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ABSTRACT

The Kolbe eleotrolysl"s as a free raoical soLtrce for
the l-nitletlon of add.ltlon polynierlza"tlons of meùhyl meth-

acrylate ln d.lmethy} sulfoxide v¡as lnvestlgated" with zínc
acetate laberied- wtth c14 i.n the c1 and" c2 posltions. From

fhe number average morecular weight and. activlty of the poly
(meùhyl methacrylate) produced by zl-nc acetate-1-C1& as

electrollËe¡ the average number of a.cetoxy lnltlator frag-
ments per polymer molecule could" þe d,etern1ned., Likelrise,
the num'oer avey.age nolecular welght and. activlty of polyner

prod,uced wibh zLrLc acetate:Z*cLl+ yleld.ed- the average number

of methyl a.nd. acetoxy initi.ator fra.gments per polymer mole-

ct¿Ie,

The nunber of fragnents per polymer moleoule was d.eter-

nined" for several polymerlzatlons differtng only ln the

1nlbLa} monomer feed. concentratlon" The fractlon of aeetoxy

inltiator fragments per polyner nolecule to acetoxy and.

methyl lnitiator fra.groents per molecule was plotted as a func-

flon of monomer feed concentratlonn The graph was llnear vrlth

a slope shown by slmple klnetlcs to be given by the ratLo of

the rate constants for acetoxy free radlcal decompositlon

and- monomer capturea The lntercept at i-nflnite ûonomer corr-

centratlon d-j-d not ha.ve the value of writy pred.ioted. for the

slmple anod.e process postulated for the Ko1be electrolysis,
A. more conplex a"nod-e process üias proposed,

vil



Acetlc acld- was used- ln pla-ce of zlrtc acetaËe to d-ef-

ermirre the effecü of hyd.rogen atoms on the polymerLzatlons'

The Sa.me approach as ln the zÍ:rtc acetate case gave a llnear

graph v¡lth the same lntereept but a d.lfferent slope" ['his

was attrlbuteð to transfer to lnltlatoru hyd-rogen atom

extractÍon from noleeular acetlc acld by polymer free rad'1-

cals.

[to d-etermlne the effects of solvent on the free radl-

oals prod-uced. by the Kolbe electrolysls, d-lmethylformamid'e

anô d-lmethylacetanld.e were utsed- lnstead- of dlnnethyl sulfoxld-e'

The efflcienoy of lnitlation by Kolbe electrolysl's products

wag found" to be consloerably less ln these solvents over tlnat

ln d.lmethY1 sulfoxld-e,

vli1



ca,n

and

]NTRODUCTTON

The add-itLon polymerizatLon of unsatura.ted. organlc
compounds is kno¡¡¿ to proceed. vl_a an lonie meehanism, free
raolca.l mechanism, or occasior:a}1y both, depend-ing on whether
tlne actlve centers capabre of chaln reactlons are posltlvely
charged- (carbonlunr lons), negatlvely charged. (carbanlons) 

u

or contain a.n unpaired electron (free radical) " Slrrce an

lonlc mechanlsm was not encountered. ln thLs stud.y, the d.ls*
cussÍon u¡111- be restrleted. to free rad-Lcal mechanlsms.

The free rad.lcal nechantsra of ad.d.ition porymerizatlon
be d.lvlded. inËo three sta.ges, lnltlatlonu propagatlon,

ternlnatÍon"

fNIELå,TI9N

The lnltlaÈlon of free rad-lca1 polymerlzatfon 1s intlmately
connected. wlth the prod.uctlon of the free rad,lcar specles. These

free rad-lcals provlÕe the eilergy necessary to ru-pture the d.ou-ble

bond. of monomer molecurres and. thus lnltia.Ëe polymer rza_tj'onn

Itlegrectlng high energy rad-latlorì. or mecha^rrfcal neËhod.s, the

rad"lcal productlon methods nost often encountered a.re: (1) ther-
ma.lo (2) oxld-atlon and. red.uction, (3) photochemLcal a¡ad. (4)

el-ectrolysi s,

I, To proÖuce free radicals at relattvely Low tempera-

tures by thernnal d.lssoclatlon, the inlbiatLng specles musb con*

taLrr a relatlvely weak þond" such as the oxygen-oxygen stngle
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þond. ln peroxtd-es or the nitrogen-nltrogen single bond' i'rr

azo corrpound.s" Compouncls such as the d.talkyJ- peroxldes, BOOB,

oo
or diacyl peroxld.es, RCOOCB, are the most corunon'Iy used' per-

oxldes " The d-ta.lky} peroxldes d.ecompose therrnally lnto

alkoxy rad-ica}s v¡hlch are then capable of lnltlating polynoer-

lzation:
ROOR 

-Þ 
ZRO.

The d.1-acyl peroxld-es d-ecompose thernally to aroyloxy

rad-lcals 't{hich can themse}ves inltiate polynerlzatlon or d"i's-

Soclate to alkyl rad-icalS and. ce.rbojl d-ioxld-e:

ooo
BCOOCB --+ z&ÇO',

o
RCO" ___+ ZR.ø + ZÇ42

.NzocomporÀI}d.Sd.ecompoÊethernallyaccordl.ngbothe

reaction:
RNNR 4> 2H-' + Nz

Azolsobutyronj.trlle (CH3) 
2C(CN)NNC(CH3) 2Clu ts the best

knourn of tLte azo lnltLators'
other Ëherroa] initiators are ühe monosulfid'es and- the

disulf'ld-es RSR and" BSSB'

?"Peroxl-d"esareoftenlnvo}vedlnoxl-d-atlon:reductlon

free rad.ical productlon. The free rad-icals are prod'uoed- by a

one electron tra'nsfer Prooess ?



The HO. rad.ical is capable of lni-t1a-tlng polynertzat,Lon"

3" Photod.lssocla.tlon of stable molecules contalnlng

weak bond.s þy ultravLolet llght ls another lmporta:eË nethod.

of free rad.lcal prod.uctlon, Generally speaklirg, most sub-

stances that are sultable for thermally lnd.uced. d-ecomposi.tlon

are also sultable for free radlcal proÖuctlon by photod.is-

sociatlon" Holvever, ttte rad.icals produ.ced. by photoC.lssoc-

iation may not be in their electronl"c ground. states and as

a consequence theiv reactivltles nay d.iffer from those rad.J-*

eals generaËed. thermal]y,

4" Free rad.ical productlon by electrolysis has recelved

ltttle attention as a method. of polymeriza,tlon inltlatl-on"
Thls method. offers the ad.vantages of molecula.r welght and.

yle1d. programnlng"

The slmplest free rad-lcal specles prod,uced electroly-
tically and capable of chaln lnitlatlon Ls atomlc hyd"rogenu

fn 1949 l,fllson et a1 I Ln attenpËlng to red.uce acry-

llc acLd- and. methacryllc acld on a mercury cati:od.e wlth sul.-

furic acid- as elecbrolyüe in an aqu,eous solution, found snall

a.mounts of the expected red.uctlon producü ætd fal.rly large

yield.s of poJ-ymer, They presented. evld-ence to show tlnat thls
polymerizaLior: was a d.lrect result of current passage and. was

a cathod.lc process unlnfluenced- by any anod-e process" The
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authors suggested. that the polymerlza.tlon mechanlsm was

free radlcal, TheLr ln,vestigation of polymerf-za.tl.on lnlf1a-
tion efflclei:.cy for various cathod.e materials suggesüed. that

the lniblatLng species wa.s atornic hyd.rogen" The efflclency

lncreased with lncreasing hydrogen overvoltage d.ue to the

d"ecreaslng blnd.lng energy of atonic hyd.rogen wlth lncreasÍng

overvoltâBO.

G. Paryavatto? Ln LgsL showed þnat hyd-rogen chemlsorbed

on meta] surfaces or liberated- during electrolysls ca.n

init Late the polymerLzablon of methyl metLracrylate when a

0,J. i[ su]furlc acid. sol-utlon was used as electrolyte and.

metals such. as pla.tinume pallad.lum, lead-, and- mercury were

used as cathod.es" He conclud.ed Lhat the majorlty of hydrogen

atoms released at the cathod.e escape as molecular hydrogen'

Only a smal} fraction leave the electrode surface as afonlc

hyd"rogen and- lnltLaþe pol¡rmerj,zatlon in the body of the sol-

utlon"

T-rL L953u Kern and. Quast3 were able to polynerLze

methyl metha.crylate, acryli.c acld-, methyl acryla.te and-

acrylonitrlle 1n aqueous solutl-ons by cathodlc hydrogen@

fhey also found the ord.er of effectiveness of the cathod"e

materlal to lncrease wlth lncreasing hyd.rogeii overvoltage of

tlne cath'od.e naterla.l,

Floshln and. fomllov4 feel trrat Wilson and Kern and-

guast are not justJ- fled in assumi.ng the sane mechanism for
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ca.thod-es with hlgh hydrogen overvoltage and. low hyd.rogen

overvol-tage" They agree tnat the l{iLson mechanfsm probably

proceed"s at cathod.es of low hyd"rogen overvoJ-bage such as

pJ.atinum, but for cathod-es of hlgh hyd-rogen overvoltage such

as lead they propose a d-lfferent mechanlsm:

CH2 = CHCiV + H+ + o-------*.- "CHZCHZCN

Bscently Tsvetkov5 studied the heterogeneous system

methyl nethacrylate, waüer, hyd.rocirlorlc acid- eleetrolyzed

aþ 1ea0 elecbrod.es, He found. polymer produet only at the

cathod.e and. art J,t:rcreasing polymer yte1d. wlth l-nereaslng ten-

perature" [hi.s he attri.buËed. to the fal]- i-n caühod.e hyd.ro:

geil overvoltage wiËh lncreaslng temperatiree

One interesting observatlon of Tsvetkov was that

methyl methacryl-ate continued. to polymerlze for many hours

after th.e current was shuË off" Thls ttafter polymerlzatiotttl

was also notlced. by Parrava¡.o and- Kern and. Quast, Thls l-s

aUoost cerbalnLy not d,ue to hyd-rogen atom lnltiatlon slnce

this free rad.lcal specles canno'Þ be eryected. to exlst ln
solutj-on for several hours " A much more llkely e4planatlon

1s that ini-tla"tion gives rlse to rad.i.cals of long lives which

aye capable of add.lng monomer units over perlod-s of hours 
"

The labest work on cathod.lc hyd.rogen inittatlon 1s

thaþ of Tsvetkov and. Glotovao. They attempted- to polymerize

sËyrene by the eleotrolysls of a 0"4 M hydrochlorlc acld' sol¡f,:
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tion at lead. electrod-es. The results of their exper3.ments

showed. tlnat i;he polymerizatlon of styrene d.oes not occur

und-er bhe lnfluæ.ce of rad.lcals formed. at the electrod.es.

