THESIS FOR THE DEGREE OF DOCTCR COF PHILOSOFHY

THERMAL DEGRADATION OF SOME VINYL CHLORIDE COPCLYMERS

By

Thomas Straiton, B.Sc., (Glasgow)

Supervisor: ' Chenmistry Deperinent

Dr. I.C. McNeill » University of Glasgow

February, 1974



ProQuest Number: 11018008

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 11018008

Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, M 48106- 1346



PREFACE

The work described in this thesis was carried out during the
period October 1970 to September 1973 at the University of Glasgow
in the Department of Physical Chemistry, which is under the

supervision of Professor G.A. Sim.

I am indebted primarily to the Science Research Council for
the award of a Research Studentship and to my supervisor Dr. I.C.
McNeill, for his advice and constant encouragement. In addition,
my thanks are due to Dr. B. Dodson, notably for his co-operation
in the chlorine - 36 labelling studies and to Dr. A, Scotney for

his helpful advice.

Finally, I would like to thank Messrs. J. Gorman and R. Ferrie
for their technical assistance and all members of the Polymer Group

for their tolerance and good humour.



CONTENTS

CHAPTER ONE: INTRODUCTION

Polymer degradation
Reasons for studying thermal degradation
Mechanisms of thermsl degradation
(1) chain scission reactions
(ii) substituent reactions
(iii) general aspects
Methods used for studying thermal degradation
(i) egeneral methods
(ii) radiotracer techniques
(iii) TVA.
Aim of this work

CHAPTER Tw0: PREPARATION AND ANALYSIS OF 36Cl-LABELLED

VINYL CHLORIDE — METHYL METHACRYLATE

COPOLYMERS

Introduction
Experimental
(i) preparation of 56Cl-labelled vinyl chloride
(ii) allocation of available radioactivity to polymers
(iii) determination of specific activity of vinyl
chloride
(iv) polymerisation procedurs
(v) molecular weiéht determinations

(vi) assay of polymer solutions

PAGE NO,

11

13
15
17
18

19

22
25
26

30
32

32



PAGE NO.

(vii) estimation of chlorine content of the copolymers 33

+ Results and discussion 33

CHAPTER THREE: THERMAL DEGRADATION OF PMMA AND PVC AND

PREVIOUS TORK ON THE COPOLYMERS

Introduction . | L0
Thermal degradation of PMMA . ) 40
(i) effect of polymer preparation method L4
(ii) effect of molecular weight ~ L4
(iii) effectkof backbone unsaturation 42
(iv) effect of other foreign units in backbone 42
Thermal degradation of PVC | ‘ L3
(i) initiation sites 45
(ii) colouration Guring dehydrochlorination 49
(iii) mechanism of dehydrochlorination 50
(iv) influence of hydrogen chloride 53
Thermal degradation of VC - MMA copolymers 55
(i) mechanism of lactonization 57
(ii) effect of lactonization on copolymer stability 61
(iii) other products of degradation ' 63
CHAPTER FQUR: THERMAL DEGRADATION OF 36Cl~LABELLED
POLYMERS .

Introduction - ‘ L 66
Description of TVA technique
(i) apparatus : 66

(ii) product analysis 70



PAGE NO.

§ (111) determination of sample temperature 70

(iv) sample heating-rate o V4|
Disadvantages of TVA } Vi)
Advantages of radioactive assay of volatiles 7
Separation of HCl and methyl chloride | 72
Evaluation of degradation apparatus and technique 80
Summary | 89
Presentation of experimental results : 89
Statistical treatment of 1,3-cyclization reactions of 104

vinyl polymers

Empirical and theoretical results fqr the fraction 108

of lactonizable VC units |

Discussion of results . 110
- General assessment of the radiochemical method of ‘ 114

volatile analysis

CHAPTER FIVE : RELATED COPOLYMER SYSTENMS

Introduction o 116
Vinyl chloride —— methyl acrylate copolymers . ’ : 117
(i) analysis of volatile products 117
(ii) discussion . 124
Vinyl chloride — n-butyl methacrylate copolymers 124
(i) analysis of volatile products 126
(ii) analysis of cold-ring fraction 134
(iii) discussion ’ : , 132
Vinyl bromide — methyl methacrylate copolyme;'s . 134
(i) analysis of volatile products 135
(ii) analysis of cold-ring fraction 1

(iii) discussion 143



PAGE NO.
Vinyl chloride — n-butyl methacrylamide copolymer 145

(i) poly(n-butyl methacrylamide): analysis of | 145
volatile products
(ii) poly(n-butyl methacrylamide): analysis of 150

cold-ring fraction

(iii) copolymer: analysis of volatile products 153
(iv) analysis of cold-ring fractions 153
(v) analysis of polymer residue 155
(vi) discussion ' 157
Vinyl chloride = methacrylic acid copolyuer' ' - 159
(1) analysis of volatile products : 160
(ii) analysis of cold-ring fraction 163
(iii) analysis of polymer residue . 165
(iv) discussion | 165
Vinyl chloride = sodium methacrylate copolymer 166
(i) choice of polymerization initiator 167
(ii) pre-lactonization 168
(iii) thermal degradation of poly(sodium methacrylate) 170
(iv) ‘"copolymer" : analysis of volatile products 172
(v) analysis of cold-ring fraction 175
(vi) analysis of polymer residue 177
(vii) discussion . 177
General conclusions 178

CHAPTER SIX : THERMAL DEGRADATION OF POLYMER BLENDS

Introduction : - L 181
Purpose of this chapter _ 181

General aspects of thermal degradation of polymer blends 182



PAGE NO.

Blends of PVC with PMMA, PMA and PBMA 183
Blend of FVC with poly(g—butyl methacrylamide) ' 185
Blend of PVC with poly(methacrylic acid) 187
Blend of PVC with poly(sodium methacrylate) 189
Blend of poly(vinyl bromide) with PMMA 194
A study of lactonization in VC - MMA copolymers , 193

using polymer blends

(1) blend of copolymer with FVC : 194
(ii) blend of copolymer with FuMi 196
(iii) general conclusions 200

APPENDIX ONE : POLYMER PREPARATION

Vinyl chloride — methyl acrylate copolymers ' 201

Vinyl chloride —— n-butyl methacrylate copolymers 201
Poly(n-butyl methacrylamide) ' 202
Vinyl chloride —— n-butyl methacrylamide copoljmer 203
Poly(vinyl bromide) 204
Vinyl bromide —— methyl methacrylate copolymers 204
Vinyl chloride —— methacrylic acid copolymer | 205
Poly(sodium methacrylate) 206
Vinyl chloride — sodium methacrylate copolymer 206
APPENDIX TWO : MOLECULAR WEIGHT DATA FOR THE 208
COPCLYMERS

REFERENCES 240



CHAPTER ONE

POLYMER DEGRADATICN

Polymers in everyday use are subjected to a varisty of modifying
influences, some or all of which méy be in operation at any time,
depending on the particular environment and application of the material.
These influences include the action of heat, light (and other high
energy radiation), mechanical stressgs, atmosphere, chemicals and
bacteria.

In classical chemical usage, the term "degradation'" implies a
breaking down in chemical structure and in polymer chemistry this
would be equivalent to a fall in molecular weight, However, polymer
degradation is now generally regarded as any deterioration of those
‘properties which make the material commercially useful as a plastic,
rubber or fibre. - A decrease in molecular weight is not always involved.

Quite often, the loss of one useful property may lead to the
development of another, so that degradation can be used to extend the
applications of the polymer. Because of this, the term "degradation"
will be used in its broadest sense to cover all chemical reactions of
polymers,

The usual approach tq the understanding of polymer degradation
is to study each modifying agency separately and then try to deduce
their combined effect. Clearly this approach has many shortcomings
and is only adopted for ease of study.

This work deals with the thermal degradation of vinyl-type
polymers of general structure -€CH2 - C}CY-)—n, vhere X and_}'_ are either

H or some functional group.



THS REASONS FOR STUDYING TiH*RMAL DEGRADATION

From a scientific point of view, thermal degradation studies
help to elucidate macromolecular structure, such as the sequence and
arrangement of the repeat units and side-groups in the polymer or
copolymer chain, as well as the nature of the chain-ends and of the
crosslinks between chains., Such studies also throw light on the
strengths of the various bonds within the macromolecule, on the
kinetics of degredation rcactions, on the effects of time, temperature,
pressure, and other variables on rates and products of degradation,

From a practical point of view, thermal degradation studies are
important in that tﬁey can explain the behaviour of polymers under
conditions of high temperature and, after a precise knowledge of the
degradation mechanism has been obtained, existing polymers can be
stabilised in a logical way and nzw polymers '"tailored" to meet new

or existing requirements.

THE MeECHANISHS OF THERMAL DEGRADATION

The thermal degradation mechanisms of polymers fall into 2
distinct categories:

(1) Chain-scission reactions.
(2) Substituent reactions.

Chain-scission reactions involve'rupture of the main backbone
of the polymer molecule. The products at any interwediate stage of'
the reaction are similar to the parent materiai in the sense that the
monomer units are still distinguishable in the chains., New types of
end-groups may or may not appear,‘depending upon the nature of the |

chain-scission process.,



* Substituent reactions involve modification or total elimination
of the substituents attached to the polymer backbone. The latter is
not broken, but the chemical nature of the repeating unit in the
macromolecule is changed. Any volatile products are chemically

unlike monomer.

CHAIN SCISSION REACTICNS

These proceed by a free radical chain process., Initiation,
which is the splitting of the chain to form radicals, may occur at
chain-ends, at impurities in the chain structure, or at random along
the length of the chain. Monomer mgy then be produced in a
depropagation process, vhich is simply the reverse of propagation in
the polymerisation reaction. Transfer reactions may occur in
competition with depropagation and these involve attack by a long-
chain radical on another polymer chain (intermolecular) or on itself
(intramolecular); they give rise to fragments larger than monomer
and to chain scission., Free radicals are final]y renoved from ths
system in a termination step which may involve combination ar

1
disproportionation. Simha, ¥Wall and Blatz showed that the

total mechanism may be represented as follows:-

Random Initiation: ) .
Mn i Pj*-r- P

Chain-end Initiation: ki .

M ———->Pn_1 + P1
. B X

Depropagation: .« A e
P.—> P. + M
1-14 1

k

Transfer: f

P’ + M —>K +P
1 n 1 n

Pn—-——>Pj + Mn_j
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k

T inati H .

Py i+

where n is the chain length of the starting material and Mi’ Mj’ etc.
and P{, P5 ete. represent, respectively, dead polymer molecules and

long-chain radicals, i/j etc. monomer units in length.

It vas also shown that although chain-scission reactions can
generally be accounted far in terms of this single mechanism, distinct
behaviours are observed in different polymers due to variations in the
relative importance of depropagation and transfer. Vihen deprdpagation
predominates, the molecular weight tends to be maintained, since whole
molecules are being rapidly removed from the system. High yields of
monomer are produced and the rate of volgtilization decreases throughout
the reaction vhen the polymer is leated isothermally under vacuum.

Poly( methyl methacrylate), PMMA,behaves in this fashion, giving a 1007
yield of monomer.(s)

If intermolecular transfer is the predominant reaction, the
outcome will be a rapid decrease in molecular weight., The overall
process approximates closely to the situation in which the polymer
chains are being randomly broken and the rate of volatilization now
passes through a maximum. A continuous spectrum of products of various
chain-lengths is produced, the shorter fragments being volatile at the
reaction temperature. The yield of monomer is very low..

Intramolecular transfer, on the other hand, has no drastic effect on
molecular veight, since only very short chain fragments are produced.
In degradations vhere intramolecular transfer is predominant, no rate
maximum is observed, Linear polyethylene exhibits behaviour typical
af.intermolecular transfer during degradation, while branched polyethylene

(€)

appears to undergo intramolecular transfer.



Clearly, the mode of chain-scission is determined by the chemical

structure of the polymer molecule,

THE EFFECT OF POLYNXR STRUCTURE ON CHAIN SCISSICN

The relative importance of depropagation and transfer depends

basically on the two following factors:-

(i) The reactivity of the degrading polymer radical.

(ii) The availability of reactive atoms (usually H atoms) in the
polymer molecule,

Both factors are clearly dependenf upon polyner structure,

If a polymer radical is relatively unreactive or if the free
electron is shielded by bulky substituents, the radical will tend
to depropagate rather than abstract neighbouring atoms, especially
vhen the latter are relatively unreactive and sterically hindered
themselves.

Unreactive radicals are generally those which are stabilized

by resonancé or by a high degree of substitution. A typical example

is PilA:-~
o
/\/CHé——~?-——CHé——-?'
O/Q\OCH5 049\'OCH3

Here the degrading radical is tri-substituted and additional
stabilization results from delocalization of the free electron into
the double bond of the 0(-cafbonyl group. In addition, none of the
H atoms in the polymer molecule are particularly reactive — the
secondary H atoms, which are the mgst likely candidaﬁes for

abstraction; are sterically unavailable,



Consequently, PHMA depropagates to the complete exclusion of transfer
and this behaviour is typical generally of the polymers of 1,1~
disubstituted vinyl monomers.,

(7)

In polystyrene degradation, trensfer and depropagation are
equally important, since although the polymer radicals are resonance-
stebilized by the adjacent benzene rings, they are only disubstituted

and can easily ebstract the highly reactive (and relatively unhindered)

X H atoms of the polymer molecules:-

L]
5 ('JH CH 3 cH

Replacement of these atoms with deuterium results in an increase

A CH

in the yield of monomer from 42 to 707 at the expense of the larger

fragments,

SUBSTITUENT REACTIONS

For chain-scission reactions, it has been noted how the nature
of the substituents can greatly influence the preferred course of
the reaction, without actually changing the basic free-radical
mechanism.  Substituent reactions differ in that the basic mechanism
of degradation depends largely on the chenical nature of the pendant
functional groups. Free-radical, molesculer or lonic processes may
be involved.

Substituent reactions can only occur when their initiation

temperature is below that required for backbone scission. Fven the



most structurally favoured chain-scission processes seldom occur
below 200°C and substituent reactions, if they can occur at all,
ére of ten well advanced at this temperature.

The most unifying feature of substituent reactions is the
modification of the repeat unit in the polymer chain and the type
of substituent reaction involved is determined by the way in which

this change comes about:-

TYPE A: The repzat unit is changed as a result of product-

modification or self-modification of the substituents.

IYPE B: The repeat unit is changed by chemical reaction between
neighbouring functional groups or atoms. |

An example of modification of the substituents by the
degradation products is the reaction of gaseous HC1l (from the
degradatioh of vinyl chloride, VC, secquences) with the pendant ester

(8)

groups in FVC-PlA blends and VO=iMA copolymers.(g) The
mechanism is probably ionic. Methyl chloride is produced and

carboxylic acid units are left in the residue:-

CH CH, - ' CE

|7 | 2 | 2
AACH—CV HC1 ACH,— NV AACH—C\
2 ' —— 2 ‘ 2
+ _ o
Ol/C\OCH3 7 \?30H3/a- o? o
H
+ CHBCJ. _

Self-modification of a substituent is typified_by ester

decomposition reactions of the type:-



| : v R
“AVCH --c':/v 1 A/CH—CA AMH —CA~ 4 CH =0/
2 > | 2 2 2 \R'
2\ &7 %\
o P R oY i? HO//‘\O
CH2CH\R, S +H\/beCH2
£ Y

(»,-® = -ALKYL, -H)

One example of this is the thermal degradation of poly(i- butyl

) (10)

methacrylate vhich gives rise to isobutene and poly(methacrylic
acid). A concerted molecular mechanism, proceeding via a 6 -

membered cyclic transition-state is believed to be involved,

TYPE B reactions are much more common and are particularly
significant in the present work., The neighbouring functional groups
or atoms, between vhich reaction takes place, may be vicinal or
separated by three or‘more carbon atoms.. In the latter instance,
the interaction leads to the formation of cyclic structures in the
polymer chain.

In some cases, type B reactions are chain-like in character,
with geveral pairs of substituents being involved in succession along
particular segments of the polymer chain, Common examples of this

(49)

are the thermal colouration reactions of FVC and poly(acrylonitrile)

(11, 12) :-



. (-HeC1)
“CH 5— CH—CHz—CH—CHs—CH—CH N ———> /CH 5—CH—CH5;—CH=CH—CH—CH "V
c1L cl1 : cl cl
(pve)
(-Hc1)
(-HC1)
<& —-——— /\/GH2——CH=CH—-CH=CH—CH:—CH2/V

Cl

H cH H H A
VNCH —cH~cH—CH—CH——CH—CH2/V———>Nc-CH/C XNew” DNex Z\CH/C 2

2 2 2
CN CN CN CH C
(PaN) G
NG d
CH

CN ' . oN

' \
T oY

In PVC, colouration of the polymer arises by a progressive
build-up in polyene sequences along the backbore, due to elimination
of HCl, This reaction will be discussed in greater depth later.
Colouration in PAN is probably due to stepwise polymerisation of the
nitrile groups as shown;‘ no elimination is involved.

It is still uncertéin whether these processes are molecular,

ionic or free-radical in character.



Other type B substituent reactions involve interaction between
randomly selected pairs of neighbouring substituents on the polymer
molecule, If cyclization occurs, its extent can be predicted by
statistical considerations, both for homopolymers and copolymers.,
One example of this is the thermal dehydration of poly(methacrylic

) (13)

acid which is believed to be nechanistically similar to an acid-

catalysed esterification:-

CcH cH
EE P ERE
ACH—C" 2 0 ACH P A ’\cnz———c/CH?\C/v

S B s

C P X e N

o7 Nox OH/C\\O 07 Yo +of 0 0oZ Yo 0

H +-H20

Tﬁs . TH3

i.e., the reaction passes through the following transitiop?state:-



Another reaction in this category is the thermal lactonization
which occurs in copolymers of vinyl halides vith esters of
methacrylic and acrylic acids. A typical reaction occurs during
the thermal degradation of vinyl chloride-methyl methacrylate

(14)

copolymers:-

CH CH

3 l 3
] cH cH
2 )
ACH —-c/ \CH’V——————> wCH — G T CEV 4 cE.CL
2 L o 150°-200° 2 | | 5
Cc1 _ C—0
Va
o/ \OCH , Y

3

Vethyl chloride elimination accoumpanies the cyclization and the
amount evolved can be predicted statistically if the copolymer

("5),

composition is knowm. Howiever, the exact nature of the mechanism
involved is uncertain, This particular system will be discussed.more
fully in Chapter III.

GENERAL ASPECTS (OF THE THERMAL DEGRADATICH MICHANISMS OF POLYMERS

GENZRAL ASPECTS OF THE THERMAL DEGRADATICH MICHANISHS OF POLYMERS

Attempts to correlate the thermal breakdown of polymers with
low molecular weight model compounds have been largely unsuccessful,
The unique nature of macromolecular structure allows intimate contact
betveen reactive sites and. potentially reactive ones, so that the
vossibilities for reactions involving chain mechanisms are much
enhanced, The "reactive sites" in polymers are usually chain impurity
structures such as unsaturation, chain branches, head-to-head or tail-
to-tail units, initiator fragmenté or oxygenated structures, These
will be absent in the low molecular weight counterparts, which

consequently show higher thermal stabilivy.



More sophisticated models, incorporating one or other of
these abnormel structures,have provided some information on their
relative importance in initiating degradation. Samples of the
same polymer prepared under different conditions will generally
show somewhat different thermal behaviours due to variations in the
relative abundance of the important impurities.

The physiceal properties of a ccpolymer are generally quite
distinct from those of the corresponding homopolymers and this is
also true of degradation behaviour. In random copolymers, sequences
of like units in the polymer chain will often cegrade to give the sane
products as they would gererate in the homopolymer.  However, the
method of initiation may be quite different, lcading to breakdown
at temperstures lower or higher than those found in the homopolymers.
In addition, other reactions, vhich are absent from the homopolymer
degradations, may occur, these being mainly subétituent reactions
between chemically-unlike units, product-product or product-copolymer
interactions.

The difficulty in assigning a partiéulér mechanistic type
(i.e. molecular, ionic or free-radical) to substituent reactions has
already been rentioned. Organic reactions which proceed by an ionic
mechanism are generally influenced by the polarity of the solvent and
sre often catalysed by acids and bases, Conseguently, the thermal

(1€)

dehydrochlorination of PVC in dimethylf ormamide, for example,
vhich is greatly accelerated by the preserce of organic bases, is
believed to proceed via charged intermediates. Ionic reactions,

hovever, are difficult to envisage during bulk degradation unless

the polymer melt is substantially polar.
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Undsr these conditions, molecular or free-radical mechanisms seem
much more plausible, but even for these, the evidence is often
indirect. It is possible to detect short-lived free-radical
intermediates using E.S.R. spectroscopy but the method is not easily
adepted to study polymer degradation., In addition, it is possible
that radicals observed by E.S.R. spectroscopy mzy not be true
intermediates in the degradation process, e.g. the polyene sequences
in partially degraded PVC can give rise to paramagnetic behaviour due

(17)

to thermal excitation of electrons in tﬁe TV orbitals, More
often, the possibility of a radical process is deduced from the
influence of free-radical initiators and inhibitors on the reaction
rate or from kinetic data.

Failure to detect the existence of ionic or free-radical

intermediates usually results in the mechanism being termed "molecular",

METHODS USED FCR STUDYING THERNAL DEGRADATION

In order to be able to assign a specific mechanism to a
degradation process, a number of experimental results have to be
obtained and correlated, These include:-

(1) The chemical nature, quantity and rate of formation of
each of the volatile products of degradation;

(ii) The chemical nature, extent and rate of production of
any new chemical structures formed within the polymer
‘molecule,

(iii) The rate of change of moleculer weight of the residue.

Clearly the acquisition of kinetic data is of fundamental importance.
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The main difficulty lies in finding a method vhich allows
continuous monitoring of as many as possible of the above factors
as the polymer degrades, vhile minimising complicating practical
factors vhich obscure the true thermal behaviour of the polymer
(i.e. behaviour on a molecular scale). It is impracticable to
monitcr concurrently all of these changes and it is therefore
necessary to studyeach factor in turn using a range of experimental
methods, some of which will inevitably enﬁail interruption of the
degradation process to allow retrieval of data.

This work involves application of methods in categories (i)
and (ii) above. It should be noted that the formation of a new
chemical structure in the polymer can often be studied indirectly by
monitoring the volatiles evolved (e.g. many type B substituent
reactions).

The method chosen for the study of volatile evoiution will
depend upon vhether the components of the gas effluent stream are
already known, whether high-vacuum conditions are required and
whether the gases must be monitored continuously or collected first
and anaslysed later. The most commonly used techniques may be listed

as follows:~

Gas-phase chromatography

lass spectrometry

Infrared spectrophotometry (including rapid-scan
techniques for continuous monitoring)

Thermoparticulate analysis

Pitration and other methods of chemical analysis
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Selective absorption/condensation of one or more
of the components.
Torsion effusion analysis
Pressure measurement, using a manometer, spoon
gauge or Pirani gauge
Most of these methods are now so generally applied as to merit
no special description and they have been well reviewed by Carrolfh8)

(19).

and by Lodding Thermoparticulate analysis (TPA) is a
comparatively new technique for the thermal analysis of polymeric
materials and is based on the photodetection of moisture condensation
nuclei evolved from a polymer sample that is temperature programmed.
Torsion effusion analysis has been described by Rosen and Melveger(zo)
in a study of the rate of volatilisation of a poly(tetrafluoroethylene)
sample, Vihen it is known that only one reaction involving the release
of volatiles occurs within a specifiied temperature range, then other
techniques such as thermogravimetric analysis (T7G), differential thermal
analysis (DTA) and differential scanning calorimetry (DSC) may be useful
for obtaining further quantitative kinetic and calorimetric information
about the reaction. These methods are also well reviewed by the

above authors.

RADICTRACER TECHNIQUES

The use of radiotracers in polymer chemistry has been reviewed
by Bevington(21). Their application to monomer reactivity ratio
determination in copolymer systems will be discussed in Chapter II.

In the thermal degradation field, Powell et al(zz) have studied the

thermally-induced lactonization which occurs in MMA/(X~hydroxymethylstyrene
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copolymers using 14C ester - labelled MMA.

Ph | CH

|~ CHZ\é 1,00-500°F _chy | *
VNeH;—C N 2 > ACH—C ¢V 4 CH—OH
I ' Vacuum Extrusion ' I 3
C CH , -
/2 2
d \i) o 0/ N
* ¢y

3

The loss of activity from the polymer was studied using liquid
scintillation counting of polymer solutions, |
In fact,most radiotracer studies in polymer chemistry involve
the monitoring of changes in the specific activity of the polymer
itself, either by solution counting or occasionally (vhere ﬁuC is
" used) by oxidation to 002 and ges countipé?B) The direct monitoring
of volatile evolution using radioactively-labelled polymers has not

(24)
been widely used. McGuchan and Mcelleill used 36Cl to study the

-isothermal degradation of chlorinated poly (isobutenes) by measuring
the amounts of chiorinated volatiles (mainly HCl) evolved with time,
usiﬁg gas~-phase Geiger-Muller counting. The specific activity of
chlorine in the apparatus could be foung?5%y cqunting a sample of
chlorine gas, condensing it into a solution of potassium iodide and
titrating the liberated iodine against standard sodium thiosulphate
sclutiocn.

In general, radiotracer techniques can provide accurate,
quantitative énalysis of samples of polymer or degradation products,
with the accuracy of the results limited only by the counting time

available, (see Chapter II, page 25)



- 17 -

This must be balanced against the disadvantages of preparing labelled
monomer, measuring its specific activity and observing additional
safety precautions,

e (26,27)
THERMAL VOLATILIZATION ANALYSIS (TVA)

Unlike the monitoring of volatiles using radiotracers, this
is essentially a "physical" technique involving continuous measurement
of the pressure exerted by the volatile products as they are released
~ from the heated polymer. | Degradatién is conducted under high-vacuum
conditions and the volatiles. are continuously pumped from the sample
past a Pirani gauge to a cold-trap. " Pirani response is recorded
continuously as a function of oven temperature and gives a measure
of the rate of volatilization of the sample., Discrete reactions
which produce volatiles give rise to "peaks" on the TVA trace.

Unfortunntely, TVA is only a semi-quantitative technique, since
Pirani response is only linear with the rate of vclatilization for
responses up to about 1mv, At higher flow-rates, the Pirani becores
progressively less sensitive, although calibration is possible using
a flow-metsr, It is also found that Pirani response per unit mole is
dependent on the substance distilling, so that a direct comparison of
amounts of different volatile materials, even at low Pirani responses,
is not possibie. In addition, the peaks on o TVA irece oft
and this may obscure discrete reactions occurring in the polymer.

A useful development of the technique has been the introduction

(28)

of diffeerential condensation of products , based on the principle that

the condensability of a substance in traps at various temperatures is
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characteristic of that substance. By simple inspection of the

TVA traces corresponding to traps at various temperatures, it is
often possible to make useful deductions about the volatile products
which are contributing to each peak, assuming that no two show the
same condensability characteristics, A more conprehensive account
of the practical and theoretical aspects of TVA will be given in

Chapter IV,

THE ATK (F THIS WCRK

The primary aim of this work is to study the thermal degradation
mechanisms of random copolymers of VC with comonomers bearing pendant
acid, ester, amide end carboxylate anion substituents and to compare
their thermal behaviour with those of the parent homopolymers.

