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Thermal Degradation of Polyacrylates

Supmary of Ph.D. Thesis.

John G. Speakman

As an introduction to the degradation of polyacrylates, the
degradation reactions of other vinyl polymers are broadly classified
and degradation mechanisms occurring in related polymer systems
are discussed. Detailed degradation studies of poly(methyl acrylate),
poly(t-butyl acrylate) and poly(benzyl acrylate) have already been
carried out and the results of these are mentioned.

Monomer and polymer sample preparation and experimental apparatus
used to degrade the polymers and to analyse the degradation products
are described. PFive volymers were studied: voly(ethyl acrylate),
voly(n-oropyl acrylate), volv(iso-propyl acrylate), poly(n-butyl
acrylate) and poly(2-ethyl hexyl acrylate).

Qualitative studies of the degradation of the polymers were made
using the dynamic molecular still. The major products were analysed
and found to be alcohol, olefin, carbon dioxide and short chain
fragments from the poly(orimary acrylates) and olefin and carbon
dioxide alone from poly(iso-propyl acrylate). Insolubility was
found to develop in all the polymers except poly(2-ethyl hexyl
acrylate). Thermal volatilisation analysis and thermogravimetric

analysis of the five polymers showed that the thermal stabilities
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of the voly(primary acrylates) are a little lower than that of
poly(methyl acrylate). Poly(iso-propyl acrylate) is less stable
than the poly(primary acrylates), but more stable than poly(t-butyl
acrylate) .

A thorough quantitative examination of the degradation products
from the voly(primary acrylates) at 315°C was carried out. At
early stages of degradation, carbon dioxide and olefin are evolved
with a molar ratio close to unity. After about 35}, conversion,
carbon dioxide production begiasz. to.-exceed that of olefin. Alcohol
production appears to be slightly autocatalytic in character.
Cross-linking also appears to develop slowly at early stages of
degradation and more ravidly as degradation proceeds. As the size
of the alkyl group of the ester increases, tre ratio of short chain
fragments to ester decomvosition wroducts ineresses, whereas the
rate of cross-linking decreases.

Poly(iso-propyl acrylata) gives quantitative yields of olefin
and 60% of the theoretical yield of carbon dioxide when heated
for long periods at 265°C. The infrared spectrum of the residue
shows that anhydride peaks develop on degradation and small amounts
of water, corresponding to anhydride production, are found among
the degradation products. The residue rapidly becomes insoluble,
probably because of intermolecular anhydride linkages.

Infrared studies of the residues from the degradation of some

poly(primary acrylates) were carried out. They provided evidence
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to support suggested mechanisms for degradation product evolution.

A brief investigation of two polymers at lower degradation
temperatures is described. Poly(n—butyl acrylate) was studied
at 2,1°C and poly(iso-propyl acrylate), at 195°C.

The overall characteristics of the degradation mechanisms are
discussed. The noly(priﬁary acrylates) are thought to degrade by
a radical mechanism and all the major degradation reactions have

a common initiator, radical I
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Various reaction mechanisms for the observed major and minor
degradation reactions are auggested. Many of these are similar
to mechanisms proposed by other authors, but some are original.
The evidence for these mechanisms is discussed. Suggestions are
made as to further work which may help to prove and relate the

various degradation mechanisms occurring in the polyacrylates.
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Chaptar 1 Introdietion

1(i) The Title

Thernal d:gradation studies of five acrylate honopolymers,
nazely, poly(ethyl-),(n-propyl-),(iso-propyl-),(n-butyl-) end
(2-ethyl hexyl acrylates) are described in this thesis. ' The
studies were carried out isothernally under high vacuum conditions.

Previous work, carried out under the same conditions, on poly
(methyl—)ls2’3,(benzy1-)1 and (t-butyl scrylates)t is also
discussed and comﬁared.

The processes described es 'thermal degradation’ in the title
and throughout the thesis are those resulting from the heating
of & sample of the polymer at temperatures above émbient until
chemical reaction is observed at a conveniently measurable rats.
Chemical reaction may manifest itself by elimination of volatile
material or change in molecular weight.

1(i4) Degradation of Polymers

Degradation of polymers can be brought about by & large number
of agencies. In the natural'weathering' of polymeric material,
ultraviolet and visible radiation, comdbined with oxidation by
atmospheric oxygen, play a large part. If the material is

subjected to mechanical stress or increase in tempsrature, then.

rechanical or thermal dcgradation mey also occur. These four
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agencies, radiation, oxidising oagents, mechgnical stross and heet
‘most conmonly cause deterioration in polymar properties, and the
interest in polyzer degradation steans from the need to prevent
or retard the chemical processss which they irduce. All of these
degradation processes are very couplex, but the study of
thermally-induced degradation processes appears to presént fewest
difficulties and has been given most attention.

Polymer degradation should not be thought of entirely in a
negative sense,however. It can be used as a methoa‘of recovering
mononer, for example methyl methacrylate, and it ié important in
such cases to find the optimum conditions for’efficient reaction.
Another positive epplication of thermal degradation lies in the
preparation of carbon fibres by heating polyecrylonitrile fibres
to temperatures above 1500°C in en inert atmosphere.

