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SUMMARY

The thermal degradation of copolymers of styrene and acrylonitrile
containing up to 50 moles per cent acrylonitrile has been studied in vacuo in
the temperature range 240-33000.

As in polystyrene, "weak links" occur in the copolymers. The increase
in the rate of "normal" chain scission over that of polystyrene is proportional
to the concentration of acrylonitrile, at temperatures above 262°C. Below
this temperature the relationship is not obeyed.,

The increase in the rate of production of volatiles oﬁer that of
polystyrene is also proportional to the concentration of acrylonitrile,
indicating the close relationship between chain ascission and the production
of volatiles., A small decrease in the amount of volatiles produced per chain
scission, in copolymers of high acrylonitrile concentration, is explained by
an incresse in termination at pairs of acrylonitrile units.

The products of degradation are shown to be hydrogen cyanide, aciylonitrile,
bengene, toluene, styrene and a variety of chain fragments, some containing
acrylonitrile. One in two acrylonitrile units is relessed as monomer giving
a measure of the blocking effect of the acrylonitrile units. The increase in
the chain fragment to monomer ratio with increasing acrylonitrile concentration
indicates that intramolecular transfer producing chain fragments occurs at the

second acrylonitrile unit. The chain fragments were examined using the LKB 9000




Gas Chromatograph -~ Mass Spectrometer and structures are suggested for the
various compounds.

Sequence distribution celculations show that even in copolymers containing
up to 50 per cent acrylonitrile, the bulk of the acrylonitrile is present as
single units, Therefore the coloration reaction arising from conjugation of
sequences of nitrile groups, the characteristic reaction in polyacrylonitrile,
is inhibited by the styrene units.

The copolymers were also examined by the thermoasnalytical techniques of

TVA and TGA.
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CHAPTER 1

GENERAL INTRCDUCTION

1.1 Introduction

vThe term degradation, when applied to polymers, may be defined as
any process which modifies the chemical or physical properties of the
material. It is hardly surprising therefore that the literature on
polymer degradation is both formidable and diverse. Degradation
reactions ma& be broadly classified accerding to the agencies which
bring about the degradation, the most common being heat, light and
oxygen, alone or in combination.

Early studies in polymer degradation were carried out in order to
determine the chemical structure of the polymer, for example the
pyrolysis of natural rubber in 1860,l énd the thermal degradation of
polystyrene by Staudinger in 1935.2 However as polymeric materials
became increasingly important commercially, the various types of
degradative processes were studied with a view to stabilising and thus
extending the areas of application of these materials. Attention was
inevitably focussed on the detailed chemistry of the degradation
processes and a number of monographs have appeared on the subject.3’4'5’6

Increased industrial growth in the field of copolymeré and grafted

polymers of increasing complexity hes led to a corresponding interest




in the degradation of such systems. The additioﬁ of small amounts of
comonoxer has long been used industrially as a method of stabilising
polymers, without much attention teing paid to the mechanism of
stabilisation. Grassie and Farish have studied copolymers of styrene
and methyl mefhacrylate,7 and methyl methacrylate and acrylonitrile8 in
an atfempt to elucidate effects attributable to each type of monomer unit
in the copolymers, since the homopolymers derived from the three monomers
each have different mechanisms of thermal degradation. Poly(methyl
methacrylate unzips to form monomer; polystyrene exhibits a chain scission
reaction accompanied by the formation of volatile products;l and the
principal feature of polyacrylonitrile degradation is a colouration
reaction.
'The’styrene/acrylonitrile system merits study for several reasons:—

1) It is a constituent of the commercially important terpolymer
acrylonitrile/butadiene/styrene (ABS).

2) The growing importance of copolymers generally, for example styrene/
butadiene rubber.

3) To complete the study of the thermal degradation of the trio of co-
polymers obtained from styrene, methyl methabrylate and acrylonitrile,
and thus enable a comparison of the behaviour of the monomer units in

different environments to be made,




4)'The homopolymwers derived from styrene and scrylonitrile have been
extensively studied.

Before discussing the copolymer, it is appropriate to discuss briefly
the thermal degradétion of the homopolymers, polystyrene and polyacrylo-
nitrile, and also to review the current state of knowledge of the
deg}adation of copolymers. As thermal degradation only is being studied
in the present work, discussion will be restricted to thermal degradation
of the related systems.

1.2 The Thermal Degsradation of Polystvrene

(a) Introduction

Despite the considerable amount of attention which has been devoted
to this polymer, its‘thermal degradation is still the subject of |
considerable controversy.

The salient features of the degradation are:-
1) A rapid initial fall in molecular weight followed by a slower drop
after 30 per cent volatilisation.
2) The production of volatiles consisting of monomer, dimer, trimer and
tetramer in decreasing amounts.

Early theories on the degradation of polymers generally were
somewhat clarified by the work of Rice and Herzfield9 on the degradation

of low molecular weight hydrocarbons. ‘From this it was shown that




polynmer degradation might be considered as a free radical reaction, the
reverse of polymerisation, and having initiation, propagation, termination
and transfer steps.

(b) Investigation by Jellinek

The thermal degradation of polystiyrene under high vacuum was first
studied by Jellinek}o Jeliinek rejected the theory that the reaction
could be explained by a random scission mechanism for several reasons:-
1) The large amount of monomer produced early in the reaction.

2) The activation energy of 44.7 kcal./mole was lower than eﬁpected for
random scission.

3) Plots of (molecular weight)'l against time which should be linear for
random scission, showed pronounced curvature.

4) The molecular weightAdistribution was narrover than that predicted fof
random scission.

Jellinek explained the rapid initial drop in molecular weight as
arising from scission at a number of "weak links“ randomly distributed
along the polymer chain. He also demonstrated the radical natﬁre of the
monomer production by studying the degradation in tetralin and naph’chaleme'.:’Ll

Jellinek's "weak 1link" theory has been the source of much of the subsequent

investigation and resultant controversy.




(c) Investigation by Mzdorsky and Co-vorkers at N.B.S.

12
Madorsky = and Walll3 studied the degradation products of polystyrene

and showed that:-

1) The composition of the producté was independent of the time and
temperature of degradation.

2) A meximum yield of 42 per cent monomer was obtained from isothermal
degradation at 420°C.

3) The wax-like fraction obtained consisted of dimer, trimer and tetramer
in decreasing amounts. |

Madorskyl4’15

extended his work to a detailed study of the rate of
degradation in the temperature range 335 - 365°C using a tungsten spring
balance. A rate maximum was found to occur in the production of
volatiles around 30 - 40 per cent velatilisation. The rapid initial drop
in molecular weight was also observed.

Theoretical aspects of the degradation were considered by Simha, Wall

and collaborators.l6’l7’l8

Using a kinetic scheme involving end and
random initiation, depropagation, transfer and termination, they predicted
a rate maximum at or below é6 pver cent conversion, which was at variance
with Madorsky's experimentally observed value of 30 - 40 per cent.

Increasing the transfer parameter increased the maxirum towards but never

beyond 26 per cent. Walllg demonstrated that transfer was indeed




occurring, the transfer site being the « -hydrogen atom. Degradation of
o —deuterostyrene produced 70 per cent monomer, but /Q—deuteration had no
effect on the monomer production. This reaction was explained by the
slower abstraction of the deuterium from the ot site, thus favouring
depropagation to monomer.

Wall and the N.B.S. group concluded that the degradation of poly-
styrene was a free radical chain reaction involving random scission,
depropagation, inter and intramolecular transfer, and termination by
disproportionation. Most important was the fact that they disputed the
"weak link" theory and suggested intermolecular transfer as being
responsible for main chain scission. However, their mathematical treatment
based on this scheme has shown poor agreement with experimental results.

(d) Investigation of Grassie and Co-workers

Grassie and Kerrzo’21 concluded from their experiments, in agreement
with Jellinek, that chain scission occurred at "weak links". They also
postulated that after the "weak links" had been broken, volatiles were
produced by initiation at chain ends, as in poly{methyl methacrylate).3
The initial low rate of production of volatiles, rising to a maximum at
35 per cent degradation, was ascribed to "weak 1link" scission followed by
disproportiénation in a " cage". This would result in an increase in the

number of unsaturated chain ends which are the initiation sites for the




production of volatiles. Further work by Grassie and Kerr22 suggested thet
the labile structures were incorporated in the chain during pelymerisation.

The nature of the "weak links" were investigated by Grassie and
Cameron. Head-to~head linkages were eliminated by 2 study of the degradation
of styrene/stilbene copolymers.23 Degradation studies in naphthalene and
tetralin24 showed that a molecular weight drop occurred in the absence of
volatilisation. Therefore chain scission and depolymerisation were two
separate processes. This was in contradiction to Wall's argument that
intermolecular transfer was reducing the chain length.

Since the stability of the polvstyryl radical was attributed to
resonance with the benzene ring, Grassie and Cameron25 suggested the transfer
of the active site to the benzene nucleus and addition of monomer to give

the structures:-

IVVVCHQ"CH A/‘/\(3'1‘12"'(71*1 H
l ' - CHZ—-Cffwvs
H CH_— CHAaw
2 | C6H5
.C6H5 :

The evidence in favour of associating "weak links" with m=2in chain

unsaturation such as is introduced by the above propagation step czme from




a comparison of thermal and ozone degradation. It was found that the
molecular weight obtained by ozonolysis followed by treatment with zinc
and acetic acid to break the ozonide resulted in a molecular weight
similar to that ottained by thermal degradation.

(e) Miscellzneous Investigations

20,22 15

The results of Grassie and Kerr and Nadorsky14’ were examined
26 . . .

by Gordon = in a kinetic treatment to show that volatiles were produced
by initiation at chain ends. To achieve satisfactory agreerent with
experimental results, a random scission component had to be superimposed
on the chain end initiated deproparation. The nature of the random
scission component was not defined but Gordon did suggest that "weak links"
were an unnecessary complication.

. 27 . .

MacCallum = has made a survey of vinyl polymers which appear to

. . 10 28
contain thermolabile structures, namely polystyrene, polyethylene

2

and polypropylene. 9 He applied a theoretical treatment to the results of
the other workers to obtain the concentration of weak bonds in the polymer
molecule. A disturbing feature of this study was the increase in the
number of weak links with increasing temperature of degradation. This
coupled with the fact that evidence could te found for "weak links" in

many vinyl polymers, even poly(methyl methacrylate), must cast some doubt

on the "weak link" theory. This treatment however is only strictly correct




when no volatilisation occurs, a2 condition not always maintained in the
results considered.

Boon and ChallaBo studied polystyrene prepared using Zeigler-Natta
catalysts and obtained an activation energy of 39 kcal./mole for random
scission, in a zero order reaction. DNo evidence wes found for "weak links",
and they concluded fhat volatile products and chain fragments were formed
by initiation at chain ends to give unzipping and intramolecular transfer.

Nekajima and others3l studied the vacuum degradation of isotactic
polystyrenes and their work agreed with the findings of Boon and Challa.
However Wa1132 in a computer-based study of polystyrene degradation,
ignoring "weak 1link" scission, but allowing simple random scission, inter
and intramolecular transfer, obtained poor agreement between theory and
experimental results for this scheme.

33

Cameron”™” in a kinetic treatment of data from the literature on
polystyrene degradation, showed that chain end initiation of the production
of volatiles occurred to the exclusion of random initiation. The
termination reaction in the polymerisation of methyl methacrylate is a
mixture of combination and disproportionation accounting for the unsaturated
chain ends. In polystyrene termination by combination predominates. This

means that in polystiyrene the terminal structures are saturafed initiator

fragments. However after a few random scission reactions followed by
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"cage" disproportionation have occurred thus:-

ANV‘CHQ— CH — CH2—' CH — CH2'— CH — CHQN\N\

l [ |

Ph ' Ph Ph
Random scission

— CH® + "CH — CH — CH — CH — CH_AAAA
NW\-CH2 CH™ + CH2 CH CH2 CH CH2

Ph Pir PL
"Cage" disproportionation

— + =C - - AN
NVV\CH2 C|H2 CH2 (|3 CH2 CH

Ph Ph Ph

unsaturated structures would build up. Scission then occurs P to the

double bond to give the radical:-

AMACH — CH which depropagates.

Ph
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(f) Investirations of the Chain Scission Reazcticn

In a survey of the current state of knowledge of polystyrene
degradation, Kerr34 decided that the production of volatiles was an
unnecessary complication to the investigation of the chain scission
reaction, the main point of controversy in the study of the polymer.
Accordingly he studied the degradation in the temperafure range 280—300°C
where volatilisation was minimal. A theoretical treatment of Vall and
Flynn35 was applied to the resplts of this work. The amount of abnormal
scission was measured by the ordinate intercept obtained from plots of =,
the fraction of bonds broken, against time and (molecular weight)nl against
time, both of which give the rate of chain scission. For a simple random
scission process, the expected intercepts would be at & = 0 and at (MO)“l.
In polystyrenes synthesised using free radical initiation, substantial
«—ordinate intercepts were obtained and the (molecular weight)—l intercept
was greater than (Mo)—l. "Living" polystyrenes prepared by ionic
techniques however, showed the theoretically predicted intercepts,
indicating the absence of "weak links". A value of 67 kcal./mole was
found for the activation energy of chain scission in "living" polystyfenes.
This compared well with the calculated value of scission of the carbon-

carbon btond in polystyrene (64 kcal./mole). The rate of chain scission in

these polymers was found to be an increasing non-linear function of
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molecular>weight. The activation energy for scission in-thermally
initiated polystyrenes was found to be 49 kcal./mole, considerably lower
than the anionic value. It would appear that the "normal" chain scission
in thermally initiated polystyrene also takes place at bonds which are
weaker than the normal C - C bonds.

In ar investigation of the unsaturation occurring‘in polystyrenes,
McNeill and Makhdumi36 have shown the existence of main chain unsaturation
in thermally initiated polystyrenes. Polystyrene prepared by a cationic
mechanism contained only terminal unsaturation.37 Scission of carbon
bonds /? to a C - C double bona occurs vwith an activation energy of about
17 kcal./mole less than the normal.aliphatic C-2C scission.38 Kerr has
suggested that the "normal" scission in thermally initiated polystyrenes
is f? to C - C double bonds and this would account for the difference in
activation energy observed for the two polystyrenes.

Further work on styrene/stilbene copolymers in the absence of
volatilisation showed that head-to-head linkages do indeed cause a decrease
in fhermal stability, but this is observed as an increase in the rate of
"normal" scission. Head-to-head linkages are not responsible for the
very rapid drop in molecular weight at the beginning of the degradation.

Two important conclusions were reached in Kerr's work:-

1) "Weak links" were responsible for the rapid iritial drop in roleculer
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weight of thermally initiated polystyrenes. Such thermolabile structures
were not observed in polystyrenes prepared by Zeigler-Natta catslysis and
ionic techniques. The "weak links" were attributed to oxygenated structures
incorporated into the polymer chain during free radical polymerisation.
The more rigidly controlled polymerisation mechanism oqcurring in ionic
systems precluded the formation of such structures.
2) The "normal" chain scission in free radical polystyrenes also took
place at a lower tepperature and proceeded with a lower activation energy
than the corresponding phase in the anionic polystyrenes. This second
type of thermolabile structure was attributed to scission of a carbon bond
/? to a C - C double bond.
(g) Conclusion

It is clear from this brief review of polystyrene degradation that
general agreement has not ﬁeen reached on the mechanism of degradation.
If, as has been suggested by Kerr34 oxygen is responsible for the weak links,
one nmight have expected an eveh greater discrepancy between the results in
various laboratories. As well as the effect of oxygen on the polymerisation,

the effects of other impurities such as water will have to be considered.
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1.3 Degradation of Polvacrvlonitrile

In spite of the greater commercial imzortance of polvacrylonitrile,
significant progress in explaining the coloration reaction, which is the
principal feature of the degradation of polyacrylonitrile, was made by

39,40

studies on the degradation of polymethacrylonitrile. Thié was
mainly due to the more favourable physical properties of this polymer, for
example solubility, and 2lso the result of a less complicated feaction.

It was shown by Grassie and lMcHeill fhat coloration was due to the

conjugation of nitrile groups, initiated by nucleophilic reagents to give

the structure:-

CH3 CH3 CH3 CH3
Pavaval
CH2\ | /CHz\ ' /CHz\ | /CHz\ ! /
C C C C
| | | |
C C c o

y ' Al
This was supported by the work of Sxoda and Shurz.
The coloration reaction in polyacrylonitrile was studied by Grassie

42,43

and Hay. As in polymethacrylonitrile, the reaction is initiated by
nucleothilic reagents, but unlike polymethacrylonitrile, there was

substantial self initiation of the colour reaction. This suggested thati
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the coloration is the property of the polymer molecule rather than an
impurity effect.

