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SUMMARY

The kinetics of the polymerisation of vinyl acetabe
in the pregence of solvents hesg been studied. Azobis
isobutyronitrile hasg been used as photoinitiator,

Ag Llittle as 5% of benzene lowers the rate of
polymerisation of vinyl acetate 1o sbout one-half its
value in the absence of benzene, For the polymerisation
of vinyl acetate alone and of various benzene/vinyl scetate
mixtures the yrates of polymerigatian, molecular welphts and
chaln trangfer congtants over the temperature range 25—60°G
have bheen measured, The intensity exponents were found to
be in the region of 0.51-0,54 both with benzene and in its
absence.

Lebelled benzene, grown as & single crystal, has been
uged at different temperatures to find out the number of
benzene molecules incorporated in each polymer chain, and
on an average one molecule of henzene has heen found per
polymer molecule. A possible mechanism for the polymevisat
of vinyl acetate in the pregence of benzene has been put
forward.

The rate of polymerisation of vinyl acebtate in the
presence of toluene has been found the same ag in the

pregence of benzene., Greater rebardation was obsgerved in




the presence 0f cyclohexadiene and also the lowering of
molecular WGight of the polymer formed. Termination
was Pound to beé second order with respect to the growing
polymer radical conecentretion.

The effect of obther solvents (mainly substituted
benzenes) on the polymerisotion of vinyl acetate was
studied and dirfferent rates of reaction have been explained
by steric hinderance,

| The rate of polymerisation of vinyl acetale was very
much retarded by styrene which has been showan to
copolymerise with vinyl acetate, Liaboelled styrene and
labelled vinyl acetbtate were used in dturn to evaluate the
mononier reactivity ratlios.

Velocity coefficients for propagation termination, and
kinetic chain lifetime for the polymerisation of vinyl
acetate in the prescnce of small amounts of styrene have
been determined*asing the thermocouple method, The value
of kp was found to decrease with increase in gbtyrene

concentration, while that of kﬁ remnained unchanged.
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INTRODUCTION

The polymerisation of vinyl acetate in the
presence of solvents has been, for sometime, the
sub ject of controversy. The rate of polymerisation
is retarded in aromatic solventsl’z. Different
workers have suggested various mechanisms based on
their results but none of the schemes put forward
completely satisfies the observed kinetic measurements.

Burnett and Loan3

suggested that a chain transfer
reaction between a growing polymer radical and

benzene cccurs producing a phenyl radical, which they
claimed was more stable than the growing polymer
radical. This would lower the rate of polymerisation.

Stockmayer, Peebles and ClarkelL claimed that
copolymerisation occurs and supported this view by
using Cli~benzene as solvent in the polymerisation
of vinyl acetate,

Breitenbach and Faltlhan5615 subsequently
published the results of their work in which they
reacted chlorobenzene and m-—-dichlorobenzene with
vinyl acetate. They did not find any copolymerisation
and considered that the findings of Stockmayer et glh
might have been due to acetylenic impurities in their

radicactive benzene since 1t was prepared by the




trimerisation of acetylene,. This was confirmed by
Breitenbach, Billek, Faltlhansel and Weber6 using
radicactive benzene prepared; (a) by the denydrogenation
of cyclohexane and (b) by the trimerisation of acetylene.
Considerably greater radioactivity was found in the
samples prepared from the latter than from the former
radiocactive benzene.

7

Bengough, Brownlie and Ferguson', attempted to
measure the kinetic constants for the propagation and
termination reactions in the polymerisation of vinyl
acetate containing up to 20% benszene. Their results
indicated a lowering of both the propagation rate
constant (kp) and the termination rate constant (kt)
in the presence of benzene. They also made some
preliminary measurements with radioactive benzene
and this has been extended in the present work.
Cli~-benzene, grown as a single crystal, has been
used in experiments with a very high benzene/vinyl
acetate ratio at different temperatures to find out
the number of benzene units per polymer chain. For
the polymerisation of the monomer alone and the various
benzene/vinyl acetate mixtures the reaction rates,

molecular weights and chain transfer constants at

several temperatures have been measured.



The effect of other solvents (mainly substituted
benzenes) on the polymerisation of vinyl acetate has
been studied and the difference in the rates of reaction
found in the presence and absence of substituted
benzene have been explained by steric hindrance.

Since the resonance stabilised radical type (I)
which could be formed by the addition of a growing

polymer radical to an unsubstituted aromatic ring

iI)

the reactivity of such a radicél towards vinyl
acetate was further studied. Styrene which could
form a radical of similar stability on polymerisation
wag reacted with different amounts of vinyl acetate,
Clhi-styrene was used with inactive vinyl acetate and
Clhi-vinyl acetate was used with inactive styrene.
Using a little styrene in vinyl acetate, velocity
coefficients for propagation, termination and kinetic
chain lifetime have been obtained at 2506 by the
thermocouple methodg.
Molecular weights were measured by the viscosity

method and by the initiator-fragment method.




Mechanlsm of vinyl polvmerisation

Free radical polymerisation is the most
important and also the commonest method of polymerisation.
Tine free radical chain mechanism involves three bagic
reactions ag given below:
L. Initiation.
2. Fropagation,.

B Termination,

L. Initiation., Free radicals are usually obtained by

the tiaermal or photochemical decomposition of compounds
gucih as organic peroxides, azo and diazo compounds.

In this work 1l:1 azobisisobutyronitrile (AILBN)
nas been used as tihe catalyst. Tne AIRBN has been

saown by kinctic studies to decompose by a wnimolecular

process:
CN CN CN CN
& t - | l
H - - = N - - H - SR hand * G- N = ¢
013 ? N N ? Cl-Ij g ﬂea’%CHB (!3 + OHZ) O N N
! !
CH Cit 5 CH l CH

CN
!

2 Gy - ?'+ N,
CH 5




All the radicals generated do not initiate the
polymer chains., Some are consumed in other
degtructive reactions for example:

(i) Some of the radicals may undergo primary radical
termination i.e. between polymer radical and
initiator radical.

(ii) Some radicals may rsact with caci other
directly.

(iii)Some radicals may react with some impurity of
the system.

Again the initiator can also partially descompose
by a non-radical mechanism to give products which
cannot attacx the monomer.

Several Warkmrslowlu have meagured the efficiency
of AIBN initiation in different monomers and values
of 5O to 80% have been reported, The comparatively
low efficicncies have also been explained in bterms
of a "cage effect" in whicix the solvent or monomer
molecules are assumed to form a barrier which hinders
the separation of newly formed radicals and so
encourages the interaction.15

2., Propagation,

The addition of a free radical to the double

bond of the monomer generates a larger radical which




k]
leads to the formation and propagation of the

growing polymsr chain. At esach addition one
electron of the double bond pairs with that of the
frece radical and second electron of the double

bond forms a free radical which repeats the process,
Large numbers of monomer units add, one at a time,

to the polymer chains at an extremely fast rate.

Rn'* Ci,= ?ﬂumm4 Rn-— GHQ-—?H
X X
Rn - C.‘L'i-2- CH + GH2 = CH  —a R11+l - CHQ— CH

iy
! i 1
X X

Rﬁ is a free radical containing n monomer units and
X a substituent group, in the case of vinyl acetate,

the acetate group.

%3, Termination,

The growing polymer- radicals can be deactivated
to give stable polymer molecules. Termination can
occur at least by two ways:

a. Combination
b. Disproportionation
In combination two growing polymer radicals

combine by the formation of a covalent bond between




the two free radicals. Radioactive tracer
teciniques using C14 have shown that in most of the

monomers studied, combination is the preferred

reactionlo?l¥
R, - (GrizmTii)m - CH, - %JH + Ro— (CHE«- ?H)n— CH -~ (31{
X A i X X

i
e

R~ (Cgié-x{ri)m - Gil, - CH - Cll- CH,- (?11—C£12)n- R,

2
| l
X X X X
Disgproportionation involves the transfer of a
hydrogen atom from one growing radical to another,

the result being that the polymer chain losing the

hydrogen atom becomes unsaturated,

- - — Q. L _ T . -‘_.
Ry - (cﬂz«?h)m - G, - (?H + Ry- (OH§ %H)n CH, cl,u
X X X X
e
Rq- (CHQ« f‘JH)m - CH = Cl)H + Ro- (CH2- c!::ﬂ)n- CH -~ ?}12
X X X X

Chain transfer rcaction.

The kinetic chain lengthV is degcribed as the
number of monomer units per polymer radical, and 1s
related to the degree of polymerisation (DP)., 1In
combination DP = 2V because two polymer radicals

form one large polymecr molecule and in disproportionation



-

PP =w, But in some cases several polymer
molecules are Tormed per kinetic chain length, In

such cases tihe rate of polymerisation remains the
same but the DP is lowered. sucihh reactions may
be attributed to chain transfer. The activity of
a growing polymer radical is satisfied by the
abstraction of usually a hydrogen atom from a
transfer agent which becomes a free radical,

This free radical may be or may not be capable of

reacting with wmonomcr to form another chain,

R°+ 8§ — P + 8
5 can be g molecule of monomer, polymner or solvent.
In this worx chaln transfer to polymer and

v

initiator a2as been agsumed to be insgignificant,




Previous worlk on vinyl acectate

I'ne scarch for new polymers nas provided the
incentive for investigations into the fundamental
cinemical processes by which polymers are formed.
Xinetic studies of polymerisation and examination
of the resulting vrolymer can lead to a comprehensive
unacrstanding of tlie mechanism of the reacltions
occurring during polymerisation and factors
governing their rates. Pefore a detaliled analysis
of the kineticg 1s given it would be useful to
review the development of work on the polymerisation
of vihyl acectate,

Staudingerl6 studied the nature of the
molecules compriging polyvinyl acetate and reported
that 1t was made up of polymcric homologous
compounds., It wasg also recegniscd tiat a simple
method of following the stationary state kinctics
of polymerisation was to follow the decrcase in
volume accomnanying polymerisation.

L7

Starkweather and Taylor reported on tie
polymerigation of vinyl acetate in bulk and found
first order reaction with rsspect to monomer, while

in toluene solution the rate of reaction was retarded,

The rcetardation of tne recaction by tolucsne was
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explained on the basis that activated molecules gave
up tieir energy to the toluene molecules before

taey could combine with other molecules. Other
workerslB found that in tioe reaction initiated by
benzoyl peroxide the rate is proportional to the
square root cf the initiator concentration.

In most of this early work the vinyl acetate
was purificd by distillation in air and then
degaassing thne monomer in thie dilatometer on the
vacuum line. Thereforc all of this work was
characterised by induction periods before
polymerisation commenccd and oxygen wasg shown to
have an inhibiting effect%9 It was not quite
certain whether tois innibition was a characteristic
feature of the reaction or due to tiac impurities.
Various gaggcstions were put forward to exnlain t.c
unrceliable results obtainced in the nrevious work
and it was evel suggested tiat tae reactioir might

20
be hetcrogensous,

21

In 1957 ¥lory publishcd a paper proposing

t

nat a chain transfer reaction could take place

during the polymerisation. The chain transfer
o It - 22 —_—

concept was subsequently developed by Mayo Who

developed a method of obtaining tiae cinain transfer
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constant for any monomer solvent system.

Cuthbertson, Gee and Ridealz3 investigated
tine initiation rcaction of the thermal polymerisation
and found that Tfreshly prepared vinyl acetate did
not react but did so after standing in air, To
explain this taey suggested that the aydrolysis of
vinyl scetate to acctaldehiyde occurs and was followed
by thie formation of peroxidss., In a later 1_:»&961’*2)“L
tiie thermal polymerisation of vinyl acetate in bulk
and ia toluene was studied and chain transfer with
toluene wag suggested.

HdJowever, tne nighly purified vinyl acetate when
polymeriged thermally with benzoyl peroxide £ava no
induction periods,

The introduction of non-stationary state methods
which made 1t possible to determine the individual
velocity moefficients and kinetic chain lifetime in
pinoteoinitiated recactions was an important develcopment
in the work on polymerisation kinetics. The
non-stationary state period of the bulk polymerisation
of vinyl acetate nas been studied by workers using
the dielectric Constant269 the rotating sector27, the

29

o~ 2 8 k] 0 ] by
refractrometer ", the thermistor ™, and the

9

thermocouple imetinods”.
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]

Cnain transfer reactions have also been the
subject of much study. The chain transfer constant

for vinyl acetate polymerisation in toluene has
. . . . e a1 T _— ‘_,-30 N 3 m e 1 -
bheen calcalated by Hozaxi using the results of
e e maaaaq2l . .31

Cuthibertson CGec and Rideal™ . Kapur and Joshi

32 . . . 33
2 . Clark, Jowsrd and Stockmayorjﬁg

s

Falit and Das
have reported valucs for a large number of solvents
including saturated, unsaturated, halogen substituted
and nitrated hydrocarbons; alcohols, esters, ethcrs,
amldes, sulphides and a sgeries of substituted
benzaldehydes.

dowever, controversy fhas arisen regarding the
polymerigation of vinyl acetate in bengzene. The
marked retardation of the polymerisation of vinyl
acetate in benzene solution hasg been attributed to
a chalin transfer reaction by Conix and Smetsﬁu wWho
claimed tuat the rate is proportional to ME/Z.
Simultaneously Stockmayer and Peebles35 claimed that
tihwe reduction in rate is not due to chaln transier

but to cotcoclymerisation.

il

A third vpaper vas put forvard by Allen, Licrret

56

U

and Scanlan whio noted a marked retardation wihen
vinyl acetate was nolymerised in the presence of the

isoprenic substances dihydromyrc:nc and isopropylbenzene
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but no retardation when methylmethacrylate was the
MONOMEY o Since dihydromyrcene and isopropylbenzene
behave ag simple chain transfer agents with other
monomers & probable explanation for their retarding
effect on the polymerisation of vinyl acetate is that

a "degradative chain transfer'reaction is taking
place. By"'degradative chain transfe® is mecant a
chain transfer reaction in which the radicals produced
from the chain transfer agent are resonance stabilised
and slow to reinitiate the polymerisation; they are
thus frequently removed by a termination reaction with
the growing polymer radicals. Their kinetic schems
yielded a wvalue for the chain transfer constant for
isopropylbenzene 100 times greater than that found for
benzene by Stockmayer and Peebless5 from molecular
weight detcrminations. They said if copolymerisation
was the important retarding mechanism in isopropylbenzene
the values for the two compounds would be of comparable

magnitude.

Burnett and Loan~”

agsumed that radicals produced by
the chain transfer step reinitiate the polymcrisation

and that the rate of initiation is equal to the rate of
the chaln transfer reaction. They derived an equation

for the rate of polymerisation which demonstrated that
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the order of reaction with respect to the monomer
concentration was dependent on the monomer
concentration in the solvent.

iowever, Jenkin557, stated that Burnett and
Loan's kinetic scheme was applicable only if the
retardation was weak, He put forward a kinetic
gscheme on tic basis of chain transfer recaction with
solvent occurring and derived an equation for the
rate in terms of the various rate constants involved
within his xinetic scheme, e used the geometric
mean assumntion i.6. the velocity .cocfficient of
termination between two dissimilar radicals is the
geom “ric wean of tnose for the reaction hetween
like radicals. dowever, tic value of their chaln
transfer constant derived from kinetic data was
grcater than determined by Palit and Das from the
molecular weight detcrminations.

Similar results were obtained by Clarke, Fceebles

and Steckmayeru

who put forward the view that

copolymerisation was occuring and supported this

by carrying out the recaction with Cli-benzene.
Breitenbach and FalthauselS reported their work

in winich they had obtained polymers containing

chlorine from the polymcrigation of vinyl acetate in
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chlorobenzene and in m~dichlorobenzene, while

styrene polymcrised in the same solvents and under
similar conditions gave chlorine free polymers,

They explained these results by assuming that the
reactive growing polyvinyl acetate radicals

undergo a caain transfer reaction witia chalorobenzenc
but the rclatively stable polystyryvl radical does not.

The Tfact that these obgervations disagreced with
the Stockmayer theory led DLreitenbach et %;6 to
repcat Stockmayer's radiocactive tracer experiments
which had indicated copolymerisation. Toe
polymerisation of vinyl acetate was carricd out in
the presence of benzene prepared by two methods;

(a) trimcrisation of Clu-acetylcene

(b) and deaydrogchation ol Cllh-cyclohexane.

