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ABSTRACT

Methyl methacrylate was polymerized in a homogenous

organic medium composed of a solvent of high dielecLric con-

stant, âñ ionizable salt and the monomer. Application of a

direct current provided a controlled initiation of the

polymerization process by the discharged ionic species. The

influence of the tlpe of solvent, electrode material,

electrode spacing, salt, pre-electrolysis'and stirring on the

yield and molecular weight of the polymer was assessed. in

prelíminary experiments. Polymers of high molecular weight

were obt,ained. The yíeld of polymer \^ras linearly dependent

on the time and kinetic analysis showed that the rate of re-

action was directly proportional to both the curuent and

monomer concentration. The molecular weight showed an

inverse dependence on the current. The type of reaction

mechanism was proved to be free radícal and the initiating
species was predominantly methyr radical cHa. A rate scheme

is proposed.

The behaviour of the same monomer, methyl methacryrate

in a homogenous aqueous sys.tem of dioxane and concentrated

XI].
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nítric acid was also examined. The rate, molecular weight

and current relationship followed a símilar trend as in the

forner system. However, the molecular weight of the polymer

was much lower and the rate of reaction was proportional to

the square root of current. The reaction mechanism was

found to be free radical at the anode and a super-imposed pro-

cess of free radical and anionic at the cathode.

In copolymerization experíments, the reactivities of

different cations for inítíating a polymerization and the

reaction mechanisms were Ínvestigated.

The effect of reducible organic compounds on the yield

of the polymer was also studied.

xií1



INTRODUCTION

GENERAL CONSTDER.A,TI ON

It ís well known that a polymer is simply a large

molecule, buíIt up frcm a repetition of small chemical uníts,

which may be eíther linearly linked or loranched to form a

three dímensíonal network. Usually, polymers can be

differentiated ínto two broad classes namely, condensatíon

polymers, in which certaÍn atoms present in the monomers are

absent in the structural units and addition polymers, where

the structural units and monomers are identical (f). Sínce

only the latter .or""rrr= our work, it wÍll be discussed

extensívefy.

KINETICS OF FREE RADTCAL POLYMERTZATTON

Addítion polymerization is classified into two main

categories; radícaI polymerization and ionic or co-

oroination pollrmerization depending whether the initiating
species are radicals, positive or negative ions or co-

ordination complexes. The overall polymerization involves



three basic steps; inítiation, propagatíon, and termination

(Z) . Initíatíon of the chain is accomplished by adding

certaín compounds which decompose to form free radícals oT

by thermal or photochemical means. The free radical generated

is added to a monomer molecule and thus propagates the chain.

The cessation of growth of polymer chain

occurs by lnteraction of two radicals either by

to give a polymer molecule

kl-..
RMn. + RMm. -- r RMnMmR

or by disproportionation to provide two polymer

ínítiator 
nu 

' 2R'

pr+M k{ , RMl.

Rr11 + M ko , RMn'

RMn. + RMm. -otu ,

initlation

propagation

generally

combination

molecules

R_l4n + RMm

fhe symbols k6, kí, kp, ktc and k¡¿ represent the rate

constant of reacticns for decomposition of initiator,
initiation, propagation, termination by conbination or dis-
proportionation respectively.

Another important mechanism by which a polymer can
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be formed

process of

solvent or

RM¡'

without destruction of the

chain transfer. to either

radical ís by the

the monomer, inítíator,

il

*
t:i

polymer (S)

ktrrt
+ M ----------------+ RMn + M.

and k¡r¡1 = rate constant of chaÍn-whereM=transferagent

transfer reaction.

In the derivation o_f the kínetic scheme above, the

assumption is made that all the radicals have the same

reactivity regardless of the kinetic chain length and that

the rate of formation of radicals ís equal to the rate of

their disappearance.

IONIC POI,YMERIZATION

.Although ioníc polymerÍzations have recefved less

attention due to the difficulties of measuring polymerÍzation

rates, the knowledge ín this field l-s rapidly expanding.

Most of the early work in anioníc polymerization was confíned

to qualítative studies on the effect of the metal gegen ion

and solvent on polymer micro structures and copolymer

compositions. It has been shown that carbanion polymerízation

is easíly initiated by metallíc sodium (f) (6), alkati metal

alkyls, (4 1516) and amide ions (7 rB) with monomers which
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facilitate nucleophilic attack. Howevêr,.most of the base-

catalysed polymerizations were carried out in liquid ammonia

and the reactions were compricated by chain transfer to the

solvent. Recent studies tend to concentrate on polymerizations

conducted in hydrocarbons and ethers where chain termination

is absent or negligíbte if the system is rígorously purified

and the reactions are carried out in absence of moisture and

air. Marked differences ín rate and kinetics of polymer!za-

tion and in the micro structure of the resul-tant polymer are

observed between polymerizations I carried out in hydrocarbon

or ether solvents. rt has been considered by some authors

(9, 10) that polymerizations conducted in ethers of relatively

high dielectric constant are true anionic whereas those in
hydrocarbon solvents have íntermediates of a predominantly

covalent character.

Cationic polymerization research reported in the

literature, is chiefly concerned with initiation by Fríede1-

crafts initiators such as BF3, Alcl3, etc. using specifíc
monomers which contain groups that promote the release of
erectrons at the double bond (rr,re). Further treatment of
this topic has been discussed thoroughry by plesch (13) and



vùi11 presented here.

MOLECT.II,AR WEIGHT AVER.A,GE

Recognition of the average molecular weight of a

polymer as a rigorously defined and precisely measurable

structural feature was accomplished by Carothers (f4), Ftory

(15) Kraemer and Lansing (f6), Dostal, and Mark (17) who, on

sor,md theoretícal grounds have shown the dependence of the

average molecular weight on the different methods of

measurements employed. ïn general, two t149es of molecular

weight averages are of ímportance; the number average

molecular weight and the weight average molecular weight.

The former is defined as the total weight of polymer divided

by the number of moles which it contains. Actually it is a

measurement of the number. of solute molecules present rather

than an indication of their sizes and thus is very sensitive

to changes in the weight fractions of low molecular species.

By contrast, the weight averages emphasize the signifícance of

large molecules and are found by measurement of any property

whose amp.litude is not only proportional to the amount of

pollmer present but also to the mass of the particles. The
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ratio of these two averages is a measure of the polydisperity

of the sYstem-

A third average molecular vreíght, thê so called Z

average, is simply a hígher statistical moment of the afore-

mentioned averages whích gives higher weightíng. to the

molecular síze of the partícle. other molecular weight

averages can be defined but their experimental usefulness ís

dor:btf uI (fB ) .

Defined mathematically, these averages can be

expressed as follows:

ENíMi
Number average q = ENi

ãNiMi2
Weight average M." = ËNiMi

Z average W
zs1m13

= ENílt[z

Since the rate of growth and termínation are random

processes, it has been generally accepted that the distríbution

of molecular weight follows the most probable pattern with

number averages at the peak succeeded the welght averages



and z averages respectively.

t

VISCOMETRY

In the earty work of Staudinger (f9), the molecular

weíght [u] of a línear polymer was found to be d1-rectly

proportional to íts intrinsic viscosity tnl in dílute

solution.

[nl = KM

Although this relationship is not strictly true, it provided

the bases for further theoretical work by HuggÍn (ZO) who

established the expression

["] = KMo.

where K is a constant whose value is independent of the

molecular weight but depends on the polymer, solvent, and

temperature. The second constant o is dependent on the shape

of the solute molecule and ranges in value from zero fox a

perfect sphere to two for rigid rods. However, absolute

molecular weights cannot be determine¿ víscometrically unl-ess

the dependence of Lntrinsic viscosity on molecular weight has

been est,abl-ished empirically by an alosorute method such as

osmotic pressure or Iíght scattering. Flory (ZtrZZ) tras



B

shown the viscosity average of a heterogenous potymer lies

between the.number average and the weight average but the

exact relatíonship depends on the conditions of propagation.

rn evaluation of íntrinsic viscosity, the scientific

synbols and equations generally encountered are summarized

in rabl-e I (ff ).

Expressed mathematicatly in terms of concentration

[il, and extrapolated to infiníte diLution by means of

Huggins equation (z5 rz6) , the intrj-nsic viscosity lr] can be

defined as

nsp/c = L"l + kr L"2J c

or alternately

ln n, /= = ["] k,, ["tJ c-/ c L

where k', k" are constants for a series of porymers of

different molecular weights.

'rn spite of inherent difficultíes, viscosíty measure-

nents constitute a rapid and convenient means for determininq

the molecular weight of a polymer and are expecially useful
for comparative purposes and for assessing morecular weight

trends.
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ELECTRO-ORGANIC PROCESSES

Electrode processes are v¡ell established in inorganic

chemistry but their applications to organíc chemistry,

especially to the nature of the reaction rnechanisms are

sti1l obscure. It has been shown that the products or

intermediate species obtained during anodic or cathodic

electrolysis may depend to sone extent upon variables such

as electrode potential (zTj, the medium (ZB, 29), catalytic

effect of the electrodes (:O¡ and added substances (:f¡,

agitation, and temperature (Se). Allen (SS) has attempted

to correlate some of those factors with respect to electrode

potential and has presented a considerable amount of

experÍmental evidence for specific cases of both aqueous and

non-aqueous systems. Hor,,rever, no conclusive results or

definite rures have been drawn concerning the efficiency of

an electrode for anodic oxidation or cathodic reductíon. He

indicates that sometimes metals such as zinc, 1ead, mercury

etc., with high hydrogen overpotentials will facilitate
reduction while the reverse is true for oxidation. often by

utilizing t'he same electrode, the same medium, and the same

temperature, it is possible to obtain different products from



the same

11

the same starting materlal by merely changing the electrode

poteritial-. This has been demonstrated by Al1en and Fearn

(:+¡ in the reduction of p-amíno acetophenone at a mercury

cathode. The formation of either the hydrol or the pinacol

depends upon the potential at the mercury cathode

2ep-NH2c5H4cocH3 
ff 

p-NHrc5H4cH(oH)cH3

r5rrucocu, i-+ (p-NH2c5H4 - E;,,,
J

The same phenomenon may be -ppfi"¿ to electro-ínltated

polymerlzation .

