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Summary 

R e a c t i v i t y  r a t i o s  have  been  d e t e r m i n e d  f o r  t h e  s t a t i s t i c a l  
c o p o l y m e r i z a t i o n  o f  me thy l  m e t h a c r y l a t e  and n - b u t y l  m e t h a c r y l a t e  by t h e  
g roup  t r a n s f e r  t e c h n i q u e s .  The r e s u l t s  a r e  d i s c u s s e d  in  c o m p a r i s o n  w i t h  
t h e  c o r r e s p o n d i n g  r a d i c a l  and a n i o n i c  p r o c e s s e s .  

I n t r o d u c t i o n  
S im p le  b i n a r y  c o p o i y m e r i s a t i o n  i s  a f e c u n d  s o u r c e  o f  i n f o r m a t i o n  on 

t h e  r e a c t i v i t y  o f  monomers and c h a i n - c a r r i e r s  i n  c h a i n - g r o w t h  
p o l y m e r i s a t i o n .  In  p a r t i c u l a r ,  a g r e a t  d e a l  o f  e f f o r t  has  been  d e v o t e d  t o  
t h e  s t u d y  o f  t h e  r e a c t l v l t i e s  o f  monomers and r a d i c a l s  by c o r r e l a t i o n  o f  
t h e  monomer r e a c t i v i t y  r a t i o s  w i t h  t h e  s t r u c t u r e s  o f  t h e  r e a c t a n t s .  1 
m o r e o v e r ,  g i v e n  s u f f i c i e n t  b a s i c  i n f o r m a t i o n  a b o u t  t h e  r e a c t i v i t y  r a t i o s  
f o r  d i f f e r e n t  t y p e s  o f  p o l y m e r l s a t t o n  mechanism,  t h e  r e a c t i v i t y  r a t i o s  can  
be u s e d  d i a g n o s t i c a l l y  t o  d e t e r m i n e  which  t y p e  o f  r e a c t i v e  i n t e r m e d i a t e  i s  
r e s p o n s i b l e  f o r  p r o p a g a t i o n  in  a p a r t i c u l a r  c a s e .  In a d d i t i o n ,  a knowledge  
o f  r e a c t i v i t y  r a t i o s  f a c i l i t a t e s  t h e  c a l c u l a t i o n  o f  t h e  s e q u e n t i a l  
a r r a n g e m e n t  o f  u n i t s  i n  po lymer  c h a i n s ,  t h u s  p r o v i d i n g  a p i c t u r e  o f  t h e  
o v e r a l l  a r c h i t e c t u r e  o f  t h e  c o p o l y m e r  m o l e c u l e s .  

A l t h o u g h  t h e  a p p l i c a t i o n  o f  t h e  Copolymer  C o m p o s i t i o n  E q u a t i o n  t o  
r a d i c a l  and ,  t o  a much l e s s e r  e x t e n t ,  i o n i c  s y s t e m s  i s  w e l l - k n o w n ,  t o  d a t e  
no e x a m p l e s  o f  t h e  a n a l y s i s  o f  Group T r a n s f e r  C o p o l y m e r i s a t t o n  (GTC) have  
been  r e p o r t e d ,  a l t h o u g h  such  r e a c t i o n s  have  been  p e r f o r m e d  2-4  and a p p l i e d  
t o  t h e  s y n t h e s i s  o f  g r a f t  c o p o l y m e r s  by c o p o l y m e r i s a t i o n  o f  me t h y l  
m e t h a c r y l a t e  w i t h  a p o l y s t y r e n e  macromonomer b e a r i n g  a t e r m i n a l  me thy l  
m e t h a c r y l a t e  u n i t .  5 The a b s e n c e  o f  r e a c t i v i t y  r a t i o  d a t a  i s  s u r p r i s i n g  
b e c a u s e  t h e  mechanism o f  Group T r a n s f e r  P o l y m e r i s a t i o n  (GTP) p r o p o s e d  by 
t h e  Du Pon t  g roup  2-4  i s  n o t  u n i v e r s a l l y  a c c e p t e d  as  an a c c u r a t e  
r e p r e s e n t a t i o n  o f  t h e  p r o c e s s ,  which  some c h e m i s t s  b e l i e v e  t o  be b e t t e r  
r e g a r d e d  as  an a n i o n i c  p o l y m e r i s a t i o n  d~suis~: a s t u d y  o f  t h e  r e a c t i v i t y  
r a t i o s  from GTC s h o u l d  p r o v i d e  u s e f u l  e v i d e n c e  o f  t h e  e x t e n t  t o  wh ich  t h e  
p r o c e s s  r e s e m b l e s  s i m p l e  a n i o n i c  c o p o ] y m e r i s a t i o n .  

