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Copolymerization and Charge.Transfer Interaction 
of Methyl lsopropenyl Ketone Cyclodimer 
with Maleic Anhydride and Maleimide 

HITOSHI TANAKA and TAKAYUKI OTSU 

Department of Applied Chemistry 
Faculty of Engineering 
Osaka City University 
Sugimotocho, Sumiyoshi-ku 
Osaka 558, Japan 

A B S T R A C T  

The copolymerizations of methyl isopropenyl ketone cyclo- 
dimer (MIPKD: 2-acetyl- 2,5,6- trimethyl-2,J-dihydropyran) 
with maleic anhydride (MAn) and with maleimide (MI) in the 
presence of ci,cr'-azobisisobutyronitrile were investigated a t  
60 and 80°C. It was found that the copolymerizations were 
performed in both systems to give rather low molecular 
weight copolymers consisting of less than 50% MIPKD units. 
It was also observed from IR and NMR spectral determinations 
of the systems of MIPKD with MAn and with MI that 1:l charge- 
transfer complexes with a small equilibrium constant were 
formed. Formation of these complexes seemed to affect the 
copolymerizations. Finally, the copolymerization of MIPKD 
with MAn was studied kinetically, The mechanism of copolym- 
erization is discussed. 
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I N T R O D U C T I O N  

TANAKA AND OTSU 

Maleic anhydride (MAn), which is a strong electron-accepting 
monomer and hardly homopolymerizes, readily undergoes alternating 
copolymerization with various electron-donating monomers such a s  
olefins, dienes, vinyl ethers, and vinyl sulfides [ 11. In most of these 
copolymerizations, the charge- transfer (CT) complex formed between 
the two monomers has been found to play an important role in the 
formation of alternating copolymer. 

as p-dioxene [ 21 and 2,3-dihydropyran derivatives (I) and (11) [ 3-51 
copolymerize with MAn to give 1: 1 alternating copolymers. 

It has also been reported that some unsaturated cyclic ethers such 

CH=CH 

CH z 0 
\ / 

CHz -CH 

/ \ 

In general, cyclic olefins are copolymerized more easily than the 
corresponding a,P- disubstituted olefins. One of the reasons has been 
considered to be a reflection of the restriction of mobility due to the 
substituents [ 61, and the relaxation of such a s t ra in  from olefinic 
bond to paraffinic bond seems to affect the copolymerization reactiv- 
tiy [7 1. Therefore, it is of interest  to study the copolymerization 
behavior of cyclic monomers with a,P-disubstituents(tetrasubstituted 
monomer), Sterically hindered a,@-multisubstituted olefins do not 
undergo homopolymerization, but sometimes, if electron-donating 
substituents a r e  introduced, they can enter into copolymerization 
with MAn [ 8, 93. 

In the previous paper [ lo], methyl isopropenyl ketone (MIPK) 
was found to easily convert to a cyclodimer (MIPKD), 2-acetyl-2,5,6- 
trimethyl-2,3-dihydropyran(III), through a Diels- Alder reaction 
I Eq. (111. 
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CH3 CH3 CH3 
I I I 

2 C H 2 = C  - C- C 
I 
c=o CHZ 

\ 
CH3 

0 
/ \ 

/ 
I 

COCHs CHz-C- 

MIPKD (111) 

MIPKD is  tetrasubstituted monomer; its formation has been de- 
scribed in the patent literature [ l l ,  121, but its polymerization 
behavior has not been investigated. The present paper will describe 
the results of radical copolymerization of MIPKD with MAn in con- 
nection with the CT complex formation. For comparison, the radical 
copolymerization and CT interaction behavior of MIPKD with male- 
imide (MI) were also studied. 

