
JOURNAL OF APPLIED POLYMER SCIENCE VOL. 18, PP. 3633-3551 (1974) 

Radical-Induced Ionic Polymerization in the 
Presence of Maleic Anhydride. I. Mechanism 

of Polymerization of Maleic Anhydride by 
Radical Initiators 

Y. NAKAYAMA,* K. HAYASHI,? and S. OKAMURA, Department of 
Polymer Chemistry, Kyoto University, Kyoto, Japan 

Synopsis 
Three kinds of trapped radicals are observed in poly(ma1eic anhydride) (Poly-MAH) 

which were prepared by the use of radical initiators such as AIBN or BPO. It was 
found that these radicals were transformed to the active species so as to initiate the 
cationic polymerization. The structure of these radicals was studied by the ESR and 
the kinetic analysis of MAH polymerization in the presence of various additives. 

INTRODUCTION 

In  recent years, polymerization of maleic anhydride (R4AH) has been 
studied by Joshi') and Lang et  a1.2 In this paper, the authors describe the 
polymerization of n4AH using a,a'-azobisisobutyronitrile (AIBN) and 
benzoyl peroxide (BPO) to elucidate the mechanism, particularly of the 
reaction of the primary radicals with MAH, by means of the effect of addi- 
tives and by an ESR study of trapped radicals in poly-MAH. 

EXPERIMENTAL 

AIBN, BPO, and solvents used were purified by the usual methods. 
Polymerizations were carried out in vacuo, and the polymers obtained were 
precipitated from benzene solution. Molecular weights of the polymers 
were determined by the ebulliometric method in acetone solution. 

RESULTS AND DISCUSSION 

Table I shows the polymer yields in the polymerization of MAH by the 
use of AIBN and BPO as catalysts. The molecular weights of the poly- 
mers obtained were in the range of 500-1000. The polymer yield increases 
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TABLE I 
Polymerization of Maleic Anhydride in vucuo a t  60°C 

RIAH, Time, 
No. Initiator, mole/l. mole/l. hr 

- 

755 

752 

749 

804 

805 

806 

758 

807 

650 

816 

817 

750 

800 

758 

911 

AIBN 

AIBN 

AIBN 

AIBN 

AIBN 

AIBN 

AIBN 

AIBN 

AIBN 

AIBN 

AIBN 

BPO 

BPO 

BPO 

BPO 

0.13 

0.13 

0.13 

0.013 

0.032 

0.065 

0.13 

0.26 

0.13 

0.26 

0.52 

0.082 

0.021 

0.082 

0.164 

1 

1 

1 

1 

1 

I 

1 

1 

4 

4 

4 

1 

1 

1 

1 

5 

10 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

Yield, 
% Solvents 

1 .7  dichloro- 
ethane 

3 . 6  dichloro- 
ethane 

4 . 4  dichloro- 
ethane 

7 . 0  benzene 

10.4 benzene 

14.5 benzene 

10.2 benzene 

10.1 benzene 

4 . 5  benzene 

7 . 5  benzene 

11 . I  benzene 

10.2 dichloro- 
ethane 

4 . 2  benzene 

10.2 benzene 

20.5 benzene 

Condition 

hetero- 

hetero- 

hetero- 

hetero- 

hetero- 

hetero- 

hetero- 

hetero- 

homo- 

homo- 

homo- 

hetero- 

hetero- 

hetero- 

hetero- 

geneous 

geneous 

geneous 

geneous 

geneous 

geneous 

geneous 

geneous 

geneous 

geneous 

geneous 

geneous 

geneous 

geneous 

geneous 

linearly with polymerization time. At constant polymerization time, the 
yield increases linearly with the square root of the AIBN concentration in 
the low concentration range, but a t  AIBN concentrations above 0.065 
mole/l., polymer yield is reduced. The maximum yield is varied depend- 
ing on the ratio of AIBN and MAH concentrations. At higher MAH 
concentrations, such a phenomenon was not observed. On the other hand, 
BPO does not show a diminution in polymer yield a t  higher concentrations 
of initiator. 

