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(L)
ABSTRACT =

The object of the work described in this thesis
was to study the effect of pressure on chain transfer
to the solveant, tetradhloroethylene, in the polymerisation
of styrene; and to ilnvestigate whether tetrachloroethylene
copolymerises with styrene.

The rate of polymerisation in this solvent is found
to be of half order with respect to initiator concentration
and of order 3/2 with respect to monomer concentration.

Prassure has an accele?ating effect on the rate of
poljmerisation of styrene in tetrachloroethylene, and )
increases it 5 to 6~fold in the pressure range 1 to 2680
atmospheres.

The wolecular weight of polystyrene prepared in
solution increases up to about 1030 atmospheres, beyond
which there is no pronounced change up to 3000 atmospheres.
However, in.experiments with mole ratios of solveht to
monomer > .04 the molgculaf weights are almost constant
up to 2680 atmospheres. |

The solvent-transfer constants of tetrachloroethy;ene
with styrene have been determined at several pressures.

n

Og is 29.0 x 107" at 1 atmosphere and 27.4 X 107™% at

2680 atmospheres and so 1s almost independent of pressure.



(ii)
This result is compared with previous work on chain
transfer at high pressures.

While tetrachloroethylene is found to be an active
chain transfer agent for polystyrene radicals the chlorine
content of the polymers is very low and there is no evidence
of copolymerisation with styrene at 1 atmosphere or higher
pressures. Gonikberg's claim that tetrachloroethylense
copolymerises with vinyl acetate and Doak's assumption
that styrene and tetrachloroethylene form copolymer; are
critically discussed and considered to be incorrect.

Tetrachloroethylene was not found to homopolymerise
in bulk or in solution at temperatures up to 1009¢ and
pressure up to 7000 atmospherss, in the presence of
azobisisobutyronitrile, benzoyl peroxide, di-tertiary
butyl peroxide or tertiary butyl perbsenzoats.

Tetrachloroethylene was found to give low yields
of apparently polymeric substances with boron trifluoride
diethyl etherate at low temperatures but this was not
investigated in detail.

Polymers obtained in a few experiments with nethyl
methacrylate in tetrachloroethylene contained very low
percentages of chlorine, so_tbat copolynerisetion appears

not to occur in this system.
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I.1; ;ntroduction

Following the pioneer work of Conant and Bridgman
(1~3), the effects of high pressures on the rates of chenmi-
cal reactions have been studied by chemists and chemical
engineers in different parts of the world. Early Wory
has been reviewed by Bridgnman (4). Perrin (5) in 1938
"published a summary of work of his group on typical organic
reactions. The pressure effects cgn be as great and as
varied as those caused by temperature. According bto the
law of mass action, pressure will exert its meximum influence
when one or more of the reactants is a gas which will be con-~
pressed and so produce large changes in the concentration of
the components. However, the kinetics of many gas-phase
and heterogeneous systems at high pressures are generally
complex and the mechanisms obscure (6-8).

The kinetics of homogeneous liquid phase reactions at
high pressures are much better understood and have been ex-
tensively studied from the stand point of heats of reaction
and mechanism of chain initiation, propagation, transfer
and termination. Fres radiéal vinyl polymerisations have

been studied at high pressures in more detail than those of

almost any other ﬁype of reactions.

The present work was started with a view to studying
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the effect of high pressures on the chain transfer to the
solvent in the polymerisation of styrene. The solvent
used throughout was tetrachloroethylene and the initiator
azo-bis-iso-butyronitrile. Experiments were generally
performed at 60°C. and at pressurss up to 3000 atmospherss
and at atmospheric pressure.

Understandably, for the interpretation of experimental

results in a systenm containing monomer, solvent, initiator
and polymer moleculses, it is necessary to study in detail
the kinetic scheme and the validity of the various assunp-
tions. Vinyl polymerisation is not the result of a singls
reaction but a composite series of reactions based on un-
stable intermediates which will eventually terminats.
Such polymerisations occur through a 'kinetic chain reac-.
tlon to produce polymer chains. The.idea of formation _
of macro molecules as a chaln mechanlsm was flrst con~ |
celved by Staudlnger (9) | Flory (lO) in 1937 showed that
in the klnetlcs of v1nyl polymerlsatlon there are three

dlstlnct stages in the process' the actlvatlon or 1n1t1atlon

g 1n Whlch free radlcals are produced, the propagatlon
stag Whlch OCCUTrs more rapldly and leads to the develop~

ment of long chalns, and the termnatlon stag;e in Whlch

the chaln radlcals ars self—termlnated.
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Any process by which one polymer chain is terminated

and another free radical generated is known as a chain
transfer because the new radical can usually propagate
a new chain. Some of the salient features of the
mechanism of each of the above steps will be discussed
below. Such kinetic schemes have been described in
detail and discussed by a number of workers. (11-17).
Work on '"Addition Polymerisation at High Pressures'
has recently been reviewed by Weale (18), and a report
on 'Homogeneous Liquid-Phase Polymerisation' has also

appeared (19).
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I.2 General Review of Radical Addibion Polymerisation

(i) Chain initiation.

(a) Polymerisation may occur in
the presence or absence of any added initiators - chemical
substances known to decompose and giving rise to free radi-
cals when mixed with certain monomers at proper conditions.
Styrene and some other monomers are known to undergo poly-
merisation without the help of any initiator by radical
processes. This is known as thermal initistion and its
mechanism is not very clear. According to Flory (10)

the mechanism is a bimolecular process leading to the

formation of diradicals:
E 3 *
2 CH2 = CH.CﬁI-I5 — CH.C6Hj — CH2 — CH2 —— CHR

‘but the reaction suffers from the fact that the diradicals
ha&e a great tendency to cyclize, thus retarding the growth
of long chains(20). Some fgrther studies have been made
but the mechanism still remains obscure (21—22) (11).

Since it is impossible to exclude the last traces of
air in the high pressure experimentation, reproducible
results cannot be obtained with thermal initiation.  All.
polymerisations throughout this work are 'catalysed' (or

chemically initiated) reactions.
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(b) Chemical initiation. In this type of poly-
merisation, free radicals are obtained by thermal (or
photochemical) decomposition of compounds such as organic
peroxides, and azo and diazo compounds. These are known
as initiators.

Chemical initiation may be regarded as occurring in
two steps. The initiator, C, decomposes to give two
primary radicals z* The 2Z¥ radicals react with the
double bond of theolefinic monomer, M, producing a chain
radical R¥ , In the case of Azo~bis-isobubtyro-nitrile

1
(AIBN), the decomposition into free radicals, zE .

’055 ICH5 ION
NG — Ic—-— N=N-—C—— ON—> 2 CH — }03'E ¥ N,
CH,, Hy CH,,
c > 2 7® (1)

is followed by the formaticn of a chain radical:

rN ' o
s ~ . — A  AX
CH, F + OH, = CHX CH, ? CH, — 0
CE CH
7% LU > R} (2)

The fragments of the initiator are always found incorpo-

rated in the polymer (23-38),
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(ii) Chain Propagation. The chain radical, RT , produced

during the initiation stage, because of its high reactivity
adds on other monomer molecules at the double bond. This
regenerates an active centre at the end of the chain, thus
preserving its reactivity and resulting in the growth of

polymer chains,

r ]
b —GH, —(% 1 GH, - GH X —>GH, ~G ~CH, b ~CH, 0%
CH5 f CH, F + CH, = CH X ("H5 F CH,, | CH, F
CH3 X : CH5 X X
3 3
Rl + M | >R2
followed by, B3 + M >R53£
and in general,
. *
Rﬁ + M >Rn+l .(3)

It is usually assumed that the rate of propagation is
independent of the length of the growing chain.

Large amounts of energy‘are liberated in this process.
As the propagation reaction requires much lower energies
than the initiation step, the rate of propagation kp[M] [R¥*]
is much more rapid and the maximum chain length is achieved

in a fraction of the total time of polymerisation.
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(iii) Chain Termination. The disappearance of the active
centres is preceded by self-termination of the chain radi-

cals by one of the two bimolecular processes:

(a) Coupling or combination of two chains giving one

inactive polymer molecule P :

CfN H 3[1 ZN
CH —-(I}——-(CHg— CHY)— CH,— cll" + *c;—c& — (CHX~ CH,) —=C —CH

3 4 n-1 2m--1| 3
H X
3 X Gy
?N ? ?
CH,—~ ¢— (CH,~ CHX)— CH,— ¢— C~—CH,— (CHX —CH,)— C— CH
R S A 2m.1‘f 2
CH X
3
® -
RE 4 BE >B (4a)
(p) Disproportionation. This involves the migration

of a hydrogen atom along the chain or during a collision
which causes the saturation of the free chemical valencies,

with the production of two inactive polymer molecules Pm

and Pn .
' ‘f i s
—— . — — n=x ®
CHz = G (CH,— CHX)= CH,~ € C —CH, — (CHX ~CH,) = ¢ — CH,
n-1 | | n-1]
H X X CH

3 Ve 3
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clzN
CH3 -C —(CH2 —CHX) —CH = CHX +
| n-1
CHB
clzN
CH,X —CH, ~ (CHX —CHa)- c- CH5
mrléH
3
3*x 3*%
Rn + Rm >Pn + Pm (4b)

It is difficult to say which of the two types of
termination is involved in a particular system. There
is considerable evidence to show that termination by com-
bination is the predominant one for the polymerisation of
styrene at atmospheric pressure whilevin the case of
methyl methacrylate termination oceurs predominently by
disproportionation. (10, 12, 35, 39).

Whether the self-termination is by combination or by
disproportionation, the rate of disappearance of chain

radicals in both cases will be
%12
k, [B¥12

where k. = (ktc + ktd)

If x denotes the fraction of termination reactions

which occur as & result of disproportionation, the following
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relationship is obtained: X = kg / (ktc + I gde
Two other radical termination processes may also

take place, involving primery radicals:

R¥ + 2¥ ——> products (5)

7% 4 7% ——> products (6)

These processes have a profound effect on the poly-
merisation kinetics if the initiator concentration is
very high and/or the momomer concentration is very low.
In such cases the initiator radicais also participate in

this step.

(iv) Chain Transfer. According to the older concept it
was assumed that the degree of polymerisation was equal
to the kinetic chain length and that the degree of poly-
merisation should be proportional to the square root of
monomer concentration when the catalyst was present. It
was observed by a number of workers that in many poly-
merisation systems the degree of polymerisation was lower
than that predicted by the above kinetic scheme. This
indicated that some side reactibn was also going on which
terminated the polymer chaiﬁ without destroying the

activity for growth.  (40-41).
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In order to explain this deviation, Flory (10) intro-
duced the concept of 'chain transfer'. He assuned that
the activity of a growiling polymer chain may be transferred
Yo a monomer, polymer, initiator or solvent molecule, which
may grow by successive addition of monomer molecule, al -
though the original polymer chain has ceased to grow.

The chain transfer reaction usually involves the transfer
of a hydrogen atom or other labile atom or group.

There are two possible reactions in case the chain
transfer takes place with monomer. With styrene, for

example it proceeds:

k-3 3¢
R.Cng.CH,C He + CH? = Cﬂ.C6H5——>R.CH = CH.C6h5 + CHB.CHC6I‘;5

65
(72)
o X - o P X -
R.C;IE.ChC6H5 + CH2 = CHC6H5----—>R‘,CH2 - CH2,06H5 + Cn?_ = C '61{5
(7b)
or in general
R® + M > P o+ uE (7

When the transfer to monomer and/or polymer is rapid,

branched structures may result leading to cross-linkings:
3£ . D e _ _ ¥ _
R+ R - CH2 - CH(06H5> R——>RH + R CH2 CA(C6H5) R

which can be generalised to
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kp

- ¥
R™ + Pn

m >P, + Ri (8)

There has been considerable interest in chain transfer
studies with halogen-containing compounds and of these
carbon tetrachloride has been thoroughly studied. The
following mechanism has been suggested by Walling (11) %o

explain the unusual reactivity of carbon tetrachloride:

Fo -

. 01~0615<———>~0+.... ¢L....CCL

I |
(J6H5 | CeHs

H
o

"

3

¥*

x
R + 0014 ——> RC1 + CC!l3

In general,

ks
R 4+ 8

>P 4+ ¥ (9)

where S represents a substance, which may be a monomer,
polymer, solvent, initiator or an& other molecule present
in the system and Sx is a derived radical}which is
capable of initiating further. Since the molecular
weight is dependent on the nature and reactivity of B

and the overall rate of polymerisation depends on the



®
reactivity of S radicals with the monomer molecules,

it is obvious that if the reactivity of the radicals
formed is equal to that of the chain radicals, then
transfer will not affect the overall rate.

It nmay be pointed out that Walling's explanation has
not been considered satisfaccory and the question will
be taken up in some detail while discussing the effect
of pressure on the numerical values of the kinetic

constants.

22,
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I.3 Kinetic Scheme for Iiquid Phase Polvmerisations

(2) General Properties of the Polxgérisation Reactions

Free radical polymerisation reactions have been the
subject of systematic study and possess a number of charac-
teristic features. Pirstly, out of the large variety of
substituted olefins, only a limited number satisfy the
structural requirements and yield polymers of high molecu-
lar weight. It will be apparent from Table I, that the
majority of the monomers falling into this category possesses

the structure CH? = C< , which is of considerable

importance:
Table I
Some Common Polymerisable Monomers
Name - Structural Formula
Ethylene CI—I2 = CH2
Vinyl chloride CH2 = CH.Cl
Vinyl acetate CH2 = CH,COO CI—I5

Vinylidene chloride CHy = C €1,

Tetrafluoroethylene CF2 = CF2
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Name Structural Formula
Acrylonitrile CH2 = CH.CN
llethyl acrylate CH2 = CH.COO'CH5
Methyl methacrylate CH, = C(CHa).COO-CH5
Styrene C6H5_CH = CH2
Butadiene CH2 = CH - CH = CH?

Secondly, the rate of polymerisation is enhanced by
heat, light and a very wide variety of substances including
organic peroxides, azo compounds, metallic sodium, strong
bases, strong acids etc. Zeigler, Natta and others
(42—45) have developed a new technique of heterogeneous
polymerisation involving the growing polymer chain as a
nucleophilic species.

Thirdly, a significant property of free radical poly-
merisation is that the process producing each completed
polymer molecule is over in a fraction of the time which
is required for conversion of the whole system to polymer,
i.e. the % conversion of the polymer increases with time
but the molecular weight remeins constant over a consider~
able extent of reaction. This characteristic feature is

of great importance in the study of overall reaction:
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(p) (i) Assumptions for the Kinetic Scheme

For setting up a kinetic scheme to include the various

reactions considered above, it is necessary to introduce

the following simplifying assumptions (11-14):

(a)

(b)

(e)

(a)

that the chain length of the polymer is fairly long
so that the propagation reaction consumes almost all
the monomér,

that the radical reactivity is independent of the
length of the growing polymer radicals and that a
single rate constant is applicable to all reactions
involving large radicals. The validity of this
assumption has been confirmed by Matheson (44) in
the case of styrene.

that the concentrations of all reactants may be
taken as virtually constant (almost equal to their
initial values). To ensure this the polymerisation
reaction is allowed to proceed only to a low degree
of conversion,

that the rate of change of concentration of free
radicals is so small as compared to their rates of
formation and destruction that it may be assumed to
be Zero, i.e. a 'stationary' or 'steady state' is

attained in the system.
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(ii) Simplified Kinetic Scheme

Taking the simplest case and without considering the
transfer reactions, a simplified reaction scheme is repre-

sented below:

.3
1 . C ----- "'-> 2 Z kd
2., ¥ .y —— g% | ky
3, K 4+ M —> RE k,
4, ER* + B¥ —> P(+P) k,

Assuming the steady state condition, the rate of

initiation, I , is

— #12 _
I-= ktER e =2 f kd[CJ

” 1
| % _ 2 2
or R* = (I/k)° = {2 f.kd[C]/kt}
The rate of propagation, V , is
Vo= - dml/at = k [M0R®) + k, (M][2%)

where kd ’ ki , kp and kt are the rate constants for

the initiator decomposition, initiation, propagation and

bimolecular termination respectively. The letter £
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denotes the efficiency of radicals z% in starting the

chain and is defined mathematically as

_ Rate of initiation of chain radicals

f= 2(rate of initiator decomposition)

The value of f wvaries usually between 0.5 and 1.0, that
is to say, between 50 and 100% of all the radicals pro-
duced ultimately initiate polymerisation.

Assuming that the rate of initiation, I , is in-
dependent of monomer concentration and that the initiator
efficiency is gquite high, the overall rate of polymerisation

for long chains to grow is given by:

\ - kp[M] [R¥]
1
= X, (M1 (I/k, ) (94)
1 )
- a~tare
L (10)

| 1 1
a2 £ x? el

il

POl

where d , also dencted by & =%k"/%k .
1Y

ct
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In the case of thermal polymerisation, for simple

diradical initiation

3

- g-1 2

Vip= & kg [

where Vth indicates the rate of thermal polymerisation.

For catalytic and thermal initiation,
ve - v+ (3% nnere)
b d

The rate of thermal initiation usually varies with monomer
concentration and the overall rate of polymerisation is
thus proportional to [M]? . Initiation rates are sig-
nificantly low as compared to those obtained in the

presence of an initiator.

(i1i) The Transfer Equation
The average degree of polymerisation, DP , which is
represented by the number of wonomer units in a given

polymer molecule is given by

5 4[] / a(DP)
at at
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Adopting assumption (a), the monomer consumption may be

equated to the rate of propagation:
Vo= - dlul/at = k [MI[R*]

Both termination by combination and transfer reactions
result in the formation of a single polymer molecule,
whereas in the case of termination by disproportionation

two molecules of polymer are produced. Hence

* 3 * 3
(/o) (R ] 241y [R] (M) +k [S1(R]+k7 [C] [R1+k [PIR]

1/DP =
kp[MJ[R*J

where kM s k. kI and k are respectively the rate

D
constants of chain transfer to monomer, solvent, initiator

s

and polymer.
It follows from Section I.2, (iii), that

ktc/2 + k, o = kt(l+x)/2

td

so by introducing chain transfer constants, and on simpli-

fying the above equation, we get:

k 3 ,
/TP = (1+x) m %ﬁil + Cp + O %ﬁ% + Cp %ﬁ% + Cp tif  (11)
p

In the simplest case, the following relationship has

been shown to hold good:



Mf-
PO~

5{ .
R* = V/kp[M] = (I/kt) = [Ei‘kd[CJ/kt]
and, also

{(cl] = ktV2/2fkdk 2p (m]2

Assuming transfer to polymer to be negligible at low
conversions, equation (11) can be rewritten as:

1

%0.

& 11
2 -— =
_ k.~ fki 2 rpq2 “

v B G oo o ] 0o
or

ke v . Ky - _ye [s]
1/DP = (1+x) okz -Tuje * Gﬁ'kad kfa’fﬁT3 + Cp + Copy (13

D

If the transfer to monomer and initiator is negligible

as in the styrene-azo~-bis-iso-bubtyro nitrile (hereafter

abbreviated to AIBN) system amd Methyl Methacrylste-AIBN

system , the above equation simplifies to:

- k
/TP = (edzgh T + O 1
p

In the case of purely thermal polymerisations,

o
1/TF = 1/TF, + G, J[:mL

(1)

(15)
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where 1/DP denotes the degree of pblymerisation in bulk
in the absence of any solvent, [S] =0 .

Equation (15) is known as Mayo's equation (45).
Cg may be determined from a simple plot of 1/DP versus
[8]/[K] . Gregg and Mayo (46) utilised this relation-
ship in calculating the transfer constants for styrene
with various solvents, the results for each solvent
giving good linear plot§ and all extrapolating to the
Value of 5?0 .

The wvalue of CS depends upon the nature of monomer

and solvent and the temperature of polymerisation but is

independent of [S]/[M] ratios in a set of experiments.

(iv) Absolute Reaction Rate Constants

For the comparison of radical reactivity of the
monomers involved, the function kzp/kt (denoted by
6"2) can be determined by using any of the equations
(94), (10) and (14), although it must be pointed out that
considerable experimental error is involved in the defer—
mination of kzp/kt and therefore in derived values of
kX and kt . For styrene and methyl methacrylate at

D
60°C, the values of 872 are 0.0007 and 0.028 respectively.
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Methyl methacrylate is thus more reactive than styrene.
(36, 39). The basic parameters for the determination
of k. and k

1Y) t
rate of polymerisation, V, and Tg s 8 quantity which

are rate of initiation I , &d the

is equal to the radical concentration at the steady state
divided by the rate of disappearance of radicals. Any
small error in Tg will give considerably lower values
of kp and kt but increasing the error in kt .
Similar situation will arise when a positive error is
introduced in I , which will lower the values of kP
and kt . There is considerable difficulty in the
exact determination of Ty -

Despite this uncertainty it is worthwhile to com-

pare some of the best values obtained for a few monomers

at a temperature of 60°C. (11).