Insolubility was found to occur very early in the thermal degradation
reaction of polyacrylonitrile, a feature not exhibited by polymethacrylonitrile.
This was attributed to #propagation crosé—linking" due to the more intimate
packing of the polyacrylonitrile chain., The reaction may be represented

thus:~

C c =N
Ny Xy
|
?\N/(;\‘N/?\N/
CH cH cH
NN/ NN/ N\
AAJVNCHQ CH2 . CH2 CH2 etc.

Copolymerisation with small quantities of styrene or methyl methacrylate
inhibited coloration and crosslinking by blocking the nitrile conjugation
and sterically inhibiting tﬁe "propagation cross-linking" reaction.
Products formed in the degradation of polyacrylonitrile have been studied
by Kern and Fernow?4 Burlant and Parsons,45 Nag 3,46 Takayama,47 Strauss

48,49

and Madorsky and most recently by Monahan.so Sixteen products were
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identified by a variety of spectroscopic techniques, cyaﬁogen, hydrogen
cyanide, acetonitrile, acrylonitrile and vinylacetonitrile being the major
components. The distribution of these components at various temperatures
of degradation is shown in the following table.

| Table 1.1

Product Analysis for Pyrolysis of Polyacrvlonitrileso

Mole % after 30 minutes pyrolysis

Product _ 286°c  321°%  379°%  450°%C
Cyanogen . 0.01 0.02 0.01 0.40
Hydrogen Cyanide 0.03 1.54 0.49: 20.97
Acetonitrile 5.23 5.86 1.02 2.42
Acrylonitrile 94.73 90.90 59.28 3.85

Vinylacetonitrile 0.01 1.68 39.20 72.30

A poly-1, 4,4-trihydronaphthyridine was suggested as the structure of the

residue, from elemental analysis and infra-red spectroscopy, thus:-
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The extensive degradation of polyacrylonitrile to produce carbon
fibres has recently assumed some importance in the search for new materials
which are resistant to high temperatures, as well as being light énd having
strengths comparable with metals.

1.4 The Thermal Degradation of Covolymers

(a) Introduction

Although copolymerisation has been widely used as a method of polymer
stabilisation and in order to combine the favourable properties of two
different polymeric materials to give a more versatile product, for example
styrene/butadiene rubber, there is a serious lack of basic chemical
information about the degradation of these materials. The increasing
accumulation of data on the homopolymers provides a good basis for a study
of many copolymers. In certain cases study of the copolymers may shed new
light on the degradation of the homopolymers. A number of systems have

51

been studied”” and those relevant to the styrene/acrylonitrile system are
reviewed here.

(b) Thermal Degradation of Styrene/ﬂethvl Methacrylate Copolymers

Thermal degradation studies of styrene/methyl nmethacrylate
copolymers were carried out by Grassie and Farish.7 It was found that
the number of "weak links" increased linearly with the styrene content of

the copolymer. Sequence distribution calculations showed that a large
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proportion of the styrene units existed in isolation; therefore the "wezk
link" must be a property of a single styrene unit in the chain. The
nature of this link is still speculative however. MNethyl methacrylate
lost from the copolymer could be quantitatively accounted for as monomer,
indicating that chain fragments did not contain methyl methacryléte. The
amount of methyl methacrylate monomer produced increased with increasing
methacrylate content'of the volymer, indicating inhibition of the transfer
reaction which produces chain fragments in polystyrene. The differing
volatilisation behaviour exhibited by poly(methyl methacrylate) and
polystyrene is seen in the styrene rich and methacrylate rich copolymers

in Fig. 1.1.

PI7i-260°

1.2 1/1-3%0°

)}
4(; 1.0 ¢ 10/1-_'3400
0t
o 0.8
4
b
< 0.6
0
r 0.4
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20 40 60 8Q 100
Volatilisation
rig. 1.1 Rateé of Volatilis~tion of Hormonolvrers and Cecnolvmers of Stvrerne

7

and Tethyl Methacrrlnte

Lot de
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The styrene rich copolymers exhibit the characteristic maximum associated
with polystyrene, the latter showing the initial high rate falling of{ as
the reaction proceeds, characteristic of poly(methyl methacrylate).

The large increase in the thermal stability as measured by the rate
of volatilisation could be accounted for by a decrease in the chain end
unsaturation normally found in poly(methyl methacrylate), due to the
presence of the styrene. As little as 17 per cent styrene reduces the
disproportionation termination in the polymerisation to 8 per cent of the
total.

(c) Thermal Degradation of kethyl Methacrvlate/Acrvlonitrile Copolymers

In the investigation of the coloration of polyacrylonitrile, Grassie
and Hay42 found that the addition of small amounts of methyl methacrylate
inhibited the coloration reaction by blocking the conjugation of the
nitrile groups. Addition of small quantities of acrylonitrile to methyl
methacrylate was found to give an induction period in the production of
monomer from the copolymer.52

Clarification of the thermal degradation of poly(methyl methacrylaté)
led Grassie and Farish8 to re—examine the degradation of copolymers of
mefhyl methacrylate and acrylonitrile, varying the composition over a
much wider rgnge.8’52

It was found that the rate of chain scission decreased with increasing
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acrylonitrile Cogtent. This was at veriance with the initial investigations
by Grassie and Melville,52 who suggested that scission was associated with
acrylonitrile units. Vvolatile material could be accounted for as monomer
but the acrylonitrile to methyl methacrylate ratio was less in the
volatiles than in the corresponding copolymer.

The apnearance of an inhibition period in the 22000 degradations
followed by a maximum rate of volatilisation was attributed to unzipping
not passing through the first acrylonitrile unit encountered, thus halting
the production of monomer. This was followed by termination of the
radical. A random scission process produces radicals which undergo "cage"
termination, some by disproportionation giving molecules with unsaturated
chain ends. These are subsequently re-initiated and depolymerise to
produce monomer. The rgte maximum occurs when the populatation of chain
ends capable of degradation reaches a maximum. A similar situation exists
in polystyrene.

When the degradation temperature is raised to 28000, random scission
is rapid, produciﬂg radicals which immediately depropagate to give monomer.
Hence no rate maximum was observed at this temperature. At higher
temperatures also, the unzipping reaction can pass through acrylonitrile
units in the copolymer, accounting for acrylonitrile monomer among the

products of degradation.
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The one experimental observation which could not be readily accounted
for was the decrease in chain scission with increasing acrylonitrile
content of the copolymers. This could bé due to decreased flexibility of
the chain because of the acrylonitrile units, which would favour "“cage"
recombination or decrease the probability of achieving the correct
conformation for monomer production.

(d) The Thermzl Degradation of Styrene/«-—Chloroacrvlonitrile Copolymers

In this copolymer system, the effect of introducing a monomer unit
which degrades at a much lower temperature than its comonomer is discussed.
Poly(o(—chloroacrylonitrile) was shown by Grassie and Gran't53 to degrade
at 13500 producing hydrogen chloride and unsaturation in the main chain.
Since unsaturation has been suggested as a source of "weak links" in the
polystyrene chain,54 the effect of controlled concentrated unsaturation
on the degradation behaviour of the polymer is of interest.

The degradation of copolymers of styrene and « -chloroacrylonitrile
was studied by Grassie and Grant.55 Chain scission can be conveniently
studied at 15500, well below the temperature at which styrene produces
volatile material. The & -chloroacrylonitrile was found to constitute
"weak links"‘in the polymer backbone.

Significant effects were also observed at higher temperatures. The

rate maximum associated with polystyrene degradation was completely
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obscured by the very rapid chain scission, induced by the o -chloroacrylo-
nitrile units. The relative stabilities may be seen from the fact that

. 0

in one hour at 322°C polystyrene produces 2.7 per cent volatiles compared

with 42.8 per cent from a copolymer of 2.4 per cent e -chloroacrylonitrile.

(e) The Thermal Degradation of Methyl Methacrylate/Methyl Acrylate Covolymers
The degradation of copolymers of methyl methacrylate and methyl
acrylate hzs been studied by Grassie and Torrance.56 Thermal volatilisation
analysis (T.V.A.) studies described by McNeill,57 showed that the rate of
production of monomer from poly(methyl methacrylate) was suppressed by the
presence of the methyl acrylate units in the chain. The depropagation
reaction could pass through methyl acrylate units to some extent however,
since one methyl acrylate unit in four was found in the volatile products.
This may be taken as a measure of the blocking effect of methyl acrylate.
The volatile products consisted of carbon dioxide, methyl methacrylate,
chain fragments, small quantities of methyl acrylate and traces of
permanent gases. The production of chain fragments formed in transfer
reactions, methyl acrylate monomer and permanent gases all increased with
increasing methyl acrylate in the copolymer. The colorafion which is due
to the development of unsaturation in the chain backbone was also shown to
te associated with permanent gas production. The absence of methanol, a

product of degradation of poly(methyl acrylate) indicated that sequences
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of acrylates longer than two were necessary for its production.

It was clearly demonstrated that one molecule of carbon dioxide is
formed per chain scission. The amount of volatilisation p%oduced per chain
scission was also shown to be constent for a particular copolymer. The
zip length decreased with increasing amounts of methyl acrylate‘in the
copolymer, A comprqhensive reaction scheme was presented which accounted
for all the important features of the reaction.

(f) Conclusion

In the light of the previous work on copolymers it is clear that
effects such as enhanced chain scission, unsaturation and stabilisation
by inhibition of volatile production occur in copolymers depending on the
individual characteristics of the comonomers. The influence of temperature
of degradation and also the distribution of mogomer units in the copolymer
chain are points worthy of consideration in the study of the mechanism of

degradation.8'56
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CHAPTER 2

EXPERIMENTAL TECHUIQUES AND APPARATUS

2.1 Preparation of Covolymers

(a) Purification of Styrene

Styrene (Forth Chemicals Ltd.) was washed three times with 5M sodium
.hydfoxide to remove the inhibitor, p-tertiary butyl catechol, and three
times with distilled water to remove traces of alkali. The purified monomer
was dried for 24 hours over calcium chloride followed by 24 hours over
freshly dried calcium hydride. Finally the monomer was filtered into a
reservoir containing some calcium hydride. A magnetic stirrer was used to
break the polymer film which formed on the surface of the styrene and
reduced the rate of distillation. The reservoir was then attached to a
vacuum system and degassed several times by the usual freezing and thawing
method. The first 10 per cent was distilled off and discarded, after
which the required quantity was distilled into a calibrated reservoir and
finally into the dilatometer.

(b) Purification of Acrylonitrile

Acrylonitrile (Hopkins and Williams Ltd.) was washed once with 54
sodium hydroxide and several times with distilled water. The purified
monomer was then dried for 24 hours over calcium chloride followed by 24

hours over calcium hydride. This treatment was reported to give a material
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of standard purity as indicated by G.L.C. and I.R. analysis.42 The
monomer was filtered into a reservoir containing a little calcium hydride
and degassed several times. It was then distilled into a calibrated
reservoir and finally into the dilatometér.

The purity of both monomers was checked by G.L.C. analysis using
1 per cent SE 30 (silicone gum) and 10 per cent dinonyl phthalate columns.
Single products only were detected using a flame ionisation detector at
high sensitivity settings.

(¢) Purification of Initiator

2-2' Azobisisobutyronitrile (Kodak Ltd.) was purified by recrystal-
lisation from methanol.

The initiator was introduced into the dilatometer as a freshly
prepared solution in Analar toluene, the solvent being removed by a water
‘pump and finally on the vacuum line. The dilatometer was then pumped for
several hours under high vacuum, light being excluded to prevent
decomposition of fhe initiator.

(d) Preparation of Dilatometers

Pyrex glass dilatometers of approximately 100 ml., with a 5 ml.
graduated stem were washed with cleaning solution, distilled water and
finally Analar acetone and attached to the vacuum line. The dilatometers

were then flamed intermittently for several hours prior to the addition
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of the initiator solution.

(e) Filline the Dilatometers

The arrangement of glassware on the vacuum line is shown in Fig. 2.1.
This system was particularly useful for dealing with copolymers since the
secopd monomer could be prepared and degassed while the first was
distilling.

When the required quantities of monomer had been added, the contents
of the dilatometer were finally degassed and sealed off at . a pressufe of
less than 10—5 torr.

(f) Polymerisation ;

All polymerisations were.carried_out at 60°C:t O.1°C. Polymerisation
was never carried beyond 10 per cent conversion which could be estimated
with sufficient accuracy by observing the liquid level in the calibrated
stem and making use of the contraction data presented in the following table.

Table 2.1

Calculated Volume Contraction for 100% Polymerisation at 60°C

Monomer % Volume Contraction Ref.

Acrylonitrile 26,7 58

Styrene ‘ 15.0 59




- 27 ~

To High

U Vacuum Line

D K
A
A Dilatometer : ‘ E
BB! Calibrated Reservoirs
C. Acrylonitrile Container
D Styrene Container
E Glass Covered Magnet

Fig, 2.1 Vacuum Line for #illins Dilatometers




- 28 =

(g) Copolvmer Recovery and Purification

In 211 cases the copolymers formed (0.25-50 per cent acrylonitrile)
were soluble in the monomer mixture,

A1l copolymers except the one containing 50 per cent acrylonitrile
(SA9) were recovered by dissolving the contents of the dilatometer in
300-400 ml, Analar toluene. Precipitation was carried out by slowly
running the solution into 5 litres of Analar methanol with constant
stirring. This proceedure was repeated a second time but for the final
precipitation Analar dioxan was ﬁsed as the solvent, since this was found
to give a polymer which could be more readily ground.

" The copolymer containing 50 per cent acrylonitrile was, like
polyacrylonitrile, insoluble in toluene. It was precipitated from
solution in Analar acetone, with methanol as precipitant.

After the final precipitation, the copolymers were placed in a
vacuum oven, initially at room temperature and finally at SOOC for 48
hours, with frequent crushing to facilitate solvent removal. They were
then passed through a 40—60 mesh sieve, the smallest usable because of
the highly electrostatic nature of the material. The ground copolymers
were then replaced in the vacuum oven for a further 24 hours at SOOC to

ensure complete removal of the solvent.
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(h) Calculation of Monomer Feed Composition

The molar rstio of monomers necessary to produce a copolymer of the

required composition was calculated using the copolymer composition

equation:-—60’61’62’63

(7) _ ) m) + ()
(Pz)' () (g) + (1)

where (Pl)/(PZ) is the ratio of the molar concentrations of the two
monomers in the copolymer, and (Ml) and (M2) are the molar concentrations
of the monomers in the feed. This relationship applies if the conversion
is sufficieﬁtly lov for the monomer concentrations to remain unchanged.
Values of reactivity ratios from the literature were used:--6

'=0.41%0.08, r = 0.041+0.04

rstyrene acrylonitrile

Data for the copolymers used in this work are shown in Table 2.2,
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Table 2.2

Covolvmer Composition Data

Molecular % W/W
Code No. % Styrene % Acrylonitrile Veight Initiator
sa2 99 1 370,000 0.03
A3 | | 91.7 8.3 411,000 0.03%
SA4 " 99.75 0.25 347,000 0.03
SA5 75.1 24.9 650,000 0.03
SA6 ees 15.5 470,000 0.03
SAT 95.3 4.7 857,000 0.03
SA8 95.3 4.7 331,000 0.06
849 | 50 50 deteg;;ned 0.06
SA10 - 66.6 33.4 366,000 0.06
PS3 100 0 470,000 0.03%

2.2 The Degradation Apparatus

(2) Introduction

The variables which may influence the course of a thermal degradation
reaction are numerous and complex. Important variables include temperature
of degradation, heating rate, rate of removal of volatile products from

the reaction zore, softening and melting point of the polymer, melt
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viscosity, sample size and dimensions, adsorbed or occluded impurities,
-the initiator used, and the termination mechanism in the polymerisation.
Working with highly purified polymers as films or fine powders under a
specified set of conditions eliminates many of the problems associated
with this type of work, but it is often difficult to obtain reliable
kinetic data unaccompanied by diffusion effects when ;sing samples large
enough to allow the molecular weights of the residue to be determined,
or the volatile products to be analysed.

(b) The Molecular Still Apparatus

1) The Molecular Still ' i

For studies of the change in molecular weight or rate of volatilisation
under isothermal conditions, the dynamic molecular still, similar in
principle to that of Grassie and Melville,52 but incorporating certain
meodifications, was used.

