THESIS FOR THE DEGREE OF DOCTOR OF PHILOSOPHY.

i

STUDIES OF THERMAL STABILITY OF POLYMERS

BY

THERMAL, VOLATILISATION ANALYSIS.

by

M.A, Jabbar Mohammed B.Sc. (Baghdad),
P.G, Dip. (Bradford),

- SUPERVISOR: CHEMISTRY DEPARTMENTj

Dr. I.C. McNeill, UNIVERSITY OF GLASGOW.



ProQuest Number: 11011946

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 11011946

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



Acknowledgements

The work described in this thesis was carried out during
the period October 1966 to October 1969 bhe University of
Glasgow, in the Department of Physical Chemistry, which is under
the supervision of Professor J.M. Robertson, C.B.E., F.R.S.

I would like to thank my colleagues in the Macromolecular
Chemistry Group for many stimulating discussions.

My thanks are also due to many members of the technical
staff, in particular the Glassblowers, for their help during my
stay in this Department.

Finally, I should like to express my gratitude to my
supervisor Dr. I.C. McNeill for his constant guidance and patient

supervision throughout the work.



Contents

Chapter One

1,1

162

1ol

General Introduction

Introduction

Degradation in Vacuum

Types of Therﬁal Degradation

a; Chain.scission Reactions

b, Substituent Reactions

Degradation of Polystyrene

(A) Staudinger and Co-workers

(B) Investigations carried out by Jellinek
(C) 1Investigations by Grassie and Co-workers
(D) Investigatibns by Madorsky and Co-workers
(E) Simha, Wall and Collaborators

(F) Other Investigators

Degradation of Poly ( X - methyl styrene)

Poly (m - methyl styrene)and poly (p..methyl styrene)
Poly propylene

Polyisobutene

Poly (butadiene)

Polyisoprene

Butyl Rubber

Poly (methyl methacrylate)

o O 0 & = W

1
13
16
20
21
22
22
2k
2k
25
25



ii

1,13 Poly (methyl acrylate)
1,14 Poly (tert, butyl methacrylate)
1.15 Poly (methacrylonitrile)
1,16 Poly (vinyl chloride) PVC
1,17 Poly (vinyl acetate) and Poly (vinyl alcohol)
Chapter Two
Apparatus and Experimental Technique
2,1 Thermal Volatilisation Analysis (TVA)
A -~ Principle
B - Apparatus
C - Modifications
D - Degradation Tubes
2.2 Differential Condensation Thermal Volatilisation
Analysis
2.3 Temperature Calibration
2.tk Thermogravimetry TG
2,5 Sample preparation

Chapter Three

341

3,2

Degradation of Polystyrene
The shift in the Rate Maximum Temperature(Tmax)
for polystyrene as thin films

Authenticity of the Thin film effect

30
31
32
33
36

38
38
38
38
39
1
43
45

k7
52
53

56
56

56

59



3.3

3.4
3.5
3.6
3.7
3.8

iii

Possible causes of the shift in T
max

A -

C =

D

Ease of volatilization from the polymer s@?ace

(a)

(b)
The
The

The

Coating the polystyrene film with a thermally
more stable polymer

Degradation in a closed system

effect of oxygen gas

effect of solvents used

effect of solvent impurities

Dupont TG Machine

Degradation of various types of polystyrene

Isothermal degradation of polystyrene

Degradation of poly (methyl styrenes)

Degradation of other polymers

(a) Polypropylene

(b) Poly (isobutene)

(¢) Poly (isoprene), Poly (butadiene) and Butyl Rubber

Chapter Four

4,1

Investigations into molecular weight changes of

polystyrene

68
69
70
71
72
74
7l
81
82
82
84

89
89



L2

iv

Viscometry

(A) The Viscometer

(B) Testing of Viscometer with samples of known
molecular weight

(C) Determination of percentage conversion during
degradation

(D) Degradation of thin polymer films to various
degrees of conversion

(E) Degradation of thick films

(F) Analysis of Volatile products by GLC

Chapter Five

Results and Discussion for Polystyrene

Chapter Six

6.1 Degradation of Poly (methyl methacrylate) PMMA

6.2 Degradation of PMMA by TG

6.3 Degradation of sample A1 by TVA

6.4 Degradation of other PMMA samples

6.5 Degradation of PMMA Blends .

6.6 Discussion of Results for Poly (methyl methacrylate)

98

929

103

103

112

112

123
123
126
129
130
132

137



Page
647 Degradation of Poly (methyl acrylate) 141
6.8 Degradation of Poly (methacrylonitrile) 143
6,9 Degradation of Poly (tert. butyl methacrylate) 143
6.10 Degradation of Poly (Vinyl chloride) 145
6.11 Degradation of Poly (vinyl acetate) 149
6,12 Degradation of Poly (vinyl alcohol) 150
Chapter Seven 152
The Degradation of Copolymers of Vinyl acetate with - 152
Ethylene and Styrene
7.1 Introduction 152
7.2  Experimental » 153
7.3 Results 155
(a) Polymers . 155
(b) TVA cruves : 158
7.4  Product Analysis 168
7.5 Investigation of Molecular weight . 169
7.6 Discussion of Results S 169
Appendix R 174

References 180



Summary

Studies of Thermal Stability of Polymers by Thermal

Volatilization Analysis (IVA).

A great deal of work has been carried out on the degradation
of polystyrene in order to elucidate the mechanism of the reactions
involved.

Most of the workers have assumed that transfer reactions are
taking place and included them as a factor in the théoretical
treatments of the kinetics of degradation. Other workers have
shown, by indirect experimental work, that transfer reactions to
take part in the degradation process of this polymer,

However, this work is a direct attempt to show that
intermolecular transfer is a major factor taking part in the
degradation process.

The technique used was the TVA where the small pressure
which exists in a continously evacuated system between a hot sample,
decomposing to volatile products, and a cold trap placed some
distance away is recorded continuously as the temperature of the
sample is increased in a linear manner., The TVA curve indicates
the variation of rate of volatilization of the sample with

temperature,



The degradation method used was that of comparing the thermal
stability of very thin films of polymer with that of the thicker
films, Degradation was carried out under econditions of temperature
rise of 10°C/hin. or at igothermal temperatures.

Thin films of polystyrene were observed to be thermally more
stable than the bulk material, The molecular weight dropped more
sharply in the case of thick films when compared with thin films of
the same sample weight. More styrene monomer was produced from
degraded thin films than from the thicker films. Also, the shape
of the curve of the rate of volatiligzation against percentage
conversion in thin films resembled that of poly («fe methyl styrene)
where the zip length is much greater than the chain length,

This behaviour was considered to be due to the reduction of
intermolecular transfer reaetions in thin films of polystyrene.

Polymers where transfer reactions are well established such
as polyprorvlene, poly (isobutene) and some elastomers were also
examined and showed an effect of thin film stability similar to
that observed in polystyrene.

Poly (methyl methacrylate) was also examined in the form
of thin and thick films and in powder form; The results
suggested that transfer reactions of the secondary hydrogen atoms

might be taking place to some extent,



Poly (methyl acrylate) which contains a tertiary hydrogen
atom showed an effect similar to that observed in polystyrene;
while there was no change in thermal stability of thin and thick

films of poly (tert. butyl methacrylate).

Very few useful conclusions could be drawn from results
obtained from the degradation of thin and thick films of PVC,

PVA and poly (vinyl alcohol).



Chapter One

General Introduction

101 Introduction
The realisation in the last two decades, of the commercial
importance of the synthetic polymers, especially those with high
thermal stability, has led to a wide interest in the study of the
chemistry of degradation of polymers. 11243545
Polymers lose their desirable properties under the influence
of an energy transfer agency such as heat, light, infra red,
ultra violet or gamma radiation, as well as ultrasonic and mechanical
stress.
As well as being technically important the chemistry of
thermal degradation is scientifically interesting because it helps
to reveal the molecular structure and also throws some light on the
strength of the various bends holding the polymer molecule together,
on the mechanism and kinetics of depolymerisation, on the effects of
time, pressure, temperature, and on the nature of the products.
Similarly, studies on thermal degradation of polymers are of
extreme importance from a practical point of view. They not only
explain the behaviour of polymers under conditions of high temperatures,

but also help in selecting the right kind of polymer for specific uses



where high temperatures are encountered, and might suggest the
design and synthesis of new materials to meet special requirements.

The applications of polymers in industry and technology
and in providing finished articles are so numerous that it is almost
difficult te count them, Some of the recent applications of
thermally stable polymers are in space technology and in preduction
of Carbon fibres.

Experimentally, thermal degradation is one of the easiest
types to study, since the main requirements are a scurce of heat
and an accurate measurement of the temperature of the polymer.
Despite this fgct, the mechanism by which most polymers degrade
thermally is still not fully understood.

The literature pertaining to the degradation of polymers is
most formidable both in its guantity and diversity.

Pyrolysis of polymers in vacuum was carried out as early as
1860 when natural rubber was degraded by destructive distillatien
and products were analysed 6. Polystyrene was first degraded in

l7

vacuum by Staudinger in 1935 .

1.2 Degradation in Vacuum:

Thermal degradation carried out in vacuum provides a better
understanding of the mechanisms involved during the reaction, On

the other hand, when the polymers are heated in gaseous atmosphere,



3.

even if it is inert, the diffusion out of the polymer of volatile
products which are formed inside it is retarded so that these
products may undergo secondary reactions. Moreover, an external
gas which does not belong to the system will hinder the escape of
the volatile products from the hot zone, so that they could undergo
further secondary reactions ir the gaseocus state. If pyrelysis is
carried out in air or in oxygen then the thermal effects of
degradation of the polymer will be masked by the chemical reaction
of the products, volatile and non-volatile, with oxygen.

Another advantage of carrying out pyrolysis of polymers in
vacuum lies in the fact that collection and fractionation of
volatile products are thus facilitated.

In theory, the ideal system by which to study the mechanism
of degradation of a given linear polymer would be to degrade a single
isolated extended polymer chain. In practice, however, this is not
possible. But to appreoach this ideal situation, it is feasible to
follow the degradation of an extremely thin polymer film which may be
considered as a two dimen$ional lattice where the chains are not
overcrowded gnd as little interaction between the molecules as

possible will occur.

1;3 Types of Thermal Degradation:

Depolymerisation in general is more involved as a process

than polymerisation. The reason is that intermediate products take



part in further reactions which cause the kinetics to be more
complicated and not straightforward as in polymerisation.

The thermal decomposition reactions in polymers may be
broadly classified into two greups :- chain scission reactions
and substituent reactions.

a) Chain Scission Reactions:

Scission of the polymer main chain, which occurs either
in the middle or at labile ends, may result in depolymerisation
to monomer as in poly (methyl methacrylate) and poly (& - methyl
styrene), or in the production of a wide range of fragements
as in the case of polypropylene and polyethylene., The residue
may retain the chemical chqracteristics of the parent material,
in that monomer units are recognisable in it.

b)  Substituent Reactions:

The elimination or modification of pendant groups may take
place as in the case of poly (vinyl chloride) and poly (acryl-
onitrile). The resulting residue progressively changes in
character from the original starting material, as.the reaction
goes to completion. In effect, monomer is not produced and

57

the residue acquires a new structure,

1.4 Degradation of Polystyrene:

Systematic investigations on the kinetics and mechanisms of

thermal degradation of polystyrene began in the late twenties l and



early thirties 8. Despite the massive amount of research carried
out on this subject there is a lack of general agreement on the
precise processes of the mechanisms involved in the initial rapid
fall in molecular weight followed by a slower drop after 30 per cent
volatilisation, and the production of volatile substances consisting
of monomer, dimer, trimer etc, in decreasing quantities,

Polystyrene degradation might be considered as free radical
reaction, the reverse of polymerisation, and having initiation,
transfer reactions, propagation and termination,

Due to the diversity of views on this subject, the work of

various groups of workers will be briefly reviewed.

(A) Staudinger and Co-workers 7,8

Some of the early investigations were made by these workers
on the bulk degradation of polystyrene samples. One was commercially
prepared and another was prepared in the laboratory under strict
oxygen free conditions. Staudinger found that the latter was
thermally more stable than the commercial sample. It was concluded
that the oxygen which was incorporated in the polymer chain as
peroxide groups was the cause for the lower thermal stability in the
commercial polystyrene. The oxygen formed hydroxyl groups on

adjacent carbon atoms at some points along the chain and the bond



between such adjacent carbon atoms would be thermally weaker than
the normal c-c bond,

9

Achhammer 7, found no evidence for the presence of hydroxyl
groups when he examined samples of polystyrene by infra red
spectroscopy, but this does not exclude the presence of a very
small concentration of hydroxyl groups.

Later Staudinger and Steinhofer 8 suggested a picture for
the mechanism of degradation. They pointed to the fact that a
c~c bond "beta' to a double bond is weaker than a normal c-c bond.
They also took inteo account that the (- hydrogen atom is more

reactive and mobile, and considered that a scission in the main

chain takes place followed by migration of an ¢ =~ hydrogen atom.

® N\ O O~ ¢

1
o ~ CH_ < - C - — - - - - 3 ~n
¢ 27 € Hy - C CH, £ C CH, = C - CH,2C
Ph J/ Ph Ph‘L ' Ph l Ph ' by

~mC = CH, + CH, ~CH, -~C = CH_ + CH, ~CH, -~ C =
| 2 T %2 2 2t M2~ O v o
Ph Ph Ph ~  Ph Ph

(B) Investigations carried out by Jellinek:

. 10,1 .
Jellinek 0,1 studied the thermal degradation of polystyrene

under high vacuum., He rejected the theory that the reaction could

be explained by a random scission mechanism for the following reasons:



7.

1 =~ Monomer is produced early in the reaction.
2 - The activation energy of 44,7 K cal/mole was lower than
that expected for random scissioen.
3 =~ DPlots of (Molecular weight)~1 against time were non~linear
in contrast to the case for random scission.
L - The molecular weight distribution was narrower than
that predicted for rgndom scission.
Jellinek assumed that degradation is initiated by scission
at "weak links" randomly distributed along the polymer chain.
To summerise Jellinek's findings on the thermal bulk
degradation of polystyrene in wacue, it can be put as follows:
At the start a rapid random degradation takes place owing to
"weak links', For each random break a number of monomer units are
split off the newly formed chain end. The rapid reaction comes to
an end when all "weak links'" are destroyed. Then a reverse,
polymerisation process takes place consisting in chain end
initiation, propagation and termination. At the same time a slight
random degradation reaction occurs. Also he suggested the possibil-
ity that a small amount of cross-linking takes place during the later
stages of the degradation.
Thus, it is clear that Jellinek never considered the

possibility of intermolecular transfer as a major factor taking part



in the degradation process of polystyrene.

Jellinek and Spencer 12 carried out degradation of
polystyrene in tetralin and naphthalne solutions. The reaction
in tetralin showed no loss in weight of the polymer, which meant
that the fall in molecular weight was not accompanied by the
production of volatiles. This result was taken to support the
"weak 1link" theory and as evidence against the views of Madorsky,

which are discussed subsequently,

(C) Investigations by Grassie and Co-workers:

Grassie and Kerr 13 concluded from their work that chain
scission occurred at "weak links'", resulting in the formation of
molecules rather than radicals. They also postulated that
volatiles were produced by initiation at chain ends after scission
at - those weék points had taken place. The initial low rate of
production of volatiles, rising to a maximum at about 35 per cent
conversion, was ascribed to scission at 'weak links'" followed by
immediate recombination of the pair of large radicals in a '"cage',
since they could not easily diffuse away from each other, Therefore
a disproportionation reaction takes place and an unsaturated chain
ends is thus produced which would be an initiation site for

depolymerisation,



9‘

Kerr T4 has concluded that head to head abnormalities de
not account for the number of bonds broken per molecule which
may be less than unity, or for the lower rate of chain scission
of poly ( X - Deuterostyrene), Therefore, a process which
might occur during the propagation step of polymerisation was

suggested :-~

H .
wCH2 - CH =® « + CH2 =C~H-=> ~vCH2 ~ CH :<i_.>LCH2 ~ CH

15,16,17

Further work by Grassie et al was carried out on
polystyrene degradation in experiments designed to test the

"weak 1ink" theory. They found that the presence of oxygen during
polymerisation, the mode of polymerisation initiation, and
branching exhibit ne correlation with the initial rapid fall in
molecular weight. However, some correlation was found with the
polymerisation temperature, that the proportion of '"weak links" is

o7 Also

found to increase with the temperature of polymerisation,
abnormal structures in the polymer chain might be affecting the
initial stages of the decomposition, Head to head, linkages were
eliminated by a study of the degradation of styrene/stilbene
compolymers.17

Grassie and Cameron 16 compared the bulk degradation of

polystyrene in vacuum with its degradation in naphthalene and
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tetralin solutions in sealed tubes at high pressures, and found
that in both cases the molecular weight decreases rapidly. But
in tetralin solution, the production of volatiles and further
drop in molecular weight were inhibited, while the radical chain
depolymerisation process was retarded in naphthalene,

The same authors in another communication 18, suggested
the transfer of the active site to the benzene nucleus and
addition of monomer to give the structures of para and ortho
guinonoid type, since the high stability of the polystyryl radical
is attributed to resonance involving structures with the radical

centre in the benzene ring.

