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ABSTRACT

The free radical and ionic bulk polymerisations
of some alkyl vinyl ethers have been studied at
pressures up to 1000C atm. using bernzoyl peroxide,
azo0~bls~igobutyronitrile and iocdine as Lnitiators. The
overall rate of polymerais: tion and the molecular weight
of products have been measured. The apparatus and
procedures involved in the experimental work are
described.

Iso~-putyl vinyl ether was the monomer studied in
greatest detail, In both types of polymerisaticn the
overall rate of reaction was found to increase with
pressure, reach a maximum and then slowly decrease
with pressure., The rain possible explanation for this
retardation in the rate above a certain pressure 1is
that iso-butyl vinyl ether has been found to pass
through a second order transition, probably to an
amorphous or glassy state, in the region of the pressure
at which the maximum in rate is occurring.

The investigation into the dependence of the rate
of polymerisation on the order with respect to iodine
concentration was carried out at several pressures and
temperatures. The change in order has been explained
in terms of changes in the mechanism of initiation

and termination.



The effect of pressure and temperature on the
molecular weight of poly-iso-butyl vinyl ether was
investigates. In the benzoyl peroxide-initiated poly-
merjsation, the molecular weight was found to increase
with presgsure an. temverature while i=n the iodine-
initiated polymerisation, the molecular weight is almcst
independent of pressure and decreases with increase in
temperature. An explanation is put forward in terms of
the different effects of pressure and temperatﬁre on
the individual reactions in the polymerisation with the
two types of initiators. Only fairly low molecular
weights were obtained, and very low values resulted at
high concentrations of benzoyl peroxide, when the
reaction yielded addition products as well as low
polymers.

In the course of this study a patent was published
on the use of hydrated ferric sulfate to initiate the
polymerisation of alkyl vinyl ethers, yielding high
molecular weight vroducts at normel temperature and
pregsure., This was repeated successfully and the high
molecular weizght obtained is explained in terms of
the elimination of the molecular chain termination by
transfer.

the results of this work are compared with the

results of previously published work where possible.
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S. CTION I 1.

.

T.1l: INTRODUCEION

“he theory that vinyl polymerigation is a chain
reaction involving the rapture of the ethylenic linkage
gained ¢cceptance in the nineteen vchirties. Since then
a large amount of work has been devoted to investigate
and develop the theory of polymerisation, as a result of
whlch 1t is now generally accepted that vinyl polymer-
isation, (a term Loosely used to describe the polymer-—
isation of substituted ethylenes), 1s &z chaln reaction
which tekes place in three distinct basic stages:

S Initiation, in which an activated monomer molecule
is produced.

b, Propagation, usualily a rapid reactlon in which the
activated molescule grows by & chain mechanism
involving the incorporation of more mcnomer
molecules.

C. Termina*ion, a process in which the growth of the
chain comes to an end.

Vinyl pulymerisation can be initiated by thermal,
chemical or photo-chemical means, and 1t 1s susceptible
to retardation and inhibition by relatvively small amount

of certain substances.



Thermal initiafbtion is not a universal property of
vinyl monowers., It is mosgt significant with styrene and
methyl methacrylate, and even here its sgignificance,
compareld with the effect of chemical initiators (even
at very low concentrations; is negligible. A variety
of mechanisms Las been peostulated for thermal initiation
including a bi-molecular process producing diradicals(l)

N * ~ K

ZCHszHR i CHR-CB2~CH2— CHR
g ter-molecular process prnducing two resonance-stabi-
lised mono radicals (2)

3 - - - -X‘ * -~ -

5Ch2=CHﬁ T OH5~ CH + CH5~CR:CH~ CHR
and a disproportionation between twe monomer molecules
which also gives a pair of resonance stabllised mono
radicals (3)
*CP
57 2=

Vinyl polymerisation initiated by chemical nmeans

*
20H2=CHR . CH CHR + CH
may take place through free radical or lonic mechanisms,
depending on the nature of the initistion process. In
this work both Ifree radical and donic initiators were

used.



: REACTIONDG IN FREL RADICATL POLYMWRTSATION

A,

wvidense that vinyl polymerisation may take place
by free rad.cal mechanisms includes the direct intro-
duction nf radicals Lo promote polymerisation (triphenyl
methyl radicals with styrene), +the use of substances
wnich are known to decompose to free radicals, as
effective vinyl polymeris-tion initiators; and, conversely,
the introduction of inhibitors which destroy free radicals
in order to reterd polymerisation.

YMany anthors (3-7) have described in detail the
reactions through whicih free radical vinyl polymerisation
proceeds. The simplest reaction scheme is outiined
below:

Initiation in the presence of initiavor I may b-
congidered in two stepe. IPirst,the decomposition of
the initiator into free radicals, R*,

I fa, 2w

and second, the addition of ~ monomer unit to form =

chain radical, M
* g ¥
R Ml

This is followed by the successive steps of propagation,

o ‘ kb *
#* k *
My + M L5 My

. * -y *
or, in general, Mn—l + M Sy Mn



which are all ascuned $o have the same reve constant kp9
sinceradical reactivity is presumed to be independent of
chain leagth.

The termination step involves the mutual annihilzation
of the activity of two radicals. This can take place in
two ways. The tvwo chains may terminate by combination.

* *
M < + M - ‘bek Mx.{..y

] N
Alternatively, they may undergo disproportionation, with
the transfer of a hydrogen stom and the formaitlon of an

unsaturated end group,

o B
ITX + l‘.&y - < + IVIy
for example,
* ¥

The rate of the three steps may be written in terms
of the concentrations (shown in parenthesis) of the
species involved and the rate constants. The rate of
initiation is

*
L. aun)

i 7 Tdt -
where the factor I represents the fraction of the radicals
formed by the decomposition of the initiator which are
successful in initiating chains (most of the usual
initiators have efficiencies between 0.6 and 1.0 for

common monomer systems). The rate of termination is

S 7% ¢ ) L —— (2)



In all cases of intevest, the concentration of free

radicals becomes constant very early in the reaction, as

T

radicals arc formed and destroyed at ldentical rates. In

»

this steady state cordition vy = v, and Fgs. (1) and (2)

*
nay be equated %o solve for (M )

1

2
(£, (1)) _
¥ d Ve (%)
(M = T ) - 2
( %
The rate of propagation is essentially the same as the
overall rate of disappearance ol monomer, gince the
number of mcnomer molecules used in the initiation step
*

to nroduce the chain radical M, ie small compared to chat
“ l L

used in she propagation of the polymer chaing, Therefore

< - Z.(.l_g_:\ii_z_ - W N
7 T, kp () () (4)
or, substiituting in ug. (3)
fk (I)\ %
v.o=1k (-4 1) e 5
5 b (T (M) (5)

This propoitionality of the overall rate to the square
root of the initiator concentrztion has been confirmed
for a variety of monomers and initiators, e.g. styrene

vith benzoyl peroxide (8)

Degree of Tolymerisation and Chain Transfer

The kinetic chain length L is defined as the number

of monomer units consumed per active centre., It is



[o)
.

therefore given by vp/vi = vp/vJG

I o= jﬁl.&@@

or elimireting the redical concentraiion by means of

e (3)

E
If no rezaciions take place other than those already
discussed, tre kinetic chain length should be rzlated
to P, the degree of polymerisation:
for terminetion by combination PC = 2L

for termination by disproportiongtion P L

g =
This is found to be true for some cases, but for othe
systems wide variations are observed. The direction of
the deviation is such that a greater number of polymer

mo ules i1g formed than that predicted from the kinetic
chain length.

The mechanism which explains the production of
additional molecules i1s that of the transfer of the
activity of a growing chain to another molecule called the
transfer agent. The latter becomes a free radical capable
of adding monomer units.

A prominent mechanism of chain transfer is the
removal by a chain radical of a hydrogen (or other) atom

from another molecule. This may be a solvent molecule,



e monomer, an initiator or a polymer molecule.

The degrec of polymerisation may now De expressed:

-{'
P = \Rate of growth

/ s O et

£ Rates of termination by all processes

= v, /G (D) + kg L (DET) ¢ ko (S)Q0) +

Y
ke 7 (L)(H (8)
whare ktr,ﬁ, ktr,s, ktr,I, are the rate constants for

the different possible equations. If transfer constants

are defined by:=-

CE - ktr,m/kp CS = Ktr,S/kp CI - ktr,lﬁ/kp
then, assuming termination by combination,
2
k, V V
1 L Oq + Cg
— = e - + /55 o e e e
i3 12 (,,‘L)O‘g i 11 *—zik — (9)
p o a  (u)

The above analysis assumes that the radical formed in
the transfer process 1is approximately as reactive as
the original chai. radical.
Two other termination reactions involving primary
initiator radicals may also take place.
¥ *
M + R —» P
* * 1
R + R == &R
These processes exert an effect on the reaction kinetics

only when the monomer concentration is low and the

initiator concentration is high.



Other pogssible reactions which are not included
in the simple kinetic scheme include:
Degradation; cousisting of chain fracture and the
production of two smaller units, one of which 1s
unsaturated.
Depolymevisatirng the reverse of the propagation reaction.

Re-initiation; the attecking of a dead polymer chain by

©
e

rimary radical which extracts a esmall radical group
and leaves a centre on the polymer molecule which is

capable of propagation, leading to branching and cross-—

i.3, Ionic Vinyl Polymerisations

The basic difference between the ilonic and the free
radical mechanisms is best shown by one of the most
familiar of ionic polymerisstions - that of isobutene
induced by voron trifluoride. This mononer is quite
unaffected by the preseunce of free radicale, while the
rate of polymerisaticn by the metal halides is very rapid,
even at Temperature as low as -120°C. The reaction has
a negative temperature coefficient. A free radical
mechanism is therefore ruled cut on energebic grounds
and the generally accepted theory is thal the reactions
proceed by an ionic mechanism, Pepper (9) has provided

evidence of the ionic nature of the reactions by showing



that the initial ratz cof polymerisation and the molecular
weight of the product in the polymerisaticn of

éimethyl styrene initiated by stannic chloride are both
derendent on the dielectric constant of the mediun,

The charancierisbtics of ionic or polar-type
polymerisations have received lit%tle attention in com-
parisoun with the free radical induced polymerisations
of vinyl monomers. The detailed investigations of ionic
rezctions has been hampered by very unusual experimental
difficulties which make the accurate reproduction of
results, and hence the reasurement of polymerisation
rates and the formialation of kinetic mechanism, almost
impogsivle., This is due in some cases to the develop-
ment of heferogenous systems involving innrganic
initiators and organic monomers, and in other cases to
the abnormally large effects produced by a third com-
ponent (the co-catalyst) when present even in very small
corcentration., The presence of a co-catelyst is often
necessary for initiating the reaction (10-14). Polanyil
et al showed that a trace of some substance other than
the initiator (usually water), is necessary for the
dimerisation of di-isobutene (10). The polymerisation
of isobutene in hexane solution with titanic chloride

as initiator will net proceed at -80°C in the absence



of moisture, while rassage of a strean of moist air
through the soiuticn is sufficient to iniiiate a rapid
reaction (10) (11). On the other hand cases are known
(15) (16, where co-catalysts are nos necessary and their
presence have no accelerating elfect. The use of
iodine as initiator, by Chalmers (15) and later by fley
and Richards (17) in the polymerisation of octyl vinyl
ether, partly removed the difficulties assoclated with
a third component, but becaise of the complexes forned
by iodine with different organic solvents (18) (19) (20),
new provlems were introduced.

Vinyl polymerisation through ionic mechanism can
be classified into two groups:- Those in which initiation
is produced through a carbonium ion (cationic) by strong
acids and Priedel Crafis (Lewis acid) type initiators
such as BFB’ AlClB, T1014, Snﬂl4, H2S04, Ios (monomer
responding best to cationic mechanism are those which
contain groups promoting the release of electrons at the
double bond, such as vinyl ethers), and those in which
initiation is produced through a carbonium ion (anion)
by strong (Lewis) basis such as butylmagnesium bromide,
triphenilmethylsodium or sodium with liquid ammonia (21).
Methacryleonitrile is a suitable monomer for anionic

polymerisation since 1t contains the highly negative

10.
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cyano group to facilitate nucleophiliic attack. The
ma or portion of the work reported in the literature
about ionic polvmerisation is concerned with the car-
borium ion mechanism.

I.%5.1. The Carbonium - ion Theory

Although *le carbonium - ion thecry had been applied
to Friedel-~-Crafts polymerisavion before the discovery of
co~catalysis, the mechanism of the initiation step of
th2 reaction was always uncoertain (22) (23). In 21l
caces 1t was assumed that the halide alone sassocliated
with the double bond and polarizes it sufficiently to
start the ionic chain reaction. Houtman (24) was of the
opinion that only in the case or the less active
initiators would the imntervention of a co-catalyst be
essential.

Polanyi et al (11i) (12) based their theory of the
carbonium~-ion reaction on the experimental data derived
from the study of the polymerisation of isobutene both in
solution and in the gas phase. According to this theory
the first step is the formation of an acid complex
between catalyst and co-catalyst.

Ticl, + R —s TiCl, Rut

where RH is the co-catalyst. This acid complex then



12,

donates a proton to the monomer {(isobutene) to form
a carboniuvm ion:

m4 —or Y s S -
TiC1,R°E" + (CHg), C=CHp == (CHs)s ¢* + Ticl,T

4
This ion then reacts with further moncmer molecules,
each addition brirging about a shift in the position of
the positive charge. It has been clearly shown (12)
thet a head-to-tail addltion of monomer to the lon is
the only one possible for energetic reasons. Since the
reaction is in general carried out in a hydrocarbon
medium of low dielectric consgtant, the anion, TiCl4R"9
caunot be very much separated from the growing cationic
end, and it has been suggested that they form an ion
pair. Thus, the specific initiator employed retains a
marked effect on chain growth and termination, unlike a
free radical which loses its identity and function as
soon as 1t adds to a double bond.

