i s  o n l y  a p p l i c a b l e  a t  l a r g e  t i m e s  ( t  > ~ ) .  The z e r o  s h e a r  
v i s c o s i t y  p r e d i c t e d  f rom t h i s  r e l a x a t i o n  f u n c t i o n  i s  i n f i n i t e .  T h e r e f o r e  
a t  t h e  t r a n s i t i o n  s t a t e  t h e  m a t e r i a l  i s  p r e d i c t e d  to  h a v e  an i n f i n i t e  
v i s c o s i t y  b u t  i s  n o t  y e t  a s o l i d  s i n c e  i t  c a n n o t  s u p p o r t  a s t r e s s  f o r  an  
infinitely long time without flowing. 

In conclusion, the crosslinking reaction of a PDMS system has been 
stopped at intermediate states. No disturbance prior to stopping the 
r e a c t i o n  h a s  b e e n  o b s e r v e d .  The t ime  r e q u i r e d  f o r  s t o p p i n g  t h e  r e a c t i o n  
i s  s m a l l  compared  to  t h e  o v e r a l l  r e a c t i o n  t i m e ,  and t he  s a m p l e s  o b t a i n e d  
a r e  s t a b l e  o v e r  a wide  r a n g e  o f  t e m p e r a t u r e s .  The c r o s s o v e r  p o i n t  o f  t h e  
s t o r a g e  and l o s s  m o d u l i  m e a s u r e d  d u r i n g  i s o t h e r m a l  c u r i n g  i s  shown to  
c o r r e s p o n d  to  a t r a n s i t i o n  s t a t e  f rom a l i q u i d - l i k e  t o  a s o l i d - l i k e  
m a t e r i a l .  S t r e s s  r e l a x a t i o n  and s t e a d y  s t a t e  v i s c o s i t y  o f  t h e  n e t w o r k  a t  
the transition state are predicted from oscillatory shear data. 
Rheological experiments to verify these predictions are in progress and 
will be reported in a follow-up article. 
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