-~CH2 - H vwﬂCHa - TH
(-
— - ~
H - CH, - CHam CHp ?H
2 ! C H
Cg H5 65
para ortho

Evidence in favor of associating 'weak links'" with main
chain unsaturation came from a comparison of thermal and ozone
degradation, It wgs found that ozonolysis followed by treatment
with zinc and acetic acid to break the ozonide resulted in a

molecular weight fall similar to that obtained by thermal degradation.
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(D) Investigations by Madorsky and Co-workers:

Madorsky 19 and Wall 20, studied the degradation products
of polystyrene and showed that:

1 - A maximum yield of 42 per cent monomer was obtained from
isothermal degradation at 420°C,

2 ~ The composition of products was independent of time and
temperature of degradation.

3 =~ Small chain fragments obtained consisted of dimer, trimer
and tetramer in diminishing amounts.

Madorsky 21,22 investigated the rate of degradation in the
temperature range 335 ~ 36500 by means of weight loss, using a
tungsten spring balance. A rate maximum was found to occur in
the production of volatiles around 30-40 per cent volatilisation.
The rapid initial fall in molecular weight was also observed to
take place during the first few per cent loss of weight of sample
to about 80,000. Beyond this, the drop is slow and gradual until
it reaches a limiting value between 40POO - 60,000 then the
decrease is even slower, This level of stabilisation is
independent of the initial molecular weight or of the molecular
distribution in the polymer, and also independent of its purity

unless the sample is very impure.



Madorsky 2 considered the rapid drop in molecular weight
may be due partially to scission at "weak links" in the polymer,
but is mainly caused by thermal scission in the chain. As a
result saturated, unsaturated and free radical ends are formed.

4 small loss of weight takes place due, partly to evaporation of
fragments, but mainly to the escape of monomers and dimers which
unzip at the free radical chain ends.,

27

However, in some cases a hydrogen transfer causes a break.

1. Scission without hydrogen transfer:

AvCH - CH. - CH - CH. 4 CH -~ CH. - CH = CH.~w
2 | 2 i 7 2 ] 2
Ph Ph J/ Ph J, Ph
valJH - CH, — ([ZH -~ CH, 4 CH - CH, - CIJH - CH, am
Ph Ph Ph Ph

Each radical can remove a hydrogen atom from the same chain

or from an adjacent one to cause a new scission:

P N N I B C R
“arvC = Co ol = C = C 4 C = C = C~
TR A A A R S
5o 5w oW :
A B T R R S
Ph H Ph H Ph H Ph H

Or the radical will unzip to produce monomer :



13.

H H H II{ 1;1 51 H I'I
| i |
Ph H ' Ph i Ph H Ph H

2, Scissions accompanied by hydrogen transfer:

PR MRy p oy
Al = CemC ==Cem C = Cmvr amaC — C—CH + Cz== C — Cr~
| (0 0] [ — | i [ 1

[
Prh H Ph H Ph H Pph H Ph H Ph H
The resulting unsaturated chain end is a labile site capable
of depolymerisation.

(®) Simha, Wall and Collaberators 23,2%,25

Using a kinetic scheme invelving end and random initiation,
depropagation, transfer and termination, these workers predicted
a rate maximum at or below 26 per cent conversion. This was at
variance with Madorsky's experimentally obtained values of 30 -
4O per cent. Increasing the transfer parameter increased the
maximum towards but never beyond 26 per cent.

Studies with deuterated polymers 26 have shown that when
the( o() position of the styrene units is deuterated, the initial
molecular weight drop is decreased by a factor of one half, This
suggests at least, that intermolecular transfer occurs. The high
monomer yield of 70% for poly ( o¢ - deuterostyrene) confirms that

inter and intramolecular transfer is responsible for the non-



114,

monomeric fractions. On the other hand, P -~ deuteration had no
effect on the monomer production. This reaction was explained
by the slower abstraction of the deuterium from the(e()site, thus
favouring depropagation to monomer.

Wall et al., at the National Bureau of Standards, concluded
that the degradation of polystyrene was a free radical chain
reaction involving random scission, depropagation, inter and
intramolecular transfer, and termination by disproportionation.

They rejected the 'weak 1link'" theory and suggested
intermolecular transfer as being responsible for main chain
scission., However, their mathematical treatment based on this
explanation was not in complete agreement with experimental
results, as pointed out above.

Wall and Flynn 28 agree with Madorsky's findings and
explain the reaction for a polymer of large molecular weight as
follows:

Initiation by a simple random scission at least to a
certain degree, and depolymerisgation at chain ends, A portion of
the decrease in molecular weight as the result of the transfer

reactions. The reaction might take place as follows:



15.

Initiation , il F
ANCH_ == CH 4~ CH == CHenn sy CH — Cs + ¢C — CH™
2 i ! 2 : 2 | I |
Ph , Ph Ph H Ph
Propagation
{ H R
¥ I
-\N\’;CH2 ?H L CH2 CI: —_ i + 5 i
Ph ! Ph Ph Ph

Intermolecular transfer

H H . H H H

| ] | ! [
e Ak

H Ph Ph H' Ph H i

H ‘L H J/ Il{ H t

| | !
MA C e CH + W‘-? == (|) + -(? — 'C'VV""

| ]

H Ph Ph H Ph
Intramolecular transfer

| Vo | I ]

Lo | [ LT | | l |

Ph ' H Ph H Ph Ph H Ph H Ph
Termination (Disproportionation)

| ] ]

| | I

H Ph H Ph H Ph

4 y
S Pl
|

| i | | | I
H Ph H Ph H Ph



16,

(F) Other Investigators:

MacCallum 29 used available results on polystyrene 10’11,

polyethylene 50 and polypropylene 21 and calculated theoretically
the weak bonds present in the macromeolecules. But his treatment
was sensitive to temperature and resulted in higher concentration
of weak bonds at higher temperatures of degradation. This
treatment was valid only when no velatilisation occurs.,

Boon and Challa -2 53

s Nakajima et al s studied isotactic
polystyrenes prepared using the Zeigler - Natta catalysts and

obtained an activation energy of 39 k cal/mole for random scission,

in a zero order reaction. They found no ev¥idence for'weak links",
They concluded that volatile products and chain fragments were

formed by initiation at chain ends to give unzipping and intramolecular
transfer.

4
Gordon > used results obtained by Grassie and Kerr 277,

and Madorsky 21,22

, in a kinetic treatment and showed that volatiles
are produced by initiation at chain ends. In order to do this,

a small amount of random splitting or '"weak 1link" scission or
transfer reaction were superimposed on the chain end initiated

zipping reaction, But Grodon considered that involving '"weak links"

is an unnecessary complication.
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Wall and Flynn 28 asserted that this result dees not
necessarily require that end initiation occurs in the original
polymer,

55

Cameron in a theoretical treatment on data from the
literature showed that volatiles are produced by chain end initiation
and not by random initiation during the degradation of peolystyrene.

Cameron suggested that intramolecular transfer occurs and
the giant radical either forms an active macroradical and a small
volatile fragment, or the depolymerisation is terminated by
evolving a small volatile radical leaving the main chain with an
iractive unsaturated end which can reinitiate degradation.

Cameron and Kerr 36 studied the degradation of thermally
and anionically prepared samples of polystyrenes at temperatures
not exceeding 32000 at which volatile formation is negligible, and
the weight loss was less than 3 per cent.

These authors found that anienic polystyrene prepared at low
temperafure contained no "weak links" and degraded in a simple
random fashion, but the thermally prepared polymer showed the
presence of '"weak links', It was therefore, concluded that these

"weak links'" are distributed at random within the polymer chain,

and some might be at chain ends.,
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McNeill and Haider 57

have estimated the unsaturation
present in polystyrene, prepared by a cationic mechanism, by a
method of using radiochlorine, It was found that unsaturation was
exclusively terminal and every chain contained one unsaturated end.
The fall in molecular weight on degradation of this polymer sample
was shown to be similar teo that reported for polymers prepared by
free radical mechanism, despite the total absence of main chain
unsaturation. It was concluded therefore, that the unsaturation
present in the main chain of polystyrene prepared by free radical
mechanism cannot be associated with 'weak links".

McNeill and Makhdumi 38

have used the methed of radioechlorine
to estimate unsaturation in two types of polystyrene samples, one
prepared by free radical mechanism using benzoyl peroxide as
initiator and the other by thermal initiation. These authors have
observed that the benzoyl peroxide initiated samples contained
double bonds in the main chain and none present at chain ends. The
thermally prepared samples however, have more double bonds and
some of them are situated at chain ends.

Unsaturation was estimated in partially degraded samples

and it was found, as predicted, to increase owing to double bonds

formed by scission following intermolecular transfer.
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It was also shown that temperature of polymerisation had
no effect on the number of double bonds. It was therefore,
concluded that double bonds were not associated with "weak links',

Richards and Salter 39 on the other hand, claim that both
"weak links" and intermolecular transfer are contributing to the
initial rapid fall of molecular weight of polystyrene.

In blends of poly ( o~ methyl styrene) with polystyrene,
the former being less stable than polystyrene, induced its
degradation at lower temperature and acted as a radical producing
agent which initiates the polystyrene by hydrogen abstraction,

A polystyrene containing "weak links' at known positions
along the polymer chain was synthesised by these workers., The
"weak links" were in the form of head~to-~head structures. This
polymer being less thermally stable would also induce thermal
degradation in normal polystyrene at low temperatures.

Polystyrene containing a specific number of thermally
"weak links'" at known points along the polymer chain was thermally
degraded at temperatures between (280 - 285°C) in the presence of
Carbon -~14 labelled polystyrene as diluent or blend, Radicals
produced from the scission at the specified "weak links'" caused
scission at the labelled polystyrene by transfer of a tertiary

hydrogen atom. This was measured ffom the activity of the
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degradation products.
It is clear from the work on polystyrene, reviewed above,
that the mechanism of the initial decrease in molecular weight

during degradation is still unreseolved: ‘'weak links"; transfer, or

both?

1.5 Degradation of Poly ( & - methyl styrene)

The structure of this polymer differs from that of

polystyrene by having a methyl group instead of the hydrogen atom

in the K~ position to the phenyl group 5.

CH CH CH
I3 ] | 3
——— 0 - ——— ——— — AN
4AﬁCH2 F CH2 ? CH2 ?
Ph Ph Ph

The menomer yield is almost 100 per cent when this polymer
is pyrolysed in a vacuum, in the temperature range 200 - SOOOC.

Poly ( X - methylstyrene) is considerably less stable than
polystyrene 27. This is believed to be owing to the presence of
guaternary carbon, which weakens the adjacent c-c bond,

In contrast with polystyrene, when poly (&~ methylstyrene)

is pyrolysed below 500°C, hydrogen transfer is completely blocked

from the sites of chain scissions by the presence of CH, groups

3
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in the o - position. Therefore, the ends of the chains at the
points of s¢issions are in the form of free radicals which unzip
into monomer. The zip length is estimated to be much longer than
the degree of polymerisation and the radicals formed by scission
depropagate to monomer,

However, transfer has been suggested toc be taking place to
a slight extent 28, especially at high percentage conversion,
although it is difficult to distinguish between transfer and random

scission.

1.6 Poly (m - methylstyrene) and Poly (P -~ methylstyrene):

Substitution of a hydrogen atom on the benzene ring in
polystyrene was found to have less effect on the thermal behaviour
of the polymer than when the substitution is made in the o - position
on the polymer chain 5,

These two polymers degrade in the same way and yield similar
amounts of monomer, and their mechanisms of degradation are
considered to be similar,

From studies made on poly (m - methylstyrene) 27, it was

found that its thermal degradation also resembled that of

polystyrene. The rate curves indicate maxima at about 23 per cent

~
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volatilisation. Beyond that the rate decreases linearly to

100 per cent conversion, indicating a first order reaction, In
the case of polystyrene however, the rate curves show maxima
between %5~40 per cent volatilisation 5. The monomer yield is

slightly higher than that of polystyrene at 350°C.

1.7 Polypropylene:

In the degradation of polypropylene, transfer is a well
established mechanism taking part in scissions of the main polymer
chain 5, This polymer differs from polystyrene in that it contains
a methyl group instead of the phenyl group. The methyl group,
being small, does not present much of ,n obstacle to a hydrogen
transfer, Therefore, the scissions of c-c bonds in the chain are
predominantly associated with hydrogen transfer at the site of
scission. As a result the monomer yield is extremely small owing

to the absence of an appreciable zip length, A wide spectrum of

chain fragments of various molecular sizes is thus formed.

1.8 Polyisobutene:

In polyisobutene where each alternate carpon is quaternary,

the chain c~c bonds are weaker than those of polypropylene 5.

Polyisobutene is less thermally stable thon polyprepylene.
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On degradation polyisobutene produces about 18 per cent
monomer at temperatures up to 500°C. The presence of the two
methyl groups on every alternate carbon atom hinders transfer
owing to steric effects. Therefore, scission of the main chain
results in the formation of free radicals which unzip tc yield
monomers., However, an appreciable number of scissions accompanied
by hydrogen transfer results in the formation of fragments.

McNeill and McGuchan, 48,49

have studied the thermal
degradation of polyisobutene and found that it shows behaviour
intermediate between that of poly (methylmethacrylate) and
polypropylenmkor polyethylene€.

The pairs of methyl substituents in the polymer chain
stabilize the polymer mdicals and hinder transfer reactions to
some extent. However, polyisobutene produces fragments as well
as monomers and it resembles polystyrene in this respect.

These authors put more emphasis on intramelecular rather than
intermolecular transfer. Hence, the mechanism of degradation of
polyisobutene is believed to consist of initial thermal breaks
of bonds at random in the chain, fellowed by depropagation to

monomer and intra and intermolecular transfer reactions of the

radicals thus produced to form the chain fragments,
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1.9 Poly (butadiene)

Wall 20 has analysed the degradation products of this
polymer when it was heated up to QOOOC, and showed that the
monomer yield was about 1 per cent.

The polymer is more thermally stable than polystyrene.
Since the yield of monomer is very small, 2 it is assumed that
most of the random scissions of the c-c bonds in the chains are

accompanied by a hydrogen transfer.

H H'  H

H H H HE H H H H H H H H

I ] | J: I 1 ] & ! ! I I !
wcl:-cz-c-H + C=Ca==C = -('J-C:C-C-C*’"

| !

l{ H H H

The rate of thermal degradation of polybutadiene starts
high and beyond 20 -~ 30 per cent loss of weight the rate decreases

gradually and follows a straight line to 100 per cent loss.

1.10  Polyisoprene:

This polymer is less thermally stable than polyisobutene
and polybutadiene, 55

Polyisoprene between 300° - Loo°c yields about 5 per cent

monomer, and the monomer yield tends to increase at higher temperatures.
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This is believed to be caused by dimerisation ef the isoprene at
lower temperatures. This is shown by the increase of dipentene
in the products at lower temperatures.

The mechanism of breakdown of the polymer chain is
considered to be taking place by scissions of ¢ - ¢ bonds either

accompanied by a hydrogen transfer or not.

1,11 Butyl Rubber:

This polymer consists mainly of isobutene with a small
amount of isoprene, about 1 - 5 per cent, copolymerised with it.

Its thermal behaviour is similar to that of polyisobutene.

1,12 Poly (methyl methacrylste):

Methyl methacrylate polymers have been extensively
investigated over the past twenty five years by a number of
workers, 40,41, 42,13

Grassie and Melville %0 have shown that the decomposition
of poly (methyl methacrylate) is a radical chain depolymerisation
process, taking place in two stages. The first is a fast
reaction which takes place at low temperatures in the region of
2Lo - 270°C. This reaction consists of unzipping to monomer

units of radicals produced exclusively at unsaturated end structures,

if such structures are present, which depends on the mode of
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polymerisation. At temperatures above BOOOC, the main backbone of
the polymer becomes unstable, and a slow random scission of
carbon~-carbon bonds occurs producing radicals which again unzip
to monomer as the =ole product, The zip length is believed to
be very large in both reactions, about %000.

Melville and Cowley 46, noting the very high monomer yield,
95 per cent, and the fact that the molecular weight remains high
during the decomposition, concluded that the initiation is
proportional to the number of molecules, the zip length is so
great that the molecules unravel completely, and the initiation
probably occurs at chain ends.

However, it is observed in Grassie's results that the
molecular weight of poly (methyl methacrylate) drops after 20
per cent conversion, especially in polymers having molecular
weights over 90,000, This fall in molecular weight is greater
than that expected from the theoretical curves plotted for cases
where there is no transfer and no end initiation, 25

Hart el has studied the change in molecular weight with
increasing conversion at 300°C of two poly (methyl methacrylate)

samples, Sample A was prepared by a free radical mechanism and

its molecular weight was 150,000, Sample B was prepared under
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6

vacuum at —25°C to a molecular weight of 5 x 107,

On pyrolysis, it was observed that there was a sharp drop
in the molecular weight of sample B up to 15 per cent volatilisatien,
then the rate of fall slows down,

The fall in molecular weight of sample A was not so drastic.

Cameron 42 studied the slow second reaction stage which
takes place at temperatures above BOOOC.

