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ABSTRACT

.

Electrolyticelly initiatea cationic polymerizations
were carried cut in divided electrolytic cells. Quaternary
ammonium salts were used as electrolytes in methylene chlor-
ide solutions of the monomers.

Isobutyl vinyl ether was successfully polymerized
using tetrabutylammonium tetrafluoroborate as the electro-
lyte. The reactions were started by relatively small pulses
of current applied to the solution. The rates of polymeriza-
tion appeared to depend on the amount of current passed after
terminating impurities were removed by the current or by
species generated by the current. Further forward pulses
increased the rates of polymerization while reverse pulses
decreased the rates. A first order dependence of the rates
on the monomer concentration was demonstrated.

The electroinitiated polymerization of isobutyl vinyl
ethei with tetrabutylammonium perchlorate as the electrolvte
was also carried out using a relatively small initial pulse
of current. The reaction was slowed and stopped before 100%

conversion of monomer to polymer by a termination reaction.
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the rate on the moncmer and catalyvst concentrations.

ot}

¢




b
e

The anodic polymerization of isobutyl vinyl ether was
also carried cut using tetrabutylammonium hexafluorophosphate
as the electrolyte. As with the tetrafluoroborate szlt, the
first portion of the initial current pulse was used to remove
impurities.

The polymerization of styrene was carrisd out using
constant currents of various magnitudes. When tetrabutylam-
monium perchlorate was used as the electrolyte, a very reprc-
ducible behaviour was found. Rate constants for the reac!
at 00C., 25°C. and 40°C. were found and the corresponding act-
ivation energy was calculated. The effect of current reversal
in slowing the reaction was investigated.

With tetrabutylammonium tetrafluoroborate as the electro-
lyte in styrene polymerizations the reaction was much less re-
producible. This behaviour was probably due to impurities in
the solution.

‘Reactionvcurves were also obtained for the electropolym-
erization of styrene using tetrabutylammonium hexafluorophos-
phate as the electrolyte. This system appeared to be very
sensitive to impurities in the reaction medium.

A study of the nature of the anodic reactions producing
active centers and of the cathodic reactions producing termina-
ting substances was attempted using cyclic voltammetry. Some

34

‘evidence was obtained suggesting that the direct anodic oxida-

t

tion of isobutyl vinyl ether did not occur in the system using

tetrabutylammonium tetrafluorcborate as the electrolyte.
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INTRODUCTION

Electroinitiated cationic polymerization. involwves

both conventional cationic polymerization chemistry and the
electrochemistry of nonagueous solutions. The electro-
chemical reactions of interest produce cationically active

species at the anode, either by oxidation of the salt to

form a product resembling a conventional catalyst, or by

oxidation of the monomer. The ensuing reactions should be
similar to those encountered in conventional cationic poly-—.
merizétions,

Two of the most characteristic features of many
cationic polymerizations are the rapidity and unpredictabil-
ity of the reactions under all but the purést conditions. A
major gcal prompting the marriage of electrochemistry and
cationic polymerization was, therefore, the possibility of

achieving a larger degree of control over the rates of poly~

0]

merization. Ideally, the rate of reaction could be controlled

by the magnitude of the impressed current in reactions with
effective termination processes, and by the total amount of

current passed where no termination was present. The cathode,

effectively a base of variable strength, might remove the

acidic active centers by direct interaction or indirectly by
the production of basic substances. Thus, an electroinitiated

polymerizaticn would not be limited in character by the com-




position of the initial preparation of the reaction.

In this work, attempts were made to demohstrate the
amount of control possible in some electroinitiated cationic
polymerizations of vinyl monomers. Interpretations éf the
course of these reactions on the basis of conventiocnal
polymer kinetics and reaction mechanisms also proved pos-~
sible.

Finally, some investigations of the character of the
electrode reactions involved were attempted. As a back-
ground to this work, the current state of knowledge of con-
venticnal cationic polymerization is discussed in addition
to previcus studies on both cationic and other types of
electroinitiated polymerizations. Furthermore, some studies
of the oxidation cf aromatic hydrocarbons and of the
perchlorate and tetraflouroborate anions in organic media

are mentioned.

Cationic Polymerization

Addition polymerization is a chain reaction consist-
ing of many fast, identical reactions generated by a small
number of initiator or catalyst molecules. Four basic types

of reactions are possible:

(1) initiation: the conversion of a small number of

monomer molecules into active species which can serve as

loci of polymerization.




A —s A" (1)

aM* (2)

A + M

(ii) propagation: the addition of the active species
to a monomer molecule, producing another active center on a
chain one monomer unit longer.

* *
AM T+ M — AM (3)

(iii) chain transfer: the reaction of a polymeric
active center with the monomer or other substance in the
solution to produce a dead polymeric chain and another
active species.

* %

AM + C — AMm + C (4)

c* + M —— CcM* (5)

(iv) termination: the reaction which destroys the
kinetic chain by eliminating the active center.

AM T ——> AM_ (6)

These reactions control the rate of formation, the structure
and the size of the polymer molecules.

Addition polymerizations are classified according to
the electronic configuration and charge of the active center
involved. The principal types are:

(i) free radical

(ii) anionic

(iii) cationic
(iv) coordination catalysts (Ziegler-Natta)




In the cationic addition polymerization cf vinyl
monomers, the active center is usually considered to be an
ion with a positive charge. Except where there are specific
effects due to the supporting medium, the carbon atom on
which the charge resides is usually planar with three covalent
bonds and an empty p-orbital perpendicular to the plane. This
species is a carbonium ion. Where conjugation is possible the
charge is spread over a number of carbon atoms as in allylic

carbonium ions.

A. Initiation

The initiation step in cationic polymerization has
generally been considered to consist of the formation of
carbonium ion active centers. These initiators, usually
acidic substances, can be classified into four main groups:

(1) classical protonic acids: HC1l, H SOA, HC10O

2 4

(ii) Lewis acids: SnCl4, BF3
(iii) substances capable of oxidizing the monomer to
radical cations
(iv) other carbonium ion‘generators: isobutyl per-
chlorate, I,, ionizing radiation.
Because the initiation reactions in our polymerizations may

involve mechanisms related to all four groups above, the

activities of these initiators are discussed below.




(1) Prnuonlc Ac¢ds

the acid~catalyzed.hyd;atlon,of olefins. All of these reac-
tions have been considered to involve the brotonation of +the
clefinic double bond to form a carbonium ion. Various linesg
of eviaencé have‘shown that this reacticn does not occur as
a fast, reverQ1b7e step (1,2 /3,4, A mechanism more com-
patible with experlmental evidence involves a fast, rever-
sible equilibrium between unprotonated olefin ang a loosely~

bonded T-complex of 5 broton with +the olefinic double bond:

\ _

AN
The rate—determinipc Step is postulated to be the intra-

molecular Tearrangement of +he T~ complex to form the CART -

bonium ion, sometimes called a o-complex:

I ( |
C=C| X —0|pg-c-
/0 |

(ii) Lewis Acids
==ss fAcids
The most extensively used cationic pPolymerization
initiators are Lewis acigs. They generally produce polymers

ormed by protonic

"i

Fiy

rq

of higher molecular weight than those

acid catalysts, especial tly at low temperatures. The metal

halides used are usually those of Group TII and d-transition




metals.

The problem of cocatalysis has been associated with
Lewis acid cdtalysts. Farlier work suggested that in some
cases, Lewis acids could function as initiators without the
aid of cocatalysts while in others a cocatalyst was neces-
sary. Anomalous results were frequently reported, adding
to the confusion. Addition of water to a particular system
might have increased the rate in one instance and decreased
it in another.

More recent work has shown that the anomalies arose
from a lack of rigor in the reaction preparations. As a
résult,variable, small but catalytic amounts of water were
present and the reactions appeared to occur without a
cocatalyst, although the observed rates varied considerably.
The need of a cocatalyst was demonstrated only when catalyst,
monomer and solvent, mixed in a state of high purity,
exhibited no polymerization (5). This was not accomplished
until sophisticated high vacuum technigues were used to
handle the materials and proper methods of drying enabled
the reduction of water content to 10 millimoles per liter or
less. The effect of a chosen cocatalyst could then be deter-
mined.

Tt has now been demonstrated that a cocatalyst is
necessary for initiation with almost all Friedel-Crafts

catalysts. Perhaps the most spectacular demonstration of
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this was the successful distillation of styrene onto, and
then from aluminum chloride, an extremely powerful catalyst

(6).

Cocatalysts commonly used in cationic polymerizaticn
include alcohols, water, protonic acids and hydrocarbon

halides. Some cocatalysts, such as water, inhibit the

reaction when present in large amounts relative to the cata-

lyst concentration. If the system can be dried perfectly

and there is no other potential cocatalyst in solution, the
observed rate rises from zero, as water is added to the
system, to a maximum at a cocatalyst - catalyst ratio that
is specific for each polymerization system. Thereafter,
any further increase in water concentration retards the
reaction to a degree dependent on the excess of water
present. However, other cocatalysts, such as alkyl halides,
do not inhibit the reaction even when present as the solvent,
A good example of cocatalytic behaviour is contained in the
study of the stannic chloride polymerization of styrene in
various solvents reported by Colclough and Dainton (7).
Although some catalyst-cocatalyst pairs combine to form

stable catalytic speciles, in many cases the corresponding

complex acids have never been detected. For example, com-

1

binations of aluminum chloride wit!

ey
joy

yvdrogen chloride and
boron fluoride with hydrogen fluoride might be expected to.

produce the complex acids H+(A1Cl4)* and H+(BF4)" . The
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existence of these acids has never been demonstrated except
in thé presence of proton accepting bases (8). Double bonds
can act as stabilizing bases for these types of systems,
which mighf explain their strong polymerization initiating
ability and their activity in ordinary Friedel~Crafts reac-
tions in the presence of alkenes. A number of mechanisms have
been proposed for the activity of these catalytic systems (9,
10) .

In general, the activity of Friedel-Crafts catalysts
is not well understood. In polymerization, the production of
the carbonium ion could resﬁlt from an attack by the monomer
on a monomer-catalyst-cocatalyst complex, an attack by the
cocatalyst on the catalyst-coordinated monomer or a rearrange-
ment of a monomer-catalyst-cocatalyst complex. Alternatively,
initiation by protcn donation, as with protonic acids, could
occur with cocatalysts having active hydrogens. Whatever the
detail of the mechanisms, it has been shown in a number of
cases that a part of the‘cocatalyst molecule is incorporated
into the polymer, suggesting the following generalized reac-
tion scheme:

MX_ + SR=—= (sMx_ )~ R (9)
m m
-+ - - ¢ e 1 S -
RY (SMX )™ + CHz== CHR'—> RCH2’(‘EHR (SMX_) (10)

where MX, is the Lewis acid, SR is the cocatalyst and R is

the part of the cocétalyst that adds to the double bond to




produce the cationic propagating species.

(iii) Oxidation of Monomer

Some compounds can act as cationic polymerization
initiators by directly oxidizing monomeric double bonds to
form radical-cations. This process is analogous to the
production of radical-anions by the sodium naphthyl reduction
of monomer molecules (11). Like radical-anions, the radical-
cations are expected to dimerize into dicarbonium ions or add
to monomer molecule to form polymeric species with separated
‘ionic and free radical ends. Catalysts for these reactions
include some Lewis acids and organic molecules with marked
electron-acceptor character due to the attachment of many
cyano, chloro or other electron attracting groups. Some
examples are tetracyanoethylene, 1,4,5,8-tetrachloroanthra-
gquinone, 2,3-dichloro -5,6-dicyanobenzoquinone (12), tropy-
lium salts (13) and antimony pentachloride (14,15). These
have been used in the polymerization of N-vinylcarbazole
(12,13), alkyl vinyl ethers, styrene and otheg monomers (13).
Szwarc (13,14) recently studied the oxidation and dimeriza-
tion of 1,l-diphenylethylene.

The mechanism that has been advanced (12,13,14) to ex-
plain the activity of these catalysts involves the reversible
formation of a coloured charge-transfer complex, M-0, bet-

ween catalyst and monomer. This species is in equilibriunm
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. . . +
with the radical cation, M- :
M + 0= M-0==> Mt + OF (1)
+ vt —_— A
MY + nM——> Mm+1““"Mm+l 0 (12)

A review of polymerizations initiated by the oxidation cf

monomeric double bonds to radical-cations has recently

appeared (16).

(iv) Other Carbonium Ion Generators

Many initiators of this class form carbonium ion
growth centers by direct addition of part of the catalyst to
a monomer molecule. Termiﬁation in nc case regenerates an
initiator molecule and therefore the term catalyst is in-
applicable to these systems.

Acyl and alkyl perchlorates (17) and tetrafluorobor-
ates (18) dissociate to form acylium and carbonium ions
which can readily add to double bonds to initiate catiocnic
polymerization. Because of the simplicity of their mode of
initiation, these initiators along with perchloric acid (19)
have been suggested for fundamental studies of cationic
polymerization rather than syncatalytic systems whose mode
of activity is not well understood.

Solutions of triphenylmethyl halides initiate polymer-
izations most probably by ionizing to form a triphenylmethyl

carbonium ion (20). This initiator is especially active
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with liguid sulfur dioxide, a specific ionizing solvent for
the triphenylmethyl cation.

Icodine (21,22,23,24), iodine chloride and iodihe
bromide (25) have been studied as cationic polymerization
initiatdrs. The activity of these substances is thought to
arise from ionization of the diatomic molecules and addition

of the cation to the monomeric double bond:

N + — -
ZIZEFZZEI I3 (13)
. % R,
I,+CHj==:CH e I—CH2~"CH (14}

(v) Implications of the Above Initiating Behaviour
on Electroinitiated Cationic Polymerization

The initiation reactions possible in electro-
initiated cationic polymerizations will probably be realated
to initiation by the catalysts described above. Like con-
ventionally initiated cationic systems, the electroinitiated
reactions will probably vary from very complex to very
simple behaviour. However, it is possible that the electro-
initiation of cationic polymerizations wili not only provide
some measure of control over the initiation process but will
also simplify the initiation behaviour.

The production of conventicnal protonic acids at the

anode would provide a relatively simple initiation especially
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if the acids were strong and formed active centers in an
effectively instantaneous reaction. In cases where no ter-
mination was possible, the number of active centers present
would be proportional to and in cases with 100% electrode
efficiency equal to the amount of current passed.

The production of a Lewis acid at the anode would
probably provide a more intricate initiating behaviour.
A cocatalyst must either be added or be present as an im-
purity. If adventitious water were responsible for cocata-
lytic activity, the first gquantities of Lewis acid produced
would probably not be very effective for initiation as
water in large excess over the Lewis acid would retard the
reaction. Also, higher hydrates than those responsible for
initiation may form because of the excess of water, eg.,

inactive SnCl4'3H20 instead of active SnCl ~2H20 (7).

4
However, as more Lewlis acid was prcduced, the rate would
rise as more of the active hydrate was formed and/or as the
catalyst~water ratic was increased. When the latter ratio
reached the value at which the maximum rate for the concen-
tration of cocatalyst present occurred (maximum amount of
syncatalyst formed), the rate would become independent of
any further cufrent passed, provided the Lewis acid-~water
syncatalyst was the only catalyst vossible. Thus, the
reaction rate at any time would not be a simple function of

the amount of current passed but also a function of the
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catalvst-cocatalyst ratio. Therefore, a very complex iri=-
tiation behaviour would result unless water was completcly
removed from the system and a cocatalyst which could not
retard the reaction was added. Alternatively, an electrcde
reaction simultaneously préducing‘catalyst and cocatalyst
in equimolar amounts would also simplify the initiation
behaviour because the catalyst—cocatalyst.ratio would be
constant throughout the catalyst production.

An initiation proceeding by direct oxidation of the
monomer at the electrode would be analogous to initiation
by monomer oxidation described sbove. A carbonium icn would
be produced directly and an anion from the electrolyte would
function as the counterion. Thus, the active center would
be equivalent to that produced by the conjugate protonic
acid of the electrolyte anion.

Finally, it may also be possible to initiate cationic
polymerizations by the electrolytic prcduction of initiators
of the types described above in (iv). Although it is dif-
ficult to imagine the formationof triphenylmethyl chloride
or acyl ana alkyl perchlorates and tetrafluoroborates at an
electrode, iodine, a goocd cationic catalyst, may be produced

on the electrolysis of an icdide salt.

B. Propagaticn

The cationic propagation reaction involves the
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addition of a carbonium ion or cationically active center to

the monomeric double bond:

Ry R R R,
weCH~~ CT 4 CHz= ¢ —— "CH;—C — CH;— C* (15)
2 R 2 & 2 R 2 R

This reaction is a major factor in controlling the overall
rate of polymerization and in cases where initiation is
fast and termination absent, it is the only rate-controlling
reaction. The mechanism of this reaction determines the
microstructure of the resulting polymer and both the rate
and mechanism are governed by the reaction conditions and
monomer structure.

The extent of the predominance of propagation over
all other modes of reaction of the active center determines
the average size of the resulting pélymeric molecules.
Therefore the monomeric double bond must be the locus of
greatest cationic affinity in the medium. Since the addi-
tion of a cationic center to an olefin is an electrophilic
reaction, monomers susceptible to this type of reaction
have relatively negative double bonds. Thus, the relative
rates of polymerization of para~substituted.styrenes
increase with the electron-releasing ability of the para-
substituent, i.e. in the order Cl < H< CH3<:OCH3. In the
very active vinyl ethers, an electron-releasing mesomeric.

effect, ~E, greatly predominates over an electron-withdraw-
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ing inductive effect, + I :
+ -
R —< O —= CH==“—‘CH2 ‘ R—O:::CH—CHZ

+1 ' -E

Studies of simple carbonium ion reactions in organic
chemistry have suggested that some easily dissociated com-
pounds, such as triphenylmethyl chloride, unimolecularly
dissociate into carbonium ions through two distinct inter-
mediates proposed by Winstein et al (26). These inter-
mediates are known as contact ion pairs and solvent-
separated ion pairs. The equilibria between these ionic

forms are represented as follows:

A X—:g;:::::; A SX—;;::?“”“ A+ X (16)
ION PAIR SOLVENT~- FREE TIONS
SEPARATED
ION PATR

The carbonium ions and their counterions in polymerizing
systems also exist in these ionized forms, the relative
guantities of which are determined by the temperature and
the specific solvation ability of the solvent for each of
these species. As the rate and mechanism of propagation
should differ for each of these ionic forms, a very com-
plicated polymerization behaviour on changes of solvent or
temperature may occur.

In practice reat changes in propagation rate
’ g bag
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constants do occur on changing solvents. Thus, for the
polymerization of‘styrene with perchloric acid as initiator
(19), the propagation rate constant at 25°C dropped from
17.0 liters/mole-sec. to 0.0012 liters/mole~sec. on changing
the solvent from ethylene chlcoride to carbon tetrachloride.,
In the polymerization of iscbutene by titanium tetrachlcride
(27), complications in kinetic behaviour with changes in
temperature have been attributed to ionic equilibria between
ions and ion pairs.

