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ABSTRACT.

The effects of pressures up to 3000 atmospheres
on the polymerisation of styrene, systems containing styrene
with vinylidene chloride, technical and trans-—dichloroethylene,
or trichloroethylene; and of systems containing vinyl acetate
with vinylidene chloride or trichloroethylene have begen
investigated. Rates of reaction have been measured.
Composition and limiting viscosity number of the polymers
have been determined.

The chlorine contents of the polymers formed
in the styrene-chloro-olefine systems (except vinylidene
chloride) are low and are believed to arise mainly from
transfer reactions. The order of reaction of [styrene]j) 1
except at highest pressures, and of [initiator] is about 0.5
and independent of pressure.

The rate coefficients RlOOO/Rl are similar in
magnitude in the systems styrene and styrene-chloro-olefines.
The volume of activation.a.vf for the systems is styrene-
trichloroethylene) styrene-trans dichloroethylene) styrene -
technical dichloroethylene, The chain transfer constants of
trichloroethylene > trans-dichloroethylene » technical dichloro-
ethylene at low pressures, but at higher pressures, the
activities of trichloroethylene and trans-dichloroethylene

are similar. An explanation in terms of the varying polarity
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of the initial reactants and the transition sfate, together
with resonance stabilization of the transition state is
suggested. Technical-dichloroethylene is unreactive due
to its high cnergy of activation.

The monomer reactivity ratios in the
copolymerisation of vinylidene chloride with styrene or
vinyl acetate are independent of pressure. The molecular
weights of copolymers formed from vinyl acetate and
trichloroethylene are low and practically independent of
pressure up to a feed composition of about 80 mole % vinyl
acetate.

Solidified trans-dichloroethylene and technical
dichloroethylene were unchanged when subjected to pressures
of 27 Kb and 37 Kb. Trichloroethylene decomposed when

subjected to similar pressures and heated.
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SECTION I.

Elementary Processgses in Homogeneous Liquid-Phase

Addition Polymerisation.

1.1. Introduction.

Sections I and II contain a review of the
kinetic aspeets of polymerisation and copolymerisation
reactions. Deviations from the simple kinetic scheme, and
the theories put forward to explain them, are discussed.
Pregoure is a significani varieble in chemical reactions and
its effects in relation to the kinetic scheme for radical
polymerisations are discussed in Section III. This is

necessary for the interpretation of the results obtained.

1.2. Reactions in Radical Chain Processes.

Polymerisation reactions have been known for
over a century and were farst described as "polymerisations"
by Berthelot [1] in 1866, The present recognition of the
macromolecular structure of polymers is due to Staudinger [2],
who proposed that the polymerisation reacction can be written |

as
n CH, = CHR (—CHz—CHR-)n {1)

The process 1is a chain reaction in the kinetic as well as the
structural sense. The chain grows by successive additions

until a termination reaction occurs and growth ceases,
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The polymerisation process can be resolved into the
fundamental stages of initiation, propagation, termination

and chain transfer.

(&) Initiation.

Initiation in radical polymerisation may be
brought about by heat, radiation, or free redicals derived
from the thermal breakdown of a number of compounds. The
mechanism of thermal initiation, though many views have been
put forward, is not very clear [3-6]. The same is the case
with radiation polymerisation [7-10]). A large number of
organic and inorganic compoundes generste free radical
intermediates on thermal decomposition and are effective
catalysts for polymerisation. These compounds include the
acyl peroxides, azo compounds, persulphates, etc. It
involves the decomposition of an initiator I, to form
radicals.

1 .SPeTEY 2 g# (2)
These radicals are frequently unstable species, and in the

presence of a monomer, i, the following reaction takes place:

Z¥ o+ M- -u ME (3)
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(b) Propagation.

In the propagation process, a polymerizable
monomer, once activated to the free radical state, can add
further monomer molecules., The normal chain growth may be

represcented by the successive series of reactions

My o+ M e 7 MY (42)
My, + M ooy MY (41)
I U (s0)

Fivation energy of this rcactvion 1s wuch lower Lnan
that of the initiation reaction. The average lifetime of
the growing chains is very small, of the order of 10"3 to
10™2 sec. for a chain length of about 1000 molecules. The
propagation reaction probably occurs when the active centre
of the molecule collides with the active end of the radical
in a particular way, and only if the necessary activation

energy is available.

(c) Termination.

The termination of a kinetic chain in a
radical polymerization may be due to
(i) reaction of the free radical end of one chain with
a similar grouping in another chain;
(ii) addition of an initiator radical to the active

chain end;
(iii) termination by impurities such as oxygen,
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inhibitors, etc.

It is not easy to decide which is the predominant
mechanism except in special cases, but extensive kinetic
studies have shovn that the most general termination
reaction is bimolecular and probably of type (i). Two such
types of bimolecular terminztion occur :

1. The union of the radicals by & coupling or

combination mechanism

* *
R - CHZCHX + R—CHQ-CHX -y
R—CHECHX - CHXCHQ-R (5a)

2. The transfer of an atom, giving a saturated
molecule together with the formation of a molecule having
an unsaturated terminal group, by a dsproportionation
mechanism

* *
R - CH, - CHX + R - CH,CHX ——

R—CHZCHQX + R-CH=CHX (5Db)
A distinction between these two reactions is possible
experimentally if it can be established accurately that the
polymer molecule contains one or two catalyst fragments or
that half the molecules have unsaturated end groups.
Further, the disproportionation mechanism would lead to a
lower average molecular weight than the combination

mechanism. Prom a detailed examinetion of the

polymerization of methylmethacrylate initiated by hydroxyl
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radical [11], it hes been shown thet combinatien is the main

process for this reaction,

(d) Chain Transfer,

Although bimolecular termination is the mein
process which stops the growth of a chain radical, its
2ctivity may be transferred by other phenomena, This
concept was first introduced by Flory [12], and is termed
chain transfer, The reactions are accompanied by the transfer

I o nmonovalenv wuom, elither lfrow thwe molecule to the polymer

Q)

radical or to an active monomer or other free radicals from
2 polymer molccule, In the latter case the activity may
be transferred to any position along the chain and mny lezad

to brenching oxr cross linking [13]

Rn* + Y -~ BRn + Y* (6a)
Here Y represents a monomer, polymer, solvent, initiator or
any other molzcule present in the system, and Y* is =a
derived radical capable of initiating another chain.

Chain transfer may not greatly affecct the
over2ll rate of polymerisation, since the active centre is
meintained, hut the average molecular weight is reduced, the
effeect inercasing as the reactivity of Y increases.

However, if the new radical Y¥ is not as
effeetive in propageting a chain as 2*, it may lose its

activity by terminating a growing ohain or by combining with
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another radical including Y* radicals.

Y*¥ + Rn¥ ——— Rn + Y (6b)
Y* + Y* ..—= Product (6c)

When Y* takes part in recactions such as (6b) or (6¢), the
overall rate of polymerisation is retarded as a result of
transfer reaction, and the phenomenon has been called

"degradative chain transfer" by Nozaki and Bartlett [14].

1.3, General Kinetics of Free-Radical Polymerisation.

(2) Postulates.

In order to develop a kinetic rate equation
cartain simplifying assumptions are needed. They are

(i) Only the initial stages of polymerisation are
congidered so that the concentrations of reactants may be
taken aé unchanged.

(ii) The activity of a growing radical is independent
of its chain length.

(iii) The chains are long so that the rate of
consumption of monomer is equal to the rote of chain
propagetion.

(iv) A "steady-state" is attained, that is the rate of
change of concentration of an intermediate present in very
low concentration is small compared to its rates of formation
and disappearance. For all practical purposes the rate of

change of free radicacl concentration is taken to be zero.
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(b) Kinetic Equation.

Bearing the above postulates in mind, as an
illustration of the general kinetic problem let us consider

the following reactions.

Initiation Moo Mp* ky (7)
Propagation MI + M- M2*
»*
MY o+ M o M3 i kp (8)
A TN
Terminavion Mﬁ + Mﬁ"‘3Mh+m kt {(9)

The overall rate of monomer consumption

am - *
it = Vinit. 7 vprop. = Vinsg. t kpc ¥ (10)
where M = monomer concentration and
C*¥ = +total concentration of radicals.

Also for a very long chain, the growth reaction is much
faster than that of initiation, and the first term in
equation (10) is negligible, so that

- aM *

In the steady state, dC* = 0, and the velocity of initiation
at

equals the velocity of termination. Since Vinit.= Vterm.
2 s
= k, C¥* e
7 0 fv. .
oF = . —iDit (12)

ky
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-t

V.
M J init
Hence - = R = k_ M,k |<2=2 (13)
’ at ) P k.,
Defining é) = kﬁ%/kp, equation (13) can be written as
_ ~1 (T T
R, = o+ [M] Vi i (14)

The overall rate of polymer formation may be
derived by introducing the appropriate value for Vinit’
The following possibilities may be considered.
(1) The rate of initiation is dependent on the
concentration of initiator and independent of monomer

concentration :-

Vinit ky (1) (15)
k.> x
-%=RO=——;‘C—%—E.M.(I)% (16)
"

In the case of an initiator like benzoyl peroxide which
decomposes to form two radicals, if kd is the rate constant
for decomposition of the initiator, and "f" the efficiency

of the radicals in starting chains, then

Vinit = B = ki(I) = 2f kd(I) (17)

and R0

51 (2 )®  (1)F (18)

(ii) 1Initiation might occur by a bimolecular

reaction between the initigator and the monomer.

Vinit = Ky ¥ (I) (19)
k.% x
- % = R = -1 B 23 (20)

0
kt%
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The above kinetic scheme is known %o be observed in several

benzoyl peroxide-catalysed polymerisations.

(iii) Second order initiation.

Vinit = ¥ M s (21)
k. k
_oam - 1D 2
it = R T 33 i (22)

This is the casc in the polymerisation of styrene in the

bulk and in solution without initiztor.

(iv) FPirst order initiation.

k. %k
dﬂ = = 1 ’.‘13/2
~%% = R, = —E;§E i (24)

(v) Photochemical initiation.

Vinit £ (I) M (25)
where I = intensity of absorbed light
-4 - 2D yE 3/2
5 = Ry o= ( ¥, LI (26)

The validity of the simple kinetic equation
(16) or [18) have been ¢xamined by kinetic investigations of
polymerisation in a2 number of monomcr-initiator systems.
In most cases the order with respecet to initiater [15-20]

concentravion is 0.5 which shows that the kinetic choins
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end by mutual termination of radicals.

The dependence of polymerisation rate upon
monomer concentration is less clear cut and there are
complications arising from the dilution of the monomer.

In the case of d-sec~butyl-s<—-chloracrylate catalysed by
benzoyl peroxide in dioxane [16], the order with respect to
nonomer is first order, In other systems the order of
reaction varies and different orders of reaction are obtained
under different conditions [21-25]. The origin of this
variation in the order of the polymerisation reaction with
respect to monomer is still rather uncertain, However, it
appears that at least three factors may be involved:-

(1)  the variation of ks and f with change in medium;

(ii) +the presence of adventitious retarders;

(iii) the occurrence of degradative chain transfer

between polymer radical.and solvent.

(e) Rate Constants and Kinetic Chain Length,

Rate Constants: The simple kinetic equation

can be rewritten as
k.2 /k, = (R /M2 /R ' (27)
P t o i
Since RO and M are directly measurable and Ri may be

determined, it is evident that the ratio kpz/kt can, in

principle, be determined for any polymerizing system obeying
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the simple kinetic scheme. A comparison of the kpz/kt
ratios gives the relative rates of polymerisation of different
monomers at a given rate of initiation. A comparison of the
different determinations of kpz/kt ratios [26~-28] for styrene
shows the genefal reproducibility and reliability of
polymerisation kinetics. The evaluation of the individual
rate constants by steady state methods involves the
estimation of C¥, which makes the measurement almost
impossible because of the exteremly low concentration of the
radicals and since radical production may be abruptly

gstarted and stopped. The application of the non-steady
state techniques has, however, made it possible to evaluate
the individual rate constants. The sector technique and the
special interference method which have mostly been used for
the measurement of individual velocity coefficients, belong
to the so-called 'pseudo stationary state’. The propagation

and termination rate constants for a number of monomers at

25°C¢ are given below.

i, -3 3
Monomer kp ki * x10 ktz/kp
(1./mol.sec) (l./mol.sec)
Methyl acrylate 1500 7.4 4.9
Butyl acrylate 13,1 0.13 10.2
Styrene 39,5 2.81 71.3
Methyl methacrylate 275 5.0 18.1

Vinyl acetate 750 22.3 30
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Kinetic Chain Length : The kinetic chain length,

¥ is the average number of monomer molecules consumed by
every radical which starts a polymerisation chain. This
quantity is given by the ratio of Rp to R; (or Ry) :

Y = Rp/Ri = Rp/Rt (28)

from equations (11) and (12) this becomes,

o %
R’ ko, M/mc,G ¢ (29)
or eliminating radical concentrations,
Y= oxf 22 /2k R, {70)

Equations 29 and 30 illustrate an important general property
of radical chain processes involving bimolecular propagation
and termination.
(1) The inverse relationship between chain length and
either the radical concentration or the overall reaction rates.
(ii) The chain length is independent (at constant
reaction rate) of the means of initiating the reaction, but
is a characteristic of the particular monomer system involved.
When chain termination is by disproportionation
"= P , and when it is by recombinatiocn 2% = P, [29-30]

(P is the average degree of polymerisation).
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(d) General Chain Transfer Equation.

In non-degradative transfer reactions,
termination of growth takes place without stopping the chain.
In any system the reciprocal of the degree of polymerisation
is given by the ratio of the rate of all chain-ending
processes to the rate of polymerisation (for small amounts of
reaction)

1 _ rate of chain termination by all processes (31)
rate of chain growth

ky (06)% + X, MC* + k,_C*S + k, O¥I |

- I 07l (32)

ktm’ kts’ kti are the rate constants for chain transfer to
monomer, solvent and initiator respectively. The transfer
to polymer is assumed to be negligible at fairly low
conversion.

SV %

Now % = : ._:].'Il_l_t.'\
\. kt J

Taking the general case of chemical initiation, in which the
rate of initiation is only proportiornal to initiator
concentration, .

C* = (k;I/ky)*
Let the chain transfer constant with a molecule X be defined
as C_, when C_ = ktx/kp. Substituting in equation (32) it
follows that

) kA

s 17
i - (kikt) ! 4 EEE + kti E
P kp M kp ké- M

S
+ kts/kp i (33)
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1

% 12
(k kt)

L
B M
P k,

(34)

Bl

Cs

=
+

+ Cm + CI

If the transfer to monomer and initiator is negligible, then

the equation reduces to

1 1
s TE
po. BT s (35)
p kpM s M
Taking the general case of a bimolecular initiation reaction
between the catalyst and the monomer, where Vlnlt kiM.I,
equation (35) becomes,
. (k)% 12 o
3 - . 15 + Cy 1 (36)
p

For the uncatalysed (thermal) reaction which is second order,
the first term in equation (33) reduces to (k k) ‘/k
In the absence of solvents the last term is zero, and the

average degree of polymerisation in a pure monomer is given

by

1
(k.k,)*® k
g = —th. o+ = (37)
0 P Y

In the general case of an uncatalysed reaction, equation (37)

becomes

+ C, 8/M (38)

Hife
W“H

0
which is Mayo's equation [31]. Equations (35) and (38) show
a linear dependence of 1/P on S/M, and have been widely used

for the determination of chain transfer constants for many



23.
solvents in the initiated and thermal polymerisation of
various monomers [32-35], A chain tronsfer constant of 0,02
means that a growing chain adds to its own monomer f£ifty
times as readily as it attacks the solvent molecule. It has
been found that the transfer constent for any one solvent
increases in the order styrene {\methylmethaorylate<(

acrylonitrile { vinyl acetate.

(e) Summary.

In initiated polymerisation the rate and
efficiency of initiation are not always independent of monomer
concentration, as has been assumed in developing the kinetic
equation (18).

The dependence of the polymerisation rate on
the square root of the initiator concentration has been found
in bulk and solution polymerisation.

The kinetic equetions suggest that the
polymerisation rate should be proportional to the square root

of the rate of initiation (V. %), irrespective of the

init

initiation process. This is observed in the photochemical

process of vinyl acetate and methyl methacrylate [36-37] and in

several benzoyl peroxide initiated polymerisations., In addition

a number of other monomers show similar behaviours. These
bimolecular

observations support the generality of/biradical termination

processes in free radical polymerisations yielding high polymers
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The interpretation of the dependence of the
overall rate on the monomer concentration is not very
satisfactory. In the benzoyl peroxide initiated
polymerisation of styrene in toluene at 8000, Horikx and
Hermans [24] found that the apparent order with respect to
monomer increased from 1.18 at [M] = 1.8 moles/litre to 1.36
at [M] = 0.4. Vinyl acetate and other common monomers also
give an apparent order of reaction which is greater than one.

In chain transfer studies, some workers use an
equation in which the first term of equation (35) is a
function of I/l instead of I%/M. But this does not cause
noticeable discrepancy in the results obtained with a strong
chain transfer agent [38]. It also can be seen that the
exact form of the term containing I/M in the transfer

equation will depend on the nature of initiation reaction.

1.4. Modification of the Simple Kinetic Scheme.

We have scen that in a number of systems the
steady-state rate equations do not hold good. In a systenm
having a monomer, an initiator, a solvent, a polymer and the
derived radicals processes other than the simple initiation,
propagation, termination and chain transfer can take place,
Participation of these other processes or any change caused

by a physical phenomenon going on in the system, may cause
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a marked deviation in the kinetic order of the reaction.

Some of the suggestions and modifications are discussed below.

(2) Modification of the Rate Eguation.

(1) The Mgonomer-Initiator Complex Theory.

This theory was proposed by Schulz and
Husemen [39], Mark and Josefowitz [40] and Kamenkaye and
Medvedev [41]. They considered the formation of a monomer—
initiator complex and the rate of initiation was assumed to
be equal to the rate of decomposition of the complex.
Schulz and Hyseman [39] derived the equation :

( k kg [1]
P ky

y w2 (1. k, [M] )~ (39)

where kc = rate constant for the formation of the complex and
kd its rate constant for decomposition.
No evidence of the formation of a monomer-
initiator complex has been found by Mayo and others [21],

and the hypothesis at present seems to be without foundation.