E X P E R I M E N T A L  

P r e p a r a t i o n  of M I P K D  

MIPKD was prepared from MIPK which was synthesized by 
reaction of methyl ethyl ketone with paraformaldehyde according to 
the method of White et al. [ 121. The MIPK containing a small 
amount of hydroquinone was refluxed (98-99°C) for 10 hr  in a nitro- 
gen atmosphere in the absence of light. After reaction, MIPKD was 
obtained in quantitative yield by a fractional distillation under re- 
duced pressure in a stream of nitrogen. The purity of MIPKD was 
confirmed from gas chromatography, and its structure w a s  identified 
by IR, NMR, and mass spectroscopy; bp 60-61°C/6 Torr;  n g  1.4592; 
IR showed absorptions at  v 
NMR showed (TMS in CCl,) 6 1.23, 1.57, 1.78, 2.09 (singlet, four CH3), 
1.20-2.40 ppm (multiplet, - C H 2  -CH2 -); the mass spectrum (m/e): 
M' 168. 

1715 and vc=c 1690 cm- ; c=o 

O t h e r  R e a g e n t s  

cyclohexane, respectively. a,d-Azobisisobutyronitrile (AIBN) was 
MAn and MI were purified by recrystallization from benzene and 
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1666 TANAKA AND OTSU 

recrystallized from ethanol. The solvents and precipitants were 
used after conventional purifications. 

C o p o l y m e r i z a t i o n  P r o c e d u r e  

The copolymerization of MIPKD with MAn was carried out in a 
sealed tube in the presence of AIBN with shaking in a thermostat 
maintained a t  60 or 80" C. After copolymerization, the contents 
of the tube were poured into a large amount of diethyl ether to pre- 
cipitate the copolymer. The compositions of the copolymers which 
were reprecipitated from dioxane solution into diethyl ether, were 
determined by elementary analysis for carbon and nitrogen. The 
copolymerization of MIPKD with MI  was performed similarly, except 
that tetrahydroduran was used as a reprecipitation solvent. 

S p e c t r a l  a n d  M o l e c u l a r  W e i g h t  M e a s u r e m e n t s  

To determine the composition and the equilibrium constant of the 
CT complexes between MIPKD and MAn or MI, the UV and NMR spectra 
of these mixtures were measured a t  25°C in benzene and carbon tetra- 
chloride, respectively. 

A Knauer vapor pressure osmometer was employed to determine 
the number-average molecular weight of the copolymers of MLPKD 
with MAn and with MI at 45°C in acetone and tetrahydrofuran, 
respectively. 

R E S U L T S  AND DISCUSSION 

F o r m a t i o n  of C T  C o m p l e x  

When MIPKD was mixed with MAn in benzene, a yellow coloration 
was observed, indicating the formation of a CT complex. W spectral 
measurement was applied to this system in benzene at  25°C. The 
results of continuous variation a re  shown in Fig. 1, from which it is 
found that an absorbance maximum is observed a t  a 1:l molar mixture. 
The absorption maximum due to this complex is observed a t  360 nm. 
This indicates the formation of a 1:l CT complex of MIPKD with MAn. 
A similar result was also obtained from NMR spectral measurements. 

Figure 2 shows, for an example, the NMR spectral change of this 
system under Benesi-Hildebrand conditons [ 141, i.e., [ MIPKD] 
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'I 

OA 0.5 
Mole fraction of MAn 

FIG, 1. Continuous variation for the CT complex formation of 
MIPKD with MAn in benzene a t  25OC: (a) a t  360 nm, (b) at 380 nm. 
[ MAn] = [ MIPKD] = 1 mole/liter. 

I 
450 425 (cps) 400 

FIG. 2. Variation of NMR spectra of the mixture of MAn (0.1 
mole/liter with MIPKD. (A) [ MIPKD] = 1.52 mole/liter; (B) 
[ MIPKD] = 5.53 mole/liter; in carbon tetrachloride. 

>> [ MAn] . It is clear that the absorption of the MAn protons shifts 
to a high magnetic field. From these observations, the equilibrium 
constant K for complex formation was determined according to the 
Benesi-Hildebrand equation [ 141 [ Eq. (211 : 
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1668 TANAKA AND OTSU 

FIG, 3. Plots by Eq. (2): ( 0 ) MIPKD-MAn system; ( a MIPKD- 
MI system ([ MI] = 0.1 mole/liter). 

A A 
where A = 6f - dobsA and A = 6 A - bcA. bf and 6cA a re  the 
chemical shifts of free and complexed MAn, respectively, and 60bs 

is the observed chemical shift based on MAn which is expressed by 

A obs c f  

Eq. (3). 