Ðuring cathodÍc reduction or anodic oxídation, the

active intermediate specÍes may be a free radical (35ß6),

ani-on or cation depending upon the electrode potential and

experimental conditions employed. They are capable of

initiating polymerization of vínyl compounds.

LTTERArURE REVTEW

(a ) r'nng RAotceL por,yMnnrzeruox

Cathodic

The possibiltty of inítíating the polymerization of
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vinyl compounds by means of erectrolytic processes has not

received very much attention. The first report of this kinci

of initiation came from vfilson and his coworkers (32). They

demonstrated that methyl methacrylate racrylic acid and its

methyl ester were polymerized by cathodic hydrogen in an

aqueous methanol medium using ditute sulphuric acid as

electrolyte and attempted to correlate the yield with hydrogen

over-vortage. rt-was found that only certain metals such as

Pb, Sfi, Pt, Bí, Fê, possessíng a hlgh hydrogen voltage were

able to initiate polymerization, and that the effíciency of

tl:e system tended to increase with increasing hydrogen over-

voltage. The proposed mechanism was the formatíon of a

hydrogen atom at the cathode and lts addition to a monomeric

mol-ecuIe, followed by the growth of the resultlng free radical

until termination. Little, if any., reduction of the. monomer

was observed.

Ttris work was supported by palit and Das (SA¡ in I95O.

originally they attempted to porymerize methyl methacrylate

and styrene ín propane-lr2-dio1 solution with acetate or

rnethyr radicals generated by Kolbe erectrorysis of sodium

acetate but the result did not prove to be as successful as
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expected, Instead, insoluble polymer was obtained at the

smooth platinum cathode whichuas attributed to an initiation

by hydrogen or sodium atom. A similar approach was under-

taken by Parravano (Sg) in L95t who polymerized methyl

methãcrylate iq 0.1 N sulphuric acid using different

electrode materials, and electrodes loaded with different

amounts of hydrogen. He established a correlation between

yield and hydrogen over-voltage of the cathode in full

agreement with hÏilson's work. Parravano also found that the

efficiency of initiation was low compared with the totar

hydrogen released by erectrolysis. rn 1953, Kern and euast

(40) performed similar types of expu-riments using aqueous

hydrogen chloride as electrolytê: instead of dilute sul-
phuríc acid. They reported the polymerization of zTo moles

of monomer per mole of hydrogen discharge. The poly-

merization \^zas assessed to be a radical mechanism since

molecular oxygen was shown to be an inhibitor. The rates of
polymerization were not reprodùcibre due to the coatíng of
the cathode surface. rnitiatÍon 'by Hz absorbed on a pd

catalyst was unsuccessful and hydrogenation \^/as the only

reactíon observed. This was contrary to parravanos results.
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The difference i,,ras accor:nted by the fact that Parravano did

not shake the mixture. Activated hydrogen in Pd was also

tried as part of the oxídation and reduction ínÍtiation

system. Among these, those using a potassium persulphate,

benzyl peroxide, and ferric ions system hTere successful while

those using a hydrogen peroxide, benzyl peroxiderand

potassium chlorate system were not. Under certain conditions,

cat,alytic hydrogenation and polymerizatíon lrrere competing

reactions.

Indirect Method

An indírect method was attempted by Kolthoff and

Ferstandig (4f) who polymerized acrylonitrile by forming an

activator electrolytically in a redox system.

Fe+3

Fe*2

+

+

e tr'e+2

HZIZ 

- 

r'e3+ +, oH- t oH,

The initial ferric ions \,vere reduced cathodically to ferrous

ions and then reoxidized by hydrogen peroxide. The active

intermediate species, hydroiyt free radicals, were released

and then used to inítiate the polymerization. Other

oxidizing agents such as potassium persulphate were also

employed. Elect.rolysis was not confined to the electrode
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regLon and very good yields \^lere reported. Vqith a current

of 20 ma, polymerízation of acrylonitrile had reached IOO%

conversíon after 1! hours ín the potassium persulphate-

sulphuric acid sYstem

Anodic

The first successful anodic polymerization was

descriloed by Goldschmidt and Stöckel (42). They showed that

styrene and acrylonitrile could be polymerized by free

radicals generated by means of Kolbe electrolysis in a fatty

acid medi-um.

RCo2- -e t RCo2' 

-) 

R' + Co2

l^Iith a current density of L-4 ma/cmZ, styrene was

mainly converte.d into dimer and trímer at the anode in a

sodium acetate and acetic acid medíum but some polymer of a

low molecul-ar weight, 3r2OO, was also isolated. Similarly,

dimers of acryloniÈrile r¡zere obtained.

Further work was conducted by Smith and Gilde (43)

who dimerized both butadíene and isoprene anodically in

methanolic solution of potassium acetate. Ttrêy also reported

high mclecular weight polymers of methyl methacrylate, vinyl
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chloride and vlnyl acetate with an intrinsic viscosity of

approximately o.Bo - o.99 at a current density of 1.11

ampere/sq- in. to .22 amp/sq, in. in the heterogenous system

of potassium acetate and water (44). The polymer isolated

in each case was neither stereospecifLc nor cross-linked.

An attempt to study some aspects of stereo-chemistry of

electrode processes was also achieved by the same authors

(45) who found that electrolysis of methanolic solution of

potassium propionate in presence of but,adíene formed only

trans ísomer of  -octene. Lindsey and Peterson (46) on the

other hand, were only able to obtain dimers of butadiene.

Recent,Iy, polymerization of styrene, acrylonitrile

and methyl methacrylate in a non-aqueous medium of acetic

acid and acetic anhydríde saturat,ed with lithium acetate was

reported by Breitenbach (48). The reaction mechanism was

assumed to be free radical.

(r) rowrc por,ymnRrzarrou

Cationic

Cationic polymerization of vinyl compounds by electrode

processes \^ras first claimed by Breitenbach and coworkers (48)

(47) who polymerÍzed sÈyrene, N-vÍnyl carbazole and isobutyl
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vínyl ether by anioníc discharge of suítable anions ClOlr

BF¡.- etc. , it a nitro benzene medium. The proposed

mechanism v/as

(crol+)- -+ (cro4)' + e

(cro4)- + M --t (cro4)- * ¡t*

The yíe1ds of polymer lrrere comparatively high but the

molecular weights obtained rirzere very low with an íntrinsic

viscosity ranging from 7.5 - 9,L mI/g. However it is

believed that the reactlon proceeds without the passage of

current since BF4-, C1O4- are very strong cationic catalysts

(4e)(50) (5r).

Anionic

Another type of polymerizatj.on was observed by Yang,

McEwen and Kleinberg (>Z) who assumed a direct initiation

of styrene by electrons supplied by the cathode during the

electrolysis of sodium todide in anhydrous pyridine with

magnesium electrodes. Further experiments were reported by

Breitenbach'(53) wfro polymerized acrylonitrile by cathodic

discharge of tetra-alkyl ammonium íons. At that time, the

reaction mechanism was believed to be free radical as

iì
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indicated bY

(czn5) rv* + e- -- (c2H5)4r,1-

(c2H5 )4N' 

-i

(czm5)3s + czn5.

but later it was proved to be anionic by copolymerization

studies (47)(48). However, most of the work reported by

Breitenbach in the literature is incomplete and the results

are confusíng and sometimes even misleading. Experíments

conducted were exploratory and no detailed studies in any

system uzere performed.

In summaryr most of the early work in electro-induced

cathodic polymerization was conducted in an aqueous medium

with mineral acids as initiat,ors. The polymer obtained was

always insoluble in the system and sometimes even coated the

el-ectrodes. A partial attempt to relate the yield of polymer

with hydrogen over-voltage was achieved but the molecular

weight of the polymer was not noted. In anodic polymerizat,ion,

Kolbe electrolysis was used as a source of free radicals and

üte reaction was carried out, in a heterogenous system. The

polymer isolated was always of low molecular weight and some-

times only dimers or trimers were obtained. fhe dependence

of the viscosity of the polymer on current was slightly
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mentioned.

Cationic and anionic polymerizations by electrode

processes were examined recently. The authors seemed to

accentuate interest in the formation of the polymer but not

the mechanism of the reaction.

NATURE AND PURPOSE OF OUR TNVESTICAATION

A brief revíew of the previous papers in elecLro-

initiated polymerization strongly indicates that most of

the work done has been exploratory in nature and the scope

of the field is not properly developed. Electron transfer

processes which occur at the electrodes of the electrolvtic

cells provJ-de excellent means of the controlled inítiation

of polymerizatíon reactíons. The ease with which the

erectrical processes can be progranmed, varied and measured,

and the inherent símplicity of the elementary electrode

reactions contríbute to the attractiveness of this method

of polymecLzation.

For free radical reactions, the conventional initi-

ation processes based on the thermal decomposition of a

Iabile compound impose seveïe restrictions on the effective
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temperature range in which polymerization can be conducted

at a convenient rate. Once the reaction is under way., its

frrrther control is limited by sltlggish character of thermal

transfer and, in general, the reaction can be stopped only

by contamination with a foreign chemical compound or

inhibitor. Electrical processes cal1, however, be started

and stopped with ease. SímíIar considerations apply to

ionically initiated reactions.

The difficulties often encountered in electro-induced

polymerizations are the coating of electrodes, Ínso1uble

polymer, low yíeId, low molecular weight and dimerization.

All these factors tend to render kinetic studies impossible

in our early work. However, if a proper system is employed,

some of these complications may be removed.

Since most of the early studies were confined to

qualitative aspects of the reactions, it was our intention

to place more emphasis on the reaction mechanism, initiating

species, the effects of current, electrode material, solvent,

initiating salt on the yields and molecular weíghts of the

resultant polymer of a particular system to develop a general

understanding in electro-induced polymerization.



