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The kinetics of the polymer!sation of vinyl acetate 
in the presence of solvents has been studied* Asobis 
isobutyronitrile has been used as photoinitiator#

As little as 3% of benzene lowers the rate of 
polymerisation of vinyl acetate to about one«half its 
value in the absence of beMone. For the polymerisation 
of vinyl acetate alone and of various benïsene/vinyl acetate 
mixtures the rates of polymerisation^ molecular weights and 
chain transfer constants over the temperature range 25-60^0 
have been measured# The intensity exponents were found to 
be in the region of 0#51-0.5lf both with benzene and in its 
absence#

Labelled benzene^ grown as a single crystal, has been 
used at different temperatures to find out the number of 
benzene molecules incorporated in each polymer chain, and 
on an average one molecule of benzene has been found per 
polymer molecule* A possible mechanism for the polymer!sat 
of vinyl acetate in the pressence of benzene has been put 
forward#

The rate of polymerisation of vinyl acetate in the 
presence of toluene has been found the same as in the 
presence of benzene# Greater retardation was observed in



the presence of cyclohexadiene and also the lowering of 
molecular weight of the polymer formed# Termination 
was found to be second order with respect to' the growing 
polymer radical coneent rat ion.

The effect of other solvents (mainly substituted 
benzenes) on the polymerisation of vinyl acetate was 
studied and different rates of reaction have been explained 
by sterio hihderance#

The rate of polymerisation of vinyl acetate was very 
much retarded by styrene which has been shown to 
copolymerise with vinyl acetate# Labelled styrene and 
labelled vinyl acetatb were used in turn to evaluate the 
monomer" reactivity ratios#

Velocity coefficients for propagation termination, and 
kinetic chain lifetime for the polymerisation of vinyl 
acetate in the presence of small amounts of styrene have 
been determined using the thermocouple method# The value 
of k^ vms found to decrease with inereaae in styrene 
eoneentration, while that of k^ remained unchanged.
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INTRODUCTION
The polymerisation of vinyl acetate in the

presence of solvents has been, for sometime, the
subject of controversy. The rate of polymerisation

1 2is retarded in aromatic solvents  ̂ . 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 Loan suggested that a chain transfer 
reaction between a growing polymer radical and 
benzene occurs 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 Clarke^ claimed that 
copolymerisation occurs and supported this view by 
using Cl4-benzene as solvent in the polymerisation 
of vinyl acetate,

Breitenbach and Paltlhansel 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 al^ 
might have been due to acetylenic impurities in their 
radioactive benzene since it was prepared by the



trimérisation of acetylene. This was confirmed by 
Breitenbach, Billek, Paltlhansel and Weber^ using 
radioactive benzene prepared; (a) by the deiiydrogenation 
of cyclohexane and (b) by the trimérisation of acetylene. 
Considerably greater radioactivity was found in the 
samples prepared from the latter than from the former 
radioactive benzene.

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 20fo benzene. Their results 
indicated a lowering of both the propagation rate
constant (k ) and the termination rate constant (k.)P u
in the presence of benzene. They also made some 
preliminary measurements with radioactive benzene 
and this has been extended in the present work.

C14-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 sterio hindrance.

Since the resonance stabilised radical type (l) 
which could be formed by the addition of a growing 
polymer radical to an unsubstituted aromatic ring

(I)
the reactivity of such a radical towards vinyl 
acetate was further studied. Styrene which could 
form a radical of similar stability on polymerisation 
was reacted with different amounts of vinyl acetate. 
C14-styrene was used v/ith inactive vinyl acetate and 
Cl4~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 25^0 by the 
thermocouple method^.

Molecular weights were measured by the viscosity 
method and by the initiator-fragment method.
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Mechanism of vinyl polymerisation

Free radical polymerisation is the most 
important and also the commonest method of polymerisation 
The free radical chain mechanism involves three basic 
reactions as given belovv :
1. Initiation.
2. Propagation,
3. Termination,

1. Initiation, Free radicals are usually obtained by 
the thermal or photochemical decomposition of compounds 
such as organic peroxides, azo and diazo compounds.

In this work 1:1 azobisisobutyronitrile (AIBN) 
has been used as the catalyst. The AIBIT lias been 

shown by kinetic studies to decompose by a unimolecular 
processj

GN GN ON ON
' ' 'n I IOH,- C - H  = N -  C -  OH,- G*+ CH,~C- N = N ’3 I 3 or Heat 3 , 3
! * I I I
GH^ Gi-y GH^ a y

GN
!

2 ai, » C*+ N_
I
GHy3



All the radicals generated do not initiate the 

polymer chains. Some are consumed in other 
destructive 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 react with each other 
directly,
(iii)Some radicals may react with some impurity of 
the system.

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

Several w o r k e r h a v e  measured the efficiency
of AIBN initiation in different monomers and values
of 50 to 80/Û have been reported. The comparatively
low efficiencies have also been explained in terms
of a ‘'cage effect" in which the solvent or monomer
molecules are assumed to form a barrier which hinders
the separation of newly formed radicals and so

15encourages tae interaction.

2. ProMgation.
The addition of a free radical to the double 

bond of the monomer generates a larger radical which



leads to the formation and propagation of the 
growing polymer chain. At each addition one 
electron of the double bond pairs with that of the 
free 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.

4- GH  4 - GHg - CH
X X

R^ - GEg. GH + GHg = C H  , - Giy- CH
1 1 ' I
X X  X

R^ 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, he deactivated 

to give stable polymer molecules. Termination can 
occur at least by two wrays;

a. Combination
b, Disproportionation
In combination two grovfing polymer radicals 

combine by the formation of a covalent bond between
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the two free radicals. Radioactive tracer 
techniques using G 14 have shown that in most of the 
monomers studied, combination is the preferred 
reaction^^

%"*  -  CHg -  OH + Rg-  (CHg-Cr l )^-  CH^-  GH

X X I  X X

R ^ -  (G H g-O H )^ -  GHg -  GH » CH- GHg- (G H -G H g )^ - R^ 

X X X  X

Disproportionation 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*

R ^ -  (G I^ G H )^  -  G iy  -  CH + R g - (CHg- G li)^ -  G l-y- 0.OH

X X X X

R ^ - (GHg C H )^  -  CH = OH + R g - (CHg- O H )^ - GHg- CHg 

i  i  i  X

Chain transfer reaction*
The kinetic chain lengthV is described as the 

number of monomer units per polymer radical, and is 
related to the degree of polymerisation (DP)* In 

combination DP = 2V because two polymer radicals 
form one large polymer molecule and in disproportionation
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• But in some cases several polymer 
molecules are formed per kinetic chain length. In 
such cases the rate of polymerisation remains the 
same hut the DP is lowered. Such 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 monomer to form another chain,

R*+ 3 --- > P 4 S*

8 can be a molecule of monomer, polymer or solvent.
In this work chain tramsfor to polymer and 

initiator has been assumed to be insignificant,



Previous worn on vinyl acetate
The search for new polymers has provided the 

incentive for investigations into the fundamental 
cnemical processes by which polymers are formed. 
Kinetic studies of polymerisation and examination 
of the resulting polymer can lead to a comprehensive 
understanding of the mechanism of the reactions 
occurring during polymerisation and factors 
governing their rates. Before a detailed analysis 
of the kinetics is given it would be useful to 
review the development of work on the polymerisation 
of vinyl acetate,

Staudinger^^ studied the nature of the 
molecules comprising polyvinyl acetate and reported 
that it was made up of polymeric homologous 
compounds. It was also recognised t lat a simple 
method of following the stationary state kinetics 
of polymerisation was to follow the decrease in
volume accompanying polymerisation.

17Starkweather and Taylor reported on the 
polymerisation of vinyl acetate in bulk and found 
first order reaction vvith respect to monomer, while 
in toluene solution the rate of reaction was retarded. 
The retardation of tne reaction by toluene was



10

explained on the basis that activated molecules gave
up their energy to the toluene molecules before
they could combine with other molecules. Other
workers^^ found that in tne reaction initiated by
benzoyl peroxide the rate is proportional to the
square root of the initiator concentration.

In most of this early work the vinyl acetate
was purified by distillation in air and then

degassing the monomer in the dilatometer on the
vacuum line. Therefore all of this vfork was
characterised by induction periods before
polymerisation commenced and oxygen ŵ as shown to

19have an inlaibiting effect. It was not quite
certain whether this inhibition v/as a characteristic
feature of the reaction or due to the impurities.
Various suggestions were put forward to explain t.ic
unreliable results obtained in the nrevious r/ork
and it was even suggested that tne reaction, might

20be heterogeneous.
21In Ifh/ Flory published a paper proposing

that a chain transfer reaction could take place
during the polymerisation. The chain transfer

22concept was subsequently developed by Mayo who 
developed a method of obtaining the chain transfer
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constant for any monomer solvent system.
Cuthbertson, Gee and Rideal investigated 

the initiation reaction of the thermal polymerisation 
and found that freshly prepared vinyl acetate did 
not react but did so after standing in air. To 
explain this they suggested that the hydrolysis of 
vinyl acetate to acotaldehyde occurs and was followed 
by the formation of peroxides. In a later paper^^ 
the thermal polymerisation of vinyl acetate in bulk 
and in toluene was studied and chain transfer with 
toluene was suggested.

.however, tne highly purified vinyl acetate wdien 
poljnnerised thermally with benzoyl peroxide gave no 

induction periods.
The introduction of non-stationary state methods 

which made it possible to determine the individual 

velocity "coefficients and kinetic chain lifetime in 
photoinitinted reactions was an important development 
in the vfork on polymerisation kinetics. The 
non-stationary state period of the bulk polymerisation
of vinyl acetate has been studied by workers using

26 27the dielectric constant , the rotating sector ', the
28 29refractrometer , the thermistor , and the

thermocouple methods^.
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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

50been calculated by hozaki"^ using the results of
Cuthbertson Gee and Rideal^^. Kapur and Joshi'^^,
_ 52 5 5ralit and Das , Clark, hovm.rd and Stockmayer ,
have reported values for a large number of solvents
including saturated, unsaturated, halogen substituted
and nitrated hydrocarbons, alcohols, esters, ethers,
amides, sulphides and a series of substituted
benzaldehydes,

however, controversy nas arisen regarding the
polymerisation of vinyl acetate in benzene. The
marked retardation of the polymerisation of vinyl
acetate in benzene solution has been attributed to

5ba chain transfer reaction by Conix and 8mets who
5/2claimed tnat the rate is proportional to .

5RSimultaneouslj^ Stockmayer and Peebles claimed that
the reduction in rate is not due to chain transfer
but to copolymerisation.

A third paper was put foh"ard by Allen, herret 
56and Scanlan who noted a marked retardation when 

vinyl acetate was polymerised in the presence of the 
isoprenic substances dihydromyrc jnc and isopropylbenzene
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but no retardation when methylmethacrylate was the
monomer. Since dihydromyrcene and isopropylbenzene
behave as simple chain transfer agents v/ith other
monomers a 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 transfef’ is meant 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 scheme
yielded a value for the chain transfer constant for
isopropylbenzene 100 times greater than that found for

55benzene by Stocicmayer and Peebles from molecular 
weight determinations. They said if copolymérisation 
was the important retarding mechanism in isopropylbenzene 
the values for the two compounds would be of comparable 
magnitude.

5burnetb and Loan assumed that radicals produced by 
the chain transfer step reinitiate the polymerisation 
and that the rate of initiation is equal to the rate of 
the chain 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
concentrâtion in the solvent.

57however, Jenkins"^ , stated that Burnett and 
Loan'8 kinetic scheme was applicable only if the 
retardation was weak. He put forvjard a kinetic 
scheme on the basis of chain transfer reaction with 
solvent occurring and derived an equation for the 

rate in terms of the various rate constants involved 
within his kinetic scheme. He used the geometric 
mean assumption i.e. the velocity .coefficient of 
termination between tŵ o dissimilar radicals is the 
gcoiir ‘ ric mean of those for the reaction between 
like radicals. However, the value of their chain 
transfer constant derived from kinetic data was 
greater than determined by Palit and Las from the 
molecular weight determinations.

Similar results were obtained by Clarke, Peebles 
and Stockmayer^^ who put forward the view that 
copolymerisation was occuri.ng and supported this
by carrying out the reaction v/ith Cli).-benzene.

5Breitenbach and F althansel reported their work 
in Which they had obtained polymers containing 
chlorine from the polymerisation of vinyl acetate in
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chlorobenzene and in m-dichlorobenzene, v/hile 

styrene polymerised in the same solvents and under 
similar conditions gave chlorine free polymers.
They explained these results by assuming tliat the 
reactive growing polyvinyl acetate radicals 
undergo a cnain transfer reaction with cnlorobenzene 
but the relatively stable polystyryl radical does not.