The still and associated equipment is shovm in Fig. 2.2. The sample
of powdered polymer (100 mg.) was contained in the circular depression
(33 mm., diameter X 7 mm. deep) in the copper tray (40 mm. X 40 mm. x 9 mm. )
which is shown along with the heating block in Fig. 2.3. Two copper-
constantin thermocouples vere hard soldered to thé base of the tray. One
thermocouple was connected to a Doran precision potentiometer so that the

0
temperature could be continuously measured to 0.1°C. The other thermocouple
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activated the proportional temperéture controller described in section
2.2 (b) 2). Temperature could be maintained to j:loC for many hours
with 1little or no attention.

Heating was effected by 3 cartridge heaters (24 V., 50 watt, Hedin Ltd.)
housed in the copper block shown in Fig. 2.3. The bottom of the tray was
ground to give good contact with the heating block to which it was tightly
secured by two screws. Connecting wires to the heaters and thermocouples
were taken out through glass capillaries in two of the four B.24 joints,
symmetrically spaced at right angles around the body of the still. The
wires were sealed into the capillaries with Picien wax.

To maintain isothermal conditions throughout the sample, and to
prevent loss of sample by sputtering, the polymer was covered with a layer
of copper powder (60-80 mesh Hopkins and Williems).

The two main disadvantages of this type of avpparatus are its heating
and cooling pericds, and the loss of chain fragments, which remain coated
on the walls of the still, The former problem is a function of the system
but is more than compensated for by advantages of accurate degradation
conditions for large samples. Where 100 per cent product collection was
desirable the sealed tube technique ves used.

2) The Heater Controller

The heating of the molecular still has previously been effected by
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a system of Variac transformers coupled to an Ether "on-off" controller.
This system was found to be unsatisfactory as large temperature fluctuations
accompanied changes in the mains voltage. With the development of
transistorised proportional controllers, it seemed desirable to employ
such a system. |

The following characteristics were necessary in the temperature
controller:-
(1) a rapid attainment of temperature of degradation.
(2) Control to better than ﬂ;1°c for long operating periods.
(3) Minimum attention during the course of the degradation.
(4) Ability to fe used with the existing block and cartridge heaters in
the molecular still. |

Commercial proportional controllérs such as the West Viscount (West
Instruments Ltd.) were available, but their cost and the fact that
hodifications would have to be made to accomodate the start-up made them
undesirable. Accordingly a controller was developed vwhich has proved
satisfactory over a large number of experiments.

Circuit diagrams for the controller, and associated wiring to the
transformers and heaters are shown in Fig. 2.4 (2),(b) and (c). The
controller can be operated in three characteristic modes as shown in

Fig. 2.5 depending on the requirements of the system.
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Temperature

(v)

Time

1, Run mode only - temperature overshoot
2.  Run up mode - too slow
3. Multiple mode |
(a) Full power
. () Reduced power - run up without overshoot

(c)' Set at run power

Fig, 2.5 Temnerature Controller Characteristics
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(1) Run Mode

If the controller is set at the power value required to maintain a
certain temperature, an overshoot will arise as a consequence of the
temperature gradient between the block and the thermocouples on the tray.
(2) Run-up Mode .

Setting the controller at this value gives no overshoot but the time
to reach operating temperature is too long.

{3) Multiple Mode

This is found to give the desired characteristics. In section (a) of

Pig. 2.5 power is full on and a rapid rise occurs. At a fixed temperature,
. power is reduced to the run-up value, (b),'and the degradation temperature
is attained without overshoot. At this stage the controller is set to "run"
(c), and the temperature is maintained at the desired value, in the
proportional band which accomodates any fluctuations in temperature or
pover.

Although the controller is "blind" in that operating conditions at a
particular temperature have to be established prior to degradation, the
inconvenience caused is minimal since several runs are usually carried out
at the same temperature and once established, a desired temperature can
be attained at any time. The fine control has enough latitude to allow 2

useful range of temperatures (approximately SOOC) to be obtained, encugh
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to enable activation energics to be measured, without altering the run-up
settings.

The voltage from the controlling tﬁermocouple is fed into the unit
at the T/C input shown in Fig. 2.4 (2), to an amplifier ( y. A702C). The
amplifier signal is fed to a second amplifier €/1A710) which operates in
a small proportional band as well as in an "on-off" manner.

When the potential difference between the points X and Y (Fig. 2.4 (a) )
is zero, the thermocouple supplies the output preset at B, and the amplifier
prodﬁces 1.5 volts. This is fed to a third amplifier circuit at M. This
is balanced by the third pre-set amplifier and zero voltagé is fed to the
thyristor firing unit. However any fluctuation in temperature changes the
thermocouple output and unbalances the amplifier,/;A7lO, This results in
a volfage (positive or negative) being fed to the third amplifier and
subsequently to the firing unit which decreases or increases the power
input to the heaters, depending on the voltage change. The inversely
connected thyristors control the power to the heaters. The thyristors fire
50 times per second and the magnitude of the power delivered, which has
the effect on the heaters of a continuous voltage, is determined by the
position of firing. This effect is shown in the inset to Fig. 2.4 (b).

If firing occurs early in the half cycle, the power will te on for the

long shaded period, the "full-on" mode. If, however, firing occurs late
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in the cycle, as shown by the smell darker sections, much less power is
delivered., This occurs in the proportional band. The amount of power
produced depends on the demands of the system, that is the variation in
output from the controlling thermocouple. |

3) The Pirani Gauge .

The volatiles produced can be monitored by following the pressure
inside the molecular still as the reaction proceeds. If a single component
is evolved in the reaction, previous calibration allows quantitative
kinetic data to be obtained-using a Pirani gauge to measure pressure
changes. This system was used by Grassie and Melville to study the
decomposition(of poly(methyl methacrylate).52

With the styrene/acrylonitrile copolymers, the complex mixture of
products formed makes it impossible to obtain exact kinetic data using
this method. The Pirani gauge was therefore not used quantitatively but
as a guide to the course of the reaction.

The Pirani gauge consists of a tungsten filament (50 ohms) suspended
between copper supports (Fig. 2.6). The filament forms one arm of a
Wheatstone Bridge circuit which is shown in Fig. 2.7. A voltage, Vo, is
applied to the filament, and the bridge is balanced by means of the "zero"

control, when a sticking vacuum is obtained in the still. This is taken

as zero pressure. To prevent thermal fluctuations,. the side arm containing
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the Pirani gauge is thermostatted in an ice bath.

The temperature and hence the resistance of the filament depend on
the thermal conductivity of the surrounding medium. Therefore any change
in pressure changes the resistence of the wire. This unbalances the bridge

circuit and the voltage has to be increased to a new value V to re-balance
- 2 2
V-V,
Vo2
pressure., This relationship is linear over a limited range of pressure.

it. At low pressures, the expression is proportional to the

4) Collection of Products

Volatile products from the reaction were collected in the cold trap
(Fig. 2.2) during the course of the degradation. When the reaction was
complete, the appropriate section of the vacuvum line was isolated and the
products distilled at room temperature into a calibrated capillary -tube,
for measurement and subseduent analysis. In this system the bulk of the
chain fragments remained on the walls of the still. The second distillation
however ensured that the liquid collected in the capillary was the highly
volatile monomer fraction only. It was therefore possible to obtain the
weight of monomer from density data and, since the total weight 1o$s from
the tray could be determined accurately, it was possible to measure the
chain fragment to monomer ratio.

(c) The Sealed Tube Technigue

To facilitate total analysis of the products, a sealed tube of the
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type shown in Fig. 2.8 was ﬁsed. The polymer sample was introduced into
the tube, which had been cleaned and flamed, in powder form through the
B.14 cone. The tube was then attached to the vacuum line, pumped for
several hours under high vacuum, and seéled off.

The end of the tube containing the polymer sample was inserted into
a furnace, the temperature of which was controlled to i:ZOC. The
capillary end was cooled in liquid nitrogen. The short distance between
the hot zone and the cooled 1imb was such that»products distilled rapidly
away from the degrading saméle, minimising>recombination or further
reaction. At the end,of'the degradation the tube was withdrawn from the
furnace and cooled rapidly.

Gas analysis was carried out by attaching the tube directly to the
inlet of a mass spectrometer (MSlO, A.E.I. Ltd.). Vhere necessary the
mass spectrum was scanned with cold traps of various temperatures (~17800 to
OOC) around the capillary limb of the tube. This considerably reduced
the complexity of the spectrum by reducing the number of components
volatile at any one time.

In the degradation of styrene/aerylonitrile copolymers, fractionation
into residue, chain fragments and volatiles was effected by cutting the
‘tube at the appropriate points. Once separated, the fractions were then

analysed by the various techniques available,
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2.3 Thermal Methods of Analysis

(a) Introduction

Thermoanalytical techniques have been applied to. the study of
inorganic compounds for many years but it is only recently that such
methods have been applied to stuéies of polymer degradation. The rapid
advances in the application of these techniques are reflected by the

increasing amount of literature on the subject.65’66

The increasing
importance of high temperature polymers, which are generally insoluble
.and therefore cannot be investigated by traditional techniques, such es

solution properties, has largely contributed to the growth of thermo-
analytipal techniques as a convenient method of characterisation.67 The
~ techniques of DTA and TGA can equally well be applied to the study of
conventional polymers to investigate further the properties of these

materials,

‘(b) Thermal Volatilisation Analysis (TVA)

The technique of TVA has been.described by McNeill.68 The pressure
which exists in a continuously pumped system betweep the hot decomposing
sample and a cold trap is continuéusly monitored as the sample temperature
is raised in a linear manner. The syétem has been further extended to
incorporate differential condensation.69 Four cold traps at temperatures

of -100, ~75, -45, and 0°C are mounted in parallel between the reaction




vessel and the cold trap at -178°C. The system is shown in Fig. 2.9.

The pressure in the vicinity of eaéh cold trap is continuously monitored
by a Pirani gauge (Edwards High Vacuum Ltd;). The output from the Pirani
gauges is fed to a 12 channel recordef (Leeds and Northrup). A typical
thermogram obtained from a styrene/acrylonitrile copolymer is shown in

Fig. 2.10.

Trap Temperature

1. 0°¢c
2, -45°¢
30 -750C

o]
4. -100°C

Rate

Temperature

Fig, 2.10 Differentizl Condensation TVA of a 20/1 Styrene Acrvlonitrile

Covolymer
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The thermogram provides information about the volatility of the products
and is invaluable as a guide to the type of study appropriate at the
various temperatures.

(¢) Thermogravimetric Analysis (TGA)

Thérmogravimetric analysis of the copolymers was carried out using
a Du Pont 950 Thermogravimetric Analyser. This instrument operates on
the null balance principle. The beam is maintained in the reference
position by an optically activated servo loop. The balance can be
operated up to 120000 either isothermally or by programming at a heating
rate<of O.5°C to 3000 per minute. Small samples are used which minimise
heat transfer problems, and an accurate temperature sensing device allows
high heating rates to be used. The sample can be accurately weighed on
the balance.

The main disadvantage with this particular instrument is that it
cannot be used under high vacuum conditions. This is generally desirable
in polymer degradation where rapid removal of products from the viscous
melt is considered important in preventing secondary reactions.,

Samples were degraded in an atmosphere ofvvery pure nitrogen (Bri?ish
Oxygen "White Spot") and it was possible to compare the degradation of a
series of copolymers under carefully controlled conditions. Typical

thermograms for temperature programmed and isothermal runs are shown in




- 52 -

Fig. 2.11 (2) 2nd (b).

TGA has been extensively used to derive kinetic pzrameters but fhere
is considerable disagreement about fundamental principles between the
various workers in the field. Physical effects have been shown to influence
the results considerably. The effects of aerodynamic drag and momentum
transfer have been discussed by Friedman.67 Since the balance could not
be operated under high vacuum conditions and because of the complexity
of the degradation, a complete kinetic analysis was not attempted. The
copolymers were degraded in flowing nitrogen to find if such a method
would yield some simple parameters for characterising the copolymers
according to their acrylonitrile content,

2.4 Molecular Weight Measurement

(a) Introduction

The study of changes in molecular weight which occur during the
degradation of many polymers and copolymers, must normally form an
important paft of any investigation. The osmotic pressure method, leading
directly to number average molecular weights has been particularly
valuable in degradation investigations. This technique has been extensively
reviewed by Hookway.7o Modern developments in osmcmeters have made it
possible to measure molecular weights rapidly and with high precision. The

speedy attainment of equilibrium greatly reduces the diffusion problem
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which could be troublesome in the older type of osmometer.

(b)  Tne Mechrolab Eigh Speed Osmometer

~

The lMechrolab 501 High 3peed Osmometer was used in this work./l The
instrument is shown in Fig, 2.12, Cellophan 300 membranes were used with
toluene as sblvent. The osmometer was thermostatted at 250C. Solution
concentrations of 0.5 to 1 gm. per 100 gm. of solution were used.
Concentrations were determined by evapornting one ml. portions of the
solutioh to constant weight in an air oveﬁ at 11000 (usually 4-6 hours).
Ho further weight loss was obiained by henting in a vacuun oven at the
sane temperature., The small quantity of polymer required for molecular
weight measuremgnt by this method is an important consideration in dealing
with degradation residues. Typical plots of osmometer data are shown in
Pig. 2.13 (a) and (b), the molecular weight being calculated from (Tr/c)o,
which is the extrapolated velue of (Tr/c) at zero concentratioh, using

the equation (T/c), = RI/H.

2.5 Product Analvsis

(a) Introduction

On degradation, the majority of polymers give a complex mixture of
producfs, any one of which may hold the key to the degradation mechenisn.
In the work under consideration, it was rossible to separate the produchs

by chromatography. Identification and estimation were then carried out by
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a variety of spectroscopic technigues.

(b) Gas-Liocuid Chromatography (GLC)

GLC analysis was carried out using a "Hicrotek 2000 R" gas chromato-
graph equipped with dual columns, flame ionisation detector and a linear
temperature programmer.

One of the problems of separating products of polymer degradation by
GLC is the range of boiling points and polarities of the componénts. It
is not usually possible to find a column giving good separation over the
wide range of components obtained. In the case of styrene/acrylonitrile
copolymers, efficient fractionation in the sealed tube meant that the
highly volatile products and the Ehain frégments could be examined
separately withouf further fractionation. Two columns proved to be most

useful.

1) 10 per éent dinonyl phthalate (DNP), a polar column, whiéh gave good
separation of the highly volatile fraction. (The limif of operation is
120%¢).

2) 1 per cent SE30 (or commercial variation), a silicone gum column
which could be used up to BOOOC and was suitable'foi chain fragment
separation.

Once these columns had been shown‘to give'éffective separation, they were

used in the later gas chromatograph - mass spectrometer analysis.,
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Attempts to measure the styrene/acrylonitrile ratio in the volatile
products by GLC analysis were abandoned in favour of a more convenient
and accurate infra-red technique. The high styrene/acrylonitrile ratio,
coupled with the unfavourable response of the flame ionisation detector
to acrylonitrile, made the technicue inaccurate. A 1/1 molar mixture of
styrene and acrylonitrile gave a peak area ratio of 4/1.

(c) The Combined Gas Chromatograph - Mass Spectrometer

Until very recently, the standard method of analysing complex organic
mixtures has been to separate the components by chromatography, to collect
each product and analyse it by the normal techniques of IR and NMR to
supplement the retention time data from the gas chromatograph. The small
samples which could be used for degradation very often meant that prodﬁcts
from several runs had to be combined to give enough of a single component
for analysis. The combination of gas chromatography with mass spectro-
metry has eliminated much of the tedious separation and collection of the
components.

The instrument used was an LKB 9000 (1XB-Produkter, Stockholm) and a
block diagram is shown in Fig, 2.14. The chromatographic system consists
of a heated inlet and a coiled glass column in an oven which can be operated
isothermally or temperature programmed from IOC to lSOC per minute up to

a temperature of BOOOC.




Jdajawoaqoadg ssey - ydealojewoay) SvH 0006 @I

squauodwo) UTey JO WeJBeT(q }00Tg

Iopdoooy
puB
r-——- — > — — - aergrrduy
1 oID
i
} os8AT®e S
| SSEBN
! i
i
|
{
A .
}
” auBeyN”~ ~ T~ T 7
I wensAg
I Burdung o]
| uten A
S I
20.mnog €
uol

(unagoodg
SSBY )
I9pPJI0D2Y
A-Q

_—— e — A
|

ToJ3uo0)

Leme padumg
sBn J9FJIdB)

mﬂwqwﬁm;
TeOTa308TH

seuTT
unnoevA pu®B sed

+ + UuaAQ

Jo0qeaedag ¢ ut

oTNOSTONW WmMT 09
AL

f——l—

1

fi*e °91d

(MTTeH)
SBD
JI9TIIR)

qoTur otdureg 07IH



- 62 ~

The principal feature of incompatibility tetwsen a gas chromatcgranh
and a mass spectrometer is that whereas the former operates at atmospheric
pressure or above,‘the latter requires a pressure of 10-6 torr. Some
method has to be devised whereby the carrier gas is removed and the sample
allowed to pass into the ionisation chamber of the spectrometer. In this
instrument, a Becker-Ryhage jet separator (Fig. 2.15) is used. The helium
is pumped away in two stages by a rotery pump and an oil diffusion pump,
While 50-75 per cent of the sample passes into the mass spectrometer.

