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ABSTRACT: A kinetic study on the radical polymerization of diene compounds was carried 
out at 25±0.00loC. The diene compounds were ethyl pentadienoate and its derivatives 
CH2 =CX-CH=CHCOOCH2CH3 (EP:X=H, EMP:X=CH3, and EEP:X=OCH3), and 1-
acetoxybutadiene (AB). Elementary rate constants of these diene compounds were determined by 
the rotating sector method; the values of kP and k, for EP, EMP, EEP, and AB were 30.9 and 
1.9x 107 , 29.7 and 2.3x 107 , 9.9 and 0.93x 107 , and 18.0 and 28.1 x 107 M- 1 s- 1, respectively. 
These kP values are lower than those reported for styrene, MMA, methyl acrylate, and vinyl acetate. 
Cross-propagation rate constants (k 12 and k21 ) were estimated from the kP values and monomer 
reactivity ratios in the copolymerizations of these dienes (M2 ) with styrene (M.). Reactivity of the 
monomers and the propagating radicals was compared with vinyl compounds and other dienes by 
using k 12 and k21 , respectively. Lower kP values of these dienes are primarily ascribed to the fact 
that the decrease in the reactivity of the propagating radical is larger than the increase in that of 
monomer. Change in radical reactivity among dienes is larger than that in their monomer reactivity. 
Effects of the resonance stabilization of the propagating radicals on k, were not clearly evident in 
these radical polymerizations which are discussed oh the basis of the preexponential factor. 
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In the previous work, we prepared alternat­
ing copolymers of vinyl ether--ethyl acrylate 
and ketone-acrylonitrile by hydrogenation of 
1,3-disubstituted butadiene polymers.1 In the 
course of the study, we came across the fact 
that polymerization rates of the dienes are 
lower than those of conventional vinyl mono­
mers such as vinyl acetate, methyl methac­
rylate and styrene, although high molecular 
weight polymers were obtained from the 
dienes by radical polymerization.1 

edge, no available data have been reported on 
the rate constants of radical polymerization of 
1,3-disubstituted butadienes. We previously 
performed an ESR study on the radical po­
lymerization of dienes and found that the 
propagating radical ends are allylic radicals 
whose unpaired electron was completely de­
localized over the three carbons of the chain 
ends. 18 

A lot of papers have been published on the 
radical polymerization of butadiene2 •3 and 
monosubstituted butadienes.4 - 16 However, 
only a few data are available for the elementary 
rate constants for dienes.17 '18 To our know!-

In this paper, we determined the elementary 
rate constants for some diene compounds, and 
discuss the reactivity of the polymerizing radi­
cals on the basis of the cross-propagation rate 
constants in the copolymerizations with sty­
rene. Dienes used are ethyl pentadienoate, its 
derivatives, and 1-acetoxybutadiene. 
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Abbreviation: 

CH2 = CX-CH = CHCOOCH2CH3 

X=H EP 
CH3 EMP 
OCH3 EEP 

CH2 = CH-CH = CHOCOCH3 AB 

EXPERIMENTAL 

Dienes were prepared and purified as pre­
viously described.1,1s Polymerizations were 
performed using AIBN as an initiator under 
irradiation by a high pressure mercury lamp 
with filters for 365 nm.Z2 Polymerizations 
were followed by a dilatometer at 25 ± 
0.001 oc. 19 •20 In the dilatometry, the me­
niscus rose at first for a few minutes after the 
onset of irradiation, and then started to drop. 
This phenomenon is ascribed to thermal ex­
pansion of the polymerization system due to 
the evolution of the heat of polymerization. 
Therefore, we started the dilatometry mea­
surements from the time when the meniscus 
came again to the original position. The 
lifetime of the propagating radical was de­
termined by the rotating sector method. 19 - 22 

Initiation rates were estimated from the rela­
tion between the concentration of the in­
hibitors and the lengths of the induction 
periods. 2,2,6,6-Tetramethylpiperidin-1-oxyl 
(TEMPOL) was used as an inhibitor for the 
determination of the initiation rate, because 
TEMPOL has no absorption at 365 nm and is 
a good radical scavenger. 23 The induction 
period was estimated from the difference be­
tween the times when the meniscus of the 
dilatometer started to fall down from the 
original position in the absence and in the 
presence of TEMPOL. The viscosities of 
diene compounds were measured at 30°C 
using an Ubbelohde viscometer.24 

The He(I) photoelectron spectra were 
measured with the ionization energy scale 
calibrated with xenon (IP= 12.130eV) as an 
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internal standard. The spectral resolution was 
kept less than 35 meV for the 2 P312 xenon 
peak. 

