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Summary 
The a b s o l u t e  r a t e  c o n s t a n t  o f  p r o p a g a t i o n  (kp )  i n  

s t y r e n e  p o l y m e r i z a t i o n  was d e t e r m i n e d  on t h e  b a s i s  o f  ESR 
d e t e c t i o n  o f  t h e  p o l y m e r  r a d i c a l  i n  t h e  t e m p e r a t u r e  range  o f  
0 t o  130~ The A r r h e n i u s  p l o t  o f  kp gave a good l i n e a r  
r e l a t i o n s h i p  and t h e  a c t i v a t i o n  e n e r g y  o f  t h e  p r o p a g a t i o n  
was e v a l u a t e d  t o  be 39 .7  K J / m o l .  The t e r m i n a t i o n  r a t e  c o n -  
s t a n t s  o v e r  t h e  same t e m p e r a t u r e  range  were a l s o  o b t a i n e d  by 
u s i n g  t h e  kp v a l u e s  a c c o r d i n g  t o  t h e  s t a n d a r d  k i n e t i c s  o f  
r a d i c a l  p o l y m e r i z a t i o n .  A p p a r e n t  a c t i v a t i o n  e n e r g y  o f  t h e  
t e r m i n a t i o n  was e s t i m a t e d  t o  be 15 .6  K J / m o l .  

I n t r o d u c t i o n  
P o l y m e r i z a t i o n  o f  s t y r e n e  ( S t )  by r a d i c a l  c h a i n  mecha-  

n ism has been s t u d i e d  e x t e n s i v e l y  and a b s o l u t e  r a t e  c o n -  
s t a n t s  f o r  i n d i v i d u a l  e l e m e n t a r y  r e a c t i o n s  have been e v a l u -  
a t e d  m a i n l y  a t  i n i t i a l  s t a g e s  o f  p o l y m e r i z a t i o n  by v a r i o u s  
t e c h n i q u e s  [ 1 ] .  S i n c e  t h e  r a d i c a l  p o l y m e r i z a t i o n  i s  a t y p -  
i c a l  c h a i n  r e a c t i o n ,  t h e  d e t e r m i n a t i o n  o f  t h e  r a t e  c o n -  
s t a n t s ,  e s p e c i a l l y  p r o p a g a t i o n  and t e r m i n a t i o n  r a t e  c o n -  
s t a n t s  (kp and k t ) ,  i s  r e q u i r e d  f o r  q u a n t i t a t i v e  d i s c u s s i o n  
on p o l y m e r  f o r m a t i o n .  The k i n e t i c  e q u a t i o n s  f o r  t h e  t e c h -  
n i q u e s  used t o  e v a l u a t e  t h e  r a t e  c o n s t a n t s  a re  m a t h e m a t i -  
c a l l y  d e r i v e d  by u s i n g  a s s u m p t i o n s  [ 2 ]  w h i c h  c o u l d  somet imes  
be r e s p o n s i b l e  f o r  d i s c r e p a n c y  o f  t h e  r a t e  c o n s t a n t s  among 
t h o s e  d e t e r m i n e d  by t h e  d i f f e r e n t  t e c h n i q u e s .  E v a l u a t i o n  
o f  t h e  r a t e  c o n s t a n t s  based on d i r e c t  d e t e r m i n a t i o n  o f  c o n -  
c e n t r a t i o n  o f  p o l y m e r  r a d i c a l  by means o f  ESR s p e c t r o s c o p y  
w i t h  f e w e r  a s s u m p t i o n s  has been c o n s i d e r e d  t o  be a d v a n t a -  
geous o v e r  t h e  o t h e r  t e c h n i q u e s  [ 3 , 4 ] ,  and q u a n t i t a t i v e  
i n f o r m a t i o n  a b o u t  t h e  e l e m e n t a r y  r e a c t i o n  o b t a i n e d  by t h e  
ESR method seems t o  be p r e f e r a b l e  f o r  b e t t e r  u n d e r s t a n d i n g  
o f  r a d i c a l  p o l y m e r i z a t i o n .  