Several different termination processes (25-28)
heave been suggested among which two are prominent. The
ion pair could rearrange to yield a polymer molecule
with unsaturated terminal, plvs the original complex

e to(om P = CH .
- C(Chg)2 + RT1C14-43 C\“CHE + HRTlCl4
3

Alternatively the ion pair may decompose in such a way

that R combires with the carbonium ion with the



liberation of the iritiator, CH
"3

c{-’fR + TiCl
~ CHy

+ r Intuanb
CT(CH;), + RTLOL, ~>

Infrared eviderce (29) favours the former mechanism;
thz initiator does notv apvear to combine with the
polymer,
As in the radical polymerisation, there i1s also
the probabilicty of a transfer reac*ion, Many polymer
chains are formed for each initiator molecule presgent
(14) (30), and it has recently been shown (%1) that chain
transfer to polymer can lead to branched polymers.
LFresent infofmation on carbonium ion polymerisations
does not permit the assumption of a steady state with
any degree of ceriainty (6), but it may be predicted that
the overall rate of polymerisation will, to a first
approximation, be a function of kj kp/Kt9 and that the
molecular weight will be proportional to kp/kt9 where

k are the reaction rate constants for

i kp and k

t
initiation, propagation and termination. A very
troublesome feature of the resulis of rate measurements
has been the report of high orders of reactions with
respect to monomer. Jhe overall order of reaction is
apparently dependent on the monomer conceniration and,

in some cases, on the co-catalyst concentration, Dainton

(32) has found that for the polymerisation with stannic



chloride, the following equation describes the reaction

rate:

whern y increases from unity at low concentrations to
higher values at higher concentrations, in the case of
the polymerisation of alpha methylstyrene. Lley and
Richards (16), using stannie chloride, silver per-
chlorate or triphenylmethyl chlorice to initiate the
polymerisation of 2- ethyl hexyl vinyl ether, found that
the results of their work fit into a simple kiretac
scheme, developed from that originally gilven by Zley and

Pepmer (33).

*
Initiation C M e CM = M k2
. T* i *
Propagation Moo+ Mo M,
k3
Myp-?l + M ———> Nn

o . . -"r,x_ B
Termination My == My + C
E3 E3
or Mo + Mo Mpn + M

Wob
(63 [N

They assumed that the stationary state conditions can
safely be applied here and concluded that the overall

rate of polymerisation is:

- KnK
il 2 oy 2
o 23 () (1)° —ememeen (11)
4
and the average molecular weight is:
Xk, (M) \
M We = =~y T oo (12}

k4 + k5 i)

14,



In their work with iodine as initistcr the initiation

steps are assuwed to be,

| N
2 I, 2> T 4 13 k)
7 4 M ———m TTM o= M X,

which leads to an overall rate oi polymerisation

depending on the square of the iodine concentration:

dg 1 } k1k [}
B S ,iﬂa (I5)7(M) —wmmmmmem (13)
4

In cationic polymerisation *tne efficliency of the
initiator is dependent on the acid strength of the
initiator - co-catalys’ complex, while the efficiency
6f the initiator as termirator should be related to the
base streugth of th=e complex anion. The interesting
conclusion from this is that the more active a molecule
is as initiator the less active it is as terminator.

Some investigators (34) have suggested that poly-
merisation also occurs by carbonium chalns initiated by
the anion of the initiator complex. This concept was
introduced to ex»nlain the high early rates of initiation
oceurring in some cases. This is of dubious validity
owing to the fact that the charge separation necessary
for independent growth of oppositely charged chains
appears much %too great to occur in media of low

dielectric constant. The importance of the solvent media



-

3 ii The Carvoznium - don Theory

is shovn by the fact that changing the dielectric
constant of the solvent from 6.5 to 18.4 increases
the rate o polymerisation of styrene initiated by

Sr014 by a factor of 1400.

From the very little detailed work on viayl
polymerisations inltiated by Lewis bases, the most
probable mechanism seems to be that formulated by
A nderson and Fauser (35)., For the polymerisation
of styrene, methyl methacrylate and acrylonitrile
induced by potassium amide in liquid ammonia (36),
they write
Initiation NH, + CH,=CHR -3 NH,CH,CHR
Propagation NH,(CH,CHR), ; CH,UCHR + CH,=CHR ——3

NHZ(GHZCHR}HCHZGHR
Termination NH, (CH,CHR), CHoCHR + NHgz —3»
| WH, (CE,CHR)_CH,CE,R + FE,
The rate of the reaction was experimentelly found to
be of the form {37),

d 2 +
- Y= ()T (KH,)F oo (14)
while the molecular weight is relatively unaffected by
the concentration of the initiator and increases with
increase of monomer concentration, up to a limit where

(M) = 0.3 mole/litre. In further work on the same



17,

reacticn (38), it is shown that the efficiency of the
basz as initiator is dependzent on the basz strength
and that tl.e reactivity of the monomers zorresponds
t¢ the order of their strength as Lewis acids:

Acrylonitriiéj; methyl methacrylate ™ styrene

Alkali metals can also act a3 polymerisation
initiators and were used to polymerise butadiene in
the early method of producing syn*thetic rubber (39).
Tre reaction mechanism is likely to be that of an
anionic chain process. This is supported by comparison
of the results obtained from alkali metal - liguid
ammo:ia initiation with +hose obtained using known
anionic initiztors. Higginson and Wooding (40) show
that the rate of polymerisation of styrene in liquid
ammonia using potassium metal as initiator, is pro-
portional to the square of the monomer concentration
and the square root of the initiator concentration,
as expected from the kinetic expression derived in
the work with potassium amide initiation. In the
metal-initiated reactions, it is suggested that the
initial step is the formation of the amide (NH,) ion
which is the true initiator

2 K + 2 NH; + CHy=CHR=——3 2 o+ C‘H5CHZR + 2 NH

5
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I.3.111 Summary orn Ionlc Polymerisation

From the above evidence, one <an ccnciude that
ionically initiated polymerisations, unlike free
radical polymerisationssdo not exhibvit & very well
defined scheune of mechanism and kinetice. The steady
state condition which is usually assumed with great
reliability for free radical polymerisation to solve
the kinetic equations can be assumed only in some cases,
aud then with reservations, Owing to the large influence
of co-catalysts and the formaticn of different complexes
the formulation of individual kinetic schemes for

different polymerisstions is preferable to attempts to

©

apply a general theory covering all lonic poly-

mericsations,

I.4: The Lffect of Pressure on Liguid~Phase

Polymerisation,

To4d. 1 The iffect of Pressure on Liguid-Phase BHeactions

When a liguid system is compressed, many of its
physical properties (density, viscosity, dielectric
constant) are altered. Concentrations expressed per
unit volume in a mulfti-component system also change;
and since all these factors influence the rates of
chemical reactions, 1t is to be expected that the appli-

catlion of an external hydrostatic pressure will have an



overali effect on reactions rates.

During the nincteen thirties, Fawﬁtt, Gibson,
Terrin and Williams (41-45) studied the effect of
pressure on the rates of a number of organic reactions,
They summarised thelr results by grouping reactions
into threce kinetic classess
1. "Slow" reactions, where the reactants had a low

colligion factor A (106—109) in the Arrhenius

&0 and wnich were greatly

equation k=A
accelerated by pressure.
2. "Normal" reactions. where the reactants had normal
012)

collision factcrs (A about 1 . These were

slightly acceleratled by pressurec.

5. Unimolecular reactions, with A about 10189 which
were retarded by pressure.

Many thecries were formulated fto explain this
pressure effect on the rate of reactions, among which
were the suggestion that very high pressures enhance
chemical activity by causing a change in electronic
configurations (45), and the suggestion that the
potential energy gained by a system as a result of an
isothermal compression may be avallable as part of

the activation energy necessary for a reaction (41).

The first satisfactory formulation, made on the

19.
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bagig of the "transition state” theory of rate
processes (47), was by Evans and rolanyi (48) (49)
(50), who Cerived the following relationship to explain
ithe effect of pressvre on liquid-phase reactions:

\

B DU
( & Inl

. A

( ,i>-.]?§rl: BT \

The thecry of "transition state" states that a complex
or definive geometry and free energy, in equilibrium
with the reactants and intermediate between the
reactant and product states, is formed; Xk is the rate
constant of the reaction.amd.ﬁﬂf, the volume of
scsivation, is the change of volume per mole occurring
when the initial reactants pass to the transition
state., livans and Polanyi dividedwﬁv* into two parts;
ﬂN;, the intra-molecular volume change determined by
the configuration of the transition state, and ayz,
the inter-molecular volume change delbermined by the
interaction between the solvent and the transition
state. Assuming the solvent as a continuous
dielectric medium to which the theory of electro-
striction be applied (51), it can be shown that the
decrease in volume sccompanying the development of a

single electronic charge on a small spherical molecule

ig 10-30 c.c. /mole for most solvents. It is therefore



gulte possible thaf__{; will be numerically grcater
-

than/lvl, in reactions involving sappeararce or dis-

appearance of lonic charges. The question whether

Lﬂa or &V5 is the deminating term for a particular

reaction will uepend on how highly developed the

celectrical clisrges in the transiiion state are and
also on the complexity of the reactants. Recause of
the interaction of the reactunts in the transition
state with the solvent, reactions do not normally
respond to pressure simply according to their kinetic
order, but are grouped intos

1 RQeacticns whose rate determining step involves
the c¢reation of ionic charzes. These are greatly
accelerated by vressure.

2. Reactions whose rete determining step involves
the loss of ionie charges. These are retarded
by pressure.

3. Reactions whose rate determining step involves
no charge change., These are generally slightly
accelerated by pressure.

It is trherefore possible to predict the effect
*

of pressure on a reaction from a knowledge onkV y

andzkvz and the expected behaviour fcr different

types of reactions is listed coverleaf:

21.
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TABLE 1
ixpected Volume of Activation for Some Reactions

Charge * *  Expegted
Changes ‘éla szi AV

Reaction
Tuimolecular dissociatious
le A = YT + Y 0 + 0 +
) + - .
20 A e X7 4+ Y iricrease + - -
Bomolecular associations
2¢ A+ B 2> X 0 - 0 -

4, AT 4+ BT — X decrease - + +

Bimolecular exchanges

5. A 4+ BC ~» AB + C 0 - 0 -
6. A + BC —> ABY + ¢ increase - - -
7. A7 + BC == AR + C 0 - - -
8. 4°7 4 BC —» AB™ + G~ 0 - + 4

Double decompositions
9., AB + CD ~= AC + BD 0 - 0 -

10. AB + CD —> AC + BT 4+ D~ increase + - -

Pressure may also affect the reaction rate by
increasing the viscosity of a liquid-~phase system. In
a diffusion controlled rate process, the rate constant

k., is dependent on the diffusivity D of the reactants.

a
In an ideal case of spherical molecules, the diffusivity

is inversely proportional to the viscosity of the medium.
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To the majority ol liquids not containing OH groups
the viscosity is exponentially devendent on the pressure

and hence *the approximate proportionality (kd ol e”P)

L& derived.

Prom the above considerations it is seen that al-
though the chemical reaction rate may be incressed by
increasing the pressure, the physical rate process of
diffueion is reduced so that a transition may occur to
diffusion control, This had been experimentally con-
firmed hy Hamann for *he alkaline etherification of
ethyl bromide under very high w»ressures (52). The
incrzase in the concentrations of the reactants due to
increase in pressure also increases the rate of reactions,
Liguid compressibilities are small - compressibilities
of the order 5f 10™% atm™  which decreases with
increasing pressure are usual - 80 that this effect is
relatively slight. Most liguids contract on freezing
gnd increase of pressure therefore favours the pro-
duction of the solid phase. This will lead generally
to the stoppage of reactious.

I.4. 11 The Overall iffect of Pressure on Polymerisation

1t was first observed by Bridgman and Conant (53)
that high pressures increase the rate of polyuwerisation

of olefins. TFurther work (54-57) on the thermal



polymerisation of vome vinyl compounds confirmed this
finding bus the effects rencrted were sometimes sur-
prisingly iarge, e.g, an acceleration cf the rate of
colymerisation of siyrene by a factrr of 2 x 106 at
1500 awm (55). w#uca of the earliier work was only
qualitative o7 semi-quantivative in nature because of
poor purificetion techrigues, fallure to maintain
isothermal conditions, the presence of oxygen and
recause reactions were taken to very high conversions,
sometimes ap to 100%, all of which led to irre-
nroducible results. However, Juring the last decade

a

O

curate work has been carried out in order to explain
the oversll effect of pressure in bterms of its effect
on the individual reaction steps (58) (59) (60).
Merrett and orrish (58) studied the polymerisation

of styrene initiated by benzoyl peroxide at 60°C and
pressures up to 5000 kg/omz. They summarised their
findings as:

1. The overall rate of polymerisation is approximately
proportional to the square root of the initiator
concentration, the index of the power decreasging to
about 0.40 at 3000 kg/omz, thereafter, apparently,

rising very slightly.



2. Mor a constanyu initiator concentration, the
logarithgm of the rate of the reaction is almost
directly proportional to the pressure over the
range 30007-5000 kg/cmz, but the relation is more
corplex at low nressures. With 0.04% mole benwoyl
peroxide, the overail rate is increased by about
fifteen fold at 5000 kg/cmz.

3. The molecular weights of the vpolymers produced
are increased by two to three fold, up to about
3000 kg/cmz, thereafter remaining approximately
constant.

The explanation of these effects accords with the
general theory ol the efrect of pressure on liquid
phase reactions:

1. The rate -f initiation, a non-polar uni-molecular
dissociation, is retarded by pressure.

2. The rate of propagation which involves bi-molecular
assocliations is asccelerated by pressure.

3. The rate of mutual termination which depends on
collision between large molecules is reauced by
pressure because 1t becomes diffusiom-controlled
as a result of the increase in viscosity.

Almost all the work carried out on the effect of

pressure on polymerisation has been on those initiated

25.
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by free radicals. 1In the case of inonic polymerisation,
the difficialties in deveioping techniques which will
give reprocucible results at atmospheric pressure has
already been mentiored. Because these Cifficulties

are increased «t hizgh pressures, investigations invo
The effect of nressure on ionic polymerisations have
not previously been made, One of the very few ex-—
ceptions appears to be recent unpublished work by
Hemann (61) on the polymerisation of iso-amyl “inyl
ether iritiated by iodine. Hamann has verified Eley's
kinetic results for a similar polymerisation at atmos-
piaeric pressure (L7) (33) (overall rate of poly-
merigaticn dependent on the square of the initiator
concentration, but found apparent discrepancies at
higher pressures. In bulk polymerisation under pressure
the rate is found %o be directly proportional to the
initiator concentration and only an insignificant
ircrease occurs in the nolecular weight.

