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t. a

SYNOPEIIS T

?he potentlalitiea of cortain organouotallic oonp}exce

ea Lr¡.LtLators of free-radLcal ¡to1¡rrær:1zaù:[on hrrr baen

J.nveetigated try df l,ato¡ætrfo tec*rnitllfoêo Tlo.e syatenrs

ptudl.ed a¡1â bqaed on netal(Il) acetylacetoratea in tlro

absence or pnÞaanc€ of a æductant or arr oxl.dl'zsr.

The Bamford lnitlator, rolrl-eh eo¡r.sLste of ouprLc acetyl-

acÐtor¡ate arxl aomorrj-u:n trtchlovac€tate, doec not LnitiaÈo

ttre polyrærizatf.on of vl-uyl acoüaùe at 65oC. Conscq¿ently¡

tþe klnetlcs of ¡rotyuer:l-zatío¡r of ræütry! ræthacl1rlate

prcvlouely Ínvectigated by Banforcl et.al. at 8OoO, trave

been ra-exarüinod at 65oC, Tlre kl¡retLcg aL 65oC rúår8

dlf ferent f,rom that at SOoC ¡ .À nodLfLed or altafÏ¡ative

metranisnr at 65oC, wlrLeh involves a llnear terrnfu:atLon

reeotLo¡r ln addltlon to thc Bamford rectranl-smr Ls

cliscr¡É¡.ed together r¡ith a problau !.nvoLved ln the inltl"atl'on

pf,oceÊs;

üertain acetyl"acetonato conplexee lrrl-tlate ttre polSrrneriraüJ.q

of certaín monouers by tJeetæelYeg. Ferrous acctylaoetomte

¡rolyurerizee styreu.e arrd roetþyl nottraorylatc, but not wlnyL
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rsrbtt. T$r ræfuüE¿,ff f¡ tbp Glpr ?t3bb8' tffiDlllE

ff fsuùls *f ¡ Eæ¡¡t¡r brt*rr¡o ÛÛ¡ilÞr.8É lp*Ërtüe'"

fþ¡ i.æ¡ü¡nt ¡qtc {Ðt th ffi.fÚ|¡Ûrd cc ire:æi*td fsæ

¡¡F ùhfr fuww ro.ù¡r|¡ü]ton$o aÈÐ¡' t*Lcl*¡ oqpr¡'Erht'

Goüü1üåcf,[t :l¡ dl¡aqlæü'

flÐ eåÐù*"sr oill tb rclrurtnt!"æ o{! Etry¡' Ð@t8ryL*Ð

rt 4fC t^Eftt*Ðü by I drtú¡t cf f,¡rc'cü¡ taltf¡lcftggtd
æû eaorac å¡rdæporcørÉe *tf Ë:l.oütüldr



lbLs thesl¡ contal-a¡ rr' mÛerJ.al' ¡rerrfously

cubd.tùod fsr a dcgree of dLpl.oøn Ln ary

Ur¡fvorslty and, to tÏre beot of, m¡r knomledgc and

lrelíef, contalnc lto patorLal prcrrl.ously wrl.tteu,

by anothef ¡Prsorr¡ exccpt whon dr¡ rrcfsroncc l.s

nads 1n the tert.

GGI TOIË HO}ü}
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À. CIASS L ItÍItIAlÛFS ¡

Tbs ofgeJtomtallLe coEplôI€a of clae¡ 1 nay bc cj'ùbsr

salt-llk€ or ao\¡alQnt.

l. A¡rfoni.c Polrroeriaq,tlorr¡

Tb€ | t}rIÉcel-r pollrær{satLon l,¡ ar¡Lorrfc Ía char:acter.

fn ayste¡u shsra free i,on¡ arr foreedn tþ alJq¡lt arylt

or alkæ,Lde anfon Ls the offectLve LnltJ.ator ard a

grortj"lrg f!.ee aarbandon is thc ¡ropegatlrXg s¡ncLolr or$r

,u*A;g2.eH î + CII, s CIÐ( )^-CHZ.CHX.CH2CIüï

Ifhere fr1¡o Lo¡¡ arie ¡1¡lt preeo¡rt, :tnl,üJ.atl"on occurs Þy

Ln¡crtloa. of ttre mrousr j.¡rto ttre setal-sarboa æ nstal-

oxygç4 baÉd of, a¡r 16¡¡-¡nl,r cr cofì¡16nÊ GoÉpo¡Èd ar¡cl

pro¡ngatlo¡r conalots of repeated insertLo¡îs of nonomr

Lnto tho ttlf-¡re¡ÞUlng mtal-carbou, bond. For Lon' ¡nl-rar

,'* CI{?.CID(;, Ut+ + CEZ - CHX -----).*CI1A.CIIE.CIIZ.CIÐ(i l¡t+

and for ¡rolar, þut crcorrtta1ly covlalent bonda¡



à 6- t
crÐ( - Fft

3.
+

^* cHzc}Ð( CH" r CID( .*CHA.CIÐ(.CLÏ",

ExarnplO of Class 1 L¡rLtLators are eodÍr¡¡r and potassium

allcyrs, 1 rr-butylu.thir¡m r"-6 sodl-u.n rinptrthaJ-êrÀ€' 7tB *rrd

littrlrun tortLary alkoxide. 9

Over ttre past feu years, considerable worlc bas been

carriad out on tlre polymerlzation of various monomero

usíng n-butyllLttrl-um. However, tÏreso studles ha,ve yJ-eJ.ded

ma¡rï kinetic regults which appear to be contradictorn¡2-6'
10-23 Kinetic orders flith respect to monomor have

varied from 1 to 2 and witl respect to ír¡itiator from

O to 'l, everr r,Jlth simi1ar systeue. UnLíke sodlurn and

potassíum aJJsy'ls, n-butyl-Litlrtu.¡n tends to associate

in hydrocarbon so1vents. IJvLdence strowed that n-butyl-

I.Lthium exiEts al-most entirel.y in the lrexamer1"24 form

1n norr-po].ar soLvenùs. Ì{orsf afilZ5 offered evlden.ce that

(nuf.t)5 TieJ-ds only BuLL, and ttrat no intennediate

specf.os could be formod. Irlitiatíon lnvolves the

additLon. oÍ' tl-e monomerLc forrn, BuLí to the monomer¡

(nulr) 
a

-5

s- 6 nuLf

IvIt
+ +

K

k.
l_BuLi + ¡t -----4 BUM Ll-+



t+

Perhapa, ttre nott unus'âL and fesoinatf.ng aepeot of

cnl.o¡ric pol¡rmerLsaûlen LrrLtleùad by ttre alkali alþ14

and aryls la that the polymerlio molaoulea cen I llvcr for

a long portod of tf¡ao u¡ntl.l tlre supply of rnononrer l-c

extrausted. SzrwarcT named suctr ¡nl¡rmers ttll'vLngrr polymora.

Ttre rediecovery of a polymÉrlzatlon proceae ldLthout arry

terrnlnatLon by szweroT'8 Lo Lg56 started a rreil sra Ln

the hl.ctory of enLonis ¡tolyurerrtzatJ-ont Ssrarcr Larry

a¡rd. Mllkor¿oh8 succeedsd l.n prcparC.rrg a llvI-ng ¡¡o!.yatyrcne

ln tetrahydrofu*en uclr¡g eodLr.rm naphthalena ac ån

i.r¡ftLaüor¡ Th,a LrrLtlatLon :tep J'nvolve¡ eleotron

trancfer rúJ.tlr, tt¡e f,ormation of ¡ naphütrelene radloal

Lon.

Na + na¡rtrthalene + Na+ + naphthateno-

îdh.Êrs (cnz - crü()-'has reaonatLng otructu¡e¡

.GHz - öItx <* zÚu, - CID(.

The further addltfon of one mononrsr ¡rrrft yiel-da a

dl"nsr

¡õrm Cfi" - CIÐ( - W Z. <:.---) ¡C[Ð( - CEa cEe Ç cr

Slnoç the radl.cal. end la not ctablet

dl.anLons

l.t dl"merLsee l-nto
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¡ðrÐc - crrz (cnrcrx) - CIf ðluc2

ît¡e dianlone rvill. giroy over a ¡reriod of severaL daye

untlL depletion of Dronomor. Such carbanaone are calLed

Ìr 11vir41rr polynrers t

2. Free Radlcal Po].vmeri_z?tíon

Beeides the ttypicalt polymerization wh1ch is anloníc

in ctraracter, there is, however, ttre lr-rntypíealf

mecharrlsm, wh,ictr fs free-radical J.n character and is

believod tcr arise frorit ttre troruolytic decomposition of

the metal-organl-c bond. Silver al-kyl.s trave been studLed

cluite extensively by several- groups of r,rorkers,26-31

One suctr compound is ettrylaiJ.ver, ÀgEt' utrich has beon

shown to deoompoce into sJ.lver and ettryl radicals at

tempemturea much beloro OoC. Batrn, Janes and Norlù?tSa

have recently studl-ed the Low tom¡rerature polymerJ.zatton
c\

oî methyl neth¡+lcrylate using ettrylsilv€r¡ the obsorrred

rate equation Ls

Ìì- = K lu13/z L+ø1 
ttz

p

The de¡rendenoe of ttre rate on the sguare root of the

inLtl.a1 sLlven concentratlon is LndLcative of a fr€e-



6r'

radj-oal chsl-n r€aetLon Lnt tlotod by flrgt-orrdar

dccompocltl,on of üþe ctbylrllvor and tero:l'¡atlon by a

biqoleeuLaf lioactlon bet*ccn tlre growl,ltg ohalnp. T1Þ

nost Lnüer:eatlng f,eatura L¡ tbc pfoduotion of slngle

ettryl ¡:adLcals in ttre P¡rìogo¡ree of, a relatfvely Lnactlve

slf,v€r aton snd th,e eb;oneo of prJ-nary ter¡nfnatlon effoct6 '

The dependence of rste upon mono$¡sr concer¡tration

cuggcsùe that a monosor-1¡rLtletor complex is formed Vhlch

thon decomposee;'

Â possible nreohanlçm for ths reactlon 1s¡

.A"gDt + M

c0MPL!ìX

Et. + þ1

I'I. + M

2 n-- ffi.

CO}TFIJÐX

Dt. + Ag 'for¡

E {M.
*M.

Polymr

d

K

k

k-1
kp

tk
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B. CI-ASS 2 INITIATOR'S

Theactivecentreh.ereieametal.carbonborrdandtt¡e

basiccl.IDl'IIcALprocesgc'Eareglml].artottrogeofC].ass1

l-r¡Ltiatore. Both the rtypl.ca].r and rr¡¡rtypícalr

mechanisms are k¡rolÚn.

l.- zleerer-N@¡
the initíators ínvoJ-ving a ttypicalr tnecharrisn are the

uel-l-krrown Ziøgler-Natta cataJ-ysts' The Zíegler-Natta

oatalyst l-s essrentLally a crystal.line transitíon metal

ealtactivatedbyanorgaraometalliccompoundofGroups

I, II, III. Ttre most ilidêly investigated Ziegler-Natta

catalyetsconsistoftl-taníu:rrtra]-idesj-nconJunctionwit}r

a1-kyl.al.uninium compounds. Ttrese are treterogeneous

catalyst eystems. Natta 'tr ^133'34' 
and Breslou ancl

Newburg3S'36 found ühat ¡¿hen titarriun tet¡:achloride J.s

replaced by tris(cyoJ.opentadienyl) trtanrr:¡r dickrlorl-de in

tl|e reaction lÍith alkylalumlnlunl com¡:'ourlds soluble

complexes af€ forn¡rad r¡trlch have Solne i¡ritiatíI]€i pov'er'

The mechanism of polynerizatlon initiatod by ziegl-er-

Natta catalyats ls undoubtedly still an open oIle o at:re'J7

ïrag recently made a vérJ¡ critical" øunrey of several
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ct1ff6ïrt theorles (",g. Patat-SLn¡r meelra¡riem, coordlïÞtion

Inschanlgm propoeed bry Zlogl-er¡ Coesse meclranJ'sn) of the

agtian of caüalytic errrfacea in vtnyl pol.yrnerizstfont

poirztlqg out ttrs gtrongttre an{ ueaknst6ec of ench in

relatlon to cur¡rent stork. Allon ia of the oÞirrion that

Ut¡'ûelrer pg.oposed a nsu ¡ngehanl"e¡n Élrou,Id l¡gly pf,oper

attention to tl.o physical- factore l-rrvolwed. ÂlLen and his

assoeieû"t38t39 t*t" etrosn tl,'ü ttre rata of pol¡runrizatlon

j.s a ¡*ryeical- pnocoes a¡rd not ttiat of a ehamLcal proceas

in one Oyetem wher€ the rato of polymerizatLon af st56ene

lrrltiated by a lreat-cured GriSnard reagent - '¡lJ.C14

catalyot dscelerated wLth tho catalyat llarticles besomLn6

e¡rcaead ln polymor gÊ1r Tlre probl.en of ¡*ryeleaì"

rsstrletions on the pol¡rmeriøatio1¡ xlgto in eyatema of

thls üype :Ls discuseed by.rt1len, r+l..tL aud Paùrl.ck.40

The ¡necþaniEm of Rodrlg,rt*4l rrr¿doubtedly meets moet of

thß obJectlons raised to earl"{er mechanl'srts.

2. Í*rlea Radical. In{.tl.atorg

Class 2 J.nitiators vhlch prooeed r¡ia a fvee-radl'cal'

urecllanis^4?'bJ ^*" aLao k¡roun, utren alr¡mlrrl.r¡¡¡r or

$ersurlr altcyl is ons of the two com¡ronenÙe, nost of tt¡e

reaetion sysùems remaj-n hOm,.rgeneoua. I{o$ewor, when ziro
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or cadmlur¡ al}syl íE usedr the cyøtem becomes

tre te roge¡t€ olts .

Furukawa and co-vo"k"t.4?'I+3 obgorved ttÊt for vj-nyl

poLymorízations cata].yzed by CLase 2 lrritLatorer the

polymerizationsproceededttrrougbarr,riiiOalmeciranls¡n.

The radica]. mechanl-gm occurs Ï¡tren ttre monomer ls added to

on.e catal-yst coroponents (ttte metaL lnal.j-de)' prior to the

addition of the other cataLyst component (meta1- alkyl) '

I{- the monorner J.s added last, as i.s usual ín Ziegler

polymerizatíonsr vory littJ.e catal'ytic actlvity is

obtaínecl. .Itris suggests l¿:na,t the il1teraction between ttre

metal lralide an-d monomer forrns a cornplex w]-icÏr tlporl

addition of a Cl-aEs 1 organometallic contpouncl (rnetal

a1lcyl) li_berates transl-ent rradicals l''hich immedLately

attack tho vlnyl monorn€rs present'



C. CI,A.SS 3 INITIATOTIS ¡

ltre carbonyle a¡rd aeetylaoetonsto oonplexea of ùraneitlon

metals trnve receLvsd eonriderably legs attention thot the

Cl"aas I and 2lr¡l,tlatUrc br¡t hsve 3rolil b€eoruÐ otlô of

tþe noat oxpandirrg fielde ln vtryl pol¡rmerisattron. Tlre

naJortty cf ths catalyats sttldlod ap1lGôr to i.nitlate by a

free-r^adlcal- mec'harriem, but tlre mecharr:isms are eo¡nplLcatOd

and l-a a nr¡nber of 1n¡Èarreot E¡ottoü¡€r-1¡rLtùator oomplexec

may ba involved.

1 Metal. C¡nbosrr1r e

lhe uaô of motal. ea#onyle (togcther uLttr a loro

coneo¡rtfation of a eulteble organle hslldo Gr$e CC14)

as Lnl.tÍatora of vLnyl pofy¡¡åif¡atLon rsae f{ret

r.rlorted by Barnford and Fl.ne?r,44'45 aa*ror¿46 later

reportod tho uee of, a sído rEng€ of" organometal'lí'c ''i

cmpotrnde, partl,cularly ttrc inoüal' cErbor¡;rl'ar a6

lnttLatoro of rri.nyl ¡rolyunerLzation. Ttro æOÌrantam

propoaod for ttre metal errbonyl-e ig rather conpftLcaÛed.

2. I'le taI. Aocùvl,aeoto¡ratss ¡

Seveml groupe of workora havo rccently *lrorln thât

qcrtal,n uetal. aeetyl-acetonatst cân function a¡

lrrLtiatoru of vinyl ¡nl'yoerLzatlon.
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Kart¡tng a¡¡d oo-rúo*k*t"&? þavo ¡lron¡n ttrat ¡ nrmber

of nêütl otrolste¡, at oonÊentrttJ-on¡ of tltc order of

1o-Z molo 111, are aotl.ve iniùl'atorl for tho

pol¡fnerlzatLon of rtyrcn6 at temperrcturGs in Excc¡¡

of lOOoC. The ordor in reeoÙtvlüy of the aootyl-

aeatonateø ¡tudl.ed roa¡ founrl to be

unrrr > corrr

et Judged by oonversLotr'c of ntl'rsne aftør ons Lrour

et 12Oo, A uarked l¡rerca¡o l.n eatnlytle activLty wa¡

found r*l¡on çrrdou.s addl,tirr*c, naneely or6AnJ,o halogon

conpoundc, îteIfiB addod to tltß oylten Ln approxtmtcly

tbß ßaûlo eonocntratLene a¡ tho ncta1 cþelaúe. For

potyotyrane ¡rolyær:tøståon at I'!-OoC, bot}r Ln t?rs

prìBtstrcc ar¡ù abeenco of, carbo¡r tetxtctrlorldc, a hn!î

order dependonee of rat¡ on cobalt(fff) aceùyfeccto¡¡¡tc

eonsEntlaèLon rsa¡ for¡nd. Th.ene l¡sa no çvfdenoe of E

ehanga tæ tlre valoncy of tbe IæÛaI aüoþ dtrlng the

pol¡rmerlsatLon.

tß
Ba¡aford gnd Ll.nd lrave etudLed thc potrynorlatlon of,

> $rrr >

nrothyl q6lrrqprylate at SOoC Ln the p s3snee of r¡srlous
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.r OBI acêWlaûetonat€s at €oncontrations of tho order of

1O-3 mole J.-1 . Thel.r nøcul,te d.tffer ccmsr*laat fronr ttrose

r€portad by 'fiaotnin€ et "t.47 Under ttreLr corrdLtlons,

Bamford and Llnd four¡d that È{r"flI(ecao)- ltae an activo

:tntttator, buù corrr(*o*o), ;t .;;"r";:ly inactlvo. Tlro

inttLal. rate of pol¡nn"*t"i*or1 wat four¡d to bc firEt

ordar in mononer and half-order 1n catalyat concerltration.

Ttris supporùa the rriew of, "dr^rrett and Mendeleonnp thst a

fl.rst order doooapoel-tlon of, the otrelstc ocoura by a

eJ-npl'e fisslon of a tlgand aa fol.lo$¡ I

tturrr ( aoac ) ---å ¡&.rI(aoec), + cHrcocHcocu3
3

ThLs ueckrarrJ.sn, oontrary to ühst of l(a¡tnlng et aJ..

involvec a rralency clrange of tire meta1 atomr and is

4Z

¡r'pported by ttre colour ctrarrg:ee obeerrred by Arnett arrd

Msndeloot rr5o durJ.rg ütre pol¡merizatf-on of etyrene vl-tb

csw(acao)I+ "rrd corrr(aeac)r. nich,er49 r1¡o obseffod

ûhât durJ.ng tho polfrmerisati,on of l¡utadlene and icoprenÊ

ul.th colrr("""")3 ttre char¡aoteriEùic d¡rk g:ro6n oolo¡rr

of the cåùal-yst fadsd to pale lrJ.nk.

A mone recent paper by RLclrer&9 "-ported thât corrr(acac),

ig an actlve catalyst for the solutlon pol¡rmerizatlon of
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butadiene arrd. isoprene at 13OoC. Ttrl-s aÉîtrees wl-th

Kastning et al.4? Ol¡n f-s contrary to that of ßamford and

l-tn¿48 wtro fínd ttre eh.elate completely inactlve for th.e

pol-ymeri zatJon of nettryl methacrylate at 8OoC. Ilovlever,

a half order dependence on the catalyst concentr:ation and

an approxírnate fi-rst order dependence on ttre nrono¡uer

concentra'bion have boen foLrnd¡ sir¡r'l ]-ar to the kineti-c

results of ,iamford ancl l,1nd.48 In accordance with

Banrforcl and l-índ48 and contrary to Kas'bning ct u1,49

Riches found tÌrat carbon tetractrloride does nct enhance

the acti-vity of the cl.eJ-ate under tris conditlons.

Di.ptrenyl.picry1hydrazyL and p-benzoquinone trad no

oignificant offect on thc¡ ratee of tile diene polymerizatiorr

alttrough the styrene polymerization was strongly inh:i,',:ited

u¡rder síml-lar conditio¡rs r

Ttre resultsr So far reported, are most contraclictory aud

confusing. Despite the kinetLc evidence fawourÍ-ng a

radicel nect¡anisna ånvolvirtg' a walency ctrange of the r¡rotal

as suggested by Arnett and lfendelsotrtr50 ttrere 1s al-so

the posaJ.bi-lity that a monomsr-ir¡-itiator complex may

be invoJ-wed. Ttre kinetlc runs llere conducted by
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Kastrrtng cü aL ,47 u* ttj,ches4g at ratlrer h{gh

temperatuñas (i-n exooas of fOooc). orra ¡rould a=peot

l¡s noræl dilatometrio ad gravlæte'Lc proceduneer to

oenrlr out axper:Lænte at ternpentures < gOoC. Thê

kl.netic vork of KaEt¡Lng eÈ .1.47 ougtrt to bc re-exaurined

aÈ Booc for M¡ 
frr' d cour(""ac)- l.n atyrerrea (acacr3 anl uo [aeacrJ

uøl.ng d{htoretry Ínetead of a gravluetrrlc technl,que

wh,e¡re thoir gtcs quoùed are n¡€rìÐly raean rateo. Moe t

lmportant Le a thorough LnwestJ.gaùlon of tho valeno¡¡

süate of the mtal atom of marrgalrsse artd eolralt afüsr

reaoüfng ttre otrelatec wLttr styren,e and ot?rer rrirryl

monooners at 8OeC. Tbe poesJ,bLl"ty of morrorncf, con4rlexJ.ng

to the chel'ate ought to be e¡sm{nsd cLnce a rralency ctrange

of ttr€ neùal atom can arise not only frcm a straigtrt-

fon¡a¡d fLsrLon of tlre Ligand aa a radLcal but alao from

¡nrtícipatlon of ttro monornor concorned. T1r€ aiuple free-

radLoal meot¡snLsrn postutat*a48'F 1r, thcneforrÐ, by no

Eêsns tha only axplanatfon.