[complex] 

[ MAn] + [complex] 
(3) 

A A  [ M h l  A 
+ 6 C  

= 6f 
[ MAn] + [complex] 6obs 

The plot of Eq. (2) is shown in Fig. 3, in which a similar plot for 
MIPKD-MI system is also shown. For this system, 1:l CT complex 
formation was also confirmed from UV and NMR measurements. 
From Fig. 3 plots according to Eq. (2) give straight lines, and the K 
values a re  calculated as 0.03 and 0.02 l/mole for the MIPKD-MAn 
and MIPKD-MI system, respectively. From the observed small K 
values, both 1:l CT complexes seem to be weak or of the contact type, 
similar to that of methyl vinyl ketone cyclodimer with MAn [ 51. 

The shift of protons in MAn to high magnetic field (Fig. 2) may 
also be due to the magnetic anisotropy of carbon-carbon double bond 
in MIPKD, in which two double bonds of MIPKD and MAn a r e  expected 
to approach in parallel with each other. Such a shift was also observed 
in the MIPKD-MI system. Therefore the formation of the complex 
seems to be favorable to the copolymerization, since the overlap of 
the reacting IT orbitals of both monomers is possible. 
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CHARGE- TRANSFER JNTERACTION 1669 

FIG. 4. IR spectra of MIPKD, MIPKD-MAn copolymer and MIPK- 
MAn copolymer: (a) MIPKD (neat liquid); (b) MIPKD-MAn copolymer 
(film); and (c) MIPK-MAn copolymer (film). 

C o p o l y m e r i z a t i o n  of M I P K D  w i t h  M A n  

MIPKD does not homopolymerize at 60 and 80°C with AIBN as an 
initiator. However MIPKD can copolymerize with MAn to give a 
colorless, powderlike copolymer which is soluble in dioxane and 
acetone. Figure 4 shows the IR spectrum of the resulting copolymer 
together with that of MIPKD and the MIPK-MAn copolymer. 

The MIPKD-MAn copolymer (Fig. 4b) shows the characteristic 
peaks of MIPKD and MAn, i.e., at 1717 cm-' for C=O group of 
MIPKD unit, and a t  1798 and 1848 cm-' for the anhydride group of 
MAn. Therefore i t  is clear that the resulting polymer is a copolymer 
of MIPKD and MAn. Comparison of the two spectra (Fig. 4a, 4b) shows 
also that the MIPKD copolymerizes with MAn through its internal 
double bond, since the absorption band due to the double bond a t  1690 
cm-' observed in MIPKD disappears in the copolymer obtained. 
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1670 TANAKA AND OTSU 

TABLE 1. Copolymerization of MAn (MI) with MIPKD (Mzla 

Elementary 
analyses 

Tem- [ M z ]  Reaction [ M z ]  in 
perature in feed time Yield Carbon Nitrogen copolymer 
("a (mole %) (hr) (%I (%I (%) (mole %)b 

~~ ~ ____ 

60 19.1 
30.5 
41.8 
50.0 
65.2 
76.8 

80 19.1 
30.5 
41.8 
50.0 
65.2 
76.8 

4 
4 
4 
4 
4 

4 
2 
2 
2 

2 
2 

2 

1.3 

1.2 
1.0 

1.0 

0.6 
0.4 

4.5 
4.0 
3.9 
3.2 
2.3 
1.8 

59.69 
60.76 
6 1.13 
60.54 
61.22 

6 1.42 
58.07 
59.71 
60.85 
60.53 
59.82 
60.52 

0.77 
0.54 
0.6 1 

0.64 
0.62 
0.74 

0.83 
0.77 
0.77 

0.87 
0.84 
0.97 

30.9 
36.3 
37.4 
36.1 
37.7 

38.1 
26.5 
31.0 
35.4 

33.7 
31.1 

33.1 

aReaction conditions: [ MAn] + [ MIPKD] = 3.14 mole/liter; 

bThese values were calculated by considering the amount of 
[ AIBN] = 5 x lo-' mole/liter, in benzene. 

initiator fragment at  copolymer end from a nitrogen content. 

