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A r i f  A h m e t D e rm a n  

A d v is e r :  P r o fe s s o r  G e o rg e  O d ia n

T he  r a d ia t io n - in d u c e d  g r a f t  p o ly m e r iz a t io n  o f  4 - v in y lp y r id in e  

to  h ig h  d e n s ity  p o ly e th y le n e  f i lm s  has  b e e n  s tu d ie d  u n d e r  a w id e  

ra n g e  o f  r e a c t io n  c o n d it io n s  o f  in i t ia t io n  r a te ,  m o n o m e r  c o n c e n tra t io n  

and  p o ly m e r  f i l m  th ic k n e s s .  T he  r e a c t io n  c o n d it io n s  w e re  c h o s e n  to  

in c lu d e  b o th  d i f f u s io n - f r e e  and  d i f f u s io n - c o n t r o l le d  g r a f t  p o ly m e r iz a t io n .

T he  g r a f t in g  r a te  w as fo u n d  to  be  in d e p e n d e n t o f  p o ly m e r  f i l m  

th ic k n e s s  a t  lo w  th ic k n e s s e s .  A t  h ig h  th ic k n e s s e s ,  th e  r a te  w as in v e r s e ly  

d e p e n d e n t on  th e  f i r s t - p o w e r  o f  th ic k n e s s .  T he  d e p e n d e n ce  o f th e  g r a f t in g  

ra te  on  th e  in i t ia t io n  r a te  w a s  1 /2 - o r d e r  f o r  lo w  p o ly m e r  f i l m  th ic k n e s s e s  

and  lo w  r a d ia t io n  in te n s i t ie s  b u t  ch a n g e d  to  1 /4 - o r d e r  a t h ig h  th ic k n e s s e s  

and  h ig h  in te n s i t ie s .  T h e  g r a f t in g  r a te  w a s  f i r s t - o r d e r  in  m o n o m e r  a t  

lo w  r a d ia t io n  in te n s i t ie s  and  lo w  th ic k n e s s e s  b u t  1 /2 - o r d e r  a t  h ig h  

in te n s i t ie s  and  h ig h  th ic k n e s s e s .  T he  r e s u l t s  a re  d is c u s s e d  in  te r m s  o f 

th e  o c c u r r e n c e  o f d i f f u s io n a l - c o n t r o l  in  th e  g r a f t  p o ly m e r iz a t io n  p ro c e s s  

and  th e  a p p l ic a b i l i t y  o f th e  q u a n t i ta t iv e  p r e d ic t io n s  o f o u r  t h e o r e t ic a l  w o r k .
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IN T R O D U C T IO N

D u r in g  th e  la s t  tw o  d e c a d e s , r a d ia t io n  in d u c e d  g r a f t  p o ly m e r iz a t io n  

o f m o n o m e rs  to  a s o l id  p o ly m e r  b a c k b o n e  has  re c e iv e d  c o n s id e ra b le  

a t te n t io n  f r o m  a la r g e  n u m b e r  o f  in v e s t ig a to r s .  C o m m e r c ia l  a v a i l a b i l i t y  

o f  h ig h  e n e rg y  r a d ia t io n  s o u rc e s  c o u p le d  w i th  th e  a b i l i t y  to  p ro d u c e  d e s ir a b le  

c h e m ic a l and  p h y s ic a l m o d if ic a t io n s  in  th e  p r o p e r t ie s  o f p o ly m e rs  b ro u g h t  

f o r w a r d  e x te n s iv e  r e s e a r c h  in  th is  a re a  o f  p o ly m e r  c h e m is t r y ( l - 4 ) .

A lth o u g h  i t  is  p o s s ib le  to  c h e m ic a l ly  g r a f t  a p o ly m e r (4 , 5 ), h i g h  

e n e rg y  r a d ia t io n  has th e  fo l lo w in g  a d v a n ta g e s :

(a ) u n s e le c t iv e  a b s o rp t io n  o f  r a d ia t io n  in  m a t te r  e n a b le s  one to  

g r a f t  a n y  m o n o m e r  to  a n y  p o ly m e r  u n d e r  a p p ro p r ia te  c o n d it io n s ,

(b) th e  p ro d u c e d  g r a f t  p o ly m e r  is  f r e e  o f  c o n ta m in a n ts ,  s u c h  a s , 

i n i t i a t o r  and  c h a in  t r a n s fe r  a g e n t f ra g m e n ts

and  (c ) th e  g r a f t in g  r e a c t io n  ca n  e i th e r  be p e r fo r m e d  h o m o g e n e o u s ly

th ro u g h o u t  t h ic k  la y e r s  o f  p o ly m e r  o r  c a n  be l im i t e d  to  a  s u r fa c e  zone  o f 

a n y  d e s ire d  th ic k n e s s .

T he  r a d ia t io n  in d u c e d  g r a f t  p o ly m e r iz a t io n  m e c h a n is m , a lth o u g h  

w e l l  s tu d ie d ,  is  f a r  f r o m  b e in g  c o m p le te ly  u n d e rs to o d .  T he  k in e t ic s  o f  m o n o m e r  

a d d it io n ,  w h ic h  w a s  lo n g  a s s u m e d  to  be  s im i l a r  to  o r d in a r y  f r e e  r a d ic a l  

p o ly m e r iz a t io n  k in e t ic s ,  has  b e e n  sh o w n  to  be  s u b je c t  to  c e r ta in  p e c u l i a r  

e f fe c ts  d e p e n d in g  on th e  c o n d it io n s  o f  g r a f t in g .  T h e s e  e f fe c ts  a re  th o u g h t to  

a r is e  due to  th e  in a b i l i t y  o f  th e  m o n o m e r  to  d i f fu s e  in  th e  p o ly m e r  m a t r ix ,  

in to  th e  r e a c t io n  s i te s ,  to  k e e p  pace  w i th  th e  r a te  o f  r e a c t io n (6 ,  7 ). On th e
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o th e r  h a n d , r e c e n t  w o r k  in  o u r  la b o r a to r ie s  on  th e  w e l l - s tu d ie d  s ty r e n e -  

p o ly e th y le n e  s y s te m  h a s  s h o w n  th a t  th e  g r a f t in g  k in e t ic s  a re  f a r  d i f f e r e n t  

and  c o m p le x  th a n  th e  o r d in a r y  f r e e  r a d ic a l  p o ly m e r iz a t io n  k in e t ic s (8 , 9 ).

T he  r a te  d e p e n d e n ce  on  m o n o m e r  w as o b s e rv e d  n o t to  be  o f f i r s t  o r d e r ,  as 

is  in  th e  ca se  o f  f r e e  r a d ic a l  p o ly m e r iz a t io n ( lO ) ,  b u t  3 /2  o r d e r  a t  a dose  

r a te  o f  0 . 00076 M r a d / h r . T h e  de p e n d e n ce  in c re a s e d  to  5 /2  o r d e r  w ith  

in c r e a s in g  dose  r a te .  A ls o ,  th e  u s u a l s q u a r e - r o o t  d e p e n d e n ce  o f  th e  r a te  o f 

g r a f t in g  on  th e  in i t ia t io n  r a te  d ro p p e d  to  z e ro  o r d e r  a t  h ig h  dose  r a te s .  

F u r th e r m o r e ,  u s in g  e x t r e m e ly  d r y  m o n o m e rs ,  th e  r a d ia t io n  in d u c e d  g r a f t  

p o ly m e r iz a t io n  o f s ty re n e ,  a c r y lo n i t r i l e ,  4 - v in y lp y r id in e  and  v in y l - n - b u t y l  

e th e r  on  p o ly e th y le n e ,  p o ly te t r a f lo r o e th y le n e  and  on p o ly v in y l  c h lo r id e  has 

b e e n  s h o w n  to  p ro c e e d  th ro u g h  an  io n ic  m e c h a n is m ( l l) .

I t  is  s u r p r is in g  th a t  th e  k in e t ic  o r d e r  in  m o n o m e r ,  e ve n  f o r  th e  

s ty re n e -p o ly e th y le n e  s y s te m  has  n o t b e e n  e s ta b lis h e d .  M o s t o f  th e  s tu d ie s  

in  l i t e r a t u r e  a s s u m e d  f i r s t  o r d e r  de p e n d e n ce  w ith o u t  e x p e r im e n ta l v e r i f ic a t io n .  

C le a r ly ,  f u r t h e r  w o r k  is  d e s ire d  f o r  th e  e lu s id a t io n  o f th e  m e c h a n is m  and  

k in e t ic s  o f g r a f t  p o ly m e r iz a t io n .

T h is  th e s is  p u ts  f o r w a r d  o u r  e f fo r t s  on  th e  s tu d y  o f  th e  g r a f t  

p o ly m e r iz a t io n  k in e t ic s  o f 4 - v in y lp y r id in e - p o ly e th y le n e  s y s te m .

T h e  m a in  re a s o n s  b e h in d  th e  c h o ic e  o f  th is  p a r t ic u la r  g r a f t in g  

s y s te m  c a n  be o u t l in e d  as fo l lo w s :

(a) th e  m o n o m e r ,  4 - v in y lp y r id in e ,  ca n  be  p o ly m e r iz e d  e a s i ly  b y  

r a d ic a l  a n d /o r  io n ic  m e a n s (1 5 ),

(b ) i t  w a s  h o p e d  th a t  th e  p o la r  n a tu re  o f  th e  m o n o m e r  c o u p le d  w i th

th e  h ig h  r e a c t io n  r a te s  o b s e rv e d  as c o m p a re d  to  s ty re n e  c o u ld  e a s i ly  s h i f t

th e  g r a f t in g  k in e t ic s  to  th e  d i f f u s io n - c o n t r o l le d  s ta te  w i th in  th e  dose  r a te

137and th ic k n e s s  ra n g e  o f  o u r  Cs g a m m a  s o u rc e  and  p o ly e th y le n e  f i lm ,  

r e s p e c t iv e ly ,
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and  (c ) u s in g  th e  sa m e  p o ly m e r  th a t  w a s  u se d  in  th e  r e c e n t  w o rk  w i th

s ty re n e (8 ,  9) is  th o u g h t to  b r in g  fo r w a r d  in te r e s t in g  k in e t ic a l  c o m p a r is o n s .

In  th is  s tu d y ,  w e  h a ve  c e n te re d  o u r  e f fo r t s  on  th e  sp e e d  and  n a tu re  

o f th e  g r a f t in g  r e a c t io n .  W e have  n o t e n te re d  in to  th e  m o le c u la r  a s p e c ts  and

p a r a m e te r s  o f  th e  g r a f te d  c h a in .  O u r a im  w a s :

(a) to  in v e s t ig a te  th e  m a in  k in e t ic  p a r a m e te r s ,  n a m e ly  M  and 

and  t h e i r  e f fe c t  on  th e  g r a f t in g  ra te ,

(b) to  e s ta b l is h  th e  n a tu re  o f  th e  g r a f t in g  r e a c t io n ,

(c ) to  s tu d y  th e  d i f f u s io n a l e f fe c ts  on  th e  g r a f t in g  k in e t ic s

and  (d) to  e x p e r im e n ta l ly  v e r i f y  th e  p ro p o s e d  t h e o r e t ic a l  a n a ly s is  on

th e  g r a f t  p o ly m e r iz a t io n  m e c h a n is m (1 2 -1 4 ) .
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G R A F T IN G  T E C H N IQ U E S

T h e re  a re  s e v e r a l g r a f t in g  te c h n iq u e s  one c a n  e m p lo y  to  c a r r y  

o u t g r a f t  p o ly m e r iz a t io n .

(a) M u tu a l G r a f t in g  o f  M o n o m e r  and  P o ly m e r

In  th is  te c h n iq u e , a p o ly m e r  f i l m  is  t o t a l ly  im m e r s e d  in  m o n o m e r  

o r  in  a m o n o m e r  s o lu t io n  and  th e n  s u b je c te d  to  i r r a d ia t i o n .  U s u a lly ,  th e  

i r r a d ia t io n  s te p  is  c a r r ie d  o u t a f te r  th e  s y s te m  has  re a c h e d  s w e ll in g  

e q u i l ib r iu m .  D u r in g  i r r a d ia t i o n ,  r a d ic a ls  a re  p ro d u c e d  on  th e  p o ly m e r  b a c k ­

bone  and  in i t ia t e  th e  g r a f t in g  r e a c t io n .  T h e  e f f ic ie n c y  o f g r a f t in g  depends on 

th e  r e la t iv e  s e n s i t i v i t y  o f  th e  m o n o m e r  and  p o ly m e r  to  i r r a d ia t io n .  I f  th e  

G ^  v a lu e ( fo r  d e f in i t io n ,  see A p p e n d ix  1) o f  p o ly m e r  is  g r e a te r  th a n  th e  G ^  

v a lu e  o f  th e  m o n o m e r ,  th e  g r a f in g  r e a c t io n  w i l l  p re d o m in a te  o v e r  h o m o ­

p o ly m e r iz a t io n .  I f ,  h o w e v e r , th e  m o n o m e r  is  m o re  r a d ia t io n  s e n s i t iv e ,  h o m o ­

p o ly m e r iz a t io n  w i l l  p re d o m in a te .

(b) P r e - i r r a d ia t i o n  o f P o ly m e r

T he  fo r m a t io n  o f  u n d e s ira b le  h o m o p o ly m e r  in  th e  p re c e e d in g  te c h n iq u e  

can  be a v o id e d  i f  th e  in i t ia t io n  and  p o ly m e r iz a t io n  s te p s  a re  s e p a ra te d .  In  

th is  te c h n iq u e , th e  p o ly m e r  is  i r r a d ia te d  a lo n e , in  v a c u o  o r  in  an  in e r t  

a tm o s p h e re  and  th e n  b ro u g h t  in  c o n ta c t  w i th  m o n o m e r  in  l iq u id  o r  v a p o r  

s ta te .  I r r a d ia t io n  p ro d u c e s  t ra p p e d  r a d ic a ls  in  th e  p o ly m e r  m a t r ix  th a t  

s u b s e q u e n tly  r e a c t  w i th  th e  m o n o m e r .  T h e  m e c h a n is m  o f  g r a f t  p o ly m e r iz a t io n  

is  th e  s a m e  as in  th e  la t t e r  te c h n iq u e  e x c e p t th a t  th e  in i t ia t io n  s te p  is  

s e p a ra te d  f r o m  th e  p ro p a g a t io n  and t e r m in a t io n  s te p s .

A  v a r ia t io n  o f  th is  te c h n iq u e  is  th e  i r r a d ia t i o n  o f th e  p o ly m e r  in  

a i r  o r  o x y g e n  in s te a d  o f an  in e r t  a tm o s p h e re .  T h is  r e s u l t s  in  th e  fo r m a t io n  

o f p e ro x id e s  a n d /o r  h y d ro p e ro x id e s  w h ic h  d e c o m p o s e  and  r e a c t  w i t h  t h e  

m o n o m e r  w h e n  th e  s y s te m  is  s u b s e q u e n tly  h e a te d .
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T H E  M E C H A N IS M  O F  G R A F T  P O L Y M E R IZ A T IO N  

T he  in te r a c t io n  o f h ig h  e n e rg y  r a d ia t io n ,  s u c h  as g a m m a - r a y s ,  

w i th  o rg a n ic  m o le c u le s  in  g e n e ra l and  p o ly m e rs  in  p a r t ic u la r ,  in v o lv e s  th e  

in te r a c t io n  w i th  t h e i r  o r b i t a l  e le c t r o n s ,  r e s u l t in g  in  t h e i r  e j e c t i o n  o r  

e x i ta t io n .  T he  e je c te d  e le c t r o n s  c a r r y  e no ugh  k in e t ic  e n e rg y  to  f  u  r  t  h e r  

r e a c t  w i th  m o le c u la r  s p e c ie s  (a to m s , io n s ,  r a d ic a ls ,  e tc .  )a lo n g  t h e i r  p a th s . 

T h e  o v e r - a l l  p ic tu r e  is  q u ite  c o m p le x ( l)  b u t  th e  n e t r e s u l t  is  th e  f o r m a t io n  

o f  r a d ic a ls  and  io n s  a lo n g  th e  t r a c k s  o f r a d ia t io n .  T h e s e  a c t iv e  s p e c ie s  a re  

re s p o n s ib le  f o r  th e  in i t ia t io n  o f g r a f t  p o ly m e r iz a t io n .

R a d ia t io n - in d u c e d  g r a f t  p o ly m e r iz a t io n  has  b e e n  s h o w n  to  p ro c e e d  

th ro u g h  a r a d ic a l  m e c h a n is m ( l6 ) .  E le c t r o n  s p in  re s o n a n c e  s tu d ie s  w i t h  

p o ly e th y le n e  has  s h o w n  th a t  th e  p ro d u c e d  r a d ic a ls  a re  m a in ly  a lk y l  and 

a l l y l  ty p e (1 7 ,1 8 )a n d  th a t  th e s e  r a d ic a ls  in i t ia t e  th e  g r a f t in g  re a c t io n (1 9 ,  2 0 ).

R a d ic a l c h a in  p ro c e s s e s  a re  c h a r a c te r iz e d  in  th re e  m a in  s te p s , 

n a m e ly ,  in i t ia t io n ,  p ro p a g a t io n  and  t e r m in a t io n .  T he  fo l lo w in g  s e r ie s  o f 

e q u a tio n s  a r e  g e n e r a l ly  a c c e p te d  f o r  th e  v a r io u s  s te p s  o f th e  g r a f t in g  

r e a c t io n ;

I n i t ia t io n

P  P .  , R . = k QI (1)

p . + M ----P M * , R i i= k i i  [P3 [m ]  (2)

P ro p a g a t io n

P M ri + M  — P M j5+1 ,, R p = kp [P M A] [ M ]  (3)

T e r m in a t io n

P M n* *  P M A   P M ^ n  , R t = 2 k t  [ P M (4)

I f  one m a k e s  th e  g e n e ra l a s s u m p t io n  th a t  th e  k in e t ic  c h a in  is  lo n g , th e n  

e q u a tio n  (2) ca n  be  n e g le c te d  as c o m p a re d  to  e q u a tio n  (3 ), th e  r a te  o f  g r a f t in g  

is  th e n  e x p re s s e d  b y  e q u a tio n  (3 ).
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U n d e r th e  c o n v e n t io n a l s te a d y -s ta te  a s s u m p t io n  th a t  th e  r a d ic a l  

c o n c e n tra t io n  r e m a in s  c o n s ta n t  d u r in g  th e  c o u rs e  o f  th e  r e a c t io n ,  f o r  th e  

ra te  o f g r a f t  p o ly m e r iz a t io n  one can  o b ta in ,

R p s ( k p / k t 1 /2 ) M R i1 /2  (5)

an e x p re s s io n  e x a c t ly  a n a lo g o u s  to  th e  o r d in a r y  f r e e - r a d ic a l  h o m o p o ly m e r ­

iz a t io n  k in e t ic s .  T h is  r a te  e q u a tio n  has a ls o  b e e n  d e r iv e d  w ith o u t  u s in g  

the  s te a d y -s ta te  a s s u m p t io n (1 2 ,16).

A c c o rd in g  to  e q u a tio n  (5 ), th e  r a te  o f  g r a f t  p o ly m e r iz a t io n  s h o u ld  

be d e p e n d e n t on  th e  s q u a r e - r o o t  o f in i t ia t io n  r a te  and  c o n s e q u e n tly  to  th e  

r a d ia t io n  in te n s i t y .  S uch a d e p e n d e n ce  has bee n  o b s e rv e d  f o r  s e v e r a l s y s te m s  

l ik e  m e th y l m e th a c r y la te - p o ly e th y le n e (21), a c r y lo n i t r i le - p o ly e th y le n e ( 2 1 ) ,  

v in y l  a c e ta te - T e f lo n ( l6 )  and  s ty r e n e - T e f lo n ( 2 2 ) .  T a k a m a ts u  and  S h in o h a ra (2 3) 

in v e s t ig a te d  th e  s t y r e n e - p o ly v in y l  c h lo r id e  s y s te m  w ith  th e  p r e - i r r a d ia t io n  

m e th o d . A  s q u a r e - r o o t  d e p e n d e n ce  w as o b s e rv e d  f o r  b o th  th e  m o n o m e r  v a p o r  

and  l iq u id  w i th in  th e  d o s e - r a te  ra n g e  o f  0 . 0 0 5 -0 .1  M r / h r ( f o r  d e f in i t io n  o f 

t e r m s ,  see A p p e n d ix  1). A t  h ig h e r  d o s e - ra te s ,  a lth o u g h  th e  s a m e  d e p e n d e n c y  

e x is te d  f o r  th e  l iq u id  m o n o m e r ,  th e  d e p e n d e n c y  d ro p p e d  to  z e r o - o r d e r  f o r  

th e  m o n o m e r  v a p o r .  In  a l l  c a s e s , th e  r a te  o f  g r a f t  p o ly m e r iz a t io n  f o r  the  

m o n o m e r  v a p o r  w as fo u n d  to  be h ig h e r  th a n  th a t  o f  th e  m o n o m e r  l iq u id  

a lth o u g h  th e  c o n c e n t r a t io n  o f th e  f o r m e r  is  lo w e r  in  th e  p o ly m e r  m a t r ix .

T h is  b e h a v io u r  has  b e e n  a t t r ib u te d  to  th e  p la s t is iz in g  e f fe c t  o f s ty re n e .  W ith  

th e  in c re a s e  o f s ty re n e  c o n c e n tra t io n  a b s o rb e d  in  th e  p o ly v in y l  c h lo r id e  

f i lm ,  th e  t e r m in a t io n  r a te  c o n s ta n t(k ^ )  has  b e e n  sh o w n  to  in c re a s e ,  d e c re a s in g  

th e  r a te  o f g r a f t  p o ly m e r iz a t io n .  S tu d ie s  on  p o ly e th y le n e  te re p h th a la te  f ib e r s  

w i th  s ty re n e (2 4 )  a ls o  b ro u g h t  f o r w a r d  th e  s q u a r e - r o o t  d e p e n d e n ce  on th e  

d o s e - r a te .  S ty re n e  in  th is  w o r k  w as d i lu te d  w ith  d im e th y l  s u lfo x id e  to  a id  

s w e ll in g  .
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D e v ia t io n s  f r o m  th is  e x p e c te d  d e p e n d e n ce  h a ve  b e e n  o b s e rv e d  f o r  

s e v e r a l o th e r  s y s te m s  and  a t t r ib u te d  to  th e  d i f f u s io n a l c o n t r o l  in  th e  

g r a f t in g  r e a c t io n .

F o r  th e  s ty re n e -p o ly e th y le n e  s y s te m ,  th e  g r a f t  p o ly m e r iz a t io n  

ra te  has  b e e n  fo u n d  to  be  in d e p e n d e n t on  th e  d o s e - r a te  b e tw e e n  0 .0 1 8 -0 .2 6  

M r / h r ( 6 ) .  A  s im i l a r  r e s u l t  w a s  a ls o  o b s e rv e d  b y  B a lla n t in e (2 1 ) .

T h e  d e p e n d e n ce  o f th e  r a te  o f g r a f t  p o ly m e r iz a t io n  on  th e  m o n o m e r  

c o n c e n tra t io n  is  p r e d ic te d  to  be  f i r s t - o r d e r  w ith  r e s p e c t  to  e q u a tio n  (5 ). 

A lth o u g h  e x p e r im e n ta l w o r k  is  q u ite  s c a rc e  on  th is  l in e ,  a v a i la b le  d a ta  in  

l i t e r a t u r e  sh o w  s o m e  d e v ia t io n s  f r o m  th e  e x p e c te d  b e h a v io u r .  A s  d e s c r ib e d  

e a r l i e r ,  f o r  th e  s ty re n e -p o ly e th y le n e  s y s te m  th is  d e p e n d e n ce  has  b e e n  fo u n d  

to  be  3 / 2 - o r d e r  b u t  in c re a s e d  to  5 / 2 - o r d e r  w ith  th e  in c re a s e  in  th e  d o s e -  

r a te .  T he  3 / 2 - o r d e r  w i th  r e s p e c t  to  m o n o m e r  c o n c e n tra t io n  has b e e n  e x p la in e d  

b y  th e  d e p e n d e n c y  o f  th e  in i t ia t io n  r a te  on th e  m o n o m e r  c o n c e n tra t io n .  I f  

r e a c t io n  (2) on page  5 is  s lo w e r  th a n  r e a c t io n  (1), e q u a tio n  (2) th e n  b e c o m e s  

th e  r a te  d e te r m in in g  s te p . A ls o ,  a s s u m in g  th a t  th e  t e r m in a t io n  s te p  o c c u rs ,  

as u s u a l,  b y  b im o le c u la . r  c o u p lin g  a n d /o r  d is p r o p o r t io n a t io n  th e n  the  ra te  w i l l  

be 3 / 2 - o r d e r  w i th  r e s p e c t  to  m o n o m e r  c o n c e n tra t io n .  T he  h ig h e r  5 /2  o r d e r  

w as n o t e x p la in a b le  b u t  h ig h  v is c o s i t y  o f  th e  r e a c t io n  m e d iu m , e n e r g y - t r a n s fe r  

p ro c e s s e s  and  p r im a r y  r a d ic a l  t e r m in a t io n  h a ve  b e e n  c o n s id e re d  as p ro b a b le  

p h e n o m e n a  th a t  c a n  p ro d u c e  s u c h  an  o r d e r  (9 ). B a lla n t in e (2 1 )  a ls o  o b s e rv e d  

5 / 2 - o r d e r  d e p e n d e n c e .

U n fo r tu n a te ly ,  a c o m m o n  p r a c t ic e  in  p u b lis h e d  m o n o m e r - p o ly m e r  

g r a f t in g  s tu d ie s  has  b e e n  to  p lo t  th e  g r a f t in g  r a te  v e rs u s  a d d e d  s o lv e n t  

c o n c e n tra t io n ,  g e n e r a l ly  p ro d u c in g  a c o m p le x  b e l l- s h a p e d  c u rv e .  Such c u rv e s  

r e s u l t  w h en  an  u n s u ita b le  d i lu e n t  is  u s e d  to  v a r y  th e  m o n o m e r  c o n c e n tra t io n .  

The  n e t e f fe c t  is  th e  s im u lta n e o u s  v a r ia t io n  o f th e  m o n o m e r  c o n c e n tra t io n
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and  th e  t e r m in a t io n  r a te  c o n s ta n t(k t)  w h ic h  m a k e s  a q u a n t i ta t iv e  i n t e r ­

p r e ta t io n  o f th e  m o n o m e r  o r d e r  im p o s s ib le .

S ilv e rm a n (2 4 )  v a r y in g  th e  s ty re n e  c o n c e n tra t io n  b y  d i lu t in g  i t  w i th  

m e th a n o l,  a n o n -s o lv e n t  f o r  g ra f te d  p o ly s ty re n e  c h a in s  and  a c o m p o u n d  th a t  

does n o t s w e l l  p o ly e th y le n e  to  a n y  e x te n t(3 0 ) ,  o b s e rv e d  s u c h  a c u rv e .  T h e  r a te  

o f g r a f t in g  in c re a s e d  i n i t i a l l y  w i th  m o n o m e r  c o n c e n tra t io n ,  re a c h e d  a 

m a x im u m  a nd  d e c re a s e d  w i th  f u r t h e r  in c re a s e s  in  th e  s ty re n e  c o n c e n tra t io n .  

The  d e c re a s e  in  th e  g r a f t in g  r a te  has b e e n  a t t r ib u te d  to  th e  d e c re a s e  in  th e  

v is c o s i t y  o f th e  r e a c t io n  m e d iu m , r e s u l t in g  in  an  in c re a s e  in  th e  t e r m in a t io n  

ra te  r e la t iv e  to  p ro p a g a t io n .  O d ia n (2 6 ), a ls o  o b s e rv e d  th e  sa m e  b e h a v io u r .

T he  s a m e  b e l l- s h a p e d  c u rv e s  w e re  a ls o  o b s e rv e d  in  th e  s tu d ie s  o f g r a f t in g  

s ty re n e  v a p o r  on p o ly e th y le n e (2 5 ) .

W ils o n  e t a l .  , r e a l iz in g  th e  d i f f i c u l t y  in  th e  v a r ia t io n  o f  th e  m o n o m e r  

c o n c e n tra t io n  w ith o u t  e f fe c t in g  k^., a t te m p te d  to  ke e p  th e  in t e r n a l  v is c o s i t y  

c o n s ta n t  b y  u s in g  a p p ro p r ia te  s ty re n e -a lc o h o l- b e n z e n e  m ix tu r e s  th a t  y ie ld  

th e  sa m e  v a lu e  o f H i ld e b ra n d  s o lu b i l i t y  p a r a m e te r  (*F( see A p p e n d ix  1). U s in g  

su ch  m ix tu r e s  he o b s e rv e d  a. l in e a r  d e p e n d e n ce  o f th e  r a te  o f g r a f t in g  on 

th e  m o n o m e r  c o n c e n t r a t io n  f o r  s ty re n e -p o ly e th y le n e (2 7 ) ,  s ty re n e -N y lo n (2 8 ) ,  

p e n ta f lo ro s ty r e n e - N y lo n ( 2 8 )  and  s t y r e n e - p o ly v in y l  c h lo r id e ( 2 9 )  s y s te m s .

A lth o u g h  th e  a b o ve  r e s u l t s  a re  in  l in e  w i th  th e  t h e o r e t ic a l  

e x p e c ta t io n s (e q .  5 ), th e y  a re  b a s e d  on  tw o  a s s u m p t io n s  th a t  m a y  n o t be  t r u e .

I t  w as a s s u m e d  th a t :

(a) th e  c o m p o s it io n  o f th e  m o n o m e r -a lc o h o l- b e n z e n e  m ix tu r e s  

a b s o rb e d  in  th e  p o ly m e r  m a t r ix  is  th e  sa m e  as th e  c o m p o s it io n  o f  th e  

s o lu t io n  in  th e  s u r ro u n d in g  m e d iu m  and

(b) th e  a m o u n t o f s o lu t io n  a b s o rb e d  b y  th e  p o ly m e r ,  i .  e. p e rc e n t  

s w e l l in g ,  is  in d e p e n d e n t on  th e  c o m p o s it io n  o f  th e  m ix tu r e .

B o th  a s s u m p t io n s  nee d  e x p e r im e n ta l v e r i f ic a t io n .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



9

In  g r a f t  p o ly m e r iz a t io n ,  the  r e a c t io n  m e d iu m  is  th e  s w o lle n  p o ly m e r

m a t r ix  and  h ig h  v is c o s i t y  o f  th is  m e d iu m  s e v e r e ly  e f fe c ts  th e  p ro p a g a t io n

and  t e r m in a t io n  s te p s . S tu d y in g  th e  s ty re n e -p o ly e th y le n e  s y s te m  C h a n d le r(3 1 )

2d e te rm in e d  th e  r e a c t io n  r a te  c o n s ta n ts . T he  kp  / k t  v a lu e  f o r  th e  g r a f t in g  

r e a c t io n  w as fo u n d  to  be  0 .2 8  l i t e r / m o le - s e c .  O n th e  o th e r  h a n d , T o b o ls k y  

and B a y s a l(3 2 )  o b ta in e d  a v a lu e  o f  0 . 000114 l i t e r / m o le - s e c  f o r  th e  h o m o p o ly ­

m e r iz a t io n  o f  s ty re n e .

