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synopsis 
The graft copolymerization of 8-propiolactone (PPL) onto the various trunk polymers 

containing polar substituents such as pyridine, amide, sulfonyl chloride, and carboxylic 
acid anhydride groups was carried out. In the grafting onto the basic trunk polymer 
containing 4vinylpyridine units, two kinds of grafting mechanism are supposed. In  the 
case of rigorously dried trunk polymer, the polymerization is initiated by betaine and 
proceeds with higher grafting efficiency. Another is initiated by pyridinium hydroxide 
and proceeds with lower grafting efficiency in the presence of some amount of water. 
With acidic trunk polymer containing sulfonyl chloride groups, no graft copolymer was 
produced. The grafting efficiency of PPL onto the amphoteric trunk polymer contain- 
ing acrylamide units was found to be between those of basic and acidic trunk poly- 
mer. I n  addition, the grafting by means of ionic copolymerization of PPL with mal- 
eic anhydride units contained in trunk polymer proceeded with very high grafting effi- 
ciency. 

INTRODUCTION 
Ionic graft copolymerization of P-propiolactone (PPL) has been investi- 

gated in detail as reported in the previous papers's2 of this series. I n  this 
paper, the graft copolymerizations of PPL onto the various trunk polymer 
containing 4-vinylpyridine (4VP), acrylamide (AAm), sulfonyl chloride, 
and maleic anhydride (MAH) units were examined. 

The trunk polymer containing 4VP (4VP-trunk polymer) is considered as 
an anionic catalyst of the polymerization of PPL. The trunk polymer con- 
taining AAm (AAm-trunk polymer) has a tautomeric structure and so this 
is used as an amphoteric catalyst. The trunk polymer containing sulfonyl 
chloride groups (sulfonyl chloride-trunk polymer) is a cationic polymer 
catalyst. PPL was graft-copolymerized by these polymer catalysts. The 
trunk polymer containing AlAH units (MAH-trunk polymer) is also reac- 
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tive, which is copolymerized with flPL by anionic or cationic catalysts and 
results in a graft copolymer. 

EXPERIMENTAL 

Reagents 

PPL and y-butyrolactone were purified by the same way as shown in the 
3,3-Bis(chloromethyl)oxetane (BCMO) was dried with 

Nitrobenzene and 
previous paper. 
CaHz followed by distillation under reduced pressure. 
methylene chloride were purified by the usual procedures. 

Preparation of Trunk Polymers 

4VP-Trunk Polymer. 9 cc of 4VP was copolymerized with 1 cc of divinyl- 
benzene (DVB) by 0.1 g of a,a’-azo-bis(isobutyronitri1e) (AIBN) in 10 cc 
of benzene in vacuo a t  60°C for 20 hr. Conversion was SS.O%, and 4VP 
content in the trunk polymer was calculated to be 8.9 x 10-3 mole/g from 
the elementary analysis. 

AAm-Trunk Polymer. 3.26 g of AAm was copolymerized with 8 cc of 
styrene (St) and 2 cc of DVB by 0.130 g of benzoyl peroxide (BPO) in 26 cc 
of methanol in vacuo a t  60°C for 16 hr. Conversion was 22.4%, and AAm 
content in this trunk polymer was calculated to be 1.09 x mole/g 
trunk polymer from elementary analysis. 

Sulfonyl Chloride-Trunk Polymer. 3 g of St-DVB copolymer was swol- 
len with chloroform, reacted with 14 cc of chlorosulfonic acid a t  0°C for 17 
hr, washed with chloroform, and dried under reduced pressure. 

10.4 g of St was copolymerized with 9.8 g of 
MAH by 0.1 g of BPO in 20 cc of benzene a t  60°C for 24 hr in vacuo. Con- 
version was 98.00j0, and MAH content in this trunk polymer was calculated 
to be 4.95 x 

Separation of Graft Copolymer 

All trunk polymers used are insoluble in chloroform but homopolymer 
(poly-fl-propiolactone) by-produced is easily dissolved. Therefore the 
graft copolymers were separated by extraction with chloroform. 