S t  p o l y m e r i z a t i o n  has been s t u d y  by o n l y  a few g r o u p s  
u s i n g  ESR s p e c t r o s c o p y .  B r e s l e r  and c o w o r k e r s  [ 5 ]  e v a l u -  
a t e d  kp and kt based on d e t e r m i n a t i o n  o f  t h e  s t e a d y  s t a t e  
c o n c e n t r a t i o n  o f  p o l y ( S t )  r a d i c a l  e m p l o y i n g  a s p e c i a l l y  
d e s i g n e d  ESR s p e c t r o m e t e r .  R e c e n t l y ,  we have s t u d i e d  on 
r a d i c a l  p o l y m e r i z a t i o n  o f  S t  a t  70~ u s i n g  ESR s p e c t r o s c o p y .  
We have d e t e r m i n e d  t h e  s t e a d y - s t a t e  c o n c e n t r a t i o n  o f  t h e  
p o l y m e r  r a d i c a l  d u r i n g  St  p o l y m e r i z a t i o n  o v e r  a w i d e  c o n -  
v e r s i o n  range  up t o  97% d e s p i t e  a c o n s i d e r a b l e  i n c r e a s e  i n  
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v i s c o s i t y  o f  t h e  p o l y m e r i z a t i o n  m i x t u r e  w i t h  p r o g r e s s  o f  
p o l y m e r i z a t i o n  [ 6 , 7 ] .  

A l t h o u g h  t h e  ESR s p e c t r u m  o b s e r v e d  c o n s i s t e d  o f  b road  
l i n e s ,  as a r e s u l t  o f  a s e a r c h  o f  s u i t a b l e  c o n d i t i o n s  f o r  
o b t a i n i n g  a w e l l - r e s o l v e d  s p e c t r a ,  we have r e p o r t e d  t h e  
s p e c t r a  o f  p o l y ( S t )  r a d i c a l  c o n s i s t i n g  o f  more t h a n  18 l i n e s  
a t  room t e m p e r a t u r e  ( ca .  2 2 ~  The h y p e r f i n e  c o u p l i n g  
c o n s t a n t s  f o r  a l l  t h e  h y d r o g e n s  have been e v a l u a t e d  by com- 
p u t e r  s i m u l a t i o n  [ 8 ] .  The ESR s p e c t r a  d e t e c t e d  d u r i n g  t h e  
p o l y m e r i z a t i o n s  o f  S t  and t h e  s u b s t i t u t e d  S t  have been 
u n a m b i g u o u s l y  a s s i g n e d  t o  t h e  c o r r e s p o n d i n g  p o l y m e r  r a d i c a l s  
w h i c h  p a r t i c i p a t e  i n  t h e  p r o p a g a t i o n  and t e r m i n a t i o n  [ 6 , 8 ] ,  
whe reas  r e c e n t l y ,  t h e  p r e s e n c e  o f  i n a c t i v e  p o l y m e r  r a d i c a l  
c a l l e d  " t r a p p e d  r a d i c a l "  i n  t h e  p o l y m e r i z a t i o n  o f  m e t h y l  
m e t h a c r y l a t e  has been p roposed  [ 9 ] .  

A l t h o u g h  t h e  kp and kt v a l u e s  f o r  S t  have a l s o  been de -  
t e r m i n e d  a t  d i f f e r e n t  t e m p e r a t u r e s  as c o m p i l e d  [ 1 ] ,  t h e  
A r r h e n i u s  p l o t s  o f  kp and kt a re  g i v e n  o v e r e  a r e l a t i v e l y  
n a r r o w  t e m t e m p e r a t u r e  range  i n  t h e  l i t e r a t u r e .  However ,  
because  o f  c o n s i d e r a b l e  s c a t t e r  o f  kp v a l u e  and t h e  n a r r o w  
t e m p e r a t u r e  range  a r i s i n g  f r om  a l a c k  o f  t h e  d a t a  a t  t h e  
t e m p e r a t u r e s  above 100~ t h e  r e l i a b i l i t y  o f  t h e  a c t i v a t i o n  
p a r a m e t e r s  f o r  t h e  e l e m e n t a r y  r e a c t i o n s  o f  t h e  St  p o l y m e r i -  
z a t i o n  i s  n o t  so h i g h .  We t h o u g h  t h a t  d e t e r m i n a t i o n  o f  
t h e  r a t e  c o n s t a n t s  by t h e  ESR t e c h n i q u e  w h i c h  i s  n o t  d i s -  
t u r b e d  by an i n c r e a s e  i n  v i s c o s i t y  o f  t h e  p o l y m e r i z a t i o n  
m i x t u r e  w i t h  c o n v e r s i o n  no r  d e c r e a s e s  i n  monomer and i n i t i -  
a t o r  c o n c e n t r a t i o n s  by p r o g r e s s  o f  p o l y m e r i z a t i o n  can be 
a p p l i e d  t o  t h e  S t  p o l y m e r i z a t i o n  o v e r  a w i d e  t e m p e r a t u r e  
range  i n c l u d i n g  t h e  h i g h  t e m p e r a t u r e s .  