There have been two recent monographs covering polymer degradation
in genera15’6, and four dealing with the narrower fields, relevant
?o this thesis, of degradation of vinyl polymers/, and thermal
degradation of polymer38'9'1°.
2(i11) Thernal Degradation of Vinyl Polymers

Polymer degradation studies can be traced back to the work

of Williams11; who showed that isoprene is produced in significant

yield on heating natural rubber. This and similar experiments

indicated that polymers are made up in some way of units of low



nolecular weight material. Thz relationship betweesn nonomer and
polymer was first demonstrated by Steudinger and coworkers in

their clessic work on polystyrenel2

» wnich they used as a model

for natural rubber. Among Staudinger's work is to be found one

of the earliest examples of another use of polyner degradatibn:

to provide information on the structure of the polymer chain.

In this cesel3, he showed that polystyrene consisis of monomer

units linked mainly in a head to tail fashion. £About this time,

also, there appeared many papers devoted to theoretical descriptions

of polymer degradation, for example, those by‘Kuhnlh and Simhald,
Because of the many competing reactions in most degrading

polymer systems, it was not possible to make a great deal of

progress in the understanding of degradation procasses until more

sophisticated techniques for analysing the reaction products

gradually became available in the post-war years. It is now

vossible to subdivide thermal degradation reactions of vinyl polymers

3nto four types. Generally, more than one type of degradation will

be found in any polymer system, but, as shown below, thers are |

systems which exenplify each type elmost exclusively.



Process Typicel Polyner
A, Randon Scission Polyethylene
B. Unzipping to Monomer Poly(nethyl nethecrylats)

C. Side Group Rearrangeunent Polyacrylonitrile

D, Side Group Elinination Poly(vinyl acetate)

A. Randon Sciession

Montroll and Simhal® assuned that since there is a regular,
repeated pattern of bond strengths throughout the polymer chain,
rupture is likely to occur at random. This would produce, as
volatile material, a continuous spectrum of short chain fragments
similar to, but of much lower nmolecular weight than, the original
polymer. The upper linit of nolecular weight of this materiel
would be the molecular weight of the largest molecules which could

distill over from the hot degradation zone.
The first studies of thermal degradation of polyethylenel7

showed that the degradation products are, indeed, a continuous
spectrum of hydrocarbon fragments, as predicted by this theory.
However, in leter workls, it became evident that theré were some
discrepancies from the theory. According to Simha and Montroll's
theory, the rate of bond scission should remain constant throughout
the degradation, but Oskes and Richards found that it decreased

with tinme. This discrepancy was expleined by the suggestion that



there wers soms weak-links in the polyner chain. It is thought
-to be extremely difficult to remove the last traces of oxygen
from monomers containing carbon-carbon double bonds, and the oxygen
becones copolymerised into the polymer chain. This produces sone
weak links in the neighbourhool of the oxygen atoms which bresk
preferentially to ths normal carbon-carbon boands. Similar
week-1inks have been suggested for other polymer sysiemsl9’2o.‘

Oakes and Richards observed a second discrepancy from the
theoretical picture: their polyethylene senples degraded at a much
lowver temperature-thaﬁ iiodel compounds such as n-hexadecane. This
was explained by branching in the peolyner chain of these polyethylens
samples, vhich had besn prepared under high pressure conditions.
Tertiary hydrogen atoms are thus produced and they are particularly
liable to radical attack?l, Thus branched polyethylene is nuch
less thermally stable than straight-chain paraffins. more
recently, it has been shown?2 that polyethylene prepared with a
Ziegler-Natta type catalyst, which gives an unbranched polymer
chain, is stable to much higher temperatures than branched
polyethylene.

A.reaction scheme for the thermal degradation of branched
polyethylene is as follows:
1. Initiation by scission at weak links:

M—24+R
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2. Propagation by Tnternoleaular Tronsler

24~

- ' A~ CHY®
AN +

Y
4
MV COHY +  AACHCHZC—CHpav — AsvCH3  +
bes | CHp=C—CHp A
CH}
or 3. Propazalion by Intremolecular Transfer.
CH cH
£\ oy [ 0w, CHp 1 _JCK
NVCHZ/ z:?/ \-?Hz _—> NV.CHz + ?‘QC/ 2?112
H‘-) ICHQ . ,CHZ
*CHy GH3

L. Termination by collision of two 'live! radi.éals..
Fig 1.1

Rendom Chain Scission in Polycthylens by _Inter- and Intramolecular

Transfer



B, Unzipping to_llonomer

In some of the esrliest studies of counon homopolyumers, for
exenple, polystyrene end polyisoprene, there was found to be a
large amount of monomsr among the degradation products. Sichal®
expleined this by suggesting that,degradationAoccurs preferentially
from chain ends. This would mear that the molebula} weight would
fall linearly with monomer production.

Grassie and Melville?3 supplied experimental evidence to test
Simha's theory in the case of poly(methyl methacrylate), which
was known to produce large yields of monomer on degradation. The
agreement was unsatisfactory, especially in the case of low
molecular weight polymer, which reteins its original molecular
weight even after 6036 of the sample has degraded to monorer.
Grassie and Melville supplied a theoretical explénation by
suggesting that a chain reaction occurs, the reverse of polymerisation,
by bond scission to form radicals at the chain ends, followed by
a rapid unzipping, the kinetic chain length of which is sufficient
to destroy completely polymer molecules of moleculgr weight less
than 100,000.