The carbonium ion counterions can also exert a great
influence on the propagation reaction. For example, in the'
polymerization of styrene in ethylene dichloride at 25°C.,
the propagatioh rate constant with an Ig counterion was
0.003 liters/mole-sec. with an activation energy of 6.5
kcal/mole (18). However, on changing the counterion to per-
chlorate, thé reaction was found to have a rate constant of
17.0 liters/mole-sec. and an activation energy of 9.6

kcal/mole (28).

C. Transfer and Termination

Under the terms transfer and termination are classi-
fied all reactions limiting the molecular weight obtained in
a polymerization reaction. If a reaction results in a dead

polymer chain and & species capabkle of promoting the growth

of a new chain it is termed chain transfer. If it produces
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a dead polymer chain and an inactive species incapable of
initiating further chain growth it is considered to be a
termination reaction. While chain transfer usually occurs
at a rate comparable to that of propagation and does not
affect the rate of polymerization, termination can have an
important effect on the rate and is included in the overall
rate constant. Molecular growth-stopping reactions are
more important in cationic than in any other type of vinyl
polymerization. As a result, the molecular weights produced
by cationic mechanisms are generally lowver.

Chain transfer to monomer 1is the most important
molecular size-limiting reaction in cationic polymerization.
The principal mechanisms proposed for this process are

hydride abstraction:

CH2R CH2R CH,R TcHR
Wit O e CT A~ 4+ CHo==(C —— “*CHs+—CH + CH&~C A (17)
2 2 2 2
H H H H

and proton donation:

R R R Ry -
e CHZ.__... §+A_ + CH2: (lj > s (QH CI: + CH 3 C A (18)
H H H H

Mechanisms applicable to specific monomers have been proposed.
For some arvomatic monomers such as styrene, a Friedel-Crafts
alkylation of the aromatic ring on the penultimate monomer

unit is possible (19):
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-
st CH —— CH ~— CHZ— CHX + C‘.HZ‘—?— CHPh ———

2
O O

CH—CH —CH
2 + CcH

2 P2 3 Euphx” (19)

For vinyl ethers a mechanism involving the ether oxygen atom

has been proposed (29):

H H . ]
OR dr 7 4n
+ RrtA” (20)

> +«~— CH—— CH ~— O ——CH == CH.
2 A 2
OR
Species other than monomer can be involved in trans-

fer processes. Transfer can occur to the counterion

producing the original initiating acid (30):

R R
#~CHy—C'A” ——>-"CH==C + HA (21)
R R

This reaction can be unimolecular or bimolecular, depending

on the separation of the ions. Chain transfer to polymer

(31) produces branching while transfer to aromatic solvents
(32) produces detectable end groups such as tolyl groups in

toluene. Transfer to halogenated aliphatic solvents has
been verified by the detection of radicactivity in the

polymer wher radioactive solvent is used (33):




| CH, gy CH,
CH-— & “AlCl, + = CH4Cl ——  CH4y—(>—Cl
2 tu CH,
3 : 3
14 ...+ —
+ *%cHT alcl 22)
3 7777 (

Transfer processes in cationic polymerization usually
possess relatively high activation energies. Lower tempera-
tures can therefore "freeze out" these reactions resulting
in higher molecular weights.

Especially in Bronsted acid-catalyzed polymerizations,

termination can take place by means of a simple combination
of the anion with the growing polymer end to form a bond.
The importance of this process decreases with a decreasing
nucleophilicity of the anion and therefore with an increas-
ing acid strength of the initiator. Thus, the polymeriza-
tion of styrene by the very strong perchloric acid appsars
to have no true termination reaction (19). In the sulfuric
acid polymerization of styrene, the termination reaction has
the rather high activation energy of 13.5 kcal/mole,
possibly because of the poor nucleophilicity of the bisulfate
anion (34). When hydrobromic acid is used as initiator,
termination assumes great importance because of the possibil-
ity of the formation of a relatively stable carbon-bromine
bond (35).

With Lewis acid-cocatalyst combinations, a wider

variety of termination reactions are possible. In some




20
systems, termination is unimportant (22,36,37). In other
cases termination involving the consumption of initiator may
occur (38). However, the most common mode of termination is
é combination of the active end with a ccocatalyst fragment,
In the case of water-cocatalyzed systems, a terminal alcohol-
ic group is formed:

R

R
- - i
% (MXnOH) S CH2~ g - OH + MXn o (23)

CH2

D. Kinetics -

Kinetic analyses of addition polymerizations have
often utilized the steady-state assumption to simplify the
kinetic expressions involved. This assumption, that the
concentration of active centers is constant, is applicable
to reactions in which the rate of change of the concentra-
tion of active centers is negligible ccmpared with their
rates of formation and disappearance (39). This is termed
a stationary-state of the First Kind and is applicable to a
number of cationic systems. The assumption also applies to
systems which possess virtually instantaneous initiation
and no termination. This is called a stationary-state of
the Second Kind.

For many cationic polymerizations, the steady-state
assumption is invalid. In some cases, the rate of termina-

tion never attains the rate of initiation, resulting in an
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increasing number of growing polymer chains during the
reaction and sigmoid-shaped reaction curves (40,41). In
other systems, the polymerization ceases before all the
monomer has been consumed (40), suggestinq a complete con-
sumption of catalyst or cocatalyst by a termination reaction.
A very involved and complete analysis of the latter type of
system was derived by Pepper for the polymerization of
styrene by sulfuric acid (34).

The rate of cationic polymerization is usually first

. order in both monomer and active center concentrations.

—d (D — +
(—C%%J-) = k() () (24)

Where termination involves the combination of a carbonium
ion and a counterion of a propagating ion pair, it is usual-

ly unimolecular in active center concentration:

R.= kt<M;) (25)

In polar solvents, initiation is often first order in cata-

lyst concentration, only:

R;= k; (C) (26)

However, the kinetic expression for this reaction is often
more complicated. This is particularly true for reactions in
media of low dielectric constant where the solvating ability

of the solvent for the ions or ion pairs is not great. 1In
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these cases, the formation of propagating ions can be assis-
ted by the most polar or polariéable molecules in solution,
often the catalyst or the monomer. The kinetic dependence
of the initiation reaction is then greater than one on the
catalyst concentration and greater than zero on the monomer
concentration.

The general kinetic equation for a cationic reaction
vexhibiting a staticnary-state of the First Kind can be

‘exprescsed as (42):

_d) . kpki : o
( ét ) Etl (MYF {(C) (Co-cat.), (M)} (27)

where (Co-cat.) is the concentration of the cocatalyst, if
one is needed and F {(C), (Co-cat.), (M)} is a function of the
catalyst; cocataljst and monomer concentrations. The over-
all rate constént, kﬁ%i, may have a positive or negative
activation energy depending on the relative sizes of the
termination activation energy and the sum of the initiation

and propagation rate constants.

E. Degree of Polymerization

The number-average degree of polymerization is the
average number of mouomer units in the polymeric chains of
a polymer sample. It can be expressed as the ratio of the
rate of propagation to the sum of the rates of molecular

chain-terminating reactions including termination and
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F. Carbonium Ions and Pseudocationic Polymerization

It had been assumed for many years that the chain-
carrying species in polymerizations initiated by Lewis Acids
and protonic acids were carbonium ions. However, in the
majority of cases, the carbcnium ion character of active
species was inferred from the nature of the catalyst and
supported only indirectly by kinetic evidence. Electrical

conductivity measurements were seldom carried out to ascer-

"

i

2exrva-

.

tain the presence of ions during polymerizations. Ob
tions of carbonium ion spectra were often reported
but seldom under polymerizaticn conditions. In addition
there was a failure to recognize the kinetic complications
that.may arise in ionic polymerization systems due to
equilibria between ions and ion pairs in the low dielectric
media used.

Trué cationic behaviour has been established in a
number of systems. The polymerization of isobutene with
titanium tetrachloride and water in methylene chloride (27)
shows an apparent change in the mechanism of propagation as
the temperature is lowered from +18°C to - 91°C. This

behaviour has been attributed to predominantly ion pair
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propagation at higher temperatures and free ion propagation
at lower temperatures. -

Recently Sukurada, Ise and coworkers have reported

cogent experimental evidence £for the ex1sLenﬂe of prOpaga~

ting ions and ion pairs in some ionic polymerlzatlons. They;,

found that the application of eleptrlc flelds of strengths
of up to 2.0 K.V./cm. across some catlpnlc;polymerlzatlon
systems increased the rates of polymerizétion ahd‘thatlﬁhé
increasé was Dr0portiénal to the stfen%th‘of the field.
This effect was ascribed to a field- fa0111tated dlssoc1atlon4ﬂ
of lon pairs to free ions, a well- known pnenomenon in weak
electrolyte solutions (43,44). Apparently the free catlons
propagated at a higher rate than ion ééirs;’a phenémehon
which has been demonstrated for anionic syStéms (45). In
this work it was satisfactorily demonstrated that the fiéld
accelerations did not arise from elecfroinitiation,or from
joﬁle heating by the passage of current. Accelerations
proportional to the electric field stféngth were found in
the jodine-initiated polymerization oﬁ’p—méthoxy;tyrene (46L
o-methylstyrene (47) and isobutyl vinéﬁ ether'(48)rin |
ethylene chloride. A field acceleratf@n was'also found’in
the polvmerization of styrene by boroi?triflubiide etherate
in ethylene chloride (49) and of u—meghylst'réne by‘iodine
in nitrobenzene (50). However, no field effect could be

detected in the free radical polvmerizations of styrene and
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methyl methacrylate in ethylene dichloride initiated by
azobisisobutyronitrile and benzéylperokide (46) , indicating
that the accelerations due to the electric field only occur
in ionic polymerization systems. To clarify the effect of
the dieiectric constant of the medium on the acceleration,
Sakurada, Ise and Hayashi (49) studied the electric field
acceleration of the polymerization of styrene by borén’tri~
fluoride etherate in ethvlene chloride as a function of
‘dielectric constant. The results of this work indicated
that at sufficiently large or small degrees of dissociation,
an electric field does not affect the rate of polymerization.

The carbonium ion theory for the polymerization of
styrene by perchloric acid in chlorinated solvents was the
first to be challenged. This reaction, originally studied
by Pepper et al (19,34), was found to be very reproducible
even with water concentrations equal to ten times that of
the éatalyst. The rate law observed up to 95% conversion

was:

(29)

—(dM = ;
(A = k(HC104) , () ¢

where (M)t is the monomer concentration at time t and
(HC10,), is the initial catalyst concentration. After 100%
conversion of monomer to polymer, a further charge of
monomer resuited in polymerization with approximately the
same rate constant. The logarithm of the observed rate

constant was found to vary linearly with the reciprocal of
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the dielectric constant for most solvents used. In ethylene
chloride at 25°C. a rate constaﬁt of 17.0 liters/mole-sec.
and an activation energy of 8.3 kcal/mole were found.

Pepper concluded from this evidence that:

a) the active species involved in the propagation
reaction were carbonium ions formed on protonation of the
monomer by perchloric acid,

b} the number of carbonium ions egqualed the number of
equivalents of acid added,

c) initiation was instantaneous and there was no
termination, and -

d) the measured rate constant was that of propagation
alone.

Gandini and Plesch (51,52) reported the same general
phenomena for the perchloric acid polymerization of styrene
in methylene chloride. A rate constant of 10.7 liters/mole-
sec. and an activation energy of 12 kcal/mole were found.
However, the absorption peak at 424 mu, attributed to the
polystyryl carbenium ion, was not present during the polymer-
ization. Moreover, conductivity measurements demonstrated
that no significant concentraticn of free ions was present.
during the polymerization. Although propagating ion pairs

could have been re

mn

ponsible for the polymerization, estimates
of the eguilibrium constant between ion pairs and free ions

under the experimental conditions used (53) indicated that a
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significant change in free ion concentration would occur in
the range of acid concentration used, precluding the obser-
ved first order dependence on the acid concentration. Gan-
dini and Plesch also ncted that as 100% conversion was
approached both the 424 mﬁ absorption and the cbnductivity
grew together. |

On the basis of the above evidence, Plesch proposed
that non-ionic esters, with polar, covalent bonds between
the perchlorate and carbonium ions, were the active centers
in this reaction. This ester would require stabilization by
‘four styrene molecules and could not exist in the absence of
styrene. The proposed reaction scheme was:

Initiation (instantaneous):

. k.
5 phCH=CH2+(HClO4)4/4—45(CH3~CHPh~O—C103)'4PhCH=CH2 (30)

Propagation:

k :
CH — () ° D, — — —_ —()— . i
{ 3 CHPh-O ClO3) 4C8H8—-—~~r(CH3 CHPh CH2 CHPh-O ClOB) C8h8 (31)
Rp= kp(HCiO4)O(PhCH = CH2) (32)

When the styrene was virtually all consumed, the ester would
decompose to form polystyryl carbonium ions, ex?laining the
increase in conductivity, the appearance of the 340 mﬁ Ab~-
sorption peak'and a very rapid consumption of the remaining

monomer. The latter reaction was considered to be truly
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cationic, while the reaction consuming the bulk of the
monomer was termed "pssudocationic®.

Shortly after the "pseudocationic" theory appeared,
considerable doubt was cast on the possibility of the exist-
ence of simple benzyl-type carbonium ions in this medium.
Even in étrongly acidic solutions such as SbFg-FSO3H-80, no
evidence for the formation of these ions could be gained
(54,55,56). In addition, theoretical calculations and
experimental evidence suggested that the major absorption
for the polystyryl ion should be found in the 300 to 320 mu
range (57). Spectroscopic studies by Higashimura et al (58)
supported these conclusions. Finally Bywater and Worsfold
(59) and later Bertoli and Plesch (60) demonstrated unequivo-
cally that the 420 mp absorption was not due to polystyryl
cations but to diphenyl-substituted carbonium ions derived
from cyclized end groups formed at the end of the polymeri~
zation.

Bywater and Worsfold proposed a carbonium ion mechan-
ism compatible with the experimenﬁal evidence. They postu-
lated that the bulk of the perchloric acid did indeed form
an ester with the monomer, but that the polymerization
proceeded by carbonium ions formed by a slow ionization of

the ester, the rate~determining step:

FAST
HClO4+ PhCH=CH2-—"~~+CH3PhCH~O-~ClO3 (33)
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cH.pPhcH-0-C10. 22Ny pherts cio” (34)
3 3 3 4

CH,PhCH'+ PhCH=CH,~— CHzPhCHCHZPhCH+ (35)

CHZPhCHCHZPhCH+~w+ CHzPhCHCH=CHPh+H+ (36)

+ -

H + ClO, — HC1O, (37)

The polymerization would exhibit normal cationic transfer
and termination reactions. Moreover, it would be a steady-
state polymerization of the First Kind and not of the
Second Kind as proposed by Pepper.

In a further study of this system, Gandini and Plesch
(61) reported further evidence suggesting that the ions
formed after the end of the polymerization were not benzyl
but indanyl and various phenyl alkyl carbonium ions. Clear
kinetic and thermal evidence was shown for the stabilization
of their proposed ester by four styrene molecules.

As yet the identity of the propagating species in the
perchloric acid-styrene system had not been definitely
established. However, it is difficult to reconcile any car-
bonium ion theory with the absence of any effect of large
quantities of water while polymefizations known to proceed

'''''' through carbonium ion intermediates are seriously affected.
It can therefore be stated that this factor and the evidence

cited above haveshown that carbonium ions do not exist in

large concentrations approaching that of the perchloric acid
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during the bulk of the polyvmerization.

Electroinitiated Polymerization

In electroinitiated-polymeriéation, a species wﬁich
can serve as an active center of polymerization is.produced
at an anode or cathode. Monomer, salt or some other sub-
stance present in the solution may be involved in the
electrode reaction which can produce a radical or ionic
species. The potential of the electrode can provide a
degree of control over the kinds of substances that are
electrolyzed and the current can regulate the amount of
initiator being produced. The ensuing polymerization reac-
tions follow the same behaviour as the eguivalent conventiocn-
ally-initiated polymerizations. The major advantage of
electropolymerization lies, therefore, in a greater degree
of control over the initiation process. This situation is
analogoﬁs to that of photoinitiated polvmerization in which
the fregquency and intensity of the incident radiation can be
varied to regulate the kinds of bonds to be broken and the

rate of initiator production.

A. Cathodic Free Radical Polymerizations

One of the first electroinitiated polymerization
studies was reported by Wilson and coworkers in 1949 (62).

Insoluble poly(methyl methacrylate) was produced at a
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cathode when current was passed through methanolic agqueous
solution of suifuric acid and monomer. Hydrogen atoms
produced at the metal céthode were thought to initiate the
reaction by adding to the monomeric double bond thereby
producing free radical active centers. Various metals
(Pb, Sn, Pt, Bi, Fe, Al) used as cathodes were found to
produce polymer with efficiencies varying in accordance wit
their hydrogen overpotentials. A number of metals would not
produce polymers.

Parravano (63) polymérized methyl methacrylate by
hydrogen atoms produced both electrolytically and by the
chemisorption of hydrogen on metallic surfaces. He estab-
lished that the polvmerization did indeed arise from hydro-
gen atoms. However, the efficiency of conversion from
hydrogen atoms té free radicals was found to be very low.

Tsvetkov (64) cathodically polymerized methyl methac-
rylate in aqueous hydrochloric acid solutions. In this
‘work, it was unexpectedly found that stirring decreased the
efficiency of the electropolymerization. In later work (65)
the influence of acid concentration and the additions of
salts and alcohols were studied. The first agueous electro-.
polymerization of styrene was accomplished when methyl alco-
hol was added to increase the solubility cof the monomer. Ad-
ditions of methyl and ethyL.alcohol to aqueous methyl methacry-

late systems increased the polymerization efficiency of this
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monomer because of £hevgreater homogeneity of the reactions
under these conditions. -

Although earlier reports had claimed that methyl
methacrylate had been polymerized by hydrogen atoms genera-
ted at a lead cathode in acid soluticn (62,66,67), Fedoxova
(68,69,70) provided strong evidence.that the polymerization
would not proceed‘in the absence of oxygen. He proposed
that oxygen was reduced at the lead electrode in the follow-
ing manner:

O,+ e + B —— HO (38)

2‘,
HO," + e + HY —— H,0, (39)
HO," could be the initiating species for the radical polymer
ization.,

A characteristic phenomenon observed in a number of
hydrogen atom initiated electropolymerizations was an "after”
polymerization continuing for many hours after the cessation
of current (66,67). Since no new radicals were formed dur-
ing this period, the reaction probably arose from long-lived
radicals whose mutual termination was prevented by hetero-
geneous effects (71).

