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ABSTRACT

Polymer was prod.uced- when an el-ectric current was passed. through a
solution of methyl methacrylate, d.Ímethylformamid.e and. tertiary butyl
amnonLum chlorid.e. The ad.ditlon of smal-l amounts of tertiary butyl chlorid-e
to the above system caused. the reaction rate to Ínerease up to slx fol-d..
These phenomena were termed. electrosensitlzatlon. fhe reaction took place
at the cathode and was completely free rad.lcal fn nature. Efficlencies of
the system are among the highest ever record.ed. for free radical- systems -

Osmometry, an absolute munber average method., was used. to calíbrate
the molecular weights of the polynoer fonned..
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LIST OF ABBREVTATIONS

nhose sym.bols and. abbreviations that w111 be used. in the thesis r,¡tthout

further clarification are:

A.C.: alternatjlg curent

(Cg-).CCI: tertlary butyl chJ-oride. J'J
(CH3)rCNHrCl: tertiary butyl ammonium eh-t-oride

D,C.: d.lrect current

g/"mt! grarns per cubic centimeter

kfr: rate constant for a chaln transfer reaction

kpc: rr rt " the reaction of Rt" with M

kpl: , r r, , ,r Rl . ,, 
M

kp2: 't r? rt rr rt rr R2. tt 
M

kpr: ?l tr rt 1r 11 tr Rr. tt 
M

kpm: rr lr lt rl rr rr M tt M.

ktrs: r.I 'r 'r combinatlon of Rr. with Rs.

ktrrs: " rr rI " d.lsproportionatlon or Rr. and- Rs'

M: a monomer molecu-l-e

M':amonomerrad.ical

: nu¡nber average molecuJ.ar wet$ht

r weight ayerage molecul-ar welght

M1: the molecular weight of a polymer moJ-ecuJ-e contalning i monomer writs

Ni: the number of pol¡rmer molecu-l-es containing f monomer units

Pr: a polymer molecrrle containing r monomer units
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Þc.

Re'

Rl.

R2.

Rr.

Rs.

Rn'

a

a

polymer molecu-l_e containing s monomer ulits
rad.ical formed from a catalyst mol_ecu-l-e

rad.ical contalning Rc, plus a monomer unit

rad.ical containing Rc. plus tr,ro monomer writs

rad.ical containing Rc. pJ-us r monomeï unlts

rad.ical containing Rc. plus s monomer units

rad.ical- contalnj-ng Rc " plus n monomer unfts.

a
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PURPOSE OF THE RESEARCH

A large number of polpnerizations occur by a free radical mechanism"

Various methods have been used to produce the initial free radicals, ancl

these will be reviewed later in this work. A method rr,hich is receiving

increasing a.ttention is the electrolytic production of free radicals.

. The electrolysis of cornplex materials usually procluces free radicals.
The concentration of the radicals at the electrode surface rvi11 be high.

Thus they rvill have a strong tenclency to dimerize. If the Lifeti¡ne of
these radicals is sufficiently long, they will be able to dj-ffuse into
the bulk of the monomer containing .solution ancr initiate pol¡'nrerizationo

The electrolytic procluction oÍ-- free radicals has many aclvanta.ges

over tìre olcler nrethods of producing them. l"lethocis employing the thernal

decornposition of either the inononer or a catal¡,5t actdeci to tire monomer

solution nay be used only over a. restrictecl temperature ïange, otherwíse

the rate ol'polynerizatj,on rsill be either inconveniently s1or,¡ or fa.st.

The control of these experinents is ,also difficult once they are under-

way, beca.use thermal transfer is slor,ro In general the reaction can be

stoppecl only by the addition of an inhibitor. on the other hand, electrical
processes are controlled r{'ith ease" The production of free raclicals may

be increased or clecreased by varying the current. Stol:ping the reaction

is a simple rna-tter of turning off the current, The electrica.l process

can be programmed, va.ried and measurecl rvitir easeu

þiost studies of electroinitiated polymerization have dealt with
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radicals procluced as the clírect result of the electrol¡zsis. The pr-rrpose

of this investigation was to see if an indirect production of raclicars

could increase the efficiency of a given electroinitiated polymerization"

If a solution contai.ning a monomer, solvent, salt, and reducible

organic comÐound is electrolyseci, the organic conpound r+i1l be recluced

under the influence of the apnliecl potential" Free radicals rr,ill be

âmong the products of the reaction. The reclucible organic conpound could

be thought of as an electrosensetizer by anarogy to the role of photo-

sensitizer:s in photolysis.

Hlectroinitization experinents in rvhich a reducible organic compound

ís used could be compared to pirotoinitiation experinents in which

diacetal (1), azo initiators (2), and benzoin (3) were used as photo-

sensitizers, These compounds, instead of nonomer molecules, absorbed

the incident illu¡nination a.nci broke doln to forrn radicals which then

i.nitiated the polymerization"

ïn 1951 iKoltiroff (4), used an indirect, elecrrolytic nethod to
initiate the polymerization of acrylonitrile" FIe recluced fenic ions

to ferrous at the cathode' These ions then reacted lvith persulfate or
peroxide molecules in the solution to procluce free radicals:

P"+++ + e Fe+*

-¿¡t'e" +I{OOH 

--à

P"+++ +0H- + HO.

The polyrner formed coated the electrode, since an â.queous systen rr,as used,

causing difficulties" A few experinents lvere tried with homogeneous

Éystems , using aqueous nethanol, but no polymer was thus obtained"

rn 1956, Lovela.nd, in a canadian patent (6) clains to have polymerized
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ethylene and other low molecular weight olefins at atmospheric pressure

by passing an electric current through a divided cell which contained a
solvent and an electrolyte in both conpartnents, and ín addition a

reducible organic compound and an olefin in the cathode compartment, The

nolecular rveights of the polymers thus formed ranged from ten to one

hundred thousand and could be controlled by the current density on the

cat'hode" It appears that no further work has been done aLong these lines.
The present investigation represents an attempt to employ electro-

sensitization in the polymerization of vinyl mononers in hornogeneous

organic solutions' It is thus an arnplification of the fragmentary studies

outlined above in that it is intended to extend Kolthoff¡s studies to
honogeneous systems employing reducible organic cornpounds" It also can

be considered to represent an extension of Lovelandrs work to the vinyl
family of monomers in organic systems at atnospheric pressurec
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INTRODUCTION

Historically, the development of the theory of polprerization

reactions took nany yearso In lg2T, Staudinger pïoposed a free radical
chain nechanisn for the polymerization of styrene (6). He considered

that the activation of a monomer molecule resulted in the opening of
the double bond, and that this molecule then reacted with monomer molecules

to give intermediatesn The initiation step was slow, but the subsequent

growth reactions were relatively rapid, He simply þjrote the internediates

with free valences at both ends of the molecule. Monomer ¡nolecules added

on until such a large molecule was formed that the reverse reactíon took

place. FIe later modified this viel,

Another theory at that tine was that polymerization occurred by

a stepwise reaction, in which the intermediate species have approxirnately

the sane reactivity as the initial monomerô This is true for condensation

polyruerizations, but not for vinyl polymerizations.