Table I

Absolute Rate Constants for Chain Propagation

and Termination in Vinyl Polymerisation.

Mononer

Styrene

Methyl Meth-
acrylate

Methyl acrylate
Vinyl Acetate
Vinyl Chloride

k E
b

b
litre K cal
mole-
second

145 73
705 4.7
2090 ~7.1
2300 6.3
12300 -

-7

Ktxlo Et
litre K cal
mole-
second
0030 1‘9
1.8 1.2
0.47 ~ 5
2.9 3.2
2300 4.2

33.
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(v) ZExperimental Tests of Simplified Kinetic Scheme

The validity of equation (11) and the assumptions
made in deriving the general transfer equation have been
proved by examining a number of monomer-initiator systems
for the dependence of the overall rate of polymerisation
on the concentrations of monomer and initiator. Assuming
the rate of initiation to be independent of the monomer
concenﬁration, the rate equation (10) becomes

1

v = a~tuire
It is apparent from the above equation that the overall
rate is proportional to the square root of the initiator
concentration. This has been confirmed in the case of
the styrene-benzoyl peroxide system at 60°C. (47). The
dependence of the rate on the square root of the initiator
concentration has also been proved in the case of Methyl
methacrylate polymerised at 50000 with azobisisobutyro-
nitrile (48). The above relationship has also been
found to hold good in the bulk and solution polymerisation
of Vinyl acetate (22, 49-52). The kinetic orders for
different monomer-initiator systems have been reported by

a number of workers (53-59).
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Deviations of the exponent from its square~root

-~ value have been reported in the litérature (59-63, 84,
93). A lower value hss been reported by Van Hook and
Tobolsky (63) in bulk pclymerisation with high initiator
concentration. Similar results were obtained for lower
monomer concentrations with moderate initiator
concentrations.

The determination of the order of reaction with
respect to the monomer concentration has proved to be
comparatively difficult because of the complications
involved By the introduction of a solvent in the system
and it would appear that there is no general agreement
on the value of this exponent. According to some
workers (57, 64-67), the order depends on the monomer
concentration and is represented by tﬁe following
equation:

11l
“—1-%11 = k[M][CI°E® (16)

where E = T_%L%%ET and B is a constant for a

particular system at a constant temperature. Accord-

ingly, the order should lie between 1.0 and 1.5 depending
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upon the magnitude of B[M] and most of the values so
far reported for styrene and methyl methacrylate lie in
this range. Anderson, Burnett and Gowan polymerised
LA with AIBN in the presence of halogenated benzenes
and naphthalene and reported an order of reaction with
respect to monomer concentration EZ less than unity G&).
The whole matter was fully investigated by Horikx and
Hermans (67) who used the new experimental technique
of the open system flow method. They polymerised
styrene in toluene solution at 80°c using benzoyl
peroxide as an initiator. They found that the order
of reaction with respect to monomer concentration in-
creases from 1.18 at [M] = 1.8 moles/litre +to 1.36 at
[M] = 0.4 moles/litre. These results are in accord with
equation (16), with B = 1.19 litres/mole. In their
interpretation of the results, they preferred Matheson's
view (69) to that of Schulz and Husemann (64), according
to which a fraction of the radicals formed in pair from
the initiator recombine by a ''cage' effect before
escaping from each other's proximity. This will be
discussed in =2 subsequent sectiun.

In the bulk polymerisation of styrene, the order

of reaction with respect to monomer conceantration is

[P
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low (70). This has been attributed to the 'sel-effect"
(71), also known as ‘'autoacceleration' or 'Trommsdorff
effect'. This effect is very pronounced in the case of
methyl methacrylate and methylacrylate (72). "Tt is
independent of initiator and is due to a decrease in the
rate at which the polymer molecules diffuse through the
viscous medium, thus lowering the ability'bf two long-
chain radicals to0 come together and terminate' (73).

In the case of vinyl acetate, it may be noted thaf
the monomer is exceedingly difficult to purify and the
polymer formed at high conversions tends to be insoluble.
The kinetic measurements have thereforevbeen confined
mainly to low conversions. The kinetic order with
respect to iniblator concentration is 0.5 in the pure
monomer (51), in benzene (22, 74), and in toluene
solution (52). The dependence of rate on monomer
concentration is rather complex (51, 74). Burnett
and Melville (75) reported a first order dependence on
monomer concentration (1.5 to 4.5 molar) in ethyl acetbats
but Conix and Smets (57) found an order of 1.5 in the
same solvent in the range of 5-10 molar. Still greater
deviation of the order with respect to ménomer concen-

tration was observed by Burnett and Loan in benzene
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solution at 60°C (76). Such deviations in the case of
other monomers have also been studied (87-93).

The determination of rates of initiation is a part
of the determination of individual wvelocity coefficients
and is of interest in calculating the efficiency of th
initiatozxr. This can be determined in a number of ways.

Following the method of Baysal and Tobolsky (77),
Tobolsky and Mesrobian (78) found that the rate and
efficiency of initiation are independent of monomer
concentration down to values of [M] as low as
3 moles/litre. Bevington and co-workers (79-81) have
shown that the rate of initiation and hence the efficiency
is gererally independent of monomer concentration over a
wide range, for concentrations above 1 mole/litre. They
report an efficiency of about 60% and almost 100% for
azo-bis~-isobutyronitrile and benzcyl peroxide respect-
ively at 62°C in the case of styrene. Below the above
monomer concentration, there was a rapid decrease in £
with ([M]1 (80, 79).

The rate of production of free radicals is usually
founéd by estimating the rates of disappearance of in-

hibitors and retarders. Probably the most accurate

method is thet of Bawford, Jenkins and Johnston (82)
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who use ferric chloride, which behaves as an ideal in-
hibitor or retarder in the polymerisation of several
vinyl monomers. Collinson and €o-workers (83) have

also applied this method to a few determinations. The
method is based on the reduction of ferric chloride to
ferrous iron and hLence there is no ambiguity in the
number of initiabor radicals reacting with one ferric
ion. The rate of initiation can be determined by esti-~
mating the ferrous iron formed volumetrically. Bamford,
Jenkins and Johnston (84) found that the rate of initiation
of styrene in dimethyl formamide in presence of AIBN,

at 60°C was independent of the uionomer concentration over
a range of 0.4 to 2.2 moles/litre and their results were
in agreement with the findings of Bevington (80). The
ferric chloride method has not given accurate results
with vinyl acetate because of the high reactivity of

its radicals (12).

Another method involves the use of the stable free
radical of o-a diphenyl B-picryl hydrazyl (DPPH)
which is préminent among such retarders. It can be
pr=pared in the pure state and gives brilliantly coloured
solutions. The DPPH is supposed to halt radical

chains via the process (l;)
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NO2
x NO2
- ./ N\
wE 4 (06,H5)2.N iy a—e > o, >
NO2 .
(G He) - NH——+<: o,
7o,

Reaction with a growing chain yields a colourless product
which is probably due to the detachment of the hydrogen
atom from the penultimate carbon atom. At present the -
data on the interaction of radicals and DPPH is con-
flicting and the mechanism of the reactions is not
clearly understood (85, 86). The accuracy of this
method is therefore gquestionable.

Duroquinone and benzogquinone have also been smplcged
for determining rates of chain initiation but the in-

hibition process is more complicated (11).

(vi) JModified Kinetic Schemes.

Geveral instances of departure from the simple scheme
have been pointed out above. Loshesek and Co-workers (87)

polymerised styrene in naphthalene at 60°C and noted a
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variation in order of reaction with respect to monomer
concentration from 0.8 to 1.0. George and Onyon (88)
studied the polymerisation of styrene in carbon tetra-
chloride at 60°C with 8z0~bis-isobutyronitrile as an
initiator and their results when corrected for loss of
low-molecular-weight polymer led to orders of 1.29 and
0.53 in monomer and initiator respectively. Anderson,
Burnett and Gowan (68) observed 'some novel effects in
solution polymerisation' of methyl metbacrylate initiated
by AIBN in the presence of halogenated benzenes and
naphthalene. In each case they reported an order of
reaction with respect to wonomer less than unity.
Burnett and Loan (76) have reported an order of reaction
greater than 10 in the polymerisation of vinyl acetate
in benzene at 60°C. The photosensitized polymerisation
of vinyl chloride in tetrahydrofuran has been studied by
Burnett and Wright (89), using either AIBN or 1,1' azo-1
cyclohexane nitrile as initiator over the temperature
range 25°-55%C and an order of 1.46 with respect to
monomer concentration is reported.

The catalysed polymerisation of vinyl benzoate has
been investigated and the rate of polymerisation is stated

to be directly proportional to the initiator concentration
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(90). This result has been challenged by Smets and
Vrancken (91) who claim that the result is due to the
presence of impurities in the monomer and that the kinetics
of purified monomer are normal.

Bartlett and Altschul (92) studied the kinetics of
allyl acetate in the presence of benzoyl peroxide and
found that throughout the course of reaction, the rate
of disappearance of monomer was directly proportional to
the rate of consumption of initiator.

Cooper (9%); Van Hook and Tabolsky (63); and
Bamford, Jenkins and Johnston (84) have reported values
lower than 0.5 for order of reaction with respect +to
initiator concentration.

In order to account for these departures, various
modifications to the simple reaction scheme have been

proposed and some of these are discussed below.

(a) The Monomer-Initiator Complex Theory

In view of the evidence from several investigations
(64-66) that the order of the photochemical or catalysed
reaction with respect to styrene concentration is inter-
mediate between 1.0 and 1. 5, an explanation was put for-

ward by Schulz and Hugemann (64) who proposed an equation
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identical in form to equation (16). They assume that
the catalyst (benzoyl peroxide in their case) forms a
complex with the monomer with the result that the order
of reaction with respect to monomer will be greater than
unity, going as high as 3/2 for low values of monomer
concentration. Assuming that the rate of initiation

is equal to the rate of decompositibn of the complex,
the following equation was derived, similar to equation
(16) in which B is equal to K, , the equilibrium con-
stant for the formation of complex and kc stands for

the rate constant for its decomposition:

k..K [c] 2 -2

Mayo et al (47) did not find the above explanation
tenable as there was no experimental proof for the
formation of monomer-initiator complexes in their melting
point diagram of styrene~benzoyl peroxide mixtures.
Another weakness of this theory is the increase in the
value of B with temperature observed by Schulz and
Husemann, whereas for a true equilibrium constant a

decrease is to be expected.
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(b) The Cage-Effect Hypothesis.

This comparatively satisfactory explanation was
proposed by liatheson (69) who took into account the views
of Frank and Rabinowitsch (94). This hypothesis assumes
a physical effect of the solvent (and the monomer) on the
surroundings of the radicals in that the primary radicals
produced by the initiation are entrapped by the surrounding
monomer and solvent molecules and some of the trapped
radicals, instead of initiating a polymer chain, combine
with each other within the ''cage'. According to these
ideas the decomposition proceeds according to the

following scheme:

(C Coo) —->[2 C H .Coo.] —>[C.H-Coo C.H

675"
T:L or any other products

C.HCoo0' + C

6s H_Coo*

675

C v C
6H5' + Co,

Brackets are used for substances within the cage.
A corresponding scheme will represent the decomposition
of other initiators. A probable mechanism is considered

below, where z¥ and R¥® are primary and chain radicals,
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Q represents the products of the recombination of the
primary radicals trapped in 'cage' and the brackets

denote species contained within a solvent cage:

1. ¢ > (27%) kg
2. () g kg
3, (%) + M@ —> R® k'S
4, (B ST ¥ kp
5. 7¥ 4 7% > products -

6. Z¥ + M > R¥ -

7. RE L+ M > R¥ k,
8. Rf4+Rf —> P k.

Steps2, 3 and 4 are the alternatives available to a caged
primary radical: (i) primary recombination, (ii) reaction
with a monomer molecule in the 'walls of the cage' and
(iii) diffusion out of the cage. Steps 5 and 6, are
similar to 2 and 3 and take place in the main body of
the solution after reaction 4 has occurred, except that
step 2 is a first order process because the radicals exist
in pairs which are quite independent as a result of the
'cage' effect. ,

Applying the hypothesis of the stationary state (95)

the following equation is obtained for long chains:
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Pol—

1 1
= =0 k. + k!'[M]
-4[M -1,2 2 D
=d[M] _ 4 x5 [MI[C] { B } (18)

dt kp | kp + ké[M]

If kD is nmuch greater than ké[M] , the order of reaction

with respect to monomer is unity. But if kp dis much
smaller than ké[MJ , the ratefwzgggl; would be pro-

portional to

' so that the order of reaction with respect to monomer
concentration varies from 1.5 to 1.0 as [M] increases.
Although Horikx and Hermans (67) have strongly
supported the cage-effect hypotheéis, Flory (14) regards
this explanation as unrealistic. He observed that the
rates of radical addition processes such as step 3 are
invariably lower than those of the diffusion process,
step 4. Flory's criticism has been supported by Jenkins
(95) who fully investigated the situation and came to the
conclusion that Matheson's hypothesis fails to offer a

fully satisfactcry explanation for retardation.



47,

(¢) Solvent Retardation Theory

Most of the early work has regarded the solvent as
simply a diluent for the monomer, although its physical
influence was realised as in the ’'cage' hypothesis.

While studying the polymerisation of vinyl acetate in
toluene, Cuthbertson, Gee and Rideal (51) supported
Flory's view (lo) that a solvent might &s~wsd¥ partici-
pate in the polymerisation reactions. Burnett and Loan
(76) also supported this view and explained the variation
of order with respect to monomer concentration in terms
of solvent transfer reactions.

The reaction scheme may be sumparised as:

Transfer : | R* + 8 —>P + ¥ L
Re-initiation s*+ M —>R* L3S
Cross~termination R® . ¥ —> P k%
Mutual termination 8% + §¥ — Product k%'

Burnett and Loan assumed that ks[Rx][S] = ki'[SK][M] ,
that is, the rate of transfer to solvent was equal to the
rate of initiation of the chains, and the same assumption
was made by Thomas et al (96) in an identical kinetic
scheme., They could not, however, offer any convincing

proof of the validity of this theory which could account
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for their results for the homogeneous polymerisation of
acrylonitrile in solution.

The problem of retardation by solvent transfer was
treated more thoroughly by Jenkins (97) who derived the

following equation:

M-

1
5 Ik)
v e ol 2 —" &

(19)

M-

k [8] + (T k)

which predicts a variation of 0.5 to 1.0 in the kinetic
order with respect to the initiation rate, depending upon
the rate of initiation. This equation explains the
observations of Burnett and ILoan (76) and also makes it
possible to calculate k.. . But the calculated values
for the styrene-toluene and the methyl methacrylate-
benzene systems at 2500 and 60°C respectively were found
to be much higher than those obtained from molecular
weight measurements.

Burnett and Melwville (52) investigated the vinyl
acetate-toluene system using benzoyl peroxide and found
the order with respect to initiator concentration to be
approximately 0.5, whereas equation (19) predicts a

higher exponent. Bevington et al (8l) used tracer
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technique for the determination of the order of reaction
in the polymerisation of vinyl acetate in benzene using
labelled benzoyl peroxide, and obtained similar results.
The retardation has been attributed to the inefficiency
of the phenyl radicals produced as a result of hydrogen
transfer to growing radicals, but this view has been
discounted by Bevington et al (8l). Benzoyl peroxide

decomposes in solution into benzoyloxy radicals:

C6H5CO.O.O.C6HS —— 2 C6H5.CO.O.

which may lose carbon di~xide to give two phenyl

radicals of equal efficiency:

2 C.H..C0O.0O ——> 2 ¢C

6is H.. + 2 002

675

Using tracer technique, they found that the rate of
initiation was almost constant over a range of monomer
concentrations, indicating that the phenyl radicals
produced were not inefficient initiators. But this
technique has a serious drawback in that differentiation
is not possible between the two labelled phenyl radicals,
namely, the one initiating the chain and the other which
enters a polymér chain by a termination process.

It has been reported that vinyl acetate copolymerises
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with the solvent and the copolymer contains a small num-
ber of monomer units. The mechanism of polymerisation

of this monomer is therefore rather uncertain (98).

(d) Primary Radical Termination Theory
According to Chapiro et al (99) the kinetics of

polymerisation may be influenced by the participation of

primary radicals in the termination reaction. Thus

RE ., 72— P

z* 7% > products

When the concentration of primary radicals [Z¥] y
is large, these would participate more and more in the
above two reactions; as a result of which the rate of
initiation, I , and the rate of polymerisation will
decrease. By studying the y-ray induced polymerisation
of styrene in toluene at 19°C, Chapiro et al (99) found
that the rate of polymerisation showed a tendency to
become increasingly less dependent on the xavevwsy
radiation intensity (rate of initiation) and became
almost independent at high rates of initiation. Bamford,
Jenkins and Johnston (84), using the same scheme, extended
this theory. By applying the geometric mean assumption

to the three termination reactions:



= 72
k6 = 4k

P~

Writing ke/Z.(kt) = K' , the following equation

is obtained:

V = kp[M][R“] + ko [MI[Z¥] (20)
1] % ]
- g~ lpuy,P | KLLMD+ K'il | (21)
K[M] + I

For long chains:

o .
V = kP[M][R ]

1 |
= a~iryy. el —E-LM T (22)
K'[M] + I°
¥ = T [ 1+ B3 J @
5

I
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In deriving the above equation, Bamford et al, assume
that the monomer concéntration does not influence the rate
of initiation. They verified this by polymerising styrene
in N-N dimethyl formamide at GOOC with AIBN, keeping the
monomer concentration constant and using fairly high con-
centrations of the initiator (0.02 to 0.659 moles/litre).
They did not study the effect of varying the monomer con-
“centration. The relationship between polymerisation
rate and initiator concentration was linear at low con-
centrations, as predicted by equation (23), but at higher
- concentrations the slope slowly decreased, indicating
that an increase in initiator concentration gradually
lowered the exponent to zero.

The above findings are also in accord with the results
of Cooper (93) who investigated the styrene-nitrobenzoyl
peroxides systems.

The primary radical termination theory fails to give
a satisfactory explanation for the behaviour of the vinyl
acetate-benzene system in which small concentrafions of

bengene . '
-spae~sedxenbs produce large retardations. Bamford,
Jenkins and Johnston (84) have attempted to explain the
polymerisation of acrylonitrile in dimethyl formamide

on the basis of this theory but Thomas, Gleason and
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Pellon (96) have observed a fairly pronounced effect of

solvent on the rate of polymerisation. Obviously, the

possibility of retardation by solvent transfer cannot be

ignored.  Further, the results of Bevington (79-80) and
Van Hook (63) for styrene cannot be explained by the

primary radical termination theory.

(vii) Conclusions

(a) Modified Kinetic Schemes

It would appear from the above survey that the
kinetics of various monomer-solvent-initiator systems
cannot be explained by anj one schemne. The monomer-
initiator complex theory fails in many respects and has
therefore been abandoned. The 'solvent cage theory also
falls short of offering clarification in a number of
systems which have been studied. A satisfactory kinetic
scheme for all systems should take into consideration the
different reactions discussed in the solvent transfer
retardation theory and the primary radical termination
theory; and their contribution will depend upon the
individual systems and the relative reactivities of the
monomer, solvent and initiator. Such a kinetic scheme

will be described subsequently.



(b) Ihe Modified General Transfer Fguation

(i) Solvent Cage theory

In interpreting the general +transfer equation in
the light of this theory, the first term in the equation

becones

ol

'
2 i |2 llibm-f]k‘fMJ
R D o)

It would appear that when ky is much greatir than
kﬁ[M] , the first term becomes a function of [C]2/[M] .
If kp is much smaller tha? ké/[M] , the first term
will become a function [C]2/[M] for larger concen-
trations of the monomer, and at lower concentrations
will depend upon [C]%/[MJ% .

(ii) Solvent Transfer Retardation Theory

In solvent transfer, the solvent radical termination
reactions must be considered. Onitting the transfer

terms for convenience,

o t E. 2 Tt * 2
1/DP = ;ﬁ—'[R ] + Et e + gﬁ S ]“ + etc. (24)
L s B Ty p [MI[R¥]
K -
R® = V/kp[M]

1 -1
(I/kt)2 (1 + sF)

il
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where [8%] = F[R®] . The latter equalities, in which

F is a function of rate constants, and initiation and

monomer concentrations may be determined by applying

"stationary statés‘and 'seometric mean' assumptions(97).
If maximum retardation occurs, the first term

takes the following form:

kt I

2kp [M]

. 1
[y r'a
k(8] + (I kt)-2

This will be a function of [CI/[M] if Xk [B] is
much greater than (I kt)% » but if the solvent con-
centration is very low, it will be proportional to
[OJZ?l'/[MJ :

By using Burnett and Loan's relationship (76) and
substituting [Rx]‘= V/kp[M] , the general equation
takes the following form when retardafion is weak:

a2

! .k K, + k2 |
— v X3 [8 5 g [8]2
VPP = mTze 3 +z§7§%«ﬁ+wcm +ebe. (25

Van Hook and Tobolsky (63) and Jenkins (97) arrive
at the same result in the case of weak retardation, so
that for normal values of the rate of initiation, I ,
kﬁ'[M] is greater than e(I kt)% . Thus the first

term takes the following form:
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1
4 ~l§ kD[M]
2 M) (M) + k_[s]

It would appear that the first term is a function of
[C]%/[M] , as ka'I\/I] is greater than Lk [8] for all
but the lowest concentrations of the monomer.

