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When vinyl aectete i polymerised im the presence of benzens
the rate ef polymerisation is mnoetliceably lower than thet for
the bulk reaction evem if the concentration of the solvent
iz o8 low as 2.5%.

The benzeno-vinyl acetate system hos heen studied uweing the
non-gtationary state thoermocouple systom in an abtbenpt to slucidate
the mechenism which causes this reductlion in the rate of poly-
merisation. As A resull kinetic eheln lifetimes, rates of
reaction, everall astivailon energies, intensity ezpononts
aad velogdty cvoefficients of propegetion and terminstion have
boon detexwined ot arbitrary intervals throughout the phote-
seneiticed polymerisation for varying concentwations of
DORSGRA

The purity of the reactents is @f graat importance in
polymerisation studicos and both nonomer and selvend hove
baen rigourously treatad. The removal of dmpublity from ithe
solvent ha, been ascemplished by the growth of single srystals
of benzonos The melt from the single crystal has besn subijected
to an @ceufmﬁa molting point determinstion and found te have
o melilzg peint of H5.51°C whieh ié in agreement with values
from the litevature for pure Densans.

The musber of benseone units in oach polyamer chain has

beon doternincd quantitetively using bonsene prepared from
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PP N 3

the trimerisation of t%eb% . This solvent wes alse purified
by the growth of & singleo ocxysial to remove any scsetylimis
lwpurities vhich have been ratained from the oviginal
prepaestion:, This has besn done to prove if these impuritiss
wore reaponsible forx diﬁ@repanciaa in ¢ther workers rasultac
The yesults from the radleo-active tracer work héve bvesn
combined with those from nonmatati@nary atate experimentis te
detormine which is the most probeble of a number of postulatsd

mnocheninms for the polymerdsation reastion.
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KINGDIC STONIES OF TRE POLIMPRISATION OF

VINYL ACETATE 1IN BENZASWE
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When viayd acedtate is pelymeriseod in the pra@@n@é
of benzene the rate of pqum&wiamﬁi@m.ig noticenbly lowesr ther
thaet Tox the velk polymerinpdtion oven if the concentzation of
the selvent e os low aw (.28 moles li%wemﬁo

Burnatt ond Lo&m? devaloped an aquabion Ffor tha xabe
of polymerispation on the asspumpbion thad chaln %E&nﬁfﬁﬁg el
osourring folloved by the solvent radieel combinivg with {a) «
nononer molesule, (b) encther solvent »edival, and (o) & chaoi:
CREFLOP, Howevew, the valuve of the sctivation energy for bh
sddivdiow of the phonyl readical to monomes appesxed 0 be wabhc
LerEo.

Fhis progpied furither luvestigation by Bengowgh and
Feﬁgum@ni whe nessured the actlvetion encrgies snd kinetie
ghain Lifetinos of bhe aystom walag the nen-aitedtionsxry niabte
thernocouple mothod of Roogough ond Melvilis d The weonlss
indioated that & bernsene nolesule added o & polymew shain
sadical %o produce & radicel which was slew o roinitists apd
saunsed the sedordation of the wabte of polynerisstien.

Stookanyor @% w»os had sleo mtu@i@@ this portisulew
7 TRR a@ﬂ.@ﬂwﬁoweraﬁ Ehad wh@m shey eveluvated o chaln trans:
sonstant for the mpaction from the rates of polymerisation it

wag swvensy btines lavgey than the ome devived Lrom the molasule



e

weight of the polymers. The reacstion was alse of She oxdoew
of 0.% with respeot e the ialsiator.

They gﬁ@pu@@@ that the bonzono copolymerisgd with 6
vinyl asetado nonomer cnd gubstuntintod tholr rooulds wsing
radio-active bonsens and dobornining the mushewr of radio-aetix
boepsend writs in each pelymner ohain.

Hevever Bxai%@aha@k.gﬁiggf@ prepared polynens with
oo and di-chlorobanvore &8 solvent mpd Lound ne evidensc of
copolymeringtion from the determinctions of chlorinc in the
polynor. They thon ptbompted to wepeaet tho wediotinses resuly
of $%@@km&y@r'§§_§gf® woing benzone proparcd from (1) the
trimerisantion of acotylene and (IXI) the dchydrogenntion of
syelohonane., The resulés with the benzens Lfzom the lattew
sonyrge indlcated no copolymerisation but the wesuldtn wilth the
bonsone fwom vhe other sounres woxe oo high and Ex&itanhmam?
conoluded thet this wag due to ilmpurities in the honsonad.

The work in this thosgils has beon on ottompl vo Tind
osgrecront with one or othow of the proposed kim@%i@'@@hemago
A& dotallsd otudy bhes besn made of thoe phososonsiticod polymosd
tden of vinyl acstaete in the prasonce of definito @@n@@ntx&tin
of bemzmene neing tho nor-gitationexy o%adte thermosovwplo mothod
¥ Bomgowvsh and Mﬂlvill@?

grant abtontion hes been paid to vthe purity of tho




solvent and & methed Forx cbiamining sxtremely pure benzene by
the growth of single orystels has boen developed to overcoms
the difficulty of removing the scetylenic impurities from

the ;ma&iou&cﬁivé'hanﬁan@. The radio-astive solvent obtains:
from the melt of the sinmgle cxystal has been usoed to determim
whother the discropency im the results of Stockmayex and

Br@itenbaoh'was'due e thess impurities.




HISTORY OF POLYMERISATION

The first observaitlions of the polymerisation of vim
ponoBers wers made as early as 1839 by Simun? who reported
the conversion of sityrens to o gelatinons mass. The teran
relynerisation was coined by Berthelotg in 1866; In 1910
Stobbo and ?osnjek?o postulated that polysityrsne wOs &
tagolloidal body ' dut almost immsdiatoly L@badevag showed thai
polymers had high melegulay weighte, although hie suggeetoed
mechaniem Loz the growsh procoss involved intermolosular
appocliation,

The first najor advance in vinyl pclymerig&tion tool
place ia 1920 when Staudimg@x§g publiched & paper assipning

sitrugtures of the fowm

<CH, mcgzﬁ—cmﬁ msfa« ) ~3Hy = 0=CHy =0-CH,

to polysbyrone and pg?&f@ﬁm&laahyd@ respactively and suggestiz
a mechanism for polymerisation in whioch intermediate mtruciure
wore Tegarded es having & free valence at esach end. ~ He
considered that thg astivation of the monower resulted in the
opening of the double bend and thet the activated moleoculws
reactod with suocessive monomer uniﬁan Thue the agoeptance

of ho macromolecular hypotheads in the 1920's wag largely due



te the efforis of Staudingex who recgeived Ghe Kobel prize in
1953 foxr champilouning this viewpoint., The moleecular stzuclturs
was finally coniirmed by Cmratharsa$ with his work on condense
tion polymere.

The fivst complete fxee rvadical mechanism for o
volymevioation was given by Taylor and B&t@&ga iz 1930, I% wa
ulbtimately accepted when it was shown that polymerisasion coul
be initiated by suvbstencos which wexrs known o decompose to fo.
froe radicaln on photo-ancitation.

The soeerch for new pelymexs, which may offer s
combination of propsrities markedly superior for certein puvrposn
by compariscn with conventional materials, has provided the
incentive for investigations inte thoe fundemental shemical

and physical progesases by which polymare are Formed.




NECHANISM OF VINYL POLYERISAPION

Insaturated momppu&dé san be meds to polymexrise
by two besie methodas (1) iomi@ or {(2) & free xediocsl nechanisn
In o fxec radicel mechenicm, which ig the only one
which will bo doalt with heowe, thore aro throe basic stopo,
which areg-
(1) Imisiasion.
{2) Propagetion.
(3) Yerninsilon.

Initiation

The pelymerisetion of vimnyl compoundc io noxmally
initinted by froe rodicales formed from the breakdown of cadaly:
molecules by ultzaviclet light oy heat.

The initiator weod in this vork was lsl-azobipeyolo-
hoxeoe caxbonitrile (ABG) vhioh wlszavislet light degradeos in

16248
the followving monner.

Gy

G — N ¢ CH
A > CAmne

¢

o, CN o
<;mmmn:>// B oo e <;: Y,

Mot every radieal lo offeetive in imitlatiag o

polyner ahoin. Some $ake pard in obhor rercHiionn o.g.




(a) divect intermction betwesn radlcals deorived from the
imitiator,
{b) o tezminetion veasilon invﬁlving o polymer redical and en
initiatoy radiéal i.e. primaxy radical jerminsbtion.
(¢) meaction of the radicél with another component of the syste
MQésuremant of the efficiency of initiztion hae besn
vndortaken by several workéfa and is ganexally about 50 to

A7 18919
60%.

Propagation

The free radical produced then combines with o unit
of nonomex by opening the vinyl bond and succossive vnite of
monomer are rapidly added to the subsequent free radicasl thus
propagating the chaln length

RB;+GH2 e E-—-«mﬁnmcﬂetﬁm
X

R - CH,OH < CHy » G —» By ,, = CH, - CH
" ; % : X

R, ie o Ifree radical consisting of n monomer unite
snd X i8 generally a polar group e.g8. an scetete group in the
case of vinyl acetats.

Termination

The terminatior veaction involves the deactivation
of the growing polymer radicale and two mechanisms are possible
(1) Combination

(2) Disproportionntion




B

In combination the growing polymer radicule combing
te give a larger poiymer moleculs each radical conbtwibuting
one elactron to Torm a covaleab bond.

Ry = {(CH,CHR), - CH,CHX ?Rz ~(GE, CHR} - OB, CHX

v
By - (CH,CHR), - CH,CHX CHXCEH, -~ (CH,CHR)y - Ry

The reounlt of dispropoertionation im thet ome nolymer
moleculs has en unsaturated end group while the other has o

saturated end gronp.
Ry = (CHyCHX), OB EEX + B, - (CHCHK) - OH,CEX
B, -~ (OU;CEK), GB=CHX + Ry, - (CN,CH) ON,CH,X

Though these are the three msim roaotions in any
polymeripation additional <ffects can oceuyr when anothex
gubotance ie added to & polymerising vinyl nonomsr. in
addition %o acting eas a diluent the substense mey alter tho
rate of polymerisation by, |
(1) incxeasing the rate of initiation rosultimg in an increase

in the rate of polymerisaition,
{2) imhiﬁitﬂug the polymerisation and suppressing it complaetely
and |
{3) rotarding the rate of polymerisation.

Theme all result in & changoe in the degres of
polymerisetion 4.8, in the aversge number of moncmer uniis

gonsumed per polymsy molecule.
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A Supther class of sadditives hog we ppesifiic effood
on the rate of polymerisabtion bud reduces tha degree of pelye
merisation. These are called shaln teansfer agents spd the
polymer rodiesl 4Ap Stommimated by the abstraction of & hydregon
whom, while the free wafdicel produced by the Tenction then

reinitiaten o Hurther choin.

Bo & B =i P 4 B°
In bulk polymerisation § conld either be & menOmER
moloeule oF impurity emd im solvent polymerisaticn those twe ¢
n selvount melosule. This voashicn s gunerally lkneun es

Ghedln Fronsfer.




THE KINBTIOS OF ADDITION POLIMERIGAT VO

The compleve kinstico for o polymerisation resctic
pre very complex and 43 s mormal Ho make the fellowing
assunRp b ions s
{a) The reactlvisy of the growing chein is independent of
the chain 1@ng%h; Thus one vaelosity coefiicient can be
unaed to deomeribe all tevmination gteps o¥ o charactorise a
choin trensfor resstions hetveer growing polymer xadicals
and any obthsyx specles. Similaxly only one wvelosity
coefficlent iec necessary Yo define all the propagaiion
renstlons which eocuy.

{(b) The mejor portiom of the momemcr 16 romoved ia Sho
propagation stop. The rate of polymeriseation iz then taken
50 ogqual the rate of removal of monomer in this step. With
high polymeve, whore the nunber of radicsels formsd by chain
trensfeory iz small compayed wibth the nvabexr fovmed by the
breakdown of the inidiater, thig da Justiflable.

{g) A stetionary concontrasion of vadicals is rapidly
abénined. Making wese of these sseunpbions and insluding

s chein transfoy step, the simplent kimedtilc schome based

on the reagtions previonsly outlined is,
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THEORETICAL PLOT OF FRACTIONAL CONVERSION AGAINST TIME
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Plobtting oguavions @,5} gives & streight line of slopc
k?/%* and intercopt @m-thg time axis ogqual o T ima,
’ The kinetlc shein Lifetims ean also be caloulasad
from the Qdecay curve obteined when Aliuvminetion hos ecensef.

When this heppems the production of radlisals iz xeducsd by

tornination. ‘
o o 8
AoBo d[RJ @ = kt [.R] oooonouocooooo(lé})
A o .
o o % .

Int@gﬁ'ﬂ%img [R J &3 [R J@ (%aa‘u\' 1) ooouoooouoaoap(lg
° B, . gbe o
o a ® E“‘LE © in (a‘t{ﬂ l)} oouoouoaooooan(lé

5y
The kinetlc cheln Lifotime 1o obtained by plobting
cquation (16). By otationscry ntate rate measuremens it i
) 2
poasible’ to dotermine the retio of Ep/!% %

. | )
fron oquation {2) [R° -B[s " (%g%}fé

[od

. : k 4
o o Gho rate of weastiom ok, [R°] [H] = 4 [E]i%? coseerald
P & k{sjg;

Sinoe fsi'a@ rates ¢f rosstion and initistion, ond the nonomey
consentretion are kuowa kﬁ k;/f% can Be found,

Fron mon-gtationaxry stets kinetics the intoxcept on
the time azxis of the Btraiéha rine poxdiom ¢of the frastional

conversion againet time curve is T In2,

I the eystem has am inotrument lag of © sees. the
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PREV IOUS WORK O VEINYL ACETALE

ST

The proviows acotion deellt with the prinelpal
feoo raficel repstiono involved in addition pelyserication
and afbey o doteiled snalysia of the himetise in given 1% would
ha usefnl te veview the ﬂmveiupm@ﬁt of worls on e peolynorisstion
ef vinyd asetebe.

The deoresse in veoluwme which accompanios polymorisabios
provided » simple methed of Tollowing bhe roesation snd wes wsed
w0 pindy ¥the kipotlon of the stetionswy sitabo, The polymeriss=
thon of vinyl ascetete in bullk wves reported by Stovkvesther owd
T@ylmﬁ?G whoe found sonslatont wnimolegmlax weleeity coefflcicnie
while in toluene ¢ progyescive Tall waes obsorved. Obthew waxk@faﬁg
Fouud Bhat in the benzoyl peroxide initisted weaction, tha mabto
is proporbional to the zgunre »eot of the inldlater concondtrabion.

HNueh of this @&Elj work ves sharasserised by Induoetlon
pariodo dne to Hhe presonce of oxygesn, the provalont movhod of
perification belng distillation in alr and then degoseing the
sononar in the éllintometor. 'The resuliant mMOKOKLEY LHVO
wnrelichble vesulie and it was oven suwggoabed that bhe roastion

8e
wight be hojeregueRoons .
Xa 1937 ?lowyﬁ miblished an dmpertont popeyr in whichk ho

proponed thet o chein txonsfer Teaubion asomdd bake plone dwedng

pelyrpeciontion and shoved that At vos pessible Lor the ocosmional



Tormation 0f branched polymer chalns to ocouxn.

The chainu transfer coiacept was suvbsegquently developed
hy Mayéas to enable & 'transfey consiant?® for any monocusy solvent
system to be obtainad,

Later work by Floryaﬁgg@ also showed that o 1.%5 mole
percantage of 1:2 glycel struedtures does ocsur in polyviayl
acatate and that at all temperaturss a’bove OQG the stexie factoyx
i of greanter importance than the energy term in debternining
the structure of the polymer. This is beceuvso the agtivaiion
ensrgy for the nbnrormal reaction is only 1.25 k ¢als, higher
ihen for the normel preferred saddition while the sitexric factor
for the abnormel eddition is about 1/10th of thet Ffor the normsl
agdition,

The initiatlion vgaction of thermel polymerisation wasp
investigated by Guthhertaon, CGee and.ﬁidealﬁs who found that
freshly prepsrxred vinyl acetate did pot react slthough it did
s0 afteyr sbonding im aldr. They suggestud %b@% whia rcesulted
fram the hﬁdrélyaia of vinyl aceiate o acetaldehyde followed
by paroxidisation. However the guestion of the induction pexied
vas Linplly metitled when improved technigues vesulted in purified
vinyl ascstate shoving no imduation pariod when peolymerisaed
thermally with benzoyl p@xoxidﬁiﬁ

An important advance in the work om the kinetics
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of polymerisation was the introduction of nom-—sitaitlonagry
stete methods which enebled lifetimes and imdividual. velocity
gopfficients of photo-initiaited veactions %¢ be deteymined.
These have been obtained for bulk vinyl asabtate by workers

. . 28 28030
nping the dislectric constant, the wotating sector,

S

31 2 4
the refrastometxic, the thewmistor, and the thermocouple
mathods o

Hush work heg been done on the chain trenafter

a

rerction, N@s&kﬁi using resulits of Gmthb@rtéoag Gee end
Riﬁ@&i?@ hag caleulsted the itremsfer constent for the vinyl
acotate polymerigation in toluene while Rapuy and J@ghiﬂaﬂ
Palit nnd ﬂmgis and Clarke, Howard, and Sﬁg@kmaym2§6 have
reporhed vélues for 2 large number of solvents including
sabturated, unssturated, halogen substituted and nitrated hydro-
caybons &né for sleoochols, entexs, ethers, amidoes, sulphidees and
a series of svbstituied benssldehydes.

H@m@verg controversy has axisen conceruing the
p@lym@riaaéion of vinyl eeetate in benzene. Conix and Sm@tasw
raportod s strong vebtardation of rate in benzone solutiom which
they attribubted to ahein transfer and claimed thai $he rate was
pfopgftional 0 Eﬁ%o A% the semg time Stockmayer and Paéblesag
lesued a note in which %hey claimed that the reduction in rate

was not dug %é chain transfsr, but %ha%.the reaction was
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copolymerisetion.

Alden, NMerrovt and Séuﬁl&nﬁg glso noted & strong
retardation of the wate of polymerisation when vinyl acetaide
wvae polymerisoed An vthe presence of the isoprenlc aubstansge
dilkydromyroecne and isopropyl bemsene but ne f@%&fd&%iﬁm of the
rate vhen the monomer wos methyl methaczylove. Thelr explenatio:
for the retarding effect on the polymeriantion of vinyl acetate
was degradative chaln %Emnmf@r i.e. chain tyxanpfer in whish
the radigals pzmaﬁ@@d from the ‘tvannfer agont are resonance
tabilised such that they ave sleow to re-~initiate with the
rather uvrresctive moncmer and sre freguently lost By terainasion.
On dexiving & kinetiec scheme, which took monomer tyvansfov into
accouns, they obitained s transfer consitamt Lor isopwropyle
bonsene which was Y00 (imes greater than vhat foumd hy
Stockmayer and P@abl@&%ﬁ Simen the twansfor constants Lox
isepropylbenzene and benzene siould be of comparable magnitide
they conpidered i% more @r@babl@.%hat degragative chain
trappier amd not ecpalywerisation was oceurring.

Burnety and Loanﬁ derived an eq&&%iem for bthe rate of
pelymerlsation which demonstivreted that the order of wesction
with respect to the monomer concenbration was dependant on
the momomer concentration in the solvend. They aszuned that

it vos possible fov radicals produced by the transfer atep teo
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serminate the propegeting chein xadical as well as $0 re-initiate
the polymerinmation process., Although their emalysis geve the
corzect shapa of curves for the thevmal polymerisation of vinyl
acstate in bemzepe they obbtalined an activation enexgy of 24 K.cals
Tor the addltior of the phenyl radical to monomey which is & high
valua,

Howevewr Jenkinsﬁo indicated thet Burnett and 50&3983
kinetic schemp could only be applied if the retardation waa
gonparatively veak. He derilved & kinetic mchems on the basis
of chain tramsfer and used the hypothesis of the geometric moean
agsumpiion iuén that the veloeclty cosfficient of terminalbion
between two dissimilesy radicals ie the geomeirils mean oF thoém
foxr the wreactions botwsen lLike radicals. However the treusfexr
constant which he derived from other workers results was gregyex
than that derived by Palet and Da&ag from conventional moleculayr
welght determinations,

Peeblos, Clarks and Stackmayerﬁ then published vesults
which indlcated that; elbhough thé veloglby comsiants which they
obtained asnd the reduction in rate could be attridbuted %o a
chain trensfer step, the melecular weights of the polymer could
not. PThey also substantisted their results by polymerising vinyl
acetate in the presence of radiofaotive Benzene and converting

the subsequent polymer %o GO, for gms counting in =2 Geiger~tube.