The first clear exanple of a free radical mechanisrn for a

polymerization reaction appears to be that given by Taylor and Jones in
1930 for the polymerization of ethylene induced by the decomposition of
mercury diethyl (7),

In 1934 whitmore proposed the first ionic mechanism, and by the

1940ts, workers could clearly distinguish between free radical and ionic
mechanisms o

Also by this time the stepwíse reaction mechanism was discrarded

in favor of the free radical chain mechanism" The most convincing evidence
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1n favor of the free rad.ical- over the stepwise reaction r¿as that:

(1) polynerization was j-nitiated. by substances knor,¡r to give free radlcals

on d.ecomposÍtion or by photoexcítation anA (a) aetaited. analysls of the

kinetics of polymerizations shows them to be fn accord. with theoretlcal

expectations based on a rad.ical mechanism.

S]MPT,E K]NETTCS OF FAEE BÁDICAT POIS{ERIZATIONS

Ihe kinetics of a free rad.ica] polymerization must take l-nto aceount

three types of component reactions: (f$ tne inittation, that is the slow

formatÍon of rad.icars, (a) the propogatlon, the rad.icalsr rapld. growbh,

and (3) trre ternlnatlon, causing the cessation of growbh. Generalty a

fourth ty¡re of reaetdon nay take place in polyrnerÍzatÍons: that is chai¡r

transfer. In this reaction the activlty of a polymer rad.ical- is transferred.

to some other mo1ecu1e, either nonomer, solvent, or some other foreign

molecule present ln the reactíon mixture. In some systems this reaction is
negltglble, whereas 1n others, transfer reaeüions are very significarht.

Fhree slnplifying assrunptlons are usua]-ly mad.e jrl the calculation of

the kinetics of free rad.ical pol¡nnerizations, Tl:e flrst is that radical

reactivity 1s lnd.epend.ent of rad.ical size. f1:erefore, in a kinetic analysis,

a slngle veloeity consta¡.t will characterize al-l the propogation steps

occurring in the po1¡nnerization. Tlris makes calculatlons much easier.

Although the val-id.ity of such calculatlons has been questioned., on the basis

of experimental results r¿hich comply r"rlth the equations so d.eriyed it r,¡as

fel-t that the assumption r¿as justified..



The second assumption is that the average chain 1ength is great,

A ¡nore coFect statenent of this assumption is that the total rate of
react,ion of rnonomer can be set equal to the rate of reaction of rnonomer

in the propagation steps alone. Ivlonomer consuned in the initiation and

transfer reactions is neglected. In most free radical reactions the

kinetic chain length, that is the number of monorner molecules consurned

per chain startedr and the molecular chain lengtho that is the number of
mononer molecules consumed per inactive polyrner molecule formedl are great,
so this assumption leads to valid equations for nost systems.

The last approximation is the use of the stationary state method,

This involves the assunption that the concentration of radicals remains

constant during the polymerization" In other words the rate of change

of radical concentration is much less than the rate of polymerization,

rf t'he rate of change of radical concentlation equals zero in a good approx-

ination, then the radical concentration anci therefore the reaction rate

are functions of time only in so far as reactant concentrations and

initiation rates are functions of timeo This relationship has been observed

experimentaLly and thus the stationary state method was adopted, Later,
evaluation of velocity constants and direct studies contrasting stationary
and non-stationary phases of various reactions have also shorrrn that this
rnethod is applicable to most syste¡ns,

To illustrate how the above assumptions aïe used to derive the

kinetics of a polynrerization a simple kinetic scheme must first be

postulated:
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catalyst 
--------) 

Z Rå rate = I

Rcn + N{ KPc Rl " Initíation

Rf" + Iif kPl t R2"

Rzn + ll kBZ t Rg. propagation

Ro' + lr{ kpt - } Rï+1.

fto + þl kfr > pr + ¡1. Transfer

then þio + ir{ kP* ¡ R2 "

Rr" + Rs" ktrs n pr + s Termination: by
combination

Rr" + Rs" ._I.tJJS--l pr + p5

Accordirrg to the first assumption the veloöity coefficients for
a given type of reaction are independent of the radical size" Therefore

the propagation coefficients are all equal, as are the termination and

transfer coefficients,

Secondly, tire chain length is assuned to be great and therefore

the rate of consumption of nonomer is equal to the rate of propagation,

That is: -cltr{ = f kp [R,-',] [],flæn
Finally we assume that a stationary state is set up so that the

rate of change of radical concentration is zero" For example:

d IRr '] = kpc[n¿J [u]-(kp * kfl [n1] tMl-(kt + k't) [Rr"]ã[R;] = 0dt

by disproportion-
ation



If we derive all such expressions for rates of change of all radicals
and set each equal to zero then add all the equations tle get the simple

result:

I = (kt + kr') [ãtR,n]J 
2

i"eo the rate of iniation is equal to the rate of te:mination. Terminations

involving catalyst or single monomer radicals are neglected since if the

chain length is great the concentration of these radicals is negligible
compared to the concentration of polymer radicals"

The rate of the reaction, as given by the rate of disappearance

of monomer is:

-glur
dr

Substituting for

= Z kp [R.n] IMI
h

t [n"r,] fron above:
7t

- kplNll [r/(kt + w,)]/-d [M]r-
The reaction rate is first order with respect to monorneï concentration"

Absolute values for the individual velocity constants cannot be obtained

from stationary state measurements above. Various other experimental

techniques must be employed to det,ermine these valueso

IVIETHODS OF FREE RADICAL PRoDUcTIoN

Several methods are used to produce free radicals r.¡hich will
initiate polymerization. Most monomers will polymerize upon being heated,

