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(i1)

ABSTRACT

Many non-conjugated dienes are known to polymerize by an

alternating inter-intramolecular reaction mechanism that is now cowmmonly
. knovn as cyclopolywerization, This thesis describes the free radical
homopolymerization of several of these monorers and, for the first tine,
investigates the effects of high pressure on cyclopolymerization,

The monom.ers. examined were the symzetrical 1,6 dienes diallyl
éther', acrylic anhydride, diallylamine, hydrochloride and diallyl
cyanamide; the unsymmetrical 1,6 diene allyl methacrylate; the
unsyuietrical 1,5 diene vinyl methacrylate; and the symmetrical 1,4
diere vinyl sulfore., Also, some comparative experiments were carried
out with indene in bulk and styrene in solution,

Where possible, the effects of pressure on the overall rate of
polyrerization, the degree of cyclization, the activation energy and the
volure of activation were deterumired, Good results were achieved for the
cyclopolymerizations of the 1,6 dienes 211yl methacrylate, diallyl
cyanamide and acrylic anhydride, In a few cases it was possible to
deduce the probable individual termination reaction mechanism by
comparison of the experimental results with derived theoretical
expressions, Less satisfactory results were obtaired using diallyl ether,
vinyl methacrylate and vinyl sulfone, h

Thé rate of cyclopolyuerizaticn was usually found to be grea_tly
increased by pressure, but in the cyclopolyrerization of acrylic
anhydride in diwethylformamide solution, the rate was found to decrease
slightly for pressures up to 2500 atm, .pressure. It was also found that
pressure increased both the molecular weigl"xt and the degree of cyclization

in the cyclopolywers,



(iii)
It was considered that microgel. formation and other heterophase
effects were factors in those cyclopolymerizations which yielded high
molecular weight polymers. It was shown that, in certain solvents,
soluble cyclopolymsrs could be ‘obtained at monomer concentrations and

conversions not previously achieved,
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PART I

TNTRODUCTORY RELARKS

High pressures are known to have a large accelerating effect
on the rate of free radical polymerization". Many cyclization
reactions, especially those which involve the formation of a new
covalent bond, are acco@anied by volume contraction and are thus
thermdﬁaﬁcﬂly favoured by pressurez. Recently, it was discovered
that certain non-conjugated dienes could be 'cyclopolymerized' to
yield soluble polymers by a mechanism involving an intramolecular
cyclization step as part of the polymerization processj.

The work described in this thesis is an investigation of the
mechanism and kinetics of the free radical cyclopolymerization of
several 1,5 and 1,6 dienes and the effect of high pressure on such

polymerizations,



SECTION I

FREE RADICAL POLYMERIZATION

A, GENERAT, ASPECTS OF FREE RADICAL, POLYMERIZATION

Addition polymerization by a free radical chain mechanism
was first proposed by S‘l:aud.:‘.n,ge::'zh5 and may be considered to consist
of three stages: initiation, propagation and termination, Although
thermal or self-initiation is possible, the addition of free radical-
producing initiators is far more practical and conducive to
reproducible results, These initia‘l;ors, such as organic peroxides,
azo- and diazo-compounds, decompose under thermal or photochemical
influence to give radicals,

Two of the most common initiators which decompose to give

free radicals are benzoyl peroxide ‘(Bz202) ’

0 0 0
i 1 il
-0-0-C- —_ C-0° (1-1)
I
@c-o- —_— @ + CO, (1-2)

and azobisisobutyronitrile (AIBN)

s fﬁs fﬁs

=C=N=N-C T * . -

CH3(|}N |'CH3—__"20H3'? +N2- (1-3)
CN CN ' CN



e
Initiation occurs when the initiator radical (2°) adds to the double

bond of a vinylic monomer,

X X
] |

z o+ CHZ=C; —_— z-CHz-c':' (1)
X' X'

In this step the initiator radical transfers its active centre (the
urpaired electron) to form a new radical with a net gain in resonance
stabilization, Once this process has been accorplished the propagation
reaction merely consists of the successive addition of monomer molecules
to the growing chain, The active centre shifts to each newly added
monomer molecule which in turn becomes capable of adding another ronomer
molecule, etc, If Rn represents a growing chain of n repeating

units the propagation reaction is:*

P j
|
Rn-CHz-CI: + c112=cl ———bRn_H—CHQ-CI} (1-5)
x! xt . X'

.The growing polymer chains may be terminated by biradical
reactions or by transfer, The two biradical termiration reactions are

coupling and disproportionation,

(i) Coupling:
X X XX
| | I

Rn-CHz-C: + Rm'CHz’? —_ Rn-cHz-clz-cl-CHZ-Rm (1-6)
xl Xl xlxl

(ii) Disproportionation

X X X X

| I | |
Rn-CH2-C: + Rm-CHz-(I) —> Rn-CHz-C:H + Rm-CH=CI: (1-7)

X' x' XI xl



k.,
In each case the activity of the two active polymer radicals is
mitually satisfied; in coupling by the formation of a stable
electron pair and in disproportionation by the transfer of a hydrogen
atom, Although these biradical termination reactions are quite
different and can substantially influence the molecular weight of the
polymer, both processes lead to radical destruction and the same

kinetic effect,

B, KINETIC SCHEME OF FREE RADICAL, POLYLERIZATION

(i) - Assumptions:

Three important simplifying assumptions are frequently made
in kinetic treatments of free radical polymerizations. They are as
follows:

(2) Radical reactivity is independent of the radical size, for
all but the shortest radicals, so that a single rate constant
may be applied to all the reactions in which large radicals
participate,

(v) The average kinetic chain length (v) is great. This amounts
to putting the total rate of reaction of monomer equal to the
rate of reaction of monomer in the propagation stéps alone,
neglecting by comparison, any éonsunption of monomer in
initiation or transfer reactions, .

() A 'statiomary state'! is attained, This may be defined as the
phase of the reaction in which the net rate of change of
concentration of radical intermediates is very much less than
both their rate of production and their rate of destruction,
In practice it will be taken t};at their rates of change of

concentration are zero,
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In addition, we shall make a fourth assumption:

(a) Since only the early stages of the polymerization will be
considered, the concentrations of all the reactions may be
taken as being equal to their initial values,

A1l four of the above assumptions will be referred to in generalized

terms as the stationary étate assumptions in this work,

(ii) Simplified Kinetic Scheme

In the general case the decomposition of an initiator (In)
yields two radicals:
kd
In —— 3 22° (1)

Initiation occurs when monomer (M) is added to the initiating radical:

k, . . :
2 + M —21 R (1i)

where R* represents a growving polymer radical, Chain propagation
then occurs and any rate effects arising from the initiator residue
rapidly vanish with increasing monomer units:
k
R + ¥ — P35 R (iii)
Biradical termination may occur by coupling (rate ktc) and/or by
disproportionation (rate ktd)' Since both of these processes have

the same kinetic effect, we my represent the rate constant for

termination as:

k, = k_ + k (1-8)
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o — 5 P (+ P) (iv)

k

Termination by chain transfer usually does not affect the overall
kinetic rate ard will be considered later in this section, Using

the stationary state assumptions we have:

= I - kI = o (1-9)
at t
afR’] 2
- = kIR - kR] =0 (1-10)
at * .
where I represents the rate of decomposition of initiator,
I = 2fk [In] (1-11)

and f is the initiator efficiency and is defined as:

rate of initiation of polymerization chains
f = (1-12)
2(rate of decomposition of initiator)

This term is usually between 0,5 and 1.0 as some of the initiator
radicals may recombine with each otherB.

From equations (1-9) and (1-10):

R] = (-I/kt)% (1-13)

From assumption (b) above it is seen that the rate of polymerization
(Rp) is given by the rate of disappearance of monomer (- d[i]/dt) in

the propagation step alone:

R, = & RI[ (1-14)
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Hence:
T rraE |
R, = kP(kad/kt) [In]2 M (1-15)
C. CHAIN TRANSFER IN POLYMERIZATION
(i) Influence of Chain Transfer

In many vinyl polymerizations, especially when they are
carried out in solution, the average degree of polymerization (the
average number of monomer units per polymer molecule) is found to be
somewhat lower than that calculated on the basis of the above kinetic
scheme, although the actual polymerization rates are in reasonable

9

agreement, Flory~” suggested that this phenomenon might be explained

- by radical mechanisms in which the reactions were as follows:

t |

tr

Rn-CHz-c|: Sx —p Rn-CHz-CI}-X" + S (1-16)
X! Xt
X
S + M —Pypr (1-17)

where SX" is a chain transfer agent molecule and X" is a radical-
extractable group, The product of the reaction is 'dead' polymer
and a new radical, which if it is active enough, may initiate a new
chain by adding monomer, The chain transfer agent may be monomer,
polymer, initiator or solvent, Usually the new radical is almost as |
active as the chain radicals, so little or no change in the overall

rate of polymerization will be observed,

(ii)  Kinetics of Chain Transfer

The molecular weight of polymer produced in the presence of
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chain-transfer agents is always lower than that in the absence of

such agents, Flory10 has related the average molecular chain length

(DP) to transfer with the following theoretical equation:

2
1 5] kR k,R
_— = CM + Cs + -—;'—L'z' + CI t p2 3 (1 -1 8)
TP 0y kg 2k © ]

Here the subscripts M, S and I refer to monomer, solvent and

initiator respectively, and the chain-transfer constants are defined

by:
k k k
tr M tr,.s tr. I
cM = _...E;......; cs = .._E.p.:._; CI = .._?P.:_._ (1_1 9)

(iii) Degradative Chain Transfer

A type of chain transfer which merits special consideration
is that exhibited by certain compounds such as allyl derivatives

(CH2=GH-CH2-X). Propagation occurs in the normal manner as follows:

R+ CH,=CH-CH,-X ——>R-CH2-E:H-CH2-X (1-20)

In general, however, since allylic monomers are relatively unreactive,
the chain-transfer reaction, in which an alpha hydrogen is extracted

from the monomer, competes with the propagation reaction,

R+ CH,=CH-CH,Xx ——b RH + CH,-tCH-CH-X (1-21)

The resulting allylic radical is resonance-stabilized and does
not readily add monomer at atmospheric ‘pressure, although it may
terminate by a bimolecular reaction, Reactions of this type where

“the transfer radical is too unreactive to regenerate a new chain are



%
called autoinhibition or degradative chain transfer (DCT)
reactions11-1 3. For compounds in which DCT predominates the rate of
polymerization and the degree of polymerization are relatively low
and the rate varies approximately as the first power of initiator

14

concentration, Nozaki = has suggested that some olefins with
a-methylenic hydrogens, such as octene-1, propylene and isobutylene,

may also be characterized by this effect.

(iv) Simplified Kinetics of Polymerization with Termination by

Degradative Chain Transfer

In polymerizations where termination by degradative transfer
reactions predominate, the production of radicals, initiation and
propagation are as showm before, but the termination reaction now

becomes:

$

R + M —23% RH + M (v)

where the star indicates a resonance-stabilized allyl radical, whose
propagation rate is essentially zero, Such radicals may disappear

by bimolecular termination,

¥ + MY ———3 unreactive product (vi)

Assuming a stationary state:

a[Rr]

RGA

= EIR] - RIR] = o (1-22) -

In this case:

R = (I/g[]) - (1-23)
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Substituting equation (1-23) into equation (1-14) we have:

R, = -—Eéfll—ﬁrn] (1-24)
By assumption (b) of the simplifying assumptions it is seen
that the amount of monomer used up in the termination reaction is
negligible compared to that used up in the propagation reaction,
Thus the theoretical derivation shows the overall rate of
polymerization to be proportional to the first power of the initiator
concentration, and this is in agreement with the experimental results

for the polymerization of allylic monomers,

D, ACTIVATION ENERGY

The parameter kpa/kt is particularly significant as it gives
a measure of the relative importance of the propagation and

termination reactions, From equation (1-15):
k2 22
p

: T (1-25)
t

This may be obtained from the experimental rate of polymerization at
a particular monomer concentration and from the rate of initiation,
which may be evaluated independently:1 5 . Expressing rate constants

according to the Arrhenius eguation:

gp = Apex?(- gp/RT) (1-26)

where Ep and AP represent the energy of activation and the frequency

factor for chain propagation, respectively,



1.
Combining equation (1-26) with the corresponding expression

for kt:

kp/kt% = (Ap/At%) exp{- (EP - %—Et)/RT} (1-27)

It is seen that the value of (Ep - %Et) my be obtained from
the slope of a plot of 1n(kp/kt%) vs, the reciprocal of the absolute
temperature (1/T). R is the gas constant, In the same manner the
overall activation energy (ET) may be evaluated from a plot of-
1n(Rp/.gn]J§[M]) vs, 1/T. In the case of polyrerization with biradical

termination (equation 1-15):

B, = %Ed + (Ep—%Et) (1-28)

where Ed is the activation energy for the spontaneous decomposition

of the initiator, The activation energies for the spontaneous
decomposition of both Bz202 and AIBN have been found to be approximately
30 keal, /mole1 6. The value of Ey for tert-butyl perbenzoate is about
3.5 keal, /mole‘l 7. In cases where termination is by degradative

chain transfer we may evaluate (Ep - Ej). From equation (1-24):

E, = Ej + (EP-ED) (1-29)

E, INDUCED DECOMPOSITION OF INITIATORS

It has been observed that in the decomposition of many
initiators the apparent unimolecular rate constant increases with
peroxide cqncentration18. This effect is knovn as induced
decomposition ard may give rise to %, first, 3/2 or second order

kinetics of decomposition depending on the specific reaction mechanism



12,
In several types of solvent a much more rapid induced decomposition
occurs, Bartlett amd Nozaki19 have shown that the decomposition of
benzoyl peroxide at 80°C is unimolecular and has a half-life of less
than 5 minutes in ethyl ether, and just under 15 minutes in isopropyl
ard butyl ethers, compared with 4-6 hours in 'unreactive' solvents,

They suggest, as the major chain, the sequence:

o
// .
¢-c\ + CH;~CH,OR —> ¢-COOH + CH;~CHOR (1-30)
0.
0 0 0 0
. oo Il 4
CHyCHOR + ¢-C-0-0-C3¢ —pCH,~CH(OR)0-C-¢ + ¢-C\ (1-31)

.. o
where the symbol ¢ represents a phenyl group., A similar effect is
observed in dioxan,
In the presence of polymerizable olefins the irduced
decomposition rate is depressed but may still ocecur to a moderate
extent, A very rapid induced decomposition occurs, however, in the

20

polynerizations of maleic anhydride™ and allyl acetate", and in

maleic anhydride-allyl acetate co—polymerizations21.
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SECTION II

HETEROPHASE AND DIENE POLYMERIZATION

A, INTRODUCTION

Since cyclopolymerization reactions are often of a
hetercphase nature it is necessary to review the effects of polymer
separation on the mechanism and kinetics of vinyl polymerization,

This section will examine gel and heterogeneous polymerizations amd
attempt to show that these reactions are different aspects of the
same phenomenon,

| Gel polymerization will refer to those often apparently
homogeneous polymerizations where the polymer appears in a translucent
or transparent gel at some stage in the reaction, Heterogeneous
polymerization will refer to those truly precipitative polymerizations
where the polymer separates from the reaction medium and either
precipitates as a visible granular soljd, or remains dispersed in the

mixture forming a cloudy suspension,

B. GEL POLYLERIZATION

(1) Cross-linking and Gelation>?

Gelation occurs when the cross-linking of polymer molecules
forms a network which extends through the polymerization mixture,
There are two cases in which the cross-linking of polymer chains can
occur in vinyl polymerization, The first is by the further activatio-n
of polymer chains by a process such as chain transfer, This leads to
the g;rowth‘of chain branches, which, if biradical termination by
combination occurs, can lead to cross-linking, The secord is in the |
polymerization or copolymerization of a diene, In the initial stages

of the polyumerization of a diene the polymer is linear and unhranched,



14,
However, each diene unit which enters into a polymer chain contains
one umreacted double bond which may be initiated to produce side
chains or incorporate 'dead' polymer molecules into the growing chain,
Since each chain contains many unreacted double bornds the size and
complexity of these cross-linked molecules rapidly increases and they
may come to extend through the whole volume of the material being
polymerized, With respect to normal molecular dimensions such az
structure is practically infinitely large and is usually called an
'infipite network, ' The formation of an infinite network causes the
gelation of the reaction mixture and the narrow range of conversions
over which it forms is referred to as the 'gel point!' (ec). In cases
where thé initial chains are long, incipient gelation correspords to
an average of only one cross-linked unit per primary chain initially
pz)esentzz. The statistical aspects of cross-linking has been developed
by S‘l:oclcma:,'erz5 s2h and by Flory25 who has developed the following
relation between the weight average degree of polymerization (;w) of

the initial chains and the gel point:

1 kx [ 1
_— = - Z—k—-l 1 + "‘é" 1n( 1 - 60 )} (2—1)
yw P c

where lcx is the effective mean rate constant for the reaction of

double bonds in a diene polymer to form cross-links,

(1i)  Autoacceleration

In normal homogeneous polymerizations experimental plots of
percent conversion versus duration of the polymerization reaction are
linear at low conversions and the polymerization rate falls off

gradually at higher conversions, In many heterophase polyrerizations,
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however, results of quite a different character are found, Norrish
and Snxithzs fourd that for the polymerization of methyl methacrylate
in bulk and solvents such as heptane (which is a precipitant for the
polymer), that above 10-20% conversion the rate of polymerization
rose very rapidly., Similar, but less severe, effects were found in
poor solvents (such as amyl acetate), Polymerization was normal in
good solvents, These rapid rate increases were associated with the
precipitation (as a gel) of the pdlymer and the effect is known as
‘autoacceleration, ' This deviation from first order kinetics is

27,28

found- with many mononmers ard a simaltaneous increase in the

molecular weig;ht occurs, Polymerizations where the polymer is
precipitated or where gelation occurs at some stage of the reaction,
usually exhibit -autoacceleration although this phenomenon does not
always accompany such reac;bions. Autoacceleration is most marked in
the polymerization of acrylic and substituted acrylic compounds1 5.
Autoacceleration often occurs in apparently homogeneous

29

polymerizations before the inception of gelation, Flory “ has

attributed such rate increases to growing radicals becoming entrapped

in gel droplets of small size, Eilersso and Walling31

have depicted
these 'microgel' particles as spherical, highly swollen masses

suspended in the reaction medium,

(iii) Effect of Gelation on Rate Constants
32

Trommsdorf” polymerized methyl methacrylate in the presence
of various proportions of cellulose tripropionate and showed that the
gel point occurred at lowver conversions as the viscosity of the

reaction wedium increased, ; He and other author526’27 concluded that

the increased rates and higher molecular weights associated with
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gelation could only be explained by a decrease in the termination
rate,

This decrease in the apparent value of kt is attributed to
the increasing viscosity of the reaction medium (i,e, the increase
in the number and size of the gel particles) as the concentration of
polymer increases, This decreases the rate of diffusion of the
growing polymer radicals and thereby restricts the biradical
termination reaction, The rate of diffusion of the relatively much
smller monomer molecules is not affected so kp is unchanged. This
results in a rate increase, If the effects of such a rate increase
are cumdative (i, e, higher rates cause greater amounts of gelation
which further re;‘luces the effective value of kt) then autoacceleration
results,

Evidence supportiné this theory was adv#nced by Burnett and
Melville33 who polymerized vinyl acetate in both ethyl acetate, a
good solvent for the polymer, and in n-hexane, a precipitant. In the
latter case autoacceleration and gelai;ion occurred and it was found
that kt decreased substantially after autoacceleration began, while
kp remained virtually constant, The inception and extent of the gel
stage in the heterophase polymerization depended on the initiator
concentration and the temperature, At higher temperatures

autoacceleration was eliminated,

(iv)  Radical Entrapment

In gel polymerization it is possible for growing polymer
radicals to become occluded when polymer coalesces in microgel
particles, Such radicals might eventually become trapped in the gel,

This would constitute an effective monoradical termination and would
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increase the value of the catalyst exponent in the rate equation above

3

the normal value of 0.5, Ingram et al”’ have examined gels of
polymethacrylonitrile and polymethyl methacrylate using electron spin
resonance (ESR) techniquesand have found absorptions irdicating small
amounts of radical occlusion, Fraenkel et a135 used ESR to examine
the gels produced in the'~ free radical polymerization of non-con,juga-l;ed
dienes (glycol dimethacrylate, vinyl methacrylate, divinyl benzene,
and glycol diacrylate) in the temperature range 60°-100°C and found
trapped radical concentrations as high as 1 O-'Z"- 10_3 moles/l. in some
cases, These .results indicate that in some instances of gel
polymerization, the physical entrapment of radicals can occur but in

most cases, however, no evidence for the occlusion of radicals in gels

can be f‘ot:mc'i.3 6.

C. HETEROGENEOUS POLYLERIZATION

(i) Types of Heterogeneous Polymerization

In heterogeneous polymerization the propagating free radicals
pass from one phase to another, Emulsion and suspension polymerization,
'popcorn' polymerization and all vapor-phase polymerizations are
exanplesﬂ. Polymerizations which are normally homogeneous may be
made heterogeneous by the addition of a liquid miscible with the

38 ) 39' The

monomer, but which acts as a precipitant for the polymer
bulk polymerizations of all halogen- and pseudo-halogen-substituted
ethylenes spch as vinyl bromide, vinylidene chloride and acrylonitrile '
(vinyl cyanide) are heterogeneous,

For the purposes of this work,' only those heterogeneous
bolyxrerizations where the polymer passes from a liquid phase to a

visible solid phase, will be considered. The bulk polymerization of
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acrylonitrile is an example of a heterogeneous polymerization which
exhibits severe occlusion, and it will be reviewed for comparison

with gel polymerization,

(ii) The Bulk Polymerization of Acrylonitriley’l”o

Acrylonitrile is a monomer which polymerizes to produce a
polymer which is insoluble in the monomer and in most common organic
solvents, with the exception of NN-dimethylformamide (DiF). The bulk
polymerization is heterogeneocus with polymer separating as a granular
solid or dispersing through the reaction mixture as a milky suspension
depending on the particular polymerization parameters, Its
polymerization is homogeneous and normal in DiiF solutionm, but is
autocatalytic to at least 204 conversion in bulkl"o. The catalyst
exponent in the rate equation was found to 0,9 for the heterogencous
polymerization compared to the normal value of 0,5 fourd for the DMF
solution polymerization, Examination of "the photochemical after-
effect indicates that the polymer produced in the bulk reaction
possesses a residual activity.

When a mixture of acrylonitrile and catalyst is irradiated at
25°C ard photochemically prepolymerized to about 20% conversion,
allowed to stand in the dark and then heated to 60°C, a novel result
known as the 'fast reaction' occurs., As the temperature approaches
60°C a very rapid reaction occurs which may consume a further 10% of
the monomer in 2-3 minutes, Thereafter the reaction proceeds normally.

Bamford and Jenkins'™ have attributed these results to
mechanically trapped radicals in the precipitated polyacrylonitrile,
The sensitizing action of the photopolymer depends on the possibility

of making these radicals accessible to a reagent without promoting too
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facile mutual destruction of them, The concentration of the tf’apped
radicals was found by both chemical®™ ami physical (ESR)*> methods %o
be about 10~F moles/l, which indicates that from 1-107% of the radicals
formed are trapped in the precipitate,

Various 1:h<=.orie.<.=,l"2’l"l"’l"5 have been proposed to explain the
anomalous kinetics of the bulk polymerizafion of acrylonitrile and the
activity of the precipitated polymer; the best of these is the

L2

occlusion theory .

(111) The Occlusion Theory of Heterogeneous Pc>13nne:r:i.zat:i.onl’:2

(a) Degree of Occlusion

The occlusion theory supposes that many, if not all, of the
polymer radicals are precipitated from the liquid phase during growth
and that these active radiéals are occluded in polymer aggregates,

As a polymer radical grows it will at some stage become
insoluble in the monomer and will be precipitated in a non-solvent -
environment where it will exist in a tightly coiled configuration,
There will be a finite probability that the active end of such a
radical will be shielded by the coils, The formation of aggregates
from polymer radicals and 'dead' polywer will further reduce the
reactivity of polymer radicals, This coalescence will be the major
factor in occlusion although in an unswollen polymer of high molecular
weight, coiling will also contribute to the reduction in radical
reactivity, In a swollen polyuer coiling will be of little
significance, .

The degres of occlusion determines the accessibility of polyuer
radicals and cannot be defined precisely, but indicates the magnitude

of the polymer barrier which protects a given radical from reagent
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molecules (usually monomer).

(b) _  Effect of Occlusion on Rate Constants

When the formation of polymer aggregates traps polymer
radicals, these radicals are unable to act freely for steric reasons,
This results in a reduction of the velocity coeffieients for all
polymer radical reactions, except transfer to polymer,

Propagation and transfer to monomer may be decreased if the
concentration of monomer at the active end of an occluded polymer
radicél is reduced due to the decreased rate of diffusion of monomer
in the aggregate, If k; represents the effective rate constant for

propagation then:

*

K = i R, /D0 (2-2)

where [M]o is the effective monomer concentration at the site of
reaction in an aggregate particle, The effect of aggregation can be
seen from results for the polymerization of acrylonitrile, For the
heterogeneous bulk polymerization of this monomer at 60°C,

k' = 8.1, /mole/sec.l'z. For the homogeneous polywerization of

p
acrylonitrile at 60°C in DMF solution kp = 1960 1, /mole/sec.hsl
Thus, from equation (2-2) the monomer concentration in a polymer

aggregate is:

DD, = 0O x (5/%)

15.2 x ( 85/1910 )
~ 0.6 moles/1,

This 25-fold decrease in monomer concentration (assuming that
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the rate of propagation in DI solution is equal to the intrinsic
rate of polymerization) gives an estimate of the degrse to which
occlision may affect the concentration of monomer at the site of
polyuwerization in the aggregate,

Biradical termination will be even more affected by occlusionz"o
as it requires the juxtaposition of the active ends of two polymer
radicals in order to occur, For occluded radicals this would occur
only in that very small fraction of cases where the active ends were
on the surface of polymer particles, Because of this there will be
a greater decrease in the effective value of kt than in kp and the
effect of moderate degrees of occlusion will be to increase the rate
of reaction, In the cases whére termination is by transfer the effect
of occlusion on the rate of reaction will depend on the relative rates

of diffusion of monomer and transfer agents in the aggregateszﬂ.