I t  w i l l  be n e c e s s a r y  t o  c a r r y  o u t  a c a r e f u l  s t u d y  o f  t h e  b i n a r y  
c o p o l y m e r i s a t i o n  o f  a v a r i e t y  o f  a c r y l a t e ,  m e t h a c r y l a t e ,  and r e l a t e d  
monomers i n  a number o f  d i f f e r e n t  s o l v e n t s  i n  o r d e r  f u l l y  t o  c l a r i f y  t h e  
s i t u a t i o n :  as  a f i r s t  s t e p ,  we have  p e r f o r m e d  t h e  GTC o f  m e t h y l  
m e t h a c r y l a t e  (MM) and n - b u t y l  m e t h a c r y l a t e  (BM), and we r e p o r t  h e r e  t h e  
d e t e r m i n a t i o n  o f  t h e  monomer r e a c t i v i t y  r a t i o s  f o r  t h e  r e a c t i o n  a t  25~ in  
t e t r a h y d r o f u r a n  s o l u t i o n .  

* To whom offprint requests should be sent 
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E x p e r i m e n t a l  

( i )  H a t e r l a l s  

T r t s ( d i m e t h y l a m l n o ) s u l f o n i u m  b i f l u o r l d e  was  u s e d  a s  r e c e i v e d  ( A l d r i c h ) .  
The  m o n o m e r s  w e r e  e a c h  w a s h e d  t w i c e  w i t h  10~ a q u e o u s  NaOH, d r i e d  o v e r  
MgSO 4 ,  d i s t i l l e d ,  d r i e d  o v e r  CaH2,  a n d  d i s t i l l e d  j u s t  b e f o r e  u s e .  THF was  
s t o r e d  o v e r  i r o n ( I I )  s u l f a t e ,  d i s t i l l e d ,  s t o r e d  o v e r  s o d i u m  w i r e ,  r e f l u x e d  
o v e r  s o d i u m  a n d  b e n z o p h e n o n e ,  a n d  d i s t i l l e d  j u s t  b e f o r e  u s e .  A c e t o n l t r l l e  
was  d i s t i l l e d  o v e r  CaH 2.  ( 1 - m e t h o x y - 2 - m e t h y l - l - p r o p e n y l o x y ) -  
t r t m e t h y l s i l a n e  ( w r s )  was  p r e p a r e d  a c c o r d i n g  t o  t h e  l i t e r a t u r e .  6 

( i i )  C o p o l y m e r i s a t i o n  p r o c e d u r e  

To a s o l u t i o n  o f  0 . 1  ml o f  t r l s ( d l m e t h y l a m l n o ) s u l f o n i u m  
b i f l u o r i d e / a c e t o n i t r i l e  (1 H) i n  25 ml o f  a n h y d r o u s  THF, was  a d d e d  ( 0 . 2  
m l ,  1 x 10 - 3  m m o l s )  o f  MTS. T h e n ,  a m i x t u r e  c o n s i s t i n g  o f  t h e  r e q u i r e d  
a m o u n t s  o f  m e t h y l  m e t h a c r y l a t e  (tOl) a n d  n - b u t y l  m e t h a c r y l a t e  (BM) was  
a d d e d  s l o w l y  v i a  a s y r i n g e .  Upon a d d i t i o n  o f  t h e  m o n o m e r s ,  t h e  
t e m p e r a t u r e  r o s e  ~ 2 0 ~  A f t e r  s t i r r i n g  f o r  e x a c t l y  10 m i n u t e s ,  t h e  
s o l u t i o n  was  q u e n c h e d ,  u s i n g  a f ew  d r o p s  o f  m e t h a n o l .  A f t e r  r e m o v i n g  t h e  
s o l v e n t  by  e v a p o r a t i o n  i n  v a c u o ,  t h e  r e s i d u e  was  d i s s o l v e d  i n  CH2Cl 2 a n d  
r e p r e c i p l t a t e d  i n  p e t r o l e u m  e t h e r ,  b . p .  3 0 - 4 0 ~  