Such polymerizations take place by free radical mechanisms but the exact

nature of the initiating species is not knotun" A study of the kinetics
of such reactions for many rtonomers is difficult because the reaction rate
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is relatively low and appears to be dependent on the previous history of

the monorner"

Another method of initiating polymerization is by aclding, to a

monomer solution, a catalyst which lt¡i11 decompose to give free radicalso

The rate of the reaction will depend on the catalyst concentration as well

as the temperature, It can be deduced fron the kinetics of free radicat

polymerizations that the rate is proportional to the square root of the

catalyst concentrationo

Polymerizations can be initiated by exposing monomers to f,-rays,
p-rays or slolrr neutrons, Studies have shown the nechanism to be free

radi.cal (B) (9). Fairly detailed results are available fro¡¡¡ t- and F-ray

experiments. In these studies solvents must be carefully chosen to avoid

side reactions which inhibit the polymerization,

For nrany years workers have been studying photoinitiated

polymerizations. Such reactions were attractive because of the ease r,¡ith

which they could be start,ed or stopped. Most studies to find individual

rate coefficients have used photoinitiated polymerizations, The overall

rate of the reaction is proportional to the square root of the intensity

of the illunination.

There are two ty?es of photopolymerizations: sensitized a¡d

unsensitized. In the former case the reaction mixture contains a catalyst

which, on being exposed to the incident illumination, decomposes to form

radicals' Unsensitized reactions depend on nonomer decomposition alone"
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ELECTROINITIATION

For many years the Kolbe electrolysis has been known as a useful

method of producing symmetrical alkanes from aliphatic carboxylic acids.

The reaction scheme is the following:

RCOZ- RC02. + e-

RC0^u fto + CO2
2

2R" _______+ R_R

The above electrolysis could serve as a souïce of free raclicals

in solution,

In 1952 Goldschmidt and Stockel (10) electrolysed sodiurn acetate

in acetic acid solution containing styrene. The styrene hras converted

nainly into dinrer and trimer at the anode, but some low nolecular weight

polymer was formed, Acrylonitrile was dimerized similarly.

In 1959, Lindsey and Peterson (11), as well as Smith and Gilde (LZ),

reported anodic dimerization of butadiene and isoprene initiated by acetate

radicals o

In 1960, Snith and Gilde (13) obtained high molecular weight polymers

in a heterogeneous aqueous system from methyl methacrylate, vinyl acetate

and vinyl chloride by anodically generated acetate radicals.

In 1962, Breitenbach and Srna (14) polymerized methyl methacrylate

and acrylonitrile by discharge of acetate ions in acetic anhydride.

In all the above cases an insoluble coating of the polymer formed

on the anode, insulating it from further flow of cumento Therefore yields

were low" In rnany cases molecular weights r,¡ere low alsoo

Tn L962, Funt and yu (15) polymerized methyl rnethacryLate in a
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hoinogeneous organic medium by the clischarge of acetate ions at the anocle.

Polymer of high molecuLar rr'eíght was forned and since it remained dissolved

in the solution it did ¡rot interfere rt¡ith the electrode process,

The simplest free radical capable of initiating polymerization is
atonic hydrogen' In 1949 I'Jilson (16) h¡as first to get electrolytically
initiated polymerization. Atomic hydrogen was the initiating species" He

found that the hydrogen liberated at a mercury cathode did not reduce nethyl
nethacrylate and acryric acid, but caused these compounds to porl,me rízeu

rn 1950 Palit (r7) tried to porymerize methyl methacrylate in
propane -L n 2- dial solution with acetate free radicals generated in the

Kolbe electrolysis. Ile for¡nd

methacrylate) was obtained at

by hydrogen or sodium atoms,

polymer at the anode, but poly (rnethyl

cathode, Fie attributed rhis to initiation

no

the

various metals have been used as cathodes. Dineen, schwan and

wilson (18); Kern and Quast (rg); ancl parrovano (20) have arl reported
a dependence of the efficiency of initiation on overvortage of the cathode

¡naterial" Lead, tin, mercury, platinum, bis¡nuth, iron and aluminurn causecl

initiation in orde:: of effectiveness, whereas no polymerization resulted

when cathodes rvere of copper, cacrnium, nickel, tungsten, tantalum,
morybdenum, chromium, sirver, or zinc. It is thougrrt the hydrogen atoms

fornted fron a high overvoltage material have a greater reactivity and thus

a greater probability of efficiently adding to the double bond. The a.bove

results are in complete agreement with this idea.



rn 1960, Tsvetkov (21) using a lead cathodee found that the yierd
of poly (rneth¡'1 methacrylate) varied directly with the size of the electrorles,

the current den.sity and the ternperature"

NÍOLECUTAR I1IEIGI.ITS

Determination of the molecular r^reights of pol,lnner samples is
difficult for two reasonse First, due to the large size of polymer

nolecules, ordinary molecular weight determinations cannot be used. Also,

in a polyner sample there r^¡ilI be a distribution of molecular weights

since propagation and termination reactions are ranclom in nature"

Two methods used in this study to determine the molecular weights

of polymers are viscometry and osmonetïyo Here again a clifficr¡rty arises.
Two different average molecular weights may be obtainecl for a polyrner

sarnple, the number average and the weight averageê Definecl mathenatically,

these averages can be expresseci as follor^¡s;

Number average fi_ = EN; iviiMn Ëfq-
Itieight average = ENil,ti2rt, Effi

A molecurar rveight determined by nreasurement of any colligative property,
such as osmotic pressure, r{til1 be the number average nlolecular lveight.