A further type of cathodic free radical polymeriza-
tion was reported by Kolthoff and coworkers (72) who polymer-
ized acrylonitrile by means of a ferric-ferrous redox couple.

Ferric ions were

educed at the cathode to ferrous ions,

H




which reduced hydrogen peroxide, potassium persulfate or
cumene hydroperoxide to produce free radicals. A possible

reaction scheme is:

Ee3+ + e — Fe2+ (40)

2+
re?t + B 0. — 3t

o . \
20, + OH + OH | (41)

B. Anodic Free Radical Polymerizations

The classical method of anodic free radical produc-
tion is the Kolbe electroiysis. This involves the oxidation
of monobasic aliphatic acids to produce alkyl free radicals
which can dimerize to produce symmetrical élkanes.

Free radicals produced by the Kolbe electrolysis were
first utilized for the initiation of radical polymerizations
by Goldschmidt and Stockel in 1852 (73). A low molecular
weight polystyrene oil was préduced on the passage of cur-
rent through acetic acid solutions of sodium acetate and
styrene. However, Friedlander et al (63) failed in an
attempt to form substantial guantities of poly (styrene) and
poly (acrylonitrile) by the electrolysis of solutions of
these monomers and potassium laurate.

Smith and Gilde (74) studied the electrolysis of
methanolic solutions of potassium acetate with butadiene and
isoprene. They found products resulting>from the addition
of methyl and acetoxy radicals to monomer molecules and the'

subsequent dimerization of the various radicals present. No
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polymer was formed because the diene radicals were greatly
resonance stabilized and would not attack the diene further.
In a later study (75) these autheors reported the polymeriza-
tion of vinyl acetate and methyl methacrylate on the passage
of current through aqueous solutions of these monomers and
14
résulted in the presence of large amounts of radiocactivity
in the polymer. This was advanced as evidence for ini-
tiation by methyl or acetoxy radicals produced by the elec-
trolysis of the acetate anién. Funt (76) has noted that
the level of activity found .in the polymer by these authors
would indicate that 470 methyl and/or.acetoxy fragments

wer

m

incorporated per molecule of pclymer. This unreason-
able result was probably due to insufficiently thorough
polymer purification procedures. However, studies by Funt
and Hnatowich (77) support the conclusion that radioactivity
is indeed incorporated into the polymer.

Funt and Yu (78) studied the electroinitiated poly-
merization of methyl methacrylate in dimethyl sulfoxide.
zinc acetate and several other salts were used as electro-
lytes. Both monomer and polymer were soluble in this non-
aqueous solvent. As a result there was no polymeric coating
of the electrode and the system remained homogeneous through-
out. This allowed a well-defined kinetic study of this

reaction. The homogeneous polymerization of vinyl pyrroli-
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done in methyl alcohol using potassium acetate as the
electrolyte was also studied (79),

Goerring et al.(80,81) repcrted that haloolefins
such as tetrafluoroethylene, triflucrcchlorcethylene and
difluorodichloroethylene would electrolytically‘polymerize
with ease at one atmosphere pressure in hydrogen fluoride-
potaésium fluoride and trifluoroacetic acid-potassium
trifluoroacetate—trifluoroacetiC‘anﬁydride solutions. This
is significant because haloolefins are especially difficult
monomers to polymerize by ordinary means.

Tsvetkov and Koval'chuk (82) have studied the
initiation of methyl methacrylate polymerization by the
Kolbe electrolysis of sodium acetate in water and agueous
ethyl alcohol, methyl alcohol, acetone and ethylene glycol
solutions. The highest rate was found in the aqueous
glycol solution in which 50% conversion could be achieved

in two hours. A more recent study by the same authors (83)

‘reported a further study of the anodic polymerization of

methyl methacrylate in aquecus ethylene glycol.

C. Anionic Electreoinitiated Polymerization

A general feature of electroinitiated free radical
polymerization has been the very low efficiency of chain
initiation. The great concentration of free radicals pro-

duced at the electrode enhanced the chance cf wastage
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through'radical combination. Although an increase of cur-
rent increased the rate of polymerization, the melecular
weight would be reduced.

In contrast toc free radical systems, anionic polymer-
izations are not subject to bimolecular termination. 2As a
result, the molecular weights are normally independent of
current and the electrical efficiencies are many orders of
'mégnitude greater in anionic systems.

Yang, McEwan and Kleinberg in 1957 (84) reported an
electropolymerization that was probably anionic-in character.
They used magnesium electrodes in a pyridine solution of |
scdium iodide and stvrene to produce low molecular'weight
polystyrene.

Breitenbach (85) reported the cathodic electropolymer-
ization of acrylonitrile using a tetrabutylammonium perchlor-
ate salt. This reaction was originally believed to be free
radical in character, initiated by ethyl free radicals pro-

. duced by the electrolysis of the cation:

R4N+ t e —— RN (42)
. L b ’ 4
R,N"——R,N + R (43)
R* + M ——> RM" , (44)

However, a later publication by the same author (86) demon-

strated the anionic nature of the reaction by means of co-
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polymerization studies with methyl methacrylate and acrylon- , &
itrile.

Funt and Williams (87) reported the anionic formation

of low molecular weight poly(acrylonitrile) at the cathode
in dimethylformamide with a sodium nitrate electrolyte. The
rate was first order in both current and monomer concentfa—
tion. A mechanism involving reduction of the monomer at the
electrode and dimerization of the resulting radical-anions
to propagating dianions was proposed.

Funt and Laurent (88) studied the relative yields
obtained with different alkali metal nitrates in the anionic
electropolymerization of styrene in dimethylformamide. Funt
and Bhadani reported the use of tetramethylammonium chloride
in dimethylformamide for the anionic polymerizations cf
styrene (89) and methyl methacrylate (90). In both systems
the rates exhibited a first order dependence on monomer
concentration and a first order dependence on current for
. styrene. The rate equation for methyl methacrylate was half
order in current.

Several studies on the electrolytic reduction of

acrylonitrile have been reported. Murphy and coworkers (91)

compared the electrolytic and sodium metal reductions of
this monomer. Baizer et al. (92,93) conducted polarographic
investigations on the conditions favourable to hydrodimeri-

zation over polymerization in acrylonitrile reduction. The




presence of proton-donating materials such as water or
acetonitrile favoured the simple reductive coupling reaction
which can be considered a termination at a very early stage
of polymerization. Conversely, the polymerization reaction
is favoured by low water and high monomer concentrations.
The low-temperature anionic electropolymerizationbof
4-vinylpyridine in liguid ammonia and in bulk has been .
reported (94). Alkali metal and tetraalkylammonium'salts
were used as electrolytes in a divided cell. The polymer

formed was insoluble and was coloured orange—rad.

D. Electroinitiated Living Polymers

The work of Michael Szwarc (11,95) has shown that
under certain conditions, organic carbanions formed by the
reduction of olefinic monomers are not terminated and can
exist indefinitely. The persistence of the active species
in‘the electroiniated anionic polymerizations described
~above was inherently impossible because of the facility of
their reaction with the solvents employed.

The first report of the electrolytic formation of
"li&ing" organic anions from a monomer was published by
Yamazaki (96). Tetrahydrofuran was found to be suitable as
a solvent because of its chemically inactive character and
its ability to form conducting solutions. a-methylstyrene

was used as the monomer and lithium aluminum hydride and
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sodium tetraalkylaluminum were used as electrolytes. A div-
ided cell effected the separation of the red carbanions

formed at the cathode from terminating égents formed at the

anode. No polymer was formed at room temperature because of
the low ceiling temperature of the monomer, but on reducing
the temperature to -78%, polymer was formed with a viscos-

ity-determined molecular weight nearly equal to that given

by the equation:

7 o= Grams of Monomer (45)
n % X Faradays Passed

This suggested a strong resemblance of this reaction to the
conventional formation of "living" polymers (11).

The mechanism proposed by Yamazaki involved the
reduction of monomer to radical-anions either directly at

the electrode or by alkali metal formed at the cathode:
M tedn - (46)
. This was followed by a dimerization to form a dianion:

2M+ ——> M — M : (47)

Funt, Bhadani and Richardson (97) formed living

o-methylstyrene carbanions in tetrahydrofuran using

NaAl (C_H_) NaBPh, and KBPh, as electrolytes. The

275747 4 4

formation and destruction of the living ends could be follow-

ed quantitatively by observation of the intensity of the 340
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mp absorption peak of the carbanion. It was shown that the
destruction of these ions on the reversal of current pro-
ceeded at the same electrical efficiency as their formation.
Again, no polymer was produced until the solution containing
the "living" ends was cooled below room temperature. This
study demonstrated that the "living" end population cculd be
varied at will and that the»cmncentration of carbanions
could be-determiﬁed spectrophotometrically.

Funt, Bhadani and Richardson (98) alsoc reported the
first study of "living" anionic polymerization with electro-
lytié control. Styrene was the monomer used in this study.
Funt and Kubota (99) have demonstrated methods of tailoring
molecular weight distributions and explored copolymerization
possibilities in "living" anionic polymerization.

vamazaki et al (100) recently reported the electro-
initiated anionic polymerization of a-methylstyrene in a
tetrahydrofuran solution of sodium tetraethylaluminum. The
- observed molecular weights suggested that the polymexr
molecules had two "living" ends. Termination with ¢arbon
dioxide produced polymer containing carboxyl groups. The
.yellow living anion of butadiene was also electrolytically
formed. Polarographic results indicated that sodium dis-
charge occurred before the reduction of the monomer and

therefore the mechanism proposed for initiation was:

Nt —— Na; Na + M —— M7 (48)
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The half wave pctentials of a number of monomers in dimeth-
oxyethane solutions of tetrabutylammonium perchlorate were

also reported in this work.

E. Electroinitiated Cationic Polymerization

The electroinitiated cationic polymerization of vinyl
monomers was first reported by Breitenbach (101). Current
passed through a solution of tetraethylammonium tetrafluoro-
borate in an acrylonitrile-styrene mixture produced almost
pure polystyrene in the anode compartment of a divided cell,
clearly suggesting a cationic mechanism. Poly(styrene) also
formed at the anode on electrolysis of a nitrobenzene solu-
tion of styrene and tetraethylammonium tetrafluoroborate.

Tetraethylammonium perchlorate proved to be an
effective elect;olyte for the anodic electropolymerization
of styrene, isobutyl vinyl ether and N-vinylcarbazole.

The solubility of silver perchlorate in pure monomers
allowed the passage of current without the presence of
solvent; Polymers of styrene and isobutyl vinyl ether
formed at the anode on electrolysis of silver perchloraﬁe
solutions in the monomers with and without nitrobenzene.
Similarily, poly (N-vinylcarbazole) was produced in nitro-
benzene solution.

A remarkable feature of .these polymerizationswas the

current efficiency. For example, 2700 moles of isobutyl
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vinyl ether could be polymerized per electrochemical equiva-
lent passed through a solution of this monomer and tetra-

butylammonium perchlorate in nitrobenzene. The efficiency

was even greater using silver perchlorate as the electrolyte:
0.1 moles of isobutyl vinyl ether could be polymerized with
0.2 microeqguivalents of current.

A pronounced after-effect was noted in systems con-

' tainingithe silver perchlorate salt. Addition of a nitro-
‘benzene solution of N-vinylcarbazole to a fully electro- :
polymerized nitrobenzene solution of styrene and silver
perchlorate prcduced a fast polymerizaticn with a great
evolution of heat without furﬁher passage of current;
Breitenbach suggested that a type of "living" polymer was
present in this cationic system. Breitenbach proposed the
following mechanism for the anodic production of cationic-

ally active centers:

c1o, anode clo; + e (49)
clo; + M —— ClOj + MTA (50)

In this work, no guarantee of the absence of a blank

(polymerization before current passage) was given for most
of the results reported. This is especially important for
the silver perchlorate systems as this salt has Dbeen knowrn

to polymerize 2-ethylhexyl vinyl ether (102) and stvrene
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(103) without current passage. Although subsequent work by
Burton and Praill (104) demonstrated that pure, dry silver
perchlorate would not function as a catalyst, Breitenbach
gives no definite assurance that the salt used in his work
was sufficiently dry. This may also apply to the tetra-
ethyl;mmonium perchlorate and tetrafluorobcrate salts. How-
" ever, even in the absence of a blank, the passage of current
could have simply removed an impurity in the solution that
prevented polymerization initiation by the salt itself.

Breitenbach did not report any reaction curves nor

did he examine the effect of current reversal on the rate of
reaction. The true electroinitiated character of these
reactions, the degree of electrolytic control over the rates
and perhaps the kinetics of the reactions could best be
demonstrated by following £he reaction throughout its course
and examining the effects of varying amounts of current on
the rate. Nevertheless, Breitenbach's results strongly
- support a cationic~like mechanism for these pclymerizations
and indicate that the reactions were probably electrochem-

ically initiated.

F. Other Electroinitiated Polymerizations

In all of the electropolymerization reactions men-
tioned above, the initiation and in some cases the termina-

tion reactions were subject to electrolytic control. A
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number of attempts have been made to control each successive
propagation step. The addition of one monomer unit to the

polymer chain would result from a single electron transfer.

This could be termed electrocondensation polymerization.
The great disadvantage of this type of polymerization is
that like conventional condensation polymerization, the
efficiency of the reaction must be very high for high poly-
mer formation to occur.

Gilch and Michael (105) studied the electrolytically
initiated condensation polymerization of caprolactam. This

_reaction occurred through anionic intermediates formed when
a current was passed through a solution of an alkali salt
and an isocyanate activator in the monomer melt.

Gilch (106) and Covitz (107) have reported the elec-
trolytic reduction polymerization of p-xylene compounds.
For example, the controlled potential reduction of hexa-
chloro-p-xylene,I, in aqueous p-dioxane appeared to produce

" a,a,0',a'-tetrachloro-p-xylene,Il, as an intermediate which

subsequently formed polytetrachloro-p-xylylene,III.

(o) {7 . -
cc13\9 cc13 c012 cc12 cc12 O,-—cc12

I IT Iix

The polymer was extremely insoluble and could not be proper-
ly characterized. This reaction cannot strictly be termed

an electrolytic condensation polymerization because the
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transfer of electrons did not add the monomer units to the
chain but produced an easily polymerizable intermediate.

The electrolytic formation of apparently stereo-
regular polymers has recently been‘reported by Shapoval et
al (108). Electrolysis of phenyl isocyanate with tetrabutyl-
ammonium iodide in dimethylformamide using a divided cell
and a nickel cathode produced a film of poly(phenyl isocyan-
ate) at the cathode. X-ray diffraction demonstrated that
the polymer was crystalline. It was proposed that the
molecules became orientated during macromolecular chain

growth on the electrode surface.

Oxidation of Hydrocarbons

Most of the work on the electrochemical oxidation of
hydrocarbons has been done on condensed aromatic ring
systems with platinum electrodes and in acetonitrile. In
pclarographic studies it has been noted that as the size and
" resonance of the molecule increases, the anodic half wave
potential becomes less positive. Much of the early work
(109,110,111) suggested that unlike the reduction of hydrocar-
bons, which resulted in the production of stable radical-
anions, two or more electrons were removed on cxidation.
However, more recent work (112,113) has shown that after the
removal of one electron frém the parent hydrocarbon, rapid,

irreversible chemical reactions of unknown character produce
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a product that can oxidize without a change in potential.
At rapid cyclic voltammetric scan rates, the reverse sweep
was completed before these chemical reactions occurred and
the electrochemical reaction appeared to be a reversible
one-electron oxidation producing a radical-cation which was
stable during the time necessary for sweep reversal.

Bard et al. (114) studied the oxidation of aromatic
compounds in methylene chloride by cyclic voltammetry. The
radical-cations appeared to be much more stable with respect
to the coupléd chemical reactidn in methylene chiloride than
in'acetonitrileg In the latter solvent, the radical-cation
of 9,10-diphenylanthracene rapidly disappeared as it was
stirred away from the electrode surface. In methylene
chloride, however, this hydfocarbon could be quantitatively
oxidized to produce relatively large quantities of radical
cations which were stable for days in sealed tubes at liquid
nitrogen temperatures. Bard's results also indicated that

the stability of the radical-cations increased with sub-

stitution in positions of high electron density. Thus,

although cations of 9,10-diphenylanthracene and 1,3,6,8-
fetraphenylpyrene are stable, those of anthracene and tetra-
cene are rapidly removed by coupled chemical reactions.

Lewis and Singer (115) have studied the chemical oxida-
tion of aromatic hydrocarbons by antimony pentachloride in

methylene chloride. Because of the high electron affinity
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of the metal compound and the polarity of the solvent, a

variety of previously unreported aromatic radical-cations

were formed and the ESR spectra of these species were

observed. Radical-cations of 9,10-dimethylanthracene,
peryléne and naphthacene were satisfactorily formed in air
and at room temperature whereas for other parent hydrc~
carbons it was necessary to exclude air. Well-resolved ESR
spectra were observed for the more stable radical-cations
but very broad lines were observed for less stable systems
éossibly due to electron exchahge between the radical

cations and diamagnetic dipositive ions. Thus, tetraphenyl-

“ethylene formed a purple radical-cation which exhibited a

well-resolved ESR spectrum. However, the green trans-
stilbene radical-cation spectrum at 25°C. was very broad and

weak. The oxidation reaction proposed in this work was:

ArH + Sbc15~¢:~rﬁAr}1+ + sbCl

The Electrochemical Oxidation of ClOZ and BFy

The first detection of transient species electrolyt-
ically generated by the oxidation of the perchlorate anion
was reported by Maki and Geske in 1959 (116). Cdrrent was
passed through acetonitrile solutions of scdium or lithium
perchlorate in a divided cell with a platinum wire electrode.

An ESR spectrum consisting of four equally spaced lines of
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equal intensity was interpreted as arising from a perchlor-
ate radical, ClOé, formed on the oxidation of the perchlor-

ate anion. The following reaction scheme was suggested:

ClO4 - e —— ClOé (51)
CH3CN + 'ClO4 —— HClO4 + 'CHZCN (52)
2'CH2CN e NCCH2CH2CN . (53)

No spectrum for the "CH,CN radical was detected and there-
fore the subsequent reactions of this species were assumed
to be very rapid.

Billon (il7,118) studied the electrochemical oxida-
tion of sodium, lithium and tetrabutylammonium perchlorates
on a platinum electrode and in acetonitrile. Again the ESR
spectrum of the perchlorate radical but not the ‘CH2CN
radical was found. The half-1life of the perchlorate radical
was estimated to be 2 seconds. The oxidation of the per-
chlorate anion took place at +2.4V. relative to a Ag/
AgNO310_2M (acetonitrile) reference electrode. Using a
divided cell, Billon demonstratedﬁkhat the anodic oxidation
produced an acid in 98% yield.