Further work by these euthors substantiated this theory by
~showing that a radical inhibitor retards the chain reactionZs,

end that a small amount of acrylonitrile copolymerised with

nethyl methacrylate prevents unzipping proceeding through



acrylonitrile unit525, resulting in a cuite different type of

- degradation. Grassie and Vance26

showed that the unstable chain
ends are those with a double bond. Termination in the free
radical polynmerisation of poly(methyl methacrylate) has been shown
to be by disproportionation,so that exactly half of the polyner
chains have a double bond at one end.

" The thernmal degradation of poly(methyl methacrylate) can be

summarised by the following reaction scheme:

1. Initiafion (slow)

CHs  CH3 . | 9**5
AMCH2-(l;—-CH=(|) —_— A~CHy  or  AACHD -(|I CH"
CO,CH3 COCH3 CO,CH; 0020115

2. Propagation (fast)

Gz CH; CHjz | CHj
| o | {
MAGROHZG=CH=G  ——>  ANCT 4 CHpC—OH=
60,0t G0,0t15 CO,CH; bo 015 G003 C0,0H;

? Thereafter mononer is produced by a similar process.
Fig 1.2

Denropagation of Poly(iethyl Methacrylate)

The termination step, by conbination of or disproportion between
two radicals, appears to come on average after production of 1000
mononer units. If the molecular weight is lower than 100,000,

then most of the polymer molecules wlll degrade completely to



nononer before teruination oﬁcurs, end 1ilttle chanze in the
molecular weight of the residual polywer will be observed.
Molecules terminated at one end by a cetalyst residus end at the
other by a2 saturated chain end degrade at a rather hizgher
temperature by random chain scission followed by rapid unzipping
as before.

v These results were treated mathematically with some success

by Simha, Wall and Blatz2/, Hadorskyzs, using e different type

of apparatus, obtainad results in good agreement with those of
Grassie and Melville, and also showed that there may be weak links
in,poly(methyl methacrylate) prepared with a free-radical catalyst.

Other polymers which behave in a sirilar manner to poly(methyl
methacrylate) are poly@x-methyl styrene)29, and polytetrafluoro-
ethylene30:31, The poly(-methyl styrene) semples investigated
were prepared ionically. HenceAthey had no unsatﬁrated chain

ends and the depropagation reaction was initiated by random
scission.

Polystyrene also produces considerable amounts of monomer on
degradation, but this is accompanied by smaller améunts of dimer,
trimer and tetranerl3., Thus a propagation step involving
intramolecular trensfer (fig 1.1) competes with the monomer
producing depropagaticn step (fig 1.2).

Depolymerisation reactions can be seen to depend on the polymer
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structure. Generally, these reacticns are initiated by the formetion
of polyner radicels. In the cass of polyrmers formed froa 1:1
disubstituted monorers, the polymer radicals are stabilised by

the steric effects 0f large groups on either side of the active
carbon aton and often by the inductive effect of an alkyl
substituent or the resonance effect of a conjugated substituent.
The stabilised radical can very easily move down the polyaxer
chain, oroducing monoumer molecules as it does so. Polymers formed
from singly substituted monomers, however, give radicals which
have much less stébilisation and they rapidly react either to
return to the original polyuer molecule or to produce inter- or
intramolecular chain transfer.

As mentioned on page 5, a tertiary hydrogen atom is ebstracted
from a polymer chain by a radical more readily than a secondary
hydrogen atom; Polymers from 1l:1 disubstituted monomers have
only secondary hydrogen atoms on the polymer chain, whereas polymers
from singly substituted monomers have one tertiary hydrogen atoam
ﬁer monomer unit. Since abstraction of a hydrogen atom from a
polymer chain is an integral part of the chain transfer reactions
(fig 1.1), polymers from sinély substituted monomers are much

more liable to these reactions than those from 1:1 disubstitufed

monomers. .
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C. Side Grouv Rearranzenent

Heat induces a rearranzement in the chenical structure of some
polymers without simultaneous evolution of volatile material.
Polymethacrylonitrile and polyac:yionitrile develope intense
coloration when heated under vecuua below 200°C. The exact
temperature at which coloration séts in depends on the conditions
of pqumerisationjz. Burlant and Parsonsd” proposed that a
rearrangement of the nitrile groups occurs to form a conjugated
carbon nitrogen system. This would explain the coloration. Grassie
and McNeilldk suggested that the coloration process iz ionic in
nature and is initiated by small amounts of hydrolysed nitrile

units in the polymer.