At all times other than when the mass spectrum is being scanned, the
instrument operates with an electron beam energy of 20 eV. This is below
the ionisation potential of helium (24.8 eV) but‘high enough to ionise any
organic'matter coning off the column. The total ion current is measured
by an electrometer in the ion source and this is fed through 2n amplifier
to the GLC recorder. A typical chromatogram is shown in Fig. 2.16.

The mass spectrometer is a single focusing instrument with a fast
scanning speed (48—1000 in 3.6 sec. M/AI&::JOOO) and the sample required
is less than 0.1 B from a packed column. When a component is observed
on the GLC recorder, pressing the scan button automatically increases the
ionisation voltage to 70 eV, and a mass spectrum over the desired range
is obtained froﬁ the fast U-V recorder.

Provided that suitable columns are available to separate the
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degradation products, this instrument hes great potential in polymer
degradation. Previous techniques of feeding a complex mixture into the
mass spectrometer gave a spectrum vhich in many cases defied analysis.
With the IKB, the spectrum obtained for a single componenf can very often
lead to positive identification of the component. This can be confirmed
by other spectroscopic techniques if necessary.

Problems can arise in this technigue if the components under investig-
ation come off the column very close together. In the normal chromatographic
detector the material leaving the column is either consumed in the flame,
or svept rapidly through thevsmall volume of the katherometer. With the
GC - MS, the chromatographic detector is inside the analyser tube of the
mass spectrometer, and the rate of removal of each component depends on the
efficiency of the spectrometer's pumping syétem. In the case of the chain
) fragments, a single peak is often obtained for the various molecular weight
groups instead of a resolved chromatogram as in Fig. 2.16. Sharp peaks
can also result in anomalous m/e intensities as the pressure of the
component in the analyser is changing rapidly while the spectrum is being
recorded.

(d) Direct Pyrolysis inside the lMass Spectrometer

The pyrolysis of polymers in the ion source of a mass spectrometer

has been used by Hummel'72 as a method of polymer characterisation. To avoid
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the normally complex spectra obtained from mixtures of products, a field
ionisation source was used. With this type of source, fragmentation of
the parent ion is smell and almost every peak in the spectrum is due to
a primary ion. The minimum information one obtains is the molecular
weight of the components.

In dealing with a copolymer system producing a variety of chain
fragments, this technique offers an extension of the previous work. In
the absence of a field ionisation source, an ionisation of 20 eV is used
with the electron bombardment source. This reduces the cracking pattern
and simplifies the spectrum.

Preliminary runs were carried out on the 1S12 Mass Spectrometer (A.E.I.).
This instrument has a solid sample probe which can be heated to 35000. A
sample of approximately 0.1 mg. of the copolymer was inserted into the
probe, and the temperature gradually raised. The appearance of a peak at
n/e = 91 at approximately 29OOC indicated that degradation was teking
place. However, even at 34000, it was impossible to identify any products
other than styrene. Unlike flash pyrolysis the sample was degrading
slowly at the temperatures used and this combined with the small sample
size meant that pressure of any component in the analyser tube was too
small to obtain a spectrum. Increasing the sensitivity by raising the

ionisation voltage to 70 eV did not improve the situation. No zttempl was
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made to develop this technique due to the limiied availability of the

mass spectrometer. The method is potentially useful if the surface area
of the probe can be increased to handle a larger sample. Linear programmed
heating of the probe to SOOOC would also be aﬁ advantage.

(e) Quantitative Infra-Red Analvsis

Because of the inaccuracy of the GLC analysis for acrylonitrile in the
volatiles, other methods were sought. The linearity of the optical density
of the nitrile peak at 2230 cm.'l with increasing-nitrile concentration
appeared to be potentially useful. Standard styrene/acrylonitrile mixtures
were prepared and run on a Unicam SP100 double beam infra-red spectrometer.
A microcell (0.1 mm. path length, volume approximately lO/u,l., R.I.I.C. Ltd.)
was used because of the small amount of volatiles which would be available
from the degradation experiments. A plot of optical density against the
molar percentage of acrylonitrile in the mixture is showm in Fig. 2.17,
from which it is clear that the molar percentage of acrylonitrile in an
unknown mixture can readily be found from the optical density of the nitrile
pezk. Although the method sﬁffers certain inaccuracies inherent in the
spectrometer, it was found to be much superior to chromatography. Frem
styrene/toluene standards it was also possible to estimate the toluene

concentration in the volatiles. Benzene was present in the degradation

products in amounts less than 1 per cent.
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200 mg. samples of the copolymers were degrzded at 3)0:t2 C for 5
hours in sealed tubes described in section 2.2(c). The volatile products
were distilled into capillary tubes end analysed immediately.

(f) Miscellaneous Snectroscopic Analysis

(1) U=V Analysis of the Residue

U~V analysis was carried out in Analar chloroform on a Unicam SF 800
U~V spectrophotometer. 2 mm. quartz cells were used with a solution
concentration of epproximately one mg./ml.

(2) Infre-iled Analysis of Copolvrmers and Residue

IR spectra were obtained using Perkin-Elmer 225 and 257 spectrometers.
The residue was run as a film deposited on a sodium chloride disc from
chloroform solution. Chloroform was removed by evaporation, initirlly at

o . 0
room temperature and finally in a vacuum oven at 50 C.
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CHAPTER 3

MOLECULAR WEIGHT CHANGES AND THE PRODUCTION OF VOLATILES IN STYRENE

dat

ACRYLONITRILE COPOLYMERS

3.1 Introduction

Much of the information reported by Grassie and others concerning the
thermal degradation of polystyrene has been obtained by a study of changes
in moleculer weight and the rate of pfoduction of volatiles as the reaction
proceeds.54 Similar investigations should therefore prove useful in the
initial examination of styrene/acrylonitrile copolymers. The effects of
small quantities of acrylonitrile on the molecular weight changes and
production of volatiles from polystyrene was considered to be a useful
starting point in a systematic study.

3.2 Preliminary Investigations of Low Acrylonitrile Conolvmers

(a) Introduction

The two copolymers containing 0.25 per cent and 1 per cent acrylonitrile
along with a polystyrene "standard" were synthesised under identipal
conditions, as described in Chapter 2. Details are given in Table 3.1,

Table 3.1 Copolymer Data

% Molecular
Code Acrylonitrile Weight
PS3 0 470,000
SA4 0.25 347,0C0

SA2 1.0 370,000
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To establish suitable temperatures for degradation the copolvmers

were examined in the early form of the TVA apparatus.68 A typical thermo-

gram is shown in Fig. 3.1,

Rate

100 200 250 750 550
Temperature (OC)

Fig., 3.1 TVA Thermogram of Copolvmer SA?

The absence of a peak at low temperatures demonstrated that no significant
quantities of occluded volatiles such as solvent or precipitant used in
the copolymer preparation were present. This was confirmed by heating the
copolymer at 200°C in the degradation tray of the molecular still. Weight
loss for all polymers was less than 0.5 per cent and no correction was
necessary during the molecular still degradations. Volatilisation was
seen to commence at 3OOOC, rising to a maximum at 390—41000. From this

- . 0
evidence it was decided that a2 temperature of approximately 290 C was
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suitable for studying the relationships.between molecular weight changes
and volatilisation. Where a more rapid degradation was desirable for the
collection and analysis of prqducts, 33000 was chosen as the'degradation
temperature., The 290—3300C region is also particﬁlarly useful as much of
the data on polystyrene degradation has been collected around these
temperatures.

(b) Molecular Still Depradations at 292°C

100 mg. samples of the powdered copolymers were degraded under
standard conditions as described in Chapter 2. The weight of material lost
by volatilisation was obtained by weighing the copper tray before and after
degradation. The residue was dissolved in toluene for molecular weight
measurement. Kesults are presented in Table 3.2 and illustrated in Fig. %.2,
3.3, and 3.4.

The plot of percentage volatilisation against degradation time, Fig. 3.2,
shows that the addition of small quantities of acrylonitrile does not
increase the rate of production of volatiles. No drastic drop in molecular
weight occufs as a result of addition of one unit of acrylonitrile to 1CO
styrene units. The molecular weight of allrthree copolymers falls to a
common value.

In Fig. 3.4, the molecular weight change occurring during volaﬁilisatinn

is independent of the composition of the copolyrer, within the limits of
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Table 3,2
Degradations of Covolymers of Low Acrylonitrile Content at 292°C
Copolymer Degradation % ¥n as %
Identification _ Time (hours)  Volatilisation  Mn X 10 ° of Origiral
0 0 4.70 100
1 . 2.15 1.495 31.8
3 3.27 1.22 26
P33 4 4.5 1.02 21.8
6 7.64 0.865 18.5
10 13.8 0.567 12.1
12 15.3 0.617 13.2
0 0 3,47 100
1 -7 1.49 4%.2
3 4.17 1.09 31.4
SA4 4 4.7 0.95 27.4
6 8.0 0.70 20.2
10 13.9 0.552 15.9
12 18.1 0.520 15.0
16 20.2 0.426 8.2
0 0 3.70 100
1 1.85 1.39 37.6
| 3 - 3.77 0.88 23.8
SA2 4 5.68 0.88 23.8
6 6.7 0.76 20.5
10 11.8 0.607 16.3
.12 18.9. 0.51 - 13.8
16 20.3 0.40 9.%0
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experimental error., This implies that a constant amount of volatile
material is produced per chain scission.

It would seem therefore that the addition of small quantities (up to
1 per cent) of acrylonitrile has little or no effect on the thermal
degradation characteristics of the copolymer. The investigation was
therefore extended to copolymers of higher acrylonitrile content.

3.3 Degradation of Copolvmers Containing up to 50 ver cent Acrylonitrile

(a) Production of Volatiles

Copolymers containing a higher percentage of acrylonitrile were
prepared by the methods described in Chapter 2. The initiator concentration
was regulated to give comparable moleculgr weights. Details of the co~-
polymers are shown in Table 3.3.‘

Table 3.3 Copolymer Data

% Molecular

Code Acrylonitrile Weight
A8 4.7 331,000
SA3 8.4 411,000
546 15.5 470,000
SAS 24.9 650,000

SA10 33.4 366,000

SAS 50 unknovn




- 78 -

TVA thermograms were run as before, and the degradation patterns were the
same as for the series of polymers with a low concentration of acrylonitrile,
A similar degradation programme was carried out at 29200 and the results

are shown in Table 3.4. The rate of volatilisation and molecular weight
drop in SA10 were such that reproducibility was poor. It was therefore not
included in the series, SA9 (50 per cent acrylonitrile) showed marked
similarity to polyacrylonitrile including insolubility in toluene, the

most suitable solvent for molecular weight measurement. For reasons of
experimental convenience it too was excluded from this series but both

SA9 and SA10 were used in other aspects of the investigation.

A plot of percentage volatilisation against time is shown in Fig. 3.5.
The slopes of the lines give the rates of production of volatiles. When
these'are plotted against the acrylonitrile content of the copolymer as in
Fig. 3.6, a linear relationship is observed, indicating that the increase
in the rate of volatilisation over that of polystyrgne is proportional to
the acrylonitrile content of the copolymer.

The molecular weight data in Table 3.4 and also that for polystyrene
(Table 3.2) is shown in Fig. 3.7 and 3.8. From the plot of moleculsr
weight against time (Fig. 3.7) it would appear that acrylonitrile units
‘are causing an increased rate of chain scission in the copolymer. After

one hour the molecular weight of copolymer SAS (24.9 per cent acrylonitriie)
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Table 3,4

% Volatilisation and Molecular Weight Chenges for a Series of Stvrene/

Acrylonitrile Copolymers at 292°C

Copolymer Degradation % Residue Mn as %
Identification  Time (hours) Volstilisation  Mn % 1072 of Original
SA8 0 0 3,31 100
2 3.9 - 0.92 27.8
4 T.45 0.64 19.3
6 10.1 0.52 15,7
8 16.2 0.38 11.5
SA3 0 0 4.11 100
1 3.14 1.02 24.8
3 7.1% 0.53 12.9
4 11.22 0.51 12.4
6 16.7 0.38 9.25
10.25 29.0 0.327 7.95
SA6 0 0 4.70 100
1 6.6 0.924 19.7
2 8.25 0.445 9.45
3 13.9 0.362 7.70
4 17.0 0.293 6.35
6 24.5 0.247 5.25
7 34, 0.196 4.20
9.5 45.0 0.170 3.62
12 53.0 0.180 3,84
SA5 0 0 6.50 100
1 T.37 0.645 9.85
3 20.3% 0.330 5.09
4 25.8 0.330 5.09
6 43,2 0.215 3.3
10 69.4 0.160 2.5
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has fallen to less than 10 per cent of its original value compared with
35 per cent for polystyrene. The concept of acrylonitrile as "weak links"
in the copolymer chain will be dealt with in greater detail in Chapter 5.
The changes in molecular weight occurring with volatilisation are
illustrated in Fig. 3.8. From this it is evident that the amount of
monomer per chain scission is/decreasing slightly with increasing acrylo-
nitrile content of the c0polymér. The mechanistic significance of this
will be dealt with in greater detail together with other data later in this

chapter.

(b) Calculation of Chain Scission in the Presence of Volatilisation
If N is the number of bonds broken at random in a polymer molecule
of chain length CL,, and CL is the chain length after N breaks, then,

N=_CL,—1 (1)
C

provided that no material is lost by volatilisation. If a fraction x is
lost by degradation producing volatile products, but assuming that no

complete polymer molecules are lost by unzipping,

N=(1-x)CL. —1 (2)
CL

To compare polymers of diffsrent molecular weights, it is convenient to
express chain scission in terms of scissions per monomer unit., Therefore,

N = nCL, (3)
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vhere n = number of scissions per monomer unit. Substituting this value

of N in equation (2) we get,

n=(1-x)—1 (4)
CL

CLo
Values of n.are calculated from the data in Tables 3.2 and 3.4, and the
results are presented in Téble %.5. A plot of n against time is shown in
Fig., 3.9. Quantitative znalysis of the rate of chain scission is valueless
due to the rapid curvature of the majority of the lines. Equation (4) is
only valid when no molecules are being lost by complete unzipping. The
increasing amount of scission at acrylonitrile units in the copolymers
means that this condition is no longer obeyed. The very fast initial
chain scission in polystyrene PS3 and copolymer SA8 (4.7 per cent acrylo-
nitrile), followed by a diminished rate, after the.first hour of degradation,
suggests the influence 6f "weak links"., This effect is not observed in
the copolymers containing a higher concentration of acrylonitrile at this
temperature because of the high rate of scission associated with the
acrylonitrile units. |

(c) The Relationshiv between the Production of Vnlatiles and Chsin Scission

Using equation (2), the number of chain scissions, N, per polymer
molecule can be calculated, taking into account the material lost by
volatilisation. The values of N along with other relevant data are shown

in Table 3.6 (calculated from data in Tsbie 3.5). The amount of volatiles
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Table 3.5

Datz. for Calculation of n, the Number of Chain Scissions (from equation 4)

% 3

Copolymer Degradation

Code Time (hours) Mn X 10_5 CL. » 10-3 Volatilisation n K 10
PS3 0 4,710 4.5 0 0
1 1.49 1.43 2.15 0.463
3 1.22 1.18 3.27 0.603%
4 1.02 0.98 4.15 0.758
6 0.865 0.83% 7.64 0.888
10 0.567 0.55 13.8 1.318
12 0.617 0.59 15.3 1.208
S48 0 3.751 3.27 0 0
2 0.92 0.908 3.9 0.75
4 0.64 - 0.631 T.45 1.16
6 0.52 0.513% 10.1 1.45
8 0.38 0.375 16.2 1.93
SA3 0 4.11 4.11 0 0
: 1 1.02 1.02 3.14 0.707
3 0.53 0.53 7.13 1.517
4 0.51 0.51 11.22 1.515
6 0.38 0.38 16.70 1.950
10.25 0.327 0.327 29.00 1.93
SA6 0 4.7 4.87 0 0
2 0.445 0.461 8.25 1.78
4 0.298 0.308 17.0 2.48
6 0.247 0.256 24.5 2.66
7 0.196 0.203 34.7 2.99
9.5 0.170 0.176 45.0 2.62
12 0.180 0.187 53.0 2.29
SAS 0 6.50 7.0 0 0
1 0.645 0.695 7.6 1.17
3 0.33 0.355 20.3 2.10
4 0.332 0.355 25.8 1.94
6 0.215 0.231 43,2 2,22
10 0.159 0.171 69.4 1.60
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produced per chain scission is illustrated in Fig. 3.10. This data must

be interpreted in accordance with the restrictions placed on the foregoing
theoretical treatment. Loss of complete molecules from the reaction will
give an anomalously high value of the volatiles produced per chein scission.
- This effect is clearly visible at high conversicn as is shown in Fig. 3.10.
Taking the best linear regions where this effect is minimél, an estimate
can be made of zip length which produces volatile products. These results

are shown in Table 3%.7.

