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In order to clarify the effects of the alkyl substituents on the reactivities of methacrylate

monomers toward the attack of a radical, the copolymerizations of a series of nuclear-substituted
phenyl methacrylates with styrene were investigated. From the results, the monomer reactivity
ratios and the Alfrey-Price Q and e values were determined. It was found that the relative
reactivities toward the polystyryl radical were not correlated with the ordinary Hammett equation,
but a linear relationship was obtained with a modified Hammett equation which contained a
term of the resonance contribution by the substituents. Accordingly, it was considered that
the reactivities of substituted phenyl methacrylates depend on both polar and resonance effects
caused by the substituents.

In previous papers,1-3) we have found that the
relative reactivities (1/r1) of alkyl methacrylates
and acrylates (M2) toward a polystyryl radical
are dependent on the polar substituent constants
(σ*) of the alkyl groups, but not on their steric

substituent constants (Es) in the modified Taft
equation (1):

where ρ* and δ are the constants which give the

susceptibility of a given reaction series caused by
polar and steric effects of the substituents respec-
tively. In these cases, the findings indicate that
the reactivities are subsject to the polar effect of
the alkyl substituents, but not to their steric effects.

In order to evaluate the substituent effect, the
correlation between the relative reactivities of
nuclear-substituted phenyl methacrylates toward

the polystyryl radical and Hammett's σ constants

of the substituents were investigated in the present
study. In the case of nuclear-substituted phenyl
methacrylates, the steric effects by the substituents
should be similar, because all of the substituents
lie across the benzene ring.

The nuclear-substituted phenyl methacrylates
used in this study have the following substituents
(X): p-OCH3, p-CH3, H, p-Cl, m-Cl, p-COCH3,
m-NO2, and p-NO2.

Experimental

Preparation of Substituted Phenyl Metha-
crylates (X-PhMA). The Schotten-Baumann re-
action of methacrylyl chloride with the corresponding
phenols was used to prepare X-PhMA. Then the re-
sulting monomers were purified by fractional distilla-
tion under reduced pressure (for PhMA, p-CH3-PhMA,

TABLE 1. PHYSICAL CONSTANTS FOR X-PhMA MONOMERS*

1) T. Otsu, T. Ito and M. Imoto, J. Polymer Sci.,
B3, 113 (1965).

2) T. Otsu, T. Ito and M. Imoto, ibid., C (16),

2121 (1967).
3) T. Otsu, T. Ito, T. Fukumizu and M. Imoto,

This Bulletin, 39, 2257 (1966).
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TABLE 2. RESULTS OF COPOLYMERIZATIONS OF X-PhMA (M2) WITH STYRENE (M1) AT 60℃

p-Cl-PhMA, and m-Cl-PhMA), or by recrystallization
from ethanol (for p-OCH5-PhMA, p-COCH2-PhMA,
p-NO2-PhMA, and m-NO2-PhMA). These purifica-
tions were repeated until the absorptions of the un-
reacted phenols disappeared in the IR spectra.

Table 1 shows the physical constants of these metha-

crylate monomers. The boiling points, melting points,
and refractive indices of PhMA, p-OCH2-PhMA,
p-Cl-PhMA, and p-NO2-PhMA were all in good agree-
ment with the reported values.4) The results of the

4) T. Kumanodani, Kobunshi, 11, 917 (1962).
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elementary analyses of the other methacrylate mono-
mers were as follows:
p-CH3-PhMA: Found: C, 75.02; H 7.14%. Calcd

for C11H12O2: C, 74.97; H, 6.86%.
p-COCH3-PhMA: Found: C, 70.28; H, 6.23%.

Calcd for C12H12O3: C, 70.58;
H 5.98%.

m-Cl-PhMA: Found: C, 61.07; H, 4.82%. Calcd
for C10H9O2Cl: C, 61.08; H, 4.61%.

m-NO2-PhMA: Found: N, 6.78%. Calcd for
C10H9O4N: N, 6.76%.