I n  t h i s  a r t i c l e ,  we d e s c r i b e  m o n i t o r i n g  t h e  St  p o l y -  
m e r i z a t i o n  o v e r  t h e  t e m p e r a t u r e  range  f rom 0 t o  130~ by 
means o f  ESR s p e c t r o s c o p y ,  and t h e  kp v a l u e s  a t  d i f f e r e n t  
t e m p e r a t u r e s  were  d e t e r m i n e d  by c o m b i n a t i o n  o f  t h e  o v e r a l l  
r a t e  o f  p o l y m e r i z a t i o n  and t h e  c o n c e n t r a t i o n  o f  t h e  p o l y m e r  
r a d i c a l .  M o r e o v e r ,  t h e  t e m p e r a t u r e  dependence  o f  kt was 
a l s o  e s t i m a t e d .  

Experimental 
Commerc ia l  S t  was d i s t i l l e d  u n d e r  r educed  p r e s s u r e  be-  

f o r e  use .  M e t h y l  2 , 2 ' - a z o b i s i s o b u t y r a t e  (MAIB)  was r e c r y -  
t a l l i z e d  f r om  n - h e x a n e .  2 , 2 ' - A z o b i s - 2 , 4 - d i m e t h y l v a l e r o -  
n i t r i l e  (AVN) and t , l ' - a z o b i s - l - c y a n o c y c l o h e x a n e  (ACN) were  
r e c r y s t a l l i z e d  f r om  m e t h a n o l ,  t e r t - B u t y l  p e r o x i d e  (TBP) 
was d i s t i l l e d  u n d e r  r educed  p r e s s u r e .  The p o l y m e r i z a t i o n  
o f  S t  a t  O~ was i n i t i a t e d  w i t h  ACN u n d e r  i r r a d i a t i o n  by a 
500 W xenon  lamp i n  t h e  c a v i t y  o f  an ESR s p e c t r o m e t e r .  De- 
c o m p o s i t i o n  o f  ACN unde r  t h e  UV i r r a d i a t i o n  i n  t h e  c a v i t y  a t  
O~ was m o n i t o r e d  by r e c o r d i n g  t ~ e  a b s o r b a n c e  a t  360 nm on a 
Sh imadzu  UV-160 s p e c t r o p h o t o m e t e r ,  and t h e  p o l y m e r i z a t i o n  
i n i t i a t e d  w i t h  ACN/UV was a l s o  c a r r i e d  o u t  i n  t h e  c a v i t y  a t  
O~ The p o l y m e r i z a t i o n s  a t  50, 70, 100, and 130~ f o r  
d e t e r m i n a t i o n  o f  t h e  o v e r a l l  r a t e s  o f  p o l y m e r i z a t i o n  (Rp's) 
were run  i n  s e a l e d  ampou les  and p o l y ( S t )  was i s o l a t e d  u s i n g  
m e t h a n o l  as p r e c i p i t a n t .  Rp ' s  were  o b t a i n e d  f r om  t h e  
s l o p e s  o f  t h e  c o n v e r s i o n - t i m e  p l o t s  a t  t h e  r e s p e c t i v e  
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temperatures. 
ESR spectra of poly(St) radical were recorded on a 