I.5 Previous Vork on the Polymerisation of Vinyl kthers

Almost all the previous work on the polymerisation
of vinyl ethers, including the alkyl vinyl ethers, has
been carried out at atmospheric pressure.

Shostakovskii et al found that alkyl vinyl ethers

can polymerise by either radical or ionic chain
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mechanicm (62). Using benzoyl peroxide asg initiator
at 50° and 80°C, thhey showed that with very high
initiztor concentration (10-50 wt%), the benzoyl
peroxide mainiy plars the part of an adding agent
reacting at +the double bond of the vinyl ethers (63).
The prodacts were of the acylal structure

CeH

GQO(CHZCHOR)OCOC6H They showed (64) that by

5 5°
reducing the benzoyl peroxidzs conzentration to (5-10 wt%)
addition and polymerisation reactions occur siaul-
taneously while with c£till lower concentrations (lower
than 2%) low yields c¢r viscous liquid polymers of lew
molecular weights, rangirg from about 400 to 1100, are
obtained. Other workers (6%5) (66) (67) using ionic
initiators of the Friedel-Crafts type, tried to obtain
high molecular weight, rubber like or crystalline
polymers, by carrving out the polymerisation at very

low temperatures (down to -—lOOOC)° The low temperature
wes usually obtained by carrying out the polymerisation
in liquified orgzanic gases such as propane, or in

liquid 802 which acts as an initiator as well as

diluent, I+ has also been claimed recenily that high
molecular weight polymers may be obtained at about

room temperatures by using a ferric sulphate with

overall compositior of Fe(SO4)3. H2$O4. XHZO, where
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X is eguaal to % or 1 (68), In an extensive in-
vestigation of ilonic polymerisation Eley et al used
vinyl ethers, (mainly alkyl vinyl ethers) initiated

by various cationic initiators. The results of their
two first papews (16) (17) in which the polymerisation
of 2- ethyl liexyl vinyl etrer initiated by iodine,
stannic chloride, silver perchlorate and triphenyl
methyl chloride,in solution with ether or ethylene
dichloride, was studlied at atmospheric pressurs, can
be summerised as follcws:

1. =ffect of Monomer znd Tnitiagtor Concentrations

Tnis was alveady partly mentioned on pages 14 and 15,
In the ivdine initiation the molezular weight was found
almost independent of monomer and initiator concen-
trations, which suggests that the transfer process is
the most important mechanism for ending molecular
chains and that kB(M)f§> k4 in Eg. 12. 1In the case

of the other three initiators the molecuvlar weight

was independent of the initiator concentration but
increased with monomer concenlration, slightly when
AgClO4 was used as initiator and in direct proportion
with SnCl4 es initiator. In the latter case molecular

weights up to 20,000 were obtained,becoming constant

above a value of monomer concentration of 0.87 mole/litre.



These narkedly high molecular weighte were partly
attributed to the fact that the coordination number
of tin is oix and hence 17 1s possible that SnCl4 may
start two chalins sinmultaneously,

CL ClL

OR — L C{)R

i Sn‘

Cl 2

This is supported by the analytical result which shows
that each polymer molecule contsins two double bonds.
But owing to the fact that the molecular weights are
nuch more than twice those cobtained with iodine or
gilver perchlorate, a large part of the increase in
molecular weight is thought to be due to the reduced
importance of transfer effects, i.e. k, 2?.k5(M) in
Q. 12,

2., Effcct of Temperature: Iley and co-workers also

found that the rate of polymerisation increased with

temperature as shown ovewleal:

29.
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TABLL 2
sfifect of Temperature on the Rats of Polymerisation

of 2- ethyl hexyl vinyl ether at one atm.

Temperature Log Activation
1 3 Rate mergy
i x 10 Kcal/llole
Todaine Initiation
1., In ethyleno dichloride %.19 -.2.40
gsolution
3.00 - 1.65 16
2. In petrol ether 345 - 2.80
solution
%.10 - 2.04 10
SnOl4 initiation in petrol 3458 - 2.80
ether solution
2.80 - 1,50 10

The wolecular weights however decreased with
increasing temperature:
TABLE 3

Efirect of Temperature on the iiolecular Weights of

2~ ethyl hexyl vinyl ether at one atm,

Tempergture Molecular
¢ Weight
Todine Initiation
1. In ethylene dichloride 25 1050
solution 56 640
2. In petrol ether solutiovn 25 1800
48 1000

SnClAr initiation in petrol
ether solution 25 6000
60 1000
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wffect ~f Dielectric Constant of Solvent: A most marked

incresse in the rate constant resulted when the dielectric
congstant of the solvent was increased. The relationship
ig approximately exponential:
TABLE 4
uffect of Dielectric Constant on the Rate of Poly-
merisaticn of 2- ethyl hexyl vinyl ether initiated by

iodine at one atm.

Dielectric Constent Rate Constant
2D 0.3 x 10 12mole—2 min_l
10 D 147 x 107w n

sffect of Added Inhibitors: This was investigated with

iodine initiation and it was found that the addition of
peroxides, such as benz¥l or vinyl ether peroxide, lead
to a marked induction period and the lowering of molecular
weight of the product from runs taken to 100 % conversion.
Butyl alcohol in amounts up to 0.2 m,mole/litre had a
similar effect but above this concentration the induction
period decreased to zero and a very rapid reaction set in,
Such a combination of increass in rate and decrease 1in
molecular weight suggested that butyl alcohol acts as a
transfer agent from growirg chain to a monomer,

Afiect of Addition of Water: The addition of water was

found to have no efiect on the reaction initiated by SnCl4,



while a warked accel aration resulted in the case of
Ag0104 initiation, esgpecially at low iniciator con-
centrativns.
TABLE 5
Bfiect of aAddution of Water on the Hate of Poly-

merisation of 2- ethyl heiwyl vinyl ether initiated

by Ag0104 at one Atm.

32.

Initictor Morome:> 3
bopoen+ra icn Conicentration PZO Rate x 10
m.ao0le/litre mole/iitre m.mole/litre

25,3 2.5 0 1,11
0,066 0.3 0.26 94
0.088 0.% 0.35 128

Thisg wae attributed to the simuitaneous initiations:
AgClO4 + ROCH=6H2 — QOCHr«GHZAgOlO4

H,0. AgClO ROGH=CH2—-§> RO+CH-—CH5 + HOAgOlOZ

2 4
Two main points were investigated in the third
paper (69). The first was the effect of the side chain,
R, in CH2=CHOD, on the rate constant of lodine-initiated

polymerisation, The following results were obtained:

TABLE 6
oide Chain -R Rate Constant
1, Cyclo-hexyl 22,000
2. Iso-butyl 1,900
3. 2= ethyl hexyl 1,000
4. n - butyl 1,800
5. ethyl 1,900
6. 2- chloroethyl 90



It veems clear that the rate 18 greatly increased
(uo to 244 +simes) by an increase in the electron-
repelling pooperties of the side chain in the series
2- chiorn ethyl - Cyclo-hexyl. The exac* order of the
middle group, tue menbers of which lie rather close
toguther so far as their incductive effect goes, may be
influenced by sterric fectors. 1In the same series it
vas Tound that the molecular weight also increases by
a factor of 3«4 which i1s negligible compared to the
increas “n rate constant.

The second point invegtigated, which is of most
imporcance to this work, was the dependence of the rate
on (M), the wenomer concentration, as this approaches
its highest values. As previously stated, fer the lower
values of (¥), the rate follows the relationship, Rate =
k(M)(IZ)Z, almost without deviation and the rate then
reaches a maximum value at a certain value of (M).

Iley et al have assumed that a part of the iodine is
bound in a complex with the nonomer which is inactive in
initiating polymerisation, Two such complexes were
postulated, the one bvetween the iodine and the ether
oxygen atom, and the second, between iodine and the
ethylenic double bond. The concentration of the inactive
complexes is assumed to increase with (M) and with an

increase in the electron repelling properties of the group.



I.6: Sccpe of the Viorh

It is clear that in general there have been
relatively Few kinetic measurements on ionic poly-
merisation, in markecd contrast *o the weslth of data
available for free radical polymerisation. The poly-
marisation of vinyl alkyl ethers has been invastigated
by several workers at atmospheric pressure with free
radical as well as ilonic initiators, but very little
information has been published about the influeace of
high pressures on this polymevisation.

The object of the werk described in this thesis
was to investigate the gereral effect of high pressure
on the free redicsl and ionic polymerisations of alkyl
vinyl ethers, and to find out the changes occurring,
if any, in the kinetics of the ionic mechanism.

Vith free radical initiation, a preliminary
investigation into the polymerisation of alkyl vinyl
etrers under pressure was carried out. This included
changes in monom=sr (ethyl, n-butyl, iso-butyl), in
initiator (benzoyl peroxide, AIBN), in initiator con-
centration (8, 3, 0.1 wt. %), in temperature (750,
50°¢) and in time (ranging from 2 to 25 hours).
Iso-butyl vinyl ether initiated by berzoyl peroxide

at 75°C was used +o study the effect of pressure

34.
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between 1. and 10,000 atm. on the rate of poly-
merisation., lMolecular weights were measured to study
the effecyv ~7 changes of‘temperature;pressure and
initiato. concentration on the molecular weight.

In the ionzc polymerisation iso-butyl vinyl ether
initiated by iodine was used to study the der-=ndence
of rate on pressure and on initiator concentration
(at 10,000 and 5,000 atm. at 75°C and at one atm.
at 75°, 35° and 0°C). This part of the work also
included a spectroscopic studv of complex formation in
the iso-butyl-iodine-berzene system; an examinagtion
of a new initiator, patented by the Goodyear Tyre and
Rubber Coumpanv, with which high moleculsar weight,
rubber-like polymers are obitained from alkyl vinyl
ethers at atmospheric pressure, and an investigation
of whether iso-butyl vinyl ether freezes at 75°C in
the pressure range employed in this work.

Choice of Monomer for Einetic Studies

From the three moncmers used in the preliminary
investigation, the iso-butyl vinyl ether was chosen
for detailed study for the following reasons:

1. It has a boiling point of 82.900 in between that
of ethyl- (35.5°C) and n-butyl- (9%,5°¢) compound

The low boiling point of the ethyl vinyl ether

35.
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world have caured difficulties in handling in

the high pressure runs at 7500, anda the higher
temperature of the n-butyl vinyl ether would have
made it more difficult to evaporate the monomer
from the roaction mixture at the end of a run.

2, Tt is known (70) that alkyl vinyl ethere with
branched groups yield polymers of higher molecular
weight than those with unbranched groups.

3, The rate of polymerisation is convenient t»
follow at the conditions used.

Choice of Todine ag Iritiator

Previous work on the kinetics of the ionic poly-
merisation has shown that iodine initiation gives
satisfactorily reproducible results. The iodine, which
causes a very rapid polymerisation if added as solid,
is usually usel in solution, preferably in the same
solvent in which the polymerisation is taking place.
However, owing to the limited volume of the high
pressure reaction chamber, the investigation was con-
fined to bulk polymerisation, without a solvent. The
iodine was added in benzene solution, as tenzene is
known to have no effect on the polymerisation of n-butyl
vinyl ether (33). The amount of benzene present did

not usually exceed 0.5% by weight of the reaction mixture.
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3 5CITON IT
II 1. /loparatus

IT 1. i.High Tressure isgquipment

The high rressure reaction vessel used in this
work and its ancillary eguipment are shown diagram-
matically in Fig 1.

The high pressure reaction chamber C is an auto-
tfrettaged monoblec of Vibrac V45 steel capable eof with-
standing internal pressures up to 20,000 atm, sealed at

beth ends by hard rubber Poulter packings. Pressures

37.

up to ahout 1000 atm can be generated inside the reaction

chamber by direct transmission from a hydraulic hand
pump throngh the side inlet § (Liquid Paraffin (B.P.)
is used throughout as the pressure transmitting fluid).
For higher pressures an intensifier I is used. Pressure
is then transmitfed to a piston of 2.5" diameter,
moving in the intensifier cylinder, and obturated by a
Bridgman unsupported-ares packing., The thrust on this
piston is passed through a thrust block and a thin
copper washer to a 0.6" diameter piston which moves in
the lower part of the reaction chamber and is obturated
by the lower Poulter packing. The thrust block and
washer serve to take up any slight difference in align-

ment vetween the two pistons. The ratio of the cross-

sectional areas of the two intensifier pistons is 17.23%:

1
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gilving en approximately sixieen fold pressure
intensification after allowance is made for losses due
to friction of the piston packings and the very small
changes in the relative areas ¢f the pistons due to
elastic coupression. The uvpper end nf the reaction
charber 1s closed by meauns of a steel "mushronm-head"
hold down on top of the sealing rubber packing by a
screw plag. The reaction chamber and the intengsifier
cvlinder are connected together by means of a sleeve
and both cre shown in detail in Fig. 2. The main

dimensicns of the vesscl are as follows:s

Tength of reszztion chamber 19.8¢
Overell length 30.6"
Outside diameter 6.0"
Bore 0.6"

Connections to the punp amd t0 a pressure gauge are
with 8" x %" dia. stainless steel tubing.

* The reactants are contained in a P.T.F.i&. tube
of about 5" length, +" 0.D. and 1/32" wall thickness.
The ends are closed by plugs turned down to size from
a rod of the same material. The pressure is trans-
mitted directly throuxsh the tube walls, This *tube is
held inside the reaction chamber in a steel bucket with

sufficient clearance to allow rapid transmission of



pressure. The buckes ig fitted with a bowed sprung-
steel attachment to hold it firmly at any desired

height within the reaction chamber and with a hook at
the top to assist removal., The bucket and the reactants
tube are showr in Fig. 3.