The fact that these observations disagreed with 
the StociQTiayer theory led breitenbach et al^ to 
repeat Stockmayer's radioactive tracer experiments 
which had indicated copolymerisation. Tne 
polymerisation of vinyl acetate was carried out in 
the presence of benzene prepared by two methods;

(a) trimérisation of Cli|-acetylene
(b) and denydrogondtion of Gll^-cyclohexane.
The results obtained from the two samples of

radioactive benzene showed marked difteronccs, The 

polymer prepared in the presence of benzene made 
from Cl4“acetylcne had a very riigii radioactive content 
but all other tests on the polymers e.g. I.E., IJ.Y. 
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 dohydrogcnation
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of ClU-cyclohexane had an extremely low radioactive
county an average content of 0,9 molecules of benzene
for an average chain length of 100 units being found.
Since this latter value was in agreement with the
value obtained from the chlorinated polymers y they
concluded that there is no evidence of copolymérisation
with the aromatic system and tnat the aigii radioactivity
was due to the acelylenic impurities of high specific
activity having copolymerised with the vinyl acetate,

58Mortimer and Arnold nave rejected the idea 
of copolymerisation occurring whth ethylene in the 
presence of deuterated benzene and said on the basis 
of their results that the benzene units incorporated 
in the polymer find their way there through a chain 

transfer reaction.
59iiass and nusech"^ concluded that diphenyl benaves 

chiefly as a chain transfer agent in the vinyl 
ac et at e/diphenyl system, the observed retardation in 
rate probably being due to ’'degradative chain 

transfer'^ ♦
7Bcngough and Ferguson using a non-stationary 

state thermocouple system studied the polymerisation 
of vinyl acetate in the presence of benzene. They 
measured the overall activation energies, activation
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energies of propagation, termination and chain 
transfer together with the rates and corresponding 
kinetic chain lifetimes. From their results it 
appeared more probable that the benzene molecule 
added to a polymer chain to produce a radical which 

was alow to reinitiate and so caused the reduction 
in the rate of polymerisation.

Bengough and Brownlie^ continued this work in 
an attempt to determine quantitatively the number 
of benzene units incorporated in the chain in 
conjunction with the non-stationary state results.
Their results, using radioactive benzene, indicated 
that not more than two benzene molecules were 
incorporated per polymer molecule. They also 
obtained considerable kinetic measurements which 

substantiated the findings of Bengough and Ferguson.
In this work further studies have been made on 

the effect of benzene, substituted benzenes and other 
solvents on the polymerisation of vinyl acetate, v/ith 
a view to support or contradict the above results.
For similar reasons the polymerisation of vinyl acetate 
in the presence of styrene has been carried out (using 
stationary 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
cnaih°’W



Catalyst G ------>

Initiation Rl+M —  ̂c -->
Propagation RI+M --n --->

Chain transfer r ;+m  —

T ermination Pn+m
F y P m
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The kinetics of addition polymerisation
The basic reactions in vinyl polymerisation can 

be represented by the following kinetic scheme:-
Rate

itp Cr *]Cm ]

or [R'J^

where
R* is the radical derived from the initiator, c ^
[n"] is the concentration of the monomer,
R ' is the growing polymer radical, 

is the dead polymer molecule, 
and lCp5 k^^ and k.j. 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 is independent of its size.

The only reactions which involve the consumption 
of free radicals are the initiation and termination 
steps, and therefore the rate of change of radical 
concentration can be expressed:

ap']/at = I - [ R \ P   (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

d | p / d t  = I - n & s T  = 0  (2)
r" "IWhere R* represents the steady concentration of u  ̂J.

radicals under stationary state condition

lî*J = (l/k^)2  (3),
Under stationary state conditions the rate of 
polymerisation can be expressed in terms of the 
rate of removal of monomer, thus

-d[Mj/dt = kpgi;][M]+ k^r[R;][M] .....(h)
Assuming that high polymer is formed during 

the reaction i.e. ^ and the second term
becomes negligible then

r.t, = K p f i i m .................. .....
= kp ( i / k p l m ] ................ ......(6)

This is the basic equation governing all the 
free radical polymerisation reactions. The rate of 
polymerisation is thus a composite function of the 
velocity 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 (C^) i.e.

chain transfer reaction v/ith 
monomer can he represented by

+ M   ̂ + R"
and the rate of this reaction by [m ]

The degree of polymerisation (I5P) is equal to 
the ratio of the number of monomer units reacted to 
the number of polymer molecules formed.

^  . Rate of polymerisation

In the absence of solvent in the system (i)P = bP^) 
we have

DPq = --- .8j L J ......(7)
k. lR:h + k . _ ^ [“'t L sJ tr m|̂  ŝ

(other symbols have been defined already).

Prom equation (S)

k ]  = .......

and (7) becomes
1/DP = + h x n L   (9)

*=p L«J kp

Thus if 1/DP^ is plotted against rate of 
polymerisation the intercept will be given as



The effect of a solvent as a chain transfer
agent is reflected in the DP of the polymer formed,
and the following method of deriving a relationship
between the DP and the kinetic quantities involved

22was developed by Mayo . In the presence of 
solvent (S) the equation (7) can be written as

k.
DP p ..(10)

Where k^^^ = velocity coefficient for chain transfer 
to solvent
From equation we get

l/DP = + ^trs M  ,,...(11)

In the absence of solvent equation (ll) becomes
equivalent to equation (Ra)

i.e. i .1
l/iâ> = + h r m .   (9a)

P [m ] kp

Substituting l/Bf^ in equation (ll) gives
l/DP =1/5p  ̂+ Ogld/CM]  (12)

Where C = k. /k is the chain transfer constant to s ti r s p
the solvent.

The plot of 1/d5 against C0/E^3 should give a 
straight line of slope and the intercept as 1/DP^ 
if I^/[bQ is kept constant for all values of
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Theory of copolymérisation

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

A* + A ^PAA A"

A" B ____^PAB . B*

B* + A A*

E* + B ____% B B  . B*
where A" and B* are growing polymer radicals having 
either terminal A or terminal B group respectively,
#e assume that the reactivity of the radical is 
independent of the chain length and is determined by 
the terminal monomer unit. Moreover, the monomer 
is consumed only in the propagation step and the 
rate of removal of each monomer is given by:

-d[A}/dt = kp^[A][A] + [a ] ...(13)

-d j_ _ B ]/d t = k p ^ g ^ A ^  h j  + kpgg[^B 3 • • . ( W )

Thus the ratio of the number of moles of the two
monomer entering the polymer initially is given by

(15)
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Assuming steady state concentrations for 
polymer radical A

V b R 3 W =  V a [®']R]  h 6)
[B'j k g i f B ]   ̂ ^from which — = -££5^™  (I7)
&-I S b a W

substituting (17) into (15)

[B]
Where kp^^/kp^g = r^, ^^pBB-̂ ^pBA ^2

are called monomer reactivity?' ratios.
Tais equation is called as the "copolymer

..... (l8)

composition equation'^ and was derived in 1944 by
several workers^'^^"'^^ independently.
Equation (18) can be rewritten as

r F + 1
f = F -1.....    (19)

where {̂ A*j/[̂ Bj = F and /d = f
Fineman and Ross^^ rearranged equation (19) to 

the linear form

I  r ,   (BO)
f fQ

A plot of F(f-l)/f against F /f would give a straight 
line whose slope is r^ and intercept is minus r^.
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Determination of individual rate constants.
The three quantities which can he readily

obtained experimentally in a polymerisation reaction
are; the reaction rate, the degree of polymerisation
and the kinetic chain length. With this
information it is not possible to evaluate the
individual velocity coefficients k_ and k. separatelyP
since they only occur as ratios in the overall rate 
equation (6).

To determine the velocity coefficients it is 
therefore necessary to find other relationships 

between the constants. These can be 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
(c) all the reactants must be pure to prevent any 

initial inhibition period,
Non-stationary state methods used to evaluate 

the velocity coefficients k^ and k^ include direct
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measurement of the temperature rise in the reaction 
vessel using either a thermistor^^ or a thermocouple^. 

The above methods are based on the assumption 
that the conditions remain approximately adiabatic 
within the reaction vessel during the first 20 seconds 
of the reaction.

Theory of non-stationary state method.
The theory of Burnett^^ can be applied to the 

reaction scheme given in page (l6) of this thesis# 
During non-stationary state the concentration 

of the radicals is changing continuously
i.e. d[R*]/dt = I - ^  (2l)
Integrating equation (2l) we get

1 + (kgl)^[R*]
i(k,l)2 -in. — g - -■x— -'' = t + C ......(22)

1 + ( k y i ) q R j
Nowfrom equation (3) [Hi] ( 1 / K  ) ®
and the kinetic chain lifetime f is defined as 

Radical concentration"I
Rate of removal of radicals

i h; i I

■ir =/k̂ i)~̂   (23)
Substituting 't and TR'I in equation (22) we have

® 1 -fR’l/ran = t + c  (2U)
i . ..4 t Sj
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and c - o since | - o at t = o
Rearranging equation (2^) gives

[E^/fE;] = t/T 

i.e. p j  = [ R g  tanli (t/r)  (25)

Now the rate of polymerisation is given as 
“dj^Mj/dt “ R [m ”| (equation 5)

i.e. -d|^Mj/at = tanh (t/rf)  (26)

Integrating equations (26) between time t - o and 
t = t

In M = k^/k^ In cosh(tA) ..(2 7)
where is the initial monomer concentration and
[~̂mJ is the monomer concentration at any time t.
If P is the fraction of monomer converted into 
polymer^ then

■ = (l-P)  (28)
i.e. -in(l-P) = k^/k^ in  ̂cosh( t/h) ..... ( 29)

Now if p Ĉ Î , then - in ( 1-P) = P  (30)
P = k^/k^ in . cosh(t/tr)  (31)

also when t».*!" i.e. during the stationary state 
period

P = (t/i- jn2)  (32)
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A plot of F against t gives a straight line
of slope k /k. and an intercept on the time axis P u
equal to T ln2.

The lifetime can also be obtained from the 
decay curve produced v^hen illumination is stopped. 
When this happens the production of radicals is 
reduced by termination in the absence of initiation

I.e. d[R^/dt = ^  (33)
Integrating between time limits t = 0 and t = t 
we get

R-l = fE']/(t/'f + 1)  (34)

P = kg/k^ ln(t/i +1) '  (35)
The kinetic chain lifetime is obtained by

plotting equation (3b). By stationary state rate
measurements it is possible to determine ratios of
the velocity coefficients in two ways.
(l) From the overall rate equation (6)

1 1
Rate of reaction ~ k

If the rates of react ion^ initiât ion and. the monomer
concentrâtion are known k /k.^ can be calculated.P ^
(2) The intercept on the time axis of the straight 
line portion of the fractional conversion curve is 
< ln2. If the system has an instrument lag of c
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seconds the equation relating the rate and the
measured intercept^  ̂ can be written as,

l/Rate = k.|./kp x/ln2 + c  (36)
By plotting the reciprocal reaction rate against
the measured intercept, a straight line of slope
k„/kj^ln2 and intercept c on the time axis is P Ti

obtained.
From equation (23)

Y  = l/(lc^l)^ and can be obtained provided
the rate of initiation I is known, both k„ and k.. canP T
be evaluated separately.
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APPARATUS.

Di1atometers. These vessels were made of vacuum 
tested Pyrex glass tubes. The size of the bulb 
and bore of the Veridia tubing were chosen according 
to the reaction rate expected. The size ranged 
from 5 ml. to k5 ml.

The Oathetometer used had a 53 cm scale and could 
be read to 0.001 cm.

Thermostat 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 K\¥ 
booster heater controlled by a Variac was used to 
raise the temperature of the bath v/hen required, 
and to supply the background heat to keep it at a 
particular temperature. It was normally adjusted 
to maintain a temperature of approximately 1^0 below 
the required temperature. The additional heat 
necessary 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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made In the laboratory;". The water was stirred 
vigorously by a propeller type stirrer, and the 
temperature was controlled to - 0,02*^0,

Source of irradiation.
A I25W Osira mercury arc lamp was used as a

source of ultraviolet light, Tne lamp was connected
to a capacitor or condenser to improve the power

factor of the circuit and to a cnoke to limit the
current through the lamp to a safe value. The
light was passed through a Chance 0X1 filter to

. oremove U.V. light of wavelengths other than 3o50A,
The lamp was housed in an asbestos box ivhich was 
fixed in position so as to keep the distance between 
source and reaction vessel constant,

h ^ h  vacuum system.
The high vacuum line was made of a series of traps 

and taps of Pyrex Glass connected via a mercury 
diffusion pump to an Edward’s rotary nigh vacuum pump. 
Cold traps were placed just before and after the 
mi.rcury diffusion pump, and an acetone/Drikold (solid 
carbon dioxide) mixture was used as a coolant. All 
taps and joints were greased with Apiezon high vacuum 

grease.
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v̂ acuum line for styrene work.

A diagram of the vacuum line made for the 
work with styrene is given in Fig,(3). hue to the 
low volatility of the styrene (hp, = 1^5,2°C at 
760 mm,) the distillation was conducted at 30%.
To avoid condensation the connecting line was heated.