Bruker ESP 300 spectrometer operated at-X band with 100 kHz 
field modulation at the microwave power of 20 mW using a 0.5 
cm outer diameter quartz tube and the modulation amplitude 
was 10 G. The spectra were recorded over a magnetic field 
of 150 G width divided into 1024 points and the conversion 
time of each point was 40.96 ms. The time required for 
each scan was ca.  42 s and most  o f  t h e  s p e c t r a  were  r e -  
c o r d e d  by a s i n g l e  scan .  The c o n c e n t r a t i o n  o f  p o l y ( S t )  
r a d i c a l  was d e t e r m i n e d  f rom t h e  i n t e n s i t y  o f  t h e  s p e c t r u m  
o b t a i n e d  by d o u b l e  i n t e g r a t i o n  and c a l i b r a t e d  w i t h  t h e  i n -  
t e n s i t y  o f  t h e  s p e c t r u m  o f  1 , 3 , 5 - t r i p h e n y l v e r d a z y l  [ 1 0 ]  as 
d e s c r i b e d  b e f o r e  [ 6 ] .  

R e s u l t s  and D i s c u s s i o n  
S i n c e  c o n c e n t r a t i o n  o f  t h e  p o l y m e r  r a d i c a l  can be mea- 

s u r e d  by ESR s p e c t r o s c o p y ,  t h e  a b s o l u t e  v a l u e  o f  kp was 
c a l c u l a t e d  f r om  t h e  f o l l o w i n g  e q u a t i o n :  

kp = R p / ( [ S t -  ] [ S t ] )  

where  [ S t - ]  and [ S t ]  s t a n d  f o r  t h e  c o n c e n t r a t i o n s  o f  p o l y -  
( S t )  r a d i c a l  and monomer ic  S t ,  r e s p e c t i v e l y .  The p o l y m e r i -  
z a t i o n s  o f  S t  were  i n i t i a t e d  w i t h  d i f f e r e n t  i n i t i a t o r s  de -  
p e n d i n g  on t h e  p o l y m e r i z a t i o n  t e m p e r a t u r e  as summar ized  i n  
T a b l e  I .  

F i g u r e  I i l l u s t r a t e s  t h e  ESR s p e c t r a  o f  p o l y ( S t )  r a d i -  
ca l  r e c o r d e d  a t  t h e  b i g i n i n g  o f  t h e  p o l y m e r i z a t i o n s  a t  O, 
70, and 130~ S i n c e  a c c u r a t e  d e t e r m i n a t i o n  o f  t h e  i n t e n -  
s i t y  o f  t h e  s p e c t r a  was p r e f e r r e d  o v e r  w e l l  r e s o l v e d  s p e c -  
t r a ,  4 - 1 i n e  s p e c t r a  w i t h  b road  l i n e - w i d t h  were  r e c o r d e d .  
The 4 - 1 i n e  s p e c t r a  can be a c c o u n t e d  f o r  by s p l i t t i n g  o f  t h e  
a -  and two o f  # - h y d r o g e n s  o f  p o l y ( S t )  r a d i c a l ,  because  d i f -  
f e r e n c e  i n  t h e  h y p e r f i n e  s p l i t t i n g  c o n s t a n t  be tween  two 
t y p e s  o f  t h e  h y d r o g e n s  i s  c o m p a r a b l e  o r  l e s s  t h a n  t h e  l i n e  
w i d t h .  

To o b t a i n  t h e  ESR s p e c t r a  o f  p o l y ( S t )  r a d i c a l ,  a l l  t h e  
p o l y m e r i z a t i o n s  were  i n i t i a t e d  w i t h  r e l a t i v e l y  h i g h  c o n c e n -  
t r a t i o n s  o f  t h e  i n i t i a t o r s .  S i n c e  t h e  h a l f  l i f e - t i m e  o f  
MAIB a t  I 00~  i s  e s t i m a t e d  t o  be 10.7  m in ,  t h e  c o n v e r s i o n  o f  
S t  r eached  t o  49% a f t e r  t h e  p o l y m e r i z a t i o n  f o r  10 min w i t h  

T a b l e  I .  I n i t i a t i o n  o f  S t  p o l y m e r i z a t i o n  a t  d i f f e r e n t  
t e m p e r a t u r e s  

Temp. I n i t i a t i o n  [ I ]  kd X 105 
(~ (mol/L) (s - l )  

0 ACN/UV 0 . 0 5  4 . 0 0  
50 AVN 015 2 .05  a 
70 MAIB 0 .2  3 .20  a 

100 MAIB 0.1 108 a ) 
130 TBP 0 .5  2 .92  a 

a) Re f .  I I .  
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(C) ,., ~ . . . .  

