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Summary 
A t r i b lock  copolymer  of PMMA and po ly i sobu ty l ene (P IB) ,  PMMA-b]ock- 

PIB-block-PMMA, was p r e p a r e d  by  anionic  po lymer iza t ion  of methy l  me tha -  

c r y l a t e  in i t i a t ed  with ~ ,  ~ - d i l i t h i a t e d  p o l y ( i s o b u t y l e n e )  d i i s o b u t y l a t e  in 

t e t r a h y d r o f u r a n  a t  -60~ The molecular  w e i g h t  d i s t r i b u t i o n  of t he  block 

copo lymer  was c lose  to t h a t  of t he  s t a r t i n g  PIB. The s t e r e o r e g u l a r i t y  of 

PMMA block was p r e d o m i n a n t l y  synd io t ac t i c .  P ro ton  s p i n - l a t t i c e  re laxa t ion  

time and so lu t ion  v i s c o s i t y  of t he  block copo lymer  in ace tone ,  which is 

n o n - s o l v e n t  fo r  PIB, i nd i ca t e  t h a t  t he  block copo lymer  forms r i g id  s p h e r i c a l  

particles. Stereocomplex formation with isotactic PRIMA was also studied. 

Introduct ion 

Block copo lymers  compr i s ing  b locks  of d i f f e r e n t  p r o p e r t i e s  such  as 

so lub i l i t y  and  g lass  t r a n s i t i o n  t e m p e r a t u r e  (Tg) h a v e  r e c e i v e d  much a t t e n -  

t ion from the  ve iwpo in t  of po lymer  mater ia l  app l i ca t ions  in po lymer ic  s u r -  

f a c t a n t s ,  e l a s tomer s  and  so on. S e q u e n t i a l  monomer add i t ion  in l iv ing  

po lymer i za t ion  is one  of the  p l aus ib l e  means for  p r e p a r a t i o n  of block co-  

polymer .  The method,  h o w e v e r  can  not  be app l i ed  to a pa i r  of monomers 

which po lymer ize  in d i f f e r e n t  mechanisms such  as anionic  and ca t ion ic  ones.  

An a l t e r n a t i v e  fo r  t he  above  method is po lymer i za t ion  by po lymer ic  in i t i a -  

to r s ;  a monofunc t iona l  po lymer ic  i n i t i a to r  a f f o r d s  diblock copo lymer  and  an 

~ ,  w - d i f u n c t i o n a l  one t r i b l o c k  copotymer .  

I s o b u t y l e n e  can po lymer ize  only  v ia  ca t ionic  mechanism. Kennedy  and 

his c o w o r k e r s  h a v e  e s t a b l i s h e d  po lymer i za t ion  of i s o b u t y l e n e  by the  i n i f e r  

method to a f f o r d  w e l l - d e f i n e d  end  func t i ona l i zed  p o l y ( i s o b u t y l e n e )  (PIB), in 

which  p - d i c u m y l  ch lo r ide  is u s e d  as an i n i t i a to r  and  BC13 as a co in i t i a to r  1. 

They  also r e p o r t e d  p r e p a r a t i o n  of d i h y d r o x y  t e r m i n a t e d  PIB (DHPIB) 2. 

This  communicat ion  r e p o r t s  p r e p a r a t i o n  of t r i b lock  copo lymer  c o m p r i s -  

ing  po ly (me thy l  m e t h a c r y l a t e )  (PMHA) b locks  and  PIB block by  anionic  

po lymer iza t ion  of methyl  m e t h a c r y l a t e  (RIMA) with  ct, w - d i l i t h i a t e d  PIB 

d i i s o b u t y l a t e  d e r i v e d  from DHPIB. Some so lu t ion  p r o p e r t i e s  of t he  b lock 

copo lymer  and s t e reocomplex  format ion  with i so tac t i c  PRIMA a re  aiso d e -  
s c r i b e d .  