Br@iﬁ@nhgch and E&lthanalﬁ had obtained chlorinated
polymex from the polymerisation of winyl ssebate in chlmréh@nzane
and mets dichlorobenzene while the polymexipation of sityrene
in the saps solventa and undey similer @@nﬂi%i@nm proﬂucaa'unly
chloring £xee polymer. They eiplaimed this differense by
assuming that the radicals of the growing polyvinyl acetete
chain react quickly enowgh im & transfor rea@ﬁion.tb formla
measurable ond group while this is not therefove possible in the
case oX the relativeiy'ﬁe&kly reactive polysiyrens vadical,

@hia cesunpbtion war in oppositiom %o Stockm&yaf“ﬁ
theory and so Breitenbach and his GOmwoxkera? procesded %o
duplicate the radio-active tracer eoxporimente which hed baen
uped %o aubstantiate the evidence for @@polymariwatiom;

For the Tirst series of expeximents dbonzene preparasd
Lrom the %ﬁimsriaation of 1%HE§%H was used wﬁich was froed Izom
wor volatile radiometive impurities by distillatiom.

Aftex anine repra@ipitatioma the polyier obiained {xom
the polymerisation of this bensene with vinyl acetate hed & very
high radio-active content but all othex teata on the polymer e.g.
I.Re3 UV, ecarbom-hydrogen determination indicated an almost pum
polyvinyl acetate showing no relationship hetween radio-sctivity
and benzene content. PThisv, they suggested was ﬁué to the bénzens

containing a volatile compound of high specifie sqtivity asa
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impurity which was copolymerisable with vinyl acetate. Fox a
gecond seriea of exp@iim@nts the labelled benzens was cbtained
from the dehydrogenation of cyclnhexa&emlmﬁiﬂ from which source
8 greater freedom from impurity was sxpested. The polymer
obininsd by polymerising this benzene with vinyl acefats in @
satio of 10zl foxr %4 hx., at 60°C with imitiatorxr comcentratioan
of Q.02 moleg 1itrmma %o & comversion of 36.8% bhad an eRLTensely
loy redio-ective coumnt, an average coniteni of 0.9 molscules of
bonrene foxr an sveragse chaim length of 100 umits beling determined,
whish was of the seame ordex as the values obianined from ithe
cshlorinated polymexrs and they have indicated that thay’. £ind
no evidence of sopolymerisation with the sromatic aystem.

These resuwlts have been obtained using ststionaxy
ptate dilatometers and slucidating dats from retes of polymeyriss-
tion and molecular welghte eto, Bengough and Ferguson? however
used i non-atetionery state thermocouple system. They found that
when &they sttompted o0 coxrelaie the oversll sctivation energies,
the astivation energies of propegaticon,; termination and
tranefer, togeiher with the kinetlis lifstines which they
obtained it appeared more probable that a benzens unit

added %0 8 polymer chaip radical producing s wvadical which
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wae slow to ve-initiate end so caused the retardation of vinyl
acetate polymerisation im bonzone. However although this
golution seempd quite ssilsfactory they did not sttempt %o
determine $he number of bensone uritse quentitatively in
sonjupetion with the non-siationary ateate zesulis.

In this work, pelymers sontaining radio-astive
benzene beve been preparsd uwsing stationary and nomn@ta%ibnary
state dilatomnetexs end in the lattor cose, the astivation
energies and kinetic lifetimes found have beon related to the
snelysis of the radio-aetive polymew.

Regently Mortimer and &rnoldqa'hmv@ ptudied the reactiol
of ethylene with douternted bonsene., On the banis of the isotopi
effect whioh they obteined thoy have refuted the ides of
cépolym@risaﬁion ooourring and meintein that the inclusion ﬁf
benzene uwnite in the polymer is by chein trampfer. Hass znd
Huaa@kﬁa have polymewvined vinyl scetate in the pressnga of
@iphenyl and have determined o chein Sransfox constent fzom
the comventlonnl kinetic analysis snd molecular weight datz.
They Tound theirx value of 6.4 2 10~ %o be in ressonable
RETOBROITE wiéh one obtained by estimeting the combinaed diphenyl
unito present in the aérr@apanding polyvinyl alcohols by
ultravielet speetropcopy. They concinded thet diphenyl behaves

chiefly &8s a trensfey agent in the system while the rotardation
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in rata is probably due to the sddition of diphenyl to a vinyl
chain redlecal t0 form a radioal which is oplow to reinmitinte.
Rowever 1t nust be observed $thet thelx kinetle svidence for this

is wather smeil.
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PURITY OF REACTANTS

The mogt Qifficuld problem sasocisted with this woxk
hes beon obtsining o sufficiont degres of purity of the resctents
espacially the vinyl acetate monomex,

karly work was gharacterised by induction periods but
even aftef improved degassing techniques were used to remove all
traceé of oxnygen it was found that the termination regction of
the bulk peolymerissbtion was mot sesond-ovder with respect %o the
radical congcentration i.e. the intensity exponent wap not 0.5
ghich indicated that there were twacesn of chemical lmpuritien
present. |

The most obvious suggestions weve either sacetlic acid
or aceteldehyde and these were located using ulitravielet
BPeCtIOBCOPY o

The advent of the gae chromatograph meant that
pubsbances could bde identif;edg wheres they were present in
sufficient gquantity, by their retention time end both ges
GhromatOgraphy@a and ultraviclet sp@otrosBOpy§‘$6‘.have hean
vsed to identify fursher subsbtances e.g. acetons, diviayl
acetylene and benzene which are prewent in the commercial
producﬁo

. R9
Bartlett and Swain eattempied the pmuvification of
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their mononer uwsing variéua typer of distillsbion ¢olumna
and prepolymerising the product so different conversiona.
The eritexion for determining the best nethoed was Lthe monomer
vhich under mpecific cetalyst and temperature conditioms gave
the grestest rate of polymerisation with & negligible inductioa
period. They foumd that thelr best mample polymerised at a
rate of 8.% molesn litwaﬁi ﬂ@@oma at 25°C whon the soncentration
of the imitismbtor, denszoyl peroxide, wes 0,105 moles litso

Mathegon gﬁngéfb used thic rate o test their final
distillate. They nlso compared the monomer with that of othar
worﬁ@rmﬂvﬂg' by detormining its wlitraviolset spectrum against
n~-haxene and plotiing the extinction coefficlent againgt the
wavelength of the incldent light. They indlested that the
medn light absorblng impurities were present im the vange
2650=2750 Eo

Both these griterie have been used %o atudy the
condition of the monomer during the various stages of preparation
A sample of the monomer was taken at reguler intexvals during
the distillation end its speciirvam ohbtained. Thé,monemer vas
gollected when two successive ppectrs were Jdentical. Spectrs
veve used as ¢riteria since they could be obiteined more rapidly

than the wate of pelymerximetion of the monomer. After btwe

prepolymerisations the final dipitillate waes polymeriped according
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$0 the specified conrditions of Bartlett and Swain  before use
in nor-atationary state vesgels.

Banzane Purification

The vadig-chemlcal b@ﬁzeﬁe praepared by the Srimexizatic
ot GiQHEaGgﬁﬁ?q {(Radlochemisal Centre, Amersham, England) has
3% chemical impurity pr@s@ﬁt acgording to gas liquid chromatograpk
Phe problem was fo wemove all the impurities present, sinee,
ascording to Bristenbach gg_géﬂw thase werse respoﬁaible foxr the
excess radioactivity in the polymer. This was difficult becanse
of %he small volume of benzene which had to be used in the
radie trésar gxperinents,

This was overgome by uwsing the method of Hocd and
Sh@rwoodgo Yor ths growth of mingle oxrystals of low m@ltiﬁg
péint golids,

The single cxystals of benzene were grown in a
spacially constructad cxyastellisation apparatuws where the liquid
iz confined in & growith tube which ds slowly lowered through
8 bemperature gradient according %o the moving vessel itechnigue
of Bridgnanﬁ‘

The benzens used for growing the crystals was supplied
by British Drug Houses for molecular weight determination and

although it was clainmed that the freezing point was not less than

5.4°C this frequenily fell to 3.5°C on standing dus, perhaps, to
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sbeorptlen of water. After growth in the cxystallisation
appayatus the meltiag point wose $0 5.5°C which corvesponds o
the value given in the 1iteratur65a for the pure naterial.

The melting points wers determined using & calibrated
thermianter and Wheatstons bridge srrengemont and from the plot of
reaistance agalnst tiwme the melting poind &5@ mole percentags
impupity presont were caleunlated [Appemdin ¥].

The growth of zingle orystals overcame the difficulsy
that Breitenbech experienesd in purifying his vadio-active
berzene and &ll the benzene used ithroughout this work was

purified by this technique.
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EXPERINGNTAL

aromes T

The noa-gitationaxry state syssem conslisted of & reaction
vospel with built in thermocouples, & conshant tempevabure baith,
an puplifier and & regording volitmeter. A METEUry vapour

lanp suppliled she wlivaviolet r&diationu

Dilotometerns
- The reaction vepsel wae a soda glase dilmtomét@r Witk
two side army in pddition %o the normel mtem (£ig.3).

Thé thermocouple systomgwhich consisted of one Junctior
situated at the centre of the dilabtometer and a second cold
Jungtion thovmocouple in the side arm, was made by brazlng
together copper and constanbtan wires with o silver-borasn flu#

0 glve poiﬁ% contact at A. Borated copper Gléd ixon wire wa®
brazed 0 ”ea@h -end of the copper aad canatanﬁam wires so that
a seal eounld be made at E ﬁnd G The join of. the consiantan to
the dron wirve sexrved as the cold Jumnction thermocouple B.

In preparing the dllatomster fov filling, the wire
PG wen thresded through the dilatometexr and with the thermocouple:
in the coxrrect position the constrictions et énd ¢ vexe
collapsed %o give e vaguumn-tight seal. It wesn then a%ﬁ&@h@ﬁ
5o a high %aaumm system and evacuadted fox 30 m;nao

The constriction at D was then slowly aollapmg? about the

R R Yo

LoaE s ALty



RIS

THE THERMOCOUPLE VESSEL



conadentan wire using o Llight blue alr-gae flame. It waw
inspected o ensure thet thers ware no alr pockete oy bubbles
plong the wize since the seal, albthough liguld-tight, was nod
aiyr tdghit.

The Allatometor was now ready for c¢alibration and vas
kopt vader vacuum wntil roquired.

thermostatical Combrolled YUster Bath

The watey bath wae nade of Pyyvex glese and logged with
an oxpanded sbonilte base ard Tibre gl@ém arcund the sides. A
larquQKW Hontor controlled by o Varlsc was used t@_r&i@@
the temperatere when regquired snd to &upply'th@ bulk of head
to maintain soy particular water tempereture, the dlscrepancy
being provided by & lovw powersd lamp which was opersted by @
mercury: tolugne wregulator glving ﬁmmp@ratmrﬁ contral of mbout
+ 0,02°G,
Amplifiox

The ampiifier was the S1%2 Tinslay D.GC. typ&'desigﬂ@ﬁ
Tor an input impedance of Jess then L0 ohms. I% was péf%iaularly
saitable for this work ns it gave a voliage smplification of morve
than 10% E.loFPlg of wp to QOQ}Qvaltm im-%h@ input civawds
sonld be balanoed out hy cosrse and fiae balance controls,

The temperature rise wes calibzated by. mesns of a bemud
signal verying froem 0,0L ﬁ.& volis to 100 J}. volits as required.
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The oubputb cirémi@odesigm@ﬁ for a 500 ohm load, gave a eurysnd
of wp Ho 1O M., BAMDPB.

Th@lamplifi@r way extremely sensitive to "pick up? and
1% was founrd advisable %o koep all slectrigal appavatus ¢.g. rela;
sondensevs, capasitors obu. as dirtont as possible from the
instrunent. The stigrer rod was mede much longer thawn norasl
80 thet the magnetiec fisld of the motox driving the paddle wae
located well above the 'pick up’ aves and a gulde was uwsed 6
prevent bhe BIfto rod from vibrating in the tank. This nesnt
that the bath could be stirced during the reaction period when
.the mmplifi@r ﬁas recelving the thermocouple voltage. |

Irvadiation

A 225 watt Osire mexenxy are lamp provided the sourge
of the viltravioclet Llight fox the photoghemical réa@tiona To
smooth out vaxiations in the applied curvent, the 1am§ vas
‘sonnected to & capacitator and choke. The emitted light was
filtexed through o GHANGE OXI f£ilter sﬁcﬁ that 3650 Eo was the
@rédomim&nt wavelangth of Light.

A guick moving shutter operated by am elegiromagnet
wag placed betveon the lewp aad the reaction vessel, The field
of the mognet wee picked up by the amplifier and the consequent
blip on the f@@ording chaxrt sexved to mark the beginning of the

reaction psriod,
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Rogordey

Am Bllicet pen resording D.C. volimeter gave a chart
tracs of the output signal frowm %hﬁ‘&mplifiQEn & ¢luteh meghanios
enabled the ehurnt mpesd Ho be guiekly altered from 12 inches pewr
minnte to 12 inchen per hour. {(fig. 4).

High ¥ g guem Systemn

This consisted of & serien of tmapa_and vacuun tesied
Saps dn Pyrex glass somnoetad vin & movouyy diffusion pump bo an
' Bdwarde rotery high vacuum pump.

Sold txape wore placed ilmmedlntely before and afteyx
the mercury diffusion pumps, and a Dricold-Acetone mixtwure woas
weed oo cooclant im both traps. ALl taps ond joldnts were gremsed
vith Aplezon high vacunm groauesd,

A pregsure of avounb 10“6 RE. 0f merenry was attanined.

Crystailining Apparatug

The nosd for purddty of the solvent haw been gtrossaed
end the wost convendent method to attain this 1o the growth of
single orystaln 0f the meterial.

Tho cxystallising apparatus (Lig. 5) comaists of
a contval Pyvren glags tube A, 23 inches in dicwebtér alomg which
the necessary temporabure gredient is esvablished. The wppew
part of the tube wes sealed by Arsldite iato the botiom of &

twe ilitre copper tenk B wvhich was lageged with ashbeatos cord



FIG.5 CRYSTALLISING APPARATUS




32

1 inch in diameter. The paveflfin oll-water mixture was silrred
by @ variable ppeed stirrsey and was heated by a 60 watt light
bulb while the temperaturs of the tsuk was contwolled by o
mgrgury-toluene regulatoy o withia + 0.02°C. In this way, the
temparature in A above Bthe wooden bosrd O conld be maintalned at
o tamperature above the meliting point of benzene.

A picce of expended polystyrens was glued to the
underoide of ¢ snd the tenperature gradiont wvas established
asrors thia regloum.

The lowexr ond of A which was plevceed at regulaw
intervaln proiruded iﬁté a lopg 2 litre beaker D which wan £illed
with acetone and Tixed to the underside of € by a vetaining
plate, The acetons in the doaker which was stirred to maindain
congtent ciroulation in the cembtral tube was cooled by sn acebone-
aricold alush contained in a 15 litve Dovar Tlask. This flask
was surrounded by cotton woold paaking and howsed in & woodsn
box which aleo gerved to gupport beard G.

The bensene gicowth vepaol was atteached by o pleso of
fine thread to & Sangano slecirie motor B which lowered the vessel
Bt spproximately 1 mm/hfo The thryerd pansed through & pileoce
of glass eapiliaxy btubing in the miédla of the xubber bung waich
pealed off the btop em@ of the eentral tuvbe A. The cepilleary

acted ae o guide for the growing vessel and alao engured thab



W

whe plane of the cxysibal face wan horxizontal during ite passage
whrough Hhe tempevature gradient.

Shexrwvood and Thommonﬁz have steted that o sbdasgp
tenparsiuve grotient is essenblal for the growth ol good cryastals.
The temperatuvre of the pavaffin oll-vater was therofore malnbains
at 40°C whilc the bottom boaker was kept ot «F8°C by the asetone~
driceld slush and the crypitals obieined uwsing thiz temperatuwre
Rifferency vore of good guallby and opticalliy cleaw.

Malbting Poldnt Apparetus

A freezing point ourve was reguired o obtain the
mnelting point of the bemsecne crystels and %o deduce the mole
fraction impurity accoxding %o the formmliae of Guggenheim and
?mua@a'[Appmndix Yl A meliing point apparatus vas gongtruciod
o obbaln this cuxve [Fig. 6].

A double walled glaps veeseld A, 12 inehes in length
and 2.5 inches in diamesteyr was evasusted %o & pressure of
10“3 BR. 0f Hy and wee sealed at 1ts open end by mepus of a
B.49 socket and shopper. 4 place of czystal wae placed in o ﬁ
inch dlametexr glass subse B, which wes supporied by & cork im $ho
middle of the vacuvnm vessel and at a distanee of 2 dnches Firom
the foot of 16, A gopper xod G, bent ab one end into & serics
of %glineh diamever vings passed through a central downcomer Subo

in the D.49 svopper into the benzene solution. The x»od wan
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FIG. 6 MELTING POINT DETERMINATION APPARATUS
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roised and lowered by gearing eattached to an él@@twis wetor and
the motion of the rings thoroughly mined $he solution while the
gxperiment tock place., The connemting wires attached o the
standardised thermigtor D, which wes placed in the middle of
the »ings, also passed Shrough another downcome® Hube.

Tho thermistor was connectod into o stendavd Wheatston

brifdge systenm and the c¢ircult belanced wing & veriable vesistance

docade box aad gpot gelvanomeler.



ERERRINBITAL PROCEDURE

Tinyl neoetate, obisined initially from Shawingain
Chemical Co, and leoitberly frow Distillers Company Lid. was
Aistilled in an atmosphers of prepurified nitzxogen im 2 6 T4,
vasuum Jesketted column containing stalnless steel lLessing
"Hy Q@m%a@%ﬁ TLags .

A% the top of the colunn the condensate from one of
five water cooled fingers was talken off down snother condsnser
which also condensed any further vapours which were csaryied over |
the etream of nitrc@@ma‘ The condensante themn passed into ancther
gubdivider by which 1% could be directed inte any of four 500 ml,
Tlosks. Rach flesk had a mereury seal and the whole spparatus
waz LXushed out ovevaight wvith prepurifisd nitrogen to preventd
any possible oxtdabion procees of vinyl asceitate in the vapour
ptate. At the foot of the 3%d and Ath Llasks & tap onabled o
samplo of the distillate %o bhe taken and an ultraviolet spectrum
of the ssmpls gould be vaken 0 study the purity of the distililet
at these stages, Gonerally aftexr 2 litzer had been discarded
200 ml, of the.monomey were collected under nitrogen the distille
tion heving been conducted for 12 to 13 hours.

The moncwery wap trarnsierred to the veacunm line
where Xt was thoroeughly degasszd and diztilled into a flask

gontaining & few ¢rystals of imitistor. It waz slowly polymerise
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%0 approximesely L0% co&ver&iQna A xotating arm vas unsed Ho
el@waté the fiesk to break the skin which nmormally forms om Stop
of the monomer. This prepolymerisation was repeated and the £°na
dintillate wan k@pﬁ'at «75°C under vacuum unitil required,

18
Praparation of l:l’-aznobigcyclohezens savbonitrils

o :
Qo + (NH,NH, ) + or~ s < >s+/;-mnm < >
N ~ Bmomin@

11.9 gm, of hyﬁr&min& sulphate, 16.2 gun. of syclohoxaunone and

12 gm, of potessium cyanlide woere mixed in aqueous solution and

shakan for Sgo day. The digubaitituted hydrazine separabed outb

as a y@l&bw s0lid and wes filturcd off and mixed with 2% ml. of
ethanol and 50 ml, diluste hydrochleoriec acid. The mizture was
coeled in melting ios and broming water was slowly added with
vigoroun stixwing. The sroduct which seperated ount as a white
polid wes rocrystallised from 95% othanol %o & constant BePo OF
LI5°G |

Grouth of Bompzmene Crvatals.