I'iie regults obtained from the two samples of
radioactive benzene showed marked differcnC:zs. The
polymer prepared in the prcesence of benzene made
from Cli-acetylone had & very nigh radioactive content
but all other tests on tic polymers e.g. I.R., U.V.
and carbon hydrogen determinations showed an almost
pure polyvinyl acetate indicating no incorporation
of benzene in the polymer. The polymer obtained in

the presence of benzene prepared from the dchydrogenation
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of Clh-cyclohexane had an extremely low radioactive
count, an average content of 0,2 meleculss of benzene
for an average chain length of 100 units being found.
Since this latter value wes in agrecement with the
value obtainced from the chlorinated polymers, they
concluded ti:at there ig no cvidence of copelymerisation
witii the aromatic system and tnst the cigh radioactivity
was duc to thc acelylenic impurities of =igh specific
activity having copolymerised withh the vinyl acetate,
Mortimer and.Arnold58 have rcjected tne idea
of copolymerisation occurring with ethylene in the
prescnce of deuterated benzene and said on the basis
of thneir results that tihe benzene units incorporated
in the volymer fiand their way therc through a chain
transfer reaction.
idass and ﬂuseck39 concluded that dipinenyl bceaaves
chiefly as a chain transfer agent in the vinyl
acetate/dipmenyl system, the obssrved retardation in
rate probably being due to "degradative chain
transfer”,

7

Bengougih and Ferguson' using a non-stationary
state thermccouple system studied the polymerisation
of vinyl acctate in the presence of benzene, They

measurcd the overall activation ensrgies, activation




energies of propagation, termination and chain
transfer together with the rates and corresponding
kinetic chain lifetimes. From thelr results it
appeared more probable that the benzene molecule
added to a polymer chain to produce a radical which
was glow to reinitiate and so caused the reduction
in the rate of polymerisation.

Bengough and BrownlieS continued this work in
an attempt to determine guantitatively the number
of benzene units incorporated in the chain in
conjunction with the non-stationary state results.
Their results, using radiocactive benzene, indicated
that not more than two benzene molecules were
incorporated per polymer nmolecule. They also
obtained congiderable kKinetic measurciments which
substantiatced the Lindings of Bengough and Ferguson,.

In this work furthcer studies have been made on
the effect of benzene, substituted benzenes and other
solvents on the polymerisation of vinyl acetate, with
a view to support or contradict the above results,
For similar reassgons the polymerisation of vinyl acetate
in the presence of styrene has been carried out (using
gtationary and non-stationary methods to determine the
kinetic constants) since the styrene radical is thought
to act as a retarder by virtue of the formation of an
unreactive styryl radical which delays the growth of the

cnain“o’ul.
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The kinebics of addition polymerisation

The baslc reactions in vinyl polymerisation can

be represented by the following kinetic scheme:-

Catalyst C e Ré Rate

Initiation Ré+M ey Ri

Propagation RO e R+l kb [R}]LM]
. a a — . Ty rw-

Chain transfer R +M —> P _+R; ktrLRZE;M]

Termination RI+RY ~~—3 P or k. [R7]

Pn¥Pm
where

Ré is the radical derived from the initistor,
[M] is the concentration of the monomer,
R* 1s the growing polymer radical,
Pn is the dead polymer molecule,
and kp, ktr and k. are the velocity coefficients
for the propagation, the chain transfer, and the
termination reactions respectively.
It is assumed that the reactivity of the growing
polymer radical 1s independent of its gize.
The only reactionsg which i1nvolve the consumption
of free radicalsg are the initiation and termination
steps, and therefore the rate of change of radical

concentration can be expressed:

alr]/at = T -k [R]7 covena(1)
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and when a stationary state has been attained, the
rate of production of radicals will equal their rate
of removal
. : - 2
afrr)/at = 1 -k [R2]% =0 cerees(2)
where fRé ]represents the steady concentration of
L

radicals under stationary state condition

- 1
LRé:] = (I/k,t)g -.ooo-(B).
Under stationary state conditions the rate of
polyinerisation can be expressed in terms of the
rate of removal of monomer, thus
- i — e ) ‘T .
a[u}/at = kaRS_]E\JIJﬂL xtrﬁzs:,[mj evee(l)
Agsuming that high polymer is formed during
the reaction i.e. kﬁ>>ktr and the second term
becomes negligible then
o
k R !’M] L B B BN BN
PL,é}“ 1 (5)
K, (I/kt)z‘:MJ cenees(6)

This 1s the basic equation governing all the

fl

rate

il

free radical polymerisation reactions. The rate of
polymerisation 1s thus a composite function of the
veloclty coefficients of the steps in the overall

reaction.

Chain transfer reaction to monomer and solvent.

The ratio of the velocity coefficient for chain
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transfer to the velocity coefficient for propagation
is called the chain transfer constant (Cm) i.e.
Cp = ktﬂn/kP the chain transfer reaction with
monomer can be represented by
Rl’l + M NE— PIl + R

and the rate of this reaction by ktrnlfRiJLMJ

The degree of polymerisation (PP) is equal to
the ratio of the number of monomer units reacted to

the number of polymer molecules formed.

. ﬁ?‘- Rate of polymerisation
joced
1.6 Rgte of formation of polymer molecules

In the absence of solvent in the system (DP = 5@0)

we have

_ R [M

DPO: g ..' .,.,,.(7)
’tEaW + ktrmﬁzj

(other symbols have been defined already).

From equation (5)

ERJ = qai{‘e] .....«(8)

and (7) becomes

k Rate k
l/DP . .——tﬂl—. -00100(9)

1{ 2 Uﬂ ke

Thus if l/ﬁ@o is plotted against rate of

polymerisation the intercept will be given as Gm.



The effcct of a solvent as a chain transfer
agent 1s reflected in the DP of the polymer formed,
and the following method of deriving a rslationship
between the DP and the kinetic quantities involved
was developed by Méyogg. In the presence of
solvent (8) the equation (7) can be written as

i Re] (]
tfR * K mfR](J+ktrsE1L}

where ktrs = ve1001ty coefficient for chain transfer

to solvent
Fromn equation qu) we get
T 7

/0P = b1+ .ktrnl + ktrs[?] cevwe(11)

In the absence of solvent equation (11) becomes

equivalent to equation (9a)

1eCo _'12_ ;’2_
— k=T k
1/DPO = kﬁ""—"ﬂ“— -+ '"’m" 'EE R R (9&)
P DMW k

Substituting l/ﬁ?o in equation (11l) gives
158 = 1/8%_ + o_[s]/[u] cee.a(12)
vhere C = ktrs/kp is the chain transfer constant to
the solvent.
The plot of 1/DP against [ S)/[M] should give a
straight 1line of slope CS and the intercept as l/5§

o
if I%/EM] is kept constant for all values of [é}/[M].
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Theory of copolymerisation

The propagation reactions in the copolymerisation
of two monomers A and B may be described as follews:-

k

A® 4+ A MMME%ﬁme A"
A + B ..,,4..__1f.13§“B__. B
Be 4 A —nEBA .
E* o+ B-M“EE@EWQ_ B

where A® and B® are growing polymer radicals having
elither terminal A or terminal R group respectively.
We assume that the rvactivity of the radical is
independent of the cnain length and is determined by
the terminal monomer unit. Moreover, the monomer

is consumed only in the propsgation step and the

rate of removal of each monomer is given by:

~a[a)/as KPAA{Ai };Aj ¥ kpBAEB'] [2] ...(23)
~a{ B /as lcpAB{AE} [B] + kpBB[VB’] B ...

Thus the ratio of the number of moles of the two

1l

1

monomer entering the polymer initislly is given by

dEA] _ [A] 1cRAA[Aﬂ +lk_pBA[1r3']
d[é] EEJ kbﬂB[Aj * kaBEBj

ceess(15)
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Assuming steady state concentrations for

polymer radical A
kpanl2d [B)= tepa BT (2] ceeeen(16)
from which [B;! = EPBAL?J cevess(17)

substituting (17) into (15)

fi%gnzgfg_rl[Aj+[Bj
d[B] [B] r [B]+[A]

where kpAA/kpAB = Ty, kpBB/k@BA = r, and

ceer.a(18)

are called monomer reactivity ratios.
Tuis equation is called as the '"copolymer
composition equation" and was derived in 1944 by

Lhe-hh

several workers independently.

Equation (18) can be rewritten as

e ry F+ 1 ' (19)
= m «es e 9
where [AJ/[QJ = F and d[ﬁ]/d[ﬁ] = f
L5

Fineman and Ross ™~ rearranged equation (19) to

the linear form

2
(-1 15
-.....( ) ‘--"I‘l — adn I‘2 voto'|(2o)
T i

A plot of F(f-1)/f against Fz/f would give a straight

line whose slope 1is ry and intercept is minus Yoo




Determination of individual rate constants.

The three quantities whiech can be readily
obtained experimentally in a polymerisation reaction
are; the reaction rate, the degree of polymerisation
and the kinetic chain length, With this
information 1t is not possible to evaluate the
individual velocity coefficients kp and kt separately
since they only occur as ratlios in the overall rate
equation (6).

To determine the velocity coefficients it is
therefore necessary to find other relationships
between the constants.,. Thege can he found by
measuring the reaction rate using a non-stationary
state method. In order to apply such a method
and obtain reliable results the following conditions
should be satisfied:

(a) the time of the start of the reaction must be
known accurately,

(b) an accurate method of measuring the rate of
reaction must be used, and

(¢) all the reactants must be pure to prevent any
initial inhibition period.

Non-stationary state methods used to evaluate

the velocity coefficients kp and kt include direct
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measurement of the temperature rise in the reaction
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vessel using either a thermistor or a thermocouple”,
The above methods are based on the assumption

that the conditions remain approximately adiabatic

within the reactlion vessel during the first 20 seconds

of the reaction.

Theory of non-stationary state method.

The theory of Burnettu6 can be applied to the
reaction scheme given in page (16) of this thesis.
During non-stationary state the concentration
of the radicals is chansing continuously
X . _ i
ie. a[re]/at =1 -k [R] ceenen(21)
Integrating equation (21) we get
1
Bl e
1+ (kt/I)‘ERJ )
zipe
1+ (k/T) N

A
Now from equation (3) [3%] = (I/kt>2

1
#(k,1)% 1n t + C ceenea(22)

and the kinetic chain lifetime 4 is defined as

T Radical concentration
" Rate of removal of radicals
R r
--——-3:«-«-:- = -?,..._..-.:-;..
ktiRé3 ktgas}
: 3
T o= Ak I)7E ceeena(23)

Substituting ¥ andu{Rg{ in equation (22) we have

L +[RY] /[RS]
-:‘2-([.11'1 l—f"R.;}/{RLE] =t + ¢ 00-1-1(2“-)
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and ¢ = o sincei:R:] =0at t = o
Rearranging equation (24) gives
tmm4'@j/@g=:V¢
i.e. [Rj z[Ré] tanh (t/r) oo (25)
Now the rate of polymerisation is given as
ﬁd[M]/dt = kp[ﬁ][M] (equation 5)
Le.«{ﬂ/&::kﬂ%gﬁq1mmlumﬂ ceee..(26)
Integrating equations (26) between time t = o and
bt o= %

_ 1n.[@]/[@é] =k /k 1n cosh(t/7) ..(27)
where [MO] is the initial monomer concentration and
EM] is thé monomer concentration at any time t.

If F is the fraction of monomer converted into

polymer, then

(] /[u,] = (1-7) ceenna(28)

iee. —in(1l-F) = kp/kt 1n . cosh(t/7) ......(29)

Now if F<KLl, then — in (1-F) = F ceeoe.(30)
F = l{p/kt 1n « cosh(t/T) el (31)

also when t»>.T i.e. during the stationary state
period

F o=k /ky (/7 ~ 1n2) voensd(32)
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A plot of F against t gives a straight line
of slope kp/kt and an intercept on the time axis
equal to T 1n2.

The lifetime can also be obtained from the
decay curve produced when illumination is stopped.
When this happens the production of radicals is

reduced by termination in the absence of initiation

. : el 2
l1.€. d[RJ /dt = “ktL—R] --uotc(}})
Integrating between time limits t = O and t = ¢

we get
B = [RY/(/ T+ 1) ceeenn(34)

Fo=k /k 1n(t/1 +1) ' ......{35)
Tne kinetic chain lifetime is obtained by

plotting equation (35). By stationary state rate
measuremants it is possible to determine ratios of
the velocity coefficients in two ways.
(1) From the overall rate eguation (6)

Rate of reaction = kp[lﬂI%/kt%
If the rates of reaction,initintion and the monomer
concentration are known kp/kt% can be calculated,
(2) The intercept on the time axis of the straight

line portion of the fractional conversgion curve is

4 1ln2. It the system has an instrument lag of ¢
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seconds the eguation relating the rate and the
measured intercept, X, can be written as,

1/Rate = kt/kp x/1ln2 + ¢ ceen.s(36)
By plotting the reciprocal reaction rate against
the measured intercept, a straight line of slope
Kp/ktln2 and intercept c on the time axis is
obtain?d.
From equation (23)

T o= L/(ktI)% and k, can be obtained provided

the rate of initiation I is known,both k_ and Kt can

o
be gvaluated separately.

w
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BAPER IMENTAT,

APPARATUS.,

Dilatometers. Thesec vesgels were made of vacuum

tested Fyrex glass tubss. The size of the bulb
and bore of the Veridia tubing were cliosen according
to the reaction rate expected. The size ranged
from 5 ml., to 45 ml,

The Cathetometer used had a b3 cm scale and could

be read to C.C01 cm.

Tfhermogtat water bath.

The bath was a 25 litre cylindrical Pyrex glass
tank lagged with a one inch thick layer of fibrous
glass surrounded by an aluminium jacket. The
aluminium jacket had one window for observation
and one for irradiation. A ring type large 2 KW
beooster heater controlled by a Variac was used to
raise the temperature of the bathh when required,
and to supply the background hecat to keep it at a
particular btemperature. It was normally adjusted
to maintain a temperature of approXximately 1.°C below
tine reguired temperature. The additional hcat
necassary to maintain the temperature at the required
value was supplied by a 60W Robertson lamp heater

actuated by a mercury-toluene regulator and relay
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mede in the laboratory. The water was stirred
vigorously by a propellor type stirrer, and the

temperature was controlled to R 0.02°C,

Source of irradiation.

A

A 12BW Ogira mercury arc lamp was used as a
sourcc of ultraviolet light. Tne lamp was connected
to a capacitor or condenser to improve the power
factor of tine circuit and to a cnoke to limit the
current through the lamp to a gafe value. The

light was passed tarough a Cnance 0X1l filter to
remove U.V, light of wavelengths other tian 3650&.
The lamp wasg housed in an agbestos box which was
fixed in position so as to keep the distance between

source and reaction vessel constant,

figh vacuum system,

The high vacuum line was made of a series of traps
and taps of Pyrex Glass conncclted via a mercury
diffusion »nump to an H@dward's rotary anigh vacuuwn pum.
Cold traps were placcd just before and after the
mercury diffusion pump, and an acetone/Drikold (soliA
carbon dicxide) mizture was used as a coolant.  AllL

taps snd Jjoints were greased with Apiezon nigh vacuum
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Vacuum linc for styrene work,

A disgram of the vacuum line made for the
work with styrenc is given in Fig.(3). Due to the
low volatility of the styrene (bp. = 145.2°C at
760 mm.) the distillation was conducted at 50°C.

Tc aveld condensation the connecting line was heated.,

Tiig aevating unit consisted of a nichrome wire
windings (resistance 3.4 ohms per yvard) which was
connccted to mainsg via a variable transformer.

The operating potential was 12 volts. Tnis part of
tne line contained no gulickiit ground glass joints
to avoid the possibility of any air lLcaxage through
the heated greased Jjoints. The unaveidable
lubricated Jjoints e¢lsewhere in the line were greased

witn a litsle silicone-grease.

Fonomer distillation column.

T.is consisted of a 6 ft. vacuum-jacketted
column (Fig.lh) containing wire gauvze rings. It was
attached to a five-litre round bottom flask A,
Purified nitrogen was passed into ths flask via the
condenscr C, At the top of the column there were
five cold fingers D to condense the vapours. These
could be rotated so that any one of the fingers could

be brought over a distillate outlet 1 which allowed
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thie distillate to pass through the condenser F.