CHs . CHs  CHz  CHz . CHz  CHs ~ CHz  CHg
AMCH, | 2CH, | JCHs | CH» | A~GHs | JCHs | JCHo | JCHs |
2\?/ 2\0/ 2\?/ 2\? AN — 2s(l:/ 2\?/ 2\?/ 2\?’\’\/
c c c C . ,C c c
i st o” Ny i I wm? No” Xp K
N SRACHEE N B0 oy
CH3 .~ CHz CHz CHz CH3 CHs.., CHz
ANCH, | 2CHy | JCHy | JCHy | JCHy | ZCH, | JCHo |
—_ Hz\c/ I N NV A RV AN VA D
A . - L
g} HN/ \N/ N7 \N/ \0/ \0 !\1{]
Fig 1.3

Coloration Reaction in Polymethacrylonitrile
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Interchain linking nmay oscur durinz this coloration processB5,
causing the insolubility observed particularly in degraded
polyacrylonitrile.

D. Side Group Elimination

The %thermal decomposition of alkyl esters with a hydrogen atom
on the ﬁ-carbon of the alkyl group occurs by a cyclic mechanism

to yield an acid and an olefin36’37’38.

Thermal Decomposition of Alkyl Esters with

2 Hydrogen Atom on_the P:Carbon of the Alkyl Group

The ease with which the reaction occurs depends on the nuaber of
B-hydrozen atoms and on the indgctive effects of.substituents on
the alkyl group - that is, on the availability of the B-hydrogen
atoms on the alkyl group37!38.

Poly(vinyl acetate) was found>? to degrade by this mechanisn
above 190°C, to yield acetic acid and polyacetyléne. Once one
doudble bond is formed in the polymer chain, it weakens the bond
in tﬁe next ester group between the B-carbon and hydrogen afoms,

so that a molecular chain reaction is produced.



AN G cH (0330r'S a3
‘x Cr ! ~( AN IY - '{_ "I= I— T
2‘CH Soff é‘} ()',l) — Ciy zr CH==CH=CH=CH~ A\
c Ac
OAc 0Z cn
+ AcOH
Pig 1.5

Elinination of Acetic Acid from Poly(Vinyl Zcetate)

Poly(vinyl chloride) gives degradation products analogous to
those.of poly(vinyl acetate), that is, hydrozgen chloride and
polyacetylene, in a chain reaction. However, a similar mechanism
is not possible and Arlman®+0 proposed that elimination of hydrozen
chloride takes place by a radical process, initiated near unsat-
urated groups at chain ends.

A partial side-group elimination reaction of considerable
relevance to the present work is the elimination of water fron

poly{methacrylic acid). Grant and Gressiettl studied this reaction

at 200°C.
| ACHy_ 1H3CH2 ¢Hs A~ CHy ?H}MZ $Hs
~” *c/w <G ANV
Lo gm0 ’ é !
No 0% >0 TN
+ H20
Fig 1.6

Elimination of Water from ?olygﬂethacgylic Acid)

The acid groups coabine in pairs along the polymer chain.

-
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Insolubility was observed and explained by ecross-linking through
some intermolecular anhydride formation.

1(iv) Theraal Degradation of Polumesters

It may be relevant to the subject of polyecrylate degradation'
to mention thermal degradation studies on polyesters. Ritchielt?
and Goodingshs‘have made surveys cf the theranal degracdation of
model compounds for both poly(ethylene terephihalate) and
poly(ethylene fumarate) and have also studied the thermal ;
degradation products.of the polymers. The initial reaction in the
polymers is the scission of the alkyl-oxygen bond of the ester
group fo produce a carboxyl and a vinyl end group. Thereafter,
the reaction scheme becomes very complex, and a variety of products
is obtained. Addition of free radical inhibitors does not suppress
the degradation reactions, indicating that random homolytic scis-
sions, rather than chain prooesses, propagate the reactions. The

- polyesters degrade at a measureable rate sbove 280°C.

1(v) Thernal Degradation of Methyl Methacrylate/llethyl Acrylate

Copolymers
Methyl methacrylate polymer is often stabilised industrially

by copolymerising a small number of methyl acrylate units into
the polymer chain. This has the effect of inhibiting the.unzipping
rezction by dblocking it at acrylate units. McNeill#* used thermal

volatilisation analysis to illustrate the increased stebility of
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the copnolymers over pure:poly(methyl ethacrylate). He also
showed that higher menmbers of the zcrylate series have the sanme
stabilising effect, but he suggested that they may have a different
blocking mechanism from poly(methyl acrylaté).

Grassie and Torrancehs’AG’h7 studied a r.nge of copolyuers
from 100/1 to 2/1 methyl nethacrylate/methyl acrylate ;nd.also
100/1 and 10/1 methyl methacrylate/ethyl acrylate. The following
is a summary of their findings:

(a) The stability of the copolymers increases with increasing
methyl acr&late.content.

(b) A significant resultf of this work was the observation
that one carbon dioxide molecule is produced per chain scission.
The following resaction scheme was proposed.

1/ Pandom chain scission to give polymer radicals.
2/ Depropegation through sequences of methyl methacrylate units

(see fig 1.2) until

3/ redical. forms at a methyl acrylate unit.

o
va?’
CO,CH;

L/ This redical transfers intermolecularly:

o

c + A¢V\c/~N/ —_— AV CHpy + M\ c-NA/

[ l
0,CH; c020H3 C0,CH; CO,CH;

e v}

N

Qewm -
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5/ A cyclic step between the polymer raedical and a neighbouring
methacrylate unit produces carbon dioxida, a poly(methacrylate)

type radical end a chain scission.