I t  is  im m e d ia te ly  e v id e n t  th a t  th e  v a lu e  o f  k p ^ / k t  f o r  th e  g r a f t in g  

r e a c t io n  is  f a r  la r g e r  th a n  th e  c o r re s p o n d in g  v a lu e  f o r  th e  h o m o p o ly m e r iz a t io n .  

Such a d i f fe r e n c e  is  n o t s u r p r is in g  in  v ie w  o f  th e  h ig h ly  v is c o u s  n a tu re  o f 

th e  r e a c t io n  m e d iu m .  In c re a s e  in  th e  v is c o s i t y  as d is c u s s e d  e a r l i e r  b r in g s  

fo r w a r d  a d e c re a s e  in  th e  t e r m in a t io n  r a te  due to  the d i f f i c u l t y  e x p e r ie n c e d  

b y  th e  p o ly m e r ic  r a d ic a ls  to  d if fu s e  and  r e a c t  w i th  each  o th e r (2 3 ,  3 3 ). T he  

p ro p a g a t io n  r a te  c o n s ta n t(k p )  is  a s s u m e d  n o t to  be m u c h  e f fe c te d  b y  th e  

v is c o s i t y  o f  th e  m e d iu m  s in c e  i t  in v o lv e s  th e  r e a c t io n  o f a p o ly m e r ic  r a d ic a l  

w i th  a h ig h ly  m o b ile  m o n o m e r  m o le c u le .  S im i la r  h ig h  k p ^ / k t  v a lu e s  has 

b e e n  o b s e rv e d  f o r  th e  s t y r e n e - p o ly v in y l  c h lo r id e  s y s te m (2 3 ) .

A  f u r t h e r  in d ic a t io n  o f  a d e c re a s e  in  th e  t e r m in a t io n  r a te  w o u ld  

be  an  in c re a s e  in  th e  m o le c u la r  w e ig h t  o f th e  g ra f te d  c h a in .  U n d e r  s im i l a r  

i r r a d ia t i o n  c o n d it io n s , th e  m o le c u la r  w e ig h t  o f th e  g ra f te d  c h a in  has b e e n  

o b s e rv e d  to  be  a t  le a s t  th re e  t im e s  g r e a te r  th a n  th a t  o f  th e  h o m o p o ly m e r  

fo rm e d .  T h is  b e h a v io u r  w as o b s e rv e d  f o r  s ty re n e -p o ly e th y le n e  and s ty r e n e -  

r u b b e r  s y s te m s (1 3 , 34 ).

A p a r t  f r o m  th e  k in e t ic a l  p a r a m e te r s ,  r a d ia t io n  in d u c e d  g r a f t  p o ly ­

m e r iz a t io n  m e c h a n is m  is  u n d e r  th e  in f lu e n c e  o f d i f fu s io n a l p a r a m e te rs  

l ik e  p o ly m e r  f i l m  th ic k n e s s  (L )  and  m o n o m e r  d i f fu s io n  c o e f f ic ie n t ( D ) .  S e v e ra l 

w o r k e r s  h a v e  in v e s t ig a te d  th e  e f fe c t  o f  f i l m  th ic k n e s s  on th e  g r a f t in g  r a te .
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H o ffm a n (6 )  s tu d y in g  s ty re n e -p o ly e th y le n e  s y s te m  o b s e rv e d  th a t  th e  g r a f t in g  

r a te  f o r  1. 5 and  2 m i l  f i lm s  a r e  h ig h e r  th a n  th e  5 m i l  f i lm  f o r  b o th  h ig h  and 

lo w  d e n s ity  p o ly e th y le n e .  H o w e v e r ,  th e  ra te s  o f g r a f t in g  f o r  5 ,10  and  20 m i l  

f i lm s  w e re  e s s e n t ia l ly  th e  s a m e . C h e n (3 5 ), o b s e rv e d  a d i f f e r e n t  b e h a v io u r ,  

f o r  1. 5 ,4  and  10 m i l  f i lm s  th e  r a te  in c re a s e d  w i th  in c r e a s in g  f i l m  th ic k n e s s .  

B a l la n t in e ( 36 ), u s in g  4 and  10 m i l  f i lm s  o b s e rv e d  th e  sa m e  e f fe c t .  On th e  o th e r  

h an d , O d ia n (3 7 ) fo u n d  th e  g r a f t in g  ra te  f o r  3 and  5 m i l  f i lm s  to  be th e  s a m e . 

W ils o n (3 8 )  in v e s t ig a t in g  th e  s t y r e n e - p o ly ( 4 - m e th y l  p e n te n e -1 ) s y s te m  o b s e rv e d  

a g ra d u a l d e c re a s e  in  th e  g r a f t in g  ra te  w i th  in c r e a s in g  f i l m  th ic k n e s s .

F r o m  th e  a b o ve  r e s u l t s  i t  is  o b s e rv a b le  th a t  th e  l i t e r a t u r e  w o rk  

a lo n g  th is  l in e  is  s c a t te re d  w i th  c o n f l ic t in g  r e s u l t s  and th e r e fo r e  no f i r m  

c o n c lu s io n s  c a n  be m a d e  on th e  e f fe c t  o f f i l m  th ic k n e s s  on  the  g r a f t in g  r a te .  

R e c e n t ly ,  a m o re  s y s te m a t ic  w o r k  on  th e  s ty re n e -p o ly e th y le n e  s y s te m  has 

b e e n  r e p o r te d .  O d ia n  a nd  h is  w o rk e rs (1 3 )  s u c c e s s fu l ly  d e m o n s tra te d  th a t  th e  

e f fe c t  o f  f i l m  th ic k n e s s  on  th e  g r a f t in g  r a te  is  d e p e n d e n t on  o th e r  p a r a m e te rs  

l ik e  th e  ra te  o f in i t ia t io n ( R i) ,  m o n o m e r  d i f fu s io n  c o e f f ic ie n t ( D ) ,  e tc .  A t  a d o s e -  

r a te  o f 0.11 M r / h r ,  th e  r a te  w a s  in d e p e n d e n t on f i l m  th ic k n e s s  u p to  3 m i ls  

and  d e c re a s e d  l i n e a r l y  w i th  in c re a s in g  th ic k n e s s  in  l in e  w ith  th e  p ro p o s e d  

t h e o r e t ic a l  a n a ly s is .

T h e re  a re  s e v e r a l th e o r e t ic a l a n a ly s e s  th a t  h a ve  b e e n  p u t f o r w a r d  

to  a c c o u n t f o r  th e  e f fe c t  o f  m o n o m e r  d i f fu s io n  on th e  g r a f t  p o ly m e r iz a t io n  

k in e t ic s (1 3 ,  3 9 ). H e re ,  a  b r ie f  s u m m a ry  o f  O d ia n 's  t h e o r e t ic a l  a n a ly s is  w i l l  

be  p re s e n te d .
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T H E O R E T IC A L  A N A L Y S IS  

A s  d e s c r ib e d  p r e v io u s ly ,  in  th e  m u tu a l g r a f t  p o ly m e r iz a t io n  

m e th o d , a p o ly m e r  f i l m  o f th ic k n e s s (L )  is  im m e r s e d  in  th e  m o n o m e r  and  

a f te r  m a in ta in in g  s w e l l in g  e q u i l ib r iu m  th e  s y s te m  is  e x p o s e d  to  r a d ia t io n .  

R a d ia t io n  f o r m s  r a d ic a l  s ite s  on the  p o ly m e r  b a c k b o n e  and  g r a f t  p o ly m e r ­

iz a t io n  is  in i t ia t e d  a t th e s e  s i te s .  A s  th e  g r a f t in g  r e a c t io n  p ro g re s s e s  m o re  

m o n o m e r  d if fu s e s  in to  th e  r e a c t io n  m e d iu m  to  re p la c e  th a t  w h ic h  re a c te d .  

The  g r a f t in g  r e a c t io n  c o n s is ts  o f a d i f f u s io n a l  p ro c e s s  f o l l o w e d  b y  a 

p o ly m e r iz a t io n  p ro c e s s  and  m a y  b e c o m e  d i f fu s io n  c o n t r o l le d  d e p e n d in g  on 

th e  ra te s  o f  th e  tw o  p ro c e s s e s .

A p p ly in g  F ic k 's  s e c o n d  la w  o f d i f fu s io n (4 0 )  to  g r a f t  p o ly m e r iz a t io n ,  

one can  o b ta in ,

(R p )d x  “  ( d c /d t )  + d /d x ( D  d c /d x )  (6)

w h e re  (R p )d x  is  th e  r a te  o f g r a f t  p o ly m e r iz a t io n  a t a d i f f e r e n t ia l
th ic k n e s s  d x ,

d c / d t  is  th e  chan ge  in  th e  c o n c e n t r a t io n  a t d x  w i th  t im e , t ,

d /d x ( D  d c /d x )  is  th e  ra te  o f m o n o m e r  d i f fu s io n  in  and  o u t o f 
th a t  th ic k n e s s  dx  and

x  is  a n y  d is ta n c e  m e a s u re d  f r o m  th e  c e n te r  o f  th e  f i lm .

U n d e r s te a d y - s ta te  c o n d it io n s , in  w h ic h  th e  m o n o m e r  c o n c e n tra t io n  and  th e  

g r a f t in g  r a te  has  re a c h e d  c o n s ta n t  v a lu e s  th ro u g h o u t  th e  f i l m  th ic k n e s s ,  the  

t e r m  d c /d t  w i l l  be  z e ro  and  e q u a tio n  (6) b e c o m e s ,

(R p )d x  = d /d x ( D  d c /d x )  (7)

T he  s te a d y -s ta te  c o n d it io n  does n o t n e c e s s a r i ly  m e a n  th a t  th e  m o n o m e r  

c o n c e n tra t io n  and  th e  g r a f t in g  r a te  a re  c o n s ta n t  and  u n i fo r m  th ro u g h o u t  the  

f i lm  th ic k n e s s .  l t  s im p ly  r e fe r s  to  th e  fa c t  th a t  b o th  q u a n t i t ie s  h ave  re a c h e d  

c o n s ta n t v a lu e s  a t a l l  d i f f e r e n t ia l  th ic k n e s s e s  y ie ld in g  a c o n s ta n t  p r o f i le  and  

th a t  th e re  a r e  no  f u r t h e r  c h a n g e s .
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C A S E  1 D is  n o t d e p e n d e n t on  c o n c e n tra t io n (c )

W hen  th e  m o n o m e r  d i f fu s io n  c o e f f ic ie n t  D is  n o t a fu n c t io n  o f 

c o n c e n tra t io n  th e n  e q u a tio n  (7) s im p l i f ie s  to ,

(R p )d x  = D  d /d x ( d c /d x )  = D d ^ c /d x ^  (8)

T he  r a te  o f g r a f t in g  a t a n y  d i f f e r e n t ia l  th ic k n e s s  d x  c a n  be e x p re s s e d  

as, (R p )d x  = a C V (9)

w h e re  a= ( k p / k t z )R iW (10)

S u b s t itu t io n  o f  eq . (9) in to  eq . (8) y ie ld s  a s e c o n d  o r d e r  d i f f e r e n t ia l  e q u a tio n  

th a t  ca n  be s o lv e d  f o r  c .

T he  r a te  e q u a tio n (e q . 9) sh o w n  ab o ve  is  a g e n e ra l e x p re s s io n  and  

a c c o u n ts  f o r  a l l  th e  p o s s ib i l i t ie s  o f d i f f e r e n t  m o d e s  o f  in i t ia t io n  and 

t e r m in a t io n .  F o r  o r d in a r y  f r e e - r a d ic a l  p o ly m e r iz a t io n  k in e t ic s  w h e re  th e  

in i t ia t io n  s te p  is  n o t d e p e n d e n t on  th e  m o n o m e r  c o n c e n tra t io n  and  te r m in a t io n  

is  b y  b im o le c u la r  c o u p lin g (e q .  5 ), th e  v a lu e s  o f th e  e x p o n e n t ia l p a r a m e te rs  

v , z and  w  a re  1, 1 /2  and  1 /2 , r e s p e c t iv e ly .  F o r  d i f f e r e n t  m o d e s  o f in i t ia t io n  

and  t e r m in a t io n  th e s e  p a r a m e te r s  ta k e  d i f f e r e n t  v a lu e s  and  th e  use  o f th is  

g e n e ra l r a te  e x p re s s io n  m a k e s  th e  s o lu t io n  o f  e q u a tio n  (8) a p p l i c a b l e  

to  a n y  k in e t ic  m o d e .

I t  s h o u ld  be  p o in te d  o u t a t  th is  t im e  th a t ,  th e  e x p e r im e n ta l ly  

d e te rm in e d  g r a f t in g  r a te  is  th e  a v e ra g e  g r a f t in g  r a te ,  R p , a v e ra g e d  o v e r  

th e  e n t i r e  th ic k n e s s ,
/  2 rL / 2

(R p )d x  “  ( 2 a /L )  J (C )d x  d x  U 1)
'  0

S u b s t itu t in g  th e  s o lu t io n  o f e q u a tio n  (8) in to  e q u a tio n  (11) and  f u r t h e r  

in te g r a t in g ,  one ca n  o b ta in  an  e x p re s s io n  f o r  H .p (due  to  th e  c o m p le x ity  o f 

th e  r a te  e x p re s s io n  i t  w i l l  n o t  be sh o w n  h e re ,  th e  r e a d e r  is  r e fe r r e d  to  

r e fe re n c e  14. )

T w o  im p o r ta n t  l im i t i n g  ca se s  a r is e  f r o m  th e  r a te  e x p re s s io n :

Rp - (2/L) j
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(a ) D i f f u s io n - f r e e  r e a c t io n

In  th is  c a s e , a t a n y  d i f f e r e n t ia l  th ic k n e s s ,  d x , th e  m o n o m e r  

c o n c e n t r a t io n ^ ) is  e q u a l to  th e  e q u i l ib r iu m  m o n o m e r  c o n c e n tra t io n (M )  

and th e  d i f f u s io n - f r e e  g r a f t in g  r a te  is  d e te rm in e d  to  b e ,

(R p )d f -  a M v  - (k p / k t z )R iWM v  (12)

an e q u iv a le n t  e x p re s s io n  to  e q u a tio n  (9) w h e n  C = M . I t  s h o u ld  be  o b s e rv a b le  

th a t  th e  r a te  o f  g r a f t in g  is  n o t a fu n c t io n  o f  d i f fu s io n a l p a r a m e te r s  L> and  D . 

T h is  ca se  a r is e s  u n d e r  th e  fo l lo w in g  c o n d it io n s ;

( i)  h ig h  m o n o m e r  d i f fu s io n  c o e f f ic ie n t  a n d /o r

( i i )  lo w  r a d ia t io n  in te n s i t y  a n d /o r

( i i i )  s lo w  p ro p a g a t io n ( lo w  k p )  a n d /o r

( iv )  fa s t  t e r m in a t io n ( h ig h  kt).,

(b ) D i f f u s io n - c o n t r o l le d  r e a c t io n

U n d e r  th e  c o n d it io n s  o f  e x a c ly  o p p o s ite  b e h a v io u r  to  th a t  p re s e n te d  

a b o ve , th e  g r a f t in g  s y s te m  fo l lo w s  a d i f f e r e n t  p a t te rn  and th e  r a te  o f g r a f t

p o ly m e r iz a t io n  is  e x p re s s e d  a s ,

(R p )dc  = ( 2 /L ) (2 a D M V+1) / ( v + l) (13)

In  th is  c a s e , th e  m o n o m e r  c o n c e n tra t io n  d ro p s  s h a r p ly  as one p ro c e e d s  f r o m  

th e  f i lm  s u r fa c e  to w a rd s  th e  c e n te r  and  a t  th e  c e n te r  th e  m o n o m e r  

c o n c e n tra t io n  a p p ro a c h e s  to  th e  v a lu e  o f z e r o .

C o m p a r in g  e q u a tio n s  (12) and  (13), th e  fo l lo w in g  d if fe re n c e s  can  be 

o b s e rv e d  as one m o v e s  f r o m  th e  d i f f u s io n - f r e e  to  th e  d i f f u s io n - c o n t r o l le d  

k in e t ic s ,  ( i)  th e  d e p e n d e n ce  o f th e  ra te  o f g r a f t  p o ly m e r iz a t io n  on f i lm  

th ic k n e s s  (L )  ch a n g e s  f r o m  0 to  -1 o r d e r ,

( i i )  th e  in i t ia t io n  r a te  e x p o n e n t, w , d e c re a s e s  f r o m  w  to  w /2

o r d e r  and

( i i i )  th e  m o n o m e r  e x p o n e n t chan ges  f r o m  v  to  ( v + l) /2  o r d e r .
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A s s u m in g  th a t  o r d in a r y  g r a f t  p o ly m e r iz a t io n  c o n d it io n s  p r e v a i l ,  

i . e .  v = l,  w  = l / 2  and  z * l / 2 , t h e  g e n e ra l r a te  e x p re s s io n  s im p l i f ie s  to (1 3 ),

R P (kp / k t 1 /2 ) R i1 /2 M  ]  ( ta n h  A ) / A  (14)

w h e re  A  is  a  c h a r a c t e r is t ic  p a r a m e t e r ^ n d  is  e x p re s s e d  a s ,

A (k p / k t 1 /2 ) ( R i1 /2 /D )  J L / 2  (15)

U n d e r  th e  c o n d it io n  th a t  A  ^ 0 .1 , th e n  ta n h  A = A  and  th e  r a te  e x p re s s io n  

(e q , 14) s im p l i f ie s  to ,

R p “ (kp / k t 1 /2 ) R i1 /2 M  (16)

and  th e r e fo r e  f o r  A  v a lu e s  lo w e r  th a n  0 .1  th e  g r a f t in g  k in e t ic s  a re  d i f f u s io n -  

f r e e .  I t  is  n o ta b le  th a t  th is  e x p re s s io n  is  e x a c t ly  a n a lo g o u s  to  th a t  o f o r d in a r y  

f r e e  r a d ic a l  h o m o p o ly m e r iz a t io n  k in e t ic s (10).

W hen A * 6 , ta n h  A = l.  0 and  e q u a tio n  (14) re d u c e s  to ,

R p “  (k p / k t 1 /2 ) R i1 /2 M j  /A

= 2 (k p / k t 1 /2 ) R i1 /4 M D 1 /2 / L  (17)

U n d e r  th e s e  c o n d it io n s (v = l,  w = l /2  and  z = l / 2 )  as one goes f r o m  th e  

d i f f u s io n - f r e e  to  d i f f u s io n - c o n t r o l le d  s ta te  th e  g r a f t in g  r a te  b e c o m e s  in v e r s e ly  

d e p e n d e n t on  L  as in  th e  g e n e ra l ca se  and th e  in i t ia t io n  r a te  e x p o n e n t d ro p s  

f r o m  1 /2  to  1 /4  o r d e r .  T he  m o n o m e r  e x p o n e n t does n o t c h a n g e .

C A S E  2 D is  d e p e n d e n t on c o n c e n t r a t io n ^ )

T he  g r a f t in g  k in e t ic s  b e c o m e  m o re  c o m p le x  i f  th e  m o n o m e r  d i f fu s io n  

c o e f f ic ie n t  is  a fu n c t io n  o f c o n c e n tra t io n .  W hen  th e  d i f fu s io n  o f a l iq u id  in to  

a s o l id  is  c o n c e rn e d , g e n e r a l ly  th is  is  th e  ca se  and  th e  d i f fu s io n  c o e f f ic ie n t  

is  u s u a l ly  e x p re s s e d  a s (4 5 ,4 6 ) ,

D = D 0 ed ( c / c ° *  (18)

w h e re  D 0 and  d a re  c o n s ta n ts  f o r  a p a r t ic u la r  p o ly m e r - l iq u id  s y s te m , c is
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th e  l iq u id  c o n c e n tra t io n  a t a p a r t ic u la r  t im e  and  c Q is  th e  s a tu r a t io n  

c o n c e n tra t io n .

S u b s t i tu t io n  o f  e q u a tio n  (18) in to  e q u a tio n  (6) y ie ld s  an  e x p re s s io n  

th a t  c a n  o n ly  be  a p p ro x im a te d  b y  n u m e r ic a l  in te g r a t io n .  T h e  r e s u lt s  (41) o f 

s u c h  m a th e m a t ic a l t r e a tm e n t  in d ic a te  th a t :

(a) th e  d e p e n d e n ce  o f th e  g r a f t in g  r a te  on  L  and  is  e x a c t ly  

th e  s a m e  as p re s e n te d  in  C ase  1 and

(b) th e  r a te  o f  g r a f t in g  depends  on  th e  m o n o m e r  c o n c e n tra t io n  

to  th e  o r d e r  o f,

v dc = (v df + l ) / 2  "1 /2  (d -0 .1 3 5 d 1 /2 ) / ( d + v d f + l - 0 .2 7 d 1 /2 )J (19) 

w h e re  v^ f  and v^c a r e  the m o n o m e r  o rd e rs  in  the d i f fu s io n -c o n tr o l le d  and  

d i f fu s io n - f r e e  s ta tes ,  r e s p e c t iv e ly .

U s in g  th e  a b o ve  e q u a tio n , f o r  th e  u s u a l ca se  o f  v d fBl ,  one c a n  e a s i ly  

c a lc u la te  th e  m o n o m e r  o r d e r ( v d c )  f ° r  d i f f e r e n t  v a lu e s  o f  d . W hen  d = 0 ,a s  in  

C ase  1, th e  r ig h t  han d  s id e  o f th e  e q u a tio n  w i l l  be  z e ro  and  V d c aVd f= l»  W ith  

in c r e a s in g  d v a lu e s ,v ^ c  a p p ro a c h e s  c lo s e  to  a v a lu e  o f  0 . 5 and  a t  v e r y  h ig h  

d v a lu e s  Vdc = 0 .5 .

T h e  e q u a tio n s  p re s e n te d  in  th is  s u m m a ry  a re  u n iv e r s a l  in  n a tu re ,  

th e y  a r e  a p p lic a b le  to  a n y  m o n o m e r - p o ly m e r  g r a f t  p o ly m e r iz a t io n  s y s te m  

o p e ra t in g  u n d e r  a n y  m o d e  o f  in i t ia t io n ,  p ro p a g a t io n  and  te r m in a t io n .  T he  

a n a ly s is  is  a ls o  a p p lic a b le  to  io n ic  as w e l l  as r a d ic a l  p o ly m e r iz a t io n  

m e c h a n is m s .
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E X P E R IM E N T A L  T E C H N IQ U E S  

A  -  C H E M IC A L S  

(a) 4 - v in y lp y r id in e  -  T he  c ru d e  m o n o m e r  ( c o m m e r c ia l  g ra d e )  w as 

s u p p lie d  b y  E a s tm a n  & K o d a k  C o . as a d a rk  b ro w n  l iq u id  c o n t a i n i n g  

t - b u ty lc a te c h o l as in h ib i t o r .  A t te m p ts  to  re m o v e  th e  in h ib i t o r  b y  s h a k in g  

w ith  c a u s t ic  soda  w a s  in e f fe c t iv e .  T h e re fo r e  th e  m o n o m e r  w as d is t i l le d  

w ith o u t  a n y  p r e l im in a r y  p u r i f ic a t io n .  T he  d is t i l l a t i o n  w as c a r r ie d  o u t u n d e r  

v a c u u m  th ro u g h  an  1 8 - in c h  c o lu m n  p a c k e d  w i th  F e n s k e  h e l ic e s . O xyg e n  and  

w a te r  f r e e  n i t r o g e n  w as p u rg e d  th ro u g h  th e  s y s te m  c o n t in u o u s ly  th ro u g h o u t 

th e  d i s t i l l a t i o n .  T he  d i s t i l l a t i o n  a p p a ra tu s  is  show n  in  F ig u r e  1.

N it r o g e n  gas e n te re d  th e  s y s te m  a t in le t  ( i) ,  b u b b le d  th ro u g h  an 

a lk a l in e  p y r o g a l lo l  s o lu t io n (4 2 )  a t  (a) w h ic h  w as u se d  to  a b s o rb  any  t ra c e s  

o f o x y g e n . T h e n , th e  gas p a s s e d  th ro u g h  a c o lu m n  o f c a lc iu m  c h lo r id e  (b) to  

a id  d r y in g .  A  p o s i t iv e  p re s s u r e  o f  n i t r o g e n  gas w as a lw a y s  m a in ta in e d  a t 

a p p a ra tu s  (a) to  a v o id  le a k a g e  o f  a i r  th ro u g h  th e  g re a s e d  jo in ts  and c o n n e c tio n  

tu b e s  due to  v a c u u m  b u i ld - u p .  T h is  w as a c h ie v e d  b y  m a in ta in in g  a h ig h e r  r a te  

o f  f lo w  o f  n i t r o g e n  to  a p p a ra tu s  (a) th a n  th a t  e n te rs  th e  s y s te m .  The  ra te  o f 

f lo w  o f  n i t r o g e n  in to  th e  d i s t i l l a t io n  s y s te m  w as c o n t r o l le d  b y  v a lv e  ( j ) .T h e  

e x c e s s  n i t r o g e n  e s c a p e d  f r o m  th e  s y s te m  th ro u g h  a lo o s e ly  f i t t e d  p lu g  a t (h ). 

D u r in g  th e  d is t i l l a t io n ,  t ig h tn in g  o f th is  p lu g  is  an  in d ic a t io n  o f  v a r ia t io n  

f r o m  th e  s e t r a te  o f f lo w  and  th e r e fo r e  v a c u u m  b u i ld - u p .  F o r  th is  re a s o n , th e  

lo o s e n e s s  o f th is  p lu g  s h o u ld  be c h e c k e d  p e r io d ic a l ly  a nd  m a in ta in e d  th ro u g h o u t  

th e  o p e ra t io n .

T he  d i s t i l l a t i o n  s y s te m  c o n s is te d  o f a b o i l in g  p o t(c ) ,  a h a n d -m a d e  

1 8 - in c h  c o lu m n (d )  and a  d is t i l l a t i o n  h e a d (g ). In  o r d e r  to  m a in ta in  a h ig h  r a te  

o f d is t i l l a t io n  w ith o u t  e x c e s s iv e  b u m p in g  th e  t ip  o f th e  c o lu m n  w as d e s ig n e d  

in  s u c h  a w a y  th a t  th e  s u r fa c e  a re a  o f c o n ta c t  o f e n te r in g  v a p o r  w ith  th e  F e n s k e
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FIG 1 THE D I S T I L L A T I O N  A P P A R A T U S
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h e l ic e s  is  in c re a s e d .  T h e  c o lu m n  w as m a d e  o u t o f an  18 in c h  lo n g , 3 /2  in c h  

b o re  g la s s  tu b in g .  S ix  p ie c e s  o f  3 in c h  lo n g , 1 /8  in c h  d ia m e te r  g la s s  ro d  w e re  

fu s e d  a t  e q u a l in te r v a ls  to  one end o f  th e  c o lu m n . T he  ro d s  w e re  th a n  t i l t e d  

and  fu s e d  to  e a ch  o th e r  as sh o w n  in  th e  f ig u r e .  T he  b o t to m  o f a ro u n d -b o tto m e d  

f la s k  w as th e n  b lo w n -o u t  and  a 2 4 /4 0  m a le  jo in t  w as fu s e d  to  i t  a t  th is  p o in t .  

A f t e r  c u t t in g  th e  to p  jo in t  o f f , i t  w as fu s e d  to  th e  t ip  o f  th e  c o lu m n . In  th is  w a y , 

w h e n  th e  c o lu m n  w as f i l l e d  w ith  h e l ic e s ,  th e  in v e rs e  p y r a m id a l  s t r u c tu r e  n o t 

o n ly  fu n c t io n e d  as a s u p p o r t  f o r  th e  h e l ic e s ,  b u t in c re a s e d  th e  a re a  o f  c o n ta c t .  

N o r m a l ly ,  th e  d i s t i l l a t i o n  o f  4 - v in y lp y r id in e  is  s lo w ,  as r e p o r te d (4 3 ) .  B u t,  

u s in g  th is  c o lu m n  w e w e re  a b le  to  c o l le c t  r o u g h ly  100 m is  o f th e  p u re s t  

f r a c t io n  in  an  o p e ra t io n  p e r io d  o f a b o u t 10 h o u rs .

A  m e c h a n ic a l p u m p , m a n o m e te r  and  a c o ld  t r a p  w a s  c o n n e c te d  to  

th e  s y s te m  a t (n ). T he  v a lv e s  (m , k  and  1) w e re  k e p t open d u r ig  th e  d i s t i l l a t io n .  

A t  a n y  d e s ir e d  t im e  a f r a c t io n  ca n  be s e p a ra te d  f r o m  th e  s y s te m  w ith o u t  

d is tu r b in g  th e  d i s t i l l a t io n .  T h is  can  be a c h ie v e d  b y  s im p ly  c lo s in g  th e  v a lv e  

(m ) and  o p e n in g  th e  th r e e - w a y  v a lv e  (1) to  th e  a i r .  T he  c o l le c to r  (f)  can  th e n  

be s e p a ra te d  and  re p la c e d  w ith  a n o th e r .  The  c o lle c t io n  can  th e n  c o n tin u e  b y  

c lo s in g  th e  v a lv e  (k ), o p e n in g  th e  v a lv e  (1) to  th e  v a c u u m  t i l l  a l l  th e  a i r  is  

re m o v e d  and  f in a l l y  b y  o p e n in g  v a lv e s  (k  and  m ). T ap  w a te r  w as c ir c u la te d  

th ro u g h  th e  h e a d  a t a l l  t im e s .  I t  e n te re d  th e  hea d  a t  (p) e x it te d  a t ( r ) ,  r e ­

e n te re d  a t  (s ) and  f in a l l y  e x it te d  a t ( t ) .  T he  c o l le c t o r ( f )  w as a lw a y s  k e p t in  

ic e - w a te r .  T he  p o t and  h e a d  te m p e ra tu r e s  w e re  o b s e rv e d  b y  th e r m o m e te r s (e ) .

T h e  d is t i l l a t i o n  w as c a r r ie d  o u t a.t a p r e s s u r e  o f  50 m m  H g . A t  th is  

p r e s s u r e  th e  p u r e s t  f r a c t io n  d is t i l le d  a t  a te m p e ra tu r e  o f  8 7 .5  ° C .  T he  p o t 

te m p e ra tu r e  w as 9 3 -9 4  ° C .  O n yo n (4 3 ) r e p o r ts  th e  b o i l in g  p o in t  o f  4 - v in y l  

p y r id in e  as 87. 8 ° C  a t 50 m m  H g and  in  good a g re e m e n t  w i th  o u r  o b s e rv a t io n .

