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Summary 
Isotactic (iso-) and syndiotactic (syn-) poly(methy1 methacrylate) 

(PMMA) macromonomers having styrene group a s  a polymerizable function were 
polymerized with perdeuterated 2,2'-azobisisobutyronitrile in toluene at 
60°C. The resultant polymacromonomers were analyzed by 2~ NMR spectros- 
copy to determine the number of initiator fragment in a polymacromonomer 
chain ( N )  and initiator efficiency (f). The N values were less than 
unity (0.50-0.72), indicating the chain t ransfer  reaction to occur in the 
radical polymerization of macromonomer. The f values were 0.18-0.28 and 
much smaller than that  for s tyrene polymerization (0.5-0-7). Zsernacro- 
monomer gave larger N and f values than syn- one, suggesting that  the 
tacticity of macromonomer affects the reaction pathway probably owing to 
the difference in chain mobility between iso- and syn-PMMA chains. 

Introduction 
Macromonomer has become an important source for the preparation of 

graf t  copolymer having well-defined structure. Thus, many papers have 
been published on the syntheses of macromonomers and their polymerization. 
However, little is known about the feature o r  mechanism of the radical 
polymerization of macromonomers. Tsukahara and his coworkers observed 
the ESR signals of the propagating radicals of a methacrylate-type poly- 
styrene macromonomer, and determined the propagation rate constant (kp) 
and termination rate constant (kt) a t  60°C from rate of polymerization 
(Rp),  the steady state concentration of the propagating radical ([Ma]), 
and the degree of polymerization ( D P ) ~ .  In the calculation they assumed 
that  termination reaction proceeded dominantly through disproportionation 
reaction, and the  DP was the same as the kinetic chain length ( V  ). 

Recently we prepared highly isotactic (iso-) and syndiotactic (syn-) 
poly(methy1 methacrylate) (PMMA) macromonomers having styrene end-group 
and studied their radical polymerizationsZ. The kt values for these 
polymerizations could be directly determined from the  decay of ESR signals 
for  the propagating radicals3. Then, the kp value can be estimated from 
the observed Rp and kt by using the following equation, if the initiator 
efficiency, f ,  is determined experimentally: 

'To whom offprint requests should be sent 



206 

k p = R p / ( f ,  k d / k t ) 0 . 5  [ I ] 0 . 5  [ M ] ,  ( 1 )  

w h e r e  k d ,  [ I ] ,  a n d  [M] r e p r e s e n t  t h e  r a t e  c o n s t a n t  f o r  d e c o m p o s i t i o n  of  

i n i t i a t o r ,  i n i t i a t o r  c o n c e n t r a t i o n ,  a n d  m o n o m e r  c o n c e n t r a t i o n .  

I n  t h i s  w o r k ,  1so- a n d  s y n - P M M A  m a c r o m o n o m e r s  w e r e  p o l y m e r i z e d  w i t h  

p e r d e u t e r a t 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  ( A I B N - d l 2 ) ,  a n d  t h e  a m o u n t s  of  

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

m i n e d  b y  2It NMR s p e c t r o s c o p y  to  e s t i m a t e  f v a l u e s  in  t h e  p o l y m e r i z a t i o n s  

of  t h e  m a c r o m o n o m e r s .  T h e  n u m b e r  of  i n i t i a t o r  f r a g m e n t  p e r  m o l e c u l e  (N) 

t h u s  o b t a i n e d  w a s  f o u n d  to  b e  l e s s  t h a n  u n i t y ,  i n d i c a t i n g  t h a t  c h a i n  

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

g a t i n g  r a d i c a l s  in  t h e  p o l y m e r i z a t i o n  of  m a e r o m o n o m e r .  

E x p e r i m e n t a l  

H i g h l y  i s o -  a n d  s y n - P b i M A  m a c r o m o n o m e r s  w e r e  p r e p a r e d  t h r o u g h  t h e  

e n d - c a p p i n g  r e a c t i o n  of  t h e  c o r r e s p o n d i n g  l i v i n g  PMMAs w i t h  p - v i n y l b e n z y l  

b r o m i d e  a c c o r d i n g  to  t h e  p r o c e d u r e  d e s c r i b e d  in  t h e  p r e v i o u s  c o m m u n i c a -  

t i o n  2. T h e  c h a r a c t e r i s t i c s  of  t h e  m a c r o m o n o m e r  u s e d  i n  t h i s  w o r k  a r e  

s u m m a r i z e d  i n  T a b l e  1. A I B N - d l 2  w a s  p r e p a r e d  f r o m  a c e t o n e - d  6 b y  t h e  

m e t h o d  of  O v e r b e r g e r  e t  al.  4 a n d  p u r i f i e d  b y  r e c r y s t a l l i z a t i o n  f r o m  

e t h a n o l .  T o l u e n e ,  p u r i f i e d  in  a u s u a l  m a n n e r ,  w a s  mixed  w i t h  a sma l l  

amount of butyllithium and then vacuum-distilled. Polymerization was 

carried out in a glass ~mpoule under nitrogen. The reaction mixture was 

poured into a large amount of hexane to precipitate the reaction mixture. 

