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ASSTBACT

The klnetlca were stud.lect of the e1ectr1oa.lly 1n1tla,ted.

polymerlzatlon of Etyrerxe ln Eol-utlons of tetramethyl ammon-

lun Êai.ts. The reactJ.on was oonfined to the cathode and.

r.¡as found. to prooeed vle. arr anlonlo necf¡anlsn. Free rad.lsal

lnhlbltors had. llttle lnflu-erìce on the yleld of polyner, but

the reactlon vúas quenched. by the additlon of nethanol and.

water.

The polynerlzatlor. üra6 lnvestlgated. at slx ourrents

between 10 antl 100 na. and. at varlous tnltlr¿I concentratlons

of monomer. Klnetlc arialysls of the d"ata lnðlcated. a d.epentL-

enoe or. the first poÏ¡er of {ìononer conoentra.tlon end. of cur-

rent. The lnltlaL rate of the reactlon decreesed. nlth
d.ecrease ln tenperature.

fhe high eleotrieal efflclencles and lloleoular üreights

of 151000 to J0r000 oontrast shaq)]y wlth prevlous frult-
less attempts to electrolnltlate styrene polynerizatioa.

The copolyn er5,zat,íor, was perforned uslng aotlve sty-

rexre and. methyl methacrylate. Data d-i f f eretl from the pre-

vlously reportedl resul-ts ln the flterature. The reactlon

nechanlsn was belleved" to be anionlc.

Besltles styrene, netbyl nethacrylate, acrylonltrlJ-e artl

,(- nethylsüyrene oould. be sucoessfully pol-ynerlzed by the elec-

trolysls of tetranethyl a¡ßmonlwn chl-orlðe ln d.fnethylforna-

m1de.

vlil



INTROÐUCTTON

.AÐDIT]ON POLTIVïERTZATTON

Ad-aLlt lon polynerizatlon nay be propagateai by three
d.i stlnct types of reâctlve ceüìtres ï¡amel-y, rad.f ca1E, lons
or coordlrìation conpl exes, and. the respeotlve polyner l.zatlon
processes are classlflecl, therefore, aB rad.lcâI,, lonic or
coord-lnå.t lon polyneri zation.Tft€¡zeâctlon nechanlem of rad.l oaÌ
polynerl zatl on ls well lorown. In sptte of fanlllartüy v,rlt tr

caÈlonlc lnltlated polynerlzatLon for nany years, lts
mechafllsn 1s not cLear and. generally confused. by the oomplex

phenomenon of oo-eatalysts whose fates are not we1l under_

stood.,

Mononers wlth e lectron-d.onat lng groups attaoheil to the
d.ouble-bond.ed oarbons form stable oarbonium loyts and. poly-
rßerlze best by electrophlllo Eubstances such ae BF3rAlCl3 r SnClIh

!1C14 etc. Traoe anor¡r¡t s of water or methanoL or acld.s serve

as (þ*catalysts. In lorx po1J¡Eerlzatlon, reaetlon ofÈen lead.s

to very hlgh rate at orclinary temperature lnvolv l¡g enorlllouÊ

dlfficulty in obtalnlng klnetlc d-ata. A very troublesone
feature of the lon1c polprerLzatlon is the poor reproù¿ol-

bility ar.a¡. concorilarc e of the resulÈs.

Very l1irtle d.etailecl work on the polymertzatlon of
oleflns proceeatlng by an a.nlonfc chaln nechantsn has been

reportecl. i{uch of the early work has been conflned. to quÊ,lt-

taflve stud.ies on the effect of netal gegenion arxd. solvent
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on polymer mlciostructure axtd. copo].ymer co¡nposltlonc However,

base-catalysed polynerlzations can be carrled. out 1n I1quid
anmonla, a&d nåny early studLes were eaffJ.ed out 1n thfs
soLvent (]-rZr3¡. îhe polynerizat ions. are cornpllcaùed by

chaln-transfer to the solvent. Recent work has, therefore,
been conoenÈrated on polymerlzatlor¡ carrled. out ln hyd.ro-

carþonÊ and. ethers where chaln-ternlnatlon ls absent or neg-
l1g1ble lf the systens are rlgorously pu?lfled. and. the reactlong
oarried. out in ttre absence of rìofsture or alr. The anlonlc
po].ynerizatlon of acrylonitrile in various systens suoh as

butyl-llthlum ln petroleurn ether (ll), metal ketyls lrr tetra-
hydrofuran {5), #Éiål;g.#''ê*ru" in d"lmerhylfornanld-e (6),
ancL quarteror"U unì*oorum hydroxld.e (?) tn dlnethyl"forna¡riäe have

been studl- ed.. In al-most all the systens the t ernlnatlon step
r¡ó

lri,"mechanl sm of the polymerlzat:on ls believed. to be by chain

transfer to nonomers .

Electron-tranÊfer lnitlated. polymerlzation of s tyrene ln
1n ethers catalyÊed. by sod_ium naphthenld.e û-as clesorlbed by

Szwaro (B). The reaction meohanlsn is believed. to be

Ht_
CH2 = 1+ e.€=

c6H5

H

.clz - f-r *t
c6H5

TI-l
:CH^-C.ol

c6t15

Chaln-lnitlatlon forroÊ a s tyrene lon-rad"lcaJ.. Aüy raälcal

encl"s d.imerlze qulckly a,nd. chå 1n propagaùlon proeeed"s fron

ionic centres aÈ eaoh eyld. of the ohain. Ternlnatl on ls
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negl1g1ble under ideal cond.ltloixs (9). If ohaln-lnlt1atlon
ls rap lil antl ohaln propagatlon ls slow, the rate of poly-

nerlzatlon neasure¿l wlll be that of chaln-propagatlon. In
clloxane, propagatS-on occr¡rs at a neasurable rate and- the

polyner formed has the narrow nolecul-ar welght d"lstributlon

erg)ectedl for rapld lnltlatlon. fhe systen styrene-benzene

n-butyl-l1thlum has been extenslvely stud.led.. ¡rltiatlolx
conslsÈs of the a¿lcl,lt lon of n-butyt-llthlun across the nono-

ner clouble bonrl (IO). One poJ.yner chal]x ls proðuceä by

eaoh lnitlator molecu]-e. Chaln-termirxatlon 16 negllgtble,
but fuxLtiatfolr aicd. propagatlon proooedl at comparâ.blo rates

(11).

fho reacü1o¡x nechaixi sn oan be sunnarLzecl as follows:
(L1B¿)6 <== 6 Lreu

ItBu + M --à BuI4i Lt

fnur,r;r,r+ ]r€ enuÇr,l

-+ - +Bu{ntl + M *Bu}la.'-1 Ll

etìåin' l-ìll-f lat Lon

chalrl propagatlon

Flrst suoeessfuf eleotrlca]-]-y lnltlateal âfllonlc polynerlza-

tloa of styreae ln cllnethylfornranid.e antL KN03 system ¡Äta s

oarrled. out by Funt ântL Walker (12). llhey belleved that

tbe fornatlon oi a racltcal-1on and. lts subsequent polynertza-

tlon mest probably represents the reactlon path.

SEtsT4INATION OF A},¡'TONÏC POLYIqERÏZAIÏON

?he rûoet f,nportant uotle of ternlnatlotx of a raaLloal
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poLJrnerlzatlon is the binolecular interactfon of its reactlve
cerj.tres. Rad-icals rap 1d.Iy reconb jne or d.lsproportlonåte and.

these reactlonÊ annlbiLate the growlng efl.d-s. On the other
hand., neither reoombinatl.on rror ¿tf Bproport iolxatlon takes
place 1n arÌlonic polymerlzatlon, and. her¡ce a oolllslor¡ bet-
ween üwo lonlcally grcwlng ce¡.ters usually does not lead to
ternfnatlon. l¡ihile the actlve end of a grovrlrrg polymerlc

radical forns single entlùy, the active end of anioniaally
growlng polyüers involves two species, a ctlrarged ùerrnltxal

atom or te rnj.nal group of ùhe polymer and associated. v¡fth it,
an opposltely chargeil counter 1on (gegenion). The inter-
aotion beÈweerx these tvro entltles may lead. to termina.trlon of
poly¡ßerizåt1on or terninatlon ls envo lvecl wlth soLvent or
substanoes present 1n the sol-utlon.

Transfer of a proton fs a very coÍlmon node of t erlrfuxa-

tion of afllonlc polynerlzatlon. Ind.eed., ùh1s node of te1Tû1na.-

tion ¡tas postulated in the earllest stud.les of anlonlc poly-

merlzatloxr, e.9., 1n the polymer lzàtíoyt of styrene carrled

out 1n 11quld NH3 (1r 2r3) . In the oolrrae of thelr irâvesùl-

gation of styrene polyrnes'Í zat lon carried out 1n 11quid. NH,

and. sod.lurl amlde system, Sand"erson antl Hanser ( 2) forrJrd. a

corstant ¡roleoular welght of abou.t 3r000 for the resulùing

polJnner. fts value was unaffeoted. by the conoentratlon of
sod.lum aaid.e arid. 1t vras not changed. appreclably by the extent

of the polymerlzatlon. Thls vras lnterpretted. by the above

workers as evldence for the terrninatlon d"ue to a proton traÍrs-



fer from an amaonlun nolecule to å groÍrlng chalrl, 1.e.,

w*r,*CH- + NH3

c6H5

They founri one

HZo +

Cil3OË +

**4Ho
.t----) |

c6H5
+ NH;

one NHz group fn each polymerlc châ1¡r, yro lln-

saturatlon, lndependence of molecular welght on a¡n fd.e ooll-

centratloix srr¿l its lncrease wlth increas ing styrene conc entrâ-
tion. Proton-C-onating substances e.g. , v¡ater or methar¡.ol

easlly lnhlblt the gronth of arilonlo poLynerlzatlon. The

probable reaction takes as follows:

polystyrene- ----+ OËl- +

polystyrene- > CH30- +

H-polystyrene

H-poLystyr ene

The ierminatlon of anloxxLc polymerizatlon can also proceeiL

through lsonûerlzatlon reactlon of carbanlon tons (13).

A REVIEI^T OF EÍ,ECTROTNTTTAI¡ÊD POI IúIERTUAI'TON OF VTNITT,
COUPOUNDS

iinl lke thernal and" photoir¡itlated polynerlzatlon of
vlnyl ariil relat ed. oorûpoilnd.s, e1 ectro 1nltla.te ct polynrerl zat lon

has not been thoroughly stud.led.. Thls 1s at the very beglrn-

lng of ltÊ progress. Ilor^Iever, reogLtly several investlgators

In ôlfferent couïrtrle s have been a,þtrached. toward.s th1 s

nethod. of poLymerlzatTotx of unsaturaÈ ed. conpound.s. An airtrac-

tlye feature of thls aethod. of polym.er lzatlof) 1s the control

of reactlon rate by controlllng cuffent af¡d cur rerrt d.enslty.
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Stopplng the reaetton ls a slnpl-e üatter of srúitchiîg off
the elirrent.

Altho¡lgh a r¡umber of reporüs of polynerl zàtIott incluoe¿

by electrolysls of soluttons of mononers, are now avaltable
a naJority of lnvest lgatlonÊ have been confined. to the
pol¡naerlzatfon of methyl methacrylat e. [his nononer oâj3. be

easlly polymeri zed. by atonlc hydrogen generated. orx the cathode
ln the electxrolysls of wåter, methanol, acld or oùher nat -
erlal-.