R e s u l t s  a n d  D i s c u s s i o n  

D i r e c t  a p p l i c a t i o n  o f  t h e  g e l e n - T U d S s  m e t h o d  7 t o  o u r  c h e m i c a l  
c o m p o s i t i o n  d a t a  f o r  6TC ( T a b l e  1)  y i e l d s  t h e  monomer  r e a c t i v i t y  r a t i o s  
rNN ffi 0 . 4 7  . 0 . 0 3  a n d  rBN = 0 . 3 0  . 0 . 0 4  ( F i g u r e  1 ) .  I f  t h e  d r i f t  o f  t h e  
m o n o m e r - m i x t u r e  c o m p o s i t i o n  w i t h  t h e  c o n v e r s i o n  o f  c o p o l y m e r i z a t i o n  i s  
t a k e n  i n t o  a c c o u n t ,  8 t h e  c o r r e c t e d  v a l u e s  r to!  = 0 . 4 4  . 0 . 0 3  a n d  rBH ffi 
0 . 2 6  �9 0 . 0 4  a r e  o b t a i n e d .  B o t h  monomer  r e a c t i v i t y  r a t i o s  d i f f e r  f r o m  
u n i t y ,  s h o w i n g  t h a t  t h e  f o r m a t i o n  o f  c o p o l y m e r  c h a i n s  i s  n o t  r a n d o m ,  b u t  
i s  i n f l u e n c e d  by  t h e  s t r u c t u r e s  o f  t h e  r e a c t a n t s .  

The  r e l a t i v e  r e a c t i v i t y  o f  t h e  e n d - u n i t  o f  a g r o w i n g  c h a i n  t o w a r d s  t h e  
a d d i t i o n  o f  m o n o m e r s  I s  l i k e l y  t o  d e p e n d  i n t e r  a l i a  on  t h e  c h e m i c a l  n a t u r e  
o f  t h i s  t e r m i n a l  u n i t ,  w h i c h  may i n c l u d e  c o o r d i n a t e d  c a t a l y s t  i n  some  
c i r c u m s t a n c e s .  I n  GTC o n e  may t h e r e f o r e  e x p e c t  t h e  v a l u e s  o f  t h e  monomer  
r e a c t i v i t y  r a t i o s  t o  be  a f f e c t e d  by  t h e  t y p e  o f  i n i t i a t o r  o r  c a t a l y s t  o r  
b o t h .  

T a b l e  1 R e s u l t s  o f  s t a t i s t i c a l  g r o u p - t r a n s f e r  c o p o l y m e r t z a t i o n  
o f  H~! a n d  BN ( s e e  N o t e  A ) .  R u n s  t a k e n  t o  20~ c o n v e r s i o n .  

S a m p l e  y x 

1 0 . 2 0  0 . 3 4  
2 0 . 3 0  0 . 3 7  
3 0 . 4 0  0 . 4 8  
4 0 . 5 0  0 . 5 5  
5 0 . 6 0  0 . 5 7  
6 0 . 7 0  0 . 6 6  
7 0 . 6 0  0 . 7 4  

N o t e  A. y a n d  x a r e  t h e  m o l e  f r a c t i o n s  o f  ~4N i n  t h e  i n i t i a l  
m i x t u r e  o f  m o n o m e r s  a n d  i n  t h e  c o p o l y m e r ,  r e s p e c t i v e l y .  
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Figure I. Determination of the monomer reactivity ratios rNM and rBM by 
the method of Kelen and TUd6sT: n = (rNtd+rBN/~)~ - rBN/~, where n = O/(~+ 
F), ~ = F/(~+F); F = y2X, G = Y(X-1)/X, and X = x(1-x), Y = y/(1-y). 
x and y are the mole fractions of ~B~ in the copolymer and in the initial 
mixture of monomers, respectively. = is the geometric mean of the lowest 
and the highest F-values. 
(O), points s ~ = 1; (@), points for ~ = 0.84, the optimum value, 

according to Kdlen and TUd6s 7. 