The rates of polymerizations initiated by a fixed concentration of both 
initiators are proportional to the concentration of MAH, as shown in 
Figure 1. This result indicates that R4AH has no influence on the decom- 
position of BPO. The rate of decomposition of AIBN is much larger than 
that of BPO, as observed in the polymerization of styrene under the same 
condition. However, MAH is polymcrized by both these initiators with 
the same magnitude of polymerization rate in benzene solution. In  
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3 4 (5) 
6 a (nw() 

IMAHl 

Fig. 1. Polymerization of maleir anhydride in dichloroethane: total volume = 

5 cc; polymerization time = -5 hr;  temperature = 60°C; OBPO,  l00mg (0.082mole/l.); 
@ AIBN, 100 mg (0.13 mole/l.). 

dichlorocthane solution, B1’0 initiatcls the polymcrization of MAH two 
times faster than AIBK. These results could be explained by less effi- 
ciency of tEe reaction betu Pen AIAH and the primary radical from AIBN. 
The attack of the 2-cyanoisopropyl radical on AIAH is hindcrcd by a steric 
effect and by the elcctrostatic repulsion betljeen the t\io species. More- 
over, the AIBN radical has no ability to abstract hydrogen atom from 
RlAH or the solvent, contrary to BPO.’ For this reason, the AIBN 
radical possibly exists freely in thc solution and disappears by radical 
recombination of each other or vi th  the AIAH radical. The primary 
radical of BI’O also hardly attacks JIAH’ in the usual nay,  but its strong 
ability to abstract the hydrogm atom malics it possible to form an MAH 
radical through the solvent radical, and another possibility is the formation 
of a phcnyl radicalJ by succcssivc decomposition of BPO radicals which 
experience less electric hindrance for attacking RIAH. 

The large rate of polymcrization in bcnzenc. induced by AIBN can be 
explained as a molecular complex formation between AIAH and benzene, in 
u hich the electropositive charge of AIAH is moderated by electron transfer 
from benzene. Under such conditions electric hindrance for the propaga- 
tion reaction in the polymerization of JIAH is minimized. On the other 
hand, the polymerization by BI’O in dichlorocthane solution is accelerated 
by solvent radicals uhich are produced oning to the strong hydrogen 
affinity of RPO radical and easily attack AIAH. In  the polymerization by 
BPO, the rates of polymerizations in both solvents have the same magni- 
tude, and this can be attributed to the t\\ o reasons mentioned above. 

Table I1 shon s thc rclation bet\\ een polymer yield, trapped radicals, 
and UV absorption spectra of thc polymers obtained in these polymeriza- 
tions. The numbcrs of radicals arc’ measured in the solid phase by ESR. 



W
 

cn
 

w
 

cn
 

T
A

B
L

E
 I1

 
Pr

op
er

tie
s 

of 
Po

ly
-M

A
H

 O
bt

ai
ne

d 
U

nd
er

 V
ar

io
us

 P
ol

ym
er

iz
at

io
n 

C
on

di
tio

ns
 (

20
 H

r,
 6

0°
C

 in
 v

ac
uo

) 

Sa
m

pl
e 

In
iti

at
or

, 
no

. 
m

ol
es

/l.
 

So
lv

en
ts

 
M

A
H

 
m

ol
/l.

 

la
 

A
IB

N
 0

.1
3 

2 
A

IB
N

 1
.7

 
3 

A
IB

N
0.

13
 

4 
A

IB
N

0.
13

 
5b

 
B

PO
 0

.0
82

 
6 

A
IB

N
 0

.1
3 

7 
A

IB
N

0.
26

 
8 

A
IB

N
 0

.0
13

 

be
nz

en
e 

bu
lk

 
di

ox
an

e 
di

ch
lo

ro
et

ha
ne

 
be

nz
en

e 
be

nz
en

e:
 T

H
F

 9
: 1

 
be

nz
en

e 
be

nz
en

e 

1
 

T
ra

pp
ed

 r
ad

ic
al

, n
um

be
r/

g 

C
on

di
tio

n 

he
te

ro
ge

ne
ou

s 
ho

m
og

en
eo

us
 

ho
m

og
en

eo
us

 
he

te
ro

ge
ne

ou
s 

he
te

ro
ge

ne
ou

s 
he

te
ro

ge
ne

ou
s 

ho
m

og
en

eo
us

 
he

te
ro

ge
ne

ou
s 

Y
ie

ld
, 

%
 

10
.3

 
14

. 
20

. 5
. 

