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ABSTRACT:

The electroinitiated copolymerization of styrene and commercial divinylbenzene

has been carried out in an intimately mixed two phase system made of a polar phase consisting of a
highly polar solvent, i.e., formamide together with ferric chloride as the added electrolyte, and a
non-polar phase formed by the mixture of the two monomers themselves or their solutions in a
non-polar solvent like benzene or toluene. The copolymer formed was found to be partially
crosslinked and its formation depended on several factors such as the intensity of stirring,
concentrations of the electrolyte and the comonomers, strength of the current flow, time of
electrolysis and temperature. In split cell experiments, the copolymer is found to be formed in the
cathode compartment. A radical mechanism has been proposed to explain the copolymerization

reaction.
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Electroinitiated polymerization has been
studied widely in recent years, but studies
related to electroinitiated copolymerization
are rather meagre. In earlier communica-
tions’? from this laboratory electroinitiated
homo-polymerizations of methyl methacrylate
and N-vinyl carbazole carried out in two phase
reaction media were reported. Similar studies
on the electroinitiated copolymerization of sty-
rene with methyl methacrylate® and o-methyl-
styrene with N-vinylcarbazole* have been
made recently. In all these studies, the biphasic
medium consisted of a highly polar phase, i.e.,
formamide with an added electrolyte, and a
non-polar phase that could be either a mixture
of bulk monomers themselves or their so-
lutions in a non-polar solvent like benzene or
toluene. As explained earlier,? the basic idea
for using such two-phase systems is that the
more conducting polar phase would allow the
passage of sufficient current and chiefly serve

as the medium of electrolysis while the non-
polar phase will eventually trap most of the
radicals and radical ions found at the elec-
trodes and act as the polymerization medium.

In the present communication, an effort has
been made to apply this novel technique to the
electroinitiated copolymerization of two liquid
monomers namely styrene and commercial
divinylbenzene (DVB). Although there have
been several reports® ~*3 on the thermal copo-
lymerization of styrene with divinylbenzene,
no work on the electroinitiated copolymer-
ization of the above monomers has been re-
ported so far. In the present studies, for-
mamide which has a high dielectric constant
(109.5 at 298.15K)!* and can be easily de-
oxygenated'® has been used as the solvent for
the polar phase. The non-polar phase con-
sisted mostly of a solution of the monomers in
either benzene or toluene or was made of the
liquid mixtures of the monomers themselves.
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The two phases were almost immiscible with
each other. The electrolyte used was ferric
chloride. To facilitate the transfer of initiating
species, i.e., radicals from the polar phase to
the non-plar phase, the two phases were kept
in intimate contact with each other by ade-
quate stirring.

EXPERIMENTAL

Materials

Styrene (Fluka) was dried over fused cal-
cium chloride (BDH) after the removal of the
inhibitor. It was then distilled under reduced
pressure and the middle fraction boiling at
353K and 755mmHg pressure was collected
and stored at 273 K. Commercial divinylben-
zene (Fluka) was freed from the inhibitor in
the usual way and then distilled under reduced
pressure and the middle fraction boiling at
333K and 755mm pressure was collected and
stored at 273 K. Its composition was almost
509% p- and m- DVB and 509 p- and m-
ethylvinyl benzene by weight together with
traces of diethylbenzene. Formamide (BDH,
LR) was purified by following the same pro-
cedure described by Nayak et al.'® To made it
free from any dissolved oxygen, the solvent
was purified by passing nitrogen through it
for 30 minutes. The final product was stored in
an air-tight bottle at a temperature below
283.15K. Anhydrous ferric chloride (Sarabhai
M. Chemicals) was dried under vacuum and
used without further purification. Methanol
(BDH, LR) was used without further purifi-
cation.

Aparatus and Procedure

Most of the experiments were carried out in
a single compartment cell without separation
between the cathode and the anode compart-
ments. For the analysis of individual anode or
cathode sections, a split cell was used whose
compartments were separated by a sintered
glass disk of fine porosity. Each type of cell
was fitted with side-tubes for nitrogen inlet and
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outlet and a side arm for introduction and
withdrawal of reaction mixture. The electrodes
were made of platinum foils (1cm?) and were
set 1cm apart. All experiments were perform-
ed at 303.15K except as otherwine indicated.
The temperature was maintained constant by
means of a water bath and the assembly
consisting of the cell and the water bath was
mounted on a magnetic stirrer to provide
adequate stirring to the solution in order to
bring the two phases into intimate contact
during electrolysis. A teflon coated magnetic
bar was used as the stirrer. A variable direct
current Power Supply Unit (APLAB, Model
7612) with provision for the measurement of
current through the cell as well as voltage
applied during electrolysis was used.