3
2
F
@

ref’lux ratio could then bce adjusted. The end
of tiis condenser had a movable distributor G which
could be directed into any of the four 5C0O ml.
recclving flasks . licreury seal traps were
fitted in all outlets of the column to prevent
oXygen entering the systemn, Two of the four
recciving flasks had taps L at their base through
which could be removed a sample of the distillate

for spectra mecasurenents.

Modified Ubbelohde suspcnded level viscometer.

This viscometer was made to meagure the flow
time of the dilute polvimer solutions, It enables

one to dilute the polymer solution in situ.

irystallization avparatus (Fig.5)

H

Tals wag madce of a vertical 2.5 ineh diamcte
Pyrex glass tube A, A tempcrature gradient was
catablished along thals tube waich was sealed through

he base of a two litre copper tank B. The
temperature of this tank, filled with water with a
surface layer of paraffin oil to prevent evaporation,
wag maintained by a 60W light bulb which was

controlled by a mercury tolucne regulator,




FIC.5 CRYSTALLISING APPARATUS
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Thig enabled one to keep the temperature in the
upper part of tube A above the melting point of
benzene.

The lower part of tihe tube A had holes at
regular intervals and passed tirough into the
Pyrex glass beaker D which was filled with accbone
and attached to the underside of C. The acetone
was maintained below BGC by means of an acetons/NDrikold
slurry contained in a 15 litre Dewar flask D.
This flask was held in a wooden box G and its
contents stirred by means of stirrer F. The single
crystal growing tube H was attacied to a slow moving

Sangamo motor M located vertically above tube A,

Scintillation counting.

In seintillation counting use is tmade of the
phiotons crcated wanen a suitable luminescent material
ig excited by nuclear radiation. These photons are
collected at the catiode of the photomultinlier
tube which converts them into elecctrons. Multiplication
of thase electrons in the photomultiplicr tube gives
rise to elcctrical pulses which can be recorded on the
normal scalcr and timing unit. Bach isotope produces
a typical pulse dependent on its energy. output and a

digcriminator is introduced into the circult to
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differentiate between spurious pulses and those

due to the presence of the isotope.

Scintillation counting equipment.

The circuit diagram for the scintillation

counting equipment is given in Fig (6).

EHAT and gtavilized power unit NE 5302,

Tinis unit was supplicd by luclear Interpriscs
(NE) G.L, Ltd. It gives a stable supply free from
an extrancous pulses. The unit is opewrated from
the mains supply and produces a stabilized voltage
which could be varied from 500 to 1400 volts at
intervals of 100 volts with a coarse switch and
from ¢ to 100 volts at intervals of 0.1 volt with

a fine switch.

Scaler type No, 1C09F,

This was supplicd by Dynatron Elcctronics.
The unit is used to count impulses the amplitude
of which are greatcer thian a predetermined valuec.
This value may be between 5 and 50 volts amplitude,
he electrical pulscs are Ted to the input circuit,
and then are applied to the discriminator which may
be set at any predetermined value. Any electrical

pulses below thiig valuc will not be counted. In the
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case of this work +5 was the setting used on

discriminator bias.

Timing unit No, N,108A.

This unit was also obtaiaed from Dynatron
Blectronics, and aad 999,99C counts or 99,999
seconds store gcales. Whnen a number of counts or
seconds preset on the suto-stop-scleetor had been

rceccorded tals unit stoppcd the gecaler automatically.

Scintillation head unit or cagtle.

This was also supilied by Nuclcear Lnterprises
G.B. Ltd. It nas a two inca lead shielding to
cxecluds any radiation from catering or lcaving the
mcasuring compartment, and a special rotary ligat
locking device so that cells can be vut in, and
taken out, without exposing the photomultiplier tube
housed in the cagtle, Yoreover thc samnle can be
changed by means of a special device without
switching off the voltage, Thc castle was cooled
by & continuous flow of tap watesr through it which
maintained the temperature low and fairly constant.

Above the photomultiplier (PM) tube is a well
which is fillled with 20 cs grade silicone oil through

s hole on the side of the castle. The P tube was




connected to a N.Z, (G.B) 5202 Amplificr with gain
settings of from 0.4 to 200, The amplificr was
conncctcd to a single channel pulse height analyser
NE (G,B) 5.02 type. 'nils was cmployed to ontimise
the signal to baciground ratio for a particular
problem,

Wor Clh isotope counting best ssttings werc found

to bo:
Stebilised high voltage 0.740 K.volts
Amplification 50 x 1
Fulse height 50
Gate width 30

The 20 cs grade siliconc oil was also supplied
by NI, (G.B) Ltd. Tiig oil acts as an optical
contact betveen the cathode of the PM tube and tae
bottom of the scintillation bottle. The shallow

well was always left filled with this oil,

Scintillation bottle.

These bottles of 18 ml. capacity were also
obtained from ¥.Z, (G.B) Ltd. They were made of
Silica wiicy is useful in reducing the effects

produced by K40 beta particles in tac glass walls
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of the ordinary cells. Silica also gives good
Light transmigsion. These cells were aluminised

from outside and were coated with an epoxy resin.

Liquid scintillator ohtaincd from N,E, (G.E) Ltd

congisted of a toluenc solution containing 3 g. per
litre 2,5 diphenyloxazole and O.L g. per litre

diphenyloxazolylbenzene.

Non-gtationary state apparatus.

The apparatus cconsisted of a dilatometer with
built in tacrmocouple, a thermostat water bath,
an amplifier, recording voltmeter, and the mercury
vapour lamp for the source of ultravoilet light.
The water batih and toace mercury lamp werc the
same ag described before except that a gquick
moving shutter operated by an elcectromagnet was

placed between the lamp and the reaction vessel.

Reaction vessel., The reaction vessel consisted of

a soda glass dilatometer FTig.(7) with two additional
side arms. The thermocouple system consisted of
two thcecrmojunctions, one situated at the contre of
the dilatomcter A, and a second junction B in a

side arm, Wires CA and AB were of copper and

constantin respectively, whille connecting wires




FIG:7 THE THERMOCOUPLE VESSEL
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EG and Gl were made of borated copper clad iron
vinlca 1s ncecessary to get vecuum tight seals with
the soda glass.

The thormocouple system was made by brazing
the required lengths of wire at &; B and C. The

junctions wiecre smootied with a very fine Tfile and

7

were tioroughily cleancd by rinsing in caloroform
and hot water.

The wire Gi was threaded through the
dilatometer placing the thermojunctions in thelr
corrcet positions. Tne constrictions at ¥ and D

were collapsced and arm D was bent parallel to tae

stom, It =ag taeinl attacihcd to the vacuun line
for evacuation. The constriction at ¥ vras
collapged about the congtantin, The diluatometer

was tuaen ready for calibration aind was exposcd to
alr for tine minlmmam lenegtihh of time since thie
joint ¥, altuaough ligquid tight, was not absolutely

airtigit.

The amplificer was thc Tinsley D.C. typc
Mo, 5132 walch ig designed for an input impedence
off le¢ss than 1C ohms. It was particularly suitablc

for tiis worw ass it was capable of giving a voltage



39

amplification of more than 106. One could
balance out e.m.f. of up to 400 microvolts (MV)
in the input circult by coarse «nd fince balance
controls.

The temperature rise cculd be calibrated by
means of & test voltage signal varying from 0.1
to LOMYV as reguired, and the output circult gave
a current of vp teo 10 milliamps.

The amplifier was very sensitive to 'pick up'
and all the other electrical equipment was kept
as far away asg possible. The motor of the stirrer
in the water bath was also kept well above the

"pick up' area.

Rceorder,

An Blliot pen recorder voltmetcr gave a chart
trace of tihe output signal from thne amplifiecr.
During the reaction tihe chart was operated at a
speed of 12 inches per minute but this speced could
guickly be reduced to 12 inches per our by a

clutcii mechianism,
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MATERTATS

Vinyl acetate. Vinyl acetate was supplied by

Shawinigan Chemical Co. (Canada). Taree litres
of monomer was put in the five litre flask wiich
wag attacihed to the distillation column as shown
in FPig. (2).
The column was flushed overnight with
purified nitrogen. The pressure reguired to
break the mercury scal at the head of the column
was adjusted so as to be grecater than reguired to
break the four mercury seals in the receiving flasks.
The nitrogen escaped through thesc four mercury scals.
Tne distillation was carried out at a high reflux
ratio. From previous experiencec, it was found that
tire monomer distilling in the early stages contalned
retarding impurities, and tiiat 'pure' monomer usually
appeared during the filling of the third flask.
Samrles werda thereforc not normslly taken at this stage,
A samile of the distillate was taken from time to
time and its U.V, spectrum mcasured. The monomer was
collected in the fourth flask when i1ts spcetrum started
showing a rapid changc in absorption in the range
2650-27504°, The type of change occuring is shown in

Fig. (8). According to Matheson et §;M7 this is the
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range where the main light absorbing impurities are
present.,

Tnc monomer wag then trsnsferred to the vacuum
line and thoroughly degassed by distilling it at
room temperature from one vessel to another using

acctone/D rizold as coolant, It was finally collected

S
(=
o
j
C

end of tuc vacuulm line in a rather large
vessel (attached by a movecable arm ) containing a
small glass encased magnet and a little benzoyl
peroxide. The monomer was prepolymerigsed to about
10% by irraediating it with a mercury U.,V, lamp. The
temperature of the prepolymerisation vessel was kept
at about room temperature by surrounding it with a
beakcr of water., The glass encased magnet and the
moveablce arm were used to broak the skin of the
pvolymer on the surface. After prcpolymerisation the
unrcacted monomer was distilled at room temperature
into the central wvessel of the linc and stored thcere
at-78°C.

During the latter stage of this work two samples
of vinyl acetate inhibited and uninhibitced, were
received from L.C.I. Ltd. It was unnecessary to use
thic distillation column to purify the inhibited vinyl

acctate,. It wag purified by distilling and

"
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prepolymerising on thc vacuum line, whereas
uninnibited and Shawinigan vinyl acetate necded

tiac elaborate purification as described above,

Lenzene,

In tils work benzene was rurified by growing
it as a single crystal 1n a crystallisation apparatus
constructed by Brownlieg, and dcscribed earlier.

Analar g¢rade benzene was obtained fromn British
Drug douses (B.D.I) Ltd. LA little benzene was put
in the bcnzene growing tube capillary and air was
removed from the end with the fine capillary by
careful alternately hneating and cooling it. More
benzene was added, and the tube was stoppered witn
a rubber bung with a hook to attach the tnread, the
other end of which was attached to the Sangamo
electric motor M (Fig.5). Care was taken to
chsure that the tube was hsld completely vertical.
Tubce H was allowed to stand for two hours to reach
temperature equilibrium. Then the motor was
switched on,

Lg toe tip of the capillary of tubc 4 was
lowercd, its temperature fell below tne frceezing
voint of the benzence, nuclesation occurred, and

growtlr of the single crystal started. It toox

D
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about three days to grow a single crystal from about

15 ml. of benzens. o

[§]

clecar single crystals grown

wore stored 1n decn frecze immediately after taking off

et

the motor i, The liquid benzene sbove the single
cryastal frozce forming ivtlticrystals and these were
scparated from the single crystal by cutting the
tube i Jjust below thc interface Letween thc single
shd nmulticrystalline material, The impurities were

contained in the wmulticrystals.

Styreng,

Styrene (B.D.di.) grade was freed from inhibitor
by distilling it under vacuum. Toe middle fraction
was collectasd, and transfcrred tc the flask on tnae
vacuun line (Fig.l). Thne degassing, and
prepolymerigation operations were carried out as
described for vinyl acctate.

L:1 Azobisisobutyronitrile (AIEN).

wagtman Kodak grads of &4IEN was purified by two
recrystallisations from ethianol below 2806. Thae
solution was not Licatcd above this tempcrature to
avold decomposition, This material had a melting
point of 102°¢, Tne ATLE wag put into the dilatometcr
in the formn of solution in fresialy distilled anaecsthetic

grade clhloroform, Since AIEN decomposes wahacn left in
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solution at room temperature fresh solutions were
made immediately beforc using them,
Cly labelled ATEN.
This was avialable in the laboratory having
. L .
been vpreperced by ﬂenderson’S using the mcethod of

Cverbcrger and cowork@rsu9 from ClL labhelled acetone.

This solvent was obtaincd from May and Baker Ltd.
It was shakcen up for once hour with plhiosphorus
pentoxide., Tudls process was repeated four times,
and the solvent then disgtilled at reduced pressure,

the middle fraction being collcected.

ialogenated substituted aromatic solvents,
lionociiloro~, o-dichloro-, wm-diciloro-,
p-dicitloro~, monoflucro-, m-difluoro, moncbromo-—,
m—-dibromo~, monoiodo- and hexachloro-bcnzene, were
obtained from B.D.i. Ltd. 1,2,4-trichloro- and
1,2,3,4-tetrachloro-benzene wcre supplied by Koch-

Light laboratories. Witn the exception of p-dichloro-

and heXachloro-benzene which were supplicd in fine
crystalline form, all the others were distilled under
reduced pressure, and the middle fraction was used in

the polymerisation studies.
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Tetracinloro-benzene was recrystallised from
ether.
The vurity of the ligquid solvents was confirmed

by vapour phase caromatograpny (VPG).

Aromatic carboxylic acidg.

Analar grade benzolic acid and phthalic acid were
obtained from B.,ii.D, Ltd. in fine crystalline form
and were used without further purification.

1l,2,3-hemimellitic acid, and mellitic acid were
supplied by Koch~Light laboratories, and the Aldrich
Chemical Co. respectively. The former was

recrystallised from c¢ther, and the latter from ethanol.

Other Solvents.

Tetracinlorotetranydronaphthalene was purchascd
from fastman Organic Chemicals, and was recrystallised
from ether,

Hezxaethylbenzene and benzene hexol were obtained
from Kodak Ltd., and diphenyl from dopkin and Williams
(finc Chemicals) in fine crystalline form and were
used withiout recrystallisation.

Cyclohexadienc was obtained from Koch-Light
Laboratorics. It was distilled on the vacuum line

immediately after opening the bottle as 1t tends to




oxidize rcadily. The clear colourless middle
fraction was taken for tihe polymerisation reactions.

The purity was confirmed by VPC,




EXPGRIMENTAL PROCEDURE

Calibration and filling of dilatomgcter.,

The dllatometers were calibrated by introducing

Analar acetone from a hurctte. Then the initiator
was introduced turoug: a long fine capillary, in
standard chloroform solution. The dilatometer was

connccted to thc vacuum line, and the chloroform was
distilled off caretftully, so that no initiator was
carried up in fine powder form wit:a the cihiloroform
vaDhours, The solvents were introduced into the
-dilatometers at ataocsphceric pressure, and then degasscd
completely by repceatedly freezing, evacuating, and
hawing on fthe vacugum line. Tiro reguired amcount of
monomer was distilled in from a precalibrated vegscl,
The dilatometer was scaled in a flams, and 1 not
regquired immediatcly, was stored in acetone/D rikold.
Then the ssaled dilatometers were immersed in
the water batih at the reguired tomperature. About
10 to 15 minutes werc allowcd for thermal cquilibrium
to be attained hefore comnencing the irradiation,
The movcement of tie imeniscus in the dilatometer was
followed with the cathetomecter, and ratec of reaction
was detsrmined in terms of contraction per unit

volume,
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Radioisotops exverimental procedurc.

0.5 millicurics of benzene, prepared from the
14 :UJ[

trimerisation of idC = Cd, . was obtained from the
Radio-chomicel centre, samcrsham, in a breakseal
ampoule. The ampoulc was attached to the vacuum
line, the sscal tinen vroken and 10 ml, of inactive
benzene was distilled into the ampoule using liguid
N2 as coolant. When thoroughly mixed, 0.1 ml,
sample was taken, made up to HO ml, in inactive
benzene, and grown as singlc crystal, This benzene
was used for polymerisation exveriments and is

refereed to as gtock benzgene. More dilute solutions

of known concentration were prepared using this

stock beonzene, and vwere used to construct a

calibration curve.

Clh-styrene.