T.he heating unit consisted of a ni chrome wire 
wU.ndings (resistance 3.4 ohms per yard) which was 

connected to mains via a variable transformer.
The operating potential was 12 volts, Tnis part of 
the line contained no Quickfit ground glass joints 
to avoid the possibility of any air leakage through 

the heated greased joints. The unavoidable 
lubricated joints elsewhere in the line were greased 
with.a little .silicone-grease.

honomer dist_ill at ion column.
T _.is consisted of a 6 ft, vacuum-jacket ted 

column (Fig.l) containing wire gauze rings. It was 
attached to Ei fivo-litre round bottom flask A, 
Purified nitrogen was passed into the flask via the 
condenser G, At the top of the column there \iere 

five cold fingers D to condense the vapours. Those 
could be rotated so that any one of the fingers could 
be brought over a distillate outlet 1; which allowed
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the distillate to pass through the condenser F.
The reflux ratio could then be adjusted. The end 
of this condenser had a movable distributor G vhiich 
could be directed Into any of the four 500 ml, 
receiving flasks H. hercury seal traps were 
fitted in all outlets of the column to prevent 
oxygen entering the system. Two of the four 

receiving flasks had taps L at their base through 
which could be removed a sample of the distillate 
for spectra measurements.

Modified Ubbelolidc suspende d level vise ome ter.
Tnis viscometer was made to measure the flow 

time of the dilute polymer solutions. It enables 
one to dilute the polymer solution in situ,

Gry^'stallization apparatus (Fig.5)
T.ais was made of a vertical 2,5 inch diameter 

Pyrex glass tube A. A temperature gradient was 
established along tnis tube wnich was sealed through 
the base of a two litre copper tank B. The 
temperature of this tank^ filled with water whth a 
surface layer of paraffin oil to prevent evaporation^ 
was maintained by a 60W light bulb which was 
controlled by a mercury toluene regulator.
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FIG. 5 CRYSTALLISING APPARATUS
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This enabled one to keep the temperature in the 
upper part of tube A above the melting point of 
benzene.

The loner part of the tube A had holes at 
regular intervals and passed through into the 
Pyrcx glass beaker D which was filled with acetone 
and attached to the underside of C. The acetone 
was maintained below 5^C by means of an acetone/l)rikold 
slurry contained in a Id litre Dewar flask D.
This flask was held in a wooden box Gr and its 
contents stirred by means of stirrer P. The single 
crystal growing tube H was attached to a slow moving 
Sangamo motor M located vertically above tube A,

Scintillâtion counting.
In scintillation counting use is made of the 

photons created when a suitable luminescent material 
is excited by nuclear radiation. These photons are 
collected at the cathode of the photomultiplier 
tube which converts them into electrons. Multiplication 
of these electrons in the photomultiplier tube gives 
rise to electrical pulses which can be recorded on the 
normal scaler and timing unit. bach isotope produces 
a typical pulse dependent on its energy-output and a 
discriminator is introduced into the circuit 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 Pig (6),

EhT and stabilized power unit hE 5302.

This unit was supplied by hudear Enterprises 
(hEi) G.l, Ltd. It gives a stable supply free from 
an extraneous pulses. The unit is operated from 
the mains supply and produces a stabilized voltage 
which could be varied from 500 to l^OO volts at 
intervals of 100 volts with a coarse switch and 
from 0 to 100 volts at intervals of 0.1 volt with 

a fine switch.

Scaler type ho. 1OO9P.
This was supplied by Dynatron Electronics,

The unit is used to count impulses the amplitude 
of which are greater than a predetermined value.

This value may be betAveen 5 and 50 volts amplitude. 
The electrical pulses are fed to the input circuit, 
and then are applied to the discriminator which may 
be set at any predetermined value. Any electrical 

pulses beloAV this value will not be counted. In the
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case of this work +5 was the setting used on 

discriminator bias.

ïjrhU-.h.h.. uni t No. iT. 108A.
This unit was also obtained from Dynatron 

hlectronics; and had 999s99S counts or 99?999 
seconds store scales. When a number of counts or 
seconds preset on the Auto-stop-selector had been 
recorded this unit stopped the scaler automatically.

Scintillât ion head^ uni_t_ or castle.

This was also supplied by huclear Enterprises 
G-.E. Ltd. It nas a tv/o incn lead shielding to 
exclude any radiation from entering or leaving the 
measuring compartment, and a special rotary light 
locking device so that cells can be put in^ and 
taken out^ without exposing the photomultiplier tube 
housed in the castle, fioreover the sample can be 
changed by means of a special device without 
switching off the voltage. The castle v/as cooled 
by a continuous flow of tap water through it vdiich 
maintained the temperature low and fairly constant.

Above the photomultiplier (PM) tube is a well 
which is filled with 20 cs grade silicone oil through 
a hole on the side of the castle. The PM tube was
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connected to a K.E, (G.B) 5202 Amplifier with gain 
settings of from 0„A to 200. The amplifier was 
connected to a single channel pulse height analyser 
Nh (G,B) 5102 type. This was employed to optimise 
the signal to background ratio for a particular 
problem.
for 014 isotope counting best settings were found 
to be:

Stabilised high voltage 0.740 K.volts
Amplification 50 % 1
Pulse height 30
Gate width 30

Silicone oil.
The 20 cs grade silicone oil was also supplied 

by N.b. (G.B) Ltd, This oil acts as an optical 
contact between the cathode of the PM tube and tiie 
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 h.L. (G.B) Ltd. They were made of 
Silica which is useful in reducing the effects 
produced by K4-0 beta particles in tno glass wall
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of the ordinary cells. Silica also gives good 

light transmission. These cells were aluminised 
from outside and were coated with an epoxy resin.

Liquid scintillator obtained from N.S. (G.B) Ltd. 
consisted of a toluene solution containing 3 g. per 
litre 2y5 diphenyloxazole and 0.1 g. per litre 
diphenyloxazolylbenzene.

hpn-stationary state apparatus.
The apparatus consisted of a dilatometer with 

built in thermocouple5 a thermostat water bath^ 
an amplifier, recording voltmeter, and the mercury 
vapour lamp for the source of ultravoilet light.

The Y/ater bath and the mercury lamp were the 
same as described before except that a quick 
moving shutter operated by an electromagnet was 
placed between the lamp and the reaction vessel.

Reaction vessel. The reaction vessel consisted of 

a soda glass dilatometer f ig. (?) with tv/o additional 
side arms. The thermocouple system consisted of 
tv/o therm.ojunctions, one situated at the centre of 
the dilatometer A, and a second junction B in a 
side arm. Wires CA and AE were of copper and 
Constantin respectively, while connecting wires



FIG.; 7 THE THERMOCOUPLE VESSEL
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BG- and Cd were made of dorated copper clad iron 
wnica is necessary to get vacmirn tight seals with 
the soda glass ̂

The thermocouple system was made hy Brazing 

the required lengths of wire at E and C. The 
junctions v/ere smoothed with a very fine file and 
were thoroughly cleaned by rinsing in chloroform 
and hot water.

The wire Gh was threaded through the 
dilatometer placing the thermo junctions in their 
correct positions. The constrictions at F and D 
were collapsed and arm lit was bent parallel to the 
stem. It was then attacaod to the vacuum line 
for evacuation. The constriction at F was 

collapsed about the Constantin, The dilatometor 
was then ready for calibration and v;as exposed to
air for tne i ai ni mum length of time since the

joint F 5 although liquid tight^ was not absolutely 

airtight,

Amplifier «
The amplifier was the Tinsley D.C. type

ho, 5132 which is designed for an input impedence
of loss t>ian 10 ohms. It was particularly suitable 
for this word as it was capable of giving a voltagre
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amplification of more than 10^, One could 
balance out e,m. f. of up to 400 microvolts (M-'V) 
in the input circuit by coarse and fine balance 

controls.
The temperature rise could be calibrated by 

means of a test voltage signal varying from 0.1 
to 10 # V as required9 and the output circuit gave 
a curr ent of up to 10 mi H i  amp s.

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

’pick up’ area.

Recordor.
An Elliot pen recorder voltmeter gave a chart 

trace of tne output signal from the amplifier. 
During the reaction the chart was operated at a 
speed of 12 inches per minute but this speed could 
quickly be reduced to 12 inches per hour by a 
clutcii mechanism.
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MATERIALS

Vinyl acetate. Vinyl acetate was supplied by 

Shaw’inigan Chemical Co. (Canada) . Tnree litres 

of monomer was put in the five litre flask which 
was attached to the distillation column as shown 
in Pig. (2),

The column was flushed overnight with 
purified nitrogen. The pressure required to 
break the mercury seal at the head of the column 
was adjusted so as to be greater trian required to 
break the four mercury seals in the receiving flasks.
The nitrogen escaped through these four mercury seals.

The distillation was carried out at a high reflux 
ratio. From previous experiencep it was found that 
the monomer distilling in the early stages contained 
retarding impurities5 and that ’pure’ monomer usually 
appeared during the filling of the third flask.
Samples were therefore not normally taken at this stago^ 

A sample of the distillate was taken from time to 
time and its U.V, spectrum measured. The monomer was 

collected in the fourth flask when its spectrum started 
Siiowing a rapid change in absorption in the range 
2650“27501*̂, The type of change occuring is shown in 

Fig. (8) , According to r'iatheson et al^^ this is the
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range where the main light absorbing impurities are 
present.

The monomer was then transferred to the vacuum 
line and thoroughl^^ degassed by distilling it at 
room temperature from one vessel to another using 
acctone/Orinold as coolant. It was finally collected 
at the end of the vacuum line in a rather large 
vessel (attached by a moveable arm ) containing a 
small glass encased magnet and a little benzoyl 
peroxide. The monomer vms prepolymerised to about 
10b by irradiating it vvith a mercury U.V. lamp. The 
temperature of the prepoljmierisation vessel was kept 
at about room temperature by surrounding it with a 
beaker of water. Tne glass encased magnet and the 
moveable arm were used to break the skin of the 
polymer on the surface. After propolymerisation the 
unreacted monomer was distilled at room temperature 
into the central vessel of the line and stored there 
at-78°C.

During the latter stage of this work two samples 
of vinyl acetate inhibited and uninhibited, were 
received from I.C.I. Ltd. It was unnecessary to use 
tiio distillation column to purify the inhibited vinyl 
acetate. It was purified by distilling and
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prepolymerising on the vacuum line, whereas 
uninhibited and Snawinigan vinyl acetate needed 
the elaborate purification as described above.

Benzene.

In this work benzene was purified by growing 
it as a single crystal in a crystallisation apparatus 
constructed by Brownlie^, and described earlier.

Analar grade benzene was obtained from British 
Drug douses (B.D.xl) Ltd. A little benzene was put 
in the benzene growing tube capillary and air was 
removed from the end with the fine capillary by 
careful alternately heating and cooling it. More 
benzene was added, and the tube was stoppered witn 
a rubber bung with a hook to attach the thread, the 

other end of which was attached to the Sangamo 
electric motor M (Fig.5)* Care Y\?as taken to 
ensure that the tube was held completely vertical. 
Tube h was allowed to stand for tv/o hours to reach 
temperature equilibrium. Then the motor was 
switched on.

As the tip of the capillary of tube h was 
lowered, its temperature fell below the freezing 
point of the benzene, nucléation occurred, and 
growth of the single crystal started. It took
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about three days to grow a single crystal from about 
15 ml, of benzene. The clear single crystals grown 
were stored in deep freeze immediately after taking off 
the motor Ih The liquid benzene above the single 
crystal froze forming imulticrystals and these were 
separated from the single crystal by cutting the 
tube h just below the interface betv/een the single 
and multicrystalline material. The impurities were 
contained in the multicrystals.

Styrene,

Styrene (E.D.h.) grade was freed from inliibitor 
by distilling it under vacuum. The middle fraction 
was collected, and transferred to the flask on tne 
vacuum line (Fig.l). The degassing, and 
prepolymerisation operations were carried out as 
described for vinyl acetate, 
l̂:j. A zobisisobutyronitrile (-alEh) .

hastman Kodak grade of AIEN was purified by two 
recrystallisations from ethanol below 28°C. The 
solution was not heated above this temperature to 
avoid decomposition. This material had a melting 
point of 102%, Tne A If A v?as put into the dilatometer 
in the form of solution in freshly distilled anaesthetic 
grade chloroform. Since ATEN decomposes when left in
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solution at room temperature fresh solutions were 
made imiiediately before using them,

014 labelled AIEK.

This was avialable in the laboratory having 
been prepared by lienderson^*’̂  using the method of 
Cverberger and cor/orkers^^ from 014 labelled acetone.

Dimethyl formamide (DMP).

This solvent was obtained from May and Baker Ltd. 
It v/as shaken up for one hour with phosphorus 
pent oxide. Tbiis process was repeated four times, 
and the solvent then distilled at reduced pressure, 
the middle fraction being collected,

fialogenated substituted aromatic solvents.
MonociilorO” , o-dichloro-, m-dichloro-, 

p-dichloro", monofluoro-, m-difluoro, monobromo-, 

m-dibromo-s monoiodo- and hexachloro-benzene, were 
obtained from B.D.h. Ltd, 1,2,4-trichloro- and 
Ip 2,3 <)4“tetrachlor0“benzene wore supplied by Koch- 

Light laboratories. With the exception of p-dichloro- 
and hcxachloro-benzene v/hich were supplied in fine 
crystalline form, all the others vmre distilled under 
reduced pressure, and the middle fraction was used in 

the polymerisation studies.
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Tetrachloro-benzene was recrystallised from 
ether.

The purity of the liquid solvents was confirmed 
by vapour phase chromatography (VPC) ,

Aromatic carboxylic acÿcÿj .