Ons of ttre Lntereeting aapeots of Glaes 3 tnitl-ators

anise¡ fuø tha necognLttorr5l that they are ce¡rabl'e of

SDLECTfVE l'nitfatl'on of, radical pol.ynr*irizsti.on. Ba¡nford
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and Ll.¡td5l fou* tttât ühe fluorlnated cfrelate,

Mnrrr(raoac)U, iaitiato¡ ths ¡rol¡r:aertsaûlon of rethyl

methacr¡¡late and acrylon:ltz:Ller ia a rolatlvuly

Lnoffcctlve lnl.tLaüor üj.th vlayl aestate but Le a etnong

retardar of the frce-radl,oal polynerlzaülon of sfirrene.

1 Redox Inl.tiators r

.Acetylacoton¡to oomplere¡ h"ave bee¡r ueed f9¡ tnarry lrsars

!.n conJ'.uctLon r*tth Trydrogsrr perorl,de o¡r al-lcyl or alTl

hydztpero¡ldee as r'edox, ¡nira for pro.ructl-on of free

radi.cals. Tlraes reaetlona ane probably far more

compl.laaùed than ig often aaeumed. ftøo groupe of

sorksra'zt'} hswe reoentl.y rcporüod tbe 1ør t'¡ritiator

efficloæfeg in otyrrene pollrnerlzaüLon initlated by a

eombi¡raùion of, an a1kyl or aryl bydroperoxlde ultb. one

of e asrlet of, acetylacetonato aompl@!ßotr

Bu¡mott ard Nor{n52 a^te rcported the polymerizatLon

of etyrone 1¡rltf.ated by tha reactLon bettrecn ferrou¡

acetylacetonate and crrñetÌs hydroperorLde. Tlao obesrnred

kínetio equstlon La
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.þ 2fö ed &OoC. IG l-a *o¡t teforüuute ühat ùhty

dl ü aot glyï a doùri\ eö quallrùt trtt'vlt èts of üha t'rriùl'al

r¡te¡ tqcËor rttå tbs eoncont¡atl'oe rÊngo otr fernon¡s

eartyl¡orùmür ad or,aena üydro¡nroÉda' ths raùç llrr
¡r'geclto thet th. tro rergtttr ¡rgtdly fcnn c lrl coqr!,e¡

$OL¡R

K

übåitb yLoldr ROr ¡adLoal¡ ìry a æ-rrl.ootÊlaË trt¡r¡fir

rçoetl,on ¿.E tba aoeglør

Ro{Et + reE{*æo),
"lE1oo."¡,

rioffi

nJrr 1..oo¡ 
"

¡t{ÐR

z ullcaeo)*

no
I

FeE(eca,c)" + Ro. h,^a

\ tlr"rr(r.*o)a

o*-o'
\

H

Th,$ Lal,tå*t*sn æeh,nlcra Í,o, bo¡¡¡ovur¡ ÞfiF coø¡rll.orkü¡

B¡¿a¡ott ad lso¡"tihF obsenæd s deoree¡ad L¡r ¡pl:¡æÉ¡ctLon
rrto våtli tl¡rc. ifþ-f,s dtrpereeear â8 euËËsrted by Snrætt

a¡¡d I¡lo¡4tr¡ erl.sÐa eo B resul't of, tira I r I ctupl.¡¡ nrrl¡¡u

gotr¡ß f, o'ç*ond or¡der rtsqtl'sn lo¿df.rl6 to ¡ bf-nnal¡sr

oqúor
B.

ç-g/

---+

Ít

(

R

ha
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whlcle ylelde free-radLca]¡ rnorrt ¡louly therr Èho frrltLal

interrnerliaüo¡ $ioleoular wol.gtrt ¡tudi.as54 *"U*"tüed ttrat

ù?re ternnLnation by fer3oue chelaüe ls -ulJ.rn¡rortarrt and Ùhat

mrrtual trsÍo:iïlatlon o:f 'êwo free radl,oaLa ia tlre ¡oore

fi::por.tnr,rt ter.glnaÈío,r ¡goct¡artigm. ThiS 1s most uneXpeoted

sfnce tha loul <¡rder of tb€ trrlo reagentg fs i¡¡dicatlr¡e

of a caËe of ø.txed prj.raary '¡radl.cal ter¡nl¡¡atio¡¿.

Irr a ::ecent IxrBerr Irrdictor ar¡d Llnd,*r'3 assayed tbo

lnLtl-ator eff,icierzcieo ln ctynene polymor"lzaülon of t}.e

sl¡ôtem ter{-brrtyltrydrol}o f,c,xLdê-me te1 acet¡rI'r*eetonate for

a nurr$ber cf difforerrt r:aetal{t. Their l¡:l¡¡otLc data índLcaùe

rh.at At(rrr), zr(rv), Tio(g), Ni(rr) r a$¡l zn(rr) uttt

tLttle or rlo effect on tocú-butyltrydroperoxicto as Polymer-

lzatio¡r :Lrritiators¡ ühåt emol-L qr:antitles of Cu(ff )t

Co(gr), cr(f=¡), a¡d Fs(fg) pro"note tsrt-t¿utüylbydro-

peroxlde polymerf.uaÈLon åníbiat5.on, a¡rd that V(fÏf ),

m¡(¡r), vo(rr)r Fø(u) an¿ Co(rr) €nh"arice tsrt-butvl-

hydroperoxtde deoonpooLtion buù do not p¡romotø

po l¡r¡ne ni. za Lt o¡r i:rL t J.a'&l.on.

Tbe pre:ent study dsaLe rdLth redox Lnltiators, ons of

the two-component ayaten beir¡er a rætaf(If) aoetylaostonåte.
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Part II 1a oo¡rctrud rrlth the ro-lrrveatLgÊtlon of tlrs

¡uusnl,trm trlohloraoo tâte -o up¡-l,c aco ty La c e üoræ tÊ Ëyst€m

prü\riously reportcd b,y Bsnford, Ðactnond and RL¡'pono"

tbj.s rar bnought ebouü ac a rasult of, fl.srl'ng¡s tlrat

Ba¡nfor.rdr a f.$ltLAtor door not Lnlt.latc ths polyætÈøatLon

of vlnyl aootafø.

part III deal¡ ultb. ùllr LniÛiaùlrrg trplder of ferroue

aoeùylaeetonato ul'thout ary gddl.tLve . Thls was

dL¡oor¡ored ln thp ¡rroootl of erarnl-nLng tho fe¡rous

aec ty la oêtora to -ounÊ nå byd rc ¡¡6 rarl do-¡nø thy 1 nc tJrac ry la te

ayet6m. f.er"roul acotylaectongte elom Polyre¡:Lzoa

at¡rrcnc and ngthyl metlraorylata, but not vLnyl acetate/

part IlI ls a ctudy of tho ¡nlyuerf.atlæ of oothyl

angracrylnte (rhleb la a &ora poXaf aolvent tl.an ctyæna)

Ln:ltiated by fÊ¡¡grrc acGwlacotonte ard GuDlane

hydropenoxLdo.
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PÂÃÉ oN (m' PGfiNIffTRI'Z.ATION gT

rl. VÁ.OUUÞ{ I"Iffi

$i:rco rÈoloc4.]-ar oaygeltr has bsen fo¡¡ud to bo a ðùfong

1¡:lrLbLtor of free-radÍ.caf, poLymertøationr alL fh6

poXyt¡ori¿atio¡1¡ of tlre virryl rno¡aonsr w@f]Ð car"¡nïod ouÙ

rr¡¡Celf iri.gh vt¡ct¡um sor¡dtùi-oncr

?ho apparaùu¡ ueed for clegassing ar¡d dåattl}ation of.

tïro ruorroruers and co.|rrenüc la ahown i.n ftgure ÍÍ./L.L,

TTre rraourm llne faå oqtlstfllcted of Fyrer 5Lanc t'ubLngr

It ¡oas evacuated by mèarrtl of' a üwo-rta¡¡e $+ìrcur5¡

d{f,fuelotx trlT,ünp beckod by a rotar¡¡ oil pt'mp' Ttre f,oruer

is cagrable of ppoducJ.ng the ht.gh rl'acr¡un rre€ded {lO-5tor.1.,)

end tlr,e t"aûter p¡sduces a rloîrgb. r¡a3urm (1o-2 - 1o-3 1.orr)

necessarry for p3op€f, oporaiüLon sf, the dåfft'.slolr pulr¡1. A

ttqrrid ürap L, Prevente¡l eontaminaticn of the leump

Ulrtlst the aÍr Srap L" eeàted as a reeetroårr fe/a. arry

IiquLd ùhet mny disti.t ovrcr dræfrg tbe procosÊ of
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Pumps
?

L1 Lz

FlG.ll/l.l High Vacuum Line
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dcgseol.rr6. TbÊ nuniber of gsound glstð tapÉ erd Jol'atr

wo!íìa kept to a EÍnl.¡s¡dl' Ä11 topp ard Jol-nta ner\Ë greaacd

vithÞouCornlngHA€þVaout¡¡sej'Liconelubr:Loant'TÌÞ

erl.ùerlonadoptodforasoodvìacurr¡¡'Hatthaùofths
üþIìBlll4yrstlcÛcl.ngttothcc].oecdl.l.Ñoft.trevacuoßt'atV
tÊrc¡r lnr¡crted. Tttls ir pltobably 6quj.val-€nt to a pr€aÜufc

of lo-b - Lo-5 Totrr.

B. ¡ð.TERIA.I-S T

1. Vl.¡rvl. noatqte

Co¡øætctst rrlryl acctate ua¡ freed of, lntr+b{f,6r by

¡¡[¡¡k{ng up rrlùh rûvcn l.ote of lrû/fi eod'l'r¡n bydrorldc

colutlon. ThiF ra¡ ¡¿alh¡d tLth dtstlllad weter unù1l

it ryas æutre1 to l1tuue, and drLcd orrenråglrÈt o\rar

auhydroul uhgndBcf.rrru aulphate' Tbß dr:led eomomôr r*a!

fllterrd and dLctillad r¡dcr ædr.¡ecd, IE"€aturc of' n't'trsg€Il,

the Lnftlel. a¡rd f:L¡u L 2q, ú the dLett llato boing

rrcJootod. 1þ E-tddle f,mctl'oa wa¡ oollected Ln a

recerrn¡:Lr vea¡el and fu¡.Ûtpr drled by tho addLtLoa of

ealoLtü bydrddc. vLgoronø rrgootLon tsa obaarsr€d aÙ

f,l.r¡ü. wbn th¿ cvolr¡È1ou of hydrogen had aulrsidcdt

üre vasB€L ¡a¡ attacbed to tb br6b vÊGlil¡m lLno. Tb.
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sûßor8r üa* dogÐ8æd severel tlraee, ProIÞIyærÍscd

rfLüb, uV trradlctl.on Èo 1O-15S oonvertl'on. ard, vaor¡r¡r'

dt.cttllad lnto anotl¡er uB.3€1 eonü¡{n'tn€ a froeh loü

of eelOir¡m hydrLdo. fþå Þu6e ßcnùCtr!êf Uat dtgneagd a

feu uore Ù!æ4, Ícoorvgd frtn ûtre r¡acur.m lLner and ¡toned

Ln tbe refr:lgsrator u¡rtLl requl'red for trssr

2 Ì4cthvl. Moùlracrnlaüe ¡

Mathyl rneüûacr"ylate uar ¡nrrifted þy tTre ¡Ða¡rÊ pro€sdur€

adopterl for ttre ¡rur"lf:I.catLo¡r of rrLrryl ag€tat r

t

Cuprf,o aß€tJri.scetonsüe $ål ¡rrÊ¡nred by rerotLr¡g an

al.Cotell.s ¡olut:Lon of ou¡rl,o aasùatê $1.üb an alcohollo

ao!¡tlon of aceÙylaecto¡raùs. Tþe crude producü r¡a¡

neor1ratal.lLgod frm l¡€nssne.

b¡ ÂFHlltru Trlchlorae¡$qte r

á.m¡ri,un tl-tc?.loreoetats Ê8 prepeæd bry neutnllrång

a Oô¡lcantreücd eqgaogt roluùl.ogr of trt olrlorsc¡tfc a6id

gLth n!ínrolnLe ar¡d roor:retalli¡tng ùhe Broduot fttn

rataü. Ths relt u¡r drted l¡r v*ouum at roou

üeml¡e¡sturrD¡
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O. DIÉ.TOMIITERÍI ¡

The proc€sa of pol¡nmerdzatlon lrrvoLr¡o¡ a 6Êsa'Rtat

L¡¡ vol.r¡ne of tho tyËttmr Tlre u¡e of a, dt latoueùer" rhl'oh

Íro*eur\ra rBll' vollEe oollt$eotÍ,or¡s at rnri.out ü1ne
i,

l.nten¡al.s LE a potynørl,øt-ng syctsdl Le s oom¡snLorrt ûld

eocurgto Ùoo1 for atudyLng th8 ktFÐttoa of v:trqyl

polyuerf,zationr

I'. GoaetsÉtlonr

î?¡o gor¡ry'entl,onal dl,laûoæter oonaieta of r 26 e;r,r. lengüh

of thl.n¡qüalled 3 mr bsrs Pyrls¡ ca¡ú,lt-ary ùulrl'ngr on€ ed

of rb.l,qb rms ol.osed ard thLalænsê l'n ao oryganqrgao flanct

th,on bløun l.ato a bulÞ of appro¡f"mtrly 3 n1r csl¡acityo

T ,hË dLlatorroter me ornefully annealed. .A lf'no A r¡qc

scraücbed on ü1¡e undLstuttod oepLl.l,ary fmrred{ately

abor¡o tba bulb ar¡d Enothcr m¡rk E r¡ag æde bat'f-ruay up

the ca¡rtÎla¡y üEb€, al alrown Ln Ëgur ÍÍ./Lr?.

2. CrlLbcsül.onr

Tbe dl,latorætsr wae uelghed. Bf Eqaru of a eyrànge üo

rhleh ruac atùaohod r !O ouo rtalnlcct tte€l necdla of

¡ratirow Þose, dl,¡ütll,cd rrator ua¡ introduocd Juet up to
matls A. [fic df"¡.atoneter uar wLged drry and ¡qre{g,bsd.
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FIG. II 1.2 D itatom eter
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Add.ltiorurl wsüer îdat introdtlced, taking care üo avoid

al.rbubbløe,r¡¡rtil.itsl'ove!.n¡agatruat{sB'lhodílatooeter

îre8 rewed.grìed. Tlrc hslght of tho eapt r-lar¡r bstrrees A al}d

BmsmegeuredT¡yacatJeeùoueùer.FrmthglcrrcaEr

derral.lryofuaÈøratroomtem¡rerratllF|9¡tlrevo1ungoftbe

dt"lato¡naÙer up to ras¡ih B and tbe oroca-seotlcnäl a¡'ea of,

tho oapt1lå!Ìy r.tGlìÞ oalo"laüed'

t

llre cornrerd,orr of nono¡nsr $aa folt'ot¡sd dl'letometrlcally'

îho ¡nrpentage contraotLorr ln volt¡ms fot LO$ convsralo¡n

aù a particular tornpe¡naüur¡ toç ean be Oalculated fro¡n

tlre rel.ationshiPl

$ conttaotlon =t

v*t Ò

)rroo
^r.

rrtrore V and Y--mtPt aro ühâ r€Bpectdve volt¡uss of, ühe

m.orur@r anó polymer of a oertaÍn tempem tr¡¡¡,e ùoC. Tho

aborre retaÛl"onghLp Garr be redusgd to

% eof¡f,:R¡etLon ¡ t 
t :fta¡ a lOOr_yn;_,

aesuml,ng ùhe mq¡e of tho monc¡ner to bre ùtre 3aæ as ÙT¡at

of ühe pollnrer. f m* rs the donrltry of ffi)'}omer at toc

and f v" * the dsnal-ty of polymer at toc '
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For rriry1 aoetaüe, ütre r¡afu¡oc or f nr, and -Pnt for¡¡d

þ uL.56 For møttryl nreüt¡acrylate, th'eby ilattreaorr å

eonetant:É tú€x,€ ttioge quoted by' Þ{aü¡eeon e{, tL.57 lfof

etyrene, the daüs of Patnode and Sctreibet$ *"". r¡sod.

Th.e experimental peroc11tage Oontraetton ln volu¡ne af a

glven tlno and tornpeneture toc can be dsùerttned by Èbo

¡qustl,on
2 ah

S corrtz'aotlon s TÏT ) roov*t

luheæ Ah is ùh,e oonüraoÛl'o:a of tho menùseua aü a

gf"t'orl tLmot Le ttre @tìoaarg€etional eæa of,

the rrol.¡ne of oràgJ-nal. l*on.cmer at

2¡lr

eapill.a¡y * t 
a

üoG,

D. E.ILL'I![G tr. DII"AIOI@ÎþRS r

îhe polymeriætion¡ of ths Ex'¡aomerw€re foll.oued

dllaüorretrC,eally r¡nrlor higlr ìrasutun aonclitlorrc,

By means of e I nI'. eyr:Lrrge ùo rrhich was attached a

lO cm. at¿Lnl-eaa noedlc, L¡rLtLator arrd aul'tabl.o solvent

üer6 fntroduced Lnto tlre oatlb:sted dl-latoretetr.

Àmonl.r.u tr:letrl'oraoetrÈe *aE foturd Ûo bo lol'ubl.e 1n a

ohlorofo¡m-ethanrot n{r$p¡s. Solt¡tl,ons of cuprCc

aootylaceùonate of knovn concentratl.on u€rrÐ prepared
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Ln ctrlorofom. thø lolrrenË wea tlran ¡r:mped off by

ulean,gofanordår¡arlrwatorguctl.onprrmp'l.earrl.rrg¡bghl.¡rd

tho i¡riùlator l¡l tÏ¡e dilaùometsr' I'our d:l.l'atoæterst

eachcontalnl.ngírrlttatorofad{fferentconcentrratlon'

were sealed to fl-ask R"' Fl.,aek R, was then.attact¡'ed to

the htgb vactrum L:lne t ?t showrr ln fl5urø TT/LI.}' Aqr

leaks, thâù rnay arùse wlrsn tlre dilaüornsüo¡:c 'IitoÌ.ì6 Jolred

to tlre flagls, ruay be located by the htgll froquency epark

diectrarge ooil }crroun ae ttre Tesle co11. rhe hLeÏrly

ptrrd.f,t ed nroÍrlr¡er¡ aftor a further d'egassfngr T*at

dLsùiIl.ed um,der \¡asuum from fJ.aek R, to fl.ask, R2'

The rnonomer ln fLasls R" ruas frosen try pkrolrrg a

Ilsrrar bor*I. oonüair¡ing Ll'qutd ut'trogen beneath fl.aalc

R2.Whgneuffl-ciaatmo¡rorærhaddiatil'l.odi,ntoflo'ek
RZrth.eDouarbowlwacre¡noved'toaLloutTremonolrerüo

ühaw.FI.¡skR,uaodot.aelredfþo¡nthetrj.glrvEoutmll"ne.
Eaefu of, tlre ditaËoureters wae fl"f.led up to the upPer

,nark B roltÌr mo$omar by tiItlr¡g flartc R, and realed off

¡¡nder vaolttm. Tlre oonÛents otr Ûhe dLl'atoruater were

Later tlroroughly nlxsd by furverting and shaklrtg the

dílatomterc ftto dil.aùonetor tras plaoed :ln the

65oC (or gOoC) tfrerrnostat. Tbe E¡axl,B¿¡m trelgbt

reactrsd bry the nenl,scua duzdng watlrång-up penlod wac



High Vacuum
Line

R 2
R1

- 
D itatometer

FtG. lll1.3 Ditatomet¿r fitting
assembtY.
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notod by a eathtousüer. Tble flat nörÞ411y 3 mù¡¡uüsa

or lsas after Lnuer¡Lon. Îiæ ar¡l Oontnactl.on u'dlìc

measur€d f,ron ùh,c poucnt tl¡e than¡sl cx¡ranolon of tbp

dl-1aùonetcr contente ooag¡ed.

E TIIÐRNÍOËTIIT ¡

Îhc thsrmoetaù conslctsd of a laggcd Pyrcr vceacl f1.11êd

wtth trator. Stt rrLng waa dors by a EÊche¡iliaal stLrrer.

Tlre waterbath wa¡ traateé to a tem¡nrratr¡re r1:lghtly

Lc¡a thsn 65oc by a El.lr Þa¡tcr of I,GO r¡ttr ¡nd a

bulb hsater. Ttre fl¡nl tempentura of 65oC uaç acb.l'eved

and controlled by golrrg a toluona-mroury rogulator and a

thyratrorr val.vo rGlåy oontrtltt¡qg a V5 xatt h.¡ter.

