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ABSTRACT: In order to elucidate the reason for the considerable difference in the 
activation energies for the propagation of styrene and isobutyl vinyl ether (IBVE), 
radiation-induced copolymerization of styrene with IBVE was carried out in bulk at 
0 and 40°C. The obtained copolymerization ratios are (M1=styrene) 

ooc n=0.46±0.05, r2=9±1 

40°C rF0.20±0.06, rF11±3 

From the temperature dependences of r1 and r2, mutual polymerization rate constants, 
k12 and k 21. and their activation energies, Ep were evaluated assuming both kp and Ep 
values obtained in bulk polymerizations of styrene and IBVE are constant also in the 
copolymerization systems studied. It is found that in the reactivity of cation, styrene 
is greater than IBVE, however, the relation is reversed in relative reactivity of monomer. 

From the comparison with Ep values in other free cationic polymerization systems, 
Ep value for IBVE cation is considered to be in some respects extraordinary high, as 
well as its frequency factor. This is presumably explained in terms of the solvation 
of IBVE to cation and possibly, resonance stabilization of IBVE cation end. 
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Previous investigations have been carried out 
in order to estimate the propagation rate con
stants, kP and the activation energies, Ep in 
the free-cationic polymerizations of bulk styrene1 

and isobutyl vinyl ether (IBVE)2 which were 
initiated by radiation. In the case of styrene, 
it was found that kp in free-cationic polymer
ization was the largest and Ep was the smallest 
in comparison with those values with other 
mechanisms. And so, it is easily understood 
that the large kP value obtained (2.4 x 106 l 
mol-1 sec-1 at 25°C) is attributable to low Ep 

value as well as to high frequency factor, Ap. 
However, in IBVE, the also relatively large kp 
(1.2 x 105 l mol-1 sec-1 at 25°C) is considered to 
be due to the extraordinarily large Ap value in 
spite of large EP value, as compared to those 
in styrene. In a bulk polymerization of iso
propyl vinyl ether by radiation, Stannett3 has 
indicated an apparent energy of activation for 
the polymerization rate, which is probably not 
much different from Ep, as 7.4 kcal mor1 • 

These activation energies give an indication 
that a high EP is a general trend in vinyl ethers. 
In this work the copolymerization between 
styrene and IBVE has been studied to elucidate 
the reason for the contrasting behaviors of the 
propagation steps of styrene to that of IBVE. 

No other work than Ueno's4 has been reported 
concerning the copolymerization studies with a 
free-cationic mechanism. He had determined 
copolymerization ratios in styrene-a-methyl
styrene and styrene-IBVE systems to demon
strate the predominance of a free-cationic 
mechanism in the polymerization of styrene by 
radiation. On the other hand, using catalysts, 
Masuda and Higashimura5- 7 have made detailed 
studies on the cationic copolymerization be
tween styrene derivatives and vinyl ethers by 
varying the solvent andjor temperature. As a 
free-cationic polymerization is an extreme situa
tion of the pair-cationic one, such a comparison 
of the copolymerization behaviors must be quite 
significant for understanding the features of the 
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free-cationic polymerization. 

EXPERIMENTAL 

Purification procedures of monomers is des
cribed elsewhere.1 ' 2 Silica gel and barium oxide 
were used as drying agents for styrene and 
IBVE, respectively. 

A sampling system is shown in Figure 1. A 
and B denote well-dried monomers, i.e., styrene 
and IBVE, respectively. Each sample tube 
containing the monomer connects to volume
calibrated sampling tubes, Cl-C6 through a 
magnet operated valve Dl (or D2). At first, 
the whole system was evacuated for two days 
with heating the sampling tubes and baking 
out of the remaining part other than the two 
monomer tubes, and sealed off at the constric
tion G. Then the frozen monomer was evacu
ated by breaking the break seal, Fl (or F2) 
and sealed off at the constriction, Hl (or H2). 
A required volume of styrene was introduced 
into a sampling tube, for example Cl, by break
ing the break seal El and opening the valve 
Dl. After the valve Dl was closed, IBVE was 
introduced by breaking the break seal E2 and 
opening the valve D2, and the ampoule Cl 
was sealed off at the constriction Jl. Through 
similar procedures, the copolymerization samples 
of different styrene composition were prepared. 

Irradiations were carried out by 6°Co r-rays 
at a dose rate of 7.7xl04 rjhr. The obtained 

:Ji - --
' 

' 

HI i Cl C2 C3 C4 C5 C6 , H2 
L--------- ---------------- __ _! 

Figure 1. Vacuum system for the preparation of 
copolymerization samples. 
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polymer yields were always maintained at a 
level of less than 2%. The obtained monomer
polymer mixture was evacuated to remove the 
unreacted monomers and dried at 60°C for more 
than two days. The polymer compositions were 
determined by the elementary analysis using a 
Yanaco CNH-corder type MT-2. 