Tha benzeng cwysﬁgl was grown in a2 pyrox glaass tube
which was 6 inches long, ¥ Inch in dinmedeor end drewn %o o {ime

capillaxy 3 om. long. The capillary wen £illed by beiling o
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littls of the solvant in she foot of the tudbe and further
honzene added i1l the ftube wap three quaxters full,

The growing vessel was then hung on the upper helf
of the central tube & Just above the position of the temporature
gradient until the solvent bed weached Vemperature sguilibrium
with i%a eurcroundlugs.

The tube was then lowexed at approximately %/mm hyo
and as the vip of the tnbe passed the melting point isothermal
pucleation cccurved abt the tip of the capillexy. The singlo
eryatal procesdsd %o grow ams the %ube passesd through the
tomperature groadiont.

After 4-5 days the growlng tuvbe was withdrvawn end
placed in an zecetone«dricold mixture at the ssme temperaturs as tk
geetone in flask D. This prevented the crystal sracking due to
thermal strain when placed in the deep freeze., The liquid
beaxens above the singls cxrystsel froze forming polycwrystals aad
theee were cul off as they conitained the lmpurities of the system.

Meldting Poin?t Desermination

A part of the single cxystal was placed in the central
tube aud when it hed aelisd the stirrer woas alterted. After
conditions had stabilised the clveuit was balanced wsing the

decade remistance box.
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An seetone~dyicold mixture wes placed vound the loverw
half of the vacuur vessel and 8 the bensene siowly cooled the
varying resistance of the thermistor ﬁa@ balanced usging the
decade box in the oppeslte arm in comjunchtiom wilh the spot
galvanonetexr. Resistance readings were taken every minubte and
2 freezing point curve of resiviance sgainst time plotited. From
this the melting point of the benzene and the mole percentage
impurity were celoulated. [Appendix 1],

Pilling the Dilstometer.

When the dilatomster was wvequired Lfor use the
constxistion et D {fig. 3) was carvefully sollapsed under
vacuug, JThe dilatometer was then calibreted wvwsing A.R. grade
soatone., The acetone was then removed snd the required quanéity
of dnitistor introduced inm a solution of freshly distillad
chloxoform {anaemthotic grade) snd pumped off under vacuum.
During ithess operations $he dilatometer was tilted to cover the
gcongbriction at D with solution and minimise the posasible eniry
of air into the side arm.

In most experimentsa it was necessary to introduce
solvent into the dilatometer. This was done using a 1 ml,
bureste or a mlorometer syringe for very zmall quantities,

The solvent was then dogavsed by repeated freezing, svacsuwating

end hesting to room bemperature.




Purified nmonomex, storzad on the vagvunm line wow
digdtilled lnto the reamctlon veassl 4o o predebermined ievel.
Phe dilatometer was then cooled with an scetome-drigeld mixbure

nnd senled off,

Hon-Stationary State Buperimental Techulgue.

The leadn ¥ and ¢ wewxe soldersd %0 scyecnsd leads from
the amplifier inpué end naxrow rubber tubes were slippsd over the
pide arme Bo prevent water entering them.

The diletometer was then immevsed im & fixed popition
in the water both and the 7eacticon mizbture mllowved to atitaim
thernel squllibrium, The auplifisr snd mercury ars lamp wore
then switched on an left for 30 nminutes o stabilise,

With a chert spasd of 12 inchesfwmin. & known %est
voltage was pubt through the cirendt for § seen. %o calibrate the
syotem At the desired amplification.

The ryeaction was sitarvted by sctuating thes elestromagnet
%0 pull the shutter aside.

The rime in tempevetars of the weaction mizture was
ohgexved on the pan recowdsy and after 30-39 ssos. the shutier
was weplaced, wvoppling éha raaction.

Trom the chart trece bthe rate of rerotion and the
1ifotinme of the kinetis cheim radical wexe obtained at one

temperature end light intexsity. The procedure was vepeated forx
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differant light intensitles and tempersjures, cach determination
being repeated at lozst onge.

To gomplete the polymerisation took several weeks nnd
o prevent any dark rate the dllastometer was lkepdt in an acetons-

drigold mixbure overnighit and during weekends.



E X PERIMENTATL

RESIUOTLTS
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BBullk Polymerisation of Vinyl Acetate

Initielly the extent of convewsion of the reaction
was followed dilatometricelly unitil the meniscus in the
galibraited central arm beceme distoried. Subsequently the
conversion was caleulmted from the measured Tate of reaciion
and the known dark rates The acsuracy of the final estimated
converszion was cheoked by weighing a thin slice of polymer,
pamping off the residﬁ@l monomer overanlght and yeweighing.

| The catalyst cowvcentration for the non;stationaﬁy
' " =1
piade experiments was 4 x 10 moles litwe .
Table L Variation of radte and kinetie chain lifetime wibth

a2 s s B AT AT TV

extent soanversion at 25°C and full light intersity.

Extand Rase of « 106 Einatic Chain.
|Gonversion  Reaction - Intercept Lifetime
% noles léa S“& ‘ K 3
5 5,95 2.3(%) 0:4(3)
10 4,04 ~ 2.3(0) 0.3(6)
20 A.3% 2.3{0) 0.3{6)
30 4,42 L 204(3) C0.5(4)
40 5050 2.4{5) 0.5(8)
50 539 T 2.6(0) 0.8(0)
60 5.1% 2.9(8) 1.3(3)

A plot of ingevcept against the roslprosal of tha rate

wes drawn and the lag of the instvument was obiained from the
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internection of the plot with the horizontel co-oprdinste axis
{(Fhg.T). The kinebie @haiﬁ lifetine was thew calenlotod,
Yhe seeond Ligure afber tho deoimel point has been in@lﬂ@é@
in the valus of the kiretile chein lifetime bus only as an
inddestion of tho most probable velwe of the Fived Flgure,,
@offe Do4{8)n. 18 most probebly 0.5 s.oand. to facilitate the
dedustlon of other quentifiss fromT. eogo E%o

The rabte of reastion is r@laﬁively congbans wntdl
about 20% comvexsion. It then b@@éna %0 ineveese aand ntbnins
o moazieus value sbout 50% conversion [Btgu 9] The kinetiec
@hnin 1ifotimos are aluo constens Hill 20% m@&v@ miong b then
increase gredually as bthe termination step hovomes more A3LTiculs
due %o bthe viscosity ovr gol effect [EEQOEOJo The wisze opiby
effeet wan Tiret sugzested by E@rsgah'an@ Hmi b ?rt egplgim
o pronounced imoresse in bhe »ate of polynorisation off nethyl,
nethoorylote afbowr 10% converaion. They &uggas@@@ﬂ that as

I'&‘

the viocosity of thoe sediuve iptrecacd, the rate of terainchion

®

would decresse and since the wrate ﬁf_pr@p@g@%iom romaing

songbanb, the ate of rxe ﬁ@*l@ﬂ wild, inereane. This was devoloped

!

by'Tr@mmd@xfflgﬁvggp ®who ineluded mmhe%amaag.ﬁq ineyense Sho
viscosliby of the polymerisileg medium and consquently obiainsd -
incraeaped raﬁa@-@f.rém@%iégo The tevm "gel effect’ was fived

ny

N . a4 . e
unad by Burnett end Melville'. 'who denornotrated that the pel
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FTormed by the incresse in viscosidy of the pelymerising
medinm caused & degrease fa the rate of bSermination end thad
the onset of the gel effect could be varied using good or
bad wolvents.

Datermination of the Intengity Bxponent,

It is important o doteemine the nature of the
tormination step iR & polymerisation resction in okder to
apply o corvent or wmodily an existing kinetic scheme. Ii,
in & free zedlicnl systam, terminaticn coCMTs between buo
radicals then this is terned second ovder tgfmimation with
rospect to the vedisal concentration. If terminetion cccurs
between & redical mnd » nom-vadical speacies then the Toagtion
i first gvdax wiﬁh E%ép@@% %0 the radicael concenbradtion.

The relation bhetween the radte of reactlon and the

incident light intensisy ean be expressed in the foliwwi&g

MEREB L
3 I, -
__‘Z;:” © m‘i» uouonoaoonnoooqnoo(lg)

whexe Z, 1s the rate of resction at light intensidy L
and 2, io the rato of reaction at light im@@msity Iy &
B is the intensddty szponont.
For sweond order Germinabion whare the wate is pﬁoporﬁion&l %o
the wguaxe coot of the initistor comcentzation (equetion 2)

n o=}, Por firvst orvder tormination, since the rate of
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repction ig propoxtiomal Ho the inltimsor comcemtration n = 1,0

if the texmimation step is a mixture of firat and
second order repctions then the value of n will be between
i, and 1.0, The inbtennibty azponent wes determined fyom bthe
slope of the straight line obtoined by plotting log rate ngainst I
light inbtensity [Pig. 8].

The intenslty of the incident light wan vexied hy
pleaeing wire wesh scroens 4n the heam of light. In el cases
the thicknesa of the wire was less thar 0,005 inches im dismeter.
Tha trensmission of the soroens was detewmin@d using a Unicem
spectrophotometer. By measuring the intensity of lighs of
vevelength 36%0 E falling on & photoelectyric cell bhofore and
after o soreon was inserted, a direct reading of the tromsmicsion
wvas oblained. The values of the sereens woza 65,80, 48.5%, 35%

and 24% of the full light indomsity.
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Table 2 Variation of the rate and kinetic chain lifetimes

with extent conversion at 25°C and at 48% full light intensity,

Extent Rate of x 106 Kinetic Chain
Conversion Reaction Intexcept Lifetime

% e L T ok han 8 | _

5 2.87 2.6(0) 0.5(5)
10 2,61 2.5(5) 0.5(0)
20 2.17 2.6(5) 0.5(8)
30 2,90 2.8(5) 0.8(0)
40 3.37 3.0(5) 1.0(0)
50 3.32 3.3(5) 1.3(0)
60 3,35 4.0(5) 2.0(0)

Table 2 indicates that the variations in rates of macti;m and
lifetimes are parallel to those at higher full light intensity.
From the derived kinetics the kinetic ochain lifetime is inversely
proportional to the square root of the initiator concentration

and consequently it increases with the decrease in light intensity.

Table 3 Intensity Exponents at 25°C. L, = 0.485 Ly»

Extent Rate of Reaction x 104 Intensity
Conversion Full Intensity Reduced Intensity Exponent

% moles 1~ s~ moles 1 &~

5 3.95 2.87 0.55%

10 4,04 2,61 0.53

20 4.11 ' 2.77 0,54

30 4.42 2,90 0.54
40 5.30 3.5% 0,62

50 5.39 3.32 0.65.

60 5.12 3.55 0.62 Ak i
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Thy intensity expoment Indicates that the termination step

is second order with roppsct %0 the redical cémuentr&tiqn tidLE
650% conversion,

Pabhle 4 Variastion of the rate and kinetic chain lifebine

.y LIRS TER 3 e

with exteont comnveraion at 35°C and Lull light intensity.

Exbend Rate of _ . Kinetie Chais
Gonversion  Reaction & ° Intarcept Litetime
. wd
P woles L~ S 8 8

3 5.2% 2.3(0} 0.3{8)
10 5015 2.3(0) 0.3(6)
20 5047 2,3(0) 0.3(6)
30 5075 2,4(0) 0.5(0)
40 6,77 2.4{0) 0.5(0)
50 6,75 2,5(5) 0.6(9)
60 T.04 3.0(R) 0.9(7)

With en increasse im btemperatuze Lrom 25°C¢ %o 35°C - decrenss
in the gal offooct would be coxpected. However the proporitional
increase in rate at 35°C 48 comprrable with that at 25°C
although the kimetic chein lifetimes ai bhe leter stoges of

conversion are smaller smd the rate is still increasing.
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Table 5 Varistion of the rate and kinetis chain lifetine with

@Kt@nﬁ converaion at 45°C end full light intemsity.

G

Extony

Rata of

Einotic Chain

Conversion Reastion x 108 Intercept Lifatine
% moles 3" ® =* 5 6

5 6,40 2.3{0) 0.3(6)
10 $046- 2.5{0) 0.3(6)
20 6,90 . 2.3{0) 0, 3{6)
30 7;5? 2,3(0) 0.5(6)
40 7.86 2,3(3) 0.4(0)
50 8.49 2.4(5) 0.6(0)
60 945 2.5(%) 0.7(2)

The increase in tomperature brings the resultant ﬁm@r@&@@

in the rote of zeaction [Flg. 9] and the kinetic ehain lifedimes

ars egain lover im the regiomn of 40 %o 60% comnversion [Fig.20].

Although the repetions were not generally carxied beyond 60%

@onv@rsiono & pravious eéxperimental dilatometey had shown that

the rete begen to fall at T0% comversiom.

T™he gel sffect does

nos seem to be perticnlerly lerge since the preportional

increese 8% 45°C 4s grester them that at 25° and 35°C.

A probable explanation fof_th@ small gel e¢lffesct could

be that the molecular weight of the pelyssr ves low end tho

solution wes consaquently mot as viscows. The imitial rTata

of polymerisation was elmosi twice that of previous workers due
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to the greatey ﬁmﬁ@naiﬁy of the imgiﬁ@nt Light end this would
result in lowewm m@l@éui&r welght polymer. This is algo supperved
by the shortness of the kinetle chein lifetines.

Another possible explanation is thet the gel e¢ffoud
obtainad by other workers was  increased by the presonce of
impurities in theiw ﬁys@@mu‘ If this vwes so, then the vaine of
kﬂ/%@ for this work should bsmuweh gvester than those gquoied
in the literaturs. Since Lhey are compexrable, this
sxplanatlion canros be qorrect

Desermination of the Velocity Cosfficients of Propagation and

Tormingtion.

The ratlo of the velogity coefficilents was devermined
from the slope of the line obtaimed by plotting the reciprocal
of the rato against the measured iuntercept [Fig. 7). Since

the kinotie chain lifetime has been found, the separate veloeity:

‘goefficients can be szlcevlated if the rate of indtistion i

knowin. Phe rate of decompusition was taken Trom the litaratnraﬂ
and was gliven as 5.2 % 107" moles 17" &= for & rate of veackion
oF 7.0% hr.™ | | |

This has been smended since the diph@nyl ploxyl
hydrazyl vasd @ogﬁain@d one molecule of crystallisation of
bensone. Assuming an i&iti&ﬁdr efficiency of 0.%, the corrected
rate of imltiablon is 2,17 z 107 moles 1™ o™ at 7.0

polymerisntion per houwr,
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Since the sguare rooi of the rete of Initiation ia
proportional to the rate of reaction, & rate of 14.2% per houwr
2% Zero conversion gives & value of 8.9 x lowg Boles lqﬁ B <
for the rate of initiation. The values of kp and kt ealoulaied
using this valus sre showa inm Table 6.

Pable 6. Variation of velocity ecefficiends with exdent

P

convexrsion at 25°C end full light intensisy.

- -
9% & . 1 mole~ & 2 mele™ &
5 0.45 WY 860 T6.0(0)
10 0036 1,17 1010 8.6(7)
20 0.36 1.43 1240 8.6(7)
30 0054 - 2.18 840 5.0(%)
40 0056 3,08 1030 3,3{6)
50 0.80 3094 700 1.7{é}
60 1039 6027 400 0.6{4)
Detgrmination of Emergise of &gtivatignn
The relationshipy between & veloelty coefficlient and
mc%ivatioﬁ onergy may be oxpraosed by the mormal Arrheniuvs
equation,
Ik = A @xp‘:’gfﬂil‘ e evscosnsoasssosooo(20)

The overall astivation energy B, can be determinod

from the plot of log rete against the reciprocel of the ebsoluie
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tomporature (Pig. 11]. Similarly the setivation energy of
%ermina&iem.mﬁ can pe obtalned from the slope of the siraight
line plot of l@gioméj'againgt the weciprocal of the absolute
TORPOTHENDR o It can elso be obbained By pletiing log , R%fk@
agninet the reciprocal of the ebsolute temperature [Fig.l2],
Beth m@thédm have been used to Qﬁ%&in 2 value for tho setivation
gnorgy of bterminetlion and both values have heen plottad 4o verify
any general trond in the polymerisation.

Binee the termnination step im-m@@oma ovday with vespeat
to the wadical comeentvation the SN LGy of propagation Ep» can

be obteinod €rom

E@ 2 I@;p m%}?}ﬂ; ooneuouoooooooooo(gl.)

Pable 7 Veristion of velosity cocfficionts with extent

TN AT LS R

convereiom abt 35°C and Ffull light intensity.

Extent Kinetie Chein kp/l‘ % 108 It by, = 07
Convorsien Lifetime ’ P 4
% 3 1 mode & 1 mole &

5 0.3{6) 1,80 1560 8.6(7)

10 0.3{(6)} 1,62 1400 8.6(7)

20 0,3(86) .20 1650 8.6(7)

50 0.5(0) 2.79 1250 404(9)

40 6.5{0) 3008 1380 404(9)

50  0.6(8) 4055 1040 2.4{(0)

60 0.9(7) 6,40 760 1.1(9)
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Eo= 4-6 x GRADIENT kcal.



Table 8 Vaviation of velocity coefficients with extent

PR e R RS AT

conversion at 45°C end full Light intensiiy.

oh & i mol@miﬁai 1 mal&mﬁ 5=

5 0.5(6) 2,11 1850 8.6(7)
10 .36 ) Red2 200 8.5(7)
20 0.3(5) 2,51 2380 8.6{7)
30 0,3(6) 2,68 232 8,6(7)
40 0.40) .40 2440 Tod{T)
50 0.6(0) 5015 1750 3.3(6)
60 0.7(2) 6G.56 _ 15&0' 2.3(7)

A% nll thres tempsratures kp increases during the first
40% convernion amd then decrehsen during the later steges of the
pélymewisa%ion while the weloelty coefficlent for terminatlon
rvemping constant duwding the indtiszld at&g@m'mnﬂ Bhan bégine ﬁo
ﬁemr@@mén

Tadble 9 Varistionm of activation onorgiss with oxdond

VYRR ST AN TR Tty -

conversion,
Extont K, f. derived By derived B
Convewslon fEom T Tirom kp/km P
% Kooals, kKouals. koo ls. k.cals.
5 - 4.8 - ) 2,2 4.8
10 b4o% 0 G , 4o3
20 8.7 o , o 4.7
30 4o 3 o2 6o 3
40 &5 6.0 T2 Toh
50 4o 6.1 4.6 To7
60 508 1.8 1o 11.7
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The sgwoomont beitwesn the agtivation enexgy of termination
derived fronm the twe gources is quits reasonable EFigo 1§],

Mieoussion ¢f the bulk polymerisstion of vipyl acetabdy.

The west obvious feaiture in the bullk polymerisetion ip
the obviouws lack of gel effag¢t in the sarly stages. Previous
workers heve anoted an immediste sccelerxation in wate @&p&@i&lly
at 25°0 and 2 greabewx propozdional ineresse in %the zate ot $he
lowor Semperetures. PThis hes not ocourred in this woilk since the
rate 8t 25°C is almosh consdant For the-firéﬁ 20% GCORVSETILOR
nad the rabe ot 45°C over the same poricd hes increased., I
she gel effect wen opesrative then she lifetimes would also
increand mpd the veloeity coefficient for tervminotlon should f213
due b0 bterminetiom becoming mere difficuls, U ither has
aocurred. Alpo monemey diffusion is not affeoted s k
appears %o incresse av all temperaivures. Hipcs the g2l effect
i a viegomity @ff@@t ﬁhe mg&%@m mﬁs% consisd. of monopsy
and low mmlé@ulaﬂ weight polymer end the solutiom viscosiidy
must be 1@as‘th&n that obteined by previous workayrs.