Flory (22r 23) has shown tire viscosity average of a ireterogeneous polymer

lies between the number average and the weight averageo The exact

relationship depends on the conditions of propagation, Tirus the rnolecular

lr'eight of a potyrner sanple will ctepencl on the method used in determining it"

IL
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In this study the moleeular rr'eights were detennined by osnrometry

and viscosi_ty"

OSþIOTIC PRESSURE

Osmotic pressure may be define<i as follo$¡s. If a sorution and

solvent are separated by a nembrane permeable to solvent molecures only,
a pressure rnust be applied to the solution in order to make the rate of
flow of solvent molecules through the menbrane the sarne in both directions.
This pressure is knol+n as the osmotic pressures It is due to the difference
in chemical potential of solvent on botir sicies of the ¡nembra¡re" The

relationship tretneen the chenicar potential (r-r) and osmotic pressure (¡r)

is:

Alr = rTV wirere v is the molar volume of the solvent"

Solutions of increasing ciegrees of dilution must obey Raoultrs

Law witir increasing accuracy. As the nole fra.ction tends to zero the

follol,ring will be true:

1T v 
-t 

-RTInXl = RTX2

X1 - mole fraction of solvent

X2 - mole fraction of solute

If Cz is the concentration of solute in g/ens of solution rr,hich on

increasing dilution becomes E/cn3 of solvent, XZ___t Cry/1,1, where tþ is the

molecular rveight of the soLute" Thus at infinite dilution the vanrt Fioff

limiting 1ai¡ holds true:

i"Ic - RT

{ff lcù o
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VISCOSITY

The first attenpt to esti¡nate molecular rveights fron viscosity
data was made by Staudinger (24)" Ile stated that the molecular r+eight,

[Ìvf], of a linear polymer was directly proportional to the intrinsíc viscosity

[n), in dilute solution:

n = KivI

The expression now used was developed by i{uggins (ZS, 26)

n = Klula

where K is a constant independent of nolecular neíght but clependent on

polyner solvent and temperaturee andadepends on the shape of tire molecules

varying fro¡n zero for spheres to two for rigicl rods" irrhen a series of
nolecular weights has been determined for a uarticular polyner Lry some

a.bsolute nethod such ¿9 osnometry, values for K and or in the exnression

n = I(Mo( nay be determinecl. Since viscosity measurements are

relatively easy to perform, this inethod can then be used to establish

molecular weights"



/f

ËXPHRIN1ENTAL

Purification and Synthesis of Cliernicals

It'lethyl metilacrl'late monomer (lvla-theson, Coleman and Bell) contains

snlal1 amounts of phenolic inhibitor to prevent polymerization cluring

shipping ancl storage" Just prior to use, the monorner !¡ras passed through

an absorption alumina column t,o remove this impurity, then clistilled under

reduced pressures, ir{ononer thus purified tlas stored for not moïe than

two weeks at -ZS"C"

Dioxane was dried over potassium hyclroxide pellets ai-r<i distilled"
Diinethylformamicle (Fisher Certified Reagent) wa.s mixeci with a l0%

volume of benzene dried over calcium hydride" The benzene-r+ater azeotrope

l{as renoved by distillation at atmospheric Dïessure. The midclle portion
was collectecl at I52oCt stored over barium oxide for forty-eight hours,

decanted, and distilled at reduced pressures,

lvlethyl ethyl ketone (lvratheson, Coleman and Bell) lvas distilleci.
The fraction boiling at 7go - BOoC. was collected,

Tertiary butylchloride s¡as synthesizecl from tertiary butyl alcohol

(Fisher Certified Reagent) and hydrochloric acici by the methocl given in
Laboratory Experirnents in Organic Chenristry (27) " The product rdas r+ashed

wítir a dilute sodium carbonate solution, then hrith distilled rqateï,

dried over anhydrous calcium chloride a¡d distillecl, The fraction boiling
at 49,5o - S0o ruas collected.
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Tertlary butyl ammoniurn chlorid-e was s¡mtheslzed. by bubbllng dry

hydrogen chlorid-e gas through a sol-ution of tertÍary butyt amine (Eastnan

Organic Chemicals) fu absoùute ether. The satt was flltered out and

allowed. to d.ry.

PolJmerlz_atlons

Polymerizatlons T/¡ere carried out ln a cell of simple d.esígn as shom

ln figure Ì. Samples were r,.¡ithdral'¡n wíth a need.le and syringe from the

sid-e arm whlch was covered wlth a rubber serum cap. the electrod.es were

one lnch square platl-num spaced. 1.) centimeters apart. Current was supplied.

by a D-C. source. The reactlon eells were kept 1n a constant temperature

bath at 25oC. An fce-water bath was employed. for reactlons done at oog.

fhe reaetion mixtures were stirred. at a constant rate with magnetic stirrers.
In al-l experiments the reactant solution was saturated. r¿ith the salt ter-
tiary butyl ammonium chloride.

Dioxane was flrst used. as a sol-vent for systems containing eLther

methyl methacrylate or st¡rrene, tertiary butyl ammonirm. chlorfde an¿ tertiary
butyl chlorid.e. The cond.uctance of these solutions 1s extremely low. The

hlghest currents that could. be passed through these systems were one milll-
ampere or less. No porymer r¿as obtained. from these systens.

Snall amounts of r¿ater ¡¿ere ad.d.ed. to the dloxane monomer solution to

Íncrease the solubtlfty of the salt in thls solutlon, and thus to lncrease

the conductance otr the sol-utlons, This d-id. not brlng about the d.esired.

result. fhe cond.uctance remained prohibltively low even when the so]-utlons

were saturated. wíth water.



FIGURE 1. Sinçle polymerization cell

(a) mercury contacts

(bl SS/45 grouncl -elass joint

(c) platinum electrocles

(d) stirring bar

(e) rubber cap
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Tr,;o solvents of higher clielectric constant lr¡ere then tried:

<iirnethylformamicLe and dinethyl sulfoxide" Ì'Jo polymer r{as obtained rshen

these solvents tvere usecl r+ith styrene oï vinyl acetate" i'iith methyl

methacrylate a-s monomer a.nd di¡lethylfornaniicle as solvent, polyrner ruas obtainecl,

Thus tire systen sttrdiecl containecl the inonomer netiìyl nethacrylate,

dinethylforma.mide as solvento the salt tertiary butyL am¡nonium chloride,

and the reducible organic conpound tertiary llutyl chlorirle.

An experiment rùas carried out in rvhich a current of 20 milliamperes

was allorved to pass through truo cells, each containing the same amounts of

salt, solvent, mononer, &d reducilrle organic compouncì, One ce1l had, in

addition, one gran of benzoquinone in it"

Experiments luere carried out to find what effect the concentrations

of mononer and reduci-b1e coinpound and the current clensity had on the rate of

the reaction. In these experiments 3 mi11í1itre sam1rles of the reaction

nixture tuere withdrarvn at intervals during the reaction" The samples tüere

weighed, then the pol¡rrer in them liras precipitatecl in rnethanol. The pre-

cipitates were then centrifuged, dried in vacuum for twenty-four hours and

vieighed.

