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Summary 

ABA type block copolymerizat ion of N-phenylmaleimide (NPM), N-hexyl 
maleimide (NHM), methyl methacrylate (MMA), and butyl methacrylate (BMA) 
was invest igated by group t ransfer  polymerizat ion (GTP) wi th [1 ,5 -b is  
( t r ime thy l s i l y l oxy ) - l , 5 -d ime thoxy - l , 4 -pen tad iene ]  ( i )  as d i func t iona l  
i n i t i a t o r .  A novel block copolymers (2) of NPM and MMA (or BMA) could be 
prepared by sequential addi t ion of NPM to the l i v i ng  PMMA (or PBMA) 
produced wi th 1. The react ion did not exh ib i t  the cha rac te r i s t i c s  of 
l i v i ng  polymer izat ion when NPM was added. The resu l t i ng  copolymers 
showed good thermal s t a b i l i t y .  On the other hand, ge la t ion occurred in 
GTP of NHM. 

I n t r o d u c t  ion 

Group t ransfer  polymerizat ion (GTP) has been a useful method for 
polymer izat ion of v iny l  monomers possessing one carbonyl group such as 
(meth)acrylates, N,N-dimethylacrylamide, and (me th )ac ry l on i t r i l e  wi th 
p rec ise ly  con t ro l led  molecular weights and macromolecular 
a rch i tec tu res  (1-4). I t  has also been reported GTP of v inylene 
monomers such as N-phenylmaleimides and the thermal proper t ies  of the 
resu l t i ng  polymers (5). In our ea r l i e r  report,  many kinds of ABA block 
copolymers of (meth)acrylates were synthesized wi th d i func t iona l  
i n i t i a t o r s  and character ized as a r c h i t e c t u r a l l y  we l l -de f ined polymers 
(6). The present study deals with the synthesis of 2 by GTP wi th the 
d i func t iona l  i n i t i a t o r  and GTP behaviors and thermal proper t ies  of the 
resu l t i ng  polymers. 

R e s u l t s  and d i s c u s s i o n  

Copolymer samples 2 were prepared by sequential GTP of the monomers 
with the d i func t iona l  i n i t i a t o r  at room temperature (Scheme | ) .  The 
block copolymers obtained by th is  method were yel low powders which 
were soluble in THF, DMSO, DMF, acetone, and insoluble in alcohol,  
ether, and hydrocarbon solvents. The resu l ts  of the block 
copolymerizat ion are summarized in Table 1. Almost quan t i t a t i ve  
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conve rs ions  were ach ieved in the case o f  poly(MMA) or poly(BMA), 
however, those were not c o n s i s t e n t  when NPM was added. At tempts  at GTP 
o f  f i r s t  a d d i t i o n  o f  NPM fo l l owed  by second a d d i t i o n  o f  me thac ry l a tes  
r e s u l t e d  low convers ions .  The p o l y d i s p e r s i t i e s  o f  polymers were 
increased a f t e r  NPM was added. These r e s u l t s  i n d i c a t e  tha t  cha in  
t r a n s f e r  or t e r m i n a t i o n  r e a c t i o n s  occur du r i ng  GTP of  NPM, and tha t  
l i v i n g  p o l y m e r i z a t i o n  c o n d i t i o n s  have not been r e a l i z e d  w i t h  a d d i t i o n  

Table  1 
ABA b lock  c o p o l y m e r i z a t i o n  o f  NPM by GTP a'b 

Exp. monomer c i n i t i a t o r  ~ x 10 -3 NPM con ten t  e 

No. (mmol) (mmol) theor  d. obsd. (mol %) 

1 1.BMA(12.751 0.362 12 .0 (5 .0 )  
2. NPM (14.6)  

2 1.NPM(IO. 5) 0.362 15.0(5.01 
2. BMA (25.5)  

3 I .BMA(25.5)  0.362 16.0(10.01 
2. NPM (I 2.75)  

4 1. MMA(25.5) O. 724 6 . 5 ( 3 . 5 )  
2. NPM(12.75) 

5 1. NPM(12. 75) 0.362 13 .1 (6 .1 )  
2. MMA (25.5)  

