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Synopsis

The preparation of poly-4-vinylpyridine (poly-4VP) by electrochemical polymeriza-
tion of 4-vinylpyridine (4VP) in pyridine containing sodium tetraphenylboron (NaBPh,)
is described. Information on the influence of monomer concentration, current density,
polymerization rate, molecular weight, and electrochemical efficiency is presented. The
polymerizations were performed under conditions of constant electrolysis current.
Polymer formed in the cathodic compartment only, where a red-orange solution de-
veloped after about 15 min of electrolysis time. The optical absorption spectra of these
colored solutions were studied. Cyelic voltammograms of 4VP in pyridine and NaBPhy
are also reported, and the influence of the scan rate upon peak current is described.
The results indicate that the polymerization was anionic and nonterminating. The
characteristics of the electrochemical polymerization of 4VP in pyridine are compared
with those of the same monomer in liquid NH;. In the former case, the catholyte was
homogeneous, and polymer growth occurred in the liquid phase, while in the latter
growth took place in a heterogeneous environment. Kinetic consequences of these
physical differences are pointed out. Suggestions for the mechanism of this electro-
chemical initiation are advanced.

INTRODUCTION

In a recent study of the electrochemical polymerization of 4-vinyl-
pyridine (4VP) in liquid NHj; containing NaCl or NaNj, it was shown that a
polymeric red-orange mass formed exclusively around the cell cathode
(Pt). This system produced high electrochemical yields and polymers of
high molecular weight (~10%). Chain transfer or termination with mono-
mer or solvent did not oceur readily. However, the originally homogeneous
liquid phase soon became heterogeneous because of the insolubility of poly-
4VP in liquid NH;.

In the present communication we report investigations of the electro-
chemical anionie polymerization of 4VP in pyridine. Pyridine represents
an attractive medium for electrochemical polymerizations since it dis-
solves a variety of monomers and polymers including poly-4VP, it provides
a good electrical conducting medium by dissolving a large number of in-
organic and organic salts, and, since it has pK, = 8.8, it may be expected
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to support many anionic as well as free radical polymerizations. In this
latter instance, it has already been tested in a polymerization system with
chemical initiation.? Pyridine as a solvent for electrochemical polymeriza-
tion has not been fully tested, since only a short report on the electrochem-
ical polymerization of styrene in pyridine has appeared.®* For these reasons
it seemed interesting to study whether 4VP could be polymerized electro-
chemically in pyridine and, if polymerization resulted, to assess some of the
characteristies of the polymerization and to verify whether this polymeriza-
tion possessed features different from the known heterogeneous, electro-
chemical, living polymerization of this monomer in liquid NHs.

The results of this study are reported in this communication together
with information on monomer reduction potentials obtained by ecyclic
voltammetry under conditions similar to those employed for polymeriza-
tion.

EXPERIMENTAL
Materials

Pyridine was dried over CaH, for several days at room temperature and
then fractionally distilled in a wetted-wall column under N, atmosphere.
The middle fraction was collected in a flask containing CaH.. The flask
was attached to a vacuum system and the pyridine was flash distilled into a
thoroughly dried and evacuated flask with CaH,. The final purified
pyridine was kept stirred over CaH, on the vacuum manifold. 4VP was
purified and stored as described previously.* Sodium tetraphenyl-boron
(NaBPh,) from a commercial source was used without further purification.

Fig. 1. Electrolytic cell used to study polymerization of 4VP in pyridine: (a) filling
bulb; (b) fritted glass disks; (c) micro Pt electrode; (d) reference electrode; (v) vacuum
line.
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Equipment

The electrolytic cell used is shown in Figure 1. Two Pt electrodes (1 X
1 in.) were housed in the cell which was divided by two fritted glass discs
(medium porosity) of 2 em diameter. The cathode compartment of the
electrolytic cell contained also a planar Pt microelectrode (!/; in. diameter).
An Ag/AgCl reference electrode with a Luggin capillary was also sealed to
the cathode compartment. The preparation of the Ag/AgCl reference
electrode has already been deseribed.® This type of multielectrode electro-
lytic cell could be used for electrochemical polymerization and analytical
work under high vacuum conditions. A Wenking 6IRH potentiostat,
coupled with a Wavetek Model 111 voltage function generator and a Honey-
well z-y recorder were employed.

