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A b s t r a c t

RADIATION DEGRADATION OF POLYMETHACRYLAMIDE

by

D a n i e l  O 'Connor  

A d v i s e r s :  P r o f e s s o r s  Nan-Loh Yang and A rth u r  Woodward

The e f f e c t s  o f  r a d i a t i o n  on p o ly m er s  h a v e  b e e n  

s t u d i e d  f o r  many y e a r s .  When p o ly m e r s  are  s u b j e c t e d  t o  

u l t r a v i o l e t  l i g h t  or  i o n i z i n g  r a d i a t i o n ,  c h a in  s c i s s i o n  

and c r o s s l i n k i n g  are p o s s i b l e .

In th e  p r e s e n t  work th e  r a d i a t i o n  d e g r a d a t i o n s  o f  

s e v e r a l  m e t h a c r y la t e  ty p e  p o ly m e r s  were i n v e s t i g a t e d .

The p r im a r y  polym er s t u d i e d  w as p o ly m e t h a c r y la m id e  (PKAAra) 

w i t h  t h e  s t r u c t u r e  shown b e lo w :

CH-2
I 3  

- C H 5 - C -  
2  I

c o n h 2

U l t r a v i o l e t  i r r a d i a t e d  PKAAm y i e l d e d  a f i v e  l i n e  ESR 

s p e c t r u m  w i t h  22 g a u s s  s p l i t t i n g  w h ic h  i s  b e l i e v e d  t o  

a r i s e  fro m  a  p o ly m e r ic  r a d i c a l  e n d in g  w i th  a  m e t h a c r y l ­

am ide u n i t :
CH .,
1 3

—C H 5 - 0
2  1 

c o n h 2
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An ESR s p i n  t r a p p in g  s tu d y  o f  i r r a d i a t e d  PKAAm w i t h  

n i t r o s o - t - b u t a n e  s u g g e s t e d  t h a t  t h e  p o ly m e r ic  m e th a c r y l ­

amide r a d i c a l  and th e  amide f r e e  r a d i c a l  a r e  g e n e r a t e d  

upon i r r a d i a t i o n .  A m echanism  o f  d e g r a d a t i o n  o f  P.MAAra 

was p r o p o s e d .  The amide g ro u p  i s  c l e a v e d  fro m  th e  p o l y ­

mer b a c k b o n e  i n  a  prim ary p r o c e s s .  The p o ly m e r  r a d i c a l  

prod u ced  u n d e r g o e s  b e t a  s c i s s i o n  t o  y i e l d  t h e  p o ly m e r ic  

m e th a c r y la m id e  r a d i c a l .

The d e g r a d a t i o n s  a f t e r  e x p o s u r e  t o  gamma i r r a d i a t i o n  

f o r  PMAAm, a  cop o lym er  o f  m e th a c r y la m id e  (MAAm)-with  

m eth y l m e t h a c r y l a t e  (MMA) and p o l y ( i s o b o r n y l  m e t h a c r y l a t e )  

were a l s o  i n v e s t i g a t e d .  M o le c u la r  w e ig h t  m easurem ents  

were u s e d  t o  d e te r m in e  r a d i a t i o n  G v a l u e s  i n  e v e n t s  p e r  

100 eV . The G v a l u e s  fo u n d  a re  l i s t e d  b e lo w :

1 .  PKAAm G -G = 2 .0 55 A
2 .  C o p o ly m er  (MAAm -  KMA) G = 0 .9 2  G = 0 .0 9

S  JC

3 .  P o ly  ( i s o b o r n y l  m e t h a c r y l a t e )  G -G = 2 . 1 0s  jl

The r e s u l t s  o b ta in e d  i n d i c a t e  t h a t  p o ly m e t h a c r y l ­

amide i s  a  p o ly m er  w hich  u n d e r g o e s  main c h a i n  c l e a v a g e  

upon i r r a d i a t i o n .  As su c h  t h i s  p o ly m e r  may have p o t e n t i a l  

a p p l i c a b i l i t y  a s  a p o s i t i v e  r e s i s t  f o r  f a b r i c a t i o n  o f  

m i c r o e l e c t r o n i c  d e v i c e s .
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A. I n t r o d u c t i o n  and O b j e c t i v e s

The h r c a d  o b j e c t i v e  o f  t h i s  . r e  s e a r c h  w as  t o  e l u c i ­

d a t e  t h e  f u n d a m e n t a l  p r o c e s s e s  i n v o l v e d  d u r i n g  t h e  

r a d i a t i o n  d e g r a d a t i o n  o f  s e v e r a l  m e t h a c r y l a t e  t y p e  p o l y ­

m e r s .  S p e c i f i c  p o l y m e r s  i n v e s t i g a t e d  w e r e  p o l y ( m e t h -  

a c r y i a m i d e ) ,  a c o p o l y m e r  c o n t a i n i n g  m e t h a c r y l a m i d e  w i t h  

m e t h y l  . m e t h a c r y l a t e  and p o l y ( i s o b c r n y l  m e t h a c r y l a t e ) .

f i r s t  an i n t r o d u c t i o n  t o  t h e  e f f e c t s  o f  r a d i a t i o n  

on p o l y m e r s  i s  g i v e n .  S e c t i o n s  -which f o l l o w  d i s c u s s  

e l e c t r o n  beam l i t h o g r a p h y ,  e l e c t r o n  s p i n  r e s o n a n c e  ana  

s p i n  t r a p p i n g .  A l i t e r a t u r e  s u r v e y  o f  ESR s t u d i e s  on 

m e t h a c r y l a m i d e  and r e l a t e d  com p ou n d s  i s  a l s o  p r e s e n t e d .

A p p r o a c h e s  t a k e n  i n  t h i s  s t u d y  may he o u t l i n e d  a s  

f o l l o w s .  F i r s t  C a r b o n - 1 2  K.ZR s p e c t r o s c o p y  w as  u s e d  t o  

c h a r a c t e r i z e  t h e  t a c t i c i t y  o f  t h e  p o l y m e r s  p r o d u c e d ,  

n e x t ,  m o l e c u l a r  w e i g h t  m e a s u r e m e n t s  u t i l i z i n g  g e l  p e r ­

m e a t i o n  c h r o m a t o g r a p h y ,  membrane o s m o m e tr y  and a u t o m a t i c  

v i s c o s i t y  s e r v e d  t o  d e f i n e  t h e  r e l a t i o n s  b e t w e e n  gamma 

r a d i a t i o n  d o s a g e  and m o l e c u l a r  v e i g l n t s .  R a d i a t i o n  G 

v a l u e s  f o r  c h a i n  s c i s s i o n  and c r o s s l i n k i n g  w e r e  d e t e r ­

m i n e d .  C h a in  s c i s s i o n  s e e m s  t o  b e  t h e  p r e d o m i n a n t  p r o ­

c e s s  s i n c e  t h e  m o l e c u l a r  - w e i g h t s  o f  t h e  p o l y m e r s  d e ­

c r e a s e  a s  t h e  r a d i a t i o n  d osam e  i n c r e a s e s .  I t  i s  d s -
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s i r a b l e  t o  p r o d u c e  p o l y m e r s  w i t h  h i g h  v a l u e s  o f  G ( s c i s ­

s i o n )  i n  o r c e r  t o  m a x i m i s e  t h e  s e n s i t i v i t y  t o  u l t r a ­

v i o l e t  l i g h t  o r  i o n i s i n g  r a d i a t i o n .  F i n a l l y  ESR s p e c ­

t r o s c o p y  and t h e  ESR s p i n  t r a p p i n g  t e c h n i q u e  w ere  u s e d  

t o  d e t e c t  and i d e n t i f y  t h e  f r e e  r a d i c a l  i n t e r m e d i a t e s  

p r o d u c e d  u p o n  u l t r a v i o l e t  i r r a d i a t i o n  o f  t h e  p o l y m e r s .

The f r e e  r a d i c a l s  i d e n t i f i e d  s u g g e s t  t h a t  c h a i n  s c i s s i o n  

o c c u r s  f o r  t h e s e  p o l y m e r s .

T h i s  i n v e s t i g a t i o n  s h o u l d  c o n t r i b u t e  n o t  o n l y  t o  t h e  

u n d e r s t a n d i n g  o f  t h e  f u n d a m e n t a l  p r o c e s s e s  d u r i n g  t h e  

i r r a d i a t i o n  d e g r a d a t i o n  o f  p o l y m e r s  b u t  a l s o  t o  modern  

e l e c t r o n i c  t e c h n o l o g y .  l i e c h a c r y l a t e  t y p e  p o l y m e r s  a re  

•wide ly  u s e d  a s  p o s i t i v e  t y p e  r e s i s t s  f o r  e l e c t r o n  t e a m  

o r  p h o t o l i t h o g r a p h y .  F o l y ( m e t h y l  m e t h a c r y l a t e )  h a s  b e e n  

w i d e l y  u s e d  f o r  t h i s  p u r p o s e .  H o w e v e r  i t  i s  d e s i r a b l e  

t o  d e v e l o p  new m a t e r i a l s  w i t h  e n h a n c e d  p e r f o r m a n c e  c h a r ­

a c t e r i s t i c s  s u c h  a s  s e n s i t i v i t y  and r e s o l u t i o n .  An 

e f f i c i e n t  r e s i s t  w ould  be a c o n t r i b u t i n g  f a c t o r  t o  t h e  

n e x t  b r e a k t h r o u g h  i n  c o m p u t e r  t e c h n o l o g y .

3 .  The E f f e c t s  o f  R a d i a t i o n  on P o l y m e r s

R a d i a t i o n  c h e m i s t r y  o f  h i g h  p o l y m e r s  h a s  b e e n  a  

s u b j e c t  o f  much i n t e r e s t  s i n c e  i t  w a s  f o u n d  t h a t  r a d i a ­

t i o n  may p r o f o u n d l y  a f f e c t  t h e  b e h a v i o r  o f  many i m p o r t a n t  

c o m m e r c i a l  p o l y m e r s  ( l ) ( 2 ) ( 3 ) »
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many s t u d i e s  h ave  b e e n  p e i - fo rm e c  on t h e  c h a n g e s  in  

c h e m i c a l  s t r u c t u r e  o f  i r r a d i a t e d  p o l y m e r s  a s  w e l l  a s  th e  

r e s u l t i n g  c h a n g e s  i n  t h e i r  p h y s i c a l  p r o p e r t i e s .  T yp es  

o f  r a d i a t i o n  i n v o l v e d  i n c l u d e  gamma r a y s ,  X - r a y s ,  h i g h  

e n e r g y  e l e c t r o n s  and u l t r a v i o l e t  l i g h t .

T h e r e  a r e  two main g r o u p s  o f  p o l y m e r s .  P o l y m e r s  

w h i c h  c r o s s l i n k  upon i r r a d i a t i o n  u n d e r g o  i n c r e a s e s  i n  

m o l e c u l a r  w e i g h t  due t o  t h e  f a c t  t h a t  "branched and n e t ­

work  s t r u c t u r e s  are  "being f o r m e d .  P o l y m e r s  t h a t  t e n d  t o  

d e g r a d e  "by c h a i n  s c i s s i o n  y i e l d  m on om er ic  u n i t s  and 

s m a l l e r  c h a i n  f r a g m e n t s .

P o l y  ( m e t h y l  m e t h a c r y l a t e )  (Ph.hA) i s  a m a t e r i a l  

t h a t  i s  known t o  d e g r a d e  by c h a i n  s c i s s i o n .  Gamma 

i r r a d i a t i o n  o f  PhMA i n  v a c u o  l e a d s  t o  t h e  f o r m a t i o n  o f  

s e v e r a l  g a s e o u s  p r o d u c t s  i n c l u d i n g  m e t h a n e ,  h y d r o g e n ,  

c a r b o n  m o n o x i d e  and c a r b o n  d i o x i d e .  S u b s e q u e n t  t h e r m a l  

t r e a t m e n t  o f  i r r a d i a t e d  PKMA r e s u l t e d  i n  t h e  f o r m a t i o n  

o f  m o n o m er .  A c h a in  d e p o l y m e r i z a t i o n  p r o c e s s  may be  

i n i t i a t e d  a t  e l e v a t e d  t e m p e r a t u r e s  by r a d i c a l s  t r a p p e d  

i n  t h e  i r r a d i a t e d  p o l y m e r .  ESR s p e c t r a  i n d i c a t e  t h a t  a 

f r e e  r a d i c a l  w i t h  t h e  s t r u c t u r e  shown b e l o w  may be ob ­

t a i n e d  f r o m  i r r a d i a t i o n  o f  PKMA ( 4 ) .

CH-* 
I 5 
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The Z3R s p e c t r u m  o f  PKMA a f t e r  gamma i r r a d i a t i o n  a t  

500°K i s  sh ow n  i n  P i g u r e  1 .

25 G
F i g u r e  1 .  ESR s p e c t r u m  o f  i r r a d i a t e d  

?;:ka a t  3 0 0 ° k v

A t o t a l  o f  n i n e  l i n e s  a r e  s e e n .  I t  w a s  e x p l a i n e d  t h a t  

t h e  a f o r e m e n t i o n e d  f r e e  r a d i c a l  was  i n  tw o  d i f f e r e n t  

s t r u c t u r a l  c o n f o r m a t i o n s ,  g i v i n g  r i s e  t o  a q u i n t e t  and  

a q u a r t e t .

The r e c i p r o c a l  w e i g h t  a v e r a g e  m o l e c u l a r  w e i g h t  o f  

PliKA i n c r e a s e d  l i n e a r l y  w i t h  t h e  r a d i a t i o n  d o s a g e  i n  t h e  

ra n g e  o f  one  t o  e l e v e n  m e g a r a d s  w i t h  G ( s c i s s i o n )  = 1 . 6 5  

and G ( c r o s s l i n k )  = 0 .  C r o s s l i n k i n g  i s  b e l i e v e d  t o  be  

n e g l i g i b l e  i n  t h e  p r o c e s s .  O t h e r  p o l y m e r s  t h a t  u n d e r g o  

c h a i n  s c i s s i o n  a r e  p o l y  i s o b u t y l e n e  and p o l y  - m e t h y l  

s t y r e n e ) .

I n  some p o l y m e r s  a  c o n t r o l l e d  d e g r e e  o f  c r o s s l i n k i n g  

may p r o v e  b e n e f i c i a l  t o  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  

m a t e r i a l s .  H o w e v e r  t o o  much r a d i a t i o n  may c a u s e  some
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f-oly:: c r s  t o  become b r i t t l e  and d e g r a d e  w i t h  s u b s e q u e n t  

l o s s  o f  t h e i r  v a l u a b l e  p r o p e r t i e s .

C. e l e c t r o n  Beam L i t ho-traphy

e l e c t r o n  bear, l i t h c - g  repay h a s  be cor.e an im p o r t a n t  

t e c h n i q u e  i n  t h e  f a b r i c a t i o n  o f  m i c r o e l e c t r o n i c  d e v i c e s  

su ch  as  i n t e g r a t e d  c i r c u i t s  ( 5 ) .  P o l y m e r  c o a t i n g s  are

u s e d  as  r e s i s t s  i n  l i t h o g r a p h y .  A r e s i s t  vhnich becomes

more s o l u b l e  a f t e r  i r r a d i a t i o n  i s  s a i d  t o  be a p o s i t i v e

r e s i s t .  The p o ly r . e r  u s e d  here  must lie o f  th e  d e g r a d i n g

t y p e .  A r e s i s t  w h ich  becor .es  l e s s  s o l u b l e  a f t e r  i r r a d i a ­

t i o n  i s  c a l l e d  a n e g a t i v e  r e s i s t .  The p o ly m er  used  i n  

t h i s  c a s e  must be  o f  t h e  c r o s s l i n k i n g  t y p e .  Eoth p o s i t i v e  

and n e g a t i v e  r e s i s t s  h a v e  been d e s i g n e d  t o  maximize  

p er fo rm a n ce  c h a r a c t e r i s t i c s  such a s  r e s o l u t i o n ,  l i n e  

w id t h  and s e n s i t i v i t y .

The l i t h o g r a p h i c  p r o c e s s  can be d e s c r i b e d  as f o l l o v . ' s .  

A t h i n  f i l m  o f  p o ly m e r  i s  co a ted  o n t o  a s u b s t r a t e .  The 

f i l m  t h i c k n e s s  i s  u s u a l l y  n o t  g r e a t e r  th a n  f i v e  m ic r o ­

m e t e r s .  A f t e r  t h e  sam ple  i s  d r i e d  t h e  e x p o s u r e  p r o c e s s  

i s  c a r r i e d  o u t .  A mask i s  a p p l i e d  t o  t h e  r e g i o n s  o f  t h e  

r e s i s t  t h a t  are  n o t  t o  be  i r r a d i a t e d .  The e x p o s e d  a r e a s  

are  i r r a d i a t e d  w i t h  u l t r a v i o l e t  l i g h t  o r  th e  e l e c t r o n  

beam, f i g u r e s  2 and 3 d e s c r i b e  t h e  p r o c e s s e s  o c c u r r i n g  

f o r  p o s i t i v e  and n e g a t i v e  r e s i s t s .
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A l t e r  i r r a d i a t i o n  t h e  f i l m  i s  d e v e l o p e d ,  l e a v i n g  

o n l y  c e r t a i n  a r e a s  o f  t h e  r e s i s t .  The e x p o s e d  a r e a s  o f  

t h e  s u b s t r a t e  n ay  he e t c h e d  and t h e n  t h e  r e s i s t  i s  r e ­

moved.  The d e s i r e d  p a t x e r n  o f  t h e  c i r c u i t  r e m a i n s .

PHHA h a s  b e e n  w i d e l y  u s e d  a s  a p o s i t i v e  r e s i s t  f o r  

e l e c t r o n  bear,  e x p o s u r e  ( 6 )  ( 7 ) .  T h i s  p o l y m e r  h a s  a  h i g h  

r e s o l u t i o n  b u t  i t s  s e n s i t i v i t y  i s  n o t  a s  h i g h  a s  t h a t  o f  

sor.e n e g a t i v e  r e s i s t s .  I t  i s  t h e r e f o r e  d e s i r a b l e  t o  

d e v e l o p  new m a t e r i a l s  w i t h  b o t h  h i g h  r e s o l u t i o n  and 

good  s e n s i t i v i t y  f o r  e l e c t r o n  be  am l i t h o g r a p h y .

In t h e  p r e s e n t  s t u d y  p o l y ( n e t h a c r y ' 1 a m id e ) (PKAAn) 

and i t s  c o p c l y n . e r s  w i t h  n e t h y ]  m e t h a c r y l a t e  were i n ­

v e s t i g a t e d  a s  t o  t h e i r  b e h a v i o r  u p o n  i r r a d i a t i o n  w i t h  

u l t r a v i o l e t  l i g h t  and garr.rr.a r a y s .  E x p e r i m e n t s  p e r f o r m e d  

h e r e  s u g g e s t  t h a t  th e  a f o r e m e n t i o n e d  m a t e r i a l s  u n d e r g o  

main c h a i n  d e g r a d a t i o n  when i r r a d i a t e d .

The u s e  o f  a t h e r m , a l l y  t r e a t e d  Pi'.AAm as  a p o s i t i v e  

e l e c t r o n  team  r e s i s t  h a s  b e e n  r e p o r t e d  ( S ) .  T h i s  

t h e r m a l l y  t r e a t e d  p o ly m e r  h a s  b o t h  i n t r a m o l e c u l a r  and 

i n t e r m o l e c u l a r  im ide  b r i d g e s .  The m a t e r i a l  was fou n d  

t o  be h i g h l y  s e n s i t i v e  when i x ^ r a d i a t e d  u n d e r  t h e  e l e c t r o n  

beam. Tine r e s i s t  s e n s i t i v i t y  i n c r e a s e d  a s  th e  a c c e l e r a ­

t i n g  v o l t a g e  o f  th e  e l e c t i ’on be ami i n c r e a s e d .  H c le  

d e p t h s  o f  n e a r l y  4000  a n g s t r o m s  c o u l d  be  o b t a i n e d .

However  t h e r e  are  no  r e p o r t s  i n  t h e  l i t e r a t u r e  

c o n c e r n i n g  t h e  r a d i a t i o n  d e g r a d e t i c n  o f  PM. Am. The

7
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f o l l o w i n g  s t u d y  was u n d e r t a k e n  i n  o r d e r  t o  d e t e r m i n e  

t h e  c h a n g e s  i n  s t r u c t u r e  o f  PKAAm a f t e r  i r r a d i a t i o n  and 

t o  e l u c i d a t e  i t s  m echanism  o f  d e g r a d a t i o n .

5 .  e l e c t r o n  S p in  R e s o n a n c e  anc Spin  T r a p p i n g

E3K measurerr.ents  may be c a r r i e d  o u t  on p a r a m a g n e t i c  

s u b s t a n c e s ,  i . e . ,  m a t e r i a l s  t h a t  h a v e  one or  more u n ­

p a i r e d  e l e c t r o n s .  An u n p a i r e d  e l e c t r o n  h a s  a m a g n e t i c  

moment u . When th e  e l e c t r o n i c  m om ents  are  p l a c e d  i n  a  

m a g n e t i c  f i e l d  (Hq ) ,  th e  m om en ts  s p l i t  up i n t o  two s p i n  

s t a t e s  s e p a r a t e d  by a c e r t a i n  e n e r g y  AE as  d e s c r i b e d  i n

moment i n  a b s e n c e  o f  HQ. Moment and HQ.

S p in  s t a t e  2 .

A E=n\r

S pin  s t a t e  1 .

F i g u r e  A. E l e c t r o n i c  moment and m a g n e t i c  

f i e  Id .

Energy  l e v e l s  o f  i n  Hq .

8
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The m o m e n ts  p r e c e s s  ' .round t h e  a p p l i e d  ; : .£grex ic  

f i e l d  a s  showm. M icrow ave  r a d i a t i o n  ( h v )  i s  joov i n t r o ­

d u ced  t o  t h e  s a m p l e .  v.'hen t h e  m a g n e t i c  f i e l d  and 

f r e q u e n c y  a r e  j u s t  r i g h t ,  t h e  .moment a b s o r b s  e n e r g y  and  

f l i p s  t o  t h e  o t h e r  s p i n  s t a t e .  l x  i s  t h e  a b s o r p t i o n  o f  

e n e r g y  v .h i c . .  p r o d u c e s  t h e  FTR s i g n a l .  F o r m a l l y  F3R 

s p e c t r a  a r e  r e c o r d e d  a s  t h e  f i r s t  d e r i v a t i v e  c u r v e s .

The m a g n e t i c  moment o f  a n u c l e u s  n e a r  t o  t h e  u n ­

p a i r e d  e l e c t r o n  may i n t e r a c t  w i t h  t h e  e l e c t r o n i c  ■ c n e n t .  

T h i s  t y p e  o f  i n t e r a c t i o n  i s  c a l l e d  a h y p e r f i n e  c o u p l i n g .  

The R3R s i g n a l  may be s p l i t  i n t o  a  m u l t i p l e t  a s  a r e s u l t  

o f  t h i s  c o u p l i n g .  The t o t a l  n um ber  o f  l i n e s  i n  a m u l t i -  

p l e t  d e p e n d  on two f a c t o r s  n a m e l y  t h e  number  o f  n u c l e i  

t h a t  i n t e r a c t  w i t h  t h e  u n p a i r e d  e l e c t r o n  and t h e  s p i n  

quantum n u m b e r s  o f  t h o s e  n u c l e i .

The e x p e c t e d  number o f  l i n e s  i n  a r n u l t i p l e t  i s  

2 n l + l  w h e r e  n e q u i v a l e n t  n u c l e i  o f  s p i n  quantum number I  

i n t e r a c t  w i t h  t h e  u n p a i r e d  e l e c t r o n .  F o r  e x a m p le  t h e  

m e t h y l  r a d i c a l  h a s  a f o u r  l i n e  s p e c t r u m  due t o  c o u p l i n g  

w i t h  t h r e e  e q u i v a l e n t  p r o t o n s  ( 1= 2 ) .  The c i t e r t i a r y -  

b u t y l  n i t r o x i d e  f r e e  r a d i c a l  h a s  a t h r e e  l i n e  s p e c t r u m  

due t o  c o u p l i n g  w i t h  t h e  n i t r o g e n  14 n u c l e u s  ( 1=1 ) .