&f%@f 30% %o 40% comversion the value of kﬁ beging
to decroese dwe to the veschion mixiture besoming viscous end
making 1t mowe difficult fow the polymsy vadicals to diffuse

vogether and tevminaie. Thore 4s a covrespording inerease in

the value of the kinetie chain lifefiimes which one would expect
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From the welaelbtionghlp between the kinetvie chain lifetime aund
the velosity coafficlent of bterminaticwn. These changes azo
vaflected ivn the setivation energles. With %ha_imc?&&s@ in
the difficulety of termination of the vadleals B, begine to increass
fzom the sero valwe 1% had duriag the inftlal siages of the
polymerisation while Ep alse incyeases. Hovever the inercase in
E@’@@@@ not sause eny merked lewering of By [igo. 14] since themwm:
is as layges a proporiéionsl increase in the rate of reaction ab
45°C ro there 1s ad 25°C. The value of Ee %h@f@for@ TRME LG
fairly constant. |

A% 50 to O60F conversion the incrsasing viscosity of
the aystom Is reflectad in the increase in valus of the kimetle
chein Llfetimes and the Qosrease in valus of Rko The vaiwe of

&

kp aloo falls due %0 wopomer diffusion h@@omimg mory difficuls,
This is wot parsicularly spparent {rom the rate of resction sinse
the f8ld in kt iz suffigient to counterset the doorcase in k.
This is demonstrated by the fact that Eu begins to riss sinee
the inerense in Ep conponnates For the.lnavsase in Emo

Therefore, inivially the bulk polymerismbtion of winyl
aoetate appeexrs to be & roactiom minbture through which the
monomer polymey chain radicals cen eaaily diffua@ and the reactlion

iz then controlled by individuwal chenical properties. As the

viscosity of the mixituwre incrempas the rete of polymerigotion
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increases a8 Lt becomes miowve ALTficult Yoy the radisals %o
diffua@ togather and tevminate. As the viscosity of the systenm
incvenses ord the concentration of monoﬁ@r ﬂ@cfemaag'with
gonversion ﬁh@ diffugion of monomary beﬁumeé controlled and the
rate of propagatvion falls. ﬁhen_thﬁa'occura the wrate of reacticn
w111 begin ¢ fall with inereasing conversion.

Comparinon of Resulte with Lldterature Vsluep,

It is worthwhils %o compars the veloeilty coefficionts

aud activation onervgles obiceined especially as there is & marked

decrense in the gel effect. The valuss For !

el

a&nd kﬁ aRc L
rassonsble agreement with thoze obtained by other workers.

Fable 10 Vslocity cogfficlents foxr Gthe phmiominitiat@d bulk

[RERS S S S

polymerination of vinyl scetate at 25°C,

Refevonee uﬂkpu . P %g s X
-1 mole & 1 mole £
This work B840 6.0
A
Dengengh and Heiville 895 : 204
Dengongh and Fmrgua@ﬁh 14690 14.6

4 similar cowparison beityveen the oversll and fermination
astivetion onergies demonuitratesn that these are lu good agressont

with the pablished literature valuswe,
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Table 1l Activetion ensergies fox the initial stages of the

P ]

bulk pelymexisation of vinyl acetate for the vange 25°C¢ 4o 45°C,

feference | By ’ By
k.oala, kRoCala,
This work 4.8 0
3
Bengough and Melville do2 1
8
Bengough and Ferguson 5.8 0.8
, aw
Burnett and Melvillse do4 0
46 :
Dizon~-Lowis Bo2 Q
. 4
Matheson at al, 4.7 Hod

The valus of By, saleniated by tatheson gt al would appear to
he voxy higho This wae obtained from the seotor ﬁ@tnm& whéﬁ@
thera pan bo a fastor of 2 in error in %h@ld®$@rmina$ion of the
Ednotic chaiwn lifebime depending on the msocurmcy with which
the prdactical curve cam be fitted to the theoreticel curves.
&pérﬁ from thﬁm rgsul% theve is good agrecment with the othey
literaturs dato. |

Polymerisation of Viayl Acetnie in the Presence of Bongzene.

In the feollowing section the respulte of the polymerisationm
of viﬁyl acotate in the presence of benwens will be examined in
an @tﬁempt to ascertain the manner in which the-aoléen%'reﬁards
the remction. The monomer was polymerigsd in the presence of

| 2:%9 5 and 20%'vjv begnzens. Since it was very difficuls o



duplicate the kinetic chain lifetimss where the wete wes asg low
es 3 ® L0 moles 1L 8 no greater dilution was atbtempied. It
wes also eslculated that im the presence of 20% benzene mosts of Hhe

initlator was being consumed st these lower vates though this

will be commented upon in the appropriste seebtion.

The Polymezisatlion of Vinyl fdcetate in the presence of 2.5 vly
Bonzeno. |

Tha @&lcglétion to obtain the wate of pelymerisstion
(Appemdix 2} involves & kuowledge of the gﬁe@ifi@ heats of the
ppecies present in the aystem, While the addition of » small
gquantity of solvent does mnot paviicularly alitey the specific heab
foctor for a monomer-polymex mysiem, the effect is considerable
vhen lorger gquantltlies of solvent ave preaénﬁo It wap assumed
thaet the specific heat of the mixture varied lineavrly with Hhe
anount of benzeng piessnt. The inldistor concentration was

8 wd
4 £ 10 nolas L
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Table 12 Variation of rate and kinetie chain lifetime with

St ey

extent conversien at 25°C ard full intensitdy.

comvennson  Botavien =10 Gwtescepr  Fpfetic oueis

% moles 17 &7 & s

5 2,52 0.6(4) 0,9(2)
10 | 2.46 0.5{0) 0.7(2)
20 Ro47 0.5(0) 0.7(2)
30 2,75 0.4(%) 0.6(5)
40 2,66 0.5(0} 0.7{2)

50 2,65 0.8(0) 1,1(5)
60 2,91 1.3(0) 1.8(8)

The eifect of the addition of only 0.281 moles 1™ of
bengene is quite merked., Tho rate of veactiom [Fig.l5] is
sonpidexrably f@@ueaﬂ,while the kinetle chain lifetimes ere greater
at each particular coaversion [Pig. 16]. Although the raoio
of $@§@ﬁion is $e$aﬁﬁ®ﬁ9 tha gel effest is a%ill prescuns.

The proportional increspe im the vate, however, is mot so groad

s bthat noted for the bulk polymerisabtion,



s o
o/
ol /
L]
./
® ) O/
4t O/
Bt
4]
I O/
4 = /
AATE x 1O o L) o)
(molcs I":") O o
2 -
l -
(@) | 1 | | 1 |
o) IO 20 30 40 50 b0
EXTENT CONVERSION (°/,>
FIG. IS VINYL ACETATE PLUS 2-5°/o BEN ZENE. VARIATION

OF RATE WITH CONVERSION

€)1 :23°C @ L &3°C @® 45°C




59

Table 13 Verintion of rate snl kinetic chain lifetime and

AL L AL i S Y o

intensity exponenegth ait 25°C end reducsd Light intonsiiy. L, «

00485 g o
Extent Rate qf % 1od Kinetic Qhaim ‘Intanaity
Comversion Reachion, 7, Lifetine Bxponend
% moles 17 & 5 s
5 1,56 1.4(4) | 0,59
0 - . 106?  1.1(5) 0,59
20 . ‘1065 | 1.1(0) 0.63
fm 1.75 1.3(0) 0,62
40 1,67 1.2(3) 0,62
50 1.72 1,8(0) 0062
60 1.86 2,9{6) 0,60

The rate at this reduced lighd in%@nﬁ%ty ic naturally
lover then at 100% intennity while the kinetic chaimn lifodimes
BN @mrr@mpgﬁdingly longar. Although the intensity exponent
o rather greatser than 0.5 it wounld seem moxe probable ﬁh&%
the torminabion step is mecomd order with rospech o the redical
eoncantration as has been foumd by obher womk@r@%G& Bongongh
and F@rgumoﬁ obtained an intonsllty ezponent of 0.7 for thiw
particular concentration of benzene and  aosumed thsat mized prdew

torninntion was ocomrring. However, since the best intonsity

exponent obtained for the bulk polymorisstion wes 0.54 epd allowis
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for experimgnital erroxr, the valug of 0.59 cem be taken as &
ronsonable indication of second order termingblon. It cpn only
be assumad that the high intmm&ity exponen%_abt@i@e& by
Bongough and ﬁ@rguaan was the result of 5 0ma inpurity being
pragent in the systen

T@@l@méﬁ Taxriation of wate, kinetic chain 1if@%ime and

R AT I aata

im%@m@ity grponan’ at 35°C and Tull light intensilby.

% nolen g 8. 8

5 3,52 0.4(5) 0.6(5) 0.59
10 3031 | - 0:4(5) 0.6(5) 0055
20 341 Q.4(5) . 0.6{5) 0.55
30 3,56 0.4(0) 0.5(6) 0.58
40 3,65 0.5(0) 0.7(2) 0.60
50 3.85 0.6(5) 0.9(4) 0059
§o | 4017 ' 0.9(3) 1.3{4) 0067

Yhe rate of resgdion {Figolﬁj &t 3590 is graator then
&% 2596 fox similay @opﬁiti@n@ while the proportionsl drop in
rate compared with the bulk p@lym@ria#ﬁi@n ia-the 5800 fgr hqﬂh
tamperatures. The kinetis chain lif@%imesrar@ egain groater av

all conversions thanm ihose of the bullk polymexipation [Pig.16].
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Table 15 Voridtion of rate, kinetic chaim lifetine and

sl DA STTI S

intensity exponent at 45°C and full lighit intemaity,

Extant Rate of _ ;.4  Kinetic Chaimn Intensity
Conversion . Reaction Lifetine Bxponert
ol wd .

5% moles 1 3 N | .
3 fo22 - 0.5{(0) 0.61

R 4036 0.5(0)  0.63
20 C 4e45 0.5(0) 0.59
30 - 4.63 0:.5(0) 0,55
40 4,81 0.6(5) N 0.64
50 5,24 - 0.7({2) 0.60
G0 %.78 1.0(0) 0.67

The kinetic éhain lifetimes Ffollow a similar pattern to those

in the Hmlk polymmwisatiomo They are consbent till 30% conversion
wh@nrgh@y hegin 0 in@ream@o_ ?h@y'are; @f course, greater thamn
the values obiained for the kinetic chain lifetimos of the bulk
polymerisation at HThe ssoe conversion. The incresse im the
Kinotio chaing lif@%im@m at the later stages of convervion would

indicate the occourrence oFf a slight gel effeet,
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Tabls 16 Yariation of velocidy soefficisnts with extent

AT S AT I TR T

comversion at £5°0 and Tull illumination,

-
Gﬁiﬁgg;iam kpakﬁ = 10& kgﬂ cadl ) ht_xmjo
1 mols g 1 mole &
5 B 2.1% 260 1.3(2)
10 1.46 520 2,1(6)
20 1,42 310 2,1(6)
30  1.80 480 2,6(7)
40 1,85 400 2,1(6)
S0 2,97 250 0.8(8)
60 - 501%L 160 0.3(2)

Bobh k and kg follow sinilar puttern to that followed by the

sovvesponding volowity coefficionts in the bulk pﬁlymeriﬁm%ﬂaﬁo

The wvalue for the velocity coefficient of propagation ripes from

the  4duitial stages of the polymerisaiion $ill about 40%

gonverasdon when it beglms to decresse, Boith coafficients have

lower values tham inm the bulk polymerisation indicating that

both propagetion and teraimatiomn sieps are mot occurring as

eaaily.




Table 17 Varistlon of velocity coeffisients with extent

gonversion at_ﬁﬁmﬁ end full lllumination,

63

0
66 | 1 mele™ & 1 mole™ &~
5 2,00 530 2.6(7)
26 2.45 650 2.6(7})
20 1,69 450 | 2.6(7)
30 2,06 730 5.5(4)
A0 2,51 $40 2.2(6)
50 3,50 420 1.2(8)
60 5.27 . 350 0.6(3)
Teble 18 Vaxiation of vaioéity coefficionts with extent
convorsion at 45°C¢ and full 1llumianadion.
: =7
Convereion kyfkﬁ % 108 5 Ky =30
% - ~ 1 m@l@agx“l 1 mnl@glémi
5 2.1% 950 4.4(0)
10 1.86 ’ 625 303(7)
20 - 2.62 1150 - 4.4(0)
ﬁé .. 2,11 930 4.4{0)
40 2,94 789 2.6{7)
50 . 3e51. 760 2,1(6)

60. 5067 625 _ 1.1{0)
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Thoe veloclty coefficients of propagation and terminsition
2% 35° and 45°C exhibit o similax pattern with respecet 0 their
connterparts in the bulk polymewisation.

The setivation energies for this polymerissition were
dexived from the sams sourcees av those for the bulk polymerigation,
Thus Ep oaa be derived frem K, = Ep = %&E% singce we have assunsd
that the termination atep is in fact sscond ordexr with respecs
%0 the wyadisal concentration.

Table 19 Varistion of sctivation energiss with extent conversion.

Gon$§§g§Zm B, By B, fﬁgm B, fwom kp/k%

% - kooals kooalo k.cal. k.eal.

5 5.4 9.4 11,2 EX
10 5o f 8.9 604 8o%

20 563 8.7 8.8 Go3

30 5.2 To7 409 6.5
40 6.0 B0 3,9 8.0

50 6.5 11,0 8,9 0.1

60 6.9  12.9 1209 1309

Thers would appeer w0 bo & lavger verilstion in By derived from
the two Aifferent sourcss than thers vas Lov the bulk polymevisa-~
tion [Fig. 17].

Normally E. im obtaimed from the p;ot of 1@@10-%? againnd
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the re@iprocal of the absolute itemperature. However this
value of T iz obbtained from only one polnt on the plot of ﬁ%%§
againot the meeasured dntesrcepit. It was thought thet 1% would

be hettex Ho obiain an sverage resulc from the slope of this
straight line raﬁher than an individual vepuld for & single point
o it%. The value of By is then obtained by solving the two
pimple souaitionsie

f - A4 ;
E‘P ‘@ E'@ ” E99

o == E = z)o *

B - b
% dn the velwe af Ep - Et obtained fyrom the slope of the siwaight

line plot of 1@@H§p/k% sgainst the weeiprocal of the abmoluie
temperature. Any error in selecting the cerxect line fxom the
piot of ﬁ%%é pgeinegt the wmeasured intercep® or in determining
the overall astivation enewrgy B, [Fig.181 will consequently bs
veflected Iin the final value of Eta

Piscussion of the Polvmerisation of Vinvl Acetsate in tha Fregence

of 2.% v]v Banzone .

The wost striking feature of the polymerisation is the
narked decreans in the rate of reagiion for the addition of smuch
2 small guantity of éolventq A%t 8l three tempsrebures the initial
vate is enly approximately §§ of the @orr@ap@ﬁding bulk polymerian-
tion wates The gel effect is still vperating in the sysien
for the rates of reaction increase with conversion, The values

for the kinetic chain lifetimes are greater than the corresponding
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values in the bulk polymerimation but szhibit the same patbtern
af behaviour i.e. Bhe vaine remainm consiant $ill about 40%
conversion whon they begin to increase.
There ls also a very close mesemblance when the
velocity coefllieclientn of propagation and termination axe
cone idered. They epre lover in velus than their counterparss
in the bulk polymerisation bub rise and fall in & similar memnow,
A compavison between the sctivetion ensrxgy of termination
for the two systems illustwates that the zddition of the solvent
radically altexrs the polymerisation process. -Fox the initial
ghtages 0f the bulk polymerimation Et is meve. Dut for the
additilon of 2.5% venzene Et varies between L0 and & k.cals,
slthough the dotted lime in Fig.l7 indicates & mowe probable
value for B, at theme initiel steges of converslon, Since E,
is s8lightly greasbter than for the bulk polymerisation this
represents an dnsrease of at least 3 kocaelws in Epo This rise
in EP and Eﬁ indlecates that the addition of selvent males the
propagaition and termination steps move difficult. This would
appear Lo he independant of the gel effect since the patiern

fTolloved by the velocity coefficlents is similar to thet of

the bulk polymexisaiion.
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Polymerination of Vinyl Aceiate inm the presence ofWS% vl v Hongene

The concentration of benzene vas increased fyom 2,50
0 5% to obtain the effect of bonzens councentration on the
rate of reaction end the kinetie ochaih lifetime. The aspecific
heat of the mixture was corrected for the presence of the solvent
and the itrus rate of reaction obtained,

PTable 20 V¥asrdabtion of vete;, kineiti¢ chain lifetime and

vrhrOm

intenaity exponent at 25°C and full light intenaity,

Extenﬁ Rate of - Kinstic Chain Interaivy
Converalion Reaction, Lifetime Exponent
% Moles L & &
5 1,97 0.7(2) 0.66
10 1.84 0.7(2) 063
20 1.T4 0.7(2) 0,60
30 1,88 0.7(9) 0.62
AQ 2.05 0.8(7) 0,60
50 2,06 1.0(0) 0,58
60 2020 L.a{0) 0,60

Thers ls & Turthex decrease in the vate of polymerisstion with the
increase in concentration of the solvent. The initisl rate of
polymerisation is mow iz of the rate obfainsd for the bulk
polymerisation at a similaer conversion [Pig. 19]}. Although thevo
is a furither yvedvetion in the raite the sddition of Turthew
solvent has uot orodilcated the gel effect. There is s96ill an

inorease in she rate of polymervisation slthough Bengough and
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Ferguson d4d not obbmin this.

The valuwe of the kinetic chein Lifetime appears o
have ingvensed slightly with the addition of more solvent and
s ageain conmtant during the initisl stages of polyuwerisation
[Fig.20]. The inbtensity axponent i’ in the region of 0.6 and the
terpination reaction is assumed %o he mecond order with respect
vo the radlical concentration,

Table 21 Varxistion of rate, kinetiec chain lifetime and intensity

P et

0y

exponent at 35°C and full light intensity.

Rztent Rate ?f T 108 Kin§ti@-0hain Intengity
GConversion Reaction Lifetine bBaponent
% moles 1~ &= S _
5 2,68  0.5(8) 0065
10 2,40 0,5(0) 0.62
20 2044 006(1)' 0,60
30 2.64 0.6(8) 0057
40 2,85 0.7{2) 057
50 3,02 0.6(5) 0,58
60 3,26 1.5{0) 0. 55

The drop in the indlitinl xate of polymerisation io
mainteined., The wate howgver cogtivuses to incrvease with
convarsion so ihe gel effeect &s giill operating on the system,

The kimetle chain lifetimes wounld saem 0 have

decreased when compared with the corrvesponding velues alt
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2,5% bensena . Comsidering the experimental error which is
involved im the gystem 1% scems moxe probable that the values
for 2.5% and 5% benzens oxe the same &% all thres temperaiures
|®igs 16 end 20],

Table 22 Varvietion of vate, kinetlc chain 1lifetime and

P LT e

inteneity eoxponent at 45°C and full light intensiity.

BEbont Rats of 108 Kinetic Chain Intenaniby
Conversion Reaction ~ Lifetinme Exponent
% moles 17 8 ° 8
5 3043 G.4{5) 0,62
10 5.16 0.5(6) 0, 59
20 3,38 ¢.5(0) 0.59
30 3.66 0.5{0) 0,61
40 3.74 0.6(5) 0.53
50 4,26 0.6(5) 0.60
50 4057 O 1.3(5) . 0.60

Table 23 TVariadtion of veloeity coefficisnts with extont

AV AT [ AT

gonversion at 25%C and full light intensity

.

Extent Ig i 4 k. k., x 10
Conpvempiomn pjkt = 10 Eﬁ 3 %. 4 i

o5 1 mole s 1 mole s

B 1.%4 290 2,2

10 La31 280 2,2

20 1.18 25Q 2,2

30 1,40 300 1.8

40 1.68 250 1.5

B0 1L.83 200 Y.l

&0 3.83 130 063
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The trend that the vesults ot 2.%% and 5% benzeno
are slailar is maintained in the velocily coefficionie especially
with respagt Lo kpn

o 4 . o s ST

conversion at 359G end full Light latensity.