Electrolid.ueed. polynerLzatiot of mononers was first
z'eported by Wflson ln 1949 (1¿l). IJe polynerl zeA acryl.lc
aold., nethyl acrïrlaùe and. methyl nethacrylate in the solutlon
of sulphurlc acLd. 1n aqueous net hånol us iffiercury cathocle

with a c urrent d.srBlty of JO nallcmz. The polynerl zat 1or1 was

lnitlated. by a oathod.lo hyd.rogen that was actdett to the mono-

mer, foì-loweci by the growth of the resulting free rad-lca1 by

further ad.d.ltl on of monomer. parravano (lJ) whose work

r^Ias Just the revislon of llilsontô, found. that polyners fo raeal

at a nereì,rry cathode aft,er 1.5 hour, at a leaat cathotte after
2 t¡ours ancl at a plaüinum cathode aft,ey 24 hours, of eleotroly_
sls. Current d.ens 1ty of 2.5? aa/cmz was the same in eaoh case.

Kern (16) polymerlzed methyl net hacrylate 1n aqueous hyctro-
g€û1-ch1orid.e, ancL repo::ted. the polyner I zatlon of Z7O moles of
rnonoBe¡ per nole of hydrogen lotx d.isehargeat. polymeri zatlo¡x

of this mononer was also oârrled. out in aqueous hyttroohlorlc



acld. at lea¿l cathode (1?).

7

It was reportecl that poly-
ner fornatlon was aocelerated. by an lncrea8e elther i¡l the
size of the cathocte or in current d.eixs lty or 1n the reactlon
tenperatures. Llmltlng vlscoslty of prod.uc t s lnereased
wlth a decrease 1n the cathod.ic cuffent d.enslty. Recæt1y
the sane author (18) studlecl the effecù of the hydrochJ.oric

acld afral sod"lum chLorld^e contents of ùhe aqueous phâ.se ln
cat hod.ic hydLro gen-lnltlated. polynerlzatlon o f nethyl metha_

crylate. IIe reported. that an inorease 1n HCI ooncer¡tratlon
lowere¿ the po].ynerl-zatj.oî rate, whereas sodlum chlorlde
haä aJr lnverse effect. fhe ad.dltlon of aloohol augnenüed.

the polyner yiel¿l, vùh1Ie d.egree of polymerl,zaþLon lnoreased.

at first and then later feLl wlth inorease in coucentratlon
of alcobol.

lhe efflclenoy of the reactlon of âtomlc hycirogæ. wlth
mor¡oners varfes wlth the hydrogen over-voltage of the cathode

netal (1l}rl5). [he atonlo hyd.rogen released from the cath-
ocLe of the hlghest over-voltage is the most reactlve. There-

fore, monomers can be polynerl zed by atomlo hyd.rogen on

cathotLes of several metals like Pb, Sn, pt, Bl, Fe, A1 etc.,
and. efficlenoy of lnitlatlon varies ln aocord.anoe wlth the

Llyd"rogen over-voltage of these netals. No polymeri zatlo!_

occurs on oathod.es of cu, c¿l-, N1, Ì1, [ã, Mo, cr, Ag and. zn.

A reactlon ¡ßechanlsn of the pol-ymer lzatlon of monoûers

lnltiated. by the atonlc hyd.nogen oan be slrown by the follow-



Lng equat lons

!-
H' + e-à llo

ã-..

A seoo¡.dl type of rad.loaL polymerlzat lon 1s d"ue to

the productlon of rad.lcals at the anod-e by the Kolbe elec-

trolysis of -aoetates 1ï. suttable solvents. Alkyl å orp.
a1koxld.e B-Õ-O free rad.lcals, procluoed- at the ânod.e, dlf-
fuse lnto the solutlon to lnltiate the pol¡rmerlzat lon.

Ðas and Pa1lt (19) attempt eô to polymerlze rnet hyL nethaory-

late by arooil-1c cllsoharge of acetâ.te rad"icals 1n glaclal
acetlc acitt, but dld. not succeecl. However, Snlth and. clId.e

(20) were successful ln polyüerizlng vlnyl acetate, nethyl

metlø.arylate arìd vlnyl chlorlðe by the electrolysls of

potasFlun acetate ln water. Polyüerlzâtlon of nethyl

methacrylat e was also carrled. out ln the solutlon of 11th1un

acetaie 1n acetlc ac ld. and. lts anhyd-rltle with hlgh eleotrl-
caL efflclenoy, (21). Sinllar free radlcal lnltiaÈlon of

nethacrylate In honogeneous systetB has been reported. (22).

These authors used d.lme thyl sulfo xi de and. cllnethylfornanl d-e

as solvents ætd zl.Il.a aceta.þe as a source of the free rad.l-

ca].. In this systen rate of polymerlzallon varled. d-lrectly

wfùh current clsrs lty whlle the nolecular welght of the

polyner varl.ed. lnversely islüh curr ent d.æslty.

A thlril type of rad-1o41 polynerl zatlon ls tLue to the
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reduotlon of reduclbLe ongailLo conpounds. [hls method. was

adopted. by Fr¡nt aixcl Van Buren (23) to polynerlze méthy1

nethecrylate by eleetro].J¡s1Ê of nonaqueouË Êo]-utloÌx of ter-
tiary butylchlorid.e and. tertiary buty]-aJflnonlun chlorld.e 1n

atlnefhylfornamLd-e. The reectlon neehaåisttr 1s bel lerred to

be:

ÇIIq |ntl' l-
CHã - C - C1--+ CH" - ô+ + CI-rl)l

The carbonlum lon fs r eðuo ed. to the tertiary butyl rad-lcal
CHa CHa
I .' I r

CH2 - g-r- + ê 
-) 

HC - C'
'l')l cfl3 cH3

The rad.lcal thus forned reacts wlth the nonomer to glve a
nonomerlc rad"ical- whlch propa.gat e s the clnal-n-.

Sfun1la.r1y tert lary butyLa-¡ûnonlunt chlorid.e und.ergoe s

red.u-o tLon to folr tert lary-butyl-radJ.c 41.

(ct\',3 - c - NH3cl lcH3)3 - r - -4 -5 (cH3)3-c-NHi

NH3- (cH3)3- ê.

Tertlary butylchlorid.e serves as an ele ctrosensitizer

ln thls systen. The eleotrlca;l effleleÍicy, expressed 1n

moles of monomer polynerlzed. per Farad.ay, of the systerB vras
t 5¿ ti¿

fourd.-hlghest ever recorcled" for free rad.loal systea"

Aorrlolrltrllc

Kolthoff (24) used an lndlrect eleotrolytic methocl to

cH3cH3
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polyroerlze acrylonltrile. He r"ed.uced an aqueous solutlon
of ferric lx.on electrolytically in the presenee of persul_
pfrate , hyd.roger:. peroxid"e or cunetie hyd"roperoxld_e. Feruous
1on, fo nned. oa the red.uctlon of ferrio fon, rea.ctetl wlth
the oxld.lzing agent to prod.uc e â free racl.ioâ} anð ferr.ic
1orx. ¡ru+** 

"r- 
u3 Fe++; Fe*+ + Hzoz-+Fe*# + oE + o¡1"

The free rad.lcaL (Oil.) ttrus forrseil lnltla.ted the
polynerizatior. of the nnononer.

Breltenbaoh (21) reported. the polynerl zatlo¡x of â.or¡¡_

lonltrlle by electrolysis of tetraethyl amnonlu¡n perohlorete
as an anloxxlc polymerl zatioyt. An anio¡tio polynerizatlon hrag

âIso stud.led 1n ühe preseixoe of sod.lun nitrate j.n dinethyl-
forna¡lld.e ( 25 ). It was Euggested th a.t the inltla.blon
nechanism 1s d.lreot e]ecÈron adatlt ion fron oathotle to tt¡e
monomer. The authors ürere able to prove that bhe Eal t Êer_

ved. merely as a¡r electrolyte.

Styrene

b t95Z Gold.sohnlcit and" Stockel (26) obtained poly-
styrene by electrolysis of solutlons of mononer 1n anhy¿lrous

fatty acld.s contalnfrìg the corresponailng fatty acid Ea1ts.

The naJor part of the product of the reactloir consisted" of
d.íaer- allal lrlner, antL only 0.098 of a seni-collold_ of Jr20O

rlol-ecular wel.ght íras obtained from the eleotrolJ'sio of a

solution contafnlng ZQg of styrene. Das âlxd pallt (Ig)
reported. a trace of polymer formetl wLder Êfn11af cond.ltions
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ln propylene glycol. A brief note by ya¡xg, McEwen âJraL

Kleinberg (2?) reported on the inltiatlon of s-tyrene poly-
nerlzatlon at þlne .¿;¿athod.e. They electrolysed a pyrldlne
solutlon of NaT aâd" nononer. An unstated. quaa.t 1ty of poly-
rûer r4ras obtal¡ed- wlth a nolecular welght of 11900. In the
1lght of the present knowledge it is pno bable tilat thls was

the first eleotrlcalLy lnitlateal anlonlo polynerlzatlon.
Breltenbach e.nd. Srna (21) were sucoessful ln obtainlng poly-
styrene by electrolysls of solutlons consisting of aceùic

acid., aceü1c anhyd.riðe anct Llthlum aeetåte. 0.8 mole of sty-
rene waÊ polyaerlued. by the passage of one Farâalay of elec-
trlolty. These authors olained. a free rad.ioal nechanisn.

They also polynerlzed styrÊlte by a oationlo prooess inlt lated.

1n a solutlon of 
.the monomer 1xl nltrobenzene by the anodfc

disoharge of perchlorate and. bo rot etrafluor f.d.e lons. A reac-
tLon nechâð.lsm was proposed as follows:

(c104)-J (cIo+)' + ã at rhe ano(re

(C104). + u-+(cloh)- + M+ the caùlonlc growlng chatns;

where M represents the

mononer.

Kolthoff arid. Ferstandlg were not suocessfu_I ln obtalning
polystyrene wlth thelr red.ox system. Fallure to obtaln poly-

styrene was also rêported. by Frledalancler, SÍùary¡ at3.il Marvel

(28). The polyneriza-tlou of styrene by cathoti.lc hyd rogen

ln the presence of al-cohols kìas been recently reporteti þy
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Russlan chenists (18). A detal]ed" Êtud.y of et ectrolniùiated
polymerlzaÈlorì. of styrene by anlonlc nech¡nism lrr d.imet hyl_
fornanld.e and. alkall salt systen was mad.e (12). The åuthors
attenpteð to find. out the effects of varlous paråaeters on

the ylelcl âr1ö conflgurat ions of the polyners forned. ln thls
systen. An attempt to polyaerize styrene by red.uolble

orgâr¡1o compound.s proved. u¡suocessful (23).

COPOLYI{ERIZATION

The conposltlon of the copolyner fozu ed- from a pan-

ticuLar mixture of mononerÊ ctependg upon vrhether the
necha¡elsn of tbe polpoerizatlo]1' 1s rad.ical, anlonlc or
oatlonic. The effect ls nore pronounced. for s tyre.ne and.

Iq.$.A. It is known that v,rhen equlmolecular ml-xture of these

two nononers a.re copolymerlzed" wtth varlous types of cata-
lysts, the copolyner inltlalþ forned. has a conposltion
depend.ent on the oatalyÊt fype (29) as shoam. 1n the follow-
i.ng tab1e.

Tabt_e (a)

Cata].yst type

Cat lonie

l'ree rad.ical

Anlonlc

Copolymer conÞositlonre
<I
t+9

>ee
Therefore, exanlnatl on of oonposltlon of ùhe pro d.uct has

been used ln ltlentlf lcatloit of the type of po].ynerlzatlon

>9e

5r

<1
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pronoted" by new afl.d. unus uâl LtdtiatorÊ.