(c) Effect of Occlusion on Overall Kinetics

The behaviour of heterogeneous systems is determined by the
number of polymer aggregate particles and their sizes, The former
determines the rate at which particles become occluded and the latter
the efficiency of the polymer barrier, As the reaction proceeds the
nunber and size of the aggregates increase and the termination
coefficient decreases,

This leads to a progressive increase in reaction rate
(autoacceleration)., Higher catalyst concentrations increase both the
number and the size of the aggregates and thus the elevation in rate
is greater than would normally be expected. The efflect of occlusion
is always to increase the catalyst e?cponent in the rate equation above

the normal value of 0,5 found with biradical termination,
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Transfer agents facilitate biradical termimation'! by the
formation of smll mobile radicals which can escape from the
aggregate and undergo mutual termination, Similarly, non-degradative
transfer to monomer produces small mobile radicals, but the egress of
these radicals from the aggregate may be impeded by subsequent growth,
biradical termination with anofher polymer radical occluded in the
same aggregate particle, or by transfer to ‘dead! polymer37.

At high degrees of occlusion both termination and propagation
may be iup;aded to such an extent that reaction is prevented, In the
polymerization of acrylonitrile it has been shovml'z that only about
1% of the radicals formed are trapped so the anomalous kinetics found
in the polymerization of that monomer must be due primarily to

variations in radical reactivity with degree of occlusion and not to

radical burial,

D, COMPARISON OF GEL AND HETEROGENEOUS POLYMERIZATIONS

As my be seen from the above reviews even extreme cases of
gel polymerization and heterogeneous polymerization exhibit many
similarities such as an.itoacceleration, decreased values of kt and
radical entrapment, The differences betiween the two seem to be due
more to the nmature of the particular reaction medium-polymer system
than to anything fundamental, In the poor- or non-solvent environment
of heterogeneous polymerization the polymer molecules are tighily
coiled and coalesce in relatively dense aggregates, These give the
solution a milky appearance if they do not precipitate and the onset
of heterophase polymerization is apparent, The reaction medium in

gel polymerization is a much better, but still not ideal ,' solvent for

the polymer and the polymer molecules are loosely coiled, and are
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suspended in solution as highly swollen microgel particles, As these
‘droplets' are initially small and transparent the inception of
hetexrophase polymerization is not immediately apparent, Microgel
particles my becomé heavy enough to precipitate from solution or
large enough to come into contact with each other, The resulting
cross-linking may cause an apparently homogeneous polymerization
medium to abruptly undergo gelation,

Propagation and monomer transfer are not appreciably hindered
in gel pol;vmerization.z6 and the same is true with many heterogeneous
polymerizations>! slthough as seen with the bulk polymerization of
acrylonitrile, they may be, In both cases biradical termination is
hindered by aﬁd&rease in the rate of diffusion of the polymer
radicals, Autoacceleration, if it occurs at all, usually begins
much earlier in heterogeneous polymerization, probably due to the
effect of the coiling of polymer molecules,

In some cases of both gel polymerization and heterogeneous
polymerization the occliision of polymer radicals can be significan.ty*’35
but uswally radical entrapment is négligibléhs’hg. Whether it occurs
at all seems to depend on the configuration of the polymer chains and
the ease of transfer from monomer to polymer,

The differences between the two types are, therefore,
attributed to the greater densities of aggregates in heterogeneous
polymerization, and this in turn is due to the tight coiling of the
polymer molecules, This is a result of the mature of the polymerization
medium-polymer system,

‘ In some instances the kinetic equations derived in Section I
may be applied to heterophase polymgrizations, (especially in their

early stages, and if autoacceleration does not occur to any appreciable



extent) but in most cases the physical effects caused by the
coalescence of polymer molecules cause the kinetics to be much more

complex than thoss found for homogeneous polymerization,

E, DIENE POLYMERIZATION

(i) Relative Reactivities of Double Bonds in Dienes

Monomers with two double bonds can arbitrarily be divided into
conjugated 1,3 dienes and non-conjugated 'divinyl! conpoundsso . Bxcept
in cases when complete cyclization occurs or when the entrance of one
of thé double bonds into polymerization leaves the second so unreactive
that it will not enter into polymerization reactions, polymerization
of these monomers will eventually lead to branched or cross-linked
polyners,

If the twwo double bords in the monomer are close to each other,
the reaction of one of them may sterically shield the other from
reaction or at least (especially in the case of 1 ,3 dienes) have an
effect on the reactivity of the remaining double bond, However, if
the two double bonds are more widely separated in the monomer, then
the reaction of one of them will have little or no effect on the other,
Examples of the deperndance of the reactivity of the remaining double
bond when one double bond enters into polymerization are given in

Table 2-1 for symmetrical and unsymmetrical dienes,

: TARLE 2-1
Dependance of . .
Reactivity Symmetrical Unsymmetrical
Independant acrylic anhydride allyl methacrylate
Interrediate o-divinyl bepZene vinyl methacrylate
Interdependant butadiene chloroprene
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This work will be mainly concerned with monomers of the first

(independant) type.

(i1) Intra-Chain Cyclization and the Gel Point

It has been found that the gel points with many non-conjugated
diene polymers occur at substantially higher conversions than those
predicted according to equation (2-1), ‘Nalling31 has found that the
results of the copolymerization of methyl methacrylate and ethylene
dimethacrylate agree approximately with equation (2-1) at low
dimethacrylate concentrations but poorly at higher concentrations, ]
ﬁolt and Sinpson51 studied the polymerization of fourteen diallyl
esters and their work was a strong basis for considering that the lack
of agreement between the theory of gelation and experiment was due to
intramolecular cyclization, The work of these and other authors52

led to the re-evaluation 6f the theory of gelation to take cyclization

reactions into account,



26,

SECTION III

THE MXRCHANISHM OF THE CYCLOFOLYMERIZATION OF NON-CONJUGATED DIENES

A, INTRODUCTION

phevibus
As was noted in theLsection’the polymerization of non-

conjugated dienes usually yields polymers which are three-dimensional
networks since the double bords polymerize independantly of one
another, It has been recognized, however, that these compounds need
not always.polymerize to yield insoluble polymers as some of them
my palynxsrize by using up orly one of their double bonds or may
undergo a cyclization reaction in which both double bonds participate.

G.B. Butler and his co-workers found that diallyl quaternary
ammonium salts could be polymerized in aqueous solution to yield
soluble gel-free polymers5 3 which showed 1ittle or no residual

S

unsaturation”’,
An alternating intra-intermolecular propagation mechanismsl" R
in which both of the double bords were consumed, was proposed to

explain these results,

Initiation:
CH, Ci,
'\\ Z. . \\
CHZ=ClJH CI}H —_—) Z-CHZ-CIJH fH (3—1)
C C
) Hz\ A ) CHz\ s
Ccl N Cl N
/ N\ 7 N\
H H H H
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Intramol ecular Propagation:

H %,

] N N
z-cnz-cl:H CI:H — Z‘Cﬂz‘fﬁ ?H (3-2)
- CH2\ + / CH2 - CHZ\ + / CHZ
c1 N c1 N
VAN /
H H . H H

Intermolecular Propagation:

A T

N, M ~N ’ N
i ey I s
C
_ C}I2\+/CHZ - ~GH2\+/CH2 .H2\+/CH2
c1 N €1 N c1 N
VAN /7 O\ /
H H H H H H
/"Hz
~N
- > /\_/CHZ-?H oK ~  (3-3)
%
c1 N
VAN
H H
_ n

for diallylammonium chloride (diallylamine hydrochloride),
The reactions are a normal intermolecular propagation ard
then a further intramolecular cyclization, between the radical and the
double bond present in the same recurring unit, forming a cyclized
radical, The overall result of this 'cyclopolymerization' is a soluble
polyn':egwith cyclic recurring units along the backbone of the chain,
Originally the term cyclopolymerization was restricted to the

polyrerization of non-conjugated dienes having double bonds in the
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terminal positions and capable of short-range cyclization reactions,
Recently, however, it has been exterded to cover other types of

1y

polymerization in which short-range cyclization reactions occur,

Examples are the polymerization of dizaJ.dehydes5 - 57, diisocyanad;es58 ,

59

diepoxides””, HONOmErs containing non-conjugated carbon-carbon triple
bonds60 ard cyclic monomers, such as L-vinyl cyclohexeneel, whose
propagation reaction involves a transannular cyclization reaction,
These novel types of cyclopolymerization are outside the scope of this
work and are examined by Butler62 in his review of the current status
of the field,

In general cyclopolymerization may be characterized as producing
polyrers which are soluble and essentially linear (at least at low
conversions and/or at high dilutions) and which contain at least a

moderate proportion of cyclized units which are formed by an

intramplecular cyclization process,

B, THE CYCLOPOLYERIZATION FROCESS

The cyclic nature of the repeating units in the polymers of
non-conjugated dienes was first confirmed by Butler et a163 who

characterized the degradation products of poly(diallylemmonium

€L

bromide) by chemical means, Marvel and Vest & polymerized 2,6

dimethylene pimelic acid and its methyl ester by free radical methods,
They confirmed the formation of cyclohexane rings by partially
dehydrogenating the soluble polymers ard then finding, for these
treated polymers, ultra-violet absorption peaks which are characteristic

of aromatic rings, Evidence claiming the existence of cyclic recurring

units in polymers of non-conjugated dieres formed by Ziégler65 R aniom’.c66

67

and cationic ' methods has also been published,

~
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Many non-conjugated dienes have now been fourd to form
cyclopolymers by free radical methods., A few examples are the
sympetrical dienes acrylic anhydrideea’eg, methacrylic a.nhydride7o,
divinyl formel!' and disllylcyanamide/2; and the unsymmetrical dienes
n-a.llyl--a.cry:l.anti.de73 , trans-vinyl cinnamtem', and allyl methacrylate75.

It has been demonstrated76 that cyclopolymerization is quite

general for monomers of the type:

\ Q /
N i
N
) Y
I

] |
where V and Y may represent such groups as -CH2, -é:o, -NH, —('),
etc,, and X my represent such groups as -H, —CH3, -COCH, etc,
Treating structure I as a symmetrical diene, the cyclopolywerization

reactions may be represented as:

J(CHZX XCHZX‘ XCHZX

\ N/ g \ \ / \ 7/ \/
c112=<': 0 —— R-CHy~C" ¢ —» R-GH,=C cl> (3-4)
v v v v v v
N/ N/ N/
Y Y Y
I II -ITT
Intermolecular Intramolecular

In mny cases of cyclopolymerization structure IT radicals, as well as
structure IIT radicals, may propagate by adding monomer and this leads
to polymer chains with unsaturated pendant groups, The extent of this

'‘residual unsaturation' will depend on the relative magnitudes of
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intermolecular propagation (rate kp) and intramolecular cyclization

(rate k).

C. THE EFFECT OF MONOMER STRUCTURE ON THE DEGREE OF CYCLIZATION

An examina:tion of the results from work on condensation and
poljrcorﬁensation systems is a useful starting point for examining the
effect of monomer structure on the tendency to form cyclic recurring
uﬁts.

éarothe;'s and his co--workers.n’78 examined the effect of the
size of the rings produced on the yield of cyclic monorers formed fz'oxg
esterifying various alkene glycols-and aliphatic dicarboxylic acids
and found that the variation of the degree of cyclization with the
‘number of ring atoms (N) is given by the following series of N:
5,6>>7,8<10>13<15,

Stoll et al79’ 80 investigated the acid catalysed condensation
of various aliphatic w-hydroxy acids to form lactones and polyesters,
Cyclization was found to be at a maximim when N = 5, and at a minimum
when N = 8,9,

81 there is a marked dependance of ease

In these and other cases
of cyclization on ring size, These results can be explained on the
basis of steric hindrance to ring closure and possible deformation of
valence bord angles78. Five- and six-menmbered rings consisting
primarily of carbon atoms are favoured as they can form with 1little or
no strain, However, when N = 7 to 12 the carbon atoms must have their-
substituent hydrogen atoms turned irwards towards the centre of the

ring to effect ring closure, Hydrogen repulsion will, therefore, make

such configurations unlikely, If carbonyl or ether oxygen is substituted
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for methylene groups=in the ring then the number of interfering
hydrogen atoms is reduced and these ring sizes are formed with greatgr
ease, Rings larger than about 12 members do not usually have steric
‘limitations but as N becomes larger the probability of intermolecular

’

reaction also becomes larger until it becomes dominant for N » 18,
Ziegler and Lu1:'l:::‘:’_n(c;,haus82 have determined the relative rates of ring
closure in a series of bromocatechol ethers for 6 < N < 14 ard found
the six-mernbered ring forms twice as fast as the seven-membered ring
and:the relative rates then decrease by smaller increments as N
increases from 8 to 14,

The influence of monomer structure on the degree of cyclization
in vinyl cyclopolyrerization shows nmuch the same results, Marvel and

65, 83

his co-workers studied the Ziegler polynerization of q~w dienes
{CH2=CH(C}12)nCH=CEI2 where n varied from 2 to 18} and fourd the
variation of degree of cyclization with ring size to be given by the '
following series of N; 5, 6 >>> 7 > 8, 9 <10 <11, 15 <17, 21,
For dienes of the type CH,=CH(¢)(CH,) ($)CH=CH, where n = 2,3,k they

8 that rings of 6 menbers are forred more readily than those of

report
5 or 7 members,
In general, 1,6 dienes will cyclopolymerize to form six-membered

recurring units (see equation 3-4) but the presence of a bulky

substituent group may cause five-membered rings to form:

X X" X X
| | | .
R-CH, I. cI;=cr12 — R-crrz-c—————c':-crl2 (3-5)
i
\' ' v v
N/ ' N/
4 Y

II ‘ . Iv
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Varvel and Vest®85 found for -the polymerization of dimethyl-
2-2'-dimethylene adipate ard pimelate that, while the pimelate
derivative gave a high proportion of cyclization to six-membered rings,
the adipate gave a lower proportion of recurring units which had 5
rather than 6 mem'bérs. A recent paper by Kawai and his co-worker586
has shown when using the telomerizatior:{divinyl forml as a model of
cyclopolymerization, structures with five-membered rings are formed,
This confirms an earlier supposition by Minoura and Iﬁ.toh71.

Barnett and Butler87 have shcn'm. that polymers of allyl and
methallyl crotonate contain recurring units of 5 members, It has ‘beén

89

reported that allyl _mza“:Irxza.crylawt;e88 and acrylic anhydride ° can form

cyclic recurring units of both 5 and 6 members, A somewhat analagous
situation can occur with 1,75 dienes, In general, these ponomers, such

T

as vinyl-trans~cinnamte’”, cyclize to form five-menbered rings.

Representing a typical 1,5 diene by structure V the reaction is:

X }Ic X
' I . |
CH2=C|2 ﬁHQ _® R-CH2-(i‘ rﬁﬁz _— R-CHz—C|2 —_ cl:H2 (3-6)
v c-X! v c-X! v cox!
N\ / N/ N/
Y Y Y

\' v VII

However, in sore cases the cyclization can proceed in such a way as to

produce six-rerbered recurring units:

X! CH, X' |, x
12 | 72 fe f U
y S 6. ¥ e ¥
N/ N4 N/
v v v

v VIIY IX
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Vinyl me’t:hau::rylad;e9o is an exarple of such a 1,5 diene,

Unsymretrical non-conjugated dieres may cyclopo:_!.yn:erize to form
cyclic structures of two different configurations depending on which -
of two dissimilar functional groups of the monorer is added to the
growing chain in the intermolecular step, For a 1,6 diene such as

methallyl:acrylate (X) the two modes of reaction may be represented by:

CH CH, C CH
\? CHQ\\ - \’ "2 \3/°H2\_.
cHz=c|; clzn —p.R—cHz-f fH —p R—C‘Hzis? :lm (3-8)
- Cc=0 C=0 C=0
CHZ\ / CHQ\ / CHZ\ /
0 0 )
X T XI X131
CH, /CH3 CH2\ /CH3 /CHZ\ /CH3
cﬁfc'm (I: __R_bR—CHZ-.('JH \c‘: ——p- R-CH,-CH ¢ (3-9)
0=C 0=C CH, 0=C
N e \ /s 2 N\ ‘/CHZ
0 0 0
X XIII XIv

The proportions of the above radicals which will be found in the
cyclopolymer will depend on the relative reactivities of the two

functional groups and of the radicals formwed when they react,



D, . THE CYCLOPOLYMFRIZATION OF 1,4 DIENES
A

The cyclopolymerization of 1,4 dienes” is a special case as
cyclization of the monomer radical (or ion) to a four-membered ring

is sterically inhibited, However, a dimer radical (or ion) can cyclize
more readily, If the 1,4 diene monomer is represented by

GH2=CH—}(-GH=C:H2 where X represents CH,, CO, SOZ’ etc., then the

reaction may be represented by the following steps:

(2)  Intermolecular:
X~ CH X-CH
7 \\ R . 7 A
CH,,=CH CH,, -——— R-CH,-CH CH, (3-10)
Xv XvVI .
A
(v) Dimerization:
X -CH X-CH
R-H, 0 Sor, —% 5 ram-ci X (3-11)
o, cx, oo o,
CHZ- CH\
X
s
CH\
N\
CHy
pATAN XVIiI

The dimer radical may then cyclize normally,

fc) Cyclization:

X - CH X = CH -

R-C CH/ \\C ——emP R-C -CH/ N
Hy~CH . O ~OHy=CH O, (3-12)

CH.Z" CH CH2— CH

N N

/x . X
CH CH/
Y A\

Oty Oty

XVII XVIIT
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The cyclization reaction is then usually followed by a secondary

cyclization to form a bicyclic structure,

(a) Secordary Cyclization:
X - CH X - CH —CH,
R-CH, CH_ NGH, ——b R-CH,~GH N ™ on (3-13)
R i "2 R CH’CHzx d
, e
’ ax
CH
X

Structure XIX'then propagates as above to form the cyclopolymer,

E, DEGRADATIVE CHATN TRANSFER REACTIONS WITH NON-CONJUGATED DIBNES

Many of the non-conjugated dienes which undergo cyclopolymerization
contain one or two allyl groups which are capable of taking part in

72 studied

degradative chain transfer reactions, NMikulasova and Hrivik
the radical bulk polymerization of monoallyltrimethyl silane and
diallyldimethyl silane and found that both monomers undergo polymerization
characteristic of allylic compounds: the rate is proportional to the
first power of initiator concentration and the DP is very low,

Disllylcyanamide @

was polymerized in solution with somewhat similar
results and it was suggested that its mode of termination was
monomolecular,

If structure XX represents a symmetrical diallyl compound then

the ICT reaction my be represented:

Gy ~CH-Cly =X —E b o, -cr-cH,x - (3-14)
L
" OH,=CH 0H2=cI:H

XX 0
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If the reactivity of the remaining allyl group is not adversely
affected by the resonance-stabilized allyl radical (RSAR), then a
radical such as structure XTI may engage in a further DCT reaction via
the unreacted allyl group or in a normal propagation reaction, In the
latter case this would yield polymer molecules with pendant resonance-
stabilized 211yl raa.icalé ard a polymer radical with an active end of
this type ﬁght terminate by cyclization,
o o
cty oty %

- AN R* . N AN
CH2=C|JH CH —— R-CHz-(I.‘,'H CH ——p R—CHz-fH CH (3~15)

il ] I
CH CH CH
GHZ\ / CH2\ / CHZ\ /

X ‘ X X
poas XTI XXII11

1,4 cyclization is unlikely due to steric hindrance,
Another possible mode of ‘degradative' termination in dienes
is an intramolecular reaction in which a hydrogen atom is extracted from

the Y-carbon atom of the noncyclized (structure II) type) radical.

H
I AN
R—CHz-C':' H N /CH:CHZ —_— R—CHZ-(liﬁz /CH:CH2 (3-16)
c °c
CHZ\ 7\ CHZ\ /7 \
X H X H
II XTIV

Since the RSAR on structure XXIV will not readily add monomer this
reaction effectively terminates the gréwing chain,

Other possi't;le DCT reactions are the extraction, by radicals,



_ 3%
of hydrogen atoms from allyl groups pendant on chain radicals or polymer

molecules,

R + R -CH~CH-R —> RH + R-CHI-CH-R (3-17)
X

| i
ik T
CH

Biradical combination reactions betiween RSARs pendant on adjacent

chains would lead to cross-linking and gelation if the polymer chains
were long, Small rapidly diffusing radicals, such as those formed by
solvent transfer, could also react with pendant RSARs and this would

tend to suppress this type of cross-linking,
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.SECTION IV

THE KINETICS OF CYCLOPCLYHERIZATION

A, INTRODUCTION

The free radical cyclopolymerization of a.diene molecule may
yield polymer with five- or six-membered recurring units in the chains
as well as pendant groufs and chain branches due to intermolecular
reactions, Additional complexity may be introduced by degradative
chain transfer reactions ard by cross-linking, The mechanism and
kinetics of such cyclopolymerizations are thus very complex ard a
general theory for all cyclopolymerization reactions is not feasible,

However, with the use of various simplifying assumptions,
semi-empirical expressions may be derived to relate to experimental

results,

B, SIMPLE CYCLOPOLYNERIZATION

A simple exarple of cyclopolymerization is that in which a
symmetrical diene which contains two identical double bonds undergoes
linear cyclopolyrerization involving rings of one size only, and in
which biradical termination occurs93 « Representing the noncyclized
radical (type II, page 29) by R] and the cyclized radical (type III)
by R; the elenentary reactions may be represented as follows:

k

In — S 27° (1)
k,
2 + M — R (i1)
k
R —° » R} (iii)

- R+ ¥ —— R (iv)
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R + M —=—> R (v)
a?k
R O+ R — Y P (vi)
ak
R + R} —*p P (vii)
. k '
R, + R, —% 3 P (viii)

where a is a constant used to simplify the mathematics,

At one atmosphere pressure the biradical termination involving
R} radicals may be regarded as unlikely in many instances as this
noncyclized radical has a relatively long perdant group on the P-carbon,
while the cyclized radical’ - (R}) does not have this steric hindrance
to reaction, The relative effect of such a B-carbon substituent in the
acrylate series my be seen from a comparison of kp, kt’ E ard E

P t
values for methyl and butyl acrylate%- 96.

