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Synthesis of Vinyl Polymer-Poly (a-Amino Acid) Block 
Copolymers by End-Reactive Oligomers 

Yukio Imanishi 

Department of Polymer Chemistry 
Kyoto University 
Yoshida Honmachi., Sakyo-ku 
Kyoto, Japan 606 

ABSTRACT 

In order to synthesize block copolymers consisting of segments hav- 
ing dissimilar properties, vinyl polymer - poly(a-amino acid) block 
copolymers were synthesized by two different methods. In the first 
method, the terminal amino groups of polysarcosine, poly(y-benzyl 
L-glutamate), and poly(E-benzyloxycarbonyl-L-lysine) were haloace- 
tylated. The mixture of the terminally haloacetylated poly(a-amino 
acid) and styrene or methyl methacrylate was photoirradiated in the 
presence of Mn (CO)lo, or heated with MO(CO)~, yielding A-B-A-type 
block copolymers consisting of poly(a-amino cid) (the A component) 
and vinyl polymer(the B component). The characterization of block 
copolymers revealed that the thermally initiated polymerization of 
vinyl compounds by the trichloroacetyl poly(a-amino acid)/Mo(CO) 
system was most suitable for the synthesis of vinyl polymer - po!?y- 
(a-amino acid) block copolymers. In the second method, poly(methy1 
methacrylate) and polystyrene having a terminal amino group were 
synthesized by the radical polymerization in the presence of 2- 
mercaptoethylammonium chloride. Using these polymers having a ter- 
minal amino group as an initiator, the block polymerizations of y- 
benzyl L-glutamate NCA and E-benzyloxycarbonyl-L-lysine NCA were 
carried out, yielding A-B-type block copolymer. By eliminating the 
protecting groups of the side chains of poly(a-amino acid) segment, 
block copolymers such as poly(methy1 methacrylate) with poly(L-glu- 
tamic acid) or poly(L-lysine) and polystyrene with poly(L-glutamic 
acid) and poly(L-lysine) were successfully synthesized. 

2 

Copyright 0 1984 by Marcel Dekker, Inc. 

1137 

0022-233X/84/2 108-1 137 $3.50/0 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
4
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1138 

INTRODUCTION 

IMANISHI 

Block copolymers consisting of segments having dissimilar pro- 

perties undergo a microphase separation in the solid phase and lead 

to the development of a domain structure [l]. Synthetic polymers 

having a biocompatibility, especially a blood compatibility, have 

been interested in recently. Among them, segmented polyetherureth- 

anes, which have a suitable repetition of soft and hard segments, 

have attracted much attention as antithrombogenic elastic materials 

[ 2 ] .  We have been interested in block copolymers consisting of a- 
amino acid and vinyl compound. It is expected that this type of 

block copolymer, which possesses the segments of dissimilar proper- 

ties, may form a domain structure after the microphase separation 

and consequently have an antithrombogenicity. In order to investi- 

gate basic problems concerning the relationship between the struc- 

ture of block copolymer and the antithrombogenicity, the nature of 

the a-amino acid and vinyl compound should be widely changed, and 

the degree of polymerization(Dp) and its distribution of each seg- 

ment should be regulated. For these purposes, we prepared vinyl po- 

lymer - poly(a-amino acid) block copolymers by two different mecha- 
nisms and characterized the resultant block copolymers. 

General Scheme for the Synthesis of Block Copolymer 

The synthetic scheme of block copolymers by the present method 

is described below. 

Inn 3 > 
\I 8 2  BrCH2COBr 

CH2=CH-Y, Mo(C0)6/Thermal 

Mn2 (CO) /Photo O R  10 
R 
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SYNTHESIS OF VINYL POLYMER 1139 

The N-carboxyanhydrides (NCA) of sarcosine (Sar) , y-benzyl L- 
glutamate[Glu(OBzl)], and E-benzyloxycarbonyl-L-lysine[Lys(Z)] were 

polymerized by primary or secondary aminfe as an initiator. The ter- 

minal amino groups of these poly(a-amino acid)s were haloacetylated 

by bromoacetyl bromide, trichloroacetyl chloride, or tribromoace- 

tyl bromide. The mixture of the terminally haloacetylated poly(a- 

amino acid) and styrene(ST) or methyl methacrylate(MMA) was photc- 

irradiated in the presence of 

this procedure a carbon radical is produced at the terminal of a 

poly(a-amino acid) chain, which initiates a radical polymerization 

of vinyl compound. The reaction mechanism is illustrated below [ 3 1 .  

A-B-A- orA-B-type block copolymer consisting of poly(a-amino acid) 

(the A component) and vinyl polymer(the B component) is produced 

according to the mechanism of termination reaction. 

or heated with M o ( C 0 I 6 .  By 

M + CO Mo(CO)~ + M xL MO(CO)~.... 
kl 

k2 

..M k 
Mo (CO) '* A > - - t H  + Inactive compound 

"*BrCH - C w  
2 8  

kS ..M 

'\ B r C H 2 - $ v  
Mo (CO) 5' '. ' M + Mo(C0)I'. j Inactive compound 

0 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
4
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1140 

Amberlite I R - 4 5  

IMANISHI 

Solv., MeOH 
\, 

Synthesis of Terminally Haloaceytlated Poly(Sar) 

The terminal amino groups of po1yfSar)s having different DPs 

were haloacetylated. The experimental procedure is described in 

SCHEME 1. 

Poly(Sar)s having the number-average DP LO, 30, and 87 were 

bromoacetylated. The bromine content of the bsomoacetyl poly(Sar) 

[BrCH Cofsar) I was analyzed. For n = 10; 8.43%(calcd.), 8.38%(fou- 

nd): for n = 30; 3.37%(calcd.), 3.00%(found): for n = 87; 1.24%(ca- 

lcd.), 1.86%(found). BrCHZCOfSar), having n 10 and 30 contained ne- 

a r l y  the theoretical amount of bromine. However, that ~ t h  n 87 

contained more bromines than the theoretical amount. This disagree- 

ment may be explained partly by an incorrect estimation of DP and 

partly by a loss ~f high DP portions during the ion exchange. 

2 n 

Poly(Sar)s were also trihaloacetylated by the same procedures 

as in SCHEME 1. The halogen contents of the products were analyzed. 