Theyattribute this to the low sol-ublllty of styrene in the

aqueous solublon, as a result of which there is not an

eff iclent contact of ruonomer and free rad.icals" In ord-er to
i;est thts conol-uslon, the authors mad.e a numþer of experl-

ments ln which the morloaer solubllity was lncreased by

uslng an aIcohol, wate:: ml-xture as solvent." Polymerlzatlon

of styrene und.er ùhe lnfluence of cathod.lc hyd-rogen was

observed" when a.lcohol was lntroduced ln the system"

The lasb method. to be d-iscussed involves the prod-uction

of free rad"icals by the Kolbe electrolysisu

In 1849, H" Kolbe 7 l,ihile atemptlng to lsolate the

methyl rad.ical by the electrolysls of aqueous potasslum ace-

tate solutionu Oiscovered tlnat ethane and- smal-I amouirts of

methyl aaetaïe and. carbon d.ioxid.e were released. at the anod-e.

Several üheories have since been propoÊed. to account for

the prod-ucts obtalned-. The flrsü theory, the peroxid-e theoryu

was proposed. by Schall and. Flohter8, These invesüi-gators

were of the oplnlon tlnat the aceLate lons were ðlscharged. at

the anod.e, and. the result Lng free rad-lca1s reacted to form

the d-tacetyl perox3-d.e, whlch then decomposed. to form the

alkyl rad"lcals and- then the hyd.rocarbon:
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CH"CO I)
tJ

CHaCO:

cH.8o "to 

--7
ci{3co'

o
CH^COr)n I nZCoc +
cH3ðol tu

cHj "

CH3'- 
GzH6

:OH

?zOH

Broune and. waLk""fo u tbat

acetoxy free rad"lcalu

nethyl free rad.icals anÖ

The peroxl-d.e theory is unable to explain the effects of

anod.e materlal and. ad-d.ed. salts tlnat are observed. 1n the

Kolbe electrolysis,
AnoÈher theory 1s the hyd-rogen peroxid.e theory, pro-

posed. by Glasstone and- Htckttngg, They suggest that hy-

d"rogen ;oeroxide, i¡rhlch ls flrst formed- at the anod.e from

hyd-roxy1 rad.lcals, or these hydroxyl rad-lcals themsel-ves

prior to comblnatlon in pa"lrs , Teact vrlth the acetate lons

to form acetate rad-lcaIs" These then combl-nee posslbly wlth

the lnterned.late formatlon of d"iacetyl peroxlde, to yleId.

ethane and. carbon dioxld-e:

CH3C0: + oon ------+ cu38o. +
o

OROo
ZCH3ÓAz + HrA2-'---2*ÇH3ðOa *

zcnrïo tcnrSo ) z- ÇH3cH, + zcoz

The flnal iheory.is that of

t.lne aceíate Lon ls oxid.lzed. to the

whlch then d.ecarboxyla.tes to yleld

carbon d.ioxid.e:

oo
CH3CO: ------+ CH3CO. + e

cozcn38o e -----i' cnj.
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In nonaqueoì.ts medlum, no hyd,roxyl 3.ons are present

and. so neii;her hydroxyt radlcals nor hyd-rogen peroxid.e eaYI

þe formed, Therefore, the hyd.rogen peroxid-e theory i-s

lnappllcable, The remaining Ëwo theorles d-iffer only in

the peroxid-e lntermed.i-ate, There ls no strong evidence

to suggesü Such an lnterned.iate exisËsfl a.nd. most v¡orkers

ln the ffetd.lZ sI6eL9 have accepted the free rad.lcal theory

of Brown and. l{a}ker" The ethane and. methyl acetate prod-ucËs

of the Kolbe el-ectrolysi.S can then be explalned- on the basis

of prfmary radical termlnation:

CH3 " + CH3q ----ì' CZH6

cH3" + cHrSo'-* cH38ocH3

The Kolbe electrolysls was later found. to be effecblve

for o'ther aliphaÙlc carboxylic .acld.s' It Sooi:. became a

novel ¡aethod- of symrnetrlcal a]kane synthesis from carboxyllc

acid-s as Well aS for the prod.uctlon of oleflns, d-lenes a"n'd'

esters from ulLsatLrrated. d.lcarboxylle acid's.

i[any workers investlgated. the nature of the free rad"l-

cals prod"uced. during the Kolþe electrolysls of acetates.

Fieser and, Clappl3 reported. þ;oat the electrolysis of Sod.i.um

acetate in an aceíic acid. solution of trinitrotoluene leads

to the formation of trinltro:m-xylenee
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Fichter anô Stenru]llþ

products of electrolYsls of

blonu

cH3

for.rnd. 4-phenylpyrid.lne ln the

a loen:zoLc a.cld.¡ pyrld.lne solu-

/\u *

l( )l +cor+e
V

q

o
CO:

N

^
li lll/--\\vv

Noe

Noz ozN 
fì 

*ot

+ zÇH3e ---:> V.r, 
+ cH4

Noz

Wllson and. Hayartrttr5 reported. a 30% yield. of ortho

anù para acetoxya^nisol formed by the eleetrolysls of potas-

slum acet,ate Ln aceÇlc acld. and. anlsol" Thls is partLcu:

larly lnterestlng since It suggests a ftnlte lifetlme for

the aceboxy free rad-leaI.

o+ CHrCO " ----Þ

occH3

Gol-d.schmidt and. Stockll6 also used- prod.uct analysls to

tnr¡estigate the free rad-ical speeies produced" d.urlng the

Ko1be eleotrolysls" They electrolyzed- potasslu¡a acetate ln

ocH3
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anhyd.rou.s acetLc acld. soluülon of acrylonitrile, They

obtalned prod"ucts v¡hose f ormatlon can only be d-escri-bed.

the assumptlon ihat nethyl free radicals are generated-

and. then rea.ct wlth acrylonlürile"

d-lmerlze CNCN

)Hscn zcHCN 

- 
::, ::';fi lT.änTT,CN CN
ÇH3CH2CHCH2CHCLI3

--úmer Lz eu cu, SHcH rcH rEHcH,

CH2=ggglç * CHq u

ð CHq
'cHzcH'cN

I¡ttth styrene as monomer, they obtained. prod.ucts prov*

l"ng that both the nebhyl and" acetoxy free radlcals attacked

sbyrene molecul-es then d_inerlzed_,

ø8 = cH^ + cH3. + cn3c nrfficnrcu,

ø8 = cH, + cH3. + cu38o@ ---+ cryïocn2ïrr,

They also obtalned. slmllar prod.ucts wlth proplonlc

ac1d. salts as electrolyteso

fn L959 Smlth and- G1]4u17 investlgated- the prod-ucts

obtalned- by the electrolysts of potasslum acetate ln methyr

alcohol uslng buüad-lene as monomer. Two lntermed.late resona;rrce

stablli-zed rad.leals are possible:

CH3' * CH, = CHCH = CH¡+CH3ÇLIZCH = CHCHZ'

cu38oø + clz = cHcH - ÇHz--+ cgrSo c¡zctr = çHCH2"
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By conslderlng arr possibir-rüles for methyl and.

acetoxy free radlcal aþEack on these two intermed.laùes,

lt was show-n tlnab onry twenty:one prod_ucts are posslble
(laterned.iate rad-ical- attacP. of butad.lene was neglected.),

The authors were able to id.entify most of the twenty-one
compound.s ln the electrolysj-s prod.ucts by vapor phase chrom-

a.üography.

Reallzing Elnat the Kolbe el-ectrolysrs was a useful
source of free rad"icaLs ln solutf-on, palft and. Dasl8 in
L950 attempted the polymerizatLon o f unsaturated. monomer

by free rad-lcals generated by the Kolbe electrolysis.
They obtalned. poor yield-s of poly (methyl methacrylate)

uslng a propylene glycol solutlon of sod.ium acetaLe, They

found., however, tlnat. the polymer was prod.uced" aÞ tLte caùhod_e"

They att¡.ibuted- bhe polymerlzatlon to hyd.rogen atom or

sod.ium atom l-nlülation,

Smith and. Gllde 19 krere su-ccessful in polymerlzlng

vinyl acetabe a¡ad- methyl nethacrylate by the electrorysls of
aqueous and_ methaaol solutions of potasslum acetate" Sm1üh

20
and. I{anni+g-- obtalned good. yJ_e1d.s of poly (acryllc aciè)

by the el-ectrolysls of aqueous solutlons of acryllc acLd and,

potassium acetate,

Smith and. Glld"uZLu a.s part of their stud.y of the Kolbe

electrolysis, examlned" the polyiaerlzat1.on of vinyl acetateu

methyl nethacryla.te, and vlnyl chlorid.e by the eLectrolysLs
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of theil' aqueous soluti-ons uslng potasslum acetate aÊ at7.

electrolyte" They found- poly (vi.ny] acetabe) forned- onLy

}n the anod-e compartment and. tYøþ the poly (vinyl aceta.te)

and. poly (methyl methacrylate) prod"uced" uslng potasslum

acetate-Z-CLu as eleetrolyte worerad.loactlveu Unfortunately

some d.oubt exlsts as to the reliabllity of this tracer work

since calcul-ations on the values of polymer acülvity and.

molecular vuelght glve over flve hund.red- methyl and acetoxy

end groups per polymer mo1eeule, Slnce thls value ls

unreasonableu the author suggests that the actlvlty of the

polymer was largely d-ue to contaminatlon,

Breitenþach and SrnaZ2 showed. the free rad-lcal

nature of methyl methaorylate polymerizatlon by ühe el-ectroly-

sls of an acetlc acld- solutlon of llthlum acetaþe. This was

accompllshed- by copolymey"lza.blon stud.les with styreir.e anil

inhiblt lon work wlth d.lphenylplcrylhydrazyL,

Fr,¡nt and- I{111Lams23 were aþ}e to polym erlze vlnyl

pyrrolld.one in a methanol solublon of po'basslum ace|ateu

They investigaüed lnitiatlon eff'Iclency as a ftmction of

currenb d.ensity and. found- the efflciency to d.ecrease as ctrr-

rent d.ensity increased.. fhis }s oolLsistent wlth the obser-

vationZ4 that efflciency of methyl rad-lcal- dLmerlzatlon

increases wlth current d,ensltY"

Recently, Funt a¡,d yu25 investlgated the Kolbe elec-

trolysls ln homogenoìts med-la ln r,vhlch both moiLomer and- polymer
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were solu'ole. This pe:'nitted- a str.ldy of the elecl;rolysis

kinei;ics i,incon;ollca.ted by poiyr:rer plating out on the elec-

ri.od_es " They used- a d-ine'bhyl sul-foxide sol-ution of zinc

acef;p..,ie a.nd, meth¡rl metira.crylate alLd obts.ineil kinetics

in.1icatinL{ a. f'ree ra.d-Lca'L mechanisrn*

one inberesting proi:-orty of the Kol-be electrolysj-s

is the existence o'r a cr.ltica.l elecirode current su"ch tlna'tg

the rea-ction occurs slgnificantl¡r onl'I¡ above a certaLn limit-

ing value of electy'od-e cu¡rent" Thls has .t¡een lnvestlgated-
^/by Coni,fa.y ancl Dz1ectuchZÔ on the Systens t'ifluoroaeetic a'cid--

potassium Ûr'rflu.oroae etaLe a'nd. forni c a'cid-potå'S'c j-u.r¡ f orma"Ùe

using platinulm electz'od-esn They foun.d- that a critical- current!