In  c o n ta c t  w i th  s m a l l  a m o u n ts  o f o x y g e n , th is  m o n o m e r  te n d s  to  g e t
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c o lo re d (4 4 ,  45 ) and  th e r e fo r e  th e  d is t i l le d  f r a c t io n s  w e re  a lw a y s  p u rg e d

v ig o r o u s ly  w i t h  n i t r o g e n  b e fo re  s to ra g e  and  k e p t u n d e r  n i t r o g e n  a tm o s p h e re

d u r in g  s to ra g e .  T he  s a m p le s  w e re  s to re d  in  d a r k - c o lo r e d ,  a i r  t ig h t ( th e

s to ra g e  b o t t le  caps  had  p la s t ic  c u s h io n s  in  th e m  f o r  t ig h t  s e a l)  b o t t le s  a t  a

te m p e ra tu r e  o f -10 ° C  and  a lw a y s  u se d  w i th in  a w e e k . No p o ly m e r iz a t io n  w as

d e te c te d  d u r in g  th e  s to r a g e ^ im e .

T he  p u r i t y  o f  th e  d is t i l l e d  f r a c t io n s  w e re  c h e c k e d  w i th  Gas

C h ro m a to g ra p h y  u n d e r  th e  fo l lo w in g  c o n d it io n s :

Gas C h ro m a to g ra p h :  H e w le t t  & P a c k a rd ,  F  & M  S c ie n t i f ic  5750 .

C o lu m n : 12 fe e t ,  10% d ie th y l g ly c o l  s u c c in a te ,  6 0 -8 0  m e s h , W . A W ,
Q D M S C .

C o lu m n  T e m p e r a tu r e :  150 C .

In je c t io n  P o r t  T e m p e r a tu r e :  225 ° C .

C a r r ie r :  H e liu m .

The  f i r s t  and  m id d le  t h i r d  f r a c t io n s  o f e a ch  d is t i l l a t io n  b o i l in g  a t c o n s ta n t 

te m p e ra tu r e  c o n ta in e d  so m e  im p u r i t ie s .  The  la s t  t h i r d  f r a c t io n  w as p u re .  

T h is  f r a c t io n  w as u se d  f o r  a l l  g r a f t  p o ly m e r iz a t io n  s tu d ie s .

C o m m e r c ia l ly ,  4 - v in y lp y r id in e  is  s y n th e s iz e d  f r o m  4 - p ic o l in e  in  

th e  fo l lo w in g  m a n n e r(1 5 ) :

;H 3 C H 2 C H 2 0 H

r f i  rA i
150 ° C  2 9 0 -3 2 5

'N  N ° e  "N
4 - p ic o l in e  4 - e th y lh y d r o x y  4 - v in y lp y r id in e

p y r id in e

T h e r e fo r e ,  s e v e r a l p ic o l in e s , e th y lh y d r o x y p y r id in e s  and  v in y lp y r id in e s  w e re  

s im u lta n e o u s ly  in je c te d  w i th  4 - v in y lp y r id in e  to  d e te rm in e  th e  n a tu re  o f th e  

im p u r u t ie s .  A lth o u g h  no  q u a n t i ta t iv e  d e te r m in a t io n  w as a t te m p te d ,  th e  

im p u r i t ie s  q u a l i t a t iv e ly  w e re  id e n t i f ie d  as 2 - p ic o l in e ,  4 - p ic o l in e  and 

2 - v in y l  p y r id in e .  O ne o th e r  im p u r i t y  w as u n id e n t i f ie d .

H = C H 2

O
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4 - v in y l  p y r id in e  is  a v e r y  c o r r o s iv e  m o n o m e r .  In  c o n ta c t  w i th  s k in  

i t  p ro d u c e s  s e v e re  b u rn s  and  i r r i t a t i o n . l t  has  a v e r y  u n p le a s a n t o d o r  and  

th e r e fo r e  a l l  e x p e r im e n ta t io n  w as c a r r ie d  o u t u n d e r  h ig h ly  v e n t i l a t e d  

hoods a nd  h a n d lin g  o f th e  m a te r ia l  w as c a r r ie d  o u t u s in g  th ic k  n e o p re n e  

g lo v e s .

(b) p y r id in e  -  T h is  s o lv e n t  w a s  s u p p lie d  b y  F i s h e r  C o .  a s  a 

c o lo r le s s  l iq u id  and  d is t i l l e d  f r o m  K O H  a t  a tm o s p h e r ic  p r e s s u r e  p r io r  u s e . 

The  b o i l in g  p o in t  w a s  116 ° C ,  as r e p o r te d  in  th e  l i t e r a t u r e ( 4 8 ) .  T he  d is t i l l a t e  

w as s to re d  a t  r o o m  te m p e r a tu r e ,  in  d a r k  c o lo re d  b o t t le s  and  u n d e r  n i t r o g e n  

a tm o s p h e re .  Som e o f th e  p h y s ic a l p r o p e r t ie s  o f 4 - v in y lp y r id in e  and  p y r id in e  

a re  l is te d  in  T a b le  1.

(c ) a lk a l in e  p y r o g a l lo l  s o lu t io n  -  T he  fo l lo w in g  re c ip e  w as u s e d  f o r  

the  p r e p a r a t io n  o f a lk a l in e  p y r o g a l lo l  s o lu t io n (4 2 ) .

15 g ra m s  o f p y r o g a l lo l  w as d is s o lv e d  in  2 5 m is  o f w a te r  and  m ix e d  

w i th  150 m is  o f aqu eous  30% K O H  s o lu t io n .

T h e  a b s o rp t io n  o f o x y g e n  is  r e p o r te d  t o  b e  s a t i s f a c t o r y  f o r  

c o n c e n tra t io n s  le s s  th a n  25% , a t  h ig h e r  c o n c e n tra t io n s  th e  a b s o rp t io n  is  s lo w .

(d) p o ly e th y le n e  -  H ig h  d e n s ity  p o ly e th y le n e  f i lm s  o f t h i c k n e s s e s  

ra n g in g  f r o m  1 to  10 m i ls  w e re  s u p p lie d  b y  G u lf  O i l  C o . and  r e p o r te d  to  have  

th e  fo l lo w in g  p r o p e r t ie s :

G u lf  O i l  C o m p a n y  R e s in  N u m b e r  : 9614 

M y , : 157600 

M n : 18985 

M w / M n : 8 . 3 

jo : 0 . 96 g r a m / m l  

% c r y s t a l l i n i t y  : 83

T he  c r y s t a l l i n i t y  o f  th e  f i lm s  w e re  r e - d e te r m in e d  b y  D i f f e r e n t ia l  

S c a n n in g  C a lo r im e t r y  u s in g  D u p o n t 900 A n a ly s e r . A  h e a t in g  r a te  o f 10 ° C / m in
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w a s  u s e d . T he  f i lm s  w e re  w a s h e d  w i th  a c e to n e  and  d r ie d  o v e r n ig h t  u n d e r  

v a c u u m  a t  r o o m  te m p e r a tu r e .  T h e y  w e re  th e n  c u t  in to  d im e n s io n s  to  f i t  

th e  s a m p le  cup  and  e n c a p s u la te d .  F o r  th in n e r  s a m p le s ,  s e v e r e l la y e rs  o f 

f i l m  w as ne e d e d  to  r e a c h  an  a c c u r a te ly  m e a s u ra b le  w e ig h t ( i .  e . 10 m g m s ) .  

N i t r o g e n  gas f lo w in g  a t  a r a te  o f 0 .2  l i t e r s  p e r  m in u te  w as p a s s e d  th ro u g h  

th e  DSC c e l l  d u r in g  a l l  r u n s .  In d iu m ,  G a liu m  and  T in  o b ta in e d  f r o m  F is h e r  

C o . w e re  u s e d  f o r  in s t r u m e n t  c a l ib r a t io n .  T he  c a l ib r a t io n  c o n s ta n t (E ) f o r  

th e  re fe re n c e  s ta n d a rd s  w e re  c a lc u la te d  f r o m  th e  e q u a tio n  b e lo w ,

E  = (A H f  M a ) / ( A  AT T ) (J50)

w h e re  H f ( c a l /m g m )  is  th e  h e a t o f  fu s io n ,

M (m g m )  is  th e  s a m p le  w e ig h t,  

a ( ° C /m in )  is  th e  h e a t in g  r a te ,

A T ( ° C / in c h )  is  th e  te m p e ra tu r e  d i f fe r e n c e  b e tw e e n  th e

s a m p le  and  re fe re n c e  cups  p e r  in c h  o f th e r m o g r a m ,

T ( ° C / in c h )  is  th e  te m p e ra tu r e  o f an  in c h  o f th e r m o g r a m  

2
and  A ( in c h  ) is  th e  a re a  u n d e r  th e  th e r m o g r a m .

6. 7 9 ,1 9 .1  a nd  14. 2 c a l /m g m  w e re  u se d  as th e  h e a t o f  fu s io n  o f

In d iu m ,  G a liu m  and  T in ,  r e s p e c t iv e ly ( 4 9 ) .  A  t y p ic a l  th e r m o g r a m  o f  In d iu m  is

sh o w n  in  F ig u r e  2 (a ) . T he  a re a s  u n d e r  th e  th e r m o g ra m s  w e re  m e a s u re d  u s in g

a K  & E  620000  p la n im e te r .  A n  a l te r n a t iv e  te c h n iq u e  is  to  t r a c e  th e s e  a re a s

on a u n i f o r m  w e ig h t  p a p e r (s u c h  as M y la r  p a p e r ) ,  c u t  th e  a re a  a nd  f in d  i t s

2w e ig h t  r e la t iv e  to  th e  w e ig h t  o f  an  in c h  o f  u n i fo r m  w e ig h t  p a p e r .  T h is  

te c h n iq u e  w as a ls o  u s e d  and  y ie ld e d  th e  s a m e  r e s u l t s  as th a t  o f  th e  p la n im e te r .

T h e  c a lc u la te d  E  v a lu e s  w e re  a v e ra g e d  o v e r  5 ru n s  and  p lo t te d  

a g a in s t  th e  p e a k  te m p e ra tu r e s  o f  the  r e s p e c t iv e  s ta n d a rd s . T h is  c a l ib r a t io n  

c u rv e  is  s h o w n  in  F ig u r e  2 (b ). T he  p e a k  te m p e r a tu r e  o f  h  i  g h  d e n s i t y  

p o ly e th y le n e  v a r ie d  s l ig h t ly  w i th  th ic k n e s s  in  th e  ra n g e  144-148 ° C .  In  th is
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T A B L E  1

S om e P h y s ic a l  P r o p e r t ie s  o f  4 - v in y lp y r id in e  and  p y r id in e 3,

p y r id in e  

1. 50745 c 

0. 978

P r o p e r t y  

o.
V 2 5 ” 0 *

J325°c(gm / m l)

4 - v in y lp y r id in e  

1 .5 5 0 0  C 

0 .9 7 9

l l ( c . p . )

B o i l in g  P o in t

M o le c u la r
W e ig h t

1. 2 2 (2 0 °C ) 
0 .9 8 (4 0 ° C )

65(15 m m  H g) 

105.14

0. 884(25  C) 

115.5 C 

7 9 .1

(a) a l l  d a ta  f r o m  r e f .  48  u n le s s  o th e rw is e  in d ic a te d ,
(b ) f r o m  r e f  4 9 ,
(c )  s a m e  v a lu e s  o b s e rv e d  in  th is  w o r k .

T A B L E  2

C r y s t a l l i n i t y  o f  G u lf  H ig h  D e n s ity  P o ly e th y le n e (R e s in -9 6 l4 )

F i lm  th ic k n e s s  C r y s t a l l i n i t y (% w /w )  A v e ra g e
( m i l s )

1 77. 6, 76 . 3, 76 . 5a , 7 7 .4 a 7 7 .0

2 7 8 .2 ,7 6 .  9 ,7 8 .  9a , 7 8 . 6 a 7 8 .2

3 76. 4 , 77 . 9, 75 . 7, 7 7 . 2a , 75 . 9a 76 . 6

5 7 9 .9 ,  78 . 3 ,7 9 .  1 79 .1

6 76. 3, 7 6 .4  7 6 .3

8 7 5 .8 ,  7 4 .2 ,7 5 .1  7 5 .0

10 79 . 6 , 7 8 . 3, 77 . 3 , 7 8 . 2 a 7 8 .4

(a) c r y s t a l l i n i t y  d e te rm in a t io n s  b y  th e  DSC te c h n iq u e  done 
b y  o th e r  w o r k e r s  in  o u r  la b o r a t o r ie s (9)
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ra n g e  f r o m  th e  c a l ib r a t io n  c u rv e  th e  E  v a lu e  o f  h ig h  d e n s ity  p o ly e th y le n e  

w as c a lc u la te d  to  be  1 3 6 .5  *  0 .5  c a l / m in - ° C .  S u b s t i tu t in g  th is  c a l ib r a t io n  

c o n s ta n t  in to  e q u a tio n  (15) w i th  th e  o th e r  n e c e s s a ry  d a ta  f r o m  p o ly e th y le n e  

th e r m o g ra m s  (a t y p ic a l  p o ly e th y le n e  th e r m o g r a m  is  s h o w n  in  F ig u r e  3) one 

ca n  c a lc u la te  th e  h e a t o f  fu s io n (A H f) .

I f  th e  h e a t o f  f u s io n f A H ^ 4) o f  a p e r f e c t ly  c r y s ta l l in e  p o ly e th y le n e  

is  k n o w n  th e n  th e  p e rc e n t  c r y s t a l l i n i t y  c a n  be  c a lc u la te d ,  i .  e .

% c r y s t a l l i n i t y  = (A H f ( e x p e r im e n ta l ) /A H f * )  100 (2 l)

I t  is  r a r e l y  p o s s ib le  to  p re p a re  p o ly m e rs  w i th  100 % c r y s t a l l i n i t y  

and  th e r e fo r e  th e  h e a t o f  fu s io n  o f  p e r f e c t ly  c r y s ta l l in e  p o ly e th y le n e  is  

e s t im a te d  e i th e r  f r o m  h ig h  m o le c u la r  w e ig h t  h y d ro c a rb o n s (e .  g. f r o m  th e  

h e a t o f  fu s io n  o f  c r y s t a l l in e  d o tr ia c o n ta n e (5 9 ) )  o r  b y  p lo t t in g  s p e c i f ic  v o lu m e  

v e rs u s  h e a t o f  fu s io n  f o r  a n u m b e r  o f s a m p le s  and  e x t ra p o la t in g  to  th e  

p e r fe c t  c r y s t a l  s p e c i f ic  v o lu m e  c a lc u la te d  f r o m  X - r a y  la t t ic e  p a r a m e te r s .  

L a te ly ,  W u n d e r l ic h (5 0 )  p re p a re d  p e r fe c t  c r y s ta ls  o f  p o ly e th y le n e  b y  h ig h  

p r e s s u r e  c r y s t a l l i z a t io n  f r o m  th e  m e lt .  A l l  o f th e  r e s u l t s  f r o m  th e  v a r io u s  

m e th o d s  d e s c r ib e d  a b o v e  le a d  to  a v a lu e  o f  69 c a l / g r a m .  U s in g  th is  v a lu e  

and e q u a tio n  (16), p e r c e n t  c r y s t a l l i n i t y  f o r  a l l  th e  a v a i la b le  t h i c k n e s s e s  

o f  p o ly e th y le n e  w e re  d e te r m in e d  and l i s t e d  in  T a b le  2 .

F r o m  th e  d a ta  in  T a b le  2 one c a n  c o n c lu d e  th a t ,  c o n s id e r in g  th e  

p r e c is io n  in  th e  DSC te c h n iq u e ,  th e  d i f fe r e n c e  in  th e  c r y s t a l l i n i t ie s  c a lc u la te d  

f o r  d i f f e r e n t  th ic k n e s s e s  is  s m a l l  and  th a t  a l l  f i lm s  o f  d i f f e r e n t  th ic k n e s s e s  

can  be  c o n s id e re d  to  h a v e  th e  sa m e  c r y s t a l l i n i t y .  A v e ra g in g  th e  a v e ra g e s  

o f e a ch  th ic k n e s s ,  a v a lu e  o f 7 7 .2  % c r y s t a l l i n i t y  has  b e e n  c a lc u la te d  f o r  

G u lf  h ig h  d e n s ity  p o ly e th y le n e .

D e n s ity  d e te r m in a t io n s ,  an a l te r n a t iv e  te c h n iq u e  f o r  th e  c a lc u la t io n  

o f  p e rc e n t  c r y s t a l l i n i t y ,  has  a ls o  b e e n  done on th is  p a r t ic u la r  p o ly e th y le n e (9 )  

and th e  r e s u l t s  c o n f ir m e d  th e  DSC d a ta . I t  s h o u ld  be  n o te d  th a t  th is  c a lc u la te d
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Gulf high density P.E. (resin no.9614) 
thickness: 10 mils 
weight: 7.406 mg. 
ref: empty
% crystallinity: 79.6

80 100 120 140 160
o

Temp.( C )

FIG  3 T H E R M O G R A M  of  P O L Y E T H Y L E N E
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v a lu e  o f 7 7 .2  % c r y s t a l l i n i t y  is  c o n s id e r a b ly  lo w e r  th a n  th a t  r e p o r te d  b y  th e  

G u lf  O i l  C o m p a n y (s e e  page  21).

B  -  T H E  S O U R C E

T h e  g a m m a  s o u rc e  u s e d  in  th is  w o r k  w a s  a J. L .  S h e p h e rd , M a r k  1,

137M o d e l 68, Cs i r r a d i a t o r ,  lo a d e d  w i th  10000 c u r ie s .  I t  w as d e s ig n e d  q u ite  

d i f f e r e n t  th a n  th e  m o re  p o p u la r  C o ^  G a m m a - C e l l and  h a ve  s e v e r a l 

a d v a n ta g e s  o v e r  th e  la t t e r .

T h e  c a v i ty  is  m u c h  la r g e r  th a n  th e  G a m m a - C e l l and  th e r e fo r e  

e n a b le s  one to  r a d ia te  s e v e r a l s a m p le s  a t th e  sa m e  t im e .  T he  dose  r a te  can  

be v a r ie d  a t le a s t  500 fo ld  w ith o u t  th e  lo s s  o f  th e  n e c e s s a ry  c a v i ty  sp a ce  

f o r  s a m p le  p la c e m e n t .  A ls o ,  in  th is  dose  r a te  ra n g e , one  can  use  14 d i f f e r e n t  

p o s it io n s  w i th  v a r y in g  d o se  r a te s .  A t  each  p o s i t io n  4 s a m p le s  ca n  be i r r a d ia te d  

a t th e  s a m e  t im e .  H o w e v e r ,  u s in g  th e  G a m m a - C e l l one c a n  o n ly  v a r y  th e  

dose  r a te  a b o u t 10 fo ld  w i th  g r e a t  r e d u c t io n  in  th e  c a v i ty  s p a c e .

T he  s o u rc e  and  i t s  c o m p o n e n ts  a r e  sh o w n  in  F ig u r e  4 . T he  c a v i ty

has a t r ia n g u la r  p y r a m id  sh a p e (a ) w i th  th e  s o u rc e  c o lu m n  lo c a te d  a t th e

a p e x (b ). T he  s o u rc e  is  k e p t  in  a s h ie ld e d  a re a (c )  and  ca n  be  p u l le d  up m a n u a lly

in to  th e  s o u rc e  c o lu m n  f o r  i r r a d ia t io n .  D u r in g  i r r a d ia t i o n  a s a fe ty  m e c h a n is m

lo c k s th e  c a v i ty  d o o r (d )  and  th e r e fo r e  th is  d o o r  ca n  o n ly  be  opened  w h e n  th e

s o u rc e  is  n o t  in  o p e ra t io n .  A f t e r  i r r a d ia t io n  th e  s o u rc e  can  e i th e r  be  r e tu rn e d  
*

to  th e  s h ie ld e d  a re a  a u to m a t ic a l ly  b y  th e  e x p i r a t io n  o f th e  t im e  p r e s e t  on  

th e  d ig i t a l  t im e r ( e )  o r  m a n u a lly .  T w o  s a m p le  p la te s  w e re  p ro v id e d  f o r  use  

w ith  and  w ith o u t  th e  le a d  a t te n u a to rs .  T h e s e  p la te s  ca n  be  in s ta l le d  in to  th e  

s o u rc e  c a v i ty  a t  a n y  d e s ir e d  h e ig h t .A ls o  on  th e s e  p la te s  th e re  a re  c y l in d r ic a l  

h o le s  w h e re  th e  s a m p le  h o ld e r s  ca n  be p la c e d . T he  s a m p le  h o ld e rs  a re  

c y l in d r ic a l  tu b e s 'th a t  a re  u s e d  to  ke e p  th e  s a m p le s  v e r t i c a l l y  s t r a ig h t  in  th e  

c a v i ty .  A  s a m p le  h o ld e r  c o n ta in in g  a s a m p le  to  be  ra d ia te d  is  p la c e d  in to  th e
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d e s ir e d  h o le  on th e  s a m p le  p la te  and  d u r in g  i r r a d ia t i o n  ro ta te d  th ro u g h  a 

c h a in  m e c h a n is m  b u i l t  in  th e  p la te  b y  a m o to r  ( f)  lo c a te d  on  th e  le f t  s id e  o f  

th e  s o u r c e . In  th is  w a y  th e  s a m p le s  r e c e iv e  h o m o g e n e o u s  and  u n i fo r m  dose  

th ro u g h o u t  th e  i r r a d ia t i o n .

T h e  le a d  a t te n u a to r s  a re  h a l f - h o l lo w  c y l in d r ic a l  in  shape  and  a re  

p la c e d  on th e  s o u rc e  c o lu m n  w h e n e v e r  r e d u c t io n  in  th e  r a d ia to n  in te n s i t y  

is  d e s ir e d .  T h e y  ca n  re d u c e  th e  r a d ia t io n  dose  in  fa c to r s  o f  a p p r o x im a te ly  

2, 5 ,1 0 , 50 and  100.

T h e  c a l ib r a t io n  o f th e  s o u rc e  w a s  done b y  th e  F r ic k e  d o s im e t r y  

m e th o d (5 2 ) . T he  d o s im e te r  u s u a l ly  c o n s is ts  o f  a 1 m i l l im o la r  fe r r o u s  s u lfa te  

s o lu t io n  m a d e  up  in  o x y g e n  s a tu ra te d  0 .4  M  s u l f u r ic  a c id  . U pon  i r r a d ia t io n  

fe r r o u s  io n s  a re  o x id iz e d  to  f e r r i c  and  th e  c o n c e n tra t io n  o f th e  p ro d u c e d  

f e r r i c  io n s  a re  d e te rm in e d  b y  s p e c t r o p h o to m e t r ic  m e a s u re m e n ts  a t th e  

w a v e le n g th s  o f 304 a nd  276 n m s .  The p ro c e d u re  fo l lo w e d  in  th is  c a l ib r a t io n  

w as as fo l lo w s ;

(a )E x t in c t io n  C o e f f ic ie n ts  (E ) . th e  d e te r m in a t io n  o f e x t in c t io n  

c o e f f ic ie n ts  a t  r e s p e c t iv e  w a v e le n g th s  w a s  a c c o m p lis h e d  u s in g  p o ta s s iu m  

c h lo ra te  as s ta n d a rd .  A  k n o w n  a m o u n t o f  c h lo ra te  o x id iz e s  f e r r o u s  io n s  to  

f e r r i c  a c c o rd in g  to  th e  fo l lo w in g  e q u a tio n ;

C 1D 3" + 6 F e +2 + 6 H + ----------► C l"  + 6 F e +3 + H z O (22)

T h e  s ta n d a rd  p o ta s s iu m  c h lo ra te  s o lu t io n  w as p re p a re d  a f te r  d r y in g  

th e  c o m p o u n d  in  a v a c u u m  o v e n  a t  75 ° C  f o r  o v e r n ig h t .  T he  c o n c e n tra t io n  

o f  th e  s ta n d a rd  w as 1. 2 2 x lO ” ^ M .

0 .0 0 1  M  fe r r o u s  a m m o n iu m  s u lfa te  s o lu t io n  w as p re p a re d  f r e s h  

d a i ly .  I t  c o n ta in e d  1 m i l l im o le s  o f  N a C l.  T he  a d d it io n  o f  c h lo r id e  has b e e n  

sh o w n  to  s u p re e s  th e  s id e  re a c t io n s  o f f e r r o u s  io n s (5 4 ) .  A ls o ,  u se  o f f e r r o u s  

a m m o n iu m  s u lfa te  in s te a d  o f  fe r r o u s  s u lfa te  has  b e e n  s h o w n  to  y ie ld  m o re
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r e p r o d u c ib le  r e s u l t s  (5 3 ).

F in a l  s o lu t io n s  f o r  th e  d e te r m in a t io n  o f  e x t in c t io n  c o e f f ic ie n ts  

w e re  p re p a re d  b y  m ix in g  th e  abo ve  s o lu t io n s  and  a s u l f u r ic  a c id  s o lu t io n  

in  v a r y in g  p r o p o r t io n s  and  k e p t  o v e r n ig h t  in  a te m p e ra tu r e  b a th  m a in ta in e d  

a t  25 *  0 . 5 ° C .  T h e  p re p a re d  s o lu t io n s  w e re  0 .4  M  w i th  r e s p e c t  to  s u l f u r ic  

a c id  c o n c e n tra t io n .

T h e  a b s o rb a n c e  d e te r m in a t io n  o f th e s e  f in a l  s o lu t io n s  w e re  c a r r ie d  

o u t u s in g  C a ry  118 s p e c t ro p h o to m e te r .  T he  a b s o rb a n c e s  w e re  th a n  p lo t te d  

v e rs u s  th e  r e la te d  f e r r i c  c o n c e n tra t io n s  a nd  th e  e x t in c t io n  c o e f f ic ie n ts ( E 3 0 4  

and ^ 2 ^ ^ )  w e re  c a lc u la te d  f r o m  th e  r e s p e c t iv e  s lo p e s  ( F ig u re  5 ) . T h e s e  

c o e f f ic ie n ts  w e re  fo u n d  to  be  £ 3 0 4  = 2 2 6 3 .5  and  E 2 7 6  = 1857. 0 . T he  v a lu e s  

c o r r e la te  w e l l  w i th  th e  l i t e r a t u r e  r e s u l t s (5 5 ).

(b) D ose  r a te s : te s t  tu b e s  o f 3 /4  o . d . w e re  c le a n e d  w ith  c h r o m ic  

a c id ,  w a s h e d  and  d r ie d .  T h e y  w e re  m a rk e d  3 in c h e s  f r o m  th e  b o t to m  and  

f e r r o u s  a m m o n iu m  s u lfa te  s o lu t io n s  w e re  f i l l e d  up to  th e s e  m a rk s  and  

s to p p e re d .  A  s a m p le  p la te  w a s  p o s it io n e d  3 1 /4  in c h e s  f r o m  th e  b o t to m  o f  th e  

c a v i ty .  In  th is  w a y , w h e n  th e  te s t  tu b e s  w e re  f i t t e d  on  th e  s a m p le  p la te s ,  th e  

m id d le  p o in t  o f  th e  s o lu t io n s  c o in c id e d  w i th  th e  m id d le  p o in t  o f  th e  c a v i ty  

h e ig h t  w h e re  th e  d ose  r a te  v a r ia t io n  w i th  v e r t i c a l  d is p la c e m e n t  is  m in im a l .  

U n d e r  th e  a b o ve  c o n d it io n s ,  c o n s id e r in g  th e  s o lu t io n  h e ig h t  in  th e  te s t  tu b e s  

(a b o u t 3 in c h e s ) ,  th is  v a r ia t io n  w a s  fo u n d  to  be  n o t m o re  th a n  5 %. A l l  g r a f t  

p o ly m e r iz a t io n  d a ta  r e p o r te d  in  th is  th e s is  w a s  c a r r ie d  o u t w i th  th e  s a m p le  

p la te s  p o s it io n e d  as d e s c r ib e d .

O x y g e n  w as b u b b le d  th ro u g h  th e  s a m p le  s o lu t io n s  f o r  1 /2  an  h o u r  

b e fo re  th e y  w e re  p la c e d  f o r  i r r a d ia t io n .  A f t e r  th is  o p e ra t io n  th e  s a m p le s  

w e re  p la c e d  in to  th e  c a v i ty  and  i r r a d ia te d  f o r  a p r e - d e te r m in e d  t im e .  A f t e r  

i r r a d ia t i o n  th e  tu b e s  w e re  s h a k e n  to  c o m p e n s a te  f o r  v e r t i c a l  dose  v a r ia t io n s
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and  w e re  ta k e n  to  a c o n s ta n t  te m p e ra tu r e  b a th  a t  25 A 0 . 5 ° C .  T he  U V  

s p e c t ra  w a s  ta k e n  a g a in s t  a b la n k  c o n s is t in g  o f  u n i r r a d ia te d  f e r r o u s  

a m m o n iu m  s u lp h a te  s o lu t io n  w h ic h  w as k e p t  in  s to p p e re d  tu b e s  f o r  th e  sa m e  

le n g th  o f t im e  as th e  i r r a d ia t e d  s a m p le s .  T he  s a m p le s  and  b la n k s  w e re  

d i lu te d  w h e n  n e c e s s a ry  to  o b ta in  an  a b s o rb a n c e  re a d in g  b e lo w  0 . 6 .

F r o m  th e s e  a b s o rb a n c e  re a d in g s  and  th e  c a lc u la te d  e x t in c t io n  

c o e f f ic ie n ts ,  one ca n  d e te r m in e  th e  a m o u n t o f  dose  r e c e iv e d  in  a  g iv e n  p e r io d  

o f t im e  u s in g  th e  fo l lo w in g  r e la t io n :

I  = 3 7 7 7 .0  A / ( b E tp )  (23)

w h e re  I  is  th e  d o se  r a te  ( M r / h r ) ,

A  is  th e  a b s o rb a n c e  a t  304 o r  276 n m s , 

b  is  th e  c u v e tte  d ia m e te r  (c m ),

E  is  th e  e x t in c t io n  c o e f f ic ie n t ( l /m o le - c m ) ,  

t  is  t im e ( m in ) ,

and  jd =1. 0 2 4 (5 6 ), is  th e  d e n s ity  o f  th e  fe r r o u s  a m m o n iu m  s u lp h a te

s o lu t io n s  ( g m /m l) .
+2 +3

T h e  c o n s ta n t(3 7 7 7 . 0) in  th e  ab o ve  e q u a tio n  in c lu d e s  th e  G (F e — ► F e  ) 

137
v a lu e  f o r  Cs g a m m a  ra y s  ( in  th is  c a s e  th e  G v a lu e  is  d e f in e d  as th e

n u m b e r  o f f e r r i c  io n s  p ro d u c e d  p e r  100 e . v  o f  r a d ia t io n  a b s o rb e d )  and

137o th e r  c o n v e rs io n  fa c to r s  f o r  c o n v e r t in g  e . v 's  in to  M ra d s ,  e tc .  T he  Cs g a m m a  

ra y s  h a v e  a m e a n  e n e rg y  o f  0 .6 6 2  m e v  and  a G (F e +^ — ► F e + ^) v a lu e  o f 

1 5 .3  i  0 .3  m o le c u le s /1 0 0  e . v .  (5 7 ).

