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Summary 
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 y l  m e t h a c r y l a t e  (MMA) i n  

t h e  p r e s e n c e  o f  m e t h y l  a - ( b r o m o m e t h y l ) a c r y l a t e  y i e l d e d  p o l y -  
(MMA) b e a r i n g  t h e  2 - m e t h o x y c a r b o n y l a l l y l  e n d  g r o u p  t h r o u g h  
c h a i n  r e a c t i o n  i n v o l v i n g  b i m o l e c u l a r  t e r m i n a t i o n .  The  
m o l e c u l a r  w e i g h t  o f  t h e  r e s u l t a n t  p o l y m e r  was e f f e c t i v e l y  
c o n t r o l l e d  w i t h  a s m a l l  a m o u n t  o f  t h e  b r o m o m e t h y l a c r y l a t e  
a d d e d ;  t h e  c h a i n  t r a n s f e r  c o n s t a n t  was e s t i m a t e d  t o  be  0 . 9 .  
The poly(MMA) w i t h  t h e  u n s a t u r a t e d  e nd  g r o u p  (Mn = 2800 a n d  Mw 
/Mn = 1 . 3 9 )  was u s e d  as  a m a c r o m o n o m e r  f o r  c o p o l y m e r i z a t i o n  
w i t h  v a r i o u s  m o n o m e r s .  The  monomer  m i x t u r e  c o n t a i n i n g  
s t y r e n e  a n d  l e s s  t h a n  10 m o l e - %  o f  t h e  m a c r o m o n o m e r  p r o d u c e d  
a c o r r e s p o n d i n g  c o p o l y m e r .  C o p o l y m e r s  w i t h  n o n - c o n j u g a t e d  
m o n o m e r s  w e r e  a l s o  o b t a i n e d .  The  m a c r o m o n o m e r  was l e s s  r e -  
a c t i v e  t o w a r d  poly(MMA) r a d i c a l  t h a n  p o l y ( s t y r e n e }  r a d i c a l .  
The r a d i c a l  p r o d u c e d  by  an  a d d i t i o n  o f  p o l y ( s t y r e n e )  r a d i c a l  
t o  t h e  m a c r o m o n o m e r  was d e t e c t e d  u s i n g  ESR s p e c t r o s c o p y  a t  
room t e m p e r a t u r e .  

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

a c t i o n ,  t h e  d e g r e e  o f  p o l y m e r i z a t i o n  o f  t h e  p r o d u c t  p o l y m e r  
i s  P r i n c i p a l l y  d e t e r m i n e d  by  a r a t i o  o f  t h e  p r o p a g a t i o n  r a t e  
t o  t e r m i n a t i o n  r a t e .  B e i n g  s u f f i c i e n t l y  f a s t e r  t h a n  t h e  
b i m o l e c u l a r  t e r m i n a t i o n ,  c h a i n  t r a n s f e r  o r  p r i m a r y  r a d i c a l  
t e r m i n a t i o n  c a n  b e  u s e d  t o  r e g u l a t e  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 .  I n  p a r t i c u l a r ,  a n  i n i t i a t o r ,  f u n c t i o n i n g  as  a 
c h a i n  t r a n s f e r  a g e n t  a n d / o r  t e r m i n a t o r ,  h a s  b e e n  n o t e d  as  
~ n ~ J e r t e r  t o  c o n t r o l  r a d i c a l  p o l y m e r i z a t i o n  ( 1 ) .  M e i j s  a n d  
c o w o r k e r s  (2 )  h a v e  f o u n d  t h a t  a - ( t e r t - b u t y l t h i o m e t h y l ) v i n y l  
monomers  a r e  h i g h l y  r e a c t i v e  d u r i n g  c h a i n  t r a n s f e r  i n v o l v i n g  
an  a d d i t i o n  f o l l o w e d  by  f r a g m e n t a t i o n  t o  t h e  t e r t - b u t y l t h i y l  
r a d i c a l  and  t h e  s u b s t i t u t e d  a l l y l  g r o u p s  p r e v a i l i n g  b i m o l e -  
c u l a r  t e r m i n a t i o n  t o  c o n t r o l  m o l e c u l a r  w e i g h t  a n d  t h e  e n d  
g r o u p ,  s i m u l t a n e o u s l y .  