S i n c e  f r e e  r a d i c a l s  a r e  u s u a l l y  g e n e r a t e d  upon  

u l t r a v i o l e t  i r r a d i a t i o n  o f  r j o l y m e r s ,  uSR s p e c t r o s c o p y  i s  

t h e  m ethod  o f  c h o i c e  f o r  t h e  s t u d y  o f  f r e e  r a d i c a l  

i n t e r m e d i a t e s  d u r i n g  t h e  i r r a d i a t i o n  o f  p o l y m e r s .
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S p i n  t r a p p i n g  s t u d i e s  h a v e  p r o v e d  u s e f u l  f o r  th e

i n v e s t i g a t i o n  o f  f r e e  r a d i c a l s  by E3R s p e c t r o s c o p y  ( 9 ) ( 1 0 ) .  

In a s p i n  t r a p  e x p e r i m e n t  a s h o r t  l i v e d ,  r e a c t i v e  f r e e  

r a d i c a l  ( R » )  r e a c t s  w i t h  a t r a p p i n g  a g e n t  t o  y i e l d  a 

r e l a t i v e l y  s t a b l e  a d a u c t  f r e e  r a d i c a l  w h i c h  may be s t u d i e d .  

The a c d u c t  r a d i c a l  may t h e n  y i e l d  i n f o r m a t i o n  a b o u t  t h e  

r a d i c a l  w h i c h  w a s  i n i t i a l l y  t r a p p e d .  T r a p p in g  com pounds  

f a l l  i n t o  t w o  c a t e g o r i e s ,  n i t r o s o  com pounds  and n i t r o n e s .  

E q u a t i o n s  w h i c h  d e s c r i b e  t h e  t r a p p i n g  p r o c e s s  a r e  shown  

below':

R • 4- Adduct  Radical

R* 4- R'NO 

(nitroso) 0  (nitroxide)

R
R - 4-

R 0

( n i t rone)

10
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N i t r o s o  com pounds  h a v e  an a d v a n t a g e  o v e r  n i t r o n e s .  

The f o r m e r  m a t e r i a l s  c a n  p r o v i d e  a f i n g e r p r i n t  o f  t h e  

i n i t i a l  r a d i c a l .  H o w e v e r  t h e  n i t r o s o  compounds do h a v e  

d i s a d v a n t a g e s .  n i t r o s o  c o m p o u n d s  t e n d  t o  e x i s t  i n  a  

d i m e r i c  s t a t e  w h i c h  i s  i n a c t i v e  a s  a t r a p p i n g  a g e n t .  

U l t r a v i o l e t  l i g h t  m u st  he u s e d  t o  d i s s o c i a t e  t h e  d i n e r .  

A l s o  t h e  UV r a d i a t i o n  n a y  c a u s e  s i d e  r e a c t i o n s  o f  n i t r o s o  

compounds  w i t h  t h e  f o r m a t i o n  o f  u n c e s i r e d  r a d i c a l s .  The 

m ost  common compound f o r  t r a p p i n g  s t u d i e s  i s  n i t r o s o -  

t e r t i a r y  b u t a n e ,  w h i c h  w a s  u s e d  f o r  s t u d i e s  p e r f o r m e d  i n  

t h i s  w o r k .

2 .  L i t e r a t u r e  S u r v e y  f o r  E'SR S p e c t r o s c o p y

1 .  2SR S t u d i e s  o f  M e t h a c r y l a m i d e  P o l v m e r i z a t i o n

B e f o r e  p r o c e e d i n g  t o  t h e  s t u d y  o f  p o l y m e t h a c r y l a m i d e  

p e r h a p s  i t  w o u l d  he i n s t r u c t i v e  t o  d i s c u s s  r e s u l t s  o f  HSR 

e x p e r i m e n t s  o b t a i n e d  f r o m  t h e  p o l y m e r i s a t i o n  o f  t h e  

monomer m e t h a c r y l a m i d e .  U ed a  ( 11 ) p r e p a r e d  s i n g l e  

c r y s t a l s  o f  m e t h a c r y l a m i d e .  S u b s e q u e n t l y  t h e s e  c r y s t a l s  

were i r r a d i a t e d  w i t h  gamma r a y s  a t  2 8 8 °K .  The r e a c t i o n s  

b e l i e v e d  t o  o c c u r  upon i r r a d i a t i o n  o f  m e t h a c r y l a m i d e  a r e  

shown b e l o w :
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R« -I- Monomer >- R — C H o - C ~ C H - 3
I

0 = C - N H 2

Radical

One p o s s i b i l i t y  i s  t o  h a v e  c l e a v a g e  o f  t h e  c a r b o n  —

carbon  bond a t  t h e  amide g r o u p .  I t  nay a l s o  be p o s s i b l e

f o r  h y d r o g e n  a b s t r a c t i o n  f r o m  t h e  m e t h y l  g r o u p .  A f r e e

r a d i c a l  may r e a c t  w i t h  monomer t o  i n i t i a t e  p o l y m e r i z a t i o n .  
>\ / /
R a d i c a l  1 w o u l d  be o b t a i n e d .  An ESR s p e c t r u m  was r e ­

c o r d e d  f o r  t h e  sa m ple  o f  i r r a d i a t e d  m e t h a c r y l a m i d e  and  

i s  shown i n  E i g u r e  5 .

12
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2 3  G

F i g u r e  5 .  nSR s p e c t r u m  o f  i r r a d i a t e d  

m e t h a c r y l a m i d e  a t  2 9 3 ° K .

The RSR s p e c t r u m  o f  i r r a d i a t e d  m e t h a c r y l a m i d e  shows

two s e t s  o f  l i r . e s .  F i r s t  t h e r e  i s  an a n i s o t r o p i c  s e x t e t

w h ic h  i s  b e l i e v e d  t o  a r i s e  f rom  a f r e e  r a d i c a l  w i t h  t h e

u n p a i r e d  e l e c t r o n  or a n i t r o g e n  a t o m .  S e c o n d  t h e r e  i s

an i s o t r o p i c  q u i n t e t  w i t h  a h y p e r f i n e  s p l i t t i n g  o f  23

G a u s s .  The q u i n t e t  i s  b e l i e v e d  t o  a r i s e  f r o m  r a d i c a l  1 .

h e r e  i t  w a s  e x p l a i n e d  t h a t  t h e  t h r e e  m e t h y l  p r o t o n s  and
//

one o f  t h e  b e t a  m e t h y l e n e  p r o t o n s  f r o m  r a d i c a l  1 were  

i n t e r a c t i n g  w i t h  t h e  u n p a i r e d  e l e c t r o n .  T h i s  e x p l a n a t i o n  

would a c c o u n t  f o r  t h e  f i v e  l i n e  s p e c t r u m  w i t h  a p p r o x i m a t e  

b i n o m i a l  i n t e n s i t y  d i s t r i b u t i o n  o f  l : 4 : c : 4 : l .

more r e c e n t l y  an FSR s t u d y  was  made on t h e  t r e e  

r a d i c a l  p h o t o i n i t i a t e d  p o l y m e r i z a t i o n  o f  m e t h a c r y l a m i d e  

i n  a r i g i d  g l a s s  o f  m e t h a n o l  a t  l e w  t e m p e r a t u r e  ( 12 ) .

The r e a c t i o n s  f o r  p h o t o i n i t i a t e d  p o l y m e r i z a t i o n  a r e  

shown b e l o w ;
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FeCU +  CH30H ------ > »CH2OH +FbCI2 -FHCI

•CHgOH +  CH2= C -C H 3 _ _ _

° =C - NH2 oU - N H 2

'  Radical I

R a d i c a l  1 w o u l d  be o b t a i n e d  during:  p o l y m e r i s a t i o n .  The  

s a m p le  w as  h e l d  a t  - 1 4 0 ° C  f o r  s e v e r a l  m i n u t e s  and t h e n  

t h e  t e m p e r a t u r e  was l o w e r e d  t o  - 1 6 G ° C .  The £SR s p e c t r u  

r e c o r d e d  f o r  t h i s  s a m p l e  i s  d e p i c t e d  i n  F i g u r e  6 .

22 G

F i g u r e  6 . ESR s p e c t r u m  o b t a i n e d  c u r i n g  

t h e  p o l y r r . e r i z a t i o n  o f  m e t h ­

a c r y l a m i d e  .
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A f i v e  l i n e  s p e c t r u m  w i t h  a h y p e r f i n e  c o u p l i n g  o f

22 G a u s s  w a s  o b t a i n e d .  The i n t e n s i t i e s  r a t i o  o f  t h e

l i n e s  i s  a p p r o x i m a t e l y  1 : 4 : 6 : 4 : 1 .  T h i s  s p e c t r u m  i s  h e ­
x' //l i e v e d  t o  a r i s e  f r o m  r a d i c a l  1 .  Tne b a s i s  f o r  t h i s  

a s s i g n m e n t  w a s  t h a t  f o u r  e q u i v a l e n t  p r o t o n s  w e r e  i n t e r ­

a c t i n g  w i t h  t h e  u n p a i r e d  e l e c t r o n .  T h r e e  o f  t h e s e  

p r o t o n s  w e r e  f r o r .  t h e  m e t h y l  g r o u p  and one p r o t o n  from 

t h e  b e t a  m e t h y l e n e  g r o u p .  T h ere  w as  no  m e a s u r a b l e  i n t e r ­

a c t i o n  o f  t h e  s e c o n d  b e t a  m e t h y l e n e  p r o t o n  w i t h  t h e  

u n p a i r e d  e l e c t r o n .

2 .  i T i t r o s o  Compounds a s  S p in  T r a p p i n g  h u e r . t s

K i t r o s o  c o m p o u n ds  and n i u r o r . e s  h a v e  b e e n  e m p lo y e d  

a s  t r a p p i n g  a g e n t s .  R a d i c a l  i n t e r m e d i a t e s  may r e a c t  

w i t h  n i t r o s o  c o m p o u n d s  t o  fo r m  s t a b l e  n i t r o x i d e  r a d i c a l s  

w h i c h  may b e  s t u d i e d  by t h e  L'SR t e c h n i q u e . X i t r o s o -  

t e r t i a r y  b u t a n e  ( K t 3 )  h a s  b e e n  w i d e l y  u s e d  a s  a t r a p p i n g  

a g e n t .

K i t r o s o a l k a n e s  h a v e  b e e n  fo u n d  t o  e x i s t  i n  a d i m e r i c  

form w h i c h  i s  i n  e q u i l i b r i u m  v / i t h  t h e  m o n o m e r ic  form ( 13 ) 

( 1 4 ) .

(RNO)2 - - - »  2 RNO
monomer 

d im er

-■
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i ; t £  t e n d s  t o  e x i s t  i n  a c i n e r i c  form  w h i c h  i s  c o l o r l *  s s .  

The monomer h a s  a  b l u e  c o l o r .  The d i m e r  i s  i s , a c t i v e  a s  

a t r a p p i n g  a g e n t .  The r .on cm er ic  form o f  t h e  compound 

must be g e n e r a t e d  fr o m  t h e  d im e r  by h e a t  o r  p h o t o l y s i s .  

The m on om er ic  f o r m  may t h e n  u n d e r g o  f r e e  r a d i c a l  r e a c ­

t i o n s .  The m onom er  fo r m  o f  E tS  h a s  t h e  d i s a d v a n t a g e  o f

b e i n g  t h e r m a l l y  a n d  p h o t o c h e m i c a l l y  u n s t a b l e .  The s i d e

r e a c t i o n s  t h a t  h t B  may u n d e r g o  a r e  shown b e l o w :

CH3 c h 3
CH, - C- N= 0  — CH —C* +  -NO 3 | 3 |

CH3 CH3

3
CH^-C* 4 - N t B ----------------- > tB u—N - tB u

3  1 I

CH3 ?

Kt£ i s  b r o k e n  down i i j t o  a m e r t i a r y  b u t y l  f r e e  

r a d i c a l  and n i u r o g e n  o x i d e .  The t - b u t y l  r a d i c a l  may be  

t r a p p e d  by h t £  t o  y i e l d  t h e  d i t e r t i a r y b u t y l  n i t r o x i d e  

r a d i c a l .  I f  on e  w are  t o  p h o t o l y z e  a  s a m p l e  in  th e  

p r e s e n c e  c f  h'tS a  t - b u t y l  r a d i c a l  w i l l  be  g e n e r a t e d  in  

a d d i t i o n  t o  w h a t e v e r  r a d i c a l s  are  o b t a i n e d  from, th e  

s a m p le .  S i n c e  many d i f f e r e n t  r a d i c a l s  may be t r a p p e d ,  

c o m p l i c a t e d  T_SI\ s p e c t r a  may r e s u l t .  h o w e v e r  i f  an e x c e s s  

o f  sam.ple e v e r  X t 3  i s  u s e d  t h e n  th e  f o r m a t i o n  o f  i m p u r i t y
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n i t r o x i d e s  w i l l  "be m i n i m i z e d . ExE was p h o t o l y z e d  w i t h  

r e d  l i g h t  ( w a v e l e n g t h  = 6 8 0  n m . )  and an ESR s p e c t r u m  

was o b t a i n e d .  T h i s  s p e c t r u m  i s  shown i n  F i g u r e  7 .

5 G 
<— »

F i g u r e  7 .  ESR s p e c t r u m  o f  i r r a d i a t e d  E t 3  

a t  - 2 5 ° C .

The t h r e e  l i n e  s p e c t r u m  i s  a s s i g n e d  t o  t h e  d i - t -  

b u t y l  n i t r o x i d e  f r e e  r a d i c a l .  The m e a s u r e d  h y p e r f i n e  

s p l i t t i n g  i s  1 5 . 7  G a u s s .  V.'hen RtB w as  i r r a d i a t e d  w i t h  

gamma r a y s  ( 1 6 )  d i - t - b u t y l  n i t r o x i d e  was  o b t a i n e d .  A 

t h r e e  l i n e  s p e c t r u m  w i t h  c o u p l i n g  o f  1 7 . 2  w as  r e p o r t e d .  

The d i f f e r e n c e  i n  t h e  h y p e r f i n e  s p l i t t i n g s  may be a t ­

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

O t h e r  n i t r o s o  com pounds  h a v e  b e e n  e m p l o y e d  a s  t r a p ­

p i n g  a g e n t s  s u c h  a s  n i t r o s o  b e n z e n e  and 2 , 4 , 6 - t r i - t -  

b u t y l  n i t r o s o  b e n z e n e .  S i n c e  t h e  s a m p l e s  s t u d i e d  i n  

t h i s  work w e r e  w a t e r  s o l u b l e ,  KtB w as  s e l e c t e d  a s  t h e  

t r a p p i n g  a g e n t  b e c a u s e  o f  i t s  a p p r e c i a b l e  s o l u b i l i t y  

i n  w a t e r .
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O ts u  and c o w o r k e r s  ( 1 7 )  a p p l i e d  t h e  s p i n  t r a p p i n g  

t e c h n i q u e  t o  t h e  p o l y m e r i z a t i o n  o f  some m e t h a c r y l a m i d e  

d e r i v a t i v e s .  A t t e m p t s  w ere  made on t h e  p o l y m e r i z a t i o n  

o f  IT-meth yl m e t h a c r y l a m i d e  and IT, IT—g i  m e th y l  me t h a c r y l -  

a n i d e .  D i t e r t i a r y b u t y l  p e r o x y o x a l a t e  was u s e d  a s  a f r e e  

r a d i c a l  i n i t i a t o r  i n  a b e n z e n e  s o l u t i o n  o f  t h e  monomer  

w i t h  ITtB. F i g u r e  8 d e p i c t s  t h e  BSR s p e c t r u m  r e c o r d e d  

f o r  IT-m eth y l  m e t h a c r y l a m i d e .

10 G

F i g u r e  8 .  mSR spectrum  f o r  s p i n

t r a p p i n g  d u r in g  p o l y m e r ­

i z a t i o n  o f  IT-methyl  

me t h a c r y la m id  e .
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A t h r e e  l i n e  s p e c t r u m  w i t h  c o u p l i n g  o f  1 5 . 5  G a u s s  

i s  o b t a i n e d .  The r e a c t i o n s  b e l i e v e d  t o  o c c u r  f o r  

p o l y m e r i z a t i o n  -  s p i n  t r a p p i n g  o f  K - m e t h y l  m e t h a c r y l a m i d e  

a r e  shown, b e l o w :

o  o

t'BuO—0 —C—C—0 —OtBu ---------->-2tBuO* +  2C02

tBuO* +  C H =C -C H 3
■CHo-C-CH-

0 = C -N -C H , 2 I 3
■N

t i

0 = C -N -O H , 
H /  I

NtB

^ 3 1  
•CHo-C- N -tB u 

2 I
o= c - n - ch3

H

The t - b u t c x y  r a d i c a l  i n i t i a t e s  p o l y m e r i z a t i o n  o f  

K - m e t h y l  m e t h a c r y l a m i d e  t o  y i e l d  a p r o p a g a t i n g  f r e e  

r a d i c a l .  The K - m e t h y l  m e t h a c r y l a m i d e  r a d i c a l  i s  t h e n  

t r a p p e d  b y  K t 3  t o  g i v e  an a d d u c t  r a d i c a l .  The ESR 

s p e c t r u m  o f  F i g u r e  8 i s  a s s i g n e d  t o  t h e  t r a p p e d  

p r o p a g a t i n g  r a d i c a l .

■> a
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N , K - d i m e t h y l  m e t h a c r y l a m i d e  was  foun d  t o  b e h a v e  i n  

a d i f f e r e n t  w a y .  When t h i s  monomer w a s  a l l o w e d  t o  

r e a c t  w i t h  t h e  t - b u t o x y  r a d i c a l  and N tB ,  h y d r o g e n  a b ­

s t r a c t i o n  f r o m  one o f  t h e  N - m e t h y l  g r o u p s  o c c u r r e d .

The r e a c t i o n  schem e i s  shown b e l o w :

- f  tBuO  CH^

o- c - n (c h3)2 o= c- n - ch3

tBuOH

CH^-C ^ ^ 3  

O ^ C - N - C H g - N - t B u

CH, 0 
o  •

The s t r u c t u r e  o f  t h e  a d d u c t  i s  s h o w n .  T h i s  r e s u l t  

r e f l e c t s  t h e  f a c t  t h a t  r a d i c a l  h o m o p o l y m e r i z a t i o n  o f  

N , N - d i m e t h y l  m e t h a c r y l a m i d e  i s  v e r y  d i f f i c u l t  on t h e  

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

?0
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4 .  E SR. . S t u d i e s o f  A n e l o r  Compounds

Two l o w  m o l e c u l a r  w e i g h t  a n a l o g s  f o r  p o l y n e t h a c r y l -  

a n i d e  a r e  i s o b u t y r s n i d e  and p i v a l a m i d e  w i t h  t h e  

s t r u c t u r e s  sh ew n  b e l o w :

H  
I

CH — C -C H ,
3  | 3

0 — C — N H 2
I s o du t y  r  am i  d e

K u s t g i  and R i e s z  ( I S ) ( 1 9 )  made ESR s p i n  t r a p p i n g  

s t u d i e s  on many amide compounds  i n c l u d i n g  i s o b u t y r a r i o e  

ana p i v a l a m i d e . A qu eous  s o l u t i o n s  o f  am ide  com pounds  

w ere i r r a d i a t e d  w i t h  u l t r a v i o l e t  l i g h t  i n  t h e  p r e s e n c e  

o f  h y d r o g e n  p e r o x i d e  and !Ct3. F r e e  r a d i c a l s  p r o d u c e d  

upon r e a c t i o n  o f  OH r a d i c a l s  w i t h  amide com p ou n ds  w ere  

i d e n t i f i e d  t h r o u g h  t h e  s p i n  t r a p p e d  a d d u c t s .

V.’h e n  i s o b u t y r a m i d e  was i r r a d i a t e d  i n  t h e  p r e s e n c e  

o f  Hn0„ and R t 3 ,  t h e  ESR s n ec tru rc  o f  F i g u r e  9 was  c b -2 cL ’
t a i n e d .  The f r e e  r a d i c a l s  shown w e r e  o b t a i n e d .

V
CH-j-C—CH, C H ,-C -C H 0*

3  | 0  3  | 2
0 —C—Nft> 0 = C -N H 2

CH3

CHmC CH, 
3 I 3

o = c- n h 2
P i v a l a m i d e

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



10 G

F i g u r e  9 .  ESR s p e c t r u m  o f  i r r a d i a t e d  i s o — 

b u t y r a r a id e  w i t h  HgO^ and N t 3  i n  

D20 a t  room t e m p e r a t u r e .

When p i v a l a m i d e  was i r r a d i a t e d  i n  t h e  p r e s e n c e  o f  

H20 2 and N t B ,  t h e  s p e c t r u m  shown i n  F i g u r e  10  w a s  o b ­

t a i n e d .  The s t r u c t u r e  o f  t h e  r a d i c a l  t h a t  w as  t r a p p e d  

i s  a l s o  s h o w n .

— J

'

p i
r

J
[ * — J

• 0 c

CH 
I

3

r 2  | 3

o = c - n h 2

f i g u r e  1 0 .  ESR s p e c t r u m  o f  i r r a d i a t e d  p i v a l a m i d e

w i t h  H20 2 and NtB i n  D2 0 a t  room t e m p e r a ­

t u r e  .
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The u l t r a v i o l e t  p h o t o l y s i s  o f  f o r m a n i d e  w i t h  NtB  

i n  a q u e o u s  s o l u t i o n  w a s  a l s o  p e r f o r m e d .  An ESR s p e c ­

trum w a s  o b t a i n e d  and i s  shown i n  F i g u r e  1 1 .  The 

s t r u c t u r e  o f  t h e  a d d u c t  r a d i c a l  i s  g i v e n .

F i g u r e  1 1 .  B3R s p e c t r u m  o f  i r r a d i a t e d  fo rm a m id e  

w i t h  NtB i n  I^O a t  room  t e m p e r a t u r e .

T h i s  t h r e e  l i n e  s p e c t r u m  was a s s i g n e d  t o  t h e  NtB  

a d d u c t  o f  t h e  amide f r e e  r a d i c a l .  The h y p e r f i n e  

c o u p l i n g  o f  1 0 . 4 5  G a u s s  i s  t y p i c a l  o f  t r a p p e d  a c y l  

f r e e  r a d i c a l s .
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I I .  r o l v n e r  I r e tr .P5. t i o n  and C h a r a c t e r i s a t i o n  by C - 1 3  HKR

The o b j e c t i v e  o f  t h i s  r e s e a r c h  w as  t o  s t u d y  t h e  

d e g r a d a t i o n  o f  a  s e r i e s  o f  m e t h a c r y l a t e  t y p e  p o l y m e r s  by  

u l t r a v i o l e t  and gamma r a d i a t i o n .  K e t h a c r y l a t e  t y p e  

p o l y m e r s  s u c h  a s  r'.'V.A have  a known t e n d e n c y  tow ard  d e ­

g r a d a t i o n  w i t h  main  c h a i n  s c i s s i o n  and may b e  u s e f u l  a s  

p o s i t i v e  tyr;e  r e s i s t s .  The p o l y m e r s  s e l e c t e d  i n  t h i s  

work w e r e  t h e  f o l l o w i n g :

1 . P o l y m e t h a c r y l a m i c e  ( h i g h  m o l e c u l a r  w e i g h t )

2 .  P o l y - m e t h a c r y l a m i d e  ( l o w  m o l e c u l a r  w e i g h t )

3 .  C o p o l y m e r s  o f  m e t h a c r y l a m i d e  w i t h  m e t h y l  m e t h a c r y l a t e

4 .  P o l y ( i s o b o r n y l  m e t h a c r y l a t e )

The a f o r e m e n t i o n e d  p o l y m e r s  w ere  p r e p a r e d  by f r e e  

r a d i c a l  m e t h o d s .  H ig h  m o l e c u l a r  w e i g h t  PHAAm was p r e p a r e d  

by r e d o x  p o l y m e r i z a t i o n  o f  m e t h a c r y l a m i d e  i n  a q u e o u s  

s o l u t i o n  a t  room  t e m p e r a t u r e .  P.'-LiAm w i t h  m o l e c u l a r  

w e i g h t  o f  38,000  was  p r e p a r e d  by b e n z o y l  p e r o x i d e  

i n i t i a t e d  p o l y m e r i z a t i o n  i n  r e  f l u x i n g  t o l u e n e .  Low 

c o n v e r s i o n  c o p o l y m e r s  w i t h  v a r y i n g  c o m p o s i t i o n s  o f  

m e t h a c r y l a m i d e  w i t h  m e t h y l  m e t h a c r y l a t e  w e r e  p r e p a r e d  

i n  e t h a n o l  a t  70°C w i t h  b e n z o y l  pjc-roxide ££  i n i t i a t o r .