Figure 2. Comparison of statistical copolymerization diagrams for the 
binary monomer system t4t4 and BN by GTC (full line), radical 
copolymerizatJon (broken line) and anionic copolymerlzation (dotted 
line), x and y are, respectively, the compositions of the copolymer and 
of the monomer mixture (mole fraction NN in both cases). 

For t h e  r a d i c a l  c o p o l y m e r i z a t i o n  o f  NM and  BN, t h e  monomer r e a c t i v i t y  
r a t i o s  were  r e p o r t e d  by B e v i n g t o n  and  H a r r i s  9 t o  be rMN = 0 . 7 9  and  rBH ~0 
1 . 2 7  (60 ~ a z o b J s J s o b u t y r o n l t r J l e ,  5~ c o n v e r s i o n )  and  by N u s h a  e t  a l .  
t o  be rNN = 1 . 2 0  and  rBN = 1 .27  (60~ d J b e n z o y l p e r o x i d e ) .  The o n l y  
q u a n t i t a t i v e  i n f o r m a t i o n  a b o u t  t h e  s t a t i s t i c a l  a n i o n i c  c o p o l y m e r i z a t i o n  o f  
t h e  two monomers  i s  a r e p o r t  11 t h a t ,  i n  t o l u e n e ,  an  e q u i m o l a r  f e e d  
c o m p o s i t i o n  p r o d u c e s  a c o p o l y m e r  c o n t a i n i n g  75 mole  ~ NM. I t  c a n  be shown 
t h a t  t h i s  r e s u l t  c an  n o t  a r l s e  i f  b o t h  r e a c t i v i t y  r a t i o s  a r e  l e s s  t h a n  
u n i t y .  I f  one  o f  them i s  g r e a t e r ,  and  one  l e s s  t h a n ,  u n i t y ,  c a l c u l a t i o n  
shows  t h a t  r ~  m u s t  h a v e  a minimum v a l u e  o f  2 . 0 ;  i f  i t  i s  a s s u m e d  t h a t  t h e  
s y s t e m  c o r r e s p o n d s  t o  " i d e a l "  c o p o l y m e r i z a t i o n ,  i t  f o l l o w s  t h a t  rNN = 3 
and  rBM = 1 / 3 .  A l t h o u g h  n e c e s s a r i l y  t e n t a t i v e ,  t h e s e  v a l u e s  h a v e  b e e n  
u s e d  t o  g a i n  an i n d i c a t i o n  o f  t h e  c a u s e  o f  t h e  a n i o n i c  r e a c t i o n .  
C o m p a r i s o n  o f  t h e  c o p o l y m e r l z a t i o n  d i a g r a m s  ( F i g u r e  2) shows  s u b s t a n t i a l  
d i f f e r e n c e s  i n  t h e  c o m p o s i t i o n s  o f  c o p o l y m e r s  f o r m e d  a t  low M N c o n t e n t s  i n  
t h e  g r o u p  t r a n s f e r ,  a n i o n i c ,  and  c l a s s i c a l  r a d i c a l  c o p o l y m e r i z a t i o n  
p r o c e s s e s .  
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As GTC proceeds, the composition of the monomer mixture changes 
(except, of course, for the azeotropic composition). One of the monomers 
is gradually depleted from the monomer mixture because of its preferential 
incorporation into the copolymer (Figure 2). Consequently, the copolymer 
composition changes as the (living) chain grows, and a tapering effect 
must be operative. This is a basic difference compared to classical 
statistical copolymerization where macromolecules with different 
copolymerizations are formed at different conversions, giving rise to 
conversion chemical heterogeneity; this is unlikely to occur with GTC. 

It is clearly desirable to carry out more studies of this kind, 
especially on systems for which more extensive data relating to 
conventional anionic polymerization are available; we expect to submit 
further reports in the near future. 
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