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ABSTRACT

The kinetics were studied of the electrically initiated
polymerization of styrene in solutions of tetramethyl ammon-
lum szlts, The reaction was confined to the cathode and
was found to proceed via an anionic mechanism, Free radical
inhibitors had little influence on the yield of polymer, butb
the reactlion was quenched by the addition of methanol and
water,

The polymerization was investigaﬁed at slx currents
between 10 and 100 ma, and at various inltial concentrations
of monomer, Kinetic analysis of the data indicated a depend-
ence on the first power of monomer concentration and of cur-
rent, The initial rate of the reaction decreased with
decrease in temperature,

The high electrical efficlencles and molecular weights
of 15,000 to 50,000 contrast sharply with previous fruit-
less attempts to electroinitiate styrene polymerization,

The copolymerization was performed uging active sty-
rene and methyl methacrylate, Data differed from the pre-
viously reported results in the literature, The reactlion
mechanism was believed to be anionic,

Besides styrene, methyl methacrylate, acrylonitrile and

x~methylstyrené could be successfully polymerized by the elec-
trolysis of tetramethyl ammonium chloride in dimethylforme-

mide,
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INTRODUCTION
ADDITION POLYMERIZATION

Addition polymerization may be bropagated by three
distinet types of reactive centres namely, radicals, ions
or coordination complexes, and the respective polymerization
brocesses are classified, therefore, as radical, ionic or
coordination polymerization,Tk}eaction mechanism of radical
polymerization is well known, In spite of familiarity with
Qationic initiated polymerization for many years, its
mechanism is not clear and generally confused by the complex
‘phenomenon of co-catalysts whose fates are not well undgra
stood,

Monomers with electron-donating groups attached to the
double=-bonded carbons form stable carbonium ions and poly-
merize best by electrophilic substances such as BFB,A1C13,SnClg,
TiCly ete. Trace amounts of water or methanol or acids serve
as @Q-catalysts., In ion polymerization, reaction often leads
to very high rate at ordinary temperature involving enormous
difficulty in obtaining kinetic data, A very troublesome
feature of the ionic polymerization is the poor reproduci-
bility and concordance of the results,

'Very little detailed work on the polymerization of
- olefins proceeding by an anionic chain mechanism has been
reported, Much of the early work hag been confined to quali-
tative studies on the effect of metsl gegenion and solvent

1



on polymer microstructure and copolymer composition, However,
base-catalysed polymerizations can be carried out in liguid
ammonia, and many early studies were carried out in this
solvent (1,2,3). The polymerizations are complicated by
chain-transfer to the solvent, Recent work has, therefore,
been concentrated on polymerization carried out in hydro-
carbong and ethers where chain-termination is absent or neg=
ligible if the systéms are rigorously purified and the reactions
carried out in the absence of moisture or air, The anionic
polymerization of acrylonitrile in various systems such as
butyl-lithium in petroleum ether (4), metal ketyls in tetra-

ocio=malonic.
hydrofuran (5), g@@%@%&iﬁggy ester in dimethylformamide (6),

and quarternsry smmonium hydroxide (7) in dimethylformsmide have
been studied. 1In almost all the systems the termination step
inﬁ%echanism of the polymerization is believed to be by chain
transfer to monomers,

Electron~transfer initiated polymerization of styrene in
in ethers catalysed by sodium naphthenide was described by
Szwarc (8). The reaction mechanism is believed to be

H \
CHy = C + &= CH, - %“‘: VN :552-4%-
6H5 C6H5 06H5

Q—Q=m

Chain=-initistion forms a styrene ion-radical, Any radical
ends dimerize quickly and chain propagation pnroceeds from

ionic centres at each end of the chain, Termination is
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negligible under ideal conditions (9)., If chain-initiation
is rapid and chain propagation is slow, the rate of poly-
merization measured will be that of chaln-propagation, In
dioxane, propagation occurs at a measurable rate and the
polymer formed has the narrow molecular weight distribution
expected for rapid initiation, The system styrene-benzene
n-butyl-lithium has been extensively studied, Initiation
consists of the addition of n-butyl-lithium across the mono-
mer double bond (10); One polymer chain is produced by
each initiator molecule, Chain-termination is negligible,
but initiation and propagation proceed at comparable rates
(11).
The reaction mechanism can be summarized as follows:
(LiBu)g = 6 LiBu

4 - chain initiation
LiBu + M—> Buny Li

[Buvgra® §,== 2pwi L1
‘ _ chain propagation

Bull,Li + M ~—> BuMy,y Li
First successful electrically initiated anionic polymeriza-
tion of styrene in dimethylformamide and KNOg system was
carried out by Funt and Walker (12). They believed that
the formation of a radical-ion and its subsequent polymeriza-

tion most probably represents the reaction path,
TERMINATION OF ANIONIC POLYMERIZATION

The most important mode of termination of a radical
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polymerization is the bimolecular interaction of its reactive
centres, Radicals rapidly recombine or disproportionate and
these reactlons annihilate the growing ends, On the other
hand, neither recombination nor disproportionation takes
place in anionic polymerization, and hence a collision bet-
Wween two lonically growing centers usually does not lead to
termination, While the active end of a growing polymeric
radical forms single entity, the active end of anionically
growing polymers involves two species, a charged terminal
atom or terminal group of the polymer end assoclated with it,
an oppositely charged counter ion (gegenion), The inter-
action between these two entities may lead to termination of
polymerization or termination is envolved with solvent or
substances present in the solution,

Transfer of a proton is a very common mode of termina-
tion of anionic polymerization, Indeed, this mode of termine-
tion was postulated in the earliest studies of anionic poly-
merization, e.g.,, ln the polymerization of styrene carried
out in liquid NH3 (1,2,3). In the course of their investi=
gation of styrene polymerization carried out in liquid NH3
and sodium amide system, Sanderson and Henser (2) found a
constant molecular weight of about 3,000 for the resulting
polymer, Its value was unaffected by the concentration of
sodium amide and it was not changed appreciably by the extent
of the polymerization, This was interpretted by the above

workers as evidence for the termination due to 2 proton trans-




fer from an ammonium molecule to a growing chain, i.e.,

Vv woCH™ + NH ww-CHo
3 —_ l + NH,
2
06H5 C6H5
They found one NHZ group in each polymeric chain, no un-
saturation, independence of molecular weight on amide con-
centration and its increase with increasing styrene concentra-
tion, Proton-donating substances e.g., water or methanol

easily inhibit the gréwth of anionic polymerization, The

probable reaction takes as follows:

Hy0  + polystyrene” —s OH  +  H-polystyrene
CHBOH + polystyrene —s CHBO“ + H-polystyrene

The termination of anionic polymerizaﬁion can also proceed
through isomerization reaction of carbanion ions (13).

A REVIEW OF ELECTROINITIATED POLYMERIZATION OF VINYL
COMPOUNDS :

Unlike thermal and photoinitiated polymerization of
vinyl and related compounds, electroinitiated polymerization
has not been thoroughly studied. Thnis is at the very beginn-
ing of 1its progress. However, recently several investigators
in different countries have been attracted towards this
method of polymerization of unsaturated compounds. An attrac-
tive feature of this method of polymerization is the control

of reaction rate by controlling current and current density,




Stopping the reaction is a simple matter of switching off
the current, |

Although a number of reports of polymerization induced
by electrolysis of solutions of monomers, are now available
a majority of investigations have been confined to the
bolymerization of methyl methacrylate, This monomer can be
easily polymerized by atomic hydrogen gencrated on the cathode
in the electrolysis of water, methanol, acid or other mat-
erial,