EXPERTMENTAL PROCEDURE

SALT AND SOLVENT SYSTEM

Monomer and Solvent Purification

Monomeric methyl methacrylate was obtained from Rohm

and llaas, PhÍladelphia, U.S,A. It was stabilized by

approxímately 60 parts per million of hydroquinone to prevent

polymerizatj-on during shipping and storage. The monomer was

freed of inhÍbitor by repeated washing with lol ÑaOff, dis-

tilIed water, then dried over caso21 and fractional-ly dis-

tilled under reduced pressure.

Other monomers used, such as styrene, vinyl acetate,

acrylonitrile, methacrylic acid and esters of acrylic acid

\^rere purified by adding a small amount of initiator followed

by dístillation under atmospheric pressure or reduced pressure

depending upon the condítions.

Dimethyl sulfoxide and dimeÈhy1 formamide r,t/ere dried,

the former over carcium hydride, and used without further

purificati on .

Unless otherwise indicated, the other reagents employed
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v/ere of reagent grade purity and were used for subsidiary

experiments without further purification.

Apparatus

In these first studíes, a variety of cells and voltage

supplies \^rere employed. For most measurements, a hígh

stability constant current supply especially designed by

Vü. G. Hoyle of the National Research Council of Canada was

employed. This furníshed a controlled current ín the range

1.! ma to 15 ma with a constancy of + O.O4/". For the higher

current range, êh Ambitrot 4005 was used. In general, the

applied voltage ranged between 2 and 4 vo1ts. Due to the

1ow resistance of the system employed, a constant current

supply, stabilized by high resistances to deliver different

current strengths at the same time was chosen for the

kinetic studies,

Cells were of,simple glass design with provision for

bubbling with an l-nert gas. For some measurements, a cell

with divided compartments separated by a ffitted glass disc

was employed. The electrodes generally used were either

platinum or carbon. The use of a carbon to carbon joint to
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avoid corrosion of the metal contact proved to be advantageous.

For the majority of the experínents, the cell was of cylind-

rical test-tube shape and contained two plane graphite

electrodes of 23.9 cm2 area separated by teflon spacers to

VB inch spacing. Platinum electrodes having an area of one

square j-nch and a spacing of approximately half an ínch Ln

a slightly different designed cell with a sl-de tube opening

for removal of sample were employed for all the work in the

concentrated nitric acid and dioxane system. The apparatus

and instruments used are shown in Figure I.

Kinetic Studies

It was found that in the non-aqueous system with

dimethyl sulfoxide as the medium and zi-nc acetate as

initiator, an efficient purífícation of the solvent and satt

components , predominantly to remove electrolytic impuríties

and water could be achieved by pre-electrolysing the solution

before the addition of monomer

In typical experíments, samples containing 37.! mI of

monomer, â[ equal volume of solver.rt and 3 gms of a salt were

placed in the electrolytic cells and polymerization was
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FIGURE r("). Divided polymerizaLíon ceIl.

(") Mercury contact.

(f) Medíum porosíty sintered

glass disc.

(.) Platinum electrode.
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FTGURE r(b). Polymerization cell used for

determination.

(") Carbon electrodes.

(¡ ) N2 inler.

(") N2 outlet.

(a) Teflon spacing.
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FIGURE r("). Modified polYmerization ceII.

(u ) P1at,inum electrodes .

(¡) self-sealing gasket.
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FrcuRE r (d) . Constant current

(r-r5 ma)

supply.
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FIGURE r("). Constant current supplY.

(25-5oo ma)
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conducted at different but constant current values in each

cell at room temperature. Samples of 5 ml volume \¡/ere

withdrawn consecutively at 6 nr periods by means of a

surgícal syringe and the yield of the polymer was deternined

accurately by precipitation wíth cold methanol, redissolution,

reprecipitation, drying and weighing. Usualty it is

desirable to use a methanol and water mixture for complete

precipitation, but in our case, cold methanol at -3Oo C was

preferred to obtain polymer in powder form. Further details

are treated in the results and the discussion.

Molecular Weiqht Determination

of the several methods available for the determinatíon

of average molecular weight of large molecules or polymers,

the viscosíty method constitutes the simplest and most rapld

means. From the molecular welght distribution curve, the

viscosity average lies between the number average and weÍght

average. Since we are only interested in the effect of

current changes on the molecular weight of the polymer, the

viscosity method is most suitable for our purpose.

IntrinsÍc víscosities were measured in methyl ethyl
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ketone aL 25o C in Ubbelohde Víscometers (figure II) and the

molecular weights were determined from the Staudinger

equation

t"l = KMo

usins ( = 6.8 x 1o-5 and o, = o.72 (SS)(56)(æ).

The constant-s K and cx are dif ferent for different

molecular weight ranges and change with solvent. The

literature was consulted to choose the best values whích

fit the experimental results for the estimation of molecular

weights. The molecular weíght range employed was from

35,00O - lor0OO,OOO.

Tracer Studies on Inítiatinq Species and Reaction Mechanism

Labelled zinc acetate wíth c14 in C1 position was

prepared by dissolvíng tagged sodium acetate-I-C14 of known

radioactivity concentration in a certain amount of water and

adding a known quantity of zínc acetate solution to allow

exchange of acetate ions. The resulting solution was heated

to 10Oo C and the water vapour was removed by suction. Part

of the acetate ion was decomposed in this process and final

concentration of labelled zinc acetate was estimated by



FIGURE II. Ubbelohde VÍscometer'



ili".
t'

er G)

ii

]
lì

.ri

,l



'¿ó

liquíd scintillation counting. A similar method was used to

prepare zirnc acetate-2-cL4. The techníques and principles

ínvolved ín scíntillation countinq will be treated under

copolymer ízation .

Experiments witl: tagged zLnc acetate in lCt4 and ,C14

positíons respectively as initiators in the polymerization

of methyl methacrylate in dimethyl sulfoxide medium were

conducted ín dlvided cells at a fixed current for the same

períod of time. Since the original activity of tagged zLnc

acetate, the time, the current, and the final activity of

the polymer are known, the initiating specíes can be

determined.

Analysis of the copolymer compositíon to determine

whether the reaction mechanísm was anionic, free radical, or

catíoníc first suggested by Wallíng (Sf)(58). In our

present study, a copolymerization of equal volume mixture of

methyl methacrylate and c14 labelled styrene was conducted in

a divided cell. The mole fraction of styrene ín the copolymer

\^7as calculated from the activity of a known quantity of

copolymer and the standard.
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DTOXANE SYSTEM

Kinetíc Studies

In the system of dioxane and nítric acid, the

experimental procedure employed was simílar to that dis-

cussed in salt and solvent system. Polymerization of the

monomer, methyl methacrylate was conducted in a cylindrical

cell equipped wíth a side arm for removal of the sample.

Platinum erectrodes having an area of one square inch and a

spacíng of l/2" were used instead of carbon electrodes and

the ínítial volume was changed to 1OO m1. The reaction

míxture contained 50% of monomer, 37.0% solvent, and L2.5/"

of inítíator by volume. Samples of 5 mI volume \Àzere with-

drawn at 2 hr intervars or less. A cold methanol and water

míxture ín the ratio of 3:1 was employed for complete

precípitatÍon since using a very high current, the molecular

weight of the polymer was low and occasionally formed a

colloidal solution with cold methanol.

IIhe reactíon mechanis* rr" established by copoly-

nerization as before. The monomer, styrene by ítself was

only partially miscibl-e with díoxane and nitríc acld but a
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homogenous solution was formed when an equal volume mixture

of styrene and methyl methacrylate was used

Molecular Vfeiqht Determination

Intrjnsic viscosities of the polymer were measured

exactly the same as in the dímethyl sulfoxide and zinc

acetate system usÍng the Staudinger equation:

[n 1 = KMcrlj-J

where K is 6.8 x 1O-5 and

cx is O.72

The molecular weight of the polymer was obLained

directly from the viscosity and molecular weight curve. The

average molecular weight obtained ís only a rough est,imation

and lies between weight average and number average as dís-

cussed previously.

COPOLYMERTZATION

Preparation of Reaction Mixture

Two hundred and twenty-six micro curies of c14

labelled styrene from Tracer Laboratoríes ín California,

stabilized by picric acid was diluted to a volume of 25 mI
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wíth distilled styrene. One mI of the dilutent was mixed

with approximately 4OO mI of purified styrene and the

resultant solutíon was distilled under reduced pressure to

remove the ínhibitor. The actual activity of styrene was

estimated by comparing with a standard. Ttre solvent was

saturated with different inorganic salts and then an equal

volume mixture of c14 tagged styrene and methyl methacrylate

was added.

Folymerization

The majority of experiments on copolymerizatj-on of

styrene and methyl methacrylate were conducted in dimethyl

formamide. Approximately 6O mt of the reaction mixture pre-

pared above was pipetted ínto both compartments of the

electrolytic cell and a constant current lrras passed for a

certajn period of time. The copolymers formed from both

electrodes were precípitat,ed and the yields were compared.

Some of the inorganic salts used were only slight.ly soluble

or partially Íonized in the solvent. The resistance of the

solution was comparatively hlgher than usual and the voltage

required during polymerization sometimes reached to 400 or
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l0O vo1ts.

r lrCrl Countinq

Of the methods available for the determination of
I JlCt*, liquid scintillation counting is most suitable for our

purposes. It provides the advantages of hiEh sensítívity,

energy díscrimination, 41T geometry and low background for a

given sample size which are not present in the alternative

techniques of gas and end window counting.

In the application of the internal scintillation

counting method, the technical problems encountered are

sample insolubility and quenching effects. The formeræn be

partially compensated by use of mixed solvents (60) and

aluminium stearate ge1 scintillators (6f)wfrife the latter

can be estimated by the use of the Tri-Carb Speçtrometers.

The two channels provided by the Spectromet.er can examfne

different portions of the energy spectrum in an unquenched

sample yielding a fixed ratio of the two scaler counts.