The cell was first filled with formamide,
containing the added electrolyte which to-
gether formed the lower heavier layer (12 cm®)
and then either the mixtures of the monomers
themselves or their solutions in benzene or

toluene were added to the cell to form the
upper layer. Nitrogen gas was slowly bubbled

through the cell for 30 minutes prior to elec-
trolysis. At the end of the electrolysis, the
stirring was discontinued and the copolymer
formed at the upper layer was collected by
precipitating the same with excess methanol.
After subsequent washing of the polymer
with methanol and its drying under vacuum,
the yields were determined gravimetrically.
The polymer obtained was partially soluble in
benzene and the soluble part constituted about
60—65% of the total copolymer. Viscosity
measurements of the soluble part of the copo-
lymers were carried out in benzene solution at
25°C using an Ostwald viscometer. The vis-
cosity average molecular weight (M,) of the
soluble copolymer was determined by using
the following relation'’

M=372x10"°M27
RESULTS AND DISCUSSION
The results of the electroinitiated copolym-
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Table 1. Effect of stirring on the electroinitiated
copolymerization of styrane and

commercial divinylbenzene?

% of Conversion of R, (%, of

Current  Stirred/ .
. comonomer to  Conversion/
passed  Unstirred
copolymer hour)
25mA  Stirred 4.224 0.352
25mA  Unstirred 1.872 0.156
15SmA  Stirred 1.335 0.111
I15mA  Unstirred Traces —

* Feed composition (mole ratio): formamide-Styrene—
DVB-FeCl,=30.16:2.66:2.12:1.849 x 10~ 3; temper-
ature, 303.15K; time of electrolysis, 12 h.

erization studies are summarized in Table I to
Table III and Figure 1 to Figure S. Preliminary
experiments showed that the electrocopolym-
erization occurred only when the current was
passed through the cell that contained the
electrolyte as well as the monomers. There was
no electrocopolymerization in the absence of
the electrolyte. The formation of the copoly-
mer was dependent on various factors such
as the intensity of stirring, the concentrations
of the electrolyte and the monomers, current
strength, time of electrolysis and temperature.

Stirring was found to be essential for the
electrocopolymarization and as can be seen
from Table I, the polymer yield always went
up as the intensity of the stirring increased.
However, after the two phases got completely
mixed there was no further increase in yield
due to increased intensity of the stirring. This
is probably due to the fact the initiating species
formed at the electrodes were shortlived in the
unstirred solution on account of recombi-
nation, while stirring made them get dispersed
in the bulk, thereby making recombination less
probable. Other augmenting effects are that
stirring promotes diffusion of electroactive
species from the bulk to the electrodes and also
facilitates the migration of initiating species
from the polar to the non-polar phase.

The copolymerization yield was found to
depend both on the strength of the current
flow as well as the time period of electrolysis.
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Figure 1. Copolymer formation as a function of cur-

rent flow. Feed composition (mole ratio): formamide—
styrene-DVB-FeCl;=30.16:2.62:2.12:1.849 x 1073;
time of electrolysis, 12 h; temperature, 303.15K.

Figure 1 gives the polymer yield over a fixed
period of time (i.e., 12h) at different current
strengths. It was found that the polymer yield
at first increased with the current strength but
at higher values of the same, it tended to
assume a constant value. This may be due to
the recombination of initiating species at high-
er value of the current. A second possibility
may be that at higher current strengths, side
reactions not leading to polymerization occur.

Figure 2 represents the effect of the time
period of electrolysis on the copolymer yield at
different current strengths. The yield usually
increased with the time of electrolysis, but
thereafter, it assumed a constant value. The
trend is more or less similar to that observed
earlier in other electrocopolymerization
studies reported from this laboratory.!®

The plateau region in Figure 2 is obviously
due to the exhaustion of monomers. At the
initial stage of electrolysis, the existance of an
induction period is quite apparent which may
be due to the presence of some electroactive
impurities such as moisture. The prolongation

1133



P. K. MAHATA and B. Navak

28.0

20}

200

160 |

c

=3

k

2120

c

=3

(8]

5

280 o/ &

4w -4
1 1 1 1 | 1
0 5 10 15 20 25 30 35 40

Time of electrolysis (h)

Figure 2. Copolymer formation as a function of time
of electrolysis at different current flows. Feed com-
position (mole ratio): formamide-styrene-DVB-
FeCl;=30.16:2.62:2.12:1.849x 1073,  temperature,
303.15K; (@), 15mA; (©O), 25mA; (QO), 45mA.

of the induction period at lower current
strengths must be due to the greater time re-
quired for electrolytic removal of these impu-
rities.