The experimental pressure is measured on the low
pressure side of the intensifier by a standard Bourdon
tube tegt gauge G. The readings of this instrument and
the intensifier ratio were checked against a primary
free piston gauge in order to determine the true working

ressures. The recorded pressures taken from the gauge
reedings, and allowing also for the slight fluctuations
in pressure during s run, are ectirated to be accurate
within 1% at about 5000 atmospheres. This is adequa‘e

in view of the magnitude of the effect measured,

The reaction vessel is heated by a 440 Watt radiant
heating jacket. Twe separate windings are arranged to
give more uniform heat distribution along the leﬁgth of
the reaction charber by compeasating for heat losses
into the intensifier. The heating element is controlled

by a sliding contact mercury regulstor and a sunvic hot-

wire relay. This arrangement gives a temperature control

of about + 0.1°%¢. 1In addition, the whole apparatus is

enclosed within a2 boller-plate steel cabinet, which
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although designed primerily to protect against possible
failure ¢f varts of the eguipment, helpe to minimise
the effect cf changes occurring in the external
terperature. A temperature gradient exists along the
length ef the rcaction chamber owing mainly to the
losses from the chamber %o the inﬁensifier block. The
inaccuwracy caused by this gradient in the desired fixed
temperature was reduced to a negligible minimum by
selecting that section of the reactior chamber along
which the smallest gradient exists. It is estimated
that the overall error in temperatur:s measurement was
0.2°C anl whenever the difference in the working
temperature before and after a run exceeded this value,
the results cf that run weire considered unreliable.

The major source of trouble in fhe high pressure
equipment was the moving Poulter packing which seals
the piston. While the packing is passing the side
inlet (8) it tends to extrude and a deep groove is
formed on its surface. After a few rums (about gix
in the beginning of this work and about three at the
end), the groove stretches along all the length of
the packing, ~ausing a pressure leak. This necessitated

dismantling all the apparatus after few runs to change



the packing. The uss of moulded instead of extruded
packings and lavping the interior surface of the
cylinder helped to prcliong the useful life of the

packings.

IT.1l.3ii Atmospheric Pressure Lquipment

Bxperiments at atmospheric pressure were carried
out in 10 ml. amber glass ampoules. After the ampeule
was charged with the reactants it was sealed and placed
in a thermostat at the appropriate temperature. Two
sorts of thermostats were used, The first, fer experi-
ments carried out at OOC, was a large Dewar thermds
flask inside which the temperature is controlled by the
use of a mixture ef pure distilied water and cmashed ice.
A stirrer was used te ensure a uniform temperature
throughout. The second thermostat, for experiments at
higher temperatures, was a constant temperature, stirred
0il bath. The bath was heated by a 100 Watt electric
lamp controlled by a conventional mercury therme-
regulaior and a dbunvic hot-wire relay. This arrangement

gave a temperature control of % 0.1°C.

44,



I1T1.2 Materials

Alkyl Vinyl Fthers

kthyl, n-butyl and iso-butyl vinyl ethers were
supplied by Eastman Kodak. Before use they were washed
free of imhibitcr (t-butyl catechol) by shaking them
in a sepavating funnel with an equal volume of alkalined
water of a PH greater than 8 "~ (distilled water
with KOH). The washing was repeated several times until
the volume of the ether remained constant. The washed
monomer was then dried by storing in contact with solid
KOH for 24 hours. Traces of alcohols and other im-
purities were removed by heating under reflux with
metallic sodivm wire. The ether was distilled in an
atmosphere of oxygen—-free nitrogen, n-butyl and iso-buty
were distilled under vacuum (51 mm Hg, 77 mm Hg at 25°¢
respectively) and the more volatile ethyl ether under
atmospheric pressure at 35.500, and the first and the
last 20% were rejected. The vinyl ethers were stored
at 0°C and usually used within five days from their
distillation, otherwise fresh batches were prepared.

Benzoyl Peroxide (Bz,0,):

Benzoyl peroxide wasg supplied by (B.D.H) and was

purified by precipitation from chloroform solution

45.
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with cold methanol. The precipiteted benzoyl peroxide
wes filtercd off, dried under vacvum, ard then kepd

in the dark in a vacuunm desiccator. Fresh material
was prerared at regular intervals.

Azo-bis-isobutyronitrile (ATRBN)

This dinitistor was supplied by =estman Kodak and
purified by fractional crysiallisation frem a saturated
scluticn in chloroform. The crystalline product was
filtered, dried and kept under vacuum.

Iodine

Resublimed iodine was suppliied by Hopkin and
Williams L5¢. No further purification was carried out.
Benzene

Benzene for use in molecular weight aetermina®ion
and as a solvent for-iodine was supplied by Tepkin and

Williams Ltd. No fuzther purification was carried out.

IT.3. Erocedure

IT.3.i. Preparation of Reaction Mixtures

Reaction mixtures having the desired (C)/(#) ratio
were prepared by weight in a suitable weighing flask.
Fith free radical initiators an approximate amount was
accurately weighed in the flask and the amount of

monomer needed to make up the desired concentratlon was

46.
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added. In the case of ilodine which is a very fast
initiatoxr For bulk polymerication of the vinyl ethers
the most suitable method of addition was in bengene
solutiorn. At the lower ratios of (¢)/(W) (0.001-
0.030 m.mole 12/’mole monomer) = 1% by weight solution
of iodine in benzene wzs used, while at the nigher
ratics (0.125~0,600 m.mole Iz/mole monomer) a 10% wt.

soluticn was used.

IT.3.1ii Polymerisation Procedure (Operation of the

High Pressure Apparaius.

After thorough mixing of the reaction mixture, a
sample was poured into the reaction tube and the
stopper inserted. After a check to ensure the absence
of an air bubble, the reaction tube vas placed in the
steel bucket and both inserted into the high pressure
reaction chamber, which was already filled with oil and
at the reguired temperature. ¥With valve A (Pig. 1)
opened and valve B closed the hard rubber Poulter

packing was inserted into the bore of the vessel, the

mushroom-head set in position on top of it and the screw

plag turned down until hand tight. After noting the
time, pumping was begun. After reaching a pressure of

about 1000 atm. the intensifier was brought into



operaticn by closirz valve A and opening B. Pumping
was continned at & controlled rate unti? the desired
experiments’ pressure was reached. Valve B was then
closed and the time required fur purping recorded.

At the counclusion of the rvn ana afier noting zhe
time, the vessel pressare was slowly released, first
through valve B, to restore the intensifier piston to
its original position, and then through valve A. Time
w28 again noted; the steel screwed plag was removed
with a sparner; and the Poulter packing ejected by
pumping it out with a few stroles of the pump (valve
A opened, B closed). The bucket was removed and the

tenperature <hecked 15 minutes lamer.

II.3.iii Separation of Yolymer

After removal from the reaction vessel, the
reactants were peared into a weighed 25 ml Erlenmeyer
flask which was re-weighed. To purify the polymers,
attempts were made first to precipitate them. This
was found to be most difficult since they were viscous
liquids readily soluble in most organic solveuts.
Consequently, a method of applying vacuum to pump off
the remaining unreacted monomey or other volatile

substances was used. In the case of free radical
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initiation, vacuum wazs applied immediately to remove
the unreacted monouer, first at 60°¢ and 15 mmHg
pressure for 2 hours and then at room temperature and
2--3 mmHg pressure for 24 hours, (a veriod found to be
enough t~ bring the polymeric residue to constant
weight). In the case of iodine initiation, it was

first necessary to destroy the remaining iodine. This
was done by mixing and shaking ths reactants with N/100
sodium thiosulghate solution, The polymer solution was
separated by sucking out the thiosu%ﬁate solution with

a very fine pipette. It was found that greater accuracy
wag achieved in this operation if the pelymer sgolution
was diluted to about itwice or three times its volume
(depending on the expected molecular weight) with
benzene, before being mixed with the thiesulghate solution.
The removal of the unrcacted monomer and the added
benzene was carried eut, as in the case of free radical

initiation, by vacuum.
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IT.%.iv Molecular Yeight Determination

wvxcept for products of polymerisation at
atmospheric pressure initiated by hydrated ferric
sulfate. all polymerisation products were Wiscous
liquids with lcw molecular weights. These were deter-
mined crroscopically by the method outlined Ly Bonnar
et a1 (71). This involves the measurements of the
depressicn of the freezing point of "Molecular Veight"
Renzene solvent containing a known amount of polymer,
the determination operation being repeated with different
concentrations cf polywer. A plet 2f the calculated
molecular weights vs. corcentration usually yields a
straight line, the extrapolation of which to zers con-
centration gives the true value of the molecular weight.
In this study it was found that a non-linear relation-
ship was obtained, presumably because of the random
distrivbution of the molecular weight in the sample, and
it was decided that a sufficiently accurate indication
of the molecular weight could be obtained by measurement
at a single concentration of polymer in the benzene
gsolution.

The cold reservolr was adjusted to the operating

. . _ 0 -
temperature which generally is about 5°C below the
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freezing point of the pure solvent. VWith benzene as
solvent, thils temperature was convenlently attained by
filling the wreservolr with chopped ice with water
stfficisnt to cover the ice. This gave an adequate
temperature diZferential so that at the freezing point
of the solvent the temperature of the charged cryoscope
tube dropped at a rate of 0,2 - 0.25°C per minute.

The cryoscope tube was charged with a known weight
of selvent, followed by about 1 gr. «f desiccant; the
stirrer and the thermometer were inserted and the tube
placed in *he c.annel cf the cold reservoir. VWhen the
tempoerature had fallen down to about 0.5 - 1.0°C above
the freezing point, continuous observation of the
thermometer was begun and the cooling rate noted. As
soon as the temperature had fallen to 0.5°C below the
freezing point, the solvent was seeded by contact with
a chilled pointed wire, and the maximum tempersture
sttained during freezing was recorded. The solvent was
remelted and warmed to about 1 - 1.5°C above the
observed freezing point to ersure that all crystals
of the solvent are melted and that no local cold spots
remain and the procedure was then repeated until three

successive results not differing by more than 0.003%



were obtained. The freezing points of polymer-benzene
solutions ¢f a known concenvration were cetermined
similarly. The freezing point depression, 6, (0=To-t,
where to is the initigl freezing point of the solvent

and t is shai of the solution) was vhen used to calculate

the molecular vweight, from the formuls
o3 3

T

1000 Kw

Holecular "elght = 5=

where w and W are the weights of the polymer sample and
benzene respectively and X is the cryoscopic apparatus
constaat, determined from measurements with a standard
solute of known molecular weight, in this case diphenyl.

This conetant was found to be equal to 5.75.

I11.3.v Determination of the Compression Curve Tfor

igso-Butyl Vinyl BEther at 7500.

In an attempt to find an explanation for the reduced
rate of polymerisation above about 6000 atm. (see results
and discuseion), it was decided to investigate the
possibility of pressure-~freezing in the system. The
monomey examined was iso-butyl vinyl ether, a sample of
which was enclosed in a P.T.F.E. tube inside the pressure
vessel at 75°C. Quinol was added (0.2 mole%) to the

monomer to prevent thermal polymerisation., OSmall
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increments of pressure were then applied by pumping
through the intensifier, and the position of a
fiducial mark on the intensifier thrust vlcck was
obseryved through a cathetometer. Sufficient time was
allowed to elajdse for the heat eof compression to be
dissipated before the pressure and the corresponding

intensifier height were observed.

IT.%.vi Experiments with the Hydrated Ferric

suiphete Initiator.,

The initiator, (FeZSO4)3. Hy80, x Hy0, where x
is equal to 3 er 4, was prepar=d by heating for 4.5
hours at 8000, 20 grams of ferric sulfate hexahydrate
with 100 ml of concentrated sulfuric acid. The mixture
was then cooled and the initiator precipitated with
diethyl ether. The solid was filtered, washed with
diethyl ether and dried under vacuum at room temperature.
This initiator was used with iso-butyl vinyl ether in
gsolution in pentane in the following proportions:
Initiator -~ 0.03%4 gram; Monomer - 50 ml; Solvent - 200 ml
The reactants were kept at 34’6, at atmospheric pressure,
in a flask with reflux and were stirred continuously for
20 hours. The rubber-like polymer was then separated
by precipitation with & water-methanol mixture and drled

under vacuum at room temperature.
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SECTION TTT

sxperimen*tal Results and Calculaliions

ITI. 1 Poiymerisation with Free Radical Initistion

I1T.1.1 The Effect of Initlator ~ Concentrations:

High concentrations of Beizoyl peroxide, (8 and
%3 wt.%), were used to initiate the polymerisation ef
n~builyl and iso-butyl vinyl ethers at 10,000 atm. and
75°C.  The results are shown in Table 7. Comparatively,
failrly high couversions to sticky liquid products of
low molecusrar welght resulted., Higher molecular weights
and lower conversions were obtalned ~shen the concen—
tration of oenzoyl peroxide was reduced to 0.1 wt.%.

The results for etnyl vinyl ether, (table 8), and iso-
butyl vinyl ether, (table 9), shcw that the molecular
welghts tended to increase with time, and that molecular
welghts of up to 9400 were obtained.

ATIRN (0.1 wt %) was also used to initiate the
polymerisation of ethyl and lso-butyl vinyl ethers,
(tables 8 and 9). Almost similar results to those with
benzovyl peroxide were obtained with ethyl vinyl ether,
but lower counversionsg and higher molecular weights
resulted in the case of iso-butyl vinyl ether. Fig. 4

shows these resulf{s graphically.



Monomsr -
Initistor - Benzoyl Pervoxide.
Pressure -~ 10,000 atm,
Temperature - 75°¢
Pun  Initiator Conc. Time
Ne. __¥eight % Hours

1 & 5

2 8 10

> 8 i5

& 8 20

5 3 25

6 3 5

7 3 10

8 3 15

9 5 20
10 3 25
11 8 5
12 B 10
1% 8 15
i4 8 25

TABLE 7

Durs 1-10, n~butyl vinyl cther.

Runs 11-14, 1so-butyl vinyl ether

7

i

Conversion
leight

17.95
25,10
27,32
27.15
29.16

6,38

.11
14.05
14.24
16.28
16.76
18.72
21,96
25.88

297
465
419
484
457
279
391
462
499
484
455
AEG
281
4%%
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Veight



TABLE 8

Mononmer - uthyl vinyl ether

Initigtor - Rvas 15-20 Benzoyl peroxide
Runs 2@-26 AIBN

Initiator Conc - 0.1 wt %

Pressure - 10,000 atm.