Billon also studied the oxidation of tetrabutylammon-
ium tetrafluoroborate in acetonitrile. The discharge of the
tetrafluoroborate anion also occurred at +2.4 to +2.5 V.

relative to the Ag/Ag+ 10—2M. reference electrode, however,
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no ESR signal for the BF; radical was detected, possibly

because of a very short half-life for this radical.
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PURIFICATIONS AND EXPERIMENTAL TECHNIQUES

Monomers

The purifications of isobutyl vinyl ether and styrene
were identical. The monomer was washed several times with
an approximately equal volume of 10% aqueous potassium
hydroxide. This was followed by preliminary drying wiﬁh
calcium chloride and then thorough drying by stirring with
calcium hydride. The monomer was then fractionally dis-

tilled under slightly reduced pressure onto fresh calcium

~hydride. The first and last 20% of the distillate were dis-

carded. The remaining ligquid was passed through a column of
activated alumina to free it of traces of inhibitor and then
degassed and stored over calcium hydride on a vacuum line
with continﬁous stirring effected by a teflon coated magnet-
ic stirring bar. Immediately before use, the monomer was
cold distilled by liquid nitrogen under high vacuum into a
calibrated tube from which a measured volume was cold dis-
tilled into the reaction vessel. ’
N-vinylcarbazole (Matheson, Coleman and Bell) was
dissolved in hot, freshly distilled hexane and filtered.
The solution was cooled until crystals of the monomer

formed. The precipitate was filtered and this procedure was

repeated twice. The monomer was then dried at 40°C. in a




vacuum desiccator and then pumped in the reaction vessel on

a high vacuum line immediately before use.

Solvents

Methylene chloride (Fisher Certified) was washed with
concentrated sulfuric acid five or six times or until the
acid layer remained colourless. This was followed by six or
seven washings with distilled water and then rough drying
over calcium chloride. The liquid was then stirred over
calcium hydride for several days and then fractionally dis-
tilled, discarding the initial and final 20% by volume
distilled. The resulting liquid was passed through a column
of activated alumina onto fresh calcium hydride and alumina
and then degassed and stored on a vacuum line with constant
stirring by a teflon-coated magnetic stirring bar. Immed-
iately before use, the methylene chloride was distilled
under high vacuum into a measured cylinder from whence a

measured quantity was distilled intoc the reaction vessel.

Salts

Tetrabutylammonium tetrafiuoroborate was prepared by
adding a filtered aqueous solution of ammonium tetrafluoro-—
borate (Alfa Inorganics) dropwise to a solution of tetra-
butylammonium bromide (Eastman) in a large volume of water.

The reguired salt precipitated and was filtered on a Buchner
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funnel. It was then dissolved in a small gquantity of
acetone and filtered dropwise into a fairly large quantity
of water to produce a precipitate. The latter step was re-
peated once and as a result a considerable amount of salt
was lost as the tetrabutylammonium tetraflucroborate is not
completely insoluble in water. However, this step serve& to
eliminate the very water soluble tetrabutylammonium bromide
and/or ammonium tetrafluoroborate from the required salt.
The remaining salt was reprecipitated several times from
freshly distilled ethyl acetate. The melting point was
161.0 - 162.0°C. It was subjected to high vacuum pumping
with intermittent slight heating in the reaction cell for
12 to 24 hours before use.

Tetrabutylammonium perchlorate (Southwestern Analyt-
ical Chemicals, Polarographic Grade, wet with water) was
taken as received and dried with gentle heating in a vacuum
desiccator for several days. It was then placed in the
reaction vessel and puimped with intermittent heating under
high vacuum for from 12 to 24 hours before use.

Tetrabutylammonium hexafluorophosphate was prepared

by metathesis by adding an aqueous solution of tetrabutyl-

i
oo

ammonium bromide dropwise through a filter paper into 6
agueous hexafluorophosphoric acid. The reqguired salt pre-
cipitated and was collected in a Buchner funnel. The salt

was then recrystallized three times from freshly distilled
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ethyl acetate.
Tetfabutylammonium icdide (Matheson, Coleman and Bell)
was taken as received and pumped under high vacuum in the

reaction vessel for at least 12 hours bkefore use.

Reaction Vessels

The cell shown in Figure 1 was used for pulsed experi-
ments with isobutyl vinyl ether as monomer. The tfpical
amount of solution added to the cell was approximately 95 ml.
with 74 ml. in the anode compartment and about 21 ml. in the
cathode compartment. The anode consisted of a 1 inch sguare
sheet of platinum while the cathode was a circular sheet of
platinum, 1 cm. in diameter. The electrodes were 7.5 cm.
apart and were suspended by platinum wires attached by
silver solder to tungten wires which were vacuum sealed in
the glass. The silver solder was situated in the wells
above the electrodes and thus were never in contact with the
liquid. A well protruding into the liguid was sealed into
the top of the ancde compartment and was filled with mercury
before the reaction. A 10,000 ohm thermistor (Veco) placed
in the well quickly detected minute temperature changes in
the anolyte. The thermistor bridge circuit is also shown in
Figufe 1.

The cell shown in Figure 2 was used for constant cur-

D

amount of

rent experiments with styrene as monomer. Th




FIGURE 1. A: Polymerization cell for pulsed experiments.
stopcock 1: fer addition of nitrogen
stopcock 2: for attachment of reaction

vessel to vacuum line
stopcock 3: capillary stopcock for sampling

a: the cathode - a 1 cm diameter circular
sheet of platinum

b: the anode - a 1 inch square sheet of
platinum

c: teflon - coated magnetic stirring bar

d: filling tube
e: thermistor well

B: Thermistor bridge circuit

a: 10,000 ohm thermistor
b,c,d: precision 10,000 ohm resistors
e: variable resistor

f: voltmeter
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FIGURE 2.

Polymerization cell for constant current

experiments

stopcock 1l: for addition of nitrogen

stopcock 2: for attachment of reaction
vessel to vacuum line

stopcock 3: capillary stopcock for sampling

a: the anode -
b: the cathode-
teflon -

filling tube
24/25 ground

[(EReT]

a 1 cm. diameter circular
sheet of platinum

a 1 cm. diameter circular
sheet of platinum

coated magnetic stirring bar

glass joints
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solution added to the cell in a typical experiment was
approximately 198 ml. with 157 ml. in the anode compartment
and 41 ml. in the cathode compartmenf. Both the ancde and
cathode consisted of circular sheets of platinum, 1 cm. in
diameter and 6.5 cm. apart. Bécause lafge amounts of solid
material formed on the anode during continuous current ex-
periments; the electrodes were made removable to facilitate
the cleaning of the electrodes and examination of the insol-
uble products. ‘The electrodes were therefore suspended on
inverted B24/29 outer ground glass joints by means of a
platinum wire jdined by silver solder to tungsten wire
sealed to the glass of the ground glass joint. These elec-
trode assemblies could be vacuum sealed with stopcock grease
to upward facing B24/29 inner ground glass joints, attached
to the top of the two electrode compartments which were
separated by a 3 in. diameter sintered glass divider of fine
porosity. A 1 mm. vacuum capillary stopcock to be wused
for sampling the anolyte was also attached to the top of the

anode compartment.

Vacuum Grease

The vacuum grease (Dow Corning) was placed in a glass
container and dried for several days in a vacuum dessicator

at 100°cC.
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The Vacuum Line

The reaction solutions were prepared on the vacuuﬁ
line shown in Figure 3. A vacuum of 10" %mm. of mercury was
obtained using a mechanical vacuum pump, A, and an oil dif-
fusion pump, B. The latter was filled with DC702 Silicone
Fluid. The pumps were protected by the liquid nitrogén
trap, C. Parts D, E and F of the vacuum line were used for
the purification of monomer, the purification of solvent and

the pumping and filling of the reaction vessel, respectively.

Preparation of the Reaction Solution

Flasks of solvent and monomer were attached to
sections D and E of the vacuum line. The liquids were de-
gassed and stirred with calcium hydride for several days.
Calibrafed tubes were attached to sections D and E and the
reaction vessel containing the reguired salt was attached to
section F. The whole system was pumped for from 12 to 24
hours with intermittent heating. Monomer and solvent were
cold distilled into the calibrated tubeé and then into the
filling tube of the reaction vessel. The vacuum stopcock
above the filling tube was closed and fhe cell was removed
from the vacuum line. The frozen liquid was thawed and
mixed by means of a small teflon-coated sfirring bar. The

he solution to

- TV ey B
to aliow ©

-h

low into the

cell was tipped




FIGURE 3.

The high vacuum line.

mechanical vacuum pump
0il diffusion pump
liguid nitrogen trap
section of vacuum line
purification

section of vacuum line
purification

section of vacuum line
pumping and filling of
vessel

fof
for

for
the

monomer
solvent

the .
reaction
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reaction vessel. Nitrogen, passed through tubes of Drierite,
activated molecular sieve, and activated silica gel, was
added through stopcock 1 in the cells shown in Figures 1 and
2. Nitrogen was then passed for 30 seconds through the
reaction vessel with stopcocks 1 and 2 opened. A slight
nitrogen pressure was applied to the cell and the stopcocks
were closed. On opening the capillary stopcock, 3, the
nitrogen pressure in the cell forced a sample of the anolyte
solution into the capillary above stopcock. Therefore, a
gas chromatographic sample could be removed from the capil-
lary without the syringe needle touching the reaction solu-
tion. For each sample taken in this manner, it was necess-—
ary to flush all the ligquid from the previous sample remain-
ing iﬁ the capillary tube and stopcock. For this reason a
total of 0.06 ml. from the cell in Figure 1 and 0.50 ml.

from the cell in Figure 2 were removed for each sample taken.

Gas Chromatography

Samples removed from the reaction cells during a
polymerization were analyzed for residual monomer by injec-
tion into a Micro Tek DSS 161 gas chromatograph. For the
analysis of styrene reaction solutions, a column of % inch
copper tubing, 4 feet long and filled with 25% apiezon L
on Chromosorb G DMCS was used with a flow rate of 85 ml. of

. . l®] . .
helium per minute, a column temperature of 88~7C. and injec-
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+ion and detector {thermal conductivity) temperatures of
92°c. For iscbutyl vinyl ethef polymerizations, a column
of 4% inch copper tubing, 10 feet long and filled with 15%
carbowax on Chromosorb G DMCS was used with a flow rate of
60 ml. of helium per minute, a column temperature of 78°C.
and injection and detector temperatures of 82°cC. The area
of the peaks for solvent and monomer were used as a measure
of the amounts injected. The areas were measured by cutting
out the peaks and weighing them. The solvent peak was used
aé an internal standard and calibration curves were made up
by plotting concentration in moles per liter against the
chromatographic Response, R, defined as:

peak weight of monomer
peak weight of solvent

R =

A reproducibility of about *1.0% was obtained.

Molecular Weights

The polymers were isolated by pouring the reaction
mixture into a large volume of cold methanol. The precipi-
tated polymer was redissolved in methyl ethyl ketone, re-
precipitated two times from cold methanol and then dried in
a vacuum dessicator at 70°C. for several days. The viscos-
ity of solutions of the pdiymers in benzene were measured
using an Ubbelohde viscometer. Reduced viscosities for

polymer concentratons 0.25% to 1% by weight were measured
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and the limiting viscosity number, (n), was calculated by
extrapolating these results to infinite dilution. The
number average molecular weight, M, for styrene polymers were

calculated using the expression (34):

(n) = KM°

4

where K = 4.37 X 107% and a = 0.66 at 25 #0.01°C.

Cyclic Voltammetry

Cyclic voltammetry is an electroanalytical technique
in which a finite current flows resulting in electrolysis,
as opposed to potentiometry where no significant current
fiows. As in other forms of electrochemistry, there can be
considered to be an oxidation-reduction couple in solution
between the oxidized and the reduced fcrms cf a component of

the solution:

REDN. g

Ox + né ==~ Red. (54)
0X.

The Nernst Equation gives a relation between the electrode

potential and the solution composition:

RT Aox.
.1_’1-]3—‘ ln-a
) red.

E = EY + (55)

where n is the number of electrons transferxed, E is the in-
dicating electrode potential, #C is the standard electrode

potential at unit activity of the components of the couple,
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and the activity of a component is a = C'f, where C is the
concentration and f is the activity coefficient. Potential

sweep chronoamperometry is a controlled potential technique

in which the electrolysis of the énolyte occurs at a station-
ary electrode in an unstirred solution. Cyclic voltammetry
is potential sweep chronoamperometry in which the potential

is swept back and forth across the region of interest. This

technique has the advantages of fast scan, high sensitivity
and better resolution than polarography. Because of the use
of inert metal electrodes (silver, gold), it has a wide
range for cxidation and reduction. However, the electroly—-
sis can cause surface contamination. Because the elect-

rolysis occurs at a stationary electrode in an unstirred

solution, the only means of mass transport for uncharged
species is diffusion.

At the start of the potential sweep in cyclic voltam-—

metry fhere is nc passage of current until the oxidation or
reduction potential of a substance in solution is réached.
The current then rises and thé first 10% of the current rise
is controlled by the kinetics of the electron transfer. As

the current rises above the 10% limit, the solution around

the electrode is depleted of the electrolyzed substance and
the current becomes more and more controlled by diffusion
until finally a peak is obtained. If the sweep is reversed

and the system is reversible, oxidation of the reduced
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~species takes place and a reverse peak is obtained at a more
positive potential than the forward peak but with a peak

height equal to that of the forward peak. The peak height

is directly proportional to the concentration of the elec-
troactive species.
Figure 4 shows the cell used for cyclic voltammetry.

The working electrode consisted of a 1/16 inch diameter

platinum wire sealed in glass while the reference electrode
was a simple silver wire sheathed in a glass capillary.
This-reference electrode avoided the risk of contamination
from.conventional reference électrodes. The counter elec-
trode was a platinum disk.

Before an experiment, the electrodes were washed
with dilute nitric acid, water, acetone and finally high
purity ether. After the whole cell was baked overnight in
an oven-at 70°Cc., the salt was added and the cell and salt
were pumped under high vacuum for 12 hours. 30 ml. of
solvent were cold distilled into the cell. The solution was
thawed, mixed and finally thermostated at 25°C. with an
electric heating tape wrapped around the part of the cell

not immersed in water to prevent condensation. The elec-

trodes were connected to the circuit shown in Figure 5 and
the potential of the working electrode was scanned over a
suitable voltage range. The potential of the working electrode was

controlled relative to the reference electrode by means of




FIGURE 4.

Cell used for voltammetry.

silver wire - reference electrode
platinum wire sealed in glass-
working electrode

platinum disk - counter electrode
34/35 ground glass joint

to vacuum line.

connection to reference electrode
connection to working electrode
connection to counter electrode
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FIGURE 5.

Circuit for cyclic voltammetry.

A: triangular wave generator
B: Wenking potentiostat

C: X-Y recorder

D: electrolysis cell

a: reference electrode

b: working electrode

c: counter electrode

de: external current recorder,
fg: external voltage source

across Re
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a Wenking 61 RH electronic potentiostat. A Hewlett Packard
3300A function generator with a 3304A sweep/offset plug-in
unit was used as an external voltage source to produce a
triangular wave pattern as required by cyclic voltammetry.
A Moseley Autograf 7030A X-Y recorder was used to record the
current-potential curves (voltammograms). The potential of

the working electrode relative to the reference electrode

was applied to the X-axis while a voltage proportional to

the current flowing was applied to the Y-axis.
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EXPERIMENTAL RESULTS

Initial Experiments - Undivided Cells

In undivided cell experiments, constant currents bf
from 0.5 to 2.0 ma. were passed through stirred solutions of
isobutyl vinyl ether and tetrabutylammonium tetrafluorobor-
ate in nitrobenzene and ethylidene chloride. At 1.0 ma. and
using solutions of approximately 1.5 molar monomer concentra-
tion, roughly 4 gms. of polymer was produced per hour.

Rate studies were attempted in ethylidené chloride;
however, no correlation between the magnitﬁde of the im-
pressed current and the observed rate was found. The effect
of a current increase was unpredictable; the rate of
pélymerization in some cases increased, rémained constant or
even decreased. Invariably the reaction did not cease when
the current passage was terminated but gradually slowed
down and stopped after fifteen to thirty minutes. Induction
periods of variable lengths were also observed. Solid in-
soluble material formed on the anode during the passage of
current and after about 60 minutes of current, a gas, pre-
sumably formed by the anodic reaction, became trapped under
this thickening insoluble coating.

It was assumed that. the above anomalous results could

be attributed to terminating agents produced at the cathode.
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The cathodic products formed at a c¢lean electrode so that
they could be guickly mixed into the bulk of the solution by
the stirring. Therefore, an increase of current would have
immediately increased their rate of a;pearance in the Eulk
of the solution. On the other hand, the initiating species
were produced under a layer of insoluble material on the
anode, and this coating could have delayed their infusion
into thevbulk of the solution. The after-effect, i.e. the
polymerizatién occurring after the current was stopped,
could have been due in part to the gradual diffusion of the
initiator through the electrode coating.

To avoid the difficulties described above, all fﬁr—
ther experiments were carried out in cells divided into
anode and cathode compartments to effect the separation of
the anodicaily produced initiator and the termination agents

formed at the cathode.

Pulsed Experiments

Reactions initiated by the application of current
pulses were carried out in the divided cell shown in Figure
1. A constant potential of 15 volts was applied across the
cell during the current passage which lasted for only a
small fraction of the total reaction time. Methylene chlor-
ide and isobutyl vinyl ether were used as éolvent and mono-

mer in all these experiments. Invariably a temperature of
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259C * 0.1 degrees centigrade was emplofed.

Reactions in the divided cell contrasted sharply with
those in undivided cells. Polymer formed only in the anode
compartment and termination reactions were much less impor-
tant. A continuous current increased the rate exponentially
when isobutyl vinyl ether was used as the monomer resulting
in virtual 100% polymerizatibn in a few minutes. For these
reasons the reactions were initiated by a relatively short
pulse of current and the ensuing_reactién was followed by
sampling at suitable intervals. As an induction period was
present in many of these reactions, a thermistor was used to
detect the beginning of the chain reaction. The heat of the
polymerization produced a sharp deflection of the recorder
in the thermistor bridge circuit. The heating produced by
the current passage was negligible.

Slight polymerization took place before current pass-
age with all the salts used in pulsed experiments. This was
demonstrated by the siight cloudiness due to precipitated
polymer when a small amount of the reaction solution was
added to a large volume of methyl alcohol. However, when
these reaction mixtures were allowed to remain without
current being passed for up to eighteen hours, no change in
monomer concentration was detectable by gas chromatography.
When current was finally passed through these blank mix-

tures, polymerization proceeded normally.
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The polymerization of a solution of 0.5 molar isoc-
butyl vinyl ether and 15.2 millimolar tetrabutylammonium
tetrafluoroborate in dimethylformamide was attempted in a
divided cell. No polymerization took place in this basic
solvent. Methylene chloride was used as solvent in all

experiments described below.