Divided cell experiments rr'ere carried out in a cell u¡ith two compartments

separated by a disc of sintered glass (Figure 2) " When radioactive methyl

nìethacrylate l,vas used for these experinents it was placeci in the cathode

compartnentu Samples hrere counted in a Tri-Carb liquid scintillation counter

for ten minutes. The average of four ten ninute counts rças usecl"

An experinient in r'¡hich the current rlas 5 milliamperes A.cu was tried
but no polyner rvas jrrocìuced"



FIGURE 2. Divided pol¡mrerization cell

(a) mercury contacts

(b) sintered glass disc

(c) platd-num electrode
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Sa 1t Solub j.l it)/

The solubility of tertia-ry bu"tyl annonium chLoricle in solutions

conta-ining 50% by vr:luüre of metiryJ. arethacrylateo 0, 2, 4, 6 ancl B% of
tertiary butyl chlotjcie a,nci 50, 48, 46, 44, 4.2% of rlinethylforinamide,

respectiveLy, i,:as deterinined" Excess salt was acidecl to solutj_ons of the
proper conrnosition, then tire solutions r,¡ere -sti::red for alrsu¡ an ìrour a.nci

a iralf' The unciissolveri salt i,¡as filtered off anci three S rnillititre
portions of each of the solutj-ons rve::e placecl in i+ej-ghe<ì evaporating dishes.

The sarnples were left to dTy at ataosFheric pre-ssure for tvrenty-ferrr hours,

then under vacuum for another trvent¡r-four hours, ancl the evapora.ting

dishes rveighecl again,

Itiol ecul ar lìieipiìts

i) Visconetry

Tire intrinsic viscosities of tÌle sampres rvere deternined b¡r ¡s¿r, ,,
an ubbeloirde visconeter (Figure s) . All ¡neasurernents rvere na.de at

25 ! "02"c.

ii-l 0smometry

Number average molecular wei,ghts of polymer sanllles v¡ere cletermineci

by osmotic pressure ïìeasurenents. l,loclified Zinm-lleyerson osrroìreters rvere

useci (Figure 4) " The osmorneters r.Jere placecl in a. constant tenrperature bath

at 25 t '02oc. The heights of the sol.utions in the capillaries r,rere read

to f .001 centimeter rvith a cathetoneier

llumher 300 gel-cellophane memb::anes rv'ere used in the osmomet.ers,

The nembranes ru'eTe conclitionecl to the solvent by a nethod previously found
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satísfactory (28). The nembranes, wiri-ch had been stored in water, were

pLaced succesively in each of the follorving solutions for fifteen ninutes:

25% ethanol, 75% watet

50% ethanol, 50% water

75% ethanoL, 25% water

100% ethanol, Oeo h,âter

TSeo ethanol, 25% nethyl ethyl ketone

50% ethanol, S0% nethyl ethyl ketone

25eo ethanoln 75% methyl ethyl ketone

0% ethanol, 100% meth¡rl ethyl ketone

T'he osmotic pressures of solutions of five ciiffer:ent concentïations

were measured for each samlrle" A hypodermic syringe with a long needle was

useel to introduce tire soLutions into the osmotic ceIl" Tire cells were sealed

rvith a tíght fitting metal posÍtioning rod" A cirop of lnercury r{as placed

between the metal and the glass to insure that the seal was leakproof"

At least twelve hours were alloh'ed for the equilibriun to be reached.

In all cases the equilibriuur was arrived at fron above the fi¡ra1 Þressure

in order that no erroï be introduced into the final result due to a "flapping"
of the membrane between its supports"



FIGURE 3" Ubbel<¡dhe visconeter
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FIGIJRE 4" Modífied Zimm-L4eyerson 0snometeï
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RËSULTS AT]D CALCULATIOÌIJS

Kinetic Studies

Figure 5 shorr's a plot of yield of pollarer in gra-ms per millilitre
versus time. The eument for the three experinents was five nilliarnperes"

Each cell contained 50s¿ by volume of niethyl nethacrylate" There was 0, 2,

and Seo of tertiar¡r butyl chloricie and 50, 48 and 47% of dimethylfornamide

in cel1s 1, 2n and 3, r:espectively" The rates of the ::eactions were

evaluated from the graphs and are given in parentheses beside each curve,

Kinetic runs vJere clone at five, ten, fifteen and tfirenty millianperes"

Reaction solutions had concentrations of 21 4, 6 ancl B% hy voltme of tertiary
butyl chloride for each current usedo For these runs tlìe yielcl in grams

of polymer per gram of reactíon solution was plotted against the time. The

plots for the reactions clone at ten millialnperes are sirov¡n in figure 6.

A kinetic run was also done at S,S milliamperes. Concentrations of
tertiary butyl cirloride in these ïeaction solutions v,,err: Q, e,s, 1, and

2eo by volumeo

Table l shor.vs the rates of reaction, as obtaineci fro¡n the graphs,

of the various reaction solutions at different current,s.

To insure that polymerization was initiated only electrol¡rtical1y,
reaction solutions containing various concentrations of monomer, solvent,

and reducible organic compound, r,;ere placed in the reaction celIs and stirred
for periods up to fifty hourso No current rr,as passed througÌr these

solutions and no polyr,rer hras ever producerJ in such experinents.
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( Induction period.s

rAB LE 1

Rates and efficiencies for various
reaction solutions at various currents"

were not included in the calculation of these efficÍencies . )

Current
(ma")

% (cHdsc¿t
(by volumel

Ra.te xl0-3
(grams/gram hour)

Efficiency in %

(nioles of polyrner
per Faraday)

5,5

3.5

3.5

3.5

5.0

5.0

5o0

5.0

5.0

10, 0

10. 0

10.0

10. 0

15. 0

15.0

15u0

15"0

20.0

20"0

20.0

20"0

0

0.5

1,0

2"0

0

2"0

4.0

6"0

8.0

2'o

4"0

6,0

8'o

2"0

4.0

6"0

8"0

2"0

4.0

6"0

8"0

L"2

1.3

4,8

5"1

1.0

6.4

5,8

1"5

0.9

2"9

5"8

6.9

5"1

0.6

4"2

5.4

4r3

4"2

3,0

3.5

5.7

L.7

0,9

¿oa

4"I

0"9

2.6

11

2"3

L"2

1"3

1.9

L"7

1"8

0"3

1,8

r,4

1,7

1,0

0"7

0.7

1,5



FIGURE 5, Tield. (grams peï grarn of reactlon solution) v"rsus time at

5 na. Rates of reactions given in parentheses. per cent by

volu.me or (CHr)rOOl 1s slrown by each curve.