Polymerization Procedure

A known amount of NaBPhs was introduced into the filling bulb (d in
Fig. 1), and the electrolytic cell was attached to the vacuum line. The
apparatus was evacuated and electrically baked at ~10-% torr and 60°C
for 12-16 hr. The vacuum manifold and connected parts were flushed
several times with purified N,. The required amount of pyridine was
flash distilled into the bulb and degassed thoroughly by repeated freezing
and thawing eycles. The apparatus was sealed off from the vacuum line
and the contents of the filling bulb were thoroughly mixed at room tem-
perature, and transferred to the anode, cathode, and reference electrode
compartments. The monomer was introduced into the cathode compart-
ment by breaking the ampule attached to the cathode compartment. The
total volume of the solution was 105 ml and that of the catholyte 65 ml.
All electrolytic runs were carried out at room temperature. At the end
of a run the electrolyzed monomer solution containing dissolved polymer
was slowly added to well stirred tetrahydrofuran (THEF) at 0°C. The
polymer precipitated as white flock; it was filtered, washed with THF, and
vacuum-dried overnight at 50°C. Polymer molecular weights were ob-
tained as desecribed previously.!

RESULTS

Cyclic Voltammetry

The eyclic voltammograms of 4VP were obtained in anhydrous pyridine
solution containing 3 X 10—2 mole/l. NaBPhs. The monomer exhibited a
cathodic peak at —2.15 V (Fig. 2). At higher potential (> —2.4 V) a new
peak appeared, probably from the reduction of pyridine or NaBPh,. An
anodic peak was found at —0.6 V. It was attributed to the oxidation of
the reduction product formed at potential > —2.25 V, since it did not ap-
pear when the potential scan was limited to —2.25 V. The anodic peak
at —0.6 V occurred also in the absence of 4VP.
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Fig. 2. Cyclic voltammogram of 4VP, 8.1 mole/l. in pyridine with 30 mmole/l. NaBPh.
at 25°C. Planar Pt microelectrode.
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Fig. 3. Plot of I,,/9V/% vs. v for the cathodic reduction of 4VP in pyridine containing 30
mmole/l. NaBPh.: (top) 8.1 mmole/l. 4VP; (bottom) 15.1 mmole/l. 4VP.

The cathodic peak current increased with increasing scan rate. Plots
of I,/ %"/* vs 9, where I, and 9 are the current peak and scan rate, respectively,
showed horizontal straight lines (Fig. 3). A 40 mV shift in peak potential
was noted for a 5-fold change in scan rate (from 0.1 t0 0.5 V/sec). No linear
dependence of cathodic peak current on monomer concentration was ob-
served.

The resistance compensation was not employed because the ohmic drop
in the electrolytic cell was negligible (<0.002 V). The solution of tetra-
phenylboron in pyridine provided a highly electrical eonducting medium.
Therefore, the exclusion of the resistance compensation did not affect our
experimental results.

Polymerization and Polymer Characteristics

All polymerizations were carried out under conditions of constant cur-
rent electrolysis. Because of practical difficulties, polymerization with
constant current electrolysis was not performed.
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Fig. 4. Polymerization rate (&) and molecular weight (O) vs. monomer concentration for
the electrochemical polymerization of 4VP in pyridine at 25°C, current density 2mA /em?,

An induction period of 15 min was observed for polymerization but not
for the formation of an orange-red mass around the cathode. Upon pas-
sage of the electric current through the 4VP solutions an orange-red mass
(characteristic color of living 4VP anions) appeared immediately around
the cathode but disappeared quickly in the solution and no polymerization
occurred for few minutes. Probably this resulted from living anions formed
at the cathode and initially consumed by residual impurities present in the
solution. After the impurities had been purged by reaction with the 4VP
anions, polymerization started, and the catholyte became visecous and
orange-red. The induction period was dependent upon the impressed
current.

Upon introduction of air, moisture, or other foreign substances, the
catholyte color disappeared. Furthermore the polymerization did not
oceur without passage of the electric current or if these impurities were
originally present. It was found that the polymerized orange-yellow or
orange-red solution obtained after cessation of the electrolysis retained
the ability to continue the polymerization if additional monomer was sup-
plied to it. In some experiments (AII, EII, Table I), a second ampule of
the monomer was introduced into the catholyte compartment after com-
plete polymerization of the original amount. After addition of the second
aliquot no current was passed through the solution. The catholyte was
stirred for 15 min and then polymerization was terminated with the addi-
tion of a few drops of methanol. The polymer yields were almost equal to
the total amounts of monomer used, as shown by comparison with control
experiments AI, EI (Table I). The molecular weights of the polymer in-
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creased from 305000 to 400000 (experiments AI and AII} and from
192000 to 263000 (experiments EI and EII).

Integral rates of polymer formation increased, whereas polymer molec-
ular weights decreased with increasing current densities. The observa-
tions on polymerization rate and polymer molecular weight are summarized
in Table 1.

Figure 4 shows the effect of monomer concentration on the integral rate
of polymerization and molecular weights at a constant current of 2mA.