Viscosity measurements were carried out in 
benzene solution at 30°C. 

RESULTS 

It is well known that styrene polymerizes via 
a radical, cationic or anionic mechanism, while 
IBVE polymerizes via a radical or cationic 
mechanism. However in radical mechanisms, 
the reactivity of IBVE is very poor8 and the 
formation of IBVE-rich copolymer seems to 
exclude the possibility of radical copolymeriza
tion. 

The intrinsic viscosity of polymers obtained 
in copolymerization systems at ooc is shown 
in Figure 2 as a function of styrene fraction 

·in the polymer. For the purpose of comparison, 
viscosities of the polymer mixtures, composed 
from polystyrene and poly(IBVE), both of 
which are obtained in homopolymerizations at 
ooc are also given in Figure 2. It is apparent 
that the polymer viscosity decreases considerably 
in copolymerization systems, which is generally 
observed in pair-cationic polymerization.5 Ex
amination of infrared absorption spectra failed 
to give a significant evidence for copolymer 
formation but the band at 700 cm-1 due to the 
vibration of phenyl group seemed to be nar-

0 
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Figure 2. Intrinsic viscosity vs. styrene fraction 
in copolymer and polymer mixture. 
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rower in copolymer than in polystyrene. 
Copolymerization in bulk state was carried 

out at 0 and 40°C. Almost all of the obtained 
polymers were sticky because of their high IBVE 
contents. As shown in Figure 3, it was found 
that a relatively larger amount of IBVE incor
porated into the copolymer than its initial 
monomer composition and the IBVE content 
of the copolymer increased with increasing 
polymerization temperature. In the sense of 
cationic copolymerization initiated by catalyst, 
the formation of styrene-IBVE copolymer 
with a considerable amount of styrene is strik
ing since the reactivity of IBVE has been esti
mated to be 40-60 times greater than that of 
styrene. 9 The monomer reactivity ratios ob
tained are 

ooc r1 =0.46±0.06 , r2=9± 1 

40°C r 1 =0.20±0.06, r 2 =11±3 
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Figure 3. Copolymer composition curves at 0 and 
40°C. 
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Figure 4. Temperature dependence of r1 and r2 

values: Q, present study; 0, Ueno's work3. 
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where M1 is styrene. 
The value obtained here agree well with 

those reported by Ueno, et a/., 4 (r1 =0.3±0.3, 
r 2 =10.0±4.0 at l5°C) when the temperature 
dependence of r 1 and r 2 values is taken into 
account as shown in Figure 4. The obtained 
temperature coefficients are -(3.6±1.6), and 
1.2±0.6 kcal mol-1 for r 1 and r 2 , respectively. 

DISCUSSION 

Generally, a copolymerization study is carried 
out in a dilute solution for the purpose of 
keeping the bulk properties of polymerization 
system independent of the influence of mono
mer-composition variations. In this study, 
though bulk copolymerization has been carried 
out, the obtained results are believed to be es
sentially not much different from those in non
polar solvents for the reasons given below. 

In several cationic polymerization systems 
initiated by catalysts, it has been proposed that 
a selective solvation of the propagating end by 
polar monomer took place in a nonpolar 
solvent. 4 •6 • 10 Such a solvation will be more 
probable in a free-cationic polymerization since 
the electric field around the propagating ion must 
be considerably stronger than that in the case 
of an ion pair. If IBVE molecules preferentially 
solvate the ion, the ionic atmosphere around 
the cation may be regarded approximately the 
same as that in solution copolymerization in 
nonpolar solvent, and in this case, the difference 
in the bulk polarity is less significant. On the 
other hand, if there were to be no preferential 
solvation, the bulk polarity became operative 
although the difference in dielectric constants 
in styrene (2.4) and IBVE (3.4) is not so large. 

However if there exists a selective solvation 
by IBVE, it is likely that kp and Ep values in 
the propagation of styryl cation with styrene 
are influenced by the presence of IBVE in the 
system. In the reaction under consideration, 
the nearest position to a propagating cation is 
probably occupied by a styrene molecule which 
is going to be in the transition state for the 
addition and therefore a possible consequence 
may not be so serious. In any case, on the 
basis of kP and Ep values estimated in the 
homopolymerization of styrene1 and IBVE," kP 
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Table I. Characteristic values in free-cationic propagation reactions 

kp (0°C), Ep, Reaction l mol-1sec-1 kcal mol-1 logAp 

1& St+ + St (1.7±1.1) xlQG 2.2±1.3 8.0±1.1 
2 St+ + IBVE (3.7±2.0) X 106 5.8±2.9 11.2±2.6 
3 IBVE+ + St (4.2± 1.1) X 103 8.4±3.4 10.4±2.9 
4b IBVE+ + IBVE (3.8±1.4) X lQ4 9.6±2.8 12.3±2.2 

a Ref 1. 
b Ref 2. 

