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SUMMARY 
The rate of homogeneous polymerization of N-dodecylmaleimide (DMIm) 

with dimethyl 2,2'-azobisisobutyrate depended significantly on the kind of solvents 
used.  The  po lymer i za t ion  systems invo lved  ESR-obse rvab le  p ropaga t ing  
poly(DMIm) radical. The rate constants of propagation(k ) and termination(k) 

�9 o - �9 1 9  . . t  

were determined at 50 C m various solvents. The k value was smaller m aromatic 
solvents than in aliphatic ones. The Hammett's pl~)t of kp against o-value of  the 

took in the substituents on the aromatic solvents showed that k higher values 
solvents with either electron-accepting or donating substituents. The solvent effects 
on kp seemed to stem from complexion of poly(DMIm) radical with solvents. 

INTRODUCTION 
Considerable attention has been paid to solvents effects on kinetics of the 

radical polymerization(I-4). It is important for the solvent effects to be discussed 
on the basis of  elementary reactions involved in the radical polymerization.  
Generally, the initiation and propagation(k) rate constants are hardly affected with 
the kind of solvents, and large variation in flae termination rate constant(k) with the 
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medmm viscosity leads to a noticeable change m the overall polymerizat ion 
rate(R )(5). However, significant solvent effects on k have been observed in the 
radicaI polymerization of some acrylate monomers(6-I2). The solvent effects have 
been explained in terms of the charge-transfer interaction of propagating polymer 
radicals with solvent(3,7-10) and of the affinity of propagating polymer chain for 
solvent( l l ,12) .  The charge-transfer interaction is more significant in aromatic 
solvents than in aliphatic ones(l).  The more polar propagating polymer radical 
interacts more strongly with the aromatic solvents(i,8). 

Copolymer iza t ion  results of  maleimide derivatives revealed that their 
propagating polymer radicals are highly electron-accepting(13-16). Recently some 
N-subs t i tu ted  male imides  have been found  to p roduce  ES R-o b se rv ab l e  
propagating polymer  radicals under the actual homogeneous polymerizat ion 
condit ions where the k values are able to be determined independently of  
termination by means of ~SR(17-20). 

In the present  paper  we have invest igated the solvent  effects  on the 
po lym e r i z a t i on  o f  N - d o d e c y l m a l e i m i d e ( D M I m )  with d imethy l  2,2 '-  
azobisisoburate(MAIB). 

EXPERIMENTAL 
DMIm(supplied from Daihachi Chemical Industry Co., Ltd.) was purified by 

passing its benzene solution through a silica gel column and by recrystallization 
from ethanol. MAIB was recrystallized from methanol. Solvents were used after 
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distillation. 
Polymerization was carried out in a degassed and sealed glass tube. The 

resulting polymer was isolated by pouring the polymerization mixture into a large 
excess of  methanol. 

The number- and weight- average molecular weights(M and Mw) were 
d e t e r m i n e d  by  gel p e r m e a t i o n  c h r o m a t o g r a p h y  ~GPC)  us ing  
tetrahydrofuran(THF) as eluent by means of a TOSO-HLC 802A instrument w i t h  
polystyrene standards for calibration. ESR spectra of the polymerization mixture 
m a degassed and sealed ESR tube were  recorded on a J E O L - J E S - F G 2 X G  
spectrometer operating at X-band(9.5 GHz) with a TE mode cavity. The radical 
concentration was estimated by computer double integration of the observed ESR 
spectra by a calibration with 2,2',6,6'-tetramethylpiperidinyloxy radical (TEMPO) 
in the same medium. 

RESULTS AND DISCUSSION 
The polymerization of DMIm with MAIB was performed at 50 ~ C in various 

so lvents ,  where  the concent ra t ions  of  D M I m  and M A I B  were  0.500 and 
1.00xl0-Zmol/1, respectively. The eleven solvents used here were benzene, toluene, 
chlorobenzene,  bromobenzene,  anisole, methyl  benzoate,  benzonitrile,  ethyl 
acetate, THF, dioxane and methyl ethyl ketone. The polymerization proceeded 
homogeneously and the polymer yield(up to about 15%) increased linearly with 
time without any induction period in all the solvents used. 

Table I lists the R value and the molecular weight of  resulting polymer in 
P 

each solvent. Thus, R and the molecular weight of  poly(DMIm) significantly 
' . P 

depend on the kind of solvent used. R seemed to be higher in the aliphlic solvents 
than in aromatic ones. The highest R Pin THF was about 5 times the lowest one in 

P 
benzonitrile. THF and dioxane caused a remarkable decrease in the molecular 
weight  of  polymer  which is ascribable probably to easy chain transfer to the 
solvents. 

