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To my Mother and Father,

with much gratitude.



"Man succeeded because the evolutionary processes which
moulded him developed four inter-related characteristics of
unestimable value : highly manipulative hands to fashion what
his structure lacks : a large and imaginative brain to devise
things for his hands to make : an insatiable curiosity to
explore, to question and to find out : and the power of speech
permitting easy transmission and collective accumulation of

knowledge and concepts'.
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SUMMARY

Polymer degradation is a complex branch of chemistry.
A general outline of the major types of process which can occur
during thermal decomposition is given in Chapter 1. In addition,
a brief summary of the degradation of polymers in the presence of
additives along with a more detailed acount of the decomposition
of several chlorine-containing polymers are presented. The
chapter concludes with a short section on the importance of

polymer degradation.

The thermal analysis techniques employed in this research
are described in depth in Chapter 2 together with the additional
analytical methods used in identifying and quantifying degradation

products.

The experimental work is described in Chapters 3, 4 and 5.
Chapter 3 is concerned with the synthesis and thermal degradation
of chlorinated poly(ethylene oxide). As a basis the decomposition
of poly(ethylene oxide) (PEO) is first investigated and it is observed
that the polymer thermally degrades in a random fashion, initiated
by C-O and C-C bond scission, which yields a variety of degradation
products. The synthesis of chlorinated poly (ethylene oxide) in
both air and in an atmosphere of nitrogen are described.
Chlorinated polymers can be obtained with chlorine contents 60.96%
and 71.75% which correspond to the substitution of approximately
2 and 3 chlorine atoms respectively per ethylene oxide repeat unit.
Degradation results show that chlorination destabilises
poly (ethylene oxide) to heating. The mechanism of decomposition

is similar to that for the unchlorinated polymer in that it is a
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random process. Chlorine-containing compounds are produced
including hydrogen chloride, phosgene and chlorinated acetyl
chlorides. Quantitative analysis indicates that in
trichlorinated poly (ethylene oxide) approximately one molecule
of HCl is evolved per four monomer units and this figure is
increased to roughly one molecule of HCl produced per three
monomer units in dichlorinated poly(ethylene oxide). Chain
fragments in both cases amount to about 60% by weight of

products evolved.

Chapter 4 details the degradation of several chlorine-
containing polystyrenes, in which the chlorine substituent is either
on the ring or in the polymer backbone, and compares the results
with those obtained for polystyrene. The position of chlorine
within the macromolecule has a pronounced effect on the breakdown
mechanism of the polymer. Poly-p~-chlorostyrene and poly-o-
chlorostyrene show similar thermal properties to polystyrene with
depolymerisation being the major process occurring during
degradation. In ring~chlorinated polystyrene however, the
polymer is thermally destabilised and displays a two stage
decomposition. These observations are attributed to a small
amount of chain-chlorination which occurs simultaneously with
ring-chlorination. Thus the initial degradation is due to
the elimination of HCl which is followed subsequently by
depolymerisation and chain transfer processes, which account
for the bulk of the decomposition products. A destabilised two
stage degradation is also observed with chain-chlorinated
polystyrene (30.19% Cl). The two stage decomposition arises

from dehydrochlorination, in which all available chlorine is
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eliminated, and chain fragmentation. It has also been
possible to prepare chain-chlorinated polystyrenes with chlorine
contents which correspond to an approximately di- and tri-
substituted styrene unit (41.56% Cl and 49.07% Cl respectively).
In these highly chlorinated polymers a two stage degradation is
less easily distinguished. However, increased yields of

HC1 (31.78%) and residual char (10.48%) are produced on
decomposition. To account for these observations, a mechanism
is proposed in which, following HC1l elimination from the polymer
main-chain, dehydrochlorination continues via a cyclisation
reaction involving the chlorinated polyene backbone and its phenyl
side groups. The second dehydrochlorination is favoured as

it restores aromaticity.

The thermal degradation of several poly(ethylene oxide)-
salt blends of low (l0:1 EO:salt) and high (2:1 EO:salt) salt
concentrations are discussed in Chapter 5. The decomposition
of PEO in the presence of some transition metal, alkaline earth
and alkali metal salts is detailed. ZnBrz, CoBr2 and CaBr2
reduce the thermal stability of PEO and dramatically alter the
mechanism of degradation of PEO as seen by the multistage
decomposition process (as opposed to the single stage in pure
PEO) and the formation of additional degradation products. The
most significant of these new decomposition products is dioxane.
Product distribution also changes during the various stages of
degradation in hgih salt content blends, with dioxane production
being a major process in the early stages of decomposition, but

ceasing during the second stage of degradation. In these

blends the first decomposition stage is a result of the degradation
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of PEO-salt complex and the second stage due to degradation
of uncomplexed PEO. It is proposed that dioxane is produced
as a direct consequence of the complexation between the cations

and non-adjacent ether oxygen atoms, via a cyclisation reaction.

The presence of ZnCl2 also destabilises PEO to heating and
results in a two stage decomposition which is, however, rather
different to that of the above blends producing unstable
degradation products. The difference in decomposition
behaviour of PEO-—ZnCl2 blends is attributed to a difference in
complex structure in which Zn2+ is coordinated between two

adjacent ether oxygen atoms.

NaSCN and LiClO4 both thermally destabilise PEO. NaSCN-

PEO blends show a single stage degradation at high salt content

and evolve additional decomposition products (H_S, HCN) whereas

2

LiClO4—PEO blends exhibit a two-stage degradation and produce

decomposition products as for pure PEO.

ZnO and CaCl2 were found to have no effect on the thermal
degradation of PEO. On the other hand, NaBr has a slight

stabilising influence.

The final chapter, Chapter 6, gives a summary of
conclusions reached and mechanisms proposed during this research

and ends with some suggestions for future work,
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CHAPTER ONE - INTRODUCTION

1.1 INTRODUCTION

Throughout the evolution of mankind, the significance of
materials for human society is emphasised by the fact that the
various ages of our history have been named after the material
used at that time i.e:

The Stone Age
The Bronze Age and

The Iron Age

This trend has continued up to the present time whereupon

we are now in the era of the "Polymer Age".

Although synthetic polymeric compounds were known about in
the early nineteenth centuryl, it was not until the 1930's that the
science of high polymers began to emerge, and the major growth of
polymer technology came even later. Before the beginning of World
War II, relatively few such materials were available for the manufacture
of articles required for a civilised life. The rapid increase in
the range of manufactured products following World War II resulted
directly from the deQelopment of a wide variety of polymers in the form
of fibres, plastics, elastomers, adhesives and resins. The trend of
replacing conventional materials with polymeric substitutes is still
increasing and thus it is important to understand the chemical and
physical properties of such macromolecules in order to tailor them to
our needs. A major contribution to understanding is the science

of polymer degradation.
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1.2 Polymer Degradation.

Polymer degradation is the collective term used to describe
various processes which cause a deterioration in the physical or
chemical properties of polymers or their outward appearance. These
reactions may be induced by a variety of energy transfer agencies
including heat, light, radiation and mechanical impact in addition
to chemical attack. Degradation may occur during every phase of
the life of a polymer i.e. during its synthesis, processing,
fabrication and use. All of the bonds in a polymer molecule may
be sites for polymer degradation. The bond energies are manifold
and depend not only on the type of atoms connected by the bond but
also on the chemical and physical environment surrounding the bond.
Tertiary and allylic bonds are usually weaker than primary or
secondary ones. In polymers containing only primary or secondary
carbon atoms such as PVC, the presence of such bonds is undesirable as
they form weak sites which are very readily attacked. These bonds
may be formed during polymerisation and processing. The method of
polymerisation can be of vital importance in the avoidance of such
weak links. A polymer prepared by radical initiated polymerisation
may be more prone to degradation than if prepared by ionic means due
to the termination steps in radical polymerisation for example
disproportionation, producing an unsaturated end group or head-to-head
combination which may result in a site of weakness. Therefore, the
main factor affecting polymer stability is the dissociation energy of
the various bonds in the polymer which, in common polymers, range from2
around 65 k cal mol © (C-Cl) to 108 k cal mole = (C-F) the C-C bond

-1
energy range being intermediate at 75-85 k cal mol . Thermal



degradation begins with the scission of the weakest bond present.
The initial step then usually determines the course of the
degradation process. Other components of the chemical structure
such as steric factors, stability of the intermediates, or the
possibility of their resonance stabilisation, may also have great

influence on the degradation.

1.2.1 Classification of Polymer Degradation.

Classification of polymer degradation can be based upon the
main factors responsible for degradation, e.g. thermal, photo,
radiation, biological, chemical or mechanical degradation.
Alternatively, the major processes occurring during degradation may be
used as a classification system. This includes random main chain
scission, depolymerisation, cross-linking, substituent elimination and
substituent cyclisation reactions. As the aim of this work is to
investigate the thermal degradation of certain polymer systems, the
possible processes taking place during thermal degradation are

detailed below.

The thermal degradation of polymers may be broadly divided into
3 . ,
two classes™ - namely main chain scission and substituent reactions.

1) Main chain scission - is characterised by the cleavage of a bond in

the polymer backbone resulting in the formation of macroradicals

containing distinguishable monomer units.

X c-C X >l<
. | | ; ; I
N\/\-CHZ—C—CH2—C-/‘M f’sl—sf-l—?ngHz- C-+'CH2—IC-’VV
| ! |
Y Y Y Y



The macroradicals may then undergo a number of reactions
which include "random" degradation processes and ordered depoly-
merisation reactions. It should be noted that in this context
the word "random" is of rather loose definition as in all
degradation processes the decomposition is defined, as previously
described, by bond strength and/or environment. Thus, the use of
the terms is as follows:
a) Random degradation processes - in these types of reactions a wide
range of chain fragments of different lengths may be produced. This
is the case in the degradation of polyethylene. The macroradicals
formed participate in hydrogen abstraction or disproportionation
reactions yielding hydrocarbon chain fragments having 1 to 70 carbon
atoms.3
b) Depolymerisation - this, in essence, is a reversal of polymerisation
resulting in monomer formation. Depolymerisation is favoured if
the substituents X and Y on the polymer are capable of stabilising
the intermediate radical produced. This can be done by an electron
withdrawing effect, as is seen in polystyrene (X = H, Y = Ph), or by
means of steric crowding observed in poly (methyl methacrylate)
(X = CH3, Y = COOCH3). Poly (methyl methacrylate) degrades via
a depolymerisation reaction, "unzipping" to produce almost 100% yields
of methyl methacrylate.4 The depolymerisation of polystyrene,
however, is not so simple due to the presence of an active a-hydrogen
atom. These easily undergo hydrogen abstraction by macroradicals
in an intramolecular "back-biting" reaction producing dimer, trimer,
tetramer and pentamer (see Chapter 4). This "unbuttoning" of
oligomeric fragments is in competition with the depolymerisation

process and thus the monomer yield from polystyrene is considerably



less than 100%. If the a-hydrogen is replaced with a methyl
group as in poly(o-methyl styrene) monomer yield increases to

approximately lOO%.5

2) Substituent reactions - these will occur as dominating processes

in a polymer system only if they can be initiated at temperatures
lower than that at which main chain scission takes place. Thus
substituent reactions are normally observed at relatively low
temperatures (i.e. < 250°C). These substituent reactions can

be classified into three main groups:

a) Elimination - the classic example of an elimination reaction is

the dehydrochlorination of poly(vinyl chloride).

H ¢l 71(,11_ HC1
L iminati
Wf-c—c—wa elimination amA cH = cH - CH = CH M
I |
H H H H

The mechanism of elimination of HCl however, even after extensive
research,6’7 is still a matter of controversy although there is a
general consensus over the major features. The details of the

thermal degradation of PVC are discussed later in this chapter.

b) Cyclisation - reactions which result in the formation of cyclic
structures being incorporated into the polymer backbone may occur
between adjacent substituent groups along the polymer chain. These

reactions can be associated with the elimination of small, volatile,



molecules although this is not always the case. Polyacrylonitrile

for example, begins to discolour at lSOOC,8 due to conjugation

arising from the polymerisation of sequences of neighbouring nitrile

groups.

M- CH, CH JCHy CH2—JW WA CH, CH, CH, CH;AN
CH NT NS S NS
CH CH cH
| | |
c c o c
| 1] Y TN 7N
N N N

| heat

This reaction is of practical importance in the formation of carbon
fibres. In contrast, poly(methacrylic acid) on heating between
200-300°C cyclises via an intramolecular dehydration reaction forming

anhydride rings9 with the elimination of water.

CH
3 ?H3 CH, CH,
MA-cH, | CH, M- cH, l CH, _ I
~c~ N c oA heat Ne C AM
I l | |
c c -H.0 c o
H” Yo HO Yo 2 04’ R Q>C

Intermolecular dehydration may also occur resulting in cross-linking

between polymer chains.



c) Ester decomposition - these reactions result in the formation
of a carboxylic acid and an alkene. Depending on polymer
structure, the alkene may be liberated and the acid left as repeat
units in the polymer chain backbone or the acid may be evolved
and olefinic double honds anpear in the polymer

backbone. The former example is typified by the thermal

degradation of poly(t-butyl methacrylate). The intramolecular

. . 9 . , . .
mechanism involved™ is via an interaction between the carbonyl group

and a hydrogen atom on the B~carbon atom of the ester group.

| l \
AW ci, - ¢ =M\ ——> AM- CH, -C AW + C=CH,,
| | /
c C CHj
Oj \O o'? \OH
cH, | L"
3>~c¢
/e
cH 2

3

The reaction is favoured by the labile hydrogen atom and the

formation df a stable six membered ring intermediate.

Poly (vinyl esters) for example poly(vinyl acetate) also
exhibit ester decomposition, However in this class of

compound, carboxylic acid is released and the alkene double

10
bond forms the polymer backbone.
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Once initiated by the scission of a C-O bond and consequently
the removal of a carboxylic acid molecule, the process is
activated by the formation of double bonds resulting in a

conjugated polyene sequence.