MAH-Trunk Polymer. 

mole/g from elementary analysis. 

RESULTS AND DISCUSSION 

Polymerization of pPL by Various Catalysts 

The trunk polymers containing 4VP, AAm, carboxyl chloride, sulfonyl 
chloride, and MAH are prepared as described above. It has been reported 
that PPL is polymerized easily by p ~ r i d i n e . ~ , ~  Polymerizations of PPL by 
the other catalysts such as propionamide, benzoyl chloride, propionyl 
chloride, toluenesulfonyl chloride, thionyl chloride, and acetic anhydride 
were carried out (Table I). And it was found that flPL was hardly poly- 
merized by cnrbosyl chloride and acid anhydride under these conditions. 
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TABLE I 
Polymerizat,ion of BPL by Various Catalysts" 

- 

?\I ethylene 
Expt. pPL, chloride, Conversion, 
no. cc cc Catalyst, mg % 

Y60-11 1 9 CzHsCONHz 15 6.5 
Y60-5 1 9 CsHSCOCl 15 0 
Y60-7 1 9 CzH&OCl 15 trace 
Y ( K <  1 0 C T I , ~ S ~ ~ C I  15 88.3 
Y60-1 1 9 so2c12 1 .i 93.1 
YOO-!) I ! I  cII,c--o-c---cII, I5 0 

I1 I1 
0 0  

a Ten days, 30°C, in air. 

Graft Copolymerization of pPL onto 4VP-Trunk Polymer 

It is supposed that PPL is polymerized by pyridine in the following 
 mechanism^^,^: 

I -+ 0 + CH2=CHCOO(CH2CH2C00)+,H (2 )  

I -  '(CH~CH~COO ln-, CH,CH,COOH 

I1 
( 3 )  

Compound I will be more unstable than compound 11. But I is a homo- 
logue of pyridine betaine which was isolated as a relatively stable compound 
by Kruger et d6 So it is expected to graft copolymerize this monomer onto 
4VP-trunk polymer by the mechanism shown by eq. (1) or (3). The trunk 
polymer was dried rigorously by heating a t  98°C under reduced pressure, 
toluene solution of PPL was added in dry nitrogen stream, and then the 
reaction was carried out a t  30°C (Fig. 1). This trunk polymer is classified 
as the same type of anionic catalyst as the trunk polymer containing sodium 
acrylatc (ANa-trunk polymer) 1% hich was reported in the previous 
Thc grafting efhciency was estim:rt,ed to bc about 15 - 20%, and this is 
lower than that of ANa-trunk polymer (about %%).I In the case of ANa- 
trunk polymer, the grafting efficiency decreases by the chain transfer to 
monomer or impurity in tho system; but in the case of 4VP-trunk polymer, 
besides chain transfer, the grafting efficiency decreases by the termination 
reaction as shown in eq. (2) and the initiation reaction indicated by eqs. (4) 
and (5): 
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-+ --  - CH -CH (-5) 
*- I 

0 + CHZ=CH 

coo@ 
I 
COOH 

4VP-trunk polymer is hydroscopic. When 4VP-trunk polymer was not 
dried before using, PPL was polymerized quickly but hardly graft copoly- 
merized, because the polymerization is initiated by OH- as shown in eq. 
(4) and Figure 2. 

% 

50/ 

1 2 hr 
Reaction t ime 

Fig. 1. Graft copolymerization of BPL onto 4VP-trunk polymer. Trunk polymer 
was dried rigorously at 98’C under high vacuum and then reacted in nitrogen. Trunk 
polymer, 0.1 g; 4VP content, 8.9 x 10-3 mole/g trunk polymer; BPL, 1 cc; toluene, 
4 cc; temperature, 30°C; in air: (+) total conversion; (--.n.-) grafting 
efficiency; (--A- -) yo grafting. 