For a SOoC thernortat, e tolrrone-mefìeulTr regulated ot.L-

båth uas us€d.
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CrnPfDR 2 IlnROllUmION. 3

.â, . IN'I'RÐUQTIO.N ¡

Amnontr¡.u trichloraaotat€ togcther rrJ.tb cuprLo

aeeüylaeotonate wag fLret reportcd by Bemford, Eastmondt

and Rtppo'55 as an effectlve LrrLtiator of free-radlcal

pol¡rmerLzatlon of methyl met6scr',lata at BOoC. T¡e

unusual feature of tl.ís iaLtletor ie the productlon of

ef"ngl-e ôCf, radLcal-s ilhlch barre elnce been confl-rmeA ty59

a tracer ¿66hlt{ Quo. Tlrs mecha¡rlsm aPpoara to I'nvoh¡e

the formatLon of a compl-ex between the two inLfLator

courponents ilhLch decompoeo to gLve a trích.loromettryl

radical t

@,¡
Cu(acac)Z * CcL3COoNHb

cc13+M---+ cc

ï K

r -----à ðc +II kd

(rra. r)
(r'xz,z)

(rrz.3 )

(ue.4)

Lj

13M. kt

ccl3M . *M

.*M

cc13MM,

k
PM .rvræ- þto
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(rue.5)

.+ NHh (cur(aca")e) +coz+occ13

(rr)

2k.
ft

Cornplex,Iandeompl'exllhavethefol.lowJ.rrgpocsf.ble

ctructures I

c

o
NIlb

e)

o
/

ITuc

(r)

At gOoC and at lou aunonlt¡m trlctrloracetate ooncentrati-ons

Bamford and hl-s co-rrorke *"55 for¡¡rd tbat the inLtial rate of

Bamfordr s reeulte fit roaaonably well to an eqr¡atLon¿

*n-o crrcoomralå (ua.6)

conetant" Tbese rssul,ta are conststent with the

mecbanl,sm abover tlre stationar¡r state rate beJ"ngt
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k
e- - =+ (ou r )å [r] (u2.7)p (**)t

¡rtrere ] - [ccrrcoo*¡]o if K is larse and

fccrrcoo*¡]o( [co(""".) 
" 
] o

The approximtlon

lr] -= [ccrrcoo*+]o

can be El.own to be truo under tb,eoe corrditl-ons by a

!þrrg rLgoroue nafhenatLaal treatmentt rel.th the

aecu,rnptlon th,at the equlltbrir¡m (rra. r) is not

aLgrrJ.fl.cantly affected by reactl-on (ffZ.Z) I

r É r(co-r')(so-r)
Realr:ranglng, wZ - {(rco"rao) + r + KC.so - o

otr Í2 - (co * so * t/x)t + coso - o

ThÐ t*o roota of I are giwen bY

r'"'bG (co* s* * L/gz - þoso * co + so + Lßìl

- å(g (co- so * !rc) 2 +4so/t+ co*so* Lfi:)

Jå (co-so + L/K't2 +ßoÆ + co/z + so/z + t/zrEI

-,S + r/r)z + ,tgo/K + co/Z - so/z + L/zK(co
o

- so - u it (coéo* Ur)Z*lrs o/u - (co-so + 1/K)] (rrz.a)
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lbr zr.¡1 root of I l'a, frop GsuetLon (rI2.8) l glÌtn

by

I : õo - +t +l(co-so + L/\,3+Bor/r-(co+r+rlr)

æ so - $ [("o*, * L/ß\ã + lso/r]t - (",r*, + r/r)J (u¿.9t

DguatLon (ff2.9) 1¡ of ¡ Þoütcr and ulorc oonr¡p¡rlent

forn th¿n tbc oqr¡rt{oa

(rrz. to)

gá.vrn t4¡ Benford et al. 5'

rf, K i¡ lrrgo (næ æ1c-1 1. aù gooc) and so << co,

€{tuÊtl,oa (rre.g) ùa t'cdr¡s¡d üs

1 = [sJo (rra.r-r)

Valueg of, [r] oaroulstod tråfu¡g equaûLon (IIe.g) rzþ

clror¡n tn tab]'e îT./A.L
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fcolr"o*)"J" - " o

lo3xo
l¡m¿l st- "O

tolxs g
- -*1molt ¿

ro3 x [rJ
ruolc I -t

s o

o
-1n¡olo I

L.gz

1.92

L.g2

7.,92

L,92

L,92

o.555

Q,277

o.L25

o,0555

o,ogl7

o.o1e5

O. r+ltt+

o.227

o.lor+

o.oMlû

o.o23Z

o.oxoo

Xt waE orlg!.nally Lntondod to uEs Bamtrordr ¡ lnLtl.ator

(unfofr ylotds aLnglc CC13 rladlcal¡) ot ùb.o vLrryl asetate

eystrrn üo attrdy tha k{noüloc of radl-oal pol¡merlzatLon at

hl.gtr eoæverolon.
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tl I.{ESULTS
oC¡

DilatometersUerefil]-edasdegcribedprewiougly.Attho

f.ow arurnonium trictrloracetate concentration rrar¡8e

(3.91+ * ro-5 - 3,i9 x ro-4 r.r) nith constant cuprlc

acetylaceto'ate concentratlon of L'gz x 1o-31't ln v:1nyl

acetate at 65ocr ro sigr¡ìficant corrtraction of tbe

solution uas obeerr¡eclr everr when the dilatometers $ere

placecl in the tirertrostaÙ for several hours. Frrrth€13Úorêt

pol.ymerj-zaüioncll'dnotoccurwlrentheaa].tconcenl,ratl-on

rar¡€e vras lncreased to 1.oo x Lo-2 F 5'55 x 1"o-2 M at

constant cuprlc acetylacetonate cor:centratl-on of L'92 x 10

The bl,uo-green co].our of ttre cuprlc complex uag

destroyed, the solutlon beooml-ng 1J'ght broltn and a

precipitate formed. Ât room temp' rature' the aame

cLranges occurred over a periocl of eeweral ¡leeks

-3M

( [ct1""*")rl- Ê L.gz x 1o-2M, [ccrrcoom4-1,= 4'50 x to-4u)'

Ttre results arere contnary to ¡bat lferê expected. If ttre

prLmary singl.e r¡adLr:al as postulated by Bamford and

co_florke *"55 rs öc Dr it strould algo LrrLtiate ttre
)

polymorJ-zatLon of vJ-nyl acetate' Thl-s conclr¡sion Ls

subgtantiated by the r¡ork of MelvL1le, Robb and ruttor.6o

on the ptrotolysis of bromotrLch.lororethano. usl-ng ttris
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tecb¡¡Ígr¡e, thcy caloul'atod ttre prolngntion atep kP for

tbs addltlon of a ðcq ¡radical to vlnyl acetate. Part
)

of tbaLr æebanlsm la as fol.lora s

IelùLq¡tr-oü cclnr bv 
"r' ö"a, + Br

Ir.-

PropaeÊtLon òcr, + ctra = cl¡''o-co*l -L"

""b 
- CÍLZ - ðH - O - CoCIi3

Tha valtæ øt kU (¡t 3ooc) ra

ka - l-12,o 1' uolo-l t*-1

Me l,\rt lte ard hfe collcaguat ghoryed th¡t t ôcf, radleal

Lnl"tlates ùh6 pol¡rurer:l'sation of v'Lryl. acctate' A

aignifLcant rate of ¡nl¡ræri'satLon rhould' tlrsrcforel

bc obsorritd rLth rrtryl aoot¡tc uaÍr6 e æL¡trre of

cu¡rl,c aocüylacctonatc ¡rd elæsnl.t¡n tr:lchloracetstc'

Rssults lsdLcatcd no ¡nlynorá.zatl.on rtth rrl¡ryl aeotate'

ievonl. erpXanations ar9 ¡roraible'

(.) fUa ðC5 radicat Ls nst tb ftmry radlesl but a i

leaa rsaetLrra ¡aéLcal r,t¡lob ôoea not rcaot sLth v'rryl

aogtato. Tbir clplanatfon bao bsen dLlproved bryr

B¡r-nford aod Rob tnsoa.Ð ¡fbo bavc rccontly ldontif11ed ths
t

CCI'^ radLoa1 by a traoer teoh"niqut ')

I
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(U ) Dfethyl noühaeryLate i.nLtLation l-¡rvolveç spect-fJ.o

mecharrlsg, eoS. the uono6€r copplexJ.ng fllth adduoù I

(ca.II2.1)

r + MI¡a î- I,MMA (rrz.re)

r, ÞrMA -------) R. (rre. 13)

(") Vinyl aoetate conrplexoe wlth salt, cuprlc otrelate

or ttre adduct

S + VA '- produef

c+vÀ-produet

or I + VA stabla Product

(rrz. rt+)

(rrz. r5)

(ue. 16)

stepa (tre.14, ÍT.2.L5, rI2'16) may fnterfore wlth

equ1llbld-um (ffZ.f) and reduce thß rate of inltiation

ff complexLng is otnong, Rf :+

It..
i_

o

(¿) Ttre salt, cuprlc chelater or adduct inhibtts

polymerization by acaverrging propagatlng ¡nadicalg.

P.*S - \inactlveProduct (frZ'f7)
n 

-
P . * C =J'nactl.ve Product (frZ"fA)

¡l-

P , # I r lr¡actl.ve Product 1ff e. f9)
l:r-
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This ie quite feasl-blo slnce a polyrrJ.¡ryl radical la

believed to be moreo reactfve than a polymethyl

met¡aeryIate or a ðcfo radLcalo .¡'here iE conELderable
)

experimental evider¡ce to support thLs beLlef. Frsm the

point of view of reaativlty ttreory, ttre cffeot could be

attrJ-buted to tho stabLlizaüion of ttre PMI"ÍA and ccl-,

radicals by ttre conJugatirrg s ibetltuetts -cozcll3 ¿¡¡¡l -c1.
cIIâ 9H"

. l) | ) 6o
-*CHo - CH --CHZ - 1. +-) ^CH, - f C13C. # CI-UC-CI"

.l
O C=O C-O'
'ltc=o ocH^ ocHl:3
"*3

PVA radfcal PIIMA rgdica]. CCl3 radl-ca]-

To teet explanatfon (A), the effeote of ttre am¡nonlum

salt afrd the cupr{a clrslate on tb.e pol¡nnorizatLon of

vlnyl acetats Lnitiated by 1'3O x fO-3¡l benzoyl peroxJ'cle

w6re examfncd at 65oC. Tts., roeults are shofln in

fLgnre :-;T,/2.L, Amnronir¡n trLctrJ-oracetate (4.5O x 1O-4Mù

had no signlf!-cant effest. Crå&o acetylacetonete

(t.9O * fO-3U) reduood the rate th.irteen-f,old. À

mLxtr¡re of both subetances, at ttrese so¡æenùratlons,

suppresced pol¡rmerlzat|on conpJ-etely. Tb'o otramctcrletic

colour of ttre culrJ-c complexea persLstcd 1n th,e laet truo

caso6. ltrese teste favour explanation (a) strongly'
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FIG.E /2'1 Effects of Cu(acac)2 ?nd CCI3COONHa o

potymerization of viñy-t-acetate initiated"''i.äo,.ro:j¡¡ (0'coo)z at 65oc'

n the
by

o (Ocoo)2 = 1.30 x 1o-3 M

¡ (ÔC0O)2 = 1'30 x10-3M;-- 
[ðci3coöruuo]o= 4.5 x 1o-3 M

A (Ocoo)2 = 1.30 xlo-3 M;

fiuracac)zlo= 1.90 x 1o-3 M
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particulalrby Btep (I.},z'19)' Tbey do not however'

ell-m{nats (rt) and (t) as an explanatlon'

te A

ecetonate ¡

The ¡¡ather unox¡rected reaulta obtained for ttre ccl3cooNH4 -

Cu(acae) Z - vl;rryl acetate systern at 65oc seemed to

lndicate tbat ttre reactlon mechanLsm is noü kinetl-ca].ly

e5.mpJ.e aa that propoaed by Bamford and bJ.s assocLaic"s'55

Ttre trinetl'cs of ths pol¡nnerf'zation of metlryl

methacr¡yl-ate at 65oc (tttd aooc) uena re-LnveËtigated 
i

ovÔraul.dgooncônüratl.on¡ran€'gofamnonl-u¡n

trlctrloracetate (1.OO x LO-5 - 5.OO x tO-zU) at congtant 
I

= 2,oo x to-31¡

(al Dllatoqetric Measurementsl

Ratesofpolymerl-zatj.oneiler€deterq¡rirreddi].atorretrlcal.]ty.

In a]-I. Gaa€ú oonversions lrer€ about 4f" Plots of monomer

oonversion agaLnst tl'me at 65oC for ttre low ammonLt¡¡t

trichlomcetate ooncentratLon ran€e ( < 6.oo * to-bu) and'

the high saLt conoentratlon rar¡go (t'oo x 1o-3

5.oo x t-o-21't) "t constant fcrrl"oto)al' = 2'oo x to-3t'l

are l-lh¡stmted recpectively in flgurøa TT/2.2 and
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ltl./2,3, and figure ÍT/2'4' Figure Íf/2'5 stlovre the

monomer converslon agaJ.nst tJ-mo at BOoC for ttre hJ.gh

sa1-t concentratlon (5'oo x Lo-3 - 6'0o r ro-zru) at

constant concontratlon of tb'e cuprlc clrelate'

(bL -.Converslon-TLm€ Õurvee :

Ilamford, Eastmond and ntppon55 dtt"*'Lned their lrritl-al

rates of polymerízation at Booc gravlmetrically, havlng

dømonetrated. that ttre conversiorr-tinro curve uas 1inear

up to Bfå conversion. Aü 65oc' ttris techniqr¡s ís

inadmlssable. Dilatometric conwerslon ctrrvss aro

r€asonably l.l'uear (curve 3, F3'gura Tr/2"2 and, Fig' II/2.3)

onJ,y r¿tren tkre arn¡noniun trl-chloracetato concentratlon l-s

l-n tlre range 9"oo x 1o-5 - 6'00 x lo-hM' ¿Lt lower

concentrations ttre rate of reactLon decelerates more

rapldly tÏran accountable for by consurnption of monomer

(curvee 1 and 2t Fig. TI/Z'2) ' At hieher concentratione

significantandJ-rreproducibleincluctionperl'odglfere

obeerved(nfg.TT./2,4)'TtristraÉbee¡rnotedbyBauford

Ln a moro recent paper' 59 l¡o exte¡:sive data at Booc

wasobtalned'butthevariationl.nttrelnductl.onperlods

at high am¡nonlu¡n trlchloracotate was noted þfe"TT/2"5) '

Theseflereshortwlrenconcentratfonsofttretwol-nitlator
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comporasnts Ïer€ of the Earne order (cuntec L-2¡

Fl.g.II2.5)butverelongwlrenammonl.umtrictrloracetate

*ae ln eJ-grr1f,l'cant cxceEs (cunrer 9-5' rLe'rr/z'5)'

Iniùl-al ratee of ¡rclymerizatLon can be detertj'ned

unambiguouely fron dLlatometrlc runs at J-ow and

Lnt e rmedLatc ammonl-um trl'cbloraeo tate c oncsntra tJ- on

reng:e. Abor¡e thi¡ rangot a stcady-state rate 'nay be

cJ-ted, tbouglr there aro serious doubts about ùt¡

f€levancg.

(o) Low ;jal't Concentratlone

þ"rr"oo¡ûr,,1.< [",,1*"'")rJ: (r'9e + o'o3) x 1o-3lt'

Tt¡e zqto¡ of ¡rolymerlzatlon obtained from tho

dr'_atometrr.c runs at 65oc aro, aE ctted, initlal rates.

Tb€ tnLtlal ratec Rp are lleted I'n table TI/2'2
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Table r1/z.z polyner^izatLon at 65oc inttr-ated bv cu(acac)2 ano ccl3cooNtrb "t low t""rr"oo*+]'

ro3 [cu (a""" I ro4fcc rrc oolur,.]"roa [cc rrc oo*¡t 10 5' np

mole l-1 mole 1-1 -oleÉ,L-ä molel-l
E€C.

,o-4 ( rÆp) np/ [ccrrcoonrr&] 1o-2 ( V Lcctrcoomroli)

-o1"-1 ""..-1 
tot"-å L+

1. gg

1.98

1. gg

t. 98

1.gg

1.98

1.98

1.gg

1. gg

o.1o9

o.113

a,355

o.gog

o.gzL

2.L6

2.21

4.53

6.2o

o.330

o .336

o.196

o.953

o.960-

L.47

L.4g

2.L3

z.t+9

3.28

3.t3

3"73

4,25

4.18

l+. qo

4.45

4.52

4.o3

1. øec

3.o5

3.2A

2.68

2.35

2.39

2.27

2.25

2.2L

2. r+8

3. 01

2.?7

L.O5

o.498

o.45h

o.2ol+

O.2O1

o.100

o.065

3.o3

2.98

1.68

1.O5

1.04

o.680

o.67L

o.469

o.l+oz

\rl
\o
a
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A comparison of ttro varLatLon l-n t}re rate of

polymorlzation aa a frrr¡ction of tlre aquaro root of tlrE

salt conoentration at constant cuprlc ch'elate

corrcentration at 65¡oC stth thst by Bauford et ^L.55 ^t

Sooc ls showlß c'n fJ-gure ].:,/2'6' lr 65oe' tb rate does

notconformtoahalforderdepen.denceontÏregalt

concentratl-on (squaù1on'S/Z' 6)

Aú].owch'e].ateconcentratl.ontlreratefl.tetlreeqr:ation
Rp=r[ccrrcoolur4l.o'13 (rra'ao)

br¡t tlÞ order deoreases with insreaes of concentratLon

(r'rg. TT./2.8). Ttrere 1s really no baeLs for aesuming

the rate equation has a einpJ'e klccl3cooMtlË foru'

(d) Híeh ;att Concenùrations (t.OO x LO-3 5.OO x 1O-2

lnol.e t-1')

For tt¡ts co'ce¡rtætion range ùtre rats¡ c1ted (rattes

T.I/Z.J and Tf./2.4) are sùeady mtes fol.lowlrrg tlre

induct1.on perùod as dld Banford arrd RobL""oo'59 The rates

at BOoC given by Bamford et uL.55 a''.a gravlmetrd-cally

deteffil-nedar¡d'ui].lbelowerthanthosteadyratebyan

amount dependíbg on the duration of ttre inductLon' per:lod'
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T¿ble 1;Í./2,,3 Polyøcd's¡t:lon at 65øe inl'tl¡üed hy

Cu(*oae), .nO OcbcooM* tt hfsb [ccrrcoomrOl

eol [c'(a.ao) J " bc
-1ælc l-x nol.e 1

l lobnp

roLs 1-1 -1
xoelcc oolü¡4

3¡Ê0 r

1.gg

1. gg

1.98'

1.98

1.98

l. gg

1.gg

G. &68

O,52,,+

o.íga

L.27

e.5ll

3.9&

5.OO

o.522

o.ag1

o"?go

0.559

o.906

1.64

L.7It



Tabl.o ÍT./2.1t IlotrYmrLøatíoo at Sooc l'altr¡ttd Ëty

cu(opse), anú CcbCooNH* rt ht'arr

fccrrcoo]Erbl.

ro3 [c"1"qo" ) el" w?lcetreoom¡,l" ,o4*o

t+2.

rcle 1*1 -1

t.t4
l.3r+

L.?ß

I+.6I

h.2t+

5.8O

¡¡ol'c 1-1

L,95

L.g5

L.g5

L.g5

L.9,
L,95

-1 rütæLe 1

o,fi6
o.9t+6

1.50

J.46

4.15

,.4,
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=5 tt Sooc "odTha recults obtol-nod by flarnfor"d et 'àL'))

thoas deùe¡rnlnod dLlatomøtrical.ly at 65oc ard EOoC ars

Elrqrn in fLgure Í1'/2.g. At SOoc ÛÞ' re¡ults obtaLnpd

bydtl.atoruetryfol-l-owthe¡nttcrnobcetTedbyÊamfordgtil.

uptoapolut.T}rorat.cof¡¡o1:rr¡erl.zatl.on$Serelatirrely

lnsengittrroto.ammçni-r¡r¡trichl-oracetateconcerrtr^atl'onr¡hgn

ltrasl.nexcEeeoftbecu¡nJ-cctrel.ateco¡æentratl.onup

ùo leEs than a tenfold exccss. II1 greater exceagtlrcrcase 1¡¡

a¡rEon{ u¡n trl,chloracetate produccd a eignif,t'ca¡rt l'ncreaae in

rato. Bamford et "f55 
clalæd that the ntc of

pol¡r¡qo¿æt{on l.n ttrt'e ragC'on tno¡aaEed llmarly with

ùtp e.mmonlrsr trc.elrl0racgtate co¡rcentration' Ttle results

obtai¡pddj-lato.ætr1eal.1yt.¡dlcat.eanorderoflouertlre¡r

r¡nt.tyandl.tl.aamootpol-nùrhetbgrBamford|arcEulte
rrould fl,t bgttsr to a lorrsr order equatfon' ths

rates obtalnod fron dllatosatric f+uns conr¡nred favor¡rably

tlithBadordlabelouten.fol.doxcogaofttrcaaltoverttre

ou¡rrlo eb,ol.ate, lrut above ttrl-s polnt ttrey aæ sigrrift.cantly

1o¡l€r. The devfatLon my Ln fact ltÊ Brsaùsr tbsn' oltount

ar ei€nLfLcant lnductton ¡reriods ï€nÐ obsorvod l-n thlLs

roglon. If ttrl's l-s thc caao Badordr g rlateg vould bo

etgrrifl-cantlylecgthantt¡gactualctcady-stateraùe¡

o.t¡ si.th curve J, flgrlre TT/2'5 a ¡ate deterrrl-ned

grrarrLmtrlcalJ.y at 5$ canveraLon vould bc hal;f the

stoadY-atate rate'
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.Àt 65oC the steady-atate raüe of pol¡rnsrlsatlon Lncreased

only verT sJ.ightl.y (.". fLgure If'/2'9) ÌÚith fncrease of

ammonir¡¡n trLchl0racetate coneentration wlron thLs salt Ls

ln excess of thg cuPric cheJ-ate'

Me thac rrrlate PolYme rl.z-atLon

Cupric acetylacetor¡ate was no¿ an J-rrLtiator at 65oC'

Àumonl.r:¡¡trioh].omcotaùelrrl.tfatodaelowpolymerJ-zatLo¡l.

Ttre LrrLtLal r'aùes ll€rs Lo 
-5 moLe 1-1 a"c'-l *t ala

lniüiator ooncentration of 1'3o x 1o-2 nole 1-1 and

5.OO x tO-5 moLe l-1 BoGr-l at 5.L3 x 
',O-2 

mole l-L
-4

fÐ

a

-1 -l
(¡'fe. f:T./2.1o)r 1n comparisolx flith 10 mole 1 ÊêC r

at 5.55 x Lo-z mole l-1 reported by Bamford et a,t55 at

Booc.

At concentrations used Ln the dlLatornetrl.c experLmentst

neittrer ùlre cuprJ-c ctrel-ate nor the saLt reüartcd the

polynrerlzaùLon of methyl methacrylate lrrl'tLated by

1.1+o x 1o-3 mole 1-1 benaoyl peroxide at 65oc

(rts. l.r./2,11).
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C. DISCUSSTON:

1. - Ill.gh Sa]-t Concent¡ratLone:

Thê klnetlcs of tho polyrerlzation of metLryl metb'acrylate

at hlgh salt concentratl-ons ar€ r¡elry courpllcated. Tb€

l¡r,crease 1n rate of polymer:lzatj.on uith tlme to a steady

rate after tlrc long and lrrepnoducíble l-nductlon per:lod at

65oC arrr tlqog (nrge. IT/2.4 and TT./".5) euggeste that a

conplaÍ, different fron that at lou ealt concentnationst

Le form,ed duri¡g the indrætlon per'lod. TTre statiorr'ly-

state rates U.stad Ln table TI/2.3 ard table T1/2.h and

ttre rln{tt-alr rates (f'fe/ 1¡;^/2.g} quoted by Harnford et 
^1,55

slrould be based on thfs unlcrlo$1 complex. Tbe conflictlng

resuLte aü SOoC obtal¡red grawinretrlcally by Banrford et al

and ttroso determlnsd dll-atometrically are Lll-ustrated

ln fignre f.T./z.g. Serlous doubts ane therefore ralsed

about the r¡elevancs of computing ttre kinetlc¡ of tl-e

r€actio¡r .¿ rr{gh salt concentratlo¡rs baced on regults

55

obtal-¡ed by gravimeùric arrd dilatomtrlc teclrniques' Thls

l-s because the coræentration of ttre r¡¡lcnown complex

fo¡med durlng the Lr:ductlon Perl-od 1e not lü,olúlr. Tho

rneclraÌrl-sm proposed by Bamford et a i55 at htgh galt

concentratlons should bc t:¡eated ç1tb cautio¡¡.
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2. Se]-t Concer¡tÉtions ¡

Tb.e lcinetl,cs aù tdee low aølt concsnt1atLo¡rs at 65oC carr

b¡a for^ø¡rlaùad giÌÞe th€ raùea of polymer:læülon aro

r:nnmbiguoue i¿Ltlal ratae, The lc3,noticg at 65oC aæ,

trowever, dl-fferent frm that et &Oog (pfe, ¡,T./2.6) , Î.hs

low ornder of resctLos r*tùh reepeet to the 5¡a¡¡qsl-rrrn

tricbloracetats (ea. O'13) ü s-yttrptotmtlc of raixed ordar

Ècætnatùon. NeLthor tho aelt nof the eupric chelate

(nf*. II,/2,11) ie a 1rotard€r of ttn polynenlratlon of

nethyl. urottracrylaùe a¡ 65oc. At Sooc tno calt lc a

reta¡dor.55 The Ln¡rortant rola of the addræt (equatf-on

T'I'2.L9)- rdaa etreessd l¡r the vlayl aoctate sysfem.

