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SUMMARY 

Another  r e p r e s e n t a t i o n  of t h e  chemica l  s h i f t  of  t he  a c c e p t o r  s t r u c t u r a l  
u n i t s '  p r o t o n s  i n  t he  NMR s p e c t r a  i s  p roposed  i n  o r d e r  to  make p o s s i b l e  
d i r e c t  compar i son  be tween  i n t r a ~ o l e c u l a r  c o m p l e x a t i o n  i n  i n t r e m o l e c u l a r  
cha rge  t r a n s f e r  complexes  o b t a i n e d  by c o p o l y m e r i z a t i o n .  The i n f l u e n c e  
of  s y n t h e s i s  c o n d i t i o n s  and comonomer t ype  on t he  i n t r - m o l e c u l a r  com- 
p l e x a t i o n  i s  d i s c u s s e d .  

INTRODUCTION 

I n  a s e r i e s  of  pape r s  (PERCEC e t  a l .  1981d)~ i n t r a m o l e c u l a r  charge  
t r a n s f e r  complexes were o b t a i n e d  by r a d i c a l  c o p o l y m e r i z a t i o n  of e l e c t r o -  
nO-donor  wi th  e l e c t r o n o - a c c e p t o r  monomers. The i n t r a m o l e c u l a r  cha rge  
t r a n s f e r  i n t e r a c t i o n  was e v i d e n c e d  by t he  a b s o r p t i o n  i n  t he  e l e c t r o n i c  
s p e c t r a  and by 1H-NMRo The NMR method was proved  to  be more e f f e c t i v e ~  
b e c a u s e  i n  t he  e l e c t r o n i c  s p e c t r a  the  cha rge  t r a n s f e r  bands  were o v e r -  
l apped  by t he  most  i n t e n s e  bands  c h a r a c t e r i s t i c  to  each chromophore.  
To compare d i f f e r e n t  copolymers  from t he  p o i n t  o f  view o f  the  i n t r a m o -  
l e c n l a r  complexa t ion~  t h e  chemica l  s h i f t  o f  t h e  a roma t i c  p r o t o n s  from 
the  a c c e p t o r  s t r u c t u r a l  u n i t  was measured and r e p r e s e n t e d  aga inmt  copo-  
lymer c o m p o s i t i o n  (PERCEC e t  a l .  1981a)~ or  a g a i n s t  d i a d  f r a c t i o n  (PER- 
CEC e t  a l .  1981b) .  However~ due to  the  complex mechanism of  c o p o l y m e r i -  
z a t i on~  i t  was d i f f i c u l t  to  compare d i r e c t l y  t h e s e  r e p r e s e n t a t i o n s  
which were sometimes s t r a i g h t  l i n e s  and sometimes c u r v e s .  

The chemical  s h i f t  o f  the aromat ic  pro tons from the acceptor  s t r u c t u r a l  
u n i t s  i s  an ave rage  of  the  uncomplexed and complexed s t a t e s  ( f i g u r e  1 ) .  

5u 5c 
: : 

d ~ ., 

" k : 

F i g u r e  1o Chemical  s h i f t  scheme 

P r e s e n t  a d r e s s  = Depar tment  of  P l a s t i c  Research~ Weizmann I n s t i t u t e  
of  Sc ience~ Rehovot~ I s r a e l  

0170-0839/83/0009/0067/$01.60 



68 

The a c t u a l  c h e m i c a l  s h i f t  can be w r i t t e n  as : 

u c (1) 
~ a = ~ u  u + c  + ~c u + c  

where z ~a = t h e  a c t u a l  c h e m i c a l  s h i f t  

~u = t h e  c h e m i c a l  s h i f t  o f  t h e  same p r o t o n s  in  t h e  pure  
uncomplexed  s t a t e  

~c = t h e  c h e m i c a l  s h i f t  i n  t h e  pure  complexed s t a t e  

u = c o n c e n t r a t i o n  o f  uncomplexed s t r u c t u r a l  u n i t s  
c = c o n c e n t r a t i o n  o f  complexed s t r u c t u r a l  u n i t s .  