Ì\Tes rea.ched a.t l0-5 amps c*-2 an¿ 10-:4 a.nps **-2 fot th'e

trifluror aàeeïLe acid- and fo rmic acid- slrstems respecf,ir,'el ¡rn

The au.fhors harre attrlbui;ed thls critica-l cu.rrent to the

forrna.tj-o:a of pa.sslve films of metal ttca.rboxylatestÌ on the

anooe a"nd- Ùhe removal of thi-s fll-m is B' prerequisite for

sur'bsequent stead-y*state occu-rance of the Kolbe deca'rboxyla-tion"

TElri'iIlfAfÃOi\r -
Thepropagâ,tlonstageinrad.lcaladd.itionpolyrner-

Lzation rnereJ-y colLiilsts of 'bhe poJ-ymer free T'adlca'I at);a'cs'

upoï} a- monomer. molecule, formi.ng a polymer free ra"clical- l¡¡ith

an að-d-LEIonal monorner unit:



14

Pn"+M-----+Pnåt

i.{here M ls ühe mononer molecule a.nd. Pn" the polyurer

free rad.leal. Thís process continues until the growlng

chaln ls termlnaüed-"

Except ln a few cases, termlnatLon ls by mutual d.eacti.-

vation of two free rad-lcals, Thls d.eactivatlon can occur by

conblnatlon or dl sproportlonatlonn

If terrnlnatf-on l-s by comblnatf.on, the two polymer free

radicals comblne to give a slngle polymer molecule:

Pn' + Pm' -------+ Pn+m

If fnitlatlon ls entirely by lnlt3.afior free rad-lca1

attacku then eackt polymer free rad.ical w11] contaån one lnlt*
lator fragnent. ff termlnatlon ls nov¡ exclusl-vely by com-

blnaüion, eacln resulttng polymer molecule wllJ. contain two

inltlator fragments (enÖ groups) 
"

If terninaûlon ls by ðlsproportLonatlonu a hyd.rogen

atom is tran.sferred between the polymer ra.dlcals to yleld. one

saturated- polyner molecule and- one ullsaturaüed."

Pn" + Ptr:CH2CH2, PnIf + PnCII ' ÇtIZ

In thls caseu lf lnttiatLon ls entlrely by lnltiator
free rad.ieals and- terulnatlon entlrely by d.lsproportf-onatlon,

the resulütng polyner moleoule wL]l contaln one lnltLafor
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fragment per molecule"

Oire further nethod. of growlng rad-leal termine,t ion

is c!øL:n transfern A polyner free rad.j-ca} renoves an atomu

usually hyd-rogen, from a solvent molecule, mollomer molecule,

or d.ead. polyuer molecule,

Pn" 4 SH 

-à 
P¡alI + S'

The growlng polyner moleculo has been termlnated and

irr this caÊe, a solvent free rad.lcal has been prod.uced,' This

solvent free rad.tcal may or nay not be Yeactlve enough fo

ad.d- monomer unl-f s,

From thl-s d-lscusslon lt ls obvi-ous E]nat the nod'e of

termination can be d"eternlned. by an analysis of the numþer

of inltiating groups per molecule of polymer" Thls, however,

is baseÖ on the assumptlon that chai.n transfer does not occur

to any a:ppveelable extentu
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Becognlzlng that EI'Le great najorlty of free rad.lca1s

generated.þy the Kol-be electrolysls elther dlmerize or trans-

fer to the solveirt, âþ attenpt was nad-e ùo d.etermine the fate

of the free rad.lcals that escaped. Oi-merlzatlon and transfer

reactX"ons, I¡ltth the help of }a.belled. acetate lons, the

relatlve efficiencj-es of the nethyl and- acetoxy free rad.lcals

to lnitlatlon cou1d. be determined. as wel-L as the total number

of each ln.corporated. ln the polymer molecules" ït was decid.ed

to investlgate thls as a functlon of mononûer feed. concentra-

tlon"
trþom the previous dLscu-ssion, i-t was establi-shed. that

methyl and. aceÈoxy free rad.icals are geûlerated. at the anod.e

durlng the Kolþe eleeürolysis" These free rad.lcals can react

with monomer:

oo
CH3COo + M--+CH3COM' ooooo oøoøøeoøêa oe oeooøoo (1)

e o o o o e o ô o o e o o s o ô o o o o o q o ø (2)CH3' + M"

ïn ad.d,ibionu

(1) are capable of

o
CH3CO ø 

-'?
If x is the

nonomer, then

--* CH3M'

CH3. + COp @6oêeo@o6oooêó@eo@eøoo@o (3)

of reactlon
e of reacüLon

acetoxy radicals whlch eÊcape reaction

d.issoclatLon:

fractlon of acetoxy radicals captured, by

r6

+ rate o reacf J-on
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Therefore
\̂.,

k1(li) (CiI3Co' )

kI(M) {cur80" ) * k3icH380" )

ø o o o o o o o (4)

i^lhere (M) is the concentratron of monomer, (cH38o"¡ ts the

statlona"ry coneerrtratÍon of acetoxy free rad-icals, kl, kzu

and. k3, are the rate constants for reactlons (f), (Z), and-

( 3 ) respectlvel-y,

Slnipllfylng e4>resslon (4) and lnverting, we find.

].-r* o3 r(l
X kt(I[) @øøoee€ooooooooooðo6ooøoo6o \Jt

rf we now consid.er all the methyl free radicals to be

eapüured by monomer tn the steady state, than the rabes of
reacËlonÉ (2) and- (3) are equal a¡ed.

_ raüe of reaction (1)
rabe of reactlon (1) + ra.te of

reaction ( 2)

or

x = 4verage numPer o{ ace,toïI 6.nd grouTls per pol_llm_er _molecule.
Average number of methyl a¡rd. acetoxy end_ groups þerpolyner molecule

It ls a sinple matter to d.etermine the factor x Ìry the
/fV¡ause of two label-l-ed. acetabes. The actlvlty of þälimer produeed

fron a-cetate*}-c14 as electrolyLe is a rneasure of the nunber

of acetoxy end. groups per polyiner molecul-e while the a.ctivi.ty
/f ]n,r:

o3lþtóIymer prod.uced. from acetate-z-c14 ts a measure of the

nunber of both meühyl an.d a.cetoxy end groups per polymer mole-

cule 
"
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f.nspection of eqoresslon (5) sh.ows tlnet a TrlCIt of
!/x vrs. l/Irt shouil-d- yield a straight line of lntercepi one

- t1a.rrq ,s I ope KJl K1.

A-n apprcrach of Lhis type for therrnall]¡ lnitiated
.2qZBpolymerizztr.on t,rre.s used- by Bevlngton'"r ancl +ryrey"-' with

1aÌ:ell-ed peroxid-e s,
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lnhll¡ltors ad.d.ed. þy the manufactìtrer to prevent polynerization

d-uring storage and- hand.lLng, The monoaer was then d"lstilled.

und.er red-uced. pressure. The mid.dJ.e portlon ruas collected-

a.nd. sfored- at -25oC untlt used.u

Iviethyl ethyl ketone used ln viscometry and. osmometry,

was d.istilled" at atmospheråc pressu.ree

Sod.lun aceüate-I-C1& and sod.tum aeebate*}-clþ tÌtere ob*

tained. from New E:egland. Nuclear Corp,u and. converted. to

aceblc acld. by allowlng acetate exchange between sod-lum âce-

tate and. anhyd-rous acetic acid, then d.lstllltng off the acld."

Zlrr.rc acetal;e-1*C14 ana z1r.ne acetate- 2-CL4 hrere prepared 1cy

'che action of a.cetic acid.-]-Cf4 and- acetic acid-2*C14 on zllnc

carbonate" All salts were carefully c1rLed. before usee

Dlphenyl oxazol-e (ppO) and. ].e¿i d-l(2-(5*phenyloxazcryl) )

benzene) (POPOP) scintlll-atlon grad.es were obtalned. from

Irtluclear En'berprlses irr 1962 and. used- in the liquld. sclnüllla-
tors without further purlficatlon,

POLYT'iERÏZATTON

All polymerLzatLons ürere carrted. out ln a palr of poly-

merization cells (Flgure 1) " The platlnum electrod-es were

0"7 cms, aparbu 2r5 cms square and. sealed. into glass capL1-

lary tubes. The eleeËrod.e asseubly was fitted. wlth a groirnd.

glass stopper to form an ai-r tlght seal with the polpner'Lza*



FIGUBE 1" Polynerizabj.orr Cellu

(a) Mercury contacts,
(b) 35/Lþ5 ground glass jolnts'
(c) Plaù1num eleetrod.es"
(d) Teflon stlrrlng }j,ar.
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Dimethyl surfoxid-e was d"rled- over calclum hyd.rtd.e

overnight, d,ecantedu and- disùllled" und-er vacuumo The mld_dle

portlon was coll-ected in a d.ry round_ bottom frask and süop:

pered. Ln su.ch a manner t'nat volumes of dlmethyl surfoxid.e

courd. be removed wlth a syrlnge" Thls prevented. the hygros-

copic solvent from absorblng molsËure from the alr"
Dineihylformamid. *29 *u, mixed with Le¡å benzene which

had. prevlously been Õried. wlth calclum hydrid_e, The mixture
r¡¡a$ al-i-owed to stand- twenty:four hours, then the benzene-

wa.ter azeotrope was d.istlf led- off at a temperature of Booc

or l-ess to prevenL the d.ecomposition of Lhe d"imethylformamid-e"

The d-imethylformamid-e v\ias then dlstilled. at atmospheric pres-

sure and- the mid"d-le portion boiling at l5zoc colrected-. This

üias d-ried- over barlum oxid,e overnight, d.ecanted., a:rd. d.istilled
und-er vacuumo The ¡nid-d.le portion rAras collected" in a round"

bottom flask arrd stoppered. in the same manner as d.imethyl

sulfoxid.e"

NuN-d.lmethylacetamid.e, rated. at 0"006'fr lrater, was used

lvithout further purlfication but precau.tlons were teken to pre-

trent a.bsorption of a'brnospheric rnoistu¡.e,

Methyl meühacrylate was first passed through Fisher

ad.sorptlon alumina iw a. chromatographic column to remove

L9
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tion vesse]"

The cells were always used- in palrsu both contalnl.ng

id-entical concentrations of monomer, solvent, and. eleetrolyte"

The only d"lfference was Ln the labelled posltf-on of the Ð'aa-

tate electrol¡rte. The cells were con4ecüed- in series So

.bhe same current passed. Nhrough both for the same lerrg:th of

timo" Nltrogen was bubþ}ed- through each cell- before elecbro-

lysis to remoye atmospherlc o5ygen whLch r,rould. act as a

retard.er. Bobh celts were stirred" vigorously and- unlfornly

by mea¿s of teflon magne'bic bars and. thermostated al 30o i

O"TaC* The saae welght of electró]yte was used ln al-I pol¡'¡¡çrj^za-Ef-ons,

fhe length of elecbrolysls was ad-Jråsted. so Elaa't the

percentage of monomer converted to polyner d-ld- noi exceed' l'0Ø

and- the electrolyüe concentratlon woul-d. not drop to zeîo6

The polver supply used. in thls research l{as a hJ-gh]y stable

constant current Ê¡¿pply Speclall-y d.eslgned. by lol'C" Iioyle of

the Natlorral Research councll of canada" Jt was capable of

furnishlng consbant ourrenb of 15 ma' t o 'oLt'o/"o A constant

cLlrrent of 15 ma was used. in all polynerlzatl-ons"