Although the variety of substituents incorporated into
polymers results in an equal variety of reaction mechanisms
there are features which substituent reactions have in common.
They often occur at temperatures below those of which depoly-
merisation begins. If allowed to continue to a marked degree
they will inhibit depolymerisation due to the formation of
structures which prevent depropagation. This results in
products being structurally dissimilar to the parent polymer.
Conjugated unsaturated structures frequently lead to colouration
of higher long chain fragment degradation products and residue.
At higher temperatures (i.e. > SOOOC), the final product is
usually a carbonaceous residue similar to graphite and arises from
the dehydrogenation of the initially formed cyclic or cross-linked

structures which have not completely volatilised.




1.3 DEGRADATION OF POLYMERS IN TEE PPESENCE OF ADDTTTVT

In order to expand the range of useful polymeric materials
the chemical and physical properties of polymers can be modified by
the use of additives. These additives can take a wide variety
of forms ranging from organic polymers to small inorganic cempounds .
In the field of commercial plastics, polymers are commonly blended
with plasticisers, stabilisers, fil}ers and reinforcing agents.
Thus it is of importance to have some insight into the effects of

additives on the degradation of the associated polymer.

As there is a wide range of additive types, for the purpose
of this general introduction the degradation of polymer-additive
systems is reviewed in three classes - binary polymer blends, fire-

retardent compounds and polymer-salt blends.

1.3.1 Binary Polymer Blends.

Binary polymer blends form almost exclusively heterogeneous
mixtures. Such blends can be envisaged as consisting of a
continuous phase of one polymer into which is dispersed the other
polymer so that there exist domains of a single pure polymer separated
from the domains of the second polymer by a phase boundary. As a
result of the two-phase nature of the polymer blend system, the
possible interactions which may occur during degradation can be
grouped as either reactions which occur in the bulk of either domain
or else reactions occurring at phase boundaries. The probability
of bulk reactions taking place within a polymer phase will be much
greater than that for reactions across a boundary surface because

; 11
the surface to volume ratio is small. Six processes appear




to be feasible. The possible interactions occurring in bulk
are:

small molecule + macromolecule

small radical + macromolecule

small molecule + macroradical

2 small molecules (product interaction)

while those occurring at phase boundaries include:
macroradical + macromolecule

2 macromolecules

Investigations into the thermal degradation of several
polymer blend systems over the last twenty years, and in particular
work carried out in the laboratories at the University of Glasgow,
have enabled some general patterns of behaviour to be distinguished.
In some cases it has been shown that the interaction processes
occurring result in destabilisation of either or both of the polymeric
components while in other cases blending improves thermal stability.
The three major polymers which have been studied are polystyrene (PS),
poly (vinyl chloride) (PVC) and poly(methyl methacrylate) (PMMA).
Some examples of the effect of different polymeric environments on
the degradation behaviour of these polymers are detailed below:

a) PS Blends

i) PS-Poly (a-methyl styrene) and PS-Polyoxyethylene glycol.

Richards and Satterl2 observed that styrene in the presence
of PaMS produced significant amounts of styrene at temperatures where
monomer production from pure PS is negligable (i.e. between 260O and
280°C). It was also noted that styrene evolution increased as the

molecular weight of PAMS used was decreased. The destabilising
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effect of PAMS can be explained by the monomer radicals produced

in the depolymerisation of PAMS chains migrating into the PS phase
and abstracting tertiary hydrogen atoms. Consequent chain
scission may result in polystyryl radical formation which can then
give rise to styrene monomer. The molecular weight effect of
PAMS on styrene production can be accounted for by the fact that the
lower the molecular weight of PAMS, the higher will be the
concentration of PAMS monomer radicals in the sample available for

the initiation of PS chain scission.

A similar destabilising effect is seen in PS-POEG blends.13
When PS was heated isothermally along with low molecular weight
POEG (mwt = 4000) at higher temperatures (350°-385°C), the
degradation of PS accelerated as POEG concentration and temperature
increased. POEG degrades initially under these conditions via
random chain scission generating small POEG radicals which are
capable of diffusing into the PS zone and abstracting active hydrogen
atoms initiating chain scission followed by styrene formation in a
similar fashion to the scheme proposed by Richards and Satter for
PS-PAMS blends. The mechanism for the radical induced degradation

in PS-POEG blends is illustrated below:

chain , .
- -~ - - - e AA) N0 - CH_.-CH_ +0O-CH_-CH- A\
mvw-0 - CHy=CH, - O - CH,~CH, Scissiog 27 CH, 2 CH3
1)H abstraction
ii)PS scission /wro CH —CH
M=O - CH2-<':H2 II{ NW-CH,, - &= CH +DH-CH 2w
or -FN%—CH - C - CHZ—CH CH*V“-————>

hM-CHz—CHz—é @ @
/‘N*-CHZ—CH2—OH




ii) PS-Poly(vinyl chloride), PS-Poly(vinyl acetate) and PS-

Polyacrylonitrile.

1
When PS-PVC 4 or PS-PVAls blends are degraded two affects

are noted on the degradation of PS. Firstly PS undergoes more
rapid chain scission resulting in a drop in molecular weight and
secondly the evolution of styrene occurs at slightly higher
temperatures indicating a stabilising effect on PS volatilisation.
The fall in molecular weight may be explained by small radicals
(Cl: or CH3CoO') diffusing across the phase boundary into the PS
phase to participate in initiating chain scission as in the
previous examples. In contrast to the small radical -
macromolecule interactions, the stabilisation in styrene formation
is thought to arise from macroradical-macromolecule interactions
occurring at phase boundaries (unless the "macro" radical is small
enough to diffuse into the second polymer phase}. The macro-
molecules involved are the conjugated polyene residues from PVC

or PVA degradation. Their function is that of radical scavengers.

When PS-PAN blends are degraded, the stabilisation of PS is
easily observed from thermal volatilisation analysis (TVA) studiesl6
The conjugated nitrile oligomer structure obtained from the
decomposition of PAN acts as a scavenger for PS radicals, In
contrast to the above cases, however, PAN does not provide radical
species on degradation which could initiate chain scission in the

PS phase and thus the rate of chain scission is reduced.
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iii) PS - Poly(Methyl methacrylate)
This is an example in which the degradation of either polymer has no

apparant effect on the degradation of the other.

b) PVC Blends.
i) PVC - Poly(vinyl acetate) and PVC - Alloprene.

The major degradation products from PVC and PVA are HCl and
acetic acid respectively. The dehydrochlorination of PVC occurs
at lower temperatures than the deacetylation of PVA. When PVC is
degraded in the presence of PVA, acetic acid production begins
coincidently with the formation of HCL. The HC1l evolution however
occurs at slightly lower temperatures than observed for pure PVC
indicating that both polymers are destabilised. This destabilisation
is brought about by acid catalysis. HCl from the initial PVC

degradation diffuses into the PVA phase to catalyse loss of acetic

acid. The acetic acid produced then diffuses into the PVC phase
to catalyse loss of HCL. The reactions continue due to allylic
activation by double bond formation. The acid catalysis mechanisms

are illustrated below:

- - - MACH. - CH = CH - CH-AM
A-CH, - CH Q"|CH (lZH-AM ) C')A
CH —c-oQ B Ohc ? + HC1 ¢
U m "ré'l + CH_COOH
°© 3
and
AMW-CH. - CH - CH - CH -W M- CH, - CH = CH - CH-WA
2 A ) 'c1
ci (H cl N
: + HC1
H - o\
+ CH_COOH
//c - CH, 3



Both mechanisms are similar to that proposed by Braun and Bender18
for the autocatalysis in the degradation of PVC, although it is also

possible that small radical species may be involved in the

decomposition process.

Radiotracer degradation experiments involving labelled PVC -
Alloprene (commercial chlorinated natural rubber) blends19 reveal
a similar destabilisation in PVC, presumably catalysed by HCl
evolved from the thermally less stable Alloprene.
ii) PVC-Poly (methyl acrylate), PVC-Poly(methyl methacrylate),
PVC-Polystyrene and PVC-Poly (a-methyl styrene).

TVA experiments have shown that in the presence of PMA, PMMA
PS and PAMS, PVC is stabilised.l6 Chain scission occurs in the
accompanying polymers which may be followed by their depolymerisation.
These observations are accounted for by the following explanation.
Cl- radicals evolved on the degradation of PVC migrate to the second
polymer phase where they initiate chain scission by means of H
abstraction. The diffusion of some Cl-radicals from the PVC
phase results, however, in them not being available to participate
in the dehydrochlorination of PVC, thus PVC is stabilised.
iii) PVC - Polyacrylamide and PVC - Poly(n-butyl methacrylamide) .
PAM and PBMAM decompose at low temperatures (approximately 24OOC)
evolving ammonia and butylamine respectively. As a result of this,
when mixtures of PVC with these polymers are degraded PVC is
destabilised. This destabilisation is brought about by the

diffusion of ammonia or butylamine into the PVC phase and initiates

HCl elimination. Product interaction is also observed in these

systems as ammonium chloride and butylamine hydrochloride are

14
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formed.
iv) PVC - Polyacrylonitrile

On heating PVC with PAN16 it is seen that PVC is destabilised.
It has been proposed16 that in this case destabilisation is due to
physical effects rather than chemical ones. The physical state

of the blend hinders HCl release thereby increasing the importance

of autocatalysis.

c) PMMA Blends.
i) PMMA -~ Poly(vinyl chloride) and PMMA - Poly(vinyl acetate)

When blends of PMMA with PVC are degraded two effects on
the production of MMA monomer are apparentzo— the earlier production
of MMA monomer (approximately 100°C lower than in pure MMA) which
occurs simultaneously with the dehydrogenation of PVC and the
evolution of MMA monomer 30% higher than for PMMA alone. Therefore
PVC has both a destabilising and stabilising affect on PMMA. This
is explained21 by two interactive processes. The first is the
attack on PMMA by Cl. radicals, produced on PVC degradation, initiating
chain scission and unzipping of monomer. The second process is the
reaction of HCl with pendant ester groups. This results in the
formation of anhydride rings which act as blocking groups reducing
the zip length of depolymerisation and thus destabilising the chain.
Similar affects are noted in PMMA-PVA blends22 however the

destabilisation is less effective as PVA is more stable than PVC,

ii) PMMA - Polyacrylonitrile

. 23
PMMA is stabilised when heated in the presence of PAN,

The ammonia released on the degradation of PAN reacts with the



ester groups in PMMA to produce cyclic structures which block

depolymerisation thus stabilising the polymer.

1.3.2 FIRE-RETARDANT COMPOUNDS.

The science of fire-retardants in polymers is an extremely
complex field. A variety of commercial fire-retardant chemicals
are available which may function in a number of ways. In orderx
to understand these processes it is first necessary to have some
insighf into the events which occur during the combustion of a
polymer. The combustion of a polymer, or any solid, can be
described by two consecutive chemical processes - decomposition and
combustion. On the addition of heat to a polymer, the polymer
decomposes and any resultant flammable degradation products on
entering the flame zone, undergo combustion to form combustion
products with the simultaneous evolution of heat. Part of this
heat reaches the polymer surface and can initiate further degradation
thus yielding more cambustible products. This series of events is

known as the combustion cycle and is illustrated below:

thermal «
polymer + heat - 7 degradation
degradation products
4\
flame + 02
combustion
products
+
heat transfer heat

Scheme : Combustion Cycle of a Polymer (adapted from reference 24) .



In addition to the fire hazard induced by the flammability

of products evolved and the rate and amount of heat released during

decomposition, there is also a health hazard which results from
smoke generation. It has been shown, however, that as the
amount of char after combustion increases, the level of smoke

production should decrease. 25

In a fire retarded polymer composition, the combustion
cycle must be interrupted at some stage. This may be achieved
by one or more of the following:

i) altering the decomposition of the polymer to produce less
flammable degradation products.
ii) interfering with flame reactions.

iii) reducing thermal feedback to the polymer.

Many, if not most, fire retardants may function
simultaneously by several different mechanisms which also can
depend on the nature of the substrate polymers. Thus it is more
systematic to deal with individual classes of additive, according
to the principal element they contain, and explain their mode of
action rather than to discuss in depth the different mechanisms by
which a fire retardant may operate. However, some examples to

demonstrate the types of interaction encountered are given in this

section.

The major elements used in fire retardants are aluminium

and boron (Group III), phosphorous and antimony (Group V) and

chlorine and bromine (Group VII). They may be incorporated into



fire retardant polymer compositions either as additives or
reactives. Additive fire retardants are compounds which are
physically mixed with the polymer. This is distinct from

reactive fire retardants which are chemically bound to the polymer

forming an integral part of the repeating structural unit.

More than one fire retardant may be used in a polymer
system. When the combined effect of two or more fire retardants
is greater than the sum of the effects of each of the individual
compounds, synergism is said to occur. This is commonly found in
phosphorous-halogen compounds and for this reason halogenated
compounds are usually used in combination with antimony oxide.

a) Aluminium and Boron

Alumina trihydrate (ATH) at present is the compound used in
greatest quantities26 as a fire retardant for organic polymers.,
ATH is added to polymers as an inert filler. It owes its fire
retardant properties to a number of factors. Firstly, ATH is a
heat sink absorbing thermal energy from the flame due to its high
heat capacity, so reducing heat transfer back to the polymer. In
addition, its decomposition to anhydrous alumina is endothermic.
Furthermore, the water of hydration evolved acts as an inert
dilutent for the flammable polymer degradation products and also
cools the flame. Finally the alumina residue acts as a protective
coveriné on the surface of the polymer. Thus A1203.3H20 is a

very effective fire retardant. One disadvantage is however

that relatively high 1oadings27 of ATH are required in orxder for it to

function as a satisfactory fire retardant. This restricts its
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use to polymer systems, such as carpet upholstery back coatings

which will not chemically or physically deteriorate at such high

filler concentrations.

