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Summary 
Free  r a d i c a l  l i n e a r  p o l y m e r i z a t i o n  w i t h  i n s t a n t a n e o u s  i n i t i a t i o n  was 

s i m u l a t e d  on t h e  s imple  c u b i c  l a t t i c e .  The monomer c o n v e r s i o n ,  p o l y d i s p e r s i t y  
index  and ave rage  degree  of  p o l y m e r i z a t i o n  were p r e d i c t e d  by u s i n g  t h e  
p e r c o l a t i o n  model which was based  on c o m p u t e r - s i m u l a t e d  s e l f - a v o i d i n g  walks on 
t h e  l a t t i c e .  The a d j u s t i n g  p a r a m e t e r s  such as  r e a c t i v i t y ,  t e r m i n a t i o n  modes, 
c o o r d i n a t i o n  number o f  g i v e n  l a t t i c e  were i n t r o d u c e d .  

I n t r o d u c t i o n  
So f a r  t h e  a v e r a g e  degree  o f  p o l y m e r i z a t i o n  (DP) and t h e  p o l y d i s p e r s i t y  

index (Q) f o r  f r e e  r a d i c a l  p o l y m e r i z a t i o n  have been p r e d i c t e d  by s o l v i n g  t h e  
k i n e t i c  d i f f e r e n t i a l  e q u a t i o n s  (1,  2 ) .  This  p r o c e s s  i s  based  on s p a t i a l l y  
ave raged  c o n c e n t r a t i o n s  o f  monomer and polymer,  and c o n c e n t r a t i o n s  a r e  assumed 
t o  be un i fo rm t h r o u g h o u t  t h e  bu lk  phase .  The a c t i v e  polymers  in  t he  r e a c t i o n  
sys tem grow c o m p e t i t i v e l y  and s p a t i a l  h i n d r a n c e  by n e i g h b o u r i n g  polymer o r  
d i f f u s i o n  l i m i t a t i o n  by t h e  d i l u t i o n  o f  l oca l  monomer c o n c e n t r a t i o n  w i l l  a f f e c t  
t he  p r o p e r t i e s  ment ioned  above,  t t  i s  b e l i e v e d  t h a t  t h i s  s p a t i a l  e f f e c t  in  f r e e  
r a d i c a l  l i n e a r  p o l y m e r i z a t i o n  w i t h  i n s t a n t a n e o u s  i n i t i a t i o n  cou ld  be e x p l a i n e d  
t h r o u g h  p e r c o l a t i o n  approach .  

P e r c o l a t i o n  t h e o r y  was a p p l i e d  t o  b r anched  polymers  by F l o r y ( 3 )  and 
S tockmayer (4)  f o r  Bethe l a t t i c e  (o r  t r e e - l i k e  l a t t i c e )  in  o r d e r  t o  p r e d i c t  t he  
c r i t i c a l  phenomena f o r  g e l a t i o n ( 5 ) .  Al though a n a l y t i c a l  s o l u t i o n  was a v a i l a b l e ,  
a r i n g  f o r m a t i o n  cou ld  no t  be expec t ed  due t o  t he  n a t u r e  o f  t h e  Bethe  l a t t i c e .  
The inhomogene i ty  produced by c h a i n  r e a c t i o n  w i t h  c r o s s l i n k i n g  was i n v e s t i g a t e d  
t h r o u g h  a " c h a i n  r e a c t i o n  p e r c o l a t i o n "  on t h e  s imple  c u b i c  l a t t i c e  in  which t h e  
bond f o r m a t i o n  was r e p r e s e n t e d  as  t i m e - i n v a r i a n t  random walk (6,  7 ) .  