0.1 millicuries Clh-styrcenc containing inhibitor
wag supplicd by New Fngland Nuclear Corporation (U.S.4)
in a gcaled ampoule with a constriction at one end.
The styrene in the main bulb was frozen in acetone/
Drikold, and was cut gcntly at the constriction.
The radioactive styrene was then transferrcd to a
vessel with a B10O cone by washing out the ampoule

withh 10 ml. of pure inactive styrene, The contcnts
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of the vessel were degassed on the vacuoum line, and
1 ml., of active styrene was digtilled inte the
neighbouring vessel containing 100 ml. inactive
styrene, This 100 ml. of active styrene (referred

to in futurc as stoclk styrene) was transferrcd to the

special vacuum linc for styrene, degassed and

polymerised as described before. This gtock styrene

was used for polymerisation recactions and further
dilutions were made in benzenc to calibrate the

acetivity of the styrenc.

Cli-vinyl acetatc,

0.5 millicuries ClL.vinyl acctate stabilized by
inhibitor was also obtained from New England Huclear
Corporation (U.8.A.) in a breakseal ampoulc. The
breakseal wag broken and 10 ml. of pure vinyl acetats
was distilled into the ampoule after following the
same procedure as adopted in the case of styrenc.

0,2 ml, of this active sclution was then digtilled
into 80 ml. of purified vinyl acetate stored already

on tuc line, Thls stock vinyl acctate was uscd for

volymerisation experiments; for the calibration curve
further dilutions were made in benzene.

Very dilute calibration solutions of active styrcnc
and vinyl acetate were made in benzene to reduce

quenching.
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Scintillation counting procsdure.

The power for the voltage stabllizer, the
amplificr, the scaler and timing unit was switched
on at least 2L hours bsfore any mcecasurements werc
made. The Z.1.7, was switched on and allowed to
stabilize overnight,

Tec detormine the activity of a radiocactive
solution 5 ml, of liquid scintillator and 5 ml., of
radicactive solution were pvlaced 1n the counting
bottle. Wohen assaying the activity of the polymer,
the solution used contained 20 milligrams of the
polymcrs dissclved in inactive bengene, The bottle
wag placed in the castle, and after checking that
ample oil is present, it was left for 20 minutes to
minimise the residual piiosphorescence, and to settle
down to the temperature of the casgtle.

The well was "topped up" with silicone oil in

subdued light after 8 or 10 sampless had becn counted.

Precipitation of polymers.

In the case of bulk polymcrisation, the contents
of the dilatometers were poured into so much acetone
that when put in the well stirred n~hexane dropwise
the polymer was prcecipitated as a sticky fibrous

material, Usually about 5 ml. acectonc wag added to
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1Cml. dilatometer contents.

After filtration the polymer was dried at room
tempcrature for scveral uaours in a vacuum dessicator
containing »hosphorus. pentoxide. The polymer weas
then dissolved in 4O ml. of benzene (Analar grade)
in onc litre¢ round Lottom flask. The solution was
freozon by rotating the flask in a basin containing
scetone/Drikold mixture and attached to the vacuum
line guickly. Thie benzcene sublimed and was trapped
in tihne neighbouring vessel cooled in liquid nitrogen.
After 4 hours the flask was removed from the vacuum
line, and the polymer was in a white fluffy form freec
from any solvent,

In the prescncce of solvents the contente of the
dilatometor were pourcd into the flask and freeze-
dried, the process being repcated until the polymer
wag free of unreacted sgolvent.

In lower [S8}/TM] ratios the polymer was
precipitated to remove any catalyst but it was found
that this did not make any difference to the value

obtainced for intrinsic viscosity.

Low styrene/vinyl acetate ratio,

The contents of the dilatometer were added

dropwise to 500 ml, vigorcusly stirred water. The
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polymer wasg precipltated in a fine suspension and
filtered through a sintered funael. The polymer
was then dissolved in 10 ml. of acetone and
reprecipitated ian vater, tals step being carried

out scveral times until all the unrecacted radioactive
additives had bcen removed from the polymer. Then

polymer was freeze-~dried on the vacuunm line.

High styreng/vinyl acctate ratio and purc styrenc.

For this system the solvent and non-solvent
used were mcethyl cthyl ketone and methanol
respectively, otherwise the reprecipitation process

was thc same as for low styrene/vinyl acetate ratios.

Non-stationary state expsrimental procedurc.

The calibration of the dilatometer, and the
introduction of the catalyst and the monomcr was
dong the same way as described for the stationary
state dilatometer.

The leads from the input circuit of the
amplifier were passed through two rubber tubes.
‘hen the connecting leads G and H from the arms of
the dilatomcter were soldered to the leads from the
amplifier, and thc rubber tubes were slipped over

the ends of the side arms of the dilatometer.
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The rceaction vessel wag placed in the watcer
hath in a Tixed position, care being taken to ensure
taat no watcr entered through tihic top of the rubber
tubes. Then tue amplifier, and the mcrcury lamp
were switched on, and lcft for 30 minutes to reaca
the stable operating conditions, Meanwnile, the
recaction mixture had reached thermal equilibrium,.

With a chart gpeed of 12 inches per minute a
known voltage was put through the circulit for 5
seconds, and the gain adjusted to the desired
amplification, The chart was let to run at this
speed for shout 10 seconds more to ensure a steady
temperature before starting the reaction,

The rcaction was started by sctuating the
electromagnet to pull aside the shutter in front of
the lamp. A record of the start of the reaction
time was glven on the chart by an induced signal,

The rise in temperature of the reaction mixture
was observed on the pen recorder, and after 30 seconds
the shutter was replaced to stop the reaction.

Trom the chart trace, the rate of the reaction in
microvolts per second, and the intercept in scconds on
the time eXxis, were found. The ratec of reaction was
varied by putting gauze screens of known light transmission
in front of the light beam, and repeating the above

Process.,
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BXPERIMENTAL RESULTS

Except in the non-stationary state experiments
the rate of reaction was measured dilatometrically.
Data of Starkweather and Taylorl7 and interpolation
of the data of Matheson gt Q;MY were used to calculate
the densities of vinyl acetate monomer, and polymer,
and from this the conversion factor was calculated,

The AIBN concentration used except where
otherwise stated was 5 x 107 molar. The
polymerisation was not taken further than about 7%

conversion.

Determination of the intensity exponent.

It is necessary to establish the nature of the
termination reaction in a free radical polymerisation
so that the correct kinetic analysis may be applied to
the system. In a free radical system termination can
occur by a first, or a second order reaction, with
respect to the growing polymer radical coneentration.
The rate of the reaction, and the light intensity are

related in the following form:
n
Xl/X2 - ELl/Lz] 000050(37)
wherc Xl is the rate of reaction at light intensity

Ll’ X2 ig the rate of reaction at light intensity L2

and n is the intensity exponent.,



If termination occurs between two growing polymer
radicals then tihic rate 1s proportional to the square
root of the light intensity i.c. n = 2. Ir
termination occurs between a radical and a
non-radical species, then the rcaction ig first
order with respect to the radical concentration, and

he rate of the rcecaction is proportional to the light
intensity i.e. n = 1,

It is also possible for the termination to
involve both first and second order reactions; then
the value of n will lie between + and 1.0,

The slope of the straight line obtained by
plotting log (rate) against log (light intensity)
gave an intensity exponent (Fig.9) of 0.51 at 25°C;
this shows that termination is second order with

raegpect to the growing polymer radical concentration,

Moleculay weight determinations. The molecular weight

of the polymers was determined by the viscosity method.
Although it is not an absolute method of characterization
of polymers it is still a very useful method,

Dilute solution viscogities were measured with a
capillary Ubbelohde type viscometer as deccribed

garlier. Meagurements were made at 25°C + 0.0200,
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using s gstopwatch, The viscosity was calculated

from an cquation of the fonin

™M = Adt - Bd/t eeen..(38)
wiaere d ié the density of tae liquid, t is the flow
time of the liguid in sceconds, A and B are constants
for the viscometer. Bd/t is a small correction for
the kinetic snergy of the liguid. The sizes of the
capillary, and of the top bulb of the viscometer
were chosen so that the flow time was at leagt
100 seconds, in order that kinetic energy correcctions
might be small,

In the system studled in this work, namely

polyvinyl acetate in acetone at 2500

A = 0,00287

and B = 3,064
The flow time for solvent was 142.2 scconds and its
density 0.785
1o = 0.303

It ™, is the vigscosity of the solvent, and ™} that of
the solution, then the specific viscosity(”\sp) of the
solution is (™=-"1 )/ . The ratio’ﬂsp/c (where ¢ is
the concentration g./100 ml) was plotted against c, and

extrapolated to a zero concentration to give the




51

intrinsic viscosity {“1J

e[l Bim (/o)

G ——% 0
The fwf[value is related tc the molecular weight

of the polymer by the modified Staudinger eguation

™M)= K M ceeee.(39)
where K and a are constants for a p:rticular polymer-—
solvent system at a given tcmperature.

In the polyvinyl acetate - acetone system at
25009 where the polymcr is of low conversion
Stockmayer ct g;u obtained the following equation

log ﬁv = 5.44 + 1,40 log[ﬁ\] AR ¢ 1Te))
wneres Ev ig the viscogity average molecular weight,
Also they found

EV/M‘H-:, 1,85 ceeeea (1)
where ﬁn is the number average molecular weight.

From equations (31l) and (32) they derived the relationship

log DP = 3.2 + 1.40 log[™] cevena (42)

Tn this work DP was obtained from this relationship.
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Determination of the chain transfer constant with

nonomer

The rates of polymcrisation werc varied by
changing tue intensity of tie incident light.

Fig (10) shows the plots of 1/DP against ratc
(according to the equation 9) at 25, 35, L5, and 6006.
The plots are lincar, and 1/DP doss not extrapolate to
zero at zere rate. This indicates a chain transfer
reaction independent of the rate, and the intercepts
were noted as chailn transfer constants. Rates,

molecular weights, and chain transfer constants at

various temperatures are given in Table 1.



TABLE 1 Chain transfer constant to monomcr at 25, 35,

) 0 . aoe .
Lh and 60°C obtaincd from rate and DP measurements for

the polvmerigsation of vinvl accectate., photosengitized

with 5 x lOmLL molar AIBN,

Temperaturc lOu/ﬁ? Rate x 10M C, * 10M
Oq (mole 171
-1
Sec L ]
2.875 1.315 0.974L
2,850 1,328 1.38
25 2.80  1.361 1.62 140
2,825 1,345 2,00
2,260 1.838 1.552
35 2.212  1.893 2,167 1.7
2.177 1.943 2.592
2,150 L.971 3,007
2.017 2.140 2,382
1.94L0 2,275 3,077
b5 1.880  2.3U5 3,775 1.91
1.860  2.415 I 601
1.815 2..98 6.285
o0 1.775  2.577 7.250 2015
1.735 2.661 9,263
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From Table 1 it can be scon that 1/DP increascs

-

7itlhh the increasce in temperature. The value of C

m
] O . _ " - .
at 607°C is about 5C3 greater than the value at 2505.

TABLE 2 Dari: ratc at varioug tempcratures for the

npolymerigation of vinyl accltate with 5 x 10““ molar

et by

LIBN,
; . -

Tennerature Darkx ratc x lOu
°¢ (molc 17 sec, )
50 L5
L5 0.9
35 0.5
25 0.12

Table 2 shows the very large ilncrcase in the
dark rate with increase in temperature. This is to
be expected because of the substantial increase in the
rate of the thermal decomposition of the initiator

with increase in temperaturc.

Dotermination of energies of activation.

The effect of btemperature on a chemical reaction
ig expresscd by the usual Arrhenius equation
K ey ,A_. (3 “j;‘/RT l..lla(z'i‘.?))
where K is the velocity constant of the reaction, A 1is

the frequency factor i.e. the total frequency of
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encounters vetween tihc rcacting specics, I is the
activation snergy for the rcaction, T is the
temperature of the reaction in degrees absolute, and
R is tho molar gas constant,

Using the above eouation the overall activation
Cnergy (Eo) was determined from the plot of the
logarithm of the rcaction ratc againgt the
rocinrocal of the absolute temperature (L/T) for the
temporature range 25°C to 60°C (Table 1). Figs.(11-12)
siwow the plots.

Now from the kinetic scheme on page (16) and eguation

(4L3) we have

hO”Ep’{'g}‘Ei“%Et o-oao.(‘l-\’-l-!-)

where Eps Ei and Et are thce activation energices for
the propagation, the initiation and the termination

recactions respectively.

In the photo-initiated system studicd Ei is zero,
and thus ccuation (L4) becomes
onEp”%Et lIQ..O(LLB)

From Fig., (11)
slope = EC/Q.BGBR

= 1.05

n 1
BJO

H

Lh.8 k.cal.mole

. ) . 8 . -1 .
Uaing the literature value ™ of 4.8 k.cal.mole for
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Iy = 0.1 k.eal.moleﬂl
zpcrimental crror.

s leCe zZevo to witiidn

In the

absence of rhotoinitistion from Fig.(12)
B k.cal.moclc s Using the above valucs For B

e e T
£ o S804, =

b
31.9 K.cal.mole“l

e

Activation cancrgy for twue craln transfer »caction with

Hrom the o
-t - 1Y EUR

R

lationshipn (43) the cquation

ik, = (B~ )/2.303RT  + constant.(L6)
can bhe derivad, wicre k,

log

er/kp = C, is the chain transfer
constant to the monomer and Etrm is the activation
encrgy for tnls rcaction.
T"rom tne plot of Log (Gm) against 1L/T (FPig.1l3)
Ve nave

=7 e —-1
B - &, -2.1 K.cal,mole
D trm
which gives I

I _l
— 5.9 K.cal.molc
i

cugelon and comparison of rcsults with litoraturec

The intensity exponcont 0.51 shows that the
termination is second order witihh rcespect to the

growing polyncr radical concentraiion (Fig.9).

The
s - ~ "‘5
grapii 1s lincar and gives an intercept of 1.26 x 10
-1 -1
molc L. S5CC. a8 a

dark rate which agrecs with the
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observed valuc of dark rate 1.2 x 1072 molc 1.
measured indepcondently ot 2500 (Sec Teble 2).
The plot in Tig. (10) and valuss in Table 1 show that
tiiere 1s cheain transfer to the monomer and this
incrsages wita lncreasing temperaturce. Tnis is also
reflceted in tho positive value of 6,9 K.cal.molehl
for W, obtaincd from Fig. (13). Table 3 gives a
list of Cm values at various temperatures obtained in

ti.is work and by other workecrs,

Lfable 5 C  for the polymerisation of vinyl acctate

at various temperaturcs

Refercnce Tecmperaturce Cm_x 10”
0
C
Thig werk 25 l.4b
DiXOn"LGWiSBO t Ji5
Kwart & Workcrs5l H 1.3
This work 35 1.74
" L5 1.91
i 60 2.15
Clark and
Stockmayer™ " 2.5
Palit & Dasg-° L 2,08
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The valuegs obtained at various tempecratures are
in agrecment with those obtalned by other workers.

The valucs of EO andg Ei namely 20,7 and 31.9
K,cal.mole ' under dark conditions agree with those
obtaincd by Van idook and Tobolsky52 namely 20,0 and
30.8 K.cal.mole +.

In the photeoinitiated polymsrisation of vinyl
acetate Eo ig also in good agreemcnt with the

published values as shown in Table L,

TABLE 4L Thc comparison of EO with the literature

-1
Reference EO k.cal,molc
This work Le77
Roneough &
Mcnggugh G T
Brownlie
Bengough & 5 8
Ferguson” 2
Bengough &
LTe T 1.2
Melville” e
Burnctt & Mc—lvillef}[’L .2
. . b0 7
Dixon~Lewis el

The activation encrgy of chaln transfer to monomer
(namely 6.9 K.cal.molehl) is also in reasonable agreemcnt
. - -1
with the wvalue of 6.1 K.cal.mole rcported by

e
Dixon—Lewis)O.



Polymerigation of vinyl acetate in bcenzene,

The rates of polymerisation and corresponding
degrecs of polymerisation have been measured in the
presence of benzene at 25, 35, L5 and 60°C at full
light intensity. he AIBN conccntration was
5 ox lO"LL molar.

1/0P had been plotted against [S]/[M]at various
temperatures (Fig,15). The slope of this plot gives
the value of CS (see equation 12), The experimental
results and the CS values obtained are given in
Table 5 and it can be seen that the rate for the
bulk polymerisation falls nearly to half with 5%
benzene (v/v) at all temperatures. With higher
concentrations of benzenc there is a similar effect
but the retardation is not quite so great.