The effect of temperature on the electro-
initiated copolymerization process was studied
in the temperature range 303.15K to
338.15K. From blank experiments, the extent
of thermal copolymerization was checked and
found to be negligible. These results in Figure
3 show that the increase of temperature en-
hances the rate of electrocopolymerization as
expected.

The effect of the concentration of electrolyte
(i.e., ferric chloride) on the rate of electrocopo-
lymerization was examined at different current
strengths and the results are graphically repre-
sented in Figure 4. The rate of copolymeriza-
tion (R,) increased initially with the increase
in electrolyte concentration, passed through a
maximum and then decreased with further
increase in electrolyte concentration. How-
ever, at lower values of the current (e.g.,
25mA), the R, falls quite sharply after passing
through the maximum but at relatively higher
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Figure 3. Copolymer formation as a function of tem-

perature. Feed composition (mole ratio): formamide—
styrene-DVB-FeCl; =30.16:2.62:2.12:1.849 x 10~ 3;
time of electrolysis, 12 h; current passed, 25 mA.
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Figure 4. Rate of copolymerization as a function of
quantity of electrolyte added and current in the elec-
troinitiated reaction. Feed composition (mole ratio):
formamide-styrene-DVB=30.16:2.62:2.12; time of
electrolysis, 6h; temperature, 303.15K; (@), 25mA;
(O), 45mA.

current strengths (e.g., 45mA), R, decreases
rather very slowly after reaching the max-
imum. This could be due to the fact that the
increase of concentration of the electrolyte

Polymer J., Vol. 19, No. 10, 1987
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Figure 5. Plot of log R, vs. log ..

probably leads to the formation of charge-
transfer complexes between the monomers and
the electrolyte? and thereby affects their re-
activity for copolymer formation.

When log R, is plotted against the logarithm
of the current values in mA (log /), cor-
responding to a 12 h. reaction period, it gives a
straight line with a slope of 0.674, as shown in
Figure 5. This clearly shows that at the initial
phase of electropolymerization, the rate of
polymerization is directly proportional to
2/3rd power of the current. Although no ready
explanation is available for such peculier de-
pendence, the result indicates a complex
mechanism for the initiation as well as ter-
mination processes of the propagating inter-
mediate.

Post electrolysis polymerization studies
showed the presence of living copolymer
species in the system. The results are shown
in the Table II.

The effects of various polar and non-polar
solvents constituting the system on the elec-
troinitiated copolymerization of styrene and
commercial divinyl benzene are shown in
Table III. It is found that the addition of
benzene or toluene to the non-polar phase
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Table II. Postelectrolysis polymerization effect
on the electroinitiated copolymerization
of styrene and divinyl benzene?

Time of Time allowed for 9% of Conversion
current polymerization in of Comonomer
flow, absence of current into the
in hour flow, in hour copolymer
6h 0 1.52
6h 12 8.32
12h 0 4.22
12h 12 12.13

2 Feed composition (mole ratio): formamide—styrene—
DVB-FeCl,; =30.16:2.62:2.12:1.849 x 1073; temper-
ature, 303.15K; current passed, 25mA.

reduces the rate of copolymerization to some
extent. This is quite expected as dilution of the
comonomers would affect the rate of prop-
agation steps. The strong inhibiting effect of
water is also not unusual and have been ob-
served earlier in many cases of electro-
polymerization.?

The copolymer was characterized by IR
spectrocopy. The IR spectrum was taken using
the nujol mull technique. The major peaks in
the IR spectrum of the copolymer tallies al-
most with those reported by Bartholin ez al.*®
though the resolution of our spectrum is
somewhat poorer. The major peaks are at
1630cm~! (C=C stretching vibration);
1510cm™! (para disubstituted phenyl ring,
ve-c); 1440cm™! (both mono and disubsti-
tuted phenyl rings, ve_c); 1030cm™! (mono
substituted phenyl ring, fc_g); 900cm ™! (di-
substituted ring, yc_y); 800cm (metadisub-
stituted aromatic ring, yc_y)-

The X-ray powder photograph of the co-
polymer showed a hazy pattern characteristic
of a amorphous substance.