P o l y ( i s o b o r n y l  m e t h a c r y l a t e )  was  p r e p a r e d  by b u l k  p o l y ­

m e r i z a t i o n  o f  t h e  monomer a t  £ 5 ° C .
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C a r b o n - 1 5  KKR i s  a p o w e r f u l  t e c h n i q u e  f o r  th e  

c h a r a c t e r i s a t i o n  o f  s t e r e o c h e m i c a l  c o n f i g u r a t i o n  i n  

v i n y l  p o l y m e r s  ( 2 0 ) .  In a d d i t i o n  t o  t h e  e l i m i n a t i o n  o f  

i n h e r e n t  p r o b l e m s  o f  p r o t o n  NKR, c a r b o n - 1 3  s p e c t r o s c o p y  

may be u s e d  t o  e l u c i d a t e  p o l y m e r  t a c t i c i t y  and s t r u c t u r a l  

s e q u e n c e  i n  p o l y m e r i c  s a m p l e s .

P u l s e  F o u r i e r  t r a n s f o r m  C - 1 3  NMR s p e c t r o s c o p y  h a s  

b e e n  u s e d  t o  s t u d y  some common v i n y l  p o l y m e r s  i n c l u d i n g  

p o l y s t y r e n e ,  p o l y p r o p y l e n e  and PHKA ( 2 1 ) .  For  e a c h  

p o ly m e r  s t u d i e d  s t e r e o c h e m i c a l  f i n e  s t r u c t u r e s  w ere  o b ­

s e r v e d .  F i g u r e  1 2  i l l u s t r a t e s  an a p p l i c a t i o n  o f  C -1 3  

NKR t o  p o l y m e r  s t r u c t u r e  ( 2 2 ) .

c a r b o n y l q u a r t e r n a r y

1 8 0  170 
OCHj

CH3 HMDS

60 - 50  40  30  20 10 0 ppm

F i g u r e  1 2 .  2 5 . 2  KHz C - 1 3  KKR s p e c t r u m  o f  PKMA i n

t r i c h l o r o b e n z e n e  a t  1 2 0 ° C .
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F o r  PKMA t h e  a l p h a  m e t h y l  c a r b o n ,  q u a r t e r n a r y  c a r b o n  

and c a r b o n y l  c a r b o n  a l l  show t r i a d  s e n s i t i v i t y  (mm; t h e  

i s o t & c t i c  t r i a d ,  r r ;  t h e  s y n d i o t a c t i c  t r i a d  and mr; t h e  

a t a c t i c  t r i a d ) .  The m e t h y l e n e  c a r b o n  shows  d i a d  s e n s i t i ­

v i t y  ( m e s o  and r a c e m i c ) .  The s p e c t r u m  i n d i c a t e s  t h a t  t h e  

sa m ple  h a s  a p r e d o m i n a n c e  o f  s y n d i o t a c t i c  c h a r a c t e r .

C a r b o n - 1 3  NKR may a s s i s t  o n e  t o  d e t e r m i n e  i f  p o l y m e r ­

i z a t i o n  f o l l o w s  3e r n o u l l i a n  s t a t i s t i c s  ( i . e . . ,  t h a t  p o l y ­

m e r i z a t i o n  i s  s t e r e o s p e c i f i c a l l y  r a n d o m ) .  V/ith  a s i n g l e  

s t a t i s t i c a l  p a r a m e t e r  s u c h  a s  f  ( t h e  f r a c t i o n  o f  r a c e m i c  

d i a a s )  o n e  may p r e d i c t  t h e  f r a c t i o n s  o f  h i g h e r  o r d e r  

s e q u e n c e s  s u c h  a s  t r i a d s  and t e t r a d s .  I f  B e r n o u l l i a n  

s t a t i s t i c s  a r e  o b e y e d  a t  t h e  t r i a d  l e v e l  t h e n  th e  

t h e o r e t i c a l  f r a c t i o n s  o f  t r i a d  s e q u e n c e s  a r e  g i v e n  by  

t h e  f o l l o w i n g  r e l a t i o n s :

f (mm) = f m2

f ( r r )  = f  2 \ / r

f ( m r )  =  2f  f  ' ' m r

In  g e n e r a l  v i n y l  p o l y m e r s  p r o d u c e d  by f r e e  r a d i c a l  

r e a c t i o n s  a t  e l e v a t e d  t e m p e r a t u r e s  f o l l o w  T e r n o u l l i a n  

s t a t i s t i c s  w h e r e a s  p o l y m e r s  p r o d u c e d  b y  i o n ic ,  r e a g e n t s  

g e n e r a l l y  d o  n o t .  F or  i o n i c  p o l y m e r i z a t i o n  t h e  g r o w i n g  

c h a i n  e n d  i n f l u e n c e s  t h e  p l a c e m e n t  o f  t h e  i n c o m i n g  

monomer u n i t .

r
. O
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The r . i c r o t a c t i c i t y  o f  p o l y n e t h a c r y l o n i t r i l e  p ro d u ced  

a t  8 0 °C  by f r e e  r a d i c a l  p o l y m e r i z a t i o n  was r e p o r t e d  ( 2 3 ) .  

The m e t h y l  r e g i o n  e x h i b i t e d  t r i a d  s e n s i t i v i t y  w i t h  some 

f u r t h e r  s p l i t t i n g  to  p entad  s t r u c t u r e s .  The m e t h y l e n e  

r e g i o n  shewed  p a r t i a l  r e s o l u t i o n  o f  t e t r a d  s t r u c t u r e s .  

However t h e  q u a r t e r n a r y  and n i t r i l e  c a r e e n s  showed no  

f i n e  s t r u c t u r e .  At th e  t r i a d ,  t e t r a d  and p e n t a d  l e v e l s  

p o l y m e t h a c r y l o n i t r i l e  c l o s e l y  f o l l o w e d  B e r n o u l l i a n  

s t a t i s t i c s .

P o l y ( m e t h a c r y l i c  a c i d )  w as  s y n t h e s i z e d  i n  s e v e r a l  

s t e r e o r e g u l a r  f o r m s  ( 2 4 ) .  C a r b o n y l  and m e t h y l  c a r b o n  

r e s o n a n c e s  w e r e  u s e d  t o  e v a l u a t e  t h e  p r o p o r t i o n s  o f  

t r i a d  f r a c t i o n s .  I s o t a c t i c  p o l y ( m e t h a c r y l i c  a c i d )  w as  

p r e p a r e d  b y  a n i o n i c  p o l y m e r i z a t i o n  o f  t r i m e t h y l s i l y l  

m e t h a c r y l a t e  f o l l o w e d  by h y d r o l y s i s .  The i s o t a c t i c  

s a m p l e  c o n t a i n e d  93% mm t r i a d s .  The s y n d i o t a c t i c  s a m p l e  

was p r e p a r e d  by gamma i r r a d i a t i o n  i n  i s o p r o p a n o l  a t  - 7 3 ° C .  

The s y n d i o t a c t i c  sam ple  c o n t a i n e d  85% r r  t r i a d s .  A t a c t i c  

p o l y ( m e t h a c r y l i c  a c i d )  w as  p r e p a r e d  a t  6C°C w i t h  AIBN a s  

i n i t i a t o r .  The l a t t e r  p o l y m e r  c o n t a i n e d  44% rnr t r i a d s  

and c l o s e l y  f o l l o w e d  B e r n o u l l i a n  s t a t i s t i c s .

A n o t h e r  p o l y m e r  o f  i n t e r e s t  t h a t  h a s  b e e n  s t u d i e d  by  

C -13  HHR i s  p o l y a c r y l a m i d e  (PAM) ( 2 5 ) .  The n e t h i n e  

r e g i o n  o f  PA.M ( 4 2 . 4  t o  4 3 . 2  ppm) sh ow ed  t r i a d  s e n s i t i v i t y  

w i t h  f u r m h e r  s p l i t t i n g  t o  p e n t a d s .  The m e t h y l e n e  r e g i o n  

( 3 4 . 5  t o  3 7 . C ppm) showed h e x a d  r e s o n a n c e s .  The f r a c t i o n
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o f  me s o  p l a c e m e n t  v;as 0 . 4 3 *  Rased ora t h i s  v a l u e  t h e  

t h e o r e t i c a l  f r a c t i o n s  f o r  p e n t a d  and h e x a d  s e q u e n c e s  

w ere  c a l c u l a t e d .  G or .par ison  w i t h  t h e  o b s e r v e d  i n t e n ­

s i t i e s  r e v e a l e d  t h a t  PAK c l o s e l y  f o l l o w e d  B e r n o u l l i a n  

s t a t i s t i c s  a t  t h e  p e n t a d  and h exad  l e v e l s .

H a t a d a  and c o w c r k e r s  ( 2 6 )  s t u d i e d  a s a m p le  o f  PKAAm 

p r o d u c e d  h y  a  r e c c x  t y p e  p o l y m e r i z a t i o n . 50  KHz c a r b o n

s p e c t r a  w e r e  r e p o r t e d  f o r  t h e  p o l y m e r  i n  d -6  e t h y l e n e  

g l y c o l  a t  1 0 0 ° C .  The p o l y m e r  was  p r e d o m i n a n t l y  s y n d i o ­

t a c t i c  i n  n a t u r e .  The f r a c t i o n  o f  r r  t r i a d s  c o n s i d e r i n g  

t h e  a l p h a  m e u h y l  r e s o n a n c e  was 0 . 6 4 .  T h i s  r e s u l t  was  i n

c l o s e  a g r e e m e n t  w i t h  f  = 0 . 8 5  bv a s s u r i n g  B e r n o u l l i a nr
s t a t i s t i c s .  P e n t a d  s p l i t t i n g s  w ere  o b s e r v e d  f o r  t h e  

c a r b o n y l  c a r b o n  and t h e  q u a r t e r n a r y  c a r b o n  e x h i b i t e d  

t r i a d  s e n s i t i v i t y .

The p o l y m e r  s a m p l e s  p r e p a r e d  i n  t h e  p r e s e n t  work  

w ere  c h a r a c t e r i z e d  by C-13 NKR t o  o b t a i n  i n f o r m a t i o n  

a b o u t  t h e i r  t a c t i c i t i e s .  R edox  ?KA.-.n and BKAAm made by 

b e n z o y l  p e r o x i d e  i n i t i a t e d  p o l y m e r i z a t i o n  w ere  d i s s o l v e d  

i n  D^O -  H^O m i x t u r e s  w i t h  u r e a .  F i o x a n e  was  a d d ed  f o r  

r e f e r e n c i n g  w i t h  r e s p e c t  t o  TKS. The d i o x a n e  c a r b o n  

s h i f t  a p p e a r s  a t  6 7 . 4  p pn.  P o l y m e r  c o n c e n t r a t i o n  was  in  

t h e  r a n g e  o f  lOyf t o  15^ by w e i g h t .  The NKR s p e c t r u m  f o r  

PK.i.im p r o d u c e d  a t  h i g h  t e m p e r a t u r e  a p p e a r s  i n  F i g u r e  13'. 

The s p e c t r a l  p a r a m e t e r s  and a s s i g n m e n t s  a r e  g i v e n  i n  

T a b l e  1 .
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T a b le  1 .  S p e c t r a l  d a t a  f o r  PHAAra p r o d u ced  a t  

h i g h  t e m p e r a t u r e .

P a r a m e t e r s :

R e l a x a t i o n  D e l a y :  1 . 0  s e c o n d
o

P u l s e  Vi' idth: 60  

L ine  B r o a d e n i n g :  1 Hz 

Number o f  S c a n s :  2 , 7 1 5  

T e m p e r a t u r e :  90°C

Q u a n t i t a t i v e

A s s i g n m e n t S h i f t  (ppm) D e t d . C a l c .

m e t h y l  mm 0 . 0 0 0 . 0 7

" mr 1 9 . 5 0 . 4 7 0 . 4 0

ii r r 1 8 . 1 0 . 5 3 0 . 5 3

Q u a r t e r n a r y  nm 4 7 . 1
f , . 11 o • 'w 

J
" rar 4 6 . 4

r

ii n - 4 6 . 1

M e t h y le n e  r 5 5 . 0

C a r b o n y l  mrrr 1 8 3 . 4

" . r r r r 1 8 3 . 1

" rmrr 1 8 2 . 5

"  Imide 1 8 0 . 4
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The a l p h a  m e t h y l  r e g i o n  o f  t h e  K.’FR s p e c t r u m  was  

s t u d i e d  q u a n t i t a t i v e l y  f o r  t h e  e v a l u a t i o n  o f  t r i a d  

f r a c t i o n s .  A r e l a x a t i o n  d e l a y  o f  on e  s e c o n d  w as  u s e d  

s i n c e  t h i s  s h o u l d  be  s u f f i c i e n t  f o r  q u a n t i t a t i v e  a c c u r a c y .

C a r b c n - 1 3  r e l a x a t i o n  t i n e s  h a v e  b e e n  r e p o r t e d  f o r  

PKKA ( 2 7 ) .  ? o r  p y r i d i n e  s o l u t i o n s  o f  PM-IA a t  1 0 0 ° C  th e  

a l p h a  m e t h y l  C - 1 3  o f  s y n d i o t a c t i c  PKMA had a  T^ v a l u e  o f  

0 . 2 0 0  s e c o n d .  The s a n e  r e s o n a n c e  i n  i s o t a c t i c  FKKA had a  

T-, v a l u e  o f  0 . 3 7 7  s e c o n d .  A p p a r e n t l y  t a c t i c i t y  h a s  an 

i n f l u e n c e  on t h e  T-, v a l u e  f o r  c a r b o n s  i n  a g i v e n  p o l y n e r .  

The p o l y m e r s  s t u d i e d  h e r e  showed no m e a s u r a b l e  am ou n ts  

o f  nun t r i a d s .  I t  w as  t h e n  a ssu m ed  t h a t  t h e  r e l a x a t i o n  

t i m e  o f  t h e  a l p h a  m e t h y l  c a r b o n  i n  PMAjti w a s  a b o u t  0 . 2  

s e c o n d .  A r e l a x a t i o n  d e l a y  o f  one s e c o n d  w a s  t h e n  u s e d .

I t  was a l s o  a s s u m e d  t h a t  t h e  NOE f a c t o r s  f o r  m e t h y l  

c a r b o n s  i n  d i f f e r e n t  t r i a d s  w i l l  a l l  be a b o u t  t h e  s a n e .

F or  PI-'AArc p r e p a r e d  a t  h i g h  t e m p e r a t u r e  i t  a p p e a r s

t h a t  t h e  r r  t r i a d  i s  s l i g h t l y  f a v o r e d  o v e r  t h e  n r  t r i a d .

The c a l c u l a t e d  f r a c t i o n  o f  r r  t r i a d s  i s  0 . 3 3 .  I f  &

s t a t i s t i c a l  r . a r a n e t e r  o f  f  = 0 .7 3 '  i s  a s s u m e d  t h e n  ar
c l o s e  f i t  w i t h  B e r n o u l l i a n  s t a t i s t i c s  i s  o b s e r v e d .  The 

q u a r t e r n a r y  r e s o n a n c e  was  s p l i t  i n t o  t h r e e  p e a k s .  In  

t h e  m e t h y l e n e  r e g i o n  o n l y  t h e  racerr . ic  r e s o n a n c e  c o u l d  be 

o b s e r v e d .  In t h e  c a r b o n y l  r e g i o n  t h r e e  p e n t a d  r e s o n a n c e s  

w ere  a s s i g n e d ; t w o  o f  w h i c h  w ere  r r  c e n t e r e d  and one  o f

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



which ,  was  rar c e n t e r e d .  An a d d i t i o n a l  r e s o n a n c e  i n  t h e  

c a r b o n y l  r e g i o n  was a l s o  d e t e c t e d .  T h i s  r e s o n a n c e  nay  

a r i s e  f r o m  a  c a r b o n y l  c a r b o n  i n  an irn ide  t y p e  s t r u c t u r e :

The l a t t e r  c a r b o n y l  r e s o n a n c e  a p p e a r e d  a t  I S O . 4 ppm 

w h i c h  s e e m s  t o  be o u t  o f  t h e  r a n g e  o f  t h e  r e s o n a n c e s  

a s s i g n e d  t o  t h e  s t e r e o t a c t i c  p e n t a d s .  The compound  

3 , 3 - d i m e t h y l  g l u t a r i r a i d e  was  i n v e s t i g a t e d  by C -1 3  NKR. 

The c a r b o n y l  r e s o n a n c e  f o r  t h i s  compound a p p e a r e d  a t  

1 7 6 . 9  ppm.

The s h i f t s  f o r  PMAAm i n  a q u e o u s  u r e a  s o l u t i o n  a re  

a b o u t  o n e  t o  tw o  p a r t s  p e r  m i l l i o n  down f i e l d  f r o m  trie 

s h i f t s  o b t a i n e d  when d - 6  e t h y l e n e  g l y c o l  was  u s e d  a s  

s o l v e n t .

The C - 1 3  KHR s p e c t r u m  o f  F.MAAin p r o d u c e d  by  t h e  

r e d o x  m e t h o d  i s  g i v e n  i n  F i g u r e  14 .  The s p e c t r a l  

p a r a m e t e r s  and a s s i g n m e n t s  a r e  l i s t e d  i n  T a b l e  2 .

Q u a n t i t a t i v e  a n a l y s i s  o f  t h e  m e t h y l  r e g i o n  o f  t h e  

a f o r e m e n t i o n e d  p o l y m e r  r e v e a l e d  13% mr t r i a d s  and 82%

H

9
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T a b l e  2 .  S p e c t r a l  d a t a  and a s s i g n m e n t s  T o r  FKAAm 

p r o d u c e d  a t  room t e m p e r a t u r e .

P a r a m e t e r s :

R e l a x a t i o n  D e l a y :  1 . 0  s e c o n d  

P u l s e  W i d t h :  6 0 °

L i n e  P r o a d e n i n g :  1 . 0  Hz 

Number o f  S c a n s :  3>371  

T e m p e r a t u r e  9 0 ° C

Q u a n t i t a t i v e

A s s i g n m e n t S h i f t  (ppm) jj61 d . C a l c .

J-.'e t h y l  mm

oo*o

0 . 0 1

" mr 1 9 . 4 0 . 1 8 0 . 1 6

n r r 1 8 . 0 0 . 8 2 0 . 8 3

Q u a r t e r n a r y  mr 4 6 . 5 f r  = 0 . 9 1

" r r 4 6 . 1

K e t h y l e n e  r 5 4 . 9

C a r b o n y l  rrnrr 1 8 2 . 7

ii r r r r 1 8 3 . 2

" m r r r 1 8 3 . 5
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r r  t r i a d s .  I f  one a s s u m e s  £  s t a t i s t i c a l  p a r a m e t e r  o f

f  = 0 . 9 1  t h e  c a l c u l a t e d  t r i a d  f r a c t i o n s  a r e  c l o s e  t o  r
t h e  o b s e r v e d  f r a c t i o n s .  The s a m p l e  c o n t a i n s  a p r e ­

d o m in a n c e  o f  s y n d i o t a c t i c  c h a r a c t e r . - .  The c o n c l u s i o n  t o  

be r e a c h e d  h e r e  i s  t h a t  t h e  l o w e r  t h e  p o l y m e r i z a t i o n  

t e m p e r a t u r e  t h e  h i g h e r  t h e  am ount  o f  s y n d i o t a c t i c  p l a c e ­

ment i n  t h e  p o l y m e r .

The C - 1 3  NKR s p e c t r u m  o f  p o l y ( N - m e t h y l  m e t h a c r y l a m i d e )  

i s  s i m i l a r  t o  t h a t  f o r  PftAAm e x c e p t  t h a t  t h e  P - m e t h y l  

r e s o n a n c e  a p p e a r s  a t  2 7 . 2  ppm. The q u a r t e r n a r y  and a l p h a  

m e t h y l  r e g i o n s  show p e a k s  c o r r e s p o n d i n g  t o  t h e  mr and r r  

t r i a d s .  Q u a n t i t a t i v e  a n a l y s i s  o f  t h e  a l p h a  •: e t h y l  r e g i o n  

i n d i c a t e d  t h a t  t h e  sa m p le  c o n t a i n e d  64% r r  t r i a d s .

A C - 1 3  NKR s p e c t r u m  was  r e c o r d e d  f o r  a  c o p o l y m e r  

c o n t a i n i n g  95% m e t h y l  m e t h a c r y l a t e .  The s p e c t r u m  w h i c h  

i s  g i v e n  i n  P i g u r e  15  a p p e a r s  s i m i l a r  t o  t h a t  r e p o r t e d  

f o r  s y n d i o t a c t i c  PKKA ( 2 7 ) .  B a s e d  on q u a n t i t a t i v e  

a n a l y s i s  o f  t h e  a l p h a  m e t h y l  r e g i o n ,  t h e  c o p o l y m e r  c o n ­

t a i n e d  63/o r r  t r i a d s  and 37% mr t r i a d s .  A s s i g n m e n t s  

a r e  l i s t e d  i n  T a b l e  3 .

S u b s e q u e n t l y  a c o p o l y m e r  c o n t a i n i n g  80% MMA and 20% 

m e t h a c r y l a m i d e  was  i n v e s t i g a t e d .  The o b j e c t i v e  o f  t h i s  

s t u d y  was  t o  o b s e r v e  i f  t h e  UKR s p e c t r u m  c o u l d  d i s t i n g u i s h  

t h e  am id e  c a r b o n y l  r e s o n a n c e s  f r o m  t h e  e s t e r  c a r b o n y l  

r e s o n a n c e s .
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T a b l e  3 .  C a r b o n  15 h-krt a s s i g n m e n t s  f o r  c o p o l y m e r

v . ' i th  95/o m e t h y l  m e t h a c r y l a t e .

A s s i g n m e n t S h i f t  (ppm)

A lp h a  m e t h y l r r 1 7 . 9

II mr 1 9 . 7

Q u a r t e r n a r y r r 4 5 . 5

ii mr 4 5 . 8

E s t e r  M e t h y l 5 1 . 8

M e t h y l e n e r 5 4 . 7

C a r b o n y l rm rr 1 7 7 . 1

ii r r r r 1 7 7 . 9

it mrrr 1 7 8 . 1 i -

The s o l v e n t  u s e d  w as  DMF. R e f e r e n c i n g  w a s  inade by s e t ­

t i n g  t h e  DM? m e t h y l  c a r b o n  r e s o n a n c e  c i s o i a  t o  t h e  f o r m y l  

p r o t o n  a t  3 6 . 0  ppm.
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C a r b o n - 1 5  s p e c t r a  were r e c o r d e d  f o r  DM? s o l u t i o n s  

o f  two m ode l  co m p o u n d s  n a m e ly  m e t h y l  p i v a l a t e  and p i v a l -  

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

c u r r e d  a t  1 7 8 . 4  ppm w h i l e  t h a t  f o r  p i v a l a r n i d e  o c c u r r e d  

a t  1 8 0 . 9  ppm. When b o t h  m o d e l  c o m p o u n d s  w e r e  s t u d i e d  

t o g e t h e r  a s  o n e  s a m p l e  t h e  c a r b o n y l  p e a k  f o r  p i v a la r n i d e  

a p p e a r e d  a t  1 8 0 . 7  ppm and t h a t  f o r  m e t h y l  p i v a l a t e  a p ­

p e a r e d  a t  1 7 8 . 3  ppm. On t h e  b a s i s  o f  t h e  m o d e l  compound 

s p e c t r a  t h e  c a r b o n y l  r e g i o n  o f  t h e  c o p o l y m e r  may be a b l e  

t o  d i s t i n g u i s h  e s t e r  r e s o n a n c e s  f r o m  am id e  r e s o n a n c e s .

The s p e c t r u m  f o r  th e  80% HFiA c o p o l y m e r  a p p e a r s  i n  

F i g u r e  1 6 .  Q u a n t i t a t i v e  a n a l y s i s  o f  t h e  a l p h a  m e th y l  

r e g i o n  r e v e a l e d  t h a t  t h e  s a m p le  c o n t a i n e d  31% mr t r i a d s  

and 69% r r  t r i a d s .  A t o t a l  o f  s i x  r e s o n a n c e s  w ere  a s ­

s i g n e d  i n  t h e  c a r b o n y l  r e g i o n .  I t  i s  a p p a r e n t  t h a t  t h e r e  

a r e  two g r o u p s  o f  r e s o n a n c e s  i n  t h e  c a r b o n y l  r e g i o n .