Vüith quenching, the ratio changes markedly and this can be

re1ated to counting efficiency. In the following discussion,

this ratio of counts from each channel is reported as the A

and B ratio
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In our present work, Model 3148X of Tri'-Carb

Spectrometer series was used. The polymer was dissolved

directly in a scintillator solution containing five grams

of 2,J diphenyl oxazole (eeo), 70 gms of naphthalene and 0.1

gm of I,4(2-(5-(phenyl oxazolyl)-benzene) eoeoe per litre of

xylene (62). The weight of polymer generally used was 0.1

gm and all the counts were performed on lf solu.tion of

active polymer in liquid scintillator. The sample bottles

employed \^Iere of cylindrical shape with a white plastic screw

cap and have a volume of 20 ml

Samples to be counted were put on an aluminium

turnable which was controlled by automatic loading device

into the counting chanrJrer and Lhe counts per min or per 10

min are typed out by the digital prínter. The degree of

quenching was indicated by the A and B ratio and efficíency

of the counting system was read from the standardized curve.

StandardizatÍon was achieved by using samples of

known activity and comparing wÍth the actual counts obtained.

The efficiency of the system was calculated at dífferent

activities and plotted against the A and B ratio. The block

diagram of the electronic device in the Trí-Carb liquid



34

\i

scintillation spectrometer is sþown in Figure III.

Radioactive decay events occuring in a sample cause

scintillations which are seen simultaneously by both photo

multiplíer tr:bes giving rise to pulses at the photo tube

output. Reratively high operatíng voltage is required for

low energy events whíle the opposite is true for energic

events

Pulses from the photomultiplier pass through pre-

amplifiers and into the three separate amplifiers. pulses

from the "Analyzer" photo tube then go to discriminator

pairs A-B and c-D for pulse height analyses. The "Monitor,'

photo tube functions to distinguish whether a purse comès

from a decay event or photomultíprÍer tube noise. pulses

falling between A and e are fed to the red scaler and those

between c and D are fed to the green scaler. output purses

from all díscriminators pass through the logic cÍrcuitry and

only sÍmultaneous occured purses from both photomultiplier

are counted.

Lower level discrimínators A, c and A' are devísed to

reject 1ow energy "shot noise" arising from preamplifÍers

and a separate gairl control ís provided for each channel.
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FIGURE IIÏ. Block diagram of líquid scíntillatíon

counting sYstem'

1. SamPIe comPartment'
2. AnalYzer Phototube'
3. Monitor Phototube '
4. Pre-amPlifier.

Ja. Gain control.
5b. High voltage.
6a. Channel I amPlifier'
6b. Channel II amPlifier '
6c. Monitor amPlifier'
7a. Discriminator A'
7b. Discriminator B'
7c. Discriminator C.

7d. Díscriminator C.

fe. Discriminator Ar'
Ba. Red logic.
Bb. Green loþic.
)a. Red scaler'
9b. Green scaler
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When the voJ-tage Ís raised to count low energy isotopês,

pulses from higher energy events may become very high and

the gain c ontrol permit.s díscrimínation of these energíc

pulses within selected discrimÍnatíon levels.

Reducible Orqanic Compounds

Most of the experiments that concerned wíth initi-

ation of polymerization by reducing organic material at the

cathode, were conducted in divided cells separated by a

fritted glass dÍsc with round platinum electrodes of a

surface area of .TB5 sq. in. very close to ít. A consLant

current was passed for a period of time dependíng upon other

experimental conditions. A small amount of cupríc chloríde

was added to íncrease the efficiency of reduction and to act

as an electrolyte since most reducible organic compounds

give a low conductance. Generally, equal volumes of solvent

and reducible organic materials mixed with the same volume

of monomer were used.



ÐATA CALCULATTON A}TD RESULTS

SALT AND SOLVENT SYSTEM

PRELTMTNARY TNVESTIGATION ON YIELD AND MOLECULAR WEIGHT OF
POLYMER

Solvent

For the study of the kinetics of polymerization, a

suitable sorvent with a high dielectric constant was sought.

The solvent had to fulfÍll the condÍtions of the solubility

of monomer and polyme:r and yet provide for a sufficient ion-

ízatíon of the salt to furnísh a medium of high conductivity.

It was found that dimethyl sulfoxide was an excellent

solvent which met these requJ-rements. Further studies later

indicated that dimethyl formamide r,'Tas also suítabl-e. In

additÍon, several other solvents were found to be of limited

usefulness producing either a low yield or a polymer of low

molecular weight. fhe results of these investigations are

summarized in Table 2,



Salt

The choice of a suítable inorganic salt to provide an

efficient conducting medium was restricted by the low

solr¡bilitíes of many salts in the suitable solvents selected.

We originally intended to employ acetoxy radicals as

inítiators (or methyr radicals) and accordingry sought the

suítabre acetate, Although zinc acetate was used for most

of the study reported here, the results with other salt

systems are presented in Tab1e 3.

Elect,rode Materi-al

Several tlzpes of electrode materials r,t¡ere investi-

gated. Graphite, platinum, lead and mercury \¡/ere employed.

rt was found the yíe1ds were simílar in graphíte and platínum

but a lower molecular vretght.was found with the latter. Lead

was unsatisfactory despite its high electrode potential

because tt gave a reduced yield of polymer. Mercury was

also unsuitable for the anode. The results obtaíned are

presented in Table 4.
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TABLE 2

Effect of solvent, on yield and molecular weight of poiymer.

Solvent

Zn
Acetate Current Time
(g*") (*") (rrrs)

TotaI
wt. of
polymer
(g*")

MoI.
vüt.

aniline

pyridine

díethylam{ne

hydroxypropíoni-
trile

trlethylenetetra-
ml_ne

dimethyl sulfoxide

dimethyl formamíde

4

q

10

I

E

z.

10

Y

10

10

2T

2I

20

¿v

.01

.53

l.5O 5.OO x tO4

2,5O

2 ,3O l.4Z x 105

P.4z 4.5o x 105

3.96 4.eo x 105

I

1

3

3

¿v

nJra-f

2T

TABLE 3

Relatíve yields of polymer Ln 24 hours ín dimethyl sutfoxide
with different salt systems.

Salt Yíeld (g*=)

Ammonium acetate
Sodíum nitrate
Sodium chloríde
Zínc chtoride
Alumínum chloride
Potassium thiocyaníde

1.30

'7tr'.t)

1. Og

.t-. )o
o.oo
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TABLE 4

Effect of electrode materiar on yield of polymer tn 24 hours.

El-ectrode I^It. of
polymer Molecular
(g*=) r"íghtAnode Cathode

Current
(*u)

Carbon

Platinum

Lead

Mercury

Carbon

Carbon

Platinum

Lead

Carbon

Mercury

q

v

r5

10

IO

D I."

2,20

O.LT

0,00

2 "L5

r, - -^Ã+.) x IU-)

^ ô -^Ã'¿.ó x LQ)

Monomer

Attempts to polymeríze other monomers such as styrene

and vinyl acetate by the dimethyl sulfoxide system with zLnc

chloride and zinc acetate as ínitíators proved unsuccessful.

A very low yield of polystyrene r,.Tas ottained with a molecular

weíght of only 12'OOO. No polymer was formed with vinyl

acetate. other systems such as acetic acid, acetíc anhydride,

with potassíum acetate and líthium acetate as initiators,

were used to polymerj-ze vinyl acetate. rnsoluble gelatinous

polymer was formed around the electrodes which was sus'oected
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to be of a highty cross-linked nature. The yield was

comparatively high. The results are summarized ín Table 5.

TABLE 5

Relative yields of polymer in 24 hours with different monomers.

Monomers Systems
Current Time

(*. ) (trrs )
Yield Molecular
(g*.) weignt

Methyl
methacrylate

Dímethyl
sulfoxide
z|nc acetate

L5 24 ¿t? 4.6 x 105

Styrene (r) Dimethyl
sul foxÍde
zj'nc acetate
(z) DÍmethyl
sulfoxíde
zinc chloride

r5 4B o.1

r.966 12 ,000

Vinyl
acetate

Dimethyl
sul-foxlde
zínc acetate

66L5 no
polymer

Vinyl
acetate

Acetic acid
Acetic anhy-

drÍde
Potassium

acetate

thL) ro .5

Víny1
acetate

Acetic acld
Acetic anhy-

dride
Llthium

acetate

L5 4B ,tr
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Pre-electrolvsis. Stf.rring and Electrode Spacinq

The effect of pre-electrolysis and vígorous stirríng

on the ylelds of the polymerization of methyl methacrylate

wíth zi-nc acetate as ínitíator was fully ínvestigated. It

was found that the former increased the yield of the polymer

Ay 63.5/", the latter only by 29;6fi. The spacing of the

elecLrodes had a remarkable influence on the yield of the

polymer. The shorter the distancerthe greater was the

yield. The results are tabulated ín Table 6.

TABLE 6

Effect of pre-erectrorysis, stirring and electrode spacing
on yield of polymer.

Current/\
\ma/

Time
(trrs )

Yiel-d
(g*= )

y'o Lncrease or
decrease

Standard 15 nlr¿+ 2.20

Pre-electrolysj.s 24 J.OIr5 .a^-+- rì < Þ\
' vJ.)

StirrJ-ng r5 ^lra-t DRa + 28.6

Electrode
spac ing
( aoubre )

r5 ^ll¿+ r.82 17.3
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Alternatinq current

An experiment was conducted to polymerize methyl

methacrylate by alternating current. Polymer of a high

molecular weight 1.85 x 106 was obtained, This molecular

weight is approximately five sr six times greater than that

of polymer formed by direct current. However, the yield of

this polymer was very low. vüith a current of 40 ma and a

time period of 43 hrs., only 1.2 gm of polymer, 4fr conversion

of monomer, vTas obtained.

Current and Current Densitv

The effect of current and current density on the yield

of the polymer was studied. It was found that an increase

Ín the current density reduced the yield of'.the polymer

whereas an increase in current increased the yf-eld of the

polymer. From Table /, it can be seen that the yield of

polymer is Lnversely proportional to the current densíty but

directly proportlonal to the square of current.