Cameron considered two possible processes which are often
assumed to occur during the slow reaction of poly (methyl
methacrylate) at elevated temperatures. The first, when the
mean zip length is greater than the mean chain length, involves
simple random initiation and unzipping to monomer, i.e., the
molecules unravel completely before the depolymerisation is
interfered with, But, secondly, if the zip length is shorter
than the chain length, then a termination or transfer step must
be introduced,

Cameron based his argument on the analysis of results
obtained by other workers, and showed that during the second
stage of the depolymerisation of poly (methyl methacrylate) there
is a measurable contribution from chain end initiation until the

zip length becomes equal to the chain length. # These labile
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chain ends must be produced by some mechanism during this slow
phase, since all the original unsaturated chain ends have already
been removed from the system during the first fast stage of
reaction.

The following mechanism was then suggested to account for
the production of these labile chain ends:

If the zip length ¢ chain length, then termination might

occur:
cH CcH cH cH
13 |3 \ 3 D
~~CH. = C - CB{ - Co + > - CH. - C - CH~
? boocH COOCH COOCH § dooc °
00CH
O0CH,, 3 3 3
cH cH cH CH
| 3 |3 \ D 1 5
Aa~CH. - C -~ CH = C + HC - CH. - C =~ CH~
? : | oocH foocH ° £00C °
COOCH Co0C co COOCH
3 3 3 3

A new unsaturated labile chain end is thus formed wich is
capable of initiation reaction.

Also the radical might attack an inactive polymer molecule
in the vicinity, produces an active radical and another unsaturated

labile chain end:
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C CH
[ | 3
— C —CH_, — lcfwv
[
COOCH COOCH
J, 3 3
CH CH
i I3 (3
~nn CH, — (l:..H + WCH2T(,3-——CH———I(I ——-CH2-—?-VW
C ! COOCH CooC COOCH
00CH O0CH; iy 3
Y CH \!/ CH CH
o I3 3 r3
~nnCH,. + C =—=CH —C ~— CH_ = Conr~
COOCH OOCH COOCH
3 3 3

The radical n~~CH2 is a very active radical, and it is more likely
to take part in a transfer reaction or termination reaction rather
than depropagate. 45

In a study of photo~initiated thermal depolymerisation 46,
transfer has been suggested as an explanation of the rate
remaining in proportion with the square root of the intensity at
low molecular weights and the existence of a kinetic chain length
greater than the degree of polymerisation,

Simha and Wall 2> suggested a slight transfer could cause
the premature decrease in molecular weight which has been discussed
above in Grassie's results.

Transfer 28, therefore, may take place to a slight but

important extent in the thermal degradation of poly (methyl

methacrylate),
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1.13  Poly (methyl acrylate):

This polymer yields very little monomer on pyrolysis.
At temperatures between 3000 - 400°C the yield is about 0.7
per cent monomer., 27

The methyl group attached to the carbon atom in the
backbone of poly (methyl methacrylate) is replaced by a
hydrogen. This hydrogen, being a tertiary, is very reactive
and takes part in reactions involving transfer,

Since a large amount of chain fragments are formed in
the pyrolysis of this polymer, the following mechanism is
proposed by Madorsky. 27

Scission by intramolecular transfer:

H mH H H

1 [ N & I

H COOCH H | COOCH H COOCH
3 3 00CH;

H H H H H

| t | | i

AN e C = C + H? U ('}' —— (l,',‘ e

| |

q COOCH H COOCH H COOCH
3 3 3

Methanol and carbon dioxide are also produced during the
degradation of this polymer. Madorsky offers no mechanism for

the formation of methanol, but he suggests that the process is
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not associated with the formation of free radicals during

c~c bond scissions in the chain,

1.14 Poly (tert. butyl methacrylate):

This polymer is different from other polymethacrylates
in the fact that it yields no monomer on degradation, despite
the presence of a quaternary carbon atom, 63 Instead,
isobutene splits off as a volatile fragment leaving behind an

isolated unit of methacrylic acid in the polymer chain,

s
CHB—:-, CIJ —_— CH3
0
? = 0 HO —~$3=:0 ?HB
-JVV‘CHZ-- (|J-VW~ _— s CHZ e ?fvv\"- + CH2= C o CH3
CH3 CH3

The elimination of isobutene is initiated autecatalytically
to give an almost theoretical yield. The polymethacrylic acid
which is left, yields water at about 200°C, to form six membered
anhydride rings. These will undergo subsequent decomposition
at elevated temperatures to give products which include carbon

59

monoxide and dioxide.
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1.15  Poly (methacrylonitrile):
55,56

Grassie and Mcleill , have investigated the
degradation of this jolymer at various temperatures. At low
temperatures about (120° - 22000), colour from yellow to red
develops, without loss of volatiles, owing to impurities present
in the monomer used to prepare the polymers. If the monomer
was carefully purified, the colouration does not appear at low
temperatures and the polymer degrades to almost 100 per cent
monomer when heated at temperatures above BOOOC.

The colouration is shown to be due to the progressive

linking up of adjacent nitrile groups to produce conjugated

carbon~-nitrogen sequences.

CH CH3 CH CH} CH CH3 CH CH}
// 2\(!} / 2\é/ Z\é/ E\Cl;/

\\\\N 1;;§5§;;C Q\\\\\\ ) ¢§§§;§C \\\\\~N:5;55$;C \\\\\\IJjjjﬁjcg\\\

The molecular weight drops slightly down to 25 per cent

volatilisation,
The initial rate of volatilisation was found to be less

for higher molecular weights when the polymer was degraded under



vacuum at temperatures of 25600.

1,16  Poly (vinyl chloride) PVC :

On thermal degradation, PVC liberates hydrogen chloride
leaving a coloured residue, It has been established that the
colouration is caused by the formation of unsaturation in the

polymer chain,

o0 CH, — CHCl — CH, — cac1~w— Bl S cH = CH — CH = CHw

At elevated temperatures, cross~linking takes place
through the polyene rearrangement, benzene and hydrocarbons are

produced leaving a carbonaceous residue.

5

Stromberg et al 0 studied the thermal degradation of

PVC and proposed a radical mechanism by which HC1l is produced as
shown below :-

Initiation: PWC —> C1°

Propagation: ~ C1' + ~»wCH, - CKC1 - CH, - CHCl — CH,— CHC1~/™

\

HCl + »w~aCH =~ CHC1l - CH2 - CHC1 =~ CH2 ~ CHCla~

\

“MACH = CH = CH, - CHCl - CH, - CHCl~~
c1l d
CH - CH - CHCl - CH, ~ CHC1~™
) {
CH -CH = CH - CH, - CHCL~™v
c1°

]

HC1l + ~~CH

.~ CH
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Termination: Cl1° + Cl°—» Cl2

298 + R°2 —> R, o+ R2 or R1R2
R* + Cl°* —> RC1
where R® = Polymer radical, R = Polymer molecule.,

The evidence for this mechanism is circumstantial, rather
than conclusive,

Another possible reaction mechanism for the dehydro-~
cholorination of PVC at temperatures below BOOOC is as follows: >
The C - C1 bond is the weakest in the polymer, so that it is the
first to rupture, This is followed immediately by an abstraction

of hydrogen atom from an adjacent carbon and fermation of a double

bond in the chain,

PR T ITT

| I I

NIRRT Al Tl ek AL RLELES ol o
! !

CL H CL H C1 H Cl H Cl H

The chlorine atoms in ﬁ;- position to the double bond are
now more likely te break away from the carbon atoms to which they are
attached than the other chlorine atoms. Thus, the process of
formation of HC1l and of conjugated double bonds could proceed by
‘a chain reaction without the existence of a seperate chlerine free

radical as an intermediate,
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Bamford and Fenton &4 degraded PVC in labelled toluene
at 180°C. It was observed that the radio-active atoms from
the toluene became incofporated into the polymer chain, and the
amount of activity in the polymer chain increased linearly with
extent of dehydrochlorination,

It was therefore concluded that the degradation of PVC
involved free radical intermediates.

51

McNeill and Neil in a recent communication have shown

that when a mixture of PVC and PMMA is degraded in the TVA
58,59

apparatus , abnormally early degradation of PMMA was caused
by chlorine radicals migrating from their sites on the PVC and
abstracting hydrogen atom from the PMMA leading to a macroradical
which undergoes scission and depolymerisation.

5

Marks et al 2 have suggested that PVC degrades by an

ionic mechanism:

“~CH = CH - CHCl - CH,~ —> -~ CH = CH - CH - CH >
¢ c1”
~nCH = CH - CH = CHeee + HC1

A third view, suggested by Druesdow and Gibbs 53, is that
dehydrochlorination of PVC polymers may be initiated without the

intermediate formation of either radicals or ionic species, The
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loss of HC1l is initiated at a labile centre in the molecule by
a unimolecular process. In this mechanism the chlorine radical
or ion is not fully separated from the PVC molecule and does not
migrate, but tends to attack the adjacent hydrogen,

It seems therefore, that there is no agreement on the

mechanism of HC1 liberation in the process of PVC degradation,

1.17 Poly (vinyl acetate) and Poly (vinyl alcohol):
54

Grassie studied the degradation of poly (vinyl acetate)
and found that this polymer when heated above 190°C decomposes
into acetic acid and polyacetylene, Acetic acid was found to be
produced almost quantitatively.

Servotte and Desreux 60 recently reported 95 per cent
yield of acetic acid when poly (vinyl acetate) was degraded at
BOOOC, under high vacuum,

The mechanism proposed by Grassie is a chain reaction which
is initiated by the loss of an acetic acid molecule at the end of
the polymer chain, and the formation of a double bond.

Formation of acetic acid by a chain reaction in the

pyrolysis of poly (vinyl acetate) could also be initiated at sites

other than ends, by the scission of a € - O bond followed
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by an abstraction of hydrogen from an adjacent carbon to form acetic

acid:
- - - — NAA~
mACHZ ?H 0%21\\;;$H~ CH2 —_—
0 0
I |
C=0 (I;=O
|
CH CH
3 3
CH2 ?H CH CH Hém* + CH3 COOH
l
CH
3

Thus double bonds are formed in the main chain, The C-0
bond irlfg-position to the double bond is weak and breaks to form
another acetic acid molecule.,

Thermal degradation of poly (vinyl alcohol) at low
temperatures results in the elimination of watex;3’5’66, The
degradation of this polymer apparently follows the same mechanism
of a substituent reaction as in the case of poly (vinyl acetate),
The Bydroxyl group abstractsa hydrogen and forms a water molecule.

A wide range of minor products are also observed, 62
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Chapter Two

Apparatus and Experimental Technigue

2.1  Thermal Volatilization Analysis (TVA):

The fundamental features of TVA apparatus are described
in detail by McNeill elsewhere. 58,59
In this work the TVA apparatus, with some modifications,
has been used very widely as the primary means of carrying out
degradation, Therefore, it is thought useful to describe the
apparatus in relation to the modifications made to increase its
sensitivity for detecting very smgll amounts of volatile
products,
A - Principle
The sample is heated in a continuously evacuated tube
at a linear rate of temperature rise, or at isothermal
temperatures. Pirani gauges are situated between the sample
tube and the cold traps of the wacuum system and these respond
to the increase in pressure when degradation products are
distilling from the hot zone into the cold trap. The Pirani
output, which is recorded as a function of temperature (time),

is related to the rate of degradation on a non-~linear scale
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which is compressed at higher outputs and also varies from one

65

product to another,
B ~ Apparatus

The apparatus used is shown in (fig. 2.1). The oven(A)
and linear preogrammer designed by Perkin-Elmer for the model
F11 Gas Chromatograph were used. The temperature range was up
to 52000° The degradation tube (C) was 6 inches long and
constructed from a pyrex Quickfit FG35 flange fitted with a flat
base. The 1id (E) was constructed from two FG35 flanges at
right angles, with a B14 socket (F) at the top for temperature
calibration purposes as well as a site for fitting a Pirani head
(P) during degradation experiments. The degradation tube went
through a water cooled jacket (D) before it entered the oven,
Thus the upper part of the degradation tube is kept cooled to
prevent the grease at the flanged joint from softening during
the course of an experiment. This set up is connected to two
paralled "U'" shaped cold traps (T) by a narrow bore tube (M) of
3 mm internal diameter. The cold traps (T) were provided with
outlets (R) to facilitate collection of degradation products.

Mternative Pirani gauge sites, before and after the cold traps,

were provided at (G, H and J).
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The vacuum system in general was constructed of pyrex
glass medium wall tubing of 0,5 inch internal diameter.

High vacuum was maintained by liquid nitrogen traps
and vacuum pumps (Edwards model EO1 vapour diffusion pump,
backed by a model 2 SC20A rotary oil pump).

An Edwards "Speedivac' model 8-~2 Pirani gauge control
unit with provision for the use of two heads (model G5-C2) was
employed.,

C ~ Modifications:

In order te increase the sensitivity of the TVA apparatus
to its maximum, three simple modifications were introduced:
1 - The Pirani head was placed at (F), see fig. 1, near to the
sample. This increases the response of the Pirani gauge
to volatile products coming off the sample, since McNeill

1 65467

and Nei have shown that there is a gradient of
pressure increasing from the cold trap towards the sample
site, Thus the pressure at (F) is higher than that
registered at (G).

2 - A six inches long narrow bore tube, 3 mm internal

diameter, was inserted in position (M). This was found

to be sufficient to inceease the response of the Pirani
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without causing ény appreciable delay in pumping down

the volatile products from the hot zone to the cold

trap, especially when small samples are degraded. Thus
Tmaxi the temperature at which the rate of volatilisation
reaches a maximum, is not shifted when small sample sizes
are degraded. But when a large sample, 20 mgs or more,
is degraded a slight delay in pumping out the volatile
products caused a small shift in T__, by about 3° - 5°C,
to higher temperatures.

The Pirani output was fed to a recorder giving, at maximum
sensitivity, 1 mv full scale deflection (f.s.d.).

For the larger sample sizes studied, 10 mv f.s.d. was used.
The Pirani gauge response is non-linear for high mtes and
it is very compressed at high pressures. However, it may
be considered as fairly linear at low output up teo 2mv.
This has been shown for styrene monomer, for example, by
McNeill and Neil, 65,67
Therefore, when a very small sample size of polymer is
degraded the volatile products caused a response of less than
1mv on the recorder chart, so that the response for the small

samples could be assumed to be a linear function of rate of

volatilisation,
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By making these simple verifeeations to the apparatus
it was found possible to degrade a very small weight of polymer,
as amall as 5 pg in the case of polystyrene, and still get very
well defined pegks.

A Rikadenki 3%-pen reccrder, model B3b1, was used to record
the emf output of the Pirarni g:uge anl -7 tne thermocouple.

2.5: 1 potential divider was previded for the thermocouple
channel te enable a full scale deflectien of 25 mv to be obtained.

The chart speed normally used throughout the work was

Lo em,/h 3 other speeds were also available.

D ~ Degradation Tubes:

The degradation was carried out mainly in pyrex tubes
with flat bases to make it easy to cast as uniform a film as
possible,

To investigate differences in thermal behaviour for
various film thicknesses without changing the sample size of
the polymer, a number of tubes with various base areas were
constructed.

Tube No. 1 in (fig. 2.2) had a flat base of area of

2

approximately 10 cm® and was similar to (C) in (fig. 2.1)e



Lk,

.ANEU 9 JnuQe) wede 9se( adaeT yzTm aqny SSBIH °G
"(LWO OL) 2any Te93S SSATUTEIS Yy

.Amso 2L°0 ‘0 pue

S 7°0 ‘d .NEo L *V) SQWIT esay3 y3Ttm pepracad sqny Ssern °¢
.Asommmso L) SqQWTIT om3} Y3Ttm paptaoad aqny sseln °g
.Amso Ol ®ade aseq) 8qny SselrH °*|
*saqng uoT3epeIdag 2°C oanstyg
¢ *oN
O
.o .o . PTI
[¥] o
e LN 2 *oN ¢ *oN

g *oN aTqrAOWSY




Ls,

No, 2 was provided with two limbs of area about 1 cm2 each,

Tube No., 3 had three limbs and was constructed as tube No, 2
except that it was fitted with three tubes of different diameters,
(4) 9, (B) 7 and (C) 4 mm internal diameter, thus the areas of
the bases of these small limbs were 0,64, O.4 and 0,12 em®
respectively. The limbs were about 1 cm deep.

Tube No. 4 was similar te No, 1 in dimensions but made
of thin wall stainless steel tubing, strong enough to withstand
high vacuum without collapsing.

The large tube No. 5 was constructed from pyrex: tubing
of medium wall thickness, The base was a flat pyrex disc of
9 cm diameter. The top of the tube was fitted with a B34/35
Quickfit Cone, instead of the flange, to make it possible to
insert it through the oven and the cold ring jacket,

The base area of this tube was about 64 cm2, An extra

1id B in (fig. 2.2), provided at one arm with a B3L4/35 socket,

was constructed to be used with this tube.

2.2 Differential Condensation Thermal Veolatilisation Analysis:

The vacuum system between the hot zone and pumps was

split into four parallel lines, each of which consisted of two
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"U" shaped traps with Pirani gauge to recerd the pressure in
the short line between them (fig. 2.3). The trap nearer the
sample was maintained at 0, - 45, - 75 or - 100°C, the second
trap is keptat -~ 196°C under liguid nitrogen. A fifth gauge
was situated after the - 196°C traps.