(i) Tetrabutylammonium Tetrafluoroborate

Reactions were initiated by the passage of a current
through a solution of about 15 millieguivalents of tetra-
butylammonium tetrafluoroborate per liter of solution. Poly
(isobutyl vinyl ether) of an intrinsic viscosity of 0.087
deciliters per gram in benzene at 250+ 0.01°C. was formed.
Figure 6 shows the course of a reaction begun by an initial
current pulse at A. The rate of monomer conversion with
time was approximately linear. A further pulse at B pro-
duced a faster and again approximately linear rate. At
point C a further forward pulse of current was applied,
initially resulting in a much faster rate of polymerization.
However, the rate after point C decreased much mocre rapidly
than could be explained by‘the depletion of monomer and con-
trasted sharply with the linear rates of monomer conversion
between A and B or B and C.

The rapid slowing of the rate of reaction at later

reaction times was a general feature of polymerizations of




FIGURE 6.

Reaction trace for the polymerization of
0.421 moles/liter isobutyl vinyl ether in
methylene chloride.

Electrolyte: 15.2 milliequivalents/liter
tetrabutylammonium tetrafluorchorate
Amounts of current passed:

A: 5.14 microFaradays/liter, forward

B: 0.914 microFaradays/liter, forward

C: 1.36 microFaradays/liter, forward
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isobutyl vinyl ether with tetrabutylammonium tetrafluoro-
borate. This effect was attributed to flow through the
sintered glass divider caused by sampling. For reasons ex-
plained in the Experimental section, relatively large
volumes of 0.06 mls. were necessarily removed with each
sample from a total volume 5f 70 ml. of anolyte. This re-
sulted in a slight lowering of the liquid level in the anode
compartment which in turn probably caused catholyte-liquid
to flow through the sintered glass divider and mix with the
anolyte. Since the catholyte was unstirred, the terminating
substances produced at the cathode could only reach the' |
divider by diffusion and by the slight flow of the solution
toward the divider caused by sampling. This explains why
the rate was affected only after a number of samples were
removed.

Figure 7 shows a polymerization started by a forward
pulse at A, stopped by a reverse pulse at B and restarted by
a second forward pulse at C. Again the rate of monomer
conversion with time after A was approximately linear while
that after C was slowed, probably by the sampling effect
explained above. After the reverse pulse at B the reaction
slowed gradually and did not stop instantaneously while the
forward pulse at C appeared to affect the rate immediately.

The reacticn_shbwn in Figure 8 was started by a for-

ward pulse at A and again an approximately linear rate of



FIGURE 7.

Reaction trace for the polymerization of
0.417 moles/liter isobutyl vinyl ether in
methylene chloride.

Electrolyte: 15.2 millieguivalents/liter
tetrabutylammonium tetrafluoroborate
Amounts of current passed:

A: 5.83 microFaradays/liter, forward

B: 1.45 microFaradays/liter, reverse

C: 1.83 microFaradays/liter, forward.
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FIGURE 8.

Reaction trace for the polymerization of
0.585 moles/liter isobutyl vinyl ether in
methylene chloride.

Electrolyte: 15.2 milliequivalents/liter
tetrabutylammonium tetrafluoroborate
Amounts of current passed:

A: 7.41 microFaradays/liter, forward

B: 1.50 microFaradays/liter, forward

C: 1.51 microFaradays/liter, reverse.
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monomer consumption with time ensued. A further forward
pulse at B increased the rate greatly and the full effect of
this forward current on the rate was virtually instantaneous.
A reverse pulse at C slowedvthe rate to a relatively small
value, but again the effect of the reverse pulse on the rate
was not instantaneous.

In all the polymerizations of isobutyl vinyl ether
using this salt, the initial pulse of current at A was much
larger than subsequent pulses whose effect on the rate was
pf0portionally much greater. Most of the initial pulse was
apparently used to remove terminating agents present in the
sblutiog, The initial current passed which removed impuri-
ties from the soiution and did not cause significant polymer-
ization will be termed the induction current. After polymer-
ization commenced (as indicated by a signal from the thermis-
tor bridge described in the experimental section), a further
1.0 to 1.5 microFaradays per mole were allowed to pass
through the solution in order-to generate reasonable reac-
tion rates. An attempt was made to correlate the initially
observed rate with the amount of current passed after the
thermistor bridge recorder deflection. However, no reliable
correlation could be found. As a result, the actual ini-
tiator concentration due to the first current pulse could
not be accurately determined.

Figure 9 shows the course of two reactions started by




FIGURE 9.

Reaction traces for the polymerization of
0.328 moles/liter isobutyl vinyl ether in
methylene chloride. :
Electrolyte: 15.2 milliequivalents/liter
tetrabutylammonium tetrafluoroborate.
Amounts of current passed at A:

Curve a: 8.34 microFaradays/liter, forward

Curve b: 7.27 microFaradays/liter, forward.




76

a ]
S
Bl
ﬁ 4
o i

60

/
—
1‘20 aé'EsO
MIN

a
O
1
1C0
=

y £
£

—
]
80
TiM

66

/
L]

o//
i q:@ |

(o]
20

< . > J. AL L i “" 1 f ] i

2 3
NOISHIANQD %




77
initial current pulses at A and followed for a considerable
portion of the conversion of monomer to polymer. The plcts

of the logarithms of the monomer concentrations against the

corresponding times are shown in Figure 10. Straight lines

were obtained for the first five samples taken in both these
reactions. Later samples taken in reaction b exibited a
deviation from a first order plot, probably due to the flow
of cathddicallyéproduced terminator from the cathode com-
partment. However, a first order dependence on monomer con-
céntration is evident up to 88% conversion in reaction a and
62% conversion in reaction b.

In all the abovebpolymerizations in divided cells
using tetrabutylammonium.tetrafluoroborate as the electro-
lyte, an insoluble anodic film was produced on passage of
current, as in the undivided cell experiments. However, the
amount of this substance formed was much smaller than in
undivided cell expériments where the current was applied
continuously. This material was found to be insoluble in
boiling methyl ethyl ketone, benzene or methyl alcohol.

On the passage of current through the isobutyl vinyl
ether solutions, a green electrolysis product formed con the
anode when polymerization began. This green product did not
form when only salt and soivent were electrolyzed. In one
experiment, a cell with removable electrodes was used and

the solution was not stirred during the current passage.




FIGURE 10. Logarithmic dependence of mecnomer
concentration on time for the
reactions shown in Figure 9.




LN BV

@

a

1 B 1 J

40

60 &0
TIFGE min.

00

55 140

78



79
Under these conditions, the green product formed under the
insoluble film formed on the anode and persisted for up to
20 seconds after the current passage was terminated. How-
ever, the colour disappeared immedia£ely when the electfode

was exposed to the atmosphere.

Electrolysis of tetrafluoroborate salt and solvent.

0.25 grams of tetrabutylammonium tetrafluoroborate in 60 ml.
of solvent were electrolyzed in the anode compartment of a
divided cell with a total of 5 milliFaradays per liter of
anolyte passed. A current of 0.45 ma. was usedj 6 ml. of
the anolyte were syringed into a solution éf isobutyl vinvl
ether in methylene chloride making a total volume of 210 ml.
and a mdnomer concentration of 0.445 moles per liter. Com-
plete polymerization was effected in about 3 minutes with an
attendant evolution of much heat. Assuming a one to one
relationship between the number of electrons passed and the
number of initiating species present in the solution, the
maximum concentration of initiator in the polymerizing
solution would have been 0.14 millimoles per liter. However,
no indication of fhe efficiency of the anodic production of
initiator was obtained.

The electrolysis of tetrabutylammonium tetrafluoro-
borate in methylene chloride, similar to the electreclysis

described above, was conducted with the passage of 3.7
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milliFaradays per liter of anolyte. Addition of up to 10 mL
of the anolyte to 174 ml. of a 0.40 molar solution of iso-
butyl vinyl ether in toluene, resulting in a solution with a
maximum initiator concentration of 0.20 microFaradays per
liter, resulted in no polymer formation over a 24 hour per-

iod.

(ii) Tetrabutylammonium Perchlorate

The electropolymerization of iscbutyl vinyl ether in
methylene chloride with tetrabutylammonium perchlorate as
the electrolyte exhibited a markedly different character
than the polymerizations using the tetrafluoroboraté salt.
Polymerization began almost immediately when the current
pulse was applied, suggesting that at most only a small
portioﬁ of the current was used in an induction period.

This was supported by a large amount of heating shown by a
marked change of resistance of the thermistor from five to
seven seconds after the beginning of the current passage.
Thus, initiation appeared to be effectively instantaneous cn
passage of current. Polymer of an intrinsic viscosity of
0.030 deciliters per gram in benzene at 25°C. was formed in
this reaction.

The reaction curves obtained for this system are
shown in Figure 11. Since the initially very rapid polymer-

ization slowed rapidly and stopped before 100% conversion of




FIGURE 11. Reaction traces for the polymerization of
isobutyl vinyl ether in methylene chloride
e} : .
at 257C.
Electrolyte: 15.2 milliequivalents/liter
tetrabutylammonium perchlorate
Amounts of current passed at A and the
initial monomer concentrations:
A: 3.41 microFaradays/liter; (M)O=O.332 moles/
: ‘ liter.
B: 2.12 microFaradays/liter; (M) =0.331 moles/
liter.
C: 2.01 microFaradays/liter; (M) =0.336 moles/
© liter.
D: 1.92 microFaradays/liter; (M)O=O.339 moles/
liter.
E: 1.37 microFaradays/liter; (M)O=O.334 moles/
liter.
F: 1.45 microFaradays/liter; (M) _=0.344 moles/
© liter.
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monomer to polymer, a‘very effective termination reaction
was in effect. This termination might be attributable to a

property of the reaction itself or to an impurity in the

solution.

Curves A to E of Figure 11 exhibit initial rates and
final degrees of conversion which increase with the total
amount of current passed in the initial pulse. These reac-
tions empleoyed approximately equal amounts of salt giving
concentrations of i5.2 millieguivalents per liter. In each
case the salt had been pumped undexr high vacuum for from 12
to 24 hours. Curve F shows a reaction for which salt had
been pumped under high vacuum for only'2 hours. It exhibited
a much lower initial rate and a much lower final degree of
conversion.

The reaction curves obtained for this system bear a
strong resemblance to those obtained by Hayes and Pepper for
the sulfuric acid polymerization of styrene in ethylene
chloride (34). For their system it was postulated that ini-
tiation was instantaneous and that the reaction was slowed
rapidly and stopped by a termination reaction involving the

ccmbination of a carbonium ion growing center with the bisul-

fate counterion to form a sulfate ester. A kinetic scheme
analogous to that used for the sulfuric acid polymerizing sys-
tem was derived by the author for the data shown in Figure 11.

Since the initial pulse was of only 13 to 30 seconds duration
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and the stirring was rapid, the reaction was assumed to be
primarily homogeneous. It was also assumed to be first
order in monomer concentration and first order in the number
of equivalents of current passed per liter, which was equal
or proportional to the amount of catalyst produced by the

current. The following kinetic scheme was proposed:

initiation: M + C ——>r PI {instantaneous) , (56)

‘propagation: P* + M —El* p* (57)
propagation: Sy n+1

ferminainH-.P* _32@.9 ) (58)
: } -ion: P o

where M is the.monomer and P* is the active species. Poss-
ible chain transfer reactions were neglected in this scheme
because their effect on the overall rate would be negligible
for high polymer formation. The rate of disappearance of

the active species could be expressed as:

dP* — ok

It © KoPE (59)
Then P; = Pg exp(—th) = Co exp(-k,t) (60)
where Co = Pg = the amount of current passed per liter of

anolyte at t=0. The rate egquation for the disappearance of

monomer would then be:

am _ v o ( t
" klMtP; = klMtCo axp ( kzL) (61)
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Integration of this eguation from t=0 to t gives

M. -k et (- ‘ 62
1n M% K% Co (l-exp (~k,t)) (62)

where M is the monomer concentration.

At t = o

M k
1n 32 = T{;‘ Co (63)

Figure 12 shows the plot, for the reactions shown in
Figure 11, of 1n(My/Ms) against the total number of Faradays

passed per liter of anolyte in the initial current pulse,

"which was assumed to be equal or proportional to the

actual initiator concentration. A straight line was
obtained with a slope giving a value for ky/k, of 6.7 X 10°
liters per mole and an intercept on the Co axis of 2.27
microFaradays per liter. A summary of the results obtained
for this system is shown in Table 1.

The termination found in this system could not have
arisen from a flow through the sintered glass divider of the
cell. There was a very small induction period in the
current passage so that the amounts of cathodically produced
terminating agents were probably comparable to the amounts
of initiating species produced at the anode. Therefore a
large percentage of the catholyte would have had to flow
into the anode compartment to stop the reaction. Furthermore

relatively few samples were removed, precluding a very great




°

FIGURE 12. Linear dependence of 1n(Ms/M_) on Co, the
amount of current passed at t=0, per liter
of anolyte for the reactions in Figure 11.
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TABLE 1. Initial and Final Monomer Concentrations with
Current Pulses of Various. Magnitudes in
Methylene Chloride Solutions of Tetrabutylam-
monium Perchlorate and Isobutyl Vinyl Ether.

CURRENT PASSED INITIAL MONOMER FINAL MONOCMER

CURVE FARADAYS/MOLE CONCENTRATION  CONCENTRATION LN %ﬂ
X 109 MOLES/LITER MOLES/LITER e

a 3.41 0.332 0.039 2.137
B 2.12 0.311 0.085 1.294

C 2.01 0.336 0.101 1.204
D 1.92 0.339 ©0.121 1.027

E 1.37 0.334 0.157 0.755
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volume change of the andlyte.

As in the polyﬁerization of isobutyl vinyl ether using
the tetrafluorcborate salt, the passage of a current through
the solution produced a green colour across the inner face of
the anode. However, the green colour was more intense for
this reaction and was not accompanied by the formation of an

insoluble anodic coating.

(iii) Tetrabutylammonium Hexafluorophosphate

The passage of a current of 0.77 ma. through a solu-
tion of 14.3 milliequivalents per liter of tetrabutylammonium
hexafluorophosphate and 0.339 moles per liter of isobﬁtyl
vinyl ether in methylene chloride produced soluble pcolymer
after an induction current similar in magnitude to that found
in the polymerizations with tetrabutylammonium tetrafluorobor-
ate salt. A translucent insoluble film formed on the anode
duriné the passage of current. This material was insoluble
in boiling methyl ethyl ketone, benzene and methylalcohol and
appeared to be formed in much larger guantities than the film
formed with the tetrafluorcborate salt. However, no green
colour was nbted at the anode during the current passage.
Because of the induction current, no rate curves were ob-

tained for this reaction.
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(iv) Tetrabutylammonium Iodide

The passage of a current of 1.0 ma. through a solution
of 15.0 millieguivalents per liter of tetrabutylammonium
iodide énd 1.2 moles per liter of iéobutyl vinyl ether in
methylene chloride produced novpolymer in the cathode or
anode compartments although the initially colourless anolyte
acquired a faint red cclour, presumably due to the precduction
of iodine by the oxidation of the iodide ions. ©No depletion

of moncmer was detected by gas chromatography.

Constant Current Experiments

Iscbutyl vinyl ether was a difficult monomer to handle
in electroinitiated cationic polymerizations due to the rapid-
ity of its reaction. Styrene proved to be more docile since
it exhibited a much slower rate. Using this monomer, experi-
ments could be conducted using a constant current without
producing an explosively fast‘polymerization.

In all of the following systems, a very slight amount
of polymer formed before the passage of current, shown by a
very slight cloudiness that formed when a small amount of the
solution was added to methanol. However, no change in mono-
mer ccncentration could be detected by gas chromatography in
any of these systems when left over a ?eriod of 18 hours.

Polymerization occurred in these blank soluticns as soon as
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the current was passed.
The reaction vessel used for constant current experi-

ments is shown in Figure 2. Because the anolyte volume was -

about 157 ml. and the total volume removed per sample was
only 0.05 ml., no effects due to flow of catholyte into

anolyte were expected or observed.

(i) Tetrabutylammonium Perchlorate

When a current was passed through a solution of the
perchlcrate salt and styrene in methylene chloride, polymer
was formed only in the anode compartment. Again a green
colour formed across the inner face of the anode during the
passage of current. However, no insoluble polymeric film
formed on the anode. Instead only a very thin brown coating
was formed which did not resemble a film. The reaction
appeared to begin as soon as current was passed, i1.e., there
was no significant induction current. The soluble polymer
formed at 25°C. had an intrinsic vi;cosity of 0.029 dl. per gram in ben-
zene at 25°C. equivalent to a number average molecular
weight of approximately 570.

Reaction curves at three different currents and three

different monomer concentrations at 25°C. are shown in
Figures 13 and 14. Sigmoid-shaped curves were invariably
found for these reactions. This characteristic has been a

feature of polymerizations in which steady-state concentrations




FIGURE 13. Reaction traces for the polymerlzatlon of
styrene in methylene chloride at 25°©C.
Electrolyte: 15,0 milliequivalents/liter
tetrabutylammonium perchlorate
Magnitude of current and initial monomer
concentrations:

a: 1.454 milliamperes; (M),=0.388 moles/liter
b: 0.987 milliamperes; (M)O=O.449 moles/liter
c: 0.658 milliamperes; (M), =0.449 moles/liter
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FIGURE 14. Reaction trace for the polymerization of
styrene in methylene chloride at 25°C.
Electrolyte: 15.0 milliequivalents/liter
tetrabutylammonium perchlorate
Magnitude of current: 0.987 milliamperes
Initial monomer concentration= 0.739 mcles/liter
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of active polymerization centers were not present because the
.productlon of active centers occurred throughout the reaction
while termination was either absent or much slowor than ini-
tiation.

Uéing the above observations and by analogy with the
conventional polymerization of styrene by perchloric acid
(19), the derivation of a kinetic relation to fit this system
was carried out using the following assumptionéz

a) at any time t, the reaction rate was directly pro-
portional to the first powers of ﬁhe initiator and the mono-
mer concentrations existing at that time.

b) the total amount of active centers present at any
time t was directly proportional toc the total amount of’
current passed at that time.

c) no termination occﬁrred in this polymerization.

d) there was no induction current in this system.

: am X
(RATE)t (a~)t~ kp(C)t (M)t _ (64)
(t
®y 1 N - .
(C )t_ 96,4@3— idt = 96,493 molea, (65)
QO

if i is in amperes.

* . ’
1 = __D_.__._ Vi
Then (dt)L ﬁP(M)(C )t 2493 (M)t (66)
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Writing K (67)

il
w
(o))
w
w

Mt £
- déﬁ; = K | tat (68)
;;;;;;;; ) )
(M) 1 .
O _ T ri2
1n G, T 2 Kt (69)

A plot of ln{(M)o/(M)t}t against t2 should give a straight
line with a slope egual to % K from which the rate constant,

k

D7 could be obtained.