Boron containing compounds used in fire retardants include
boric acid and hydrated boric salts. These are frequently used
together as mixtures of boric acid and borax (Na2B407.lOH20).

The mode of action in this case is fourfold:

i) the formation of inorganic glassy deposits on the surface of
the polymer which may act as intumescent coatings.

ii) the promotion of char formation with hydroxylated polymers, due
to the formation of borate esters, rather than the production of
flammable gaseous products.

iii) the liberation of water from hydrated compounds and/or
ammonia from ammonium borates which act both as a heat sink and as
a dilutent in the gas phase of the combustable fuel.

iv) the chemical inhibition by free-radical scavengers of oxidation

reactions at the gas-solid interface.

b) Phosphorous and Antimony.

Phosphorous containing fire retardants are associated with

changing the thermal degradation processes in polymers. An

example of this is the effect of ammonium polyphosphate (APP) on

28
the thermal degradation of polyurethanes The factor

responsible for the alteration in decomposition mechanism is the

reaction of the polyurethane with polyphosphoric acid (PPA) which

is formed by the elimination of ammonia and water from APP at

temperatures below degradation threshold of the polymer. The



acid catalysed reaction results in the formation of less flammable

volatile products and more char. This char will serve to protect

underlying polymer, Similar observations are seen in APP-polyether-

urethane blends.zg'30

When APP is blended with PMMA, the degradation mechanism
of PMMA is greatly altered, Once more PPA is involved and its
interaction with PMMA produces cyclic anhydride structures which
restrict the normal depolymerisation process of PMMA, reducing the
yield of the monomer, and allow chain scission and fragmentation

reactions to compete effectively.3l

c) Chlorine and Bromine

Chlorine containing compounds are well known as fire
retardants both as additives and reactives. Additives may be
introduced using chlorinated compounds such as chlorinated high
molecular weight paraffins (chlorinated wax) or hexachlorocyclo-
pentadiene derivatives.32 Alternatively, chlorine may be
incorporated into the structure of the polymer either by
copolymerisation of monomers including chlorostyrene, chlorinated
alkenes and chlorinated oligomers such as chlorinated ethers3 or by

direct substitution of hydrogen atoms by chlorine in an existing

polymer. The latter reactions include the formation of

chlorinated PVC and chlorinated polyethylene.

Due to the different methods of including chlorine as a

fire retardant, the fire retardant may operate in a variety of

ways Chlorine, when introduced as an integral part of the



polymer structure will directly affect the products and rate of the
thermal degradation of the polymer. Although less is understood
about the mode of interaction of chlorinated additives, what is
clear is that both type of fire retardant compound evolve HCI,
either on decomposition of the retardant or on its interaction with
the polymer. This HCl then may enter the flame where complex
free radical reactions occur. The HC1l serves to quench the major
primary reactions responsible for propagating combustion within the
flame : the oxidation of hydrogen radicals which produces more highly

reactive: radicals, and the oxidation of carbon monoxide to carbon

dioxide which is an extermely exothermic reaction.

These reactions are reproduced3 below:
He + 02‘———) OH + *O-

‘OH + CO —==—3 -‘H + CO2

In the” presence of HCl, however, the following reactions occur:

"H + HCl—> H, + Cl-

‘OH + HClL ——) H20 + Cl1-

Thus less reactive Cl- radicals are generated which eventually

reform HCl.

Bromine containing fire retardants function in an analogous

manner liberating HBr. Nevertheless, bromine is much more

effective than chlorine as a fire retarding element in both additives

‘s 3.
and reactives. Bromine~containing additives™ in general are
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aromatic and include compounds such as brominated biphenyls and

biphenyl ethers. Brominated mPnomers may be used as reactives3

in several polymer systems. In the preparation of poly(ethylene

teraphthalate), for example, tetrabromophthalic acid and a
suitable brominated diol can partially replace teraphthalic acid
and ethylene glycol. Another example is the copolymerisation
of brominated acrylic monomers such as 2-bromoethyl methacrylate to

permit the introduction of bromine into acrylic polymers.

1.3.3 POLYMER-SALT BLENDS

Previous investigations into the thermal degradation of
polymer-salt blends have concentrated on polymers having structures
which contain pendent groups. Investigations into the thermal
decomposition of poly(methylacrylate) (PMA) and of methylacrylate-~
methylmethacrylate (MA-MMA) copolymers in the presence of zinc
chloride indicate the formation of degradation products not
associated with the pure polymer and an alteration in product
distribution when common products are evolved. Kochneva et al33
studying ZnCl2—PMA blends found that ZnCl2 affects both free-radical
stages in the degradation of PMA producing methanol and hydrogen as
a result of the formation of a complex between ZnCl2 and the ester

carbonyl group of PMA. ZnCl2 also alters the degradation

mechanism of MA-MMA copolymers. Kopylova and co-workers

discovered that in the presence of chl2 methanol, carbon dioxide,

carbon monoxide and water production are increased whilst the formation

of MA and MMA is decreased relative to the decomposition of the

pure copolymer.



Jamieson35 reviewing the thermal degradation behaviour of
several polymer systems containing silver acetate demonstrated that
the presence of AgAc can result in various effects, of different
extent, on the decomposition of the polymer. In PMMA-AgAC blends36,
the depolymerisation of PMMA is greatly increased due to an inter-
action between the polymer and salt during degradation. Results foxr

blends in the ratio 10:1 by weight of polymer to acetate demonstrate

most clearly the effect of AgAc in inducing early decomposition of the

polymer. During the degradation of AgAc the major volatile
products evolved are acetic acid, acetic anhydride, water, CO2 and
ketene. These are produced following the formation of free radical

intermediates which initiate rapid depolymerisation of PMMA in the
polymer-salt blends. A suggested mechanism is that of radical
attack at the carbonyl group of the methacrylate ester forming an
unsaturated chain end and a macroradical which can readily undergo

depolymerisation.

A similar process is observed in poly(n-butyl methacrylate)-
AgAc blends35 although to a lesser extent. This mechanism also holds
for poly(vinyl acetate)-AgAc mixtures as an increase in the rate of
deacetylation is noted as is the greater production of highly volatile
products from the decomposition of the resultant polyene residue.
In contrast, the depolymerisation of PS and PAMS and, the dehydro-

chlorination of PVC and Alloprene are unaffected by AgAc.

Investigations into the thermal degradation of PMMA-ZnBr2 and

PVA-ZnBr2 blends by McGuiness37 revealed that the additive has a

profound effect on the thermal decomposition of the polymer involved.

23



In PMMA—-ZnBr2 blends, the effect of ZnBr2 on the degradation of PMMA,
through the formation of a co-ordination complex is to weaken bonds
in the MMA unit which would not normally break resulting in products
other than those from pure PMMA. The complex formation involves
the zinc atom coordinating to the lone pairs of electrons on the
oxygen carbonyl of adjacent ester groups resulting in a 2:1 monomer:
salt complex. Alternatively, each ester group can act as a

bidentate ligand.

CH CH
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The decomposition occurs in three stages. The first of

these consists of a number of competing reactions which result in the
formation of organic salt and anhydride structures. At this point
there is the simultaneous evolution of small volatile molecules
including carbon monoxide, bromomethane and methanol. The second
stage in the blend degradation arises from the decomposition of

anhydride rings formed in the first stage accompanied by the

degradation of any uncomplexed monomer units. Depolymerisation

of regions of any uncoordinated polymer chains also may occur. The

main process occuring in the final stage is the decomposition of

organic salt units. The residue, consisting of polymeric sequencies

of conjugated double bonds or possible cross~linked sections, also



breaks down at this stage.

Similar compiexes between PVA and ZnBr2 in PVA—ZnBr2 blends
are formed. The effect of ZnBr2 on the thermal degradation of

PVA is to lower the activation energy for acetic acid production.

More recently,38 a detailed study has been carried out by
Liggat into the effect of transition metal chelates on the thermal
degradation of a number of polymer and copolymer systems. It was
observed that in contrast to the TVA behaviour of poly(methyl metha-

crylate) (PMMA) alone, Co(acac) ,-PMMA blends have two degradation

3
steps below ZOOOC. These result from the decomposition of the
chelate:

Co(acac)3 —_— Co(acac)2 + acac-

The first degradation peak (with maximum at approximately
135°C) arises from the decomposition of the " -type complex formed
between Co(acac)3 and the unsaturated sites at the chain-ends. The
complex may decompose in such a way as to (a) generate a macroradical

and Co(acac)2 or (b) maintain unsaturated chain ends and produce

acaceradical plus Co(acac)z. This is illustrated below:
~ CH
\2
(a) Cc - CFZ + Co(acac)2
~v CH l acac
2 CH_0OC
Ne o= CH, 3
-
CHBOOC Co(acac)3 ﬁArCHz
(b) \C = CH2 + acacs + Co(acac)2
\
CH_OO0C
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In reaction (a) depolymerisation of the macroradical leads to the

loss of unsaturated sites as shown in reaction (c). Alternatively

the acac. radical formed in reaction (b) can abstract a hydrogen
atom from the polymer backbone to regenerate acetylacetone. This
process (illustrated in reaction (d)) not only preserves the original
unsaturated chain-ends but generates more in addition to forming

depolymerisable macroradicals.

CH
CH
I,/i/ CH;NY _~ CH,(acac) ?H_o, , 5 (acac)
- C c (c) M»C. + HyC=C
I i ' \coocH
COOCH3 COOCH3 _ COOCH3 3
unzipping
acac.r‘ﬁ
gl CH CH3
CH, CH 4 W \g . ]
r-cu, | [ 3 (d) C =CH + HC - Cw
2 y~_CH . / 2 1
N ~ ‘%\ M
N ¢ COOCH, COOCH,
l l
COOCH, COOCH, \L
3 new unsaturated unzipping

chain end

The evidence from TVA experiments indicates that routes (a)/(c) and

(b)/(d) both occur.

The second decomposition peak results from the normal

i i t the remainder
decomposition of the Co(acac)3 dispersed throughou

of the polymer matrix. The acac. radical generated leads to the

production of monomer as described for the first degradation peak.

the ester groups and
Furthermore, Co(acac)2 produced complexes with

i i ion.
induces side chain scission and double bond formation



The major peak in the TVA trace is obtained above 220%.
The degradation in this temperature region is characterised by the
formation of cobalt carboxylate and anhydride structures which act
to block and thus reduce the depolymerisation process. The

carboxylate structures are formed in the following reaction:

s ”
MCH2~CM NA-CH_— C A
| I
C cC =0
27N
oj to |
' |
. Co
(,\.: CH, E— AN
\Co\/-j ~ . ~
o} o} o] OCH3
i ! it !
C C H,CCCH, = CCH
N 7N 3 2 3
CH3 C CH3

If this reaction is repeated then polymer chains may become crosslinked

by cobalt dicarboxylate bridges.

Anhydride structures are produced from the attack on
pendant ester groups by a small radical R. The anhydride cyclisation

process is illustrated below:

C[H3 ﬁH3 fH3 fH3
| i |

~OVCYT NS 2C _— Cx
RHF;E—O/ o o~ \O—CH3 0” T~ o o
+ RCH3 + CH3O‘
Three radicals initiate the formation of anhydride rings. CH3éo

produced on the decomposition of Co(acac)3, produces acetone as the

major by-product (RCH3) in the above reaction. Similar minor




reactions are observed with CHBOéO and CH3Ooradicals which produce

methyl acetate and dimethyl ether respectively as the by-product.

The final process which occurs in the degradation of
Co(acac)B—PMMA blends is fragmentation of the above structures in the

polymer backbone and remaining polymer chains.

Investigations into Mn(acac)B-PMMA blends show an additional
third low temperature (i.e.<,2500C) decomposition step, which can be
accounted for by Mn(acac)3 being able to associate with both
unsaturated chain ends and ester groups of the polymer at room
temperature whereas Co(acac)3 only forms a complex with the
unsaturated groups under the same conditions. The processes
occuring during the degradation of Mn(acac)3—PMMA blends are very
similar to those in Co(acac)B—PMMA blends. Carboxylate and
anhydride structures are produced in addition to acetylacetone and
acetone, however, the enhancement in their production is reflected irn
the greater interaction of Mn(acac)3 with the polymer in earlier

stages of the degradation.

Blends of Co(acac)3 and Mn(acac)3 with MAA-MMA copolymers
were also studied by Liggat. In these systems, the presence of
methacrylic acid groups in the chain have important consequences in that
the interaction with the methacrylic acid groups is stronger than that
with the ester groups. As a result of this the ligand scission
reactions occur at lower temperature on the copolymer blends than in
those with PMMA. Also, the stronger interaction of the bis chelates

with the acid structures inhibits sublimation and encourages further

formation of depolymerisation blocking structures, thus enhancing the




effects of the chelates on the latter stages of degradation which are

otherwise much the same as those of the PMMA blends.

In Cu(acac)2-PMMA blends, decomposition promoted by -
complexation of Cu(acac)2 at chain ends is not very significant.
Ester interaction promotes decomposition as shown by the production of
acetylacetone at relatively low temperature and acaceradicals produced
by chelate decomposition initiate depolymerisation. The copper metal
concurrently formed during degradation of the chelate has no effect on
PMMA, In addition, as there is no formation of unsaturated sites
along the backbone, the presence of Cu(acac)2 does not lead to
fragmentation of the polymer. Thus, the influence of Cu(acac), on

PMMA is limited to acac-radical initiated decomposition.