In  t h i s  pape r  t h e  c h a i n  growth of  l i n e a r  polymer  by t h e  f r e e  r a d i c a l  
p o l y m e r i z a t i o n  w i t h  i n s t a n t a n e o u s  i n i t i a t i o n  i s  a n a l y z e d  t h r o u g h  t he  computer  
s i m u l a t e d  t empora l  s e l f - a v o i d i n g  walk in  c u b i c  l a t t i c e s  based  on p e r c o l a t i o n .  
The s p a t i a l  e f f e c t s  on monomer c o n v e r s i o n ,  Q, DP and number of  polymers  a r e  
p r e d i c t e d  in  t e r m s  o f  t h e  p a r t i c i p a t i o n  e x t e n t  o f  a c t i v e  polymers  in  p r o p a g a t i o n  
r e a c t i o n  (EOP) and t h e  t e r m i n a t i o n  modes by two r a d i c a l s  (HOT). The c o m p e t i t i v e  
growths  a r e  s i m u l a t e d  on t h r e e  t y p e s  o f  c u b i c  l a t t i c e s  such as  s imple ,  body 
c e n t e r e d  and face  c e n t e r e d  c u b i c  l a t t i c e s ,  and e s p e c i a l l y  f o r  t he  s imple  c u b i c  
l a t t i c e  were c o n s i d e r e d  t h e  second n e i g h b o u r  i n t e r a c t i o n s .  

T h e o r e t i c a l  
In F ig .  l - a ,  a s n a p s h o t  o f  a s i m u l a t e d  p o l y m e r i z a t i o n  w i t h  i n s t a n t a n e o u s  

i n i t i a t i o n  in  two d i m e n s i o n a l  squa re  l a t t i c e  i s  shown t o  i l l u s t r a t e  t h e  growths  
o f  f o u r  a c t i v e  polymers  a t  t he  i n c e p t i o n .  Each s i t e  i s  c o n s i d e r e d  as  a 
p o i n t - l i k e  monomer molecu le  ( s i t e  p e r c o l a t i o n ) .  F i r s t l y  a r b i t r a r y  monomer 
s i t e s ,  which a r e  s e l e c t e d  a t  random by Monte Ca r lo  method, a r e  changed i n t o  
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F i B u r e  I Snapsho t s  f o r  s i m u l a t i o n  on s t a t e s  o f  a)  i n i t i a t i o n / p r o p a g a t i o n  and 
b) t e r m i n a t i o n  o f  4 r a d i c a l s .  

r a d i c a l s  r e p r e s e n t e d  as open c i r c l e s  ( i n i t i a t i o n  s t e p ) .  A bond i s  formed when a 
r a d i c a l  o f  a c t i v e  polymer chooses  an u n r e a c t e d  ne ighbour  monomer randomly. The 
r a d i c a l  marked as a s t e r i s k  in  Fig.  1-a moves from t h e  p e n u l t i m a t e l y  connec ted  
monomer t o  the  newly connec ted  one. The r a d i c a l  f u n c t i o n  per forms  a 
s e l f - a v o i d i n g  walk on the  l a t t i c e ,  t h e r e b y  c o n n e c t i n g  a s e r i e s  of  monomers by 
chemical  bonds ( p r o p a g a t i o n  s t e p ) .  In o r d e r  t o  avoid  boundary e f f e c t  (or  end 
e f f e c t ) ,  t he  l a t t i c e  i s  p r o j e c t e d  on a t o r u s ,  so t h a t  a s i d e  can be connec ted  to  
i t s  c o u n t e r  p a r t  (6, 7).  The walk c o n t i n u e s  randomly u n t i l  two r a d i c a l s  meet a t  
t he  same s i t e  o r  u n t i l  a r a d i c a l  i s  unable  t o  walk s e l f - a v o i d i n g l y  ( t h a t  i s ,  t he  
r a d i c a l  i s  t r apped  between r e a c t e d  monomer s i t e s )  as shown in  Fig .  1-b 
( t e r m i n a t i o n  s t e p ) .  The e x i s t e n c e  of  t r a p p e d  r a d i c a l s  was conf i rmed  by e l e c t r o n  
s p i n  r e sonance  measurements (8) .  The l i n e a r  polymers thus  formed a re  c a l l e d  
dead-end  polymers  and accounted  as  dead polymers  s i n c e  the  term dead polymer 
s i g n i f i e s  t he  c e s s a t i o n  of  growth f o r  t he  p r o p a g a t i n g  r a d i c a l  (6, 7, 9) .  