In practice straight lines were obtained at all cur-
rents and monomer concentrations used. The plots for reac-
tions at 25°C. are shown in Figure 15 and Figure 16. The
slopes of the curves were found by linear regressional
analysis and the corresponding rate constants calculated.

The results are summarized in Table 2. The rate constant
found at 25%0.1 °C. and its mean deviation are 1.56%0.05
liters/mole-sec.

Polymerizations were also carried out at 0°C. and 40°C.

2 for these reactions

and the plots of In{(M),/ (M)} against t
were also found to be straight lines. The rate constants

were found to be 0.50 liters/moles-sec. at 0°C. and 3.05

liters/mole-sec. at 40°C. These results are also summarized
on Table 2. The reaction curves for 0°C. and 40°C. are shown

in Figure 17 and the corresponding kinetic plots are shown in

Figures 18 and 19.




- FIGURE 15. Linear dependence of In{Mo/M,} on t2,

the time in seconds squared for the
reaction in Figure 14.

FIGURE 1€. Linear dependence of 1n(Mg/Me) oOn t2,
the time in seconds sguared for the
reactions in Figure 13.
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FIGURE 17. Reaction traces for the polymerization of
styrene in methylene chloride.
- Electrolyte: 1.50 milliequivalents/liter
tetrabutylammonium perchlorate.

O - 1.454 milliamperes; (M), = 0.588 moles/liter;
temperature = 0°C.
® - 0.658 milliamperes; (M)O= 0.494 moles/liter;

temperature = 40°C.




40

o
o

o
760 0

TIME (MIN)




FIGURE 18. Linear dependence of 1n(Mo/M,) on tz,
the time in seconds squared for the
reaction in Figure 17 at 40°C.

FIGURE 19. Linear dependence of 1n(My/Ms) on tz,
the time in seconds sqguared for the
reaction in Figure 17 at 0°C.
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Polymexr formed at 0°C. had an intrinsic viscosity of
0;030 deciliters per gram corresponding to & molecular weight
of 615. The intrinsic viscosity of the polymex formed at
409Cc. was 0.026 Geciliters per gram corresponding to a molec-
ular weight of 480. only 10% of the polymer formed at

250C, and 1.5% of the polymer formed at 400C. were isolated.

Activation Energy. According to the Arrhenius theory,

the rate constant can be expressed in the form:

k = a e /R (70)
shere E is the activation enexrgy of the reaction, R is the

gas constant, T is the absolute temperature and A is the pre-

exponential factor. In logarithmic form this becomes:

:_,_:_;——~+ 1
log k 503 RE constant (71)

A plot of the logarithm of the rate constant against the re-
ciprocal of the absolute temperature should give a slope
from which the activation energy may be obtained.

The Arrhenius plot for the rate constants in Table 2
is shown in Figure 50. The slope of the straight line obtained
was found to ke -3.83 X 103 by linear regressional analysis,

correspending to an activation energy of 7.6 kcal/mole.

Current Revgrsal. Figure 21 shows the effect of cur-

rent reversal on the styrene—perchloratemmethylene chloride




FIGURE 20. Plot of 1ln k versus % for the polvmerization

of styrene in methylene chloride with tetra-
butylammonium perchlorate at 09C., 25°C. and
40°cC.




99




FIGURE 21.

Reaction trace for the polymerization cf
0.559 moles/liter styrene in methylene
chloride with current reversal at t= 47
minutes.

Forward current 1.454 milliamperes.

Reverse current = 0.987 milliamperes.
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system. Current was passed for 47 minutes in the forward
direction at a rate of 1.454 ma..giving a total of 4.25)(10-5
Faradays. In this region the curve has a shape characteris—
tic cof other constant current experiments. The current was
reversed at 47 minutes and passed at a rate of 0.987 ma. An
inflection point appeared in the curve at the point at which
the current was reversed. The reaction then slowed down and
stopped at a constant final monomer concentration. Apparent-
. 1y products from the cathodic reaction terminated the polym-
erization reaction.

If the efficiency of the reverse reaction was equal
to that of the forward reaction, the amount of terminating
products produced after 69 minutes 14 seconds of the reverse
reaction should have been sufficient to just stop the polym-
erization. However, it can be seen from Figure 21 that the
polymerization stopped well before this time. A rough est-
imate'showed that it had stopped at approximately 45 minutes,
suggesting that the reverse reaction was about 50% more
efficient thén the forward reaction. However, this estimate
of the relative efficiency of the reverse reaction must be
regarded as a minimum value since the terminating agents did
not necessarily react instantaneously with the active centers.
Previously described experiments on pulsed current reversal
in the isobutyl vinyl ether-tetrafluoroborate system have

shown that the effect of the current reversal was not instan-
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taneous in that case.

(ii1) Tetrabutylammonium Tetrafluoroborate

Figure 22 shows the type of reaction curves obtained
in the electropolymerization of styrene with the tetra-~
fluoroborate salt. Again sigmoid-type curves were obtained
as with the perchlorate salt. However, in this system the
reaction often did not appear to begin accelerating as soon
as the current passage had begun. The length of the period
before the acceleration and the overéll shape of the reactiocon
curve varied between reactions even if the same currents were
used. A single batch of salt was used for many of these
reactions. The poly(styrene) formed had an intrinsic vis-
cosity of 0.079 deciliters per gram in benzene at 25°C. cor-
responding to a number average molecular weight of 2600.
Only 70% of the polymer formed in these reactions were isola-
ted after purification.

Plots of ln{(M)O/(M)t} against t2 are shown in Figure
25. 1Instead of straight lines,; curves were ébtained. One
or more of the assumptions used for the perchlorate salt case
were therefore not valid for this system, possibly due to
variable amounts of impurities in the solution. Obviously
rate constants could not be obtained from these data.

No green colour was noted on the anode in this system.

Instead an insoluble brown solid material formed on the anode.




FIGURE 22.

Reaction traces for the polymerization of
styrene in methylene chloride at 25°cC.
Electrolyte: 15.8 milliequivalents/liter .
tetrabutylammonium tetrafluoroborate

: 1,457 milliamperes; (M) 0.559 moles/liter
1,457 milliamperes; (M) 0.554 moles/liter
0.

987 milliamperes; (M)O 0.567 moles/liter

a
b
c

{1
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FIGURE 23.

Reaction traces for the polymerization of

styrene in methylene chloride at 25°C.

Electrolyte: 9.49 milliequivalents/liter
tetrabutylammonium hexafluorophosphate

Current = 2.00 milliamperes

(M) = 0.551 moles/liter
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FIGURE 24. Plot of 1n(My/M.) versus t?,
the time in seconds squared for
the reaction shown in Figure 23.

FTIGURE 25. Plots of 1n (Mo/Me) versus t2,
the time in seconds sguared for
two reactions shown in Figure 22.
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It was granular in form and did not resemble a film. Its
properties were not investigated but it appeared to be de-

graded polymeric material.

N-vinyl Carbazole. N-vinyl carbazole also polymerized

when current was passed through a methylene chloride solution
of this monomer and the tetrafluoroborate salt. An intense
green colour formed on the anode during the current passage.
A slight amount of insoluble material formed on the anode.

No reaction curves were obtained for this monomer.

(iii) Tetrabutylammonium Hexafluorophosphate

Figure 23 shows that sigmoid reaction curves were also
obtained for the electropolymerization of styrene using the
hexafluorophosphate salt. From this curve it appears that
the reaction started as soon as the passage of current had
begun. However, a plot of ln{(M)O/(M)t} against t2 for this
curve, shown in Figure 24, shows that although a straight line
was obtained for later points, the curve does not extrapolate
to zero. The slope of this straight line could not be used
to derive a rate constant since the kinetic analysis derived
for the perchlorate salt is only valid if there is no signif-
icant induction current.

In general, attempts to obtain reaction curves for the
electropolymerization of styrene with this salt as an electro-

lyte met with greatly varying degrees of success. Results
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varied from reaction curves of the type shown in Figure 23 to
- experiments in which no polymeriéation would occur at all,
even if the same batches of salt, solvent and monomer were
used. In other attempts a very slow polymerization 'would
occur during a current passage of up to 140 minutes at 1.5 ma.

fter which the polymerization accelefated rapidly. These
varied results suggested that the polymerization of styrene
on electrolysis using the hexafluorophosphate salt was very
sensitive to adventitious impurities in the reaction solution.

The poly (styrene) formed in the reaction shown in

Figure 23 had an intrinsic viscosity of 0.0808 deciliters per
gram in benzene at 259C. corresponding to a number average
molecular weight of 2700. About 70% of the polymer formed

in this reaction was isolated after purification.

Voltammetry

Cyclic voltammetric studies were attempted on some of
the above polymerization systems to determine the identity of
the species directly oxidized at the electrode. These experi-
ments were cpnducted in the cell shown in Figure 4.

(i) Isobutyl Vinyl Ether - Tetrabutylammonium Tetrafluoro-
borate

Figure 26A displays the current-pctential scan for a
solution of tetrabutylammonium tetrafluoroborate in methylene




FIGURE 26.

Current-potential scans of a solution of 93.0
milliequivalents/liter tetrabutylammonium
tetrafluoroborate in methylene chloride.

A: to + 2.3 volts; scan speed = 0.05 Hz;
current sensitivity = 1 microampere/inch.

B: to + 1.5 volts; scan speed = 0.01 Hz;
current sensitivity = 1 microampere/inch.
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chloride. When the potential was scanned in a positive direc-
tion, the current due to the oxidation of the salt increased
rapidly at about + 1.5 volts. The peak in the anodic current
at about + 1.85 volts was probably due to an impurity in the
solution. When the potential sweep was reversed and scanned
to negative potentials, a peak appeared at - 0.45 volts.

This peak grew as the scan was moved to more anodic poten-
tials. Figure 26B shows that when the potential was not
scanned to sufficiently positive potentials to oxidize the
salt to a significant extent, the peak at - 0.45 volts dis-
appeared. This suggests that the two peaks arose from the
reduction of the electrolytic oxidation products. The
various features of the scan shifted slightly in potentials
as nmore and more scans were applied. These effects were
‘probably due to electrode contamination occurring in the oxi-
dation process.

| When sufficient isobutyl vinyl ether was added to the
solution to make a concentration in monomer of 3.47 milli-
moles per liter, the scan shown in Figure 27 resulted. The
anodic portion of the scan did not change significantly;
however, the peak at - 0.5 volts obtained in the absence of
monomer no longer appeared.

(ii) Methylene Chloride - Tetrafluoroborate - Tetrahydro-
furan

The cyclic voltammetric scan of a solution of tetra-




FIGURE 27.

Current-potential scan to +2.3 volts of a

solution of 93.0 milliequivalents/liter

tetrabutylammonium tetraflucroborate and
3.47 millimoles per liter isobutyl vinyl

ether in methylene chloride

Scan speed = 0.01 Hz; current sensitivity=
1 microampere/inch
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butylammonium tetrafluoroborate in tetrahydrofuran was attemp-
ted with and without the presence of methylene chloride. The
purpose of this experiment was to determine if methylene
chloride was reduced at more positive potentials than the
tetrabutylammonium ions. Small concentrations of methylene
chloride in tetrahvdrofuran as solvent were used in order to
obtain a peak due to the reduction of methylene chloride in
the cathodic scan of this solution. Tetrahydrofuran was
chosen as the solvent because of the similarity of its di-
electric constant (e=7.4) to that of methylene chloride
(e=8.9), the solvent used in the study of electroinitiated
cationic‘polymerization. However, the addition of 10 milli-
moles per liter of methylene chloride to a solution of 35
milliequivalents per liter tetrabutylammonium tetrafluorobor-
ate in tetrahydrofuran did not result in a reduction peak in
the cathodic current but did shift by + 0.75 volts the poten-
tial at which the cathodic current began rising rapidly in
the scan to negative working electrode potentials. As it was
not certain that this shift was due to the reduction of
methylene chloride or simply a shift in the potential at
which the salt was reduced, this result was considered to be

equivocal.
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DISCUSSION

Pulsed Experiments

(1) The Tetrabutylammonium Tetrafluoroborate - i - Butyl
Vinyl Ether System

In the electroinitiated polymerization of isobutyl
vinyl ether in methylene chloride solutions of tetrabutyl-
ammonium tetrafluoroborate, an initiator which induced the
polymerization was electrolytically generated at the anode.
During the induction current, i.e., the initial passage of
current which did not effect polymerization, the initiator or
the polymeric active centers produced by it guickly reacted
with impurities in the solution. Rapid polymerization began
only when current was passed after the removal of the impuri-
ties. The original source of these impurities may have been
any or all the components in the solution: the salt, solvent
or monomer. However, as it was found in practice that the
salt was relatively difficult to purify, it was considered to
be the probable source.

Permination agents in cationic polymerization are
usually basic substances capable of reacting with and destroy-
ing the electrophilic active centers. Therefore, any tri-
putylamine, a common impurity in this salt, would have acted
as an effective terminating agent. Residual bromide ion from

the tetrabutylammonium bromide used in the preparation of the
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tetrafluoroborate salt could also have been responsible.
Finally residual weater, which is known to inhibit many true
cationic polymerizations, could have caused the termination
reaction. Whatever the impurities, their concentrations as
estimated from the approximate quantity of charge passed in
the induction current, were very small, i.e., in the order of
4 to 5 micromoles/liter. However, this was larger than the
amount of initiator needed to effect very rapid polymeriza-
tion and as a result, the end of the induction current and
the beginning of the rapid chain reaction could not be
accurately determined. Therefore, no accurate measure of the
amount of catalyst present could be obtained. |

The reactions displayed in Figures 6 to 8 dramatically
illustrate the control of the current over the rate of reac-
tion. The rate appeared to depend on the total amount of
current passed in the forward direction after the inducticn
current period, demonstrating that the current did not- -simply
remove the impurities and allow the salt to initiate the
polymerization. The efficiency of the reverse current, i.e.,
current passed after the reversal of electrode polarity, in
decelerating the reaction relative to that of the forward
current in accelerating the reaction, could not be accurately
determined. However, in the reacticn trace shown in Figure
8, the forward pulse at B appeared somewhat less efficilent

than the equal reverse pulse at C since the deceleration
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resulting from the reverse pulse was greater than the accel-
eration due to the forward pulse; However, this difference

a2y be attributable to flow of the catholyte through the
sintered‘glass‘divider.

I+ has been suggested (119) that some purportedly
electrcinitiated polymerizations might actually be cnly an-
acceleration, caused by the application of an electric field
across the solution, of a slow polymerization occurring with-
out the passage of current. In the reactions displayed in
Figures 6 to 8, no current was flowing and the electric
field across the solution was zero during the bulk of the poly—
merization. Therefore, the rapid reaction could not have
been due to electric field effects. Moreover, the absence of
a blank demonstrated that no significant amoﬁnt of polymeri-
zation took place in the unelectrolyzed solution of salt,
solvent and monomer.

The production of initiator at the anode resulted from
the oxidation of salt or monomer. Cyclic voltammetric poten-
tial scans of methylene chloride solutions of tetrabutylam-
monium tetrafluoroborate were cbserved in the presence and
absence of monomer to determine if isobutyl vinyl ether was
oxidized at a less positive potential than the salt. At the
low concentration of monomer used, 3.47 millimoles/liter,‘
direct oxidation of the monomer at the anode should have

resulted in a peak in the anodic current at a less positive
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potential than that for salt discharge. The very similar
appearance of the anodic scan in the presence or absence of
monomeyr demonstrated that the monomer ‘was not directly oxi-
dized at the electrode. lowever, the disappearance of the
peak at - 0.5 volts in the cathodic scan following the salt
oxidation in the pressnce of monomer suggests that either the
monomer reacted with the product of the salt oxidation or
_that the product was not formed in the presence of monomer.
Although the identity of this substance has not been estab-
lished in this work, it is reasonable to expect the formation
of an acid product on cxidation of the tetrafluoroborate
anion as was found for the perchlorate anion oxidation (117,
118). If an acidic product was also formed in the presence
of the monocmer, the basic double bond could have absorbed the
acid and made it unavailable for reduction.

A number of initiation mechanisms are compatible with
the above evidence. The initial oxidation of the tetrafluoro-
borate anion could have proceeded in a fashion analogous to
that proposed for the oxidation of the perchlorate anion

(117,118):

- @ ~—— BF: (72)

BF4 A

In the presence of the basic monomeric double bond, the tetra-
fluoroborate radical might have abstracted a hydrogen atom

from some hydrocarbon in solution (solvent, monomer oOr polymer)
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to form an initiating carbonium ion and the original tetra-
fluoroborate anion:

OR OR
+ CH,==CH —> °C + CH?;———CH*” + BF

HC + BF;
4

4 (73)

The carbonium ion would probably exist as aﬁ ion pair or an
ester with a tetrafluoroborate anion.

An alternative reaction of the tetrafluoroborate
radical wés the abstraction of a hydrogen atom from a hydro-

carbon to form hydrofluoric acid and boron trifluoride:

HC + BFZ} - *C + HF + BF (74)

3
The boron trifluoride might have formed a cationic initiating
complex with residual water in the system and this complex
plus the hydrofluoric acid could have protonated the monomer
to form propagating carbonium ions, although because of the
possibility of the formation of a stable carbon-fluorine bond,
the hydrogen fluoride might be expected to simply add to the

monomeric double bond. In any case this scheme can be con-

sidered to involve the electrelytic formation of a Lewis acid
which formed an initiating complex with an impurity. However,

& further possibility exists if hydrogen fluoride and boron

rrifluoride were formed:; these products may have acted as a
catalyst-cocatalyst pair in a manner similar to that proposed
by Olah et al. (36):

OR OR

1 i —_
CH2===CH + HFTBEB —> Ch3 - CH + BF4 (75)
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According to this mechanism, catalyst and cocatalyst were
simultaneously produced in equimolar amounts at the anode.
The possibility of either of the initiation reactions involv-
ing the production of hydrogen fluoride and boron trifluoride
is supported by the observation of gases trapped under the
thick, insoluble anodic coating after long electrolysis in
undivided cells. This gas may have consisted of boron tri-
fluoride and hydrogen fluoride produced by anodic oxidation of
the tetrafluoroborate ion. However, the identity of these
gases was not investigated in this work.

A further alternative reaction of an electrolytically
produced tetrafluorocborate radical is the oxidation of the
monomer to a’radical cation:

OR OR

CHj==CH + BFj — - CH,— cut (76)

This is analogous to the feduction of a-methylstyrene monomer
to a radical-anion by electrolytically formed sodium metal
(100). Like radical-anions, radical-cations could have either
dimerized to dicationic species:

OR OR OR,
2 -cH,—cCH' - *HE — CHy— CH,— cat o (77)

or added monomer to form separated cationic and free radical

ends:

OR OR OR

OR
.y + o, e [ [ . . 1 T o 1 +
CH3 tat o+ CH == CH » - CHz— CH— CH,-— CH (78)
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In the latter case, polymerization would likely take piace
only from the cationic end as isobutyl vinyl ether has never
been found to polymerize by a free radical mechanism.

