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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
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(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




=Picien Seal

To e

W

Still

Clamp o

Dewar Flask with

Glass Sleeve .
Ica~Yater mixture

Tungsten
Filement

Fig, 2.6 The Pirsni Gzuge




- 44 —

©

Rle

< N ‘o

A

Accumulator

Coarse Potentiometer 0-250 ohms
Fine Potentiometer 0-10 ohms
Fixed Resistors

Galvanometer

Pirani Filament (50 ohms)

Zero Control

Voltmeter

Fig, 2.7 The Pirani Control Unit




- 45 -

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
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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.
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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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U~V spectrophotometer. 2 mm. guar