(i1i) The Solvent-Cage Theorv.

An alternative explanation was put forward
by Matheson [42], using the "Solvent-Cage” theory of Frank
and Rabinowitch [43]. He proposed that primary radicals
are confined within cages of monomer or solvent molecules,

and that some trapped radicals recombine instead of
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initiating a polymer chain. The rate equation based on this

theory is :

x, [1]
- %%. = kp(f_%r_ 372 (1 + r [u] )"% (40)

where ks = rate constant for catalyst decomposition, r is
equal to the ratio of the rate constant fcr reaction of an
initiator radical with & monomer to that for reaction between
two initiator radicals,

Horikx and Harmans [24] have supported the
"cage" theory. However, it has been discounted by Flory (44 ],
and Jenkins [45] has shown that the "cage" effect cannot
satisfactorily explain the retardation, and the variation of

the order of the reaction with monomer concentration.

(iii) Retardation due to Solvent Transfer.

In early work and in the cage theory, the

solvent is taken as a diluent and assumed to have only a
physical effect in surrounding the radicals, and not to
undergo any chemical reaction. When the efficiency of
re-initiation is very low, the substance is better considered
ag a retarder than a degradative chain transfer agent, but
the distinction between them is one of degree only.

The reaction involving the solvent and the

radicals generated by chain transfer, may be written as :
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Transfer P*4+S _.-» P+ 8% ks
Re initiation S*¥ + M~ SM¥ kp'
Cross termination P¥ + 8% __..» Product kt'
Mutual termination S* + S*¥ ___.5 Product kt"

The order with respect to initiator [46], if "f£" is the

efficiency of re-initiation is given by

R .
L-f (1- = ) + 0.5

2
Po
wacre Rp = rate of poiymerisation in presence of transfer agent
Rp = rate in its absence.
o

This leads to the overall polymerisation being
of the order of between 0.5 and 1 with respect to initiator.

x, [s*] [u]

£ = (41
k' [s*][u] + x, [P*][s*] + x, [s*1[s*] )
Kice [47] has shown that cross termination is usually
favoured. Hence,
K, [s*] [u]
(42)

t = kp'[S*]‘[MJ ¥k, [P*] [5%]

The stationary concentration of polymer radicals is given by

R, = Kk, [px] [n] (43)
' R
= A
1/f 1 + kp' X (1]’ (44)
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Burnett and Loan [48] developed a kinetic
treatment to explain the dependence of rate of polymerisation
upon monomer concentration when polymerisation is retarded by
solvent transfer, There is, however, an inconsistency in
the detailed treatment since the rate of radicel displacement
is put equal to the rate of re-initiation.

Jenkins [49] has shown that transfer constents
may be calculated from rate measurements only if transfer is
of the degradative type. His treatment seems best when
retardation is pronounced and the efficiency of re~initiation
is low. The derived equation is

- B Doy B ) (45)
fs[S_} ¥ (L. lct)"

in which kfs is the rate constant of transfer reaction.

The solution polymerisation of acrylonitrile
has been examined by Thomas, Gleason and Pellon [50]. The
pronounced retarding effect of benzenc upon vinyl acetate
might be attributed to the formation of phenyl radicals from
the diluent, which feail to re-initiate the polymerisation.
This would conflict with the results of work with benzoyl
peroxide and vinyl acetate which show that these radicals
initiate effectively. It must be recognized that radicals
can interact with aromatic substances by mechanisms not yet

fully understood. In this connection, the demonstration that



29.

benzene can co~polymerise with vinyl acctate [51] is of great
significances the retardation is quite lilely to be due to

" . P R
inertncas of the redical = towards the relativel
5 y

unreactive monomer.

(iv) Transfer to Initiator.

Transfer to initiator can properly be
regarded as an induced decomposition of that substance since
it leads to consumption by & process other than dissociation
to radicals, Trensfer t¢ initiator can be studicd b
molecular weight methods and also by end-group énalysis.
Some of the di-aroyl peroxides are rather susceptible to
transfer, and it is for this reason that azoisobutyronitrile
is commonly preferred as an initiator. The radical

displacement most probably can be represented as :
!

P* + (RC0.0), ,H%E.%? P.0.CO.R + R.CO0.0" (46)
The radical produced in equation (46) or one derived from it
by loss of 002, initiates efficiently since it is identical
with the radical produced by dissociation of the initiator.
Such transfer to initiator leads to an abnormal relationship
between the rate of polymerisation and the kinetic chain
length [52]

R + 2k, ! [P*] [1] (47)

Ry (apparent) =~ i (true)

Since Rp = kp [p*] [m] ,
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i (true) T _RPIM] . Rp (48)

Ry (apparent) R

For a fixed concentration of initiator, the rate of
polymerisation can be varied by adding to the system a second

initiator, Then a plot of R, determined as the

i(apparent)’
rate at which fragments of the first initiator enter the
polymer, against the rgte of polymerisation, should be linear;
from the slope ki'/kp can be determined, and the true rate of
initiation by the first initiator can be found from the
intercept [53-54].

When degradative chain transfer with initiator[55]
takes place, the order of reaction with respect to initiator
concentration becomes less than 0.5. Taking an extreme case
where all the termination reactions are with initiator

molecules and they are degradative in naturefas with certain

sulphides e.g. P* + (C.H..S8),-—% P.C.H. + C.H_..S.S*), then:
65 2 675 675

R, = kg (¢c*) (1) = Ry = ky (1)
Ky
- * * = —
Rp kp c* M, C kt
k .kd A
Hence R, = —£-& y (49)
P ki

The order of reaction with respect to the
initiator can also change because of Primary Radical

Terminetion [56]. The reactions are

R* + 2* ... > Product (50)
Z*¥ + Z*¥ _...> Product (51)
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As the concentration of Z¥* increases it will participate more
and more in these two termination reactions.
Bamford et al. [59] extended this theory and

derived the following rate equation :

_ i~ 3 M
S R 2 (52)
where k' = ki/Z(kt)%

Equation (52) gives good correlation with the rate data
obtained from those systems where there is no marked
retardation by solvent. The relation between polymerisation
rate and (I)% is linear at lower initiator concentration, but
at higher initiator concentration the rate tends to level
off, as the apparent order of reaction with respect to
initiator concentration tends to zero. This is the case in
the polymerisation of styrene at constant monomer
concentration in N,N~dimethyl formamide, at 60°C, and with

concentrations of AIBN between 0.02 and 0,659 mole/litre.

(v) Pransfer to Mgnomer.

If transfer to monomer molecules is accompanied
by retardation or if the monomer molecules take part in the
termination reaction, the kinetics of polymerisation are
changed. In an extreme case, when all the termination
reactions are withh monomer molecules, and initiation is due

to generated monomer radicals, then,
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R, = ki [c*] [M] = R, = Xy [1]
kg [1]

¥ = = ¥ | M
R v R T

ko kg (1] ™

= "R—E;_—ﬁ— (53)
k. k

= ._L._kd I (54)
t

which shows that rate of polymerisation is directly
proportional to rate of initiation. The kinetic order with
respect to [I] and [M] will be 1 and zero respectively.

The function kp/kt is the kinetic chain length ¥ , equation
(54) gives R, = ¥Ry (55)
Equation (55) is obeyed by the polymerisation of allyl
acetate [56].

(b) Modified Chain Transfer Equation.

Mayo's equation (38), page22 is satisfactory
for the determination of chain transfer constant in the
general case of thermally initiated polymerisation reaction.
However, a number of workers have used the equation for the
determination of chain transfer constants in the chemically
initiated polymerisation of styrene, methylmethacrylate,
vinyl acetate and acyylonitrile [57-61]. The transfer
constants obtained [58] were compared with the figures

obtained from thermal polymerisation. Taking the initiation
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processes in the above systems to follow the simple kinetic
scheme, (that is the rate of initiation is proportional only
to the initiator concentration), then I%/M should be kept
constant, (equation 33, page 21). But it was found that
keeping I/M constant and changing [S]/[M] was equally
satisfactoxy.

Toohey and Weale [62], in order to investigate
the whole situation studied the polymerisation of styrene
in toluene, ethyl benzene and trimethyl amine, using AIBN and
benzoyl peroxide as initiator at 60°C. They found that
keeping I/M and I%/M constant in the toluene-benzoyl peroxide
system C, values were 11.0 %1072 and 2.6 %10 respectively
and the latter value compared well with the thermal value of
1.25 x10™°. In the case of triethylamine, a relatively
active solvent, no significant difference was noticed in the
value of Cq by changing I/M ratio to I%/M. In both cases,
the values were close to thermal values.

Mayo's equation for the determination of GS
can also be used for systems where retardation or degradative
chain transfer occur. The chain length of the polymers
should not be very low [63-64]. In an extreme case, when
mutual termination is completely replaced by monoradical
degradative chain transfer, the transfer equation can be

written as :
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i = rate of chain termination by all processes
P raté of chain growth
* *
1 ) k% C*M . k%m C*M . k%l C*I . k%s Cc*3 (56)
* * * *
P k,C*M k, O*M k, C*M k, C*M

where k% is the rate constant for monoradical termination with
monomer, resulting in formation of stable radicals; which

can be equated with k%m' Hence,

i

2¢', + C'p I/M + C'y [s1/[m] (57)

Hotf=

where C'm, C'I and C's are the transfer constants with
monomer, initiator and solvent, respectively, for degradative
chain transfer. Thus in the extreme case of degradative
chain transfer, provided the P is not too small, a plot of

1/P against S/M gives the value of Cq -
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SECTION IT.

Bulk Copolnmerisetion.

2.1, Introduction.

From both the theoretical and practical
standpoints, copolymerisation constitutes a very important
branch of the study of polymerisation processes generally.
When two or more monomers are polymerised together, they may
copolymerise to yield macromolecules containing units of
different monomers linked together. The process of
copolymerisation is very important industrially. This
technical interest in the reaction of copolymerisation has
led to its intensive study and it was early recognized that the
composition of a copolymer might be quite different from that
of the monomer mixture or feed from which they are formed
[65-66]. Although most copolymerisation reactions involve
monomers, both of which can independently polymerise, other
'monomers' can be used which do not themselves form high
polymers, Thus maleic anhydride, which is difficult to
homopolymerise, readily polymerises with other monomers such
as styrene, vinyl acetate, etc, [67-69]. The extreme case
in which neither of the original monomers are capable of
polymerising alone, but will copolymerise, is also known.
Thus maleic anhydride will react with stilbene to give a

copolymer [70],
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2.2, Reaction Soheme and Copolymer Composition Equation.

If the two monomers are M, and N, end Ml*
and MZ* designate the propagating radicals, then the reaction

scheme is :

Initiation Mi--3 Ml*
o (58)
Propagation Ml* + M1 m—*ki1~> Ml*
kiz
* —— *
59
kaa
M* + M ka}-—) M,*
2 1 1
Termination The termination reaction may involve

mutual destruction by combination or disproportionation of any

of the radical chains ending in M,* and M,*, Chain transfer

1
reactions may also have to be considered,

This complicates the situation and was the
main reason for the slow progress in the study of
copolymerisation kinetics. In 1944 Alfrey and Goldfinger[?l],
Mayo end Lewis [72] and Wall [73], made kinetic investigations
and derived the copolymerisation equation.

From equation (59) the rates of disappearance

of M1 and M2 are given by :

dMy
at

= %‘%M'g‘ kiz [Mi*] [Ms] + keaz [Me*] [Ma] (61)

kea [Ma*] [Ma] + kea [Me*] [My] (60)
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The radical concentrations are low, and since
the chaing are long the major reaction by which radicals Ml*
and Mg are formed and destroyed is by interconversion of one
into the other. Then assuming steady-state conditions, we

may write
Q%%i, = kay [Me*] [Mi] =~ ksis [Ms*] [Ma] =0
(62)
. - K114 = Kaa
If we define 1 = Xig and Tz kKas °?

then dividing equation (60) by (61) and eliminating radical

concentrations with the help of equation (62), yields

dNMs = My re+ (Ms ] + [Ma (63)
copolymer ldel le! . My + Ta|Ma )]

This is the copolymerisation equation which gives the
eomposition of the copolymer being formed at any instant from
& polymerising mixture of monomers at concentrations [Mi ]
and[Ma ], r1+ and ra are termed the "monomer reactivity ratios"
of monomer Mi and Ms respectively. A similar derivation has
subsequently been obtained by Melville, Noble and Watson [74]
and Goldfinger and Kane [75] using statistical methods, and
without assuming the steady state conditions., To prepare

a copolymer of composition of [%—:j-] = x, the starting

copolymer

M
monomer mixture Elg = ¥ will be given by
20
-1)2 %
y x-1 + [(x-1)° + 4rir, o+ x ] (64)

2 T,



38,
The initial copolymer formed from 2 monomer mixture
determined by the above equation has the desired composition.
If it is desired to produce a uniform copolymer then the
monomer ratio must be maintained at y throughout the reaction

by continuous addition of the more reactive monomer.

2.3, Monomer Reactivity Ratios.

From the definition of the monomer reactivity
ratio in the previous poge it can be seen that it is "the
ratio of the reactivity of a monomer radical towards its own
molecule to that towards another moleculel. A value of
r > 1 indicates that an active centre should react more
readily with its own type of monomer, whereas r #£_ 1 indicates
that it will prefer the other species. If we copolymerise
different monomers with a particular monomer (radical), then
the reciprocal of their monomer reactivity ratios will give
the "relative reactivity" of the monomers towards that

monomer (radical). Thus if we copolymerise monomer M and V

Kes ss
with 8, and if vy = &, 1, = $£— , then 1/r1 and 1/&2
sm sV

are the relative reactivities of M and V towards S,
There are three important types of
copolymerisation depending on the values of Ty and T, ¢
(a) The product of r, and r, is unity.
(b) The product is less than unity and one ratio
greater than unity.

(¢) The product is less than unity and both ratios are
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less than unity.

I the product is unity, the monomers have the
same relative reactivities towards both radical types and the
copolymerisation is random. This is approximately correct
for the copolymerisation of styrene and butadiene (0.78, 1.39).
With all monomer mixtures, butadiene enters the chain at a
relatively faster rate [76]. This has been called "ideal
copolymerisation" by Wall [73].

If the product of ry and T, is less than unity,
and Ty is greater than unity, there is an alternating
tendency and the relative rates at which the monomers enter
the chain will depend on their initial composition. The
monomer corresponding to the higher monomer reactivity ratio
will enter the chain at a faster relative rate, irrespective
of the monomer mixture, An example is methyl methacrylate
and vinyl acetate (20, .015).

If both the ratios are less than unity, each
monomer prefers the opposite radical and there is & tendency
for the units to alternate in the polymer chain, There is a
single monomer mixture in which the two monomers enter the
copolymer in exactly the same proportions as in the monomer
mixture; hence their relative concentrations do not change as
conversion increases to 100%. This mixture, called a constant

polymerising mixture (or azeotropic mixture), is given by :

M r, - 1
1l _ 2

n
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Typical cxamples are styrene-acrylonitrile [77] and styrene-

diethylfumerate [78].

2.4, The Rate of Copolymerisation.

Ta derive an equation for the overall rate of
copolymerisation presents difficulties because of the many
rate constants which have to be considered. The equation
has been worked out by various schools [74,79,80,81].
Assuming that a steady state condition is set up, so that the
rate of initiation is equal to the rate of termination, we

have 3

Ry, = 2k [M*]z _ [er] [P+ 2k, [wy]

(66)
where kt is the rate constant for each bimolecular radical

termination, as denoted by subscripts. By summing equation
(60) and (61) and eliminating radical concentration with the
help of equation (62) and (66), the expression for the overall

rate becomes :

~ a([mig; [Ma]y _ (laskaa[Ma]? + 2kinlas [Ma] [Ma]
+ keaKea [Ms]? ) R;®
(2, B, (0l v 2y ey (0] [Me]
+ 2k, kia® [Ma P y (67)

Taking T, = ki1/kiz and r, = kas/ke1, and introducing the

ratios,
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2 2.
b‘ = Zktii/k“‘z’ é,_: 2ktza/k322 ’

g = kt12/2 (ktiiktzz)% , and substituting them

in equation (67), the rate equation becomes :

i
—a([M+ ) Ba® (ra M Po2(u e 4ra [0 PP )
dt - (rm:]9+ 2frirs $1 52 [M] [Ma]
+rs® &2 [ ] % (68)

In equation (68) 8 is related reciprocally to quantities like
k; /kt and can be obtained from rate measurements on
individual monomers, the reactivity ratios may be determined
from copolymer composgition studies, and Ri can be determined,
or rendered constant by using an initiator such as azoiso-
butyronitrile. The value of @ can therefore be obtained.

# is a measure of the ratio of the cross-termination rate

constant to the geometric mean of the rate constants for

symmetric termination.

2.5, Chemicel Structure and Reactivity in Copolymerisation.

(a) Resonance Effects,

A detailed discussion of the effect of
resonance-~stabilisation of radicals, monomers and transition
states has been given by Bvans [82-83]. If the monomer or
the radical is resonance-stabilised, the reactivity is less,
whereas if the transition state is resonance -stabilised the

reactivity is enhanced. Evans et al, [83] correlated the
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increase in activation energy, «E, corresponding to the

decrease in resonance energy, .4, by the expression,

A2E = 0.4 ~q (69)

It has been found that the radical addition
occurring most readily is that involving the formation of the
most stable radical, and also that the rate of reaction
depends wholly on the energy of activation, This apparent
paradox was resolved by Wheland [84] who explained that the
resonance which stabilises the radicals may also stabilise
the transition state complex.

Radicals associated with comparatively high
resonance energy make their parent molecule more reactive,
since the conversion of molecule to active molecule will
require a low activation energy. The radicals however will
be comparatively stable and will require 2 high cctivation
energy to react. However, whereas the stabilisation of the
monomer may amount to 2-4 Keal./mole, stabilisation of the
radical may be as much as 15 Kcal./mole. Since the resonance.
contribution to the transition state will be derived from
both, it is reasonable to expect that the situation will be
intermediate between the two.