A l t e r n a t i v e l y  we h a v e  r e v e a l e d  t h a t  among t h e  a - ( h a l o -  
m e t h y l ) a c r y l a t e s ,  e t h y l  a - ( b r o m o m e t h y l } a c r y l a t e  (EBMA), 
w h i c h  d o e s  n o t  h o m o p o l y m e r i z e ,  r e a c t s  w i t h  t h e  p r o p a g a t i n g  
r a d i c a l  o f  m e t h y l  m e t h a c r y l a t e  (MMA) t o  y i e l d  t h e  p o l y m e r  o f  
a r e d u c e d  m o l e c u l a r  w e i g h t  b e a r i n g  t h e  a l k o x y c a r b o n y l a l l y l  
g r o u p  t h r o u g h  t h e  a d d i t i o n - f r a g m e n t a t i o n  c h a i n  t r a n s f e r  ( 3 } .  

*To whom offprint requests should be sent 
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C o n s e q u e n t l y ,  t h e  p o l y m e r i z a t i o n  i n  t h e  p r e s e n c e  o f  EBMA 
c o u l d  b e  u s e d  a s  a s y n t h e t i c  r o u t e  t o  m a c r o m o n o m e r s  o f  
c o n t r o l l e d  c h a i n  l e n g t h s  b e a r i n g  a s i m i l a r  e nd  g r o u p .  

However  t h e  a l k o x y c a r b o n y l a l l y l  e n d  g r o u p ,  w h i c h  i s  
a l s o  i n t r o d u c e d  by  d i s p r o p o r t i o n a t i o n  o f  poly(MMA) r a d i c a l ,  
h a s  b e e n  d e d u c e d  t o  a c t  a s  a c h a i n  t e r m i n a t o r  as  w e l l  as  
d i m e t h y l  4 - m e t h y l - l - p e n t e n e - 2 , 4 - d i c a r b o x y l a t e ,  I :  

CH 3 
I 

I 

COOCH3 COOCH 3 

Since I is difficult for polymerization (4), the macromono- 
mer could not undergo homopolymerization. 

The poly(MMA) and the polymers from methacrylic mono- 
mers with a similar allyl end group have been prepared by 
catalytic chain transfer with cobalt complexes {5-7), and 
copolymerizatlons of the polyCMMA) bearing the substituted 
allyl group with MMA, ethyl acrylate, styrene (St), and 
vinyl acetate (VAc) were carried out (8). However, the 
reported behavior of the alkoxycarbonylallyl compound seems 
to be inconsistent with each other. The inhibition of I 
and the poly(MMA) bearing the allyl end group (4), almost 
the same reactivity of I (M 2 ) as St (M I) in copolymerization 
(r i = 0.975 and r 2 = 0.000) over a wid~ range of comonomer 
composition (9}, and incorporation of a small amount of the 
macromonomer in the copolymer with St (8) have been 
reported. 

I n  t h i s  a r t i c l e ,  p o l y m e r i z a t i o n  o f  MMA i n  t h e  p r e s e n c e  
o f  a s m a l l  a m o u n t  o f  MBMA t o  t h e  poly(MMA) m a c r o m o n o m e r  
(MCRM) w i t h  a c o n t r o l l e d  m o l e c u l a r  w e i g h t  a n d  c h a r a c t e r -  
i s t i c s  i n  t h e  c o p o l y m e r i z a t i o n  o f  MCRM w i t h  v a r i o u s  monomers  
a r e  d e s c r i b e d .  

E x p e r i m e n t a l  
MBMA was p r e p a r e d  by  b r o m i n a t i o n  o f  m e t h y l  a - ( h y d r o x y -  