Although the basic technigue employed in these studies has been
Differential Condensation TVA, a large part of the work is devoted to
the assessment of 2 radiocchemical method using © Cl for the guantitative
study of volatile evolution from VC-11A COpolymefs. Radioactive assay
of the copolymers has been used to calculate monomer reactivity ratios
for the system, vhile the copolymer compositions have also been related
to the relative quantities of degradation products evolved and
comparison made with those predicted by statistical consideretions.

Using information suppiied by'TVA and degradation product
analysis, an attempt has been made to dedice more fully the nature of
the 1,7-interactions which occur in the various copolymer sysicms
outlinsd above and to establish the effect of these interacticns cn the

general degradation characteristics of the polymers.



CHAPTER TWO

36

PREPARATION AND ANALYSIS OF cl - ELLED VINYL

CHLORIDE —— METHYL METHACRYLATE CCPOLYLZRS

INTRODUCTION

In order to account for the thermal (and other) properties of a
random copolymer system, a precise knowledge of copolymer compésitions
is first of all required. Comparison of these with the composition
of the monomer mixture used to make each copolymer enables reactivity
ratios to be determined for the system and these in turn can be used
in statistical calculations to find the arrangement of monomer
sequences in the copolymer.

If intersequence cyclization (e.g., lactonization) is possible
in the copolymer, it will be most prevalent vhere thefe is a tendency
towards alternation ofAmonomer units in thé cnain, so that the
composition of the degradation products can often be related to
sequence distribution in the polymer., Thus a sequence distribution
of the type 'f%?%ﬁ%%%ﬁé%?é%ﬁé&"Will give a high proportion of i - B
cyclization produéts, whereas a copolymer having long sequences of
like units, say of type A, and short sequences of type B, will show
a degradation pattern more akiﬁ to that’of the corresponding homo-
polymer, poly(4).

In the present work, an attempt has been pade to relate volatile
composition (obtained experimentally) to the fheoretical sequence
distribution predicted from empiriéally -~ determined reactivity ratios.

The calculation of sequence distribution and its quantitative relaticn



to reaction mechanism will be more fully discussed in Chapter IV.

The most common method of determining copolymer composition is
by elemental analysis, This can often be applied with a minimum of
difficulty, sincg the procedures usually involve destruction of the
polymer and solubility problems are not encountered. VWhen attempts
are made to apply chemical methods other than elemental analysis (e.g.,
the determination of carboxylic acid groups by titration), solubility
problems are frequently serious, although suitable solvent mixtures
can often be found.

Many copolymer systems lend themselves to analysis by I.R. or
U.V. spectrophotometric‘teohniques, but a major problem here is the
need for standard copolymers of known composition fbr calibrétion
purposes — absorptivities based on the absorbance of individual
homopolymers are not alvays identical with those obtained from
copolymers. |

A1l the above methods éf analysis aré made especialiy difficult
if the monomers are very similar or if one monémer is present in very
small amounts. Use of a labelled monomer overcomes these problems
since the copolymer composition can be readily determined by radio-
active assay. ﬁost of the tracer studies on copolymerization have
involved 1L*C, but 3H and 36Cl have also been used. In suitable cases,
comparisons of the results from the tracer method with those from other
analytical techniques have shown good agreemcnt(zg)

L

C or 3H is convenient only
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e

The use of very weak ﬁ-emitters like

vhen liquid scintillation or proportional counting is available. Ccl

has a long half-life (ti = 3.0 x 40° years), is a pure fB-emitter with

1
2

E = 0,72 MeV and is comparatively non-hazardous. Radiochlorine (019)

max



has been used by McNeill to study unsaturation in butyl rubbers(Bo)and
by McGuchan and licNeill to estimate the much lower concentrations of

unsaturated end-groups in polyisobutene prepared by cationic polymer-

(25)

ization' 7 The latter workers subsequently studied the thermal

stability of chlorinated polyisobutenes containing various concentraticns

of chlorine labelled with 36Cl. In all cases, material labelled with

the isotope was found to respond well to Geiger - luller counting in
both liquid and gas phases.
Bevington and Johnson used 36Cl‘in a study of the copolymerization

(31)

and found
36

of methyl methacrylate with methyl X -chloroacrylate

scintillation counting in solution to be suitable for assay of 7 Cl in

4C—labelled

the copolymers, by comparison vith results obtained using 1
methacrylate. Quenching was found to be important and varied with
copolymer composition., A comparison was also made of scintillatipn
counting and Geiger - Kuller counting using a liguid-sleeve counter for
36Cl. The two methods gave results in good agreement. It should be
noted, however, that éeiger - M¥uller counting of 3601 using a liquig-
sleeve counter is only about 1% efficient, while liquid scintillation
counting gives about 60% efficiency, so that for measuring very low
concentrations of the isotope, the latter method (if available) is to

be preferred.

Taking these factors into account, reactivity ratios, for
subseguent use in the sequence distribution calcuiauicns,‘could feasibly
be determined for the vinyl chloride - methyl methacrylate system by the
36

incorporation of “ Cl-labelled vinyl chloride into the polymers.
Equally important, the label would allow a precise analysis of chlorine-

containing volatile products, by gas-phase Geiger - Muller counting, in

the subsequent degradation studies.



Geiger - Muller solution counting was adopted as the method cf
copolymer analysis., Comparison of results obtainsd with labelled
poly(vinyl chloride), after correction for the specific activity of

the monomer used in each case, would yield copolymer compositions,

6
THE_PREPARATION OF 5 Cl - LABELLZD VINYL CHLORIDE (with B. Dodson)

The most convenient labelled starting material available was
hydrochloric acid and two possible synthetic routes based on this
were considered:-

(1) The direct combination of acetylene with hydrogen chloride in
the gas phase:- |

CH = CH + HCL———— CH,==CHC1

This method is used industrially and has the advantage of being
a single-stev process with no products other than vinyl chloride, so
that there vwould be no loss of activity. On a laboratory scale, .
there remained the difficulties of gersrating gaseous HCL from its
aqueous solution and of arranging suitable gaseoué flow-rates, catalyst
and temperature to give a good yield of the monomer.
(2) The reaction of chlorine with ethylene to give 1,2-dichloroethane
and subsequent dehydrochlorination of this to vinyl chloride.

Chlorine can be pfepared easily from hydrochloric acid, using the
method of Brovm, Gillies and Steven;(jz):-

151 4+ K S‘ ; ———eee3 (1], (HSC

while the dehydrochlorination of 1,2-dichloroethane can be achieved by

the method of Baxter(Bs):—

NaOH + CH CH. : > Ci===CHCl + HNaCl + HO
2 2 CH,OH/H, 0 2 2
3 2
cl c1



The controlled reaction of chlorine and ethylene in dichloroethane
and in presence of a catalyst is used industrially in the manufacture
of vinyl chloride. On a laboratory scale, chlorination of alkenes can
of'ten be carried out by passing the alkene through a solution of chlorine
in carbon tetrachloride. However, this method was unsuitable for the
preparation of 1,2-dichloroethane, due to the difficulty of separating
product from solvent (boiling points 83.7°% and 76.7°C respectively).
Several other solvents (e.g. ether) were tried, bﬁt none was found
satisfactory. A major problem was the displacement of dissolved
chlorine by ethylene,

The best method was found to be the passage of ethylene gas through
liquid chlorine. At —BOOC, 1,2-dichloroethane of high purity (boiling
point and I.R. analysis) was obtained in good yield and this method was

adopted as the middle step in the synthesis, i.e.,

¢l 4+ CH == CH > CH——CH ,_.
2(1) 2 2(g) | 2 | 2(1)
cl Cl

Experimental Procedure

2 M aqueous hydrochloric acid with specific activity 42 pCi/ml.
(Radiochemical Centre, Amersham) was diluted with inactive hydrochloric
acid to 0.5 M and specific activity 2 pCL/ml. - Potassium persulphate
(35g.) was then heated with the 0.5 M acid (200ml.) to 75-80°C in a
sfream of nitrogen. The chlorine produced was {irst bubbled thiough
water to remove unreacted acid, then dried by passage through
concentrated HQSO . The gas was finally passcd through cotton wool
to remove any acid spray and collected by condensation at —9OOC, the

collection vessel being protected by a calcium chloride drying tube.
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fhen chlorine evolution hgd ceased, ethylene (B.0.C., Ltd.) was
gently bubbled through the liquid chlorine at —BOOC to produce 1,2-
dichlorcethane (3.5g; 70%). Vhen the yellow colour had disappeared,
the coolant was removed to prevent freezing of the dichloroethane and
the ethylene flow was continued for a short time to ensure complete
reaction of any dissolved chlorine.

The addition of inactive dichloroethane at this stage can be
conveniently used to control the specific activity of the vinyl chioride
ultimately obtained. In the present case, a forty-fold dilution with
inactive material was made and the dichloroethane was then purified by
washing with dilute, aqueous KOH, then with vater, drying over calcium
chloride and distilling. The fraction with boiling point 8400. wias
retained.

This was used to prepare vinyl chloride by the method outlinsd on
p. 22. 1 ,2-dichlorocethane (100g.) was added dropwise to a stirréd
431 mixture of methanol and 50% W/ aqueous NaOH at 60°C. Water and
methanol were removed from the vinyl chloride by passing the gas up
through a water condenser and then through a trap cooled to -1200.
Vinyl chloride (50g; 80%) was collected at -70°C in a dcuble-walled
glass vessel, the latter being used to minimise the risk of any radio-
éctive hazard/contamination by insulating the inner tube from thermal
shock.

The collecticn vessel was transferred to the vacuum line and the
vinyl chloride degassed by successive freezing and thawing. The
monomer vas then distilled into a stainless steel bomb (Hoke Ltd.) for

storage.

Radioactive sodium chloride by-product, which contained half' of
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the original activity used in the last part of the synthesis, was

retained for subsequent treatment,

THE ALLOCATION OF AVATILABLE RADIOACTIVITY TO HOMOPOLYMER

AND COPOLYMERS

If a series of activity readings is taken from a "fixed mass" of
radioactive sample and these take the values n1, n2, nj,--md nN

counts/minute, then the average count-rate is clearly given by

n1 + n2 + nj Foeont Oy counts/minute. From the frequency distribution

N
: . (34)
curve obtained when N—>0J, it can be shown

that there is a 68% chance
that any measured count rate, n, will lie within the limits'iJr; of the

true average value, a 95% chance that it will lie within + 2/n of this

value, and so on, where\f; = (0" is the standard deviation on any given
measurenent.

This can be extended to the case vhere only one measurement is
recorded for each sample. For example, if a sample gives a measured
activity of 10,000 counts/minute, then there is a 957% chance that the
true average value vill lie within + 200 counts/minute of this figure ——
that is, we must éuote a possible error of + 2% on a céunt rate of the
order of 10,000 c;p.m. Less active samples will require to be counted
uﬁtil 10,000 counts are registered to give an error on the count rate of
+ 2.

Thué for a reasonable level of accuracy at practicable counting.
times in.the subsequent assay of samples of polymer or degradation
products, copolymers having low chlorine contents will clearly have to
incorporate the highest possible séecific activity.’4

A range of copolymer compositions, wnich would allow a good

-



grapﬁical determination of monomer reactivity ratios by the Fineman -
Ross method and also provide the most useful data in thermal degradation
studies, was chosen, ranging from 10 to 90% (molar) VC*. The weight
of VC required to prepare 2 g. of 10% VC* copolymer was calculated from

(35)

monomer reactivity ratios obtained by Tkachenko et al. for the
solution polymerization at 4500. and the crude, labelled 4 ,2-dichloro-
ethane, obtained in the second stage of the VC* synthesis, was diluted
to the appropriate extent before dehydrochlorination, allowing for losses
incurred during purification and the percentage yield of VC obtained with
inactive material. Copolymers of increasing VC* content, and finally

PVC*, were made by successively diluting the monomer retrieved from thes

previous polymerization with inactive material.

ALTERNATTVE METHOD FOR  ALLOCATION OF AVATLABLE RADICACTIVITY

The total available radioactivity can be divided up at the dichloro-
ethane stage, followed by separate syntheses of VC* for use in each
copolymer and this method has the advantage of allowing easy and accurate
determination of the specific activity of each batch of vinyl chloride by
liquid counting of the dichlorocethane. Unfortunately, the method dees
not allow incorporation of the highest possible activity into the low VC
content copolymers where it is most needed., Consequently, it was
necessary to devise a procedure for the direct measurement of the

specific activity of vinyl chloride.

DETERLINATICN OF THE SPECIFIC ACTIVITY OF GASECUS VINYL CHLORIDE

The method adopted was to transfer a known fixed volume of gas at
a measured temperature and pressure into a Geiger - Muller counter and

monitor the activity of the sample. Quantitative transfer of the vinyl



chloride ‘was achieved by distillation from a manometer into the counter
under conditions of high vacuum and the resulting pressure in the -

counting volume was of the order of half an atmosphere.

The method a;sumes that vinyl chloride behaves as an ideal gas
under the experimental conditions used. i.e., n = PV/RT, where n is
the number of moles of gas, P the pressure, _Y the volume, T the
absolute temperature and R is the General Gas Constant. The following
experiment showed that this was a reasonable approximation to the true
behaviour:-~

Different pressures of VC* of a fixed specific activity and at & fixed
volume and temperature were transferred to the counter and a2 relation-
ship between counts/minute and gas pressure was obtained graphically
(see Fig. 1 ,p. 28). A good approximation to linearity is obtained
and, assuming that the number of counts observed is proportiocnal to the
number of moles of gas present, then the specific activity of the VC*

can be expressed as follows:=-

specific activity - counts/min, (corrected)
(c.p.m./mole) ‘ FVV?T

The layout of the manometer and gas counting system is shown in
Fig. 2 ,p. 29. The exact volume of the bulb, V, had been determined
previously and the temperature of the gas being transferred to the
counter was measured by the thermometer, T. The counting zone

comprised the volume enclosed by 3, and §3, with §2 open and a

1

"vacuustat" pressure gauge was connected to the counting zone via §1.

The Geiger - Muller tube was a mecdified halogen-guenched liguid-sleeve
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Fig.2
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type (Mullard Ltd., type MX 124/01) operating at 375 volts and used
in conjunction with a Bendix - Ericsson Ltd. type 110A probe unit and
Ekco Electronics Ltd. type N529D scaler.

Af'ter the VC* had been thoroughly degassed, the double-walled
tube (which was closed by a stopcock) was attached to the manometer
at A and the vhole system was pumped dovn to give a "sticky" vacuum
on the vacuustat. A background count was taken for one hour and
atmospheric pressure was then read from the manometer. S was closed
to the pumps and opered to A and V and about 20cm. Hg of VC* was fed
into the manometer. After the gas pressure and temperature had been
noted, the manometer-counter connsction was isolated from the pumps
aﬁd.§ was closed to A and opened to V and the counter, enabling a
known amount of gas to be transferred to the counting zone by cooling
F to —19600. The pressure reading on the manometer returned to
"atmospheric". S, and 3

=1 3

warm to ambient temperature before counting. The gas was counted for

were then closed and the gas was allowed to

15 minutes (correction being made for counter dead-time and background)

and subsequently distilled back into dits container,

POLYMERIZATTION PROCEDURE

Methyl methacrylate (Hopkin and Williams, Ltd.) was freed from
inhibitor by washing with dilute aqueous alkali, followed by distilled
water, separated and dried over anhydrous calcium chloride. Benzoyl
peroxide initiator was purified by recrystallization — a saturated
solution in chloroform was filtered and added dropwise to a small
volume of methanol, Crystals of benzoyl peroxide separated out, were

filtered off and dried under vacuum,



0.35% (W/V) of benzoyl peroxide was introduced in acetone solution
into a 100ml. dilatometer, fitted with a Quickfit Teflon TF2/48 tap and
Bil cone, and the solvent was pumped off on the vacuum line, With the
tap closed, the dilatometer was then weighed on an analytical balance.
36Cl vinyl chloride of known specific activity was degassed six times
in the double-walled reservoir and the appropriate volume distilled at
-7500. into the dilatometer, vhich was then reweighed. A calculated
volume of methyl methacrylate (MMA) was then distilled at ambient
temperature into the dilatometer after thorough degassing. (The
volumes of VC* and MMA monomer used for a given copolymer composition
allowed for thermal expansion to ASOC. and mzasured coefficients of
cubical expansion of 0.00238 and 0.000160 (OC)"1 vere used for VC and
MMA respectively). The dilatometer was.reweighed and then immersed
in a thermostat bath at 45(: O.OOB)OC. All of the copolymers were
taken to about 2% conversion, while PVC* homopolymer was taken to about
8%. Polymerization was stopped by cooling in liguid nitrogen.

Vinyl chloride monomer was recovered after each polymerization by
distillation from the dilatometer at -7500 —— MMA is a solid at this
temperature. The residual mixture was dissolved in redistilled
tetrahydrofuran and the polymer precipitated in Analar methanol. The
polymers vere filtered off, dried and weighed and then twice reprecipitated.
They were dried in a vacuum oven at SOOC. f'or several dayé and finally
stored in a dessicator,

Labelled vinyl chloride for subsequent polymerizations was
diluted with inactive material (B.D.H. Ltd.), which was first degassed
then distilled into a reservoir of active materia;.at -75°C to give the

required volume,
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IOLECULAR ViZIGHT DETIRNTFATIONS

Solutions of the polymers in cyclohexanone were run on a Hewlett-

Packard model 501 membrane osmometer. The results are shown in Table

I, P.3 -

ASSAY OF POLYMZR SOLUTICNS

A Mullard MX 124/01 liquid-sleeve Geiger - Muller tube was fitted
with a Quickfit B19 socket and ground glass stbpper. Operating at
390 volts and enclosed in a lead castle, the counter was used in
conjunction with the same probe unit and scaler as before. Soluticns
were made up with redistilled tetrahydrofuran and these contained 0.01z.
of polyﬁe:/ml. After 2 solveﬁt background had been taken, 10.0ml. cf
polymer solution was assayed and the mean of six consecutive readings
taken, correction being made for counter dead-time and background.

The counting tube was decontaminated after each experiment by washing
with tetrahydrofuran and chromic acid.

Unlike the quenching effect observed in liquid scintillatién
counting, vhich varies not only with sample weight but with copolywer

(31)

composition ‘, self-absorption by a dilute polymer solution assayed by

the Geiger - Muller msthod does not appear to vary significantly from

polymer to polymer. A simple model system was studied in vhich the
3

.
assay of a 1:1 (W/W) mixture of °C1 PVC and inactive PVC in tetra-

hydrofuran solution was compared with that of a 1:1 (VW) mixture of
3601 PVC and PMMA in the same solvent, the same vweight of 36Cl Ve
being used each time. The specific activities (corrected counts/min./
ml.) of the solutions vere equal within the limits of experimental error
for solutions of the same concentration as were used in assay of the

copolymers,



ESTIMATION OF THE CHLORINE CONTENT OF THE COPOLYMZRS

From the results obtained for labelled FVC, the following

relationship was worked out:-

molar specific gctivity of 3601 in polymer solution (counter I)

36

molar specific activity of “ Cl in gas phase (counter II)

Counters I and IT refer to those used for solution and gas-phase
counting respectively.

If the specific activity of 36Cl vinyl chloride used to make a
copolymer is measured in the gas phase, then the activity/mole of C1
iq.the copolymer can be predicted using the gbove conversion factor.
By measurement of the specific activity of the copolymer solution, the

number of moles of Cl in a known weight of polymer can be determined.

RESULTS AND DISCUSSION

Details of the polymerization conditions and polymer analyses
are given in Tables I and II. Errors have been estimated for all
mezsurements involved in determination of the reactivity ratioes
(including a 20 limit on all activity readings) and the uncertainties
Quoted were found by the standard methods for combination of errors.
Percentage conversion data (Table II) are based on Qeights of polyrer
precipitated for the copolymers and on the measured volume contraction

for PVC*,



TABLE I

.
.

Polymerization Conditions

Molar Monomer | Specific Activity | Initiator Polymerizaticn
Feed Ratio: of 3661 Vinyd Concentration | time at 45°¢,
Polymer P - [Y_q] Chloride used. (% w/V) (¥in.)
[}'II{A] (cpr/mole)
Copolymer 1| 1.733 933,383(+8L52) 0.366 165
L 2|1 5.262 595,01 3(+6380) 0. 365 295
" 3] 25.75(+0.01) | 457,378(45749) 10,365 423
" L| 70.53(+0.05) | 371,755(+4507) 0.365 367
" 51115.8 (+0.1) | 421,985(+5287) 0.366 322
pVCH _— 412,553(+5036) 0.366 218
TABLE II Polymer Propsrties
Specific Activity |Molar Moncmer Ratic
% Convérsion | Molecular | of polymer in in copolyrer:
Polymer to polymer weight THF Solution a [VC
(coy/g. of =
polymer) a [
Copolymer 4 2.39 208,000 5170(+100) 0.1079(+0.0018)
" 2 1.90 111,000 8700( +1 30) 0.3202(+0.0088)
" 3 >1.37 36,600 20570( +200) 1.685(+0,074)
" 4 1.68 32,800 2544.0(+230) 5.678(+0.536)
" 5 1.72 37,000 314 30(+250) 8.464(+1.103)
PVC* 8.17 84,900 36150(+270) —
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_ The equations of Fineman and Ross(36)have been used to obtain

values for the monomer reactivity ratios:-

vwhere F

I~

and_r_1

E (£-1)
£

=
F

2
For -
F

—0

_____@'

molar concentration of VC in monomer feed

molar concentration of MMA in monomer feed

nolar concentration of VC in copolymer

molar concentration of kMA in copolymer

respectively.

and _r_‘z are the monomer reactivity ratios for VC and MMA

Equation@is obtained by rearrangement of the standard fcrm@

and its application gives better separation of points on the graph

corresponding to the low VC content copolymers.,

The data corresponding to equations @and@are contained in Table

III and the corresponding graphs appear on pages 36 and 37.

TABLE III : PFineman - Ross Data
2
Copolymer % (£-1) -1;:- %‘1 ij:-é

1 | ~14.35(+0.27)| 27.83(+0.46)[-0.5148(+0.0010) | 0.03593(+0.00059)

2 -11.47(+0.45)| 86.47(+2.38){~0.1292(+0.0017) |0.01156(+0.00032)

3 10.46(+0.67)[392.9(+17.3) | 0.02662(+0.00288)| 0.002545(+0.000112)
b 58.11(+1.17)]876.1(+82.7) | 0.06633(+0.00760)| 0.001141(+0. 0301 C3)
5 102.1(+1.78) |1584(+206) 0. 064:6( +0.00952) | 0. 0006314 { +0. 0CI0522)
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Reactivity ratios have also been estimated using the graphical

nethod of Kayo and Lewis

G7) (Pig.

5, P.39 ). These results, together

with the ones obtained by the Fineman - Ross plots are given in Table IV,

vhere they are compared with data obtained by other workers.

Finally, a copolymer composition curve has been drawn for the syster

(Fig' 6, P’jg)-

The large, negative deviation from the diagonal

corresponding to f = is typical of systems in which EH is much smaller

than _:_r:z.

"PENULTINATE"

EFFECTS DURING COPOLYMERIZATION

The ef'fect

the growing polymer radicals has been shown by Guyot and coviorkers

of penultimate units in determining the reactivity of

(37)'

to be unimportant in the VO - KMA system, so that only twc reactivity

ratios need be considered.

TABLE IV : Reactivity Ratios
r}(VC) r2(KMA) Remarks Refersnce
0.4 10.0 Bulk Polymerization ; 68°%. (38)
o]

0.044(+0.005) | 41.2(+1.0) | Bulk Polymerization ; 68 C. (15)
0 12.5 Bulk Polymerization ; 60°C. (39)
0.02 15 Solution Polymerization ; 45°C. (35)
0.069(+0,003) | 16.5

Fineman - Ross| This work:
0.067 16.6(+0.6) Bulk Polymer-

ization at

0.072 17.0

Mayo - Lewis 45°¢.




- 39 -
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CHAPTER THREE

INTRODUCTION

Thermal degradation studies on the 36Cl-labelled polymers will
be described fully in Chapter IV, At this stage, it will be useful
to review the facts already known about the thermal properties of
random VC - MMA copolymers. As a prerequisite to this, the thermal
degradation mechanisms of PMMA and PVC must be discussed in somé

depth.

THE THERNAL DEGRADATION OF POLY(METHYL M:STHACRYLATE)

(5)

First studied by Grassie and Melville

has been well reviewed by MacCallum(AO).' It is one of the few

, PMMA degradation

homopolymers from which quantitative yields of monomer are
obtainable on heating and it has been shown that the degradation can
be accounted for in terms of a-free radical chain mechanism vhich
follows the general scheme postulated by Simha, Wall and Blatz

(see page 3 ), except that transfer processes are known to be
unimportant.

It has been firmly established for some considereble time that
the mechanism is a two-stage process. In polymer samples prepared
by a free-radiéal mechanism, initiation occurs at unsaturated chain-
end structures at 200°C while at temperatures between 25000 and SOOOC,
initiation is predeminantly by rondom scission of the backbone, In
either case, the radicals formed "unzip" to give quantitative yields
of monomer.,

(W1 =k7)

More recent work has confirmed this picture and shown

also that termination is bimolecular at low temperatures and changes



- 4 -

to unimolecular at high temperatures. The most obvious interpretaticn
of this is that pairs of radicals mutually destroy each other at low
temperatures, while the ultimate small radical from complete unzipping
escapes from the system at high temperatures.

McNeill has used thermal volatilization analysis to study the

thermal degradation of PMMAKA3’28)

and this method shows clearly the
two stages of monomer production as two peaks on the TVA traces.(see p.438)
The effects of variables such as molecular weight, polymerisation

method, unsaturation and comonomers are also clearly demonstrated

and may be summarized as follows:-

The effect of polymer preparation method

Unsaturated chain ends, present in polymwer made by the free-
radical process cause instagbility. Polymers prepared by an anionic

mechanism have no such ends and are stable to much higher temperatures.

The effect of molecular weight

The amount of monomer produced by chain-end initiation is highest
for low molecular weight polymer, due fo the higher concentration of
unsaturated terminal units. For the same reason, the maximum rate of
monomer production for the low-temperature process occurs at
progressively lower temperatures as the molecular weight is rgduced.

For the high-temperatuie randow scission process, on the other
hand, McNeill has shown that the rate of monomer production increases
with the initial molecular weight and that the maximum rate of
volatilization occurs at progressively lower températures as the

molecular weight is raised.



This agrees with the earlier isothermal results of Grant and

8
ByWater(h ) and of MacCallum(hﬁband is consistent only with random

scission of the polymer backbone.