Thus the two effects of resonance are in
apparent opposition, but by far the most important effect is

the stgbilisation of the radical; for example the vinyl



43.

acetate radical will attack the vinyl acetate molecule more
than 1000 times faster than the styrene radical is capable
of doing. The effect of substitution in the 1-position in
enhancing the reactivity of a monomer are in the order
-06H5 » =CH=CH, > -COCH3 > =CN>» -COOR > -C1 > =CH,X >
-0COCH » ~OR,

(b) Steric Effect.

The steric effect can be due to steric
inhibition of resonance or to steric hindrance at the point of
radical attack.

The difference in the behaviour of cis and
trans isomers was first pointed out by Marvel and Schertz [85]
and the investigation on geometric isomers was carried out by
Lewis and Mayo [86]., If it is assumed that the radical is
either planar or an easily reversible pyremid, the addition
of the same radical to either geometric isomer will produce
the same radical adduct and if this conversion is
simultaneous with addition then, the more energy rich isomer,
(i.e., the less stable) should be the more reactive of the
pair. This is the case with dichloroethylenes and various
other isomers. However, although the ratio of maleonitrile
to fumeronitrile in equilibrium is about 3 [86], these
isomers show very little difference in reactivity. Here it

is most likely that the structure of the monomers decides
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the transition state. configuraetion, and conversion to the
same radical takes place later, if at all.

The most obvious anomely occurs in the diethyl
esters of maleic and fumaric acids. Here the more stable
fumarates are many more times reactive than the meleates, a
result which can be ascribed to the steriz inhibition of
resonance. In the fumaric ester either or both eater groups
can be coplanar with the double bonds, on thehother hend,
with the maleates the ester groups interfere and the molecule
cannot be coplanar, Thus only in the fumarate can
resonance-stabilisation of the transition state for radical

addition occur,

0CH, 0C, i 08 8
0=¢ 0=d 0=2¢
R* H R ° R H
X=0" X - ¥ -q
H ~0=0 B ‘= B c-0*
~ v s
G H:0 C,H50 C,H0

A similar argument holds for cis and trans stilbenes, where
the more reactive cis form cannot be planar because of
interference between the phenyl groups.

As an illustration of steric hindrance due to
the presence of substituents at the point of radical attack,
the copolymerisation of styrene with chloro-olefines can be
considered, in vinylidene chloride, the introduction of &

chlorine atom in the l-position of vinyl chloride increases
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the reactivity by a factor of about 10, which is in accord
with the effect of resonance on rcactivity. If the second
atom is introduced in the 2~-position the reactivity decreases
about 5-fold for the trans isomer and about 30-fold for the
cis compound, The difference between the reactivities of
these two molecules is adequately accounted for by steric
inhibition of resonence, but the decrease in reactivity
relative to vinyl chloride can be explained only on the grounds
of steric hindrance due to the additional substituent being
located at the site of reaction. With trichloroethylene the
presence of the third chlorine atom has the effect of
counterbalancing the decreased reactivity of cis~trans
isomers, and this molecule is almost as reactive as vinyl
chloride, while with tetrachloroethylene there is again a

diminution in reactivity.

(c) [The Alternating Phenomenon and the Alfrey-Price
Equation.

The product of the monomer reactivity ratios
can be taken as a measure of the tendency for monomers to
alternate in the copolymer, the tendency increasing as T Ty
decreases. The cause of this has been subject to
considerable investigation. ILewis, Mayo and Hulse [87]
suggested that in some instances it is due to steric effects

and in others to some dipole interaction, Bartlett and
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and Nozaki [88] suggested 4 theory based on electron donor
and acceptorhproperties; and it is now believed that
alternation is largely polar in origin.

The polar theory has been developed by Price
[89] in terms of the electrostatic interaction between
permanent charges, and an attempt to place the concepts of
radical stabilisation and polar effects on a quantitative
basis in order to predict monomer reactivity rétios has been
made by Alfrey and Price [90]. According to them the rate

congtants may be written as :

2
kyy = PyQ e 1
ki, = P,Q, e 1%
koo = PoQp o
kyy = PoQ e7°2°1

where IP1 and Q1 are the reactivity of the radical and monomer
respectively and cq and €5 the quantities of charge for the
particular monomer-radical pair. I+ is assumed that the
charge on the radical and the parent monomer is the same,
FProm these equations, the monomer reactivity ratios can be

derived as :

r, = (Q,/0,) o701 (e17%) (70)
r, = (Qy/0y) ™2 (e27%1) (71)

2
end 1T, = e'(el'eQ) (72)
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The validity of the above expfessions hes been questioned
on three points ‘
i), The alternating effect may not arise from electro-
static interaction between fixed charges only; because monomer
reactivity ratios are not sensitive to the dielectric constant
of the media,.
ii). The charges on the monomer and the derived radicel
mey npt be equel,
iii), Q and e values are derived for a sgandard monomer
which is arbitrarily chosen. (Q and e were chosen for
styrene as 1 and -1, subsequently Price [91] has chanmged this
base to 1 and -0.8).
Hence it is more reelistic to considexr the
Alfrey-Price equation as an empirical expression, which has
utility in correlating data and predicting monomer reactivity
ratios for monomers where data are not available, The lack
of sensitivity of monomer reactivity ratios to dielectrie
constants does not necessarily mean that a polar effect is
not responsible for altermation, it may imply that alternation
does not arise from the interaction of fixed charges but is
instead due to the rearrangement of clectric charge in the
transition state of the monomer-radical systen. For the

attack of styrene on maleic anhydride such structures may be
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SECTION TII.

Radical Polymerisation under High Pressure.

3.1, Introduction.

Pressure is é significant variable in chemical
reactions, Acceleration in the rate of gaseous reaction due
to pressure is well known and is generally a Mass Action
effect, High Pressure also affects liquid-~phase reactions
and this cannot be explained simply on the basis of changes
in the concentration of the reactants. Kinetic investigation
of liquid-phase reaction under high pressure started at the
beginning of this century and at present & number of schools,
including those of Walling (U.S.A.); Hamanr (Australia);
Gonikberg (U.S.S.R.); Weale (U.K.); end Laidler and Whalley
(Canada); are working in this field,

Early work on liquid-phase polymerisation has
been reviewed by Bridgman [92] and Perrin [93] has published
an extensive summary of work by his group on the influence
of pressura on reaation velocities of liquid~phame chemical
reactions, The effect of pressure on rate of
polymerisation and on molecular weight has been studied by
a number of workera [94-100]. Weale has recently reviewed

the effect of pressure on addition polymerisation [101],
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3.2.1. The Overall Rate of Radical Polymerisation under
Pressure.

The effect of pressure on the overall rate of
chemical reactions can be explained by either the Collision

Theory or the Transition State Theory.

(a) The Collision Theory.

According to this theory, the rate is
accelerated by pressure because of changes in the E and P2
factor in the Arrhenius rate equation, The Arrhenius rate

equation can be written as :

k = Pz e B/RT (73)
where k is called the velocity constant or rate constant or
the speeific reaction rate, P = probability factor, 2 =
fraquency of collision, E = activation ecnergy.

It is well known that application of moderate
pressure produces important effects in gas reactions,
Aomonia synthesis is favoured by the application of pressure
of gseveral hundred atmospheres and this can be accounted for
satisfactorily by the increase in concentration and by the
reduction in volume taking place during the reaction. But
in the case of liquid phase chemical reaction, the effect of
pressure cammot be explained by "mass action" effect and it
is likely that the application of considerably higher

pressure can produce results of more fundamental importence.
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Bimolecular liquid phase chemical reactions
can be divided into "normal" and "slow" reactions, The
rates of "normal'" reactions are increased by pressure to a
relatively small extent, The value of PZ is not greatly
affected by pressure, in fact it shows a tendency to
decrease, and the increase in rate is due to a decrease in
the value of the activation energy E. In the "slow"
reactions inerease in pregsure causes a large increase in the
numerical value of PZ, This more than compensates for an
increase in E, and the net effect is a large increase in the
rate of reaction. Pressure has a relatively small effect
on the rate of collision between molecules in solutions,
especially dilute solutions, and this is ccmpensated by the
increased time between collisions of those molecules which
are widely separated,

The large increase in the 'PZ!' factor for slow
reactions can therefore be attributed to the increase in the
"probability factor!" which for these reactions is much less
than one, In the case of "normal'"regcetions, 'P' is

approximately unity and pressure has only a small effect.

(b) The Transition State Theory.

The transition state theory can satisfactorily
explain the effect of pressure on the overall rate of

radical polymerisatian, In the transition state theory, it
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is assumed thaf a'transifion étafé is formed which is
intermediate between the reactants and the products and in
equilibrium with the reactants.

Reactants ==Y Activated complex -~ Products

~

alA + bB —3 (8 ,,... bB) —— .- Products

e st P

-
It has been found possible to derive an

equation for the rate constant of any reaction as
_ RD #

where k = rate constant, h = Planck's constant, and K# is the
equilibrium constant of the equilibrium between activated
complex and the reactants, N is Aveogadrofs Number. From

equation (74)

#Z _ Nh
K -—E,fk,
“RT 1n K = -RT 1n %% X = aff

~§lfl%fl = —RT’—§? in K% = =RT 1?? In k

or <(i in k

PSS (75)
where ¢>V# = (Partial molar volume of transition state) -
(partial molar volume of reactants). The above equation (75)
using the transition state theory was derived by Evans and

Polanyi [102].
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In ionic reactions, solvation of the ions may
account for a large part of this volume change, but the effect
is unimportent in non-polar polymerisations. The effect of
pressure on the rate of polymerisation can be expressed by
an equation of the form of (75) although the process is
complex and the rate equation includes several different
rate constants. The overall effect of pressure will
depend on the combined effect of initiation, propagation and
termination processes on m-V%.

5
Rp = k.M.I% = %— M.(2F I)%
Assuming pressurc does not change the monomer and initiator
concentration and the reaction is first order; if equation -
(75) is applied to each of the individual rate constants,

the overall volume of activation 4}V§ can be expressed as
SV = oV + 3 aV] -4V (76)

where ¢>V§, 4>V§ and L&Vi are the volumes of activation
agsociated with the transition states of propagation,
dissociation of initiator, and termination respectively,
andavi is the overall volume change of transition.
Another approach can be made to the

"frangition state" theory from the theory of rate process .

aF® = -RT In KT and 2F° = oH® - 748°

! - o) o . 130
Therefore Kr= e aF"/RT = eAS /R e“H /RT
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If the corresponding result for the equilibrium constant K#

is inserted in the above equation then

RT -4 F#/RT

k = T (77)
- & o aS/R -aH/RD (78)
= 4 e L}.S%/R e"‘ f.'_\_H?{/RT (79 )

where C:F%, L;S% and st% are the standard free energy,
entropy and heat of activation respectively; these quontities
represent the difference between the volues of the respective
thermodynamic funections for the cctivated complex and the
recctants, all the substances being in their stendard state of
unit aevivity which for gases is chosen as the ideal gas at
1 atmosphere, and for dilute solutions it 1s the hypothetical
ideal solution of unit concentration, i.e. 1 mole (or 1 grom
ion) per litre, or of unit molality (1 mole per 1000 grams
of solvent).
The entropy change appears to be related to

A)V% which usually tends to decrease or increase in the same
direction as entropy. For bimolecular rcactions the
sub-dvigion into 'normal' and'slow' reactions depends on the
magnitude of the decrease in entropy c;S# in relation to the
heat of activation C;H%, which can be approximately identified
with 'E', the cenergy of activation in Arrhenius's equation(73).
Polymerisation reactions which are accompanied by considerable
loss of entropy and large negative volume of activation are

accelerated by pressure [103].
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3.2.i1). Effeet of Pressure on the Individual Processes of
the Polymerisetion.

(b and c¢)The Pressurzs Dependence of k and kt'

F
kp/kf% can be determined by measurement of

the steady state rate of polymerisation. The individual
values of kp and ky have been obtained by photochemical
polymerisetion at high pressure under conditions of
intermittent illumination. kp increases exponentially with
pressure, so that the propagation reaction, which is
accompanied by a considerable loss of entropy has a large
negative volume of activation [104-105]. ¢>V§ for chain
growth in the polymerisation of styrene by photochemical
initiation at 30°C, has been calculated to be -13.4 cc./mole
between the pressures 1-3000 atmj; whereas c:Vi is about

-18 cc./mole. Hence g;Vi is by far the largest factor
contributing to c;Vi. kt decreases rapidly up to 1000 atm,
and then more slowly. z;vf for bimolecular termination by
recombination should have & small negative value, but if it
becomes diffusion-controlled it may change sign. Hence

the decrecase in kt is probably due to the inerease of

viscosity with pressure,

{(a) The Pressure Dependence of K-

The thermal decomposition of benzoyl peroxide

in carbon tetrachloride over the pressure range of 1-3000 atm.
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has been studied by Nicholson and Norrish [106]. The effect
of pressurc on other homolytic dissociations has been
investigated by Ewald [107] and Walling et al [108]. Two
mechanisms are distinguishable. The first is & radical-
induced chain decomposition which is accelerated by pressure
but is ineffective in initiating polymerisation, and is
suppressed in the prescnce of monomer, and the second is the
unimolecular decomposition corresponding to the simple
kinetic equation. All the unimolecular decompositions are
retarded by pressure, so that c;Vg is always positive, but

there are significant variations with solvents [107-109].

3.3 Chain Transfer.

The volume of activation accompanying the

transfer reaction [110], ﬁrv% , is related to the chain
tr

transfer constant by theequation,

d In C
——Ejr—iz = - 4’Vir - 43V§ ) /RT (80)

Transfcr reactions are accelerated by pressure. Walling
and Pellon [111] found that the chain transfer constant is
almost independent of pressure in the polymerisation of
styrene in carbon tetrachloride at 60°¢ up to 6000 atm.
Hence ktr is increased to nearly the same extent as kp; and

azvé; for this transfer is about =11 cc./mole.
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Toohcv and Weale [112] found that °V;1fr for
polystyryl radicals end trimethylemine is about -1 or -2
cc,/molec. The abstraction of an atom from & neutral
molecule may occur with a contraction in veolume due to the
formation of a bimolecular transition state, but the
contraction should be less thén in chain¥growth, because
bond-breaking occurs simultencously. But if with some
substrates, the polar structure suggested bty Welling [113]
takes place and contributes to the transition state an |
additional contraction due to solvation may occur. A study
of the variation of.a.Vir with the structure of the attacked
molecule could be important in the behaviour of allylic
monomers.

Merrett and Norrish [98] in the polymerisation
of styrene with benzoyl peroxide as initiator up to 5000 atm.
at 60°C found that molecular weight is approximately tripled
between 1 and 3000 atm., but increases only slightly at
higher piressures. The levelling—-off of polymer molecular
weight is duc to an alteration in the halance between the
termination and the transfer reactions. At 1 atm. most
termination is by combineation, and an increase in pressure
at first causes an increase in molecular weight by slowing
down this reaction. At higher pressure the accelerated

transfer reaction determines the molecular weight,
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3.4, Copolymerisation at High Pressure.

In spite of its industrial importance,
fundamental studies of copolymerisation at high pressure
have been rather neglected., Coffman et al. [114] found
that an interesting copolymer can be formed from ethylene
and cearbon monoxide at 1000 atmospheres with t-butyl peroxide
as initiator. The products with molecular weight less than
2000 are liquids or crystalline solids and are polyketones.
Those with the highest carbonyl content have a structure
[-00—02H4-]n. Cairns et al. [115] obtained an unusual
copolymer from carbon monoxide, an olefin and an alcohol at
2000-8000 atm. The product from carbon monoxide, ethylene
and methanol contains « ~hydroxy-ester groups and at the
highest pressure the structure tends to [-—CCH3(0020H3).CH2.
CHy-1, .

Lamb and Weale [116] have studied the
copolymerisation of styrene and methyl methacrylate with
benzoyl peroxide as initiator at 60°C and pressures up to
4000 atm, The overall rate and molecular weight ineréassa
with pressure, the latter levelling off at the highest
pressure, The monomer reactivity ratios were independent
of pressure. If ry = ki1 /ki2 and r, = kas/ka1, then this
indicates that o Vii = aVia and A Vea ::-'Avgfi. @ was found
to vary little with pressure, where @ = ktis/(ktiz'k )%

taa
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In equimolar mixture of styrene and methyl methacrylate
@+ 25, and hence crogss-termination is strongly favoured.
This preference for cross-termination is not in accordance
with the assumption of diffusion-control of the termination
at high pressure. Since both types of radicals should
diffuse at similar rates @ should approach unity with pressure.
However the question of diffusion control is complicéwted [117]
and no detailed study of the effect in copolymerisation has
been reported. Gonikberg ct al. have [118] copolymerised
vinyl acetate with trichloroethylene and tetrachloroethylene
with AIBN at pressures up to 4000 atm, According to then,
more sterically hindered a reactant, the greater is the effect
of pressurc, hence the addition of & tetrachlorocthylene
molecule to the growing chain leads to a greater acceleration
of this rcaction by pressure than that of the addition of
trichloroethylene molecules,

In the present work experiments have been
carried out with styrene and vinylidene chloride, vinyl
acetate~— vinylidene chloride, and vinyl acetate and

trichloroethylene,
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4.1, (a) High Pressure Bquipment 1.

A photograph and a line diagram of The reaction
vessel and ancillary high pressure equipment are shown in
Figure 1 and Figure 2 respectively.