Such a r e l a t i o n  was d e s c r i b e d  by TSUCHIDA e t a l .  (1972) f o r  m i c r o m o l e -  
c u l a r  c o m p l e x e s .  In  t h e  c a s e  o f  i n t r a m a c r o m o l e c u l a r  complexes~ ~ u  can  
be measured  i n  t h e  1H-NMR spec t rum o f  t h e  homopolymer h a v i n g  o n l y  accep  
f o r  s t r u c t u r a l  u n i t s ~  r e g i s t e r e d  i n  t h e  same s o l v e n t  as t h e  copolymers~ 

~a i s  measured  i n  each copo lymer  spec t rum and t h e  sum u + c = f2  i s  
t h e  f r a c t i o n  o f  t h e  a c c e p t o r  s t r u c t u r a l  u n i t  i n  t h e  c o p o l y m e r s .  ~ c ,  u 
and c a r e  unknown. 
One can r e w r i t e  eq .  (I) as : 

f2  ~ a  = u ~u + c ~c 

and~ then~ 
kc = f2d  (2)  

where  d and k a r e  shown in  f i g u r e  1. 
In  eq .  ( 2 ) t  f2  i s  known f o r  each sample~ d i s  measured f o r  each sample~ 
and t h e i r  p r o d u c t  r e p r e s e n t e d  a g a i n s t  f2  g i v e s  t h e  e f f e c t i v e  i n t r a m o l e -  
c u l a r  complex  c o n c e n t r a t i o n  ( c )  m u l t i p l i e d  by a c o n s t a n t  ( k ) .  

RESULTS AND DISCUSSION 

T h i s  method was a p p l i e d  f o r  t h e  whole s e r i e s  o f  i n t r a m o l e c u l a r  c o m p l e -  
xes  p r e v i o u s l y  r e p o r t e d .  One can  d i r e c t l y  compare o n l y  complexes  h a v i n g  
t h e  same ~ep  i . e .  t h e  same complex ing  g r o u p s .  The most s t u d i e d  sys t ems  
were  o b t a i n e d  from monomers h a v i n g  N - ( 2 - h y d r o x y e t h y l ) c a r b a z o l e  as donor  
and 3 ~ 5 - d i n i t r o b e n z o a t e  d e r i v a t i v e s  as a c c e p t o r  (SIMIONESCU e t a l ,  
1980a~1981a! PERCEC e t  a l ~  1981c) .  
P o l y ( N - ( 2 - h y d r o x y e t h y l ) c a r b a z o l y l  m e t h a c r y l a t e  ( H E C M ) - c o - m e t h a c r y l o y l -  
2 ~ - h y d r o x y e t h y l - 3 9 5 - d i n i t r o b e n z o a t e  (DNBM)) was o b t a i n e d  i n  d i f f e r e n t  
s o l v e n t s  and a t  d i f f e r e n t  t e m p e r a t u r e s  (PERCEC e t a l .  1981c) .  F i g u r e  2 
compares  t h e  i n t r a m o l e c u l a r  c o m p l e x a t i o n  f o r  poly(HECM-co-DNBM) o b t a i -  
ned a t  d i f f e r e n t  t e m p e r a t u r e s .  
I t  i s  to  be n o t e d  t h a t  k has t h e  d imens ions  o f  a c h e m i c a l  s h i f t  ( s e e  
f i g u r e  1) whereas  c i s  d i m e n s i o n l e s s  ( i t  i s  a mola r  f r a c t i o n ) .  The 
a c t u a l  v a l u e  o f  t h e  kc p r o d u c t  has  no p h y s i c a l  s i g n i f i c a n c e  and can be 