The polyner soluülon afþex electrolyËls was preclpl-

tated. ln methyl- alcohol and. filtered- by suetlon onto lnlhatnan

#5A f|Lter paper, The polymer was then d-lssolved- in methyl

ethyl keËone and repreclpitated- in methyl alcohol" fhe pro*

ced-ur"e was repeated- a third- tlme to remove as much j-mpurlty'

aS poÊslþIe. The efficiency of the puriflcation procedure
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-'l,ra5 checked, for eacþ Systero by mixing ina.c-r,ive polymer with

aciive electrolyte for tl1ienty hou.rs and. purifying. Tl:is

polyraer was then eounted, to ensure tha.t al-] a.c|ivlty was

removed, Polymer prod-ucts, a.fiey purif ication, weÏ'e d-rled

overn.ight at BOoC in a vacu.urn d-esiccator. The actfvity of

the pr-rrifiecl polyner wa-s dete::mined by liquid- sc|ntil'l-a"tion

cognting and. bhe rnolecula-r weight deiermi:ned by vlscometry anil

o sroometr¡r "

1'10 I,E Çiil+AB IdEI çFJE

In ad.clitlcn polyi'nerizajc:'on, the polyrney c]na'i-n length

d.epends Lì.poï} the number of monomer u:nit s a pol-yrne:: vad].oa"L

cat1 acld befor.e terminatíoiL" Since ternninatlon is purely a

rand.om process, ihe polymer prod-uct r,vil-l contain ma'rly mole*

cul-es rept'esenting maï]y different chain lengths" Any deter':

roina.tlon of molecular weight on such a polymer wi}l gi-ve

ï'i,se 1;o an avellage molecular vleight. Two such averag'e mol-e-

cu.l-ar weights are of importance; th.e numbeÏ" a\rerage and- the

weigh| â.verage molecul-ar welght 
"

Airy ¡nethod of molecular" vreight d-eterniination that

depend.s upoïL a. co1-1iga'birre property (o-"motlc pÏ'essu-re, freez-

ing point loi^ier"ing) will count the numi¡er of molecules in a

kno,¡¡ri ma.ss of materlal, Th¡'ough the use of Ar¡agadrors

l[umlrere thls lnforma.tlon yle]d-s a number average mol'eeular

lf e ignE llf] ,
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On the other hand., many method_s (ultra:centrifuga*
flon, sed-lmentation) d-epend_ uposx propertles tn whlch the

tota.l effect of the molecul-e ls a functlon of 1ts wej-ght,Thls

w111 favor heavy nol-ecules over light and_ yield. a welght

avera.ge nolecuJ.ar welght frw,

From the nature of these molecular vreights, friv must be

equal to, or greater than, I'in, The ratlo îîwÃrtn is a measure

of Èhe bread"th of molecular weight d,istributlonu Values of
ühis ratio for typl-cal polymers range between I,J to 2,0 and.

20 to 50,

'Ihe mol-ecular weight d.etermlnatlon nebhod.s used. ln
this research were viscometry and osmomebry"

\rlseomet.y"y-

The vlscoslty of a solution ls a measure of the slze

ln space of the solute molecules " As such, any molecular

weight deterrnj.natlon based on sol-utlon vlscoslty wll1 not

yield. îin or ñ-r,r. However, lt is found. experlnentally tinat solu-

tion viscoslty ls related- to lt-tl,¡ by the Staud,lnger equatlonu

fhe appøratus used. to obbaln solution viscosity was Ëhe

Ubbelotr.d.e vlscometer (!'igure 2)" This viscometer has the

adr¡antages over other common vi-seometers in that measurements

are lnd.epend"ent of the volume of solutlon in the viscometer

and" fhat measLlremenbs at a series of concentratlons can be

nnad.e easlly by successive d.llutions In the viscometer" The

viscometer was thermosbated at 25 ! o"ozoc,
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The efflux time Ë, for the menlscr¡.s to pass between the

tlvo marks on the center tube was record.ed for a serles of

solublons of d-l-fferent polymer concentratf-on o, expressed

in grans per J.00 ml of solvent. The red.uced. vlscoslty Nro

was then caLculated. for each concentratlon by ühe expresslon

Nr=

io"fruru to ls the efflux time for pure soLvent" Nr as a fwrc-

tion of c was then plotted. for each val-ue of c aird. the llnear
graph extrapolated, to ze,.o polymer concentra.tlon, The lnËer-

cept was taken as the lnbrlnslc vlscoslty N, A typical vfs-
coslty cu.rve is sholvn in Figure 3"

The intrinsie våscosity measures soLutlon vlscoslty

when polymer molecules behave lnd.epend-ently of eacLt other

and- effects of solvent-polymer lnteractlons are mlnim1zed",

As such, lt ls the quantity of lnterest a¡rd. used. ln the

Staud.lnger equa,tlon to deüermlne welght average molecular

We].gnES I{T/ù @ 
a

N = Kffiv¡

lnlhere K and a aye eraplrlcal con.stants d.erived for every

conrblnation of temperature, solvent, and- polymer üype"

The values of K and. a used. in thls research were

K=6"8x10-) a = 0"72



FIGURE 2" UÏ¡belohd"e V1 scometer 
"

(a) Reference ma.z'ks*
(b) CapS-J-1-a:"3' tLr.ìre,
( c) l'íli-3"ng ì;ube 

"
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FIGII}LE 3" Vlseoslty Curves for. Pol-ymer. Product rtÁrl

Produced in the Zine Acetate System"
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These values apply at 25aCu methyl ethyl ketone as

solvent, and. poty (methyl methaorylate) vlith a tielght ave-

va.ge rool-ecr.ilar weight ii:. the rayrge 3,5 x to4 to 1o x ]-06 30u

3l-,32"

Osmonetry

The apparatus were mod-lfled ZLmm l{yerson osrlo*

meters (Flgure 4). [hey coTtsisted- of a chø.mber contalning

the polymer SolutLon and separated- fron pure soLvent by a

nembrane perneable only to the sofvent, The osnoonrefers were

operated, byasüatic method. whereby tlney were fl}led. then

allovaefl to come to thelr equillbrJ-um osmotlc height. The

d-ifference ln helghü of the men.iscus !n the measnrlng and.

reference capillarles was taken as the osmotic height, and

neasured wlth a cathetometer to J O,Ol cmsu

A serles of five osmometers, each conÙalning a d.iffer-

ent coneentration of polymer Solutlone l¡trere thermostaÈed af

25 t 0,02oC. The osnotlc pressure ffi , Ln centimeters, d-lv-

ld-ed by concentration c, 3"n grams polymer per 100 m}. solvent,

was plotted- agalnst c and. the curve extrapolated to zeîo

polymer concentratlon, The nu¡ober avera.ge molecular weight

ffin was then d.etermined. fron the value of the lntercept (N /c') o

by the use of Vanst Hoff Is equatlon for di-lute solutlons:

ffi.^ BT
('¡rlc)o

A typS-cal osmotlc pressu-re cu.rve ts shoy,in ln Flgure 5"



FIGUBE 4. ltlod.tfled" zLmm I'lyerson Osmometer"
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].,'fGl]BE 5u Osmotic Pressure Curve for polyner
ProdLiet ltArl Produeed- ln 'bhe ZJ.nc Aeeba.te Sys-
6enê
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Coumtinfi

Of all the metliod.s avallable for rad.ioactive polymer

a.ssay, the most usefnl ln this research at least ls that of

liquid. scíntiIlatlon countlng, 'Ihis technique offers the

ad.varrtages of simpllclty ln sannple prepa.ratLonu negliglble

beta partlcle self absorptionu arrd- 4 lË geometry" Sanple

preparabion conslsts slmply of dlssolving about 0.J gms

polymer in 20 nI of llquid sclntlllator contained In a spe-

clal- glass v1aI, Beta partlcles emitted, by the sample i¡rlll

excite the lic¡uid scinti]lator to fluorescence" It 1s the

intensity of this f}-toresence th'at ls obsec"ved by the photo-

m.ultlpller tubes a:rcl record.ed- as a mea.sure of the beta

parLicle actlvlbY of the samPle.

The Ilopld. seintillator ltself is always at leasË a.

two component system conslsting of solvent a:nd. solute' The

term ttsolventtt lnclud-es not only substances whose purpose ls

to solvate the sannple and. the solute bu-t it also lncluiles

those substances tha"Ë aåd ln the en.ergy transfer process from
thesolvent td"=Jo1ute" The I'solutetr ls the substance whose

fluorescence emisslon ls actually neasured- by the photo-nultt-

pller tubes, Therefore, the emisslon spectrumof the sol-u.te

must cort-espond. ùo the sensltlve region of the photomultipller

tuþe 
"

Normally, lic¡uid- scintillators are composed of two sol-

vents and two solutes, called. prlmary and- second"ary solvents

or solubes dependlng on their relatlve concentrations. The
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}1o,ula scintLllaËor found- most useful- for this stud-y coil-

sisted- of toluene and na,olthalene aS prlmary a:ad seeondary

solveiits respectlvely, and. PPO (aiphenyl oxazole) am.d- POPOP

(114 d.t (2-(5-phtenyloxazdyl) )'oenzene) as prlraa.ry and" secofl-

d-ary solute respectlvely,

U

PPO POPOP

The rp.phthalene v¡as ad-d-ed as à secondary sol-vent because

of its excellent erlergy transfer cnaracteristlcs a¡rd- lts Low

Sensttivtty to most ext,etna.I quenching agents such as water

a3d. oxygen" E\¡en se naphthalene Could noÈ Serve as a primary
was

solvent since it is a sol-ld at roon ternperatLlreø POPOP adcled

as a second.ary solute to shj-ft the spectral band. of flLuores-

cence to longer wavelengths" This al-lowed- a more efficient

matcht of fluorescellce spectra to the sensltlve region of the

phoùonu1tiplleru

The composltion of the }lo,uld" selntilla.tor found most

sllitable in thls reFearch was

100 gms i:aphtkralene
9 gms PPO

0.15 gms POPOP

50OO mt toluene

eÞ.rery
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slnee the above scfntlllator was lncapa.bre of solvatirrg:
the zrnc acetate, tt was necessery to d_evelop arrother scrn-
tilla-tor whlch wourd- be abre to solva.te a sma.l] amount of
rnrafer. The l-abelled z1nc acetaüe courd- then be d,issolved ln
water and a snalr amount of this add.ed- to the scintilrator"
The composltion of the v,iater solvating scintillaùor was

35 gns nsg¡kthalene
3 e;ns FPO

0 "05 gms pOpOp

300 ml ethyl alcohot 95%
500 mI para d.Loxane

1000 ml- toluene

The ebhyl alcohol was necessa.ry to solvate the water lrt¡.t was

responsLble for the rera"tively lov¡ efficiency of e5-So/" as agai. -

nst 60-7A"þ for the former scintllla.tor,
ït was found. that the water solvatlng sclntllra.tor was

capabre of d-issolvlng up to 0"1 ml of water at the temperarure
of the Tri Carb sample changer"

The concentrations of ppo and. popop are Lower in these
scintilla.tors than tlnat normally found. ln the llterature" fhls
resulted. fron our observation that, with normal solute con-
centratlons, sampre activlty d"ecreased rapidly for two or three
hours and- then conÈlrrued- a less rapid- d_ecrease for several
days. Tt v¡as found- tltat d.ecreaslng the concentra.tions of the
solutes and- increasing the temperature of bhe Trl Ca.rb sarnple

changer from -looc to ooc resuLted. 1n. constant counting ratesu
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Since a}l sanples lvere prelra.red- a.t l:oom tempez'a.ture a"nd

counl;ed at -10oC, the decrease in cou:rting ra'Ue vías attrl--

brited- to the preclpltatio¡r of one or both of the solutes at

-10oC, 4.11 mea.su.rerilents in bhts research were nad-e ab 0oC.