The effect of backbone unsaturation

V¥hen MMA is copolymerised with phenyl acetylene, two interesting
effects are noticed. Firstly, there is very little end-initiated
reaction, but what little there is gives rise to a rate maximum at
the same temperature as for a homopolymer of similar molecular weight.
This is presumably due to a "blocking"'action by the comonomer units
wnich reduces the zip length of the depropagation. Secondly, the
maximum rate of monomer produdtion associated vith the random scigsion
process occurs about 3000 earlier than in the homopolymer. This is
probably due to the ease of scission at the unsaturated units along

the backbone:~

CH CH CH
3 ||3 5‘3
I |
VA0 T 0} 5 (i o SNRUEN o4 * QUUS. TN o U "-"'"——-——AN
CH2 c CH2 ' C—CH === C CH2 ; T
I
COZCH3 COZCH3 Ph COZCH3

The bonds ihdicated probably constitute weak points,
| .

The/éffect of other foreign units in the backbone

Assuming that they do not depolymerise readily themselves or
interfere with the formation of terminal unsaturated structures
during polymerization, other comonomers can stabilize polymer made
by the free radical method against breakdown at lbw temperatures.

Methyl, ethyl, propyl and butyl acrylates show this behaviour, as



does styrene, Copolymerization with the structurally similar monomer,
ethyl methacrylate, however,has a negligible effect on the degradation
pattern, duwe to its ability to depropagate.

Some attention should finally be given to the nature of the
unsaturated end units. Formed by disproportionation of macroradicals
during the termination step of polymerization, two possible structures

can be envisaged:-

CH CH
NE |3 Ciiz Cﬁz
) i
N\CHE-}-C—CH::.i: R /MCHz—CG--CH—C
I
i
(1) €O CH, CO.CH ' I
SH Ol , COCH,  CO,CH, (11)

Bond rupture will occur as shown. Structure (II) will generate
a macroradical identical to that formed during polymerization, while

(I) will give rise to the radical ?H3
G

i CH2f
COZCH3
On the basis of empirical activation energy velues for the initiation

o) : :
process, MacCallum has suggested.(tF / %hat this form may also be able

to depropagate.

THE THERMAL DEGRADATION MECHANISM OF PVC

Due to its ever-increasing importance as a commercial polymer,
PVC has been the subject of o vast amount of industrial and academic
research, with its thermal degradation behavicur being of particular
importance. As will be seen, the mechanism of degradation is still

a matter of some controversy.



PVC suffers from the disadvantage of undergoing considerable
thermal degradation near to its melting point (ca. 180°C). In the
absence of suitable stabilizers, the temperatures required for
fabrication of the polymer are often sufficient to induce colouration
and deterioration of mechanical and electrical properties. Over
the years, several classes of materials (e.g. metal soaps, organo-
tin compounds and epoxides) have been used successfully to combat
degradation and open the way to new applications of PVC products,
but such stabilizers have been evolveéd empirically and are of'ten
relatively expensive and sometimes toxic. A complete understanding
of the mechanism of stsbilization is clearly important if such factors
are to be minimised and this will follow only when the degradation
mechanism itself can be fully interpreted. In the present work, the
effect of various comonomers as potential "internal' stabilizers is
investigated.

The thermal degradation of PVC has been well revievwed by Braun(h9)
and by Geddss(5o). Basically, the reaction involves the stepwise("zipper")
removal of HC1l from the polymer to leave a coloured residue vhich

contains conjugated polyene sequences. Once double bonds have been

formed, they are able to activate atoms in the allylic position and

so promote further reaction:-

AN O fok>1 LT Wals
NS (GH cwsoe 5 come O swseanJH

| 2
clL

=iz CHM —2> WWH== CH=—Cl== CH~CH=={L'W

2({
c

O-—— <)

1 1 + HCL

In unstabilized polymer, colourztion is apparent long before any of
the other effects of degradation and becomes more intense as the

degradation proceeds.



It will be convenient to discuss the dehydrochlorination in
four parts:-

(1) Sites for initiation

(2) Colouration

(3) VMechanism of HCl loss

(4) The influence of hydrogen chloride

INITTATION SITES

The initiation step is very important as it demands a relatively
high activation energy (25-35 kcal/mole). Model investigations with
2,4-dichlorocalkanes (e.g. 2,4-dichloropentane) have shown that pure
PVC should, in theory, be rather stable, with dehydrochlorination of
the model compounds at BSOO-AOOOC requiring an activation energy of
about 50 kcaL/mole(51)' _It follows that initiation must occur at
"impurity" structures in the chain and these have been described in
the literature as follows:~

(i) Chain end groups with initiator residues or

unsaturated structures
(ii) Branch points with tertiary chlorine atoms
(iii) Random unsaturation with allylic chlorine atoms
(iv)  Oxygen-bearing structures

(v) Head-to-head units

Studies of small molecule models incorporating unsaturation
and branch-points have revealed that unsaturated chain ends should
be relatively unimportant, whereas random isoleted double bonds with

allylic chlorine atoms and also brénches vith tertiary chlorine atoms

should censtitute points of weakness,



. The amount of chain branching in FVC can be determined fairly

accurately by comparing infrared spectra of linear polymethylene
against PVC reduced with LiAlHA(BZ). Depending on the method of

preparation of the polymer, about 5 to 15 CH, - groups per 1000 C -

3
atoms are found. Although branching definitely exists, however, it
is now considered unlikely that tertiary chlorine atoms exist at

(53,54)

these structures.

End-groups in FVC can be formed from initiator residues or by
chain-transfer termination, but many of the experiments used to
study their effect on degradation have been inconclusive.
Unsaturated end-groups in PVC have been identified and estimated

(55)

qualitatively by Bengough but their éuggested role as initiation

sites in the degradation is not confirmed by experiments with low

(56 )

molecular weight models. Baum and Wartman found only a 10%
Gifference in intrinsic viscosity between a solution of undegraded
PVC and a solution of polymér which had first been thermally degraded
and then subsequently ozonized. They suggested that initiation
occurs mostly at unsaturated chain-ends and that the formation of
polyene sequences from random double bonds in the polymer chain is
relatively unimportant. Their results conflict sharply with those
(57)

of Braun and Quarg vho claim to have observed a rapid decrease
in molecular weight when thermally-degraded PVC is oxidatively
cleaved. )
In a recent study by Valko and.Tvardgka(58 ), semi-empirical
calculations have been made of the activation energy required for

the unimolecular elimination of HC1l (sece page 52 ) from unsaturated



end units and these have predicted that such structures should, in
fact, be relatively stable.

Random unsaturation with allylic chlorine atoms was noted

earlier to produce thermal lability in low molecular weight models
and the experimental evidence for the existence of these structures
in PVC is probably more conclusive,

In a study of vinyl chloride - vinyl bromide copolymers, it
was noted that below 20000, dehydrochlopination wés initiated at
allylic chlorine sites, formed by the prior elimination of HBr.(59)
Recently, Braun and Quarg have observed a direct correlation of
random unsaturation with the rate of dehydrochlorination(57) in a
study involving the oxidative cleavage of various FVC samples using
KMnO, in gimethylacetanide. During the oxidation at 20°C, the
molecular weight fell to a constant final value, alloving the number
of cleavages per 1000 C-atoms to be calculated. For fractions of
bulk PVC, the number of cleavages was found to be independent of
molecular weight (Ev), as was the rate of dehydrochlorination,

However, when technical suspension PVC samples from various sources
were used, both the number of cleavages/1000 C and the rate of HCl
loss were observed to decrease smoothly with increasing molecular
weight and a correlation of the two effects showed that the rate of
dehydrochlorination increases regularly with the number of cleavable
sites,

It could be showm that in the early stages of dehydrochlorination,
one polyene sequence was formed from each isolated double bond.

In addition, careful chlorination of the double_bbhds led to increased

thermal stability and a reduction of the number of double bonds found

by cleavage with KMnO&.



Degradation far one hour at 18006, followed by oiidation in solution,
gave the same molecular weight decrease as with direct oxidation of
undegraded PVC, suggesting that the polyene sequences formed were
initiated at the original unsaturated structures and were relatively
short. The average length of the polyene sequences could be
calculated from the amount of HCl evolved and the number of cleavages.
The results cbtained were in good agreement with the spectroscopic
findings (see page 49 ).

The importance of random unsaturétion is also supported by the
calculations of Valko and.'l‘varo‘éka(58 ), which have already been
mentioned (see page 46 ). |

Carbonyl absorptions have been observed in the infrared spectra
of PVC( ) and these are thought to arise by subsequent decomposition

of peroxide or hydroperoxide structures, formed by oxidation of the

(61)

polyrer. Popova has shown that an increase in the oxygen content
of the polymer is associated with an increase in the rate of
dehydrochlorination and it is possible that the radicals formed during
the decomposition of the peroxide structures may initiate a radical

dehydrochlorinaticn,

Head-to-head units, although not yet identified in PVC, have

been studied using chlorinated trans-1,h—polybutadiene(sz) and the
vicinal chlorine atoms sho%n to be morc thermally labile than their

4 y3-counterparts. HC1l loss beéins sooner than in pure PVC, but the
raﬁe of elimination is slower, probably due to the relative stability

of theN‘CH2 -CH=¢0C~ CHéVV structures initially formed, compared
t
cl

with allylic units (based on low molecular weight model comparisons).



. In conclusion, it must be noted that the stereoregularity of
PVC also appears to affect its thermal stability(ej_ ) Little
information has been collected so far, with the obvious difficulty
being the differentistion from crystallinity and melting point

effects.

COLCURATION DURING DEHYDROCHLORINATION

The development of colouration is firmly established as a
consequence of polyene formetion but, as yet,no quantitative relation
between colour and the amount of HCl evolwed has been formulated.
However, U.V. and visible spectroscopy has revealed several interesting
factors concerning the lengths and frequency dis}tribution of the
various lengths of polyene sequence.

Using the Beer-Lambert Law and the fact that the extinction
coefficient of the main electronic absorption band of a polyene is

directly proportional to the number of double bonds (:_1), Thallmaier

(6%) ] .
and Braun derived the expression;-
H log Ic/ I
n
1nxC
p

where -}-In is a relative measure of the frequency of polyene sequences
with n double bonds in degraded FVC.

log I /I is the absorbance

Q

ot

1 is the cell path length

x is the conversion (i.e. moles Cl removed: moles Cl in

undegraded polymer)
Cp is the concentration of pelymer in solution (g/1)
o, . ‘
By plotting H_ ageinst n for PVC degraded %o 0.17% at 180 C, it was

o
v

found that polyere sequences comprising 5 double bonds were mos
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common, while the longest sequences had about 25 to 30 double bonds.
Furthermore, with increasing conversion (or temperature), it
was found that the frequency distribution underwent a small shift to
shorter sequences and also the concentration of polyene (measured
spectroscopicaily) decreased. This can be explained by the onset of
cyclization and crosslinking reactions. Aromatic hydrocarbons
(e.g. benzene and toluene) are formed and the I.R. spectra of the
polymers show aromatic structures(65). Presumably, this process
occurs mostly at the expense of tle longer sequences.
The observations of Thallmaier and Braun suggest that HC1
elimination begins simultaneously at many sites. With incressing
conversion, the number of polyene sequences increases, but not their

length, and after the formation of sequences with 20-25 double bonds,

the "zipper" type mechanism is finally arrested (see page 54 ).

THE MSCHANISH OF D=HYDROCHLORINAT ION

Like the mode of initiation, the mechanism of dehydrochlorination
itself is still in dispute. Radical, ionic and unimolecular
mechanisms have been discussed widely in the literature and it is not
inconceivable that different mechanisms may operate together within
certain temperature ranges.

(i) Radical Mechanism:

Many early workers postulated a free-radical dehydrochlorination,

o (65

with the nechanism of Stromberg et receiving most support.
Experiments by Bengough and Sharpe(66), however, have shown that
free-radical inhibitors have no effect on the thermal degradation of

PVC in an inert solvent, which appears to discount a radical process

(at least under these conditions).



In addition, the E.S.R. spectrum of strongly-degraded PVC has not
offered unambiguous proof of free-radical intermediates (see page 13).

However, Bamford and Fenton(67), in a study of the thermal
degradation of PVC in tritium-labelled toluene, found incorporatiocn
of tritium into the polymer chain and there was a linesar relation
between the extents of tritium incorporation and dehydrochlorination.
Using this, together with other evidence, a free-radical mechanisa
was postulated.

(68)

McNeill and Neil have offeréd the degradation behaviour of
FVC blends with other polymers (e.g. PiMA) as evidence for 2 free-
radical process during bulk degradation. PiYA is found to be initially
less stable and gives monomer at temperatures corresponding to FVC
dehydrochlorination, while some initial retardaticn of the
dehydrochlorination itself is also observed. These effects can be
explained in terms of diffusion into the PLMA phase of chlorine
radicals which can there abstract hydrogen atoms ahd produce early
radical depropagation.

The fact that 012 has not been detected during PVC degradation

does not support a radical mechanism, but this could easily be due

to the high reactivity of the species.

(ii) Ionic Mechanism:

) i - P S . N s
The dehydrochlorination of PVC at 80 C by bases such as iithium
chloride in dimethylformamide follows an ionic nechanism(fb).
Sulphuric aoid(69) and some heavy metal salts (especially iron salts),

together with additives bearing mobile protons, such as organic acids,

alcohols and phenols(zo> are found to accelerate the dehydrochlorination



of bulk PVC, while Marks et a.l-(71) have found a relationship
between the rate of degradation in solution and the dielectric
constant of the solvent.

There thus exists strong evidence for a dehydrochlorination
mechanism involving charged intermediates under certain conditions,
but the fact that certain additives of an ionic character accelerate
the degradation does not prove conclusively that the mechanism is
ionic in their absence, Probably the greatest support for an ioniec
process during bulk degradation stems from the ability to explain

autocatalysis by HC1l (see page 53 ).

(iii) Unimolecular Elimination:

Braun and Bender( 72) found that the dehydrochlorination of
BVC between 160T and 200°C, in an inert solvent (ethyl benzoate)
and under an inert atmosphere, follows a first order rate law and
they postulated a unimolecular mechanism which proceeds via a cyclic

transition state:-

é+ -
AACH;— CH—CH— CHCIAWY ———>  ANCH— CH—CH—CHO1WY

cl H ClL H

- d+

|

MCH-z-— CH=CH—CHCIVV <—n N“CHQ— CH—&(‘}.H- CHCIW

oY
+ HC1 CL=-H

Once initiated, the mechanism continues in the usual "zipper" fashicn

along the chain, with allylic activation of the chlorine atoms:



- The autocatalytic effect of HC1l can also be explained in terms
of a molecular process (see below), but onceagain the best evidence
does not refer to degradation of the bulk polymer.

In conclusion, it would appear that the only practicable solution

of the mechanism enigma lies in the refinement of the E.S.R. techniques.

THE INFLUENCE CF HYDROGEN CHLORIDE

In the more recent literature, definite evidence is cited for

catalysis of the dehydrochlorination by HCl. Talamini et al. observed

(73)

auto-catalysis during the thermal degradation of solid PVC , while

Braun and Bender observed a higher rate of dehydrochlorination in
(72)

ethyl benzoate in presence of free HCL . At temperatures below

20000, autocatalytic features only appear if HCL is allowved to
accumulate in the system and activation energics of 21 and 28 kcal/
mole respectively for the catalysed and uncatalyscd systems have been
reported(7o).

The precise nature of the interaction between HC1l and the
degrading PVC is not yet clear, but below ZOOOC any dissociation of
HCl into free radicals seems unlikely, Van der Ven and da'Wit(7h)

have proposed the participation of basic species cl- or HClZ- s

formed by dissociation of HCl:-

-
-

HCL —s HY 4 01

oHCl— HY 4 HGL,"

Cl™  + WCH=CH~— CHE—(l)HW — AM(CH =cn)/2W + HC1 + €1~

| c1
(ox HC1, )



Evidence for the farmation of Cl or HClé- is, however, indirect, being

based on the influence of complexing agents such as FeCl, on the

3

autocatalysis,

(72)

Braun and Bender have suggested a molecular reaction of the

type:-
~HTCl

cl‘> \*H
Vel
WCH'Z— CH-~CH—CHC1/WwW

(75)

while Morikawa has proposed an interaction between HC1 and the

double bonds:~

o

. S-
VAGH = CH-—C{i—-CHClM/
S+i_ HS+
- Ner”
d—-

Regardless of the mechanism involved, the presence of HCl during
commercial processing of PVC poses a definite threat to the heat
stability of the polymer. Commercial PVC stabilizers (all of which
are able to react with HC1l) help to alleviate autocatalysis.

It still remains to be explained why the "unzipping" process
terminates after the formation of only 5-10 double bonds (on average)
per sequence. Above 200°C, termination of the unzipping can be
explained by the onset of cyclization and crosslinking (see page 50),
but for the termination at low conversion, another reason must be
sought.

If a free radical elimination is involved, this will presumably
involve chain termination or transfer reactions, in which the chlorine

atom or the polymer radical is deactivated in some way.
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The ratio of transfer or termination to propagation is probably
temperature-dependent, so that average polyene sequence lengths,
and hence the colour of the degrading polymer’may well be a function
of degradation temperature.

For a non-radical process, a different explanation is required.
Possibly, the growth of polyene sequences is blocked by structural
irregularities in the polymer chain, but these only appear to be
present in very low concentration. A more plausibie explanation is
that after the first few eliminations in a sequence, the additional
energy gained by the system by further extension of the conjugation
begins to diminish, so that a point is reached where the thermo-
dynamic driving force is insufficient to justify elimination of
another HCl molecule. Since the C-Br bond is weaker than the C-C1
bond, this could explain the formation of longer polyene sequences

(6).

in poly(vinyl bromide) under the same conditions

THE THERIAL DEGRADATION OF VINYL CHLORIDE - METHYL

METHACRYLATE COPOLYNERS.

The anomalous thermal behaviour of vinyl halide - MMA copolymers
puzzled several early workers., Blauer and Goldstein(76) noted that
poly(vinyl bromide), FVB, was more stable than a copolymer of VB with

(77) showed that VC-MMA copolymers

MiMA, while Alfrey and coworkers
evolved abnormally large amounts of chlorinated products upon reaction
with zinc.
(78) :
Lehrle and Robb used pyrolysis - gas chrematography to compare
the thermal degradétion of VC-MMA block and random copolymers with

the behaviour of a blend of the two homopolymers.
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The degradation at various temperatures between 15000 and, 95000

was studied. PMMA gave monomer and acetylene as the principal
degradation products, vhile PVC gave HC1l and acetylene, The
copolymers and also the blend yielded a mixture of MMA and HC1,

The random copolymer contained 70% (molar) VC and appeared to be
stabilised vwith respect to loss of MMA but strongly destabilised

with respect to dehydrochlorination. The block copolymer and

blend (which were both of similar composition to the random copolymer)
showed similar behaviour, but HC1l loss did not occur at such low
temperatures.

Zutty andﬁﬁeloh(1h) studied the thermal degradation of random
VC-llA copolymers of different composition and compared their
behaviour with the degradation of & homopolymer blend. The gaseous
products were analysed by mass spectrometry. Théy found that
pyrolysis of the copolymers at temperatures around 15000 induced a
purely intramolecular lactonization reaction which formed X-methyl-
X-butyrolactone groups in the polymer backbone, concomitant with the
quantitative elimination of methyl chloride. The following copolymer

and terpolymer systems underwent analogous reactions:~

VC = ethyl methacrylate

VC - ethyl acrylate

VC - dimethylitaconate

VC - MMA - tetrahydrofurfuryl methacrylate

vinylidene chloride - MMA

vinyl bromide - MMA ' -



The formation of methyl chloride was cnly seen to a small extent in
the case of the PMMA - PVC blend, the major products being those
associated with the homopolymer degradations. HC1l was the only other
major volatile product observed below 20000 during degradation of the
VC - MMA copolymers,

In gensral, the formation of lactone groups was found to lead to
increased chain rigidity and higher polymer softening points. The
evolution of gaseous alkyl chloride above the softening point of the
polymers allowed rigid foams of good compressive strength to be formed.
In this instance, however, no study was made of the part played by

lactonization in the complete degradation process.

" THE VECHANISM OF LACTONIZATION

For the lactonization occurring in random VC - MMA copolymers,

Zutty and Welch proposed the following overall process:-

CH CH
|3 CH |3 CH
VV\CHé—(II/ Z\?H.W——-——ewczié—fi/ Ac|HNv + CHyCL
C. cl ¢ ————0
Y , Y/
O/ \OcH3 0/

Their deductions, gleaned from studies of the other copolymer
systems listed above, together with the observations made by other

workers, will now be discussed:-

(1) Replacing Cl with Br leads to an enhancement of the rate of

lactenization in accordanée with the lower bond strength of C-Br.



(2) 1Increasing the positive charge on the C - atom bearing the
halogen (as in a vinylidene chloride copolymer) also enhances the
rate of substitution., Burnett et al.(79) have shown that the
reaction in fact proceeds a step further in the case of vinylidene

chloride, giving a X -unsaturated X—lactone by elimination of HCl:-~

% y
ot c
NVGHz-—-fli/ Z\Il}/vv —el MCHE—Cl:/ H\*(ivw
c 0 - € ———0
7 o

(3) Varying the ester group in the methacrylate series has apperently

no effect on the rate or efficiency of lactonization,

(4) Ester comonomers containing no (~-substituent form little,if ény,
lactone upon pyrolysis. (e.g. ethyl acrylate copolymers). The
signifiicance of electron withdrawal/repulsion by the (¢~ substituent
has not been fully revealed, due to confusion with steric effects.
For example, the slower rate of lactonization of poly(methyl o~
chloroacrylate) versus the VC - MMA copolymers could be due to steric
hindrance by the ester group on the halogen-bearing C - atom, rather
than the positive and negative inductive effects of the K~-substituent.
A similar situation was encountered by Perkin and Stone( 89) vho

performed the synthesis shown below:-

i 4 0
Br ’ '
c Rr, H
('3 oL
\ca/ \CHzBr 120 \cl:H/ \CHZ + EtBr
c c 0
0// \OEt O//



The reaction proceeded normally when the OC -Br was replaced by
—CH3, but failed to take place vhen -Cl was substituted. Possibly
the smaller size of the Cl atom is responsible, rather than its very

strong electron-withdrawing properties.

(5) Studies on the V¢ - dimethylitaconate system showed that
formation of a 6-membered lactone in the degrading polymer occurs
more readily than formation of a 5-membered one. (the respective
reaction temperatures were 140-130°C and 150-170°C).  This is in
accordance with classical cyclization in small molecules.

Probably the most informative study of the mechanism of thermal
lactonization to date is the one carried out by Crawford and Pla.n’c(81 ) s
who studied the pyrolysis of poly[ (+)-sec-butyl (X-chloroacrylate] .
By heating the polymer &b ﬁ9OOC in vacuo, sec-butyl chloride was

evolved and its configuration found to be inverted, with about 4O

racemization:-
”*
Ccl cl (Iil 102311
CH, CH
Nv(l;/ 2\\c/w\ —_— MAc/ A(;/vv .
| | . (]: (! + BuCi
c - €0 Bu
2 Y/
O/ \O O/

% |

Bu |
If lactonization proceeds solely by a bimolecular mechanism, through

the transition state shown below, then the butyl group should have

undergone complete inversion of configuration to yield fully active

7

BuCl.



The fact that racemization occurs suggests some participation
of a unimolecular process, involving fi?st formation of a discrete
butyl cation, followed by reaction of the ion vith chlorine. This
must occur at least to the extent of racemization. Screening of
the butyl ion by the carboxylate ion could possibly lead to some
inversion,

Johnston and Ha.rwood(w), on the other hand, consider that the
mechanism of lactonization is analogous to that involved in the
thermal cyclization of cetyl X—chlorobutyrate. This reaction has
been studied by Denney and Giac1n( 2) u31ng O - labelled carbonyl
and it was found that only the carbonyl oxygen participates in ring

formation, The mechanism postulated is shown below:=-

CH CH CH
CHZ/ Z\CHZ CHZ/, P~cn, CHZ/ 2\0}{2 + EC1
NV S g
\ s e g rerea— e e———
RO/ o P‘R/O o//

It is interesting to note that the experimental results of Crawford

and Plant could also be explained by this meohagism;



In a recent study of the kinetics of lactonization in VC - KMA

copolymers, Johnston and Joesten(si)

have obtained a value of

31 kcal/mole for the activation energy for pyrolysis in vacuo between
170°C and, 19000. Thermogravimetric analysié was used to monitor the
loss of methyl chloride and rate constants found indicated that the

evolution of the gas is first order with respect to the number of

cyclizable A - B groups.

THE EFFECT OF LACTONIZATION ON COPOLYMER STABILITY

The effect on dehydrochlorination

At first sight, it might be expected that the presence of
lactone units in the polynmer backbone wiil reduce the Ikinetic zip=-
length of dehydrochlorination and so increase stability. In a
recent study of VC - MMA copolymers, however, Guillot et al.(9 )
have shown that for copolymers rich in VC, the preéence of lactone
structures appears to induce dehydrochlorination at lower temperatures
than in pure PVC. This is in accordance with the early results of
Lehrle and Robb (see page 55 ). Presumably, some interaction occurs
betvieen lactone groups and adjacent VC units which lowers the high
activation energy normally required to initiate unzipping.

In copolymers of low VC content (< 20% molar), most of the VC
units are isolated between lactone structures and consequently cannot
unzip in the normal way. Guillot et al. have shown that the
dehydrochlorination of these units occurs at temperstures above those

required by pure PVC and this is also supported by the findings of

Neil(BA) who has studied low-VC-content MMA copolymers using TVA.

’



In these isolated VC units, the activation energy for
dehydrochlorination should still be lovwered by the lactone - VC
interaction, but the energy normally acquired by the system through
polyene formation will no longer be available.

The tendency for comonomer units in the polymer chain to
destabilise VC sequences has also been observed in VC - styrene
copolymers(85) and in VG - vinyl acetate copolymers(86). In the
latter case, it has been suggested that dehydrochlorination is initiated
by neighbouring group participation by the acetate groups. However,

a similar interaction in VC - MMA copolymers is difficult to envisage,
since any labilisation of the chlorine atoms adjacent to a lactone
group is sterically unfavoured. It is possible, that in this case,
it is the methylenic C - H bonds which are weakened by the inductive

effect of the lactone carbonyl as showvm below:-

i CH,
CH CH
rMace”” \(l:/ Z\CH/\N
Cll ‘ t <I)
7/

It is also conceivable that reactive intermediates formed during the
lactonization process can initiate degradation of the VC sequences.
This possibility has been investigated in the present work and will

be discussed later.



The effect on methyl methacrylate production

It has already been noted (page 42 ) how the presence of
comonorer units in the polymer chain can stabilise PMMA,
Lactonization in VC-IMA copolyrers occurs at temperatures well
below those required for depropagation and Neil(BA) has found that
the lactoreunits "block" depropagation in a similar way. (The
maximum rate of monomer production in the copolymers was found to
occur as much as 50°C above that found in PMKA).

In their study of the complete range of copolymer compositions,
Guillot et al.(9 ) have confirmed this effect and noted that
depropagation is only significant in copolymers with greater then
about 50% (molar) MKA content. As expected, two stages of MMA
production were observed, with the high temperature one being more
important in the high-MMA~-content copolymers. The high-temperature
(random initiation) process will clearly be less inhibited by
"blocking", while the low-temperature oné (chain-end initiation) is
badly affected. It has also been suggested that the low-temperature
production of monomer may also comprise MMA released from isolated
units, thus explaining the greater relative importance of the first
step in the most alternating copolymer.