T a b le  4 l i s t s  a s s i g n m e n t s  f o r  t h e  c a r b o n y l  r e g i o n  o f  t h i s  

c o p o l y m e r .  The w e a k e r  r e s o n a n c e s  a p p e a r i n g  a t  l o w e r  

f i e l d  i n  t h e  c a r b o n y l  r e g i o n  a r e  a s s i g n e d  t o  amide g r o u p s  

i n  d i f f e r e n t  p e n t a d  s e q u e n c e s .  The s t r o n g e r  r e s o n a n c e s  

a t  h i g h e r  f i e l d  a r e  a s s i g n e d  t o  p e n t a d  s e q u e n c e s  f o r  

e s t e r  c a r b o n s .  O n ly  mr and r r  c e n t e r e d  p e n t a d s  are  c o n ­

s i d e r e d .
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T a b le  4 . C a r b o n - 1 3  a s s i g n m e n t s  f o r  c a r b o n y l  r e g i o n

f o r  c o p o l y m e r  w i t h  80% KMA and 20% KAAm.

S h i f t  (ppm) A s s i g n : v.e n t

1 7 7 . 1 e s t e r rmrr

1 7 7 . 6 e s t e r mrmr

1 7 7 . 9 e s t e  r r r r r

1 7 3 . 3 e s t e r rrrm

1 7 9 . 5 am id e r r r r

1 7 9 . 8
► -

amid e rrrm

<t0
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Sir.ce  i t  w a s  d e s i r a b l e  t o  have  ro:t.e knowledge o f  th e  

s e q u e n c e  o f  t h e  comonomer u n i t s  i n  t h e  c o p o l y m e r ,  a com ­

p u t e r  s i m u l a t i o n  o f  c o p o l y m e r  s e q u e n c e  was  c a r r i e d  o u t .

The c o p o l y m e r  c o n t a i n i n g  8 0 % MKA w i l l  h a v e  a 4 : 1  r a t i o  o f  

KMA u n i t s  t o  KAAm u n i t s .  The f o l l o w i n g  f i v e  u n i t  b l o c k s  

w ere  s t o r e d  i n  t h e  c o m p u t e r :

A -K -K -K -K -  

K-A-K-K-K -  

M-K-A-M—K-  

K—K—M-A-K-  

K-M-K-K-A-

w here  A s t a n d s  f o r  m e t h a c r y l a m i d e  and K s t a n d s  f o r  m e t h y l  

m e t h a c r y l a t e .  F i f t e e n  u n i t  s e q u e n c e s  w ere  t h e n  c o n s t r u c t e d  

u t i l i z i n g  t h e  f i v e  u n i t  b l o c k s  sh ow n  a b o v e .  A t o t a l  o f  

65 u n i q u e  f i f t e e n  u n i t  s e q u e n c e s  w e r e  f o u n d .

An i n h e r e n t  a s s u m p t i o n  w a s  made i n  t h e  s i m u l a t i o n .

I t  was a s s u m e d  t h a t  one u n i t  i n  e v e r y  f i v e  u n i t s  a l o n g  

t h e  c h a i n  m u s t  be  m e t h a c r y l a m i d e .  No b l o c k  c o p o l y m e r  

w ou ld  h a v e  b e e n  p o s s i b l e  w i t h  t h i s  s i m u l a t i o n .

P r o b a b i l i t i e s  o f  h a v i n g  c e r t a i n  f i f t e e n  u n i t  s e q u e n c e s  

w ere  t h e n  c a l c u l a t e d .  The q u a n t i t y  P (X -Y )  d e n o t e s  t h e  

p r o b a b i l i t y  t h a t  t h r e e  m e t h a c r y l a m i d e  u n i t s  i n  a f i f t e e n  

u n i t  c h a i n  w i l l  b e  s e p a r a t e d  by  t w o  s t r i n g s  o f  m e t h y l  

m e t h a c r y l a t e  u n i t s  ( i . e . ) :

- a - ( k ) x - a - ( k ) y - a -  

One s t r i n g  c o n t a i n s  X m e t h y l  m e t h a c r y l a t e  u n i t s  w h i l e  t h e  

o t h e r  c o n t a i n s  Y u n i t s .
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The c a l c u l a t e d  p r o b a b i l i t i e s  Tor f i f t e e n  u n i t  

s e q u e n c e s  a r e  l i s t e d  i n  T a b l e  5 .  From t h e  p r o b a b i l i t y  

v a l u e s  l i s t e d  i t  a p p e a r s  t h a t  s e q u e n c e s  w h e r e  t h e  v a l u e  

o f  X i s  a b o u t  4 o r  5 and w h e r e  t h e  v a l u e  o f  Y i s  a b o u t  

4 o r  5 a r e  h i g h l y  p r o b a b l e .  T h i s  r e s u l t  r e f l e c t s  t h e  

f a c t  t h a t  t h e  c o p o l y m e r  c o n t a i n s  f o u r  m e t h y l  m e t h a c r y l a t e  

u n i t s  i n  e v e r y  f i v e .  On t h e  o t h e r  hand s e q u e n c e s  w h e r e  

t h e  v a l u e  o f  X i s  h i g h  s u c h  a s  7 o r  8 and t h e  v a l u e  o f  Y 

i s  l o w  s u c h  a s  0 o r  1 a r e  much l e s s  l i k e l y  t o  o c c u r .  In  

o t h e r  w o r d s  f o r  a  ran d om  c o p o l y r n e r i z a t i o n  o f  m e t h a c r y l ­

amide w i t h  m e t h y l  m e t h a c r y l a t e  t h e  m e t h a c r y l a m i d e  u n i t s  

a r e  n o t  l i k e l y  t o  b u n c h  t o g e t h e r  g i v e n  t h a t  t h e  t o t a l  o f  

m e t h a c r y l a m i d e  i s  o n l y  20% ,  I f  a  s e q u e n c e  h a s  a  v a l u e  o f  

Y e q u a l  t o  z e r o  t h e n  t h a t  s e q u e n c e  h a s  two m e t h a c r y l a m i d e  

u n i t s  a d j a c e n t  t o  one  a n o t h e r .  Of  t h e  65  s e q u e n c e s  

g e n e r a t e d ,  f i v e  o f  th em  h ad  a d j a c e n t  m e t h a c r y l a m i d e  u n i t s .
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Table  5 .  P r o b a b i l i t i e s  o f  d i f f e r e n t  15 u n i t  s e q u e n c e s  

f o r  t h e  c o p o l y m e r  c o n t a i n i n g  8 0 % MKA and 20% 

KAAm.

Se quence P (X -Y )

( 4 - 4 ) 0 . 0 4 6 2

( 4 - 5 ) 0 . 0 6 1 5

( 4 - 6 ) 0 . 0 4 6 2

( 4 - 7 ) 0 . 0 5 0 8

( 4 - 8 ) 0 . 0 1 5 4

( 5 - 3 ) 0 . 0 6 1 5

( 5 - 5 ) 0 . 0 3 0 8

( 5 - 6 ) 0 . 0 3 0 8

( 5 - 7 ) 0 . 0 1 5 4

( 6 - 2 ) 0 . 0 4 6 2
— '

( 6 - 3 ) 0 . 0 4 6 2

( 6 - 6 ) 0 . 0 1 5 4

( 7 - 1 ) 0 . 0 3 0 8

( 7 - 2 ) 0 . 0 3 0 8

( 7 - 3 ) 0 . 0 3 0 8

( 8 - 0 )  . 0 . 0 1 5 4

( S - l ) 0 . 0 1 5 4

Se q u e n c e P(X-Y)

( 8 - 2 ) 0 . 0 1 5 4

( 3 - 5 ) 0 . 0 1 5 4

( 3 - 4 ) 0 . 0 6 1 5

( 4 - 2 ) 0 . 0 4 6 2

( 5 - 2 ) 0 . 0 4 6 2

( 6 - 1 ) 0 . 0 3 0 8

( 7 - 0 ) 0 . 0 1 5 4

( 5 - 3 ) 0 . 0 3 0 8

( 5 - 1 ) 0 . 0 3 0 8

( 6 - 0 ) 0 . 0 1 5 4

( 1 - 4 ) 0 . 0 3 0 8

( 2 - 3 ) 0 . 0 3 0 3

( 5 - 0 ) 0 . 0 1 5 4

( 4 - 0 ) 0 . 0 1 5 4

• ( 1 - 3 ) 0 . 0 1 5 4

( 2 - 2 ) 0 . 0 1 5 4

T o t a l 1 . 0 0 0 7
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F i n a l l y  p o l y ( i s o b o r n y l  i:. a t h a c r  y  1 a t e) v;as i n v e s t i g a t e d  

b y - C - 1 3  KJTR. The s t u d y  o f  t h i s  poly.Tier by 0 - 1 5  p r o ­

v i d e s  a c h a l l e n g e  due t o  t h e  c c n p l e x i t y  o f  t h e  b i c y c l i c  

r i n g .  The s t r u c t u r e  o f  p o l y ( i s o h o r n y l  m e t h a c r y l a t e )  i s  

g i v e n  b e l o w  v.’i t h  a p p r o p r i a t e  n u m b e r i n g  i n  t h e  i s o b o r n y l

The C-13 ITJiR s p e c t r u m  f o r  p o l y ( i s o b c r n y l  m e t h a c r y l a t e )  

a p p e a r s  i n  F i g u r e  1 7 .  A s s i g n m e n t s  a r e  r e p o r t e d  h e r e  

f o r  t h e  f i r s t  t i m e  and a r e  l i s t e d  i n  T a b l e  6 ,

The a l p h a  m e t h y l  c a r b o n ,  t h e  m e t h y l e n e  ca rb o n  i n  

t h e  main  c h a i n  and th e  c a r b o n y l  c a r b o n  v:ere a s s i g n e d  

w i t h o u t  d o u b t .  The same may b e  s a i d  a b o u t  c a r b o n  2 i n  

t h e  i s o b o r n y l  r i n g .  The r e m a i n i n g  c a r b o n s  i n  t h e  

frame o f  t h e  i s o b o r n y l  r i n g  w e r e  a s s i g n e d  on the  b a s i s  

o f  t h e  C - 1 3 - c h e m i c a l  s h i f t s  r e p o r t e d  f o r  e x c - 2 - h y d r c x y  

n o r b o r n a n e  ( 2 8 ) .

CH.

3

0  C ---------C — -CH3

3
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T a b l e  6 .  C -1 3  KMR a s s i g n m e n t s  f o r  p o l y  ( i s o b o r n y l

m e t h a c r y l a t e ) .

Main c h a i n : R e s o n a n c e  (ppm) A s s i g n m e n t

1 7 . 7  a l p h a - m e t h y l

4 5 . 6  q u a r t e r n a r y

55  m e t h y l e n e

1 7 6 . 5 . 1 7 7 . 5  c a r b o n y l  ( m r , r r )

R i n g :  1 2 . 5  M e t h y l  g r o u p  on c a r b o n  1

2 0 . 5  M e t h y l  g r o u p s  on c a r b o n  7

2 7 . 5  M e t h y l e n e  c a r b o n  ( 6 )

3 5 . 0  M e t h y l e n e  c a r b o n  ( 5 )

3 4 . 7  T e r t i a r y  c a r b o n  ( 4 )

3 9 - 0  M e t h y l e n e  c a r b o n  ( 5 )

4 6 . 8  Q u a r t e r n a r y  c a r b o n  ( 7 )

4 8 . 9  Q u a r t e r n a r y  c a r b o n  ( l )

8 5 - 0  E s t e r  c a r b o n  ( 2 )

The number i n s i d e  t h e  p a r e n t h e s i s  a b o v e  i n d i c a t e s  t h e  

number o f  a  p a r t i c u l a r  c a r b o n  i n  t h e  b i c y l i c  r i n g  a s  

shown i n  t h e  s t r u c t u r e  o f  t h e  p o l y m e r .
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I I I .  M o l e c u l a r  V.'eiuht a d  P o ly m e r  D e g r a d a t i o n

T i t k o v a  and c c w o r k e r s  ( 2 9 )  r e p o r t e d  r e s u l t s  o f  

v i s c o s i m e t r i c  s t u d i e s  o f  PKAAm i n  a q u e o u s  s a l t  s o l u t i o n s .  

The p o l y m e r  show ed  p o o r  s o l u b i l i t y  in. many common o r g a n i c  

s o l v e n t s .  I t  w as  a l s o  d e t e r m i n e d  t h a t  t h e  h i g h e r  t h e  

m o l e c u l a r  w e i g h t  o f  t h e  p o l y m e r  t h e  p o o r e r  was i t s  s o l ­

u b i l i t y .  I n t r i n s i c  v i s c o s i t y  -  m o l e c u l a r  w e i g h t  r e l a ­

t i o n s  w e r e  r e p o r t e d  f o r  t h e  p o l y m e r  i n  0 .4M  a q u e o u s  

m a g n es iu m  p e r c h l o r a t e  and 811 a q u e o u s  u r e a  s o l u t i o n s  a t  

2 5 °C .  The r e l a t i o n s  a r e  i n d i c a t e d  b e l o w :

In 0 . 4 H  M a g n e s iu m  P e r c h l o r a t e  : = ( 5 . 2 8 x 1 0

In 8M U r e a : [ ^ J  = (  1 .  7 1 x l O “ 4 )M°* 65

F i g u r e s  1 8  and 19  show p l o t s  o f  r e d u c e d  v i s c o s i t y  

a g a i n s t  c o n c e n t r a t i o n  f o r  8M u r e a  and 0 .4M  m agn es iu m  

p e r c h l o r a t e  s o l u t i o n s  o f  r e d o x  p o l y m e r i z e d  PKAAm.

Upon e x t r a p o l a t i o n  t o  z e r o  c o n c e n t r a t i o n  t h e  p o l y m e r  

had an i n t r i n s i c  v i s c o s i t y  o f  0 . 8 0  d l / g  i n  8K u r e a  w h i c h  

i n d i c a t e s  a m o l e c u l a r  w e i g h t  o f  6 8 5 , 0 0 0 .  The same s a m p l e  

had an i n t r i n s i c  v i s c o s i t y  o f  0 . 5 0  d l / g  i n  t h e  p e r c h l o r a t e  

s o l u t i o n  w h i c h  i n d i c a t e s  a  m o l e c u l a r  v / e i g h t  o f  6 2 1 , 0 0 0 .
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1. 2 -

0 . 6 -

0 .5

c o n c . g / d l

r i g u r e  i s . P.educ.ed v i s c o s i t y  v s .  c o n c e n t r a t i o n  

f o r  r e d o x  Ivin Am in  8." u r e a .

red

0 8 - -

0 .4 -

0 .5

c o n e . g / d l

F i g u r e  19 . R e d u c e d  v i s c o s i t y  v s .  c o n c e n t r a t i o n  

f o r  r e d o x  PAAAm i n  0 . 4 In j"g(C iO ^)^ .
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The f i r s t  o b j e c t i v e  w as  t o  s t u d y  t h e  e f f e c t  o f  

u l t r a v i o l e t  r a d i a t i o n  on t h e  p o l y m e r  i n  d i l u t e  s o l u t i o n .  

Two u l t r a v i o l e t  i r r a d i a t i o n s  w e r e  p e r f o r m e d .  In  e a c h  

c a s e  t h e  p o l y m e r  was  i r r a d i a t e d  f o r  s i x  h o u r s  i n  0 . 4 K  

m a g n e s iu m  p e r c h l o r a t e  s o l u t i o n  w h i l e  s t i r r i n g  i n  a  q u a r t z  

f l a s k .  The p o l y m e r  c o n c e n t r a t i o n  w a s  0 . 7 5  g / d l .  In o n e  

s t u d y  t h e  s o l u t i o n  w a s  p u r g e d  w i t h  n i t r o g e n  p r i o r  t o  

i r r a d i a t i o n .  In  t h e  o t h e r  s t u d y  t h e  s o l u t i o n  w as  p u r g e d  

w i t h  o x y g e n  b e f o r e  i r r a d i a t i o n .

F i g u r e s  20  and 2 1  show p l o t s  o f  r e d u c e d  v i s c o s i t y  

a g a i n s t  c o n c e n t r a t i o n  f o r  i r r a d i a t e d  PKAAm s o l u t i o n s .

A f t e r  i r r a d i a t i o n  u n d e r  n i t r o g e n  t h e  i n t r i n s i c  v i s c o s i t y  

o f  t h e  s a m p l e  d e c r e a s e d  t o  0 . 4 0  d l / g  w h i c h  i n d i c a t e s  a  

m o l e c u l a r  w e i g h t  o f  4 0 4 , 0 0 0 .  A f t e r  i r r a d i a t i o n  u n d e r  

o x y g e n  t h e  i n t r i n s i c  v i s c o s i t y  d e c r e a s e d  t o  0 . 3 6  d l / g  

w h i c h  i n d i c a t e s  a  m o l e c u l a r  w e i g h t  o f  3 4 3 , 0 0 0 .  In a  

q u a l i t a t i v e  s e n s e  i t  i s  a p p a r e n t  t h a t  t h e  p o ly m e r  u n d e r ­

g o e s  r e d u c t i o n  i n  m o l e c u l a r  w e i g h t  d u r i n g  i r r a d i a t i o n  

i n  a d i l u t e  s o l u t i o n .  A l a r g e r  d e c r e a s e  i n  m o l e c u l a r  

w e i g h t  w a s  o b s e r v e d  f o r  i r r a d i a t i o n  u n d e r  o x y g e n .

F o r  e l e c t r o n  beam l i t h o g r a p h y  s o l i d  p o ly m e r  f i l m s  

a r e  u s u a l l y  i r r a d i a t e d  w i t h  h i g h  e n e r g y  e l e c t r o n s .  I t  

w o u ld  t h e n  b e  a p p r o p r i a t e  t o  s t u d y  t h e  s o l i d  s t a t e  r a d i a ­

t i o n  d e g r a d a t i o n  o f  t h e  p o l y m e r .  M o l e c u l a r  w e i g h t  s t u d i e s  

were  p e r f o r m e d  on r e d o x  PKAAm b e f o r e  and a f t e r  i r r a d i a ­

t i o n  w i t h  gamma r a y s .  NKR m e a s u r e m e n t  showed t h a t  t h i s
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0 .6- -

red

0 . 4

o.?--

0 .50 .3

g / d lconc.

F i g u r e  2 0 .  R ed uced  v i s c o s i t y  v s .  c o n c e n ­

t r a t i o n  f o r  r e d o x  FMAAm a f t e r  

i r r a d i a t i o n  i n  s o l u t i o n  u n d e r  

n i t r o g e n .

o
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0. 6 - -

red

0 .4

0.2 - -

0 .50 .3

F i g u r e  2 1 .  R e d u c e d  v i s c o s i t y  v s .  c o n c e n ­

t r a t i o n  f o r  r e d o x  PKAAra a f t e r  

i r r a d i a t i o n  i n  s o l u t i o n  u n d e r  

o x y g e n .

51
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cample  c o n t a i n e d  82?* r r  t r i a d s  and 1 2 #  mr t r i a d s .  R a d i a ­

t i o n  (G -G ) v a l u e s  and cuanturr, e f f i c i e n c i e s  -were d e t e r -
O JZ.

m in e d .

The s o l i d  p o l y m e r  was  i r r a d i a t e d  f o r  p e r i o d s  o f  t w o ,  

f o u r ,  s i x  an d  e i g h t  h o u r s .  V i s c o s i m e t r i e  m e a s u r e m e n t s  

w ere  made i n  8K u r e a  s o l u t i o n s  a t  2 5 ° C .  M o l e c u l a r  w e i g h t  

c h a n g e s  a r e  i n d i c a t e d  i n  T a b l e  7 .

T a b le  7 .  Gamma i r r a d i a t i o n  o f  r e d o x  PMAAra.

Time
hours dl/g

My X I0"5 Mv * '°6 N Dose' « 
Mrad

none 0.73 5.9 1 .7

2 0.51 3.? 3.0 0.79 0.58

4 0.44 2.6 3.8 1.27 1.16

6 0.76 1.9 5.3 2.10 1.74 ■

8 0.31 1.5 6.7 2.93 2 . 3'2.
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The t e r m  R i s  t h e  n e t  number o f  r a i n  c h a i n  s c i s s i o n s  

p e r  p o l y m e r  m o l e c u l e  a f t e r  i r r a d i a t i o n  and i s  g i v e n  b y :

N » Mjg, 
M(t)

The r a d i a t i o n  d o s a g e  r a t e  r e c e i v e d  "by p o l y m e r  s a m p l e s  

was 0 . 2 9  K r a d / h c u r .

A p l o t  o f  N a g a i n s t  c u m u l a t i v e  d o s e  i s  g i v e n  i n  

F i g u r e  2 2 .  A.i so  a p l o t  o f  t h e  r e c i p r o c a l  v i s c o s i t y  

a v e r a g e  m o l e c u l a r  w e i g h t  i s  g i v e n  i n  F i g u r e  2 5 .  In e a c h  

c a s e  an a p p r o x i m a t e l y  l i n e a r  r e l a t i o n s h i p  i s  o b s e r v e d .  

The r a d i a t i o n  G v a l u e  d i f f e r e n c e  w as  d e t e r m i n e d  from  th e  

grap h  o f  r e c i p r o c a l  m o l e c u l a r  w e i g h t  v e r s u s  d o s e .  The 

s l o p e  o f  t h e  g r a p h  i s  2 .13>-10~^  m o l e / g - m r a d . The G 

v a l u e  d i f f e r e n c e  i s  r e l a t e d  t o  s l o p e  b y :

-G = ( S l o p e ) x ( 9 . 6 5 x 1 0 ^ )

: o r  FkAA_~ t h e  v a l u e  o f  G -G i s  2 . 0 5  e v e n t s  r e r  100  eV.s  .a

A m eth od  f o r  c a l c u l a t i n g  t h e  quantum e f f i c i e n c y  f c r

main c h a i n  c l e a v a g e  o f  p o l y m e r s  d u r i n g  p h o t o c h e m i c a l

r e a c t i o n s  w as  g i v e n  b y  O t s u  and Tanaka ( 3 0 ) .  The v a l u e

o f  R may be r e l a t e d  t o  t h e  quantum e f f i c i e n c y  t h r o u g h

th e  f o l l o w i n g  r e l a t i o n :  u . . T ,N = 9 c s M0 I t
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3.0--
N

2 . 0 -

2 .3 2  M rad1.740 .5 8
Dose

F i g u r e  22  . ]v v s .  c u . ~ u l a t i v e  a o s e  

f o r  r e d o x  PKAAm.
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5 -

x 10

3 "

.160 .5 8 1.74

Dose

F i g u r e  2 3 .  R e c i p r o c a l  m o l e c u l a r  v.’e i g h t  v s .  

c o s e  f o r  r e d o x  PMAAm.
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^c c  i s  t h e  quantum e f f i c i e n c y  f o r  m ain  c h a i n  c l e a v a g e ,  Kq 

i s  t h e  i n i t i a l  m o l e c u l a r  w e i g h t  o f  t h e  s a m p l e ,  I  i s  t h e  

r a d i a t i o n  d o s a g e  r a t e  r e c e i v e d  "by t h e  sam ple  and t i s  

t i m e .  i ' c s  ~ ° ~  re(^o;x: P^AAm i s  2 .04x10"*^ m ole /g -1 ' . rad  o r  

2 . 0 4 x 1 0  ^  m o l e / e r g .  The l a t t e r  num ber  i n d i c a t e s  t h e  

number o f  m o l e s  o f  main c h a i n  b o n d s  b r o k e n  p e r  e r g  o f  

e n e r g y  a b s o r b e d .

The d e g r a d a t i o n  o f  PHAAm p r o d u c e d  by b e n z o y l  p e r o x i d e  

i n i t i a t e d  p o l y m e r i z a t i o n  w as  a l s o  i n v e s t i g a t e d .  NKR 

m e a s u r e m e n t  r e v e a l e d  t h a t  t h i s  s a m p l e  c o n t a i n e d  53% r r  

t r i a d s  and 4 7% mr t r i a d s .  The o b j e c t i v e  o f  t h i s  e x p e r i ­

ment was  t o  s e e  i f  t h e r e  i s  any  i n f l u e n c e  o f  p o l y m e r  

t a c t i c i t y  on t h e  d e g r a d a t i o n .