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

Materials 

T e t r a h y d r o f u r a n  (THF) w a s  p u r i f i e d  b y  d i s t i l l a t i o n  a n d  w a s  d i s t i l l e d  

a g a i n  o v e r  l i t h i u m  a l u m i n i u m  h y d r i d e  (LiA1H4). T h e  THF t h u s  p u r i f i e d  w a s  

mixed  w i t h  a s m a l l  a m o u n t  of  1 , 1 - d i p h e n y l h e x y l l i t h i u m  to  r e m o v e  a t r a c e  of  

w a t e r  a n d  w a s  v a c u u m - d i s t i l l e d  j u s t  b e f o r e  u s e .  MMA w a s  p u r i f i e d  in  t h e  

u s u a l  m a n n e r  a n d  t h e n  d i s t i l l e d  o v e r  c a l c i u m  d i h y d r i d e  (Call  2) u n d e r  h i g h  

v a c u u m  j u s t  b e f o r e  u s e .  L i t h i u m  d i i s o p r o p y l a m i d e  (LDA) w a s  p u r c h a s e d  a s  

a cyclohexane solution and was used as recieved. 
Preparation of Polyisobutylene diisobutyrate(PIBDIB) 

PIBDIB was prepared from DHPIB (Mn=4070, DP=35.3, end functionali- 
ty(Fn)=0.92 (1H NHR), Mw/Mn=1.28(GPC)) and isobutyroyl chloride in the 

presence of triethylamine in THF at room temperature for 48hr according to 
the procedure by Suzuki et al. 3 (eq.1). PIBDIB thus obtained was purified 

by precipitation from hexane to acetone. DHPIB was obtained from Akron 
Cationic Polymer Development Corporation. 

CH 3 CH 3 0 CH 3 

H-O-CH2-CH-xC-CH2 -C C-CH2 )n CH-CH2-O-H + C1-C--CH 

CH3 CH 3 CH 3 CH 3 CH 3 

(Mn=4070, DP=35.3 ,  Fn=0 .92(1H NMR), Mw/Mn=1.28(GPC)) 

THF, Et3N 
r.t . ,48hr. 

CH 3 0 CH 3 CH 3 0 CH 3 

H-C, C-O-CH2-CH-4-CH2-C ~ C-CH2 )n CH-CH2-O-C~C-H, (I) 

CH 3 CH 3 CH3 CH3 CH3 CH3 
PIBDIB (Yie ld - -97 .7%,  Nn=4270, D P ; 3 5 . 2 ,  Fn--0.92(1H NMR)) 

Preparat ion o f  PAINA-bloek-PIB-bloek-PMMA 

T h e  s o l u t i o n  o f  PIBDIB i n  b e n z e n e  w a s  d r i e d  o v e r  Call2,  f i l t e r e d  

u n d e r  d r y  n i t r o g e n  a n d  f r e e z e - d r i e d  4. T h e  PIBDIB t h u s  o b t a i n e d  w a s  

r e d i s s o l v e d  in  b e n z e n e  ( c o n c .  16.4wt%) u n d e r  d r y  n i t r o g e n  a n d  s t o r e d  a t  

5"C u n d e r  d a r k .  T h e  b e n z e n e  s o l u t i o n  (2 .38g)  c o n t a i n i n g  390rag of  PIBDIB 

w a s  mixed  w i t h  20ml of  THF a n d  t h e  PIBDIB w a s  l i t h i a t e d  w i t h  a n  e q u i m o l a r  

a m o u n t  of  LDA a t  0~ f o r  2 h r .  T h e  r e s u l t i n g  d i a n i o n  s o l u t i o n  w a s  c o o l e d  to  