16 .6 (4 .9 /  3 . 4 7 ( i . 1 0 1  52 

9 . 8 ( 8 . 1 )  3.73 (3.18)  83 

24 .3 (7 .9 )  4 . 0 5 ( 1 ' 4 8 )  29 

13 .2 (3 .6 )  2 .40(1 .  16) 30 

10.2 6. 18 81 

a) C a t a l y s t  ; TBABB ( 0 . 1 M  in THF), so l ven t  ; THF 
b) The va lues  in p a r e n t h e s i s  i n d i c a t e  the Mn'S or p o l y d i s p e r s i t i e s  

o f  the s t a r t i n g  polymers. 
c) (1) B b lock  ; (2) A b lock  in ABA t r i b l o c k  copolymer. 
d) ~ va lues  o f  theor ,  were c a l c u l a t e d  by the r a t i o s  o f  the monomers 

to the i n i t i a t o r .  
e) C a l c u l a t e d  from e lementa l  ana l ys i s .  
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of NPM. 
Figure 1 shows a typ ica l  IH NMR spectrum of poly(NPM-b-BMA-b-NPM) 

prepared by GTP. The s igna ls  assigned to the phenyl and methine 
protons of  poly(NPM) block are observed at 7.2 ppm and from 3.0 to 4.0 
ppm. The peaks assigned to the methyl and methylene protons of 
poly(BMA) b lock are observed from 0.8 to 4.0 ppm. Figure 2 shows 
t yp ica l  GPC curves of the polymers. The peak of s t a r t i n g  poly(BMA) 
s h i f t s  toward the higher molecular weight copolymer of wider molecular 
weight d i s t r i b u t i o n .  These resu l t s  suggest that  poly(NPM-b-BMA-b-NPM) 
can be obta ined by adding NPM to l i v i n g  poly(BMA), but i t  is 
po lyd isperse  in s ize  and composit ion. 

I I I 
8 2 6 

I I I I 

s 4 3 2 
PPH 

I 

Figure I. 1H-NMR spectrum of poly(NPM-b-BMA-b-NPM) (Exp. No. l )  

In the case of poly(BMA-b-NPM-b-BMA) (Exp. No. 2), the molecular 
weight of  r e s u l t i n g  polymer d id not increase apprec iab ly  a f t e r  
add i t i on  of second monomer, BMA, and the NPM content  of  the copolymer 
was much higher than pred ic ted.  The polymer cons is ted of homopolymers 
and s t r u c t u r e l y  nonuniform block copolymers. These resu l t s  are 
correspondent to the fac t  that  NPM is more reac t i ve  than BMA and MMA 
i n GTP ( 5 ) .  

Therefore,  a ABA block copolymer composed of middle block of 
po ly (methacry la tes)  and outer b lock of poly(NPM) can be prepared by 
d i f u n c t i o n a l  i n i t i a t o r  1. 

The copolymers show good thermal s t a b i l i t y  in comparison w i th  PMMA 
and PBMA. As shown in Fi9ure 3, poly(NPM-b-MMA-b-NPM) undergoes no 
subs tan t ia l  weight loss below 400~.  The ha l f  weight loss temperature 
(Ts0) is about 430~ and the residual  weight at 500~ about 10 %. 

When TBABB was added to a so lu t i on  of  NHM wi th  or w i thout  i n i t i a t o r  
!, the so lu t i on  turned to orange color  and ge la t i on  occurred w i th  
mi ld exotherm. A small p a r t i c l e s  i d e n t i f i e d  to conta in 32 mol % of NHM 
by elemental ana lys is  were p r e c i p i t a t e d  by sequent ia l  add i t i on  of NHM 
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Figure 2. GPC charts  of  (A) 
s t a r t i n g  poly(BMA) and (B) 
b lock copolymer (Exp. No. l )  
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Figure 3. Thermogravimetr ic 
ana lys is  of (A) PMMA (B) 
poly(NPM-b-MMA-b-NPM) (Exp. No. 4) 
and (C) PNPM 

to the l i v i n g  poly(MMA) in THF. The so lub le  par t  in DMSO was found to 
be almost PMMA from 1H-NMR analys is .  From the above resu l t s ,  i t  is 
assumed that  s ide reac t ions  such as carbonyl add i t i on  or r ing  opening 
of imide group of NHM take place predominant ly in the presence of  
TBABB (7). 

