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A number of papers have described the solvent effects on
the radical polymerization of vinyl compounds.!-14 Some of
them have determined elementary reaction constants for
styrene and methyl methacrylate in various solvents, indi-
cating that a predominant factor of the solvent effects is the
viscosity effect on the termination reaction. Termination rate
constants were found to be almost inversely proportional to
the viscosity of the medium and small solvent effects on the
propagation rate constant were observed.*-14 Complexation
of the propagating radicals with solvents has been postulated
for this minor solvent dependency of the propagation rate
constants, but the observed variation was too small to be
distinguished from the experimental error.

We wish to report herein the remarkable effect of aromatic
solvents on the propagation rate constants of two vinyl com-
pounds having opposite polar substituent. The monomers are
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vinyl benzoate and phenyl methacrylate, which were reported
to obey normal kinetics.15-18

For the determination of the propagation rate constants
(kp) and the termination rate constants (ky), kp?/k¢ and kp/k:
must be determined at the same temperature. The former
values were determined from the polymerization rates and the
initiation rates and the latter from the lifetimes of the prop-
agating radicals. Since accurate initiation rates could not be
determined by the inhibition method in photopolymerization,
ky?/k¢ was determined in polymerizations thermally initiated
with 2,2’-azobis(isobutyronitrile) at 30 £ 0.001 °C. The po-
lymerization rate was dilatometrically followed and was
confirmed to be proportional to [M]1:05-1.15[C]0.47-0.53 for hoth
monomers (0.05 M < [C] <0.20 M and 0.5 M < [M] < 3.0 M).
The initiation rates were determined by using 1,1-diphenyl-
2-picrylhydrazyl or p-benzoquinone as inhibitor. Photopo-
lymerizations were carried out with 2,2’-azobis(cyclohex-
ane-1-carbonitrile) as initiator at 30 + 0.001°, using an Ushio
250W high-pressure mercury lamp together with filters
(Toshiba UV-DIC and IRQ-80) for 3650A. It was confirmed
that photopolymerization rates of both monomers were pro-
portional to [M]1:90-1.10 [C]0-50-053 (2,00 X 10~3 M < [C] < 2.00
X 1072 M, 0.5 M < [M] < 3.0 M). The average lifetime of the
propagating radical was determined by the rotating sector

Table I

Rate Constants for Vinyl Benzoate Polymerization at 30 °C in Various Solvents
Ry x 1078 Rix10°85  (kp*/k) X 1058  (kp/k;) X 107¢ kpx 107, k(X 107,
Solvents mol/(L s) mol/(L s) L/(mol s) L/(mol s) L/(mol s)
@—ocnd 5.66:0.12(2)4 6.95:0.12(2) 452:013 440:043(2)¢ 1.06:0.14 2.53:0.63
@ 8.15+0.13 (3) 7.68 £ 0.12 (2) 8.48 :0.18  4.61:0.22 (4) 1.85+0.08  4.02:0.32
@F 9.14+0.14(3)  7.10:0.16(3)  11.5:0.3 471+0.15(2)  245:0.13 522+ 0.48
@m 7.71:0.13(2)  7.81:0.14(2)  7.46+0.19  4.48 = 0.41 (2) 1.68 +0.18  3.83+0.76
@—cooc_,ﬁ., 3.55 «0.12 (2) 6.53+0.15 (2) 1.90:001  2.38:038(2) 0.69:013 2.57+0.72
@CN 1.77+0.10 (3)  8.78:0.13(3)  0.36:0.02 1.10:0.10(2)  0.33:0.03 2.99:0.44
CH,COOC,H, 10.71:0.11(3)  7.16:0.16 (2) 15.7+0.3 5.93 : 0.44 (3) 2.67:0.33  4.51:0.65

4[Azobisisobutyronitrile] = 0.10 M, [monomer] = 1.01 M. ?Inhibitor = p-benzoquinone. ¢From rotating sector method.
[Cyclohexanecarbonitrile] = 3.15 x 107 M, [monomer] = 1.01 M. 9The numbers in parentheses are the number of experi-

ments.
Table I1

Rate Constants for Phenyl Methacrylate Polymerization at 30 °C in Various Solvents