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

1,2,3-hemimellitic acid, and mellitic acid were 
supplied by Koch-Light laboratories, and the Aldrich 
Chemical Go, respectively. The former was 
recrystallised from ether, and the latter from ethanol.

Other Solvents.
Tetrachlorotetrahydronaphthalene ivas purchased 

from Lastman Organic Chemicals, and was recrystallised 
from ether.

hexa6thylbenzene and benzene hoxol were obtained 
from Kodak Ltd., and diphenyl from hopkin and Williams 
(fine Chemicals) in fine crystalline form and were 
used wàthout recrystallisation.

Cyclohexadienc was obtained from Koch-Ligiit 
Laboratories. It was distilled on the vacuum line 
immediately after opening the bottle as it tends to
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oxidize readily. The clear colourless middle 
fraction was taken for the polymerisation reactions. 
The purity was confirmed hy ,
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Galibration and filling of clilatometer.
Tiie dilat ometer 8 were calibrated by introducing 

Analar acetone from a burette. Then the initiator 
was introduced tlirough a long fine capillary, in 
standard chloroform solution. The dilatometer was 
connected to the vacuum line, and the chloroform was 
distilled off carefully, so that no initiator was 
carried up in fine poTfder form with the chloroform 
vapours, The solvents were introduced into the 
dilatometers at atmospheric pressure, and then degassed 

completely by repeatedly freezing, evacuating, and 
thawing on the vacuum line. The required amount of 

monomer was distilled in from a precalibrated vessel. 
The dilatometer was sealed in a flame, and if not 
required immediately, w-as stored in acetone/4) rikold.

Then the sealed dilatometers were immersed in 
the water bath at the required temperature. About 
10 to 15 minutes were allowed for thermal equilibrium 
to be attained before commencing the irradiation.

The movement of the meniscus in the dilatometer Y/as 
followed with the cathetonieter, and rate of reaction 
was determined in terms of contraction per unit 
volume.
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R & d i 0 i s 010 p G e x p e r i m e n t a l p r o c g du r e.

0.5 millicurlcs of benzene, prepared from the 
14 1Ü

trimérisation of hO -?£ Crî  was obtained from the 
Radio-chemical centre. Amorsham, in a breakseal 

ampoule. The ampoule was attached to the vacuum 
line, the seal then broken and 10 ml. of inactive 
benzene was distilled into the ampoule using liquid 
hg as coolant. Wïien thoroughly mixed, 0.1 ml, 
sample was taken, made up to 50 ml. in inactive 
benzene, and grown as single crystal. This benzene 
was used for polymerisation experiments and is 
referred to as stock benzene. More dilute solutions 
of Imowni concentrât ion \Yere prepared using this 
stock benzene, and were used to construct a 
calibration curve.

014-styrene.
0.1 millicuries C14-styrene containing inhibitor 

was supplied by New hngland Nuclear Corporation (U.S.A) 

in a scaled ampoule with a constriction at one end.
The styrene in the main bulb was frozen in acetone/ 
Drikold, and was cut gently at the constriction.
The radioactive styrene was then transferred to a 
vessel with a BIO cone by washing out the ampoule 

with 10 ml. of pure inactive styrene. The contents
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of til G vessel were degassed on the vacuum line, and 
1 ml. of active styrene was distilled into the 
neighbouring vessel containing lOU ml, inactive 
styrene. This 100 ml. of active styrene (referred 
to in future as stock styrene) was transferred to the 
special vacuum line for styrene, degassed and 
polymerised as described before. This stock styrene 
was used for polymerisation reactions and further 

dilutions were made in benzene to calibrate the 
activity of the styrene.

C14“vinyl acetate,

0.5 millicuries 014-vinyl acetate stabilized by 
inliibitor was also obtained from Nev/ England Nuclear 
Corporation (U.S.A.) in a breakseal ampoule. The 
breakseal was broken and 10 ml, of pure vinyl acetate 
was distilled into the ampoule after following the 
same procedure as adopted in the case of styrene.

0,2 ml* of this active solution was then distilled 
into 80 ml. of purified vinyl acetate stored already 
on the line. This stock vinyl acetate was used for 
polymerisation experiments; for the calibration curve 
further dilutions were made in benzene.

Very dilute calibration solutions of active styrene 
and vinyl acetate were made in benzene to reduce 
quenching.
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Scintillation counting procedure.

The pOY/er for the voltage stabilizer, the 
amplifier, the scaler and timing unit was switched 
on at least 24 hours before any measurements were 
made. The S.ii.T, v/as switched on and allowed to 
stabilise overnight.

To determine the activity of a radioactive 

solution 5 ml. of liquid scintillator and 5 ml. of 
radioactive solution r;ere placed in the counting 
bottle. When assaying the activity of the polymer, 

the solution used contained 20 milligrams of the 
polymers dissolved in inactive benzene. The bottle 
was placed in the castle, and after checking that 
ample oil is present, it was left for 20 minutes to 
minimise the residual paosphorescence, and to settle 
dOY/n to the temperature of the castle.

The well was ’'topped up” with silicone oil in 
subdued light after 8 or 10 samples had been counted.

Precipitation of polymers.
In the case of bulk polymerisation, the contents 

of the dilatometers were poured into so much acetone 
that when put in the well stirred n-hexane dropwise 
the polymer was precipitated as a sticky fibrous 
material. Usually about 5 ml. acetone was added to
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1C ml., dilatometer contents*
After filtration the polymer was dried at room 

temperature for several hours in a vacuum dessicator 
containing phosphorus, pentoxide. The polymer was
then dissol^^ed in 40 ml, of benzene (Analar grade) 
in one litre round bottom flask. The solution was 
frozen by rotati.ng the flask in a basin containing 
acetone/Drikold mixture and attached to the vacuum 
line quickly. The benzene sublimed and v/as trapped 
in the 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 free 
from any solvent.

In the presence of solvents the contents of the 
dilatometer Y/ere poured into the flask and freeze- 

dried , the process being repeated until the polymer 

was free of unreacted solvent.
In lower [s]/!Mj ratios the polymer was 

precipitated to remove any catalyst but it was found 
that this did not make any difference to the value 
obtained for intrinsic viscosity.

Low styrene/vinyl acetate ratio.

The contents of the dilatometer were added 
dropwise to 500 ml. vigorously stirred water. The
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polymer was precipitated in a fine suspension and 
filtered through a sintered funnel* The polymer 
was then dissolved in 10 ml, of acetone and 
reprocipitated in water, this step being carried 

out several times until all the unreacted radioactive 
additives had been removed from the polymer* Then 
polymer was freeze-dried on the vacuum line.

High styrene/vinyl acetate ratio and pure styrene.
For this system the solvent and non-solvent 

used were methyl ethyl Ketone and methanol 
respectively, otherwise the reprecipitation process 
was the same as for 1oy7 styrene/vinyl acetate ratios.

Non-stationary state experimental procedure.
The calibration of the dilatometer, and the 

introduction of the catalyst and the monomer was 
done 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.
Then the connecting leads G- and H from the arms of 
the dilatometer were soldered to the leads from the 
amplifier, and the rubber tubes were slipped over 
the ends of .the side arms of the dilatometer.
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The reaction vessel was placed in the water 
hath in a fixed position, care being taken to ensure 
that no water entered through the top of the rubber 
tubes. Then the amplifier, and the mercury lamp 
were switched on, and left for 30 minutes to reach 
the stable operating conditions. Meanwhile, the 
reaction mixture had reached thermal equilibrium.

With a chart speed of 12 inches per minute a 
known voltage was put through the circuit for 3 
seconds, and the gain adjusted to the desired 
amplification. The chart was let to run at this 
speed for about 10 seconds more to ensure a steady 

temperature before starting the reaction.
The reaction yjqs started b y  actuating the 

electromagnet to pull aside the shutter in front of 
the lamp, A record of the start of the reaction 
time was given 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.

From the chart trace, the rate of the reaction in 
microvolts per second, and the intercept in seconds on 
the time exis, were found. The rate 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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EXPERIMENTAL RESULTS

Except in the non-stationary state experiments
the rate of reaction was measured dilatometrically.

17Data of Starlcweather and Taylor and interpolation
of the data of Matheson et al̂ ^̂  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
-4otherwise stated was 5 x 10 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 concentration. 

The rate of the reaction, and the light intensity are 
related in the following form;

V R  = rqAgj''  (w)
where is the rate of reaction at light intensity 
L ^ , Xg is the rate of reaction at light intensity 
and n is the intensity exponent.
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If termination occurs between two grov/ing polymer 
radicals then the rate is proportional to the square 
root of the light intensity i.e. n = If

termination occurs between a radical and a 

non-radical species, then the reaction is first 
order with respect to the radical concentration, and 
the rate of the reaction 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 25^0; 
this shows that termination is second order with 
respect to the grov/ing polymer radical concentration.

Molecular 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 viscosities were measured with a 

capillary Ubbelohde type viscometer as described 
earlier. Measurements were made at 2 5 %  + 0,02%,
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using a stopwatch. The viscosity was calculated 
from an equation of the form

1  = Adt - Bd/t  (38)
Y/here d is the density of tne liquid^ t is the flow 
time of the liquid in seconds^ A and B are constants 
for the viscometer. Bd/t is a small correction for 
the kinetic energy of the liquid. The sizes of the 
capillaryj and of the top bulb of the viscometer 
were chosen so that the floY/ time was at least 
100 seconds? in order that kinetic energy corrections 
might be small.

In the system studied in this vmrk, namely 
polyvinyl acetate in acetone at 25^0

A = 0.00287
and B = 3.06U

The flov/ time for solvent was 142.2 seconds and its 

density 0.785

= 0.303
If is the viscosity of the solvent, a n d t h a t  of 
the solution, then the specific viscosity( of the 

solution is ('h - . The ratio Hsp/^ (Y/here c is
the concentration g./lOO ml) was plotted against c, and 

extrapolated to a zero concentration to give the
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intrinsic viscosity

i.e Litn Vc) ̂ “* c ——  ̂O P
'The I" '̂'1 value is related to the molecular weight 

of the polymer by the modified Staudinger equation

[-q]= K  (39)
whore K and a are constants for a pt rticular polymer- 
solvent system at a given temperature.

In the polyvinyl acetate - acetone system at 
25^0 , v/here the polymer is of low conversion 

Stoclüïiayer et al^ obtained the following equation

log = 5.44 + 1.40 log ['^]  (40)

where is the viscosity average molecular weight,

Also they found

=  1.85  (hi)
where is the number average molecular weight,
From equations (3l) and (32) they derived the relationship

log DP = 3.24 + 1.40 log['^]  (42)

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

The rates of polymerisation were varied by 
changing the intensity of the incident light,

Fig (lO) shows the plots of 1/DP against rate 
(according to the equation 9) at 23? 35? 45? and 60^0, 
The plots are linear^ and l/DP does not extrapolate to 

zero at zero rate. This indicates a chain transfer 
reaction independent of the rate? and the intercepts 
were noted as chain transfer constants. Rates? 
molecular weights? and chain transfer constants at 
various temperatures are given in Table 1.
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TABLE 1 Chain transfer constant to monomer at 25, 35? 
45 and 60*̂ G obtained from rate and DP measurements for 
the polymerisation of vinyl acetatê  photosensitized 

with 5 X 10'̂ '̂  molar AIBE.

Température IoV d-P Rate X 10 
•1

k

(mole l7
sec. 1 )

O ^ x  104

2.875 1.315 0.974
2.850 1.328 1.38

25 2.60 1.361 1.62 1.40

2.825 1.345 2.00
2.260 1.838 1.552

35 2.212 1.893 2.167 1.74
2.177 1.943 2.592
2.150 1.971 3.047
2.017 2.140 2.362
1.940 2.275 3.077

45 1.880 2.345 3.775 1.91

1.845 2.441 4.325
1.860 2.415 4.601
1.815 2.498 6.285

60 1.775 2.577 7.250 2.15

1.735 2.661 9.263
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TEMPERATURES



6c

From Fable 1 it can be scon that l/DP increases 
with the increase in temperature. The value of 
at 6o°G is about 50/ greater than the value at 25^0. 
TABLE _2 Par:.: rate at various temperatures for the 
polymérisation of vinyl acetate with 5 % 10~̂  ̂molar 
AIBh.

Temperature 
o.

Dark rate % 10̂ ' —1(rnole 1- sec. )

4.5
0.9
0.3
0.12

Table 2 shows the very large increase 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 temperature.

Determination of energies of activation.
The effect of temperature on a chemical reaction 

is expressed by the usual Arrhenius equation

K = A. G ~VrT  ih3)

where K is the velocity constant of the reaction^ A is 
the frequency factor i.e. the total frequency of
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encounters between the reacting species, S is the 
activation energy for the reaction, T is the 
temperature of the reaction in degrees absolute, and 
R is the molar gas constant.

Using the above equation the overall activation 
energy (E^) was determined from the plot of the 
logarithm 03'̂ the reaction rate against the 
reciprocal of the absolute temperature (1/t) for the 
temperature range 25^C to 60^C (Table l). Figs,(ll“12) 
show the plots.
Now from the kinetic scheme on page (I6) and equation

(43) we have
S q = Elp + i E. - 4 ......

