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SUMMARY
THE THERMAL DEGRADATICN OF COPOLYMERS OF n-~-BUTYL
ACRYLATE AND METHYL METHACRYLATE
A summary of the thesis submitted to the University of
Glasgow for consideration of the award of the degree of
. Doctor of Philosophy |
by
J. D. Fortune
M,Sc,

This study of the thermal breakdown of copolymers
of n-butyl acrylate and methyl methacrylate represents a
further contribution to the establishment of a
comprehensive picture of the degradation of acrylate -~
methacrylate copolymer systems,

A series of copolymers covering the whole
composition range was synthesised. Degradations were
carried out under vacuum either in a dynamic molecular
still or using a new technique developed in these
laboratories, Thermal methods of analysis such as
thermogravimetric analysis (T.G.A.) and thermal
volatilization analysis (T.V.A.) showed that the |
copolymers became more stable to thermal breakdown as the
acrylate content was increésed. These techniques allowed

a suitable temperature range to be chosen in which to



study the decomposition isothermally, The gaseous
degradation products,; liquid products, chain Tragusnts
and residue were each examined separately, using, among
other techniques, infra-red spectroscopy, gas=liguid
chromatography, mass spectrometry and combined gas

' chromatography = mass spectrometry. The complex nature
of the pyrolysis of this copolymer system is reflected
by the great variety of products obtained, The main
gaseous products were found to be carbon dioxide and
but-l-ene, while the most important liquid products are
methyl methacrylate and n-butanol. Quantitative
measurements enabled the build up of these products to
‘be followed as degradation proceeds, and mass balance
tables were drawn up for each copolymer studied.
Pyrolysis was carfied out mainly at 31300 but in order to
investigate the reiationship between carbon dioxide
formation and chain scission, a lower temperature, 23700,
was chosen so that this study would not be complicated
by large scale volatilization procésses. The chain
fragments were only briefly examined, Molecular weight
ﬁeasurements on the residue indicated that breakdown by
random scission processes becomes more important
relative to breakdown by depolymerization processes as
the acrylate content was increased, An overall

“



degradation scheme is preéented and mechanisms are
postulated to account for the formation of all of the
important products, although no really satisfactory

route for alcohol evolution has been found.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Introduction

In the macromolecular field the term “"degradation"
is usually defined so that it includes'any process which
brings about a permanent chemical or physical change in
the gtructuré of a polymer., This change may be brought
about by many agencies such as heat, light, mechanical
strain or oxygen, acting either singly or in combination,
Commercially it is important to understand how the
properties of a material are affected by a combination
of such agencies, and as a first step to this end it is
reasonable to study each kind of process in isolation.,
In this investigation "degradation" implies thermal
degradation undér vacuum,

1,2 who

Originally, as in the work of Staudinger
demonstrated the head to tail arrangement of the monomer
units comprising the polystyrene chain, degﬁadation was
used.to obtain information about polymer structure,

With the increasing use of polymeric materialé in
industry it was often found that the addition of a
second component coulé iﬁprove the degradation |

characteristics of a material when neither the mode of’

action of this stabilizer, nor, in some cases, the



mechanism of breakdown, was known. In commercial
“poly(methyl methacrylate) small quantities of ethyl
acrylate are incorporated into the chain during
polymerization to enhance its thermal stability‘g, a
practice which has been uséd'for many years, while fhe
mechanism of degradation of methyl methacrylate -~ ethyl
acrylate copolymers has only recently been examined h.
A knowledge of the fundamental processes of polymer
breékdown, however, is required before any systematic
improvements upon existing materiais or new materials
for use under specific conditions can be made,
Degradation processes in polymers have therefore been
the subject of a number of books and monogréphs 5-10.
Before considefing the thermal breakdown of
~copolymers of methyl methacrylate and n-butyl acrylate
it would be pertinent to examine the degradation of the
homopolymers of both components of this system and to

review current ideas on the decomposition of some

relevant copolymer systems,

1.2 Degradation of Polyv(methvl methacrylate)
Poly(methyl methacrylate) was one of the first
polymers found to yield monomer almost exclusively on
11,12

thermal degradation ¢« Investigations were made by

Votinov et al 13 who interpreted their results according
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to the theory of random scission processes developed by
Kuhn 14 o« Molecular weight measurements made by Grassie
and Melville, who carried out a thorough examination of

11,15 showed that

the thermal breakdown of the polymer,
this interpretation was erroncous, degradation in fact
involving reverse polymerization. The expression of
this process 1n mathematical terms by Simha, Wall‘and
Blatz 16 sy gave satisfactory agreement with the
experimental findings of Grassie and Melville,

The rédioal nature of the chaiﬁ breaking process
was demonstrated by work carried out with a radical
inhibitor., To decide where the initial break occﬁrs,
measureﬁent of monomer production is usefui. In the
extreme cases, initiation may be cdnsidered to occur
solely at chain ends or solely at random in the chain,
For the first case the total number of initiation points
is inversely proportional to the molecular weight of the
polymer, while in the second instance there is nb
dependence on molecular weight. For molecules whose
chain length is less than the zip length of
depolymerization, no termination step will take place
during degradation, so that the amount of monomer produced

per chain scission will be proportional to molecular

weight, Thus the overall rate of monomer production
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will be independent of molecular weight for chain end
initiation and directly proportional to it for
initiation at rai.:dom, Experimentally, at 22000, it has
been found that up to initial molecular weights of
about 200,000 the rate of monomer production is
independent of molecular weight, VWith the zip length
about 2,000 units, confirmation that initiation is from
chain ends comes from the fact that after a polymer of
initial molecular weight 725,000 had been degraded to
Just aﬁout 500/0 conversion, the same number of molecules
was present before as after reaction,

Not all chain ends, however, are equally
vulnerable, for at 220°C only 50°/o of a sample
prepared using benzoyl peroxide as catalyst was
degradable, The disproportionation termination reaction

17

in polymerizatioﬁ introduces equal numbers of two kinds
of chain ends; saturated and unsaturated, If one of these
types of structure is more thermally stable than the other,
then this would account for the expérimentally observed
vreéult, By using a photo=-initiated sample of poly(methyl
methacrylate) the fraction of polymer molecules

possessing at least one unsaturated end can be increased 11,

while by carrying out polymerizations in benzene, a mild

transfer agent, the relative number of unsaturated chain
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ends can be decreased 18. The percentage of a sample

which was degradabie at 220°C was found to be just that
percentage of molecules which were termiuiiated by at least
one unsaturated structure, showing that, in agreement
with suggestions based on theoretical grounds 19, these

unsaturated ‘ends are the least thermally stable.

At higher temperatures the breakdown appears to

20

follow a different pattern. Brockhaus and Jenckel ’

working at 30000 obtained quantitative émounts of monomer
and were able to separate the reaction into stages, the
first, a very fast reaction, producing about 500/0
monomer followed by a second slower reaction which goes to
lOOo/o conversion to monomer, These results have been
interpreted in terms of a depolymerization process
initiated during the first stage at chain ends and during
the second stage at random, The molecular weight measure-

21

ments of Hart at temperatures over 300°C agree with

a random initiation step while programmed work supports

the idea of a two stage decomposition as in Fig.l.1l 3,22



A
CH ! ¢H CH
R R 0
A«\ﬂ~?——CH§%—?——CH==? Scission of A >;fv”C-—CH2
1 ”
] . .
0020}13 COZCH3 COZCH3 | 0020H3
|Scission of B CoL Lo (a)
CH CH CH,
| 2 | 2 1>
—~~C—~—CH— C—CH=—=C _____.> MC‘ ’
L 2 | ]
C 2 H3 0020H3 COZCH3 0020H3

a) Scission at chain ends,
RANDOM SCISSION'—~——————> (A) and (B) type radicals,
b) Scission at random in the chain,

Fig.l.l. Scission in poly(methyl methacrylate). [Radicals

of type (A) and (B) depolymerize to monomer, ]

l.3 Degradation of Polvacryvlates

The degradation of homopolymers of the other
component of the copolymer system to be studied in this
thesis has received much less attention than has

poly(methyl methacrylate) degradation., The acrylates in
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general stand out as a group of polymers whose thermal
degradation has been little investigated till recently23-29.
This may be due in part to the large numker of products
obtained, which in turn implies a very complex breakdown
pattérn 12 e In view of the fact that no published review
of acrylate degradation is extant, it would seem to be of
relevance to this investigation to examine the information
available to date on their thermal breakdown, Thié

information is summarised in table l.1l.

(2) Production of Chain Fragments

Madorsky 12 was among the first fo suggest, on the
basis of low monomer yield and the presence, among a
variety of products, of chain fragments of>molecular
weight about 600 in. high yieid, that the pyrolytic
decomposition of acrylates is a random process, involving
transfer reactions; the radical nature of which has been
demonstrated by Cameron and Kane 27 ¢ Both inter~ and
intra-molecular transfer take plaée, the latter being
descriptively termed "unbuttoning", and result in the
production of long and short chain fragments respéctively.
Breakdown of the polymer chains by suchAreactions would
introduce terminal double bonds in half of the newly

formed chain fragments. Nuclear Magnetic Resonance

measurements of these fragments from poly(methyl acrylate)
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. 2 1 | N

? fV~CH§__? CHZL/% - ™.C—H ?r\fu
c .

C020H3 020H3 COZCH3 COZCH3 » Coch

f\/CHé—~?::CH2
COZCH3

Long Chain Fragment

a) Intermolecular transfer,

o B [T a*
/\,CtZCH———gz CH,— C ———1} CH,—C"
I % 2 2
CO,.CH 0020H co,, CH n €O, CH

273 ' ,
H \l/ H H
| I : l

N~C CH===C CHé—-? CH§~—?—~H

COZCH3 CO CH CcoO CH3 n COZCH3
Short Chain Fragment
b) Intramolecular transfer,("unbuttoning")

Fig.l.2 Transfer reactions in poly(methyl acrylate).

degradation showed two new peaks not found in the
undegraded material, characteristic of the terminal
methylene structure r»C::CHz 30 ¢ Molecular weight

COZCH3



measurements and rate of volatilization data for a number

‘of acrylate homopolymers support a random decomposition

28,29

process . Unlike the methacrylate series, end

=7

initiated degradation is unimportant,

(b) Ester Decomposition Reactions

The stability of the acrylate esters is in the
31

expected order primary> secondary > tertiary s which may
be easiiy verified from the temperatures chosen in table 1.1
at which to study their breakdown.

Ester decomposition to olefin and acid depends upon
the availability of a B hydrogen atom in the alkyl‘group
32,33

of the ester This reaction occurs to the
exclusion of transfer in secondary and tertiary acrylate
esters, but is of much less consequence in primary
polyacrylateé; |

Mechanistically it has been written both as a
radical reaction, as in the decomposition of poly(ngbutyl
acrylate) 29 and as a molecular reaction, as din
poly(t-butyl acrylate) degradation 24 . The addition of a
radical scavenger to poly(t-butyl acrylate) did not
inhibit isobutene formation which displayed autocatalytic
behaviour being accelerated by the acid residues from

units already decomposed 25 e« In contrast to this no

autocatalysis has been reported in the evolution of olefin



29

from any of {the primary polyacrylates studied « Grassie
énd MacCallum 3k found that poly(n—butyl methacrylate) can
undergo ester decomposition at a témperature very much
lower than that found for primary esters decomposing
molecularly and suggested that a radical mechanism was
involved, fhe elimination of olefin from poly(iso-propyl

. acrylate), a polymer with a secondary ester group is
catalyzed to only a limited extent by neighbouring acid
residues 29 ¢ This behaviour is to be expected since acid
groups are being extensively lost as carbon dioxide, hence
less are available to catalyze further decompositions. It
would appear that as the ester group considered is changed
from tertiary, through secondary to primary, so the
mechanism of breakdown becomes more fadical in nature,

6- 6+

0—/c A
a) Molecular mechanism, l
R 0O H 0" rH
RN /N
H-<C—C /c\ —> R—H c=c\ (‘/c\
i 0—C a—c\

~ *Cc—C=0 Sc=c
b) Radical mechanism, !
Figol.3 Ester decomposition in acrylates,



(¢) Production of Carbon Dioxide

"Carbon dioxide is to be found among the products of
degradation of all of the acrylate polymers so far
examined, It could be produced by decarboxylation of acid'
residues remaining on the main chain after ester decompos-
ition has ocburred, but the fact that it is also present
when materials such as poly(methyl acrylate), which cannot
undergo ester decomposition to olefin and acid, are
pyrolyzéd 27, means that the ester group must be able to
degrade in some other fashion to evolve this gas.
Decomposition of anhydride units formed when adjaceht acid
residues eliminate water is a possible third route t6
carbon dioxide production but cannot account for signific-
ant amounts of the gas under the conditions employed 29.
Cameron and Kane 7 have shown by inhibitor experiments
that the process involved is a radical one and have suggest-
ed a possible route, similar to the scheme proposed by
Fox et al 35 and invokedvby Grassie and Torrance 36,
Fig.l.4. Such a mechanism introduces methyl methacrylate
units into the poly(methyl acrylate) chain which may,’by
unzipping, account for the small amounts of this compound
found in the degradation products, although other routes
have been put forward 27.

If this were the only way in which the acrylates



H CH, CO,CH " H CH CO_CH

MYe Vi /2 120
/v”?vj C7%§—Oﬁé~f~ —_— g - . i;ﬁcthﬁa*

/(:\C\/0113 /c\» 5
7 N\, |

v‘Methyl Methacrylate
radical
Fige.l.4 Elimination of carbon dioxide from

poly(methyl acrylate).

could eliminate carbon dioxide then it would be reason-
able to expect to find, in the breakdown products of any
pqu(alkyl acrylate), traces of the cdrfesponding
monomeric alkyl acfylate substituted in thé a position by
the same alkyl group as in the ester part of the molecule,
As these materials have never been reported; there
appears to be anothef route involved such as decarboxyle
ation,

; 0

- a T

{ \lfo\—-—H'/\ﬁ

Fig.l.5 Decarboxylation of a carboxylic acid residue,

2
L —> H—§ c\\

0

(d) Production of Alcohol

For the production of alcohol the most straight-

forward route would seem to be scission of the acyl-oxygen
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bond 27.
} 0 , 0

I l )
H— C— C—O0—R E H—g)—'C° C—R

{ ¢

Fig.l.6 Acyl=oxygen fission in acrylates,

This finds no support experimentally, however,
because carbonyl radicals are known to be unstable 37,_
decomposing rapidly into carbon monoxide, which is found
in only trace amounts, in no way équimolar to the amount
of alcohol produced. In addition a radical inhibitor
would not prevent formation of alkoxy radicals by this
scheme, but could 6nly prevént these radicéls from abstract-
ing hydrogen to form alcohol, Since alcohol formation as
outlined is not a chain reaction the inhibitor would soon
be used up, the rate of alcdhol production returning
quickly to its non-inhibited value, but inhibitor experim-
ents on poly(methyl acrylate) have indicated that a trace
is sufficient to affect methanol production markedly 27.

The mechanism of Fig.l.6 also implies that alcohol evolut-
ion is a property of individual acrylate units whereas
work on copolymer systems has shown that sequences bf

' 36,38

these units are necessary « Block copolymers of

ethylene and methyl acrylate yield more methanol than do
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random copolymers of the same overall composition, the
quantity of alcohol evolved being a measure of the extent
of block formation 38. To comply with these requirements

the following route has been suggested, involving particip-

ation of more than one acrylate unit 27.

0 ~ 0
CH 8r\ g CO._.C ) N
- H H,.O 0. CH
e U CH, ////C\\? 2%M3
~CH,— Cil *C— CHy~~ —3) ~~CH,—CH C—— CH,,~~
2 | S N
CH CH,, . cH CH,

X ./
~~CH CH
CO,CH - CO_,CH

2773 N | 2773

Fig.1.7 Elimination of methanol from poly(methyl acrylate).

(e) Investigation of the Residue

In the acrylate series, the residue remaining after
pyrolysis is generélly found to be insoluble in non-~polar
solveﬁts in which the polymer could be dissolved befofe
degradation 29. This means either that cross-linking has
taken place or that rigid structures such as anhydride
groups formed by intramolecular condensa#ion reactions are
preventing solution., In the latter case the residue would
39.

be soluble in polar solvents such as dimethyl formamide

None of the polymeric residues examined were soluble in
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this compound but both poly(iso~propyl acrylate) 29 and
poly(t-butyl acrylate)25 residues were soluble in reagents
capable of hydrolyzing anhydride units, such as alkaline
solutions, indicating that to a large extent insolubility
is associated with intermolecular anhydride formation,

Other types of cross links must be involved to account for

the insolubility of primary polyacrylates 27.

R020——-§° '%-—-COZR —_— R02C~——%~—‘%——-002R

a) Cross linking in primary polyacrylates.,

? ' H H H
P ,g/ , e
| J — A1 7
C C C
/ 4 \o/ \0

0\\\’
H/// H

b) Cross linking in non-primary polyacrylates,
Figel.8 Cross linking in polyacrylates,

Spectroscopic measurements have confirmed the
presence of anhydride functional groups in poly(iso-propyl
acrylate) 29 and in poly(t-butyl acrylate) 25 residues.,

The coloration observed on degradation of acrylate
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polymers has been ascribed to the production of conjugated
double bond systems. Infra-red and ultra-violet studies
support this hypothesis., . The initial double bond can be
visualised as being formed by a process such as that
illustrated in Fig.1.9 <7,
. .
ey CH2-——— C -———CHZM _ ~rCH—=— (ll—— CHZ’V‘ H
COZCH3 C020H3

Fig.i.9 Formation of a double bond in a polyacrylate chain.

The presence of this double bond will tend to.weaken'
the carbon-hydrogen bond in the B position: thus rendering
it more susceptible either to thermal scission or to attack
by a free radical., Scission of this bond followed by
abstraction of a hydrogen atom from the adjacent methylene
group can give rise to molecular hydrogen, and this‘has
been detected in the products of degradation of poly(benzyl
acrylate). Such a process gives rise to a conjugated
- system of double bonds in the polymer chain,

(f) Production of Permanent Gases

The evolution of hydrogen has been dealt with in the
previous section,
Carbon monoxide may be formed by the breakdown of

carbonyl radicals formed as in Fig.l.6. Decomposition of
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L3N :

H——-%——-C===O —> H E' C=0

Fig.1.10 Production of carbon monoxide.

anhydride groups with evolution of this gas may also be
involved.,

1.4 Degradation of Copolymers

A great deal of work has been carried out on copolymer
systems with methyl methacrylate as one of the components 40.
The addition of even a small amount of a second component
can modify the degradation characteristics of the copolymer
quite markedly from those observed in pure poly(methyl
methacrylate)., In some cases neighbouring group inter-
actions result in a mode of breakdown not found in degrad-
ation of the homopolymers of either of the comonomers hl.

For example methyl methacrylate = vinyl chloride copolymers

when heated to temperatures as low as 150°C evblve methyl

Comonomer Degradation Characteristics
Acrylonitrile Side group reactions
Ethyl methacrylate Depolymerization
Styrene Depolymerization and transfer
Methyl acrylate Random scission and transfer

Table 1,2 Classification of degradation mechanisms,
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chloride in almost quantitative yields, but otherwise
abpear to be quite stable, mot undergoing the coloration
reaction usually associated with poly(vinyl chloride) 42.
It is most convenient to classify methyl methacrylate
copolymers according to the mechanism of degradation of the

comonomer as in table 1.2,

(a) Degradation of Acrylonitrile - Methyl Methacrylate

Copolymers

-Grassie and Farish 43 have studied the degradation
of a series of acrylonitrile - methyl methacrylate co-
polymers which contained less than 13 mole percent acrylo-
nitrile. Materials with greater amounts of acrylonitrile
are difficult to handle since polyacrylonitrile itself
decomposes by reaction of its nitrile substituents to yield
an insoluble, crosslinked, coloured residue hho The homo-
polymer is more thermally stable than poly(methyl meth-
acrylate) losing less than 30°/0 of its weight by 300°C '3,
Two temperatures, 220°C and 280°C have béen used to study
the copolymers,

At the higher temperature, molecular weight data
showed that the amount of weight loss per chain scission
is constant throughout the composition range dealt with.

This weight loss corresponds to the weight of the liquid

.volatiles which‘g.l.c. and infra-red showed to be methyl
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methacrylate and acrylonitrile. The thermal stability of
fhé copolymers increases, while the rate of molecular
weight drop decreases, with increasing acrylbnitrile
content,

At the lower temperature, thé production of liquid
volatiles shéws an inhibition period which becomes less
well defined the lower the methacrylate content 11. During
‘this period the molecular weight of the polymer fell
drasfically. The rate of monomer evolution reaches a
maximum after two to three hours,

It was originally supposed that the acrylonitfile
units act as "weak links" at or near which scission can
océur; but the rate of molecular weight drop data rule
this out. At the lower temperafure, methyl methacrylate
degrades from chain—ends, unzipping until the first
acrylonitrile unit is reached,‘through.which this depolym-
erization cannot pass. Random scission may be imagined
- to occur slowly in the methacrylate chain at this temp-
erature, being followed by a dispfoportionation step,
producing one saturated and one unsaturated end. As the
concentration of chain ends increases so will monomer
production, unzipping taking place from the unsaturated
ends, This process can account for‘the rate maximum found

for methyl methacrylate evolution, In poly(methyl meth-
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acrylate) itself this scission reaction must be obscured
by the much faster chain end initiated breakdown,

At 280°C random initiation occurs in the methyl
methacrylate chain producing radicals which can. immed- ...
iately depropagate to monomer, These radicals must be
able, at this temperature, to unzip through acrylonitrile
units since the molecular weight versus percentage volatil-
ization curves are identical for all of the copolymers
and acrylonitrile appears among the liquid products.