Electroinduced polymerization of monomers was first
reported by Wilson in 1949 (14), He polymerized acrylic
aclid, methyl acrylate and methyl methacrylate in the solution
of sﬁlphuric acid in agqueous methanol usingfmercury cathode
with a current demnsity of 30 mm/cmz; The polymerization was
initiated by a cathodic hydrogen that was added to the mono-
mer, followed by the growth of the resulting free radical by
further addition of monomer, Parravano (15) whose work
was just the revision of Wilson's, found that polymers formed
at a mercury cathode after 1,5 hour, at a lead cathode after
2 hours and at a platinum cathode after 24 hours, of electroly-
sis, Current density of 2,57 ma/om2 was the same in each case,
Kern (16) polymerized methyl met hacrylate in aqueous hydro-
gen-chloride, and reported the polymerization of 270 moles of
monomer per mole of hydrogen ion discharged, Polymerization

of this monomer was also carried out in aqueous hydrochloric




acld at lead cathode (17). It was reported that poly=-
‘mer formation was accelerated by an increase either in the
size of the cathode or in current density or in the reaction
temperatures, Limiting viscosity of products increased
with a decrease in the cathodic current density. Recently
the same author (18) studied the effect of the hydrochloric
acid and sodium chloride contents of the aqueous phase in
cathodic hydrogen-initiated polymerization of methyl metha-
oryiate. He reported that an increase in HCl concentration
lowered the polymerization rate, whereas sodium chloride
had an inverse effect, The addition of alcohol augmented
the polymer yield, while degree of polymerization increased
at first and then later fell with increase in concentration
of alcohol,

The efficiency of the reaction of atomic hydrogen with
monomers varies with the hydrogen over-voltage of the cathode
metal (14,15). The atomic hydrogen released from the cath-
ode of the highest over-voltage is the most reactive, There=
fore, monomers can be polymerized by atomic hydrogen on
cathodes of several metals like Pb, Sn, Pt, Bi, Fe, Al etc,,
and efficiency of initiation varies in accordance with the
hydrogen over-voltage of these metals, No polymerization
occurs on cathodes of Cu, Cd4, Ni, W, Ta, Mo, Cr, Ag and Zn,
A reaction mechanism of the polymerization of monomers

initiated by the atomic hydrogen can be shown by the follow-



ing equations
H + & — He
> = o< me—>on —&(

A second type of radical polymerization is due to
the production of radicalSat the anode by the Kolbe elec-
trolysis of acetates in sultable solvents, Alkyl ﬁ or
alkoxide R~ ~8 free radicals, produced at the anode, dif-
fuse into the solution to initiate the polymerization,
Das and Palit (19) attempted to polymerize methyl methacry-
late by anodic discharge of acetate radicals in glacial
asecetic acid, but did not succeed, However, Smith and Gilde
(20) were successful in polymerizing vinyl acetate, methyl
methacrylate and vinyl chloride by the electrolysis of
potassium acetate in water, Polymerization of methyl
methacrylate was also carried out in the solution of lithium
acetate in acetlic acid and its anhydride with high electri-
cal efficiency, (21)., Similar free radical initiation of
methacrylate in homogeneous system has been reported (22),
These authors used dimethyl sulfoxide and dimethylformamide
as solvents and zinc acetate as a source of the free radi-
cal, In this system rate of polymerization varied directly
with current density while the molecular weight of the
polymer varied inversely with current density.

A third type of radical polymerization is due to the




reduction of reducible organic compounds, This method was
adopted by Funt and Van Buren (23) to polymerize methyl
methacrylate by electrolysis of nonaqueous solution of ter-
tlary butylchloride and tertiary butylammonium chloride in
dimethylformamide, The réaotion mechenism is bellewed to
be:
Gy  cHg
CHy - ? - Cl—> CHy - (IJ"‘ + C17
CH3 CH3
The carbonium ion is reduced to the tertiary butyl radical
CH3 ?HB ' :
CHB-—?'*' + & — H§=-lc:°
CH3 CHB
The radical thus formed reactg with the monomer to gilve a
monomeric radical which propagates the chein,
Similerly tertiary butylammonium chloride undergoes

reduction to form tertiary-butyl-radical,

, + B o
(CH3)3 = C = NHBCl._%40H3)3 = C = NH3 i (CH3)3~C-NH3

—_...%NHB - (CH3)3 - g
Tertliary butylchloride serves as an electrosengitizer

in this system. The electrical efficiency, expressed in

moles of monomer polymerized per Faraday, of the system was

& ke the
found highest ever recorded for free radical system,

Acryvlonitrile

Kolthoff (24) used an indirect electrolytic method to




10

bolymerize acrylonitrile, He reduced an aqueous solution
of ferric iron electrolytically in the presence of persul-
Phate, hydrogen peroxide or cumene hydroperoxide, Ferrous
ion, formed on the reduction of ferriec ion, reacted with
the oxidizing agent to produce a free radical and ferric
lon, Fet*t 1z Fe™; Fe't 4 H, 0, Fettt 4 OF + OH

The free radical (OH®) thus formed initiated the
polymerization of the monomer,

Breitenbach (21) reported the polymerization of acry=
lonitrile by electrolysis of tetraethyl ammonium perchlorate
as an anionic polymerization, An snionic polymerization was
also studied in the presence of sodium nitrate in dimethyl-
formemide (25). It was suggested that the initiation
mechanism is direct electron addition from cathode to the
monomer, The authors were able to prove that the salt ser-

ved merely as en electrolyte,

Styrene
In 1952 Goldschmidt and Stockel (26) obtained poly-

styrene by electrolysis of solutions of monomer in anhydrous
fatty acids containing the corresponding fatty acid salts,
The major part of the product of the reaction consisted of
dimer” and trimer, and only 0,098 of a semi-colloid of 3,200
molecular weight was obtained from the electrolysis of a
solution containing 20g of styrene, Das and Palit (19)

reported a trace of polymer formed under similar conditions
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in propylene glycol. A brief note by Yang, McEwen and
Kleinberg (27) reported on the initiation of styrene poly=-
‘merization at the «cathode, They electrolysed a pyridine
solution of Nal and monomer, An unstated gquantity of poly-
mer was obtalined with a molecular weight of 1,800, In the
light of the present knowledge it is probable that this was
the first electrically initiated anionic polymerization,
Breitenbach and Srna (21) were successful in obtaining poly-
styrene by electrolysis of solutions consisting of acetic
aclid, acetic emhydride and lithium acetate, 0,8 mole of sty-
rene was polymerized by the passage of one Faraday of elec-
tricity. These authors claimed a free radical mechanism,
They also polymerized styrene by a cationic process initiated
in a solution of the monomer in nitrobenzene by the anodic
discharge of perghlorate and borotetrafluoride ions, A reac-
tion mechanism was proposed as follows:

(Clogy) = (0104)"’ + e at the snode

(Cloy)e + M——;(C10H3~ + M the cationic growing chains;

| where M represents the

monomer,

Kolthoff and Ferstandig were not successful in obtaining
polystyrene with their redox system, Failure to obtain poly-
styrene was also reported by Friedalander, Swann and Marvel
(28). The polymerization of styrene by cathodic hydrogen

in the presence of alcohols hes been recently reported by
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Russian chemists (18). A detailed study of electroinitiated
polymerization of styrene by anionic mechanism in dimethyl-
formamide and alkali salt system was made (12), The suthors
attempted to find out the effects of various prarameters on
the yleld and configurations of the prolymers formed in this
system, An attempt to polymerize styreme by reducible

organic compounds proved unsuccessful (23).
COPOLYMERIZATION

The composition of the copolymer formed from a par-
ticular mixture of monomers dependg upon whether the
mechanism of the polymerization is radical, amionic or
- cationic, The effect is more pronounced for styrene and
M.M.A, It is known that when equimolecular mixture of these
two monomers are copolymerized with various types of cata-
lysts, the copolymer initislly formed has a composition

dependent on the catalyst type (29) as shown in the follow-

ing table,
: Table (2)
Catalyst type Copolymer composition
% ST E@LM.AG
Cationic 99 <1
Free radical 51 49
Anionic ’ <1 >99

Therefore, examination of composition of the product has

been used in identification of the type of polymerization
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promoted by new and unusual initiators,
MOLECULAR WEIGHT

Any method of measurement of molecular weight will
give an average value, as polymers normally have a wide
molecular size distribution, Two types of molecular weight
averages are of considerable importance; number average
molecular welght and welght average molecular weight, In
computing a number average molecular weight, the molecular
welght of each speclies is welghted by the mole fraction of
the particular species in the polydisperse system, The

mathematical formulation of this average M, is

- PELEY
My =)XsMy =
n E:i i E:Ni

where Xy is the mole fraction of the species, 1i; My

e ® 66 609 0 Q0 ® 00 O 0C 0 ¢ 06660 0e 00 060 00SOECS (1)

is the molecular weight of the species; Nj is the number of
molecules of the species and the summation is carried out
over all species of i, Bquation (1) shows that the number
average molecular welght is the total weight of polymer div-
ided by the number of moles of polymermolecules,