Y. 

hr 
Reaction time 

Fig. 2.  Graft copolymerization of BPL onto 4VP-trunk polymer. Trunk polymer 
was used without drying. Trunk polymer, 0.1 g ;  4VP content, 8.9 X mole/g 
trunk polymer; BPL, 1 cc; toluene, 4 cc; temperatare, 30°C; in air: (-) 
iot.al cnnvwsiori; (--. n .-) grating effirietrcy; (-A-) % grafting. 
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Graft Copolymerization of pPL onto AAm-Trunk Polymer 

Similar graft copolymerization, that is, ethylene oxide onto polyamide, 
has been reported by Haas et a1.,6 Miller et al.,' and Rafikov et a1.* I n  this 
paper, PPL was graft copolymerized onto AAm-trunk polymer (Fig. 3). 
The total conversion and the per cent grafting increase with reaction time, 

% % 
1000 

I 
I + 
I 

0 7  
500 2 

2 
c c 

cn 
c 
C 

u, 
2 

0 

Fig. 3. Graft copolymerization of OPL onto A h - t r u n k  polymer. Trunk polymer, 
0.1 g; AAm content, 1.09 X mole/g trunk polymer; pPL, 3 cc; temperature, 
60°C; inair. 

but the grafting efficiency decreases to -30-40%. I n  a previous paper2 it 
was demonstrated that the grafting efficiency increases with the extent of 
basicity of the trunk polymer; the grafting efficiency of BPL onto the 
anionic active trunk polymer (ANa-trunk polymer) was 65%, but that onto 
the cationic active trunk polymer was estimated to be only a few per cent. 