The C1 content of C13CCOtSar)n: for n = 10; 11.16%(calcd.), 7.71% 

(found); f o r  n = 32;  4.15%(calcd.), 3.37%(found); for n = 72; 1.97% 

(calcd.); 1.59%(found). The Br content of Br CCO-&ar)n: for n = 10; 3 

Initiator, Sar-NMe2 

Polymn. Solv., CH2C12 

I R o o m  temp. , 24 h 

Poly (Sar)  + 
Solv., CHZCIZ 

Haloacetyl halide 
-2O0C/2O min, room temp./24 h 

SCHEME 1 Synthetic Procedure for Terminally Haloacetylated Poly- 
sarcosine 
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SYNTHESIS OF VINYL POLYMER 1141 

22.30%(calcd.), 14.06%(found); for n = 28; 10.2l%(calcd.); 8.01%( 

found) ;for n = 74; 4.25%(calcd.), 3.06%(found). The content of ter- 

minal haloacetyl group was 60 - 80% of the theoretical value. 

Synthesis of Terminally Haloacetylated Poly[Glu(OBzl)] 

In a similar method as SCHEME 1, terminally trihaloacetylated 

poly[Glu(OBzl)]s were prepared. Sometimes, the reaction product was 

purified by reprecipitation with MeOH instead of ion exchange. 

When Glu(OBz1) NCA was polymerized by n-C H NH in CH2C12, 

the resultant poly[Glu(OBzl)ls had two peaks in the diztribution 

curve of DP. The terminally trihAloacetylatcd poly[Glu(OBzl)]s wel-e 

therefore double-peaked in the DP distribution. The halogen con- 

tents otf the products were analyzed. fie C1 content of Cl3CC0fGlu- 

(OBzl)In: for n = 10; 3.80%(calcd.), 2.0l%(found); for n = 30; 

1.72%(calcd.), 0.86%(found); for n = 100; l.ll%(ca:cd.), 0.42%(fo- 

und) . The Br content of Rr3CCOfGlu(OBzl)] 2 . 6 3 %  (calcd. ) 0.87% 

(.found). The content of terminal haloacetyl group was 30 - 50: of 

the theroetical value. It was lower than the case of poly(Sar) and 

decreased with increasing DP of poly[Glu(OBzl)]. 

6 13 2 

When Glu(OBz1) NCA was polymerized by n-C 14 NH in AcNMe2, 6 13 2 
the resultant poly [ G l u  (OBzl) 1 s had a anirnodal distribution of DP. 

These polymers were trichloroacetylated and the chlorine contents 

of the products Cl3CCO-EG1u(OBzl)ln were analyzcad: for n = 10; 2.32% 

(calcd.), 0.96%(found); for n = 30, 1.46%(calcd.), 0.59%(found) i 

for n = 100; 0.92%(calcd.), 0.29%(found). The content of terminal 

trichloroacetyl group was 30 - 40% of the theoretical value, which 
is not much different from those of double-peaked poly[Glu(OBzl)l. 

Synthesis of Terminally Trichloroacetylated Poly[Lys(Z)] 

In a similar way as SCHEME 1, terminally trichloroacetylated 

poly [Lys ( 2 )  ] s were prepared. The polymerization of Lys (Z) NCA was 

carried out in AcNMe2 by n-C H NH or H N(CH NH as an initiator. 

In the former case, poly[Lys(z) I carrying one trichloroacetyl group 

at one end may be produced, whereas in the latter case, poly[Lys(Z)] 

6 1 3  2 2 2 2  2 
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1142 IMANISHL 

carrying two trichloroacetyl groups at both ends may be produced. 

The reaction product was purified by reprecipitation with water. 

The chlorine contents of C1 CCOf.Lys(Z)ln were anlyzed: for n = 3 
10; 3.72%(calcd.), 1.47%(found); for n = 30; 1.31%(calcd.), 0.79% 

(found), for n = 100; 0.90%(calcd.), 0,28%6found). The chlorine con- 

tents of Cl3CCOf.Lys(2)lnCOCCl3 were analyzed: for n = 20; 3.81%(ca- 

lcd.), 1.77%(found); for n = 6 0 ;  1.33%(calcd.), 0.76%(found); for 

n = 100; 0.80%(calcd.), O.SO%(found). The content of terminal tri- 

chloroacetyl group was 40 - 70% of the theoretical. value, which is 
intermediate between poly(Sar) and poly [Glu(OBzl) 1 . 

Synthesis of Poly(Sar)/PST Block Copolymer 

Terminally haloacetylated poly(Sar) and metal carbonyls were 

used as initiators for the block copolymerizations by photoirra- 

diation or heating. The experimental procedures using BrCH COfSar) 

as an initiator are described in SCHEME 2 .  
2 n 

The molecular weight(MW) of the block copolymer produced was 

determined by gel-permeation chromatography(g.p.c.) or calculated 

from the intrinsic viscosity [ n l ,  which was measured on the 2-  

butanone solution at 25'C, by using an equation [41, in]  = 3.9~10 
mO. 58 

culated from the MW and the nitrogen content of block copolymer, 

and compared with the MW of poly(Sar) initiator to determine which 

of A-B-A- or A-B-type block copolymer was formed. The experimental 

results showed as a whole the formation of A-B-A-type block copoly- 
mer. Therefore, the termination reaction in the radical block copo- 

lymerization of ST took place almost exclusively by the recombina- 
tion mechanism. Chain-transfer reactions of primary radicals or gro- 

wing radicals to BrCH2COtSar)n, which should produce block copoly- 

mers, were shown not to be important. 

The weight fraction of poly(Sar) initiator incorporated in the 

block copolymer was calculated from the nitrogen content of the bl- 

ock copolymer. The initiator efficiency of BrCH C0+Sarln was calcu- 

lated from the weight fraction of poly(Sar) initiator in the block 

-4 

. The MW of poly(Sar) segment in the block copolymer was cal- 

2 
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SYNTHESIS OF VINYL POLYMER 1143 

BrCH2COfSar) w I Photo or thermal 
ST 

[BrCH2COfSar) n1 

(Block copolymer) (PST) 

Photoinitiated polymn.: Mn2(CO)10, 30°C, 10 h, AcNMe2, 

500W Hg-lamp 

Thermally initiated polymn.: M o ~ C O ) ~ ,  8 O o C , 8  h, AcNMe2, 

dark 

SCHEME 2 Procedures for Synthesis and Purification of Poly(Sar) - 
PST Block Copolymer 

copolymer. The initiator efficiency of BrCH C-ar) was higher in 

photoinitiated polymerization(3.2 - 6.2%) than in thermally initia- 

ted polymerization(l.3 - 2.2%). This relationship is in agreement 

with the experimental results reported by Bamford et al. [ 5 , 6 ] .  