34
. -
 

7.
5 

7.
4 

35
.9

 
ga

us
sc

 

1
.2

 x
 1

0"
 

2.
0 

x 
10

'6 

5
.0

 X
 1

0l
6 

4.
0 

x 
10

14
 

7.
0 

x 
10

14
 

-
 

1.
0 

x 
10

16
 

2.
0 

x 
10

'6 

14
.7

 
ga

us
sc

 

1
.0

 x
 1

0'8
 

2.
6 

x 
10

15
 

6.
5 

x 
10

14
 

6.
3 

x 
10

14
 

5.
3 

x 
10

'6 
-
 

1.
3 

X
 1

0l
6 

3
.5

 x
 1

0'6
 

18
.3

 
ga

us
sc

 

E
le

ct
ro

ni
c 

sp
ec

tr
a 

in
 

cy
 cl

oh
ex

an
on

e 
x,

m
ax

 

nm
 

46
0 

45
0 

45
0 

46
5 

44
5 

45
5 

45
0 

45
0 

€
0

 

cc
/g

 

1
.3

 x
 1

03
 

1
.5

 x
 1

03
 

3.
1 

x 
10

3 
1.

8 
X

 l
o2

 

4.
1 

X
 1

0 
2.

7 
X

 1
0 

8.
3 

X
 l

o2
 

5.
3 

x 
10

%
 

_
_

_
 

~~
 

a 
Fi

g.
 2

a.
 

b 
Fi

g.
 2

b.
 

c 
Pe

ak
-to

-p
ea

k 
w

id
th

 in
 F

ig
. 2

. 



POLYMERIZATION OF MALEIC ANHYDRIDE 3637 

TABLE I11 
Decay of Trapped Radicals (in vacuo at Rooin Temperature) 

Polymeri- 
zation rate 

No. of of IBVE 
radicals after 

x 100 
after 8 days 

8 days polymeri- 
no. of zation rate 

Nature of radical radical of IBVE 
(peak-to-peak after after 

Polymerization width in Fig. 2) 1 day 1 day 

(a) 3.5 gauss 31% 20 % 

(b) 
Expt. 5 in Table I1 18.5 gauss 40% 33 % 

Expt. 1 in Table I1 14.7 gauss 17% 

Fig. 2. ESR spectrum of trapped radical in poly-MAH one day 
after polymerization of MAH. 

Typical ESR spectra are shown in Figures 2a and 2b, where (a) and (b) 
correspond to samples 1 and 5 in Table 11, respectively. The decay of these 
radicals is indicated in Table 111. The decaying behavior of the polymer 
radical in Figure 2a indicates the existence of two kinds of radicals. A 
very narrow peak (3.5 gauss) is throught to correspond to the trapped 
electron in a large conjugated molecular system. 

The results of Figure 3 represent the radical polymerization of styrene 
by poly-MAH radicals formed by both AIBN and BPO. Poly-MAH 
radicals were used after one week of storage.; under this condition, the 
radical corresponding to the 3.5-gauss peak is the major component of the 
trapped radicals (a) in Figures 2 and 3. The rate of polymerization in- 
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Fig. 3. Polymerization of styrene in cyclohexanone using poly-MAH: styrene, 4.1 
mole/l. at 60°C, in vacuo; (a) 4.0 g/l. Poly-MAH formed by AIBN; (b) 7.0 g/l. Poly-. 
MAH formed by BPO. 

duced by radicals (a) was found to be constant irrespectively of polymeri- 
zation time, but the diminution of rate was observed with radical (b). 
This result indicatcs that, though both radicals are sufficiently stable, the 
former is more strongly stabilized olving to its large conjugation than radi- 
cal (b). 