J_¿

r4

r
t

I

I

I

f-

l
I
I

I

I

I
rl

(0.AA6¿+)
c7l

(:)

É8
,l
tì.]
tsi

O
Q

¿+ l-

(.().0Q1',à)

//r/

rì
_/'on 

n ¿--e '-l'-- "
'._{Q'/'- (o.oottì1.

l0 l5

1]ME ( llouRS )
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by volume of

per gratn of reaction solution) versus tíme at

of reactions given in parentheses. ?er cent

(Cit")"CCl 1s shown by each curve.
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Trrio identical reaction solutions containing 50e" netiryl methacrylate,

6,25e¿ tertiary butyl chloricle and 43.75% ciimethylforuanicle, r,rere pJ.ace¿ in
identical reaction cells, then one gram of benzoquinone was added to cell I.
A current of twenty milli-amperes tvas passed through both cells, After
twenty hours cell I contained no polymer, lvhile ceIL 2 contained S.7 granu

of polpner.

Reactions at 0"C procluced virtually no polyrner"

TabLe 1 shorvs the efficiency of the reactions given by:

effi-ciency = moles of polyrner produced per faraday.

Experiments h'ere carriecl out using reaction solutions containing

50r 40, and 50e; nrethyl methacryrate, 2% terti"ary butyl chloride ar:ti (g': JB anð, hg/,

dimethyrforinalnide" currents of five ancl truenty millianÐeres were employed"

The results are summarized i.n table 2" All solutions were satr-rrated. with salt.

Divided Cel1 Experiments

All experiments carried out in tire clivirled ce1l were clone ât a cuïïent
of five rnilliamperes. The reaction solutions contained 509o methyl

methacrylate, 49ea dimethylformamide ancl 1% tertiary butyl chloricle. A.fter

tl'Jenty hours the yield of polyrner j.n the cathode compartment was .l gram of
polymer per millilitre and in the anode compartnent was "03 grams per

nilli1itre" l{hen radioa.cti.ve methyt metllacrylate (240r000 counts ¡er ¡inute
per gram) was used in the cathode compartnent, the actívity of the polymer

from tl-ris compartnent, was 1301000 counts per minute per gram ancl for the

polymer in the anocle compartment the activity was IZ01000 counts per minute
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TABLE 2

Reaction rates for different monomer concentrations

Current
(na. )

lvÍonomer concentrati on
(ro by volume)

Rate x10-Þ
(grams/gram hour)

5'o

5"0

5,0

20"0

20"0

20"0

30

4A

50

30

40

s0

1.0

2.r

6'4

4,6

5.6

6.8

TABLE 3

Salt solubility

_ (Gíg) gc cr concentra.tion (cr{g) 3cMi3cúr concenrration(e" bv votume) (mo1es/rirre) "tü"iu;/iliäi;'iõ:î"

0

')

4

6

B

0

"2L6

"433

"649

" 865

3 "43

3.29

3 "06

2 "92

2 "69
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per grame A ihird experinent slrolveci that after tr,lentlr hours the nloncr:er

in the ca'thode conpartment l!'as only tr,ro thirds as acti.ve as the original
rnononer and that the nonomer in the anocle conl:artnent had half this
activity.

Sal t Solubiliries

Table 5 shov¡s the solubilities of the tertiary butyl chloricle in
different reaction soh¡tions.

Ìviolecular i'ieishts

Figure 7 sholvs a typical plot of specific viscosity/concentration
versus concentration' The extrapolation of these plots to zero concentration (

gives the intrinsic viscosity, ni, of the solution, urhich is then usecr in
the equation:

ni = I( Fi*

Flotr'times of the solutions ancl the pure solvent r,Jere neasured, then
specific viscosities of the solutions ivere calculatecl from the equation:

nS = ïl-DO
ï16

r+here ns = specifíc viscosity

no = viscosity of the solvent

n = viscosity of the solution.

Number average nolecular rveights r+ere calculated using the formula
Ii =(fuo ' l'Jhenfis expressed in centimeters of solvent, and c in grams



FTGURE 7' specific viscoslty/concentration versus concentration.

Concentratlon fs erpressed. 1n grams of poly(methylnethacrylate)

per litre of methyl ethyl ketone.
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of polyner per 100 milIílitres of solvent, the consta,nt, Ro becones

t" 
%19 lvhere d is the density of ilre solvent at the tenÌpeïature of

nieasuxement, For these experiments the temÞerature tvas 2gBoK. The

of nethyl ethyl ketone is .805 g/ml. Therefore tjre fornula for the

molecular rveight becomes ld = SL6 r4S0õrry

equal

the

density

A plot of the reduced osnotic pressure (fî/C) versus concentration

ís shown in figure B.

A log 1og plot of intrinsic viscosity versus molecula.r weight is
sliorvn in figure g" The slope of this curve isq and the intercept is the

v¿lue of I( for the relationship

n = Kùld

The plot in figure 9 was used to obtain mol.ecular rveight values fron

intrinsic viscosity values (see table 4),
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TABLE 4

Intrinsic viscosities and molecular weights"

Current
iltâ 

"

e" (ü\)3CL
by volume

Intrinsi c
viscosity

h{olecular
l,ieight

3"5

3.5

5,5

3,5

5"0

5"0

5o0

5"0

10" 0

1o' o

10,0

10"0

15"0

15"0

15"0

15.0

20.0

20,0

2o.o

20 "0

* Shown

^ - SnOtrtn

0

0.5

1"0

2"0

2

4

6

oo

2

4

6

8

2

4

6

I

2

4

6

B

" 
085

.L23

" 198

" 
130

" 
184

. rgl

,102

.097

.113

.158*

" 
190

.156

" 
065

.070

, 115

.085

" 
100

.104

, 109

" 
100

40,000

62,000

1 10,000

68,000

98,000

105,000

50,000

47,000

55, 000

82 r 000

96,000

70,000

2 8,000

32,000**

55 ,000

40,000

48,000

5 0,000

53,000

48,000

in

1n

Figure

Figure

7

tt



FIGURE B. Osmotic pr""=',re/concentration r¡ersus concentration.