m e t h y l } a c r y l a t e  w i t h  p h o s p h o r o u s  t r i b r o m i d e  ( 1 0 - 1 2 ) ,  a n d  was 
d i s t i l l e d  u n d e r  r e d u c e d  p r e s s u r e .  1H-NMR ( C D C ~ ) ;  ~ = 3 . 7 2  
(3H, OCH3), 4 . 1 4  (2H,  CH2Br ) ,  5 . 8 5  (1H, CH=C), a n d  6 . 1 8  ppm 
{1H, CH=C). EBMA was p r e p a r e d  a s  d e s c r i b e d  p r e v i o u s l y  ( 3 ) .  
MMA, S t ,  VAc, a n d  d i v i n y l b e n z e n e  (DVB) w e r e  c o m m e r c i a l l y  
a v a i l a b l e  a n d  d i s t i l l e d  u n d e r  r e d u c e d  p r e s s u r e  i n  a n i t r o g e n  
a t m o s p h e r e  b e f o r e  u s e .  V i n y l  c h l o r i d e  (VC) was u s e d  a s  
s u p p l i e d .  2 , 2 ' - A z o b i s i s o b u t y r o n i t r i l e  (AIBN) was r e -  
c r y s t a l l i z e d  f r o m  m e t h a n o l ,  t e r t - B u t y l  p e r o x i d e  (TBP) was 
d i s t i l l e d  u n d e r  r e d u c e d  p r e s s u r e .  

A l l  t h e  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  o u t  i n  s e a l e d  
t u b e s  u s i n g  AIBN as  i n i t i a t o r  a t  6 0 ~  A f t e r  a c e r t a i n  
p o l y m e r i z a t i o n  t i m e ,  t h e  c o n t e n t s  o f  t h e  t u b e  w e r e  p o u r e d  
i n t o  a l a r g e  a m o u n t  o f  m e t h a n o l  o r  n - h e x a n e ,  a n d  t h e  c o n -  
v e r s i o n  was c a l c u l a t e d  f r o m  t h e  w e i g h t  o f  t h e  p o l y m e r  o r  t h e  
p o l y m e r i c  p r o d u c t .  MCRM was p u r i f i e d  by  r e p r e c i p i t a t i o n  
w i t h  b e n z e n e / n - h e x a n e .  

C o p o l y m e r i z a t i o n s  o f  MCRM w e r e  a l s o  c a r r i e d  o u t  i n  t h e  
s e a l e d  t u b e s ;  0 . 2  g o f  MCRM, 2 mL o f  a m o n o m e r ,  a n d  a 
d e s i r e d  a m o u n t  o f  AIBN w e r e  d i s s o l v e d  i n  3 mL o f  b e n z e n e .  
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The c o p o l y m e r  was p r e c i p i t a t e d  w i t h  a l a r g e  a m o u n t  o f  
m e t h a n o l  o r  n - h e x a n e .  MCRM t h a t  d i d  n o t  c o p o l y m e r i z e  was 
s e p a r a t e d  by  e x t r a c t i o n  w i t h  h o t  m e t h a n o l ,  e x c e p t  f o r  t h e  
c o p o l y m e r  w i t h  VAc w h i c h  i s  s o l u b l e  i n  m e t h a n o l .  

Number  a v e r a g e  m o l e c u l a r  w e i g h t  ( ~ n )  a n d  p o l y d i s p e r s i t y  
(Mw/M n)  w e r e  m e a s u r e d  by a TOSO 8000 s e r i e s  GPC c a l i b r a t e d  
w i t h  t h e  s t a n d a r d  p o l y ( S t ) ,  a n d  THF was u s e d  as  t h e  e l u e n t .  
NMR s p e c t r a  w e r e  r e c o r d e d  on  a JEOL GX 400 o r  a H i t a c h i  R24B 
spectrometer, and deuterochloroform was used as the solvent. 
ESR spectra were recorded on a Bruker ESP 300 spectrometer 
at room temperature and the polymerization mixture contain- 
ing TBP was irradiated with an Ushio 500 W xenon lamp in the 
cavity. 

R e s u l t s  a n d  D i s c u s s i o n  
P o l y m e r i z a t i o n  t o  MCRM 