I{OLECULAR I'¡E]GHT

A:ry methocl. of neasurement of molecu].ar uelgbt will
glve aJJ average value, as polymers noraally have a wid.e

molecular slze allstrlbutlon. ?vúo types of nol-eoular weight

averâges are of consid.erablo lnportâls.ce; ]runber average

noleouLar welght ancl vrelght âverage nol€cul-âr welghÈ. In
comput fuxg a number âverage nolecu1âr welght, the molecuLar

?relght of eaoh specles iÊ ?üelghted. by the mole fractlon of

the partloular Êpeeles in the polyd"lsperse systen. îhe

nathematloal fornulatlon of thls average lio 1s

- c- -- ñrurMn =ÞrMr ='=+ .. (1)
LNI

where X1 ls the mole fractlon of the speoies, i; M,

1s the noLecuJ.ar Ítelght of the specles; N1 ls Ùhe nunber of

molecules of the specles and- the sumnatlon 18 earriecl out

over all specles oi 1. Equat lon (1) shows that the nurnber

âveråge molecular welght ls the total v'telght of polyner ùlv-

ld.ed by the number of noles of polyüermoleou].eE.

tr'or the welght average molecular welght the noleouLar

welght of each specles 1s welglred. by the weight fractlon
sf the species ocourring ln tbe pol-ydisperse systero, so

that 2

M"* = fr,t u, =Ìffi-
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blhere i¡fl is the weight fractlon of the species a,rlal-

Itll have the same meaning as before.

A third- average molecula.r welght 1Ê the so-calleci

Z-average and d.ef inett by:

-, =ftgl_r? ......
Thls cån be found- fncn the centrlfuge measurements.

The turþldlty and. osmotfc pressure ¡oeasurenents glve

wefght â.verage and. rxumber average molecular welghts respec-

tlvely. The ratlo iîw,Æn fs a measure of the polydispersity

of the systeß.

VTSCOMETRY

fhe vlscosity average ¡nolecular weight of Llnear

polyrner can be computed. from llnlting vlscoslty number of

the poly sa.mple of any clegree of heterogenelty by use of

the following equatlon (30) :

hl = KMw( . .... (r)

where K 1s a constant whoÊe value ls lnd.epend.ent of

the molecular welght but d.epend.ent on the polymer, solvent

ând terqperature. r(is depend.€nt on shape of the solute

noleoul-e. For llnear micromoleoules o(usuatly 1les beüneen

0.5 aåd. unlty, so that the vlscoslty average wouLd- lle bet-

üreen a number and. a vùelght average. Iïo!Íever, absolute

molecu.l-ar weighÈ cann.ot be ðetermlned by thls nethod. unless
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the depend-enoe of l1nltlllg vlscosfty nunber on Í0olecu1ar

weLghü has been establlshed. enplrically by an absolute

nethod. Êìrch as osüotlo pressure or l1ght soâùterfurg.

Welght averâge nolecular welght of polysÈyrene can

be tletermlned- by vlsconetry us 1ng the followlng relatlon-
shlp (31):

clQ
[r.T- =ì -IL- 0.73 ù.
L- -1, -.Lz x 10 '' I4w - - for tange 2 x I0 ' to

perlzeße

I.5 x ].:o5

Slmllar ueasurenents. fux other solvents have been

sumnarlzed. ln. Eable (b) ln terns of the paraúeters

deflnedL by the equatlons:

t\l= K r4

roefr\enze¡re = a + B logfüolvenr

So].vent f x t04

BeÐ,zorre 1.1-2

Toluene L.16

Methylethylketone 2,Oz

The vlEqo.slty nolecular weight relatlonshlps hold for a

wid.e rar¡ge of polystyre¡xes, ånd. are noù markeêly lnfluencecl

by the heterod-lsperslty of the polyner. In vlew of the

experlnental dlffloultles lt ls r¡ell hûow that the viscoslty

fable (b)

AB
o.?3

0.?2 0.025 oiol
0.63 0,287 1.L5
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nethod., although lt constltutes the slmplest and. nost raplô

nethod of determlnln6 tire roolecuLar r,relgbt of a polyner,

cârlnot be conslðered" to give nuch better tløn a useful estl-
mate of the value. For comparatlve purposes aJtd for asseÊs-

lrig molecular $telght trends the method hås consLderable

appl loat 1on.



A,ÏII OF RESEARCH

ghe problem undertaken was to stud.y the kinetlcsof
electrolnlt lated. polyne rlzatloïL of styrene in solutlon of
quat eryla.ry â.nÏIonlun salts 1n d.lmethylfornanlde and to invest-
lgate the probable mechanÍsn of polymerl zatTon. trbon thls
l¿þoratory the suocessful electroinlt 1a.ted" pol)¡merlzatfon of

thls monorner 1n solutlon of alka.l1 meta]- nltrates was reported-,

but Èhe questlorl night be asked dhether the polyderlzatLon Ì¡ta F

merely a sld"e effect d.ue to the lnteractlon of a d.eposit of

alkali metal on electrcd.e úrlth the nononer, sirìce lt is ?'te11

know-n that metaflic sodlun anð potassiun und.er appropriate

environment are able to fnlt1ã.te the polymerlza.tion of styrene.

Therefore, the eqrlorator¡r s¡p.r1ínent s were perforned. to

find. out the salts oiher than alkali metals, whlch woulci

lrrltiate the polyner Lzatlon of Étyreyre. Dur ing the course

of lnvestlgatlon lt rÍas observed. that quaternary ammonium

saltÊ in d,lnethylf ornar0ld.e are excellent initlators for the

polynerlzatlon of Ftyrene. This mononer was previousl]r con-

sid.ered ê d.lffloulÈ ìnononer to und.ergo polymerlzatlon by

electrolnd.uced roethod..

In thls systen there ls no possiblllty of d-eposltion of

an actLve ¡ne ta1. Satlsfactory ylelds of polymerÊ were obtalned.

PolJiu.erizat 1or. prooeecLed ag soon as current was passed.. Fur-

ther lnvest lgat lon ;oroved- that ùhls systen 1É a,lnenable to

slnple kinetlc a.nal-ys 1s. fherefore, lt appeared. to ¡aerlt

d.etailed s tud.y of the reactlon of polyne¡ fornat lon as â

t7
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funct ion of monomer concentratlonr' current, solvent and.

salt s .

A further ala of this work was to d.lscover the most

pxobâb1e mecharllsm of the reactlon path by copolynerlzatlon

study and to find- oui; ihe reactlvity ratios of styrene

anai Ìnethyl methaorylate ln thls systen,and. oonpare the values

wlth prevlous reporteci values 1n the Literatnre 
"



PUB.I¡'TCATTON AND PRË?ABATTON OF THE FSAGENTS

Styrene, methyl nethacrylabe a¡raláetf¡yL-styrene contaln

sEall amol]]lts of lnhlbitorÊ to prevent polJmerlzatlon d.urlng

trâ,Irsportatlon arxð storage. The inhibitor was renoved by

pâsslng nononers througlr a oolunn of ohromatographic alunina.

MethyL methaerylate ând. ø(-nethy].-etyrerie rlere drleô over

calciun hyttrld.e, then úlstllled. uncler reduced. pressure aûd.

the center fraotlons were colleotetL. Aorylonltrlle was d¡ried'

over BaO anal. CaSOl} a.râat dlËtll]etl und-er reducetl pressure. Eve ry

monomer Êanple, freshly dlstlllect, was stored in the refrlgera-

tor for a perlod. not exceedlng oae week. JusÙ prlor to use

the nononer was tested to ensure abèenoe of polymer by atld'lng

a sanple to metharrol.

ÐlnethylforÍranlate (4.8. ) v,¡as purlf led by nlxing wlth

lQfi benzene previously alrletl over calc lultl hyclrlde. After

Êtand.ilxg.nore than 24 hours the nixture waF fractlonally dls-

tfl-Ied and the fraotlon botl-tul€ aÈ L5o.-l52oc was col-Ieoüetl-

over BaO, allowed to s taü.d. fot 24 hours anal redlsÙl1lecl at

red.uced Bressure. Dinethyl sulfoxlôe was ttrletl over oalolu:r

bydrlde for 24 hours arxd" then fraoÈionally distlllecl and tho

portlon bo11lng at l89oc was oolleoted. Benzene ûas d.l'lo([

over calclum hyd.rl d.e aJî.d. fraotlonally ðlstlIletl- a]xal oentor

cuts were collectecl.

Quat ernary a¡qmonlum saltg ûrere polarographlc graile, andl

were used lÀrithout purlflcatlon. Prlor to use they were drled

ln the oven.
19
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Tetz"anethyl anmonlun perchlorâte wâs prepared fron
its chloride. Flrst tetråüethy1 anmorÌlun hyd.roxl d.e wâs pre_
pared. by the ad.ditl0n of alcoholfc potash on a,, alcoholic
solutlon of ltÊ chlorld.e, potâssluü chlorid.e i^ias precipi_
tated. oui; and remcved by flltration. hfhen tetramethyl
an¡aonlum hydroxid"e renalnfng ln ihe solution was treated l/rith
perchloric âcid., tetranethyl amrnonlun perchloråte precipl_
tated out as fine cryÊtals whlch ürere washed several tlmes
w1ùh nethanol t111 the firtrate was free from aclcl a¿ci ch]_or-
lde. The tetranethyl_ annoniurn perchlorate thus obtained. was

d.ried. ln vacuum at ?OoC.

Tetramethyl ânmonlum nltrate was prepared. by nlxing
equlmola.r sol'tioil of silver nltrate and. tetramethyl anrnonlun

chlorld.e. Sllver ohlorld.e preolpltated. and was rernoved. by

flltratlon. Tetramethyl âmnonfun nltrate rema.in5.ng in solu-
tlon evaporated- sl_owly and. the resld.ue was drieal ab 7OoC.

The prepareð tetramethyl amnonlun nltrste was tested. for
presence of chlorid,e å.ïid. sil-ver Êa1ts and" negat ive results
v¡ere obtâ.lned.



POLYIìÌEEÎZAI]ÎON

Polymerlzatlon wa$ oarrled. out 1n glass oe1ls whlch

were of a baslo test tube type (Flgure A). Two platlnun

eleotrocles eaatt of ôlrenslons }n x 1o and. Epaced. 1 cn apart

were sealed" lnto a J4/4J trlr':er Jotnt a.nd fltteci lnto ârx

outer Jolnt test.tube wlthês 1ðe arm. A nagnetlc stlrrlng
bar agitated. the solutions d.ur lng eleotrolysls. A bank

of four suoh ce1ls was operated sinultalxeously ln a corxstant

tenperature lDattr.at 25oC. Ono geareti notor rotated. 1il a series

of magnets wbloh provicletl unlform and. constant stirring for
all ceIls. Sarnples were wlthdral¡n wlth hJrpod.erf,lc syrlnge

through a Êerur cap fitted. over the Ëlde arm of each celL.

the ce1ls and. electroales ffere alrled. ând flanetl before

eacb poLynerlzatlon. Constant current sulp}ler was uÊed for

lovr curre¡rta. A D.C. Ilne of 250 volts wa6 usecl to get

curre ìts above 15 na. Both voltage and o urront were stnul-

taneously reoord"ed. by mea¡xs of servo recoraLer ¡nod.el Eull-204

and" swltoh gear.

.å,11 polynerlzatlons were cârrleal" out at 25oC unles s

otherwiÊe stateê.