The degree of polymerisation of the polymer

produced in the prescence of benzene decreases with

e

e

increase in the benzene concentration.
In Fig. (15) the best straight lines have been
drawn through the points corresponding to the three
lowest solvent concentrations since the ratio JI/[M]
faquation 11) would not be expected to vary appreciably
as I is constant and [M] changes only up to 25%. Thus
the wvaluses of Cs while not necessarily very accurate do

give an indication of chain transfer with benzene.
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TARLE 5 Rate, DP and C, values obtained at various

tenperatures for the polymerisation of vinyl acetate in

hengene initiated with 5 X J_OWLL inolar AIBKN.

[
Tempcrature Benzene lOL/DP

[51/{u] Rate x 0% C_ x
. - S

. ~1 L
O % (mal;ei?}_ 10
0 1.345 O 2,05
5 1.784 0,051 1.1
15 3,203 0.185 0.57
25 25 L.554 0.35 0,27 8.9
35 6,276 0.571 0.159
0 1.98 0 3.02
5 2.26 0,055 1.38
25 15 555 0,185 0.71 10.5
25 5.86 0,349 0.42
35 7.86  0.56 0.256
0 2.4 0 L.32
5 2,98 0.055 2.29
L5 15 L.12  0.184 1.05 12.0
25 6.27 0.3L9 C.75
35 8.5 0.56 0.4L7
0 2,60 0 9.26
5 3,31  0.055 .75
60 15 L.,80  0.184 2.32 135.5
25 7.30  0.349 1.82
35 9.75 0.5064 1.01
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Froun Table 5 it is clewr that chain transfor

constant with benzmenc inecrecases with xrisc in

temperature,

sctivation energy for chaln transfer to benzcone.

Ths ecuation (L3) can be rewritten as
log ktm/lcp = (Epumtrs)/z.jOBRT + constant..(l7)

whare k = C_ ar 5 ig thce asctivati ENe r
whoere ktrs/ . g and E. . is thc activation energs
for tihic chain transfer reaction with solvent.

The plot of log Cs against 1/T has a slope egqual to

(Epmﬂztrs)/&mﬁz

From Fig (16)

B, - Byg = 2.05 K.,cal.mole ™
Etrs = 4,8 + 2,05
= 6,85 K.cal.mole™*
Bengougi ¢t ng found
Ep - B, =0
i.8. Ep = Etré
1

= 4,8 K.cal.mole™
The intcnsity exponent in the prescence of 5%
benzene at 25°C was found to 0.54 (Fig.lh), while in
bulk polymerisation it was 0,5L (Fig.9). This change
is not really significant, since at very low ratecs the

intensity exponent in bulk polymcrisation tends to
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incrcasge 7, It would appear that the termination
rcaction is mainly second ordcr with respect to polymer

radical conccentration.

Folymerigation of vinyl acctatc in the prosence of

Clh Labellcd benzene

In thls scction vinyl acetate was polymerised in
the presence of Cl4 labelled benzcne in an atbempt to
clarify thce position regarding the possibility of
copolymerisation due to contradicting results of
reccnt WOTKGPS“’B.

Using this method tne number of benzene molecules
incorporated in eaclhh polymer chain, if any, cain be
determined guantitatively, The radiocactive benzene
wag purificd by the single crystal growth techinicue
ag described sarlier,

The polymer from cach reaction was fregze—dried
about fiftecn times to remove the unrcacted radioactive
bonzene,

Tablc 7 shows the offcet of the number of frceze-
drying operations on the activity of the pcelymer
recoverced from an exceptional experiment No.l at 60°C
to give greatest possibility of incorporation of
benzene, Cther conditions were the same as in the

previous expceriments.
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TabLi 7 The effect of scqueince of freczc-drying

opcrations on the activivy of the volymer of

experiment No,l.

Lo, of mbi,., inactivc CaDuSe CeleS
frecze~drying benzens used (20mg. - Distiiled
operation for {rceezs- polymer) bonzmenc

drying opcr- (Aml,)

ation.

1 - 2.36 6,296 *
2 Lo 1.98 6.80
3 ! 1.71 2,47
L. i 1.56 2.0
5 " L.44 1.90
6 it 1.57 1.25
7 " 1.30 L.02
8 " 1.29 0.89
9 i 1.10 .67
10 b 0,90 0.50
11 " 0.80 0.46
12 i 0.69 0.455
13 " 0.685 0.450
14 " 0.679  0.40O5
15 " 0,690  0.LOL

¥ Tuis activity is for 1 ml., distilled unreacted mixturc

(V ... + bonzene).
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fxperiment No, 13

Volume of monomer = 5 ml,
Volume of benzenc = 4O ml,
Conversion = O

Weight of the polymer = 1.9 g.

Background counts with

H

5 ml, inactivc benzene 0.u0L cup.s.

hxcept for the first freeze-~drying operation all
subseqguent freeze-drying operations were done by
dissolving the polymer in 4O ml, of inactive Analar
grade benzene,

It can be seen from the Table 7 that the activity
of the polymer is decreasing slowly and it comes to =&
constant value at the 1l4th freeze-drying operation.
The activity of the distilled benzene also levels

offf at the 14th frecze-drying operation.

Evaluation of the number of benzene units per polymer

chain from the results obtained in experiment lNo,l,

Background with inactive benzene = 0.404 c.p.s.

From the calibration curve (Fig.l7) the specific
7000

= 80)4-5 C.p.S.

activity of the benzene used =




C.P.&.

A

>

2 VR
ML ACTIVE BENZENE x {0

ML INACTIVE BENZENE

FiG.17 CALIBRATION CURVE FOR THE ACTIVITY OF
BENZENE BY SCINTILLATION COUNTING. \
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Activity of the 0,02 g. polymer = 0.68 -~ 0,40k
= 0.276 c.p.S.

Specific activity of the polymer=0.276 x 50

| =13.8 c.p.s.

The welght fraction of benzene in the polymer
13.8
80L5

|

Now the DP of the polymer 500 (viscosity method)

Molecular weight of monomer = 86
Molecular weight of benzene = 78

Number of benzenc molecules per polymer molecule
13,8 X 86 x 500
8045 78

= 0,95

On considering the results in Table 7 it is

feasible that some active benzenc remaing absorbed

on the polymer moleculcs and this is removed by
successive freeze-drying operations., Alternatively,
the polymer may be bresking down and giving rise to
the incorporated labelled benzene. To clarify these
two points, cxperiment No.l was repeated. After four
freezce~-drying operations 0.1 g. of polymer was uscd
to make 1% solution in toluene, and the viscometric

flow time was measured as 163%.L seconds.
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The rest of the polymer was dissolved and refluxed
in 40 ml. of tolucne for one hour, Tnen tolucne was
digtilled and its activity was assaycd. The volymer
wag again dissolved in 40 ml. inactivce benzenc and

froeze-dricd. The results are given in Teble 8.

Table 8 The effcct of sequence of frceze-drying

operations and tolucne on the activity of the polymer

obtained by the rcepetition of experiment No.l.

No,., of ml., benzene CePeBa CeDeSe
frecze—-drying used for (20mg. Distilled
operation freeze-drying polymer) benzene
(5ml.)
1 - 2.48 6295 *
2 L0 2.01 6.57
5 " 1.82 2.50
L i 1,64 2.21(
bml,
9'72toluene)
5 " 0.80 0.4L9
6 " 0.71 0.6
7 i 0.69 0.420
8 " 0.68 0.403
9 " 0.68 0,403

®* Thig activity is for 1 ml. distilled unreacted

mixture (V A. + benzenc).
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Tablc 8 shows that after refluxing the polymcr
with tolucnce, its specific activity falls to half
the value before refluxing. The loss in the activity
of thc polymcr was balanced by the gain in activity
of thce tolucnc. dowever, not all of the benzene was
removed by this trcatment. Four further frcezme-—
drying operations wore required to remove the remainder
of the unrcacted active benzcene from the polymer,

When the activity in the polymer became constant
(i.e. after 9th freeze-drying operation, sce Table 8)
it was again treated with toluene, frceze-dried and
its activity measured. The activity of the polymcr
still rcmained constant and was asgsumced to be due to
chemically incorporated radioactivc benzene,

Again a 1'% solution of the polymer was made in
toluene and the flow timc was recordcd viscometrically
to be 163.5 sec. Both flow times arce identical within
experimental error, showing there is no breakdown of
the polymer chains during frecze-drying or trcatment
with toluenc.

In order to detormine whether any radioactive
benzene is permancntly absorbed by thc polymer a
further experiment was carried out using inactive

benzene and the polymer was recovercd by freeze-drying.




This inactive polymer wes dissolved in 25 ml, of
radioactive stock benzene and fresze-dried. The
results of subsequent freeze-dryings are shown in

Table 9.

Table 9 Mass Bbalance of active benzene uged for first

freeze—drying operation (0.5 g, polvmer).

No. of inl. benzenc CeleSe CeDoeS,
froeze-drying used for (20mg. Distilled
operation freeze-drying polymer) Thenzene
(5 ml,)
1 25 ml.(active) 2,04 698,3 #
2 L0 ml.(inactive) 1.64 1.83
3 " 1.28 1.56
b " 0.93 .47
5 H 0.62 1.28
6 " O.41 0.95
7 " 0.406 O.42
8 " 0.403 0.40L4

]

L ml, distilled active benzcne.

Thce polymer has absorbed some active benzene but
this is removed in eight freceze-drying opcrations.
However, in the polymerisation in radioactive benzene
it required 15 freez-drying opcrations to remove all

the unrecacted labelled benzenc.
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Further experiments were carried out at 60°C and

0 . . : .
257C with varying amounts of radiocactive benzene.

The number of benzene moleculegs were evaluated and

the results arc given in Table 10,

Table 10 The effect of benzene on the rate, the DP,

and the number of benzene units per polymer chain in

5 X 10"4 molar AIBN,

Expt. Temp. Benzcne V,A DP Rate x 10t No, of
No. (moles) (moles)(x Mf% (mole 17% ?enzene
seo” moleculgs
* per chain
1 60°c  0.450 0.048 5.0 0.55 0.95
2 " 0.370  0.49 6.3 0.63 1.00
3 " 0.55 0,099 10.0 1.01 0.95
L L 0.024  0.130 20.32 2,32 0.98
5 i 0.0089 0.15% 30.20 .75 0.90
6 25°C  0.39 0.050 12,10 0.08 1.03

It is clear from the Tablc 10 that on an average

there is one molecule of benzene incorporated in cach

polymer molgecule, At lower concentrations of benzcene

Brownlie89 using the gas counting techniqgue also

found one molecule of benzZene per polymer molecule.

Using the scintillation counting method he found from

1 to 1L.72 molecules of benzene per polymer molecule.
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This higher value may be duc to the presence of
absorbed radioactive benzene in the polymer since he

used only four freeze-drying operations in the latter

work.
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The polymerisation of vinyl acetate in the mresence of

?oluene.

Vinyl acetate was polymerised in toluene because
it has a higher chain transfer constant than benzene.
In the chain transfer reaction with toluene the benzyl
radical is considered to be produced, and it is claimed
to be very stable; hence retardation in toluene would
be expectéd to be greater than in benzene.

Reactlions were carried out in the presence of
2.5% and 5% (v/v) toluene at 60°C and the rates

obtained are given in Table 11.

Table 11 A comparison of the rates of polymerisation

of vinyl acetate in the presence of benzene and toluene

initiated with 5 x 1074 molar ATBN.

Solvent % Rate x 10% ¢, x 102 |
(mole 171
secTT)
Benzene 2.5 5.53 1.3
5 L.77
Toluene 2.5 5.4 3.&33
5 l..66
No solvent 0 9,26




78

From the Table 11, it appears that the rate of
polymcrisation in toluene is practically the same as
in the presence of benzcne. As mentioned earlicr
the rate of reaction was expected to be far lower
than in benzene since the benzyl radical might be
expected to be unreactive and increase the rate of
termination. A pogsible mec:ianism will be put

forward in the discussion.
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Folymerisation of vinyl acetate in the prssence of

substituted bonzene.

Thic experiments in the previous sections showed
that the polymerisation of vinyl acetate is strongly
retarded by benzenc and toluens, and that only one
molccule of benzenes ig incorporated in cach polymer
molecule. This benzene molecule is included in the
polymer molecule either by chain transfer reaction,
or by an addition reaction followed by a chain transfer
step. It the lattcr type of reaction occurs one
might expect that if a completely substituted benzene
with large subgtituent groups was used instead of
benzene, steric c¢ffects might prevent the reaction
from occurring.

Vinyl acetate was therefore polymerised in the
presence of halogeno-, carboxy-, and hydroxy-benzcenes.
Thege reactions were performed at 60005 and all other
conditions were the same ag for the previous

experiments. The rcgults are shown in Table 12,
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—ablc 12 Rates of polymerigation of vinyl acctate in

the pregence of diffcerent halogenated substituted

benzenes at 60°C.

. . !

AIBN coencentration = 5 x 107" molar

Rate in purc vinyl acetate = 9.26 X lO“l’L mole l.:l
SeC.

Solvent = 2.5% (V/V)

Vinyl acetate = 97.5% (V/V)

Solvent Rate x lOM
(mole lilsoc.“l)
Renzene 5.53
Monochlorobenzene 4,80
O-Dic.ilorobenzene L4450
m—-Dicalorobenzene L..53
p~-Dic.ilorobenzene L.55
1,2,4-Trichilorobenzene L.21
Vonofluorobenzene 5,00
m-Difluorobenzens 5.10
Monobromobenzene L.72
m-Dibromobenzene L.50
Todobenzenc 1.30C

Since p—dichlorobenzene is a solid it was added
(V/W) to the dilatometer in chloroform solution, thec

solvent belng pumped off under vacuum.,
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The chain transfer constant was also determincd
for thoe reaction of monochlorobonzence, and vinyl
acetate at 60°C in the prcsence of varying amcunts
of solvent. The plot 1/DP against [S]/[M] is given
in figure (18), and th: results are shown in Tablc 13,

along with rates and CS to benzene for comparison,

Table 15 Clain transfer constant with monochlorohcenzene

at_60°C.
Rate for vinyl acetate = 9,26 mole ljlsectl
% Solvent Rate x lOLL CS X lO3
(v/V) (mole 174 seel™)
Benzcne
b
l—!—-n s
15 .52 L3
b 1.82
Chlorobenzenec
2.5 h.8
5 3.84
15 1.99 4.0

It can be scen from the Table 12 and 135 that
the rate of polymerisation decrcases as nunber of
substituted chlorine atoms incrcases. The ratces in
mono- and difluorobenzene arce practically tho same,

but the rate is lower in m—-dibromobenzene compared
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with bromobenzene. In general, therc is a
progressive fall in rate in the order, benzene,
fluorobenzenc, cnlorobenzcne, bromobenzenc and
iodobenzene, i.e. as thec electroncgativity of the
substituent groups decrcases there 1s greater
retardation,

The valuc of the cinain transfer constant with
chlorobenzene is about thrce times that with benzene,
The rate of polymerisation in the former is however

only slightly lower than the rate in benzcene,

The polymerisation of vinyl acetate in the presence

of hexachlorobenzens,

Since hexachlorobenzene is a solid and is
insoluble in vinyl acetate, chloroform was used as
a solvent to study its effect on vinyl acetate
polymerisation,

Initially the reaction wag studied in the
presence of BO% (V/V) chloroform and effact on the
rate of reaction was noted. Then the e¢ffect of
2.5% (V/W) nexachlorobenzene in 505 chloroform (V/V)
waa studied. The polymer was recovered by freecze-
drying thce dilatometer contents and pumping off the

chloroform, vinyl acetate and benzene. After first



freeze-~drying the polymer was dissolved in 20 ml. of
benzene, Tne hexacinlorobenzene being insoluble in
benzene was filtered off from the solution which was
again freezc—dricd. As mentioned earlier (Page 57)
the catalyst concentration was so small thaot it did
not make much difference to the intrinsic viscosity.
Vinyl acetate was also polymerised in the
presence of 25% and 35% (V/V) chloroform for the
evaluation of chain transfer constant. The plot
of 1/T9P against [8]/[M] is suown in Fig. (19). The
rates of recaction, and chain transfer constant

values are recorded in Table 14.