at ooc, Ep and log Ap values for mutual pro
pagation reactions are evaluated as given in 
Table I. Although the each estimation error, 
evaluated as a maximum limit, is relatively 
large, it is evident that there are clear differ
ences in kp and EP values in the four kinds of 
propagation reactions. Taking into account 
each temperature coefficient, kp values between 
0 and 50°C are in the following order 

k12 > ku > k22 > k21 

That is to say, the reactivities of propagating 
cations and monomers are 

St+ » IBVE+ 

St < IBVE. 

The relative reactivity of propagating species is 
in the reverse order of the monomer's which 
is common in radical polymerization. 11 It was 
previously reported that Ep in IBVE2 was con
siderably large compared with that of styrene1 

and in the present study, it was found that Ep 

values in mutual propagation reactions were 
between the Ep values of the homopolymeriza
tions. Av in IBVE is far greater than that in 
styrene and the Ap values in cross propagation 
reactions are also between the two values. 

In pair-cationic polymerization, the reactivity 
of IBVE is too large as compared to that of 
styrene such that a copolymerization study be
tween these monomers is almost impossible. 
Subsequently, Masuda and Higashimura5 - 7 have 
carried out the copolymerization of styrene 
derivatives such as a- and p-methylstyrene or 
p-methoxystyrene with 2-chloroethyl vinyl ether. 
It was found that the fraction of the styrene 
derivative in the polymer increased with the 
use of a strong catalyst andjor polar solvent. 5 •7 

The fact that styrene-IBVE copolymer was 
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formed in a free-cationic polymerization shows 
a good correspondence with the above finding 
when, as described in early part, the exceedingly 
higher reactivity of IBVE over styrene in the 
case of ion pair was taken into account. It 
was also found that, as was in this study, rL 
decreased and r 2 increased with increasing poly
merization temperature, while in the copoly
merization between styrene derivatives or vinyl 
ethers r 1 and r 2 hardly depend on temperature.& 
From these correspondences in copolymerization 
behaviors in both mechanisms, it is enough to 
say that the free-ionic polymerization is an 
extreme case of pair-ionic one, where the dis
sociation of the catalyst is almost complete. 

It has been pointed out that vinyl ethers 
show several contrasting behaviors in comparison 
to those of other vinyl monomers as styrene 
homologues in the fields of pair-cationic poly
merization.12 The copolymerization behaviors 
described above, along with high Ep values in 
vinyl ethers,2·3 also give an indication that the 
propagation mechanisms in styrene and vinyl 
ether homologues are somewhat different from 
each other in free-cationic polymerization as 
well as in pair-cationic case. In the gas phase, 
the attachment of positive ions with thermal 
energy to an olefin is known to take place with 
sufficient reaction rates13 and the situation may 
be similar also in liquid system when solvation 
of ion is disregarded. In the radiation-induced 
polymerization of bulk isobutylene, 14 EP was. 
found to be 2 kcal mol-t, which showed a fair 
coincidence with the value in styrene. 1 These 
facts suggest that the energy requirement in 
free-ionic polymerization of vinyl monomers is 
generally low in nonpolar systems. 

Using Eyring's rate expression in solution/s. 
the activation entropy, L1S* for the free-cationic 
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Figure 5. Relationship between log Ap and £p in 
the polymerization of IBVE. 

polymerization in bulk state was calculated to 
be -24±8 and -4±10 e.u. for styrene and 
IBVE, respectively. The ,dS* for styrene shows 
respectively close agreement with the value ex
pected from the Pepper's formula, 16 

,dS*=-28+LlS* (solv.), 

proposed for the solution polymerization, how
ever ,dS* for IBVE is apparently extraordinarily 
large. 

Then, consider the propagation mechanism of 
IBVE. In Figure 5, the relationship between Ep 
and Ap in several systems of IBVE polymeriza
tion are illustrated. Kanoh's results17 ' 18 in a 
few solvents indicates that there is an increase 
of kp in a polar solvent and this can be ex
plained in terms of the dissociation process of 
the ion pair in the transition state of propaga
tion, when a weak catalyst as iodine is used. 
Recently, Bawn, et al., 19 have reported the 
polymerization of IBVE in I ,2-dichloroethane 
using tropylium hexachloroantimonates and tri
phenyl methyl tetraf!uoroborate which com
pletely dissociate to form free ions at a suffi
ciently low concentration. They determined kP 
and Ep values of 5 x 103 l mol- 1 sec-1 at ooc 
and 6 kcal mol-1, respectively. Comparing 
Kanoh's result17 in (CH2Cl)2 with Bawn's, 19 

shows the difference in pair-cationic and free
cationic polymerization of IBVE in relatively 
polar solvents. The increase of kP is considered 
as being mainly due to the enhancement of Ap 
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with the use of strong catalyst. On the other 
hand, when the results in bulk polymerization2 

are compared with Hawn's, the effect of the 
solvent in free-cationic propagation of IBVE 
is indicated. Apparently, the use of polar 
solvent seems to decrease both Ep and Ap values 
considerably. 