The Pirani gauges were connected to the control unit of
a multipoint recorder through variable potentiometers adjusted
so that the responses from the gauges were as close as possible
throughout the pressure range when a completely non-condensable
gas was passed through the system,

205 Temperature Calibration:

Chromel - Alumel thermocouples (20 gauge, Leeds and
Northrup Ltd.) were used.

The recorder was operated with a 10 mv range and 2,5 : 1
potential divider on the temperature channel,

The thermocouple circuit was as shown below:

//f—‘_‘_‘ Recorder

Hot Cold
(ice)
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b e Araldite seal.
( ‘

Iif
) it
Ne=f==- — .
;; Zz:z === l&——_ Cooling Jacket.
== == <
ZZ; WZLLZ (77 777 7 77  Oven Top
l! J
i A
f
’ ) «— "Apiezon' Bead

Figure 2.t Arrangement for temperature calibration.
A. Thermocouple junction (inside tube).

B. Thermocouple junction (oven).
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The reading obtained on the chart by applying known
potentials through the potential divider to the recorder was
determined and thus the chart reading could be related to
temperature by the use of @hromel - Alumel thermocouple tables,

The temperature reading obtained during degradation was
measured by the oven thermocouple B (figs. 2.1, 2.4) and recorded
on the recorder chart. Since it was the sample temperature
which was of interest, and this was different from oven temperature
due to the thermal gradient across the base of the degradation
tube, it was necessary to calibrate the tube for the temperature
lag at the specified heating rate, 10°C/min., and at the
isothermal heating temperatures used in this work, by comparing
the outer thermocouple output with that of a thermocouple
touching the inside surface of the tube base., The tip of the
thermocouple on the inside was made slightly flat and was also
made to exert a small pressure against the tube base te¢ ensure
good contact; again for the same reason a small bead of
Apiezon "L" grease was put at the point of contact between
thermocouple and the tube base, which also simulated molten
polymer samples (fig. 2.4),

Several calibration runs were made under high vacuum
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for each tube and for each limb, Graphs were plotted for

temperature lag against oven temperature, (figs. 2.5 and 2.6),

2.4 Thermogravimetry (TG):

TG is a well established thermal analysis technique in
which the weight of a sample is continuously recorded while the
temperature is raised linearly. TG curves quickly provide a
measure of thetotal extent of degradation, but require to be
differentiated to obtain rates of rezaction. The temperatures
at which rate maxima occur are much less accurately measured
than in TVA, A more detailed comparison between the two

65 and Neil 67.

techniques is given by McNeill

TG curves were obtained from a Du Pont 900 Differential
Thermal Analyser with accessory 950 TG module, The
thermobalance was of the null deflection type employing a
photoelectric system to detect and compensate for movements of
the qugrtz beam from which the platinum sample pan was
suspended. The heat was supplied by a programmed furnace into
which the silica tube enclosing the balance beam, sample pan
and thermocouple slid horizontally.

Samples were degraded in an atmosphere of nitrogen

flowing at 50 ml/min., or under vacuum which was as good as
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1O-br mm Hg.

Thermogravimetry had the advantage that it could be used

to study degradations at temperatures above BOOOC.

2.5 Sample preparation:

Polymer samples were usually degraded in the form of films
of arious thicknesses, These films were prepared by delivering
1 ml of solution of appropriate concentration into the degradation
tube, The solvent was removed by passing a slow flow of nitrogen
gas over the surface of the base of the degradation tube, at room
temperature, using the apparatus arrangement of fig. 2.7.

1 per cent polymer solutions were prepared in 10 ml
standard flasks. Successive 10 fold dilutions, of the 1 per cent
solution, were also prepared down to a 0,001 per cent concentration.

5 per cent sclutions were also made to provide larger
sample weights.

Sample weights varied from 10 yg up to 20 mgr in most cases,
except for polystyrene were it was between B)Lg and 100 mgs, i.e.

6 and 1O~1g)9

(5 x 107
The films are formed at the base of the degradation tube

when the solvent is swept off. More solvent is given off by the



&——— Degradation tube.

Figure 2,7 Arrangement for film preparation.
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film when it i1s exposed to high vacuum and the rest of the
retained solvent is released in the early stages of temperature
rise,

Polymer samples in the form of fine powder (or small
pieces for polymers which could not be ground) were degraded
in order to compare their results with those obtained from very
thin films. Extra care was taken to ensure an even distribution
of the polymer powder onto the base of the degradation tube, and
not on the inside walls., This precaution is important to secure
uniformity of sample temperature during degradation. 65

Various solvents were used to make up the polymer
solutions, such as benzene, toluene, acetone, cyclohexanone, 1,2 -
dichloroethane, ethyl methyl ketone and others which will be
mentioned in each case. These solvents were of A.R. grade, and
used with neo turther purification unless it is otherwise stated.

The sources of the various polymer samples, and the details
of preparation of those made specially for this study, are given
in the appendix.

The usual procedure of degradation carried out throughout
this work was that polymer samples were degraded either at the

programmed heating rate of 10°C/minute or at various isothermal

temperatures.
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Chapter Three

Degradation of Polystyrene

3.7 The shift in the Rate Maximum Temperature (Tmax) for

polystyrene as Thin Films:

Polystyrene (¥n 140,000) prepared by free radical
mechanism (see appendix) was degraded in the form of films,
using degradation tube No., 1 with 10 cm’ base area (fig. 2.2).
Sample weights varied from 5 x 10-6 gm up to 10_1'gm, forming
film thicknesses from 10—6 cm up to 10_2 cm respectively,

The degradaticn was carried cut under a programmed
temperature rise of TOOC/min. in the TVA apparatus.

The graph of Tmax against log (sample weight) was
step shaped showing two clearly defined horizontal portions
differing in temperature by about 60°C (fig. 3.1), the thin
film portion of the graph being in the higher temperature
region, The section on the graph related te thin films
represents weights between 5 x 10_6 and 10"4 gm, i.e. thickness
of about 5 x 10”7 up to 10™° cm. This section is followed by

L

a sharp drop in the region of 2 x 10°  to 2 x 'IO_3 gm, then the

curve levels off at constant Tmax for larger sample sizes,
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mV | Pirani output
(Rate)

%mwume%

Figure 3.]la  Degradation of 0,2 mg film samples of Polystyrene
(cationic ﬁn = 108,000).
film degraded in tube No. 1 ( 10 cm2).

-------- film degraded in tube No, 2 (1.2 cmz).
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The same polymer was also degraded in the powder form
and Tmax was the same for small and large sample sizes, and
corresponded to values of Tmax represented by the lower

section of the curve in (fig. 3.1).

52 Authenticity of the Thin Film Effect:

o]
When extremely thin films of polystyrene, 102 - ’IO3 A

thick, were degraded under vacuum in the TVA apparatus, the
rate maxima temperatures, Tmax’ were observed to be higher by
about 60°C than those for films more than one micron thick.
This remarkable phenomenon of apparently enhanced thermal
stability of thin films was the subject of detailed investigation.
A number of tests were carried out to show that this effect
was due to changes in the mechanism of breakdown of polymer
molecules and not caused by other external factors related to
characteristics of the apparatus or sample preparation.
a) Surface effects on glass were excluded when the same shift
in Tmax occurred when the polymer film was cast and
degraded in a stainless steel tube specially constructed
for this purpese, (fig. 2.2).
b) The possibility that the effect might be due to slow

transfer of minute amounts of styrene monomer as a
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Figure 3.2 Arrangement for the Pirani Gauge response

to styrene monomer,



61.

product of degradation owing to adsorption on the walls
of the apparatus, for instance, was tested by admitting
very small amounts of styrene into the apparatus at
420°C at a given instant and noting the time taken for
the Pirani gauge, some distance away, to respond.

The apparatus used in this experiment comprised a
round bulb (4) in (fig. 3.2) of about 1 litre volume
with a short side tube (B), constructed of pyrex glass.
A tube 20 inches long was attached to it. It consisted
of a Lt inches long capillyry between taps (C) and (D),
followed by a B14 air leak and a narrow tube the end of
which (E) almost touched the base of the degradation tube.

A small amount of styrene monomer, 2 ml, was
introduced into the side tube (B) and was completely
degassed by freezing it and opening bulb (A) to the
vacuum line several times., Finally, while the monomer
was kept frozen, bulb (A) was opened again to the vacuum
system until a high vacuum was obtained. Tap (D) was
then closed and the monomer was allowed to thaw. Thus
bulb (A) and capillary were filled with styrene vapour.
Tap (C) was then closed; the oven temperature was brought

up to 420°c. (D) was opened to let styrene vapour inside
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the capillary to pass through to the hot base of the
degradation tube,

The response of the Pirani gauge was instantaneous
in every case, indicating that slow transfer of products
of degradation is not the explanation for the effect
referred to above,

It was also observed that when a blank run was carried
out, i.e, when there was no polymer sample in the
degradation tube, adsorbed gases were released from the
inside walls of the degradation tube only in the very
early stageé of temperature rise.

In a further test, a polystyrene thin film, of 0,01 mg
sample weight, was preheated beyond its Tmax and just
before its complete conversion into volatile products,
heating was stopped and the oven was allowed to cool

down to room temperature, When the residual polymer

was heated again, the TVA curve showed a small peak,

due to products resulting from the minute residue, was
observed (see fig. 3.3). This observation shows that the
degradation is not complete until the TVA curve has

reached the base line,
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Rate

Heating stopped
at 497°

Temperature (Time)
Figure 3.3 0,01 mg PS thin film heated at 10%/min up to 497°C and
then cooled down to room temperature.
--------- if degradatien was continued.

a, peak due to residual polymer when it was degraded again.
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This would support the earlier experiment in that
the removal of products is instantaneous and the time
lapse for volatiles to travel from the hot zone to the
cold trap is not long enough to allow for the wide shift

observed in Tmax along the temperature scale.

Possible causes of the shift in T
i max

A - Ease of volatilization from the polymer surface:

It is well established that free radicals are formed
during the degradation of polystyrene (see Introduction).
The smaller radicals, produced during the degradation,
diffuse through the molten polymer mass causing further
scissions by abstracting an o~ hydrogen atom at sites
on the same chair or on another molecule.

When the polymer is degraded as an extremely thin
film it is possible, therefore, that the small radicals
might escape from the vicinity of the polymer film surface
without causing any further degradation in the neighbouring
sites.

This was tested by attempting to cause some delay or

to hinder the small radicals from escaping the film surface.
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Coating the polystyrene film with a thermally more stable
polymer:

Polyparaxylylene (PPX) which degraded at a higher
temperature than that of polystyrene and did not interact
with it, was used.

Thin films of 0.1 mg polystyrene were prepared as
previously described and a thin covering of 50 mgs (PPX)
in the form of thin sheets (since it was found difficult to
grind (PPX) into a firepowder) was distributed so as to

zcover the polystyrene film,

However, Tmax for polystyrene thin films showed the
same shift as in the absence of (PPX) covering.

Individually degraded (PPX) and Polystyrene (cat. D.N.
see appendix) showed Toax OF 510°C and 430°C respectively.

A 0,1 mg polystyrene powder and 50 mg: (PPX) placed at
separate locations in the degradation tube No, 1 were
degraded., The same sample weight of pelystyrene film
covered with the same amount of (PPX) was also degraded,
and the Tmax was observed to be higher by 30°C (fig. 3.4)
in the latter case.

Since the peak for 0.1 mg polystyrene appeared only as

a small sholder on the (PPX) peak, the experiment was
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Pirani output
(Rate)

i . 1 1 i

Loo 450 500 520

Temperature °c

Figure 3,4 Degradation of 0.1 mg PS (cationic) covered with PPX,

0.1 mg PS Powder + 50 mg PPX placed separated

in tube No, 1

------- 0.1 mg PS film covered with 50 mg of PPX.
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Pirani output
(Rate)

mV

. i R i . i i
350 Loo Ls0 500 520

Temperature °
Figure 3.5 Degradation «f 0.5 mg PS (cat.) covered and uncovered
with PPX,
0.5 mg PS Powder + 50 mg PPX placed separated in

tube N(‘o 1 P
""""" 0.5 mg PS film c¢ vered with 50 mg PPX.
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repeated with a polystyrene sample of weight of 0.5 mg

' instead of 0,1 mg. The same shift was observed as is

shown in fig, 3.5.

Degradation in a closed system:

When the pressure over the polymer sample is increased,
the ease with which volatile products, including small
radicals, leave the polymer surface will be reduced. This
pressure would therefore favour further attacks by the

small radicals on the polymer chains. To test this

possibility the pressure over the polymer sample was increased

as follows:

The films were prepared as previously described, and
the system was maintained initially at high vacuum, before
the degradation tube was isolated from the pumping system
by closing taps I in fig. 2.1, The cold trap (T1) was
kept at - 196°, - 78°, - 40° and at room temperature for
different experiments,

Thin films were degraded under these conditions and
the cold traps acted as pumping system. Tmax was

observed to be higher in the case of thin films than those

for thicker films to the same extents previously observed,



2.

690

Three polystyrene samples were used, PS D.N. cat.,

PS. F.R. Mn 228,000, and PSqthermal (see appendix).

Trap T1 in fig. 2.1 was kept at room temperature, and
the diffusion pump was disconnected. The rotary pump was
connected and supported by a cold trap which was kept at
- L&OOCc The pressure was increased to about 'IO_2 Torr,
Experiments for degrading polystyrene thin films were
carried out. The Tmax for thin films was observed to be
higher than those for thick films by about 30° - 40°C,

These attempts described in a and (b.1 and 2) above,
though not conclusive, may suggest that ease of
volatilisation from the polymer surface is not a major
factor responsible for the enhanced stability of very thin
films of polystyrene.

B - The effect of oxygen gss?

The effect of traces of oxygen during film preparation
was excluded when films prepared under a flow of oxygen gas
showed the same shift in Tmax when degraded.

Films were also prepared under air or simply left
overnight at room temperature for the solvent to evaporate,

when degraded, Tmax was found to be higher for thin films
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than those for thick films by more than BOOC. For example,
Tmax for a 4 mg film prepared under oxygen was 45200.
While that of a thin film of sample weight 0,05 mg
prepared under the same conditions was 488°C.
This suggests that the atmosphere under which films

were prepared has little or no influence on the stability of

the thin films.

C ~ The effect of solvents used:

To test the effect of solvents on the polymer film,
various solvents were used in the polymer film preparation,
such as benzene, toluene, cyclohexane, ethyl methyl ketone
and 1,2-dichloroethane.

It is well established that polymer molecules are more
extended in a thermodynamically good solvent than in a poor
solvent, Therefore, the polymer molecules in different
solvents might also align themselves differently when thin
films are formed.

Films prepared from various solvents were degraded, and
it was observed that values of Tmax obtained from thin films
were higher than those for thick films by the same extent as

previously described in all cases.
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This suggests that the solvent power has no effect

on the enhanced stability of thin films.

D - The effect of solvent impurities:

Analytical Reagent grade solvents used in this work
contained, according to the suppliers specifications, small
amounts of impurities.

Therefore, it was considered essential to examine the
possible effect of these impurities and to see whether these
produced volatiles in appreciable quantities or not.

20 - 30 ml1 of benzene or toluene were evaporated
under nitrogen gas in the degradation tube No., 1 with no
polymer present, The tube was then attached to the
vacuum system and a TVA experiment was carried out. Very
little volatiles were given off at about BOOOC and there
was no defined peak but just a deflection of about 0,02 mV.
This deflection is insignificant and it has no contribution
to the area under the TVA curve of 0,1 or 0,01 mg of
polystyrene sample, since only one ml of solvent is used
in each case and not 30 ml.

Therefore, it seems that Tmax refers to the peak formed
from the volatiles given off the sample itself and not to

solvent impurities.



Furthermore, the same solvents were also used for
those polymers, discussed subsequently, which did not

exhibit any shift in Tmax according to film thickness.

3,4 Du Pont TG Machine:

TG curves were obtained for polystyrene samples heated at
10°C/min. under a dynamic atmosphere of nitrogen gas.

A 0,2 mg polystyrene sample was degraded in the powder
form and the same sample weight was alsco degraded as a thin film.
The thin film was introduced to the platinum pan by delivering
0,05 ml sclution ¢f an apprepriate concentration. The TG apparatus
was operated at maximum sensitivity. From comparing the two TG
curves in (fig. 3.6), it appears that the thin film is more
thermally stable than the powder by 10° - 1500, this confirms the
effect observed by TVA.

The shape and size of the platinum pan, which was about
1cm2 area, did not allow very thin films to be formed, because
the pan had no flat base.

The balance mechanism was not sensitive enough for weights
less than 0.2 mg dﬁe to noise and vibration of the balance beam

of the sample holder.
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0.6 P

mg | weight

0.k }

A A1 L 3. A

100 200 300 koo 500

Temperature %
Figure 3,6 Degradation of 0.2 mg samples of polystyrene in the
TG Du pont machine, under dymamic atmosphere of N2
gas.

powder sample

....... film sample,
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%.5 Degradation of various types of polystyrene:

A number of samples of polystyrene, prepared by various
polymerisation mechanisms, such as free radical, thermal, anionic
and cationic (see applendix), were examined by the TVA apparatus.
The molecular weight (Mn) of these polymers ranged from 2000 to
600,000,

20 mg, 0.1 mg and 0,01 mg sample weights were degraded for
each polymer in the form of films.

