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ABSTRACT: Electron spin resonance spectroscopy was used to determine the absolute rate constants for 
the radical polymerization of eight kinds of dialkyl itaconates (DRI) with various ester groups with dimethyl 
2,2'-azobis(isobutyrate) (MAIB) in benzene at  60 "C. I t  was found that the polymerization rate (R,) depended 
mainly on the structure of the ester substituents. Propagation rate constants (k,) for all DRIs were determined 
to be much smaller (0.2-3.9 M-ls-l) than those for ordinary vinyl monomers and were found to decrease as 
the ester substituents of the DRIs became bulkier. Termination rate constants (kt) for all DRIs were also 
determined to be smaller ((1.4-64.1) X lo3 M-ls-l) than those for ordinary vinyl monomers and were revealed 
to be lowered with increasing bulkiness of their ester substituents. From these results, the relationships 
between the rate constants and R, were discussed. 

Introduction 
We have studied the radical polymerizations of some 

1,2-disubstituted ethylenes, e.g., fumaric and maleic acid 
derivatives, in order to synthesize rigid vinyl polymers.lg2 
A polymer produced from 1,2-disubstituted ethylenes 
consists of a substituted polymethylene structure and 
shows new properties different from those of ordinary vinyl 
polymers with a flexible chain structure.ld We have also 
investigated the radical polymerization of 1,l-disubsti- 
tuted ethylenes having bulky  substituent^.^ 

Among 1,l-disubstituted ethylenes, dialkyl itaconates 
(DRI) are well-known to show a high polymerization 
rea~t ivi ty .~!~ In the polymerization of DRI, the relationship 
between the structure of the ester substituents and the 
polymerization reactivity has been studied in detail.3b It 
was established that the introduction of ester alkyl groups 
such as isopropyl and tert-butyl decreased the polymer- 
ization reactivity of DRI. This is in contrast to the fact 
that in the polymerization of dialkyl fumarates (DRF) the 
bulkiness serves to enhance the overall polymerization 
reactivity.' 

Generally, rate constants for propagation (k,) and 
termination (kt) are determined by analysis of a non-steady 
state by the use of a rotating sector method.6 Recently, 
however, it has been demonstrated successfully that 
electron spin resonance (ESR) spectroscopy can also be 
used as another tool for the elucidation of the rate constants 
a t  a non-steady state as well as a steady state in the case 
when the concentration of propagating radicals is high 
enough to be detected by ESR spectro~copy.~-l~ In the 
radical polymerization of DRF, the propagating radicals 
are easily detectable under the usual polymerization 
conditions by ESR spectroscopy without any special 
technique and apparatus, because of a slow rate of bi- 
molecular termination between less flexible polymer 
radicals.l We have already determined the rate constants 
for the radical polymerization of DRF and discussed them 
in relation to the structure of the ester groups.'3 

Sat0 and co-workerse have reported the determination 
of k, and kt for the polymerization of di-n-butyl itaconate 
(DnBI) and methyl phenethyl itaconate (MPI) by ESR 
spectroscopy, but the effect of the structure of the alkyl 
esters as substituents of DRIs on the rate constants has 
rarely been studied. 

The present study deals with the determination of k, 
and kt in the polymerization of various DRIs (shown in 
Chart I) with the help of ESR spectroscopy. A correlation 
between the structure of the substituents and the rate 
constants has also been established. 

Experimental Section 
Materials. Commercial diethyl (DEI), di-n-butyl (DnBI), di- 

isobutyl (DiBI), and di-sec-butyl (DsBI) itaconates were used 
after distillation under reduced pressure; bp 81 "C/2 mmHg for 
DEI, 145 "C/10 mmHg for DnBI, 98 "C/3 mmHg for DiBI, and 
84 "C/1 mmHg for DsBI. 