COzCH3 CH3 CH}
Pom, | —> AVCHp-C*  + COg + CHz=C—Cip ™MV
t\/\rc/ FZC'CNV vilg i +- 2 < vng
< | COpCH3 CH3
RS TA S N |

Ete.
Fig 1.7

Degradation Mechanism for Methyl iethacrylate/ilethyl Acrylate

Copolymers
Reaction 5 in this scheme is based on & mechanism proposed by
Fox and otherst8 for the production of carbon dioxide in the

photodegradation of poly(methyl acrylate).

(¢) No methanol was found in the degradation products, éven
in the case of 2/1 covolymer. This is a surprising result when
compared with Kane's findingsl’3 that methanol is a\najor component
in the volatile fraction of poly(methyl acrylate) degradation
ﬁroducts. Grassie and Torrance proposad thet & requiremen?t for
methanol production is at least three methyl acrylate units edjacent
to one another. On the other hand, Strassburger and others*? have
observed a small amount of methanol in the degradation products of
4/1 methyl nethacrylete/methyl acrylate copolymer,

(@) The rate of chain scission is proportional to a power of
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the nmethyl acrylate content of the copolymer less than 0.5. By
considering the kinetics of the reaction, Grassiz and Torrance
concluded that the radical which initiates the chain scission
step (step 5, fig 1.7) can attack any hydrogen atom on the
polymer chain and not necessarily the tertiary hydrogen of a.
methyl acrylate unit. This does not alter finding (b) - a similar
reaction scheme involving carbon aioxideAelimination is given. |
(e) A short chain fragmenf fraction, amounting to -13 % of
the original weight of polymer, 1s observed in the degradation.
products of a 2/1 copolymer et 300°C. “This comparés with a figure
of 38 % found by Kanel for the short chain fragment yield from
poly(methyl 2crylate).
(f) Methyl methacrylate/ethyl acrylate copolymers behave very
similarly to mefhyl methacrylate/methyl acrylete copolymers on

degradation.

1(vi) Thermal Degredation of Higher !lembers of the Polymethacrylate

Series
Crawford50 carried out a survey of some physical and chemical
properties of seventeen members of the polymethacrylate series.
He degraded semples of the polymers under standard conditions
for 100 minutes at 250°C and measured the pércentage volatilisation
of the polymers and the refractive index of the vclatiles collected
at -70°C. The refractive index of the volatiles from poly(prinmary

methacrylates) was shown to be close to that of monomer.
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The volatiles from poly(secondary mathacrylates) have lower
refractive indices than the nonuzers end poly(t-tutyl methacrylate)
gives a volatile fraction identified as iso-butene. Fig 1.8 shows
Crawford's results for the poiyner stabilities, measured as the
percentage volatilisation under his standard conditions. He

found that the polymethacrylates with a carbon atom of lovw
electronegativity in the & or p position of the alkyl -group are
the most stable.

51

Grassie and MacCallum”™ carried out a thorough investigation

of the thermal degradatign of poly(n-butyl methacrylate). Théy
found that, after pfolonged heating et 250°C, only 40 % of the
theoretical yield of the monomer is obtained. Small euounts of
l1-buterne are found, the infrared spectrum indicates the formation
of glutaric anhydride type rings and some iﬁsolubility éevelopes.
They suggested that some acid groups are formed in. the polymer

by elimination of butene by a radical mechanism during both
polymerisation and degradation. The acid groups then catalyse

the elinmination of butene from neishbouring n-butyl acrylate units.

Water is also lost in the same reaction to produce anhydride grcups

which effectively block the depropagation reaction.
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AMCHZJ'J‘ —_— '\N\CHz-lc
1
C0,C), Hy L=07
o M
OH3 : Ot
—> oyl — A CHp G
C—OH C
/
CS\ 0 o’ Nou
CHp=CH—CHp=CH3 il + CHp=CH—CHp-CHj
v
AMCE~C*
| .
C
Y
o7 o
Fig 1.9

Elimination of 1-Zutene from Poly{n-Butyl Methacrylate)

by_a Radical Mechanisnm

' Grant and Grassie®? earlier studied poly(t-butyl methacrylate)
under similar conditions, but at 180-200°C. Very liitle mononmer
(sbout 4 % of the theoretical yield), but large yields of
iso-butene and water are recovered. The iso-butene production

is autocatalytic in character and & mechanism was proposed for

this molecular chain reaction(fig 1.10). The acid groups formed
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soon couple together to produce anhydricde grouns and eliminate

water as described in 1(iii)D

Gy CHs ?H%‘»{ Ci3
vaé/’Cstcﬁvv AG T T A
] i ]
é.{lH \,C C C
\ VAL 7N
Y o g0 1o’ Yo 10’ o
Ve / Ete.
H-L CH-G :
HoC CH cr=c” 3
5 15 . + iy \CF
'3
Fig 1.10