Table 3.7
. . Calculation of Zip Length
Slope M.Wt. lost Average
Copolymer (Fig. 3.,10) Mo per Scission Monomer Wt. Zip Length
PS3 7 470, 000 9400 104 90
sA8 2 331,000 6620 101.4 65
SA3 2 411,000 8220 100 - 82.2
SA6 - 1.47 470,000 6900 96.5 71.5
SA5 1.0 650,000 6500 93 69.5

The inability to separate the data for PS3, SA8 and SAJ results in an
anomalous molecular weight effect on the zip lsngth, but comparing SA6

3,

and PS3 which have the same molecular weighis, it is quite clear that

the zip length is reduced by increasing acrylonitrile in the copolymer.
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In view of the fact that it has been clearly established that the rate
of production of volatiles increases with increasing acrylonitrile
concentration, some explanation of the decreased zip length is necessary,
Shortening of the zip length must imply that termination of the
depropagation reaction is increasing., The increase in the amount of chain
fragments produced as opposed to monomer (discussed later in this chapter)
indicates that the intramolecular transfer reaction producing chain
fragments occurs very easily and does not readily account for the increased
termination. However both depropagation to monomer and intramolecular
transfer will be much less favourable if two or more acrylonitrile units
occur together. From the sequence distribution calculations73 shovn in
Table 3.8, it can be seeﬁ that approximately 0.2 per cent of the bonds in
SA5 are between two acrylonitrile units., This means that in every 1000

units there are two pairs of adjacent acrylonitrile units.

¥ 500 units

Assuming initial scission at % , immediately after a double acrylonitrile
unit, and a zip length of approximately 100 units then after four more
scissions, the next double unit will be reached. This will undoubtedly
result in termination, Depeﬁding on the point of initial scission and

initiation of volatilisation, a decrease of up to 20 per cent in the



Seguence Distribution Calculations73
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Table 3.8

A

Copolymer -
Code %Sx % ax %S %A RunNo. % S-A % SS % A-A
SA2 99.6 0.4 99.0 1 1.92 1.92  98.08 0
SA8 97.9 2.1 95.3 4.7 9.47 7 9.48 90.52 0
SA3 9.1 3.9 91.7 8.3 16.53  16.54  83.45  0.01
Sa6 91.6 8.4 84.5 15.5 30.90  30.90  69.05  0.05
S5 832 168 5.1 249 49.53 4955 50.29 0.1
SA10 71.5  28.5 66.6 33.4 65.72  65.72  33.76  0.52
SA9 23.7  76.3 50 50 88.69  88.69 5..65 5.65

Sx and Ax are the molar percentages of styrene and acrylonitrile in the

monomer mixture.

S and A are the molar percentages of styrene and acrylonitrile in the -

copolymers.

S-A = styrene to acrylonitrile bonds

S-S = styrene to styrene bonds

A-A = acrylonitrile to acrylonitrile bonds



- 9% -

average amount of monomer produced may be expected. A similar effect is
observed for SA6 although it has less pairs of acrylonitrile units. 1In
spite of the small increase in termination however, the overall rate of
volatilisation increases because of the very high rate of chain scission
at acrylonitrile units, and subsequent increase in the number of chain
ends capable of re-initiation and depropagation.

Intermolecular transfer is not considered important as a source of
chain scission in styrene/acrylonitrile copolymers because of the very
large molecular weight drop occurring with negligible volatilisation., It
has already been eliminated as a source of "normal" chain scission in
polystyrene by the vse of the inhibitor l,4~diamino—anthraquinone(D ‘)f34
The increasing quantity of chain fragments produced with increasing
acrylonitrile concentration suggests that the result of the blocking
effect on the production of monomer is intramolecular transfer. The fact
that the zip length is very much longer than the distance between adjacent
acrylonitrile units also suggests that intermolecular transfer does not
occur to any great extent.

(d) Relative Rate Measurements by Pirani Gauge

A detailed analysis of the relative rate of volatilisation as a
function of conversion was not undertaken using the Pirani gauge. This

can be obtained rmuch more readily by differentiating the isothermal TGA
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thermograms a2s discussed in Chapter 6. I+t was however observed that
whereas polystyrene showed a maximum at the accepted 30-40 per cent
'conversion, the maximum rate of volatilisation occurred very much earlier
in the copolymers. This is in keeping with the increased rate of chain
scission associated with acrylonitrile units, producing the meximum number
of chain ends capable of degradation much earlier in the reaction.

3.4 Depradations at 330°C in the Molecular Still

(a) Rate Studies

To obtain suitable quantities of products for analysis, degradation at
33000 was used. As it was not impossible for the overall characteristics
of the reaction to change with temperature, it was desirable to check this
factor. A polystyrene "standard" and two copolymers were degraded at 3300C
and the rate of volatilisation measured. A plot of percentage volatilisation
against time is shown in Fig. 3.11. This shows that, as at 29200, the rate
increases with increasing acrylonitrile in the copolymer.

(b) The Chain Fragment to Monomer Ratio

On thermal degradation, polystyrene was shown by the earliest workers
to produce moncmer by a reverse depolymerisation, and chain fragments (dimer,
trimer, etc.) by an intramolecular mechanism.2 In a study of styrene/ethyl
acrylate copolymers, Jones and Reynolds showed that the amount of styrene

4
monomer produced decreased with increasing ethyl acrylate in the copolymer.
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In the present work, the monomer and chain fragments were separated
and estimated as follows. DMNaterial distilling from the continuously
pumped molecular still was collected in the cold trap (Fig. 2.2) which
was immersed in licguid nitrogen. At the end of the degradation, the
relevant section of the vacuum system shown in Fig, 2.2 was isolated and
the material in the cold trap éllowed to distil at room temperature into
the éalibrated capillary tube. This left behind any material which might
have distilled into the cold trap at the reaction temperature. The weight
of monomer was obtained f;om density data (taken as 0.9 gm./cc. because
the liquid is mainly styrene). Thus from this figure and the total weight
loss from the degradation tray, the weight of chain fragments was calculated.
Most of the chain fragment to monomer values were obtained at 33000 but a
few measured from the 29290 degradation to high conversion indicated no
difference in the values (within the limits of experimental error). The

results are shown in Table 3.9,

Table 3.9 The Chain Frasment to lFonomer Ratio
Copolymer Chain Fraement
Code Mononer
PS3 1.0
SA2 1.0
SA3 1.5
SA6 2.0
SA5 2.5
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Although the experinmental error in these determinations is fairly high,
probably 10-15 per cent, the itrend towards increasing chzin fragments
with increasing concentration of acrylonitrile in the copolymers is quite
unmistakable. Dzgradation in sealed tubes showed the same trend and results
for SA10 (33 per cent acryloni%rile) suggest a value of chain fragments to
monomer of 4/1. This technique however also has its disadvantages because
of fhe difficulty of measuring accurately the total amount of degradation.
3.5 Conclusions

From the foregoing series of degradations the following features
emerge:-
(l) Small amounts of acrylonitrile, up to one per cent, have little or
no effect on the thermal degradation of the polymer,
(2) The increase in the rate of volatilisation over that of polystyrene
is proportional to the acrylonitrile concentration of the copolymer.
(3) The rate of chain scission appears to increase with increasing acrylo-
nitrile content,
(4) The amount of volatiles produced per chain scission shows a small
decrease for copolymers containing a high concentration of acrylonitrile,
This decrease is explained by a small increase in termination at pairs of
acrylonitrile units, consistent with sequence distribution calculations.

(5) The chain fragment to monomer ratio increases with increasing
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concentration of acrylonitrile in the copolymers. This is in agreement

75

with the theoretical calculations of Shibasaki’'” discussed in Chapter 4.
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CHAPTSR 4

‘THE PRODUCTS OF DEGRADATION

4.1 Introduction

The analysis of the products of degradation forms an important part
of any investigation of polymer degradation. The nature of the products,
the quantity in which they are produced, end the temperature at which they
appear supplement the kinetic data necessary to elucidate the degradation
mechanism. In copolymer studies the products are particularly important
because they indicate the influence of one monomer on the other. For
example in the degradation of copolymers of methyl methacrylate and methyl
acrylate,56 the acrylate units inhibit the preduction of monomer, so
characteristic of the degradation of poly(methyl methacrylate). Methanol,
one of the main products(obtéined in the degradation of poly(methyl scrylate),
is absent even from ccpolymers containing 30 per cent methyl acrylate. The
analysis of degradation products is extensively utilised in determining

73,76 Bombaugh, Cook and Clampitt77

the sequence distribution in copolymers.
have used the monomer production in ethylene/methyl acrylate copolymers to
differentiate between random and block copolymers of which only the latter
produce methanol,

Analysis of the products of degradation from styrene/acrylonitrile

copolymers is somewhat simplified by the extensive analysis which has been
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carried out on the homOpolymerS‘2,5,5O

7,8

In the light of previous observations
on copolymers, of obvious interest is the effect of acrylonitrile on the
production of monomer, and also the ratio of the monomers in the voletile
fraction compared with the copolymer composition. In defining the products
of degradation, it is important to specify the conditions under which the |
degradations are carried out. Reported differences in the products of

degradation of a particular polymer can usually be attributed to differences

in temperature of degradation, sample size, atmosphere or some other

(=)

physical effect.5’67

4.2 The Volatile Products

(a) Introduction

The volatile products were obtained from degradations in the molecular
still and in sealed tubes, described in Chapter 2. Because of the initial
high vacuum and the short distance between the degrading sample and the
limb cooled in liquid nitrogen, the latter approximated to a pumped system.
No measurable differences were observed between the two systems, for example
in the styrene/acrylonitrile ratio in the volatiles.

From degradations in the differential condensation TVA apparatus
(Chapters 2 and 6) material was seen to be passing through the cold trap
at -100°C. The vapour pressures of the various products suggested that

this was hydrogen cyanide or acrylonitrile. By attaching the sealed tute
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to an MS10 mass spectrometer (A.E.I.) both compounds were identified.

The liquid products were analysed by the LKB gas chromatograph-mass
spectrometer (GC-MS) and shown to be acrylonitrile, benzene, toluene and
styrene, all predictable from degradation of the homopolymers.

(b) Quantitative Analysis of the Styrene/Acrylonitrile Ratio in the

Monomer Fraction

Because of the "blocking" effect of certain comonomers in thermal or
photochemical depolymerisations, for example acrylates in the devolymer-
isation of poly(methyl methacrylate),56 it is necessary to measure the
styrene/acrylonitrile ratio in the volatiles. Comparison with the copolymer
composition gives a measure of the blocking effect of the acrylonitrile
unit.

As already discussed in Chapter 2, infra-red analysis was found to be
the most satisfactory technique, and the calibration graph in Fig. 2.17 was
obtained from standard mixtures of styrene and acrylonitrile. Using the
same sample cell, the redistilled volatiles vere examined, and from the
optical density of the nitrile peak at 2230 cm_l and the calibration graph
(Fig. 2.17), the concentration of acrylonitrile in the volatiles was
obfained. The products of several degradations for each copolymer were
examined. The results are presented in Table 4.1 and illustrated in Fig.4.1.

If the copolymer had undergcne reverse depolymerisation to produce monomer,
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Table 4.1

Quantitative Infra-Red Analvsis of Acrvlonitrile in the Volatile Products

(5 Hour Degradation at 330 * 2°¢)

% Acrylonitrile % Acrylonitrile

Sample No. in Copolymer in Volatiles
SAT/2 4.7 1.9
S48/1 4.7 2.7
SA8/7 4.7 2.0
SA3/24 8.3 3.7 |
sA3/28 8.3 3.4
SA6/36 15.5 6.0
SA6/37 15.5 6.2
SA5/39 24.9 9.4
SA5/48 24.9 11.0 -
SA10/29 33.4 16.3
SA9/4 50 22.0

sag/s 50 22.6
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quantitative release‘of acrylonitrile would have occurred to give the
diagonal in Fig. 4.1. The experimental points lie on a line which, within
the limits of experimental error, has a slope half that of the diagonal,
indicating that one in two acrylonitrile units is released as monomer. In
a study of the sequence distribution of monomer units in copolymers, Harwood
. has developed a method whersby the amount of each type of linkage in the
copolymer may be calculated from the copolymerisation data and the copolymer
composition.73 The data in Table 3.9 were obtained by this method. The
occurrence of two acrylonitrile units is almost negligible up to 33.% per
cent acrylonitrile so the "blocking" effect observed must be due to a single
acrylonitrile unit. The increase in the chain fragment to monomer ratio
observed (Chapter 3) indicates that this second encounter results in intra-
molecular transfer producing chain fragments, and chain fragments containing
acrylonitrile may be taken as added evidence of this.

In a theoretical and experimental study of styrene/acrylonitrile
copolymers using pyrolysis techniques, Shibasaki75 hgs examined in detail
the factors affecting the production of monomer from radical chain ends in
icopolymers. ‘In thé copolymers studied in this work three types of chain
end producing monomer must be considered.

(1) AAACH: CH-—-CHé—-CH' > CH=CH, + mcn?—cn'

I l | |

Ph Ph Ph : Ph
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(2) AANCH=CH—CH= CH® ——— CH=CH, + ~ACH= CH"
2 2 | 2 2 |

CH Ph Ph CN
and since acrylonitrile appears as monomer,

(3) - A/vcnz—(l:H—CHZ—c'H' — CH=CH,+ /\N\CHZ—CH'

. Ph CN JN’ gh
The results of theoretical calculations on monomer produc£ion from various
types of chain ends ére shown in Table 4.2{

Table 4.2

- Bond Dissociation Energies at Chain Ends in Stvrene/Acrylonitrile Corolymers

59 kcal./mole

(1) C,hé«CHz C|11~—-CH2——C|H—-CH2/\/\/\
Ph Ph Ph
(2) CH— CH 60 kcal./mole CH— CHl=CH —CH /A
| 2 2 |2 2 | 2
Ph Ph CN
‘ 66 kecal./mole
— — CH— CH— CH_AMA
(3) CH 5~ CH C‘H2 CH3 (’;H CH
Ph CN Ph
. '62 kcal./mole
: — — CH=—CH —CH_~
(4) C|H2 CH; » C|H2 CH clz 5
c Ph Ph
(5) CH~ CH5 69 keal./mole Ci~Cliz~ CH— CH v

l I
CN cH Ph
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The values are calcvlated for saturated chain ends since precise values are
not available for radical ends. The formation of a double bond in the
monomer after cleavage B to the free radical reduces the energy of the -
bond by approximately 50 kcél./mole and tbis should be similar for both
monomers., s

From Table 4.2, reactions (1), (2) and (4) in that order are most
favourably inclined to the production of monomer. Therefore the amount of
monomer produced decreases as the amount of acrylonitrile in the copolymer
»increases. This is consistent with the increased chain fragment to monomer
ratio (Chapter 3). Reaction (3) should lead to intramolecular ?ransfer to
produce chain fragments. KReaction (5) will be relatively unimportant

because of the small number of adjacent acrylonitrile units.

(c) Estimation of Toluene in the Volatile Products

From the presence in the toluene spectrum of a single band at 738 crn.'-1
which is unaffected by the presence of styrene, acrylonitrile or benzene,
an estimate of the amount of toluene in the volatile products was obteined.
Comparison of the optical density of this peak with a calibration graph
obtained from toluene/styrene mixtures, indicated tﬁat toluene was present
to not more than 3 per cent in the volatile products. This was in agreement
with a previous GLC estimate. A more accurate estimate was not considered

important enough to merit the full scale investigation nccessary. Benzene
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constituted less than one per cent of the volatiles.