Fig.1 shows ESR spectrum observed in the polymerization of D M I m  with 
MAIB in benzene at 50~ where the concentrations of D M I m  and MAIB were 
0.500 and 1 .00x l0  -2 mol/1, respect ively.  The spect rum is assignable to the 
propagating polymer radical of DMIm(I).  Similar spectra were observed in the 
radical polymerization of N-substituted maleimides(17-20). Intensity ratio of  the 
three lines of  spectra depends on the kind of N-substi tuent which might be 
explicable by superposit ion of a doublet and a triplet with a 1:2:1 intensity 

Table  1. Solvent  effects on the po lymer iza t ion  rate(Rp) and 
the molecular  weight  of  result ing polymer  in the po lymer i -  
zat ion  of  DMIm(0 .50  mol/1) with MAIB(1 .00xl0"~mol / l )  at 50~ 

RP x105 ~-nXl0-4 M--wxl0 -4 Mw/Mn Solvent  (tool/ l)  

Benzene  1.41 9.4 19 2.0 
Toluene  1.45 2.4 4.3 1.8 
Aniso le  1.40 6.3 12 1.9 
Chlorobenzene  1.20 4.2 8.5 2.0 
B r o m o b e n z e n e  3.97 12 23 1.9 
Methyl  benzoate  2.38 12 30 2.5 
Benzoni tr i le  1.10 4.6 8.5 1.8 
THF 5.41 0.42 0.55 1.3 
Dioxane  3.25 1.6 2.8 1.8 
Ethyl  acetate 2.83 9.6 19 2.0 
Methyl  ethyl ketone 1.86 3.1 6.8 2.2 
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ratio(20). Propagating radicals of the 
maleimides take probably a pyramidal 
structure, resulting in the formation of 
cis- and trans-isomers. The population 
of these isomers may depend on the 
bulkiness of  substituent. Small peaks 
were also observed at the both outer 
sides in Fig.1. These might be due to a 
di f ferent  conformat ion  of  radical I 
which  is caused  by a d i f fe ren t  
structure(cis or trans) of penultimate 
DMIm unit. 

We have at tempted to trap the 
propagating radical of DMIm with 2- 
methyl-2-nitrosopropane(BNO). Fig.2 
shows ESR spectrum observed for the 
polymerization system when BNO of a 
small concentra t ion (1.2x10-3mol/1) 
was added. Thus, each line 
of the three lines spectrum 
is luther hyperfine-splitted 
due to not only ~x-hydrogen 
but also ]3-hydrogen. Such a 
spectrum is characteristic of 
a n i t rox ide  fo rmed  by 
trapping a ring radical with 
BNO(21 ,22) .  So, the 
obse rved  spec t rum is 
ass ignable  to n i t rox ide  
radical  II fo rmed  by 
t rapping  p ropaga t ing  
radical  wi th  BNO. The 
compl i ca t ed  hyper f ine  
spli t t ing comes f rom the 
fact  that radical  II is 
possibly a mixture or cis- 
and trans-isomers. When much lower 
concentration(2.9xl0 4 mol/1) of BNO 
was used, a broad spectrum of the 
same nitroxide was observed without 
observation of any other nitroxides. 
These  f indings  suppor t  that the 
spec t rum in Fig.1 is due to 
propagating radical I. 

The ESR spectrum due to the 
p ropaga t ing  radicals  was also 
obse rved  in all the solvents  used 
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Fig.1 E S R  spec trum observed  in the 
p o l y m e r i z a t i o n  of  D M I m ( 0 . 5 0  mol/ l )  
with M A I B ( 1 . 0 0 x l 0  -2 tool/l) in  b e n z e n e  
at 50~  
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Fig.2 ESR spectrum of the DMIm (0.5mol/I)/MAIB 
(1.00xl0"2mol/I)/BNO(1.2xl0"3mol/l) in benzene at 50~ 
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except for benzonitrile. The unsuccessful observation of propagating polymer 
radicals in benzonitrile seems ascribable to a low concentration of  polymer radical 
and high polarity of the solvent which reduces ESR-sensitivity. 

Table 2 presents the concentration of  poly(DMIm) radical([P-]) determined in 
the ten solvents by means of ESR. Using R and [Po], the k values in various 
solvents were estimated according to equatio~ (1) and are also l~sted in Table2. 

R = k  [P-] [DMIm] (1) 
The obtained k valuers (54 1/mol~ of DMIm is similar to that(501/molos) of 

N-cyclohexylmalei~nide at 50~ in benzene(17). As can be seen from the table, kp 
depended considerably on the solvent used. The largest k observed in THF was 
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Table  2. Po lymer  radical  concentration([P-]) ,  kp, k d f a n d  k t in 

the po lymer iza t ion  of  DMIm(0.50  tool/i) with  M A I B ( 1 . 0 0 x l 0  "2 mol/l) 

at 50~ in various  solvents.  
[p-]xl07 kp kd fxl06 k tx l0  "5 11 (30 ~ 

Solvent 
(mol/i) (1/mol.s) (s "1 ) (I/tool-s) (cP) 