Temperature Puns 20, 26 at 50°¢

A1l others at 75°C

Tor Hours eigne b elght
15 5 5434 1547
16 20 9.48 3208
17 15 9.60 3540
18 20 10.80 4422
19 25 10.70 6026
20 25 2.99 1341
21 5 6.27 2093
22 10 8,78 2818
23 15 10.40 4454
24 20 10. 47 5767
25 25 1.7 8080

26 25 1.06 410



57.

TABLE 9
Monomer ~ Iso=-butyl viryl ether
Initiators - Tuns 27-3%2 AIBN

Runs 3Z-50 Benzoyl peroxide

Initiator Conc. 0.1 wt. %

Yemperature - Runs 32, 37 at 50°¢

A1l others at 75°C

Run Prezsure Time Conversion Molecular
No., Atm., Hours Weight % _Weight
27 10000 5 3.64 1888
28 10000 11 6,48 2164
29 10000 15 7.9C 6265
30 10000 20 11,15 7645
31 10000 25 1%.3%9 9434
32 10000 25 0.89 831
33 10000 2.5 3.52 1256
34 10000 5 6.31 1670
35 10000 7.5 3.65 2410
36 10000 1C 13.71 2968
37 10000 25 1.36 485
38 7000 2 A.71 915
39 7000 4 6.50 1403
40 7000 6 10.46 1362
41 5000 2 2.76 1042
42 5000 4 5.70 985
43 5000 6 9.65 1257
44 2500 4 2,02 T4%
45 2500 6 %.26 896
46 2500 8 4,3%2 875
47 2500 10 4.87 1108
48 1 5 0.50 466
4.9 1 10 1.32 540
50 1 20 2.62 623
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I1T.1.ii The ®ffect o1 Temperature

The effect of temperature on the polymerissztion
was studied by reducing the temperature from 75O to 500 C.
8% 50°C the rate of polymerisation of ethyl vinyl ether
(initiated by benzoyl peroxide) and the molecular weight
of the product were only about one quarter orf the values
at 75°C (Run 20). A greater decrease, to less than one
tenth ¢f {the rates and molecular wel i hts at 7506 occurred
in the polymerisation of the same monomer initisted by
AIBN (Run 26) and in the polymerisation of iso-butyl
vinyl ether initiated by benzoyl percoxide (Run 37) and
ATBN (Run 31 and 32)., From these runs and the corres-
ponding ones at 7500, the followirg approximate overall
activation emerges and frequency factors (A in the
Arrhenius ecuation k=Ae_E/RT) at 10,000 atm. were

calculatad.
Table 10

Approximate Activation Inergies and Prequency
Pactors of the Overall Polymerisation Reaction at 10000

atm. ivati
ACE}Vutlon Frequency
Aergy
Monomer Initiator Kcal/mole _Factor
Ethyl Vinyl Bther Bz,0, 19 4 x 10{4
Tthyl Vinyl Sther ATBN 30 4 x 10
Iso-butyl Vinyl Ether Bz,0 28 5 X lO13
272 10

Tso-butyl Vinyl fther AIBN 24 3 x 10
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IIT.1.iii The Lffect of Pressure

The effect of pressure on th2 rate of poly-

merisation and the molecular weight of the product
was investigzated for iso-butyl vinyl ether with benzoyl
peroxide as .nitiator (0.1 wt %) at 75°C.  From table 9
graphs of the $ conversion vs., time were constructed
and rates of polymerisstion obtained from the slopes.
These rates, and the molecular weights from polymer-
isationslasting 5 hours, (some of which are interpolated
values, shown with starj, are shown in table 11 and
IMig. 5. The molecular weizght Is almest directly pro-
portional to the pressure, while the rate of poly-
merisation at first increases almost exponentially with
pressure, but passes through a meximum &t abous 6000 atm
at which it is about 16 times greater than at 1 atm, and
then decreases with pressure,

Iable 11

offect Oi Pressure on the Polymerisastion of lSO—
Butyl Vinyl Lther Initiated by Benzoyl Peroxide at 75°C.

Pressure Rate Wolecular eight
__atm Conversion (wt%)/hour After 5 hours
1 0,11 466y
2500 0,51 810y
5000 1.5% 1100,
7000 1.70 1780

10000 1.24 1670
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Ficure 5

RATE OF PoLYMERSATION «~ConvERSION (Wr O}o)/prR

RATES AND MOLECULAR WEGHTS OF B2,Q, =

INITIATED POLYMERISATION OF I1SO -BUTYL

VINYL ETHER AT 75C.
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ITT.2. Polymerisation Vith Jonic Initiation

The polymerisation of iso-butyl vinyl ether initiated
by iodine was used in a study of the effect of pressure
on the ionic polymerisation of alkyl vinyl ethers. Results

obtained at high pressurcs are classified in tables 12,

clessified in tables 15, 1€, 17.

Table 12
Monomer -~ Iso=-butyl Vinyl .ther
Initiator - Todlne
Pressure - 10000 atm.

Temperature - 75°C.

Run Todine Conc. Time Conversion Molecular
m. mole/ ‘

No. mole monomer Hours Welght %~ Welght
51 0.030 1 5.%2 982
52 0.030 1.5 6.48 949
53 0.,03%0 2 10.03 1291
54 0.030 3 12.14 1140
55 0.015 1 3.54 1024
56 0.015 2 5.61 1058
57 0.015 3 &.02 1212
58 0.015 4 9.52 1456
59 0,015 5 12.81 1132
60 0.005 1 2.18 1081
61 0.005 2 3,21 1504
62 0.005 3 4.22 1448
63 0.005 4 6.27 1965
64 0.005 6 8.00 1607
65 0.005 8 10.05 1366
66 0,001 1 1.36 2014
67 0.001 2 1.98 2193
68 0.001 % 2.88 1847
69 0.001 4 3,16 1964
70 0.001 6 4,68 1753
71 0.001 8 6.22 2204
72 0.001 10 7.03% 2315



TABLE 13
ronomer - Iso-butyl vinyl ether

Tnitistor Todine

Initiator Conc. -~ 0.015 m. mole/mols monomer

Temperature - 75°%¢

Fun Pressure Time Conversion
fo. - T Hours .leight fo
75 7000 1 474

T4 7000 2 773

75 7000 3 9.95

76 7000 3.5 11.12

T 2500 1 342

78 2500 2 5.91

79 2500 3 7,68

80 2500 4 10.62

81 2500 5 13.63



TABLE 14

Mwnomer - Iso-butyl vinyl ether
Initiator ~ JTodine
Pressure - 5000 atm.

Runs 86, 87, 92, 93 at 50°C
A1l others at 75°C

Temperature

Aut. Todine Jonc. Tine Conversion Molecular
m. mole/ _

Nu. mole monomer Heurs VVeight % Weight
82 0.015 1 4,24 858
83 0.015 1.5 6.35 950
84 0.015 2 8.52 1210
85 0.015 2.5 11.38 1058
86 C.015 5 1.85 1655
87 0,015 10 8.92 1830
83 0.010 2 4,11 887
89 0.010 3 6.75 992
90 0.010 4.5 9.31 1250
91 0.010 6 11.48 1218
92 0,010 5 2.48 1683
93 0.010 10 6.53 1794
94 0.005 2 1.80 862
95 0.005 3 2.32 1026
96 0.005 4 3,61 1213
97 0.005 5 %2.95 1561
98 0,005 6 5.68 2068
99 0.005 7 5.56 1609

100 0.005 8 6.%54 1985



TLBLE 15

Lonomer - Iso=-butyl vinyl ether
Initiator - Todine.
Pressure — Atmospheric
Temperature .- 7500
Bun Todine GCoxnc. Time Conversion Molecular
. m. mcle/ ‘
No., mole monomer Hours vVieight % Weight
101 0,025 2 3.42 -
102 0.025 4 5.71 -
103 0.025 5 6.68 -
104 0.025 8 10.03% -
105 0.015 2 1.26 798
106 0,015 4 2.17 9%4
107 0,015 6 2,82 1228
108 0,015 3 4.17 1484
109 0.015 10 4.%8 1356
110 0.015 15 T.51 1640
111 0.015 20 10.35 1522
112 0.005 10 0.82 1235
113 0,005 15 1.04 886
114 0,005 20 1.62 1652

115 0.005 40 2.88 1972



Monomer
Initiator

Pressure

Temperature

Run
Ho.

116
117
118

TABLE 16

- Iso~butyl vinyl ether

-~ Todin-=
- Atmosp

20
557C

heric

66,

Initiator Conc. Time Conversion

m.mole/mole Hours Weight %
0.400 1.5 5.13
0,400 2 8.27
0,400 3 11.34
0,300 2.5 5.22
0.300 2.5 8.20
0.300 5 11.21
0.300 3 2,61
0.200 5 4639
0.200 7 6.23
0.200 8 6.78



sonomer
Tnitiat

Yressur

DABLE 17

- Iso-butyl vinyl ether
or - Iodine
e ~ Atmospheric

. , 0,
Temperature = 0°C

Run Todine Conc.
m. mole/
No. mole nmonomer
126 0.600
127 0.600
128 0.600
128 0.550
130 0.550
1%1 0.550
132 0.500
1353 0.500
254 C.500
135 0.»00
1%6 0.37%
137 0,375
138 6.%75
139 0.375
140 0.250
141 0.250
142 0.250
143 0.250
144 0.250
145 0.125
146 0.125
147 0.125
148 0.125
149 0.125

Time onversion

Hours _Weight %

6.16
7.35
10.51
4.80
7.85
9,47
5.05
T.24
8,81
9.82
3.89
5.21
0.%3
8.12
1.84
3.30
4401
4.772
5.91
1.47
1.51
1.85
2.20
2.2%

-
W

i

HO~1H 00N HS OO0 WDW-HE IV N
N
U1

ol
3O W W

—
QO

67.
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IIT.2.i. The uffect cf Todine Concentration on the

Pate of Yolymerisation.

From the preceding tables graphs of the % conversion
ve time were constructed and rates of polymerisation
Obtained fror the slopes. The following table shows the
changes occurring in the rate of polymerisation when the

indine concentration is varied at several pressures,

TABLE 18
Pressure Temperature Iodine Conc. Hate
o m.mole/ Conversion
__atm. C mole monomer (wt%) /hour
1.0000 5 0.001 D.67
10000 75 0.005 1.22
10000 75 0.015 2.24
10000 75 0.030 %.80
5000 75 0.005 0.86
5000 5 0.010 1.92
5000 75 0.015 %.85
1 75 0.005 0.075
1 75 0.015 0.43
1 5 0.025 1.25
1 35 0.200 0.87
1 35 0.3%00 2.24
1 25 0.400 3.85
1 0 0.125 0.12
1 0 0.250 0.45
1 0 0.375 1.02
1 0 0.500 1.76
1 0 0.550 2.42
1 0 0.600 3,15



These results are saown in Pig. 6 A,B, as graphs of
log (rate of polymerisation) vs. .og (iodine concen-
tration). Lhe plots are straight lines whose slopes
give the exponent x 0f the i1odine concentration in the
equation Hate of Polymerisation = K(Iz)x, It will be
seen that x varies considerably with pressure and to
a lesser extent with temperature. The values obtained

are given in the table below.
TABLE 19
Variations in ixponent x of the Iodine Concen-
tration in the Zg. Rate = K(IZ)X with Pressure and

Temperature.

tressure Temperature X
atm. O
10000 75 0.52
5000 75 1.35
1 75 1.75
1 35 2.08
1 0 2,06

The effect of the changes of iodine concentration
on the molecular weights of the products of the lonic
polymerisation are smaller and less systematic thar in

the case of the radical polymerisation, but can be

summarized as a slight trend towards increased molecular

weights at lower initiator concentrations.

69,
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I1T.2.,ii The Lffect of Pressure on the Rate of

Tolymerisation

The effects of pressure on the rate of the
icdine-initiated polymerisation bore a general
similarity t» the radical polymerisation. Vhen pressure
is increased, the rate increases with pressure up to
about 6000 atm, (at which the rate is about 9 times
greater than at 1 atm), and afterwards decreases with
pressure. The rates of polymerisation at 75°C at
various pressures (iodine concentration 0.015 m.mole/
mole monomer) are clascified in table 20 and shown
graplically in Fig. 7.

TABLL 20
Effect of Pressure on lodine-Initiated Poly-

merisation of Isc~butyi Vinyl Ither at 75°¢

Pressure Rate
___atm Conversion (wt %)/hour
1 0.43%
2500 2.46
5000 3.85
7000 3.72
10000 2.24

A trend towards slightly higher molecular
weights at higher pressures is observed, in comparison
to the %-4 times increase in the wmolecular weight in
radical polymerisation when pressure is increased from

1 to 10000 atm.
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ITT.2.iii The iffect of Temperature on the Rate

of Polymerisation

The effect of tcmperature vas studied at 5000
ard 1 atm. Changes in temperature were found to exert
a lesser eff=cS on the rate of ilonic polymerisation
than on that of free radical polymerisations of iso-
butyl vingyl ether. The following approximate activation
erergies and frequency factors (A in the Eq. k:Ae"E/RT),
were calculated.

Approximate Activetion Energies and Freguency
Pactors of the Overall ITodine-Initiated Polymerisation

of Iso-Butyl Vinyl Ether.

Pressure Activation Inergy Prequency Ractor
e BMe kcal/mole A
1 10 2 x 107

The molecular weight ¢f the polymer increases by
a factor of about 1.5, when the temperature is reduced

from 75°C to 50°C at 5000 atm.
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I111.3 Supplementary

IIT.3.,1 TFreezing Pressure of Iso-Butyl Vinyl Ether

The results of the attempt to determine the
freezing pressure of iso-butyl vinyl ether at 7500
were as follows:

Fauge Intensifier Gauge Intensifier
Reading Height Peading Height
__atm, cm. atm, cm.,

325 0.178 550 1.348
350 0,376 575 1.452
375 0.533 600 1.553
400 0.684 625 1.663
425 0.£34 650 1.736
450 1.005 675 1.840
475 1.105 700 1.938
500 1.134 725 2,020
525 1.2%4

These results are plotted in Fig 8, from which it can
be seen that at about a gauge pressure of 450 atm
corresponding to a true pressure of 6400 atm, a small
discontinulty is occurring in the graph with a change
of slope thereafter. This is suspected to be caused
by a second order transition of the iso-butyl vinyl

ether to an amorphous or glassy state.
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I1T.3.71 The ppectrum of Iodine Solution

Results of the study of the absorption spectrum
ef the complex formed in the iso-butyl vinyl ether-
iodine~benzene system are shown in table 23, (the
background absorpbtion of the iso-butyl vinyl ether and
cell were subtracted). The solution inspected contained
0.015 m.mole iodine/mole iso-butyl vinyl ether, the
iodine being =added in 1% wt solution in benzene. These
results are shown graphically in Fig. 9, tegether with
results on the avsorption spectrum of iodine-benzene
complex in n~-heptane solution (concentration of ilodine =
1.2 x 1077 mole/litre, concentration of benzeue
1.6 x 10*1 mole/litre), measured by Ham (19) at 2000 atm,
It is shown that in both cases a peak in the gbsorption
in the region of the near ultraviolet is occurring. This
is attributed to the charge transfer absorptions of the

iodine complexes (18).
Absorption Spectrum of the System Iso~-butyl Vinyl

Bther - Todine - Bengzene.