The unchanged macromonomer was removed from the mixture by repeated repre- 

cipitation from toluene solution to methanol. 

IH NMR measurement was carried out on a JEOL JNM-GX500 NMR spectrom- 

eter. 2H NMR spectra were measured on a JEOL JNM-GSX400 NMR spectrometer 

at 62 MHz in nitrobenzene containing 5 wt% of nitrobenzene-d 5. The 2H 

NMR chemical shift was referred to the highest-field peak of nitrobenzene- 

d 5 (2=7.35 ppm). The gel permeation chromatography (GPC) experiments 

were performed on a JASCO FLC-AI0 chromatograph equipped with Shodex A-80M 

and KF802.5 GPC columns using tetrahydrofuran as an eluent at room temper- 

ature. The GPC-LALLS (low-angle laser light scattering) experiment for 

polymacromonomer was performed on a Tosoh HLC-801A chromatograph equipped 

with a detector, LS-8, which was operated with two Tosoh GMHxl columns 

using chloroform as an eluent at 39~ 

Table i. Characteristics of highly isotactic and 
syndiotactic PMMA macromonomers 

Tacticity (%) Mw b 
Macromonomer Mn a - -  F a ' c  

mm m r  r r  Mn 

i s o  95 4 ] 2900 1 .12  
s y n ( 1 )  1 10 89 2720 1 .18  
s y n ( 2 )  0 9 91 5380 1 .15 

a D e t e r m i n e d  by  1H NMR. b D e t e r m i n e d  by  GPC. 
c Number o f  CH2=CH- g roup  p e r  c h a i n .  

0 . 9 6  
0 .97  
0 . 9 6  
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Results  and Discussion 
The i so -  and  syn-PMMA macromonomers  w e r e  po lymer i zed  wi th  AIBN-dl2  

in t o luene  a t  60~ fo r  24 hr .  The r e s u l t s  a r e  shown in Table  2. 
Poly(PMMA macromonomer)s  w e r e  r e c o v e r e d  from the  r eac t i on  mix tu res  by  
r e p r e c i p i t a t i o n  from to luene  so lu t ion  to methanol .  The 2H NMR s p e c t r u m  
of t h e  poly(iso-PMMA macromonomer)  is i l l u s t r a t e d  in F i g u r e  1. The b road  
r e s o n a n c e  c e n t e r e d  a t  1.05 ppm was a s s i g n a b l e  to (CD3)2C(CN)- g r o u p  a t -  
t a c h e d  to s t y r e n e  un i t  5. The c o n t e n t  of d e u t e r i u m  in t he  po lymacromono-  
met  was de t e r mined  to be 1.55 x 10 -4 g 2 H / g  po lymer  from the  r e l a t i v e  
i n t e n s i t y  of th i s  s igna l  to t he  s igna l  of a known amount  of n i t r o b e n z e n e -  
d 5 added  to t he  so lu t ion  as an i n t e n s i t y  s t a n d a r d .  Rel iabi l i ty  of t he  
e n d - g r o u p  ana lys i s  by 2H NMR was e s t a b l i s h e d  by  u s ing  iso-PMMA p r e p a r e d  
with  a pa r t i a l l y  d e u t e r a t e d  in i t ia tor ,  (CD3)2C(CH3)MgBr~. Then,  t he  N 

Table 2. End-group analysis of poly(P}4~IA macromonomer) 
prepared with AIBN-d12 in toluene at 60~ for 24 hr 

Macromonomer AIBN-dI2 Toluene Conv. a Hw b 
Mn b - -  N c 

( m m o l )  ( m m o l )  ( m l )  (%) Mn 
fd 

iso 0 .350  0.0174 6.1 42 55700 1.70 0 .72 0.28 
syn(1) 0.765 0.0383 13.6 49 69600 1.18 0 .65 0.22 
syn(2) 0.0541 0.00270 0.84 46 124000 1.31 0 .50  0.18 

a Determined by GPC. b Determined by GPC-LALLS. 
c Number of in i t ia tor  fragment per polymacromonomer determined 

by 2H NMR spectroscopy. 
d Init iator efficiency. 