P o w?
Gryzlg’zzggia kz}/ lg‘fé % 108 Lg;l | ) kt . 10:1 i

% 1 omele g7 L mole ~ s
o) 106 358 Bod

¢ 1.0 485 4.4

20 1.44 430 3.0

50 1,82 | 455 : 2. 48)

40 1085 A00 2.2

50 1.498 530 2.7

$0 470 238 Go 3

Toble 2% TVaviation of veleslty coeffidcionts with extend

et oA P T

sonversion av 459¢ and fall light intensity

fomemtan a5 w 208 E kw107
h 1 mole'mﬂsoz 1 mole @mg
5 1.60 460 o 6.0
10 L.60 ‘T 00 4ol
20 1,63 T20 8.4
50 1.86 820 bodf
20 2,62 700 2,7
50 2,65 TL0 2.7
60 5,21 440 0.8




sd 45%°C
in value
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Comparison beiwesn the veloelly ecefTicienta at 355°
Tor 2,% and 5,0% hensone confivmsg thet any differsnce
Tor @ pasrtlouvlar conversion is within experimental

The ocbivation emergies B, and B, [Figs 23 and 22]
o @

as would he expscied, avre alwo compargble [Pige. 21, 22 with

Pigs. 17

Peble 26

[ TEON TN NPTEREESEA Y

and 18],

Veriantion of activabion energies with cxtent conversicn,

Goaggizﬁgn By E% from G 33 from kp'k@
9% kocals, kooale. ~ heoals.
5 507 9.8 8.5
10 6.1 6.8 2.0
20 6.6 6.0 6.6
30 Bob 8.7 13.1
40 6.3 5.7 607
50 ol 7.0 7.8
&0 '703 3.8 '905.

of vingl

Tho oanly obhvions diffevence hetwesn thé polymerisation

aeetate in 2.5% benzense end 5% benzone is & definite

reduetion in the wete of polymerisation. The pevcentegs of

hergene in the remetion mizxbture wap btherefore inaressed to

20% to £33

1

nd the offesct of this lorger dilubion of the monomsw.
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Polymerisation of Vinyl Acetate in the presense of 20% viv

The addition of 5% vfv benzens in place of 2,54 bonzens
o vinyl ascebtate eaused a decrease in the wrate of zeachion buk
the other physical properities did not alter vexy éignifi@anﬁlyc
Also, with these very small guantities of solveat, the dilution
effoct wes very slight. To study this effect, and in an pitenpd
%0 alver the kinetiec chain Lifetimes, eobe. vinyl acetete was
polymerised in the presence of 20% vgv bensens with an inltistow

o5 -8

concentration of 4 ¥ L0  moles 1

Table 27. Variabtion of rate, kinekie chain 1lifevime ond intensilty.

axponent A% 25°C sud full light intensity,

aarca

Kimetic Chain Intensisy

Brient Rate of w105
Conversion  Reasition™ 7 Lifesine Biponent
i
o solkes 1 aa 5

5 554 . 1.1(0) 0.7k

10 4.71 1.3(7) 0.69
20 3,63 L.4€4a) 0.65
30 2,29 1.2{(3) 0.6%
A0 2.82 1.3(5) Q.63
50 2,48 1.6(2) 0, 58
&0 2.1% 2.9(0) 0,51

The srend in the previons weltes of mwaction is reverased

by whe incvessed addition of solveni. The gel offeet, which




canaged the incvease in the rate of polymexisabion hes apperently
hecon suppressed and the vate of reasction falls from 2exo
conversion |Pig. 23], The continuous fall in the rate of
raagtion is purprising. 'H@wmverp the rate of reaction at this
dilution is extwemely low and consequently the inisiator way be

partially consumed as the reaewion proceeds. I¥ we aasune that
. o .

an overall mate of veaction of § x 10 meles 1 8 i

applicable for all thres tomperadnrss and 2ll intensities of

inoident light, than the time &0 reash 40% converszion

‘{ulo . e’mm - n — ‘—':ai " 0»3 ag ;
© By 19 hw,, since 5 = 10 ﬁolea 1 s

&

. . -3
is equivalent to 2,09% polymerisation hy .
n n . ) o ""3
Subatitublog for on initisvor concendrotion of 4 x 30
) - P o) wh
moles 1 and & rato of imitiatiom of 2 % 8,9 x 10 moles 1 B

in the equation I = 2 knﬁinﬁ%iaﬁor} we obtain & value of

P S |
1.1 = 1o ) for k

el

whave k, 18 the valocity coeffiglient fow

1)) D
the docompozision of the Initiator. The concentxration of the

initiector san be obiained from tho equation Ffor a st erder

, wkni;
reagblon, wamely € = G o

vthere G, is the owxiginal coitalyat
soncentration. Frem this, at 40% conversion, the cabtalyst
gonsentration is 1.87 moles 1“ﬂa Sines she rate of reaction

o prepowiional %o the concontration of iniSistor to the pover ¥

the deereanc in the zate may be & result of snis loss of

initistor in the aysiton,

The rate of moaction is also propordtionnl o the concensro.

“ion of momonsm. This will decrenan g the coaversion
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FIG 23 VINYL ACETATE PLUS 20%, BENZENE. VARIATION
OF RATE WITH CONVERSION
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FIG 24 VINYL ACETATE PLUS 20% BENZENE

(o) ORIGINAL RATES AT 25°C FROM THERMOCOUPLE VESSEL
(b) RATES CORRECTED FOR DECREASE IN MONOMER CONCENTRATION

(c) RATES CORRECTED FOR DECREASE IN MONOMER AND CATALYST CONCENTRATION
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inoreases and 80 B gorvestion must be epplied fox this effoct,

Gonsider the rate at 60% conversionse

) wd o2
the vate of reastion st H0% conversiow « 2,1% moles 1 B3

at zero conversiom, the momomer is 80% of the reacting nixture,
vaerefora &b 6G0% conversion, the monomer is 32% of vhe remcting
mixgbuns .
Thervefore the vate , corvecsbed fox the decrease in nonomer

~ - a m?v =y 3
goncontration = 2,19 x gg-mal@a s

-

- =g ﬂ ﬁjl
e 5,27 molaes 1 8 .

If ve asgume that the iniltistor concentration has fallen o

=5 _ wh . _
1 % 107 moles 1 a% 60% comversion, applying & fuvther eorveetion
‘the vate of reagsion = 5,57 = 3&: o
§

. ‘mi Dﬁ
w 10,7 moles 1 8 o

T AR P A M i e

gorrested for a desrease in mopomer and dnibtlatory gonventrzation.

Exfont Original Rato x 105 Rate = 109
Jonversion Rates m 10% afbter covrection after corvoection for
for monomer inibiator ond monomey
agoncenseation soncentration
g)i l:b?b 61 f:ﬁ- l:aﬁ- ma
% moles 1 & moles 1 o meles 17 @

) Go4 6.4 6.4
0 4oT3 5.2 . 506
20 Ao 635 4o 5 N Hod
30 3,25 4,6 560
40 2.88 Ao 6.6
50 2,48 5.0 8.1

66 n.-ol§ ‘ 504 100?
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@@ sxplain this %eble of xesults it in necessarxy to
aosume initially thet the initistor concentration is consbont
throughout the reaction. If the dilution effeet of the solvent
1s sufficiently great o suppress the gel offecd the é@tu@l
rate of.xeaﬂﬁion shownlid Tall graduelly from zexroe conversion
due to a fall in monomer concentration. Howevewr; after correciing
fox thig @ffaét the wate of reaction 9%ill tends ﬂ@ fall from
the initial rate of 6.4 x 10=5 noles 1ﬂ1@mio It should be
noted that the plot inereases after a minimum ét 30%‘gonvexai@no

Considering bthe oxiginel calculation im thié sastion
it seems wreasonsble %o coxwrect for g less in iniltiator concenirae
tion. The chlef problem assogiated with this calculation is
d@ﬁermiﬁimg the initiator value ab any pariticuwular conversion., If
ve assume that the coneentration of initistor has fallem %o 3 = 10
Rnoles 1"29 at 60% conversion the correscted rate of resotion is
the one shown in the asbove %teble i.e. 10.7 moles 1. 1
we assumne that the concentrabtion af 60% conversion g
2 = 10c§ moleos 1ﬁﬁ the corrected rote of resction ds

4
6.4 moles 1 @wa

» X% ean ba &@@h that the correeited rote is
vory sensitive %o the cholce of initiator concentration.
The inorease in the rate of reasction after 30% converslom is now

more noticeable end indicates that the gel effect in the pystem

hes not been entirély gupprensgd despite the fagt that benzens

is @ good molvent for polyvinyl acetate. It is aifficuls o
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gauge the sxtent of the effect since the increane is dependant
on the initistoy comcentration chosen.

Due to the insccuracy involved, the sorzections Toxr the
decrease in monomer and initiasoxr concontrations have ouly been
applicd to the wvesulis in Table 27 $o demonstrate that the gel
affesct mey s$ill be operating on the system.

The increase in solvent concentruiion resulied in an
inorempe im the values of the Winetic cheim 1ifetins [Fig.25). A
. most converalons & value fcr'mtp which was in veasonehle agreoemnond
with one derived from kﬁygﬁs,aomld be obiépined from the esleulated
lifetines. But at 50% snd 60% conversion the velues of the
kinetle chain 1ifstinmes at 25°C wvews too lov %o comply with ithese
82t 35°0C and 45%°C ¢t o similaxr coavexsion. Thevefore, bthe values
of thé kKinetic shain lifeitime which arve guoted in Table 27 at
50% and 60% conversion axe interpolated fyom the plot of logag T
ageinst the reeiprocal of the absolute temperatuxe.

Duxring the initisl stages of polymerisation the wvalue
of the intenalty ezponent is rather high for the teraninssion step
to be sccond order with respest o the radical concentration. It
ves assuned thet this was due %o trace impurities and that the

varminatlion step wan evill second oxdaxr,.
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Table 29 vVarietion of rabe of reachtion, kinetisc chain lifetime

—T=Te—

end intensity exponent at 35°C and full light luntensity.

Extent Rato of 2 10ﬁ Kinetiec Chain Intens ity
Coavergslon Reacdion Lifetime Exponent

% moles 3~ 8~ 8

5 6,77 0.6(5) 0,59

10 0045 0.9{a) 0,63

20 5.56 3.1(5%) 0.59

30 499 1.0(5) | 0.60

40 4e 46 0.8(0) 0. 50

50 4,16 3.2(3) 0,53
60 5059 2,1(0) 0, 56

Again there is an sppresisble drop in the rete of reachtblon o8 the
conversion inecreascs [Fig.23] and tho same corrsctions apply o
thig fs 0 thoe decrense av 2§@Go~> The kinetis chain lifetimes

axe greator them thome found for o 5% benzene solution. The
assunpbion, that the teminction atep is atill socond order with
ragpest %o the redisol soncentration, im verified by the intensity

oxponents obteined.



Table 30 Vavipiion of rateo of reaction, kinetio chsin lifotime

ey T

and dntensiity emponent at 45°0 and full Llight intensiby.

78

Extant Rete of _ 1,05 Ki@@ti@ Chain En@emmiﬁ?
Conversion Renction Lifetimg Dxpenont
% ~ woles 1= e B

9 9.64 0.3(6) 0. 59

10 8,83 0.6(7) 0,59

20 764 0.8{0) 0. 54

30 756 0.7(2) 0.54

40 6.76 0.6(5) 0,55

50 6037 0.2(0) 0. 56

60 5,80 1.4 0.58

A aimilar docrecase in rote is obitained ot A%°C and the kinetis

chain lifatimes axe grester then with 5% benzens.

The intenoify

@Eponents are in accord Uitk second order terminatlown.

Tablo 31 Vewxiation of veleoglty cosfficlionts ot 25°C and full

light intenslsy,

: iy -
eoiﬁzizi’m lgpi% x 10° Kz, k. o= 10
% 1 molo " g™ 1 molo™ &=
3 6.75 62 2.2(9)
10 7.04 42 5.9(9)
- 021 28 5.4(1)
30 2,90 4 .3(5)
40 2,09 18 8.5(0)
20 1.58 9 4.2(6)
b0 3o15 4 1.3(4)
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The valuss for the veloeclty cosfficients ere lower them the
corresponding valuwes at 5% henzens indicating that the propagaiiox
ond termination siepe hove become move Aifileult by increasing

the concentration of selveny. ‘

Teble 32 Variastion of veloclity ecoelfficients at 35°C snd full

light intenaity,

% 1 molo™ g~ 1 mole™ 5™

5 2,93 78 | 2,6(7)
10 T.61 105 2.3(92)
20 7.96 70 0.8(5)
30 6,80 70 2,0(2)
40 4039 7% 1.7¢5)
50 5051 40 0.7(3)
60 6.70 17 0.2(5)

Table 33 Variation of velceliycoefficients at A5°C and full

Irtte e ot

light inbensity,

oy s

% _ 1 mole™ 8™ 1 mole™ 5~
5 5.03 440 8.6(8)
10 5,99 150 2.5(0)
20 6.80 120 L.7(5)
30 5033 115 2,1(4)
40 5002 135 2.6(8)
50 5.19 90 1.7(5)
) 6052 40 0.6(0)
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The velocity cosfliclents at 35°Q and 45°C confiem that the
edditlon of furthar solvont makes the propegatlion prd tersmiuvabtion
goeps nmoro Gifdiondd. @him 1s piso refloated in the yoluseg of
she aohivation enevgios,.

Pebla 34 Yariasion of cetilvedion eneygles Uith exinnd converaio,

330 0 AT SR A VG TR

Batont By B fvan kvé, R,
Gonversion Bl ;

faom P

P Bo osld. Ko GR16. k.a0ls.
5 5504 u{(':;?:; . ;ﬂaaﬁo

10 o3 9.1 13,0
20 Tol 9.9 12,0
30 8ol Goll 10,5
40 8.6 1.8 1004
50 9.3 13,3 12,0

50 _907 ﬁo J?- I-ZQO

The overoll activation snergy of the syster incwensas wiih
extont convorsion [Plg.26]. A% some convepaiong tho

diffarance botusan the veluse of E? davivod fwom kﬂf%? and %f
¢} ? .

>

2 ]

dorived fzom T are quite spproocinhls [Fig.27) altbough ke goneral

sl

veond 18 egein of on dinerease i velns with evnvovsion. Ho

actund line hoo beon dyaun chowing the waristion ia Eﬁ wiBh

CORTETA AN Inotend, 1% in considered wovre reanoneble o aspumne
Shat bhe @mlﬂ@‘mf Et ot ony persicowlar sonversion will Be in the
groa  bounded by the two broken lines. Since the owvewrall
ootdeation én@ﬁgy aand the aetivation enargy of teorniaction hoih

Inereans wisth @@nvﬁwmﬁomgmp mua® oine follow this potborn.
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Although the second decimal figure hes been guobed

vegularly for kinetis chein lifetimes, vates of wxeaction and
velocity coefficicnts in sll soctions, little relimace cam be
placed uwpom 1%, I% hes been ineluded o give sn indication of
the value of Hthe nexdt digit and to Tecilitete the galeulation of
further gquantities v.g8. the overall sctivatlon energy and the
activation enewgy of termination,

The nonm@%éﬁion&ry state vosulis have been xevieved in
sections determined by the concentr&tidn@ of solvent., %he
varietion in physicel constants ot partienlar sonversions fox
varying consentrations of solvent will be demonstratod in

the disgussion of Tsgvlis.

Measuwement of the Tramsfor Congient fox the Reasetion bekusen

Phe watio of the velosidy cocefficient of tronsfer to
the velocity coefficlent of propegation ig tormed the trensier
gonstent end is ofteon denotad by Ggo

IT the iransfer veaction ia

o

R+ 8 o P ¢ 8 Rete « k. [R°]{8]

then the tvengier conshant G@ = Lﬁﬁ/ﬁp o

The pelymorisation of vinyl acetate in the presonse
of various quentitics of uonsene was earried out at differvent

tempsratures. From the tronsfor conmbtoants at these temperaitures
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a valwe Tor the activation energy of twanster Was.obtainsdo

The follewing method of derivimy an equation o
dedterming c@ was doveloped by Ma&oﬁf

The Gegrse of polymeriéﬁtion TP iz the »atlo of the Tate

of growth of the polywerwr chain t0 the Tate of jexmination of the

chain, [ } [ ]
k_|R° K
LoRo ‘6? 3 5 p 9 °°(22)
k (0] o B[R] (8] + ko [R°] (2]
where k. , = velocity coefficient of monomer transfer. (The

other symbols have already been defined).

. y
o - 2
From equation (1) [® jﬂ - & o
: e, /8
%
Yoy ‘
2o '-f,%? = k’"-‘?.-l_a Y fiELS] + fﬁgf . cssooas(23)
kamE Ie Tar B,

Let = = The degree of polymerimation when [8] = O,

F,
Vs 1 ~
n..-;ta"’ £ ig;& 31 ‘2 ola i‘};};f [
°e 0¥y kg[mi ' kp

o o Subatituting %§ in equation (23) gives
9]
= L ¢, [s]

Dy :@}}0 ,.Iﬁi;[.],ﬂ R 0090000(24)

Thue 38 %%’ iz plotied ageinsd Ei} a line of slope

[

3@ will be obiained.
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Before GB sen k2 determined the meolasulaxr weight of the polynsr
bhes %o be Tound. The following ssebion dcscribes hov this was
aosonplished.

Deiermination of Molecunlsy Weishts of the Polymerx,

The iwtrinole viseooity | ; ©of o diluic polymoy solution
is related to the welght avernge moloculer woight ﬂw of the
polymer by the modifiled Stavdinger equoiion whish is expresood
083

W, ="
whore X and ¢ ave compianta for the polymer-polvent system.

The viscosity of o pslymer soluiion oam bo szpressed in
terma of She time taken by %he solutiom te flow throvgh a nerrmow
oapillary. The ratio of the flow tima § for tho solution

to the flow Hiaw B, for the molvent gives the xelative viseosity,

e §, @ &

cad the opeeific viscosit aff el

the specif £) "Eap GL?

The wotio of the spocific vimcosity $o the concentration of the
polymer, oxpreosed in gm@/loo mlc.p im them plotted ngeinst tho

concentrPation .

Since = Lim 3, 8p
C->0 G

the intyinslie viscosity is cbiained by thr&pulation to Boro

soncontyration,
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Prom light scettering measuzenents of & series of
low sonversion polyvinyl acetatss, both fractionsted and
vnfractionated, Stockmeyexr and Hewa&ﬁgq obsained the Ffollowing
eQuationa:

log ﬁv e 5,44 + 1.4 log [%i] , 30000000(2§)

whezre . ﬁv,a viacosity average molscular wolght

v

==l

&ﬂd = 1065 ¥ ooeanoq,.na(26)

B

whe e 3§n = pumber average molecularaweighi

and from thess derived ithe relationshlp the®
log DF, = 3.24 + 1.40 log [@i]°

The pumber average degree of polymerisation vas obtained From
thig relationship and plotted againot gg%, $0 obtaln the

. R
shein trensfoeyr constant cao

Experimante]. Detormination of Transfer Congtents.

Tho poljmeriaation experiments wero carried out in
oxrdinary dilatometers of approximately 1% ml. capseity and
1,5 mm. verldia stems. The dilatometers weve calibrated with
acetone (A.R. grade veagent) and the initiator imtroduced in a
shloroform solution such thet the initiator concentration was
4 x 10“3 roles lmi The solvent wap pumped off on the vacuum
line and o known oguentity of purified benzens added to the

dilatomoter, This was thorouchly degessed by freeming, evacuating
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and heating up to room temﬁe?&ture until all the air was removado
The requived quentity of monomer wae then distilled inko the |
dilatometer which was sealed under vacuum. The vessel was

placed in a vhermoatatiecsally controlled bath énd the polymerisation
taken to be about 7% conversion. That data of Starkweather and

a¢
t 8l. were used to

Téylofga end the interpolatsion of Hatheson
salculate the densities of vwinyl acetate monomer and polymex

and from this it was caleulated that et 25°C,100% conversion

was eguivalent o 22.1% contraction.

The contents of the dilatomebewr vinyl cceiate, honzano
andl polymexr were dissolved im 2100 ml. of boazene [A.R. grade
reagent| in & 1 litre round bottom flesk. Phe solution was
frozen on the sides of the flask by rotating 3t in an acetone-
dricold mixturs.

The flaalk was arteched to tThe veacuum line and evacuated.
The benzene sublimed, Saxing with it the residual monomeiic vinyl
acetate while the coolinmg induced by the sublimation kept the
mixture fvozen on the sides of the flask. After 6 hr. the flask
was removod from the vacuum iﬁﬁé and the polymeyr was free from
benzons ., |

The polymer had been originally precipitated to remove



80

any initistor but it vas found that this mede ne difference %o
the intrinsic viascosity.

Viscosity Measurements.

A kuown weight of polymexr, about 0.0% gm., was dissolved
in 50 ml. of acetone [A.R. grade resgent] and Ffilitered. The
intrinsdic viscosity of sach polymer wes detevmined using &
Uhbelohde viscometey modified so that the polymer solutions could

be diluted im situ.