Wave Length Optical Density
i D
302 1.71
305 1.08
308 0.95
310 0.98
315 1.71
318 1l.42
320 1.37
325 1.18
330 0.92
340 0.53
350 0.37
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I1T.%.iii The Use of Hydrated Ferric Sulfate as

Initiator.

The result of the experiment using this patented
initiator (described in II.%.vi) gave a rubber like,
high molecular weight polymer. The relative viscosity
at 30°C of a solution of 0.5 gm polymer in 100 ml

Benzene was found to be:

y {sc0s:
: - Viscosity solution 4.39

[T e———

’Q, Viscosity Benzene

The yield was less than that stated in the patent

Yield stated . .+ .. . 3 gms

Actual yield . . . . 0.95 gms



SHECTION IV

Discussion

It was the purpcse of this work to study the
polymerisation of alkyl vinyl ethers and to examine
the effect of pressure on the kinetics and the
polymer wmolecular weight. From the experimental
results it is {found that although the effects of
some changes in the conditions of the polymerisation
resemble in some ways those observed in the poly-
merisation cf styrene, in other respects the vinyl
e¢thers behave in an unexpected way. Two general
reasons can be cited for these differences in
behaviour.

L. The electron-repelling nature of the ether
group increases the electron density at the double
bond and causes 1t to be much less reactive towards
free-radical initiators and in radical chain
propagation than are other monomers, such as styrene,
and to be more readily polymerised by ilonic initiators
(compare activation energies in tables 10 and 21)
Iso~-butyl vinyl ether undergQes a volume

transition (apparently of second order), at a pressure
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of about 6400 atm, and this appears to affect the
kinetics of the polymerisation of this monomer at

higher pressures.

Iv.1l. Polymerisation With Free Radical Initiators

IV.1l.i. The ¥iffect of Initiator Concentration

The use of high concentrations of benzoyl peroxide
to initiate the polymerisation of n-butyl and iso-butyl
vinyl ethers gt 10000 atm. gave similar products
(table 7) to these obtained by Shostakovskii et al with
this initiator in the atmospheric pressure. Fairly
large yields of a mixture of addition product and low
molecular weight polymers were obtained. The analysis
of the products of Runs 12 and 36 together with the
theoretical composition of two possible products are

given in the following table:

TABLE 24
¢ H 0
Reaction wt % wt % wt % (by
L difference)
Run No. 12 - initiated by 71.09 9.27 19,64
8% Bz,0,
Run Wo. 36 - initiated by
0,1% Bz,0, 71.61 11.91 16,48
Addition product -
r,OC H
GHBCOOCHZC{ OCOC6H5 70,17 6.43 23,40
Polymer product = 71.9% 11.69 16.%8

C6H5000(CH20H—OC H9)50
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The decrease in the oxygen content in the product

of Run %6 indicates a decrease in the number of
benzoyloxy groups per mole of product. The molecular
weight of the products obtained with both 8 and 3%

wt of benzoyl peroxide was about 450, indicating the
formation of either a low polymer (trimer), or a

mixture of addition product, e.g. the acylsl structure
OR

OCOC6H5

of 342 when R is a butyl group, plus a low polymer

G6HSCUOCHZG§:: which has a molecular weight
containing about 5 to 6 monomer units. The process

can probably be represented as follows: the benzoyloxy
radicals formed by the decomposition of benzoyl
peroxide react at the double beond of the alkyl vinyl
ether and initiate polymerisation. The resulting chain
raction is slow and gives short pelymer chains of

CgH COO(OH2—CHOR)n because it is not much faster than

5
the termination process with its lower activation
energy. With increase in benzoyl peroxide concen-
tration n decreases and in the extreme case the pro-
cess will give rise to an addition product in which
one monomer molecule combines With both benzoyloxy
groups resulting from the decomposition Jf a beunzoyl

peroxide molecule, When the benzoyl peroride con-

centration was reduced to 0.1% wt, molecular weights



of up to 3000, corresponding to n «£» 30, were obtained,
indicating that at this concentration the benzoyl
peroxide acted principally as a chain initiator and
not an adding agent.

The dependence of the overall rate of poly-
merisation on the initiator concentration was not
investigated in detail dbut the data obtained follow
the anticipated trend to higher rates at higher
concentrations of benzoyl peroxide, This initiator
is known to decompose rapidly in ethers (72); and as
the chain propagation reaction is slow (only relatively
low molecular weight products are formed), the rate
of consumption of monomers is only about 1 wt %/hour,
i.e. only % times faster than that of the initiator,
when the initiator concentration is 0.1 wt %. With
AIBY instead of Bz,0, as initiator (tables 8 and 9),
the polymerisation ratve of iso-butyl vinyl ether was
lewer and the molecular weight of the product higher.
These results indicate that this monomer is less
reactive to AIBN than to BZZOZ’ and that transfer to
Bzzo2 initiator is important as a chain-ending process.
At 10000 atm. iso-butyl vinyl ether is believed to

exist in an amorphous or glassy state so that

82.
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termination by combination or disproportionation
invelving the movement of large molecules is

extremely unlikely. Molecular chain termination will
probably be by transfer to initiator or to monomer
and kinetic chain termination by reaction with
primary radicals., Benzoyl peroxide is known (73) to
undergo both spontaneous and induced decomposition

in contrast with the strictly first order decomposition,
with no evidence of induced decomposition, found for
AIBN (74). A higher concentration of primary
radicals and a greater degree of chain transfer to

the initiator would explain the lower molecular
weight obtained when using benzoyl peroxide. Although
it is difficult, from the experiments carried out to
be certain of the reason for the effect of the

change in initiator on the polymerisation of iso-
butyl vinyl ether, it seems clear that the change

in the physical state of this monomer above a
pressure of about 6400 atm has a large influence.

In contrast the polymerisation of ethyl vinyl ether,
(the compression curve of which was not investigated),
was found to be almost unaffected by a change of

initiators.



IV.1l.ii The nffect of Temperature

The effect of temperature on the rate of
polymerisation by radical mechanism is shown by the
results at 50°C and 75°C (table 10). Over this range
values of temperature coefficients, defined as
ki, 1o/ky Where k. is the rate constant at t°¢ and
kt+10 at 10% higher, were found to be between 2,3 and
5.7, which is near the estimate (75) of 2 to 3 made
for homogenous processes, These results were slightly
higher than values found by Shostakorskii et al (64)
in the nolymerisation of n-butyl vinyl ether initiated
by 0.2 wt % benzoyl peroxide at 1 atm whose results

are given below:
TABLE 25

Effect of Temperature on the Polymerisation of

n-Butyl Vinyl Ether at 1 atm. (64)

Temperature Timce of Reaction  Yield Molecular
°¢ Hours Wt % TVelght
60 140 1.34 920
80 120 2.77 1200
/BT

If the Arrhemius equation k=Ae~ is applied to the
results for iso-butyl vinyl ether, a very approximate
value for the overall activation energy ef 28 kcal/mole

is found, which is somewhat higher than the values of
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about 26 keal and 20 kecal/mole found for styrene at
1 and 3000 atm respectively (76).

As well as increasing the rate of reaction -,
a rise in temperature is also found to increase the
molecular weight of the product in the free radical
initiated polymerisation of alkyl vinyl ethers (tables
8 and 9, compare also Shostakovskii's results in
table 25). This is unusual for vinyl polymerisation
processes (76) (77), as generally the molecular weight
decreases with an increase in temperature. The
decrease is usually attributed to a greater increase
with temperature in the rate of transfer than in the
rate of chain propagation, which leads to a reduction
in the molecular weight. The explanation is satisfactory
for vinyl monomers which have s high rate of
propagation so that the molecular weight is controlled
by the transfer and termination processes. However,
the slow rate of the free-radical initiated poly-
merisation of alkyl vinyl ethers, and the relatively
low molecular weight of products mekes it probable that
the polymer molecular weight is controlled by the slow
rate of chain propagation. Therefore an increase in
temperature which causes an increase in the propagation
rate will also result in a polymer of higher molecular

weight (See Eq. 9).



IV.1l.ii1 The lffect of Pressure

The overall rate of the polymerisation of iso-
butyl vinyl ether initiated by benzoyl peroxide was
found to increase considerably with pressure up 1o
about 6000 atm (wable 11, Fig. 5). The acceleration
is probably due to the combined effects of an increase
in the rate of the chain propagation reaction and =z
retardation in the mutual chain radical termination
reaction, as sugzested for styrene polymerisation by
Merrett and Norrish (58) and confirmed by the work
of MNicholson and Norrish (59). Although in the
termination procesg the formation of the transition
state 1s almost certainly accompanied by a decrease
in volume, so that it should be accelerated by
pressure, Norrish and his co-workers suggest that
the reaction becomes diffusion controlled as a result
of the increase eof viscosity with pressure,.

The relative effect of pressure on the overall
rate of polymerisation is shown by the ratio of the
rates (conversion (wt %)/hour) at high pressures to
the rate at one atmosphere. A comparison between
the results for iso-butyl vinyl ether and those

obtained in etudies of styrene polymerisation at
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60°C with an almost identical concentration of
benzoyl peroxide, is given below.
TARLE 26

Acceleration FPactors for High Pressure

Polymerisation,
Rate 2500 ztm Rate 5000 atm
Rate 1 atm Rate 1 atm
Iso-butyl ginyl ether at
' 75°C (This work) 4.6 1%.9
Styrene (58) at 60°¢ 5.6 15.0
Styrene (78) at 60°C 5.0 13.5

The overall volymerisation rates for iso-butyl vinyl
ether and styrene are thus similarly affected by an
increase in pressure, although the rates of the two
polymerisations differ considerably at atmospheric
pressure, (about 1 wt % conversion/hour for styrene
at 60°C (58) in comparison with only 0.11%/hour
found for iso-butyl vinyl ether with almost the same
concentration of benzeyl peroxide). These results
suggest that the volume changes occurring in the
transition state formation are much the same in both
polymerisations. As these accelerations are in

accordance with the proportionality of 1l1g k to
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pressure, then if kg. 15 is applied to the results
of this work, an average<\ V'=-15 c.c./mole is found
which is near the value oflﬁ.v*=~r7 c.c./mole found
by slerrett and Worrish (58) for styrene.

The decrease in the overall rate of polymerisation
at pressures above 6000 atm (Fig. 5), which also was
found to occur in the iodine-initiated reaction (Fig. 7),
has net been observed for styrene, but a maximum in
the rate vs. pressure curve was found by Kilroe and
vegle (79) in the polymerisation of alpha methyl
styrene, the maximum being shifted to higher pressure
when the medium was diluted with solvents. They
suggested that the decrease in rate 1s probably due
to a large increase in viscosity or a phase separation,
both of which would be affected by dilution. Bub-
sequent work by Elroy (80) has established that the
rate maximum occurs at the freezing pressure of alpha
methyl styrene. The maximum in the overall rate of
pIlymerisation of iso~butyl vinyl ether oObserved in
this work at 75°C and about 6000 atm is much less
sharp than that which occurs with alpha methyl styrene.
The investigation ef the pressure-volume curve of

iso-butyl vinyl ether at 7500 gave the results plotted
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in Fig. 8. The pressure-volume curve changes in slope
at about 6400 =ztm but there appears 1o be ne abrupt
change in volume at this pressure.” This indicates that
a first order change of phase from liguid to solid (as
found with alpha methyl styrene) is not occurring, and
the effect observed is a second order transition to an
amorphous or glassy state which is presumably
accompanied by a large increase in the viscosity of
the medium above this pressure. A large increase in
the viscosity could affect the rate of chain propagation
and cause the maximum observed in the rate curve. In
an investigation of the role of viscosity in
bimolecular reactions at high pressures, Hamann (52)
measured the rate ef etherification of ¢hyl bromide at
25 in a range of solvents and at pressures up 1o
40000 atm. In methyl alcohol the reaction is
accelerated but less rapidly at higher pressures. In
an iso-propyl alcohol-eugenol mixture the viscosity of
which increases much more rapidly with pressure, the
reaction was strongly retarded above a pressure of
about 14000 atm, cerresponding to an increase 1n

10

vigcosity of asbout 10 fold, as estimated by Hamann

on the basis of the linstein-Smoluchowski theory of



diffusion, Although the polymerisation process is
too complex for thege theoretical calculations to be
gpplied, it is to be expected that reactions involving
relatively large polymer chain radicals will be
retarded by much smaller increases in viscosity. It
is also possible that a second reason for the
retarcation of the polymerisation by pressure is the
effect the pressure has on the decomposition of the
initiator. The decompesition of 32202 in 0014 at
60°, 70° and 80°C, at vressures up to 3000 kg/om2
was studied by NWicholson and Norrish (81l). It was
found that under *hese conditions the spontaneous
and induced decompositions which took place are

retarded and accelerated respectively by pressure:

*
(C6HSCOO)2 = 206HSCOO retarded by pressure
*
C6HBCOO + (66H5000)2 o C6H5COOC6H5 + 002 +

C6H5COO* accelerated by pressure

The decompesitiovn of 32202 under pressure in ally.
acetate and acetophenone at 80°C has been invegtigated
by Walling and Pellon (82) who found that although the
actual rate of decompositicn of B2202 was at first
reduced and then strongly accelerated as the pressure

was increased, the rate of the initiation step was

90.



retarded by pressure, These results show that a
repid, pressure induced chain deccomposition of BZ202
can occur, which renresents a wastage of initiator
witheut any increase in the free racdical concentration
and the rate of initiation,

Pressure =z1so causes an increase in the molecular
weight of the polymer, although at higher pressures,
the increase is less rapid, From table 11 it can be
calculated that the molecular weight at $000 atn is
2.4 times that of one atmosphere while the moleculaw™
weight at 10000 atm is .nly 1.5 thai of 5000 atm,
Kerrett and Norrish (58), in their work on styrene,
found an approximately three-fcld increase in the

milecular weight when the pressure was increased from

91.

one te® 3000 atm, while at higher pressures the molecular

weight remained almost constant. They explained tne

initial increase of molecular weight with pressure

as due to a decrease in the mutual termination reaction

and a parallel increase in the rate of propagation.