U s in g  a l l  th e  a t te n u a to rs  and  th e  tw o  s a m p le  p la te s ,  d ose  ra te  

d e te r m in a t io n s  f o r  a l l  th e  p o s s ib le  p o s it io n s  w e re  done and  th e  r e s u l t s  a re  

s u m m a r iz e d  in  T a b le  3. T he  v a lu e s  l is te d  in  th e  ta b le  a re  m e a n  v a lu e s  o f  

a t  le a s t  te n  in d iv id u a l  d e te rm in a t io n s  f o r  e a ch  dose  r a te  p o s i t i o n . l t  is  

o b s e rv a b le  th a t  in  th e  ra n g e  o f  0 . 35 to  0 .0 0 0 7 6  M r / h r ,  th e r e  a r e  14 d i f f e r e n t
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T A B L E  3

R a d ia t io n  In te n s it y  o f g a m m a  s o u rc e

A t te n u a to r  P o s it io n  R a d ia t io n  In te n s i t y  ( M r / h r )

I  0 . 3 5

I I  0 .2 1

I I I  0 .13

IV  0 .0 8 5

V  0 .0 5 8

V I  0 .0 3 7

x  2 in  0,021

x  5 I I  0.011

x  5 H I  0 .0 0 7 7

x  10 I I  0 .0 0 5 3

x  10 H I 0. 0037

x  50 I I  0 .0011

x  50 H I 0. 00076

dose  r a te  p o s i t io n s .

D u r in g  th e  i r r a d ia t i o n  i t  is  a ls o  p o s s ib le  to  m a in ta in  c o n s ta n t 

te m p e r a tu r e .  A lth o u g h  th e  s o u rc e  i t s e l f  is  n o t e q u ip p e d  w i th  s u c h  a t ta c h m e n t,  

one c a n  e a s i ly  b u i ld  s a m p le  h o ld e rs  w i th  o u t le ts  and  in le t s  to  p a ss  th e  

c o n s ta n t te m p e ra tu r e  w a te r  th ro u g h .  One d is a d v a n ta g e  o f  u s in g  su ch  a s y s te m  

is  th a t  th e  s a m p le  h o ld e rs  c a n n o t be ro ta te d  d u r in g  th e  c i r c u la t io n  o f 

w a te r .  N e v e r th e le s s ,  th e  dose  r a te  v a r ia t io n ,  e ve n  a t  th e  h ig h e s t  dose  ra te  

p o s i t io n  u n d e r  th is  c o n d it io n ,  is  c a lc u la te d  to  be  no m o re  th a n  5 %( dose  r a te  

d e c re a s e s  as one m o v e s  a w a y  f r o m  th e  s o u rc e  c o lu m n  a nd  th is  d e c re a s e
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is  m o re  p ro n o u n c e d  a t  th e  h ig h e s t  dose  ra te s  b e tw e e n  th e  f r o n t  and  th e

b a c k  o f a s a m p le ) .

A l l  r a d ia t io n  w o r k  r e p o r te d  in  th is  th e s is  w as a c c o m p lis h e d  u s in g

a c o n ta n t te m p e ra tu r e  a t ta c h m e n t  a t  a te m p e r a tu r e  o f  25 * 0 . 1  ° C .

C -  E X P E R IM E N T A L  M E T H O D S

(a) g r a f t  p o ly m e r iz a t io n  te c h n iq u e s ;

( i)  s a m p le  p r e p a r a t io n ;  a g e n e ra l p ro c e d u re  w as fo llo w e d  f o r  th e

p r e p a r a t io n  o f  s a m p le s  f o r  g r a f t  p o ly m e r iz a t io n .

T e s t  tu b e s  o f  18x150 m m  in  d im e n s io n s  w e re  c le a n e d  w i th  a c e to n e

and  d r ie d  b e fo re  u s e . A l l  th e  tu b e s  a re  th e n  c o n s t r ic te d  a t a h e ig h t  o f  3 in c h e s

f r o m  th e  b o t to m .  T h is  w a s  done to  p re v e n t  th e  p o ly e th y le n e  s a m p le s  f r o m

s t ic k in g  o u t o f  th e  m o n o m e r  s o lu t io n s .  4 - v in y lp y r id in e  has  a s l ig h t ly  h ig h e r
o

d e n s ity  th a n  p o ly e th y le n e ,  0 . 979 v e rs u s  0 . 96 a t  25 C .

T h e  p o ly e th y le n e  f i lm s  w e re  c u t  r e c ta n g u la r  in  shape  w i th  v a r y in g

d im e n s io n s  d e p e n d in g  on  th e  th ic k n e s s .  T o  a t ta in  a w e ig h t  n o t le s s  th a n  1 /4

g ra m s ,  th e  f i lm s  w e re  c u t  to  c o n s ta n t w id th ,  6 c m s  b u t  v a r y in g  le n g th , 15 c m s

f o r  1 m i l  to  3 c m s  f o r  10 m i ls .  T he  f i lm s  w e re  th e n  w a s h e d  w i th  a c e to n e ,

d r ie d  in  a v a c u u m  o ve n  o v e r n ig h t  a t r o o m  te m p e ra tu r e ,  w e ig h e d  to  th e  n e a re s t

te n th  o f a m i l l ig r a m ,  fo ld e d  in  a  z ig -z a g  fa s h io n  le n g th w is e  and  p la c e d  in to

th e  te s t  tu b e s .  T he  tu b e s  w e re  th e n  fu s e d  to  2 4 /4 0  fe m a le  jo in t s  th ro u g h  g la s s

tu b in g  o f 1 /4  in c h  b o r e .  D u r in g  th e  p ro c e s s  o f  fu s in g  s o m e  w a te r  d ro p le ts

co n d e n se  in  th e  tu b e s  and  i t  is  e s s e n t ia l to  re m o v e  th e m  b e fo re  th e  a d d it io n

o f  m o n o m e r .  F o r  th is  re a s o n  th e  s a m p le s  w e re  h o o k e d  to  a v a c u u m  l in e  

- 6
o p e ra t in g  a t  10 m m  H g  f o r  a p e r io d  o f  one h o u r .  A f t e r  th is  t r e a tm e n t  th e  

s a m p le s  w e re  ta k e n  f r o m  th e  v a c u u m  l in e  and  s to p p e re d .

I t  has  b e e n  m e n t io n e d  e a r l i e r  th a t  th e  m o n o m e r  4 - v in y lp y r id in e  is  

a i r  s e n s i t iv e  a n d  in  c o n ta c t  ge ts  c o lo re d .  D ue to  th is  p r o p e r t y  h a n d lin g  o f  

th is  m a te r ia l  w a s  done  a t  a l l  t im e s  u n d e r  n i t r o g e n  a tm o s p h e re .
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T h e  s a m p le  tu b e s  th a t  w e re  p re p a re d  as d e s c r ib e d  a b o v e , f r e s h ly  

d is t i l l e d  m o n o m e r  a nd  tw o  2 - l i t e r  d e w a rs  f u l l  o f  l iq u id  n i t r o g e n  w e re  p la c e d  

in  a g lo v e  b ag  and n i t r o g e n  gas w as p u rg e d  th ro u g h  f o r  h a l f  an  h o u r .  T he  

s a m p le s  w e re  th e n  f i l l e d  w ith  m o n o m e r  o r  m o n o m e r  s o lu t io n s  th ro u g h  th e  

jo in t ,  w i th  a lo n g  fu n n e l,  s to p p e re d  and  im m e d ia te ly  p la c e d  in  l iq u id  n i t r o g e n .  

T h e y  w e re  k e p t in  th e  g lo v e  b a g , in  l iq u id  n i t r o g e n  u n t i l  re a d y  to  be t r a n s fe r r e d  

to  th e  v a c u u m  s y s te m .  T h e  v a c u u m  s y s te m  c o n s is te d  o f  a m e c h a n ic a l p u m p , 

a  m e r c u r y  d i f fu s io n  p u m p , 3 t r a p s ,  a M c L e o d  gauge and  6 m a le  2 4 /4 0  jo in ts  

c o n n e c te d  to  th e  v a c u u m  l in e  th ro u g h  tw o -w a y  s to p c o c k s .  T he  sequ e n ce  in  

w h ic h  th e  abo ve  a p p a ra tu s  jo in e d  to  e a ch  o th e r  w a s : th e  m e c h a n ic a l p u m p  

w a s  c o n n e c te d  to  a t r a p  th ro u g h  2 in c h  th ic k  r u b b e r  tu b in g ,  th e  t r a p  w a s  

c o n n e c te d  to  th e  d i f f u s io n  p u m p  th ro u g h  th e  sa m e  m a te r ia l ,  th is  p u m p  w a s  

c o n n e c te d  to  th e  tw o  t r a p s  in  s e r ie s  w i th  g la s s  b a l l - jo in t s  th e n  ca m e  th e  

v a c u u m  l in e  w h ic h  w a s  fu s e d  to  th e  o th e r  end o f th e  t r a p s . F in a l ly  th e  v a c u u m  

l in e  w a s  c o n n e c te d  to  th e  M c L e o d  g a u g e .

T h e  v a c u u m  l in e  w as a 3 /2  in c h  o . d . . a p p r o x im a te ly  4 fe e t  lo n g  g la s s  

tu b in g .  T h re e  p a ir s  o f  2 4 /4 0  m a le  jo in ts  w e re  fu s e d  to  i t  th ro u g h  s to p c o c k s  

and  th e y  w e re  p la c e d  8 in c h e s  a p a r t  f r o m  e a ch  o th e r .  E a c h  in d iv id u a l  jo in t  in  

a p a i r  w a s  s e p a ra te d  f r o m  th e  o th e r  b y  3 in c h e s .  In  th is  w a y  s ix  s a m p le s  can  

be  f r o z e n  and  th a w e d  a t one t im e  w i th  th e  r e q u ir e m e n t  o f  o n ly  th re e  d e w a r  

f la s k s  o f  l iq u id  n i t r o g e n  f o r  th e  f r e e z in g  p ro c e s s .  A t  one end  o f th e  v a c u u m  

l in e  th e r e  w as a s to p c o c k  u se d  m e r e ly  to  le t  th e  a i r  in  w h e n  th e  o p e ra t io n  is  

c o m p le te .

T h e  M c L e o d  gauge w as a s ta t io n a r y  ty p e ( th e re  a re  r o ta t in g  ty p e s

a v a i la b le )  and  re a d  v a c u u m  up to  10 ^ m m  H g . O nce th e  s y s te m  o p e ra te d ,  th e

A -  6
m e r c u r y  l in e  w a s  b e tw e e n  10" and  0, in d ic a t in g  a v a c u u m  b e t t t e r  th a n  10

m m  H g .

W hen  th e  v a c u u m  s y s te m  w a s  re a d y ,  th e  s a m p le s  w e re  ta k e n  f r o m  th e
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g lo v e  b a g  and  c o n n e c te d  to  th e  jo in ts  on  th e  v a c u u m  l in e  w h i le  r e m a in in g  

in  th e  l iq u id  n iro g e n .  T h e  s to p c o c k  w e re  th e n  ope ned  t i l l  th e  v a c u u m  d ro p s  

b a c k  to  n o r m a l .  T h e y  w e re  th e n  c lo s e d , l iq u id  n i t r o g e n  d e w a rs  w e re  ta k e n  

o f f  a nd  th e  s a m p le s  w e re  p la c e d  im m e d ia te ly  in  w a te r  s u p p lie d  f r o m  a 

c o n s ta n t te m p e ra tu r e  b a th  a t  25 *  1 ° C .  W hen  th e  s a m p le s  re a c h e d  th is  

te m p e r a tu r e ,  th e y  w e re  w ip e d  d r y  and  p la c e d  a g a in  in  l iq u id  n i t r o g e n .  T h is  

f r e e z in g  and  th a w in g  c y c le  w a s  re p e a te d  3 t im e s .  D u r in g  th e  th a w in g  p ro c e s s  

th e  s a m p le s  w e re  c lo s e d  to  th e  v a c u u m  l in e  to  a v o id  b u m p in g .

A f t e r  th e  c y c le s  w e re  c o m p le te d ,  th e  s a m p le s  w e re  s e a le d  w i th  an 

o x y g e n  to r c h  w h ile  th e y  w e re  c o ld ( i .  e . th e  l iq u id  n i t r o g e n  d e w a rs  w e re  

lo w e re d  f r o m  2 s a m p le s  a t a t im e  and  th e  s a m p le s  s e a le d  im m e d ia te ly  w h ile  

th e  m o n o m e r  is  in  th e  s o l id  s ta te ) .  D u r in g  th e  s e a lin g  p ro c e s s  th e  s to p c o c k s  

w e re  open  to  th e  v a c u u m .

T h e  s a m p le s  w e re  th e n  t r a n s fe r r e d  to  a f r e e z e r  a t  -10 °C  and  s to re d  

u n t i l  r e a d y  to  u s e . T h e  s to ra g e  t im e  w as n o t m o re  th a n  a w e e k  and  d u r in g  

th is  t im e  no  h o m o p o ly m e r iz a t io n  w as d e te c te d f th is  w as done  b y  c r a c k in g  a 

s a m p le  tu b e  and  m ix in g  s o m e  o f  the  m o n o m e r  w i th  a n o n -s o lv e n t  f o r  

p o ly ( 4 - v in y lp y r id in e ) ,  e . g . a c e to n e . A  c le a r  s o lu t io n  in d ic a te s  no  h o m o p o ly ­

m e r iz a t io n .  )

( i i )  i r r a d ia t i o n  and  a f t e r - t r e a t m e n t : th e  s a m p le s  to  be  i r r a d ia t e d  

w e re  ta k e n  f r o m  th e  f r e e z e r  a nd  p la c e d  in to  a w a te r  b a th  a t  25 * 0 . 1  ° C .  T h e y  

w e re  k e p t in  th e  w a te r  b a th  f o r  10 to  12 h o u rs  and  d u r in g  th is  t im e  th e y  

re a c h e d  e q u i l ib r iu m  s w e ll in g  s ta te .  I t  s h o u ld  be  p o in te d  o u t th a t  th is  s te p  is  

a c r u c ia l  one a nd  th e  t im e  n e c e s s a ry  f o r  s w e l l in g  e q u i l ib r iu m  dep ends  on  th e  

f i l m  th ic k n e s s  and on th e  p h y s ic a l p r o p e r t ie s  o f  th e  m o n o m e r  a nd  p o ly m e r  

in  q u e s t io n .  F o r  4 - v in y lp y r id in e - p o ly e th y le n e  10 h o u rs  w e re  m o re  th a n  

s u f f ic ie n t  f o r  th e  t h in  f i l m s ( 1, 2 and 3 m i ls ) ,  10-12 h o u rs  w e re  a d e q u a te  f o r  

o th e r  th ic k n e s s e s .
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F o l lo w in g  th is  t r e a tm e n t ,  th e y  w e re  ta k e n  to  th e  s o u rc e ,  p la c e d  

in  th e  w a te r  ja c k e ts ( i .  e . s a m p le  h o ld e rs  w i th  in le ts  and  o u t le ts )  and 

i r r a d ia te d  w h ile  w a te r  a t  25 ** 0 .1  ° C  c i r c u la te d  a ro u n d  th e m . A t  th e  end  o f 

th e  i r r a d ia t i o n  p e r io d  th e y  w e re  ta k e n  o u t o f  th e  s o u rc e  in d iv id u a l ly ,  th e  

tu b e s  c ra c k e d  im m e d ia te ly  and  th e  g ra f te d  p o ly e th y le n e  f i lm s  w e re  w a sh e d  

w ith  m e th a n o l(a  good s o lv e n t  f o r  p o ly ( 4 - v in y lp y r id in e )  (58 )) f o r  a b o u t f iv e  

m in u te s  and  p la c e d  in  a v a c u u m  o v e n . T h e y  w e re  k e p t u n d e r  v a c u u m (a b o u t 

0 . 01 m m  H g) a t  r o o m  te m p e ra tu r e  f o r  o v e r n ig h t  and  th e n  w e ig h e d  to  th e  

n e a re s t  te n th  o f  a m i l l i g r a m .  T he  r e la t iv e  in c re a s e  in  w e ig h t  w as  ta k e n  as 

th e  e x te n t  o f  g r a f t in g .

(b) m o n o m e r  c o n c e n tra t io n  m e a s u re m e n ts :

In  th e  m u tu a l g r a f t in g  te c h n iq u e , th e re  a re  m a in ly  tw o  e x p e r im e n ta l 

te c h n iq u e s  to  v a r y  th e  m o n o m e r  c o n c e n tra t io n :

(a ) b y  d i lu t in g  th e  m o n o m e r  w i th  a p r o p e r  s o lv e n t  and

(b) b y  s w e l l in g  th e  m o n o m e r  to  d i f f e r e n t  d e g re e s  w i th  th e  

m o n o m e r  v a p o r .

T h e  f o r m e r  te c h n iq u e  has  b e e n  u se d  th ro u g h o u t  th is  s tu d y  and  th e  

m o n o m e r  4 - v in y lp y r id in e  w as d i lu te d  w i th  th e  s o lv e n t ,  p y r id in e .  The  d i lu t io n s  

w e re  done as fo l lo w s :  100 m l  v o lu m e t r ic  f la s k s  w e re  ta k e n  a nd  w h ile  n i t r o g e n  

gas w a s  p u rg in g  c o n t in u o u s ly  in to  th e  f la s k s ,  p r o p e r  a m o u n ts  o f  4 - v in y lp y r id in e  

w as p ip e t te d  in to  th e m . T h e  f la s k s  w e re  th e n  f i l l e d  to  a p o in t  s l ig h t ly  lo w e r  

th a n  th e  100 m l  m a r k  w i th  p y r id in e ,  m ix e d  and  p la c e d  in  a b a th  a t  25 ± 1 C . 

T h e y  w e re  k e p t in  th e  b a th  f o r  a b o u t 15 m in u te s ,  ta k e n  o u t and  th e  s o lu t io n  

le v e l  b ro u g h t  to  th e  100 m l  m a r k .  T h e y  w e re  th e n  m ix e d  a g a in  and  s to re d  a t 

-10 ° C  f o r  a b o u t 2 h o u rs  and  u s e d  w i th in  th is  t im e .  T he  r e f r a c t iv e  in d ic e s  o f  

th e  m ix tu r e s  w e re  ta k e n  p r io r  to  s to ra g e  and  c o m p a re d  w i th  a c a l ib r a t io n  

c u rv e  to  d o u b le  c h e c k  th e  p re p a re d  c o n c e n tra t io n s .  T he  c a l ib r a t io n  c u rv e  is
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s h o w n  in  F ig u r e  6 . T h is  c u rv e  c o v e rs  th e  w h o le  c o n c e n tra t io n  s p e c t r u m  o f  

th e  4 - v in y lp y r id in e - p y r id in e  m ix tu r e s .

T h e s e  m ix tu r e s  w e re  th e n  u s e d  to  f i l l  th e  s a m p le  tu b e s  as 

d e s c r ib e d  e a r l i e r .

W hen  a p o ly m e r  s w e lls  a m o n o m e r - s o lv e n t  m ix tu r e ,  d e p e n d in g  on 

th e  s w e l l in g  and  p o la r  p r o p e r t ie s  o f th e  m o n o m e r ,  s o lv e n t  and  p o ly m e r ,  th e  

c o m p o s it io n  in s id e  th e  p o ly m e r  m a t r ix ( in s id e  c o m p o s it io n )  m a y  n o t be  th e  

sa m e  as th a t  o f  th e  o u ts id e  s o lu t io n (o u ts id e  c o m p o s it io n ) .  I t  is  th e r e fo r e  

n e c e s s a ry  to  e x p e r im e n ta l ly  d e te rm in e  th e  in s id e  c o m p o s it io n  o f th e  m o n o m e r -  

s o lv e n t  m ix tu r e s .

T h e  d e te r m in a t io n  o f th e  in s id e  c o m p o s it io n  o f 4 - v in y lp y r id in e -  

p y r id in e  m ix tu r e s  w a s  a c c o m p lis h e d  in  th e  fo l lo w in g  m a n n e r :  th e  th ic k e s t  

f i l m  i .  e.10 m i ls  w a s  c u t  in to  d im e n s io n s  o f  12x24 c m s , fo ld e d  in  a z ig -z a g  

fa s h io n ,  w a s h e d  w i th  a c e to n e  a nd  d r ie d  o v e r n ig h t  in  a v a c u u m  o ve n  a t  r o o m  

te m p e r a tu r e .  I t  w a s  th e n  im m e r s e d  in  a p a r t ic u la r  4 - v in y lp y r id in e -  

p y r id in e  m ix tu r e  and  k e p t  o v e r n ig h t  in  a b a th  a t 25 ± 0 . 1  ° C .  A  v a c u u m  s y s te m  

w as a s s e m b le d  as s h o w n  in  F ig u r e  7 . I t  c o n s is te d  o f a t h r e e - n e c k  ro u n d  

b o t to m e d  f la s k ,  a v a c u u m  t r a p  and  a m e c h a n ic a l p u m p . N it r o g e n  gas e n te re d  

th e  s y s te m  a t  (a) and  e x i t te d  a t  th e  th r e e - w a y  s to p c o c k (e ) .  T he  s y s te m  w as 

f lu s h e d  w i th  n i t r o g e n  f o r  a b o u t h a l f  an  h o u r  b e fo re  th e  e x p e r im e n t  s ta r te d .

T he  p o ly m e r  f i l m  w a s  th e n  ta k e n  o u t o f  th e  m ix tu r e ,  b lo t te d  r a p id ly  to  g e t r id  

o f  th e  e x c e s s  m ix tu r e  on  th e  s u r fa c e  o f  th e  f i l m  and  p la c e d  in to  th e  ro u n d  

b o t to m e d  f la s k  th ro u g h  (c ) .  D u r in g  th is  o p e ra t io n  n i t r o g e n  w a s  f lo w in g  

th ro u g h  th e  s y s te m  b u t  in s te a d  o f  e x i t t in g  th ro u g h  ( e ) , i t  e x i t te d  th ro u g h  (c ) .

In  th is  w a y  no  a i r  e n te re d  th e  s y s te m  w h ile  p la c in g  th e  f i l m  in to  th e  f la s k .

O nce th e  f i l m  w as in  th e  f la s k ,  s to p c o c k  (a) w a s  c lo s e d  and  th e  s y s te m  w as 

ope ned  to  th e  v a c u u m  a t  (e ). A  d e w a r  c o n ta in in g  l iq u id  n i t r o g e n  w as p la c e d
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a t  t r a p ( d ) .  A t  th e  s a m e  t im e  f la s k ( b )  w a s  p la c e d  in  w a r m  w a te r .  In  th is  w a y  

th e  d e s o rp t io n  o f th e  in s id e  m ix tu r e  is  sp e e d e d  u p .

A p p r o x im a te ly  2 h o u rs  la t e r ,  th e  s y s te m  w a s  c lo s e d  to  v a c u u m  a t

(e ), l iq u id  n i t r o g e n  d e w a r  w a s  re m o v e d  and  a f te r  th e  t ra p (d )  re a c h e d  r o o m

te m p e ra tu r e ,  n i t r o g e n  gas w as a d m it te d  to  th e  s y s te m  a t  (a ). T h e  r e f r a c t iv e

o
in d e x  o f th e  d is t i l l a t e  in  th e  t r a p  w as th e n  m e a s u re d  a t 25 C u s in g  a B a u s h  

& A b b e  r e f r a c t o m e te r .  T h e  o b s e rv e d  v a lu e  w a s  c o m p a re d  to  th e  c a l ib r a t io n  

c u r v e ( F ig u r e  6 ).

T h is  te c h n iq u e  o f d e te r m in a t io n  o f  th e  in s id e  c o m p o s it io n  has  b e e n  

a p p lie d  to  o th e r  m o n o m e r - p o ly m e r  s y s te m s  in  o u r  la b o r a t o r ie s (9, 60) and  

is  p ro v e n  to  be  e f fe c t iv e .  U . V  S p e c tro s c o p y  h as  a ls o  b e e n  u s e d , y ie ld in g  th e  

sa m e  r e s u l t s  as o b s e rv e d  w ith  th is  te c h n iq u e (9 ,  6 0 ).

(c ) d e te r m in a t io n  o f  th e  p a r a m e te r  - d

T he  d v a lu e  a p p e a r in g  in  e q u a tio n  18, has  b e e n  d e te rm in e d  f o r  4 -  

v in y lp y r id in e  and  p y r id in e  u s in g  th e  d e s o rp t io n  te c h n iq u e  d e s c r ib e d  e ls e -  

w h e re (5 9 ) .

P o ly e th y le n e  f i lm s  o f  10 m i ls  w e re  c u t in  a c i r c u la r  fa s h io n  to  g a in  

a n  o p t im u m  w e ig h t  o f  a p p r o x im a te ly  3 g ra m s  and  w e ig h e d  to  th e  n e a re s t  one 

h u n d re th  o f  a m i l l i g r a m .  T he  f i lm s  w e re  th e n  s w e lle d  w i th  4 - v in y l  p y r id in e  

o r  p y r id in e  o v e r n ig h t  a t  25 ± 0 .1  ° C  to  a t ta in  s w e l l in g  e q u i l ib r iu m .  T h e y  w e re  

th e n  ta k e n  o u t o f  th e  s o lu t io n ,  b lo t te d  to  d r y  th e  s u r fa c e s ,  im m e d ia te ly  w e ig h e d  

and  p la c e d  in  th e  d i f f u s io n  c h a m b e r .  A t  s p e c i f ic  t im e  in t e r v a ls , th e y  w e re  

ta k e n  o u t o f th e  c h a m b e r  and  w e ig h e d . T he  d e c re a s e  in  w e ig h t  w i th  t im e  w as 

m e a s u re d .T h e  d i f fu s io n  c h a m b e r  w as a  r e c ta n g u la r  b o x  o f 3x4x5  d im e n s io n s  

m a in ta in e d  a t  a c o n s ta n t  te m p e ra tu r e  o f 25 ± 0 .1  ° C .

T h e  d v a lu e  f o r  4 - v in y lp y r id in e  a nd  p y r id in e  w a s  e s t im a te d  b y  

c o m p a r in g  th e  e x p e r im e n ta l d e s o rp t io n  c u rv e s  w i th  th e  th e o r e t ic a l  ones g iv e n  

in  r e fe re n c e  59 .
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FIG 7 Apparatus for the determination of inside concentration
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R E S U L T S  A N D  D IS C U S S IO N  

In  r a d ia t io n  in d u c e d  g r a f t  p o ly m e r iz a t io n  o f  a  l iq u id  m o n o m e r  to  a 

s o l id  p o ly m e r  b a c k b o n e , th e  g r a f t in g  p ro c e s s  ta k e s  p la c e  in  a h ig h ly  v is c o u s  

h e te ro g e n e o u s  m e d iu m . G e n e r a l ly ,  th e  r e a c t io n  k in e t ic s  in  s u c h  m e d ia  a re  

q u ite  c o m p le x  and  th e  use  o f  a s e m i- c r y s t a l l in e  p o ly m e r  l ik e  p o ly e th y le n e  

adds m o re  to  th is  h e te ro g e n e ity .  In  th e  m u tu a l i r r a d ia t i o n  te c h n iq u e  a  p o ly m e r  

f i l m  is  s w e lle d  b y  m o n o m e r  (n o t d is s o lv e d  in  i t )  and  th e r e fo r e  th e  g r a f t in g  

s y s te m  is  c o n s t itu te d  o f th re e  p h y s ic a l ly  d i f f e r e n t  s ta te s  o f m a t te r .  A  l iq u id  

m o n o m e r  and  a s o l id  p o ly m e r  w i th  a m o rp h o u s  and  c r y s ta l l in e  r e g io n s .  A  

k in e t ic a l ly  im p o r ta n t  q u e s t io n  is  th e  e f fe c t  o f  th is  m o rp h o lo g y  on  th e  g r a f t in g  

r e a c t io n  and  w h e th e r  th e  r e a c t io n  is  c o n f in e d  in  re g io n s  o f  a p a r t ic u la r  

m o rp h o lo g y  o r  ta k e  p la c e  u n i f o r m ly  th ro u g h o u t  th e  s o l id  in  b o th  th e  a m o rp h o u s  

and  c r y s ta l l in e  r e g io n s .

W hen  h ig h  e n e rg y  r a d ia t io n  im p in g e s  on  s u c h  a s y s te m ,  a m o rp h o u s  

as w e l l  as th e  c r y s ta l l in e  p a r ts  o f  th e  p o ly m e r  w i l l  s im u lta n e o u s ly  be 

r a d io ly s e d ,  th e  n e t e f fe c t  b e in g  th e  p r o d u c t io n  o f  r a d ic a ls  th a t  in i t ia t e  th e  

g r a f t in g  r e a c t io n .  A f t e r  r e c e iv in g  a c e r ta in  do sa g e  o f  r a d ia t io n ,  a lth o u g h  th e  

p o p u la t io n  o f  r a d ic a ls  p e r  u n i t  v o lu m e  o f p o ly m e r  is  p r o b a b ly  h ig h e r  in  th e  

c r y s ta l l in e  r e g io n s  th a n  th a t  in  th e  a m o rp h o u s  p a r ts  o f  th e  p o ly m e r ,  i t  is  

c o n s id e re d  to  be  h ig h ly  u n l ik e ly  th a t  a n y  g ra f te d  c h a in  is  in i t ia t e d  in  th e  

c r y s ta l l in e  p a r t s .  T he  h ig h ly  den se  p a c k e d  n a tu re  o f th e s e  re g io n s  a re  th o u g h t 

to  be im p e n e t ra ta b le  f o r  th e  m o n o m e r  m o le c u le s . S tu d ie s  on  th e  p e rm e a t io n  

and  s o lu b i l i t y  o f  u n c o n d e n s a b le  gases in  p o ly e th y le n e  c o n f ir m e s  th is  v ie w ( 6 l) .

A  q u e s t io n  th a t  d i r e c t ly  fo l lo w s  th e  ab o ve  d is c u s s io n  is  th e  e f fe c t  

o f  g r a f t in g  and  r a d ia t io n  d ose  on th e  p e rc e n t  c r y s t a l l i n i t y  o f  th e  f i lm ,  th a t  is ,  

w h a t e f fe c t  does th e  in c re a s e  in  the  e x te n t  o f  g r a f t in g  and  r a d ia t io n  dosa g e  

h a ve  on  th e  p e rc e n t  c r y s t a l l i n i t y  d u r in g  th e  c o u rs e  o f th e  r e a c t io n .  G e n e r a l ly ,
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one e x p e c ts  a d e c re a s e  in  th e  p e rc e n t  o f  c r y s t a l l i n i t y  due to  th e  d e s t r u c t io n  

b y  r a d ia t io n  and  i f  th is  is  th e  case  th e n  a l l  th e  d a ta  p o in ts  in  a g iv e n  g r a f t in g  

r e a c t io n  h a ve  to  be  c o r r e c te d  to  c o m p e n s a te  f o r  th is  v a r ia t io n .