Eliminstion of Iso-Butene from Poly(%-Butyl Acrylate) by

an Acid-Catalysed YNolecular Mechanisnm

1(vii) Thermal Degradation of Polyacrylates

Grassie and Weir“, in connection with Grassie and Gfant's work .
on poly(t-butyl methacrylate), studied poly(t-butyl acrylate).
Tﬁey found the degradation products of the two polymers to be
similar, except in that no monomer was observed in the degradation
products of the polyacrylate. Poly(acnylic acid) is first produced,
fy a mechanism of the type shown in fig 1.10, and this is followed
by elimination of water to form poly(acrylic'anhydride). Carbon
dioxide was observed in the dsgradetion products but‘the amount.
was nof measured. Schaefgen and Sarasohn53 carried out a similar
investigation and gave figures of 86 % iso-butene, 11 % water
and 3 % carbon dioxide for the composition of the volatile

degraedation produgts. They found that the residue is insoluble
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in organic éolvents, but slowly soluble in sodiun hydroxide
solution, suggesting that it contains anhydride groups, some of
which are intermolecular cross-links.

Poly(methyl acrylate) thermel degradation, studied by Madorsky
and Strau328’54, is very different from poly(t-butyl acrylate)
degradation. Volatilisation from thes former polymer does not
begin until the temperature reaches 2809C, whereas the latter
volatilises at 190°C. Carbon dioxide, methansl and short chain
fragments are the principal volatile producté from the fdrmer; |
it is not possible for a product analogzous to iso-butene to be
eliminated. |

Cameron and Kane) found a similar composition for the volatilg
éegrgd&tion products of poly(methyl acrylate), and suggested that
the large proportion of short chain fragments implies that random
chain scission followed by intramolecular transfer (fig 1.1) is
the principal route of degradation. The molecular weight of the
degrading polymer is found to fall catasirophically, also indicative
of a random chain scission process. Coloration and insolubility
were observed in the residuel and attributed to the formation of
carbon-carbon double bond conjugation in the polymer chain aﬁé
to radical coupling between neighbouring chains (fig 1.11)
fespectively. The rate of developzment of insolubility was found

~

to depend upon the conditions of polymerisation.
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Mechanisns were proposed for carbon dioxide and methanol

formetion (figs 1.12 and 1.13)

G0oCH C0CHz
NVCH?—Q-CHz’\N . A~ CHy
P —_—
AN CHy= G Crig AN

0503

Fig 1.11 Cross-Linking Reaction in Poly(liethyl Acrylate) by

Radical Counling

CE CH
chl:h ; 2~ﬁ~v M(';h/ 2~l(,;fvv
—_— : + °*0CH3
o=¢#) _c c c
| 07 ocEs 0% "0 " ock;
OCH3
Fig 1.12 Production of Methanol in Poly(lethyl Acrylats)
Degradation
H C0oClH3 H 0020H5
ANCHp 4 ~CHp ) >  WCHpl -G Ly
(] * l
. /c\/o\/c:fg - CH3
+ Coo

Fig 1.13 Production of Carbon Dioxide in Poly(lethyl Acrylate)

Degradation

The appearance of small amounts of methyl methacrylate in the

degradation products supports the reaction mechanism shown in

fig 1.13. This reaction is similar to one proposed by Torrancel+d
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P 18 :
(fiz 1.7) and Fox3, Another reaction scheme suzgested by Caneron
and Kane might explain both the cross-linking reaction and alcohol

production (fig 1.14).

CO-CH C0-~CH:
i 2V} . i ASES]
An CE5=C = Cily AV AN CHg=C— CH AV
. |
0y £, QCH3 - 0=0 + *0CH3
QC«G : |
i ﬁvaHz—CH-CHZAﬁ/

A CHy=CE=Ciiy MW

Fig 1.1, Simultaneous Cross-Linking_and Alcohol Production

from Poly(Mlethyl Acrylate)

Poly(benzyl acrylate) was also studied by Cameron and Kanel
and was found to have sinilar degradation characteristics to
poly(methyl acnylate), althougﬁ the temperature at which
volatilisation begins is s&me 30C° lower (250°C).

Oéher relevant studies of the thermal degradation of polyacrylates
were carried out by Conley55, Noel5® ana McGormick57.

Conley55 investigated the changes in ths infrared spectrum of
£ilms of poly(ethyl acrylate) degrading in air at temperatures
between 1N0°9C and 200°C. EHe found no functional group changes
in the residue. The volatiles are made up mainly of short chain
fragments which show signs of oxidation. No nonomer was detected.

Noel56 followed the temperature-progremmed degradztion of

poly(iso-propyl acrylate) by observing the change in thermal



conductivity of the volatiles. He concluled that degradation

occurs by ester decomposition unaccompanied by chain scission.
MOQOTMiCk57 pyrolysed ethyl ascrylate and 2-ethyl hexyl

acrylate polymers in a nitrogen atmospnere and swept the volatile

degradation products on to a gas ¢hronatography column. When

the pyrolysis was.carried out a2t 5009C, the monomer yields from

the two polynmers were‘f‘ound to be 7% and 12 % respsctively.