2 n 

In the block copolymerization using BrCH C w a r )  as active 
2 n 

halogen compound, the initiator efficiency was below 10% either in 

the photoinitiated or in the thermally initiated polymerization. 

To overcome these difficulties, much more reactive halogenated 

poly(a-amino acid) should be used as the initiator. Therefore, blo- 

ck copolymerizations initiated by C1 CCDfSar)n and Br3CCO+Sar)n 

were investigated. The experimental results of the thermally initi- 
3 

ated block copolymerization of ST are summarized in TABLE 1. 
The initiator efficiency was determined to be 40 - 60% in the 

case of C13CCC%%ar)n and 20 - 30% in the case of Br3CCC+Sar)n, which 
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1144 IMAMSHI 

TABLE 1 
Thermally Initiated Block Copolymerization of ST by Trihaloacetylpoly- 
(Sar) and Characterization of Block Copolymers 

no. 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

- 

- 
Run Active  halogen compound MoiCO), ST Conversion of ST, % 

C13CCO+Sar) 1o 15 5 4.35 27.5 15.3 
S t r u c t u r e  mM mM M Total Block copolymer 

C13CCO+Sar) 32 10 

C13CCO+Sar) 72 5 

Br3CCO+Sar) 1o 15 

BrjCCOfSar) 28 10 

Br3CCO+Sar) 74 5 

C13CCO+Sar) 15 

C13CCO+Sar) 72 5 

C13CcoCSar) 72 5 

Br3CCO+Sar) 28 5 

5 2.89 22.9 

5 2.89 21.4 

5 4.35 22.7 

5 2.89 17.2 

5 2.89 13.4 

0 4.35 2.8 

loa 2.89 36.1 

5a 2.89 32.7 

10a 2.89 45.0 

15.5 

15.4 

15.0 

9.3 

10.3 

0 

1.7 

0.7 

7.3 

Br3CCO+Sar) 28 5 ga 2.89 34.2 9.1 

X3CCO+Sar), used in copolymn., % MW of MW of A segment 
- 

Elemental analysis 1.r. copolymerb Calcd. Elemental analysis I .r. 
52.1 4 6 . 3  2 7 ~ 1 0 ~  920 - 1700 

44.3 43.7 23x10~ 2500 2300 2200 

2 3 . 6  31.9 4 3 ~ 1 0 ~  1 0 0 0  1100 1500 

25.4 29.3 3 O X 1 O 3  2800 2500 2800 

42.6 43.9 5 4 ~ 1 0 ~  5400 5000 5400 

15.1 26.4 147x10’ 5600 8500 15000 

- - - - - 13.3 

- 5.3 

- 48.8 28x103 2800  - 2900 

- 44.9 3 2 ~ 1 0 ~  2800 -- 2600 

- - - - 

a I n i t i a t o r  AIBN 
b Calculated from [ n l  
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SYNTHESIS OF VINYL POLYMER 1145 

are considerably higher than that with BrCH2COfSar) . The formation 
of block copolymer from purely thermal initiation was shown to be 

neglegible(c0mpare run 1 with 7). 

n 

The MW of block copolymer was calculated from [q], which was 

determined on CHCl solution at 25OC, by using an equation [71, [ n l  
= l.l2~lO-~ NW0'73. The calculated MW value of poly(Sar) (A) segment 

agreed well with the observed value, which was determined on the 

assumption of A-B-A-type block copolymer. A disagreement was obser- 

ved with a block copolymer produced by Br3CCmar)74 as an initia- 

tor. The reason for the disagreenent could be the formation of bran- 

ched polymers due to chain transfer reactions to the dibromoacetyl 

group in the preformed polymers. A small amount of block copolymer 

was formed by the initiation with AIBN without Mo(C0) (:ompare run 

3 with 8 or 9, and run 5 with 10 or 11). This could be due to the 

initiation of block copolymerization by the chain-transfer reaction 

of growing radicals with possibly low DP to trichaloacetyl poly(Sar). 

Judged from the amounts of block copolymers formed, Br3CCOt-Sar)n is 

more susceptible to the chain-transfer reaction than C1 CCofsar) . 
These experimental findings suggest a frequent chain-transfer reac- 

tions to dibromoacetyl group in the preformed polymers. This idea is 

supported by the considerably higher MW of this block copolyiner than 

usual. Apart from these problems, the recombination terminationseems 

to be operating in the thermally initiated polymerizations,yieldt 

ing A-B-A-type block copolymers. 

3 

6 

3 n 

The photoinitiated block copolymerization was carried out in 

HCONMe2. A remarkable point in this polymerization system is that 

the gelation occurred in 1.5 h in the polymerization by Br CCOfSar)n. 

The crosslinking reaction due to chain-transfer reactions, in which 

dibromoacetyl groups in preformed polymers participate, should be a 

reason for the gelation. 

3 

The efficiency of C1 CCmar) in the block copolymerization 
3 n 

was about 20%, which is lower than that in the thermally initiated 

polymerization. The initiator efficiency of Br CCWar) in the block 

copolymerization was not determined accurately because of the 

gelation. 

3 n 
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1146 IMANISH 

With block copolymers produced from c13CCQCSar)n, the observed 

MW of poly(Sar) segment in the block copolymer, which was calculatel: 

on the assumption of the recombination termination of the radical 

block copolymerization of ST, was considerably higher than the MW 

of poly(Sar) initiator. The disagreement could have arizen from the 

chain branching formed by the chain-transfer reaction to dichloro- 

acetyl groups in the preformed polymers. 

To sum up, for the synthesis of poly(Sar)/PST block copolymers, 

a thermally initiated polymerization at 80°C using C13CCQfSar)n/Mo- 

(C0l6 should be most suitable, 

Synthesis of Poly(Sar)/PMMA Block Copolymer 

Photoinitiated or thermally initiated block copolymerizations 
ini- of MMA by using terminally haloacetylated poly(Sar)/MnZ(CO) 

tiator system were investigated. The experimental procedures for 

the block copolymerization are described in SCHEME 3 .  