Experimental 

Mater ia ls  
Tet rahydro fu ran  (THF) was d i s t i l l e d  from sodium and benzophenone 

immediately p r i o r  to use. BMA and MMA were p u r i f i e d  by s t i r r i n g  over 
f i n e l y  ground calcium hydr ide fo l lowed by d i s t i l l a t i o n  under reduced 
pressure.  N-Phenylmaleimide (NPM) was commercial ly ava i l ab le  and used 
a f t e r  several  r e c r y s t a l l i z a t i o n s .  D i func t iona l  i n i t i a t o r  1 was 
prepared according to a p rev ious l y  publ ished procedure (6). The 
synthes is  of Tetrabutylammonium bibenzoate (TBABB) was descr ibed 
e lsewhere . (8)  

Preparat ion o f  N-hexylmaleimide (NHM) 
In a 500 ml three-neck f l ask  provided wi th  a s t i r r e r ,  a r e f l u x  

condenser and a dropping funnel were placed 19.6 g (0.2 mol) of maleic 
anhydr ide and 250 ml of e thy l  e ther  at 0 ~ .  Freshly d i s t i l l e d  hexyl 
amine (20.24 g, 0.2 mol) was added dropwise over 30 min. to the f lask .  
The reac t ion  mix ture was s t i r r e d  overn ight .  The whi te  powder was 
c o l l e c t e d  by f i l t r a t i o n  and added to a mix ture of 100 ml of  ace t i c  
anhydride and 10 g of anhydrous sodium acetate.  The r e s u l t i n g  mix ture 
was heated w i th  s t i r r i n g  u n t i l  the in te rna l  temperature reached 90 - 
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9 5 ~ .  Heat ing and s t i r r i n g  were main ta ined fo r  one hour. A f t e r  
coo l ing ,  the reac t i on  m ix tu re  was poured in to  a large amount of  ice 
water  and was n e u t r a l i z e d  w i th  sodium carbonate. The organ ic  layer  was 
e x t r a c t e d  w i t h  e thy l  ace ta te  fo l l owed  by concen t ra t ion .  The product  
was d i s t i l l e d  in vacuo to y i e l d  15 g (41%) of  c o l o r l e s s  l i q u i d ,  b .p . ,  
9 0 ~ / 0 . 1  t o r r "  1H-NMR (CDCl3) 5 0.81 ( t ,  3H), 1.21 (m, 2H), 1.51 (m, 
2H), 3.44 ( t ,  2H), 6.63 (s, 2H) " '3C-NMR (CDCl3) 5 13.87 ( C H 3 - ) ,  
22.38, 26.28, 28.38, 31.18 ( - (CH2)4- ) ,  37.81 (N-OH2-),  133.94 (-CR=), 
170.79 (C=O) 

Polymerization procedure 
For example, a 100 ml three neck f l a s k  f i t t e d  w i th  an argon i n l e t ,  

a magnet ic s t i r r e r ,  and a thermocouple was charged w i th  THF (17 ml, 
v i a  cannu la r ) ,  TBABB (0.144 ml),  and a d i f u n c t i o n a l  i n i t i a t o r  1 (0.2 
ml, 0.362 mmol). Then BMA (1.81 ml, 25.5 mmol) was added dropwise v i a  
sy r inge .  A f t e r  s t i r r i n g  fo r  an hour a 10 ml a l i q u o t  (12.75 mmol of  
BMA) of  the reac t i on  m ix tu re  was withdrawn fo r  a n a l y s i s .  From the 
a l i q u o t ,  by evapora t ion  of  THF, homopoly(BMA) was obta ined ' ~ = 
4900, Mw/~ = 1.10. To the reac t i on  mix tu re ,  a d d i t i o n a l  TBABB (0.36 
ml) and 14.6 mmol of  NPM (9.7 ml, 1.5 M in THF) was added 
s e q u e n t i a l l y .  A f t e r  s t i r r i n g  a d d i t i o n a l  an hour 5 ml of  methanol was 
added and the reac t i on  m ix tu re  was poured in to  an hexane-e ther -  
methanol (volume r a t i o  5 :3 :2 )  mix tu re .  The p r e c i p i t a t e  was c o l l e c t e d  
by f i l t r a t i o n ,  washed w i th  e ther  and methanol, and d r i ed  in vacuo " Mn 
= 16600, Mw/Mn = 3.47 Anal. Found " C, 66.8 % " H, 6.5 % " N, 4.5 %. 

Measurements 
1H-NMR spec t ra  were recorded at Brucker AC-200. Elemental a n a l y s i s  

were performed w i th  Heraeus Elemental Analyzer ,  Gel permeat ion 
chromatography (GPC) was measured on a Waters 150C w i th  r e f r a c t i v e  
index de tec to r  w i th  u l t r a s t y r a g e l  columns w i th  THF e luen t .  PMMA 
standards were used fo r  the cons t ruc t i on  of  a c a l i b r a t i o n  curve, 
Thermograv imet r i c  analyses were c a r r i e d  out on a TGA V2. OB Dupont 
9900 in a n i t r ogen  stream at a heat ing ra te  20~ per minute. 
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