Bis(cyclohexylmethy1) (DCHMI), diisopropyl (DiPI), and di- 
cyclohexyl (DCHI) itaconates were prepared by the esterifica- 
tion of the itaconic anhyride with the corresponding alcohol in 
the presence of p-toluenesulfonic acid as a catalyst, followed by 
distillation under reduced pressure; bp 156 "C/0.5 mmHg for 
DCHMI, 72 OC/1 mmHg for DiPI, and 148 "C/0.5 mmHg for 
DCHI. 

Di-tert-butyl itaconate (DtBI) was synthesized from itaconic 
acid with isobutene in dioxane in the presence of a nonaqueous 
ion-exchange resin (Amberlyst 15) and purified by distillation 
under reduced pressure; bp 82 "C/1 mmHg. 

Dimethyl 2,2'-azobis(isobutyrate) (MAIB) and 2,2'-azobis- 
(2,4,4-trimethylpentane) (ATMP) used as initiators were recrys- 
tallized from ethanol. 1,3,5-Triphenylverdayl (Verdazyl) was 
synthesized and purified as described in the literature;" A,, = 
720 nm and emax = 4.37 X 103. The other reagents were used after 
routine purifications. 

Polymerization Procedures. Radical polymerization of DRI 
was carried out in a degassed glass tube with MAIB in benzene 
a t  60 "C. After polymerization for a given time, the contents of 
the tube were poured into a large amount of aqueous methanol 
to isolate the polymer. The conversion was calculated from the 
weight of the polymer dried under vacuum. 

Measurements. ESR measurements were carried out at  60 
"C in a degassed sealed ESR tube by using a Bruker ESP-300 
spectrometer with a T E  mode cavity. The typical operation 
conditions of the ESRmeasurements were as follows: modulation 
frequency, 100 kHz; modulation amplitude, 0.5 G; time constant, 
655.36 ms. Determination of the propagating radical concen- 
tration was performed by using ESR spectra obtained from the 
accumulation of two scans with 10-G modulation amplitude, 
wherein the change in the sensitivity of the ESR spectrometer 
was neglected because the ESR mesurements were carried out 
at  very low conversion (<2%). 

UV-vis spectra were recorded on a Shimadzu UV-160 spec- 
trophotometer at  60 "C. 
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Figure 1. Time-conversion relationships for radical polymer- 
izations of DRIs with MAIB in benzene at 60 "C ([DRI] = 1.5 
M, [MAIB] = 0.02 M); (0) DnBI; (0) DiBI; (0) DsBI; (0) DtBI; 
(A) DCHMI; (A) DCHI; (0) DEI; (m) DiPI. 

Table I 
Determination of Absolute Rate Constants for Radical 

Polymerization of DRI with MAIB in Benzene at 60 O c a  

R x 105, [Pel x 106, k ,* k d f x  106, k,d X 10-3, DRI k sd M M-P s-l g-l f c  M-l s-l 

DEI 0.76 1.3 3.7 3.0 0.36 64.1 
DiPI 0.82 5.2 1.1 3.3 0.40 5.0 
DnBI 1.40 2.7 3.5 3.1 0.36 16.9 
DiBI 1.27 3.1 2.1 3.8 0.45 15.6 
DBBI 0.60 6.2 0.6 3.8 0.46 4.0 
DtBI 0.13 4.4 0.2 2.7 0.33 5.6 
DCHI 2.82 8.2 2.3 2.4 0.28 1.4 
DCHMI 3.16 5.3 3.9 2.4 0.29 3.4 

a [DRII = 1.5 M, [MAIB] = 0.02 M. Calculated from k ,  = R,/ 
[DRI][P']. k d  = 8.4 X lo* s 1 . 1 7  Calculated from kt = 2kd f [I]/ 
[ P T .  