e x p r e s s e d  e i t h e r  i n  Hz or  i n  ppm. T h e r e f o r e ~  a l l  t h e  f o l l o w i n g  f i g u r e s  
have  no u n i t s  f o r  t h e  kc product~  and t h e  compar i son  be tween  t h e  maxima 
i s  made t a k i n g  t h e  s m a l l e s t  one as a r e f e r e n c e  ( s e e  t a b l e  1) .  
S u c c e s s f u l  a t t e m p t s  r measure  ~ c would p e r m i t  d i r e c t  c d e t e r m i n a t i o n .  
The t e m p e r a t u r e  i n t e r v a l  i n  f i g u r e  2 i s  n o t  v e r y  high~ bu t  a d i f f e r e n c e  
can  be seen~ m a i n l y  be tween  10~~ and t h e  o t h e r  two t e m p e r t u r e s .  The 
i n t r a m o l e c u l a r  c o m p l e x a t i o n  i s  lower  when t h e  copo lymer  ~s s y n t h e s i z e d  
a t  h i g h e r  t e m p e r a t u r e p  because  d i s s o c i a t i o n  phenomena o f  t h e  i n t e r m o n o -  
mer i c  complex a r e  more p r o b a b l e .  
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F i g u r e  2. I n t r a m o l e c u l a r  
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F i g u r e  3 shows t h e  e f f e c t  o f  t h e  c o p o l y m e r i z a t i o n  s o l v e n t .  The copo lyme-  
r i z a t i o n  t e m p e r a t u r e  was in  a l l  c a s e s  60~ e x c e p t  f o r  b u l k  c o p o l y m e r i -  
z a t i o n  ( 1 0 0 ~  
Al though  t h e  p r e v i o u s  r e s u l t s  a l s o  i n d i c a t e d  t h a t  t h e  s y n t h e s i s  i n  t o -  
l u e n e  g i v e s  t h e  s t r o n g e ~  i n t r a m o l e c u l a r  complex~ t h i s  method c l e a r l y  
d e m o n s t r a t e s  t h a t  t h e  t o l u e n e - o b t a i n e d  poly(HECM-co-DNBM) i s  t w i c e  
s t r o n g e r  t h a n  t h e  d i o x a n e - o b t a i n e d  one and even s t r o n g e r  t han  t h e  a c e -  
t o n e - o b t a i n e d  one ( s e e  a l s o  t a b l e  1) .  The e x p l a n a t i o n  i s  g i v e n  by t h e  
low p o l a r i t y  o f  t h e  s o l v e n t 9  which does n o t  i n t e r a c t  w i th  any o f  t h e  
p a r t i c i p a n t  monomers~ and a l s o  t h e  poor  s o l u b i l i t y  o f  t h e  copolymer  
s y n t h e s i z e d  i n  t h e  c o p o l y m e r i z a t i o n  s o l v e n t .  Th i s  f a v o u r s  t h e  a l t e r n a -  
t i n g  tendency~ as d e m o n s t r a t e d  i n  t h e  p r e c e d e n t  pape r  (PERCEC e t  a l .  
1981c) .  
The i n f l u e n c e  o f  t h e  d i s t a n c e  be tween  t h e  com plex ing  g roups  and t h e  
main c h a i n  i s  i l l u s t r a t e d  in  f i g u r e s  4 and 5.  Herep t h e  donor monomer 
was HECM and t h e  a c c e p t o r  monomers were : 