The monomer cha in  t r a n s f e r  a r e  g e n e r a l l y  small  f o r  most monomers and the  
cha in  t r a n s f e r  t o  i n i t i a t o r  such as  BPO and AIBN can be n e g l i g i b l e .  I t  was 
assumed f o r  l i n e a r  p o l y m e r i z a t i o n  t h a t  t h e r e  was no cha in  t r a n s f e r  t o  polymer 
which r e s u l t s  in  t h e  p r o d u c t i o n  o f  a branched polymer.  

S ince  the  s p a t i a l  e f f e c t  i s  dependent  upon the  h i s t o r y  o f  c h a i n  growth o f  
each polymer,  the  t i m e - d e p e n d e n t  p e r c o l a t i o n  model i s  needed.  I t  was assumed 
t h a t  on ly  one bond in  an a c t i v e  polymer could  be formed pe r  u n i t  t ime ( a t  = 1). 

In view t h a t  the  p o s s i b i l i t y  o f  s e l f - a v o i d i n g  walk i n c r e a s e s  wi th  
i n c r e a s i n g  the  number o f  c o o r d i n a t i o n  (NOC) which i s  d e f i n e d  as  t he  number of  
bonds l eav ing  each s i t e ,  t he  walk was i n v e s t i g a t e d  on t h r e e  t y p e s  o f  cub ic  
l a t t i c e  such as t he  s imple  one wi th  NOC = 6, t he  body c e n t e r e d  one (bcc) wi th  
NOC = 8 and the  f ace  c e n t e r e d  one ( f c c )  wi th  NOC = 12. A d d i t i o n a l l y ,  f o r  t he  
s imple  cub ic  l a t t i c e  t h e  i n t e r a c t i o n s  o f  t h e  second ne ighbours  were c o n s i d e r e d ,  
and the  NOC becomes 18. W h e n  the  l eng th  o f  bond i s  l in  t he  s imple  cubic  
l a t t i c e ,  i t  i s  p o s s i b l e  f o r  bond wi th  l eng t h  of  1 or  4-2 I t o  be formed. 
The s t r e n g t h  o f  i n t e r a c t i o n  was d i s c r i m i n a t e d  by assuming t h a t  t he  p o s s i b i l i t y  
o f  bond fo rma t ion  was i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  square  o f  i t s  l ength �9  

Model s i m u l a t i o n  and D i s c u s s i o n  
The c o n c e n t r a t i o n s  of  monomer and i n i t i a t o r  a re  r e p l a c e d  by the  number o f  

s i t e s  in t he  l a t t i c e .  The t o t a l  number o f  s i t e s  i s  8000 f o r  t he  s imple  cubic  
l a t t i c e ,  8192 f o r  t he  body c e n t e r e d  one and 8788 f o r  t he  f ace  c e n t e r e d  one,  
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r e s p e c t i v e l y ,  which c o r r e s p o n d s  t o  the  number o f  monomer molecu les .  The i n i t i a l  
c o n c e n t r a t i o n  of  i n i t i a t o r  was chosen 2.5 molt  which i s  r a t h e r  l a r g e r  than  t h a t  
normal ly  used,  but  i t  i s  expec t ed  t h a t  t he  s p a t i a l  e f f e c t  can be more o b v i o u s l y  
demons t r a t ed .  In o r d e r  t o  c o n s i d e r  i n s t a n t a n e o u s  i n i t i a t i o n ,  t he  decompos i t ion  
r a t e  c o n s t a n t  o f  i n i t i a t o r  was chosen 1,0.  I t  was conf i rmed from the  s i m u l a t i o n  
t h a t  the  p h y s i c a l  p r o p e r t i e s  were a lmos t  independen t  o f  the  c o n s t a n t  i f  i t  was 
l a r g e r  t han  1 .0 .  