The  e f f e c t  o f  MBMA on MMA p o l y m e r i z a t i o n  i s  shown  i n  
F i g .  1. A f f e c t i n g  t h e  o v e r a l l  r a t e  o f  p o l y m e r i z a t i o n  (Rp) 
t o  a s m a l l  e x t e n t  w i t h i n  t h e  c o n c e n t r a t i o n  r a n g e  i n  F i g .  ] ,  
a s m a l l  a m o u n t  o f  MBMA e f f e c t i v e l y  r e d u c e d  t h e  Mn o f  MCRM as  
w e l l  as  EBMA ( 3 ) .  The  p o l y m e r i z a t i o n  o f  MMA i n  t h e  a b s e n c e  
o f  MBMA y i e l d e d  pol'y(MMA) o f  Mn = 131000 a n d  Mw/M n = 1 . 8 6  a t  
the same concentrations of MMA and AIBN. The rate of MMA 
consumption in the polymerization regulated by MBMA was 
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F i g .  l .  P o l y m e r i z a t i o n  o f  MMA i n  t h e  p r e s e n c e  o f  MBMA i n  
b e n z e n e  f o r  6 . 5  h a t  60 ~ :  [MMA] = 3 . 7 4  m o l / L  a n d  [AIBN] = 
0 . 0 0 5  m o l / L .  
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f o u n d  t o  b e  p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  o f  t h e  AIBN 
c o n c e n t r a t i o n .  We c a n  c o n c l u d e  t h a t  MCRM i s  p r o d u c e d  b y  a 
r a d i c a l  c h a i n  r e a c t i o n  i n v o l v i n g  b i m o l e c u l a r  t e r m i n a t i o n  o f  
t h e  c h a i n  c a r r i e r .  

B a s e d  on  t h e s e  d a t a ,  t h e  c h a i n  t r a n s f e r  c o n s t a n t  o f  
MBMA i n  MMA p o l y m e r i z a t i o n  was  e v a l u a t e d  t o  b e  0 . 9  b y  t h e  
c o n v e n t i o n a l  Mayo p l o t .  H o w e v e r  a f u r t h e r  a d d i t i o n  o f  MBMA 
t o  t h e  p o l y m e r i z a t i o n  m i x t u r e  b r o u p h t  a b o u t  a d e c r e a s e  i n  
Rp,  a n d  t h e  a d d i t i o n  t o  MBMA a n d / o r  r e i n i t i a t i o n  s e e m s  t o  b e  
s l i g h t l y  s l o w e r  t h a n  t h e  p r o p a g a t i o n .  

T h e  s t r u c t u r e  o f  MCRM p r e p a r e d  w i t h  EBMA h a s  b e e n  c o n -  
f i r m e d  b y  NMR s p e c t r o s c o p y  a n d  b r o m i n e  a n a l y s i s ( 3 ) .  The  

H-NMR s p e c t r u m  o f  MCRM o b t a i n e d  b y  t h e  p o l y m e r i z a t i o n  i n  
t h e  p r e s e n c e  o f  MBMA s h o w s  r e s o n a n c e s  o f  t h e  a l l y l i c  p r o t o n s  
{ 2 . 4 5  ppm} a n d  o f  t h e  o l e f i n l c  p r o t o n s  ( 5 . 3 9  a n d  6 . 1 0  ppm) 
w h i c h  a r e  d i s t i n c t l y  d i f f e r e n t i a t e d  f r o m  t h e  r e s o n a n c e s  o f  
t h e  s a m e  t y p e  o f  t h e  p r o t o n s  i n  MBMA ( 5 . 8 5  a n d  6 . 1 8  ppm) a s  
i n  F i g .  2A. E i t h e r  o f  t h e  r e s o n a n c e s  a t  c a .  3 . 7  ppm w o u l d  
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b e  a s s i g n e d  t o  t h e  BPCH2 9 r o u p  o f  t h e  t e r m i n a l  MMA u n i t  
p r o d u c e d  by  r e - i n i t i a t i o n  w i t h  b r o m i n e  a t o m  ( 3 1 .  R e s o -  
n a n c e s  o f  t h e  o l e f i n i c  c a r b o n s  ( 1 2 7 . 9  a n d  1 3 5 . 9  ppm) a n d  t h e  
c a r b o n y l  c a r b o n  ( 1 6 3 . 8  ppm) i n  t h e  13C_NMR s p e c t r a  ( F i 9 .  
2B},  a n d  t h e  a b s e n c e  o f  t h e  r e s o n a n c e  d u e  t o  CH2Br g r o u p  
w h i c h  a p p e a r s  a t  2 8 . 9  ppm i n  t h e  s p e c t r u m  o f  MBMA c o r r o -  
b o r a t e  t h e  s t r u c t u r e  I I :  

