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ABSTRACT:  The photoinduced cationic polymerization of a-methylstyrene was car-
ried out in dichloromethane solution using pyromellitic dianhydride as an electron
acceptor, and the molecular weight distributions of the resulting polymer were measured
by gel-permeation chromatography. It was found that the molecular weight distribution
was bimodal at low monomer concentration and low temperature. The lower molecular
weight peak, which increased with decreasing monomer concentration and temperature,
was assigned to the free-ion polymerization, and the higher-molecular weight one to
the ion-pair polymerization. It was shown that the molecular weight of the polymer
produced by the free-ion polymerization decreased with decreasing monomer concentra-
tion, but was not affected by temperature, while that of the polymer produced by the
ion-pair polymerization decreased with increasing temperature, but' was not affected by

the monomer concentration.

The propagation mechanism was discussed in connection

with the conventional catalytic and radiation-induced polymerizatson.
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In our previous papers it has been shown that
polymerization occurred when a-methylstyrene
was illuminated in the presence of an electron
acceptor, such as tetracyanobenzene or pyro-
mellitic dianhydride (PMDA), in chlorinated
hydrocarbon solutions under extensively dried
conditions.’™ Physicochemical studies revealed
that the polymerization is initiated by the mono-
mer radical-cation produced through the dis-
sociation of a photoexcited charge-transfer
complex of the monomer and the electron ac-
ceptor.l_6 Furthermore, studies on the electrical
conductivity of the polymerization system sug-
gested that both free ions and ion pairs con-
tribute to the polymerization.*".

The process of the polymerization is expressed
by the following scheme, as previously reported
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where D . and A denote the solvated

radical-ions of the electron donor, a-methyl-
styrene, and acceptor, PMDA or tetracyano-
benzene, respectively.

The contributions of free ions and ion pairs
to the propagation have already been confirmed
in the case of the anionic polymerization of
styrene. Studies have also been done on the
propagating species of the cationic polymerization
of styrene, and the presence of free ions and
ion pairs has been suggested by bimodal molec-
ular weight distributions of the polymers produced
by perchloric acid” and acetyl perchlorate.®’

Thus, it is of interest to elucidate the propa-
gation mechanism, especially the effect of the
anion, in the photoinduced cationic polymeri-
zation of a-methylstyrene. In the present study
the molecular weight distribution (MWD) of the
polymer produced by the illumination of the
complex of a-methylstyrene with PMDA in di-
chloromethane solution was measured in order
to obtain information about the propagating
species. The propagation mechanism was dis-
cussed in connection with that of the conven-
tional catalyst- and radiation-induced cationic
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polymerizations.

EXPERIMENTAL

The experimental procedures were the same
as those reported previously.1 The polymeri-
zation was conducted at various monomer con-
centrations (m,) from 0.57 to 2.0mol/l in di-
chloromethane and at temperatures from —74
to 4°C in the presence of about 1x107°mol/!
of PMDA. The illumination was carried out
with a super high pressure mercury lamp; the
excitation was limited to the charge-transfer
band, which is around 360 nm, by the use of a
color filter (Toshiba UV3S5) transmitting above
350nm. The MWD was measured by gel-per-
emation chromatography (Toyo Soda HLC 801).

RESULTS AND DISCUSSION

The MWD was significantly affected by the
monomer concentration and the polymerization
temperature. MWD was bimodal at low mono-
mer concentration and low temperature, which
indicates that the two chain ends with different
reactivities propagate independently.

Figure 1 shows the MWD’s of the polymers
produced at various monomer concentrations at
—74°C. The MWD is clearly bimodal when
my<1.3mol/l. The peak of lower molecular
weight increased in relative size and shifted to
larger elution volumes as the monomer con-
centration was decreased. On the other hand,
the position of the higher molecular weight peak
was not affected by the monomer concentration.