Temperatnre | %2;:22?%; ﬁgigﬁgl&@x 107 ‘%% GQX:lcﬁ

2,15 5,07 0

25°0 1.93 4,36 2.5 1.5
1.68 30 56 ¢
1,10 1.99 20
2,16 5011 5

35°C 1,41 2,81 15 11,0
0.99 1.71 25
2,23 5027 2.5

45°C 1.74 3.76 5 12,0
1,12 2,03 20

Prom Fig.26 it will o meen thet the plot of log, o B,
ageinst tho rociprooal of absolute temperatuxe is & horizonal

lipe.,
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o, ia the votio of i k.  Using the Avrhenius relotionship

- Shr .
that k = Ae s the equabtion

i .
. t}i/ =1.1_-.“..- ; - B . - & o 1
log, 4 kp = 3T¥03mT (EP b%r) + Comatent een be developod,
whexo Etr ig the setivastlion enewgy of the transiey reacstlion,
Thevefore, 1f log,, Cp is plotted against the weciproeal of the

aboolute tempereture, = value of Ep = By, ©con be obtainsd from

the gradiont of tho obraight line [Fig.28].

Prom the plot,Ep = B = Q

g

From the bulk polymerisstion Ep = 4.8 kooals,

At Eti{' o 1308 Liocalﬁlq
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RADIOACZIVE TRACER BRPERIVENTS

Vinyl scetnte was polymericed in the presanss of radio

agtive beagsene to determine quantitatively the aumber of benzene
moleauleé present in eashfpolyme$ chedin, The variation in the
results of other ﬁorkars has already been diécuaseﬁ end in this
sase the vedice bensene waé purified 53 the growth of & single
cgystal.

Experimental Details.

0.5 uillfgcufzes of benz;ne. prepara&ée fron the
trimerisation of CH=CH, waé- supplied by the Radio~Chemigal
Centre, Amershamyin & break seal #mponleo Thie was attached ito
the vacuum line by & Bl4 cone and the gpacs ebove the breakeseal
evacuated. 15 ml. of inactive bensaue,.purifieﬂ by single
orystal growth, was degassed in a2 neighbouring reservoir on the
vacuum line. ihe.break seai'waa then broken using & stainless
steel ball beaping and the inactive benszene was distilled into the
ampoule using liquid nitrogen as coolant. The solvent was then
distilled to and £ro between the resexvoir and the ampoule to
snsure that tiie 1% ml. of benzene oontainéd a8 much activity as
rossible,

T&é cryatal growth tuwbeey spproximately 1.5 cm, in diameterx

wero filled with the active solvent and Bingle cm&atala grown as

previously deseribed. (me of the oxystels obtained was used for
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this series of experiments while the other wap stored in a deep
freeze foy Ffutuvre use.

5 ml, of astive bhenzene from the single exrystal were
added to & 2% ml. graduated vessel and mede up to the mark with
inactive purified benzene and this solution provided the solvent
for the polymerisation experiments. This was an extremely astive
sample and was too active to ealibrate, especially by gas counting.
Using & ﬁicrometer syringe, 0.1 ml, of the solvant from the singls
grystel were added to a H0 ml. graduated vessel whioch contained
about 49 ml. of pure benzens. It was made up %o the merk and well
shakon. This solution was much less active aend consequently thexe
was less danger when working with i%. More dilute solutions of
known goncentration wevxe preparsd using this 50 ml. solution as
stock and these wore used to construct & calibration curve
to determine the activity of the benzene used in the polymerisation
experigents.

The sotivity, both of the solvent and the polymer, was
obtained by two methodss~
(1) donversion by combustion to carbon dioxide and the activity
of the resultant gas determined in a Geiger tube, and
(i1) sddition of the solven$ ox polym@r'aolu%ion t0 @ sceintilletion

medinm and the activity deteymined fxom the number of photons

grested when tha peintillatox is excited by the nucleawr radistion.
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Prepersiion of Rrdio-Active Polymers,

Vinyl acetate was polymerised in tho presence of 2,5%,
5% and 20% v]v radio-active benzene. The polymerisation of vinyl
scetate with %% vfv radio sélvant wes carried out in a non-
stationary state dilatometer of the type that hes been
proviously desoribed, while the other two polymerisation reactions
ware carried out in ordinsry dilatometera., The polymers were
then prepared by the method described for the determinstion of
shain transfer constants,

A sample of the distillate from each froege drying
operation was taken and the activity of the solvent determined
by scintillation counting. The freeze drying process was
repeated until thers was no.indication of acotivity in the
distillats. Generally the process had %o bo repeated 4 times.,

The molecular weights of the resultant radio-active
polymers werée determined by viacéaity ﬁeasur&m&nta in a modified
Ubbelohde viscometer,

Gas Counting

If benzene labelled with €14 is polymerised in the
presence of vinyl acetate and a number of bhanzene units are
insorporated in the polymer molecule then the chemical composition
of the polymer ¢an be written as (C,Hg0,) (Cgl;), where n is
the average degree of polymerisation ﬁ?ng and ' m is the number of

benzene fragments per polymer molecule.
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Since the henzsene is lsbelled with (14

Specific activity of carbon in polymer Gm
Speaific activity of oarbon in bengens 4n 4+ 6m

If the molecular weight of the polymer is lavrges; 4n is much

greator than 6m and the squation becomes

Specific activity of the polymer ém
s
Specific activity of the benzene 4n

o'« The number of fragments of benzene,m =

4 n x specific activity of the polymer

6 x specific activity of the hensene

The activity of the solvent and polymer c¢an bs found

by combusting the meterials in a stream of oxygen and filling a
Geiger tube to a fixed pressure with the reaulting oarbon dioxide
&a88. If a conetant voltage #e applicd across the elotrodes of
this tube the number of eloctrical pulses or counts obtained in
& definite interval of time is & measure of the activity of the gas
Qombustion Procedure .

| The combustion of both the polymer snd the benzene was
oarrvied out in a Baird and Tatlook rapid micro-conbustion unit,
The ossential featura of this unit is the combustion chamber
whioh is provided with baffle pl@teag where coamplete combuation

of the sample ocours without. the umse of a catalyst.
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Oxygen for the combustion is purified by passing 1%
through a preheater tube a% approximately TOO°C and through
scavenging tubes comtaining anhydrone and soda asbeatéao The
ges then pesses through a rotameter and the £low oé oXy sen
into the quartz combuetion tgbe is meintained at a rate of
50.mlo/mino by means of a acrew ¢lip. |

The technique for the combustion of the solvent is
pow described in deteil as 'two serious explosiona occurred befors
%he method vas evolved.

A plees of glasms tuhiﬁg, 0.3 mm, in diameter vas
saaled at one end and & few crystals of potassium chlorate
inserted into 1%, Yhe other end of the tubing was drawn to & fine
eapillaxy so thet the main body of the vessael was aspproximately
1.% sm. in length. . 'The central area of the vessel was ﬁéated
gently dn a small gas flame, withdrawn and the capilléry placed
in the solvent which was to be oxidised., As the vessel cooled a
small quentidy of the solvent was drawn into the tubs, The
vesagl vwae centrifuged so that the comtents wexe thrown to the
eealed end and no liquid remained in the capillary. It was then
ingeyried intoe the quartz combustion tube until i% was approximatel
10 em. from the eantvance of the combustion chauber, The sampile
burner was li#_and adjusted to give the smallest possidble flame.

It wan slowly moved Fforward until it was about 1 cm. behind the
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sepled ond of the vessel. In this position there was sufficient
heat pwesent %o wvaporise the benzenc very slowly. Aes thoere was no
large concemtration of benzene vapouny now heiﬁg carried into

the combustion chamber, no explosions wexrs exporienced,

By conirast, the polymer was buxnt in an open platinum
boat. The movable burner was now advanced until it was underneath
the hoat and the flame gradually incrsased until the aampie was
gomplotely vaporised.

The vapours pessed into the beffled combustion tube,
meintainoed at approzimately 900°C, where complete combustion
ogourred. The gases thon passed over a roll of silver gauzé
hoated to approximately F00°C where any halogen or sulphur
oxidation products were retained.

The remaining produeis of the combustion were water
Fapour, oxides of nitrogen, carbon dioxide and excess oxygen,
Theso gesesd were passed iante an enhydrone tube to remove any
water vapour, through & tube containing granules of basic
mangenese dioxide to wvemove any oxides of nltvrogen end then
through another ashydrone tube to remove any remaining traces
oX water wvapour,

The carbon dioxide and excess oxygen wera passed
through & spiral coil [Fig.29] which wae cooled by liquid
oxygen and open to the atmosphers via a 2~way T. tap.

When all the carbon dioxide had condensed, the coil was isolated
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Zrom the furnage end opened slowly %o the vacuum system using
the 2-way ¥ tap. The cerbon dloxide wes thoroughly degassed
end sollectod in & receiving tube A on the vacwim line, and kept
gurrounded by lignid oxygen. Approximately 2 ml, of cavbon
diaulphido [A:Ro grede r@ﬂg@nt]_were ploged in enother tiap B
and thoreuwghly dogassad.

The G@ig@ﬁ tube was abtached teo the vacuvum line and
the total system svasuadted for 1 hr. With veosuunm taps
My, O and @ closed and teps PR and & opon the carbon dioxide
was admittod intg the ayaten. A cathetometer was focussed on
the mewyoury meniscus in the 2.5 mm.ocapillary tubing manometer
ard tap N was closed whon this haed fallen 1% c¢m. Tap @ wae
then opened very carefully and closed when the memiscua had
ricen 6 om. No difficulty was encountored in measuring tho
pressure So within 0,00% cm. using Sthe cathetometer. If the
neasurenont was ingorwest then the gas oould be recendonsed
aad‘thé progedure repeatad. The rvemeining sarbon dicxide was
recondensed in tfép A and the messured gquantity of grs frozon ab
tha foet of the Geiger sube, The same procedurs was repeated
for carbon disulphide but in this case only 3 ¢m., of gap were
odmittod %o the Geiger %ube., It wab move Aifficult to control
tho addition of the curbon disuwlphide and once it was in the

tube no farther adjusitmont could be made.
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The miztvre of gases was thoroughly depasssd to remove
eny oir which had leaked into the systom during the messurenment
progedure., ‘This also soxved te mix the vapouwrs. The gae
mindure wan then Crozem in the foot of the Geijger tube and the
oyotom cvacunted watil the rending on the Pirani gange was loﬁamm.
of meTEUTY. The twbe wes then soaled off &t the constricilon,

Cerbon dioxnide alone is a poor gounting gas and its
bohaviour is not improved by tho addltion of the usual guenching
vapouré such 28 alcochol oxr myleno. However, it has been found
that the addition of eavrbomn ddsulphide vepour produoces a mixture

58950
with good counting characteristics.

Gounting Rouipwent.

The sirouit diagran for the gas counbing equipment is
shown ia Fig. 30. |

Tho probe unit, ﬁyp@'ﬁoo 1104, supplied by Ezicsson
Tolephonoo Léd., i deaigned to minimise coumiing errors, whieh
ere Aisblo %o ogouxr in a G@ig@ruﬁullar tabe. The main sources
0f errer are gpurious §@1@@@ wiich may earise in the tubey; and
the wnlknoun doad time of the tube. With this unit the counting
of apmrieﬁm pulssa is prevented by & redustion in voltage brought
about by & quench pulne while the dead %ime is zepleaced hy the
quensh palee,

Tho stabilisod power uwmit, ®ype No. NA03, supplied by
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Dynatron Radie dg designsd %o give a steble source of high
volieage froe fvom wipples and pulses, and produges s variable
ptabilised woltage fwxom 300 %0 3,300 volis ot & positive oy
negative potentidl with respsst 10 the chassis.

The mgalwrg type Ne, 1009E,was also obteined from
Dynetyvon Hedio, The function of this unit is 40 count random
ox Tagular electrical impulses whose amplitnde is greater than
some predovermined veluve in the range + 5% and + 50 volts., The
eloctwical impulses to be counted Gan be fed divectly to the
pormal input circeuild ox derived from & probe umnit. The pulmes
ave applied to the discriminator. The discriminabtor bies may
bo sot &t ery value betwesn < 5 and + 50 voltes Bo ﬁhat_puls@s
below this prodetermined value can be vojected,

The pavalysis time on the scéler can ke presev im steps
over o vange extending from § 40 10,000 micro-meconds. This
eireult caunseo. the scaley to become ineffective Lor the presaet
poeiod immediaﬁ@ly after it has been triggered by & pulse.
Thir facility is used to aveld the spurious discheaxges which
san osour in a Goigereiuller tubo.

The scaling unit twras operated in conjunciLion with a
@ogling unilt to emsuze o minimum temperature increase within

tho sealexr.
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The Viming Unit, type No, NI08A, was also supplied by
Dynatron Redio. It wés vsed %0 switch off the scalgy either 2% o
presev tim@-@r arter & pr@sét numbeyr of counta had p@en reaéra@do
The unit h&a.& vaximum time stove of 99,999 seconds and e meximum
sount etore of 399,999 counts.

Counting Procedure

The Geiger tube was placed in a lead shielded box and
gonnectied o the probe unit, the inner wire of the coaxial ceble
being linked %o the thin wi?@'&mod@ of the tube. The minimun
voltage regquired %o cmuse & dischargs was found. The vapour
mizture was alloved %o ege foxr 4 hr. at a voltgg@ Blightly above
the threshold voltage. The plaiteaw wegion [Fig.31] was
established by counting aﬁ 20 vﬁl% intervals fox 3000 seconds,.
When the mid-point of the plotean had bhoen found Hthe sample vas
gcounied at thiz partiewlayx volitage for ot least 10,000 scaonds.

I is necessaxy to count for a faivly long péri@d of time ainge
the discharges occur in a rendom menner and short ¢ounts can give
veyry misleading resulis. Before counting the instrumenis wers
switched on and allovwed %0 a?abiliag for 1 hw.

| Various dil@tiona of ﬁga'@alihration solution were burnt
and o plot of conats per minute agains% dilutiom obbtained [Fig.32].

In oxdex So dnterpret the resulis, it is necessary to
kmow the background #@tivityo This is the asctivity aﬁaoei&ted

vith the materials of construgtion of the CGaiger-Muller tube,



VYL IUA U1 1ddy

0191 009t 09st

(o] 294

00s? oge?

T ©@Os

O === J0b

- OO0l

I‘OI‘
ONIDVY

DNIDYY

oLl

-1 OLY

108 31NN
¥id

osp SINNOD

—00S§
-1 01§

- OTS

TYICAL GAS COUNTING PLATEAU

FIG 3l



98

the penetyretlion of Jondsing radiations $hrough the walls of the
tebe and thé notural sctivity of the polymer ond bonzone. It
was messured by (1) allowing a pilece of drieold o vaporise in
the combustion tube and {2) combusting a sample of inmetive

polyner and counting in the normal wey. The baclkgrourd count
chteinad ves found to be congtant withilm the limits of experim

menial aceBYLEY.
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Seinbillation Counting

Jo geintiliation counting use is mede of the phobtons
greated whenr & sulteble lumninescent materisl is euglted by
naglear radiation. Thesse phoions sve collected at the cathode
of a photomultiplier tube which convexrts them into elseirons.
Multiplication of these electvons in the photomunltiplier gives
vise to0 elecitrical pulses which can be regoxded on the noxmel
aecaler end timing wnit. Doch isolope produces & typleal pulse
dependant on its energy outpub end & discriminator ip
introduged into the eixculilt to differentiete botwecen spurious

pelses and those due to the presense of the isotope.

ixperimentel Procedure and Nguipment

In this work the scintillaption medium used was &
liguid scintilledoy supplied by NMuclear Enterprises Ltd.
The semple 0 be assayed for astivity la contained in a
pilice eell of 18 ml, capaecity which iz aluminised on %he
ontside t0 glve maximam light reflestiom. The sluminiom
coeting 1s protecied wiith an expoxy resin finieh and the cells
have an optisally flat bottom o prevent bubble Tormation in
the coupling medium. A silicone oill, 3upp1iad by Buslearx
Bnterprises Lid., 18 $the optical couplex hetween the oell
hottom and the cathode of the photomulitipler Hube,

5 ml. of %he liquid scintillator were pipetted into a
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panple ¢ell gnd to this 5 ml. of bonzene soluiion were addad.
For calibrxabtion purposes, these § ml, of bhensons eontainad a knou
amount of rodic benzene obiesined Trxom the salibration stock
solution [Fig. 33]. When assaeying the poiymer, the solution

waa of inactive benzere conhaining 20 milligrams of the radic-
sctive polymex, The cell was then placed in the seintillation
head vwnlt end davk edepted Tox 20 pin. bo minimiaé reslduaal
phosphoreEeence .

The seintillation head unit is essentially a ‘casile?
with 2 inches of lead shielding., Yhe pzincipal feature of this
‘gagtle? is & spesial rotatory light locking device which parmite
operation of the assembly in daylight vithouh exposure of the
photonultiplier tube Ho the light when changing the cells. In
prastice this means that the tube daxk current iz allowed to
reach the lowest level, making fox improved sceuracy mnd
lowewing the background agiivity. J4nother advantage gained
from thip deviee iz thaet the high voliage supply to the phobo-
mulbiplier tubo may be left connested when the saamplos are
being chenged. 8ince the photomnliiplisy tube gein variss as
2 funciien of the 8th power of the epplied high voltage, no
variation in the bhigh voltage =supply ip obviourly demizable,

To avoid any varistions in outpub dwe te lteaperature changea, the
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photonuliiplier tube was cooled By & continuous supply of weter
pessing through copper coils which surrounded it

.Tha output from the photomuliiplier wes amplified by
& standoxd Nucleay Entexprise 5202 Fairstein amplifisr with
2 maximum svailable gain of § x 1060 This gein is continuonsly
vaxiable down te & value of about 50,

The resulsant pulses fxom the melin anplifer pass inko
2 s8ingle cheansl pulse helght anglysex. Since each isotope
emity o spesific quanta of energy, e pulse peeunller to that
imotepe ig obtained. By selecting eppropristie settings, this
instrument will only accédpt pulsea which axe repressntative in
amplitude of the paxiicular isotops which is beilng counted.

The weogquired gate width and pulse height to apply‘this dige
srimination foi 0i4 are noted below.

The pulse in its final form 4s then relayed to whe scalew
snd timing units which have besn previcusly discussed with
respeet t0 the ges counting egquipmeont.

The best setitings for counting the 14 isotope were

found to bhe=

Stabilised High Voltage 0.64 K.volts,
Amplificebion 5 = 1
Pulse Height 30

Gase Widbh 30



The power fo# the stebilised volitage, the amplifier,
secaler and diming unit were swiitched on andallowed to siabilise
for 20 min. prior %0 any determinations being made. The b, Ho !
waa then gwitchad om audaftér L0 min, the assgy wes beguqf
Occasionally erretls resulta.weﬁ@ obtained l.e. the count begen
$0 Tace interﬁittantiyo This wes found to be due %o pulsing in
the stabillised voltage., It was eyadicated by ewitching the
Bo He To off, lesving it for 30 min. and then switching bhe
voltage back on. Altbhough this appeared %o be rether a crude
methdd of eredicating the pulsing in the aystem it was generally
effective. The silicon oil in the well was replenished, in

subdued lightingg after 40 or 5) samples had boen assayed.

Results

NS TS AN R

(a) From the gas counting calibration curve [Fig. 32]s

Gount for the oxldation of calibration stock

= |
= 500 counts min,

‘ f
Background Count = F2 counts min,
o« o Count dus o sebivity alone = 428 counts minf}

4]

o o Agtivity of benzene used in polymerisation

N - 20 .4
experinenss 428 x® 0.1 ¥ §

. -8
w4028 % 10% counts min
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2.5% wlv bonzene

ﬁ?n of polymer o

8

4,25 = 103

-d
8pecific Activity of Benzene a 4,28 x 109 counbs min .

8

w3
Speeific Activity of Polymoyr 84 « T2 = L2 gounts min,

4 % X2 = 4.2% x 108
6 % 4028 =% 100

" 012

©

o o Numbsyr of benzene fragmenie &

5% wlv_benzene

This polymevisation was carried out im & non-stationary

state vessol and the results obtained at 5% conversion ave as

follows.
Pemperature Rate ol % 100 Intensisy Kinetic Chain
Reactiion Exponentd Lifetims
v moles 1" 8™ 8
25 1,80 0,63 0.65
55 2048 0065 0054
4% 3,38 0. 04 0. 50
%7 8 F
Temperature Kp/kt - 103 kﬂb x 10 By By from% Eg from kp}
=2 !’:3’
°G 1 mole 18 k.cale, k.cals, k.cals.
25 8,36 1.27 5,98 2.9 7.8
35 896 509
43 12:.3 4.4

The results ave in reassonable sgreement with those

obtained vith ordinazy benzene,
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375:?;5'3% of tho Polymon w Fodd x 30B.

