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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




35

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




37

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
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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



5a

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.




53

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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FIG. 9 PLOT FOR THE DETERMINATION OF
INTENSITY EXPONENT IN BULK VINYL ACETATE
POLYMERISATION.
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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 2