TABLE 4-1
Absolute Rate Constants and Activation Energies
for lethyl and Butyl Acrylates
-6
kp 10 ft Ep E "
(1. /mole/sec, @ 30°C) (keal. /mole)
Methyl Acrylate 720 2,2 4.7 ~0
Butyl Acrylate 14 0, 009 2,1 ~ 0

As the Ep values for the two monomers are not greatly different,
the 50-fold variation in the kp values must be largely due to steric
hindrance, In the case of the termination constants the effect of the

bulky subétituent on the B-carbon is to cause a 220-fold variation.
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Thus, it is seen that in many cases of cyclopolymerization,

termination will proceed predominantly by the reaction of cyclized
radicals,

Assuming a stationary state, the kinetic derivation for the
case of R

+ R} termination proceeds as follows:

e ————

afz'] ’
= = I - k] = o (5-1)
at
afr;]
— - e E10] - kR + RI0D = o (4-2)
afrs] 5
— = ;&) - BRI - k&P -0 @)
Adding equations (4-1) to (4-3) and taking roots:
Rl = (1k)? (2
Using the long kinetic chain assumption:
LRI = kRIM) (4-5)
The rate of polymerization is given by:
R, = KRIG) + xR 10 (4-6)
Solving for Rp using equations (4-4) amd (4-5):
R, = (5, + K D)o/ ) (1,20 *-7) -

In a similar manner the rate expressions for the other two

biradical termination reactions (R} + R; and R + R]) my be determined
and the results are tabulated in Table 4-2,
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TABLE L-2
Rate Expressions for Simple Cyclopolymerization
Biradical
k, [In]4Z
B o+ R (x, +k[m1>{--———-—} X 20
t c
ek kz [z [,
R v (o, 1 D2}
2fk [In]
R + R (k + k [M]){—-——-——-—-—}

In some cases more than one biradical termination reaction may

occur at the same time, Assuming a stationary state and proceeding as

before:
ar]
== - k @10 - x R) o+ RO - e RIR)
- o,zkt[R:]z = 0 (4"'8)
LKD) - BN - aqRIE] - kP - o
at c 2 t t (l'.-9)

Adding equations (L-1), (4~8) and (4~9) and taking roots:

a®] + R] = (wa)? (4-10),



Using equations (4-5) and (4-10):

kz(I/kt)%[M]

[r] = &+ a0l (5-11)
and - 1

(=] - k:cc(i/k:ﬂi: 6T Gr2)
Thus:

Ak, + ¥ [])

S T RPN

X (3/k, )% ] (4-13)

From the above equations it is obvious that if the R] and R} radicals

were equally reactive (if ky = ak,) then the rate expression would.be

expected to be identical with that found for normsl vinyl polymerization,
The overall rate expression for simple cyclopolymerization with

biradical termination will be of the fopm:

R - K[In]Z [1]% (414

where K is a constant at a particular polymerization temperature and
pressure and 1,0 < ¥ < 2,0,

From the results given in Table 4-2 it is possible to deduce
the probable biradical termination mechanism from experimental rate
determinations at varying monomer concentrations and fixed initiator
concentration, This is shovm in Table 4-3, The slope to intercept

ratio (R) obtained from the approximate straight line relationship will

equal k1 /kc.
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TABLE 4-3
Straight Line Relationships in Simple
Cyclopolymerization with Biradical Termination
Experimental Straight Line Probabtle Biradical
4 From a Flot of Termination Mechanism
1.0 t0 2.0 Rp/[M] vs, [M] R, + R
1
1.0 to 1.5 Rp/[ld]z vs. [M} R} + R
1.0 R wvs, P + R
L e [ B + R

If two or three of the possible biradical termination reactions
occur simultaneously to significant extents, straight line relationships
for none or more than one of the above cases my occur, but a coincidental
straight 1line relationship for only one of the cases cannot be ruled out,
Such a case would, hovever, be unlikely, and if the appropriate plot
from experimental resulis yields a straight line with a slope to
intercept ratio approximtely equal to the experimental value of k1 /kc,
it will argue>strong1y for a specific termination mechanism,

If the rate of cyclization is very high relative to the rate of
intermolecular propagation, then the noncyclized radical will cjclize
before it can propagate and linear propagation will proceed only by the
addition of monomer to the cyclized radical, In such a case it may be
shown that the rate expression is identical to that found with normal )

vinyl polymerization and will be represented by:

R = k(1) DO (1-15)
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C. SIMPLE CYCLOPOLYIERIZATION WITH TERMINATION BY DEGRADATIVE
CHATIN TRAISFER

In the simple cyclopolyrerization of a symmetrical diene, when

the dominant mode of termination is by degradative chain transfer, the
93

termination reactions may be represented”’~ as follows:
1, Intermolecular (see equation 3-14)
kﬂ *
R + ¥ ——— P + N (ix)
k‘b2 *
"Ry + U ——3P + M (x)
2, Intramolecular (see equation 3-16)
oy, .
K —— K (xt)

where the star indicates a stabilized radical whose propagation rate
will be regarded as essentially zero,

The initiation, cyclization anmd propagation reactions are
identical to those in the previous part, In the case of Rl + M

termination, assuming a stationary state, we have:

I - kR] + RIM - k &IB = 0 (4-16)

-
B em) - kBTN - o (5-17)

at
Adding equations (4-16) and (4-17):
Rl = (x/%, D) (1-18)

therefare: [R;] = (kcI/kt1 k2 [M]2) (4-19)
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Using equation (4-6) the rate of polymerization is found to be:

R, = (k, + kD) X (1, B) (4-20)

In a similar method rate expressions for the cases where
termination is R + M and R} (intramolecular) may be fourd and these

results are given in the following table:

" TAEEE L)
Rate Expressions for Simple Cyclopolymerization
with DCT Termination
ICT
Termination R
Reaction P
' 2fk, [In]
d
. -k, M —
R, + M (k, + Xk, []) x kﬁ[M]
2fk I%[In]
o d
R, + M (k, + X D) x —"—
C 1 k‘:’kt2
: 2fk, [In]
R} (intramolecular) (kc + k.,' ) x -‘—-jk;‘-‘*—-

The derivations of the above expressions assuwe..that the kinetic chains
are long,

In a similar manner a relation in which all three types of
degradative termination were occurring could be derived, It is seen
that a straight line relationship between experimental RP vs. [M]
results would suggest either R, + M or R} (intramolecular) termination,
while a straight line relation from a ﬁp [ vs. [M plot would suggest

R} + M termination, In the former case, if the DP varied with [M] then
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R, + M termination would be indicated, and if it did not then R
(intramolecular) would be the probable termination mechanism, The slope

to intercept ratio from the appropriate plot should again equal

1{1 /k c*

If the dominant mode of termination is by the R} (intramolecular)
mechanism then it is poséi‘ble that the non-cyclized radical might
engage onl:,; in intramolecular reactions (i.e, cyclization and
termination), and linear propaga‘éion would then proceed only by addition

93

of monomer to the cyclized radical, In such a case”” it may easily be

shown that:

2fk k. [In]

= I | (4-21)

if the kinetic chain length is long,
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D, SIMPLIFIED KINETICS FOR THE CYCLOPOLYMERIZATION OF
UNSYMMETRICAL 1,5 AND 1,6 DIENES

The kinetic study of non-conjugated dienes with non-equivalent
double bonds may be divided into two categories, The first will be
taken to encompass those unsymmetrical dienes whose kinetics will be
expected to be effectively identical with those of symmetrical dienes,
This category will include those dienes in which the monomer double
bonds differ so significantly that the reactivity of one of the
functional groups (towards cyclopolymerization reactions) is effectively
zZero felative to that of the other functional group, It will also
include those monomers which have functional groups of essentially the
sare reactivity, |

I will encompass all other unsymmetrical

The second category
1,5 and 1,6 dienes, In these the double bords will differ, but not to
extrere amounts, in reactivity, In such a monomer, if all the reactions
involving each functional group and the radicals generated from each
functional group were taken into account, there would be 2 initiation,

4 cyclization, 12 propagation, 12 cross-linking and 27 termination
reactions possible,

In order to examine a simplified case it will be assumed that
cyclizations via a particular functional group lead to rings of one size
only., Also, terminations by degradative chain transfer and all reactions
imrolvirig double bonds pendant on chains will be neglected, In this
case, there are 2 initiation, 2 cyclization, 8 propagation and 10
termination reactions, If, as with simple cyclopolymerization, it is
considered \té(xat biradical termination reactions involving noncyclized

AL vl

radicals/ the number of possible termination reactions is reduced to

three,
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In the following derivation, monomer will be represented by
A--Bwhere A ard 3B represent the two dissimilar functional group598.
The noncyclized radicals formed in the intermolecular step (of the types

iJlustrated by structures XI and XIIT on page 33) will be represented by:

~ A._. or A°
)
B
~ li. or B
[}
A

The cyclized radicals formed in the intramolecular step (of the types

illustrated by structures XTI and XIV) will be represented by:

~AT P or B
- [+]
TN e .
~ B - ’A or Ac
The reactions are:
(a) Initiation
. .
In —y» 22 (i)
k
z o+ A — 1 L. r (11)
]
3 B
Bk .
z + B —_—t s B (ii1)
] ]
A A

where B 1is a constant,



(iv)
(v)
(vi)
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Cyclization
Propagation I

(b)
(e)

-~
oy i —~ — o~
1S S o O d ol
S’ g L -~ S’ N
n-— “--m n--x <--m - —< <~--m
H 0 B H 0 0
w0 L [ o o -]
Ad Ad A4 Ad A
== <t--m R - <= ~m@ M- e
+ + + + + +
+° n° 0° Y--m  M--@ =<
H b ¢ ¢
o
o
o=
!
a%}
<
q
P e
]
e’



(e)

where

afa]

dt

afe’]

dt

Termination

~B + B ——ls—ob ~ 1‘3'
| | i
A A A
kt
P + B —mm—%» P
c c
a'kt
B; A; —_—P P
a.’kt
.A.; + A; —p P

a is a constant as before,

Assuming a stationary state:

afz'] |

dt

k, 0] + x, (10 + x[BIRM + k[B]10]

e, (210 + k[0 + K [BIR] + k(4]0

-—
-

I - k(1 +p)=]0]

- k] - xx10] -

- B IF] - kEIN -

0

0

0 B O N[ o

- akt[A"c'I[B;I = 0

0

(xiii)

(xiv)

(xv)

(4-22)

(5-23)

(1-24)

(4-25)
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a [B; ]

at

- ok 1B = 0 (4-26)

Adding equations (4-22) to (4-26) and taking roots:
1
B + o] = (/)2 (4-27)

Using the long kinetic chain assumption it may be fc»u.nﬁ?8

(4-25) and (4-26):

from equations

. k,[®] (1-28)
Bl - (kg + k,) ] *

. k [A]

B] = - (1-29)
Bl (k, + k,)[M]

Substituting for [A] and [B;] in equation (4~27) and rearranging:

Wi = ic TS

(kg + ke)(I/kt)%[M] | e + KBIFT  (4us0)

Ir [a], [£], and =, ] are substituted into equation (4-24), and it
is assumed the cyclization constants (k1 and ka) are much larger than

71

the propagation constants’’, then the following simplification may be

obtained:

k (k, + k4)(1/kt)’2‘[m]
k (k, + k)

Bl = (4-31)
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The rate of polymerization is given by:

R o= (k5 + k)I0 + (g +k)BI0D + (5 +3)[w]00

+ (kg + % )[E10 (4-32)

Substituting for [A], [B.], [A], and [B']:

Ky (g, + k, )12
k (k, +ak,)
k(k, + k4)(I/kt)%[M]

k(i + k)

R, = {:gf (k, + ka)[M]} X

¢ fig (e 4 ,)00) X (4-33)
The above equation is analogous to equation (4-7) and reduces
to an expression essentially the same as it, as in the simple

cyclopolymerization of a symmetrical diene:

n
w

k = Kk s (L4-34)

=k =k =k =Kk (4-35)

1
el

o= ko= k (4-36)

n
o
n

ko= X

In a similar manner, rate expressions may be obtained for cases
when the biradical termination reactions are solely between noncyclized
radicals, by cross-termination, by all three of these modes occurring
simltaneously, or by some complex combination of them, Except for thg
last case, these derivations will have the sawme relationship to the
equivalent expressions for simple cyclopolymerization as equation (4-33)

has to equation (4-7).
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From equation (4-33) the slope to intercept ratio is:

(/i My + )60, + k) + (hg/hy ) (B + k) (ko + kg )

= (4-37)
k(k + k) + k(k +k)
The previous expression may be simplified to:
+k + k,+k k
P s *—to_ & R (4-38)
k + K ks
E. RESTDUAL UNSATURATION IN CYCLOPOLYMERIZATION

Residual unsaturation in cyclopolymers is caused by the addition

of monomer to the noncyclized radicals foraed in the intermolecular

reaction:
X CHZ X X CH2 X
I 3 M | Q!
R—C‘Hz-?' c ——» R-Csz-?—CHz-('}' cl: (4-39)
I =
v v v v v
N/ | N/
Y Y X Y
| /
V—C:CHZ
IT

If‘ fc and fL represent the molar fractions of cyclized and noncyclized

units respectively then:

£, + £, = 1.0 - (1=40)
R, - '
R + R
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Here Rc and Rv are rates of production of cyclized and noncyclized units

respectively, From equation (4-41):

; 3 R,
—_— = 1 4 (4-42)
£ R
c c
For the cyclopolymsrization of a symmetrical diene99:
R, = k[B] (4-43)
R, = X R[] (it
1
Thus o4 —pg (445)
: f k
c c
For the cyclopolymerization of an unsymmetrical diene97:
R, = k[&] + x[F] (4-46)
R, = (g +xk)ID] + (g +x )[F]0 (4-47)

Using equations (4~30) and (4~31) it may be shown that R v/h o has the

same value as the slope to intercept ratio given in equation (4-37).

Therefore 4:] V/R c) ~ (kp/kc) (4-48)
1 k :
— = 1 + —2[i] (4-49)
£, k,
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For both symmetrical and unsymmetrical dienes, the slope of the
linear plot of the reciprocal of the molar fraction of cyclized units
in the polymer vs, the monomer concentration will be a measure of the
relative inpoftance of intermolecular propagation and intramolecular
cyclization, This experimental parameter will also be useful in
determining the probable termination mechanism,

As my be seen from either equation (4-45) or (4-49), a linear
plot of 1/f, vs, [M] should have an intercept of 1,0 at zero monomer
concentration, In many cases, however, the value of the intercept may
be greater than unity, This my be due to the following reasons O
(a) If. the tromometric method is used to determine f_, there may

be errors due to substitution.

(v) An intramolecular isomerization may occur,
X X X CH; X
I 01{2%' ke, N
R-CH,,-C* cl: _—3 R—CH:"J ¢ (4-50)
| |
v v v \')
N/ N/
Y Y

In this case for a symmetrical diene, the rate of production of noncyclized

lunits is given by:
R, = RIDD + kRI (1-51)

Solving as before:

1 k
R S B (4-52)
fc kc kc

Reactions such as that showm in equation (3-15) would have a similar effect,
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(e) Chain transfer with the monomer may also lead to an intercept
-with a value greater than unity, In such a case, for a
symmetrical diens, the rate of production of noncyclized units

is given by:
Ry = (qR] + kg K] + kg ,BDRI 53

where k and k are the velocity coefficients for chain
tr,1 tr,2
transfer with noncyclized and cyclized polyuer radicals
respectively., If such transfer reactions were the dominant mode

of termination, then:

R = (5] (h-50)
i (ky + %y )
and:
2o . S, 2 o ) [ (4-55)
fe ("2 * k1:r,2) ke

While all of these effects will increase the value of the intercept
above unity in a 1/f_ vs, (] pilot, they should not affect the value of

k1/kc' In case (c) above this is true only if ky >> ktr,1'

F, TEXPERATURE EFFECTS

In cyclopolymerization the effect of temperature on rate
polymerization is obtained by the differentiation of the logarithmic
rate expression with respect to 1/RT,

In general, the rate expressions are too complicated to give

useful relationships for the overall activation energy, It is possible,
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however, to obtain approximate relations, valid within a few keal, /mole,
for sinple cyclopolynerization by the use of certain simplications,

For example, for the simple cyclopolymerization of a symmetrical
diene with R; + Ry biradical termination (see equation 4-7) if it is

assumed that E,~E, then:
- 1 - - X -
Bp = 2% *+ Bye) * B - B, - (4-56)

where the subscripts 1(c), 2, and ¢ refer to the activation energies
for tﬁe propagation of a noncyclized radical and of a cyclized radieal,
a.n.d for cyclization respectively.

In a similar mnner expressions for the overall activation
energy can be derived for the rate expressions given in Tables 4~2 and

L4, These are given in the follcwing tab1e93.

TABLE 4-5
Overall Activation Energy Expressions for
Simple Cyclopolymerization
Termination
Reaction ' ET
- 9 -1..
monovinyl -gEd + ’.t'.-‘:p - 3B +
. . 1 1
R+ R2 §'Ed + E1(c) + E&_ - Ec - ;Et
Equation (4-15) -%-Ed + B, - 2B,
R, + R 2E. + E + 3E, - i - 1B
i 2 a 1(c) 72 2% "t
. o 3 ’ -
R, + R, 2Ed + E1(c) aEt
R, + M E"1 + E1(c) - Et‘l
Ra + M Ed + E1(c) + E2 - Ec - Et2
R, (intramlecular) E, + E1(c) - E
Equation (4-21) Ed + E, - Ej
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An expression for the difference between E_l and Ec my be

obtained from equation (4-45) and the Arhennius equation:

1 k, [M]
—— m ] o e———
f<> kc
thus:
1 kc Acexp( - Ec/RT)
— e ] = = e
£, B0 Aes( - By/ART) [

Taking logarithms:

In( 1/fL -1) = In(a /A [1]) + (E1 - Ec)/RT

(5-45)

(4=57)

(4-58)

Thus an experimental value for (E1 - Ec) may be obtained from the

slope of the linear plot of the experimental values of in( 1 /fL -1)

vs, 1/0, For unsymmetrical dienes the value of the slope will be

designated (EP - Ec).
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_SECTION V

THE EFFECT OF PRESSURE ON LIQUID FHASE POLYMERIZATION

A, CHEMICAT, REACTIONS AT HIGH FRESSURES

(1) INTRODUCTION

Pressure is an experimentally var:’;able parameter whose increase
has an accelerating effect on the rates of many gaseous and liquid
phase réactions. In gaseous reactions this acceleration is generally
explicable as the result of a Mass Action effect, but in relatively
incompressible liquid systems it cannot be explained solely on the basis
of changes in the concentration of the reactants,

The effect of pressure on liquid phase reactions may be
interpreted by reference to either of two theories: +the Collision
Theory, and the Transition State Theory.

(ii) The Collision Theory

According to this theory the variation of the rate constant with
the absolute temperature may be given by a form of the Arrhenius

equation:
k = poe /BT (5-1)

Here P is a factor which represents the probability that molecules may
need a particular orientation before they can react, It usually has a
value of less than one, 2 is the frequency of collision of the reacting
molecules in a unit volume at unit concentration,

The Collision Theory assumes that variations in pressure alter
the values of both PZ and E, which in turn affect the value of the

101

rate constant, Weale has tabulated the effects of pressure on the

values of PZ(A) and E for several liquid phase reactions,
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(iii) The Transition State Theory

The effect of pressure on liquid phase reactions is best
explained by the Transition State Theory, It assumes the formation of

a transition state or activated complex during the course of a reaction,

A+ B =X » products (5-2)

—=

For a bimolecular reaction A and B are the reactants which are in
equilitrium with the transition state X .

On the basis of this theory the variation of the rate constant
is mos.’.t conveniently expressed by the following simplified equation,

first developed by Evans and Polanyi1 02.

*
9 1n k - = AV
P ), * TR (5-3)

T

where AV is called the 'volume of activation' and indicates the
change in volume per mole in going from the initial reactants to the
transition state, A full development of this equation is given
elsewvher e1 o1 °

Slight errors may be introduced- into the value of Av* if
concentrations are expressed in molar units, as the above equation does
not consider the compressibility of the reaction system, In ionic
systemxs the solvation of the ions my account for a large part of Av*,
but this effect is unimportant for non-polar reactions,

The effect of pressure on a.ra’ce constant will deperd on the

sign and magnitude of the volume of activation, A negative value for

* .
AV~ will indicate that k increases with increasing pressure,
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B, THE EFFECT OF FPRESSURE ON RADICAL ADDITION POLYMERIZATION

(1) Overall Volume of Activation

In free radical addition polymerization the overall effect of
pressure will deperd on the contributions to the overall volume of
activation (AVy) by the initiation, propagation, cyclization am

termination reactiéns. For normal monovinyl polymerization:
1
R, = &,(1/5,)?[1 (1-15)

Using equation (5-3) and ignoring the effect of pressure on initiator

and monomer concentrations it may be shown that:

%* * * *
&, = BV, + AV, - AV, (5-4)

For simple cyclopolymerization with R + Ry termination it may

be shown from equation (4-7) that:

*
Av,

T

= AV o+ AV PN AR A By (5-5)
= 2hlg ¥ S() * 8 - 8% -~ 20

where the subscripts are as defined in section IV-F.

Similarly, in other cases of simple cyclopolymerization,
expressions for the overall volume of activation may be obtained amd
these will be analogous to those derived for the overall e;.ctivation

encrgy (see Table 4-5),

(ii) Polymerization at High Pressures

The farmation of polymer molecules usually involves a decrease
in molar volume and thus polymerization is thermodynamically favoured
by pressure, The effect of pressure on liquid phase polymerization was

first studied by Bridgeman and C','oxrmani;l 03. For the polymerization of
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several compounds at high pressures, they observed a marked increase in
the rate of polymerization with an accompanying increase in the molecular
veight, Subsequent investigations by Sta.rl<:W'aathexc'1OlF and others‘1 05,106
who examined the polymerizations of many substances in the pressure
range 3000-12,000 atm showed that many monomers which do not polymerize,
or polymerize only to limited amounts, at atmospheric pressure give

substantial yields of polymer at high pressures, A recent text by

Weale1 07 reviews the current status of the field,

(iii) The Effect of Pressure on Initiation

The effect of pressure on the decomposition of initiators is
complex and seems to depend a great deal on the nature of the reaction
medium, Nicholson and Morrish‘1 08 studied the decomposition of 32202
in OCL  up to 3000 kg /el ami found a slight decrease in ky with
pressure, The rate of induced decomposition was accelerated by pressure
but this effect was greatly reduced in the presence of polymerizable
monomers ' °0219%,  Hovever, Walling and Pellon!'° concluded that chain
decomposition of the initiator was responsible for results in which the
rate of initiation first decreased, thén increased in the decomposition
of 32202 in allyl acetate and acetophenone at high pressures, The
decomposition of AIBN in toluene at pressures of up to 10,000 atm, was
studied by Ewrald‘”‘1 and k, was found to decrease with pressure; while
the rate of radical wastage reactions increased,

Walling ard I»:Ietzer“‘12 examined the decomposition of di-tert bui.;yl
peroxide at 120°%C in four solvents at pressures up to 7000 atm,, They
found a decrease in the rate of initiation in all cases, but this
decrease was greatest in the solvents benzene and CCl,, The value of

4
*
AVd obtained with these solvents was approximately double that obtained
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with the solvents toluene and cyclohexene, They attempted to explain
both their ovm results and those of Ewald on the basis of the ‘cage
theory' 13 but it is felt that induced decomposition is responsitle,

As noted previously, certain solvents are susceptible to initiator-
radical attack, and such rapid chain decomposition reactions (see
equations 1-30 ard 1-31 ) are probably greatly accelerated by pressure,
From these and othe::"w.1 results the approximate value for AVE in
polymerization reactions is seen to be + L to + 6 co/mole,

The value of the catalyst exponent in the rate equation generally
falls slightly as the pressure is increased, For the polymerization of
styrere it was observecl‘r”"’115 to fall from 0.5 at atmospheric pressure
to about 0.4 by 3000 - 4000 atm,., In the bulk polymerization-of allyl

110

acetate at»80°C the value of the exponent fell from 1,0 at atmospheric

pressure to 0,5 at 5500 kg./cm?.

(iv) The Effect of Pressure on Propagation and Termination

Nicholson and Norrish1 08

studied the Bzzoz-catalysed polymerization
of styrenec at 30°C ard found that the overall rate of polymerization
increased 12-f0ld by 5000 kg, /cm‘.? « The value of kp was found to

increase exponentially with pressure and that of k, to decrease

%
rapidly up to 1000 kg, /cm.2 and slowly thereafter, AV:;r was found to be

- 13,4 cc/l:‘.ole° This agrees aspproximately with results fourd for the

therral polyrerization of styrer.e116. In the emilsion polyrerization of

styrere at 40°C Walling ard Fellon ¢ found that the curve of

(k)

p’press,
linear between 1000 and 3800 kg./cm? . - The value of AV; "in this region

/(kp)1 atn, VS Pressure rises steeply at first, becoming

was - 11,5 cc/mole, Similar results were found for the polymerization

of styrene in CCl, solution at 60°C,
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Measurements of k, do not permit an accurate evaluation of

t
AV, but it has been estimated at values as high'! as + 12 cc/mole and
as lcw117 as + 4 cc/mle, This lower value compares well with the value

of + 3.1 cc/mole which may be calculated from the near-linear portion of

the %k, vs, P curve given by Nicholson and Norrish108. The decrease in

t
kt is fe1t1 08,118

polymer radicals at high pressures, The rate of diffusion is less

to be due to the decreased rate of diffusion of the

affected when the polymerization is carried out in solution, At high
conversions at high pressures autoacceleration occurred, The effect of

pressure is thus similar to the gel effect in some ways,

(v) The Effect of Pressure on Transfer Reactions

Although the rate of propagation is increased and the rate of

biradical termination is decreased by pressure in the polymerization of

108

styrene, the molecular weight has been found to increase only two-

to three~fold and then tend to a constant value, Similar effects occur

with other monomers and it is considered that this is the result of a

117

strong acceleration by pressure of chain transfer reactions ',

From equations (1-19) and (5-—3).:

(a ) = -(AV - av )/RT (5-6)

Walling and Pellon 17 found for the polymerization of styrene in GClh_

solution at 60°C that C, was relatively insensitive to pressure and '

decreases only 15% in 4000 kg. /c::m.2 . Therefore, k., . must be strongly
b

*
increased by pressure and AV was calculated to be - 11,0 cc/mole,

tr,s

]

Similarly, CI and CM were also to be slightly decreased by pressure,
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As mentioned previously, Walling and Pellon fourd that for
the polymerization of allyl acetate urder pressure the value of the
catalyst exponent in the rate equation fell from 1,0 at atmospheric
pressure to 0,5 at 5500 kg, /c:m.2 . This result was interpreted as being

due to the predomirance of biradical termination when the DCT reaction

(see Section I-C)
*
Boe o —2D 5 R sl

no longer constituted an effective termination reaction, At high
pressure the resonance-stabilized allyl radicals apparently become
active enough to re-initiate chain growth
. g
M* + M ——E—;» R*

The ICT termination thus tends to become an ordinary transfer
reaction at high pressures anrd, as noted before, such reactions do not
usually affect the overall rate of polymerization, The molecular weight
of allyl acetate was only slightly increased by pressure and it was fourd
tHat AV;M~ + 4,7 cc/mole,., The reduction in resonance stabilization
led to a sharp increase in kp relative to kD’ and RP was found to
increase 50-fold by 8500 kg, /cm? « In the range 5500 to 8500 kg, /c:m.2
(where termination is biradical), AV: was fourd to be - 13,4 cc/mole,

T

C. CYCLOPOLYMERTZATION AT HIGH PREISSURES

Little information is available about the volume changes
associated with the formation or scission of cyelic structures in the
transition state, It is knovm“g that ring-opening reactions which do

not involve the formation of a new covalent .bond are favoured by
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‘pressure and numerous ring-opening polymrization120 are accelerated
or made possible under pressure, In contrast, cyclization reactions
involving the formation of a new covalent bond are usually strongly
favoured by pressure, TFawcett and Gib50n121 studied the equilibrium
between S-methyl-l-heptanocic acid and its &lactone at 160°C from