Apart from their function as "blocking" agents, Neil has also
suggested that the lactone units may induce competitive transfer
reactions, because of the ease of removal of their tertiary or
secondary H - atoms by a depropagating radical(sk),

OTHER PRODUCTS OF DEGRADATICN

Guillot et ala( 9) have observed a second production of methyl

chloride between 200 and BOOOC, vhich is most conspicuous in copolymers



of alternating structure and they have explained this in terms of

a reaction of dry HCLl with unreacted ester groups to give CH301 and
s polyacid residue. The mechanism has already been discussed under
type A substituent reactions on page.7, Chapter I;

Benzene production in the copolymers is reduced because of
participation of some of the VC units in lactonization, but Guillot
et al.( 9) have found that evolution of this product by cyclization
of the remaining VC sequences is not perturbed by the comonomer units.
Benzene is a minor product and has ohly been observed in the volatiles
from VC ~ rich (> 40% molar) copolymers.

At higher temperatures, toluene and other hydrocarbons have been
detected, but these too are only minor pfoducts.

Breakdown of the lactone rings commences within approximately
the same temperature range as the second phase of MMA formation and
Neil has identified GO, as a major product ) an apprecisble
amount of more volatile material is also produced in this temperature
range, but has not yet been characterized.

The degradation pattern of VC - MMA copolymers, based on the
(84)

results of Guillot et al.(9 ) and of Neil , 1s summarized below.

It is important to note that the data covers the entire composition
range and is based on experiments using different conditions of sample
atmosphere and heating rate,

TVA curves obtained in the present work for a 43% VC - MMA
copolymer are shown in Fig. 29 ,p.122, together with the volatile
products identified by Gas-Phase I.R. analysis. The characteristic

absorption bands of benzene and methane may be obscured by other

gbsorptions.
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CHAPTER FOUR

INTRODUCTION

The experimental methods used to study the degradation of the
36Cl-labelled polymers will shortly be described. Although the
degradation studies essentially involve the collection and radio-
active assay of chlorinated volatiles, the experimental arrangement
is similar to that used in TVA and since the latter technique has
been used both to develop the system and also as an additional
monitor within the system ultimately used, it will be useful to
discuss its theoretical and practical aspects more fully at this

point. This description will also form a basis for later chapters

where TVA results are presented.

DESCRIPTICN OF THE TVA APPARATUS

The TVA technique and its applications have been developed by
McNeill and its basic principle has already been described (p. 17).
A schematic picture of the general experimental layout is given in
Fig. 7, p. 67, while Fig. 8, p. 67 shows details of the sample heating
assemnbly.

The polymer sample, usually in the form of a fine powder or as
a film cast from a suitable solvenf, is heated on the base of a glass
tube, 6" long, constructed from a Pyrex FG35 flange. The top gf the
tube and the greased flange joint are cooled by a water jacket ("cold
ring") during the experiment. The tube is hesated using a Perkin
Elmer F{41 oven and linsar temperature programmer, vhich enables the
sample to be heated isothermally or linearly from ambient temperature

o] .
up to 50000 at heating rates varying from 1 to 4O C/mlnute. Oven
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temperature is measured using a chromel-alumel thermocouple, fixed
near the base of the tube,

Differential Condensation TVA is basically similar, but here
the volatiles are pumped along four geometrically-equivalent routes
to a common "back-up" trap at -196°C. (see Fig, 9, p, €9). The four
routes contain traps at the arbitrarily-chosen temperatures of Oo,
-450, —750 and -1OOOC respectively. Each trap, including the comnon
trap, is followed by a Pirani gauge and outputs from these are
transmitted via a multihead switch unit to a 12-channel recorder,
where they are recorded continuously with oven temperature. Products
can be collected for analysis at the points indicated.

It can be shovn empirically that the same quantity of volatiles
passes into each of the four routes, but wvhen a trap is reached, one
or more of the components may be condensed out, so that for a mixture
of volatiles, thc Pirani traces sre often non-coincident.

By means of spectroscopic analysis.of the products and a pricar
knowledge of the behaviour of various substances in the different
traps, it is of ten possible to dbtain.a useful qualitgtive picture
of the degradation pattern at various temperatures. When a product
shows "limiting rate" behaviour in one of the traps, this often
facilitates its ijdentification. The limiting rate effect occurs
when a product condenses in one of the initial traps, but then slowly
begins to distil over into the —19600 trap. The Pirani response
generated is often seen as a "plateau" and the displacement of this

(in millivolts) from the base-line is often characteristic for a

particular material.
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PRODUCT ANALYSIS OF TVA FRACTIONS

The volatiles fall into two categories:-
(i) “condensables"

(ii) "non~condensables"

The "condensables" are those materials vwhich condense st -19600 in

a continuously-pumped system and they are easily analysed by
subsequent distillation into an I.R. gas cell, liquid sample tube,

etc. "Non-condensables" are collected by "closed-system" degradation

and are analysed, af'ter collection in an I.R. gas cell or gas sample
tube, with the —19600 trap in place. Because of the collection
method used, the spectra obtained are weaker than for the condensables.

The "cold-ring fraction" comprises those products vhich are

volatile at degradation temperatures, but involatile at ambient
temperature, and usually consist of short chain fragments, It is
particularly useful for studying the nature of the polymer chain at
the intermediate stage of degradation, after the low-temperature
substituent reactions have occurred, but before the molecule is
grossly fragmented. This fraction may be analysed after removel
with & tissue moistened with solvent, followeq by extraction from the
tissue, or it may be removed as a solid and ground with KBr to form a
disc for I.R. analysis.

The involatile residue may be analyssd as a solution or as a

solid, as for the cold-ring fraction.

DETERMINATION OF SAMPLE TEMPERATURE

For‘the presentation of consistent and meaningful thermal data,

it is clearly the sample temperature which is required and not that



of the oven. Sample temperature lags behind oven temperature and
the magnitude of this lag depends not only on temperature and heating
rate, but also on the apparatus used and the position of the oven
thermocouple. For a particular apparatus and heating rate, the
temperature lag is knowm to be consistent(27)and it may be plotted
as a function of temperature by simultaneously recording the outputs
of the oven thermocouple and that of another resting on the inside
base of the sample tube, with a bead of Apiezon "L" grease at its
tip to promote good thermal contact and simulate polymer.

Due to the large heat capacity of the sample tube, exothermic
or endothermic reactions in the degrading polymer should have little

effect on sample temperature.

SAMPLE HEATING RATE

Unless otherwise stated, all TVA data in the present work,

including T, values (i.e. the temperatures at which peak maxima

o
occur) refer to a programmed heating rate of 10 C per minute.

THE DISADVANTAGES OF TVA

The limitations of the Pirani gauge for studying volatile

evolution have already been discussed (p.17). . The most relevant

factor in a study of VC - MMA copolymers is the failure of Differential
Condensation TVA to distinguish between products with similar
condensability characteristics =— in this instance, HC1 and methyl

0
chloride., Both of these are non-condensable at -1C0°C under TVA

0
conditions, but are fully condensed at -196 C.

ADVANTAGES OF RADIOACTIVE ASSAY OF VOLAT ILES

Radioactive assay of HCL and methyl chloride is suitable not only



for relating their relative proportions to sequence distribution in
the copolymers, but also for studying the relation of copolymer
composition to thermal stability., The success of the technique
hinges on the ability to separate HC1 frém methyl chloride and it
was considered more convenient to separate these products before,

rather than after, collection.

THE SEPARATION OF HCl AND METHYL CHLORIDE

A convenient method was sought-which would allow continuous
separation of HCl and methyl chloride as they were evolved from a
copolymer under conditions of high vacuum., There vwere three basic
requirements of the method:-

(1) Completely selective and quantitative removal cf one of the
products.

(2) Non-interruption of the flow of volatiles from the sample, since
consistent flow-rates would be required for accurate comparison of the
e'volution patterns of CH3C1 or HCl alone and of (03301 + HC1).

(3) Any method of separation, which invelved direct contact of the
gases with a solid phase, would require the solid to exert a
negligible vapour pressure, in order to maintain the high-vacuum
éonditions.

The quantitative and.totally selective removal of HCl or methyl
chloride was investigated by studying changes in the TVA curves of PV(C
and a VC - MMA copolymer when a physical/chemical separaticn system
was interposed betwsen sample and Pirani gauges. The PVC used vas
Breon 113, whose first TVA peak (Tpax = 295 C) COEPT“S°d material non-
condensable at -100°C (but fully condensed at -196 C) and knowm to

v me 3 o o i 7
consist essentially of pure HC1. The copelymer used (see ¥Flg. 12 ,DP, 7/)



was of intermediate composition and its first TVA peak (T, = 220%)
consisted entirely of material non-condensable at -100°C (but fully
condensed at —19600) and this was assumed to be pure methyl chloride
on the evidence of Neil(ah)(later findings supported this), The
second peak in the copolymer TVA (Tmax = 3OOOC) consisted partially
of material non-condsnsable at -100°C (but fully condensed at —19600)

and this portion was later shown to consist partly of HC1 (see Fig. 12,

po 77)'

Physical Separation

Both HCl and methyl chloride are condensable under the high-
vacuum conditions of TVA. Their normal boiling points at 760wm. Hg
are -8;.9°C and -23.8°C. , respectively, but there is no simple method
for predicting their condensation temperatures in a continuously-
pumped system. The difference in their volatility suggested that it
might be possible to induce their separation at some temperature
between -10000 and -19600. Cooling the volatiles from the VC -~ MMA

)
copolymer, by passage through a trap at -130 C, hovwever, gave no

o
i

visible decrease in the amount of methyl chloride reaching the Pirani
gauges and it was decided to abandon thisapproach due to the difficulty
of maintaining accuratsly the very low trap temperature which would

clearly be required for a "clean" separation,

Chemical Sepearation

Borkowski and Van Venrocy(87)used ferric oxychloride to remove
HC1 from a vapour stream and it was found that the HC1 could later be
descrbed by nheating. A U-tube packed with ground ferric oxychloride

was inserted betwsen sample tube and Pirani gauges and a TVA was run



of the VC - MMA copolymer. VWhen compared with results obtained with
the U-tube empty, there was no apparent selective removal of HC1,
although it must be admitted that distortion of the peak shapes, due
to the restricted gas flow, made interpretation difficult.

When sodium hydroxide pellets vere used in place of ferric
oxychloride, there was little distortion of the traces, but the peak
with T,,. = 300°C on the =100°C trace of the copolymer appeared
unaffected. Experiments with PVC confirmed that solid, anhydrous
NaOH has little effect on HCl under TVA conditions,

It was found that quantitative removal of HCl was possible vhen
the U~tube contained large ice crystals at —1OOOC (ice exerts a vapour
pressure of 15 x 10-6 torr at -980C). This was shown by the effect
on the TVA trace for PVC — only the "hydrocarbon" peak (Tp,y = 470°C)
fema.ined° In addition, the first peak in the copolymer TVA trace was
virtually unchanged, suggesting that there was no interaction of ths
ice with methyl chloride. Unfortunately, large ice crystals cculd not
give consistent flow-rates and a batch of ice could not be used
indefinitely due to]saturation vith HC1l, so that attempts were made to
find an ice surface of sufficient area to remove a specified amount cf
HCL, without intérrupting the gas flow.
| When a layer of ice was cast on the base of a U-tube by additicn
of‘a few ml. of water and cooling to -1OOOC, the HC1l peak from a 10Czg.

sample of PVC showed one of the following features:-

(1) An "edge effect" (see Fig. 11, p.75), in vhich all of the HC1
being evolved is removed for a time, then suddenly begins to reach the
This efiesct

Piranis to give a normal continuetion of the TVA traces.

occurs when an insufficient area of ice is exposed to the volatiles and
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is also observed when products or solvents, vhich are condensable at

o :
-100 °C, are allowed to contaminate the surface.

(2) Diminution of the area under the HCl peak. This occurs waen
only part of the gas stream makes contact with the ice surface,
allowing only partial removal of the HCI1.

In an effort to overcome these problems, the trap shown in
Fig.10,p.69 was tried in conjunction with an initial 4rap at —100°C
to remove potential contaminants (e.g. M'A monomer). The trap
consisted of two concentric glass tubes, of respective diameters 4.5
and 6cm., with a 6prm. gap between the bases and z hole of diameter
6mm. on the base of the inner tube. A Lg. ice layer was cast from
distilled water on the base of the trap and by using the same wsight
each time, consistent flow-rates could te obtained. The sysiem was
shown to be capable of removing tﬁe HC1l eveolved from 41C0mg. of FVC by
heating the polymer to 500°C at 10?/min., thawing the ice laver and
titrating the solution against standard 0.1 } NaOd solution, usirpg
phenolphthalein as indicator. To prevent any loss of trapred HCL
as the ice warmed up, 2ml., of Analar methanol was injected (water
caused cracking of the trap), vhile tﬁe ice was still at -100°C ——
the presence of small amounts of methanol did not aff'ect the end-point.
Using reprecipitated Breon 113 and distilled tetrahydrofuran for film-

) . SR I ~t
casting, ten degradations were perforred and the fraction of total

(R) ) e vy~ - A . anrnn ! ~ =\s7
theoretvical BC1 removed was found to be 100 \—- U.y e

Fig.12,p.77 shows the effect on the approximately 4 : 1 VC - 1A
o
copolymer of inserting the trap with Lsg. ice at =100 C between sanple

) i oa R,
and Pirani. 409mg. of copolymer was cast as a film Irom toluensz, tke

o A
97 he 4nitial trap =4 O The trac L OW D!
solvent being removed by the initial trap at =100 C. The traces shown
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repre;ent material non—condensablé &5 -100°¢C (but fully condensed at

-1 9600) and the trace obtained with the same sample weight, the initial
trap at —100°C and the concentric trap empty and at ambient temperature,
has been superimposed on the original curve. The following features
were noted:-

At a heating rate of 10°/min., the peaks with T .. = 220%C are
coincident, so that:-

(i) The earlier assumption, that this psak represents CHBCI production
only, was correct.
(ii) The icehas no visible effect on methyl chlorigde.

The peak with Tp,x = BOOOC is greatly reduced in area, indicating
a sizable HC1 component. (Titration of the ice, after heating the
copolymer to 500°C, revealed that 4.25 x 10 ° moles of HCL had been
removed). At least one other component which is non-condensable at
-10000 clearly contributes to this pesak.

The effectiveness of the ice in regoving HC1l was not reduced wnen
only 2g; of waber was used and this was cast as a thin ice film in
situ, by cooling the concentric trap to -19600 and purping water vapour
through it. This was verified using labelled PVC, when no activity
was registered from the volatiles collected at —19600 beyond the ice
trap. It was considered that a film of ice would be more likely to
give consistent flow-rates when sample.heating rates of 1?/min. were

employed in the subsequent degradation studies.

The Nature of the HCl-—Ice Interaction

One, or both, of the following processes may'be occurring on, or

above, the ice surface:-

: s in ¥ 5 ] rate vhi
(i) Association of HCL and H20 in the gas phase to give e hydrate which

. o
1s condenszhle at -400°C,
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(;ij Adsorption of HCl on the ice surface.

The adsorption of gases on ice at low temperatures is already
documented. Adamson and Dormant(88)showed that nitrogen could be
adsorbed on annealed ice powders at -19500, the adsorption behaviour
being characteristic of a non-polar surface, while Barrer and Ruzicka(89)
have reported spontaneous clathrate formation between ice powders and
xenon and krypton at -78°C and spontansous ethane hydrate formation at
-96°c.

In the present work, experiments showed that the HCl/ice inter-
action is temperature-dependent., When the temﬁerature of either the
initial trap or the ice-trap.fell beleow about -11000, vhen a 100mg.
sample of PVC* was being heated at 1°/min., a flow of HCl through the
ice-trap was registered on a Pirani gauge and verified By assay of the
volatiles which passed through. As the trap temperatures were raised
to about ~110°C, the Pirani response due to unaffected HC1l gradﬁally
decreas=d to zero. Clearly, the degree of interaction is determined
by the teupsrature of the ice and/or by the temperature of the HCl
impinging upon it.

An interesting feature of the teumperature-dependence was that
HC1l flow through the ice-trap to the Pirani produced the familiar
."edge—effect“, characteristic of an insufficient ice surface area.

As the ice films were prepared by the same method each time, from the
same weight of water, the area of ice exposed to the volatiles must

vary with temperature, In fact, it is kxnown that ice undergoes
structural changes between -160° ana —7000(9Q)and these will give rise
to variations in the total surface area. If the HCL/H,0 interaction
is purely a gas-phase process, then no edge-effect should have been

“

observed on lowering the temperature, rather the appearance of' an
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undistorted, though less intense HC1l peak,

EVALUATION OF DEGRADATION APPARATUS AND TECENIQUE

A schematic diagram of the apparatus used for the degradation
experiments is shown in Fig. 13, p. 84, The Pirani gauge was added
later, being primarily intended as a "trouble-shooting" device (see
p.86) and it should be considered absent at this point in the
discussion, The sample~heating assembly was similar to that used
in TVA (see Fig. 8, p. 67) and the vacuum line was constructed
throughout of 6mm. diameter tubing. Quickfit FG10 flanges on the
ice-trap allowed it to be removed at will, Greased stopcocks of
2mm. bore were used throughout and the gas counting asserbly was the
same as had been used for measuring the'specific activity of vinyl
chloride (see Fig. 2, p.29). A vacuum of 10™ torr was obtainsble.

Polymer films were cast by pipetting 5ml. of a standard solution
in tetrahydrofuran (non-condensable at —10000) info the sample tube
and removing the solvent in a vacuum oven. 100mg. of polymer was
degraded using a heating rate of approximately 10Q/min., and the
volatiles were passed alternately through the two -19600 traps, during
the oven temperature ranges (ambient - 14000), (140 - 16000), (160 -
18006), """"""""""" , (380 - AOOOC). Vhile one fraction was being
condensed in one limb, the previous fraction could be trénsferred to
a collection tube. The fraction-collectors consisted of" tielve
20cm, - long tubes, fitted with taps and arranged in clusters of six
and the fractions could be stored in liguid nitrogen until required.
The two final fractions could be stored in the -19600 traps, but were
transferred as soon as collection tubes became vacant.

The fractions were counted cumuilatively, in order of increasing
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temperature range, by distilling each one in turn into the counting
zone and pumping off any non-condensable material. The volume of

the counting zone was arranged so that the pressure exerted by the
volatiles from 100 mg. of polymer would not exceed one atmosphere.
Qutput from the counter was transmitted via a probe unit to the scaler,
as before.

For each copolymer, two experiments were carried out, the first
with a 2g. ice film at -100°C in the trap and the second with an empty
ice trap at —100°C. The first curve obtained (corrected counts/min,
vs. temperature) showed methyl chloride evolution only, while the
second showed the evolution profile for the total chlorinatsd volatiles
CCHBCl + HC1). Subtraction of the two curves showed the evolution of
HC1l alone,

The slow heating-rate émployed ensured that the-time taken for
opening/closing taps was insignificant and it allowed ample tirce for
transferring fractions to the collectors. It was also quite possible
to count fractions during the course of a run, but the accuracy of
counting was naturally reduced.

The experimental method outlined above gave satisfactory results
with a labelled PVC sample, but subsequent experiments on a labelled
éﬂ%'VC copolymer,using the separation technique, showed the procedure
to be technically imperfect. The results obtain=d for the ccpolymer
are shown in Fig. 4L, ©.8%. The most obvious anomaly is the apparen
loss of accumulated HC1 activity (as found by difference) towvards tt
end of the experiment. The following possible sources of error were
investigated:~

(1) Absorption of velatiles by greased surfaces in the counting

volume at high gas pressures.
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(2) Lpss of some activity during fhe Pumping out of non-condensable
material.

(3) A temperature difference between cold~-finger and counting-tube.
(4) Removal of some methyl chloride by ice at the low volatile flow-

rates being used.
(5) Inefficient HC1l removal at low volatile flow-rates.
(6) Inconsistency of sample weight and thickness.

(7) 1Increased self-absorption of/B-by the volatiles at high pressures.

To check (1), the total volatiles from'a redioactive 25% VC*
copolymer were counted and then distilled into an evacuated tube whose
walls were coated with a layer of Apiezon "L" grease (2s used on the
" joints and stopcocks). After the tube had been vwarmed to ambient
temperature, the volatiles were allovied to redistil into the counter
for a few minutes. Times required for the guantitative distiilation
of such small amounts of material were normally of the order of a few
seconds, yet a 10% reduction in activity‘was observed. Presumably,
the methyl chloride component is more susceptible to absorpticn by a
hydrocarbon grease —— this would explain the apparent absence of the
effect in experiments with PVC*. The problen was overcome by removal
of all greased téps and joints from the counting volume and replacement
5y a single Teflen tap (Quickfit TF2/1§), as in Fig. 15, p. 85.

To eliminate (2),the "pumping out" practice was stopped ——
vacuustat readings confirmed that leakage of alr into the counting zone
was negligible during the course of an experiment.

The number of moles of gas in the counting tubg (and hence the
number of countg/minute) vill very with the tesperature of the cold

finger when the counting volume is isclated, so that (3) vas eliminated
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by always allowing the cold finge¥ To reach ambient temperature after
thawing the condensed volatiles.

In order to investigate (4) and (5), a Pirani gauge was ircorporatsd
into the system (as in Fig. 13,p. 81) and the initial "methyl chlorigs"
TVA peak of a 10% VC* copolymer was monitored with/without ice in the
trap. To avoid overlap of this peak with the one caused by the
release of tetrahydrofuran, the solvent for the polymers was chenged
to cyclohexanone; +this was condensable at -1COOC and could therefore
be removed in the initial trap. It was hoped that any removal of
methyl chloride by the ice would produce a consistent difference in
the TVA _curves, but the experiments were inconclusive since szall
changes in the peak shape obtained by heating 100 mg. of polymer at
1%/min. could be assigned to various other factors:-

(i) Variation of trap temperatures betwsen runs.

(ii) Opening and closing taps, which caused small loéal variations in
Pirani response.

(iii) Changes in the liquid nitrogen levels in the -196% traps, which
.effectively varied the distance from Pirani to cold trap.

(iv) Slight differences in programmea neating rates (see .92 ).

(v) VariationAin sample weight and thickness (see p.87 ).

‘ Trap temperatures were monitored by fitting chrompel-alurel
thermocouples and passing the outputs ﬁnto the recorder, but even with
matched trap temperatures, the TVA curves obtained failed to reveal a
trend which would indicate methyl chloride removal.

In another experiment, the 10 VC* copolymer vias degradsd to Tpay -
of the initial "methyl chloride" peak and the activity of the ice was
monitored. Methyl chloride dissclves in vater at 20%C %o the extent

3 0P 3
of 3,03 ml./ml. of water, so that suflzcien
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thawing 2g. of ice) to dissolve the total theoretical methyl chloride
evolved. The activity of the water rose only by about 2% and part of
this might be due to traces of HC1*. Thus it was apparent that any

CH,Cl/ice interaction was insignificant.

3

As a final check, an inactive copolymer of intermediate composition
was degraded until Tpgx of the "methyl chloride" peak was reached and a
gas~-phase I.R. spectrum was taken of the total volatiles non-condensable
at -1 OOOC. The experiment was repeated with ice in the trap and
comparisons were made of the intensities of the main absorption bands
of methyl chloride, but no indication of methyl chloride removal was
obtained.
(5) was investigated as a source of experimental error by degrading
labelled PVC at 1%/min. and measuring the activity of the volatiles
which by-passed the ice film and collected in the -196°C traps. HC1
removal was found to be quantitative, just as it had‘been at a heating
rate of 10?/min. However, observation of the Pirani response led to
the discovery that HCl removal is dependent upon the temperature of the
ice film (see p. 795.
(6) proved to be an important source of error. The film-cas
' technique involved pipetting 5ml. of a solution of the polymer in
byclohexanone onto the base of the TVA tube, followsd by slow evaporation
of the solvent in a vacuum oven. The.total HC1l evolved from two FVC*
films cast from "equal® volumes of the same solution was compared by
gas counting and found to differ by an amount well outwith that expectied
from use of the 20" confidence limit (abcut 10%, instead of a "statistical
3%).  The viscosity of the polyﬁsr solutions (concéntration = ZOmg./ml.).

clearly prevents consistent volume transfer from a pipette.



s Another related problem was the difficulty in prepa?ing films

of uniform thickness —— slow removal of cyclohexanone in the vacuum
¢ven did not give very satisfactory results. There will be two
possible consequences of variation in sample thickness:-

(1) Diffusion control of the rate of volatile evolution in some
experiments but not in others. The results of Nei1(84)suggest that
this effect can be neglected under the present experimental conditions
if films of reasonably uniform thickness are used.
(ii) Changes in the extent of product - polymer interactions as a
consequence of (i). A typical example of this is the downward shift
of Tpaxs . which is observed to occur with increasing film thickness,
for the dehydrochlorination reaction in PVC. (see p.189).

To eliminate these effects and also the possibility of inaccurate
polymer weights, a better film-casting method was sought:-

Solutions of known concentration were made up and a measured
weight of the solution was transferred to the TVA tube, so that the
exact weight of polymer in the film (4100 : 3mg.) could be calculated.
The solvent was removed by gentle blowing with oxygen-free nitrogen at
a constant flow-rate, followed by heating in a vacuum oven for four
hours at 60-7000. Cyclohexanone tends to undergo peroxidation in
presence of oxygen and the incorporation of pefoxidss into the polymer
will naturally affect its degradation behaviour. Consequently, the
solvent was distilled and stored under oxygen-free nitrogen prior to
use,

Films cast by the new method were of uniform thickness and
labelled PVC samples (corrected to 100mg) gave ploté of counts/

minute vs. temperature vhich were superimposable within the statistical
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error limits of counting (see Fig.16 ,p.85 ).

Finally, errors due to self-absorﬁtion at high gas pressures (7)
vere found to be insignificant:-

The activity of a sample of radiocactive HC1l (from the degradation
of 100mg. of PVC*) did not shift below the 20 error limit when benzene
was added to the counter, even to thé extent where the sample was
saturated with benzene. Similarly, the activity of a sampie of
radioactive vinyl chloride was not reduced when a large volume of
carbon dioxide was added.

After giving attention to factors (1) — (7) and making the
necessary alterations to the technique and apparatus, satisfactory
results were obtained with the copolymers as well as with PVC*.
Incorporation of the Pirani gauge allowed a useful additional monitor
of volatile evolution and the temperatures of the initial trap and
ice~trap could be kept fairly consistent between runs by recording

the output from the thermocouples.

SUMMARY

The apparatus vwhich gave the most informative and reliable results
is shown in Fig. 13, p.81, incorporating an initial trap at -100% (to
remove potential contaminants), an ice-trap maintained above -110°C (to
~remové HCl), followed by a Pirani gauge and a "greaseless" gas counting
t

Polymer films werc cast from o welighed amount

of cyclohexsanone solution of known concentration.