' ool
Spocidic Aotividy of the Bonsene w A2 n 10° counts min,
Sposifie Activity of the polymer m 88 = J&

"
w A0 eownts min,

Q r] rﬁ
o o The munher of LeR3onsc TIogmHends 3 Mg 16 7 ‘Lé; 2 l‘{;

ta Qo 6
FHMIETR
20 vlv bownens
U, of tho Polymes @ 3,99 x 163,
Bprediic Aebiviky of tha p@]@mm = 42 coundn nin .
°, ‘Fhe pusber of b ensens Teagmonts s Lo
e £330, 'JC!

{B) Sointitlotion Cownding |

From the 'mlim'&"qion euwve foxr tho stoek wadle asdiveo
bonzene solution [Fig.33] 1t ean be caleulated thes the ceviviby
of tho bonseme waad in the polymevisation exporimonse

- 675 = 2 = 300 x 1 sounby
5 506 4

] , el
e B8 x 20° counte ses’

- )

The bavukground count van Q.13 counis mos.

For 2.9 vhr benzens

Spoeifid Aetivity of the polymer = 2.9 counbs fz;e@".ﬁ'

e, of the polymer _ C e f.25 st 109,

& . & 3
o 5 Tho mnaber of bensene fwogmonts 2.2k @ﬁg"g‘f fW
' o

9”012

o
gare
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Fox 5% viv benzens

Specific Activity of the polymer o 56,9 counis sec.

4

.44 ® 2108

o A% 56,9 % 3,44 3 10P
6 x 13.5 x 109

DF; of the pelymer

«°o The number of benzens firagments

o Q.37

For 20% vl v benszene

o . : ol
opeecific Activity of the polymer = 143 counts sec.

iﬂ?n of the poelymer 1.99 x 109,

8

2" 'Mhe numbex of benzene fragments = 171

1t is rather suxprising that the resﬁi#s from the
scintillation counting are gresier than those from the gas
gounting determinaztions since the latter is thought to be the
moaf accurate method for tracex analysis. This woul@ indicate
that the results from the gas counting determinations are low.
Phis could result from the presence of air which was occluded
in the polymex.

Despits this ervor the maximum number of fragments
present in each polymer chain ia 1l.7. According to the
normal kineties schemes, there should be 1 fragment per
polyﬁer'chnin_if chein transfer is occurringJand a numbey in
exsess Bf this if* the retardation is due toicOpolymerieationo
Therafore, although there is posaibly a small amonﬁt of
copolymerisation, the more probable atep for inclusion of

benzene wunits ju the polymer shain is ohain transfer.
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Acetylation of Bsnzene

Breitenbaoh gguggz ¢laimed that the radio~active
determinationg of Stockmaygr gg.ggi were witiated by the
presance of agetylenic impuvities in the radioc-active solvent,
In an attempt to aubstantiate this theory, radio-active benzene
was tréated with radio-active acetyleny end vinyl acetate was
polymerised in the presence of 205% v v of this contamined
golvent.

0.1 mille curies of acetylene from a break seal ampoule
weye added to about 8 ml., of radio-zetive henzene by the
procedure described at the begimning of this section. 'The
benzene was the highly active solvent used in the polymerisation
experiments and after contamination with acetylene was calibrated
by sointillation counting. Vinyl acetate was polymerised at
25°C in the presence of 2.5% v v of thie acetylenic benzene at
an initiatox ooncehtratiog of § x 10”8 moles Litre ™ and the
polymex isolated by freeve drying, using the procedure
previously described. 20 mille groems of the polymer were
dissolved in 5 mls of inactive benzene and the activity of the
polymer found by scintillation counting. Using the calculations
previously outlined there appeared to be 7.4 fragments of
benzene present per.polymer molecule,

A single crystal of the ¢ontaminated benzene was
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'growh end the solvent obtained Ifrom the coptically cleayx cfyatal
wes ugsed in & polymerigation reagtion similar to the experiment
described sbove, The sctivity of the solvent and of the polyme:
wvexe again determined by'.ﬂmin%illation counting snd these
corresponded to 0.92 fragments of benzene per polymexr chain
which was in good agréement with the previous determination of
this polymer by seintilisation counting.

Prom these vesults 1t ise élear that the presence of
acetylene does increase the activity im the polymer and this
would substantiate the results and'éhéary of Breitenbach. 3
However the results of Stockmayer g§.3§§ which led to the theory
of copolymerisation w@re‘suppoeed to be due to only traces @ég
agetylenic produscte in their benzenae. In this woxk 0.1 milié
curies of acetyléne were deliberately added to benzene snd only
an increase of 7 times the activity in the polymer was obieined.
If the incregse in acbiviiy in the polymer is obtained by &
copolymeris&tion mgehﬁnism'then these resﬂl%s would imdicate
that ﬁhe process does not coour very veadily, at least at 25°C
and 2,5% benzene. If the process did ogeur easily then the
increase should have bheen much greater with such é gtrong
sanple of solvent, This experiment slso demonstrates the
ability of the single crystal growth technique %o remove

impurities from the solvent.
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DISCUSS TON AND CONCLUSIONS

Befoxrs discussing the results which have been obtained
it is important to realise the type and megnitude of errors which
are incurred with the use of the thermocouple method for non-
stationary state measurements.

,Some other methods, which have been used by various
workers to evaluate the veloocity coeffioients, have a greatex
séngitivity than the‘nonmstationaryusﬁate thermocouple mechanism
8.8, Graspie and Melville's;a1 refraciometric method can detecd
a tempersture change of 10“ﬁ°c in 10“3 800.o while the dieleciris
constant mathod ¢an give a temperature reselation of 10“5°0 in
10“8 20, Hewever the inoreasing acouracy of measuvement during
the non-stationary state period is offset by the greater experi-
menial aifficulty-and the more complex equiprent required for thess
methods.

The thermocouple is probably the most useful method to
use foxr evaluating velocity coefficients but, as in all such
systems, there are certain difficulties and limitstiona in its
use,

Temperature Measursment.

The temperature was reoorded by a thermocouple at the
centre of the reaction mixture in a soda vemsel. In fact the

signal obtained by the pen volimeter recorder was due to
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oppoaing electromotive forces from two thermocouples), namely the
one mentioned above and a "cold? junetion in the evacuated space
in the side arm. Therefore, any random temperature fluctuations
in the bath would be reflected in the trace obiained on the pen
regorder voltmeter, The bulk of the heat required to maintain
the temperature of the bath waslsupplied by the background heatex
while the remainder was supplied by 8 40 watt light buld which
just fllokered on and off. With this arrangement the apparent
fluctuation of temperature in the bath was 0,001°C,

The noilse level of the Tinseley D.C. amplifier corresponded
to a temperature fluctuation of 0.,00014°C and this represents
the nltimate limit of temperature measursmen’t even with increased
thermostatic control.

The electromotive force-tempexrature relationship was
obtained from the literature. Bengough and Me.lvilleg have shown
that the rates obiained with copper constantan thermocouple
are in good agreement with rates of xeastion obtained using
platinum-platinum rhodium thermocouples and with rates measured
dilatometrically. This would indicate that the electromotive
ferce-temperature relationship is quite reliable.

_ After considering all the veriables the finel limit of

temperature measuroment is about 0.001°C.
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Memaurement of the Kinetic Chein Lifetimgo

Brrors 4in the measuwement of kinetic chain lifehimes
aye due to btwo factors,

() inaccuracy in the exbrapolation of the stationary state-time
curxve, and
(b) varistion in the instrvmsnt lag as time proceeds,

The start of the reaction was indlicated by a pip om the
regorder chart, If the smplification applied to the system wes
larga then the pip incereaped in size end the pen did not always
reburn to the orxiginal base line., This tended %o increase the
value obbained for the lifetime. However the vates of rea@tion'
obtained in thia work were approximetely twice those of other
wovkers, Conseguently this error did not interfere with the
resulis until vinyl acetate was polymevised in the presence of
20% v‘v bengens, where the amplification was about 1 p ovold
equal to 7 or 8 chart divisions for low intensity runs.

The extrapolation of the stationary state-time
curve depends on the length of time the reaction in the vicinity
of the time c¢urve remainm adisbatle. Under adiabastic condibions,
1 fractional conversion is plotied against time a steadily
ineveaging cuxve wlll be obtained which, a% time equal o three

times the LlifetimeY,becomes & straight line showing a constang

vate of increese in iemperature [Fig. I]. This will continuve
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uwntil the reaetion becomes non-adisbabic [Pig.2]. ¥f the period
for which the reaction ig adigbatic is leas then 37T a siraight
line will not be atteinsed, the initial vpward curve going through
a polnt of inflectiom 4o a déwnward CUTVEo Foxr most monomess the
reagtion mixture in the areas of the thermocoupia romaing constont
for shout 30 sec. Since the value of the kimnetie shein lifetine
in this work was nevex greater than 9 sse, 1t was not necessary
to employ any spesial ﬁe@huiqﬁes $0o ensurs adiabati@_eon&itign@o
In many polymerisatioﬁa, lifotimes of 50 gen and above do ocour
and vasuun Jjacketed dilatomsters have been used to inocresse the
adiabatic period.

Variation in the instrument lag fwom run to run probably
resulies in the greatest srror. The response Himwes of the
smplifier 1is Q.04 seconds and that of the thermogouple due to
ite emall heat capacity will also be very short. The lag of
the pen recorder is very much greaster, about 1 sec., ané can
vary with the amount of imk in the pem reservoir althouvgh carxe
wae taken o keep the weservoir topped up during & series of runs,
These combined lagas give a delay in recording the full signel
of up to seversl secondsy in this work 2.ls=c.

To cbiain acosursie values the radigal lifetime should

be about 2 %o 3 seconds., 8Since they were generally shorter

then this it required several determinatiomns at each stage
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to get & relisble figure. Howevar, despite all the cars taken
with heapuremenis etec. there was o wvariatiom of np o j;lo% in
the estimation of the intercept from successive determinetions
of the same remction. But the points whien ave plotted in the
§%§§’ sgaingt measured intercept graphs [Fig. 7] sre the average
of at least 3 separate detorninstions. In Pig. 7 the inter@@pt
on the tine axis coxrsaponding to the imstrument lag is 2.1 seg,
and 1% 4is seen thet this could wary by aboub g;002&®@°$1though
the slope of the graph would only be slightly varied, in fact
about 5% For this reason this stxaighﬁ line plot was used to
determine the values of the kineﬁia'ghain"lifaﬁimea whieh were

uped in calcoulating B, in this work,

¥
Th@ best value for the rxate of reaction at & particnlar
csonvevsion was obtained from the plot of log rate agained
log intensity {Fig.8]. The logarithm of this velue was plotted
with those obtained for the %wo other temperaiuxres against ihe
reciprocal of the absolute temperature to determine B, [Fig.11].
If the valus for the rate of roaetion was In good asgresment with
the other two it was used to determine the kinetie chain lifetime
from the straight line plot of ﬁ%@% sgaingt the measured
intercepts The agiual calenlation resulied in the kinetis chain

lifetie heing quoted to two figures after the decimal point,

Since it is obvious from the dnsconrasies in the aystem that the
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minmtic chain lifetime scammok be deteovmined b0 moxe than
£_0o0§ﬂm.little wvolinnce can be pleced onm the second FTigube,
However it doas facilitste the caleunlation of Eﬁnet@oamd for
this purpose it hes heen left in the btext. The same argunent
applies %o the rate of wgaction,

The kinstic ehain lif@time ig caleulaved from the plod
of ﬁ%%@ agelngt the measured intexcept Ffvom which the walwe of
&p/§$ is also obtained. Therefore, the walues of Et obtained
from the kinetic ohain lifetime and from 'p/l, should be
compargble [Fig.12]. But the determinstion of E, from kp/kﬁ
involves both B, and the accurate estimation of the gradient
for the wvalue of kp/kﬁg Consaquently there is generally =z
diffexrence in the values of the sctivebtion enexrgy of terminetlon
caloulated from the %Ywo sources. In all the sctivation snergy
plots the calculated velue lies at the centre of the circle,

& 8light variation of ithe gradient of the line could give @
meximum or minimum velue and the extent of this has been
indicated by the pyotrxuding lines.

The Influence of lenzone on the Pdlxmeriaation of Vinyl Acetbate.

Previouely the aotion of benzene on the polymerigation
of vinyl acetate vas weviewed in a separaie section according

to the concentration of solvent present in the resction mixture,

These rasults will now be reviseswed collectively %0 show the
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gffect of an increesing concemtration of solvent om the rabes
of reactionm, It is hoped by sitndylng the vesults in this nennsr
to obtain a slearer picture of the process which tauges the mavked
retardation of the rate of polymerisation.

This retardation of the rate of polymerisation is the
moat atriking fTeaiure of the work. The rate of reaction fox the
bulk polymexrisation is halved by the addition of 5% v!v of the
solvent while 20% redvees 1% tenfold [Figs. 34, 35, 36].
The values fox these plots are given below 0 eliminate

gontinual refersnss to previons sectlions.

md =
Rates of Reaction (moles.17 87 ) ® L0% a% 25°C end full light

intensity.

Consentration of Benzene Conversion

moles, 1 % 0% 30% 6U
0 0 400 4o6 5ok
Q.28 2.5 2.9 2,8 209
0,56 o) 1.80 1.9 2,2
2.24 20 0. 47 0.33. 0,22

P R '
Retes of Reaction (moles, 1| ®©, ) x 104 sl 35°C and full Righs
intens ity,

G@n@@ntg&tion of BDenzenc Conwversion
moles. 1o % 1.0% 307% 66%
0 0 5oR 5.8 ToO
0,28 2.5 3.3 3.6 fo2
0,56 5 2.4 2.0 5.3
2,24 20 0.65% 0, 5. 0,36
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= a
Rates of Reaction (Moles. 1. s, } 2 10 at 45° and full light

intona ity

Coneoyitratd an

af Benzens Gonvaepeion
- G‘.‘::E- - 2

wolen. ™" 10% 30 6%
4 e} 605 Tob 9.5
{{303&3 205 4(‘4 436 5“8
G. 56 % B2 307 4.6
2.2k 20 0.88 0.T4 0,58

The zates of resebion incveass fyom 10% conversion %o 60%
gonversion at oll temperatures and percertages. The exoception
%o thia rule is a% 20% bengene where ﬁhé aonverae would Boewn
to apply. But pfiew correetion for o Arcrense in menomeyr and
initiator woncentration, the vate of reacbion at 60% sonversion
gonld possibly be as lawvge as 1,07 x 202 mples XMiﬂma (pags %
o the webes of remcbiom at 20% benzone probably incvesse fwom
Ho%h eonversion, Since the weke of veection should Fall dus to &
dagreasy in monomex concenivation, this dnsresse in the vata
of veastion Lrom 10% %o 60% conversion indicatss that the gel
oftect is operating on the system up till 60% couversion.

g7 ian ba seen in Pigs. 5, 38, v énﬂ 49 that the
value of kﬁ at 0, 2.9%, 5% and 20 bensene is generally
gonstant 111 about 40% when i% begins to decresse duve 40 moncmey
diffusgion hﬁ@cminglmmre Aldfionlt and censing o redustion in

the rete of propegotion, This ia offset by & cowyeoponding
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fall in kﬂo As the wviscosity of the reacstion miztuwe
increases 1% becomes moro difficult for the yredicels te difluse
together %o terminate and the rete of termination falls and with
it the walue of k%

If the gel offest is operating im thin way then this
ahould be clearly domonsivated by the velue of the kinetie

chain lifetimes whieh axg given below.

Kinatie Chain Lifetime(s) a2t 25°C and full light iniensidy

(Coneentration of Yenzens Gonversion

moles, 17 % LO% 30% 60%
0 0 0.3(6) 0.5(4) 1.3
0,28 2.5 0.7(2) 0.6(5) 1.9
0,56 5 0.7(2) 0.7(9) 1.8
2024 20 1.4 1.2 2,9

Kinetic Chein Difetime(s) at 35°C and full Light dntensity

Concentration of Bemnzseuns Conversaion

moles, lfi % 10% 50% 60%
0 0 0.5(6) 0.5 0.9(7)
0.28 2.9 0.6(5) 0.5(6) 1.3
0,56 5 0. 5(8) 0.6(9) 1.5
2024 20 0.9(0) 12 2.1
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Rinetic Chain Lifetines at 45°C and full Light intensity

Gonozatretion of Bensens Conversion

moles, lfx % 10% 30% &%
0 0 | 0.3(6) 0.3(6) 0.T(R)
0,28 2.5 0.5(0) 0.5(0) 1.0
0. 56 5 0,5(0) 0.5(0) 1.2
2,24 20 0.6(7) 0.7(2) 1,40

From the above tables snd Yigs. 41, 42 and 43, it ds eleaw,

that at e some temperabure and pervcentags oclvent,; the kinetis
shain lifetimes increase fxom 10% o 60%. Thexrs ors specifis
points where this is not corrvect but the plots confivm that

this 18 the genewxal trend. Degpite the Tact %hat the concentrTie
tiom of the solvent hes been dowbled, the kinetic chainm lifetimes
for 2.5% end 5% benmene st all three temperstures are very
sipilar. This s guite suyprising sonsidering thet thewe is m
marked dvep in the 1ate.

Singe whe gel effect is o viscosity effoet, an increang
in the concentration of solvent would presumably dilude the
reaction mixtuxre and enable the chain yadisales %o terminaite
wore quickly. Bub en examinetion of the above tablos
demongtrates that this doos not oceunw, Thexe is, &t all
three tenperaturog snd goavernions, an incwesse in the values

0f vhe kinetis chain lifetimes &3 more solvent is added to the
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aystem. Thersfove, in addition to altewing the physical staie
of the reaction mixtuwe, the solvent is sliering the chemlcal

processes vhich sontrol the polymexisation rensilon.

Since the hkinetlic chain lifetime is inversely
proporiional to the velocity coefficient of termination, theso
ghanges inV with conversion should be veflected in k.,

c:-?. =3
Variation of the veloclty coeffisient of tcrminetion (I,.mole, B, )

)
7z 107 at 25°C

Concantrebion of Benzone Conversion

mole, 17" % 10% 307 GO%
0 0 8.6(7) 3.8(5) 0,6
0,28 2.5 2,1(6) 2.6(7) 0.5(2)
00 56 5 2,1(6) 1.7(9) 0.3(5)
2,24 20 0.6 0.1(4) 0.1{4)

od of
Variotion of the veloeldy coefficlont of termination (1. mole o,

)

e:‘P
s 40  ak 35%

Concentration of Denzoue Converalon

molenljl % 10% 30% 60%
0 o 8.6(7) 425 1.2
0026 2,5 2,6(7) 5.5(5) 0,63
0. 56 5 4o 2.5(9) 0.45
2,24 20 1.3(9) 1,0 0,25 |




=3 8
¥aristion of the veloeity ccefficient of termination (1 mole &

. =
x 10 at 45°0

con@entration of Benzene Conversion

mole, 37 % 10 508 607
0 0 8,6(7) 8.6(7) 2.2
0,28 2.5 3.3(7) 404 1.1
0. 56 5 4od Aod 0.85
2,24 20 2.5 2,1(7) 0,60

Phose resulss are plotted in Figs. 44y 45 and 4G. A% the
pame Lempesratures and concentration of molvent the valus of Ky
falls from 10% to 60% conversiom. This deocrease in value
goxresponds Lo the incvreass in value of the kinetic chein
lifetime over o oorvvepponding renge. This fall in k% indicates
that the astivation energy of berminstion i incveosing and
congagquently that the termination step is becoming mova ALFficuls
This supporis the theoxry of the gel elfeet opsrating on the
system and increasing ih effect with incyeasing conversion.

Bud kt is elso decreasing with the inereess in
concentration of solvent in the reaction mixtuve and so the
value of B, must also increase i.e. if the solvent eoncentration
iz increased the termination gﬁep begomes moxs difficult. The

mont significant festuvre ip the drop in kﬁ with the saddition of

only 2.5%% v v benzene., This gquansity of solvent counld ned
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alier the viscosi¥y of the mixiture %0 any greaet extent bub

1% has csused s marked increase in the activaitlon energy ﬁf
terminetion. The addition of solvent, since it ila not asting
a dllvent, is making the ehemitel process of termipatlion more
difficults. Possible wreusons for this effect will be discunssaed
at & latey Rteg0.