1 to 3000 atm, and found that pressure shifted the equilitrium
substantially towards the lactone,

No results have yet been published on the effect of pressure

on cyclopolymerization, but as may be seen from the following structure,

a cyclic repeating unit in é. cyclopolymer chain contains one more
covalent bond than the alternative repeating unit with a penda.nt

functional group,

Gty

7/ N
~ CH,,~CH-CH,,-CH CH ~
Hp' | g i |
v v v
[ N /
Y Y
[
V-CH:CH2

Thus, it might be expected that cyclization would be favoured by

pressure,

The relative effect of pressure on cyclization and intermolecular

propagation in simple cyclopolymerization may be obtainsd using equations

(4-57) and (5-3):

= (&V) - AT )/RT (5-7)

3 1n(1/fL - 1))
3P T
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The difference between the volumes of activation for the
intermolecular propagation reaction and the cyclization reaction may
be obtained from the slope of a linear plot of 1n(1 /fL - 1) vs, pressure
at constant temperature, A positive value of (AV, - AV,) would inlicate
that cyclization was favoured by pressure,

An estimate of fhe volure of activation for the cyclization
reaction in simple cyclopolymerization may be obtained from the difference
in actual molar volumes for ring and open~chain groups, For example,

the cyclization reaction in the cyclopolymerization of 1,6 heptadiene is:

®h O,

. A k, Y
- cﬂz..?H cI;H — % 5 - CHZ-cle cle (5-8)
CH, CH, CH, CH
\N_ 7 \N_7/ 2

Hy

The decrease in volume accompanying this reaction may be approximately
represented by the difference between the molar volumes of n-heptene

and methylcyclohexane,

Oy Oty

2 - 7 \
CH CH CH_-CH
5 | 3 P2
o, o, o
N N
CH,
n-heptene methylcyelohexane
V = 140, 9 cc/mole V = 127,5 cc/mle

AV is - 13,4 cc/mole and this gives a rough estimate of AVC; .
Bu.t.'Lerlez"lz3 has recently suggested an activated state-ground
state interactions theory based on an across-space homoconjunction

interaction between the double bonds of a monomer to form a pseudocyclic



structure, For 1,6 heptadiene this effect may be depicted:

X

(5-8)

I .
Butler 22 and Marvel and Stille 2% have also suggested a

somewhat s8imilar interaction between the pendant double bond and the

radical erd of a noncyclized (R;) radical,

(5-9)

ITI

125,126 seems to support the

Recent ultraviolet absorption evidence
existance of the first of these activated state complexes,
I{ monomer and R; radicals can be represented by structures
ITI and IV above, then the cyclization reaction would be a lower activation
energy process than intermolecular propagation and hence, a favoured
pathway for reaction, especially at high pressures, A reasonable
estimate of the volume of activation for the intramolecular cyclization
reaction in cyclopolymerization would probably be Isz I > 15 cc/mole,
In the pdlymerization of 1,6 heptadiene, the intermolecular
propagation reaction is:

* - k [
~ CH,~CH  + GH,=CH —1>~CH2-CH-CH2-GH (5-10) "

I I | |
(<|3H2)3 (THZ)3 (?Hz)3 (c|1}12)3
CH2=CH CH2=CH | GH2=CH CH:CH2
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It might be expected that the volume of activation for the reaction
shown in equation (5-10) could be estimated in a manner similar to that
used to estimate AVZ. This would be erroneous, The following
hypothetical reaction is considered to be a model for the intermolecular
propagation reaction (or, for that matter, for any addition

polymerization):

oG, + CHz=ClIH —p CH3-<|:H-GH2-GHZ-R (5-11)
R R R

Using various groups (i.e, ethyl, propyl, etc,) in place of R, AV

is fourd to be -~ 25 to - 30 éc/moie. These results give a very poor
estimate of the volume of activation in polymerization as it has already
been noted that AVI,)r is less than half this value in the polymerization
of styrenc (i.e. R above is a phenyl group). If it is assumed that
the volume of activation for the intermolecular propagation of a
noncyclized radical in cyclopolymerization has about the same value as
that for a normal monovinyl folymarization, then AV“;r myy be estimted
to be about - 10 cc/mole, AVZ,r will probably also be in the same range,
Thus it is seen that the values of 1:\\7';:r and AV‘:r are close to each
other, but it seeas likely that |AV.| > |aV)| and, despite the
fact that the intermolecular propagation reaction is bimolecular, it

should probably not be favoured as much by pressure as the intramolecular

cyclization reaction,
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SECTION VI

EQUIFVENT, MATERIALS AND FPRCCEDURES

A, HIGH FRESSURE EQUIRMENT
(1) The design and construction of high pressure equipment has been
described by many authors’ 27—129. The equipment used in the present

study has previously been fully describedl 0132 4 only a trief
outline is given here,

The vessels used were cépabie of containing pressures of 4000
atm.- (Vessel No, 4) and 15,000 atm, (Vessel No, 6) respectively, The
pressure transmitting medium was liquid paraffin B,P.

A-schematic of the system used with Vessel No, 6 is given in
Figure 1, The pressure transmitting oil is contained in a reservoir
in the top of the harﬂ—oI;erated pump (P) and enters the system through
a valve (not shown) in the base of the pump, This valve is non-return
when closed and may be opened at the end of an experiment to release the
pressure by allowing the oil to expand back into the reservoir, The
pressure delivered by the pump is increased to high pressure in the
pressure vessel (C) by means of a pressure intensifier (I), ILow pressure
is applied to a large diameter piston of area 'A' which in turn drives
a smller diameter piston of area 'a', Thus, if friction is neglected,
the low pressure is intensified by a factor of A/a. TFor vessel No, 6
this ratio is approximately 15, There is a by-pass line (S) around the
intensifier, through valve V. so that the reaction chamber can be primed
to a pressure of between 500 and 1000 atm directly from the pump (when
valve V; is closed to seal off the line to the intensifier),

In this way the maximm pressure may be attained (because of the

limited travel of the intensifier pistons), The connecting lines are
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3/8" dia,, 1/8" bore stainless steel tubing, The pressure vessel is
surrounded by an electric heating jacket (H). A Sunvic switch relay
operating through a contact therometer inserted between the vessel and
the heating jacket provides on-off temperature contral within ¥ 0,1°C,

Vessel No. 6 is sketched in Figure 2, The upper portion is the
pressure vessel proper, It consists of an autofrettaged cylindrical
mono'blc;ck of "Vitrac V5" steel, six inches in diameter, The reaction
chanber (r) is centrally located anci has a diameter of 0,6 inches, The
s’ceél plug (Pl) is screwed down on a steel mushroom head (m) which holds
a Poulter packing (b) against the high pressure in the reaction chamber.
The intensifier by-pass Wline (S) connects into the reaction chamber
through‘a tapered hole (1/30" dia., in the wall of the reaction chamber)
and allows the reaction éhamber to be filled with o0il and primed to the
initial pressure from the pump, Below the level of the side entry is
another Poulter packing which automatically seals the side entry when it
moves past it due to the advancement of the pistons, This 'bung' sits
on top of the high pressure piston (hp) which has a clearance of 0,004
inches in the reaction chamber,

The lower part of the sketch is the intensifier, 0il is pumpéd
through the low pressure inlet (In) against the 23" dia, low pressure
piston (1p). The low pressure cylinder is sealed by an unsupported
area Bridgmn seal (bs) near the top of the piston. A thrust block (t)
with a seat of soft metal ensures that the high pressure piston is always
aligned with the ?OW'pressure piston and the reaction chamber, The
pressure vessel ard the intensifier are joined with a steel sleeve, The
volume of the reaction chamber permits the accommodation of 3 to 5 ml,

samples,
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A schematic of the system used with Vessel No, 4 is given in
Figure 3, This system is essentially similar to that for Vessel No., 6
except in that the intensifier (I) amd the pressure vessel (C) are
~separated and in that there is no intensifier by-pass line as pre-
priming of the reaction chamber is unnecessary at Vessel No, 4's lower
éperating pressures, The high pressure piston, topped by a Poulter
packing advances into a O, 6" dia, tube (clearance 0,001 inches) in a
"V;i.br_ac W.5" cylinder aboﬁ the int;ansifier (which is similar to that
of ;Tessel No, 6). Pressure is transmitted from this cylinder to the
pressure vessel by a 3" dia,, 3" bore stainless steel tube,

The pressure vessel consists of two cylinders of "Vitrac V5"
steel shrunk together and is sealed with a Poulter packing held in place
by a threaded steel plug No steel mushroom head is necessary at
Vessel No., 4's operating pressures, The reaction chamber is about
0.75" in dia, and is Gapable of taking samples of up to 10 nls, in
volume, The pressure vessel is immersed in a stirred thermostated oil
bath (0) which is heated by a 1 KV electric immersion heater (H), The
temperature of the oil bath is controlled within ¥o0.1% by a Sunvic
on-off switch relay operating a contact thermometer (T)., The piston
area ratio (A/a) for Vessel No, 4 is about 5,

Each pressure {ressel has a Bourdon tube pressure gauge (G) to
measure pressure on the low-pressure side of the intensifier, The low
and high préssures were f'ound1 35 to be related by the following

expressions:

Vessel No. b H. P. 5.0(T.P.) + 25

14.8(x.P.) + 38

Vessel No, 6 P,
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FIGURE 3
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(ii) Reaction Tubes and Holders

Experiments under pressure were carried out in P,T,F.E, (Teflon)
tubes about 10 cm long, 8,5 mm o0,d. and 6 mm-i,d,. These tubes were
closed at ‘Both ends with stoppers macl;xined from Teflon rod and had
copper rings at the ends to prevent any extrusion of the tube, After
£il1ling, the seal was further ensured by wrapping the ends with P,T.F.E,
tape, The tube was then placed in a steel container with a threaded
'brass_ plug at one end, This trass I;Iug could be tightened against the
end_of the P.T.F.E, tube to hold the stoppers in place, Slits in the
side of the steel container permitted the pressure transmitting oil to
act on the P, T,.F.E, tube; The brass plug was fitted with a hook to
facilitate removal of the container from the reaction chamber, A bowed
steel spring was soldered to the side of the container to hold it in any

13

desired éosition in the reaction chamber -7,

B. MATERTALS
(i) Monomers

(2) Acrylic Anhydride
The acrylic anhydride supplied (Phase Separations) contained

guinol as an inhibitor, This was removed by double-distilling small
batches of the monomer under vacuum, In the first distillation thé final
10% was discarded and in the second both the first and last 107 were
rejected, The distillate was flushed with dry O,~free nitrogen before’
being stored at - 10°c, Distilled monormer was always used within 2

days and was distilled a third time immediately before use (55°C/5 mm Hg).

A typical sample had a density, d2°

index, nDZO = 1.44.90,

= 1,071 gus, /ul, arnd a refractive
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(v) M1yl Hethacrylate

The allyl methacrylate supplied (Koch Light, B.D.H.) contained
quinol as an inhibitor, This was extracted using inhibitor remover
(Hzo/Ném/Naon = 100 gms, A0 gms./ 2 gﬁ:s. ). The monomer was then dried
over anhydrous Cza()l2 for at least 24 hours and distilled under vaccum
(33 - 35°C/30 mm Hg). The first and last 207 were discarded and the
remining distillate was flushed with nitrogen and stored at OOC.

" Purified allyl methacrylate which wéas exposed to air for a few days

tur;ne.cl from water-clear to yellowish in colour, presumably through the
absorption of oxygen, and sampies of it gave relatively low yields if
usegl in polymerizations, Purified allyl methacrylate was used within

3 days. &0 = 0,957 gus. /ule; n 0 = 14370,

AN

(e) Diallylamine Hydrochloride

The diallylamine hydrochloride supplied (Bastman Organic
Chemicals) was the only non-liquid monomer used, This crystalline solid
was purified by recrystallization from a saturated water solution using
benzene.- The monomer was then dried overnight under vacuum and stored

in a dessicator containing anhydrous calcium chloride, mp, = 168°C.

(a) Diallyl Cyanamide

The diallyl cyanamide supplied (Fluka A.G.) contained quinol as
an inhibitor, This was removed by distilling small batches of the
monorer under vacuun (65 - 67°C/5 mm Hg). The first ard last 207 were
rejected and the distillate was flushed with nitrogen before being stored
g.t 0%, Crude monomer was a deep violet colour ard purified monomer
which was exposed to air turned from water-clear to slightly brovmish

in colour after a few days, Distilled diallyl cyanamide was usually used
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immediately and always within 3 days, and was distilled a second time

and flushed with N2 imzediately before use, d20 = 0, 903 gus, /nil, ;
2% = 1.4570,
(e) Diallyl Ether

The diallyl ether supplied (Fluka A,G.) contained quinol as an
inhibitor, The monomer was purified by vacuum distillation
‘ (3800/58 mm, Hg), The first and last 20 were rejected and the distillate
was flushed with dry nitrogen before being stored at 0°C., Diallyl ether,
which was also used as a solvent, was distilled a second time before

20

use, d° = 0,802 gms, /ml,

(£) Indene
The indene monomer supplied (Ralph Emmanuel Ltd, ) was distilled

at atmospheric pressure after adding quinol, and the fraction boiling

at 180 - 182°C was collected, The product was f'lushecl‘ with dry nitrogen

and stored at 0°C, Before use indene was redistilled under vacuum

(7 - 75°C/58 mm, Hg), the first and last 20 being rejected, and the

distillate flushed with Ny, d°C = 0,992 gms, /al. ; nD2° = 1.5701,

(2) Styrene

The styrere supplied (Koch Light) was purified by the same method

20

as allyl methacrylate, b.p. = 33°C/10 mm Hg; d°° = 0,903 gus. /dl..

(h) Vinyl lMethacrylate

Vinyl methacrylate was prepared by the method given in the

%9135. ’ I

literature n a typical preparation 86 mls, (1 mole) of

methacrylic acid, 460 mls, (5 moles) of vinyl acetate, 2,2 gms, of
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mercuric acetate, 0.6 gms, of sulfuric acid, and 1.0 gm of quinol were
mixed in a flask and stirréd for 3 days at room temperature, At the end
of this period 10 gms, of sodium acetate were stirred in and the
reaction mixture was washed several times with water, The organic upper
layer was separated, dried for 24 hours over anhydrous magnesium sulfate,
and distilled under vacuum, The second fraction (thé first is recovered
vinyl acetate) collected was the monomer. b,p. = 40%C/38 mm, Hg, 50%

' yield, Monomer was dried for 48 hours over anhydrous magnesium sulfate
and then distilled, the initial and final 107 being rejected. The
distillate was flushed with dry nitrogen and stored at - 10°C,

& = 0,933; n2° = 1.10%,

(3) Vinyl Sulfone

The vinyl sulfone supplied (Ralph Emmanuel Ltd, ) was purified
by vacuum distillation (123°C/7 mn Hg). The first and last 20% were
rejected ard the distillate was flushed with dry nitrogen. Distilled

vinyl sulfone was stored at 0°C and used within 3 days, a%0 - 1.168 gms. /ni,

(i1) Initiators

(a) Benzoyl Peroxide (Bz,0,)

The benzoyl peroxide supplied (B,D.H.) was purified by
recrystallization, A saturated solution in chloroform was prepared and
the benzoyl peroxide was precipitated as a crystalline solid in cold
methanol, The purified material was filtered off, dried under vacuum
and stored at 0°C in a sealed container, Fresh material was prepared

at regular intervals,
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(v) Azo-bis-iscbutronitrile (AIBN)

The ATEN supplied (Koch Light) was purified in the same manner
as was Bz202 except that the saturated sclution was prepared in dry

ethyl ether rather than chloroform

(e) Tert-butyl hydroperoxide (TBHP)

The liquid TEHP was used as supplied (Koch Light).

(@) ©  Tert-butyl perbenzoate (TBPB)

The liquid TBPB was used as supplied (B.D.H.).

(iii) __Solvents

High purity reagents were used whenever possible, Those reagents
used for molecular weight determination or as solvents in polymerization
experiments were distilled before use, the first and last 207 being
discarded, The phencl used (B,D.H.) was chromatographic&'l.ly' pure,
NN-dimethylformamide (Koch Light) was first dried for one hour over
phos_phoi‘ous pentoxide to remove traces of acid ard water arnd then
distilled from P205. Distilled water was boiled to remove 002 anrd then

cooled before use,

c. PROCEDURES _
(1) Preparation of Samples

Reaction mixtures were prepared by weighing the appropriate
amoun?:s of vacuum-degassed and Nz-ﬂushed monomer and solvent (if
necessary) into a flask containing the appropriate amount of initiator,
A weighed amount of the solution was then transferred by pipette to a

reaction tube which had just been flushed with Oz-f'ree nitrogen, In
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experiments carried out under high pressure, the P,T.F.E. tubes
described above were used, In experiments carried out at atmospheric
pressure, 5 and 10 ml, glass ampoules, which were flushed with Nz ard
sealed after filling, were used, Polymerizations at one atmosphere were
carried out in a 4constan't temperature oil bath,

Alfhough the nature of experiments carried out under pressure
makes extrere purification procedurgs unfeasible, for comparison, a few
" of the atmospheric pressure experiments were prepared using the vacuunm
filling technique, ‘

" The operation of the high pressure equipment has been described
before‘l 30. The length of the reaction time was usually chosen so as to
giﬁ an estimated 5 - 10 conversion, With experience, the time required

at given concentrations ‘and pressure could be predicted with reasonable

accuracy.

(i1) Collection of Polymer

At the end of an experiment the reaction tube was renoved from
the pressure vessel (or oil bath if the experiment was carried out at
atmospheric pressure), cleaned and opened, The polymer was precipitated
by pouring the solution into cold methanol (for experiments using
acrylic anhydride and diallyl cyanamide, dry ethyl ether was used in
place of methanol).

The polymer was collected by filtration in a weighed sintered~
glass crucible ard dried in vacuo at 3000 to a constant weight. In
cases where gelation had occurred the monomer and solvent were leached
out of the gel by allowing it to remain in the precipitant for 2 days

before filtration,



82,

(iii) Experimental Parameters

The percentage conversion of monomer to polymer was calculated

from the following formula:

% Comv. = I X100 (6-1)

where w répresents the weight of polymer obtained in an exp'eriment,
and m represents the weight of wonomer initially present in that
experiment, The weight of solvent iﬁcorporated into the polymer is
neglected, This is a .feasonable assurption for all normal solvents,
The rate of polymerization in moles/litre/second is calculated
from:
% Conv. X [M]

R = (6-2)
P £ X100

where t is the duration of the experiment, expressed in seconds,

Concentrations are expressed as the number of woles of a compound
in a reaction mixture over the total volume of that reaction mixture at
20°c, Expansion on heating, volure contraction on mixing, and
compressibility effects are neglected in calculating the volume,
Initiator concentrations are either expressed in moles/l. or as a molar
percentage of the experinental monomer concentration,

The solvent concentration [S] my be related to the monomer
concentration, assuming the additive property of specific volumes on

mixing, by the following equation:

Bl = (1/0%v) - (V)0 (6-3)

where Vm and vV, are the specific volures of monomer and solvent,

respectively,

e - ———
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The value of the gas constant (R) is 1,98 ca./mle’K in the
calculation of activation energies, and 82,06 cc-atm, /moleoK in the

calculation of volumes of activation,

D DETERMINATION OF IDLECULAR WEIGHT

The molecular weights of the various polymers were determined
using different methods, |
(1) = _Osmometry

‘The molecular weights of poly(allyl methacrylate) samples were
determined by osmometry, Using this technique the number average

molecular weight is given by:
RT

= (6=
B (/o) ‘

where R is the gas constant (97.8 psi~dl. /mole%K).
T is the absolute temperature (°K).
‘% is the difference in osmotic pressure between the polymer
solution and the pure solvent (psi),
¢ is the polymer concentration (gms, /decalitre),

('Jt/c)o is the value of =/c obtained when the straight line
obtained by plotting values of =/c vs, ¢ is extrapolated
to zero concentration (psi-dl./gm ).

Osmometric pressures were calculated in toluene solution at 25°C. A
Mechrolab lModel 502 lembrane Osmometer was used with a cellulose

derivative type 0-8 membrane (supplied by Schleicher & Schnell Ltd, ).
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(ii) Viscometry ‘

The molecular weights of poly(acrylic acid) samples obtained by
the hydrolysis of poly(acrylic anhydride) samples were fourd by
viscometry, In this technique the correlation between the viscosity
average molecular weight, (I—ﬂv), and the intrinsic viscosity, [m]

is given by the Mark-Houwink-Sakurada equation:

[ = k)" (6-5)
where K and o are constants for a given polymer-solvent system at
a given temperature, The intrinsic viscosity may be obtained from
values of the specific viscosity "Ep where:
g T (6-6)
o
n is the viscosity of the polymer solution and My is the viscosity of
the pure solvent, The intrinsic viscosity [n] is the value of nsp/c
obtained when the straight line obtained by plotting values of
'nsp/c vs, ¢ is extrapolated to zero concentration,
For poly(acrylic anhydride) the Mark-Houvink-Sakurda equation
used is a form of that used to determine molecular weights for

poly(acrylic acid)68:
‘[ = 427 x 1073(5B)% &7 (6-7)

Here viscosities are determined in 2N NaOH solution at 3000. It is
assured that, in a strong NaOH solution, poly(acrylic anhydride) is
completely hydrolized to poly(acrylic acid)., Viscosities were obtained

using an Ubbelode viscometer suspended in a constant temperature water bath,
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(iii) Cryoscopy
The relatively low (< 2000) molecular weight of poly(diallyl
cyanamide) samples were determined by cryoscopy. Using this technique

the molecular weight is given by:

- 1000K w '
M = — (6-8)
AT W

where w is the weight of polymer (gus.).
W is the weight of solvent (gus, ).
Ke
The freezing point depression ATf is given by:

is the molal freezing point depression constant,

M, = T T (6-9)

where Ts is the freezing point of the pure solvent, and Tf is the
freezing point of the polymer-solvent solution,

The values of the molecular weight for poly(diallyl cyanamide)
were obtained using liquid phenol as a solvemi, For phenol, the va.'l.ue1 36

of K. is 7.4, Water at 35 - 40°C was used in the outer bath of the

f
cryoscopic equipment and ATf was determined using a Beckmann

thermone ter,

(iv) Melting Point

The molecular weights of polyindene samples were obtained using
a curve determined by Whitby and K.atz1 5 which relates the molecular
weight of polyindens to its melting point. l=1ting points were obtained
by sealing a small sample of the polymer in a glass tube and observing the
approximate temperature of melting using a Gallenkanp Melting Point

Determination apparatus,
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The determinations of molecular weight by osmometry, viscometry
and cryoscopy are standard techniques and the equipment used, derivation
of equations and limits of applicability of these methods are discussed

els,e-‘:wher‘s:1 38 13 9.

E, INFRA-RED SPECTRCOSCOFY

Infra-red absorption s;pectz-'a were obtained for monomers and
polyrers using a Hilgar H-800 s;pectrbmeter with sodium chloride prisms,
Monomér sPeci:ra were obtained using a sample of purified monomer placed
in a liquid cell, ©Polymer spectra were obtained either from a polymer

film deposited on a NaCl prism or from a Nujol mll,

P, EROVOMETRY. -

The mole fractioﬁ of residual double bonds was usually deterimired
by bromometry in a method similar to that outlined by Siggia *0 4
0.1N tromide-tromate solution was used as a brominating agent with
freshly prepared 0,2N HgSOll_ solution added to increase the rate of
bromine addition to double bords, In a typical experinent 20 mls, of
. bromide-bromate solution (5075 excess), 5 mls. of 2073 HZE‘:’O,+ solution,
20 mls, of freshly prepared HgSOlF solution, 60 mg., of polywer, 40 mls, of
0014

then evacuated, covered and stirred in darkness, For water soluble

ard 25 mls, of glacial acetic acid were placed in a flask which was

polyrers the acetic acid is omitted,

After 30 minutes the seal was broken and 15 mls, of 2N NaCl
solution ard 15 rls, of 203 KI solution were added, The resulting iodine
was then titrated with standardized O,1N Na28203, using starch

irdicator,
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The reactions are as follows:
1) Bromire Production

K2B1'03 + OSKBr + 3HZSO}+ —_— 3K2304 + 3H20 + 3Br2

2) Bromination of Residual Double Bonds
Br, + (CH2=CH)~ _ (cﬁzm--crm)~
3) Todine Titration
Br

>+ 2I'IaI-—P~2Na_Br + I2

12 + 21\T323203 — NaZSL|.06 + 2Nal

‘ A 'blank' determination was first conducteé. to obtain the volume
(V.b) of sodium thiosulfate solution (of normality Nt) required to
titrate the iodine when no polymer was present, When the volume (vs)
of the NaZSZO.); required to titrate the iodine in a determination, where
w grams of polyrmer was present, was subtracted from V., it gave a
measure of the amount of bromine which was taken up in trominating the
residual double bonds of the polymer,

The mole fraction of residual double bonds (see section IV-E)

may be easily derived as:

M -
£ = =5V, = V)W, x 10 3 (6-10)

where )} is the repeating unit (monower) molecular weight,

In a few experimn’cs where a relatively large amount of polymezz
was available, (i.e, the polyrerization of acrylic anhydride in toluene
solution to ~ 1005 conversion) the amount of bromine used to brominate
the residual double bords of the polymer was determined using the method

of Polgar and J ungrulckel1 Mo
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PARTIT

THE SCOPE OF THIS WORK

The effect of pressure on cyclopolymerization has not yet been
examined, This thesis examines the free radical cyclopolymerizations of
several non-conjugated dienes at atmospheric pressure and at higher
pressures, Vhere experimental results for the polymerization of one of
the monomers have been published in the literature, the reported
experiments are repeated under similar corditions, if suitable, and
expanded on, if necessary. If kinetic results at atmospheric pressure
are lacking, then these are determined, If feasible, the results at
atmospheric pressure are then compared with the results obtained at
higher pressures and the effect of high pressure on the cyclopolymerization
reaction is determined.