T he  i n f l u e n c e  o f  t a c t i c i t y  on t h e  u s e  o f  PKKA a s  an 

e l e c t r o n  beam r e s i s t  h a s  b e e n  r e p o r t e d  ( 3 1 ) .  I s o t a c t i c  

PKKA e x h i b i t e d  t h e  g r e a t e s t  s e n s i t i v i t y  t o  t h e  e l e c t r o n

0 6 tn772 #

T a b l e  8  c o n t a i n s  r e s u l t s  o f  v i s c o s i t y  e x p e r i m e n t s  

f o r  garnma i r r a d i a t e d  PKAAm p r o d u c e d  by p o l y m e r i z a t i o n  

w i t h  b e n z o y l  p e r o x i d e  ( ? K A A n - P ? ) .  V i s c o s i t y  e x p e r i m e n t s  

w ere  p e r f o r m e d  on SK a q u e o u s  u r e a  s o l u t i o n s .
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Time  
h r s . Nr N D ose  

Hr ad

n o n e 3 8 , 0 0 0

2 3 4 , 0 0 0 0 . 1 1 8 - 0 . 5 8

4 3 2 , 0 0 0 0 . 1 8 8 1 . 1 6

6 3 7 , 0 0 0 0 . 0 2 7 1 . 7 4

8 7 1 , 0 0 0 0 . 2 2 6 2 . 3 2

The me? i e c u l a r  w e ig h t  o f  t h i s  ? Ha An sam p le  i s

low t c  b e g i n  w i t h .  D r a s t i c  c h a n g e s  i n  m o l e c u l a r  w e i g h t  

a f t e r  i r r a d i a t i o n  do n o t  o c c u r .  H o w e v e r  t h e r e  s e e n s  t o  

be a g e n e r a l  t r e n d  tow ard  l o w e r  m o l e c u l a r  v , 'e ight .

A p l o t  o f  K  ̂ a g a i n s t  d o s e  a p p e a r s  i n  

F i g u r e  24 .  An a n o m o l o u s  p o i n t  may b e  o b s e r v e d  i n  t h e

p l o t  f o r  PHAAm-3P. A s i m p l e  r e l a t i o n  b e t w e e n  s c i s s i o n s

and d o s e  i s  n o t  t h e  c a s e  h e r e  a s  i t  w as  f o r  r e d o x  PHAAm.

I t  s h o u l d  b e  n o t e d  t h a t  i t  i s  n o t  f a i r  t o  compare r e s u l t

o f  d e g r a d a t i o n  f o r  p o l y m e r  s a m p l e s  t h a t  a r e  d r a s t i c a l l y

d i f f e r e n t  i n  m o l e c u l a r  w e i g h t .  The e f f e c t  o f  t a c t i c i t y

on. d e g r a d a t i o n  o f  PHAAm i s  n o t  c l e a r  a t  t h i s  p o i n t .

1 . 7
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Dose Mrad 

0.58 1.16 1.74 2.32

Fi.-:ure 2 4 .  R e c i p r o c a l  m o l e c u l a r  w e i g n t  

a g a i n s t  d o s e  f o r  PFAAm.-B?.

A m e t h y l  m e t h a c r y l a t e  c o p o l y m e r  c o n t a i n i n g  5% m e th ­

a c r y l a m i d e  was  a l s o  i r r a d i a t e d  w i t h  gamma r a y s .  M o l e c u l a  

w e i g h t  m e a s u r e m e n t s  w e r e  made by g e l  p e r m e a t i o n  c h r o m a t o ­

g r a p h y  w i t h  DITF a s  s o l v e n t .  F i g u r e  25  s h o w s  t h e  GPC 

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

T a b l e  9 c o n t a i n s  t h e  m o l e c u l a r  w e i g h t  r e s u l t s .  As 

t h e  i r r a d i a t i o n  t i m e  i n c r e a s e s  t h e  t r e n d  i s  f o r  t h e  c o ­

p o l y m e r  t o  go  t o  l o w e r  m o l e c u l a r  w e i g h t .  The number  

a v e r a g e  m o l e c u l a r  w e i g h t  i s  low  t o  b e g i n  w i t h  and d o e s  

n o t  d e c r e a s e  much o v e r  t h e  c o u r s e  o f  i r r a d i a t i o n .

53
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aJU nirrad io tea

b) Irradiated 2  hours.

c) Irrodioted 4  hours

e) Irradiated 8 hours.

+
3 7  3 6  3 5

Counts

F i g u r e  2 5 .  GPC t r a c e s  f o r  c o p o l y m e r  w i t h  

95% KMA and 5% KAAm.

39
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Table 9 .  Molecular weight results for 5% methacrylam ide copolymer.

Irrad. Time 

hrs.

Dose

Mrad

Mn

g/mole
Nn g /m ole

Nw

0 0 .0 0 2 4 ,0 0 0 1 9 8 ,0 0 0

2 0 .5 8 2 4 ,0 0 0 0 .0 0 1 7 5 ,0 0 0 0 .1 3

4 1.16 2 3 ,0 0 0 0 .0 4 1 6 0 ,0 0 0
r

0 .2 4

6 1.74 2 0 ,0 0 0 0 .2 0 1 4 6 ,0 0 0 0 .3 6

8 2 .3 2 1 8 ,0 0 0 0 . 3 3 13 0 ,0 0 0 0 .5 2



A p l o t  o f  r e c i p r o c a l  number  a v e r a g e  m o l e c u l a r  

w e i g h t  a g a i n s t  d o s e  f o r  t h e  c o p o l y m e r  i s  g i v e n  i n  

F i g u r e  2 6 .  The v a l u e  o f  G_-*G i s  0 . S 3  e v e n t s / 1 0 0  e V .
S X

o

0.58 1.16 1/74 2 3 2

F i g u r e  2 6 .  R e c i p r o c a l  number a v e r a g e  

m o l e c u l a r  w e i g h t  v s .  d o s e  

f o r  c o p o l y m e r ,

A p l o t  o f  r e c i p r o c a l  w e i g h t  a v e r a g e  m o l e c u l a r  

w e i g h t  a g a i n s t  d o s e  f o r  t h i s  c o p o l y m e r  a p p e a r s  i n  

F i g u r e  2 7 .  The G v a l u e  d i f f e r e n c e  f o r  t h e  w e i g h t  

a v e r a g e  p l o t  i s  r e l a t e d  t o  t h e  s l o p e  b y :

(G -  4G ) = ( s l o Pe ) x ( l . 9 3 x l 0 6 ) s  x
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The v a l u e  o f  G -AG i s  0 . 5 5 .  The i n d i v i d u a l  v a l u e s  are  s  x

G = 0 . 9 2  and G = 0 . 0 9  e v e r . t s / 1 0 0  eV.
S  X

Dose Mrod

0.58 1.16 1.74 2 .3 2
F i g u r e  2 7 .  R e c i p r o c a l  w e i g h t  a v e r a g e

m o l e c u l a r  w e i g h t  v s .  d o s e  

f o r  c o p o l y m e r .

B a s e d  on m o l e c u l a r  w e i g h t  s t u d i e s  "by G?C i t  

a p p e a r s  t h a t  t h i s  c o p o l y m e r  d o e s  n o t  d e g r a d e  a s  r e a d i l y  

a s  d o e s  PKAAm. I t  i s  a l s o  a p p a r e n t  t h a t  a s m a l l  amount  

o f  c r o s s l i n k i n g  o c c u r s  d u r i n g  t h e  i r r a d i a t i c n  a s  

e v i d e n c e d  "by t h e  n o n z e r o  v a l u e  o f  G .
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P o l y ( i s o b o r n y l  m e t h a c r y l a t e  ) w as  a l s o  i r r a d i a t e d  

w i t h  gamma r a y s  and number a v e r a g e  m o l e c u l a r  w e i g h t s  

w ere  m e a s u r e d  by  membrane o s m o m e t r y .  T o l u e n e  w as  u s e d  

a s  s o l v e n t .  T a b l e  10 l i s t s  i r r a d i a t i o n  t i m e s  and 

m o l e c u l a r  w e i r h t s .

T a b l e  1 0 .  K o l e c u l a r  w e i g h t  r e s u l t s  f o r  

p o l y ( i s o b o r n y l  m e t h a c r y l a t e )  .

Time  
h r s . M x 10  5 n

-
Dose 
i rad

n o n e 1 . 9 1
:

2 1 . 9 1 0 . 0 0 0 .  >3

4 1 . 7 4 0 .  10 1 .1 6

6 1 . 2 8 0 . 4 9 1 r? '

3 1 . 1 1  ■ 0 .  72
_

2 .72
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Dose Mrad

0.58 1.16

F i g u r e  2 8 .  R e c i p r o c a l  number a v e r a g e  

m o l e c u l a r  w e i g h t  v s .  d o s e  

f o r  p o l y ( i s o b o r n y l  m e t h a c r y l a t e ) .

A p l o t  o f  r e c i p r o c a l  n u m ber  a v e r a g e  m o l e c u l a r  

w e i g h t  v e r s u s  d o s e  f o r  p o l y ( i s o b o r n y l  me t h a c r y l a t e ) i s  

g i v e n  i n  F i g u r e  2 8 .  The v a l u e  o f  G -G i s  2 . 1  e v e n t sb A

p e r  1 0 0  e V .
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XV. E3R R e s u l t s  and D i s c u s s i o n

A. F o l y m e t h a c r y l a m i d e  and C o p o ly m e r s

C o n s i d e r  t h e  ESR s p e c t r a  f o r  p o l y m e t h a c r y l a m i d e  i n  

t h e  s o l i d  s t a t e  and i n  THF g l a s s .  The s o l i d  p o l y m e r  w as  

i r r a d i a t e d  f o r  45 m i n u t e s  a t  l i q u i d  n i t r o g e n  t e m p e r a t u r e  

u s i n g  u l t r a v i o l e t  l i g h t .  F i g u r e  2 9  s h o w s  s p e c t r a  f o r  t h e  

s o l i d  p o l y m e r  a t  - 1 3 0 c C and - 1 0 ° C .  A f i v e  l i n e  s p e c t r u m  

was o b t a i n e d  a t  a l l  t e m p e r a t u r e s  s t u d i e d  i n  t h i s  r a n g e .

The a p p r o x i m a t e  h y p e r f i n e  s p l i t t i n g  i s  a b o u t  22 g a u s s .

The l i n e  w i d t h  i s  a b o u t  10 g a u s s .

A r i g i d  g l a s s  o f  PKAAm i n  THF w as  i r r a d i a t e d  a t  

l i q u i d  n i t r o g e n  t e m p e r a t u r e . A w e l l  r e s o l v e d  ESR s p e c t r u m  

was o b t a i n e d  a t  - 1 5 0 ° C  and i s  shown i n  F i g u r e  3 0 .  

E s s e n t i a l l y  t h e  same s p e c t r u m  a s  t h i s  was  o b t a i n e d  a t  

o t h e r  t e m p e r a t u r e s  up t o  - 1 0 0 ° C .  Above - 1 0 0 ° C  t h e  THF 

g l a s s  m e l t s .  A.s a r e s u l t  t h e  s p e c t r o m e t e r  t u n i n g  i s  l o s t  

and t h e  s p e c t r u m  d i s a p p e a r s .  The m e a s u r e d  h y p e r f i n e  

c o u p l i n g  w a s  22 g a u s s  and t h e  l i n e  w i d t h  was  10 g a u s s .  

I n t e g r a t i o n  o f  t h e  f i r s t  d e r i v a t i v e  c u r v e  i n d i c a t e d  t h a t  

t h e  i n t e n s i t i e s  d i s t r i b u t i o n  o f  t h e  s p e c t r a l  l i n e s  was  

l : 3 : 7 : 3 : i .  T h i s  r e s u l t  i s  c l o s e  t o  t h e  b i n o m i a l  i n t e n s i t y  

d i s t r i b u t i o n  o f  1 : 4 : 6 : 4 : 1 .

f.R
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-130

2 0  G

- 1 0

F i g u r e  29  • ESR s p e c t r u m  o f  i r r a d i a t e d

powder- o f  p o l y m e t h a c r y l  amide .

CC
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-150

F i g u r e  3 0 .  ESR s p e c tr u r a  o f  i r r a d i a t e d  

g l a s s  o f  p o l y r o e t h a c r y l a m i d e  

i n  0K7 .
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I t  w o u l d  a p p e a r  t h a t  t h e  nSR s p e c t r u m  Iron', i r r a d i a t e d

PMAAra i s  v e r y  s i m i l a r  t o  t h e  s p e c t r u m  f o r  p o l y m e r i z i n g  

m e t h a c r y l a m i d e .  T h i s  r e s u l t  s u g g e s t s  t h a t  " R a d i c a l  1" 

may he r e s p o n s i b l e  f o r  t h e  s p e c t r u m  f r o m  t h e  i r r a d i a t e d  

p o l y m e r .
\\ If

The a s s i g n m e n t  o f  r a o i c a l  1 t o  t h e  f i v e  l i n e  s p e c t r u m  

i s  f u r t h e r  s u b s t a n t i a t e d  by t h e  a p p l i c a t i o n  o f  t h e  

M c C o n n e l l  r e l a t i o n  ( 3 2 )  d e s c r i b e d  i n  F i g u r e  31 .

2

F i g u r e  31 . M c C o n n e l l ' s  r e l a t i o n  f o r

b e t a  p r o t o n s

CG
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The t e r n  i s  t h e  h y p e r f i n e  c o u p l i n g  by a b e t a

p r o t o n  and i s  t h e  u n p a i r e d  e l e c t r o n  d e n s i t y  a t  the  

c a r b o n  a to m  b e a r i n g  t h e  u n p a i r e d  e l e c t r o n .  3^ i s  a 

c o n s t a n t  e q u a l  t o  3.8  g a u s s  and i s  a c o n s t a n t  e q u a l  

t o  5 1 . 0  g a u s s .  T h e t a  i s  t h e  a n g l e  b e t w e e n  t h e  u n p a i r e d  

e l e c t r o n  o r b i t a l  and t h e  p r o j e c t i o n  o f  t h e  C—H bond i n  

t h e  p l a n e  p e r p e n d i c u l a r  t o  t h e  c a r b o n —c a r b o n  Dond.

C o n s i d e r  t h e  m e t h y l  p r o t o n s  o f  r a d i c a l  1 .  H e l l e r  

( 35 ) i n v e s t i g a t e d  a l k y l  f r e e  r a d i c a l s  w i t h  a m e t h y l  g r o u p  

a t t a c h e d  t o  a c a r b o n  atom b e a r i n g  an u n p a i r e d  e l e c t r o n

( e . g . ) :

COOH
I 

C H -j-O  
3  I 

COOH

I t  w as  d e t e r m i n e d  t h a t  t h e  e n e r g y  b a r r i e r  f o r  r o t a t i o n  

a b o u t  t h e  C-CH^ bond was n o t  g r e a t e r  t h a n  0 . 1  k c a l / m o l e .

I f  t h e  m e t h y l  g r o u p  e x p e r i e n c e s  f r e e  r o t a t i o n  t h e n  

t h e  h y p e r f i n e  c o u p l i n g s  by t h e  m e t h y l  p r o t o n s  w ould  a l l  

be t h e  same s i n c e  e a c h  p r o t o n  h a s  t h e  same i n t e r a c t i o n  

w i t h  t h e  u n p a i r e d  e l e c t r o n .  However  i f  t h e  m e t h y l  grou p  

r o t a t i o n  w e r e  t o  s t o p ,  t h e  s p l i t t i n g s  b y  e a c h  o f  th e  

m e t h y l  p r o t o n s  c o u l d  a l l  be d i f f e r e n t .

C9
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The ESR  s t u d i e s  r e v e a l e d  t h a t  f o r  f r e e  r a d i c a l s  o f

t h i s  t y p e ,  t h e  m e t h y l  g r o u p  e x p e r i e n c e d  a n e a r l y  f r e e

r o t a t i o n  a r o u n d  l i q u i d  h e l i u m  t e m p e r a t u r e .  T h e r e f o r e

i t  w o u ld  be  s a f e  t o  assume t h a t  a t  t e m p e r a t u r e s  a b o v e

l i q u i d  n i t r o g e n  t e m p e r a t u r e  t h a t  t h e  m e t h y l  g r o u p

e x e c u t e s  f r e e  r o t a t i o n .  Thus, a l l  t h e  m e t h y l  p r o t o n s  o f  
u ^
r a d i c a l  1 s h o u l d  be e q u i v a l e n t .

F o r  t h e  m e t h y l  p r o t o n s ,  t h e  h y p e r f i n e  c o u p l i n g  from

t h e  s p e c t r u m  ( F i g u r e  3 0 )  i s  22  g a u s s .  The C-K b o n d s  i n
2t h e  r o t a t i n g  m e t h y l  g r o u p  h a v e  an a v e r a g e  v a l u e  o f  c o s  6 

g i v e n  by  t h e  f o l l o w i n g  r e l a t i o n :

p
S u b s t i t u t i n g  v a l u e s  f o r  c o s  0 ,  a ^  , and i n t o  

M c C o n n e l l ' s  r e l a t i o n  y i e l d s  a v a l u e  o f  0 . 7 5  f o r  t h e  

u n p a i r e d  e l e c t r o n  d e n s i t y .

7 0
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F o r  a r a d i c a l  w i t h  f i v e  b a t a  p r o t o n s  g i v i n g  a f i v e  

l i n e  s p e c t r u m  w i t h  b i n o m i a l  i n t e n s i t y  d i s t r i b u t i o n  one  

m u st  c o n s i d e r  t h a t  one  o f  t h e  b e t a  m e t h y l e n e  p r o t o n s  

"does  n o t  i n t e r a c t  s i g n i f i c a n t l y  w i t h  t h e  u n p a i r e d  e l e c ­

t r o n .  The c o u p l i n g  by one o f  t h e  b e t a  m e t h y l e n e  p r o t o n s  

c o u l d  be  e i t h e r  22 g a u s s  o r  44 g a u s s .  I f  t h e  c o u p l i n g  

w e r e  22 g a u s s  t h e n  one  w ou ld  o b t a i n  t h e  s p e c t r a l  s t i c k  

d i a g r a m  shown i n  F i g u r e  3 2 .

F i g u r e  -32. S p e c t r a l  s t i c k  d i a g r a m  f o r

r a d i c a l  1 where  t h e  m e t h y l e n e  

p r o t o n  s p l i t t i n g  i s  22 g a u s s .
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Here one  w o u ld  h a v e  f i v e  l i n e s  w i t h  22 g a u s s  s p a c i n g  ana  

an i n t e n s i t i e s  r a t i o  o f  1 : 4 : 6 : 4 : 1 .  On t h e  o t h e r  h a n d  i f  

t h e  c o u p l i n g  by  a  m e t h y l e n e  p r o t o n  w ere  44 g a u s s  o n e  

w ould  o b t a i n  t h e  s p e c t r a l  d i a g r a m  shown i n  F i g u r e  3 3 .

F i g u r e  3 3 •  S p e c t r a l  s t i c k  d i a g r a m  f o r

r a d i c a l  1 w h e r e  t h e  m e t h y l e n e  

p r o t o n  s p l i t t i n g  i s  44 g a u s s .

Here one w o u l d  h a v e  s i x  l i n e s  w i t h  22 g a u s s  s p a c i n g  and  

an i n t e n s i t i e s  r a t i o  o f  1 : 3 : 4 : 4 : 3 : 1 .  The e x p e r i m e n t a l  

s p e c t r u m  i s  c l e a r l y  c om p osed  o f  f i v e  l i n e s  w’i t h  a  

c o u p l i n g  o f  22 g a u s s .  The c o n c l u s i o n  i s  t h a t  t h e  

c o u p l i n g  b y  a  m e t h y l e n e  p r o t o n  i s  22 g a u s s .

7 2
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A c c o r d i n g  t o  M c C o n n e l l ' s  r e l a t i o n ,  i f  t h e  c o u p l i n g

by a m e t h y l e n e  p r o t o n  i s  22 g a u s s  t h e n  t h e  C -K 1 bond

must  be a t  an a n g l e  o f  4 5 °  w i t h  r e s p e c t  t o  t h e  u n p a i r e d
w //

e l e c t r o n  o r b i t a l .  The c o n f o r m a t i o n  o f  r a d i c a l  1  i s  d e ­

p i c t e d  i n  F i g u r e  3 4 .

75N.

CH

F i g u r e  34*  The c o n f o r m a t i o n  o f  

r a d i c a l  1 .

I t  w o u l d  a p p e a r  t h a t  one o f  t h e  b e t a  m e t h y l e n e  p r o t o n s  

i s  e q u i v a l e n t  w i t h  t h e  m e t h y l  p r o t o n s .  The C-H' 1 bond  

must  be a t  an a n g l e  o f  7 5 °  w i t h  r e s p e c t  t o  t h e  u n p a i r e d  

e l e c t r o n  o r b i t a l .  M c C o n n e l l ' s  r e l a t i o n  w o u ld  i n d i c a t e  

t h a t  t h e  c o u p l i n g  by H "  i s  g i v e n  b y :

az?(H") = 0 .7 5 (3 .8  +  51.0 cos2  7 5 ° )  = 5 .4  G 
p

The c o u p l i n g  by H 1 ' w ould  be t o o  l o w  t o  be o b s e r v a b l e  i n  

t h e  c o n d e n s e d  p h a s e .
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R a d i c a l  1 m u st  e x i s t  i n  a s t r u c t u r a l  c o n f o r m a t i o n  

w h i c h  a l l o w s  t h e  t h r e e  m e t h y l  p r o t o n s  and one m e t h y l e n e  

p r o t o n  t o  i n t e r a c t  e q u i v a l e n t l y  w i t h  t h e  u n p a i r e d  e l e c -  

t r o n .  R a d i c a l  1 i s  t h e r e b y  a s s i g n e d  t o  t h e  f i v e  l i n e  

ESR s p e c t r u m  f o r  i r r a d i a t e d  PKAAm*

ESR s p e c t r a  o f  i r r a d i a t e d  c o p o l y m e r s  o f  m e t h a c r y l ­

amide w i t h  m e t h y l  m e t h a c r y l a t e  a p p e a r  i n  F i g u r e s  3 5 ,  56  

and 3 7 -  E a c h  s a m p l e  w as  i r r a d i a t e d  i n  a THF g l a s s  a t  

l i q u i d  n i t r o g e n  t e m p e r a t u r e . .  K e a s u r e m e n t s  w ere  made 

f rom  -1 5 Q °C  t o  - 1 0 0 ° C .  Each  c o p o l y m e r  e x h i b i t e d  a f i v e  

l i n e  s p e c t r u m .  F o r  t h e  i r r a d i a t e d  c o p o l y m e r s  th e  

f o l l o w i n g  r a d i c a l s  may r e s u l t :

C H , CH3
I 3  I °

CHg-O ~ CH2"(f#
c o n h 2  c o o c h 3
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F i g u r e  3 5 .  ESR s p e c t r u m  o f  i r r a d i a t e d  

c o p o l y m e r  c o n t a i n i n g  65% 

m e t h a c r y l a m i d e  and 55% m e t h y l  

m e t h a c r y l a t e ,  i n  THF g l a s s .
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- 1 0 0 '

50 G

F i g u r e  36. ESR s p e c t r u m  o f  i r r a d i a t e d  

c o p o l y m e r  c o n t a i n i n g  41% 

m e t h a c r y l a m i d e  and 53% m e t h y l  

m e t h a c r y l a t e ,  i n  THE g l a s s .
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-1 3 0

2 0  G

F i g u r e  3 7 .  HSH s p e c t r u m  o f  i r r a d i a t e d  

c o p o l y m e r  c o n t a i r i n g  18% 

m e t h a c r y l a m i d e  and 82% m e t h y l  

m e t h a c r y l a t e ,  i n  THF g l a s s .
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The c o p o l y m e r s  w i t h  65?-o and 41;- m e t h a c r y l a m i d e  "both y i e l d

SSR s p e c t r a  v e r y  s i m i l a r  t o  t h e  s p e c t r u m  f o r  t h e  hom o-
\x ^p o l y m e r  o f  m e t h a c r y l a m i d e .  I t  i s  " b e l i e v e d  t h a t  r a d i c a l  1 

may g i v e  r i s e  t o  t h e s e  s p e c t r a .  H o w e v e r  t h e  s p e c t r u m  

f rom  t h e  c o p o l y m e r  c o n t a i n i n g  18J4 m e t h a c r y l a m i d e  a p p e a r s  

t o  be s l i g h t l y  d i f f e r e n t .  The i n t e n s i t i e s  o f  t h e  s e c o n d  

and f o u r t h  l i n e s  f o r  l a t t e r  c o p o l y m e r  a r e  o u t  o f  p r o ­

p o r t i o n  w i t h  t h e  r e s t  o f  t h e  s p e c t r a l  l i n e s .  A l s o  t h e  

s p l i t t i n g  f r o m  l i n e  two t o  l i n e  t h r e e  i s  o n l y  8 g a u s s  

w h i c h  i s  s u b s t a n t i a l l y  d i f f e r e n t  f r o m  t h e  22 g a u s s  

c o u p l i n g  o b s e r v e d  f o r  r a d i c a l  1 .
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S p i n  T r a p p i n g  . - e m i t s

Z3E s t u d i e s  w ere  f i r s t  c a r r i e d  o u t  on t h e  t r a p p i n g

compound i t s e l f ,  n i t r o s o - t - h u t a n e  ( h t S ) .  F i g u r e s  -33 and

•39 show s p e c t r a  r e c o r d e d  f o r  a s o l u t i o n  o f  0 . 1 K  E t 3  i n

h e x a n e  "before and a f t e r  i r r a d i a t i o n  r e s p e c t i v e l y .