Initiation mechanisms involving hydrogen atom abstrac-
tion from hydrocarbons in solution could have produced free
radicals on the monomeric or polymeric side-chains or on the
polymeric backbone. Dimerization of these radical species
may have resulted in the formation of crosslinked polymer,
explaining the highly insoluble polymer-like film that coafed
the anode during the passage of current. One possible mode

of hydrogen atom abstraction from the monomer is:

GH3 | GHs
0-CH,~C~—H O-CH,—C-
2 CH == CH CH, + BF; ——> CH,==CH éH3
GH3
0-CH,~C—H
I L ] -
+ CHy—CH CH, + BF (79)

However, the insoluble anodic products could also have arisen
from monomeric radical-cation reactions similar to the un-
characterized, solid—prdducing reactions observed in the oxi-
dation of aromatic hydrocarbohs (109,110).

The similarity of the colour of transient green prod-
uct noted at the anode during the passage of current to
colours of radical-cations produced by antimony pentaéhloride
(115) suggests that isobutyl vinyl ether radical-cations may

have been formed. The immediate disappearance of the colour
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on exposure to alr was Similar to the behaviour of radical-
cations prepared by Lewis and Singer (115) who found that
~only radical-cations of highly conjugated hydrocarbons such
as 9,1C-dimethylanthracene, peryléne and naphthacene were
stable in air and at room temperature.

The occurrence of polymerization bn the addition of
small quantities of the anolyte of an electrolyzed solution
of tetrabutylammonium tetrafluorcborate in methylene-chloride
o a solution of iscbutyl vinyl ether in methylene chloride
demonstrated that an acid with cationic initiating ability
was formed on oxidation of the salt. This acid may have
arisen from the abstraction of hydrogen atom from a solvent
molecule by an electrolytically formed tetrafluoroborate
radical. The character of the acid produced has not been in-
vestigated but it was likely equivalent to the acid solution
produced on mixing hydrogen fluoride and boron trifluoride in
equimolar amounts in methylene chloride solution. A possible
overall reaction would be: .

CH

c12 + Ble —_—s «CHC1, + BF3 + HPF (80)

2 2

The identity of the acids present was not investigated further
as it was felt that the reactions and products in the presence
of monomer may differ considerably from those in the absence
of monomer.

The absence of polymerizing reactions when the anolyte

from an electrolyzed solution of electrolyte and methylene




120
chloride was added to a solution of the monomer and toluene
demonstrated that the acids in the anolyte sclution could not
catalyze the polymerization of isobutyl vinyl ether in a
medium of low dielectric constant. This behaviour has also
been observed in the attempted polymerizations of styrene by
hydrochloric acid and sulfuric acid in toluene (120).

The plot of 1n(M) against t, the time in minutes, dis-
played in Figure 10, shows that the polymerization exhibited
a first order rate dependence on monomer concentration up to
approximately 50% conversion, provided no flow through the
sintered glass disk occurred. This is compatible with a
propagation reaction first order in both monomer and active
center concentration, a common phenomenon in cationic polym-
erization. The kinetic equation for propagation can therefore

be written:

- amn - kp (MF) () (81)

dt

If the current formed initiating substances which reacted to
form active centers after the passage of current was termina-

ted, the kinetic eguation for initiation can be written:

where (C)X is the concentration of initiator to the unknown

power x. This initiation reaction would necessitate the exis-

tence of a termination reaction since the reaction did not
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accelerate when current was not applied. Because termination

reactions in cationic polymerization are first order in

active center concentration, the kinetic equation for termina-

tion can be written:

* :
Ry = k(M) (83)

t

If the stationary-state assumption is applied, the rates of

initiation and termination can be equated giving the follow-

ing expression for the active center concentration:

") = ]Rf_i_ ()% (84)
t

The overall rate equation could then be expressed as:

e _ Kikp oyx x .
- = If = l\’l
St Tr (C)= (M) k(C)™ (1) (85)
and the reaction would be an example of a stationary-state of
the First Kind. However, if the active centers were produced

virtually instantaneously on passage of current, the concen-

tration of catalyst produced would have been equal to the con-

centration of active centers, giving the overall rate equa-

tion:

S - o) F 86
) k%0 (86)

and the reaction would be a stationary-state of the Second
Kind. Therefore, a first order dependence of the rate on

monomer concentration is compatible with both of the above
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stationary-state theories.

Because the concentratioﬁ cf tetraflucroborate anions
from the salt was much greater than the concentration of ac-
tive centers, the most likely counterion for a carbonium ion
active center was the tetrafluoroborate anion. Even 1f the
catalysts were hydrofluoric acid and/or boron trifluoride and
the original counterions were F~ and (BF3OH)—, they would have
been replaced by tetrafluoroborate anions if an equilibrium
existed between ion pairs and free ions. The work of éakurada,
Ise and coworkers on the electric field acceleration of cat-
ionic polymerization showed that such equilibria did exist in
ethylene chloride solutions for the polymerization of isobutyl
vinyl ether by iodine (48) and the polymerization of styrene
by boron trifluoride etherate (49). As the dielectric con-
stant of methylene chloride solutions is similar to ethylene
chloride solutions, the existence of ion-ion pair eguilibria
in this electroinitiated system is plausible. Therefore, the
true counterions of the active centers would have been tetra-
fluoroborate ions. Because tetrafluoroborate anions are Vvery
stable and are very poor nucleophiles, they are unlikely to
- participate in any termination reactions, as has been found
for the very poorly nucleophilic perchlorate ion (19). Since
no other component of the solution is known to destroy cation-
ic active centers, it is plausible that no natural termina-

tion reaction was present and that the system exhibited a




stationary state of the Second Kind.
Integration of equation (85) gives:

InM) = ~k{C)®*t + constant (87)

The slope of the straight line obtained on plotting 1n(M)
against t would be equal to -k (C)¥. However, the concentra-
tion of catalyst, (C), was unknown in every experiment and
hence, Xk and x could not be determined.

From Figures 6 and 8, it is evident that the rate of
~reaction of the polymerizing solutions increased almost in-
stantaneously when current was passed in a forward direction
through the solution. On the contrary, after the reverse
pulses at B in Figure 7 and at C in Figure 8, the reaction
gradually slowed down over a pericd of fifteen (Figure 8) to
thirty (Figure 7) minutes. This behaviour suggests that the
initiation reaction at the anode was virtually instantaneous
and produced active centers directly while the cathodic reac-
tion produced basic substances which reacted gradually with

the active centers in scolution.

(ii) The Tetrabutylammonium Perchlorate-i-Butyl Vinyl
Ether System

The behaviour of this polymerization system resembled
the "flash polymerizations” of isobutene catalyzed by alum-
inum trichloride (121,122) and of styrene by sulfuric acid in
ethylene chloride (34). A given dose of initiator very

rapidly produced a corresponding yield of polymer with no sig-
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nificant amount of subsequent reaction. In both of these
conventional polymerization systems a termination reaction
inherent in the system resulted in a depletion of catalyst
or cocatalyst causing the reaction to stop.

Tn the electroinitiated cationic polymerization of
isobutyl vinyl ether with tetrabutylammonium pérchlorate, a
natural termination reaction could only involve the combina-
tion of the perchlorate counterion with the carbonium ion to
form a stable ester incapable of promoting further polymeri-
zation. Considering the poor nucleophilicity of the per-
chlorate anion, this possibility must be considered unlikely.
Moreover, the polymerization of styrene Dby perchloric acid in
methylene chloride at 259Cc (52), a reaction having either car-
bonium ions with perchlorate counterions or active polystyryl
perchlorate esters as propagating species, exhibited no ter-
minating reaction. A perchlofate ester of the very stable
poly (isobutyl vinyl ether) carbonium ion would probably be
very active and/or very unstable with respect to decomposi-
tion to carbonium ions. For these reasons, the author be-
lieves that the termination was due to adventitious impur-
ities.

In this electroinitiated reaction, there were two ob-
served effects of termination reactions. Firstly, the x-inter-
cept in the plot of ln{(M)O/(M)w} against (C), suggested that
the first approximately 2.3 microFaradays of current passed per

liter of solution produced initiator that was effectively immediately
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destroyed by reaction with termination agents in the solution.
Secondly, the rapid slowing of the rate of polymerization
occurring after the pulse indicated the presence of a termina-
tion reaction that destroyed the active centers during the
polymerization. Because the plot in Figure 12 gives a
straight line that extrapolates to a definite x-intercept,
the effectiveness of these termination reactions was very re-
producible when reactions were prepared under similar con-
ditions. Otherwise a congiderable scatter would have occur-
red. .

The effectiveness of the termination reaction that
slowed and stopped the rapid polymerization was apparently
reduced to a minimum by subjecting the salt to extensive
vacuum pumping before the addition of monomer and solvent,
suggesting further that the termination was due to impurities.
This treatment probably removed volatile terminating agents
froﬁ the salt. Cbnsidering the hygroscopic nature of the
salt, the most likely impurity was water. Because the same
concentration of salt was used in each reaétion, the termina-
tion occurring after the pumping could reasonable be attribu-~
ted to reproducible amounts of water remaining in the salt.
As amines are common impurities in tetraalkylammonium salts,
the initiator formed during the induction current was possibly
used to destroy minute quanﬁities of tributylamine from the

salt. However, it is possible that the two termination effects




originated from the same impurity.

The reaction traces A to E in Figure 11 show that by
varying the magnitude of the initial current pulse, a great
amount of control over the initial rate and final degree of
conversion was possible in this reaction under constant con-
ditions of preparation and reaction. Since no electric field
was applied across the solution for the bulk of the reaction,
the rapid polymerization was not due to the electric field
acceleration of a very slow polymerization occurring without
the passage of current (119). Moreover, the absence of a
significant amount of polymer formation over periods of up to
18 hours without the passage of current demonstrated that the
reaction was not initiated by the salt or other component in
the unelectrolyzed solution.

Billon (118) has shown that in acetonitrile solution,
the anodic oxidation of the perchlorate anion occurred at
approkimately the same electrode potential as the oxidation
of the tetrafluoroborate anion. Some authors (116,118) have
also detected by means of ESR spectroscopy the perchlorate
radical produced at the anode, presumably by the following

reaction:

ClO4V— e > ClOé (88)

In a methylene chloride solution of monomer, polymer and
tetrabutylammonium perchlorate this radical may have abstrac-

ted a hydrogen atom from any or all these components to form
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perchloric acid, a strong cationic initiator:

HC + Cl1l0;

i » +C + HClO, (89)

or it may have oxidized the monomeric double bond to form a

radical-cation:

OR OR

e : . - — gt
CHzmeH + ClO4 > CH2 -CH" + ClO4

(90)

‘However, it is also possible that the monomer was oxidized

directly at the anode:

OR OR

CH2=zc':H -8 — ,~CH§~—€:H+ (91)

Again a radical cation formed by either of the above mechan-
isms could have either dimerized to a dicationic species or
added monomer to form separated free radical and cationic
ends.

With any of the above possible initiation reactions,
‘the result would be virtually eguivalent to the addition of
perchloric acid to the monomer solution. However, the use
of an electric current to generate the active species allows
prec¢ise control and accurate programming of the addition of
very small quantities of catalyst to the reaction solution,
i.e., micromoles of catalyst per liter.

As in the electropolymerization of isobutyl vinyl
ether with tetrabutylammonium tetrafluofoborate as electro-

lyte, a transient green colour formed on the anode during the
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passage of current. However, in this case the colour was
more prominent, covered the whole inner face of the electrode
and was not accompanied by the formation of an insoluble
solid on the anode. This suggests that in this system,
radical-cations were formed either by direct oxidation at the
anode or on oxidation by perchlorate radicals and that no
crosslinking hydrogen atom abstractions from the monomer or
polymer occurred.

As is shown in Figure 12, a straight line was obtained
when ln'{(M)o/(M)m} was plotted against (C)y, the number of
Faradays of current passed in the initial current pulse. If
the dependence of the rate of polymerization on the monomer
concentration had been to any power other than unity, a plot
with ln{(M)O/(M)m} as ordinate would not have given a straight
line. Moreover, according to the derivation of this kinetic
relationship, shown in the result section (p.92), the abscissa
should be the concentration of catalyst to whatever power the
concentration of catalyst is taken in the rate equation.
Although the range of initial monomer concentrations used in
these reactions was not great, the plot in Figure 12 indicates
that the rate of polymerization was first order in both cata-
lyst and monomer concentrations. This could be demonstrated
only because the termination was reproducible under the con-
ditions used and could be treated as a termination unimolecu-

lar in active center concentration and inherent in the polym-
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erization system. However, the sigﬁificance of the value
obtained for the ratio of the rate constants of propagation
and termination, kl/k2 = 6.7 X 10° liters per mole, is
rather dubious and can only be regarded as a measure of the

relative rates of propagation and termination by impurities.

(iii) Tetrabutylammonium Hexafluorophosphate

The possibilities for initiation reactions for this
salt are similar to those suggested above fof the tetra-
fluoroborate salts. However, no transient green colour was
noted on the anode during the passage of current and a relat-
ively great amount of insoluble film formed on the anode,
suggesting that no radical~catioﬁs were formed at the anode
and that the majority of the active centers were produced by

crosslinking hydrogen atom abstraction reactions:

PP =~ e — PF/ | (92)

PFé + HC —— HF + PF_ + *C (83)

If the Lewis acid potassium pentafluoride was formed as a
result of the electrode reactions, it could have acted as a
polymerization catalyst with the hydrogen fluoride or adven-

titious water as cocatalyst.

(iv) Tetrabutylammonium Iodide

The absence of polymerization on electrolysis of solu-
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tions of tetrabutylammonium iodide and isobutyl vinyl ether
in methylene chloride is not surprising even though iodine, a
well-known polymerization catalyst for vinyl ethers, was
apparently produced at the anode, presumably by the following

reactions:
217 - 2& —= 2I° — I (94)

Tt is generally assumed that in all the polymerizations ini-
tiated by iodine the initial active species is the iodonium

ion, 1t, formed by the dimerization of two iodine molecules:

+ — -
2I5) =11, (95)
Initiation occurs by addition of the iodonium ion to. the

olefin to form a carbonium ion:

. OR OR,
1t13 + CH,==CH —— I-CH;—CH'I] (96)

Tn conventional systems with iodine, this carbonium ion can
then add monomer until termination occurs by abstraction of

an iodide anion from the counterion:

OR OR
wreresCH 5 ('Z‘H+I; —— HCHg— CH + I, (97)
I

However, in the eiectroinitiated system, a lérge concentra-
tion of iodide ions from the electrolyte-existed in solution.
Therefore, any carbonium ions formed would likely have been
guickly destroyed by a simple combination of the iodide anion
with the carbonium ion, preventing the formation of high

’polymer.
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Constant Current Experiments

(i) The Tetrabutylammonium Perchlorate - Styrene System

The polymerization of styrene in the anode compartment
by the electrolysis of methylene chloride solutions of the
monomer and tetrabutylammonium perchlorate was subject to
the greatest amount of control of all the polymerizations in
this study. The>reacticn was very reproducible even when
different batches of salt, solvent and monomer were used.

The straight lines obtained in the plots of 1n{ (M) o/ (M) ¢}
against t2 and the consistent value of 1.56 liters/mole-sec.
+ 3% at 25°C. obtained for the rate conéfant in reactions
with different currents and monomer concentrations suppor- .
ted the validity of the assumptions that the amount of cata-
lyst at any time was proportional to the total amount of cur-
rent passed, that termination of the active centers was
absent and that the rate of polymerization was proportional
to the first powers of the catalyst and monomer concentra-
tions. If the rate had been proportional to the square or
the square root of the catalyst concentration, a plot of
ln{(M)o/(M)t} against £3 or t3/2, respectively, would have
~given a straight line. A dependence of the polymerization
rate on the monomer concentration to any power other than one

would not have given a straight line with 1n{ (M) o/ (M)} as

. ordinate, Thus, this reaction appears to qualitatively
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resemble the conventional polymerization of styrene by per-
chloric acid in chlorinated solvents.

If a termination reaction, unimolecular in active
center concentration, was present in this system, the kinetic
rate equation for the increase in active center concentration

could be expressed as:

= ~k(M*) + i (98)

dt

ate
w

where i is the current in Faradays per second, (M") is the

concentration of active centers and k is the rate constant

for the termination reaction. Rearranging this equation:

* .
aM’) 4+ k™) =i
at

- o % ’
COl’iSider a@’%{ekt (I\i")} — ekt{g_a(}é_) < k(l\,l‘.\)}

=iekt
&
Therefore ekt(M*)'= ieKTt gt

o]

T
and (M) ie~kt| ektgt

O

Il

kt.
= (ie—kt)(ﬁi;wi)

—}l;(l—e‘k%

Substituting this equation for the active center concentration

into the expression for the rate of decrease in monomer concen-
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tration we have:

Rearranging -

On integration from t=0 and the initial monomer concentration,

(M) 5, to t=t and the monomer concentration at time t, (M),
we have:
(Mg  kp(y . e7F5-1
Zl.n(M)t n (£ + A ) _ (99)

Therefore, the presence of a termination_reaction would have
necessitated the dependence of the integrated rate equation
on a much more complicated function of time than was observed.
Therefore, no termination of active centers occurred in this
system if initiation was instantaneous on current passage.

The electroinitiated character of this polymerization
is beyond question. The absence of a significant amount of
polymer in blank experiments demonstrated that polymer forma-
+ion did not occur before current had passed. Moreover, the
precise control of the current over the course of the polymer-
ization showéd that the reaction did not result from initia-
tion by some component in solution after the impurities had
been removed by the passage of current. Although an electric
field was applied across the solution between the electrodes

during the entire pclymerization process, an acceleration




134

effect of the electric field (119) could not have accounted
for the increase in the rate of reaction as current was
passed. It is, in fact, unlikely that the electric field
could have affected the rate of propagation at all since the
proportion of the total anolyte volume between the electrodes
was very small and the maximum electric field applied in any
of these experiments was 4 volts/cm., much weaker than the
fields employed by Sakurada, Ise and coworkers (46,47,48,49,
50) .