(iii) DPrimary Radical Termination,iggggy

The general transfer equation takes the follewing

form:
_ x,. [R®] x_ (2%1 «x [z¥]2
1/DP = gﬁ—.~—- + Eﬁ. + Bi . = + etc. (26)
p [M] p [M] p [MIER™]

where [Z%] and [R*] are determined by assuming the

stationary states attainment (84):

1 1
[R¥] = (I/kt)e/tl + T/ ')
i 1
[z%] - (I/kt)B/Z(l + K'WIF)

(¢) Chain Transfer Studies

It would appear from the eqguavion

1=t
I~

%)2 .Lglz + C

1/DP = (1+x)6.( > Eé% + o 181 (a)
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that for the experimental determination of chain transfer
L1
constants, the ratio [CJ2/[M] wmust be kept constant,

whereas if the rgte of initiation, I , is taken as

the transfer equation becomes:

1
2
. 8 [C] [C{ IS}

Equations (a) and (b) can be used for the determi-
nation of Cg , C; and Cy and also for finding out
the value of & . Equation (b) suggests that Cq can
be obtained from the slopes of lines relating to 1/DP
to [81/[H] , by keeping [C]/[M] constant, and is
quite in agreement with the results of Basu et al (100)
and other workers (101-105).

Toohey and Weale (106) polymerised styrene in
toluene, ethyl benzene and triethylamine at 6OOC,
initiated by dibenzoyl peroxide and o-a' azo-bis-
isobutyronitrile. Using equations (a) and (b) they
obtained the Cg values 2.6 x 1077 and 11.0 x 1077
respectively in the toluene-benzoyl peroxide systemn.

1
The former value, determined by keeping [C]2/[M]



constant was not very far from the thermal value of
1.25 x 1072, In fact, none of the methods gives
results in agreement with thése from thermal polymer-
isation in the case of less active solvents like tol-
uene. Equation (a) is however better than eguation (b)
in this respect. In the case of the styrene-triethyl-
amine system the values of Cs obtained by keeping
[CJ%/[MJ constant were not significantly different
from those in which [C]/[M] was kept constant. It
should be noted that triethylamine is comparatively a
more active solvent than toluene.

In view of the above conclusions, the ratio
[C]/[M] was kept constant throughout the present
work, in which styrene was polymerised in tetrachloro-
ethylene which is an active solvent. AIBN was chosen
as initiator because it does not participate in the
transfer reactions.

The most noteworthy effect of chain transfer is
upon molecular weight and its study has engaged the
attention of many workers. It gives particularly use-
ful information on the relation between structure and
reactivity in radical displacement reactions. The

majority of determinations of transfer constants have
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been for styrene polymerisations and some of the values

are given in Table II (46).

Table IT

Transfer Constants of Hydrocarbons with

Polystyrene Radicals at 60°C and 100°C.

Substance

Benzene
t-Butylbenzene
Toluene

Ethyl benzene
Isopropyl benzene
Triphenyl methane

Cyclohexane

.CS X lO4
60°c 100°¢
0.018 0.184
0.06 0.55
0.125 0.65
0.67 1.62
0.82 2.0
3.5 8.0
0.024 0.16

Activation energy

k cal

14.8
13.7
10.1
5.5
5.5
5.1
13.4

Basu, Sen and Palit (108) have studied the polymer-

isation of methyl methacrylate in benzene, toluene and

halogen~containing solvents.

(Table IV).

Transfer constants for halogen-containing compounds
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are of considerable interest and some of the transfer
constants for styrene and methyl methacrylate with
typical solvents are given in Tables III (45, 109-111)
and IV (108).

Table III

Transfer Constants of some Halides with

Polystyrene Radicals at 60°C and 100°C.

Gy x 107

Bubstance

60°C 100°¢
n~butyi chloride 0.04 -
n~-butyl bromide 0.06 -
n-butyl iodide 1.85 -
methylene chloride 0.15 -
chloroform 0.5 -
Ethylene dichloride ‘ 0.32 -
Tetrachloroethane - 18
Carbon tetrachloride 9% 180
Carbon tetrabromide 13600 23500
Benzyl chloride 1.56 -
Benzal chloride 50 -
Benzo trichloride 57.5 -
chlorobenzene - approx. 0.5

% Compare values reported by George and Onyon (88) and
Walling and Pellon (112) :
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Transfer Constants of Some Compounds with

Polymethyl methacrylate Radicals at 80°C.

substance Cq x 10"
Benzene _ 0.075
t-Butyl benzene ‘ - 0.26
Toluene . 0.525
Ethylbenzene 1.55
iso~Propyl benzene 1.9
.Butyl chloride 1.2
chloroform 1.4
methyl chloroform 0.6
Carbon tetrachloride 2.39
Chloro benzene 0.2

It has also been noted (113) that with halogen
containing tranéfer agents, styrene exhibits a higher
transfer constant at 80°C than methyl methacrylate;
while the opposite order is found with hydrocarbon
transfer reagents.

o
In Table III, carbon tetrachloride possesses/very

6l.
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high transfer constant, CS/; 180 (100°C). This means
that a growing styrene chair attacks carbon tetrachloride
gbout one-fiftieth as readily as it adds another monomer
to the chain.

The transfer constants of triethylamine with various
polymer rédicals are shown in the following table (106,

107).
Table V

Transfer Constants of Triethylamine with

Various Polymer Radicals at 60°C

Polymerising monomer CS X 104
Styrene 7.1
liethyl methacrylate 8.3
Methyl acrylate 400
Vinyl acetate 370
Aerylonitrile 5900

Carbon tetrabromide is a much more reactive sub-
stance and even traces of this material profoundly affect
molecular weight. Some of the transfer constants are

given in Table VI (107, 113).
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Table VI

Transfer Constants of Carbon Tetrabromide

with Various Polymer Radicals at 60°C.

Polymerising monomer CS
styrene 2.2
p-chlorostyrene 5.2
lie thyl methacrylate 0.27
Methyl acrylate 0.41
Vinyl acetate > 39
Acrylonitrile 0.19

llany sulphur compounds possess high transfer reac-
tivity which is apparent from the figures shown in

Table VII (58, 114, 115).
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Table VII

Transfer Constants of Sulphur Compounds

with Various Polymer Radicals at 60°C

Polymerising monomer Transfer agent ' CS
Styrené n-butyl mercaptan 22
Styrene n-dodecyl mercaptan 19
Styrene t-butyl mercaptan 3.6
liethyl methacrylate n-butyl mercaptan 0.67
Methyl methacrylate iso~propyl mercaptan . 0.38
liethyl methacrylatse t-butyl mercaptan 0:18
Vinyl acetate n-butyl mercaptan 48

A comparison of the rather scattered data on trans-
fer constants with solvents for other monomers than

styrene is given below (11):



Comparison of CS

Solvent

Benzene
Toluene

Carbon
tetra-
chloride

Carbon
tetra-
bromide

Styrene

65.

Table VIII

for Different iionomer-Solvent

Systems at 60°C. (A11 x 104)
i llethyl Vinyl
HLiA acrylate acetate
0.075 0.045 3
0.525 2.7 21
2.4 1.25 > 10"
4
3300 4100 > 39 x 10

In general, the transfer constants for any one

solvent increase in the order styrene > methyl meth-

acrylate > acrylonitrile > methyl acrylate > vinyl

acetate (11).
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T4, Studies in Chain Transfer at Atmospheric

Pressure.

(i) Introduction.

It has been noted by a number of workers that the
presenﬁe of certain solvents in vinyl polymerisation
reactions resulted in ﬁﬁé congiderable decrease in the
molecular weight even though the overall rate was
unaffected (40, 41, 116, 64)., Flory (1D) attributed
this decrease to a side reaction which he termed ''chain
transfer" as it involved the transfer of activity from
a growing polymer chain to a solvent, monomer, initlator
or polymer molecule. The chain transfer results in
the termination of growing polymer chains without
dest?oying the overall activity in growth. Shortly
after these results were publiéhed, some German workers
reported thelr observations on the thermal polymerisation
of styrene (40, 41, 116) and tried to explain their
results without taking notice of this new concept.
Bamford (117) and Walling (114) independently obtained
further direct evidence in support of Flory's views.
Mayo (45) as a gésult of his exhaustive researches on
chaip transfer, and employing the kinetic scheme of

Flory (16), derived the following equations

S S Es]
TF DF, 5
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in which 5?0 is the value of DP in the absence of solvent
and Cg is the ratio of the rate constants for the solvent
transfer and propagetion reactions. This is known as
Mayo's equation and is in fact a simplified form of the
generai equation in the absence of an initiator. Mayo
applied this equation to the work of the German authors
(40, 41, 116) mentioned previously and by plotting
1/DP against [8]/[1] obtained C, from the slope of the
straight line, while the intercept corresponded to tﬁe
reciprocal of 1/DF.

Medvedev et al (118) independently derived an equation

similar to Mayo's.

(i1) The Determination of Transfer Constants.

The following transrer equations are generally
used in the determination of chain transfer constants

to solvent, monomer, initiator and polymer:
1
1 =
- fk. w 2 ot at
/TP = dy2 | C G S \
l D = (l’*‘X)tdo(_z—') o{m}— + CI {'M-} + Cm+Gs {M% oco(27>

-3 : 2 2
1/55 = (14x)eF. —— + Op (E%kd) . [;]51» 040, {%}

[M]2
. . . 00.0(28)
1/DP = 1/“15?O + G {'1\718‘}
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It is obvious that the various general methods for
the determination of transfer constants are mostly
based on the measurements of the TP of the polymer, as
the most noteworthy effect of chain transfer is upon
the molecular weight of the polymer. It is therefore
reasonable that molecular weight measurements should
be employed to evaluate the competition between transfer
and chain propagation processes.

Some of the more important conditions which must
be sayisfied and the precautions to be observed in the
accurate determination of transfer constants are summarised
below;

(1) It is very important that conversions must be
kept low, particularly with substances of high
transfer constants.

(2) The transfer agent should not affect the rate of
polymerisation.

(3) Cars should be exercised in the choice of an
initiator when determining the transfer constants
other than monomer or initiator. The initiator
selected should not be susceptible to a transfer
reaction or should have only a low transfer constant.,

(4) The thermal rate of initiation, in the case of

catalysed polymerisation, should be low as coumpared



(5)

(6)

(7
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to that arising from ceatalyst decomposition.

If the transfer agent copolymerises with the monomer,
measurenents of TP and the results based thereon
will not be wvalid.

Initiator efficiency should not vary in the range

of monomer concentration investigated, nor should

a change in [S]/[M] lead to a change in the physical
state of the polymer (for example, when a solvent
also acts as a precipitant for the polymer).

If viscosity measurements or indirect methods are
applied in the determination of TP, the correct
relationship between the molecular weight and the
limiting viscosity number must be chosen.

In many systems, due¢ to a phase change or abnormal

rates of polymerisation, the above conditions may not be

fulfilled and the number of classes of compounds for

which transfer constants may be determined becomes limited.

However, Bamford and White (107) have been able to

deternine transfer constants under such conditions,

by introducing certain plausible assunmptions.

(a) Use of Mayo Equation.

The Mayo equation (15) is applicable in all thermally-

initiated polynerisation for determining the solvent

transfer constant by plotting the values of 1/DP against
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a renge of [S]/[M] values. The slope of the straight
line is equal to the transfer constant.
Although this method has been widely used, particularly
by Mayo (21, 109,'115, 46) in the case of styrene and
by Basu et al (108) for methylmethacrylate, it suffers
from a serious drawback in that repoducible results
are véry difficult to obtain in the absence of initiator.
Traces of oxygen are always present in high pressure

experiments.

(b) Method of Relative Rates.

This method is particularly suitable for systems
containing polymerisation regulators (like mercaptans
which are very reactive transfer agents). It is not
conveniently applicable to less reactive solvents. CS
may be derived by any of the following equations by
measuring the relative rates of consumption of the

monomer and transfer agent;

_a[u/ay _ SplMIIE ek [M][S¥]
s k_[S][F°] (2

= %*1
S

The above relationships assume that solvent retardation
is almost negligible and thas k"p[M][s®] becomes equal

to k [S][R*].
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However, if the reaction yeilds high polymer,
[M]/c [8] >> 1, the following simpler form of equabion
is valid:

d lo 1 a

==

d log S

.

The quantity d[s] can be determined by measuring
the rate of inclusion of the regulator in the polymer

or its rate of disappearance.

(¢) Dilution Method.

In this method the ratios of the solvent and monomer
concentrations are varied, keeping [ C]/[M] constant,
using an inert diluent. It is thus possible to keep all
terms on the right hand side of the transfer equatiog/
constant, with the exception of the solvenﬁ transfer
term. Gregg and Mayo (1ll) applied this method in their
studies of the benzoyl peroxide initiated polymerisation
of Styrene in carbon tetrachloride, using benzene
(0g = 0.2 x 1072 at 60°C) as an inert solvent. The value
of CS obtained was gquite close to that obtained from the
Mayo equation applied to thermal polymerisation. Fuhrman
and Mesrobian (113) also employed this method in
investigating the transfer copstants of six vinyl mono-
mers with carborn tetrabromide.

In the case of comparatively active solvents, the
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solvent transfer term in the general trensfer equation may
be greater than the sum of all other terms. It is also
very desirable in such cases to keep a narrow range of
[S]/[M] values. Walling and Pellon (112) determined

the transfer constants for 0064 with styrene using this
procedure. Bamford (107) used this method for tertiary

amines.

(@) Transfer Constants from overall Rates of Polymerisation.

Some of the methods described in this section are
based on the experimental determination of 5? (the degree
of polymerisation) and V (the overall rate). Obviously
these methods are less accurate than those in which only
one experimental measurement is involved.

It is apparent from the general transfer equation:

1 . aé v 4% y2 S
%-? = (1+x) 5 [M]z+ CI m.ﬁ[{_]—;-i. Cm+Cs {'ﬂr}

that if the reaction rate, and the reciprocal of the
degree of polymerisation, are determined in bulk and
solution polymerisation, it is possible to determine

the values of C,, G, COp and (1+x)d® from the graph.

If the initiator transfer constant is negligible,
as for AIBN with styrene and methylmethacrylate, or

benzoyl peroxide with methyimethacrylate, a straight line
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will be obtained by plotting the values of 1/DP versus
rate for bulk'polymerisation, having a slops equal to
(1+x)d® and an intercept equal to C on the 1/DP axis.
Although the value of CI for benzoyl peroxide and styrene
is not negligible, Tobolsky et al have used this method
in the determination of Cmg by keeping the initiator
concentration low (50, 119).

For solution polymerisations, with constant
[c1/Tm], C, may be found byvplotting (1/P-a?v/2[M]?)
against [S]/[M] which will give a straight line having
a slope egual %o Cs" This method has been épplied by
Palit et al (120-121) to determine the transfer constants
to various solvents in the polymerisation of styrene
and methyl‘methacylate. They report a fair agreement
between valges obtained from catalysed and uncatalysed
experimentss

Another method basea on the following modified
transfer equation has been used by Breitenbach and

Schindler (122):

[ [I/DP - o, - cﬁﬁ”: (1x) & + o [E]0U]
i

e (30)
They polymerised styrene with benzoyl peroxide and
AZD~vis-iso butyro nitrile in various chlorinated

hydrocarbons at 70°C.
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By plotting the left hand side of this equation
against [S][M]/V, they determined Cy from the slope
of the straight line, whose intercept was equal to

s .

(1+x). %? . |

Palit et al (120) have suggested several other
methods for detsrmining the tr_ansfer. constants based
on the observed values of 1/DP and V. They claim that
by the direct application of the modified transfer
equation, the transfer constant can be determined for
any monomer by single measurements of DP and reaction
rate; and further, that the values of the transfer
constants are in agreement with the values already
reported

As pointed out earlier, the methods described in
this section are less accurate than those based on the
DP measurements only. Moreover, the experimental resulbs
of Palit and co-workers have been criticised by Toofey
(12%) and shown to be unsatisfactory in many aspects.
Theée authors purified methyl methacrylate by distilling
this monomer at lOOOC, apparentlycin contact with air.
Further, they did'not take into account the reactivity
of the solvent, i.e. whether normal ( such as benzene)

or reactive (like ethyl benzene, chlorinated hydrocarbonsetc)
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Tookey (12%) and Bamford et al (12) consider that in

the determination of C, for normal (less active) solvents
by plotting 1/DP against [S]/[M], more accurate results
are obtained by kesping the ratio, [0]1/2/[M], constant,
instead of [C]/[M].

(iii) Effects of structure on Reactivity in Transfer.

The data in Tables II ~ VIII give some information
about the rclation between structure and rsactivity
but this information is largely inférential. It is
evident from these tables that some solvents are
efficient chain ﬁransferring agents and considerably
reduce the dcgrcee of polymerisation, while others are
quite weak in this respect. The question naturally
arises as to the reason for the wvariation in chain
transferring activity. An examination of the transfer
constants for a series of related compounds suggests
that some atoms will undergo transfer more readily than
others. This is attributed to factors such as differences
in bond energy, and steric effects, as a result of which
the transfer activity of a solvent will generally be
displayed by one atom, that is the activity resides in

that atom. If there is more than one reactive atom in
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the molecule, the most active in transfer will be the
one attached to the most highly substituted carbon atom.
Mayo (45), using the observations of Price and
Tate (25) éttempted to correlate the magnitude of
transfer constant with molecular structure. The work
was claborated by Gregg and Mayo (46) who investigated
the thermal polymerisation of styrene. Their choice
of solvents was confined to cyclic compounds only, due
to the insolubility of polystyrene in aliphatic hydro-
carbons (Table II). The values discussed below illustrate
the reactivity of the benzyl hydrogen and the effect
of substitution on the alpha-carbon atom.
In benzene and cyclohexane, the tpansfer constants
n
a

for styrene polymerisation are low, (0.018 x 10 ' and

0.024 x 104

respectivelys, apparently because of the}
absence of any active hydrogen atoms. In toluene, howsever,
the side-chain hydrogen atoms are very reactive owing

to their attachment to a carbon atom linked directly

to the electron-attracting phenyl nucleus. Consequently
the side~chain hydrogen atoms can readily take part in

the transferlreactions and the transfer constant of

toluene is 0.125 x 10™F. In ethyl benzene and isopropyl

benzene, the increased reactivity,»(cs = 0.67 X 10“4
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and 0.82 x 10—4 regpectively), is due to the presence
of secondary and tertiary hydrogen. It is a well-known
fact that the reactivity of the hydrogen atom increases
in the order normal < Secondary < tertiary (124). 1In
the case of tertiary butyl benzene, thers is no alpha-
hydrogen and consequently the transfer constant falls

back to a very low value, 0.06 x 10—4’ intermediate

between those of benzene and toluene, It may also be
noted that in the case of hydrocarbons listed in Table IT,
the increasing activity is accompanied by decreasing
activation energy.
Gregg =and Mayo (109) studied a number of oxygen-
and halogen-containing transfer agents and on the basis
of their observations concluded that the substituents
on the conjugate carbon atom had an activating effect
decreasing in the following order:
Phenyl > carbo alkyloxy, carboxyl, carbonyl > halogen
> hydroxyl, alkyl > hydrogen.
The above order is according to expectation on the basis
of stabilisation of the resulting transfer radical and
is almost in agreement with the earlier results of Mayo

and Walling (125), deduced from copolymerisation

experiments,.
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Basu, Sen and Palit (108) studied chain transfer
in the rolymerisation of methylmethacrylate with seven
chlorinated hydrocarbons. These solvents differed widely
among themselves in their transfer activity which was
in the following order:

carbon tetrachloride > chloroform > Butylchloride

> Propylene chloride > 1l;l:1 trichloroethane

> tetrachloroethane and chlorobenzene.
They further report that despite such wide difference
in their chlorine content, these solvents obey Mayo's
equation, Jjustifying the correctness of the assumptions
involved. Mayo (45) assumed that the transfer activity
of a chloro=-coupound was a function of the chloriné
content in the molecule, but the above order shows that
this interpretation is not tenable in the case of compounds
having ghlorine atous attached to different carbon
atoms (86). TFor example, tetrachloroethane and propylene
chloride have lower transfer constants than that of
butyl chloride, and tetrachloroethane is as much resistant
to free radical attack as chlorobenzene.