2L



FIGIIBE A. Polynerizatlon cell"

(a) nercury oontact s.
(b) 35/45 growrd glass joint.
(c) platinum electrod.es,
(d) stirring bar.
(e) rul¡ber cap.
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RESULTS AND DTSCUSSTON OF ÐEI,ORAI]ORY ÐCPTB,T}1EI'[T.S

Attempt s to polynerlze styr ene by electrolysis of
sod.lum or potasslur acetate were made by varlous Írorkers

without sucoess. They reported that low noleoular weigbt

polystyrene o11 ?¡as forneal. Dur lng the course of our prellnln-
âry investlgatlon of eleclrro lnltlateat po]-yneri zâ.tlon of sty-
rene wlth var lous salts arld. solyents, lt was observed- ùhat

styrene was polynoer lzeiL by potasslun aaetate, zlnc ch1or1d.e,

s1]-ver nitrate anal tetra¡0ethyl anmonium chlorid.e 1a tLlnethyl-

fornanld.e. The noleeular welght of polysbyr€ne produced. in
systen compos eal of potåsglum aaebate â&d" d.lnethylformanid.e

was found. to be 201000 and. yielas were also reasonâ.b1y high.

Besid.e styrene, other nûononers 1lke {-nethyl- styrene,

acrylonltrlf e, ne th¡¡l-methacrylat€ r¡ere also polymerlzed..

Data are presentect in Tab]-e f. Attenpts to polymerlze

vlnyl aoetâte, nethaorylate and. aoryllo aol¿l provecl rrrìsnoceÊs-

ful 1n these systens, although theÊe nonorlers eould. þe easlly
polynerlzetl by potaÊslun acetate 1n aqueouÊ systens (20,32) .

îABLE I. Fornatlon of polymers of dl ffereilt mononerÊ
(t+ofr vy volr.rne ) fn dinethylformanltle satu-
rated. wlth potasslum aceùate. Current 15 na.

þ,ielght of
Moyìôme? Time lhour.sI nolwmers (s)

AerylonlÈ r11e
Styrene
ivlethylnethacrylat e
4-methylstyrene

Aoryllc ac1tL
iqethac rylate
VùryI aoetate

22
22
22
22
22
22
22

22.9o
11.50

?.00
4.oo
Nl1
Nll
N1L

23
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A]-l potassluú salts or acetate salts d"ld not glve unlforu

polymer prod.uctË as shown la Tab1e II. Varlous other solvents

were testeê for the polynerizatlon of Êtyren'e uElng potasslum

aoetate anal teËranethyL ammonlum chlorid.e. Very puzzl|ng

results were obtatuxed as shown ln TabLe IÏI.

TABLE I1. Relative yields of polystyreae lrx
saturated solutions of dlfferent salt s
rn aimetnyuõrnantd.o. (styrene tlofi øy
toIot") | 

,., = , ,,r.rr,,r, a=[lme curreaffi
Salt (hoursì na. oolYners (El

11.5Potasslun aoetate

Potasslum nltrlte
Potassiun perohlorate 22

PotasÊlun thlocYanate 22

Potassfu$ fluorltle 2?

Lithlun acetate

Sodlu¡a aoetate

Zllre aoetate

Amìnonlun acetafe

Lead. aoetate

Soctlun proplonate

22 15

22 30 12.0

L5

30

L5 I{11

23 L5 0.25

2L L5 L.6r5

22 15 0.1,0

zL+ L5 NlI

22 L5 NlL

22 L5 5.L

l.o
2.9

SltìIer nltrate 2þ qO 4.0

fhe itlcons lst ency observeð fn the Aata may have been

ðue to the folLowing posslble reasons:

1. Solubllity of sa]-ts ln s ol-ve¡nt.

21. Conplex fornatlon betwees' salt, solvent alxd ûlolloner r
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3. Solvatlon power and. ¿Llelectrlo oonstant of the

solveuxts.

Although the soJ-ublltty of potaÊslun thlocyanate 1:r

cllnethylformamlde ls greater than that of potaËsLun acetate,

the yieltt of polyners ls greater for the latter. It seer6

posslble that one fragnent of the sâlt aotÊ a6 an fuxitlator

or oata].yst wlrereas other befraves as an fahlbltor or retard.er.

He:roe the formatLon of poLyner nlghÈ posstbly itepencl on

wkrether tbe fragnent ln1t lat 1nÊi the polynerizatloa exerts

a greater lnfluenoe than the fragmer.t which lnhlbits lt.
Solublllty of tetranethyl annonlum oh]-oriale ln d.lmeùhylforna-

mIôe aûd. ¿llnethylaeetaml¿e ls almost the same, but no polymers

vrere .:obüalnod. ï,¡ith t he latter solvent . fheref ore, the

relatlon between salt Êolubllity and the effeetlveness of

the salt as ar. lnltlator does not la ltself accounÈ for ühe

observed. tlata.

Of the other possibllltles, conplex formatlon i{oul-d"

seen nore like1y. It 1s posELble that salt arxal solvent form

a conplex or aotlve specLoÊ ülhloh may be responslble for

the poLynerlzation, No tLetalLetl fnterpretaÈlon 1s posslble

until further evlcl-once 1s obtalned, buü thls rrLlL necessltate

a separate stud.y.
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TABLE I1l. Polynerizât1on of styrene (\afr AV volune) i-rì 23-2'+ qô.,rs

in varlous solvents at LJ r¡.a.

So lvent
Ðllectrlc Welght I'1o1. Wt.

aonEtant of of poly- of
solvents me¡:s ls) PôIv

Electrolyte:- potassiun aoetate

1. Dlme thylf ornanitLe

2. Ðlmethyla.cetamid.e

3. Dimethyls uJ.f o xicl-e

l+. Acetonltrlle

5. Acetlo acid

6. Proplonic acld

1. Ðlmethylforrnamlde

2. Dinethylac etanl(le

3" Dlnethylsulfoxid.o

4. Aoetonltrlle

36.7

37.8
t+5.o

37.5

6.r5

3.t+t+

11.5 201000

z]-.o 181000

1.0 30,000

0.4

0.8 30,000

0.8 161000

20.5 21,000

Nf1

Nl1

N11

Electrolyte : - tetra¡ßethyl anfiohlun
ehlor id.e

36.7

37.8
I+5.o

37.5



KIIrETTC STUD]ES 03 POLYIViERTZATTON OF STYIiENE rN SOLTTTTON

O¡' TËTRAI\{ETIiTL AI'IIUONTUII C]üORTDE TN D]I,ETHYI,FORI1AI,TTDB

ïn all eq)erlments I.5 g of the sa.lt was ad.d.ed_ to 100 nl
of Donomer solutlorj 1n dinethylforrnarnlðe. fhls furnlshed. a
saturated sofutlor¿ wfth sorne excess salt present. Bates of
polJ¡'merl zatlon were aLeteruined grevinetrlcally. ùtring the
course of the reå.ction Z ml samples .r¡rere wlthclral^¡n perf ocn _

cally, welghed. and. bhelr polymer cont errt rletermlneô by pre-
clpltatlon fu1 co1d, netha¿ol. After filtratlon the resldue
was washed- several tineÊ wlth methano!_, d.rled for 24 hours and.

weighed. to c onstalxt woight.

fo enÊure that polyne rlzatj.orL was inltla.ùed only electr_
lytically the reactlon mlxture containi?]g mononer, solTent af}d.

salt was placed, ln a. ce1l hrhlch wa"s pl_aced- in the constant

temperature irlaltyL at, 25oC aÍtð" stirred for 24 hours wl ttlout cur-
rent. In such experlme¡rts no polyners Írere ever J.solateô.

Experlments were performed a.t varlous current s betweerr

10 enat 100 na taklng 4.0 volume percent of styrene. Sinl]-ar
experlnents were also done with 30 å,nd. 20 voluae percent of
styrene. In other sets of experf ments cr¡gent was kept con-

siaÐt at 15 ma. and" râteE of the reaction vrere determined. for
varlouÊ inltlal nononer concentratlons. The polyners were

co]-orless anO. anorphoË. These polyners, so obtålned., were

used ln subsequent no]-eoular tiÞlght d.eternlnatlon. Extrrerl-

mental rates were geaera]-ly qulte reprod.uoible to Ï,rlthln 10-

12 percent. Hor¡ever, the rates of polyner forr¡a.tion showedi

pronourlc ed d-ep end.enc e on the presence of small amounts of water.
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equatlon v¡ith the ln1tia1 cond.Ition that [UJ = LMol

where K =when t = 0, we get fo [Ul = -K t + ln [l{ol,
kIC.

Thls is an equation of the flrst ord.er reactlon and.

thus plot of ln IM] vs time shoul-d. bef sürafght llne wtth
slope - K and. lntercept ln [Mo-] . lhis ls ln agreement wlth

otrr experlmental find"ings" The d"ata expressed ln terns of

the logaríthmic d.epend.ence of unreacted monomer concentra-

tlon wlth tlme, are pIoËted- in Flgure Z. Good. Ilnearlty is
observed..

fhe values of K were determined. from the slope of the

curves (Flgure 2') " If the ra'be consta"nt K is proportional

to the current I then a ptot of K vs I should be a straight
llne. Iïl facttthe plot of slope against the lnscribed.

currenü was for¡nd. to be llnear as shovsn in tr'J-gure 3, Thls

suggeststhe possiblllty tinat all the d.ata for d.lfferent cor-

centratlons couLd. be obtalned- ln a sing'Ie unlfied expresslon.

Since the rate constant ls a llnear fr.¡nction of impressed

currenü, .Þhe+efere a plot of fog[pI versus t lnes for a]]
tl{ l

da.ta" ls llnear as shor,v'¡r. ln Flgure 5. Slmllar daía for 30

percent styrene are presented_ 1n TaþIe IV and_ FJ-gure ü"

The variation of yleld. of polymer wlth time at a coii.-

sËant currenÈ of 15 nar but with lnltlal monomer concentration



FIGIIBE Z, Logarithmic d.epend-ence of rnonomer
coircenüration on tlme for a 4O volume
percent solution aE þlne inscribed.
currenü u
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FIGUBB 3. Slope (fron Flgure 2) vs. lnscrlbetl
currenf.
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FIG{JBg ¿}. Inltlal rate (i6 converslon) as a funotlon
of ourrent for a þo volume peroent solu-
tlon of styrene ln d.lnethyl fornßamlde contalnlng
1.J g of tetranethyl ar¡monlu¡t chlorltle.
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FIGUBE 5. Ðepenctenoe of a]-l the data on the- prõposed relatlonshlp wlth tlme ancl currelxt.
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T.ABLE IV. Po1yûer fornatLon g per g Ea.ûple as a firrÌotl on
of time a,r!d. current ln älnethylfornaßltle sat-
urated wlth (Cli3)4NCl styrene 40ø (by voluroe)

Tlnne of
Electro-
lysls l-Oma" 15m4.
Hours

Tlne of'
Eleotro-

ZJma. JOna. 75ma. lysIs 100ma,
IIour s

1

,2
i?
l', t+

5

ö

?

I
:

'., 10

0.005 0.010

0.015 o.o28

- 0.0&3

o.02? 0.06L

- 0.068

0.041 0.078

- 0.089

o,olþg

0,028 o.o37 0.080

0.050 0.071 o.125

0.068 o.oBo 0.]-63

0.084. - o.zoLþ

- 0.151" 0.227

0.119 9.1?0 o.239

: .0.f89

o.t42 o.2a3 o.268

0.171

o.5

1.0

a.5

2.O

2.5

3.0
t+.0

4.5

5.o

o.o73

0.111

0.146

o.t?6

o.202

o.223

o.252

0.258

0.272

1

t

3

4

5

6

?