(b) Degradatidn of Ethyl Methacrvlate = Methyl Methacrylate

Copolymers

Since ethyl methacr&late degrades by the samé mechan-~
ism as does methyl methacrylate it would bé reasonable to
expect ver& little, if any, interference with the initiat-
ion or propagation steps, and this has been experimentally
verified 3.

(c) Degradation of Styreme = Methyl Methacrylate

Copolymers

3,&6,47,

In this well studied system of copolymers
it has been established that the number of "weak links"
is proportional to the styrene content,_aﬁd that "weak
link" properties are exhibited by copolymers where as
much as 870/0 of the styrene'units present are isolated.,

48-50

Grassie, Kerr and Cameron postulated that "weak
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links" involved the reaction of a polystyryl radical in
one of its alternative canonical forms, formulating a
breakdown mechanism which called for the presence of two
adjacent styrene units, This scheme, however, can be

modified to fit the experimental finding that only one

styrene unit need be involved 46.
CH CH
1 3 | 3
m— c——— N e —— /\/\,
~—CH, CH=©TCH2 lc TQHZ cl:
C020H3 CH COZCH3

Fig.l.11 Possible structures of "weak links"[arrowed].

There is at present a great deal of controversy
surrounding the topic of "weak links" 51-5&,
From a éopolymer containing 20 mole percent methyl
_ methacrylate the weight ratio of styrene mohomer to ﬁon-
monomer among the products is 1271 compared with approx-~
imately 171 in pure polystyrene., Thus small amounts of
methyl methacrylate greatly affect the transfer process.
The experimental ratio of 12;1 is only realised when it is
. assumed that sequences of up to ten styrene units yield only

monomer,
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The initial rate of depolymerization of an 80 mole
percent methacrylate copolymer at 300°C is about half that
of pure poly(methyl methacrylate) at 260°C which means
ﬁhat replecement of 200/0 of the methyl methacrylate by
styrene has increased the thefmal stability by a factor
of about twehty. This disproportionate increase in
stability may be accounted for by two e:f‘fects:---:3

i) The number of susceptible unsaturated methyl
methacrylate chain ends has been drastically reduced by a
cross termination step involving combination being pre~
dominant in the polymerizatibn reaction, Measurements
made on a 17 mole percent styrene copolymer showed that
only 80/0 of the termination steps involved disproport-
ionation 17.

ii) Styrene blocks the unzipping methacrylate
radical in much the same way as does acrylonitrile,
because-of the stability of the styryl radical 3. As in
. other copolymer systems, these will not degrade until
temperatures are attained at which polystyrene itself will

55

decompose o

(d) Degradation of Acrylate - Methyl Methacrylate Copolymers

(de1) Copolymers of Methyl Acrylate with Methyl

Methacrylate

36

Grassie and Torrance examined copolymers in
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the composition range 0.01 to 33 mole percent acrylate,

As the acrylate content is increased, the thermal stability
also improves, This enhanoement‘of stability may be
attributed, as before, to the blocking effect of comonomer
units, in this case acrylate, and to the introduction of

a cross termination step in the poiymerization which
involves combination 56.

The rapid decrease in the molecular weight during
degradétion suggests that a random process is involved.
The products of breakdown, carbon dioxide, chain frag-
ments, monomers and a permanent gas fraction which is
principally hydrogen, are much as might be predicted from
a knowledge of the decomposition of the homopolymers., No
methanol has been reported, which seems to be at wvariance
'with the results of Strassburger et al 57 who found this
alcohol in the degradation products of a methyl meth-
acrylate - methyl acrylate copolymer containing only 20
mole percent acrylate. In this latter case, however,
polymerization was taken to a very high degree of conver-
sion, so that long sequences of acrylate units must have
ﬁecome incorporated into some of the chains, Since.it has
already been pointed out that alcohol production from
acrylates is a function of sequence length the above

results are not incompatible,
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Spectroscopic measurements show thét the coloration
which occurs on prolonged heating is due to conjugated
carbon~-carbon uncaturation in the polymer backbone,

It has been reported that a 1.1 correspohdence
exists between the amount of.carbon dioxide produced per
polymer molecule and the number of chain scissions in the
temperature range 27000 to 32500 36, so that measurement
of carbon dioxide production can be used to determine the
number of chain écissions which have taken place. Using
this relationship it was found that the zip length of
depolymerization decreased from 173 to 34 as the acf&late
content rose from 0,01 to 33 mole percent.

In order to fit the experimentally determined
kinetics, it has been suggested that transfer reactions
occur involving not only tertiary hydrogen atoms, but
also those of the methylene groups, The radicals so
formed must tﬁen eliminate carbon dioxide in any scission
reaction in which they take part, to preserve the lil
chain scissionicarbon dioxide relationship.

CH ?HB H CH
| _— = .. ' 3,/4““\v ’
~~C——CH o ~c=0— ~cC Cﬂv—a»C’~/\

I A ) | - ¢c=o0 |
el ]
CO,,CH,, CHz~—0 CO,CH i CO,CH,,

Figel.l2 Carbon dioxide elimination after hydrogen

abstraction from a methylene group.
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A comprehensive reaction scheme has been presented

36

for this system .

(de2) Copolymers of other Acrylates with Methyl

Methacryvlate

The thermal breakdown of acrylate = methyl

methacrylate copolymers has been studied uding pyrolysis-

gelacC, 58

The amount of ethyl acrylate monomer evolved from a

25 mole percent ethyl acrylate « methyl methacrylate

copblymer was more than twice that evolved by the acrylaté

homopolymer, although the amount of ethyl acrylate in the
copolymer is one quarter that in the homopolymer, This
type of effect was found to be general in the acrylate -
methyl methacrylate series, A constant rétio was found
between the relative amounts of methyl methacrylate and
acrylate in the copolymer and in the degradation products.
1.5 Summary

The overall picture presented by the previous work
on homopolymers and copolymers of acrylates and meth-
acrylates may be briefly summarised as follows,

The degradation characteristics of a polymer are
governed largely by the availability of suitable at§m§
to také part in transfer reactions and the stability of

the degrading radical. In the poly(n-butyl acrylate)
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chain, every second carbon atom has a tertiary hydrogeh
;ttached to'it, and since the relative reactivity of
primary to secondary to tertiary hydrogen atoms is about
1:3:33 5, transfer is an important process, Polymers of
a,o disubstituted monomers tend to produce stable degrad-
ing species ;o that depolymerization , as opposed to
transfer, ié favoured. Methyl methacrylate is Jjust such
a monomer, and since its polymer chain has no tertiary
hydrégen atoms, depolymerization predominates,

The behaviour of the methyl methacrylate copolymers
examined can'be explained generally by the comonomer unit
blockihg the unzipping of methacrylate radicals and by
the appearance of a cross termination step in the polymer-
ization involving combination, |

1.6 Aims of the Present Work

It is clear from the above discussion that a good
deal of work has been done in the field of the thermal
dégradation of homopolymers and copolymers of acrylates
and methacrylates and a coherent éverall picture is
beginning to emerge. The thermal degradation reactions
wﬁich occurvin homopolymers of acrylates and ih the
methyl acrylate - methyl methacrylate copolymer system
have been clarified, As a further contribution to the

establishment of a comprehensive picture of this field



of polymer degradation it was considered useful to
investigate further acrylate =~ methacrylate copolymer
systems, The n~butyl acrylate - methyl methacrylate
system was chosen in particular so that the effect of
the replacement of a methyl group by a butyl group in
the acrylate component might be observed.' This change
in structuré should allow a slightly wider spectxrum of
reactions to occur, in particular the type of ester
decomposition process which is impossible in methyl

esters,




CHAPTER 2

EXPERIMENTAL

2,1 Syhthesis of Copolymers

(a) Purification of Monomers

* Methyl methacrylate (B.D.H, Ltd.) and ﬁ«butyl
acrylate (Koch-Light Laboratories Ltd.,) were washed with
a lOo/o solution of caustic soda to remove inhibitor, and
then with distilled water, They were dried over calcium
hydride for at least twenty four hours and were stored at
-18°C. Before use they were thoroughly degassed and
distilled twice on a vacuum line, the first and last lOo/o
of each distillation being discarded, The monomers were
distilled into graduated reservoirs in this second
distillation,

(b) Purification and Introduction of Initiator

The initiator, 2,2'-azo~bis-isobutyronitrile (Kodak
Ltd.,) was recrystallised from absolute alcohol (m.pt.104°C)
and made up as a standard solution in Analar benzene.. 5ml,
of this solution were added to a 100ml, dilatometer, énd
the benzene removed under vacuum, The initiator concen-
fratibn used was 0.17%°/0 weight/volume,

(¢) Preparation and Purification of Copolymers

The volume of each of the comonomers reguired to

obtain a copolymer of a given composition was calculated
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using the published values of the reactivity ratios,
ﬁamely 1.8 for methyl methacrylate and 0.37 for n-butyl
acrylate 59. These calculated volumes were then distilled
into a dilatometer from the graduated reservoirs referred
to abﬁve°

Polyme?izations were carried out in bulk at 60°C
and taken to a méximum of 80/0 conversion, With copolymers
of high acrylate content oniy 3 or 4°/o conversion could
be reached because of the high viscosity of the reaction
jmixture. The pdlymerizations were stopped b& quenching
in iiquid nitrogen. The dilatometers were then cut open,
the contents taken up in Analar toluene aﬁd thebpolymer
precipitated by addition to excess Analar methanol, The
copolymer was filtered and dried under vacuum., This
procedure was repeated three times. Those polymers with
a high méthacrylate content‘precipitated as a fine powder,
while acrylate rich samples came down as rubbery solids.
All of the copolymers were finaliy freeze-dried from
benzene solutione. Théfmal Volatilization Analysis
(2.5a) showed that the copolymers of high methacrylate
éontent still retained traces of solvent, but it was not
found possible to remove this,

In addition to seven copolymers covering the whole

composition range, a methyl methacrylate homopolymer was
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Table 2,1

Copolymer Composition and Molecular Weight Data

Compositioﬁ (mole percent Number Average Molecular
n~butyl acrylate) Weight, ﬁh

O | 421,000

Och : 361,000

3.9 | | 337,000

16.3 ., ' 422,000

50.0 - , 100,000

52.4 . 1,330,000

82,2 52,500

93 .4 76,500

synthesised, Homdpolymérs of n—bufyl acryléte were also
available so that it was possible to examine the
degradative behaviour of the entire composition range.

Copolymér composition and molecular weight data
(2.4) are summarised in table 2,1.

2.2 Degradation Apparatus

During this investigation two types of degradation
apparatus were used, namely the sealed tube and the
glass still. These are dealt with in the sections
féllowing.

(a) The Sealed Tube

(a.1) Experimental Conditions

Fig.2.,1 shows a diagram of a sealed tube,
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Fige.2.1 The sealed tube technique.
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Copolymer solutions in Analar toluene (50mg. per ml.)
were ﬁipetted into 1limb C., The toluene was removed under
- vacuum so that a film of copolymer was deposited on the
walls of the tﬁbe at C, VWhen all the solvent had been
removed the tube was sealed off at A under sticking vacuum,
Limb C was then placed in an oven at the required degradation
temperature; while limb D was immersed in liquid nitrogen.,
Degradation products leaving the hot Zone condensed either
on the part of the tube passing through the furnace fire-
brick E or in limb D depending upon their volatility,
When the degradation had proceeded for the required time,
the sealed tube was removed from the furnace ahd stored at
-18°C until required, The oven was a Catterson-Smith
G31LX Electric Furnace controlled by an Ether Transitrol
Controller, and its temperature could be maintained to
11°c. This temperature was monitored throughout the deg;
radation by a thermocouple sealed into an evacuated tube
similar to the one containing the polymer sample and placed
‘symmetrically with respect to it within the furnace. The
thermocouple output was fed into a Honeywell Bréwn
recorder so that any deviation of the furnace temperature
from that required could be quickly noted and rectified,
The sampie size degraded‘by this method normally

ranged from 100 to 500mg., but when analysis of the small
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amount of permanent gases evolved was required, much
larger samples up to 1l.5g. were necessary, The fact that
only small amounts of non-condensable material is produced
renders invalid one criticism often levelled at degradation
systems which are not continuously pumped, namely that
diffusion of degradation products from the hot zone is
inhibited by the increase in pressure in the system thus
encouraging secondary reactions to take place., The sealed
tube technique is particularly useful when the examination
of decomposition products, including chain fragments, is
to be carried out 29.

(a.2) Product Analysis

In this work the terms "gaseous products" and
"ocases" mean gases condensable at liquid nitrogen temp-
erature, and do not normally include the permapent gases,
which were found to be present in only very small
quantities,

For the analysis of degradation products the
sealed tube containing degraded polymer is Attached to é
vacuum line at B, and the capillary on limb D in which
the liquid degradation products have collected is cooled
in an ice-~water bath, The break seal is then broken
~using a glass covered metal weight, and the gaseous decom-

position products are distilled for exactly one minute
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into a suitable receiver cooled in liquid ﬂ&trogen. This
technique involving distillation of product gases for a
set time was made necessary, especially in copolymers
of high methacrylate content, by the volatility of some
of the liquid degradation products, The normal pfocedure'
followed was to distil the gases firstly into the
constant volume manometer (2.3a) to make pressure measure-
ments., From there they were distilled into an infra-red
gas cell (2.9a) and then, a spectrum having been run,
they were sealed in a glass sample vessel, This container
was fitted with a break seal to enable the gases to be
withdrawn for further examination if required, whiie avoid-
ing the possibility of leaks or of the contents being'
absorbed on tap grease.,

| To obtain samples of the permanent gases produced in
degradation a different procedure was used, The capillary
part of the sealed tube was immersed in liquid nitrogen
and the products remaining gaseous were collected in a
sample bulb‘using a Topler pump.

The residue, chain fragments and liquid volatiles
were separated by cutting the sealed tube in the approp-
riate places as they all collected in different parts at
Cy, E and D respectively,Fig.2,1. The liquids were weighed,

transferred to a suitable container by a Pasteur pipette,
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and stored at =-18°¢C until.required.

(b) The Glass Still

This apparatus is shown in Fig.2.2. It was used to
examine molecular weight changes and gas evolutién at low
extents of volatilization and to obtain spectra of polymers
at various sfages of their degradation, It was more conven-
ient than the sealed tube for such applications since every
degradation carried out by this latter technique required a
new tube,

Polymer films were deposited on the flat base of the
flange by pipetting in U4ml. of an approximately 50mg./ml,
solution of polymer in Analar toluene and removing the
solvent under vacuum, The glass still was then assembled
as in Fig.2.2 and pumped down to stickiﬁg vacuum, the trap
being cooled in liquid nitrogen., The electric mantle was
"heated to give the required degradation temperature then

Jacked onto the flange, and tap T, was closed, When the

2
degradation was completed tap T1 was closed and the heating
mantle removed. Pressure measurements were then made

using the McLeod Gauge as in (2.3b). The flange was remove-
ed from the vacuum line and the residue ‘dissolved in Analar
toluene for molecular weight measurements (2.4).

The electric heater used was an Electrothermal MB602

mantle modified to incorporate two thermocouples, One,
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the control thermocouple, was connected to an Ether
Transitrol Coptroller while the other, a monitoring
thermocouple was connected to a Doran thermocouple potent-
iometer, The temperature gradient across the bottom of
the reaction tube was found by carrying out calibrations
in which a third thermocouple was pressed onto the inéide
surface of the tube where the sample is degraded, This
thermocouple was coated with a little Apiezon L grease to
simulate the conditions of polymer degradation., For the
temperatures used the lag was of the order of 20°C, temp~-
erature control being better than * 2°C.

2.3 Pressure Measurement

Two pressure measuring devices, a constant volume
manometer and a McLeod gauge suitable for use in differ-
ent pressure ranges were used in this work., When data on
gas evolution at low percentage conversions were required,
as in the dinvestigation of theArelationship between carbon
dioxide production and chain scission, involving measure-
ment of pressures of the order of 10-20m. the McLeod
gauge was used, On the other hand, when polymers were
degraded to higher conversions so that the pressures
attained were of the order of several centimetres, use of

the constant volume manometer was indicated,
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(2) Constant Volume Manometer

The constant volume manometer 61 is shown in Fige2.3,
On the left hand limb, A, of the manometer there was a
constant volume mark M, Before any reading was taken it
was necessary to adjust the mercury level to this mark.
The pressure in the constant volume manometer is given by
the difference in height of the mercury columns in limbs
A and B, These limbs must be wide enough to avoid any
capillary effects..

Before any measurement is made, the manometer is
pumped out to sticking vacuum with the mercury all contained

in the reservoir, By opening tap T, and controlling the

2
pressure above the mercury in the reservoir by suitable
adjustments of taps T3 and Th the mercury is brought into
limbs A and B, T2 is now closed and the sample of gas whose
ﬁ pressure is to be measured is distilled into the cold

finger which is immersed in liquid nitrogen. Tap Tl is
now closed and the liquid nitrogen removed and replaced
by a water bath at 20°C. After equilibrium is attained
the mercury level in A is adjusted 36 that the meniscus
is at M, and the pressure read off,

In order to measure absolute quantities of gas the

. constant volume of the manometer must be known, .This

was measured by admitting a little nitrogen into the
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constant volume, A series of pressure versus volume
difference readings was then taken on the nitrogen saﬁple,
the internal diameter of A being measured by a cathetom-
eter before assembly.
. Let V0 be the constant volume of the manbmetgr.
Let V be the volume occupied by the nitrogen sample.,
AV may be defined such that V = V_ + AV,
pV = a'constant, where p is the pressure of the gas,
Therefore p(Vo + AV) = a constant.
Therefore AV = constant(l/p) - v, .
Let » be the internal radius of the limb A,
Let Ah be the height of the mercury in A below
mark M, |
Then, AV =n'r2.Ah ’
Therefore1rr2.Ah = constant(l/p).- Voo

Therefore

constant, 1 - vo

Ah =
T o2 P T

This is of the form y = mx + ¢ so that the plot of
Ah versus 1/p will have a gradient of (constantﬁrrz).
From the gradient, V_ may be found since v, = (constant/ph_o).

The results of this calibration are shown in Fig.2.4.

-

(b) McLeod Gauge

Fig.2.5 is a diagram of the capillary section of a
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McLeod gauge. The diameter of the Veridia Precision
ﬁore Tubing used to construct the gauge was measured
‘before assembly with a travelling microscope.

Each time the mercury in the gauge was raised to
estimate the quantity of gas in the enclosed capillary
three reédinés were taken on a cathetometers-

(A) the top of the closed capillary,

(B) the top of the mercury meniscus in the open

capillary.

(C) the top of the mercury meniscus in the closed

capillary.

In addition the temperaﬁure T was noted,

After compression the volume of the gas trapped in
the closed capillary is giveh by (A - C)ﬂrz, where r is the
radius of the capillary, with two corrections, These
corrections take account of the facts thati-

(i) the top of the closed capillary is hemispherical

and not flat,

(ii) the mercury meniscus is not flat., g

This amounts to an addition of %ﬂrz.d - %er ’

where d is the height of the mercury meniscus in the closed

column, Taking account of these factors the volume of gas

-

after compression, Vc, is given by

= g2 1,24 - 31.3
vc_ag(A-c)a,B{r.d 3707
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v, =ar[(A - C) + %d - %r]
If measurements are made in centimetres,
v, =7 r2[(A = C) - 0.,019]

The pressure of gas after compression is given by
(B ~ ¢) = h, The volume of the gauge itsélf was found by
filling with’water and weigﬁing, and gives thé wvolume of the
gas before compression as 134k.,8cc., From the above data the
pressure of gas before compression, Pb’ at the standard

temperature of 20°%c may be shown to be given by,

[(A -¢c) - 0,019 (B - ¢)] ; 2931wr?
T 13Lk.8

Pb=

_la-c) - 0%019][(3 =) ¢ 0.0572 ..i.... (D)

Samples of gas from degrading polymers were collected
in a trap system Fig.2.2 so that if the volume bounded by
were known, given that the pressure

taps T T, and T

, 1 73 5
before compression had been found, the total amount of gas
present could be determined, The volume of the above
system was found by pumpihg the gauge and the seétionrsf
the glass still, bounded by the taps listed, down to
sticking vacuum, then introducing a suitable quantity of
nitrogen, Three values of Vc, h, and T were taken each
time to test reproducability. With the mercury in the

gauge raised, the gas in the trap system was pumﬁed away.