The radical nature of this polymerization mechanism is supported by 
the following facts. First, this rate of polymerization is proportional to 
the square root of the poly-MAH concentration. Secondly, the copoly- 
merization of methyl mcthacrylate and styrene initiated by this poly- 
RlAH(a) imports the copolymer a composition corresponding to  the radical 
mechanism. On the other hand, poly-MAH induced the cationic poly- 
merization of isobutyl vinyl ether (IBVE), which is known to be a very ac- 
tive monomer for cationic p~lymerization.~ It was found that the poly- 
merization of the mixture of IBVE and MAH (1 : l  mole composition), 
initiated by poly-AIAH, gives only the homopolymer of IBVE a t  20°C 
and 60"C, though the usual radical polymerization of IBVE in the presence 
of MAH always produces a copolymer of 1:l composition. The rate of 
this cationic polymerization a t  20°C is not changed by the presence of 
XIAH. If the radical polymerization occurred partially in the mixed 
system of IBVE and MAH, the rate of cationic polymerization would be 
reduced by the consumption of active species owing to radical polymeriza- 
tion, because the rate of the radical polymerization of IBVE is much smaller 
than that of thc cationic polymerization. That is, if the 14.5-gauss radi- 
cals arc consumcd by radical polymcrization in the mixed system of MAH 
and IBVE, the overall rate of polymcrization by poly-MAH(a) should be 
rcduced. 
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These results indicate that two small conjugated radicals [radicals of 
14.5 gauss in (a) and 18.3 gauss in (b)] are not propagating radicals 
of MAH in the usual radical polymerization. When the polymerization of 
styrene by poly-MAH(a), in which the radical of 3.5 gauss is dominant, was 
examined, a larger rate was observed in THF solution than in dioxane and 
cyclohexanone, although the usual radical initiators show the smallest 
rate in T H F  as observed by the authors. This result should be attributed 
to the electric positive charge of this radical which causes formation of a 
molecular complex and then T H F  radical formation by hydrogen transfer. 
T H F  is a good hydrogen transfer agent for electrically positive radicals, as 
shown later. This T H F  radical formed easily initiates the polymeriza- 
tion of styrene instead of the very stable radicals of 3.5 gauss in poly-MAH 
of (a). The formation of cationic, active species from these radicals in- 
dicates the strong electron-positive charge localized in the radicals. 

The radical corresponding to 14.7 gauss in (a) should be considered as 
a superposition of a doublet over a singlet, as shown by the dotted curve of 
Figure 2a. On the other hand, it is thought that the broad spectrum of 
18.3 gauss formed by BPO (Fig. 2b) has a triplet structure. 

In  the ionic polymerization induced by poly-MAH, the radical of 14.7 
gauss in (a) shows a similar behavior as the radical of 18.3 gauss in (b), 
but the 3.5-gauss radical in (a) is quite different from the other two radicals 
(see the part I11 of this series4). 

All poly-MAH samples show an absorption in the range of 450 nm ac- 
companied by a small shoulder a t  550 nm. These absorptions did not de- 
crease after storage of poly-MAH, and it was confirmed that this absorp- 
tion of 450 nm has no correlation with the concentration of any radical. 
However, this absorption appeared considerably in t,he course of the p l y -  
merization of BlAH by AIBN, in which a large conjugated radical is possi- 
bly formed. For example, system no. 2 in Table 11, which shows a strong 
absorption of 450 nm, indicates the possibility of the formation of a large 
conjugated radical because of the high concentration of AIBN. Of course, 
a homogeneous system is not suitable for accumulation of radical, and the 
polymer obtained from a homogeneous system has only a small number of 
radicals. 

Another experimental proof is the inversely parallel relationship between 
number of radicals and absorption intensity of 450 nm, which is shown in 
experiments 1 and 4 of Table 11. Considering the low polymer yield of ex- 
periment 4, this condition is very suitable to the formation of a large con- 
jugated radical in spitc of low concentration of trapped radicals. This 
is caused by the fact that the precipitate produced in dichloroethane is less 
rigid than that in benzene and is not suitable for the accumulation of 
radicals. In this sense, it is possible to attribute this absorption to a large 
conjugated molecular system n-hich remains even after termination of the 
large conjugated radical. In  addition, we have other evidence for this as- 
sumption; that is, the polymerization system of citraconic anhydride by 
AIBN does not, give this absorption, though the polymerization of this mo- 
nomer was followed by dilatometry. In  this case, the growth of the con- 
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jugated system by the elimination of hydrogen is inhibited by an a-methyl 
group of this monomer. 

By examining Tables I and 11, it is found that a large conjugated radical 
is effectively produced under unfavorable condition for the polymerization 
reaction in the presence of an excess of AIBN. At low concentration of 
AIBN, the number of small conjugated radicals is relatively increased (see 
samples 1 and 8 in Table 11). From these results, the following mechanism 
of the formation of trapped radicals is assumed: 

H 
I 

t H 
I 

V 

The AIBN radical exists freely in the solution, because of the difficulty 
of the attack on MAH and weak affinity for the hydrogen atom, in contrast 
with the BPO radical. The propagating radical of MAH (I) also hardly 
attacks MAH owing to their electrostatic repulsion. On the other hand, 
as MAH is a 1,Zdisubstituted monomer, the hydrogen at the @-carbon in 
type I is easily released accompaning the abstraction of geminate hydrogen 
atoms to form the radical of type 11. The propagation of the conjugated 
system becomes more difficult after type I1 radical, owing to the stabiliza- 
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tion of the ?r-electron system. The formation of type V radical is probably 
achieved by the existence of a free AIBN radical in the solution. The 
14.7-gauss radical is too stable to be assigned as propagating radical I, be- 
cause this could exist in poly-MAH obtained by homogeneous polymeriza- 
tion. Moreover, the behavior of polymerization of IBVE initiated by this 
active species confirms this conclusion. 