P is & hand operated "Blackhawk" hydraulic
pump which can generate pressure up to 3,000 atmospheres,
and has a by-pass valve C. The pump is connected to the
low pressure side of the intensifier D, and the pressure
gauge G through valvg A, by means of stainless steel tubing
of I.D. 1/8" and 0.D. 3/8", The top-side of the intensifier,
which is the high prcessure side, is connected with the
pressure vessel V by means of Vibrac steel tube of I.D. 1/16"
and 0.D, 1/2"., The pressure vessel itself is madc up of two
high~tensile-strength molybdenum steel cylinders shrunk
together and has 0.D. of 4" and I.D. of 0.7". The vessel is
15.5" long, and is designed to withetand pressures of up to
5,000 atmospheres. It is immersed in an oil-bath, which is
heated by an electric immersion heater of 1,400 watts, and
gtirred with a motor-driven sitirier, The tvemperature of the
bath was kept constany at o0 + ¢.1° by means of & mercury-—

toluenc thermoregulator R and & Sunvic relay system. The
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pressure is developed in the intensifier via two pistons
(Figure 3), the lower one of diameter 1.5% and the upper one
of 0.651%, The lower piston, sealed by a Bridgman
unsupported~arca packing, is contained in the lower cylinder,
and is connected with the upper piston through a2 thrust block
and a copper washer to correct for any disalignment. The
upper piston is sealed with a Poulter packing whiclhh travels
with the piston in the upper high pressure cylinder, which is
made of two Vibrac steel cylinders shrunk together. The two
cylinders are joined by & screwed sleeve, and the upper
cylinder is connected with the Vibrac stecl tube via & screwed
connector, I'rom the ratio of the arecas the pressure

intensification should be 5,3-fold, but it was found that,

The loss in pressure can be accounted for by friction in the
packing and the pistons, and a small change in area of the

pistons due to pressure.

(b) High Pressure Equipment II.

Tor prensures above 25 Kb (1 Kb = 1000 bars =
g87.1 atm,) the tetrahedral anvil equipnent as devised by
Hall [123] and &s modified by Lloyd et al. [124] was used.

A photograph of the anparatus and a line diagram of the
anvils used and ancillary equipment, are shown in Figure 5

and Figure 6 respectively. The appaeratus consists
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essentially of three lower anvils and a top anvil contained
in & steel ring with & conicel inner surface, The pressure
is applied by e Denison hydraulic press of 300 tons capacity.
Three types of anvils made of different materials of
construction are used [125]. The anvils used in this work
have a triangular ioading face of 3/4' cdge length and are
mede of a 1%" diameter core of Edgar Allen 'Stag Major' high
spced steel hardened and tempered to 800-900 DPN. This
inner core is fitted, with 0.006" interference, in a binding
ring of Ni-Cr-Mo steel, EN.26, hardened and tempered to
400-420 DPN., The binding ring contains a carbide backing
block which is supported in turn by a steel backing-block.
The anvils have an annular ring for cooling and the overall
diameter of the anvil is 3.45". The containing steel-ring
has an 0.D. of 14.3" and an I.D. of 9.8" tapering at the base
to 4,7"., The cooling rings in some of the anvils leaked
and they were sealed with Araldite. The top anvil had a flat
base and the three bottom anvils had bases of the same
curvature as the inner surface of the supporting ring.
Pyrophyllite tetrahedrons of 0.85" and 0.94" length were used.
The edges of the triangular faces of the anvils
werc painted with an acetone-rouge mixture and the three
bottom anvils were placed in the containing ring in their
numbered sequence, They were separated from each other with

0.1" 4eflon buttons placed near the tetrahedron. The
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top anvil had six buttons to separate it from the bottom anvils.
This helps to provide symmetrical positioning of the four
anvils aroung the over-sized tetrahedron inserted in the
cavity, and also separates the two 'heating'anvils (the top
and one of the bottom ones) from the other two, A piece of
teflon 0,002" thick sandwiched between two polythene sheets
of the same thickness was placed between the bottom anvils
and the conical ring. This acts as a lubricant and overcomes
the effects of excessive friction between the anvils and the
ring; and also provides electrical insulation.

Samples were inserted in & hole drilled in the
pyrophyllite tetrahedron in either the "edge to edge" or
"base to apex" directions (shown in Pigure 6). Calibration
of the press was done for both "edge to edge" and "bage to
apex" arrangements, with & pyrophyllite sample holder of 0,94"

long. The results by both methods were quite concordent.

Preggsure Calibration.

Measurements of pressure were made by means
of the 'fixed point' transitions of bismuth and thallium, which
werc detected by changes in their electrical resistance.
0.005" diameter wires of these materials were placed in an
AgCl tube, containcd in & graphite tube, Eleetrical
connections to the samples were made by strips of nickel

foil (0,003") through specks of indium pressed over the ends
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of the wire (Pigure 6). The electrical connection for the

calibration is shown.

RECORDER
N
- —

k1 mv—y

/' % /‘\%\1_ .ivwér
l RIABLE-"--- SAMPLE

2v.Batt,. VA

@

Graphs of resistance against load applied were plotted and

from the known fixed points, (namely 25,6 Kb and 27 Kb for
the first and second bismuth transition points, and 36,8 Kb
for the thellium transition), the press was calibrated.

The AgCl tube was contained in the graphite tube, because in
subsequent experiments, graphite sleeves were used for

hecating the seamples.

Runs with Samples.

As the monomers used were ligquids, only the
"base to apex" arrangement of the sample in the pyrophyllite
tetrahedron could be used. The samples were taken in a
teflon bottle (I.D. 0.,177", 0.D. 0.1875") which was a'push fit'
in the carbon hecting tubes (I.D. 0.1875", 0.D, 0.228") (see
Figure 6). Samples with low B.P, were cooled in "dry ice”
before they were loaded in the small teflon bottles (trans
DCE), the anvils were pre-cooled with "dry ice" and the sample

wes subjected to precssure, Ag the anvils have to attein room
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temperature before heating can be done, which would require
the press to bhe operated overnight. Samples which had to be
strongly cooled were not heeated under pressure. With
monomers such as trichloroethylene, having a higher B.P,, the
sample could be loaded at room temperature and it was heated
under pressure. An approximate 15° rise of m.p./Kb was
assumed and the sample was heated to about that temperature

under the corresponding pressure. The heating circuit is

shown
— TRANSFORMER
: 24OVQ d k’E—
. mg v ? %] Sample in
) — Ve ; 69 | tetrahedron
| T /| A
Plugs VARIACY ¥, 5, 28

The transformer used was & 'Harmsworth Townly' of P V - 240,
S.V. = 24 and maximum current capacity of 500 amp. A
'Perranti clip up' ammeter was used to measure the current.
The temperature of tﬁe sample was measured with the help of
chromel-alumel thermocouple in a stainless steel sheath
having 0.5 mm, outside diameter. The two heating anvils

were cooled with a water-soluble o0il mixture.
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4.2, Distillation Apparatus.

The apparatus used was standard Quickfit
laboratory glassware. Monomers were distilled under a

nitrogen atmosphere and/or under vacuum before use.

4.3, Apparatus for Determination of Mplecular Weight,

(a) Beckmann's Apparatus,

The Beckmann apparatus for measuring the
depression of the freezing point consisted of a tube
containing the solution, fitted with a Beckmann thermometer
and a stirrer, The tube is supported by a ring of rubber
inside a wide tube which serves as an air-mantle separating
the tube containing the solution from the freezing=-bath.

This censures a slower and more wniform rate of cooling. The
freezing mixture is contained in a glass jar which is fitted
with a cork, The cork had a central hole to take the wide

tube and also holes for & stirrer and a thermometer.

(b) Viscometer.

The viscosity measurements were done with a
U-tube micro-viscometer, M2/BS/U/M. It was placed in a
water bath with glass walls, which was fitted with a stirrer
and a heating and cooling systen., The temperature of the
bath was controlled to better than + 0.1°C. Viscosities

were measured at 25°C.
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SECTION V.

Materials Used and Experimental Procedure.

5.1. Materials Used.

i). Styrenec.

The styrene monomer (B.D.H.) contained
t-butyl catechol as inhibitor. This was removed by shaking
250 ml. of crude styrenc with 100 ml. of 10% NaOH three times
in a sepérating funnel. Excess alkali was removed by three
distilled water washes and the monomer was stored over
calcium chloride in the dark under vacuum for 24 hours.
It was then distilled under vacuum in a nitrogen atmosphere,
and the middle fraction was collected. The sample was
stored in a deep-frecze undcr vacuum, Fresh samples werc
prepared from time to time. A typical sample had

(o]
refroctive index ﬁ25 = 1.5450 . B.P, 145°C at 760 mm.
D

ii), Technical Dichloroethylene,

Technical dichloroethylene, (Cis/Trans:. 3,5)
was used as supplied. The sample was kept in a dark cool
rlacec.

iii), Trang~-Dichloroethylene,

Supplied by the Koch~Light Leboratories -
and distilled under vacuum. The sample was kept under vacuum

in the c¢oldy 4 typicel sample had & B.P. of 47.5°C at 760 mm.
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iv). Trichloroethylene.

Supplied by Koch-Light Laboratories and
distilled under wvacuum. The sample was kept under vacuum
in the cold. A typical sample had B.P., 87.5°C at 760 mm.
pressure,

V). Vinyl Acetate.

Supplied by Koch-Light Laboratories and was
distilled under vacuum in a nitrogen atmosphere. The sample
was kept under vacuum in the cold. A typical sample had a

B.P. of 72.5°C at 760 mm. pressure.

vi). Benzoyl Peroxide.

Benzoyl peroxide (B.D.H.) was re-precipitated
from chloroform, dried under vacuum and kept in a dark bottle
in a vacuum desiccator. Fresh samples were prepared from

time to time. A typical sample had M.P. 104.5°C.
vii), Bengzene.

For molecular weight determinations mol.wt.

| - benzene as supplied by British Drug Houses was used. Bengzgene

for use as a diluent was supplied by May and Baker Ltd. under

the label "Bengene, Pyre, Crystallizable®,

viii).1~ZEpoxypropane.

This was used without further purification

as supplied by B.D.H.
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ix). Methanol.

Methanol,employed as a precipitant, was used
as supplied.

x). Petroleum Ether.

Petroleum ether with 60-80°C B.P. range, was

used as a precipitant as supplied.

xi)., Vinylidene Chloride.

Supplied by Koch~Light Laboratories, and was
distilled under vacuunm. The sample was kept under vacuum in
the cold. A typical sample had B.P. 32°C, at 760 mm.

pressure,

5.2. Experimental Procedure.

a). Preparation of Samples.

The concentration of reaction mixtures are all
'expressed in mole-fraction or as mole percent. This has the
advantage that concentration is independent of pressure.

The amounts of styrene and vinyl acetate were determined by
weighing. Technical dichloroethylene, trans~dichloroethylene,
trichlorcethylene and vinylidene chloride were added by volume
(ealculated from known densities) from a micro-burette.
Precautions were taken to avoid loss of any solvent by

evaporation. The weighed amount of benzoyl peroxide was
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added before adding the chloro-olefines. For runs in the
tetrahedral-anvil apparatus volatile samples were cooled in
"dry-ice" so that they could be contained in the small
bottles, Random checks showed that additionsof the reactants
by volume were accurate. This has the advantage that a
desired composition of reaction mixture can be prepared and
effects of pressure on rates and other properties at. given
concentration can be known.

For high pressure runs (1-4000 atm,) stoppered
glass tubes containing about 1/2" mercury were used (Figure 4).
The tube was filled with reaction mixture through a hole at
its lower end and re-inverted taking care that no air bubbles
were present, It was floated on mercury in a steel bucket
which was then immersed in oil inside the reaction vessel,
which was maintained at a constant temperature. The vessel
was just filled with liquid paraffin, both valves were kept
open, a rubber bung (Poulter packing) was inserted manually,
the vessel closed at the top by a steel screw plug, and
pressure applied at a controlled rate.

FPor high pressure runs in the tetrahedral-
anvil apparatus, the three bottom anvils, arranged in a
clockwise sequence in accordance with the marking (4,B,C)
were lowered together in the steel ring, taking care that
there was no disalignment. The anvils were separated from

the steel ring by two sheets of polythene with a sheet of
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teflon in between them {each 0,002" thick). The borders of
the tungsten carbide triangle of the bottom anvils were
painted with acetone-rouge mixture, and they were separated
from each other by teflon studs 0,1" thick. The sample tube,
contained in a pyrophillite tetrahedron, was then placed in
the triangular cavity. The top anvil, which was similarly
painted, was then placed on top. It was separated from the
bottom set of anvils by means of the teflon studs, The
steel ring containing the anvils wag placed in position in
the press and pressure applied at & controlled rate,

For atmospheric pressure runs the reaction
mixture was transferred to amber-coloured ampdules which
were flushed with oxygen-free nitrogen. The ampoules were
sealed, and pushed into wire-gauze tubes which were immersed

in the o0il bath, kept at The rsyuired constant temperature.

(b)  Polymerisation of Szaples.

Py v

»

The +ime of poliymerisatvion was reccrded as

(

the sum of the time the meaterial was under the required
pressure, plus half the time for generating and releasing
pressure,

For runs with trans-dichloroethylene and
vinylidene chloride the mercury-sealed glass tubes could not
be used because of their high wvavour pressures at the reaction

temperature (GOOC), Teflon "squeezme" tubes (Pigure 4) of
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about 4,.85" long and 3,/3% Adizmesier with 1/57 piugs to push-fit
at both ends wers used insscad. There was a copper ring

at each end to give additicnal support. They were placed in
a steel holder which had = screw plug to be tightened on the
"squeeze' tubes and openings in the walls to admit the
pressure transmitting oil.

At the end of the run, the reaction tube was
taken out and the resction mixture transferred to a pre-~
cooled, previously weighed, stoppered flask.

The reaction mixture was diluted with its own
volume of "diluent", and transferred to a beaker with three
or four washings till about twice to two-and-a-half times the
volume of diluent was added. Precipitant was slowly added to
the mixture with stirring until a volume ratio (precipitant
to solution) of between three and five had been added. The
precipitate was covered znt after allowing to stand for some
tine 1t wag Pilltered under vicuun using a ginlered glass
crucible of porosity 4. In some cases the precipitate was
left to stand overnight in the cold, and allowed to attain
room temperature before filtration.

For mixtures of styrene and technical
dichloroethylene benzene was used as & diluent. With
reaction mixtures containing trans-—-dichloroethylene and
trichloroethylene, benzene gave a "ecclleicdal" precipitate,

hence 1-& epoxy plopane was used. Even then the polymer,
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after standing for 24 houvrs in the cold, was very difficult
to filter. It was found that by adding a few drops of
saturated solution of sodium chloride in methanol, this

- difficulty could be overcone. 1-2 epoxy propane was used
as a diluent for reaction mixtures containing vinylidene
chloride,

For the vinyl acetate-vinylidene chloride
system, addition to the reaction mixture of 2 mixture of
1:1 (by volume) of acetone and chloroform gave practically
no precipitate. On further addition of petroleum cther a
white colloidal precipitate was obtained which could not be
filtered. ©Petroleum ether alone (B,P. range 60~80°C) was
found to be a satisfactory precipitant for systems
containing vinyl acetate.

In the vinyl acctete—vinylidene chloride
system, with runs containing anZgh provortions of vinylidene
cnloride, there was precipitaticn in *he reaction tube, and
as all the precipitaie could not be mechanically removed
rate measurenents were not possible. The precipitates could
be filtered after being allowed to stand for three to four
hours,

In the vinyl acetate~trichloroethylene system,
the precipitate, after having been left overnight, got
"stuck® to the beaker and could not be removed. It was

dissolved in 1:1 acetonec-chlioroform mixture, re-precipitated
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from petroleum ether, »i +ne colloidal solutien could not be
filtered. Fitration of +the precipitate was done after
allowing the precipitate to settle for 15-20 minutes, even
then there was a tendency for the precipitate to stick to

the beaker, This difficulty could not be overcome, and
hence the "rates" for the system as measured are not very
accurate,

The polymer samples were washed and dried at
60°C in a vacuum oven for 24 hours at 1 cm. Hg. Where
petroleum ether was used as & precipitant, it was dried at
68°¢, The samples were cooled in a desiccator under

vacuum before weighing.

¢). Analysis of the Polymers.

For elemental analysis and spectroscopic work
the copolymers and the polymers were re-precipitated,
filtered and dried again. The purified samples were sent
to the Organic Micro-‘fnalytical Laboratory of Imperial
College for elemental analysis. For styrene-vinylidene
chloride system, C, H, and Cl analyses were done and they
were corrected for 100% total percentage composition. For
the vinyl acetate-vinylidene chloride system only calorine
analysis was done. Infra-red spectra of styrene-trans-
dichloroethylene and styrene-trichloroethylene systems were

dorie in Nyjol with gsodium chloride cell. A few samples
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from the vinyl acetate~trichloroethylcene system were sent

to Germany for elementel analysis.

da). Molecular Weight Determination.

Polymers normally have & wide molecular size
distribution and any method of measurement of molecular weight
gives an average value, The molecular weight so derived
depends on the method used. Three tyres of molecular

weight averages are of considerable importance.

i). Number-average Molecular Weight : Designated

by M;, where the molecular weight of each species is weighted
by the mole fraction of the particular species in the
polydisperse system. Mathematically,

wA o= SXiMi = §NiMi/ § WL,
where Xi is the mole fraction of the species, i, Mi the
molecular weight, Ni the number of molecules of the species,

and the summation is carried out over all values of i.

ii). VWeighi-average Nolecular Weight : Desigmated

by liw, whers the molecular weight of each species is weighted
by the weight fraction of the species in the polydisperse
system, Mathematically,

ME = SWiMi = NiMi®/ $ NiMi
where Wi is the weight fraction of the species in the

polydisperse systen.
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iii), Viscosity-average Molecular Weight.

The physical property Pi of a solution of monodisperse
material is related to the molecular weight Mi, and the
‘concentration Ci, by

Pi = KM{‘ci,
then for & polydisperse system,

P = %P = gkxmf‘- ci .
The average molecular weight which would be measured by using
this particular property would be

Mp = (B/K§ 1)l

o o uft g1k
sci
The concentration, Ci, is proportional to NiMi, so that

$wimt 1k
¢ NiMd

Mg = ( (81)

a). Now when = 1, equation (81) is the same as that
for weight-average molecular weight. In light scattering
measurement, the turbidity of a solution is directly
proportional to the molecular weight, so that o= 1, hence it
gives the weight-average molecular weight.

b). When A= -1, equation (81) is the same as that for
number-~average molecular weight. Now osmotic pressure is
inversely proportional to the molecular weight, and o= -1,
Hence measurement of the "colligative" properties give the

number-average molecular weight.