In contrast to the minor influence Cu(acac)2 has on the
thermal degradation of PMMA, the chelate has a marked effect on the
degradation behaviour of a MAA-MMA copolymer. Initially, the
decomposition of the chelate, by interaction mainly with acid groups
(but also with ester groups) in the éolymer produces acac-radicals
which initiate depolymerisation. Subsequently the copper metal
produced in the first stage catalyses decarboxylation at the acid
side groups producing radicals which initiate depolymerisation. In
addition, newly created "weak links" in the polymer act as sites for

further unzipping.

The effects of Co(acac)3, Mn(acac)3, Co(acac)2 and Cu(acac)2
on the thermal degradation of poly(vinyl acetate) (PVAc) were also

investigated. It was observed that in these systems, influence of



the chelates is slight. Co(acac)3 and Cu(acac)2 have no effect
on the deacetylation-of PVAc but both Mn(acac)3 and Co(acac) ,
reduce the onset temperature of deacetylation. Mn(acac)3 and

Co (acac) 3 introduce low temperature ( 200°¢) degradation steps
arising from the reduction of the chelates. As a consequence of
this reduction, ketone groups are formed on the polymer backbone.
With Cu(acac)2 the most thermally stable of the chelates studied,

no effect on the decomposition of PVAc can be detected.

Mn(acac)3, Co(acac)3 and Cu(acac)z, on the basis of TVA

results, have little or no effect on the degradation of polystyrene.

In the presence of Cu(acac)z, the TVA behaviour of PVC is
unchanged. With Co(acac)3—PVC blends, however, two low
temperature degradation peaks are observed at 159°C and 190°C due to
the evolution of acetyl acetone. This can be attributed to
chelate decomposition. The acac-radicals abstract an a hydrogen
atom and the macroradical produced serves as an initiation site for the
dehydrochlorination process. This accounts for the marked reduction

in both onset and maximum rate temperatures for dehydrochlorination in

the blend.

Surprisingly, although Mn(acac)3 would be expected to
introduce unsaturated sites along the polymer backbone, the chelate

seems to have little effect on the TVA behaviour of PVC.
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1.4 DEGRADATION OF CHLORINE CONTAINING POLYMERS.

Chlorine containing polymers, such as polyvinyl chloride
(PVC) , polychloroprene rubber (CR), chlorinated butyl rubber (CBR) and
chlorinated polyethylene (CPE) etc. are widely used in a variety of
applications including wire and cable jacketing, paints, printing
inks, adhesives and fire retardant additives due to their
attractive physical, mechanical and chemical properties.
Unfortunately, most of these materials exhibit rather poor thermal
and/or thermooxidative stabilities. As a result of this, sustained
efforts have been made by academic and industrial research groups to
elucidate the degradation and stabilisation of these polymers.
However, in spite of intensive research, there remain certain essential
details of the degradation mechanisms which are obscure. Processes
occuring during the thermal degradation of chlorine containing polymers
depend upon:

(a) the site of chlorine attachment within the polymer

(b) structural irregularities and defects

(c) end groups

The structural irregularities within and terminal groups on
a polymer are in turn dependent on preparative method and post

treatment procedures.

In general, when heated in an atmosphere of inert gas or in
air, polymers with hydrocarbon chain structures containing chlorine
undergo thermal or oxidative degradation processes, sometimes
associated with cross-linking. Hydrogen chloride evolution

initiated at low temperatures may be distinctly separated from polymer
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chain degradation. High temperatures cause accelerated
dehydrochlorination, with simultaneous formation of unsaturated bonds
in the hydrocarbon chains, followed by chain scission. In the

degradation process, volatile products and a non-volatile residue are

formed,

The thermal degradation of several chlorine and bromine
containing polymers has recently been reviewed39 by McNeill, The
following section comprises a summary of the thermal decomposition
behaviour of the major classes of chlorine-containing polymers with

examples of common representatives of each group detailed.

1.4.1 VINYL POLYMERS

(a) Poly(vinyl chloride) (PVC).

A characteristic feature of PVC is its abnormally low
thermal stability. It is common knowledge that the low stability of
PVC is caused essentially by the presence Within the macromolecules
of labile groups. The exact nature of initiation of and mechanism
of breakdown however is still open to debate. The issue is further
complicated as the decomposition is sensitive to several variables.
The degradation is affected by sample form38 as in thicker samples
HCl release is hindered which enhances the autocatalytic dehydro-
chlorination process. Degradation atmosphere is also important

r

4 1 .
as PVC degrades faster when heated in oxygen than when heated in
an inert atmosphere or in vacuo. Thermal stability is also

., 41 .
influenced by the method of polymerisation (suspension, bulk) and

. 41
the rate of heating.
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Investigations using thermograviometry, TG?9 and TVA42’43

indicate that the thermal degradation occurs in two stages. The
first stage is essentially due to dehydrochlorination of the polymer
chain which gives near gquantitative loss of HCl, however, a little
benzene and traces of ethylene are also observed. The second stage
in the degradation arises from fragmentation of the unsaturated
backbone produced in the first reaction. The average polyene
length decreases as HCl loss increases and finally reaches a limited
constant value4O of approximately 6 to 10 double bonds in conjugation.
This is explained by secondary processes such as cyclisation of
polyenes,44 and crosslinking of dehydrochlorinated polymer chains.
The secondary products are low volatility, coloured materials
collected as cold ring fractions in TVA studies and a high volatility
fraction which includes aliphatic, aromatic and mixed aromatic-
aliphatic compounds as confirmed by pyrolysis gas chromatography-
mass spectrometry (GC—MS)45 experiments. A black carbonaceous

. o)
char residue remains after heating to 500 C.

The dehydrochlorination of PVC begins around 205°C as
determined by TVA38 and reaches a maximum rate in the range 268-30 °c
with a shoulder appearing on the peak attributed to dehydrochlorination
at approximately 310°%C. Fragmentation of the resultant unsaturated

o
backbone commences at 370°C with a rate maximum at roughly 450 C.

Although the degradation of PVC has been the focus of
considerable research6'7 the mechanism of dehydrochlorination has not
been determined with any certainty, however, there is general

8 .
agreement over the major features involved . It is agreed that



the dehydrochlorination is initiated at defect sites along the
polymer backbone. These structural abnormalities include R-

40
chloroallyl groups , carbonylallyl (oxovinylene) groups46 and

tertiary chlorines:40

0 R

0 1
-CH = CHCHCl -, -CCH = CH -, —CHZ—C—
|
Cl

Although there is still controversy with regard to the

~relative importance, as labile moieties, of the various irregular

structures that PVC contains, it is becoming accepted that the

47
B-chloroallylic groups are of major importance,

Three mechanisms have been suggested48 for the thermal
dehydrochlorination of PVC which are based on different active
centres, namely radical, ionic and molecular. The radical
mechanism was initially proposed many years ago49 and it has been
confirmed by a large number of experimental studies50 especially

by the application of ESR51 for the detection of radicals. Dean 7

al48 using conductimetric and u.v./&isible spectral methods observec
that the rate of thermal dehydrochlorination of PVC increased linear.y

with the concentration of allylic Cl atoms. Initiation of therma.

decomposition is thought to occur as follows:

A
/W-—CH=CH—ClH—CH2—CIH-JW\—->MI-CH=CH—9H-CH2-c{:}z-/w&
Ccl Cl Cl
* -
Pl Pl + Ccl

The reaction continues, forming polyene sequences and eliminating

BCl.
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ANW—CH = CH - CH - CH, - CH“"A + 'Cl—3)MA~CH = CH - CH = CH - CE-4@
' |
Cl cl

Pl‘ P + HC1
The structure Pz* is also active and thermally decomposes as
for Pl* continuing the dehydrochlorination process. The resultant
polyenes formed have polyene sequences containing 6 to 10 conjugated
double bonds. The length of polyene sequences is limited by
certain groups in the polymer chain such as tail to tail structures
or branches

. A
MN— (CH=CH)n—:l CH - CH2 - CH-W +1¢Cl ~———pM-(CH=CH) — CH=CH - CH-W:

| n-1 [

R R + HCI

rn-1 Pn

where R=H, -CH,C1l, —CHZ—CH Cl or other long branch groups and Pn is &

2 2

stable polyene sequence .

This radical mechanism however, fails to explain autocatalytic
dehydrochlorination. It is probable, therefore, that elimination
j of HC1 via a 4-centred transition étate (reaction 1) and HCl-catalyzec
elimination via a 6-centred transition state (reaction 2} occurs

39
simultaneously with the free radical route. These molecular

mechanisms are shown below:

/s

M- CH,CH = CHCHCl-“WA  ———3 M CHZCH-CHCHCI—NV‘ (1

HC1l +

- Cl
\»)H 2HC1 +

f /w,s—CHZ'cH {(?/HCHCLM —_— MA—CHZCH = CHCHCl VW (2}



Secondary degradation products such as benzene and other
aromatic compounds, as well as the carbonaceous residue obtained
at high temperatures, are formed as a result of intramolecular
cyclisation reactions.45 The crosslinking which takes place
during HC1l loss, occurs by means of a Diels-Alder type reaction as
this crosslinking may be reversed or prevented by heating the polymer

with maleic anhydride.5

b} Chlorinated Poly(vinyl chloride) (CPVC)

Investigations using TG have revealed that chlorination of
PVC, to give chlorinated polyvinyl chlorides (CPVC's) having
chlorine contents of 67-75% w/w, results in polymers with increased
thermal stability.51 This is attributed to long internal (CHC1)
sequences which appear as a consequence of the chlorination reactiorn.
Degradation,as for PVC, occurs in twec stages corresponding to the
elimination of HCl1l followed by, in the case of CPVC, the decompositior
of the resultant chlorinated polyene residue. The maximum rate of
weight loss for the first reaction occurs at approximately 295°¢C for
PVC and is elivated to roughly 330°C for CPVC (Cl content 67%,
heating rate 10° min_l.under Nz). The second high temperature
degradation step is at approximately 450°C for all systems. There

ig also an increase in weight % residue remaining after heating to

SOOOC under N2 with CPVC (32-39% residue) as compared to PVC (21%).

Pyrolysic-GLC indicated that whereas PVC produced essentially
aromatic hydrocarbon compounds including naphthalene on degradation,
CPVC yielded chlorinated aromatics namely mono- and dichlorobenzenes

and negligable naphthalene species.
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Chlorination of PVC leads to the production of materials
which have exceptionally good fire properties.52 Flammability
is decreased as is smoke production tendancy of the polymers while
there is a substantial increase in the char remaining after

combustion.

c) Poly(vinylidene chloride) (PVDC)

PVDC thermally degrades in a similar fashion to CPVC
liberating HCl and chlorinated aromatic com.pounds.SO The latter
degradation products, however, are not produced in similar analagous
mono:dichlorobenzene ratios as in CPVC. PVDC is somewhat less stable
than PVC. This can be attributed to the presence of —CCl2 units
along the polymer backbone which are more thermally labile than
the -CHCl structures present in PVC. PVDC degrades at 120-220°¢
to give only HCl, yielding one molecule of HCl per vinylidene chloride
repeat unit, and at temperatures above 250°C chlorinated aromatic
compounds are also produced. Autocatalysis is observed after 15%

reaction and a free radical dehydrochlorination mechanism, initiated

53
at the chain ends and proceeding along the chains has been proposed.

1.4.2 CHLORINATED RUBBER

a) Chlorinated Rubber (CR)

Natural rubber is chlorinated by a process which involves
. 54 . .
both substitution and addition reactions to give a final
commercial product with 65-68% chlorine content. The structure

55 . . :
of CR is complex and Dodson and McNeill investigating the thermal
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degradation of CR, have proposed an alternative polymer structure
and decomposition mechanism to that previously reported.56 The
recent study reveals that gaseous degradation products are evolved

in two distinct temperature regions. CR begins to degrade at 200°¢
and the initial decomposition process reaches a maximum rate at
300°%¢. During this stage a weight loss of approximately 67%

of the original weight is observed. Most of this (95%) is due to
the elimination of HCl although small amounts of carbon dioxide and
carbon monoxide as well as traces of methane and ethylene are also
formed. The second decomposition occurs between 400° and 500°C.
In this stage about 3% weight loss is recorded and methane, ethylene,
HC1l (traces) and hydrogen are detected as degradation products.

The remaining 30% by weight remains as a char residue.

Discolouration of the polymer at only 1% dehydrochlorination indicates
that conjugation develops along the chain as in PVC degradation.

CR readily looses 5/7 of the total available HCL. If the

predominant structure type in CR is that illustrated below:




then loss of HCl1 from cyclic structure (I) can be envisaged as

occuring as shown in equation 1.

Cc1 C: C1 AN
____> Cl —_— l
c1 c1 1 7
C1 o1 N
C1 1 c1 c1
T IT IIT

Dehydrochlorination from adjacent units along the polymer chain
could produce structure II with long conjugated sequences. In this
reaction 4 molecules of HCl per 2 isoprene units are lost i.e. 4/7
or 57% of total HCIL. Further loss of HCl in a cyclisation
reaction produces cyclic structure III which would account for

the evolution o £ 5/7 or 71% of total HCI. The remainder of the
HCl produced at higher temperatures, is formed as a result of Diels-

Alder type reactions between adjacent fused systems.

b) Chlorobutyl Rubber (CBR)

In the halogenation (Clz,Brz) of butyl rubber, several
structures46 are formed within the macromolecules which are

distinguished by the position of the halogen atom with respect to the

A

~c = cZ bond, principally:

U U

X
x ~-

exo-(aj) endo-(ay) Di X-(ap)
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(1)



During the halogenation of butyl rubber, there is a
decrease of 10-30% in the unsaturation of the molecules and
simultaneous isomerization of part of the internal C = C:
bonds into neighbcuring exo groups. The proportion of exo
and endo-methylene structure is dependent upon the halogen

it is greater in chlorobuty rubber than in bromobutyl rubber (6:1 in

CBR cf 1:1 in BBR).