For the weight average molecular welght the molecular
weight of each species is weighed by the weight fraction
of the speclies occurring in the polydisperse system, 8O
that

M= Ty, =52 e (2)
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where Wi is the weight fraction of the species and
Ni have the same meaning as before,

A third average molecular weight is the so-=called
4d-average and defined by:

Mg =sNini2

4£NiMi
This can be found frem the centrifuge measurements,

8 60209000900 0000060008066 6O0CI0COeO0G6OCAILE S (3)

The turbidity and osmotic pressure measurements give
welght average and number average molecular welghts respec-
tively, The ratio Mw/fn is & measure of the polydispersity

of the system,
VISCOMETRY

The viscosity average molecular weight of linear
polymer can be computed from limiting viscosity number of
the poly sample of any degree of heterogeneity by use of

the following equation (30):

| @§j=1mﬁ<w.“.uua(u

where K ig a constant whoge value is independent of
the molecular weight but dependent on the polymer, sclvent
and temperature, a(is dependent on shape of the solute
molecule, For linear micromolecules o{usually lies between
0,5 and unity, so‘that the viscogity average would lie bet—
ween a number and a welght average. However, absolute

molecular weight cannot be determined by this method unless
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the dependence of limiting viscosity number on molecular
welght has been established empirically by an absolute
method such as osmotic pressure or light scattering,
Welilght average molecular weight of polystyrene can
be determined by viscometry using the following relation-
ship (31):
50

| _ -4 — 0473
[ =112 x 07V, *" for range 2 x 10% o
benzene

1,5 x 105
Similar measurements in other solvents have been
summarized in Table (b) in terms of the parameters

defined by the equations:

M= k M:;

log D\:\b

= A+ B 1ogﬁc_\s

enzene olvent
Table (b
Solvent K x 104 - A B
Benzene l1.12 0,73 - -
Toluene 1,16 0,72 0,025 0,01
Methylethylketone 2,02 0,63 0,287 1.15

The viscoslty molecular weight relationships hold for a

wide range of polystyrenes, and are not markedly influenced
by the heterodispersity of the polymer, In view of the
experimental difficulties it is well know that the viscosity
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method, although it constitutes the simplest and most rapid
method of determining the molecular weight of & polymer,
cannot be considered to give much better than a useful esti-
mate of the value. For comparative purposes and for assess=-
ing molecular weight trends the method has considerable

application,




ATM OF RESEARCH

The problem undertaken was to study the kineticsof
electroinitiated polymerization of styrene in solution of
quaternary ammonium salts in dimethylformamide and to invest-
igate the probable mechanisgm of polymerizstion., From this
laboratory the successful electroinitiated polymerization of
this wmonomer in solution of alkall metal nitrates was reported,
but the question might be asked whether the polymerization was
merely & side effect due to the interaction of a deposit of
alkall metal on electrode with the monomer, since 1t is well
known that metallic sodium and potassium under appropriate
environment are able to initiate the polymerization of styrene,
Therefore, the exploratory experiments were performed to
find out the salts other than alkali metals, which would
initiate the polymerization of styrene, During the course
of investigation it was observed that quaternary ammonium
salts in dimethylformanide are excellent initilators for the
polymerization of styrene, Thisg monomer was previously con=-
sidered a difficult monomer to undergo polymerization by
electroinduced method,

In this system there is no possibility of deposition 0%
an active metal, Satisfactory yilelds of polymers were obtalned,
Polymerization proceeded as soon as current was passed, Fur-
ther investligation proved that this system 1s amenable t0
simple kinetic analysis, Therefore, it appeared to merit
detailed study of the reaction of polymer formation as a

17
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function of monomer concemtration, current, solvent and
salts,

A further aim of this work was to discover the most
probable mechanism of the reaction path by copolymeriZation
study and to find out the reactivity ratios of styrene
and,methyl methacrylate in this system,and compare the values

with previous reported values in the literature .,



PURIFICATION AND PREPARATION OF THE REAGENTS

Styrene, methyl methacrylate andfaethyl-styrene contain
small amounts of inhibitors to prevent polymefization during
transportation and storage, The lnhibitor was removed by
passing monomers through a column of chromatographic alumine,
Methyl methacrylate and A-methyl-styrene were dried over
calcium hydride, then distilled under reduced pressure and
the center fractions were collected, Acrylonitrile was dried
over BaO and Cas0y and distilled under reduced pressure, Every
monomer sample, freshly distilled, was stored in the refrigera-
tor for a period not exceeding one week, Just prior to use
the monomer was tested to ensure absence of polymer by adding
a sample to methanol,

Dimethylformemide (4,B.) was purified by mixing with
10% benzene previously dried over calcium hydride, After
standing more than 24 hours the mixture was fractionally dis-
tilled and the fraction boiling at 150-152°C was collected
over Ba0O, allowed to stand for 24 hours and redistilled at
reduced pressure, Dimethyl sulfoxide was dried over calclunm
hydride for 24 hours and then fractionally distilled and the
portion boiling at 189°C was collected, Benzene was dried
over calcium hydride and fractionally distilled and center
cuts were collected,

Quaternary ammonium salts were polarographic grade, and

were used without purification; Prior to use they were dried

in the oven,

19
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Tetramethyl ammonium Perchlorate was prepared from
its chloride, First tetramethyl ammonium hydroxide was pre-
pared by the addition of alcoholic potash on an alcoholic
solution of its chloride, potassium chloride was Precipi-
tated out and removed by filtration, When tetramethyl
ammonium hydroxide remasining in the solution was treated With
'perchioric'acid, tetramethyl ammonium vperchlorate precipi-
tated out as fine crystals which were washed several times
with methanol till the filtrate was free from acid snd chlor-
ide, The tebramethyl ammonium perchlorate thus obtained wag
dried in vacuum at 70°C.

Tetramethyl ammonium nitrate was brepared by mixing
equimolar solution of silver nitrate and tetramethyl ammonium
chloride, Silver chloride Precipitated and was removed by
filtration, Tetramethyl ammonium nitrate remaining in solu=
tion evaporated slowly and the residue was dried at 7000,

The prepared tetramethyl ammonium nitrate was tested for
presence of chloride and silver salts and negative results

were obtained,




POLYMERIZATION

Polymerization was carried out in glass cells which
were of a basic test tube type (Figure A), Two platinum
electrodes each of diménsions 1" x 1" and spaced 1 cm apart
were sealed into a 34/45 inner Jjoint and fitted into an
outer joint test tube withfside arm, A magnetic stirring
bar agitated the solutions during electrolysis, A bank
of four such cells was operated simulteneously in a constant
temperature bath at 2500; One geared motor rotated in a series
of magnets which provided uniform and constant stirring for
all cells, Samples were withdrawn wlth hypodermic syringe
through a serum cap fitted over the side arm of each cell,

The cells and electrodes were dried and flamed before
each polymerization, Constant current supplier was used for
low currents, A D,C, line of 250 volts was used to get
currents above 15 ma, Both voltage and current were simul-
taneously recorded by means of servo recorder model EuW-20A
and switch gear,

All polymerizations were carried out at 2500 unless

otherwise stated,
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FIGURE A, Polymerization cell,

mercury contacts,
35/45 ground glass joint.
platinum electrodes,
stirring bar,

rubber cap,
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RESULTS AND DISCUSSION OF EXPLORATORY EXPERIMENTS

Attempts to polymerize styrene by electrolysis of
sodium or potassium acetate weré mede by various workers
without success, They reported that low molecular weight
polystyrene oil was formed, During the course of our prelimin-
ary investigation of electroinitiated polymerization of sty-
rene with various salts and solvents, it was observed that
styrene was polymerized by potassium acetate, zinc chloride,
silver nitrate and tetramethyl ammonium chloride in dimethyl-
formamide, The molecular weight of polystyrene produced in
system composed of potassium acetate and dimethylformamide
wag found to be 20,000 and yields were also reasonably high,
Beslide styrene, other monomers like of-methyl-styrene,
acrylonitrile, methylmethacrylate were also polymerized,