83.

c)e The viscosity of linear macromolecular solutions
gives ol usually between 0.5 2nd 1, so that the viscosity

average molecular weight can be defined as :

] '
W ) YK, 0.5 (& (L

The viscosity average lies between & weight average and

My = (-

number average, the order being Mw 3 Mv > Mn .

Molecular weights were determined by the
depregsion of the freezing point or by viscosity measuremenfs.
Both the measurements were made in "molecular-weight" benzene.

For depression of the freezing point a
Beckmann thermometer was used, It is graduated in 0,01°
and could be quite accurately read to 0,005° with the aid of
a lens, It does not indicate absolute temperatures, but
merely differences of temperature. Before using the Beckmann
thermometer it was "set", that is the amount of meicury in
the bulb was adjusted so that for the particular experimental
temperature it remained on the scale.. Tbe solvent and the
solutions were supercooled to about 0.2~0.5° and then stirred
which caused the temperature to rise; and the highest
constant temperature reached was noted in every case after
tapping the thermometer with the finger. The average of
four to five readings were taken. The sqlutions used had a
concentration of 1-2% by weight of solute, Precautions

were taken so that the temperature of the cooling bath was
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not too low (not more than 50 below the freezing point of'the

solvent), the amount of supercooling did not exceed 0.2-0.30,

the stirring was not too rapid and as uniform as possible.
The molecular weight of the sample‘was

determined from the formula :

aly = K qpe— (82)
where é,Tf = freezing point depression,
M2 = molecular weight of the solute,
wz and wi = weight of solute and solvent in grams,
K, = cryoscopic constant for benzene and is 5120,

The measurement of viscosity is a well-
established method of determining the molecular weight of
high polymer. A solution of polymeric material has a higher
viscosity than the pure solvent, and this increase depends on
(a) the size and shape of the polymer molecule; (b) the
concentration of the polymer; (c) the polymer-solvent
interaction; and (d) the orientation of the large molecules
in the moving solvent. The original law due to Staudinger
[119] states .

Msp = -tLﬁ%}E- = K M,c (83)

where Y, and "y are the viscosities of solvent and solution
respectively, K is a constant for a particular polymer-
solvent system at a given temperature whose value is
independent of molecular weight. If the effects of

mechanical and structural interference are to be separated
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from the effects due to the molecular size of the solute,
the experimental date must be extrapolated to infinite

dilution, and equation (83) can be written as

(M1 = (hg/eley, =

The above equation was modified by Huggins [120] by using

the results due to Kuhn [121] and Eyring [122] as el

[n ] = (ng/e)gy, = BT (84)

where [W] is the limiting viscosity number, £ is dependent
on the shépe of the solute molecule and ranges in value from
zero for perfect spheres to 2 for rigid rods. K and <A can
be determined for a particular polymer~solvent system at a
given temperature by an absolute method on the monodisperse
phase, and then it can be used in equation (84) for a
polydisperse phase,

The viscosity measurements were made on benzene
solutions at 2500. The concentration of the polymer was kept
in the range 0.1 to 0.4 gm./100 ml. of solution., The
solution was allowed to attain the temperature of the bath
and the flow of liquid across the etched marks on the
viscometer was observed through a lens, and the time recorded
with a stop-watch, The stop-watch was graduvated in divisions
of 0.1 second, and readings to 0,05 second could be taken.

The average of three concordant readings was used and from

the time of flow of the solution and the solvent, the
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intrinsic viscosity was found from

- R I T
M1 =W gpe = Lo s
where\1 and \‘0 are the dynamic viscosities. Since

flow time
density

dilute, d=d_, "c" is the concentration in gm./100 ml,

dynamic viscosity = y and as the solutions were very
For each polymer sample, the quantity ﬁsp/c was plotted
againat "e", and the straight line was extrapolated to zero
concentration, The numerical value of the intercept on the
Wep/c axis is the value of [Y].

' All the viscosity measurements were done with
the same viscometer. Because of the low rate of flow no

kinetic energy corrections were needed.
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SECTION VI.

Calculations.

(a) Concentration of Reactants.

As the concentrations of the reactants are
expressed in mole fraction or mole % no pressure correction

is necessary.

(b) Reaction Rate and Rate Constant.

Reaction rates were calculated as weight %
of polymer produced per unit time. The units of time were

fixed durations of the runs or per hour

wt.% Polymer = p/R x % x 100

where 'p' is the weight in grams of the polymer obtained
from R grams of reaction mixture; W is the weight of the
reaction mixture containing w grams of monomer.

For runs with pure styrene, and for

calculating weight % copolymer, the rate is calculated és

wt,% polymer = p/R x 100.

Rate Constant.

In the kinetic equation, R = k[M] [In]%, the
overall rate constant k, for different initiator

concentrations in the polymerisation of styrene was
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calculated as follows :

1
R = k [M] [In]?
If 'R' is measured in moles/litre,sec., [M] and [In] are
monomer and initiator concentrations in mole/litre, then the
-4 -1
2

dimensions of k is in litre% mole 2 sec. .

[M] = _Q_,_%Q_QQ , Where {2 is the density of
monomer in gm./cc., W its molecular weight. R is also equal
to X ﬁlooo y Where 'xX!' is the fraction of the initial

moncmer converted to polymer per second. Therefore,

R x [M] [In]% = x [M],

i}

x [In]—%.

If 'P* isg the rate of conversion in wt.% per hour, then

and k

H

P/3600 x Tl— )

x = 00
Hence, k = 3 g —7155 * [In]-% (litre/mole)%sec:1

It only remains to calculate [In] in mole/litre and the
value of k can be obtained. For example, when In used is

1 mole/1000 mole of styrene

i1

0,1 mole %, [In]

= 1 mole per ( 10328X91°4 ) litre at 60°C.
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(e) Volume of Activation for Overall Rate of Polymerisation

gc,vflland for Chain Transfer (givfr).

The volumes of activation for overall rate of
polymerisation were calculated from equation (75), page 52,

and equation (80) page 56, respectively. The values of R

and T were :

-1
y

R 82,06 cc-atm. (gm-mole)™1 °K

]

Il

T 333%.2°K.

e>V§ for styrene was taken as-13 cc./mole.

(d) Copolymer Goumposition.

In calculating the composition of the copolymer
corrected values of %C were used wherc possible, (i.e. when
8ll elements present wevre determined, as in the case of
styrene and vinylidene chloride). Otherwise values were
taken as determined. If two monomers Mi and Ms are
copolymerised, and C: and Cz are percentages of carbon in the
monomers respectively, then their percentages in the copolymer

are :

$u = EE=Ce x 100

#C =~ Cs 100

Ci - C2

]

% M
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(e) Monomer Reactivity Ratios.

The monomer reactivity ratios were calculated

by using equation (63) pagz 37, in the following linear form.

[My a[Me ] M: ]
[Ma} [d[M1J ([Ma .r1+1)-1]

112
[M] and d[¥] were expressed in mole %. The values of o)
corresponding to various gossumed values of Ty were
calculated and plotted. Ty and T, were obtained from the

region of intersection of the lines.
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SECTION VII.

Results and Discussion of the Effect of Pressure on the
General Kjnetics of Polymerisation of Halo=~Olefines with
Styrenc,and Styrene.

7.1, Summary of some Previous Research.

An early ettempt to measure the acceleration
of the polynerisation of styrene [126] gave the huge factor
of 2.24 x10° at 140°/1500 atm. A ro-investigation by
Gillham [127] showed that it was considerably less, the error
being due to failure to carry out the experiments isothermally.
Further measurements on styrenc were made by Merrett and
Norrish [98] up to 5000 atm. at 60°¢, using benzoyl peroxide
ag initiator, With improved tcchnicues, they obtained
rcproducible kinetic results which have been confirmed by
later workcrs, They found log (overall rate) to be nearly
2 linear function of precssure. The polymer molecular
weight tripled between 1 and 3000 atm., but increased only
slightly at higher pressure. The reaction order Wi#h
respect to initiator concentration was found to be 0.5 at
1 atm., but decreased a little with increase in pressure.
-zsvi was found to be about 18 ce./mole and 4>V§ =
-13 ce,/mole, Walling and Pellon [111] found that Z;Vir

in the system styrene and CCl, was about -11 ce./mole.



92,

Tri-, tetra-, and 1,2 disubstituted ethylenes
(except CP, = OF, and CFCl = GF2) polymerise much less
readily than styrene, if at all; but a few attempts to-
produce polymers &t high pressure have suceeded. Holmes-
Walker and Weale [128] examined a number of these monomers
up to 10,000 atm., generally using bhenzoyl peroxide as
initiator. Weale [129] found 1,2 dichloroethylene forms &
s0lid polymer of low yield and unknown molecular weight.
Attempts to polymerise tri- and tetra-chloroethylenes have
been unsuccessful., Klaassens and Gisol?f [130] found that
at 1500 under & pressure of 10,000 atm., trichioroethylene
undergoes "explosive! decomposition accompanied by
carbonization. Gonikberg and Zhulin [131-132] have found
that tetrachloroethylene does not polymerise even at pressures
up to about 30,000 atm. Results of investigation with
larger quantities of tri~ and tetra-chloroethylenes have heen
reported by Gonikberg and Zhulin [1-33—134].

Copolymerisation of styrene with cis and trans
dichloroethylene and trichloroethylene was tried under
atmospheric pressure, using benzoyl peroxide as catalyst [135],
but without success. Doak studied the copolymerisation of
‘chloro—ethylenes with other monomers [136] and found the
data to give the reactivity series vinylidene chloride
vinyl chloride) trichloroethylene’; trans dichloroethylene )
cis dichloroethylene) tetrachloroethylene. Mayo end Lewis [86]
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compared some cis gnd trans isomers and found that steric
inhibition of resonance, when it occurs, seems to determine
the relative reactivities of geometrical isomers, and that
relative stability has only & qualitative relation to
reactivity in other cases.

Alfrey and Greenberg [137] have reported
results for the copolymerisation of cis and trans dichloro-
ethylenes and trichloroethylene with vinyl acetate and styrene.
The monomer reactivity ratios of chloro-olefines with styrene
were == 0, Transg dichloroethylene was found to be much more
reactive than cis—-; and trichloroethylene a little more
reactive than the trans isomer - a result in agreement with
those of Doak,

| Recently Asai [138-139] has reported some high
pressure copolymerisation of styrene énd the chloroethylenes.
The monomer reactivity ratios of the helo-olefines were == 0.
The relative reactivity of the chloroethylenes were in
egreement with Doak's reactivity series.

Chain transfer studies and other aspects of
kiaetic investigation studied in the system styrene and

the chloro-~olefines under pressure have not been done before.
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T2, Kinetic Investigations on the Bulk Polymerisation
of Styrene.

Kinetic investigations of the bengoyl peroxide
polymerisation of styrenc at 60°C at different initiator
concentrations and pressures were carried out. Table I
gives the rate as wt.% conversion in 4 hrs., at different
catalyst concentrations and pressures of 1 and 1000 atm,

The overall rate constant k, expressed in litré% mole"% gecTl
is shown for the different catalyst concentrations at
corresponding pressures,

In the bulk polymerisation of styrene, the
order of reaction, calculated from the plot of log (Rate)
against log of initiator concentration (Figure 7) is found to
be 0,5 at 1 atm, and 0.46 at 1000 atm. This is in good
agreement with previous works. The decrecase in the order of
reaction with the initiator concentration at high pressure
may be due to some primaxry radical chain termination or to
an increased amount of thermal polymerisation [143].

The overall rate const?nt k is given by
k (fky)*

R = x [1]P[M] = 24 (217 [mM],

° ktz
where kp, kd and kt has the same significance as explained

previously, and 'f' is the efficiency of the initiator,

rate of initiation
rate of decomposition

where 'f' is given as

The overall rate constant k slightly decreased with increase
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Table I.

Polymerisation of Styrene with Benzoyl Peroxide at 60°¢C.

(1] Conversion TLog R 'K x 10"“1 [
(mole%) (wt% in 4hr.) (litreﬁmole_ﬁsecfl)
P =1 ATHM,
0.1 6.71 0.827 0.492
0.2 9.51 0.978 0.488
x = 0.5
0.3 11.2 1.049 0.470
0.4 12,99 1.114 0.440

P = 1000 ATM.

0.1 13.15 1,119 0.954
0.2 16.13 1.207 0.860

x = 0.46
0.3 19.58 1.292 0.840

0.4 23.21 1.366 0.840



LOG RATE

96

-~ STYRENE
© TRANS DICHLOROETHYLENE

FIGURE 7 EFFECT OF \NITIATOR conc™ ON
POLYMERISATION RATE,
TapLeE I AnNnD I,




97.

in initiator concentration at constant pressure and
temperature, This decrease in the value of k at 1 atm. can
be attributed to a decrease in 'f' with an increase in the
initiator concentration. In calculatingthe wvalue of k
(page 89 the monomer and the initiator concentrations were
expressed in mole/litres. Hence if pressure has any effect
on them, it would increase at higher pressure, The ratio
kpg/kt‘for the polymerisation of styrene increases with
ﬁressufe, hence the decrease in the value of k with increase
in initiator concentration at 1000 atm., which is more
pronounced than that at 1 atm. is due to a decrease in £ and
kd'

A comparison of the absolute rates with
previous results shows good agreement, Toohey [38] gives
the rate atv60°C, 1 atm., and initiator concentration of
10*[1] = 35.4 mole/litre as 0.97% hr. Table I gives the
rate as 1,68% hr. for 10%[I] = 87.2 mole/litre. If the
result is corrected to the value of the initiator

concentration [I], by the relation [I]*° then the rate

i

calculated is = 1,68 [35.4/87.2]‘5 = 1,07% hr, The overall
rate incrcased with initiator concentration, and the
acceleration factor or the pressure coefficient of the
overall rate, Rlooo/R1 was calculated for different

initiator concentrations (Table III),
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Te3. Composition of the Polymers from Styrene/Chloro-
Qlefine Mixtures.

Elemental analyses of the polymers formed
in styrene/chloro-olefine mixtures (Table II) were done.

The purpose was to investigate the amount of chlorine present
in the polymer, and hence the analyses of samples with lowest
value of M/S ratio (which was 1:1) prepared at constant
initiator concentration of 0.05 mole % (on the reactants)
under different pressures were carried out. Weight %
compositions of the polymers formed in styrene-trans-
dichloroethylene, styrene-technical dichloroethylene and
styrene~trichloroethylene are shown in Table II,

It can be seen that the chlorine content is
very low. Although the analyses for such small amounts of
chlorine are not very accurate, it is clear that practically
no copolymerisation occurs even at the highest pressure.
Molecular weights of the polymers were determined, and from
the weight ¢ composition, average number of units of styrene
monomer and the corresponding halo-olefines per molecule
were calculated,

The infra-red spectra of polymers formed in
1:1 styrene/trichloroethylene at 3000 atm., and 1:1 styrene/
trans~-dicnloroecthylene at 2500 atm, were done with "Nujol®
as solvent and using sodium chloride cell (Pigures 8 and 9).

The spectra were similar to that of pure siyrene polymer,
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Table II.

Compogition of Polymers formed in Styrene/Chloro~olefine

Mixtures.
o n . -3
(Atm) (Molar c H Cl of
Ratio) : units/molecule

M S
trans DCE 1500 1 > 90 7 1 33.6 320 3
2500 1 > 90 7 1 37.8 360 4
tech. DCE 1000 1 y 90 7 1 48.7 464 5
3000 1 >» 90 7 1 113 1076 12
trichloro- 1 1 > 90 7 1 18.2 180 2

ethylene
3000 1 y» 90 7 1 44.7 427 5

s
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C~Cl absorption could not he identified because polystyrene

itself has "bands" in the C=Cl absorption region (12-14)‘-).

7.4. Kinetic Investigations on Polymerisation of Styrene
with Trans Dichloroethylene,

Table III gives the rates of polymerisation of
styrene with trans dichloroethylene at different initiator
concentrations and pressures, At 1 atm,, styrene/dichloro-
ethylene is 0,972 molar ratio and at 1000 and 2000 atm.,
styrene/dichloroethylene is 0.675 molar ratio. By comparing
the results in Table I with those of Table III and fronm
Pigure 7 it ecan be seen that trans dichloroethylene retards
the polymerisation of styrene, although the pressure
coefficient of the rate Ryo00/Ry i8 similar to those for
styrene at different initiator concentrations. The exact
pressure coefficient of the rate cannot be obtained as the
M/S ratios for runs at 1000 atm. and 1 atm. are not the same,
but the results show that the effects of pressure on the
rate ratios are similar. Asai [138] observed a rate ratio
of RlOOO/Rl = 2.39 with a 1:1 molar ratio and with an
initiator concentration of 3.04 x10™° mole/litre of AIBN at
60°C, As the rums et 1000 and 2000 atm. are with a lower
M/S ratio than that at 1 atm., the calculsted rate ratios of
2.17, 2.16, 2.03 at 0.1, 0.2, 0,3 mole % catalyst
concentration respectively seem to compare well with that

of Asai,
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The slowing down of the rate is mainly due to
degradative chain transfer, tﬁough occasional incorporation
of unreactive chloroethylene units in the polymer may occur.
The order of reaction with respect to initiator [1] was found
to be about 0,49 at 1 atm., and 0.48, 0.46 at 1000 and 2000
atm. respectively (Figure 7, Table III). Within the
experimental accuracy it can be said that the order of
reaction with respect to initiator is independent of pressure.