Results and Discussion 
Radical Polymerization. The radical polymerizations 

of the various DRIs were carried out with MAIB in benzene 
at  60 "C. Figure 1 shows time-conversion relationships 
for these polymerizations. The polymerization rate (R,) 
was determined from the initial slopes (less than ca. 10% ) 
of the curves in the figure, and the values are given in 
Table I. The R,  has been found to depend mainly on the 
structure of the ester substituents. For example, in the 
polymerizations of the four DRIs having butyl groups, 
when the bulkiness of the ester substituents increased from 
primary to tertiary, R, decreased in the following order: 
DnBI N DiBI > DsBI > DtBI. It has been pointed out 
earlier that R, increases with increasing bulkiness of the 
ester substituents in DRF polymerization, i.e., tert-butyl 
> sec-butyl > isobutyl E n-butyl esters, which is mainly 
interpreted by the retardation of bimolecular termination 
due to the rigidity of the polymer chain.' However, in 

Figure 2. ESR spectra recorded during radical polymerizations 
of (a) DnBI, (b) DiBI, (c) DsBI, and (d) DtBI with MAIB in 
benzene at 60 "C ([DRII = 1.5 M, [MAIB] = 0.02 M). 

DRI polymerization, the structure of the ester substitu- 
ents does not influence the termination rate much, because 
poly(DR1)s are members of the poly(1,l-disubstituted eth- 
ylenels, which are less flexible than the poly(monosub- 
stituted ethy1ene)s but more flexible than substituted 
polymethylenes such as poly(DRF). Moreover, it should 
be noted that DCHMI and DCHI bearing cyclohexyl 
groups show a higher polymerization reactivity than other 
DRIs. Such behavior may be interpreted on account of 
the bulky substituents on these monomers. The excep- 
tionally high viscosities ( 9 )  of DCHMI and DCHI may 
also be responsible for the low k,; e.g., 9 of DCHI (67.1 CP 
at 30 "C) is much higher than those of other DRIs: 2.81, 
3.49, 3.78, 4.63, 4.70, and 7.48 CP for DEI, DiPI, DnBI, 
DiBI, DsBI, and DtBI, respectively. The viscosity of the 
polymerization medium is known to affect significantly 
the bimolecular termination process.15J6 

ESR Spectraof the Propagating Radicals. The ESR 
spectra were recorded during the radical polymerizations 
of DRIs with MAIB in benzene at  60 "C. Figure 2 depicts 
the ESR spectra of four butyl esters. All monomers gave 
a five-line spectrum, splitting further with increasing 
bulkiness of the ester substituents. These spectra are 
basically the same as those obtained by Kamachi et aLBb 
and Sat0 et aL9 The variation in the ESR spectra obtained 
for primary, secondary, and tertiary substituent groups 
may be due to a change in the conformation of the 
propagating radicals which depends on the steric effect of 
the ester substituents. Kamachi et alaab have already 
reported the simulation of the five-line spectrum with a 
small shoulder peak, which was observed in the photo- 
polymerization of DnBI with benzoyl peroxide in bulk at  
low temperature, by means of the following hyperfine 
splitting constants: 14.1 G for two @-protons and 10.1 G 
for the other two /3-protons. The four spectra shown in 
Figure 2 were also simulated similarly, i.e., a triplet of 
triplets due to the two sets of two protons having slightly 
different splitting constants. 

Determination of Propagation Rate Constant. The 
k, can be calculated from eq 1 using R, and the propagating 
radical concentration ([PO]). By using a solution of known 

k, = Rd [ P O I  [DRII (1) 

concentration of Verdazyl as a stable radical, [P*l for the 
polymerization systems of DRI was determined. As shown 
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by Verdazyl. From these experimental values, kdf[II and 
[P*l, kt for DCHI was calculated to be 1.4 X 103 M-l s-l. 
It is clear that values for kt obtained from the two different 
methods match, indicating that bimolecular termination 
occurs mainly and that eq 2 is valid for the polymerization 
of DRI with MAIB at  60 "C. 

In Table I, kt values for the other DRIs determined by 
the steady-state method are summarized. The values for 
kt were smaller than those for the usual vinyl monomers, 
indicating that the rigidity of the propagating poly(DR1) 
chain may affect the rate of bimolecular termination 
similar to DRF polymerization. Such a small kt supports 
the easy observation of the propagating radicals in DRI 
polymerization by ESR spectroscopy. 