E a r l i e r  s tu d ie s  on  th e  s ty re n e -p o ly e th y le n e  s y s te m  in  o u r  

la b o r a to r ie s  a n d  e ls e w h e re (1 3 , 62) has s h o w n  th a t  e v e n  up to  100 % g r a f t in g ,  

th e  p e rc e n t  c r y s t a l l i n i t y  r e m a in e d  c o n s ta n t .  A d d i t io n a l ly ,  D o le (6 3 )  and  h is  

w o r k e r s  s tu d ie d  th e  e f fe c t  o f  g a m m a  r a d ia t io n  on  h ig h  d e n s ity  p o ly e th y le n e  

and  d e te c te d  no  cha n g e  in  th e  c r y s t a l l i n i t y  up to  do se s  o f  10 M r a d s . l t  s h o u ld  

be p o in te d  o u t a t  th is  t im e  th a t  o u r  l im i t s  o f  e x p e r im e n ta t io n  w e re  w e l l  

b e lo w  th e  p re c e e d in g  v a lu e s  due to  re a s o n s  th a t  w i l l  be  d is c u s s e d  s h o r t ly  w e 

h ave  c o n f in e d  o u r  e x p e r im e n ts  in  th e  r e g io n  o f  0 -10  % g r a f t in g  and  to  a c h ie v e  

th is  a m o u n t o f  g r a f t in g  n o t m o re  th a n  0 . 2 M r  o f  r a d ia t io n  dosa ge  is  n e e d e d .

T h u s , w i th  th e  fo r e - g o in g  l i t e r a t u r e  fa c ts  in  h a n d , w e  h a ve  a n a ly s e d  

o u r  k in e t ic  r e s u l t s  a s s u m in g  th a t :

(a) th e  g r a f t in g  r e a c t io n  ta k e s  p la c e  s o le ly  and  is o t r o p ic a l l y  in  

th e  a m o rp h o u s  re g io n s  o f  th e  p o ly e th y le n e  a nd  th a t  c r y s ta l l in e  re g io n s  a c t  

o n ly  as im p e n e t ra ta b le  f i l l e r s  and

(b) th e  p e r c e n t  c r y s t a l l i n i t y  o f  th e  f i l m  is  n o t  e f fe c te d  b y  th e  

g r a f t in g  p ro c e s s .

W hen  p o ly e th y le n e  is  e x p o s e d  to  g a m m a  r a d ia t io n ,  th e  m a jo r  e f fe c t  

is  th e  c le a v a g e  o f  th e  C - H  b o n d s  y ie ld in g  a p o ly m e r ic  r a d ic a l  and  a h y d ro g e n  

a to m
g a m m a

^ C H 2 - C H 2^ -------------- ► " \ ^ C H 2 - C H '7 +  H* (24)
r a d ia t io n

A t  f i r s t ,  i t  s e e m s  s u r p r is in g  th a t  th e  f re q u e n c y  o f  C - H  b o n d  c le a v a g e  is  

m u c h  h ig h e r  th a n  th a t  o f  th e  C -C  b o n d  s in c e  th e  b o n d  s t re n g th  o f  C - H  is  

c o n s id e r a b ly  h ig h e r  th a n  C - C ,  98 and  83 k c a l /m o le ,  r e s p e c t iv e ly ( 6 4 ) .  H o w e v e r ,
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th e  s i tu a t io n  is  n o t  so  s im p le ,  o th e r  fa c to r s  s u c h  as cage  e f fe c ts  c o u ld  

s lo w  d o w n  th e  s c is s io n  r e a c t io n  and  b r in g  fo r w a r d  th e  C - H  b o n d  c le a v a g e  

as th e  m a in  e f fe c t  o f  th e  r a d io ly s is .  M o re o v e r ,  i t  is  s p e c u la te d  th a t  th e  e n e rg y  

d e p o s ite d  a t  a C -C  b o n d  is  d is s ip a te d  a lo n g  th e  c h a in  w ith o u t  c h a in  s c is s io n  

w h e re a s  th e  d e p o s ite d  e n e rg y  a t  a C - H  b o n d  is  lo c a l iz e d  in  th e  p a ir s  o f  C -H  

b o n d s  a t ta c h e d  to  th e  s a m e  c a rb o n  a to m  w i th  th e  r e s u l t a n t  e x p e r im e n ta l ly  

o b s e rv e d  H 2  gas e v o lu t io n (6 5 ) .

T h e  p ro d u c e d  p o ly m e r ic  a lk y l  r a d ic a ls  (e q u a tio n  24) a re  in v o lv e d  

in  s e v e r a l  r e a c t io n s  s u c h  as c r o s s - l in k in g  b y  r e a c t io n  w i th  o th e r  p o ly m e r ic  

r a d ic a ls ,  m ig r a t io n  a lo n g  o r  a c ro s s  th e  c h a in  and  v in y le n e  d o u b le  b o n d  

fo r m a t io n ,  e tc .  On th e  o th e r  h a n d , th e  h o t  h y d ro g e n  a to m s  a re  in v o lv e d  in  a 

s e r ie s  o f r e a c t io n s ,  th e  m a in  one b e in g  th e  p r o d u c t io n  o f  h y d ro g e n  g a s . 

A lth o u g h  h y d ro g e n  a to m s  w e re  n e v e r  d e te c te d  e v e n  b y  E S R  s tu d ie s  a t  4 ° K (6 6 ) ,  

i t  is  s p e c u la te d  th a t  th e s e  a to m s  m u s t  h a ve  b e e n  l ib e r a te d  d u r in g  i r r a d ia t io n  

w i th  en o u g h  k in e t ic  e n e rg y  to  o v e rc o m e  th e  a c t iv a t io n  e n e rg y  b a r r i e r  f o r  H  

a to m  a b s t r a c t io n  f r o m  a n e ig h b o r in g  m e th y le n e  g ro u p .

In  g r a f t  p o ly m e r iz a t io n ,  th e  r a d io ly s is  o f p o ly e th y le n e  in  th e  p re s e n c e  

o f  m o n o m e r  is  o f  c o n c e rn  and  i t  has b e e n  d e m o n s tra te d  b y  E S R  th a t  th e  

p ro d u c e d  p o ly m e r ic  a l k y l  r a d ic a ls  a r e  m a in ly  c o n s u m e d  in  th e  in i t ia t io n  o f  

th e  g r a f te d  c h a in s (19). W h a t a b o u t th e  fa te  o f  th e  h y d ro g e n  a to m  ? In  th is  ca se  

h y d ro g e n  a to m s ,  to o ,  c a n  r e a c t  w i th  th e  m o n o m e r  th a t  is  s w e lle d  b y  th e  

a m o rp h o u s  p a r ts  o f  th e  p o ly m e r  and  le a d  to  th e  p r o d u c t io n  o f  u n d e s ira b le  

h o m o p o ly m e r .  T he  e x te n t  o f in v o lv e m e n t  o f  h y d ro g e n  a to m s  in  s u c h  re a c t io n s  

is  g e n e r a l ly  n o t k n o w n  b u t  a n u m b e r  o f w o r k e r s (13, 35) h a ve  fo u n d  e x te n s iv e  

a m o u n ts  o f  in s id e  h o m o p o ly m e r iz a t io n ,  e x c e e d in g  th e  l im i t s  w h ic h  w o u ld  be  

p ro d u c e d  b y  th e  s im p le  r a d io ly s is  o f  th e  m o n o m e r .

G e n e r a l ly ,  th e  a m o u n t o f  h o m o p o ly m e r  p ro d u c e d  in s id e  th e  p o ly m e r
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m a t r ix  b y  th e  r a d io ly s is  o f m o n o m e r  dep e n d s  on  th e  G r  v a lu e  o f th a t  

m o n o m e r . U s u a lly ,  th e  G r  v a lu e  o f a r o m a t ic  c o m p o u n d s  and  o f m o n o m e rs  

c o n ta in in g  a r o m a t ic  s id e  g ro u p s  a re  s m a l l  c o m p a re d  to  th e  G r  v a lu e  o f 

p o ly e th y le n e (  Gr =6 -8  (5 )) . F o r  e x a m p le , th e  G ^  v a lu e  o f  b e n z e n e  and  s ty re n e ,  

u s in g  D P P H  ( d ip h e n y lp ic r y lh y d r a z y l)  as th e  f r e e  r a d ic a l  s c a v a n g e r , has 

b e e n  d e te rm in e d  to  be  0 . 66 (67, 68 ). F o r  o u r  c a s e , a lth o u g h  w e have  fa i le d  

to  f in d  th e  G r  v a lu e  o f  4 - v in y lp y r id in e  in  th e  l i t e r a t u r e . i t  is  p ro b a b ly  

c lo s e  to  th e  G r  v a lu e  o f  p y r id in e ,  w h ic h  is  r e p o r te d  to  be  a b o u t 0 . 3 (6 9 ). 

C o n s id e r in g  th e  a b o ve  v a lu e s  i t  is  c le a r  th a t  th e  r a d io ly s is  o f  th e  above  

m o n o m e rs  s h o u ld  p ro d u c e  n e g l ig ib le  h o m o p o ly m e r  c o m p a re d  to  g r a f t  p o ly m e r .

B e s id e s  th e  r a d io ly s is  o f m o n o m e r  and  th e  h y d ro g e n  a to m  p ro d u c e d  

in  r e a c t io n  (24) o th e r  p h e n o m e n o n  s u c h  as e n e rg y  t r a n s fe r  and  c h a in  t r a n s fe r  

re a c t io n s  c a n  le a d  to  th e  p ro d u c t io n  o f in s id e  h o m o p o ly m e r .

I t  is  n o t y e t  k n o w n  w h e th e r  th e  k in e t ic s  o f  th e  h o m o p o ly m e r iz a t io n  

re a c t io n s  fo l lo w  th e  s a m e  r o u te  as th a t  o f  th e  g r a f t in g  r e a c t io n .  B o th  p ro c e s s e s  

ta k e  p la c e  in  th e  s a m e  m e d iu m , th e  o n ly  d i f fe r e n c e  b e in g  is  th e  in i t ia t io n  

s te p .  A  g ra f te d  c h a in  is  in i t ia t e d  b y  a la r g e ,  h ig ly  im m o b i le  p o ly m e r  r a d ic a l  

w h e re a s  h o m o p o ly m e r  c h a in s  a re  in i t ia t e d  b y  m o b ile ,  s m a l le r  s p e c ie s .

In  th is  w o r k ,  w e  have  s tu d ie d  th e  o v e r a l l  k in e t ic s  o f  th e  g r a f t  

p o ly m e r iz a t io n  u n d e r  th e  a s s u m p t io n  th a t  b o th  h o m o p o ly m e r iz a t io n  and  

g r a f t  p o ly m e r iz a t io n  m e c h a n is m s  fo l lo w  th e  s a m e  k in e t ic  r o u te .  W e d id  n o t 

a t te m p t  to  p h y s ic a l ly  s e p a ra te  th e  g ra f te d  p o ly m e r  f r o m  th e  h o m o p o ly m e r  

and  s tu d y  th e  s e p a ra te  k in e t ic s .  The  te c h n iq u e s  a v a i la b le  f o r  s u c h  a 

s e p a ra t io n  a re  n o t  w e ll-e s ta b l is h e d (1 3 ,  70 ).

E f fe c t  o f  f i lm  th ic k n e s s (L )

T h e  e f fe c t  o f  f i lm  th ic k n e s s  on  th e  g r a f t in g  ra te  w as s tu d ie d  a t a 

dose  r a te  o f  0 . 0077 M r / h r .  F ig u r e  8 show s th e  e x te n t  o f  g r a f t in g  o f  4 - v in y l
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p y r id in e  w i th  r e s p e c t  to  t im e  f o r  a l l  a v a i la b le  th ic k n e s s e s ( i t  s h o u ld  be 

p o in te d  o u t th a t  th e  p h ra s e s  " e x te n t  o f  g r a f t in g "  and  " r a t e  o f g r a f t in g "  m a y  

be m is le a d in g  b e c a u s e  o f  th e  p o s s ib i l i t y  o f f o r m a t io n  o f h o m o p o ly m e r  in  th e  

p o ly m e r  m a t r ix .  N e v e r th e le s s , th e s e  p h ra s e s  w i l l  be  u s e d  th ro u g h o u t  th is  

w o rk ) .

T he  g r a f t in g  c u rv e s  a re  l in e a r  up  to  10-12 % g r a f t in g  a nd  th e n  te n d  

to  le v e l - o f f ( t h is  le v e l l in g - o T f  is  sh o w n  b y  th e  b ro k e n  l in e s  in  th e  f ig u r e  s in c e  

th is  b e h a v io r  is  o b s e rv e d  in  e x p e r im e n ts  c a r r ie d  to  c o n v e rs io n s  w e l l  o v e r  

12 % ). One ca n  th in k  o f  s e v e r a l  re a s o n s  f o r  th is  b e h a v io r :

(a) w i th  in c r e a s in g  c o n v e rs io n ,  th e  s y s te m  c a n  b e c o m e  c lo g g e d -  

up  w i th  g r a f te d  c h a in s , d e c re a s in g  th e  d i f fu s io n  r a te  o f  th e  m o n o m e r  w h ic h  

w i l l  b r in g  fo r w a r d  a d i f f u s io n - c o n t r o l le d  r e a c t io n  and  th e r e fo r e  lo w e r  g r a f t in g  

ra te s  o r

(b) in  th e  r e a c t io n  m e d iu m , th e  m o n o m e r  m a y  b e c o m e  m o re  

s o lu b le  w ith  c o n v e rs io n ,  due to  th e  f o r m a t io n  o f p o la r  p o ly ( 4 - v in y lp y r id in e )  

g ra f te d  c h a in s .  In c re a s e  in  th e  m o n o m e r  c o n c e n t r a t io n  m a y  h a ve  a p la s t is iz in g  

e f fe c t ,  in c r e a s in g  th e  v a lu e  o f k^ and th u s  lo w e r in g  th e  o v e r a l l  r a te  o f  

g r a f t in g .  Such an  e f fe c t  is  o b s e rv e d  in  s t y r e n e - p o ly v in y l  c h lo r id e  s y s te m (2 3 ) .

T h is  le v e l l in g - o f f  e f fe c t  is  n o t  u n iq u e  f o r  th is  p a r t ic u la r  g r a f t  

p o ly m e r iz a t io n  s y s te m ,  i t  is  o b s e rv e d  in  s e v e r a l  o th e r  s y s te m s  in c lu d in g  

s ty re n e -p o ly e th y le n e  b u t a p p e a r  a t  h ig h e r  c o n v e rs io n s .

T h e  ra te s  o f g r a f t  p o ly m e r iz a t io n  h a s  b e e n  c a lc u la te d  f r o m  th e  

s lo p e s  o f  th e s e  c u rv e s  and  ta b u la te d (T a b le  4 ) .  F r o m  th e  ta b le  i t  is  s e e n  th a t  

f o r  f i lm s  b e lo w  3 m i ls  th e  r a te  o f g r a f t in g  is  e s s e n t ia l ly  c o n s ta n t  and  is  n o t 

e f fe c te d  b y  th ic k n e s s . H o w e v e r , f o r  th ic k n e s s e s  a b o ve  2 m i ls ,  th e  r a te  o f 

g r a f t in g  d e c re a s e s  w i th  in c r e a s in g  f i l m  th ic k n e s s .  A  lo g - lo g  p lo t  o f  r a te  v e rs u s  

f i l m  th ic k n e s s  c le a r l y  d is p la y s  th is  b e h a v io r ( F ig u r e  9 ).
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T A B L E  4

T h e  d e p e n d e n ce  o f r a te  on  th e  f i l m  th ic k n e s s *

L ( m i ls ) L o g  L Rp(%  g r a f t / m in ) L o g  Rp

1 0 .0 0 0 0.1123 i  0 . 0033 -0 .9 5 0

2 0. 301 0.1140 ± 0. 0036 - 0 .9 4 3

3 0 .4 7 7 0. 0903±  0. 0039 -1 . 044

5 0. 699 0. 0524±  0. 0023 -1. 281

6 0. 778 0. 0 3 6 9 ± 0. 0025 -1 .4 3 3

8 0. 903 0 .0 2 7 7 ±  0. 0026 -1 . 558

10 1. 000 0 . 0212 ± 0 . 0011 -1. 673

( * )  d ose r a te :  0 . 0077 M r  / h r .

T h e  n o n -d e p e n d e n c y  o f  th e  r a te  o f g r a f t in g  on  th ic k n e s s  f o r  th e  

t h in  f i lm s  c le a r l y  d is p la y s  th a t  th e  g r a f t in g  r e a c t io n  is  d i f f u s io n - f r e e  in  

th is  r e g io n  and  th e  k in e t ic s  a r e  g o v e rn e d  b y  e q u a tio n  (12). In  th is  r e g io n  th e  

m o n o m e r  c o n c e n t r a t io n  p r o f i le  is  c o n s ta n t a n d  u n i fo r m  th ro u g h o u t  th e  f i l m  

th ic k n e s s .  F o r  f i lm s  t h ic k e r  th a n  2 m i ls  th e  d e p e n d e n ce  o f  g r a f t in g  r a te  on 

th e  f i l m  th ic k n e s s  is  c lo s e  to  in v e rs e  l i n e a r i t y  w i th  a c a lc u la te d  s lo p e  o f 

-1 .2 0  ± 0 .0 3 4 .  T h is  s lo p e  is  re a s o n a b ly  c lo s e  to  th e  t h e o r e t ic a l  s lo p e  o f  -1 .0  

r e q u i r e d  b y  e q u a tio n  (13). In  th is  r e g io n ,  th e  g r a f t in g  k in e t ic s  a r e  d i f f u s io n -  

c o n t r o l le d  a nd  th e r e fo r e  th e  m o n o m e r  c o n c e n tra t io n  p r o f i le  is  no  lo n g e r  

u n i f o r m  b u t  c u rv e d ,  w i th  th e  h ig h e s t  c o n c e n tra t io n  a t th e  s u r fa c e  o f  th e  f i lm ,  

g r a d u a l ly  d e c re a s in g  to w a rd s  th e  m id d le  and  c lo s e  to  z e ro  a t  th e  m id d le  o f  

th e  f i lm .

T h e  d i f fe r e n c e  b e tw e e n  th e  e x p e r im e n ta l a nd  t h e o r e t ic a l  s lo p e s  is  

w i th in  th e  l im i t s  o f  th e  p lo t ,  as w i l l  be  s h o w n  s u b s e q u e n tly .  L e t  us n o w  ta k e  

a lo o k  a t  e q u a tio n  1 7 ( la t e r , i t  w i l l  be c le a r  th a t  f o r  4 - v in y lp y r id in e - p o ly -
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e th y le n e  s y s te m ,  v = l a n d  th e  k in e t ic s  a r e  g o v e rn e d  b y  e q u a tio n s  (14) th ro u g h  

( 1 7 ) ) .

A c c o r d in g  to  th e  e q u a tio n  (17) a p lo t  o f R p v e rs u s  L  a s s u m e s  th a t  

1/2
M ,k p /k f .  , D  a nd  R j a re  c o n s ta n t  a nd  do n o t d ep end  on th ic k n e s s ,  L .  T h e  r a te

ra te  o f  in i t ia t io n ( R i )  is  d i r e c t ly  p r o p o r t io n a l  to  dose  r a te  (I)  a nd  th e r e fo r e

m u s t  be  c o n s ta n t .  S in c e  a l l  f i lm s  p o s s e s s e d  a lm o s t  th e  s a m e  c r y s t a l l i n i t y ,

v a r ia t io n  o f  M  w i th  th ic k n e s s  c a n  be a s s u m e d  to  be  n e g l ig ib le .  A t  th e  f i r s t

1 / 2g la n c e , one c a n  a ls o  th in k  th a t  th e  o th e r  v a r ia b le s  D and  kp /k fc  a re  c o n s ta n t

and  in d e p e n d e n t o f  th ic k n e s s .  H o w e v e r ,  e a r l i e r  in v e s t ig a t io n s  on  th e  s ty r e n e -

p o ly e th y le n e  s y s te m (1 3 ) h a v e  s h o w n  th a t  th is  is  n o t th e  c a s e . T he  d i f fu s io n

c o e f f ic ie n t  o f  s ty re n e  in c re a s e d  w i th  in c r e a s in g  th ic k n e s s .  T h is  r e s u l t

in d ic a te d  th a t  a lth o u g h  th e  p e r c e n t  c r y s t a l l i n i t y  is  th e  s a m e  f o r  a l l  f i lm s ,

th e  f i lm s  d i f f e r e d  in  c r y s t a l l i t e  s iz e  w i th  t h ic k e r  f i lm s  h a v in g  la r g e r  s iz e

c r y s ta ls .  F o r  th in n e r  f i lm s ,  th e  s m a l le r  s iz e d  c r y s t a l l i t e s  ca n  p o s s ib ly  a c t

as  p h y s ic a l  c r o s s - l i n k s , r e s t r i c t in g  th e  m o t io n  in  th e  a m o rp h o u s  r e g io n s ( 6 l,

71). T he  d i f fe r e n c e  in  th e  c r y s t a l l i t e  s iz e  m a y  be  due to  d i f fe r e n c e s  in  th e

c r y s t a l l i z a t io n  ra te s  d u r in g  th e  m a n u fa c tu re  o f  th e  f i lm s .  E v e n  i f  the

c r y s t a l l i z a t io n  ra te s  w e re  th e  sam e  f o r  t h ic k e r  f i lm s  th e  in n e r  la y e r s  m a y

c o o l s lo w e r  th a n  th e  s u r fa c e ,  r e s u l t in g  in  la r g e r  c r y s t a l l i t e  s iz e s .

T h e  k p / k t * ^  v a lu e s  ch a n g e d  a c c o r d in g ly ,  d e c re a s in g  w i th  in c r e a s in g

f i l m  th ic k n e s s .  T h is  is  lo g ic a l  s in c e  a d e c re a s e  in  d i f f u s iv i t y  m a y  in d ic a te

1/2
an  in c re a s e  in  v is c o s i t y ,  t h e r e fo r e  lo w e r  kj- and  c o n s e q u e n t ly  h ig h e r  k p /k ^  

v a lu e s .

1/2T o  c o m p e n s a te  f o r  th e s e  v a r ia t io n s  in  D  and  k p /k ^  v a lu e s ,  th e  

e x p e r im e n ta l d a ta  w a s  r e - p lo t t e d (  i . e .  in s te a d  o f  p lo t t in g  lo g  R p  v e rs u s  lo g  L ,  

lo g (  R p / ( M k p /k f . * ^ D )  ) w as  p lo t te d  v e rs u s  lo g  L  ). T he  d e p e n d e n ce  o f  R p  on 

L  th e n  c h a n g e d  f r o m  a v a lu e  o f  -1 .2 4  to  - 0 .9 6 .
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A lth o u g h  w e  h a ve  n o t c o r r e c te d  o u r  d a ta  f o r  s u c h  v a r ia t io n s ,  th is  

is  e x a c t ly  th e  sa m e  d i r e c t io n  w h ic h  w o u ld  y ie ld  a c lo s e r  v a lu e  th a n  -1 .2 0  

to  th e  t h e o r e t ic a l  v a lu e  o f -1 . 0 . A t  th is  p o in t  i t  is  s u f f ic ie n t  to  add  th a t ,  

c o u p le d  w i th  th e  e a r l i e r  r e s u l t s  on  th e  s ty re n e -p o ly e th y le n e  s y s te m , th e s e  

r e s u l t s  on  th e  4 - v in y lp y r id in e - p o ly e th y le n e  s y s te m  a re  m o re  th a n  s a t is f a c to r y  

f o r  th e  v e r i f ic a t io n  o f  o u r  t h e o r e t ic a l  p r e d ic t io n s  on  th e  e f fe c t  o f  f i lm  

th ic k n e s s  on  th e  g r a f t in g  r a te .

F u r t h e r m o r e ,  f r o m  in d e p e n d e n t e x p e r im e n ts  done f o r  o th e r  p u rp o s e s ,  

d a ta  a t  a h ig h e r  d o se  r a te  o f  0 .0 2 1  M r / h r  a re  g a th e re d  to g e th e r  and  sh o w n  

in  F ig u r e  9 . A lth o u g h  th e re  a re  n o t eno ugh  d a ta  p o in ts  f o r  a s lo p e  c a lc u la t io n ,  

th e  b e h a v io r  is  s im i l a r  to  th a t  a t  th e  lo w e r  dose  r a te  o f  0 . 0077 M r / h r .  One 

s h o u ld  a ls o  n o te  th a t  w i th  in c r e a s in g  dose  r a te  th e  ra n g e  o f  th e  d i f fu s io n -  

f r e e  r e g io n  d e c re a s e d .  T h is  is  in  l in e  w i th  th e  t h e o r e t ic a l  p r e d ic t io n s , an  

in c re a s e  in  R-[ s h o u ld  in c re a s e  th e  c h a r a c t e r is t ic  p a r a m e te r  A  (e q u a tio n  15) 

and  s h i f t  e v e n  th e  th in n e s t  f i lm s  m o re  c lo s e  to  th e  d i f f u s io n - c o n t r o l le d  r e g io n .  

In  th e  s u b s e q u e n t s e c t io n s  i t  w i l l  be seen  th a t  a t  a d ose  r a te  o f  0 . 037 M r / h r  

th e re  is  no  d i f fu s io n  f r e e  r e g io n  and  e ve n  th e  k in e t ic s  o f 1 m i l  f i lm  is  

p a r t ia l l y  u n d e r  d i f f u s io n - c o n t r o l ,  g o v e rn e d  b y  e q u a tio n  (17).

T he  d e p e n d e n ce  on R j 

One o f  th e  m o s t  im p o r ta n t  k in e t ic  p a r a m e te r s  in  a p o ly m e r iz a t io n  

r e a c t io n  is  th e  in i t ia t io n  ra te  o r d e r .  D e p e n d in g  on  i t s  v a lu e  one can  h a v e  an  

id e a  o f th e  p o ly m e r iz a t io n  m e c h a n is m  and  th e  m o d e  o f  te r m in a t io n .

In  r a d ia t io n  in d u c e d  p o ly m e r iz a t io n s , b e c a u s e  io n s  as w e l l  as r a d ic a ls  

a re  p ro d u c e d  in  th e  r e a c t io n  m e d iu m , th e  v a lu e  o f th e  in i t ia t io n  ra te  o r d e r  

is  d i r e c t ly  r e la te d  to  th e  n a tu re  o f th e  in i t ia t in g  s p e c ie s .

G e n e ra l ly ,  r a d ic a l  p o ly m e r iz a t io n s  sh o w  a h a l f  o r d e r  dep ende nce

o f R  on R . w h e re a s  io n ic  p o ly m e r iz a t io n s  e x h ib i t  a f i r s t  o r d e r  d e p e n d e n c e .
P ^
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T h e  d i f fe r e n c e  in  th e  b e h a v io r  is  a c o n s e q u e n c e  o f d i f f e r e n t  m o d e s  o f 

t e r m in a t io n .  In  r a d ic a l  p o ly m e r iz a t io n s  t e r m in a t io n  is  u s u a l ly  s e c o n d  o r d e r  

w i th  r e s p e c t  to  p ro p a g a t in g  s p e c ie s  b u t in  io n ic  p o ly m e r iz a t io n s  i t  is  f i r s t  

o r d e r .

In  r a d ia t io n  in d u c e d  g r a f t  p o ly m e r iz a t io n ,  th e  r a te  o f  in i t ia t io n  is  

d i r e c t ly  r e la te d  to  th e  d o se  r a te ( I ) ,  th u s , s tu d y in g  th e  r a te  o f  g r a f t in g  a t 

v a r io u s  dose  ra te s  one  c a n  d e te rm in e  th e  v a lu e  o f  th e  in i t ia t io n  ra te  o r d e r .

F ig u r e  (10) sh o w s  th e  e f fe c t  o f  d ose  r a te  on  th e  g r a f t in g  r a te  f o r  

p o ly e th y le n e  f i l m  o f 1 m i l  th ic k n e s s .  T he  d o se  r a te  is  v a r ie d  300 fo ld  f r o m  

0 . 00077 to  0 .2 1  M r / h r .  A s  u s u a l th e  e x te n t  o f  g r a f t in g  is  fo l lo w e d  up to  10 % 

and th e  g r a f t in g  c u rv e s  a r e  l in e a r  in  th is  ra n g e . T h e  s tu d y  is  n o t e x te n d e d  

to  th e  h ig h e s t  dose  r a te  s in c e  i t  to o k  le s s  th a n  10 m in u te s  to  re a c h  10 % 

g r a f t in g  and th is  in v o lv e s  a h ig h  m a r g in  o f e r r o r .  A n  in c re a s e  in  th e  g r a f t in g  

ra te  w i th  in c r e a s in g  d o se  r a te  is  a p p a re n t(T a b le  5) b u t  is  m o s t  m a rk e d  a t

th e  lo w  dose  ra te  r e g io n .  A  p lo t  o f  lo g  R  v e rs u s  lo g  I  is  s h o w n  in  F ig u r e  11.
F

T he  lo g a r i t h m ic  c u rv e  is  l in e a r  b e tw e e n  th e  dose  r a te s , 0 . 0 0 0 7 6 -0 . 021 M r / h r ,  

w i th  a s lo p e  o f 0 .5 6  ± 0 .0 2 .  A t  h ig h e r  dose  ra te s  th a n  0 .0 2 1  M r / h r ,  th is  

de p e n d e n ce  d e c re a s e s  f r o m  th e  h a l f - o r d e r  b e h a v io r ( th is  d e c re a s e  is  e v id e n c e d  

b y  th e  d e v ia t io n  f r o m  th e  d o tte d  e x te n t io n  o f  th e  c u r v e ) .

T h e  d e c re a s e  in  th e  d ose  r a te  o r d e r  a t  h ig h  d ose  ra te s  can  be 

a t t r ib u te d  to  a  n u m b e r  o f  p h e n o m e n o n :

(a) i f  th e  m o d e  o f t e r m in a t io n  ch a n g e s  f r o m  th e  u s u a l b im o le c u la T  

c o u p lin g  a n d /o r  d is p r o p o r t io n a t io n  o f  p ro p a g a t in g  r a d ic a ls  to  a r e a c t io n  

in v o lv in g  a p o ly m e r ic  r a d ic a l  and  a p r im a r y  r a d ic a l( A *  ), i .  e . ,

P - M n * + A * - . ■fe tP ► P - M n -A (d e a d  p o ly m e r )  (25) 

w h e re  A * m a y  be a h y d ro g e n  a to m , m o n o m e r  r a d ic a l ,  e tc .  , th e n  th e  k in e t ic s  

w i l l  f o l lo w  a d i f f e r e n t  p a t te r n  in  w h ic h  th e  r a te  o f  p o ly m e r iz a t io n  is  in d e p e n -
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LOG Rp

1 mil film

- 1.2
slope s 0.56 ± 0.02

-1.4

LOG I

- 0.61.01.41.8- 2.8

F T ” 11 LOG Rp versus LOG I
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T h e  depende

T A B L E  5

n ee  o f  R  on  d o se  r a t e ( I ) >! 
P

I ( M r  / h r ) L o g I R p ( % g r a f t / m in ) L o g  R.