The mercury was then lowered, and the gas trapped in the
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closed capillary allowed to expand into the volume bounded
by taps Tl’ T3 and T5. Three readings were once again
noted for Vc’ h an@ T. This proceduré ol expanding

the gas in the capillary into the trap system was

repeated three times, It follows that for each set of
measurements the quantity Vch/T should be-a constant, The
results are shown in table 2,2, Using the nomenclature
of this table,

0 1 2 vol, of gauge + vol, of trap system

T Gty mw ey Sm e

1 2 3 vol, of gauge

Since the average value of E is 1.986 and the volume
of the gauge is 134,8cc. the volume of the trap system
is 132.,9cc, From the fact that the total volume of the
McLeod gauge and the trap system is 267.7cc. it can be
calculated that at 20°C one m.mole of gas in the apparatus
would have a pressure of 6,83cm, Thus by dividing the
pressure in cm, calculated using equation (1) by 6,83
the number of m.,moles of evolved material is found,

Typically the gauge was used to measure the pressure
of total gas and of carbon dioxide produced when a polymer
was degraded to low percentage conversion in the glass
still,Fig.2.2, Such an experiment has been described as
far as the isolation of the product gases (2.2b), .To

measure the pressure of these gaseous products the liquid
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nitrogen was exchanged for a water bath at 2000. Tap T5
wés shut and three determinations of the pressure Po in
the evacuated gauge were made, Tj was then shut and T2
opened to allow fhe gas to fill the gauge, Again three

separate sets of measurements were made of P the

t’
pressure of the total evolved gas. The gas was now allowed
to come in contact with sodium hydroxide pellets, which

react with carbon dioxide, by dpening T Pressure

3¢
determinations were made at ten minute intervals ﬁntil
there was no further absorption noted, The unreacted
gases were then redistilled under liquid nitrogen into
the trap, T3 closed, the coolant exchanged once again for
a 20°C water bath and the system allowed to attain
equiliﬁrium. As before three readings were taken of the
unabsorbed gas pres%ure, Pu' Thus,

Total gas pressure = Pt - Po'

Carbon dioxide pressure = (Pt - Po) - P,

To check that carbon dioxide was being efficientiy
removed, mass spectra (2.,7) were run of the product gases
before and after absorption, These showed no peak

attributable to carbon dioxide after absorption,.

2.4 Molecular Weight Measurements

In degradation work molecular weight data can often

throw light u?on the mechanism of breakdown ll. Two types
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of osmometer were used covering different molecular weight
ranges,

(a) Vapour Phase Osmometer

If a drop of-solution and a drop of solvent are
suspended, side by side, in a closed thermostatted system
saturated with solvent wvapour, then because of the lower
vapour pressure of the solution with respect to the
solvent, a differential mass transfer will occur between
the two drops and the solvent phase, resulting in greater
condensation on (or lower evaporation from) the solution
drop than from the solvent drop. Such a transfer will
cause a temperature difference between the drops because
of the heat of condensation of the solvent, this difference
being proportional to the vapour pressure lowering, AP, and
therefore proportional to the solute concentration c,

Since this temperature shift:is a colligative effect,
depending solely upon the number of dissolvéd molecules per
unit weight solvent, n, and being independent of their
nature, this effect may be used to determine the ;umber
average molecular weight, ﬁn of polymeric ma’ce:::‘:ials.62’63

In the instrument used a Model 301A Vapour Pressure
Osmometer (Mechrolab Inc.) a drop of pure solvent is
placed on one thermistor bead and a drop of solution on a

second thermistor bead. The difference in resistance, AR,
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between these thermistor beads is proportional to their
temperature difference, AT, hence,
AR £ AT &€ AP
Since AP dfn.bdc/ ﬁn
AR = k;(c/ M) sivenensentesiosinssncenseess(2)
where-kl is a constant., The value of the constant
kl is obtained by calibrating the instrument with a

standard substance of known molecular weight, benzil being

used here, Equation (2) refers to ideal solutions but since

even‘dilute polymer solutions are non-ideal it was necessary
to extrapolate the results obtained at finite concentrations
to infite dilution. The theory of polymgr solutions
developed by Flory and Huggins 64 shows that for polymeric
materials it is more accurate to write equation (2) as,
AR/c = kl(l/ ﬁ;) + AC + o+esee higher terms in c..(3)
where A is a constant, Neglecting powers of c
greater than two, equation (3) means that plots of AR/c
versus ¢ should be straight lines, which can easily be

extrapolated to find (AR/c)c , the value of AR/c at

=0
infinite dilution, where equation (2) applies, Thus the
number average molecular weight of the sémple may be
calculated.

The Vapour Phase Osmometer was used to measure

-~

molecular weights up to about 20,000 with an accuracy of
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the order of 50/0, the determinations being carried out
in Analar toluene at 65°C.

(b) Membrane Osmometer

The basic equation relating osmotic pressure to
number average molecular weight, ﬁn’ is the expression of

van't Hoff,

MW= (RT)—= N €
5 )

n

where R and T have the usual significance.‘ This equation
is of the same form as equation (2) since the product RT
is a constant at constant temperature, Abplying the same
reasoning as before, plots of (7/c) versus ¢ were extrap=-
olated to find (ﬂ/c)c=o , the value of (7/c) at infinite
dilution where equation (4) applies,

Molecular weights down to 20,000 were measured in
Analar toluene solution at 25°C using a Mechrolab Model
501 High Speed Osmometer, Cellophane membranes were used
and molecular weight determinations were accurate to about
5°/0 in the range 20,000 to 1,000,000,

(c) Molecular Weight Results

In the foregoing the term c¢, the concentration of
solute should be expressed in weight of solute per unit
weight solvent, for example as grams of solute per 100g

solvent, but concentrations are more conveniently
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34
30k
\a.
o 2 6 .
< 50,0 mole °/o n-butyl
acrylate copolymer degraded
. for one hour at 313°C. ﬁ£17,340
.22
1 1 1 1 ]

0 .2 4 .6 8 1.0
‘ Concentration (g./100g,) '
(a) Vapour Phase Osmometer Plot,

f

2.8

2.4
o 52,4 mole %/o
} 2.0 F n-butyl acrylate

copolymer degraded
for three hours at

237°c, M 186,000

1.2 1 1 1 1 !
(3] _.2 .4 .6 8 1.0

: Concentration (g./100g.)
(b) Membrane Osmometer Plot,

Fig.2.6 Molecular weight plots.,

1.2
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expressed in practice as grams of solute per 100g. solution,
At high dilution the difference between these quantities

is not great, Typical molecular weight determinations

for both osmometers are shown in Fig.2.6.

2.5 Thermal Methods of Analvysis

Thermél methods of analysis may be defined to include
those‘techniques in which some physical parameter of a
sample is measured continuously while it is being subjected
to thermal treatment, A great number of sﬁch tedhniques
have been used and many books and review articles have
appeared dealing specifically with this sﬁbject 65-67;

(2) Thermal Volatilization Analysis (T.V.A.)

Thermal Volatilization Analysis (T.V.A.) is a
technique devised by McNeill 60which measures the thermél
conductivity of the volatile material evolved from a
heated polymer sample which is being continuously pumped,
The Differential Condensation T.V.A. apparatus (D.C.T.V.A.)
Figes2,7 is a modification of the briginal equipment which
employs a series of traps maintained at different temper~
atures After each trap is placed a Pirani gauge wﬁich
measures the transient pressure of méterial not condensed
by that particular trap, The Pirani outputs are fed inﬁo
.a multipoint recorder so that the traces produced are of

Pirani response, which is a measure of the rate of
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volatilization, against time., The trace obtained is

thﬁs of a differential nature., A separate temperature
versus time trace is also fecorded so that when a linear
temperature programme is used, as is normal practice, any
deviations of the heating rate from linearity may be
checked,

(b) Thermogravimetric Analysis (T.G.A.)

‘Thermogravimetry has been defined as the science
and art of weighing substances while they are being heated,
It has developed in two directions., On the one hand
studies have been made by following the weight bhange
with time of a sample heated at constant temperature,
isothermal T.G.A., while on the other hand in dynamic
T.G.,A. weight loss is measured as the sample is being
heated according to some pre-determined programme, usually
linear with time, Typically fhe trace produced ié of
weight loss versus time or temperature and is integral in
—natureo

Many theoretical treatments have been put forward .
in order to derive kinetic parameters from T.G.A. data§8—7o
The validity of the results obtained, especially where
programmed data are involved, have been questioned by

some workers,

The Du Pont 950 T.G.A. used employs a null type
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balance in which any weight change in the sample is
opposed by an equal restofing force applied to the beam,
This restoring force is then a meaéure of the change in
weight of the sample, Samples may be programmed at any
heating fate from 0,5 to 30,0 degrees per minute, the
maximum working temperature being 1,200 °c.

(¢) Differential Thermal Analysis (D.T.A.)

In this technique 71 the sample temperature is
continuously compared with that of an inert reference
materiai, their temperature difference, AT, being plotted
as a function of furnace temperature,

In the Du Pont 900 D.,T.A. the furnace and sample
holder consists of an aluminium block, sample and refer-
ence material being placed in glass tubes locafed symmete
rically about the heater cartridge. Thermocouples'are
inserted into the samples through'the top of the open
glass tubes, the whole assembly being covered by a bell
Jar to permit a controlled atmosphere,

2.6 Gas=Liquid Chromatography

For the most part g.l.c. data were obtained using a
Microtek G,C.2,000R Research Gas Chromatograph equipped
with a flame ionization deteptér. Since gases such as
carbon monoxide and hydrogen cannot be detected by such

flame ionization devices, analysis of the permanent gas
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fraction was carried out on a modified Gallenkamp
chromatograph which had a thermal conductivity detector.
A list of the columns employed and the conditions under
which they were used is given in table 2.3.‘

(2a) Gas Sampling Apparatus

Gases were introduced into the G.C.2,000R chromato-
graph using the apparatus shoﬁn in Fig.2.8. This apparatus
was first evacuated and tap Tl closed., The gaseous
products of thermal breakdown were distilled from the
degradation section into the cold finger under liquid

nitrogen and tap T, closed, The coolant was then removed

2
from round the cold finger and when fhe whole had attained
equilibrium the pressure was made up to atmospheric with
nitrogen gas taken from a cylinder, Samples could then be
withdrawn through the septum by means of a gas syringe and
injected into the chromatograph in the usual way,

The diétillation step involved in the above procedure
makes it unsuitable for application to the analysis of the
permanent gas fraction, Since the thermal conductivity
detector employed is sensitive to air, this meahs that air
must be rigorously excluded if interference with identif-
ication and measurements of the permanent gases is to be

avoided, To this end the type of sampling system shown

in Fig.2.9 was constructed, The sample bulb containing
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To nitrogen
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Fig.2.8 Gas sampling system
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=
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Fig.2,9 Inlet system and échematic diagram of‘thérmél

conductivity G.L.C.
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the permanent gas fraction obtained as described in‘(2.2)
was attached to the socket with taps ’I‘3 and T5 open and
taps Tl and T2 set as shown, The carrier gas, argon, was
now by-passing the sample volume, To fill this with gas
tap T5 was closed and Th and T3 opened, ‘The gsample was
introduced by shutting T3 and reversing the positions of
T1 and T2 so that the carrier gas now flushed the sample
into the g.l.c. column,

(b) Quantitative Gas~Liquid Chromatography

Quantitative measurements were made on the liquid
volatiles by adding a known weight of a suitable material
as internal standard to a weighed quantity of liquid
products, Several mixtures of pure samples of each of
the products were made up with known amounts of the inter-
nal standard and run on the chromatograph to determine the
sensitivities of the product compounds relative to the
standard, Measurement of peak areas on g.l.c. traces was
carried out by planimetry since the peak.area for a partic-
ular substance is proportional to the weight present, If
the sensitivity factor, k, for any product Y is defined as
the ratio of the peak areas of product to standérd when
equal weights of both are considered, thenwthe percentage

by weight of Y in G grams of sample is given by,
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peak area of Y \ 100 \ 1

o
. /oY peak area of standarc# G / weight of standard/ 14
A similar procedure was followed to determine the
amounts of the various gases present, mixtures being
madé up by pressure rather than by weight, but as no
internal standard was used in these cases, only relative,
rather than absolute measurements were possible,

2.7 Mass Spectrometry

Mass spectra were run on an A,E.,I, M,S. 12 Mass
Spectrometer,

2.8 Combined Gas Chromatography =~ Mass Spectrometry

A schematic diagram of the L.K.B. 9,000A Gas
Chromatograph « Mass Spectrometer is shown in Fig.2.10.
In this instrument where the mass spectrometer is used as
the detector for the g.l.c., the sample and helium carriexr
gas having passed through the g.l.c. column are fed
directly through a helium separator into the ion source
of the mass spectrometer, This molecule separator strips
off the carrier gas before the sample enters the ion
source, thus considerably increasing the sensitivity of
the spectrometer, Mass spectra may be recorded from any
chemical compounds having sufficient voiatility and
stability to be separated by ge.le.c. An ultra-violet

recorder capable of a fast scan is used to obtain the
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mass spectra while a pen recorder is used for the g.l.c.
fréces. P
Before examining the liquid degradation products they
were first fractionated in order to remove high molecular
weight materials which would contaminate the apparatus,
This was done by distillation under high vacuum from a
container at room temperature to a receiver cooled in
liquid nitrogen,
A 10ft., quarter inch diameter 1°/o S.E.30 column
was used for the separation of the liquid products, run
iso£herﬁally at 50°C.

2.9 Spectroscopic Measurements

(a) Infra-red

>Infra-red spectra of the gaseous decomposition
products were obtained on a Perkin Elmer 257 Grating
Infra-red Spectrophotometer,

Once the pressure of the gaseous decomposition
products haa been measured as in (2.3) they were distilled
under liquid nitrogen into an infra-red gas cell of path
length 12cm., An identical cell pumped down to sticking
vacuum was placed in the reference beam of the Spectro-
) photometer., Prior to making any measurements the infra-
red detector was flushed with nitrogen so that quantit-

ative analysis of the carbon dioxide present would not
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be interfered with by the presence of'this gas in the
-atmosphere, The optical densities of the characteristic
absorptions of the gases were measured, Known pressures
of pure samples of each of the product gases were
measured by using the constant volume manometer, and
infra-red spectra obtained over a wide pressure range, The
optical density of the appropriate peaks was then plotted
against pressure of the pure gas so that these fraces
could be used to determine the composition of the gaseous
products of polymer breakdown.

All othef infra-red spectra presented wére ruh on
- this same type of instrument.

(b) U.V.-Visible

A Unicam SP 800 Spectrophotometer was used for
measurements in this region of the spectrum,
(c) N.M.R,

N.M,R, spectra were obtained on a Perkin Elmer R 10
60 Mc/s spectrometer,in carbon tetrachloride solution,

2:10 Sol=gel Analysis

The material remaining when copolymers of methyl
methacrylate and4n-buty1 acrylate of high acrylate content,
or homopolymers of n-~bulyl acrylate itself, are degraded

is not completely soluble in organic solvents such as

benzene in which it could be dissolved before decomposition.
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Sol-gel analysis was carried out on‘this residue using a
Soxhlet extractor, Degradations were carried out by the
sealed tube teéhnique (2.2) after which the pQrtion of
the tube containing residue was cut into short sections
about one ingh long, These were weighed and placéd in a
weighed glass sinter of porosity three, The whole.
‘assembly was then positioned in a Soxhlet extractor such
~ that the solvent could wash, and drain éasily from, every
piece of the tube, Analar benzene (bepte 80°¢c ) was used
as solvent and the extraction continued for a standard
time of twenty hours., At the end of this time the tube
pieceé and glass sintér were removed, drained for a few
minutes, then dried in a vacuum oven at 60°C for three
.hours, after which they were allowed to cool and were
reweighed, The difference in weight of the sinter, AS,
gives the weight of any insoluble material trapped,

while the difference iﬁ weight of the tube pieces, AP,
less AS, gives the weight of soluble residue. This latter
weight was also determined by distilling off benzene from
the solvent reservoir after extraction, and determining
the concentration of a known volume of this solution., The
sealed tube secfions were immersed in soap solution over-
night, cieaned of all insoluble material, dried and re-

weighed., The difference in weight before and after this
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| last operation, AQ, when added to AS is the weight of the
insoluble residue. Thus the total weight of residue, the
weight of soluble residue and the Qeight of insoluble |
residue have been found and are given by (AP+AQ), (AP-AS),

and (AQ+AS) respectively,




CHAPTER

THERMAL METHODS OF ANALYSIS

3.1 Introduction

The techniques dealt with in this éhaptervmay be
generally applied to a polymer as a preliminary to a
thorough investigation of its breakdown. From the results
of such investigations an overall picture of the decompos=
ition pattern of the n~butyl acrylate -~ methyl
methacrylate copolymers ﬁas obtained and a temperature
range selected in which to examine their degradation in
some detail under isothermal conditions.

3.2 Thermal Volatilization Analysis

(a) Collection of T.V.A. Data

The apparatus is shown in Fig.2.7 and described in
section 2.5a, All samples were run as films cast from
iml, of a 50mg./ml, Analar toluene solution and heated at
10°C/min., from ambient to 500°C, The traces obtained are
shown in Figs.3.1-§.8 and the temperatures at which rate
maxima occur are listed in table 3.1,

It is clear that the position of the lowest temp=-
erature peak (A) is independent of the n-butyl acrylate
content of the copolymer and that it decreases in size
relative to the main peak (B) as the acrylate content of

the copolymer increases, becoming a point of inflection
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Trap Temp. (OC)
0 and =45,

RESPONSE

PIR A NI

280 320 360 200
> TEMPERATURE oC

Fig.3.1 D.C.T.V.A. of a polymethylmethacrylate

standard,
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Fige3.2 D.C.T.V.A, of a 0,4 mole percent n-butyl
acrylate copolymer,
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Fige3¢3 DeC.T.V.,A, of a 3,9 mole percent n-butyl
acrylate copolymer,
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Fige3.4 D.C.T.V.A. of a 16,3 mole percent n-butyl

acrylate copolymer,
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\ 320 360 400
TEMPERATURE °C

Trap Temp. (OC)»

0
s e ~45 where not co-incident
with 0°C trace.
——=- =75 —.—. =100

Fig.3.5 D.C.T.V,A. of a 50,0 mole percent n-butyl
acrylate copolymer, '
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Fig.3.6 D.C.T.V.,A, of a 52.4 mole percent n-butyl

acrylate copolymer,
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Fige3.7 D.C.T.V,A, of an 82,2 mole percent n-butyl
' acrylate copolymer, ‘
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Fig.3.8 D.C.T.V.A. of a 93.4 mole percent n-butyl

acrylate copolymer,
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when the acrylate content is 16,3 mole percent and
disappearing altogether ét 50 mole percent n-butyl
acfylate. This low temperature peak may be ascribed to the
products of depolymerization from unsaturated methacrylate
chain end structures 3’22.

The second and main peak (B) moves to higher temp-
eratures as the n-butyl acrylate content of the copolymer
is increased, It is associated with depolymerization
initiated by random scission of the main polymer chain.,

The position of peak (C) appears to be composition
independent but it is difficult to locate the exact
position of this peak maximum for some of the copolymer
samples, This peék is dﬁe to materials not condensable
at -100°C in a flow system and could be attributed to
gases such as carbon monoxide, methane, hydrogen apd
carbon dioxide, Peak (C) increases in size with increasing
acrylate content, A further T.V.A. trace, shown in
Fig.3.8, was obtained from the 93.4 mole percent n-butyl
acrylate cobolymer with one of the traps at liquid nitrogen
temperature. Some material passes through this trap,
which demonstrates that permanent gases ére formed in the
degradation process in addition to carbon dioxide which
would be condensed at this temperature.

It is not possible to obtain quantitative information
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from these’traces ébout the relative amounts of material
;céndensable at the various trap temperatures since,

i) Pirani response is not linear with preésure, and

ii) Pirani response depends upon the substance
givihg‘fise to that response,

The tface from the trap at -75°C is interesting in
that for samples of high methacrylate content three peaks
occur, Fig.3.3,‘the middle one of which does not correspond
- to any of the other peaks noted in table 3.1l. Its presence
may-be_explained in terms of a nucleation effect, which
oécurs when aiéonsiderable quantity of a material which is
only partially condensed at that ﬁemperature enters the
trap rather than by any explanation involving the mechanism
of polymer breakdown, Thus the first surge of material
passes through the trap., Later, nucleation takesvplace in
the trap, and thereafter condensation is more efficient so
less material reaches the Pirani‘gauge.

The results for the high and low molecular weight
50 mole pércent copolymers, Figs.3.5 and 3.6 are identical
showing that in the molecular weight range 100,000 to
1.330,000'chain length has no effect on degradative
behavibur at least as far as the production of volatile
imaterials is concerned,

From these investigations it would appear that the
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temperature range 270;34000 should be suitable for studying
thg degradation reaction isothermally. The principal
results may be listed as follows, With increasing acrylate
content,

1) The lowest temperature peak, ascribed to chain end
initiated breakdown, becomes smaller although its position
remains unchanged..

2) The main peak moves to higher temperatures showing
that the main polymer chain is becoming more stable tq
breakdown,

3) Production of.chain fragmeﬁts which condense
immediately above the reaction zone inbreases Qith acrylate
content, and they become deeper in colour (pale yellow to
brown).