CH31 ~ H3 
BrCH2--CI (CH2--CI )n C H 2 - - ~  = C H 2  I I  

COOCH3 COOCH3 COOCH 3 

W h i l e  t h e  t e r m i n u s  o f  MCRM i n v o l v e s  a c a r b o n - c a r b o n  
d o u b l e  b o n d ,  t h e  Mn and  Mw/M n d i d  n o t  c h a n g e  w i t h  an  
i n c r e a s e  i n  t h e  c o n v e r s i o n  o f  MMA as  shown  i n  T a b l e  1. 
T h i s  i s  r e a s o n a b l e  t e n d e n c y ,  b e c a u s e  t h e  s ame  u n s a t u r a t e d  
end  9 r o u p  produced by d i spropor t iona t ion  i s  conserved 
throughout polymerization of MMA. 

T a b l e  1. Mn a n d  Mw/M n o f  MCRM p r e p a r e d  a t  60~ a) 

Time (h) Convn. (%) Mn MwlMn 

4 1 0 . 2  11800 1 . 4 3  
10 3 2 . 0  12000 1 . 3 4  
12 3 7 . 9  13000 1 . 3 9  

a)  [MMA] : 3 . 7 6  m o l / L ,  [MBMA]/[MMA] : 0 . 0 1 ,  a n d  [AIBN] : 
0 . 0 0 5  m o l / L .  

Copolymerization of MCRM 
MCRM (Mn = 2800 a n d  Mw/M n = 1 .391  p r e p a r e d  by  t h e  p o l y -  

m e r i z a t i o n  i n  t h e  p r e s e n c e  o f  0 . 0 5  m o l a r  r a t i o  o f  MBMA t o  
MMA was c o p o l y m e r i z e d  w i t h  v a r i o u s  monomers  as  s u m m a r i z e d  i n  
T a b l e  2 .  C o n s i d e r i n 9  t h e  s t r u c t u r a l  s i m i l a r i t y  o f  MCRM a nd  
po ly (MMA) ,  we e s t i m a t e d  t h e  a m o u n t  o f  u n c h a n g e d  MCRM i n  t h e  
copolymerization with MMA based on the RI responce of GPC 
before the ex t rac t ion .  I t  was found that  MCRM exhib i t s  

Table 2. Copolymerization of MCRM at 60~  a) 

[Monomer]  [Monomer]  T ime  Mn x 

( m o l / L )  [MCRM] (h)  10 -4 

~_~w Convn.b) [Monomer)C) 
Mn (%) [MCRM] 

MMA 3 . 7 6  269 31 5 . 2  2 . 4 3  94 5 2 0 / 1  d) 
S t  3 . 4 6  247 23 5 . 4  1 . 5 0  32 5 2 0 / 2  
S t / D V B  
3 . 4 2 / 0 . 0 3 6  246 23 3 . 1  5 . 1 0  31 3 0 0 / 2  
VC 6 . 0 6  433 16 2 . 0  2 . 2 1  40 2 9 0 / 2  
VAc 4 . 3 3  309 31 1 0 . 4  3 . 0 6  71 1 1 0 0 / 5  

a )  [MCRM] = 0 . 0 1 4  m o l / L  a n d  [ A I B N ]  = 0 . 0 0 5  m o l / L ,  b )  
C o n v e r s i o n  o f  m o n o m e r ,  c )  A v e r a g e  n u m b e r s  o f  t h e  
r e s p e c t i v e  u n i t s  P e r  c o p o l y m e r  c h a i n ,  d )  E s t i m a t e d  f r o m  a 
d e c r e a s e  i n  M n 
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q u i t e  low r e a c t i v i t y  i n  t h e  c o p o l y m e r i z a t i o n ;  pol__y(MMA) 
r a d i c a l  p r e f e r e n t i a l l y  a d d s  t o  MMA i t s e l f .  The  Mn o f  t h e  
p r o d u c t  o f  t h e  c o p o l y m e r i z a t i o n  withMMA was l e s s  t h a n  t h a t  o f  
poly(MMA) p r e p a r e d  i n  t h e  a b s e n c e  o f  MCRM (fin = 1 3 1 0 0 0 ) ,  
s h o w i n g  t h a t  MCRM t e r m i n a t e s  t h e  p r o p a g a t i n g  r a d i c a l .  