Relative effect
of the polymethyl

TABI,E 7

of current and current
methacrylate with zlnc

density on
acetate as

44

the yíeId
ínitiator.

Time
(rrrs )

Current
(*")

Electrode
surface area

(t*z ¡

Current
density
(marlcm2 )

Yield
(g*= )

1B

1B

1B

10

10

L5.9

')< u

rlr o

23.9

6z.v I

6',/

D r^l?

r.13

3 .22

KINETÏC STUDIES

In al-l the kinetic experiments, the same eIêctrode

surface area was used. Hence the current density changes

were directly proportional to the change in current. sínce

the yíeld of the polymer is found to be inversely proportional

to current density but directly to the sguare of current,

the- net effect ín the system emproyed can be expressed in

terms of current,. Thus all the results have been interpreted

only on the basis of current changes.
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Current TÍme and Yield

The system monomer, dimethyl sulfoxÍde and zínc

acetate \^7as chosen for a detaíled study of the phenomeno-

logical aspect of the kinetics.

Experiments were conducted at B values of current

from I ma to l-1.O ma in cylindrical cells with graphite

electrodes and samples were withdrawn at intervals for analy-

sis. fhe results are summarized in Table B and Figure rv.

TABI,E B

Yields of polymer at dífferent values of current.

Current
(*" )

Current
density
(na/cn2)

Yield of polymer
gms per 5 ml. sample

time
6 hrs, 12 hrs. 18 hrs.

^^. /1

/r tr

on

L6.2

t,^rJ< ( )

t)

110

naR

ôot

.1BB

azA

L.T9

5.r+
l¡ /-¡+. ou

.o19

-048

nxR

. uo)

C)7Ã

.o95

r r Jr
. L)+

2ôtr
o LvJ.- ___

.082

I th
. LL)

"1.26

-143

,L64

caR

nrlr
o J)a

)tca

111 1

.1BO

.196

.2r9

,Ãn

<rlh

)sRc

.oo'¿
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FIGURE IV. Effect
yields

of
of

time and current on the relative
polymethyl mettracrYlate .
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ft ls evident the yield of the polymer increases

linearly wíth time and is a function of current. The

apparent small induct,ion period which is particularly evident

in the experiments performed at low values of current is

probably due to traces of lmpurity. Thís is confirmed by

the observation that pre-electrolysis of the sol-vent and

salt system reduce's this induction time. rt was further

found that the additíon of traces of water i-ncreased the

induction period and reduced the yietd of po11zmer.

A cursory examination of Figure IV could suggest a

zero order dependence on monomer concentration. However,

calculating from the data of Table B, a plot of 1og Mo
r!-

versus t (nigure v) shows a first order reaction ís actualry

present, M o and M represent concentrations of monomer

initially and at time t respectively.

Rate. Molecular VÍeÍqht and Current

fhe slopes of the individual yield versus time curves

give the rates of the reaction. These are tabulated in

TabLe 9, together wl-th the morecular weÍghts determined from

viscosity measurements for samples obtained after rB hours of



IrQ

FïGURE V. A plot of log Me
M:

versus t.
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electrolysis. A plot of these rates of reaction versus

current for sample withdrawn at IB hrs is shown in Figure

VI. It is seen that the rate is linearly dependent on the

curreht, in contrast to the square root dependence normally

obtained by thermally initiated free radical reactions.

TABLE 9

Influence of current on Lhe rate of formation and
molecular weight of polymer.

current S(g*"/5nL/h!)
\ma / oE

Intrinsic
viscosity

( decilitre/qm\
M.w. x ro-5 Vvs¡t.x to6

ô02
" . J_

2.2

lrr

Oa)

LO.¿

¿t" r-)

I ).v

110 .0

. o100

.o110

.0115

.oL26

.u14t

.o2t4

.03oo

. UJOO

r "39

I .28

1.18

.Br

zA

AD

lr¡

r0 .00

9.Oo

B.oo

)J 6o

4.30

?Õ2

DaR

1.BO

1.OO

1.11

L.25

2 .18

D?'

/r 1 Ã

tr tra)
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The relationship between molecular weight and current

is shown in Figure vrr. rt is obvious that the molecular

weight of the polymer varies inversel-y with current sínce a

plot of the reciprocal of the molecular weíght versu.s

current gives a linear relationship.

Efficiency of Initiation

The efficiency of Ínitiation is defined as fractions

of the primary radicals which initíate the formation of

chaíns. rt can .be determined from a knowledge of the

numbers of mores of polymer produced, the molecular weight

and number of faradays passed. As a sample calculation, at

a current of .92'ma and a time period of rB hrs, the total

porymer formed is 1.83 9m. fhat is, o.gz x 60 x 6o x 1o-3 x
L

18/9.56 x lO4 = .62 x IO-3 faradays produce l.Bq _ moles
1.O x 10o

of polymer. since the polymer is terminated by unlike

radicals as shown in rate scheme (p. Br ) each polymeríc

molecule contains only one initiating radical

...theefficiency= t.Ba , x , 1 = =2.95x 1O-3
t.o x lob .62 x 1O-3

^^-¿or .'¿gr7o



q2

FIGURE VIÏ. 'Vari,atÍon of molecular weíght ( feft axis )

and reciprocal of molecular weíght (right

axís) with impressed current.

lrtl V
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The results are summarized in Table 10 and Figure VIIf.

In most of electro-initiated polymerízations, the

efficiency of the system is expressed in terms of current

efficiency. The latter is defíned as either the number of

grams of polymer formed or number of moles of monomer con-

sumed per faraday of current. Uslng this definition, a plot

of yield of polymer (g*=) p"r faraday versus current is

shown in Flgure IX.

TRACER STUDIES

Reacti-on Mechanism

To determine the t)æe of polymerization mechanism,

equal volumes of methyl methacrylate and styrene \^lere co-

polymerized in a divided ceIl. The mole ratio of styrene to

methyl methacrylate was .93 to 1. Since the monomer re-

actívity ratios (r1, ,Z) of styrene and methyl methacrylate

in a free radical mechanism are respectívely O.52 and .46

(5Tu), the theoretical mole fraction of styrene ín the

copolymer formed is .498 as calculated from the copolymeríz-

ation equation.
r-2\"Õ-2,Fl = (rtfr- + f¡f2)/\rtff + 2 ftfZ + r2f2)
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FIGURE VÏII. Variation of efficiencv

with current.
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F]GURE IX. A plot of the yíelds

versus current.

of polymer (g*" ) /taraday
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where f1 and f2 represent mole fraction in monomer feed

(".g., fl = 1- fp = .Ufi )
M1+M2

11 and 12 = reactivity ratío of monomers M1 and M2

respectively.

Fl = mole fractíon of M1 l-n the copolymer.

The equatl-on above is onry varid however íf the final

monomer mole ratio of styrene and methyl methacrylate is

changed only slightry from the initial monomer mole ratio.

In our experiments, the copolymer isolated from both

anode and cathode compartments were found to be 50.4 and

54.5 mole /" of styrene respectively. The results are

tabulated in Table 11 and strongry indicates a free radical

mechanism occuring at both electrodes

TABLE 11

copolymerization of equal vorume mixt,ure of styrene and
methyl methacrylate.

Original counts/
min of 0.1 gm

Final counts/
mj-n of 0.1 gm

mole % of styrene
in copolymer

styrene of copolymer

Anode 59OO

Cathode 59OO

3067

?228

r^ lr
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Initiatinq Species

Experiments with c14 labelled zLnc acetate in C1 and

C2 positions were undertaken to determine the initiating

species of the polymerization. It was found that )2.8/" of

the polymer \/úas inítíated by the rnethyl radical cH3 and only

f "J/o was induced by acetoxy radical CH3COO'

is shown in Table L2.

The result

TABLE L2

Determination of the relative percentage of the
initiating species.

Initiators

TotaI
activity of
initiators
(counts,/min)

Activity of
0.1 gm anodic
polymer
( counts/min )

Normalized
counts/mín
of 0.1 9m
polymer

Relative
%or
initia.ting
spec ie s

ÁLnc
Acetate- 2-Cl-4
(z.gt sm) z.B3 x LoT 742O L32go

".¡'
92.B

ÁLnc r )rAcetate-1-Cr'+
t^ \(J"u 9m,l 5,OB x LoT 963 963

CHaCOO.
J

---, D
I .L

The relatíve

calculated from the

percentage of the

rel-ative act ivitY

initiating species was

of the polymer formed



in the zínc acetate-l-cI4 and zlrnc acetate-2-cL4 systqms.

Using zhnc acetate-1-c14, both cH3. and CH3Coo. radicals

formed will provide an active group whereas in the case of

zinc acetate-1-C14, only the CH3COO. radical is actl-ve.

fhe difference in counts/min of the polymer is a measure

of methyl radical concentration, To avoid incorporation of

highly active solutíon into the polymer, the latter was

reprecipítated four times before countíng.

DÏOXANE SYSTEM

fn the dimethyl sulfoxide and zinc acetate system,

the yields of the polymer vrere comparatively l-ow and the

plating out of metals sometímes complicated the reaction. A

system whích partially overcomes these difficurties ís híghly

desirable and for thís purpose dioxane, which is miscLble with

water and organic compounds, was employed as a solvent to

furnish a homogenous medium for kinetic studies. Concentrated

nitric acid was used as the electrotyte to conduct the

current. The applied voltage vras very 1ow ranging from O.l

Lo 2 volts. In preliminary experiments, voltages up to 10 V

v/ere used ín conjunction with other monomers.
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EFFECT OF MONOMER AND SOLVENT

Various experiments were performed to polymerize

different vinyl compounds in the dioxane system with

q¡ncentrated nitric acíd as initiator. Graphite and

platinum electrodes were used. The results are summarized

in Table 13.

It was fouird that the esters of methacrylic acid gave

the best yíelds of polymer but nevertheless, they \^rere

sticky and extremely difflcult to handle. Thus methyl

methacrylate was chosen as the monomer for kinetic studies.