A similar decrease wa.s noùed. by Lohmar¡: a.ir.,l- Perkirtr33

also usin-g a Trl Ca.yb a:nd- a sciru)I]1-ator with the normal

co:ncentrations of PPO and POPOP. They concl-ud-ed- fhat temper-

ature effeeÈs and- adsorlrtion of rad"ioa"ctivity on the glass

?Jere responslble for the decline ln counting rates"

Thelr explr-.na,ti.o:n of these effects was rrot tlna.t of sol-

rrta ôri samn"l e sol r:bill i-trr but rather tYrÐ.t due to ru-pture of
42\J

the weak intera.ctl-ons beüiseen the tritia'fecl saml:le and- the

solvent" Th-e¡r confírm theiç theoretical interpreta"tlon by

showing .Eha.E counting rates r1o longer decline rryith tlme after

the sampleS are irradiated r¡rith ultrarrlol-et llght before

nnrrntino'vvuJrv ¡J¿ó0

The counting system enployed. in this research was a

Paci<a.rd- Series 3148 Tri- Carb Liquid- Scintil-lation Speetro*

neter a

The 1'ri Carb has the ad-vantages of two photomuliipliers

as r¡¡e1l- as two separate counting channels" The two photomultipl--

j-ers a¡.d. associated a.mplifiers a-Ll-ov¡ coincid-ence counting

vrhereby only lighb pulses received. simultaneollsly by bot'h

lthotomultipliers r^¡i-11 be counted, Slnee 1.lgh| pul-ses d.ue

to pirosphorescence a.nd cosmic ra.ys will not be received in



coinciclence excejrf by aceidentu thls resul-ts in a much lower

ìra"ckground- activity" 'Ihe a"dva.nza.ge of the two separate count-

íng channels l-ies in the fact tha.t the upper and lower en.ergy

d.j-scrimina.tors a.re completely ind-epend.ent, per"mittlng the

nolltrtiy-l<¡ r.atc ^€ ^ ^Ã**r ^ Iur a Þa'rrr.rç do be determined for ùwo dif ferent

.oa::ts of the beta oarticle energy speetrum.

One disaclvantage to llquid selntillation counting is

blnaft certain substa.nces such a,s waber and oxygen are capable

of absorbi-ng' fl-u.orescence ra.d.iation and d.egra.dlng it io heat*

fn additlon, coloured samples can increase the optiea.l CLen:

sity of the llquid- scintll-lato:: r:esultÍ-ng in some a.bsorption

of ihe fluoresceì1ce" i,'lha.tever the cÐ.use su-ch trquenching:r'

resul1,s in a d,ecrease of fluorescence eìnlssion and a corres-

pond.ing decrease in cou:rting efflcieney,

Since the liquid. sclnti-lla.tlon counter ls â. proporti-oi:a}

counLer, the ou-tpub energy distributlon. from the a.mplifiers

l:ias a shape that is propor'ùional- to the 1-npuf beta spectrum"

Wlreir c¿uenching occlrrs, the average eneygy of the llght pulses

is decreased- a-nd- the output enerË.y spectru.m shifts to Jower

energy (Figure 6a.) ,

If bh.e d.iscriminators are set so tha.t one chavmel, the

ftt"edrr cha.irrrel on the llri Carb" counts the total- beta energy



FIGUBE 6ào Effect of quenching on the output
PuIse-sPectrum

/- " l-FIGUIIE 6b" A/B ratio vs.countlng efficlensyo
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spectrum (a.fter biasing out most of the electronic nolse

and- high ene1gy cosmic ray pulsos) and- the ¡ena.lning cha-nneJ-,

the Itgreentr cha-nnel- on the Ty.i Ca.r'b, coi.¡nts a fra.ctlon of

the specbrum, then any shift in beta spectrum will cTtz-'nge

Nhe couurt ra.te in each channelu The ratio of the tlvo count

ratesr cal_led- tne u/g Ratio, can then serve as a measure of

counting ef f lclencY *

Tn thts la.bor.atory, t+/B ratios as a functÍon of pescent

cou.nting effici.ency ha.t7ç þeen d-etermined for tire Tri Carb

discriminator settings used in th.is r"esearch (!-igure 6]þ), The

efficiencies of a}l cournts were determined" ìcy meams of this

correctioll cLtj:ve 
"

Sa.nple pÏ'eparatlon invol-ved- v;eighing

gms of pol¡rroer a^nci addlng this directly to

out O*i to 0,5

20 ml of llquid
,, ^

scini;iIla.tor conta.ined. in a soeci-e.l-, low K*', gl-ass sample

lrcttle" Afùer the polymer ha'd d-issolved, the sample*-1,""*

arrangeð" in the Tr'l Carb sample c,,'nger so tha't the cr4

sealed stanÖ.ard was always counted fi-rst" This was f o lea've

a permenent record- of the Tri carb stabil-ity as wel-l as to

al-fow suf flcien| time for al-1 light ind-uced- phos;ohorescence

j.n the sample to d.eca¡r" At least five ien-minute counts

of each sa.mpf e weL:e taken, the colsll,r,s per minute in ea.ch

c,.a-nneL averaged. for eac'. sanple, ano. ihe r.l./B ratj-o ca'l-cu-

1¡:.ted-. l-rom the cÞrreetion clrrve o Lh.e counting effi-ciency

i¡,ra.s fou.nd for ea.ch sa.mple. 'I'he d-isintegration rate was then
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cal-culâ.ted fron

red charu:.el- by

eff :-ciency 
"

r-'Lr a nnrrr,rl- i rrc' ¡¿Ne ininU_Sur.L\; vv L,.J¿v ¡.lrõ

rnultipl.Ying the lat¡er ì:Y

backg.round on the

the reciproca"i

DPli = CPII x



RESULTS AND D]SCUSS]ON

zr-i\[q_åcETATE SYSTEM

The zinc acetate, dlmerlhyl sulfoxid.e, methyl rnetha-

cry.ate systen was previously stud.i-ed. by Ft¡nt anô- yu25n Orr

the basis of d.ivid.ed. cell and- Lnhibltor studles, they con-

clud-ed- the polymerLzation mechanlsm was Ílred"omi.nateLy free

ra,J.ical"

Before begirrnlng the tracer stud.yu a. bJ-a:nk was perforned.

to check tlnat the purificatlon procedure was satisfactory on

this systen" Inacíive poly (methyl methacryla.te) was mlxed"

with d-irnethyl su-J-foxlde, methyl methacryla.te and- a.ctive zinc

acetate for twenrly hours" The polymer activlty after success

lve purif lcations is shot¡¡-n in Table Iu

TABLE f . Results of successlve ;crecipitatlons on
the polymer actlvlty of the zinc aceEa.te,
dimethyl sulfoxide, rnethyl mefhacrylafe
sysf eno,

Nr;mber of
Prec ipif at ions Polymer Acblvity

One

Two

Three

1540 cP$/gn

55

6o

Five polymerl zabi-o:¡¡s were attempted- on thls system each

r,vith d-if f eren| monomer concent raþion" For each polymer pro-
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d-uci the weigh'b average nolec',-llar weight vüâ.s determined" by

viscone'cry foflowiag the proced.ilr"e previ-ousl-¡r ou-tlined" The

resu1is of the v¡eight a\rera{,e molecu.lar weight d-etermination

of polyrrcriza.ti.on trÀtr polyner a.i:e shovrn in Flgu::e 3"

The number slerage rnolecula-¡ weíghi was a-itempied- fo.,:

each polrinre'" _crOd-'-rCi: by OSrnOme'bry" IioweVer, partial- SUCCeSS

lvas achieved onfJr fcr pol¡rr¡e::Izat1on. ilArt polymer slnce fhe

other. polymer: products were of higher moleculaz' weight anÕ-

therefoi:e ¿aYe a Lowe:e osnof io p'r:esSure" The results of

tir.e nurnbe'r aveYÐ.ge molecula.r' weight d"eter"rninâtlon of pol-y-

rne::izaiion rr.Ä.rr pol¡rme.c are s'l'iol,¡n in Flgur"e 5.

I'rom the resul-ts of the;se two mol-ecul-ar weighis, the

140"000 ¡ ./l-r)
89,0oo

ra.tLo ffiwÃtn l'ras cal-culated fo,r' pol¡rmerizati-on nArr polymer.

l'¡ v!

I IIJ

On ihe assumption that Ùhe mol-ecula.r wei.ght dist:rl-

bution is essentlally the ssme for ea'ch s¡'-stem and' ea'ch poly-

nerJ.zatj.ono the factor. 7./L,6 was a.pplied to the l^teigh'c

average molecular vreight of all ;oolyner 1:ri:od.ucts to obta.in

a rough estiirra.'be of 'Lhe number avera"C;e moJecula"r tieight'

TÌ:ese values were used in 'Lhe eaLcu.la.ilon of the average

nu-mber of in_it,ta,tor fragments per polymer molecuie"

Sa¡n,ol-e calculatioq,s on polymeriz-a.bjqL rri\rÌ pg

Élcf;i-vity of zi.nc aceiat;e -z*C:*t+: 5.08 x 106 nplr
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lleighì; of zl.ne acetaíe used.: 1.5L gffis"
Speõif lc activity of polymer.obtalñed-: 11380 CPttl,/gm'
Sämple counting efficiencY: 69'/,,
Num-ber a.verage molecula.r weightz 89e000'

Disintegrations per mlnute per polymer molecule:

11380 * 100
6g

B9 å 000DPM tr
CPti

CPi't
gn

___egE"
mole polyner

t,t+? x lo9 opl'r
mole polyner

Disintegra.tlons per mLnute per mole acetate lon:

5"oB x 106 ÐPÞ1 I83.5 gmsæ],51 gms mole zl.rtc acetate

l- molex 2 moles

= 0"309 x 109

Average nuilber of methyl and. acetoxy end. groups per polyner
molecule:

0
l.tt? x Io9- t+"?6 noles CH3u and- CH3õo'
õ;3õ9 ffiõ"t - 

- 
Íoffiiymer 

-actlvity of z:;nc. aceta1g-1-C14:
l-.40 x 107 Dnrul,/

l'rlelght of zr.nc acetate used-: 1"51 gms.
Speõif tc activity of polymer.obtalned-: Å¡300 CPM,/grn'
Sa^mple counting eff fci-ency: 697o"
iVuml¡er average mol-ecular vrelghü: 89r000.