Table 14 The rates of polymecrigation of vinyl acctate

in the presence of chloroform hexachlorobenzeng, and the

chain transfer constant in chloroform at 6000.

L

ATBN concentration = 5 x 10 T molar.
Solvent Rate x 10“_1a Cq |
(mole 1, sec.™)
Chloroform 257 . 6l
35% 3.50 0.02
50% 2.52
2,5% (V/W) Cg CLg
+ 50% Culoroform 2+57
2.5% (V/V) Benzene
+ 50% Chloroform 1.87
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Table 14 indicates that the rate of reaction
in the presence of 507 chloroform is not affected
by the addition of 2.5% hexachlorobenzene, whereas
addition of 2.5% benzene causes marked retardation.
The value of 0,015 for the chain transfer constant
reported by Clark gt ngB is not very differcnt from

the value of 0.02 measured in this worlk.



The polymerisation of vinyl acetate in the presence

of carboxy substituted benzenes.

Since all the benzene carboxylic acids are solids,
and insoluble in vinyl acetate, dimethyl formamide (DNT)
wag used as a cosgsolvoent. Initially the effcet of
2h7% DNF alone on vinyl acctate was studied, and then
runs were carried out using 25% DUF, 75% vinyl acctatc
and 55 (V/W) acid. The rates of polymerisation in the

presence of different acids are listed in Table 15,

Table 15 The rates of polymerisation of a DMP solution

of vinyl acetatc (DMF: V A :: 1:3) in the pregence of

aromabic carboylic acids at 60009 with 5 x lo—umolar

AIBN sg initiator.

Solvent 5% Rate x qu
(mole l?lsecrl)

Benzene (V/V) 3.6

Benzoic Acid (V/W) 1.62

Phthalic Acida (V/W) 1.37

Hemimellitic Acid (V/W) 1.09

2.5% (V/W) Mellitic Acid no rate

"

From the above results 1t can be scen that as the
number of carboxyl group increcases in the benzene ring
the rate of polymerisation decrcases and complete

inhibition with mellitic acid is noted. This suggests
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that the effect 1s not due to nuclcus but to the

carboxyl subsgtituents.

Lfrect of bonzene hexole on the polymerisation of

vinyl acctate at 60°C with 5 % lO—L‘L molar AIBN as

initiator,

Vinyl acetatce was polymcrised in the presencc of
5% (V/W) benzene hexole in 257% DMF, Complete
inhibition was observed. This effect may be
attributed to the hydrogen atom of the hydroxyl
group which can be abstracted casily by the growing

chain radical.,.

Iffect of various other compounds on the polymerisation

of vinyl acctate,

All the experiments were donc at 60009 and with
other conditions the same as uscd beforc.

Tetrachlorotetrahydronaphthalene, $Sincc this

compound is solid and insoluble in vinyl acctate, 1%

el

of it was dissolved in 25.u benzene and rcacted with the

monomer, No rate of polymerisation was obscrved.
Diphenyl., Since diphenyl is a solid it was added

to the dilatometer in chloroform solution, the sclvent

being pumped off.

L

A very low rate of polymerisation 0,9 x 10~
mole lfl scc?l wvag obscerved. This cffect was
expected duc to the similarity of this compound to

the benzene,



87

IThe polymerisation of vinyl acetate in the presence

of 1.3 cyclohexadiene (CFD)

To produce a free radical gimilar to the onc
produced by the addition of & growing polymer radical
te the benzene ring, vinyl acctate was polymerised in
the vresence of cyclohexadicnc. It was expceted that
on abstraction of a mothylenc hydrogen the resultant
radical 1.e. cyclohexadicnyl radical, can not rcadily
add to the monomer, hcnce decrcasing the rate of
polymecrisation,

Tais would be in markcd contrast to the hydrogen
abgtraction from a benzene molecule giving rise to a
pnenyl radical which is quite efficient in chain
initiation56.

Treliminary expcriments showed that CuD is a strong
retarder, but it was possible to observe the ratc when
CHED ¢ V A s 1t 102 ratioc was usecd. Due to the minute
quantities required for sach rcecaction CHD was diluted
in pure vinyl acetatc in air by wmeans of a micromcter
syringe, and the recguircd amcunt was introduced into

the dilatometer by using the syringe. The dilatometer



Wa s tnén connected to the vacuum line and degassed
quickly, because CHD tends to oxidize in the prescnce
of air. It was algo found thet the small amount of
vinyl acetate added to the dilatometer in air does
not give any inhibition. Using the above mentioned
ratio two sxperiments were carried out at 2 °¢ and
60°¢, The DP was measured vigcometrically and

recsults are given in Table 16,

Table 16 The rates for the polymerisation of vinyl

acetate DP in the prescnce of cyclohexadiens with

5 x 107% molar ATBN,

CAD : VA Temp. 5P x 1072 Rate x 104
°c (molc ltlsootl

1 : 100 60 0,064 0.19

1 s 100 25 0.91 0.05

Mo solvent 60 3.8 9.26

No solwvent 25 744 2,05

The results in Table 16 indicate that the rate of
polymerisation is reterded very imuch by very small
amount of cyclohexadicne, DP is also very low, showing
that some chain transfer or chain termination process
is occuring. This effect is not surprising in view of
the diene structure present. A posgssible mechanism

will be attempted in discussion.
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In the preccding sections, the rcsults have
indicated that retardation in tihe rate of
polymcrisation of vinyl acetate is mainly duc to
the attack of the chain radical on the aromatic
ring., It was therefore of intcecrest to polymerise
vinyl acetate in the presence of a vinyl monomcr
wilch would readily form resonance stabilized groving
polynmer rudical of similar stability to the one
produced by the addition of a radical to benzene.
Styrene was chosen because of the stability of the
styryl radical, Since gtyrence is a very rcactive
inonomer a large number of such radicals can rcadily
be produced.

For systems containing small amounts of styrene
the monomer recactivity ratios ry and r, were determined
by finding the composition of the initial copolymer
for different mixtures of styrene and inactive vinyl
acctate using Clu-styrene. According to equation (18)
ry represents the ratio of the rate congtants for the
regaction of the styryl radical with styrcne monomer
and vinyl acetate monomers respcectively, and ratio
rs similarly cxprcsses the relative reactivity of
vinyl acetate and styrene towards the vinyl acebtate

radical,



90

For systems with c¢Xcess styrene, Clu-vinyl acetate
and inactive styrene were used,

The ATIBN concentration was b x 10_3 molar and
all cxperiments were carried out at 60°C tnermally.

Tho conversions werc taken to 2.0» in all reactionsg.

hvaluation of monomer reactivity ratios from the

compogition of initial copolymers of radioactive

styrcone (8) and inactive vinyl acctate (VA).

20 mg. of the polymers in bsnzene solution were
used for radioactive assay. The background count
Was = O.LL GQI_JUS‘

Typical calculation of regults for 1 : 1000 :: S:VA,

Activity of 20 mg. of polymer = 10.5 c.p.s.
From the calibration curve (Fig. 20) for the stock
radiocactive styrene solution 10,1 c.p.s. are given by
00,0005 ml. styrene. The density of styrenc is
0.9 at 20°C.

The weight of vinyl acetate in 20 mg. of

Il

polymer 0.02 - 0.000L5

0.01955 g.

it
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The mol. wt. of styrenc = 10L
The mol, wt. of vinyl acctate = 86

_ styrene (molesg)
T vinyl acetate (molcs)

0.000L5

————

104

001955
8

= 0,019

The polymer composition was calculated for all
the monomer fecds and is recorded in Table 17 along
with other results reguired for the determination of
y and Tpe

Table 17 Results for the determination of meonomer

reactivity ratios at 60°C.

S: VA cCup.s. F(x109) £  F(L=1)/f Fo/f
(20mg) 5 L
polymer (x 10°) (x 107)
L: 1000 10.5 0.82 C.01l9 —l. 2 Q.39
1l: 50O 20.5 1.57 0.038 -3%.80 0.61
1: 100 110.5 8.38 0.25L ~2.72 2.60

From thc results given in Table 17 F(f-1)/f was

plotted against Fz/f (Pig.21l) according to the Fincman
L5

and Ross equation (20), and the values for ry and rs
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FIG. 2] FINEMAN AND ROSS PLOT FOR COPOLYMERISATION.
OF VINYL ACETATE AND C-l4 STYRENE AT 60°C




obtained from the slopc and intercept rcspectively

arce as follows:

r = o e e e
l =

Iy = ~ee—
K _srp
PVA.S
= 0.045

The values of monomer rcactivity ratios show
that styrene is 65 times morc reactive towards itself
than towards vinyl acetate.

It should be emphasised that the values for
monomer feed ratios (F) given in Tablc 17 are dcrived
directly from the initiasl concentrations of styrene
and vinyl acetate, i.¢. at zero per cent conversion,

These values might be expected to chiange during
the course of polymerisation due to the very high
rcactivity of styrene although conversions were held
to a very low values, Calculations have therefore been
carried out to estimatc the effect of tiiis change.
Thus c.g. for 1:100 (8:VA) ratio at the outset the
polymer produced at 2% conversion contains

0.0047 x 2
0.02

= 0.L7% styrene.,




Original styrene in the feed = 1.
z
s« average styrene content = L +20'5)
= O . 77":‘3-
Average vinyl accstate content = 100 + 98
2
= 99:{3‘-
', average valuc of F =917
99
= 0.0077

Values for F were calculated in this way for other

two ratios, and are given in Table 18.

Table 18 Rosults for the determination of monomer

reactivity ratiog at 6OOC using mean valueg for thc

monomer composition during the copolymerisation

A
S: VA  Wt. of styrene P x 10° ¢ F(r-1)/ ¥/
>

(gm) in 0.02 g, ] o
of polymer f x 107 £ x 10

1:1000 0.Q0045 o.%m 0,019 3,83 0.28
15500 O|0009 1. )—l-6 000_58 "3.60 0057
1:100 0.0047 7.7 0.252 ~2,22  2,3@

The values of 75 and 0,04 were obtained for
and r, respectively from the slope and intercept by
plotbting F(£-1)/f against P/ in Fig. 21(a). The

value for ry is higher than the one obtained using
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e monomer feed ratios at zero per ccecnt conversion.
Those values along with the values obtained on page
(92) will be comparcd with the litcrature values in

tihe discussion.

< r———

fragment mcthod.,

The molecular weight of & vinyl polymcr may be
calculated from the number of initiator fragments
occurring in the polymer. The method pre-supposes
that both mechanisms of initiation and termination
are known, and that chain transfor rcactions are not
significant.

In this work molecular weight of the copolymer
as determined frowm the number of Cl4 labelled AIBN
fragments incorporated in the chain, The initiator
concentration, S:VA ratio, tecmperaturc, and pcr cent
conversion were the same as for the determination of
the monomer reactivity ratios, The copolymer was
precipitated five times to get rid of the unrcacted
AIBN. 20 wmg. of the copolymers in bonzchne solution

were counted for activity assay.
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Typical calculation of molecular weight for 1:1000

(S:VA) ratio.

From the calibration curve (Fig.22) 3.28 x 10 g.
radioactive AIBN give 7.8 c.p.s.
i.e. 136/164 x 3.28 x 10 2g. of the isopropyl
initiator groups in AIBN give 7.8 CuPeSe
20 mg. of polymer give 13 c.p.s.
Specific activity of the copolymer/g.

= 13 x 50

i

650 c.p.S,.

1 g. of polymer contains 2.72 x 1072 x-%ig g.

®

of isopropyl initiator groups.

Now assuming combination is the mode of
termination, one molecule of the copolymer will
contain two isopropyl fragments and therefore the
molecular weight of one molecule of copolymer ﬁn =
(2 x 68 + n x 104 + 86 x m) where n and m are the

number of styrene and vinyl acetate units respcectively.

2,72 x 1072 x 650

136/M_ =
? 7.8
Mn = 60,000
v (2 x 68 + n x 104 + 86 x m) = 60000

From Table 17 for 1: 1000 ( S: VA) ratio

moles of styrene in copolymer = 0.019

moles of vinyl acetate in copolymer
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n/m = 0,019
hence n = 0,019m
n

and m = ()—:_0-1_9

Thersfore 1325 + (104 x 0,019m) + 86m = 60000
_ n

and 136 + (10Ln) + 86 x Goto = 60000

n = 12,92

Styrcne units per copolymer molecule = 12.92 and vinyl
acetate units per copolymer molecule = 582,52,

Molecular weights and number of units for each
monomer per copolymer molecule were calculated for
other S: VA ratios. Molecular welghts were also
measured viscometrically by the use of squation (33).
This equation has been used on the assumption that
copolymer chains predominantly consist of vinyl
acetate units. The results obtained have been

recorded in Table 19.
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Table 19 Molecular weights by initiator-fragment and

vigcogity method of the copolymers prepared with

different S: VA ratios at 60°C with 5 x ZLO""3 molar

of AIBN,

| S:VA CoeD.S. Molecular weight Rate x No,of monomen

(20mg.) 107 units per
polymer ATBN viscogoitby -1 ehain |
fragment mothog  ("OME 1T g Vi

- sec. ) o -

1:1000 13 60,000 72,6000 3.0 12,92 682,53
|
1:500 25 31,000 143,000 1.58 13.038 343.14
1:100 113 6,830 9,200 0.63 15.12 59,54

The results given in Table 19 indicate that as the
ratio of styrene to wvinyl acetate decreages the molscular
welght also decreases progressively. This shows that
the chains are being prevented from growing as styrene
concentration increases. The number of monomer units
per copolymer molecule increase as styrene in the feed
mixture is decrcased, suggesting that styrene is
regponsible for the lowcer molecular weights obgserved.

The molecular weights obtained by viscosity method
are higher than the molecular weights obtained by the
initiator-fragment method. This may be due to the

viscosity relationship used as this might not give the
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true molecular weight of the copolymer,

The rates of polymerisation were calculated
dilatometrically. Lg the conversion factor for
deriving the rates of resctlon depends on the
composition of the cqpolymer formed, the copolymerisation
was taken to 2%; 1t was assumed that the polymer
produced had a constant composition.

Prom the copolymer composition in Table 19 it
is clear that the copolymer is predominantly polymerised
vinyl acetate, therefore, the convergion factor for
vinyl acetate was used, It was slsoc observed that as
the styrene concentration in the monomer feed was

increased the rate of reaction decreased.

Evaluation of the monomer reactivity ratios from the

initial composition of the copolymer of inactive

styrene (8) and radioactive vinyl acetate (VA).

20 mg. of the polymers in benzene solution were
used to assay the activity.

From the calibration curve (Fig.23%) for the
activity of the stock vinyl acetate the composition
of the copolymer (f) can be calculated as described
in the previous section, The results for the
determination of monomer feactivity ratios are given

in Table 20 along with the c.p.s. for 20 mg, of polymer.
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Table 20 Results for the determination of monomer

reactivity ratios at 6006 for the copolymerisation of

vinyl acetate and styrene initiated with 5 x 1072

molar AIBN.

VA: S Cup.s. P £ F(f-1)/f To/T
(20mg)

1: 5 10,51  L4.20 198 L.18 0.091

1: 10 5.92  8.07 352 8.05 0.185

1: 20 3,35 16.20 688 16.16 0.380

1: LO 1.93  33.00 1370  32.99 0.802

A Fineman and Ross plot has been drawn in Fig.(24)
and the values of ry and ry obtained are as follows:

k‘pS.S

hg =
1
kpS.VA

45
. = RVAVA
kaA.S

= 0.05

The molecular weights have been determined by
initiator-fragment and viscosity method.  Number
average molecular weight was obtalned using the

32

expression

W, = 184000 [}t




w
O

FCF-1)/f

4 g

02 2 O.4
F/f

FIiG. 24 FINEMAN AND ROSS PLOT FOR THE

COPOLYMERISATION OF STYRENE AND C 14— VINYL
ACETATE |
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assuming that polymer mainly consists of styrens.
The flow times were measured in benzene at EOOC.
The values obtained by both methods are shown in

Table 21.

Table 21 Molecular welghts determined by initiator-—

fragment and viscosity method of the copolymers

prepared with different VA: 8 ratios at 60°C with

5 x 1072 molar AIBN ag initiator.