F i g .  1. ESR s p e c t r a  o f  p o l y ( S t )  r a d i c a ]  o b s e r v e d  a t  low 
c o n v e r s i o n s  (< 5%) o f  b u l k  p o l y m e r i z a t i o n s  a t  0 ( A ) ,  7 0 ( B ) ,  
and 130~ (C) 

0.1 m o l / L  o f  MAIB a t  t h i s  t e m p e r a t u r e  a c c o m p a n y i n g  t h e  r a p i d  
decrease in concentration of MAIB. However the spectrum 
was taken within 42 s, and the measurement of the polymer 
radical concentration was accomplished under the conditions 
of such fast decomposition of MAIB, because calculation of 
kp from Rp requires the instantaneous radical concentration. 
In our previous papers [6,7], we confirmed that the kp value 
for St remains constant irrespective of conversion and mole- 
cular weight of the polymer radical. Therefore, the kp 
value determined at any stage of the polymerization can be 
used for the Arrhenius plot. 

Figure 2 shows the conversion-time and radical c0ncen- 
tration-time p l o t s  a t  50~ The ESR s p e c t r u m  became more 
i n t e n s e  w i t h  c o n v e r s i o n ,  and t h e  r a d i c a l  c o n c e n t r a t i o n s  were  
d e t e r m i n e d  i n  t h e  range  o f  20 t o  30% c o n v e r s i o n .  S i n c e  t h e  
s l o p e  o f  t h e  p l o t  o f  t h e  c o n v e r s i o n  v e r s u s  t i m e  c o r r e s p o n d s  
t o  Rp, t h e  kp v a l u e  can be o b t a i n e d  s t r a i g h t f o r w a r d l y  u s i n g  
t h e  r a d i c a l  c o n c e n t r a t i o n .  The kp v a l u e s  c a l c u l a t e d  a re  
summar ized  i n  T a b l e  2 i n  w h i c h  t h e  c o n v e r s i o n  r anges  f o r  
c o n v e r s i o n - t i m e  p l o t s  a re  a l s o  g i v e n .  The A r r h e n i u s  p l o t  
o f  kp based on t h e  v a l u e s  i n  T a b l e  2 i s  d e p i c t e d  i n  F i g .  3, 
and t h e  a c t i v a t i o n  e n e r g y  o f  p r o p a g a t i o n  (Ep)  i s  o b t a i n e d  
f r om  t h e  s l o p e  o f  t h e  l i n e a r  r e l a t i o n s h i p :  

Ep -- 39 .7  KJ /mol  
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F i g .  2. V a r i a t i o n  o f  c o n v e r s i o n  ( 0 )  and c o n c e n t r a t i o n  o f  
p o l y ( S t )  r a d i c a l  ( 0 )  w i t h  t i m e  d u r i n g  S t  p o l y m e r i z a t i o n  i n  
b u l k  a t  50~ 

The A r r h e n i u s  e q u a t i o n  i s  o b t a i n e d  as 

kp ( L / m o l - s )  = 5 .50  x 1 0 8 e x p [ - 3 9 . 7 ( K J / m o l ) / R T ]  

An i n t e r n a t i o n a l  g roup  o f  p o l y m e r  c h e m i s t s  has r e p o r t e d  
t h e  c o n s i s t e n t  v a l u e  o f  kp f o r  S t  d e t e r m i n e d  by a s p a t i a l l y  
i n t e r m i t t e n t  p o l y m e r i - z a t i o n  and e m u l s i o n  p o l y m e r i z a t i o n ,  and 
t h e  A r r h e n i u s  e q u a t i o n s  f o r  kp i n  t h e  range  o f  45 t o  65~ 
have been g i v e n  [ 3 ] :  

kp ( L / m o l . s )  = 1 0 7 . O 4 e x p [ - 2 9 . 5 ( K J / m o l ) / R T ]  

and 

kp ( L / m o l - s )  = 10( 7.1 • ~  • 3 ) ( K J / m o l ) / R T ]  