The ESR spectrum of 14.7 gauss is assigned to a radical of type 11, 
having a doublet structure due to one @-hydrogen. However, the radical 
nature of this active species is rather weak owing to  two electrophillic 
groups of carbonyl and MAH. The hydrogen on the MAH ring also 
splits off owing to the electrophillic nature of the MAH group. But this 
splitting might be very weak and gives only a broad peak. That unpaired 
?r-electron is delocalized in the MAH ring, and the contribution of reso- 
nance between radical I1 and radical VII in the following illustration is 
more important than that between radical I1 and radical VI: 

H H 
I I 

-C-k-C==C-H - C - M - H  
I I  I I I  

0 0  
I1 VI 

W 

The resonance structure of VII makes the initiation of cationic poly- 
merization a possibility. In  radical V, the unpaired ?r-electron is strongly 
attracted by two MAH groups which have a very high electron affinity, so 
that this electron seems to be trapped in the MAH group. This structure 
gives a very narrow ESR spectrum: 

H 
I 
I 

- - c - L M -  C==C-H s== 

V 
H 
I 0  

WI 
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In  the polymerization in benzene solution initiated by BPO, the radical 
formation is illustrated as follows: 

-+ @,-0-H + *C.I=C-H 
I I  

P P  
I I  

0 0 c, 0 /c \\ 
Ix 

H H H  

XI X 

BPO radical abstracts a hydrogen from MAH by its high hydrogen af- 
finity.' This radical hardly attacks the double bond of MAH owing to 
electron repulsion. The hydrogen in radical X ,  which is surrounded by 
an unpaired electron, a carbonyl group, and an MAH group, is very mobile 
and is easily transformed into radical XI.  The ESR spectrum of radical 
XI should be a triplet signal due to two @-hydrogens, which is deformed as 
a broad line owing to the hydrogen on the conjugated MAH ring, as dis- 
cussed for radical 11. In  consequence the broad triplet 18.3-gauss signal (b) 
is assigned as radical XI. In  this case, the extension of conjugated system 
hardly takes place, and the resulting ESR spectra also show no existence 
of such a large conjugated radical. The absorption of 450 nm, which had 
been assigned to a large conjugate system, was very weak in this case. 
The identical behavior in cationic polymerizations of IBVE4 induced by 
14.7-gauss radicals in (a) and 18.3-gauss radicals in (b) in Figure 2 are 
reasonably explained by assigning them to structures similar to those of radi- 
cals I1 and XI. On the basis of these assumptions, the slow decay of the 
18.3-gauss radical (b) as shown in 
reaction: 

H 
I 

XI 

Table I11 is explained by the following 

In  this case, the decomposition of the radical occurred with the release 
of secondary hydrogen. On the other hand, the other two radicals de- 
composed easily releasing tertiary hydrogen atoms according to the fol- 
lowing reactions: The differencc between these two decays is probably 
caused by the difference in stability of these radicals. 
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H 
I 
I 

- & M - H  +---H + H .  

Heating the cyclohexanone solution of poly-MAH obtained by AIBN 
in the presence of newly added AIBN a t  60°C did not change the absorp- 
tion a t  450 nm. However, in the case of BPO, the absorption at 450 nm 
decreased under the same conditions, accompanied by an increase in ab- 
sorption a t  550 nm. The shift in absorption to a long wavelength range is 
caused by the extension of the conjugated system. The BPO radical at- 
tacks even the rather stable hydrogen at the P-position of the long con- 
jugate system, which is not abstracted by an AIBN radical of low hydrogen 
affinity. 