4.3 Analysis of the Chain Fragments

(a) Gas Chromatorraph-Mass Svectrometer Analvysis

In his early work on polystyrene, Staudinger2 separated and identified
'the dimer and trimer formed during the degradation of polystyrene. Modern
analytical instrumentation has simplified this process very much, and
degradations can be carried out on much smaller samples with consequent
improvement in control of the degradation conditions,

Chain fragments obtained from sealed tube degradations were found to
separate on a one per cent SE30 column (10 £t.) by temperature programming
to 2500C. Once separation conditions had been established, it was possible
to examine the chain fragments on the LKB GC-KS described in Chapter 2,

The chromatogram obtained from a solution of the chain fragments of
copolymer SAS5 is shown in Fig. 2.16. A mass spectrum was obtained for each
coﬁpound at 70 eV to give the full cracking pattern necessary for identifi~
cation. Peaks at m/e = 157, 208, 261 and 312 indicated that not only vere
styrene dimer and trimer formed, but also chain fragments containing a
single acrylonitrile unit. These were present as several isomeric species
and the cracking patterns were examined in an attempt.to elucidate the

structure of some of these species.

Considering for example the styrene/acrylonitrile dimers, it is first
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necessary to examine the reactions leading to the different structures by

intramolecular trancsfer.

(1)  AMCH=CH—CH=CH—CH-CH®* —> AACH=CH® + CH=C—CH—CH
2 2 2 2 2,

Ph CN Ph Ph CN  Ph

2

NMACH=—CH—CH—CE—CH—CH* —CH® + CH=C— CH—
(2) CHZCIH CH Clh CH5 c;{ — MVCH ClH +CH2(; CH5 clH2

Ph Ph CN Ph Ph CN
The fragmentation patterns which might reasonably be expected from these
structures can be formulated and compared with the mass spectra obtained

i

from the GC-~-MS.

+
’ .
CH=C—CH—CH fission CH=C—CH, + CH
2 2 2| /9 2 2 2
| l —_— | |
CN Ph CN Ph
'157 66 91
l *
CN c/CIH + oH
—c |-
e
64

This fragmentation is in agreement with the line diagram shown in Fig. 4.7,
obtained from peak 2 in Fig. 2.16. The base peak at m/e = 91 is the stable

tropylium ion formed by the rearrangement of PhCH2. This arises es a result
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of fission A to the double bond, the favoured mode of fission. This is
confirmed by the pesks at m/e = 66 and 64 corresponding to formation of
the more stable cyclic radical. Pesks at m/e = 39, 50, 51, 52 and 65 are

due to the benzene ring fragmentation.78 The structure

CH—C=CH—CH
2
3 |

CN Ph
would also give the m/e = 91 peak, but the absence of a peak at n/e = 142
corresponding to loss of a methyl group suggests that this structure is
not formed in the degradation or by isomerisation in the electron beam.

The most abundant s’cyrene/acrylonitrile dimer therefore has the structure

The fragmentation of the dimer obtained from reaction (2) is as follows:-

+ +
L 4 [ )
CH2 (II CH2 C|H2 ﬁ fission CH2 ' CH2 |2
Ph CN Ph CN
157 17 40
CH
7/
Ph—C*+| + 2
N
oy

115
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Comparing this fragmentation with the line diagrem in Fig. 4.3, obtained
from peak 3, Fig. 2.16, several points of similarity are observed. As in
the previous case initial fission is B to the double bond. This results
in the ion at m/e = 117. This however rearranges to the more stable
substituted cyclopropenyl ion (m/e = 115) and the rearrangement is supported
by a "metastable" ion at m/e = 113 and a peak at m/2e = 57.5, both
indicative of the high stability of the cyclopropenyl ion. The peak at
m/e = 91 is small compared with the parent ion indicating that it is not
situated at a point in the moleculé where fission is favourable. The

appearance of an ion at n/e = 142 suggests the presence of the ion
+
CH-C=CH—CH

3 | l2

Ph CH

which loses the methyl group. This structure is thought to arise from
isomerisation in the electron beam rather thean as a product of the degrad-
ation. The facé that in the mass spectrum shown in Fig. 4.3, the m/e = 157
is the base peak suggests that this ion is more stable than the other
isomer formed in reaction (1). This would favour some isomerisation before
fragmentafion had time to take place.

Obviously it is impossible to assign these structures with absolute

certainty without the use of deuterated samples of the pure compounds to



- 112 -

SW=DH sUY WOIT gi°Z *STJ Ul

c xmwm. ge ButJarsdde JsWL( mﬁﬂﬁpﬁco.m%ﬁox\n@cmwh%pm_ aya JOo umaaoadg SsSup oy *9Ta
) @\E .
0Ll 09l 04l ovp.om HF QL oor oa sﬁznow__oo G _of 0t 02 ol 0
| e, w_ AR
N
=)
()
iy
GLL i
<
D
>3
g
5
LLL 2
5
. zo - ud ool o
IR | m, -
| 240 210 — 0 FHo




- 11% -~

study hydrogen migration. Nevertheless the structures observed agree with
those predicted by intramolecular transfer at the various types of radical
chain ends, demonstrating the potential of the GC-MS technique. TFrom a
study of the cracking patterns, the structures shown in Table 4.3 are
suggested for the chain fragments in Fig, 2.16. The mass spectra of the
m/e = 261 peaks agree with the structures predictable from the various
~radical chain ends. The styrene dimer structures are less satisfactory

in this respect, the largest dimer peak having the structure

CH-— C =CH—
H3(IJCHCIH2

Ph Ph
The shape of the chromatographic peak does not indicate isomerisation on
the column. Since these products are being formed by extensive radical
rearrangement, it is impossible to rationalise completely the formation
of the products without extensive investigations on deuterated compounds.

(b) Other Spectroscovic Analysis

The chain fragments collected on the cold ring of the TVA apparatus
were colourless. Infra-red analysis was carried out on liguid films
-1 . .
between two sodium chloride plates., The 1500-1700 cm. ~ region is shown
79

in Fig, 4.4. A peak at 1625 cm.—l indicates ethylenic structures ~ in

agreement with the mass spectrometric evidence.
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Table 4.3

Structures of Chain Fragments from a %/1 St_yrene/Acrvlonitrile Covolvmer

(Peak numbers refer to the chromatogram in Fig. 2.16)

Molecular
Peak No. Weight Structure
1 | - Tail of solvent peak
"(Chloroform)
- CN Ph
3 N i
Ph CN
4 196 Clﬂz“ CHz Cle
Ph Ph
' | CH— CH=C—CH
5 208 ‘112 CH (lJ 3
Ph Ph -
6 . 208 CHé'=(lI—CH2——C|H2
Ph Ph
7 239 unknown
8 261 CH;—‘-C— CHé- CH—CHQ-—C‘:K2

l l l
N  Ph Ph
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Table 4.3 (contimmed)

Molecular
Peak No. Weight Structure
9 261 . CHZ———(|) —CH2— C‘H—- CHz—C|H2
Ph Ph CN
v 1.0 4261 CH-2=(I2—CHé—CIH-fCH2—-CIH2
'Ph CN Ph
11 A 312 CH2=(|7—CH2~CI}1—CH2—C'H2
Ph Ph Ph
) ) -1
1100~ T6C0 I500cnm.
Fig. 4,4 Region of the Infra-Red Svectrum Showinz Unsaturation in the

Chain Pragments. ( ~ — — SA9 undegraded, —— S5SA9 chain fregmcnts)
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4.4 fxaminztion of the Residue

(a) Folecular Weight Measurement

The most important property of the residue left after thermal degrad-
ation is the molecular weight and this is discussed in Chapters 3 and 5.
Molecular weight measurement is facilitated by the ready solubility of all
the degradation residues, except SA9, in tqluene. The physical properties
of the copolymers containing up to 33 per caent acrylonitrile resemble those
of polystyrene., The 50 per cent copolymer (SA9)_is more like polyacrylo-
nitrile however, being insoluble in toluene,

(b) Spectroscopic Exemination i

The residues from the high acrylonitrile copolymers, particularly SA9,
show signs of slight colouration. IR and U~V examinations indicate unsatur-
ation in the main chain. The ethylcnic peak at 1625 cm.m1 present in the
infra-red spectra of chain fragments is also observed in the residue. Only
SA9 and SA10Q show any significant absorption in the 275-400 mAL region of
the ultra'violet spectrum (Fig. 4.5), indicating that unsaturation is
associated with the acrylonitrile units., The presence of hydrogen cyanide
in the reaction products suggests that the following reaction may be taking
place:- " H

mvm—m—Lﬁwwmwvwwwmgm—m=m—m{w+Hm

2
PN |
Ph H->CN . Ph
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This reaction will not lead to long seaquences of unsaturation but in the

case of SA9 (50 per‘cent acrylonitrile) can lead to 2 or 3 conjugated

double bonds in the polymer backbone. The cyclisation of the nitrile units,

so significant in the degradation of-polyacrylonitrile, does not occur

because of the separation of the acrylonitrile units by styrene. The

blocking effect of styrene units in the colouration of polyacrylonitrile
has been discussed. by Grassie and Hayl}2
4.5 Conclusions

The éroducts of the degradation of styrene/acrylonitrile copolymers
containing up to 50 per cent acrylonitrile can be explained by a mechanism
involving depolymerisation and intramolecular transfer. The depropagation

- step can pass through one unit of acrylonitrile in every two, thus
explaining the presence of acrylonitrile in the copolymers. Thié also
gives some measure of the blocking effect of acrylonitrile units, The
increase in the amount of chain fregments formed suggests that the second
encounter results in intramolecular transfer.

The structures of the chain fragments are in keeping with the
mechanism proposed for %heir formation, namely intramolecular trancfer at
radical chain ends., The presence of small quantities of hydrogen cyanide
in the volatiles czn account for the low unsaturation indicated by U-V
spectroscopy. MNitrile conjugation and propagation cross linkingz do not

occur because the acrylonitrile units are separated by styrene units.
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CHAPTER 5

THE CHAIN SCISSION RSACTION IN STYRENE/ACRYLONITRILE COPOLYMERS

5.1 Introduction

As in the case of polystyrene, attention inevitably focuses on the
chain scission reaction as a vital controlling factor in the degradation.
Results of degradations at 29200 (Chapter 3) show that the investigation
of changes in molecular weight is considerably complicated by the production
of volatiles. In a detailed study of the chain scission reaction in
polystyrene, Kerr has collected information at temperatures which precluded
the formation of volatiles.34 This work is reviewed in Chapter.l. Kerr
effectively demonstrated the presence of "weak iinks" in thermally initiated
polystyrenes and also showed that the "normal" scission reaction proceeded
with an activation energy of épproximately 15 kcal./mole lower than the
value calculated for carbon-carbon scission in polystyrene. 1In a study of
polystyrenes prepared by free radical techniques, licKeill found unsaturation
in the polymer backbone.36 Kerr has suggested that the low activation
energy observed for "normal" scission in polystyrenes prepared by free
radical techniques is due to scission of bonds B to the carbon-carbon
double bonds.34 In a preliminary investigation of styrene/acrylonitrile
copolymers, MacCallum suggested that if acrylonitrile units are incorvporated

in the polystyrene chain, they also cause "wezk links".
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5.2 [Theoretical Treatment of Random Scission in a Closed Systenm

Since the degradations discussed in this section were carried out
with negligible volatilisation, the theoretical approach initiated by

Kulrm81 and developed by o’chel*33'35

may be applied to the chain scission
in the copolymers.
If CL_= initial chain length,

CL = chain length after degradation for time t,

N = number of bonds broken per polymer molecule after time t,

then N = CL,- 1 | (1)
CL

The fraction of initial bonds ruptured, &k, is given by

= 1 - e—kt (3)

where k is a first order rate constant for bond scission.

Combining equations (1), (?) and (3) we get,

Cis-1=CLo-l.e-kt (4)
CL _ CLo

therefore -In|CL - 1| = -1In|Cly - 1| 4 kt (5)
' CL CLo



-1, i
When (CL)™™ is small, that is molecular weight is high,

Lo 1 o kt (6)
CL CLo

but L . 1l = oy vhen AL,
CL CLo :

therefore R = kt (7)

Multiplying both sides of (6) by 1/m,vwhere m is the average monomer unit
weight,

1 1 kt - (8)
Moy Mo, om

where I'Int, and Mno are the number average molecular; weights of the degraded
and undegraded polymers 'respectively.

From (7), a graph o_f‘ & 2gainst time should be a straight line passing
through the origin. In his work on polystyrenes, Kerr found that, whereas
anionic polystyrenes obeyed this relationship, a poéitive A-ordinate
intercept was obtained for thermally initiated poly:—:tyrenes.34 This was
téken as indicating "weak links" in polystyrenes preparasd ﬁy a free radical
mechanism., The value of the ©*-intercept has been suggested as a nore

sensitive method of measuring "weak links" then the extrapolation of the

linear region of the molecular weight against percentage volatilisation



34

. . 22 . .

graph used by Grassie and Kerr. 2 In view of the cbservations of Kerr
and the results of the present work at 2920C it seemed desirable to study
the chain scission reaction by the methods discussed. -

5.3 Degradation at 262°C

(a) Chain Scission in Covnolymers of Different Commositions

Preliminary degradation in the molecular still showed that the region
240—2650C would be satisfactory for the investigation pf chain scission.
In this temperature range meazsurable molecular weight changes occur -with
little volatilisation.

100 mg. samples of the copolymers were degraded in the'molecular
still for periods of up to 10 hours. Attempts to degrade for longer resulted
in appreciable volatilisation, a problem encountered particularly with
copolymers of high acrylonitrile concentration. The results of a series
of degradations at 262°C are shown in Table 5.1 and 5.2, Fig. 5.1
illustrates the change in molecular weight with degradation time. The
rapid molecular weight drop at the beginning of the reaction, usually-
associated with "weak link" scission in polystyrene, is also observed in
the copolymers at this temperature. Fig.5.2 and 5.3 show graphs of (Ent)—l
against time and & zgainst time. In Fig. 5.2 the intercepts obtained at

. . =1 .
t = 0 are not the various (Mn ) values expected from random scission
o}

theory. Similarly the o against time graph shows positive ordinate
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Table 5.1

Results of Degredation at 262°¢C

Copolymer Degradation A ¥n as % of
Code Pime(hr.) Volatilisation Tn x 1072 IHn Y x 107 Origzinal
PS3 0 0 4.7 0.214 100
3 0.3 2.14 0.467 45.6
6 0.1 1.92 0.521 41.0
8 0.5 1.85 0.541 . 39.5
10 0.4 1.81 0.554 38.6
SA8 0 0 3.31 0.302 100
3 0.7 1.63 0.615 -49
6 1.7 1.35 0.740 40.7
8 2.0 1.31 0.763 29.4
10 1.4 1.20 0.832 36,2
SA3 0 0 4,11 0.24% 100
3 0.8 1.68 0.597 40.8
6 1.2 1.56 0.642 37.9
8 1.6 1.21 0.826 29.4
10 1.3 1.11 0.900 27.0
‘SA6 0 0 4.70 0.214 100
1 1.8 1.73 0.578 37
3 2.1 1.48 0.675 31.6
6 3.0 1.10 0.910 23.5
8 3.9 0.94 1.065 19.9
SA5 0 0 6.5 0.154 100
3 1.4 1.42 0.705 21.9
6 2.0 1.04 0.960 16
8 3.0 0.80 1.24 12,3
10 3.5 0.68 1.475 10.4
SA10 0 0 3,66 0.281 100
1 1.25 1.45 0.690 39,6
2 1.7 1.18 0.850 30,2
3 2.1 1.22 0.820 33,4
4 2.5 0.95 1.03 26
6 3,15 0.77 1.30 21.0
8 7.1 0.51 1.82 13.9
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Table 5.2
CL x 1077

Mn x 1077

Degradation
Time (hr.)
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intercepts. Both these effects are indicative of "wesk links" in the
chain. The gradients from Fig. 5.2 are shown in Table 5.% and illustratea
as a graph of rate of scission against molar percentage of acrylonitrile
in the copolymer in Fig. 5.4. |

Table 5.3

Rate of Chain Scission at 26200

(from Fig. 5.2)

Copolymer % Acrylonitrile Rate of

Code - in Copolymer Scission
PS3 0 0.018
SA8 4.7 0.030
SA3 8.4 - 0.042
; SA6 15.5 '0.078
545 24.9  0.110
‘SA10 33.4 0.140

The graph shovs tﬁat the increase in the rate of chain scission over that
of polystyrene is proportional to the acrylonitrile concentration of the
copolymer. Altﬁough polystyrene also undergoes chain scission at this
températuré, a simple kinetic treatment allows the rate constant for

scission at acrylonitrile units to be calculated.

Rate of chain scission = ks(S) + ka(A) (1)
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where S = fraction of styrene in copolymer,
A = fraction of acrylonitrile in copolymer,
and ks and ka are rate constants for scissions associated with styrene

and acrylonitrile respectively.