The polymers obtained were white and soluble in CH;OH, CH;CI, and
dimethylformamide, but insoluble in H:;0, (CH;),CO, THF, and petroleum
ether. Cgs and CeH;CH; were found to swell the polymers. Polymers
melted in the range of 160-190°C. No significant differences were found
in the infrared spectra between poly-4VP produced electrochemically in
pyridine, in liquid NHj,! or chemically in toluene with BuLi.*

When an equimolar mixture of 4VP and styrene in pyridine was subjected
to electrolysis at 2mA, no copolymer formed, but only poly-4VP, as in-
dicated by the infrared spectra and solubility behavior of the resulting
polymers.

Optical Absorption Spectrum

The absorption spectra of the orange-red solution, obtained by eleetrol-
ysis of 0.43 mole/l. 4VP in pyridine at room temperature, are shown in
Figure 5 (curves a and b). Curve b shows the spectrum measured 20 hr
after the measurement of curve a. The initial 373 mu peak decreased
with time and a distinet peak at 570 myu appeared.

When a solution of 0.3 mole/1. 2VP in pyridine was subjected to electrol-
ysis at 1 mA for 60 min, the catholyte became viscous and yellow. The
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Fig. 5. Absorption spectra of 4VP and 2VP in pyridine containing 20 mmole/l.
NaBPh, at 25°C: (a) 0.43 mole/l. 4VP electrolyzed for 30 min at a current of 2 mA;
(b) spectrum measured 20 hr after the measurement of curve a; (¢) 0.30 mole/l. 2VP
electrolyzed at 1 mA for 60 min; (d) pyridine containing 20 mmole/l. NaPBh, elec-
trolyzed in the absence of monomer at 3 mA for 28 min.
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liquid showed an absorption maximum at 470 mg (curve ¢ in Fig. 5). The
color and absorption spectrum of the yellow solution remained unchanged
for a long period of time.

The electrolysis of NaBPh, in pyridine (3 mA for 28 min) resulted in the
formation of deep yellow color at the catholyte. This color gradually
changed to green and finally to blue. Curve d in Figure 5 represents the
spectrum of the blue solution displaying a peak at 380 myu.

To explore whether or not yellow and blue solutions of reduced pyridine
would initiate polymerization of 4VP, experiments BI and BII (Table I)
were performed. In run BI pyridine was electrolyzed until it beeame deep
yellow and then 4VP was introduced. The catholyte rapidly became pink-
red and subsequently turned again to faint yellow. In experiment BII
pyridine was subjected to electrolysis until the catholyte became deep blue.
On addition of 4VP, the blue solution again became deep pink-red and
viscous. In both cases polymers with high molecular weight were obtained
(Table I).

DISCUSSION

The results presented in the previous section clearly show that 4VP can
be polymerized electrochemically in pyridine containing NaBPhs. As a
result of the passage of the electrical current, polymer formation occurred
exclusively in the cathode compartment, and the catholyte became yellow
or orange-red depending on current intensity while the anolyte remained
colorless. In the eyeclic voltammetry experiments the peak at —2.15 V
(Fig. 2) is attributed to direct electron transfer from the Pt cathode to the
vinyl bond of 4VP resulting in the formation of monomeric radical anions.
This has been further corroborated by the linear dependence of I,/4"/* with
(Fig. 3), as is expected for an electrochemical mechanism.® Direct elec-
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Fig. 6. Polymerization rate and molecular weight vs. current density for the electro-
chemical polymerization of 0.43 mole/l. 4VP in pyridine with 20 mmole/l. NaBPh, at
25°C.
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tron transfer to vinyl monomers was previously reported.!” The absence of
the anodic peak, when the scan was limited to —2.25 V, points out that
anodic electron transfer from the radical anions is slow or irreversible or the
radical anions react rapidly.

The integral rates of polymer formation increased and polymer molecular
weights decreased with increasing current density (Fig. 6). This is ex-
pected, since a high current density increases the concentration of initiating
species which in turn enhances propagation rate and decreases polymer
molecular weight. Polymerization rates and molecular weights increased
with monomer concentration (Fig. 4). A fivefold increase in monomer con-
centration enhanced the molecular weight by about a similar amount. In
the 4VP-liquid NHj; systems,! the integral rates of polymerization and the
polymer molecular weights were found to be almost independent of mono-
mer concentration. The authors! had suggested that hindrance of mono-
mer diffusion into polymer deposits, in which active centers were imbedded,
caused the polymerization rate and molecular weight to be independent of
the initial monomer concentration. Unlike liquid NH;, pyridine furnished
a homogeneous reaction medium, hence polymer growth took place pre-
ponderantly in the liquid phase where monomer molecules were easily
accessible to growing polymer chains. Therefore in such systems, where
chain transfer and termination processes are absent or at least negligible,
the molecular weight of polymer is likely to increase with the increase of
monomer concentration. The two-stage monomer addition experiments
(AI and AII, and EI and EII, Table I) indicate that the polymerization of
4VP in pyridine is nonterminating,.