B

Styrene 30"Á

0.008 0"021 0.040

0 .0 21 o .039 o .o6t+

o.o35 0.060 0.084

a.ollz o.o7g a.og7

0.109

0.06¿l o .095 0.119

0.070 - 0.128

0 .07t+ 0 .110 o .I37

( by volurae )

o.o53 0.5

0.082 1.0

0.111 r.5
o.r2)+ 2.o

o,r2? 2.5

o.t39 3.o

0.151 4.0

o .t54 tþ.5

0.o59

o .089

0.107

o.t26

0.140

0.151

0.169

o.t73
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of 20 to f0 percent by volune waE lnvestlgated. and. the 4ata

are shor^nr ln Flgure 6. A logarlthnlc dependeïìce on tlme

should be evldeÞced ln a famlly of curves of the sane slope,

but of d-ifferfng lrrtercepts whlch correspond to the inltlai-
moÐ.omer oonoentratlorì. fhe d,ata are coixslstent with tllf s

polnt of l/iew and are shown fn Figure f.
The plot of laftlal rate agalnst current 1s almost

lirxear, (nigure 4) ¡ut ctoes not pass through the origtn. Bhe

lnteroept ls nearly 6 na, ft was found. experinental-Iy tflat
at a cuTrent below J na the rate of the reaotlor:. waÊ con-

Bletely negllglble and very long lnhlbltlon perioaL was

noted.. It is belleved that in this systen a ourrent below

5 na ls uËecl up for a lorxg tlne by non-lnltlatlng eleetrod.e

prooesses.

I,OCUS OF POLÏ1''IEBJZAfION

The loous of polynerlzatlon was d-etermlnetl to be the

cathod-e. fhe reaotlon v'ras carrleal out ln a d.lvLd.ecl oel].

(Ftgure B) 1n which the anode and- the cat hoale conpartment s

vrere separatect by a frlttod. cliso; clroular platlnu& eleotrod.es

of d.la¡neter 2.5 am. sealed 1n glass were used- as an a¡rocle

and- å cathod.e eleetroales. An equal volume of 25 ml of the

reaotio¡x nlÃture was llx each oonpartnent. The polynerlza-

tlorx was carrled out at 15 na ourrent.

Durlng the flrst hour 1.2t g of polyner lsas formetl at

the oathode, but practlcally no polyner fornetl at the aïrotLe



FIGIIRE 6" Folyner forrûatlon â.t lnsorlbed. inltlal
monomer concentrâtfons wlth a current
of 15 na.
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FIGIIBE 7. Logarlthnlo d.epend.ence of poL¡rmer forna-
tlon on tlne arxd. at the lnsorlbed. fnltia].
conoenùrat lons .
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FTGUBS B. DlvldecL polynerlzatlon oe11.

(a) mercury contacts.
(b) sintered. glass d-1sc.

(c) plat inun electrode.
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stages ln the reaotlon, _It 1s belleved- that thls results
frou d.Lffuslon l]'.to rather than fornatlon ln thls reglon.

The sane ooncluslorx was reaohed for polynerlzatlon wltkr otber

anlons, I.e., I-, Br-, Nol, Clof or BFf. lhe data are shown

ln Table V.

TABLE V. Pol-yner fornatlon at anotle and- cathocle
oonpartments of a d.lv1d.ed ce]-l wlth 20
vol. percenb of styrene ln d.lnethylfornanlale
alxd- current of L5 na.

SaIt

flne of
ElectroLys is

(nln. )

Welght of
Catbod.lo

Polyner (g)

Ifelghf of
.ånodtlo

Polymer (g)

(cH3)þNCr

(cir3)4Ncr

(cH3)&NCr-

( cH3)l}Ncloþ

(cH3)4NN03

(cu3)4Nes4

3o

5e

9O

60

60

7o

o.503

L.293

L.30o

0.765

O.BOB

1.00

.00 2

..00 2

.224

.oo2

.002

.002

fbere ls llttle dependence of yle1d anal nolecu]-ar wolght

of the polynerË alxil the eleatrloal efflcleaoy upo4 the arelons

of the salts. Whea the polynerlzatlon was oarrLed. out wlth

salt contalnlng dlfferent anions, no corrsiderable d.lfferenoe

of ylelals antl nolecular welghts of polyners were f ouncl. Ðata

are glven ln Tabl-e VI. Tn each case the experlnental o ontll-

tlonÊ were the sane. There is apparently sone correlatlolx

þetweea the yleld- of polyner â.:rd tkìe solublltty of Èhe saiü in

thls systen.
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TABLE VI. Effeet of salts on polymerl ze.ti-orr of
styrene 1n dinethylformanld"e styrene
4Ai6 by volume¡ Current 15 ma.

Salt

Tlme of ltelght
Eleot!'o- of
lys 1s Poly!ûerHours (s)

Moles
StyreneyoJy[!er- !].mr.t 1rÌ8
lzed Viscoslty Uolecu-
per Fara- Number lar
day 100 nf,/g Weight

( cu3 )4ncr

(cHr)4NBr

(cH3)4Nr

( cH3 ) 4}rc104
(tH3)4NNo3

ItlH4Cl

NH4N03

20.5

24.5

21 1

25.3

26.0

o.5

no poly-
¡ner

0.16 2lrooo

0.u 23,0o0

0.16 21,OOO

0.16 21,000

0.17 23,OOO

23.5

23.O

23.0

23.o

23.o

23.o

211,0

15.0

18.3

]-B.g?

18.88

19.4

o.37

However, the polyner fornoatlon conpletely depend.s on

the catlons of the sa.lt 1.e., (Cn3)4tl+ lon. Tn an experlment

when ammonium ohlorld.e was used". 1n place of tetramethyl ammon-

lun chlorld-e relâtlvely sna1I anount of polyner lÀ-as lsolated.

This obviously glves evid-ence that the cathod-ic dlsoharge of

tei;ra.nethyl asmonlum fon is responsible for the formatlon of

polyner.

EI.,ECTEÏ CAL EFFÏCÏENCY

The eleobrlcal efflcfency erpressed. ln moles of monomer
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po].ynerlzed. per farâ.day lncreâ.sed. wlth fncrease irì monoaer

collcentraülon to very hlgh concentratiorl s. In solutlon of

over 60 volurne peroent of Ðtyrene, the eonðlictance d.ecreased.

to s r).oh an extent that 1ower currents had to be enpfoyeal.

Da.ta aye presented. ln Table VII. Only at the very hlghest

concevrtz"atlon of B0 volìrn0e percent there ls a rìotâb1e d.ec-

rease ín electrica]- efflclenoy. ilhls is onl-y due to the

cons 1d.erable d.ecrease ln solu'Dil1ty of salt a"t tlne hlghest

concentratlon of styrerre slrice tetranethyl anmonium chLoride

is not soluble in pure molr.oner.

ÎABLE VII. Yield and, e].ectrlcål efficlenoy at varlous
lnltla1 monomer cono entra.t lons.

Styrene
Cono entrat lon

(volume'per cent )

llne of
Elecüro-
lysls Current(IIours) (na. ¡

I.{o1es
Styrene

lleighi; Polymer-
Po].ymer lzed. per
(gns) Faraday

10

20

3o

4o

5o

60

7o

80

35

35

35

35

25

I
2

7

7

7

7

?

7.5

23

2I

2,65

6.zz

11.8

]-3.z

20.7

22.8

25 .5

23.o

2"?9

6'51þ

].2.4

l.3.g

2]-.7

3r,.3

35.68

14.11
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¡,IOIECTILAA UEIGHT DEIEEI'ITNAITON

liolecular weights of the polymer vrere obtalne¿L

vlsconetricâIIy uslng benzene solutions of polymers at, Z5oC

r^rlth values of K = 1.12 x lo-4 ana. = O.?3 ßl). Ubbelohd.e

vlscometer (nlgure C) was used. to d.etermine the lntrlnslc
vlscoÊ1ty. fhe polyner samp1es, usecl to determlne the
molecu]-ar welght, were ;ourlfied by dlssolvlng thenû lnto
methyl ethyl ketone. The solution was flltered and preclpi-
tåted- slowly lnto cold methanol. polymers were flltered. out,
washed severa-l times lülth methanol, ând. airied. over nlght at
?OoC. The lntrlnslc vfscoslti.es wer:e rueasured foï, dlfferent
conoentratlons of polyner solutlon rangeä from O.25 percent
to 1 percent by weight. The irrtrlnslc vlscosity number ,"{as

caloulated by extrapola.tlng the results to infinlte d.ilution
1.e., zero oor.centråtlolr of polymer solutions.

No nota.ble ohânge in moleeular weight r^ras found i^rlth

varlatlon of the currents. fhe d.ata ln Table VTII 6 hor,ü maxi-
mum possfble changes fron0 ll+ro0O to 2I ,oo0 molecular weights

between 10 aJld. 100 ma., but the scâ.tter in ¿Iatâ lndicates that
thls 1s the l1mft of varlatlon.

A four fold lncrease ln mononer concentratlon (fron
20 to B0 percent by volune) gave approxlnately one and- a ltal-f

fold. increase in molecula.r welgh!. Between these two extrene

concentrat ions there r,ra s a s¡nal_ 1 increase ln noLecular weight

wlth lncrease 1n mononer concentratiotx as shoun ln Table IX.



FIGUnS C. Ifbbelohde vl sooneter.
a. Etched lines
b. Fí1üng tube.
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TABLE VfIl. Iriolecular weights of potyners forneil
at various currenüs a.nd tenperatures.

Current
(ma. )

og
Tenperatur e

Linltlng
Vl sco s lty

Number
¡tol ecular
l,lelght

10

t5

35

50

75

100

t5

I5

t5

0.12

0.16

0.15

0.13

0.13

0.15

0.16

o.22

o.29

1&r ooo

21r 0oo

19, ooo

16, ooo

16, ooo

L9, ooo

21, 0oo

32rOOO

4Zr ooo

25

25

25

25

25

25

L¡5

0

-8

rABIE IX. Ivlolooular welghts of polystyrene pro-
duoed. ln varlous lnitlal concentratlons
of styrene ln d.lnethylf ornanld.e satr.tra-
ted. Y,rith (CIi3)þNCf .

Concentratlon of
Styrene

VoLume Percent
f,lnlting VlscositY Molecular

Nulober lfeight

BO

7o

60

5o

¿lo

30

20

10

0.17

0.18

0.17

0.16

0.15

0.13

0.13

o.oB3

23 |OOO

25 r00o

23,O00

2l ,000

19r 000

16, o0o

16 r ooo

B,5oo
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Ilo!íever, molecular T.¡eight of the polyner d.eereased. sub-

stant lall-y when the lowest corjcelxtratlon of ¡nononer tras

Lrsed. It Êeens, therefore, tr,lat at very lorü concentration

of mononer ( 20 peroent by volume) transfer reaction of

polymer chalrr to solvent becones appreclabl-e. A d.irect

ôepend.ence of nolecular weight on monomer concentration was

obtalned. ln electrolnlt lat ed a.nlonlo pof J¡ûlerizatlon of acryl-

onitrlle 1n d.inethylf ormamide and. sodlury¡ltrate systen (25).

fn the preseat work no specl.fied correlatlon betüreen solvent

and. morìomer ratlos, and molecular $telghts of polymers was

ol¡served. The lower eleotrlcal efflciency ànd' smaller oharige

in molecular Íüelght v{lth mononer concentratlon lndicate â.

snal-Ier d.egree of chain tra.lâsfer to mono¡rer as Ì¡ouLd" be

expected wlth styrene in conltrast to acrylonitrlle.
No lnirenslve vrork was d.one wlth systenos at 1o1í ternpera-

tures, but an lnd.lcat lon Ì\ìas obtained. that the noleou.lar weight

apparently increased- wlth deereasing t empe ra.È'úr e r (Table Vn'l).