The monomers examined are the symmetrical 1,6. dienes diallyl
ether, acrylic anhydride, diallylamine hydrochloride, and diallyl
cyanamide; the unsymmetrical 1,6 dienme allyl methacrylate, the
unsymretrical 1,5 diene vinyl methacrylate; ard the symmetrical 1,4 diene
vinyl snﬁ.fone. In addition, the effect of pressure on a few styrene
polymerizations in solution is obtained and the bulk polymerization of
indene is examined at atmospheric pressure and at higher pressures,
Indene was chosen because accurate kinetic data on the effect of pressure
on this monomer we®k lacking, and because it serves as a useful example of
monovinyl polymerizétion for comparison with the 'divinyl' polymerization
of non-conjugated dienes. Also it produces polymers of low -ﬁs, as do
the diallyl monomers,

Particular attention is paid to the effect of pressure on overall
rate effects, cyclization, activation energies and volumes of activation,
Where possible, the results are compared with the theoretical expressions

derived in the previous part,
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SECTION VII

RESULTS AND DISCUSSION

A, DIATLYL, ETHER

Various attempts were made to homopolymerize dially ether (I)
in bulk and in sclution by free radical methods at temperatures from
30°C 0 100°C and pressures from 1 to 10,000 atmospheres, All were

unsuccessful,

Oy G-ty ~0-y =G,

I

The following table lists a few of the experiments in bulk,

TABLE 7-1
Diallyl Ether
Experiments Attempting Bulk Polymerization by Free Radical Methods
‘ Time Pressure T Initiator
Experlment (hI‘S) (atm. ) (OC) Type % Cong,
DE1 | 1,8 1 80 TBHP 2,0
DiE2 50.0 1 60 Bz,0, 2,0
DE3 20,4 3000 60 Bz202 2,0
DE, 48,0 10,000 60 ATBN 2,0
DES iy 10,000 60 13z202 1.0
DE6 L3.7 10,000 80 TEIP 1.0
DE7 504, 0 1 30 ATIBN 2.0

It is concluded, therefore, that the free radical homopolymerization of
diallyl ether is negligible in the range of experimental conditions
studied, This is probably due to the resonance stabilization of the

allyl groups,
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It was noted, however, that when a few drops of boron trifluoride
diethyl etherate were added to the liquid monomer (at room temperature
and atmospheric pressure) an extremely vigorous cationic polymerization
ensued, The resulting polymer was cross-linked and insoluble in any

solvent, It has been reparted '2

that diallyl ether (DE) will
cyclo-copolymerize with maleic arhydride (MA), another monomer which
will not homopolymerize by free radical methods, The resulting polymer
was said to be 2:1 (HA:DE). To test this claim 1 gm of maleic anhydride
was dissolved in 8 mls, of pure diallyl ether with 1,0% Bz?_O2 initiator,
This mixture was polymerized at 60°C and 1 atm pressure for about 20
hours, and a white polymer resulted. A comparison of the elemental
analyses for the polymer and the calculated composition for 2:1 and 1:1

copolymers is given in the following table,

TABLE 7-2

Copolymerization of Diallyl Ether and Maleic Anhydride at 60°C

Percentage Composition

Element Experimental Calculated
A B c 2:1 1:1
Carbon 58,6 58. 5 545 57.1 60, 7
Hydrogen 6.8 7.0 6.3 L,8 6.1
Oxygen - b 3.8 38.1 332

Monomers - Diallyl ether: € = 72,45, H = 10.6%, 0 = 17,03
Maleic anhydride: C = 49,0%, H = 2,0%, 0 = 49, 0%
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These results seem to indicate that more diallyl ether is
involved in the copolymer than was claimed, Copolymerization of diallyl
ether and allyl methacrylate were also attempted (unsuccessfully).

As both cationic polymerization and copolymerization were
outside the scope of this work, no attempt was made to follow up these
results, Diallyl ether was, however, found suitable for use as a
solvent in which certain free radiéal cyclopolymerizations could be
carried out at relatively high mmnﬁr concentrations and this is
discu;e,sed :Ln the results for the cyclopolymerization of allyl

methacrylate,
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B. ALLYL, METHACRYLATE

Kinetic investigations of the free radical cyclopolymerization
of the 1,6 diene allyl methacrylate (II) were carried out in solution
at 60°c,

(:Hz=C:I-I-CI-12-O-C-C:CH2

OCH3

II

The experimental pressure range was 1 -~ 4000 atm, and 32202 was used as
the initiator, Polymerization was carried out in various solvents and
the range of monomer concentrations was 1,1 to 7.4 moles/litre,

90,143, 14

Most previous attempts to obtain a soluble (i.e. linear

and not cross-linked) poiymer by the free radical polymerization of allyl
methacrylate have not been successful although Trossarelli et 8188
obtained soluble cyclopolymers in benzene solution at 60°C for very low
monozer concentrations ([M] < 0.6 moles/l,). D'Alelio amd Hoffend“’h'
obtained soluble polymers in the anionic bulk polymerization of allyl
methacrylate at low temperatures but ascribed the formation of linear
polymers to the imensitiﬁty' of allylic groups to anionic initiation
rather than to cyclopolymerization,

Allyl methacrylate was polymerized in bulk and in solution in
toluene, benzene, acetone, CCll+, cyclohexanone, iseo-propyl ether,
epoxy-propane, dioxan, and diallyl ether ([i] ~ 1.1 molesA., T = 600('3,
P =1 atm, [In] = 1,07 B2,0,, t ~ 3 hours). With the reactions in bulk
and in the solvents toluene, benzene, acetone, iso-propyl ether, and

epoxy-propane, gelation occurred at very low conversions, The resulting

polymers were insoluble in the common organic solvents, in the monomer,
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and in dimethyl sulfoxide, In contrast, soluble polymers were formed
with the reactions in dioxan, qyclohexanone, ()GllF and diallyl ether
solutions,
The following table gives results for the polymerization of allyl
methacrylate at 60°C and atmospheric pressure in the latter four

solvents at a fixed monomer concentration,

TABLE 7-3

Polynm"izatidn of Allyl Methacrylate at 60°C and 1.1 moles/l,

Experiment Reaction Time (hrs) 9 Conversion

a) Solvent: dioxan, [In] = 1,1 X10™> mles/l.

At 0.5 5.0
AR 1.0 %3
AD - 2,0 20,8
Ay 3.2 28,2
AD 4.0 32,3
b) Solvent: dioxan, [In] = 1.4 X1 0~2 moles/l.
A6 0.3 6.6
ANy 0.5 13.1
A8 1.0 22,)
AMO _ 2.0 38.4
AMO 2,8 46, 6
AMU1 4,0 58.9
AMI2 4,0 58,1 ¢
AMI3 5.0 66, 6

¢) Solvent: diallyl ether, [In] = 1.1 X 10-2 moles/1,

At 1.5 13,7
AM15 33 26,4
A6 45 - 330
A7 6.3 43.5

A1 8 7.0 49,0

ity




Table 7-3 continued

d) Sclvent: carbon tetrachloride, [In] = 1.1 X 1072 moles/1,

Al 9 30 .31
A0 4.0 b8
a1 | 43 56 +
AMP2 . 50 98
A3 5.1 4.2 ¥
AR, 5.3 19.2
ANP5 6.0 23,6
aRe 6.5 26,7
ARY 7.3 32,7
ANp8 7.8 38.9

Gelation occurs at ~ 4O conversion

e) Solvent: cyclohexanone, [In] = 1,1 X 1072 moles/1,

A9 2,0 39
AM30 ; 30 6.1
AN31 L0 13.6

Gelation occurs at ~ 15% conversion

¥ vacuum-filling technique used

Figure L shows the results for the polyrerization of allyl methacrylate
at 60°C and atmospheric pressure when [i] = 1.1 moles/l, with 1.0% B2,0,
in four solvents, '

Cyclohexanone and CCll.,. are seen to be unsuitable solvents for
carrying out kinetic investigations in, because of the occurrence of
autoacceleration and the relatively low gel points, Normal conversion-
time curves (i.e. no autoacceleration) were found for polymerizations in
dioxan and diallyl ether solutions, although for polymerization in dioxan
solution above a monomer concentration of 2,2 moles/l. , gelation began to
occur at relatively low conversions., Table 7-4 gives results obtained for
the polymerization of allyl methacrylate in dioxan and diallyl ether

solutions at high pressure,
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TARLE 7-%

Solution Polymerization of Allyl liethacrylate under Pressure‘r

Experirent Reaction Time (hrs,) % Conversion

1.1 moles/1., P = 2000 atm,

a) Solvent: dioxan, [M]

AN32 0.5 40,8
AM33 0.6 44,5 gel
AM3), 1.0 66.5 "
b) Solvent: dioxan, [i] = 1.1 moles/l., P = 2000 atm,
A 0.5 15.5
A36 0.5 19,0
AM37 0.8 22,0
© AM38 1,0 31.1
A0 i 1.5 69,2 "
A 2,0 ~ 7h,0 "
c) Solvent: diallyl ether, [} = 2.2 moles/l,, P = 3000 atm
ALM ) 0.5 150 7-
Ay . 1.5 59,0
AMLS 2,0 755 gel
A6 _ 2.5 ~97.0 "

t 1 =60%, (a) and (c) are at 1.0% Bz,0,, and (b) at 0,1%
From these results it may be seen that autoacceleration occurs with the
polyrerizations in dioxan at 2000 atm,, In contrast, the conversion- .
time curve is linear to above 607 conversion at double the monomer
concentration, and 1% times the pressure with the experiments in diallyl
ether solution, Of the solvents examined, diallyl ether is by far the

best for kinetic investigations of the polymerization of allyl methacrylate,
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This is, of course, providing that no copclymerization between diallyl
ether and allyl methacrylate occurs, Table 7-5 gives the results for
elemental analyses of polymers formed at various conditions in the

polymerization of allyl methacrylate in diallyl ether solution,

TAFLE 7-5

A1yl lethacrylate

Elerental Analyses of Poly(allyl methacrylate) Samples from
Polyrerization in Diallyl Ether Solution-r

Experiment [ - Pressure Tire % Comv,
(moles/1, ) (atm ) (hrs. )
© A6 2,2 3000 2.5 97 gel
A7 3.0 3000 0.8 98
03,8 2,2 1 L9 48
AN, 9 3,0 1 4,9 55 gel
AN50 36 1 4,9 69 "

% Carbon % Hydrogen % Oxygen

ARG 66, 6 8.1 25,5

ANL7 66,8 8.7 25, 8

A8 66, 9 8.0 23,8

A9 65,3 8,2 25. 9

AlB0 - - 25.3
monorexr(cale, ) 66.5 8.2 25.3
t 1.0% B2,0,, 60°G

These results indicate that under the reaction conditions used, the
amount of copolymerization of diallyl ether with the monomer is negligible
and that it moy be assumed that allyl methacrylate homopolymerizes in
this solvent, A1l of the following polymerization experiments with allyl
pethacrylate were cerried out in diallyl ether solution unless otherwise

noted,
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The following table lists the conversion-time results for the
polyrerization of allyl methacrylate at monomer conecentrations varying
from 2,2 to 6,1 moles/l. (results for [M] = 1.1 moles/l, were given

in Table 7-3),

TARLE 7-6
Allyl ¥ethacrylate
Polymerization of Allyl Methacrylate at 60°C ard 1 atm T
Experiment ] Time % Conversion
(moles/1, ) (hrs, )

Al51 2,2 0.5 8,6
AN52 1.0 138
AD3 ' 2,8 3 5
ANDL 30 338
A5 - 4.3 46,8
A8 4,9 18,2
AMB6 5.2 - Sk
A7 30 0.8 1.3
AIB8 2,0 27,4
A¥59 30 38.7
A1%9 L9 55, 1
AM60 36 1.3 22,3
A6 ' 2,0 29,8
AN50 L. 9 68,7 gel
AN62 6. 1 0,3 10,3

T 1,0% Bz,0,

A1l of the conversion-time curves are linear below 207 conversion and
there is no evidence of autoacceleration,
The polymers in these, and in all of the following cases, were

precipitated as white solids (unless gels). Polymer which was dissolved
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in toluene was deposited as a transparent film when the solvent was
evaporated, Polymer samples which were exposed to air for more than
a short time gradually becane insoluble, D*Alelio and Ho:f':f'end‘“"l’~ found
that a similar situation occurred for poly(allyl rethacrylate) forred in
the anionic polymerization of this monomer, amd attributed the result to
 the cross-linking of polymer chains via pendamt allyl groups.
Molecular weight results show that conmsiderable chain branching

occurs at higher conversions, as may be seen from the following table,

TARLE 7-7

Allyl Yethacrylate

Variation of Molecular Weight with Conversion

—

Experitent % Conv, u
A5 ) 8.6 90,000
ANB2 13.8 90,700
AM53 5 111,930
A6 | CN 303,390

[4] = 2.2 molesA1,, 1.0% Bz,0,

The molecular weight of the polymer from experiment AM32 (in dioxan
solution at 2000 atm , 40,87 conversion - just below the gel point)
was found to be 592,930,

That the polymer formed was indeed a cyclopolymer was shown by
examination of the infra-red spectra of monomer ard polywer, Typical .
spectra are given in Figure 5 for the purified monomer (liquid cell)
and the polywer (from AMS1 - evaporated from toluene solution as a film

on the NaCl prism) in the range 1800 to 1100 cm "1.
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In the spectrum of the monomer the carbonyl stretch frequency
absorption exhibits a peak at 1725 cm ! But in the polyrer this peak

145

is broadened and sHifted towards 1740 cm "1. This indicates the

presence of &-lactone units (six-membered rings) in the polyuer,
The spectrum of the polymer also shows a small absorption at
- 1775 cny -1. This attributed to the presence of a small proportion of '

¥-lactone units (five-rembered rings) which may be formed as follows:

CH CH
\? \J .
R-CH2-(I3' C|>H=CH2 . R—CI—IZ-C|2 _ (IJH—CH2 (7-1)
0=C 0=C
) N/ % N/ 2
0 0
IIT | v

2

for cyclization via the. methacrylyl group,

The presence of two types of lactone ring in the polymer is
supported by the absorptions at 1230 ard 1275 cm -1. These are probably
due to the -CO- stretching frequencies in the & and Y-lactone rings,
The presence of both hexatomic and pentatomic rings has also been
reported for the polymer formed in the cyclopolymerization of acrylic
anhydride at 60%657,

Using freeze-dried polywer samples which were immediately
disscdlved in toluene, the intrinsic viscosity-molecular weight
relationship was determined by comparing intrinsic viscosity results at

25°C with the osmometrically determined molecular weights for the same

samples, These are given in Table 7-8,
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Allyl lethacrylate

Intrinsic Viscosity-lbolecular Weight Determination
far poly(allyl rethacrylate)

Experiment [ 1 "l"ﬁn
ANG3 0, 365 e 77
AMS1 0. 402 ) 9,00
AM6S 0, 760 2, 87

The Mark-Houwink-Sakurada equation for poly(allyl methacrylate) in

toluere at 25°C was determined to be:

[ =, 2% 107™4GE)% &

from'.the  above results,

The following table gives the variation in the rate

(7-2)

of polymerization

with monomer concentration for the polymerization of allyl methacrylate

in diallyl ether solution at atmospheric pressure,

TARLE 7-9
Allyl Methacrylate
Variation of Rate with Monomer Concentration at 1 atm!
- Be] 108 108 / 1]
Experiment (moles/1, ) (moles/1, /sec.) (sec.”)
AL 1.1 2,77 2,53
ANG6 1.8 576 3,22
AN51 2,2 . 8,49 3.82
AMN67 3.3 17. 27 5 29
AN60 3.6 17. 69 4, 95
ANES Lok 28, 22 6,18
AMG2 6.1 58. 01 946

()
+ 60°C, 1..055 Bz,0,
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The logarithmic plot of RP vs., [M] is givem in Figure 6 and the slope
of this linear plot is 1,64, Plots of RP vs., [M] (A) and RP/[M]
vs, [M] (B) are given in Figure 7, The former is a curve while the
latter is a straight line. A plot of RP/[BI]% vs, [M] (not showm) is
also not a straight lins, The slope and infercept of the linear
RP/[M] vs, [M] plot are 1,23 X 1072 and 1.15 X 10‘5, respectively,
Thus, the slope to intercept ratio is 1,07 amd with the unsaturation
results (to follow) this strongly sv.'lggests that termination is solely
vetween cyclized radicals,

The variation of rate of polymerization with initiator

concentration at 1 atm, and constant monomer concentration is given in

the following table, °

TABLE 7-10
Allyl Methacrylate
Variation of Rate with Initiator Concentration at 1 atm t
10°[1n] 1 05’1-1P
Experiment (moles/1.) (moles/1, /sec. )
ANE9 1.03 1,40
ANG3 2,23 1.77
AM70 5.80 3, 04
A7 16, 80 i 5.16
AN 27.20 8.L9

t Solvent:diallyl ether, 60°C, [M] = 2.2 moles/i.

The logarithmic plot of RP vs. [In] is given in Figure 8, The slope

of this plot is 0, 69,
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Therefore, the overall rate of polymerization in diallyl ether

solution at atmospheric pressure may be represented:

R, = K, (2] O 6719 7 & (7-3)

For comparison, the variation of rate with initiator

concentration in dioxan solution is given in the following table,

TARLE 7-11
A1yl Methacrylate
Variation of Rate with Initiator Concentration at 1 atm, T
10° [In] 10%R
Experiment P
(moles/1. ) (moles/1. /sec. )

ANt 1,15 1. 51

ANT73 5 65 k.19

ANTL . 8,78 5. 01

+ Solvent : dioxan, [1{] = 1,1 moles/1., 60°C

In this case a logarithmic plot of RP vs. [In] is also linear and
has a slope of O, 65,

The two possible modes of cyclopolyrerization to hexatomic
rings for the unsymmetrical diene, allyl methacrylate, are as follows:

(a) Via the Methacrylyl Group

CH CH CH

\3 CHZ\\ 2 \2. CHZ\\ \2 y; CHZ\ .
e S N

0=C CH2 0=C CH2 0=C G"I2

N/
0 ) 0

II IIT v
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() Via the Allyl Group

) CH CH CH
CHZ-;(I;H (l) —T 5 R.CHZ-FH (l'J —_— R—CHZ-?H ('3 (7-5)

N 7/ - N _/ N/
(0] ‘ (0] (0]

IT Vi Vil

Residual unsaturated groups may be left pendant on the polymer chains
by the addition of monomer %o either of the noncyclizled radicals
(structures III and VI),

Since the methacrylyl groups are lmown1 6,88, 90,143 to Pe much
more reactive than allyl groups, it is probable that cyclopolymerization
reactions via the allyl groups (equation 7-5) are relatively uncommon
and that the polyrerization of this monomwer proceeds primarily via the
methacrylyl groups (equa.tions‘ 7-1 ard 7-4). The less reactive allyl
groups may become involved in the cyclization reaction via the methacrylyl
. groups or they may persist as unsaturated groups perdant from polymer
chains, .'but otherwise they should play no important role in the |
cyclopolymerization process,

143

Cohen et al have shovm that, for the pre-polymer formed in

the light-induced bulk polymerization of allyl methacrylate, the pendant

groups are, within the limits of experimental error, all allyl groups.

14,

D'Alelio and Hoffend have reported that, for the anionic

polymerizations of allyl acrylate and 211yl methacrylate, polymerization
took place substantially through the (meth)acrylyl groups. A similar

146

result was found by Solomon et al for the bulk polymerizations of the

acrylic and methacrylic esters of 2-allyl-phenol at 60 - 80°C using
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ATBN ard Bz,0, initiators, Thus, the unsymmetrical diene, allyl
methacrylate, may be regarded as 'pseudo-symmetric'! and the kinetics of
polymerization should be given by the theoretical expressions derived
for simple cyclopolymerization,

The perndant allyl groups may remain umreacted, be initiated and
propagate to give chain branches, or engage in ICT reactions, Perdant
allyl groups would be expected to cause the eventual cross-linking of
the polymer, especially in the solid state, but this 'effec'b would be
lci.netically unimportant in solution at low conversions, If perndant
allyl groups engaged in DCT.reactions, then cross-linking and gelation
might occur relatively early, due to the bimolecular combination of
perdant resonance-stabilized allyl radicals on adjacent chains, Since
only a minute degree of cros:s—linking (about one cross-link for four
polymer molecules) is required to cause gela'l:ion‘”"7 and since the DP is
large (> 1000), the pendant allyl groups can affect the nature of the
polymer even though they are much less reactive than the methacrylyl
groups, Such an effect, coupled with the fact that the monomer ard most
solventé are relatively poor swelling agents for the polymer probably
explains the relatively early gel points fourd for the polymerization of
allyl methacrylate in bulk and in most solvents,

The formation of soluble polymers in diallyl ether, dioxan,
cyclohexanone and CCll‘_ solutions suggests that in these solvents, the
resonance-stabilized allyl radicals are preferentially terminated by a-
process which does not lead to cross-linking, Carbon tetrachloride
148,149

is an active chain transfer agent in some polymerizations

has been noted19

and it
that dioxan and ethers can promote the rapid induced

decomposition of B22 e The allyl groups in the solvent diallyl ether
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can also take part in ICT reactions, Radical-solvent and radical-
initiator reactions will produce small, rapidly diffusing radicals
which would be expected to react with pendant resonance-stabilized allyl
radicals mich more rapidly than the latter can combine mutually., In
this ma.nner,' it is possible to obtain soluble cyclopolymers from allyl
methacrylate at monomer concentrations and comversions not previously
achieved,

The variation in the rate of polymerization with pressure is
given. in the following table for experiments at constant initiator and

monomer concentrations,

TABLE 7-12
A11yl Methacrylate
Variation of Rate with Prassure+
Pressure 1 O5R
Experiment | P R /R, B
(atm ) (moles/1. /sec. ) P
" AM63 1 1.77 1,00 77,700

ANEY 1000 3,25 1.8 139,320
AM75 1500 3.67 2,07 -
AM76 2000 5. 50 311 295,450
ANBS 3000 9% 42 5. 31 248,710
AM?? 14-000 1 6. 82!- 90 50 =

+ [M = 2.2 moles/1., 1.0% Bz,0,, 60°C
Thus, the rate of polymerization increases over five-fold by 3000 atm,
while the molecular weight increases four-fold, A plot of long vs, P

l, -’
is linear with a slope of 2,52 X 107" atm, 1. Therefore;

* ) -
AvT - 2,52 X 10 Tatm 1

X 82,06 cc-atm /°K mole X 333°K X 2,3

- 15,9 cc/mole,
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The plet of log(Rp/R1 atm,) vs, P is given in Figure 9,
For comparison, styrene was polymerized in benzene solution at

varying pressures and the results are given in the following table,

TARLE 7-13
Styrene
. Variation of Rate with Pressure*
" Pressure 105R
Experiment P
(atm) (moles/l, /sec, )
S1 o 1 1,26
S2 1000 2,26
S3 - 2000 443
S 3500 10,03

+ Solvent : benzene, [M] = 3.45 moles/1., 0.05% AIBN, 60°C

A plot of log RP vs, pressure is linear and from its slope it is found
* ,
that AVT = - 17,8 cc/mole, For monovinyl monorers, the overall volume
of activation is given by equation (5-4):
AV, = LAV, o+ AV - LoV (5-4)
r T 208g *r A -~ 28

*
Substituting for AVT in the above-equation and using a value of

+ 5 cc/mole for ATJ':fi and a value of = 11 cc/mole for Av;, it is seen

that the larger value of Av,: suggested in Section V-B-4 (~ + 12 cc/mole)

seers more appropriate, Therefore, this value shall be used in the

estimations of the individual volures of activation for cyclopolymerization,
The variation of the rate of polymerization with initiator

concentration for the solution polymwerization of allyl rethacrylate at

3000 atm, is given in Table 7-1L4,
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TARLE 7-14
A11y1 Yethacrylate
Variation of Rate with Initiator Concentration at 3000 atrrg—"'
: 10°[1n] 10°R:
Experiment P
(moles/1. ) (moles/1. /sec. )
AM78 1,10 ' 6.1.9
AN65S 2,26 9242
AN79 » 6. 95 20, 35
~ AMBo 12,25 28, 80
AMB1 16,90 33. 30

+ [ = 2.2 moles/1., 60°C

The logarithmic plot of Rp Vs, [In] is given in Figure 10, The plot is
linear with a slope of 0,62, The variation of the rate of polymerization
with monorer concentration of the polymerization of allyl methacrylate

at 3000 atm is given in the following table,

TARLE 7-15
Allyl lethacrylate
Variation of Rate with Monomer Concentration at 3000 atm, T
] 10°R 107R_/[i]
Experiment p F
(moles/1.) (moles/1. /sec.) (sec.” ")
ALB2 1.1 2,41 2,58 *
AMgL 1.2 - 359 ' 2, 2
ANBS 1 5. 85 3.01 *
AMES 2,2 9.L2 3,80 *
ANS6 3.0 13,50 4,47
A¥87 6.2 41, 60 6.75 ]
+ 0.15% Bz,0,, 60°C, * Corrected from log-log graph
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A logarithmic plot of Rp vs, [M] is given in Figure 11, I%t is linear
with a slope of 1.53. Thus, the overall rate of polymerization of allyl

methacrylate at 60°C and 3000 atm, pressure may be represented by:

_ 0, 62 (11453
R, = Ko [Tnl™ ™[] (7-6)

A plot of Rp vs, [M] at 3000 atm is not a straight line but
plots of Rp/ B vs. [ and Rp/ [M]% vs, [i] (not shown; R = - 33
1, /mole) are both straight lines, Plots of Rp/[L'I] vs., [#] at voth
1 atm and 3000 atm are given in Figure 12, The plot at 3000 atm
pressure has a slope to intercept ratio of 0,4k,

The Tromometrically-determined residual unsaturation results

for pressures of 1 to 3000 atm, are listed in the follov:fing table,

TABLE 7-16
Allyl Methacrylate
Residual Unsaturation Results at Varying Pressuresf
Pressure [M]
Experiuent f 1/f

(atm ) (moles/l. ) ¢ ¢
ANB8 1 1.1 0.45 2,22
ANB9 1.5 0. 4L 2,28
AlCSO 2.2 0. 33 3.03
A.r1191 3. O Oo 30 30 33
ANO2 3.8 0. 27 3.76
AN93 4.5 0. 2L 4,22
ANGL 1000 1.1 0.53 1.9
AlS5 1.5 0. 51 1,96
ANCE 2,2 0.45 2,22
ANGY 33 - 0.40 2,50




| 10° Re (moles/l-/éec-) |

80

40

20

10

- AM

60|

I 2]
/ P=3000 atm.
Qo

1 1 L] L 3

8 10 20

4 6
[M] (moles/l-)
Fic.11: Rate vs Monomer

Concentration

116,



( sec-)

10° R./[M]

17,

AM

P=1 atm
1-0 % B=z,0,

Q/LP-_-. 3000 atm

[M] (moles /1)
Fre- 120 R,/CM1 vs [M)



Table 7~16 continued:

118,

Experinent  Pressure 2] £, 1/£,
AlS8 2000 1.1 0. 55 1.83
AMO9 1.5 0, 52 1. 92
AMI00 2,2 0, 54 1. 90
Ao 3.0 0.49 2,02
AMo2 3000 1.1 0, 63 1. 60
A¥103 1.5 0, 62 1, 61
AMIQY 2,2 0. 61 1.6,

- AM05 33 0. 58 1. 7%

+ Polyrers produced in aia.llyl ether solution at 60°C, 0,1% Bz
b ’

20

The plots of 1/f_ vs. (1] are shovm in Figure 13, These plots are

linear and their zero intercepts are greater than 1.0, probably due to

substitution or isorerization (see Section IV-E),

A plot of

£ Vs, pressure (at [ = 2.2 moles/1.) is given in Figure 14A and it

is seen that the molar fraction of cyclized units in the polymers

increases almost linearly with pressure,

From the slopes of the 1/ £, vs. 1] graphs at each pressure,

the values of k, /'kc myy be obtained and these results are listed in

Table 7-17.
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TARLE 7-17
Allyl Fethacrylate
Values of k, /kc at Different Pressures
Pressure k, /kc
(atm ) (1. /mole)
1 1.10
1000 0.29
2000 ' 0. 14
3000 . 0,07

A graph of kc/k1 vs, pressure is given in Figure 14B,

The value of k, /'kc obtained at one atmosphere pressure
(1,10 1, /mole) is in excellent agreement with the slope to inter'cept
ratio (R = 1,07 1, /mole) found for the RP/[M] vs. [M] plot at this
pressure (see Figure 7B). Therefore, since the RP vs, [M] amd
RP/ [I.I]% vs, [1] plots are not linear, it is seen from the relations
proposed in Section IV, that in the cyclopolymerization of allyl
methacrylate (at 1 atm and 60°C in IE solution), the biradical termination
reaction occurs solely between cyclized radicals,

The value of k, /kc= at 3000 atm, pressure (0,07 1./mole) is in
poor agreepent with the experimental slope to intercept ratios
(R = 0,44 from RP/ 1] vs, [] and R = - 33 from RP/ [I:XJ% vs., [M]). This
suggests that at the higher pressure the steric hindrance to noncyclized
radicals taking part in biradical termination reactions is not as severe
as it is at atmospheric pressure, and R} + R; terminations are probably

also occurrirg,
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From the result given in Table 7—1 6, values of 1/fL -1
may be derived ard these are tabulated for [if] = 2,2 moles/l, in the

following table,

TARLE 7-18

Allyl Methacrylate

Variation of Structure with Pressure .

Experiment Pressure £ (1 /fL - 1)
AN9O 1 0, 65 0. 5
AN96 1000 0. 55 0, 82
AMIOO 2000 0.48 1,08
Ao 3000 0.40 1.52

The plot of 10g(1/fL - 1) vs, pressure is shom in Figure 15, It is

=4

linear with a slope of 1.k9 X 10~ atm ™. PFrom this value AV® - Av:

1
may be determined to be + 7.1 cc/mole (see equation 5-7). This value
irdicates that cyclization is favoured very strongly by pressure over
intermolecular propagation,

The overall activation energy may be ‘calqulated from the rate
of polyrerization at varying temperatures, Values of ET for the
polynerization of allyl methacrylate at atmospheric pressure and at

3000 atm, may be obtained from the results listed in Table 7-19,
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TARLE 7-19
Allyl lethacrylate
Effect of Temperature on Rate of Polymerization!
Pressure Temperature 1 06R
Experiment o P
(atm ) ("c) (moles/1, /sec, )
AM106 1 40 1,92
mo7 50 5042
AN63 . \ % 17.70
"AN 08 _ 65 39.20
AMI09 70 50, 64
A0 75 19,25
FYRE] 3000 4o 19,88
A2 50 73: 40
AN65 60 %, 20
AMI13 65 182,40
AL 70 311,80

+ [M] =2.2 moles/1., 0.1% Bz,0,

Experiment AMI10 say be at a temperature above the ceiling temperature 20,
Flots of log R vs. 10%/T are shown in Figure 16, At both atmospheric
pressurs and 3000 atm the plots are linear, and from their slopes the
values of Ej are found to be 24,4 and 22,4 keal. /mole at 1 atm and
at 3000 atm,, respectively,

The effect of temperature on unsaturation for polymers produced

at atmospheric pressure and 3000 atm may be determined from the results

given in Table 7-20,
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TABLE 7-20
Allyl Methacrylate
The Effect of Temperature on Polymer Structure-r
Pressure Temperature .
Experiment o £, (1/ f, -1 )
(atm ) ("c)
AMIM15 1 L0 0. 55 1.20
AMI16 50 0, 46 0. 84
ANSO i 60 . - 0,33 0,49
A7 65 0, 31 0,45
Am18 70 0.26 - 0.35
19 3000 Lo 0,77 3. 35
AM 20 . 50 0, 70 2,33
A0 60 0, 61 1.59
AM121 : 65 0, 58 1.36
A22 70 ' 0. 51 1.05

T From polymers produced at [M] = 2,2 moles/1., 0,17 Bz,0,

The graph of log(1/f, - 1) vs. 102/ is given in Figure 17. The plots
are linear at both pressures and from their slopes the values of

(EJl - Ec) are found to be 6,7 and 8,0 keal, /mole at atmospheric and
at 3000 atm, pressure, respectively. (See equation 4-58). These
results indicate that cyclization is slightly more favoured

(by ~ 1.3 keal, /role) at the higher pressurs,



127,

AM

1.0 ©
0.8} 2
¥ 0.6
o4 _— °
| . 1atm. e—o
Lo | 3000atm- o—o
2.90 2.198 3.‘06 ' 3.|14 3:22
-1
103/T (°K )

FIG.17: Effect of Temperature



128,

c. ACRYLIC AIHYIRIDE

Investigations of the free radical cyclopolymerization of the
symmetrical 1,6 diene, acrylic anhydride (VIII), were carried out in
solution at 50 and 60°C.

¢.'!'I-‘12=C§H-C:--€)—C—CJH:C‘H2

o
0 0

VIII

The experimental ﬁressure range was 1 ~ 4000 atm, and ATBN and 132202
were used as initiators, Polymerization experiments were attempted in
three solvents: dioxan, toluene, and dimethylformamide (DiF), The
range of monomer corcentrations was 0,5 to0 5.0 moles/litre.

The cyclopolymerizations of acrylic anhydride and its a.-CH5
substituted homolog, nethaci'ylic anhydride, have been well studied at

69 suggested that

atmospheric pressure, Crawshaw and Butler68 and Jones
the polyrerization of acrylic anhydride proceeds through alternate
propagation and cyclization steps onmly. Consequently, the cyclopolymer

could be considered to be much the same as the polyuer of o-methylene-

glutaric anhydride,

CH
/7 2 \
/"-JCHZ—?H CI}H ~lr
0=C Cc=0
N
0 _ n

The cyclopolymer was soluble in DIF and dimethyl sulfoxide and

when hydrolized gave poly(acrylic acid) samples with a high degree of

99,100,151

sterecregularity, Subsequent investigations have examined the

cyclopolymerization of acrylic anhydride and the structure of its polyser
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under various corditions and have showm that the polymer always has
some residual unsaturation due to acrylyl groups pendant on the polymer
chains,

In view of these results and because only a relatively small
amount of the monomer was available, only a few comparative results were
attempted at ;atmas;pheric pressure, That the polymers obtaired were
indeed cyclepolyuers was confirred from infra-red spectra (Mujol mull)
of several of them (AA30, AA3., AA39, and AM - see below). In each
case the spectra showed absorptions at 1760 and 1810 cm, 1 lercier
and Smets89 have made an extensive study of the polymers of acrylic
anhydride and ascribe such absorptions to hexatomic glutaric anhydride
units in the polymer chain, Attempts to obtain the infra-red spectrum
of the monomer were unsLlccessf;l as the monorer polymerized on contact
with the INaCl prisms, , ‘

Acrylic anhydride was polymerized at 60°C in dioxan and in toluere
solutions at a ronowmer concentration of 1,2 moles/l. with O, 5% Bz,0,
initiator, In both solvents the polynerization was heterogenecus but
in dioxan solution the rate of polymerization was so large that
experiments in this solvent were discontinued as unfeasible, In an
experiment in which purified ronomer was sealed in a glass ampoule with
no special precautions to exclude atmospheric oxygen, the bulk
polymerization (at 60°C and 0,1% AIBN) ended with ran explos.;Lon af'ter
10 minutes, This was presumably due to the accumlation of peroxidic ]
material during an induction period, Soclution polymerization samples
which vere exposed to air before sealing gave relatively low results but
samples wnich were -wacuum degassed anfi flushed with nitrogen gave

results which corpared well with the experiments listed in the literature
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(which were reported to have been prepared by the vacuum~-filling
tech.niq_ue.), Experiments carried out in DI solution at 50°C were
ostensibly honogencous to high conversions and had normal conversion-
tine curves,

Conversion-time results for the polymerization of acrylic
anhydride in toluene and DIF solutions are listed in the following table,

‘ | TABLE 7-21

Acrylic Anhydride

Conversion~time Results in Solution Polyrerization

Experiment Tire (hrs, ) % Conversion

(a) Solvent: DIF, [i] = 1.7 moles/l., 0,15 ATIBN, 50°C, 1 atm,

AM 1.2 3.1
AR2 - 2,7 10,2
AA3 2.9 10,5
AN, 3.8 ' . 13.6
AA5 701 21,0
AA6 18.5 55, 2
(b) Solvent: Toluere, [M] = 1.2 moles/1., 0.5% Bz,0,, 60°c, 1 atm
AA7 1.0 0. 9
AAS 1.1 1.0
AA9 2,0 1,2
AMO 31 2,3
AM1 3.6 3.6 t
AM2 5.0 13,9 +
AM3 6.0 18,8 +
AML 8,0 394 1
M5 21, ~ 9.0 t
(¢) Solvent: Toluere, [i] = 1.2 moles/l., 0.5% B2,0,, 60°C, 3000 atm,
AME 1.0 2,6
A7 1.7 13,1 +
AM S 2,0 18,1 t

t Polyrer precipitates
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The conversion-time curves at atmospheric pressure are illustrated in
Figure 18, The polyrerization in DiF was normal and the reaction medium
took on a slightly reddish tinge 5fter 2 - 3 hours, When precipitated
in ether the polymer was highly swollen and a typical sample (AA3) had
a molecular weight of 210,000, Polymerizations in toluene solution
exhibited autoacceleratiﬁn and the reaction medium becams milky after a
few percent conversion due to susperded polymer particles, At higher
conversions the polymer precipitated as a granunlar white solid, A
typical sample (AA1 5) had a molecular weight of 54,200,

In view of the relatively low molecular weights of samples
polymerized in toluene it was decided that calculations of the molar
fraction of cyclized units could be obtained under sonewhat similar
conditions, despite the autoacéeleration, if samples polymerized almost
to 1007 conversion were used, The following table illustrates the
effect of monomer concentration on the structur.e of poly(acrylic anhydride)
samples obtained from polymerizations to high conversions in toluene
solution at 60°C, ‘

TARLE 7-22

Acrylic Anhydride

Variation: of Cyclization with lonomer Concentration*

= e T (] 107%%

Experiment . i
(moles/L. ) c (aL. /gm. ) N
AA19 0.6 0. 97 - -
AA20 0.8 0. 95 0. 33 68. 9
AA5 1,2 0, 92 0, 28 54, 2
A2 1.3 0, 82 - -
AA22 1.6 0,86 0. 51 129,0

* Polymerizations cerried to 20-100% conversion, 1 atm, , O,5% Bz,0,

+ Calculated by method of Polgar and Jungnickel (ref,141)
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From a plot of 1 /fc vs, [if] the value of k, /kc obtained (see equation
L-45) as 0,13 1. /mole. In viev of the inaccuracies involved in using
high conversion heterogeneous polymer this value compares very well

with the result of 0,17 1. /mle reported by Smets et al' o0

for the
homogeneous polymerization of acrylic anhydride in cyclohexanone solution
at 35°C.

The f'ollowing table lists the variations of rate with initiator

concentration for the homogensous polyrerization of acrylic anhydride

in DIJF solution,

TABLE 7-23
Acrylic Anhydride
Variation of Rate with Iritiator Concentration.r
10° [In] ) 10°R
Experirent . P
(moles/1.) (moles/1, /sec, )
AA3 1.7 1. 74
AA23 L, 62 L, 63
ANl 5. 05 5.10
AA25 » 15.10 16, 54

t Initiator: ATBN, [i] = 1.7 moles/l., 50°C, 1 atm,

At higher initiator concentrations gelation occurred, A logarithmic
graph of RP vs., [In] is linear with a slope of 1,0, This value is
identical to the result obtained by lMercier and Smets99 for the
polyrerization of acrylic anhydride in DiF solution at 3, 60C. These
authors a;lso obtained values of 0,75 to 0,83 (depending on monomer
concentration) for this monomer in cyclohexanone solution, and 0,67 in

bulk for the catalyst exponent in the overall rate eguation,
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The variation of the rate of polymerization of acrylic anhydride

with monower concentration is given in the following table,

TABLE 7-24
Acrylic Anhydride
Variation of Rate with lonomer Concentration-r
[i] : 10°R
Experiment P
(moles/1, ) (moles/1, /sec. )
AA26 0.8 0, 93
AAZ7 1.3 1.42
AA3 1.7 1.7
AA28 2.5 11.00 *
AA29 3.3 22,30 *
AA30 2 33,20 *
AAR 50 , 43,00 *

+ DIF solution, 0,155 AIBN, 50°C, 1 atm,
* polymer precipitates

The results given in the above table are illustrated in Figure 19,

After the precipitation threshold (~ 1.8 moles/l. from the graph) the
polywer separated as small, hard white beads which conglomerated at the
bottom of the reaction tube to form an inscluble mass, The volume of
the reaction medium increased as these nodules formed, Such a phenorenon
is an extreme form of heterogenebus polyrerization usually called
'popcorn' polymerization and it is quite common for many diene mononer§37.
A rapid rate increase such as found with acrylic anhydride, also occurred
above the precipitation threshold in the polymerization of acrylonitrile
A7, :

in DiF solutio The results published by lercier and Smet599 for the

polymerization of acrylic anhydride at 3. 6°C in cyclohexanone solution
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yield a curve which is similar in form to that given in Figure 19,
However, no precipitation was reported for the region of the rapid rate
increase (above~ 4,5 moles/l. in cyclohexanone). These authors also
noted that the turbidity of the polymerization medium increased 240 times
by 1. 6% corversion (at 4 moles/l,) and they concluded that this was due
o the presence of microgel particles susperded in the apparently
homogeneous solution, ESR measurements indicated a large amount of
radical enwraprent in tﬁe growing microgel particles and the trapped
radical concentrétion increased with both percent conversion and
temperature, It seems obvious that a similar but more severe effect
occurred in the DIF solution polymerizations listed above, and this
occlusion explains the first order rate dependance of the initiator
concentration, Thus, it is seen that the 'homogeneous' cyclopolyrerization
of acrylic anhydride in DMF solution has many features in common with
the heterogeneous bulk polymerization of acrylt;ni‘brile (see Section II),

The results given in this thesis for the polymerization of

acrylic anhydride at atmospheric pressure support thevpublished result599’1oo
and considered along with them, lend credence to the supposition '
advanced in Section IT that heterogencous and gel polymerizations are
facets of the same phenomenon, The difference between the two modes of
polyrerization is due to the relative importance of physical effects in
a particular reaction medium-polyuwer system, Thus, the free radical
cyclepolyrerization of acrylic anhydride ranges from the ostensibly
homogeneous polymerization in cyclohexanone solution99 and the gel
polyuwerization in DI solution (at high [In] - this work) to the
heterogeneous polyrerization in toluene solution (this work) and the

popcorn polymerization in DiF solution at high monomer concentration

- (this work),
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Polymer formed in the polymerization of acrylic anhydride is
highly tranched due to reactions involving highly reactive pendant
acrylyl groups which are the results of intermolecular propagation
reactions of noncyclized radicals, In polymerization, suspended microgel
particles are formed by the coalescence of 'dead' polymer molecules and
polymer radicals, In diiute DiF solution at high initiator concentration
gelation occurs when adjacent microgel particles throughout the solution
core into contact and cross-link, As monomer concentration is
increased the micfogel particles becore more and more swollen, since
the monower is a better swelling agent for the polywer than DIF, This
permits the penetration of the microgel particles by an increasingly
gfeater number of monomer molecules and above the precipitation threshold,
cross-linked aggregates precip;tate as a result of rapid propagation,
branching and monomer transfer reactions in the microgel particle, The
presence of nuiibers of pendant acrylyl groups in each microgel particle
will enhance such reactions, It is also quite possible that non-
isothermal conditions exist in the aggregates formed ét higher mononer
concentrations, In cyclohexanone solution the microgel particles do
not precipitate and the effects are less severe as this solvent is a
better swelling agent than DIF. In toluene solution high transfer to
solvent reactions probﬁbly limit the coalescence and occlusion and the
polymer molecules become insoluble in the reaction medium and precipitate
at an early stage,

In DiF solution at a monomer concentration of 1,7 moles/1, the
microgel particles which form are sufficiently dispersed throughout the
dilute solution to preclude either gelétion or precipitation, The
variation in the rate of the polymerization of acrylic anhydride with

pressure at this concentration is given in table 7-25.
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TABLE 7-25
Acrylic Anhydride
Variation of Rate with Pressure below the Precipitation Thresholdf
Pressure 105R
Experiment P
: (atm ) (moles/l. /sec,)
AN 1 1. 7
AA3Z ks SN 1.78
AA32 1000 1,66
- AA33 . 1500 1, 60
AAZL 2000 1,52
AA3S 2000 1.47
AA36 2500 1,90
AA37 3000 2,87
AA38 4000 5 75

t DiF solution, [M] = 1.7 moles/l., 0,1% AIBN, 50°C

Fig.ure 20 illustrates these novel results, Up to ~ 2500 atm the rate
of polymerization is almost unaffected by pressure and it actually
decreases by 12% A logarithmic plot of Rp vs, pressure is linear
in this range and from its slope AV; is found to te + 1,5 cc/mole,

*

Above 2500 atm, the rate increases normally with pressure and AVT
is found to be - 13,8 cc/mole,

Table 7-26 shows the variation of molecular weight and polymer

structure with pressure,
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TABLE 7-26
Acrylic Anhydride
Variation of liolecular Weight and Cyclization with Pressure-r
Pressure [ 3
Experiment 10773, £,
(atm ) (a1, /em )
AA3 1 O, 74 210 0.49
AAZ2 1000 0. 99 327 . 0.79
AA33 1500 .- - 0. AN
- AA3L 2000 1.2 L69 -
AA35 2000 - 103 515 0,9
AA36 2500 - - 0. 93
AASY 3000 1.41 570 0, 95
ms ’-I-OOO . 101"1‘- 605 -

+ polymers produced at [M] = 1.7 moles/l., 0,1% AIEN, 50°C

The results given in the above table are illustrated in Figure 21,
Experiment AA3) was carried to 8, 5% conversion while Experiment AASS
was carried to 15,6 conversion so the increase in molecular weight is
probabljr an indication of a large amount of chain btranching,

Zhulin et al1 52

have reported a somewhat similar effect in the
bulk polyrerization of acrylonitrile, The effect of pressure on the
rate of polymerization of this monomer was normal for the homogeneous
reaction in DIT solution, but the heterogencous bulk polymerization of
acrylonitrile at 50°C (with 0,019% by wt, ATBN) showed a decrease of

6055 in Rp by 4000 kg, fem 2. In this same range the molecular weight
decreased by 90,4 At higher pressures the rate increased with increasing

pressures becoming equal to its initial (1 atm ) value again by

5000 kg. /em 2. At 6000 kg, /cn?‘ the rate becare explosively rapid,
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Tﬁey also reported that the heterogeneous polymerization of methacrolein
in }eOH obeyed normal kinetics under pressure, In contrast, the decrease
in the rate of the polymerization of acrylic anhydride with pressure is
slight, and the molecular weight actually increases steadily with pressure
despite the rate decrease, The fraction of cyclized units in the
cyclopolymer increases sﬁarply in the region of rate decrease and then
levels off;

The following interpretation is suggested as an explanation for
this phenorenon, At any fixed initiator concentration, for the
cyclopolymerization of a fixed concentration of acrylic anhydride in
DIF solution, a certain amount of polymer chains are started by initiator
radicals, These growing chains quickly coalesce with each other and
with 'dead' polymer molecules. 'J.?his leads to the formation of a certain
(smaller) nunber of microgel particles, Once these suspended particles
have formed, the rate of polymerization is largely governed by the rate
of‘diffusion of monorer molecules in them, Residual unsaturation
measurements show that the polymer molecules have hig,l;zly active acrylyl
groups perdant on the chains, It has been shown that a large amount of
radical trapping occurs and many pendant acrylyl groups are occluded in
the growing microgel particles, )

At higher pressures the increased rates of propagation and monomer
transfer accelerate those reactions in the microgel particles involving
perdant acrylyl groups, This leads to an increase in the amount of
cross~linking and chain branching, and this in furn decreases the
penetrability of monomer molecules into the microgel particles, The

resulting decreased rate of diffusion ;:auses a decrease in the rate of

polymerization,
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In contrast to the results reported for acrylonitrile, this
does not lead to a decrease in the molecular weight, as the
poly(acrylic anhydride) microgel particles contain pendant acrylyl
groups which can react with the active erds of occluded polymer radicals
in the same particle, Such reactions further increase the density of
the microgel particles and lead to a steady increase in the molecular
weight with pressure,

As the pressure increases the rate of cyclization also increases,
This leads to two opposing effects, As the pressure and microgel density
increase, the decreasing rate of diffusion of monomer leads to an
effective reduction in the monomer concentration at the sites of reaction
in the microgel particles, This-;eads to a sharp increase in the amount
of cycliéation (f‘c is inyerselé proportional to the monomer concentration),
However, as the amount of cyclization increases, the number of pendant
acrylyl groups in the microgel particles decrease, and this in turn
de;reases the number of chain brarnches and cross-links, This allows more
monouer molecules to penetrate the microgel particles‘and the increased
monorer concentration causes the amount of cyclization to level off,
When the cyclization has increased to such an extent that the microgel
particles are relatively permeable to monomer moiecules, the rate of
polymerization begins to increase normally with pressure and the increases
in the molecular weight and the amount of cyclization are reduced,

For the polymerization of methacrylonitrile at atmospheric

36

pressure, Grassie and Vance” suggested that a cyanide initiation

reaction:

C=N R-C=N R~C=N ~
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might explain the high degree of chain tranching which occurred, Such
a reaction might also explain the severe occlusion and high degree of
branching which occurs in the bulk polymerization of acrylonitrile
(see Section II-C) since branching initiated by chain transfer would
lower the molecular weight and tend to prevent occlusion, Since
polyacrylonitrile is ins.olu‘ble in the monomer, the resulting aggregates
are pro'ba‘bly'far denser than the suspended microgel particles found in
the 'homogeneous' polymerization of ac;'ylic anhydride, Also, pendant
cyanide groups on polymer chains occluded in polymer aggregates would
not be expected to be-as active as the chain~forming vinyl groups in
acrylonitrile.. These differences may explain the large decreases in
rate and molecular weight reported’ 2% for the polymerization of
acrylonitrile under pressure, It is suggested thét an accurate kinetic
analysis of the effect of pressure on the polymerization of acrylonitrile
and its homologs would be a fruitful subject for research,

| The variation of the rate of polymerization of acrylic anhydride

with temperature at atmospheric pressure is given in the following table,

TAELE 7-27
Acrylic Anhydride
Variation of Rate with Tenperature".
Temperature 1 06R
Experiment P
(°c) (moles /1. /sec. )
AA39 30 1.33
* 3.6 30 3
ANO 40 513
AA3 50 ‘ 17.40
AN 60 b, 80