TABLE I1 
Effect of Reaction Temperature on the Graft Copolymerization of PPL 

onto AAm-Trunk Polymer" 
~~~~~~ 

Reaction Reaction Total Per cent Grafting 
Exp. temp., time, conv., grafting, efficiency, 
no. "C hr 70 % % 

I a5 60 48 1.7 55.1 94.8 
I 9-6 60 120 22.2 317.0 41.4 
I 8-7 60 216 27.1 346.1 36.8 
I a8 60 336 45.1 496.8 31.7 
I 8-1 80 3 0.4 9.3 83.0 
1 8-1u U . 9  Z9 .U  Yti.7 
I 8-2 100 3 3.1 103.2 94.8 
I 8 3  120 3 21.0 304.5 41.8 
1 & 4  140 3 55.6 398.0 20.6 

Trunk polymer, 0.1 g; AAm content, 1.09 x 10-8 mole/g trunk polymer; BPI,, 3 cc; 
in vrzciio. 
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The grafting efficiency onto AAm-trunk polymer has a medium value be- 
tween anionic and cationic active trunk polymer. In  this system, the 
lower reaction temperature favors the higher grafting efficiency (Table 11). 
I n  the infrared spectrum of graft copolymer, the absorption bands corre- 
sponding to both trunk polymer (NH, 3400 cm-', 3500 cm-'; primary 
amide C=O, 1685 cm-'; phenyl, 3010 cm-', 1600 cm-l) and branched 
polymer (ester C d ,  1740 cm-'; ether, 1170 cm-l) were observed. 

Polymerization of BPL by Various Amide Derivatives 

The amide is a tautomerg and has a resonance structure'O as shown in 
eq. (6): 

R-CNHz i=i R - b N H  

d 
I 

CI 
H 

111 IV 
li.-C=NH2@ 

l 
0 
e 

111 V 

Two kinds of polymerization mechanisms are as follows : polymerizations 
of PPL by basic nitrogen of keto form (111) (mechanisms A), and acidic 
hydroxy group of inlidohydrin form (IV) or a resonance structure (V) 
(mechanisms B). The latter seems to be improbable because of the very 
weak acidity of amide. 

CHz-CHz 
RCNHZ + n b  Lo+ RCI'!HZ(CHZCHZCOO), - 1CH&H2COOe (8) II VI 

- -  It 
0 
VI -+ RCNHz + CHz==CHCO(CH&HzCOO), - ZCH~CHZCOOH (9) 

II II 0 
VI -+ RCNH(CHzCHzC00)n - iCHzCHzCOOH (10) a 

It is supposed that the active species (VI) has a cyclic structure by the 
formation of an intramolecular ion pair. Homopolymer might be obtained 
by reaction (9) or chain transfer reaction to monomer and graft copolymer 
by reaction (8) or (10). The polymerizations of BPL by various amide 
derivatives u-ere carried out for the purpose of the investigation of poly- 
merization mechanisms. The polymerizations of BPL by N-substituted 
amides of various carboxylic acids are shown in Figure 4a and Figure 4b, 
respectively. It was found that the rate of polymerization increases in the 
following order: CH3CONEh > CHaCONHEt > CH3CONHZ > CH? 
CHCONHz (CH3)zCHCONHz > CeHaCONHz CH3CONH(CeH4)- 
OCH, > CH,CONH(CaHs). 
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CHsCONHz 

CHsCON A3 , 
h 

Reaction time 

Fig. 4a. Polymerization of pPL by various N-substituted acetamides by dilatometry. 
BPL, 3 cc; catalyst, 3.7 X mole/l.; temperature, 60°C; in air. 

On the other hand, the electronegativity of substituted groups increases in 
the following order": C.5H.5- > CH-CH- > H- > CH3- > CzHs-. 
Considering the role of the substituents connected with the nitrogen atom 
in catalytic action, it is concluded that the higher electronegative groups are 
substituted (that is, the lower is the basicity of nitrogen atom), the lower 
the polymerization activity becomes. That is, this activity is observed as 
CH3CONEtZ > CH3CONHEt > CH3CONH2 > CH3CONHCsH5 (Fig. 4a). 

'I. 

"9 

Reaction time 

Fig. 4b. Polymerization of BPL by various acid amides by dilatometry. pPL, 3 cc; 
catalyst, 3.7 X mole/l.; temperature, 60°C; in air. 
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Because PPL is polymerized even by N-diethylacetamide which has no 
active hydrogen atom, the polymerization mechanism by active hydrogen 
on the nitrogen atom should be rejected. The low catalytic activity of 
acetanilide is due to the steric hindrance by the phenyl group connected 
with the nitrogen atom and the resonance stability12 of form IV or V. The 
unexpectedly low catalytic activity of p-methoxybemanilide in spite of the 
high electron-donating nature of the methoxy group is also caused by steric 
hindrance of the phenyl group and resonance stability of form IV or V. 