Among the DRIs examined in this study, kt values show 
a tendency to decrease with increasing bulkiness of the 
ester substituents. A significant decrease inkt in secondary 
and tertiary alkyl esters was observed. This may be due 
to the suppression of the termination reaction with increase 
in the rigidity of the polymer chain by the introduction 
of the bulky ester substituents in the side chain. However, 
DCHMI and DCHI, which have primary and secondary 
alkyl ester substituents, respectively, have remarkably low 
kt values in comparison with other DRIs, because they 
have higher viscosity than other DRIs as described above. 

Conclusion 
The k, and kt values of DRI polymerization calculated 

in this study have been found to be much lower than those 
for ordinary vinyl polymerization. The high polymeri- 
zation reactivity of DRIs may arise from the consequence 
that the kt are small enough to compensate for the low k,. 
These results are similar to that for DRF polymerization; 
i.e., the propagation reaction is retarded by the steric effect 
of the two substituents while bimolecular termination is 
more retarded by the rigidity of the polymer chain. 

The relationships between R, and the rate constants 
were examined. It has been established that R, for DRI 
polymerization is dominated by both k, and kt. Although 
DRIs bearing primary ester substituents have similar k, 
values, kt for DEI is much larger than those for other DRIs, 
leading to the low R, for DEI. 

The secondary and tertiary esters except for DCHI, Le., 
DiPI, DsBI, and DtBI, have much lower k, values than 
the primary esters. Especially, k, for DtBI is the lowest 
among all DRIs examined in this study. The low k, values 
for DRIs with secondary and tertiary ester substituents 
are responsible for their low R,. 

On the other hand, in the case where the polymeriza- 
tion medium has a high viscosity, i.e., in the polymeriza- 
tions of DCHMI and DCHI, high R,  values were obtained 
due to the low kt. 
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Figure 3. Decay curve of poly(DCH1) radical after interception 
of UV irradiation in benzene at 60 "C ([DCHI] = 1.5 M, [ATMP] 
= 0.02 M). 
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Figure 4. Second-order plot for termination of poly(DCH1) 
radical after interception of UV irradiation in benzene at 60 "C 
([DCHI] = 1.5 M, [ATMP] = 0.02 M). 

in Table I, [PO] values were (1.3-8.2) X lo+ M, being 10- 
100 times higher than those of usual vinyl polymerization 
(10-7-10-g M). Subsequently, k, was calculated from eq 
1, and the results are given in Table I. The values obtained 
are much smaller than those for usual vinyl monomers, 
indicating that the steric effect of the two substituents on 
DRI contributes appreciably to the propagation reaction. 

When the k, values of the DRIs were compared, it was 
found that DRIs bearing primary alkyl groups have similar 
k,, while k, values for DRIs with secondary or tertiary 
alkyl groups, especially for DtBI, decrease. These results 
indicate that k, is greatly affected by the structure of the 
ester substituents in DRI polymerization. 

Determination of Termination Rate Constant. The 
kt was determined by analysis of either a non-steady state 
or a steady state. The former method was performed by 
carrying out the radical polymerization of DRI in an ESR 
tube using ATMP as an initiator under UV irradiation. kt 
was determined from a decay of the propagating radical 
after the UV irradiation was interrupted, because ATMP 
scarcely decomposes at 60 "C. Figures 3 and 4 show the 
decay curve of the propagating poly(DCH1) radical a t  60 
"C and the second-order plot, respectively. The kt 
determined from the second-order plot of the radical 
concentration was 1.8 X 103 M-l s-l. 

On the other hand, the steady-state method for the 
calculation of kt involves eq 2, which has been derived 
from a steady state of the radical concentration. 

2k&II = k,[P'12 (2) 
where kd and f are the decomposition rate constant and 
the efficiency of the initiator, respectively. The initiation 
rate was determined by means of the primary radical 
trapping method with Verdazy1,'B i.e., by a decrease in the 
absorbance at  720 nm in the polymerization of DRI with 
MAIB in the presence of Verdazyl, assuming that primary 
radicals emerging out of the cage are quantitatively trapped 
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