A f t e r  t h e  c o p o l y m e r i z a t i o n s  o f  MCRM w i t h  monomers  o t h e r  
t h a n  MMA, t h e  GPC c u r v e s  d i d  n o t  show a n y  p r e s e n c e  o f  l a r g e  
a m o u n t s  o f  u n c h a n g e d  MCRM. I n  T a b l e  2,  t h e  m o l a r  r a t i o  o f  
MCR~I t o  t h e  monomer  u n i t s  i n  e a c h  c o p o l y m e r  c h a i n  was c a l c u -  
l a t e d  f r o m  t h e  c o m p o s i t i o n  o f  t h e  p r o d u c t  d e t e r m i n e d  by  
i n t e n s i t y  r a t i o  o f  t h e  c h a r a c t e r i s t i c  r e s o n a n c e s  i n  t h e  1H- 
N~IR s p e c t r u m  and  t h e  Mn e s t i m a t e d  by  GPC. 

C o m p a r i s o n  o f  t h e  f e e d  c o m p o s i t i o n  w i t h  t h a t  o f  t h e  S t  
c o p o l y m e r  i n  T a b l e  2 r e v e a l s  t h a t  MCRM i s  more  r e a c t i v e  t h a n  
S t .  The  c o p o l y m e r i 7 a t i o n  w i t h  S t  was e x a m i n e d  f u r t h e r  a t  
h i g h e r  MCRM c o n t e n t s  i n  t h e  f e e d ,  an d  t h e  r e s u l t s  a r e  show n  
i n  F i g .  3 .  W i t h  an  i n c r e a s e  i n  t h e  MCRM c o n t e n t  o f  t h e  
f e e d  b e l o w  10 m o l e - % ,  a d e c r e a s e  i n  Mn a nd  an  i n c r e a s e  i n  
t h e  MCRM c o n t e n t  o f  t h e  c o p o l y m e r  a r e  o b s e r v e d .  C o n s i d e r -  
i n g  t h e  i n h i b i t i o n  e f f e c t  o f  I o b s e r v e d  (4 )  a n d  a d e c r e a s e  
i n  ~ n  o f  t h e  c o p o l y m e r  w i t h  a n  i n c r e a s e  i n  t h e  MCRM c o n t e n t  
i n  F i g .  3 ,  we c a n  c o n c l u d e  t h a t  MCRM i s  a b o u t  t w i c e  as  

~ r e a c t i v e  as  S t  t o w a r d  p o t y ( S t )  r a d i c a l  a n d  t h a t  MCRM r a d i c a l  
w h i c h  d o e s  n o t  r e a c t  w i t h  MCRM i t s e l f  a d d s  t o  S t  q u i t e  
s l o w l y .  The c o p o l y m e r i z a t i o n  i n  t h e  p r e s e n c e  o f  a s m a l l  
a m o u n t  o f  DVB ( [ S t ] / [ D V B ]  = 95 m o l a r  r a t i o )  r e s u l t e d  i n  t h e  
b e n z e n e  s o l u b l e  c o p o l y m e r  w i t h  a l a r g e r  Mw/Mn. T h i s  f i n d -  
i n g  i m p l i e s  t h a t  a r e l a t i v e l y  s h o r t  p o l y ( S t )  b r a n c h  f r o m  t h e  
DVB u n i t  was t e r m i n a t e d  w i t h  MCRM p r i o r  t o  c r o s s - l i n k i n g .  
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F i g .  3.  D e p e n d e n c i e s  o f  Mn a n d  MCRM c o n t e n t  i n  c o p o l y m e r  
w i t h  S t  o n  comonomer  c o m p o s i t i o n .  
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C o p o l y m e r i z a t i o n s  o f  VC a n d  YAc w i t h  MCRM y i e l d e d  
p r o d u c t s  c o n t a i n i n g  l a r g e r  a m o u n t s  o f  MCRM u n i t  t h a n  t h e  
c o m o n o m e r s  as  shown  i n  T a b l e  2;  MCRM b e i n g  more  r e a c t i v e  
t h a n  VC o r  VAc. S i n c e  t h e  two u n i t s  o f  MCRM c o r r e s p o n d  t o  
a n  a v e r a g e  o f  56 MMA u n i t s ,  t h e  c o p o l y m e r  c o n s i s t s  o f  290 VC 
u n i t s  a n d  56 MMA u n i t s .  P r o b a b l y  t h e s e  f i g u r e s  mean t h a t  
two o f  t h e  MCRM u n i t s  a r e  i n v o l v e d  s e p a r a t e l y  i n  t h e  p o l y -  
(VC) c h a i n .  YAc t h a t  i s  a n o n - c o n j u g a t e d  a n d  e l e c t r o n  
d o n a t i n g  monomer  f a v o r e d  t h e  f a s t  c o p o l y m e r i z a t i o n ,  a n d  
r e s u l t e d  i n  a c o p o l y m e r  i n v o l v i n g  t h e  l a r g e s t  MCRM a m o u n t .  
Due t o  h i g h l y  r e a c t i v e  n a t u r e  o f  p o l y ( Y A c )  r a d i c a l  a s  w e l l  
a s  p o l y ( V C )  r a d i c a l  i n  c h a i n  t r a n s f e r  t o  t h e  p o l y m e r ,  MCRM 
u n i t  c o u l d  b e  i n v o l v e d  i n  e a c h  b r a n c h .  C o p o l y m e r i z a t i o n  o f  
MCRM w i t h  e t h y l e n e  g a v e  a c o p o l y m e r  c o n s i s t i n g  o f  poly(MMA) 
and  p o l y ( e t h y l e n e )  c h a i n s .  