The transfer constants for halogeno-benzenes are
generally close to those of benzene apd the polymers are

almost fres of halogen (21, 126, 127).
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0f the various halogen-contalning solvents, carbon

tetrachloride has been thoroughly studieda (47, 112, T3).
Breitenbaci and Maschin (126) studied the polystyrenes
formed over a wide range of [S]/[M] ratios in this
solvent and the polymer was found to contain four chlorine
atoms per molecule. DBreitenbach and Schindler (122)
polymerised styrene in a variety of halogen-ccntaining
solvents. They obtained chlorine~free polymers in 1:2
dichloroethane with an [S]/[M] ratio of about 3, but in
the case of 1l:1l:2:2: tetra-chloro-ethane, there wers
six atoms of chlorine per molecule, which is a surprisingly
high figure.

| It is at first surprising that the chain transfer
reactivity of carbon tetrachloridg ~ an: apparently rather
inert molecule, should be so highe. The unusually high
value is attributed to its ready decomposition under
free radical attack. This view has béen supported by
the fact that a large variety of compounds capahle.of gencrating
free radicals by decomposition invariably react with
carbon tetrachlori@e énd aliphatic chloro compounds.
Hey and Waters (128) were able to prove that benzoyl
peroxide on decomposition reacted with carbon tetrachloride

giving chlcrobenzene and hexachloroethane, that 1is to
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say, Gthe .C 065 radicals generated Wére destroyed by
mutual combination. In the polymerisation reactions the
growing polymer chain also attacks the carbon tetrachloride
molepule, leading to the éequence of chain reactions.
The .CCéz radicals generated propagate a new reaction
chain, instead of being destroyed by mutual combination.
Breitenbach and Maschin (126) and Mayo (129) proved
the existence of Céz.0 (-CHE-CH(d)—)n.06 molecules in the
polystyrene. obtained in carbon tetrachloride. Such
polystyrenes, prepared over a wide range of [S]/[M]
ratios, contain four chlorine atoms per molecule, thus
establishing the radical displacement mechanism.

Walling (11) has ettempted to explain the high
reactivity of carbon tetrachloride by ascribing it to
the resonance stabilisation of the .0065 radical
produced in the transfer process (12k cal/mole from bond
digsociation data) and to the comparative weakness of
C-C¢ bonds. ILiess activation energy is therefore required
for processes in which they are broken and formed.
"It may be helped" says Walling (11) 'by the additional
strength of the Benzyl C-C¢ bond formed, due to overlap
between the orbitals of the C¢ and the benzene ring, and

by the contributions of'a polar effect. BSimilar arguments
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must apply to the still higher reactivity of carbon
tetrabromide", Walling's explanation has been criticised
by Romani (130) who finds it unsatisfactory in accounting
for the lower reactivity of chloroform with polystyryl
radicals (Cg = OuZ4 x 1077%)., This will be discussed in
Tart IITI of this work.

It would appear from the above statement that a
prediction of the GS value in the case of chloro-
compounds is not a simple matter, either on the basis
of high chlorine contept or from any structural considera-
tions. In the case of.hydrocarbonsthe active hydrogen
hypothesis often works well. Ilost probably the bond
cnergy of the C-C& linkage plays an important role in
the chloro-compounds in determining their susceptability
to free radical attack. Dewar (131) suggested this
idea in 1949. The wvalues of the force constants of
C-C¢ bonds in different chlorine-containing compounds
have been obtained by Raman spectrs and are found to

be in the order 0064 > CHC¢. > Propylene dichloride

(132).
Bamford and White (12) and Toohey and Weale (106)

3

have investigated polymerisation reactions in tertiary

amines and the values for some of the transfer constants
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are given in Table IFI, ¥-

The mercaptans zre pérticularly reactive transfer
agents, with transfer constants greater than unity.
This high reactivity is certainly due to the cleavage
of the S-H bond. This view is supported by the fact
that thiol-regulated polymers generally contain one
sulphur atom per moleculs, preseﬁt as an organic sulphide,
and also among the polymers obtained are f-phenyl-
ethyl alkyl sulphides. Many sulphur compounds possess
high transfer activity as meay be seen from Table VII.
It is interesting to ncte that unlike the behaviour of
many compounds and particularly the hydrocarbons, they
show a decrease in the value of transfer constgnt with
increase in temperature.

As previously stated, Toohey and Weale (106)
found it preferable to keep [C]l/é/[M] constant rather
than [C]/[M], in determinations of C_ via DP for
inactive solvents such as toluene. Bamford and his
colleagues (12) are also of the same view. In the
course of the present work, howsver, the ratio [C]/[M]
was kept constant, in view of the comparatively more

reactive nature of tetrachloroethylense.
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I.5. The Effect of Pressure on Reaction Rate.

(1) Introduction.

Some of the earliest work on polymerisation under
pressure is due to Bridgman and Conant (1-3) who in 1929
polymerised styreune, vinyl acebate, iso prene and 2:3
dimethyl butadiene at pressures ranging between 9000
and 12000 atmospheres, and noted a considerable increase
in the rate of reaction. .

Subsequently a number of workers (18, 1%1 112, 133~143%)
have confirmed the accelerating effect of pressure. More
recently much research on the effects of pressure on the
rates of polymerisations and of other types of reaction
hes been carried out. Aﬁong those now active in this field
are Weale (U.K.); Hamman, Ewald (Australia); Whalley,
Laidler (Canada); Gonikberg (Russia);. and Walling,
Ehrlich, Lie Noble, Brower, Wall (U.S.A.) (1l44).

(ii) The Theory of Reaction Rates at High Pressures.

The two theories of reaction kinetics which are
equivalent but quite different in method of approach
(145) have been used in explanation of the effects of
pressure on reaction rates, namely the collision theory

and the transition state (or activated complex) theory.
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The latter permits greater insight into the detalls of

the reaction processe.

(a) The Collision Theory.

According to this theory when the reactions are
bimolecular, the rate of reaction cannot exceed the
collision rate of the molecules which couprise the
activated complex. The classical collision theory leads
to the following expression for the velocity constant,

k, in the case of a bimolecular reaction

x = Pre~B/RT ‘oo (31)

where Z represents the collision rate. E 1s the activation
energy, i.e., the minimum thermal energy per mole which
colliding molecules need in order to react ('"fruitful
collision"), and P is & probability factor less than
unity. The observed values of P cover a wide range and
a unified treatment of the obscrved P values does not
seem to be possible. This is a weakness of this theory.

The application of equation (31) to reactions under
pressure only allows a determination of the separate
effects of pressure on PZ and on E. For many reactions
the aznalysis of the experimental data shows that both

E and PZ are changed by pressure and may also be influenced
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by different solvents (146). Such reactions can be best

interpreted on the basis of the transition state theory.

(b) The Transition State Theory.

In the collision theory, detailed study of the
structure of the reacting molecules and the nature of
the activated condition is seldom required; and the
emphasis is generally on the collision rates and cnergy
of activation. In the transition state theory the
approach is different. The method requires the calculation
of the changes in energy and configuration of the system
as 1t passes from the reactants to products in the
activated complex, and the evaluation of the rate
~constant by means of statistical mechanics. A general

reaction of the type

SProducts  «.4(32)

ah + bB + ;.h___ﬁ;x%

is assumed to proceed through a transition state X.

The transition state and the activated complex are often
used as synonymous terms, but strictly speeking, the
former refers to the set of coordinates and the létter

to the groups of atoms having this set of coordinates.

The rate constant is derived in the following form by

the aprlication of stat;stical mechanics to the energetics

of the reaction (147,148):
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ko= k&S (R .. :(3%)

where k is the rates constant usually Jdefined in terms
of the concentrations of bthe reactions, & is a transmission
coefficient represcnting the probability of the passing
over of the transition state to the products,, rather
than roverting to the original rcactants, af, DByecey K
is Boltznan's constant, h is Planck's constant, T 1is
temperature on tvha absolute scale and K¥ is the equi-
librium constant for the equilibrium between the reactanss
and the activated complex.

The velue of the transmission constant, 4, is
generally assungd to ke closs to unity end independent
of the teuperature and pressure. Bquation (33) can be

put in the following form:=-

. _ 7_[ .
k:%. o~ AF /BT v (38)
or
k= () 05 /7 - /R .o (35)

or, assuming the activation energy to be sgual to the

heat of activation (149),
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F/m _m/pm o
k = (%?) ohs /R e B/RI eec{35)

where the superscripts AF¥, AH¥ and As¥ represent the
changes in these thermodynamic guantities when the
transition state is formed from the initial reactants.

The following relationship may be derived from
equation}(%4) after taking the logarithms, differentiating

with respect to pressure and u31ng the 1aent1ty H? = V2

v #

d enk _ _ %%F e oo (37)
or : 7! .

~ov - BL:d enf RI.G enx T ... (38)

Bquations (37) and (38) were originally proposed
by BEvans and Polanyi (150). They link the pressure and
the rate constant with the volume of activetion, AN%,
which denotes the change in volume when the transition
state is formed from the initial reactants. »3Small
correction terms will be introduced in this equation

<

scale, when the equation {38) tskes the following form;

if the equilibrium consbant is based on the molar

d RT ¢n k

(gD g = ~(AFIP4(1ma-b. ... )BT,

000(59)
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in which Ky represents the compressibility of the solvent,
This can be avoided if K is expressed in terms of the
molal concentration scale or the mole fractions (14%,
151). Eguation (39) will be reduced to eguation (38)
in the case of a first order reaction, when a = 1, and
b = 0. In high pressure measurements of rate constants
there is an uncertainty of a few OnB/mole due to
experimental errors, which is generally greater than The
factor RI'k, in equation (39).

AV¥ can be determined from the experimental results
by means of equation (37), but for a theoretic calculation
a complete knowledge of the structural and electrical
properties of the inivial reactants, solvent and transition
state would be essential. This involves the methods
of statistical and quantum mechanics. However, it is
often possible to predict The sign and order of AWJ.

According to equation (37) if AV{ is negative, an
increase of pressure will accelerate the rate. A positive
value of AN¥ implies that the rsaction is retarded by
pressure.

Although the '"volume of activation' wmost often
considered is the volume change at one atwosphere, it

is recessary in order to clearly define 1t to state tThe
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pressure. This is because AV¥ changes with pressure
and occasionally the change is rapid.

Fawcett and Gibson in collaboration with Perrin
and Williams (152~155) published a series of papers on
the effect of pressurs on the rates of Menschutkin
reactions. Their results have been summarised by Perrin
(5) who observed that pressure has an accelerating effect
n"slow reactions'" in which the value of the entropy
of activation, AS¥, igs negalive. This is true in the

case of polymerisation reactionse. Avg is related to

the free energy of activation, AG%,
ot = d s oo (40)

where AG% nay either be egual to -RT 6n(Kh) or -RT ¢n K%
(145). Thus the value of AVg may be found if the figures

for AG£ at different pressures are known.

(i) Division of the Volume of Activation into Two Terms.

Evans and Polanyi (150) suggested that it is
convenlent to split up AN#, a composite function, into
two terms: AVl#, which i1s the change 1n volume of the
initial reactants aA, bB ... When they form the activated

whid.
complex; and Avafkis the corresponding volume change of
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surrounding solvent resulting from changes in electro-~
striction (rearrangement of the solvent molecules).

Any marked change in the intermolecular forces when the
transition state is formed is likely to increase ths
value of AW!. In the case of non-polar reactions there
is probably an insignificant contribution from Avgé
and AV1¥ is the dominating term.

In the case of polar reactions it has been generally
found that the acceleration or retardation by pressure
is dependent on thelr electrical nature i.e. AV2% is
impoftant. This is a conclusion which could not have
been arrived at on the basis of collision theory,

according to which reactions of the types

I!+Bl['-"“'>-A.’ a ..o..oo(i)

I!++I“.’.[:"">A.9 o-ooc--o-o(ii)
would both be accelerated by pressure, whereas in the

latter reaction retardation occurs (156).

(iv) The Overall Effect of Pressure on Polymerisation.

The accelerating influence of pressure on the rates
of polymerisation was studied by Conant and his collapora-
tors (1-3)., They found a 10-fold increase in the rate

of polymerisstion of isoprene at room temperature between
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6000 and 1200C atm. They further observed that dissolved
oxygen present in their high pressure experiments acted

as a catalyst (initiator) through the formation of
unstable peroxides, Shortly after these experimentws,
Tamman and Pape (1%3) sbudied the rabtes of polymerisation
of five liquid olefins, including styrene, at pressures

up to 3000 atm. and ob?ained the astonishing acce;eration

factor of Z.24 x 106

at 140°C at 1500 atmospheres.
However, on reinveetig%tion Gillham (138) discovered
a number of serious shortcomings in their techniquey
and it is now clearly estaplished that the actual figures
should be less than 10 (138, 141). In Gillham's
experiments the conversions to polymer were often between
20°/0 and 100°/0 and the results are not suitable for
detailed kinetic analysis (157)4

Another investigation of the kinetics of free radical
polymerisation of styrene was made by Kobeko et al (137)
but unfortunately the results are most inadequately
presented. Very i1lluminating and detailed studies were
however undertaken by Norrish and his collaborators
(141-142) on the kinetics of styrene polymerisation at
high pressures. Merrett and Norrish (141) in 1950

studied the catalysed polymerisation of styrene, using
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benzoyl peroxide as initiator and at pressures up to
5000 Kg/cm?® at 60°C. Their results, which represent
the combined effects of pressure on the initiation,
propagation and termination reactions show that:
(a) The overall rate of polymerisation is
proportional at 1 atmosphere to the initiator con-
centration raised to the index 0.5. This drops at
3000 Kg/em® to 0.4 and thereafter rises very
slightly.
(b) Between a range of 2000 - 3000 Kg/cm®, the
rate increases exponentially with pressure but in
the range of 3000 - 5000 Kg/cm® it is almost directly
proportional to the pressure, for a constant initiator
concentration. The overall rate is increased by
15-fold at 5000 Kg/cm?®, with 0.04% mole per cent
of benzoyl peroxide.
(¢) The molecular weights of the polymers increase
with pressure up to about 3000 Kg/cm®, becoming
almost tripled between 1 and 3000.
Although the enhanced rate and the increase in
polymer molecular weights havebeen shown to be mainly
due to the accelerating effect of pressure on kp and

hence on kp/ktl/z, there are other factors which may
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affect the overall rate constants and the DP.
A subsequent study of the photosensitized poly-
merisation of styrene using the same initiator and
pressure range at 5000 was undertaken by Nicholson and
Morrish (142) which enabled these authors to determine
k and k

D t
investigated the effect of pressure on the rate of

separately at high pressures. They also

decomposition of benzoyl peroxide and their results
show that;
(d) The initiation step is retarded by pressurs.
(e) The rate of propagation is accelerated in a
roughly exponential manner by pressure.
(f) The rate of termination is considerably
retarded by pressure due to increased viscosity at
high pressures.
The polymerisation of methyl.methacrylate has also
" been studied at high pressure (158) and the rate of
reaction is proportional to the square root of the initiator
concentration. The increase in the rate of polymerisation
and in the polymer molecular weight, (which levels off
at high pressures) are similar to those found for styrens.
In addition to these kinetic studies, much work

has been done on the pressure effect on the polymerisation
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of styrene and other monomers and the structures of
the polyuers. Detailed studies have been made by
Gonikberg and his collaborators (159), Jacobson and
Carothers (139), Starkweather (134), Walling (11,%2),
Ehrlich and Pittilo (160), Sapiro,’Linstead and HNewltt
(135), Holmes-Walker and Weale (145), El Roy (55),
Mehdi (161) and Romani (130).

(v) The Kinetic Egquations at High Pressures.

It has been pointed out above that in the general
rate equation (10), pressure has a great accelerating

effect on.kp/k%/z. But the overall rate also depends

upon [M]l'o and (2fkd[0])o'5. Since it has beccme

customary to express the composition of-a solution in

terms of the molar concentrations of its coumponents,

the small increases due to compression, in the concentrations

of the monomer and initiator affect the calculated values

of rate constants.

(a) Pressure Effects on Initiation Processes.

As pointed out earlier (57, 60, 64, 74, 84), the
rates of vinyl polymerisations often show departures
from the simple kinetic scheme, depending on such factors

as low wonomer concentration, high rates of initiation,



the type of initiator, the nature of the solvent and

monomer, and the temperature (106, 162-163). Toohey

95.

and Weale (106), and Norrish and his coworkers (141-142)

have investigated the dependence of the exponent of the

initiator concentration on pressurs.

are summarisad below:

Their results

Reference

System Temp °C Pressure(atm) Bxponent of.[C]

l.Styrene- 60
Benzoyl-
lperoxide
2eStyrene- 30
Benzoyl~
Peroxide
(Photosen-—
.sitized)
3.5tyrene—- 60
Benzoyl
‘peroxide
4,5tyrene— 60
Benzoyl
Peroxide

(Toluene)

3000

3000

4400

4400

Ot

O«d44

O 44

141

142

106

106
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At 1 atmosphere, the order of reaction wifh respect
to [C] was found to be 0.5 in each system. The decrease
at high pressures has been attributed to termination by
primary radicals.

Walling and Pellon (112) studied the effect of
pressure on the decomposition of benzoyl peroxide and
confirmed the findings of Norrish and Coworkers (141-142)
that pressure retards the dissociation of the initiator .

Thelr results are tabulated below:-

Cc/uo&

Substance Solvent Temper—-
(and reference) ature levhod 5;@55“9 kXZQQMQth@

Benzoyl peroxide 0044 60°C Direct 0.14 0.078  +10

(141-142)
Benzoyl peroxide acsto-~ 80°¢ Direct 5.6 4.6 +5
(112) phenone

Ewald (164) studied the dissociation of AIBN in
toluene at 62.5°C at pressures up to 10,000 atmospheres
and observgd retardation in the rate of decomposition
from 1 atme to 1500 atm. His figures for kd obtained

by the scavenger technique and the direct method showed
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a decrease from 0.89 x 1077 to 0.55 x 1077 and 1.87 x 1077
to 1.52 x lO~5 respectively, the former value indicating
a wastage of free radicals. EwWald employed iodine as
a scavenger but Bawn and Mellish (165) used diphenyl
picrylhydrazyl (DPPH) for studying the decomposition
of benzoyl peroxide snd azo-bis-isobutyronitrile at
1 atmosphere mainly in gromatic solvents. Assuming thet
in the retardation reaction each DPPH radical reacts
with onc other radical, they obtained results fairly
close to those calculatesd from the volumetric measure-
ment of nitrogen evolved or from direct spectroscopilc
neasurement of the azo-bis~isobutyronitrile coneentration.
The' D.P.P.Hs method has been criticised by Walling
(166). Hammond, Sen and Boozer (85) have produced
expefimental evidence to show that the value of D.P.P.Ha
as a "counter" is doubtful as it does not capture the
decomposition products gquantitaitively, particularly
in the case of azo-bis-isobutyronitrile in which several
(instgad of one) initiator radicals react with one

D.P.P.He radicel. In their view the probablg mechanism ig
3 ; '
(CH3)2—0-0N+DPPH —>CH, = C(CHB).CN+H—DPPH

*®
H—DPPH+(CH3)2—C—ON —>(CH5)2—CHON+DPPH



which is responsible for regeneration of the D.P.P.H.
This type of double transfer had been suggested by
Burnett and Cowley (167). The findings of Hemmond et
al have been confirmed by Bawn and Verdin (168). Ewald
(164) and Walling (166) suggested that the difference
in the wvalues obtained by the '"scavenger' technique

and the "direct" method for the decomposition of azo-

1"

bis-isobutyronitrile was due to a ''cage'" effect. The
value of EV¥ by the scavenger techpique ig larger than
that obtained by the direct method. This is obvicusly
due to the radicals diffusing oﬁt of their "cages'
prior to their reacting with the molecules of scavenger.
Talat-Erben and Bywater (169) determined the rate of
decomposition of azo~bis-isobutyronitrile in toluene
at 70°C at 1 atmosphere and ﬁhe rate constant (O.4X10-4)
was much lower than that obtained by Ewald. Although
they do not agrec¢ with Walling's above explanation based

on the "cage'" effect, the low efficiency of initiation

in carbon tetrachloride as observed by Lewis and Matheson

(170), Hammond et al (85) and Bawn and Mellish (165)

is still explained by some workers on this hypothesis

O

(12). According to Flory (14) 'Matheson's widely accepted

explanation in terms of the cage effect appears to

o



be based on an unrealistic interpretation of the rates
of the processes involved.'