Where Th and E , are the activation energies for
p i  T3

the propagation, the initiation and the termination 

reactions respectively.
In the photo-initiated system studied is zero,

and thus equation (44) becomes

 (^5)
From I'ig. (ll)

slope = E^2.

= 1.05
= 4*8- k.cal.mole*

Using the literature value^ of 4.8 k.cal.mole  ̂ for
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E :‘v6 iiave E , = 0*1 k.cal.uiole  ̂„ i.e. zero to within P
experimental error.

In the absence of rlioto initiât ion from Pig. (12)
= 20.8 k.cal.molo"^ Using the above values for

“1and we get = 31.9 K.cal.mole

Activation energy for the chain transfer reaction c/ith 
monomer.

From the relationship (ii-3) the oquation

log k brmAp (B^-Pi^^^J/2.303RT + constant. (Ij.6)

can be derived^ whore is the chain transfer
constant to the monomer and is the activation
energy for this reaction.

From tae plot of Log against l/T (Pig. 13)
we have

E - E. = -2.1 K.cal.mole”^p G r ni
—177hich gives E, - 6.9 K.cal.moler rm

Discussion and comparison of results with literature 

values.
The intensity exponent 0.31 shows that the 

termination is second order with respect to the 
growing polymer radical concentration (Pig.9). Tne

“5grapia is linear and gives an intercept of 1.26 % 10 
— 1 —.1mole 1* vsec."" as a dark rate which agrees with the
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observed value of dark rate 1.2 x lO”"-̂ mole iT^secT^ 
measured independently at 23^0 (Sec Table 2).
The plot in Tig. (lO) and values in Table 1 snov̂  that 
there is chain transfer to the monomer and this 
increases with increasing temperature. This is also 

reflected in the positive value of 6.9 K.cal.mole”^ 

for obtained from Pig. (13) . Table 3 gives a
list of values at v^irious temperatures obtained in
this work and by other workers,

Table 3 for the polymerisation of vinyl acetate
at various tomperatures

Reference

Til is work 
Dix on-L e w i s ̂

Temperature 

25

Kwart t: V/orkcrs 
This work

51

Clark and 5-Stockmayer'
Dalit h Das32

35
k5

60

- 10

1,4

1.45
1.3
1.74
1.91
2.15

2.5
2.08
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The values obtained at various temperatures are

in agreement with those obtained by other workers,
The values of and namely 20.7 and 31.9 

-1K.cal.mole under dark conditions agree with those
52obtained by Van hook and Tobolsky^ namely 20.0 and 

30.8 K.cal.mole” .̂
In the photoinitiated polymerisation of vinyl 

acetate is also in good agreement with the 
published values as shoivn in Table 4.

TTlBLE U The comparison of ivith the literature
values for the polymerisation of vinyl acetate

Reference k.cal.mole-1

This work
Bongough h o 

Brownlie
Eengough & r-%

Ferguson-^
Bengough 6 q 

Melville
Burnett 1 Melville 

50Dixon-Lewis^
5k

urn
4.8

5.8

4.2

4.2
3.2

The activation energy of chain transfer to monomer
— T(namely 6.9 K.cal.mole ) is also in reasonable agreement

with the value of 6.1 K.cal.mole"^ reported by 
50Dixon-Lewis .



65

Polymerisation of vinyl acetate In benzene»
The rates of polymerisation and corresponding

degrees of polymerisation have been measured in the
presence of benzene at 25? 35? 45 and 60*̂ 0 at full
light intensity. The AIBh concentration was 

“45 X 10 ^ molar*

l/Ch had been plotted against £sj/[̂ ]vQat various 

temperatures (Pig* 15) . The slope of this plot gives 
the value of (see equation 12). The experimental 

results and the 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 benzene there is a similar effect 
but the retardation is not quite so great.

The degree of polymerisation of the polymer 
produced in the presence of benzene decreases with 
increase in the benzene coneentration^

In Pig. (15) the best straight lines have been 
drawn through the points corresponding to the three 
lov/est solvent concentrations since the ratio 

(equation ll) would not be expected to vary appreciably 
as I is constant and [M] changes only up to 25/o. Thus 
the values of G^ while not neohssarily very accurate do 

give an indication of chain transfer with benzene*
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TABLE 5 Rate5 DP and values obtained at various 
temperatures for the polymerisation of vinyl acetate in 
benzene initiated with 5 x 1 0 molar AIBN,

Temperature Benzene

%

ioV ep Csl/[Ml Rate X 10
( rao.l G 1 .p, 

sec r )

0„ XI
10̂ ^

0 1.345 0 2.05
5 1.784 0.051 1.14
15 3.203 0.185 0.57

25 25 4.554 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

35 15 3.55 0.185 0.71 10.3
25 5.86 0.349 0.42
35 7.86 0.56 0.256

0 2.44 0 4.32
5 2.98 0.055 2.29

45 15 4.12 0.184 1.05 12.0
25 6.27 0.349 0.75
35 8.45 0.56 0.47
0 2.60 0 9.26
5 3.31 0.055 4.75

60 15 4.80 0.184 2.32 13.5
25 7.30 0.349 1.82
35 9.75 0.564 1.01
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Jrou Table 5 i't is clear that chain tranafor 
constant with heuseno increaseo with rise in

temperature,

Activation energy for chain transfer to benzene.
The Gqiiatlon (U3) can be rewritten as

log = (I3^^-E^^^^)/2.303RT + constant.. (47)

where and is the activation energy
for the chain transfer reaction witli solvent.
The plot of log G_ against l/T has a slope equal to

^V®trs)/2.303R

From Fig ( 16)

= - 2.05 K.cal.mole"^
P u 1 S

^trs = + 2.05
6,85 K.cal.mole”^

Bengough ^  al^ found

®p " ®tr " 0
I.e.

= 4.8 K.cal.mole”^
The intensity exponent in the presence of 5$ 

benzene at 25^0 was found to 0.54 (Fig.14)9 while in 
bulk polymerisation it was 0,51 (Fig.9)• This change 
is not really significant ̂ since at very low rates the 

intensity exponent in bulk polymerisation tends to
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*55i n c r e a s e - ^ I t  would appear that the termination 

reaction is mainly second order with respect to polymer 
radical concentrât ion.

1 elymerisation of vinyl acctato in the presence of
Gll\. Labelled benzene

In this section vinyl acetate \?as polymerised in
the presence of CliLj, labelled benzene in an attempt to
clarify the position regarding the possibility of
copolymerisation due to contradicting results of

U *5recent workers^ .

Using this method the number of benzene molecules 
incorporated in eacli polymer chain, if any, can be 
determined quantitatively. The radioactive benzene 
was purified by the single crystal growth technique 
as described earlier.

The polymer from each reaction was freeze-dried 
about fifteen times to remove the unreacted radioactive 
benzene.

Table 7 shows the effect of the number of freeze- 
drying operations on the activity of the polymer 

recovered from an exceptional experiment No.l at 6o^G 
to give greatest possibility of incorporation of 
benzene. Other conditions v/ere the same as in the 
previous experiments.
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TABLE 7 The effect of sequence of frooze-drying
operations on the activity of the polymer of
experiment No.l.

Ho. of ml, inactive 
freGzG-drying benzene used 
operation for freeze-

drying oper­
ation.

c • p. s.
(20mg. 
polymer)

c. p . s 
Distille 
b enzenc 
(5ml.)

1 — 2.36 6,296
2 kO 1.98 6,80
3 ” 1.71 2.47
k 1.56 2.04
5 " 1.44 1.90
6 1.37 1.25
7 1.30 1.02
8 " 1,29 ■ 0.89
9 1.10 0.67
10 0,90 0.50
11 " 0.80 0.46
12 0,69 0.455
13 0.685 0.450
14 ” 0.679 0.405
15 0.690 0.404

Tills activity is for 1 ml. distilled unreacted mixture 
(V . .. L. + benzene) ,
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Experiment No* 1:
Volume of monomer = 5 .
Volume of benzene = 40 ml.
Conversion - 40>o
Weight of the polymer = 1.9 g.
Background counts with
5 ml. inactive benzene =: 0.404 c.p.s.

Except for the first freeze-drying operation all 

subsequent freeze-drying operations were done by 
dissolving the polymer in 40 nil, 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 a 
constant value at the l4th freeze-drying operation.
The activity of the distilled benzene also levels 
off at the 14th freeze-drying operation*

Evaluation of the number of benzene units per polymer 

chain from the results obtained in experiment No.l. 
Background with inactive benzene = 0,404 c.p.s. 
From the calibration curve (Fig.lf) the specific

7000activity of the benzene used =

= 8045 c.p.s.



c.p.s.

a

g

42 4
ML ACTIVfc BENZENE ^
ML INACTIVE BENZENE

F1G.Î7 CALIBRATSON CURVE FOR THE ACTUVITY OF 
BENZENE BY SCINTILLATION COUNTING.
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Activity of the 0.02 g, polymer = 0.68 - 0.404
= 0.276 c.p.s.

Specific activity of the polymer= 0.276 z 50
= 13.8 c.p.s.

The weight fraction of "benzene in the polymer
13c8
8045

Now the DP of the polymer = 500 (viscosity method)
Molecular weight of monomer = 86
Molecular weight of benzene = 78

Number of benzene molecules per polymer molecule
13.8 86 z 500
80145 ^ 78

= 0.95
On considering the results in Table 7 it is 

feasible that some active benzene remains absorbed 
on the polymer molecules and this is removed by 
successive freeze-drying operations. Alternatively, 
the polymer may be breaking down and giving rise to 
the incorporated labelled benzene. To clarify these 
two pointsp czpGriment No.l was repeated. After four 
freeze-drying operations 0.1 g. of polymer was used 
to make l'̂ solution in toluene, and the viscometric 
flow time was measured as 163.4 seconds.
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The rest of the polymer was dissolved and refluxed 
in 40 ml. of toluene for one hour. Then toluene was 
distilled and its activity was assayed- The polymer 
was again dissolved in 40 ml. inactive benzene and 

freeze-dried. The results are given in Table 8.

Table 8 The effect of sequence of freeze-drying 
operations and toluene on the activity of the r 
obtained by the repetition of experiment No.l*

No. of 
freeze-drying 

operation
ml, benzene 
used for 
freeze-drying

C.p.s.
(20mg. 
polymer)

c.p.s.
Distilled
benzene
(5ml.)

1 2.48 6295 *
2 40 2.01 6.57
3 H 1.82 2.50
k tf 1.64 2.21

Q yg(5ml.
toluepaj

5 !f 0.80 0.49
6 (t 0.71 0 ,46
7 U 0.69 0,420
8 II 0 • 68 0.403
9 U 0.68 0.403

* This activity is for 1 ml. distilled unreacted 
mixture (V A. 4-  benzene) .
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Table 8 shows that after reflux ing the polymer 
with toluene, its specific activity falls to half 

the value before refluxing. The loss in the activity 
of the polymer was balanced by the gain in activity 
of the toluene. however, not all of the benzene was 
removed by this treatment. Four further freeze- 
drying operations were reciuired to remove the remainder 
of the unreacted active benzene from the polymer.

When the activity in the polymer became constant 
(i.e. after 9th freeze-drying operation, see Table 8) 

it was again treated with toluene, freeze-dried and 
its activity measured. The activity of the polymer 

still remained constant and vms assumed to be due to 
chemically incorporated radioactive benzene.

Again a 1% solution of the polymer was made in 
toluene and the flow time vjas recorded viscometrically 

to be 163*5 sec. Both flow times are identical within 
experimental error, showing there is no breakdown of 
the polymer chains during freeze-drying or treatment 
with toluene.

In order to determine whether any radioactive 
benzene is permanently absorbed by the polymer a 
further experiment ivas carried out using inactive 
benzene and the polymer was recovered by freeze-drying.
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This inactive polymer ims dissolved in 25 ml, of 

radioactive stock benzene and freeze-dried. The 

results of subsequent freeze-dryings are sliov/n in 
Table 9.

Table_9 Mass balance of active benzene used for first 
freeze-drying op oration (0.5 g. polymer).

No, of ml, benzene c.p,s, c.p.s,
freeze-drying used for (20mg, Distilled

operation freeze-drying polymer) benzene
(5 ml.)

1 25 ml.(active) 2.0k 698.3 *
2 UO ml.(inactive) 1. &k 1.83
3 II 1.28 1.56
4 II 0.93 1.47
5 II 0.62 1.28
6 II 0.41 0.95
7 II 0.406 0.42
8 II 0.403 0.404

1 ml, distilled active benzene.
The polymer has absorbed some active benzene but 

this is removed in eight freeze-drying operations. 
However5 in the polymerisation in radioactive benzene 

it required 15 freez-drying operations to remove all 

the unreacted labelled benzene.
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Further e:xperiments were carried out at 60^0 and 
25^0 Avith varying amounts of radioactive benzene.
The number of benzene molecules were evaluated and 
the results are given in Table 10,

Table 10 The effect of benzene on the rate, the D P , 

and the number of benzene units per polymer chain in 
the polymerisation of vinyl acetate initiated with 
5 X 10""̂  molar AIBN.

Dxpt, 
No.