L4) The residue becomes more abundant and darker in
colour as in 3).‘

(b) Interpretation of T.V.A. Data

(po1) Discussion of Results 1) and 2)

.The decrease in importance of degradation
initiated at unsaturatedAmethyl methacrylate chain ends
may be ascribed to a combination of effects, As the
acrylate content of the copol&mers increase,

i) The relative amount of methacrylate available to

form susceptible chain ends decreases,



This is the most straightforward explanation of the
‘lessening importance of peak (A) but cannot itself explain
thé fact that whan only 16,3 mole percent of n-butyl
acrylate is present, this first peak is»reducedyto a point
of inflection,

ii) A new cross termination step in the polymer-
ization reaction results in methacrylate radicals taking
part in combination, rather than disproportionation,
terminatioﬁ reactions,

The unsaturated methacrylate chain ends are produced
in disproportidnation termination reactions, Chaudhuri et
al 56found that in a methyl methacrylate - methyl acrylate
copolymer containing 45,9 mole percent methacrylate
crossed termination was predominant, and that 670/0 of the
termination steps in which a methacrylate radical took
part occurred by combination, thus drastically reducing
the number of unsaturated chain ends. It seems reasonable
to suppose that a similar mechanism could operate in_the
n-butyl acrylate - methyl methacrylate system,

iii) The zip length of depolymerization decreases
because of the "blocking" effect of acrylate units,

This effect of acrylate content on zip length is
demonstrated by molecular weight‘measurements re?orted in

a later section, and has been observed in other related
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36

copolymer systems e It has already been discussed in
‘section 1.4.

In randomly initiated degradation the ease with which
the initial break occurs depends upon acrylate content,
since acrylate-acrylate bonds are more difficult to rupture
than methacfylate-methacrylate bonds, but in chain end
initiated degradation the initial process is independent
of acrylate content. Thus the temperature shift shown to
occur for peak (B) in table 3.1 is a consequence of
randomly initiated breakdown,

(v.2) Discussion of Results 3) and 4)

The chain fragments may be explained by the
inéreasing importance of transfer reactions over depolyﬁer-
ization with increasing acrylate content because of the
reactivity of the acrylate radical and the availability
of tertiary hydrogen atoms, Coloration is due to conjugat-
ed sequences of double bonds formed as in Fig.l.9. This
reaction is further investigated in a later section..

3.3 Thermogravimetric Analysis

T.G.A., experiments were carried out in an atﬁosphere
of nitrogen, since the Du Pont 950 Thermogravimetric
Analyzer cahnot be used under conditions of high vacuum,
The rate of gas flow was 70cc./min. and the sample size

was about 10&é° Programmed work was carried out using a
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heating rate of 5°C/min., the sample being heated from
ambient to 50000. Typical traces obtained for the
degradation of a number of copolymers are shown in Fig.3.9.
As the acrylate content of the copolymer examined increages
the T.G.A. trace moves to higher temperatures, showing that
the copolymér is becoming more stable to weight loss., At
high methacrylate content a two stage decomposition takes
place, the higher temperature process accounting for the
bulk of the weight loss, These observations are in agiee-
ment with the data obtained from T.V.A,, although because
of the different conditions used, these techniques are not
strictly comparable,

(a) Determination of Kinetic Parameters from T.G,.A.

While it is difficult to determine reaction kinetics
by the use of T.V.A, many methods of obtaining kinetic
parameters from T.G.A. measurements have been advocated66'6§
It was considéred possible that activation energies
found in this way could make some contribution towards an
understanding of the thermal breakdown of the copolymer
system under investigationQ

Dynamic T.G.A. has the advantage in theory that a
single programmed weigﬁt loss curve can yield the same

information as a whole set of isothermal traces, but many

methods of éalculating kinetic data from such programmed



*ogeTdxoe TLAainq-u jusdread

- oTow se uoTqrTsodmod JowdATodecd OATE s3030RIq UT Soan3EJ o]

*sxamwATodoo Jo mwﬂhwm.ﬁ JO so0vIl °*V°*°OH°L A.QﬁE\Domv.UoEEMHmOHm 6°C*3Ta

Do sanjgexadua],

ocr 0]0]% 08¢€ 09t ove Oce 00€E 08¢ 092
_ _ _ I T

_ T I _ 0]

T i [ ]

I

s

o'l

I °*dmeq 3e Sururtemex eTdwes JO JUIToM

oTdwes JOo 3jUYsTem TBTITUT




- 84‘-

runs‘require the original trace to be differentiéted, a
‘process which can greatly increase experimental scatter,
or require the assumption.that a single set of parameters
applies over the whole reaction., This assumption is not
alwéys Justified since the nature of the material being
degraded caﬁ change drastically in character with increas-
.ing conversion., Isothermal methods avoid such complicate-
ions but in these the sample can undergo considerable
reaction.while being heated to the temperature of interest,
In view these considerations it was decided tb carry out
both dynamic and isothermal T.G.A. measurements,

(2a.1) Dynamic T.G.A.

In the literature many mathematical treatments
of polymer degradation processes have been developed.

16,53

‘Such treatments show that if initiation occurs
solely at chain ends or solely at random along the chain,
then, in the limits of long and short depolymerization zip

lengths, the overall degradation process can be described

by an "order" type of equation, as in table 3.2,

Table 3,2
-Type of Initiation Zip Length "Order" of Reaction
End Initiation Long One
Short Zero
Random Initiation Long One
Short | None
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The particular method used to determiﬁe activation energies
was that of Coats and Redfern 72. The appropriate plots

of 1og[2.30310gF/T2] versus 1/T, where F is the fractional
weight of material remaining and T is the absolute temp-
eraturé,-are shown in Figs.3.,10~3.14, From the gradients
of these plots the activation energies listed in table 3,3
were calculated,

Table 3.3

Copolymer Cbmposition Activation Energy of Random
(mole °/o n-butyl acrylate)| Initiation (kcal./mole)

O - 39
0.4 43
3.9 - 48
16.3 | | 50
52,4 51

As the acrylate content of the‘copolymers increases,
the end initiated reaction is suppressed, so that it
becomes extremely difficult to separate the first
decomposition from the randomly initiated one, In view
of this, no activation energies are quoted here for this
end initiated process., The use of a first order plot is
probably less valid for the 52.4 mole percent n-butyl
acrylate copolymer than for ény of the others in table 3.3
because at this acrylate content the zip length is

possibly too short for the degradation to follow first
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order kinetics closely., At still higher acrylate content
the degradation cannot be approximated to any "order"

type of proceés. Few published methods of obtaining
kinetic parameters from pfogrammed T.G.A, data can deal
with réndom kinetics and those that can involve experiment-
al measurements outwith the scope of the instrumentation

73

available

(ae2) Isothermal T.G.A.

If the rate of decomposition of a sample can
be found for the same extent of conversion at a number of
temperatures, then an activation energy may be calculated,
This value is not an average one, but refers to the
particular extent of degradation at which it.was calculated,
It is convenient to use zero conversion as the point at
which to determine activation energy, since this condit-
ion of the sample is the most reproducible, It is not
possible, because of the time required for the thermo-
balance to attain equilibrium to find the initial rape of
de&omposition directly, the fechnique used here being to
extrapolate the rate of weight loss vefsﬁs time curve
back to zero time, The first 30/0 of degradation occurred
during he;t up and was neglected, the extrapolation being
carriéd out on data obtained for up to 200/0 conversion,

Initial rate methods are not strictly applicable where the
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material decomposes by random scission, since this type
‘of breakdown leads to an initial rate of zero with respect
to weight loss. In considering the copolymers in order of
increasing acrylate content, as poly(n-butyl acrylate)
degrades randomly there must be a poinf at which initial
rate techniéues become invalid, This point may be found
simply, since "random" processes can be distinguished
from "order" processes by the fact that the maximum rate
of decomposition does not occur at zero conversion for
random breakdown, Hence for random kinetics.the T.G.A.
trace i,e, weight loss versus time, will exhibit a point
of inflection., For copolymers containing up to 52.4 mole
percent n-butyl acrylate, no such inflection points were
found, Figs.3.15-3.19 show the log(initial rate) versus
1/T plots obtained from the values ;isted in tables 3,4~
3.8 where T is the absolute temperature., The activation
energies calculated from the gradients of these plots
are given in table 3.9.

In the literature there are many examples of
initial rate measurements being made on randomly degrading
polymers g. This type of measurement not only involves
a very inaccurate plot, but attempts to fit the degrad-
ation to an erroneous set of parameters; and should be

avoided,
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Table 3,4

Initial Rate Data for a Poly(methyl methacrylate)
Standard. o

Initial Rate,I| log I | Temp.(°c)| 1/T x 10*

(°/o per min.)

0,264 ~0,578 278,0 18,14

0.734 -0,134 301,0 17.42

i1.221 0,087 312,0 17.09
Table 3.5

Initial Rate Data for a 0.4 Mole Percent n-Butyl
Acrylate Copolymer,

Initial Rate,I| log I | Temp.(®c) | 1/T x 10*

(°/o per min.)

0.492 -0,308| 297.0 17.54
0.662 -0.179| 305.0 17.30
1,076 0.032| 314.5 ©17.03
1.479 0.170| 320.5 16.85

1.637 0.214 323.5 16,77
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Table 3,6

Initial Rate Data for a 3,9 Mole Percent n-Butyl

Acrylate Copolymer,

Initial Rate Data for a 16.3 Mole Percent n—ButYl

Acrylate Copolymer,

Initial Rate,I | log I Temp, (°C) 1/T x 10*
(°/o per min.)
0,204 ~0,690 292,0 17.70
0.398 -0,400 300,0 17.45
O.4h1 ~0.356 310,0 17.15
0,904 ~-0,0L4 320,0 16,86
1.255 0,099 | 328.0 16,63
Table 3 c7

Initial Rate,I | log I Temp. (°C) 1/T x 10%
(o/o per minil
0.163 -0,788 29345 17.65
0.296 -0,529 305.5 17429
0,458 -0.339 | 312.0 17.09
0.889 ~0.051 323,0 16.78
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Table 3,8

Initial Rate Data for a 52.4'Mole Percent .n-Butyl

Acrylate Copolymer,

Initial Rate,I] log I

(°/o per min.)

Temp. (°C) 1/T x 10

I

0,111 -0,.953 300,0 17.45

0,184 -0.736 | 311.0 17.12

0.349 -0.457 319,0 16,90

0,706 -0,151 330,0 16.59
Table 3,9

Activation Energy From Initial Rate Measurements,

Copolymer Composition

Activation Energy

(mole °/o n-butyl (kcal,/mole)
acrylate)
0 30
O.h 32
3.9 3k
16.3 39
52,k ke
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(p) Discussion of Results

| For copolymers of high methyl methacrylate content,
the activation energies quoted in table 3,9 are
considerably lower than those listed in table 3.3 for the
randomly'initiated reaction, This may be explained by
noting that'tﬁe values found by the initial rate method
will, in this copolymer composition region, fefer to the
end initiated degradation, In the literature many
determinations of the energy of activation for
poly(methyl methacrylate) decomposition have been

b
reported 11,20,7% 76.

Typical values obtained for the
chain end initiated and randomly initiated reactions are
31 and 49 kcal,/mole respectively.

The activation energy for poly(methyl methacrylate)
degradation is a composite quantity involving confribut-
ions from the energies involved in the elementary steps
of initiation, depropagation and termination 77,78 « If
copolymers of very low acrylate content are considergd,
it is likely that the initial step in their breakdown
will be the same aé that in pure poly(methyl
methacrylate) and that the energy involved in the
termination step, being diffusion contrdlled because of

the high viscosity of the degrading polymer, will not

change markedly, This would imply that the increase in
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activation energy found at this range of copolymer
‘composition with increasing n-butyl acrylate content

is due to an increase in the activation energy of.
depropagatién; Ed‘ Since Ed = Ep - AHp where Ep is the
energy of propagation in polymerization and (-AHp) the
heat of pol&merization, and the value of E_ is about

5 kcal./mole for a large variety of polymers 78, any
increase in Ed with increasing acrylate content would

be reflected by an increase in (-AHp). In the limiting
case this means that (-AHP) for n-butyl acrylate must be
greater than that for methyl methacrylate. The
experimental values of this quantity for n-butyl
acrylate and methyl methacrylate were found to be 18,6
and 13,3 kcal,/mole respectively, lending support to the
above theory 79.

At higher acrylate content, new initiation steps
involving h-butyl acrylate units become likely, as well
as the possibility of transfer reactions and the
modification of the termination step. It is the inter-
play of all these contributions which determines the
overall activation energy as found by methods such as

T.G.A.

3.4 Differential Thermal Analysis

An atmosphere of nitrogen flowiﬁg at a rate of
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1.5 litres/min, was employed since the Du Pont 900
Differential Thermal Analyzer cannot operate under
high vacuum conditions, The sample size was in thé
region of 10mé.,being heated at 10°C/min. from ambient
to 500°C, |

For cbpolymers rich in methacrylate an endotherm
occurs at the same temperature as degradation,Fig.3.20,
Pyrolysis is a complex reaction during which wvarious
_ processes both endother@ic, such as bond rupture or
‘volatiliZation, and exothermic, such as cross linking,
can happen simultaneously. In such cases the D.T.A,
thermogram shows only the net heat effect and may not
give complete information on all of the individual

reactions.,
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CHAPTER 4

IDENTIFICATION OF THE PRODUCTS OIF DEGRADATION

4,1 Introduction

Before any quantitative measurements can be under-
taken,.a knowledge of the nature of the degradation
products is necessary so that techniques may be devised
'torestimate these materials, Preliminary degradations
were carried out for times up to twenty four hours at
‘31300 using the sealed tube technique, samples of the
product gases and liquid volatiles being obtained as in
section 2,2a., Where possible, more than one techniqﬁe
waé used to elucidate the structure of these compounds.

4,2 Analysis of Product Gases

(2) Gas Chromatography

Experiments were carried out on these gases as
described in section 2,6, The resulting traces, using
the columns listed in table 2,3 under the conditions
previously specified, are shown in Figse4.1=4.3. The
retention time for each peak was obtained, and standard
samples of the pure gases, (Mathieson Inc.), were
introduced into the column under the same conditions,

A sample of carbon monoxide ﬁas made by the action of .
concentrated sulphuric acid on formic acid. Tables 4,1~

L,3 1list the gases with the same retention times as
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those shown in Figs,. 4.1-4.3,

Table 4,1
Peak no., in Gas Retention Time Temperatufe
Fig.l.l (minutes) (°c) .
1 Methane 2.5 40
2 Ethane 6.5 58
3 Ethylene 10.5 78
L Propane 12.5 88
5a Propylene 19.0 120
- 5b Butane 19.5 123
6 Butene 24,0 1h4s5
Table 4,2
Peak no,., in Gas Retention Time
Fig.4.2 (minutes)
1 Trans But-2-ene 9.0
2 But-l-ene 11.5
3 Cis But-=2-ene 13.5
. Table 14'03
Peak no, in Gas Retention Time
Fig.4.3 (minutes)
1 Hydrogen 8.0
2 Carbon Monoxide 11.5
-3 Methane 12,5
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The initial columﬁ used for gas analysis was silica gel
in conjunction with a flame ionization detector., The
results from these experiments did not indicate which

of the isomeric butenes were present, so that it was
necessary to use the silvér nitrate - benzyl cyanide
column to obtain this information, The swall peak (A) in
Figeho.2 with a retention time somewhat less than that for
trans but-2-ene corresponds to peaks 1=5 of Fig.,4.1,

Care must be taken not to heat this column since decompos=
ition is liable to occur at about 50°C. The sample size
required to obtain acceptable chromatograms of the
permanent gases, Fig.4.3, increased with decreasing
acrylate content, and,-as l.5g. of the 52.4 mole percent
n-butyl acrylate copolymer were used, no examination was
made of copolymers with lesser amounts of acrylate,

(b) Mass Spectrometry

Mass sﬁectrometric data on the product gases were
obtained as in section 2.7 using an electron beam energy
of 20ev, Figh.4 compares the cracking patterns obtained
from a standard sample of but-~l-ene (Mathieson Inc.) and
from the gases evolved when a 16.3 mole percent n-butyl
acrylate copolymer was degraded, Table 4.4 lists the
fragment masses in order of abundance and gives the possible

structures corresponding to each. A significant difference
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Table 4.4
Mass in Order of Structure
Abundance
* .
h1 | CH2-==C—--CH3
+
56 [CHB-- CH2— CH=CH ] .
g E> c —-c:>|
55 CHj—-CH CH-CH
28 CH2-—~CH2

between Figs.h.ha and 4,4b is that the peak ih L,bb at
mass UL, attributed to C0,, is absent from Fig.l.ba,
This shows that the product gases contain carbon dioxide
in addition to the gases already listed in tables 4,1~
k,3, There are not sufficient differencéé in the mass
spectra of the isomeric butenes to allow them to be
readily distinguished, since double bonds appear to be
able to migrate easily in the molecular ion, It may also
be noted that in Fig.4.4 there is a doublet at mass 28
and that, comparing the spectra of but-l-enerand the
evolved gases, the peak of lower mass has increased in
size in the latter relative to the peak of higher mass.
Mass 28 may be ascribed to carbon monoxide, nitrogen, or
ethylene, in order of increasing mass, This makes it

likely that the enhancement of the lower mass 28 peak is



due to carbon monoxide.
(¢) Infra-red

A typical infra-red spectrum for tihe gaseous
degradation products from a 93.4 mole pexrcent n-butyl
acrylate copolymer, obtained as in section 2.9a, is shown
in Fig.h.5.' The assignments of the various absorptions
are listed in table 4,5, These are consistent with the
presence of a wvinyl double bond RCH::CH2 which is found
in only one of the butenes, but-l-ene, The presence of
carbon dioxide is confirmed by the.absdrptions at
2350cm._1 and 677cm.—l, while the characteristic
absorption at Zlhocm.'l can be attributed to carbon

monoxide,

4,3 Analysis of the Liquid Volatiles

(a) Gas~Liquid Chromatography

A typical chromatogram of the liquid products from
a 50.0 mole percent n-butyl acrylate copolymer, run on a
1°/0 S.E.30 column as specified in table 2,3 is shown in
Fig.4.6. The retention times of the various peaks in
this trace céuld be accounfed for by the materials given

in table 4,6, which are reasonable products of degradation.
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Table 4,6
Peak no., in Component Retention Time | Temperature
Figel.6 (minutes) (°c)

1 n-Butanol 2.5 40

2 Methyl ' 3.0 Lo
Methacrylate : ‘

3 " | Toluene A L,o ko
(solvent)

4 n-Butyl 9.0 54
Acrylate

5 n-Butyl 12,0 . 70
Methacrylate

(b) Combined Gas Chromatography-Mass Spectrometry

(b,1) Experimental

A sample size qf Q.lpl. of neat liquid
products was found to give acceptable results under the
conditions specified in section 2}8, using 70ev, electrons,
The g.l.c. trace from a 50,0 mole percent n—bufyl acrylate
copolymer is shown in Fig,4.7 and the mass spectrum of
each of the component peaks given in Figs.hk.8-k.12, :All
the mass spectra presented are in the form of line diagrams
corrected for background which show the overall features
at a glance, It must now be considered whether these
spectra can be accounted for in terms of the pfoposed

structures for each. component.
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Fig,4.8 Mass spectrum of component 1 in Fig.%4.7.(n-butanol)
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(be2) Assignment of Mass Spectra
| The jon formed by the loss of a single

electron from a molecule is called ﬁhe molecular or
parent ion., Yhe position of this peak depends upon the
moiecular weight of the material present, but in many
cases this peak is of low abundance or not present at all,
In esters and some other compounds peaks 6ccur at M+1,
where M is the mass of the molecular ion due to the
abstraction of a proton from 5 neutral molecule, Since
the percentage abundance of-the molecular ion depends
upon its stability to further decomposition, éromatic
compounds give rise to very abundant molecular ion peaks
because of the presence of the 7 electron system,
Fig.4.10, The most abundant masses in each Specfrum are

listed in the order of their relative abundance in table

h.,7.
Table 4,7
Suspected Compound Mass

n-Butanol 31,56,41,43,27,
Methyl Methacrylate 41,69,39,100,15.
Toluene (solvent) 91,92,

n-Butyl Acrylate 55,56,27,73,41,
n~-Butyl Methacrylate |[41,69,87,56,39.

Assignment of these major fragments is most
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conveniently done by looking in some detail at one
"compound, and seeing how similar mechanisms might be
extended to other structures. The first compound to be

examined was n-butyl methacrylate,

80

Some common fragmentation processes are ’

i) Simple fission in which a neutral fragment is
lost by the breaking of one bond, |

ii) Rearrangement processes in which more than one
bond fission occurs accompanied by transfer of one
hydrogen atom from one atom to another within the
decomposing ion,

iii) Double rearrangement processes in which two
hydrogen atoms are transferred simultaneously from the
neutral fragment being lost to the fragment ion being
formed, |

Considering the @ass spectrum of n-butyl
methacrylate, the fragments of masses 41 and 69 may be
accounted for b; simple fission. Where such fissiop
occurs a neutral radical is eliminated from the molecular
ion, Firstly, a non-bonded electron is lost from the
‘ester carbonyl oxygen atom followed by transfer of an
electron to the positively charged site f;om the a« bond,

This process is therefore called a fission.