10 

The experimental results of block copolymerizations of MMA by 

BrCH2CO+Sar)n/Mn2(CO)10 are shown in TABLE 2. 

The thermally initiated block copolymerization of MiU with 

Mn2(C0110 was faster and produced polymers with higher M w  as compar- 

ed with the thermally initiated block copolymerizabion of ST with 

M6(C0I6. According to Bamford et al. 

at 80°C, Mo(C0) 

block 

high reactivity of MMA. Consequently, the content of poly(Sar) init- 
iator in the block copolymer was extremely low. The determination of 

poly(Sar) initiator in the block copolymer was possible only when a 

high MW initiator BrCH COtSar)80 was used in the photoinitiated blo- 

ck copolymerization with MII~(CO)~~. The content of poly(Sar1 initi- 
ator was very low, and the use of reactive haloacetyl poly(Sar) is 

desired to increase the initiator efficiency. 

[81, €or the thermal initiation 

is more reactive than Mn2(CO)10. Therefore,the fast 6 
copolymerization of MiU by Mn2(CO)10 should be due to the 

2 

The MW of block copolymer was determined from [ n 1 ,  which was 
measured on CHCl solution at 2OoCI  by using an equation [9], 1111 = 

0.485~10-~ MW0*8a. The MW of poly(Sar) segment in the block copoly- 
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[BrCH2COfSar) n1 

1147 

Toluene/n-C6H14 (4 : 1 V/V) - 
insoluble part 

BrCHZCOfSar) 

Toluene/n-C6H14 (4 : 1 v/v ) - 
soluble part 

Mn2 (CO) Photo or thermal 

Solv., HCONMe2 Ppt. by EtZO --: Product 

SCHEME 3 Procedures for Synthesis and Purification of Poly(Sar) - 
PMMA Block Copolymer 

mer was obtained from the content of poly(Sar) segment in the block 

copolymer and the observed MW of block copolymer, assuming the for- 

mation of A-B-A-type block copolymers. The MW agreed well with the 

MW of poly(Sar) initiator used, indicating a purely recombinative 

termination reaction. On the other hand, it is well-known that in 

the radical polymerization of MMA only 30 - 40% of the termination 
reactions occur by the recombination mechanism. The reason for the 
discrepancy is not clear, because the much higher MW of PMMA segment 

than the poly(Sar) segment disturb the quantitative discussion. 

Synthesis of Poly[Glu(OBzl)]/PST Block Copolymer 

Using terminally haloacetylated poly[Glu(OBzl)] and metal car- 

bonyls, photo- or thermally initiated block copolymerization of ST 
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1148 IMANISHI 

TABLE 2 
Photo- and Thermally Initiated Block Copolymerization of MMA by Bro- 
moacetyl Poly(Sar) and Characterization of Block Copolymers 

Active halogen compound Polymn. Mn2[g)10 Conversion of MMA, % 
Structure mM method Total Black copolymer 
BrCHZCOtSar) 1o 15 Photo 2 4.67 34.7 30.9 

BrCHZCOfSari 1o 15 Photo 5 4.67 30.0 25.4 

BrCH2CO+Sar) 15 Photo 8 4.61 29.0 25.1 

BrCH2CO+Sar) 3o 10 Thermal 10 3.12 19.3 17.6 

BrCH2C0+Sar) 8o 5 Photo 5 1.87 9.8 9.5 

BrCH2CO+Sar) 8o  5 Photo 5 3.12 8.5 6.9 

BrCH2COtSar) 8o 5 Thermal 5 3.51 12.7 12.3 

BrCH2CDCSar), used in copolymn., 8 MW of Mw of F. segment 
Elemental analysis 1.r. coDolvmera Calcd. Elemental analysis 1.r. 

- - 30.2~10~ - - - 
- - 24.4~10~ - - - 

- - 57.3~10~ - - - 

2.3 2.4 2 5 . 3 ~ 1 0 ~  5800  5000 5100 

99.8~10~ - - - 

- - - - 23.9~10~ - 

1.6 1.s 3 4 . 5 ~ 1 0 ~  5800 5900 5 5 0 0  

- - 

a Calculated from [ r l l  

was carried out. The experimental procedures were nearly the same as 

those described in SCHEME 2,  but the cyclohexane-insoluble part was 

further extracted with trifluoroacetic acid to remove the soluble 

pOly[Glu(OBzl)l initiator from the insoluble block copolymers. The 

experimental results of the block copolymerization initiated by ter- 

minally haloacetylated poly[Glu(OBzl)ls having bimodal DP distribu- 

tion are shown in TABLE 3. 

In the thermally initiated polymerization by C1 CCO+Zlu(OBzl) 

and Mo(CO)~ the conversion of ST was relatively high, but a 

3 

3 

In' 
considerable amount of PST was produced by the initiation f r o m  c1 - 
CCOOH/MO(CO)~ system,Cl CCOOH bcinq contaminated in C1 CCOfGlu(OBz1) 

I . The MW of the poly[Glu(OBzl)] segment in a hypothetical A-B- 
3 3 
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SYNTHESIS OF VINYL POLYMER 1149 

TABLE 3 
Photo- and Thermally Initiated Block Copolymerization of Styrene by 
Trihaloacetyl Poly[Glu(OBzl) 1 with Bimodal Distribution of Molecular 
Weight and Characterization of Block Copolymers 

Active haloqen comuound Polymn. Mo(C0b6 
Structure m~ method rnM 

4.35 C13CcofGlu(OBzl) 1 10 Thermal 5 - 

C13CCO+Glu(OBzl) I 3o 5 Thermal 5 - 4.35 

C13CCofGlu(OBzl) 1 3 Thermal 3 - 4.35 

Br3CCOfGlu(OBzl) l l o O  3 Thermal 3 - 

C13CC~lu(OBzl) 1 10 Photo - 5 4.35 

Cl3CC0+Glu(OBzl) I 3o 5 Photo - 5 4.35 

Br3CCO+Glu(OBzl)1100 3 Photo - 3 4.35 

4.35 

Conversion of ST, % X3CCO+Glu(OBzl)ln Mw of MW of A segment 

Total Block copolymer used in copolymn.a, % copolymerb Calcd. Found 
30.8 7.5 51.0 12.4x103 2500 1660 

24.2 3.7 34.1 19.3~10~ 6200 3960 

17.5 3.7 17.0 42.0~10~ 9600 7730 

9.9 8.6 8.3 1 5 0 ~ 1 0 ~  9100 9350 

3.2 2.9 24.2 16.7~10~ 2800  2590 

1 . 7  1.6 19.0 22.4~10~ 6200 5110 

2.0 1 . 7  7 . 7  4 5 ~ 1 0 ~  9100 9120 

a Determined by nitrogen content 
b Determined by g.p.c. 