Experimental data on the dehydrochlorination of CBR46 indicate
that both these labile groups (exo-and endo-) are responsible for the
decomposition of the polymer. It is important that the stability
of the endo- structure (a2), in which the chlorine atom is in the

[N Ve

B-position with respect to the internal /C = C, bond, appears to

be more than an order lower than that of the exo- structure (al), in

/
which the chlorine atom is in the B-position to the external :C =C

N
bond. In spite of the content of endo-structures (a,) in CBR
being 7-9 times lower than that of the exo-structures (al), the

high rate of dehydrochlorination in the initial stages of thermal

degradation of CBR is determined by this essentially unstable endo-

structure (a2).

¢) Polychloroprene (PC)

The processes which occur during the degradation of poly-
chloroprene (PC) comprise the elimination of HC1l and other minor
gaseous decomposition products followed by decomposition of the
resultant residue to yield hydrocarbons as for PVC. Dehydro-

chlorination takes place less readily than in PVC unless oxygen is
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present and in the absence of air the elimination of HCl is not
autocatalytic. The polymer is very sensitive to the presence of
small concentrations of impurity structures, formed on the reaction
with oxygen during or after polymerisation, which considerably reduce

its thermal stability.

TG experiments57 indicate that a two stage weight loss occurs
during the degradation of PC with the maximum rate of weight loss in
the range 357°-365°C. This initial decomposition is attributed
to dehydrochlorination however comparison of weight loss and evolved
gas analysis data for HCl evolution from PC clearly show the presence
of additional products. Approximately 90% of the chlorine in PC
is lost as HCI. The second decomposition occurs in the range

400°-550°C.

Product analysis following degradation in a TVA system58 has
revealed that below 4OOOC, in addition to HCl, small amounts of
ethylene and a trace of chloroprene are evolved. Above 400°C
methane and smaller amounts of hydrogen, ethylene and trace amounts

of propylene are produced,

A complex liquid fraction57 is obtained in addition to the
gaseous products which contains two dichloro-4-vinylcyclohexene
isomers. The less volatile liquid components contain aromatic
structures with 1,2-disubstitution predominating. The involatile
residue of partial degradation of PC differs from that obtained in
PVC in that the extent of conjugation in PC residues is much less
than in PVC. In PC, UV studies indicate that the major absorptions

are characteristic of trienes. This is to be expected if random 1



loss of HCl occurs by the nonradical mechanism illustrated below in
equation (1), as opposed to the "unzipping" radical chain process
observed in the dehydrohalogenation of PVC. PC does not accelerate
. . 57-59 . ) . .
PMMA degradation in PC-PMMA blends which is also consistent with

a nonradical loss of HCL.

+HCL.
H H Cl
— N\ 7/ \ "
H H H

Recent spectroscopic studies on the initial stages of thermal

degradation of low molecular weight PC suggest that decomposition is

58 s
initiated following allylic rearrangement of defect structures within

the polymer. The possible structural irregularities i.e. 1,2 unit,

3,4 unit and isomerized 1,2 unit are illustrated below:

cl
|
MN-CH, - C - CH, - CCl = CH - CH, AM M- CH, - CH ~WA
| ]
CH ccl
I I
CH, CH,
1,2 unit -1,4 unit 3,4 unit

M~ CH, = C - CH, - CC1 = CH - CH;M
2 1 2 2
cy
!

CHZCl

isomerized 1,2 - 1,4 unit
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Of the structural irregularities, isomerized 1,2 unit is not
s . . . 60
initially present in the polymer and the 1,4 unit dominates.
The first stage reaction during thermal degradation of PC is allylic
rearrangement of a 1,2 unit and this process is finished within 30
minutes at lSOOC. The extent of HCl loss is proportioned to the
decrease of isomerized 1,2 unit thus it is proposed that the second
stage of thermal degradation is dehydrochlorination of the isomerized
1,2 unit which contains the most labile chlorine atom. The

. . . 60 . .
mechanism suggested for this reaction is via a back-biting process
involving a six-membered transition state yielding cyclic structures
within the polymer back bone. The major (structure I) and minor

(structure II) decomposition products, are shown below.

AAN-CHZ - CCl =CH - CH2 - CH2 - C - CH2 - CCl = CH2 - CHjAAA

I
CH

CHZCl

- CH

S 2 2
Nvw-CH = CH \\C - CH, - CCl = CH - CH,—-WA +
N z 2 2
CH, - CH
2
CH = CCl
(1) / \
N CH,_ - CCl =CH -CH, - C CH - CH-AMMA
2 2 2
A /
CH - CH2

(I1)

43
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1.4.3 CHLORINATED POLYOLEFINS AND PARAFFINS

a) Chlorinated Polyethylene (CPE)

Three pentad type structures are present within chlorinated
polyethylene (CPE) polymer chains, namely, AABAA, AABAB and BABAB,

where A and B represent CH, and CHCl groups respectively. The

2

labile groups in CPE (which is one of the least stable halogen
containing elastomers) are saturated and non-terminal and may have

4
the following structures 61 - C(0)-cH

|
~ CHCl-CHC1- and - C - CI1. Kinetic degradation
|

experiments on CPE with chlorine contents ranging from 2 to 40% weight

-CHCl-~ , = CH(OH)-CHCl-CHz

2 2

and which have no hydroxyl and an insignificant amount of carbonyl
groups, have revealed that a correlation is obtained between the rate
of HCl evolution and the content of chlorines at tertiary carbons.
Thus, the low stability of CPE is caused by the presence of labile

!
~ C - Cl groups within macromolecules. This fact also accounts for

!

the marked differences between the characteristics of CPE degradation and

those of vinyl chloride polymers and CBR.

Thermogravimetric results62 show that the degradation of CPE
occurs in two stages. The first stage is associated mainly with
HCl evolution and occurs in the temperature range 2300-4looc
(maximum rate of weight loss at 33OOC). Chain decomposition accounts
for the second degradation stage at 4100—5250C, and this process

reaches a maximum rate of weight loss at 490°c.

b) Chlorinated Ethylene-Propylene Copolymer (CEPC)

Chlorinated ethylene-propylene copolymer (CEPC), like CPE,

evolves HCl on heating. CEPC samples with chlorine contents up
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to 40% weight, like PVC, do not contain geminal chlorines (as
verified by the absence of the band at 530 c:m—l in IR spectra),sl
Kinetic data46 on the thermal degradation of CEPC reveals that there
is no correlation between either the quantity of carbonyl and
unsaturated groups or the wvicinal and other chlorine containing
non-branched structures and the number of labile groups. The
best relationship has been achieved between the results of the
quantitative estimation of the labile group content and theCH

3
tertiary carbons with chlorines at the branching points - é Cl - CcH, -
Thus, as for CPE, the thermal stability is determined by the

I

presence of saturated branched chlorine-containing structures — C - Cl
|

within macromolecules.

c¢) Chloroparaffin (CP)

Camino and Costa, using several thermoanalytical techniques,
. , 63 . ., 64,65
have studied the thermal degradation and mechanism of action
of a highly chlorinated paraffin (CP) used as a fire retardant
additive for polymers. The linear CP (Mn = 1400) consists of
sequences of CHCl units, isolated or very short sequences of CH2 and

TG results

isolated CCl2 units, and terminated by methyl groups.
indicate that the thermal degradation of CP is a two stage process.
The first stage occurs between 275° and 4OOOC, with the weight loss
due to decomposition being approximately 70%. The second stage
occurs over a broader temperature range starting above 450°c.

By BOOOC, a further 10% of weight has been lost in the second step,

but the residue is still volatilizing although at a very low rate.

Analysis of the dehydrochlorination reaction reveals that on heating




above ZSOOC the CP eliminates about 60-70% of its chlorine as HCl

initially in an apparant zero order reaction, however the amount of

HCl evolved at higher temperatures tends to a lower limit which suggests

that some hindrance to the formation of HCl1l develops in the product as

dehydrochlorination progresses and could be evidence for side reactions.

After the elimination of HCl, the initially white powder is
transformed to a charred residue containing 35% by weight of chlorine.
This is more stable than the original CP and degrades above 300°¢
although still gives HCl as the major decomposition product. On
heating in the range 300° to SOOOC, the residue decomposes to give
two peaks in the TVA trace at 350° and 700°-800°C respectively.

The first peak is mainly associated with the production of HCl.
Formation of volatiles non-condensable at -196°¢ partially overlaps
HCl1 evolution but becomes the predominant degradation process above

500°C.

Dehydrochlorination of CP is likely to be initiated at allylic
chlorine atoms formed after preliminary partial elimination of HCl
(initiated by labile Cl atoms). Once initiated, dehydrochlorination
proceeds along the molecule with the formation of conjugated double
bonds as in PVC. Complete dehydrochlorination of CP is, however,
restrained by the greater stability of Cl atoms in vinyl structures

63
created by elimination of HCl as shown below:

-3HC]
AM—CHCl - CHC1 - CH = CH(Cl) - CHCl - CHCl - CHCl - CH;MA =75

M\~ CCl =CH - CH = CH(C1l) — CH =CCl - CH =CH -V

46
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Cross—linked chlorinated residue could arise from an inter-
molecular addition reaction between double bonds. Thus the
thermal degradation of CP can be compared to that of PVCC as in both
cases the main dehydrochlorination process leading toc a more stable
residue is preceded by a limited loss of HCl eliminated from labile
structures. The main difference between the thermal decomposition
of the two polymers, however, is the transformation of PVCC to an
almost completely insoluble product at early stages of dehydro-

chlorination ( after 10% weight loss)66.

1.4.4 CHLORINATED POLYACRYLONITRILE AND CHLORINE CONTAINING

ACRYLATE POLYMERS.

a) Chlorinated Polyacrylonitrile (CPAN)

Polyacrylonitrile may be chlorinated in the solid state at
130°C and 140°C in the presence of NaCl to yield products with
chlorine contents of 20.82% and 42.11%.67 These values correspond
to chlorinated polyacrylonitrile (CPAN) which contains one chlorine
atom per either two or one repeat unit respectively. IR
spectroscopy reveals that the chlorinated polymer consists mainly of
o,B-dichlorinated units. The differential thermal analysis (DTA)
curve for CPAN gives broad, single exothermic peaks as in the cases of
poly a-chloroacrylonitrile (PCAN) and acrylonitrile - CAN copolymers.68
Thermal dehydrochlorination of CPAN starts at about the onset
temperature of the exothermic reaction. The mode resembles that
in PCAN and acrylonitrile-CAN copolymers, which indicates that even
in CPAN the initiation of polymeris ation of cyano groups takes

68
place as a side effect of the thermal dehydrochlorination. On the
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other hand, dehydrochlorination in CPAN occurs at a lower temperature
than in PCAN (DTA peak maximum for CPAN 1 (20.82% Cl), CPAN 2 (42.11%

o

Cl), PCAN and PAN being approximately 150°, 170°, 215° and 270°C

respectively).67 This indicates that B-substituted chlorine

atoms are more easily dehydrochlorinated at lower temperature than
o-chlorine atoms. Thus it appears that o,Bf-dichlorinated units
result from the addition of chlorine to the double bonds produced by
dehydrochlorination after B-chlorination. By 3OOOC dehydro-
genation is almost completed in both PCAN and slightly chlorinated
CPAN (20.82% Cl) but not in highly chlorinated CPAN (42.11% Cl).
This observation may be explained if the o,f-dichlorinated unit is

7 ,
considered as a chlorinated moiety.3 The chlorinated moiety can be

easily dehydrochlorinated as illustrated below:

M- CH, - C(C3N) - CH - CH(CEN)-vM —>
[ l
c1l c1

MM CH = C(CSN) - CH = C(C3EN)—VW +2HCL

Complete dehydrochlorination is difficult in highly chlorinated CPAN
due to the presence of Cl atoms not subjected to intramolecular

dehydrochlorination such as chlorine atom (I) or (II) in

MM CH, - C(CEN) - CH - CH(C=N) - CH -C(CEN)-"M\
] ] | |

cl cl c1 c1
(1) (I1)

2
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b) Chlorine-Containing Acrylate Polymers.