Other Materials. The styrene used as a reference
monomer was purified by a usual method. The α,α'-

azobisisobutyronitrile (AIBN) used as the radical ini-
tiator was purified by recrystallization from ethanol.
The benzene, methanol, and other solvents were also
purified by ordinary methods.

TABLE 3. MONOMER REACTIVITY RATIOS FOR STYRENE (M1)-X-PhMA (M2)
COPOLYMERIZATIONS, AND Q2, e2 VALUES FOR X-PhMA

Fig. 1. Correlation between relative reactivities of X-PhMA and Hammett
σ constants: 1 PhMA, 2 p-CH3-PhMA, 3 p-OCH3-PhMA, 4 p-Cl-PhMA,

5 m-Cl-PhMA, 6 p-COCH3-PhMA, 7 m-NO2-PhMA, 8 p-NO2-PhMA.

Fig. 2. Correlation between Q2, e2 values of X-PhMA and Hammett σ con-

stants: the numbers are the same as those indicated in Fig. 1.
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Copolymerization Procedure. The copolymeri-
zations of X-PhMA (M2) with styrene (M1) were carried
out in a glass tube with AIBN (6.1×10-3mol/l) in

bulk or in a benzene solution at 60℃. The resulting

copolymers were precipitated in a large amount of
methanol, and then reprecipitated from benzene and
methanol. Most of the copolymerizations were con-
tinued up to 10% conversion. The composition of the
copolymers was determined by nitrogen analysis for
the copolymers of p- and m-NO2-PhMA, by chlorine
analysis for the copolymers of p- and m-Cl-PhMA,
and by carbon analysis for the other copolymers. The
monomer reactivity ratios were calculated by the
method described by Fineman and Ross.5)

Results and Discussion

The results of the copolymerization of X-PhMA
(M2) with styrene (M1) at 60℃ are shown in

Table 2. From the results of this table, the mono-
mer reactivity ratios (r1 and r2) and the Q2 and
e2 values for X-PhMA were calculated to be as
given in Table 3.

As can be seen from Table 3, the relative reac-
tivities (1/r1) of X-PhMA toward the attack of
the polystyryl radical increase with the introduction
of the substituents (X) in PhMA. The relation
obtained is shown in Fig. 1, which the log (1/r1)
of X-PhMA is plotted vs. the σ-constants of the

ordinary Hammett equation (2):

(2)
where σ is the Hammett substituent constant and

ρ is a reaction constant. As may be understood

from this figure, no linear relationship between

the log(1/r1) and the σ constants is observed.

Since the nitro group has been known to inhibit

the radical polymerization, the values for NO2-

PhMA may include a rather large error. If these

values are eliminated, the concave curve indicated

by the dotted line is obtained. The value for

p-OCH3-PhMA was reconfirmed from a duplicate
experiment.

It is well known that the resonance effect as

well as the polar effect caused by the substituent

is impotat in many radical reactions, as has already

been pointed out by Alfrey and Price,6) and Bamford

and his co-workers.7) Recently, one of the present
authors proposed the following modified Hammett
equation (3) for radical reactions:8,9)

(3)
where ER is the resonance substituent constant

(see Table 3) and γ is a reaction constant.

When Eq. (3) was applied in this case, a good

linear relationship with ρ=0.21 and γ=1.0,

except for the values for NO2-PhMA, was obtained,
as is also shown in Fig. 1. Accordingly, it may
be expected that both polar and resonance effects
of the substituents are important in considering
the radical reactivities of X-PhMA.

Figure 2 shows the correlation of the Q2 and e2
values of X-PhMA with the σ-constants of their

substituents. The Q2 values are not linearly cor-

related with the σ-constants as well as in Fig. 1,

but they are correlated with the resonance substi-
tuent constants (ER), as Fig. 3 shows. Although
the spectroscopic data of X-PhMA have been
described in a previous paper,10) no exact explana-
tion of such a resonance effect is possible at the
present time. From Fig. 2 it may be observed
that the e2 values show a straight-line relationship.

Fig. 3. Correlation between Q2 values of X-
PhMA and ER constants: the numbers are the
same as those indicated in Fig. 1.
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