A-type block copolymer was considerably lower than the MW of poly- 

[Glu(OBzl)] initiator used. This could be due to the formation of A- 

B-type block copolymers that have arizen from the recombination of 

growing chains initiated by C13CCO~lu(OBzl)]n and by C13CCOOH. On 

the other hand, in the photoinitiated polymerization by C1 CCOfGlu- 

(OBzl)ln and M ~ I ~ ( C O ) ~ ~ ,  the main product was A-B-A-type block copo- 

1ymer.Neither PST nor A-B-type block copolymer was formed. 

3 

The initiator efficiency of C13CCOfGlu(OBzl)ln in the thermally 

initiated polymerization was higher than that of C1 CCM-Sar) 

that in the photoinitiated block copolymerization. The initiator 

efficiency of C13CCOfGlu(OBzl)]n in both types of initiation react- 

and 3 n 
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1150 IMANISHI 

ions were higher with decreasing DP of poly[Glu(OBzl)l. The initia- 

tor efficikncy of Br C C G + G ~ U ( O B ~ ~ ) ] ~ ~ ~  was much lower than C1 CCO- 

[Glu(OBzl)] 

copolymerization. In the photoinitiated polymerization by Br - 
CCofGlu~OBzl~~100/Mn2~CO~10 system, no qelation occurred. 

3 3 
either in thermally initiated or inphotoinitiatedlblock n 

3 

The block copolymerization of ST thermally initiated by poly- 

[Glu(OBzl)l having a unimodal distribution of DP was not much differ- 

ent from that initiated by po~y[Glu(OBzl)] having a bimodal dis- 

tribution of DP. 

To sum up, for the synthesis of block copolymers of ST, a ther- 

mally initiated polymerization by C13CCOfGlu(OBzl)]n/Mo(CO)6 is most 

suitable. 

Synthesis of Poly[Lys(Z)]/PST Block Copolymer 

Poly[Lys(Z)] having a tsichloroacetyl group at one or both ends 

of a chain was used in combination with Mo(C0I6 for the thermally 

initiated block copolymerization of ST. The experimental procedures 

are the same as those in the case of trihaloacetyl poly[Glu(OBzl)l. 

The experimental results are summarized in TABLE 4. 

In the thermally initj-ated polymerization of ST by monofuctional 

Cl3CCDf.Lys(Z)lnr the incorporation of the initiator poly(a-amino 

acid)intotheblock copolymer was as low as 10%. In the case of di- 

functional C13CCDfGlu(OBzl)~OCC13, the incorporation increased 

up to 27  - 28%, which could have arizen from a start of block copo- 

lymerization from either terminal of an initiator chain. Since the 

MWs of the block copolymers obtained by the difunctional initiators 

were nearly the same as those by the monofunctional initiators, the 

possibility for a simultaneous initiation from both terminals of an 

initiator chain is denied. 

The MWs of poly[Lys(Z)] segments in the block copolymers were 

calculated on the assumption of the formation of A-B-A-type block 

copolymer, and not in agreement with the MWs of the initiators used. 

However, A-B-A-type block copolymers are likely to be the main pro- 

duct. 
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BLOCK COPOLYMERIZATION OF cl-AMINO ACID NCA INITIATED 
BY VINYL POLYMERS HAVING A TERMINAL AMINO GROUP- 

General Scheme for the Synthesis of Block Copolymer 

The synthetic scheme of block copolymers by the present method 

is described below. 

[Me2C (CN)-N=] 
> - + C H  - CH ~ s ( c H ~ ) ~ N H ~  

2 1  
CH = CH-Y 

2 HS (CH2) 2NH3Cl 
Y 

The radical polymerizations of MMA and ST were carried out in 

the presence of a chain-transfer reagent, 2-mercaptoethylammonium 

chloride [lo]. Frequent chain-transfer reactions may produce PMMA 

or PST bearing a primary amino terminal group. Terminally aminated 

PMMA or PST was used to initiate the block copolymerization of 

Glu(OBz1) and ~ys(Z) NCA, yielding A-B-type block copolymer. 

Synthesis of PMMA Having a Terminal Amino Group 

PMMA having a terminal amino group was synthesized under the 

experimental conditions described in TABLE 5. The resultant PMMA 

was titrated with N/100 HC104/dioxane in PhOMe/EtOH(5:1 v/v) mix- 

ture. The number-averaqe MW of polymer was determined by v . p . 0 .  on 

a benzene solution and g.p.c. on a CHC13 solution. The experimental 

results are summarized in TABLE 5. 

The ElWs determined by two independent methods were different 

from each other by 2 - 3 times, and the content of amino group per 

a chain of PMMA ranged between 0.5 and 1,3. It could be concluded 

that PMMAs produced under the present conditions contain nearly one 

amino group per a chain. 
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SYNTHESIS OF VINYL POLYMER 1153 

TABLE 5 
Radical Polymerizationa of MMA in the Presence of 2-Mercaptoethylam- 
monium Chloride 

HS- ( C H 2 )  2 -NH3Cl  Polymer yield Amine content 

0 . 2 1 3  0 . 2 3 4  1 . 2 0  3 2 . 1  0 . 0 7 9  

0 . 1 4 1  0 . 1 5 5  1 . 5 0  4 0 . 1  0 . 0 6 6  

0 . 1 0 7  0 .118  1 . 5 7  4 2 . 0  0 . 0 5 9  

9 M 9 % meq/g 

M.W. calcdb M.W. v.p.0. (A) M.W. g.p.c. (A) 
( A )  (B) (B) (C) (C) 

1. ~ 6 ~ 1 0 ~  7 . 3 3 ~ 1 0  1 . 7 2  1 . 6 ~ 1 0 ~  0 . 7 9  

0 . 8 0  1.52~10 

0 . 7 0  1 . 0 9 x 1 0  

4 

4 

6 . 6 5 ~ 1 0 ~  2 . 2 9  1.9~10 

7 . 6 2 ~ 1 0 ~  2 . 2 2  2 . 4 ~ 1 0  

4 

4 

a 

b MW calculated assuming one amino group per polymer chain 

[MMA] = 4.67 M ( 4  ml); [ A I B N I  = 2 . 7 8  mM(3.65 m q ) :  solv., HCONME2 
(4  m l l ;  temp., 60°C; time, 8 h 

Synthesis of PST Having a Terminal Amino Group 

PST having a terminal amino group was synthesized by the same 

method as employed for PMMA. The experimental results are summarized 

in TABLE 6. 