CH
CH£==C——C——O——Bu

O,
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loss of non

bonded 2 ” )
electron’ o
A\
CH
I 3
CH=C—C O0—Bu
2
l
O«
69

(A double headed arrow is used here to mean the transfer

of two electrons, while a single headed arrow means the

transfer of one electron.

n-butyl group.)

The symbol Bu denotes an

A neutral molecule may then be eliminated from the

fragment ion by cleavage of a single bond, the mechanism

involving a two electron shift,

Hq

CH£== z:g

Q—Q

i

+
0l ——> CH/~=C+

i
Ic=ol

Ly

This process is known as fragment ion fission,

A rearrangement process can be used to explain the

fragment of mass 56.

The most generally applicable

specific rearrangement process is called the McLafferty

rearrangement.

The essentials are a double bond which

has a Y.hydrogen available for migration.
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H loss of ) H

electron
'CHB—-— CH2—— (l)H lol "———)CH——CH‘?—-—C}A/] <0l
| | [
CH C—C=cCH —
XL \Qf\'“’ i
0 "CHB , 3
H\\,
0
CH,—/ CH,— CH : C—C=CH
3 2 : : o 2
RO /7 |
| +CH2 | 0o 'CHB'
56 ‘

After the loss of an electron from the earbonyl
bond the rearrangement proceeds with a protqn transfer
from the Y cafbon.and a transfer of two electrons as
showﬁ above completes the reaction,

Double rearrangement processes are impbrtant in the
breakdown of almost every ester greater than methyl. The
Process, involving the simultaneous rearrangement_ofvtwo
hydrogen atoms, may be represented as follows,

o\ 10+ H
I L

CH;/=C—C—0—Bu loss of ACH—-c-—«c —_—

electron . 2
| _ f \j\(cn )2

CH3

H—-—-—-CH2
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/0—H
|- cH -
"CH,= C—C | ) |- ™>(cH )
2 : :
I \\ , CHé//“‘ 22
CH 0-H . :
3 . _ , o
87

In the saturated hydrbcarbons fission processes

occur as shown below,
R,C—CR,)} —0u— ) * o
(Rg 3) R,C CR,

Such fissions can occur in the n~butyl side chain
of the ester. The spectrum will show a series of peaks
at odd masses corresponding to the above fission,

appearing at masses corresponding to CnH Random

2n+1°
processes may also take place whereby a molecule of
hydrogen is lost from the fragment ion., Such reactions
can explain the peak at mass 39 so far not accounted for
in table 4.7Afor n-butyl methacrylate,

It should be noted that several mechanisms may be
invoked to account for a given mass number, Mass 41 for
exémple may be ascribed to the fragment [CHé==C-—CH3]*
from the fission of the fragment ion R—-C.—‘:EO+ or by
scission of the n-butyl side chain followed by hydrogen
elihination from the fragment CHj—-CHZ——EHz |

The reaction schemes detailed above may be used to
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explain the presence of all of the fragments listed for
‘the esters in table 4,7. Only two spectra, those of
n-butanol and toluene, require further investigatidn.
Fission of the bond o to the hydroxyl group of
n-butanol leads to a fragment of mass 31.
CH;— CHz— CHé—/CI_-IZ\/— o —> CH;— CHz— CH, cH;— Ou
. 31
Random rearrangement of thé molecular ion leads

to loss of water giving a peak at M-18 = 56,
— . —
L] » r' CH

1 ? |
( 2 /f —_——9 (CHz)z ' H20
CH s—H \CH2

L. - L. -

LK

The solvent, toluene, gives two major peaks. 92 is
the mass of the parent ion, while f fission yields a

peak at mass 91,

+ +
O CH;—H CH __9

Tropylium Ion, mass 91.

NV

The driving force is the high stability of the
resulting aromatic ion. A summary of the mechanisms

discussed above applied to all the mass spectra considered
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is given in table 4,8, while, for each compound, a list
‘of possible structures corresponding to the masses noted
in table 4.7 is shown in table 4,9,

| It has been shown that the degradation products
suggested on the basis of retention times can be used
to give a reasonable account of the main features 9f
the observed mass spectra., Pure'samples of each of the
compounds listed in table 4,6 were injected separately
1nto the L.K.B, mass spectrometer, The mass spectra

obtained were identical to those shown in Figs.4.8-4.12,
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Table 4,8
Component Parent Fragmentation Process
Simple Rearrangement "Double
Ton Fission Rearrangement
n-Butanol 7h | 43,41,31, 56 -
27
Methyl 100 69,41,39, - -
Methacrylate 15
Toluene 92 91 - -
n-Butyl 128 | 55,41,27 56 73
Acrylate ’
n-Butyl 1h2 69,41,39 56 87
Methacrylate
Table 4.9
n-Butanol Methyl Methacrylate
Mass Structure Mass Structure
+ +
31 CH7=OH L1 CHg= C—CH,4
+
CH,|® cH
56 (cu)z | 2 7
?\CHZ 69 CHZ== C—C=0+
+ +
= C— CH;/~C=cCH
L3 CHz= C— CH, 39 5
+
" CH,— CH—CH CH; O
’ 3 3 12
— CH = C— C-0OCH
27 cH,= tH 100 3 3
15 CHE
Toluene
Mass Structure
91 Tropylium Ton
M
2 H
? [@_C 5 ]




n-Butyl Acrylate
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Table 4,9 (contd.)

n-Butyl Methacrylate

Mass Structure Mass Structure
55 CHg= CH—C=0" . 41 CHz= 5-—-CH3
56 CH,4— CHz— CH=CH2:|.. 69 CH = C—C=0+
27 CH = ca* CH,
73 CH,== CH— C=OH 87 CHF= clz —cl: = bu
oH CH, OH
41 CHz= é—«CH3 56 CH,— CHz— CH -—cnz] :
39 CH,= C =&n




CHAPTER 5
‘QUANTITATIVE ANALYSIS OF THE LIQUID AND GASEOUS

DEGRADATION PRODUCTS

5,1 Introduction

In the previous chapter the identification of the
degradation products was described. It was appropriate
to followuthis up by quantitative measurements.

The degradations studied were all carried out by the
sealed tube techniﬁue (2.2a) at two temperatures, 31300
and 332°C, so that the effect of both composition and
temperature of degradation on the pattern of breakdown
could be observed, A detailed analysis of the gaseous and
liquid decomposition products is given, the invéstigétion
of the residue being described in a latervchapter.

5.2 Analysis of the Gaseous Degradafion Products

(2) Analytical Techniques

(a.1) Gas_Chromatography

Thevtrace obtained using a silic; gel column
to analyze the gases evolved on the breakdown of a 50 mole
percent n-butyl acrylate copolymer heated for eleven hours
at 313°C was shown in Fig.k.l. From the trace it wbuld
appeér that the major produc# is butene, provided that the
sensitivity of the detector to each of the gases examined

is of the same order of magnitude. A determination of
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these sensitivity factofs was made by analyzing mixtures
of the pure gases (Mathieson Inc.) containing known
amountskof each of the components, made up by using the
constant volume manometer, (2.3a). The sensitivity factor
for a particular gas, k, relative to some standard, in
this case but-l-ene, was defined as the ratio of the areas
of the gas and but~l-ene peaks when equal pressures of gas
and but-l-ene are considered,

area of gas peak pressure of but-l-ene

k = area of but-l-ene peak pressure of gas

Sensitivity factors are listed in table 5.1 and
used in this context to calQulate the relative ﬁressures
of the wvarious gases preSent, taking the pressure of
butene as 100, Since propylene and n-butane are not
separated, an average value of the appropriate sensitivity
factors was used, It was not necessary to carry out
systematically such a detailed analysis on the other
copolymers, as it is sufficient to show that the but-l-ene
pPeak is by far the largest, so that its exact relationship
to the other gases determined by this method is of 11ttle
gonsequence. The value quoted in table 5.1 for methane
is of necessity lower than that actually present in the
evolved gases, since distillation under liquid nitrogen

was involved in preparing these product gases for g.l.c.
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" Table

G.L.C. Data for a 50,0 Mole

5.1

Percent n-Butyl Acrylate

Copolymexr Degraded at 313°C for 11 Hours,
Gas Area of Gas Peak Sensitivity| Pressure
Area of Butene Peak| Factor,k, Relative to

Relative to| Butene

But=l-ene
Methane 0.23 0.60 0.38
Ethane 0,03 0.96 0.03
Ethylene 0,05 0.70 0.07
Propane 0.04 1.54 0.03
Propylene 1.12 0.98} 1,39 1,01
n-Butane 1.80
Butene 100,00 1.00 100,00

Table 5,2
G.L.C., Data for a 16,3 Mole Percent n-Butyl Acrylate
Copolymer Degraded at 313°C for 16 Hours.
Gas Area of Gas Peak Sensitivity|Pressure
Area of But-l-ene Peak|Factor,k, Relative to
Relative to|But-l-ene
But-~l-ene
Trans
0.91 4,86

But~2-ene hok2 ? :
But-l-ene 100,00 1.00 100,00
Cis
But-2-ene 4,08 1,01 4,0b
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~
analysis , (2.6a).Remembering that to examine the
.permanent gases at all, large sample sizes were required,
it may be concluded that methane is a minor degradation
product in comparison to butene,

The isomeric butenes were separated using a benzyl
cyanide - silver nitrate column, (table 2.3), and'the
tracé obtained for the degradation products from a 16,3
mole percent mn-butyl acrylate copolymer at 31300 was shown
in Fig.l,2. It is to be expected that the sensitivity
of the detector to the butenes would be about the same,
and this was confirmed by onée again making up standard
mixtures of pure gases. The results are quoted in table
5.2 which also lists the reldtive pfessures of gases found
from the trace of Fig.4.2, assuming the pressure of
but-l~ene to be 100, Once more no detailed experiments
were carried out routinely on the other copolymers, it
being sufficient to show that but-l-ene is the predominant
isémer present,

Although the permanent gases make only a very small
contribution to the measured total gas pressure, it was
éonsidered of interest to examine in a semi-quantitative
fashion the relative amounts of carbon monoxide, methane,
and hydrogen present. To this end the sample bulb of the

gas sampling aﬁparatus, Fig.2.9, was filled with
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Table 5.3

G.L.C. Data for a 52.4 Mole Percent n~Butyl Acrylate

Copolymer Degraded at 313°C for 24 Hours.

Gas Height of Gas Peak Peak Height for |Pressure
Height of CO Peak One Atmosphere |Relative
of Gas Relative |to CO
to CO
Hydrogen 200 10,6 18.9
Carbon
Monoxide 100 ;.0 100,0
Methane 80 1.3 61.6




approximftely one atmosphere of each of these gases in
‘turn and the height of the'peaks obtained on the g.l.c,
trace measured. The column employed was silica gel used
as specified in table 2,3. Taking the height of the
peak due to carbon moﬁoxide as unity, these results are
shown in table 5.3f This table also lists the relative
height of the peaks shown in Fig.4.3, obtained from the
degradation of 1.5g. of a 52.4 mole percent n-butyl
acrylate copolymer degraded at 313°C for twenty four
hours, and gives the pressure of each gas relative to
carboh monoxide as 100, No further investigation of the
permaneﬁf gases was undertaken,

(a.2) Infra-red Spectroscopy

As detailed in (2.9a) plots of optical density
versus pressure were made for pure éamples of but—l;ene
and carbon dioxide and these are shown in Fig.5.1. Thé
use of these plots establishes that these gases constitute
the major pért of . the gaseous degradation products, since
such analyses show thét the total pressure of evolved
gases may be accounted for by carbon dioxide and butene
alone, This greatly simplifies the quantitative analysis
of the gaseous breakdown products, since routinely infra-

red measurements are all that are required,.
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(b) Treatment of Results

The method of examining the gases given in (2.9a)
involves a pressure measurement of total gas on the
constant volume manometer, Ptotal' The pressures
attributed to carbon dioxide and but-l-ene read from the
calibration'curves of Fig.5.1, were found generally to
come to about 5-150/0 more than the total gas pressure
as found using the manometer, ‘This same effect has been
reported in connection with measurements of the gaseous
products of decomposition of polyacrylates 29. Thus
~infra-red data were used to find the ratio of the pressures

of carbon dioxide, (P to but-l-ene, (P

CcO )’ but—l-ene)‘

2
Corrected pressures,CP and CP e v Were found

002 but=l-en

for each of these gases such that,

CP P

co co
2 = 2 e o e 800 b0 (1)
CPbut-l-ene Pbut—l—ene
and Piotal = Fco, * CP. ¢ 1 eme ***ceee(2)

A typicai calculation for a 16.3 mole pergent
’ . ¢ N . o . N
n-butyl acrylate copolymer degraded at 313°C involves
Plotting total gas pressurey, P . 4, against time of

' -
degradation, then reading off values, P, . ., from this

curve at suitable intervals, in this case two hour periods.
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Graphs of Pco2 and Pbut-l-ene are then plotted from the

‘infra-red data, and values, Péoz and P;ut-l-ene sread off
from these curves every two hours. From these measure-
ments values of CPCoz and CPbut-l-ene are calculated
throughout the degradation from equations (1) and (2).
These plots'are shown in Fig.5.2 and the data presented
in table 5,4, A similar treatment was used for all the
other copolymers examined., Plots of total gas pressure,
carbon dioxide pressure and but-l-ene pressure are given
in Figs.5.3-5.8, and the data shown in tables 5.5-5.10.

Measureable amounts of gases were nbt evolved from
the 0.4 mole percent n-butyl acrylate copolymer examined,
while only carbon dioxide was detected from the

decomposition of a 3,9 mole percent n-butyl acrylate

copolymer at 313°C. In the latter case Ptotal = CPCo
2

so that infra-red measurements were not required,

In order that a comparison of the amount of gases
evolved from thé copolymers examined can be made, plots
of the number of millimoles of gas per gram of_initigl
- polymer are shown in Figs.5.9-5.13, and the data 1isted
in tables 5.4-5,10, These calculations were made taking
the temperature of measurement of gas pressure as 20°C,
and using a valﬁe of 53.58cc. for the volume of the

constant volume manometer, Fig.2.k,. .
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Fig.5.7 Gas pressure plots for a 50,0 mole percent
n-butyl acrylate copolymer degraded at 33200.




ﬂ% 149 o

—®
100
75
bo .
m -
£
E
0
9 50 »
g X
1]
n
o
4
A
25
X CPbut-l-ene
0 ! 1 ? | 1
(¢] 5 10 15 20 25

Time of Degradation (hours)

. Fig.5,8 Gas pressure plots for a 93.4 mole percent
n-butyl acrylate copolymer degraded at 332°cC,




*am aowmATod TetratTul

0°T| O°T| O°T| O°T| 6°0| 6°0| 6°0} 8°0| 9°0| #°0| OOT X e 56 30T TN

gzz*|9zze|oge | LTe | 2T2 | 608" [#6T* | TLT®*|6£T*| 060° |aemiTod *3 aad Cop setrow*w

H
A . Te30%
- G*9zZ|G*92|0%°9g| q*Ge|6° e h ne |0 cz| 202 2°9T| 9°0T (€°9°31d) 4
- ¥
oo 8T 9T #T cT 0T 8 9 7t 2 sanoy ‘uoTjepeadsg JO SwWTL]
"BeHEto = uFren <*9z|0°9z|9 nz| 9° 12| #°ST| 9°0T Te¥9%
JowATod TeT3Tul
8T 9T IT Gg*9 | # 2 sanoy‘uofirepealdeq JO euw]
*0,ETE

e poepeaf8eg aewmATodo) ejzeTiAxoy TLyng=-u o\o OTOW 6°C © JI0F B3R UOTINTOAF sBDH
g°S eTqel



. . . . *am aewdAtod TRTaTUI
T°g | 6°L | 9°L | 24| g8°9| z2*9 | T°G | L°€C | o°z| OOT ¥ 589 30 FUSToN
JowfTod
Liye | Line | Line |qlne |Sone | onne | 6L€° | 992 |9sT* *3 aod oue-=T=3nq sOTOW*W
Cz°T | 6T°T | 2T°T |Ho*T |TG6° | 2He° |989° |98x* |gsz° JowmATod *3 aod NOO seTow®w
6°69 | 6°69 | 6°69 |S°69 |€°89 |S°Ho |S°6S |6°TH |8 =2 eUe=T=3Mq 45
%00
T°O8T| T°GLT| T°HOT|L*2GT|9°6CT| G °C€CT|S°00T| I°TL |2°LE dd
1 Te3023
| 0c082| 0°6%Z| 0°HEZ |2 227 | 6°L0Z| 0788T| 0°9ST| 0ETT| 0°09 (q°g*314a) | |
o
| oo 9T HT 2T oT ) 9 % 2 sanoy ‘uotjepeade JO SWTL],
*30EH*0 = FUIToN Te30%
TowkTog | ¢°8WE|0°9TZ|8°E€8T| S TLT|2°02T|8°24 d
TeT3Tur :
9T G'TT |8 G*9 % Z sanoy‘uoryepeadeq JO OWTL]L
*0,€T€

3e peopeafeg JaawATodo) 93BvTAXOY TLAing-u o\o 9TON Q.Om B I0J ejed noﬂunﬂo>m s8y
. 9°¢ o1qeyl




*qaM aouwitod TeTlTUTL
6°6 0°6 o°g 8°9 U G°¢ OOH x sed Jo 3UITeM
, JowATod
T89° | L€9° |685° | 925°* |ocy® | €6z *3 xod eue~T=3nq BeTOW °*W
1621 |€z°1 |20°T | a8 | Lo |gTye| TowATOd 3 od Cop serourw
L°z9 |S°8S |T°HS |%°8h |S°6C |8°9z PUS=T=a0q 1
*3oLz*0 = . . . . . . 00
. auSTen €°9CT|G°CTIT|6°86 | T°I8 | G°29 |2°Q¢ mo.
‘o
SN JawlTog
~ 0°68T|0°2LT|0°€ST|S*°62T| 0°20T|0° sgegtg) LeFO?
_ reTaTUT 8 4 ST| S T <9 (6°S°3Ta) Yo
cT oT 8 9 i red sanoy ‘uotgepealeq Jo ouwT]
*sanoy gT o3 dn sawf] uoIjepeIxfdeqg JI0J pojeInored elred V JLivd
0°€sz|0*0€z|6"6zz|e Cee| S*€02|0°2LT|6°CCT|8°ITT| 0° 0y 8303 4
r49 cc 8T G°CGT | S°€T [S°OT |9 € (4 sanoy‘uotjepeadoeq Jo ewT]
*0,€1IC

3e popexdeg asmAtodo)d ovdﬁhho< thimln o\o OTOW Z2°2g U®B JI0J ¥V UOFINTOAFY seH
, L*S oTqel




*3oLz*0 =
Y3 TOM
JowAhATOod

Ter3Tur

_-v153 -

. e | oo . . . *am Joudtod TRT]FUI
1 na H#°2T [ 2°2T [ 8°TIT |€°T1T | 9°0T. 00T X 5e3 3o 3UITOR

. JowATod

2598° | TT8® |L08° | 48L° |6GL® | 6TL® *8 xod eue=T=3nq seTowW®w

O6°T | 6L°T |€L°T [ LO9°T |6S°T |0S°T | xewdTod *3 xod ©00 setouwem

€°8L |9°nl |2°nl | Hw°2L |8°69 |€°99 RO &

"Co0

LoHLT| 6°HOT| L 6ST| 9°CAT| 7°owT| L°LET do

0°€52| G*6€2| 6°€C2| 0°9z2| 2 912| 0* 40T (6°¢*%ra) %%

oo YA 02 8T 9T T sanoy ‘uotyepeadsq JO SWTE]

*SINOH ZT UeYl JI92vaJIH SoWT] UOTIepexSeq JI0F pogzeTnorTed eled 9 Ldvd
*0,£TE |
3e popreaSeqg asuwiATodo) 93eTLI0V TLing-u o\o OTOW Z°2Q uUe J0J ejled UOTINTOAF seH
(*pauod)/*g oTqel




o°* Le . . . . . *qam aswdtod Ter3Tuy
#T ST} C°TT| 9°6| 8°4L| L°G| T°¢€ 00T X 555 3o auTToN
xomATod
90°T| €96°| Li8° |62L*| 94S* | 2h*| Hee* *3 xod oue=T=3nq SOTOW W
28 T| L9°T| Ly T|92°T|20°T| €SL*| SCH*| xowhTod *3 aed %op serowmw
9°0€| Lo Lz| 4wz |0 T2| L 9T| € 2|5 9 eue=T=3M40
. en = r4
9580°0 = 6°25| €ogn| 9*en|S oc| g 62| LoT2| S 2T 0249
y JyIToM
= TowdTod S*€g| 0° 9L 0°L9|S*LS| S 90| 0°HE| 06T (9°6°3ra) 7%
uly TeT3Tux '
! T T OoT 3 9 # 4 sanoy ‘uoraepexldeq JO owWT]
*sanoy 4T 03 dn sawT] uoT3epRITSg JI0JF PezwvINOTR) ®led V JUVd
0°LOT| 8°TOT 8°68] 8°€8|2°99|6°65| 6°SH|0°62 Te30%4
0¢ he G°QT [GL°€T|OT 8 9 € sanoy ‘uotjepeadeq Jo owWT]
*0,€TE

2e pepexlog asuwAtodo)n sjqeTLaoy TLAIng-u o\o 9TOW #°C6 © JI0F ejeq UOTINTOAH seH
8°G eTqel