The electrolysis of an equimolar mixture of 4VP and styrene in pyridine
resulted exclusively in the formation of poly-4VP. This is to be expected
in anionic polymerization, because 4VP, having relatively high electron
affinity, is more reactive than styrene with growing polymeric anions. It
should be noted that the increase in molecular weight upon the addition of
the second aliquot of monomer does not exactly correspond to that expected
if all the monomer were employed to add to the existing chains. Secondary
reactions may have been responsible for this.

The electronic spectra of living polymer of 2VP and 4VP in THF exhibit
an absorption maximum at 315 mu.? In pyridine nonterminated poly-4VP
showed a peak at 373 mp (Fig. 5a) and nonterminated poly-2VP at 450 mpu
(Fig. 5¢). Since pyridine is a more polar solvent than THF (dielectric
constants: pyridine-12.3, THF-7.6), carbanions derived from 2 VP and 4
VP may exist in pyridine as free anions or solvent separated ion pairs.
Therefore the occurrence of red bathochromic shifts is likely.?-1* It was
found that the initial 373 mu peak decreased with time and a new peak at
570 myu appeared (Fig. 5b). This change may be attributed to side reactions
of living polymers.!*

In previous work!?2—4 it was discovered that the reduction of anhydrous
pyridine by alkali metals results in the formation of a yellow solution which
gradually echanges to green, then blue.
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The electronic spectrum of the yellow solution was found to contain a
broad band at 330 mu and that of the blue solution two bands at 381 and
590 myu.  The yellow color was attributed to pyridyl radical anions and the
blue color to 4,4"-bipyridyl radical anions. The absorption spectra at 381
and 590 my are equivalent to those in the same region found in this study
(Fig. 5d). The results from runs BI and BII demonstrate that the electro-
lyzed solutions of pyridine are capable of initiating the polymerization of
4VP resulting in the formation of high molecular weight polymers. Pyridyl
and/or 4,4"-bipyridyl radical anions may be responsible for initiating poly-
merization.

Mechanism of Polymerization

In the present system three possible modes of initiation can be visualized,
namely: (1) direct electron transfer from cathode to monomer:

M4 e =M-

where M, e~ represent monomer and electron, respectively: (2) electron
transfer to monomer from Na metal deposited on the cathode:

Nat 4+ e~ =Na
Na + M =M-Na+t )
(3) initiation by pyridyl radical anions formed by reduection of pyridine:

Qe -

The results from cyelic voltammetry show that the reduction potential of
the solvent (or NaBPhy) is more negative than that of 4VP (Fig. 2). There-
fore, scheme (1) would be preponderant for initiation, although other initia-
tion processes cannot be ruled out because of close proximity of reduction
potentials of monomer, solvent, and salt. Ideal anion-radical growth is
characterized by an electrochemical efficiency of 1 while for ideal dianion
growth it is 0.5. The electrochemical efficiency is given by the average
number of polymer molecules produced per electron. The observed elec-
trochemical efficiency is about 0.22 (Table I). This is attributed to residual
impurities present in the polymerizing solution, and it is supported by the
observation of an induction period during polymerization. It is probable
that radical anions formed at the electrode dimerize, resulting in the forma-
tion of dianions which lead dianionic growth of polymerization. The sensi-
tivity of the reaction to air, moisture, and protic substances, the high poly-
merization rate, and the nonterminating behavior suggest that anionic
intermediates are responsible for the propagation process.
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In the liquid NH;-4VP system, the propagation step occurred near the
electrode surface or within the polymer deposited on the cathode because
the resulting polymers were insoluble in liquid NH; and adhered to the elec-
trode. In contrast to this behavior, polymer formation in pyridine oc-
curred at the electrode and in solution because of the solubility of the grow-
ing polymers.

CONCLUSIONS

The experimental findings of this work revealed the following.

(1) The passage of an electric current through 4VP solutions of pyridine
in the presence of dissolved NaBPh, produces homogeneous, nonterminating
polymerizations of the monomer at smooth Pt cathodes.

(2) Poly-4VP of high molecular weight (~10%) is formed in the catho-
lyte.

(3) The reduction potential of the monomer at Pt cathode (—2.2 V) is
more positive than that of pyridine and NaBPh, (>—2.48 V).

(4) The polymerization rate and polymer molecular weight increased
with monomer concentration. The rate of polymerization decreases while
the polymer molecular weight increases with current density.

(6) After having been subjected to electrolysis, pyridine initiates poly-
merization without further passage of electrical current and produces poly-
mer in high yield and with high molecular weight.
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