The MWs determined by 9.p.c. were about five times as large as 

those determined by v.P.o., and the numbers of amino group per a 

chain of PST scattered in a relatively wide range between 0.5 and 

L . 3 .  

Block Copolymerization of Glu(OBz1) NCA by PMMA Having a Terminal 
Amino Group and the Debenzylation of Block Copolymer 

The experimental procedure is shown in SCHEFE 4. 

No suitable mathod to separate poly[Glu(OBzl) 1 from PMMA-poly- 
[Glu(OBzl)l block copolymer is available. Therefore, the AcOEt/n- 

C H 

poly(G1u) was extracted by MeOH. The yield of poly[Glu(OBzll] was 

( 3 : l  v/v)-insoluble part was subjected to the debenzylation and 6 14 
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TABLE 6 
Radical Polymerizationa of ST in the Presence of 2-Mercaptoethylamm- 
onium Chloride 

HS-(CH2)2-NH3C1 Polymer yield Amine content 

0 .212  0.233 0.834 23.1 0.125 

0.141 0.155 0.924 25.6 0.106 

0.107 0.118 0.955 26.5 0.094 

9 M 9 % medg 

1 N NaOH/MeOH 

M.W. calcdb M . W .  v . p . 0 .  (A) M . W .  4.p.c.  (A) 
(A)  (B) ( B )  (C) (C) 

8. 00Xlb3 4.42~10~ 1.81 1 . 9 ~ 1 0 ~  0.42 

9.43~10~ 4.64~10 2.03 2.6X104 0.38 

Solv., CHZCIZ, H20 (PMMA) 

Room temp. , 3 h 

0.41 4 5.19~10~ 2.04 2.6~10 4 
1.06X10 

a 

b 

[ST] = 4 . 3 4  M(4 ml); 
( 4  ml); temp., 7OoC; time, 8 h 

MW calculated assuming'one amino group per polymer chain 

[AIBN] = 5 . 5 6  mM(7.31 mq); solv., HCONMe2 

Amhe-capped PMMA c Product  

Solv., AcNMe2 

Glu (OBZl) NCA Room temp., 2 days 

Ppt. by MeOH 

insoluble part soluble p a r t  

Product 0 
,& MeOH-insoluble part  e MeOH-soluble p a r t  

[P (Glu) 1 

block copolymer 1 PMMA-P (Glu) I 
SCHEME 4 Procedures for Synthesis and Debenzylation of PMMA - poly- 
[Glu(OBzl)] Block Copolymer 
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SYNTHESIS OF VINYL POLYMER 1155 

thus determined and the yield of block copolymer was calculated. The 

experimental results are described in TABLE 7. 

About 90% of PMMA initiator and about 70% of Glu(OBz1) NCA used 

in the copolymerization were found in the block copolymer. The pro- 

duction of homopolymer was low. The DP of poly[Glu(OBzl)] segment in 

the block copolymer was 1.1 - 1.6 times as large as the [NCA]/[Amine] 
molar ratio in the block copolymerization. From these results it 

was concluded that the block copolymerization was initiated by the 

nucleophilic addition of.the terminal amino group of PMMA initiator 

to the 5-carbonyl group of Glu(OBz1) NCA 1111, yielding A-B-type 

block copolymers. 

Block Copolymerization of Lys(Z) NCA by PMMA Having a Terminal Ami- 
no Group and the Debenzyloxycarbonylation of Block Copolymer 

The experimental procedure is shown in SCHEME 5. 

The copolymerization product was subjected to debenzyloxycar- 

bonylation without pre-extraction, and the debenzyloxycarbonylated 

product was extracted by solvents to remove homopolymers from the 
block copolymer. The experimental results are described in TABLE 8. 

The DPs of poly[Lys(Z)] segment in the block copolymers were 

calculated on the basis of the content of basic amino group in the 

PMMA - poly [Lys (Z)  1 block copolymers, and are very close to the “CAI 
/[mine] molar ratios in the block copolymerization. This experi 

mental result shows that the terminal amino group of PMMA initiator 

underwent a nucleophilic addition reaction to the 5-carbonyl group 

of Lys(Z) NCA to initiate the block copolymerization. 

Block Copolymerization of Glu(OBz1) NCA by PST Having a Terminal 
Amino Group and the Debenzylation of Block Copolymer 

The experimental procedure is shown in SCHEME 6. 

To separate poly[Glu(OBzl)l from PST - poly[Glu(OBzl)l block co- 
polymer, the cyclohexane-insoluble part was extracted by trifluoro- 
acetic acid. Poly[Glu(OBzl)] and block copolymers having highercon- 

tent of poly[Glu(OBzl)I segments were soluble in trifluoroacetic 
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1156 IMANISHI 

TABLE 7 
Polymerizationa of G l u ( O B z 1 )  NCA by PMMA with Terminal Amino Group 

PMMA-NB “CAI 
- 

L 

p g  [mine I Block copolymerb 

PMMA(274)-P[GlU(OBzl)] ( 8 6 )  274 2.26 86 

PMMA(329)-P[GlU(OBzl)] (57) 329 3.31 67 

PMMA(374)-P[GlU(OBzl)] (95) 374 2 . 7 3  95 

Polymer yield PMMA P [Glu(OBzl) 1 Block copolymer 

57 % recoveredd,g recoverede,g Yieldf ,g Ng,% 

4.3R 96.1 0.19 0.83(0.49) 3.36 2.91 (3.57) 

5 . 3 6  95.5 0.44 0.30 (0.18) 4 . 6 2  2.30 (2.70) 

4.87 96.8 0.37 0.50(0.29) 4.00 2.84 (3.48) 

Efficiency of block copolymn. P[Glu(OBzl)l in copolymer 
-k PMMA h ,% G ~ ~ ( o B ~ I ) N c A ~ , %  wt%j P 

84.3 (91.3) 6 9 . 2  (62.4) 45.5(32.9) 104 

9 3 . 5  (86.1) 75.7 (86.31 36.0 (24.9) 8 4  

84.0 (85.0) 79.9 (77.5) 44.5(32.1) 137 

a (Glu(OBzl)NCA~=O.3M(2.76g); solV.AcNMe2(35ml): temp,room temp: time, Zdays. 
b Numerical values in parentheses represent P of each segment. B of PMMA block is 
the observed Value . P of P[Glu(OBZl) I block is the [NCA]/[Aminel ratio. 
c Determined by titration. d Ac0Et/n-C6Hl4 (3:l v/v)-soluble part. 
e Calculated on the basis of the amount of MeOH-soluble P(Glu) after the 

debenzylation which is given in the parenthesis. 
f Polymer yield-(PMMA recovered + PlGlu(0Bzl)l recovered). 