At higher pressures, the molecular weight 1s determined

largely by transfer reactions which are known (83) to
be accelerated by pressure. The initial increase in

the molecular weight of poly-iso-butyl vinyl ether



with pressure can protably be ascribed to the same
reasons, but at 10000 atm, the system ig above the
observed veiume transition point and it is uncertain

tc what extenl the various steps will be affected by

viscoslity choanges,

TV.2. Polymcrisation with Todine Initiation

IV,2.1 The iffect of Todine Concentration on the

Rate of Polymerisation

The exponent x of the ilodine concentration in the
equation Rate = K(IZ)X was found to vary considerably
with pressure, from 1,75 at one atmosphere and 7500
to abouv 0.5 at 10000 atm and 75°C.  The exponent
varies to a lesser extent with temperature at 1 atm,
incressing from 1.75 at 75°C to about 2 at 35° and
0°¢ (table 19). This exponent is dependent on the
initiation and termination processes of the poly-
merigsation and the kinetics of these two processes
are influenced to a very large extent by such factors
as type of monomer, initiator and co-catalyst (in
contrast with radical polymerisation in which a value
of xw=0.5 is usually obtained). It is therefore
necessary to discuss the pessible mechanisms of the

initiation and termination steps in relation to the
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changes in the exponent x. The nature of the
propagaticn step is usually little affected by the
factors mentioned and need not be considered.

The initiation step in a cationic polymerisation
18 generally agreed to be the formation of a carbonium
ion. To produce the carbvonium ion, the initiator
generally needs a co-catalyst (See I.3). 1In the case
of Friedel Crafts catalytic nalides, this is supplied

by the solvent or an acid, organic or inorganic, €.g:

Solvent (84) RCL + TiCl4-%%~R+ + (TiOlS)~
BT 4+ M 5 RMF

Water (85) SnCl4 + Sn014.2HZOAvw€a 2 Sn014,OH2
Sn014.OH2 + R;R2C=CH2-ﬁ%~SnCl42H +

Trichloroacetic acid (86)
TiCl% + CClBCOOH-wm%»—(TiCl4.OOCCClB)‘H+
YATHT + RqR,C=CHp—> RyR,CT-CH; + XA~
A few cases are known in which apparently no co-catalyst
is required, as in the polymerisation of styrene by
AlCl3 in CCl4 solution (87). This is attributed to
the possibility that a strongly electrophilic molecule
may attach itself direectly to the moncmer and thus
polarise the double bond.

Al Cl; + Ph CH=CH, ——3> 013A1632-6H9h

3
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In the polymerisation of alkyl vinyl ethers by iodine,
the initiation could cccur in two different ways.
Bley et al (27) (33) (69) postulated that the iodine
acts as its own co-catalyst:

2T, —> I + I3

IT + M = IMT
The rate of production »f the carborium will then be
proportional to (12)2, s0 thet x=2 as observed by Eley
in solution pelymerisation and in this work fer pure
monomer &t 1 atm, Alternatively, as Harmann (61)
suggesived to account o~ the value uf x=1 found in his
work on iso-amyl vinyl ether in the range 1 - 10000 atm,
since I~ ione are knmown to form sirong complexes with
olifinic compounds (88) it is possible that at higher
monomer concertration than that used by Bley the I~
ien will form a compiex with a monomer molecule instead
of exissing as I%

Io + M —2 I,U

I M + M —3 IN' + IN-
Here the rate of production of the carbonium ion will
be proportional to (12), leading to a value of x=1.

The chain termination process, in which a

positively charged growing chain is converted into an

electrically neutrsl polynmer nmay involve the expulsion



of the positive charge, {(usually a proton), leaving

an unsavursted end in the polymer.

10;13 ////CH 5
bl O ' M"}}' ””””” CHZ - C

In this termimnation process the rate of disappearance
of the carbonium ion depends on its own cencentration
oaly. siternative method of terminaticn is the

4

aeutralisation of the positive charge by combination
with the balancing charge which has been formed in
the initiation step (89). Infra red analysis
indicates the existence of part of the gegen ion in
the product of the poliymerisation of isobutene by
TiC

~C1,CCO0H (90) while with the iodine initiation

4 3
of che polymerisation of 2- ethyl hexyl vinyl ether
(17) an analysis of the product for double bond

showed the existence of only one double bond for

every two molecules., Vhen termination is accompanied
by charge neutralisation, the rate of disappearance

of the carbonium ion depends on the concentration of
both types of ilons and would lead to x=1 or x = 0.5
according as the negative ion is Ig or I”. Chain
transfer has no effect on the magnitude of x and hence

it is not considered.
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It is clear from the foregoing discussion, that
in ionic pnlymerisetion there is not a single universal
kinetic pa*ttern and that there are allernative
processes for the formation and extinction of ions
in these systems. Consegquently, one of the al-
ternativaes may be favoured by changing such factors
as pressure, btemperature and concentrations.

The value of agbout 2 fovnd for the exponent x at
atmospheric pressure, at 35°% and 0°¢ agrees with the

value found by Hley et al (17) (69) in the solution

v o

2

polymerisatione of alikyl vinyl ethevs at aitmospheric

()
-

s O . .oy 0 - - .
pressure and 25°C, in which it is Dbelleved that the

-+

ez T+ T, oand that termination

4
no

initiation step is 2 =
)
is by the expulsion of a proton, M;‘”J%’ Mn + H
This value of x is twice that found by Hamann (61) in
the iodine-initiated bulk polymerisation of iso-any
vinyt ether at one atmosphere and 0°c. 4s discussed
previously, Hamenn has suggested in this case that
although the termination process ie similar to that
posculated by Zley, the initiation step involves
co-catalysis by MI  instead of I% which would give
x = 1, The difference between the results for iso-

butyl and iso-amyl vinyl ethers at 0°C and one

atmosphere may result from the different concentrations



used ir the experiments. A summary of the con-
centration ratios cf 12 to monomer used in the three
sets of expevraiments is given below,

Bley et al, at atmospheric pressuxrs (17)

3.66 —~ 18.16 m.mole I,
mole 2-- ethyl hexyl vinyl ether

This work a. at atmospheric pressure, at 35° and 0°¢
0.125 = 0.6 w. mole I,
mole iso-bucyl vinyl ether
b. at 1, 5000, L0000 atm. and 75°C
0.001 -~ 0,030 m, mole 12
mole iso-butyl vinyl ether

Hamann, at 1~-10000 atm (61)
0.15 m, mol. I,

mole iso-amyl vin&l ether

These 12 concentrations are the overall concentrations
which will differ from the effective concentrations
becanse of the formation of inactive iodine complexes.
Such complexes may be formed between iodine and
monomer in all the three cases and also between iodine
and the solvent in the first case. Zley et al (69)
discuss two possible inactive complexes. In the first,
it is assumed that 12 forms a weak coordinate link

(I) with the ether oxygen atom (91). In the sscond,



they postulate a complex with the ethylenic bond (II),
by analogy with the complex I2 soes C6H6 found

spectroscopically for benzene by Benesi and Hildebrand

(18).
CH
B} )
T *2*“*“
I, & 0 Ry CH OR
(I) (11)

The equilibrium constants for these complexes, and so
ihe iodine concentration effective in initiating poly-
merisation are not known, but it should be pointed out
that in Zley's experaiments, the effective iodine
concentration will probably be reduced appreciably due
to the presence of almost 1.6 L .tres of solvent for

each mole of monomer, the solvent being an ether or

ethylene dichloride which might form inactive complexes.

It is also possible that the inactive complexes formed
between iodine and monomer may be weaker in the case
of iso-butyl vinyl ether which has a bulkier side
chain than the iso-amyl vinyl ether. The result of
this would be to increase the effective concentration
of iodine in the experiments carried out in this work
at one atmosphere and the two low temperatures
relative to that used by Hamann and probably bring it

nearer to that used by Lley. An indication that this
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may be so is the alnogt instantaneous disappearance
of the i»dine colour in iso-amyl vinyl ether (and in
experiments oa iso-butyl vinyl ether with 0.001~-6.030
m.mole I?/muli monomer). The Fodine colour did not
disappear in iso-butyl vinyl ether at higher concer-
tretione of the iodine.

Lt 10000 atm =nd 75°C, x was found to be equal
To about 0.5. The influence of pressure on liguid
phase rezctions was cdealdt with i general in Sec. I.4.1
from which the concliusion can be drawn that the sum
on&"Vi, the irtramolcclar volume change andik\vz,
the dntermoleculayr volume change, delermines whether
an increase of pressure will accelerate & reaction by
a particular mechanism (or alter the position of an
equilibrium). In the iso-buiyl vinyl ether-iodine
system, with iodine concentrations much lower than
those used by Hamann (0.001-0.030 m.mole Iz/mole monomer)
the increase of pressure to 10000 atm can be expected
to favour the overall initiation process 12 +
2M =~ IM' + IN  rather than the process 2I, —=>1I' + 1'5
In the first process there is a reduction in the number
of molecules and so a negativegCLVi, while in the second

mechanism ‘there is no change. TFurthermore, in the first
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process twice as mawny ions are formed from each
molecule o0f iodine added so that there will be a larger
negativeéﬁ(?j resulting from solvation. This change

in the initiation process alone can only account for a
change in % from 2 to 1. The value of x =2 0.5 found

at the highest pressure sugzests that the termination
process is also changed frow proton zxpulsion to that
which involves the neutralisation of the positive charge
v the acguisitiocn of a negative charge. In this process
two long cembine and tie charges disappear so thatAéLV§
will be negative While‘ﬁxvz will be positive. If this
reaction is to be favoured by pressure it must be con-
cluded that Pamericallygﬁxvii:>vﬁkvz. Although for some
reactions at 1 atm the reverse of this relationship
holds, in the present case the system is highly com-
pressed and has passed through a volume transition to
what 1s presumably an amorphous or glassy state.

Because of this, the expansion in volume due to the
release of solvated molecules will be small and may

well be less than the contraction due to the bond-
forming process. At lower pressures, a termination
process which involves the disappearance of ions will

be less favoured than that in which they are preserved.
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This will lead to valucs of x between 1-2 dependin

on the kinetics of the initiation step.

In this work values of 1.35 and 1.75 were found
for x av 75%¢ and 5000 and 1 atm resvectively,
indicating mixed-order kineiics under these conditions.
Dainton et al (%2) found that x = 1.5 in the poly-
merisction of alpha methyl styrene in ethyl chloride

solution, initiated by SnCl and formulated the

A_?

dibasic proton acidinitiator complex, %onCl,.2H,0 to

4 2
explain it. TIn the case of iso-butyl vinyl ether-

iodine system g1 5000 atm, it seems more likely that

o

the Initiation step 1s a combination of the two initiation
processes already mentioned, Cix the other hand, the
decrease in x 1rom 2 at %5°C and 0°C to 1.75 at 75°

at atmospheric pressure seeuws attributable to the lower
concentration of icdine which had tc be used at the

higher *temperaturs, and the effect of temperature on

the stability of the inactive complexes formed, It

is not possible, from the data at hand, to decide the

quantitative efrects ol these factors on the value

of x.
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Iv.2.ii The .ffect of Pressure on the Nate of

Zolymerisaticn
The cran,e in the overall rate i lodine-

initiated, fomic polymerisatico of iso-butyl vinyl
ether due to change in pressure is ginilar to that
occurring in the benzoyl veroxide initiated poly-
merigwtion of the same monomer, The rate increases
with prewsure up to about 6000 stm (table 20, Fig.7)
end tne ratics of the rates at higher pressures to
the rate at one atmosphere found in this work are
similar, over this raugs, to the values found by
Hamarn (61) in the iodine-initiated polymerisation

of igo-amyl vinyl ether, as showr below:

Iso-Butyl Vinyl ither Iso-~Amyl Vinyl UYther
Rate 2500 atm _ 6 Rate 2000 atm 5
"Rate 1 atm - Rate 1 atnm

Rate 5000 atm _ 9 Rate 3000 atm = 7
Rete L atm - Rate 1 atn

These marked accelerations follow the relationship

that log K (the constant of the overall polymerisation
equation) is proportional to the pressure (48) (49) (50).
In the ionic, as well as the radical polymerisation, the
overall rate constant is a function of the rate constants

of the individusl processes in the polymerisation:

K = f ( K initiation . k propagzation )
termination



With iodine as initiator, another factor, the
equilibrium constant Ke for the reaction,

T, & Chy= CHOR T inactive complex
ought v~ be introduced. IT (IQ) and (V) denote the
votal initial concentration of iocdine and monomer

raspectively, x the concentration of the inactive

complex formed, then,

L X
Yo 5 TUDTILTSE)

and therefore the concentration of ilodine free to

initiate pulymerisavion is

I
(I,)f = (12) -X = TIK%TWT
The dnitiation process in wvhich the carbonium ion
is produced will be accelerated by pressure. {amann
and Teplitsky (92) feund that the rate determining
step in the addition of lodine to olefins in solvents

of low dielectric congtant

2I, + R,0=CR, —> RZCI—éR + 15

is accelerated by a factor of about 3 at 1000 atm,
corresponding to 8 I\ V' =-25 c.c./mole

The bord forming process in the propagation step
must also be assgoclated with a negativefl,v*, as it

is in the radical polymerisation, and hence will be
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accelerzved by presszure. There is very little data on
the values of the coustants of the individusl reactiouns
in ionic polymerisations. The unusual experimental
difficutties nake tre determination of accurately
reprodvcible resultas, from which those coastants are
calculataed, almost impossitle, and the diffi-ulties

are greater at high pressures. In the benzoyl peroxide
initiated polymerisation of styrene at 60°C, Nicholson
and Norrish (59) found that kprOQagation increases by
factors of 1.5, 2.8, £.5 when the pressure is increased
from oue atmosyphere to 1000, 2000 and 3000 atm,
respactivelv. As the propagation step in lonic poly-
merisation irvolves no changes in electrical charges,
the transition state volume change might be as high

as that in free radical propagation and conseguently
the effect of pressure on this step would be similar

to that found by Nicholson and Lorrish.