Tmax for thin films of sample weights of 0.1 and 0.01 mg
were observed to be higher than those obtained from degrading
20 mg samples (see table 3.1).

Mode of polymerisation seemed to have no significant
influence on the position of Tmax' However, values of Tmax
obtained from 20 mg samples were observed to be higher for low

molecular weight polymers than those obtained from high molecular

weight polymers, (see fig. 3.7).

3.6 Isothermal Degradation of Polystyrenme:

A 3.2 mg polystyrene powder sample (cationic D.N. see
appendix) was degraded in the TVA apparatus isothermally at 400°¢.
Degradation started after 7/ minutes during the heating up period,

when the sample temperature was about 250°C and still rising,
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POLYSTYRENE T oax C°
_ FILMS
SAMPLE TYPE Mn 20 ng. 0.1 mg 0,01 mg

PS BZD, | 140,000 121 480 488
PS ST11 BZO, | 130,000 L26 Iy 487
ST 8 BZ0, 60,000 428 485 490
PS BZ0, 184,000 Loy 482 485
PS BISTO 75,000 430 491 488
PS BISTO | 228,000 Lo5 489 485
ST.2, Thermal| 605,000 h22 486 438
ST.7 Thermal| 420,000 | 426 180 486
PS,706 Thermal| 136,000B| 42k 460 161
L 13 Anionic| 48,000N| 1433 478 438
L 2, Anionic| 44,600 431 465 482
PS.705 Anionic| 175,000N| 429 470 Lok
PS DN Cationic| 108,000 430 L2 480
PS Tonic? | 4,000 140 488 -

PS Ionic 2,000 L1 483 -

B = Broad Distribution
N = Narrow Distribution

Table 3,1

5
degraded as films in tube No, 1 (10 em ),

ax values for various polystyrene samples
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Complete conversion to volatiles was attained after about 30
minutes, (see fig. 3.8). The curve obtained from this
isothermal degradation, appears to be a broad peak and the
rate of degradation was very high.

In contrast, a 0.2 mg film sample of the same polymer
was degraded isothermally at 410°C,  Volatilisation began at
a temperature of about 3800. The rate reached a maximum after
7 minutes at about QOOOC. Then degradation continued at a
smaller rate of velatilisation for more than 70 minutes towards
complete conversion (fig. 3.9).

In another set of experiments, 1,0 mg sample weights were
degraded isothermally in the TVA apparatus using degradation
tube No. 1 which has 10 cm2 base area. The samples were in
the powder and film forms. The thin film was degraded at 360°C
and the powder sample at 350°C. The results are compared in
(fig. 3.10).

The curve representing the thin film is shifted altogether
towards the right along the time scale, although the temperature
is higher than in the case of the powder form.

The reason that the two samples were not degraded at the
same temperature was that volatilisation from the thin film did

not begin to be noticed for 30 minutes when it was heated at
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10

Pirani output

"396%

mV

Rate 6

Time (minutes)
Figure 3.8 Isnrthermal Degradation of 3.2 mg powder sample

of polystyrene at 400°C.



79.

2

.oocr¢ e ausdalysfiod jv srdwes wTy Bw z°Q JO uUcijepeidsy TEWISYFOST 6°¢ eanstd
*(S93nNUTW) SUL]

09 Sh 0¢ G

- T Y T AJ Y - |

S v—————

AW

93ey



8o.

*ousafysfyog yo setdwes 3w (°| JO uvTiepeRIZop TRUWISYFOST

(SejnutTw) swiLj

745

06

WTTH

I2pMOJ

-t

(o98)
jndgno
Tueatd



81.

3500, On the other hand, the powder sample degraded so rapidly

at 56000, causing a deflection of more than 1 mV Pirani output,
that the response was no longer linear with the rate,

When a 0,1 mg film sample of the same polymer was heated
at 35000 for 60 minutes, no volatile products were detected, As
soon as the temperature was raised to 400° the film started to
degrade very slowly, and the rate increased only when the
temperature was raised to above 400°C,

All these observations indicate greater thermal stability

of thin films compared with thicker films or powder samples.

3,7 Degradation of Poly (methyl styrenes):

Solutions of poly ( X - methyl styrene), poly (meta-methyl
styrene) and poly (para-methyl styrene) (see appendix), were made
in benzene and toluene, Various appropriate concentrations were
used to enable accurate weights to be delivered into the degradation
tube by measuring 1 ml aliguots containing 20 mg, 10 mg, 1 mg, 0.7 mg
and 0.01 mg., Films were prepared as described previously.

The sample weights of poly ( & ~ methyl styrene) covered the
same range of weights as polystyrene, i.e. from 0,07 mg to 50 mg.
Poly ( o - methyl styrene) was degraded at a heating rate of 10°¢c

per minute under similar conditions as used for polystyrene. It
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It was observed that the Tmax values were the same for all sample
sizes as it is shown in fig. 3.1,

Poly (m - methyl styrene) and poly (p - methyl styrene),
however, both showed significant shifts in Tmax for extra thin films

as chown in table 3.2,

3.8 Degradation of other polymers:

Polymers for which intra and intermolecular chain transfer
has been well established as playing a part in the degradation
process were examined.

a) Polypropylene

Polypropylene normally shows a great deal of intra and
intermolecular transfer on degradation, Although it was
difficult to dissolve this polymer in benzene or toluene,
an attempt was made to dissolve it in refluxing methyl ethyl
ketone which has a boiling point of 80°C,

A 0.1 mg polymer film sample was formed in degradation
fube No., 1 as previously described and degraded in the TVA
apparatus at 10° per minute temperature rise. Tmax was
observed to be higher than that for the corresponding bulk

sample of similar weight and for that of 20 mg: weight by

about 40°C,
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o

POLYMER C.
Max.
20 mg 0.1 mg 0,01 mg
Poly ( & - methylstyrene) 338 338 23%9
Poly (m-methylstyrene) 10 Lo 478
Poly (p-methylstyrene) L Lol L1
Poly (propylene) 460 508 -
Butyl Rubber MD 501, 395 Lok L2z
Poly (isoprene) 37k 374 395
Poly (butadiene) 398(L61) 398 (466) -~ (47%)
Not clear
Poly (isobutene) IB IV 391 L pn Lo6

Table 3.2

Rate Maximum Temperatures for films of various

polymers.
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However, it was difficult to get a wide range of film
thicknesses owing to the rapid precipitation of the polymer
in cold solution. The results obtained for this polymer are
collected in table 3.2.

b) Poly (isobutene):

Since this polymer resembles polystyrene with the phenyl
group replaced by a methyl group, as discussed in the
Introduction, its degradation was studied in some detail.

The polymer IB if, Mn = 105 see appendix, was degraded
in bulk and as thin films in the TVA apparatus as described
earlier, Solutions were prepared in benzene as being a poor
solvent and in cyclohexane as being a very good solvent for
this polymer. The films were prepared in the same way as
for polystyrene. Tmax values of samples degraded as thin
films were observed to be higher than those of thick films by
about 30°C (see table 3.2).

Further experiments to show the effect of film thicknesé on
the position of Tmax were carried out, The method consisted
of degrading the same sample weight formed as films on two
different areas, Tube No. 1 with 10 cm2 area and tube No. 3c
with an area of 0.12 cn® were used (see fig. 2.2)s 2pl of

0.5 per cent polymer solution, containing 0.01 mg sample weight,
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were introduced by a microsyringe into limb (c) of tube

No. 3. Also, ﬁ ml of the polymer solution containing the
same amount of polymer, i.,e., 0,01 mg, was delivered into
tube No, 1. The average thickness of the thin film was

100 Z, and that of the film in tube 3C was 100 times thicker.
The films were prepared as previously described and were both
degraded in the TVA apparatus under identical conditions at

a heating rate of 10°¢c per minute, Their TVA curves are
compared in fig. 3.11, which indicate that the thin film is
more thermally stable than the thick film.

As previously discussed in the case of polystyrene the
comformations of polymer molecules in solution vargs according
to the solvent power, Thus, when the solvent is evaporated,
leaving a thin polymer film, the molecules in films formed
from different solvents might have different alignments or
might acquiré different comformationms.

Therefore, thin films prepared from a poor and from a
good solvent were degraded in the TVA apparatus under similar
conditions, The Tmax values were observed to be the same in
both cases.

The rate with which the solvent was removed, during film

preparation, also had no effect on the position of the Tmax
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0'3 L

Pirani output

mV

0,2

Rate

0.1

350 L0oo 450
Temperature %

Figure 3,11  Degradation of 0.01 mg Poly (isobutene) films

of different thicknesses.

----- film prepared in tube No. 1 (10 en).

2
film prepared in tube No, 3C (0.12 cm ).
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values of the degraded thin films, as long as the thickness
of the film was not severely affected by blowing the solution
to the sides of the degradation tube by the flow of nitrogen
gas.

This was tested by degradation of 0.1 mg thin films
prepared by removing the solvent rapidly within 5 minutes, or
very slowly over a period of 2 hours. This was carried out
for both solvents and 1 ml solution was used in each case, and
tube No, 1 was used.

These observations may suggest that solvent power has no
effect on the position of Tmax’ and confirm the conclusion
reached in similar experiments in the case of polystyrenes.

c) Poly (isoprene), Poly (butadiene) and Butyl Rubber:

These three polymers, obtained from industrial sources
(see appendix), were purified from stabilisers. The method
used was to dissolve the polymer in benzene and reprecipitate
twice in a large excess of methanol. The polymer was then
collected and dried under vacuum at room temperature for two
days.

Solutions of appropriate concentrations were prepared as

previously described and films of various thicknesses were
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degraded in the TVA apparatus.
Tmax values on the TVA curves were observed to be higher
for thin films than those for thick films, as listed in table

3e24



- 89.

Chapter FEour

4,1 Investigations into molecular weight changes of Polystyrene:

To understand the mechanism of breakdown of polystyrene
molecules in thin films it is essential to know how the molecular
weight falls and at what rate, during degradation.

Due to the very small sample weights used in this werk, it
was not possible to measure the changes in molecular weight by using
standard techniques. Other possible approaches were investigated,
which might give some indication, even if only qualitative, of
molecular weight changes in ultra small samples,

The molecular weight of a polymer is directly proportional
to its solution viscosity. Solvent retention in the polymer film
will also be directly proportional to viscosity hence to molecular
weight, A thin film of polymer retains some of the solvent for
some time even under vacuum at room temperature.

The use of radioactive traces offers a promising approach to
determination of minute quantities of material, Measurements of
radioactive solvent retained in a polymer film might therefore be

related quantitatively to viscosity or molecular weight of the polymer.
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1y2-dichloroethane (1%.8 mg) labelled with 0136 was supplied
by the Radiochemical Centre, the specific activity was 14.6 pei/mM
and the total activity was Eo.h‘pcio This radiocactive material was
Adiluted with 50 ml 1,2~dichloroethane which have been distilled three
times, the middle portion having been collected each time,

Solutiéns of polystyrenes ST.2, ST.7 and ST.11 of three
~ different molecular weights (see appendix) were made in AR,
1,2-dichloroethane of concentration 1mg/ml.

A ratemeter (EKCO Electronics type N522C) and Geiger tube
(Mullard type MX 168/01) were used in the counting experiments.,

Uranyl Acetate solution was used te calibrate for the optimum
voltage. A curve for voliage versus pulses per second (PPS) was
obtained (fig. 4.1), and 450 volts were found to be the voltage
where the counts were independent of voltage fluctuations,

A 0,5 mg film for each of the three polystyrenes were made
on one inch diameter shallow aluminium dishes., The films were dried
at 60° under vacuum for several hours.

0.2 ml of the radio-active solvent was added to each films and
was left to evaporate at room temperature. 'When the film was
visibly dry it was placed under the Geiger tube and count readings were

taken on the ratemeter every five minutes, Readings were also taken
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for blank dishes which contained no polymer films but radio-~active
solvent was added to count for adsorpiton on the metallic dish.

Although it was observed that the films retained appreciable
amounts of the radio-active material for 20-30 minutes, no
significant correlation could be found between radio-activity
retained by the polymer film and the molecular weight of the polymer.

A more sophisticated instrument such as the ligquid scintillation
counter (Nuclear Chicage, Mark I) was also used.

0,5 mg films of the polymers were prepared in duplicates in
small bottles. All bottles were kept in the vacuum oven at 60°c
for several hours.

0,2 ml of the radio-active solvent was added to each of the
polymer films and to two other bottles which contained no polymer
films, and the solvent was left to evaporate at room temperature.

10 ml. of scintillation fluid, comprising 4 mg PPO and 50 mg
POPOP per litre of toluene, were added to each bottle and to two extra

blank bottles.

The results of counting the solutions were inconclusive.

L,2  Viscometry:
A sharp drop in the molecular weight of a polymer would

obviously cause a drop in the intrinsic viscosity of its solution.
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Figure 4.2 Semimicroviscometer,

Volume of AB is ab-ut 0.4 ml.

Volume of D is ab-ut 0.7 ml.
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The sample sizes employed in this work, however, were much
too small to permit use of conventional viscometers with any accuracy.
Two methods were used to gain increased sensitivity.

To increase the sample weight of the polymer film without
altering its thickness a large base degradation tube No, 5 (see fig.
2.2) was constructed, with base area 64 cmz.

A semimicroviscometer was also specially constructed for
viscosity measurements of small volumes of solutions of low

concentration,

A)  The Viscometer:

A "U" shaped semimicroviscometer was constructed from
pyrex glass tubing of L mm inside diameter joined to a
section of "Veridia'" precision bore capillary tubing of 0,35 mm
diameter see (fig. 4.2). The total length was 35 cm, The
constant volume between A and B was about O.4 ml and bulb D
was about 0,7 ml capacity, The capillary between B and C was
23 cm long.

B) Testing of Viscometer with samples of known M, Wt.

The viscometer was cleaned with hot chromic acid and
rinsed with water several times and left to dry in an oven.

It was then rinsed again with A.R. toluene several times and

dried and kept in a vertical position in a thermostated water
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bath at 25°C + 0,02°,

Viscosity measurements were made on polymers of known
number-average molecular weights (obtained from osmotic
pressure measurements) ST2, ST7, ST11 and FR I (see appendix)
using the semimicrovismcméter;

1 per cent W/V sclutions in A.R. toluene were prepared
for each polymer, Each solution was used to prepare 0.8,
0.5, 0.2, 0,1, 0,05 and 0,02 per cent concentrations.

A stop watch reading to 0.1 second was used., The mean
flow time of toluene at 25°C was 174 seconds. Flow times
for the above solutions were determined several times,
Results are given in (table 4,1) and 4?SP/C VS, C plots
are shown in (fig. 4.3),

To calculate molecular weights, the relationship,

{Wﬂ = Kﬁi was used, where the values of (K) and (a) fer
polystyrene in toluene at 25°C are 11,8 x 165 and 0,72
respectively, 68

The viscosity average molecular weights obtained from

these measurements for the polymers above, were of the same

order as their number average molecular weights,
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Determination of percentage conversion during degradation:

The determination of extent of degradation in cases where
the sample size is too small to permit estimation of products
by conventional methods presents special problems,

The method used for calculating the percentage conversion
of a partly degraded sample was as follows: A 0,5 mg polymer
sample in the form of thin film was completely degraded
isothermally, Since the pirani response causes a recorder
deflection not more than 0,6 mV, it may be considered as a
linear measure of rate of production of styrene monomer
(see page 42), Hence the area under the TVA curve, which is
a rate VS, time plot; is a measure of guantity of volatile
material, The area under the TVA curve due to the volatile
products from a 0.5 mg sample of polystyrene thin film degraded
under isothermal conditions was measured. The area determined
in three experiments was found to be 670 + 6 on® and was
considered to represent 100 per cent conversion,

A similar size of sample was degraded isothermally in tube
No., 3C which has a very small area (0,12 cma) so that the film

was more than 100 times thicker than that formed in tube No. 5,

with large base area, The area under the TVA curve was

considered as a measure of 100 per cent degradation as was
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described above, In three experiments in this case, the
area was found to be 614 + 4 cmz.

The average thickness of the thin film was less than
1000 Z over an area of about 64 cm2, while that of the thick
film in tube No., 3C was about 105 Z.

In the isothermal degradation experiments, thin films
were degraded at 410°C while thick films were degraded at
36000. The different temperatures were necessitated by
the considerable differences in rate previously discussed.

To obtain various percentage conversions, the heating
was stopped at different stages along the TVA curve in each
experiment and the area under the TVA curve was calculated.

This area was then compared with that for complete conversion

(see fig. 4.4t) to give the percentage conversion.

Degradation of thin polymer films to various degrees of

conversion:

High molecular weight polystyrene ST2 (Mv = 853,500)
was used, see appendix. The films were prepared, as
previously described, by transferring 1 ml solution,
containing 0,5 mg of the polymer, into the degradation tube

No., 5 with the large base area.
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Depradation was carried out to a different degree of
conversion for each experiment, starting from 4.5 per cent
up to 48 per cent degradation.