The temperature dependence of the MWD
was examined at m,=0.57 mol/! (Figure 2). The
MWD was bimodal below —50°C, and the pro-
portion of the lower molecular weight peak
decreased with the increase in temperature,
resulting in the monomodal distribution at higher
temperatures. The dependence of the position
of the two peaks on the temperature was in
contrast to that on the monomer concentration;
the higher molecular weight peak shifted to
larger elution volumes with increasing tempera-
ture, while the lower one had an almost con-
stant elution volume. The MWD was apparently
monomodal at higher temperatures, —30 and
4°C.
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The dependence of the MWD on conversion
was studied at m,=0.57 mol// and at —74°C.
It was found that the bimodal MWD was slightly
affected by the conversion; the relative height
of the higher molecular weight peak increased
with the increase in conversion, from 0.4 at
12% to 0.5 at 46%. However, such an effect
on the MWD was much smaller than that of the
monomer concentration and temperature in the
range of the conversion in the present study.
On the other hand, the positions of two peaks
did not vary with conversion.

The two propagating species which give the
bimodal MWD shown in Figures 1 and 2 are
concluded to be free-ions and ion pairs from
the results of the previous studies: (a) The
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Figure 1. Molecular weight distributions of poly-
(a-methylstyrene)s produced at —74°C and various
monomer concentrations. The monomer concen-
trations and convertions are: (a) 0.57 mol/l, 46%;
(b) 0.69mol/l, 43%; (c) 0.97mol/l, 31%; (d) 1.3
mol/l, 7%; (e) 2.0 mol/l, 11%.
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Figure 2. Molecular weight distributions of poly-
(a-methylstyrene)s produced at the monomer con-
centration of 0.57 mol// and various temperatures.
Temperatures and conversions are: (a) —74°C,
46%; (b) —60°C, 52%; (c) —50°C, 35%; (d) —30°C,
29%; (e) 4°C, 129.

propagating species involved in the photoinduced
polymerization of a-methylstyrene are only
cationic ones; the coexistence of the propagation
by other species, an anion or a radical, can be
ruled out.’™® (b) The photocurrent was observed
in the polymerization system, indicating that the
ion pair formed from the excited charge-transfer
complex dissociates into free-ions."”® (c) The
dependence of the rate of polymerization on
light intensity indicates the coexistence of free-
ion and ion-pair polymerizations; the power
dependences of the rates of polymerization on
light intensity for the free-ion and ion-pair poly-
merizations are 0.5 and 1.0, respectively, and are
between 0.5 and 1.0 in the photoinduced poly-
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merization of a-methylsryrene.'

It has recently been reported that in the poly-
merizations of styrene by perchloric acid and
acetyl perchlorate the polymers possess bimodal
MWD’s; this suggests the contributions of two
propagating species, free ions and ion pairs.
Another type of propagating species, an ester,
has been proposed by Plesch for the polymeri-
zation of styrene by perchloric acid."* However,
in the photoinduced cationic polymerization of
a-methylstyrene it is unlikely that an ester is
produced from the propagating cation and the
PMDA radical-anion, and the contribution of
such a type of propagating species can be ruled

out.
On the basis of the facts that the lower the

monomer concentration and the temperature, the
larger is the polarity of the solution, and that
an ion pair tends to dissociate more to free ions
at larger polarity, it seems reasonable to conclude
that the lower polymers, whose population in-
creased, are formed by the free-ion polymeriza-
tion. Consequently, the higher polymers should
have been formed by the ion-pair polymerization.
It was confirmed that the photocurrent in the
polymerization system increases with decreasing
temperature and monomer concentration.” Fur-
thermore, the power dependence of the rate. of
polymerization on light intensity decreased with
decreasing the temperature and the monomer
concentration from 1.0 (—15°C, 1.9 mol//) to 0.67
(—74°C, 0.53mol/)." These results indicate
that the contribution of the free-ion polymeriza-
tion increases with decreasing the temperature
and the monomer concentration, and support
the above assignment.

The rate of polymerization increased when
the monomer concentration and temperature
were lowered. This result is attributable to the
facts that an increase in polarity of the solution
results in a higher extent of the dissociation of
ion pairs to free ions and that the rate of the
propagation of free ions is greater than that of
ion pairs.