(e) IÍûdltT"Bd ì.fschsníem¡

A,f, 65oC, tlre 13s.¡nford ¡pc¡a¿1sm 1e l-nadeqgate ard ta

replaced by e nodL{1ed ¡nec}ranles. To ttre Ba¡nford recharrl¡u

(equatlo4,s '5;Lz.L, ÍT2,2, IIZn3r II2.'+r arrd II2'l) ie

added e ll,æar ternl,ætlo¡l reaction by oonaplex I¡

^*- l{. + I III + Pollrær lEI (rre. er)
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The mod{fled atalLon tT state equatLon 1a

k¿ ]=r=lrlL*-u.JorËr +aurl*-u.]?.". (r:z'zz)

Substitutlne L--¡¡.J8¡rr E */On I ot] Lnto equaüJ.on (l,LZZ)-

givaa

or

R

tulrl - Ir] + 2Ml

I t!
2k.t

l k-kclp
t L*l* i

RJrl (rtz.z3)+
Mp

r¡here

The modifted rrechan{sm ¡¡¡edf"cts a linoar rsLatl,onstrlp; between

I rl = fccrrcooru4l o

17hn anO nn/[I3. Vah¡,E¡ of ¡¡he and n'/lf]et 65oC ate ll-sted

La table IT./2.2. F.l.gure tt/2.12 ghow¡ that tbs

experduantal ¡:atec ftt tht,E l-ar¡ for nethyl rethacryLatet

partJ"cularty at 65oc. Tlre elope zo*/nuof;t.u]e givce a

nÞasur€ of ttre exte¡it of socond onder texrnLnatLonr uTrlle

ttre J-ntercept kT /kAkp eÌrorrl¡ termlnatLon by complex I.

Ths J-ntercept was fourst t e 2,2 x lo4 ar¡¿ k.o x Lo3

rotåIt¡E€G at 65 and Sooc reapeotively, r¡hite the elope

gave varueg or 3,3 x 1o3 and L.25 x !.oh mole11.o."2 "t
6g and Sooc reapectívely.
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(bl Alte¡native Mechaniamr

Thero Ls an alùerr:atlve mecharriem strere tennLnatj-on

coul-d occur by

.+ ![. + II --+ Iv + Polymer k,f (frz .24)

in ad.dltlon to reactlone (rrr.t), (rrz.a), (trZ3¡,

(ffZ.4) ard (ffa.5¡. îtr{s iE a speclal oase of primry

radi.cal tcrmL¡stlono l{oluever, Lt Lo kLnetlcally Lntractable

frrvolvlng quintlo equatlons 1n ctatl-oraly etaÙe

coneontnttorrt6l aince tlrere are lrrsufflcLent, precJ.se data

arrailabls ùo nake arry fít ræa.nlr€ful' It uould' houovor,

give a rate ourvê of ttre type fourd (rtgur€ Tr'/2.7)r aÉ

obesnred by MJ-arra st ^L62, r¡sLng pherryl-azo-trápheryL-

ncthane. Th€ ðCl^ ¡adloal- would be the reactl-ve radl-ca1)
arral.ogoue to ttre phenyl radica1 producod from ttl"e

decompos Lt:l_on of the plrenyl-azo-trd-phðny1-ue than€ |

nhLle ttre oomplcx II r¡ouLd bs tlÉ lnhlbftor analogous to

the t¡c.phenyrmethsne ånuo radicar rrkrloh iE a eùable)
radLcal knorrn to Lr¡þlb{t tt¡e polymerization of Etyrene

at 1000c.

It strould be notod that the expÊnlæntal results af

65oc fitted tl.e emplri.cal equatLon.
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L
Rp

Ea+ b

r'F
(rre ,"5')

(r,r.z,z6)

obeyed by systema showt-fig Frlroaryr radl-oal terrmJ-natLon as

shown Ln fLgr.rrs Tf-/2.L3. Thíe oquation xtaÉ derived by

Bamford, Jerrrcl.na a¡d Jotrnston¡ 23 uod Misr,a et aL .62 urrr,g

üho geometrLc Inean' treaüment

ktz kl.]tnzzE

Ttrre approach was critLciaed by AJ-Len and Patrlck6l on tJre

grourrts that tt ls J-mpproprLatc to dlffusÍon-control-led

tennlnatl-on reacttona. Recontlïr bouewar, Cu].ll.non64 uaJ'ng

the absolute rats ttreory of ÐyrJ-rrg trave developod an

ex¡nesslon wh:Lctr predLcts the concantÛatLon dependence of

theutgry'mutr¡al.dl.ffuslonooefficientl.ntermsofttre
two irrfJ-n1üe dtlute coefficionts ard a ttrerrorodyr¡arrio faotor

o*J = (olr)x.t1o;*)*r(r *
dIn'f ,

)dl"nx $uz"z7)
L

wtrore X and X erÍìs the mole fractlons of epecLes l- and
I J

J nespectlvelyn and Y* ts tb.e aaülvity coefficient sf

epeclec l. t1rLg ret-atlonetrl'p h'as þssn teeted by Vigtloo 65

and gtror¡n to be valld ln alt btnary ll-quid and solld systeoa

measured to date with tlre exceptlon of associeted ml¡cturee'
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Culli¡rarl alrrJ Cos¿"'¡Í6 have extended the lattlee mode 1

of DyrLng to tb f,8,trø of díffueloa 1n a EultL-component

syetem. ïIore rÊOenüLy, tlre lfork of Cut'}Lnan a¡1d C¡¡sfct¡66

was criticieed by lr{orti ror6T wtro strowed ttrat the Eyring

modeL ls J,rLadeqrjate for a theory of multicomponent

diffugl-on.

orlJr1¡scott6S fr¡1e cLted equatlon (l.I.Z.Z7) as Justlficat1on

for uelng t?re rolaùlorrehiP
xt -xzk12 = kri kaã (rrz. ze)

to eetL@te tl¡e termtnation cor¡stant for r¡¡rlike radicals '

líe furthar c laimr that thl.s approxJ-matea to eguatíon (T.I.Z'26)

over a Ìtidt range of raLative concentmtions' If thl"s fs

rrall<| then the ùtreoreüLcal statuß of êquatiorr (T'T.Z,Z5) is

resùorgd. Hov¡ever, thore are considerable doubte al¡out

ttre applLcabÍlfty of eqr¡atlon (tfZ.Z7) for a binary

syetem ùo a muLti-com¡ronent system.

ALJ-en ar¡d Patrick6l reJected equatlon (ttz.z6) Ln favour

of

kLz=k:r]-*kzz (uz.z9)
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for etandard contfollêd reactloltgr TbiE reLaüionsh'J'p ls

basod on

Dle - D, + D" (rra.3o)

an ercpr€s'1o,, der^Lved by chandr:"setJ"ar69 fot " syetem in

vhíct¡ D12 J.s tt¡e diffucLon coefficient governlng the

eeflaration of tuo larÙLclea movLng f-ndependently arrd

randourly vrt th Lrrdl-vldr¡ol diffr¡slon constants Ð, and Ð*.

.Iìhs orLgLnal appllcatlon was to BrownLan motlon, but ttre

Drouutan-notlon model j.a a roa¡orrtble orrp to apply to the

problem of tr¡o radicals movl-ng in soh¡ent'

Tho queatlon of a suj-table model for multL-comPo¡rent

dl-ffr¡sl.on :[e etl-U an open orl€ r

(c) Nature of LLnsar TennLnat-lonr

In ùtre case of ths modLfied meeþanlem, ttre values of ttre

ratio lntercePt/sloPe gf"ven bY

r"pteroept = þ5¡*] 
(rr2' 31)

aloPo =*t

ar,Ð 6,? and O.Zl+ mole-l L. at 65 anÃ SOoC respectively as

calculated f¡on fl-gune TT/2.L2, By defintn€; the ap¡nnent

tr€nergy of acùlr¡atLonn Ef/S for tbe r:atLo of lntercepù



ovgf IIoIE st

æ:,/s/m (s.zðzl

52.

(rre.33)

L¡otcrssst

-

el.otrp
t

Ae

Erls

-lIt Våp for¡nd tbat ß,'/S:r -62.J lscal'røol.s . Sfroo

sÞ E - Et (eqn. (r¡E.3t) ) "ttd 
f un - Et c J koel'

I p
-t E, bar an unuer:al

In ths aLterrastlr¡e uocha¡¡Len, dtrrlatl.on frvm n¡ [fJå

dlmÍr¡l-shôa rapf.dly 1líülr incraesLrg tem¡¡ÊIlatrl€ ¡ Elt

¡nr¡gt be nagatirre.

Îh¡lg kr "d 
r< ara ¡rot elEPtre rato coeffLolents. -À

¡rosalble exptanatlon sf the nagatlwo wah¡e of E, Ls to add

to the nod{f{ed rect¡¡lnLsn a rtactl-on

IrI (or IV) + M ) Radf'cal krff

III (or Iv) 
----) 

fiadf'cer. (")

¡t 65oC, h (or \¡) ls a gsnrrlne terrair¡atLon constant and

k*l is neglJ.gLble. Ât SOoC{("r Ofr) Ls a'oon-terr¡rlnatLn6

con-stant and \-, 1e Lm¡rcrtant - f61¡¡itLatLon occura. Î:bt

norrnal n;l t-r] å rfr."tlce is therefore obson¡ed at SooC' lfhl'eh'-

€\rÊr reactlon Ls respons!-b1-e for reLnltlatíon of ctrainat lt

has a hfgh en¿rry of actirratl.on'

+

rol.e-r, ttrren Er - '55.3 koar..molo

hl-gb negatJ-we r¡alus.

or
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(dl A ProbLsm about Inlu.stlont

The inltlatton moharrlsm Ls no1ìB cornplLcated than tlrat

pro¡roaed by Bamford et ^L.55 
The ya¡¡es of ùho slope

gJ.ven by

slotrn - Pk;\¿"pz [t]'
aro 3.3 r Lo3 and L.25 x lob ¡nolo-I

(rrz.34)

1. """.2 at 65 ard Sooc

d

Radleat.(e)

(rrz¿ø)

reapeotÍvely. By defd.nJ.ng tlre apparsnt frenerigy of

actir¡aùionrr S"rop" fo" ÙIre slope al

srope = À"dsLopsÆur (u¿'35)

ft r¿as fourrd tlnt Prlope - 2o.5 kcalnmole-l' Sl'nce De lop" -

Et - Æp - td ("qrr. (xlzûi) and Lf Ðp - åEt = t+'5 kcal'mole-l'

then Ed = -2! koal'mole-l'

îÏre negative .rraLr¡s of Þu lndicateg that ttt€ rate coluttant

ku muat be complex and contaLn an equilLb¡llr¡m oonstant¡

ccl3coo*,*(or r) + ? '+H- 
€onPlex

t
E

-AHwtrere E = Ddl-fd-oÞt
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Banford of a1.55 foorrd thaù at 10¡{ sa!-t corcentratlon

raï¡ge (t.OO - 6.OO ¡ fO-4.U) the equiltbt{u¡n oonetsnt

x - 27o6 ¡nol'e-l 1. at Sooc and [r.] = [ccrrcoo*4lo' rf thl-s

fs true, ttren K >>2?06 molc-l 1. at 65oC and[I]=lbCfrCOo*4]o'

under thpee corrdl-tione, the rate eqr¡atlon for frrltl"atl-on

becomee

Rt = r<u[cc13coûMr4]o (rrz 37)

I{ doee not appear in ttre rate coeffLcient "d Þob" wll.l

rrot, thsrefoIìe, fr:clude aI-I for ttrLe equilibrir¡¡n.

O¡rs is forced to make o1lo of ttre fo].].ølír¡S eonclrreionÉt i

ilLttrer (r) Tlre eqr,tg.rrr:tu¡a constant (r< = 27ç16 *o1á1 1+1)

is ir¡correct and Ls much snaLLer. Tkrls Ls unlLke{ fn
.T

vj.es of ttre kLnetlca obeerwed, trnrticularly On{ *o'. Also

Bamford et a t.55 has fou¡ld that u¡rder conditf or¡s wtrero tt¡e

kl-netj.ce uerê obsenred at 8OoC, the devLattons fro* S^åo

dependence are explJ-cable I,n te::m^s of an equLlil¡rÍu¡n

oo3rr¡tant of il7rl6 *otá11*1 and equatlon (rrz'to)

otr (ff) Th€ equlllbrLrrnr constârt for utric1r K = 2706

*otátt*l at 8ooc, rs not tTre ons (or onty one) tnvolveé

fn ttre lnitiatj-on. Tlrere are possLbllltlee of nronomer

involvomente Ztl comPJ.exes, etc.
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Of tù€ ùtlo 6xpLaptJ.one, ttrc fj.r¡ü orre Ls ttre le¡e L[ke!y'

It l_e verlir simple Ln pr.dnolple to dotermlrre th,e role of

rnotloÍt€r Ln an lrr{.tiator eqt¡lll,br:fgm by loolcJ.ng at the

vÊriatLon of Rn on [*J. If monourer ls Lmrolved, ttrc

ordEr ekrould obviously bo 1.$ but if nronorer doea not

o¡rtsf Lnto the l"n1ùlation PanoceÊs A r¡alue of r:ntty r¿ould

bo antlcJ.¡nted. It ie very difficuLt j-n ¡rraoù1ce to

deteruinB the order fn [U]of the overaLl reactlon. Ttre

dj.ffÍaul.tLes ara I

(f) An lnort eolvent (Ottuent) .*t be for¡¡rd that

ean mai¡rtaln tlre polar uedl-r¡ll of methyl ulethaeryIate v¡lrLah

is a poLar morromer, and avoid ally EpscLf,Íc soLwation offects

or trnrticJ.trntion in tha redical clrain reaction. Tt ie very

diffícult to f,l.nd ouctr B ¡rrr¡rresctl,ve dl-luent.

(if ) lf'f]1¡fff or wtll not appear l-n tho f¡nction for

üþs rate of ínitietion delprraling on tfre pooltion of ttre

oquLl,ibrÅwn.

lrB
A good exampJ.e lE the work of Bamford and LLrd on the

poty¡er{gation of rethy1 matb'acrrylate írrltlated by

s

(trz.38 )
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ïtrsr€ tþ.s fl-rst order in monorer Í4s obÙaLnsd by r:s|ng

etrryl acoüate aa ¿t¡-uent. Th.ê concluelon ïae üIaù ülre

monor¡ef, dl"d not ¡nrticl¡xlte ln the l"nl-tiation atep. It

must b€ pointed out ttrat the rriscoeLty of ethyl acetate lst

unfortunately, ßtf," lower ttran that of the monomer and a

vl.ecoslty corroctLon muet be appt-led to monomer + etttyl-

acetate ml:<tur€s sLnco the terrnt¡¡aùlon reactlon in tt¡o

fres-radícal polymeri r'atLon of rnettryl methactylate ls

dlff'uslon-oontroll-ed.7O tt can be dsduoed thatr evðn

lf ttre mo¡¡oürer íe¡ Lr¡volved 1u the equlllbriumt a

stationarlr-6tat€ rats equatio¡t can be formuLated eiml"larLy

to the ot¡served rate equatj.on (tfZ.38). Conslder ttre

l.nltiatlon mechanLem

ur"frr(.c ^") z + I'I Ïî---J CompJox K

Ilsdical +-- k

('ttz.lgl
(rre.4o)(Counpl.ex) > d

predominanùly to th,e rlght¡ lcêo lf ii is J.arge¡ th.e¡r

fcornprex ] ,,r rr1""".)rl 
" 

(rrz.br)

r¡trera [uatt-1"oac)3lo i" ttre cor'¡cent::atÍon or ur.rrr(aoac),

added.
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Tba rato of Lnlûl'atLon

bscome

Rt . ou L*ttt(roee)9] " 
(rre.&a)

Sub¡tttuttqg equatLon (ffZ.lra) into the ¡teül"ouary sùete

tquatfon
R sk I (rrz.b3)

FPJ

whLcþ ts in eg1¡rcencnù wi.th. tt¡c obcerytd raÙç eqr¡stLon

(rre.3s)¡

Thuc, ttro obeotred klnotie cato oquetLon lc noù oo¡¡sluc['vq

Ln ttro asntc thst 1t eannot proêlet rLth fOø sental,sùy

ntrettrer tJre uonoær l.s lrrvolvsd Ln ùh.e ånl"Èlatl.orr priÞcGGlr
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u. ¿ Sti¡nqRï ,on, 
.rnp SyS'rg¡¿r , cua(aoac)*/CClrCoOUr*/¡nq¿ r

ltt€ r'aEur-te ard dlecueslon¡ a¡ aLted carlLerr lcad to thp

f,oll.ouing oono l-t¡sL ons I

(f) Bomford rpahanLem expLairas rosults aü 8ooc,

oxcept ttrat

LnltiatLon is mora complJ.oated

Ths oomp1ex (r = 27cl6 mo.le -l 1. et gooc)

determL¡¡ed by Ba¡nford f.a ¡nobably not tl.e

LnLtLator.

(ftt) A"t 65oc, Bamford mectranl-sm J.s tnadequate

(.t) Must add a lLnaar termLnatLon reactlont

(.¿) whlch ctlmJ.nlsbes J'n lmportarroe at trLgher

tomperaturìFð r

Two problems remaf¡r unsolved ¡

(r) Th€ 
"*àot 

mture of th.e l-n-ttlatlon prooeEa aud

(ff) the nectra'Lsun of relruitl-atÍon of ctrains at

hl-gtrer üemPeætut€a ¡

(u)
(ur)
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II

À. I}flTRODUCTION
b7-49 have shorrrn that oertelnSeveral grcups of workers'

metal (fff) aceþlaeetonates are effectLwe LnLtÍators of

rrl-nyl, polymorLzatlon (ce.Part I, cZ)' Howeverr Do

extensl't¡s uork has been carríod out on metal- (fr)

acetylacetonate¡ aE effective polymerfzation inåtlatora'

]:t ,¡as ,lecided to Lnveetlgate wtrethor ferroug acetylacetor¡ate

alorra couLd l-nitiate the polymerizatLon of styrenet

methyl methacrlylate ard rrlnyl acotate, befors examJ.rrLn6

the kl.netlc consequonces of the pol¡rorerl-zatLon of nothyl

næthacr.¡rlate l-rritiated by the redox pair utrlch consists

of a conibLnatj-on of ferrous acetyl-acetonaùe and cumor¡s

trydroperoxlde.

B" T4A.TT'iTT.AI,S

1. Pugl-fi-çatf o¡r o{ Dlo4onørsl

Tho prr.:cedure for the purffl-catl-on of etyren€¡ fiêthyl

rnettracrylate and vfnyl acetate $tas almLlar to that

d.escrLbed i.n Part II, Ctrapter fS"
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2. Arrhvdrous Ferrous Acetvl'acetonâte. Fe(acac)2

Hydrated ferrous acetylaeetonate, Fe(acac') 2.2ttrO, rlaE

pretrnred a¡ deeorlbed by Dmnrert ard Ja¡reyzo"ki.71 Ttre

trydrate uas ttren dehydrated and cubllmd to the

arrlrydroue orange-broflrr compler, Fe (acac)rr r¡¡rder vaouum

aþ L65-Lz 5oc /to-3 Torr.

C. DII,ATOMT}TITR AND tr'ILLIIË OF ]]TIATOMETÐR ¡

the introductl"on of ferrous acetylacaùonate i-nto ttre

dilatometor by the metþod deEcril¡ed in Parü II¡ Clrapter ID

may fesult Ln contamanatLon of ttre ferroua ctrelate by

spurJ.ous lmpurJ-ties and oxidatLon of ttro ctrelate. the

dilatometer and dilatoneter-fil-ler apparatus !'tere

tberefore redealgned.

Ttre dllatometer (fO nf. capacity) rrag of a larger and

different type üo that descrl-bed Ln Part IIr Cþapter LC.

It consisted of a oyllndr^l-cal bulb ( LO mt. capaclty) e ror¡¡rd'ed

off at o¡e end and sealed at the other onto an approxlmetely

30 cm. length of L mm, or ? m. bo$o capJ.ll.ary tubl.ngn

Onto tlre otþer end of the capl-llary tube was eealed a

larger mircLrrg bulb (about 20 ml. capaclty), ul-th a aide

srrn¡ the dlLatometer ¡úaa calibmted ap deacribed in
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Part II, ChaPter l.C.

Ttre dila.torster a¡ld ths f1lll,rw apparetus for ¡tr(}¡Io¡rerst

ruettryl mettracrylate ar¡t rrJ.ryl acetate, l"s shofi¡r ln

figure ¡;T1./L.l Spr1nghan greaa€leta stopcoclcs wLtb

fluoroca¡{ron rr¡bber (Vfton *) diaphragma !ùere usad to

ml,¡rlm{so tha anor¡¡rt of adeorbed moisturo that my be

present. A trcnown *cigþed amount of arrtrydrout fer¡ous

aceüylaceto¡ste in a Pirfër, sæ1-el-cro tube uac ssaled to

ttre stde-€rm at E. tho f1ller rilas attaehêd to the lrfgh

vacutrm }.|re at G, orracuated a¡rd, flamsd lfith a emoþr fl'amE

to removo tracos of adsorl¡sd nroLgture ' 'A'rt¡r l.eaks that

nay arJ-se ln ùbe dtlatomstEr fJ.lJ.or aplnratuc my be

located by the /I\esla col-l. The nhole appar^atus and the

f,arroue clrelato raa outgassed for at least ühree h'oura'

Tb nequlred arnou¡et of nonomer was Vscg¡Dl-dlct'{11ed fro¡¡

ùho resefTolr vessol R, tnto tbe gradrrated burettc Ht

gJ.vour anotlrar good outgaael.ng and dlstl-lLed u¡aler 1tacurÍn

into blrlb C by freazLn6 the tluÏb Ln llquld nJ-trogen. Tbß

E¡¡noüsr in the bul-b $as fuftlrsr outgagsed untl,l a rstLclcyr

yacut¡¡n Uas attalned. Tb€ dilåtotmter sas sealed at F'

Ths dl-tatoæüer-flller appanatuo of tlr.e type eholt'n in

f,tgnre TTT/L.I ras not cul-tabLe for styrel!Þr It wa¡
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conplex ard the rnoru'ær waa thorougþly nJxed by

irmrortl.ng thtl dllåtomaùer arrd shaklne its corrtentc ln tho

Largcr nixir¡g bulb D. TtIÊ Eonoær eolutlon ldas allowed to

flos back into bulb C and up ttre capillary' The dllatometor

Ìúaa placed J,n a tire¡nnoaüaü bath. At 25oïr Eo adJuatmsnt

of tho level of the rpntccue Ln tbe caplll¡ry rrfes reguired.