PRESENTATICN OF RESULTS

(1) Sample Temperatures

The sample temperature corresponding to any given oven temperature

- : v ) ”ﬂ).‘_.,‘: .
was obtainable after plotting the temperature lag oetvecan oven and



- 90 -

sample as a function of temperature (see Fig. 17, p.91). The standard

method described on p,70 was used.

(ii) Sample Heating Rates

Since the average oven heating rate between the start and finish
of each run was fairly constant, always being within = 3% of 1.529/min.
(see Table V, p. 91), it can be assumed that the individual sacple

heating rates will be proportional to those for the oven.

(iii) Trap Temperatures

The variation in temperature of the initial and concentric traps

during each run is shown in Table VI, p. 92.

(iv) Correction of Activity Measurements

The count-rate obtained after the accurulation of each volatile
fraction was corrected for counter background (approximately 30 cpm)
and dead-time and then corrected to 100 mg. of polymer. The da
obtained for each copolymer were then further adjusted to allow for
the differences in specific activity of 36Cl, by multiplying each count~

rate by the ratio:-

specific activity of VC* used to make PVC*

specific activity of VC* used to make copolymer
The 20° confidence limit was applied to all measurements.
The TVA and radiochemical volatile anslysis curves obtained for

PVC* and the copolymers are shown in Figs. 18 to 23 . (pages 93 - 98)

)

In both sets of data, the curves drawn as a coniinuous line (

correspond to results obteined vith no ice in the concentric trep,

- s
while those drawn as a broken lins (seeeewee ) correspond to data obltained

. . .
with a 2 g, ice film,
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TABLE V

(o) .
Average Oven Heating-Rates During Each Run ("G/Min,)

Polymer Ice in Trap No Ice in Trap
Copolymer 1 1.33 1.33
" 2 1.36 1.3k
" 3 1.31 134
" U 1.31 1.30
" 5 130 1.30
PV — | 1 30




TABLE VI

Trap Temperatures during each Run (°C)

Polymer Trap Ice in Trap No Ice in Trap
— ——

Copolymer 1 I -110 -105 -415  -105
II -110 -80 -110 -85
" 2 I -115  ~100 -415 =100
II -115  -80 -115 -85
" 3 I -115 =100 -115 =95
I -120 -85 -145 =85
" b I -115 -9 -110 =95
IT -115 -85 -440 =85
" 5 I -140 -100 -110 =100
II -110 -80 -110 -85
PVC* I e ' -110 =100
II _— -120 =90

I and IT refer to the initial trap and ice-trap respectively.



A
PIRANI
g-+0UTPUT
(mv.)
8“ L d
Fig.18
'7...
5| THRIUAL DEGRADATION OF
PVCH
5..
L+ (1) TVA Data
3--
2..
‘..
100 R
A
COUNTS/MIN.
2500}
2000f
(2) Radiochemical Analysis
1500+
1000t
500
100 " 200 300 TEMPERATURE(C)



- 9% -

Fig.19
A THERMAL DEGRADATION 7
PIRANI A OF 88.6% Vc* COPOLYMER
OUTPUT
g+ (mv.) (1) TVA Data

100 , 200 300 S °c
A )
COUNTS/MIN. T3 —
20001 (2) Radiochemical Analysis

1500+
1000t
500+

° Py Qv Qe e O

¥ +
v

0 2000 300 TEMPERATURE (™



7‘PIR/-\NI

- 9%

Fig.20

THERMAL DEGRADATION OF

| QUTPUT (1) TVA Data

(mv.)

g
-t
ol

=3
ohe

82.45% VC* COPOLYMER

L4

100 200

A

20001

1500+

1000

5001

COUNTS/MIN.

(2) Radiochemical Analysis

o<

300

+oH
qH

]
¥

1
]

TEMPERATURE(TC

Ory
)



Fig.21

THERMAL DEGRADATION OF 62.6% VC* COPOLYMZR
A PIRANI .
OUTPUT (1) TVA Data
g+ (mv.)
8l
7....
6+
5..
L+
3+
21 )
100 C 200 S 300 S oc
A COUNTS/MIN. -
1500+
00 5 P 3 x -
. X I Q T
(2) Radiochemical Analysis
1000+
° c IPPRER > o
500+
s } rd ¥ -+ 1 1 I I 'b
100 200 300



A

g.-

- 97 =~

Fig.22
PIRANI
OUTPUT THERMAL DEGRADATION OF 24. % VC* COPOLYMER
(mv.)

(1) VA Data

) oo : ' ' : — 3
100 . 200 300 ol
ACOUNTS/MIN.

T )Y il §

4007 £ S JO

300+ ‘

( 2) Radiochemical Analysis

200+

1001
1 1 ‘ 1 4 y + 1 [ 1 $ 3&




A
T OUTPUT

PIRANI

(mv.)

L o

(1) TVA Data

Fig.23

98

THERMAL DEGRADATION OF 9.58% VC* COPOLYMER

3
°c
A .
200+ COUNTS/MIN.
——%
. .....§.........§_
1504
100+ (2) Radiochemical Analysis
50 + ;
100 200 300 7EMPERATURE(C)



(V) Relation between radioactivity and moles of product

By titrating the volatiles against standard NaOH solution, it
was shown that quantitative loss of HCl was obtained when 400 mg. of
PVC* was heated to 400°C at 1%/min. It was thus possible to relate
the total volatile activity obtained on degrading 100 mg. of FVC* to
a specific number of moles of Cl, so that in Figs. 18 - 23 (and
in all subsequent data),each count per minute can be equated with
5.694(*0.036) x 10_7 moles of chlorine-containing volatile product.

The only significant chlorinated products in the degradation of

random VC - MA copolymers are known to be HCl and methyl chloride,

so that in each case, the first stage of radicactive volatile evolution

must correspond to CHBCl* produced by lactonization. i.e.,

GH3 CH3
CH Hy
.*M"lc/ I /wc/c’ D~gaw  + cu
R N T

C cl

/ 7

0// \\OCH 0//
3

It will be recalled that this reactioh involves randoﬁly—selected

pairs of adjacent VC and MMA units in the polymer cheain.

A second phase of CH301? evolution is observed (except in

copolymers at extreme ends of the compositiocn range) and this must

by Guillot et al.(9) for this copolymer system and by kci¥eill and Neil

for PVC - BiiA blends:-

a
(8)



3 3 3 3
. CHz\(I:Nv H1* N\,(I;/ CHz\C ANV .
| | | l + CHBCl
C
o/ \? 0//\? o/C \o/c\o
CH3 CH} + 1 2O

(ox cH,OH)

Consequently, the total HC1* liberated by any copolymer is stoichio-
metrically equivalent to the summation.of free HC1* and CHBCI* liberated
in this secondary reaction.

The volatile analysis curves follow the general pattern shown

o

below:~

counts/ t F|924

minute

Extrapolation

% Temperature

At 40000, all the traces are effectively parallel to the temperature
axis. Comparison of the final 3601 activity obtained in each case

: . . Y -
(i.e., HCI* + CHBCl*), with the corresponding value for PVC" degraded

to QOOOC, confirmed that femoval of chlorine from the copolymers can
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be regarded as complete at this temperature == copolymer compositions
obtained by measuring the total volatile activities compare favourasbly

with those predicted from the reactivity ratios obtained in Chapter II:-

TABLE VII: (Copolymer Compositions from Radiocactive Volatile Analysis

% VC by Volatile % VC Predicted using
Copolymer Analysis T, r,
(1) 9.81 _ 9.58
(2) | 21.8 2.7
(3) 60.9 62.6
(&) 82.5 | 82.4
(5) 89.6 88.6

For each copolymer, a curve corresponding to "lactonization®
CHBCl* can be obtained by extrapolating, parallel to the temperature
axis, the horizontal portion of curve I which exists before the onset
of the HC1*/ester interaction. A curve corresponding to total HCI*
evolution can then be obtained by subtraction of this extrapolated
curve from curve II, while "free" HCI* evolution is found by subtracting
i from II, Figs.25 and 26 (pp.102and 103) show the evolution patterns
obtained for total HC1* and total CH3Cl* respectively. In the former
case, fhe graphs have been drawn by subtraction of "hest fit" curves; |
so *that no error limits are included —— the error on any point will .
be given by + ’812 . e22 , where (191) and (132) are the errors on the
curves being subtracted at that point and approximate values of’ these

can be obiained by reference to Figs.18 - 23.
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It is now required to correlate the theoretical sequence

distributions, predicted from 31 and r2 s With volatile composition.
Examination of Fig. 24 p.100 shows that the fraction of the total VC
units which are lactonized in each copolymer can be found simply by
measuring g1 and §2. The calculation of the corresponding theoretical

fractions demands a short discussion of the statistics of random

intersequence cyclization reactions:-

THE STATISTICAL TREATMENT OF 1,3-CYCLIZATION REACTICHS OF

VINYL POLYMERS

1)

Marvel and Levesque found that the 1,3-cyclization reaction
which occurs when poly(methyl vinyl ketone) is pyrolyzed at 300°C wes
non-stoichiometric, yielding only 85% of the total theoretically-

available H20:—

CH H
NV\CHE-——CH/ AN, MACEZ—CH D Cuawy
S | + H0

C
o/C \CH o/ \CH/ \cn

¢
d4¢ \\CH 3

Marvel and Sample(92) also showed that the 1,3-dechlorination of

PVC with metallic zinc, to give cyclopropane rings, was likewise non-

quantitative:-
/C“ |
‘ Zn 2\\t
AVCH CH—C CEW —2 > ’W‘CH W + ZuCl,
2 | 2 I Heat
Cl cl

Plory(9§) explainsd these phenomena in terms of a random 1,5~

intersction, in vhich scme of the pendant substituents will rerein
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isolated between neighbours which have reacted. For polymers having

al st c
the general structure N\CH2 (l:H uH2 CHMW | Flory showed that the
X X

number of X groups which remain unreacted is given by

n-4 i
s, = »_ (n1) {2
n . il
i=o0 * 2
viiere n is the number of monomer units in the polymer chain. This

vas in good agreement with the experimental results,

Alfrey, Lewis and Magel(gh) have extended this treatment to
describe 1,3-interactions found in random copolymers of the type dealt
with in the present work. They have derived an expression for the
total number of B units in o random AB copolymer which cannot undergo

cyclization (assuming that cyclization is known to occur) by summation

of the two possible types of B unit present in the chain:-

(i) Those which occur within alternating sequenées of the type
MABABABM and are left isolated and unreacted by virtue of the random
nature of the A - B interaction. The situation here is analogous to
random cyclization in a homopolymer and a modified form of Flory's
equation can be applied.

(ii) Those B units which cannot react because they are adjacent to

other B units, i.e., thosé within sequences of the type MABBB----- BBA/W
The first and last B units belong to the aliternating sequences flanking
the sequence of B units and thus come under category (i). Those

remaining are given by the summation

(&
E (n-2) x (total number of B sequences of length n)

o
n=>
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In both (i) and (ii), the total number of sequences of a given

type is expressed as a function of the provagation probabilities of

the copolymer system. For example, p,p is the probability that,
during the copolymerization process, a growing polymer chain of the

type /MMA. will react with a monomer molecule of type B, Thus the
t i

total number of alternating sequences of type A (AB), A i A, for
! I

. . ! i
example, is given as

n

(Total number of A units in copolymer) x PAAZ Pip". Ppa

Similarly, the total number of "homopolymer" sequences of type
| 1
Al (B),! A is given by
' ]
n-4

(Total number of A units in copolymer) x Pyp.Ppg - Ppa

In all cases, py; and Ppp can be eliminated using the relations

Pap + Ppp =1 and pgy + pgg =1, giving as the final expression:-

Ppy 2
£,(B) = cosh\]pAB Pgp -~ oas sinh [D,2 Ppy

b

where fi,(B) is the fraction of the total B units which cannot undergo
cyclization.

(95)

The probabilities can be calculated for low-conversion

copolymers from the monomer reactivity ratios (ry, rg) and the

percentage molar concentrations (A, Bp) of monomer units in the

polymerization mixture:-

1/(1 + TyAs/Bp)

PyB

1/(1 + rEBo/Ap) -

Ppa
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Alternatively, these probabilities can be calculated from the percentagze
molar concentrations (A,B) of A and B in the copolymer and the run

(96)

number, R » by use of the following equations:-
Pyp = R/2A

Ppy = R/2B

Run number is defined as the average number of monomsr sequences
(runs) which occur per 100 monomer units in a copolymer. Consider,

for example, the portion of copolymer chain shown below:—

MNABAABABAAABBABRBBAABMW

The chain contains 20 monomer units arranged in 12 alternating runs
(underlined). The run number associated with this structure is
therefore 60.

Run number is a convenient parameter for characlterizing sequence
distribution in copolymers. It provides a useful mental picture of
sequence distribution and its use simplifies considerably the
calculations involved., One useful parameter which can be easily
determined from R is the number-average length of a given type of
‘sequence, denoted by<A> or.< B>. This is sin'{ply the total number
of given type monomer units divided by fhe number of runs of that

type present:-

~ /n\

(s) = w2 ma(3) = B(®2)

The expression of propagation probabilities in terms of A, B

and R also allows, for example, the fraction of A units centred in
M\BAAABN type pentads to be determined:-

2

)2

/
A _ .2 _2 _ RIA-ZHEZ
JIxoo= 0P P, =

AAB AA T AB LpAz'“

!
A
iV

o]
[esa?
S ->

-
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Run numbers themselves can be calculated for low-conversion

copolymers from monomer reactivity ratios and monomer feed compositions,

using the relation:-
R =
200/(2 + rAAf/Bf + rBBf/Af)

Johnston and Harwood(15)have expressed the Alfrey-Lewis-bagel

equation in terms of R:-

1 1 112
fu(B) = {cosh(Rz/lmB)z - (#/B)® sinh (R /4,@}3)2

It is instructive to work with the equation in this form, for it
indicates that £,(B) is very sensitive to R and that copolymer
cyclization reactions can be used very effectively to characterize

copolymer structure.

EMPTRICAL AND THECRETICAL RESUITS FCR THE FRACTICN 7

LACTCNIZABLE VC UNITS.

Using reactivity ratio values of r, =1, = 0.068(+0.003) and
Ip =1, = 16,55(40.60) for VC and MMA respectively (mean values from

the two Fineman-Ross determinations), together with values for 4 and
B predicted using An BasTy and Iy theoretlcal values for the fraction,
fL(A), of lactonizable VC units vere obtalned for each copolym r, by

first calculating the run number and then using the relation:-

£(a) = 1 - fy(a)
The results obtained are snown in Table VILL. Errors have been "worked
through" using the standard methods, the ones associated with A, and Be

<«

as insignificant.

joT]

being regarde

The corresponding empirical values of fL(A), obtained by measuring
d; and d,, are shown in Table IX and, with the possible exception of the
alne obtained for copolymer(4), compars favourebly with the thecre

predictions.,
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TABLE IX: Empirical values for £:(4)

Copolymer | f£r(A) x 100
(1) 92.1(+2.7)
(2) 88.0(+2.4)
(3) 47.1(#1.0)
(&) 20.2(+0.4)
(5) 11.9(20.3)

For convenience, f;y(4) and f1(A) have been expressed as percentages
in Tables VIII and IX. |

Reference to Fig.23, p. 98 shows that the empirical results obtained
for the 9.58% VC* copolymer(41) must be treated with caution. The non-
coincidence of the TVA traces between 10000 and 22000 probably indicates
en inconsistency of sample weight and/or rate of pumping rather than an
early elimination of HCl, since in the other copolymers coincidence of
the traces is also observed for the peak above 30000, while in this

instance it is not.

DISCUSSION OF RESULTS

I Extent and Temperature Range of Lacfonization

The variation in the extent of lactonization with copolymer

composition is shown in Table X, where the yields of methyl chloride
obtained experimentally are compared with those predicted using values
of A, B and f(A) calculated from the reactivity ratios. — All data

refer to 100 mg. of copolymer.
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TABLE X : Yields of methyl chloride from lactonization

Gopolymer Empirical Yield - Theoretical Yield
(moles x 10%) (moles x 10°)
(1) 94.0(40.6) 97.4(43.2)
(2) 207.8(+5.8) 241 .5(46.7)
(3) 370.1(410.2) 374.5(+7.9)
(&) 252.0(+7.3) 258.2}(::5.2)
(5) 1594 4o lt) 167.2(+4.1)

The two sets of data are in quite good agreement. The main
anomaly is the rather low value for the amount of methyl chloride
produced by the 24.7% VC copolymer{2), but this is largely assignable
to the difference of 2.9 in the percentage VC conpositions of the
copolynmer, as found by use of the reactivity ratios and by radiochemical
volatile analysis respectively.

The TVA data show that lactonization occurs over the temperature
range 90 - 22000, although the radiochemical assay of methyl chloride
is not sensitive below 12000. The maximum rate of CHSCl evolution
occurs between 17100 and 1780C and there is some indication that T,
increases with MMA content. Guillot et al. have assigned a similar
effect in their GG analysis of this system to differences in tacticity
over the copolymer composition range(97l although the effcct they
observed was much greater than in the present study, with the maximum

° c
rates of methyl chloride evolution occurring between 150 C and 180 C.

II  Txtent and Temnerature Range of Deh,‘fd"f‘opﬁii).w .
) ~ - - 1T 2 3 Y T
The variation in the extent of dehydrochiorination with copolymer

~ " - 4 - . P R e} NN
The variation in the extent of denydrochiorination with copolymer
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composition is shown in Table XI , where empirical yields of HCl are

compared with those predicted from Iy and ry. The data again refer

to 100 mg. of polymer. The errors quoted on the empirical results

are only those associated with the "moles - activity" conversion

factor (see p.99) and do not take account of the additional uncertainty

introduced by curve subtraction (see p.101).

TABLE XTI : Yields of HC1l

Copolymer Empirical Yield Theoretical Yield
(moles x 10°) (moles x 10°)
(1) result suspect : see p.110 1.9(+0.5)
(2) 28.5(+0.2) 30.5(+2.1)
(3) 440.0(+2.6) 443.4(+8.7)
(%) | 945.2(+6.0) 953.6(49.3)
(5) 1184(+7.5) N 1160(+9)

It is clear that dehydrochlorination differs from methyl chloride
production (through lactonization) in that the extent of the forrmer
reaction decreasss regularly as the VC content of the copolymers is
reduced, Production of HCl becomes sgnsitive to radioactive assay
above about 18000 and is generally observed between this tempsrzture
and 32000. In copolymers cf low VC content, HC1 evolutiorn becoses.
increasingly difficult to measure as its degree of radioactivity (c.p.m.)
approaches the 20 confidence levels for tne curves corresponding to

3

(CHCI 4 HOl*) and CH,Cl* alone.
In the copolymers where HC1l evolution is clearly defined, and slso

. L . PR RSN imum Te f dehydrechlorinstior
in PVC, the temperature at which The maximun rete of cehydre c tion
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ocours only varies between about 255°C and 265°%, At 260°C, the 88.6
and 82.4% VC copolymers have produced somevhat more HC1 than the same
weight of PVC, but the effect is much less pronounced than that found
by Guillot et al. using argentopotentiometry(g). In the latter
instance, HCl evolution from an 86% VC copolymer was observed to
comrence at 1ﬁO°C, attain its maximum rate at 21000 and reach completicn
at about 400C. (In PVC, the corresponding temperatures were ZOOOC,
225°C and 400°C respectively). There is thus very little evidence

in the present results to support the view of Guillot et al. that
lactone groups in the polymer backbone lower the activation energy
required for dehydrochlorination,

Guillot et al. also report that HC1l evolution occurs over a broazder
temperature range in copolymers of high MMA content and that the maximunm
rate of dehydrochlorination in a ZQ%FVC copolymer occurs abcut 15000
higher than in PVC, These effects are explainsd in terms of the
isolation of increasingly short VC sequences between lactone structures,
leading to an increased activation ensrgy for the zip dehydrochlerination,
There is little definite evidence in the present resulﬁs to support this
Vieﬁ, although the maximum rate of HCl evolution in the 62.6% VC
copolymer could be as much as 1OOC higher than in PVC and it must be
admitted that the limit of accurate radioactive HCl analysis is

f s £ .
t compositions of the order of 24% VO with the counting

v

- / : .
III Extent and Temperature Range of the HCl/ester Interaction

This is a minor reaction, being only visiblelln copolymers of
1 L] s 3 anhe 4 . 3 e
intermediate composition (see Fig. 26,p.403) and it reaches its maximum
- Py . FS . " . t_- " _f Uy 1i -3
copolymer, where the concentrations of uncyclized

extent in the 62.6% VC

1 . . : - TVer N iy wAnS g I Afegowvi e
VC and MVA units will bobh be relatively hign., 128 ProcesSs necessariiy
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overlaps with HCl production and is generally observed between 22000
and 31000. It is presumably a random reaction, although there is
no simple way of relating it quantitatively to sequence distribution.
Guillot et al. found that with a copolymer composition of 46% VC,
methyl chloride production by this mechanism was at least half as
importent as lactonization. The lesser extent of the reaction in
the present study is probably due to the use of polymer films and
high-vacuum conditions instead of the powder sambles and dynamic
nitrogen atmosphere adopted by Guillot.et al. The diffusion of HCl

out of the polymer can be expected to occur much more rapidly under

the present conditions.

IV Degree of overlap of the lactonization and dehydrochlorination

reactions
Reference to Figs. 18- 23 shows that HCl evolution from the

copolymers does not occur to a measurable extent until the lactonization

reaction is almost complete.

GENERAL ASSESSVENT OF THE RADICCHEKICAL METHOD OF VOLATILE

ANATYSIS

Radiochemical analysis is suitable for the study of methyl chloride
evolution over the copolymer composition range dealt with in the present
work and although it becomes less reliable for monitoring the very small
extents of HC1 production in copolymers of low V¢ content, this problem
could be overcome by incorporating 36Cl of higher specific activity
into the polymers or by extending counting tiwes. The determination
of HC1l evolution using 36Cl—labelled polymers is otherwise very useful
for the study of this copolymer system, as it avoids the problems

- s I I 1 c nce
associated with argentopotentiometric estimation of the gas in presenc
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of methyl methacrylate (as found Sy Guillot et al.) and also any
interference with titrimetric estimation (using NaOH solution),
caused by the presence of carbon dioxide degradation product.
Finally, the use of 36Cl—labelled PVC for a precise study of
4the thermal behaviour of polymer blends (see p.181), or of other
PVC compounds, seems to hold particular promise, since radioactive

PVC itself is comparatively easy to prepare.
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CHAPTER FIVE

RELATED COPOLYMER SYSTEMS

INTRODUCT ION

Several other copolymer systems have been studied which are
potentially capable of undergoing 1,3-interactions of the type
found in VC - MMA copolymers. Some of these are novel copolymexr
systems, vhile the remainder have previously been prepared but not
exanined in detail for their thermal behaviour. Since reactivity
ratios have been available for the latter systems, it has been
- possgible to study a range of copolymer compositions, but for the
novel systems only one copclymer has been prepared in each case,
and it has been attempted to prepare copolymers of intermediate
composition in order to maximise any 1,3-interactions., In the

(98) have been employed.

ebsence of reactivity ratios, Q-e data
Relevent details of monomer and polymer preparation methods are
contalned in the Appendix,

In all cases, the behaviour of the copolymers is compared
ﬁith that of the parent homopolymers using TVA aata and this is
presented graphically where most pertinent to the discussion, The
previously prepared systems vinyl chloride-methyl acrylate, vinyl

chloride-n-butyl methacrylate and vinyl bromide-methyl methacrylate

will be discussed first.
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VINYL CHLORIDE - METHYL ACRYLATE COPOLYMERS

The preparation of these copolymers and their preliminary
enalysis by TVA and I.R. spectroscopy has been carried out by
(99)

MacDonald + A detailed study of poly(methyl acrylate), Pia,

degradation has been made by Cameron and Kane(mo), In common with

other monosubstituted ethylene polymers, PMA yields insignificant
amounts of monomer and most of the total products comprise chain
fragmenfts, formed by extensive transfer reactions. The volatile
products consist mainly of methanql and carbon dioxide and Cameron
and Kane have explained the formation of all the products (and also
the onset of colouration during degradation) in terms of competing
reactions of a radical precursor of the type shown below, formed

after transfer of a labile R-hydrogen atom,

Analysis of Volatile Products

The TVA curves of poly(methyl acrylate)[see Fig. 27 , p. 118]
comprise a single peak with Tmé.x = 4.30°C and MacDonald has identified
methanol, carbon dioxide and methyl scrylate among the condensable
products. In the non-condensable fraction, only ethylene was
identified, but is likely that carbon monoxide and methane are also

(100)

present, as found by earlier vorkers .
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Copolymerization with only 5.13% (molar) VC leads to the
appearance of a new peak in the TVA with Thax = 255°c, consisting
entirely of material non-condensable at —10000 (but fully condensed
at -19600) and identified by I.R. analysis as methyl chloride.

Tiax for the main stage of degradation remains at 24.3000 and carbon
dioxide, methyl acrylate and methane were observed here. No
rethanol was identified,

Increasing the VG content to 51.27 (see Fig.28, p.120)leads to
enhancensnt of the nev peak (I.R. anélysis : methyl chloride, HC1),
vhich remains static at 25500, and the appearance of a third peak,
with Ty, = 30000, consisting'mainlyvof material non-condensable at
-100°C (but condensable at -196%C) and identified as HCl and carbon
dioxide, with a small amount of methyl chloride. The main peak
still shows Tpoy at aboutVAEOOC, but it has been broadened, presumably
by the volatiles from lactone decomposition. (It must be stated that
the existence of lactone units can only be deducea in this case from
the early eliminstion of methyl chloride at a constant Tpax, since
no spectra were obtained for cold-ring fractions or residues).

Furtﬁer increasing the VC content to 67.7% leads to enhancement
of the second peak (Tpax = 305°C; I.R. enalysis—— HC1, carbon
dioxide and methyl chloride) at the'expense of methyl chloride
production (T,,, = 25506 . The main peak (Tpax = 45000; I.R,
analysis — carbon dioxide, methane, propylene and ethylene) is
diminished somewhat, probably due +o0 the smalier amounts of material
being evolved from lactone breakdown, but is shifted to a higher

temperature due to the increased polyene reactions of the VO sequences.
P
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Discussion
T S St

The degradation pattern of the copolymers shows overall similarity
to the VC - MMA system (see Fig.29, p.122) but lactonization occurs at a
higher temperature (255° vs. 20600). HC1l formation is evident in
copolymers with greater than 50% VC, but, unfortunately, the effect
of copolymerization on HCl production cannot be accurately defined,
dve to the overlap of the "HC1" peak (ca.BOOOC) with other stages
of degredation,

A puzzling feature of MacDonald's results is the failure to
identify methanol as a product from the ﬁigh - HA ~ content copolymers,
especially viaen monomer is observed -;-metha,nol is the major
condensable product in FMA degradation(,loo). Statistical calculations
show that only about 5.3% of the MA units in a 5.13% VC copolymer
can undergo lactonization and it is difficult tc explain how one |
lactone unit per 20 MA units could interrupt any of the three methancl
production mechanisms proposed by Cameron and Xane.