- 6 0 ~  a n d  14.9mmol of  MMA i n  THF(2ml)  w a s  a d d e d  a t  o n c e  w i t h  v i g o r o u s  

s t i r r i n g  ( eq .2 ) .  A f t e r  30 min,  t h e  r e a c t i o n  m i x t u r e  w a s  q u e n c h e d  b y  a d d i n g  

a s m a l l  a m o u n t  of  1N s o l u t i o n  of  HC1 i n  m e t h a n o l  a n d  p o u r e d  i n t o  a l a r g e  

a m o u n t  of  m e t h a n o l .  T h e  p r e c i p i t a t e d  p o l y m e r  m i x t u r e  w a s  r e c o v e r e d  b y  

c e n t r i f u g a t i o n ,  a n d  d r i e d  u n d e r  v a c u u m  a t  60~ T h e  c o n v e r s i o n  of  MMA 

w a s  d e t e r m i n e d  f r o m  t h e  i n c r e a s e d  a m o u n t  of  t h e  p r o d u c t  f r o m  PIBDIB 

u s e d .  T h e  u n r e a c t e d  PIBDIB i n  t h e  m i x t u r e  w a s  r e m o v e d  b y  r e p e a t e d  

r e p r e c i p i t a t i o n  f r o m  t o l u e n e  t o  h e x a n e .  PIB w i t h o u t  i s o b u t y r a t e  u n i t ( 8 % )  

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

t r i b l o c k  c o p o l y m e r  w a s  r e c o v e r e d  a s  h e x a n e - i n s o l u b l e  p a r t .  

Meas uremen t 

IH NMR spectra of the block copolymer were recorded on a JNM GSX- 
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270 NMR s p e c t r o m e t e r  (JEOL) a t  270MHz o r  o n  a JNM GX-500 NMR s p e c t r o m e -  

t e r  a t  500MHz, 13C NNR s p e c t r a  of  t h e  c o p o l y m e r  w e r e  m e a s u r e d  i n  CDC13 a t  

55~ o n  t h e  JNM GSX-270  NMR s p e c t r o m e t e r  a t  67.8MHz. P r o t o n  s p i n - l a t t i c e  

r e l a x a t i o n  t i m e  w a s  m e a s u r e d  a t  30~ a n d  55~ o n  a JNM FX-100  NMR s p e c -  

t r o m e t e r  a t  100MHz b y  i n v e r s i o n  r e c o v e r y  m e t h o d .  

Gel p e r m e a t i o n  c h r o m a t o g r a p h y  (GPC) w a s  p e r f o r m e d  o n  a JASCO TRI 

ROTAR-V e q u i p p e d  w i t h  S h o d e x  GPC c o l u m n s  KF-80M (30 cm x 0.80 cm) a n d  

KF-802 .5  (30 cm x 0.80 cm) w i t h  max imum p o r o s i t i e s  of  2 x 107 a n d  2 x 104 , 

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

a g a i n s t  s t a n d a r d  p o l y s t y r e n e  s a m p l e s .  

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

R i g a k u  DSC 8230 c a l o r i m e t e r  a t  a h e a t i n g  r a t e  of  10~  

CH 30  CH 3 CH 3 
Jl ' U / ~ k  . ' ' 

H-C--C-O-CH2-CH-(- -CH2-C ~ - ~ - - C - C H 2  )n 

CH3 CH3 CH 3 CH 3 

PIBDIB 

CH 3 0  CH 3 CH 3 

Li-C C-0-CH2-CH-~--CH2-C ~ C - C H 2  )n 

CH3 CH 3 CH 3 CH3 
, ~-di l i th ia ted  PIBDIB 

CH 3 0 CH 3 CH 3 
i if i u / ~ k  l 

PIOIA-C--C-O-CH2-CH-'('-CH2-C ~ C-CH2 ")n 
CH3 CH3 CH3 CH3 

PMMA- bl o ck~ P I B- b lock- PMMA 
Results and Discussion 

P r e p a r a t i o n  a n d  c h a r a c t e r i z a t i o n  o f  PIBDIB 

O CH 3 LDA, THF 
CH-CH2-O-C-C-H 0 ~ 2hr ) 
CH3 CH 3 

~ H3 MMA/THF 
CH-CH2-O-C-C-Li ) 
, I - 6 0 ~  
CH 3 CH 3 

0 CH3 
It 

CH-CH2-O-C-C-PI~IA 
] J 

CH3 CH3 

(2) 