Data are presented in Table I, Attempts to polymerize

vinyl acetate, methacrylate and acrylic acid proved unsuccess=

ful in these systems, although these monomers could be easily

polymerized by potassium acetate in aqueous systems (20,32),
TABLE I, Formation of polymers of different monomers

(40% by volume) in dimethylformamide satu-
rated with potassium acetate, Current 15 ma,

Weight of
Monomer ~ Time (hours) polymers (&)
Acrylonitrile 22 22,90
Styrene 22 11,50
Methylmethacrylate 22 7,00
A=methylstyrene 22 4,00
Acrylic acid 22 Nil
Methacrylate 22 Nil
Vinyl acetate 22 Nil

23
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All potassium salts or acetate salts did not give uniform
polymer products as shown in Table II, Various other solvents
were tested for the polymerization of styrene using potassium
acetate and tetramethyl ammonium chloride. Very puzzling
results were obtained as shown in Table IIl,
TABLE II. Relative yields of polystyrene in

saturated solutions of different salts
in dimethylformamide, (Styrene 40% by

volume),
Time Current Weight of
_Salt (hours) ma., polymers (g)

Potassium acetate 22 15 11,5
Potassium nitrite 22 30 12,0
Potassium perchlorate 22 15 1,0
Potassium thiocyanate 22 30 2,9
Potassium fluoride 22 15 Nil
Lithium acetate 23 15 0,25
Sodium acetate 21 15 1,615
Zinc acetate 22 15 | 0.40
Ammonium acetate 2k 15 Nil
Lead acetate 22 15 Nil
Sodium propionate 22 15 51
Silver nitrate 2k 30 ba0

The inconsistency observed in the data may have been
due to the following possible reasons:
1, Solubility of salts in solvent,

2; Complex formation between salt, solvent and monomer,
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3. ©Solvation power and dielectric constant of the

solvents,

Although the solubility of potassium thiocyanate in
dimethylformamide is greater than that of potassium acetate,
the yield of polymers 1is greater for the latter, It seems
possible that one fragment of the salt acts as an initiator
or catalyst whereas other behavesg as an inhibitor or retarder.
Hence the formation of polymer might possibly depend on
whether the fragment initiating the polymerization exerts
a greater influence than the fragménb which inhibits it,
Solubility of tetramethyl ammonium chloride in dimethylforma-
mide and dimethylacetamide is almost the same, but no polymers
were -obtained with the iatter gsolvent, Therefore, the
relation between salt solubility and the effectiveness of
the salt as an initiator does not in itself account for the
observed data,

Of the other possibilities, complex formation would
seem more likely, It is possible that salt and solvent form
a complex or active species which may be responsible for
the polymerization, No detailled interpretatlion is possible
until further evidence 1is obtained, but this will necessitate

a separate study,
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TABLE III, Polymerization of styrene (40% by volume)in 23-2iheuws
in various solvents at 15 ma,
Dilectric — Weight Mol, Wt,
Solvent constant of of poly=- of
solvents ners (g) Poly
Electrolyte:- potassium acetate
1. Dimethylformemide 36,7 11,5 20,000
2. Dimethylacetamide 378 21.0 18,000
3., Dimethylsulfoxide 45,0 1.0 30,000
4, Acetonitrile }37,5 : 0.4 -
5., Acetic acid - 6,15 0.8 30,000
6., Propionic acid 344 0.8 16,000
Electrolyte:= tetramethyl ammonium
chloride
1. Dimethylformemide 36,7 20,5 21,000
2. Dimethylacetamide 37.8 Nil -
3. Dimethylsulfoxide 45,0 Nil -

Acetonitrile 37.5 Nil -




KINETIC STUDIES OF POLYMERIZATION OF STYRENE IN SOLUTION
OF TETRAMETHYL AMMONIUM CHLORIDE IN DIMETHYLFORMAMIDE

In all experiments 1,5 g of the salt was added to 100 ml
of monomer solution in dimethylformemide, This furnished a
saturated solution with some excess salt present, Rates of
polymerization were determined gravimetrically, During the
course of the reaction 2 ml semples were withdrawn reriodi-
cally, weighed and their polymer content determined by pre-
cipitation in cold methanol, After filtration the residue
was washed several times with methenol, dried for 24 hours and
weighed to constant weight,

To ensure that polymerization was initiated only electr-
lytically the reaction mixture containing monomer, solvent and
salt was placed in a cell which was placed in the constant
temperature bath at 25°C and stirred for.24 hours without cur-
rent, In such experiments no polymers were ever isolated,

Experiments were performed ot various currents between
10 and 100 ma taking 40 volume percent of styrene, Similar
experiments were also done with 30 and 20 volume percent of
styrene. 1In other sets of experiments current was kept con-
stant at 15 ma and rates of the reaction were determined for
various initial monomer concentrations, The polymers were
colorless and‘amorphdé; These polymers, so obtained, were
used in subsequent molecular weight determination, Experi-
mental rates were generally quite reproducible tc within 10-
12 percent, However, the rates of polymer formetion showed

pronounced dependence on the presence of small amountsof water,
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equation with the initial condition that fM] = fMo]
when t = 0, we get In [M|=-K t + 1n [NJ}, where K =
kIC,

This 1s an equation of the first order reaction and
thus plot of 1In [M] vs time should befstraight line with
slope -~ K and intercept 1ln EM&] o« This is in agreement with
our experimental findings, The data expressed in terms of
the logarithmic dependence of unreacted monomer concentra-
tion with time, are plotted in Figure 2, Good linearity is
observed,

The values of K were determined from the slope of the
curves (Figure 2), If the rate constant K is proportional
to the current I then a plot of K ve I should be a straight
line, In fact,the plot of slope againét the Iinscribed
current was found to be linear as shown in Figure 3, This
suggestathe possibility that all the data for different con-
centrations could be obtained in a single unified expression,
Since the rate constant is a linear function of impressed
current, therefore a plot of 10g%§2?1 versus times for all
daﬁa is linear as shown in Figure 5, Similar date for 30
percent styreme are presented in Table IV and Figure 8.

The variation of yield of polymer with time at a con-

stant current of 15 ma, but with initial monomer concentration



FIGURE 2,

Logarithmic dependence of monomer
concentration on time for a 40 volume
percent solution at the inscribed
current,
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FIGURE 3. Slope (from Figure 2) vs, imscribed
current, ‘
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FIGURE 4,

Initial rate (% conversion) as a function

of current for a 40 volume percent solu-

tion of styrene in dimethyl formamide contalining
1,5 g of tetramethyl ammonium chloride.
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FTIGURE 5, Dependence of all the data on the
proposed relationship with time and current,
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TABLE IV, Polymer formation g per g sample as a function
of time and current in dimethylformamide sat-
urated with (CH3)yNCl styrene 40% (by volume)

Time of Time of
Electro=- Electro-
lysis 10ma, 15ma, 25ma, 50ma, 75ma, lysis 100ma,
Hours Hours
1 0,005 0,010 0,028 0,037 0,080 0,5 0,073
2 0,015 0,028 0.050 0,071 0,125 1.0 0,111
3 - 0,043 0,068 0,080 0,163 1.5 0,146
b 0,027 0,061 0,084 - 0,204 2,0 0,176
5 - 0.068 - 0,151 0,227 2,5 0,202
6 0,041 0,078 0,119 0,170 0,239 3.0 0.223
7 - 0.089 - .0,189 - 4,0 0,252
8 0,049 - 0,142 0,203 0,268 4,5 0,258
10 - - 0,171 - - 5,0 0.272
Styrene 30% (by volume)
1 0,008 0,021 0,040 0,053 0.5 0,059
2 0,021 0,039 0,064 0,082 1,0 0,089
3 0,035 0,060 0,084 0,111 1.5 0.107
b 0,042 0,079 0,097 0,124 2,0 0.126
5 - - 0,109 0.127 2,5 0,140
6 0}064 0,095 0,119 0,139 3.0 0,151
7 0,070 - 0,128 0,151 4,0 0,169
8 0,074 0,110 0.137 0,154 4.5 0,173
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of 20 to 70 percent by volume was investigated and the data
are shown in Figure 6, A’logarithmio dependence on time
should be evidenced in a family of curves of the same glope,
but of differing intercepts which correspond to the initial
monomer concentration, The data are consistent with this
point of view and are showﬁ in Figure 7.