Vi: S CeDeS, Molecular weight by
(20mg) initiator-fragment viscosity]
polymer method method
1: 5 10.20 77,000 76,700
1l: 10 13.00 66,000 76,300 }
l: 20 12.40 65,000 73,200
1l: 40 15.23 53,800 55,800

Table 21 again indicates that the molecular weight
of the copolymer decreases as the styrene concentration
of the monomer feed is increased. The molecular weights

by both methods are in good agreement.
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Determination of velocity coefficients in the

copolymerisation of styrene and vinyl acetate by

non-gtationary state method5?

In the last section the effect of styrene on the
polymerisation of vinyl acetate was studied at 60°C
by the gtationary state method. The styrene was
found to copolymerise, and the rate of reaction was
very low as compared to the vinyl acetate alone. It
wag felt that 1t would be worthwhile to examine the
individual values of the kinetic constants in the
polymerisation of vinyl acetate in the presence of
small amounts of styrene.

411 runs were carried out with 1072 molar AIBN
at 2500 to avoid the complications which would arise
at higher temperature due to thermal catalysed
polymerisation. The rates were varied by inserting
the screens of different light transmission in front
of the U.V. lamp.

The rate of polymerisation of vinyl acetate
can be determined from the trace on the recorder chart
in the following manner.

From a typical chart trace in Fig. (25) a slope

of 3.4 x ZLO“l divisions per second was obtained. The
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calibration curve showed that at the amplication used,
10 volts were equivalent to 7.2 chart divisions, and

since LOM v = 100, the rate of temperature rise of
3.4 x 107t
0.72 x LO

polymerising mixture =

= 11.8 x 10™° 9% sec.”t
From the literature wvalues 36;
heat of polymerisation of vinyl acetate

= 21.3 K.cal.moléﬂ
specific heat of monomcric vinyl acetate

= 0,47 cal.gfl

molecular weight of vinyl acetate
= 86

heat required to raise the temperature of one mole

If

through 1°C 86 x 0.47
= 404 cals
Fractional rate of polymerisation

11.8 x 10“3 X LOL

21.% x 10°

0.22 x 1072 sec™*

T

Bvaluation of kp and kt

Tig. (26) shows a plot of intercept against the

reciprocal of the rate. The instrument lag was obtained
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FIG. 26 PLOT OF FRACTIONAL RATE AGAINST o
INTERCEPT IN VINYL ACETATE POLYMERISATION AT 25C
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from the intersection of the plot with the horizontal
co—-ordinate axis. The plot is linear and gives 1.9
geconds ag lag of the instrument.
Now slope of line fig.(26) :.?i;

{p:1n2

-1 x 10°
kt/kp = 0.693 x 1 x lO5
k/ky = 1.48 x 1072

The kinetic chain lifetime was then calculated
from the equation :
T x fractional rate = kp/kt

1.48 x 1072
2,00 x 1072

i.e. I'T —_

T = 0.7 sec,
The rate of initiation was taken from literatureB

8 1. at 7.0%

and was given as 2.17 x L0 - mole 171 sec?
per hour polymerisation of %inyl acetate alone.

Since the square root of the rate of initiation 1is
proportional to the rate of reaction, the observed rate
of 8% per hour at zero conversion for vinyl acetate
polymerisation gives a value of 2,9 X lO"8 mole lflsecfl

for the rate of initintion.
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From equation (23) = 1/(ktI)%
k= 1/1° x 1/T
= 1/(0.7)% x 1/2.9 x 1078
= 7.0 x 107 1.mole™tgecTt
and k /k, = 1.48 x 1072
ky, = 1.8 x 1072 x 7.0 x 10/

= 10,36 x 10° l.molemlsec.

Plots in Fig (27) and (28) show 1/Rate against
intercept for 1:6000 and 1:3000 styrene : vinyl acetate
ratios at 2500 and thege are fairly linecar.

The values of kp, kt and kinetic chain lifetime

obtained in given in table 22,

Table 22 The velocity coefficients in the polymerisation

of vinjl acetate alone and in the presence of styrene at

55°C with 1 x 10”2 molar AIBN

System K /%, k k, x 1077 . Rate x 107
=1
(x 106) (l.mole_% (11m01e“1 sec. (mole L
- ~1 8es,
sec. sec, ')
VA (Bulk) 14.8 1036 7.0 0.70 2.5
S:VA (1:6000) 2.90 215 7l 0.70 0.5
S:VA (1:3000) 1.47 9L 6,2 0.73 0.2
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Table 21 indicates thet the value of kp decreases
as the styrene concentration is increased, but there is
no appreciable change in the value of kt. The kinetic
chain lifetime is practically constant. It is also
observed that even very small amount of styrene retards
the rate of vinyl acetate polymerisation strongly.

The possible mechanism will be given in the discussion.
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DISCUSSION

It is important to realise the experimental errors
and practical limitations which may have been associated

with the methods used and the results obtained.

RBrrors in the radiocactive work

It was found during assaying the activity of the
solutions that abnormalities in the room temperature
did affect the counting rate in spite of the fact that
the head unit was kept cold with running tap water.
The results are liable to errors especially when the
activity of the samplss is low, Therefore, room
temperature was kept reasonably constant at 21 ¥ 1%
by avoiding draughts. The results were thus
reproducible to within 5%.

The silicone oil in the head unit was also found
to be a serious source of trouble gince the amount of
oil diminished more quickly than was expected due to
leakage past the rubber seal. Replacement of the
rubber seal did not completely prevent the leakage.
This error was therefore eliminated by checking that the
oil contact had been maintained at the end of each

counting opcration.
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Limitations of the non-gtationary state method

O0f the methods which are available for evaluating
kinetic constants, the thermocouple method is probably
the most useful method, but, there are certain

limitations which should be mentioned.

Temperature measurement

The temperature was recordecd by the thermocouple
at the centre of the rceaction vessel. It has been
assumned that the temperature of the bath remained constant
but this was not found true in pfactice. The signal
obtained by the pen recorder was due to the opposing
elcctromotive forces (e.m.Ff.) from the thermojunction.
£ny random fluctuations in the bath would be reflected
in the trace but to a lesser degree because of the lag
in response, With the arrangement mentioned in
experimental section the fluctuation of temperature in
the bath over long periods was in the region of O.OlOG.
However, during the 30 seconds required to carry out a
non-stationary state run, the fluctuation in temperature
was normally not greater than 0.001°C.

The noise level of the amplifier corresponded to a
temperature fluctuation of l.4 x 10"}'L °C and this

represents the ultimate limit of temperature measurement.
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The e.m.f. temperature relationship was obtained from

the literature. Bengough and Melville9

reported that
rates obtained with copper-constantin thermocouple are
in agreement with those obtained used platinum-

platinum rhodium thermocouple, and with rates measured

dilatometrically, thus showing that e.m.f. temperature

relationship is quite reliable.

Meagurement of the kinetic chain lifetime,

There is always the possibility of inaccuracy in
the extrapolation of the stationary state-time curve.
The start of the reaction was indicated by a pip on
the reccrder chart. If the amplificationapplied to the
syastem was large then the pip increased in size and the
pen did not always return to the original base line.
This tended to increase the value obtained for the
kinetic chain lifetime, This error did not affect the
bullk vinyl acetate polymerisation but wag significant in
the presence of styrene where the amplification was
about one microvolt equal to 5 to 6 chart divisions.

The variation of the instrument lag from run to run
also causes about 10% error. The response of the
amplifier is 0,0L second, and the response time of the
thermocouple due to its small heat capacity will also be

very short. The lag of the pen recorder is very much
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greater, about one second. The combined lag in this
work was 1.9 seconds.

To obtain a reasonably accurate value, the lifetime
of kinetic chain should be 2 to 3 seconds. Put the
Lifetimes measured were shorter than this and it was
necegsary to repeat each determination several timocs
to get a reliable value. The points which are plotted
in the 1/Rate against intercept graphs (Fig.26-28) are
the average of at least three separate determinations.
In Fig.26 the intercept on the time axis corresponding
to the instrument lag is 1.9 seconds. It is seen
that although this could vary by about + 0.3 sec. the
slope of the graph would alter only slightly i.ec.

about U4%.

Effects of solvents on vinyl acctate polymerisation.,

———— s e

Two main elffects are observed in the volymerisation
of vinyl acetate in benzene. Pirstly the rate of
reaction is retarded to an extent dependent on the
benzene concentration. Secondly, the DP decreases
with increasing amounts of benwzene. The values of
rates and DP are given in Table 23 to eliminate

reference to previous section,
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Table 2% The rates of reaction and DP of the polymer

formed in the polymerisation of vinyl acetate in the

pregence of benzence at various temperatures with

5 x 10“” molar AIBN ag initiator.

T emp ., Benzene % Rate x 10H 5P x 1072
(by volume) 1
°c (mole 1.7
sec,
0 2,05 7.0
5 1.4 5.62
25 15 0.57 3.13
2b 0.27 2. 20
3b 0.159 1.59
o] 3,02 5.05
5 1.38 Loli3
35 15 0.71 2.82
25 0.42 L.7L
35 0.25 1.27
0 L.32 11,10
5 2.29 3436
15 15 1.05 2.43
25 0.75 1.96
35 0.47 1.18
) 9,26 3.85
5 bL.75 3.03%
60 15 2,32 2,82
25 1.82 L.37
35 1,01 1.025
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From iig.(29) it can be secn that the decreasc
in rate is very sharp up to 15% benzene but with
higher concentrations it shows a tendency to level
off indicating that the rate is not directly proportional
to benzene concentration.

The valueg for chain transfer constant obtained in
this work do not agree with the literaturs valucs as

shown in Table 24.

Table 24, Comparison of values of Cé with literature

valuces in the polymerisation of the vinyl acetate benzene

Reference Temp. CS X 10“
Oc¢

This work 25 8.9

35 10.5

L5 12,0

3 60 13.5

Clark and Stockmayer 60 1.2
Palit and Dag - 60 2,96

Although Stockmayer algo obtained a straight line
without kecping I%/[Mﬁ congtant at differcnt ratios of
(s]/fu}, nis value for Cq is about ten times less than
the value obtained in this work,. The wvalue obtéined

by Palit and Das should be more reliable since they kept
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I%/[ME constant. However, it is difficult to understand
why the difference in values is so great, particularly
as the same method of measuring the molecular weight

of the polymcr was used.

The results of vinyl acetate polymerisation in
benzene show a number of features which are summarized
below, Any mechanism for the reaction between solvent
and the growing polymer radical must account for these
features,

(1) Addition of solvent causes a decreasc in the
rate of polymerisation.

(ii) The molecular weights of the polymers prepared
in the presence of benzene are lower than those
of polymers prepared in bulk.

(iii) The intensity exponent with respect to the
growing polymer radical concentration in the
presence of benzene is around 0.54.

(iv) Only one molecule of benzene ls incorporated in

each polymer chain,

The retarder effect of sclvent on vinyl acetate

polymerigation.

Kinetic analysis of the polymerisation of vinyl

acetate in the presence of solvent are complicated by




113

the number of different reactions that can take place.

The overall rafe of polymerisation is governed
essentially by the rate constants for the initiation,
propagation and termination steps of the chain reaction.
Decrease in the first two or increase in the last would
give rise to a decrcase in the rate of polymerisation in
the presence of solvent.

The polymerisations were initiated by the photolysis
of AIBN, This produces free radicals which, in bulk
polymerisation, can react with another of the same kind,
or with a molecule of monomer to initiate a chain,

In the presence of solvent the situation is more
complicated, and it 1s possible for the following

reactions to take place:

RC + M > Rl lt---.(l)
R, + 8 y 87 eesess(II)

. disproportionation
Ré + R

¢ " or combination  nreacted products..(IIT)

where Ré is a primary initiator radical,

Sirce reaction (II) does not take place in bulk
polymerisation it is possible that the rate of chain
initiation might be reduced in the presence of solvent,
either by decrease in the rate of initiator decomposition,

or in the initiation efficiency.
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However, it is well established that the initiator
decompogition is not affected by solvents, and
Bevington13 has shown that the initiation efficiency
remains falrly constant over a wide range of solvent
concentration, Therefore reaction (II) appears to be
unimportant, and so the rate of initiation has been
agsumed to be constant in this work.

The radical chain produced by reaction (I) can

react as follows:

rate
Ry + M —3 R 4 k, [Rj{m] veeeas(TV)
Ry + M —> P + R k. (R[u] cerene (V)
Rl.’l + S ot S. ktl"S[R.][S'] leo.t<VI)

where S is the molecule of solvent and 8° is the solvent
radical.

Reaction (VI) may take place by various mechanisms
which will e discussed later.

The growing polymer radical can terminate by
combination or disproportionation as outlined on page
(6). The solvent radical can react in several

different ways:?

rate
* + M ——> R* kri[sf![M] ceee (VIT)
S* + R® ——» polymer kﬁ [SE][Ri] vee. (VITII)

§* + 8* ———s» stable products kt [Sﬂ 2 ceee (IX)
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The radical $8° in reaction (VI) can be formed (a)
by a chain transfer reaction between a growing polymer
radical and a solvent molecule or (b) by the addition
of a growing polymer radical to a solvent molecule.

In the polymerisation of vinyl acetate where
benzene was the solvent, the chain transfer and

addition reactions might be as follows:

R* + ‘ ———y P +.© ceeeo(VIa)
2 O DO o

Reaction (VI) may take place occasionally.
Reaction (VI) will affect the rate of polymerisation
when (VII) is very much slower than the normal
propagation reaction (IV),

Bengough et §l7 found that the value of kinetic
chain lifetime increases in the presence of benzene,
This result indicates a decrease in the value of the
rate constant for termination, although an increase
in the rate constant of termination would account for
the.observed retardation. In their work they found
a decrease in the value of rate constant for propagation,

and termination which was accompanicd by an increage in
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activation energies. This increase in the activation
energies is probably due to the existance of radicals
of greater stability than the growing polymer radicals
whén . polymerisation is gtudied in the presence of
benzene, e.g. the radicals formed in reaction (VIb).

The normal chain transfer reaction by hydrogen
abstraction ( VIa) produces a phenyl radical. To
account for the strong retardation observed in benzene,
the phenyl radical would have to be unreactive.

Barson, Bevington and Eaves56, using CLlL benzoyl
peroxide as an initiator of vinyl acetate polymerisation,
found that the phenyl radicals are quite efficlent in
initating polymerisation. Thus reaction (VI a) cannot
explain the observed retardation.

Burnett and Loan2 developed an equation for the
rate of polymefisation on the assumption that a chain
transfer reaction occurs and is followed by reactions
of the radical with (a) a monomer molecule to
reinitiate the polymer chain (b) another its kind

or (c) the growing polymer chain radical. But their

agsumption that.

ktrs[_R"][sf] = kri[s‘] (1] ceseaa(LiB)

can not explain the strong retardation observed.




Their kinetic scheme yielded theoretical curves for
the ratc of polymerisation in benzene which were
similar to the observed one, but they obtained an
extremely high value (2l K,cal.mole*l) for the
activation energy for the addition of a phenyl radical
to vinyl acetate. his 1s again contrary to the
results of Bevington thus indicating that reaction
(VIa) as the source of 8* radicals is not correct.
Jenkin337 stated that their equation represents
the condition that a negligible proportion of the
gsolvent radicals participated in the termination
reaction, If nearly all the transfer radicals were
to undergo reinitiation then no retardation would
occur. He concluded that this approximation can only
be applied if the retardation is comparatively weak.
Jenking in his own kinetic treatment of effects
of solvents on polymerisation made the "geometric mean"
agsumption regarding the termination reaction i.e. the
velocity constant for termination between dissimilar
radicals is the geometric mean of those for reactions
between like radicals, This assumption is doubtful
in view of the evidence from copolymerisation studies57

that termination may occur preferentially between unlike

radicals,
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Tt would appear that reaction (VIII) probably
occurs more easily thamw (IX) and therefore equal
number of R® and 8° radicals are removed when S°
radicals are terminated by this reaction.

Now if we assume that reaction (VI) takes
place quickly and reaction (VII) is slow then a
large concentration of S° radicals will accumulate
in the system since termination involves the removal
of another R* radical, the concentration of S°
radicals would quickly increase while that of the R®
radicals would decrease, Moreover, as only R*®
radicals are active in propagation the rate of
reaction will fall as their concentration decreases.