Moreover, the difference of 20 cm-'  in wavenumber due to the 
carbonyl groups in MIPKD-MAn and MIPK-MAn copolymers (Figs. 4b, 
4c) is far from the consideration that MIPKD converts into MIPK prior 
to polymerization and then reacts with MAn to give copolymer. 

Table 1 shows the results of radical copolymerization of MLPKD 
with MAn a t  60 and 80°C. It is noted that the compositions of the 
copolymers obtained does not change appreciably with feed monomer 
composition; they remain almost constant in the range from 30 to 40 
mole % of MIPKD units (Fig. 5). 

The relationships between the MAn concentration in the monomer 
feed and the rate of copolymerization R and the number-average 

P' 
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MIPKD mole fraction in feed 

FIG. 5. Copolymer composition curves for the copolymerizations 
of MIPKD with MAn: ( 0 ) at 60°C; ( A )  at 80°C. 

molecular weight ?? of the resulting copolymers a re  shown in Fig. 6. 

Both R and 
MAn concentration. It is also found that the relationship between R 
and MAn concentration is first order. A similar dependence was also 
observed in radical copolymerization of N-vinylcarbazole with diethyl 
fumarate [ 151. 

Figure 6 shows that the resulting copolymers a r e  of low molecular 
weight. The combination of this with the result that the copolymers 
obtained consist of the MAn-rich composition strongly suggests that 
the chain transfer reaction of the growing MAn and radical to the free 
MIPKD and/or i ts  complexed monomer is important. 

This is also supported by the analysis of initiator fragments in the 
copolymers. The kinetic chain length, determined from the content of 
the initiator fragments which a r e  calculated from carbon and nitrogen 
contents in Table 1, is several times larger than the observed degree 
of polymerization. In radical copolymerization of olefins having 
allylic hydrogen atoms with MAn, the importance of the abstraction 
reaction of these labile hydrogens by growing radical has been pointed 
out by several workers [ 1, 16, 171. Since MIPKD has such labile 
hydrogen atoms and its reacting double bond is deactivated by tetra- 
substituents, this type of chain-transfer reaction seems to play an 
important role in the copolymerization. 

n 
a r e  observed to increase with increasing of the feed 

P 

P n 
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1672 TANAKA AND OTSU 

MAn mole fraction in feed 

FIG. 6. Plots of ( o , A ) copolymerization rate R and ( 0 ,  4 ) 
P 

number-average molecular weight M of the copolymers with the 

MAn mole fraction in the monomer feed: ( A  , A )  at 60°C; ( 0 ,  a ) 
at 80" C. 

n 

Reaction time (hr) 

FIG. 7. Time-conversion curves for the copolymerization of MIPKD 
with MAn in the presence of various AIBN concentrations; (a) 0.1 mole/ 
liter; (b) 0.07 mole/liter; (c) 0.03 mole/liter; (d) 0.01 mole/liter; at 
80" C ([ MIPKD] = [ MAn] = 1.57 mole/liter). 
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FIG. 8. Dependence of the AIBN concentration with the rate of 
copolymerization R at  80°C; [ MIPKD] = [ MAn] = 1.57 mole/liter. 

P 

Figure 7 shows the time-conversion curves for the copolymeriza- 
tion of MIPKD with MAn initiated by AIBN. From this figure, the R 

P 
ra tes  of polymerization are determined from the initial slopes of these 
timeconversion curves, and these R a re  found to be proportional to 

P 
the first  order with respect to the AIBN concentration a6 shown in 
Fig. 8. Therefore, the degradative chain transfer to free MIPKD 
and/or its complexed monomer seems to occur in a striking manner. 