+ Dif solution, [M] = 1.7 moles/l., 0.1% ATBN, 1 atm,
* From results given in ref, 99 at [X] = 1,8 moles/l.
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A plot of log R  ve. 10°/7 is a straight line and from its slope
E,, is found to be 24,5 kcal, /mole., The value of (E1 - E,) has been

T
reported89 as 2,k kecal, /mole,
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D, INDENE
Investigations of the free radical polymerization of indene

(IX) were carried out in bulk at 80°C,

The éxperimnfal pressure range was 1 - 10,000 atm, and Bzzo2 was used
as the initiator,

The polymerization of indene was one of the earliest examples
of palymerization to be studied, On the basis of the SW0L - and

SnCl, - catalysed and therml polynerizations of this monomer, Whitby

N
and Ka.tz1 37 advanced a 'stepwise' reaction theory for polymerization in .
0pposition to the currently accepted chain reaction theory proposed by
Staudingerl". The polymerization of indene at atmospheric pressure using
free radical, anionic, cationic, and Ziegler catalysts has also been
examined153— 1 55. Polymers of indene are usually soft yellow solids of
low molecular weight (< 3000) although Sigwalt15 6 has shown that polymers
of much higher molecular weight may be obtained in solution at - 70°C
with Friedel-Crafts catalysts,

No systemntic investigations of the effect of pressure on the
polymerization of indene have previously been reported, Klaasens and _
Gisoli‘1 57 have reported, however, a rapid and complete thermal
polymerization in btulk at 10,000 atm, , during which the temperature rose
slowly from 100 to 175°C, then sha.rply" to 325°C. The solid yellow

polymer obtained was not further characterized, Holmes-Walker and Weale158
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investigated the polymerization of this monomer at 90°C and pressures
of 5100 ard 10,100 atm using B2202 initiator, After 23 hours the
product, a white powder, was separated into fractions with molecular
weights of 450 - 850, -

The effect of pressure on the free radical polymerization of
indene is examined in this thesis, Besides their intrinsic value the
results are a convenient example of the free radical polymerization of
a monovinyl corpound which may be compared with cyclopolymerization,
especially that of di’allyl cyanamide,

Indene vias polymerized in bulk at 80°c using 0. 5% Bzzo2 initiator,

The variation of percent conversion with time is given in the following

table,
TARLE 7-28
Indene
Conversion-Time Results for Bulk Polymerization'r
Experiment Tire (hrs, ) % Conversion
Iy L2 1.9
2 1.0 L. 3
I3 23,2 7.3
I 24,1 %9
15 52,0 10, 1
I6 75.8 12,2
I7 _ 110, 0 13,6
I8 42,0 13.8

t 0.5% Bz,0,, 80°C, 1 atm,

The above results are illustrated in Figure 22, The conversion-tinme

curve is normal but as the rate falls off after only a few percent
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conversion, In view of these results, experiments used for rate
determinations were carried to less than 5% conversion,

The recovered polymer was a soft yellow solid that melted at
~ 80%C to form a mobile straw-coloured liquid, This melting point
:'Lndic:—t.tee:l 51 that the polymer is composed mainly of dimers and trimers,
It is assumed that, desp;.te the low molecular chain lengths found, the
kinetic chain length is large. This view is supported by the relatively
high transfer to monomer results found by other authors! 22212 9. This in
turn 'is probably due to J:'es'onanca—sta‘bilJ'.zation1 €0 and steric |
hirﬁrance1 53,

The ft;]lovﬁ.ng table shows the effect of pressure on the bulk

polymerization of indene at 80°c.

TARLE 7-29
Indene
Variation of Rate with Pressure
Pressure 1 06 R Molecular
Experiment ' P
(atm, ) (moles/1. /sec., ) Weight
I 1 1.08 380
I9 1000 2,30 4L00
10 2000 4. 48 Lh5
I11 3000 5. 96 480
I3 4000 7.10 500
I 5000 9 89 520
I15 6000 3, Lk -
16 10000 7. 08 -
o
0. 5% Bz,0,, 80 C
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A plot of log RP vs, pressure is shovn in Figure 23, As may be seen
*

from this graph AVT
linear portions of the curve in the ranges 1 - 2000 atm and 2000 -

is a function of pressure, but from the near-

5000 atm the approximate values of AV, are found to be 21 cc/mole and

T

8 cc/mole, respectively, The relatively low rate results in Table 7-29
above 5000 atm, pressure:pro'ba'bly indicate that the ﬁeezing pressure
of indene lies between 5000 - 6000 atm ., The relatively small increase
in molecular weight is similar to that found in the polymerization of

110

2llyl. acetate under pressure, and is probably due to k

tr, M o178
accelerated almost as-much by pressure as kp .

The variation in the rate of polymerization of indene with
varying initiator concentration is given in the following table for

experiments at atmospheric pressure and at 3000 atm,,

TABRLE 7-30
Indene
Variation of Rate with Initiator Comentration-r
: Pressure 10° [1n] 10'r
Experiment P
' (atm ) (moles/l1. ) (moles/1. /sec, )

117 1 1. 36 1. 69
118 8. 59 4,23
I19 21, 30 % 7
I 42,70 10, 82
I20 85. 50 15.10
I21 172,00 23, 50
I22 3000 318 19,05
I23 8. 51 30, 30
I 42, 80 59 60
Ii2 42,40 55. 50
I2) 84, 80 70. 80

+ 80°%
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The logarithmic plots of R, vs. [In] for these results are illustrated

in Figure 24, The plots are straight lines at both pressures with

slopes at 1 atm and at 3000 atm, of 0.5 and O,4 respectively, A

similar decrease in the catalyst exponent of the rate equation was noted

115

for the polymerization of styrene under pressure -,

The following table gives the variation of the rate of

polymerization of indene with temperature at atmospheric pressure,

TAELE %-31

Indene
Variation of Rate with Tenperature'r
Témperature 1 07R .
Experiment o ' P
(7o) (moles/1. /sec.)
I1 80 10, 82
125 70 6.17
126 60 3, 3
127 50 1. 20
o

A plot of log Rp vs, 103/]? is linear and from its slope

be 23,2 keal, /mole,

ET is found to
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E. DIATTYLAMINE HYDROCHLORIDS

Investigations of the free radical cyclopolymerization of the
symretrical diene, diallylamine hydrochloride (X) were carried out in

aqueous solution at 65°C, _

c1 ,
: - .
CH,=CH~CH, -1, ~CH,~CH=CH,
X
Experirents were attempted at atmospheric pressure and at 3000 atm,
using' tert~butyl hydroperoxide (TBHP) as the initiator,
The only previou.s examination of this monomer was by Butler et
&163 who reéorted that they dissolved 1.7 grams of diallylammonium
chloride in an equal amount of water with 0.05 mls, of 60% TBHP and heated
the solution at 65°C for L days, The resultant polymer after powdering and
vacuum drying was a pale brown hydroscopic solid (1.6 gms,), readily
soluble in water, The following table lists a few similar experiments
with this monorer,

TABLE 7-32

Diallylamine Hydrochloride
Polymerizations at 65°C and [1{] = 3.9 moles/1, T
Pressure Time
Experiment ¢3 THIP Result
(atm ) (hrs. )
DAl 1 0 97 yellowish, slightly
~ viscous liquid,
DA2 1 2 97 brovnish-yellow very
_ viscous liquid,
DA3 1 4 97 brown solid,
DA 3000 L L8 " " .

1t aqueous solution, 1 gm DA/gm H,0
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It was assured that the conversion in each case was approximately 100%
The polymers from the experiments at 43 TEHP (DA3 and DA)) were
hydroscopic, Residual unsaturation examinations showed that fc = 0, 95
for the polymer from experiment DA2, In the broumination of the solid
polymers (DA3 and DAL) it was found that V, ~V, which indicates that
the polymers were proba‘b‘ly 1007 cyclized, ‘

The polymers were soluble in water, dimethyl sulfoxide, DIF,
NeCH, CH013, dichloroethylene, and epoxy .propane. They were insoluble
in acetoné, CClh_, bengez;e, ether, cyclohexanone, toluene, and n-butanol,
The monomer was soluble in the same solvents as the polymer and no
solvent syétem could be found which would dissolvé the. monorer and not
the polymer, Consequently, ‘kinetic investigations of the polymerization
of this monorer wvere unfeasible,

The results do, however, confirm the suppositions by Butler
et a163 that the polymers forwed in the cyclopolymerization of
diallylammonium salts are 100 cyclized,
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¥, DIALLYL, CYANAMIDE

Investigations of the free radical cyclopolymerization of the
symmetricalA‘l,G diene, diallyl cyanamide (XI) were carried out in

solution at 8000.

Y

CN
.n,

The éiperimental pressure range was 1 - 6000 atm, and tert-butyl
perbenzoate was the iﬁitia.tor. Polymerization eJ@garime‘nts were carried
out in bulk and in toluene solution, The range of monomer concentrations
was 0,9 to 7.3 moles/i, and the polymérization was heterogeneous in all
of the experiments studied.

The cyclopolymerization of this monomer at atmospheric pressure
has been reported by Uno et a172. They found the overall rate c;f
polymerization of diallyl cyanamide to be first order with respect to
the initiator, and either first or second 6rder with respect to monomer
concentration, depending on the solvent used, It was also found that
the molecular weight of the polyuwer was indeperdant of both initiator
and monomer concentrations and the mjor mode of termination was proposed
to be intramslecular hydrogen abstraction (see equation 3-16),

The cyclopolymerization of diallyl cyanamide was carried out
in toluene solution, at a monomer concentration of 3,7 moles/1, with
2% TBPB, Conversion-time results at atmospheric pressure arve listed

in Table 7-33,
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TABLE 7-33
Diallyl Cyanamide

Conversion-Tire Results in Toluerne Solution at 1 atm..r
Experiment (Pime (hrs. ) % Conversion

Il 16, 3 1.0

DC2 L7.6 2,2

C3 95.8 K 3.7

Dol 14,2 50

DCH 166, 8 55

t+ [ = 3.7 mles/l., 2% T8pB, 80°C
As may be seen from the abo(re table, the conversion-tire results are
normal, The polymerization was heterogenedus and the polymer was
precipitated from the reaction’ medium as a granular solid, The vacuun-
dried polymer was a pale, yellowish powder which was insoluble in water
or common organic solvents, It was, however, partially soluble in
DIF, acetone, pyridine, cyclohexanone and nitrobenzere; and completely
soluble in liquid (melted) i)heﬁol and m-cresol, A typical sample (DC2)
had a molecular weight (cryoscopic) of only 650, Such low molecular
weights are typical of allylic polymers,

The cyclic repeating unit of poly(diallyl cyanamide) may be

represented:
2N
~ CHz-fH CI)H ~
A
N .
!
CN

Because piperidine rings absorb in the far wltraviolet!*?, direct
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absorption evidence for the cyclopolyner structure was not feasible,
However, indirect evidence was available from the observation that
infra-red absorptions associated with a terminal methylene group
(1645, 990, and 930 cm, -1) which were present in the spectrum of the
monomer (1iquid cell) were greatly reduced in the spectra of the polymers
(Majoll ml) produced af atmospheric pressure and almost absent in the
spectra of.polym-;rs produced at higher pressures,

The variation of the rate of polymerization of diallyl cyanamide
with initiator concentration at atmospheric pressure is given in the t

following table,

TARLE  7-3k
Diallyl Cyanamide
Variation of Rate with Initiator Concentration at 1 atm T
10° [In] . 10'r
Experirent P
(moles/l,) (xolesA. /sec, )
2 7.3 3,80
DCh 12,4 6. 50
7 19.0 10.26
c8 29,2 15, 80
IC9 41,9 23,20
D10 70.7 35.40

o)

+ [M] = 3.7 moles/l., 80 c

A logarithmic plot of RP vs, [In] is linear with a slope of 1,0, This
value suggests monoradical (i.e, degré.dative) termination, and is the
same as the results for the catalyst exponent that were found in benzene

and m-cresol solutions at 7O°C72.
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The variation of the rate of polymerization with monomer

concentration at atmospheric pressure is given in the following table,

TAELE 7-35
Diallyl Cyanamide
Variation of Rate with llonomer Concentration’at 1 atm T
[ 10'R
Experiment P
: (moles/1.) (moles/1, /sec.)

Dci1 0.9 0.27

D2 2.1 1.70

c2 . %7 . 3. 80

DCt3 5.1 7. 69

DC1L 5.6 9 4

Cc15 6.3 11.20

D16 6.6 11, %0

D17 7.3 (bulk) 15.10

+ 2% TEPB, 80°C

The logarithmic plot of RP vs., [M] 4is linear and has a slope of 2,0,
This result is identical to the kinetic deperdance of rate on monomer
concentration found for the homogeneous polymerization of diallyl
¢yanamide in m~cresol solution at 700072. It was also found that the
rate varied as the first power of the monomer concentration in benzene
solution,

The molecular weights of several of the sarples obtained from
the polymerization of diallyl cyanamide in toluene at 80°%C and at vary:i'.ng
monorer and initiator concentrations were determined and all found to
have a molecular weight of ~ 650, This is in agreement with the resulis

2
of Uno et 21’2 who found that the specific viscosities of their poly(diallyl
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cyanamide) samples varied only slightly for polymers obtained at various
initiator and monomer concentrations, Polyumers were found to have an
average of only one double bond per molecule, Coupled with the first
order rate dependence on initiator concentration, these results indicate
that R’ + M and R} + M termination reactions are unlikely, ard
suggest that the termination reaction is R} (intramolecular),

. " k) |
R-CHZ-ICH H\ y =CH, ___—_p.. R-cHz-c':H2 /ca:crrz (7-8)
(}‘H2 /C \ CH2 CH

~ ~ 7
N H . N
I : |
CN CN
XIII XTIV

If, as seems highly 1ike1y, it is assumed that the noncyclized
(R} ) radicals engage only in intramolecular reactions (cyclization and
termination) then linear propagation would proceed by the addition of
monorer to the cyclized (R;) radicals, In such a case, the theorestical

expression for the rate of polymerization is given by equation (4-21),

2£k,k _ [Tn]

R (4-21)
P i

However, it has already been seen that R, [1n] [i{] in benzene solution
and RP < [In] [I.'I:l2 in toluene or m-cresol solutions, Uno and his
co-workers have developed a theoretical expression to account for their.
results, but it dces not consider cyclization and it cannot be extended
to account for the polymerizationsof diallyl cyanamide at higher pressures

(which are presented below),
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Three possible reasons which, alone or in conjunction with each
other, might explain the anpmalous kinetic dependence on the monomer
concentration are occlusion, cyanide group imitiation and induced
decomposition, )
1) Occlusion =~ The polymerization of dialljflcyanamide is
heterogeneous in toluene‘ solution ard in benzene solution (although.
Uno et al’? do not point this out in their paper). As seen from
Section IT and from the experimental results for the polymerization of
acrylic anhydride, heterogeneous conditions can often cause unusual
kinetic results as a result of physical effects, However, such an
explanation is considered unlikely as the first order rate dependénce
on initiator concentration is felt to be the result of degradative
termination rather than occlusion, Also, the polyme;' is readily soluble
in m-cresol and the polymerization in that salvent is apparently
homogeneous, giving the same overall rate dependence as the beterogeneous,
polymerization in toluene solution, Since it is not expected that
heterogeneous conditi’ons would cause a different integer rate dependence
in benzene solution (Rp o [M]) than in toluere solution (RP « [M]z),
such an explanation is not considered to be walid, The short polymer
chain lengths, low experimental conversions, normal conversion-tire
curves, and integer monomer exponénts all suggest that chemical, rather

than physical, effects are responsible for the results,

2) Cyanide Group Initiation - As pointed out in the discussion of
the results for ‘the polyumerization of. acrylic anhydride (see Section VII-C)
a cyanide group initiation reaction was suggested to explain the high
degree of chain branching which occurred in the polyzerization of

36

methacrylonitrile””, If such a reaction were possible with diallyl
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cyanamide then this monomer would be capable of forming five radicals
in polymerization rather than just two, The kinetics of such a
pelymerization would probably be extremely complex and might explain
the experirental results, This explanation is alsc considered unlikely
for the same reasons as discussed above, Also, the reactivity of a
pseudo-halogen cyanide gfoup is not the same as that for a cyanamide
cyanide group so there is no reason to suppose that initiation of this
1atte.;c group will occur even if the initiation of the former group

. (see equation 7-7) is possible,

3) Induced Decoq;osition -~ The most probable explanation for the
kinetic deperdence on monorer concentration is through complex monomer-
initiator-solvent interactions. The following theoretical analysis is
suggested as one possible explanation which yields rate expressions
which aéx'ee, at least quantitatively, with the experimental results.

If the effective initiator decomposition reaction in the

polymerization of diallyl cyanamide may be represented:

k
In + N —%p o7 (7-9)

then the expression derived as eguation (4-21) would be raised by a

power of [ii] and the new expression would agree with the experimental

72

results for the polyuwerization of diallyl cyanamide in benzene solution'S,

161

It is well knowm that in many cases of vinyl polyumerization the

efficiency of the initiator my vary appreciably with the initiator,
monomer, and medium used, Induced chain decomposition (discussed in
Sections I-E and V-B-3) has been suggested as a possible explanation and

11,21,110

it was noted that allylic wmonomers were particularly susceptible

to this effect,
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Wa.lling1 61 has suggested that an induced decomposition involving
the similtaneous cleavage of the initiator and bond formation between
an initiator fragment and a monouer molecule, often occurs, In the
polymerization of styrene initiated by t-butyl hydroperoxide the

following reaction was suggested for the decr::zq)osi‘l:ion‘.l 62,

. ROOH + CH,=CH-§4 —> R00" + 0H3-&H-¢ (7-10)

Rapid induced decomposition reactions also occur in the presence
of many solvents (see equaticn 1-30 and 1-31). Since solvents with
methyl groups which are not pa.f‘t of an aromatic ring are lcncm'rn1 €3 to be
mch rore reactive than benzene, it might be expected that toluene and
m-cresol would be highly susceptible to initiator radical a.tta.ck”z. If
the resulting solvent transfer radicals were either tco inactive to
re-initiate chain growvth or were ef‘fectivély lost for this purpose by
some complexing reacfion, then the transfer reaction could be effectively
represented:

k.

z* + SX —= P inactive products (7-11)

In such a case the rate of change of initiator concentration with tine

becomes:
afz*] '
- Rl - kIR - kIR = 0 (712)

Using equation (6-3):
]

ky (1] [

[z] = 10T+ Bk, - kT /V) (7-13)
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If k : and kSV m/Vs are of about the same order the following

approximation is obtained:

k10 ~ k[ B (7-14)
where

_ ‘ _
k, = 1o3kdk Vs/k, (7-15)

Using the result obtained in equation (7-14) the expression derived

as equation (4-21) becomes instead: |

2
RN )
°p. Kk

(7-16)

This new expression agrees in overall rate deperﬂencé with the results
found for the polymerization of diallyl c&anamide in toluerne or m~cresol
solutions, Thus, it is seen that rapid inddced decomposition reactions
are one possible explanation for the anomalous monomer dependence fourd
- in the experimental results,

The variation of the rate of polymerization of diallyl cyanamide
in toluere solution with monomer concentration at 3000 atm, pressure is

given in the following table,

TARLE 7-36
Variation of Rate with lonomer Concentration at 3000 a.tm.f
Experiment ] 106RP
(moles/1, ) (moles/1, /sec.)

18 1.2 0.19

c19 2.k 1.05

DC20 _ 3.7 ' 2,62

Dc21 37 2,68

Dc22 L8 3. 78 :

:DC23 6. 1 6.03
DC2% 7. 3 (bulk) 10,20

t 27 mEPB, 80°C
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A logarithmic plot of Rp vs, [M] 4is linear with a slope of 2,0, the
same slope as found for the results at atmospheric pressure,
The variation of the rate of polymerization with initiator

concentration at 3000 atm, is given in the follcwihg table.

- : TABLE 7-37
Diallyldyanamide
Variation of Rate with Initiator Concentration at 3000 atm, t
10° [In] 10%R
Experiment P
- (moles/1.) (moles/l, /sec, )
DC25 | 4 1.03
DC26 2,5 1.65
nc27 3.6 1.73
DC28 ' 4.8 2,12
DC20 e 3 ) 2,62
DC21 T2 2,68
DC29 16,1 3, 61
DC30 18.6 3. 80
Dc31 98.8 8. 58

~+ [M] = 3.7 wolesA., 80°%

The results given in Tables 7-34 (1 atm ) ard 7-37 (3000 atm ) are
illustrated in logarithmic form in Figure 25, The logarithmic plot of
Rp vs, [In] at 3000 atm, is linear and has a slope of 0.5, A similar
change in the kinetic dependence on initiator concentration, from 1.0

at atmospheric pressure to 0,5 at 5500 kg./cm? , Was noted in the |
polymerization of allyl acetate“o. The square root dependence indicates
that at 3000 atm, the termination reaction is biradical. Thus, for the

cyclopolymerization of diallyl cyanamide at 3000 atm, the overall rate
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niay be represented:

1en2
R, = K300 21% (7-17)

Applying the same induced decomposition argurents as were
described for the atmospheric pressure results, it may be easily showm

that equation (4-15) becomes:
trrgtpg?
R, = k, (k, /k, )2 [In]2 3] (7-18)

This 'new theoretical expression agrees with the overall experimental
rate dependence found for the polymerization of diallyl cyanamide in
toluene solution at 3000 atm pressure,

The variation of the rate of polymerization with pressure is

given in the following table,

TABLE 7-38

Diallyl Cyanamide
Variation of Rate with Pressure at 80001'
7.
. Pressure 10 RP Mol ecular
Experiment Weicht

(atm ) (moles/1, /sec, ) igh
Dc2 1 3,80 650
DC32 1000 % o4 1150
DC33 2000 20, 58 1400
Dc20 3000 26,20 1170
DCc21 3000 26, 80 -
C34 4000 43,85 1220
DC35 5000 59. 57 1350
DC36 6000 1 1 5. 80 1300

t 0] = 3.7 woles/l., 2% TEPB
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The variation of log RP with pressure is illustrated in Figure 26, The
value of A’\T; in the near-linear region of the curve from 1000 - 6000
atm, was found to be = 14,3 cc/mole, This result may be compared with
the value of - 13,4 cc/mole obtained by Walling and Pe:llon‘l‘lo in the
polymerization of allyl acetate in the region of biradical termination
€5500 - 8500 kg, /cni.z). It seems likely that biradical termination
becomes predominant between 1 and 1000 atm, (see Figure 26) in the
polymerization of diallyl cyanamide., This is also evident from the
molecular weight results which show a sharp increase in this region,
No such increase was observed in the polymerization of allyl acetate in
'bu:l.k110, so it seems probable that the biradical termination reaction,
when it occurred, in that case,was by disproportionation, In the case
of the solution polymerization of diallyl cyanamide, the near doubling
of the molecular weight,after biradical termiration becomes dominant,
probably indicates that the biradical termination reaction is largely
by coupling, The polymer produced at high pressures was a white powder
in contrast to the yellowish polymer obtained at atmospheric pressure,

-In the polymerization of allyl acetate, biradical termination
occurred after LI* radicals became active enough to re-initiate chain
growth, and kp increased relative to kD' In the cyclopolymerization of
diallyl cyanamide the DCT reaction does not compete directly with the
propagation reaction but rather with the cyclization reaction,
(An R radical may cyclize to form an R} radical or terminate
intramolecularily to form a resonance-stabilized R: radical), The res;ﬂ.ts
for the cyclopolymerizations of allyl methacrylate and acrylic anhydride

show that cyclization is favoured by pressure, Thus, it seems probable

that the relatively early change to biradical termination in the
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cyclopolyrerization of diallyl cyanamide under pressure (at 1 - 1000 atm,
compared to above 5000 atm for allyl acetate) is caused as mich by a
great increase in the rate of cyclization relative to DCT termination,
as by the re-initiation of R: radicals,

The variation of the rate of polymerization with temperature at

atmospheric pressure and at 3000 atm, is given in the following table,

TARLE 7-39
Diallyl Cyanamide
Variation of Rate with Temperature?
Pressure Temperature
Experiment o
(atm, ) ("c) (moles/i, /sec.)
DC37 1 60 0, 32
DC38 70 1.42
C2 _ 80 3,80
DC39 0 14,26
D40 3000 60 5, 01
DA 65 8. 68
o2 ' 70 13,20
DC20 80 26,20
DCL3 %0 56.20

+ [f] = 3.7 moles/1., 2% TBPB

The graphs of iog Rp vs, 1/0 at atmospheric pressure and at 3000 atm,
are given in Figure 27, The plots are linear and from their slope the
values of Ej at 1 atm and at 3000 atm are found to be 29,7 and 19,4
keal, /mole, respectively, This large decrease in the overall activation
energy further illustrates the occurrence of biradical termination at

higher pressures,
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G. VINYL, NETHACRYLATE

Investigations of the free radical cyclopolymerization of the
unsymretrical 1,5 diene, vinyl methacrylate (XV), were carried out in

solution,

.CH
| 2
CH2=CH-0-C-G=CH,,

i
0

v
Polymerizations were cdarried out in bulk, in cyclohexanone solution at
5000 and in dioxan solution at 60°C. The initiator was ATBN and the
range of monomer concentrations was 0,9 to 8,3 moles/litre,
The cyclopolymerization of this monomer has been reported by

%

Kawai”~ who obtained soluble cyc10p61ymers at low conversions from the
ATBN-catalysed polymerization in toluene sclution at 65°C, The polymers
were soluble in chloroform and acetone and the percentage of cyclized
units in them was estimated to be 50 - 60%,

The. cyclopolymerization of this monomer was attempted at 50°C
in cyclchexanone solution and at 60°% in dioxan solution using 0,1%
AIBN, Under these conditions a large induction period was observed befare
polymerization began, In attempts to eliminate this inhibition, the
monomer was double-distilled and was then pre-polymerized in bulk, to
a few percent conversion, before a third distillation, However, it was
found that polymerization carried out using this monomer still showed an
induction period although its length was greatly reduced, Sample
preparation using the vacuum-filling technique had only a small effect
on the duration of the induction period so it is felt that absorbed

oxygen is not responsible,
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The following table shovs conversion-time resulis for the

polymerization of vinyl methacrylate in dioxan solution,

TAELE 7-40
Vinyl Methacrylate

Conversion~Time Eesults at Atmospheric Pressure"'
Experiment = Time (mins,) % Conversion

vid 20 2,1 *

2 20 2,8

i3 . 30 1.1

Vids 30 31

2053 b} 39 *

V6 45 1.3

Wy 46 %7

VI8 46 12,0 »

Vi9 60 - 7.8

VM0 60 13.2

vii1 70 17.2 *

2 - 80 20,5 gel

+ [#] = 2.1 moles/l., 0.1% AIBN, 60°C, dioxan solution
* Vacuum-£illing technique used

The polymers produced below the gel point were soluble in common organic
solvents, Like poly(allyl methacrylate) samples, they gradually became
insoluble if exposed to air for more than a short time,

Infra-red spectra of the polymers showed no absorption at
1775 cm, -1 (five-rembered y-lactone rings) but the -C=0 streich
frequency absorption was broadened relative to that of the monomer,
These resulis are in agreerent with thbse of Kawaigo and indicate“*f’

the the cyclization reaction proceeds in such a way so as to produce
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hexatomic rather than pentatomic rings, The cyclization to produce

d-lactone rings may be represented (for the reaction via the methacrylyl

group) by:
CH CH, O CH
347 w3/ e 3,7
T ,°|'Hz —» R-C Gy —— R sz (7-19)
R .
0=C CH 0=C CH 0=C CH
N/ N/ N /
0 0 0

As may be seen from the results given in Table 7-40 the induction
period is in the region of 10 - 20 minutes, Assuming that this period
is relatively constant at varying monomer concentrations, a relation |
betiveen monomer concentration and rate of polymerization at constant
initiator concentration may be obtained, The following table gives
the apparent rate of polymrization.(RI')) at various monomer

concentrations,

TABLE 7-41
Vinyl Methacrylate
Varia:tion of Apparent Rate with Nonomer Concen‘bration.r
(1] 10°R!
Experiment P
(moles/1. ) (moles/1. /sec.)

il 3 0.9 2,0

Vi 2,1 3.6

Vi 5 2,8 4.7

Vi1 6 4,2 9 5

7 6.2 : 10,7

18 : 6.5 15.2 .