But S = (1-4) | (2)
therefore = Rate = kg(1-14) + k(&) (3)
= kg - kg(&) + ky(a) (4)

= kg + Alk, - k) (5)

Thus a graph of rate of scission agazinst molar percentage of acrylonitrile
in the copolymer should have an ordinate intercept equal to kg, 2nd a
gradient equal to (ka - ks)' This is shown in Fig. 5.4. From this graph,

at 262°c,
-1
k = 0.018 hr
k -k = 0.00374 he. '
‘ P )
therefore k = 0.02174 hr.

—

Using this method to calculate the rate constants for scission

associated with acrylonitrile units, it should now be possible to obtiain
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the gctivation enargy for this typs of scission. Before discussing this
however, other aspects of the 262°¢C degradations sre considered.

The data used to czlculate & is presented in Table 5.2. From the
& against time graph (Fig. 5.3), the d—ordinate intercepts are obtained
and are shown in Table 5.4.

Table 5.4

Values of & Obtained from Desradation at 26200 for Covolvmers of Differant

Acrylonitrile Content

Copolymer « % Molecular
Code Intercent Acrylonitrile Weight
PS3 ~0.25 0 469,000
SA8 0.27 4.7 331,000
SA3 0.225 8.3 411,00C
SA6 | 0.23 15,5 469,000
SA5 0.20 24.9 650,000
SA10 0.14 33.4 " 366,000

The smallest intercepts are found for copolymers of hféhest acrylonitrile

content, and if & is taken as a measure of the "weak links" it appears

that "weak links" are a property of the styrene units in the copolymer.
Since the copolymers show slight differences in molecular weight it

is possible that this could have some iniluence on the "weak link"
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concentration. This effect was therefore investigated.

(b) Influence of lMolecular Weight on the Chain Scission Reaction

To establish the effect of molecular weight on the chain scission
reaction, two copolymers with the same concentrations of acrylonitrile
but different molecular weights were examined at 262°C. The results are

shovm in Table 5.5 and illustrated in Fig. 5.5, 5.6 and 5.7.

Table 5.5

The Effect, at ?6200. of Molecuiar Weignt on the Chain Scission Reaction of

Copolvmers of the Same Acrvlonitrile Concentration

Copolymer Degradation

Code Time M x 1072 (1n) " x 10° cL x 1070 ()% 100 & x 107

SAT 0 8.57 0.117  8.45 0.2 -

3 2.16 0.463 212 0.47  0.35

6 1.82 ©0.550 1.80 0.57 0.45

8 1.65 0.605  1.63 0.61  0.49

10 1.57 0.637  1.55 ©0.65  0.53
SA8 0 3.31 0.302  3.26 0.31 -

3 163 0.615  1.61 . 0.63  0.32

6 1.35 0.740  1.33 0.75  0.44

8 1.31 0.763  1.29 0.78  0.47

10 1.20 0.832 1.18 0.85 0.54
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The degradation of the polystyrene "standard" is included for comparison.
Bo@h copolymers show identical &A-intercepts which, within the limits of
experimental error, are the same as those of the polystyrene "stendard".
-The rates of chain scission, measured from the « and (moleculér weight)—l
graphs are identical, and faster than th¢ correspondiﬁg reaction in poly-
styrene at this temperature. The common value of the K—intercepts re-
inforces the belief that."weak links" are a property of the styrene units.
The observation that no change in the rate of normel scission occurs with
increasing molecular weight, is in contrast to fhe findings of Kerr who
showved a non-linear, increasing dependence between the rate of chain
scission and the molecular weight in anionic polystyrenes.34

(¢) Volatilisation at 262°C

To comply with the restrictions on the theoretical treatment of chain
scission, only reactions showing less than 2 per cent volatilisation were
considered useful in the measurement of rate of chain scission in the
previous section. It was apparent however, that, even at temperatures as
low as 262°C, volatilisation was becoming a problem, particularly in the
copolymers with a high acrylonitrile poncentration. Degradations could
not be continued for more than 6-8 hours and this severely restricted the
range over which the rate of chain scission could be measured. A plot of

the change in molecular weight against percentage volatilisation for
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copolymer SA10 is shown in Fig. 5.8. Comparing the results of volatil—
isation at 262°C and 29200, for copolymers SAS and S46 (Fig. 5.9 and 5.10
respectivély), within the limits of experimental error, the points lie on
the same curve. Once the molecular weight has fallen to 20-%0 per cent of
its original value this represents a considerable number of unstable chain
ends which are capable of re-initiation and deprovagation to produce
volatile products.33 As in polystyrene, the evidence at 262°C and also
the results of isothermal TGA discussed in Chapter 6, favour scission to
produce molecules by "cage" disproportion. The increase in volatilisation
at 262°C in the copolymers of high acrylonitrile concentration is in keeping
with the increased chain scission at acrylonitrile units.

5.4 Degradations at 240°C and 252°C

Having established a kinetic scheme whefeby the rate constant for
scission at acrylonitrile units could be calculated, and shown that
molecular weight does not affect the rate of chain scission, a series of
degradations was carried out in an attempt to measure the activation energy
of chain scissicn at acrylonitrile units. As volatilisation was already
becoming a problem at 262°C in the copolymers of high acrylonitrile
concentration, lower temperatures were used. Degradations were carried out
at 252°C and 240°C. The results are presented in Tables 5.6 and 5.7,

. ¢] .
Fig. 5.11 illustrates the changes in molecular weight at 252 C and again
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ble

5

.6

. . C o
Désradations of Stvrene/Acrvlonltrlle Comolvmers zt 252 C

Copolymer Degradation g ln as ¢
Code Time Volatilisation (i) x 1072 (¥n) x 10° Originsl
SA3 0 0 4.11 0.243 100
' 3 1.3 2.46 0.406 60
6 1.65 2.08 0.480 50.6
8 2.0 1.93 0.520 47
10 1.85 1.78 0.562 43.3
SA6 o 0 4.7 0.214 100
3 2.4 2.32 0.433  49.5
.6 2.5 1.85 0.540 39.2
8 1.9 1.53 0.653 32.6
10 2.7 1.37 0.730 29.0
SA5 0 0 6.5 0.154 100
3 2.7 2.26 0.463 34.8
6 2.4 1.45 0.690 22.%
'8 3.0 1.27 0.780 19.5
10 3.4 1.00 1.00 15.4
SA10 0 0 3.66 0.281 100
3 1.3 1.58 0.635 43,2
6 1.3 -1.19 0.840 72.6
8 2.4 1.04 0.962 28.5
10 2,2 0.92 1.08 25.3
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Teble 5.7

X e 0
Degradations of Stvrene/Acrvlomtrlle Conolymers at 240 °C

Copolymer Degradation 4 ln as % of
Code Time Volatilisation (Mn) x 1072 (Hn)-lx 10° Original
SA3 0 0 4.11 0.243% 1C0
3 1.3 2.18 0.46 53.0
6 1.5 . 2.22 0.55 54.0
8 1.4 2.10 0.47 51.5
10 1.2 1.86 0.54 45.0
SA6 0 0 4.7 0.214 100
3 1.6 3,05 0.328 65
6 1.9 2.58 0.388 55
8 2.0 1.99 0.50 42.5
10 1.6 1.87 0.531 40
SAS 0 0 6.5 0.154 100
' 3 1.5 2.36 0.424 36,3
6 1.4 1.92 0.52 29.6
8 1.7 1.93 0.52 29.7
10 2.0 1.54 0.650 23.7
SA10 0 0 3.66 0.281 100
3 1.5 1.89 0.530 51.5
6 1.6 1,63 0.615 44.5
8 1.2 1.51 0.662 41.?
10 1.6 1.44 0.695 39.4
PS3 0 0 4,70 0.214 100
‘ 3 0.4 3,28 0.305 70
6 0.4 ’ 2.07 T 0.484. 63




- 143 -

100 ¢+~

Molecular Weight as a °/,of Original

] 1 1} 1} 1

o 2 L 6 8 10
Degradation Time (hours)

Filg. 5.11 Changes in Molecular Welght with Time of

Dezradation at 252°C




- 144 -

a rapid initial drop in moleculer weight is observed. Fig. 5.12 shows a
plot of (molecular weight)“l against time, and the gradients of the lines
(the raotes of chain scission) plotted against the concentration of acrylo-—
nitrile in the copolymers is shown in Fig. 5.13. While an increase in
chain scission with increasing acrylonitrile concentration is observed,
the relationship between rate and acrylonitrile concentration is not as
well defined as at 262°C,

The results of degradation at 24OOC are presented in Table 5.7 and
illustrated as a molecular weight ageinst time plot in Fig. 5.14 and
(molecular weight)"l against time in Fig..5.15. The rates of chain scission
from Fig, 5.15 are illustrated as a function of the acrylonitriie concen—
trétion in Fig. 5.16, and it is seen that the relationship so clearly
defined at(262oC is no longer obeyed at 24OOC.

There are two main reasons for the decreasing relationship between
the rate of chain scission and the concentration of acrylonitrile in the
copolymers as the temperature of degradation is reduced from 262°C to
240°c.

(1) ™ieak link" scission has not been investigated at temperatures as
low as this and consequently neither the temperature at which the reaction
begins, nor thz limits of "weak link" scission have been determined. At

24000 considerable overlap may be occurring between scission at "weak links"
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and at acfylonitrile units. Polystyrene was shown to undergo chain
scission at 24000, but this aspect of polystyrene degradation requires
a nore detailed investigation,
(2) The melting point of polystyrene is guoted es 235~2SOOC; polj—
‘acrylonitrile has an estimated melting point of 3190C.82 Assuming only
a small increase in th¢ melting temperature of the copolymers with
increasing acrylonitrile concentration compared with that of polystyrene,
chain scission at temperatures below 26200 is taking place in the high
viscosity medium near the melting point. The increase in viscosity
favours radical recombination even if chain scission does occur initially.
Therefore a slight increase in melting temperature with increasing acrylo-
nitrile concentration can account for the decrease in chain scission
observed in the copolymers of highest acfylonitrile concentration as the
degradation temperature is lowered.
5.5 Conclusions

At 2620C, the increase in the rate of chain scission over that of
polystyrene is proportional to the concentration éf acrylonitrile in the
copolymers, and independent of molecular weight., As in styrene/stilbene
copolymers34 this increase in rate is observed as an increase in the rate
of "normal" scission. The "weak 1ink" concentration is greatest in

copolymers of highest styrene concentration and is therefore & property
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of the styrene units,

Degradations below 26?00 show a decrease in the effect of acrylo-
nitrile vnits on the rate of chain scission. This effect is attributed
to an overlap of "weak link" and ascrylonitrile scission and also to an
increase in radical recombination in the high viscosity medium near the
melting points of the copolymers. Both factors require further investi-
igation.

The production of volatiles from copolymers of high acrylonitrile
concentration, at temperatures as low as 2620C, is indicative of the
increase in the number of unstable end structures produced by chain
scission., As in polystyrene, it appears that scission initially resulis
in molecules by "cage".disproportionation. Thereafter volatilisation is

initiated at the unsaturated end structures.
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CHAPTER 6

THERMAL /NALYSIS OF STY:aiNiy/ACRYLONITRILE COPOLYHMSRS

6.1 Thermal Volatilisaticn Analvsis (TVA)

The use of TVA to provide preliminary information about the degradation
pattern of the copolymers has already been described in Chapter 3. This
technique can in itself provide valuesble information about the stability
and mechanism of degradation of copolymers.57 The techniéue has been
further extended to incorporate differential condensation, as described
in Chapter 2.69

Using this latest development, all copolymers were examined in an
attemnpt to establish some convenient parcmeter whereby they might be
characterised according to acrylon%trile concentration. 50 mg. samples
were heated to SOOOC at a programmed heating rate of 10°¢ per minute, The
chain fragments, collected as the cold ring fraction above the reaction
vessel, were‘colourless and no residue remained at SOOOC. Thermograms of
two copolymers of different compositions are shown in Fig. 6.1 and the
data from the-complete series of copolymers is présented in Table 6.1.

An examination of the temperature at which the rate of volatilisation

reaches a maximum (Tmax in Table 6.1) shows that apart from copolymer

SA9 1little change occurs over a wide range of copolymer composzition.
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Table 6.1

Data Obtained from Differential Condensation TVA

%. - . ‘(oc) Heigzt of Prsssure Pe:ks (unitz)
Copolymer Acrvlonitrile “max -100°C -75°C -45°C O
PS3 0 429 0.2 0.18  4.07 4.3
SA4 0.25 425 0.5 0.29 3.90 | 4.28
SA2 1.0 425 0.8 0.20 3.68 4.15
SA7 4.7 423 0.17 0.43 4.10 4.28
SA8 4.7 4277 0.15 0.45 4.0 4.15
SA3 8.3 425 0.38 0.58 3.75 3.95
SA6 15.5 427 0.20 0.90 = 3.80 4.0
SA5 24.9 427 0.40 1.20 3.60 3.81
SA10 33.4 427 0.28 1.20 3.38 3.40
SA9 50.0 405 0.45 0.0  1.88  1.90

Results of isothermal degrgdation show an increase in the fate of chain
scission and rate of volatilisation as the acrylonitrile concentfatiqn
increases. It is hardly surprising that SA9, with 90 per cent of the
bonds styrené to acrylonitrile, shoﬁs a decrease in stability. The high
rate of bond scission must result in the disappearance of whole molecules

very early in the reaction., A decrease in the height of the main pressure



peak, measured in the region of the cold trap at OOC, occurs in copolymers
of high acrylonitrile concentration. This is due to the increase in chain
fragments and subsequent decrease in the monomer produced as the acrylo-
nitrile concentration increases.

The fact that the pressure in the cold trap at -100°C increased with
increasing acrylonitrile concentratipn suggested the presence of some
degradation product associated with acrylonitrile which was not condensing
at this temperature. Examination of the vapour pressures of the degradation
products suggested hydrogen cyanide or acrylonitrile. Both were confirmed
by mass spectrometry.

The TVA thermograms suggest no change in the overall mechanism of
degradation over the composition range studied. This is in agreement with
the results of isothermal degradation studies. The basic difference
between the copolymers lies in the rate of chain scission, a feature not

revealed by this technique.

6.2 Thermogravinetric Analvsis (TGA)
(a) Introduction
. X . ., 10
In the early studies of polystyrene degradation, Jellinek = 2nd
Madorskyl4 investigated the rate of degradation of the polymer by thermo-
gravimetry. Jellinek found that the degradation followed .a zero order

rate equation with an activation energy of 45 kcal./mole. Madorsky found



a reaction order of hetween zero and one, and an activation energy of
58 kcal./mole. ‘nderson and Freeman in a later investigation found that
. . . 83 .
the activation enerzy wes a function of temperature. This was suggested
as the cause of the discrepancy between the results obtained by Jellinek
. - . 84 . .
and Madorsky. A study by Falb and Berry.  showed azn activation enerzy of

A
65,67 on the

44 .5-456 kcal./mole in a zero order reaction. Recent reviews
application of TGA to the measurement of kinetic parameters suggest that
results must be interpreted with caution, particularly when the polymer
Breaks down in mere than one stage. The effects of sample size and
geometry, heating rate, molecular weignt and the conditions under which

the data are obtained, that is in vacuum or in an inert atmosphere, can
have a profound effect on the results obtained,

A detailed kinetic investigation of the copolymers was considered
outside the scope of this thesis, in view of the number of parameters
vhich must be investigated to make such a study worthwhile. However,
isothermal thermogravimetry frovides a convenient method of following
the rate of degradation as a function of conversion., Polystyrene exhibits
a rate maximunm at 30;40 ver cent conversion;14 observations with the Pirani
gauge, discussed in Chapter 3, suggest that the rate maximum occurs much

earlier in the copolymer degradation. This effect was further investigated

by a series of isothermal degradations.



(b) Isothermal TGA Investieations

5 mg. samples of the copolymers and the polystyrene "standard" PS3
were degraded in an atmosphere of nitrogen at approximately BBOOC. The
integral thermograms obtzined for polystyrene.and the copolymer SA10 (33.4
per cent acrylonitrile) are shown in Fig. 6.2. MNanual differentiation
resulted in the rate of weight loss against conversion graphs shown in
Fig. 6.3, The results confirm the observation that the rate maximum occurs
earlier in the degradation. Becauss of the way in which the derivative
curves are obtained, it is difficult.to locate the rate maximum exactly
as a function of acrylonitrile concentration. Invall cases the meximum
is attained below 30 per cent conversion, and the greater the acrylonitrile
concentration the earlier the rate maximum occurs.

Kinetic rate plots for polysiyrene and copolymer 3410 (33.4 per cent
acrylonitrile) are shown in Fig, 6.4 and 6,5. After the initial 10-15 per
cent conversion, polystyrene follows zero order kinetics to approximately
50 per cent conversion, thereafter a first order rate,equation is obeyed.