About the effect of the acyl group in the amide compound on catalytic 
action, it was found that the higher electronegativity of the acyl group and 
the larger the resonance structure of IV or V, the lower the polymerization 
activity. It is estimated in the following order: CH&ONH2 > CHF 
CHCONHz = (CH&CHCONHz > GHsCONHz. The catalytic activity of 
isobutylamide for the polymerization of PPL could not be well explained by 
electronegativity, and this may be caused by a steric effect. 

Summarizing the experimental results, the following supports the poly- 
merization mechanisms by the basic nitrogen atom of amide group, eqs, 
(8), (9), and (10): (1) the larger the electron-donating nature of the sub- 
stituent on the nitrogen atom of amide, the larger the catalytic activity in 
the polymerization of PPL. (2) Even the amide without active hydrogen 
atom on the nitrogen atom has a catalytic activity for the polymerization 
of PPL. (3) If the polymerization of BPL proceeds according to mecha- 
nism B, the larger the contribution of the resonance structure of substituent 
on the nitrogen atom in the amide, the higher the catalytic activity. How- 
ever, the experimental results indicate that mechanism A is preferable. 
The grafting efficiency depends upon the behavior of the hydrogen atom 
abstructed in the termination reaction. It seems that in form VI the 

hydrogen atom on the -C-NHz-- group will be removed as a proton more 
,a 

I /  
0 

easily than that on -CHz-C-O- because of the excess positive charge 
I/ 

d 0 
on the -C-NH2- group. That is, reaction (10) should be predominant. 

It 
0 

However, the grafting efficiency as shown in Figure 3 is limited to 30% and 
this indicates that a chain transfer reaction to monomer coexists besides 
eq. (10). 

Graft Copolymerization of pPL onto Sulfonyl Chloride-Trunk Polymer 

Graft copolymerization of PPL, N-vinylcarbazole (NVCZ) ; and a- 
methylstyrene (a-MeSt) onto sulfonyl chloride-trunk polymer is shown in 
Table 111. I n  these runs, the graft copolymers were not obtained. 
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TABLE I11 
Graft Copolymerization of PPL onto the Trunk Polymer Containing --SO&la 

Total 
Exp. Monomer, Toluene, Temp., Time, conv., Polymer,b 
no. R cc “C min % g 

1153-1 PPL 1.16 4 .0  60 60 76.6 0.0993 
1153-5 NVCZ 0.50 4.0 30 5 80.5 0.0845 
I 153-6 aMeSt 1.00 4 .0  60 60 1 . 8  0.0907 

8 Chlorosulfonated St-DVB copolymer, 0.1 g; S O & l  content, 7.3 X 

b Polymer after extraction of homopolymer. 

mole/g 
trunk polymer; in air. 

Graft Copolymerization of pPL onto MAH-Trunk Poiymer 

A crosslinked graft copolymer was synthesized by means of ionic copoly- 
merization in which BPL was copolymerhed with cyclic carboxylic acid 
anhydride contained in the MAH-trunk polymer as shown in eq. (11) : 

Q 9 
-CHS-CH-CH-CH- -CHZ-CH-CH- CH- 

I I 
I I 

I I  o=c\ ,c=o 
0 c=o c=o 

+ - (CH,CH,CO), 
CHZ-CH, + II L (11) 

0-c=o I I 
0 CH* 

+ 
0 

I 1  
o=c’ ‘CEO 

I 
-CH2-CH-CH-CH- 

0 
The various graftings with and without ionic catalyst are shown in 

Figures 5 and 6 and Table IV, respectively. I n  Figure 6, the grafting 
behavior is investigated by dilatometry and viscometry. I n  this reaction 
system, gel formation took place rapidly within 15 min. I n  the case of 
MAH-trunk polymer this gel formation was made in the solution of pPL 
but not in y-butyrolactone (Table V). This demonstrates that crosslinking 
reaction does not take place by the mutual reaction between the trunk 
polymers as shown in eq. (12). The grafting efficiency in the presence of 
PPL was very high in the case of grafting without catalyst in bulk, as shown 
in Figure 5. 
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Fig. 5. Graft copolymerization of pPL onto MAH-trunk polymer in bulk. Trunk 
mole/g trunk polymer; BPL, 3 cc; tem- polymer, 0.1 g; MAH content, 4.95 X 

perature, 120°C: (0)  conversion of succinic anhydridecatalyzed polymerization. 
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Fig. 6. Graft copolymerization of BPL onto MAH-trunk polymer. Trunk polymer, 