In  the polymerization of MAH in dioxane, the increase in MAH concen- 
tration from 1 mole/I. to 4 moles/I. increases the dependence of the rate of 
polymerization on AIBN concentration (from 0.6 to 0.8). This phenom- 
enon is explained by the increase of one molecular termination, which is 
discussed above. The interaction between the propagating radical of 
MAH (electron acceptor) and dioxane (electron donor) has an influence on 
the nature of these radicals and increases the ratio of mutual termination 
against one molecular termination. It has been mentioned that the radicals 
have a strong electron a f f i n i t ~ . ~ . ~  Moreover the complex formation of 
dioxane and MAH, as mentioned later, influences the rate of polymeriza- 
tion as shown in the case of benzene, and the interaction between AIBN 
radical and dioxane might inhibit the formation of conjugate system owing 
to the deactivation of AIBN radical in the sense of steric hindrance. In  
fact, the polymer obtained in dioxane solution contains a small number of 
radicals and has a weak absorption at 450 nm (see Table 11). 

Additional evidence for the low efficiency of primary radicals formed 
directly from AIBN and BPO in attacking MAH is obtained from the 
polymerization of MAH in the presence of a small amount of ether. For 
example, a five-membered cyclic ether such as tetrahydrofuran (THF) is a 
very suitable chain transfer agent for an electropositive radical, and such 
an ether radical attacks MAH very favorably. In  fact, considerable de- 
crease in molecular weight of the resulting polymer was observed in the 
polymerization of methyl methacrylate, methyl acrylate, maleimide, N -  
butylmaleimide, and acrylic acid in THF solution as compared with dioxane 
and benzene solution, in spite of the small change of the rate of polymeriza- 
tion. 
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I I 

Ether 
Ether+ Benzene % 

Fig. 4. Polymerization of maleic anhydride in mixed solution of various ethers and 
benzene: (0) THF; (0 )  dioxolane; (A) tetrahydropyran; (m) 1,3-dioxane; ((3) butyl- 
ene oxide; (A) 1,2-dimethoxyethane; (M) n-propyl ether; (m) pure benzene; (€3) 
dioxane; MAH, 1 mole/l.; AIBN, 0.13 mole/l.; time = 20 hr; temperature, 6OoC. 

Figure 4 shows a remarkable increase in the rates of polymerization by 
the addition of a small amount of five-membered cyclic ethers. These data 
were obtained using AIBN as initiator in benzene solution; the same 
phenomenon was also observed in dichloroethane. In  another polymeriza- 
tion initiated by BPO, 10% T H F  addition in benzene solution gives a four 
times higher yield than in the absence of THF. The yields are estimated 
from the precipitated polymer in benzene. The addition of large amounts 
of T H F  reduces the molecular weight of polymer owing to the chain 
transfer reaction between propagating MAH radical and THF.  The reac- 
tion of MAH in an excess of T H F  is reported to produce a 1 : 1 adduct of 
MAH and THF.' 

The decrease in yield by increasing the T H F  concentration suggests a 
decrease in precipitated polymer, that is, the molecular weights of the 
polymers are reduced with increase in the T H F  ratio, as shown in Figure 8. 
As a consequence, the rates of volume contraction increase with T H F  ratio, 
as shown in Figure 5. This acceleration is due to  the new route for attack- 
ing MAH through the T H F  radical which is produced by the reaction be- 
tween T H F  and AIBN radical or BPO radical: 

" ' I '  
C 4  
I I  

o /c \dC\O B B polymerization 
AIBN - AIBN radical - -C---C* - 
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H H  

ical - 

I I 
0 / c b A o  

polymerization - -c-c. 

1 isomerization 

Figures 6 and 7 show the relationship between AIBN concentration and 
polymerization rate in benzene solution containing 20% THF a t  two dif- 
ferent concentrations of MAH. A higher concentration of AIBN in com- 
parison with MAH reduces the polymer yields, as shown in the polymeriza- 
tion in pure benzene solution (see Table I). But this maximum point 
shifts to higher AIBN concentration in comparison with pure benzene solu- 
tion. The saturation phenomenon of the time conversion curve in Figure 6 
indicates that an unfavorable reaction occurs a t  a later stage of polymer- 
ization. It seems to be due to a distrubance of the conjugated systems 
which are accumulated during the polymerization time. The presence of 
a sufficient amount of MAH eliminates such an unusual phenomenon, as 
shown in Figure 7. In  a mixed solution (THF and benzene), a new route 
for forming MAH radicals through T H F  radicals is produced, but in the 
case of AIBN initiator the direct route is not negligible because of the 
weak hydrogen affinity of the AIBN radical. The same discussion as in 
the case of pure benzene solution is possible a t  very low concentration of 
MAH. 
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Fig. 6. Polymerization of maleic anhydride in the presence of THF: temperature, 

60°C; THF:benzene, 1:4 (in volume); MAH, 0.4 mole/.; AIBN: (0 )  0.033 mole/. 
(A) = 0.065 mole/.; (0 )  0.13 mole/l.; (0) 0.26 mole/l.; ( X )  0.39 mole/l. 