Styrene and other sinr:ilar types of monomer formed a'

heterogenous system with the dioxane-nÍtric acíd ml-xture.

Many other solvents were used l-nstead of dioxane in order

to achieve a homogenous medium. The results are present,ed

in Table 14.

Stírrinq

The effect of stírrJ-ng on the yield and molecular

weight of the resultant polymer v/as investigated. It was
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TABLE 13

Relative yields of polymer in 21 hours ín dioxane system with
different monomers containing 50% of monomer, 37.Jy'o soLvent,

and L2.5/" HNO3 by volume.

Monomers
Current
(ro ma)

Initial
voltage
(vo1ts )

Yíeld
(g*") nt""trode

Ethyl acrylate 10 r.4 23.O graphite

Butyl acrylate 10 r.4 15 .2

Methyl methacrylic
acid TO 2.2 <n

Acrylonitrí1e 10 1.3

Acenaphthylene 10 11.6

Vinyl acetate no polymer

Butyl vínyI ether no polymer

Styrene no polymer

Methy1 methacrylate no polymer

Methyl methacrylate oÃ z' )t plati-num

Styrene t5 4.2 3.r
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TABLE 14

Influence of solvent on yíelds of polymer in a dlvlded ce1l
containing 50% of Ml4A, 37.Jfi solvent, l.z.5y'o HNO3 in 24 hours.

Voltage Yield (qms)CurrenL
(*" ) (vo1ts Cathode Anode

B.o LITA

Solvents

Dimethyl formamide 1r)

Dimethyl sulfoxide 10 28.O .862 aRR

Eimethyl ether 10 Ãr., a) .TTO

found that at a current of 10 ma and a time period of ! hours,

stirring nearry doubred the yÍeld but the molecurar weight

\^ras decreased by half . The resuLts are presented ín Table 15.

TABLE T5

Effect of stl-rring on the yíeld and molecular weÍght of the
resultant polymer.

Yield (g**) Molecular wt. x 10-)

St,ândard ?DD L.22

Stirring 6 .30 .66
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KINETTC STUDTES

rt has been shown that the electro-induced poly-
merization of methyl methacrylate ín a non-aqueous medium

dimethyl sulfoxide is lst order dependence on current. rt
was of interest to investigate the behaviour of the same

monomer in a homogenous aqueous system of dioxane and nitric
acid. E>çerímentar condltíons were the same as before wlth
a sright change in the design of electrolytic cells.
Platinum electrodes having an area of I sg. ín. were used

in stead of carbon.

Current. Time and yield

A seríes of experiments were performed in which the

current was kept at a constant value throughout. The mílli*
amperage o""á was between I to roo ma and samples were with-
drawn at intervals for ana.lysis. The vol-ume employed

initialry was ro0 qr and contaíned !o ml of monomer, 37.5 mI

solvent and 12.1 mt inLtiator" The results are summarized in
Table 16,
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TABI,E L6

Yield of polymer at dífferent values of current.

Yíeld of

4.10
2 hrs hrs

polymer gms/5

7.30
6 hrs hrs

sample

10
hrs hrs

ml-
Current

Current densities
(*") (ma/emz)

1.0

9Ã

/1 0

th<

6a'ro vJ I

.02l-,2

,0301

ñL-?7

.o602

"0674

,oTog .ogTg

.oB9B .1101

.0936 .t25!

.L252 .1405

.1350 .1500

.1673 .tT46

4.oa 6.az T ,zB
2 hrs hrs hrs hrs

9.10 10.16
hrs hrs

oÃ t.4To

)t Áqn

.0450 .0875 .1320 ,1630 .Lggg

.o5r5 ,1013 .1534 .rg55 .2604

1.38 2 38 4,oB
hrs hrs hrs

7,OB B .¡A
hrs hrs hrs

45

7o

100

6.97

10 .80

15 .30

"o4Tz .0669 .116r .:.632

.0046 .oBB5 , t4o8 .L824

.0745 .LOgg .2og7 .23t2

.1890 .2526

.2564

.2765 .3390

fhe

corrected

mer formed

yield versus t,ime curves shown in

for induction period or very minoÈ

by thermal polymerization at room

Figure X were

traces of poly-

temperature. It
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FIGURE X. Yields of polymer

and current.

as a function of time
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is apparent that the yield of the polymer is a function of

current and increases Iínearly with time. Confirmation

that the syst.em obeys the first order kinetics wíth respect

to monomer concentration is shown ín the graph of tog ¡4o
M'versus t (Flgure Xf ) where a linear relationship between

these functions ís observed.

Rate. Molecular VÍeíqht and Gurrent

IIhe reaction rates at different current strengths

vüere estimated from the slopes of the yÍeld versus tíme

curves and are presented in Table 1/ together wíth the

molecular weight determined from viscosity measurements.

It is seen in Figure XII that the moilecular weight

varíed inversely with Lhe current. The molecular weight

trend of this polyms¡ v/rr towards lower values than that of

the polymer ínítiated by zinc acetate in the dÍmethyt

sulfoxide medium under the same current.

The rate of reactÍon was not directty proportional to

the current as indicated by Figure XIII. However a plot of

the reaction rate againsL square root of current in Figure

XIV shows a linear relationship.
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FTGURE XÏ. A plot of

represent

and at a

109 þ. versus t. Mo and M

M

monomer concentration initially

time t "
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Influence of current
weiqht of

TABLE L7

on rate of formation
methyl methacrylate

and molecular
polymer.

Current
I (*u)

gP x ro2
dr
(g^/5 nt/nr)

M.üT .

x 1O*5

1

ir.w;
6x 10"\l r-

Intrinsic
víscosíty
( decílit re/gm)

1.O 1.OO 1 .30 .6ro 3.OB

DÃ 1.58 1.50 ?or^) L.5T O.JÕ

/ro 2.r2 't z)t ?7A I .50 6.68

oÃ < ttv DãA L.22 B .20

<t I ÃIR ,^7 a,z lt 1.01 9,90
l'-
a) 6, ztv¡l¿ 2.BB cc6 ,TT5 L2.70

To a1 <fì 3 .50 .1BB .548 zz.Po

r-oo 10 .00 aoÂ .oB6 .2O4 49 .0o

Current Efficiencv

The number of grams of polymer obtained or moles of

monomer consumed per faraday is called current efficiency"

The relative efficiencies of the reactions vTere determined by

calculation of the yield per faraday and plottíng these

agaínst the current. The results are summarízed in Table 18

and Figure XV (calculated from data in Tabfe 16).
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FÏGURE XÏV. ofRate of polymerizatÍon as a function
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TABLE 18

Relative efficiencies of the reactíon at different
current strengths.

Current Tíme No.of faradays
(*") (min) passed x lO-J

Total yield
of polymer

(g*" )

Yíeld of polymer
(g*=) p"r farãday

x 1O-2

1.0

2Ã

/ro

o6

<t I

llÃ

.7ñ
tv

100

6oo

6oo

6oo

Ãtrn

6t6

518

4zB

q,r R

1.84

?CR

11.60

14 .60

18.BO

32,.50

2.LL

',) l.ì h

? )(\,

?70

4. rl-

nl¡ ^

14 .4

/n

I.O

TRACERj]TUpIES

Reaction Mechanísm

The type of reaction mechanism in the dioxane and

concentrated'nitric acid system was determined by analysis

copolymer composítion in the anode and cathode. It was

of



FrcuRE xv. Efficíency (yield per faraday) versus current.



*g X 4 LJ <
t

E
.

É 6 I g U
J E
. J C
)

û- t¡
- o (n o J t!

40

40

C
U

R
R

E
N

T
 (

uA
)

--
i

u) p,



7)l
lT

found that the anodic polymer contained 49.! more % of

styrene and the cathodic polymer 43.8 mo].e y'o. The resurts

are tabulated ín Table 19 and they show the presence of only

a free radícal mechanísm in the anode, seen by comparing

the experimehtal more % of styrene in the pôlymer (4g"5%) to

Èhat calculated from p. 53 for a theoreticar free radícar

mechanísm 49.8 mole y'" of styrene" The mole % of styrene

obtaíned from porymer in the cathode compartment suggests

the occurrence of both the free radical and ionic mechanísm.

TABLE L9

copolymerization of equal vorume míxture of methyl methacry-
late and c14 labelled styrene.

Activity of 0,1
gm of styrene
(counts/min )

Activity of O.l
gm of copolymer
( counts/min )

Mole % of
styrene in
copolymer

Anode

Cathode

4.g4 * 103 2.5 x lO3

2.2 x 1034.g4 x 103

¿ro Ã

ÀaR

COPOLYMERTZATTON

When an equimolar míxture of styrene and methyl
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methacrylate is initiated by free radicals, the resulting

polymer will contain approximately equal proportions of both

monomers (fA¡. A cationically polymerized styrene-methyl

methacrylate mixture will contain predominantly styrene (Sf),

whereas aníonically initiated styrene and methyl methacrylate

will compose chíefty of methyl methacrylate (fg) ( 5T).

However, it must be realized that the relatíve mole fractions

of the monomer in the copolymer are true only if the

polymerization proceeds at low coirversíon,

Ttre determination of propagation mechanísm wíth

different initíators was accomplished by copolymerization

experiments in dimethyl formamide solutions saturated with

the salt under investigation. The reactions vsere conducted

in a divided ceIl with an anode and cathode compartment.

Only the cathodic polymer was examined for the stlzrene

composítion. The results are summarized in Table 20.

It was found that cations such as K*, Li+ etc., which

have a higher decomposition potential than the monomer were

able to initiate polymerization cathodically. The type of

the mechanism appeared to be predominantly free radícal and

tended to íncrease in anionic character at higher valency.
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usually in tracer studíes, the porymer was reprecipitated

four or five times to avoid absorption of actívíty from the

reaction mixture. Since the initiation of the polymerízatlon

in this particular case was both free radical and anionic,

the resultant polymer was a mixture of a high molecular

weíght polymer due to the free radlcar process, and a very

low molecular weight porymer due to the anionic process. rn

other words, reprecípitation constituted fractíonatíon of

polymer and the cor:nts/min of the polymer increased after

each reprecipitation. The change of counts/min ín the

cathodic copolymer initiated by potassium thÍocyanide

furníshed the best. example and the result Ís shown in Tabre

2J.. Hence the polymer used for counting was only precip-

itated twl-ce and the result may be affected to a certain

degree

TABLE 2L

rnfluence of reprecípítation on the counts/min of the polymer.