The t h r e e  l i n e  s p e c t r u m  i s  a s s i g n e d  t o  t h e  d i - t - b u t y l

n i t r o x i d e  f r e e  r a d i c a l .  The c o u p l i n g  by  t h e  n i t r o g e n

n u c l e u s  i s  1 5 . 7  g a u s s .  F or  a g i v e n  c o n c e n t r a t i o n  o f  KtB

and s p e c t r o m e t e r  a m p l i t u d e ,  i r r a d i a t i o n  o f  t h e  sam ple

f o r  one  h o u r  d o u b l e s  t h e  p ea k  h e i g h t  o f  t h e  s p e c t r u m .

A s o l u t i o n  o f  O.IM E t 3  i n  w a t e r  was  i r r a d i a t e d  a t  room
^  o

t e m p e r a t u r e  and s p e c t r a  w ere  r e c o r d e d  fr o m  - 2 0  C t o  0 C.

The f i r s t  and s e c o n d  d e r i v a t i v e  c u r v e s  f o r  t h e  l a t t e r  

sample  a p p e a r  i n  F i g u r e s  4!0 and '41 r e s p e c t i v e l y .  The 

t h r e e  l i n e  s p e c t r u m  i s  a s s i g n e d  t o  t h e  d i - t - b u t y l  n i t r o x i d e  

f r e e  r a d i c a l .  The c o u p l i n g  by t h e  n i t r o g e n  n u c l e u s  i s  

1 7 . 5  g a u s s .  I t  w o u ld  a p p e a r  t h a t  t h e  d i e l e c t r i c  c o n ­

s t a n t  o f  t h e  s o l v e n t  i n f l u e n c e s  t h e  m a g n i t u d e  o f  t h e  

s p l i t t i n g  i n  t h i s  f r e e  r a d i c a l .  S u b s e q u e n t l y  a m i x t u r e  

o f  s o l i d  EtB s u s p e n d e d  i n  w a t e r  was  i r r a d i a t e d  and s p e c t r a  

were r e c o r d e d .  The ESR s p e c t r u m  g i v e n  i n  F i g u r e  .42 sh ow s  

a t o t a l  o f  n i n e  l i n e s  i n  t h r e e  s e t s  o f  t h r e e  l i n e s .  The 

c e n t r a l  p e a k  o f  e a c h  s e t  i s  v e r y  i n t e n s e .  The !!-14  

s p l i t t i n g  i n  t h e  d i - t —b u t y l  n i t r o x i d e  r a d i c a l  i s  a s s i g n e d  

t o  t h e  t h r e e  i n t e n s e  l i n e s  ( a ^ = l 6 . 5  g a u s s ) .  The s m a l l
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10 G

F i g u r e  58 .  FSR s p e c t r u m  o f  n i t r o s c - t -  

b u t a n e  i n  h e x a n e  b e f o r e  

i r r a d i a t i o n  a t  room t e m p e r a t u r e .
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F i g u r e  3 9 .  S3R s p e c r t u m  o f  n i t r o s o - t -  

b u t a n e  i n  h e x a n e  s o l u t i o n  

a f t e r  UV i r r a d i a t i o n  a t  

room t e m p e r a t u r e .
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F i g u r e  4 0 .  ESR s p e c t r u m  o f  i r r a d i a t e d

s o l u t i o n  o f  0 .1 > i  N tB  i n  w a t e r  

r e c o r d e d  a t  - 1 0 ° C *
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10 G

F i g u r e  4 1 .  ESR s e c o n d  d e r i v a t i v e  c u r v e  

o f  i r r a d i a t e d  0 . 1 H  s o l u t i o n  

o f  NtB i n  w a t e r ,  r e c o r d e d  

a t  - 1 6 ° C .
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



F i g u r e  4 2 .  SSR s p e c t r u m  o f  i r r a d i a t e d

s o l i d  N t 3  s u s p e n d e d  i n  w a t e r  

a t  - 8 ° C .

84
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s a t e l l i t e  l i n e s  a r e  a s c r i b e d  t o  C - 1 3  c o u p l i n g s  w i t h  t h e  

u n p a i r e d  e l e c t r o n  ( a (- , = 4 . 4 g a u s s ) .  The r a t i o  o f  t h e  .','-14 

p e a k  h e i g h t  t o  t h e  C -1 3  p e a k  h e i g h t  i s  c l o s e  t o  1 0 0 .

T h is  r e s u l t  i s  c o n s i s t e n t  w i t h  t h a t  r e p o r t e d  f o r  th e  

d i - t - b u t y l  n i t r o x i d e  r a d i c a l  ( 3 4 ) .

I'SR s p i n  t r a p p i n g  s t u d i e s  u t i l i z i n g  I,TtB  w e r e  u s e d  

t o  h e l p  i d e n t i f y  f r e e  r a d i c a l  i n t e r m e d i a t e s  f r o m  t h e  

i r r a d i a t e d  l o w  m o l e c u l a r  w e i g h t  m o d e l  c o m p o u n d s .  A q u e o u s  

s o l u t i o n s  o f  i s o b u t y r a m i d e  and  p i v a l a m i d e  w i t h  NtB w ere  

i r r a d i a t e d  a t  room t e m p e r a t u r e  and ESR s p e c t r a  w e r e  

r e c o r d e d  f r o m  - 1 0 ° C  t o  0 ° C -

The s p e c t r u m  o f  i r r a d i a t e d  i s o b u t y r a n . i d e  w i t h  N tr  

a p p e a r s  i n  F i g u r e  43.. A t h r e e  l i n e  s p e c t r u m  w h i c h  shows  

e v i d e n c e  o f  f u r t h e r  s p l i t t i n g  t o  s i x  l i n e s  i s  o b t a i n e d .  

The s p e c t r u m  i s  b e l i e v e d  t o  a r i s e  f r o m  t h e  t - b u t y l *  

i s o p r o p y l  n i t r o x i d e  f r e e  r a d i c a l :  *

l ‘.3 
H - C —N —tBu 

I I
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F i g u r e  4 5 .  SSR s p e c t r u m  o f  i r r a d i a t e d  

m i x t u r e  o f  i s o b u t y r a m i d e  

v / i t h  N t 3  i n  w a t e r  a t  —5°C.  

Mole r a t i o  o f  i s o b u t y r a m i d e  

t o  NtE i s . 7 : 1 .

Pj 6
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The s p l i t t i n g  due t o  t h e  n i t r o g e n  n u c l e u s  i s  1 7 . 0  g a u s s  

and t h e  b e t a  p r o t o n  s p l i t t i n g  i s  a b o u t  2 g a u s s .  To 

v e r i f y  t h a t  i t  i s  i n d e e d  t h e  i s o p r c p y l  g r o u p  t h a t  b e c o r . e s  

t r a p p e d  by  17t3 d u r i n g  t h e  i r r a d i a t i o n ,  a  s e p a r a t e  e x p e r ­

i m e n t  w as  p e r f o r m e d  w he re  a m i x t u r e  o f  i s o p r o p y l  c h l o r i d e  

w i t h  ITt3 w as  i r r a d i a t e d .  The 3SR s p e c t r u m  o f  t h e  a f o r e ­

m e n t i o n e d  m i x t u r e  a p p e a r s  i n  f i g u r e  4 4 .  A t h r e e  l i n e  

s p e c t r u m  i s  o b s e r v e d  w h i c h  s h o w s  e v i d e n c e  o f  f u r t h e r  

s p l i t t i n g .  The c o u p l i n g  by t h e  n i t r o g e n  n u c l e u s  i s  1 6 . 0  

g a u s s  and t h e  b e t a  p r o t o n  c o u p l i n g  i s  a b o u t  2 g a u s s .  The 

r e s u l t  o f  t h e  l a t t e r  e x p e r i m e n t  p r o v i d e s  e v i d e n c e  t h a t  

th e  i s o p r c p y l  g r o u p  b e c o m e s  t r a p p e d  b y  ITtZ d u r i n g  t h e  

i r r a d i a t i o n  o f  i s o b u t y r a m i d e .  The Z3R s p e c t r u m  o f  t h e  

t - b u t y l i s o p r o p y l  n i t r o x i d e  r a d i c a l  h a s  b e e n  r e p o r t e d  ( 3 5 ) .  

A s i x  l i n e  s p e c t r u m  w as  o b s e r v e d .  The N - 1 4  c o u p l i n g  was  

1 6 . 8  g a u s s  and  t h e  p r o t o n  c o u p l i n g  w a s  1 . 8  g a u s s .  The 

s p e c t r u m  o f  i r r a d i a t e d  i s o b u t y r a m i d e  w i t h  I7t3 i s  a s s i g n e d  

t o  t h e  t - b u t y l i s o p r o p y l  n i t r o x i d e  r a d i c a l .

The s p e c t r u m  o f  i r r a d i a t e d  p i v a l a n i d e  w i t h  Xt3  

a p p e a r s  i n  f i g u r e  4 5 .  A t h r e e  l i n e  s p e c t r u m  i s  o b s e r v e d  

w i t h  no f u r t h e r  s p l i t t i n g .  The s p e c t r u m  i s  a s s i g n e d  t o  

t h e  d i - t - b u t y l  n i t r o x i d e  r a d i c a l .  The 1-7-14 c o u p l i n g  i s  

1 5 . 0  g a u s s .  To c o n f i r m  t h i s  r e s u l t  a  m i x t u r e  o f  ZtZ 

w i t h  t - b a t y l  c h l o r i d e  was  i r r a d i a t e d  an d  Z3R s p e c t r a  

were r e c o r d e d .  The s a m p le  c o n t a i n i n g  t h e  t - b u t y l  c h l o r i d e  

and I7t3 a l s o  y i e l d e d  a  t h r e e  l i n e  s p e c t r u m  ( f i g u r e  4 6 )  

w i t h  N - 1 4  c o u p l i n g  o f  1 5 . 5  g a u s s .
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5 G

F ig u r e  4 4 .  ESR s p e c tr u m  o f  i r r a d i a t e d

m ix t u r e  o f  i s o p r o p y l  c h l o r i d e  

w i t h  UtB a t  room t e m p e r a t u r e .
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? i g u r e  4 5 .  ESR s p e c t r u m  o f  i r r a d i a t e d  

m i x t u r e  o f  p i v a l a m i d e  w i t h  

KtB i n  w a t e r  a t  - 4 ° C .  h o l e  

r a t i o  o f  p i v a l a m i d e  t o  h t S  

i s  4 : 1 .

8 9
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F i g u r e  4-6. E3R s p e c t r u m  o f  i r r a d i a t e d  

t —b u t y l  c h l o r i d e  w i t h  NtB  

a t  room  t e m p e r a t u r e .
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An a q u e o u s  s o l u t i o n  o f  PnAAm w it h  NtB was i r r a d i a t e d  

a t  room t e m p e r a t u r e .  S p e c t r a  w ere  r e c o r d e d  from -1 0 °C  

t o  0°C »  F i g u r e  47 show s t h e  sp e c tr u m  o b s e r v e d  a t  - 1 0 ° C .

A t o t a l  o f  f i v e  l i n e s  a re  s e e n .  Two p a r t i a l l y  o v e r la p p e d  

s p e c t r a  a r e  p r e s e n t .  One s p e c t r u m  c o r r e s p o n d s  t o  p e a k s  

l a b e l e d  l . f 3 ,  5 .  T h is  s p e c t r u m  i s  a s s i g n e d  t o  th e  NtB 

a d d u c t  o f  r a d i c a l  1.:

CH3
-C H g -C -N -tB u

0=C 9
n h 2

The N -1 4  c o u p l i n g  i s  1 5 • 5  g a u s s .  T h is  r e s u l t  i s  in  l i n e  

w i t h  t h a t  o b t a in e d  f o r  t h e  NtB a d d u c t  o f  th e  p r o p a g a t in g  

r a d i c a l  in. m e th a c r y la m id e  ( F i g u r e  8 ) .

The s e c o n d  sp e c tru m  c o r r e s p o n d s  t o  p e a k s  l a b e l e d  

2 ,  5 ’ w h ic h  i s  s u p e r im p o s e d  on 3 and 4 .  T h is  sp ectru m  

i s  a s s i g n e d  t o  th e  NtB a d d u c t  o f  t h e  am ide f r e e  r a d i c a l :

t B u —N — C —NHo
X  "
0  0

The o b s e r v e d  N -14  c o u p l i n g  i s  a b o u t  1 0 . 7  g a u s s .  T h is  

r e s u l t  i s  i n  l i n e  w i t h  t h a t  o b t a i n e d  f o r  t h e  i r r a d i a t i o n  

s p in  t r a p p i n g  s tu d y  o f  fo rm a m id e  ( F ig u r e  1 1 ) .
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3

\
F i g u r e  4 7  • ESR s p e c t r u m  o f  i r r a d i a t e d

m i x t u r e  o f  p o l y m e t h a c r y l a r a i d e  

and NtB i n  w a t e r  a t  - 1 0 ° C .

9?
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c. D is c u s s i on o f  Amide P h o t o c h e m i s t r y

I t  w o u l d  be a p p r o p r i a t e  a t  t h i s  t i m e  t o  b r i e f l y  

d i s c u s s  t h e  b a s i c  p r o c e s s e s  i n  am ide  p h o t o c h e m i s t r y  and 

t o  c o r r e l a t e  t h e  r e s u l t s  o b t a i n e d  t h u s  f a r .  L u r i n g  t h e  

p h o t o l y s i s  o f  a l i p h a t i c  a m i d e s ,  c a r b o n  m o n o x i d e ,  h y ­

d r o g e n  and a l i p h a t i c  a m i n e s  a r e  g e n e r a t e d  ( 3 6 ) ( 3 7 ) .  A 

r e a c t i o n  s c h e m e  f o r  t h e  p h o t o l y s i s  o f  a m i d e s  i s - g i v e n  

b e l o w :

► RCO +  -NH2

R* 4- -C0NH2 ------ ► CO 4- «NH2

 ► r - nh2

The amide g r o u p  c o n t r o l s  th e  p h o t o d e c o m p o s i t i o n .  C l e a ­

vage  may o c c u r  a t  t h e  c a r b o n - c a r b o n  bond o r  th e  c a r b o n -  

n i t r o g e n  bond a t  t h e  c a r b o n y l  g r o u p .

RCONH
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The r e s u l t s  o f  t h e  i r r a d i a t i o n  s p i n  t r a p p i n g  s t u d i e s  

f o r  i s o h u t y r a m i d e  and p i v a l a m i d e  i n d i c a t e  t h a t  th e  a l k y l  

group a t t a c h e d  t o  t h e  amide g r o u p  i s  t r a p p e d  by NtB.

Hence one  m ig h t  s u s p e c t  t h a t  c l e a v a g e  o f  t h e  c a r b o n -  

carb on  bond a t  t h e  amide g r o u p  o c c u r s  d u r i n g  i r r a d i a t i o n  

o f  t h e s e  com pou nds .  However  t h e  s p i n  a d d u c t  o f  t h e  

amide g r o u p  c o u l d  n o t  be d e t e c t e d  d u r i n g  t h e s e  e x p e r i ­

m e n t s .  P e r h a p s  t h e  amide r a d i c a l  i s  s u f f i c i e n t l y  

r e a c t i v e  t h a t  i t  d e c o m p o s e s  b e f o r e  i t  can  be t r a p p e d  by  

NtB. \

When PMAAm was i r r a d i a t e d  i n  t h e  p r e s e n c e  o f  th e  

t r a p p i n g  compound, t h e  s p i n  a d d u c t s  o f  " r a d i c a l  1" and 

th e  amide  r a d i c a l  were  d e t e c t e d *  A p p a r e n t l y  d u r i n g  t h e  

i r r a d i a t i o n  o f  t h e  p o ly m er  t h e  amide  r a d i c a l  i s  g e n e r a t e d ,  

The r e s u l t s  o f  t h e  s p i n  t r a p p i n g  e x p e r i m e n t s  s u p p o r t

th e  b e l i e f  t h a t  when amide compounds a r e  i r r a d i a t e d ,_ • ̂
th e  c l e a v a g e  o f  t h e  c a r b o n - c a r b o n  bond a t  t h e  c a r b o n y l  

group o c c u r s .

P i n a l l y  how m ig h t  one a c c o u n t  f o r  t h e  f o r m a t i o n  o f  

" r a d i c a l  1" d u r i n g  t h e  i r r a d i a t i o n  o f  PMAAm? A s u g g e s t e d  

mechanism f o r  t h e  i r r a d i a t i o n  d e g r a d a t i o n  o f  PMAAm i s  

g i v e n  b e l o w :
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CH2- C _ CH - C --------------- ------------ --

CONHg C0NH2  gonh2

? H3
-CH5-O  

2  I
c o n h 2

The p r i m a r y  s t e p  o f  t h e  d e g r a d a t i o n  i n v o l v e s  c l e a v a g e  o f  

an am ide  g r o u p  f r o m  t h e  p o l y m e r  c h a i n .  The i n t e r m e d i a t e  

t e r t i a r y  f r e e  r a d i c a l  t h e n  q u i c k l y  u n d e r g o e s  main  c h a i n  

s c i s s i o n  a t  t h e  c a r b o n - c a r b o n  b o n d  b e t a  t o  the  s i t e  o f  

t h e  u n p a i r e d  e l e c t r o n .  " R a d i c a l  1" and a  f r a g m e n t  w i t h  

t e r m i n a l  u n s a t u r a t i o n  a r e  t h e  r e s u l t s .  The f a c t  t h a t  

" r a d i c a l  1" i s  g e n e r a t e d  d u r i n g  t h e  d e g r a d a t i o n  s u g g e s t s  

t h a t  PXAArn u n d e r g o e s  c h a i n  s c i s s i o n  when i t  i s  i r r a d i a t e d .
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V. C o n c l u s i o n

The r e s u l t s  o b t a i n e d  h e r e w i t h  p o i n t  t o  t h e  f a c t  

t h a t  PI-JlAk i s  a p o ly m e r  o f  t h e  d e g r a d i n g  ty p e  u n d e r  

u l t r a v i o l e t  and gamma i r r a d i a t i o n *  ESR s p e c t r o s c o p y  

r e v e a l e d  t h a t  " r a d i c a l  1" i s  an im p o r t a n t  i n t e r m e d i a t e  

d u r i n g  t h e  u l t r a v i o l e t  i r r a d i a t i o n  o f  PMAAm and i t s  

c o p o l y m e r s  w i t h  m e t h y l  m r t h a c r y l a t e . A w e l l  r e s o l v e d  

f i v e  l i n e  ESR s p e c t r u m  w i t h  a p p r o x im a te  b i n o m i a l  i n ­

t e n s i t y  d i s t r i b u t i o n  was  o b t a i n e d  f o r  PMAAm i n  a  r i g i d  

g l a s s  a t  lo w  t e m p e r a t u r e .  M c C o n n e l l ' s  r e l a t i o n  v/as 

u s e d  a s  a  b a s i s  f o r  t h e  a s s i g n m e n t  o f  " r a d i c a l  1" t o  

t h e  f i v e  l i n e  s p e c t r u m .  The f a c t  t h a t  " r a d i c a l  1" 

a p p e a r s  a f t e r  i r r a d i a t i o n  s u g g e s t s  t h a t  main c h a i n  

c l e a v a g e  i s  an i m p o r t a n t  p r o c e s s  f o r  th e  p o l y m e r .  The 

ESR s p i n  t r a p p i n g  s t u d y  o f  PMAAm n o t  o n ly  p r o v i d e d  

s u p p o r t  f o r  th e  f o r m a t i o n  o f  " r a d i c a l  1" d u r i n g  i r r a d i a ­

t i o n  b u t  a l s o  i n f e r r e d  t h e  m echanism  by w h ic h  " r a d i c a l  1 

may a r i s e .  The s p i n  t r a p p i n g  e x p e r i m e n t  a l s o  i n d i c a t e d  

t h a t  t h e  amide r a d i c a l  i s  g e n e r a t e d  d u r in g  t h e  i r r a d i a ­

t i o n  o f  PilAAm. The c h e m i c a l  p r o c e s s e s  i n v o l v e d  d u r i n g  

th e  i r r a d i a t i o n  o f  t h e  p o l y m e r  h a v e  been e l u c i d a t e d .

The v i s c o s i m e t r i c  s t u d i e s  o f  r ed o x  p o l y m e r i z e d  

PMAAm i n d i c a t e d  t h a t  t h e  p o ly m e r  un derw ent  s i g n i f i c a n t  

r e d u c t i o n  i n  m o l e c u l a r  w e i g h t  a f t e r  e x p o s u r e  t o  gamma 

i r r a d i a t i o n .

9 6
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T a b le  11 l i s t s  r a d i a t i o n  G v a l u e s  f o r  th e  p o lym ers  

s t u d i e d  h e r e  a s  w e l l  a s  some p c l y n e r s  s t u d i e d  e l s e w h e r e  

( 3 8 ) ( 3 9 ) ( 4 0 ) ( 4 1 ) .

Table 1 1 .  R a d i a t i o n  G v a l u e s  f o r  d e g r a d i n g  p c l y n e r s .

P o l y m e r  G V a lu e  ( e v e n t s / 1 0 0  eV)

P o l y m e t h a c r y l a m i d e Gs -G x  = 2 . 0

KMA (95%) -  co  MAAm (5%) G = 0 . 9 2 ,  G = 0 . 0 9
S a

P o l y ( i s o b o r n y l  m e t h a c r y l a t e ) v ° x - 2a

PMMA Gs -Gx  = 1 . 5

F o l y ( n - h e x y l  m e t h a c r y l a t e ) Gs -C x  = 0 . 3 8  *

? o l y ( m e t h y l - c h l o r o  
a c r y l a t e )

*
Gs -Gx  = 5 . 3  ( lo w  d o s e )

= 2 . 1  ( h i g h  d o s e )

P o l y ( 1 , 1 , 1 - t r i c h l o r o e t h y l  
c h l o r o  a c r y l a t e )

*
Gs -Gx  = 2 . 1

P o l y ( l - b u t e n e  s u l f o n e ) Gs -Gx  = 6 . 5

* I n d i c a t e s  a  l i t e r a t u r e  v a l u e .