At tem¡n1'4tu1rg3 abo\ra Z|oC, the dtlatometer¡ after pJ.aclng

ln ttlq tt¡omoetat baüh for les8 ttran a ¡nLnute' Hao

qulckly removcd frron ttae batb, and the haJ.glrt of, ttre

solutlsn l"n ttre capt llarry was adJusted to a. suitable l-evel

between übe 1o¡rer ¡aar{< A a¡¡d tlÉ uPPêr ¡nrk B by tl"ppLr¡g

gore of tlre golutl,on :lnto the aide artr tube. Tlre

dLLatomater waa replaced lmedlately lnto ttre thennostst

bsth. 'I'hs msnl,seus ahould rd.Ea to a lEvsL gitlrer below B

or aboru B de¡nndlng on th,e tempenture of the ttren¡oetat.

Tbe extsnt of ttre polyærlzation oould be followad

dorn tht s f ull, lengtlr ag tt¡e solutt on contracted. Tho

na¡l-or¡m þeight reach.ed by ttre ær¡iscus durlng rfamJ.rrg-up

Bortod wag rroted. sl.th a oathstonrsüer. thig staady value

$aa ùakan ar¡ tbe jt4a3o treigtrtr ard nzoro timeil fqr tt¡.o

fune Ths laerrircus began to faI.I. a¡ polyænlzatLon

eon¡rglc€d¡ Ttrs diff,€repc€ betsesn tlre mxJ.mr¡n height ard
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tho þel.gtrt at any eubcoqnsnt t1¡8 La a dLreof EFeturG

of the an¡ot¡rrt of polyner:l-satLon tÍr¡t tnd taJrcn place.

fbü f¡olyuerlsat{o¡¡ ¡ü8Ê follor¡ed up to about 1É oourror.Elorr.

mro df Latoæüor ras rø¡soved f,rom the thamooùatr Ùhs cLde-

ar'¡l brolcen and tlro pol¡fær îås pñeelpi.taterd by pouring thÐ

pol¡rær1.si.¡¡S nedl'um lnto psfhanot.

lbs ratee of pol¡rørLzatlon quoted J.n aubgcqtænÈ Ûha1rüGra

sre Elttrer {¡¡ltle! ¡ßt.s or etead¡r-state 1rato¡' dspending

on tb duretLon of, thc lnduotLon ¡rertod. If tha lnùrstloa

perlí.od i.e sbort (fr.on ono to fivrc 'q{nutos) tUe raùss

elted are Lnl,tlal ratea. Ilowrever, dtren ttre l¡ducÈlon

perlod l-a 1ong (fron 15 slrrutcE o¡¡wards) r ttle ¡ratô6 aro

etrlctly statfonar7 rato6.

D. TIÍÐRMOSTAT ¡

The 25ioC uatsr lrrütr rao eontlÞlled by a XOK tlDrndlttos-

oontrolled t¡¡¡1t. The 6Þgooc æncurT-tolr¡pno conùrroLled

battr aü desct+|bod Ln Par.f, II, Chnpter E r¡ac roplaeed
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by a new h6at|ng tml-t. TtIe 6OoC waüer-battr was maLntal-nad

at ühat teurperature by a contrcl urrtt consistL¡rg of four

troatlng roda rdi'th a total lreating catracLùy of 4OO watts

arrd a 1OOK thermlstor probe. The SOQC ttre¡ruoetat

consl-sted of an ol-l-bath maLntal.ned at the roquired

temperature by another control urelt oo¡rsietin€ of four

l.eatlng rods wittr a total treating pol¡rter of IìOO uatts arrd

a IOOK ùtrer¡ristor probo.

FTLLING ÀPPA$$TUS:

The dilatometer history affsot 1s qr:{te roovelr deperrdlng

on ttre ¡nrtlcular cleanir¡g technJ.que trsed. Of tho tkrree

cleanlrrg methods employed for used dilatoustere - RoB.S.

2J troat¡nent, standard chromic acld methodo ar¡d ùtre rÉtric

acid mettrod ttre nl-trlc acid treatrnent was fourrd to be

most i.deal Ln cleanLng ueed dllatometers since thls me ütrod

gave good reproducl-ble reeulte (ea. Tablo TÍT./?'L). AlJ.

subeequent used dllato¡uetere Ìtero cleaned by tlæ nLtric

acid treatment rdhiotr l-B described ae f,ol].ows ¡

Th,e used dLlatomsters îtere rlnaed sevorraL tLmes rúith

ohloroform, soaked overnl,gtrt in otrlorofonrr drLed in the

overr at l.lOo0 and fl-nal-Iy cl-eaned In frf[ $ann nLtrLc acld.
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Th€ sleansd dlLatoneùera Ìrsne *ashed wttb Ple¡rty of

diatllled ¡*ater and roagtcd at 6OOoC for about tso h.or¡ra

to rsmove traoss of orgAnlc nterial¡ and resldues of

nltrLo aoLd.

ThÊ d,ílatoneter fLllor wås oloaned by soaking ln l'fl lfi'

for soweral lri.nutos. Tlrc cleanad fl-lLer nac ua¡bd

gevural tlmps rrLth dlctll]-âd ¡ater and drLed Ln the ovotl

at l1ooc. ,
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ON

BYFS.R-ROUSÀCETY'I,/\C.ETO}IA1.E-1ìDSUUTSA.}ID

lljiSussroN:
,¿\. TìESULTS :+

1^ Po Ir¡ma n4 za|¿f-o:rt at 6OoC

'fwo prelJ-minary clLlatouetric rulls of ttrre ùype d{scussed

earller, uore carried out on øtyrens aù 60oc u€irlg

-bhe:noal" i¡ritíation anrJ ferrouE aoetylacetonata (5.OO x fO-bfU)

alone. Tlre resul-ts aro ehova Ln figr:re I:ÍÍ/z.L' 'fhe

íncluctLon perlocl rras sllg'htl.y Loss than 5 m{ nutes o l'tre

initiaL rate of poJ.ymerization of styrene at 6aoC ínLtlated

byferrousacetylacetonatealorreisabout3tl.mesfaster

trra¡r ttro ¡rncata Lyzed tTrermal- rate rrtrLch hae a valua of

O"Lql4iå converslo¡r per 5ogr. Th€ therrual rate ís 1n ver^:f

goocl agreenrent r¿itLr tlre liter¡atur"7z ur1;ro, of o.rrdå

conv€rsiotr per hour. ?lre preli¡ninary reaults are in

contrast ùo ttre fin-ding of tsr¡r'ett ancl Nort¡.5z at 
'+ooc'

Lrurnett anr.I NorrrtSz fou'd that the rate of ttrer:nal

poLyme ]rlzaÈj-orx uas el{ghtJ,y hJ,gher tt¡an the rate I'n tbe

prôËe,,ce of ttre ferroue compl-ex. The reeults at 6OoC

sltor¿ed that ferrous acetylacetonate inltiatee 'the

polynerl-zatio¡r of styrene, al.though lt uay not be an

effícient J.niùlatoro .4, eerles of dllatonetrio run"s !úere
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furÈher carrl-ed out on ctyrene at 6OoC by rraqfLr€ tho

concentratLon of tlre ferroug cornpleX. Tb,e kinetic Ílrns

are shoTifr¡ In fl-gure TIT/2.2. TLre i4dr¡ctLon period was

ln tbre range J-! nlnutee. Ttre rates of poly¡nerízaÙ:Lon

ar€ lrrl"tlaL rrates whtc}. n€ria obtal.nsd from tl-e inl.tlal.

alope of a plot of I' corrverefon against tl,me (ftgure Tfl/2.2) "

I'h€ initíal zates Rn are Liated i¡r table ÍTL/Z.L. Ttre

varlation in a"at€ ¡oíttr co¡:centratlon of ttre ferror¡e cheLaùo

is etrown ín figr:ro T,f,Í./2.3. the conventlonal de¡rondence

of tho LnLtl-al rate of ¡rolymerÍsation upon the aquarlo root

of ttre ferroue aceùyLaeetonats concsntratl-on no ].onger holda

t¡¡rler the exlstir¡g condl.ùione.
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ÎabLc I]ÍI'/Z.L Pol¡rucrl.æt"l.oa of aty¡csne Lnltlatcd,

by ro(roac)z rt @ec.

xot] [Fa (roao) | " tro6 * np

rcLe 1-1 nolo ¡.-1
-t

to-5 ( rrrp) rohp/ fnc (none ) a].)
-1æLo 1¡AoO EGs -l

a

l.o0
r.60

a. oo

2.50

4.oo

5,oo

5.OO

6.oo

10.oo

20.oo

PO rOO

30.OO

2.t+5

3.A6

3.9,
4,95

h,g7

Ð,94

6,L6

7 cll
5"81

6.r5

7 ,27

7.3L

7,76

l+.og

3.fl
2.r1

2,06

e.o1

1.68

L.62

L.39

L.72

\.51

1.38

L.37

l.e9

3,A6

2.1t7

2.43

l.gE

x.49

L.29

t,43
o.g7

o.6,
o.36

o.37

A.26
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t rev of Ac r¡atl.on ExPerimonf s ¡

À serLes of ¡rolymerizatLons I{efe carrled out ùo flnd out

trow temperature affected ttre lnÍtial- rate of styrerre' TLre

concentration of ferrous aeÊtylacatonate wae kept constant

at 5.Oo x 1O-4M, .A.t 4ooc, ttre 1rc1¡rurerl-zatl-on was fourd to

be so slow that it coul-cl not be mea8ursd wíth alry accuraclr

Fairly Llnear stralght llnee werô obsen¡ed for plots of

1Í1 convergion against tLme in ttre temperature range

50 - BOoc as l-llustrated l-n fJ-gurne ÍÍI/2.1+. Tbe

i¡.<l,uction porlod for klnetic runs at temperatures 60,

70 and BOoC was less ttran J mlnutes, but tbe Lnductlon

period at SOoC t¡as about 4O minutes. Ttre ratee of

polymorJ-zatLon at 6O-8OoC "r. ttrersfore Lrrl'tlal- rates,

but that at 5OoC is the steady-state rate. .¡'hese are

listed l-n table TÍT/2.2, fi'igure 1.T1./2,5 shollrs the

r\rrtrenlr:s plot of -Hp agai.nst l/to:f-. The rateE of

polymerÍzatLon of styrone measured over t?re range

-l!
5o-8ooc for constant Fe(aeao), a 5'oo x 10-'M conform

satisfactorJ.ly to ttre .arrtrenLus plot¡ ttre owerall

actir¡atiorr ensrry being I-1 keal-.to1"-1. This rrafu:¿ ia

unusually 1o¡rr for an Lnitl-ation pf,oc€38, estrnclally

t¡tren compared to tb.ose for ¡fnlll(tct"), - methvl

nretlncrl¡late48 system arrd corrr1""**)r-a1",". "ytt"t"49.
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Tablo f,rÏ./2.2
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Be¡nf,ord arld LL¡rd48 fo,,t¿ tÏ¡et the ntes of

pol¡per:izatio¡¡ of rnetlryl methacrryt'atc meacursd ovar tbo

range 6o-8ooc for cor¡stant L¡ntrrr(acac)3J e"t" "
saùisfactor::f -Arrheniug plot leadirrg to an actilatLon

energy for ir¡-tüíation of 26 ¡.caL'tol€-l. More recerrtly,

Ri.fæs49 for¡¡d tbaù ùhe mtea of polymor:Lzatlon nBas'rsd

over ttre tompemture rang€ 1lO-14OoC for congtant

lao-t(t"to)r] conform approxtmtely to ttre Arrlrenlus

plot, the appanent actfi¡atLon snergy beLng approx{mtely

13 k cal. mole-l for J-so¡rnene and a'proxlnately ?O kcal.

.o1"-1 for butadleng.

Under ttre present condLtlons, ttre obssrved enargy of

activatlon for the nerr(acac)z-süyrene eyetem cartÌ fro¡n

equation (ril2.6), be approxLmately equal to

Eobs.=up*Dd-Dt

sL''co Dobs. = 11 kcal'æol.e-l arod if Þp g 6 kcal'ulo1e-l'

tlren Ed - Et' =r ! lccal.noLe-1. 'ftre preaont conditlona

are ttrus linited Ln girrirlg infor:mation about indlvldr¡al

uu(eon. (rrrz.r,:) ) aod nrt (ecn.(rrre.5) )r and algo aþout

the exterrt of te¡l¡li¡ratLon of, tbe pro¡nætirlg radiaals

bytheassociatcdforaoffe¡ror¡aaoetyl.aceÙonate
(re(acac)")," or ite coupl'ex íLùh Eononor as a functl.o:a
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of temperatur€ (egn. (ffre.6) ). To obtaln these

d.ota a ssråse of, ratee of polymerj-zatl-on of styrene

et¡ould bo rueaer¡red over a concentratlon nangê of forrous

acetyl-aeetor¡ate (e.5O* 1O-4 - 2.OO x fO-3pf) as a fr¡nctlon

of terrperaturrê (:O - eOoC). Ttreee have att been done at

tlro 'blme of wrltlng thl's ttroel'so

B. DISCUSSTON¡

Ttre breakrdoun of tþe dependerrce of the lnltLal rate

of polynrerJ.zatjgn uIþ1l the half order ln concentration of

fsrrous acetylacotonaüe suggeete ttrat thÊ tor¡dnatl"on

proceEs ls not Just a eimple blmolecular tormlnatl,on

betr*oen tWo propagation r^adiCals. IIa ¡1en-polar colrtentlt

êrgr benaene, Fe(acaC), f " 
reportecì to aesoclato to a

L.x.or"t.73 rn etyrene, the s¡recloc may bo the

assoclated foru (ne(aeac)r)r, lrher€ n j-s poeaibly 6¡ The

poetulated msch"anism l.s as foll.ouE ¡

Elther (rre(acac) o) + MÉr1
Complex

(ne (acac) o )-lt

ka (rrre.r)

k

Cornpl.ex

Radlcalc

Radieals

K

or d

Radicals + M kr (rrrz.a)
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+ I{ \.æ.

-

k
P

( rrra .3 ¡

Pol¡rmr &t
+ (re(acac)*)o >

(rrrz.l*)
(rrre.5)

th,l-s ¡rschanJ-em l.e alnllsr Ùo tho mdifled uochanism

p:ropoaed for tt¡e earl!.er eyetem, Cu(acsc) 2 

- 

CC¡-3

COOIiH'. næt¡yl uethroryLato (fart ff, thaptor 2). Tb

ataù1orury statc oquâtlon l'8 therrefcrc

(rrre.6)
acac 2 Ct

sho:m tt¡e oonscntratLon, of thc fsrroua ct¡sLsùc ls øtrletl¡r

ftt"1""r") z)el a

For the u¡¡Êornecüed ratse a pl'ot cf f/Rp agaÀnaù

n*/ fre(aeao)pl, ee* a ¡ùnlsþù llne (Fis. Trr./2.6)

rúrlch davlaüea st lov ne(aoae)a ooæentratlou. Tlro

dovJ.atlon ls entlæly dua to rregleot of tl¡s tt¡ornal rate

Íhlclr ig v€t't¡ eig¡rl-ft oonù at üh.e I'otart Fo(acac)"

coræG.ntgtlon. ths fnüeroapt ktt s'lrom

to¡'o{mttoa r} (ra(aore)r)o. ." i#o'Tl*-- rttlr æBo@'.
?,}ß.trda:L¡.e ths al.o¡n

k -lß zlr¡l(1P
t g;l.ver a ErgaaurG of tlaa



75'

Gxtent of bl-rnoleouLar te1gJ.natlono Ttls lLræar plot

correated for ttrs thermaL rate le EkÀoldn in figura ÍlT/2.6.

Ttre reciprocal of the rater clorlrected f,or tlre thennal rrate

1.ê. lÆp"or"., at Low Fs(acac)p ".tt be erraluated by

consJ.d€rl-ng ths inLtl-atlon of otynene by a complox

of (Fe(aoac)r) ø ¡plt}. rnonÍrmer and by therrnaf polynerízation¡

followed by mlxed te1¡nLnstLono Ttro kinetLo eche¡ne is aB

fol1ows e

Initl-ati-on

Tarnd.natl-on

(ne(acac).)ø * M 

=

(tr:tz.7)

k¿ (rtIa.e)
ktr, (ruz. g)

(rrre. ro)

(rrra. u)
(rrra. rz)

(rrra.r3)

nI{ \

c

R.+?
R.

PI aR. + I"[ -----à

Pro¡mgatlon Pf +M

k¿

kp

2k.t
3¡

lc:t

P

P

2'
lt+I

Hsre 1ì., and. P. arg tho prdrmry arrcl propagatC-ng radl-cal-s

respoctiveJ.y. Si¡ce tlr€ concentratlon of t}-e ruon6mor 1s

in great exo€Êts oom¡ured to ttro concentration of the

ferroue ctrslate, the concenùration of coIupJ"ox C can be

eeeu¡ned to be approxírnately equal to ttre concentraùion of
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ttro forrous clrelato¡ 1r8o

[c] = e(acac)"1, (nre. r|l)
For tlre th.e¡maL ¡rolynrerization alonet

t*o[uJ' = zkrlP ?" (-r.r'z.t5l

aeau.uring statLonarl¡ eùate approximatLon.

Thê ttrorrnal müe ís g'lven by

Rth = p.l th [u] (rrre.r6)

Substj.tutirr,g for .] *r. lnto oquat!.on (frre.13),

trnluJn = zkrRTh ¡lxnLu))" (ruz.r7)

I¡or tho l¡¡:ltiated polymerLzation 6iven l.n ttl.e kinetlc

sctreme (equartlons IIT 2.7 - IIT 2.13') |

(rrrz. re)

assurnl-ng eteady-state approxímatlon.

Sui¡stituttne for krr, I aa gJ.vcn in equatÍon (fffe,f?) and

ror Lr.J - - = R-/1ß- [tcJ (rr=2.r9)| -J grg¡ p, p

l-nüo equation (rrrz.fe) givcc
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(rrrz.eo)

(rrre.et)

(tr:e,zz)

(rrrz.a3)

wher€

ìrrôH fJ.6ure T,Íf./2,61

Ll-m

:¡

a - zkt/ (k [m) ] fuu

u-r|fisn Jk¿

t - r,r.m ¿(rz|n,") ti,.,
nn/[cl+o ãTFF) Aplcl

2and "Rth 
É 3.36 x ro-5 mole l--l.sec.2

Ttre deviatl-on 5 e*t tþuE þe oalculated from eqr-ntfon

(trtz.zZ) and feed back Lnto tt¡e equation

I
RP"otf. R

P,rr corr.
asr eho!,rrr Ln table Ïlt/2.3 r¡¡¡t1.l a constant rraluo for

LlR ie obtaLned. The l.inear relatLorrshLp tretween
P"orr.
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Table :l:t:./2.3 llsvtatLolr fr.om VRn vu. Rp/lc]u¡corrrected - f,

ur'i"l r/R' Poocorr.
fræ eregh
,nole-ll r Ê€o.

llLcl
mo]-e

1r. þ-tPuEorr.
-1 Ê€C r

I
F

1
RPp

I

from
tll0tOff r

Egc

r/n;;annlc 2lrole B5c. nole

3.O r' 1O

2.O x 10

1.O x 1O

.o.5 = 10

2.85 *. 1t5
2.28 ¡ l,g5

L.72 t xo5

J,z6 * lo-23.CI0 x lo
1.44 r LO-)

-n

-2
-2
-2
-2

8.55 x
l+.56 x
L.JZ x
o.7? r
9.78 x

þ3
103

103

103

ro3

o.82
a$5
o, 10

o.o3
o.98

105

105

105

105
105

2.O3

L.93
L,62
1.1+x.

2,O2

T ro5
xl.O
:Ê 1()

5

x Lo5

x lol'

x
x
x
x
x

5

Rrr
Poorrr.

L
,1" r cl

3 .o¡lõ2 z.orxuoS
2.ox1õ2 1.93x1o5
1.oxlõ2 r.6zx1o5
o.5ütõ2 t. b1¡1o5

J.z6x:r62z.ozr.JÐí

o.l+axlo5
O. e5x,IO5

o'O9xlo5
o.o3x1o5
o .4 5xto5

2.4)xln5
2.o:txlo5
l.63xr.o5
t.l*trto5
2.55r.JrA5
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Re/þl I 1

RT
fceff.

6 5

3,oxlo-2
2.ox1o-2

-2l.OxlO
-2O.5r1O

3.26xlo-2

o.59xt05

0.28x1O5

o.o9x1o5

o.o3x1o5

O.?lxlO5

2,26xl0

2.OOx1O

1.63xIo

1 .41xlo

2.29r.1O

o. 5lx1o5

o.27xl}5

O,55ølO

O.27x1O

5

5

O.64xlO

5

5

)

,

5

5

5

5

O.OpxlO

O.O3xlO

O.5?rlo

e$,+

2rO1

1,63

1 ,41

2,43 ,

v(
r\.p/þJ t

RVp
6

corr.
tFpcorfo

1_
Rt".p cofro

Vrt

a

3.oxto-2
2.oxlo=2

l.OxlO-?

o.5x1O-2

2.3OxtO

2.O1110

5 o. 53xro5 z.izxlo5 o.54xto5 z.itx1o5
5

3.z6xlotz z,36xro5 o.6txto5 2,3)xlo5 o.63xlo5 Z.Jlzlo5

V llr

1g
rx

RPlcl I
ñ"ri,It eofr.