The method used was as follows:

The heating was stopped and the sample was left to
cool down to room temperature, Then the degradation tube
was disconnected from the vacuum line and the partly
degraded polymer film was dissolved in 1 - 2 ml of toluene.
The solution was then transferred with great care to a 10 ml
bottle which had been cleaned with chromic acid, rinsed
several times, dried and kept in a dessicator. The
degradation tube was rinsed several times with solvent and
the rinsings were transferred to the small bottle to ensure
removal of all traces of polymer., The solvent was then
removed from the solution in the bottle by a slow flow of
dry nitrogen gas. The partly degraded polymer was then
redissolvéd in 0.7 ml of toluene accurately measured by
using a 1 ml graduated pipette. This solution was kept at
2500 and a 0,5 ml portion was accurately measured by a
semimicropipette and delivered into the viscometer which was
kept in a vertical position in the water bath., After

allowing a few minutes for temperature equilibration the flow
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time of the solution between A and B (fig. 4.2) was measured
five times and the mean value was taken in each experiment,

The concentration of the solution was calculated as
follows, from the estimated conversion: e.g. When a 0.5 mg
sample was partly degraded, say to 16 per cent conversion,

O.42 mg was left in the degradation tube, When this 0.42 mg
was made inte C.7 ml toluene solution, the concentration was
calculated to be 0,06 per cent W/V,

[n{] was obtained frem a single viscosity measurement
by plotting the point for ,YEE VS, C, where 4?sp is specific
viscosity and C is concentrazion in per cent weight/volume,

/ﬁgp = 7 :%70 , where % is the viscosity of polymer solution,

'%b is the Vgscosity of pure solvent. By extrapolating from
.this point to infinite dilution or zero concentration along a
parallel to the nearest line reprazsenting a known molecular
weight polymer (fig. 4.3), {”{} was estimated from the
intercept and the molecular weight was calculated from the
relationship [hi} = K Ma, given above, for polystyrene in
toluene at 2500°

This single-point method for estimating molecular weight

was considered to be of sufficient accuracy because of the

fairly low concentrations used.
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Degradation of thick films:

Thick films were made in tube No. 3C in the same way as
described above, except that a very small volume of a more
concentrated solution was required. Therefore, 50 pl of a
1 per cent solution were transfered by a microsyringe fitted
with a 5 inches long needle,

Degradation was carried out at 360°C. The polymer was
partly degraded to various degrees of conversion in each TVA
experiment and the undegraded residue was disolved in toluene
and transfered for viscosity measurements as described in the

previous section,

The calculated molecular weights for partly degraded samples

of thin and thick films were plotted against their degrees of
conversion and two clearly separate curves were obtained as
shown in figs. 4,5 and 4.6,

The drop in molecular weight of thick films is seen to be
sharper than that of the thin film samples. Both curves level
off and come closer to each other at about 60,000 -~ 70,000
molecular weight, at about 40 per cent conversion,

Analysis of volatile products by GILC:

It was observed, gs mentioned before, that the area under

TVA curve for a completely degraded thin film sample of
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Figure 4.5 The effect of desradati-n ~n the molecular weight

of polystyrene.
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8

Percentage degradation to volatiles.
Figure. 4,6 The effect of degradation on the molecular
weight of PS in the form of thin and thick films
Thin film

~X==X~ Thick film.
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Thin film
conversion % concentration% Flow time sec. %;p/c Mv
0 0,05714 195.7 2.2 821,400
4.5 0,06821 188,2 1.2055 368,000
5 0,068 187.6 1,12 334,200
11 0,06359 183, 4 0.8591 216,800
16 0.06 1821 0.7859 195,000
18 0.05857 180,7 0.6676 160,300
25 0.05357 179.6 0.61186 140,5C0
28 0.05143 178.7 0,54k4 121,300
38.5 0,04393 176.8 0.3890 74,500
Ly 0.03786 17641 0.33415 70,000
Thick film
b 0.068 1831 0.77 195,000
9.5 0,065 180.3 0.567 127,700
16.5 0,060 179.6 0.545 121,300
21 0.0564 179.0 0.520 110,000
29 0.,0507 1773 0.3856 74,500
39.3 0.04336 176.5 0,345 64,000
Table 4,2 Viscosity measurements of PS, ST2, degraded as thin

and thick films to various degrees of volatilisation for the study

of changes in M,wt, sample size is 0.5 mg.
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polystyrene SI2 (high M,wt,) was about 670 cn® and that of a
thick film was about 610 cm2; There is a difference
therefore, of about 10 per cent in area between the two. It
was found useful to analyse products of degradation in both
cases, using gas liquid chromatography.

0.5 mg sample weights of polystyrene ST2 were completely
degraded as both thin and thick films respectively.

The retained solvent in the polymer film was removed in
the early stages of temperature rise and collected in trap T1
in fig. 2.1 and as soon as degradation commenced, the cold
trap T1 was closed and volatile products were then collected

in cold trap T, at liquid nitrogen temperature,.

2

When degradation was completed T2 was closed and volatile
products were distilled into a small cold finger (K) in fig.
2,1 kept at -~ 1960. The products were completely transfered
into the cold finger (as shown by checking on the pressure
after 30 minutes), Then the cold finger was removed from the
vacuum line and a 50 ml portion of ethyl benzoate was very
quickly injected by a microsyringe into the cold finger which
was immediately closed by a small cap.

This process was repeated, after a pilot experiment,

three times for each thin and thick films.
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ithyl benzoate was used as a solvent because it had a
longer retention time in the GLC column than that of styrene
monomer, Other solvents such as chloroform, toluene or
benzene tend to interfere with styrene and mask its peak.

In another two sets of similar degradation experiments
for both types of films, toluene was injected into the cold
finger as a solvent for degradation products instead of
ethyl benzoate, This attempt was made in order to identify
any dimer or possibly larger fragments which might be

present.

GIC measurements

Three different GLC machines were used.

1o The Pye Argon Chromatograph had a radio-active detector
of strontium 90, (20 mci).  The instrument was set at
1000 volts and X3 sensitivity. The column was 4 feet
longrﬁept at 100°C.  The argon gas flow rate was
60 cc/min, and the chart speed was 15'"/h,

0.1 pl portions were injected from each sample for

both types of products of thin and thick films.

There was some evidence that more styrene monomer

was present in the products from thin films than from
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thick films, but there was nec evidence of any dimer or
larger fragments present (see fig. 4.7).

Perkin Elmer F11 Gas Chromatograph, Flame ionization, was
used isothermally at WOOOC, and at a programmed temperature
rise of 10° and 50 per minute to check the above results.,
A 1 per cent SE 30 celumn, U4 feet long, was used. The
results were consistent with the previous measurements,
and again no evidence for dimer or larger fragments was
found (see fig. 4.8).

Techmation -~ Microtik, GC. 2000 -~ R:

This research Gas Chromatograph, with ionization detector,
was also used isothermally at 100%C and programmed at 5°
per minute between 60° and 200°C. A 5 per cent SE 30,

6 feet long, column was used.

The results confirmed the previous sets.
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Chapter Five

Results And Discussion For Polystyrene

It appears from figs. 3.1 and 3.1(a) that very thin films
of polystyrene are thermally more stable than the thick films or
powder samples, This behaviour suggests that some change in the
mechanism of degradation of thin films from that of the bulk
material is occurring. Although there is some scattering in the
values of Tmax in the region of thin films, i.e. the upper section
of the curve in fig, 3.1 for polystyrene, it is evident that all
these values lie well gbove tke values of Tmax for thick films
which are at about 428°C.  This scattering in T values may be
attributed to variations in thicknesses of some films caused by
the fluctuations of the flow rate of nitrogen gas during film
preparation,

Fig. 3.1(a) shows a significant difference in the thermal
stability of the two films whiéh differ in thickness by approximately
10 times, Also, it is observed that the initial rate of formation
of volatile products for the thicker film is higher than that for the

thin film,
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Table 3.1 gives results obtained from degradation of thin
films and thick films of polystyrene samples prepared by various
methods of polymerisation and having a wide range of molecular
weights. It is observed from these results that thin films
prepared from all these samples exhibited greater thermal stability.
In contrast, it is seen in fig. 3.1 and in table 3.2 that
for poly ( &~ methyl styrene) where hydrogen transfer reac%ions
are known to be absent, there was no shift in Tmax values with respect
to changes in film thickness.
It is reasonable to assume that the molecules of polystyrene
are rather less crowded in thin films than in the case of fhick
films and the powder samples. fherefore, radicals formed during
the degradation in thick films or in powder samples have more chance
of abstracting a tertiary hydrogen atom from sites nearby, whereas
such reactions may be restricted in the case of thin films.
In the case of poly ( o - methyl styrene) however, there
should be no change in thermal .stability according to film thicknéss,
which is indeed the case found from the experimental results obtained
for this polymer, since there is no transfer mechanism to be
restricted. /|
The effect observed in the degradation of polystyrene in the

TVA apparatus, takes place also to some extent when thin films were
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degraded in the TG apparatus as shown in fig. 3.6, The thin
film starts to degrade at a temperature higher than that of the
powder sample.

These findingssuggest that intermolecular transfer is an
important factor taking part in the degradation process of
polystyrene, When t his transfer mechanism is restricted, as in
the case of thin films the thermal stability of the polymer is
enhanced;

Fig. 3,10 compares the results of isothermal degradation
of thin film and powder of the same sample weight. Despite the
higher temperature at which the thin film was degraded, it showed
higher thermal stability than the powder sample. Degradation
started later in the thin film than that in the case of the powder
and tailed off for about 40 minutes longer to complete conversion.

Comparing figs. 3.8 and 3.9, it is interesting to see how
the shape of the two curves differ from each other. Although the
powder sample was again degraded af a temperature 10°C lower than
that of the 0.2 mg film, it started to degrade at 250°C and the
rate reached a maximum at 39600, while the filmg started to
decompose at 38000. Degradation of the powder is nearly complete
in 38 minutes, whereas the film continues to degrade for considerably

longer.
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Eggertsen and Stross 7> carried out experiments on the
degradation of 0,02 mg samples deposited as films on a filament
heated at 365°C.  The volatile products were monitored by G.C.
These authors found that the rate reached a maximum after about
8 minutes. It gave a curve similar to that in fig. 3.9, but the
temperature is lower probably due to the thicker film formed on
the filament which obviously has much less surface area than that
of degradation tube No. 1 (10 cmz); It was also observed, in
the work of the same authors, that the monomer yield produced
from 0,2 - 0.3 mg samples degraded at 6OC/min. up to 55000 was

73

Lehrle and Robb 72, and Barlow have carried out work on
flash pyrolysis of thin films, The method those authors used was
passing a triggered discharge through a filament of nichrome or a
ribbon filament; small samples as films were coated on the

filament and the charge suddenly passed for a few seconds and

the products of degradation were 'swept away and passed through

the G.C. by the carrier gas. This means that the polymer sample

is exposed to high temperatures for a very short time and completely
destroyed. The authors found that thin films are thermally less

stable than thick films which is contrary to results obtained in

this work., This may be explained by the difference in the
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techniques used; since destroying a polymer film at high temperature
and in a very short time tells very little about its stability and
gives little opportunity to follow the mechanism of the reaction.
Also this method does not permit information about the fall in
molecular weight to be obtained. Therefore, it may be difficult

to compare it with results obtained in this work,

Polymers for which hydrogen transfer is a well established
degradation mechanism were degraded as thin films and in bulk; all
showed similar behaviour to that of polystyrene. Those polymers
which have elastomeric properties such as poly (isobutene),
poly (isoprene), butyl rubber and poly (butadiene) showed a shift
in Tmax values less than that observed in polystyrene thin films
as is seen in table 3%.2. This may be attributed to the fact that
in these polymers the molecular interaction is much greater than
the interaction between these molecules and the glass surface of
the degradation tube. Therefore, the molecules would tend to pull
each other and cause the film to shrink rather than spread, hence
form a thicker discontinuous film than that expected from the
available surface area.

From fig. 5,1(a) it is shown that the curves for rate of
degradation against percentage conversion in the case of thick films
have a maximum between 30-40 per cent degradation which is in good

5
agreement with Madorsky's results. On the other hand, the thin
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Figure 5.1 Rate of thermal .degradation of polystyrene

(Mn = 605,000). Sample size being 0.5 mg.
a, Thick film

b, Thin film
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Thick Film (370°) Thick Film (360°)
Amount Rate of Amount Rate of
Volatilised % Volatilisation Volatilised %  Volatilisation

% of sample /min. % of sample /min.

10,5 1.65 2.0 0.35
16,25 2,0 6.25 0.65
22.67 2.2k 1342 0.90
29.7 2.46 19,56 1.1

40,7 2,46 30.0 1.22
5747 2.0 37.36 1,22
70.5 1.4 Li,5 1.15
80,8 0.9 54,5 1,0

87.3 0.57 73.8 0.57
93,75 0.25 9.0 0.11

Thin Film 415°) Thin Film (410°)

6 1.52 §o5 0.95
16 107 13.5 1.15
28.2 1.58 26,0 0.9
43 1.26 345 0.75
59.5 1.0 46,5 0.55
74,6 0.70 65.0 0,35
87.6 0.30 82,0 0.2

Table 5.1 Results of thermal degradation of thin and thick

films of 0.5 mg PS ST2.
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films of the same sample size (fig. 5.1-b) show a different trend.
The rate reaches a maximum between 10-20 per cent degradation then
falls down with almost a constant slope. This behaviour of thin
films is somewhat similar to that of poly ( & - methyl styrene).71

The sharper drop in molecular weight, in the very early
stages of degradation, of thick films than that of thin films is
shown in figs. 4.5 and 4,6, Although the thick films were degraded
at a lower temperature than the thin films, it is seen from fig. 4.5
that the molecular weight drops more steeply than that in the case
of thin films. This is contrary to results obtained by Jellinek k77
where he found that the molecular weight of polystyrene degraded in
bulk, drops to a limiting value, and this value is lower the highér
the temperature of degradation.

Since a rate maximum at 25 per cent or greater conversion and
a rapid initial fall in molecular weight are both characteristic of
degradation involving intermolecular transfer, the rate and
molecular weight results of this work suggest that this enhanced
thermal stability of thin films is due to a reduction of
intermolecular transfer.

The GLC results of figs. 4.7 and 4.8 show that more styrene
monomer is produced from thin films than thick films of the same

weight, Since transfer causes fragmentation and the production
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of small fragments such as dimers, trimers, tetramers and pentamers
in diminishing quantities, then it is reasonable to assume that the
production of more monomer is due to the reduction of the transfer

reactions. This would mean that, in thin films, the kinetic chain
length for depropagation is greater than that in the thicker films.

74 and Knight 76

Jones and Moyles have shown that more
monomer is produced from very small samples of polystyrene
deposited as thin films on a filament. Samples in the microgram
level produced more monomer, However, the method and

techniques these authors used were of flash pyrolysis and direct
analysis of the degradation products by gas chromatography.

The fall in molecular weight, the rate of volatile products
and the amount of styrene monomer produced, in thin and thick films,
discussed above, also suggest that intermolecular transfer is a
major factor taking part in the degradation process of polystyrene,

The reactions taking place during the degradation of bulk
samples or thick films may be explained as follows:

At low temperatures, the polymer molecules are ruptured at
sites randomly distributed, forming radicals which stabilise themselves
rapidly by recombination or by abstracting tertiary hydrogen atoms

in a disproportionation reaction, or by transfer causing further

scissions, At higher temperatures the radicals start either to
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depolymerise by unzipping into monomers or attack other sites on
the same molecule or on other molecules in the neighbourhood and
abstract tertiary hydrogen atoms causing more scissions. The
molecular weight thus falls down very rapidly. Depolymerisation
continues and the kinetic chain length becomes greater than the
chain length of the molecules present in the reaction at this
stage. The molecules start to unravel and disappear from the
system at a faster rate than the transfer reaction, Therefore,
little further dror in molecular weight is observed and the
molecular weight reaches a limiting value. Termination takes
place by disproportionation or unravelling of whole molecules,

Results shown in fig. 3,7, where the higher the initial
molecular weight the lower was the Tmax value, may be explained
as follows:

Transfer reactions take place in the high molecular weight
polymers producing more initiation sites.  Thus, the rate of
formation of volatile products increases very rapidly and
reaches a maximum at a temperature lower than that for the low
molecular weight samples. In the case of very low molecular
weight (4000, for example) once initiation starts the transfer
reactions have little opportunity to be effective because of the

zip length being much greater than the chain length. Therefore,
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the rate increases more gradually due to the dominent reactions
of random scission and depolymerisation, Thus the rate reaches
a maximum at a higher temperature than that of the high molecular
weight polymers.

Reactions taking place during the degradation of thin films
on the other hand may be explained as follows:

The radicals present in the reaction have very little
opportunity to cause intermolecular transfer, since the molecules
are very thinly distributed. Therefore, unzipping into monomers
is more predominent. This would account for the shape of the
rate curves in fig. 5.7 - b and for the higher yield of styrene
monomer than that in the case of thick films,

However, the polymer molecules are not distributed in an ideal
unimolecular layer in thin films, Therefore, some intermolecular transfer
is expected to be taking place to a limited extent. This may account
for the initial drop in molecular weight in the case of thin films,
although this would not entirely exclude thé possibility of the

presence of ''weak links",
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Chapter six:

6.1 Degradation of Poly (methyl methacrylate) PMMA:

Poly (methyl methacrylate) shows different TVA curves
according to its polymerisation mechanism. Polymers prepared
by the free radical polymerisation mechanism usually contain
unsaturated chain ends which initiate thermal degradation at
an early stage as described in chapter one. Thus such polymers
produce two peaks in the TVA curve, the first peak, which is
related to the first fast reaction stage, varies in size
according to the number of unsaturated chain ends present,

i.e. according to the number average molecular weight. Polymers
prepared by anionic polymerisatien mechanism, on the other hand,
contain ne unsaturated chain ends and show only one peak in the
TVA curve, which corresponds in temperature range to the second
reaction stage above, consisting of random chain scission and
unzipping to monomer.