C6D5NO 2 

~D3 
CD3- ~- 

CN 

X l O O O v ~  

I I I i I i I I i I 

9 8 7 6 5 4 3 2 1 0 
6 in ppm 

Figure 1. 62MHz 2H NHR spectrum measured in ni trobenzene con- 
ta in ing  5 wt% of n i trobenzene-d  5 at  80~ of  poly(iso-PHMAmacro- 
monomer) prepared with AIBN-dl2 in to luene  at  60~ for 24 hr. 
Macromonomer; Mn=2900, lm:mr:rr=95:4:1,  [M]0=0.05 l o l / 1 ,  
[H]0/[I ]0=20 mol/mol.  
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va lue  was ca lcu la ted  to be 0.72 from the  c o n t e n t  of t he  i n i t i a to r  f r a g m e n t  

and n u m b e r  a v e r a g e  molecular  we igh t ,  Nn, (55700) of t h e  polymacromonomer .  

The N's fo r  o t h e r  po lymacromonomers  were  d e t e r m i n e d  s imilar ly  and  a re  

shown in Table  2. All t h e  N va lues  were  less  t h a n  un i ty ,  s u g g e s t i n g  the  

cha in  t r a n s f e r  r eac t i on  to o c c u r  in t he  r ad ica l  po lymer iza t ion  of t he  

macromonomer.  Many PNNA cha ins  s u r r o u n d i n g  the  p r o p a g a t i n g  rad ica l  of 

t he  po lymacromonomer  may r e s t r i c t  normal  t e rmina t ion  r eac t ion  so s t r o n g l y ,  

as  e v i d e n c e d  by  e x t r e m e l y  smal ler  k t v a l u e s  fo r  t he  po lymer iza t ion  of 

macromonomer  t h a n  t h a t  of s t y r e n e  3,7, t h a t  the  poss ib i l i t y  of cha in  t r a n s -  

f e r  r e ac t i on  i nc r ea se s .  The i n v e s t i g a t i o n  is now be ing  made on the  t y p e  

of cha in  t r a n s f e r  r eac t ion .  

The va lue  of N d e p e n d s  on the  t a c t i c i t y  of t he  macromonomer,  and 

poly(iso-PNMA macromonomer)  had a l a r g e r  N t h a n  poly (syn-PMNA 

macromonomer)s .  The rad ica l  l ife time, T ,  and the  [N'] a r e  g iven  as 

follows; 

T = v / k p [ N ]  
= (i/kt)0-5(i/2(f.kd)0.5[ I]0.5), (2 )  

[M-]=(i/kt)0-5(f'kd[I])0"5. (3) 

The k t for syn-macromonomer is much smaller than that for iso- one 7, due 

to lower segmental mobility of syn-PMMA chain than iso-PMMA chain 8. The 

smaller k t for syn-macromonomer polymerization makes the %- and the [M'] 

larger than those for iso-macromonomer polymerization. Therefore, the 

contribution of chain transfer reaction to the deactivation process of 

propagating radicals is more important for syn-PMMA macromonomer than for 

iso-macromonomer. The tacticity dependence of N mentioned above should 

reflect this situation. 

The N value was also dependent of Mn of the macromonomer. The N 

value for the syn-macromonomer with Mn of 5380 was lower than that for the 

macromonomer with Mn of 2720. The density of the PMMA segment around the 

propagating radical becomes higher as the Mn of the macromonomer increases 

so that the ordinary termination reaction is more restricted in the poly- 

merization of macromonomer with higher Mn as evidenced from the smaller k t 

values 3, and thus the transfer reaction may occur more frequently for the 

higher molecular macromonomer than for the lower molecular one. 

The total amount of initiator fragment incorporated into the 

poly(iso-PMMA macromonomer) was calculated as follows; 

(Number of initiator fragment per polymacromonomer) 

x (Mole of polymacromonomer formed) 

=N x (Yield in gram) / (Mn of polymacromonomer) 

=5.50 x 10 -3 mmol. (4) 

Assuming the value of k d for AIBN-dI2 to be the same as k d for AIBN (9.54 

x 10 -6 s -I at 60~ the amount of (CD3)2C(CN)" radical formed from 

0.0174 mmol of AIBN-dI2 at 60"C during 24 hr was calculated to be 0.0195 

mmol. Then, the f value for the iso-PMMA macromonomer could be calculat- 



209 

e d  a s  fo l lows ;  

f = [ I n c o r p o r a t e d  i n i t i a t o r  f r a g m e n t ]  / [ G e n e r a t e d  r a d i c a l ]  