A similar situation exists in the copolymer SAlO, except that the zero
order rate equatioﬁ is obeyed after approximately 5 per cent conversion.
This initial period, which is small compored with that observed for poly-
styrene, is probably due to the chain scission reaction, which is much

faster in the copolymer than in polystyrene. The changeover to first
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Fig., 6.3 Thermoeramns Obtained by Differentiating the Gravhs in Pig. 6.2
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order kinetics after approximately 50 per cent conversion requires further
investigation. Falb and Berry found that the desradation of polystyrene
obeyed zero order kinetics up to 80 per cent conversion but no details of
. . 84 : . .
the sample size was given. It may be that the zero order reaction is
due to diffusion control in the initial steges of degradation. %hen the
sample size has decreased sufficiently to permit unhindered departure of
volatiles the reaction order could change to first crder.

(c) Temparature Programmed TGA

The effects of molecular weight ahd copolymer composition on the
thermal stability of styrene/acrylonitrile copolymers were investigated
by Igarashi and Kambe.85 It was found that molecular weight hadilittle
effect on the TGA curves obtained. The rate maximum in the differential
TGA curves occurred at lower temperatures as the acrylonitrile concentration
increased, but this decrease in Tpay was only significant in copolymers
of greater than 50 moles per cent acrylonitrile. Similar effects were
obtained from the copolymers studied in this investigation. Like TVA,
temperature programmed TGA showed little difference between the stability

of copolymers containing less than 50 per cent acrylonitrile.



CHAPTER 7

THE DGRADATICH REACTION REVIEWED

7.1 Introduction

From the various aspects of the degradation detailed in Chapters 3-6,
it is possible to build up a composite mechanism for the degradation of
styrene/acrylonitrile copolymers containing up to 50 per cent acrylonitrile.
Because of the very different degradation reactions of the homopolymers,
it is necessary to define the composition limits rather carefully. Sequence
distribution calculations (Chapter 3) show that, for concentrations‘of up
to 50 per cent acrylonitrile, the bulk of the acrylonitrile exists as
single units in the copolymer chain. The overall environment is therefore
very similar to that of polystyrene and the conjugation of the nitrile
groups is inhibited by the styrene units. Grassie and Hay observed that
small quantities of styrene and methyl methacrylate reduce the rate of
colorétion of polyacrylonitrile by breaking up the nitrile sequence.42’43
These copolymers were however studied at 17500, and the rates of volatil-
isation and chain scission at higher températures were not measured. The
weak coloration found in the copolymers discussed in this work is due to

low unsaturation in the main chain, caused by elimination of hydrogen

cyanide from the acrylonitrile units.
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Te2 The Chain Scisscion Reaction

The most striking feature of the degradation of +he copolymers is the
decréase in molecular weight at temperatures as low as 24OOC, with
negligible production of volatiles, "Weak link" scission, responsible
for the initial drop in molecular weight, is a property of the styrene
unit. The increase in the rate of "normal" chain scission over that found
in polystyrene is proportional to the amount of acrylonitrile in the
copolymer at femperetures above 26200. As the temperature of degradation
increases "normal" scission also occurs in the polystyrene regions. Because
of the problems of volatilisation at temperatures zbove 26200, attempts
were made to measure the activation energy of acrylonitrile sciséion by
degradation at iower temperatures. This proved unsuccessful because of
the deteriorating relationship between the rate of chain scission and the
acrylonitrile concentration as the temperature was recuced to 24000. This
is thought to be due to overlap of "weak link™ scission and scission at
acrylonitrile units, and also to an increzse in the radical recombination
in the high viscosity medium, near the melting point of the ccpolymers,
Both factors require further investigation.

It is interesting to compare the effect of acrylonitrile on the
chain scission of styrene/acrylonitrile copolymers with effects observed

in other copolymer systems. In the degradation of methyl methacrylate at
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280°C the acrylonitrile units inhibit the chain scission reac‘cion.8 In
the photochemical degradation of methyl methacrylate/acrylonitrile
copolymers however, scission increases with increasing acrylonitrile
concentration, though it is not directly proportional to it. Radiation
is absorbed by the acrylonitrile units followed by scission of the main
chain. It has been suggested that the observed amount of scission is
reduced because of radical recombination in the high viscosity melt.86 A
similar reduction in chain scission occurs in the styrene/acrylonitrile
copolymers at temperatures below 262°¢. In styrene/hethyl methacrylate
copolymers, chain scission is shown to increase with styrene concentration,
In comparing the degradation of styrene/acrylonitrile and séyrene
o —-chloroacrylonitrile55 copolymers, two different reactions are being
considered. Whereas the decrease in molecular weight in styrene/acrylo~
nitrile copolymers is by scission of the main chain, predominantly at
"acrylonitrile units, o -chloroacrylonitrile acts as a source of "weak links"
by a side group reaction. Poly(x ~chloroacrylonitrile) degrades at 150°C
by scission of the C-Cl bond to produce a chlorine radical. The chlorine
radical then abstracts the adjacent hydrogen atom or another tertiary
hydrogen atom from elsewhere. This results in the production of hydrogen
chloride and chain scission.53 An identical reaction occurs in the

styrene/o —chloroacrylonitrile copolymers. Since the reaction occurs at



15000 the degradation is not complicated by scission at the "wezk links"
normally found in pdlystyrene. This is showm by a plot of (moleculer
weight)"1 against time, which has the ordinate intercept at (NO)'I as
predicted by the random scission equatioh. This system illustrates the
effect of a monomer with a labile side group on the stability of the
copolymer, particularly when the side group reaction involves the form-
ation of free radicals,

Another source of chain scission is observed in copolymers of methyl
acrylate/methyl methacrylate. As well as random scission, chain scission
occurs by intermolecular transfer. This is indicated by the low energy
of activation of chain scission, suggesting that a free radiczl process
is involved;

It is clear that a variety of chain scission rezctions can occur
depending on the individual characteristics of the monomer units. As
well as chemical differences in the monomers, physical factors such as
melt viscosity can influence the amount of chain scission observed.
Comonomers can introduce Mie2K links" into the chain, either by inéreasing
the rate of random scission, or as the result of secondary reaction of a
reactive side group. Considerable similarity is found between the thermal

scission of styrene/acrylonitrile copolymers and the photo rezction in

methyl methacrylate/acrylonitrile copolymers.
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T.5 Rate of Production of Volatile Materinl

The increase in the rate of production of volatiles in styrene/acrylo—
nitrile copolymers over that of polystyrene, is proportional to the
concentration of acrylenitrile in the copolymers, as is the rate of chain
scission., The cloze relationship between the production of volatiles and
chain scission is not wholly unexpected from the previously reported work
on polystyrene. The rate meximum in polystyrene is attributed to a
maximum number of chain ends formed by chain scission, followed by
initiation at unstable terminal structures to produce volatiles. Initially
scission results in molecules by "cage" disproportionation, the unsaturated
structures then acting as initistion sites. A similar situation undoubt-
edly exists in the copolymers, which also show a maximum rate of volatilis-
ation but much earlier in the reaction than in polystyrene,

The importance of unsaturated terminal structures as sites of initiation
of monomer production from poly(methyl methacryinte) has slready been
éstablished by Grassie and Vance.87 Hzclieill has shown that partially
degraded polystyrene is less 'stable than the undegraded polymer.88 in
the copolymerisation of styrene and acrylonitrile, as in the homopolymers,
termination sppezrs to occur by radical combination. This means that
initially the chsin ends are saturated initiator fragments. However

Cameron has shown that the nmumber of unsaturated end structures can build



up in polystyrene.33 This is discussed in Chapter 1, &nd results indicate
a similar reaction for the copolymers. (ressie and Farish have shown that
styrene increases the stability of poly(methyl methacrylate), not only by
blocking the depolymerisation reaction, but by decrezsing the smount of
disproportionation termination in the copolymerisation. This redﬁces'the
numbef of unsaturated terminal structures initially present.

The close interdependence of the rate of volatilisation on the rate
of chain scission is illustrated in a comparison of the threé systems -
polystyrene, styrene/acrylonitrile and styrene/dw—chloroacrylonitrile.

The rate of volatilisation incresses in that order, as does the rate of
chain scission. So rapid is the chain scission reaction in styréne/

K -chloroacrylonitrile that a high rate of volatilisation is immediately
observed, a situation similar to that in poiy(methyl methacrylate). In
the volatilisation of styrene/acrylonitrile copolymers, the rate maximum
still occurs but at very much lower conversion than the 70-40 per cent
conversion observed for polystyrene.

Another important way in-which a comonomer can influence the rate
of production of volatiles is in blocking the depropagation reaction.

For this reason, small gquantities of acrylétes.are added to poiy(methyl
methacrylate). Acrylonitrile has also been show% to inhibit the depoly-

52

8
merisation reaction in poly(methyl methacrylate). ' 4 measure of the
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blocking effect is obtaigsd from the amount of monomer found in the
volatile products. In the thermal degradetion of methyl methacrylate/
methyl acrylate copolymers, one in four of the methyl acrylste units
appears as monomer;56 in styrene/acrylonitrile, one in two acr&lonitrile
units is recovered as monomer. The fact that no overall decrease in the
rate df volatilisation is observed is attributed to the fast scission
reaction at acrylonitrile units and also to the ready production of chain
fragments, both monomers having tertiary &K -hydrogen atoms.

The reaction occurring when a blocking unit is encountered depends
on the temperature as well as the structure of the monomer.. In methyl
methacrylate/acrylonitrile copolymers at 22000, depolymerisation is
stopped by the first acrylonitrile unit. If the temperature is raised
to 28000, random scissidn.occurs in the methyl methacrylate units and
monomer is produced, Acrylonitrile is also detected in the prdducts of
degradation at 20°¢C indicating that the unzipping reaction is not
tétally inhibited by the acrylonitrile units at this temperature. Vhen
the depropagation reaches a blocking unit, several reactions are possible.
(1) Depolymerisetion through the unit producing monomer.

(2) Intermolecular scission causing chain scission and large radicals
or molecules.

(3) Intramolecular transfer producing chain fragments.
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(4) Termination.

The amount of each reaction depends on the characteristics of the system,
The interplay between these reactions and the effects on the products is
discussed by Grassie end Torrance for methyl methacrylate/methyl acrylate
copolymers.56 In the styrene/acrylonitrile copolymers, only reactions
(1),(3) and to a lesser extent (4) are important. The small amount of
termination which occurs at pairs of acrylonitrile units results in a small
decrease in the amount of volatiles produced per chain scission. This
QOes not affect the overall rate of reaction however, beczuse of the

increased scission at acrylonitrile units. ‘

T.4 Products of Dezradation

The products of degradation of the styrene/acrylonitrile studied were
hydrogen cyanide, acrylonitrile, benzene, toluene, styrene and a variety
of chain fragments, some containing acrylonitrile. Hummel also obtained
mixed chain fragments from the degradation of butadiene/acrylonitrile
copolymers.72 The distribution of the acrylonitrile as singie units in
the chain allows their participation in the reactions normally found in
polystyrene, that is depolymerisation to monomer and intramolecular
transfer. The increase in the amount of chain fragments produced with
increasing acrylonitrile concentration, is favoured by the fact that

both monomer units have a tertiary & -hydrogen atom. The substitution
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of the monomer is importent in the formation of degradation nroaucto.
Polymers from & -disubstituted monorers, like methyl methrcrylate, o -methyl
styrene and even & —deutero-styrene, 211 give high monomer yields on
degradation. Chain fragments form en important part of the degradation
of polystyrene, poly(methyl acrylate) and polyethylene,

Side group reactions azre relatively unimportant in the degradatién
of styrene/acrylonitrile copolymers, This is not always the case., The
appearance of hydrogen chloride among the products of degradation of
copolymers of & —chloroacrylonitrile with styrene and methyl methaorylate,ss
énd the production of carbton dioxide from methyl methacrylate/methyl
acrylate copolymers is of considerable mechanistic significance, As
substituent groups become more bulky znd reactive (for exzmple the higher
acrylates), they play a more important part in the degradation.
The importarnce of segquence distritution on the products of degrzdation
illustrated by the use of degradation to determine the distribution
of monomer units in the copolymers.73’76 The effects of sequence
distribvution on the producfion of méthanol from copolyners of metnyl
methacrylate/methyl acrylate,ss and ethylene/hctlyl acrylate,77 rLave
already veen discussed. In the styrene/acrylonitrile covolymers studied,

the separztion of the acrylonitrile units uy styrerne z2llows corpleie

converzion to volatile products by inhibiting the nitrile conjugziion.
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o

Copolymers of greater than 50 moles per cent acrylenitrile produce
C s . R )
carbonaceous residue by cyclisation at adjacent nitrile units.
7.5 Cornclusion

The oversll mechanism.of the degradation of styrene/acrylonitrile
copolymers, containing up to 50 moles per cent acrylonitrile, in the

o 200 22~0 - . . ~
temperature range 240 C to 330 C can be rationalised in terms of a
reaction involving initial chain scission at "weak links" associated

with styrene units, followed by "normal" scission predominantly at

acrylonitrile units. Volatile products are formed by depropagation

~

and intermoleculsr transfer, producing monomer and chain fragments
respectively, the principal products of the degradation. The increase

in both the rate of chain scission and the rate of volatilisaticen ovér
that found in polystiyrene is proportional to the concentration of acrylo-
nitrile in the copolymers.,

The increasq in the chain fragment to monomer ratio with increasing
acrylonitrile concentration in the copolymer, results from the, blocking
of the devolymerisation by acrylonitrile units, The appearance of one
in two acrylonitrile units as monomer, indicates that the depolymericetion
can pass through acrylonitrile units, and gives some measure of their
tlocking effect. A small decrease in the amount of volatiles produced

per chain scission is due to termination a% nairs of acrylonitrile units

L
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in copolymers of high zcrylonitrile concentration.

The appearance of a rate maximum in the production of volatiles, at
lower conversion thaen that observed in polystyrene,‘is explained by the
increased rate of scission at acrylonitrile units, As in pOlystyréne,
chain scission appears to be followed by "cezge" disproportionation.
Monomer and chain fragments are then produced by initiation at unsaturated
terminal structures.

Elimination of hydrogen cyanide results in a small amount of
unsaturation in the polymer backbone, and hence coloration. Nitrile
conjugation is completely inhibited by styrene units and the copolymers

can be completely converted to volatile products below SOOOC.
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CHAPTER 8

SUGGESTIONS FOR FURTHER WORK

In the study of the degradation of copolymers of styrene and acrylo-—
nitrile, chain scission was found to constitute an important part of the
reaction. Investigation of the scission reaction associated with acrylo—
nitrile units was considerably complicated by “weak link" scission at
styrene units in copolymers prepared using free radical initiators.
However since "weak links" are not found in polystyrenes prepared by
"living polymer technisues", this method offers a possible route to
styrene/acrylonitrile copolymers free from the troublesome "wenk links".
This would allow scission associated with acrylonitrile to be muéh more
thoroughly investigated and the activation energy of this type of scission
measured.

Further investigations on polystyrenes synthesised using AIBN as
initiator are necessary to clarify the results of degradations of the
copolymers below 262°C. Heither the lowest temperature at which "weak
link" scission occurs, nor the limits of this type of scission have been
determined. An accurate determination of the melting points of the
copolymers and the melt viscosity at around 25000 would also assist in
explaining the results of the low temperature degradation.

Although intermolecular transfer is not thought to be the cause of



increased chain scission at acrylonitrile units in the copolymers studied,
it is impossible to eliminste this rezction completely from the results
so far obtained. However comparison of the rates of degradetion of styrene/
acrylonitrile and OQ—deuterostyrene/%&—deuteroacrylonitrile copolymers of
identical compositions and molecular weights would effectively differentiate
between random scission and scission by intermolecular transfer, If
intermolecular transfer is important as a source of chain scission, then
the slower abstraction of the & ~deuterium atoms, at sub-volatilisation
temperatures, would considerabdbly dgcr ase the rate of scission of the
A& -deuterated copolymer compared with that of the normal styrene/acrylo-
nitrile copolymer. To prevent any complications of "wesk 1link" écission,
the copolymers used in this investigation should alsq be synthesised by
anionic techniques.

& -~Deuteration could 2lso influence the products of degradation., It
is known that & -deuteration in polystyrene results in a decrease in the
amount of chain fragments formed by intramoclecular transfer. Comparison

of the non-monomer to monomer ratio .obtained from cdegradation of styrene/

e >

d-;deuteroacrylonitrile and & -deuterostyrene/acrylonitrile copolymers
would give some measure of the reactivity of the o -hydrogen in each
monomer unit in intramoleculzr transfer reactions., &k -Deuterzted chain
fragments would also be useful in structural investigations by mass spectro-

metry, to study hydrogen migration and elimination.
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