0 7
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I t  i s  known t h a t  th e  s e n s i t i v i t y  o f  a p o l y m e r i c  

r e s i s t  t o  t h e  e l e c t r o n  beam i n c r e a s e s  w i t h  t h e  G v a l u e  

o f  t h e  p o l y m e r .  Comparison show s that-PKAAm and p o l y -  

( i s o b o r n y l  m e t h a c r y l a t e )  have  h i g h e r  G v a l u e s  t h a n  PMMA 

and p c l y ( n - h e x y l  r e t h a c r 3rl a t e ) .  However th e  p o l y m e r s  

i n v e s t i g a t e d  h e r e  do n e t  d e g r a d e  a s  r e a d i l y  a s  do 

p o l y  ( 1 - b u t e n e  s u l f o n e )  and p o l y  ( m e t h y l  <c c h l o r o  a c r y l a t e )  

(PMCA). PJICA i s  an i n t e r e s t i n g  c a s e .  A f t e r  a b s o r p t i o n  

o f  one megarad o f  r a d i a t i o n ,  t h e  v a l u e  o f  G -G d e c r e a s e s
S Jv

by a f a c t o r  o f  two.  A f t e r  i r r a d i a t i o n  the  m a t e r i a l  

b eco m es  l e s s  s e n s i t i v e  t o  r a d i a t i o n .  Pr'CA u n d e r g o e s  

d i s s o c i a t i v e  e l e c t r o n  c a p t u r e  w i t h  t h e  rem oval  o f  a  

c h l o r i d e  i o n .  Then b e t a  s c i s s i o n  o c c u r s  t o  y i e l d  t h e  

p o l y m e r i c  m e t h y l  cc c h l o r o  a c r y l a t e  r a d i c a l .  The number  

o f  s c i s s i o n s  p e r  p o ly m er  a f t e r  one megarad d o s e  i s  1 . 1 .  

One c h l o r i n e  atom i s  l o s t  f o r  e v e r y  c h a in  s c i s s i o n  t h a t  

o c c u r s .  The r e a s o n  f o r  t h e  d e c r e a s e  i n  s e n s i t i v i t y  

i s  n o t  c l e a r .

The c o p o ly m e r  c o n t a i n i n g  m e th a c r y la m id e  and m e t h y l  

m e t h a c r y l a t e  y i e l d e d  a f a i r l y  lo w  G v a l u e .  I t  s h o u l d  

be p o i n t e d  o u t  t h a t  t h i s  c o p o l y m e r  had a l a r g e  d i s p e r s i t y  

(K /H > 7 ) .  P e r h a p s  t h e  b r o a d  d i s t r i b u t i o n  o f  t h e  c o -
n  I I

p o ly m e r  o b s c u r e s  t h e  t r u e  e f f e c t  o f  th e  r a d i a t i o n  on  

t h i s  s a m p l e .

9 8
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Based  on s t u d i e s  p e r fo r m e d  by Matsuda and c o -  .
_ 7

w o r k e rs  ( 8 )  PMAAm had a s e n s i t i v i t y  o f  2 . 3 x 1 0  ' c o u l o m b s /  
2

cm w h ic h  i s  a b o u t  two o r d e r s  o f  m a g n i tu d e  b e t t e r  th an  

t h a t  f o r  P'. :;.A ( 5 x 1 0  cou lom b s /cm "  ) • V.'ith t h e  com bina­

t i o n  o f  c h a r a c t e r i s t i c s  su c h  a s  h i g h  g l a s s  t r a n s i t i o n  

t e m p e r a t u r e  and good a d h e s i o n  p r o p e r t i e s ,  p e r h a p s  PMAAm 

may have  p o t e n t i a l  f o r  u s e  a s  a p o s i t i v e  r e s i s t  f o r  

f a b r i c a t i o n  o f  i n t e g r a t e d  c i r c u i t  c o m p o n e n t s .  •
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S x r - e r i m s r . t a l S e c t i o n

A. M a t e r i a l s

M e t h a c r y la m id e  and m e t h y l  m e t h a c r y l a t e  r.o:::r.ers  

were o b t a i n e d  from  A l d r i c h  Company. !T ,N -d ir .e th y l  meth­

a c r y l a m i d e  and " - m e t h y l  m e t h a c r y l a m i d e  were o b t a i n e d  from  

r o l y s c i e n c e s  Company. B u t y l  m e t h a c r y l a t e  and i s o b o r n y l  

m e t h a c r y l a t e  were  r e c e i v e d  from S c i e n t i f i c  P o ly m er  

P r o d u c t s .

M e t h a c r y la m id e  was  r e c r y s t a l l i z e d  from t o l u e n e  

p r i o r  t o  u s e .  M eth y l  m e t h a c r y l a t e  was d i s t i l l e d  b e f o r e  

u s e .  The o t h e r  m e t h a c r y l a t e  monomers were p a s s e d  t h r o u g h  

a column ( s u p p l i e d  by SP2 Company) t o  remove t h e  i n ­

h i b i t o r .  The i n i t i a t o r s  b e n z o y l  p e r o x i d e  and p o t a s s i u m  

p e r s u l f a t e  were  s u p p l i e d  by P i s h e r  Company and were  u s e d  

w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  T e t r a h y d r o f u r a n  o f  h i g h  

p u r i t y  was  d i s t i l l e d  and s t o r e d  o v e r  m o l e c u l a r  s i e v e s  

i n  t h e  d a r k  u n d e r  n i t r o g e n .

Model compounds i s o b u t y r a m i d e  and p iva lam idc-  were  

p u r c h a s e d  from  A l d r i c h  Company and were r e c r y s t a l l i z e d  

frcm m e t h a n o l  p r i o r  t o  u s e .  The t r a p p i n g  agent ' ,  n i t r o s o -  

t e r t i a r y  b u t a n e ,  was  o b t a i n e d  from  A l d r i c h  Company. T h i s  

compound .was s t o r e d  i n  t h e  r e f r i g e r a t o r  and -was u s e d  

w'ithout  f u r t h e r  p u r i f i c a t i o n .  Magnesium p e r c h l o r a t e  

(Tridom C o . )  and u r e a  ( P i s h e r  C o . )  were  u se d  a s  mhey were  

r e c e i v e d  f o r  v i s c o s i t y  e x p e r i m e n t s .  PMMA s t a n d a r d s  u s e d
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f o r  GPC were  o b t a i n e d fro::; P o l y s c i e n c e s  Company.

3 .  P r e p a r a t i o n • o f  P o l y m e r s  

P o l y m e t h a c r y l a m i d e  ( PMAAm)

V.'ater s o l u b l e  PI'AAm was p r e p a r ed  by f r e e  r a d i c a l  

p o l y m e r i z a t i o n  o f  m e t h a c r y l a n i d e  i n  r e f l u x i n g  t o l u e n e  

w i t h  b e n z o y l  p e r o x i d e  a s  i n i t i a t o r  ( 4 2 ) .  The p o ly m er  

w h ic h  i s  i n s o l u b l e  i n  t o l u e n e  p r e c i p i t a t e s  a s  i t  i s  

formed i n  t h e  r e a c t i o n  m i x t u r e .  T h i s  f a c t  w i l l  l i m i t  

t h e  m o l e c u l a r  w e i g h t  o f  t h e  po ly m er  p r o d u c e d .  A 66% 

y i e l d  was o b t a i n e d .  A f t e r  i s o l a t i o n  th e  p o lym er  was  

washed w i t h  h o t  m e t h y l e n e  c h l o r i d e  t o  remove z r a c e s  o f  

monomer and i n i t i a t o r .  T h i s  Pih.Am sam ple  was used  f o r  

SSR s t u d i e s  and m o l e c u l a r  w e i g h t  m e a s u r e m e n t s .

A s e c o n d  sa m p le  o f  PKAAm was p r e p a r e d  u s i n g  r e d o x  

p o l y m e r i z a t i o n  a t  room t e m p e r a t u r e .  A 20% aqueous  

s o l u t i o n  o f  m e t h a c r y l a m i d e  was f i r s t  pu rged  w i t h  n i t r o ­

g e n .  P o t a s s i u m  p e r s u l f a t e  and sodium b i s u l f i t e  were  

th e n  added t o  i n i t i a t e  t h e  r e a c t i o n .  The mass r a t i o  o f  

monomer t o  i n i t i a t o r  was  1 0 0 : 1 .  The s o l u t i o n  was s t i r r e d  

v i g o r o u s l y .  The n e x t  m orn in g  t h e  r e a c t i o n  m ix tu re  was  

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

a b e a k e r  w i t h  d i s t i l l e d  w a t e r  and h e a t e d  t o  b o i l i n g  t o  

d i s s o l v e  i t .  The p o ly m e r  p r e c i p i t a t e d  upon c o o l i n g .

The m a t e r i a l  was c u t  i n t o  s m a l l  p i e c e s  and p l a c e d  i n  th e  

o v e n  a t  1 0 0 ° C. A f t e r  two h o u r s  t h e  d ry  sam ple  was r e ­
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moved f r o m  t h e  o v e n .  A 5Q?> y i e l d  w as  o b t a i n e d . T m  s 

PMAAm p r o v e d  s o l u b l e  i n  SH u r e a  and 0 .4 . ' ;  magnes ium pe-r-  

c h l o r a t e  s o l u t i o n s .  The k i n e t i c s  o f  p e r s u l f a t e  i n i t i a t e d  

p o l y m e r i z a t i o n  o f  m e t h a c r y l a m i d e  had b e e n  r e p o r t e a  by  

o t h e r  w o r k e r s  ( 4 3 ) »  R edox  P'L-.nrr. w as  u s e d  f o r  m o l e c u l a r  

w e i g h t  e x p e r i m e n t s .

C o p o l y m e r s  w i t h  MMA

T h r e e  c o p o l y m e r s  w i t h  v a r y i n g  c o m p o s i t i o n s  o f  Mian  

and M:A w e r e  p r e p a r e d  and u s e d  f o r  R3R s t u d i e s .  The 

c o p o l y m e r i z a t i c n s  t o o k  p l a c e  a t  7 0 ° 0  i n  95m e t h a n o l  

w i t h  b e n z o y l  p e r o x i d e  a s  i n i t i a t o r .  The r e p o r t e d  r e a c ­

t i v i t y  r a t i o s  f o r  c o p o l y m e r i z a t i o n  o f  MiMra (M^) w i t h  :!MA 

(M2 ) a r e  r ^ O . 4 7 ,  r 2 = 1 . 5  ( 4 4 )  and r 1 = 0 . 4 J ,  r 2 = l . £ 3  ( 4 5 ) .  

The c o p o l y m e r  s a m p l e s  p r e p a r e d  c o u l d  be  d e s c r i b e d  t h i s  

way :

C o p o ly m e r  1 :  f ^ = 0 . 7 8 9  F ^ = 0 . 6 5

C o p o ly m e r  2 :  f -^=0.583  F ^ = 0 . 4 1

C o p o ly m e r  3 :  f ^ = 0 . 2 8 5  ? 1 = 0 . 1 8

F d e n o t e s  t h e  f r a c t i o n  o f  t h e  comonomer i n  t h e  c o p o l y m e r  

and f  d e n o t e s  t h e  f r a c t i o n  o f  t h e  comonomer i n  t h e  f e e d .  

F i g u r e  4 8  s h o w s  t h e  p l o t  o f  a g a i n s t  f ^ ,  t h e  c o p o l y m e r  

c o m p o s i t i o n  c u r v e  f o r  MAAm and KMA.

A l l  c o p o l y m e r i z a t i o n s  w e r e  c a r r i e d  t c  10?: o r  l e s s  

c o n v e r s i o n  t o  i n s u r e  t h e  p r o d u c t i o n  o f  h o m o g e n e o u s  c o -

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



0.5

0.5

F i g u r e  4 8 .  C o p o l y m e r i z a t i o n  cu r v e  f o r  

MAAm (M1 ) and KMA ( l '2 ) .

T a b le  1 2 .  Copolym er y i e l d s . .

C o p o ly m er % c o n v . ( S s t a r t t  end

1 7 . 0 0 . 7 8 9 0 . 7 9 8

2 8 . 0 0 . 5 8 3 0 . 5 9 8

3 6 . 0 0 . 2 8 5 0 . 2 9 2
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p o l y r . e r .  T a b le  12 l i s t s  th e  f 1 v a l u e s  a t  t h e  s t a r t  • nd 

end o f  e a c h  c o p o l y n e r i z a t i o n .  C o n s i d e r i n g  monomer r e a c ­

t i v i t i e s ,  t h e  c o p o ly m e r  c o m p o s i t i o n  and t h e  e x t e n t  o f  

c o n v e r s i o n ,  t h e  change  i n  f., o v e r  t h e  c o u r s e  o f  c o ­

p o ly m er  i z  a t  i o n  was  c a l c u l a t e d .  In e a c h  c a s e  t h e r e  i s  

n o t  much c h a r g e  in  f^  d u r i n g  t h e  c o u r s e  o f  th e  r e a c t i o n .  

The v a l u e  o f  f ^  i n c r e a s e s  s i n c e  I1KA i s  t h e  mere r e a c t i v e  

monomer. S u b s e q u e n t l y  a  c o p o l y m e r  w i t h  5% MAAm was  

p r e p a r e d  and u s e d  f o r  a m o l e c u l a r  w e i g h t  s t u d y .

/
\

P o l y ( N - M e t h y 1 M e t h a c r y l a m i d e )

Ten gram s o f  !T -n e th y l  m e t h a c r y l a m i d e  were mixed
/

w i t h  20 ml o f  d i s t i l l e d  w a t e r  and i n i t i a t o r  ( 0 . 0 7 g

p o t a s s i u m  p e r s u l f a t e  and 0 . 0 3 g  s o d iu m  b i s u l f i t e ) .  The
/

s o l u t i o n  was  s t i r r e d  and th e '  t e m p e r a t u r e  was h e l d  a t  

35°C .  The n e x t  day t h e  m i x t u r e  w as  fo u n d  g e l l e d .  The 

g e l  we.s.. th e n  d r i e d  on a  w a tc h  g l a s s  "over" a h e a t  p l a t e .

A 55% y i e l d  was  o b t a i n e d .  T h i s  p o l y m e r  was s o l u b l e  i n  

8M a q u e o u s  u r e a  and d i s t i l l e d  w a t e r .

Copolym er o f  i-IAAm w i t h  IT ,N -D im ethy l  M eth a c ry la m id e

80. ml o f  d i s t i l l e d  w a t e r  v/ere  .mixed w i t h  0 . 1  m ole  

o f  e a c h  cor.onomer and i n i t i a t o r  ( 0 . 1 5 g  p o t a s s i u m  p e r ­

s u l f a t e  and 0 . 0 6 g  sodium b i s u l f i t e ) .  The s o l u t i o n  was  

s t i r r e d  and t h e  t e m p e r a t u r e  was h e l d  a t  35°C .  The n e x t  

day a s m a l l  amount o f  s o l i d  had f o r m e d  i n  th e  m i x t u r e .
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The c o p o l y m e r  d i s s o l v e d  i n  w a t e r  v . i t h  s t i r r i n g  a t  c r  

a b o v e  r o o m  t e m p e r a t u r e .

P o l y ( n - 3 u t y l  i.e t h a c r y l a t e )

P c l y ( b u t y l  m e t h a c r y l a t e )  w a s  p r e p a r e d  by f r e e  r a d i c a l  

p o l y m e r i z a t i o n  i n  b u l k .  1 0 0  ml o f  monomer w ere  p u r g e d  

w i t h  n i t r o g e n  and O . l g  o f  b e n z o y l  p e r o x i d e  was  a d d e d .

The m i x t u r e  w a s  s t i r r e d  w h i l e  h e a t i n g  t o  3 5 ° C .  n i t e r  an  

h o u r  t h e  p o l y m e r  w as  p r e c i p i t a t e d  on p e n t a n e .  The p o l y ­

mer w as  d i s s o l v e d  i n  h o t  m e t h y l  e t h y l  k e t o n e ,  p r e ­

c i p i t a t e d  on m e t h a n o l  and t h e n  i s o l a t e d .  A 4G;S y i e l d  

was o b t a i n e d .

C o p o l y m e r  o f  B u t y l  I . ' e t h a c r y l a t e  w i t h

B u t y l  m e t h a c r y l a t e  ( 0 . 5  m o l e )  and I'Anm ( 0 . 5  m o l e )  

w ere  d i s s o l v e d  i n  2 5 0  ml o f  e t h a n o l .  The s o l u t i o n  w a s  

t h e n  p u r g e d  w i t h  n i t r o g e n .  B e n z o y l  p e r o x i d e  ( C . 2 5 g )  

was a d d e d .  The m i x t u r e  w as  h e a t e d  t o  85°C w i t h  s t i r r i n g .  

A f t e r  tw o  and on e  h a l f  h o u r s  t h e  c o p o l y m e r  was p r e c i p ­

i t a t e d  on w a t e r  and t h e n  d r i e d  i n  t h e  o v e n .  A 1 5 /j y i e l d  

was o b t a i n e d .

P o l y ( I s o b o r n y l  M e t h a c r y l a t e )

1 0  ml o f  i s o b o r n y l  m e t h a c r y l a t e  v e r s  h e a t e d  t o  S ^ C  

i n  a t e s t  t u b e  w i th .  O . l g  o f  b e n z o y l  p e r o x i d e .  V . i t h i n  

15 m i n u t e s  t h e  r e a c t i o n  m i x t u r e  s o l i d i f i e d .  The t e s t
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t u b e  w as  b r o k e n .  The s o l i d  m a t e r i a l  was c r u s h e d  t o  b i t s  

u n d e r  t h e  h e a t  p r e s s  a t  2 0 0 ° C .  The p o ly m e r  was fou n d  t o  

be i n s o l u b l e  i n  DIF b u t  was s o l u b l e  i n  t o l u e n e .

C. T h e r m a l  C h a r a c t e r i z a t i o n

PMAAm and t h e  c o p o l y m e r s  w i t h  MIA were c h a r a c t e r ­

i z e d  by  d i f f e r e n t i a l  s c a n n i n g  c a l o r i m e t r y  w i t h  t h e  

D upont  9 9 0  t h e r m a l  a n a l y s e r .  The h e a t i n g  r a t e  was 10°C  

p e r  m i n u t e  u n d e r  a i r .  E ach  s a m p le  e x h i b i t e d  a DSC t r a c e  

s i m i l a r  t o  t h e  one d e p i c t e d  i n  F i g u r e  4 9 .

2 6 5 °100° T

F i g u r e  49 .  DSC s k e t c h  f o r  c o p o l y m e r s  o f  HAAm 

w i t h  H.MA and PMAAm.
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Uach s a m p l e  e x h i b i t e d  tw o  e n d o t h s r n s .  The b r e e d  

p ea k  a r o u n d  1 0 0 ° 0  i s  t h c u ~ h t  t o  be due t o  t h e  r e l e a s e  o f  

a b s o r b e d  w a t e r  ' . m o l e c u l e s . A s a m p l e  w h i c h  was  d r i e d  

p r i o r  t o  t a k i n g  t h e  DSC d i d  n o t  show t h i s  p e a k .  The 

s h a r p  p e a k  a r o u n d  265°C i s  t h o u g h t  t o  ce due t o  The 

t h e r m a l  d e c o m p o s i t i o n  01 t h e  s a m p l e .  The t h e r m a l  d e ­

g r a d a t i o n  o f  T.'L-Am and i t s  c o p o l y m e r s  had b e e n  r e p o r t e d  

by. o t h e r . ' w o r k e r s  ( 4 6 ) ( 4 7 ) .

D. U l t r a v i o l e t  S p e c t r a

U l t r a v i o l e t  s p e c t r a  w ere  r e c o r d e d  f o r  a q u e o u s  s o l u ­

t i o n s  o f  m e t h a c r y l a m i d e ,  PKAAm, i s o b u t y r a m i d e , p i v a l -  

amide and m a g n e s i u m  p e r c h l o r a t e .  Q u a r t z  c e l l s  w i t h  o n e  

cm. p a t h  l e n g t h  w e r e  u s e d .  S p e c t r a  v/ere r e c o r d e d  on t h e  

Cary 118C i n s t r u m e n t .

The s p e c t r u m  o f  a t  a  c o n c e n t r a t i o n  o f  0 . 3  g / 1

i s  d e p i c t e d  i n  F i g u r e  5 0 .  A p l o t  o f  a b s o r b a n c e  a t  2 2 0  

nm a g a i n s t  c o n c e n t r a t i o n  i s  g i v e n  i n  F i g u r e  5 1 .  The  

a b s o r p t i v i t y  c o e f f i c i e n t  f o r  PMAAm i s  3 . 6  1 / g - c m .

The UV s p e c t r u m  o f  ITAAm a t  a c o n c e n t r a t i o n  o f  0 . 1 0  

g / l  a p p e a r s  i n  F i g u r e  5 2 .  A p l o t  o f  a b s o r b a n c e  a t  23'0 

nm a g a i n s t  c o n c e n t r a t i o n  i s  shown i n  F i g u r e  5 5 .  The 

a b s o r p t i v i t y  c o e f f i c i e n t  f o r  MAAm i s  1 3 . 3  l / g - c m .
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1 . 0..

2 5 0 n m2 0 0 n m

F i g u r e  5 0 .  A b s o r b a n c e  v s .  w a v e l e n g t h  f o r  

PKAAm, c o n c . = 0 . T - g / 1 .

1 . 5

A b s .
1 . 0 ..

0.1 0 . 2 c o n c .  g / 10 . 3

F i g u r e  5 1 .  A b s o r b a n c e  © 2 2 0  nm v s .  c o n c e n ­

t r a t i o n  f o r  PMAAm.
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2 . 0

1 . 0.

2 5 0 n m

F i g u r e  5 2 .  A b s o r b a n c e  v s .  w a v e l e n g t h  f o r  

1'IAAm, c o n c . = 0 . 1 0 5  g / l .

1 . 5

A b s

1. 0

0 . 0 5 0 .1 0
c o n c .  g / l

F i g u r e  5 3 .  A b s o r b a n c e  £ 2 J 0  nm v s .

c o n c e n t r a t i o n  f o r  KAAm.
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An . u l t r a v i o l e t  s t u d y  o f  i r r a d i a t e d  PMAAm w as  c a r r i e d  

o u t .  An a q u e o u s  s o l u t i o n  o f  PMAAm w a s  i r r a d i a t e d  f o r  

v a r i o u s  t i m e  i n t e r v a l s  and s p e c t r a  w e r e  r e c o r d e d .  The 

s o l u t e  c o n c e n t r a t i o n  was 0 . 3  g / l .  The r e s u l t s  a r e  sum­

m a r i z e d  i n  T a b l e  1 3 .

An i n c r e a s e  o f  u l t r a v i o l e t  a b s o r p t i o n  i s  o b s e r v e d  

i n  t h e  r a n g e  o f  3 0 0  n:.i t o  200 nm f o r  s o l u t i o n s  i r r a d i a t e d  

u p . t o  tw o  h o u r s .  The ch an ge  i n  s p e c t r u m  i n d i c a t e s  a 

m o d i f i c a t i o n  o f  p o l y m e r  s t r u c t u r e ;  p o s s i b l y  due t o  t h e  

f o r m a t i o n  o f  d o u b l e  b o n d s  in  t h e  m a t e r i a l .

T a b l e  13'. U l t r a v i o l e t  a b s o r b a n c e  f o r  

i r r a d i a t e d  PMAAm.

S a m p l e
A b s o r b a n c e  V a l u e s

I r r a d i a t i o n

T i m e
@ 3 0 0  nm. @ 2 6 0  n m . 0  2 2 0  nm.

n o n e 0 . 0 4 0 . 1 2 1 . 2 0

1 5  m i n . 0 . 0 8 0 . 1 6 1 . 3 6

3 0  m i n . 0 . 0 8 0 . 1 6 1 . 3 6

1 h o u r 0 . 1 0 0 . 2 0 1 . 3 8

2  h o u r s 0 . 1 2 0 . 2 2 1 . 2 4
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A s p e c t r u m  was  r e c o r d e d ,  f o r  an a q u e o u s  s o l u t i o n  

o f  m a g n e s i u m  p e r c h l o r a t e .  The  s o l u t i o n  had an a b s o r b a n c e  

o f  0 . 1 6  a t  2 2 0  nm.

S p e c t r a  w ere  r e c o r d e d  f o r  i s o b u t y r a m i d e  and p i v a l -  

am ide  i n  a q u e o u s  s o l u t i o n s .  B o t h  c o m p o u n d s  e x h i b i t e d  

s p e c t r a  s i m i l a r  t o  PMAAm. P l o t s  o f  a b s o r b a n c e  a t  2 2 0  

nm a g a i n s t  c o n c e n t r a t i o n  a r e  shown i n  F i g u r e s  54  and  

I s o b u t y r a m i d e  had  an a b s o r p t i v i t y  c o e f f i c i e n t  o f  0 . 3 4  

1 / g - c m .  P i v a l a m i d e  had  an a b s o r p t i v i t y  c o e f f i c i e n t  o f

0 . 2 6  1 / g - c m ' .