- 155 -

*qam JoumATod TeT3TUI
sed Jo jyITem

JeumATod

ST | ®e®T [ ®2°T | #2°T | CS°T|6T°T|HTI T *2 aod oue=T=j3nq soTowW W

LLT | %°LT |2°4T | 6°9T | S ot g°sT|T°¢T| o0OT X

Zhez | 9€*2 |z€2 | S2*2 | 81°2|L0°2|96°T | asuhTod *3 aed %pp seTow*w

6°6€ | 6°6¢ | 6°6¢ | 6°5¢ | nosc|wong| TocC . Sue=T=n%5
oo
*34680°0 = T°0L [ 9°89 | T°L9 | T°S9 | T°€9|T*°09|6°9¢ do
JyITem
TowATod 0°90T| S*#0T| 0°€OT| 0°TOT| $°86|S° 46| 0°06 (9°G*91a) Hc»owm
TeTaTur
oo 9z 32 zz |oz |8t |9t sanoy‘uorrepexdeq JO OwLl

*SaNOoH #T UueYJ I33eOIH SOWE] UoTIepeadeq a0F pojeInoITed Bied g Luvd
. "0,ETE |
- 3e pepexZeq aouwdrodo) a3eTLaoy TLing-u o\o OTOW #°€6 & I0F ®BIRJ UOFINTOAH sBH
(*p3ruod)g*g oIqel




o o . o . N *qm JgowdATod TeT3FUuI
I°2T |2°TT 9°6 Lol 9°¢ (AR 00T X 555 Jo auTToN
aswATod
T28° | LGL® | Ly9o* |H#TS® | H9€° | Goz° *3 Jod ouse=T=3Nq soTOW®u
TL°T |8S°T |9€°T |OT°T | STI8° | #G4H* aeudtod *3 xed 200 seTow*m
8°96 268 |S°9L |[L*09 |6°2n | € nz eue=I=ainq,,
*Jongco = 2
. - 0°202| 0°98T| 6°09T|L*62T| €°96 | 6°¢€¢ 0040
V) Jowdtod
o TeTgTuT 8°862| 2°GLZ| #°LEZ| #°06T| 2°6€T| 8°LL (Leg*81a) '°F°%
N N 1)
[
9 q # € 4 T sanoy‘uotjzepeafeq JO owELl
*sanoy 9 o3 dn sewT ], UoTjepeadag JI0J pejreInoTed ezed V Luvd
o*wee| gecnel Letee| croLz| o Lez| € Lot| T 08 T304
(A g°6 L 9 f gz Gz*T| sanoy‘uorzepeadeq Jo ewTl
*0,2€€ )

3e pepexldeqg JsuwdATodo) ajzeIhLaoy TLIng=u o\o 9TIOW 0°0G ® X0J ele(d UOTIINTOAH seH
. 6°S °Tqel




o, . . o . °qm xsmwhATod TeTaTUT
8°CT | 8°CT | L°€T |€°€CT | 8°2T 00T X S5 50 FuSTeR

‘ . JewAiTod
2z6° | 2T26* | 2T6* |668° |L9S*® *3 aod eue-T=-3nq soTowWuW

96°T [96°T | #6°T |88°T |T8°T |aowhrod *F aed %0p seowem

1 6°80T| 6°80T| 6°80T| 6°S0T| £°20T | ous=T=3nq
n . . . . . . 05
,1 auSten 2*1C2Z| 6°0C2| 9°Qze|9°TTE| €T , 00,4
(. v
JomATOod . eron
TeTaTUT T*OHE|Q°6EC| G°LEC| G°L2E| T°OTE (L*G*9Ta) Ya
oo OoT 6 3 L sanoy ‘uorgaepeideq JO SWTIIL

*SaInoy ¢ UBYL JI93BOI)H SOwWL] UOIjepwIFe) J0F PeBINOTE) Blred € JLuvd
ORARE .
3t popeadeg aaudAtodo)y sjeTAxoy TLing-u o\o 9TON 0°0G ® I0JF ejed UOFANTOAT §BD
, (*p3uod)6°g sTqe]



*36L0°0 =
FUIToM
xawATOodg

TeTaTur

- 158 -

. o o . o . *qM JowdTod TeTaTFUuT
G°6T [9°QT |€°LT|H°ST|L°2T| T°6| o0OT X 5o Fo auIToN

JgowmiTod

9G°T |6K#°T | TH*T|S2°T|60°T|S8L" *3 aod oue~T=3nq soTOW W

on*z [€€°2 |HT°2|{06°T|TS°T[80°T|xomhtod *8 xod %gp seTowmem

o°zy |€°on |8°LL|BCEC|C 62| 0°TT ML

00

0°99 [4°*°29 |L°LS|2°TG|L°0oH| 062 do

0°80T| 0°€0T|$°S6|0°S8|0°0L| 0°0¢ (geg+Fra) ¥

A oT 8 9 } 4 sanoy ‘uoTqepeadoq JO owT]

*sanoyy gT o1 dn sowT] uoTjepuxfoqg

I0F pojeIndTed e'led V JLUVd

0021 0°LTT] 0°80T| 2° 46| 2° 09 Te30%
He G°8T [ S°OT | 4 (A sanoy‘uoyjepeideq JO owT]
*0o2tE

3e pepreadeg aswdATodo) e3eILAIOY TLA3ng=-u o\o OTON H°€6 & I0F BlBQ UOFINTOAH S8H
; 0T*S °oTqel




- 159 -

*36L0°0 =
FUITON
JowATod

TeTaFul

o . . . N . *am aswhAtTod TeTraTUul
LeTZ |9°T2 |H°*°1e |e°1T2 {g°0C |2*02 00T X 559 o FUSToN

JawATod

QLT | QLT |GL*T |€L°T |89°T |{29°T *3 aod oue=-T=3nNq SOTOW W

L9°z |S9°z [€9°2 |29°2 |86°2 |€5°2 |axewhtod *2 aed Yop serow w

zegn | 6°4y |2°Lly |9°9on | €6 |8°Cy SUO=T=3Nq 14

00

8°TL | €°TL | 8°0L | #°0L | L°69 [2°89 do

0*02T| 2°6TT| 0°8TT| 0°LTT| 0°SGTT|0°2TT (8°5*27a) Hmaowm

oo ce (0¥ ST 9T 1 sanoy‘uoryepealeq JO SWTL]

*sanoy gT UeBY] I97LoIH

SowT] UoTjepeafed JI0F PO3BINOTED BIed d Luvd

.Oo

2ee

1e pepex8og aawdATodo) 931eTAIOY TAINg=uU o\o STON H#°*°€C6 e I0F B3e(Q UOTINTOAY sBY
(*p3uod)0I°*S °Tqel ,




- 1'60 -

0.3
13
)
8
n
a A S— N
3 02 s
&0
~N
o
®oa A a 'éO‘
b 2
g . .
o
: (a)
=1 0 l i I |
9] 0.6
)
g
"
~
°
=}
« 0O4
S 0
a Cc
)
i 2
% X . But=l-ene
b Q2
A (b)
=]
E. S X X ta ¥ —X
g
0o 1 1 { ]
(o] 5 10 15 20

Time of Degradation (hours)
(2) 3.9 mole °/o n-butyl acrylate copolymer,
(b)16.3 mole °/o n-butyl acrylate copolymer,

Fig.5,9 Gas evolution plots for copolymers degraded
at 313°c.




- 16] -

1.4
" 12 |
g
> 1.0
)
2
0.8
)
Y
o
8 . )
m 04 )
Qo
-
g 02
é - Butel-ene
o) 1 ! I
1.5
1 :
£
-
Qo
2
0w 1.0 |
N
0
@
&
]
()]
s 0.5 + '
S. . a C:O2
B X But-l-ene
(b) =
o { 1 I !
0) 5 10 15 20

Time of Degradation (hours)

(a) 50.0 mole /o n-bufyl acrylate copolymer,
(b) 82.2 mole °/o n-butyl acrylate copolymer.

Fig.5.10 Gas evolution plots for copolymers degraded
at 313°c.




2.0 F
: 33 1.5
0 )
S
~{
©
R
&
n 10 -
®
&0
0
()]
S - Cco
& : & VY
. 05 '
B , S - X But=l-ene
0 1 1 1 1
0 , 5 10 - 15 20

Time of Degradation (hours)

Fig,5.11 Gas evolution plot for a 93;& mole °/o |
n-butyl acrylate copolymer degraded at 31300.




m.moles gas/g. polymer

20

15

1.0

05

- 163 -

s CO2
X But-l-ene

! i

5 10

Time of Degradation (hours)

Fig.5.12 Gas evolution plot for a 50,0 mole o/o

n-butyl acrylate copolymer degraded at 332°C.




. oo,

X But-l-ene

] 1 I 1

2.5
20 |
H
8
"
~
[o]
A o115
&
~
n
d
8
)]
@ 1.0
~{
©
g
B
0.5
(o)
o)

Fig.5.13

5 10 15 20

Time of Degradation (hours)

Gas evolution plot for a 93.4 mole °/0
n-butyl acrylate‘ copolymer degraded at 332°C.




- 165 -

In order to obtain a mass balance, the percentage
by weight of the gaseous products was calculated, These
values are given in tables 5,4~5,10.

(e) Discussion of Results

It is clear from Figse5.9-5.13 that, as expected,
the amount of both carbon dioxide and but-~l~ene per gram
of initial polymer increases with increasing acrylate
content for a fixed temperature of degradation, and that
it also increases with increasing temperature when
copolymers of a given composition are considered.

Another trend is that the molar ratio of carbon
dioxide to but~l-ene at infinite degradation'tiﬁe,
table 5.11, decreases both with increasing acrylate
content and with increasing temperature.

An interesting quantity is the amount of but—l;ene
produced per gfam of n-butyl acrylate in the original
copolymer, for if but-l-ene production is associated with
single acrylate units, then this quantity would be
‘expected to stay constant over the copolymer composition
range examined. In addition but-l-ene production would
be expected to occur even when acrylate units are presént
as isolated entities. The fact that but-l-eng is evolved
on the degradation of a 16.3 mole percent n-butyl

: o
acrylate copolymer, when more than 75 /o of the acrylate
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units presenf are flanked by methacrylate units, indicates
-that sequences of acrylate units are not required for the
production of this gas. The data in table 5,12, however,
show that the amount of but-l-ene obtained from any given
n-butyl acrylate unit depends to some exteﬁt upon the
acrylate content of the polymer, This apparent anomaly
might be explained by noting that a first step in the
ester decomposition reaction of polyacrylates to olefin
and acid is the abstraction of the tertiary hydrogen atom
on the polymer chain, Fig.l.3. This initiating step is
more likely to occur the higher the concentration of
acrylate units since the acrylate radical is more reactive
than the methacrylate radical, which prefers to depolymerize
rather than to take part in hydrogen abstraction reactions
such as this. |

5¢3 Calculation of Mass Balance Data

The pefcentage by weight of gas evolved on degrédat-
ion of the copolymers has already been calculated,
tables 5,4-5,10, Similar data for the liquid products,
°/oL, and the residue, °/oR, are given in tables 5.,13-5.19
and plotted in Figs.5.14-5.22 as percentage of initial
weight of copolymer versus time of degradation., From both
the liquid product and residue curves for each polymer

: . o !
values of the percentage of liquids, /oL , and percentage
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Fig.5.14 Residue and liquid volatile plots for a 3.9
mole percent n-butyl acrylate copolymer
degraded at 313°C.
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Fig.5,15 Residue and liquid volatile plots for a 16.3
mole percent n-butyl acrylate copolymer

degraded at 313 C.
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- degraded at 313 C.
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Fig.5.17 Residue and liquid volatile plots for an 82,2
mole percent n-butyl acrylate copolymer
degraded at 313°C.,
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 Fig.5.18 Residue,'chain frégment, and liquid wvolatile

plots for a 93.4 mole percent n-~butyl acrylate
copolymer degraded at 31300.
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Fig.5.,19 Liquid volatile and chain fragment plots for
' a 50,0 mole percent n-butyl acrylate
copolymer degraded at 332 C.
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Fig.5.20 Residue plot for a 50,0 mole percenﬁ n~butyl
acrylate copolymer degraded at 332%.
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Fige5.21 Liquid volatile and chain fragment plots for
a 93.4 mole percent n-butyl acrylate
copolymer degraded at 332°C.
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residue, o/oR', were read off at suitable intervals and
‘are given in tables 5,13-5,19, In the case of copolymers
of high acrylate content curves of chain fragments as a
percentage of initial weight, O/oC, are plotted in
Figs.5,l8,5.19 and 5,21, The data used to construct

these curves together with o/oC', the percentage of chain
fragments with respect to initial polymer weight read off
at suitable intervals from the three figures just mentioned,
are given in tables 5.17=5.19, The weight of residue was
determined by weighing the section of the sealed tube in
which it was contained, cleaning and re-weighing, a similar
procedure being adopted for measurement of chain fragﬁents
and liquid volatiles, As a check for copolymers of high
methacrylate content the weight of residue was found by
dissolving it in toluene, the resulting solution being

made up in a standard flask and the concentration of a

. known volume'determined."This method could not be used on
all of the copolymers examined because of the insolubi}ity
of some of the residues,

5.4 Analysis of the Liquid Degradation Products

(a) Analytical Techniques

The liquid products of degradation were analyzed by
gel.c., (2.6), Since it was shown in the last chapter that

good separation of methyl methacrylate and n-butanol was
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not obtained on a 1°/o S+E.30 column, it was decided
‘for quantitative measurements to use a lOo/o dinonyl
phthalate (D.N.P.) column, table 2.3, A typical
chrbmatogram is shown in Fig.5.23 and table 5.20 gives

the retention times of the peaks of interest.,

Table 5,20
Peak no, in Component Retention Time
Fige5.23 (minutes)
1 Methyl Methacrylate 8
2 ' n-Butanol 10

As detailed in (2.6b) for each determination a
known weight of a suitable standard, cyclohexane for the
D.N.P. and éthyl benzoate for the S.E.30 column, was
added to a weighed amount of sample, The sensitivity of
the detector to pure samples of the liquid degradation
products was determined by injecting mixtures of known
composition into the chromatograph, the results being
quoted in table 5.21. Once these factors had been
determined the percentage by weight of any of these
components could be found as described in (2.6b)., in
Qopolymers of high methacrylate content it is very
difficult to remove the last traces of toluene from the
films deposited in the sealed tubes. These small amounts
of solvent canAbe allowed for by determining the exact

amounts present by quantitative g.l.c. measurements,
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Table 5,21

1°/0 S.E.30 Column

Component Sensitivity Factor Relative to

Ethyl Benzoate

n=-Butyl Acrylate 0,33
n-Butyl Methacrylate 0,29
10°/0 D.N.P. Column
Component Sensitivity Factor Relative to
Cyclohexane
|Methyl Methacrylate 0.51
n-Butanol ' 0.40

Table 5.22 shows the percentages of .each of the
four liquid compoﬁents analyzed for, with respect to the
total weight of the liquid fraction; The difference
between the sum of the percentages in table 5,22 and
100°/0 may be accounted for in terms of short chain
fragments which have distilled into the caﬁillary portion
of the sealed tube during degradation, It was not
 possible to put a reliable value on the small amounts of
n-butyl acrylate found in the breakdown products of the
93,4 mole percent copolymer, so that the term "trace}
‘implyiﬁg less thén.one percent, is used in table 5.22.
A similar situation is found with both n-butyl acrylate

and n-butyl methacrylate in the dggradation products of a

-
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Table

5.22

Analysis of the Liquid Degradation Products

Copolymer |Temp., of|Time of o ° ° o
Composition| Degdn. Degdn. /oMMA /unOH /oBuA |~ /oBuMA
(mole °/o (°c) (hours)
BuA)
313 2 100 nil nil nil
0.k 313 4 100 nil nil nil
313 12 100 nil nil nil
313 37 - 100 nil nil nil
313 2 100 nil trace} trace
313 L 95 nil trace| trace
3.9 313 6.5 99 nil trace| trace
313 - 8.5 97 nil trace| trace
313 16 98 nil " trace| trace
313 18 97 nil trace| trace
313 2 70 nil 2 L
313 b 75 nil 3 2
313 6 76 nil 5 4
16,3 313 8 65 | nil 3 3
313 11 70 nil - -
313 16 78 nil - -
313 18 74 nil 4 3
MMA = methyl methacrylate
‘BuOH = n-butanol
BuA = n-butyl acrylate
BuMA = n-butyl methacrylate
= less than one percent

"trace"

value not measured
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Table 5.22(contd,)

Analysis of the Liguid Degradatién Products.

Copolymer | Temp, of|Time of o o o, °
Composition| Degdn. Degdn. /oMMA |~ /oBuOH| °/oBuA|”/oBuMA
(mole °/o | (°c) (hours )
" Bua)
- [ 313 2 21 11 8 6
313 L 25 20 5 v/
313 6.5 20 31 7 5
50,0 313 11,5 | 22 Ly - -
313 15 26 Ly - -
313 16 22 34 9 6
313 24 22 33 9 6
313 3 1 25 1 1
313 6 2 34 .2 1
82.2 313 13.5 1 48 - -
313 15.5 | 2 | 46 - -
313 18 2 L5 2 1
313 22 1 L 2 1
313 2 nil R2 trace | nil
313 3 nil 28 trace | nil
313 4 nil 32 trace | nil
313 6 nil 53 trace | nil
93.4 313 8 nil 77 trace | nil
313 10 nil 71 trace | nil
313 13.75 | nil 72 trace | nil
313 18 | nil 64 trace | nil
313 24 nil 64 trace | nil




Table 5.,22(contd.)
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Analysis of the Liquid Degradation Products,

24

- Copolymer |Temp. of|Time of o o o o
Composition | Degdn, - Degdn, /oMMA |"/0BuOH | "/0Buk | "/ oBuMA
(mole °/o (°c) (hours)
BuA)
332 3 nil | 57 trace| nil
332 7 nil 58 trace| nil
93,4 332 10,5 nil 72 trace| nil
332 12,5 nil .70 trace| nil
332 18,5 | nil 79 trace| nil
332 nil 77 trace| nil
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3.9 mole percent n-butyl acrylate copolymer,

(b) Treatment of Results

As the percentages of methyl methacrylate, n-butyl
acrylate and n-butyl methacrylate noted in table 5,22 do
not change in a systematic fashion with degradation time,
an average value for these quantities, Va, was used, Va
represents the percentage by weight of a compound with
respect to the weight of the total liquid products;

Since the percentage of liquid products with respect to
~initial polymer weight, o/oL', is listed in tables 5.13-
5419, the percentage of a component with respect.to
initial polymer wéight can be calculated throughout the
degradation, It is most convenient here to express the
concentration of product in terms of millimoles of
-product per gram of initial polymer, and table 5,23 lists
the concentrations of methyl methacrylate,‘n—butyl
acrylate and n-butyl méthacrylate in these units., For
any given copolymer the percentage of n-butanol in table
5.22 changes in a regular fashion as the degradation
_proceeds, and is plotted in Figs.5.24 and 5.25 for 50,82.2
and 93,4 mole perceht n-butyl acrylate_copol&mers.

Valueé from these curves taken every two ﬁours were used
to calculate the number of millimoles of n-butanol

produced per gram of initial polymer as degradation
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to liquid products

to liquid products

1 | 1 1
(0] 5 10 15 20
Time of Degradation (hours)

() Degradation temperature 313°C.,
(b) Degradation temperature 332°C.

Fig.5.25 n=-Butanol production as a percentage of the
total liquid products for a 93.4 mole
’percent n-butyl acrylate copolymer,
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proceeds, which is listed in table 5.23. The production
‘of methyl methacrylate and n-butanol is shown graphicallj
in Figs.5,26~5,28,

Although the analysis of the liquid products from
the degradation of a 0.4 mole percent n-butyl acrylaté
copolymer is given in table 5.22, no data appear for this
“copolymer in table 5.23 since systematic measurements of
the production of volatiles were not considered to be
necessary as they would add little, if anything, tolthe
information already obtained, L

A detailed mass baiance for the copolymers-
degraded is given in table 5,24, The percentége by wedight
of total chain fragments was obtained by adding the
percentage of chain fragments, if any, to the percentage
of short chain fragments found in the liquid products.
‘This latter quantity was determined, as previously
mentioned, by subtracting the sum of the percentages of
alcohol, n-butyl acrylate, n-butyl methacrylate and methyl
‘methacrylate from the total percentage §f liquid volatiles,
and since it was determined by differehce and not directly,

~is subject to quite large errors.