B r e s l e r  e t  a l .  [ 5 ]  have d e r i v e d  t h e  f o l l o w i n g  e q u a t i o n  based 
on t h e  kp v a l u e s  d e t e r m i n e d  by t h e  ESR method f r om  50 t o  
90~ 

kp ( L / m o l . s )  = 2 . 4  x 1 0 8 e x p [ - ( 3 7 . 5  • 1 . 6 ) ( K J / m o l ) / R T ]  

I t  i s  f o u n d  t h a t  t h e  a c t i v a t i o n  e n e r g y  e v a l u a t e d  i n  t h e  p r e -  
s e n t  s t u d y  i s  g r e a t e r  t h a n  t h o s e  i n  t h e  l i t e r a t u r e  c a l c u -  
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T a b l e  2. kp v a l u e s  f o r  S t  a t  d i f f e r e n t  t e m p e r a t u r e s  

Temp C o n v e r s i o n  Rp0 x I0  4a) kp 
(~  range  (%) ( m o l / L - s )  ( L / m o l . s )  

0 0 -6  0 .177  12 .3  
50 0 -35  4 .51 256 
70 0 -85  8 .77  481 

100 0 -40  68 .0  1620 
130 0 -50  5 4 . 0  3350 

a) Rp e s t i m a t e d  a t  0% c o n v e r s i o n  o b t a i n e d  f rom t h e  s l o p e  
o f  t h e  c o n v e r s i o n - t i m e  p l o t .  

4 . 0  

3 , 0  

0 
E 

....J 

, ,  2 . 0  

0 

1 . 0  

2 . 2  

%% 
%%% 

%~'%%'% %% 

I I I 

2 . 6  3 . 0  3 . 4  3 . 8  

I O 0 0 / T  (K-I) 

F i g .  3. A r r h e n i u s  p l o t  o f  kp f o r  b u l k  p o l y m e r i z a t i o n s  o f  
S t  i n  t h e  t e m p e r a t u r e  range  o f  0 t o  130~ D o t t e d  l i n e  i s  
drawn a c c o r d i n g  t o  t h e  A r r h e n i u s  e q u a t i o n  f rom r e f .  3 (A = 
10 ~.o4 and E = 29 .5  K J / m o l )  

1Ated f rom t h e  kp v a l u e s  i n  t h e  n a r r o w  t e m p e r a t u r e  r anges  
[ 3 , 5 ] .  A l t h o u g h ,  i n  a d d i t i o n  t o  t h e s e ,  t h e  A r r h e n i u s  p l o t s  
based on t h e  a b s o l u t e  kp v a l u e s  o f  S t  c o m p i l e d  i n  t h e  tem-  
p e r a t u r e  range  o f  40 t o  70~ have a l s o  been shown,  c o n s i d -  
e r a b l e  s c a t t e r  o f  t h e  v a l u e s  o f  kp d i d  n o t  a l l o w  t o  d e t e r -  
mine Ep d e f i n i t e l y  [ I ] .  

The kt v a l u e s  c o u l d  be o b t a i n e d  by m o n i t o r i n g  t h e  decay  
o f  t h e  ESR s i g n a l  a t  i n d i v i d u a l  t e m p e r a t u r e s .  S i n c e  kt 
v a l u e  has been shown t o  v a r y  w i t h  c o n v e r s i o n  [ 6 ]  and m o l e c -  
u l a r  w e i g h t  o f  t h e  p o l y m e r  r a d i c a l  [ 1 2 ] ,  t h e  d e t e r m i n a t i o n  
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o f  kt u n d e r  t h e  c o m p a r a b l e  c o n d i t i o n s  a t  d i f f e r e n t  t e m p e r a -  
t u r e  i s  a l m o s t  i m p o s s i b l e .  A l t e r n a t i v e l y ,  we e s t i m a t e d  
t h e  kt v a l u e s  a t  t h e  i n i t i a l  s t a g e s  o f  t h e  p o l y m e r i z a t i o n  
f r om  Rp0 'S based on t h e  s t a n d a r d  k i n e t i c s  o f  r a d i c a l  p o l y -  
m e r i z a t i o n :  

Rpo = ( R i / k t ) ~  5kp [ S t ]  

T a b l e  3 summar i zes  t h e  k i n e t i c  d a t a  o f  t h e  S t  p o l y m e r i z a -  
t i o n  used f o r  c a l c u l a t i o n  o f  kt and t h e  kt v a l u e s  o b t a i n e d .  