4 Calculated from ~[Glu(oBzl)] wt% in the block copolymer. Values shown in 
oarentheses are the nitrogen content of PMMA-P(G1u) block copolvmer after the 
debenzylation. 
h Based on the PMMA wt% in the block copolymer. Values shown in parentheses were 
calculated on the basis of the difference between the amount of initiator PST 
used and the amount of PST recovered. 
i Based on the P[Gh(OBzl) 1 wt% in the block copolymer. Values shown in paren- 

theses were calculated on the basis of the difference between the theoretical 
amount of P[I:lu(O~zl)] formed and the amount of P[Glu(OBzl)l recovered. 
j Calculated on the basis of the P(G1u) wt% in the MeOH-insoluble block 

copolymer after the debenzylation, which is given in the parenthesis. 
k Calculated from the molecular weight of PMMA initiator and the P[Glu(OBzl)l 

wt% in the block copolymer. 

- 
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SYNTHESIS OF VINYL 

Lys ( Z )  NCA 

POLYMER 

Solv., AcNMe2 

Room temp., 2 days 

Ppt. by MeOH 
v 

1157 

25 % HBr/AcOH 
Solv., anisole/AcOH(1:60 v/v) 

Room temp., 2 h 

(block copolyrnerj 
I 

Me3CO-insoluble part 

1 N NaOH in 

MeOH/Me2C0 , PMMA-P (Lys) block copolymer 

Me2CO-soluble part 

SCHEME 5 Procedures for Synthesis and Debenzyloxycarbonylatioon of 
PMMA - Poly [Lys ( Z )  1 Block Copolymer 

acid. An alternative way to separate them from each other was the 

debenzylation of the cyclohexane-insoluble part and the extraction 

of poly(G1u) with MeOH. The yield of poly[Glu(OBzl)] was thus de- 

termined and the yield of block copolymer was calculated. The ex- 

perimental results are summarized in TABLE 9. 

70 - 80% of PST initiator and 60 - 90% of Glu(OBz1) NCA used 
in the copolymerization were found in the block copolymer. The eff- 
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1158 IMANISHI 

TABLE 8 
Polymerizationa of Lys(2) NCA by PMMA with Terminal Amino Group 

PMMA-NH2 Lys(Z)NCA AcNMe2 [NCA] 

p 9  g ml [mine] 
b - Block copolymer 

P?lMn(295)-P[Lys(Z)I (123) 295 1.80 2.30 25 123 

PMMA(286)-P[Lys(Z)] (120) 286 3.00 3.82 42 120 

PMMA(261)-P[Lys(Z)] ( 68) 261 2.90 2.30 25 68 

PMMA(261)-P[Lys(Z)] (117) 261 2.90 4.00 42 117 

Polymer yield 

a 3 Yield, a Basic Ne,% wt% -i;g 

PMMA-P (Lys) block copolymerd P [Lys (2) 1 in copolymer 
f 

3.50 92.8 

5 .68  90.6 2.60 3.17 45.5(29.0) 91 

4 . 3 8  89.9 1.77 2.70 40.2f24.7) 67 

5.73 90.5 

a Temp, room temperature: time, 4 days. 
b Numerical values in parentheses represent B of each segment. 
- P of PMMA block is the observed value(Table2). of P[Lys(Z)I 
is the [NCA]/[Amine] ratio. 

c Calculated by assuming one amino group per chain of PMMA initiator. 
d Acetone- and water-insoluble part after the debenzyloxycarbonylation. 
e Determined by titration. 
f Weight P, of P[Lys(Z) I segment in the PMMA-PILys(Z) I block copolymer 
was calculated from P of P.W initiator and P of P[Lys(Z)] segment in 
the block copolymer. Values shown in the parentheses are the weight % 

of P(Lys) segment in the PMMA-PiLys) block copolymer, which was cal- 
culated from the basic nitrogen content in the PMMA-P(Lys) block co- 
polymer. 

block copolymer and 7 of PMMA initiator. 
g Calculated from the weight % of P(Lys) segment in the PMMA-P(Lys) 
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SYNTHESIS OF V I N Y L  POLYMER 1159 

Solv., AcNMe 

Room temp., 2 days 

Ppt. by MeOH 

Glu (OBzl) NCA 

Room temp., 3 h 

Product -- MeOH-insoluble part MeOH-soluble part 

[P (Glu) 1 1 PST-P (Glu) 

copolymer 

SCHEME 6 Procedures for Synthesis and Debenzylation of PST - Poly- 
[Glu(OBzl)] Block Copolymer 

iciency of block copolymerization is very high, if one takes into 

account that a part of block copolymers is extracted by solvent to- 

gether with homopolymers to lower the apparent yield of block copo- 

lymer. The DP of poly[Glu(OBzl)l segment in the block copolymer was 

1.3 - 2.0 times as large as the [NCA]/[Amine] molar ratio in the 

block copolymerization. From these results it was concluded that 

the block copolymerization was initiated mainly by the nucleophilic 

addition reaction of the tcrminal amino group of PST initiator to 
Glu(OBz1) NCA 1111. 
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TABLE 9 
Polymer<zationa of G l u ( O B z 1 )  NCA by PST with Terminal  Amino Group 

PST - N i l Z  "CAI 

p g  [Aminel 
- Block copolymerb 

PST(lO8)-P[Glu(OBzl)1 (70) 108 0.76 70 

PST(15o)-P[Glu(OBzl)1 (50) 150 1.61 50 

PST(174)-P[G1u(OBzl)1 ( 6 0 )  174 1.72 60 

Polymer y i e l d  PST P [Glu(OBzl) I Block copolymer 

9 

2.85 93.1 0.13 0.12(0.075) 2.60 4 . 5 8  ( 6 . 5 0 )  