T emp, Benzene
(moles)

V.A
(moles)

DP Rate % 10^
(x 10̂ ) (mole l7^ 

sec. )

No, of 
Benzene 
molecules 
per chain

1 60 °C 0.450 0.048 5.0 0.55 0.95
2 n 0.370 0,49 6,3 0.63 1.00
3 11 0.55 0,099 10.0 1.01 0.95
h It 0.024 0.130 20,32 2,32 0.98
5 11 0.0089 0.153 30.20 4.75 0.90
6 25°0 0.39 0.050 12,10 0.08 1,03

It is clear from the Table 10 that on an average

there is one molecule of benzene incorporated in each

polymer molecule. At loA¥cr concentrations of benzene

Brownlie j using the gas counting technique also
found one molecule of benzene per polymer molecule. 
Using the scintillation counting method he found from 
1 to 1.72 molecules of benzene per polymer molecule.
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This higher value may be due 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 presence of 
toluene.

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 vfould 

be expected to be greater than in benzene.

Reactions Avere carried out in the presence of 
2.5/0 and 5% (v/v) toluene at 60^0 and the rates 
obtained are given in Table 11,

Table 11 A comparison 
of vinyl acetate in the

of the rates 
presence of

of polymerisation 
benzene and toluene

initiated with 5 molar AIBN.

Solvent % Rate X 10^ C„ X 10^ ;

(mole 17^
S

sec7^)
Benzene 2.5 5.53 1.3

5 4.77
Toluene 2.5 5.4 3.4^^

5 4 • 66
No solvent 0 9.26
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r rom the Table 11, it appears that the rate of 
polymerisation in toluene is practically the same as 
in the presence of benzene. As mentioned earlier 
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 possible mechanism will be put 
forward in the discussion.
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Polymerisation of vinyl acetate in the oresence of 
substituted benzene.

The experiments in the previous sections showed 
that the polymerisation of vinyl acetate is strongly 
retarded by benzene and toluene, and that only one 
molecule of benzene is incorporated in each polymer 
molecule. This benzene molecule is included in the 
polymer molecule either by chain transfer reaction, 
or by an addition reaction folloA^ed by a chain transfer 

step. It tne latter type of reaction occurs one 
might expect that if a completely substituted benzene 
Avith large substituent groups was used instead of 
benzene, steric effects might prevent the reaction 
from occurring.

Vinyl acetate was therefore polymerised in the 
presence of halogeno-, carboxy-, and hydroxy-benzenes, 

These reactions were performed at 6o*̂ C, and all other 
conditions were the same as for the previous 
experiments. The results are shown in Table 12,
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Table 12 Rates of polymerisation of vinyl acetate in 
the presence of different halogenated substituted 
benzenes at 60^G.

AIBN concentration 
■Rate in pure vinyl acetate

Solvent = 2,5;4 (V/v)
Vinyl acetate = 97*5/^ (v/V)

5 X 10” ~̂̂ molar
9.26 X 10“^ mole 1.“^

sec,

Solvent Rate X  10 
-1

k

(mole 1. soc.“ )

Benzene 5.53
M ono chiorobenzene 4.80
0-Dichlorobenzene 4.50
m-Dicnlorobenzene 4.53
p-Dicnlorob enzene 4.55
1,2,4-Trichlorobenzene 4.21

M ono flu 0 robenz ene 5.00
m-Difluorobenzene 5.10
M onob r omob enz ene 4.72
m-D ib r omob enz en e 4.50

Iodobenzene 1.30

Since p-dichlorobenzene is a solid it was added 
(v/W) to the dilatometer in chloroform solution, the 
solvent being pumped off under vacuum.
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The chain transfer constant was also determined 
for the reaction of monochlorohonzene, and vinyl 
acetate at 6o^C in the presence of varying amounts 
ol solvent. The plot 1/DP against is given

in figure (18) , and the results are shown in Table 13j 
along with rates and G to benzene for comparison.

Table 13 Chain transfer constant with monochlorobenzene 
at 60°C.

1Pate for vinyl acetate —1 “9.26 mole 1. sec*

% Solvent
(v/v)

Benzene
2*5
5
15
25

Chiorobenz ene
2.5
5
15
25

Rate X 10^
“1 "1 (mole 1.“ sec, )

5.53
4.75
2.32
1.82

4*8
3*84
1.99
1*31

C X 10 8
3

1*3

4.0

It can be seen from the Table 12 and 13 that 
the rate of polymerisation decreases as number of 

substituted chlorine atoms increases. The rates in 
mono- and difluorobonzene are practically the same, 

but the rate is lower in m-dibromobenzene compared
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with hromobenzene. In general^ there is a
progressive fall in rate in the order^ benzene, 
fluorobenzene, cnlorobenzene, bromobenzene and 

iodobenzene, i*e, as the electronegativity of the 
substituent groups decreases there is greater 
retardation.

The value of the chain transfer constant with 
chiorobenzene is about three times that with benzene. 
The rate of polymerisation in the former is however 
only slightly lower than the rate in benzene.

The polymerisation of vinyl acetate in the presence 
of hexachlorobenzene.

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 was studied in the 
presence of 50;t (V/v) chloroform and effect on the 
rate of reaction was noted. Then the effect of 
^*5/0 (v/W) nexachlorobenzene in chloroform (v/V)
Yvas studied. The polymer was recovered by freeze- 
drying the dilatometer contents and pumping off the 

chloroform, vinyl acetate and benzene. After first
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freeze-drying the polymer was dissolved in 20 ml, of 
benzene. Trie hexachlorobenzene being insoluble in 
benzene v/as filtered off from the solution which was 
again freeze-dr;ied. As mentioned earlier (Page Si) 
the catalyst concentration was so small that it did 
not make much difference to the intrinsic viscosity. 

Vinyl acetate was also polymerised in the 

presence of 2̂ /6 and 35% (V/v) chloroform for the 
evaluation of chain transfer constant. The plot 
of l/DP against [s]/[Mj is shown in Pig. (19) • The 
rates of reaction, and chain transfer constant 
values are recorded in Table Ü4-

Table 14 The rates of polymerisation of viiiyl acetate 
in the presence of chloroform hexachlorobenzene, and the 

chain transfer constant in chloroform at 60^0.
—liAIBN concentration = 5 ^ 10 molar.

Solvent

Chloroform 25%
35%
50%

2.5JÏ (V/W) Cg GLg
+ 50% Chloroform 

2.5/ (v/v) Benzene
+ 50/0 Chloroform

Pate 
(mole 1, sec7 )

4.64 
3.50 
2.52

2.57

1.87

0

0,02
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Table Ik indicates that the rate of reaction 
in the presence of 50v1 chloroform is not affected 

by the addition of 2,5/o hexachlorobenzene, whereas 
addition of 2 . benzene causes marked retardation. 
The value of 0.013 for the chain transfer constant

'Z'7
reported by Clark ^  hi is not very different from 
the value of 0.02 measured in this work.
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The polymérisation 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 (DMF) 
was used as a cosolvcnt. Initially the effect of 

23/a DkF alone on vinyl acetate was studied, and then 
runs were carried out using 23̂ 6 DMP, 73:-ï vinyl acetate 
and 3To (v/W) acid. The rates of polymerisation in the 
presence of different acids are listed in Table 13.

Table 13 The rates of polymerisation of a DM? solution 
of vinyl acetate (DMF; V A : : 1:3) in the presence of 
aromatic carboylic acids at 60^Cc with 3 x 10~"^molar 
AIBN as initiator.

L

Solvent 3/0 Rate X 10̂ *
"1 "1 (mole 1, sec. )

Benzene (v/V)
Benzoic Acid (v/W) 
Phthalic Acid (V/Vf)
Hemime11itic Acid (V/W) 
2,5'>o (v/W) Mellitic Acid

3.6 
1.62 
1.37 
1.09 
no rate

From the above results it can be seen that as the 

number of carboxyl group increases in the benzene ring 
the rate of polymerisation decreases and complete 

inhibition with mellitic acid is noted. This suggests
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that the effect is not due to nucleus hut to the 
carboxyl substituents.

.of feet of benzene hex ole on the polymerisation of 
vinyl acetate at 6_o/c with 5 x 10̂ '̂  molar AIBN as 
initiator.

Vinyl acetate was polymerised in the presence of 
5/0 (V/W) benzene hexole in 25:0 BMP. Complete 

inhibition v/as observed. This effect may be 
attributed to the hydrogen atom of the hydroxyl 
group which can be abstracted easily by the growing 
chain radical.

Effect of various other compounds on the polymerisation 
of vinyl acetate.

All the experiments were done at 60°C, and with 
other conditions the same as used before.

Tetrachlorotetrahydronaphthalene• Sinco this 

compound is solid and insoluble in vinyl acetate, 1% 
of it was dissolved in 25/ benzene and reacted with the 
monomer. No rate of polymerisation was observed.

Biphenyl. Since diphenyl is a solid it was added 
to the dilatometer in chloroform solution, the solvent 

being pumped off.

A very low rate of polymerisation 0,9 x 10 ^ 

mole ll^ socT^ \;as observed. This effect was

expected due to the similarity of this compound to 
the benzene.
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The polymerisation of vinyl acetate In the presence 

of 1,3 cyclohexadiene (OHI))

To produce a free radical similar to the one 
produced by the addition of a growing polymer radical 

to the benzene ring, vinyl acetate was polymerised in 
the presence of cyclohexadiene. It was expected that 
on abstraction of a methylene hydrogen the resultant 
radical i.e, cyclohexadionyl radical, can not readily 

add to the monomer, hence decreasing the rate of 
polyme risation.

Tais would be in marked contrast to the hydrogen 
abstraction from a benzene molecule giving rise to a 

pnenyl radical which is quite efficient in chain 

initiation-^^.
Freliminary experiments showed that OilD is a strong

retarder, but it was possible to observe the rate vfhen
2CilD : V A  : ; 1: 10 ratio was used. Due to the minute 

quantities required for each reaction CHD vms diluted 

in pure vinyl acetate in air by means of a micrometer 
syringe, and the required amount was introduced into 
the dilatometer by using the syringe. The dilatometer
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was tnen connected to the vacnnni line and degassed 
quickly, because CHD tends to oxidize in the presence 

of air. It was also found that the small amount of 
vinyl acetate added to the dilatometer in air does 
not give any inlaibition. Using the above mentioned 
ratio two experiments were carried out at 25^0 and 
60% .  The DP was measured vise omet rically and 
results are given in Table 16.

Table 16 The rates for the polymerisation of vinyl 

acetate DP in the presence of cyclohexadiene with 
5 X  10“^ molar AIBN.

CHD : VÀ Temp, DP x 10 ^ Rate x 10^

°G (molG l.^sooT^)

1 : 100 60 0.6U 0.19
1 : 100 25 0.91 0.05
No solvent 60 3*8 9.26

No solvent 25 7.4^ 2,05

The results in Table l6 indicate that the rate of 

polymerisation is retarded very much by very small 
amount of cyclohexadiene, W  is also very low, showing 
that some chain transfer or chain termination process 
is occuring. This effect is not surprising in viev/ of 

the diene structure present. A possible mechanism 
vfill be attempted in discussion.
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Polymerisation of vinyl acetate and styrene*
In the preceding sections, the results have 

indicated that retardation in the rate of 
polymerisation of vinyl acetate is mainly due to 
the attack of the chain radical on the aromatic 
ring, It was therefore of interest to polymerise 
vinyl acetate in the presence of a vinyl monomer 

wnich would readily form resonance stabilized grov/ing 
polymer radical 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 styrene is a very reactive 

monomer a large number of such radicals can readily 
be produced.

For systems containing small amounts of styrene 

the monomer reactivity ratios r^ and r^ were determined 
by finding the composition of the initial copolymer 

for different mixtures of styrene and inactive vinyl 
acetate using Gli{.-styrene. According to equation (18) 

r^ represents the ratio of the rate constants for the 
reaction of the styryl radical with styrene monomer 
and vinyl acetate monomers respectively, and ratio 
rg similarly expresses the relative reactivity of 
vinyl acetate and styrene towards the vinyl acetate 

radical.
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For systems with excess styrene, Cli{.“ Vinyl acetate 
and inactive styrene were used.

The AIBN concentration was 5 x 10 molar and 
all experiments were carried out at 60^C tnormally.
The conversions were taken to 2.0.8 in all reactions.

Evaluation of monomer reactivity ratios from the 
composition of initial copolymers of radioactive 
styrene (S) and inactive vinyl acetate (VA),

20 mg. of the polymers in benzene solution were 
used for radioactive assay. The background count 
v;as = 0.4 c.p.s.
Typical calculation of results 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 
radioactive styrene solution 10.1 c.p.s. are given by 

0,0005 ml. styrene. The density of styrene is 

0.9 at 20°C.
The weight of vinyl acetate in 20 mg. of 

polymer = 0.02 - 0,00045 

= 0,01955 g.
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TliG mol. w t . of styrene = lOl̂
The mol, v/t. of vinjri acetate = 86

■f _ styrene (moles)
vinyl acetate (moles)

lOf
0'01955

Is
= 0.019

The polymer composition was calculated for all 
the monomer feeds and is recorded in Table 17 along 
with other results required for the determination of 
r^ and r^.