The plot of initial rate against current is almost
linear, (Figure 4) but does not pass through the origin, The
intercept is nearly 6 ma, It was found experimentally that
at a current below 5 ma the rate of the reaction was com-
pletely negligible and very long inhibition period was
noted, It is believed that in this system a current below
5 ma is used up for a long time by non-initiating electrode

processes,
LOCUS OF POLYMERIZATION

The locus of polymerization was determined to be the
cathode, The reaction was carried out in a divided cell
(Figure B) in which the anode and the cathode compartments
were separated by a fritted disc; circular platinum electrodes
of diameter 2,5 cm, sealed in glass were used as an anode
and a cathode electrodes, An equal volume of 25 ml of the
reaction miXture was in each compartment, The polymeriza-
tion was carried out at 15 ma current,

During the first hour 1,29 g of polymer was formed at

the cathode, but practically no polymer formed at the anode




FIGURE 6, Polymer formation at inscribed initial
monomer concentrations with & curreunt
of 15 ma,
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FIGURE 7., Logarithmic dependence of polymer forma-
tion on time and at the inscribed initial
concentrations,
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FIGURE B, Divided'polymerization cell,
(a) mercury contacts,
(b) sintered glass disc,

(c) platinum electrode,
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stages in the reaction, It is believed that this results
from diffusion into rather than formation in this region,
The same conclusion was reached for polymerization with other
anions, i.e., I7, Br~, NOJ, €10, or BF). The data are shown
in Table V,
TABLE V, Polymer formation at anode and cathode
compartments of a divided cell with 20

vol, percent of styrene in dimethylformamide
and current of 15 ma,

Time of Weight of Weight of

Electrolysis Cathodic Anodic

Salt (min,) Polymer (g) Polymer (g)
(CH3)NCL 30 0,503 .002
(CHB)QNCl 58 1.293 002
(GH3)4N01 90 1,300 o224
(CHB)QNCIO4 60 0,765 ,002
(CHg) NNO4 60 0.808 .002
(CHB)QNBFA 70 1,00 ,002

There is little dependence of yield and molecular welght
of the polymers and the electrical efficiency upon the anions
of the salts, When the polymerization was carrlied out with
salt containing different anions, no considerable difference
of yilelds and molecular weights of polymers were found, Data
are given in Table VI, In each case the experimental condi-
tions were the same. There is apparently some correlation
between the yield of polymer and the solubility of the salt in

this systen,
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TABLE VI, Effect of salts on polymerization of
styrene in dimethylformamide styrene
40% by volume, Current 15 ma,

Moles
Styrene
Time of Weight Polymer- Limiting
Electro- of ized Viscosity Molecu=
lysis Polymer per Fara- Number lar
Salt Hours (g) day 100 ml/g Weight
(CH3)4NCL 23.5 20,5 15,0 0,16 21,000
(CHB)MNBr 23,0 24,5 18,3 0,17 23,000
(CH3) NI 23,0 25.5 18,97 0,16 21,000
(CHB)@N0104 23,0 25.3 18,88 0.16 21,000
(CHg)yNNO5 23,0 26,0 19.4 0,17 23,000
NH),C1. 23,0 0.5 0,37 - -
NH),NO4 24,0 no poly- - - -

mer

However, the polymer formation completely depends on
the cations of the salt i,.e,., (CH3)4N+ ion, In an experiment

when ammonium chloride was used in place of tetramethyl ammon-

ium chloride relatively small amount of polymer was isolated,
This obviously gives evidence that the cathodic discharge of

tetramethyl ammonium ion is responsible for the formation of

polymer,

ELECTBICAL EFFICIENCY

The electrical efficiency expressed in moles of monomer
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polymerized per faraday increased with increase in monomer
concentration to very high concentrations, In solution of
over 60 volume percent of styrene, the conductance decreased
to such an extent that lower currents had to be employed.
Data are presented in Table VII, Only at the very highest
concentration of 80 volume percent there is a notable dec-
rease in electrical efficiency, This is only due to the
considerable decrease in solubllity of salt at the highest
concentration ofvstyrene gsince tetramethyl ammonium chloride
is not soluble in pure monomer,

TABLE VII, Yield and electrical efficiency at various
initial monomer concentrations,

‘ Moles
Styrene Time of Styrene
Concentration Electro=- - Welght Polymer-
(Volume lysis Current Polymer ized per
per cent) (Hours) (ma.,) (gms) Faraday
10 7 35 2,65 2,79
20 7 35 6.22 6, 54
30 7 35 11,8 12,4
40 7 35 13.2 13.9
50 7 35 20,7 21.7
60 Ted 25 22,8 31.3
70 23 8 25,5 35,68

80 21 2 23.0 14,11
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MOLECULAR WEIGHT DETERMINATION

Molecular weights of the polymer were obtained
viscometrically using benzene solutions of polymers at 2500
with velues of K = 1,12 x 10~ and = 0.73 (31)., Ubbelohde
viscometer (Figure C) was used to determine the intrinsic
viscosity. The polymer samples, used to determine the
molecular weight, were purified by dissolving them into
methyl ethyl ketone, The solution was filtered and precipi-
tated slowly into cold methanol, Polymers were filtered out,
washed several times with methanol, and dried over night at
70°C’ The intrinsic viscosities were measured for different
concentrations‘of polymer solution ranged from 0,25 percent
to 1 percent by weight, The intrinsic viscosity number was
calculated by extrapolating the results to infinite dilution
i.,e., zero concentration of polymer solutions,

No notable change in molecular weight was found with
variation of the currents, The data in Table VIII show maxi-
mum possible changes from 14,000 to 21,000 molecular weights
between 10 and 100 ma,, but the scatter in data indicates that
this is the limit of variation,

A four fold increase in monomer concentration (from
20 to 80 percent by volume) gave approximately one snd a half
fold increase in molecular weight, Between these two extreme
concentrations there was 2 small increase in molecular welight

with increase in monomer concentration as shown in Table IX,




FIGURE C, Ubbelohde viscometer,
a., Etched lines
b, Filling tube.
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TABLE VIII8 Molecular weights of polymers formed
at various currents and temperatures,

Limiting .
Current °¢ Viscosity Molecular
(ma,) Temperature Number Weight
10 25 0.12 14,000
15 25 0,16 21,000
35 25 0,15 19,000
50 25 0.13 16,000
(2 25 0,13 16,000
100 25 0.15 19,000
15 L5 0,16 21,000
15 0 0,22 32,000
15 -8 0.29 47,000

TABLE IX. Molecular weights of polystyrene pro-
duced in various initial concentrations
of styrene in dimethylformanmide satura-

ted with (CH3)4NCl.
Concentration of

Styrene Limiting Viscosity Molecular

Volume Percent Number Weight
80 0.17 23,000
70 | 0,18 25,000
60 0,17 23,000
50 0.16 21,000
Lo 0.15 19,000
30 0,13 16,000
20 0,13 16,000

10 0,083 8,500
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However, molecular weight of the polymer decreased sub-
stantially when the lowest concentration of monomer was

used, It seems, therefore, that at very low concentration

of monomer ( 20 percent by volume) transfer reaction of
polymer chain to solvent becomes appreciable, A direct
dependence of molecular welght on monomer concentratioh was
obtained in electroinitiated anionic polymerization of acryl-
- onitrile in dimethylformemide and sodiumnitrate system (25),
In thé present work no specified correlation between solvent
and monomer ratios, and molecular weights of polymers was
observed, The lower electrical efficiency and smaller change
in molecular Weight:with monomer concentration indicate a
smaller degree of chain transfer tQ monomer as would be
expected with styrene in contrast to acrylonitrile,