Und.er id.entlcal experlmental cond-it ions the fact thâ.t noleou-

1ar weighÈs fncrease as teaperatureE decrease 1s well estab-

llshed ln r¡ost catlo¡rio arìd. anlonlo sygtens. -Apparently the

å.ctivatlon ene rgy of chain breaking or Ùernlnating ls hlgher

than that for propagatlon so that they can be frozen out at

lower tenperatures .

INHIBT'IION AND REÎARDATION

fhe klnetfoswere lnvestigated. 1n preÊence of free racll-
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ca]. lnhlbltors t-butylpyrocatechol and. p-benzoqulnone, and

nethanoL and water as a châ1n stopplng agent for arìionlc

reactiorls. Data are shoïrn ln Ftgure 11. Approxinately 0.4

to 0.5 welght pereent were used. in each case and. thl-s corres-
pond.ed Eo O .36 molar p-ber:.zoquinone arrd" O.0249 nolâ.r t-butyl-
pyocatechol and. 0.123 nethar.ol. LitÈIe over al]. effect on

the rate fs exhiblted by the free ra.dlcal lnhibltors. However,

polymerl zation r,{aÉ quenohed. nith 0.49 arrd O .55 nolar netha.no3.

er.d. wa.ter respectively. Tt ls worthy to note that even at

very hlgh conc ent rat ions of free rad.icål lnhlbltors poly-
roerlzatlon ;oroceed.s aI tlro ughþte ls suppressed. At very low

conceritretlons of wat er and nethånol polynerlzation proceedetl

withafee'ole rate. The data strong}}' support the concept of
enionlc polynerlzatlon âs the d.on ina.nt stêp ln the cha.ln

addition.

l,lo]-e cular weights of polyroers obtalned. in the presetxce

of free rad.loal erd anionlc châin temlrrator are ,shoúût ln
Table X. !{olecul-ar }refghts cons ld,erably deereased ln the

presence of lnhibitors. T@ata polnt out that atovery 1ow

concentra,tl on, water and- netharrol act a.s retârd-ers re d.ìtc lng

the ra.te arxd t he degree of poI¡meri zatl-arr.
r:1.



FIGIIEF 8. Polymer formatlon as a functlon of
lnscrlbed. curreixt and. time for a 30
volume percent solutlon of styrene
1n tlJ.neÈhyJ-for¡¡an1d.e saturated wlth
fetråmethyl annonlun chf orld.e.
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FIGI'RE 9. Rat'e (% converslon) of polynerl zatTort
as a functlon of tenperature for a
40 volune peroent solutlon of styrene
1n allne thylf ornanld-e saturated ltb
tetramethyl a.nnonluu oh1or1d.e aü a
current of 15 na.
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FIGUBE 10. Efflolenoy (mo1e of styrene po]-ymerlzeð
per faratlay ) vs. nonomer conoentratlolx.
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FIGURE 11. Effect of varlous free radlcal ancl ionio
lnhlbltorÊ on the rate of pol"ymer forma-
tlon at a cürrent of100 ma. and. a¡ß lnltlal
cox¡centratlon of 40 volume peroent sty-
rene.
A. txo lnhlbltor.
B. 0.036 M p-benzoqulnone.
c. 0.0249M terttary butyl pyrocateohol.
D. O"L?3 M methanol.
E. 0.493 S rnethanol.
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T43I,E X. Molecu.lar weights cf polymers obtâined.
ln the presenoe of radlcal cha.la inhibl-
tors and- aåionlc chaln termllxa.tors.
Styrene 40 percent by volune.

Inhl.bl tor Vlscoslty Nunber lio1ecular Weight

llethano1

T-buty1 pyrocatechol

P-benzoquirione

!¡at er

0.11

0.10

o.oB5

L2r5OO

12,000

8,500

?OLYIì{ER FOBI'iATTON OF DT¡'}ERENT II{ONOIUERS IN SOLUT]ONS
O}T [ETA$,IETI{1T., AJ\IMONTUIU CHI,ORTDE f }I Ð1J'IETHYLFOE.I\1AI4TÐE

Rates of polymer formatlon of acry]-or¡1trlle, nethyl-

nethacrylate and.,methylstyrene v{ere ðeteImlned. u:rd"er the

safûe experlïnental conditions as enployed. for styrene at

!5 ma. currerrt. Data a've showrL ixx Flgure 12. It is appa-

rent from the figure that polymer f orna.t lons of these ûlono-

mers are 1n tfle fol-lotYlng ord"er

acrylonltrlle 7 nethylmethacrylate > styrene )q-nethylstyrene

Polyrnerlzation of aorylonltrlfe ellminates the possiblllty

of cationlo mechanl¡¡o slnce acrylonitril-e whlch contaiils

eleotrorx r¡Í i th d-ra"wing slibstltuent attached. to d.ouble bond.ed"

ca.rbon a.tolas and, w111 promote the for¡ratlon of stable car-

baj3ions, is sr,rsceptibLe to a;nlonlo po].yneri zat lolx. On the

other hand., polynerizatlon ofd-methylstyrene ru-].es out the



!'IGUBF 12. Polymer formatlon of acryLonÌtrlle (A),
methylmethacrytate (B), styrene (C) and

-nethylstyrene (o) 1n a saturatetl sol--
uò1on of tetrårûethyl ammonluü chlorld.e ln
ðlnethylfornamid.e and. at a current of
15 na.
Conce.ntrat lon of eaoh nonomer being ¿10

volune peroent.
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rad-ical reâction slnce 1t 1s not suceesÊfully polynerized

by free rad.ical necbglrlsm. ft can be polynerized by a radl-
ca1 lnitlator onl-y at f e.Irl.y low t emperatures (33).



COPOLTÌVìERTZATTON

PROC¡;DUBE

The copolymerizatlon of styrene a¿d. methylrmetiÉcrylat e

v¡as cond-u.oùed at 50 me.. current and- ZSoC in a saturated. solu_
tion of tetrâ.methyl anmonlun chlorid.e tn ¿tlmethyrfornânld.e.

!'ive copolymerl zat lorxs were camieô out r,f lth varying molar
concer¡trat lon ratlos of the two mononers. Tn each case

reactlon !'ras stoppeal before the conversion reaohed. 10 percerxt.
coporymerl zatiorxs of equlnorar ml).t're of bwo monomers were

also carri.ect oLrt at dlfferenù convers Íons to observe the
effeet of degree of converslon on the copolymer composl"tioïts.

fn the purlficatlon of the copolymers by reprec iplts.t ion,
nethyl ethyl ketone r^ras Lrsed as solvent arad me thâ^nol as pre_
clpltant. Purlficatlon of the copolyners was done at least
three tines to ensure the conplete removal of contâlsÌinâtioï!
of aotlve styrene fron them. Copolymers were drl"ecl at ?OoC

overnlght.

The compositions of the copolyners were d.eternined by

tracer methoat us tng Cl& tagged Etyrene. Sorre experinents

were repeeüecl. wlth bagged rnethyl n:ethacrylate in order to
ellnfnate ariy systena.tlc effor ln ana1ysls, but d.et â showed

good" agreenent wlth the previou-s results. Data ere presented

1n Tab]-es Xf and. XII.

4q
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TABLE )G. Effect of converslon of feed. on colDposl-
tlons of eopolymers obtalned by polyneri zatloï
of equinolar mlxtures of styrene anð roethyl-
nethø.oryIate 1n sâ.tì.¡rated solutlon of (CII3 ) ¿uNClin d-lnethy1 f ornarlid.e.

ActivltY fu'elght
of 0.1g Actlvlty i6 of

Obser- actlve of 0.1g ft Conver' Styrene
vatloü. Styrene copolyner siolt of irx
irÍo 1 11 -n-m- {e d -r:^n-l* OoÞOlyneI¡

1.

2.

).
lt.

5.

6011

6011

6t+78

64v8

6t+78

6tþ?B

6t+?8

6478

60rl

1900

1864

2027

2223

23tr

2+07

2600

2787

260Lþ

4.2ø

Ll.0
15.58

28.7

34.5

t+6.5

50.2

56"6

60.o

3a.6

31.0

34.3

3Lþ.3

35.68

37.2

40.10

43.o

43.3

6.

7.

8.

9.

# couxlt lng efflclenoy for every sânpfe was aL¡ost
the sane and. her¡o e no efflelenoy correctlon waÊ
mad.e .
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RESULTS AND DTSCUSSTON

The copolynerLzatÍon aiata for styrene and. methyl

nothâcryIaüe are shotfln in Flgure 1J. Tt¡e 1r reactlvlty ratlos
wero ileternineal þy the nethocl of Fl.neman a¿4. Ross (3¿]). $he

oopolyner conposltlon equatlon whlch relates the polyrner

conposltloa with the mononer compos ltloìx is glven by:-

dM. M. r,lvl-+U- m,

== 
3 z -L.l-'==2 =( + for low oonverslon)dMz MZ r2MZ+MI ' mz

where M1(styrene), M2 (methyl nethaorylate) refer to the

Erouloner oompos 1t1on and nl ( sËyrene ) , n, (nettryl nethaeryJ-aüe )

to the polyner oonposLtion! rI and. 12 d-eoaot e reaotivLty ratlos
of styrene aail nethyl meùhâcrylå.ùe respectlvel-y¡

tl Mr
I,et f = ;i and, I'= 4i then equaÈlon (L) can be wrltterx

ag

rr X'+I-f = F x by rearranglrg terns otxe obtaltxs:î2+î

$ tr=rl = r# - r, .................... ... (a)

1l
A plot of ( ä)(t-t) as ordlnate arLd.E2/î as absclssa ls a

stralght llne r,ihose slope lE 11 a.ntt fuxtercept ls nlnus 12.

Equ¿tlon (2) can also þe wrltten as:

-f;L=-pr4*"rx, -Fz

. In thls case the slope ls ¡ûlrxus 12 anô tbe lntercepü rI.
fhe two ploùs þasecl olx these equatlons for styrene and. nethyl-



FIGITRE 13. Plole fractton of styrene 1n copolyner
vs no].e fractlon of styrene 1n f eecl.
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,nethaorylate hâve been shoüilx la Flgure tf and. 15 and. yleltiecl
'r1 = 1.6, 1.55 and, r, = 4.85, &.OO respectiveLy. The mea¡x

values rL = L.5? ar.¡ð. tZ = 4,1*3 were thea taken.

lhe formatlorx of polyner solely at one eleatrod.e, the

lnhlbltor stuclles, the s¡ßooth rate curves a]xtl the constancy

of moleculår welght ûtlth current all polnt to arr 1o!.1o neohalx-

lsn anal tend to ellnlnate a free raðlca1 meofranlËn. Possiblllty
of cârbo¡xiun loa neohanlsm has also beerx ellnlnatetL by the

experlments v,rhloh s howecL t h.at polynerizatlon was completeJ-y

lnhlbltect by proton d.onor maÈerlals e.9., by wâ.têr or neÈhanoI.

Land[Ier (35) has reportect reaotlvlùy ratios for the

anlonlc copolynerlzatlon of styrene ancl netbyl nethacrylate

as foLlorùs:

11 =o.I2to.o5
¡Z= 6.1+! 0.5

He suggested- that the châracter of the propagatLon olraln end.

ln anlonlo polynerJ.zation wouleL be 1nöepend.eat of whloh morxomor

formetL the ultlmate urìlt. AÊ a consequenoe of thls tho copoly-

!0erlzatlon equatlon d.erlved. for free rad.loal propagatlon woulô

reiluce to

ðMt
tlll2 = "1 

(þ)
v\2

(4)

and. the proöuat of the reactivlty ratfos woultl be unlty r1r2=

L, but fux our work produot of reacttvlty ratlos ls nuch



F
Ffcu]ìE 1ll. î (f-1)

styrene

.t-
,F0 .

vs r f'for
and" nethyl

copol-ymerl zat 1on
methacrylaùe.