Table 17 Results for the determination of monomer
reactivity ratios at 60°C.

S; VA c.p.s.
(20mg)
polymer

P(xlO^) f p(r-i)/f p 7 f
(x 10^) (x 10^)

1: 1000 10.5 0,82 0.019 -4.2 0.39
1: 500 20.5 1.57 0.038 -3.80 0.61
1: 100 110.5 8.38 0.254 -2.72 2.60

Prom the results given in Table 17 F(f-l)/f was
plotted against P^/f (Pig.21) according to the Pinoman

and Ross equation (20)5 and the values for r  ̂ and To
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obtained from the slope and intercept respectively 
are as follows:

-1 = pS.VA 

= 65
"^pVA.VArg = — -— "—
hvA.S 

= 0.045
The values of monomer reactivity ratios show 

that styrene is 65 times more reactive towards itself 
than towards vinyl acetate.

It should be emphasised that the values for 
monomer feed ratios (F) given in Table 17 are derived 
directly from the initial concentrations of styrene 
and vinyl acetate^ i.e. at zero per cent conversion.

These values might be expected to change during 
the course of polymerisation due to the very high 

reactivity of styrene although conversions were held 
to a very low value. Calculations have therefore been 
carried out to estimate the effect of tiiis change.
Thus e.g. for 1:100 (S;VA) ratio at the outset the 
polymer produced at 2;o conversion contains

= 0 styrene.
0.02



Original styrene in the feed = l;Vo, 
average styrene content ~ -7 ...t ^

Average vinyl acetate content =
= 0.775%. 

lOO + 98

average value of F

2
= 99:%. 

0.77
99

= 0.0077
Values for F were calculated in this way for other 

two ratios5 and are given in Table 18.

Table 18 Results for the determination of monomer 

reactivity ratios at 60^C usiiig mean values for the 
monomer composition during the copolymerisation

8 : VA W t , of styrene F x 10'̂  f F(f-l)/ F / 
(gm) in 0,02 g. 
of polymer

1:1000
1:500
1:100

f X 10^ f X 10^

0.00045
0.0009

0.0047

0 .-%. 0.019
1.46 0.038 
7.7 0.252

•3.83 0.28 
■3.60 0.57
•2.22 2.3''-'

The values of 75 and 0.04 were obtained for r^ 
and r^ respectively from the slope and intercept by 
plotting F(f“l)/f against F^/f in Fig. 21(a). The 

value for r^ is higher than the one obtained using
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tlie monomer feed ratios at zero per cent conversion, 
Tnose values along v/ith the values obtained on page 

(92) will be compared v/itli the literature values in 
the discussion,

Determination of molecular weight by the initiator- 
fragment method.

The molecular weight of a vinyl polymer 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 knovni^ and that chain transfer reactions are not 
significant,

In this work molecular weight of the copolymer 
Y/as determinod from the number of Gib labelled AIBN 
fragments incorporated in the chain. The initiator 
concentration^ 8 ;VA ratio, temperature^ and per 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 unreacted 
AIBN. 20 mg. of the copolymers in benzene solution 

were counted for activity assay.



Typical calculation of molecular weight for 1:1000 
(S:VA) ratio.

Prom the calibration curve (Pig.22) 3.28 x 10~^g, 
radioactive AIBN give 7-8 c.p.s.

i.e. 136/16b X 3*28 x 10“^g. of the isopropyl 
initiator groups in AIBN give 7.8 c.p.s.
20 mg, of polymer give 13 c.p.s.

Specific activity of the copolymer/g .
13 X 30

= 650 c.p.s.
1 g.., of polymer contains 2.72 x 10*̂  ̂x 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 - 
(2 X 68 + n X  10b + 86 X  m) where n and m are the 
number of styrene and vinyl acetate units respectively

1 3 6 / M ^  =  7 2  10.._ j ^ _ _65Q

7.8

= 60,000
(2 X 68 + n X 10b + 86 x m) ~ 6OOOO

Prom Table 17 for 1: 1000 ( 8 : VA) ratio
moles of styrene in copolymer _ q 

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

hence n = 0 .019m

and m = ô7ôÏ9

Therefore 135 + (101: % 0.019m) + 86m = 60OOO
m = 682.52

and 136 f (lOlin) + 86 x Q = 6OOOO

n = 12.92

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

Molecular v/eights and number of units for each 
monomer per copolymer molecule were calculated for 
other S: VA ratios. Molecular weights were also 

measured viscometrically by the use of equation (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 initlator-fragment and 
viscosity method of the copolymers prepared with 

different 8: VA ratios at 60*̂ C with 5 x 10"^ molar 
of AIBB.

, S;VA c.p.s.
(20nig.)
polymer

Molecular

AIBN
fragment

weight
Yi oco nity 
motbosl

Rate X

10 5
(mole l7^ 
secT^)

No. of 
units 
chain
A

monomer! 
per 1 

1
VA _ 1

1:1000 13 60,000 72,6000 3.0 12.92 682.55

1:500 25 31f000 43,000 1.58 13.038 3U3.15

1:100 113 6,830 9,200 0.63 15.12 59,5U

The results given in Table 19 indicate that as the 
ratio of styrene to vinyl acetate decreases the molecular 
vfeight 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 decreased, suggesting that styrene is 
responsible for the lower molecular weights observed.

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. As the conversion factor for 
deriving the rates of reaction depends on the 
composition of the copolymer formed, the copolymerisation 
was taken to 2%; it vms assumed that the polymer 
produced had a constant composition.

From the copolymer composition in Table 19 it 
is clear that the copolymer is predominantly polymerised 
vinyl acetate, therefore, the conversion factor for 

vinyl acetate was used. It was also 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 (S) and radioactive vinyl acetate (VA).

20 mg. of the polymers in benzene solution v/ere 
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 reactivity 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 60^C for the copolymerisation of
vinyl acetate and styrene initiated with 5 x 10 
molar AIBNc

VA: S c. p , s. 
(2Ôrag)

P f P(f-l)/f p V f

1: 5 10.51 4.20 198 4.18 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: ko 1.93 33.00 1370 32.99 0.802

A Rineman and Ross plot has been drawn in Rig.(

and the values of r. and Tp obtained are as follows:

kpS ,S
pS,VA

pVA.S

The molecular vmlghts have been determined by
initiâtor-fragment and viscosity method. Number
average molecular weight was obtained using the 

32expression"

M.n = 184000 [n]
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assuming that polymer mainly consists of styrene. 
The flow times were measured in benzene at 30^0,

The values obtained by both methods are shown in 
Table 21.

Table 21 Molecular weights determined by initiator- 

fragment and viscosity method of the copolymers 
prepared with different VA; S ratios at 60^C w ith 

5 X 10"^ molar AIBN as initiator.

VA; S c.p.s.
(20mg) 

polymer

Molecular weight by 
ini tlator-fragment viscosity 

method method

1: 5 10.20 77,000 76,700
1; 10 13.00 66^000 76,300
1: 20 12.40 65,, 000 73,200

1; ko 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-stationary state method ,

In the last section the effect of styrene on the 

polymerisation of vinyl acetate was studied at 60^0 
by the stationary state method. The styrene was 
found to copolymerise, and the rate of reaction was 
very low as compared to the vinyl acetate alone. It 

was felt that it 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.
— 3All runs were carried out with 10 molar AIBN 

at 25^0 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 10 divisions per second was obtained. The
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calibration curve showed that at the amplication used,

10/CL-volts v/ere equivalent to 7.2 chart divisions, and
since hOM'V s l^C, the rate of temperature rise of

 ̂li X lo”^polymerising mixture = ....'n ..
0,72 X 40

= 11.8 X 10“  ̂ °C sec.-^
36From the literature values ;

heat of polymerisation of vinyl acetate
= 21.3 K.cal.mole

specific heat of monomoric vinyl acetate

= 0.2+7 cal.g.-^

molecular weight of vinyl acetate
= 86

heat required to raise the temperature of one mole

through 1*̂ 0 = 86 X 0.47

= 40.4 cal.
Fractional rate of polymerisation

11.8 X 10"^ X 2+0.2+.

21.3 X 10^

= 2.22 X 10~^ sec"”̂

Evaluation of k and k,
 £________

Fig. (26) shows a plot of intercept against the 
reciprocal of the rate. The instrument lag was obtained
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from the intersection of the plot with the horizontal

co-ordinate axis. The plot is linear and gives 1.9
seconds as lag of the instrument.

how slope of line fig. (26) = — i-
? In2

= 1 X 10^

= 0.693 X 1 X 10^

= 1.48 X 10

The kinetic chain lifetime was then calculated 
from the equation :

'f X fractional rate = k /k.P
i e 'T - m â _ x _ 1 0 Z £— c

2.22 X 10”^

< ~ 0.7 sec.
The rate of initiation v/as taken from literature^ 

and was given as 2.17 x lO" mole l7 sec. ’ at 7*0$? 
per hour polymerisation of vinyl acetate alone.

Since the square root of the rate of initiation is 
proportional to the rate of reaction, the observed rate 

of 8;o per hour at zero conversion for vinyl acetate 

polymerisation gives a value of 2,9 x 10 ^ mole l.^sec,^ 

for the rate of initiation.
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From equation (23)

and k^/k. P G
kP

l/(k^l)^
1/i^ X l/l

1/(0.7)^ X 1/2.9 X 10“^
7.0 X 10^ 1.mol0“^sec7^
1.48 X 10'’̂

1.48 X 10"'̂  X 7.0 X 10^ 

10,38 X 10^ l.mole^^sec,”*̂

Plots in Fig (27) and (28) siiow l/Pate against 
intercept for 1:6OOO and 1:3000 styrene ; vinyl acetate 
ratios at 23^0 and these are fairly linear.

The values of k , k, and kinetic chain lifetimeP Tj
obtained in given in table 22.

Table 22 The velocity coefficients in the polymerisation 

of vinyl acetate alone and in the presence of styrene at 
25°C with 1 X 10~^ molar AIBN

System k ^ / k ^  

(x 10 )̂ (l.mole\ 
sec. )

k ^  X 10 ^

(l.nole"] 
ssc. )

<
sec.

Rate X lo4 
(mole irP

s e o .

VA (Bulk) 14.8 1036 7.0 0.70 2.5
S:VA (l;f'00O) 2.90 215 7.4 0.70 0.5
S;VA (1:3000) 1.47 91 6.2 0.73 0.2
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Table 21 indicates that the value of decreases 
as the styrene concentration is increased^ hut there is 
no appreciable change in the value of . 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.

Errors in the radioactive 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 samples is low. Therefore^ room

temperature was kept reasonably constant at 21 - 1 C 

by avoiding draughts. The results were thus 
reproducible to within 59o.

The silicone oil in the head unit was also found 
to be a serious source of trouble since 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 rms therefore eliminated by checking that the 
oil contact had been maintained at the end of each 

counting operation.
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Limitations of the non-stationary state method

Of 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 recorded by the thermocouple 

at the centre of the reaction vessel. It has been 

assumed that the temperature of the bath remained constant 
but this was not found true in practice. The signal 
obtained by the pen recorder was due to the opposing 
electromotive forces (e.m,f.) from the thermojunction.

Any 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 0,01°G. 

However, during the 30 seconds required to carry out a 
non-stationary state run, the fluctuation in temperature 

was normally not greater than O.OOl^C.

The noise level of the amplifier corresponded to a 
temperature fluctuation of 1,4 x lO"^ 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 Melville^ 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.

Measurement 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 recorder chart. if the amplificationapplied to the 
system v/as 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 
bulk vinyl acetate polymerisation but was 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 0.04 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 
vfork was 1*9 seconds.

To obtain a reasonably accurate value, the lifetime 

of kinetic chain should be 2 to 3 seconds. But the 
lifetimes measured v/ere shorter than this and it was 
necessary to repeat each determination several times 
to get a reliable value. The points which are plotted 

in the l/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.e. 

about k%*

Effects of solvents on vinyl acetate polymerisation. 

Bsnzene.
Two main effects are observed in the polymerisation 

of vinyl acetate in benzene. Firstly the rate of 

reaction is retarded to an extent dependent on the 
benzene concentration. Secondly, the DP decreases 

with increasing amounts of benzene. The values of 

rates and DP are given in Table 23 to eliminate 

reference to previous section.
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Table 23 The rates of reaction and DP of the polymer

presence of benzene at various temperatures with

5 X molar AIBN as initiator.

T erap. 
°G

Benzene % 
(by volume)

Rate X 10̂ ^

(mole i d  
sec. )

DP X 10 ^

0 2.05 7.44
5 I.IU 5.62

25 15 0.57 3.13
25 0.27 2.20
35 0.159 1.59
0 3.02 5.05
5 1.38 4.43

35 15 0.71 2.82
25 0.42 1.71
35 0.25 1.27

0 4.32 4.10
5 2.29 3.36

U5 15 1.05 2.43
25 0.75 1.96
35 0.47 1.18

0 9.26 3.85
5 4.75 3.03

60 15 2.32 2.62
25 1.82 1.37

1
35 1.01 1.025
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From Fig.(29) it can be seen that the decrease 

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 values for chain transfer constant obtained in 
this vfork do not agree with the literature values as 
shov/n in Table 24.