3 . 8 1  97.4 0.40 0.25(0.17) 3.16 3.04 (3.79) 

3.87 96.3 0.50 0.94f 2.44h 3.79' 

recovered d ,g recoverede,g Yieldg,g N1,% B 
- 

Efficiency of block copolymn. P[Glu(OBzl)l in copolymer 

~ i u  ( o ~ z i )  NCA', % wt%m Po k 
PSI' r %  

104 (81.6) 87.1(94.4) 71.7(59.9) 130 

106 (74.5) 67.1(88.8) 47.6 (34 -9) 65 

60 ( 6 9 . 8 )  6 5 - 3  (57.6) 59.3" 120 

a IGlu~OBzl~l=O.3M~2.76g~; solv, CHzC12(35ml); temp, room temp: time, Zdavs. 
b Numerical values in parentheses represent B of each segment. T of PST block is 
the observed value. P of P[Glu(OBzl)l block is the [NCAI/[Aminel ratio. 
c Determined by titration. 
e Calculated on the basis of the amount of MeOI1-soluble P(Glu) after the 
debenzylation which is given in the parenthesis. 
f T~~-soluble part,containing a small amount of block copolymer. 
g Polymer yield - (PST recovered + P[Glu(OBzl)l recovered). h TFA-insoluble part. 
i Calculated from P[Glu(OFJzl)] wt% in the block copolymer. Values shown in Daren- 
theses are the nitrogen content of PST-P(GlU) block copolymer after the 
debenzylation. 
k Based on the difference betveen the amount of initiator PST and the PST 

- 
d Cyclohexane-soluble part. 

j Elemental analysis of TFA-insoluble part. 

recovered. 
1 Based on the P[Glu(ORzl)1 wt% in the block copolymer. Values shown in parenthe- 

ses were calculated on the basis of the difference between the theoretical 
amount of P[Glu(OBZl)] formed and the amount of P[Glu(OBzl)l recovered. 
m Calculated on the basis of the P(Glu) w t %  in the ~ ~ o ~ - i ~ ~ ~ l ~ b l ~  block copolymer 

after the debenzylation,which is given in the parenthesis. 
n Calculated from the nitrogen contnet of TFA-insoluble block copolymer. 
o Calculated from the molecular weight of PST 

wt% in the block coPolymer. 

initiator and the P[Glu(OBzl)l 
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Solv., AcNMe2 

Lys(2) NCA Room temp., 4 days 

Ppt. by MeOH 

{P [Lys (2) 1 1 I PST-P [Lys (2) 1 

copolymer 

SCHEME 7 Procedures for Synthesis and Purification of PST - Poly- 
[Lys (2) I Block Copolymer 

Block Copolymerization of Lys(Z) NCA by PST Having a Terminal Amino 
Group 

The experimental procedure is shown in SCHEME 7. 

Homopolymers were removed from the block copolymer by the sol- 

vent extraction. The experimental results are summarized in TABLE 10 

70 - 90% of PST initiator and 60 - 80% of Lys(Z) NCA used in 
the block copolymerization were found in the block copolymer. The 

efficiency of block copolymerization is fairly high. On the other 

hand, the DP of poly[Lys(Z)] segment in the block copolymer was 1.6 

- 2.0 times as large as the [NCA]/[Amine] molar ratio in the block 
copolymerization. If the block copolymerization is initiated by the 

nucleophilic addition reaction of the terminal amino group of PST 

initiator to Lys ( Z )  NCA, the high DP of poly[Lys(Z) 1 segment should 

be explained by the formation of A-B-A-type block copolymer. This 

explanation puts forward the presence of two amino groups at both 

terminals of a PST chain. However, for a PST chain to have two amino 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
4
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1162 IMANISHI 

TABLE 10 
Polymerization of Lys(2 )  NCA by PST w i t h  Terminal Amino Group 

PST-NHZ Lys(2)NCA AcNMe2 “CAI 

P g  9 ml [mine] 
Block copolymerb - 

pST(108)-P[Lys(Z)] (70) 108 0.76 3.22 3 5  70 

PST(150)-P[Lys(Z)I (50) 1 5 0  1.61 3.22 35 50 

PST(174)-P[LYS(Z)I (40) 174 2.57 3.22 35 40 

Polymer y i e l d  Block copolymer 

4 % 4 -3 Yield ,g Ng,% 

PST recoveredd P[Lys (Z) 1 recoverede 
f 

2.73 77.1 0 . 0 3  0.74 1.83 7.76 

3 . 5 9  81.8 0.23 0.63 2.67 6.42 

4.97 92.9 0.66 0.50 3.70 5.72 

Efficiency of block copolymn. P[Lys(Z)] i n  copolymer 

PSTh,% ~ y s  ( 2 )  N C A ~ ,  % w t % j  Fk 
85.3 (94.9) 62.1 (65.5) 72.7 114 

80.9 (82.5) 70.6 (72.3) 60.1 9 0  

71.9 (72.4) 76.8 (80.6) 53.6 80 

a Temp, room temp: time, 4days. 
b Numerical values in parentheses representY of each segment. T of PSt block is 
the observed value, P of PILys(2)I block is the [NCAI/[Aminel ratio. 

C Determined by titration. 

e AcOH-soluble part. f AcOH-insoluble part. 9 Elemental analysis. 
h Rased on the €“LYS(z)] wt% in the block copolymer. Values shown in parentheses 

were calculated on the basis of the difference between the amount of initiator 
PST used and the amount of PST recovered. 
i ~ ~ ~ e d  on the p(Lys(2)l wt% in the block copolymer. Values shown in parentheses 

were calculated on the basis of the difference between the theoretical amount of 

P[Lys(z)] formed and the amount of PILys(Z)I recovered. 
j Calculated from the nitrogen content of the block copolymer. 
k Calculated from the molecular weight of PST initiator and the PILys(2)l wt% in 
the block copolymer. 

- 

d Cyclohexane-soluble part. 
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groups, the radical polymerization of ST in the presence of 2- 

mercaptoethylammonium chloride should be terminated by the recombi- 

nation reaction, which is extremely difficult to consider. 
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