In hié treatment Jenkins derived an equation
which related the velocity coefficient of chain
transfer with solvent (Ktrs) to the degree of
retardation., This equation is simplificd, when
cross-termination coefficient ¢ is unity, and k., =0

i.e. when no reinitiation takes place and bcecomes
] 1
Ky = (IK)Z/A8] (1/%-1) veeea(L9)

using the usual symbols with %= m[T:‘g}/mb[f.ﬂ whore m and

m denote the rates of polymerisation in the proscnco’

and absence of solvent respectively.
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Jenkins calculated values of ktrs,from Burnett
and Loan's results, and showed that the values obtained
varied least with benzene concentration. Thig led him
to the conclusion that reinitiation did not take plsace
in the vinyl acctate-benzene system, His conclusions,
however, suggest that the initiator exponent, and the
intengity exponent should be between 0.5 and 1.0, which
is in conflict with the experimentg of Burnett andLoan2
and Bengough, Brownlie and Ferguson.

Bengough et g;9 applied the equation (L9) to
determine the value of ktrs from their results, and
found zero activation energy for the chain transfer
reaction, This is not acceptible since that
activation energy for chain transfer with benzene had
been found8 to be equal to that of the propagation
reaction, This also supports to some extent the
idea of an addition reaction between the growing
polymer radical and benzene.

Since in this work the rates of initiation at
various temperatures have not been measured, it is
not possgible to use this relationship to calculate

k from rate measurements.

trs
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It has now been shown that chain transfer by a
hydrogen abstraction reaction cannot account for the
observed retardation of the polymerisation of vinyl
acetate in benzene, The S° radical is therefore
probably produced by the addition of & benzene
molecule to the growing polymer radical,

One possible explanation for the retardation in
the rate of polymerisation is that reaction (VIb) takes
place and is followed by reinitiation (VII). The
radical formed by addition of the growing polymer
radical and benzene would be more stable than a
phenyl radical, and consequently the activation
energy for the reinitiation reaction (VII a or b)

- would be high,

R‘@ oM R.....R' .. (VITa)
R____,_@. + CHy = CH — R.@ + CHy - CH -(VIIb)
AC AC

The question whether the reinitiation step takes
place by copolymerisation (VIIa), or by chain transfer

(VITIb) has still to be answered.




Stockmayer et g}é explained the high activity
of the polyvinyl acetate obtained by polymerising
the monomer in the presence of radiocactive benzone
at 60°C as being due to the copolymerisation of
vinyl acetate with benzene.

However, in the present work it had been found
that there is only one molecule of benzene incorporated
per polymer molecule. Therefore it seems possible
that the benzene adds to the growing polymer radical
by reaction (VIb) and that reinitation occurs by
reaction (VIIa).

Similar work by Breitenbach et gié also led
them to conclude that no copolymerisation between
vinyl acetate and benzene was taking place.

Addition reactions between free radicals and
benzene have also been proposed by other workers, for
example, Charles and WhittleBB have suggested that the
main reaction of trifluoromethyl radicals with benzene

is addition to the ring followed by hydrogen abstraction,

CF5 + OFT<-:>. ey CFH + GFET@ o (X)

They justified their postulation on thermochemical
grounds saying that direct hydrogen abstraction requires
more energy than the hydrogen abstraction after addition

stepe.
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In conclusion the above evidence together with
the evidence mentioned earlier tends to suggest that
addition of a chain radical to benzene producing a
radical which 1s slow to reinitiate is the cause of
the retardation of vinyl acetate polymerisation in

benzene.

The retardation of the polvmerisation of vinyl acetate

in the presence of toluene.

The effect of toluene on the rate of vinyl acetate
polymerisation has been obsgserved to be practically the
same as that of benzene. It was thought that the
growing polymer radical would attack the methyl group

of toluene producing a benzyl radical of the following

type:
CH C
R + /\\ et ) R}I ‘!" /\ !cc.lo(XI)
| |
s

This radical would be quite stable and would not
be as efficient in reinitiating polymerisation as the
radical produced by additionto benzene. Hence greater
retardation would be expected to occur than for benzene.
But this is not the case, and the rate is about the
same in both solvents. It is possible that an addition

reaction similar to (VIb) at the aromatic ring of
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toluene takes place for example

CH. CH.,
—R- KR " ‘ [N /) ,.,...(XII)
S ¢

R
This ig followed by hydrogen elimination to the

monomer as follows
CH

3 H 5
el ; .
| + CH, = CH s @ + CH3 -~ CH .. (XIII)
’ AC AC
R R

The chain trangfer constant for toluene in vinyl
acetate polymerisation has been reported33 to be about
seven times greater than for benzene at 6000. The
increase in the rate of the transfer reaction is surely
due to the presence of methyl group. This reaction .
would produce radicals similar to thoseshown by reaction
(XI) and toluene might be expected to give greater
retardation than benzene, The same rate of polymerisation
of vinyl acetate would only be given if the addition of
the growing polymer radicals to the aromatic ring takes
place to the same frequency in both solvents, and
provided the benzyl radicals formed by chain transfer

with the methyl group of toluene reinitiate polymerisation




effectively. This latter suggestion is difficult
to accept and the precise nature of the effect of
toluene on the polymerisation of vinyl acetate must

gtill remain unanswered.

The effect of subgtituted benzenes on the polymerisation

of vinyl acetbtate.

It has been shown in the experimental results
that the rate of polymerisation of vinyl acetate is
further retarded by halogenated-benzenes as the
number of halogen atoms on the ring increases to
three but that there is no change in rate in the
presence of hexachlorobenzene, These regults would
definitely support the view of addition of the growing
polymer radical to the aromatic nucleus by the reaction
(VIb) already proposed.

If hydrogen abstraction were the main factor
causing retardation it would he exXpected to be greater
in the presence of benzene than in the substituted
benzenes simply on the basis of number of sites available
for abstraction reactions, and to decrease with the
progregsive substitution of the benzens ring. However,
the substituents used have an activating effect on the
nucleus since they donate electrons. As the electron

density on the nucleus increages in the order of
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substituents F€ ¢c1< Br<I the activation of the latter
increases, and hence the ring becomes more prone to
attack by the growing polymer radicals., Thus a
grcater number of S° radicals arc formed and greater
retardation occurs.

In the hexachlorobenzene-vinyl acetate system
there is no chance of attack on the polymer radical
due to the fully blocked benzene ring. This can be
explained by the steric effect. The chlorine atoms
themselves are bulky and hence prevent close approach
to the growing polymer radical.

In the case of vinyl acetate polymerisation in
the presence of lodobenzene free iodine may be liberated
and it can act as a radical scavanger to give marked
retardation in the rate of polymerisation,

The value of the chain transfer constant for
monochlorobenzene at 60°C is about three times than
for benzene, but the rate of polymerisation of vinyl
acetate in the presence of monochlorobenzene is not
very much different than in the presence of benzene,
For this system there may be some additional chain
transfer reaction by hydrogen, or chlorine abstraction
which would lower the DP of the polymer fosmed but not

affect the extent of the retardation of the polymerisation.



124

Breitenbach et g&6 obtained chlorinated polymers
from the polymerisation of vinyl acetate in the presence
of chlorobenzene. The chlorine could have come in the
polymer only by addition of the growing polymer radical
to the aromatic nucleus but may also have been
incorporated by normal chain transfer abstraction
reactions. In case of chlorine abstraction the
regultant phenyl radical would be quite efficient chain

initiator.

The effect of aromatic carboxylic acids and other

—

solvents on the polymerisation of vinyl acetate.

Retardation in the rate of polymerisation of vinyl
acetate has been shown to occur in the presence of
aromatic carboxylic aclids, the retardation increcases
with increase in the number of substituent - COOH
groups in the benzene ring. Complete inhibition in
the presence of mellitic acid, and benzene hexole
would suggest that the effect is not to do with the
nucleus but with the substitucnt groups.

The hydrogen atom of the carboxyl group is acidic
and is possible that the acidic groups are responsible
for the retardation of vinyl acetate polymerisation.
The actual cause of retardation cannot be explained in

the light of the results obtained in this work.
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In the case of benzene hexole the growing polymer
radical may remove the hydrogen of the hydroxyl group
by a chain transfer reaction to create a phenoxy
radical which can act as a retarder,

The retardation of the polymerisation of vinyl
acetate in the presence of cyclohexadiene can be
explained by & rapid hydrogen abstraction reaction by
the growing polymer radical followed by the addition
of the resultant cyclohexadienyl radical to the

monomey vig.

v ~ L i
R+ E:;J , [::3 + P voe o (XTV)

E _ ; NS _ 2
[i;; +CHy, = CH ﬁfjj] + CH; - CH .. (XV)

It is also possible that

R . R
> .
R* + .o (XVI
C —0=0 -

followed by CH, ~ CH

R
\T:j:D &c co (XVII)
, A
R -
m +CH2:(PH
-~ AC
T
\/\'.‘l .
N GH3 - ?H (XVIIb)

AC
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The radical formed by reaction(XIV)is of the
same type as obtained in reaction (VIb) by the
addition of a growing polymer radical to the benzene
ring. The reaction(XIV)and(XV)being rapid cause a
reduction in molecular weight as observed while the
regonance gtabilized radicals produced are slow to
reinitiate the polymerisation, thereby causing great
retardation, Termination was found to be second
order with respect to the polymer radical concentration
as was found for the benzene vinyl acetate system,
This, once again, supports the already postulated
theory that retardation of the polymerisation of vinyl
acetate in the presence of benzene occurs only through
sglow reinitiation following thc addition of the growing

polymer radical to the benzene ring.

The sffcet of styrene on the polymerisation of vinyl

acetate.

Styrene has been found to be copolymerised with
vinyl acetate and it is worthwhile to compare the valuss
of monomer reactivity ratios obtained in this work by
using Clh-styrene and Cliy-vinyl acetate in turn, with

those reported by other workers.
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Table 25 Comparison of the wvalues of ry and rs in the

copolymerisation of styrene and vinyl acetate,

# Reference System ry '
This work ClL-S:VA 65 0.045
ClL—3: VA

(corrected) 75 0.0LO
Cly~VA:S 05 0.050
Mayo & Lewis2® S:1VA 55  0.010

It can be seen that the value of rl obtained by
using Cli-styrene is higher than the value obtained by
using Clh-vinyl acetate. The higher value 1s likely
tc be less accurate as error in the measurement of
Clh-styrene in the feed mixture may be greater due
to the small amounts of styrene used. The correction
applied to allow for the change in composition during
polymerisation does nothing to bring the ry values into
closer agreement., They are still subject to errors in
the measurement of the initial volumes of radiocactive
styrene used.

The value of ry obtained by Mayo and L6W1522 is
also liable to errors as the carbon analysis method is

not as accurate as the radiotracer technique.
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Taking the experimental errors into account the
values are in fairly good agreement and it can be
said that values of 45 and 0.05 for r; and r,
respectively are probably the more accurate ones.

The other feature of this work is that the rate
of vinyl acetate polymerisation is retarded in the
presence of small amounts of styrene. For the
purpose of comparison the velocity coefficients for
the polymerisation of styrene, vinyl acetate and

styrene-vinyl acetate system, are given in Table 26,

Table 26 The velocity coefficients for the polymerisation

of styrene, vinyl acetate (bulk) and styrene-vinyl acetate

system at 2500.

Reference System kp k, X 10~
(1.mole:} (l.mole:i
sec. sec. )
This work VA 1036 7.0
Bengough Brownlie ' t 860 6.0
Bengough Melville® ! 895 2.1
[Matheson et a1’ S Ll L. 75
Burnettu6 " 19.7 6.30
This work S:VA(1:6000) 215 T4
" S:VA(1:3000) 91,74 6.2
Bengough Brownlie' 2,5% benzene
. + VA (V/V) 280 2.3




Table 26 indicates that vinyl acetate hag the
higher value of kp. The radical formed from this
monomer is very reactive mainly because it lacks
strong resonance stabilization, while the styryl
radical on the other hand, is strongly stabilized
by resonance and much less reactive.

Moreover, it can be seen that the kp value for
vinyl acetate polymerisation decreases in the presence
of styrene, and benzene appreciably. The wvalues for
kt ocbtained in this work in the presence of styrene
do not very but they vary in the work reported by
Bengough et Q;T in the presence of benzene. As the
k, value cbtained by Matheson et al*! for the bulk
polymerisation of styrene is in agreement with the
value obtained for the styrcne-vinyl acetate system,
and for vinyl acetate bulk polymerisation, normal
termination can be assumed to be taking place.

It may be concluded that the value of kp for the
polymerisation of vinyl acetate in the presence of
styrene decreases due to the formation of radicals
of similar stabilityto those produced in the presence
of benzene by the reaction (VIb). Such radicals
are slow to reinitiate, and hence retard the rate of

polymerisation of vinyl acetate. A resonance
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stabilized radical comparable to that postulated in
reaction VI(b) can be formed in the presence of

styrene as follows:

R* 4 CHp = O ey MOHZ—/‘?*}‘;:?MCHZ— CH
) P
\‘l

SRS I e

w~CH,, - gﬂf . (XVIIT)

This can propagate by addition of styrene or undergo
chain transfer with vinyl acetate as shown below:
wrwCH = CH + CH, = CH ——3 =~CH_— CH + CH,~ CH ..(XIX)
2 i 2 ’ 2 3 l
P

“\ ) OCOCH 5 & OCOCH

o X >

The decrease in molecular weight (see Table 21)
with increasing amount of styrene in the polymerisation
of vinyl acetate can be explained by chain transfer to
vinyl acetate taking place after the addition step
(XVIII). ..ddition of increasing amounts of styrene
would result in the formation of more S* radicals and
hence more chance of chain transfer to vinyl acetate,
although this step is slow,

Alternatively since the concentration of gtyrene

is very low, propagation by addition of styrene to the




133

styryl radical will be a slow process compared with

the propagation reaction in vinyl acetate polymerisation,
Now as the ratc of termination is not affected by the
presence of the styrene, the overall rate of
polymerisation will clearly be slower whcn this

monomer ig present in the system.

From the foregoing discussion and carlier evidence
it is suggested that the rate of polymerisation of vinyl
acetate in the presence of benzene is due to the
addition of the growing polymer radical to the aromatic
ring resulting in a relatively stable radical, which
slowly reinitiates the polymerisation by chain transfer

with vinyl acetate.
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Comparison of effectiveness of retarders for vinyl

acetate polymerisation.,

In order to compare the relative retardation
brought about by the addition of the various solvents
used in the course of this work, a table has been
drawn up showing the esgtimated amount of solvent
required to cause 50% reduction in the rate of bulk
vinyl acetate polymerisation.

Table 27 The various additives arranged in the order

of their increasing effectiveness as retarders for the

polymerisation of vinyl acetate.

Added Estimated volume % required
. to reduce rate to half its
material value in absence of additives

Benzene

Toluene

Fluorobenzene

Chlorobenzene

Bromobenzene

m-Difluorobengene

OO NN NN NN NN WW,m
[ ]
W g O O Ut U1 OOy 0 O

o,myp-Dichlorobenzenes
m-Dibromobenzene

1,2,4~Trichlorobenzene

>

Benzoic Acid
Phthalic Acid

Iodobenzene .
Diphenyl .
Hemimellitic acid 1.2
Cyclohexadiene 0.05

Styrene 0.0L

e
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From the Table 27 it would appear that the amount
of styrene reguired to reduce the rate of 50% was the
Leagt compared With other solvents. From the previous
results it has been shown that the@wﬁCHg ",éH radical
can copolymerise with vinyl acetate, but the .~ ’
radical from benzene cannot. Because it is a
vinyl monomer styrene would be expected to appear much
higher in Table 27, but ites position is due to the
regonance stability of the styryl radical formed
(reaction XVIII)., Tt appears that the frequency of
formation of styryl radicals, and consequently their
concentration, will be much higher than for any other
retarder duc to the presence of the vinyl double bond,
Pregsumably the benzyl radical formed by chain transfer
with toluene can also add to vinyl acetate. The very
marked retardation with styrene is therefore due to the

very large concentration Of~mﬁOH2 - O (styryl) radicals

g

>~
although in themselves they are less’éffective than the

~
“"L\:D type radical.,
N

In conclusion the effectiveness of an additive as a
retarding agent for vinyl acetate polymerisation can be
explained in terms of the recadiness with which a radical
derived from the retarder can be formed, and its ability

to reinitiate polymerisation.
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