R, x10% 2 R;x 108ab (kp*/ky) X 1074 kp %1072, k¢ x 1078,
Solvents mol/(L s) mol/(L s) L/(mol s) (kp/ke) X 10%¢ L/{mol s) L/{mol s)
@—OCHJ 3.52:0.03 (2) 1.1320.03 (2)4 2.62 £ 0.06 1.14 + 0.07 (2)4 2.30:0.15 2.02 + 0.22
@ 3.04 = 0.04 (4) 1.55 £ 0.05 (3) 1.49:0.04 0.85 = 0.04 (4) 1.76 = 0.08 2.06:0.21
@—F 2.90 + 0.03 (2) 1.40 £ 0.03 (2) 1.50:0.05  0.83+0.04 (3) 1.80:0.09  2.16:0.19
@—Cl 3.40:0.04 (2) 1.31 £+ 0.03 (2) 2.21 :0.05 0.99 £ 0.05 (2) 2.23:0.11 2.26 + 0.22
@'BT 3.91:0.03 (2) 1.18 £ 0.03 (2) 3.24 : 0.06 1.38 £ 0.05 (2) 2.35:0.08 1.72+0.11
@——CN 4.36 £ 0.03 (3) 1.25 £ 0.04 (2) 3.80 £ 0.08 1.40 £+ 0.04 (2) 2.73 £ 0.08 1.96:0.12

4[Azobisisobutyronitrile] = 0.10 M, [monomer] = 2.00 M. #Inhibitor
sector method. [Cyclohexanecarbonitrile] = 3.00 x 10~> M, [monomer]

number of experiments.

1,1-diphenyl-2-picrylhydrazyl. ¢From rotating
2.00 M.4 The numbers in parentheses are the
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Figure 1. Correlation of propagation rate constants for vinyl benzoate
and phenyl methacrylate with Hammett’s o, of solvents: (O) vinyl
benzoate; (A) phenyl methacrylate; k., propagation rate constants
in benzene. Polymerization temperature, 30 + 0.001 °C.

experiment. The precision of rate constants was expressed by
the average deviation.

The results are shown in Tables I and II. The value of &, for
vinyl benzoate is largest in fluorobenzene and smallest in
benzonitrile. To our knowledge, these variations in the rate
constants with aromatic solvents seem to be the most re-
markable ever reported in radical polymerization of vinyl
compounds.5-14 The solvent effects on ky, for phenyl meth-
acrylate are opposite in trend to those observed for vinyl
benzoate (Figure 1). These phenomena might be due to in-
verse polarity of the chain ends.1819 If these solvent effects
mainly result from the polar participation of solvent in the
transition state of the propagation reaction, the change of &,
with solvent should be correlated with the polarity of the
solvent. No correlation was found between &, and 1/e or (e —
1)/(2 e + 1), where ¢ is the dielectric constant of solvent. The
relationship of £, with Hammet o}, values of substituents was
shown in Figure 1. The &, is shifted in the same direction by
either donor or acceptor substituents. Since similar effects
have been found in some radical reactions in which aromatic
rings directly or indirectly participate,!9-2! the variation of
kp with o, suggests that a participation of the = system of
solvent to the reactivity of the propagating radical must be
taken into account. The possibility of copolymerization is
ruled out by the reported evidences that the copolymerization
of vinyl monomers with simple aromatic compounds did not
take place at all.22-26 One of the possible explanations for the
solvent effect might be the differences in the chain transfer
rates to solvent and/or the reinitiation rates by the resulting
solvent radicals. It was found, however, that the solvent de-
pendency of ky, did not correlate with the chain transfer con-
stants to solvent.2’

Another influence must be considered for the solvent effect.
The fact that the polymerization rate of vinyl benzoate is far
lower than that of vinyl acetate has been explained in terms
of reversible complex formation between the propagating
radical and aromatic ring.?¢ The k,, for vinyl benzoate in ethyl
acetate (Table I) is one fifth of that for vinyl acetate in bulk.2®
This fact indicates that the propagating radical of vinyl ben-
zoate is stabilized by the aromatic ring, since methyl affinity
for vinyl benzoate has been found to be similar to that for vinyl
acetate.26 Thus, influence of solvent might arise from the in-
termolecular reversible complex formation of the propagating
radical with aromatic solvents. The decrease in kj, for vinyl
benzoate in aromatic solvents compared to that in ethyl ace-
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Figure 2. Termination rate constants for vinyl benzoate polymer-
ization as a function of medium fluidity.

tate also suggests that intermolecular complex formation of
the propagating radical with solvents should be taken into
account.

The termination rate constants are correlated in Figure 2
with the viscosities of the polymerization system, which are
calculated from the viscosities of the constituents by assuming
a linear relation between fluidity and volume composition.
This result suggests that the termination reaction is diffusion
controlled, as shown in the cases of styrene and methyl
methacrylate,58.10

Interpretation of the solvent effect is being studied and will
be published in another paper.
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