R = H R = CH 3 

CH 2=CR_CO0_(CH 2) n_0CO_ ~ No2 ~nnffi2 DNBA DNBM 
ffi .3 DNBPA D~PM 

N02 4 DNBBA DNBBM 

The i n t r a m o l e c u l a r  complex c o n c e n t r a t i o n  i s  t h e  h i g h e s t  f o r  n = 3~ 
lower  f o r  n ffi 4 and t h e  l o w e s t  f o r  n = 2 f o r  t h e  m e t h a c r y l a t e - m e t h a c r y -  
l a t e  p a i r  ( f i g u r e  4) f o l l o w i n g  t h e  d e c r e a s i n g  s i d e - c h a i n  f l e x i b i l i t y  
o r d e r  (PERCEC e t  a l .  1981c)~ and f o r  t h e  m e t h a c r y l a t e - a c r y l a t e  p a i r  
( f i g u r e  5)~ complexes  w i t h  n = 3 and n = 2 seem e q u a l l y  i n t e n s e ,  w h e r e -  
as  f o r  n = 4 t h e  complex c o n c e n t r a t i o n  i s  s l i g h t l y  l ower .  

X 

kc 

complex c o n c e n t r a t i o n  f o r  : 

�9 po ly(HECM-co-DNBM) 
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o po 1 y( HECM-c o-DNBBM) 

| I �9 

O 0.5  I 

f2 



kc 
X 

I 

l 
0 O.5 

f2 

Figure  5. I n t r a m o l e c u l a r  
complex c o n c e n t r a t i o n  f o r  

�9 po ly(HECM-co-DNBA) 
x po ly(HECM-co-DNBFA) 
o po ly(HECM-co-DNBBA) 
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Figu re  6. I n t r a m o l e c u l a r  
complex c o n c e n t r a t i o n  fo r z  

�9 po ly(HECM-co-DNBM) 
x po ly(HECA-co-DNBM) 
o po Iy(HECM-c o-DNI3A) 

po ly(HECA-co-DNBA) 
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The most  s u r p r i s i n g  r e s u l t s  were o b t a i n e d  by t h e  compar i son  o f  t h e  i n -  
t r a m o l e c u l a r  complexes  from N - ( 2 - h y d r o x y e t h y l ) c a r h a z o l y l  a c r y l a t e  
(HECA) and HlgCM as donors  and DNBA and DNBM as a ~ c e p t o r s  ( f i g u r e  6 ) .  
P r e v i o u s  r e s u l t s  showed t h a t  poly(HECA-co-DNBM) and poly(HFL~-co-DNBM) 
p r e s e n t  s i m i l a r  i n t r a m o l e c u l a r  c o m p l e x a t i o n  d e g r e e s  (SIMIONESCU e t  a lo  
1980aj1981a)~ whereas  t h e  p l o t  i n  f i g u r e  6 c l e a r l y  i n d i c a t e s  a depen -  
dence  o f  t h e  i n t r a m o l e c u l a r  c o m p l e x a t i o n  on t h e  s t e r i c  t y p e  o f  t h e  mo- 
nomer encha inedo  
Such a dependence  was f o r m e r l y  found f o r  o t h e r  c h a r g e  t r a n s f e r  complexes  
c o p o l y m e r s  (PERCEC e t  a l ~  1980) and was supposed  t o  d i s a p p e a r  due t o  
t h e  i n c r e a s e d  d i s t a n c e  be tween t h e  complex ing  groups  and t h e  main c h a i n  9 
d i s t a n c e  which p e r m i t s  c o m p l e x a t i o n  even i n  u n l i k e  s t e r e o s t r u c t u r e s .  
T h i s  t y p e  o f  r e p r e s e n t a t i o n  c l e a r l y  shows t h a t  t h i s  a s sumpt ion  i s  n o t  
t r u e .  
Moreover~ t h e  o r d e r  o f  i n c r e a s i n g  i n t r a m o l e c u l a r  c o m p l e x a t i o n  ( m e t h a -  
c r y l a t e - m e t h a c r y l a t e  ( a c r y l a t e - m e t h a c r y l a t e  ( a c r y l a t e - a c r y l a t e )  i s  
t h e  same as t h a t  found f o r  t h e  o t h e r  s y s t e m s .  Because  o n l y  by m e a s u r i n g  
t h e  1H-NMR c h e m i c a l  s h i f t  one c a n n o t  make d i s t i n c t i o n  be tween i n t r a -  
and i n t e r m o l e c u l a r  comp lexa t i on~  t h e s e  r e s u l t s  have to  be more a c c u r a -  
t e l y  s t u d i e d  i n  o r d e r  to  e x p l a i n  t h e  c o r r e l a t i o n  found.  
O the r  c o m p a r i s o n s  cam be ~ade on sys tems  h a v i n g  HECM and HECA as donors  
and 2 ~ - e t h y l ~ c r y l - ( E T N F A )  and 2 '  - e t h y l m e t h a c r y l - ( E T N F M ) - 4 , 5 , 7 - t r i n i t r o -  
9 - f l u o r e n o n - 2 - c a r b o x y l a t e  (SIMIONESCU e t  a l .  1980by1981b) - f i g u r e  7o 

I 

Figure 7. Intramolecular 
complex concentration for t 

�9 po Iy(HECM-co-ETNFM) 
x po ly(HECM-co-ETNFA) 
o po ly(HECA-co-ETNFA) 