PIBDIB was prepared from DHPIB and isobutyroyl chloride in the 

presence of triethylamine as mentioned in the Experimental section. The IH 

NMR spectra of the starting diol DHPIB and the resulting PIBDIB are shown 

in Figure i. DHPIB shows the signals due to the methylene protons of 

-CH2-O- at 3.400ppm and phenylene protons at 7.250ppm (Figure la). The 

DHPIB was derived from the PIB prepared from p-dicumyl chloride and thus 

contains one phenylene unit in the middle part of the chain as shown in 

eq.l. The number of hydroxy group per DHPIB molecule could be determined 

from the intensity ratio of these two signals 4 as 0.92. In the spectrum of 

the PIBDIB the methylene signals of -CH2-O- shifted to 3.850ppm and new 

signals ascribable to methine proton of the isobutyroyl group appeared at 

2.525ppm (Figure ib). The number of the isobutyroyl group per PIBDIB 

molecule was calculated to be 0.92 from the intensities of the signals due 

to the methine protons and the phenylene protons. The results indicate the 

complete conversion of the hydroxy group -CH2-OH into the ester group 

-CH2-O-CO-CH(CH3) 2 . 
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-CH2-OH 

0 
II 

-CH~-O-C-CH(CH3)  2 
T ~ % cH 2 

Lx o L 
( b )  , , ,  ~ I 

I . . . .  I . . . .  I , , , , t , , , , I , , , i l , , , , I . . . .  I , , , , I , , 

8 6 4 2 0 (ppm) 

F i g u r e  1 270 MHz 1H NMR s p e c t r a  of DHPIB (a) and  PIBDIB (b) 
m e a s u r e d  in  c h l o r o f o r m - d  a t  55~ 

block copolymer ~ ~PIBDIB 
Mn=24500 (GPC) I I Mn=5000 (GPC) 
Mw/Mn=l.37 Mw/Mn=l.30 

12 14 16 18 20 elution volume(ml) 
I I I I I I I 

105 104 103 MW (PSt) 
Figure 2 GPC curves of PMMA-block-PIB-block-PMMA 
and the starting PIBDIB 
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Prepara t ion  and charac t e r i za t i on  o f  Pl~IMA-block-PIB-block-PkIMA 

T h e  t r i b l o c k  c o p o l y m e r ,  PMMA-block-PIB-block-PMMA,  w a s  p r e p a r e d  

b y  t h e  p o l y m e r i z a t i o n  of  MMA i n i t i a t e d  w i t h  ~ ,  0 ) - d i l i t h i a t e d  PIBDIB i n  

THF. T h e  r e s u l t s  a r e  s u m m e r i z e d  i n  T a b l e  1. T h e  p o l y m e r i z a t i o n  w a s  c o n -  

d u c t e d  a t  - 6 0 ~  i n s t e a d  of  - 7 8 ~  b e c a u s e  of  t h e  low s o l u b i l i t y  of  PIB a t  

l o w e r  t e m p e r a t u r e .  T h e  GPC c u r v e  of  t h e  b l o c k  c o p o l y m e r  i s  s h o w n  in  F i g u r e  

2 t o g e t h e r  w i t h  t h a t  of  t h e  s t a r t i n g  PIBDIB.  T h e  n u m b e r  a v e r a g e  m o l e c u l a r  

w e i g h t ( M n )  of  t h e  b l o c k  c o p o l y m e r  d e t e r m i n e d  f r o m  t h e  GPC c u r v e  i s  c l o s e  to  

t h e  v a l u e  e x p e c t e d  f r o m  t h e  [ m o n o m e r ] 0 / [ L i ]  0 r a t i o  a n d  m o n o m e r  c o n v e r s i o n .  