Concentratíon 1s expressed. in grams of poly(nethylmethacrytate)

per Litre of methyl ethyl ketone.



34

I
I

t
Il*

I

I

I

L

CONCEflLRATION (grams per litre)



FIGTJRE I, Log, 1og. plot of intrinsic viscosit¡, versus nolecular lveight
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DTSgÚSSTON

The purpose of this research was to d.iscover whether the effieiency

of a polyrnerLzatLon reactlon coul-d. be lmproved- by ad.d-ing a reduclble organic

eompound to the reaction mixture¡ and if such arr effect were foirnd., to study

the kinetics of the reaction. It r^¡as found. that for the system tertiary

butyl a.nmonir:m chlorid.e, methyl methacrylate, and. d-fmethylformamid.e, the rate

of polyrerLzat'ion Ïras increased. sixfold. when the red.ucible organÍc compound.

tertÍary butyl chlorld.e was add.ed in smal-]. amounts. An lncrease ln rate

prod.uces an inerease in effieiency of the system. A kinetlc analysis of

this system, howeverr proYed. to be d-isappolntlng because no clearcut d.epend.ence

on current, and. monomer or tertiary butyl chlorfd.e concentration could. be foünd..

Of the three monomers used. in the experiments, only methyl methacrylate

was found. to po1¡nnerLze " [tris could. be explafned. 1n terms of monomer and.

radical stablltty. Styrene monomer Is least stable and thus the inltiatl-ng

rad.lcal-s will quickly attack it as shom¡

^fÎ ^frUrI^: UrI¿l
CH. CHrlr t'+ .":-r' --+ cH3-c-cH2ÎH

e#i t"3 tn3 c6r,'

The new radlcal w1l]- be resonarrce stabillzed.:

f'l:us 1t w'111 terminate quickly by combination w'ith another rad.ical, and. the

low molecular weight prod.ucts formed. wiIL not precipitate 1n methanol.

VinyJ- acetate is a very stable monomer and. the relatively stabl-e

terti-ary butyl' rad.j.cal 1s probably not reactive enough to initiate this monomer'.
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TLre reactlvity of the rad,ical- prod.uced. when methyl methacrylate

is lnitlated., as well as that of the monomer itself, is lntermed"fate to

st¡rrene and. vinyl acetate. Therefore und.er these cond.ltlons only this monomer

wll]. react.

The reactlon rate varled. with the arnormt of red.ucible organlc compound.

present. As the concentration of the comporrnd. Íncreased., the rate inereased.

to a eertain peak value at the optimr:m concentratlon, after whfch tha rate

felI off qui-te rapldly, This cou-l-d. be explained. by the fact that the

higher the concentration of the red.ucible compound., the higher w111 be the

concentration of rad.ica].s i¡r solution. More klnetic chaíns are initlated.

and the rate of the reactlon Íncreases. However, as the rad.lca1 concen-

tration increases still more, the rate of termination wLLl- increase and.

thus the overall rate will- d.ecrease. The posslbillty of a prinary rad.1cal-

terdrlnation of a chaj-ri becomes much greater. TLie d.imerLzatlon reaction

r,¡oul-d al-so i-ncrease in importa:lce. fhus the molecuJ.ar welghts of polymers

formed. at higher tertiary butyl chlorld.e concentrations shouJ.d. be Iower,

and. this effect is noted."

It has been shown that the solubility of ths"3salt 1n the reaction

mÍxture d.ecreases with j:rcreasÍng tertÍ-ary butyl chlortd.e concentration.

This w'111 cause a comespond.ing decrease in the cond.uctance of the solutlon.

Another factor which wouId. lower the rate at hlgher concentrations of

red.ucible compound. is the formatíon of J.ow molecul-ar:r^reight oils, i^¡hich
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tJould not be precr-pitated out in ¡nethanol" The formation of such oíls
tuourd reduce the amount of monomer in the soluti-on but r,¡ould not sholv a

corresirondíng increase in the yield of precipitated polyner"

The reaction rate varied rvith the current passing through the

solution. The optimun varue of the current for these experinents would

be close to ten milliamps. Reaction rates increased rvith increasing

current up to this value ancl again fetl off. The explanation of this
effect would be the saìne as the above argument for the effect of tertiary
butyl chloride concentration. Again, a general trenci to lourer molecular
lveights is noted for irigher currents.

It ruould appear that the concentration of the reducible compound

a'nd the current densit¡r are factors ¡rhich work together ancì the effect
of one cannot be separated from that of the other" Since iroth these factors
influence the concentration of radicals in the solution, the difficulty
in distinguishing their effects is understancrable"

As in all free radical polynerizations, the rate of the reaction

tças found to increase with increasing aononer concentration but the

clependence l{ras found to be complex" At 5 nilliamperes the rate depended

on [lti] 5/2, whereas at 20 inilliamperes the rate depended on [¡,f] " " This

coulcl be explaineci ily two effects. At Z0 nillianperes the measurecl rate
is probably not in fact, the t,rue rate" Lor+ molecular weight products

which v¡ould forn do not preeipitate in methanol ancl thus do not count in
the yield of polymer" Another factor v,,irich r',oulcl influence the rate at

20 millianperes is the ctiffusion of initiator fragnients into the bulk of



37

the reaction solution, This nrocess rnight be rate controlling as the

concentration "of radicals at the electïocle is increased.

The rates of the reactions at 20 rnilliamperes h'ere at fiïst unexpected"

At constant mononer concentration, the îate is high at either loini or higit

concentrations of the reducible organic conpound" At lov¡ concentrations,

the rate is high because only snal1 a¡nounts of lorv nolecular rveight ¡naterial

are formed" At íntermedíate concentrations, the rate appears lov¡er: since

an increasing amount of nonomer is usecl up in reactions producing low

nolecular weigirt materials. As the concentration of the reclucible organic

compound increases, the true rate of the reaction steaclil¡r increases ancl

thus the yield of polymer also sjror,rs an increase.