It has been pointed out in Section I(v) that
inorganic lons possessing chain terminating properties
have also heen employed‘fo; this purpose. Bamford,
Jenkins and Johnston (82, 82a, 171) and Dainton and his
coworkers (83, 172) have shown that hydrated ferric
chloride in dimethyl formamide or methyl ethyl ketone
behaves ag an idecal inhibitor of styrene polymerisation
and retards the polyumerisation of acypylonitrile. But
to the writer's knowledge the method has not yet been
used for high pressure studies.

It has been pointed out earlier that the nature of
the various reactions in the decomposition of azo-bis-
isobutyronitrile still remains uncertain. It is supposed
to decompose into nitrogen and two isobutyronitrile
radicals by either simultansous or successive cleavage
of C-N bond;:

_—

(CH,) 5o Co (QN)-T = N—(NC);C;(CH

302 5352
(CHz)eCo(CM)=N = N + NC~C.(CHz), —>

*x
N, + NO-G(CHz),
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Bevington (173) analysed the expected products of
combination and disproportionation from the primary
products and found that relative amount of each reaction
was depandent on the extent of decomposition. Higher
conversions favour the formation of the combination
product, namely, tetraméthyl succinodinitrile. The

formetion of an unstable intermediate, ketene-imine,

(CH3)2 C=20C = N(CHB)5
has been proved by Talat-Erben and Bywater (169).

It would appear from the above discussion that
pressure slightly retards the rate of decomposition of

initiator and hence the rate of initiastion 1s also

reduced,

(b) Pregsure Effects on Propagation and Termination.

Merrett and Worrish (141) made a number of infcrences
from their results which were subsequently confirmed
by Nicholson and Norrish (142).for the pressure effects
on kd’ kp and k_ for styrene. By using a "rotating
sector' +technique they showed that kp in styrene, .
between 1 and 2900 atn. at BOOC, ipcreased by a factor
of 5.5 and obtained a value of ~13.4 cmB/mole for
AW£ . Bhortly afterwards, Walling and Pellon (112)
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employed a different technigue (emulsion polymerisation)
for measuring the same rate constant and found an increése
by a factor of 2.9 bebtween 1000 and 3700 atuospheres

at 40°C which corresponds to an activation volume

AN¥ = =11l.5 cmB/ﬁole, comparing well with the value

of Nicholson and Norrish.

Nicholson and Norrish (142) also found that the
rate of the termination step, (another bimolecular
reaction), decreased rapidly up to 1000 atmospheres
and then more slowly. Walling end Pellon (112) reached
the same conclusion independently. This anomaly is
rrobably due to the large increase in the viscosity of
styrene under high pressure with a corresponding decrease
in the diffusion rate. The correctness of this
explanation is yet to be established, although Hamman
(174) has shown that viscosity does play some role in
high pressure bimolecular reactions.

The viscosity effect may be minimised in procssses
which are diffusion-controlled by using diluents of low
transfer values,

The viscosity effect at high pressures is very
similar to the behaviour of wmethyl methacrylate when the

polymerisation is cerried to high conversiohs. The
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rate is almost unaffected by the extent of polymerisation
up to about 100/0, beyond which it rises rapidly as

the increasing visébsity is accompanied by'a decrease
in the rate of termination. At very.high conversions

the rate of propagation is retarded and it is reduced

almnost to zero at aboutb 900/0 conversion,

(¢) The Transfer Douation at High Pressures.

Since the transfer reactions generally involve
a bimolecular reaction between a small molecule and a
large radical, it is expected that pressure will have
an accclerating effect. The increased importance of
the various transfer reactions in the termination of the
growing chain radicals causes a trend of the molecular
weights at high pressures to an almost constant values,
Chain transfer in vinyl polymerisation can occur
either by the attack of a polymer radical in a monomer

rmoleculsy

3

R-CH, + CH, = CHX —> RCH

XTF'
5 - + CH2 = X

3

or by abttack on a solvent molecule, for example,
= . 3%
R‘CHé + oog4 > RGHZGe + 0065

Acceleration in both these reactions is to be



103,

expecied under high pressures, and this has been confirmed
by Walling and Pellon (112). They investigated the
styrene-carbon tetrachloride systea using benzoyl .
peroxide at 60°C and keeping the [C]/[M] ratios constent.
From graphs of 1/TP values versus [S]/[M] they found a
value of Cy = 98 x 107% (1 atnosphere) which is quite
close to the value of G, = 93 x 1074 as reported by

Gregg and Mayo (111l) at one atmosphere and not very  ’1
far from the uncorrected value of George and Onyon (88).
The CS values obtained by Walling and Pellon at higher

pressures are given belowy-

Pressure (Kg/cm®) 1 2000 3950 5980

o, x 10f 98 90 8l 59

They conclude that the transfer constant 1s almost
independent of pressure, decreasing by about 15°/0 at
4000 atnospheres, and that the increase 1n the rate
constant for transfer is‘very nearly identical with
that for the chain propagation reaction. The results
indicate a value of Aﬁi¥ = - 11 gma/mole at pressures
between 1000 and 3700 atmogpheres.

Toohey and Weale (106) investigated the styrene-
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Triethylanine system, using benzoyl peroxide at 60°C
and up to a pressure of 4400 atmospheres. They found a
decrease in O = 6.7 x 1074 at one atmosphere Egd_?
3.2 x 107 at 1810 atmospheres, falling to Ll.4at 4400
atmospheres. It would appear that there is a marked
contrast betweenlthese findings and those of Walling
and Pellon (112). |

If the transfer equation (12) is considered an
increase in pressure will have a narked effect on
(k%/E/kp), generally represented by 6,‘(;owering its

value and so affecting the valus of 1/DP). Other factors
of the first term, namely, 'X'; (—2—) 3 L—TMT-

and the transfer reactions to monome}, initiator, polymer,
" etc.e, also affect‘the molecular weight. The reduction

in the value of & , under pressure has been reported

by Nicholson and Norrish (142) and the rate of initiation

1/2 is also

is retarded slightly. The value of (fkd)
affected to a small extent. A swmall redﬁctiop will be
caused by pressure in the value of [C]l/é/[M]. Thus

there will be a large overall decreasc in the value of

the first terun.

Teking the simplest case of ordinary homogeneous
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polymerisation of styrene and considering the general

rate equation

v = kp(ktrl/ 2 g 12 L. LD

AV¥ nay be written asy

overall
Nl - e L Lo L2
overall P 2 L 2 T
or -AV7! .f- .
overall = “(AV Aﬁf V¥ oo (43)
where A D? AVi and Avi respectively denote the volumes

of activation during the processes of propagation,
initiation and termination. Bukhart and Zutty (175)
obtained the following relationship between the transfer
_ constant, C_, and the volume of activation associated

J
with the transfer reaction, Aﬂﬁy ’

g__g%__g;z v’é - AV?)/RT' v ()

Since Aﬁ? is much the largest term in this equation

as is evident from the work of Nicholson and Norrish (142)
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and Walling and Pellorn (112), it suggests that the

value of Agierall can serve as a useful approximate’

guide to its variation with the monomer structure (18),

and for the increase in the rate of polymerisation at

high pressures. Qualitatively, Aﬂi and ANiy nust be
negative. Avi should be negative if the rate is controlled
by the rate constant and positive if the reaction is
diffusion~controlled. AN? has a small positive value

when it relates to the unimolecular dissociation of an

initiator and hence pressure retards the rate of

initiation to a2 small extent.
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SECTION II

IT,.1l. Apparatus.

(a) Two high pressure vessels have been used in this work,
one foﬁ pressures up to 3500 atumospheres and the other

for higher pressures.

(b) Photographs of the assembled apparatus and intensifier
are shown in Pigures 1 and 2. A line diagram of the

high pressure vessel for genérgting pressures up to

3500 atm. is showg in Figure 3.

V is a compound~cylinder high pressure vessel con-
structed of two Vibrac high tensile steel cylinders
shrunk together. A vertical section is shown in Figure
4a, The hand-operated hydraulic pump P, is connected o
to V through valve A by Vibrac tubing, %" O.D.,f%",i.D.
A pressure of about 1000 atm. can be generated in the
vessel by direct‘pumping with the valve B closed. A
satisfactorylfluid for transmitting pressure is liquid
paraffin B.P.

The intensifier D is used for the generation of
higher pressures and 1s connected to_the systen by stain-
less steel tubing, g" OsDs, %" I.D. By closing valve
4 and opening valve B, pressure is transmitted to a

piston 2,047" in diameter which is supported in the upper
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block of the intensifier, and obturated with a Bridgnan
unsupported—-area packing. Through a thrust block and
thin copper washer, the thrust on this piston is trans-
nitted to a piston, 0.652" diameter, obturated by a

herd rubber Poulter packing and wmwoving in the lower

block of the intensifier D« The thrust block and

wasiner serve to correct any non-alignment of the btwo
pistons. The intenéificgtion of pressures by the intensi-
fier is theorstically 9.86 fold, that is, the ratio of
the crosg-~sectional areas of the bottom and top pistons,
Howsver in actual practice it gives approximately a
nine~fold intensification ratio when allowance is made
for the losses cdue to friction in packing and the pistons,
coupled with very small changes in the cross—-sectional
areas of the pistons and cylinders dus to compression..

4 vertical section of the intensifier is shown in Figure

4b,
The vessel has the following dimensions:
overall length 13.625"
Bore 0.75"
External diameter 4,125"

Length of reaction
gpace gn

The upper end of the reaction vessel V is sealed

with a hard Poulter packing backed by a screw plug (Fig. 4a).
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Since the valve A 1s exposed tb the full pressure
of the vessel, 1t was difficult to stop leakage altogethsr
and it caused trouble occasionally. A shaped hard
rubber packing fitted with rubber O-rings at each end
proved fairly satisfactory. A4t high pressures it was
always nccessary to pump occasionally in order to main-
tain the pressure. The line for direct pressurisation
up to about 1000 atm, including the valve 4, is essential
as the pistons of the intensifier D can travel only to
a limited extent. |

The pressure, on the low pressure side of the
intensifier, was measured by a standard Bourdon test
gauge G. This was calibrated against a primary free
piston gauge, connected to the high pressure side of
the intensifier, at intervals of 10 atmospheres (gauge)
up to a pressure of 1000 atm (vessel), the maximunm
pressurs measureble with the frse piston geuge. The
vessel pressure P was found to vary linearly with the
gauge pressure p gccording to the following reclationship:

P = 8.650p + 79

This was assumed to hold good up to a pressure of
4500 atmospheress. The recorded pressures tsken from the
gauge readings are considered accurate within 1°/0 and

in view of the magnitude of the effect measured this is
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& reasonable assuaption.

() The rcacting solutions were placed in two types

of containers and these reaction tubes ars shown in

Figure 5., For pressures up to 3000 atmospherss, glass
reaction tubes with ground glass storpers at the top,

end having a small hole at the bottou o allow the
vransanission of pressure, were used. Thesc had a papacity
of gbout 5 ml, and were about 17 cm. long and 9 mm., 0.D.

Contact betweon the liquid paraffin which fills the vessel

AN

and the reectants was avoided by filling the Lower £ "

&

- part of the glass tube with distilled wmercury. The
reaction tube,‘filled with the rcactants, was introduced
into a stainless steel bucket (Figure 5) fitted with &
hook at the top and containing sufficient mercury to
allow the reaction tube to float. Since the liquid
paraffin is more viscous at high pressures, it is necessary
to provide sufficient clearance between the vessal and
the bucket, and between the bucket and the reaction tube,
to allow rapid transuission of pressure chenges. ‘

For higher pressures. P.T.F.E. tubing of %" 0.D.
and well thickness of about gé" was used. Bach end of
the tube was fitted with brass sleeves and closed by

plugs made of P.T.F.B. This type of reaction tube has

the advantage of avoiding direct contact with any other
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fluid as the pressure is transmitted through the flexible
walls.
(d) The pressure vessel V is immersed in an oil bath
which is heated by an electric immersion heater E of
1400 watts. In order to have a uniform temperature
throughout the bath a stirrer T was employed with a
synchronous motor (not shown in the diesgram) at 200 r.p.m.
4 mercury-toluene thermoregulator R with a Sunvic hot-
wire relay’syStem wes used for controlling the tsmperature
t0 + 0.1°C in the oil-bath and + 0.01°C within the vessel,
generally at 60°C and very occasionally at 80°c.
(e) For studies at higher pressures (> 4000 atm),
another pressure vessel designsed for pressurss up to
20,000 atm., was used. The upper part of the intensifier
constitutes the reaction chawmber and the pressure is
generated by a pump and transmitted by ligquid paraffin
through tubes to the low pressure side and via the
intensifier piston to the high pressure side. The vessel
and the intensifier are heafed by a 440 watt radiaut
heating Jjacket and the teuwpercturs is controllad to
within + O.5°C by using a sliding-contact mercury
regulator and a Sunvic hot-wire relay.

A complete description of this equipument has been

given by Kilroe (176) and also by Lamb (177).
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(£f) The bath used for atmospheric pressure runs was |
filled with liquid paraffin. It was well lagged and
fitted with an efficient stirrer run by an electric
motor. The bath was heated by means of a 150 watt light
bulb and a mercury—touﬁéne thermorsgulator with a hot
wire vacuum relay switch was used to control the temp-—
erature to + 0.1°C. Reactions were carried out in amber-
coloured glass ampoules of 10 and 20 ml. capacity.
(g) For viscosity determinations U-tube micro viscometers
sizes M; and I, BS/U_/M as specified by British standards
specifications, BS 188: 1957 were used (178). These
measurements were c arried out by suspending the viscometer
in a water-filled glass thermostat in which a constant
temperature of 25°C + 0.1 was maintained by a mercury-
toulene termno-rsgulator operating a vacuum relay switch.
The viscometers, when not in use, were filled with
benzene, sealed against dust and suspended in tbe'bath.
They were supplied by Townson and Mercer Linited.

All the specific wviscosities and viscosiﬁy ratids
were determined by using the sawe viscometer and the
kinetic energy and end effeact cprrections were not applied

in view of the low rate of flow.
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ITI.2. Materials.

Styrene or phenylethylene, 06H5.0H = CH2. This
monomer was the B.D.H. product stabilised with ten to
fifteen parts per nillion of tertiary butylcétechol as
an inhibitor. Before using the monomer the inhibitor
was removed by treating 250 nl. of commercial styrene
with three 100 ml. portions of 10°/o csustic soda or
caustic potash solution in a separestory funnel. The
alkali contamination was removed by successive washings
with distilled water. The Styrene was then dried over
anhydrous sodium sulphate or calcium chloride in the
dark under vacuum for 24 hours. The monomner, after
filtration, was distilled at reduced pressure in an
atuosphers of dry oxygen~free nitrogen gas and the middle
fraction, distilling at %2°C (10 mm. Hg), was collected,
the first and the last 20°/o being discarded. The monomer,
which had & refractive index n%o = 1.5462, was stored
in vacuum et 0°C and used within 24 hours.

Boundy end Boyer (15) have suggested argon in place
of nitrogen in the distillation of styrene. In thelr
opinion nitrogen gas does react with styrene at high
temperature. Hovwever, nitrogen was used throughout this

work as it did not sceem to affect the viscosity of the

monomer up to SOOC.
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Methyl meth acrylete (MMA). B.D.H. product was
used., The coummercisl monomer étabilisad with ten to
twénty parts per million of Quinol was washed successively
with aqueous solution of sodium nitrits, sodium bisulfits
and caustic soda. After thres washings with distilled
water, it was dried over sodium gulfate or ecalciun
chloride. The monomer was filtered and distilled at
100 mm, under dry nitrogen. The middle fraction boiling
at 46°C was collected.

nggl) = 1.4120, a7° = 0.9311

Tetrachloroethylene, commonly known as perchloroethylene,

ccfgﬁccﬁg, B.D.H. solvent was used throughout. The
purification was done by using & tall fractionating column
packed with raschig rings and distilling the commercizal
product at 30 mm. Hz (33°C) in an atmosphers of nitrogen.
The niddle 60°/o frection was collected and stored in

vacuum atb OOC.

AZ0-bis-iso-butyro nitrile (AIBN or simply azo),
(CH5)2—C(CN).N=N.G(CN)~(CH5)2. The Eastman Kodak chemical
was purified by fractionally crystallising froa a saturated
solutlon in chloroform. The crystalline product was
filtered, dried and stored in an amber coloured bottle

over fused calcium chloride at 0°C. MeP.106°C.
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Benzoyl peroxide (£«C0+0.0.C0.4)

The wet paste supplied by B.D.H. was dried in
vacuo and 1its saturated solution in chloroform was
prepared. Cold methanol was added to the solution and
the initiator was obtained as a crystalline solid. This
was filtered off and dried under vacuum. It was kept
in the dark in a vacuum desiccator.

Toluene.

The Analar material supplied by B.D.H. was used
without further purification.

Benzene.

Two grades were used, M and B "Benzene, Pure,
crystallisable'" was eniployed as a diluent. For mole-
cular weight determinations, a special Analar quality
benzene was used, which was supplied by B.D.H.

Methanol..

The I.C.Jf. s0lvent was used as received, after filtration

1:2 epoxy Propane or propylene oxide.

The diluent supplied by Hopkins and Williams was
used as received.

Chloroform.

Analar quality supplied by B.,D.H. was used.

Di~-tertiary Butyl peroxide. and Tertiary Butyl

Perbenzoate were used as such.

Boron Triflucoride diethyl etherate was also used

as supplied.



121.

II.%. Procedure

(a) Preparation of reaction mixtures.

A standard flask of 10 or 25 ml. capacity was
genarally employed for the preparation of solutions of
desired [S]/AM]and [c]/[M]. After thorough mixing of
the reagents, the reactants were placed into the
inverted stoppered reaction tube previously filled with
a small amount of mercury and subsequently flushed with
nitrogen. The tube was then re-inverted and after a
check to ensure the absence of any air oubble was floated
on mercury L. the steel bucket previously warmed to 60°C.
The same procedure was followed when P.T.F.E. tube was

used, except that no mercury was necessary in that case.

(b) Technigue of Polymerisation.

After checkinz the temperature in the pressure
vessel, the theruometer was removed. The steel bucket
containing the reaction tube was placed in the high
pressurgzyﬁgth valve A open and B closed, and the time
was noted. A hard rubber bung (Poulter packing) was
inserted into the bore of the_vessel by means of a special
tool kept in the beth at 60°C. The steel screw plug,
also kept in the bath, was turned down until hand-tight,
and the pump return valve;gas closed. Pumping was

started at a noted time and a pressure of approximately 900
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atmospheres was developéd. The valve A was now closed
and valve B opened, and the intensifier was brought into
operation. Pumping was then continued until the desired
pressure was obtained. The time was recorded. Care
was taken during pressurisation that the geuge pressure
did not exceed the regquired value. Dué to leakage at
valve A intermittent pumping was necessary and this was
done by the partially-open valve B. At the highest
pressures it was observed that the pressure at first
tended to fall repidly from the desired value, which was
rrobably due to the combined effects of the delayed
compression of packings and the increased viscosity of
the oil in the pressure lines.

From experience the length of the reaction times ‘
was adjusted so that the yisld of polymer was betweenfiandliﬁé

After the desired reaction time, valve B was closed
and the pump reburn valve was opened. The time was noted
and the valve opened slowly, releasing the pressure at
a controlled rate until the intensifier pistons were
restored to their originel position. The valve B was
now closed and the remaining pressure in the line was
released by opening the valve A. The time was recorded.
The steel plug was removed and with a few gentle strokes

of the pump, the rubber bung was ejected. The bucket
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was taken out and the reaction tube removed. The time

taken for these operations was approximately 2 minutes
altogether and the time taken in releasing the pressure

was generally 30 seconds. The total time of a run was

found by adding the time during which the materials were

at the desired pressure to half the time taken in generating
and releasing the pressure.

The contents of the clean and wiped reaction tube
- were separated from wercury and poured into é weighed
stoppered Erlenmeyer flask which was reweighed after
cooling to moom temperature.

For atmosphericruns, sealed amber-colouréd glass
ampoules of 10 and 20 ml., capacity were employed. The
reaction mixture was introduced by means of a pilpette
and the air displaced by flushing out with nitrogen.

The oil bath was shielded from bright ligpt during the

polymerisation and maintained at 60°C + 0.1°C.

(¢) Precipitation and separation of Polymers.

The polymer solution in the flask  was diluted
with about 20 ml. of epoxy propane and transferred to
a dropping funnel. The flask was rinsed with another
5 ml. solvent and the washings added to the funnel. The
polymer was precipitated by dropwise addition of the

solution into a 400 ml. beaker containing 150 ml. of cold
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methanol, with consbtant stirring. The beaker was placed
in hot water at about 60°C and the contents vigorously
stirred until the polymer precipitate coagulated. The
precipitate was allowed to stand for a few hours in the
ice~chest, after edding a little quinol, and then filtered
through a weigned sintered-glags crucible of porosity

4 at room temperature. The filtrations were carried

out under vacuum. The precipitate was thoroughly washed
with methanol, dried in a desiccator for about 10 hours
at atmospheric pressure and subsequently in vacuun at
30°C for 10 - 15 hours. The crucible was cooled in a
desiccator and reweighed.