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

although it was only slightly broader than that of the starting PIBDIB. 

T a b l e  1 P o l y m e r i z a t i o n  o f  MMA w i t h  ~ ,  w - d i l i t h i a t e d  PIBDIB 

i n  THF a t  -60~  f o r  30min a 

[MMA] 0 C o n v e r s i o n  Mn Mw b T a c t i c i t y ( % )  c 

[ L i ]  0 o f  MMA(%) GPC NMR C a l c .  Mn mm mr r r  

88 9 3 . 7  24500 23500 20800 1 .37  2 23 75 

a THF 20ml,  PIBDIB 3 9 0 m g ( c o n t a i n i n g  0.17mmol o f  

i s o b u t y r a t e  u n i t s ) ,  LDA 0 .17mmol .  

b D e t e r m i n e d  by  GPC. 

c D e t e r m i n e d  by  13C NMR. 

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

p o l y m e r  c o m p o s i t i o n  w a s  i s o b u t y l e n e  : MMA = l : 2.74j w h i c h  l e a d s  to  t h e  Mn 

of  23500. T h e  v a l u e  i s  c l o s e  to  t h e  Mn v a l u e s  m e n t i o n e d  a b o v e .  T h e s e  

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

s i g n a l  of  c a r b o n y l  c a r b o n  of  t h e  b l o c k  c o p o l y m e r  s h o w s  t h a t  t h e  PMMA b l o c k  

of  t h e  b l o c k  e o p o l y m e r  i s  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 .  

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

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

MMA p r o c e e d s .  T h e  p o s s i b l e  d i b l o c k  c o p o l y m e r  s h o u l d  b e a r  t h e  m e t h i n e  

p r o t o n  of  i s o b u t y r a t e  u n i t ,  w h i c h  s h o w s  t h e  m u l t i p l e t  s i g n a l  a t  2 . 5 2 5 p p m  

( F i g u r e  2b) .  F i g u r e  3 s h o w s  a n  a m p l i f i e d  1H NMR s p e c t r u m  of  t h e  b l o c k  

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

b u t  t h a t  of  PMMA c h a i n  e n d  (2 .485ppm) .  T h e  r e s u l t  s u g g e s t s  t h a t  t h e  b l o c k  

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

n o t  c o n t a i n  d i b l o c k  one .  

T h e  270MHz 1H NMR s p e c t r a  of  t h e  b l o c k  c o p o l y m e r s  w e r e  m e a s u r e d  in  

c h l o r o f o r m - d  a n d  i n  a c e t o n e - d  6 a t  35~ ( F i g u r e  4).  S i g n a l s  of  m e t h y l  a n d  

m e t h y l e n e  p r o t o n s  of  PIB b l o c k  a r e  m u c h  b r o a d e r  i n  a c e t o n e - d  6 t h a n  in  

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

A c e t o n e  i s  a n o n - s o l v e n t  f o r  PIB a n d  a g o o d  s o l v e n t  f o r  PMMA, w h i l e  c h l o r o -  
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form is a good s o l v e n t  fo r  bo th  po lymers .  Thus ,  in ace tone  solu t ion ,  PIB 

block is f o r c e d  to be d i s s o l v e d  by t h e  good so lub i l i ty  of PMMA blocks  

f l ank ing  t h e  PIB block,  and  may a g g r e g a t e  due  to t he  s t r o n g e r  i n t e r a c t i o n  

be tween  PIB s e g m e n t s  t h a n  t h a t  be tween  PIB block and  ace tone .  