E 1

ñ-xp torr. GOff¡
R

P

-2

-2

5 5 5

5

5

3.OxlO

2.Ox 1O

O.l4x10 2.3lxîO

1.ox1o-2

A .5xl}-2
3.26z10 O.62 xtO5 2.38x1O5

2.11x10

-2.O1r1O

1 .63x1O

t .l*tx1o5

o.6?ã.70 5 2.3gxlÙ52.3gxlO5
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C}IA.PÎER 3 INITT-ATT ON OF 0N OÍ' t.'fÐTHYL

TD .â.iÍD vïì{YL 1'], BT l¡lrl,t1lous

l\cPTYL/rCETOltÄlDp - RD$ULTS Ai'ÌÞ TiISOUSSION

A. IìESULTfi :

1- Þnlrrmer¡ rystl of Mattrr¡l þfê rotryla to Initiated brr

Ferroue ÂcetYLacetonF þ

ta) Pre ll¡¡rina xrr Dl- toiue trl-c oerirents at 25oçJ

Tlre discove¡ry tt¡at ferrous acgtyLacetonate alone Lnltiates

the polyreriøatf on of styrene at temperatu,''os >5OoC Led to

furthsr i¡xvestigatlon of the klnetic consequaræes arigl-ng

fnom using a more polåf moD.o$er solvent tlran styrên€ -

l-n ttris cag€, methyl rettracrl¡late was uaed' PrelJ'mfunry

kin¡rtic rrnÉt at 25oC usi¡,lg ttrBrrr¡al in1tiatlon arsf fe1ïrorrs

acetylåceto¡rate (7.7O ,' tO-4tt) alorre ehowed' that ttre ferrous

chelate lnLtlatee ttre polyre3|lzatj.on of rethyJ' ruêthaclylate'

A further Éerie6 of L? dLlator¡etric rufft l{ofe calTied out

at ZSoC by varlfLng the concentrationa of the compL€xc It

uaa fowrd that reproducibllLty in resul-ts were ¡roor and

J-rreprtducible inductlo¡1 p€riod varí€d from several mlnutes

to an þor¡r. Tt¡e steady-state ratoa of polyrerizstlon rtero

about the Eaule ( f .oo x 10-6 Eole 1-l *"-1) rn tn.o

ooncentratLon rarrge (3.OO t 10-4 - 8.OO x tO-4t'l) although

decreage 1n rateE Ín the rang€ (1.OO x 1O-3 - l.OO x lO-2U)



81.

uêre obsefi¡ed. Ttrese resul-tE rsnder a quarrtitatirre analysl8

of ttre ne(acac)þf,A, system at 25oC meanfrrgless. lbs only

concLusion that can be dratn Ls that ferrous aoetylacetonate

alor¡e can. function as an Lnltl.ator (altbougb noù efflclently)

J.n ttrs mors polår nothyl metlraorylate at 25oa'

(u) Po rI,za, on at 6ooc s

It $as deoided to conduct ttre dilatonretric runa at a t¡Lglrer

tenpemtrrr€r, t¡is tlne at 6OoC r¡¡rder condLtLons atn':Llar to

ttrose for styrenê polymrizaùl-ons (fart III' Ctrapter 2A) '

Ttre results obtained ar€ shown in figureE TtT/3.1 and

TÍJ,/j.2. SLgnroidal cun¡es were observod. Tlre {nductl-on

¡rerlod was l-ees ttran J mJ-nutes' The initlaL rates of

polymerlzation w€re detennl-ned from ths Lrrl-tLal slo1n of

ttre pLot of f" converslon agalnst time (ntgures TrT/3'1 an¡d

Ir]./3,2)ì ard tlrese ara cited fn table ÍTT/3'L' AÉ etrown ln

table TÍf'/3.L) good reproduoLl¡le rssu]'tE rlsr,Ê obtalnsd

("" stated earl-Ler fn Part III! Ctrapter lD) rlhen u¡ed

dil_atomters ïer€ soaksd tn wf" flarnt nltr^c-c acld. Ttte

Í¡rfl-uenoe of ferroua aoetylacetonate on tlre LnLtl'aI ratE of

pol¡rmortzatLon of methyl met¡acrylate (and etyr€n'e) at

6ooC is l.Ilustrated J-n fJ-gura TIT/3'3'
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Table T¡5/9,L InLttal rates of polymerLzatLon of methyl

mettracrylate at warl.oue I n" ( *"r ù z).at 6ooc

1o4 [F"!îo"c).].
mole X. -

Io5 x np
mole 1-1

-1Eec

ro2 [1e ( 
iT"" ) ,f

-o1"Ë r-Ë
CleanJ.ng teotrnique
for used

dtl-atomsteñ

i.,,
2rW
ZrW
l+.oo
l+.oo

5.OO

5.OO

5.OO

5.oo
7.OO

7.OO

7 'oo
8.oo
8,oo
8.oo
10.oo
IO.OO

10.oo
Lo.oo
20.oo
ll0.OO

o.o?8
1.510

1.70
1.58
2,O4
L,65
L,56
2rl+6

z.t+g

?,1+O

?.'+9
2,1+l+

2.67
2.79
2.50
3,06
L,96
2.OO

L.85
1. gs

t.86
L.45

ner¡ dilatomoter
fi@" vaæ MO,
ch¡co¡¡Le acid
50É waru HNo3

ct¡rontc aoLd

ctrrontc acl"d
RBS 25

5Ofi warm HNO3

5OÉ r¡ann HNO3

50$ lwar:rrt *O3
5A% uatu' IINO3

!O$ uarm HNOS

ffi uam HN%

5OS wann IINO3

chr¡om{ c acid
W'ft walrln HNo3

RBS 
"5n€'¡r dÍ1atometer

fift vare lrNo3

5Aoþ vartr, HNO3

new dilaüometor
rre!{ dllatometer

L.29
l,58
1.58
2.oo

2.24
2.24
2.24
2,65
2.65
2,65
2.83

2.83
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Ffgure TTI,/3.3 ahoflc that Fe(acac) Z I8 a moro ef,fectl\¡e

lruitiator with nethyl nettraorylate th-an tdith styrenen Tho

t¡elæal rate of ¡nethyl methacrylate at 6OoC l-s sl-ou' 1'6e

inltla.l rate lncreaees ïLth Lncreaslqg concontration of

tre(acac)2 to an optl'mum naxl.mr"il at (-l't1t"t")r]"= I r lo-4M

after nt¡tch tt¡ere is a shar? decreaEe in rate, almost a

discorltLntrtty rrrrtit ttre rate is \rirtu.a,J-1y lndopendent of

At Lor¡ concentratl-on (t,oo x lo-k - 8,oo x ro-br-r)
Irn" (r.". ) r1".

of Fe(acac)2r

ln figure fTT/3.4.

ttre rato depencle ort [-f"(acac)alË *t slrorln

(c) of Ào tl"r¡ation IlxoerLment s :

A serLeE Of, polyuerj.zal';j-on experlmenta by dLJatonretry uerc

per-formed to etudy ttre effoct of tem¡nrattrre on tho

rate of polynærizatl'on of upthyl uettrac¡T¡late initiated by

Fe (acac) r. The concentration of I'e (acac), r'ias mainùal-ned

at S,OO x fO-41,i. The resul-ts af€ ll¡¡strated 1n flgnre Í1.T/3"5'

The r:ates of pol¡rmrizatlon are listed irr tal¡le I.f.T/3'2' !'or

ttre tentperature range ('+o-Eooc)o tho ír¡¡duction porlod vae Less

than ! rnJ-nutes and tt.e rates quoted are i¡titial ¡¡ates ' At

25oc, the r¡ates are steacly-sùate rates as exptairuld ear'l-l-er'

The Arr{re¡¡-ir¡s plot of -!-nRn agaJ.uet flfoft over tlre ran6e

(a5-gOoC) was teeted and ie atrortn in fJg're ¡.T¡./3,6,
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lcblo ÍÍÍ.h.2 Sffaot of teu¡srctture oa tb'e rtts of
Upfyuerl.lctl..su of nnthyl ætb*srfþüc et
îãtant [r.(*""*)*1.- 5.oo ¡ to-\'r

'![tnp,
oc

îenp. 1o5 x np - tgroRp -L'RP fo3 ¡ f'lg

mX,s I
-ls6a

-toK

4,5

25

4o

50

6o

To

7ø

80

298

998

313

523

333

3b3

T'rJ

353

o.35

o.37

o.91

L.36

2.1+g

2.89

2,92

3.19

5.4559

5.1û3x-8

5.Ot*I.

t$.9031

4.6o38

$.5t*8e

4,59t+6

b.bg7g

u¿'.57

t2.51

r¡..61

LL.29

10.60

10.4?

10.44

Lo$6

3.356

3.356

5,r95

9,0,96

3.oo3

2.9L5

?,9L5

4.833
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Tb.e ratøE tn ths tøn¡nrature rsng€ (25 - 6Ooc) oboy ttre

Arrtrenlus pl.ot eaùiafactorJ.lyr ttre orrer:all aotlvatLon

Én€rgy b€fng 11 kcnl.nrole-l whLctr Ls unusua!.ly lol for an

ln{tl.etLorr procôeE and has tt¡e senÊ valr¡c ao the r.e(acac),/

süyrer¡e syretour. Boyord 6OoCr tbß rrates do not corrfonr¡ to

the Arrt¡orrtug equaül.on. TLre deviati.on fnoa¡ Ar¡r¡.berul.us plot

aborie 60oc looks LLke thß Lnte¡iryentLon of al-ther a baak

reactf on or a side reactl-or of ?rl-gh ID ' This csuld happen

i-n a nr¡rl¡er of ways. Orre posslble mechanlsn le 'to üalca the

l¡e(acac)Z - M[4À aomplex trypottrecle ard auppo66 that ttre

eclre¡ne ie
k_

----åå
-Ï-

Fe(acac)" + mu' ILIMA., ri'e(acac), LL

R+? Insctive
prodræta

Stationarry state co¡æontratlon of oornpl-ax ]1e etverr by

r, [r'e(acac)r] J - (kz * b) [c]+ t-, LcJ

If k_l 5) kZ 
"ttt b¡ only ttre lact te¡m on R.II.S. oounts

a¡:d thß system tends to the lsqullLba:l"ul''r case

RL = ¿(n'.)/u* = kzKt e(aoac)e] [on]



Th.Ls has an Arrlrer¡l'ur for¡o

Dobs-Ez+ aHt

and Aobs = L*t/L-r

rf, kz )) k-1, Lin R, = kl [-a-e(acao)a) Lu3

rhtctr again J-s an Arrherrfu¡s form.

If kâ Le neg!-igl-b1e, buÛ k-l "d ka aro oom¡nmble
)

rrtrich is not an Arrtrenlue fonn. However j't :[s not lJ'ke ly

differ uuclo f¡.om an Àrrhenù¡^ø forn u¡rless thsre i.s a \t€fy

dl.fference fr.om D_, and 8". /Ibl-s 1s Vhy tt La prefellable

add ReactLon 3 a process wLth a htgþ energy of aotfi¡aùl-on

Gomes f.n aÙ hfgh ternPezraüufâe¡

96.

to

great

to

uhlch

Rr

1ñt l¡rA

'" 
e(aeac) lE

k_1 *kZ*

f.lo-t - (pz+Or-E-1) /nt-rn(

Àrrtrenl.uE f,orm devia tlon
from straight
l.f.ne

Whsn (f"+fr)/U_, ts nagllglble, pu'.e Ârrhenlus fora arise6.

I{tren l-t te srrall but not neSlfgf-ble, thÊ devíatLon teÏm Ls
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- 1î.2 * k3
k-1

Tteua, ff De ) E-l anrt D3 ) E_l the deviatLon bêcomes

lrnportant at high tcm¡reraturse. To flnd out hot¡ Lruportant

iù wou1d bs nooecllary to dLfferentlate the l"ast eguatLon with

respect to L/f .

- [atr" 
4*æ-r)'o) + ,tr. -(Pi{-r)/*li

t'b.l-e Ls only one trþatl,bls mochanLEm that wouLd gJ.ve I flol1-

Arrtreni-us form, It is posslblo that lt could ar:iee f,rom

cotry!ÞtÍtion Ln thø later stagea of the otraln. I¡lhpre you tra

üO cone{clOr ùUo Corn¡reting reactlons, and A terur er¡Ctr aa

k + kt or k - kr coaþs lnto the rate equation, ul.ll Sive

a nonqÀrrf¡enLug cquatlonn 'Ihe fonnor case orrly deviates

strsngl.y wt¡en D and llt sre v6rT differont.

2. Dj.l"a tr"{c I'Ieasurêmsnts of rrtnvl acetate at 6OoC

I

Ì

I

Tlre faot thât ferroua aeetylacetonate alor¡a lrriüiatss ùha

polyrærizaùion of styreno ard upùh.yl rrethaorylate led to

f,urùlrar examímtlor¡ of the !'e(acac)a - vtrryl aostate s¡reteur'

.ô. pra.Llal.nary dllatoætrlc run on the pur€ vlny1 acetate

(purr.fred aa descrl.bed l-n Part II¡ Cbapter 1B) at 6gaç

usfrg ferrous acetylaceto¡rate (5.oo x to-Lt't) shoned

neglJ.gible contraction of tþe nenj sctl€¡ of tlre uononurr/
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Fe(aoao)" eolutlon over a ¡n'l,od of 4 Ïror¡rs. Ttre orang€

colour of ths solutlon Etå11 peraisted. 'fo be abeolutely

cârùalrtr about ttre purfty of ttre Ûonorerr the Latter (purlfied

as doscftbed fin Part II, Clrepter 18) was distiL1ed 'nder
vaouum L¡rto a reae1'lroir v@egel eontatnt¡rs benzoyl peroxl-dot

degaseed tvice and pre-polynsrizod by uv irradiatLon of

ttre B / Vn solution for about 2 hours¡ foLlowed by- uzoz-

uannLng the solutlon i.n wa¡m water ( 6ooc) for a

fr¡rther -|- houro .¡.tre pre-polyrrenlZed Bonomer 1¡âa Vâcutlltr-

distlllod into anottrer veasel contaLnlr{i a frsch lot of

cal-ciu¡n hydricle. ?t'o further diLaüometrlc runa 1{€!1s carrj'od

out orr tlr1e ner¿ batch of vefy puro monoüå c at 6OoC a'd at

in"1.o"o)r]. = 2.oo x 1o-4¡Í' rn l¡ottr tnstancosr Eo

polyrrcrìzatl'on was deùected ov€r a 3-hour r¡erlod' Not

satisffed v¡itlr ttre mollomer purlfied from loeal comnr6rical

vínyL acetate (c.s.R., Australb), another rreu freah lot of

co,omerc1al nonoilþf, (Inlutca, swltzerland) Haã purlfied by

ttre procedure described l-n I¡art II¡ chapter IB. Ànottrer

kl¡retic rrrn ïras performed on ttrl-s noç batctr of puro monometr

at [r"1"""")rJ"= 2.oo r lo-bM. I'Io polymerization was

obeefl¡ed over 3 houre. jierrzoyl peroxiclo didt howevert

polymorizo tl:ro puIle vlrryl aoetate. ALl tha reeults shoçed

that ne(acac), doeo not polymrize v¡q¡L acetate. 'f¡to

expl-anatione for thls ptrenonrenon are pooeible'
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(f) Vinyl acetate forms a stabLe adduct wlth Fe(acac)"

preventtng tnLtl.atJ.on.

(ri)

Fe(acac), + va

sùab1e addLlct

Ferrous acebyJ-acetorste or thg ad¡luct lr¡.trLl¡its

polyrnertzatlo¿ by scaverrgd-rrg th€ propagatJ.ng radlcals.
p.*il'o(acac)^ \ l.nactíweprodrrct

IT_

P.+Addr¡,ct . \ frmotiveProductn--

B ÐISCUTJSTON¡

In the caÉ@ of, th.e l;'e(acac)^/WA systern, tho lclrrstlce are

verlf compLlcated. Ii'Lgtrre ITI-/3 "3 ehowe that 3 dif ferent

mecha¡risnu rnr¡y otrrerate, eaeh wittrin a certaln concentraùion

range of I¡e(aoao)".

1. L-ow g.oJpgntratíoi3.s -giF S'e (acac),

In the lord i¡ê(acac), "oot-:ntratLorr 
range (t"OO - B.OO x 10-4r),

tl¡o polyruerC-zat{on late deponde oft ln"("o".)g1ut *t sÏror*n Ln

figure ¡.f3'/3.1+. 'tleLe Ls consistent wittr ttre poetulated

free-ra<llcal irrítíatl-on mechanism and nornral bL¡noløcular

temLnatiorr. þtgthy'l nrettracrylato ie a more polar eolvent

ttran styrene. As auoh, it ie postu|aùed that the monomeríc

specles i.êo the unÉ¡ftsocLated forrn, of IÈe(acac)2 no"'t*ils at

the low concentratlon l-Lml.t and lnl-tLates tlre pol.ymerCzation.



Ttre reaotfon actreue (f) is

Initl.aùl-onl I'e (acao),

Radlcala + M

Propagatl.ont

Ternrfus tl-on¡

æþfr + M

2

Radl cals

.,e þlr

-* Mo

polymer

9o.

(urr3. r)
(ru3. z)

(ru3.3 )

(rrr3. h)

kdr

kt

lc'p
2k.t

Th€ a!:ove kinetLc scheme glves ttro norrnal etatLon'ar"¡r

state equatLon

ft- s k-i$- lul L*"(acâc)rlj (rrr3.5)_p 
".|4 

,_ ¿

?. - , IIieh Conoontratfona of Fe(acacìtt

Bucklngïrarn a¡¡d co-wo,¡rk"*r73 have reportect that ùhe øgulLlbr,llr¡¡n

6 ¡'e (acac ) 2 =-=à 
(ne (acac J ù e

Ls lnvolvsd irr ¡ron-polar sol.vents¡ 8r$r benøone' It was

aeguusd earLler tlrat at 1oril concentrations of Fe(acac)a

ttie unassocl-ated forrn of the ferroug ctrelate prevalls in

methy1 rnatbacrryI-ate sl¡ictr 1s hf-ghly polar. As thê

concentratt on of th,e lron increseos the aasociated form

takoe ovor¡ -rlt trigh co¡rcentr.etLons ( ) f x ro-3u) ttre
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aeeoqlaüed form (or its complex witb monorrer), wh'l.ctr may

bs a l¡exaurer, behavaa ar it doee ulttr etynene both Lnittati'rg;

and terminatl-ng' ttre ohains. Þtechenisun IIt is ae folloUs¡

Inftl.atLon:

Pro¡ngatLon¡

Terui:r¡atLonl

ner*(acae) a' Iladl-oals kå

Radl-cals+M .4 'vÞ " ki

.+Irl .*rkp

\!- . + Fe,,(acac)ro ----+ PolYnsr

(rru:.6)

(rrr3.7 )

ki
(rrr3.B)

(rrr3.9)
(rrr3.10)

(rrr3.:.t)

(rrr3.12)

Aeer:mlng stat:lonarlr state approxlmtionr

kå e,"(aoae ) rr"l - kìt [^- .l fner"(aoa") e* I
or l_*.1 € 

"ålki
Substitutirrg for [^*._] Ínto eguatLon

*n E on[*.-\ Lu]
gl.ves

on É, kekå[¡cllr[

3. InterrmdÈate-ConcentTatipragl

The suclden eharp cþan6e ln kl,rretlc behaviour ln tt¡e

intermedla.te concentration rang€ (e.OO x tO-k - 2.OO x tO-3ll)

may be explafned by a mfusod meotrarriem of rectranJ-sm I and

mecharrl-sm II. 'I'he mixed mecbanism is goverrrod by ttre

eqnilibrl.trm:



n Fe(acao)

whsre n rnay be 6.

(a) Equl.llbfLun Equßùåons t

Consl.der ttre equil;Lbrql¡s ¡

r¡C Jsc
rrhcre C :ts ttre unassociå,tod form (t.o. monoær) and C, ttre

assocl-ated forr¡r (poseLbly a h.eramer) of ferror¡s aoetylacetonate'

Ttre equJ.libr:lu'n conets,nù fa gJ'ven by

I tJ r r [c]o (rrr: ' rh)

Total concentraüLon co of farrous aoetylaoetonate Le

co o [cJ * o[tJ (ru3.r5)

RearangJ-n6t

Lr,,l - frtco- [c] ¡ ' ](co -fl:) (1113.16)

rfc J-e hight

2g

rt

Lcl

neo(acao) a'

92,

(rrr3.rz)

(ur3.ra)

II13( u,? )

o

LLm
C *o'ofr

From eqr¡atlon (rll3.14),

[c] ,E ([c.] / s)L/o

If Co l-s h1.ght

L!.m - g- L/t
{ -* * LcJ= (#)

If, co Ia low, equatLo¡¡ (fII3'r5) becores

- I.Cl=Îto¡¡rIc

Ll.m
c c

O rO
- o

(rr-3. 19)



ard equatl'o¡r (LIr3.e4) {a mdr¡acd to

LLc ["oJ- Ncot
Çna

lUl Ìüxod Mcch.uieu

TÞ tMLxsdr kinPÈLc *ehsas Lc¡

99',

(rrr3. Ð)

(rrr3.zt)
(rrri,ee)
(rrr¡.23,
(rrrl. ab)

(lrr¡,25')
(urg. z6)

(r.tr;3.z7¡

(¡rrl.28)

Inl.üiatlon C ----+
cn 

--)
R.+M ---
Rl +M 

-*+
Èo¡ngaÈl.orr Po.+M -.-å
Tctd.mtion P,". +P¿-f

Po' *co4

Rr+?
Rl+?