(c) Discussion of Results -
As expected. the amount of methyl methacrylate found

~in the degradation products decreases while the amount of
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m.moles/g. polymer

(a)

m.moles/g. polymer

(v)

i L I
o :
(3] 5 10 15

Time of Degradation (hours)

(a) 3.9 mole °/o n;butyl acrylate copolymer,

(b) 16,3 mole 0/o n-butyl acrylate copolymer,’

Fig.5.26 Plots of methyl methacrylate production
| at 313°C.
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Fig.5.27 Plots of methyl methacrylate and

n-butanol production at 313°c,
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(a2) Degradation temperature 313°C,

(b) Degradation temperature 332°C,

Fige.5.28 Plots of n~butanol production for a
93.4 mole /o n-butyl acrylate

copolymer,
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alcohol increases with increasing acrylate content,
‘n=Butanol is not produced until the acrylate content
reaches 50 mole percent, table 5,22, that is until
acrylate units are present in sequences., From the curves
for the production of n-butanol at 313°C, Figs.5.27 and
5.28, if may be seen that the rate of alcohol evolution
reaches a maximum after about seven hours degradation,
which could imply that the formation of alcohol is auto-
catalytic in nature, Although Cameron and Kane 7 made
no mention of a similar effect for methanol evolution in
the degradation of poly(methyl acrylate), this kind of
behaviour has been noted in other investigations of
alcohol production from polyacrylates 29. It has been
suggested that this effect is a result of the increasing
rigidity of the polymer molecule as degradation proceed529.
If this is correct, then as the temperature of degradation
is raised, if would be reasonable to suppose that the
occurrence of such a rate maximum would be less
pronounced. At 332°C, Fig.5.28 shows that, for the
degradation of a 93.4 mole percent n-butyl acrylate
copolymer, no rate maximum is evident. This will be
discussed more fully in a later chapter,

In table 5.25 the concentrations of n-butyl acrylate

and n-butyl methacrylate at infinite degradation time are




listed, the data applying to a pyrolysis temperature of

'313°C.
Table 5.25
Copolymer Composition n-Butyl Acrylate [n-Butyl Methacrylate
(mole °/o n-butyl (memoles per (memoles per
“acrylate) g. polymer) g. polymer)
3.9 trace trace
16,3 0,28 0,19
50,0 , 0.39 0.27
82,2 ; 0.08 0,0k
93.4 o trace nil

At first sight it appears anomalous that‘while a
50,0 mole percent n-butyl acrylate copolymer ﬁroduces on
degradation 0.39 m.moles/g. polymer of n-butyl acrylate
monomer, a copolymer céntaining 93.4 mole percent acrylate
only evolves trace amounts of this compound. - This kind
of effect, however, has also been reported by McCormick 58
ﬁho found that the amount of ethyl acrylate evolved from
a 25 mole percent ethyl acrylate -~ methyl methacrylate
copolymer was more than twice that evolved by the acrylate
homopolymer, although the copolymer contained only one
quarter the amount of acrylate., One explanation is that
the acrylate monomer is produced in a depolymerization

reaction initiated at methacrylate chain units, capable of

unzipping through some of the acrylate units, before
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term;nation occurs. In the acrylate homopolymer no
"methacrylate units are available to initiate such
depolymerizations, and since acrylate radicals prefer to
fake part in transfer reactions rather than to
depolymerize, very little monomer is produced.

n-Butyl methacrylate is obtained in highest yield
from the 50,0 mole percent n-butyl acrylate copolymer,
which is consistent with the idea that its production
depends upon the number of acrylate - methacrylate
linkages in the chain,

With-increasing acrylate confent the percentage of
chain fragments increases reflecting the increasing
number of transfer reactions taking place during
breakdown, The stability of the copolymers is shown by
the greater percentége of residue found for any given
time of degradation the greater the percentage of
n-butyl acryiate in the original copolymer.

Use of a higher degradation temperature favours
the production of gases, liquids ana chain fragments at

the expense of the residue,




CHAPTER 6

INVESTIGATION OF THE RESTDUE AND CHATIN FRAGMENTS

6.1 Introduction

In the last chapter a thorough examination of the
gaseous and liquid degradation products was made, It is
now appropriate to investigate the other products of

decomposition, namely the residue and chain fragments,

6.2 Investigation of the Residue

(a) Spectroscopic Technigues

(a,1) Infra-red

For copolymers of high methacrylate content
the entire residue was found to be soluble in'carbon
tetrachloride, so that spectra of both the degraded and
undegraded material could be run in solution. Aé the
acrylate content of the copolymer is increased, the residue
becomes increasingly insoluble in organic solvgnts so that
some other technique must be used to obtain spectra.
Grinding the residue with potassium bromide and pressing
the mixture to form discs was not very successful because
of the difficulties of grinding a rubbery material., The
Eest method found for such copolymers consisted of
applying a solution of the undegraded polymer in toluene to
two salt plates and removing the solvent in a vacuum oven

at 80°C. The ﬁlates were then placed together, the polymer
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film being sandwiched between them, and the whole assembly
‘degraded in a sealed tube. Fig,6.,1 shows a typical
spectrum of an undegraded copolymer together with a
spectrum of the same material after degradation between
salt plates at 31300. These differ in that the spectrum

of the pyroiyzed copolymer has a shoulder at.l760cm:l on

the carbonyl peak, and a new peak at 156Ocm?1, while the
other absorptions have broadened. Only degradations carried
out on salt plates showed the new absorption. The shoulder
at 176Ocm'.'l becomes befter defined when both the acrylate
content §f the starting material and the time of degradation
are increased, In addition to these absorptions, the 93.A4
mole percent n-butyl acrylate copolymer exhibits a small

peak at 16050m71, which has also been reported for the

- degradation of pure poly(n-butyl acrylate) 29.

Dealing firstly with the absorption at l5600m71, the

‘possibilities are strictly limited, the only likely

assignment being that of a carboxylate ion f:::O « The
o0

most reasonable explanation is that ester decomposition

reactions, Fig.l.3, leave carboxylic aéid reéidues pendant

to the main chain. Under the experimental conditions these

vmay react with the salt plates to form the appropriate

sodium salt. If this explanation is correct, a polymer
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such as poly(methacrylic écid) éhéuld, undér similar
‘conditions of degradation, show a similar absorption at
15600m:l Because of the insolubility ot this polymer in
solvents suitable for coating on salt plates it was'
ground pp'with sodium chloride and degraded in a sealed
tube at 313°C for seven hours, A sample of pure
poly(methacrylic acid) was similarly degraded underx
identical conditions as a control., The sample heated’
with sodium chloride had an absorption at 1560cmTr, while
the control sample had not. Neither does undegraded

| poly(methacrylic acid) absorb in this region. To check
that copolymers of high acrylate content showed this
absorptioh.when degraded as a mixture with sodium chloride,
a sample of the 82,2 mole percent n-butyl acrylate
copolymer was degraded in this way,’the new'absorption
appearing as expected. These experiments confirm the
general nature of this absorption.

The shoulder §n the carbonyl peak at 176Ocm':l may be
ascribed to a Y lactone, an af unsaturated Y lactone, orxr
a BY unsaturated 6 lactone, It has been postulated that
anhydride groups may be formed in the residue. These
functional groups have a doublet absorption at .about
1800cm>t and 1760cm'.'l No peak at 1800cmTY was observed in

the decomposition of the copolymers, but it should be
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pointed out that the reaction of the acid residue with the
'salt plates may take plaoe‘in preference to anhydride
formation so that production of anhydride units cannot
definitely be ruled.out by this result., Recently, however,
an RM-100 Rotomill (Research and Industrial Instr. Co.)
has become évailablé, and can be used to prepare
acceptable potassium bromide discs from the residue
resulting from decomposition of copolymers of high acrylate
vcontent. An examination of the 82,2 mole percent n-butyl
acrylate copolymer by this technique showed no absorption
at lSOOcm':l so that production of anhydride in the residue
can be dismissed,

The absorption at 16O5cm':l can be attributed to
conjugated carbon-carbon double bonds,.

(a.2) U.V.-Visible

As degradation proceeds the colour of the
residual polymer goes through yellow to brown aﬁd for
similar extents of decomposition the copolymers of greater
acrylate content exhibit more pfbnounced coloration, U.V.-
Visible spectra were run of polymeric films deposited on
‘the base of a silica flange, a procedure which was found
to be necessary since suitable solvents for the copolymers
did not have sufficient transmiﬁtance in the U,V. The

copolymers examined were the 3.9 mole percent and 82,2
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mole percent n-butyl acrylate copolymers, -2ml, of a
'50mg./ml, solution of the sample in toluene was pipetted
"on to the flat base of a silica flange and the solvent
removed in a vacuum oven at SOOC. The samples were
degradeq at 313°C using the glass still,(2.2b), spectra
being run b& placing the whole flange in the beam of the
spectrometer., Scans were run from 880mu to 200mp, the
undegraded copolymers showing an absorption maximum at
about 227mp corresponding to absorption by the ester group.
As the 82,2 mole percent copolvmer was degraded there was
a general increase in absorption in the region from 420mp
down to 227mg, while in the case of the 3.9 mble'percent
;copolymer,riﬁcreasing absorptioﬁ in this region did not
become important till long degradation times, and was
still much less than that exhibited by the material richer
in acrylate., This new absorption, Fig.6.2, has no
characteristic maximum, and may be attributed to the
presence of Varying lengths of ethylenic unsaturation, the
maximum length of such conjﬁgation being about eight
double bonds which corresponds to a p . of Lismy,
(a.3) N.M.R.

The soluble residue from breakdown of the 50,0

mole percent n-butyl acrylate copolymer at 313°C was

examined by N.M.R., A spectrum of degraded material is
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shown in Fig,6.3 run in carbon tetrachloride with tetra-
.methyl silane as standard., No new absérptions appeared on
decomposition, and the ratio of the two kinds of ester
group present as given by the ratio of —OCHZ-'to -OCH3

protons also remained constant,

(b) Elemental Analysis

Micro analysis was carfied out on the residue
obtained by the degradation of a 50,0 mole percent
n-butyl acrylate copolymer at 33200. Because of the
tendency of the residue to adhere to the walls of the
glass pyrolysis tube, it was éuitevdifficult to obtain a
sample for cowbustion, Table 6.1 lists thé relative
weights of carbon, hydrogen and oxygen in the sample, the

oxygen figure being found by difference.

Table 6,1
Time of Degradation (hours)| ®/oC ©/oH °/00
0 (calculated data) | 63.13 8.83 28.04
14,5 -1 78.98 6.73 14,29
24,0 7780 6.53 15.63

These results show that on degradation the carbon
content rises while the hydrogen and oxygen content falls,
'A similar result has been reported for decomposition of
the homopolymer, poly(n-butyl acrylate) 29, The

complexity of the degradation of the copolymers as
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reflected by the variety of products obtained makes
interpretation of data such as this extremely difficult,
so that extensive examination of copolymer residues by

this technique was not undertaken.,

(e) Moleculgr Weight Measurements

The molecular weight changes which occur on
degradation at 31300 of the b.h mole percent and 50.0 mole
percent n-butyl acrylate copolymers are plotted in Fig.6.k4.
On this type of plot polymers breaking down by
depolymerization processes give curves lying above the
diagonal AC while those degrading by rando@ spission lie
along ABC . The behaviour of the 0.k mole percent
copolymer is much nearer to that displayed by pure
poly(methyl methacrylate) than ié the behaviour of the
50,0 mole percent copolymer, This is to be expected, but
it is interesting to note the disproportionate effect of
a small amount of acrylate, A similar type of result hés
been found for other copolymer systems. In an earlier
section, 3.3, copolymers with acrylate contents of up to
50.0 mole percent were treated from a thermogravimetric
foint of view as degrading by a first order type of
process whereas Fige6.l would.seem to indicate that even
with as little as 0.4 mole percent n-butyl acrylate, theA

'copolymers should be treated as randomly degrading
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100
© 0,4 mole °/o n-butyl acrylate
- copolymer degraded at 313°C,

4 50,0 mole °/o n-butyl acrylate
copolymer degraded at 31300.

Molecular Weight(®/o of original)
"
(o}

- 50 ' ‘ 100

@O

Percentage Volatilization

 Fig.6.4 Molecular weight versus percentage

volatilization plots,




entities. 7The reason forvthis apparent contradiction is
that a few scissions occurring at random in a polymer
molecule will make a great difference to the molecular

- weight of the sample, but will not lead to any weight loss,
unless some scissions occur close together, If a copolymer
can degfade'both by random scission and by depropagation
simultaneously, it is clear that molecular weight
measurements will be more sensitive to the random reaction,
while weight loss methods will tend to follow the
depropagation reaction., It is therefore the relétive
~sensitivity of these two differing methods of following
thermal breakdown which leads to an apparently anomalous
situation, ‘

(d) Sol-Gel Analysis

(d.1) Introduction

The Soxhletvextractioﬁ technique (2,10) was
used to investigate the relative amounts of soluble and
insoluble material in the polymeric residues, This
:method ensures a constant supply of fresh solvent with
which to perform efficient extraction., Benzene was used
since it is desirable to use a fairly low boiling solvent
in order to prevent further decomposition of the polymér

during extraction, This investigation was extended to

include measurements on homopolymers of n-butyl acrylate.
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The polymers examined and the degradation conditions

‘employed are listed in table 6.2,

Table 6,2
Polymer Composition | Molecular Weight,ﬁn Temperature of
(mole °/o n-butyl Degradation, °C
acrylate)
100 870, 0008t 313 and 329

93.4 76,500 329

93 .4 v3,160,00082 329

52,4 1,330,000 313

As detailed in section 2.10, for each run the weight
of gel, (AQ+AS), weight of sol, (AP-AS), and total weight
of reSidue,(AP+AQ), were detérmined. Knowing in addition
the initial weight of polymer degraded, W, the percentgge
insolubility, °/oI = [(AQ+AS)/(4P+AQ)]x 100, and
percenfage conversion, °/oC = [1 - (AP+AQ)/W]x 100, were
found, The effect of combosition, Fig.6.5, molecular
4weight, Fig.6.6, and temperature of degradation, Fig.6.7,
are shown by appropriate plots of °/oI versus °/oC in
the figures mentioned, using the values listed in tables
6.3-6.6.

(d.2) Discussion of Results

Solubility depends upon the: flexibility of
the polymer chain and on its ability to adopt any

orientation with respect to solvent molecules. Factors
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Table 6.3
~Sol-gel Analysis Data for Poly(n-butyl acrylate)

M 870,000 Degraded at 313°C,

Time of Degradation o/oConversion o/«oInsoLh.xb:i.l:i.t:y'
(nours) (°/o0) (°/o)
1 » 10 7
2 | 25 8
L 28 8
10 | 38 20
16 : 51 1k
20 60 . 53
24 - 75 ok
Table 6,4

Solegel Analysis Data for Poly(n-butyl acrylate)

M 870,000 Degraded at 329°C.,

Time of Degradation ©/oConversion ©/oInsolubility
(hours) (°/00) (°/o1)
2 23 11
5 ) 3% L
10 | 71 38
19 72 75
2 | 69 100
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Table 6,5

Sol-gel Analysis Data for a 93.4 Mole °/o n-Butyl

Acrylate Copolymer,ﬁ£76,500,Degraded at 329°¢.

Time of Degradation ©/oConversion o/oInsolubility
(hours) (°/oc) (°/o1)
L 56 L
10 76 - 56
21 82 L
2l 86 98
Table 6,6

Sol-gel Analysis Data for a 93,4 Mole °/o n-Butyl

~Acrylate Copolymer,M 3,160,000,Degraded at 329°C,

Time of Degradation | O/oConversion o/oInéolubility
(hours) (°/o0) (°/o1)
1 L3 2
8 52 7
1z 57 18
24 55 87
Table 6,7

Sol-gel Analysis Data for a 52.4 Mole /o n-Butyl

“Acrylate Copolyﬁer,ﬁnl,330,000,Degraded at 313°C.

Time of Degradation ©/oConversion ©/oInsolubility
(hours) (°/oC) (°/o1)
L 34 ' oh
6 38 3
17 27 o6
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which tend to reduce the possibility of attaining such
orientations will therefore-tend to reduce solubility.
The developmeht of insolubility in a polymer as
degradation proceeds can be associated with cross linking
reactions or the formation of rigid structures by intra-
molecular processes, The occurrence in the n-butyl
acrylate = methyl methacrylate copolymer system of such
cross links or rigid structures due to inter-~ and intra-
molecular anhydride formation respectively may be
discounted as there is no evidence for the existence of
such functional groups in the residue, so that it seems
likely that insolubility is caused by cross linking of
n-butyl acrylate units through their tertiary carbon
atoms as in Fig.l1.8a, a contribution also being made by
the formation of ring systems such as that shown in
Fige.l,.,7 which increése the rigidity of the polymer chain,

(de2.1) The Effect of Polymer Composition on Gel

Formation

Fig.6.5 shows that for a fixed degree of
conversion the amount of gel formation in the acrylate
.homqpolymer is always greater than that in the coﬁolymer
_containing 93.4 mole percent acrylate, when both are
,‘degraded at 329°C. Comparison of the data given in

tables 6.3 and 6.7 for degradations carried out at 313%C
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confirm the observation that increasing the acrylate
.content of the system inéreases gelation at any given
~conversion. These results reflect the different modes
" of breakdown of acrylates and methacrylates,

(de2.2) The Effect of Molecular Weight on Gel

Formation

From the introductory discussion it would
appear that gel formation should>be a function of both
cross link density and the length of the chains being
cross linked., Fig.6.6 shows the effect of molecular
'weight on the formation of gel for 93.4 mole percent
n-butyl acrylate copolymers. As predicted, for a given
degree of conversion the higher molecular weight material
contains a greater proportion of insoluble residue than
does the lower molecular weight sample.,

(d.2.3) The Effect of Degradation Temperature on

Gel Formation

In the case of poly(n-butyl acrylate)
 degraded at 313°C and at 329°C Fig.6.7 shows that there
is greater insolubility at thé lower temperature of
decompésition thén at the higher when the same degree of
‘éonversion is considered, This result reflects the
effect of temperature on the competing processes of

depolymerization, random scission, and cross linking.
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(e) Degradation at a Lower Temperature

(e.1) Introduction

An investigation of the relationship bétween
chain scission and carbon dioxide production in the
methyl acrylate - methyl methacrylate copélymer system
established'that there is a one to one correspondence
between these processes 36. It was thus considered to be
of interest to investigate what relationship, if any,
these reactions bear to one another in the n-~butyl
acrylate -~ methyl methacrylate system. In order to study
this aspect of the degradation reaction, a lower
pyrolysis temperature was chosen than those pfeviously
used so that this relationship might be investigated

unaccompanied by large scale volatilization reactions,

(e.2) Carbon Dioxide Production and Chain Scission

(e.2.1) Experimental

It has been shown 6 that the numbexr of
chain scissions, N, which have occurred per molecule of
copolymer is given by, .

| N=(M0/Mt-1)

_'in which Mo and Mt are the initial molecular weight and
the moleéular weight after degradation'for time t

respectively. This equation only applies strictly if

there is neither cross linking nor loss of polymer
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"molecules from the system, Consequently degradation
conditions were chosen such that a large fall in moleoﬁlar
weight could be observed without accompanying detectable
weight loss,

All degradations were carried out in the glass still
at 23700, (2.2b). The sample size used was approximately
130mg., the polymer being degraded as a film cast on the
base of a flange from toluene solution. Measurements of
the pressure of carbon dioxide evolved were made using a
McLeod gauge,(2.3b), and the number of moles of this gas
produced calculated as previously described, (2.3b).

After degradation the residue was'dissolved in toluene, its
molecular weight found as in (2.4), and the number of chain
scissions per molecule of 6riginal polymer, N, calculated,
Knowing the exact weight of sample used and the molecular
weight of the undegraded copolymer, the number of moles of
carbon dioxide evolved per mole of initial sample may be
found, -

(e.2,2) Discussion of Results

The results of éhese measurements are given
in téble 6.8, The plot of carbon dioxide evolved per
molecule versus the number of chain scissions per molecule
is given, for a 52,4 mole percent n-butyl acrylate

copolymer, in Fig.6.8 which shows that the amount of this
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Chain Scissions/Polymer Molecule(N)

Fig.6.8 Carbon dioxide evolution versus chain
‘scission plot for a 52,4 mole °/o
n-butyl acrylate copolymer degraded at

237°.
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gas produced per chain scission is not constant as
-degradation proceeds, but increases with time of pyrolysis,
‘ This straightforward interpretation of Fig.6,8 applies
providing that it is assumed that no cross linking occurs,
If cross linking does take place to a small extent,
however, and this would not seem to be unlikely, then the
molecular weight measured afﬁér degradation for time t, Mt’
would be greater than that found if no cross linking had
occurred, so that the value of N calculated would be
smaller, and the calculated amount of carbon dioxide per
chain scission greater, than the correct value., Thus the
data in table 6.8vand Fig.6,8 can also be interpreted'in
terms of a fixed relatioﬁship befweén chain scission and
carbon dioxide prodﬁction as degradation proceeds, in
conjuﬁction with é cross linking reaction, Whichever
interpretation is correct, it is clear tﬂat simple
measurement of carbon dioxide production cannot be used,

as it was in the methyl acrylate - methyl methacrylate
copolymer s&stem, to determine the extent of chain scission,

(e.3) Mass Spectrometry’

The mass spectrum of the volatile materials
evolved from a 52,4 mole percent n-butyl acrylate copolymer
heated at 237°C for seven hours is shown in Fig.6.9. This

spectrum may be interpreted largely in terms of that
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expected from a mixture of methyl methacryiate and
but-l-ene, The small peaks at mass 31 and at mass 44 may
- be attfibuted to n-butanol and carbon dioxide
respectively. Although these peaks are much smaller than
fhose ascfibed to methyl methacrylate and but-l-ene,

" without caiibration of the mass spectrometer no conclus-
ions can be drawn as to their relative imporﬁance.