(d) ©Percentage conversion.

The percentage yield of the high polymer was

calculated by using the following relationship;-—
conversion = ﬂ'X S X 100
m

where W is the total weight of the reaction mixture,
m is the weight of styrene in the mixture and p is the

- weight of polymer obtained from sample of weight S.

(e) Molecular weight determination.

Most of the polymers obtained had wolecular weights
in the range of 8 X lO5 —————— 6 X 105. All determinations

of molecular weights were done by the viscometry method



12.5 °

and benzene solutions were used throughout, at 25°C.
The so;utions were generally in the range of 0.l to
0.5 gm. of polymer/100 ml,

Since the literature on solution viscosities is
full of confusing terminology, it is best 1f the old
symbols and the Nnew ones are.exPlained in the light of
the I.U.P.A.Cs recommendations (179). The old symbols
and names which are sometimes used are given in brackets.
To avoid confusion, old terminology will be retained
while discussing the published work.

n repr-sents the viscosity of a dilute polymer
solution and My is the viscosity of the pure solvent at
the same temperature. The relative increase of viscosity
‘ (specific viscosity nsp) is given by

LIl
Mo

and is equal to % - 1, where %— is the viscosity ratio
o) o)

(relative viscosity). The relative incrcase in viscosity
divided by the concentration, c, gives the viscosity
number, ym

n=ng
e = g (= 100 mg Jc)

MNo®

where ¢ is the concentration of the polymer solution in
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gme/ml. (gm./decilitre).

The logerithmic viscosity number is the logarithm
of the viscosity ratio divided‘by the concentration of
the polymer solution in gm./ml.

The limiting viscosity number, [n],(intré&éic
ﬁiscosity).is the limiting value of the viscosity number
when the concentration approaches zero,

= n-n
[n] i;gl( o)

c->0

—]

The dimensions of viscosity nunber, logarithmic
viscosity number and limiting viscosity number are
[MflLa] and are expressed in mililitres per gramme.

The limiting viscosity number, [m], was determined
by plotting the visposity number against c¢ and extra-
polating it to zero. A similar set of extrapolated values
was obtained by substituting logarithmic viscosity
number for viscosity number and the mean value of the
two was taken as the limiting viscosity number (intrinsic
viscosity). |

The molecular weight-limiting viscosity correlation.

Staudiager was among the first to recognise the

large size of polymer molecules and to utilise the
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dependence on molecular weight of =a phygical property
such as dilute solution viscosity (180). He proposed
the first empiricallrelationship between molscular
weight and limiting viscosity number (apbreviated to
‘L.V.N.) for flexible chain moleculss (181)j

[n] = k.M | |
where k is a constant dependant on the particular polymer-
solvent system. Subsequent work showsd that this equation
was not of gene;al applicability. The Mark-Houwink
equation (182-185) was found to be generally satis-
factory and hag been found to give best correlationship
for a large number of polymer—-solvent systems over widse
ranges of molecular weight. The equation isbwritten
as

[n] = =u®

K and a being constants, for a given polymer, solvent
and temperature, and found by determining the number
average molecular weight by such methods as osmometry,
cryoscopy or end-groups analysis. The constants, K and
a, are different for different solvents and are indepeondent
of the molscular weight over a wide range. These values

have been reported by a mumber of workers and are given

below, using benzene as a solvent:-
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Iy

Reference K x 10 o
111 1.74 04714
47 1.54 0.73
186 0.953 e
187 1.13 ' 0.73

The molecular weight calculations in this work -
were based on the equation of Bawn et al (187), with

K = 1.13 X 10~

and a = 0.7% as the results were in
agreement to those reported in the literature for benzene.
Although Alfrey and co-workers (73) have reported that
'K' and 'a' vary with temperature of polymerisation, o
their claim was not supported by later workers (111,187).
It must be pointed out that the molecular weights
calculated on the basis of limiting viscosity number
(intrinsic visqo;ity) are not generally exactly the
number average ﬁn. The viscosity method is not an
absolute one and requires prior determination of the
constants K and a. These constants can be obtained
by determining the molecular weights of a number of
frections of the polymer by such methods as light
scattering and osmotic pressure and their intrinsic
viscosities are then dstermined in the appropriate

solvent. However it Js assumed that the fractions are

sufficiently homogeneous so that Mh:: MV:::Mw. (73).



The viscosity molegular weight of any polymer
wmolecule is generally considered to be independent of
the temperature at which the measurements are made or
the solvents employed. But recent investigations have
provided considerable'evidence that the viscosity mole~
cular weight of a polymer épecies depends upon the
nature of the solvents employed in viscosity measurementse
It has also been observed that the molecular weight
of some polymsers are higher in a non-polar solvent than

a polar solvent (188-189).

(f) TExperimental determination of viscosities.

The viscosity ratios were generally determined by
means of an M2 viscometerrbut a few measurements Were
done with the M1 type (178). Molecular weight grade
Benzene wuos used throughout as a solvent and all measure-
ments were done at 25°C over a range of concentration.

A representative sample of the thoroughly dried

polymer was weighed in a 10 nl. calibrated flask and
benzene was added to within a few wmme of the graduation
and the flask was immersed in the constant temperature
bath for about 30 minutes. When the sample completely
dissolved, the solution was made up to the mark,

The viscometer was well washed and was almost filled

with benzene filtered through a coarse porosity sintered
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glass filter and suspended vertically in the bath for
about 20 minutes to maeke allowance for expansion.

All possible precaution was taken to exclude the
presence of any foreign body during the filling operation.
The level was brought to the filling mark by removing
the excess liquid by means of a long capillaxy tube.
By the application of pressure to the wide arm the
liquid was filled in the upper bulb and was raised asbout
1 cme. above the uppsr graduation mark. The liquid
was allowed to flow freely and the time was determined
foxr the meniscus to pass from the upper to the lowsr
mark., This was repeated at least three times. The
solvent was poured from the viscometer which was then
dried.

The homogenised polymer solution was filtered
into the viscometer which was suspended in the bath.
The volume was adjusted and the flow times were measured
according to the procedure described above.

When not in use, the viscomebter was filled with
benzene, (after flushing it four or flve tlmes), and

was sealed and kept in the thermostatic bath (184 190)

(g) Composition of Polymerss

For slemental analysis of +the polyuers, the sauples

were sent for analysis to the organic Micro-analytical
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Taboratory of the Department of Chemistry. The analysis |
was generally carried out with 10 mg. samples. Quite
often the o/o of chlorine was reported by difference
because of the low chlorine content of the polymers.
In one instance polymers prepared at atmospheric pressure
were reported to contain 8 - lSO/b of chlorine which
could not be explained by any interpretation. The runs
were repeated and the purified samples resubmitted Ffor
analyses. It was then found that the analyses previously
reported were erroneous and the second sst of polymers
were quite low in their chlorine content. It was also
found that the reported carbon percentages were low
by O.Bo/b and hence corrections were made in calculating
the composition of the polymerse.

(h) Experiments with MMA/TCF system.

Methylmethacrylate was polymerised in Tetrachloro-
ethylene using AIBN as an initiator at 60°C at atmospheric
and high pressures. The apparatus and technique were
exactly similar to that described for the styrene -
tetrachloroethylene system. The polymers were purified
and dried. The slementeal analyses were also done by the

Micro-analytical Leaboratory of the College.
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(i) Attempted cxperiments on the polymerisation of

TeCeHE, at high prsssures.

A number of runs were performed to study the effsct
of pressure on tetrachloroethylene in tclucne at different
temperaturss (up to 100°C), and pressures (47000 atmosphorss)
using Benzoyl peroxide, di-tertiary butyl peroxide and |
tertiary butyl perbenzoate as initiat%é%sa The apparatus
and the technique havs been described in IIL.1 (e) aboves.

Some runs wer: conducted at atmospheric prsssure
using BoronTrifluoride diethyletheraﬁe, at lower

temperatures.
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Section IIT: Results and Discussion

IIT.1 Exberimental Results

Throughout the course of this work styrene was used as
a monomer (unless otherwise specified) and tetrachloxro-
ethylene as a solvent. The experiments Weré carried out
at 6000, using azobisisobutyronitrile as an initiator.

The runs were conducted at 1 atmosphere, 1030, 1510, 1980
and 2680 atmospheres.

A1l experiments (with.few exceptions) were done by
keeping the [C]/[}M] ratio constant, instead of [CJ%/[M],
for reasons explained in Section I.

The units of the various quantities listed in the
following tables are:

Pressure: atmosphere

Concentration: moles/litre (uncorrected

for volume changes due

to pressure)

Overall rate: moles/litre/second

Intrinsic viscosity: decilitres/gn.
[nl

Benzene was used as a solvent for all viscometric
measurements and Bawn's equation (187) was employed for all
the determinations of molecular weights and 1/DP , at a

temperature of 25°%,
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Table IX

The Overall Rate of Polymerisation of Styrene in
Tetrachloroethylene with AIBN at 60°C and at

Atmospheric Pressure

Run m£¥gs [ggiéga Time % v ;g?;n Xﬁ%gz
No, per per (hours) Polymer Jo per /iitre/
litre litre hour second
1 4,18 1.21 16.0 12.3 0.766 0.89
2 4,18 2.65 6.0 6.89 1.15 | 1.33
3 418 5.9 7.0 9.48 1.35 1.57
4 4.18 5.36 6.0 9.48 1.58 - 1.83
5 4.18 7.95 6.0 11.5 1.91 2,22
6 1.57 6.09 7.0 7.89 1.13 0.48
7 1.87 6.09 6.0 7.12 1.19 0.61
8 2,35 6.09 5.0 7.53 1.51 1.08
9 3.05 6.09 5.0 7 .66 1.53 1.28
10 4,18 6.09 4.0 7.09 | 1,77 2.02
11 8.70% 6.09 3.0 7.22 2.41 5,74

® Bulk polymerisation
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Dependence of Overall Rate of Polymerisation on

135

Pressure

[C1/[M] = O.64 % 1072 Temperature: 60°C
Solvent: Tetrachloroethylene Initiator: ATBN
Run Preséure Time % v ;g?;n v 105
No. (atm) (hour) Polymer /goﬁir molegylitre~
second
[M]: = 1.57 moles/1 [C] = 1.00 x 1072 moles/1
12 1 22.5 9.88 0.44 0.19
13 1030 8.0 7.05 0.88 0.38
14 1510 6.5 9.91 1.52 0.66
15 1980 5.0 8.91 1.64 0.71
16 2680 3.0 6.20 2.07 0.91
[M] = 1.87 moles/1 [C] = 1.19 x 102 moles/1
17 1 24,0 12.4 0.52 0.27
18 1030 8.0 9.79 l1.22 0.52
19 1510 5.5 7'40, 1.35 0.70
20 1980 4,0 7.75 1.94 1.01
21 2680 4.6 11.97 2.59 1.71

(continued
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Table X (conbtinued)

Run Pressure Time % v ;g?;n V x 105
No. (atm) (hour) Polyper <Eog§r moles/1itre~
second
[M] = 2.35 moles/1 [G] = 1.49 x 10™> moles/1
o2 1 8.0 5.55 0.69 0.36
23 1030 5.5 8.53 1.55 1.00
24 1510 4.5 9.09 2.02 1.%2
25 1980 4,0 10.6 2.65 1.66
26 2680 3.0 9.%2 3.11 2.14
[M] = 3.05 moles/litre [C] = 1.9% x 102 moles/litre
27 1 8.0 7.1% 0.89 0.75
23 1030 8.0 14.2 1.78 1.50
29 1510 4,0 . 10.8 2.70 2.29
30 1980 3.0 10.4 3.46  2.93
31 2680 3.0 12.9 4,30 3.56
[16] = 4.18 moles/1 [C2 = 2.65 x 1077 moles/1
22 1 6.0 6.89 1.15  1.33
33 1030 4,0 9.60 2.40 2.80
34 1510 4,0 13.5 5.%8 3.92
35 1980 3.0 12.8 4,26 4,94
36 2680 2.0 13.4 6.70 7.55

(continued



Table X (continued)

Pressure
(atm)

Run
KNo.

[M] = 5.92 moles/1

37 1
38 1030
39 1510
40 1980
41 2270
42 <€30
[(M] = 8.70 moles/1
43 1
44 1030
45 1120
46 2270

HoOo=Y
o vt O o O O

S )
O O o ©

Time
(hour)

o, con~
70 version 5
Polymer A per Vx10
hour
[C] = 3.75 x 10~ moles/1
- 9.33 1.55 2.55
6.0 %.00 4,93
12.1 4.03 7.45
11.9 5.95 9.79
9.87 6.58 10.8
8 .44 8.44 13.5
[C] = 5.54 x 10”2 moles/1
12.0 2.00 5.34
5.10 5.10 12.3
5.3%6 5.356 12.9
10.8 10.8 25.4
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Table XTI

Measurements of kiolecular Weight of Polystyrenes for Chain

Transfer Studies at Atmospheric Presgsure

Solvent: Tetrachloroethylene . Initiator: AIBN
Temperature: 60°C (cl/(u]: O.64 x 10~2

R % [n] (x 1077) TBe10
Ng? (817001 Polymer (d1/gm) Molec.wt. 1/DPx10

47 Bulk 6.50 0.811 192 5.4%
48 0.53 9.33 0.302 49.6 21.2
49 1.21 6.89 0.186 25.5 40.9
50 2.08 7.14 0.136 - 15.8 66.0
51 . 3.04 5.55 0.105 11.6 89.5
52 4,10 12.4 0.103 11.4 91.7

53 5,12 9.883 0.079 7.89 132
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Table XIT

Measurements of IMolecular Weight of Polystyrenes for Chain

Transfer Studies at MMigh Fressures.

Solvent:; Tetrachloroethylene Initiatorsy AIBN
Temperature:; 60°C [0]/[X] = O.64 x 1072

Runs 54 - 65: 1030 atmospheres
Runs 66 - 72: 15}0 atmospheres
Puns 73 - ?8: 1950 atmospheres
Runs 79 ~ 84:; 2680 atmospheres

ﬁg? [s1/Tu] Poiéger ' (dgyém) Mo?e%?;i. 1/5?X104
S4 Bglk 5}08 ‘lf8l 573 1}82
55 0.111 8,52 Of95 2?1 4,5’
56 Ofl98 7f75 Of777 180 5,7?
5? Of317 _6,95 0f562 116 8,98
58 09416 6756 Of505 190. lO,A
59 Of529 .99 Or%52 8130 12.9
60 Of749 5;16 O:369 §?r2 16}0
6l 132} 9,60 07250 .58f2 27f3
62 2,08 l4.2 0.170" 225 46.2

(continued



140.

Table XIT (continued)

Run ®/o - [n] x 1073 A
mor  [81/TM)  poiftor  (aljgm)  Moleo.ws. L/ DE¥LO

63 5;04 8;53 0}120 14}0 74;6

64 4;10 9;79 0.104 1l.4 91;2

65 5,12 7.05 0.093 9.82 106

66 0;111 5;48 0}797 187 5}56
67 0.529 12.2 0.352 70 17.1

68 1.21 13.5 0.205 29.2 3546

69 2,08 10.1 0.152 19,4 5348

70 3,04 9.09 0.146 18.2 5741

71 4410 7.40 0.105 11.5 90.3

72 5.12 9.91 0097 10.5 94,6

73 0.529 11.9 0.362 63.7 16.33
74 l.21 12.8 0.206 28.0 35,5

75 2.08 1044 0,135 16.4 . §3;7

76 3,04 10.6 0.110 12.4 55;9

77 4,10 7.45 0.109 12.3 8449

78 5.12 8.19 0.092 977 107

(continued



Table XII (continued)

gg? [s]/T] Poigger (d&?ém) Moiéi?;i;
?9 05529 11;4 0}386 69g7

SO le; 13.4 Ofl92 Blfl

@l 208 12f9 Of139 17.1

?2 3}04 9f32 0.105 11.6

83 4f10 lEfO 0;093 9.%%

84 5.12 6«5 0.092 Q.77

l41.

1/DPx10%

e
3345
60.9
9.1

106

107
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Table XIIT

Effect of Pressure on Chain Transfer to Solvent in the
Polymerisation of Styrene with AIBN at 60°C.

solvent:; Tetrachlorosthylene

Pf:§§f§e [s]/[M] 1/TPx10% cgx1o™
1 Balk 5.43 29.0
0.5%0 21.2
1.21 40,9
2,08 66.0
5,04 89.5
4410 91:7
5.12 122
1030 Bulk 1.82 21.1
0.5% 12,9
1,21 27.3
2.08 46,2
3. 04 -
4.10 91.2
5.12 106

(continued
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Table XIIT (continued)

Pressure [s1/11] 1/5Px10™ Cgx10”
(atm.)
1510 0.53% 17.1 24.8
1.21 35.6
2.08 5%.8
2404 57.1
4.10 90.3
5.12 946
19éo 0.5% 16.3 26.8
1.21 3545
2:08 63.7
3.04 83.9
4410 8449
5.12 107
2680 0.53 1449 27.4
1.21 33+53
2.08 - 60.9
3404 90.1
4,10 106

5.12 107
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Table XIV

Determination of Solvent Transfer Constant by

Breitenbach - Schindler Method

1

Runs 85 - 91 : 1 atmosphere

*

Runs 92 - 97 : 1510 atmospheres
Runs 98 - 10%:; 2680 atmospheres

‘ 2 ' 5 4 )
RuD () /BB-c_)10° [8]/[M)/Vx10™ DUy /ppog_yag® %10 %10 §s

m S
85 48.3 0 §;85
86 206 7;25 28;5
8y 403 159 72:8 .
88 654 25.6 8045 6  29:0 685
89 831 | 464 127
9 911 53.5 119
91 1315 65.6 168
92 50.6 0.56 2;55
95 166 2.49 7479 g
o4 331 539 14.7 5 24.8 115
9% 533 8. 1t 21.6
% 561 12.7 23.5

97 898 20.5 44,9
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Table XIV (continued)

A 4
RUD () /FB-G,)10° [8]/[M]/Vx1077 L1 (1 /FP-0,)107 Xéi X%Z 8/2
98 146 1.57 2.79
99 331 2.80 7.65 |
100 605 | 5,42 15.8 4 25.6 3
101 897 7.87 23.2
102 1053 - 8.37 21.5

103 1061 1%.8 : 28.6



Table XV

l46.

Effect of Pressure on Transfer Constants of Styrene to

Pressure
(atm.)

(Styrene~AIBN System)

1
1030
1510
1980
2680

(Styrene~Benzoylperoxide System)

1
2000
3950
3950
6000

(Styrene-AIBY System)

1

Tetrachloroethylene

29.0
2l.1
24.8
26.8
27«4

carbontetrachloride

o8
90
84
67"
59

148(corrected)

Tetrachloroethylene and Carbon Tetrachloride

Refersnce

This work

(112)
(112)
(112)
(112)
(112)

(88)

3€Figures obtained at higher [8]/[M] ratios (0.5~1.85)
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Table XVI

The Overall Rate Constants in the Polymerisation X
of Styrene in Tetrachloroethylene at 60°C at 1 Atmosphere.

[M] = 4.18 moles per litre Initiator; AIBN

[c]x107 V107 v/[u]L*21e1% %10
Run moles per moles per litre litre/mole-second
No. litre ' per second
1 1.31 0.89 Z.88
3 5396 1.57 2.93
4 5436 1.83 2.9%
5 795 2s22 2492
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Table XVII

Polymerisation of Styrene in Tetrachloroethylene

at 60°C and at one Atmosphere

[¢]/[M] = 1.90x10™2 Tnitiators; AIBN
, [C]xlO5 [M] 90 con- - Time V%102
mo (/0] wled per moles per yersion LI wiin/e/ses
104 1.21 7.95 4,18 11.4 6 2.22
105 2.08 5.79 3404 8.9 6 1.25
106 3.04 Iy, 2.35 740 6 0:76
107 4.10 3,56 1.87 5.6 6 0.46
108 5.12 2.97 1.57 47 6 0454
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Table XVIII

Composition of Polymers Prepared by FPolymerising Styrene
in 7.C.B. Using A.I.B.N. at 60°C and at 1 etmosphere.