The termination step in ionic polymerisation can
be expected to be almost unaffected by pressure. In
free radical polymerisation, termination by either
combination or disproportionation involves the move-
ment and meeting of two growing chains. As the
pressure increases, so does the viscosity, making the

movement of large molecules more difficult. Ticholson
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anG Worrish (59) found that the rate of termination

is rebarded 2.6 times when the pressurc 1s increased
from one to 2000 atm. In ionic polymerisation mutual
terminasion of chains carrying like charges is unlikely,
and as there 1s no simultaneous initiatlons by positive
and negative charges, termination is either by
expulzion of a proton or by neutralisation through
gequisition of the negative charge in the gegen ion,
The polymerisation takes place in a medium of low
dielectric constant in which the gegen lon will not be
much s«=parated Ifrom the positive charge on the growing
chaiv, and as both termination mechanisms involve a
small molecule it is concluded that the rate of
termination will not be much affected by any increase
in viscosity caused by the increase in pressure.

An estimate of the increase in the overall rate
based on these considerations leads to a higher value
than that actually found. The difference may be due
to the effect of pressure on the concentration of
iodine complexes. In this work the absorption spectrum
of the iso-butyl vinyl ether-iodine-benzene system was
measured at atmospheric pressure (Fig. 9) and a peak

was found at about 315 m Fﬂ Benesi and “ildebrand (18)



attributed similar neeks observed in the spectra of

N

hyvdro carbons at

(%

suvlutions of lodine in aromatic
atmospheric pressure in the region 28y - 400 mn
to the Tormation of iodine cowplexes. Tam (19)
measured the absorption spectra of dilute solutions
of iodine and aromatic compounds in heptane and ob-
gserved increases in the absorption cf the charge
transfer bands with pressure which were attributed
to an increassed concentration of the complex formed.
The concentrations of complexes inactive in poly-
merisation such as those involving *he I, .... ether
oxygen and 12,... ethylenic bond associations should
also be increased with pressure.

.

in the last chapter, it was concluded that the

511 in the value of ¥ in Rate = K(IZ)X from L1.75

at one atmosphere to 1.35 at 5000 atm. is due to a

As a

change in the kinetics of
lower value of x causes a
nolvmerisation and as the

mechanism,

should be acceleraved by pressure,

the initiation step.
higher overall rate of
initiation step, by either

it is

possible that this step is the most important factor

in the acceleration of the polymerisation between

1 - 6000 atm.

106 .
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The maximum in the rate-pressure curve for the
benzoyl peroxidce initiated polymerisaticn of iso-butyl
vinyl ether (Piz. 5) was attributed to a considerable
retardation in the i1ate of propagation caused by the
second order transition of the monomer to an amorphous
or glassy steai e above a pressure of about 6400 atm.
This reason will also account for the maximum in the
overall rate of the iodine-initiated polymerisation
of iso-butyl vinyl ether av a pressure of about 6000
atm. In this case, vart of the fall in the rate could
also be due to an increese in the concentration of
inactive ilodine complexes, leaving a lower effective

iodine concentration for initiating the polymerisation.

IV.2.iii The Effect of Temperature on the Hate of

Polymerisation

An increase of rate with temperature, and
congequently positive activation energies, were found
for the iodine-initiated polymerisation of iso-butyl
vinyl ether (table 21). A comparison between the
results of thi. work and of other workers on the
polymerisation of similar vinyl ethers is given as

follows:



TABLE 27

Iftfect of Temperature on Tonic Polvmerisation

Activation
ilonomer Initiator iedium Energy
e Keal/mole

This wcrk
a. at 1 atm dso-butyl iodine bulk 10
vanyl
ether
. at 500 1 1 i 1%
atm
Hawmann (61) iso-amyl iodine in ether 8
vinyl solution
etner
Biey (16) (17)
at o atm, 2-etnyl iodine in petrol ., 10
hexyl ether
vinyl
ether
" SnOl4 " 10

The chanzes in rate with temperature are dependent

on the activation energies of the individual steps

in the polymerisation, Thus if initiation +
propagation > termination, the rate will increase

with teuwperature. Since the propagation step in

ionic polymerisations involves the approach of an ion

to a neutral molecule in a medium of low dielectric

constant, only a small activation energy is necessary.

The termination step on the other hand requires the
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rearrang cment of an ion-pair and this involves a
congiderably larger activation energy. These con-
ditione are cxactly the rcverse of these found in

free radical polymerisation, “hus., as the rate of the
icdine-initiuted polymerisation of iso-butyl vinyl ether
increages with temperaturz, it is possible ¢ write,

as a Tfirst approximation, that

~
e s . B . .
initiation > 7 “ermination

In some jonic polymerisations, this difference between
Ei and Et may result ir a negative nverall activation
energy. With Ti(}l4 - CCl3
polymerisation of iso-butene iu n-hexane solution,

COOE as initiator in the

Plesch (84) found that E=-7.5 Kcal/mole, while with

onCl,-H,0 as initiator for the polymerisation of the

4
same monomer in FEtCl solution Norrish and Russell (37)
found tvat E=+7 Kcal/mole. Negative values of
activation ener_ies are not observed in the radical
polymerisations, as Ep + Ei are usually positive and
far greater than Et“

The greater effect of temperature on the radical
polymerisations of iso-butyl vinyl ether at 10000 atm,

compared with the ionic polymerisations at one and

5000 atm is probably due to the slow chain propagation
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and nigl i sropagation 0f the radical reaction
compared witvh the fasv chain growth in ithe ilonic
reaction. If, as previously suggested, the chain
growth is the rate~determining factor, one would expect
2 greater effect of temperature on the overall rate of

radical polymerisation.

IV.2.iv lMolecular "eight of the Product in Tonic

Polymerisation

Molecular Weights were measured at one, 5000 and
10000 atm., The results (tables 12, 14, 15) show that
vigscous liguid products of low molecular weight,
ranging from 800 to 2%C0 were ohtained. These results
were not very reproducible and do¢ not appear related
in any well-defined way to changes made in the
conditions of polymerissticn. Similar erratic
tendencies in molecular weights were reported by
Plesch (86) in the ionic polymerisation of styrene,
and by Gley (17) in the iodine polymerisation of
2-ethyl hexyl vinyl ether,

Tonic polymerisations carried out at room or
higher temperatures resulted generally in viscous
products of low molecular weizhts (about 1000). By

carrying out the reaction at low temperatures of about
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-80°¢, higher molecular weights (~~>>5000) were obtained
and often ths producss were solid with a partially
crystalline structure. It was mentioned earlier that
one of the features of ionic polymerisation is the
evistencs of negative activation energies aue to the
largs activation energy assoziated with the tevmination
step., The marked decrease of molecular weizht with
temperature in lonic polymerisation is generally To be
assnciated with fransfer reactions which also may have
guite larg: energies of activetion. By working at low
temperatures one eliminates the transfer reaction
which leads to low molecular weights. This is possible
with some ionic initiators which reguire only small
activation energies in the initiation step (about
<::1O necal/mole) in comparison with activation energies
of about 30 Zcal/mole for free radical initiation.
Investigating the polymerisation of iso~butyl vinyl
ether at one atmosphere, Schildknecht et al (67) showed
that amorphous and crystalline polymers could be formed
from the same monomer, If polymerised rapidly (actuslly
a flash polymerisation) in liquid propane at about ~40°¢
with BFB’ iso-butyl vinyl ether forms an amorphous, rubber
like polymer. On the other hand, if BFB—etherate is used

dropwise at -60°C to —BOOC, the polymerisstion is quite
N
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slow and the product ic crystailine. This difference
is not due %o molecular weight differences but to the
occurrence c! stereo-~speciiic polymerisation in the
slcw process which leads to the eutactic crystalline
structure of “he product.

Lithzr or both of these effects of low t-mperatures
i.e. higher molecular welghts and steree-regulation
have been found in the polymerisation of many vinyl
moromers by the use of siegler type catalysis at
temperature of about 50° - 100°¢ and at atmospheric
pressurv. The Ziegler type catalyst (93) is formed
from &« halide of a transition element from the grovps
IV - VIII of the periodic table such as TiCl4 and a
metal hydride or alkyl such as AlHﬁ, which have been
termed catalys* and co-catalyst respectively, by
analogy with the nomeunclature of cationic initiatea
polymerisation. The metal hydride or alkyl promotes
the polymerisation of vinyl compounds through an
additicn or zrowth reaction involving insertion of a
monomer unit at the metal-carbon bond, while the
transition metai compound controls the degree of poly-
merisation by participating in a displacement reaction

in which the growth of the chain comes to an end.
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This typ~ of polymer’sation is very ofven a heterogenous
process carried out orn the surface of the catalyst. With
these catalysts the transfer reaction 1s eliminated, as
the active czn’re of the growingz chain is not the free
chaln end but th: metal-carbon bond from which the chain
grows by insertion of monovmer molecules.,

viring the course of this work a patent (68) was
rublished describing the use of hydrated ferric sulfate
to obtain rubber-like poly alkyl vinyl ethers with high
molecular weighte., This was tried (Sec.IIl.3.iv) with
iso-butyl vinyl szther anid a rubbery rroduct was
obtaired with an estimated molecular weight > 10%,
The polymerisation was heterogenovus, and although the
exact mechanism of the initiation is not known it is
likely that the high moleculer weight results from the
pelymerisation belng carried out heterogenously on the
surface cf the catalyst, with elimination of the
transfer reaction. The molecular weights of the
products were not as high as those obtained by
Schildknecht at low temperatures. He found specific
viscosities between 2 and 4 for benzene solutions with
0.1 gm polymer/100 ml benzene (corresponding to
estimated molecular weignts ranging from 65000 to

500000) while a specific viscosity of 3,39 was obtained
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with 0.5 gm polymer /100 il benzene in this work.

It has been suggested recently by Prof. C.E.H. Bawn
in the Liversidge Lecture (1961) given in The Chemical
Society, that the stereo-regularity of the poly-iso-
tutyl vinygl ether obtained by Schildknecht is due to
the +transition state in the zhain growth reaction con--
sisting of a six-membered ring complex in which the
monomer bheing added has the trans-configuration., If
this is so, successive monomer units will be added to
the chain in the same woy, since the bulky iso-butyl
group hiaders other arrangements, Nc such regulsrity
has besn found with bhenzoyl peroxide or iodine, and
the present experiments show that pressure is 1ot
effective in producing stereo~regularity.

The decreasze in molecular weight with increase
in temperature found to occur at 5000 atm (runs 86, 87
92, 9%) could be attributed to the increase in transfexr
with temperature. As discussed earlier, there is a
reverse effect of temperature on the wmolecular weight
of radical polymerisation, which was attributed to the
acceleration in the slow chain growth which determines
the molecular weight in the radical polymerisation of
iso-butyl vinyl ether. The importance of transfer in

determining the molecular weight in the ionic
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polymerications is si.owl vy mley's results on the
jodine initiated volymerisation of 2-ethyl hexyl vinyl
ether (17). The molecular weight was found to be

independent cn she monomer conceatration which suggests

¥

(M)
%, T 50 ) X5
the term of the ftransfer reaction is far greatzr than k4,

that in Zg. 12 (o0lecular “eizht =

the rave constant for termination by expulsion of the
charge. The same equation explains the negligible
effect that change of iodine concesntration was found
to have on the moleccular welghts obtained in this work.
Molecular weighte al the dilferent pressures,
showed a tendency to incresse with presgsure. In radical
polymerisation a similar, although .arger, incrcase was
attributed to a simultaneous decrease in the mutual
termination reaction because of the increase in
viscosity, and an ircrease in the chain growth reaction
Which is favoured by pressure. In the section dealing
with the effect of pressure on the overall rate of icnic
polymerisation, it was argued that the kinetic chain
termination is almost unaffected by pressure, compared
with a marked revardation in the rate of termination
in the radicsl polymerisation. It is possible that this
explains the different effect of pressure on the

molecular weight in the two different types of
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polymerisation. rowever, pressure may also accelerate
the transler reactions to a different exftent in each
case and thesge are known (17) to be a very important
fgctor in determihing the molecular weights of poly

alkyl vinyl ethcvs,



OUNCTUSION

The main conclusions which have been reached
in the course of this work are listed below:
. 1t has been fourd that alkyl vinyl ethers can
be polymerised by radical as well as cationic initiastors
in the range 1 to 10000 atm.
2. The overall rate of polymerisction of iso-butyl
vinyl ether by eilther mechanism is accelerated by
pressure and this is discussed with reference to work
on other monomers.
5. Iso~butyl vinyl ether passeées through a second
order transition at about 6400 stm. and 75°C, probably
to an amorphous or glassy state,
4. The rate-pressure curve of both types of
initiation passes through a maximum in the region of
the transition.
5. There is a change in the value of the exponent
x of the iodine concentration in the equation, uate
of volymerisation = K(IQ)X, from about 0.5 at 10000 atm,
and 75°C %o about 2 at one atm. and 3500 and OOC, and
it is shown that this can be accounted for by changes

in the mechanism of initiation and terminaticn.

117.
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6. The molecular weight of radical polymerisation of
iso=-butyl vinyl ether increases witl. pressure and
temperature. whilc the mol=culars weight of the iodine-
initiatel polymerisation is almost independent of
pressure and de-veases with increase in temperature.

s Both types of polymerisation of iso-butyl vinyl
ether give viscous liguid products of relatively low
molecular weight, and even at the highest pressures the
polymer does not resemble the rubber-like product of
high molecular weight obtained by using hydrated

. - N o~
ferric sulfate as initiator at 34°C and 1 atm.
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