Dislntegrabions per minute per polymer molecule:

43A0 x 100re
ox 89e000 = 5"55 x 10o =--DE$- -mole polYmer
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Dlsintegratfons per minute

l,fLo x l A7 v -.r e? É.

--ffi ^ LvJø)

mole acetate

B,st x lo8

nêF
-vv¡

I
2

1on:

DPM

Average number of

x to8

mole acebate lon

end groups per polYmer molecule:
Û

mol-es CH3CA'_--_----
moJe poJ.ymer

acetoxy

= O,652

Average number of acetoxy end" groups per polymer
¡ç = - 

-_.-.-_=- - 
=- --- -. qrQlgoulo " :

¿ve-rage number of roethyL and aceboxy end- groups
per polymer molecule,

¡ z Éa moles acetoxy_
v oo2¿ mõiãsTöTyirler n 12rtw sJ-J I
h ,76 moles methyl and- acetoxy'or- mole polymer

I/x = |Ja

The results for the zj.ytc aceta.te systen are shown in

Table II"
The results show t]nat the avera.ge number of methyl

and- acetoxy end. groups per molecule vary from Z"Ll to 4.8"

Thls is hlgher than expected. even lf termlnatlon was exelus-

ively by combination" However, values such as these can be

explalned. in terms of hyd.rogen atom extraetlon from d-ead-

polymeru As polymerLzatLon proceed,s and polymer accumulates

in the system, there is an lncreased" prolcablllty that trans-

fer will take place betrireen free rad.icals ln solutlon and-

d-ead. polymer" The resulting polymer rad-lcals can then termi-nate



TABLE Iï" i'lolecul-ar weights and" activitles of polymer produced
ln the system zinc acetate, d.imethyl sulfoxldeu
methyl methaoryla.teu

Sample
Polymer
Activlty

Act
Acz

pPrg
gn

6 ,z3o LÅ'o r ooo
16 8t+90 140 r 000

BCt
BCz

vvr
uw2

frw

3 u83O ].268ooo
L3,O2o 110 r 000

DCr
DCã

ECz

5 o64o L35 rooo
9 r9l-0 16¿+,000

tr'cl
FÇz

4 sU70 2oo.ooo
T5 r980 20o r ooo

mn

"Ï"i'[onomer.ecrrcenùz.atf.on. 1"J grrns of zj.nc aceta"be was used. ln each po]-yinerizatlon"

2r9OO 30oå ooo

Polymer
Yield"

89r ooo
B9r ooo

zuLv40 350, ooo
3 u4OO 350, ooo

80 s loo
70e000

gms

1"1
1,0

Inlbiator
Group s 4þ

per i{
Iviolecule

85 r ooo
I0¿.t.e 000

].27 e000
I2.7 þOOO

f"3
1.0

190,000

o,65
4"8

1"0
r'2

moles
llter
2"87 0"348

222 e00O
2?2 sO00

0,l+3
2rB

r,7
1,7

t/u

a "573"3

L^o

3 ,33 O,3OO 0,r53 6 "53

f"3
2r7

0,59
2"9

t/x

3,83 0"26]. 0"17¿! 5,75

zro

o "t35 7,3O

0.63
z Lt,

4,78 0.209 o ,2oz l+ 
"91+

6 "7o o "149

7 ,69 o "l-30 o ,2.60 J "Bl+

\,
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by com'oj.nation or i-,rirnary racticaf atta.ck to increase the
a.verage nu.rnber of ini'bla"tor fragnnents per polymer moleculeu

The lÍ'act iha't a. ul-nif'orm irend exists bet''¡een ùota1 groups

per rnol-ecule and. nolecurar v,reight substant iates this view

since schultz, Henrici, and olir¡e34 have found ihat the
reactivity of poly (rnethyj- metLta.cryta.te) as a transfer aÉ,:ent

can depend on nolecu.lar welght*

t'he polymer procluct rabelled rE* in Te.ble TT v;a.s Nhe

resurt o f oi:.e polymeriza.t"-on in which the ra.te of s.Lirring
'r,\ras much sl.or,'¡er than in the other pol-ymeriza..tj-o1Lse The

rate of stirz"ing a.ppeaT.s to have little if arly effect on

molecular !üelgh'i; or nuinber of inj.tiator groups per mol_ecllle"

Table II elso slíÌo,,r,'s t]rLa.t the molecul-ar r¡lelghts of the
t'rto polyrner products BC1 arnd" Bt2 and also cCu a.nd_ cc, a.re noì;

icientical- althouigh a-pparently the same condltions existed
fo:: ea.ch pa.irn .Al1 experiment wa.s pe:.formed to see if thls coula_

be explalned by a sma.ll anoun.t o'f wateE iyr one cell a:rd not
the of Ìrer 

"

A pol¡rinçrLzzt.'tiÇ1L wa.s repeated in v,¡hich the seme con-

centra.tlons of zinc aceiate- Z-C!4, d irne-bkrJ¡f su,If'oxide, aniì_

rneth;rf re thacr"ylate ïrere usect. i-n boùh cerl-su b,.rt 0"5 nl of
uia.'þg¡ h¡¿s in.¡r'od.uced. ln one cel_l_ only" The results a.þpea¿"

in. Te.bl e f II 
"

The presence of ¡¡ta.''c,e-rc th.erefoz.e, appea.rs to expla.in

Lhe rnolecutlar ureight dif f ere¡.ces in this s;rgtea. The small-
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amou;rbs of water necessary to d-ecrease the molecu.le.r vrelght

coul-à ha.ve been present in a.n inconpletely d-ry zinc acetate

sal-i" It is lnteresting tlnat the nu¡nber of lnltiator end

groups per polyroer molecul-e crld- not chenge appreciably,

This is a^n ind.icatlozr tlnat h)'drogen atoms are not d.ischarged.

at the cathod.e d-ue to the hyd-rogen overvolta.ge on platinium.

Sirrce the rnolecular vreight decreased, lt is probable Lha.t,

polyner ra.d.icals are able to extract hyd-rogen ato¡ns from

water a¡rd thrr.s termlnate the groruing: chalns"

TABLE Iïf " The effect of small a.mounts of waùer on
molecular weight and e::.d- groups per mol-e:
cule 1n the zi'vtc aceþaEeu dimethyl sul-
foxld-e" methyl methacrylate sysbem.

Ce11 Polyner Yleld. I,lvr
ïnlt iatr:r

Groups'oer" I'Iolecu1e

Dry

irlet

2 "0 gxûs

0"9

257 eOOo

190 r 000

2,0

r.g

The values of l/x and. I/i't from Talc1e TI are plotted

in Figure 7 "

Tt is obvLous from !'igure I tlnat the value of ihe

intercept is not unlty as expected from the expresslon:

To e:ç}aln tht s , lt
CLoes not proceeC, by simple

k^
r,.:h-ffK1(iïJ

is proposed. that the anode process

oxld.ablon of the aceta.te ions to

L=1+
]f-



FIGUHE ?, }/x vs l/TI for þlne zi'.nc acetateu
d,imebhy¡ sulfoxid-eu rnethyl methacrylate
sysEemo
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Cä3C0: *-- FCii3OO' * e-

Rafher., tha.n bhis, lù is pr.oposeci" tna.b the acetate
ions are o:ridi-zed to a. nixture of acetory and arethyl radí_
cal_ s :

Ð"cetox,v ra-dical s:

cH. co :

Thelr J.hp

( J:;r¡ where y is
ïn this case, Jíp

b¡r rnonomer:, v;i 11

ions were simpl_y

ltn

fracbion of acetox;r radicals pr.oduced is
the f ra.cíion of rnethyl radicals ;or.oducecl.

ihe fractioir_ of a-ceiox;, r.ad,icals ceptured

be (1*y) times the i¡alu.e of >c if l;he acetate
oxio_ized io a.cetoxy n.ad:j-cals,

l- / iÀ'\

x - (1*y) {r + -11'''11 )
l- ¿
lA¡

_)

'i lrr¡ar.'i:i'¡ro'.v+¡¡c,c

J- = ,l- * ::_ _^Ax l-y t<1( I-3' )

From !'igure 7 tine valu.e of the inÈer.cept is I,?^

# =!n?Theref or.e a¡:d I = 0"41-

I¡rom t]:re slope y = o " 
rn_olesK1_ '/ e r I1t er

It shou.ld- be notecl that bhese re,su.l_t-q are iroü iircon-
sistent l¡ith tite pe:.o:rid-e ùheory of the Kol_be el_ecir.oly.sis,

for a peL:oxid.e cou¿l-d- be fornled at the e-t ectrocle and dec.or¡*

pose into a nj-xtnre of irethyl a::.d. acetox]¡ free z"a.dica.-t s:
UUO

CH3COOCCH1*-" z(I*y)CH,C0" + ZyCH3" _r ZyCO2



t+g

iigaLn, hor'ver¡e¡", i,h.ece is no :'ea-i justlfica.tlorr for

p'osi;ul-a.'úi:tg the existence of su.ci:r a t crc-¡.ioe"
^FFui:.t and -Yu¿f found- i;hat iì.ir,rethy1 forna.uricle epl;)ea-::ec1

to be a. su-tta.ble sol-vent for the Þo1;rp6¡iz'atLon of methyl

¡nctha.er.r.'l a tro l¡rr th a Kn'l 1^,o cl cnJ:r n-l rrs Ì s nf ZiytC aCetaf e " vihenlrr! vL!çvl J ¿''- uv vri

d-ilire'bi:yl- su.l-foxide vras repla"ce,l i:,y d imethyJ-fornamlde fov'

the tracer siurd;r, it icas fouzrd" that the poJ-¡rmer pr"od-uc1, wa.Ê

¡¡iriuafly ina.ctive (l-ess t]na.n L5A Cpivi/8rn)" Thi.s l^Ias a.lso

noilced i:rr- the acetic acid systero a"ncl will- be d.iscussed there"

A.CEI'IC ÀCIll SYS-X'EI'Í

One fu.r'iher system stud"led- wa.s that oí dimefhyl sL'.I:

fo>¡ide - rnethvl rrethecrvfate -nri erlhr¡droL¡.s acetic acid " Sincer vr:¡v-v, 'rrv ULLJ L r:v u¡¿ç!vÀ J ¿e"eL 
¿1

tiiis sJ¡stem ha.ö. nat been irr-,'esti-gated lJrevioLisly, it I^ia.s ilec-

âeeq1.r¡ trì -,^,y¡r.-ì.{rê t-.l.teI-. th^ r-io-l Vme1.¡ r-¡fOflt¡eeA hr¡ 'l-1¡a a'l ontfOll t¡S1S(',)i¡c..J J uv _LJr v ! ---- ¡- JÅrJl luv¿ r-¿ vr-evvq v.í v::v vlvv

wa.s not being pol-)¡met:-z,ed ihermally aJ1d th-a"t the 1ro'l ;rneri'za-

tlon mecha.nism r{e-q free radicel.