The p r o b a b i l i t y  of  bond fo rma t ion  i s  c a l l e d  as " r e a c t i v i t y " ,  which makes 
the  molecu la r  weight  o f  polymer be ing  d i s t r i b u t e d .  I t  should  be de te rmined  
p r i o r  t o  t he  s e l e c t i o n  o f  the  d i r e c t i o n  o f  cha in  growth whether  or  not  a bond i s  
formed ( t h a t  i s ,  whether  or  not  an a c t i v e  polymer p a r t i c i p a t e s  in  p r o p a g a t i o n  
r e a c t i o n ) .  The r e a c t i v i t y  or  the  p r o b a b i l i t y  o f  bond fo rma t ion  could  be 
r e p r e s e n t e d  by a pa ramete r  which i s  t he  p a r t i c i p a t i o n  e x t e n t  o f  a c t i v e  polymers 
in  p r o p a g a t i o n  r e a c t i o n  (EOP). For  example,  EOP = 0 .5  i mp l i e s  t h a t  50% of  
a c t i v e  polymers p a r t i c i p a t e s  in  t he  p r o p a g a t i o n .  I t  i s  noted  t h a t  t h e  
p r o p a g a t i o n  r a t e  f o r  EOP = 0 .5  i s  s lower  by tw ice  than  t h a t  f o r  EOP = 1.0.  

In Fig .  2 t he  molecu la r  weight  d i s t r i b u t i o n  (MWD) as a d e n s i t y  f u n c t i o n  
w(1) i s  p l o t t e d  a g a i n s t  c h a i n  l eng th  f o r  p o l y m e r i z a t i o n  wi th  t e r m i n a t i o n  by 
combina t ion  (MOT = 1 .0 ) .  In case  of  EOP = 1.0 (o r  t he  p r o b a b i l i t y  of  1.0) t he  
cha in  l eng th  of  a c t i v e  polymer c o r r e s p o n d s  t o  i t s  e l a p s e  t ime and the  molecu la r  
we igh t  o f  a c t i v e  polymer i n c r e a s e s  s i g n i f i c a n t l y  w i th  i n c r e a s i n g  c h a i n  l eng th  as 
shown in F ig .  2-a .  However, t he  ~ D  o f  a c t i v e  polymer f o r  EOP = 0 .5  i s  l i k e  a 
normal d i s t r i b u t i o n  as  i l l u s t r a t e d  in  F ig .  2-b.  At the  i n c e p t i o n  most o f  
polymers  a r e  a c t i v e  polymers  and then  the  shape o f  MWD i s  changed i n t o  bimodal 
because the fraction of dead polymer increases with reaction time. As 
polymerization proceeds further (i.e., t = 180), the resulting MWD in Fig. 
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2-b3 i s  l i k e  a log-normal  d i s t r i b u t i o n  which n e a r l y  c o r r e s p o n d s  t o  t he  
d i s t r i b u t i o n  o f  EOP = 1.0 as shown in  F ig .  2-a3.  

Fig .  3 shows the  e f f e c t  o f  EOP on the  t r a n s i e n t  b e h a v i o r s  o f  t he  
c o n v e r s i o n ,  Q and DP r e s p e c t i v e l y .  The c o n v e r s i o n  and DP i n c r e a s e  wi th  
i n c r e a s i n g  EOP and the  curve  o f  Q shows a maximum value  a t  t h e  i n c e p t i o n  and 
then  i n c r e a s e s  m o n o t o n i c a l l y .  However i t  can be seen t h a t  each o f  them 
approaches  a s y m p t o t i c a l l y  t he  same value  be ing  independen t  o f  EOP. The 
v a r i a t i o n  wi th  EOP d id  no t  a f f e c t  t he  a sympto t i c  v a l u e s  o f  p r o p e r t i e s  mentioned 
above but  t he  shape o f  ~ a t  EOP = 1.0 was d i f f e r e n t  from t h e s e  a t  t he  o t h e r  
va lues  as  conf i rmed  in  F ig .  2. 