Figure S shows the effect of T H F  addition on the rate of polymerization 
a t  various MAH concentrations. This accelerating effect is not clear in 
high concentrations of MAH, in which the direct attack on MAH by AIBN 
radical seems to be more important than the route via T H F  radical. Con- 
sidering the acceleration of the propagating steps owing to the complex 
formation between MAH radical and THF, a large acceleration should be 
expected also at high concentrations of MAH. The idea of a new route in 
the initial step seems to be the most probable. The increase in absolute 
polymer yield in benzene solution in comparison with bulk polymerization 
a t  the same AIBN concentration is certainly attributable to the complex 
formed by MAH and benzene. The polymer yield is reduced with an 
insufficient amount of benzene without any variation in the ratio between 
AIBN and MAH (3 and 5 in Fig. S). Figure 9 is the result of the MAH 
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Fig. 7. Polymerization of maleic anhydride in the presence of THF: temperature, 
60OC; THF:benzene, 1:4 (volume); MAH, 4 mole/l.; AIBN: (0) 0.065 mole/l.; 
((3) 0.13 mole/l.; (0)  0.26 mole/l. 

THF (volume %) 

Fig. 8. Polymerization of maleic anhydride in the mixed solution a THF in benzene: 
AIBN, 0.13 mole/l.; time, 20 hr; temperature, 6OOC; MAH: @ bulk, total volume 5 CC; 

@ 8 mole/l., total volume 5 cc; @ 4 mole/., total volume 5 cc; @ 1 mole/l., total volume 
5 cc; @ 8 mole/l., AIBN, 0.26 mole/., total volume, 25 cc; ( ) molecular weight of 
polymer formed. 

polymerization in the THF-benzene mixture, initiated by various concen- 
trations of AIBN. The acceleration in rate is pronounced at high concen- 
trations of AIBN. The results could be explained in terms of enhanced 
initiation reaction or the reduction of termination, but not of increase in 
propagation rate, because the ratio of acceleration by THF addition is in- 
dependent of the concentration of AIBN in this case. All these results in- 
dicate that the increase of efficiency in the initial step is the most probable 
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Fig. 9. Polymerization of maleic anhydride in THF and benzene mixed solution 
using various concentrations of initiator: temperature, 6OoC; time, 20 hr; MAH, 4 
mole/.; @ AIBN, 0.065 mole/l.; @ AIBN, 0.13 mole/.; @ AIBN, 0.26 mole/. 

in order to explain these acceleration phenomena. Another mechanism, 
for example, the reduction of termination or the increase in propagating 
rate, could not explain all these results without inconsistency. 

Table IV shows a volume contraction in the MAH-ether system, caused 
by polymerization initiated by AIBN. It is known that in the case of 
these four-membered cyclic ethers, these rates of volume contraction 
shows the polymerization rate of these  ether^.^^^ In  the case of 1,2-di- 
methoxyethane, dioxane, and tetrahydropyran, the volume contractions 
are caused by both polymerization of MAH and mutual addition reaction. 
Poly-MAH was not obtained in five-membered cyclic ether solution. In  
this case, the volume contraction indicates the rate to produce a 1 : 1 adduct 
of MAH and ether in which the chain transfer reaction is extremely fast as 
compared with the polymerization reaction.? In  such reaction, the com- 
plex between acceptor radical and donor ether may be considered an in- 
termediate because of the strong electron affinity of usual  radical^.^^^ The 
large rate in T H F  in comparison with dioxolane suggests that this rate of 
the chain transfer reaction is decided by the formation of a complex be- 
tween MAH radical and cyclic ether, in which the basicity of ether plays an 
important role. In  the case of 2-methyl-THF, the methyl group intro- 
duces another factor, that of steric hindrance. Such a conclusion is also 
valuable for the results of six-membered cyclic ethers. In  tetrahydro- 
pyran, which is characterized by its high basic property, the polymer yield 
is smaller than in dioxane, but the volume contractions are increased be- 
cause of the high rate of the chain transfer reaction. 