E .  ESR S p e c t r a

ESR s p e c t r a  w ere  r e c o r d e d  on t h e  JEOL ESR s p e c t r o ­

m e t e r  a t  v a r i o u s  t e m p e r a t u r e s  f r o m  - 1 6 0 ° C  t o  room t e m ­

p e r a t u r e .  A l l  s a m p l e s  f o r  ESR w ork  w e r e  d e g a s s e d  and  

t h e n  s e a l e d  u n d e r  vacuum i n  q u a r t z  s a m p l e  t u b e s  or  

q u a r t z  c a p i l l a r y  t u b e s .  A 200  W att  m e r c u r y - x e n o n  lamp  

was u s e d  f o r  u l t r a v i o l e t  i r r a d i a t i o n s .
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0 . 5  ■

A b s .

co n c .  g / l  0 . 50 . 30.1

F i g u r e  5 4 .  A b s o r b a n c e  <&' 2 2 0  nm v s .  c o n c e n ­

t r a t i o n  f o r  p i v a l a m i d e .

Abs.

0 . 2

0 . 1

F i g u r e  55 .  A b s o r b a n c e  @ 2 2 0  nm v s .  c o n ­

c e n t r a t i o n  f o r  i s o b u t y r a m i d e .

112

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



F . M o l e c u l a r  W e ig h t

V i s c o s i t y  a v e r a g e  m o l e c u l a r  w e i g h t s  w ere  d e t e r m i n e d  

f o r  PMAAra s a m p l e s  u s i n g  t h e  H e w l e t t - P a c k a r d  a u t o ­

v i s c o m e t e r .  The v i s c o m e t e r  t u b e s  w ere  s u p p l i e d  by  

Cannon Company ( t u b e  n u m b e r s :  I D - 6 5 7  and 50E—5 3 0 ) .  The 

t e m p e r a t u r e  was m a i n t a i n e d  a t  25°C w i t h  a  t e m p e r a t u r e  

b a t h  e q u i p p e d  w i t h  a  t h e r m o r e g u l a t o r .  E f f l u x  t i m e s  

w e r e  m e a s u r e d  w i t h  a p h o t o e l e c t r i c  a t t a c h m e n t  w i t h  a u t o ­

m a t i c  r e c o r d e r .  I n t r i n s i c  v i s c o s i t i e s  w ere  d e t e r m i n e d  

b y  t h e  g r a p h i c a l  i n t e r c e p t  m e t h o d .  The s o l v e n t s  u s e d  

f o r  v i s c o m e t r i c  s t u d i e s  o f  PMAAm were 8M a q u e o u s  u r e a  

and 0 .4M  a q u e o u s ,  m a g n e s iu m  p e r c h l o r a t e .

The m o l e c u l a r  w e i g h t s  o f  MKA c o p o l y m e r  s a m p l e s  

w e r e  i n v e s t i g a t e d  by g e l  p e r m e a t i o n  c h r o m a t o g r a p h y  w i t h  

t h e  W a t e r s  GPC i n s t r u m e n t .  S e v e r a l  n a r r o w  m o l e c u l a r  

w e i g h t  d i s t r i b u t i o n  s a m p l e s  o f  PMMA w e r e  i n j e c t e d  i n t o  

t h e  GPC and a c a l i b r a t i o n  c u r v e  f o r  PMMA i n  EMF was  

p r e p a r e d .  F i g u r e  56 s h o w s  t h e  n a t u r a l  l o g a r i t h m  o f  

m o l e c u l a r  w e i g h t  a g a i n s t  t h e  e l u t i o n  v o l u m e .  I t  was  

t h e n  a s s u m e d  t h a t  t h e  c o p o l y m e r  (95% MMA) o b e y e d  t h e  

PMMA c a l i b r a t i o n  c u r v e .

The m o l e c u l a r  w e i g h t s  o f  p o l y ( i s o b o r n y l  m e t h a c r y l ­

a t e )  s a m p l e s  were i n v e s t i g a t e d  b y  membrane osm om etry .  

T o lu e n e  was  u s e d  a s  s o l v e n t .  Number a v e r a g e  m o l e c u l a r  

w e i g h t s  w ere  d e t e r m in e d  by t h e  g r a p h i c a l  i n t e r c e p t  

method from p l o t s  o f  r e d u c e d  o s m o t i c  p r e s s u r e  a g a i n s t
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c o n c e n t r a t i o n .

G. P i l m  P r e p a r a t i o n s

The f o l l o w i n g  s a m p l e s  w e r e  made i n t o  f i l m s  u s i n g  a n e a t  

p r e s s :

1 .  PI-'.iiA

2 .  C o p o l y m e r  (KAAm 18% -  MMA 82%)

3 .  C o p o l y m e r  (KAAm 40% -  KKA 60%)

4 .  P o l y  (" b u ty l  m e t h a c r y l a t e )

5 .  C o p o l y m e r  o f  b u t y l  m e t h a c r y l a t e  w i t h  KAAm

PKKA w a s  p r e s s e d  a t  1 2 5 ° C  u n d e r  3 0 , 0 0 0  p s i  f o r  15  

m i n u t e s .  C o p o l y m e r s  w i t h  m e t h a c r y l a m i d e  w ere  p r e s s e d  a t  

1 7 0 ° C  u n d e r  3 5 , 0 0 0  p s i  f o r  15  m i n u t e s .  P o l y ( b u t y l  m e t h ­

a c r y l a t e  w a s  p r e s s e d  a t  5 0 °C  u n d e r  3 0 , 0 0 0  p s i  f o r  10
/

./ m i n u t e s .  The c o p o l y m e r  o f  b u t y l  m e t h a c r y l a t e  w i t h  .’iAAm

w as  p r e s s e d  a t  150°C f o r  10  m i n u t e s  u n d e r  3 0 , 0 0 0  p s i .

■ PMAAm, p o l y ( N - m e t h y l  m e t h a c r y l a m i d e )  and t h e  c o p o l y m e r  

w i t h  KAAm and d i m e t h y l  m e t h a c r y l a m i d e  c o u l d  n o t  be  

s o f t e n e d .  Thus  no f i l m s  c o u l d  b e  p r e p a r e d  from t h e s e  

s a m p l e s .

H .  M e c h a n i c a l  P r o p e r t i e s

T h e l n s t r o n  t e n s i l e  t e s t i n g  d e v i c e  w a s  u s e d  t o  

c h a r a c t e r i z e  p o ly m e r  f i l m s .  The i n s t r u m e n t  was c a l i ­

b r a t e d  w i t h  a  f i v e  pound w e i g h t  p r i o r  t o  u s e .  S t r e s s ,  

s t r a i n ,  m o d u l u s  and u l t i m a t e  s t r e n g t h  f o r  s i x  s a m p l e s

1 1 5
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T a b l e  1 4 .  M e c h a n i c a l  p r o p e r t i e s  o f

p o l y m e r  f i l m s .

Sample
Modulus  

d y n e s / c m ~

U l t i m a t e
S t r e n g t h

p s i

( R a n g e )

P e r c e n t  

B l o n g a t i o n  

a t  b r e a k

PMMA ( 1 . 0 3 1 0 . 5 5 ) x l 0 10 ( 2 . 1  t o  4 . 3 ) x l 0 5 3 . 6

KAAm 18% 

MMA 82%
( 6 . 4 1 i 3 . 4 1 ) x l 0 9 ( 0 . 6  t o  1 . 9 ) x l 0 5 l . J

MAAm 40% 

MMA 60%
( 8 . 0 6 ± 2 . 7 3 ) x l 0 9 ( 0 . 7  t o  4 . 5 ) x l 0 7 2 . 1

P o l y ­
b u t y l

MA

( 3 . . 6 1 £ l . 8 6 ) x l 0 8 ( 0 . 8  t o  2 . 8 ) x l 0 5 1 4 3 . 3

BMA
and

MAAm

( 6 . 8 3 i 3 - . 2 8 ) x l 0 9 ( 0 . 8  to  3 .3 !) x105 1 . 9
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o f  e a c h  f i l m  t e s t e d .  T a b l e  14  l i s t s  v a l u e s  f o r  m o d u l u s ,  

u l t i m a t e  s t r e n g t h  ana p e r c e n t  e l o n g a t i o n  f o r  t h e  p o l y m e r s  

s t u d i e d .

PMMA, t h e  c o p o l y m e r s  o f  MAAm w i t h  I IMA and t h e  c o ­

p o l y m e r  o f  b u t y l  m e t h a c r y l a t e  w i t h  KAAm e x h i b i t e d  s t r e s s -  

s t r a i n  c u r v e s  i n d i c a t i v e  o f  b r i t t l e  f r a c t u r e .  The 

a f o r e m e n t i o n e d  m a t e r i a l s  h ad  h i g h  m o d u l u s  v a l u e s  and l o w  

p e r c e n t  e l o n g a t i o n  a t  th e .  b r e a k .  On t h e  o t h e r  h a r d  p o l y  

( b u t y l  m e t h a c r y l a t e )  e x h i b i t e d  p l a s t i c  d e f o r m a t i o n  w i t h  

l o w e r  m o d u l u s  v a l u e s  t h a n  t h e  o t h e r  s a m p l e s .

I t  w o u l d  a p p e a r  t h a t  t h e  i n c o r p o r a t i o n  o f  MAAm i n t o  

a  c o p o l y m e r  w i t h  MMA l o w e r s  t h e  m o d u l u s  by l e s s  t h a n  o n e  

o r d e r  o f  m a g n i t u d e .  I n c o r p o r a t i o n  o f  MAAm i n t o  a c o ­

p o l y m e r  w i t h  b u t y l  m e t h a c r y l a t e  l e a d s  t o  an i n c r e a s e  i n  

m o d u l u s  o f  t h e  s a m p l e  b y  one  o r d e r  o f  m a g n i t u d e .  The 

c o p o l y m e r s  f o r m e d  good  f i l m s  and h a d  h i g h  s t r e n g t h .

I .  Gamma I r r a d i a t i o n s

A c e s i u m  1 3 7  gamma i r r a d i a t o r  w a s  u s e d  t o  i r r a d i a t e  

s o l i d  p o l y m e r s .  S a m p l e s  w e r e  s e a l e d  u n d e r  vacuum and 

i r r a d i a t e d  f o r  p e r i o d s  o f  t w o ,  f o u r ,  s i x  and e i g h t  h o u r s .  

R a d i a t i o n  G v a l u e s  and t h e  qu antu m  e f f i c i e n c y  f o r  d e ­

g r a d a t i o n  w e r e  d e t e r m i n e d  fr o m  m o l e c u l a r  w e i g h t  m e a s u r e ­

m e n t s .  The r a d i a t i o n  d o s a g e  r a t e  w as  d e t e r m i n e d  b y  t h e  

d o s i m e t r y  p r o c e d u r e  g i v e n  by T s a y  and C d ia n  ( 4 8 ) .  The 

d o s a g e  r a t e  r e c e i v e d  b y  p o l y m e r  s a m p l e s  was 0 . 2 9  M r a d / h r .

1 1 7
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J .  Carbon 13 S p e c t r o s c o p y

2 0 . 1  MHz, n a t u r a l  a b u n d a n c e ,  p r o t o n  c e c o u p l e d  c a r b o n  

13 s p e c t r a  w e r e  o b t a i n e d  on t h e  IBM 17?.—8 0  i n s t r u m e n t ,  

PMAan s a m p l e s  w e r e  s t u d i e d  i n  a q u e o u s  u r e a  s o l u t i o n s  

w i t h  D2 0  f o r  l o c k .  The u r e a  c a r b o n y l  r e s o n a n c e  a p p e a r s  

a t  1 6 3 . 0  ppm and d o e s  n o t  i n t e r f e r e  w i t h  t h e  c a r b o n y l  

r e s o n a n c e s  f r o m  t h e  p o l y m e r .  The C -1 3  s h i f t  f o r  d i o x a n e  

( r e f e r e n c e )  w as  s e t  a t  6 7 . 4  ppm.

C o p o l y m e r s  w ere  s t u d i e d  i n  DMF s o l u t i o n  w i t h  D^O 

c a p i l l a r y  t u b e  f o r  l o c k .  R e f e r e n c i n g  w a s -m a d e  by s e t t i n g  

t h e  liilF m e t h y l  c a r b o n  c i s o i d  t o  t h e  f o r m y l  p r o t o n  a t  3 6 . 0  

ppm. P o l y ( i s o b o r n y l  m e t h a c r y l a t e )  w a s  s t u d i e d  i n  CDCl^ 

s o l u t i o n  a t  40°C  w i t h  TMS f o r  r e f e r e n c e .  C o n c e n t r a t i o n s  

w e r e  i n  t h e  r a n g e  o f  10fo t o  15/'o. P u l s e  w i d t h s  o f  6 0 °  

and r e l a x a t i o n  d e l a y s  o f  one s e c o n d  -were u s e d ,  f o r m a l l y  

3 , 0 0 0  t o  1 0 , 0 0 0  s c a n s  w e r e  t a k e n  f o r  a g i v e n  s a m p l e .  

S p e c t r a  f o r  s a m p l e s  i n  and DNF s o l u t i o n s  were  r e ­

c o r d e d  a t  8 0 ° C t o  9 0 ° C .

1 “ s

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



V I I . R e f e r e n c e  s

1 .  A .  C h a p i r o , • " R a d i a t i o n  C h e m i s t r y  o f  P o l y m e r i c  S y s t e m s  

C h a p t e r s  8 - 1 1 ,  H igh  P o l y m e r s ,  V o l .  1 5 ,  W i l e y  ( N . Y . )  

( 1 9 6 2 ) .

2 .  P .  B o v e y ,  " E f f e c t s  o f  I o n i z i n g  R a d i a t i o n  on N a t u r a l  

and S y n t h e t i c  H ig h  P o l y m e r s " ,  P o l y m e r  R e v i e w s ,  V o l .  1 

I n t e r s c i e n c e  ( N . Y . )  ( 1 9 5 8 ) .

3 .  E .  L a w t o n ,  A.  Bueche and J .  B a l w i t ,  N a t u r e ,  1 7 2 , 76  

( 1 9 5 3 ) .

4 .  5 .  P s h e z h e t s k i i ,  A. K o t o v ,  V.  K i l i n c h u k ,  V. R o g i n s k i i  

and V .  T u p i k o v ,  "EPR o f  P r e e  R a d i c a l s  i n  R a d i a t i o n  

C h e m i s t r y " ,  W i l e y  ( l v . Y . )  ( 1 9 7 4 ) ,  p a g e s  2 7 3 - 2 7 4 .

5 .  L .  T h o m p so n ,  S o l i d  S t a t e  T e c h n o l o g y ,  P a r t  I ,  p age  2 7

and P a r t  I I ,  p a g e  4 1 ,  A u g u s t  ( 1 9 7 4 ) .

6 .  C.  H o r o w i t z ,  A p p l .  P h y s .  L e t t . ,  3 2 ,  8 0 3  ( 1 9 7 8 ) .

7 .  I .  H a l l e r ,  H a t z a k i s  and R. S r i n i v a s a n ,  IBM J .  R e s .  

and L e v . ,  1 2 f / 251  ( 1 9 6 8 ) .

8 .  S .  K a t s u d a ,  S .  T s u c h i d a ,  M. Honma and K .  H a s eg a w a ,

P o l y m .  P n g .  S c i . ,  1 7 ,  4 1 0  ( 1 9 7 7 ) .

9 .  C.  E v a n s ,  A l a r i c h i m i c a  A c t a ,  12_, 23 ( 1 9 7 9 ) .

1 0 .  V .  Z u h e r e v ,  V.  B e l e v s k i i  and L .  B u g a e n k o ,  R u s s .  Chem.  

R e v . ,  4 8 ,  1 3 6 1  ( 1 9 7 9 ) .

1 1 .  H.  U e d a ,  J .  P o ly m .  S c i . ,  A - l ,  2 ,  2 2 0 7  ( 1 9 6 4 ) .

1 2 .  J .  H a r r i s ,  0 .  H i n o j o s a  and J .  A r t h u r ,  J .  Po lym .  S c i . ,  

P o l y m .  Chem. E d . ,  n ,  3 2 1 5  ( 1 9 7 3 ) .

119

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



1 3 .  A.  K a c k o r ,  A.' W ajer  and J .  D e B o e r ,  T e t r a h e d r o n  L e t t . ,  

2 1 1 5  ( 1 9 6 6 ) .

1 4 .  A .  K a c k o r ,  A .  Vvajer and J .  D e B o e r ,  T e t r a h e d r o n  L e t t . ,  

2 7 5 7  ( 1 9 6 7 ) .

1 5 .  A . W a j e r ,  A.  K a c k o r ,  J .  D e B o e r  and J .  Van V o o r s t ,  

T e t r a h e d r o n ,  2_3, 4 0 2 1  ( 1 9 6 7 ) .

1 6 .  K.  K a k i n o ,  J .  P h y s .  Chem.,  8 4 ,  1 0 1 2  ( 1 9 8 0 ) .

1 7 .  T .  O t s u ,  H .  T a n a k a ,  T* S a t o  and L .  y u a c h ,  Makromol.  

C h e m . ,  1 8 1 ,  1 8 9 7  ( 1 9 8 0 ) .

1 8 .  3 .  R u s t g i  and P .  R i e s z ,  I n t .  J .  R a d .  B i o l . ,  35., 325  

( 1 9 7 8 ) .

1 9 .  3 .  R u s t g i  and P .  R i e s z , .  I n t .  J .  R a d .  B i o l . ,  34., 149  

( 1 9 7 8 ) .

2 0 .  J .  R a n d a l l  i n ,  "Carbon 13 KKR i n  P o l y m e r  S c i e n c e " ,

W. P a s i k a  ( E d i t o r ) ,  ACS Symposium S e r i e s  R o .  1 0 3 ,  

C h a p t e r  1 4  ( 1 9 7 9 ) .

2 1 .  i .  J o h n s o n ,  P .  Ke a t l e y  and F .  3 o v e y ,  K a c r o m o l e c u l e s ,  

5 ,  175  ( 1 9 7 0 ) .

2 2 .  G .  L e v y ,  R .  L i c h t e r  and G. K e l s o n ,  "Carbon  13  kMR 

S p e c t r o s c o p y " ,  W i l e y  ( R . Y . )  ( 1 9 8 0 ) , p a g e  1 9 6 .

2 3 .  Y .  I n o u e ,  K. Koyama, R ,  Chujo  and A. K i s h i o k a ,

J .  P o l y m .  S c i . ,  P o l y m . .  L e t t .  E d . ,  1 1 ,  55 ( 1 9 7 3 ) .

2 4 .  A .  Chapman and R .  B i l l i n g h a m ,  E u r o p .  P o l y m .  J . ,

1 6 ,  21 ( 1 9 8 0 ) .

2 5 .  J .  L a n c a s t e r  and k .  O 'C o n n o r ,  J .  P o l y m .  S c i . ,  Po lym .  

L e t t .  E d . ,  2 0 ,  5 4 7  ( 1 9 8 2 ) .

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



2 6 .  E .  H at  ad a ,  'I .. K i t a y a m a  and X. u t e ,  Po lym  ^ u l l . ,

9 ,  2 4 1  ( 1 9 3 3 ) .

2 7 .  J .  l y e r l a ,  T.  E o r i k a w a  ana D. J o h n s o n ,  J .  Am. Cher.,  

S o c . ,  9 9 ,  2 4 6 3  ( 1 9 7 7 ) .

2 8 .  G. l e v y ,  R .  l i c h t e r  ana G. N e l s o n ,  "Carbon 13  -C-R 

S p e c t r o s c o p y " ,  W i l e y  ( N . Y . )  ( 1 9 3 0 ) ,  page  6 1 .

2 9 .  1 .  T i t k o v a ,  2 .  P r o k o p o v a ,  2 .  S e a l a c e k ,  V. P e t r u s ,

K. D u s e k  and K. B o h d a n e c k y ,  E u r o p .  P o l y m .  J . ,  1 4 ,

1 4 5  ( 1 9 7 7 ) .

3 0 .  H .  T a n a k a  and T .  O t s u ,  J .  P o l y m .  S c i . ,  P o ly m .  Chem.  

E d . ,  1 5 ,  2 6 1 3  ( 1 9 7 7 ) .

3 1 .  V .  S h a rm a ,  R .  P e t h r i c k  and S .  A f f r o s s r a n ,  P o l y m e r ,

2 3 ,  1 7 3 2  ( 1 9 8 2 ) .

3 2 .  S .  P s h e z h e t s k i i ,  A. K o t o v ,  V. L i l i n c h u k ,  V. R o g i n s k i i  

and V .  T u p i k o v ,  "EPR o f  F r e e  R a d i c a l s  i n  R a d i a t i o n  

C h e m i s t r y " ,  W i l e y  ( K . Y . )  ( 1 9 7 4 ) ,  p a g e  2 5 8 .

3 3 .  C.  H e l l e r ,  J .  Chem. P h y s . ,  . 3 6 ,  1 7 5  ( 1 9 6 2 ) .

3 4 .  H. l e m a i r e ,  A .  R a s s a t ,  P . S .  G a v i n  and G. E a r t h i e r ,

J .  C h i n .  P h y s . ,  5 9 ,  1 2 4 7  ( 1 9 6 2 ) .

3 5 .  H. L e m a i r e ,  R.  R a m a s s e u l  and A .  R a s s a t ,  r : o l .  P h y s . ,

3 ,  5 5 7  ( 1 9 6 4 ) .

3 6 .  J .  C a l v e r t  and J .  P i t t s ,  " P h o t o c h e m i s t r y " ,  W i l e y  

( N . Y . )  ( 1 9 6 6 ) ,  p a g e s  4 6 0 - 4 6 2 .

3 7 .  G. B o o t h  and R .  N o r r i s h ,  J .  Chem. S o c . ,  1S8 ( 1 9 5 2 ) .

3 8 .  J „ L a i  and J .  H e r b e r t ,  h a c r o m o l e c u l e s ,  1 1 ,  6 1 7  ( 1 9 7 S ) .

i

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



3 9 .  J .  K e l b e r t ,  C .Y .  Chen,  C. P i t t m a n  and G. H a g n a u e r ,  

M a c r o m o l e c u l e s ,  1 1 ,  1 1 0 4  ( 1 9 7 S ) .

4 0 .  E .  V . ' a l i a c e , 'C . P i t t m a n ,  J .  K w i a t k o w s k i ,  C. Cock and  

J.. H e l b e r t ,  P o l y m e r  P r e p r i n t s ,  2 4 . ( 1 ) ,  157  ( 1 9 8 3 ) .

4 1 .  L. S t i l l w a g o n  i n  " P o ly m e r  M a t e r i a l s  P e r  . e l e c t r o n i c  

A p p l i c a t i o n s " ,  P .  F e i t  and C. W i l k i n s  ( E d i t o r s ) ,

ACS S ym posium  S e r i e s  N o .  1 8 4 ,  C h a p t e r  2 ( 1 9 8 2 ) .

4 2 .  " M e t h a c r y l a m i d e ,  a p u b l i c a t i o n  o f  t h e  Kohm and Haas

C o . ,  S e p t e m b e r  ( 1 9 5 4 ) .

4 3 .  D.  B u r f i e l d  and S .  N g ,  B u r o p .  P o l y m .  J .  1 2 ,  8 7 3  

( 1 9 7 6 ) .

4 4 .  K. C r a u w e l s  and G. S m e t s ,  B u l l .  S o c .  Chim. B e i g e s ,  

5 9 ,  4 4 3  ( 1 9 5 0 ) .

4 5 .  G. S a i n i ,  A. l e o n i  and S .  F r a n c o ,  M a k r o n o l .  C hem.,  

1 4 7 , 2 1 3  ( 1 9 7 1 ) .

4 6 .  K.. G r a s s i e ,  I .  M c N e i l l  and J »  S a m so n ,  Bur o p .  P o l y m .  

J . ,  1 4 ,  9 3 1  ( 1 9 7 8 ) .

4 7 .  I .  M c N e i l l  and H. Z u l f i q a r ,  J .  P o l y m .  S c i . ,  P o ly m .

Chem. E d . ,  1 6 ,  2465  ( 1 9 7 8 ) .

4 8 .  J .  I s a y  and C-. O d ia n ,  D o c t o r a l  T h e s i s  by j .  T s a y ,

D e p t .  C h e m . ,  C i t y  U n i v e r s i t y  o f  N . Y . . ,  p a g e s  3 9 - 4 0  

(1 98 0 ) .

12  2

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