Table 24 Comparison of values of 0^ with literature 

values in the polymerisation of the vinyl acetate benzene 
system.

Reference T emp. 
Oc

Cg X 10^

This work 25 8.9
35 10.5
45 12.0

4 13.5
Clark and Stockmayer 60 1.2
Palit and Das^^ 60 2.96

Although Stockmayer also obtained a straight line 
without keeping 1 /̂I.Mj constant at different ratios of 
[8]/[Mj, his value for Gg is about ten times less than 
the value obtained in this v/ork. The value obtained 
by Palit and Das should be more reliable since they kept
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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 polymer was used.

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

features.
(i) Addition of solvent causes a decrease 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,

(ill) 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 is incorporated in 

each polymer chain.

The retarder effect of solvent on vinyl acetate 
polymerisation.

Kinetic analysis of the polymerisation of vinyl 
acetate in the presence of solvent are complicated by
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the number of different reactions that can take place*

The overall rate 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 decrease 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 is possible for the following 
reactions to take place:

+ M ------- :------^ ***#*#(l)

+ S --------------- 3r S' ______(II)

+ disproportionation
or combination nnreacbed products *.(ill)

where is a primary initiator radical.
Since reaction (ll) 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
decomposition is not affected by solvents, and 

1 zBe vingt on has shown that the initiation efficiency 
remains fairly constant over a wide range of solvent 
concentration. Therefore reaction (ll) appears to be 
unimportant, and so the rate of initiation has been 
assumed to be constant in this work.

The radical chain produced by reaction (l) can 
react as follows;

rate
+ M ICp  (IV)

R^ + M  > P + r ;:̂ [R'ILm ]  (V)

E; + s ^  S*  (VI)

where S is the molecule of solvent and S* is the solvent 

radical.
Reaction (Vl) may take place by various mechanisms 

which will be 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

S- + M  > R* k^^[s*][M‘]  (VII)
S* + R* —̂ > polymer k^ [̂ 8 ̂  [ R^ *... (VIIl)

S* + S* ---> stable products k^ Cs3 ^ .... (IX)
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The radical S* in reaction (Vl) can he 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* +  ) P +  (Via)

(VIb)

Reaction (Vl) may take place occasionally.
Reaction■(Vl) will affect the rate of polymerisation 

when (VIl) is very much slower than the normal 
propagation reaction (IV).

Bengough ^  al^ 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 accompanied by an increase 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
when., polymerisation is studied 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.

156Barson, Bevington and Eaves , using CI4 benzoyl
peroxide as an initiator of vinyl acetate polymerisation,
found that the phenyl radicals are quite efficient in
initating polymerisation. Thus reaction (VI a) cannot
explain the observed retardation,

2Burnett and noan developed an equation for the 
rate of polymerisation 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 

assumption that^

= k^.[8l [M]  (48)
can not explain the strong retardation observed.
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Their kinetic scheme yielded theoretical curves for 
the rate of polymerisation in benzene which were 
similar to the observed one, but they obtained an 
extremely high value (24 K,cal.rnole” )̂ for the 
activation energy for the addition of a phenyl radical 
to vinyl acetate. This is again contrary to the 
results of Bevington thus indicating that reaction 
(via) as the source of S* radicals is not correct,

Jenkins stated that their equation represents 
the condition that a negligible proportion of the 
solvent 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.

Jenkins in his ov/n kinetic treatment of effects 
of solvents on polymerisation made the "geometric mean" 
assumption regarding the termination reaction i.e. the 
velocity constant for termination between dissimilar 

radicals is the geometric mean of those for reactions 
betv̂ reen like radicals^ This assumption is doubtful

57in view of the evidence from copolymerisation studies 
that termination may occur preferentially between unlike 

radicals.



118

It would appear that reaction (VIIl) probably 
occurs more easily thaoï (IX) and therefore equal 
number of R* and S* radicals are removed 'when S* 
radicals are terminated by this reaction.

Now if we assume that reaction (Vl) takes 
place quickly and reaction (VIl) is s I oy /  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 his treatment Jenkins derived an equation 

vfhich related the velocity coefficient of chain 
transfer v/ith solvent to the degree of
retardation. This equation is simplified, when 
cross-termination coefficient f is unity, and k^^ -o

i.e. Y/hen no reinitiation takes place and becomes

h r s  = (lIS)VCs] (1/X.-1)  (49)

using the usual symbols with m[LO/m. BO where m ando o
m^ denote, the rates of polymerisation in the presence 
and absence of solvent respectively.
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Jenkins calculated values of from Burnett
and Loan^s results, and showed that the values obtained 
varied least with benzene concentration. This led him 
to the conclusion that reinitiation did not take place 
in the vinyl acetate-benzene system. His conclusions, 
however, suggest that the initiator exponent, and the 
intensity exponent should be between 0.5 and 1.0, which

2is in conflict with the experiments of Burnett and Loan 
and Bengough, Brownlie and Ferguson.

Bengough et al^ applied the equation (49) to 
determine the value of k^^^ 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 found^ 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 possible to use this relationship to calculate

k. from rate measurements, trs



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 a benzene 
molecule to the growing polymer radical.

One possible explanation for the retardation in 
the rate of polymerisation is that reaction (jVIb) takes 
place and is followed by reinitiation (VIl). 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  ^ “------- -—  ̂ R — ^ ^ _ _ R '  ... (Vila)

R 0+ CHg = ÇH ----». R — + CH^ - OH "(Vllb)
AC '--/ AO

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

(Vllb) has still to be answered.
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Stockmayer £t al^ explained the high activity 
of the polyvinyl acetate obtained by polymerising 
the monomer in the presence of radioactive benzene 
at 60*̂ 0 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 (Vila) ,

6Similar work by Breitenbaoh ejb ^  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
c O

example, Charles and Whittle have suggested that the 
main reaction of trifluoromethyl radicals with benzene 
is addition to the ring followed by hydrogen abstraction,

^  ..(X)

They justified their postulation on thermochemical 
grounds saying that direct hydrogen abstraction requires 

more energy than the hydrogen abstraction after addition 

step.
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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 is slow to reinitiate is the cause of 
the retardation of vinyl acetate polymerisation in 
benzene.

The retardation of the polymerisation of vinyl acetate 
in the presence of toluene.

The effect of toluene on the rate of vinyl acetate 
polymerisation has been observed 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:

OH^ CH,
R" +  > RH +  (XI)

This radical would be quite stable and would not 
be as efficient in reinitiating polymerisation as the 
radical produced by addition to 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
GH^ OHD

R* + (XII)

CH

HThis is followed by hydrogen elimination to the
monomer as follows 

GH^
•h GHg = GH

AC ' AC
R

The chain transfer constant for tolnene in vinyl 
acetate polymerisation has been reported to be about 
seven times greater than for benzene at 60°G. 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 those shown by reaction 
(Xl) 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
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effectively. This latter suggestion is difficult 
to accept and the precise nature of the effect of 
toluene on the polymerisation of vinyl acetate must 
still remain unanswered.

The effect of substituted benzenes on the polymerisation 
of vinyl acetate.

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 results would 
definitely support the view of addition of the growing 
polymer radical to the aromatic nucleus by the reaction 
(Vlb) already proposed.

If hydrogen abstraction were the main factor 
causing retardation it would be expected 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 
progressive substitution of the benzene ring. However, 
the substituents used have an activating effect on the 
nucleus since they donate electrons. As the electron 
density on the nucleus increases in the order of
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substituents cl<L Br ̂  I the activation of the latter 
increases, and hence the ring becomes more prone to 
attack by the growing polymer radicals. Thus a 
greater number of S* radicals are 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 iodobenzene 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 
monochiorobenzene at 60^C is about three times than 
for benzene, but the rate of polymerisation of vinyl 
acetate in the presence of monochiorobenzene 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 foTined but not 
affect the extent of the retardation of the polymerisation,



126

Breitenbach _et al^ obtained chlorinated polymers 
from the polymerisation of vinyl acetate in the presence 
of chiorobenzene. 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 
resultant phenyl radical would be quite efficient chain 
initiator.

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 acids, the retardation increases 
with increase in the number of substituent - GOOH 
groups in the benzene ring, Gomplete 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 substituent 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 a rapid hydrogen abstraction reaction by 
the growing polymer radical followed by the addition 
of the resultant cyclohexadienyl radical to the 
monomer via.

+ p ....(XIV)

o f CH, CH
AC

It is also possible that

+ GH^ - CHD 1
AC

(XV)

R
R* +

followed by

R n + CHg CH 
AC

R

CHCHR AC

(XVI)

. .  (xvii)

CH^ - CH (XVIIb)
J I

AG
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The radical formed by reactionCXIV>is of the 
same type as obtained in reaction '(Vlb) 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 
resonance stabilized 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 g once again, supports the already postulated 
theory that retardation of the polymerisation of vinyl 
acetate in the presence of benzene occurs only through 
alow reinitiation following the addition of the growing 

polymer radical to the benzene ring.

The effect 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 values 
of monomer reactivity ratios obtained in this work by 
using Gll|-styrene and Gl^-vinyl acetate in turn, with 

those reported by other workers.
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Table 25 Comparison of the values of r^ and r^ in the 

copolymérisation of styrene and vinyl acetate.

Reference System ^2

This work G14-S:VA 65 0.045
G14"S;VA

(corrected) 75 0.040
C14-VA:S U5 0.050

22Mayo & Levfis 8: VA 55 0.010

It can be seen that the value of r̂  ̂ obtained by 
using Cli4.-styrene is higher than the value obtained by 
using Cli|,-vinyl a c e t a t e T h e  higher value is likely 

to be less accurate as error in the measurement of 
Glli.-'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 r^ values into 
closer agreement. They are still subject to errors in 

the measurement of the initial volumes of radioactive 

styrene used.
22The value of r^ obtained by Mayo and Lewis 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 and O0O5 for r̂  ̂ 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 acetat̂ e 

system at 25*̂0 *

Reference System k^x 10 ^
(1 .mole T secH)

(l.mole“J 
secT )

This work VA 1036 7.0
Bengough Brovmlie"^ It 860 6.0
Bengough Melville-^ 11 895 2.4

.Matheson £t al̂ "̂ S 44 4.75
Burnett^^ If 19.7 6,30
This work S:VA(1:6000) 215 7.4

If S:VA(1:3000) 91.74 6.2
7Bengough Brownlie 2,5?S benzene

+ VA (V/V) 280 2.3
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Table 26 indicates that vinyl acetate has the 
higher value of 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 k^ value for 

vinyl acetate polymerisation decreases in the presence 
of styrene, and benzene appreciably. The values for 
k^ obtained in this work in the presence of styrene 
do not vary but they vary in the work reported by 
Bengough ^  al^ in the presence of benzene. As the 
k^ value obtained by Matheson _et al^^ for the bulk 
polymerisation of styrene is in agreement with the 
value obtained for the styrene-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 k^ for the 
polymerisation of vinyl acetate in the presence of 

styrene decreases due to the formation of radicals 
of similar stability to 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- + CHg = CH   ^ G H g -  pH — GĤ -- GH

^ G H 2 CH,^ . . (XVIII)

This can propagate by addition of styrene or undergo 
chain transfer with vinyl acetate as shown below;

Œig- CH + CHg = C K  > .—  CHg- GH + CH^- GH .. (XIX)
OGOOH^ I Ij OGOGH^

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 
(XVIIl) . .-addition of increasing amounts of styrene 
vfould 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 styrene 

is very low, propagation by addition of styrene to the
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styryl radical will be a slow process compared with 
the propagation reaction in vinyl acetate polymerisation, 
Now as the rate of termination is not affected by the 
presence of the styrene, the overall rate of 

polymerisation will clearly be slower when this 
monomer is present in the system.

From the foregoing discussion and earlier 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 estimated amount of solvent 
required to cause 509? reduction in the rate of bulk 
vinyl acetate polymerisation.

Table 27 The various additives arranged in the order 

of their increasing effectiveness as retardera for the 
polymerisation of vinyl acetate.

Added
material

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

Benzene 5.1
Toluene 5.0
Fluorobenzene 2.8
Chlorobenzene 2.7
B romob enz ene 2.6
m-Difluorobenzene 2.6
0,m,p-Dichlorobenzenes 2.5
m-Dibromobenzene 2.5
1,2,i4.-Trichlorobenzene 2.0
Benzoic Acid 2,0
Phthalic Acid 1.7
lodobenzene 1.4
Diphenyl 1.3
Hemimellitio acid 1,2
Cyclohexadiene 0,05
Styrene 0,01



135

From the Table 27 it would appear that the amount 
of styrene required to reduce the rate of 50% was the 
least compared with other solvents. From the previous 
results it has been shown that t h e - CH radical

Ô
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 its position is due to the
resonance stability of the styryl radical formed

(reaction XVTIl) . It appears that the frequency of
formation of styryl radicals, and consequently their
concentration, will be much higher than for any other
retarder due to the presence of the vinyl double bond*
Presumably 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 o f - CH (styryl) radicals0although in themselves they are less effective than the 
type radical.

In conclusion the effectiveness of an additive as a 
retarding agent for vinyl acetate polymerisation can be 
explained in terms of the readiness with which a radical 

derived from the retarder can be formed, and its ability 
to reinitiate polymerisation.
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