0.1 g; MAH content, 4.95 x 10-3 mole/g trunk polymer; BPL, 10 cc; temperature 
60°C; inair. 

The possibility of grafting by the reaction of h4AH-trunk polymer with 
@PL homopolymer was investigated in comparison with that of @PL onto 
MAH-trunk polymer (Table VI). The grafting efficiency in this reaction 

TABLE I V  
Graft Copolymerization of BPL onto MAH-Trunk Polymer by CH3COONa or 

CHa( CaHs)S03H* 

Total Per cent Grafting 
Exp. Reaction conversion, grafting, efficiency, 

G130-1 CHSCOONa 4.4 X 10-4 20 hr 32.0 338.0 91.2 
G129-1 CH3+S03H 4.4 X 10-4 10min 27.7 231.0 72.2 
G129-2 C,H,hSO,H 4.4 X 10-4 3 hr 33.5 293.5 75.8 
- 

a St-MAH copolymer, 0.1 g; MAH content, 4.95 X 10-3 mole/g trunk polymer (50 
mole-%); BPL, 1 cc; nitrobenzene, 4 cc; 60°C; in air. 
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TABLE V 
Viscosity Change of St-MAH Copolymer Solution by Heating in BPL or YButyrolactone 

St-MAH 7-Butyro- Viscosity8 at indicated reaction times 
Exp. copolymer, OPL, lactone, Temp., 
no. e cc cc "C 0 15min 45min 4 hr 

150-1 0 .1  3 0 120 7.9 sec co m 

150-2 0 .1  0 3 120 21.7sec 19.lsec 23.0sec 21.5sec 

8 Viscosity is shown as the falling time of a small ball (0.27 g, 0.4 cm diameter) through 
a distance of 5 cm. 

-CH*-CH-CH-CH- -CH2- CH-CH-CH- 
I I  I I  o=c\ ,c=o o=c c=o 

I I  

o=c' 'c=o 

0 

I ' Y  (12) 

+ - 
0 

I 1  
O=7 Y=O -CH*-CH-CH-CH- 

-CH,-CH-CH-CH' 4 
between those polymers was as low as -2-3%. This result suggests that 
the grafting reaction is initiated by the anhydride group of the trunk poly- 
mer. 

Solubility of the trunk polymer, PPPL, and the graft copolymer (per cent 
grafting, 50070) is exhibited in Table VII. The graft copolymer was not 
completely dissolved in acetone in which both trunk polymer and PPPL 
homopolymer are soluble. But this graft copolymer dissolved in acetone 
containing 1% H20, and this HzO amount corresponds to more than 100 
times the MAH units in the trunk polymer. These facts demonstrate the 
existence of the polymer crosslinked by carboxylic acid anhydride bonds 
(eq. (11)). I n  the infrared spectrum of the graft copolymer of PPL onto 
the MAH-trunk polymer, the absorptions of MAH units (1780 and 1860 
cm-l), styrene units (1500, 1600, and 3010 cm-') and PPL units (1740 
em-l) were observed. 

TABLE VI 
Graft Copolymerization by Reaction of MAH-Trunk Polymer with P@PL* 

Per cent Grafting 
Exp. Temp., Time, grafting, efficiency, 
no. "C hr % % 

112-1 120 1 7.0  2 . 3  
I 12-2 120 3 7 . 3  2.4 

a Trunk polymer, 0.1 g; PBPL, 0.3 g; 7-butyrolactone, 2.7 cc as a solvent. 
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TABLE VII  
Solubility of Trunk Polymer, PBPL, and Graft Copolymers 

St-MAH 
copolymer PBPL 

~ 

Graft 
copolymer 

Water 
Methanol 
Toluene 
Chloroform 
Dioxane 
Nitrobensene 
Dry acetone 
Acetone 10 cc + water 0.1 cc 

X X 
X X 
X X 
X 0 
A 0 
A 0 
0 0 
0 0 

X 
X 
X 
X 
A 
A 
A 
0 

(0) very soluble; (0) soluble; (A)  partly soluble; (X) insoluble; a t  60OC. 

CONCLUSION 

Ionic graft copolymerizations of PPL onto the various trunk polymers 
containing polar substituents were carried out. When the 4VP-trunk 
polymer used was completely dried, the grafting proceeded with high 
grafting efficiency. But when the trunk polymer was insufficiently dried, 
the grafting efficiency was very low. These results were interpreted by two 
polymerization mechanisms initiated by betaine and by pyridinium hy- 
droxide, respectively. I n  the grafting onto AAm-trunk polymer, the 
grafting efficiency decreased to about 30-400/, with increased reaction time. 
Catalytic activities of the various amide derivatives in the polymerization 
of PPL were compared with one another. High electron-donating groups 
on the nitrogen atom and low resonance stability in amide resonance favor 
higher catalytic activity in the polymerization of PPL. 

The graft copolymerization of PPL onto MAH-trunk polymer proceeded 
with very high grafting efficiency and the crosslinked graft copolymer was 
produced. 

This paper is part of Doctoral Thesis submitted to Kyoto University. 
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