No. of precipJ-tations
Counts/min of 0.1 gm
cathodíc polymer

1st
2nd

3rd
4trr

285o

326a
?o7ôJJIV

4700
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lfhe percentage of polymer formed by the free radical

mechanism and that formed by the ionic mechanism of the con-

current process was calculated for a typÍcal system. A

monomer feed of O.93zL of styrene and methyl methacrylate

\úas used. The calculation was based on tTre assumptÍon that

for a free radical polymerízation, the copolymer contained

exactly 49.8 mole y'o o, 5O.B /o wei.gint of styrene (p.53 ) and

for an anionic reactíon, only I mol-e % ot l,O4 weíghÈ y'" of

styrene.

e.g. activity of 0.1 9m c14 labelled styrene

activity of 0.1 gm of cathodic
by KCNS

= 6450 counts/mín.

copolymer inítiated

= zB5O counts/min.

1OO : 44.2%

x 1oo = 43.5%
lr l¡¡ -Fô44-r' . hhñ.-.--.!---l---la+2.!-E_

rnl¡ r Jrr_u4 .14 l_o0.1

Letx be the fraction of I gm of cathodic polymer init,iated

by a free radical mechanism

.t/' vüergnE 7o or.

- mole

'l ¡5OB x

% of styrene =
rffiiT

styrene = 2p5o x
645o

.442

a lt v \ n nrnlr JrJrrr'r- \-L -.\ J V.VI\./'+ = .++¿

.. .* = .866
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86.6% of the cathodic polymer was produced by

the free radíca1 mechanism and the remainder

was produced by anionic mechanism.

cathodic reduction of organíc compounds such as

ketones, aldehydes, nitro-compounds, imíne and Ímidic esters,

carboxylic acid, amides and ímides was thoroughly discussed

by Al1en (ss). The intermediate specÍes present duríng the

electrolytic reduction of ketones and aldehydes were shown to

be free radicals (r+¡ which were able to initiate poly-

merization. since most of the reducíble organic compounds

were non-electrolytes and could only províde a medíum of

very low conductance, cupric chLoríde, which was claimed to

facilitate reduction, vTas added as electrolyte'. A survey was

carried out in whích many carbonyr compounds, unsaturated

acíds and alíphatic hydrocarbons rnrere used as the reducÍble

or9aÏìiccompounds.Theyie1dofthepo1ymerwasVery1o*"

and no further work was attempted in this direction. The

solvent used was dímethyl formarnide and the monomers employed

were st,yrene and methyl methacrylate. The current applied,
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v/as generally L5 ma depending on experimental conditions

and the resístance of the solution. The results are

tabulated in Table 2?.

TABLE 22

The effect of different reducible organic compounds on the
yields of the cathodic polymer in the dimethyl formamide at

15 hrs and a monomer concentration of S0% AV voL¡me.

Reducible
organic
compounds Solvent

Current
(*r) '

Yield
(g*= ) Monomer

Acetophenone
t5%

Dimethyl
formamide L5 .2TO

Methyl
Methacrylate

Benzophenone
16.T% ?tn

But,y1 alde-
hyde 25% lrrr

¡a))

Tertiary butyl
chloride

Acetoxime
ro% 0 .020

Cinnam:ic acid
ro% 0.033

Triphenyl
methane L6.7% no polymer

Tertiary butyl
1 

^ -.</þrOmJ.qe ¿)7o ll L2 Styrene

L5Stilbene
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SALT AND SOLVENT SYSTEM

Kolbe electrolysis as a source of free radícar has

been reported Ln the early literature (66) and the mechanism

of the reaction is belíeved to be as fo1lows.

RCOO- -e t RCOO. 

-+ 

R. + CO2

The radical then dimerizes t,o form the hydrocarbon

ft. + R. -----i R - R (64)(65)

Applícation of the active lntermediate species as

inítiators of polymerization of vinyl compounds have received

limited attention (42) (43 ) (44) (45) (48) . rhe Ínvesrígarors

\^7ere content to .show that radicals could actívate the double

bond and no greater effort was spent ín pursuit of the re-

action mechanísm or other prominent factors that might, to a

certain extent, control the propagaÈion step.

rn our present studies, wê have examined the electro-

ínit,íated polymerízation of'methyl methacrylate ín a homo-

genous organic medium of high dielectric constant and conveyed

the results of our investigatLcns on the effects of current,
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ínitiating salt, solvent, electrode material, pre-

erectrolysis, stirring and electrode spacing on the yíetd

and molecular weíght of the resultant polymer.

' ït ís seen in Figure VII that the molecular weíght

of t'he porymer varl-es inversely with the current and l-ts

recíprocal shows a Iínear dependence. As a rule, the

molecular weight of the pollzmer depends upon the rate of

termination which is ln turn controlled by the concentration

of the radicals ín tl:e reaction medíum. Since the con-

centratíon of radicals is dependent on the current, it ís

reasonalole to believe that the comparatively small number

of radícals generated at low current wfll- interact with the

monomer molecules and have a longer life*tíme. HeRce a

polyner of higher molecular weight is expected at low

current.

On the whole, the high mole.cular weíghts of the

polymer obtained under our polymerizatíon conditions are j¡r

sharp contrast to dl-scouragingly low values reported in the

literature. The dependence of the molecular weight on

current changes índicates the possibility of programming

molecular weight distribution by judicious control of the
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current-time re lationship .

The influence of current on the yields of polymer is

shown by Figure IV and the proportionality between poly-

merization rate and first power of current is illustrated

by F1-gure VI. The lst order dependence on monomêr corr-

centration is observed in Fig. V. It is understood that

the rate of polymerization is governed by the concentration

of both inítiators and monomer. Hence the yíeld of polymer

is expected to be higher at either hJ-gher currents or monomer

concentration.

The establíshment of the types of reaction mechanism

occurring in the anode and cathode compartment and t,he

determl-nation of the ínitiating specíes ís based upon tracer

studies. In copolymerízation experiments, wÍth an equal

volume mixture of methyl methacrylate and c14 labelled

styrene, the anodic copolymer contained !0.4 moLe /" of

styrene while that of the cathode contaLned 54.5 mo1e %.

fhís strcngly suggests the free radical processes at boÈh

electrodes.

It has been generally accepted that the fnitiatjng

specÍes duríng el-ectrolyhic oxidation of acetate íons ís the



methyl radical cH3. (43)(44)(45). However, in our experimenr

wíth C14 labelled acetate ín C1 and C2 positíons, the

relative percentages of CH3- and.CH3COO. that contributed to
the inítiation were 9z,B% and f .2fi. some of the acetoxy

radical generated at the electrode surface must inÍtiate the

monomer molecules before they have the qhance to decompose

into methyl radical-s

since the reactl-on mechanism is predominantly free

radical and the rate of porymerizatLon is línearly dependent

on current as well as monomer concentration, a simple kínetic

scheme shown in Table 23 is proposed.

TABLE 23

Kinetic Scheme

q+R-

R1 .

R.2 + M

M.+M

- k" ,*r'
kd , R2.

_&í , la.

kp rM.

where q is electronic

ion, radLcals, monomer

M' + R' oa ,n

charge, R-,

and polymer

Rl.o R2., M, P are salt

respectively.
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s].nce

dM'
dt

and at steady

intermediates

The rate of the reaction

-ai' - F f I---1 /- \-oM = kp LM.J IMJ ..... ¡................ ¡.... (1)
dt

åËa = kd [*r.] - k1 [*r.][*1..].]...]..,ô... (3)

- ki ["rl þ] - :.. l*.J f"tl (4)

state, the rate of the concentration of radical

ís zero (ttrat is, gÞ: = C, g: C, 9I.= O )dt dt, dt

by addíns (e ),(S ),(4 ) .

[[r =

.dM
"dt

k"i h-l
:*t Fr I
tpL*l fÎi=tR;tlcei Ln-l

ar 
LRr J

t'he term :*rÞ.1 L*tl is omitted in step (z) sÍnce it,

is much smaller Ín comparÍson to rate of formation of R1'.

rn step (4), the term kp[*.J[l,r] i" cancelled out eventually

and is not íncluded in the expression. The postulation of

the termínation of unlike radicals is reasonable because of

the preponderance of the inítlating radicals near the
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electrodes even at low current. The concentration of

radical Rl. ís considered to be large, constant and con-

trolled by rate of diffusion.

It was stated previously the majority of the methyl

radícals produced dimeríze t.o form ethane (66, 65); Studies

of the Kolbe reaction have revealed that at higher currents,

approxímately 9O/" of all the'radicals dimerize (67) but the

rate of dimerizatíon decreases at lower values (68, 69).

It can be predicted that the effíclency. of radicals as

initiators of polymerízation will be the.inverse of their

rate of dimerízation. That is, there will be a hÍgher

efficíency of initiation at lower currents. Figure VfïI

illustrates the variatíon of inítiation effíciencv with

current. It is in full agreement with the above postulate.

Figure XI indtcates the current effíciency of the

system at different values of current. With a current. of f

Fâ, six moles of monomer were consumed per faraday of current

passed, Ttris value ís comparatJ-vely lower than that reported

by Breitenbach (10 moles of monomer/faraday). Ir¡ both cases,

acetate ions were employed as inltiator.