Benzene  5.2 54 1.57 1.2 0.564 
Toluene  2.8 104 1.76 4.5 0.522 
Anisole  1.6 175 1.32 10 0.901 
Chlorobenzene  3.0 80 1.78 4.0 0.715 
B r o m o b e n z e n e  6.2 128 1.23 0.64 1.00 
Methyl  benzoate  3.2 149 0.88 1.7 1.673 
T H F  2.8 386 . . . . . .  
Dioxane 2.6 250 . . . . . .  
Ethyl  acetate 2.4 235 1.58 5.5 0.400 
Methyl ethyl ke tone  1.9 196 . . . . . .  

about 7 times the smallest one in benzene. The k value showed a tendency to be 
lower in the aromatic solvents than in the aliph~tic ones. This finding strongly 
suggests that the solvent effects on the propagation stem from complexation of 
poly(DMIm) radical with solvent(l). 

Further, the k values even in the aromatic solvents were fairly different from 
each other. The highest k in anisole was about three times the lowest one in 
benzene. Fig.3 shows the I]ammett's plot of k value for DMIm against o-va lue  of  

�9 . P , . the substltuent on the aromahc solvents. Thus, k took higher values m the solvents 
with either electron-accepting or electron-donafing substituents. Such a tendency 
was also reported to be observed for methyl and phenyl methacrylates as shown in 
Fig.2(7,8). Kamachi et al explained the solvent effect in terms of formation of an 
electron donor-acceptor complex between the propagating polymer radical and 
solvent and correlated it with the delocalization stabilization for the complex 
formation(7-9). Evidently from Fig.2, the aromatic solvents exerted fairly larger 
e f fec t  on k (50~ for 
DMIm than oPn those(30~ 
for  the mathacry la tes ,  
indicating that the solvents 
in teract  more  e f f ec t ive ly  
wi th  the p ropaga t ing  
polymer  radical of DMIm 
than wi th  those of  the 
methac ry la tes .  This  is 
because the propagating end 
of  po ly (DMIm)  radical  is 
highly e lec t ron-accept ing  
radical on a nearly planar 
five-membered ring(13-16). 

We have also attempted 
to determine the k, value for 
DMIm at 50~ in several 
solvents. The kdf value of 
MAIB under the polymeri- 
za t ion  condi t ions  was 
de t e rmined  by means  of  
radical  t rapping wi th  
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Fig.3 HammeR's plot of solvent effect on 
kp for DMIm (50~ methyl methacrylate 
(MMA) and phenyl methacrylate(PMA) (30~ 
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TEMPO in the same manner 
as described in the previous 
papers (18,23), where k a is 
the rate  cons tan t  of  
d e c o m p o s i t i o n  of  M A I B  
and f is the in i t ia tor  
e f f ic iency �9  M A I B  de- 
composes  into 1-methyl-1- 
m e t h o x y - c a b o n y l e t h y l  
radicals and nitrogen. Some 
o f  the p r i m a r y  rad ica l s  
disappear through the cage 
reactions. The others diffuse 
through the solvent cage to 
initiate the polymerizat ion 
of  D M I m .  W h e n  the 
decomposit ion of MAIB is 
conducted in the presence of 
TEMPO,  the solvent cage- 
escaping  p r imary  radicals  
are trapped with TEMPO to 
yield a coupl ing  product .  
The decrease in the TEMPO 
concentration was followed 

M 
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Fig.4 Relationship between time and [TEMPO] 
in the polymerization ofDMIm(0.500 mol/l) with 
MAIB(2.00xl0 "3 tool/l) at 50"C in toluene in the 
presence of TEMPO(5.19xl0 "5 mol/l) 

by ESR. Fig.4 shows a typical plot o f  TEMPO concentration against the reaction 
t ime in toluene at 50~ From the slope of  the straight line, the kdf value was 
evaluated. Futher using the polymer radical concentration and kdf value, the k t value 
was calculated according to equation(2). 

2kaf[MAiB] = kt [po]Z (2) 
Table.2 summaizes the results obtained in seven solvents. The table also lists 

the viscosity(30~ of solvents used. Thus, the k value showed a tendency to be 
�9 , . t . . 

smaller m the more viscous solvent though k t m amsole was much higher than 
expected. At present we do not have any reasonable explanation for such a high k t 
value in anisole, a fairly viscous solvent�9 

Matsumoto et al found that the k values from the stationary concentrations of  
�9 , . t  . . . .  

radicals  obse rved  m the p o l y m e n z a h o n s  of  N-subs t i tu ted  ma le lmldes  are 
consistent with these f rom decay-profi les  of  the radicals(20). The R values 
estimated by using the kdf, k and k, values obtained here are quite consistPent with 

�9 ] 9  . 

those m Table 1. These results also support that the spectrum in Fig.1 is due to 
propagating radical I. 
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