Attern;ots vlere ma.d.e to produce*po-t-ymer" by hea.t i-ng 5A

r¡n'l umc ncr.ri¿ryrl- n {- "¡eLhw-l mei.ha.er"r-'l p-te in ô imei:hvl sl¡l fOXide
.--- ----1, VMlçU!¿JI rrrvulrøurJrøvv ù::tvv!¡J*

and- a.cetic a.cl-d- at 35CIC for" tweir-ty*four hours ancl b¡r e]-ectro-

lyzi-ng SLtch a mixtur"e i:n the pï"esence of 0.2 1t\S fr:ee rad-ieal-

reta.rd.er. para benzoqui-rtone, A pol-y'rner was not oþtained- in

either case in'di-c¿rting t]nat the pol¡'mer forna"iion in this

sysùen occu,lrred r¡Ia. a free radical- rnecha.r:r.ism i:ritiated- by

electrol¡rs is .
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J3.r keeping i,r'ith the general procedune the purifl-ca^
trjâ_q

tlon technio,ue i^ias testeÔ with inacüive polymer and Í'orrnd- to ne

satisfactory.

Table IV lists the resul-ts of three ;oolymeriza.tions

on tlrls sysüem"

The acetic acid- system shoros the same trend.s of molectr-

lar weights arrd total- g'roupg per molecu'Ie with monomer con'-

certttation as d.id- the zi.'nc acetate system.

The values of l/x a,nd- 1/'l frcn Table IV are plotted-

in F'igur'ê 8 u

The value of the lntercept is a"gain L"J a.s e:rpeeted,

howeveru the slope ls d-efinltely not 'Lhe same as in T'igure 7

and in facÈ is negativeu 'Ihls is surprising since the only

appare'rtt d.ifference 'oetween the zLvtc acetabe and- acetlc

acid. systems ls ln the source of aceiate ions '
This observa.tLon can be explained- on the basis of prl-

ßary raolcal termination or transfer to lnitiator"

Consid.er the f ollowlng reae'bions:

t{ø + CHj' --:+- CH4

00
H " + CH3CO. *+ CH3COH

The hyd.rogen aboms s.re provid.ed by the reduction of

hyd-rogen ions furnished by acetlc acLd., und-ouþtedly a high

hydrogen atom concen|ratlon exlsted. at the ca'thod"e and- in a wel]-

stirued- solution it }s possible tina|' such prlnary rad-ical ter:



sample polymer ffiw Frn polyrner tt+'8il?:"" M r/m x t/x
_: -* Ïill'-'"--- .- . - -- *- *- --*"i:11 

i,,qlEä,,r* -- -.**-llolesorttr/gn grns ffi'
*9r zz,uzLvo 1?01000 108.100 0.9 ?"r\ z.B? 0,348 o.806 r,zt+Acä 36"s8?o r3o, ooo 82;61þ0 o 

" 
g 435 t' ¿

TABLE ïV" Molecul-ar welghts
the system acetlc
methacrylate 

"

Þrr-
BCz

cct
vvz

16 sgso
zJ-8goo

and. activitles
acld, d.lmethY).

l+ 
"zl+o

7i4zo

220,00Q
z2o oo0o

300 r 000
250 e0OO

of polyner produced, In
surlfoxid"e, methyS-

140 " 000
r4o, ooo

ZuI gns of acetlc acld- inias used in each polymerizatloit,

190 I 700
]59r 000

7,7
¡ l¡
J.a#

0.9
f,1

3,1+5
Lç lt-t

I .78
2.51l

3,83 0 ,267- 0.781 L. 28

4, ZB e ,zog o "699 f .43

\¡t
O



FIGUIIE Bê lrlx vs l/i,t f or the aceÈlc acid",
d.imethyl sulfoxld.e, mebhyl methacrylate
system"
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mi:natlon can occu.ro The effect of this termination is fo

lor¡¡er the concentratlon of methyl rad-ica"ls slnce fhe ter-

nnination of rnethyl radicals ylelds methane lthlch eÊcapes

from solutlon as a gas " The acetoxy rad.lca.Is, however,

yield. molecular acetic acld. on termina.tLon which can J"oni.ze

to acetate ions a.nd- be oxid.lzed. at ihe anod.e to methyl and

acetoxy radicals.

ft ls reasonabLe that as the monomer concentratlon

increases, more mebhyl and. acetoxy radlcals will initlabe
polymeri-zatTon rather than engage ln primary rad.lcal ter-

ninatlon, ThLs would. make the effect of primary rad-ica1

termi-naloion }ess pror'l.ounced. until aþ infini'be monomer cor.-

centration it is negligible and- the value of the intercept

is the same for both sysbems" This would. e:rplain t?te negative

sl-oPe' 
nowevei,-

Frimary rad.lcal- iermination is notra Iitiely

process@ A þet'ber explanation for the d-ifferent slope of

the acetic acld. systen seems to be glven by transfer to

lnltiator whereby a polymer ra.d-ical extracts a hyd-rogen âtom

from mol-eoul-ar acetic acid" to form an acetoxy rad-1ea1:

Pø +
0

PH + CI{3CO "

Many aceíoxy rad.loal s prod.uced. ln thi s manller içoul-d.

become incorporated" in polyrner molecules either by initlation
or recomblnatlon slnce the transfer occlirs in the bufk of 'bhe

0
CH3COH
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Solutiosl where the concentra.Eion of monomer and. polymer is

high and. the probability of d"imerlzation is sma]}" This would-

d-ecrease the factor I/x, Agaln, the effect of transfer to

inltlator would. become l-ess pronorrrlced- as monomer conoe.ntra-

tlon increases, for termination by comblnatlon or d-lspropor*

tionaùion ls much more l-ikely than transfer to inltiafor.

In an attempt to understand better why some solvents

are effecÈlve ln promotlng polymer prod.uctlon by the Kolbe

electrolysis and. some nob, the acetie acid. system WaS inr¡es-

tigated- wlth d-imethylformamid-e and. d-imethylacebamid-e as

solvenbs" Both have essentially the same 0le1ectrlc consta::.t

{,36"? and- 37"8 respectlvely aL Z5oC), and" appeat to ha've the

same soLvating abiJ-ity as d-imebhyl sulfoxide.

Table v lists the J¡ield.s, niolecular welghts and. grou.ps

per molecule for irolymer prod.uced" wlth the three solvenfs ln

tlne acetS-c acid- system"

TABLE V, ivlolecular weights and- acilvitLes of poly-
mer prod.uced. in the acetic acld. system
uslng three d.ifferent solvents.

Sofvenf Polyrner
ActivlNy

r-r ¡,¡it l'I{.Groups
I'Ur

t{m s
Ylë1d þer ltolecule

DlmethylformamLd.e

Dlmethylacetamld.e

Dimethyl ,sulfoxid.e

25a DPM/gm

5z

4900

B60 e ooo

3uBoorooo

l-50, ooo

0,4

4"U

I,f

o.3l

o"28

2.4
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The results shown fn Table v suggest that Lnitlation
in the case of d.imethyrformamid.e and_ d.lmet.nyLaceíamid.e Ls

by an lnd.irect process ln which the prJ-mary rad.icals pro-
d.uced. by the Kolbe electrolysls exiract hydrogen atoms from

the solvent to give the initlatlng specles" Thts woul-d.

explaln the higher moreeular weights of the polymer prod.ueed_

i¡ith these two solvents, for the concentration of prlmary

radicals in soLutlon is J-owered. and chain terroinatlon by

prima.ry radlcal a.ttack ls less llkely, &yrey3í found- Etøt

much less rad.ioactivity a.ppeared" in polymer produced_ by

'i;hermal d.lssociation of labelled- peroxldes when dimethyl-

formamid.e Íras used as solvent, He conclud.ed fron this tl'¿t
1n1üiatiolL was bJt solvent free rad-lcals"

ït 1s reasonable tlnat d.imethylformamld_e and_ d.lmethyl-

aceüamld.e à:re relatlvely reactive towards Loss of a hyd.rogen

atom 1n vlew of the resonance stabllLzation avaLlable to the

resulbing ra.dlcals:

"ú'-*"n3\nfiun3

,o"3c n 
tcH3

un3

Hov¡everu d-inefhyl sulfoxid.e would also be expeeted_ bo

be reactive toward,s loss of a hyd.rogen aÞam, for resoyLance



sf ructures a.re
0

Ni

CHqSCH, "J øø L

po.c s ib

- cWz

It appears then thtat d.espiüe such resona:roe stabili-*

zatLortu d-imethyl sulfoxide ls less reaebive toward.s loss of

hyd-rogen atoms. This is probably assoctated. u¡j-th the 1n*

creased d.ifficulty of hydrogen atom removal from a prlmar¡r

carbon over trlat fron either a second-ary or tertiary ca.rioor.}? 
"

In aÕd-lbion to methyl methacryl-ate, styrene was used"

Ð.F a. monomer ln five polymerlzatlons" The results were lfot

erlcollragf-ng as shoi,ün in 'Ia"Ìrle VI,

Obviousll , ro unlform Èr'end. exists bei;ween I/x a;rrð'

monomer concentra"tion" Thls can be explained by polymer

fraeíionation during puriflcation since the molecular weights

are lolv and. d.iffi-cultles r^rere experlenced. in recoverlng the

polymer prod-uct, ft }s lnteresÜlng that the aveeage number

of end. groups per pol-v sty::ene molecule are slgnlflcantly less

E?ran that for poly (methyt methacrylate) " This ls reasonable

sínce poly (methyl methacryLafe) has more ]abl}e hyd.rogens

a.vail-aÌrle for exþracbion t'nan ha.s poly styreile"

Consld-eraþle tj-me was d-evoted- to an lnvestlgatlon of a3r

lnterestlng phenoaenøl observed. !n the ðlmethylfornamlcle,

acetio acid., meth¡rl metktacryl:a.Ee SyStem" ft was originally

d.ecid-ed. to prepa.re the ]abelled" acetlc acld by mlxlng Z mI

inactive acetic acid. and" 0.1 mI a.queou.S active sod-il¿m aceíatõe

tâó

U
tl
l!

CHtS



Polymer
,Sample Actlvity

TABLE VT" IviolecuLar l^reights and
ln the system ace'bic
styrene,

^t1
ACz

Þ11uv-l
Þrr-.
"u2

3 þJ.?Q
ra s76o

cct
(1 (1"-2

ffiw

2 u43o
19,80o

DCI
ÐGz

5,?90
13 ,400

32,oQO
83 u ooo

ECt
'Ê1rluu2

Mn

activlti.es of
aclrl, dlmethyl

105, ooo
89,000

2"550
4-u7zo

fnltiaior
Polymer Groups
ï3-eld" per

itioleeule

4 ":"40
LT"eB60

4o u 4oo
107r 000

20 sSoQ
52 eBO0

168 r ooo
l-52,ooo

66,700
56',60a

polymer prorl-uced
sulf o:ci d-e u

0 "450,!5

200"000
l?6,ooo

25 
"7OO68, ooo

loTr ooo
978 000

^'1 
I

.l l1

0 "19
L"72

2"1 gms of aceüic a.cid wa.s used in each potyrnerj.zatlon

I27,OOo
112eoo0

0.4
ô2

11

0,26
1" 78

0,40

5"00

t/v.