0 .0 0 0 7 6 -3 .1 1 9 2 0 .0 3 0 4  ± 0 .0 0 1 4 -1 .5 1 8

0. 0011 - 2 .9 5 9 0 0 .0 4 0 2  ± 0 .0 0 1 4 -1 . 396

0. 0015 - 2 .8 2 4 0 0 .0 4 7 6  ± 0 . 0023 -1 . 323

0 .0 0 3 7 -2 .4 3 2 0 0 .0 8 0 9  ± 0 . 0023 -1 . 092

0. 0053 - 2 .2 7 6 0 0. 0917 ± 0 . 0083 -1 . 038

0 .0 0 7 7 -2 .1 1 4 0 0.1152 ± 0 .0 0 1 3 - 0 .  939

0. 011 -1 . 9590 - -

0 . 021 -1 . 6780 0 .1 9 6 9  ± 0 .0 0 4 7 - 0 .7 0 6

0 . 037 -1 .4 3 2 0 0 .2 5 4 5  ± 0 .0 0 7 2 - 0 .  594

0 .0 5 8 -1 .2 3 7 0 0. 3506 ± 0 .0 1 6 0 - 0 .4 5 5

0 . 085 -1 . 0710 0. 3913 ± 0 .0 0 1 3 - 0 .4 0 8

0 .1 3 0 - 0 .8 8 6 0 0 .4 7 3 0  ± 0 .0 0 6 7 - 0 .3 2 5

0 .2 1 0 - 0 .6 7 8 0 0. 5262 ± 0 . 0170 - 0 .2 7 9

0 . 350 - 0 .4 5 6 0 _

( * )  1 m i l  f i lm .

d e n t on  th e  in i t ia t io n  r a te ( l ) ,

R p = k p M 2 /k to  (26)

C h a p iro  h as  p o in te d  o u t th a t  p r im a r y  t e r m in a t io n  m a y  b e c o m e  

in c r e a s in g ly  im p o r ta n t  a t  h ig h  dose  ra te s  w h e re  th e  c o n c e n t r a t io n  o f  p r im a r y  

r a d ic a ls  a re  h ig h  and  a ls o  th a t  th is  k in d  o f t e r m in a t io n  m a y  be e s p e c ia l ly  

im p o r ta n t  in  h ig h ly  v is c o u s  s y s te m s ,  s u c h  as a g r a f t in g  s y s te m ,  w h e re  p r im a r y  

r a d ic a ls  w o u ld  h a v e  g r e a te r  m o b i l i t y  th a n  th e  la rg e  s iz e d  p o ly m e r ic  r a d ic a ls .
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In  th e  b u lk  p o ly m e r iz a t io n  o f  s ty re n e  b y  o r d in a r y  f r e e  r a d ic a l  

in i t i a t o r s ,  D e S c h r i jv e r  and  S m e ts (7 2 ) in c re a s e d  th e  v is c o s i t y  o f  th e  r e a c t io n  

m e d iu m  b y  s im p ly  a d d in g  p o ly s ty r e n e  in  v a r y in g  a m o u n ts  to  s ty re n e  and  

s tu d ie d  th e  e f fe c t  on th e  in i t ia t io n  and  m o n o m e r  o r d e r .  T h e y  h a ve  fo u n d  

th a t  w i th  in c r e a s in g  v is c o s i t y  th e  in i t i a t o r  o r d e r  d ro p p e d  f r o m  0 . 5 to  0 . 3 

and  m o n o m e r  o r d e r  in c re a s e d  f r o m  1. 5 to  2 . 0 . T h e s e  r e s u l t s  a re  in  l in e  

w i th  th e  ab o ve  k in e t ic s .

(b) s e c o n d ly ,  th e  d e c re a s e  in  th e  d e p e n d e n ce  o f Rp on I  a t  h ig h  

dose  ra te s  c o u ld  be  s o le ly  due to  d i f fu s io n a l e f fe c ts .  In  th e  p re c e e d in g  s e c t io n s  

i t  w as  s h o w n  t h e o r e t ic a l ly  th a t ,  w h e n  th e  k in e t ic s  o f g r a f t  p o ly m e r iz a t io n  

is  s h if te d  u n d e r  c o m p le te  d i f f u s io n - c o n t r o l le d  c o n d it io n s , th e  in i t ia t io n  r a te  

e x p o n e n t d ro p p e d  f r o m  1 /2  to  1 /4  f o r  th e  c a s e  w h e re  v = l( c o m p a re  e q u a tio n s  

16 and  17).

E x p e r im e n ts  in  th is  la b o r a to r y  on  th e  s ty re n e -p o ly e th y le n e  s y s te m  

has  s h o w n  th a t(9 )  a t  h ig h  dose  ra te s  b e tw e e n  0 .1 3 -0 .  35 M r / h r ,  th e  g r a f t in g  

r a te  is  in d e p e n d e n t o f  d ose  r a te  and  f u r t h e r m o r e  a t  th e s e  d o se  ra te s  th e  

g r a f t in g  r e a c t io n  is  n o t d i f f u s io n - c o n t r o l le d ( t h is  w as e v id e n c e d  b y  c o m p a r in g  

th e  g r a f t in g  ra te s  o f  1 ,2 ,3  m i l  f i lm s .  U n d e r  c o m p le te  d i f f u s io n - c o n t r o l ,  th e  

g r a f t in g  ra te s  w o u ld  be  in v e r s e ly  d e p e n d e n t on  th ic k n e s s  and  th e  r e la t iv e  

ra te s  f o r  th e s e  th re e  f i lm s  w o u ld  be l : l / 2 : l / 3 ,  r e s p e c t iv e ly .  E x p e r im e n ta l ly  

o b s e rv e d  ra te s  w e re  a b o u t th e  s a m e ). A t  th e  sa m e  t im e ,  in c r e a s in g  th e  dose  

r a te  in c re a s e d  th e  m o n o m e r  o r d e r  f r o m  3 /2  to  5 /2 .  T h e s e  r e s u l t s  w e re  

e x p la in e d  b y  a s s u m in g  a  c o n t r ib u t io n  f r o m  p r im a r y  t e r m in a t io n  k in e t ic s ( e q .  2 6 ).

T h e  s a m e  l in e  o f re a s o n in g  is  th o u g h t to  h o ld  f o r  th e  d e c re a s e  in  

th e  d ose  r a te  o r d e r  a t  h ig h  dose  ra te s  f o r  o u r  4 - v in y lp y r id in e - p o ly e th y le n e  

s y s te m  s in c e :

(a) 4 - v in y lp y r id in e  is  m o re  v is c o u s  th a n  s ty re n e (  0 .9 8  cp  a t 40 °C  

(4 8 ), 0 . 59 a t 3 7 .8  ° C (5 8 ) ,  r e s p e c t iv e ly ) ,
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and  (b) 4 - v in y l  p y r id in e  s w e lls  p o ly e th y le n e  to  a le s s e r  d e g re e , th u s  

th e  o v e r - a l l  v is c o s i t y  in  th e  a m o rp h o u s  re g io n s  o f th e  p o ly e th y le n e  m u s t  be  

h ig h e r  f o r  th e  4 - v in y lp y r id in e  g r a f t in g  s y s te m .  I t  s h o u ld  be n o te d  th a t  th e  

sa m e  g ra d e  p o ly e th y le n e ,  s a m e  r a d ia t io n  s o u rc e  and dose  r a te  ra n g e  w as 

u se d  in  th is  w o r k  a n d  in  th e  s ty re n e -p o ly e th y le n e  w o r k  r e p o r te d  in  r e f .  9 .

S u r p r is in g ly ,  o u r  e x p e c ta t io n s  d id  n o t c o m e  t r u e .  F ig u r e  12 show s 

th e  g r a f t in g  c u rv e s  o f  4 - v in y lp y r id in e  to  2 m i l  p o ly e th y le n e  f i lm  in  th e  dose  

r a te  ra n g e  o f  0 . 0037 to  0 . 35 M r  / h r .  A n  in c re a s e  in  th e  g r a f t in g  ra te  w ith  

dose  r a te  is  a p p a re n t f r o m  T a b le  6. A  lo g - lo g  p lo t  o f R n v e rs u s  I  is  s h o w n  

in  F ig u r e  IB '. A lth o u g h  w e d id  n o t c o v e r  th e  w h o le  d o se  r a te  s p e c t ru m ,  a t  lo w

T A B L E  6

T he d e p e n d e n ce  o f Rp on dose  r a te  ( I ) *

I ( M r  / h r ) L o g  I Rr>(% g r a f t / m in ) L o g  R,

0 . 0037 -2 .4 3 2 0 0. 075 2 ±  0 .0 0 2 2 -1 .1 2 4

0 .0 0 5 3 -2 .2 7 6 0 0 .0 9 5 6 ± 0 .0 0 2 8 -1 .0 2 0

0. 0077 -2 .1 1 4 0 0.1140 i  0 .0 0 3 6 - 0 .9 4 3

0.0110 -1 . 9590 0 .1 4 4 0 t  0 .0 0 9 8 - 0 .  840

0. 0210 -1 .6 7 8 0 0.1910 ± 0 .0 0 4 7 -0 .7 1 9

0 .0 3 7 0 -1 .4 3 2 0 0 .2 6 0 0 ± 0. 0043 - 0 .5 8 5

0 .0 5 8 0 -1 .2 3 7 0 0 . 3110 ± 0 .0 0 6 2 -0 .5 0 7

0 .0 8 5 0 -1 .0 7 1 0 0 .3 5 9 0 ± 0 .0 0 8 5 - 0 .4 4 5

0 .1 3 0 0 -0 .8 8 6 0 0 .4 0 5 3 ± 0 .0 1 7 0 - 0 .3 9 2

0 .2 1 0 0 -0 .6 7 8 0 0 .4 3 9 3 ± 0 .0 0 9 1 - 0 .3 5 7

0 .3 5 0 0 -0 .4 5 6 0 0 .5 0 6 4 ± 0 .0 5 0 0 - 0 .2 9 6

( * )  2 m i l  f i l m
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LOG Rp /  «
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FIG 13 LOG Rp versus LOG I
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dose  ra te s  f r o m  th e  fo u r  d a ta  p o in ts ,  th e  c a lc u la te d  s lo p e  is  0 .5 9  *  0 . 03 , 

q u ite  c lo s e  to  th a t  o b s e rv e d  f o r  th e  1 m i l  f i lm .  On th e  o th e r  h a n d , a l l  o f th e  

fo u r  d a ta  p o in ts  in  th is  r e g io n  have  a p p r o x im a te ly  th e  s a m e  g r a f t in g  ra te s  

as th a t  o f  th e  1 m i l  f i lm ( c o m p a r e  th e  g r a f t in g  ra te s  a t 0 . 0037 , 0 . 0053 and  

0 .0 0 7 7  M r / h r  in  T a b le s  5 and  6 ).

A t  h ig h  dose  r a te s ,  s im i la r  to  1 m i l  d a ta , th e  c u rv e  s lo p e s  b e lo w  1 /2  

o r d e r  and  a ls o ,  s u r p r is in g ly ,  th e  ra te s  o f  1 m i l  f i l m  a re  h ig h e r  th a n  th a t  o f 

th e  2 m i l  f i lm .  T h is  b e h a v io r  is  q u ite  o p p o s ite  to  th a t  o b s e rv e d  f o r  th e  s ty r e n e -  

p o ly e th y le n e  s y s te m (9 ) .

M e a n w h ile ,  a t  h ig h  dose  r a te s ,  n o t o n ly  th e  g r a f t in g  ra te s  o f  2 m i l  

f i lm  a re  lo w e r  th a n  th a t  o f  th e  1 m i l  f i l m  b u t  th e  d i f fe r e n c e  in  th e  g r a f t in g  

ra te s  in c re a s e  w i th  in c r e a s in g  dose  r a te .  T h is  b e h a v io r  c a n  o n ly  be  e x p la in e d  

b y  a s s u m in g  d i f fu s io n  c o n t r o l  in  th is  re g io n .

W hen  v » l ,  a c h a r a c t e r is t ic  p a r a m e te r  A  w a s  d e f in e d  a nd  g iv e n  in  

e q u a tio n  (15). W ith  in c re a s e s  in  A , a g r a f t in g  s y s te m  c a n  be  s h if te d  f r o m  th e  

d i f f u s io n - f r e e  r e g io n  (O . lt fA )  to  th e  t r a n s i t io n  r e g io n  ( 0 . 1*A=»6) and  w i th  f u r t h e r  

in c re a s e  in  A  to  th e  c o m p le te  d i f f u s io n - c o n t r o l le d  re g io n  (A * 6 ) .  In c re a s e  in  

A  w ith  in c r e a s in g  I  a nd  c o n s e q u e n tly  is  r a th e r  s lo w  s in c e  A  is  d e p e n d e n t 

on  R j to  th e  1 /4  th  p o w e r .

L e t  us a s s u m e  th a t  a t  a dose  r a te  o f  0 . 021 M r / h r  A  is  e q u a l to  0 .1  . 

In c re a s in g  th e  dose  r a te  f r o m  th is  v a lu e  to  th e  h ig h e s t  a t ta in a b le  v a lu e  o f 

0 . 35 M r / h r  w o u ld  p ro d u c e  a p p ro x im a te ly  a 1 6 - fo ld  in c re a s e  in  th e  d ose  r a te  

and  th is  m e r e ly  in c re a s e s  A  f r o m  0 .1  to  0 .2  .T h u s ,  a t  th is  h ig h  dose  r a te  

r e g io n  th e  g r a f t in g  s y s te m  is  in  th e  t r a n s i t io n  r e g io n  and  th e  r e la t iv e  r a t io  

o f  th e  g r a f t in g  ra te s  o f  1 and  2 m i l  f i lm s  s lo w ly  b u t  g r a d u a l ly  in c re a s e s  w ith  

dose  r a te .  T a b le  7 d e m o n s tra te s  th is  b e h a v io r  w ith  s l ig h t  d e v ia t io n s  due to  

e x p e r im e n ta l e r r o r .
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T A B L E  7 

G r a f t in g  b e h a v io r  a t h ig h  dose  ra te s

R p ( l m i l ) /R p ( 2  m i l ) R p ( l m i l ) R p (2  m i l )

0 . 021 1. 030 0 .197 0.191

0. 037 0 .9 8 0 0. 255 0. 260

0. 058 1.132 0. 351 0. 311

0. 085 1. 086 0. 391 0 . 360

0 .130 1.170 0 .4 7 3 0 .4 0 5

0 . 210 1 .2 0 0 0 . 526 0 .4 3 9

0 . 350 M. 0 .5 0 6

T h e o r e t ic a l ly ,  f u r t h e r  in c re a s e s  in  th e  dose  r a te  s h o u ld  in c re a s e  

th e  r e la t iv e  r a t io  and  a t a  v a lu e  o f  2, th e  g r a f t in g  k in e t ic s  w i l l  be  c o m p le te ly  

u n d e r  d i f f u s io n - c o n t r o l ( i t  s h o u ld  be  r e m e m b e re d  th a t  in  th e  d i f fu s io n  

c o n t r o l le d  c a s e , w h e n  v = l,  th e  k in e t ic s  a r e  g o v e rn e d  b y  e q u a tio n  (17), w h e re  

th e  g r a f t in g  r a te  is  in v e r s e ly  p r o p o r t io n a l  to  f i lm  th ic k n e s s (L )  and  th u s  th e  

r e la t iv e  ra te s  f o r  1 and  2 m i l  f i lm s  s h o u ld  be  1 :1 /2 , r e s p e c t iv e ly ) .

U n fo r tu n a te ly ,  s in c e  o u r  h ig h e s t  e x p e r im e n ta l ly  a t ta in a b le  d ose  r a te  

is  0. 35 M r / h r ,  w e  h a v e  no  m e a n s  o f f u r t h e r  in c r e a s in g  th e  r e la t iv e  r a t io .  

N e v e r th e le s s ,  an  a l te r n a t iv e  a p p ro a c h  f o r  b r in g in g  th e  s y s te m  u n d e r  c o m p le te  

d i f fu s io n  c o n t r o l  is  b y  re p e a t in g  th e  a b o ve  s tu d y  a t  h ig h  d o se  ra te s  u s in g  

t h ic k e r  f i lm s .

F ig u r e  14 sh o w s  th e  g r a f t in g  c u rv e s  o f 4 - v in y lp y r id in e  on 10 m i l  

t h ic k  p o ly e th y le n e  w i th in  a  d ose  ra te  r e g io n  o f 0 . 0 0 7 7 -0 .1 3  M r / h r .  F r o m  

th e  f ig u r e  i t  can  be se e n  th a t  s o m e  c u rv e s  a re  n o t l in e a r  a t  th e  i n i t i a l  p e r io d s  

o f  th e  g r a f t in g  r e a c t io n  and  th e r e fo r e  th e  g r a f t in g  ra te s  w e re  d e te rm in e d  

f r o m  th e  s lo p e s  in  th e  l in e a r  re g io n s  o f  th e  c u rv e s (T a b le  8 ). T h is  n o n -..
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l i n e a r i t y  is  e x p la in a b le ;  u n d e r  d i f fu s io n  c o n t r o l  th e  g r a f t in g  r e a c t io n  can  

o n ly  re a c h  th e  s te a d y  s ta te  a f te r  a p p r o x im a te ly  h a l f  o f  th e  i n i t i a l  a m o u n t o f  

m o n o m e r  p re s e n t  in  th e  p o ly m e r  m a t r ix  is  c o n s u m e d ( fo r  4 - v in y lp y r id in e ,  

a f te r  a b o u t 1. 5 % g r a f t in g ) .  T he  s te a d y  s ta te  h e re  does n o t  o n ly  m e a n  th a t  

th e  p ro p a g a t in g  r a d ic a l  c o n c e n tra t io n  re a c h e d  a  c o n s ta n t  v a lu e  b u t i t  a ls o  

r e fe r s  to  th e  fa c t  th a t  th e  m o n o m e r  c o n c e n tra t io n  p r o f i le  is  e s ta b lis h e d  

th ro u g h o u t  th e  f i l m  th ic k n e s s .

T A B L E  8

T h e  de p e n d e n ce o f  R p  on d ose  r a te  ( I ) 5i<

I ( M r / h r )  L o g l R p(%  g r a f t  /m in ) L o g  R

0 .0 0 7 7 -2 .1 14 0 . 0212 * 0 . 0011 -1 . 673

0. 0110 -1 .9 5 9 0. 0235 *  0 . 0010 -1. 630

0 .0 2 1 0 -1 .6 7 8 0. 0276 ± 0 . 0014 -1 . 559

0. 0370 -1 .4 3 2 0. 0324 ± 0 . 0009 -1 .4 8 9

0 .0 5 8 0 -1 .2 3 7 0. 0356 ± 0 . 0011 -1 .4 4 8

0 .1 3 0 0 - 0 .8 8 6 0. 0415 ± 0 . 0010 -1 . 383

(* ) 10 m i l  f i lm .

A  lo g - lo g  p lo t  o f  R p v e rs u s  I  f o r  10 m i l  f i l m  is  sh o w n  in  F ig u r e  

15. E a r l i e r  s h o w n  d a ta  on  1 and  2 m i l  f i lm s  is  a ls o  in c lu d e d  in  th e  f ig u r e  

f o r  c o m p a r is o n .  T he  10 m i l  c u rv e  is  a s t r a ig h t  l in e  w i th  a  s lo p e  o f  0 .2 3  ± 0 .0 1 . 

T h is  s lo p e  is  s t r i k in g ly  c lo s e  to  th e  t h e o r e t ic a l ly  p r e d ic te d  de p e n d e n ce  

o f R p  on R i u n d e r  c o m p le te ly  d i f fu s io n  c o n t r o l le d  c o n d it io n s , n a m e ly  l / 4 ( e q .  

17). C o m p a r in g  th e  th re e  c u r v e s ,  a t  a n y  c o n s ta n t dose  r a te ,  i t  is  a p p a re n t 

th a t  th e  r a te  o f  g r a f t in g  o f  10 m i l  f i l m  is  m u c h  s m a l le r  th a n  e i th e r  1 and  2 

f i lm s .  I t  is  th u s  e v id e n t  th a t  a t  h ig h  d o se  ra te s  m o n o m e r  d i f fu s io n  is  th e  r a te
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LOG Rp
- 0.6

O 10 mil

'composite slope: 0.56 ± 0.03

g> ŝfope: 0.23±0.01

LOG I

- 1.01.8 1.4- 2.6 - 2.2
FIG 15 LOG Rp versus LOG I (composite)
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c o n t r o l l in g  p h e n o m e n o n  and  a n y  c o n t r ib u t io n  f r o m  p r im a r y  t e r m in a t io n  

k in e t ic s  is  n o t o b s e rv a b le .  T h is  p o in t  ca n  f u r t h e r  be  s u b s ta n t ia te d  b y  th e  

r e s u l t s  o f  o u r  in v e s t ig a t io n  on  th e  e f fe c t  o f  m o n o m e r  c o n c e n tra t io n  on  th e  

g r a f t in g  r a te  a t  h ig h  d o se  r a te s .  We w i l l  c o m e  b a c k  to  th is  p o in t  la t e r .

A t  th is  p o in t  i t  s h o u ld  be  m e n t io n e d  th a t  in  th e  ra n g e  o f dose  ra te s  

u se d  in  th is  s tu d y ,  in  c o m p a r is o n  to  s ty re n e  w o r k  in  r e fe re n c e  9 , th e  ra te s  

o f  g r a f t in g  o f  4 - v in y lp y r id in e  a re  h ig h e r  th a n  th a t  o f  s ty re n e  in  a l l  s ta g e s  

and  c o u p le d  w i th  th e  f a c t  th a t  4 - v in y lp y r id in e  s w e lls  p o ly e th y le n e  to  a  le s s e r  

d e g re e  th a n  s ty re n e ,  i t  is  h ig h ly  p o s s ib le  th a t  e ve n  f o r  th e  th in n e s t  f i lm s  th e  

ra te s  a re  e f fe c te d  b y  m o n o m e r  d i f fu s io n  and  th e  d e c re a s e  f r o m  th e  h a l f  

o r d e r  is  p u r e ly  a d i f f u s io n a l  p h e n o m e n o n .

F in a l ly ,  as a la s t  c o m m e n t w e w o u ld  l ik e  to  add  th a t ,  th ro u g h o u t  

th is  d is c u s s io n  in  a l l  th e  f ig u r e s  and  ta b le s  w e h a ve  n o t c o n v e r te d  th e  u n its  

o f  g r a f t in g  and  in i t ia t io n  ra te s  to  th e  m o re  a p p ro p r ia te  u n its  o f  m o le s / l i t e r -  

s e c ( th e s e  c o n v e rs io n s  a re  s h o w n  in  A p p e n d ix  I I ) .  T h is  w as n o t  n e c e s s a ry  

s in c e  th e  c u rv e  p a t te rn s  and  th e  s lo p e s  w o u ld  h a ve  n o t  b e e n  'e f fe c te d .

E f fe c t  o f M o n o m e r  C o n c e n t r a t io n ( M )

T h e  d e te r m in a t io n  o f  th e  e f fe c t  o f  m o n o m e r  c o n c e n tra t io n  on  th e  

g r a f t in g  r a te  is  one o f  th e  m o s t  c r u c ia l  in v e s t ig a t io n s  in  th e  e lu c id a t io n  o f 

th e  m e c h a n is m  o f  g r a f t  p o ly m e r iz a t io n .  A lth o u g h  th e  e s ta b l is h m e n t  o f  m o n o m e r  

o r d e r  w o u ld  n o t be  o f h e lp  in  th e  u n d e rs ta n d in g  o f  th e  n a tu re  o f  th e  p o ly ­

m e r iz a t io n  p r o c e s s ,  i . e .  w h e th e r  th e  p o ly m e r iz a t io n  p ro c e e d s  v ia  a r a d ic a l  

o r  an  io n ic  r o u te ,  i t  has  g re a t  s ig n if ic a n c e  in  th e  d e te r m in a t io n  o f  th e  n a tu re  o f 

in i t ia t io n  and  t e r m in a t io n  s te p s .  ,

In  r a d ia t io n  in d u c e d  f r e e  r a d ic a l  c h a in  h o m o p o ly m e r iz a t io n  

p r o c e s s e s ( l) ,

( i)  a m o n o m e r  o r d e r  o f  1 is  an  in d ic a t io n  th a t  th e  in i t ia t io n  s te p
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is  in d e p e n d e n t o f  m o n o m e r  c o n c e n tra t io n  and  th a t  t e r m in a t io n  is  v ia  b i -  

m o le c u la r  c o u p lin g  a n d /o r  d is p r o p o r t io n a t io n  o f  th e  p ro p a g a t in g  r a d ic a ls ,

( i i )  an  o r d e r  o f  3 /2  s ig n if ie s  th a t  th e  in i t ia t io n  s te p  is  d e p e n d e n t 

on  th e  m o n o m e r  c o n c e n t r a t io n  to  th e  f i r s t  p o w e r  a nd  th a t  t e r m in a t io n  is  as 

in  ( i ) ,  and

( i i i )  an  o r d e r  o f  2 r e s u lts  m a in ly  a t h ig h  dose  ra te s  due to  

t e r m in a t io n  b y  p r im a r y  r a d ic a ls .  In  b e tw e e n  v a lu e s  o f m o n o m e r  o r d e r  a re  

a ls o  p o s s ib le  w h e n  s e v e r a l  o f  th e  s a id  m o d e s  o p e ra te  a t  th e  s a m e  t im e .

T he  a b o ve  m o d e s  o f in i t ia t io n  and  t e r m in a t io n  can  a ls o  be  e x te m d e d  

to  g r a f t  p o ly m e r iz a t io n  p ro c e s s e s .

In  f r e e  r a d ic a l  h o m o p o ly m e r iz a t io n s ,  one can  e a s i ly  v a r y  th e  

m o n o m e r  c o n c e n t r a t io n  b y  s im p ly  d i lu t in g  th e  m o n o m e r  to  s e v e r a l d e g re e s  

w i th  a  p r o p e r  s o lv e n t  and  s tu d y  th e  e f fe c t  on  R p . A t  th e  sa m e  t im e ,  th e  n a tu re  

o f th e  d i lu e n t  is  n o t  to o  c r i t ic a l ( lO ) .  H o w e v e r ,  in  g r a f t  p o ly m e r iz a t io n  p ro c e s s e s  

b y  th e  m u tu a l i r r a d ia t i o n  te c h n iq u e , a lth o u g h  th e  m o n o m e r  c o n c e n tra t io n  is  

v a r ie d  in  a s im i l a r  m a n n e r ,  th e  n a tu re  o f th e  d i lu e n t  is  v e r y  im p o r ta n t  and  

c r u c ia l .  T h e  fo l lo w in g  fa c to r s  s h o u ld  be  ta k e n  in to  a c c o u n t f o r  th e  p ro p e r  

s e le c t io n  o f a d i lu e n t :

(a) th e  d i lu e n t  s h o u ld  s w e l l  th e  p o ly m e r  to  a  c e r ta in  e x te n t .  In  

g r a f t  p o ly m e r iz a t io n ,  th e  p o ly m e r iz a t io n  p ro c e s s  ta k e s  p la c e  in s id e  th e  

p o ly m e r  m a t r ix  and  th e r e fo r e  th e  m o n o m e r  c o n c e n tra t io n  in s id e  th is  m a t r ix  

is  o f e f fe c tu a l im p o r ta n c e  w h i le  th e  m o n o m e r  c o n c e n tra t io n  o f th e  s u r ro u n d in g  

m e d iu m (o u ts id e  c o n c e n tra t io n )  has  no  in f lu e n c e  on  th e  g r a f t in g  r a te .  T h u s ,

th e  c o n c e n tra t io n  o f  th e  m o n o m e r  in s id e  th e  p o ly m e r  m a t r ix  c a n  o n ly  be  

v a r ie d  i f  th e  d i lu e n t  is  s w e lle d  b y  th e  p o ly m e r  to  a c e r ta in  d e g re e .

(b) th e  d i lu e n t  s h o u ld  be  a good s o lv e n t  f o r  th e  g r a f te d  c h a in s .

T he  d e te r m in a t io n  o f  m o n o m e r  o r d e r  c a n  o n ly  be  e s ta b lis h e d  p r o p e r ly  i f
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th e  o th e r  k in e t ic  p a r a m e te r s  a re  k e p t c o n s ta n t  w h ile  v a r y in g  th e  m o n o m e r  

c o n c e n tra t io n .  T h e  u s e  o f  a  b a d  s o lv e n t  o r  a n o n -s o lv e n t  f o r  th e  g ra f te d  

c h a in s  m a y  e f fe c t  th e  t e r m in a t io n  r a te  a nd  c o n s e q u e n tly  th e  r a te  o f  g r a f t in g .

In  th e  p re s e n c e  o f  s u c h  a s o lv e n t  the  g ro w in g  p o ly m e r ic  r a d ic a ls  te n d  to  

c o i l  up  m a k in g  i t  d i f f i c u l t  f o r  th e  p ro p a g a t in g  r a d ic a ls  to  t e r m in a te .  T h e  n e t 

r e s u l t  is  a d e c re a s e  in  th e  t e r m in a t io n  r a te  fo l lo w e d  b y  an  in c re a s e  in  th e  

r a te  o f g r a f t in g .  S uch  s o lv e n t  e f fe c ts  w e re  o b s e rv e d  in  f r e e  r a d ic a l  h o m o ­

p o ly m e r iz a t io n  s y s te m s  (10) as w e l l  as in  g r a f t  p o ly m e r iz a t io n .

(c ) th e  in t r in s i c  v is c o s i t y  o f  th e  d i lu e n t  s h o u ld  be c lo s e  to  th a t  

o f  th e  m o n o m e r .  In  f r e e  r a d ic a l  p o ly m e r iz a t io n s  th e  v is c o s i t y  o f  th e  r e a c t io n  

m e d iu m  is  o f  p a ra m o u n t  im p o r ta n c e .  In  o r d in a r y  h o m o p o ly m e r iz a t io n  re a c t io n s  

w ith  f r e e  r a d ic a l  in i t ia t o r s  d r a s t ic  in c re a s e s  in  th e  r a te  o f  p o ly m e r iz a t io n  

w i th  in c r e a s in g  c o n v e rs io n  is  a  w e l l - k n o w n  p h e n o m e n o n . One n o r m a l ly  e x p e c ts  

a d e c re a s e  in  th e  p o ly m e r iz a t io n  ra te  w i th  in c r e a s in g  c o n v e rs io n  s in c e  b o th  

th e  m o n o m e r  and  in i t i a t o r  c o n c e n tra t io n s  d e c re a s e .  T h is  e x a c t ly  o p p s ite  

b e h a v io r ;  a u to a c c e le r a t io n  in  th e  p o ly m e r iz a t io n  ra te  is  te rm e d  'g e l e f fe c t ' 

o r  'T r o m m s d o r f f  e f fe c t '  and  has b e e n  e s ta b lis h e d  to  be  due to  d e c re a s e s  in  

th e  t e r m in a t io n  r a te  as  th e  v is c o s i t y  o f  th e  s y s te m  in c re a s e s  w i th  c o n v e rs io n .  