The large rate of five-membered cyclic ether in comparison with that of 
six-membered cyclic ether can be attributed to the facility of forming 
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TABLE IV 
Volume Contraction of Maleic Anhydride and Ether System 

in the Presence of Radical Initiators 

Ether Volume contraction, %/min 

CHs--O--CHAH+CHs 0.00075 

0.0013 

n 
O L I O  

0 

O.OOO3 

0.0117 

0.003 

0.006 

0.0125 
(acceleration ) 

0.0098 
(acceleration) 

0.0091 

6 [AIBN] = 0.043 mole/l.; [MAH] = 2 mole/l., at 60°C. 

oxonium ion, as indicated in the cationic copolymerization of cyclic ethers. lo 

In this complex, cyclic ether seems to form a kind of oxonium ion, particu- 
larly in the intermediate state. 

The strong electropositive charge on the MAH radical inhibits the attack 
of this radical on MAH, which also has electropositive charge. The com- 
plex between MAH and the solvents may release this inhibition, because 
the electropositive charge on MAH is reduced by the electron transfer from 
solvent to MAH. Figure 10 shows the UV absorption spectra of MAH in 
various ether solutions in an attempt to examine the possibility of complex 
formation. Dioxane shows the strongest absorption above 360 nm, in 
spite of its weak basicity. This absorption has a maximum at 1 : l  ratio 
of MAH and dioxane. Two symmetric oxygens in dioxane facilitate the 
formation a complex. Indeed, the polymerization of MAH in dioxane gives 
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Fig. 10. Optical absorption of MAH in various ethers and benzene solution: MAH, 
0.1 g/cc; @ tetrahydrofuran; @benzene; @ isopropyl ether; @ n-propyl ether; @ di- 
oxane; @ THF; @;3,3-dimethyloxetane; @ oxetane; @ dioxane; @ 1,a-butylene 
oxide; @ 1,2dimethoxy ethane; @ 1,3dioxane. 

the highest polymer yield in all the solvents used. However, in this sys- 
tem, the interaction between the MAH radical and the oxygens of dioxane 
should be considered. Since the acceleration by addition of dioxane oc- 
curred at low concentrations of dioxane, as shown in Figure 4. As the ac- 
celeration occurring by the addition of benzene to dichloroethane is de- 
pendent on the ratio of benzene and dichloroethane, complex formation 
seems to be responsible for this acceleration. A ?r-donor such as benzene 
seems to form a r-complex with MAH rather than with the MAH radical. 
But the acceleration by toluene, xylene, and mesitylene is much smaller 
than that by benzene in spite of their large tendency of complex formation 
with MAH (observed by UV absorption spectra). This is explained by 
the large chain transfer reaction between these additives. The radicals 
obtained do not effectively attack MAH, because these radicals have no 
electronegative charge, in contrast to THF radicals. The addition of 
durene and hexamethylbenzene, which have a very large ability to  form 
complexes with MAH, shows an acceleration of the polymerization rate a t  
very high concentrations of AIBN, but not at low concentrations. Al- 
though the former additives, i.e., toluene, xylene, and mesitylene, which 
have much less of a possibility to  form such a complex, do not show accelera- 
tion at any concentration of AIBN, this fact may be explained by a com- 
plex formation; however, in these cases, the coexistence of the following 
factors complicates the reaction: (1) The complex formation between 
MAH and substituted benzene accelerates the polymerization rate. (2) 
The elimination of excess initiator radical by the charge transfer reaction 
with substituted benzenes accelerates the polymerization rate. (3) On 
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the contrary the chain transfer reactions with substituted benzene for 
propagating and initiator radicals reduce the polymerization rate. 

In  conclusion, the polymerization of MAH is suppressed by the strong 
electrostatic repulsion between MAH monomer and MAH radical in each 
step of the polymerization, and initiator radicals which have the same 
electropositive charge have only a small efficiency in the first step on the 
attacks of MAH. Moreover, according to  the specific nature of a,@-disub- 
stituted monomer, MAH radical has always one hydrogen which is easily 
released, leading to the formation of large conjugated system in the resul- 
tant polymers. This nature makes MAH more difficult to polymerize. 

The authors wish to express their gratitude for the ESR experimental assistance pro- 
vided by M. Irie and for the helpful discussion by K. Takakura. 
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