A l t h o u g h  t h e  p r i m a r y  r a d i c a l  t e r m i n a t i o n  m i g h t  be i n -  
v o l v e d  i n  t e r m i n a t i o n  o f  t h e  p o l y m e r i z a t i o n  i n i t i a t e d  w i t h  a 
h i g h  c o n c e n t r a t i o n  o f  MA!B a t  100~ t h e  A r r h e n i u s  p l o t  i n  
F i g .  4 shows a s a t i s f a c t o r i l y  good l i n e a r  r e l a t i o n s h i p .  
The a p p a r e n t  v a l u e  o f  Et i s  e s t i m a t e d  t o  be 15 .6  K J / m o l .  
I n  c o n t r a s t  t o  i n s i g n i f i c a n t  Et f o r  v i n y l  a c e t a t e  and m e t h y l  
m e t h a c r y l a t e  o b t a i n e d  by t h e  ESR method [ 1 3 ] ,  we r e c o g n i z e d  
a c c e l e r a t i o n  o f  t h e  t e r m i n a t i o n  w i t h  an i n c r e a s e  i n  t h e  tem-  

T a b l e  3.  K i n e t i c  d a t a  and kt v a l u e s  a t  d i f f e r e n t  t e m p e r a -  
t u r e s  

Temp. [ S t ] 0  Rpo x 104a) Ri x I05b )  kt x I0  -B 
(~  ( m o l / L )  ( m o l / L . s )  ( m o l / L - s )  ( L / m o l - s )  

0 8 . 5 4  0 .177  0 . 2 0  0 . 7 0 4  
50 7 .56  4 . 5 I  1 .03  1 .90  
70 8 .29  8 .77  0 . 6 4  1 .32  

100 8 . 5 0  68 .0  10 .8  %.43 
130 7 .83  54 .0  2 .92  6 . 9 0  

a) Rp a t  0% c o n v e r s i o n  e s t i m a t e d  f rom t h e  s l o p e  o f  t h e  
c o n v e r s i o n - t i m e  p l o t .  

b) I n i t i a t i o n  e f f i c i e n c i e s  o f  t h e  azo i n i t i a t o r s  and TBP 
were assumed t o  be 0 .5  and 1 .0 ,  r e s p e c t i v e l y .  

" "  9 . 0  (/) 

i , = -  

o 8 . 5  
E 

J 8 . 0  
v 

, r  

~ 7 . 5  

o 2 . 4  
I - - "  

I I t 
2 . 8  3 . 2  3 . 6  

I O 0 0 / T  ( K - 1 )  

F i g .  4. A r r h e n i u s  p l o t  o f  kt f o r  b u l k  p o l y m e r i z a t i o n  o f  S t  
i n  t h e  t e m p e r a t u r e  range  o f  0 t o  130~ 
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p e r a t u r e  d u r i n g  t h e  e x p e r i m e n t s  o f  t h e  p r e s e n t  wo rk .  As a 
c o n s e q u e n c e ,  r e l a t i v e l y  l a r g e  amounts  o f  t h e  i n i t i a t o r s  were  
used t o  a t t a i n  t h e  s u f f i c i e n t l y  h i g h  c o n c e n t r a t . i o n s  o f  t h e  
p o l y m e r  r a d i c a l  a t  100 and 130~ 

The Ep v a l u e  o b t a i n e d  i n  t h e  p r e s e n t  s t u d y  t o g e t h e r  
w i t h  t h e  Et v a l u e  e s t i m a t e d  can o f f e r  t h e  b a s i s  o f  c o n s i d -  
e r a t i o n  on t h e  p o l y m e r i z a t i o n  o f  S t  o v e r  a w i d e  t e m p e r a -  
t u r e  r a n g e .  F u r t h e r m o r e ,  u t i l i t y  o f  t h e  ESR method f o r  
k i n e t i c  a n a l y s i s  o f  r a d i c a l  p o l y m e r i z a t i o n  has been exem- 
p l i f i e d .  
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