The veristion da ithe overall activation energy of the
system with concentwetlon is shown in Fig. 47. Af all pevceontage
sonversions the overall astivation enowgy ineresses with additlon
of polvent.

The asssumpticn hes desn made throughout this work that
rate of termingbion is gsecond ordoy with reapect to the catalyst
concentration and consegusntly the eguailon

EQ DEP m%Eﬁ 00009000000000(21)

iz appliceble to this system. Since both B; and Et incyreans
with the sddition of selvent, Ep muot also increame and this
ig demongtrated by the desremse in the valuwes of kp in the
following tebles.

Variastion in the veloglity coefllcient of pronagatlion at 25°0

Concentvetion of Benzene Converslon

noles, 1, ™ % 10% 30% 607
) ¢ 1010 840 400
0,28 2.5 320 480 160
0. 56 8 280 300 130
2024 20 40 4 4
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Varietion in the velooity coefficient of propegation at 35H°C

Goncentration of Benmonc Conversion

mole, 177 % 1.0% 30% 60k
O 0 1400 1250 760
0.26 209 650 730 3350
0o 56 P 490 430 230
2.24 20 . 105 70 17|

Variebion in the veleceilty coefficient of preopagation at 45°0

Concentration of Bemzene Convergion,

mole, 15" % 10% 30% 60%
0 ) 2100 2320 - 1380
0.28 2.5 950 230 630
0.56 5 710 820 440
2,28 20 150 115 4Q

The docrysasns in kp is quite ebvicus Lwom the ghove tables.
The most significant featurse im the megnitude of the differenca
in $he walunes fox the bnlk pelymerisation and the additiom of
2.5% colvond ﬁalahe renction mizture, This cannot be cpsigned

30 ony veriation in the gel effect. Thewsfors the solvent ie

alvering the process of propagabting the chain length. Thewo de
enother disdtinget decrease in the valwe of kp when the comconibration
of the solvent ia sneressed from 5% to 20%. If wo essume thab

an everage valvs fow kp at 5% benzene is 600 1. moles, s. while ab
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20% bonzone 3t 1 60 lnnolefﬂafgn what does this decreases in volus
mean? The process involving the solvent molesule and the
propegating shain radical ig the same in both csees. Bub the
chancss of the rosciion occurring betvween a radical and o solvent
molecule ave obviously greater with 20% benzens. This is roflected
in the véluea of the propagetion coefficient since it takes 27,
times longer t0 propegate the chain at 20% benzene than it does
8t 5% benzens.
From this weview of the rele%an% dat&; any explanation
of the veaction between the solvent and the growing vinyl
acetate chain radical must accoumt for the followings
(1) fall-off in the wate of polymerisation with increasing
bensene concentration,
(2) increase in the kinetie chain lifetime with increasing
bensene concentretion,
{(3) inoreass in the overall activation énergy B, with
inereaning benzene coreendtration,

(4) ineresse in the activation enswgy of termination I , ¥hich

K
sorresponds %o an increase in the kinetic chain lifetime,
{5) en increase in the nmctivetion enevgy of propagation Ep
with inereasing concentration of bonzeng.
Before proposing & kinetis scheme o account for these

fagtsy a veview will be mede of kinetiec schemes proposed by othewn

workswrs fox mimilaxr nystems.
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The Retsrder Action of Benzense on Vinyl Acedate Polymerigation

A kinetic snalysis of the polymerisation of yinyl
scetate in bensene ie complicated by the number of different
rescblions that can occux,

The polymerrimations were initisted by the sction of
ultraviolet light on azobiscyclohexane sarbonitrile. Thise
produces free radicals whichy, im bulk polymerisation, can veact
with another of the same kind or with 2 molecule of monomer 10
initiate & chain. The situation is more complicated by the

presence of solvent. In this case the following reaction can

occurx .
° o
Rc & K e > R1 CorevoBOoODLOaCD (I)
R; N — So onoaoooocooouoo(ll)
° ° Disproportionation
Ry + R cmmiinition 9~ Unreactive products (IIT)

where R, is a radicel derived from the initiatox,
Simce reaction II does not occur im bulk polymerisation it is
possible that the efficlency of initiation will be reduced .

18 .
Bevingion has shown that?t this remains constent over a wide
range of solvent concentration and the rate of initiation has
assumed to be constant in this woxrk,

The radical cheain produged in I ean react as follows
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Rate

R;' + MRS i mp[n°][m] foscsooaoe {1v)
R; > B—pP + Ry _ ktmgn°]{M] csescsass {v)
R;ﬂ + B ""-“EPSO lﬂ,ﬁ;?;[ﬂ(’j[ﬁj cooaso6029aq (VZ)

whexe B dp & molecule of benzene,
S im a solvent radical,
Reaction VI can take place by various mechanisms which will be
gshown bealow,
The polymar ghain radical gan be terminsted by
gonhimnation owx dispropovtionaition as outlined previously
[pege T]- The solvent radical, howevew, can veact in &

numbexr of ways.

Rar &
S° 4+ K R’ gﬂ[s°][ﬁj vacecooos (vin)
ﬁo € Ro })Olym@r }LE::I[SOJ[RC'_B OPBOGCOBLDO (VIII)
SG <+ So Stable Prodush },E??:‘[Su }8 Qosav0D0O0O0 (I}'{\)

The radieal 57 gan be formed (a) by & chain txensfer
resstion between a chein radleal and a =solvent moleculs ox (b)

by the addition of a solveni molecule to 2 chain radiocal,

frie) R° + </ Ny e B o

I e

&) R ¢ </ fE 5 R 4 N ox R
[ — \\mm
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Allen, Mervet and S@anlanig Who.imveatigat@d vhe
polymeriégtion of vinyl scetate in isopropyl bonzeune and
dihydromyresne consideved fthat the 8° radical was formed by
‘& chein transfer process., Having oblained an intensity
exponent of 0,75, they concluded that the radicels preduced
fxom the solvent were resomance stabllised %o an extant which
made thom slow %0 reeinitiate with the wareasctive vinyl acetate
monomer and wers fyrequently lost from the system by terminaiion.
However degradative chelnr transfezr would be &aﬂcgiated with an
increase in the rate of termination amd hence a decresse in T .
This has pot been foumd in this worlk,

On the assumption thet chain btransfer occurs
followed dy reaction of the solvent vadilcal with (a) a8 monomerx
molecule to reinitiate the chaim (b) another of its own kind
(e) & chain carriex, Burnett and Loan a&lso developed an equatbtion
for the rate. They wsed this equation to show that the

vaxiation in the apparent owrder of veaction wiith vespect to

the monomer concentration was due %o the various concentration
ranges used by different wowkers. Not only wexe they sble to
demonstrate this, but their kiunetio scheme yielded theoretical

ourves for the rate of polymerisation of vinyl acetale in

bengene which wexe very similar to the pyactical ones. Hovevex
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they obtalned sn extremeiy high valuse of 24 k.cals. for the
addition of & phenyl radical %0 & monomer. Barson, Bevington
and Eav&aig using €4 lghelled bhensoyl peroride as an initistox
of vinyl acetate polymerisstion, found thét the phenyl radigal
is an sffi@ient initiator, This would indicate that the
ldes of sheain transfer belug the mource of the 5° vadicale was
wrong for the phenyl radiecal would reguive o bn unreactive o
ascount for the atyong retazdation of the radte in the presencs
of henzene.
Jenkiuaﬁg suggested that the weakness in Burnett andg
Loan's kinotic stheme waa that they equated the rate of
formation of the 8° redicals to the rate of re-initiation
loes k. (R°liB} = kzrﬂ[sﬂ[ml cvoosessscccccoo (27)
Jenking stated that this represonted the condiﬁion
that a negligible proportion of the solvent radicale participated
iﬁ the termination reagtiona dnd if nearly all the transfexr
radicals were to undexrgo r@minitiétion then the retardation
would be relatively wealte But equations of this form are
gonmon in copolymerisation kinstio schemes which have been used
sugcesafully %o explain rétaraationm in retes of reaction. Wealss
based his velocity coefficienis for the tsrminabion reections on
ﬁhe'g@ometri@ mean® aspumption i.e. that the veloelty coeffiscicnd
of terminmation hatween $we dissimilasr xedieals is the geomeiric

wean of those for the reactions between like radiecals. In view
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of the evidense from copelymerisation studies that termination
may occur preferentisally betwesn unlike Eaﬁicalafs thig is
doubtful. Therefore reastion (viIX) probably occurs mors
eapily thar peaction (IK) snd 80 & similar number of R° radicals
are removed from the system when 5° xadisals are terminated hy
this veasotion. If we assume that resstion (VI) occurs quiclkly
and reaction (VII) ioc o slow step, then a large number of S°
radiosls will begin €0 build vwp in the system . BSince another
R° radical is reumoved whenever an 8° radical terminates, the
number of 5° radicals in the system could rapidly incrcose while
the number of R° radieals falls. When the system had reached

a steady condltion the ratio of the conceniration of 3° radicals
to benzene concentyation could equal the vatio of concentration
of R° wadicals to the moncmer concentration.

ibeﬂ [R"] &8 [sr’;ﬂ OOQOQOQDD(ZB)
E, (K] E_[5]

Co k. [R°}B] = kri[s°][m]

This 4p Burnett and Loan's orviginal egquation (equation 27)
PTherefore, Shis melationship could hold even though the S°
radicals were participating in the terminetion reastion.

From his kinetic scheme Jenkine develaped the following

aquation for the velocity coefficgient of Stransfey with a solvent.
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. (Ikﬂ)}ﬁ 1
b BT T\

using the normel symbols with

1{ hind -)‘- 54090 8900090 % O (29)

*k L omofHy]
LM ]

where m and m, are the retes of polymerisation in the presenge
and sbsenca, respectively, of solvent.

Singe the polymerisation woections in this work were
photo=initiated, the rate of inltiation hey beon conslderad
to be comsbant. Lk, in equation {(29) is the veloclity coefficiont
for termination in the bulk polymerisgtion and the velue of

k? doga not vexry much with vemperstuxe im this reasgtion, The

(1, )%

gzxpresgion T
215]

can b replaced by K, which is & constand

fox eny givaﬁ polynerigation at any particular extent conversion.fo

aquation (29) can be rewriiten

L P
k'ﬂii{“g K(l‘” ) Co0UDOOUOOO (30)

Equation {30) seems %o provide & vemsonable method of salewnlating

ky.o However it is possible to express k, . in the form,

kY
= /f
ktr s A ® R

The plot of (%i m=i} against the recipyoenl of the abseluta
temperature should give a value Fox Ty . A horlzontal

plet 3is obtained using the wvesults from this work Indicating
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that B is Bero. In fa@t we heve shoun thab Etr is p@éiﬁi%é
having @ value of 4.8 k.cals (page 87 ) which iz covrract ainde
the anount of treanwfor incrTeares when the sempoyature is
in@reéa@&o So J@nkin“s kingtic schems, whish is basesd on
shain trensfexr followed by terminaticn, must be wrong. I% wonld
also result in a2n ingrense in the rajte of teranination whichk woulé
be refleoted in e deevease ip the kinesic chain lifetime, This
has not been found,

Other eovidenoe alse tonds to suggest thet the btheory
of chain tremefer is incorressct. I hes been demeons$rated that
B, incrvesses with the amount of bensene present during the
polymerisation of viryl acetese (Fig. 47) . A% the seme
time ¢the rete of resetion falls due %0 yetarxdabtion cecurring mows
frequently. If the vetavdation reaction was due o ohsein
transfer, B, in the presencs of benzene would be less than E,
in the bulk reaction. B, would decrease throughout the

polymerisation of vinyl acetate in the presencc of benzene since

&

- would be a negative term in the eguation relating E, e
Epg E’ﬁ; and Etﬂ.‘o

In view of thls evidemce it must now be assumed thet the
trangfor theory of retevdation le wrong. Since the 8° radical
is not crepted by chain tvansfaxr it mwst de @xeaﬁe& by addilition
of a benzene molecule Ho the growing polymer. This atep_ahoulﬁ

ogour quite quickly singe 4t ds, ir effect, addition agroasn
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& @ouble band. If this is the case, the queation of which
regction doen cause the retavdaition remains to ba answerad.

A possible explapation for the retardstion in rebe is
that efter addition of the solvent moelecule to the growing chainm
radieal {VIb) reinitiation takes place. The radical formed by
addition would be more shable than & phesayl radical and
gonseguently the energy of ve-inditiation would be high.

This slow re-initiation step has already been used %o
Justify Buxnett and L@&mﬁs kinetiec scheme and wonld obviowsly
caume 8 retardation in the rate of reaction, it would elso
explein the increase In the kinetic chein lifetimes in solution,
An inorease in the kinetic cheln lifetime would indicate a
redustlon Gn the wate of terminstlion which would normally be
acgonpanied by an incvemse in the rete of reaction, However,
a3 we have previously ahown, there would be a lerge increans

in the number of 5° redicals in the system 1f the re-initiation

reachion was & slow step. This would lead %0 & dagrease in R’
vadicals, Sinece only R° rxedicals are active in prépagaﬁingg

the rats of reaciion will drop es they decrease and hoth the
overall sctivation energy sand the sc¢tlvetion enervgy of propagation
will increese. The decveass in V' as bhe temperature increasos is
probably due o the 8° radieals bacoming m@r@ reactive. The

vemaining gquestion is whelher the ve-iniddation step is by &
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copolymerisation process or by chainr txamnsfer with the monomer.

$tockmay@r‘g§,§;p& used the kinsitic shheme d@véioped by
Ki@@aéaﬁg t0 exPlaiﬁ their results obiained from the pdlﬁm@risaﬁiom
of viryl acetate in benszense at 60°C. They obiained chain iranafew
gonstante derived from the moleculer weights of the polymer and
from the vates of veaction, these being 1.2 x 1056 and 2,0 : 10aﬁ
veapectively. Using G, = 2 x 107 thoy ealoulatod thet tho possibi
comb ined cycloheZadiene wxemidues Yo be sbout 2% but could not detact
these by combustion analysis, determination of uneaturation by
iodine momochloride or by infrared speeiwescopy. They polymerised
vipyl acetates in the prescnse of radicactive benzsens et & rotio
of 1:9. From the determinations of activity in the polymer fyom
this one experiment they considered that the variation in chein
trensfer constants could be expladned if bensene copolymerised
with vinyl acetate Breitenbacsh Q§_§§36 duplicated these radio-
tracer oxperimonts snd from the activity in theaa‘polymar@‘
together with deterninatione of chlorine in chlorinsied p@lymaié
@@nglude@?ﬁ that no @epolymsria&%ion wag ocecurving.

fThe radio tracer results in this thesis indicets thad
the aumber of fregments pér polymey mologule does tend o increass
as the concentration of benzens in the system is ilncreazsed. The

nombey of fragments per polymer chaln, howsver is no grester than 2
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which indicetes that only & slight degree of copolymerismation
is occurring at 25°C with 20% benzene in the system. This
conclugion must also be censidercd with cere since the
noleculszxy weight of the polymers was obtalned from viscoslty
neasurengnts which are very ausceptible to erroxs. Since the
molecular weight of the polymer is in the mumerator of the
egiation welatiag the number of Ifregments per polymer chain to
the metdvity of the polymer (pege 91), a variation in DPn will
infilvence the final remuld. The results at 2.5% and 5%
benzone are dofinitely in favouy of & chain transfer meochanlinam,

Another Feabture of this work is the appsrent independenss
of the transfer constant on tempersture. This is rathew
surprising. It maylhe that the setivation energy for the
addition of monomer to a chaln radical is gimilar to that fox
the addivion of & benzens wmolecule since they both involve
aédition to & double bond.

In conclusion, the evidence from this work suggesis
that the addition ol & chain xadical b0 benzene producing o
redical which is slow to »einitiate, is the canse of the
retardation of vinyl acetaie polymerisation in benzens. From
the radio-tracer experimonts the re-initiation stsp, at the
ﬁemperature and dilutions used, appsers %o be by chain

transfery wilh ronomer.
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SUGCESTIONS FOR FURTHER WORK

Since there eppeared to be an increaso in the fragments
of honzene present in the polymer chein gt higher selvent
soneentrations, further tracer eoxperiments with an irnoreesed
concentration of aal?enﬁ seem necessary. These gould be ceonducisd
both at 25°C and 60°C to detevmine whether copolymerisstion Hakes
place at both or nelther Semporature with an increased concentrae
tion of solvent,

It would also be intereeting to polymerise vinyl ceetato
in the presence of winyl monomers contalning avematic rings e.g.
styrene and vinyl benzoate. It mey be that the low raite of
rosctlon encountered in the copelymerissvion of sityvene with
vinyl acetate iz due %o ring addition and not to the sitability
of the styryl xadical, If radio-zotive atyrone were used then
mora accurate information could be geined about the reastivity
rabios of the systenm.

Théae expsrimentes would follow s & logical extension
of this work and provide more information sbout this particunlar

type of polymexisation,
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Deterninetion of the Preesing Point and Molsd Porvcomboge lmpuriby

from the plot of Tapisitonse against Himo

Tine Resistonse Time Resistenes ine Realstanoe
WA o GBI o minso ohmg o ming o okunt o
0 50201 L4 36401 28 . 364,57
R 312;5 15 36%0.42 29 364,66
2 519,59 16 363040 30 564078
3 329.0 iy 36348 31 564099
4 33603 18 565,64 32 565,29
% 342,0 19 365075 33 565036
& 3473 20 363,85 34 395053
7 3524 21 363.94 35 565,69
8 55603 28 364,04 36 565096
2 35906 23 364014 27 366044
10 363,75 24 5600 24 30 386065
1L 366,40 25 3564056 59 367,03
12 568,08 26 364444 40 367032
15 373, A 27 364,50 L% 567 074

e folloving fornuleo vere obtnined from page 195 of

' . e s Ba
Phygice Chemlead Caleulasions by Guageaholm onll Pruo
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Detormination of the zTate of polymerxigation of vinyl poetate

fxom the axperimenteld shart tirace

(73

Trom o $ypleal ghexrt trace 2 slope of 3.3 = 10

23

A . : .
divicions sec., vwas obtained. The celibravion ocurve showed that

2% the amplificetion used lo‘p volta was aguivalant to T.2 chewds

divisions, end since 40 ip% m o0, ,

A
Rate of tomporature visse of - 2ol x 30
polymerising mixturae 0.T2 = 40

ok
°Q ase

-3 Y
& 10,79 = 10 °“C see
6%

Prom the litevature walues
od
Heat of polymerisation of winyl asetate, ¢ 21.3 k.oalo, nole
3,
Specific head of monemeric vinyl scetats, » 0.47 cal. gsu.

Molesuler weight of vinyl acetate, = 86

1
[

o o Heat wequired 40 vaiss the temporeoiure .
of 1 mole throuwgh 1°0 - . 86 x 0.47 erlse.

o A0.4 sale.

o°n 100% hr., reastion wonld vaise the . §§&5.3~%2i,@g aaéﬁ
Senperature i 40°é”§“3 »
=t "
o L4730 °C a6
" )
° 100 ?5 Iy 10

4
o « Rete of Polymexisation % hro

i 4T % i0°8
s To31% nx®

The tomporature »ise eonld bBe converied Aivectly into mata of



senction by the relatiomship

1% wr? = 5.86 = 10~ p B@&“-‘fl‘

Thiz velationship wos corregied as conversion
progoaded do allow for the specifie heats of the monomer and
poelynexr and for the presence of solvent.

Conaidexr the pelymerisetion of vinyl scetate in the presence

of 20% v/% benzena o

o
Speecific Beat of monomewn = 0,47 eal gn.
Speciftic Heat of nolymey 2 (0,39 cal gmf

Speeific Heat of benzene et 25°C = 0.41 cal gﬁf

Oxilginal weight of monomer = 9.35 gmo
Wedight of solvent @ 2,48 gm,

At 20% conversion
o o Tod8 = 0,47 + 187 % 0.39 + 2,48 x 0,41
a Specific HE x 11.83%
3,52 + 0.73 + 1.02 = Speecific Ht x 11.8%
oo Bpecific Heat s 0,445 cal gmﬂ&
oo The previous calculation was corrested by imserting

021 ‘4
0,445 oal gm. Tox 0.47 cal gn.

vt rvrerrvr————
[RI-Savt ot idaes
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