= 5 .50  x 10 -3  mmol / 0 . 0 1 9 5  mmol 

= 0 . 2 8 .  (5 )  

T h e  v a l u e s  of  f f o r  t h e  o t h e r  m a c r o m o n o m e r s  w e r e  c a l c u l a t e d  s i m i l a r l y ,  a n d  

t h e  r e s u l t s  a r e  a l s o  s h o w n  in  T a b l e  II .  T h e s e  v a l u e s  w e r e  m u c h  l o w e r  t h a n  

t h a t  f o r  s t y r e n e  p o l y m e r i z a t i o n  (0.5~0.7)  10 , i n d i c a t i n g  t h a t  a l a r g e  

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

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

u l a r  w e i g h t  m o n o m e r s  b e c a u s e  t h e  p o l y m e r i z a t i o n  m i x t u r e  of  m a c r o m o n o m e r  is  

h i g h l y  v i s c o u s  e v e n  i n  t h e  i n i t i a l  s t a g e  of  p o l y m e r i z a t i o n .  T h e  v a l u e  of  

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

may  r e f l e c t  t h e  h i g h e r  m o b i l i t y  of  i s o - P M M A  c h a i n .  

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

k p  v a l u e s  u s i n g  e q  (1). T h e  d e t a i l e d  d i s c u s s i o n  f o r  t h e  r a d i c a l  p o l y m e r i -  

z a t i o n  of  t h e  PMMA m a c r o m o n o m e r  b a s e d  o n  t h e  k i n e t i c  p a r a m e t e r s  s u c h  a s  k p  

a n d  k t wil l  b e  p u b l i s h e d  s e p a r a t e l y  11. 

A c k n o w l e d g e m e n t s :  T h e  a u t h o r s  a r e  g r a t e f u l  to  P r o f e s s o r  T. K o t a k a  a n d  

Dr. K. A d a c h i  of  F a c u l t y  of  S c i e n c e ,  O s a k a  U n i v e r s i t y ,  f o r  t h e  u s e  of  

GPC/LALLS i n s t r u m e n t .  A p a r t  of  t h i s  w o r k  w a s  s u p p o r t e d  b y  a G r a n t - i n - A i d  

f o r  S c i e n t i f i c  R e s e a r c h  (C) (No. 01550717)  f r o m  t h e  M i n i s t r y  of  E d u c a t i o n ,  

S c i e n c e  a n d  C u l t u r e  of  J a p a n ,  a n d  a l s o  b y  K u r a t a  F o u n d a t i o n  (1989-1990) .  

References 
i. Tsukahara Y, Tsutsumi E, Yamashita Y, Shimada S (1989) Macromolecu]es 

22:2871 

2. Hatada K, Kitayama T, Ute K, Masuda E, Shinozaki T, Yamamoto M (1989) 

P o l y m .  Bull .  2 1 : 1 6 5  

3. H a t a d a  K, K i t a y a m a  T, M a s u d a  E, K am ach i  M (1990) Makromol .  Chem.  R a p i d  

Commun.  1 1 : 1 0 1  

4. O v e r b e r g e r  C G, H u a n g  P - T ,  B e r e n b a u m  M B, Org.  S y n t h . ,  Coll. V e t  IV, 

p p  66, 274 

5. H a t a d a  K, K i t a y a m a  T, M a s u d a  E (1985)  Polym.  J. 1 7 : 9 8 5  

6. H a t a d a  K, U t e  K, K a s h i y a m a  M (1990) Polym.  J. 22:853 

7. M a s u d a  E, K i t a y a m a  T, H a t a d a  K, K a m a c h i  M, s u b m i t t e d  to  PoIym.  J. 

8. H a t a d a  K, K i t a y a m a  T, O k a m o t o  Y, O h t a  K, U m e m u r a  Y, Y u k i  H (1978) 

MakromoI .  Chem.  1 7 9 : 4 8 5  

9. Van  Hook J P, T o b o l s k y  A V (1958) J. Am. Chem.  See .  8 0 : 7 7 9  

1O. B e v i n g t o n  J C (1955)  T r a n s .  F a r a d a y  See .  5 1 : 1 3 9 2  

11. M a s u d a  E, K i t a y a m a  T, H a t a d a  K, s u b m i t t e d  to  Polym.  J. 

Accepted November 12, 1990 S 