Table IV gives the rate of polymerisation et
constant initiator concentration of 0.05 mole % at different
M/S ratios for various pressures. The order of reaction
with respect to monomer (styrene) concentration obtained by
plotting log (rate) against log of monomer concentration
has been investigated (Tables IV and VI, Figure 10). The
order of reaction with respect to monomer is 1.8 at 1 atm.,
it decreases with increasing pressure and atteins a value of
about 1 at 2500 atm. (Figure 11), This indicates that
inactive radicals formed by transfer become reactive at higher
pressure, This conclusion can be supported (Figure 12) as
it can be seen that for a fixed M/S ratio, there is a sharper
increase in rate at higher pressure. This is attributed to
either the CHCl = CH* or the 4CH-CHCl-CHC1* radicals
becoming more active at higher pressure and, as transfer is
thought to be the main process of chlorine incorporation, the
reason‘is probably that the reactivity of the CHC1=CH¥ radical

increases at higher pressure,.



Table

Order of Reaction (x) with respect to initiator in
system Styrene + Trans-dichloroethylene at 50°C.
1 atm, Styrene/DCE = 0.972 molar ratio at 1000 and

atm, Styrene/DCE = 0.675 molar ratio.

P
(Atm. )

1
1
1
1

1000
1000
1000
1000

2000
2000
2000

(1]

(mole %)

0.1
0.2
0.3
0.4

0.1
0.2
0.3
0.4

0.1
0.2
0.3

2+log[1]

1.000
1.301
1.477
1.602

1.000
1.301

1.477
1,602

1.000
1,301
1.477

R

(wt.% in 4 hr,)

1.25
1.75
2.22
2.52

2.7
3.77
4.5
4.87

4.43
6.05
7.35

log R

0.094
0.242
0.346
0.40

0i431
0.576
0.653
0.688

0,646
0.781
0.86

104,

the
At
2000

0,49

0.48

0.46

The pressure~-acceleration factor RlOOO/Rl was found to be
pure Styrene.

similar in magnitude to that for

Ry000 Ry

Styrene +
trans DCE

Styrene

]

2.17
0.1

1.96
0.1

1.94
0.4

1,79
0.4
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Table IV,

The rates of polymerisation in the system Styrene +
Trans dichloroethylene at 60°C and at various pressures
and [M]/[8] ratios. Catalyst concentrations = 0.05 mole %.

P M/S [M] (log M)-1 R log R
(Atm) Molar ratio mole% (wt.% in 4 hr.)
1 1:1 50 0.699 1.9 0.28
1 1.5:1 60 0.778 2.73 0,433
1 2.0:1 66,7 0.824 3,25 0.51
1 4:1 80 0.903 4,13 0.62
875 1:1 50 0.699 3,21 0.507
875 1.5:1 60 0.778 4.4 0,644
875 2:1 66.7 0.824 5.38 0.731
875 2.5:1 T1.4 0.854 6.0 0.778
1500 1:1 50 0.699 4,29 0,633
1500 1.5:1 60 0,778 5.33 0.727
1500 2:1 66,7 0.824 6.34 0.802
2000 1:1 50 0.699 6.36 0.804
2000 1.5:1 60 0.778 7.63 0.883
2000 2:1 66.7 0.824 8.8 0.945
2500 1:1 50 0.699 7.50 0.875
2500 1.5:1 60 0,778 9.5 0.978
2500 2:1 66.7 0.824 10,04 1.002
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Table V.

The effect of pressure and of the [M]/[S] ratio on the
molecular weight and intrinsic viscosity of polymers
from Styrene + Trans-dichloroethylene at GOOC, and with
0.05 mole% catalyst concentration, on monomer.

P M/S [M] M.W. at 107
(Atm.) Molar ratio at 25°¢C, A B
1 1 0.304 23,0 20.0
1 1.5 0:357 30.1 26.0
1 2 0.415 37.8 31.6
1500 1 0.380 33,6 28.4
1500 1.5 0.500 50.2 43,05
1500 2 0.571 61.6 52,7
2000 1 0.405 35.0 31.7
2000 1.5 0.575 55 .4 53,2
2000 2 0.606 67.5 57.6
2500 1 0.416 37.8 32,6
2500 1.5 0.583 6%.6 54,3
2500 2 0.653 75.7 64.5
A calculated for X = 4.4 x 10_4
A = 0.65
B calculated for K = 4.37 x10°%4
A = 0.66
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Table VI,

The effect of pressure on the order of reaction with
respect to monomer concentration [M], initiator
concentration [I], and on the chain transfer constant,
Cs, in the polymerisation of Styrene + Trans-dichloro-
ethylene at 60°C.

- v x -
R = x[M) [1] Ca = ktr/kp
P (Atm.) ¥ x cs x 10*
1 1.8 0.49 33
(at 1000)
1500 1.3 - 29
2000 1.0 0.46 28.5

2500 1.0 - 26
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Teble VII (a)

The effect of the pressure on the volume of activation
avi, for polymerisation, and the volume of activation.avir
for chain transfer in the polymerisation of Styrene +
Trons-dichloroethylene at 60°C, with 0.05 mole % catalyst
concentration, at verious [M)/[S} ratios.

P (Atm,) M/S rav{f -8 v?ér
Molar ratio ce/mole cc/mole
1-500 1:1 16.1
500~-1500 16 11.3
1500-2000 16
1-500 1.5:1 14.1
500-1500 14 11.3
1500-2000 14
1-500 2:1 12 .
500-1500 12 11.3
1500-2000 12

Teble  VII (b)

Polymerisation of Styreme + Teeh-dichloroethylene at 609C
with 0.05 mole % catalyst concentration.

P (Atm.) M/S -av? cs x 104
Molar ratio cc/mole
1-500 1:1 10.4
500-1500 10.7 1.6

1500-3000 10.7
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By plotting log (rate) against log (styrene
concentration), at 1, 1000 and 2000 atm. (Figure 13), and
extrapolating the curves to values for pure styrene, the
extrapolated rates are in good agreement with calculated
rates for pure styrene, the agreement being best at 2000 atm.
This accords with the observation that the order of reaction
with respect to monomer concentration attains a value of about
1 at higher pressure. The overall rate of polymerisation
at a given initiator concentration increased with increasing
M/S ratio at a given pressure (Table IV, Figure 10) and also
with increasing pressure at a given initiator concentration
and M/S ratio (Table IV, Figure 12). The rates for pure
styrene 2t 1 and 1000 atm. were obtained from Table I, that
for 2000 from Toohey's thesis [38].

From the composition of the polymers, the
incorporation of the small quantity of chlorine atoms in the
polymer molecules formed in the styrene-trans dichloro-
ethylene system is considered due to chain-transfer, and the
effect of pressure on this kinetic parameter has becen studied.
The transfer constant is obtained by plotting 1/DP against
S/M (Pigure 14). The molecular weights were determined
from measurements of viscosities in benzene solution at 25°¢
(Table V), and DP was calculated using the set of constants
A, Polymers were prepared with a constent I/M ratio.

The chain transfer constant Cs x 104 chonged from 33 at 1 atm,
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to 26 at 2500 atm. (Table VI). It can be concluded that the
chain transfer constant is practically independent of
pressure - the value slightly decreasing at higher pressure,
his means that the effect of pressure on ktr and kp are
similar in magnitude and they both increase with pressure,
and also that ﬂbVirEZLLV§. The volume of activation for
chain transfer was calculated (equation 80, page 56) at a
given M/S ratio for pressure ranges between 1-500 atm,,
500-1500, and 1500-2000 atm. (Table VIIa), The pressure is
divided in the three ranges so as to divide the graph of log
Cs against pressure in best possible straight lines or to
get the tangent. Taking c,Vi for styrene as ~13 cc,/mole,
A,Vir was found to be about -11.3 cc./mole for different }/S
ratios in the pressure ranges mentioned above. 45Vir is
similar in magnitude to abvi, but slightly less negative as
bothh bond formation and bond-breaking takes place; and the
value is close to the value for the active transfer agent
0014.
Asai [139] has carried out polymerisation of
the chloro-~olefines with.styrene and has calculated their
mononmer reactivity ratios. The reactivity of the halo-~

olefines have been found to be 0. The table of his

relative reactivity is given below.
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Relative reactivity of chloroethylenes (60°C.)

Mononer Pressure Relative Reactivity
(Kg./cn®)
Tetrachloroethylene 1 0.005
100 0.005
1000 0.004
Trichloraethylerd: 1 0.07
100 0.06
1000 0.06
Cis-dichloroethylene 1 0.005
100 0.005
1000 0,005
Trans-dichloroethylene 1 0.03
100 0,03
1000 0.03
k X k ¥ N
It ry = E§_§ s, then the relative reactivity %r'= _%_EQQ
S*TCE 1 S*S

If chain transfer is the main process by which chlorine atoms
are incorporated in the molecule, then %~ or the relative

1
reactivity of the trichloroethylene monomer can approximately

be taken to be equal to the chain-transfer constant. Hence

¥ox
1 . SS*MICE oy L

Ty Egxg
Prom the values of Asai, Cs x10% at 1, 100 and 1000 will be
700, 600, 600 respectively. In chain transfer both bond
formation and bond-cleavage takes place, hence the value of

Kgxpop (transfer) will be less than kgxpope  Even if the
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value of kgumep (transfer) is taken as h;lf of Kgmap s

cs x10% at 1, 100 and 1000 will be 350, 300, 300 respectively.
The values seem rather high for the system -~ monomer reactivity
ratios calculated in such cases are likely to be of very
uncertain accuracy. The 'monomer rezctivity ratios' are
almost independent of pressure, slightly decreasing at

higher pressure, in a way similar to that found with the

chain transfer constants,

The overall volume of activation for
polymerisation a,Vi was celculated by plotting log (rate)
against pressure (equation 75, page 52). Volumes of
activation at a given /S ratio for the experimental pressure
ranges were calculated (Table VIIa, Figure 15). —A;Vi is
between 12 and 16 cc./mole, and it decreases with increasing
/8 ratio. The decrease in ﬁ.Vf with inecreasing /S ratio
may be due to lesser "gteric effect" of chain transfer on the
system or to the formation of the inactive P-EH-CH01~CH01*
radical becoming more probable with increasing 1i/S ratio,

S0 bringing degradetive chain transfer on to the kinetic
pattern, The contribution of the latter case, in accordance
with the previous idea should be very small, and hence it

is thought to be due to lesser ''steric effect" of transfer

on thesystem. With decrease in /S ratio the system is

“ .
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more sterically hindered in the sense that the rate is more
retarded at 1 atm, due to increasing chain transfer with the
formation of inactive CHC1l=CH* radicals, andthe effect of
pressure on rate ratio is pronounced, giving a higher value
of L;'Vi .

The molecular weights of the polymers (Table V,
Figure 16) at different pressures and constant ¥/S ratio,
increase with pressure, the rate of increcase being less at
higher pressure. This is due to an increased amount of
transfer with monomer at higher pressure. At constant
pressure,'the molecular weight increases as the ¥/S ratio
increases., Asai [139] has rcported for styrene-trans—
dichloroethylene polymers prepared at 1,1000 Kg./cm2 with
3.04 x107° mole/litre of AIBN at 60°C the values of intrinsic
viscosity determined in toluene at 30°C as 0.225 and 0.387
respectively, the polymers are said to have a styrene content
of 99,3 mole %. Viscosities of polymers prepared from 1:1
molar styrene-trans dichloroethylene with 0.05 mole ¢
benzoyl peroxide at 60°C were determined in benzene (Table V)
at 25°C, and the values at 1 and 1500 atm. are 0.304 and 0,380
respectively. The values of the intrinsic viscosities are

comparable.
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7.5, Kinetic Investigations on Polymerisation of Siyrene
with Trichloroethylene.

Table VIII gives the rate of polymerisation of
styrene with trichlorocethylene at different initiator
concentrations and pressure, the M/S ratio being 1.17 molar.
A comparison of the results with those for styrene and
styrenc-trans dichloroethylene, shows that the pressure-
coefficient of the rate is of similar magnitude, but is less
dependent on the initiator concentration.

A table of the rate ratios, for various
compositions at a catalyst concentration of 0,05 mole?% for
the two systems styrene-trans DCE and styrene-TCE (Tables

IV and IX) is given below :

M/S Rate Ratios Rp/Rl

(Molar) 875 1500 2000 2500

Styrene 1:1 1.69 2.26 3.35 3.94

+ 1.5:1 1.65 1.95 2.79 3448

trans DCE 2:1 1.61 1.95 2.70 3.08
1000 1500 2000 2500 3000
Styrene 1:1 2.23 2,87 4.4 5.64 6.46
+ 1.5:1 2.04 2.43 3.55 4.79 5.45
TCE 2:1 2,00 2.38 5.49 4,61 5.43

The pressure coefficient of the rate at a particular velue of
RP/Ri increases as /S ratio decreases, and it is more

pronounced at higher values of Rp/Rl' This can be due to
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Tehle VIII.

Order of reaction (x) with respect to initiator
concentration in the system Styrene + Trichloroethylene
at 60°C., Styrene/TCE = 1.17 (molar ratio).

P (1] 2+log[I] R log R x

(Atm.) (nole% ) (wt% in 4 hr)

1 0.1 1.000 2.19 0.3404

1 0.2 1.301 3,02 0.4800

1 0.3 1.477 3 .31 0.5809 992

1 0.4 1.602 4.50 0.6532
1000 0.1 1.000 4,08 0.6106
1000 0.2 1.301 5.64 0.7512 4 5
1000 0.3 1.477 6.92 0.8401
1000 0.4 1.602 8.10 0.9084

The pressure-acceleration factor RlOOO/Rl was found to be
similar in magnitude to that of Styrene and Styrene +
Trans-dichloroethylene system, but to be less dependent
on [I].
Styrene + TCE RlOOO/Rl 1.85 1.86 1.82 1.84
(1] 0.1 0.2 0.3 0.4

Styrene RlOOO/Rl 1.96 1.64 1.75 1.79
[1] 0.1 0.2 0.3 0.4
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Table IX.
The rates of polymerisation in the system Styrene +

Trichloroethylcne at 60°C and at various pressures and
(¥]1/(8] ratios. Catalyst concentration = 0.05 mole%.

P M/S [u) (log M)-1 R log R
(Atm,) Molar mole% (wt.%4 hr.)
Ratio
1 1:1 50 0.699 1.38 0.1398
1 1.5:1 60 0.778 2,09 0.,3201
1 2:1 66.7 0.824 2.56 0.408
1 4:1 80 0.503 3.47 0.5452
1000 1:1 50 0,699 3,08 0.4885
1000 1.5:1 60 0.778 4,27 0.6304
1000 2:1 66.7 0.824 5.13 0.7102
1500 1:1 50 0.699 3,97 0.5987
1500 1.5:1 60 0.778 5.09 0.7062
1500 2:1 66.7 0.824 6.10 0.7850
2000 1:1 50 0.699 6.09 0.7840
2000 1.5:1 60 0.778 7.43 0.8709
2000 2:1 66,7 0.824 8.93 0.9503
2500 1:1 50 0.699 T.79 0.8915
2500 1.5:1 60 0.778 10.01 1,004
2500 2:1 66,7 0.824 11,81 1,072
3000 1:1 50 0.699 8,92 0,950
3000 1.5:1 60 0.778 11.40 1.057
3000 2:1 66.7 0.824 13.91 1,143
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Table X.
The effect of pressure and of the [M}/[S] retio on the
molecular weight and intrinsic viscosity of polymers from

Styrene + Trichloroethylene at 60°C, with 0,05 mole %
catalyst concentration on monomer.

P M/S [n] MW, x 1077
(Atm.) Molar ratio at 25°C. A B
1 1 0,262 18,2 16
1 1.5 0.318 23.9 21,2
1 2 0.352 2g,2 26.5
1000 1 0.3%11 23,9 19.4
1500 1 0.357 20.5 26,2
1500 1.5 0.482 47.5 42,0
2000 1 0.407 36.3 31.6
2000 1.5 0.529 55,2 45,0
2000 2 0.664 75.0 64,2
2500 1 0.450 41.7 35.5
2500 1.5 0.607 65.5 53,0
2500 2 0.706 87.5 76.0
3000 1 0.466 44,7 39.8
3000 1,5 0.664 75.0 64,2
3000 2 0.782 104 .0 82,1

A - B -
calculated foriK= 4.4 x10 4calculated-for K = 4,37 x10 4



Table XTI

Effect of pressure on the order of reactions with
respect to monomer [M], initiator [I], and on the
chain transfer constant Cs, in the polymerisation
of Styrene + Trichloroethylene at 60°C,

R = x[M}¥ [1]F Cs = ktr/kp
P v x cs x 104

(Atm)

1 2.4 0.52 42
1000 1.7 0.50 38
1500 1.4 30
2000 1.2 26
2500 1.3 26

3000 1.25 25

125,



126.

Table XII.

The effect of pressure on the volume of activation, ‘ayi,
for polymerisation and the volume of activation for chain
transfer, aY%r, in the polymerisation of Styrene +
Trichloroethylene at 60°C, with 0.05 mole % catalyst
concentration, at various [M]/[S] ratios.

P (Atm,) M/S —-gvf - vf“,:r
(Molar ratio) cec./mole cc./mole
1-1500 1:1 | 18.8 10
1500-3000 16.6
1500-3000 16.1
1-1500 2:1 16.5 10

1500-3000 14
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the "sterie effect" on the rate of the system due to transfer
increasing, as the /S ratio decreases, the effect being more
overcome the higher the pressure. Also for the same M/S
ratio, the rate ratios for the trichloroethylene system are
higher than those of trans-dichloroethylene, a result which
can again be explained in terms of "steric effect". Asai
also noted similar behaviour. From the results of Table VIII
it can be seen that trichloroethylene is also a retarder in
styrene polymerisation,

The order of reaction with respect to
initiator [I] (Table VIII, Figure 17) was found to be 0.52
and 0,50 at 1 and 1000 atm. respectively. Within
experimental error it can be concluded that the order of
reaction with respect to initiator is ihdependent of pressure,

The order of reaction with respect to monomer
(Table IX and Table XI, Figures 18 and 19) is 2.4 at 1 atm,
It decreases with increasing pressure and attains a value of
about 1 at the highest pressure, a behaviour similar to that
of trans-dichloroethylene. At 1 atm., the order of reaction
is higher than that for styrene-trans-dichloroethylene
system, and Tables IV and IX show that trichloroethylene is
a more efficient retarder than trans-dichloroethylene at the
lower pressures.