0 0.5 
Here~ a l so9  t h e  weakes t  complex i s  g i v e n  by t h e  m e t h a c r y l a t e - m e t h a c r y -  
l a t e  p a i r .  A s m a l l e r  d i f f e r e n c e  i s  o b t a i n e d  f o r  N - e t h y l - 3 - h y d r o x y m e -  
t h y l  c a r b a z o l y l  m e t h a c r y l a t e  (P.~CM) as donor  when c o p o l y m e r i z e d  w i t h  
DNBA o r  DNBM (PERCEC e t  a l .  1981b) - f i g u r e  8o 
A l l  sys t ems  h a v i n g  N - ( 2 - h y d r o x y e t h y l ) c a r b a z o l e  as donor and 3 ~ 5 - d i n i -  
t r o b e n z o a t e  d e r i v a t i v e s  as a c c e p t o r  a r e  d i r e c t l y  compared i n  t a b l e  1. 
The d a t a  i n  t a b l e  1 a r e  r e p o r t e d  u s i n g  t h e  weakes t  complex : poly(tl~CM- 
co-DNBM) o b t a i n e d  i n  a c e t o n e  a t  60~ as a r e f e r e n c e  (c(max) = 1)o The 
s t r o n g e s t  complex  i n  t h i s  t a b l e  was o b t a i n e d  from the  same monomers a t  
t h e  same t e m p e r a t u r e ~  bu t  c o p o l y m e r i z a t i o n  was pe r fo rmed  in  t o l u e n e  
(e(max)  = 2 . 3 5 ) .  O the r  r e l a t i v e l y  s t r o n g  complexes  a r e  poly(HECA-co-  
DNBA) o b t a i n e d  i n  d ioxan  a t  60~ (c(max)  = 2 . 0 3 ) ,  poly(HECM-co-DNBPM) 
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( c ( m a x )  = 1 . 8 5 )  and  poly(HECM-co-DNBPA) ( c ( m a x )  = 1 . 7 0 ) .  
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TABLE 1 

C o m p a r i s o n  o f  i n t r a m o l e c u l a r  c o m p l e x a t i o n  

A c c e p t o r  S o l v e n t  T e m p . ( ~  c (max)  

F i g u r e  8 .  I n t r a m o l e c u l a r  
c o m p l e x  c o n c e n t r a t i o n  f o r  : 

o poly(EHUCM-co-DNBU) 
x poly(EH~CM-co-DNBA) 
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Donor  f 2 ( m a I )  

HECM DNBM a c e t o n e  60 1 0 . 4 5  
" " m e t h a n o l  " 1 . 2 4  0 . 4 5  
" " t o l u e n e  " 2 . 3 5  0 . 0 7  
" " - 100 1 . 3 2  0 . 5 6  
" " d i o x a n  " 1 . 0 8  0 . 5 0  
" ' '  " ~0 1 .27  0 . 5 2  
" " " 60 1 .21  0 . 4 7  
" DNBPM " " 1 . 8 5  0 . 5 7  
" DNBBM " " 1.57 0.52 

" DNBPA " " 1.70 0.53 

" DRBBA " " I. 32 0.37 
" DNBA " " 1.62 0.40 

HECA " " " 2.03 0 . 0 1  
" DIqBU " " 1 �9 52 0.49 

I t  i s  t o  be  n o t e d  t h a t  t h e  f 2  v a l u e  c o r r e s p o n d i n g  t o  c (max )  i s  d i f f e -  
r e n t  f o r  d i f f e r e n t  s y s t e m s .  F o r  a s i m p l e  1 :1  complex~ t h i s  v a l u e  
s h o u l d  h a v e  b e e n  f 2  = 0 . 5  i n  a l l  c a s e s .  The e x p l a n a t i o n  c o u l d  be  g i v e n  
by  t h e  m o s t  f a v o u r a h l e  s e q u e n c e  d i s t r i b u t i o n ~  c o n f i g u r a t i o n  and  c o n f o r -  
m a t i o n  c o r r e s p o n d i n g  t o  t h e  f 2 ( m a x )  v a l u e .  B u t  one  h a s  a g a i n  t o  c o n s i -  
de r~  b e s i d e s  t h e  r a t h e r  p o o r  d a t a  p r e c i s i o n ~  t h e  c o n c u r r e n t  i n t r a -  and  
i n t e r m o l e c u l a r  c o m p l e x a t i o n .  
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More e x p e r i m e n t a l  d a t a  a re  needed  to  e l u c i d a t e  t h e s e  f i n d i n g s .  
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