Polarography was measured with a Vol­
tammetric Analyser, Yanagimoto Model P-
1 000 using solutions of 2M dienes with 0.1 M 
tetraethylammonium perchlorate in acetoni­
trile. A saturated calomel electrode (SCE) was 
used as a reference electrode and a platinum 
wire as a counter electrode. An agar-salt 
bridge prepared from 0.1 M Na2S04 solution 
was used as a junction between the SCE and 
sample. 

RESULTS AND DISCUSSION 

Ionization Potential and Half- Wave Potential 
of Diene Compounds 
In order to get information on the re­

activity of diene compounds, their ionization 
potentials and half-wave potentials were mea­
sured by photoelectron spectrometry and 
polarography, respectively. Spectra of the 
photoelectron spectrometry are shown in 
Figure I. The interpretation of these spectra 
were aided by comparison with the CNDO 
molecular orbital methods of the monomers. 
The first ionization of these monomers was 
assigned to the electron-release from the 
highest occupied-orbital. The results are shown 
in Table I which includes data for ethyl 
acrylate (EA) and vinyl acetate (VAc), 25 and 
indicate that the first ionization decreased in 
the order: EA > V Ac > EP > EEP > EMP > 
AB. The ionization potential of V Ac was 
about 1.5 eV larger than that of the cor­
responding diene compound AB and that of 
EA l.OeV larger than that of EP. Half-wave 
potentials (- £ 112) are also shown in Table I, 
and decrease in the order: AB > EMP > EP > 
EEP. The half-wave potentials of EP and AB 
were less than those of EA and V Ac, re­
spectively.26 

Smaller ionization potentials and smaller 
half wave potentials of dienes show that the 
chemical reactivity of dienes is higher than 
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Figure 1. Photoelectron spectra of dienes and ethyl acrylate(EA): A) EEP; B) EP; C) EMP; D) AB; E) 
EA. 

Table I. Iomzation potentials (JP) and half 
wave potentials (- £ 112) of diene 

and vinyl compounds 

Jp -El/2 
Monomer 

eV v 

EEP 8.46 1.65 

EMP 8.94 1.83 

EP 9.14 1.80 

AB 8.35 2.42 

EA 10.14 2.95 6 

VAc 9.85a 3.506 

a From Houk et a/.25 

b From Yamazaki et af.26 
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that of the corresponding vinyl compounds. 

Polymerization and Initiation Rates 
The rates of the radical polymerization (RP) 

of dienes were determined in bulk using 
AIBN as an initiator under steady illumina­
tion. These results are shown in Table II, and 
indicate that RP's of dienes are much smaller 
than those of vinyl monomers and decrease in 
the order: EP>EMP>EEP>AB. 

To estimate the initiation rates (R) of 
dienes with AIBN, the relation between the 
concentrations of inhibitors added and induc­
tion periods was investigated using TEMPOL 
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Figure 2. A) Inhibitory action of TEMPOL in the 
radicalpolymerization of EMP. [TEMPOL]: (a) 0 mM, 
(b) 0.17mM, (c) 0.33mM, and (d) 0.55mM. 
B) Relation between induction period and concentration 
of inhibitor. 

Table II. Rates and lifetimes for the radical 
polymerizations of dienes 

in bulk at 2YC 

0.5 

VI 
a. 

0:: 

a. 
0:: 

0.3 
0 

-1 0 2 3 
log t 

(A)EEP 

0.5 
VI 
a. 

0:: 

li_0.4 
0:: 

0.3 

-1 0 2 3 
log t 

(B)EP 

Figure 3. Determination of lifetime of propagating 
radicals in radical polymerizations of EEP and EP at 
25'C. [AIBN] = 17.5 mM. Ratio of dark to light= 3. RP'' 
RP under continuous illumination; RP" RP under in­
termittent illumination. (a) experimental curve; (b), 
theoretical curve of lifetime of I s. (A) EEP; (B) EP. 

summarized in Table II, and indicate that Ri 
decreases in the order: EP > EMP > EEP > 
AB. This order could not be correlated with 
the physicochemical properties of monomers 

[M] Rp X 105 

Monomer 
M Ms- 1 

R, X 107 

Ms- 1 

T such as Q values, 18 ionization potentials, and 
half-wave potentials (Table 1). Other factors 
such as the viscosity of the reaction system 

EEP 5.76 1.57 7.11 0.39 might participate in the initiator efficiency. 
EMP 6.64 
EP 7.38 
AB 8.41 

[AIBN] = 17.5 mM. 