69
Rao et al have investigated the thermal degradation of
several chlorine-containing acrylate polymers and their copolymers
with methyl methacrylate (MMA) using TG and gas chromatography-

mass spectrometry (GC-MS).

i) Poly(chloroethyl methacrylate) (PCEMA)

The TG curve of poly(chloroethyl methacrylate) (PCEMA) shows
that weight loss begins at approximately 250°C with a maximum rate at
314%. Decomposition is complete by 445°¢. From GC-MS analysis
the most abundant non-~chlorinated products are CO2 and acetaldehyde.
Among the chlorinated products are vinyl chloride, ethyl chloride and
monomer (CEMA). Vinyl chloride may be formed by the decomposition

of ester groups which occurs via a six-membered ring intermediate

involving B-hydrogen atoms.70
o G
NV-CH, - C M _ NA-CH, - C -“WA + CH, = CHCL
! !
C C
A N\ 7 \
o) kf o) OH
l : \L
CH H
2 - CO
N ?
CH CH
' !
Cl
Aﬂﬁ—CHz - Q—NNK + CO2
This process also generates C02. Manomer is produced as a result
of random chain scission followed by depolymerisation. The

propagating radical formed during the depolymerisation reaction may



undergo intra- and intermolecular reactions liberating ethyl
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chloride as shown below:69
a) intramolecular
I¢H,CH,. - O O
2772 \ N V4
C=0 CLCH,CHY 0o — c
! + ! l
Cc - CH
.,.___%> C C—CH
¢ /N ’ cal \CH/] 3
CH3"" \CH2 CH,~AM 3 2
I CHZ-JVVK
COOCH,CH,CL COOCH .CH.,C1
2772
b) intermolecular
CH, CH,
| f
NV CH, - C = CH, -M\ ——> M- CH, - C - CH, WA
I [
0O =2¢C c =0
] |
Y
OV— CH2CH2C1 ? + CHZCHZCl
CH3—C—CH2-/VV\ CH3—C—CH2-MA
! |
COOCHZCHZCl COOCH2CH2C1

Acetaldehyde is produced via decomposition of the chloroethoxide

radical which is evolved during the formation of anhydride rings as

illustrated overleaf:
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CH, CH, CH, CH,
| . cH, I ! o cr, !
MA—C N — M\-T >~ c - + +OCH,CH,C1
| ! !
c=0 C= 0 C o
| | O// ~No — \“o
: N
- ~CA_CH,.CL

2772

(0]

‘OCH2CH2C1 -_— [bHZ - CH2 —_— CH3CHO
+
»C1l

ii) Methyl methacrylate-chloroethyl methacrylate copolymers

Thermolysis of poly (72 MMA-E2-28 CEMA) produces CO,, propene
ethylchloride, acetaldehyde and vinyl chloride as a result of ester
decomposition.69 In addition, MMA is produced which is not
unexpected considering that the copolymer contains sequences of MMA
interspersed with CEMA units. The lack of CEMA monomer however,
suggests that decomposition of CEMA units occurs more readily than

depolymerisation in these co-polymers.

iii) Poly(2,2,2-trichloroethyl methacrylate) (PTCEMA)

The TG curve for poly(2,2,2-trichloroethyl methacrylaté)(PTCEMA)
shows a two stage weight loss, having onset temperatures of the first
s o} o . 69
and second decomposition steps at 195 and 275 C respectively.
The initial stage of degradation is attributed to dissociation of the

bulky CCl., group which accounts for 40% weight loss. The principal

3

degradation products are vinylidene chloride, CO2 and propene with
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vinyl chloride as a minor product. The absence of monomer suggests
that ester decomposition is an important pathway for degradation,
probably facilitated by the polar CCl3 groups and stability of the
-CCl3 radical. The major pyrolysis product, vinylidene chloride,
is most likely to be produced by the elimination of the stable
CC13CH2- radical, which is assisted by the electron withdrawing
effect of the CCl3 group:

ICH3 ?H3
MA- CH2 -C- "M —> MA-CH2 - C WM + CCl3CH'2
| |
C =0 C =0 J/— Cle
| |
<’) ° CH, = cc12
CH, - (1)
|
ccl

Decarboxylation of the carboxylate radical (I) and subsequent

processes can produce the other products mentioned.

(iv) Methyl methacrylate - trichloroethyl methacrylate copolymers

Thermal degradation of poly (76 MMA-co-24 TCEMA) yields in
69
addition to the products for PTCEMA, dichlorxoacetaldehyde and MMA.

Dichloroacetaldehyde is produced in the ester decomposition reaction

illustrated below:

fH3 fH3
M- CH2 - C M\ —————)~ Nw- CH2 - C “VMA + [-cc12cazo-:]
| |
) c =0 l,
0? Eo |
| cl CHC1,CHO
c1 H



The fact that dichloroacetaldehyde is not observed in the
decomposition of the homopolymer is attributed to the steric
hindrance of the CCl, group inhibiting the formation of the cyclic

3

transition state postulated above.

v) Poly(methyl-a-chloroacrylate) (PMCA)

TG results show poly(methyl-a-chloroacrylate) (PMCA) to be

appreciably more stable than PCEMA or PTCEMA.69 Although weight

o
loss commences at 225 C, the rate of degradation is much slower than in

PCEMA or PTCEMA. Also, a substantial amount (~20%) of carbonaceous
O

char remains at 475 C. The major decomposition products are CO2,

CH3C1 and MCA monomer with trace amounts of propene. Whereas

production of HCl might have been expected from the initial weight
loss of ~30% and the appearance of an olefinic absorxption band at
1625 cm--1 in the IR spectrum of the residue obtained on heating

PMCA to 1750C, the volatile product is in fact CH

69
explained by the acidolysis of PMCA.

3Cl, which may be

The production of monomer will result from random scission
of main chains. This is conceivable considering the high
polarization of C-C back-bone bonds by the chlorine atom attached to
one of the carbons. GC-MS analysis of the products of pyrolysis
obtained from poly (62 MMA-co-38 MCA) differ from that of the
homopolymer of MCA only in that MMA is produced instead of MCA.
However, due to the similarlity in retention times of the two monomers,

it is not easy to separate small amounts of MCA from MMA.

Therefore, the degradation processes for PMCA and copolymers

of MCA (i.e. elimination reactions prevailing) are distinctly different



from those of those of the other two forementioned polymers with Cl
in the pendant groups in which both ester decomposition and main

chain scission occur with the former taking the dominant role.

vi) Poly(acryloyl chloride) (PAC)

71
Diab and coworkers have guantitatively analysed the products
of thermal degradation of poly(acryloyl chloride) (PAC) and copolymers
of acryloyl chloride with methyl methacrylate (AC- MMA) using thermal

analysis, IR spectroscopy and gas-liquid chromatography.

On heating PAC to SOOOC, the major gaseous degradation
products evolved are HCl and CO. The liquid fraction comprises
acrylic acid, acryloyl chloride (monomer) and chain fragments
(C6—C15), some of which contain pyrone structures. Traces of
water are also observed. It appears that as is normal for
polyacrylates, the mechanism of degradation is dominated by side-
group reactions and chain transfer to give short fragments, rather
than unzipping to monomer as for the polymethacrylates. The

formation of HCl is probably due to elimination of a chlorine atom

followed by hydrogen abstraction:

H H H
1 | b~
AM-CH. - C - CH. - C M  +Cle —» m— CH, - C £ CH, - C-AM  +HC1
27§ 27§ 2 = a2 7
C C C c
2 y y 72N
07 Y1 0% Na 07 N1 07 a1
H i
|
MWA-CH. - Co CH.=C —AM
2~ ¢ 27
C C
V2N V/ 2N
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In addition, HCl may possibly be formed by elimination of two
adjacent AC units in’ the polymer chain, forming 3,5-(6 chloro-2-

pyrone) and its fragments as shown below:

P :
l
AAA—CHZ - C - CH2 - C W — JVﬁ—CHz -C - CH2 - C W
! | | I
/’C\ //C C\\ /C
7 7 %
0 Cl 0 \\Cl Cl HO \\Cl
CH2 \\\
MWA—C C WA+ HCL

These kinds of sequences will increase the yield of chain fragments

which account for 65 mol % of the degradation products of PAC.

vii) Acrylolyl chloride methyl-methacrylate copolymers

In addition to the products formed during the

decomposition of PAC, the thermal degradation of AC-MMA copolymers results
in the formation of methyl chloride, MMA monomer and chain fragments
which contain anhydride structures.7l It is suggested that the
mechanism for the production of methyl chloride involves protonation

of the methoxide group on the pendant ester chain by liberated HC1,
resulting in six membered ring intermediate which finally degrades
evolving methyl chloride and yielding an anhydride structure in the

polymeric residue:
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CH CH
3 0 T3 H3
HCL + NV—CH2-C—CH2—c-—fW\—->MA-CH2—c—CH2—c—NV~
| | | |
+
o=c-;)o=c—o o-c—ct)vc-r‘c:)—ﬂ
]
CH CH
CH, CH, 3 3
+Cl
CH
I o
NV-CH, - C - CH, ~ C MW" ——3 MA-CH, = C = CH, = C ~A™
J ! I !
o=c¢ c=o0 0o=c¢ cC=0
\\\ + //’ N S
0
o)
|
CHy + CH,C1
+ CH.,OH + Cl

This mechanism explains the relative yields of CH3C1 (5.2 mol %

maximum) and HCL (7.2 mol % maximum) in the degradation of AC-MMA

copolymers (poly (35AC-co-65MMA)).

1.4.5 POLYEPICHLOROHYDRIN ELASTOMERS AND CHLORAL POLYMERS

a) Poly(epichlorohydrin) (PECH)

The thermal degradation of polyepichlorohydrin (PECH) and
of the 1:1 copolymer of epichlorchydrin and ethylene oxide, both in
the uncompounded and compounded form, has been studied in air and

nitrogen using TG.72 The structures of both polymers are shown

- - - ~0-CH, ~CH, -0
CH, <,:H 0 ~ECH2 (IZH 0 H, ) }
n CH,Cl

n
CH,C1l 2

below:

PECH poly (ECH-co-EO)
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TG results indicate that for both the homopolymer and copolymer,
degradation (based on weight loss) occurs in one stage in air or
nitrogen. In uncompounded and compounded PECH and poly (ECH-co-
EQ), weight loss is first detected above 2OOOC and the rate increases
rapidly at temperatures greater than 2SOOC. HC1l evolution
begins, in all cases, at temperatures greater than 290°C and proceeds
at a rapid rate in the temperature range 310-330°C. The final
HCl yield at 400°C amounts to 30-35% of that available for
practically all the samples. Relatively little difference (~1OOC)
is observed between the plots of % available HCl as a function of
temperature for uncompounded and compounded homopolymer samples in
either air or nitrogen. This is also true for copolymer samples with
the exception of the uncompounded sample, which appears to be rather

more stable in nitrogen.

The production of HCl from PECH is a result of an
elimination reaction occurring between the Cl atom in the pendant
group and the tertiary hydrogen atom in the polymer backbone. The
reaction mechanism, forming unsaturated side groups, as adapted from

reference 73 is illustrated below:

M CH ~-CH-0O-CH,-CH-OwW—3M CH, -~ CH-0O0-CH, -C -0 A

2 2 2 2
! ! ! N s

H
CHZCl CHZCl CHZCl C 2
b) Polychloral

The thermal stability of polychloral depends strongly on

74 . < . s s N
the type of initiator used in synthesis (i.e. whether it is anionic




Or cationic pclymerisation), which in turn determines the end groups
present in the polymer, and on the post~-treatment procedure (e.g. PCl

5
or acetylchloride) or end capping agents applied.74

Anionic Initiation Mechanism

Anionic initiators which are effective in the
polymerisation of chloral may be divided into two groups:
(1) initiators which contain, or can produce in situ, a chloride

anion which initiates polymerisSation by adding to a monomer molecule:

ccl ccl
| l

cl ' +c=0 T— <cl-c-0 (counter ion omitted)
! !
H H

Examples of this group include stable organic salts containing Cl
anion such as carbenium chlorides, sulphonium chloride and ammonium

chloride, and also some inorganic salts e.g. lithium chloride.

(ii) salts which initiate polymerisation by the addition of an

alkoxide ion:

CcCl
(lICl3 !C 3
- .+ - .+
- i = e —— - - - -0 L
l:' BuO Li + tC (0] ‘t_;_‘ Bu (0] C’ i
H H

The most effective initiator in this group is tertiary butyl
lithium. Thus, depending on the choice of anionic initiator, it

is possible to obtain chloral polymers containing known determined

end groups at the beginning of the chain. This is illustrated
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below:

CCl CcC
: 3 | l3 (lZCl3 ?Cl3

Cl - C —(D{EC -0 BJXA or R-0-C - O-(CI— O-}dV“
[ { ! 1 n
H H H H

Cationic Initiation Mechanisms

Chloral can be polymerised by protonic acids. Initiation
involves protPmnation of the carbonyl oxygen of the monomer molecule:
Cl

C
CCly
+ - | +
HA + 0=C — H-0=C A
| |
5 H

Thus cationic polymerisation results in the hydroxy-terminated

structure
ClJCl3 CCl3
HO—C-(O—C)-NV\
I | “n
H H

Post-treatment Procedures

In addition to the use of different initiators to produce
specific initial end groups in polychloral, there are post-
treatment procedures using end capping agents to produce the
terminal end groups. These end capping agents include PClS,
and acetylchloride, which may act as either an acetylating or
chlorinating species. Post treatment usually leads to

stabilis ation of the polymer.
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Thermal Degradation of Polychloral-

The thermal degradation of polychloral is very similar to
that of other polyacetals75 in that the decomposition is initiated at
the chain ends followed by depropagation to monomer. The DTG
curves for a number of polychloral samples prepared by cationic
or anionic polymerisation show peak maxima in one, or more than one,

. 4
of four temperature regions 7 namely:

170 + 15°€, 210 + 15°¢, 300 + 15°C, 340 + 15°C

These temperature maxima are characteristic for specific types of

end group which initiate degradation. The l7OOC peak is
dominant in samples prepared with tertiary butyllithium. Thus
instability is associated with the —CH(CC13)—O_ end group. The

210°¢ peak is present in all anionic preparations and cationic
synthesized polymers initiated with HZSO4' The peak decreases
with acetylchloride treatment (which produces an additional peak at
3OOOC), and totally disappears to leave only a peak at BOOOC on
treatment with PClS. The disappearance of the sharp peak at
210°C in polymers prepared by a cationic mechanism together with the
appearance of a peak at BOOOC on treatment with acetyl chloride or
PCls indicates two points. Firstly decomposition at 210°C is due
to the presence of hydroxyl end groups such as —CH(CC13)—OH and

secondly PCl_. and acetyl chloride are acting as stabiliSing agents

5
by replacing the less stable hydroxy terminal groups with -Cl or
-CH(CC13)—OCOR groups which increases the degradation temperature

to 3OOOC. With acetyl chloride treatment however, incomplete

o. .
stabilisation is obtained. The peak maximum at 300 C is also
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indicative of the presence of —CH(CC13)—OR end groups formed during
anionic polymerisation. Further stabilisation of polychloral can be

achieved if the polymer is prepared using Ph_P as initiator and

3
subjected to post treatment with PCl5 in CCl4. This results in a
peak maximum at approximately 34OOC which is attributed to
—CH(CC13)—Cl terminal groups. A similar high temperature maximum
(about 3SOOC) is obtained for polymers synthesised using SbCl5 as
initiator. Thus it appears that polychloral containing chlorine

end groups is more resistant towards thermal degradation than polychloral

containing tertiary butyl ether, ester or hydroxyl end groups.