The M, and M,/M, values of the polymers
are summarized in Table I. The corresponding
values for the individual peaks of the bimodal
MWD are also shown in the table, though there
is some uncertainty in these values when the
two peaks overlap appreciably.
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Table I. Molecular weight of poly(a-methylstyrene)

Tempera- Monomer _ o

ture, concentration, My2 M| My

°C mol//

—-74 2.0 6.6x10* 2.9

—-74 1.3 7.0x10¢ 3.0

—74 0.97 4.0x10¢ 5.7
1.8 x105(H) 1.9(H)
1.7x104(L) 2.1(L)

—74 0.69 2.9x104 6.3
1.5x10°(H) 1.4(H)
1.1x104(L) 1.9(L)

—74 0.57 5.9x103 17
1.3x105(H) 1.5(H)
3.5x103(L) 1.8(L)

—60 0.57 5.9x103 7.0
8.1x10¢(H) 1.3(H)
3.9%103(L) 1.9(L)

—50 0.57 1.0x 104 4.9
3.9x104(H) 1.8(H)
3.6x103(L) 2.2(L)

-30 0.57 3.6x108 2.0

4 0.57 3.5x108 2.0
4 2.0 3.5x108 1.7

(H) anp (L) show the values of the higher and
lower molecular weight peaks, respectively, of
the bimodal distribution.

The results shown in Figures 1 and 2 indicate
that the two propagating species yield polymers
of similar molecular weights at higher monomer
concentrations or at higher temperatures (Figures
1 and 2). The M,/M, value will serve to indi-
cate whether or not the free-ion and ion-pair
polymerizations coexist when the MWD is uni-
modal. The M,/M, values were 3.0 and 2.9
when my,=1.3 and 2.0, respectively, at —74°C
(Table 1). These large values suggest that the
free-ion polymerization also contributes to some
extent even at these higher monomer concen-
trations.

Dependence of the Molecular Weight on
Monomer Concentration and Temperature
Ion-Pair Polymerization. As is shown in Table

I, the molecular weights of the polymers pro-

duced with m,=0.57 and 2.0 mol/! at 4°C were

the same (3500); it can be considered that under
these conditions the ion-pair polymerization is
dominant. The results in Figure 1 also indicate
that the molecular weight of the polymer pro-
duced by the ion-pair polymerization is not much

the
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Figure 3. Temperature dependence of molecular
weight of poly(a-methylstyrene)s produced at the
monomer concentration of 0.57mol/l: O, the
higher molecular weight peak; @, the lower molec-
ular weight peak; (®, the monomodal peaks at
—30 and 4°C.

affected by the monomer concentration, and
that the degree of polymerization is governed
by k,/kim (k, and k,, denote the rate constants
of propagation and monomer transfer, respec-
tively).

The plot of the molecular weight of the poly-
mer produced at m,=0.57 mol// against the reci-
procal of temperature is shown in Figure 3,
where the values of the individual peaks are
plotted for the bimodal distributions. From
the plot of the higher molecular weight peaks
the activation energy of molecular weight of the
ion-pair polymerization was obtained to be —6.2
kcal/mol, which corresponds to the difference in
the activation energies between the propagation
and the monomer transfer reactions. In the
conventional catalytic polymerization of this
monomer the molecular weight increases with
decreasing temperature,’* ™" and the difference
in activation energy between the propagation
and the monomer transfer is —9.5 kcal/mol for
the polymerization in dichloromethane by boron

Polymer J., Vol. 8, No. 5, 1976
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trifluoride etherate. The value obtained in the
photoinduced ion-pair polymerization is com-
parable to that of the catalytic polymerization.
The small difference is considered to be due to
the effect of the anions, as reported in the case
of styrene.'

Free-Ion Polymerization. As is shown in
Figures 1 and 3, the molecular weight of the
polymer produced by the free-ion polymerization
increases with increasing monomer concentration,
but is not appreciably affected by temperature.

In this connection, the y ray-induced poly-
merization of this monomer, where the free-ion
polymerization occurs, was examined in dichloro-
methane solution. The molecular weight of the
polymer increased with increasing monomer
concentration from 4.8 x 10° at 2.7 mol/! to 2.6 x
10 in bulk at 0°C, and was not appreciably
affected by temperature.

Such dependences of the molecular weight on
the monomer concentration and temperature
are similar to those observed in the photoinduced
free-ion polymerization, and such a result con-
firms the assignment of the lower molecular
weight peak to the free-ion polymerization.
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