0 "19
l- ^27

0 "47
o "43

0,75
1.27

.5,00

0"200

0.78
2 "7-o

5,95

r/x

0"200

6 
^9¿+

0.11

o ,!62

B.0o

o "r5

9,2

0.14¿|,

0.15

o ^Lzs

6"8

0 "59

49,

0 "37

1.7

2"7

\.r\
()\
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solu'blon of hlgh specific activity in d.imethylformaloid-e

and aLlowing acetate exchange to take place between sod.tum

acebate and- acetf-c acid." ldhen inactive poly (methyl metha-

cryJ.ate) was d.lssolved- l-n this mlxture and reprecipitated
as wlth other blanks, the polymer was found. to be very ac-

tlve even after a number of reprecS-pita.tiotlso The resul-ts

of two such purlfication attenpts a?e shown ln [able Vff"

TABI,E Vff " Results of suceesslve precl;oltatlons
on the activiüy of poly (methyl meùha-
crylai;e ) .

Number of
Precipltations TrLa1 T Trlal Tï

One

Two

Three

Four

l'1Ye

Six

i+zao cPlt/gm

3800

3550

3600

3550

zsl+t+ cPu/gm

rB60

1120

930

oryõ

The i:nactive polymer, the sol-vent, and. acetic acid.

were checked. for activity before mixlng and" were found- to

be LnactLven

Various purificatlon Nechnlques were employed., all
of which were ì.rnsuccessfuf 1¡r reducing the activlty@

Four posslbllttles were consl-d-ered. in an attempt io

explaLn these results;
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1" Contamination by active polymer from some exter-

nal sources

2u Rad-iolysls, the breaking of carbon-carroon bond.s

by beüa partlcle bombardment and. subsequent free

radical. combinatlon resultlng in active polymer'

3o Acetate exchange between aceLic acid. or sod.lum

acetate and poly (nethyl methacrylate)"

4. Contanrinatlon of active aceïLc acid- or sod-iu.m

acetate ln the purifled" polymer"

The flrst posslblllty was d-lscounted. by carrylng out

the purificati-ou in d.ifferent l-aboratorles uslng d.ifferent

equipment" The activity coul-d not be removed. in this manrLera

Radlolysl-s was el-iminated. by orovlng tlnat methyl

methacrylate could. not be polyrnerized by the a.mount of acf 1-

"¡iff used- in the bl-anks and. that add"ltion of para benzoquiis"oile

to the blanks dld- not improve the purificatlon"

The third. possibility was conslÖered un}lkely, in any

event, active polymer from one blank was d.ecomposed. back to

the monomer by h.eati-lg the polymer in a vacuìlul systemn Th-e

resultlng methyl- nethacrylate was found. to þe inactive" Thls

suggested" that excltange was not taklng pJace'

The last posslblJ-lty was the most l-ikeIy, however lf

was easily proven tha.t the polyner was not contp-minated' with

active acetic a.cid. This tn¡as d-one by mixing inactlve a"ce.bic

acj-d. in the methyl eËhyl ketone solution of polyner before
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preci.Llltatioïr." This woul-d- all-oli acet 1c acåd exchange

beti,¡een a.ny conta"mi.nated. acr5ir¡e acetic a.cid in ùhe poJ-ymer

an,l" rna.ctir¡e a.cetic acld a:rd. thus reduce ihe count. FLLr-

therrnore, the purifi.eci polymer vras dried. overnight fn a.

vaeì.iu.m d-essLea-tor at BooC to disttll off any contamina.ted

acetic acid-" i{eiùher proeedure resulted In a sl-gnifj-cailt

decrease in polyner activlty"

The con-elusloir then Î'ra.s ihat the polymeg" ïIas ccntam-

inated with actlr¡e sod,iun aeet'ò,te" Th.is is cluite reasonå.bl-e

since the specif J"c acùj-rri.Ùy of the sod.ium acetate used was
1^ *?

abou.t 5 x l-Otu DPIUI/gß t]nen onl¡r 6 x l-0 ' 8ms woul-d- be nee-

essary io girre the o.oserved actir¡i-by of 3000 DPM/gm 1:o1ymer,

This requ.lnes tha| a.ceta?e exchange between sod-fum

aeeta.te a.nd a.cetic acld not take pla"ce completely 1n d-imethyl-

forma.rnide und-er ihe cond-itions used in this researeh.. This

waË not ii:¡¡estigated, fr.lrther siztce a contamlnatlon problern

d-1d- not exist J,f a.ctir¡e acetlc a.cld. vuas used. instead- of

an inactlve acetLc a.cld-active sod-ium acetate mixture,

From the average :num'lrer of nethy] a"nd. acetoxy encl groupË

pey. poly (methyl inethacr¡rlate) molecule, it is posslble to

caLcula.be the fra,ction of these inltiator frlgments thaf

find- thelr Way into the lrolymern Using tr[rr poJ-ymez' frorn

ihe zinc a.cetate SySten aS an era.m1:le, from the pol-l/mer' ]'ield-

{f gm"), cuy.rent passed- (15 mau for 2Q hours) and molecular

weightofilethyl-methacrJ¡late(100)rltcarrbeeafeura'tetn
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ELtajc 1."1 mo.l-eetr-les of monomer a"r:e po]-¡rmerized per' a-ce'bate lon

õ,i scharged.. i¡r.o.n the rno l ecular welg'trt of i he polymel ( 89 r 0 00 )

and th.e e.verâge numjrei: of l-abell-ed end groups per. polynez"

mol-ec'-Lle (4"8) one fj-nds th-at 180 moÌlolner moleeules' a-re

polyn:erizerl per initrator frag-ment incorporated, Thus only

one inltiabor fragment ln every tv'io hu:rd"red- become'S incor*

poraieC" in the Pol-Ymers



ESTI}JAT]ON OF EBtsOR

The ma.in sous"ce-q of error ln the C.eter.rnination of

averzte nu.mber of initiator groups per mof ecu"l-e T/uere polymer.

Ioses du.rin.g puriflcaiion and- e.r"rors in the nr-.r.nbe:: a."rera_ge

nol-ecul-ar rn¡eisiht d,ei;ermination-"" Other soltrces of erjror

str-ckr a.s is otope ef f ec'b s , countiirg e rt'or s , a.ncl rnea. surements

of volumes and lveights ere negligib,le compa.red. üo tkrese.

For exa.rnpl-e, the bal-e"nce used- in th.ls t'esearch v¡as capa"ble

of r¡'eighing to 0.0002 gms, Since most po1¡¡ner san;oles

r^ieighed O.J grns, the eiiror in weighing is abou.t O "O+?l* ,
ILikeliise¡ the sta.tistl.cal error in. counting is given by n*

i¡here n is fhe totai nu'mber of colr.:ilts, The lrolSrnsr e.ctli¡ity
T¡íes nevpr l-ess Eha.n i00O CPli r'epresentt:ng a L"/, error for a.

l-0 rni-Trurte cou:nt.

fn iracer stud-les of this nature" it i s essential-

tha.t the lov¡ rnolecril-a.r weight po1¡r6s. prod-nct makes ifs

,oropeT" cont¡'ibutions e-nõ,'clnerefore it should not be lost dur-

1ng pu.rif ication. Since low niol-eeurl-ar welgh.t prod.uct corl-

tains polyruer chains tha.t hp.ve ternina,ted- mostly by disp:'o-

por:ilonatloir. or cha.in tra:rsfe:', such losses t¡lou-l d- resuil-t

in high values for the nurnber" of initiator fra;"grnents per

rrolyrner ¡nol-ecule* It ha.s been estinaied28 t,nac poly (methyl

meihacryl-ate) recovered 'oy precipttailon in rnethyl a,lcohol

results in l-osses of up i;o z:fr if th.e nu"uiber average moleelrl-a.r

v;eight is a.lrout 5 x rc5. Losses are larger if the molecnla.r

v,relght Ls Ioi,¡er" fTl this research, ihe number a.\rera,te molecu-

Ðl:
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-l-ar vteighi vta.s a.s l-oli as 9 x ]04. Á r'ough estima'te would-

i:l-ace the error. in tbe number of iilibiator groups per molecuJe

o-ure to f ractiona.iion a.t JAiø 
"

i{olecu.lar weighÙs ha"ve 'been meâ.stlrlng lrrd.ependent}y by

osmometry at a number of l-aÌ:oratories and, the deviaiions

d-etermined-" ft r,.¡as l;hus establtshed. t]nat the osnoti-c mol-e-

cular weights could" be d,etermlned- v¡ith an erros' of I0/, (36) '



COilCLUSIOi\T

Zirt.c ace1a.t,e and- ace¡ic udid lvere both used- a-s el-ec-

trolyi;es i.n the nolymerizaiion of .neth¡r1 metha.er'¡'late b]'

the KoLbe electrol-y'sis, The resu.l-ts from bhe stud-y i-ndf-

caLe:

], The average numbers of methyl and acetory end grou.ps

per poJ-y (methyl metha.cryl¿rte) molecul-e vary between

2 anð- 5 d-epen.d-ing upon the l:niLLal monorner concentra-

tion, Ca"lculations based on these va.lues sh.otnl tha.t

l-ess tha.n a ,5iô of ùhe init iator Í::agment s dlscharged

f índ their' l^IÐ.J¡ i::.to the po]¡rmero

2, A1:precial:le hyd-rogen atom extraction from d.ead- po])¡

(methyl- meùLracr'¡r1.".¿") takes pl-ace a.s evidei:.ced'o¡r the

incorpora.iion of Z to 5 initiating groÌ"lps !)er poi¡rmer

molecttle" fn the case of poi-y styrene, th.e :lum-oer of in-
:r¡^ri-^--ruraurr.rð groups per polymer molecule was þetween I a"nÕ

2, Th-is j-nd-ica.tes tirat hyôrogen atom exl;ra,ction from

d-ea.d poly styrene i-s less important"

The anod.e process of ihe Kolbe el-ec'brol-ysl-s is not ì;he

simple oxidation of the acetate ion to acetoxy free

:rarlicals but rather acetate ion oxid.ation ta a. nixfure

of e.cetoxy ano. rineth¡if f::ee radi.cal-s" Under the cond. j--

tion,q enpl-oyed" in this resea.z'ch 4l/, of 'che acetate lon.s

a'Te oxid-ized direcil-]¡ to rnethyl free ra-d-ical-s anð



6L+

5JE

carbon d.ioxi cle 
"

Th.e ratto of rate consta.nts for acetoxy v'ad-ic'aL d-ecom-

,oosit ion to i,iebhyl rz.dica].-s over" tl'lat for a"cebox¡r ¡¿¿i-

cal- capture by monomez' ls about 9 under the co¡dltions

of ihis re_qeârch,

llpprecta.hle transfer to initLator is probably ta.ki.rrg

pla.ce l-n thre acetic acld s}'stem resu-lting in a ra"te

constant ratio differ'Ing T^ricl.ely from tltat of zi¡e aee-

l- q'f- a

Dime'bhyl suilfoxid-e is a. strita.ble sol,¡¡ent for tbe lnitia-

tion of poJ-ymerization by pr':-na.r¡r rad.ica.Js I'er'lerefed.

d-uring the Kolbe el-ectrolysls . Dinrethytr-foz'me.rrid-e a-nd-

d-imethyl-aeetarnid-e are not effective d-ue to hyd-rogen

atoin extr.action br, pl.i.ma.ry rad.icals,
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