1.5 IMPORTANCE OF POLYMER DEGRADATION

In general, polymer degradation is thought of as a harmful
process which should be avoided or prevented as it results in the
deterioration in the properties of the polymer. In the rubber
industry for instance, problems of“ageing”or oxidation of rubber
samples were restricting the use of rubber until the development of
suitable anti-oxidant systems. A problem encountered in the
use of some synthetic vinyl polymers is that above a so-called
"ceiling" temperature the polymerisation process is reversed and
depolymerisation occurs resulting in the production of monomer.

In other cases low molecular weight decomposition products are
evolved. This seriously limits the use of polymers such as

poly (methyl methacrylate) or polystyrene at high temperatures and

has thus encouraged investigations into the design of heat resistant
polymer structures. One such polymer is poly (phenylene ether ether

ketone) or PEEK, illustrated below,

(O 0}



applications of which include high performance composites in the

aerospace industry.76

The most devastating and destructive effect of polymer
degradation concerns polymers in a fire situation. In some cases
the polymeric substitutes are more flammable than the conventional
materials they replace. The increased destructive capability due
to flammability is exacerbated by the production of toxic gases and
dense smoke. The use of polymers, particularly polyurethane foams,
in the upholstry industry has resulted in numerous tragedies. Thus
in a fire situation the cost of polymer degradation can be very high
both in terms of loss of property and more importantly loss of human
life. As a consequence intensive studies have been carried out
into developing flame retardants and fire retarded polymers such as
described earlier in this chapter, although much research is still
required to understand fully the complex processes which occur in

both the gaseous and condensed phases.,

It must be noted, however, that polymer degradation is not
always a disadvantage and is sometimes encouraged. This is
typified by the aesthetically and environmentally unpleasing problem
of plastic litter, whether it is on an industrial, commercial or
domestic scale. It is due to the very nature of commercial
packing material i.e. their water impermeability and non-biodegradable
properties which limits, if not totally prevents degradation. In
some cases it is possible to recycle polymer waste if the polymer
readily depolymerises to give a high yield of monomer as was

previously mentioned in the case of the thermal degradation of

62
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poly (methyl methacrylate) and polystyrene. Frequently, however,

the waste consists of a number of polymeric components of which the
majority do not undergo depolymerisation. Nevertheless, as the
importance of and emphasis on "environmentally friendly" products
increases, the recycling of some polymer waste has become commercially
viable.77—79 From an environmentalists point of view, polymers used
for commercial packaging materials should ideally "self-destruct", that
is to say eventually completely degrade when subjected to various
environmental factors such as UV radiation and micro-organisms. This

has resulted in the development of commercial plastics with limited

but reproducable life-times.

These biodegradable and environmentally degradable polymers are
important in several agricultural, horticultural and medical
applications which work on the basis of "time-controlled"
degradation. In the medical field this phenomenum is used in
surgical suturesBO and in controlled-release drugs.eo The major
agricultural and horticultural function for these polymer based
products is in short term crop protective films (mulching films).

In mulch films, time-controlled degradation is brought about by
additives which act both as antioxidants and photoactivators. An
example of such a compound is ferric dibutyldithiocarbamate (Fe(III)

DBC)81 which is used in conjunction with low density polyethylene.

Other instances in which polymer degradation is favoured include
the manufacture of monomers. Depolymerisation leading to high purity
monomer may be exploited for practical production of these materials.
The degradation of a polymeric material can also be used to produce

compounds which have specific properties such as electrical
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conductivity. Pyrclysis of several polymers, noteably phthalonitrile

.82 . .
resins results in-environmentally stable, highly conductive
materials which do not reguire the addition of external chemical
dopants, The conductivity of these compounds can be varied and

controlled as a function of both the pyrolytic temperature and

annealing time. Carbon fibres have been industrially produced
from poly(acrylonitrile) (PAN) and pitches.83 PAN gives carbon
84

fibres with excellent mechanical strength and low carbon yield.
Carbon fibres may also be prepared from syndiotactic 1,2-poly-

butadiene (s—PB).85

In conclusion, polymer degradation plays an important role in
every life phase of a polymer, namely synthesis, processing, use and
disposal. It also has marked effects on man and his environment.
Thus the importance of studying its mechanism and relationships is

evident.
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CHAPTER 2 : THERMAL AND ANALYTICAL TECHNIQUES

2.1 THERMAL ANALYSIS

Experimental methods used to follow the progress of polymer
degradation reactions usually involve the direct measurement of loss
in weight or of the evolution of volatile degradation products.
Various commercial instruments are avallable which measure these
or certain other properties of polymers as they are heated
isothermally or under linear programmed temperature conditions.
These experimental techniques can be grouped together under the

description "thermal analysis".

When polymers degrade, a complex mixture of products results
in which a variety of different types of product can be distinguished.
Products may be volatile enough not to be condensed at liquid
nitrogen temperature (—196OC), volatile at degradation temperature
but condensed at or below ambient temperature, or take the form of
involatile residues. Reactions may also occur within the polymer
as a result of which no volatile material is produced. Due to the
wide range of products formed, more thgn one technique has been used
to study the degradation of polymers in this research. Most
emphasis is given to thermal volatilisation analysis as this is the
most versatile of the techniques employed and also allows study of

all the product fractions produced during degradation.

2.1.1 .Thermal Volatilisation Analysis

Thermal volatilisation analysis (TVA) is a versatile

thermoanalytical technique which was devised and developed by McNeill

86-90
and has subsequently been the subject of a number of publications.
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The basic principle of TVA is the measurement of the pressure
of volatile products produced during the degradation of a polymer
sample which is being heated either at a constant rate, or
isothermally, The sample, either in the form of a fine powder
or a thin film cast upon the base of the degradation tube, is
heated in a continuously pumped high vacuum system. As the
polymer degrades, a pressure develops due to the evolution of
volatile products as they distil from the sample to a cold trap
some distance away. The change in pressure is measured by a
Pirani gauge and recorded as a function of time or temperature,
producing a measure of the rate of volatilisation of polymer. The

system is shown diagramatically in Figure 2.1.

Pirani
Gauge
Heated Cold Vacuum
e P
Sample Traps umps
Figure 2.1 Principle of TVA System.

Differential Condensation TVA

In order to gain further information about the degradation
products, the apparatus is modified to include a second cold trap B.
This second trap is at a higher temperature than that of the original

trap A and is placed between the sample and the Pirani gauge. Now



it is possible for degradation products, due to a difference in
their volatilities, to condense differentially between the two
traps. This type of TVA is known as Differential Condensation

TVA and is depicted in Figure 2.2.

Pirani
Gauge
Heated Cold
Cold — Vacuum
‘Sample Trap B Trap A Pumps
Tg > Ty
Cold Trap A = -196°C
Cold Trap B = 0°, -45°, -75° or -100°C
Figure 2.2 Principle of Differential Condensation TVA.

In practice a four parallel limb system is constructed in
which the initial cold trap temperature in each line is different;
the temperatures used in this work were OO, -450, -75° and -100°%C.
Immediately following the cold traps are Pirani gauges which
measure the pressure of condensable products which are not condensed
out at these temperatures. The four limbs then go through a main
trap at —196°C and a Pirani gauge situated after this trap indicates
the presence of any non-condensable products. If the path lengths
are equal, then equal amounts of volatile products enter each limb.

Thus, if the Pirani gauges are matched, any deviation from
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coincident read-out is due to differential condensation of the

degradation products.

The TVA system used in these investigations is shown

schematically and pictorially in Figures 2,3 and 2.4,

Details of TVA System

The sample heating assembly comprising oven, degradation
tube and tube head is illustrated in Figure 2.5. The oven used
was a Perkin Elmer Fll oven coupled with a linear temperature
programmer which allows the sample to be heated from ambient
temperature to approximately 500°C at heating rates from 1° to 40°
min_l. Alternatively, the oven can be used isothermally. In

these studies, both heating modes were used and when the programmed

mode was in operation, a heating rate of lOO min—l was employed,

Oven temperatures were measured using a Type K thermocouple
touching the external base of the degradation tube and having a o°
reference. A Leeds~Northrup Speedomax W multipoint chart
recorder was used to record the thermocouple millivolt output as
well as that of the Pirani gauges. Conversion of millivolt

output to temperature was done using standard tables.

Due to the insulating effect of the Pyrex glass tube base,
sample temperatures had to be obtained from temperature calibration
curves plotted for each degradation tube. In order to calibrate
a degradation tube, a second Type K thermocouple was inserted via
the calibration port until it was in good contact with the base of the
tube, The system was evacuated and continuously pumped to high

vacuum, then heated as for TVA conditions whilst the oven and the



69

‘we3sAS VAL UOTIBSUSPUO) TBTIIUSISIITQ quIT T[o[Teded £°g oInd1g

sdund

——

unnoeA

jurod yyo-oye]
1onpoad: g

N

(00961-)
dexy ptoo:g

o98nesd tueatd:dq
(0000T-*5SL-"0SP-‘60)

dexy proo:d

syooodols: g

a1dues




Figure 2.4a

Differential Condensation TVA System

illustrating parallel limbs.

70



Figure 2.4b

Parallel Limb Differential Condensation

TVA System as in operation.
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A:port for
calibration
A thermocouple

B:ground glass
flange joint

C:TVA tube head

D:B40 ground
¢ glass joint

E:water cooled
jacket
"cold ring"

F:oven thermocouple

F ::§§\ G:oven
E H:TVA tube

il

I:fan
J:temperature
programmer
G
H
| I |
J
I

Figure 2.5 Oven and Degradation Tube Assembly.
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tube base temperatures were simultaneously recorded. A typical
calibration curve is shown in Figure 2.6. The temperature
differential across the tube base was found to be approximately
25%. Typical TVA tube base temperatures compared to oven
temperatures when heated at a rate of 10° min_l are reproduced in
Table 2.1. Since the polymer samples were spread very thinly

over the base of the tube, sample temperature can be taken as being

equal to that of the internal tube base.

The TVA head assembly consists of a B40 ground glass joint
into which fits the cone of the degradation tube, a B19 socket
which acts as a port for the calibration thermocouple (and which
is stoppered during TVA experiments) and finally a ground glass
flange joint which connects with the parallel limb and pumping
system. This tube head can be used for most samples, however
for those that are hygroscopic a modified system had to be
constructed. The replacement of the B1l9 socket with an SP1O
single pump stopcock allows sample preparation to be carried out in
a dry-box and subsequent transfer of the sample to the vacuum
system to be made without contact with atmospheric moisture. A

modified degradation tube head is illustrated in Figure 2.7.

As it is impossible to calibrate a degradation tube using
the modified tube head arrangement, the modified tube head had to
be built so that there was no alteration in the position of the
degradation tube within the oven from that with the conventional

tube head, once the assembly was connected.

Pressures were measured using Edwards G5C-2 Pirani gauge

heads with Pirani 14 meter units. The output from each of the



74

(suTm) ST S9AIND UOTARIITED 2anjexadudl aqny : 9°7 2aInbrg
SS Om mw &v m% O% mm mN mﬂ \%H % 0
q 7
——— a1dures *q
e
usAO °®

(Am) 3ndano aTdnooouIdy],



Pirani Output
X 2.5 (mv)

OVEN

0.

10.

12.

14.

16.

18.

19,

20.

20.

80

.02

.05

.10

.13

.13

16

21

29

40

51

58

01
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Temperature
(°C)

QVEN
20
50
75
100
150
200
250
300
350
400
450
475
485

495

Pirani OQutput
X 2.5 (mv)

TVA TUBE
0.80
1.05
1.63
2,48
4.63
6.85
8.95
11.08

13.13
15.28
17.45
18.60
19.45

20.15

75

Temperature
(°C)

TVA TUBE
20
27
41
61

113
168
221
273
322
374
425
452
472

489

Table 2.1 Comparison of QOven Temperatures and TVA Tube base

. ~1
Temperatures at a heating rate of 10° min .



A: SP10 single pump stopcock

B: glass connected to maintain tube height
C: ground glass flange joint

D: B40 ground glass joint

E: degradation tube

Figure 2.7 Modified Degradation Tube Head
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five Pirani gauges in the TvA system had to be matched, thus the

gauges were cross calibrated in the following manner,

The line was thoroughly evacuated and cold traps were put in
place as for a normal TVA experiment, Once under high vacuum
(as indicated by a vacustat gauge), the line was isolated from the
pumping system and dry nitrogen was introduced. The line was
re-opened to the pumps until a pressure reading of approximately
half full scale output (the maximum usually achieved during a
degradation) was recorded whereupon the line was once more isolated
from the pumps. The outputs of the Pirani gauges were brought
into coincidence using variable resistances. The line was then
evacuated in stages with the coincidence being checked at each
step. A test run was carried out in which a sample of potassium
permanganate was degraded. The volatile product évolved is
oxygen which, in small amounts and under these highly evacuated
conditions, is non-condensable at —l96oC. Thus the oxygen passes
through all five cold traps and the five Pirani gauge outputs

should be coincident.

The TVA system is not well suited for quantitative analysis
as the Pirani gauge response is only linear over a range of O-1.5mv
while a normal 35-50mg sample gives a Pirani output of 4-5mv on
degradation. In addition, the output depends upon the compound
produced. However, important qualitative results and insight
into the number of degradation processes involved are obtained.
The information obtained from a TVA curve includes the onset

temperature of evolution of volatile products, T (onset), the

temperature of the maximum rate of evolution of volatile products,

77
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T (max), and some idea of the nature of the products produced via the
comparison of the behaviour of the various individual Pirani traces.
One valuable feature is the ability to indicate a change in product
composition during degradation. Furthermore, provided there is
sufficient temperature difference or resolution between subsequent

peaks, a TVA curve can indicate multistage degradation processes.