4.05 9.73 
5.94 13.04 
0.66 5.39 

0.21 
0.20 
0.08 

as an inhibitor. The polymerization in the 
presence of TEMPOL took place at the same 
rate after induction period as that in the 
absence of TEMPOL as shown in Figure 
2(A). A linear relation between the concentra­
tion of TEMPOL and induction period was 
observed in polymerization systems of all 
diene monomers. A typical example is shown 
in Figure 2(B). Initiation rates were determin­
ed from the slope of the line. The results are 
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Lifetime and Rate Constants 
The mean lifetime of the propagating radi­

cal was determined by the intermittent il­
lumination method (ratio of dark to light= 
3: I) at 25±0.001°C. Figure 3 shows typical 
examples of the change of polymerization rate 
of AB and EEP with illumination time. The 
mean lifetimes of growing chains were de­
termined by sliding the theoretical curve for a 
lifetime of one second over the plots of the 
experimental data until a best fit was achiev­
ed. The experimental data are in agreement 
with the theoretical values. The mean devia­
tion of the lifetime was estimated to be less 
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Table III. Rate constants for the radical 
polymerization of dienes and vinyl 

monomers (25''C) 

kp k, x w- 7 ry(30C) k,ryx!0- 7 

Monomer 
M-t s-t M-t s-t poise M -ts -t poise 

EEP 9.9 0.93 4.39 4.1 
EMP 29.7 2.3 2.41 5.5 
EP 30.9 1.9 1.61 3.0 
AB 18.0 28.1 2.18 61.8 
St 44.0" 4.75" 0.69' 3.1 
MMA 410b 4.27b 0.63' 2.7 
MA 1580' 5.5' 1.39' 7.6 
VAc 1012d 5.88d 0.49' 2.9 

" Ref 27. b Ref 28. ' Ref 29. d Ref 30. ' Ref 31. 

than 30%, considering the deviation of the 
experimental data at illumination time from 
0.1 s to I s from the theoretical curve. The 
mean lifetimes of five runs are shown in Table 
II. The kP and k1 values were estimated from 
k/ I k1 and kPI k1 obtained from R/ I RJMf 
and RPI[M], respectively. The values of kP and 
k1 thus obtained are shown in Table III along 
with the data reported for styrene,27 MMA,28 

MA,29 and VAc. 30 The kP values for dienes 
are smaller than those for vinyl monomers, 
decreasing in the order: MA > V Ac > MMA 
>St>EP>EMP>AB>EEP. This order of 
the propagation rate constants could not be 
correlated with Q values, 16 ionization po­
tentials, and half-wave potentials of mono­
mers. Since kP is influenced not only by the 
reactivity of monomers but also by that of the 
propagating radicals, the relation between kP• 
and physical properties of monomers might 
not be simple. 

Monomer and Radical Reactivity 
In order to understand separately the re­

activity of the propagating radicals and mono­
mers, the cross propagation rate constants 
(k 12 and k21 ) were estimated from the kP 
values and r1 or r2 values. 18 The results are 
shown in Table IV. Monomer reactivity was 
estimated from k 12 values which are rate 
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Table IV. Cross-propagation rate constants of 
the copolymerization of styrene (M1 ) 

with diene and vinyl monomers (M2 ) 

k " kll b 
12 

Monomer 
M-t s-t M-t s-t 

EEP' 1550 0.9 
EMP' 2070 2.8 
EP' 1380 5.4 
AB' 276 10.1 
MMAd 85 667 
MA' 53 8780 
VAc' 0.8 101200 

"k12 =k11 /rto where k11 =kv for styrene. 
b k 21 =k22 /r2 , where k 22 =kv for other monomers. 
' Ref 18. 
d Ref.31. 
' Ref 32. 
' Ref.33. 
For r1 and r2 values, respectively. 