Vi1 9 8. 3 buik 24,3

+ 0,155 ATBN, 6000, 1 atm,, dioxan solution
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Gelation occurred relatively early at higher monomer and initiator
concentrations, These results are similar to those obtained by Kawaiso
in toluene solution at 65°C. The reproducibility of the above results
and those given in Table 7-40 is very poor.

The folloving table showvs elemental analyses of sa’.rrples of

purified monomer and polymer (VMI1).

TABLE 742

Vinyl Methacrylate

Elemental Analyses of Monomer and Polymwer

Percent };Ionomer Polymer Calculated
Carbon 61.5 60. 9 643
Hydrogen 7.3 To s 7.2
Oxygen 29,7 28,9 28,5

The above results seem to indicate that the methods for the preparation
and purification of this monomer were unreliable, In view of this,
experiments at high preséures were not attempted and a detailed analysis
of the lci_ne’tics of polymerization of vinyl methacrylate was not

attemted,
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H. VINYL, SULFONE

Investigations of the free radical polymerization of the
symmetrical 1,4 diene vinyl sulfone (XVI) were attempted in bulk and

in solution

Experiments were attempted at pressures of up to 5000 atm, and ATBN
and 32202 were used as initiators,

No homopolymerization results for this monomer have been reported
in the li’cerature; The polymerization of vinyl sulfone was attempted
in tetrahydrofuran solution at 50°C and a monomer concentration of
6.2 moles/l, with 0,1% AIBN, Experiments carried out at atmospheric
pressure, at 1000 atm, , and at 5000 atm, , for periods of up to 4 days,
yielded no polywer, ZExperiments carried out in bulk at 80°C with
0. 5% Bz,0, at atmospheric pressure and at 5000 atm ended in explosion
af'ter a short tire,

It was noted, however, that impure monomer wouwld gel if heated
at 150 —- 180°C for about one hour, An elemental analysis of this

-polymer is compared with the calculated results in Table 7-43,
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TABLE 7-43

Vinyl Sulfone

Elemental Analysis of Polymer

Percent Polymer Calculated
Carbon 43,1 40,1
Hydrogen 5.7 5.1
Oxygen - 27,1

—

From the above results it is apparent that this monomer is unsuitable

for kinetic investigations,
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SECTION VIIT

DISCUSSION AMD  CONCLUSIONS

In this concluding section the experimental results are
summarized and comared with the theoretical derivations and with the
published results for the cyclopolymerization of other non-conjugated
dienes,

In the free radical cyclopolymerization of most 1,5 and 1,6

dienes, the overall rate of polymerization may be represented by:

R, = K[Inj{ ik (8-1)

C
The following table shows some of the exponent values in the overall

rate equation for cyclopolymerization reactions where biradical

termination is expected,

TAELE 8-1

Overall Rate Expressions in Cyclopolymerizations .

Diene Solvent* i K Reference

Vethacrylic Anhydride DiF 0.5 1.5 70

Methacrylic Anhydride Cyclohexanone O, 58-0, 66 1.0+ 100

Acrylic Anhydride DiF 1.0 0.8-2.3 t

Divinyl Formal Benzene 0.75 1. 5-2,0 VAl

Al1yl lethacrylate IE 0,69 1. 64 +

Vinyl-Trans-Cinnamte Benzene 0. 58-0, 93 1.0+ Th
+

Diallyl Cyanamide Toluerne 0.5 2,0 +

* 211 except AM ard DC, catalysed by ATIBN
+ this work
1 at 3000 atm pressure, all others at 1 atm
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As my be seen from Table 8-1, in most cases of cyclopolyrerization
the catalyst exponent in the overall rate equation has a value greater
than the value of 0,5 predicted from the'theoretical rate expreésions
developed in Section IV,

Minoura and Mitch,71 have developed a theoretical expression for
simple cy010polynerization, based on the homogeneous polymerization of
divinyl formal at 50°C, and it predicts that 0.5 < { <1,0 and
1.5 <k €2,0, In the derivation of the rate expression it is assumed
that all three modes of biradical termination (R} + R;, R} + R} and
R} + R}) occur simul taneously and that the kinetic chain length is low
enough for the initiation and termination reactions to be factors
determining the stationary state relationships between the various
radicals, However, their own measurerments of molecular weight for
poly(divinyl forml) indicated that DP ~ 100, so the rate expression
cannot be considered valid,

As already noted, lercier and Snets99 concluded from ESR and
turbidity measurements that the anomalous results found in the apparently
horiogeneous cyclopolyrerization of acrylic anhydride in cyclohexanone
solution were due to suspended microgel particles, Similarly, Roovers
and Smets™ detected the occurrence of radical entrapment in the
.cyclopolyrerization ofVvinyi—trans-cinnamatE. It is considered that
catalyst exponent values of greater than 0,5 in cyclopolynerization
reactions with biradical termination are due, in most cases, to the
increasing viscosity of the solution,to the progressive heterogeneity
of the reaction medium, and to some trapping of polymer radicals in
microgel particles, Indeed, in the cyclopolymerization of diallyl

cyanamide at higher pressures, the value of the catalyst exponent is
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only 0.5, as might be expected when the cyclopolymer is of low molecular
weight and occlusion is unlikely., Unless occlusion is very severe, it
is not expected that a value of greater than 0,5 for the catalyst
exponent vill invalidate the theoretical expressions derived in Section IV,

For the cyclopolymerization of acrylic anhydride in DIF solution,
occlusion is so severe that termination is effectively monoradical
(i = 1.0)., However, for the cyclopolymerization of allyl methacrylate
in @iallyl ether solution, the value of this exponent is only 0.69 at
atmbsPheric pressure despite the fact that the fraction of cyclized units
found in poly(acfylic anhydride) is larger than that found in poly(allyl
npthacrylate). Besides the intrinsic differences in the reactivities
of the functional groups and the swelling capabilities of the solvents
for the polymers, it is considered that at least part of the difference
is due to the following condition, As was previously suggested (see
Section VII-B), the residual unsaturation fourd in the polymers of allyl
methacrylate is virtually all due to pendant allyl groups. These groups
ere relatively unreactive compared to the chain-forming methacrylyl
groups; but in the case of the polymers of acrylic anhydride, the
pendant groups are identical with the acrylyl groups on the growing
chain ends,

Thus, in the cyéiolaolynerization of the unsymmetrical diene,
allyl cethacrylate, the effects of chain tranching will have much less
| iﬁﬂuence on the kinetics of polymerization than they will for a normal
symretrical diene, Not only may this monomer be regarded as 'pseudo- .
symmetric'; but because of the relatively unreactive nature of the
pendant functional groups in its polywers, its polymerization may be

regarded as a model for simple cyclopolyrerization,
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In the cyclopolyrerization of allyl methacrylate in diallyl
ether solution, the value of the catalyst exponent falls from 0,69 at
atmospheric pressure to 0,62 at 3000 atm,, It is considered that this
is due to accelerated chain decomposition and radical recombination
reactions of initiator radicals at the highér pressure, A similar
effect was observed in the bulk polymerization of indene, where the
value of the catalyst exponent fell from 0.5 at atmospheric to 0.4 at
3000 atm, pressure, -

In only a few of the examples of cyclopolyrerization at
atmosinheric pressure described in the literatureyhas the kinetic
deperdence of both rate and residual unsaturation on monomer concentration
been reported (see Table 8-1), In no instance does a straight line
relationship exist for only one of the conditions listed in Table L-3
(i.e. Rp.vs. 04, RP/ i, RP/ (1] vs, [1], or RP/ [I\i]% vs. [11]) or dces
the resulting slope to intercept ratio obtained from such a relation
agree closely with the exgperimental value of k1 /kc . In several cases,
however, straight line relations were found for more than one corndition,
(usually RP/ 4 vs. [7};and RP/ [M]% vs, []) and comparisons of the slope
to intercept ratios obtained from such straight lines with the experimental
results for Ik, /kc in some cases suggested which of the three possible
modes of biradical ternﬁ;ﬁation was predominant%,

In the cyclopolymerization of both acrylic anhydride and vinyl
-methacrylate suitable straight line relations were not obtained and the
kinetic dependence of cyclization on monomer concentration was not -
determined, ‘

In the cyclopolymerization of é.llyl methacrylate at atmospheric

pressure, excellent agreement of the experimental results with the
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theoretical expressions was obtained .and the results stroin,gly suggest
that the biradical termination reaction was sclely betveen the cyclized
radicals (R} + R;). At 3000 atm , straight line relations were obtained
in two corditions -‘(RP/[M] vs, [M] and RP/[M]% vs. [lf]) and the results
suggest that a moderate proportion of cross-termination (R + R}) is
also occurring along With the R} + Ry termination, This result is not
unexpected, as it is well knovm161" that pressure usually greatlAy'
accelerates sterically hindered reactions,

Except for those of diallyl cyanamide, no.suitable kinetic
resulfs are available for cyclopolymerizations where termination is by
degradative transfer, In the cyclopolymerization of diallyl cyanamide
at atmospheric pressure, the plot of Rp vs. [i] is linear and has a zero
intercept, Since the polymers were only soluble in phenol and m-cresol,
determinations of k, /kc were not feasible, but other resulis indicate
that the termination reaction is by intramolecular hydrogen transfer,

The derivation of theoretical expressions for the cyclopolymer-
ization of 1,4 dienes is presented elsewhere91. Trossarelli and his
co—workers98’165 have also developed theoretical expressions for the
cyclopolymerization of unsymmetrical 1,6 dienes, Vhile their results do
not include expressions for the overall rate of cyclopolymerization,
they do permit, in certain cases, the evaluation of the relative effects
'of cyclization and interuwolecular propagation via each of the two
dissimilar functional groups,

Table 8-2 lists a few of the activation energy values for

cyclopolymerization at atmospheric pressure for results which have been

reported in the literature or determined in this thesis,
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TABLE 8-2

Activation Energies for Cyclopolymerizations at 1 atm
. . E, - E,

Monomer Systen ET : Ref,

(keal, /mole)
Methacrylic Anhydride . ATBN-DIF 23,0 - 70
Acrylic Arhydride ATBN-CHO" - 2.4 99
Acrylic Anhydride AIBN-DIF . 2.5 - T
Diallyl Cyanamide TBPB-Toluene 29,7 - ¥
.Divin&l Formel ATBN-Benzene  27.7 2.3 74
o-Divinyl Benzene TiF ¥ -Benzéne - 6.2 166
Allyl lethacrylate Bz,,0,~D= 24, L 6.7 +

+ this work, * cyclohexanone, ** triphenylmethyl fluoroborate

Data on the individual temperature coefficients of the rate of
cyclopolymerization are difficult to interpret as indicated by the
complexity of the expressions for the overall activation energies (see
Table 4-5), The expression for the overall activation energy for/sinple

éyclopolyxrerization with R} + R; termination was derived in Section IV as:

TOE, = 1B+ Bye) * B - B, - (4-56)

- This expression was determined by assuming that E‘I ~ Ec °

For the cyclopolymerization of allyl methacrylate at atmosPheric
pressure, E, - E_ was found to be 6,7 keal./mole so in this case, the
validity of the above expression may be somewhat limited, Nevertheless,
substituting for E, , By (30 keal, /mole16), and B, - E_, it is fourd

that E, - ;l_—Et = 2,7 keal, /mole, This result is in reasonable agreerent
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with the reported16 values of EP - %Et (2 -5 keal. /mole) for methyl
methacrylate, so equation (4-56) probably applies in this case,

Since more than one mode of termination is occurring in the
cyclopolymrizati;n of allyl methacrylate at 3000 atm,, equation (4-56)
will not be expected to apply., Indeed, the substitution of the values
for E (22,4 keal. /mo;e'), ard E, - B, (8,0 keal, /mle) yields a negative

1

‘value for E, - —;—Et . These results give additional support to the
theoretical interpretations of the experimental results,
The values of E1

. - Ec obtained in the cyclopolymerization of
-allyl nﬁthacfylate are higher than the reported values for any other
non-conjugated diene, However, since only a few results have as yet been
published for cyclopolymerizations at atmospheric pressure and none for
cyclopolymerizations at higher pressures, no conclusions may be drawn
from these experimental results, Results for the cyclopolyrerization of
methacfylic anhydride under similar conditions (not available) would be
useful for comparative purposes,

For the cyclopolymerization of diallyl cyanamide at atmospheric
pressure, E, was found to be 29,7 keal, /mole, This value is typic;l
of ¥alues obtained for the overall activation energies of allylic
monom?rs“. From equation (7-16) the overall activation energy may be

v

derived as:

E, = E + E - E (8-2)

No exact value can be ascribed to Ez, but it is probably approximately

equal to E Since cyclization and termination may be regarded as

d L
competitive reactions in the cyclopolyirerization of diallyl cyanamide at

atmospheric pressure, a reasonable assumption would be that E‘:= ~ ED o
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Thus, from the above equation, it might be expected that the value of
E a (34. 5 kcal, /mole for TBPB17) would give a rough estimate of ET
and this is in fair agreement with the experimental result,
Similarly; for the cyclopolymerization of diallyl cyanamide at
3000 atm, where terminntion is biradical, the following approximate

expression may be obtained using equation (7-18):
E, ~ 38, + E, - I, (8-3)

From the reported results for the polymerization of several monovinyl

. monomers at e;.tmo5pheric pres.;.ure, it is found16 that the value of

E - 2B, is usually in the range O - 5 keal./mole, Since it is proﬁable
that E, - ir 4 for the cyclopolymerization of @iallyleyanamide at

3000 atm, 2also falls in this range, the expected value of ET
17. 3 keal, /mole, plus O to 5 keal, /mole and this is in good a.greenent

would be

with the experimental result (19,4 keal, /mole),

The following table lists the volumes of activation found for the

monomers examined in this work,

TARLE 8-3
Overall Volumes of Activation
¥*
AVT
Mononer
(cc/mole)
Allyl lYethacrylate - 15.9
Acrylic Anhydride + 1.5 and - 13,8
Diallyl Cyanamide - 14,3 (birad, Term, )
Indene : -21 to -8
Styrene -17.8
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The results obtained for the overall volume of activation in
the polymerizations of acrylic anhydride and indene do not permit the
estimation of values for the irdividual activation volume coefficients,

For the c:j‘rcloPolymerization of 2allyl methacrylate at atmospheric

pressure, equation (4-7) applies and the overall volume of activation is

given by:
W o= vt e o AV - AT - AV (5-5)
p = ®Vg v By v 8 - 8 - 20 o

However, by 3000 atm, pressure, cross—termination reactions (q’ +R)
are occurcing as well, and equation (4-7) will no longer apply. Also,
in the determination of equation (5-5) it was assumed that AVI ~ AVZ
but for the cyclopolymerization of allyl methacrylate it was determined
that AV: - AV: = 7.1 cc/mole. Thus, the use of equation (5-5) to
estimate the individual activation volures will probably not yield
accurate results, Indeed, substituting into equation (5-5) for
Av; , sz (~ + 5 oo/mole), Av: (~ + 12 cc/mole), ard AV: - Av: ,
it is found that AVE ~ = 20 cc/mole, This result is about double the
probablé value, Thus, in the case of the cyclopolymerization of allyl
methacrylate, the individual volumes of activation of the rate of
cyclopolymerization cannot be estimated using the theoretical derivations
because \of the complexity of the true expression for the overall volume
-of éctivation.

In the cyclopolymerization of diallyl cyanamide at high pressures
an expression for the overall volure may be obtained using equation
(7-18) as before: |

* 4 aerX * 1 a X )
&y ~ 26V; + &V, - AV, (8-%)
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Substituting into equation (8-4) for AVT( - 14, 3 cc/wole), AV, and

AV | it is found that AV, ~ - 11 cc/mole, This is about the value

t 2

predicted in Section ¥V, If it is assumed that this value is approximately
equal to the value of Av: in the cyclopolyrerization of allyl
methacrylate, then a reasonable value for sz is about - 18 cc/mole,

It is stressed that the values of the individual volumes of
activation and activation energy determined above are only to be regarded
as rough estimates and probably have only limited accuracy,

A separate discussion has already been given for each monomer
in Section VII and previously in this section, but the main features will
be summarized belcw to provide a general outline of the results ard
conclusions,

1) In the range of experimental conditions studied, the rate of

free radical homopolyrnerization of the symretrical 1,6 diene, diallyl
ether, was negligible, 4

(2) The unsymetrical 1,6 diene, allyl methacrylate, was found to
cyclopolymerize in diallyl ether solution to yield soluble cyclopolymers
at monorer concentrations and conversions not previously achieved, It is
considered that cyclopolymerization proceeds primarily via the methacrylyl
groups, It was fourd that Rp o« [In]o' 69[Li]1'61*' at atmospheric pressure
and RP « [In]® 62 [1,1]1'55 at 3000 atm The rate of polywerization is
_accelerated by pressure and AV; was found to be - 15,9 cc/mole,

The cyclization reaction was found to be highly favoured by
pressure and AV1* - A‘fz was determined to be + 7.1 cc/mole. The overall
activation energies for cyclopolymerization of allyl uzethacrylate were

found to 24,4 and 22,k keal, /mole at atmospheric pressure and 3000 atm, ,

respectively, The degree of cyclization vaas found to decrease as the
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temperature increased, and E, - E was found to be 6.7 kcal, /mole
at atwospheric pressure and 8,0 kcal./mole at 3000 atm pressure,

Very good agreement between the experimental results and the
derived theoretical expressions was found, It was shown that the
biradical termination reaction was solely between cyclized radicals for
polymerizations at atmoépheric pressure while cross-termination reactions
between cyclized and noncyclized radicals occurred as well at higher
pressures, _

(3) . The symeetrical 1,6 diene, acrylic anhyéride, was found to
undergo free radical cyclopolymerization in toluene and dimethylformamide
solutions, Using polymers produced in toluene solution, the relation
between interrnoiecular propagation and cyclization, k1 /kc , was found to
be 0.13 1. /mole,

The cyclopolynxe;:'izations of this monomer were heterogeneous in
toluene solution and ostensibly homogeneou'é in DiF solution at low
monomer concentrations, In DiF solution at higher monouwer concentrations,
popcorn polyrerization occurred, The rate of polymerizatién was determined
to vary as the first power of the initiator concentration., It was showm
that the homogeneous polymerization of acrylic anhydride in DiT solution
had many features in common with the heterogeneous bulk polyrerization
of acrylonitrile, and the anomalcus results were attributed to occlusion
in susperded microgel particles,

The rate of polyuwerization was found to decrease slightly wi’.ch
pressure up to 2500 atm and in this range AV; was found to be
+ 1.5 cc/mole, The degree of cyclization and the molecular weight
increased steadily in the region of rate decrease, Above 2500 atm , the

rate increased normlly with pressure and both the degree of cyclization

*
and the molecular weight levelled off, In this region, AVT was found
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to e - 13,8 cc/mole. These results wefe attributed to decreased
penetrability and monower diffusion in microgel particles.

The activation energy at atmospheric pressure was calculated to
be 24,5 keal, /mole.
(&) Indene was found to polymerize by free radical methods and to
yield low molecular weight polymers, It was determined that Av; was
a function of pressure; varying from about = 21 cc/mole below 2000 atm,
to about -~ 8 cc/bcle in the range 2000 - 5000 atm,, The termination
reaction was shovm to be biradical and the kinetic dependence of rate on
initiator concentration was found to be 0.5 at atmospheric pressure and
0.4 at 3000 atm pressure,

The activation energy at atmospheric pressure was determined to
be 23,2 keal. /mole,
(5) It was determined that the symmetrical 1,6 diene, diallylamine
hydrochloride, could be cyclopolyierized at atmospheric and higher
pressures ta yield solid polymers which were virtually 100% cyclized,
(6) The symmetrical 1,6 diene, diallyl cyanamide, was found to undergo
heterogeneous cyclopolymerization in toluene solution to yield soluble,
low molecular weight polymers, It was determined that R, = [1n] (]2
at atmospheric pressure and 3? - [irﬂ%l}ﬂz at 3000 atm, pressure, The
termination was determined to be hy intramolecular hydrogen transfer at
- atmospheric pressure and by the biradical coupling of cyclized radicals
at 3000 atm, pressure,

It was considered that the kinetic dependence of rate on the
square of the monomer concentration was due to complex initiator-wmonomer-
solvent interactions and theoretical egprassions were developed which

agreed, at least quantitatively, with the experimental results.



190,

The rate of polymerization increased sharply in the region
1 - 1000 atm, and normnlly thersafter, It was shown that above 1000 atm,
the termination reaction was biradical and in this range AVE was found
to be -‘1A.3 cc/mole,

The activation energy was found to be 29,7 kcal./bole at
atmospheric pressure and 19,4 kcal. /mole at 3000 atm pressure,

(N The unsymmetrical 1,5 diene, vinyl methacrylate, was found to
undergo free radical cyclopolymerization in cyclohexanone and dioxan
solutions, and to yield soluble cyclopolymers containing six-rembered
lactone rings, Because of induction, kinetic investigations of the
polymerization of this monomer were not carried out,

(8) Attempts to cyclopolymerize the symmetrical 1,L diene, vinyl
sulfone, were not successful,

(9 From a fewﬁexperiments on the effect of pressure on the free
radical polymerization of styrene in benzere solution, AVE was
calculated to be - 17,8 cc/mole,

In addition to the previous results anmd conclusions for particular
mononers the following general conclusions about cyclopolymerization vere
obtained,

(10) On the basis of the experimental results, it appears that the
alternating inter-intramclecular peaction rechanism which was originally
_proposed by Butler and Angelo3 generally describes the free radical
polymerization of many non-conjugated dienes at atuwospheric and higher
pressures,

(11) The theoretical expressions developed in Section IV give a
reasonable interpretation of the experimental results for cyclopolymerization
and their use permits the evaluation of the relative importance of

cyclization and intermolecular propagation, and in some cases the
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determination of the probable termination reaction(s),
(12) A tendency to microgel formation is probably a factor in the
cyclopolymerization of most non-conjugated dienss which yield high
molecular weight polymers,
(13) The rate of cyclopolymerization is usually increased by pressure,
(14) In cycloPOlyzrerization, pressure greatly increases the rate of

cyclization relative to the rate of intermolecular propagation,
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