No intensive work was done with systems at low tempera-
tures, but an indication was obtained that the molecular weight
apparently increased with decreasing temperature, (Table VII).
Under identical experimental conditions the fact that molecu-
lar weights increase as temperaturesdecrease 1s well estab-
lished in most cationic aﬁd anionic systems, Apparently the
activation energy of chain breaking or terminating is higher
than that for propagation so that they can be frozen out at

lower temperatures,

INHIBITION AND RETARDATION

The kineticswere investigated in presence of free radi-
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cal inhibitors t-butylpyrocatechol and p-benzoquinone, and
methanol and water as a chain stopping agent for anioniec
reactlons, Data are shown in Figure 11, Approximately 0.4
to 0,5 weight percent were used in each case and this corres-
ponded tolo.36 molar p-benzoquinone and 0,0249 molar t-butyl-

byocatechol and 0,123 methanol, Little over all effect on

the rate ig exhibited by the free radical inhibitors, However,
rolymerization was quenched with 0,49 and 0,55 molar methanol
end water respectively, It ig worthy to note that even at
very high concentrations of free radical inhibitors poly-
merization proceeds althoughf;éte is suppressed, At very low
concentrations of water and methanol pblymerization proceeded
withﬁfeeble rate, The data strongly support the concept of
anionic polymerlzation as the dominant step in the chain
addition,

Molecular weighte of polymers obtained in the presence

of free radical and anionic chain terminator sre shown in

Table X, lMolecular weights counsiderably decreased in the

- . 3
presence of inhibitors,Tedata point out that atﬁvery low
concentration, water and methanol act as retarders reducing

the rate and the degree of polymerization,




FIGURE 8,

Polymer formastion as a function of

inscribed current and time for a 30
volume percent solution of styrene

in dimethylformamide saturated with
tetramethyl ammonium chloride,
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FIGURE 9.

Rate (% conversion) of polymerization
as a function of temperature for a

Lo volume percent solution of styrene
in dimethylformamide saturated with
tetramethyl ammonium chloride at a
current of 15 ma,
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FIGURE 10, Efficiency (mole of styrene polymerized
per faraday) vs, monomer concentration,
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FIGURE 11, Effect of various free radical and ionic
inhibitors on the rate of polymer forma-
tion at a current of100 ma, and an initial
concentration of 40 volume percent sty-
rene,

A, no inhibitor,
B, 0,036 M p=benzoquinone,

0,0249M tertiary butyl pyrocatechol,

0.123 M methanol,

0.493 M methanol,

WPO

®
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TABLE X, Molecular weights of polymers obtained
in the presence of radical chain inhibi-
tors and anionic chain terminators,
Styrene B0 percent by volume,

Inhibitor Viscoslty Number Moleoulér Welght
Methanol 0.11 12,500
T=butyl pyrocatechol 0,10 12,000
P<benzoguinone - -

Water 0,085 8,500

POLYMER FORMATION OF DIFFERENT MONOMERS IN SOLUTIONS
OF TETRAMETHYL AMMONIUM CHLORIDE IN DIMETHYLFORMAMIDE

Rates of polymer formation of acrylonitrile, methyl-
methacrylate anddimethylstyrene were determined under the
same experimental conditions as employed for styrene at
15 ma, current, Date are shown in Figure 12, It is appa-
rent from the figure that polymer formetions of these mono-

mers are in the following order
’aorylonitrile;;methylmethacrylate ystyrene yu-methylstyrene

Polymerization of acrylonitrile eliminates the possibility
of cationic mechanism since acrylonitrile which contalns

electron withdrawing substituent attached to double bonded
carbon atoms and will promote the formation of stable car-
banions, is susceptible to anionic polymerization, On the

other hand, polymerization ofs(-methylstyrene rules out the




FIGUBE 12,

Polymer formation of acrylonitrile (A),

methylmethacrylate (B), styrene (C) and
-methylstyrene (D) in a saturated sol-

ution of tetramethyl ammonium chloride in

dimethylformamide and at a current of

15 ma,

Concentration of each monomer being 40

volume percent,
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radical reaction since 1t is not successfully polymerized
by free radical mechanism, It cen be polymerized by a radi-

cal initiator only at fairly low temperatures (33).



COPOLYMERIZATION
PROCEDUERE

The copolymerization of styrene and methylmethacrylate
was conducted at 50 ma, current and 259C in a saturated solu-
tion of tetramethyl ammonium chloride in dimethylformamide,
Five copolymerizations were carried out with varying molar
concentration ratios of the two monomers. In each case
reaction was stopped before the conversion reached 10 percent,
Copolymerizations of equimolar mixtﬁre of two monomers were
also carried out at different conversions to observe the
effect of degree of conversion on the copolymer compositions,
In the purification of the copolymers by reprecipitetion,
methyl ethyl ketone was used as solvent and methanol as pre-
cipitant, Purification of the copolymers was done at leagh
three times to ensure the complete removal of contamination
of active styrene from them, Copolymers were dried at 70°¢
overnight,

The compositions of the copolymers were determined by
tracer method using 014 tagged styrene, Jome experiments
were repeated with Tagged methyl methacrylate in order to
eliminate any systematic error in analysis, but data showed
good agreement with the previous results, Data are presented

in Tables XI and XII,
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TABLE XI.

Effect of conversion of feed on composi-

tions of copolymers obtained by polymerization
of equimolar mixtures of styrene and methyl-
methacrylate in saturated solution of (CH3)4NCl

in dimethylformamide,

Activity Welght
of 0,1lg Activity % of
Obser- active of 0,lg % Conver=- Styrene
vatlion Styrene copolymer sion of in
Nog3, d.pem, * QDM ¥ copolymer
1. 6011 1900 4,20 31.6
2 6011 1864 11.0 31.0
3 6478 2027 15,58 31.3
b, 6478 2223 28,7 34,3
S5 6478 2311 34,5 35,68
6. 6478 2407 bé,5 37.2
7o 6478 2600 50,2 L0 ,10
8. 6478 2787 56,6 43,0
9. 6011 2604 60,0 43,3

* counting efficiency for every semple was almost
the same and hence no efficiency correctlon was

made,
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RESULTS AND DISCUSSION

The copolymerization data for styrene and methyl
methacryléte are shown in Figure 13, Thelr reactivity ratios
were determined by the method of Finemsn and Ross (34). The
copolymer composition equation which relates the polymer

composition with the monomer composition is given by:-

aM, M T M. +M m
—L=_L1x L1 2-(_L ror low conversion) ........ (1)
dMZ Mz I‘2M2+Ml m2

where Mj(styrene), M, (methyl methacrylate) refer to the
monomer composition and my (styrene), m,, (methyl methacrylate)
to the polymer composition; ri and r, deonote reactivity ratios

of styrene and methyl methacrylate respectively,

: m M
ILet £ = 5% and F‘= ﬁ% then equation (1) can be written

as
‘ P1F+l :

f=FXx ———— by rearranging terms one obtains:
r 2+F

2
E(f—l) =rF ~r G 0050 900000 0LOEOCLO00OHBSOSEROE (2)
f 17 2

A plot of ( %?(f-l) as ordinate and Fz/f as abscissa 1s a
straight line whose slope 1s rj and intercept is minus rg,
Equation (2) can also be written as:

=1 _ - y

In this case the slope is minus r, and the intercept rj.

The two plots based on these equations for styrene and methyl-




FIGURE 13, Mole fraction of styrene in copolymer
vs mole fraction of styrene in feed,
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methacrylate have been shown in Figure 14 and 15 and yielded

ry = 1,6, 1,55 and r, = 4,85, 4,00 respectively, The mean

2
values ry = 1,57 and r, = L, 43 were then taken,
The formation of polymer solely at one electrode, the
inhibitor studies, the smooth rate curves and the constancy
of molecular weight with current all point to an ionic mechan-
ism and tend to eliminate a free radical mechanism, Possibility
of carbonium ion mechanism has also been eliminated by the
experiments which showed that polymerization was completely
inhibited by proton donor materials e,g.,, by water or methanol,
Landler (35) has reported reactivity ratios for the

anionic copolymerization of styrene and methyl methacrylate

as follows:

0.12 ¥ 0,05
6.4 £ 0.5

Ty

ra

]

He suggested that the character of the propagation chain end

in anionic polymerization would be independent of which monomer
formed the ultimate unit, As a consequence of this the copoly-
merization equation derived for free radical propagation would
reduce to

au M
—k = _L
o T ‘sz

S 00 ¢ 2000006008060 0000000600000 (LI')

and the product of the reactivity ratios would be unity rro=

1, but in our work product of reactivity ratios is much




) Fe
FIGURE 14, f (f=1) ve'f ) for copolymerization of
styrene and methyl methacrylate,
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greater than one, According to equation (4), if the logarithm of
monomer feed ratio is plotted against the logarithm of ratio of
monomers in the copolymer formed at low conversion, the slope

of the curve should be unity, But in the present work, the
logarithm of the monomer feed ratio plotted against the logar-
ithm of the fatio of monomers in copolymers gives a straight

line with a slop of 1,3 (Fig,16), Therefore, the electroinit—
iated copolynerization daia for styrene-methyl methacrylate are
not in accord with Landler's hypothesis as expressed by eqe (&)
(page 60).