The mechanism of the primary electrcde reaction at the
anode was not elucidated but it likely involved the oxidation
of a perthorate ion to a perchlorate radical or the direct
oxidation of the monomer to a propagating radical-cation.
Again an electrolytically formed perchlorate radicalvcould
either abstract a hydrogen atom to form perchloric acid as
initiator or oxidize the monomer to form a radical-cation:

Ph Ph
— . + -
CHTE{ + ClOy > CH, c;i + C10j (100)

The possibility of the formation of radical-cations in the
eleétrolysis was again supported by the observation of a
green colour, similar to that of conventionally produced
radical-cations, acroés the inner face of the ancde. Further-
more, the absence of an insoluble anodic coating may be an
indication that cfosslinking or degrading hydrogen atom ab-

stractions did not occur in the initiation process.
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1f radical-cations were formed at the anode, they may

have dimerized to form a difunctional propagating species or
. they may have added monomer to form separated free radical

and cationic or styryl perchlorate ester ends:

Ph Ph Ph Ph
*CH,—Ct + CH,===C *CH.~— C —CHs—C+ (101)
2 $ 2 § 2 ] 2 1
H H H H

Uniike iscbutyl vinyl ether, styrene can also polymerize by
free radical mechanisms. Hence, the possibility exists that
besides the cationic or pseudocationic propagation, free
radical addition of monomer may have occurred. However, elec-
troinitiated free radical polymerizations are much less
efficient and much slower than acid polymerizations of this
monomer and therefore any free radical addition would prob-
ably be negligikle. Furthermore, because the reaction obeys
the kinetic relationship of Eguation (69), no significant
amount of termination of the effective active centers occur-
red. Although some electroinitiated free radical polymeriza-
tions have exhibited polymerization for hours after the ter-
mination of current passage apparently due to long-lived

free radicals (66,67) the heterogeneity of these systems was
‘probably responsible for the absence of a rapid bimolecular
termination reaction {(71). 1In all systems studied in the
work discussed here, oréanic, homogeneous solutions were used

and free radical active centers would have been terminated

during the course of the reaction. Therefore, within the ex-
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perimental error in this electroinitiated polymerization of
styrene, effectively all the polymerization must occur throuch
- non-free radical active centers.

With any of the possible modes of reaction shown'above,
the net result would have been the formation of polystyryl
carbonium ions with perchlorate counterions or propagating
perchlorate esters of polystyryl carbonium ions. Thus, the
propagating species were probably identical to those formed
in the perchloric acid polymerization of styrene in methylene
chloride solution, investigatéd by Gandini and Plesch (51,52).
However, in the conventional polymerization,; the propagationi
rate constant at 6°Cc. was found to be 2.65 liters per mole-
sec. with an activation energy of Ep= 11.6 % 0.2 kcal per
mole. These values differ considerably from the values kp=
0.50 liters per mole-sec. at 0°C. and Ep= 7.6 kcal per mole
found in the electroinitiated reaction. The reasons for this
discrepancy have not been elucidated in this work. The prin-
cipal difference in the electroinitiated system was the pres-
ence of the salt. On a carbonium ién theory of propagation,
the presence of an excess of perchlorate anions in solutioﬁ
would reverse the equilibrium between ion pairs and free ions
in the direction of ion pairs:

Ph - Ph

e CHs— €FC10,  T==CH—¢F + Cl0g (102)
H H
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Because a propagation reaction through free carbonium ions
occurs faster than propagation through ion pairs, the rate of
,polymellzatlon and therefore the propagation rate constant
would be lowered. The much lower activation energy in the
electroinitiated polymerization could be explained by a posi-

tive enthalpy of dissociation of the salt ion pair:

Bu,NTC10; === BuyN* + Cl0g - (103)

T

(Bu4N+)(ClOZ)
(Bu,NTC10y)

(104)

<

The concentration of free perchlerate ions would increase
with temperature causing the lowering of the rate constant by
the free perchlorate ions to become more effective at higher
temperatures, resulting in a lower observed activation

energy for the polymerization.. However, it has been well
documented (123) that the eguilibrium constants for ion-ion
pair‘equilibria in methylene chloride solution increase with
falling temperatures, i.e., have a negative heat of dissocia-
tion. As a result, ionic equilibria cannct be invoked to ex-
plain the discrepancy.

A wastage of electrolytically produced perchlorate
radicals through a reaction with some constituent cf the solu-
tion which does not produce active centers could provide a
plausible explanation of the rate constants found for this

electroinitiated system. If this wastage reaction possessed
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a higher activation energy than the reaction producing the
active centers, the low activation energy for the electro-
initiated polymerization could be explained. However, this
'study produced no evidence about the character of‘any DOSS—

ible wastage reactions.

(ii) The Tetrabutylammonium Tetrafluorcborate - Styrene
System

As in the cationic electropolymerization of styrene
with the perchlorate salt, the sigmoid-shaped curves bbtainaﬂ
using tetrabutylémmonium tetraflucroborate saltqas the elec-
trolyte showed that the concentration of initiator increased
as the current was passed through the solution. However, the
irreproducibility of the reaction curves shown in Figure 22
and the curved lines obtained.in the plots shown in Figure 25
demonstrated that the assumptions successfully applied to the
cationic electropolymerization of styrene with the perchlor-
ate salt did not apply to the electropolymerization of styrene
with tetrabutylammonium tetrafluoroborate as the eledtrolyte.

This behaviour was very probably due to impurities in
the reaction medium. These impurities may have reacted with
and terminated the active centers. The concentration of
these impurities would have diminished as meore current was
passed allowing the reaction to accelerate. The presence of

variable amounts of this impurity in solution would explain
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the difference in shape between curves for reactione run at
identical currents, such as curves a and b of Figure 22.

It is also possible that an impurity acted as a cocat-
alyst with boron trifluoride formed at the anode. If this
impurity alsoc inhibited the reaction at lower catalyst con-
centrations, the rate at any time would be a function of both
the total amount of catalyst produced and also the cocatalyst-
catalyst ratio as explained on page 12. 1In that case, the
difference between curves a and b in Figure 22 could have
resulted from different initial concentration of the cocata-
iyst impurity.

The possibilities for anodic initiator—produéing reac-
tions in the cationic polymerization of styrene with the
tetrafluoroborate salt are similar to those suggested for the
polymerization of isobutyl vinyl ether with this salt. Be-
sides monomer oxidation processes, either directly at the
anode or through 'a tetrafluoroborate radical intermediate,
hydrogen atom abstractions such as those suggested in reac-
tions (73)and (74) may have produced the active species or
the initiator. The production of insoluble granular material
may be an indication of the presence of crosslinking oxr de-

grading hydrogen atom abstraction reactions at the electrode.

(iii) The Tetrabutylammonium jerafluorophosphate Styrene
System

The sigmoid curve shown in Figure 23 demonstrated that
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for the electropolymerization of styrene with tetrébﬁtylammon—
jum hexafluorophosphate the concentration of éctive centers
~in the anolyte solution again increased as current was passed
through the solution. However this system appeared even more
sensitive to impurities than the tetrafluoroborate~styrene
polymerizatioﬁ‘system as virtually no polymerization would
occur during the induction current period while the reaction
accelerated relatively suddenly when the impurities were
eliminated by reaction with the initiator or with active cen-
ters produced by the initiator.

The sudden onset of polymerization and buildﬁp of act-
ive centers is illustrated by the kinetic plot in Figure 24,
Acéording_to this plot of 1h{(M)O/(M)w} against t2, very
little of the reaction occurred until about t2= 4.0 X 108 sec?
after which the reaction accelerated rapidly. The straight
line obtained after this point suggests that in this region
the reaction obeyed the assumptions used in deriving Equation
(69). If the reaction did dbey these assumptions, the reac-
‘tion raté was first order in both monomer and catalyst con-
centration and no termination took place after about t2 =
4.0 X 1076 sec? However, this behaviour is also compatible
with a system in which the rate of production of active cen-
ters from anodicaliy produced catalyst is equal to their rate
of termination. Although this result sexrves as a tentative

indication that the reaction possessed these characteristics,
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it must be admitted that the amount of data obtained for this
system is scant and that a more complete study would be

“necessary to definitely establish these characteristics.

The catalyst-producing reactions suggested in Equations
(92) and (93) for the polymerization of isobutyl vinyl ether
with this salt are also applicable to the corresponding polym-
erization of styrene. Moreover, the oxidation of the monomer-

ic double bonds to radical-cationic species is again a

possibility, although no transient green colour was noted at
the electrode. The formation in this system of an insoluble
residue on the anode may again be an indication of crosslink-
ing or degrading reactions, possibly hydrogen atom abstrac-

tions occurring at the anode.

Cathodic Reaction

The cathodic reaction produced substances which des-

troyed active centers of polymerization formed at the anode.

These substances may have arisen from the reduction of the

salt, the monomer or the tétrabutylammonium cation.

Wawzonek and Duty (124) studiea the electrolytic
reduction of chlorinated hydrocarbons in dimethylformamide
and acetonitrile using tetraputylammonium bromide as the elec-
trolyte. The reduction of methylene chloride to methyl
chloride occurred before the salt dischéige in dimethylforma-

mide but not in acetonitrile. A possible reduction scheme
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for methylene chloride is:

CH2C12 + 28 —~—> CHZCl + C1 (105)

The carbene anions and/cr the chloride ions could have reac-
ted with ard terminated the electrophilic active centers. The
carbene anions could also have abstracted protons from the
methylene chloride to form another terminating carbanion

species:

CH2C1 + CH2C12 —— pHBCl + CHC12 (106)

or reacted with the tetrabutylammonium cation:

CH,C17+ (C4H9)4N+——+ CH,C1-C,H + (C,H) N (107)
producing tributylamine, a chain—terminating species.

The reduction of the tetrabutylammonium ion would pro-
duce a substance capable of destroying electrophilic active
centers. Finkelstein et al. (125) reported the reduction of
quaternary ammonium cations at aluminum and platinum elect-

" rodes in the highly aprotic solvent, N,N-dimethylacetamide.
The products were invariably an amine and a hydrocarbon. For
example, the reduction of benzyldimethylanilinium trifluoro-

acetate in N,N-dimethylacetamide produced dibenzyl and di-

methylaniline. The reaction proposed was:

i 1
!LR2—- N - R4j+ g ——> Ry~ Ni + R (108)
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- The formation of tri-n-butylamine by the cathodic reduction
of the tetra-n-butylammonium cation in dimethylformamide has
been verified by gas chromatography (126). The formation of
this amine on current reversal in cationic initiated polymer-
ization would result in the destruction of one active center
for each molecule of amine formed and therefore for each
electron passed.

A final possibility for the cathodic reaction would
involve the electrolytic reduction of the monomeric double
bond to form a radical-anion which would be basic enough to
eliminate electrophilic active centers. This reaction is
more likely for the styrene monomer than for isobutyl vinyl
other as the latter molecule has a relatively negative double
bond. The anionic species would not likely exist for long in
the medium used as it probably. would have either abstracted

one of the relatively acidic methylene chloride protons:

PH Ph

CI{2C1.2+—C}12—— CH-———"CHCl + CHz—CH- (109)

or reacted with the tetra-n-butylammonium cation to produce

tri-n-butylamine:

Ph Ph

(C4H9)4N‘ + CH§"°CH°~——+ C H“—LH—-CH'+(C4H

4H5 3 ) 3N

9
(110)
The destruction of living anicns by this cation has been ob-

served (127). Either carbanionic or tri-n-butylamine species
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would terminate electrophilic active centers.

Whichever component of the reaction mixture was reducsd
it is clear that the passage of one electron would result in
the destruction of a maximum of one active center. Therefore,
because it was observed that the cathodic reaction was at
least 50% more efficient than the anodic reaction, it appears
that the forward current did not produce active centérs at

100% efficiency.
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CONCLUSION

A unique feature of all electroinitiated po}ymeriza—
tions is the possibility of achieving a greater deéree of
control o?er rates and in some cases the molecular weights
and molecular weight aistributions than is possible in the
corresponding conventiconally initiated polymerizations. It
is likely that in electroinitiated cationic addition polym-
erization, control will be restricted to the rates only, even
in systems in which no termination occurs ("liviag" cationic
polymerizations), because chain transfer, a reaction over
which the electric current can have no control, normally is
the prime factor regulating the molecular weights. Although
Breitenbach's report on electroinitiated cationic polymeriza-
tion {(101) was indicative of the possibilities of these reac-
tions, his results were not thorough. The work reported here
constitutes the first detailed study of the kinetics and of
the control features of electroinitiatedicationic polymeriza-
tion.

This work has demonstrated that the degree of control
of the electric current over the reactions varied greatly
from system to system. These differences appeared to depend
on both the monomer and salt chosen. The degree of control
was greatest for both styreﬁe and isobutyl vinyl ether when

tetrabutylammonium perchlorate was used as electrolyte. With
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styrene, the control imposed by the forward current was as
great as has ever been found for any electroinitiated polym-
erization system. Reproducible réte constants have been
found along with an activation energy which allows the estima-~-
tion of rate constants over a narrow temperature range. Al-
though neither the rate constant at 0°C. nor the activation
energy compared with the values found for the conventional
perchloric acid polymerization system, they can be regarded
as apparent values for the electroinitiated system under the
conditions used. The discrepancy may have arisen from a
wastage of the primary electrode products (perhaps the per-
chlorate radical) by reactions, of an as Yet unknown charac-
ter, not yielding initiators or active centers. Alternatively,
the ?resence of electrochemical side reactions may have been
responsible. Whatever the reactions, the difference in rate
constants at 0°C. would have required the wastage of 80% of
the>current passed at this temperature with an increasing
degree of wastage as the temperéture was increased, presum-
ably because the side reactions possessed a higher activation
energy than the reaction producing active centers. The obser-
vation that the efficiency of the cathodic reaction in produc-
ing terminating agents was a minimum of approximately 50%
greater than the forward reaction supports this concept. How-
ever, it must be emphasized that the apparent wastage of

current cannot be due to termination after active centers have
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been produced as this would preclude the observed dependence
of the reaction on the kinetic relation given by eéuation
(69) . This work does emphasize that unlike electroinitiated
anionic polymerization (97,98) where one electron in the for-
ward direction produces an active center and one electron in
the reverse direction destroys an active center, the amount
of current passed in electroinitiated cationic polymerization
is not necessarily a direct measure of the number of active
centers produced.

The control over polymerizations using tetrabutylam-
monium perchlorate was not as great when isobutyl vinyl ether
was used as the monomer. This was partially related to the
rapidity of the reaction but was primarily due to the effect
of termination reactions. However, under constant conditions
of preparation and reaction, the importance of the termina-
tion appeared to be reproducible, allowing predictable ini-
tial rates and final yields.

The treatment of the tetrabutylammonium perchloraté
" salt in the polymerizations of isobutyl vinyl ether and
styrene were identical although substances (possibly water)
remaining in the salt did not affect the styrene polymeriza-
tion but caused termination in the isobutyl vinyl ether
polymerization. This lends support tc the possibility that
the active centers in the styrene system were equivalent to

those formed in the perchloric acid olvmerization of styxrene
p -k -
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which are also unaffected by the presence of water. However,
even small amounts of water would be expected to cause term-
ination, as was found in the isobutyl vinyl ether polymeriza-
tion with the perchlorate salt, if the active centers were
frue carbonium ions. Therefore, this difference between the
two monomers may have been an indication that the isobutyl
vinyl ether polymerization occurred through carbonium ion
active centers while the styrene polymerization proceeded
through pseudocationic active centers as in the perchloric
acid polymerization of styrene (52). This situa?ion would
parallel the polymerizations of styrene (128) and isobutene
(27) by titanium tetrachloride and water in methylene chlor-
ide which appear to exhibit pseudocationic and true cationic
behaviour, respectively.

The possibilities for reactions involved in electrical
initiation with the perchlorate salt as the electrolyte were
relétively simple because the oxidation of the perchlorate
anion was very unlikely to produce a Lewis acid catalyst. On
the contrary, the oxidation of either the tetrafluoroborate
or the hexafluorophosphate anions was not so clear-cut because
of the possibility of producing Lewis acids. With each of
+hese anions a cocatalyst, hydrogen fluoride, may have been
produced in equivalent amounts or the Lewis acid may have
formed a.complex with an impurity such as water, present in

the solution. The former case would probably be kinetically
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equivalent to the production of a protonic acid, as with the
perchlorate salt, and the counterions would be the tetra-
~ fluoroborate and the hexafluorophosphate anions in the res-

- pective systems. As explained in the Introduction, a Lewis
acid forming a catalytic complex with a cocatalyst such as
water in solution would probably result in a very complex
kinetic behaviour as nét only theAcatalyst concentration but
the catalyst-cocatalyst ratio would change throughout the
passage of current. The variable shape of the reaction
curves obtained for the electropolymerization of styrene with
tetrabutylamﬁonium tetrafluoroborate as the electrolyte may
result from sucﬁ a cocatalytic behaviour.

The results of this work have indicated that the key
to a rigorous study of electroinitiated cationic polymeriza-
tion lies principally in the character and purity of the
electrolytic salt. The less nucleophilic and more inert the
anion of the salt, the‘greaterkthe chance that a "living”
cationic polymerization will result on electrolysis. The per-
chlorate anion is the most advantageous found to date while
the iodide ion represenfs the other end of the spectrum: an
ion which-can combine with the active center to form a stable,
inactive bond before polymerization can cccur. The tetra-
fluoroborate and hexafluorophosphate anions possess the re-
guired stability and poor nucleophilicity. It has been shown

in this work that the observed behavicurs of the polymerization
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of styrene with the hexafluorophcsphate salt and of the polym-
erization of isobutyl vinyl ether with the tetrafluoroborate
. salt are entirely compatible with "living" cationic character
with no termination.

In many studies of conventional cationic polymeriza-
tions, reactions have been followed by dilatometry. Although
this method allocws a great degree of experimental rigour, it
was found virtually impossible to apply this method to the
systems studied in this work because of the necessity of |
dividing the cell into two compartments. However, the use of
silver salts such as silver perchlorate and silver tetra-
fluorobo:ate would eliminate the necessity of a sintered
glass divider because the cathodic reaction would simply pro-
duce metallic silver. This metal would not interfere with
the electrophilic active centers formed at the anode. The
use of a dilatometer would allow the reactions to be followed
without sampling and therefore the reactions could be carried
out under rigorous high vacuum conditions. Although these
salts when wet will polymerize monomers without the passage
of current, the added purification capabilities with the
dilatometer may allow a more thorough drying of the salt.

This work has demonstrated that under the proper con-
ditions, a large degree of control over the rate of reaction
is possible in electroinitiated cationic polymerizations and

has provided scme insight into the character of these reac-
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tions. The kinetic behaviour of a number of electroinitiated
cationic systems has been elucidated. Furthermore, the suita-
_bility of hexafluorophosphate salts as electrolytes for these
reactions has been discovered. |

Although considerable speculation has been given on
the character of the reactions producing active centers at
‘the anode, it must be admitted that the evidence submitted
here is not sufficient to establish the nature of these reac-
tions. Although the transient green colour produced at the
anode in many of these systems was véry similar to the col-
ours of radical-cations produced by antimony pentachloride
(115), it may also have been due to other species such as
to charge-transfer complexes between the monomer and electron
acceptor substances formed at the anode. In future work on
electroinitiated cationic polymerization, a great deal of

ttention should be given to the primary electrode processes

and the transient intermediates that are formed by them.
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