Pr'

Pr'

PÒ¡l|r+À
polyna r

polytuer
þ

k-6
kr-o
hl'

ki
k

P
2tß

k¿

tl¡rc R. and Rt t¡¡e ttre Prtsarlf 1radl.cals dsrlved fno¡r the

dLsoocl.atlon of the uûageocLated aul a¡socLated epecJ.ee of

f,er:rous acetyLacetormte respectlvelyr and Prr. artÞ ttre

prolngatf ry øpecloe '

Appl.yL¡rêi. statf o¡m rlf -a tatc alrtulptIont

and therroforc

(ruj .zg'l,



ør
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L
2

(rrrr û21
¡t as

(r¡r3.33)
(rrr:.34)

I I 2
+

L lPr Ëg

thô only ree

(rrl3.:o)

L pocLtl.va aol'ntlon l¡
çsk*k¿[cl

å2
otl

b
k,

P

*2 &tkd l I + kdrlc + 1r*'[crJ )R
P .l

- kt'["Ia]
l r<dtc i ¡c; tc J

dorJ-vçd aarl.iar, Eqr¡atLon (¡ff3.3¿) l.s reduced to

ßc o

hnr
Firp*

e(errrucrr* 
[

R
P

F
3 kd

lC,-1
o

alzurr.uco)+ (t+econ-t * *o"o-t)å - kt ltco'"

uhsre A - kdtry'rcu and D * ktt x/kd

Applylne üh,: bl-nornl'sl- e¡urnsl.on to equatl"oro (¡ff:.34)

4"L r^ = z(akrkdco)tffirPp^)
{ r+þc + åBc

2n-l (rc +ECþ-l
o

1
-8

Á

en-l)
oo

;fr (o"ot-t + Bcozwt)3-...J- o*'Koo'"

(rrr3 '.r5)
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or

.5._k rM1p-
*p - z(a(,tkdc")å 

{ 
L + t^"oo-' + ¿Bcozo-r - $ lrzcoùo-L-

tnrc tu-z
o

1.,
-8n-C 4lo.-2

o
3n-3

o + E--- k.r Kc nGO+ Ì
(rrr3.36)

ftro s¡ncl-al caset arro r1oÐ consLdered

(f) Neglecttng te:nne J.n Cor wtrcra x ) n - Lr equatl.on (fff3.36)

beco¡osg

L["1 "?k.a
rh.ioh ls plnllar to egtnt{on (fff3.5). îhtl 1a ttra ctatlotnrT-

otaùe oquatlon vhCn Co {l ln Ltr lowegt ooucentratíon rtanga

1ff) .NegLecttng terme ln co¡ wh.ere x ) 2n-2, í.€r Co ls

læreasing but etl}l srnall, equatlon (ril:'36) beeornêÉ¡

R =kpp
'l
z

1"o""1*

(rrr3 J7')

t

o

R
P

x+åkd'K,
k,-(1

(

larrr"co) å 
| co

t-tì - k+'ric^t-l (*rl.3s))to
o¡i.

R rk
PP

k¿ lc
4 

ro KK
--P.-2kù

ktt - ¡tdt (et)
, con [u J (rrri $9)t-

Sl.nco krr - kd {þ¡t lncraascr ar co
L8"

Lncreascr, eqtratf"on



(rff:.19) can be rerr¡l-tÛçû a!
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(rrrl.4o)t
^2t-

Þ
aco o

r"u, (er*)å
-Gnrã ) o

lbo Coå ploù dcvlatcs dotnnsrdt by a faotot QCo*. Eb€ rharp

olnnge 1:¡ k{netic bahavLorrr bayond [f't("...)r]"= 8.OO r lO-ht'{

tr ver¡¡ adequately er.pl¡Lnpd by the r¡nj-xedr kLnetic gcÏråms.

c. SUll!{ÀRY r

F\crrou¡; acetylnoeüonaür pol:fn¡rissa atyrenø and m tJryl

rethacryJ,atC¡ buü ¡¡ot rrtryL acetaüc. thß necharrlsur of

LrrttLatl,on o,f, th¿ vinyl ¡ro¡¡ouere by thÊ forær¡g acatylaccüo¡¡ato

Lg ouugri.sed Ln taþular f,o¡l¡r aa lllt¡ctraùcd tn'Ibblc I'ÍL/}.t,



Tli

Teb!,e \rI.ll.t rnttlaül,on try re(acac) - S r¡¡mrTf

Mononcgr Fornn of Cou¡r1er Mcehgnùcnl

Styrcuc

t{r{a

f¡robsbly ag¡ocfaùcd Cour¡rler fniti.¡tos qnd

ternirates obsLn

Low ConconttttLons Cæplex lnitJ-atac

Probably mnoneric on¿Y

HtSh OonesntratLone Conp.lox i.¡ritJ.atee sú

HJ.ghly ar¡oolatcd tcrr¡{uatee chal"n

Intsrmredi.s ta ConocntÊtLona

Eoüh fortE l{J'xsd

i
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I)ART TV TNIT TÁ.TION OF POLYIqIIRTZAT TON OF }ÍIDTTTYL

þIItrr.tacRYlrAtÐ-BT FERROUS ACETTIACDîO-

TI-IE NCE CUMI,NÞ TTYDROPÐROXIDE :

CIIAPTER L t EXfltRIlflr,NTAL-

A. INTRODTICTION:

The essence of redox polymorizatlon l-s that inítÍation

occurs eLmultaneously uittr, and Ln conseçluence ofr

oxldatLon-reductlon reactions between a system of catalyst

components. Ttre best-Lnvestigated type of redox initiator

fs a two-component system, comprised of a peroxidic

oxldising agent and a reducirrg agent. The oxidant is

hy.drogen poroxide, persulplrate, organic peroxide or organlc

tryrlroperoxide, and the r€ductant ie a metal(Il) ion, ferrous

sal-ts belng normal"ly preferred. However, ttris type of redox

system is frequently cagJ-ed out in aqueoue media, but not

in organic solventa or, in bulk mo¡lomerso Recently two

groups of vorke,rí?t53 tun" reported the l-ow LnLtiator

efficiencies in styrene polymerizatgíon irrl-tíated by the

reaction between acetylac€tonato complexes and organJ-c

hyclroperoxides in monomers aa solvønt. Tþeír çork is

reviewed 1n Part f C3. The present work is an

lnrreetigatLon of ttre kinetic consoquences arisíng from the

polymerl-zation of the more poJ.ar mettryJ. methacrrylate
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lnltLated by ühe roaotl-on beüveen ferroue aoetylacetonatê

and cu¡nen€ b,ydropefoxLde Ln monomer aE solvênt'

R. MA,ÎÞILTAIS I

1. MethTl Methaorvlate t

Meùhyl- Eett¡.acrylate !úas purified as describcd

J.n Part II¡ ChaPter 18.

A. Ànbydrous Frrr.rg Ao.twlacettnate. Fs(acacìt

the arrtrydrouE ferrous acetylecotonata, Fo(acac) 
"

ttaE prepârod as deecribed Ln Fart ITI' Ctrapter IB.

3. Cunene HvdroPeroxl-dg ¡

Cnrnene hydroperoxLde (L'Ll,gl.t and Co' Ltd' ¡

colnbrook, England) was used uithout fr¡rt1.er

purLfJ-cation'

c. DILAT ,A.ND F OF DII,ATOMETDR:

Tbe dilatoueter (tO mL. ca¡ncJ'ty) was of ttre

type desarlbed 1n Part IIIr Chepter lC. ltre dLlatouoter-

fiplue assombly J,e Éhofl'' l-n fJ.gure TV/L.L. Tlris ls almost

slmllar to ttre apparatus l!.Lust¡ated J.n fLgure TTT-/L.L,

exaept that ttrere is an addl"tLonal open-neck uittr a



H ígh vacuum line

G

KI
R1

F J

D
E

,/
Fe (acac )2

H

B

A

c
FtG. tv f 1.1
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tlricÊened constrlctlon I. A ssmt-mLcro trÐ¡retc tube

containl-ng a knoÍJn l{eig}red amou4t of forrous acetylaceto¡rate

uas Eealed to ttre slde-arn at E ldith ütre neck closed in a

thick rubber teat. The wtrole appamtus lltas attactred to the

frigh \Ætcuum lj.ne at G, evacuated a¡¡d wanned ¡lith a smoky

flame to get rid of any moisture ttrat nray be pregent. The

apparatus wag tegted for l.oaks by meana of a legla Coll.

l{hen no leaks were detected and tfr.e dllatometer trad cooLed

dorvn, the SprJ"nglram tap J was cJ-osed, tTre rubber teat

rernoved, and a trnor¡n volume of ct¡mene bydroperoxlde was

guíckly introducad l.¡rto ttre dilatonoter by means of a

syfir¡ge Uith a JO cm. ¡1eedle. Tbe constrLotlon at I Ìtas

sealed off and the trydroperoxide 1'ras frozen by freezing Ètre

dilatometer bulb C and ttre capil-lalT in liquid rritrogen'

Tap J uae opened and tlre rtrole apparatu8 flaÊ outgassed for

about 3 trours. A knoWn 1¡olu¡re of mo¡romer uas ttren

dlstilled r¡nrler vacuu¡I into the Sraduated burette rúLttr tap

J closed. After a good deg:aesing, Springham tap K was

closed, and monomor was ttraued and brouaht to room

teurperatìlfGl¡ Tap J uas opened and abOut o.1 mL¡ of monorner

rras dlstilled Lnto tTre capillary of the dLlatometer. Wtth

tap J closed, t6e C'OOH/I!ßîA solution $as thav¡ed and

brougtrt to room tenpemture by flarmln8 bulb c and tbe

capl-]-lary 1tith ïtater at room temperature but not rglttr
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rÍarm temtrrerature, and ttre solutlon wa6 allowed to drain

fnto bulb c by coolJ-ng th€ lruJ.b. TÞre dlLatometer bulb and

its contents l,tore frozen in llquid nl-trogellt tap J was oporr€d

and ttre reur,ainlng mollomer waa vacuurn-distilled into the t¡ulb'

The frozen monomer solution uas outgassed one more tlme and

the dilatometer uas sealed at F. Ttre dllaüometer was placed

1¡r a thennostaü battr and contraction readirrgs were notedt as

explained in Part III Chapter I c Up to about lþ conversion.

Ttre polyrerlsatlon ¡as carried out at Z5oC by first varying

ttre concentration ra¡1ge of ferroua acetyl-acetorste (2.5O x

and ttren varyi_ng the concentration rârrge of cumerre

hydroperoxíde (6.OO x 1O-3 - L,6O x 1O-1) at constant

fn.(."..)rJ" = L.25 x 1O-3t"1. Prel-Ím¡-narry kirretic runs' usir¡'

a l mLr slringe uith a 30 cltr¡ needle to rnaintain a constant

[c.oou-]" = 3.32 x LO-zM, in a total 10 nl. solution, gavs

contradictory, confusJ-ng and Ígeproduclbl-e resul,te.

SubsequentJ-y, ttre 1 nl. syringe rltas replacod by a nore

precise llarntlüon o.l mI. eyringe r¡ittr a 30 cÍl¡ needle

r¿trictr delivered O.O5 + O.OOI ml. of cu¡1renê hydrotrreroxide

each time lnto a conatant total voLume aapacLty of 10 m1' ¡

thereby rnaíntal¡¡ing a coras¡tant [c*o<ltL'J"= 3.32 x Lo-2]t.

Fairly good reproduclble results wer€ obtained
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fnfg.rr W/Z.ZJ. $or tho Isl.rrotLc rr¡¡¡r¡ at eonotant

[n"(**ao)"1"* L,Z5 x IO-3M in tbt soncsntreùLon rarrgc of

Gr nÊ Srdro¡laroxLdc (6,66 I lo-3 - 1.33 x to'2t'l), tho

Hau.Llton O.O3$ ul. nyrdugc uar ur{têq fil tha oor¡otntra'blon

rÊllg€ of ¡ydro¡rcro:rl,de (?.oo x xo-2 - 3132 x to-¿u) thô

IlauÀtton OeO5 ul. eyrLngc üac u¡edl argl f.n tb,o eoncentratLo¡

rrng,e (5.9O * lg-e - 1.53 x 1O-1-f) thc nomaL l nl. ayrl-ngc

rrar snployed.

TIrø ttremoøtat bnthc ìtcr. el,¡nLlar to tt¡a o¡ut dr¡erlbçd
j.n Part III, Ohapton Ð. llrs uced dLlatoraeters ïsrt eleaned

tn M $,&rur nitrLc acLd E¡ dc¡sr:Lbed ln P¡rt IfIr Ghapter ID.
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CIIAPÎÞR 2: D]SCUSSION 4IÐ BSS-IX,îË-I

A oom¡nrison of ttro rates of polymerization of methyl

metbacrylate at 25oC usirrg ùlrerrnal J.nltiation, cu¡nens

lrydroporoxide alone (3.32 x fO-zf-l), ferrouð acetylacetonate

alone (t,25 x tO-3tt), arrd a mixture of the ferrous complex

(t.25 x fO-3ru) arrd tne trydroporoxLde (3 JZ * fO-zU) showed

ttrat ttre maximun rate of l.nl.tiatfon r¿as obtained usLng tlre

mlxtune of the two inLtLator oomponêrÌts ac illustrated in

figure TV/z,L, The rate of polymerizatLon l-n the presgrroe

of fetrous acetylaoetonaùe was ht gher ttran ttre ttrer"mal rate

rrhicb uae for¡¡rd to be themal.ly güable at Z|oC. Tlre selectlve

l-nittatl-on of free-radLcal polymerlzatLon by ferroue

acetylaceto¡:ate uas dlscu¡sed earlLer ln Part III.

Ttre kinetice u€ro, ùtrereforsr studied at 25oC

concentratLon rango of fcrrouc acetyl-acetonate

over a

(z.ro * 10-4

5"oo x 1o-3M) at corrstant lc-oonl, ' 3.)Z x 1o-2M, and aLso

(6.oo xovÊf a conccntratfon rang€ sf 6rrn6¡16 bydroperoxide

lO-3 - 1.6o x Lq-\"f) at conetant lne("".")2.1" = L.ZJ x 10-31,1.

Ttre reeults are etror¡n l.n fl-gures TV/2.2r W/2.3 and IV/2.4.
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The lrrduoùion perJ.od uae ln the rangê L5-2O mlnutes, and the

r.atos of ¡rolymerlzatLon are ttruc steady-5taüe rateE. Ttre

plote of monomer cgnvergÍon agafnst time wefo f,ound to be

fafrly LJ.nearr, fn contrast to the aiguofdaL currres observed

by lJnrnett ar¡d wortfu5z for ttre polym€rìisatLon of styrene

lnitiated by ttre roactloxl betçeen ferrous seetylacotorrate

and cumen€ tlydroperoxJ.de. Ttre steady-etate ratee obtaLned

from tþe slope of ttre nonomerr corrvor6J-on against tlme arê

cLted fn tables -fV/2.1 and ßl/2.2. Ttre variation Ln the

rate of polynerlzatLon of mettryl methacrylate as a functLon

of fegous acotylacetonate at co¡¡stant cuneno trydroperoxide

concentratlon at ZSoC is Etros¡o in flgure T'[/2.5, togettrer

rrl-th the rmrLatLon 1n rate with ferrous acetyLacetonate

alone at Z5oc. Àt constant ferrous acetylacetor¡ate

cono€¡xtration, tlre variatLon in rate ldith concentratlon of

the lrydroperoxLde fs shoun Ln ff-gure IV/2.6, togeth"er ttre

varíatíon ln rate wittr tlre hydroperoxlde alone.

thc polyner:fzatLon rates s€1.iè for¡nd to Obey the rate l-ar'l

Rp = K "rr1""".lrll'tt [c.oon.J ,,o't' (w/z.t)

at Z5oCr âe Lltr¡strated Ln fl-gurca TV/2.7, fY/2.8. TV/2.9

and rV/Z.10,
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lab].e f.V/z.L Steady-state rates of polymerization of methy]- mettracrylate at 25oc with
rrar¡ring [""--(acac)rl" and constant [c.oonf = 3.32 x 1o-2lt

ro3x[rerr1"""")r]o ro5xnn ros[r'e(acac).]" losRp i"r1""".)E'lt to-5xlft,p rozxnp/þe("cac)J 
"

mo1e 1 -1 o.181-0. 18

-o.18
-1
-1

-1 -1

o.25
o.5o
o.50
o.80
1,. oo

L.25
L.25
L.25
2.50

5.OO

mo]-e

SGC r

o.35
o.65
o.89
o.88
o.83
o.92
1.OO

L.O2
1.04
1. L].

L.23

-3.6O2L
-3.3O1O

-3.3O1O
4.0969
-3.OOO

-2.go3L
-2.go3L
-2.go3L
-2.6o2L
-2.3OLO

-5.L87L
-5.Ofr6
-5.O555
-5,O8O9
-5.0362
-5.OOO

-4.ggtt+
-4.983o
-4.95t+7

-4.9tol.

o.22t+8

o.257ru-

o.257U.

o .277 L
o.2884
o.3oo3
o.3oo3
o.3oo3
o.34o1
o.3854

2.60
1.78
L.76
1.04
o.g2
o .80
o.80
o.Bo
o.44
o.25

mo].e

S€C r

mole
S€C ¡

L.54
T.L2
l.1l+
I..2L
1.09
1.OO

o. gg

o.96
o. go

o.81

sec

bt
?̂
I
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Table Tv/2.2 Steady-state rrateE of pol¡rmer-Lzatlon of,

methyl methacrylate at 25oC uith rnary'ing

Lozx ic*ooH]o 1o5 Rp roslcnoon]. los Rp [ctoon]:'"
mole L

I

mole 1
-19OC r

rl -1 mole
SIOC r

o.361-o.36
-O.36

o.666
1.33
L.33
2.OO

2,OO

2,65
2.65
3.32
3.32
3.32
5.W
7.40
'l .lß
8.85

11.80
L5.30

o.2g
o.35
o.58
o.77
o.80
o.97
o.85
o.90
o.95
l.oo
L.O2
1.04
1.31
L.33
1.44
1.BB

L.l+5

1.6Ð

lz.vøs
-L,876L
-1.8?61
-L.699o
-L.699o
-L.57 68

-L.57 68

-1.1+?89

-L,47a9
-L.4?89
-L.229L

-1.1308
-1. L3O8

'-5.2366

-5,LL35
-5.0969
'5.Ú332
-5.070'6
-5.Or+58

-5.0229
-5.OOOO
4.99t4
-l+.9830
-l+.8827
-4.8?6L
-l+.8416

i,.røt+s
o.2LL2
o.2LL2
o.2446
o.2446
o.27Ol
o,27OL
o.2935
o.2935
o.2935
o.3611
o.39L7
o.39L7

-
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2. Dpersv of  ctL\ratloq Expørl.ments e

The effect of temperature on the rate of polymerl-zation of

nethyl mÊthacr-ylate was lnvestLgated at constant l-n.(.t.")rl.
-qú L,ZS x lO--M arrd. oonstant [CrOOUl" = 3.3? x 10-2]4. Besidec

the tlrree dilaüonretrlo m€asu¡'ements at 25oç, truo more

dtLatorcetric runs lferê carrled out at kOoC ar¡d 5OoC. ltre

rceults are ahow¡a fie fLgurø TV/z.LL. Ifl-Ùtrin the ternperaÙure

ratrgà studied, ttre plotC of monomer Gonverel-on against tfme

were faírly llnear, in oontrast to the sígreoidal cun¡es

observed by Burneùt and ¡Uorttr5z for the stlmene system. The

ratee of potymer:LzatLon at 25oC arer ae explal-ned earlier,

steady-gtate raÙeB. At trl.gtrer temperatureö in the ra¡rge

l+O-5OoC¡ the rates of polymerization ârê LnítLal rateE sl-nce

the lrrductLon peri-od wae about 2 mLnuteE. Tho rate8 are cited

l-n table lV/2,3 and obey ttre Arrtrer¡l-us plot (figure fV/2.L2)

over ttr.e tornperature rìange 25-5ÐoC. Tlae oyerall enorry of

aetLr¡ation l-s Ll kcaL.mole-1.
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Trbl.o \V/2.)

1t8¡

Effsct of tompareüurå on tlre raùo of

poX¡rrnerloqtLon of, qettryl rcthaorylate

at con¡ùanf l-ne 
(*cac)rlo ,. 1.25 r L0-3M

, ro3 x r,/r
oK-1

Tcnpr
oc

lcnp.

"K nolo 1-1

xo x R
P

-1og
-f

loRp -l¡lRP
3gG

25

25

2,
l+o

w

298

298

298

3L3

323

l.oo
l.oa
1.û4

1.95

3.93

5.OOOO

I+.ggtt+

4.983o

å,.?troo

4.t+o56

LL.52

11.trg

tl.tt8
10.85

10.1.5

3.J56

3û56

3.356

3.L95

3.096
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R. DISCIJSSION

TIre resulùs obtalned from diLatometrLc mea€turements of

the ferrous acetylacetonate : cumêne trydroperoxlde t methyl

meùh.acrlrtate system differ conslderably from tboss found

by. Burrrett ar¡d niorth52 for the at¡rrene system l,nitlatEd

by a simr lar redox inltíator. Burnett arrd North5z rrt.r"

re¡rorted that tkre rates of polynerlzatl,on obey the ¡¡ate

lav

Rp = r< Ine(aoacl"]3 '29 fcmooHlo'"

at Z5oc ar¡d !+OoC. Unf ortugaüely, ttrey failed to clte the

concentÉtion rang€ of the ferrous cheleüe and the trydroperoxide'

Tl1s maLn bulJ: of, their uork, howewerr uas baaed on u'eing

stOíchl ometriC nrixture of the ferrous chel-ate and the

hydroperoxide. Burnett ard worttr5z have reported that under

their conditiona, plota of monomer convsraLon agalnet tl-me

ú,ere sigruoidaL. Ttris traa, aooordlng to Burrrett and Nor+n5?,

attributed to ùhE slou doconpositlon of ttrs l¡inuclear conrplex

r¡hich waa for.med from the dlmerl'zatlon of tt¡e 1¡ I adduct '
.Itte latter adduot wac forrod from the tldo j,r¡l,tlator compon€nt8.

In thO ¡rreeent syotem r¡¡rder irwCctLgatJ-on, ttre experirental

corrditíons wero d|fferent. An slcgat of the bydroperoxide
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over the ferrous clrelate îra6 ¿ged in ttre preaence of a

¡norê polar monomer, narnely methyl methacalylate. No deoreagê

in the r16te of polymerlzatlon wLth tl-rne ldas Gbgerved. ltr€

klnetic ord€r Ulth reÉpect to the ferroua ac€t-yl-acetonate

tì,ae lorv comtrnre<l to that lrt1th respect to the cunrene

trydroperoxide (equation (fVZ..f) ). Ttris coul-d arl-se as a

rosult of the tennirmtlon occurrin€ predominantly by reactfon

vtith ferrr¡r:,s acetylaeeto¡rate (ca. ftgure TV/2.5) '

1'ho sLgrrificance of the termination of a Sroltírig ¡¡adical

by ferrous acøtylacetor¡ate on the kinetics of ttre

polymer:izatj-on of a vlrryl mo¡1onr€tr írritíated by the ferrous

chelate alone r,¡as discussed earll€r l-n Part III. the hj-gçher

kinetic order l^tith necpect Ùo the trydrop€roxide could be

attril¡utecl coï¡currently with the decreaslng J-mportance of

tenuinatLon by the ferroue c}.eLate and tlre increasing

eignificanee of ttre lnltíatl-on of monomer by the trydro-

peror.,ide alo¡re (ca. figure IV/2.6) wb.ich ís ln competitlon

with lnl,tlation of rao¡aorær by the reaation between the

ferrous chel-aüe ancl the ?rydroperoxid'e. It v¡as discussed

earlier in Part IIT that a monomers ferrous acsfflacetonate

complex alAy be fnvolved irr ttre fnl-tlatlorr mectranism.