F o r  c o p o l y m e r i z a t i o n  o f  m o n o m e r i c  MMA w i t h  VAc a n d  VC, 
much g r e a t e r  monomer  r e a c t i v i t y  r a t i o s  h a v e  b e e n  e v a l u a t e d  
f o r  MMA: rMMA = 26 a n d  r , , -  = 0 . 0 3  f o r  MMA c o p o l y m e r i z a t i o n  

~ C  
w i t h  YAc, a n d  rMMA = 1 2 . ~  a n d  rvs  = 0 f o r  MMA c o p o l y m e r i -  
z a t i o n  w i t h  VC ( 1 3 ) .  B a s e d  on  t h e  rMM A a n d  r v , t h e  MMA C 
c o p o l y m e r  c o n t a i n i n g  more  t h e  50 mo le -% o f  VC u n i t  c o u l d  n o t  
b e  p r e p a r e d .  To o b t a i n  a c o p o l y m e r  c o n t a i n i n g  89 m o l e - %  o f  
VAc u n i t  as  w e l l  a s  t h e  MCRM-UAc c o p o l y m e r ,  t h e  monomer f e e d  
s h o u l d  c o n s i s t  o f  more  t h a n  99 m o l e - %  o f  VAc. T h e r e f o r e  
c o p o l y m e r i z a t i o n  of MCRM w i t h  YAc and VC could have s i g n i f i -  
c a n c e  as a convenient mean to prepare a copolymer containing 
a large amount of the unit from the non-conjugated monomer. 

Radical Addition to MCRM 
When a benzene solution of MCRM (Mn = 2400 and Mw/M n = 

1.72) prepared in the presence of EBMA (0.04 molar ratio) 
and TBP was UV irradiated, the spectrum in Fig. 4A was ob- 
served at room temperature. The spectrum can be accounted 
for by splitting due to two pairs of the ~-protons, and the 
spectrum coincides with those of the radicals produced by an 
addition of low molecular weight radicals to I (4) except 
for the difference in line width. Prolonged irradiation 
did not affect the splitting pattern and the line width of 
the spectrum from MCRM. Based on the decay of the signal, 

I ' I - ~ ^ /  

F i g .  4 .  ESR s p e c t r a  o f  r a d i c a l s  p r o d u c e d  by  a d d i t i o n  o f  
t e r t - b u t o x y  a n d  p o l y ( S t )  r a d i c a l s  t o  MCRM w i t h  UV i r r a d i -  
a t i o n :  A, MCRM ( 0 . 1 5  g)  a n d  TBP ( 0 . 0 1  g)  i n  b e n z e n e  ( 0 . 3  
mL);  B, MCRM ( 0 . 1 5  g ) ,  S t  ( 0 . 0 5  mL),  a n d  TBP ( 0 . 0 1  mL) i n  
b e n z e n e  { 0 . 2 5  mL). 
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t h e  r a t e  c o n s t a n t  f o r  b i m o l e c u l a r  t e r m i n a t i o n  o f  t h e  r a d i c a l  
a t  room t e m p e r a t u r e  was e v a l u a t e d  t o  be  a x 105 L / m o l . s ,  
w h i c h  i s  l e s s  t h a n  t h a t  o f  poly(MMA) r a d i c a l  by two o r d e r s .  