constants for the addition reaction of each 
monomers with the polystyryl radical, and 
radical reactivity from k21 values which are 
rate constants for the addition reaction of 
each radical to styrene. The k 12 values de­
creased in the order: EMP > EEP > EP > 
AB > St > MMa > MA > V Ac. This order was 
correlated with the Q values of the monomers: 
the larger the Q value, the larger k 21 . There­
fore, it is concluded that the monomer re­
activity is dominated by the resonance stabi­
lization of the resulting radical. On the other 
hand, the reactivity of the propagating radical 
decreased as follows: V Ac > MA > MMA > 
St > AB > EP > EMP > EEP. This order is op­
posite to that of k 12 except for the order of 
EEP and EMP, indicating that the reactivity 
of the propagating radicals increases with the 
decrease in their resonance stabilization. The 
exception of EMP and EEP is possibly at­
tributed to the participation of polar factor in 
the reactivity. Monomer reactivity changed in 
the range of 10,3 while radical reactivity in the 
range of 105 (Table IV). Accordingly, smaller 
kP values of dienes as compared with those of 
vinyl monomers are mainly ascribed to the 
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fact that the decrease in the reactivity of the 
propagating radicals due to the resonance 
stabilization is larger in magnitude than the 
corresponding increase in the monomer re­
activity toward free radicals. 

Termination Reaction 
Since the propagating radicals of dienes are 

stabilized through delocalization over three 
carbon atoms of their chain ends, 18 k1 values 
of the dienes are considered to be smaller than 
those of vinyl compounds. The k1 values of 
dienes except for AB seem to be a little 
smaller than those of vinyl monomers (Table 
III). However, the effects of viscosity on k1 

should be taken into account for comparison 
of the k1 values among diene and vinyl com­
pounds, because k1 is usually considered in­
versely proportional to the viscosity of the 
reaction system. 19 - 21 In order to remove the 
effects of viscosity (I]) on kto k 11J values were 
used for comparison of the termination reac­
tion (Table III). Viscosities of dienes at 30°C 
were used in the calculation of k 11J values in 
Table III, because available data for vinyl 
compounds were measured at 30"C, and, in 
addition, a remarkable difference in the vis­
cosity between 30oC and 25oC was not found 
in EP and EMP. These k 11J values for penta­
dienoates (Q = 5.85-8.94) were in the same 
order as those for MMA (Q = 0. 75) and MA 
(Q = 0.42), and the value for AB (3.19) was 
larger than that for V Ac (Q = 0.026). There­
fore, it is not considered that the resonance 
stabilization of the propagating radicals of 
diene compounds is the most important 
factor for lowering in termination rate con­
stants. Since the termination reaction in the 
radical polymerization is usually diffusion­
controlled, the difference in the rate constant 
(k1) is considered to result from that in the 
preexponential factor, which is composed of 
the collision frequency and steric factor (the 
fraction of effective collision), rather than the 
activation energy. The difference in k11J be­
tween AB and V Ac can be explained by 
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taking into account t-he preexponential factor, 
because AB, whose unpaired electron of the 
propagating radical is delocalized over three 
carbon center, is considered to have a larger 
preexponential factor than V Ac whose prop­
agating end is localized on the center of the 
chain end. However, the fact that k 11J values 
of pentadienoates are in the same order as­
those of MMA and MA cannot be explained 
by this concept. Recently, an ESR study 
showed that propagating radicals of penta­
dienoates are more stable through the de­
localization over the carbonyl group than 
that of AB. 18 An increase in preexponential 
factors of pentadienoates as compared with 
those of MMA and MA might be compensat­
ed by a decrease in the reactivity of propagat­
ing radicals of pentadienoates due to the 
resonance stabilization. 

In conclusion, the diene compounds gener­
ally have higher reactivity than vinyl com­
pounds. But, kP values for the dienes are 
smaller than those for vinyl monomers such 
as V Ac, MA, MMA and styrene. The smaller 
kP values are mainly ascribed to the fact that 
a decrease in the reactivity of the propagating 
radical due to delocalization is larger than an 
increase in the monomer reactivity toward 
free radicals. No effects of the stability of the 
propagating radicals of diene compounds on 
k1 could be found. 
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