6.4 Investigation of the Chain Fragments

No detailed investigation of the chain fragments
was undertaken, As in the case of the residue, the colour
of these fragments becomes deeper with increasing acrylate
content ranging from yéllow to brown, Infra;red spectra
of this fraction were ruﬁ as liquid films between salt
plates and were essentially similar to that of the |
residue shown in Fig.6,1. A.typical g.1.c, trace of the
short chain fragments which distilled into the capillary
section of the‘sealed‘tﬁbe during degradation is shown in
Fig.6.10, A 1°/0 S.E.30 column was used in this work,
-the retention times for some n—élkanes being shown for

comparison,
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CHAPTER 7
GENERAL DISCUSSION

7.1 Introduction

In this chapter a critical review is given of the .
overall degradation characteristics of fhe copolymer
system stu&ied. More detai;ed discussions on the
results obtained and their interpretation have‘been
vpresented in the appropriate sections throughout, For
convenience some of the more important mechanisms are
repeated here, the original figure number being given
in square brackets,

7 2 Seqguence Distribution Data

- Copolymerization of two monomers can lead to a
variety of copolymers differing in composition and
arrangement of monomer units. The two kinds of monomer
unit may be randomly distributed, may tend to alternate,
.or may tend to éroup themselves in blocks of like units.,
For the investigation of the degradation of copolymers
. a knowledge of sequence distribution as well as
composition is necessary, Méthods of calculating
Sequence distributioﬁ have been devised by Harwood 83,84
using the concept of run numbers, The run number,R, of

a copolymer is defined as the average number of

uninterrupted monomer sequences which occur in a
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copolymer chain per hundred monomer unité, and may be
w_calculated for the u~butyl acryvlate - methyl
methacrylate system from a knowledge of the monomer
reactivity ratios and the molar percentages of acrylate
and methaérylate in the ploymerization mixture,

Denoting aérylate units by A and methacrylate units by M
it is possible, having found R, to calculate the
percentage of A-A, M-M and A-M linkages in the copolymers.
Looking at longer sequences, the percentage of A in the
centre of the three possible triads, AAA, MAM and MAA,
ﬁhich is equivalent to AAM, may be found, It is also 6f
interest to look at the number average 1engt£ of acrylate
sequences, and this quantity Kn isllisted with other
sequence distribution data in table 7.1, The percentage
of acrylate in the middle of AAA triads, relative to all
possible triads in the copolymer including those centred
on methacrylate units is also a useful quantity and is
given in table 7.1 as the relative total percentage
-acrylate in AAA triads, Atpf‘

7.3 Mechanistics of Degradation

(a) Production of Alcohol

a

The importance of n-butanol among the products of
degradation of the copolymers increases as the proportion

of acrylate in the initial polymer rises., It is
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interesting to note thatbthe 50,0 mole pefcent n=-butyl
acrylaté copolymer is the material of lowest acrylate
content which is found‘to produce alcohol on pyrolysis.
It is clear then from table 7.1 that n~butanol is only
evolved when non-isolated acrylate units occur, but it
is not certain from this data whether ﬁhe sequeﬁce
length required is three or only two acrylate units,
since the threshold of alcohol formation at the 50,0
mole percent copolymer corresponds to a marked increase
in both the number of A-~A linkages, from 2,0 to 22,5,
~and in the relative total percentage acrylate in AAA

triads, A from 0,2 to 10,1,

tp?
In view of the dependence of alcohol formation on

the presence of sequences of acrylate units it would be

interesting to test the hypothesis of Grassie and

36

Torrance that a similar situation occurs in the
methyl acrylate - methyl methacrylate copolymer system,
These workers found that no methanol at all is produoed
from copolymers containing up to 33.3 mole percent
acrylate, bﬁt this was the highest acrylate content
copolymer they examined, They concluded that this
value of 33.3 mole percent methyl acrylate was near the

threshold for methanol production. Consequehtly a

méthyl methacfylate - methyl acrylate copolymer
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containing 66,7 mole percent acrylate was synthesised
and purified by dissolving in acetone and precipitating
from water, care being taken to use no methanol in the -
purification process, so that if this alcohol were
detected.on degradation there could be no ambiguity as to
its source; Oon degradation_at 3130C this copolymer gave
liguid products whiéh contained 110/0 by weight of
metﬁanol. The relevant seduence distribution data are
given in table 7.2.

In addition to the mechanism for the production of
alcohol from acrylates shown in fig.?.l[Fig.l.?] Cameron
and Kane 27 have proposed an alternative route which
again takes into account the need for sequences of

acrylate units,

0 ; I(I)

?lc co Bu | BuO c\(lzozBu
"\-CH2—— cH 'c — CHp— ~CH;— cl:}* cl: ———-CH2 —~

CH c ' CH CH
\E\\ \éi\\ /// 2

CH CH

|
& . CO.,Bu

Fig.7.1 Elimination of n-butanol,

Bu = —-CHZ CH2 CH2 CH3




- 243 -

8°9¢ Loz 2°o% h* ot s9x L*99
72 7T 2z L z*6¢ oN cece
Dp¢
‘fspetas (e3reThaoe
VvV Ut WYV TLUgauw
ajeTAxo® AT YV so8eduTT | eousaanoo 0\0 eTou)
o\o Te301] v yaSusT una SPeTI] JO SIFUdD| V-V 0\0. Touwvyy on uoTgaTsodwo)d
aAT3RTeY *Ae Joqumny UT 99eTAIOV o\o JowAT0odoD

*o3eTAIoey3on

TAU3en pue wpﬁah&o< TLgsonN Jo sasuwhATodo) I0F e3xeqg UOFINQTILSEq odusnbog

2°L °Tqel




- 244

CE%\\T ‘ " CH, H
f“»CHé——-§35 ?——-CHzﬁ\———>f\CH2——-ﬁ// \%\\%-f—CH2r-/
; C C=—0 ' (o] ' C=—0

X , |
._Buo/ \/c:)’ (I)Bu BuO/ \ o‘/ !)Bu
CH. H
| YA
CA~CH —C \\\\é-—+CH"\/

2
L
BuO///’ \\\0///g oBu
(c)

- Fige7+.2 Elimination of n-butanol,

Bu = ——CH2 QH? CH2 CH3

The route proposed in Fig.?.l[Fig.l.?] leads to the
formation of structure (B), a B keto ester. Since this
particular B keto ester cannot exist in the enol form
it will exhibit the characteristic absorptions due to the
ketone (l700-l720§m71) and ester carbonyl group (1735-
175Ocm71) separately., Any new absorptions in these

regions cﬁuld well be masked by the strong carbonyl
absorption due to ester groups already present., Thev
mecﬁanism of Fig.7.2 results in formation of a Y0
unsaturated & lactone (C) which would absorb at around
’176hcm7% ana would thus account for the shoulder noted

at l7600m:l Although this shoulder increases in
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importance with both time of degradation and the acrylate
cohtent of the initial polymer, it could well be
unconnected with butanol formation. Fig.7.3 indicates a
route by which such an absorption could be accounted for,
involving a radical coupling reaction between two
adjacent aérylate groups, one of which has undergone
ester decomposition as in Fig.?.S[Fig.l.Bb.].

A~ CH;— C-— CHzy— C— CHy~ —}~CH,— C~—CH

2
I 20 |
C C C C———CHZA\/
/\ /\ /\ /\
H—oO -0 o] OBu H— O o) CO,Bu
i
/“VCHz ?-——?HZ
C C—CH,
2
/\/\
0 COzBu
Fig.7.3 Radical coupling reaction. (D)
Bu = -—-CH2 CH2 CH2 CH3 ‘0

(D) is a & lactone absorbing in the r:éion (1760~
1780cm:1). U.V. spectra showing as they do no
characteristic absorptions, do not make any real

 §ontribution to deciding the route by which alcohol is

- formed,

| Bofh of the mechanisms shown in'Figs.7.1 and 7.2
invoivé attack on an ester group by an acrylate radical,
In homopolymers of acrylates there is only one kind of

ester group which can be attacked, but when copolymers
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of acrylates and methacryvlates are coﬁsidered two types
of ester are present. If both the methyl and butyl

ester groups in the n-butyl acrylate = methjl methacrylate
Ncopolymers studied were attacked by an acrylate radical
.then-both methanol and butanol should be evolved, This
ﬁeans that any route propesed for alcohol productiqn must
be able to explain the nonmappearande of methanol in the
degradation products. Molecular models for the structure
'(B) of Fig.7.1 suggest that in triads such as AMA, AAM
and AMM sterically unfavourable 1-3 diaxial interactions
involving the o methyl substituent of methacrylate units
and the butyl ester of the attacking n-~butyl acrylate
group occur, Such interactions could explain the absence
of methanol among the degradation products, Similar
considerations for the lactone (C) of Fig.7.2 tend to
suggest that both A-A and A-M sequences could react by
this route,limplying that some methanol at least would be
produced.

The mechanisms of Figs.7.2 and 7.1 suggest that
only one acrylate unit in 2 or 3 respectively can degrade
to n-butanol. For the pyrolysis of a 93.4 mole percent
n-butyl acrylate copolymer in which it is supposed that
acrylate units break down to n-butanol exclusively by the

- youtes shown in Figs.7.2 and 7.1 the concentration of
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butanol expected would be 3,5 and 2.5 millimoles per gram
initial polymer. The value actually found for degradation
at 313°C for an infinite time is 3.8 (table 5.23).

Similar results have been obtained for other acrylate
polymers 29. In order to attempt to reconcile the
requiremen£ of sequences of acrylate with these results,
the mechanism in Fig.7.4 is tentatively suggésted, and is

an exten31on of the route of I"ig.7.2.

H CH, H
R' C H

/'\-CH—C I? <|3~ /\CH-——-C/Z\C/Z\IN
? |
/\ /C" I

/\-CH'-C//QE%\;C//CH I ~
N
WAV ANDA

" PFig.7.4 Elimination of n-butanol.

Bu = ——CHZ———-CHé—-—CHé—-—CH3
Repetition of this scheme would carry the alcohol
,ellmlnatlon reactlon on along the polymer chain, Such

a reaction could be stopped by the first methacrylate

unit encountered after one molecule of methanol has been




formed, because there is no suitable tertiary hydrogen
to continue this process. Since each sequence of acrylate
units produces at most one methanol molecule it is
.possible that such a low concentration of this alcohol
could eécape detection in copolymers rich in acrylate. It
is difficﬁlt to see however why methanol should not be
produced in significant amounts from copolymers such as
the 50,0 mole percent n-butyl acfylate copolymer which
contains 550/0 of A=M bondé. Again, if the scheme shown
in Fig.7.4 is an important process a strong band in the
infra-red at 1580-16000m:1 should be present, but was not
found,

The autoéatalytic nature of alcohol production at
31300 yFigs.5.27 and 5.28, has been explained in terms of
changes in the physical nature of the.polymer molecule
brought about by this reaction 29, All the mechanisms so
far advocated involve the formation of cyclic structures
which decrease flexibility of the polymer chain thus
increasing the possibility of reactions involving six
membered éyclic structures, such as the reactions
considered in this section, at the expense of inter-
molecular processes such as cross linking.

None of the proposed mechanisms can satisfactorily

account for all of the expefimental data, Other schemes
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have been suggested such as an intermolecular version of
"the route shown in Fig.7.l but this explains neither the
réquirement of sequences of acrylate units for alcohol
glimination nor the absencé of methanol, Thus the

picture presented for this reaction is not very
satisfactory and further study of this aspect of acrylate=-
methacrylate degradation is fequired.

(b) Production of But-l-ene

The fact that but-l-ene is evolved on the degradation
of a 16,3 mole percent n~-butyl acrylate copolymer when only
2 percent A-A linkages are éresent and the numwber average
run length is 1,1(table 7.,1), indicates that in contrast to
alcohol production eiimination of this gas does not depend
upon acrylate sequences, This view is supported by the
data given in (5.2c). Thus the mechenism proposed in
Fig.?.S[Fig.l.Bb] appears to account adequately for the

elimination of but-l-ene from the copolymers,

R H-—C-—— 7———) H _C=C
[\ / N o
0—C, -
/ \l,/
O—H
- AL
Fige.7.5 Estér decomposition ( _Q§ 47‘\
v ‘ reaction, C
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(c) Production of Carbon Dioxide

Carbon dioxide may be produced by decarboxylation
of acid groups pendant to the main polymer chain after
gster decomposition has occurred, Fig.7.5[Fig.l.3b].
éuch a mechanism would mean that the highest possible
value for the molar ratio of carbon dioxide to but-l—ene

would be unity,.

| —-26104/9 | H——g' C//¢’O R—;H
UL TN

Fig.7.6 Decarboxylation of a carboxylic acid residue,

Experimentally it is found (5.2¢) that the above
.

ratio for degradations carried out at 313°C ranges from
L,o fér the 16.3 mole percent n-butyl acrylate copolymer
‘to 2,0 for the 93.4 mole percent copolymer, ‘These
results must mean that the route shown in Fig,7.6 is not
the only one operating.,

The reaction scheme shown in Fig.7.7[Fig.l.4] has
" also been suggested,

CH, CH CO_.Bu - CH CO Bu
| X * | [ 2
~c ¢— CHy~ —3) ~ C— CHy—C—CH, ~
1> I
C ‘f’\\ CH3
0/ \o/

Fig.7.7a2 Elimination of carbon dioxide,

ne H,
| o/ N (c)
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H CH, CO,_Bu ' H CO_Bu

|/ Al ? | [ 2
| /\«clzj "¢ ——CH, ~ —— . C—CH;~—C —CH, ~

) | 2 2
O//C\?/B ; /c\ A

. . . . 0 ) 0 _
(H)

Fig.7.7b Elimination of carbon dioxidé.

Bu = -—CHé-—CHé—-Cﬂg**CHB

Bu

This elimination reactioﬁ can occur between an
acrylate and a methacrylate unit, Fig.7.7a, or between
4two acrylate units, Fig.7.7b. If the scheme shown in
Fig.7.7b is foilowed it requires the shift of the rather
bulky n-butyl group. However, this type of reaction
scheme has been proéosed for the degradation’bf
| poly(benzyl acrylate) 28 in which the shift of the large
benzyl group is involved. The routeé shgwn in Fig.7.7
‘allow elimination of carbon dioxide without simultaneous
production of butfl-ene and do not reQuife that a
sequence of two acrylafe units is present, it being
. sufficient for one acrylate unit to be present which can
aftackva neighbouring methacrylate unit, These points
are imﬁorﬁant since the evolution of carbon dioxide is
found to take place when the acrylate content is only 3.9
molé»percent, there being only 0,1 percent A-A links in

the polymer, and no but~l-ene is evolved,
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The relationship between evolution of carbon
dioxide and chain scission was reported in (6,2e),
These fesults show that at 23700 there is no definite
connection between these two processes,

(d) Production of n-Butyl Methacrylate

The reaction shown in Fig.7.7a results in the
formation of the chain radical (G) which can then break

down as shown in Fig.7.8a,

CH CH CH CH
~g—CH2——<l:--c112~ ———> ~~C==CH, C—CH ~
CO,Bu | ~ COyBu
(c) v 4 . unzips to produce
a) ' n~butyl methacrylate
H ?u' ; ? * Bu
r§o!&;Lc—wg?u___4>r~&;m2 '+ C—CH,~
COzBu COZBuV
should unzip to
(H) produce o n-butyl
b) | Bu=—CHs-CHs—CHs—CH n-butyl acrylate

2 772 2 3
. Fig.7.8 Possible reactions of the radicals (G) and (H).

If,'however, a similar reaction between two
acrylate units takes place the radical which results, ("),
Fig.7.7b, could on unzipping produce a molecule of n-~butyl

acrylate substituted at the « position by an n-butyl




- 253 -

group. ﬁone of this compound was available so that its
retention time on the g.,l.c. columns used is not known,
but it is feasible that such a compound would appear on
the gelec. trace among the short chain fragments,

- n=Butyl methacrylate can also be formed in a

reaction of the type shown in Fige7e9e

. [
A~ CHs—C -~ CHs~—C— —C" == C—CH,
~CH ? CH5— C—CH,~ ——) ~CH5;—C CHz=C CHZ:

!
CO,Bu  CO,Bu CO,Bu CO,Bu

n-butyl methacrylate
produced by scission
of the bond indicated

Fig.7.9 Production of n~butyl methacrylate.

Bu = '—'CHé—" CHE_ CHZ—-CH3

This mechanism would lead, for degradation of
acrylate homopolymers in general, to the evolution of the
éorresponding monomeric acrylate substituted in the «
position by a methyl group. .These'compounds ha&e been
‘reported for all of the primary acrylates so far
" studied 27, | |

(e) Production of n-Butyl Acrylate:

The amount of this product evolved on degradation

of the copolymers initially increases with acrylate

content as expected but then falls off again (5.4c).
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This was explained in terms of acrylate units being
evolved in depolymerizations initiated at methacrylate
“linkages, so that increasing the acrylate content
decreases the possibility of such depolymerizations since
homopolymers of acrylates take part in transfer reactions
rather than unzipping.

(f) Other Products

The production of chain fragments has already been
'dealt.with as has the cross linking reaction in sections
l.3a and 6,2d respectively,

Both-carbon monoxide and hydrogen are e%olved in
small amounts on copolymer breakdown., Their formation
has already been discussed and mechanisms proposed (1.5f).

Methané evolution probably coxrresponds
_mechanistically to hydrogen elimination, Fig.l.9,
involving the a methyl group of methyl methacrylate
units. It could also be formed from the methyl ester
group of methyl methacrylate or by breakdown of the
~ n-butyl group in the ester part of the n-butyl acrylate
molecule,

The other minor products may be considered as
deriving from the breakdown of the n-butyl side chain
.of the acrylate units.

Methyl methacrylate formation can be adequately
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accounted for in terms of unzipping of methacrylate units
along the polymer backbone,
73 Summarz

The initiation step in the degradation of the
copolymer system studied can be described in terms of
random chain scission, as confirmed by molecular weight
measurements (6.2¢), to produce terminal chain radicals,
The increasing difficulty of breaking the linkéges in the
series methacrylate-methacrylate, acrylate-methacrylate
and acrylate—~acrylate is reflected by the greater
stability of acrylate rich copolymers, If any of the
terminal chain radiéals involve a methyl methacrylate
unit, depolymerization will take place until the
unzipping process is blocked by the first n-butyl acrylate
unit encountered, Thus two n-butyl acrylate terminated
chain radicals have been produced, with or without

.

monomeric‘methyl methacrylate, depending upon the site of
the initial break., These terminal radicals can then
. depropagate to produce n-~butyl acrylate monomer or take
part in transfer reactions involving hydrogen abstraction
'to'produce a chain radical, This chain radical may then
undergo scission to produce chain fragments or react
according to any of the schemes discussed in this chapter

resulting in formation of the appropriate product. As
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the acrylate conﬁeht of_the copolymer increasés, transfér
" reactions producing chain fragments and reactions
depending upon sequences of acrylate units, such as
alpohol evolution, become important, Termination may
téké place by mutual destruction of pairs of radicals in
processes such as cross linking (6.2d)., During the
céurse of the reaction coloration develops in the residue
and in the chain fragments, the colour going through
yellow to broﬁn with both increasing time of degradation
and_rising acrylate contenf. This has been associated
.with the formation of conjugated carbon-carbon double

" bonds along the polymer backbone, Fig.l.9.
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SUMMARY

This study of the thermal breakdown of copolymers

of n~butyl acrylate and methyl methacrylate repregents a
fuéthgr contribution to the establishment of a
comprehensive picture of the degradation of acrylate -
methacrylaté copolymer systems,

| A series of copolymers covering the whole
composition range was synthesised, Degradations were
carried out under vacuum either in a dynamic molecular
still or using a new technique developed in these
laboratories., Thermal methods of analysis such as
thermogravimetric analysis (T.G.A.) and thermal
voiatilization analysis (T.V.A.) showed that the
copolymers became more stable to thermal breakdown as the
acrylate content was increased, These techniques allowed
a suitable temperature range to be chosen in which to
study the decomposition isothermally. The gaseoué
 degradation products, liquid products, chain fragments
>and residue were each examined separately, using, among
othér techniques, infra-red spectroscopy, gas-liquid
chromatography, mass spectrometry and combined gas
chromatography - mass spectrometry. The complex nature

of the pyrolysis of this copolymer system is reflected
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by the great variety of products obtained. The main

- gaseous products were found to be carbon dioxide and
but-~l-ene, whil: the most important liquid products are
mgthyl methacrylate and n-butanol. Quantitative
méasufements enabled the build up of these prodﬁcts to
be followed as degradation proceeds, and mass balance
tables were drawn up for each copolymer studied,
Pyrolysis was carried out mainly at 313°C but in order to
.investigate the relationship between carbon dioxide
formation and chain scission, a lower temperature, 23700,
was chosen so that this study would not be complicated
by large scale volatilization processes, The chain
fragments were only briefly examined, Molecular weight
measurements on the residue indicated that breakdown by
random scission processes becomes more important
relative to breakdown by depolymerization processes as
the acrYlate.cbntent was increased., An overall
degradation scheme is presented and mechanisms are

’ pqstulated to account for the formation of all of the
important products, although no really satisfactory

- route for alcohol evolution has been found, -
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