The copolymer obtained was partially cross-
linked as evident from its partial solubility in
benzene and also from the loss of fluidity of
the reaction mixture (gel formation) during the
electrocopolymerization. About 35—40 wt%,
of the copolymer was insoluble in benzene and
the rest soluble. However, both the soluble
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Table III.

The effects of various biphasic systems on the electroinitiated copolymerization

of styrene and divinylbenzene as shown in Table II*

Biphasic system

Polar solvent—styrene—
DVB-Non-polar solvent

R, (% Conversion
of comonomer to

(mole ratio) copolymer per hour)
Formamide-styrene-DVB 30.16:2.66:2.12 0.352
Formamide-styrene-DVB-benzene 30.16:2.66:2.16:2.84 0.287
Formamide-styrene-DVB-toluene 30.16:2.66:2.16:2.84 0.281
Water—styrene-DVB 66.6:2.66:2.12 nil

® Mole of electrolyte per 12cm?® of the polar phase, 1.849 x 10~3; temperature, 303.15K; time of electrolysis, 12 h.
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Figure 6. IR spectra of poly(styrene-co-DVB) (in Nujol) obtained electrochemically in mixed biphasic
media.

fractions of the copolymer gave identical IR
spectra indicating both the fraction to be of the
same copolymer. Viscosity avarage molecular
weight (M,) of the soluble copolymer was in
the range (1—2) x 10,

On the basis of the available experimental
evidence, it is not possible to throw much light
on the mechanism of the copolymerization
reaction. However, certain experimental find-
ings indicate the nature of the initiation
precess. In split-cell experiments, the locus
of copolymerization is found to be the cath-
ode compartment. Again in the presence of
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hydroquinone, a radical quencher, the elec-
trocopolymerization was found to be com-
pletely inhibited which clearly suggests a radi-
cal mechanism for the initiation process. On
the basis of these and other findings, such as
the increase of R, with stirring and com-
plete inhibition of copolymerization in the
presence of water, the following mechanism
for initiation process is suggested.

In the presence of ferric chloride, it will be
reasonable to assume that FeCl, forms a
charge-transfer complex (I) with styrene.?°
The complex looses an electron at the anode

Polymer J., Vol. 19, No. 10, 1987
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and forms the redical-cation (II)

6 +
¢—(”:—H Cll o B q&—? *_H
/C R ]:IC_C] ¢ /C'\
H H cl
)] (In

The radical-cation (II) under the influence of
stirring quickly migrates to the cathode where
the following sequence of reaction take place
leading to the eventual formation of the radi-
cal (IV)

2 HCONH, HCONH; + HCONH
HCONH; +e (at cathode)~HCONH, + H(ad.)
+ +
¢-C-H ¢-C-H
C +H (ad.) C
PR ~1~
H H HHH
() (I11)
+
¢-C-H .
| +e¢ (at cathode) ¢—?—H
PN C
HH H IS
HHH
(I11) (1)

Radical (IV) then starts the propagation of
the copolymerization reaction. Since commer-
cial divinyl benzene does not itself homo-
polymerize electrochemically in a mixed bi-
phasic medium, whereas styrene does to a
small extent, it is therefore reasonable to as-
sume that the former has no role in the
initiation process.

In the propagation steps, however, co-
monomers present in commercial divinyl-
benzene react with styrene to form the co-
polymer. It is not clear how the reduction of
the cation (III) takes place in the vicinity of
the cathode, whether the direct transfer of an
electron to the cation occurs from the cathode
or indirectly the latter is reduced by Fe?*

Polymer J., Vol. 19, No. 10, 1987

produced electrochemically by the cathodic
reaction

Fe3t +e ——Fe?*t

is not known with certainty.
However the later mechanism appears to be
more probable and may be outlined as follows:

Fe’* +e Fe?*
Fe?* +¢*é|—1-1 ¢—é|—H +Fe**
am av)

Further evidence for this lies in the fact that
during electrocopolymerization, the cathode
invariably gets coated with a thin film of
metallic iron which can only happen by the
cathodic reaction,

Fe?t +2e ——Fe

suggesting the presence of Fe ™ in the reaction
medium.
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