II = Styrene

O = AoIcBoNo
Run My [Gj L Mol;wt
No. Tmole 70 noie Composition of Polymer el

* in feed o o xy %10~
! T :

w.% ¢ wti%h H wt. /0 Ce
57 65.3  0.042  9l.79 7.3l 0.5 49.6
%2 45,0 0.028  91.05 7.38 1.57 25.5
27 22.% 0.021  89.15 7,43 3.42  15.8
ep) 24,6 0,016, 89.48 7ol4 2.38% 11.6
17 19.5 0.012 89,45 7,18 2.90% 1l.4
12 16.2 0.010 88,92 7432 2. 76 7.9

% Pound gravimetrically, othermsby difference,
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Table XIX

Composition of Polymers Prepared by Polymerising Styrene

in T.Ce.E. using A.I.B.N. at 60°C at High Pressures.

i = Styrcene
O = AQI.B.E-.

i [c] .
ﬁgn mole % mole Composition of Polymer MOl:gt
* in feed “/o I | . x10

w5.%/0 ¢ wtsb T wt.% Ce

(60°C, 1030 atmospheres)
109  89.95 0,057 9L.09 7.84 1,05 236.6
110 45,0 0.028 9l.52 7,85 1.37% 38,2
111 32.% 0.021  90.3%L 7.50 2.19 22.5
112 24.6  0.016 90.51 7.87 2.25" 14,0
113 19.5 0.012 88.98 7 43 3,59 11l.4

(60°C, 1510 atmospheres)
114  32,% 0.021  90.53 7,43 %,33% 19.4
115  24.6 0.016 87.18  7.62 2.14% 18.2

116 16.2  0.0l0 88.67 9.45 3, 0% 9.8



Run
No.

117
118
119

120
121
122
123
124

125
126

mole 36
in feed

6543
45.0
24 e6

45}0
3243
24;. )
19.5
16.2

32.3
19.5
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Table XIX (continued)

[C] '
mole Composition of Polymer MOl:gt
°/o ; _ x10

|

w5.2/0 ¢ wWteh H  wWts°/0 Ce

(60°¢, 1980 atmospheres)

0.042  90.63 7433 0.95™ 6347
0,028 90469 7al3 1.5 28,0
0,016 88,47 739 2.89" 12.4

(60°0, 2680 atmospheres)
0,028  91.11 772 1.38 31.1

0.021  90.78 7460 1.8 17,1
04016  89.43 7446 2468 11,6

0.012  88.51 8437 2.26™ 9,é4
0.010 88,61 7455 441 9477

(BOOC,.5110 atmospheres)
Of021 ?9,75 7f75 : 3,52 -
00012 88.0 6.99 5a87 o
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Table XIX (continued)

Bun M [c] :
No mole ?b mole Composition of Polymer Mol.wt
* in feed o 1 1D

/o t . x10
wi % ¢ wh. H  wt.% ce
. (80°¢, 5550'atmospheres) o
127 8.99 0.0057 82.28 7.07 5.838 -
(80°C, 3540 atmospheres) |
128 16.2 0.01.0 86.34 7.23 6.37 -

# Found gravimetrically, others by difference.
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Teble XX

sverage Molar Composition of Polymers Obtained

at 60°C.

Run ig eegg ig{geag Mean numbers of styrene units(rﬁ?and

Noo . :
in feed olymer T+CeB. units(ay) per polymer molecule
o, o

(1 atmosphere)

32 45.0 98. 86 255

22 24.6 9772 112 2

17 19.5 97.86 90 2
(1030 atmospheres)

110 45.0 98.99 392 4

111 32.3 98.38 bk *

112 24.6 98.33 148 o

113 19.5 97.32 Lo4 5
(1500 atmospheres)

115  24.6 98,42 186 5

116 16.2 97.63 82 2.



Tsble XX (continued)

Styren Styren o :
ﬁun mole 9% mole 98 Mean numbers of styrene unlts(hl) and
O in feed in T.C.E. units(hg) per polymer molecule

Polymer

l
i
(GHé-CHd}nl £CCe,~CCe5) :

(1980 atmospheres)

118 45‘, 0 98,91 267 3
119 24.6 9785 138 3



Table XXI
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Composition of Polymers Prepared by Polymerising

Methyl methacrylate in tetrachloroethylene at 60°¢

using A.I.B.N.

Run MMA MMA
No. Prossure mole(yb molecyb
in feed in

polymer

129 1 4639 99f17

1320 2675 4649 99.79

121 2675 29,76 99f79

172 2675 19.52 98, 86

* By gravimetric

by difference.

at 1 Atmosphere and 2675 Atmospheres.

[C]

molecyb Composil

tion of Folymer

|
B

Whae. ".’Tt. .
°/o* 0/o
H Ce 0

N
O

o,é6 32
0434 32
L51 32
L62° %2

5%58
S
58465
58.02

fOOGl

f00262
fOOl52
« 00097

estimnation, others
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ITIT.2. Results and Discussion

(i) Order of Reaction with Respect to Initiator

Concentration.

A series of experiments with constant monomer con-
centration, [M] = 4.18 meles per litre were carried out
(Puns 1-5) and the results are given in Table IX. On
plotting log V (overall rate) versus log initiator
concentration, the exponent obtained.from the slope of
the straight line is 0.49 (Figure 6). This indicates
that two chains are involved in the ftermination reaction,
that is, the process is bimolecular and the process of
transfer is not degradative.

That the rate of radical polymerisation is usually
proportional to the square root of the initiator con-
centration had been known for more than three decades
and the data of figure 6 are in accord with the usual
kinetic scheme, according to which the rate of the homo-
geneous polymerisation of styrene is given by equation (10):

11
v =§ “Hamx,)? [u][c]?

whers © (or d) = k%/z/kp.-
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This can be shortened to:

vV = kp[M](I/kt)l/g N )

These imply that polymarisation rates should be
proportional to the square root of the rate of initigtion,
I, even when other initiation processes are involved.

Similar results for the dependence of the rate of
polymerisation of styrene on the initiator concentration
in other solvents at 1 atmosphere have been reported
(64, 106, 191, 192).

The results for polymerisation of styrene in tebra-
chlorosethylene at 1 atmosphere are thus in keeping with
the idea of the generality of bimolecular termination
process in free radical polymerisation. The deviations
reported by some workers under spggial conditions,'whidh
have been discussed in Section I.{(vi), were not observed

in the conditions used in this work.

(ii) Order with Respect to Monomer Concentration.

A series of experiments (Runs 6-11) with a constant
initiator concentration, [C] = 6.09 moles per litre,
were carried out and the results are listed in Table IX.

By plotting log V versus log [M], an order of 3/2 is
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obtained with respect to the monomer concentration
(Figure 7).

The interpretation of the order of reaction with
respect to the monomer concentration is not as clear
cut as that for the initiator concentration. The simple
kinetic scheme (Equation 45) predicts first order dependence
on the monomer concentration and for the styrene/Benzene/
benzoylperoxide system the reaction is close to the first
order with respect to the monomer (47).

However, as stated in Section I.ffvi), orders higher
than unity have been reported in the literature and
generally the values lie between 1 and 1.50 (47, 63-67,
70, 79, 80).

Horikx and Hermans (67) investigated the system
styrene/toluene/benzoyl peroxide with great precision
and obtained orders with respect Lo the monomer concen-
tration greater than one, increasing from 1.18 at
[M] = 1.8 moles per litre to 1.26 at [M] = 0.4.

While discussing the solvent-cage theory in 3ection
I.3 (vi). (b) it was shown that the application of the
stationary state procedure yields the following rate

equation:
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LAl L ge1 302 g2 el e

1
kptlytk p[M]

and that the exact form of this equation will be determined
by processes % and 4 of the 8-step schene explained!
thet is, by the relative magnitudes of ky and ké[m}.

The order of reaction with respect to monomer is
unity if kp is auch greater than ké[MJ, and if ky is
much smaller than ké[M], the rate becomes proportional

to

which means that the order of reaction will vary from
1.0 to 1.5 with resrect to monomer.

There is no general agreement regerding the under-
lying causes of the observed behaviour nor has any
guantitative account been given of the variation. It
appears from the available data of the different workers
that it may be due to many factors, amongst which the
following are important:

(a) variation in ky and efficienty (f) with medium.
(b) casual impurities present in solvents may cause

retardation.
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(¢) reaction between growing polymer chains and the
solvents, the solvent having a great influence on
the order of polywmerisation. Retardation may occur
if the growing polymer chain is hore reactive than
the resulting radicals.
Various theories have been advanced to account for this
behaviour and have been disoussed in the first section
of this work. Jenkins (ggs has thoroughly analysed this
watter and has shown that neither the monomer-initiator
complex theory, the cage hypothesis, nor tTthe solvent
transfer theory ie able to explain fully the various
kinetic data. The complex theory is particularly difficult
to sustain in view of the findings of Josefowitz and
Mark (162), HMatheson (£9) and Mayo, "rsgg and atheson
(47). The primary.radical termination theory has also
been shown lacking in certain respects by Bamford,

Jenkins and Johnston in & separabe paper (84)q

(iii) The Pressure Effect on the Rate and kolecular

Weight in Bulk Folymerisation of Styrene.

Bulk polymerisation of pure styrene, [M] = 8.70
moles/litre, initiated by azobisisobutyronitrile was

carried out at 60°C and &t four different pressures and
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the results are summarised in Table X, runs 43-46. The
initiator concentrztion was 5.5 x lO"'3 moles per litre.
Figure 8 shows the effect of pressure on the overall
rate of reaction. The rate increases from 5.34 x ZL.O_5
at 1 atmosphere to 25.4 x 1072 moles/litre-second at
2270 atmospheres, an increase of 4.7 fold. The rate
at 1 atwosphere is fairly close to that reported by

Saha, Nandi and Palit (121) as would appear from the

following:-
[AIBN]/styrenc] V%107 5
< 1ob woles/litre 1/DPx10 §  Reference
sacond
6441 5.6 7177 ~29 (121)
6.40 5¢34 S54.% ~56 This work

The value for the degree of polymerisation obtained
by Saha et al is lower than that obtained in this work
and consequently the value of 5' is also lower. Saha
et al have not furnished the detalls of +the method
employed by them for the determination of wmolecular
weights.

The polymers prepared at 1 atmosphere and 1000

atmospheres (Runs 47 and 54) with [C] = 5.54x107° moles/litwe,
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at 6000, showed a 2.9 fold increase in the molecular
weight from 1 atm. to 1000 atmospherss.

It is. appropriate to mention that the values of
rates throughout this work aro uncorrected for incrceases
in monomer, solvent and initiator concentrations dus to

compressibility at high pressures.
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I1IT.% (a) DPolymerisation in Solution at Atmospheric

Pressure.

The results of the atmosphsric pressure runs for
styrene in tetrachloroethylene, using azobisisobutyronitrilg,
at 60°C, are shown in Table X (Runs 12, 17, 22, 27, 32
and 37). The values are uncorrected for increases in
monomer and solvant concentrations due to compressipility.
The monomer concentration was varied from 1.57 to 5.92
moles per litre, but the [C]/[M] ratio, O.64x10"5, was
kept constant in order to maintain a constant rate of
initiation. The.conversions were not allowed to exceed
10°/0. The rate increases from 0.19x10™7 moles/litre/
second with [M] = 1.57 moles per litre %o 2.55x10-5
as thﬁ monomer concentration increases to 5.92 moles per
litre,

For runs 1-5 in whigh the monomer concentration was
kept constant, [M] = 4.18 moles per litre in tetrachloro-
ethylene as solvent, but the initiator concentration,

[C] was varied, the overall rate constants, V/[M]5/2[0]1/2
were calculated and are given in Table XVI.
The results, except that for run 2, for the overall

rate constant arc concordant within the limits of the

experimental error. This confirms that the system under
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observation obeys the simple hszlf-order law for initiator
coucentration as postulatéd in Section I.3. The results
of another set of experiments on the polymerisation of
styrene in T.C.B. with [C]/[M] ratio equal to 1.9x10°>
are classified in Table XVII,

(b) ©Polywerisetion-in Solution at High Pressures.

The dependence of the overall rate of polymerisation
on pressure was studied over a range of [8]/[M] ratios
up to a pressure of 2700 atmospheres, keeping the relation-
ship [C]/TM] constant throughout. The results along |
with the rates calculsted in moles per litre per second
have been classified in Teble X. Cowparing the rates
obtained at one atmosphere with those at higher pressures,
it is seen that pressure has an accelerating effect. There
is a 5 to 6-fold increase in the rate from 1 atmosphere
to 2680 atmospheres over a range of molar ratios, [S]/[M],

between 0.529 gnd 5.12.

(c) Molecular Weights.

Inspection of Table XI shows that the molscular
weight of styrene polymerised in bulk, using azobisiso-
butyronitrile at 60°C increases from l92x103 at i atmos-
phere to 573x103 at 1030 atmospheres. DPressure increases

s 1/2
kp relative to kt and ks'
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The molecular weights of polymers obtained from the
styrene-tetrachloroethylene-A.I.B.W. system show additional
features of interest. It is apparent from Table XI and
Figure 9 that the inftrinsid viscosity, and conseguently
the molecular weight, increases with increase in pressure
up to about 1030 atmospheres for solvent-monomsr molar
ratio up to 3%.04. With increasing dilution of the monomer,
the change in molescular weight is less pronounped and
with solvenbt-monomer molar ratios, [S]/[M] > 3.04, the
molecular weight remains almost constant. As tetrachloro-
ethylene is active in transfer with the growing polystyrene
chains, the average molecular weights of the polymer are
markedly reduced in the reactions at high dilutions.

Figure ¢ also shows & trend to increased molecular
weights at about 3000 atmospheres and higher pressures.
Although.the present work is wostly confined to studies
up to 2680 atmospheres, Lamb and Weale (197) have studied
the same system at 60°C between 3000 and 6000 atmospheres
and report that the molecular weight increases much mors
rapidly in this range, probably because of the phase

separation of solid tetrachloroethylene at these pressures.
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ITI.4 (a) Determination of Chain Transfer Constant

at 1 Atmosphere.

For the determination of the numerical wvalue of OS’
the dilution method was employed, which has been discussed
in Section I.4 (ii) (&). Styrene was polymerised in
tetrachloroethylene at 6000, using azo-bis-isobutyronitrile.
For reasons stated in the concluding paragraph of Section
I.4 (iii), the molar ratio, [C]/[M] = 0.64x10™> was
maintained constant. An [8]/[M] range varying between
0.5% and 5,12 was enmployed for conducting atmospheric
pressure runs (Runs 47-5%), The viscosity measurements
were done in benzene solutions at 2506 and the intrinsic
viscosity was obtained by extrapolating the graph of
nsp/O against C to zero concentration.

The degree of polymerisation, DP, was determined
from the relationship of Mark and Zouwink (182-185);

[n] = KM%

The molecular weight calcu}ations were based on the
equations of Bawn et al (187) which cover both benzene
and toluene and give fairly concordant results with
prublished work. 4is stated above toluene was not employed

as a solvent for the polymer.
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Table XI summarises the data on [S8]/{1], percentage
conversions of the polymer, intrinsic viscosities,
molecular weights and 1/DP.

For the determination of Cqs Mayo's equation was

used:
1/DP = l/DPO + CS %g}

in which 5?0 is the value of DP in thc absence of the
solvent. It may be povinted out that in the system

under study, the id@iator trensfer and the monomer transfer
terms arc negligible. The solvent transfer constant,

Ogs Was found by plotting the values of 1/DP against the
range of molar ratios, [8]/[M], the slope of the straight
line being equal to the trensfer constant (Figure 10).

It has already been pointed out that in view of the various
types of solvent reactivity, the relationships of rsaction
rate and molecular welght of product with concentration

are not simple, nor the same from one monomer to another.
The rate of polymerisation is normally reduced with
Agreater dilution of monomer and dilution, apart from non-
solvent '‘effects, also reduces the polymer average molecular

welght. TInspection of Table XI shows that the molecular
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welght decreases from 49.6lx105

at [8]/[M] = 0.53 %o

7°89X105 ét [8]/[u] = 5.12. This marked decrease in the

velue of DP is mainly due to the sctivity of the tetrachlorg—

ethylene as a chain transfer solvent. The numericél value

of Cg obtained graphically is 20x10” 7,
Schulz, Dinglingsr snd Husemann (193), and Suess

and Springer (41) have studied the polymerisation of

styrene in several chlorinated solvents and comparsed

the rates and degrees of polyuwerisstion of ths polymers

obtained. Gregg and Mayo (109) have determined the

transfer congtantes of halides with polystyrsne radicals

at 60°C and the numerical values ars given in Table III,

page 60. Breitenbach and Schindler (122) investigated

the polymerisation of styrene in chlorinaﬁed aliphatic

and aromatic hydrocerbons and reported some interesting

results which will be discussed helow., Carbon tetrschloride

possesses & very high transfer constant, and benzal

chloride and benzotrichloride arec also fairly reactive.

(b) (i) Chain Transfer at High Fressures.
| Styrene initiated with azobisisobutyromitrile was
polymerised at 60°C in tetrachloroethylene over a range

of solvent/monomer concentration ratios. [S]/[M] ratios
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above 5.12 werc not smployed in view of the observgtions-
of Walling and Pellon (112) and George and Onyon (88)
on the styrene/carbon tetrachloride system, as discussced
below. The ratio of the initiator to monomer concentration
was kept constant, following the procedure of Toohey
and VWeale (106) and Basu et al (100). The polymerisation
was carried out at four differsnt pressures and the high
polymers isolated according to the procedure explained
in Section II.3 (c). The degrecs of polymerisation, Db,
were determined by the viscometry method, the detalls
of which are given in Section II.? (e). The results are
sunmarised in Table XII. The solvent transfer constant
at each pressurs was determined graphically by plotting
the values of 1/DP versus [8]/[M], the slope of the
straight line being equal to Cg (Figure 10). As in the
case of chain trensfer studies at 1 atmosphere, the values
of CI for styrsne/A.I.B.N., system were taken as zero.

The values of CM were also ignorecd as.these affect only
the fifth place of the figures for Cy. The plot of 1/TP
against the molar ratios of the solvent to the monomer

was linear up to [S8]/[M] = 3.04, although for 1500 atmos-

ol

pheres, the ervseimentzl poinvs begen to Tall below the
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line at dilution of styrene beyond an [81/[M] ratio of
2.08. As mentioned above similar trends have heen
observed in the case of carbon tetrachloride. Walling
and Pellon (112) observed during their investigations of
the styreﬁe/carbon tetrachloride/benzoyl peroxidé system
that at higher dilutions of styrene, [S]/[M] > 0.4, the
experimental points fell below the line. Gregg and layo
(111) observed a similer trend, and their values of 1/DP,
(uncorrected for loss of low-molecular-weight materials)
vary linearly with [8]/[M] up to [8]/[M] retios of approxi-
nmately 0.6 beyond which a curvature is observed both at
60°C and 100°C. They attributed it to the loss of low
molecular weight polymers during isolation: Accordingly
Walling and Pellon estimated Cq only from those points
which were obtained for [8]/[M] ratios ranging from 0.1
to O.4. George and Onyon (88) investigated the thermal
polymerisation of styrene in carbon tetrachloride at
60°C at 1 atnogpheres They found that the use of incorrect
TP values as a result of the loss of low molecular weight
polymer during isolation produces a serious source of
error, and that the corrected results lie on a straight
line. By varying the [S]/[M] ratios from 0.244 to 6.026,
they obtain a straight line up to [8]/[M] = 2.452 but the
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experimental point for [S8]/[H] = 6.026 falls below the
line. George and Onyon did not study 1/DP as a function of
[8]/[M] between 2.452 and 6.026 and hence it is difficult
to decide at what value the [S]/[M] ratio ceases to vary
linesrly with the reciprocal degreevof polymerisation
and the pronounced curvature begins.

It appecrs from Table XII that with increase in
[s8]/[u] ratios, the decrease in molecular weights is
very narked up to an [S]/[M] value of 5.04 (2.08 at 1510
atm), beyond which the molecular weight decrsases only
slowly. (The values of the reciprocal degree of poly-
merisation given in the present work arc uncorrected for
loss of low-molecular-weight polymers). The same trend
ie apparent from Table XI which shows the effect of solvent
on the degree of polymerisation at 1 atmosphere. Obviously
tetrachloroethylene is reactive in cheain trensfer and ha;
a profound effect on the molecular.weight of the polymer.
Similar effects occur in the case of carbon tetrachloride
which has & higher solvent transfer constant. The results
of George end Onyon show that the decreasec in molecular
weights is very repid and marked as the [S]/[M] ratio

increases from 0.244 (DP = 326.9) to Z2.452 (DP = 31.75),
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beyond which the decrease in DP is quite slowy falling
to 15.79 at an [8]/[M] ratio of 6.026.

The above method of determining DP is believed to
yield the rslutive values of Cg at various pressures with
good accurccy although the absolute values of GS may be
affected by various contributing factors. Tor example,

a slight error in the numericel values of K and a in the
Mark-Houwink equation will considersbly increase or
decreass the molescular weightv.