Polymers prepared by free radical mechanisms having
various molecular weight (samples, D6, D10, D12, I.C., FRI nad
AT) were degraded in the TVA appartus. An anionic polymer

sample was also available (see appendix).
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Depradation of 0,3 mg of PMMA samples (010) in tube Ne.1
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A 0.3 mg sample of polymer D10 was depgraded in tube No. 1
(10 cm2) in the powder form and in the film form, The first
peak was observed to be very much smaller in the film than that
of the powder as seen in fig. 6.1,

1.0, 0.7 and 0.01 per cent W/V solutions of the polymers
were prepared in benzene and in toluene as was described in the
case of polystyrene. 0.1 mg sample weights of polymer D10 were
degraded in the powder form as well as in the film form in three
di fferent tubes Nos. 1, 2 and 3C with base areas of 10, 1 and
0,12 cm2 respectively.

The first peak which is related to volatile products
produced during the first stage of chain end initiated reaction
was observed to be smaller in thin films than that of the thick
film, The first peak for the same sample weight in powder form
is larger than any of the corresponding peaks in the thin films of

three different thicknesses, as shown in fig. 6.2.

6.2 Degradation of PMMA by T.G.

Poly (methyl methacrylate) sample D10 was degraded in the

TG apparatus under a vacuum of about ’IOLlL torr at 10°/minute

heating rate.
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A powder sample of 14,3 mg weight was degraded and the
weipht loss corresponding to the first reaction stage was
observed to he about one third of the total weight (see fig.6.3),

A 0.4 mg film sample was formed on the platinum sample
holder of the TG apparatus by transferring a few drops of the
polymer solution of 0.5 per cent concentration. The benzene
solvent was allowed to evaporate before the apparatus was
connected to the vacuum line, The film was degraded at a
heating rate of 10% per minute. The same sample weight in the
powder form was also degraded under the same conditions.

‘From fig. 6.4 it is seen that the first stage of the
reaction is about one third of the total weight of the powder
sample. While it is only one fifth of the total weight of the
film sample.

The weighing system of the TG apparatus was set at
maximum sensitivity, The small size of the platinum container
and its shape, which is curved, deep in the middle, made it
difficult to cast a thin film, Therefore, it was not possible

to get meaningful results for sample weights smaller than 0.4 mg.

6.3 Degradation of sample AI by TVA:

Since this polymer (n = 28,000) contained a large number

of unsaturated chain ends (see appendix) it showed a large peak



for the firstreaction stage of the TVA curve.

Yhen a 1 mg sample of A1 was degraded in the powder form
in tube Mo, 1 (10 cm2), the first peak, which is related to
chain end initiated reaction, was higher than the second peak which
is related to random chain scission, whereas in the film, the
reverse was observed, i.e. the first peak was much smaller than

the second, as shown in fig. 6.5.

6.4+ Degradation of other PMMA samples:

Poly (methyl methacrylate) samples D6, D12 and I.C. all
showed the same effect ¢f reduction in the first stage of
~degradation when they were degraded in the forﬁ of thin films,

Sample DN contained no unsaturation at chain ends, since
it was prepared by an anionic polymerisation mechanism, see
appendix, it showed only one peak in the TVA curve, which is
related to the second stage of reaction. Sample FRI had a
" high molecular weight (Mn = 1.5 x 106) therefore, the number of
chain ends is small and it showed only a small sholder on the
second peak of the TVA curve. The latter two samples therefore,

did not show significant differences in behaviour as thin films.,
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6,5 Degradation of PMMA Blends:

Polymcrs DN and FRI, as have been shown above, showed
no significant first peak. If however, a very small amount of
polymer A1, which contains a large number of unsaturated chain ends,
is mixed with each of these two polymers, an increase in the first
peak might be expected. Therefore, a mixture of A1 and DN of
ratio 1:9 weight by weight was made respectively. A similar
blend of AT and FRI was also made. The mixtures were made into
1 per cent 'W/V solutions in toluene. Thus, 1 mg of either
mixture contained O,1 mg of A1 and 0.9 mg of DN or FRI polymer,
The films were prepared as previously described, 1 mg
samples of the mixtures were degraded in the TVA apparatus using
degradation tubes Nos., 1 and 2 of base areas 10 and 1 cm2
respectively. A 0,1 mg of polymer Al was degraded in tubes
No. 1 and 2 to compare the size and height of the first peak
with that resulting from the blends.
It was observed that the first peak in the TVA curve of
the blends was larger than the corresponding peak when a 0,1 mg
of polymer A1 was degraded alone as shown in figs. 6.6, 6.7,
6.8 and 6.9, It is also seen that the thinner the film the

smaller was the first peak.
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Figure 6,6 Degradation of PMMA, mixed and unmixed, samples
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6.6 Discussion of Results for Poly (methyl methacrylate):

In fig. 6.1 it is observed that there is a significant
reduction in volatiles produced during the first reaction stage, which
is due to chain end initiation, when the polymer is degraded as a
thin film, This behaviour is also illustrated in fig. 6.2 where
various film thicknesses were compared with the powder sample, This
suggests that radicals formed during the chain end initiation are
taking part, to some extent, in a transfer reaction, in case of
thicker samples.,

As discussed in the Introduction in Chapter One, the radicals
may abstract a secondary hydrogen atom causing scission and forming
new labile sites which may take part instantaneously in volatile
production, The available hydrogen atoms for transfer reactions
are those in the secondary position, since the primary hydrogen
atoms on the methyl groups are more difficult to be abstracted by a
radical, Although the secondary hydrogen atoms are ten or eleven
times less reactive than tertiary hydrogen atoms, the possibility
of a transfer reaction is not negligible,

Results obtained from degradation experiments carried out
in the TG apparatus shown in fig. 6.3 indicate that the volatiles

produced in the first reaction stage amount to about one third of
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the total weight of the powder sample. Fig. 6.4 compares the
weight loss during the first stage between film and powder samples
of the same weight, It is very clear from fig., 6.4 that the first
stage in the film sample has been reduced very significantly. This
also confirms results obtained from degradation catried out in the
TVA apparatus.

In fig. 6,5, the same effect is observed for a powder of a
low molecular weight (A1,28200, see appendix) which contains a
large number of unsaturated chain ends and shows a large first
peak in the TVA curve,

In figs. 6.6 and 6.7, where A1 was mixed with an anionic
polymer sample, which does not usually show chain end initiated
degradation, in the ratio 1:9, as previously described, it is
observed that the volatiles from the first reaction stage have
increased in thicker films,

The same effect was observed when polymer A1 was mixed
with a very high molecular weight sample which contains few
unsaturated chain ends, as is shown in figs. 6.8 and 6.9.

A1l these observations suggest that some transfer, at
least to a limited extent, may be taking place in the
degradation of the polymer, This is in agreement with the
mechanism suggested by Cameron and Kerr 43 and MacCallum 45,

discussed in the Introduction,



Therefore, the degradation reaction probgbly proceeds in the
following way:

Initiation takes place at chain ends and radicals start to
depolymerise producing monomers, Some of these radicals may
abstract hydrogen atoms on secondary carbon atoms of polymer
molecules, This is followed by scissions in the activated
molecules and new unsaturated chain ends are thus formed which
take part in a new initiation reaction, Hence a larger number of
depolymerisation sites is produced and the volatile products from

the first reaction stage are thus increased.

CH CH CH CH
|‘3 [ 3 R (2
°
COOCH COOQOCH COOCH COOCH
3 l 3 3 3
CH CH CH CH
13 {5 . 13 |

WCH—C-H+WCH—?~CH—C—CH2—CW

3 Bi 3
CH CH CH
° 13 1 3 1 >
~~rCH. + C = CH ~ C ~ CH - C A~
2 { [ 2 f
COOCH3 CcO0C COOCH3

. Thus a new labile chain end is produced and the very active

-/\-"CH2 radical may take part in transfer or termination reactions

rather than depolymerise to produce monomer,
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In the second stage, random scission and depolymerisation
into monomers predominate,. The zip length becomes much greater
than the chain length and the molecules unravel and disappear from
the reaction zone,

If the initial molecular weight is too high, then the number
of unsaturated chain ends is very small, and the first reaction
stage is expected to be very limited and it appears as a small
sholder on the peak of the second reaction stage in the TVA curve,
In the second reaction stage, random scission and some transfer
may take place which cause some fall in molecular weight observed
in resulfs obtained by Grassie and Melville 40, and Hart 44.

In contrast, when a thin film is 'degraded the possibility
of transfer is considerably reduced, and volatile products appear
to be less in the first reaction stage. The reaction in thin films
may be explained in the following way:

Initiation starts at chain ends and monomer is produced.
Transfer reactions however, are greatly reduced and may be
completely eliminated, Therefore, the mechanism explained above is
highly restricted and new labile chain ends are not formed. Thus
the volatile products during the first reaction stage are less in
thin films than that in thick films. The second reaction stage

proceeds as in the case of thick films by random scission and

depolymerisation into monomers,
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6.7 Degradation of Poly (methyl acrylate):

Films were made from solutions of this polymer in benzene,
as previously described,

0.3 mg samples were degraded as a thin film and as a small
piece of solid polymer respectively, in the TVA apparatus, using
degradation tube No., 1 (10 cm2).

The thin film was slightly more stable than the bulk sample,
and showed a Tmax value 1500 higher than the corresponding value
obtained from the bulk polymer (see fig, 6.10),

A 20 mg sample was degraded in bulk and showed a peak
similar to that of polystyrene but with a ‘I‘maX value of 40000.

Fig. 6,10 shows an enhanced stability of the thin film.

This is similar to results obtained from degradation of polystyrene
films,

The shift in Tmax values of thin films appear to be less than
that observed in polystyrene., This may be due to the slight
elastomeric properties of this polymer causing the film to be
thicker than expected, as previously explained in the case of
elastomers,

This polymer degrades largely by intermolecular transfer,
Restriction of this in the thin films is a reasonable explanation
for the enhanced stability since this polymer like polystyrene also

contains tertiary hydrogen atoms which are labile and easily

abstracted by a radical,
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6.8 Degradation of Poly (methacrylonitrile):

A solution of this polymer was made in cyclohexanone, and
films were prepared under nitrogen gas as previously described.

0;3 mg Polymer samples were degraded in the form of powder
apd thin film. This polymer showed an effect similar to that
observed in poly (methyl methacrylate) i.e., the first peak was
smaller in thin films than that of the powder samples, as shown in
Fig. 6.11.

T values were 332°C for the first peak and 400°C for the
second peak,

Fig. 6.11, shows some reduction in the size of the first
peak, non reproducibility may be due to uneven thicknesses of thin
films,

In this polymer the reaction is like that of poly (methyl
methacrylate) initiated at chain ends. Since there was a slight
drop in molecular weight shown in results obtained by Grassie and

McNeill 55, transfer might be taking place tc a small extent

through theﬁ-hydrOgen atoms

6.9 Degradation of Poly (tert. butyl methacrylate):
b4

A 1 per cent solution was made in acetone and films were

prepared as in the case of polystyrene.



Thi,

0.7 |

0.6 F ,

0.5

e s e m s an "

Ok
Rate
mV
0.3
0.2
0.1
'l F . 1 .
%

Figure 6,11 Degradation of 0.3 mg samples of Poly (meth-
acrylonitrile) in tube No. 1.

Powder cecsseefilm ====m=———- film



145,

A 20 mg sample was degraded in the TVA apparatus and the
curve showed threc peaks at temperature 1800, 2560 and 440°c
respectively. The same values were obtained when the polymer
was degraded in small sample weights and as a very thin film,

These results should be expected since this polymer
behaves entirely different from other methacrylates as was
discussed in the Introduction.

In the early stages of temperature rise some monomer is
produced, Then the elimination of isobutene commences
autocatalytically. Water is also eliminated intramolecularly
which is not affected by film thickness,

Therefore there seems to be no change in the mechanism
of degradation of this polymer according to variations in film

thickness,

6.10 Degradation of Poly (vinyl chloride) PVC:

Solutions of PVC, Geon 101 (see appendix), were prepared
in cyclohexanone and in tetrahydrofuran (THF) as previously
described.,

5 mg samples weré degraded in tube No. 1 (10 cm2) in the
powder form and as a film. It was observed that the initial
rate of production of HCl in the powder sample was higher than

that of the film, as is shown in fig. 6.12, This difference
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Figure 6.12 Degradatirn of 5 mg samples of PVC (Geon 101)

using tube No,71, in the TVA apparatus.
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Figure 6.13 Degradati~n of 0.3 mg samples ~f PVC (Geon 101)

using tube No, 1 in TVA apparatus.
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in the initial rate of production of HCl caused an apparent shift
in Tmax of the film by about 2OOC. There was no shift in Tmax
of the second peak which is due to decomposition of the conjugated
structure which is left after the elimination of HC1,

0.3 mg samples were also degraded as powder and as thin
film, The same behaviour was observed as is shown in fig. 6.13,
i,e., the initial rate of HC1l production is much greater in the
powder sample than that of the film, The broad second peak became
very small and almost unidentifiable.

After degradation was complete, a brown residue was
observed on the base of the degradation tube. The residue did
not dissolve in organic solvents, but came off when it was wipped
with a tissue paper soaked in chloroform.

The effect shown in figs. 6.12 and 6.13 may be different from
the effect of film thickness observed in other polymers such as
polystyrene and poly (methyl methacrylate) previously discussed,
since it is observed in films of considerably greater thickness.

The higher rate of production of HCl in the powder sample
may be due to autocatalysis by HCl, while in the thin film the

liberated HC1l escapes very readily from the reaction zone, before

autocatalysis can occur.
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Attention has already been drawn to the influence of sample

thickness in PVC degradation, by Geddes 61.

6.11  Degradation of Poly (vinyl acetate):

Solutions of this polymer were made in benzene., When this
polymer was degraded in the TVA apparatus, it showed two peaks,
one at Tmax 345OC and the second at 45000.

A 0,2 mg thin film sample showed one peak at 3450C and the
second peak was not visible, Thus, there was no shift in Tmax
values and the initial rate of production of acetic acid was the
same for the solid sampie and the film.

This may suggest that the elimination of acetic acid takes
place by an intramolecular mechanism as discussed in the Introduction.

The second peak appears to be very small in the TVA curve
especially for the thin films. The first peak is particularly
large in PVA breakdown, so that the maximum Pirani response extends
into the region for which the response is far from linear with rate.
Therefore it is difficult to make valid comparisons of the relative
sizes of the two peaks in the TVA curve for samples which differ

in size, as in these experiments,




6,12 Degradation of Poly (vinyl alcohol):

A solution of this polymer was made in hot distilled water,

A 4,5 mg polymer sample was degraded in the powder form.
The TVA curve showed two peaks, the Tmax values of which were
260° and 38000 respectively,

A 1 mg sample was degraded as a thin film in Tube No. 1
(10 cmz). T ax v2lue of the first peak, which is related to
the elimination reaction of water molecules, was shifted to a
higher temperature by about 50°C as shown in fig. 6.1k

Since little is known about the mechanism of degradation
of this polymer it is difficult to explain this behaviour from
this little information, But it is evident that thin films are
more thermally stable, and the elimination of water molecules is

somehow hindered.
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Chapter Seven

The Degradation of Copolymers of Vinyl acetate with

ethylene and styrene.,

7.1  Introduction:

The degradation of poly (vinyl acetate) is reviewed
briefly in the Introduction in Chapter One.

Carbon dioxide and ketene, which were identified by
Grassie's work 54, were not detected by Servotte and Desreux.
The latter authors also found some differences in the absolute
rates which they suggested was due to the presence of copper
in Grassie's apparatus, and no difference in rate among samples
of molecular weights differing by a factor of 100 which is in
contradiction to Grassie's postulate that initiation takes
place at chain ends. Servotte and Desreux postualted a cross-
linking reaction due to a chain breaking process occuring along
with deacetylation,

The behaviour of copolymers of vinyl acetate with
ethylene and styrene in which the acetate groups are next to
methylene groups in the former case and next to phenyl groups

in the latter case is examined here, in order to collect
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information about the effect of environment on the breakdown of

vinyl acetate units,

Va2 Experimental:

Styrene monomer was purified of inhibitor by washing
several times with 1N NaoH and then washed with water till it
was neutral to litmus, and dried over unhydrous calcium
chloride.

Vinyl acetate was purified of inhibitor by distillation
(b.p. 71 - 72°C).

A few mls of benzene containing a known amount of
initiator (Azobisiisobutyronitrile) were added to the calibrated
dilatometers, The bengene was then removed under reduced
pressure.

Styrene monomer was degassed three times on a vacuum line
and then distilled into a graduated flask from which the required
quantity was then distilled into the dilatometer,

A similar procedure was carried out with vinyl acetate
monomer except that degassing had to be carried out four or five

times,
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then the reqguired amounts of styrene and vinyl acetate
monomers had been added to the dilatometer, the dilatometer
was sealed, placed in a thermostat at 60°C and the
polymerisation was followed from the volume contraction,

The polymers were precipitated by adding the
dilatometer contents to methanol, filtered off and redissolved
in benzene. Reprecipitation was carried out by the slow
addition of the solution through a dropbing funnel to a large
excess of methanol with stirring. The polymers were filtered
off as before, collected and dried in a vacuum oven at room
temperature,.