T h e  s a id  b e h a v io r  has  b e e n  o b s e rv e d  in  th e  h o m o p o ly m e r iz a t io n  o f m a n y  

m o n o m e rs , e s p e c ia l ly  s ty re n e (8 0 ) ,  m e th y l m e th a c r y la te (73) and  v a r io u s  

m e th a c r y la te s (74 , 75 ).

In  h o m o p o ly m e r iz a t io n  r e a c t io n s ,  e i th e r  in  b u lk  o r  in  s o lu t io n ,  r a te  

d e te rm in a t io n s  a re  u s u a l ly  m a d e  a t th e  i n i t i a l  s ta g e s  o f th e  r e a c t io n  w h e re  

v is c o s i t y  e f fe c ts  w o u ld  be  m in im a l .  H o w e v e r ,  in  g r a f t  p o ly m e r iz a t io n  in  a l l  

s ta g e s , th e  r e a c t io n  is  l ia b le  to  v is c o u s  e f fe c ts  due to  th e  n a tu re  o f th e  r e a c t io n  

m e d iu m . A lth o u g h  s u c h  e f fe c ts  a re  n o t  as d r a s t ic  as in  th e  ca se  o f h o m o ­

p o ly m e r iz a t io n  r e a c t io n s  one s h o u ld  be  c a r e fu l  n o t to  v a r y  th e  o v e r a l l  v is c o s i t y
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w h ile  v a r y in g  th e  m o n o m e r  c o n c e n tra t io n .  T h is  c a n  o n ly  be  a c c o m p lis h e d  

i f  th e  d i lu e n t  has  s im i l a r  i n t r in s i c  v is c o s i t y  to  th a t  o f th e  m o n o m e r .

(d) s t r u c t u r a l  s im i l a r i t y  b e tw e e n  th e  d i lu e n t  and  m o n o m e r  is  

d e s i r a b le . I n  o r d in a r y  f r e e  r a d ic a l  p o ly m e r iz a t io n s  i t  is  p o s s ib le  to  d i lu te  

th e  m o n o m e r  w ith  a c h e m ic a l ly  in e r t  s o lv e n t  th a t  does n o t  in t e r f e r e  w i th  

a n y  o f  th e  r e a c t io n  s te p s  in v o lv e d .  In  r a d ia t io n  p o ly m e r iz a t io n ,  h o w e v e r , 

s u c h  a s i tu a t io n  n e v e r  a r is e s  s in c e  no  c h e m ic a l s u b s ta n c e  is  in e r t  to  

r a d ia t io n  and  a n y  a d d e d  d i lu e n t  w i l l  s im u lta n e o u s ly  be  r a d io ly s e d .  In  r a d ia t io n  

p o ly m e r iz a t io n ,  t h e r e fo r e ,  th e r e  a re  no  id e a l d i lu e n ts  a nd  a d d it io n  o f  d i lu e n t  

w i l l  e f fe c t  th e  in i t ia t io n  r a te ,  i . e .  a d d it io n a l f r e e  r a d ic a ls  w i l l  be  p ro d u c e d  

th a t  c a n  in i t ia t e  c h a in  p ro p a g a t io n .  A t  th is  p o in t  one m ig h t  th in k  th a t  a  d i lu e n t  

c lo s e  to  id e a l i t y  is  th e  one w i th  c o n s id e r a b ly  lo w e r  G r  v a lu e  th a n  th a t  o f  

th e  m o n o m e r .  A s  w i l l  be s h o w n  s h o r t ly ,  s u c h  a c o n c lu s io n  m ig h t  be  m is le a d ­

in g .

W hen  a b in a r y  m ix tu r e ,  su ch  as a m o n o m e r  and  a s o lv e n t ,  is  

r a d io ly s e d  i t  is  o f te n  fo u n d  th a t  th e  r a te  o f  p r o d u c t io n  o f f r e e  r a d ic a ls  in  th e  

m o n o m e r  a n d /o r  s o lv e n t  is  m o d if ie d ,  i .  e . e n e rg y  a b s o rb e d  b y  m o n o m e r  

is  t r a n s fe r r e d  to  th e  s o lv e n t  o r  v ic e - v e r s a .  S uch  e n e rg y  t r a n s fe r  p ro c e s s e s  

ca n  f u r t h e r  c o m p lic a te  th e  r e a c t io n  k in e t ic s .

A lth o u g h  th e r e  a re  no  g e n e ra l t re n d s  th a t  one ca n  fo l lo w  to  p r e d ic t  

w h e th e r  t r a n s fe r  p ro c e s s e s  w i l l  be  o b s e rv e d  f o r  a p a r t i c u la r  m ix tu r e  o r  n o t ,  

f r o m  g a th e re d  l i t e r a t u r e  w o r k ,  i t  se e m s  th a t  f o r  m ix tu r e s  in  w h ic h  th e  

m o n o m e r  and  d i lu e n t  a re  s t r u c t u r a l l y  s im i l a r  and  c o n s e q u e n tly  h a ve  s im i l a r  

G r  v a lu e s , e n e rg y  t r a n s fe r  p ro c e s s e s  a re  n o t d e te c te d .  F o r  e x a m p le j in  th e  

r a d ia t io n - in d u c e d  h o m o p o ly m e r iz a t io n  o f  m e th y l m e th a c r y la te  in  m e th y l and  

e th y l a c e ta te (7 6 ) ,  th e  r e la t iv e  p o ly m e r iz a t io n  r a te ( r a te  in  th e  d i lu e n t / r a te  o f  

p u re  m o n o m e r )  w i th  c h a n g e  in  th e  m o le  f r a c t io n  o f  m o n o m e r  y ie ld e d  l in e a r
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p lo ts  in d ic a t in g  no  e n e rg y  t r a n s fe r  p ro c e s s e s .  S im i la r  p lo ts  w e re  o b ta in e d  

f o r  s ty re n e  and  b e n z e n e (7 7 ) .

In  g r a f t  p o ly m e r iz a t io n  th e  s i tu a t io n  is  m o re  c o m p le x  s in c e  w e 

h a ve  a  t e r n a r y  s y s te m ,  n a m e ly  p o ly m e r ,  m o n o m e r  and  d i lu e n t .  N e v e r th e le s s ,  

w ith o u t  g iv in g  r e g a r d  to  th e  p o s s ib i l i t y  o f  e n e rg y  t r a n s fe r  r e a c t io n s  b e tw e e n  

th e  p o ly m e r  and  th e  m o n o m e r ,  i f  a d i lu e n t  s t r u c t u r a l l y  s im i l a r  to  th e  m o n o m e r  

is  c h o o s e n , th e n , th e  p o s s ib i l i t y  o f a d d it io n a l t r a n s fe r  p ro c e s s e s  w h ile  

v a r y in g  th e  m o n o m e r  c o n c e n tra t io n  m a y  be  e l im in a te d .

W e h a ve  d is c u s s e d  a b o ve  th e  im p o r ta n t  fa c to r s  th a t  s h o u ld  be  

c o n s id e re d  f o r  th e  p r o p e r  s e le c t io n  o f  a d i lu e n t  in  r a d ia t io n  in d u c e d  g r a f t  

p o ly m e r iz a t io n .  F o r  o u r  g r a f t in g  s y s te m , 4 - v in y lp y r id in e - p o ly e th y le n e ,  th e  

d i lu e n t  th a t  f i t s  th e  a b o ve  re q u ir e m e n ts  w a s  s im p ly  p y r id in e .

P y r id in e  is  s t r u c t u r a l l y  s im i l a r  to  4 - v in y lp y r id in e  and  s w e lls  p o ly ­

e th y le n e  to  th e  e x te n t  o f 2 .2 5  % w /w ( a t  25 ° C ) . I t  is  a good s o lv e n t  f o r  

p o ly ( 4 - v in y lp y r id in e ) ( 5 8 )  a nd  has  c o m p a ra b le  in t r in s i c  v is c o s i t y  to  th a t  o f  

4 - v in y lp y r id in e  (see  T a b le  1).

W h e n  p o ly e th y le n e  is  s w o lle n  b y  m ix tu r e s  o f 4 - v in y lp y r id in e  and  

p y r id in e ,  i t  is  im p o r ta n t  to  k n o w  i f  th e  in s id e  c o m p o s it io n  f o r  a p a r t ic u la r  

m ix tu r e  is  th e  sa m e  as th e  o u ts id e  c o m p o s it io n .  In  th e  ra n g e  o f th e  m ix tu r e s  

u s e d  one a ls o  has  to  d e te rm in e  th e  e x te n t  o f  s w e l l in g .  T a b le  9 show s th e  

s w e l l in g  p r o p e r t ie s  o f  th e  m o n o m e r - s o lv e n t  m ix tu r e s .

F r o m  th e  ta b le  i t  c a n  be seen  th a t  th e  r e f r a c t iv e  in d ic e s  o f th e  

o u ts id e  and  in s id e  c o m p o s it io n s  o f  th e  m ix tu r e s  in  th e  ra n g e  o f 15 to  100 

v o l % a re  a b o u t th e  s a m e  in d ic a t in g  th a t  f o r  a p a r t ic u la r  m ix tu r e  th e  c o m ­

p o s i t io n  in s id e  th e  p o ly m e r  m a t r ix  is  th e  s a m e  as th a t  o f  th e  o u ts id e .  A t  th e  

s a m e  t im e ,  th e  v a r ia t io n  in  th e  e x te n t  o f  s w e l l in g  in  th is  ra n g e  is  n o t m o re  

th a n  5 % and  t h e r e fo r e  no  c o r r e c t io n s  on  th e  m o n o m e r  c o n c e n tra t io n  a re
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T A B L E  9

S w e ll in g  p r o p e r t ie s  o f  4 - v in y lp y r id in e - p y r id in e  m ix tu r e s
25 25

C o m p o s it io n (v o l % )*  (o u ts id e )  ( in s id e )  % s w e ll in g (%  w / w ) * *

100 -  -  2 .5 2

75 1. 5394 1. 5390 2 . 53

60 -  2 .4 7

50 -  2 .3 7

40 L  5247 1. 5247 2 .4 6

25 1.5180 1. 5178 2 . 36

15 -  2 .3 4

0 -  2 .2 6

(>!<) v o l  % o f 4 - v in y lp y r id in e ,

( * * )  a v e ra g e  o f 4 in d iv id u a l  d e te r m in a t io n s .

n e e d e d . I f  th e re  had  b e e n  a p p re c ia b le  d i f fe r e n c e s  in  th e  in s id e  c o m p o s it io n  

and  in  th e  e x te n t  o f  s w e l l in g  th e n  a l l  m ix tu r e  c o m p o s it io n s  s h o u ld  have  b e e n  

c o n v e r te d  to  th e  m o re  p r o p e r  u n its  o f m o le s  o f 4 - v in y lp y r id in e  p e r  l i t e r  o f  

c im o rp h o u s  s w o lle n  p o ly e th y le n e  ( th is  c o n v e rs io n  is  s h o w n  in  A p p e n d ix  I I )  in  

th e  Rp v e rs u s  M  d a ta .

T he  e f fe c t  o f  m o n o m e r  c o n c e n tra t io n  on  th e  g r a f t in g  r a te  a t  th e  

dose  r a te  o f  0 .0 0 0 7 6  M r / h r  is  sh o w n  in  F ig u r e  16. T h e  g r a f t in g  c u rv e s  a re  

l in e a r  and  th e  s lo p e s  in c re a s e  w ith  in c r e a s in g  m o n o m e r  c o n c e n tra t io n .  A t  

th is  dose  r a te ,  a t  lo w  c o n c e n tra t io n s  th e  r e p r o d u c ib i l i t y  w as  r a th e r  p o o r  

th e r e fo r e  w e h a ve  n o t gone b e lo w  30 v o l % c o m p o s it io n .  P r o b a b ly  a t lo w  

c o n c e n tra t io n s  s o m e  in te r fe r e n c e  b y  t h e r m a l ly  c a ta ly s e d  h o m o p o ly m e r iz a t io n  

ta k e s  p la c e .  T h e  ra te s  o f g r a f t in g  a re  c a lc u la te d  f r o m  th e  s lo p e s  o f  th e  c u rv e s
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FIG. 16 Dependence of Rp on monomer concentration “ M ”
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and  a re  s h o w n  in  T a b le  10.

T A B L E  10

D e p e n d e n ce  o f  R p on m o n o m e r  c o n c . (M )*»  * *

M (v o l %) L o g  M R p(%  g r a f t / m in ) L o g  R,

100 2. 000 0. 0303 ± 0 . 0014 -1 . 518

85 1 .929 0 .0 2 8 0  ± 0 .0 0 0 6 -1 . 553

70 1. 845 0 .0 2 0 6  *  0 .0 0 0 3 -1 . 687

6 0 1 .7 7 8 0 .0 1 9 0  ± 0 . 0005 -1 .7 2 1

50 1 .699 0 .0162  ± 0 . 0001 -1 .7 9 1

40 1 .602 0.0121 ± 0 .0 0 0 3 -1 .9 16

30 1 .477 0. 0103 ± 0 . 0004 -1 .9 8 9

( * )  1 m i l  f i l m

( * * )  1 = 0 .0 0 0 7 6  M r / h r

A  lo g - lo g  p lo t  o f  R p v e rs u s  M  a p p e a rs  in  F ig u r e  17. T h e  c u rv e  is  

l in e a r  w i th  s o m e  s c a t te r  in  th e  d a ta  p o in ts .  T h e  s lo p e  o f  th e  c u rv e  is  c a lc u ­

la te d  to  be  0 . 944 ± 0 . 05 , v e r y  c lo s e  to  u n i ty .  I t  s h o u ld  be  re m e m b e re d  th a t  

th e  d ose  r a te  a t  w h ic h  th is  s tu d y  is  done f a l l s  in to  th e  r e g io n  w h e re  th e  

in i t ia t io n  e x p o n e n t is  1 /2 .  H e n c e , f r o m  th e s e  r e s u l t s  i t  is  c le a r  th a t  in  th e  

d i f fu s io n - f r e e  r e g io n  4 - v in y lp y r id in e - p o ly e th y le n e  s y s te m  fo l lo w s  th e  o r d in a r y  

f r e e  r a d ic a l  p o ly m e r iz a t io n  m e c h a n is m  w h e re  v = l,  w = l /2  and  z = l / 2 .  T h e re fo r e  

th e  g r a f t in g  k in e t ic s  a r e  g o v e rn e d  b y  e q u a tio n s  14 th ro u g h  17.

I t  is  in te r e s t in g  to  n o te  th a t  u n d e r  s im i l a r  c o n d it io n s  s t y r e n e - p o ly ­

e th y le n e  s y s te m  fo l lo w  a d i f f e r e n t  k in e t ic  p a t te r n  w i th  v = 3 /2 ,  w = l /2 ,  z = l /2  

and  a t th is  d ose  r a te  a lth o u g h  s ty re n e  s w e lls  p o ly e th y le n e  a b o u t 2 t im e s  

m o re  th a n  4 - v in y lp y r id in e ,  i t  has a lo w e r  r a te  o f  g r a f t in g ,  1. 37 and  1. 82
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% g r a f t / h r ,  r e s p e c t iv e ly ( 9 ) .

A t  h ig h  d o se  r a te s ,  w e  have  re p e a te d  th e  m o n o m e r  o r d e r  w o r k  and  

to  o u r  s u r p r is e  th e  k in e t ic  b e h a v io r  w as  d i f f e r e n t .  F ig u r e  18 show s th e  

g r a f t in g  c u rv e s  f o r  1 m i l  p o ly e th y le n e  f i l m  a t  a d o se  r a te  o f  0 , 021 M r / h r .

A t  th is  d ose  r a te  th e r e  w a s  no p r o b le m  o f  r e p r o d u c ib i l i t y  a n d  w e have  

e x te n d e d  th e  ra n g e  o f  m o n o m e r  c o m p o s it io n  d o w n  to  15 v o l  %. T h e  g r a f t in g  

c u rv e s  w e re  l in e a r  a n d  as u s u a l th e  r a te  o f  g r a f t in g  in c re a s e d  w i th  m o n o m e r  

c o m p o s it io n (T a b le  11). 70 a nd  60 v o l % c o m p o s it io n  c u rv e s  c o in c id e  a t  lo w  

c o n v e rs io n  p ro b a b ly  due to  d i f f e r e n t  in d u c t io n  p e r io d s .

T A B L E  11

D e p e n d e n c e  o f R p  on m o n o m e r  c o n c . ( M ) * ’ * *

M (v o l %) L o g  M Rp(%  g r a f t / m in ) L o g  R

100 2. 000 0 .1 9 6 9 ± 0 .0 0 4 7 - 0 .  706

85 1 .9 2 9 0 .1792 ± 0 .0 0 4 0 - 0 .7 4 7

70 1 .845 0 .1 6 2 3 ± 0 .0 0 2 2 - 0 .7 9 0

60 1 .7 7 8 0 .1 4 6 9 *  0 .0 0 2 0 - 0 .8 3 3

45 1 .6 5 3 0 .1085 ± 0. 0014 - 0 .9 6 5

35 1 .544 0 .0 9 0 0 ± 0 .0 0 2 9 -1 .0 4 6

25 1. 398 0 .0 6 4 0  ± 0 .0 0 0 7 -1 .1 9 4

15 l f 176 0 .0 3 7 3 *  0 .0 0 0 8 -1 .4 2 8

( * )  1 m i l  f i l m  

( * * )  1=0 .021  M r / h r

A  lo g - lo g  p lo t  o f  R p v e rs u s  M  is  s h o w n  in  F ig u r e  19. S t r ik in g ly ,  th e  

lo g a r i t h m ic  p lo t  is  n o t  l in e a r  and  show s tw o  re g io n s  o f  d i f f e r e n t  k in e t ic  

b e h a v io r .  A t  lo w  c o m p o s it io n s  up  to  60 v o l  % th e  c u rv e  has  a, s lo p e  o f  0 .9 8
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FIG 18 Dependence of Rp on monomer conc.“M”
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*  0 .0 3  and  f o r  c o m p o s it io n s  o v e r  60 v o l  % th e  s lo p e  re d u c e s  to  0 .5 6  *  0 .0 4 .  

A t  f i r s t  th e  d ro p  f r o m  th e  f i r s t - o r d e r  b e h a v io r  is  th o u g h t to  be  due to  

e x p e r im e n ta l e r r o r  b u t  re p e a te d  w o r k  a t  h ig h  c o m p o s it io n s  sh o w e d  th a t  

th is  is  n o t th e  c a s e . T h e  d e v ia t io n  f r o m  f i r s t - o r d e r  to  h a l f - o r d e r  a t  h ig h  

m o n o m e r  c o m p o s it io n s  has  n e v e r  b e e n  o b s e rv e d  in  th e  l i t e r a t u r e  and  th e r e  

a re  no  k n o w n  k in e t ic  s c h e m e s  th a t  c a n  e x p la in  th is  b e h a v io r .

T u r n in g  b a c k  to  th e  R p  v e rs u s  I  d a ta  f o r  1 m i l  f i lm (F ig u ie e  11), i t  

can  be se e n  th a t  th e  d o se  r a te  a t  w h ic h  th is  s tu d y  is  d o n e (0 .0 2 1  M r / h r )  is  

lo c a te d  a t  th e  s t a r t  o f  th e  d e v ia t io n  f r o m  h a l f  o r d e r  b e h a v io r  a nd  th e r e fo r e  

th e  k in e t ic s  c o u ld  p r o b a b ly  be  in  th e  t r a n s i t io n  r e g io n  to  th e  d i f f u s io n -  

c o n t r o l le d  k in e t ic s  a nd  th is  b e h a v io r  c o u ld  p o s s ib ly  be  a  d i f fu s io n a l e f fe c t .

T o  s tu d y  th is  p o in t  f u r t h e r  w e  in v e s t ig a te d  th e  m o n o m e r  o r d e r :

(a) a t  a h ig h e r  dose  r a te  th a n  0 o 021 M r / h r  and

(b) a t  th is  d ose  r a te  u s in g  t h ic k e r  f i lm s .

T h e  g r a f t in g  c u rv e s  o f  1 m i l  p o ly e th y le n e  f i l m  a t  a dose  r a te  o f 

0 .2 1  M r / h r  is  sh o w n  in  F ig u r e  2 0 . I t  is  a p p a re n t  th a t  th e  r a te  o f  g r a f t in g  

in c re a s e s  w i th  m o n o m e r  c o m p o s it io n (T a b le  12). A  lo g - lo g  p lo t  o f  R p v e rs u s  

M ( F ig u r e  21) d is p la y s  s im i l a r  p a t te rn  as o b s e rv e d  b e fo r e .  In  th is  f ig u r e ,  th e  

e a r l i e r  s h o w n  d a ta  a t 0 .0 0 0 7 6  and  0 .0 2 1  M r / h r  a re  r e - p lo t t e d  f o r  c o m p a r is o n .  

I t  can  be  se e n  th a t  a lth o u g h  a  te n - fo ld  in c re a s e  in  th e  d ose  r a te  d id  n o t e f fe c t  

th e  m o n o m e r  o r d e r  a t  th e  c o r re s p o n d in g  r e g io n s ,  th is  in c re a s e  b ro u g h t  

fo r w a r d  a ch a n g e  in  th e  ra n g e  o f  th e  d i f f e r e n t  k in e t ic  b e h a v io r  r e g io n s .  A n  

in c re a s e  in  th e  dose  r a te  d e c re a s e d  th e  ra n g e  o f  th e  f i r s t - o r d e r  r e g io n  and  

in c re a s e d  th e  ra n g e  o f  th e  h a l f - o r d e r  r e g io n .  T h is  b e h a v io r  ca n  be  e x p la in e d  

i f  one a s s u m e s  th a t  th e  h a l f - o r d e r  d e p e n d e n c y  is  p u r e ly  a d i f f u s io n a l 

p h e n o m e n o n . A n  in c re a s e  in  th e  d ose  r a te  s h o u ld  s h i f t  th e  s y s te m  c lo s e r  to  

th e  d i f f u s io n - c o n t r o l le d  s ta te  and  th e r e fo r e  th e  e f fe c t  o f  d i f f u s io n  on  th e  r a te
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T A B L E  12

D e p e n d e n c e  o f  R p on  m o n o m e r  c o n e . (M )*»  * *

M (v o l %) L o g  M R p(%  g r a f t / m in ) Log_Rp.

100 2 .0 0 0 0 .5 2 6 2  ± 0 .0 1 7 0 -0 .2 7 9

70 1 .8 4 5 0 .4 6 3 4  ±  0 . 0140 -0 .3 3 4

50 1 .6 9 9 0 . 3817 *  0 . 0077 -0 .4 1 8

40 1 .6 0 2 0 . 3089 *  0 . 0077 -0 .5 1 0

30 1 .4 7 7 0 .2 0 9 3  *  0 .0 0 6 9 - 0 .6 7 9

15 1.176 0 .0 9 9 7  *  0 .0 0 6 7 -1 .0 0 1

( * )  1 m i l  f i l m

( * * )  1=0 .21  M r / h r

o f  g r a f t in g  s h o u ld  s t a r t  a t  a lo w e r  m o n o m e r  c o m p o s it io n .

L e t  u s , n o w , lo o k  a t th e  e f fe c t  o f  f i l m  th ic k n e s s  on  th e  d e p e n d e n ce  

o f Rp on m o n o m e r  c o n c e n t r a t io n .  F ig u re s  22 and  2 3 sh o w  th e  g r a f t in g  c u rv e s  

a t 0 .0 2 1  M r / h r  o f 5 a nd  10 m i l  p o ly e th y le n e  f i l m s , r e p e c t iv e ly .  G ra f t in g  

s tu d ie s  w i th  t h ic k  f i lm s  a re  e x p e r im e n ta l ly  d i f f i c u l t  s in c e  lo n g e r  t im e s  a re  

n e c e s s a ry  f o r  th e  s a m p le s  to  re a c h  s w e l l in g  e q u i l ib r iu m .  C o n s e q u e n tly , 

fo r m a t io n  o f  t h e r m a l ly  c a ta ly s e d  h o m o p o ly m e r  d u r in g  th is  p e r io d  is  u n a v o id ­

a b le .  In  b o th  f ig u r e s  p o s i t iv e  in te r c e p ts  a t 0 % g r a f t in g  f o r  m o s t  o f  th e  

m o n o m e r  c o m p o s it io n s  a re  p ro b a b ly  due to  th is  e f fe c t .  T he  in te r c e p ts  a p p ro a c h  

to w a rd s  th e  o r ig in  as th e  m o n o m e r  c o n c e n t r a t io n  d e c r e a s e s . l t  is  o b v io u s  

th a t  le s s  h o m o p o ly m e r  w i l l  be  p ro d u c e d  d u r in g  th e  s w e l l in g  p e r io d  as th e  

m o n o m e r  g e ts  m o re  and  m o re  d i lu te d .

T he  g r a f t in g  ra te s  a re  d e te rm in e d  f r o m  th e  s lo p e s  o f  th e  c u rv e s  and  

ta b u la te d (T a b le  13). A  lo g - lo g  p lo t  o f  R p v e rs u s  M  is  s h o w n  in  F ig u r e  24 .
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T A B L E  13

E f fe c t  o f  f i l m  th ic k n e s s  on  th e  d e p e n d e n c y  o f  R  on
sr

M (v o l %) R p * (5  m i l )  L o g R p R p*(10  m i l )

100

80

60

50

40

30

25

15

0 . 05852 ± 0 . 0031 -1 .2 3 3  0 . 02760 ± 0 . 0014

0 .0 5 6 6 7  ± 0 .0 0 0 8

0 . 05002 ± 0 . 0036 -1 . 301

0 .0 4 5 7 2  ± 0 . 0023 -1 . 340

0 . 04088  ± 0 . 0004 -1. 389 B. 01769 *  0 . 0011

•1 .4830 .0 3 2 8 8  ± 0 .0 0 0 7

0 .0 1 9 2 6  ± 0 . 0008 

( * )  % g r a f t / m in  

( * * )  1=0 .021  M r / h r

■1. 715

LogR p

-1 .5 5 9

1 .2 4 7  0 . 02500 *  0 . 0003 -1 . 602

0.02117 ± 0 . 0007 -1 . 674

-1 . 752

0 .0 1 3 4 0  ± 0 . 0005 -1 .8 7 3

0 . 01043 ± 0 . 0001 -1 . 982

E a r l i e r  d a ta  a t  th is  d o se  r a te  u s in g  1 m i l  f i l m  is  a ls o  in c lu d e d  f o r  c o m p a r is o n .  

T he  s lo p e s  o f th e  r e s p e c t iv e  re g io n s  a r e  s h o w n  on  th e  c u r v e s .  I t  is  o b s e r ­

v a b le  th a t  th e  h a l f - o r d e r  d e p e n d e n c y  r e g io n  e x te n d s  w i th  in c re a s e s  in  th e  

f i l m  th ic k n e s s .  F o r  5 m i l  f i l m  th e  s lo p e  o f  th is  r e g io n  is  a p p re c ia b ly  lo w e r  

th a n  1 /2  p ro b a b ly  due  to  s c a r c i t y  o f  e x p e r im e n ta l p o in ts  in  th e  g r a f t in g  

c u r v e ( f ig u r e  22) o f  100 v o l  % c o m p o s it io n  le a d in g  to  a s lo p e  e r r o r  in  th is  

f ig u r e .  A ls o ,  th e  s lo p e  o f th e  f i r s t - o r d e r  d e p e n d e n c y  r e g io n  d e c re a s e d  

a p p r e c ia b ly .  W ith  f u r t h e r  in c re a s e s  in  th e  f i lm  th ic k n e s s ,  th e  f i r s t - o r d e r  

d e p e n d e n c y  r e g io n  d im in is h e s  as seen  f r o m  th e  d a ta  o f  10 m i l  f i lm ,  th e  c u rv e  

is  a s t r a ig h t  l in e  w i th  a s lo p e  c lo s e  to  1 /2 . One s h o u ld  a ls o  n o te  th a t  f o r  

t h ic k e r  f i lm s  th e  g r a f t in g  k in e t ic s  a re  u n d e r  th e  c o n t r o l  o f d i f f u s io n a l e f fe c ts  

as e v id e n c e d  f r o m  th e  d ro p  o f  th e  g r a f t in g  r a te  w i th  in c r e a s in g  f i l m  th ic k n e s s
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in  th e  w h o le  ra n g e  o f  m o n o m e r  c o m p o s it io n s  s tu d ie d .

R e tu rn in g  b a c k  to  o u r  R p v e rs u s  R^ d a ta  f o r  th e  10 m i l  f i lm ( f ig u r e  

15) i t  w as  s h o w n  th a t  a t  th e  dose  ra te  in  w h ic h  th e  a b o ve  s tu d y  is  d o n e (0 , 021 

M r / h r )  th e  r a te  d e p e n d e n ce  on th e  dose  r a te  is  c lo s e  to  1 /4 - o r d e r  and  

a c c o rd in g  to  th e  t h e o r e t ic a l  a n a ly s is  (e q u a tio n  17) i t  in d ic a te s  c o m p le te  

d i f f u s io n a l c o n t r o l .  T h e r e fo r e ,  i t  is  p o s s ib le  th a t  th e  10 m i l  d a ta  p re s e n te d  

in  th e  f ig u r e  abo ve  is  u n d e r  c o m p le te  d i f fu s io n  c o n t r o l  a n d  th a t  th e  o b s e rv e d  

h a l f - o r d e r  d e p e n d e n c y  is  a  p u r e ly  d i f f u s io n a l  p h e n o m e n o n . T he  t h e o r e t ic a l  

a n a ly s is  p re s e n te d  e a r l i e r  in d e e d  a c c o u n ts  f o r  s u c h  a change  in  th e  d e p e n ­

den ce  o f  Rp on th e  m o n o m e r  c o n c e n tra t io n (M ) .

F o r  th e  ca se  w h e n  th e  m o n o m e r  d i f fu s io n  c o e f f ic ie n t ( D )  is  d e p e n d e n t 

on  th e  c o n c e n tra t io n  o f  m o n o m e r  (e q u a tio n  18), i t  w a s  sh o w n  th a t  u n d e r  c o m p le te  

d i f f u s io n - c o n t r o l le d  c o n d it io n s  th e  m o n o m e r  o r d e r ( v d c ) is  a fu n c t io n  o f  d 

and  e x p re s s e d  as in  e q u a tio n  19.S in ce  f o r  o u r  s y s te m  v ^ f  =»1. 0, a s h i f t  to  1 /2 -  

o r d e r  is  e x a c t ly  w h a t th e  th e o r y  p r e d ic ts  f o r  h ig h  v a lu e s  o f  d .

T he  P a ra m e te r  'd '

T he  d i f fu s io n  c o e f f ic ie n t  o f m a n y  l iq u id - p o ly m e r  s y s te m s  depend  

on  th e  l iq u id  c o n c e n tra t io n  and is  e x p re s s e d  a s ,

D = D 0 e d c / c °  (18)

T he  p a r a m e te r  d in  th is  e q u a tio n  is  a m e a s u re  o f  th e  de p e n d e n ce  o f 

D on th e  c o n c e n t r a t io n  o f  l iq u id  and i t s  v a lu e  f o r  a p a r t ic u la r  l iq u id - p o ly m e r  

s y s te m  c a n  be e s t im a te d  b y  d e s o rp t io n  s tu d ie s .