Graham (36) has suggested that for styreme and methyl
methacrylate the ultimate unit is most importent in determln-
ingythe course of anionic copolymerization., A terminal methyl
methacrylate unit can only add smother unit of methyl methacry-
late but never any styrene, Even if styrene anions are initially
formed, they apparently add methyl methacrylate very preferen—v
tially. This 1is attributed ﬁo the weak basicity of the methyl
methacrylate anion as a chain end, coupled with 2 need for a
strong base to induce anionic polymerization of styrene,
Therefore, any styrene found in anionic copolymerization of
these two monomers must be incorporated in the initiation and
immediately following the pr0pagétion steps,

The reactivity ratio of styrene obtained by us shows a
significant tendency for the poly (methyl methacrylate) anion
and styryl anion to react with styrene, Table XI shows that

between 2 and 50 percent conversion of the feed the copolymer
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produced by the polymerization of equimolar mixture of styrene
and methyl methacrylate contains 31 to 40 percent styrene,
Such a large percentage of styrene cannot be incorporated into
copolymer during the initiation stage, Therefore, the
propagation camnot be completely anionic, but probably has some
tendency to add both styrene and methyl methacrylate to the
propagating species, It seems, therefore, that polymerization
proceeds through radical anion specles, Both styrene and
‘methyl methacrylate can add at the fadical end of the growing
chain and only methyl methacrylate adds to the anion end (37).
In such a reaction styrene molecules can be incorporated into
the copolymer in both the initiation and propagation steps,
This type of mechanism is consistent with the present experi-
mental findings,

In the present work it has been found that product of
reactivity ratios of styrene and methyl methacrylate i,e.,
riro is grééter than one; but no such result has yet been
known in the case of classical free radical or classical |
anionic polymerization in which the product ryr, is greater

than unity,




GENERAL DISCUSSION

No kinetic studies of electroinitiated polymerization
of styrene have been reported in the literature, Although
Yang, McEwen and Kleinberg polymerized,styrene electrolyti-
cally in a system composed of sodium iodide, anhydrous
pyridine and the monomer, no attempt was made to study the
kinetics of the reaction, Probably this was not done due to
the low molecular weight of the products, Styrene was succes-
sfully polymerized in the solution of silver perchlorate and
tetraethyl ammonium borotetrafluoride in nitrobenzene (21),
but the authors did not do the kinetic gtudy of the reaction
of the polymerization, However, in case of thermal polymeriza-
tion of styrene kinetic studies were made on several polymeriz-
ing systems.,

Firsgt attempt to study the kinetics of electroinitiated
polymerization of styrene was made by Punt and Walker (12).
Unfortunately they did not find clearly defined relation to
either the current or monomer concentration or salt, In the
present work, a clear cut relation between current and mono-
mer concentration is observed. Kinetic studies of electro-
initiated polymerization of styrene in & solution of guarternary
ammonium salt in dimethylformemide show that the initial rate
of the reaction is proportional to the first power of imitial
monomer concentration and of impressed current provided.the

current is not below 5 ma, (Fig.4). Rate constant of the

66
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reaction is independent of initial monomer concentration at
a fixed current, This is in accordance with the flrst order
of the reactién with respect to the monomer concentration,
Furthermore, it increases linearly with increasing current
(Fig.3). Deviation is observed at 100 ma, but 1t is believed
to be due to some. experimental error, Percent conversion
curves with times are smodth and from these curves 1t 1is
clear that conversion of the monomer increases smoothly with
time (Figs., 1 and 8).

In the conventional anionic polymerization of styrene
by potassium amide in liquid ammonia (1) the rate of the
reaction ls seen to be proportional to the square of the
monomer concentration and also the rate of the reactlion
increases with decreasing temperature, However, 1ln our gys-
tem the rate of the reaction ig proportional to the first
power of the monomer concentration and the variation of the
temperatures over the studied range of 0° to 45°¢ (Fig.9)
has no substantial effect on the fate of the reaction,

Formation oﬁ the polymer commences With the passing of
the current, Induction period occurs at a low current, The
most probable impurity in this system is a trace of water,
Therefore, it is believed that a low current is used up for
a long time either by electrolysis of water or by noninitiating

electrode processes,
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When current is cut off, formation of the polymer ceases
l,e., there is no "after-effect" observed, This points out
that the initieting species die as soon as current is shut
off, The similar phenomenon has been observed in alkali
nitrate and dimethyiformamide system (12), However, continu-
ation of the polymerization, after the current is switched off,
occurs in the polymerization of methyl methacrylate by catho-
dic hydrogen in aqueous heterogeneous system (17). The author
believes that with electrolysis active particles accumulated
in the system are capable of initiating polymerization over
@ long period of time without current, However, he failed
to reveal the nature of the active particles., Polymerization
of styrene in solution of silver perchlorate in nitrobenzeune
also showed remarkable after-effect (21)., The suthors were
able to show the existence of living polymers in this cationic
system,

When the solution of tetramethyl smmonium chloride is
electrolysed, chloride ion Cl~ and tetramethyl ammonium ion
(CH3)4N+ are formed, There‘are good reasons to believe thet
polymerizstion is not initiated by chloride ion since the
polymers form solely at the cathode (Table V) and polymer
vields and molecular weights are independent of the ahions of
the salt (Table VI)., The mechanism of the reaction, therefore,
appears to be independent of anions, This result is a direct
contrast to that obtained by Breltenbach (21). The author

reported that the mechanism of reaction changes with change of
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anions of the salt, When styrene ig initisted by electrocly-
gis of tetraethyl ammonium borotetrafluoride in nitrobenzene,
polymer forms only in the anode compartment, He assumes

that the cathodic process is initiated by anodic discharge
of borotetrafluoride ionsg, However, when styrene ls poly-
merized in the solution of tetramethyl ammonium borotetra-
fluoride in dimethylformamide, practically no polymer forms
in the snode compartment, An identical experiment using
ammonium chloride instead of tetramethyl ammonium chloride
gives relatively smell smount of polymer, No polymer is iso-
lzted with ammonium nitrate (Table VII)., Therefore, it is
worthy noting that polymer formation is quite dependent on
the cation but independent of anion of salt, It appears

that (CH3)4N+ ion is responsible for the successful polymer-
izatvlion,

It is well known that the clagsical radical polymeriza-
tion ig completely quenched by the addition of small amount
of p-benzoquinone or tertiary butyl pyrocatechol or other
radical inhibitors, Inhibitor reascts with active species
to give a product that ig too weak to initiate a polymer
chain, Possible reaction between 2 polymer radical and p-

benzoquinone which have been proposed are:




R
0
A 70

E* 4+ — E’/
0
H L]
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or B* + [ ||~ | | + polymer with an unsaturated

~ end group.,
0

0
9 .
N \ X,
or B + §/kﬂ B— E E

0
The radical produced in each of the above reaction will be

resonance stabilized by contribution from structures in
which the odd electron is situated on the aromatic nucleus,
In the present system the possibility of polymeriza~
tion induced absolutely by a free radical reaction is ruled
out by experiments which show that formation of polymers
proceed in the presence of high concentration of the radical
chaln inhibitors like p-benzoquinone and t-butylpyrocatechol
(Fig.11), However, yleld and molecular weilght of polymer
decrease in the presence of inhibitors as 1is obvious from
Fig,11, and Table X, The decrease in yileld indicates either
the reaction is occurring through a radical enion mechanism,
or free radical and anion occurring simultaneously. On the
other hand polymer formation is completely inhibited by
watef?géthanol which are chain terminators for the anionic
polymerization, The complete inhibition of the reaction by
the proton donor material supports the concept of anionic

propagation as the dominant step in the chain addition, Rela-




tively small quantities of water a2nd methenol act as trans-
fer agents reducing the rate of the reaction and molecular
weight of the polymer (Teble X).