A useful wethod of calculating Cq from the values of
the degres of polymerisation and the overall rate of
rolynerisation was suggested by Breitenbach and Schindler
(122) who proposed the following modification of the
general transfer equation:

M]? 1 _ ¢l 4 _ &2 s][M
LL.[—_-_-_-cm GI{.M}]_...E_ﬁLgSLlL_l

The only limitation of this method is that the value

M
very small. Fortunately, in the system under study CI

of CS will be dependent on Cmf GI‘ {9% when 1/DP becomes

may be regardcd as zero, so that by plotting the values
of [M]*/V(1/DP - C,) against [s][M]/V, the value of Cq

is obtained from the slope of the straight line. One
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of the advantages of this mcecthod is that in the preparation
of reaction mixtures a high degree of precision is not
needed, as the overall rate of polymerisation is not
essentially required in the calculations.

The solvent-transfer constants have been deteruined
by the Breitenbaeh—Schindler method at 1 atmosphere, and
at 1510 and 2680 atmospheres. The fesults ars given in
Table XIV (Figure 11). These results compare well with
those obtained by the application of Mayo's equation
which are shown in Teble XITII. The figures for CS at
atmospheric pressvre and at 8 pressure of 1510 atmospheres
are identical (29x10 =4 and 24.8x10 =4 respectively) in _
both the methods. At 2680 atmospheres a figure of 26.8x10” -4
is obtained by the usual method, which is fairly close to
25.6x10-4 obtained by Breitenbach-Schindler method.

Lamb (177) &uring the course of his work on'Copolymer~
isation made an approximate determination of Cg in the
styrene/tetrachloroethylene system at 1 atwosphere and
reported a figure of ~60x10™7,

The high reactivity of tetrachloroethylene among the
halides will be apparent from Table III, Section I.3.
(vii)(c). With the exception of carbon tetrachloride which

is unusually reactive, teftrachloroethylene comes nex’b
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in reactivity to benzal chloride (Cg = 50x10-4) and

benzotrichloride (CS = 57,5)

(ii) Bffect of Pressure on Solvent-Transfer Constant.

Inspection of Table XIIT shows that the value of

Cq = 29.0x107" 4

at 1 atmosphere falls to gbout Elxlo_
at 10%0 atmospheres and then rises to 24.8? 26.8 and
27,4x10™" at pressure of 1510, 1980 and 2680 atmospheres
respectively, the transfer constant again having almost
its atmospheric pressure value. The total fall at the
highest pressure is not more than 6°/0. The obvious
conclusion is that the solvent-transfer constant'is almost
independent of pressure. This further indicates that the
processes of radical growth and radical termination by
chain transfer are almost equally accelerated by pressure.
The above findings are supported by the work of
Walling and Pellon (112) in their high pressure studies
of styrgne—carbon tetrachloride system. They conclude
that in their system, the transfer constant is almost
independent of pressure, decreasing by about 15°/0 at
395O'Kg/cma (f 382% atm). The solvent transfer constant
(= 98x10™") at 1 atmosphere falls to 90 at 2000 Kg/cm®,
with a fall of about 8°/0. For tetrachloroethylens it
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I

% ot 1 atmosphere to 26.8x10™ 7 at

falls from 29.0x10"
1980 atmospheres, o decrease of about 7.6°/0. That the
acceleration of radical displacement reactions by pressure
is quitec general was further shown by Walling and Pellon
in their studies of the benzoyl peroxide initiated
polyme;isation of allyl acetate at 80°C and at pressures
up to 8500 Kg/cm®. They concluded that pressure has
little effect on competition between polymer chain growth
and transfer with allylic hydrogen and that both reactlons
are strongly accelerated.

In addition %o the evidence of Walling and Pellon
that the solvent-transfer constont, CS’ in the styrcne-
carbon tetrachloride system is independent of pressure,
further support comes from the observations of Romani
(130) who studied the scenaphthylene-tetrachloroethylene
and acenaphthylene~carbon tetrachloride systems at 6900.
The former system was studied at 1 atmospherg and ESSQ
atmospheres and the values of GSKlOLlr were 29,0 and 29.7
respectively. ‘In carbon tetrachloride the CS values were

4

7.8X10-4 and 6.0x10 © at 1 atmosphere and 1400 atmospheres

respectively.,



(¢) Chemical Reactivity and Structurse.

The highly reactive nature of carbon tetrachloride
as a chain transfer agent is rather unexpected., Walling
(11) has tried to 2§?1ain this unusuel behaviour. According
to the followingxgcheme:—

H H -
/ng. + Ce - Cce5 — f\/% - Ce + .GC&3

M. + S Kir s 8.

N
A

~CCes + CH,= cH.d_ﬁ;;G%.c - CH,- 2

S, + N Ya_ y 1.

The various fectors contributing to high solvent-
transfer value are the presence of the generally weeker
carbon-chlorine bond (dissociation energy = 66k cal/g.mole)
as'compared tc carbon-hydrogen bond (dissociation energy
= 87-94 k cal/g.mole), and the resonance stabilisation
of the .CC{’,5 radical produced in the transfer process
(12 k czl/mols from bond dissocistion data). These factors
will reduce the ectivation cnergy required for transfer.

Welling has also suggested that there may be a contribution
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from a polar effect in which polyhalomethanes (and thiols)
become electron acceptors and the styrene molecule a
donor. Abttack by donor radicals is then facilbtated by

the formation of a polar transition state:

NC.C& CC'@ é‘——““)MO+OQQQOG‘6-l|._GC"63
>
s #

Romani (1%0) has criticised the above explanation
as it does not account for the low Fransfer wvalue of
chloroform which according to Walling's hypothesis should
also possess a high transfer constant. Romani has produced
further evidence against the polar transition state
interpretation.

The reactivity of tetrachloroethylene in liguid
phase polymerisations has not been extensively studied
before. Doak (194) made a comparison of the reactivities
of all the chlorinated ethylenes with each of two or
more other radicals, determining the monomer reactivity
ratios graphically. Since he did not £ind tetrachlorosthylsne
+to homopolymerise under the experimental conditions, he
calculated the reactivibty ratips for the styrens-~tetra~

chloroethylene system (using 0.1l mole °/o benzdyl pero#ide),



| o
by assumning the reactivity ratio of the T.C.E. radical
to be zero. He based his resulis on only two experiments
in which the conversions were ﬁigher than 80°/0 and found
the value of T, to be 185. The same reactlion was studied
by Lamb (177) at 2900 atmospheres and he reports the
value of T, as 2%6+ Breitenbach, Schindler and Pflug
(195) investigated the polymerisition of styrene in btetra-
chloroethylené at 5000 and 9000 and their results along

with those of Doak are given below (186):-

T4 Ml M2 ro ¢ Refarence

0 Tetrs  Styrene 165 50 Breitenbach~Schindler-Pflug
chloro- ’ ,

0 ethylene " 208 50 "

0 o " 185 60 Doak

0 " " 66.4 90 Breitenbach et al

O 12 1 129 90 " 4

O L 1"t 187 90 1t

Doak obtailned two polymers, one with gvsolvent-
monomer ratio, [S]/[M] = 0.99 containing 0.889/6 chlorine
and the other with an [8]/[M] = 1.96 having 2.12%/
chlorine.‘ The neargs? corresponding molar ratios in this

work are 1.2l and 2.08 with a chlorire content of
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1.57°/0 and 5.420/0 respectively. The results are not
very far from each other when it is considered that the
chlorine content reported in the present work is mostly
found by difference and even the gravimetric estimations
are probébly on the high side. In the present Work the
ebove reactions were allowed to proceed for 6 and 8 hours
with O/b conversion not exceeding 7 in eithe; case, whereas
Dosk carried out his reactions for 25 and 168 hours
respectively. It may be mehcioned thalbt on repeating
Doak's experiments under exactly the same conditions,
the chlorine.contonts of the resulting polymers were
almost 1.5 time higher than those reported by Doak,

Lemb and Weale (197) studied the styrene-tetra-
chloroethylene sygtem up to 8500 atmospheres using benzoyl
peroxide, at 60°c. They found tetrachloroethylene %o
freeze at aboub 3100 stmospheres. The polymers obtained
were found to conbtain approximately one tetrachloroethylene
unit per molecule., Breitenbach and Schindler (122)
investigated ths polymerisation of styrene with chlorinated
aliphatic and aromatic hydrocarbons at 70°C with azobis-
isobutyronitrile and benzoyl peroxide and found that in
the case of tetrachloroethane a chlorine-containing polynmer

was nbbtained.
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In view of the above findings it is clear that
tetrachloroethylene does not copolymerise with styrene.
The steric hindrance caused by the presence of 1:1,

2:2 chlorine atoms in the molecule would account for this
behaviour, making the double bond unreactive.

Tables XVIII, XIX and XX will indicate that the
ectual mean numbers of the tetrachloroetiiylene units
are very low and 1lndependent of mean molecular weight,
although tusse mean numbers are subject to uncertainty
as they have been calculated from the chlorine content
of the polymer. '

Even at pressures beyond 2680 atmospheres (3110,
5550 and 554Q:atmospheres) and at a higher temperaturé
(8000), the O/b of chlorine in the polymer was only about
6, although the molar ratio of solvent to monomer was as
high as 10.12 (Table XIX). .

Gonikberg and his collaborators (198) claim that
tetrachloroethylene does copolymerise with vinyl acetate
2t atmospheric and high pressure. Their results are

given below;-
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Vinyl chlorine

sootate MLDN. pocgue yiblg SORURRYOf nuToclln:
in feed wo.0/0 Frpllof,  weishb.

49.8 0.5 1 5.6 21.50 610
B | 4000 6.7~ 21.80 1100
49.8 0.5 L -15.6 20.80 780
| | 4000  15.9  22.01 970
3544 0.5 1 1.7  27.89 500
| | 4000  17.9  31.68 750
35 0.5 1 22.1 3087 560
4000 24.0 3370 640

It will be seen that the amount of data is limited
and generalisetion on the basis of these results is very
doubtful. The polymers of high chlorine content prepared
by Gonikberg et al are of very low molecular weight and
it is not possible to make any inferences as to the effect
of structure on reactivity on the basis of these experiments.
It also appears that none of the volymers formed in the
styrene-tetrachloroethylene systeum can be regarded as

copolymers in the normal sense.
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ITII.5; ZIExperiments on the Polymerisability of

Tetrachloroethylene.,

Attempts were made to homopolymerise tetrachloro-
ethylene in bulk and in toluene solution at pressures
up to 7000 aTmospheres and at temperatures from 60°C
to lOOOC, with azobisisobutyronitrile, benzoyl peroxide,
di-tertiary butyl péroxide and tertiary butyl perbenzoate.
Theré was little indication of any polymeric substance
being formed. The C = C bond in tetrachloroethylene
seems to be wunreactive because of steric hindrance, which
is not overcome by pressure.

With borontrifluoride diethyl etherate, however,
tetrachloroethylene seemed to form polymeric substances
between 0°C and -20°C at atmospheric pressure but the

reactions were not further investigated.
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TII.6; Polymerisation of Nethylmethacrylate in

Tetrachloroethylene.

Methyl methacrylate was polymerised with tetra~
chloroethylene at 60°C at 1 atmosphere and at 2680
atmospherss, using azobisisobutyronitrile. The results
are classified ?n Table XXI, along with the composition
of the polymers. With a monomer concentration varying
from 4.51 moles per litre to [M] = 1.69 moles per litre,
the polymers prepared in the above pressure range con-
tained 0.4 to 1.6°/0 of chlorine. Such a low chlorine
content is an obvious proof that no copolymerisation is

taking place.



190.

SECTION IV

GENERsL DISCUSSION AND CONCLUSIONS

GENERAL DISCUSSION

IV.l: Solution Polymerisation at Atmospheric Pressure.

The polymerisation of styrene in tetrachloroethylene
with azobisisobutyronitrile as initiator proceeds accord-
ing to the mo@ified kinetic scheme discussed on page 46
(equation 18). The rate of polymerisation is half order
with respect to initiztor concentration and %/2 with
respect to monomer cancentration. Values higher than 1.0
in the casé of the monomer have been reported in the
literature. The hs&lf oriér kinetics with respect to
initiator is an indication of the faft that the termination
stvep involves two chains and the reaction is bimolecular,
and further that the process of transfer is not degradative.
The results of Merrekt and Norrish (141), Walling and
Pellon (112), Nandi, Saha and Palit (121), and others
have already been discussed in Sections I and IIT.

(Table IX, and Fiéures 6 and 7).

The solvent-transfer constant determined graphically
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by the use of Mayo's equabion is 29.0x10™7 which is not
unexpecte@ly high., Temb and Weale (197), Gonikberg
et al (198), Doak (1S4) and Breitenbach, Schindler and
Pflug (195) have found tetrachloroethylene to be an actlve
chain transfer agent (Table XI, and Figure 10).

The overall rate constants for the solution poly-
merisation of styrene are shown in Table ZVI, and the

figures are fairly concordant.
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IV.2:; Bolution Polymerisation at High Pressures.

(a) The Effect of Presgsure on the Overall Rate.

Figure 8 shows the effect of pressure on the rate
of polymerisation, and is based on the results classified
in Table X,

| Tha overall rate of polymerisation in bulk is
accelarated approximately five~fold at 2270 atmospheres.
This is,attributable to the acceleration of the propagation
reaction by pressure and a simultaneous retardation of
the mutual chain radicel termination process as suggested
by Norrish and coworkers (141-142).

In solution polymerisation, the oversll rate was

found to increase betwsen five~ and six-fold from 1
atmosphere to 2680 atmosrheres.

(b) The Effect of Pressure on the Degree of

Polymerisation.

It is apparent from TeblesXI and XII that
pressure exerts its maximum influence on the increase
in molecular weights up to about lQOO atmospheres. With
& solvent-monomer molar ratio of 1l.21, the moleéula;
welght incrgases from 25.5X103 at'l atmosppere to 58.2}:105
at 1030 atmospheres. At 1510, 1980 and 2680 atmospheres,
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the figures are 29.2x10°, 28.0x10° gnd 31.1x10°. This
clearly shows that there is little variation in the
wmolecular weight beyond 1000 atmOSpheres. The solvent,
tetrachloroethylene, has a profound effect on the degree
of polymerisation by acting as a chain transfer agent.

The results of TableSXI and XII have been plotted
in Figure 9. As pointed out in Section IIT.3(c), Figure 9
reveals a tendency of the molecular weight to rise again
beyond about 3000 atmospheres, and this has been confirmed
by Lamb and Weale (197) in their studies of the styrene=
tetrachloroethylene system at 60°C at atmospheric and high
pressure. They found a rapid increase in the molecular
weights in the range'BOOO to 6000 atmospheres which is
probably due to phase separation of tetrachlorosthylene
as the pure solvent freszes at about 3100 atmospheres
at 60°C.

(c) The Effect of Pressure on the Solvent Transfer

Constant.
The solvent transfer constant for tetrachlioro-
ethylene with styrene at 60°C is 29.0}(10"4 at atmospheric

4

pressure and falls to 27.4x10 = at 2680 atmospheres,

the highest pressure used in these studies. It can be
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inferred that pressure equally accelerates both the
processes of radical growth and chain termination by chain
transfer so that the solvent transfer constant is almost
independent of pressure. The effect of pressure in
accelerating the abstraction of = chloriné atom as much
as the radical addition is rather suprising.

These results are in agreement with the findings of
Walling and Pellon (112) in their studies of the styrene-
carbon tetrachloride system in whiich CS ig almost
pressure-independent. The same aubthors confirm that the
chain transfer with the monomer is nbt pressure-dependent
in their studies of the allyl acetate polymerisation.

The data produced by Romani (130) on the acenaphthylene-
carbon tetrachloride and acenaphthylene-tetrachloroethylene
systems is alsoAin accord with the findings of the present
work.

Toohey and Weale (1l06) in their studies of the
styrene-triethylamine and styrene-toluene systems observed

4

that in the former case CS decreased from 6.7x10 ' to

1.4x10° %

between 1 atmosphere and 4400 atmospheres and
in the latter case elso a significant decrease in Cg
was found with increase of pressure. Similar behaviour

was found with ethyl benzene and tertiary butyl benzene.
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Romani has also studied the acenaphthylene-toluene system
and reported'that CS decreased with increasing pressure
to the extent of about 500/0 in the pressure range 1
to 1500 atmospheres. Probably in this system also, pressure
has a greater accelerating effect on the propagation step

than on the transfer reaction.

(4) Couposition of Polymers.

Doak's investigaetion on the solution polymerisation

of styrsne in tetrachloroethylene at 1 atmosphere are
based only on two experiments and his assumption that
tetrachloroethylene copolymerises with styrene is very
doubtful. The results classified in Table XX do not
support Doak's view as the mean values of ﬁhe number of
tetrachloroethylene units per molecule of the polymerb
are very low. On the contrary they appéar to show that
tetrachloroethylene does nov copolymeriselwith styrene
and that, presumably because of steric hindrance, the
double bond is unreactive.

Gonikberg's claim that tetrachloroethylene copolymerises
with vinyl acetate at abmospheric and high pressure is
based on polymers of very high chlorine contsnt and

very low molecular weight. Further knowledge of the
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structures is necessary before it can be decided whether
they may be termed copolymers.

Experiments performed With methyl methac:ylate in
tetrachlorosthylene at 1 atmosphere and at 2680 atmospheres
confirm the unre:zctivity of tetrachloroethyleng in co-
polymerisation. In the pressure range 1 to 2680 dtmospheres,
with & monomor concentration varylng from 4,5] moleg
per litre to 1.69 moles per litre, the polymer produced
contains elmost 29 walse o/b ox more of methyl methacrylate
and an insignificant content of chlorine (0.%-1.6°/0).

Obviousgly no copolymers are formed. The results of these

T

sxperiments are classified in Pable XXI,



197, -

IV.%: CONCLUSIONS.

The conclusions drawn from the foregoing results

and observations may be summarised as follows:-

(i) The kinetic equation for the polymerisafion of
styrene in tetrachloroethylene is of half order
with respect to the initiator, azobisisobutyronitrile,
at one atmospherec.

(ii) The termination step is bimolecular, that is two
chains are involved in the btermination reaction and
the process of transfer is not degradative.

(iii)The order of reaction with respect to monomer (styrene)
is 3/2 at 1 atmosphere. This is not surprising as
orders nigher than 1.0 have often been reported in
the iiterature.

(iv) The rate of free radical polymerisation of styrene
in tetrachloroethylene at 60°C is accelepated several
fold (5 to 6 times) by pressure up to 2680 atmosphercs.
This is similar to the effect on the rate of the
bulk polymerisation.

(v) The molecular weight of polystyrene prepared in
tetrachloroethylene increases with pressure up to

about 1030 atmospheres, the increase being abouv
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1.5 fold. Beyond this the change is slight and the
molecular weight remains almost constant. At high
dilutions, with molar ratios [S]/[M] > 3.04, there
is no appreciable changs in the molecular weight at
different pressures.
(vi) The solvent transfer constant of tetrgchloroethylene

a1

with styrene is fairly high; Cg = 29.0x10™

atmosphere and is almost independent of pressursc.

The activity of tetrachloroethylene in chain trensfer

is supported by earlier work, and the small effsct

of pressure vn Cg when the atom trensferred is chlorine

has been observed with styrene.
(vii)Tetrachloroethylene does not copolymerise with styrene

at atmosphsric pressurs. Doak's assumption thet the

products are copolymers is difficult to reconcile

with the very low chlorine content, and he does not

report the molecular weights or the mean numbers of

tetrachloroethylene units in the polymers prepared

by him. The fallure to copolyaerise is probably

attrivuted Lo steric hindrance caused by the bulk of

chlorine atoms in the symmetrical molecule of tetra-

chlorocthylene, which 1s not overcoms by the
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pressures used in this work. Indirect support
for this view comes from Romani's study of the
acenaphthylene-tetrachloroethylene system at high
pressures.'

The claim by Gonikberg and his collabnrators
that tetrachloroethylene copolymerises with vinyl
acetate both at 1 atmospnere and at 4400 atmospheres
is doubtful'as the molecular weights of their polymers
lie in the range from 500 to 1100. The structure
of these very low~molecular-weight polymers is not
reported and it is likely that high chlorine contents
would not be found in polymers of higher molecular
welght.

(Vﬁi)Tetrachloroethylene was found not to homopolymerise
in the presence of azobisisobutyronitrile, benzoyl
peroxide, di-tertiary butyl peroxide or tertiary butyl
perbenzoate, both in bulk and in solution, at
different témperatures and pressures up to 7000
atmospheres. This is also probably attributed to
steric hindrance.

(ix) Tetrachloroeﬁhylene seems 1o produce small yields

of homopolymers with boron trifluoride diethyl etherate
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as a catalyst at tempercture in the range from 0°¢c
to -20°C,
Polymers have been preparsd from methyl methacrylate
in tefrachloroethylene at 6000, using.azobisiso—
butyronitrile, at 1 atmosphere and 2680 atmosppereso
The chlorine’oontént of these did not exceed 1.60/0
and it is concluded that no COPO;ymerisation takes

place between the two substances.
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