6r

o

o

/

-2,o

Iq-

tl*-s'o

3.O 4.O

F"
f r,touns l&.



FTGÜBF 15. t$t ou e$tl ro" oopolymerizatlon
styrene and nethYl rlethacrylate.
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greater tha¡. oixe. AccordlÍrg to equatloa (4), lf the logarlthü of

nononer feed ratlo t s plotteð agalnst the logarlthm of ratio of

norlorrers la Ùhe oopolyner forned. at lorü converÊ1or', the slope

of the curve shou].cl be untty. But ln the present work, the

logarfthn of .the 
Íìononer feed' railo plotted^ against the logar-

lthn of the ratfo of nononers ln oopol-ymers glves a stralght

11:lê ÍÊth a slop of 1.3 (Flg.f6). lherefore, the eleotrolnlt-

latea¡. oopolrnerlzatÍon tiata for Êtyrene-nethyl nethacrylate are

not ln accoral wlth Landler t s hypothesls aE exprossetl by eq.(&)

(page 60).

Grahan (36) has suggested that for styren€ and nethyl

neühacrylate the ultlnate u¡rlt ls most inporüa'nt fn tleternln-

lng the courae of anlonlo oopolyßerlzatlo¡}. A termlaal nethyl

nethacrylate unlt aa0 only add, alxother unlt of methyl nethacry-

late but never any styrene. Everx lf styrene ârûlons are lnltla1ly

fornecl, they apparently ad.t¡" nethyl metiracry3'ate very preferen-

tlally.lhlslFattrlbuted.totheweakbaslclüyofthemethyl
nethacrylate anÍon as a chaln endl, ooupleà t¡1th a lxeed' for a

strong base to lnd.uoe anlonlo polynerlzatlon of styrene'

fhorefore, any styreae fou¡ct fux anlonfo copolynerlzatlon of

these two nononera nust þe lncorporatett 1n the lnltlatlo¡l and'

lnnectlaÈe1y folloÌùlng the propagatloa steps.

The reactlvlty râtlo of s tyrene obtained' by us shows a

s lgnlf lcant t endency for the poJ-y (nethyL nethacrylato ) anloa

arccl styryl anlon to react wlth styrene. Tab1e XI sho!ìrs that

betvreen 2 ønd 50 percent conversioû of the feeð the copolyner
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proðucetl by the polynerlzatfon of equlno]-ar nlrcture of styreae

anci neühyl methaorylate contalns 3L to ¿|0 peroent styrene.

Suoh a large peroentage of styrene can:eot be lncorporaÈed. lnto

copolyner d.urr.Eg bhe 1nlùlatlon stage. Therefore, the

propagatlon canriot be oornpletely anlonlc, .but probably has sone

t end'enoy to ad^d both styrene aJId nethyl nethaorylate to the

propagatllg speoles. 1ü seems, therefore, that polymerlzatfon

proceeds through rad.lcâ.l anlon specles. Both Êtyrene â.rxd.

rnethyl neÈhacrylate oan aalð at the radLloal enal of the grovring

ohaln and. only metþl methacrylate atltls to the anlon encl (37) '
In. suoh a reaotfon styrene ¡roleoul-es can be Lnoorporateal' into

tf¡e copolyßer 1n both tbe lrxlt latlolx a,nd propagâtion steps.

thls type of mechantsn ls conslstent wlth the present ef,Perl-

nental f lrxdlitgg.

In the present work lt has been found. tbat product of

reactlvity ratlog of styrene arxtL methyl methacrylate i.e.,

r1r2 1s greeter than one; but no sì¡oh result has yet beert

Iðromx ln the aase of clasÊLca]- free racllcal or c]-asslcal

anlor.lc polymerfzation 1n whlch the pr'oatuoü r1r2 Is groater

thaln unity.



GENEA.A¡ DTSCI]SSTO}ü

No klnetic stuð1es of electrolnlt la.ted- polymerlza.tlon

of styrene ha-ve been reported ln the litere.ture. Although

lâ.flg, lioEvren and. Klelnberg polynerl zed- styrene electrol-yt 1-

ca.1ly iú a Êystem composed. of sod.lun 1od1d.e, anhydrous

pyrld-lne and- the morìomer, no å.ttenpt was rnade to study the

klnetics of the reactlon. Probå.bly thls was rlot d.one due Èo

the low molecLrlar welght of the products. Styrene wås succes-

s fu-lly polynerlzed" 1n the solLltion of sil-ver perchl-orate e¡1d.

tetraethyl anmonium borot etrafluorlde 1n nltrobenzene (2!) t

trut the autbors d.lð not d.o the klnêt1c Êtuôy of tLre rea-ction

of the Þolyme¡lrtatott. Hov'rever, In case of thertaL polynerlza-

tion of styrene kin.etic stud,ies were made on s everal polyraerlz-

ing systens.

Ftrst attenpt to s tì¡dJ the kinetics of el ectroinit leted

pol.ymerizatlon of styrene was mad.e by Fult a¡:d i¡Ialker (12).

Unfortunately they d-ld- not find- olearly defineð relation bo

eitl:er the curreixt or monomer concentratlon or sa.lt. Ïn the

present work, a clear cut relatlon between ourrent and. $oilo-

lner coricentratlon 1Ë observed. Klnetic studles of electro-

inltiated- polymerlzatlon of st;r¡6¿" ln a solu.tlou of +uarternary

ammonlu¡c selt 1n ttlnethylformanid.e show tLlat the lnltlal rate

of the reactlon is proportlonâI to the flrst porrer of inltial

nonomer ooncerrtrâtlon e¿cl of inpressed. curreÐt prìcvlded the

curreilt is ixot below J ma. (Fig.4). Ba.te constant of the

66



67

reactlon ls fndep enclenù of lnltlal- mononer conoentratlon at

a flxedl current. tbls 1s ln aooord.aYIce Ìrith the flrst order

of the reactlon ürlth respect to the mo]loner conoentratlo¡x.

Furthernore, lt lnoreaseÊ llnearly wlth lncreas l"ng ourrerxt

(Flg.3). Devia.tlon ls observett at 100 ma. but lt ls bellevect

to be clue to sone. experfmental error. Percent oolxversior¡

ourves wlth tlne8 are snooth and. fron these curves lt 1s

clear that converslon of the molìorner inoreases smoothly iü1üh

tlne (Figs. I anð 8).
In the oonventlonal anlo]tLc pol¡rnerlzat 1olx of styreixe

by potasslr¡,ü anld.e ln llquitL amrconla (1) the rate of the

reaotlorx lE seen to be proportlorå.1- to the square of the

nonometr conoentratlorx arrd. also the rate of the roaatlon

lncreases wlth alecreaslng temperature. Ilowever, ln our sys-

ten the rate of the reactlon 1s proportlonal to the flrst
power of" the nononer conoentratlon ancl the varlatlon of the

tenperatures over the studletl. range of oo to 45oc (¡'1g.9)

has no substantlal effeot on the rate of Èhe reaotlolt.

tr'ormatlon $ tf.e polyner oonnenoes wlth the passlrg of

the currerxt. lnductlon perlod oocurs at' a Iow curyent. Tho

nost probable lnpurlty 1n thls systen ls a trace of water.

Therefore, 1t is bellevetl lhat a low ourrênt Ls usetl up for

a long tlme elther þy electro;Lysls of rÞter or by nonlaltlatlng

eleotrotie processês.
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Hhen cument 1s cut off, f ormatlon of the polyner ceases

1.e., there ls no ltafter-effectfi observed. Thls polnts out
ùhat the initiatlng specleÊ d.ie as soon as cuffent ls shut

off. The siurll-ar phenonenon has been observed. 1n âlkâll
nftrâte âåd. tllmethylfornanld.e systen (12). However, cont ltru-
etlon of the pol¡merlzation, after the current ls switched- off,
oocurs ln the polynerfzatlon of methyl methacrylate by oatho-
d.ic hyd.rogen in a-queous heterogeneous systen (lf). The author
believes that wlth electrolysis acüive partlcles aocumula.ted.

in the systen are capa.ble of lnltlatlng polymertza.tlon over

a long perlocl of tine wlthoüt current. However, he falled
to reveal the nature of the active particles. polynerlzatlon

of s tyrene 1n solutlon of s1lver perchlorate in nitrobenzene

also showed. renarkable after-effeot (Zt). fhe authors r,rere

able to show the existence of llving polyners ln thls cationlc
systen.

When the solution of tetramethyl a.nnonium chLorid^e 1s

electrolyseci, ehlorId.e ion CL- and. tetranethyl annioniun lon
(CH3)¿,N+ are forned.. lhere are good. reâsons to belleve tha.t

poly¡ner1ze.t lon is not lnltlated. by chlorlde ion slnce the

pol¡rns¡s forn solely at b}.e cathod.e (table V) a.nd polyner

yleld.s ând. mol-ecular weights are lnd,epend.ent of the anions of

the salt (Table VI). The ¡nechanlsn of the reactlon, therefore,
appears to 'oe lnoep enðent of aiLlonE. fhls result ls a d.ireat

contrâst to that obtalned" by Breltenbacb (21). The au.thor

reported" that the meoherì1sm of reactlon chan€ies wlth change of
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anions of the Ëa,lt. trfhen styrene 1s lnl.tiated by ei-ectroly-

sis of tetraethyl arnmonium borotetrafluorLd.e 1n nltrobenzene

polyrer fornns only ln the ânod"e corûpaJtnent. He assr]!ûes

that the ca.thodlc procesÊ 1s i¡-ltia-teil by af,lodlc dlscharge

of borotetra.fluorld-e lons. Ilovrever, ïrhen styrene 1s poly-

merized. 1n the solu,tlon of tetramethyl a.mmon lu¡r borotetra.-

fluorld.e ln dirnethylfornanlde, praclti ca.Lly no polymer forûìÉ

i-n the anod"e compartment. An ldent lca1 e:cperinent uslng

a.nroonlum chlorld"e lnstead- of tetrarûethyl amaonlun ohlorid-e

glves relatlvely small amount of polymer. No polymer i.s iso-

lateð wlth. annmoniun nitrate (TâbIe VTI). Therefore, it 1s

worthy notlng that polymer formatiorÌ is quite depend-ent on

the catlon but ind.epend"ent of a.vrlon of sa.It. Tt appea.rs

trlat (CH3)4N+ lon 1,s responslble for the successful polymer-

iza-tlor-.

It iÊ well known that the classical radioal polyrìlerlzâ-

tion ls completely quencheÔ by the add.ltlon of sna]-l anount

of p-benzoquirone or tertlary butyl pyrocateohol or other

rad"lcal lnl¡lbttors. Inhlbltor reacts wlth active specles

to glve a. pro d,uct that 1s too Í!-eak to lnltlate a polyßer

chain. Possible reaction between a. poJ.yner radlcal arrd. p-

benzoqul.none whloh have been proposed. a.re:



Oã
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or R" + fl lÌ ----ì l! j + pol-ymer ulth an unsaturated
Y 'f end group.
00.
ooH

..\ R."-\
orR'+ ll ll li I

\-, t.-)
tÍT00.

The râdical produced in each of the above reactlon will be

resonance stabillzed by contrlbutlon from structures in
which the odd electron ls sltuated on the aromatic nucfeus.