T he  m a th e m a t ic a l a n a ly s is  o f th e  k in e t ic s  o f d e s o rp t io n  o f l iq u id s  

f r o m  a p o ly m e r  s la b  in v o lv e s  th e  s o lu t io n  o f  a n o n - l in e a r  d i f f e r e n t ia l  

e q u a tio n  w h ic h  h a ve  b e e n  s u c c e s fu l ly  a p p ro x im a te d  b y  n u m e r ic a l  m e th o d s (5 9 ). 

T he  r e s u l t in g  t h e o r e t ic a l  c u rv e s  f o r  e a ch  d v a lu e  h a ve  b e e n  p u b lis h e d  in  

r e fe re n c e  59 and  c a n  be  a p p lie d  to  th e  d e s o rp t io n  d a ta  o f  a n y  l iq u id - p o ly m e r  

s y s te m .
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In  th e  d e s o rp t io n  te c h n iq u e , th e  r e la t iv e  w e ig h t  lo s s  o f  l iq u id  f r o m  

a s a tu r a t io n - s w e l le d  p o ly m e r  f i l m  is  m e a s u re d  w i th  r e s p e c t  to  t im e  a nd  th e  

e x p e r im e n ta l ly  o b s e rv e d  t j / 2  ( th e  t im e  n e c e s s a ry  f o r  th e  d e s o rp t io n  o f  h a l f  

th e  a m o u n t o f  th e  t o ta l  l iq u id  in  th e  p o ly m e r  m a t r ix )  is  m a tc h e d  to  th e  

th e o r e t ic a l  t i / 2 's  f o r  v a r io u s  d v a lu e s  and  th e  r e s u l t in g  c u rv e s  a re  s u p e r ­

im p o s e d  on  th e  e x p e r im e n ta l c u rv e .T h e  c u rv e  th a t  c lo s e ly  m a tc h e s  to  th e  

e x p e r im e n ta l c u rv e  g iv e s  th e  d v a lu e  f o r  th a t  p a r t ic u la r  l iq u id - p o ly m e r  

s y s te m .

F ig u r e  25 (a  & b ) sh o w s  th e  d e s o rp t io n  c u rv e s  f o r  4 - v in y lp y r id in e  

and  p y r id in e ,  r e s p e c t iv e ly .  T he  s o l id  l in e s  r e p r e s e n t  th e  a c tu a l e x p e r im e n ta l 

d e s o rp t io n  c u r v e s .  T h e  c i r c le d  p o in ts  a re  th e  t h e o r e t ic a l ly  c a lc u la te d  d a ta  

p o in ts  f o r  4 - v in y lp y r id in e  and  p y r id in e  f o r  th e  s p e c i f ie d  d v a lu e s .  A  la r g e r  

c i r c le d  d a ta  p o in t  a t  th e  r e la t iv e  w e ig h t  lo s s  o f 0 . 5 s ig n if ie s  th a t  a l l  th e  

t h e o r e t ic a l  c u rv e s  p a ss  th ro u g h  th is  p o in t(o n  th e  f ig u r e ,  f o r  a b e t te r  v ie w ,  th e  

t h e o r e t ic a l  c u rv e s  a r e  n o t d ra w n  b u t  th e  r e a d e r  c a n  h a v e  an  id e a  o f th e  

p a t te r n  b y  s im p ly  fo l lo w in g  th e  d a ta  p o in ts  f o r  a  p a r t i c u la r  d v a lu e .  F o r  b o th  

4 - v in y lp y r id in e  and p y r id in e  th e  b e s t  f i t  b e tw e e n  th e  e x p e r im e n ta l c u rv e s  

and  th e  t h e o r e t ic a l  p o in ts  is  o b ta in e d  f o r  a d v a lu e  o f 4 .

A lth o u g h  M c C a ll(5 9 )  c la im s  th a t  th e  a c c u ra c y  in  th e  v a lu e  o f  d 

o b ta in e d  u s in g  th is  te c h n iq u e  is  w i th in  ± 0 . 5, i t  is  th e  b e l ie f  o f th is  a u th o r  

th a t  th e  a c c u ra c y  is  le s s  th a n  0 .5 ,  p ro b a b ly  a ro u n d  ± 1 .0  and  a ls o  th a t  th e  

a c tu a l v a lu e  o f d is  s o m e w h a t h ig h e r  th a n  th a t  e x p e r im e n ta l ly  e s t im a te d .

E x p e r im e n ta l ly ,  a t  th e  s t a r t  o f  a d e s o rp t io n  ru n ,  th e  s w e lle d  p o ly ­

e th y le n e  f i lm  is  ta k e n  o u t o f  th e  m o n o m e r  o r  s o lv e n t  s o lu t io n ,  b lo t te d  d r y  

r a p id ly  to  g e t r id  o f e x c e s s  l iq u id  on  th e  s u r fa c e s  o f th e  f i l m  b y  ru b b in g  

w i th  a p a p e r  t is s u e ,  b o th  s u r fa c e s  e xp o s e d  to  a lp h a - r a d ia t io n  f r o m  a 10 m ic r o ­

c u r ie  P o^*®  s o u rc e  f o r  a s h o r t  p e r io d  o f  t im e ( s in c e  p o ly e th y le n e  is  a good 

in s u la to r  so m e  s ta t ic  c h a rg e  b u i ld s  up due to  th e  ru b b in g  p ro c e s s  and e a c h
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s a m p le  h a s  to  be d is c h a rg e d  b e fo re  w e ig h in g )  and  w e ig h e d . T h is  w h o le  

o p e ra t io n  ta k e s  up a b o u t a m in u te  and  s in c e  th e  h ig h e s t  r a te  o f  w e ig h t  lo s s  

in  a d e s o rp t io n  e x p e r im e n t  is  a t  th e  s t a r t ,  th e  o b s e rv e d  i n i t i a l  w e ig h t  (w j)  

s h o u ld  be  s o m e w h a t lo w e r  th a n  th e  a c tu a l v a lu e .  C o n s e q u e n t ly ,  s in c e  th e  

r e la t iv e  w e ig h t  lo s s  is  g iv e n  a s :

r e la t iv e  w e ig h t  lo s s =  (w^ -  w Q) / (  w^ - w Q) (27)

w h e re  w^ is  th e  w e ig h t  o f  th e  s a m p le  a t  a n y  t im e  t  and  w Q is  th e  i n i t i a l  

w e ig h t  o f th e  p o ly m e r  a lo n e , in  a c tu a l i t y ,  a l l  th e  d a ta  p o in ts  on  a g iv e n  d e ­

s o r p t io n  c u rv e  s h o u ld  be  lo w e r  th a n  th a t  o b s e rv e d . T h is  u n a v o id a b le  e r r o r  

in  th e  te c h n iq u e  is  f e l t  h ig h ly  o n ly  a t  th e  i n i t i a l  s ta g e s  o f  th e  e x p e r im e n t  

w h e re  th e  v a lu e  o f  d is  d e te rm in e d  w i th  a r e s u l t a n t  lo w e r  th a n  a c tu a l d e t e r ­

m in e d  d v a lu e .

C o n s id e r in g  th e  abo ve  d is c u s s io n ,  th e  a c tu a l v a lu e  o f  d f o r  4 - v in y l  - 

p y r id in e ,  p y r id in e  and  th e  m ix tu r e s  o f  th e  tw o  is  p ro b a b ly  in  th e  ra n g e  o f  4 

to  5 . S u b s t itu t in g  a v a lu e  o f  5 f o r  d in  e q u a tio n  19 w i th  v ^ f 5! .  0 , v d c is  

c a lc u la te d  to  be 0 . 633 . T h is  v a lu e  is  h ig h ly  c lo s e  to  th e  e x p e r im e n ta l ly  

o b s e rv e d  v a lu e  o f 0 . 53 f o r  th e  m o n o m e r  o r d e r  o f th e  10 m i l  f i l m  a t  th e  d ose  

r a te  o f 0 .0 2 1  M r / h r ( f i g u r e  2 4 ).

A c t iv a t io n  E n e rg y  ( )

T h e  a c t iv a t io n  e n e rg y  o f g r a f t in g  o f 4 - v in y lp y r id in e  to  p o ly e th y le n e  

w as d e te rm in e d  b y  s tu d y in g  th e  g r a f t in g  r a te  a t v a r io u s  te m p e r a tu r e s .  S in ce  

a t  h ig h  dose  ra te s  th e  g r a f t in g  r e a c t io n  is  u n d e r  th e  in f lu e n c e  o f  d i f f u s io n a l 

e f fe c ts ,  th is  s tu d y  w a s  done a t  th e  lo w e s t  p o s s ib le  dose  r a te  o f  0 .0 0 0 7 6  M r / h r .  

A t  th is  dose  r a te  th e  g r a f t in g  c u rv e s  o f  1 m i l  t h ic k  p o ly e th y le n e  f i l m  is  

sh o w n  in  F ig u r e  2 6 (a ) . T he  c u rv e s  a re  l in e a r  in  th e  s tu d ie d  ra n g e  w ith  so m e  

in h ib i t io n  due to  d is s o lv e d  o x y g e n . I t  is  a p p a re n t  f r o m  th e  f ig u r e  th a t  th e  

g r a f t in g  r a te  in c re a s e s  w i th  in c r e a s in g  te m p e r a tu r e .  T h e  ra te s  a re  c a lc u la te d
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T A B L E  14

E f fe c t  o f  te m p e r a tu r e  on  th e  r a te  o f  g r a f t in g  ( R p ) * ' * *

T ( ° C ) 1 / T ( ° K -1 ) Rp(%  g r a f t / m in ) L ?.g.RR. % s w e ll i

30 0 .0 0 3 3 0 0 0 .0 3 6 9  *  0 .0 0 3 0 -1 .4 3 3 2 ,6 5

25 0 .0 0 3 3 5 6 0. 0304 ± 0 , 0014 -1 .5 18 2 . 56

20 0 .0 0 3 4 1 0 0. 0223 ± 0 . 0022 -1 .6 5 2 2 .4 9

15 0. 003472 0 .0 1 6 8  ± 0 . 0018 -1 . 774 2 .4 1

( * ) 1 m i l  f i l m

( * * )  1=0. 00076  M r / h r

( * * * )  w /w ,  a v e ra g e  o f 6 d e te r m in a t io n s .

f r o m  th e  r e s p e c t iv e  s lo p e s  and  sh o w n  in  T a b le  14. T h is  s tu d y  is  c a r r ie d  in  

a r a th e r  n a r r o w  ra n g e  o f te m p e ra tu r e  s in c e  th e  e x te n t  o f  s w e l l in g  is  e f fe c te d  

b y  th e  v a r ia t io n  in  te m p e r a tu r e .  In  th is  te m p e r a tu r e  ra n g e , f r o m  th e  ta b le ,  

i t  can  be  se e n  th a t  th e  v a r ia t io n  in  th e  e x te n t  o f  s w e l l in g  is  n e g l ig ib le  and  

th e r e fo r e  th e  g r a f t in g  ra te s  a re  n o t c o r r e c te d  to  c o m p e n s a te  f o r  th is  v a r ia t io n .

A n  A r r h e n iu s  p lo t  o f lo g  R p v e rs u s  1 /T  is  s h o w n  in  F ig u r e  2 6 (b ).

S in c e  th e  s lo p e  o f th e  c u rv e  is  e q u a l to  - E ^ / R  w h e re  R= 1. 987 c a l /d e g .  - m o le ,  

th e  a c t iv a t io n  e n e rg y  is  c a lc u la te d  to  be  3. 8 k c a l /m o le .

C o m p a r in g  th is  v a lu e  to  th a t  f o r  th e  s ty re n e -p o ly e th y le n e  s y s te m , 

i t  is  c o n s id e r a b ly  lo w e r ,  th e  r e p o r te d  a c t iv a t io n  e n e rg y  o f r a d ia t io n - in d u c e d  

g r a f t in g  b y  th e  p r e - i r r a d ia t io n  te c h n iq u e  o f  s ty re n e  to  h ig h  d e n s ity  p o ly -  

e th y le n e (7 8 )  and  lo w  d e n s ity  p o ly e th y le n e (7 9 )  a re  18, 8 .7  k c a l /m o le  , 

r e s p e c t iv e ly .
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C O N C L U S IO N

T he  k in e t ic  b e h a v io r  o f  th e  r a d ia t io n - in d u c e d  g r a f t  p o ly m e r iz a t io n  

o f  4 - v in y lp y r id in e - p o ly e th y le n e  s y s te m  ca n  be  s u m m a r iz e d  as fo l lo w s :

(a) a t  lo w  d ose  r a te s ,  b e tw e e n  0. 00076 and  0 .0 2 1  M r / h r ,  th e  

r e a c t io n  k in e t ic s  a re  f r e e  o f  d i f fu s io n a l e f fe c ts  as e v id e n c e d  f r o m  th e  s im i la r  

ra te s  f o r  1 and  2 m i l  f i lm s .  U n d e r  th e s e  c o n d it io n s  th e  r a te  o f g r a f t in g  is  

p r o p o r t io n a l  to  th e  s q u a r e - r o o t  o f th e  in i t ia t io n  r a te  and  th e  m o n o m e r  o r d e r  

is  u n ity .

(b) a t  in te r m e d ia te  and  h ig h  dose  r a te s ,  f r o m  0 .0 2 1  M r / h r  to  

0 . 35 M r / h r ,  e ve n  f o r  th e  th in  f i lm s  th e  r e a c t io n  k in e t ic s  a re  in f lu e n c e d  b y  

d i f f u s io n a l e f fe c ts .  In  th is  r e g io n  th e  2 m i l  f i lm  has a lo w e r  g r a f t in g  r a te  

th a n  1 m i l  f i l m  a t a n y  p a r t ic u la r  dose  r a te .  T he  d e p e n d e n ce  o f R p on R j d ro p s  

1 /2 - o r d e r  to  a lo w e r  o r d e r  and  th e  m o n o m e r  o r d e r  v a r ie s  b e tw e e n  1 a nd  0 .5 ,  

d e c re a s in g  w i th  in c r e a s in g  m o n o m e r  c o n c e n t ra t io n .  F o r  t h ic k e r  f i lm s ,  

p a r t i c u la r l y  f o r  10 m i l  f i lm  th e  r e a c t io n  k in e t ic s  a r e  u n d e r  c o m p le te  d i f fu s io n  

c o n t r o l  and  th e  r a te  o f  g r a f t in g  is  d e p e n d e n t on  th e  in i t ia t io n  r a te  to  th e  

o r d e r  o f  0 . 25 . T h e  v a r ia t io n  in  th e  m o n o m e r  o r d e r  s te a d i ly  f la t te n s  w i th  

in c r e a s in g  f i l m  th ic k n e s s  and  f o r  10 m i l  f i l m  th e  m o n o m e r  o r d e r  b e c o m e s  

0 .5 3  .

(c ) u n d e r  d i f f u s io n - f r e e  c o n d it io n s  th e  a c t iv a t io n  e n e rg y  f o r  th e  

g r a f t in g  r e a c t io n  is  3. 8 k c a l /m o le .

F r o m  th e  r e s u l t s  a b o v e , i t  is  c le a r  th a t  k in e t i c a l ly  4 - v in y lp y r id in e -  

p o ly e th y le n e  s y s te m  fo l lo w  o r d in a r y  f r e e  r a d ic a l  p o ly m e r iz a t io n  m e c h a n is m ,

R p = k p / k t 1 / 2 R i 1 / 2 M  (28)
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A  r a d ic a l  in i t ia t io n  is  e v id e n c e d  b y  th e  s q u a r e - r o o t  d e p e n d e n ce  o f  R p  on 

R j.  I f  in i t ia t io n  w as io n ic ,  th e n  th is  o r d e r  w o u ld  h a ve  b e e n  u n i ty .  M o re o v e r ,  

in  r a d ia t io n - in d u c e d  g r a f t  p o ly m e r iz a t io n s  (11) as w e l l  as in  r a d io ly t ic  h o m o ­

p o ly m e r iz a t io n s  (81, 8 3 ), e v id e n c e  f o r  an  io n ic  m e c h a n is m  has  o n ly  b e e n  

o b s e rv e d  w h e n  th e  m o n o m e r  and  a l l  g la s s  a p p a ra tu s  a r e  p a s s e d  th ro u g h  

r ig o r o u s  d r y in g  p r o c e d u r e s . In  o u r  c a s e , th e  p ro c e d u re s  f o r  d r y in g  w e re  

h a r d ly  r ig o r o u s .

T he  r a te  c o n s ta n ts  th a t  a p p e a r  in  e q u a tio n  28 ca n  be c a lc u la te d  i f  

R p , M  and  Rj[ a re  c o n v e r te d  to  t h e i r  a p p ro p r ia te  u n i ts .  A t  a  dose  r a te  o f 

0 . 00076 M r / h r ,  th e  g r a f t in g  r a te  o f 1 m i l  f i l m  is  0 . 0304 % g r a f t / m in .  C o n v e r ­

t in g  to  th e  u n its  o f  m o le s  p e r  l i t e r  o f  s w o lle n  a m o rp h o u s  p o ly e th y le n e -s e c ,

Rp= 1 .6 5 x 1 0 "^  m o le s / l i t e r - s e c .  S in ce  M =  0 .8 1 4  m o le s / l i t e r  a nd  a t  th is  d ose

ra te ,R ^ =  1. 3 3 6 x 1 0 m o le s / l i t e r - s e c ,

2
k p  /k f. = 30. 76 l i t e r / m o le - s e c .

F r o m  f r e e  r a d ic a l  h o m o p o ly m e r iz a t io n  o f  4 - v in y lp y r id in e  in  b u lk (4 3 ) ,  

k p ^ / k t  is  g iv e n  as 4 .8 x 1 0 " ^  l i t e r / m o le - s e c .  T h e  v a s t  d i f fe r e n c e  in  th e  v a lu e s  

is  im m e d ia te ly  e v id e n t .  Such d r a s t ic  in c re a s e s  in  th e  kp  /k ^  v a lu e s  has a ls o  

b e e n  o b s e rv e d  in  o th e r  s y s te m s  s u c h  as s ty re n e -p o ly e th y le n e  a nd  has b e e n  

a t t r ib u te d  to  th e  n a tu re  o f th e  r e a c t io n  m e d iu m .  T h e  g r a f t  p o ly m e r iz a t io n  

p ro c e e d s  in  h ig h ly  v is c o u s  s u r ro u n d in g s  and  th e  r a te  o f t e r m in a t io n  is  h ig h ly  

e f fe c te d  s in c e  i t  r e q u i r e s  th e  d i f fu s io n  and  r e a c t io n  o f tw o  m a c r o m o le c u la r  

r a d ic a ls  w i th  e a ch  o th e r .  On th e  o th e r  h a n d , th e  p ro p a g a t io n  r a te  c o n s ta n t ,  k p , 

s h o u ld  n o t be  e f fe c te d  as h ig h ly  s in c e  i t  in v o lv e s  th e  r e a c t io n  o f a p o ly m e r ic  

r a d ic a l  w i th  a m o n o m e r  m o le c u le .

E a r l i e r ,  w h i le  c o m p a r in g  th e  k in e t ic s  o f  g r a f t in g  4 - v in y lp y r id in e  

and  s ty re n e ,  w e h a ve  s t r e s s e d  th a  fa c t  th a t  u n d e r  s im i l a r  c o n d it io n s  th e  r a te  

o f g r a f t in g  o f  4 - v in y lp y r id in e  is  h ig h e r  th a n  th a t  o f  s ty re n e  th o u g h  s ty re n e
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s w e lls  p o ly e th y le n e  a p p r o x im a te ly  tw ic e  as m u c h  as 4 - v in y lp y r id in e .  F r o m  

r e fe re n c e  9 , u n d e r  s im i l a r  c o n d it io n s  as a b o v e , i . e .  a t  0 . 00076  M r / h r  and  

u s in g  1 m i l  f i lm ,  th e  r a te  o f g r a f t in g  o f s ty re n e  to  th e  s a m e  p o ly e th y le n e  is  

fo u n d  to  be 1 .2 3  % g r a f t / h r .  C o n v e r t in g  th is  v a lu e  to  m o le s / l i t e r - s e c ,  R n is  

c a lc u la te d  to  be  1. 058x10 S in c e  M = 1 .6 8  m o le s / l i t e r  and  R ^= l. 336x10“ ^ 

m o le s  / l i t e r - s e c  (s a m e  as a b o v e ) , one can  c a lc u la te  k p ^ / k t  a s ,

k p 2 / k t =R p 2 / (  R iM 3)= 1 .7 9  l i t e r / m o le - s e c  

I t  s h o u ld  be  n o te d  th a t ,  th e  m o n o m e r  c o n c e n tra t io n  t e r m  a b o ve  is  r a is e d  to  

th e  t h i r d  p o w e r  s in c e  a t  th is  d o se  r a te  th e  m o n o m e r  e x p o n e n t has b e e n  

d e te rm in e d  to  be 3 /2 (9 ) .

C o m p a r in g  th e  k p 2 / k t  v a lu e s ,  i t  is  q u ite  c le a r  th a t  th e  v a lu e  o f  th is  

p a r a m e te r  f o r  4 - v in y lp y r id in e  is  a t le a s t  15- f o ld  h ig h e r  th a n  th a t  o f s ty re n e  

and  is  re s p o n s ib le  f o r  th e  d i f fe r e n c e  in  th e  g r a f t in g  r a te s .

I f  one m a k e s  th e  c ru d e  a s s u m p t io n  th a t  th e  p ro p a g a t io n  r a te  c o n s ta n t ,  

k p , is  n o t e f fe c te d  s e v e r e ly  b y  th e  v is c o s i t y  o f  th e  r e a c t io n  m e d iu m  and  th a t  

k p  in  g r a f t in g  is  a b o u t e q u a l to  th a t  in  b u lk ,  12. 0 l i t e r / m o le - s e c ( 4 3 ) ,  th e  

te r m in a t io n  r a te  c o n s ta n t  (k^) c a n  be e s t im a te d  as 4 ; 68 l i t e r / m o le - s e c .  

C o m p a r in g  th is  v a lu e  to  th a t  in  b u lk ,  3x10^ l i t e r / m o le  - s e c , a p p r o x im a te ly  

100, 000 - f o ld  d e c re a s e  in  th e  kf. v a lu e  in  th e  g r a f t in g  m e d iu m  is  o b s e rv a b le .  

T h is  v a s t  d i f fe r e n c e  in  th e  k^ v a lu e s  is  a c le a r  in d ic a t io n  o f  th e  e f fe c ts  o f 

V is c o s i t y  in  a g iv e n  p o ly m e r iz a t io n  r e a c t io n .

T u r n in g  b a c k  to  th e  in i t ia t io n  r a te  o r d e r  a t  h ig h  dose  r a te s ,  th e  d ro p  

f r o m  h a l f - o r d e r  is  c le a r l y  a d i f f u s io n a l p h e n o m e n o n  s in c e  th e re  is  no 

e x p e r im e n ta l e v id e n c e  f o r  a n y  c o n t r ib u t io n  b y  p r im a r y  r a d ic a l  t e r m in a t io n

k in e t ic s .  I f  th e re  h a d  b e e n  ....  c o n t r ib u t io n ,  th e n  a lth o u g h  th is  e f fe c t  s h o u ld

h a ve  a ls o  lo w e re d  th e  in i t ia t io n  r a te  o r d e r  f o r  0 . 5, th e  m o n o m e r  o r d e r  a t 

h ig h  d o se  ra te s  w o u ld  h a v e  b e e n  h ig h e r  th a n  u n i ty .
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A t  in te r m e d ia te  a n d  h ig h  dose  r a te s ,  th e  d ro p  in  th e  m o n o m e r  

o r d e r  f r o m  f i r s t - o r d e r  w i th  in c r e a s in g  m o n o m e r  c o n c e n tra t io n  is  a ls o  

a t t r ib u ta b le  to  d i f f u s io n a l e f fe c ts .  F o r  th in  f i lm s ,  a t  lo w  m o n o m e r  c o n c e n t r a ­

t io n s ,  s in c e  th e  g r a f t in g  r a te  is  lo w ,  th e  g r a f t in g  k in e t ic s  s h o u ld  n o t  be  u n d e r  

th e  e f fe c ts  o f  d i f fu s io n .  F o r  1 m i l  f i lm  a t 0 . 021 and  0 . 21 M r / h r  th is  is  e x a c t ly  

w h a t w e o b s e rv e d . W ith  in c re a s e  in  th e  th ic k n e s s  o f  th e  f i lm ,  th e  e f fe c t  o f 

d i f fu s io n  s h o u ld  s h i f t  to  lo w e r  and  lo w e r  c o n c e n tra t io n s  o f  m o n o m e r  and  w ith  

f u r t h e r  in c re a s e s  in  th e  f i l m  th ic k n e s s  th e  w h o le  ra n g e  o f m o n o m e r  c o n c e n t r a ­

t io n  s h o u ld  be  u n d e r  c o m p le te  d i f fu s io n  c o n t r o l .  T he  d a ta  f o r  10 m i l  f i l m  a t  

th e  dose  r a te  o f  0 .0 2 1  M r / h r  c le a r ly  d is p la y e d  th is  b e h a v io r . A ls o ,  th e  o b s e rv e d  

m o n o m e r  o r d e r ,  0 . 53 , is  h ig h ly  c lo s e  to  th a t  p r e d ic te d  b y  th e  t h e o r e t ic a l  

a n a ly s is ,  n a m e ly ,  f o r  d = 5, V (jc = 0. 63 .

C o n s id e r in g  a l l  th a t  is  s a id  and  r e p o r te d  in  th is  th e s is ,  th e re  is  no  

d o u b t th a t  d i f fu s io n a l e f fe c ts  p la y  a d o m in a n t r o le  in  th e  k in e t ic s  o f  g r a f t  

p o ly m e r iz a t io n .  W ith o u t  a k n o w le d g e  on th e  m e c h a n is m  and  b o u n d a r ie s  o f th e s e  

e f fe c ts  one ca n  e a s i ly  m a k e  th e  m is ta k e  o f  c o n s id e r in g  th e m  as p u r e ly  k in e t ic .

In  th is  w o rk  w e h a ve  n o t o n ly  d e m o n s tra te d  s y s te m a t ic a l ly  th e  

e f fe c ts  o f  d i f fu s io n  in  a g iv e n  g r a f t in g  s y s te m  b u t w e  h a ve  a ls o  m e th o d ic a l ly  

o u t l in e d  th e  d i r e c t io n  in  w h ic h  th e  k in e t ic a l  p a r a m e te r s  a r e  in f lu e n c e d .  

A d d i t io n a l ly ,  th is  w o r k  w a s  m o re  th a n  s u c c e s fu l l  in  th e  v e r i f ic a t io n  o f o u r  

t h e o r e t ic a l  a n a ly s is  on  th e  m e c h a n is m  o f g r a f t  p o ly m e r iz a t io n .
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A P P E N D IX  I  -  D e f in it io n s

D o se  - a m o u n t o f e n e rg y  im p a r te d  to  m a t te r ,  e x p re s s e d  in  r a d s ( r )  

o r  m i l l i o n  ra d s  ( M r ) .

D o se  R a te  -  a b s o rb e d  dose  in  u n i t  t im e ,  e x p re s s e d  as M r / t im e .

G -v a lu e  - n u m b e r  o f  in d iv id u a l  c h e m ic a l e v e n ts  o c c u r in g  p e r  100 

e . v .  o f  a b s o rb e d  e n e rg y .

G R -v a lu e  -  n u m b e r  o f r a d ic a ls  p ro d u c e d  p e r  100 e . v .  o f a b s o rb e d  

e n e rg y .

T h e  ra d  -  u n i t  o f  a b s o rb e d  d o s e . 1 r a d  is  100 e r g s / g r a m  o r  6 .2 5 x  

1310 e . v . / g r a m .

T h e  c u r ie  -  is  th e  u n i t  o f  r a d io a c t iv i t y .  I t  is  th e  a m o u n t o f r a d io ­

a c t iv e  m a te r ia l  w h ic h  d is in te g r a te s  a t  a r a te  o f 3. 7x 

1 0 ^  d is in te g r a t io n s  p e r  s e c o n d (a t th e  s a m e  ira te  as 

r a d iu m ) .

H i ld e b ra n d  s o lu b i l i t y  p a ra m e te r (S )  -  is  th e  s q u a re  r o o t  o f th e  

e n e rg y  o f v a p o r iz a t io n  p e r  u n i t  v o lu m e  o f  a l iq u id  

( c o h e s iv e  e n e rg y  d e s i ty ) .
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A P P E N D IX  I I  -  C o n v e rs io n s  

R a te  o f  g r a f t  p o ly m e r iz a t io n (R p )

R  (m o le s  / l i t e r - s e c ) =  R p (% g r a f t / m in ) / ( 6 0 x l0 0 )  x

0 . 855 g m  A P E / m l  A P E  x  IQ 3 m l/1 _____________________
105 g m /m  x  0 . 228 g r  A P E /g m  P E  x  1. 0957 m l  S A P E  

L m l  A P E  J

w h e re  0 . 855 g m A P E /m lA P E  is  th e  d e n s ity  o f  a m o rp h o u s  p o ly e th y le n e (1 3 ) ,

105 g m /m  is  th e  m o le c u la r  w e ig h t  o f  4 - v in y lp y r id in e ,

0 .2 2 8  g m A P E /g m P E  is  th e  w e ig h t  f r a c t io n  o f  a m o rp h o u s  p a r ts  in  P E

and  1 .0 9 5 7  m lS A P E /m lA P E  is  th e  c a lc u la te d  in c re a s e  in  th e  v o lu m e  o f

a m o rp h o u s  re g io n s  u p o n  s w e ll in g (a s s u m in g  a d d i t iv i t y  o f  v o lu m e s ) .

M o n o m e r  c o n c e n tra t io n (M )

3
M  ( m o le s / l i t e r ) _  (0 . 025 g m /g m  P E  x  0 . 855 g m / m l  x  10 m l/1 )

~ (105 g m /m  x  0 . 228 g m /g m  x  1. 0957 m l / m l )

= 0 .8 1 4  m o le s / l i t e r

w h e re  0 .0 2 5  g m  4 - V P / g m  P E  is  th e  e x te n t  o f  s w e l l in g  o f 4 - V P  a t  25 ° C .

R a te  o f  in i t i a t i o n (R^)

R - (m o le s  / l i t e r - s e c )  = 2 . 9x10“ ^ x  d x  G r  x  I
7

w h e re  2 .9 x 1 0  is  a  c o n v e rs io n  f a c to r ,

d is  th e  d e n s ity  o f  th e  s w e lle d  p o ly e th y le n e ,  c a lc u la te d  to  be  0 . 8658 

g m / m l ,

G r  i s  th e  G -v a lu e  o f  r a d ic a l  p r o d u c t io n  in  P E (a  v a lu e  o f  7 is  u s e d ( l) )  

a nd  I  is  th e  d o se  r a te  in  M r / h r .
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