Because of the J-arger slU€ of ttre iron atom or lonr ttre
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fer:rorrs acetylacetonate readlly accepts two more donor

J.fgands, probably or¡o moleeule of the hydroperoxlde and

ons molecule of th.s polar mono¡nor, to attaLn the octatredral

configuration. Tb.is ugy explain the absence of ttre slgmoLdal

cutres wh-Lct¡ vere not obeenred ln the preeent syetem

because tlæ compJ.exing of ttre monomer to ferrous acetyL-

acetonate pf€OLudês tlre formratton of a binucleaf, complex.

Ttre Lnltiatl-on mechar¡l"sm muct, therefore, consiet of two

concurrent inf tfagl"on proces6€s ¡ lnltiatl-on by reaction

between the hydroperoxJ-de and ttre ferrous ctrelate, together

wlth l-rrltiatLon of mo¡aomer by ùbe trydroparoxLde alons. Tho

fLrst etep Ln the inltiatl-on mechanlsm involvlng ttre tr¿o

Lnitíator comBonenÙs l-s the fornratlon of a 1:J- adductt
ROOH

Iç

M

WhLctr, by an eleeùron tranEfer reactLo¡xr yleLds a curuyLor¡r

radicaLt

M+RooH*Furr(acac)a T-T' \
lacaer 2

I

Fe
I

ROOH OHlr
nårr(".*c) z ---l nrrrrl*."") zt-l
MM

(cr) (crr)

+ RO. ka
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The ovsr'ìall kinetLca of hydroperoxfdo-olsfln systena are

oompl.ox and to somc extent conùradLctoqy .74-78 flowever, the

¡nost extonsiwe ard rolia'ble uork waE done by Wall-Lng and

changr'17 ^nd 
by ?obolely and tria ûssoclaü"u.76'78 'lthe

lnitLatlon nechanLem of ttre cuuene hydroperoxide e Ír€thyJ.

mettracr:ylaùe ÉyÊùemr wb,ict¡ y¡111 be discussed .bel-or{, lg baeed

on th.e kfnetl-c ectrsr¡e postulated by tt¡,e¡e two groupÉl of

workere.T6-78 Ths 1¡rl.tfatlon step prolrably Lnvolves the

formatl-on of a 1¡1 addr¡ct betueen mononer and hydroperoxlds

which decompoees ùo gLve two ¡ntnry radicale ¡

ROOH + M _____à ROO. + HM. kz

Tbe overall" lçireti.c echelno for the ferroug acetylaceton.ato¡

cunra¡ls hydroperoxide e mettryl methacrylate syetom f.s ttru.s ¡

ïnttl.atLon¡

Irf+Fe(acac)z*RooH

ROOfI + M 2R.

R+I*f P
--+ I

K
c k¿\ Iì.. * CII

(rva. r)
(rvz.a)

(rvz.3¡

I

a

kz

k.
f_



Pt' + Þf 
--à 

Pr.+t kp

2k.t
Polyrcer k¿

113.

(rva.4)

(rve.5¡

(rve.6)
Prr. + P,o. PolYmer

Prr, + Ferr (acac), -----+

Hore R. is ttre uns¡ncJ.fLed pnlmary radical-¡ tfre

Transfer reaotlonE l-nvolvLng hydroperoxide are orn{ tted as

to a fírst approrluatl-on ttrey are g¡Llkely to affect the

ir¡Ltl-aL rate of polyuerizatLon'

Applyirg the stationaryrsf¿trt hypottresist

k¿ .J [,t]= o (we.?)

Substitutlon for k* from equatl.on (wZr7) into equatLon

(rve,A) gíves
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*n e (acac) 
"Jo 

*+
kf

(r."[r"r) - k¿) [n.("".") o
(rve.9)

At constant [C*OOU). = 3 ,32 x XO-ZM and owsr a conc€ntratLon

rang€ of ferror¡s acetyl-acetonatE (2,5A x tOh - 5rOO x fO-3U),

equation (rva.9¡ becornes

?.k.
E¿-

Rp ki [*]2(k¿-ke l)

1 [croos.l^

o k;LM r (r,u-ku[MJ)

(rvz; ro)

E!+E

Rnlre (acae) z) o

If the last terr¡r is small and rmy be neglectedr equatLon

(wz.ro) reduces to!

?k.Í1
Rp r.![rut 2 (k¿.rz Lnl )

i:; I (kd-ka[]'Il)

(rva; rr)

R ktt+
Fe acac 2

Eqr-ration (rvairr) predlcte a Llnear relatlonship beülûe¡l

experimental rates fít this la1¡ for nrgthyl rnetlracrSrlate.

I o
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ltre sl.opê 1s a measurê of ttre exÙ€nt of bl-molecular

terutnatl-on vtrile the J"ntcncept sltorÂrs ttre extent of termlr¡atlon

by the forrous chelate.

I¡Ihen ttro concentration of the or¡menâ lrydroperoxide ie varied

(6.oo x 1o-3 L,6o x to-\t) at cor¡åtant fn"(".*o)rl"= L.ZJ x
-.ìLo-rlvf, no simp]-e plottable fr¡¡rctlon of Rn agafnst Ho Ls

possible. Plots of HoÆn aeainet Rnr *o/*n agel-nst L/Rnt

and IIo against nf, are a1l cr¡rved so that no term on the

ri-ght lrand síde of equatLon (fVZ.g) rnay be negJ.ected. Ttrl.s

is ttre general case in nrixed mectranism of this ùype.

IIowever, it ie puzzllng that the proportlonalLty of Rn and

fc.ooHlo'36 l, obsoffed over strch a wLde range of

concentratlon (... fJ-gure Tv/2.10). In a system strowlng

mlxed irritiation, one proc€Es fLret order ln CnOOH

(or. equation (rvZ.Z) ) and the ottrer effectively zero

("". eqrratLon (rvz.f) ), ttre order of reactLon wl-th

respect to [CnoOoffl uould be expoeted to lie between

O arrd O.5, but tt is ver-¡¡ surprisirrg that thls order would

re¡¡aln constant ov€r a wl-de nange of concentmtion. ThLc

would amou¡rt to the real positive so].utlon of equatíon

(fvZ.9) approxlmatLng to the forrn:

R- = constant [croon]o'36 (nrz.re)p -o
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PART V ¡

¡.. GÐNÐRAL COTËLTFIONS ¡

The lnl-tiator efficiencl-ec of ttre orgarrometallic complexee

so far studl"ed arrre ]-ou. Ttre mechanistm€ ara complicated

and mononretr-1nl-tiator complexea nay be involved. Orre of the

most lntereeting aspecte at.lslng frrom thls work is that t*o

of tho organouÞta1J.tc l-nitLaforc ars oapablo of sel-ectl-ve

ir¡-itl.ation of free-radicaL pglyrerfzatLon. The redox

inLtJ.ator, rlhich conaists of cuprJ.c aoetylacetor¡ate and

ammoniurn trict¡loracetate, inlti.ates ttre polymerÍzaùLon

of methyl" moùhaerry1ate but not vlnyl. acetate. I¡'srroug

ace ty J.a ce tonate po lyme rLze s etyrrene arrd rne thyl me ttracr'¡r J-a te,

but not vLny1 acetate.

In tl¡ree eyttems, r:arrcly tb.oee of cuprlc acetyl.ac€tonafes

ammor¡iu.m trichloracetate r æthyl. mettracrryLats, f€rrous

acetylacetorrate : stynenø, and fsrrous acetylacetonate ¡

cu¡rone hydrotrreroxidè r mettryl nettracrlrlater the

polymerizatLon rates obey ttre rate Lav,

R-- g r [fnftrator]rp

r¿trere K 1s the proportlonality constant ar¡d n( O.5. 11 J-e

J-ndependent of cor¡centration in t?re case of the ferrous
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The

acetyJ.acetonato t cuxrene hydroperoxida syøternr but ie

dependent on concentratLon in tþe otlrer tr,lo sygtens.

low exponent of tt¡e initiator corrcentration Lf l can be

adequatoly explained bV)eenerat li¡rear reJ-atl-onstrlp

ÀRe/ LrJ1
Rp

+B

rúfrere the slope A Ls a meaaure of the extent of bimolecular

macroradical termLlrettion, and the inter-cept B shows the

extent of te:rrrinatLon of a groÌúing radical- by tl-o

organoûÞ ta1Llc complex.

Althor¡gtr eaah system has lts specific L1rdividualLüyt l-t

has been for¡nd posslble to explaJ-n ttrs kínetic betravioyr

on sL¡Ltlar mectranl-sn. lhe bael-c rat€ equatl-on app€ara to

arise from the ¡nrticipatLon of the lnltl-ator, or component

of ttre irrJ.tiator, or complex ln equJ.llbrt um witlr' initiator

or irattiator compon€nt ln üernLr¡atl-on. ALternatl.vely a

product of ùhe initiatlon râactl.on may partícilnte Ln

tettrir¡aùion. It is interesting that the Earre ¡ntterrr of

beharrior:r. occurs ín a Eeries of systems lraving the IIre€ence

of acetylacetonato transition complexes as a conmon factor¡



even though tlte actual molecuLar s¡recies ínvolved are

dl"fferent. unfortunately in no syetem is it poseible to

tre confLdent that ttre proposod nrechanl-em is urrique. For

thls reasotl rrate coeffÍclents trave not been evaluated'

SIiGGESTT I'CR. F.UIìÎIIER itiORK¡B
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The initl-atlon mocha¡is¡n of the cuprLc aceùylacetonate

¡ amnonlum trl-ctrlomcetate ¡ nethyl mettracrylate éygt€m

l-s not conpletely solv€d. Tþe r:.se of electron-spin

resonanco (e.s.r.) arrd nuclear u¡¿gnetLc rêsonarrc€

(n.m.r.) tectrniques n'gy help to detemrl-ns wheth.er the

íntorrrcdiate formod is a 1:1 adduct betueen tho

cuprfc ctrelate and ttre saltr or Wtretkrer tl-e mon'om€r

j-s lnvolved \dith ttre 1:1 adduct, or wtrother the

intermediate l-a different from eittrer of these ttto.

Ttre kj-net:[c data for the ferrous acetylacetonate

styrene systemr the ferrous aoetylacetonate !

nrethyl. mothacryl¡te system, and tte ferrous

acetylacetorete ¡ cumne trydroperoxide : mettryl

mettraorrylate syetem, suggest that ¡nonoil¡er rnay be

l.

t



3.

4.

ll9.

involved Ln ttre l-nl-tiatl-on proc€ss. Spectro-

photometric measunÐments can be carried out for

ttrese systems fn ttre rrlsLble regLon 55O-9OO mþ''

usJ-ng J cm. or 1O cm. eill-ca or qtra'rtz eøI.ls. these

mêasurements can give L¡rfor¡natl-on not only about

complexing of monomsr to ttre ferrous cfrelater but

also about the ùype of addrrct fonned' Furttreflnonat

J.f a monomrtr-1¡:ltLator complex l-g lnvolvedr tho

ehLfts of th€ winyl. trydrogen atoms can be observed

ln the rt¡mof r rurlg.

Ivloleeular wefgtrt ¡neasurements of the polymors

obùalr¡ed from ttrese systems can be detetmined. Those

yteld values of the degree of polymeri-zal|ott whích

can lead to better u¡rderstandlng of the terminati.on

reactionr¡ aã wel,l, as tranEfer reaotiorls¡

A tracer ùecturj¿g¡s can be utl-lfeed for tt¡e present

work on ttre ferrous aó€tyLacetonate:cu¡nene trydro-

peroxlde :methyJ. methacrlrl.ate system. Ttrís r^riLI-

l_ndicate the extent of the Ro_ ard Roo_ groups

attached to ttre potynserr and give furttrer insieht

f-nto ths reaatLon rnectranfs¡u.
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I¡urther cll-latorretric i{ork carr be carried out orr

ttre ferrous acetyLacetonate :cuntene trydroperoxide !

methyJ- metlracr¡¡late system by using an oxcec st of

ttre ferrous ch.el-ate over ttre trydroperoxider arrd also

by usirrg stolctriometric rnlxturs of the ferrous

ctrel-ate and the trydroperoxicle.



121.

PART VI. A!'PUNÐÏX g

FROþI OS MCNIC PI{'SSUIIE - AN EXTDI{$] ON OF PART II ¡

Ttre kinotLcs of ttrc polymerlzatfon of uetÏryJ- methacrylate

i¡ltiated by mixtur:es of cuprtc acetylacetonate and anunoníum

trichl-oracetate at 65oC werrê dl.scussed earlLer in Part IIr

To u¡rderstand more about tlre kLnotics, 1t l-e most ossentlal

to deterrn'ine ttre nunlcer-average molecular welght of the

polymers and he¡æe calculate the average degree of

polymerizatj-on DP.

The polynrers lúere obtained by precipltation in mettranol at

about 1.;å converslon. Ttre polymers Ì¡tere dlseolved in benzerrot

repreclpitated Ln excesc 111Þthanol¡ and freeze-dried.

l{umber-average moLecular weígtrts of the polymers were

detomi¡:ed by rneasr:ring the osmotic pressure of tol¡¡anB

solutlons of the polyüers at 3OoC with ütre Heule tt-Packarld/

I'fecrol-ab }lodel 5OL trLgh-s,p€ed Starrdard Mernbmne Osmom€ter.

Ttre nu¡iber-averag€ molecular weight ilt" was cal-cutated f,rom

van r t lloff t e Unr:itt r¡g Law for osmotia presgure s



L22.

Rjrü
!1 (n/c)a \ o

a

Values "f of and fÞ are sho¡rn ln tebl'€ vI/1.1.

t'
At constant l_Co1""t")rlo = 1.98 ¡ 1O-3M and ls¡¿ amuorrLu¡n

tr:lctrloracetate ooncent¡:atd.on ( < 5.@ r tO-4 f), the degrurc

of pot¡perizatlon flret decrcasd. {l.tb Lncnealírg salt

concentratl,on (t.33 x LO-5 - 3n55 r 1O-5U) arf then Lnc:¡ea¡ss

uLth. furth.er Lncrsaeing salt concentratlon (3.55 t lO-5 -

5.oo x Lo-4g). .¡hÊ latter trend i-s most untrsual, elnae Ln

fnee-radical polyuor.Lzatlon the degree of lpl.yærlEatlota'

as a gen€ra1 rule, deer€asec wlt¡r J.norearJ-ng Lnl-tl'ator

concerrtratlon. TÏll.s ttt fe¡rnd to bo tlra oa¡e for tha precent'

øystern when ttro tourperstr¡re uae naiced frcn 65oC Èo 8OoC.55

Th€ only lc¡rorn caao ao far rcported Ln ttre lLterature '¡¡trÊro

ffi ¿t*""åEoa rltlr increaelng lrrltlator ooncentratLon for a

ayctem Lrrvolvfrg a free-radical nrechanlsm, La üho rrettryl

rrethacr"5¡ Late ¡fsrric lsunta "y"tet.?9



Tabl-e vT/L.t

roe [cu("""r)"]" ro4[ccrrcooml4J*

10 10 o

-1 mo].e I -1mo].e 1

RatEe and degrees of polynerLøation of methyl methacrylate at lov

armo¡rium trichlor^acetate at 65oC

rc4 ico(.r.")J*^..r, loh x nn 1o6 x ü," rõbr.o-Þ rohx( LlÎi-ir)

Sx44*c
o

l+
10 S )o

-1 1-1
-1

1elnomo].e 1
3êc.

19.8

19.8

19.8

19.8

19.8

19.8

19.8

o.L33

o.355

o.9o9

o.gzL

2.L6

L+.5i

6.2o

L9.67

L9.45

18.81

18.88

L?.61+

L5.27

L3.60

o.)L3

o.373

o.425

o.I+¡.8

o.fu4o

o.452

o. t+o3

2.96

o.695

o.801

o.988

L.2g

6.26

1.O8

2.86

o.695

o.801

o.988

L.29

6.76

1.08

o .349?

L.439

L.2l+8

L.OL¿

o.77 52

o.L479

o.9259

F
N
f.r)
a
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For ttre modLfled ræcha'4ism æt out l.n Part II¡ Cfu.ptcr N, tho

&vsrage degree of pol¡racrdgrtLon ta glriea by

p,J [uJ
DP ¡¡

zlßtIP + rrlnJ [r)
I{h.ich on Lnversio¡r bscotæs

Subeùltutin€ for So or

*Uere ff] = So.

(vrr. r)

into eq¡¡atlon (lrf.r) glvoe

1

DP

kt [p.l
k l-Mlp-

aÊrLP.l

+

J

Lp.-l 
2

&t 'la
kd - k1 LP.l

I.

DP

+
krMl kp*- P l .J

rrbt¡b. æy Tro rrl,ûton a¡

I (vrr. a)

'L- ht"':
k¿

ÍÎhus aa ].ong .* lF it poaltJ.vc, Lþ-P l.ncreaseg "e [r']*td
R- tr¡cr6,Ðð€. Tb nodifJ,ed machanfsm cannotr theref,orep

explaln tle peeullar trsr¡d of f/5F Ìtith' incrsagirrg lln and

So ae strovn Ln tablell"I/t.t and fi-gurc ï.t/I.l. In order to

arpl'al-n this ùrendr â[ additlonal ¡¡on-ùerrnLnat{ng transfer

)



2

I

.cLl6

x
-to

0 0.5
0.3 0.4

t04 x Rp, mote [-1. sec- t

vf
FrG.w lt't

Potymeris
in itiated
et 650C.

r /õ-P aqeinst RP for the

l¡o" of- methYt methacrYtate

UV Cu(acac)-2 and 
-C-:t1C00NH¿-lau(acaclrÍo 

= l'98 x l0-3M '

o

o
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Ñaotl.ÞIrtera,k"o.Sol,rhlchlgttretÍa¡rsferof,

tho grorofug fadLcal to the exc€tar uxreonplexod cuprLc

açÉÈylacetonaüo, muot ba eddad üo tlre modÍfLed nochanj-snr.

Thl,s tnranefor r€aetLot¡ ha¡ no effoct on ther ovemll :¡ate of

¡nly¡rorl-zgtl.on. ilguatJ.on (Vff'l.) thus beco¡¡øa¡

(ko- o:)to kc

1vr r.3)

(vrr.4)

+ (vrr.5)

rrbt'ch uay bo roaffanged l-s tbs fqru

k
+

[Mlp

If ko< \r L/ffi ircreaees witb Lncreasine [P.-l ard Rnr and Sor

If lca >kï, L/ffi dcc¡.ea¡es wfth Lncrea¡ing' fP.Sand lìnr ard So.

A more r:¿gid raùh€uaÙical tr¡estmrent of tt¡e dependence on ßn

of ttre maxímr:¡rt or/and luee of L/ffi ls as follor+sr

Substítutl-on for So = l-nto êguatLon (Vf f .4) givor

etn[e.1 2 kcI
DP

k rM-r
P*

kd-kl .J

ko-t-
k [MlP¿

rghlctr .uay be s¡rttten ea

BR2

-P
ïs.AR p -

C-Rp

+Ð (rnr.6)



vrrore t = lffi, A - 
#*r, 

B * tHË

=A

sac,od differentl,al. ef, T t¡F¡ t¡

fo¡'n¡

L26.

(vrr.?)

dT
dRp

r o fueto

(vrr.a)

(vrr.9)

R.p 1o dtffenentLafe

t D-

îakJ.ng the fl.rgt dlff,erontLaL of Y lú¡r.to Rn tivec

df
dRp

îIre tuo roota of are, thsreforrer gJ-von bY

S:lnoa

For ¡na-x1¡num and ut niutn valtn¡ of Tr put

cquctton (rnr.?). Thl.g bçeoæc

(n+n) "; - 2E (e+n)nn + .a'c¿ - o

¡rosJ-ttva snd les¡ tha.n 1 l,.go

1r5fo1 <1ad porlùlr¡e

There ârrr€r, thor¡ef,orgr tuo real rootc of

R ¡¡C ( t+p +B )

R- nuat bc r.,aal and psltivre, tbÊ a"trafo'muct bep

whj,ctr roat d *n gl,vuc a mx1.uum cr a n{ntn¡¡m r¡af.ue of Ïn thð

La tsken. TIrl¡ Lr of, theRp

drY
ff.1p

,
(vn. ro)
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Utron R = C (f +p

valr:o of Y 1..e.

drT Le poeitLv€. fhs uL¡rl.nln
dR1 t

B

+

Llffi oorroaponda to Rn t-#)'c(r +

H'lrsu R_ = C La ægetLve. Tht maxl-m¡n vralts of
p

f¡ffi ¿s at . Tho raaxlgtu¡ va¡¡o of ltffi le at

op = 3.73 x 1o'5 mole 1-1. sêo.-lr ao clearly aÈrogn Ln

flgure VI/L.L, There Ls no errfdence for a minl"mum in the

rîan6e stuclod. Ilowewer, Llffi rreraus S" (taUte vI/1.1) shor*¡

botlr nrr:clmun and mJ"nLnum rralueç of L/Ñ.

Ths reeiproeal of thc dognoe of polysordætloa can thus be

adequately expressod by oquatLøn (Vf f .3). In tsrrns of Rnr

eqrration (vrt.3 ) becoæc

wlrl,oh my be vritten ln tbo forø

lK +

&"RID kfso + o"("o - "o)
ffir'+ ffl --E;r.:- (vrr,u)

lr(c.s)o- o o' (trrt.rs)
l kpli'r]

(rnr. 13)

I
DP

1 +

DP I
ths total. secod-ozder te¡ul.rnùLon ¡lte Ic defLned herc at

- 9-.&-
dt

2k.tE



If nutusL te¡r¡J-natLon ooeurå excl.uel.v€1y by ooúlnst:lo¡r

kt -lç tc kt¿

128.

Pkt"Lp.l 2 (rrur.r.4)

(vrr. 16)

g 2 a
dù

Ilowsvsrr iJ muttgl. temlnatiorr occur¡ axclt¡slrrely by

dLaproportiom ül-on¡

- d[pJ- é lpotm.r] &r¿LnJ2 (vrr.15)-
dt dt

îh¡ totaL soeond-order torrntnatlon rato oo¡rstant Le definod

by

+

TbÊ flrgt Èsrn¡¡ Ln equâül.on (Uff .fe) involrrea bLmolecular

nsctroradLcaL tor¡rinntLon, the a,eoo¡¡d term tenrd.r¡ation of, s

grovlng r.adical by conpJ.o¡ I arrd tho thlrrd te¡rm transfer of a

grmrlng radtcal to the uncouplered euprLo acetyJ-aeetonate.

At 8OoC, m docreaaea ¡¿ittr Ëo at cot¡stanÙ Cor as atrown by

Rarnford et.al-.55 this uorrltl be oxpJ.ained if 1t ) kcn

T1Þ reeuLts of, r¡oLecular wet-gbt of pol¡rærr are tbus oor¡¡f¡tout

wttÊ ùte ¡mchanaem proposed ulttr ttre addi-tLon of a trancfcr

¡reacùLon'
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