In o r d e r  t o  p r e d i c t  t he  e f f e c t s  o f  mode of  t e r m i n a t i o n  by two r a d i c a l s ,  t he  
f r a c t i o n  o f  t e r m i n a t i o n  by combina t ion  i s  assumed t o  vary from 0 ( t e r m i n a t i o n  
only  by d i s p r o p o r t i o n a t i o n )  t o  1.0 ( t e r m i n a t i o n  only  by combina t i on ) .  When two 
r a d i c a l s  e n c o u n t e r  a t  t he  same s i t e ,  i f  t he  g iven  value  o f  MOT i s  l a r g e r  than  a 
pseudorandom number, t h e  t e r m i n a t i o n  by d i s p r o p o r t i o n a t i o n  t a k e s  p l a c e .  Therby, 
each o f  a c t i v e  polymers  becomes a dead polymer and t h i s  cha in  l eng th  i s  
unchanged. For EOP = 0 .5 ,  t he  Q i n c r e a s e s  but  t he  DP d e c r e a s e s  s i g n i f i c a n t l y  
wi th  d e c r e a s i n g  MOT as  shown in  F ig .  4. This  r e s u l t  seems r e a s o n a b l e  because Q 
: 2 f o r  p o l y m e r i z a t i o n  wi th  t e r m i n a t i o n  by d i s p r o p o r t i o n a t i o n  and Q = 1.5 wi th  
t e r m i n a t i o n  by combina t ion  (9) .  The curve  o f  Q r e s u l t s  i ~  a maximum a t  t he  
beg inn ing  and the  v a r i a t i o n  i s  l i k e  a combined shape between the  cu rves  f o r  
t e r m i n a t i o n  by combina t ion  and by d i s p r o p o r t i o n a t t o n .  Yan and Cai (2) proposed 
t h a t  t he  curve  os Q had a maximum value  f o r  t e r m i n a t i o n  by combina t ion  and i t  
i n c r e a s e d  mono ton i ca l l y  f o r  t e r m i n a t i o n  by d i s p r o p o r t i o n a t i o n .  

In p e r c o l a t i o n ,  t h e  type  o f  l a t t i c e  and /o r  t h e  number o f  c o o r d i n a t i o n  (NOC) 
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Fisure 5 Effect of NOC at EOP = 0.5 and MOT = I.O on a) conversion, Q and DP 
and b) numbers of polymer, active polymer and dead polymer: NO(:: of 18 (so), 
solid; 12 (fcc), dotted; 8 (bcc), dashed; B (sc), heavy solid |ine. 

a r e  t he  c o n t r o l l i n g  p a r a m e t e r s .  The e f f e c t s  o f  NOC on t h e  c o n v e r s i o n ,  Q and DP 
a r e  shown in  F ig .  5 -a .  As NO(: i n c r e a s e s ,  a l l  o f  t h e  c o n v e r s i o n ,  Q and DP 
i n c r e a s e .  For a s imple  c u b i c  l a t t i c e ,  t h e  i n t e r a c t i o n  w i t h  t h e  second n e a r e s t  
n e i g h b o u r i n g  s i t e  r e s u l t s  in  s i g n i f i c a n t  i n f l u e n c e  as  e x p e c t e d .  Fig .  5 -b  shows 
t h e  e f f e c t  of  NOC on t h e  number f r a c t i o n s  of  polymers  t o  t he  r a d i c a l s  g e n e r a t e d  
d u r i n g  p o l y m e r i z a t i o n .  The f r a c t i o n s  o f  polymers  and dead po lymers  d e c r e a s e  
w i t h  i n c r e a s i n g  t h e  NOC. However, t he  f r a c t i o n s  o f  dead polymer a r e  l a r g e r  t h a n  
0 .5 .  I f  a l l  t h e  t e r m i n a t i o n  were made by comb[na t ion ,  t he  f r a c t i o n  of  dead 
polymer would be 0 .5 .  Th i s  d i f f e r e n c e  must be due t o  t he  c o n t r i b u t i o n  from 
dead -end  polymers  formed by t h e  c e s s a t i o n  o f  s e l f - a v o i d i n g  walk. The 
c o n t r i b u t i o n  o f  dead-end  polymer w i l l  d e c r e a s e s  as  t he  NOC i n c r e a s e s ;  from 24% 
f o r  NOC = 6 t o  8% f o r  NOC = 18. 
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