This anionic mechanism is further substantiated by
the incresse of molecular weight of polymers with decrease
in temperatures (Table VIII), The fact that molecular
welghts increase as the temperatures decrease is well estab-
lished in most cationic and anionic systems since the activa-
tlon energy of chain breaking or terminating is higher than
that for propagation, The propagation step involves the
approach of anion to a2 neutral molecule in a medium of low
dielectric constant, and so @pparently no activation energy
is necessary, The termination step, on the other hand,
requires the rearrangement of reactive species and thus invol-
ves an apprecisgble activation energy, Similar result has
been observed in the conventional anionic polymerization of
the styrene (1) i,e,, molecular welght increases with decreas-
ing temperature, The molecular weights of the polymers are
roughly independent of the current (Table VIII), Unlike this
work, the molecular weights of poly-styrene formed in solu-
tion of potassium nitrate in dimethylformamide decrease wWith
increasing current, and decreasing temperature (12). The

lectroinitiated free radical polymerization of methyl metha-

@

crylate with zinc acetate in dimethyl sulfoxide molecular welight

of the polymer decreases with increase in current, but that of
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aerylonitrile in dimethylformamide initisted by anionic
mechanism (25) is independent of current,

It ig apparent from Teble (IX) that the molecular
weights of the polymers slightly depehd on the initial sty-
rene concentration provided the monomer concentration 1s
not below 20 percent by volume, Direct dependence of the
molecular weight of'the'pqumer has been observed in the elec-
troinitiated polymerization of acrylonitrile (25).

The electrical efficiency of the polymer formation of
the styrene initiated by the electrolysis of the solution of
tetremethyl ammonium chloride is the highest of all preve-
iously reported values, The efficiency increases linearly
with increase in monomer concentration, but starts decreas-—
ing when the monomer concentration increases above 70 percent
by volume (Fig.10)., This is only due to the remarkable
decrease of the salt solubility at the highest concentration
of the monomer,

The copolymerization studies have shown that polymer
formation proceeds vis a radical-anion species as previously
disoussed} but the concept of pure aniomic propagation cannot
be ruled oubt completely since it 1s possible that the elec=-
trolysis of the reaction mixture involves some unknown
phenomenon that affects the course of the copolymerizastion,

From the above discuséion it is obvious now that the

reaction has most of the characteristics of the anionic




mechanism, It is reasonzble to believe that the poly-
merization proceeds through an electron exchange mechsnism

yielding a propagabing speciles which ig radical anion €.£.,

H H
CHy = CH _ . _ I
[ + 8= «CHy- Ci ¢ :CHp = Co
CéH5 C6H5

However, it i1s difficult to comprehend whether the monomer
molecule is getting the electron directly from the electrode
or from an intermediate initiator, A direct initiation by
electrons supplied by the cathode was assuned in the poly=-
merization of styrene by electrolysis of sodiuvm iocdide in
anhydrous pyridine at magnesium electrodes (27). If radical
ion does not dimerize,“then the radical ion species probably
propagste at each of the unlike ends giving in the same
molecule a growing anionic end and a growing free radical,

On dimerization of radical ends pure anionic polymerization
results, 1In view of thig situation the general kinetic feat-
ures of the mechanism are similar to those exhibited in
acrylonitrile system (25). The kinetic schemes can be written

ag follows:

o

M+e — M

-
=y

we assume that availability of electrons 1s oroportional
to the impressed current i.e.,

T A< I or e = KI
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Rate Consgstant

then M + KI +> M° Kq
where I is the current,

Dimerization of the radical ion to dianion:

2T —y TM-MT Ky
Propagation of dianion:
MMy M s UM -1 Kq
Chain transfer of dianion:

MMM b MM o H 4 K),

Propagation of anion:

M—(n—l) + Moy Mn K5
Transfer of anion:

M o+ M—3P + M K¢
The rate of propagation 1is

Ry = K3 Uity ) - w7 )] + K5 [1,_1](M]
or Ry =Kg [lon site] (M ]

where (ion site) refers to the concentration of polymeric

il

negative lons assuming a dianion affords two sites and a
monoanlion one,

If we assume that the rate-determining step is the
dimerization of radical ions to form dianions, then the

rate of the reaction is to be

Rate = 3K, (M | 2 and from steady state comdition,
i,e., rate of formation end rate of disappearance of the

ions are equal,
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Then,

am- _ 1 -2 _
S-=K Wl -2x[nl" =0

or
Rate = K; [(M] (I),

This relation satisfies our experimental results,

Rate of termination or chain transfer is given by

Ry = Kg [ion site] [M)

and hence the degree of polymerization 1s

R K3 -
D,P. = R = = Lion sitel [M]
By K¢ Tion site] (M1

constant,

It is apparent from Table IX that molecular welght of the .
polymer is little dependent on initial monomer concentration
provided it (monomer concentration) is not too low, There-
fore, the role of chain transfer to monomer is not appreciable,
This view is also substantiated by electrical efficiency. If
we suppose that chain transfer takesplace with solvent or with
some electrode products:

+ SH 3P + 5 Kn

My

Therefore, degree of polymerization:

Eﬂ tiog»sitej (Ml

D.P. = K ion site (SH ]
-3
K, (3H1
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Hence, in this case molecular weight must be & function of
the ratio of monomer to solvent concentration, but this is
not in agreement with our experimental observation, However,
probable explanation of the observed data is that when mono-
mer concentration is greater than that of solvent in the
reaction mixture transfer reaction of the growing chain
takes place with the monomer otherwise with the solvent,

The order of reactivity in an anionic polymerization
ig to be nitrile conjugated olefins > carbonyl conjugated
olefins ystyrene, paralleling the ease of addition of other
negative lons and 1s probably accounted for by the resonance
stabilization of the resulting carbanions (29)., This order
of reactivity of the monomers has been observed in the system
composed of (CH3)4N01 dimethylformaemide and monomer, From
Figure 12 it is obvious that the rate of the reaction is in
the following order:

acrylonitrile 9 methyl methacrylate ) styrene 7 <-metylstyrene

The polarizing forces of substituents in the aforesald mono-

mers have been shown in the following table,

Table C,
Monomexr Polarizing forces of
substituents in dynes accord-
ing to C.C, Price (38).
Acrylonitrile - =CN: + 1,80
Methyl methacrylate -COOCH3: + 1.23
Styrene slightly negative

A-methylstyrene ~ -CHz: - 0.39
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From Table C and Figure 12 it seems that the increasing
tendency of momomer to enter anionic induced polymerization
ig accompanied by increasing polarilzing forces of the substi-

tuents, However, this 1s not an unequivocal justification,




9.

SUMMARY

some exploratory experiments were performed with

varioug monomers, salts and solvents,

Electroinduced polymerizationsof styrene, HKA-methyl-
styrene, acrylonitrile and methylmethscrylate were con-
ducted in the solution of tetramethyl ammonium chloride
in dimethylformamide,

System consisting of styreme, dimethylformamide and
quarternary emmonium salts wag found amenable to simple
kinetic analysls, and a systematic study was underteken
of the rate of polymerization of styrene asffunction of
monomer concentration, current, solvent and salt, Kin-
etic study ylelded clearly defined relation to the cur-
rent and the monomer concentration,

Locus of polymerization wag found to be the cathode,
Polymer formastion was quenched by water and methanol,
Heactlon mechanism appeared to be independent of anlons
of the salt,

Copolymerization data were observed to be different from
those of classical free radical or anionic mechanism,
Molecular welghts of polystyrene were found reasonably
high being dependent on temperature but independent of
current,

Dominating role of dimethylformamide in the polymerization
of styremne with quarternary ammonium salts was not under-
stood,
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