TVA Product Analysis

The products arising from the degradation of a sample in the
TVA apparatus fall into two main categories viz:
(a) involatile residue

{b) volatile products

The volatile degradation products can be sub-divided into
three classes namely:-

(1) Products volatile at the temperature of degradation but involatile
at ambient temperature, These collect on the portion of the
degradation tube outside the oven which is cooled by the water—
jacket. This class of product is referred to as the cold
ring fraction or CRF,

(2) Products volatile at degradation and ambient temperatures but
condensable at ~196°C. These are referred to as condensables.

(3) Products volatile at —l96OC, These products are referred to

as non-condensables.

The residue may be removed from the base of the tube and analysed
by infra-red spectroscopy. This may be done by dissolving the residue
in a suitable solvent if possible and obtaining an infra-red spectrum

either as a solution or as a film cast onto a salt plate.
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Alternatively, insoluble residue can be scraped off the tube base
and ground to a fi§e powder prior to forming a Nujol mull or KBr
disc. If there is insufficient residue or the residue is
difficult to remove, then previously ground KBr can be added to the

residue and the two ground together in the degradation tube.

The CRF usually consists of high boiling chain fragments of
low volatility which may take the form of oils, tars or waxes. In
some systems, crystalline material may be deposited by sublimation.
Depending on its nature, the CRF may be directly removed for analysis
by scraping with a spatula then smearing onto a NaCl plate, or, if
the sample is solid, making a KBr disc. Alternatively, the
region of the tube may be wiped with a tissue moistened with a
suitable volatile solvent, from which the CRF may be deposited on

a salt plate.

Volatile products which are condensable at -196°¢ may be
collected by closing the taps to the pumps after degradation and
distilling the products into a suitable collection vessel (attached
at point F in Figure 2.3). The total condensable products can
then be analysed by infra-red spectroscopy, mass spectrometry or
gas chromatography. For infra-red spectroscopy a gas cell,
shown in Figure 2.8 1is used. Figure 2.8 ii) illustrates a gas
cell in which less volatile liquid products collected in the side
arm can be removed, The condensable products can also be

separated by subambient TVA for further examination, as discussed

below.

Non-condensable products, typically hydrogen, oxygen, carbon

monoxide and methane, which cannot be isolated in liquid nitrogen,
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: B14 cone

: stopcock

;: NaCl window
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collection finger
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r
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L
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E
E: B10 cone to allow access to C
liquid products
D

Figure 2.8 Gas cell used for IR analysis of
i) highly volatile gaseous products and

ii) less volatile liquid products
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may be collected if the degradation is carried out in a closed

system. In these experiments a cross-tube is used. This is
illustrated in Figure 2.9, Samples are introduced, in either
powdered form or in solution to limb A. Care has to be taken

not to leave any traces of sample in the construction at the top

of the limb as this would degrade on sealing the tube resulting in
gaseous product contamination and could possibly also prevent a
complete seal being formed. With liquid samples, the solvent is
very gently removed under suction, then the cross-tube evacuated

to a pressure of 10_4 - 10—5 Torr, and finally sealed under high
vacuum. The sample is now ready for degradation. Degradation
is carried out using a TVA oven which has beeﬁ modified to allow

a degradation tube to enter horizontally. Thus, limb A of the
cross—-tube is placed in the oven and the temperature monitored
directly using a Type K thermocouple connected to a Comark Digital
Thermometer Model 5000. In order to remove condensable products,
a cold trap (—196OC) is placed around limb B before degradation
commences . After degradation, the cross-tube and cold trap are
removed to a vacuum line onto which is incorporated a Topler

pumping system. This pump is used in conjunction with the
Edwards speedivac EOl Oil Diffusion Pump and Edwards speedivac

ED1OO Rotary Pump present (which are in operation in the TVA system)
and its function is for the transferal of gaseous compounds from

one evacuated region to another. Attached to the Topler pump is

a gas cell (at socket C in Figure 2.10) for the collection of non-
condensable gas. The closed system containing the non-condensable
gas is connected via the cone indicated. The Topler pumping

assembly is shown in Figure 2.10.



W

A: sample limb

B: condensable product 1limb
C: break-seal

D: B14 cone

E:

glass constriction

Figure 2.9 Cross-tube for closed system degradations.
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A,al-a6 : stopcocks

B: B1l4 socket for attachment of
cross-tube

C: B1l4 socket for attachment of
gas cell.

double oblique tap
: mercury reservoir
: pumping chamber

gas cell

| H HOoo

: Pirani gauge

I: valve

Figure 2.10 Topler Pumping Assembly

for collection of non-condensable ga



Before the break-seal is broken, the gas cell and Topler
pump must be fully .evacuated, This is done by opening all stop-
cocks and having the double oblique tap open to the rotary pumps.
Once the assembly system has been evacuated, it is isolated from
the pumps by closing stopcock A, and the double oblique tap.
Stopcocks A2 and A5 are also closed to reduce the volume into which
the non-condensable gas will be released. Mercury is then
pushed into the pumping chamber by carefully opening the double
obligue tap to the atmosphere. The sealed cross-tube can now be
opened via the break-seal. The gas evolved is drawn into the
pumping chamber by lowering the mercury, which is done by opening
the double oblique tap to the pumps. After closing stopcock A3,
the non-condensable products are forced into the gas cell on raising

the mercury. The stopcock on the gas cell (A is closed to

6)
prevent removal of the gaseous products and the cycle repeated a
minimum of three times to ensure transfer of material. The gas

cell can then be removed and the contents analysed by infra-red

spectroscopy or mass spectrometry.

A less time consuming method which can also be used to detect
and identify non-condensable (and condensable) products is to bleed
the gas, as it is evolved, into a quadrupole mass-spectrometer
attached to the TVA line via a T-junction between the main traps
and pumping system. This arrangement is extremely useful for
multistage degradations, however, due to technical difficulties with
the quadrupole instrument, this option was not always available, thus

the previously described system was mainly used.
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2,1.2 Subambient TVA (SATVA)

During a TVA experiment, the degradation products can be
separated into residue, cold~ring fraction, condensable and non-
condensable products. Valuable information on the mechanism of
degradation may be obtained by identifying all the condensable
products., However, 1f the total condensable products are
examined there can be difficulties in product identification due to
the overlap in spectral bands of different compounds. In order
to overcome these limitaticns, a method has been devised to
separate condensable products. Developed independently by
McNeill et algland Ackermann and McGill, -94the technique is based
on the separation of a frozen mixture using differences in
component volatilities as the compounds are warmed in a controlled
manner from -1960C to ambient temperature under continucusly pumped
vacuum conditions. The process is known as subambient thermal

volatilisation analysis or SATVA. The main features of a

SATVA system are illustrated in Figure 2.11

Pirani , Pirani
Gauge Gauge
1 2
Heated 7 Trag A TrapoB Vacuum
Sampie —@ -196 C -196°C > pumps
stopcock

Figure 2.11 Principle of SATVA System.



86

During a SATVA separation of the condensable products
obtained in a TVA experiment, the system is also continuously
evacuated, Trap A, referred to as the subambient trap, is
cooled to -196°C. The trap (shown in Figure 2.12) consists
of a U~tube and is surrounded by glass beads contained in a Pyrex

glass vessel which is submerged in liguid nitrogen.

Once the subambient trap is at a temperature of —196OC,
the Pirani gauges are at zero response (high vacuum). The
pressure of condensable volatile products as they evolve on
degradation can be monitored using Pirani gauge 1. When the
condensable products have been collected, the stopcock (Figure 2.11)
is closed, Pirani gauge 1 switched off and the liquid nitrogen is
removed from the subambient trap and placed around trap B. The
subambient trap then warms up to ambient temperature. It must be
noted that the rate of warming is not linear but is reproducable
for a subambient trap provided that the glass beads are not altered.
As the trap warms up, products distil from the trap into trap B as the
temperature becomes high enough for each product to vaporize. The
pressure response in Pirani gauge 2 during distillation and the
subambient trap temperature are recorded as a function of time.
Resolution of distillation peaks may be enhanced by increasing
warm-up time. This can be done by placing a chilled Dewar
flask around the subambient trap. However in some cases peak
overlap is unavoidable. Furthermore, a single peak may be due
to simultaneous evolution of several materials of similar
volatility. Despite these possible limitations, the technique

is extremely useful and experimentally simple and convenient,



sample

A: type K thermocouple
B: 2.5mm glass beads in pyrex flask
C: liquid nitrogen

D: Pirani gauge

Figure 2.12 Subambient Trap.
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Products giving individual SATVA peaks may be isolated by
use of a parallel limb system represented in Figure 2.13. In this
arrangement, stopcocks A-C are closed after collection of the total
condensable products. Product (s) responsible for the first
SATVA peak are distilled onto the -196°C trap. At the minimum
point of the trough between subsequent SATVA peaks, stopcock C is
opened to allow the collection of the second SATVA peak and
stopcocks d and h closed to isolate the degradation product(s) of
the first peak. This process is repeated in each limb. The
products are collected by distillation into suitable vessels-gas cells
(Figure 2.8) for the more volatile products of the first peaks and
cold fingers (Figure 2.14) for the later, less volatile components
(liquid fraction). The separated condensable products can then
be removed for analysis by infra-red spectroscopy, mass spectrometry

or gas liquid chromatography-mass spectrometry.

Quantitative Analysis of Cold Ring Fraction and Hydrogen Chloride.

The quantity of CRF and, in the case of chlorinated samples,
HCl evolved were estimated after certain TVA experiments. The
CRF was removed by swabbing the area covered in the TVA tube using a
piece of tissue dampened with a suitable solvent. The tissue was
then rinsed thoroughly into a previously weighed sample bottle.
The solvent was removed firstly by blowing in a gentle stream of
dry nitrogen and finally under vacuum until a constant weight for the

bottle plus CRF was obtained. From this the weight % CRF produced

per mg polymer degraded could be estimated.

HCl production was determined quantitatively during SATVA
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A; B14 cone for connection to SATVA system
B: rota flow tap
C: capillary tube

Figure 2.14 Cold Finger for collection of Liquid Fraction.
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experiments in which the fraction containing HCl was condensed into
a suitable medium and removed for subsequent titration, It was
found that the first fraction in the SATVA trace for chlorinated
poly (ethylene oxide) consisted of HCl and COZ' Prior to
degradation, 10ml 0.5-2N KOH solution were degassed on the SATVA
line by repeated freeze-thawing cycles, The degradation was
carried out as usual, however the HCl fraction was distilled into
the KOH solution contained in a vessel submerged in liquid nitrogen.
Once distillation was complete, the vessel was closed by means of a
rota flow tap, the contents allowed to thaw at room temperature,
mixed thoroughly and the solution complete with washings transferred
to a volumetric flask. From this standard solution aliquots were
taken, added to 50ml iso-propyl alcohol and neutralized with 0.5M
HNO_ using bromophenyl blue indicator. The solution was then

3

made slightly acidic by the addition of 0.05M HNO diphenylcarbaZ one

3’

solution was introduced as indicator and the solution was finally

titrated with mercuric nitrate. Thus the chloride content present

in the original solution was determined by the quantity of mercuric

halide formed rather than from HC1l/KOH titration.

2.1.3 Thermogravimetry (TG).

In thermogravimetry (TG) the weight of a sample is recorded
as a function of time or temperature. The TG curve obtained can
give information on sample composition, (eg water of crystallisation)
thermal stability and thermal decomposition. TG studies can be
carried out in a variety of atmospheres, usually air or nitrogen,
however moderate vacuum conditions are also available. This is

useful for comparison with TVA results, but unlike TVA which only
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records products volatile enough to reach the Pirani gauge, in a
TG experiment the weight loss is recorded from all volatile
products evolved from the sample pan. TG used in conjunction
with TVA can thus be very useful in revealing chain fragmentation

without volatile product formation,

In some cases where multistage degradation occurs, it is
difficult to distinguish the various steps. This can be
facilitated if a derivative of the TG curve is included. The
technique yielding the first derivative of the TG curve is referred
to as differential thermogravimetry (DTG) and a DTG peak allows

the temperature at the maximum rate of weight loss to be obtained.

The system used in this research consisted of a DuPont 951
Thermobalance coupled to a DuPont 990 Thermal Analyser. With this
arrangement both TG and DTG curves could be recorded simultaneously.
Degradations were carried out, usually under nitrogen, at a flow

rate of 50ml min_l and heating from ambient temperature to 500°C

at 10° min~l. TG in vacuo was also carried out for comparison
with TVA work. The samples, 5-10mg, were in powder form when
pure polymers were investigated, For studies of polymer-salt

blends, films were cast directly onto the sample pan from methanol.
Due to the hygroscopic nature of these films, preheat runs were
performed then the sample cooled prior to the full TG experiment.

The whole process was carried out in dynamic nitrogen.

2.1.4 Differential Scanning Calorimetry (DSC).

Whenever a material undergoes a change in physical state

such as melting or transition from one crystalline form to another,
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or whenever it reacts chemically, heat is either absorbed or

liberated, Many such processes can be initiated simply by

raising the temperature of the material.

A differential scanning calorimeter is designed to determine
the enthalpies of these processes by measuring the differential
heat flow required to maintain a sample of material and a
reference at the same temperature. Differential scanning
calorimetry (DSC) involves heating a sample and an inert reference
at a controlled rate. During heating, any process involving
a change in energy of the sample will result in a difference in
temperature between the sample and reference. The sample and
reference are kept at the same temperature by the addition of heat
to the cooler component. The difference in power input required
to thermally equilibrate the system is recorded as a function of
time and a DSC curve of AH/AT versus time, where H is the amount of
energy supplied, can be obtained. In an endothermic reaction, the
sample temperature lags behind that of the reference. This
results in a negative deviation from the thermally equilibrated
straight line trace. If an exothermic reaction occurs, a

positive deviation is observed due to the relative increase in

sample temperature.

The instruments used in this