Plots of log (rate) against log (styrene
concentration), at 1, 1000 and 2000 atm, (Figure 20), werc
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extrapolated to the values for purc styrene, and gave good
agrcement, The agreement is least good at 1 atm., probably
because of the rather high order of [M] at 1 atm.

The overall rate of polymcrisation at a given
initiator coneentration incrcased with increasing M/S ratio
at w given pressure (Table IX, Figure 18), and also with
increasing pressure at given M/S ratio (Table IX, Figure 21),

The order of reaction changes from 2,4 at 1 atm.
to about 1 at higher pressure, indicating that inactive
radicals formed at lower pressure becoming active at higher
pressure, which is mainly due to CH=0012* redical becoming
active at higher prcssure. This conclusion is supported by
the fact that at a fixed ¥/S ratio, there is & sharper
increase of rate at higher pressure (Figure 21), an
observation similar as in the case of styrene-trans-dichloro-
ethylence system.

The composition of the polymers werc similar
to those in the system styrene-trans-dichloroethylene; hence
the incorporation of the small quantity of chlorine atom
is considered due to chain transfer, and the effect of
pregsure on this kinetic parameter has been studied. The
transfer constont has been calculoted keeping I/M constant
as explained previously. The value of the chain transfer
constant Cs xlO4 changed from 42 at 1 atm, to 25 at 2500 and

3000 atm. (Table XI, Figure 22). The corresponding values
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for trans dichloroethyienec at 1 and 2500 atm,., are 33 and 26,
Hence trichlorocethylene is a stronger chain transfer agent
than trans dichloroethylene at 1 atm., but both are about
equally effective at higher pressure. The greater decrease
in the chain transfer constant of trichloroethylene in
comparison to trans dichloroethylene at the highest pressures
indicates & difference in the values of C’Vtr’ the value for
trans dichloroethylene being more negative than that for
trichloroethylene. The decrease in the chain transfer
constant for both the systems at higher pressure may be

explained in terms of bimolecular reactiens of the type

5§~ &

+
A BC - A- e e e e BC “""") AB + C*

¢-+ >
<7

in which the initial reactants are considered to have a weak
polarity arising from the existence of permanent dipole

moments. The dipole moment of trans dichloroethylene = 0,

18

that of cis dichloroethylene = 1.9 x 10—~ esu., and

trichloroethylene will have a greater dipole moment than cis
dichloroethylene, Taking trichloroethylene as an example,

the transition state can be written as

H* H
Ls I
¢®t 4+ 7 g1-——CH=CC1 ¢

S U A ¥
o

* - -
2\ cuoo-Cl .ounCH—‘CCl2 }

H ¥«
-——0C1 + CH=CC1,,

The denser "cis" form is more favoured under pressure, hence

there will be some induced "polarization" in trans-
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dichloroethylene under pressure. In the transition state

as shown above, some relcase of solvating molecules is
expected to occur because of cancellation of the weak partisl
charges., Since trichlorcethylene has a greater dipole moment
than trans dichloroethylene, stronger charges on A and BC
will be developed and consequently a greater neutralisation

of charges should take place in transition state with e
larger release of solvent. This reaction should therefore

be less—-accelerated by pressure, but the transition state of
bimolecular association for chain transfer in the styrene-
trichlorocthylene system is more resonance stabilised than in
styrene-trans dichloroethylene. The nct effect is that the
two substances become equally effective as chain transfer
agents at high pressure. At lower pressures the
trichloroethylene is a more reactive transfer agent, -4>vfr
was found to be about 10 cc./mole.

The overall volume of activation c>Vi was
calculated as before, The volumes of activation for
different M/S ratios on the various pressure ranges are given
(Table XII, Figure 23). -L3V§ is between 14 to 18 cc/mole,
and it decreases with increasing M/S ratio. The explanation
is similar to that in the case of trans dichloroethylene,

Por a given M/S ratio, the volume of activation in the
styrenc-trichloroethylene system is bigger than in styrene-

trans dichloroethylene. This may be due to the latter
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system being more "hindered", as explained previously.
The molecular weights of the polymers

(Table X, Figure 24) prepared at constant I/M ratio at
different pressures and constant M/S ratios, increases with
pressure, the rate of increase being less at higher pressure.
At constant pressure the molecular weight increases as the
M/S ratio incresses. The observations are similar to those
for the styrene-trans dichloroethylene system. Asai [139]
has reported values of intrinsic viscosity determined in
toluene at 30°C to be 0.270 and 0.571 for polymers preparcd
at 1, and 1000 Kg./cm2 respectively, with 3.04 x10™> mole/1.
of AIBN at 6000, the styrene content of the polymer is said
to be 99.3 mole %. Viscosities of polymers prepared from
g 1:1 molar mixture of styrene-trichloroethylene with 0,05
mole % benzoyl peroxide at 60°C were determined in benzene
at 25°0 (Table X). The values at 1 atm. -and 1500 atm.

are 0,262 and 0,311 respectively.

Te6e Kinetic Investigations on Polymerisation of Styrene
with Technical-Dichloroethylene.

Kinetic investigations on the polymerisation
of styrene with technical dichloroethylene, (Cis/Trans = 3.5)
with initieator concentration of 0.05 mole % at 1:1 /S ratio
at different pressures were done. The chain transfer

congtants Cs x104 at 1 atm. and 1500 atm., were found to be
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about 1,6, This shows that both trichloroethylene and
trans—-dichloroethylene are more reactive than technical
dichloroethylene. The volume of activation for overall rate
of polymerisation_g,V§ with 1:1 molar ratio was found to be(V%%
-10 to 11 cc./mole. This is less than forthe systems
styrene—trans dichloroethylene or styrene-—trichlorocthylene.
The difference in reactivity in the cases of cis and trans
dichloroethylene cannot be éxplained in terms of steric

effect or steric inhibition of resonance. It is probably

due to the difference in the free encrgy of activation,

Telo General Conclusions.

In the bulk polymerisation of styrene the
measured rates, and the order of reaction with respect to
initiator concentration, are in good agreement with previous
work at 1 atm. and 1000 atm. The decrease in the rate
constant k with increasing initiator concentration and
pressure can be attributed to a decrease in 'f! and kd‘

At all pressures the polymers formed in the
styrene~chloroethylene systems have a low Cl content which
is believed to arise mainly from transfer reactions; although
somec incorporation of chloroethylene units in thc polymer
chain is not excluded. The moleccular weights of the polymers
are greatly reduced by the presence of chloro—-ethylenes in

the reacting system (factor = 0.1). The order of reaction
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with respect to [styrene] is > 1 except at the highest
pressures, i.e. the rate of polymerisation is reduced more
by addition of chloroethylene than it would be by dilution
with an inert solvent., The order of reaction with respect
to initiator is about 0.5, and it is independent of pressure.

The pressure-cosfficient of the rates RlOOO/Rl
are similar in magnitude for the systems styrene, styrene-
trans dichloroethylene, and styrene-~trichloroethylene;
although the actual value for trichloroethylene is »
dichloroethylenes, This can be explained in terms of
"hindrance" of reaction due to transfer. The overall volume
of activation c&vi for the system is styrene-trichloroethylene
> styrene-trans dichloroethylene ) styrene-cis dichloroethylene,
For the system styrene-trichloroethylene end styrene-trans
dichloroethylenes, this can be attributed to a "steric effect®
with stabilization of the trichloroethylene radical CH=0012*,
whereas in the case of the dichloroethylenes it is due to the
difference in their reactivity because of the difference in
their free energy of activation.

At a given pressure the rate of polymerisation
increases as the M/S ratio increases and also at a given
M/S ratio there is a sharper increase in rate at higher
pressure. This is considered to be due to the radicals
CHC1=CH¥* or CHC1=CCl* bedoming more rcactive at higher

pressure, The molecular weight increases with pressure at a
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given M/S ratio, the rate of incrcase being lower at higher
pressurc, It also increases as the M/S ratio increases at
a given pressure,

There is some tendency towards reduced chain
transfer under pregsure, and the reaction order in [styrene]
falls towards 1, but there is no marked increase in the Cl
content of the polymers. The order of reactivity in chain
transfer is found to be trichloroethylene > trans dichloro-
cthylene "technical®™ dichloroethylene at low pressures, but
at higher pressures the activities of the trichloroethylene
and trans dichloroethylene are gimilar. The latter
phenomenon can be explained by cancellation of weak partial

charges in the transition state in bimdlecular reactions of

the type
ye - &+
A + BC ;’T\ A,.y..BC —> AB + c*

in which the initial polarity is associated with the dipole
moments of the chloro-olefines; and also by resonance
stabilization of the transition state complex. Technicel
dichloroethylene is very unreactive due to its high frece

energy of activation.
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SECTION VIII.

Results end Discusgion of the Bffcect of Pregssure on the
Kinetics of Copolymerisation of Halo-Olefines with
Styrene, and with Vinyl Acetate.

8.1. Surmary of some Previous Research.

Fundamental kinetic investigations of
copolymerisation under pressure have not been attempted
extensively. Doak [136] has investigated the copolymerisation
of chloroethylenes with other monomers et 1 atm. Gonikberg
[118] has donec some work on copolymerisation of vinyl acctate
and trichloroethylene under pressure. Mayo et al. [140]
studied the copolymerisation of vinyl ecetate at 1 atm. An
extensive 1list of monomer reactivity ratios of styrene with
other monomers is given in Boundy's [135] and in Ham's book
[144]. Alfrey and Greenberg [137] have reported results for
the copolymerisation of cis—and trans—-dichloroethylenes and
trichloroethylene with vinyl acetate and styrenc.

Kinetic investigations on copolymerisation
of styrene, and vinyl acetate with vinylidene chloride under
pressure have not becn reported. Extensive invesgtigations
of copolymerisation in vinyl acetate -~ trichloroethylene
system under pressure has not been done before. Results of
Some work on copolymerisation under pressure are tabulated

at the end [33, 141, 142, this work].



8.2, Kinectic Investigzations on Copolymerisation of
Vinylidene Chloride and Vinyl Acetate.

Mixtures of vinylidene chloride and vinyl
acetate, with different initial compositions, were
copolymerised at various pressures, with 0.05 mole % benzoyl
peroxide, at 60°¢., The results are tabulated in Table XIII,
The composition of the copolymers were calculated from the
analyses of thce chlorinc content of the polymer, which clearly
shows that there is copolymerisation. Monomer rcactivity
ratios wcre calculéted by the equation on page 90. Values
for monomer reactivity retios at 1000 atm., obvgined by
plotting Ty against values for r, ore shown in Figure 25.

No rate measurements were done, becausc of the precipitation
of the copolymer (especially with higher vinylidene chloride
content in the fecd) and also because of the difficulty of
removing the precipitatc.

Values for reactivity raetio of vinyl acetate
(rl) and vinylidene chloride (r2) ot different pressures
are shown in Table XV, The values of monomer reactivity
ratios obtained at 1 etm. as ry = 0.025 + 0.01, v, = 3.2 # 0.1
arc comparable with those of Doak [136] who found ry =
0.03 + 0, r, = 3.6 + 0.5 at 60°C, with 0.1 mole % benzoyl
peroxide at 1 atn.

From Table XV it can be scen that Ty end T,

arc indepcndent of pressure.

ry = Eya* va r, = Ezgtzg
Kya*ve Kye*va
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Table XITT.

Copolymerisation of Vinyl Acetate and Vinylidene Chloride
at various pressures with 0.05 mole % Benzoyl Peroxide at
60°¢C.

Mi = Vinyl Acetate.
P M1 /Ma o0l Mole of Mg%e © AMy
(Atm.) Initial mole in Copolymer Vinylidene Vinyl mole%”in
ratio in Chloride Acetate Copolymer
feed
1 3.5:1 48,39 .6814 3941 36.65
1 2.,1:1 52.36 1374 .2998 28,91
1 1.,6:1 55.69 . 7842 2784 26,20
1000 2.7:1 51.63 L7271 .3426 32.03
1000 1.51:1 56,68 . 7969 .2641 24.90
1000 1:1.01 60.52 .8251 .2019 19.16
1000 1:2,1 65.52 .9228 1224 11.72
1000 3:10 68.01 .9578 .0830 7.97
1500 2.,73:1 50.75 . 7147 .3567 33.3
1500 1.50:1 56.64 . 7968 .2640 24.9
1500 1:2.4 66,34 .9343 .1094 10.49
1500 3:9.4 67.56 .9515 .0901 8.76
2000 2:1,01 53.64 7555 .3108 29,15
2000 1.3:1 58,17 .8193 . 2389 22.58
2000 1:1,38 62,72 .8834 .1668 15,89
2500 3.5:1 48,12 L6777 3984 37.02
2500 1.36:1 57.22 .8059 »2540 23.97
2500 1:1.38 62.66 .8825 1677 15.97

2500 1:2.4 66.02 «9299 1144 10.96
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Values of r:i: and rz calculated for various pressures.

(3.5:1)

(2.1:1)

(1.6:1)

(2:1.01)

(1.3:1)

(1:1.38)

1 Atm,

T Tz

0.1 4.66
0.2
0.3

0.1
0.15
0.2

0.1
0.2
0.3

2000 Atm.
ry
0.1
0.2
0.3
0.1
0.2
0.3
0.1
0.2
0.3

v H
o »
N

3

L ]
W WO W 3 3
~

@

N

W W W -~ H W U &~ W\
. .
(@)
U

L]
O
N

(2,7:1)

(1.51:10)

(1:1.01)

(1:2.1)

(3:10)

(3.5:1)

(1.36:1)

(1:1.38)

(1:2.41)

1000 Atm.

T4

0.1 4.57
0.15 5.35
0.2 6.12

T2

0.1 3.70
0.15 4.04
0.2 4.38

3.64
4.06
4.48
3.44
3.64
3.83
3.26
3,37
3.48

L . .-

O O O O O C O O O
L
W NP SN R VDR

2500 Atm.

T
0.1
0.2
0.3
0.1
0.2
0.3
0.1
0.2
0.3
0.1
0.2
0.3

Ir2
4.54
6.62

3.59
4,13
4.76
3.33
3.63
3.92
3.11
3.25
3.39

8,705

(2.73:1)

(1.5:1)

(1:2.4)

(3:9.4)

1500 Atm.

i Ia

0.1 4.23
0.15 4.97
0.2 5.72

001 3'7
0015 4003
0.2 4.37

0.1
0.2
0.3
0.1
0.2
0.3



60°C.
P M1 /Ma
(Atm) Initial mole
ratio in
feed
1 1:1,01
1 1.501:1
1 2.5:1
1000 1:1
1000 1.,5:1
1000 2.5:1
1500 1:1
1500 1.5:1
1500 2.5:1
2500 1:1
2500 1.5:1
2500 2.5:1

Table
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Copolymerisation of Styrene and Vinylidene Chloride at
various pressures with 0.05 mole % Benzoyl Peroxide at

Mi =

My

mole %
in feed

45.75
60.09

T1.43

50
60
71.43

50
60
71.43%

50
60
71.43

Styrene.

Rate

wt.% in
4 hr.

1.09
1.89
2.61

1.31
2.92
3.71

1.90
4.66
5.46

5.1
9.36
10.98

% C

dMy

in copolymer mole% in

78.0
81.23
84.59

77.6
82.06
85.01

78.16
82.02
84.58

78.06
81.21
84 .56

copolymer

773
82.8
87.7

77.02
83.84
88.50

77.89
83.88
87.88

1773
82.62

87.84
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Table XIV(b)

Values of r1 and rs celculated for various pressures.

1 Atm. 1000 Atm, 1500 Atm.
ri Ire Ira 2 r4i rs
(1:1) (1:1) (1:1) ‘
3 0.175 3 0.193 3 0.135
4 0.468 4 0.492 4 0.419
5 0,762 5 0.789 5 0.702
(1.,5:1) (1.5:1) (1.5:1)
3 0.215 3 0.134 3 0.085
345 0.447 4 0.524 4 0.517
4 0.681 5 0.958 5 0.950
(2.5:1) (2.5:1) (2.5:1)
2.5 0.0425 3 0.261 3 0.431
3 0.480 3.5 0.666 3.5 0.862
3.5 0.918 4 1.07 4 1.29
2500 Atm.
rys Ta
(1:1) 3 0.146
4 0.433
5  0.719

(1.5:1) 3 0.235
4 0.709
5 1.182

(2.5:1) 3  0.442
3.5 0.874
4 1.31



Effect

Pressure
(Atm.)
1
1000
1500
2000
2500

1000
1500
2500

XV.

Table
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of pressure on monomer reactivity ratios at 60°¢C,

Vinylidene Chloride =

Monomer

ey

Vinyl acetate

Styrene

n
14

n

ri

0.025
0.02
0.025
0.03
0.035

2.55
3.0
2.5
2.5

I+ I+ |+ I+

1+

I+ I+ 1+

|+

0.01
0.005
0.005
0.025
0.01

0.1
0.3
0.3
0.01

Me

T2

3,2
3.2 +

1+

3.1 +
3.25+
3.1 +

0.04+ 0,02
0.165+ 0.05
0.04+ 0.02

0.01+

0.1
0.1
0.1
0.1
0.1

o)

rira

0.080
0.064
0.0775
0.0975
0.1085

0.102
0.495
0.100
0.025
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Table XVI.

Dependence of molecular weight on feed composition and
pressure in the copolymerisation of Vinyl acetate and
Trichloroethylene (with 0.1 wt.% Benzoyl peroxide) at 60°C.

( P ) ?eed Cgmposition Rate(wt.%) Average Average
Atm., mole % Vinyl al molecular
aceta%e [24 hr runs] (in bgnzene) weight.

1 16.82 1.17 0.0503 695

1 39.34 7 0.0473 1220

1 45.90 9.69 0.0369 1509

1 48,58 10.39 0.0320 1790

1 51.8 13.49 0.0310 1992

1 59.2 2.09(6+thr.) 0,0452 1208

1 80.16 22.6 0.0100 5567

1 92.9 32,96 Negligible High

1 40.21 1.4 (6hr,) 0.0491 920

[ 6 hr runs]
1000 41,07 1.46 0.0310 1575
1000 46,3 1.79 0.0160 2004
1000 55.17 2.56 0.0252 2400
1000 60.5 2,72 0.,0198 2600
[ 5 hr runs]
2000 39.08 1.39 0.0335 1655
2000 49,13 1.91 0.0265 2200
2000 55,78 3.44 0.,0172 2700
Table XVI(b)

P .