P ro ton  s p i n - l a t t i c e  r e l axa t ion  time (1H-T 1) of  t he  block copolymer  

was measu red  in a c e t o n e - d  6 and  in c h l o r o f o r m - d  a t  30~ and  55"C us ing  t% 

so lu t ions .  The  r e s u l t s  a r e  summar ized  in Table  2. 

-OCH 3 7H3 
O 
II -PMMA~CH2-7-~ ~ 

-C~2-O-C- C=O 
I 

OCH 3 

-CH2-O-C-C-H_ 
CH 3 

'oluer 

i I I i i , , I i I u i I I , i J I , i,,, f 
4.0 3.5 3.0 2.5 (ppm) 

F i g u r e  3 500MHz 1H NMR s p e c t r u m  of block copo lymer  measu red  

in c h l o r o f o r m - d  a t  55~ 

* 13C sa te l l i t e  s igna l  of CH 3 p r o t o n s  of t o luene  

All the IH-TI values increased as the temperature increased, indicating that 

the T 1 value increases as the segmental mobility increases. IH-TI of 

methyl protons of PIB block in acetone-d 6 was a half of that in chloroform- 

d, supporting the lower segmental mobility in acetone-d 6. IH-TI'S of 

methoxy, methylene, and s-methyl protons of PMMA blocks showed much 

smaller solvent dependence, even though the peak widths observed in 

acetone-d 6 were slightly larger than those in chloroform-d. 
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Solution viscosity of the block copolymer was measured in acetone 

and in chloroform at 30.0~ [U]=0.117dl/g, Huggins'constant K'=0.44 in 

acetone; [U]=0.220dl/g, K'=0.62 in chloroform. The reduced viscosity, ~red 

in acetone scarcely shows concentration dependence, indicating that the PIB 

block of the triblock copolymer forms rigid spherical particles of aggre- 

gates in acetone. 

Table 2 Proton spin-lattice r e l a x a t i o n  times(sec) a t  100MHz 

in aeetone-d 6 and in chloroform-d at 30~ and 55~ a 

30~ 55~ 
Proton 

Chloroform-d Acetone-d  6 Chloroform-d Acetone-d  6 

CH 3 (PIB) 0.20 0.10 0.21 0.20 

CH 2 (PMMA) 0,07 0.05 0.08 0.08 

a-CH 3 (PMMA) 0.07 0.06 0.09 0.09 

OCH 3 (PMMA) 0.36 0.30 0.38 0.39 

a Conc. 1.0 wt/v% 

Solvent 

(a) 

CH 2 

(PMMA) CH 3 

CH (PIB) 

CH 2 
(PIB) CH3 

* H O ~ (PIB 

I f I I s I i I a I i 

2.0 1.5 

r r  

~-CH 3 

~r (pMMA) 

rr ~a-CH 3 

f , I a i i i 

1,0 ppm (TMS) 

F i g u r e  4 270MHz 1H NMR s p e c t r a  of block copolymer  measu red  

in a c e t o n e - d  6 (a) and  in c h l o r o f o r m - d  (b) a t  35~ 

* S igna l s  due  to 13C sa te l l i t e  band  of t he  so lven t .  



520 

W h e n  t h e  b l o c k  c o p o l y m e r  w a s  mixed  w i t h  a n  i s o t a c t i c  PMMA 

(mm/mr/rr=97.3/1.7/1.0, Mn=33000,  M w / M n = l . 2 5 )  i n  t o l u e n e  o r  i n  a c e t o n e ,  

s t e r e o c o m p l e x  f o r m a t i o n  t o o k  p l a c e  b e t w e e n  PMMA b l o c k s  i n  t h e  b l o c k  

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

w e r e  a b o u t  170~ T h e  m a t e r i a l  c o n s i s t s  o f  a c r y s t a l l i n e  p a r t  o f  t h e  s t e r -  

e o c o m p l e x  a n d  a f l e x i b l e  a m o r p h o u s  p a r t  of  PIB b l o c k .  T h i s  t y p e  of  m a t e r i -  

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

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