¥hen pyrolysis was carried out by increasing the temperature

step~-wise from 200°C to 400°C, the mononer yields were smaller:

€ % and 2.5 % respectively. In all his pyrolysis studies

of polyacrylates the yield of alcoliol predominated over the yield

of monomer.

l(viii) Aim of the Present Tork

It is obvious, from the different degradation patterns of
poly(methyl acrylate) and poly(t-butyl ecrylete), that the structure
of the alkyl part of ths ester group in the polyacrylates is -
important in determining the temperature‘and.mechanism of breakdown.
From a study of a series of polyacrylates, it is hoped to explain
further end interrelate the complex degradation mechanisms which
occur. In addition to the reactions which take place in the
degradation of poly(methyl acrylate), the possibility exists of
an olefin elimination reaction in the polymers to be studied.

The extent of this reaction and its dependence on the number of
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ﬁ-hydrogen atons in the alkyl group will be investigated. Poly
(2-ethyl hexyl acrylate) has been chosen also to exemine the effect
of a bulky side group, which nay, for example, prevent cross-linking

‘between neighbouring polymer chains.
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Chapter 2 Exnerinentol Frossdures

2(1) Preparation of Monomers

Neither n-propyl ecrylate nor iso-propyl acrylate is available
commercially. They were prepared by the method of Rehberg and
FisherdS, This is an ester exchange rsaction invelving reflux of
a mixture of the appropriate alcohol with en excess of methyl
acrylate in the presence of.a sultable strong acid as catalyst.

~ A. Preparation of n-Propyl Acrylate

1.5 Kg methyl acrylate (B.D.H.Ltd), 360 g l-propanol (V.B.

Nicholson Ltd), 6.g p-toluene sulphonic acid (B.D.H.Ltd) and

60 g hydroquinone (Ilford Ltd) were refluxed for 4 hours. Methanol
and methyl acrylate were then distilled off and distillation was
.maintained until the temperature of the distilling liquid reached
99°C. Methyl acrylate boils at 80.5°C, methanol at 65.0°C,
n-propanol at 97.1°C59 ang n-propyl acrylate at 1239060, Tpe
hydroquinone was added as a polymérisation inhibitor.

. 580 g crude n-propyl acrylate was recovered by distillation

of the viscous and dark coloured reaction mixture under vacuum.
Gas-liouid chromatogrephy (G.L.C.) of this product on a 6 £t x 1/} in
25% carbowax 1000 column at 108°C showed one main peak and two
snall impurity pezks identified by retention times as n-propyl
acrylate, methyl acrylate end n-propanol. Fractional distillation

of the mixture under vacuun was carried out. 600 ml was collected,
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in five fractions. The third, fourth and fifth frection were
teken and again distilled under vacuwa. 3590 rl was recovered
and the last 300 ml of this weas t;ken, and found to be pure
n-propjl acrylate by gas chronmatography on carhowax 1000 and
dinonyl phthalate columns (see fig 2.1 a & b). 270 g of pure
n-propyl acrylate was obteined, representing e yield of 40% .
This material wes stabilised by addition of 0.9 g of hydroguinone
and stored in a refrigerator.

B. Preparation of iso-FPropyl Acrylate

1.6 &g methyl acrylete (B.v.H.Ltd), 650 g iso-propanol (¥.
Jarvie Ltd), 1l.g p-toluéne sulphonic acid (B.D.H.Ltd) and 90 g
hydroquinone (Ilford Ltd) were refluxed for 60 hours. Methanol
and methyl acrylate were then distilled off and distillation was
maintained until the temperaturce of the distilling liquid reached
95°C. iso-Propanol boils at 82.4°C%7 ana iso-propyl acrylate at
1n8-112°C61, 520 g of crude iso-propyl acrylate was recovered
by distillation of the residual material under vacuum. Purification
was performed as for n-provyl acrylate sbove. 230 g of pure
iso-propyl acrylate was obtained, representing a yield of 1% .

Chromatograms of crude and pure material are shown in fig 2.1 ¢ & 4.

2(11) Preparation of Dilatometers

Polymerisations were carried out in 250 ml dilatometers con-

taining a magnetic stirrer. The dilatometers
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were washed with cleaning fluid, distilled water and Analar
acetone and dried by pumping to high vecuun. They were flamed
out to remove volatiles absorbed on the glass.

2(4ii) Purification and Introduction of Initiator

In all the polymerisationscuiazobisisobutyronitrile (AzZBY)
(Kodak Ltd) wes used as initiator. It was recrystallised from
methanol, and added to the dilatometer as a standard benzene
solution. The benzene was removed under vacuum.

2(iv) Purification of Solvent

The solvents used in the polymerisation of each monomer are

given in the following table.

Table 2.1

Solvents Used in Polymerisations

Monomer Solvent
Ethyl acrylate Ansler ethyl acetate (Hopkin &

Williems Ltd)

n-Pronyl acrylate n-Propyl acetate (B.D.H.Ltd)
n-Butyi acrylate n-Butyl acetate (B.D.H.Ltd)
iso-Propyl acrylate iso~-Propyl acetate (Fisons Ltd)

2-Ethyl hexyl acrylate Analar benzene (B.D.H.Ltd)
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The acetates were chosen becaucse of their similar chemical
structure to the acrylates, so that if a few molecules of solvent
were Incorporated in the polymer chain, minimal interference with
the polymer structure would rssult. Analar benzene was used as
solvent for the 2-ethyl hexyl acrylate polymerisetion, 2-ethyl
hexyl acetate being unavailable comamercially.