Above all it can be said that the bulk poly
merization of alkyl vinyl ethers via a free
cationic mechanism is characterized by high Ep 
and Ap values. The probable reason for this 
is the solvation of vinyl ether molecules to the 
ion can be raised as has been suggested in pair
cationic polymerization. 4 ' 6 Solvation pheno
mena should be separately considered in terms 
of long-range and short-range interactions. The 
magnitude of long-range solvation interactions 
may be well discussed in terms of the static 
dielectric constant of the medium and the solva
tion energy in (CH2Cl)2 must be greater than 
that in IBVE. However the solvation of the 
propagating ion due to the contribution of the 
short-range interactions is quite complicated 
being reflected by the structure and the orien
tation of solvent molecules around the cation. 
It seems quite natural to presume the coordina
tion of an electronegative oxygen to a cation. 
A high solvating power of vinyl ether homo
logue was proved in the n-complex formation 
of vinyl monomers with iodine. 20 It was pro
posed through the quantum mechanical calcula
tion that in the polymerization of vinyl ethers, 
the oxygen atom coordinates with the propagat
ing cation as well as double bond does, to 
form a four centered transition state complex. 21 

Accordingly it may be probable that IBVE 
greatly stabilizes the propagating cation by 
orienting the oxygen atom to the cation and 
the total solvation energy in IBVE is greater 
that in (CH2Cl) 2 • If so, the selective solvation 
by IBVE may be likely. 

Another probable reason for high EP value 
vinyl ether is a reasonance stabilization of the 
propagating cation as described below19 ' 22 

H H 
I+ I 

p-CH2-C 

6 6+ 
I I 

R R 
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Through theoretical calculations, 22 it has been 
pointed out that the reactivity of vinyl ethers 
could be well explained on the basis of the 
resonance structure of such a cation. Actually, 
solvation of a propagating cation end with 
vinyl ether molecules and resonance stabiliza
tion of vinyl ether cation end are probably phe
nomena not independent of each other. The 
solvation of the propagating cation will exert 
influence on the resonance and make a change 
in the charge distribution of the cation, prob
ably which favors polymerization. Coordina
tion of monomer to the propagating cation will 
also influence the reactivity of the monomer as 
that of the cation. 

In any event, a consideration of these two 
probable processes is sufficient to explain the 
relative magnitudes of Ep values in Table I. 
In addition to the conventional Ep value in a 
nonpolar system, e.g., 2 kcal mol-\ the solva
tion energy of the cation end must be consider
ed in reaction 2; on the other hand in reaction 
3, the resonance stabilization energy should 
be taken into account. In reaction 4, both 
processes are also operative. 

High Ap values are also characteristic in the 
bulk polymerization of vinyl ethers as com
pared to that of styrene. The fact that Ap 
values in reactions 2 and 3 are considerably 
greater than Ap in the homopolymerization of 
styrene suggests a different transition structure 
in the propagation process of IBVE. In the 
homopolymerization of vinyl ether, it is rather 
likely to presume a five centered coordination 
between the a carbon and oxygen of the pro
pagating ion, a, {3, carbon and oxygen of the 
monomer when the resonance structure of VE+ 
and solvation of monomer are taken into ac
count. 

In this discussion, it has been tentatively 
proposed that the temperature coefficient of 
vinyl polymerization via a free-cationic mecha
nism is generally low in a nonpolar system and 
Ep becomes higher in polar solvents because of 
the solvation of the propagating cation. In this 
respect, the propagation mechanism is some
what different in vinyl ethers probable because 
of the resonance in the propagating end and 
solvation of the monomer. Here it should be 
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noted that the conclusions stated above rely on 
the premise of the preferential solvation with 
IBVE. However, if it were not for such solva
tion, which indicates only a small difference 
between the two monomers as a solvent for 
ion, the higher Ep's in p+ + IBVE reactions 
with respect to those in p+ + St reaction must 
be given an alternative explanation. Effects of 
the solvent on a free-cationic propagation is 
one of the most essential problems which re
mains for future investigations. 
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