The products obtained as a resul-t of anodic and
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cathodj.c electrolysis are ínfluenced to a marked degree by

the nature of the medÍum. Sometímes even the rate and order

of the reactíon may be affected (ZO¡ 171) ( 72) . , 
since the

ability of the solvent to separate positive and negatÍve

charges is governed by the díelectric constant, it is

reasonable to assume that an inorganic salt, such as zinc

acetate may be completely ionized in medium of htgh di-

electríc constant lout exists as an ion pair szn+*(eac)- in

low dielectric solvents. In other words, the conductivity

of the medium and electrode potential are controlled by the

solvent employed. Duríng anodj-c oxidation, free ions can be

discharged much easier and more radicals will be formed. It

is expected that higher yields of polymer witl be obtained in

high dielectric medium. The prediction is supported by

experimental evídence shown in Table 2.

The influence of the salts on the lrields of the polymer

ís stíll uncertain. It may depend upon the reactivity of the

radicals or ion radicals generated during electrode processes,

diffusion of active íntermediate species, electrode potential,

solvent employed and nature of the monomers. With some of

the salts used, a cationic reaction at the anode (48),
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anioníc in the cathode (SZ1ç5t1 or a superimposed free

radical _ and ionic processes in one electrode may take place

(48). Table 3 shows the variation of yields of polymer with

díffeirent sa1ts. Sínce the experiments were conduct,ed ín

non-dlvíded cells,the amount of Èhe polymer formed ís sub-

jected to an additional factor * the competitive reaction

that takes place in both electrodes.

rt has been reported (¡Z)(39)(40) that during the

electro-induced polymerization of methyl methacrylate in

aqueous medium, the efficiency increased with J-ncreasing

hydrogen over-potentíal on the electrode. In the system we

employed, this relat,ionshlp does not hold. It is probably

due to the dífference of the initíating species. In forrer

cases, active hydrogen was used but fn our work, methyl

radicals were employed. However there are changes in the

yields of the polymer with different electrode materials as

shown in Table 4.

Sínce pre-electrolysis shortens al" induction period

of the system by removal of impurfties and stirring gives

a more even distribution of radicals. the yield of the

polymer increases with respect to the above effects as



indicated by Table 6.

However, Tsvetkev fte¡ observed that agitation

l-owered the yíeld of the polymer during polymerization of
methyl methacrytate by cathodic hydrogen. This is probably

due to the decrease of hydrogen voltage by stirring whích

in turn affects the efficJ-ency of the system.

The ínfluence of electrode spacing as shown in Table

6 is an indícatíon of the control of reaction rate by the

erectrode potential. rt was found that the shorter the

distance between the electrodes, the higher l_s the yíeld.
During erectrolytic oxidatiorr or'reductíon, a certaín

electrode potentiar is required and in o at any instant the

potentíal is changed, th9 nature and yietd of the products

will be affected.

rnítiation of porymerization by the cathodic discharge

of hydrogen in aqueous medium, wíth acids as inLtiator. has

loeen reported ln the riterarure (sz)(38)(39)(40)- fhe sysrem

employed is generarly of a heterogenous nature and the

porymer obtained fs insolrrble. However, ín our present
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J-nvestígation of polymerizatíon of methyl methacrylate, the

above defects are removed by the use of dioxane as a solvent,

whích ís mlscible in all respects with organíc liquids and

water, and thus provides a homogenous system for kinetic

studies. The concentration of water whích may to some

extent disturb the homogenity of the reaction medium is re-

duced to a minímum by using concentrated nitrl-c acíd as the

inÍtLator, It malz be argued that by usíng concentrated

nítric acJ-d, ploymer is formed wlthout passíng a current but

special care was taken to dllute the acld with díoxane, to

2Jy'o of Lts orf-ginal strength, before addition of the monomer.

The molecular weight of the polymer obtaíned ls

actually an average value from both the electrodes since the

experiment was conducted in non-divided ceIl and the poly-

merizatÍon is believed to be inítiated by cathodíc hydrogen

as well as an active intermediate species of nítrate ions

during electrolytíc reduction and oxidation. ft has been

shown that ínl-tiation by cathodic hydrogen produced 30% of

the total yíeld. fn general, the moilecular weíght t.rend

from 2OTOOO to 3OO'OO0 is much lower and the current

efficíency is almost twíce that of the dímethyl sulfoxÍde



and zínc acetate system, The ínverse current, and molecular

weight relatíonship is stíll maintained. The higher the

current, the lower is the molecular weíght as shown j.rt

Figure XII"

Ttre types of reactLon mechanism \^ras determíned by

analysis of the copolymer in both electrodes. Table L9 shows

that anodic polymer contained 49.! mole % of styrene while

that of the cathode contained 43.8 moLe fr. It fs reasonable

to belíeve that the polymerization at the anode proceeds

through a free radical mechanism while a superimposed pro-

cess of both anionÍc and free radical initiation takes place

in the cathode. It has been slpwn that an electron supplied

at the cathode can either be used Lo discharge a cation to

form a free radicat (40)(37) @r it can be added to a monomer

to form an l-on.radical (48)(54) whích is able to propagate

in either dírection depending upon the experimental

conditions.

KÍnetíca11y, the yield of the polymer ís a function of

current and increases línearly with time. The rate of the

reaction is the slope of the time versus yield curve. A ptot,

of reaction raÈes versus square root of current shows a
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linear relationshíp. ThÍs ís in contrast to the fLrst power

dependence on current in the systçm of dimethyl sulfoxíde

and zínc acetate. Howevero the lst order dependence on

monomer concentration is maíntained. The total- yj-elds of
polymer are those produced from both of the electrodes which

in turn are governed by theÍr respecÈive reaction mechanlsms.

The two processes that occur at the anode and cathode may

interf,ere or compete with each other. As a result, the

yield and molecular weight of the polymer may be affected.

COPOLYMERIZATION

rt has been shown that the electron supplied by the

cathode in the electrolytÍc reductíon may add directly to

the monomer to form an ion-radical, (48)(54), or discharge

tl:e cation to form a radical (SZ) or electro-plate the metal.

(ZS). The relative concentrations of.these active inter-

mediate specÍes and their potentialities of initiation depend

on the nature of monomer, on the cation, and on the solvent

employed. rf the cation has a higher decomposition potential

than the monomer, the íon-radícal wi1l be domínant.

rn our copolymerizatÍon studies, wê have investigated
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the reactívitÍes of different catíons to initiate the poly-

merizatíon and the tlzpes of reaction mechanisms which result.

Table 20 shows that certaín cations such as K*, Li+ etc.,

were able to induce the polymerizatfon and the reaction is

predomínantly free radical. Since the initiating species is

the íon-radicaI, the*yrene monomer j-s more susceptible to

free radíca1 polymerization due to its resonance structure

and Ít is reasonable to believe that polymerizatlon will pro-

ceed through the radical end.

REDUCÏBLE ORGANÏC COMPOUNDS

The product obtained from cathodíc reduction of

organf-c compounds is governed by the electrode potentíal.

At relatively high cathodic potential, the intermedíate

species duríng reduction of ketone ís a highly reactlve

radical (f4). The application of reducible organic materíal

to the polymerization of a vinyl monomer vTas first studied

by Loveland (f n) . However ín our present work, rnre investi-

gated the effect of different reducible compounds on the

yield of polymer in the system of dimethyl formamíde. Tab1e

2I j-ndj-cates that carbonyl compounds such as ketones and
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aldehydes gave reascnable yields of polymer while others

such as acetoxime, cinnamic acid, triphenyl methane, stilbene,

tertiary butyl chloride only formed minor trace of polymer.

It is believed the energy requíred for the formatíon of free

radical except for the case of ketone and aldehyde is much

higher than experimental conditlons employed (66). The

experiments conducted in this fíe1d wer?e exploratory and our

main interest was to see whether polymer can be formed by

active inte,rmedíate species Éluring cathodLc reduction.



CONCLUSION

Methyl methacrylate was polymerízed in a homogenous

organic medfum.composed of a solvent of high díelectric

constant., âfl ionizable sal-t and the monomer. The yield and

molecular weight of the polymer are found to increase with

solvents of high dielect,ric constant, inert electrode

materíarso shorter electrode spacing, pre-electrolysis and

wlth stirríng. The influence of varying the inorganic salt,s

or the monomer were also investígated but the results only

show that the polymer is some function of the nature of

these starting materials. The use of arternating current

instead of dírect current increased the molecular weight and

decreased the yield of the polymer. From the kinetic

studíes, the yield of the polymer is seen to be linearly

dependent on the time and the rate of reaction is dírectly

porportional to the current. The first order dependence on

monomer concentratlon is confirmed by the plot of fog &
M

versus t. fhe type of reaction-mechanísm presentvas

proved to be free radical wíth the inltiating specÍes pre-

dominantly the methyl radical. The current efficiency though



low is found to be ln Iíne with that reported by Breltenbach

(48). However, the major improvement in the system employed

is the high molecular weíght of the polymer obtaíned and the

control of molecular weight distribution by current

adjustment,

.The system of dioxane and concentrated nÍtric acíd

has also been studied. The rate, molecular weÍght, and

current relationshíp of this second homogenous system follows-

a sÍmiIar trend to that in the former. However the'current

efficiency is doubl-ed. rt increased with decrease of current.

At a constanL current of I ma, 5]?.6 moles of monomer \^rere

consumed per faraday. The molecular weight is found to be

lower and the rate of the reaction is proportional to the

square root of the current. Agaln, the reaction mechanism

ís found to be free ratlical at the anode but wíth a super-

imposed process of free radícal and .anionic at the cathode.

The advantage of both systems Ls their homogenity which

enabled these studies of kLnet,ics to be undertaken,

ïn the copolymerizatíon experiments, the reactívity

of the cation is found to dominate the nature and extent of

the polymerizatíon.
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The use of reducible organic compounds to induce

polymerization of vinyl compounds \^zas found to produce very

Iow yields of polymer.

It can be seen that methyl methacry late -dirrethyl

sulfoxide - zi-nc acetate and methyl methacrylate - dioxane -
nitríc acid, both form systems in which electro-initiated

polymer may be formed. They provide a basís for the pro-

duction of controll-ed molecular weÍght polymers and a medium

in which kinetics of polymerization reactions are easÍly

studied "
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