F'ree radical reactions are known to be inhibitecl by p-benzoquinone"

The polymerization of metiryl netiracrylate in this system r{as completely

ínhibited i:y the addition of benzoquinone to the reaction solution, thus

this reaction must be completely freè raclical in nature. If any ionic

uolynerization took place as well as free radical, the presence of the quinone

would not have affected it and a small yield would have been noted.

Experiments in which the divided cel1 r.ras used r+ere rather clisappoint-

ing, since the sintered glass clisc did not prevent all diffusion I'rorn one

side of the cell to the other, Tire fact that three times as much polymer

was found in the cathode compartnient as in the anode compaïtment suggesteci

that most of the reaction took place at the cathode, but rvhether polymer

had also formed at the anode or whether it had diffused over to the anode

compartment, possibly after becoming charged, rr¡as not knohrn" llhen radio-
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active methyl methacrylate v¡as usecl, polymer in both compartments was

found to have approximately the same activity. The activity haci 6een

totally in the cathocie conìpartment at the beginning of the experimênt.

Either nononer <iiffused through to the anode and then rea.cted, or polyirer

already formgd, cliffuseci through" In the last exuerinent it rvas observed

that the mononer activity in the cathode comDartilìent rvas still twice the

activity in the anode compartnent after türenty hours" Since the polymer

on both sides of the cell had approxinrately the same activity, it is not

possible that it was forrned separateLy at both electrodes. The highest

activity that polymer formed at the anode could be expectecl to have rvould

be half the activity of polymer at the cathode" Therefoïe, the polyner

must form at the cathode,

The proposed initiation st.eps are the following:

tertiary butyl chloride reacts to give the tertiarlr bs¿¡rl carboniu¡n ion

ÇH¡ cH3ll
CH3-C- Cl 

-ì 

CH3-C+ +C1-t"l6H3 ci-rg

The carbonium ion is reduced to the tert.-butyl radical

Cllz
l"

CHc-C+"l
cH3

+ e- --ì

CFlz

l"
CrI3
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The radica-l then

ÇHs

I

Cilz - C""l
cHg

attacks monomer

ÇHs

I

+ CHZ=C
I

f,=
Io-

____-_JCH _

f',,
t

c-cH
I

ü{s

9{s
I

)-c'-l
C=O
I0-Cäg

reduced to

0

cHs

The salt, tertiary butyl

tertiary butyl radical,

(cri3) 3-c-NHsc1

ammonium chloride can also be the

(cFr3) 3-c-NH3+

(CIlg) g-C-MIg.

-*+ 

(cus) 3-c-NH3+ + c1-

+ e- (Cng) S-C-NI-iS.

_______l NHS + (Clt¡) S-C,

Thus salt alone can initiate the polpnerization. Since there are

about ten times as nany moles of tertiary butyl chloride as tertiary butyl

a¡nmoniun chloride in the solution, rea-ctions in ¡+hich initiation takes

place only as a result of salt decomposition luill be nuch less efficient.
The two different nethods used to cletermine molecular lveights in

thís work are complimentary. Viscosity nìeasurelnents are quickly an<i easily

accomplished" Flowever there is an amount of uncertainty in obtaining values

of the nolecular lveights from knolvn intrinsic viscosities, Values used

for the constants K and d in tire formula n = KIr'i( must be those cleternrined

by sone other r,Jorker" These values will depencl on the molecular r,reight

di.stributi.on in this workelts pol}'mer sarnples,

The di-stribution depends on jr.ow the poJ-ymer irras fomed., a:rd since

the t1'pes of reaction sysiems vary, the clistribution should also vary, There-

fore in this lvork osmonetry ruas used as an absolut,e nethocl of deten¡ining
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the niolecular ureighis. The measurenents are tine consi.iiling ancl exacting,

so osmotic measurements rçer.e not na.rJe on ever)¡ san¡1e. Once a feru have

been done it is possible to plot the logarithm of the intrinsic viscosity

against the loga-rithr,r of the uiolecular v;eight ancl from this grapir obtain

all the other nolecular r,reight values.

iVe may conclucle from this r,¡ork tha-t electrosensetization of electro-

initíated polymerízation can be accomplished by the addition of reclucible

organi"c cornpounds" Though many stuciies have been made of photosensetized

photoinitiated reactions, their counterpart in the electrollztic field iras

been almost entirery neglected. 0n1y two studies (4) (s) can be

considered to deal ruith th¿sephenonena.. iloth irave many drar^rbacks,

Koltiroffrs work was done mainly r',rith aqueous systems, thrrs his choice

of mononers was restricted to those rr¡hich are at least partially soluble

in tvater" l'fany impottant. nìonomers must be totally neglectecl due to their
ínsolubility" He tried to overcome this .shortcoming by using emulsion

systems but the only nte¡oner that would polymerize under tJrese con¿itions

lvas acrylonitrile, which tvould also polymerize in the aoueous system"

Lovelandrs lvork, as stated in hj.s patent, does not seeiiì to have been

carried very far, He gives no figures to indicate the efficiency of the

system. ¡\nother shortcoming typical of patent coverage is that no âttemÌrt

ís made to explain the phenornena observed or postulate a likely nechanism

by rtrhich the reacti.on could occuro

Though just one mononer rvas used in the Dresent study other monomers

could be made to polyrneríze by the proper choice of reducible compouncl.
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The factors influencing this choice r,¡ould be the ease r¡ith whicjr the

compou-nd can be reduced to a radical and the reactivity of the radical

thus formed" For less reactive tronomers, radicals of greater reactivity
woulcl be chosen, Varying the solvent an<i the salt woulcl also be expected

to infruence the efficiency of the reactionu The results of this
research would seem to indicate that a further study of electrosensitization

would be rvorthruhile.
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SU},ffV¡ARY

1" rt r,,¡as found that methyl methacrylate rvas polymerizecl by passage

of an electric current through a solution of nethyl methacryLate,

dimethylfornanide, and tertiary butyl anmonium chloríde.

2. Electrosensitization of the above system hras accomplisheci b¡z the

addition of smal1 anounts of tertiary butyl chloride" This

increased the reaction rate up to factors of six,

3. The efficiencies of this system are anìong the highest recorded

for free radical reactions.

4. Unlike nany electroinitiated reactions, this reaction lvas conipletely

free radical in nature"

5" The reaction was found to take place only at tne catrrocle,'

6, An absolute number aveîage method was used to calibrate the molecular

weights of the polymers formed.
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