MacDonald has also noted the occurrence of strong carbonyl
absorptions at ';7380m-1 and 17&;.9cm“1 in the. non-condensable fraction
from the 67.7% VG copolymer, but these were not identified. A
re-examination has shown that acetone (a solvent used for the
copolymers) and formaldehyde exhibit strong carbonyl absorptions at
1738c'm_i and '1714-9cm",I respectively in the gas phase, but both are
fully condensed at =i 96°% in a continuously-pumped system.

MecDoneldts findings have not been further examined due to lack of

’ ’ . ) b} P g
sample, but this is clearly a system vhich deserves further attention.
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. Table XII gives some of the more useful data relating to

sequence distribution in the copolymers. The symbols used have

already been discussed in Chapter IV.

TABLE XII
Mole Fraction :
of VC(A) 5.13% 15.8% 51.%% 67.7%
R 9.96 28.5 57.9 49.5
(4) 1.03 1.1 1.77 2.7k
(z) 19.1 5.91 1.69 1.30
PAB 0.971 0.903 0.565 0.365
PBA . 0.0525 0.169 0.593 0.767
f1,(4) 99.9% 97.65% 67.0% 42.1%
£1,(B) 54 32% 18.3% 70.3% 88.5%

The above data are based on monomer reactivity ratios of 0.12 and
Lo for VC and methyl acrylate respectively. Strictly speaking, the
figures refer to a polymerization temperature of BOOC, and not 40°C
as used by MacDonald, but they are acceptable for a purely qualitative
assessment.

It can be seen that the copolymer of lowest VC content consists
essentially of long KA sequences, interrupted only occasionally py

isolated VC units. As the 1:1 composition is approached, alternation
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begins to predominate and this is associsted with high values for

both pAB end pBA and meximum lactonization. At the VG - rich end
of the composition range, VC sequences are, on average, longer than
those of MA, but are still very much shorter than those attained by

XA units in the 5.13% VC copolymer.

VINYL CHLORIDE - n-BUTYL KETHACZYLATE COPCLYMETS

This copolymer system was first studied as a B.Sc. project“oﬂ.

The thermal degradation of poly(n-butyl methacrylate) at 250°C
has been studied by Grassie and MacCaJ.lum(‘! 02), Monomer was found to
be the predominant volatile product, but depropagation proceeded
only to the extent of about 40%. and on prolonged heating the residue
became progressively more stable., Grassie and HacCallum have
explained these features in terms of a comp=ting free-radical ester
decomposition process, during vhich cerboxylic acid units aré
initially formed in the polymer chain.

| Their mechanism assumes the ability of a depropagating polymer

radical to react in its alternative canonical form:-

CH
H 3

C
e
C

AN

Qs

Y,
\o

BuO Bul

Such a situation is not without precedent. For example, the ketene-

imirvn ctviradrrimas An nn'|xf(mn+.haf‘_rvlonitrile
i tr

y003) e 1mom to result
imine structures in poly(methacryleni v

ile)
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fron reaction of the growing polymer radical in the form:-
CH
l5

NVCHE—-C ==C==1:I

The ester decomposition is believed to proceed via a six-

membered cyclic transition state, according to the following reaction

scheme ;-
CH
E €
e C v-——‘
A%JCHZ " AAACnZ C
C—0., C=-0H
o "
Nl A
7N CHE——-CH-—-CH CH
CH,.CH .23
23
P &
MACH=——=C' G MACH~—C
2 >
PaN A\
o// OH b OH

== CH=~ CH
+ CH2 == CH CH2 3
Self-inhibition of the depropagation reaction then follows, due’
to the formation of terminal anhydride structures, vhich probably
arise by the further reaction of a terminal acid unit with an

adjacent ester function:-



| I/O N | + Ol = CH—CH5CH,

+ H
20

Inhibition is believed to be the result of an equilibrium which will
be set up between this anhydride radical and the . radicel forzed by

liberation of one more ethylenic unit from the chain end:-

CH, cH, ci
/M(,:/C H%\c. Nv\(l: CHZ\C/ s
& | = | !

C
g o N0 /C\o/ C\\*o

Grassie and MacCallum have also us~ed the first parf of the above
reaction sequence to explain the evolution of butene and formation
of small amounts of carboxylic acid units in the polymer chain
during the polymerisation of n-butyl methacrylate at 30% 00
Presumably, 5, copolymer of _:_x._-butyl wethacrylate will also contain a

small number of acid functions.

Analysis of Volatile Products.

The TVA curves for poly(n-butyl methacrylate) are shown in
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Pig. 30, P. 128. The rather involatile monomer gives a limiting
rete effect in the —4500 trace and the major peaks (Thax = 292°%
end 54500) presumably represent chain-end-initiated and random-
scission-initiated depropagations respectively —-— Grassie and

(102)

KacCallum have already shown that monomer production begins at

chain ends during degradation at 25000. Above BOOOC, the response
on the -75/-10000 trace probably indicates formation of but-{-ene,
wnile the evolution of non—cog&ensable material (Tmax = AZBOC) is
probavly the result of breakdown of écid or anhydride structures.
Copolymerisation with only 5.6% (molar) VG results in considerable
alteration of the TVA shape. A new peak appears with T, = 225°C,
incorporating material which gives a limiting rate effect in the
-10000 trap and identified by I.R. analysis as n-butyl chloride.
The peak originally assogizted with lovw-terperature monomer production
is almost removed, leaving only a small residual shoulder at }1500 on
the 0% trace. The main stage of monomer production is shifted
upwards by 4500 to give T,y = 39000, although a small part of this
shift can be assigned to the increased production of materials non-
condensable at-100°C (but condensed at —19600) and non-condensable

at -19600. Thax for the psak due to non-condensable preoduction is

. o
shifted from 4250C in the homopolymsr to 448 C in the copolymer.

I.R. analysis has shown that in the main stage of degradation

(i.e. gbove about 25000), ponorer, carvon dioxide, isobutene and
but-i-ene (and/or propylene) are evolved, with methane (and probably

also carbon monoxide) accounting for the non-condensable fraction.

)(102)’

. 1 o~ Tar{ ..y dr e 1’\". hag! 2
In accordance with the earlier vorx on poly(n-butyl methacrylate
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it is very likely that but-i-ene is produced in the copolymer, but
propylene may also be present, It has not been possible, on infrared
evidence alone, to clarify this point, due to the very similar
absorption patterns of the two olefins,

Increasing the VC content from 5.6%, through 14.4% and 29, 5%
to 49.2% (Fig. 31,p.130) leads to a gradual enhancement of butyl-
chloride production, for vhich T, remains static at 22500. Thax
for the main stage of degradation continﬁes to move upwards from
59000 in the 5.6% VC copolymer to 42500 in the 1:1 copolymer and as
the VC content is raised, materials non-condensable at -100°C (but
condensable at -196OC) and non-condenssble at -1 9600 begin to accou.ﬁt
for most of the volatile products in thié temperature range. Monomer
procuction is clearly in decline, In addition, a small shoulder
avpears on the OOC trace and this shifts from sbout 52000 in the

)

365 C in the 4

A Ao+ la oo
v 4in +41 compéesition, Thlu nNew

1445 VC copolymer %o rcach :
stage of reaction appears to represent largely maferial which is not
condensed at ~1OOOC (but condensed at —1960C) and probably consists
in part of HC1l, which has been identified among the products formed
above 27000 in the 4:1 copolymer. The other products detected here
by I.R. analysis were monomer, carbon dioxide, but-1-ene (and/or
propylene), together with small amoﬁnts of isobutene and ethylene.
carbon mo;exidé were identified amcng the nen-condensab
Finaily, by raising the VC content from 45.%% to 4G5, lne
butyl chloride peak begins to diminish, but naintains T, at 22500,
while a pesk of comparable size emerges with Tmafo‘52300. The

45300) is now much less pronounced

Tinal stage of degradation (Tpax =
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and Stiil consists to a large extent of materialé non-condensable at
—10000 (but condensed at -19600) and non-condensable af -19600.

The second peak (Tmax = 32300) does not suffer from excessive
overlap with its neighbours, so products detected can be assigned
almost specifically to this stage of reaction, These included a
large amount of HCl with a smaller quantity of carbon dioxide. The
-19600 trace shoved the presence of a small non-condensable component
and this was found to contain ethylene (with possibly some carbon
monoxide).

The third stage of degradation in the 74.6% VG copolymer
(Toax = A5BOC) is again fairly "clean-cut" and products evolved here,
and identified by I.R. analysis, were mainly carbon dioxide, with

some but-i-ene (and/or propylene), isobutene and ethylene.

Analysis of Cold-Ring Fraction

The cold-ring fraction obtained wheﬁ the 1:1 copolymer was heated
to 50000 showed strong infrared ebsorption bands at 17600111_1 and
17000m~1. These probably represent X-Jactone and carboxylic acid
structures respectively. 6-membered cyclic anhydride structures
absorb at 18000111."1 and 17600m-1, but the presence of these must remain

. -1 . . .
speculative since the absorption at 1800cm = is obscured in this case.

The existence of acid groups was supported by ths presence of a proad

- -1 R .
ebsorption extending from 3600cm 1 £o 2500cn , vhile a medium
absorption band at 16500m—1 probably represents unsaﬁurated

hydrocarbon structures.



- 132 -

Discussion

As in the previous systems, lactonization is the first stage of
degradation in the copolymers and this reduces the amount of n-butyl
methacrylate monomer production (1) by removing available ester units.

(2) by "blocking" depropagation.
As before, chain-end-initiated depropagation is most drastically
affected by introduction of lactone structures, vhereas random-
scission~initiated monomer production ié not greatly reduced in
extent but requires higher temperatures to achieve its maximum rate.

As usual, the effect of lactonization on dehydrochlorination is
not clear, since HCl production is only observed in the 49.2 and
74.6% VC copolymers. As was seen, the peak vith T,y = 323°C in
the 74.65% VC copolymer is largely due to HC1l, but the other products
may shif+t T,y considerably from the dehydrochlorination value,

Breakdown of the lactone structures contributes largely to the
composition of the volatiles in the copolymers of higher VC content,
being notably responsible for the large-scale production of carbon
dioxide.

The effect of copolymer composition on but-{-ene production
cénnot be accurately assessed without a more seiective, guantitative
investigation (e.g., by gas-phase chromatography), but it would
undoubtedly be interesting. Copolymerization of n-butyl methacrylate
with a small amount of V¢ will clearly reduce the number of units
capable of undergoing a free-radical ester aecomposition (vy the
mechanism of Grassie and MacCallum), so that ester séquences isolated

between lactone units may be forced to undergo a different reaction
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sequence - €.g., molecular ester decomposition:-

CH CH
' 3 | 3
ACAMN ANVCANA + but-{-ere
| — | B
5-47N A
0 {? ' Yo
S+l CH,
CH
& CcH
B3
L . : (105)
Such a mechanism is already known to occur in non-polymeric systems .

Isobutene (I.R. ; 89Ocm~1) has been identified as a product over
the entire copolymer composition range and it is quite conceivable
that it is also evolved from poly(n-butyl methacrylate) at higher
temperatures (previous analyses dealt only with degradation below
BOOOC). Backbone fragmentation is presumébly its main source.

Table XIIT gives a statistical correlation between copolymer
composition, sequence distribution and extents of lactonization and
provides a gualitative explanation of the trends observed in vclatile
composition. Lactonization is favoured when pAB and pBA are both
high and occurs to a maximum exbtent in the 1:1 copolymer, vhereas
monomer production and dehydrochlorination are favoured at opposite
ends of the composition scale,

The data are based on monomer reactivity ratios of 0.05 and

13.5 for VC and BMA respectively.



TABLE XTII
Mole Fraction 5.6% 14..4% 29.5% 49.2% 4. 6%
of VC(&)

R 10.8 25,7 4.9 51.8 40.2

(4) 1.04 1.12 1.31 1.90 3.7
() 17.5 6.67 3.1k 1.96 1.26
PAB 0.96 0.89 0.76 0.53 0.27
PBA 0.057 0.15 0.32 0.51 0.79
£1,(4) 99% 987 89% 66% 31%
£1(B) 5.8% 17% 37% 6L4% 92%

VINYL BRCMIDE — VMETHYL NETHACRYLATE COPOLYMERS

The initizl studies of this system were carried out in
. : . (106)
collaboration vith B.Sc., student P. Anderson .
The therral degradation of poly(vinyl bromide), PVB, has not been
studied in detail since the behaviour of the polymer has been assumed
to follow approximately that of PVC., The formation of longer polyene

sequences in ivD than in PVC Las already bezen discussed (p.55) and
(5%)

Braun and Thallmaier have shovm that an average polyene sequence

comprises 42-13 double bonds. Mention has also been made of the

work by Blauer and Goldstein on VB - MMA copolymers (p.55), in which

it was found that copolymers of high VB content were less thermally
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stable than pure PVB, but, up until now, no detailed study of thermal

behaviour over the complete range of copolymer composition has been

reported.

Analysis of Volatile Products

The TVA curves for PVB are shovm in Fig. 32, p.436. The similarity
to PVC is immediately obvious, although T,y of the initiel peak lies
at 20300, compared with 325°C in PVC (see Fig. 33,p.137). 4bove 370C a
second phase of reaction occurs in which a number of volatile products
are formed, including some non-condensable material., This second
phase of reaction closely resembles that of PVC, although T, is
higher, being about BOOOC in PVB, as opposed to 48000 in FVC.

"~ Comparison with PVC suggests that the initial peak in PV3 represemts
léss of hydrcgen bromide, while the second peak is cagsed by polyene
cyclization and crosslinking processess.

Wheh an KMA copolymer containing only 4.87% (molar) VB is
degraded, the TVA shape is considerably altered from that of FLMA
(see Fig.3h,p.1%8). A new peak appears with Tpsx = 175 C consisting
entirely of mater;al non-condensable af —1OOOC and ideﬁtified by I.R.
analysis as methyl bromide. The peak with T4 = 29500, associated
with chain-end~initiated depropagation is almost removed, while the
major stagze of monomer production (Tmax = 37600) is shifted upvwards
to abcut #QOOC. A sm2ll part of thic shift can be assigned to the -
onset of a reaction phase (Tpax = :44°C) which produces a mixture of
volatiles, some of which are non-condensable at -196°C and others

non-condensable at —1OOOC, but condensable at -196°C.,  Within the
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main stage of degradation (i.e. above about 28000), methyl methacrylate
monomer and carbon dioxide have been identified, although it is likely
that carbon monoxide and hydrogen are also present (see analysis
below for 48.4% VB copolymer).

An increase in VB content from 4.87%, through 9.76% and 2L.5%
to 48.4% causes a large increase in size of the methyl bromide peak,
whose Tp,. remains constant at 175°C (see Fig.35,p.140). The large
peak originally associated with random-scission-initiated depropagation
is shifted upwards on the temperature scale to give Tmax = 4500C in
the 48.4% VB copolymer, but the size of this peak is gradually
diminished as methyl bromide formation increases and in the 48.55% VB
copolymer it is seen to consist largely of non-condensable material,
which has been identifed as carbon monoxide and hydrogen by I.R. and
mass-spectrometric analysss respectively. Carbon dipoxide is the
chief component of the volatiles vhich are non-condensable at -100 C,
but condensable at ~19600.

The other major feature of the 1:1 copolymer is the appearance
of an important peak with Tyax = 257°C, consisting of a mixture of
volatiles which contains hydrogen bromide, carbon dioxide and some
MMA monomer and also a non-condensable component, Evolution of the

non-condensable material commences at approximately Tp,y and this

hydrogen may also be present).

As the VB content is raised further to 73.2%, the methyl bromide
peak (Tmax = 17500) begins to diminish and the highrtemperéture peak
(Thpax = 46700) is less intense but broadened, presumaﬁly by the onset

of the high-temperature polyene reactions of the VB sequences.
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The middle peak is now strong,with Tp,e = 215°C (comparable with

Tpax for HBr elimination in PVB) and at this composition consists
largely of material non-condensable at -1OOOC, but condensable at
-19600. A non-condensable component is still evident, though less
important than in the 1:1 copolymer. Evolution of the non-condensable

material again begins at Thax for the total peak (i.e. 21500).

Analysis of Cold-Ring Fraction

Pig.36, p.142 compares the I.R., absorptions of the cold-ring
fraction of the 1:1 copolymer (heated to 500°C) with those of the
undegraded polymer (both samples run as KBr discs). The strong
ester absorption is still evident in theAcold-ring fraction as a
shoulder at 17400m-1, while new bands appear, as shoulders‘or
distinét peaks, at 1800cm-1 , 1765cm-1 and 17OOc:m"1 , with a weaker,
broad absorption between 1650 and 16OOcm-1. These new bands
probably represent 6-membered cyclic anhydride, K—lactone, carboxylic
acid and unsaturated hydrocarbon structures respectively.

A surprising feature is the presence, even in the undegraded
polymer, of an absorption at 17650m-1, evident‘as a shoulder on the
main ester absorption. This phenomenon has also been noticed in the
I.R. spectrum of a VC - methacrylic acid copolymer and beéomes very
pronounced in a V¢ - sodium methacrylate copolymer (see ¥ig. 46, p. 176)
It may indicate that some lactonization occurs during the bulk
copolymerisation process, but this "pre~lactonization" effect will
be dealt with more fully under the VC ~ sodium methacrylate copolymer

system.
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Discussion

The degradation behaviour of VB - MMA copolymers roughly
parallels that of the VC analogues, except that processes which
involve scission of a carbon-halogen bond (i.e. lactonization and
dehydrobromination) occur much more readily. Lactonization greatly
reduces chain-end-initiated monomer production and raises its
activation energy. Random-scissicn-initiated depropagation is not
- greatly reduced in extent but its activatien ensrgy is raised on
copolymerisation with only a small amount of VB —— Tmax shifts
upwards by about 5OOC. Presumably "blocking" by lactone structures
is again fesponsible. |

HBr elimination has only been observed in copolymers containing
more than about 25% VB, but the effect of copolymer composition on
the extent and temperature range of HBr formation is, as usual,
difficult to interpret.

The presence of acid and anhydride units in the cold-ring
fraction suggests that HBr may be reacting with unlactonized ester
groups to give a second phase of wethyl bromide formation (as in VC -
MEA copolymers) but a more exact method of volatile analysis will be
fequired to prove this,

| The production of non-condensable material vhich begins abruptly
at Tp,r OF the "HBr" peak and reaches its greatest extent in the 1:1
copolymer would appear to be related to the concentrations of lactone
groups and of HBr and may involve a catalysed ring-opening process.
No such effect is evident in VC - IMA copolymers and the relative

bond strengths of HBr and HCL (86 and 102 kcal/mole, respectively)



may be a deciding factor. It is interesting to note that McNeill
and Mohammedﬁo7)have noticed an abnormally large prcduction of non-
condensable material during the thermal degradation of PLMA in
presence of zinc bromide. No such effect is observed with zine
chloride additive.

It is useful to compare the trends observed in product
composition against the statistical data contained in Table XIV.
Lactonization reaches its maximum extent when pAB and pBA are both |
lerge (i.e. in a 1:1 copolymer), while monomer prodiction will be
highest in copolymefs of low VB content, where long ester sequences
are found, interrupted only by an occasional lactone ring. The
highest degree of dehydrobromination should be observed in the 73.13
VB copolymer, but even here, the VB sequences are much shorter than

those attained by MMA at the opposite end of the composition scale,

TABLE  XIV
Mole Fraction L. 9% 9.8% 2L.5% 48.4% 73.4%
of VB{A) : -
R 9.26 17.6 37.0 50.0 32.3
(a) 1.05 1.1 .32 1.9% 3.72
(3) 20.6 10.3 4. 08 2,07 1.57
DAB 0.951 0.905 0.755 0.516 0.269
pBA 0.0490| 0.0980]  0.245 0.484 0.754
£1,(4) 100% 99% 9144 667 32%
£ (B) 5.%% 115 3075 61% 88%
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The above data are based on monomer reactivity ratios of 0.05 and

20 for VB and MMA respectively.

VINYL, CHLORIDE —-— n-BUTYL NETHACRYLANTDE (BMAC) COPOLYMER

The initial studies of this system were carried out in
éollaboration with B,Sc. student R.L.G. Nicoletti(108).

The copolymer was studied basicelly to determine whether a
thermal lactamization process (analogous to lactonization) could be
induced when the ester function is replaced with amide. n-butyl
methacrylamide was chosen as comonomer since it is a liquid in its
normal state (methacfylamide, for example, is a solid of melting
point 102—10600) and miscible with liquid vinyl chloride so that
bﬁlk copeclymerization would be sasy to achieve. Tbg thermal
degradation of poly(n-butyl methacrylamide), vhich itself has not
been previously prepared, could also be compared with the degradation

of its ester analogue, poly(n-butyl methacrylate).

Poly(E-Butyl Methacrylamide) : Analysis of Volatile Products

The TVA curves of PBHAC homopolymer are shown in Fig.37, p.146.
The first péak, I, (Thax = 25800) can be resclved into two peaks
(Tmax = 18900, 25800) by using a larger‘sample. With a 25mg. sample
(as.shown),the low-temperature peak only appears as a small shoulder{
Thus there would appear to be at least two phases of reaction in
Stage T and the products identified by I.R. anmalysis up o 265 C
vere butylamine, monomer and ammonia. Ammonia is non-condenszsble at

(o] . _ ) o, fo) . o
-100 ¢ ; the fraction condensable between =75 C and =100 C is procbadly
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butylamine, vhile the least volatile component, which is condensed
between —4500 and -7500, is likely to be monomer,

In the remaining stages of degradation (peaks II and III ;
Thex = 370°C, 432°C), the products identified by I.R. analysis were
butylamine, ammonia, monomer, isobutens, ethylene, but-q-ene (and/or
propylene) and possibly methacrylonitrile (928cm_1), with carbon

monoxide and methane comprising the non-condensable fraction.

Stage I

The large-scale production of butylamine suggests that an

imidization process may be occurring here:-

3 l 3 l o | "
/vv\!: /CHz\C A AT N] + Bul,
—_—
/’é\ };\\ /L\ N
o/ M 0 0 N
u  Bu Bu

Bresler et almeoe)have noted the occurrence of a similar process
during pyrolysis in vacuo of poly(methyl methacrylamide) between
31500 and 32590, in which methylamine was evolved and cyclic
structures formed in the residue. An analogous process in poly
(n-butyl methaorylate) is not possible.

It is almost certain that ammonia production at‘this stage of
reaction is the result of amide decomposition, exactly analogous to
ester decomposition in poly(g—butyl rmethacrylate). It was not
possible to identify butflfene specifiically by gas l.R. analysis

. . . -1
alone, since ammonia absorbs at 942¢m  and the other strong band
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of but-q-ene (30100m—1) is obscured by butylamine. The presence of

but-i-ene was deduced as follows:-

(i) The absorption at 912cm—1 was stronger in the degradation
products than the band at 89Ocm-1, whereas in pure ammonia, this

situation is reversed.

(ii) Gas chromatographic analysis of the products (collected to

Tpax OF the first TVA peak) showed the presence of a material which

: 0
had the same retention time as but-i-ene on Porapak at 130 C.
Amide decomposition appears to take place concurrently with

imidization and depropagation, but it is not possible to say virether

(105)

the mechanism is molecular (as proposed by Maccoll for gas-phase

ester decomposition) or involves a depropagating radical (as proposed

(102)

by Grassie and MacCallum for poly-n-butyl methacrylate decomposition).

CH CH
3 | 3
i.e. MW ANNNCA + but-i-ene
— |
2 4

|

C c
SN /N .
9‘){1&{ S



CH CH c
l 3 |3 |H3 |
or ANVGe AWE + but-q-ene
[ ~— "1 — "
/ L ]
7 \NH -9/ \IiIH HO \NH
Bu i CH
2 A
\|CH/
CH,CH, !
CH
: AANf-
I\
o/ NH,

Regardless of which mechanism is involved, the primary amide group
so formed presumably reacts with the adjacent secondary amide.function

to yield ammonia and more but-i-ene:-

CH '
(A ) /VV%'//’ 5\\‘f6~bv) + but-q-ene

| [ —>
C ..C¢§9 Y C\\ + NH
oZ KON VAN N\, 3
N}j i, o m
I : )
CHZ,\(C:/ H
én2033

Stages II and III : 4 -

I.R. analysis has shovn monomer to be a significant product in

this region, together with but-i-ene (and/or propylene), while
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butylamine and ammonia are still also important, The reason for the
broad peak vith Tp,, = 570°C is not clear, but it may include a second
phase of monomer production (as evidenced by the re~-divergence of the
-45°C and —7500 traces). Above 38000, release of non-condensable
material begins and this is probably due largely to decomposition of

. the structures:-

[ CH,1 | CH.
L.-,-.J..' CH L-*-_J
MGl 6 NV

2,C2 .
'7’\:?2/\?\\\\\
(’ // | | \0,5
\r 'l i \V
i Bu!

L

Carbon monoxide, butylamine and methane have been identified here,
together with iscbutene (and possibly propylene), which probably
originates from scission of the residual backbone.

The apparent presence of methacrylonitrile among the volatiles
from Stages IT and III is not unexpected., licNeill et alSﬁO) have
already found I.R. and gas-~chromatographic evidence for tkhe formation
of this product during degradation of poly(methacrylamide) and it is
likely that it originates from dehydration of pfimary_ amide units,

followed by splitting-out from the backbone.

Analysis of Cold-zing Fraction

The solid-phase I.R. spectrum of the cold-ring fraction obtained
o . . .
when PBMAC is heated to 500 C is shown in Fig.38,p.151, where it has

been superimposed on the spectrum of the undegraded polymer.
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Ip the undegraded sample, the Amide I and Amide IT bands of the
secondary amide function appear at 1635cm"‘I and 1520cm—1 respectively.
A conspicuous shoulder at 17050[:1-'1 may indicate that some imidization
occurs during the free-radical polymerisation process at 50°C, since
the absorption is consistent with either acyclic or 6-membered cyclic
imide structures (C = O stretch), Models of these structures (for

(111)

which spectra were available) are shown below together with their

absorption frequencies in the carbonyl region.

0 0
CH CH CH
CH;——-Q--NH--Q———CHB CH 2\\\ ///

I 2 l\\‘CH CH,
\NH/ A

-1
1 71 Ocm-1 (Strong) ;
1695¢cm .
: 1Z1Zcm_ (Strong)
- - 1655cm
17oOcm-1 (Medium) -
1740cm 1755cn (Weak Shoulder)

The origin of these structures would be inter- and intra~ molecular
imidization respectively, Crauwels and Smetsa12)have already noted
that imidization occurs during the free-radical polymerization of
methacrylamide in agueous solﬁtion,'vhen the temperature exceeds 6500.
In the cold-ring fraction, the Amide IT band at 1520cm | is much
weaker, indicoting extensive removal of the secondary amide function;
while a shoulder at 171Ocm—1 and another absorption at ‘i695cm-.1
correspond closely to acyclic imide. The maximum absorption occurs
at 4665cm-1 and probably represents the cyclic imide, although it may

be dve in part to isolated primary amide structures (formed by amide
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decomposition) which are unable to imidize. The remaining band at

1755cmw1 would be consistent with either type of imide structure.
It therefore appears possible that both inter- and intra-

molecular imidization operate concurrently during the thermal

degradation,

VC - BNAC Copolymer : Analysis of Volatile Products

The TVA curves for a 23% (molar) VC copolymer are showm in
Fig.39,p.154. The most obvious features are the absence of the
first homopolymer peak (Tpay = 25800) and the apﬁearance of a new
peak (Tmax = 17800), which consists to a large extent of material non-
condensable at -1OOOC. The main stage of degradation has Tpay at
40200, compared with h}ZoC for the.final stage of homgpolymer
breakdovn,

I.R. gas analysis has shown the volatile products up to the end
of the first peak to consist of HCl, butylamine and dioxane (precipitant
used for isolating the polymer). Products identified by I.R. analysis
in the remaining stage of decomposition (above 230°C) were butylamine,
ammenia, monomer, but-1-ene (and/or propylene),isobutene, ethylene and
possibly methacrylonitrile (928cm—1),with methane and carbon monoxide

contributing to the non-condensable fraction.