Degradation behaviour was studied using differential
condensation ~ TVA apparature 66, which is discussed in Chapter
two (see fig. 2.3).

The heating rate used was ﬂOoC/minute. The modifications
for small sample sizes, discussed in Chapter two -~ C, were not
applied in this work, because the samples used were of 50 mg
or 100 mg. The apparatus was used with 10 mV full scale
sensitivity for PVA, 2.5 mV for E/VA copolymers, and 1 mV for

S/VA copolymers.,
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The main method used in product analysis was I.R.
spectroscopy. Samples of the non-condensable (at - 75°)
products were examined by two methods owing to the difficulty
of distinguishing between Ketene and carbon monoxide. The
first method involved degradation in a closed system and the
second method involved degradation in a continuously evacuated
system in order to remove CO gas (see fig. 7.1). Both methods
involved collection of volatile products in a trap at - 19600.
At this point in the open system the vacuum pump was isolated.
The temperature of the trap was then raised to ~ 7500 and non-
condensables were distilled into a trap at - 19600, which was
attached to a gas I.R. cell (fig. 7.1). When equilibration
had occurred the gas cell was isolated and allowed to come to
room temperature and the I.R. spectrum was then obtained. The
products isolated in the - 7500 trap were also collected and

their I,R. spectrum obtgined;

7;3 Results:
a) Polymers: The amounts of monomer necessary to give the
required copolymer composition were calculated using the

copolymer composition equation with the reactivity ratios

1

r, and r, of styrene being 0;01 + 0,01 and 55 + 10 respectively.69
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Polymer Mole % Initiator Mn ;g;oéhm.) Poly;;erisatiorl
12% E/VA - 55:500 - -

18% E/VA - 43,000 - -

33% E/VA - 22,800 - -

PV acetate 0,025% 356,000 - 10%

5% S/VA 0,05% 35,200 10 5%

10% S/VA 0.05% 22,100 28 5%

15% S/VA 0.2% 15,300 30 5%

20% S/VA 0.2% 11,000 L8 5%
Polystyrene 0.05% 167,000 3 10%

The % copolymer composition always refers to the acetate content
in the copolymer,

The reason for the styrene-vinyl acetate copolymerisation
having such a slow rate is that styrene is about fifty times as
reactive as vinyl acetate %fowards the styrene radical and the
vinyl acetate radical prefers to add the styrene monomer b& a
factor of about one hundred as compa¥ed with addition of vinyl
acetate, When, as in this case, the proportion of styrene
monomer is very small, it acts as a retarder for the
polymerisation of vinyl acetate. Vinyl acetate radicals are

frequently converted to styrene radicals owing to the large
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Figure 7.1 A, continuously evacuated system.

B, closed system process.

C, Gas Cell, withsalt windows.
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value of F%E and in spite of the low concentration of styrene.
The less reactive styrene radical in turn adds vinyl acetate
reluctantly; hence gr0wth of the chain is delayed. 70
b) TVA curves

The TVA curve in fig. 7.2 for polystyrene shows a single
peak in which practically all the volatile products are
condensed out in the -~ 7500 trap. However, as thc acetate
content in the copolymer increases the trace becomes broader
and there is also a decrease in Tmax and a decrease in the
temperature where degradation begins (figs. 7.3 and 7.4). 1In
the traces of 5% and 10% S/VA copolymers there is no evidence
of any products which are not condensable at - 19600, however
in 15% and 20% S/VA copolymers there is a small quantity of
non condensable products.

The fact that the products of the copolymer degradation
are almost completely condensed out in the - 75°C trap indicates
that the major products of the degradation are styrene monomer
and acetic acid.,

50 mg and 100 mg PVA samples were degraded, giving the

curves shown in figures 7.8 and 7.9 respectively.
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In fig. 7.9 the curve for products non-condensable at
~45°C shows the Limiting Rate Bffect. 07

The first peak in the P,V.A. trace is due to
deacetylation and a large quantity of acetic acid is condensed
out at ~ 7500, however there is also a quantity of products
which are non-condensable at - 196°C.  The second peak is due
to the degradation of the unsaturated hydrocarbon produced by
deacetylation (see Introduction in Chapter onme),

The TVA curves of E/VA copolymers in figs, 7;5, 7,6 and
7.7 showed two peaks, The first peak, which did not vary in
position (Tmax was the same) in any of the copolymers, was due
almost entirely to acetic acid. However, there was a
significant quantity of non-condensable products,

There was no Limiting Rate effect similar to that
observed in the 0°C and —4500 curves of PVAc since a sufficient
quantity of acid is not produced in this degradation. The
peak height increased with acetate content. The second peak
is due to the degradation of the unsaturated hydrocarbon residue
and most products are condensed out in the - 7500 trap but there

is also a significant quantity of non condensable products.
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Rate
mV

410°¢

0°C trace

—— (= 75°C) trace

: L
350 Loo 450
Temperature %
Figure 7,2 Degradation of 50 mg powder sample of PS in the

TVA - DC apparatus.,
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59k

a
300 350 460 450
Rate
v (0°C trace)
[}
3831 (- 75°C trace)

300 350 400 450

Temperature (Time)
Figure 7.3 Degradation of 50 mg samples of styrene/vinyl
acetate co-polymer in the TVA - DC apparatus.

a, 5% S/VA b, 10% S/VA
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Rate

mV o

355

Rate

mV bottom (- 196°)

352

Temperature (Time)

Figure 7.4 Degradation of 50 mg samples of styrene/vinyl
acetate co-polymers in the TVA ~ DC apparatus

a, 15% S/VA b, 20% S/VA
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480°

Temperature (Time)
Figure 7,5 Degradation of 50 mg sample of ethylene/vinyl
acetate, E/VA, co-polymer in the TVA - DC apparatus, 12% E/VA,

top 0°C and ( - 45%) oo (-(7§°C)
bottom _ (- 196°C)
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394

1

{ i
350 koo T 450 500
Bigure 7.6 Degradation of 50 mg sample of 18% E/VA co-polymer.
top 0°C and - 45°C  aceeo ( - 75°C)
bot tom ( - 196%)




J ) i
300 350 400 T %, 150 500
Figure 7,7 Degradation of 50 mg sample of 33% E/VA co-polymer, in
the TVA - DC apparatus.

top 0% and - 45° ~T°T - 75°  bottom - 196°
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Figure 7.8 Degradation of 50 mg sample ~f poly (vinyl acetate)

in the TVA - DC apparatus.

07¢ and - 45°C  mmm-mem ( =75°C and - 100°C)
bottom ( - 19600)

top
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Figure 7.9 Degradaticn of 100 mg sample of
poly (vinyl acetate) TVA - DC.

top 0°c

top  ==---- - 45%
(o]

bottom ====- - 75°%¢

middle - 100°¢

bottom - 196%

1 .
Loo 450 500 |
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7.4 Product Analysis:

This was carried out mainly by I.R. spectroscopy. The
cold ring fractions (formed on the upper region of the
degradation tube) from both the E/VA and the S/VA degradations
were examined and it was found that the cold ring from &/VA contained
no acetate whereas the cold ring from S/VA copolymer did contain
acetate,

In the case of /VAcopolymer the only product detected in
the - 750C trap was acetic acid but in the case of S/VA copolymer
the -~ 7500 trap contained styrene and acetic acid. Also detected
in the I.R. spectra of these products from S/VA were shoulders
on the acetic acid carbonyl peak at 1760 0;1 and 1675 0;1 which
could be due to

@CH = CHCC‘-OCH3 and CH = CHCOCH3
respectively,

The volatile products from the E/VA degradation which were
not condensable at - 7500 were collected and examined in a closed
system and found to be methane, 002, CO, ethylene and possibly
ketene., The presence of ketene was verified using an open

system (as shown in fig. 7.1) to remove carbon monoxide which

was pumped off,




169,

The non-condensable products from S/VA were CHy,, CO,,

(H%zzZCHE and CO but no ketene was detected.

7;5 Investigation of Molecular weight:

When partial degradations were carried out to the same
extent on polystyrene and S/VA copolymer of approximately the

same molecular weight, the following results were obtained,

Polystyrene 5% S/VA

Initial Mol. Wt. Ll 600 35,200
Mol. wt., after partial

degradation 37,600 21,400

Drop in Mol, wt. 7,000 13,800

7.6 Discussion of Results:

From the shift in values of the initiation of break down

toward lower temperatures and the similar shift in values of Tmax

with increasing acetate content, it would appear that the acetate

units were the weak links in the S/VA copolymer chain, This can

also be inferred from fall in molecular weight of partially degraded

samples.

There was no change in Tmax values for E/VA copolymers of

various acetate contents.
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The fact that ketene is produced in a significant
gquantity from the E/VA copolymer degradation and none is
detected from the S/VA copolymer degradation seems to
contradict Grassie's hypothesis that ketene is a result of
the pyrolysis of acetic acid, since acetic acid is produced
in both these degradations, Also a large qguantity of CO
is detected in the degradation products from E/VA copolymer
which suggests CO and ketene may come from the same source.

The presence of methane, and CO2 can be accounted for
by being attributed to the pyrolysis of acetic acid.

CHBCOOH —— CH4 + 002

Since there is acetate in the cold ring from the
degradation of S/VA copolymers it would appear that the
polymer chain can be broken down initially at both acetate
and phenyl group sites although scission at acetate sites is
probably favoured, These copolymers contain between 80% and
95% styrene units and since the degradation of polystyrene occurs
by a free radical process (see Introduction in Chapter One), it
is very likely that free radicals are present in this
degradation,

In the col& ring fromE/VA no acetate was detected which
indicates that the initial degradation process occurs entirely

at acetate sites.
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The presence of ketene and CO in fairly large amounts
in the products of the E/VA degradation could be explained by

the following type of reaction,

WCHz - (‘JHN‘" —_—3p ~mCH, - CH~m + CH,—CO°

2 ] 3
0 o
0O =C ~CH
3
CH, - CO° ——3% CH. + CO
3 3
CH; +CH300 ——> CH, + CH, = C = 0

If the radical CH3 CO® is produced in the E/VA
degradation there is no reason why it should not be produced
in the S/VA degradation, The absence of ketene and the sméll
quantity of CO may be explained however, by probability of a
reaction between CH3 CO° and the free radicals produced due
to the unzipping of the polystyrene part of the copolymer chain.

The acetic acid produced in both degradations is probably

produced as follows; as shown in Chapter One;
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~ CHL = CHA™ — 5 ~CHX - CH~ 4 CHy C00°

L

? }

0=C~CH
3

A CX = CH ~~ + CH3 CO0H

Where X = H or Ph,

The fact that acetic acid is produced in the S/VA
degradation process seems to contradict the reasoning for the
absence of ketene and the minute quantity of CO i,e, there is
no reason why the CH3 CO0® radical should not also be used up
in reaction with free radicals produced by the unzipping of
the polystyrene part of the copolymer chain,

However, the radical CH3 CO0° is more stable than
CH3 CO® due to resonance stabilisation and also probably far
more abundant, hence some CH3 CO0* radicals could react with
the radicals produced by the unzipping of the polystyrene
part of the copolymer chain and other CH3 C00* radicals could
abstract a hydrogen atom from the chain to give acetic acid,
which is indicated by the drop in molecular weight of E/VA
more rapidly than polystyrene,

This radical could also explain the presence of C02:

0° — CH: + CO
CH3 co H3 >



These postulates seem to be borne out by the fact that
in the I.R. spectra of products condensed in the - 7500 trap
the carbonyl peak due to acetic acid has various shoulders.

The shoulder at 1760 ci' could be due to an ester

having the structure:

@CH = CHCOOCH3 and the shoulder at 1675 cfﬁ1

could be due to a ketone having the structure;

CH = CH - C - CH
] 3

These products suggest that the radicals CH3 CO0*® and CH3 c0oo°

have combined with the radicals produced by the unzipping of

the polystyrene part of the molecule.
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Appendix:

List of Polystyrene samples used in this work:

Polymer Mn History of the polymer

PS 140,000 0.4% Benzoyl peroxide (BZEOZ) at 60°C.
Polymerised to 7,4% conversion.

PS,ST. 11, 130,200 0.3% (B2,0,)Y at 30°C to 15%

conversion,

PS,ST.8 60,000 1% (82,0,) Initiated by U.V. light,

PS,ST.2 605,000 Thermal at 90°C in vacuum)to 15%

PS,ST.7 421,000 Thermal at 120°C, }conversion

Ps, 184,000 0,06% (82,0,) at 80°C

PS 75,000 0,%% azobisisobutyronitrile as

initiator, at 60°C by D. Bain.
PS 228,000 0.1% azobisisobutyronitrile as

initiator, at 60°C by I. Cooke.

Ps 4,000 Both polymers were prepared by an
PS 2,000 } ionic polymerisation origin unknown.
PS,L13 48,000 narrow prepared by an anionic
PS,L2 L4 ,600 + 1000 polymerisation by J.P.

Pannell,

PS,NBS,705 175,000 narrow, Mw/Mn = 1,07 (anionic)
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Polymer Mn History of the polymer
PS,NBS,706 136,000 Mi/M_ = 2,1 Thermal at 140°C to

37% conversion

NBS, National Bureau of Standards.
PS 108,000 (Cationic) prepared by S. Haider at

(- 78°) using 0.75 ml stamnic chloride

as a catalyst.

List of Poly (methyl methacrylate) samples used in this work:

PMMA IC. 134,000 Azobisisobutyronitrile at 60°C y to less

by (I. Cooke). than 10%
PMMA F,R.I. 1,580,000 (Bisto) at 60°C conversion.
PMMA D.N, 206,000 (Anionic), 0,024 equivalent of phenyl

magnesium chloride was used. The
. . 0
reaction was carried out at O°C

prepared by D. Neil,

PMMA D 6 300,000 1.5% (Bisto) at 60° . Prepared by
D10 50,000 1% (Bisto) at 80° in Benzene I.C. McNeill
Di2 24,600 Lot (Bisto) at 80°¢ purified bj
reprecipit-
ation in

methanol from
CHCL,.
3
PMMA A, 28,200 4% Bisto at 80°C (by J. Mohammed.)

to 30% conversion.
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Poly (methyl acrylate) was prepared at 6OOC, by
AW, McAllister, from 20% solution of the monomer in n-propyl
acetate using 0.1% W/V of azobisisobutyronitrile as initiator.
ﬁn = 684,000

Poly (tert, Butyl Methacrylate) was prepared by free
radical mechanism using 0,025% Benzoyl peroxide as initiator
and U,V, light, by N. Grassie, 63

Poly methacrylonitrile was polymerised at BOOC and the

reaction was initiated by photodecomposition of benzoyl peroxide ,

M = 18,000,
n
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Polymer

Poly (o~ methyl styrene)

Poly (P - methyl styrene)

Poly (m~methyl styrene)

Poly isobutene, IV,

Polypropylene

Polybutadiene

Cis~polyisoprene

Butyl Rubber MD501

97,400

138,000
246,000

100,000

]

History of Polymer
(Cationic) at ~ 78° prepared
by J. Pang.

Bulk polymerisation at 60°C
using azobisisobutyronitrile.
Polymerised at (- 78°C)
using stannic chloride, by
R. McGuchan. 48

I.C.I. Propathene MF20,
purified by reprecipitation.
Industrial samples kindly
supplied by the India Tyre
and Rubber Co. Both were
purified.

High unsaturation, supplied

by Esso Co,

The last three polymers were purified by reprecipitation

twice in excess methanol from dilute solutions in benzene,
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Poly (vinyl chloride) PVC Geon 101, British Geon polymers,
additive~free sample, ﬁg was 16,000,

Poly (vinyl acetate), B.D.H., sample, ﬁ; was 36,400,

Poly (vinyl alcohol), Shawinigan (Gelvatol O - 90 G) with

0,%% residual poly (vinyl acetate) content,

Poly (methyl methacrylate) A, , was prepared as follows:

Methyl methacrylate monomer (I.C.I., Ltd,) was washed with
2N sodium hydroxide to remove inhibitor, then several times with
distilled water, and dried using Calcium hydride or calecium
chloride, It was distilled three times in vacuo, only the middle
fraction being retained from each distillation,

L9 Azobisisobutyronitrile was introduced into the dilatometer
dissolved in 4 ml of benzene. The benzene was removed from the
dilatometer by distillation under vacuum, The monomer was then
distilled into the dilatometer which was then sealed under vacuum.
The dilatometer was surrounded with a net of wire gauze to prevent
the shattering of glass in case of an explosion, It was then placed
in a water bath which was kept at 8000. The reaction began very
rapidly and the dilatometer was removed after 3-4 minutes and placed

in liquid nitrogen.,
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The polymer was reprécipitated three times in excess
volume of methanol from benzene solution,

It was then washed with methanol and dried under vacuum
at room temperature for several days.

The ﬁn was determined by using Machrolab Model 501
Membrane Osmometer, at 2500. Sylvania 300 grade cellophane

membrane in toluene, ﬁg was 28,200,
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