To confirm the copolymerization mechanism further, the apparent 
activation energy was estimated. As can be seen from the Arrhenius 
plot of Fig. 0, the apparent activation energy for the copolymerization 
of MIPKD with MAn initiated by AIBN is evaluated to be 02 kjoule/mole. 
This value Is in good agreement with those (96.3 and 92.1 kjoule/mole) 
for the copolymerizations of MAn with vinyl sulfide [ 181 and with 
p-dioxene [ 191, respectively, 

of AIBN under the conditions: [ MIPD] = [ MAn] = 1.57 mole/liter 
in benzene at 80 and Q0"C for 2 hr. Therefore, no initiating radical 
formation from the CT complex occurs, contrary to the results of 
thermal initiation of the systems, MAn and strong electron-donating 
monomers such as styrene, p-dioxene [ 191, and vinyl sulfides [ 181. 

ethylenic monomer, and the steric effect of the substituents is impor- 
tant for the copolymerization. L fact, Murahashi and Nozakura [ 91 
found that tetramethylethylene did not copolymerize with MAn, but 

In addition, this copolymerization is not performed in the absence 

As can be seen from the structure 111, M P K O  is a tetra-substituted 
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16 74 TANAKA AND OTSU 

FIG. 9. Plots of In R with 1/T for the copolymerization of 
MIPKD with MAn at 60, SO, and 80" C; [ MIPKD] = [ MAn] = 1.57 mole/ 
liter; [ AIBN] = 5 X lo - '  mole/liter. 

trimethylethylene copolymerized readily. Therefore, the difference 
in reactivities between tetramethylethylene and MIPKD seems to be 
due to the cyclic structure of the latter, which reduces the steric 
effect. They also showed that the strain in internal olefins might 
affect their copolymerization reactivities with MAn, and the increase 
in such strain increased the reactivities [ 71. 

From IR spectral determination, MIPKD shows an absorption 
band due to its double bond at  1690 cm-'. This band is somewhat 
higher than those of methyl vinyl ketone cyclodimer (1680 cm- ' )  
and chloromethyl vinyl ketone cyclodimer (1670 cm- ') [ 101. Such 
a difference seems to depend not only on the polar effect, but also 
on the strain, and hence increased strain in MIPKD seems to relax 
its steric hindrance. 

C o p o l y m e r i z a t i o n  of M I P K D  w i t h  MI a n d  o t h e r  
M o n o m e r s  

To clarify the behavior of MAn in its copolymerization with 
MIPKD, the copolymerizations of MIPKC, with various monomers 
were carried out. Under similar conditions, the electron-accepting 
monomers with similar Q and e values to MAn, such as malelc acid, 
dlethyl fumarate and fumaronitrile a r e  found not to copolymerize with 
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TABLE 2. Copolymerization of MI ( M I )  with MIPKD (Mz 

Nitrogen by 
[Mz 1 Reaction elementary [ MZ ] in 
in feed time Yield analysis copolymer - 
(mole %) (min) (%) (%) (mole %) Mn 

19.1 10 9.4 11.81 11.4 3090 

30.5 10 7.2 11.55 12.6 - 
41.8 10 4.8 11.36 13.5 - 
50.0 10 4.0 11.34 13.6 2740 

65.2 10 2.2 10.6 1 17.2 26 00 

76.8 10 1.5 9.79 21.5 - 

Polymerization conditions: [ MIPKD] + [ MI] = 3.14 mole/liter; a 
[ AIBN] = 5 X lo-' mole/liter; in dioxane a t  80°C. 

MIPKD. However, it was found that MI gave a copolymer with MIPKD 
which i s  a colorless powder and soluble in tetrahydrofuran but insolu- 
ble in benzene. Such difference seems to originate from the fact that 
MI consists of a cyclic structure, in addition to the ability of MI to 
participate in CT complex formation with MIPKD, as mentioned 
above. 

Table 2 shows the results of the copolymerization of MIPKD with 
MI. It i s  found that the resulting copolymer which composed of the 
MI unit-rich composition a re  of higher molecular weight than those 
of MIPKD with MAn. Such a difference may reflect the higher homo- 
polymerization ability of MI compared to MAn [ 201. 

relating steric hindrance of the comonomer used, as well as i ts  elec- 
tronic character, also affects the radical copolymerization reactivity 
with MIPICD, In addition, the CT complex formation in the ground 
state seems to be a dominant factor, since the formation of a CT 
complex with MIPW with maleic acid, diethyl fumarate, and fumaro- 
nitrile is not observed, 

From these facts, it isr concluded that the stereochemical structure 
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