Analysis of Cold-Ring Fractlons

A whitc sclid ccld-ring fraction formed during the first stage
o . <
of degradation (Tmax = 478 C) was soluble in water and ethanol and

showed I.R. absorption characteristic of a primary amine salt:-

159Ocm—1 (strong) NH3+ asymmetric bending mode

KBr disc,

1495cm (strong) NH3+ synmetric bending mode
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The I.R. spectrum of the total cold-ring fraction, cbtained by
heating the copolymer to SOOOC, is showvn in Fig.L40, p.156, where it
has been superimposed on the spectrum of the undegraded polymer (KBr
discs were used in each case)., Residual secondary amide structures
are present in the cold-ring fraction, as evidenced by the band at
15200m-'1 (Amide II). In the undegraded copolymer the strongest
absorption is due to Amide I at ‘161+Ocmm1 , but this becomes obscured
in the cold-ring fraction, where the maximum absofption is shif'ted to
1665011‘1‘1 . This latter absorption prob;a.’oly represents cyclic imide
structures, as in the cold-ring fraction of the homopolymer (p.150 ).
Shoulders at 1700cm | and 1690cm |, which Were also observed in the
cold-ring fraction of the homopolymer, may again indicate the presence

of acyclic imide groups.

Analysis of Polymer Residue

To help elucidate the nature of the HCL loss,.the copolymer
was heated until the first TVA peak had been passed and the residue -
was examined for I.R. absorption. The spectrum obtained isshowm in
Pig .40, where it has been superimposed on the spectrum of the
undegraded polymer. The most significant difference in the spectra
is the growbth of a shoulder between 17‘30(;1::1_1I and 17OOom-1 on going
from the undegraded to the partially degraded sample. Uﬁfortunately,
both acyclic and 6-meubered cyclic imides absorb in this rcgion, sc
that is not possible to assign this band specifically to a 5-1&0tam
structure (carbonyl absorption : 17000111“‘1 ).

One other interesting feature is the occurrence in the undegraded

-1 . . .
copolymer of a medium absorption at 4765¢cm , vbich is retained on
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heating, It is again possible that this is due to intermolecular

imidization during polymerisation,

Discussion

The most interesting feature of the copolymer is clearly the
elimination of HCl very early in the degradation (T .. = 17800,
o
compared with about 300 C in PVC). The possible reasons for this

" early elimination are outlined below:-

(i) HCl may be eliminated by the usual "zipper"-type process, its
early release being the result of base catalysis by butylamine or

possibly neighbouring group participation by the amide group.

CH
| 3
i.e. H—CH~——CH—~—CHAV A CHe— G~ C}{——CHMV
i.e., NNCHQ CH ?H ?H or CHz C_' Q{ ei
CL H (€1 HocL
- //\Nh
BuNH .0 4
2 Bu

(ii) HCL elimination may be the result of a lactamization process.

CH, CH,
| CH . CHy
i.e IWCH—-—-C/ ‘r‘\cnfw NVCH-—-C/ \cnfw
T e ! 2 I + HC1
] "’“’."b‘ /C N
C c1
047 \\\\¥~—Hf. 0// \\Bu
' Bu _

(1)



CH CH..
l > eH ' > om
or MG 5—-—0”” Do fwvcH§——-C”/’ z\\‘CHNVV
, !:\ (';1 4 (I) + C1”
yd
liIH Y H—
Bu Bu
"
AN
AWCHZ f ?HAWV + HCL
C 0
V4
Bd//N

(11)

No definite spectroscopic evidence has been cbtained for the formation
of either (I) or (II).

A brief study has been made of the thermal degradation of PVC
.in presence of poly(n-butyl methacrylamide) [see Fig..48, p.186 -] 4&n
interaction is observed in vhich HC1l elimination is apparently divided
into two overlapping stages and begins about 2000 sooner than in pure
PVC. DBase catelysis by butylamine seems the most likely explanation
of this and presumably the effect is much enhanced whén mixing is on
a molecular scale - i.e., in a copolyner,

The fact that no HC1l was detected at higher temperatures may of
course be due to the low VU content of the copolymer. Studies of a
high VC content copolymer would therefore be interesting.

Regardless of the true mechanism involved,'the ECl released reacts
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with butylamine (from imidization) to give an involatile amine salt:-

HCL + Bull, ——> BuNH3+ c1”

Because of this effect, the size of the initial "imidization" peak
in the TVA is much reduced. Similarly, the "HC1" peak, because of
its overlap, only represents a fraction of the total HC1l released from

the polymer.

VINYL CHLORIDE —— METHACRYLIC ACID COPOLYMER

The thermal degradation of poly(methacrylic acid), FiAA, has been
1
studied in some detail by Grant and Grassie( 5). At 2OOOC, monomer
was found to be only a minor product, with the major reaction being

the loss of water to form a residue which contained glutaric anhydride

type units:=-
CH CH CH CH
3 3 3 3
CH
MCH——!}/ CHZ\L/W -H 0 /\NCH—-—(‘}/ N(‘:/W
2 2 2 I
Oy O
7 o ars 7 NN |

The mechanism of anhydride formation was considered to be vanalogous to

an acid-catalysed esterification (see p.10). Vacuum-dried FMAA

rapidly absorbs atmospheric moisture and the . release of this was
observed before the onset ofvanhydride formation.

(28,113)

More récent studies, using TVA and I.R. analysis of products,

have confirmed these findings and shown that at higher temperatures
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the anhydride structures decompose to give carbon dioxide, carbon
monoxide,methane, ethylene, propylene and isobutene. Presumably,

these products arise by fragmentations of the type shown below:-

The olefins must originate from scission of the residual backbone.
The IVA curves for PMAA are shown in Fig.L44, p.161. The limiting
. o . e s ;
rete effect in the -75 C trace is characteristic of water and the
release of this begins as soon as heating commences. Above abcut
o . o i . -
170 C, the main source of water becomes anhydride formation and T .,
. . 0 - .. . )
for this process occurs at 24,9 C. Water elimination ceases af'ter
o o o, . . .
325 C; as shown by the return of the O /-L5C traces to the base-line.
. N .0 .
The main stage of degradation has Tpax = 4s C and can bs seen to

-include a large proportion of non-condensagble material.

Copolyﬁer-~Analysis of Volatile Products

The TVA for a 65% (molar) VC - MAA copolymer is shown in
Fig. 42, p.162. The large response on the O?/~4590 traces at low
temperatures is mainly dvs to the solveﬁt cyclchexanone, but the
limiting rate in the —7500 trace also suggests the desorption of
ﬁater. The displacement of the -100°% trace %o give a peak with
Thax = 16800 is due neither to cyclohexanons noxr water (since both

are fully condensed at this temperature) and I.R. gas anzlysis has

shovn HC1l to be responsible,
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Above 22000, a second and more important phase of HCl elimination
begins to give Tpgx = 31900. Smaller amounts of benzene and carbon
dioxide have also been identified here and the displacement of the
,-19600 trace shows that a very small quantity of non-condensable
material is also being released.

The final stage of degradation shows Tma at 44400 (as in PMEA)

X
and the volatile products were identified as carbon dioxide, but-i-ene
(and/or propylene), ethylene and possibly some isobutene. The non-

condensable fraction included carbon monoxide and methane.

Analysis of Cold-ring Fraction

The cold~ring fraction obtained by heating the copolymer to
SOOOC vas dissolved in chlorcoform and cast as a film onto a NaCl
plate. Its I.R. ebsorption is shown in ¥ig.j3, pA6L ,vwhere it has
been superimposed on the spectrum of the undegraded copolymer (XKBr
“disc). In the latter, maximum absorption occurs at 17000m~1 and this
is immediately assignable to the carboxylic acid function. Shoulders

1 and 1720em™'. Tt is possible that the

‘are also apparent at 1765cm”
first of these is due to the occurrence of a limited amount of
lactonization during the polymerization process (see pA68), vhereas the
second is probably caused by trapped cyclohexancne solvent,

The maximum absorption in the cold-ring fractionvoccﬁrs at 17650::1--1

and this is probably due largely to lactone structures —— gliutaric

anhydride type structures also abscrb at this frequency, but the "twin"
~1(3) is no

[

carbonyl peak vhiich should appear at 1800cz distinct (only
a weak shoulder is visible). A band at 10200m—1 vhich has also been
associated by Grant and Grassie with glutaric anhydride type units, is

probably caused mainly in this casc by a C - 0 = § stretching rwode of
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X—lactone. The same band was notéd in an undegraded VC - sodiun
methacrylate copolymer (see p.176)in which X~lactone structures were
known to be present, while a liquid film spectrum of X~butyrolactone
showed a strong absorption at 10300m~1. A strong absorption at
119Ocm—1 in the cold-ring fraction can be assigned to the other

C - 0 - C stretching mode of X—lactone by comparison with a sample
of X—butyrolactone. The latter abscrbs strongly at 1170cm-1.

The other main carbonyl absorption at ‘17050131—1 must be due to

unreacted -002H groups and finally, a weak, broad absorption at

~1
1605cm  probably represents unsaturated hydrocarbon strustures.

Analysis of Polymer Residue

The residue obtained by heating the copolymer to 50000 wias
examined for I.R. absorption by casting it as a filw onto a selt
plate as before. Apart from the expected alkane absorptions,
unsaturated hydrocarbon structures vere evidenced by bands at 3100~
BOOOcm_1, 16OOcm_1, 875om-1 and 8200m“1. Q A weak absorption at

V.‘176Ocmr1 may have been due to residual lactone units.
Discussion

HC1l elimination at anomalously léw tenperatures is clearly the

result of an intramolecular lactonization process:-

CH CH

l g CH HC1 i 3 CcH .

" Z\(I:HNV > /\NCHE——C/ 2\\?5/\4/

I e
C e O

C cl _ Y
7 e 7

ﬁ%VCHE—*-
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This appears to reduce drastically‘the number of acid units available
for anhydride formation —— evidenced by the almost total removal of
the "water" peak at 24900 on going from PMAA to copolymer and also by
the I.R. analysis of the cold-ring fraction, vhich shows that lactone
structures outnumber those of anhydride and isolated —COZH-

The effect of copolymerisation on the main stage of HCl loss
(Munzipping") is, as usual, difficult to assess, since small amounts
of carbon dioxide and benzene are concurrently released, but on an
overall basis, Tp,, is only shifted from 3250C in pure FVC to

o
319 C in the copolymer. (25mg. film samples used in each case)

VINYL CHLORIDE ww— SODIUM NMETHACRYLATE COPOLYLIR

The thermal behaviour of polyelectrolytes has not been studied
in much dstail in the past, probably due largely to their mode of
a.;éplication. For example, typical uses of acrylic-type

polyelectrolytes include water conditioning and waste treatment and
they have also been employed as soil dispersants and processing
~additives in the paper and textile industries. It seems likely,
however, that polyelectrolytes will be used increasingly to extend
the uses of the more important commercial polymers, either in the
form of copolymers or as polymer blends, so fhat a prior knowledge of
their thermel degradation characteristics will be useful.

A wide range of metal salts (and also the ammonium salt) of
polymethacrylic acid is currently under study by ielleill and
ZulfiquarﬁﬁB{ and, in general, the polymers have been found to be
highly brystalline powders which are relatively stable to heat. In
the present work, the major aim has been first of ail to prepare a
VC - sodium methacrylate copolymer and then to examine its thermal

behaviour, vith particular reference to Ulhe elfect of revlacing ihe
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the ester function (as in VC - MMA copolymers) with a highly polar

carboxylate group.

Choice of Polymerisation Initiator

Benzoyl peroxide failed to operate as an effective initiator
for the copolymerisation in methanol solution at 4500. Thé yield
of polymer was less than 1%, even alter several days, and on opening
the dilatometer, a smell very similar to that of methyl benzoate was
observed. A similar effect has been noted during the copolymerisation
of sodium acrylate with vinyl acetate at 70 C in alcchol solutlon(11h)
but here the effect was attributed to the inhibiting properties of
decomposition products of vinyl acetate.

A nmore rational explanation of these effects would seem to be the
destruction of the initiator by methanolysis, in presence of monomeric
anion as base., For example, in the present systen, CHé:::C(CHB). co;
is a moderate basé. Benzoyl peroxide can be considered to be a mixed

anhydride of benzoic and peroxybenzoic acids and base-assisted

methanolysis will occur as showvn below:-

v

0)
c—-o-—-—-o-—c f:I 0—0—C
0

AN\ A

CH cH H .
3 3 TN
. Base
Y
0 0
‘cl OCH + Na T0—0 !l
4 l 3
A
methyl benzoate sodium peroxybenzoate
l”!,.f.l. ERUURE DR NN /(SRS R A
\Lelv i S0OLuUvion) \preCipivavcay
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This reaction scheme is directly comparable with that found in the

5)

preparation of peroxybenzoic acid from benzoyl perox:i.de(11 in which

the peroxide is reacted with sodium ethoxide in ether-alcohol soluticn
o .

at -5 C. Azo-bis-isobutyronitrile cannot be competetively removed

from the system in this way and it was found to give satisfactory

initiation of the copolymerisation.

Pre-Lactonization

There appears to be a strong tendency for adjacent VC and salt
units to lactonize during the polymerisation process. From the
point of view of comparing the degradation behaviour of this system
with the previous ones, this was a disappointing factor and also a
complicating one, since the product of the polymerisation would
effectively be a terpolymer and not a copolymer. The presence of
lactone structures in the undegraded polymer was deduced from the
presence in the I.R. spectrum (KBr disc) of strong bands at 1765cm—1

and 11950111“1 .

The carboxylate anion is a very good nucleophile for attack
at saturated carbon and it seems likely that the following reaction

~ o
is able to take place in methanol solution at 45 C:-

H CH
i g CH ? CH
/ z\n T / 2\anA et -
Fa® 1A MO CHAN Ne C1
V{‘: \_I, I | +
C ¢l C
- Vi
7 Nowat 7
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Although not investigated, NaCl is presumably a by-product of the
polymerization,

Analogous reactions can be envisaged for the VG ~ MAA and

VB - MMA systems, where there was also some spectroscopic evidence

for pre-lactonization:-

TH3 CH3
CH CH_CH CH
N\ﬁc/ ACH’V\ 30 > NVC/- NCHM + HC1
! L 4 ! }
4 \? . 7
Hd+
CH
TH3 CH bulk [ 7 CH
u
/W~c/ NCHN\ 285 > M«cl;/ N(l:HNv + CHBBr
| ! !
o///c\o ’ O/
|
. CH3

The Pirst of these reactions probvably occurs vy virtue of tue high
polarity of the O - H bond and the polarity of the solvent, while the
second process may result from the relative weakness of the C - Br bopd
(see p.179 ) and/or from the ability of the Br ion to function both as
a good leaving group and as a good nucleophile.

Keither reaction can occur as resgdily during polymerization as it

dozs during thermal desredation of the polymer.
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Thermal Degradation of Poly(Sodium liethacrylate)

The TVA curves for PNaMA are shown in Fige 44y P.471. McNeill and
Zulfiquar have shown that the slow release of absorbed water begins
as soon as heating is commenced and this is seen as the initial
"plateau" region in the O?/-45i/-7500 traces. Above about 21500,
the release of more volatile material commences, including a non-
condensable fraction, and the volatile products identified by I.R.
analysis were similar to those evolved in the later stages of
degradation —— isobutene, but-i-ene, ethylene, methyl ethyl ketone,
di-ethyl ketone, methyl cyclopenténone, dimethyl cyclopentanore, carbon
dioxide and carbon monoxide.

On heating the polymer to SOOOC, the residue was identified as a
mixture of carbon and sodium carbonate, while the cold-ring fraction
was mainly monomer. No anhydride structures have yet been identified
end this would appear to discount the possibility of splitting out

NaZO in an analogous fashion to water elimination from PRAA.

The uniformity of the volatile product composition throughout the
degradation suggests that the reaction of isotactic, syndictactic and
atactic segments of the polymer chain mey occur at different

temperatures. Sodium carbonate probably originates from two sources:-

(i) decomposition of meonomer — licNeill and Zulfiquar have shown that

this yields a mixture of carbon and NaCO, on beating to 500°¢C,

(ii) elimination from adjacent salt groups as shown below — the
resulting cyclobutanone structure rearrangss by bond scission to give

the substituted cyclopentanonss, which are then rcleassd:-
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Methyl ethyl ketone and diethyl ketone presumably arise by secondary
fragmentation of the ketone structures. Carbon monoxide may be formed
in place of ketone as shown. Carbon dioxide probably arises by the
decomposition of singka—COzNa units (NaéCO5 does not decompose below
50000), but the fate of the resultant Na* ions is not clear. The
olefins presumably arise by scission of the residual backbone, as in

previous systems.

"Copolymer" : Analysis of Volatile Products

Due to the pre-lactonization reaction, microanalysis figures for

1]
S

the "copolymer" were rendered useless and it can only be stated that

G

the "copolymer" was of approximately intermediate composition, on the

- basis of the Q-e data used.

The TVA curves obtained are shown in Fig. .45, p.173. The smali
peak below 16000 is probably caused by the solvents used for washing
the polymer (tetrahydrofuran and methanol) and also some absorbed
water (sodium methacrylate polymers are very hygroscopic){ Above

(o)

r~ e e c e P S N PR - T T | ~ R - . 5
190 °C, the large-scale evelutlion of velatile material begins en

D
§os

I.R.
gas analysis has shown that the products eveclved up until Tp,, of the
first peak (31500) are those associated with the degradation of V¢
sequences — HCl and benzene. A very small amount of carbon dioxide

is also prcsent. The initial separation of the traccs is characteristic
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of HC1 évolution in presence of water and it is likely that this
effect is due to the limited adsorption of HC1l on ice deposited in
the traps — a similar effect has been noticed during studies of

a PVC - PHAA blend (see p.4188), in which water is released just before
the onset of HC1l elimination. In the present case, I.R. analysis
showed that water was present among the volatiles obtained on hsating
to 500°C and it is likely that most of this is liberated before Tpax
of the "HC1" peak —— a small amount of liquid product released below
31500 was insoluble in carbon tet;achloride and chloroform, but
dissolved imrediately on adding acetone. It is likely that the water
produced is merely absorbed molsture and not the result of Substituent
reactions in the polymer,

The second peak in the TVA (Tpax = 373 C) coincides with the first
major stage of degradation of PNalA, but it is probable that this vhase
~of reaction in the copolymer is due partly to lactone decomposition w=——
Tpgx for the stage of reacticn vwhich includes lactone breakdovn is 42000
~ in a 1:1 VC - MMA copolymer.  Extensive peak overlap, however, precludss
an accurate interpretation in the present case.

I.R. analysis of the condensable fraction has shown that the other
volatile products released below 50000 include a large amount of carbon
dioxide with smaller quantities of but-{i-ene (and/or propylene) and
ethylenc., Icabscrpiions asscciated with ketonic preducts have been
observed, despite the strong and clearly defined absorptions of the
other components. Analysis of the non-ccndensable fraction showed the
presence of nmethane and carbon monoxdide and the TVA traces reveal that

. o}
evolution of +these begins above about 310 €.
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Analysis of Cold-Ring Fraction

Part of the I.R. spectrum of the cold-ring fraction obtained on
heating the "copolymer" to SOOOC is shown in Fig.L4L6, p.176, vhere it
has been superimposed on the spectrum of the undegraded polymer.

(Both samplesvwere run as KBr discs). In the undegraded polymer,

the bands at 17650m—1 and 15750m-1 can be attributed‘h:Xﬁlactone and
unreacted -CO2Na groups respectively. In the cold-ring fraction, a
new band is observed at ”I7OOcm-1 and this is probably due to

carboxylic acid units formed by HC1l attack on the salt groups. To
investigate this possibility, the following experiment was carried out:-

PVC and poly(sodium methacrylate) were ground together in
approximately 41:41 proportions and the I.R. spectrum of the mixture
was recorded. The mixbture was then heated until the "HC1" peak of
the PVC had been passed and an I.R. spectrum was taken of the residue,
Shoulders vere found to have developed at'18000m—1, '1750(:1:1--Al and
101Ocm_1 and these are indicative of glutaric anhydride type structures.
In contrast, when a sample of PNaMA was heated to the same temperature
in absence of PVC, the spectrum was virtually unchanged. It can be

fairly confidently assumed, therefore, that the following conversions

of the salt groups take place on reaction with HCl:-

H, CH, cH, cH, CH, CH
" ,CHE\IL el l //C é\!/w /W;n’ /CHE\.%:W
| |
/\“ at /\)N o//\ /\ o/d\n/b\o
+ Na'tcl” | + H,0
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A similar process for ester modification has already been discussed
(. 7).

The band formerly assigned to -COzNa is broadened in the cold-
ring fraction and this is probably due to the presence of some sodium
rethacrylate monomer, vhich shows carbonyl absorption at 156Ocm-1.
Sodium carbonate is also present in the cold-ring fraction, being
evidenced by a strong absorption at 14500m_ﬁ. A shoulder between
5100cn”| and sooocm'1, together with bands at 875cm | and 820cm | ,

suggests that the same type of unsaturated structures are present as

were found in degraded VC - MAA copolymer.

Analysis of Polymzsr Residue

The residue obtained by heating the "copolymer" to SOOOC was
found to be alkaline in agueous solution. Examination as a KBr disc
showed a strong I.R. absorption band at 1l+-500m-1 and another medium
absorption at 8800m-1, both of these being characteristic of sodium
carbonate. A Weaker, broad absorption between 1600 and 1550cm—1 was
prbbably due to residual carboxylate anion, while another small
abscrpltion between 31000m~1 and BOOOcm-1, together with a band at

8200m-1, again suggests unsaturated hydrocarbon structures.

Discussion

>st puzzling featuve of the "copolymer" is its readiness to
produce NaZCO3 in absence of ketones. The speciroscopic evidence
suggests that unreacted —COzNa groups are relatively scarce, most
having pre-lactonized or undergone conversion to acid., It seems

likely, therefore, that most of the Na?003 must .come from monomer
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decomposition — there was some evidence for the presence of monomer
in the cold-ring fraction. The apparent absence of anhydride
structures, however, suggests that sequences containing more than one
-COzNa group are uncomnon, so that monomer production may occur largely
by splitting out of isclated units.

In the TVA of the copolymer, there is considerable overlap of the
"HC1" peak with the succeeding one, so that the Tpsy for HCl production
may well be less than 31300. This should be compared with a Tpgy of
32500 in Breon 113 (powder sample), where little overlap is observed.
VC sequences will be shielded from ~002Na or —COZH groups by the lactone
structures, so that destabilisation with respect to HCl elimination may
well be dus to interaction with lactone. Alternatively, the effect
" may be the result of base catalysis by small amounts of sodium

carbonate.

GENERAL CONCLUSIONS

To conclude this chapter, it will be instructive to compare the
Thax Velues observed for the lactonization reaction in the various
copolymer systems studied. These values — the temperatures at
which the maximum rate of lactonization occurs when the copolymers are
heated linearly at 10 C/minute — may be taken as an approximate
guide to the ease with which the reaction occurs in each case. ‘The

results are presented in Table XV,
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TABLE XV

Thax Values for Lactonization in Various Copolymer Systems

System Tmax (OC) Copolyrer
Composition
VC — rethyl acrylate 259 15.8% VC
VC = n-butyl methacrylate 228 49.2% VC
VC — methyl methacrylate 206 43.0% VC
VB — methyl methacrylate 175 9.76% VB
VC = methacrylic acid 168 65.0% VC
Tmax values have been taken from those copolymers in which there

is minimum overlap of the TVA curves for lactonization with those for
subsequent reactions.

The high Tp,y Value for the VC — méthyl acrylate system is in
accordance with the findings of earlier workers (see p. 58 ) and
supports the view that absence of X-substitution on the esfer unit
makes cyclization more difficult.

By contrast;the results for the VC - BMA and VC - LKA sysfems do
not corroborate the findings of Zutty and Welch that varying the ester
group in the methacrylate series has né effect on the ease of
lactonization. Possibly, the steric effect of the butyl group in a
predominantly Sy2 reaction is responsible for this phenomenon.

The fact that lsctonization occurs at a lower temperature in a
VB - MMA copclymer than in the VC analogue will be due fto the first

(or both) of the follewing factors:-

\n
0
.
~J
Co

>
J1

I
1L L¥E8

{i) the lcwer bond strength of C-Br ccrparsd to C-CLl (65,

kcal/mole ).
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(ii) the superiority of Br over Cl1 both as a leaving group and as
a nucleophile in substitution at saturated carbon.

The very low T .. value for the VC - MAA copolymer can be assigned
to the high polarity of the 0 — H bond. In this case at least, it
seems very unlikely that radical intermediates are involved.

In addition to the TVA data, the pre-lactonization effect observed
in the VC ~ NaMA system shows that an ionic 1actopization mechanism is
quite possible under certain conditions.

Finally, it must be added that cotacticity of' the monomer units
in the copolymer may have an important influence on this type of
cyclization and until these effects are fully known, the above.thermal

data must be treated with some caution.
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CHAPTER SIX

THE THERMAL DEGRADATION OF POLYMER BLENDS

INTRODUCTION

The blending of one polymer with another, just like copolymer-
ization, can often be used to modify the properties of the polymer
and extend its applications. Typical advantages derived from
blending are better processing properties, increased impact and
flame resistance. On a commercial scale, blending has been largely
applied to the modification of poly(styrene) and PVC to give "high-
impact" properties., To this end, poly(styrene) has been blended
with natural and synthetic rubber, while typical PVC blends include
fhose with butadiene-containing rubbery copolymers, some acrylates,
ethylene-vinyl acetate copolymers and ABS plastics. |

The study of copolymer degradation . has shown how the presence
of foreign monomer units in the polymer chain can greatly influence
:the stability of the polymer. Similarly, the degradation behaviour
off oﬁe polymer is often aftected by intimate contact with another.

A typical case of this is the degradation of FilA in contact with
‘PVC, which has already been cited by McNeill and Neil as evidence
for the free-radical degradation of thé latter polymer (see p.51 ).
Clearly, the study of polymer blends is often of considerable use in

extending our knowledge of polymer degradation in general.