(Atm.) Pecd Composition % 0l, in
(mole% Vinyl acetate) cofolymer.
1 51.8 37.59
1 59.2 36.74

2000 49.13 37 .82
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MOLE FRACTION VINYL ACETATE IN COPOLYMER
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Therefore AvVa*Va‘:-‘ oVyarye 24 oVyerye e eVyeryg:
The cnergies of activation for the oversll reaction of
polymerisation for vinyl acetate and vinyl chloride
are about 21.6 and 21,8 Keael./mole respectively [14].
Vinylidene chloride is & more reactive monomer than vinyl
chloride, hence it should have a lower energy of activation,
and also a lower entropy of activation [i.e.v*o.Sé ) - S?'[ 1.
c Va

The difference in the energy of activations is mainly due to
the differcnce in the energy of activations of the radienls,
Hence it can be said that a VVc*Vc DPITAS VVa*Va and QVVC_X_Va >
& Vygrye:

The product of ry and T, is much less than 1.
Henee the monomers have a tendency to alternation, and as
TiTH is practically independent of pressure this phenomenon
is unchanged under pressure. The dependence of copolymer

composition on the vinyl acctate content of the feed for

experiments at 1000 atm. is shown in Figure 26,

8.3, Kinetic Investigations on Copolymerisation of
Vinylidene Chloride with Styrene.

Vinylidene chloride and styrene were
copolymerised under various pressures with 0.05 mole %
benzoyl peroxide at 60°C, having different initial feed
compositions. The results are shown in Table XIV, together

with the results of C, H and Cl estimations. At 1 atm.
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pressure with 1:1 and 2.5:1 molar feed ratio of styrene to
vinylidene chloride, the chlorine content of the polymer was
16.94 and 8.7 percent, respectively, by weight. For runs
at 2500 atm. the corresponding volues were 18.09 aond 8.56
respectively. This clearly shows thot copolymerisation
takes place. The percent of C in the corolymer was
corrected for 100% composition, and the mole % of the
monomers in thecopolymer is calculated from the coarbon
content. Values for the monomer renctivity ratios at

1000 atm., obtained by plotting Ts agoingt values of ry

are shown in Figure 27. i comparison of the measured rates
with Table IV shows that vinylidene chloride retards styrene
polymerisation, and is 2 more efficienﬁ retarder than trans-—
dichloroethylene. T%ﬁs is due to ~~ H—CH2—0012* being more
stabilised thon in -f;ﬂ—CHCl-—CHCl* and olso becouse CH,=CCL*
will be more stabilised than CHCl=CH*., At o given styrene :
vinylidene chloride ratio, the rate increases as pressure
increases; and at o given pressure the rate increases as the
styrene : vinylidene chloride ratio increases., With the 1:1
ratio at the highest pressure the rate is not very accurate
because of precipitation of the polymer, and the difficulty
in quantitative removal of the solid polymer from the
reaction tube.

Values for the reactivity ratio of styrene (rl)



[T
|n
o}

and vinylidene éhloridé‘(ré)~at-different préséures are
given in Table XV. The félues of monomer‘réactivity retios
obtained at 1 atm. are r1‘= 2,55 # 0.1 and ry, = 0.04 + 0,02,
The corresponding values obtained by Doak [136] and Lewis

et al, [87] are 1.85 + 0.05, 0.085 + 0,01; and 2.0 + 0.1,
0.14 + 0.05, rcspectively: A graph of rate of
copolymerisation for a given feed composition at different
pressures ig shown in Figure 28, At a given feed
composition there is & sharper increasghin rate at higher
pressure which is attributed to the —CH-CH,-COl,* and
CH2=CCl* radicals becoming more reactive at higher pressure,
an ohservation similar to that for trans dichloroethylene
and trichloroethylene.

From Table XV it can be seen that Ty and Ty

within the experimental limits, are independent of pressure

. k* k %
r1 F§~§ r2 = E;S_EE . Therefore
‘S¥*Ve Ve*S

~ VS*S o ’—“VS*VC and ‘vac*Vc': ava*S . The cenergy

of activation for the polymerisation of styrene is about
éﬁéikcal./mole, hence its entropy of activation is greater
than thosc of vinyl acetate and vinylidene chloride (i.e.
_C_,Séc*\; -/ S\F;a* o= Sé*) . Therefore Qva*Vc) QVVa*Vc
>0 Vgige  Also AWy ug = 2 Vyouye = aVyeryy 208 aVyoxg >

'ﬂ’VVa*Vc~> “’VS*VC' This shows that the effect of pressure
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is about the same for the addition of a vinylidene chloride
radical to its own monomer, or to styrene and vinyl acctate,
whereas pressure has a small effect on the vinyl acetate
radical, a smaller effecct on the styrene radical and a
comparatively larger effect on the vinylidene chloride
radical.

The product of r, and r, is less than unity,
which indicates that there is a tendency for alternation,
and as 4TH is practically independent of pressure the above

phenomenon does not change with pressure,

8.4, Kinetic Investigations on the Copolymerisation of
Trichloroethylene with Vinyl Acetate,

Vinyl acetate and trichloroethylene, with
different fced compesitions, were copolymerised in the
presence of 0.1 weight % benzoyl peroxide at 6000, under
different pressures. The results arc given in Table XVI.

Measurements of rates of polymerisation showed
that rates were not proportional to time. This may be due
to non-steady state kinetics or due to transfer with polymer
molecules. At 2 given pressure the rate increased with
incrcase in vinyl acctate content in the feed, and with
increase of pressure at & given composition,

Molecular weights of the polymers were

determincd. The molecular weights are low, and at 1 atn,
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pressure they are practically independent of feecd composition
up to about 80 mole % vinyl acetate in the initial feed.
The dependcnce of the molecular weight on feed composition at
1 atm, is shown in Figure 29, the extrapolated rate is
probably much stecper. With increase in pressure for a given
feed composition, there was not much change in the moleculer
weights of the polymers. Analyses of the polymers show
thet there is copolymerisation (Table IVIDb),.

The monomer reactivity retios of trichloro-
ethylene and vinyl acetate at 1 atm. [136] and 60°C are
0.01 + 0.01 and 0.66 + 0.04 respectively. The azeotropic

Uy 01 - 1 2.91
1

feed composition ==~ = = or 74.56 mole %

T2 W66 - 1
vinyl acctate. Due to ry and T, both being lecss then 1,
there is a strong tendency for alternation. So the growing
ends of the polymer chains will consist of ~w0HCl-0012*
or ~~CHMe—CH2* radicals, Both trichloroethylene and vinyl
acetate are efficient transfer agents. Radical chains with
the -»~CHMe-CH2* terminal group are morc active than those
ending in ~ACH01—0012*; but the former undergo transfer
reaction more rapidly, the latter, being less active, may not
undergo transfer-phenomenon quickly, but its contribution to
chain propagation is also less. When the feed composition
with respcet to vinyl acetate is in excess of its azeotropic

compogition, there is considerable inecrease in molecular

weight (to about 5600 with 80% vinyl acetate in the feed).
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This is due to the vinyl acetate molecules entering the chéin
at a relatively faster rate. With increase of pressure,
(below the azecotropic feed composition with respect to vinyl
acctate) there is no marked change of the system, showing
that radical additions anéd radical displacements arec

facilitated to the same extent.

8.5, General Conclugions.

The monomer reactivity ratios in the
copolymerisation of vinyl acetate and vinylidenc chloride
arc independent of pressure. The wvalues obtaincd at 1 atm,
are conparable with previous results, Ty < 1, indicating
thet there is a tendency for alternation, and this is also
unaffected by pressure.

In the copolymerisation of styrcene with
vinylidene chloridc, the latter is found to be 2o more
eificient retarder of polymerisation than trans dichloro-
ethylene, This mﬁﬁ\be due to uCH-CHQ—Clg* and CH2=001* being
more stable than-»ﬁh—CHCl—GHCl* and CHC1=CH* respecctively.
At o given styrene:svinylidene chloride ratio, the rate
inercoses with inercaose of pressure, and at o given pressure
rate increases with increase in styrene:vinylidene chloride
ratio. The monomer reactivity ratios are independent of
pressure, The values obtoined at 1 atm. are comparable

with previous work. T &L 1, indicating that there is a



162,

tendency for alternation, the phenomenon being independent of
pressure,

Defining Ty and To for the two pairs as :

T x ) S

r, = Eyg_y_g_ r, = -EY-C-:—EE (Vinyl acctate and
Va*Ve Ve*Va vinylidene chloride)
Kgxg Kyoxye

o= R Ty = po—— (Styrene and
S*Ve Ve*S vinylidene chloride)

— T
D Vyorye = Vyeryg

“

& Vygrys = o Vygeye

S8 = O Vgsyge o Vygxyoo ATy xg

The encergy of activation for the polyzerisation of styrene
vinyl acctate > vinylidene chloride. Therefore
- D Séc* S A Séa* > -A Sé*. Therefore from the above

relctionships, AVVC*VC > DVVa*Va > A VS*S‘ Also

D Vyors = aVyerye = AVyeryn 304 4 Vyouyy ) o Vyarye >
QVS""‘VC' This shows that the effect of pressure is about
the same for the addition of a vinylidene chloride radical
to its ovm monomer, or to styrene or vinyl acctate, and
pressure has a small effect on the activity of the vinyl
acetate radical, a smaller effect on styrene radical and a
comparatively larger effect on the vinylidene chloride
radical,

In the copolymerisation of vinyl acetate and
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trichloroethyiene, the raté‘iS’Tound not to be proportional

to time, This may be due to non-steady st&teVKinetics_or due
to transfer with the polymer. The rate increased with
increase of vinyl acetate content in the feed. The moleculer
weights of the polymers were low. They were practically
independent of the pressure and the composition of the feed

up to & vinyl acetatec content of 80 mole %, The azeotropic
feed composition is 74.6 mole % vinyl acetate. The low
molecular weights of the polymers can be explained in terms

of strong tendency to alternation, producing "1azyW~CH01—0012*
radicals, and to chain fransfer. Molecular weights are
independent of pressure, which shows radical addition is
facilitated to the same extent as radicel displacement, The
sharp increase in the moleculer weight of the polymer above
the azeotropic composition of vinyl acetate is attributed

to an increase in the rate of addition of vinyl acetate due

to the large excess of the monomer.



Mononers Solvent tOC(AEm) ry To ryTo
= ¥y
Acenaph., IMA - 60 1 3.,1+0.3 0.57+0.05 1,77
" 880 2.2 0.58 1.28
" 1900 1.9 0.60 1.14
" 2880 1.8 0.54 =1
" 3900 1.6 0.58 -1
dal -
Anhyd n 1 0.43+.,04 0,07+0,03 0.030
" 2880 0,32+0,1 0,1 +0,05 0.032
Tetra CI - " 2880 270 0 2= 0
Ref. [33]
St¥rene  MMA - . 60 1 0,52 0.46 0.24
" 1000 0.53 0.47 0.25
1500 0.50 0.48 0.24
" 2000 0.53 0.45 0.24
vt 2500 0.53 0.43 0.25
" 3000 0.57 0.54 0.31
" 3500 0.59 0,50 0.26
Diethyl
Pumerate - n 1 0.30 0.07 0.021
" 1000 - -
* 1500 0.26 0.01 0.0026
2000 - -
" 2500 0,27 0.02 0.0054
" 3500 0.30 0.02 0.006
MMA ial.
Anhyd " 1 2.1 0.0 = 0
" 2000 2.4 0 -~ 0

Ref., [141]



Monomérs ‘ Solvent

M M

1 2

Styrcne IMIA Benzene

Dichloro~
ethanec

Pyridine

Ethyl
Alcohol

Vinyl Vinylidene -
Acetate chloride

Styrene Vinylidene
chloride

+°¢

50

50

P > Ty

Kg/cm
1 0,52
100 0.58
1000 0.72
1 0.49
100 0.53
1000 0.63
1 0.44
100 0.49
1000 0.56
1 0.45
100 0.49
1000 0.59

Ref,

(Atm.)

1 0,025+,01
1000 0,02 +,005
1500 0.025+.005
2000 0,03 +.025
2500 0,035+,01

1 2.35+ 0.1
1000 3.0+0.3
1500 2.5+0.3
2500 2.5+0.01

0.45
0,48
0.58

0.46
0.52
0.66

0.50
0.57
0.80
0.47
0.52
0.62

[142]

3.2+0,1
3.2+0,1
3.140,1
3,25+0,1
3.1+0.1

.04+,02
.165+.,05
.04 +,02
.01 +0

[This work]

0.23
0.28
0.42

0.23
0.28
0.44

0.22
0.28
0.45
0.21
0.25
0.37

0.08
0.06
0.077
0.097
0.108

0.102
0.49
0.10
0.025
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SECTION IX.

Polymerisation of Chloro-0lefines under very High
Pregssurec.

9.1, Summary of some Previous Research.

The tetrahedral anvil apparatus as devised
by Hall [123] and as modified by Lloyd et al. [124] was
used. Gonikberg and Zhulin have investigated the effects
of pressure on tetrachloroethylene and trichloroethylene
[134, 133] to about 1870 Kg./cm2 and 1200 Kg./cm2. Klassens
and Gissolf [130] attempted to polymerise trichloroethylene
at about 10,000 atm., and Gonikberg et al. have investigated
tetrachloroethylene [131, 132] at pressures up to 30,000 atm.
Trans—dichloroethylene and Technical
Dichloroethylene appear not to have been studied at very
high pressure. Trichloroethylene has also not previously
been investigated at prcssures as high as 37 Kb, and the
effects of added initiators on the reactions of chloro-
olefines under very high pressure have not been studied

before.,
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9.2. Calibration of the Press.

The press was calibrated by means of the
'Pixed point:! transitions of bismuth and thallium, The
electrical connections are shown on page 64, section IV,
The sample was prepared as shown in Figure 6. 'Edge to
Edge' and 'Base to Apex' arrangements in a pyrophyllite
tetrahedron of 0.94" edge-length were used. The results
of the two arrangements were in good agrecment. Tables
XVII and XVIII give the data for 'Edge to Edge'! calibration
with bismuth and thallium, the corresponding plots for
resistance against load are shown in Figures 30 and 31
respectively. Similar plots for 'Base to Apex!
arrangements are shoﬁn in Pigures 32 and 33, From the
figures, the pressure co-relations of the press for the

two arrangements are ,

45 tons <> 25.6 Kb
52 tons ~—— 27 Kb

—
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Table XVII.

Calibration of the FPress with 0.005" diameter Bismuth
wire in a pyrophyllite tetrahedron of 0,94" edge-length
with 'edge to edge'! assembly, at room temperature.

Load v I R
(Tons) (millivolt) (milliamp) (ohms)
32 0.317 3.2 0,099
40 0.328 " 0.102
44 0.33%4 " 0.104
45 0.336 u 0.105
46 0.220 u 0.0638
47 0.181 " 0.056
50 0.161 L 0.050
52 0.161 L 0.049
52 0.194 " 0.061
58 0.195 " 0.061

60 0,195 n 0.061
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Calibration of the Press with 0,005" diemeter Thellium

wire in pyrophyllite tetrahedron of 0.94" edge-length

and ‘edge to edge! agsembly at room temperature.

Load
(Tons)
50
60
70
80
82
83
85
86
87
90

100

v

(millivolt)

0,610
0.598
0.578
0.579
0.564
0.558
0.552
0,551
0.550
0.549
0.545

I

(milliamp)

tt

R
(ohms )
0.0278
0.0272
0.0267
0.0263
0,0257
0.0254
0.0251
0.02505
0.0250
0.02497
0.02482
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9.3. Polymerisation of Trans Dichloroethylene.

» Trans—-dichloroethylene pre-cooled in "dry-ice"
was subjected to pressures of about 27 Xb and 37 Kb, with

and without benzoyl peroxide. As the anvils were pre-cooled,
further heating of the sample was not carried out. The
sample was held under the two pressures for 20 minutes.

No appargnt change and no polymerisation of the sample wes

observed,

9.4. Polymerisation of Technical Dichloroethylene.

Technical-dichloroethylene (Cis/Trens == 3.5)
was subjected to the same pressures as trans—-dichloroethylene.
As the anvils were pre-cooled further heating of the sample
was not carried out. Samples with and without benzoyl

peroxide showed no apparent change or polymerisation.

9.5. Polymerisation of Trichloroethylene.

Trichlorocethylene was subjected to pressures
of about 27 Kb and 37 Kb. The sample wos held at each
pressure for 20 minutes. In the 27 Xb run, the sample
was hcated to a temperature of about 30000, and in the 37 Kb
run the samplc was heatecd to a temperature of about 470°¢,
This was done to maintain the samplc in the liquid state at
the high pressures. (The m.p. of trichloroethylenc is

—88°C, and an incrcase in m.p. of about 15°C/Kb was assumed),
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Apparent changes in the sample occurred.
A portion of the sample had decomposed with the formation of
black carbon particles and there was also some viscous
yellow product. A sanple subjected to pressures of 37 Kb
and temperature of about 470°C contained a larger proportion
of dccomposed product, and the viscous yellow product.
No apparent differences were noticeable betwecen samples

with or without benzoyl peroxide.

9,6. General Conclusions.

The calibration of the press showed that both
the 'Edge to edge' and 'Base to Apex' assemblies give
preésure co-relations in good agreement, Technical
dichloroethylene and trans-dichloroethylene did not undergo
polymerisation or any permanent physical change when
subjected to pressures of 27 and 37 Kb, with or without
benzoyl peroxide. Trichloroethylene, when subjected to the
same pressures, and heated to temperatures of about 300°¢
and 47000, respectively, underwent physical and chemical
change., There was decomposition and formation of a yellow
viscous product, both changes being more favoured at higher
pressure and temperature. No apparent effect on the changes

was produced if benzoyl peroxide was added.
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