Howeve r ,  t h e  s o l u t i o n  c o n t a i n i n g  S t  g a v e  t h e  b r o a d  
s i g n a l  a s  shown i n  F i g .  4B a f t e r  i r r a d i a t i o n  f o r  a l o n g e r  
p e r i o d .  C o P o l y m e r i z a t i o n  o f  MCRM w i t h  S t  o c c u r r e d  
p r o d u c i n g  a r a d i c a l  f rom MCRM w i t h  p o l y ( S t )  c h a i n .  A f t e r  
t h e  ESR m e a s u r e m e n t ,  GPC a n a l y s i s  o f  t h e  r e c o v e r e d  p o l [ m e r  
showed  b i n d i n g  o f  p o l y ( S t )  c h a i n  t o  MCRM r e s u l t i n g  i n  Mn = 
4900 and Mw/Mn = 2 . 0 7 .  

R e f e r e n c e s  
I .  T. O t s u ,  T. M a t s u n a g a ,  A. K u r i y a m a ,  M. Y o s h i o k a ,  E u r o p .  

Po lym.  J . ,  25,  648 (1989} 
2.  G. F.  M e i j s ,  E. R i z z a r d o ,  S.  H. Thang ,  M a c r o m o l e c u i e s ,  

21,  3122 (1988 )  
3.  B. Yamada,  T. O t s u ,  Makromol .  Chem. ,  R a p i d  Commun., 11, 

531 ( 1 9 9 0 } .  
4.  H. T a n a k a ,  H. Kawa i ,  T. S a t o ,  T. O t a ,  J .  P o l y m .  S c i . :  

P a r t  A: Po lym.  Chem. ,  27 ,  1741 (1989)  
5.  N. S,  E n i k o l o p y a n ,  B. R. S m i r n o v ,  G. V. P o n o m a r e v ,  I .  M. 

B e l g o v s k i i ,  J .  Po lym.  S c i . ,  Po lym.  Chem. E d . ,  19, 879 
( 1 9 8 1 } .  

6. A. F.  B u r c z y k ,  K. F.  O ' D r i s c o l l ,  G. L .  R e m p e l ,  J .  P o l y m .  
S c i . ,  Po lym.  Chem. E d . ,  22, 3255 ( 1 9 8 4 } .  

7.  R. A. S a n a y e i ,  g .  F.  O ' D r i s c o l l ,  J .  M a c r o m o l .  S c i . -  
Chem. ,  A26, 1137 ( 1 9 8 9 } .  

8.  P. C a c i o l i ,  D. G. H a w t h o r n e ,  R. L. L a s l e t t ,  E. R i z z a r d o ,  
D. H. S o l o m o n ,  J .  M a c r o m o l .  S c i . - C h e m . ,  A23, 839 ( 1 9 8 6 ) .  

9.  F.  S h i n a g a w a ,  K. N a r u c h i ,  M. Kudoh,  F.  A k u t s u ,  M. M i u r a ,  
P o l y m .  P r e p r . ,  J p n . ,  39,  134 ( 1 9 9 0 ) .  

10. H. M. R. H o f f m a n n ,  J .  R a b e ,  Angew. Chem. ,  I n t .  Ed. 
E n g l . ,  22,  795 ( 1 9 8 3 } .  

11. A. O. K r e s s ,  L. J .  M a t h i a s ,  G. C e i ,  M a c r o m o l e c u l e s ,  2 2 ,  
537 ( 1 9 8 9 ) .  

12. J .  Y i l l i e r a s ,  M. Rambaud,  S y n t h e s i s ,  924 (1982)  
13. R. Z. G r e e n e l y ,  " P o l y m e r  H a n d b o o k " ,  3 r d  E d . ,  J .  

B r a n d r u p ,  E. H. I m m e r g u t ,  e d . ,  W i l e y ,  1989,  p .  I I / 2 6 7 .  

Accepted December 26, 1990 S 