FURFOSE OF THIS CHAPTER

In the preceding chapters, the thermal degradaiion of the

following copolywer systems has been discussed:-
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1. VC - methyl methacrylate L. VC

- n-butyl methacrylamide
2. VC - methyl acrylate 5. VC - nethacrylic acid
3. VC - n-butyl methacrylate 6. VC - sodium methacrylate
7. VB - methyl methacrylate

In this chapter, a brief investigation is made of the thermal behaviour
of the analogous polymer blends, largely to supplement the information
already collected for the copolymers, but also to study any novel
effects induced by blending. Secondly, an attempt has been made to
elucidate further the nature of the lactonization reaction occurring

in VC - MMA copolymers by comparing the thermal degradation of 431
blends of a VC - MMA copolymer with PVC and PilA with that of the

respective homopolymers.

%]

GENERAL ASPECTS OF THE THERMAL DEGRADATICN OF POLYNER BLENDS

Unlike macromolecules are, in general, incompatible in the solid

-

state, so that attempts to prepare a poi er blend, either by melt
mixing or by casting them together as a film from a common solvent,
usually result in a heterophase syste@ vhich, at best, consists of
domains or micelles of one polymer in a continucus matrix of the other.
Thus, a polymer blend is neither a true mixture, nor a solid solution.

During pyrolysis of a polymer blend, therefore, any interacticn
between the cosponenta {or with tho products of degradaticn) rust occouw
at phase boundaries or, alternatively, by the diffusion of small
molecule products into the second phase. Unless the resction environ-
ment is one of a polymer melt, the second of these possibilities will
be.severEW'restricted.

The wethods used for studying polymer blends by TVA have already
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been described by McNeill and Neil(68X In the present work, mixed
and unmixed samples have been degraded using a twin-limbed "trouser
tube" (Fig.L7 ), which allows simultaneous degradation of the unmixed

:samples under the same conditions and ready comparison with the

blended form. H i

Fig. 47

ﬂ |

In the first experiment, 10-15mg. of each polymer are degraded

separately (as powders or films) in the different limbs, while in
the second experiment, the saire total weight of each polymer is
degraded as a blend in both liwbs. In absence of a suitable common
solvent, mixing has been achieved by gr;hding together the two solid
polymers, In this case, true blending will only be obtained after

fusion of the two polymers.

BLENDS OF PVC WITH POLY(METHYL METHACRYLATE), POLY(NZTHIL

ACRYLATE) AND POLY(n-BUTYL MEFHACRYLATE)

The thermal degradation of these systems has been studied by

other workera and the results obtained are summarized in Table XVI,

£

Pel 84 Premature degradaticn of the ester polymers is observed in-
all cases and is generally assumed to be the result of atfack by
chlorine radicals from the degrading PVC. In PMiA and PBYA,

modification of the ester group by HCLl is also observed.
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BLEND COF PVC WITH POLY(n-BUTYL NETHACRYLANIDE)

This system has already been mentioned briefly in connection
with the VC ~ BMAC copolymer (p, 153).

Poly(n-butyl methacrylamide) did not dissolve in the common
solvents for PVC (tetrahydrofuran, toluene, cyclohexanone and methyl
ethyl ketone), so that a "blend" could only be prepared by grinding
the two polymers together into a fine powder. The TVA curves
obtained for the mixed and unmixed systems are shovm in Fig, 48, p.186

and two main features are immediately obvious:-

1) The shifting of T,, for the initial stage of PBHAC breakdown

from 23100 in the unmixed ssuple to 20900 in the blend.

2) The splitting and broadening of the "HC1" peak (Tmax = 29200)

to give two overlapping stages of reaction with Thax = 27000, and

b1 300 respectively. |
Even in the unmixed form, Tpsy for butylamine and monomer

production is about 2700 below its value in the pure homopolymer, so

that the shif't to lower temperatures is not due to any interaction in

the polymers themselves, It is likely that the flow of butylamine

to the Piranis is curtailed as soon as dehydrochlorination begins,

because of the formation of the involatile amine salt (see p. 158 )

i.e.,

BuvH, + HOl —————ms BuNH3+ c1 .

This effect is also evident in the blend, where, because of the
earlier loss of HCl, evolution of butylamine ceases to be observed
at even lowsr temperatures and a dowmward shif't of‘Tmax is brought

abcut. For the same reasons, the intermediate stage of PBMAC
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Fig.48

TVA traces for equal weights (15 mg.) of Poly(n-Butyl Methacrylamide)
and PVC degraded simultaneously as (a) unmixed (b) mixed samples.

, . o
Powder samples; heating-rate 10 /min.
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degradation (T, = 37000), vhere butylamine iS again a major product,
appears to have been removed in both the mixed and unmixed cases.

Althocugh any influence which degrading PVC might have on the
stability of PBMAC is obscured by the above effect, there is no real
evidence for increased BNMAC monomer production st lower temperatures w—-
the separation of the -4500 and —7500 traces is not markedly affected
by blending.

Dehydrochlorination, on the other hand, begins at least ZOOC
sooner in the blended sample and the splitting of the HCl peak suggests
- that two stages of HCl loss are in operation. The first of these may
be elimination at the PVQ/PBMAC phase boundary, where base catalysis
by butylamine or bound amide groups is most effective, vhile the second
is normgl dehydrochlorination of "non-superficial" PVC.

One final interestiﬁg feature of the blend degradation is the
increased preoduction at higher temperatures of non-condensable material

o)

°¢ and -196°C. The most likely

and of material condensed betweeﬁ -100
explanation of this is an increase in the amount of imidization taking
place in PBMAC (at the expense of the other processes), possibly due
to acid catalysis by HCl. The cyclic imides subsequently decompose

to give carbon monoxide, methane, butylamine and isobutene.

BLEND OF PVC VITH POLY(METHACRYLIC ACID)

P¥AA was insoluble in the common solvents for PVC, so that a
powder “blend" was again used, The TVA curves obtained for the
mixed and unmixed systems are shown in Fig.4SG, p.488.

. o
T for the peak corresponding to anhydride formation is 228°C

max

in the unasixed sample and this is close to the normal value for a PMAA
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Fig. 49

TV4 traces for equal weights (15 mg.) of Poly(Methacrylic Acid)
and PVC degraded simultaneously as (a) unmixed (b) mixed samples.

; . O,
Povwder sampless heating-rate 10 ¢/min,
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powder sample (the value for a PMAA film is 24906). The value is
unchanged in the pblymer blend. The high-termperature peak associated
with anhydride fragmentation is also unaffected by blending.

. By contrast, the dehydrochlorination peak is altered both in
shape and in Tpay value (28300-——ﬂ>50100), on going from unmixed to
mixed samples. McNeill and Neil@%» have already observed that the
shape of the TVA curves for PVC are a function of sample form —— thin
films show a distinct single peak, vhile thicker films or powders show
two overlapping stages of degradation, with the main peak showing a
proninent shoulder on the high-temperature side. Tnay is about 3000
lower for the thicker samples. These effects have been explained in
terms of the autocatalytic effect of HC1l, which diffuses more slowly
out of thick samples.

In thebpresent case; the unmixed FVC shows the typical TVA shape
for a powder sample, wheress the mixed sample more closely resembles
the uncatalysed degradation. It seems likely tﬁat the effect is
- ceused here either by increased subdivision of the PVC (through
grinding) or by dispersion of the polymer in FiAk, both of vhich
effectively winimise the interaction with HCI.

In ccnclusion, there would appear to be no true chemical inter-
actions in this blend which affect‘the overall stability of the

constituent polymers,

BLEND OF PVC WITH PCLY(SODIUM METHACRYLATE)

Blending in this system was again achieved by grinding together
the two polymers. The TVA curves obtained for the mixed and unmixed

samples are shown in Fig.50, p.1%90,
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TVA traces for equal weights (415 mg.) of Poly(Sodium Methacrylate)
and PVC degraded simultaneously as (a) unmixed (b) mixed samples,

Powder samples; heating-rate 100Q/min.
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Tmax for the dehydrochlorination reaction is unchanged on blending,
although the coalescence of the shouldervith the main peak suggests
that the effect of HCl catalysis is again reduced in the blendsd sample.
Much more significant is the appearance in the TVA of the blend
of a small peak with T, = 403 C, consisting largsly of material which
is non-condensable or is condensed between -1OOOC and —19600. vThis
is probably caused by decomposition of anhydride structures, which
originate by interaction of HCl vwith thevsalt groups (see p,475). The
temperature at which this process occurs is close to that cbserved for

(68)

a similar decomposition in a FVC - PMMA blend

BLEND OF POLY(VINYL BROMIDE) VITH POLY(1ETHYL KITHACRYLATE)

Mixed and unmixed samples were prepared by casting films from
redisti;led tetrahydroffuran. The TVA curves obtained are showm in
Fig,51, P.192. In both éases, the peak preceding HBr elimination
represents loss of solvent.

Tmax for dehydrobromination and chain-ené-initiated monomer
production are both unchanged in the bliend, but the extent of the
latter process is greatly curtailed. " The pesak associated with
random~scission;initiated depropagation has Tpex shifted upwards by
labout 1700, but part of this shift is associated with the increased
production of non-condensable material and of materigl which is
condensed bhetwecn n1OOOC and «19600. Trax for the reiecase of thesg
more volatile products is 42000.

Discussicn
If FVB degrades by a {ree-radical process (analcgous to the ons

o

proposed for PVC) and bromine atoms are able to diffuse into the FLFA
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TVA traces for equal weights (15 mg.) of Poly(Vinyl Bromide) and
PMA degraded simultaneously as (a) unmixed (b) mixed samples.

Films cast from THF; heating-rate 1OOQ/min.
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phase, then they appear to be incapéble of causing premature degradation
of the PMMA. It is possible that radicals are present, but that the
temperature is too low to overcome the activation energy required ——
Tmax for the dehydrohalogsnation reactions of FVC and PVB are about
3OOOC and ZOOOC respectively.

The reduction in the extent of low~-tempersture moncmer producticn
is probably caused by the conversion of some of the ester groups to
anhydride (possibly via the acid) by reaction with HBr. The anhydride
structures then "block" depropagation from the chain ends. The release
of the highly volatile material above about 34000 can then be explained
by the breakdovn of the anhydride units to yield carbon dioxide, methane
and carbon monoxide, as in previous sysfems‘ It is surprising, however,
that Tpayx for the initial monomer production is not shifted to a higher
velue. - Possibly, overlap with methyl bromide formation (from the Hir/
ester interaction) is responsible.

The area enclosed between the Q/-A5OC and ~1OOOC traces is lowered
~ in the blend for the peak associated with random-scission-initiated
depropagation and this would again be consistent vwith anhydride

formation at lower temperatures,

A STUDY OF THE TLACTONIZATICN REACTION IN _VC - MMA COPOLYNMERS

USING POLYIER BLENDS

The purpose of this investigation was two-fold:-
(i) To study the mechanism of lactonization.
(ii) To help elucidate any effects which lactonization may have on
the stability of VC and MMA sequences in the'copolymer,

It was considered possible that rcactive intermediates formed during
' .
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lactonization in the copolymer could induce the premature degradation
of either PMMA or PVC. For example, if radical species were involved,
- then an early production of MMA monomer might be anticipated. A
copolymer which containsd 43% VC (and could therefore be expected to
undergo a high degree of lactonization) was blended in turn with PVC

and PiMA..

BLEND OF THE COPOLYMER WITH PVC

The TVA curves obteined for the mixed and unmixed systems are
- shown in Fig.52, p.195. In both cases, films cast from cyclohexanone
were used, giving rise to broad solvent peaks prior to methyl chloride
evolution.

Tpax for dehydrochlorination is clearly unaffected by blending
and in both cases, the splitting of the HC1l peak to give Tpyx at 29500
and a shoulder a%t 32000 is assignable to overlap of the corresponding
processes in PVC and in the copolymer - a sample of pure PVC degraded
under identical conditions showed the symmetrical single peak (Tpay =
.53100), associated with thin film behaviour, while pure copolymer showed
Tpex at 298°C.

The only significant chenge obtained on blending is the shift of
Tmax for the high temperature peak from 41400 ﬁo 455?0. It is likely
that this is due mainly to a large reduction in the amount of LMA
monomer being released from the copolymer, due to conversion of the
ester function in presence of the high concentration of HCl. This
view is supported by a reduction in the area betvween the Q/-ASOC and
the u100°C traces in the blend TVA and a corresponding increase in the

. e} .
amount of material non-ccndenseble at -100 C. The latter effect is
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TVA traces for equal weights (15 mg.) of 43% VG - MMA copolymer
and PVC degraded simultaneocusly as (a) unmixed (b) mixed samples.

. o .
Films cast from Cyclohexanone; heating-rate 10 C/min.
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consistent with the decomposition of acid or anhydride structures,

BLEND OF THE COPOLYMER WITH PNMMA

The TVA curves obtained for the mixed and unmixed systems are
shown in Fig.53, p.197. The large initisl response on the 0/=45°C
trace is again due to cyclohexanone.

In the unmixed sample, comparison with the curves obtained for
PMMA degraded alége shovied that the peaks with Tmaxv= 28900 and 37300
are largely due to monomer production by chein-end and random-scission-
initiated processes respectively. Comparison ﬁith the curves obtaincd
for the copolymer degraded alone showed that the pesak on the -1OOOC
trace ﬁith Thax ='316OC cen be associated rzinly with HCl production
in the copolymer, while the larger peak on the same trace at 41&00 is
due mainly to lactone decomposition. The evolution of non—condénsable
raterial (Tmax = 41400) vill be largely the result of polyehe reaétions
and lactone breakdowm.

In the blended sample, there is an overell decrease in the total
‘monomer production (the area enclosed between the -45?0 and -1OOOC
traces is lovwered by 10%), but the amount of depropagation occurring
at low temperatures is enhanced and Tpay for this initial monomer
production is shifted upwards to coincide with Tpgy for dehydrochlorin-
ation of the copoiymer. The lovering of monomer production gthigh
temperatures 1s accompanied by an increase in tine amount of highly
volatile material being produced around AOOOG, Tuax for dehydrochlorin-
gtion in the copolymer is unchanged by blending.

In order to explain this bechaviour, I.R. spectra vere obtained for

o A
the volatiles produced between 25000 and 500 C by (i) pure copolymer and
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TVA traces for equal weights (15 mg.) of 43%% VC - MMA Copolymer
and PVMA degraded simultaneously as (a) unmixed (b) mixed samples,

’ . Y .
Films cast from cyclohexanone; heating-rate 10 C/min.
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(ii) the same weight of copolymer blended with an equal weight of
PyMA. The following features came to light:-

(a) In addition to the products identified by previous workers (see
P. 65), a 43% VC - MMA copolymer yields a significant amount of
methanol (& strong absorption at 10550m—1), together with but-4-ene
and/or propylene (912cm—1) and ethylene (9500m“1).

(b) In the same temperature range, the blend yields a relatively
larger amount of methanol and also some isobutene, in addition to
1MA and the copolymer products. Absorption due to free HCl was
also observed to be relatively weaker in this case.

Statistical calculations predict that a 43% VC -~ MMA copolymer
will lose 29% .of its total chlorine content as HCL, so tha? the
alteration of the TVA characteristics on blending is explainable in
terms of attack by (Cle radicals on F¥HA fo give highex yields pf'
monomer at dehydrochlorination temperatures (as in PVC - PHMA blends)
and conversion of the ester function by HC1l to releasé methanol and
.leave behind anhydride structures in the chain, which, in turn, "block"
depropagation at higher temperatures and decompose to give the highly
volatile material around 400 C.

The precise mechanism of methanol formation is uncertain.

(8)

McNeill and Neil have cited the following reaction seguence to
explain the hehaviour of PVC -~ PYMA blends, although methancl was
never identified among the major products (mass spectral and .C.

analysés):-
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(1)
P’ o Pl Pl
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3 3
+ CH3OH
CH CH

Alternatively, partial conversion of the ester groups by HCl. may
be followed by a process which is analogous to the one proposed by
Jamieson and McNeill for cyclization in MMA - methacrylic acid

(118)

copolyrers

, for which methanol is a major degradation product.
(2)
CH, . CH
TH CH5 3 3

|+ | |
ﬁ‘i"‘Cﬁ; o/ \‘o o’// Nos O/C\O/ C\\\O

l |
CH, CHy

3 ‘ 3
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N

+ CH.CL + CH_OH



Jamieson and McNeill also suggest that part of the methanol
production in MMA - MAA copolymers must arise by the high-temperature
decomposition of MMA sequences isolated between anhydride structures,
in competition with depfopagation. In the present case, the formation

of metharol by this pfocess will, of course, be dependent on (1) or

(2):=

"CH_|
, T3 |
AN ————mse—2s  CH + CO + CH_OH
’W‘i y TS M
Vash B
/,/\&___
<6,//Cv10~}
' CH, I
___l

GENERAL CONCLUSIONS

There is no indication in the present results that‘reactive
species formed during lactonization of the VC - MMA copolymer have
any influence on the degradations of either PVC or PMMA. The
increased production of ﬁonomer at low temperatures by FMlA heated
in presence of the copolymer can be assigned to the effects of Cle
radicals, formed during dehydrochlorination of the copolymer, entering
the PMMA phase, The lesser extent of the phenomenon in this instance,
‘compared with PVC - PiMA blends, can be explained in terms of the

lower concentration of VO units which are capable of dchydrechlorinaticn.



APPENDIX ONE

POLYMER PREPARATION

The methods of preparation of the polymers and copolymers

discussed in Chapters V and VI are summarized below:-—

(1) VINYL CHLORIDE — MZTHYL ACRYLATE COPOLYLERS

Purification of monomers: VC was distilled from a cylinder, degassed

and distilled on the vacuum line. KA was shaken with dilute NaOH
solution to remove inhibitor, washed with distilled water until neutrel

b

dried over anhydrous calcium chloride and finally degassed as for VC.

Reactivity ratios: MA L.k o (119)
at 50°C in benzene solution
ve 0.12

Type of polymerization: bulk,

Monomer feed composition: +the welght of UMA used was found from voluze,

the density being known. The weight of VC used was found by weighing

the dilatometer.
Initiator: 0.05% (¥/V) azo-bis-isobutyronitrile.

o
Temperature: 4O C.

Polymerizaticn times: 25-32 hours.

Conversion: approximately 4%.

Isolation and purification of polymer: precipitated in methancl.

s R et

Reprecipitated into methanol from acetone solution.

(2) VINYL CHLORIDE — n-BUTYL N-THACRYIATE COPOLYMERS

Purification of monomers: as for (1)
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Reactivity ratios: BMA 13.5

ot 45°c(35)

Ve 0.05

Type of polymerization: bulk,

Monomer feed comvosition: as for system (1).

Initiator: O0.3% (W/V) azo-bis-isobutyronitrile.

Temperature: AOOC.

Conversion: Not exceeding 4. %%.

Isolation and purification of polymer: as for system (1).

n- METHACRYLAKIDE).
(3) POLY(n~BUTYL A LAKT

120,124
Synthesis of n-butyl methacrylamide( ’ Z- this involved the reaction

of n-butylamine with methacrylyl chloride in agueous solution.
cd CH

|7 l
CHF==C + BV~ —————> CH==( + HCL

l I

C C

OoClL

The preparation details for methacrylyl chloride and n-butyl methacrylamide
are described under (a) and (b) respectively:-

(2) |
© A mixture of 424.5 ml,.(5 moles) of methacrylic acid, 41049ml.

(10 moles) of benzoyl chloride and 0.85g. of hydroquinone was distilled
ét a fairly rapid rate through a Vigreux column, ‘'The fraction which
~boiled at £100°C was collected in a receiver (immersed in ice) whicﬁ
contained 0.85g. hydroquinone, The crude product was then redistilled
through a shorter. column packed vith glass beads. Nethacrylyl chloride

distilled at 98-100°C and was obtained in about 70% yield.
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()

125g. of n-butylamine (168.L4ml.), dissolved in 1500ml. of water,
was transferred to a 2-litre flask fitted with a stirrer, dropping
funnel and narrow-bore outlet tube. The flask was immersed in ice.
88.5g. of methacrylyl chloride (81.5ml.) was gradually added to the
cooled solution from the dropping funnel. The product, n-butyl
methacrylamide, gave a pink emulsion which separated as a reddish
layer after standing in a separating funnel. The aqueous layer was
twice shaken with ether and the ether extracts were combined with the
main product. This was washed with water and then dried over anhydrous
calcium chloride. After filtering, the ether was removed in a rotary
evaporator., A ;mall amount of hydrogquinone inhibitor was added to the
crude amide, which was then distilled under vacuum. The amide
distilled at 60-62°C. at 0.4mm. Hg as an almost colourless liquid.

The yield was avproximately 55%.

Purification of monomer: as for methyl acrylate [}ee system (ii]

Type of polymerization: bulk,

Initiator: 0.1% (%/V) azo-bis-isobutyronitrile.
Temperature : BOOC.

Polymerization time: 4160 min.

Conversion: 18.4%.

Isolation and purification of polvuer: precipitated in water from

methanol solution. Reprecipitated into water/dioxane mixture from

methanol solution.

(4) VINYL CHLORIDE ==~ n-BUTYL VETH.CRYLAMIDE COPCLYMZER

Purification of monomers: as for system (1).




- 204 -

Reactivity ratios: unknown; no Q-e data available.

Type of polymerization: bulk,

Monomer feed composition: as for system (1). A molar monomer feed

ratio of 1.27 : 1 (VC : BMAC) gave a 23% VC copolymer.

Initiator: 0.1% (¥/V) azo-bis-isobutyronitrile.

Temperature: 5000.

Polymerization time: L8 hours.

Conversion: 1 7.

Isolation of polymer: precipitated in dioxane.

(5) POLY(VINYL BROMIDE)

Purification of monomer: as for VC |see system (1)J

tion: Dbulk.

Initiator: 307% hydrogen peroxide (0,5ml./10g. of VB).

Temperature: 60°C.

Polymerization time: 10 hours.

Conversion: 4.09%.

Isolation and purificabtion of polymer: precipitated in methanol.

Reprecipitated into methanol from tetrahydrofuran solution.

(6) VINYL BROWIDE == METHYL MBTHACRYLATE COPOLYMERS

Purification of monomers: as for system (1).

Reactivity ratios: VB 0.05 . o 4 (76)
_ 28°C (bulk polymerization)
MEA 20 . )

Type of polym=rization: bulk
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Monomer feed composition: weights of VB and KMA used both found from

volume, densities being known,
Initiator: 0.35% (V/V) azo-bis-isobutyronitrile.
Temperature: 28%.

Conversion: not exceeding 5%.

Isolation and purification of polymsr: precipitated in 40~60 petroleunm

ether. Reprecipitated in methanol from benzens solution.

(7) VINYL CHLORIDE —— I/ETHACRYLIC AGID COPOLYIGR

Purification of monomers: VC was purified as in system (1). MAA was

distilled under vacuum, in présence of a small amount of copper powder
to inhibit polymerization, and then transferred direct to the dilatometer
and degassed on the vacuum line.

(122)

Reactivity ratios: wunknown; Q-e values used .

Type of polymerization: solution in methanol (0,685 ml. methanol/g. of
ve).

Monomer feed composition: the weight of MAA used was found from volume,

the density being known. The approximate weight of VC used was found
by the same method. A molar monomsr feed ratio of 43.6 : 1 (VC : MAA)
gave a 65% VC copolymer.

Initistor: 0.3% (¥/V) of azo-bis-isobutyronitrile.

Temperature: LLSOCa

Polymerization time: 495 min.

Conversion: L.4%.

Isolation and purificstion of polymsr: precipitated in distilled water

to remove MiA. The polymer was then re-dissolved in.acetone and
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reprecipitated twice in water. To remove initiator, the polymer was
next re-dissolved in tetrahydrofuran and precipitated in toluene.
Finally, to avold a THF peak in the "lactonization" region of the TVA
trace, the polymer was re-dissolved in cyclohexanone and precipitated
in toluene.

The copolymer was found to be insoluble (or only sparingly

soluble) in chloroform, methanol and ethanol.

(8) POLY(SCDIUM LETHACRYLATE)

Preparation of monomer: a stoichiometric excess of distilled methacrylic

acid vias reacted with sodium hydroxide in dry rmethanol at OOC. The
reaction mixzture was then poured intd a large volume of anhydrous
diefhyl ether. The salt precipitated as a gelatinous mass, while the
unreacted acid remained in solution., The salt was filtered off and
dried in a vacuum oven prior to re-precipitation from dry methanoi.

Typs of polymerization: solution in methanol (8g. ﬁonomeq/100ml.

methanol).
Initiator: 0.,05% (W/V) azo-bis~isobutyronitrile.
Temperature: 60°C.

Polymerization time{ 210 minutes.

Conversion: 25%

Isoleticn of polywer: precipitated in msthanol,

(9) VINYL CHLCRIDE ==~ SODIUM METHACRYLATE COPOLYMER

Purification of monomers: VC purified as in (1), NaMA as in (8).

N v"+ b 1 187 I 3 at -~ - (‘1 22)
Reactivity ratics: unknown; Q-e data uze .

Type of polymerization: solution in methanol (2.46ml. methanol/g. of VC).
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.Monomer feed composition: a known weight of salt was added to the

dilatometer as a solution in dry methahol and the solvent was pumped
off on the vacuum line. The approximate weight of VC added was
estimated from the volume at -?500, the density at -15°C being knovm.
A molar monomer feed ratio of 15.7 : 1 (VC : Nala) was used.

Initiator: azo-bis-isobutyronitrile (0.36% %/W of monomers).

~

Temperature: 4500.

Conversion: L4.8%

Isolation and ourification of polymer: the polymer precipitated as a

fine powder from the polymerization mixture. It was found to be
insolubie in water, acetone, éyclohekanone, chloroform, ethanol,
toluene, tetrahydrofuran, methyl ethyl ketone, dimethyl formamide,
dioxane and methanol, Some swelling was observed in a mixture of
tetrahydrofuran and methaﬁol and the polymer was shaken in this medium

for several hours to remove initiator and residual monomer.

(10) POLY(VINYL CHLORIDE)

~Breon 113 is a British Geon sample, stated to be free from

impurities and to have a molecular weight of 45,600.

(11) POLY(METHYL NETHACRYLATE)

B . . .- .. . A0
Sample prepared by free~radical polymerization in bulk at 60 C
using azo-bis-isobutyronitrile as initiator. Conversion less than

10%.Molecular weight (ﬁn) = 134,000,
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APPENDIX TWO

MOLECULAR WEIGHT DATA FOR THE COPOLYMERS

Molecular weight figures for the VC - NMA copolymers studied
in the present work have already been presented on p. 34.
Data obtained for the VC - MA, VC - BMA and VB -~ MMA systems

by Macbonald, Straiton and Anderson respectively are shown below:-

VC - MA Copolymers (p.117)

% VG mélecular welght (ﬁn)
5.13 233,000

15.8 | 241,000

51,2 269,000

67.7 176,000

VC - BMA Copolymers (p.124)

% VC molecular weight (ﬁn)
5.6 766,000

1poly 291 ,000

29,5 | 139,000

49.2 57,500

7ho6 31,500
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VB - liMA Copolymers (p.13k)

% VC molecular weight (ﬁn)
4.87 324,000
9.76 85,500

2L.5 35,600

48.5 159,000

713.4 21,900




(1)
(2)
(3)
(%)
(5)
(é)
(7)

(8)
(9)

(16)

(17)
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