ïn the present system the possibility of polyûeriza-

tion induced absoJutely by a free radlcal reaction 1s ruled

out by experiments which show that formatlon of polymers

proceed ln the presence of high concentration of the radical-

chaln lnhibitors like p-benzoquinone and t-þutyl-pyrocat echol-

(Fig.1l). However, yleId â;n d molecular weight of polymer

decrease in the presence of inhlbitors as 1s obvlous from

Fig.l-I, and Table X. The decrease in yield lndicates elther

the reactlon 1s occurring through a radical anion mechânlsm,

or free radlcal ârìd aniorÌ occurring símul-taneously. On the

other hand pol-ymer formation i s completely lnhibited by
ar\d-

water,, me thanol- whlch are chain terminâ.tors for the anionic

polymerizatlon. The complete lnhibition of the reaction by

the proton donor rnateriaf supports the concept of anionic

propagatlon as the dominant step in the chain addition. nel-a-
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tlvely snall quantliles of water and methå.no1 a.ct â.s tran.s-

fer a"gents red.ucing tlre ra.te of the reactlon afld. nolecula.r

welght of the polyner (Table X).

îhlÊ al1lonic mechânl sm is further substantlâted by

the lncreâ.se of ¡nolecufa.r îrelght of polymers vüIth d.ecrease

1n temperatures (Table VTII). The fact thå.t molecula.r

welghts increase as lhe Èemperatures decrease ls well estab-

llshed. in rnost cationlc and anionlc systems slnce the actlva-
tlon energy of chaln breaklng or liermlnatlng is hlglrer than

tha.t for propagatlon. The propagation step lnvolves the

approach of ånlon to a neutral nolecul-e In a med-iuü of 1o'¡

d.ieleclrric constant, and" so apparently no activation energy

is necessary. fhe termli:¿tion step, o . the other ha.nd,

requlres the rearrang-enent of reacüive specleÊ ar.å thlls lnvol-
ves an apprecla.ble actlva-tion energy. Similar result ha. s

been observed 1n the conventlonal anionic poly¡0er lzat ion of

the styrene (1) i.e., molecula.r" welght lncreâses r,,rith deoreas-

iâg tenpe!'ature. The molecu]-ar welghts of the polymers a.re

roughly ind-epend ent of the c u.rrent (table VIIÏ). UnLike thls
work, the molecular weights of poly- styrene forned J-n solu-

tion of poiasslum nitrate in dlmethylforna¡ald-e decrease with

lncreasing cu.rrent, a.nd. d.ecreas 1ng t enperature (12). The

electrolnit iât ed- free râ.d.1c41 polymerlza.tlon of nethyl metha-

crylate irith zinc àcetate in dfuûe th}¡l sulfoxide molecu-lar weight

of ìrhe pol¡rms¡ d.ecrea.se s wlth lncrease ln current, but thâ.t of
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acr]¡lorritrile in d.inethylfornanid.e lnltiated, by anionlc

mechanisn (25) is lnd.epend.ent of currrent.

It is appa.reut f rorn -EÐ.b]e ( lX) bhat irhe moleculâr

weighbs of the polymers slightly depend. on the lnitial sty-

rene concentration jrrovided- the monomer concentrålrion ls

noÈ bel-ow 20 percent by volume. Dlrect depend-ence of the

molecular welght of the polymer has been observed 1n the eleo-

trolnitlated poLyrnerlzâtion of acrylonitrlle (25).

The e1ect.J"lca1 efficiency of tlre polyner for!0atlon of

the styrene lnitlated- by the electrolysis of the solulion of

tetra.nethyl å.ltmonium chlorlde is the highest of all prev-

1ously reported values. Ttre efflclencS' lncreases 1lneârly

wlth increase 1n mononer concentration, but Êtarts d-ecreas-

lng i{hen the monomer concentrâ.tion lncreases above f0 percenù

by volurûe (Fig.10). fl]ls iÊ only due to the renarka.ble

d.ecreaÊe of the salt solublltty a.t the highest concentretlon

o f the rqoÐ.omer.

The copolymerizatlon stud.ies have shown tha't polymer

fornation proceeds via o. radlcal-anion s;oecles as previotlsly

d.iËcussed, but the conoept of pLire å.nlonic propaga.tlon calmot

be rr¿led" ou.t compl-etely since lt ls posslbl-e thât the elec-

trolysls of bhe reaction r4lxture lnvolves sone unknow¡

phenomenon thât affects the course of the coìoolymeriza"t 1on.

From the above discussi'ln it ls obvlous now tha't the

reactlon has rnosl of the ctìarãcter i- st i cs of the anionic
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nechallisn. ft is reasonabl-e tc believe

rnerization proceeds through a'n electron

yield-ing à pxapa$àt lng species whlch is

the.t the poly-

exch.a.nge ne chagrl s¡l

rad-lcal a.nlon e .9. ,

CHo = CH
I +e=
c6H5

ti
.cH,- di <t :cu2 - c.

'i*lc6H5 c6H j
Hovrever, it ls dlfficult to cornp'rehend whether t?re nonomer

molecule ls getÈlng the electron directly from the electrode

or from an lntermed"late initiator. A d"irect lnitlatlon by

electrons sitpp]-leal by the cathod-e was assumed- in the poly-

merlzation of st)'rene by electr"olys iÊ of sodlu'rû lodld-e ln

ârÌhyôrouÊ pyrid.lne at na.gneslum electrodes 127). ff radlca'l-

lon does not d.laerlze, .then the racllcal lon specles probably

propagáte a't eaclT of the unl-lke ends givlng 1n the same

rnolecule a groh'iilg anlonic end- ând- â growlng free radical'

on d^imerlzatlon of rad-ical end.s pure anioÍic polymerizatlon

results.TnvlewofthisÊltuationthegenerallrineticfeat.
ures of the nechâ¡i sm are s ln1l-ar to those exhiblted" in

acrylo:aitrile system (25). The kinetlo schemes can be written

as follorts:

u+ã-¿ M:

lf inre assujrle that availabilltY

to the inpressed current 1.e.,

õ- "(I or

of electrons 1s ProPortio::al

E =KI
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Rate CoyrEtanü

then M + KI --à M- Kl

where I is the cument.

Dlnerlzatlon of the rad.lcal lon to dlânlon:

2M- *--ì -M-M- Kz

Propagatlon of d"lanlon:

-i'i-ir6_r-lt-+l.l ---5 -tt-lto-trt- tç.3

Chaln trårâsfer of CLlanlon:

-U-ff -M-+ M-ìM(n+t)M-+M ß.4

Propagåt lon of ânlort':

1{-1n-1) + M *l M; Ks

Frans fer of aJßior¡:

ui+m )Fa+u- K5

fhe rate of propagaùlon 1s

% = K3 [-*-*o-r - u-][ril + ic¡ [M*_r-][mJ
or % = K¡ [ron srtel ftul
whore (lon site) refers to the conoentratlon of polymerfo

negatlve lons assuinlng a tllanlon afforcls two sltes and a

nonoan lofi one.

If we asswre that tbe rat e ' d.etermlnlng Êtep ls the

ai"lnerlzatlon of rad"lcal lons to form dlân1ons, then the

rate of the reaotlon 1s to be

Bate = åf, [U.-] 
2 and fron stoad.y state oorxalltlo:r,

1.e., rate of fornatlon aJxal rate of . dl sâppearance of the

lons are equal,



75

Eben,

or
#=o, l¡al rrt 4Kz[iq-] z = o

Bate = Kt tl{l (I).
fhls relatlon satlsfles our experlmental- reÊults.

Rate of terminatlon or ohafut transfer ls glven by

RË = K6 fton sltel [u]
a"rrtl henoe the tlegree of polynerlzatlorl ls

RKa
D.p. = 3. = J lton sttel [u]B¡ n'6 [lon slte] luI

= Gou.starrt r

It ls apparent fron fable IX that noleoular welght of the

Bolymer ls Uttle ðepenclent on lnltla]- nono&or ooncentratlon

provtd-eaL lt (nononer concentratLon) ls not too lov{. There-

fore, the role of chaln transfer to noûoner is not appreclable.

ThlF vlew ls alÊo subÉtantlated- by eleotrloal efflolenoy. lf
lve suppose that chaln transfer takes place with solvent or wlth

some electrotle proclucts:

Mn + Sä .--+ F¡¡ + S- K?

lherefore, degree of polynerl zatLonr

ñ Ð -\ tlon sltel tml
(

= 5' tu-r
K? [sil]
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Hence, ln thls case nolecu.lar v,re lght must be a function of
the ratlo of monomer to solvent conc entråt ion, but thts ls
not in âgreemenü wlth our experlnentâL observatioa. HoÌüever,

proba.ble expla.nation of the observed data is thaù wherì mono-

mer co:ncentratlon is greater EbarL tlna.t of solvent ln the
reactlon nixture trâfrs fer reactlon of the growing chaln

takes place with the nonomer otherwise with the solvent.
The ord.en of reactlvLty in an ânlo¡.1c polynerizåiion

is to be nltrlle conjugated oteflns) carbonyl conj ugated"

oleflns )styrene, para.I1e1lng Lhe ease of ad.dttion of other

negat lve loris and- is probably âccounted for by the resonance

stat,llfzatlon of i;he resul-ting oarbanions (29). Thls oraier

of reactivlty of the mononers has been observed ln the system

composeal of (CIIr)4NC1 d-I¡nethylf ornamLd.e ânal monomer. Fro¡1

Flgure l-2 lt is obvious that the rate of the reactlon ls in
the following ord.er:

acrylonltrile ) xûethyl nethacrylate

The polarlzlng forces of substituents

ners have been shown 1n the fol-lowing

Íable C.
I'Iono!ûgr

Acrylonltr 11e

I'Iethyl methaorylate

Styrene

d-roeùby1st yrene

) styrene ) c(-metylstyrene

1n the aforesald. mono-

table.

Pol-arizing forces of
substltlrents ln d"ynes acoorcl-
lns to C.C. Price (38).

-cN: + 1,80

-CoOcH3: + 1.23

slightLy negative

-cH32 - 0.39
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From lÞb1e C alnd. Flgure 12 ib seems that the lncreaslng

tend.ency of mononer to enter anionic lnd.uoed polynerlzatlon

1s accompa.nied by increasing polarlzlng forceÊ of the substl-

tuents. Hoî^rever, this 1s not an unequivocal Justlflcatlon.



1.

2.

SUMI.LÀIì.Y

Sone exploratory experiments were performed wlth
various nononers, sÐ,lts and. sol-vents.

E]ectrolnduced polymer izat j-oirls of styrene, d-metLry]-
styrene, acrylonitrlle and. methylmeüÏracryl_ate r,iere c oïÌ-

d"ucted in the solutlon of tebramethyl anmoniun chloride
in d ime thylfornamid e.

System conslsting of styrene, dirnethyl-f ormanide Ð.nd

quarternary arnmonlun salts was found arnenable to simple

kinei;lo analysls, and. a systemaùic s tucly was undertaken

of the rate of polymerlzation of styrene asafunction of
mor.oner concentration, ourrent, solvent and. salt. Kin-

etlc stlrd-y yield.ed clearly clef lned rel-ation to the cur-
rent arrd the rnonomer concentra.tion.

Locus of pol-ymerization was found. to be the cathod.e,

Polymer forma.tlon was quenched by vJater and methalol.

Reactlon mecha.nisrn Ð.ppeared. to be ind"epend-ent of anions

of the salt.
Copol-yner izat lon d.ata v¡ere observed to be dffferent from

those of classical- free râ,dical- or â:nionic neclranism.

Hofecular welghts of polystyrene i,,ù ere found, reasonably

high belng depend.ent on tenpera.ture but independ.ent of
ô,rF%Â¡+

9. DominâLin¿ role of d irnethylforma¡ id e in the polymerlzation

of styrene vrith quârteriiary ammonlum se,lts v,iâs not under-

st oo d".

?

lJ

6.

7.

B.

na
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