Solvents were purified by treatment for 24 hours with dried
calciun chloride, then overnight with ground calcium hydride
to remove all traces of water. They were degassed by the freezing
and thawing technique and distilled under vacdum into a greduated
reservoir{see fig 2.2).

2(v) Purification of Monomers

n-Butyl acrylate (Xoch Light Laboratories Ltd), ethyl acrylate
(B.D.H.Ltd) and 2-ethyl hexyl acrylate (Union Carbide Ltd) were
obtained stabilised by inhibitors of the hydroquinone type.
Before polymerisation, all the monomers were allowed to stand
for 2 hours over dried calcium chloride followed by treatment
overnight with ground calcium hydride, to remove any traces of
water. For all monomefs except 2-ethyl hexyl acrylate, fhe
inhiﬁifor wes removed by distilling twice under vacuum (see fig 2.2);
each time the first and last 10% of the liquid was discarded.
The second distillation was into a graduated reservoir, The mononmér

was then thoroughly degassed three times. It was thereafter ready
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for distillation into the polymerisation vesseasl.

2-Ethyl hexyl ecrylate wes purified in a different manner
because its low volatility at room temperature made normal
distillation under vacuum impracticable. A conventional vacuunm
distillation apparatus with an oxygen-fres nitrogen leak was used.
The collecting vessel was a graduated reserQOir which was connected
to the polymerisation dilatometer by a glass tube. The nonomer
distilled over at 85-85°C under a pressure of 0.8 mnm mercury into
the reservoir which was cooled to -80°C. 100 ml of monomer was
used, the first 10 nl of which vas allowed to puap away; the next
4, ml was collected. The distillation apparatus was then removed and
- the reservoir closed at the top with a ground gless stopper.
The mononer was then thoroughly degassed as described zbove.

2(vi) Introduction of Monomer.and Solvent into Dilatometers

Purified monomer was distilled under vacuum into the dilatometers
except in the case of 2-ethyl hexyl acrylate. In this case, the
mononer wes poured into the dilatometér with the system under
high vacuun. The tube between the reservdir and dilatometer was
then sealed under vacuum and the reservoir removed. In all caseé,
once tﬁe monomer had been introduced into the dilatometer, it
waslkept at -196°C to prevent polymerisatioen.

Solvent was introduced to the dilatometer in all cases by

distillation under vacuun from a graduated reservoir. Once the |
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volvmerisation nixture of initiator, monomer and solvent hzd been
made up in the dilatoneter, it was frozen with liquid nitrogen,
punped to a pressure of less than 1072 torr snd the dilatoneter
sealed at the consiriction.

2(vii) Polynerisation

A1l polymerisations were carried out at 40.0£0.,1°C in a stirred
therinostat bath. The thermostat bath had a glaess floor and, by
placing a magnetic stirrer below the bath, the glass-covered
magnet inside the dilatometer could be activated and hence used
to‘maintain unifofm tenperature within the dilatometer.

Some monomer and polymer density data have been obtained for

63 and n-butyl acnylate6h.

nethyl acrylatesz, ethyl acrylate
Densities of ethyl and 2-ethyl hexyl acrylate monomers at 20°C
are also xnom®5., Frou this data, an approximate relationship
between volume contraction and percentege conversion for each
polyner at the polymerisation temperature could be derived. The
ﬁolymerisations were followed dilatometrically and taken no
further than 20 % conversion, then stopped by pouring the
contents of the dilatometer into 3 litres of Analar methanol or

methanol/%ater mixture.

2(v3ii1) Purification of the Polymer

The precipitated polymer was removed by filtration, dried under

vacuunm, redissolved in fresh solvent and reprecipitated by slowly
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dripping the polyner solution into well stirred precipitant. This
process was repeated twice. Finally the polymer was dissolved
in benzene and freeze dried until a vapour pressure of less than
10> torr was obtained at room temperature. Thermal Volatilisation
Analyses and thermogravinetric analyses of the polymers revealed
no significant amount of solvent after this treatment (see 3(iii)
and 3(iv)).

Table 2.2 summarises the polymerisation data. Only 5 of these
polymer samples were used in this work.

The polymers véry in appearance from poly(ethyl acrylats) and
poly(iso-propyl acrylate% vhich are tough, leathery elastomers
at room temperature,to poly(n-butyl aczylate) and poly(2-ethyl
hexyl acrylate% which are soft and exhibit low viscosity at room
temperature and run freely on heating.

2(ix) Molecular Weight Determinations

Throughput this work, number average molecular weights were
measured. Flory66 has described methods and theory of determining

molecular weights.

Methods for finding number average molecular weight are based
on the‘colligative propartiss of polymer solutions and are fully
described in a monograph by Bonnar, Dimbat and Strosss7. The
two types of apparetus employed in the present work are the vepour
pressure osmometer (v.P.0.) and the high speed membrane osmneter

C(M.0.).



_ HYld
Noﬂ.o%sm%fm&

Ge*o zles 9T 9 €Lt
{
M I¢d
g9°0 é8°g 6 % 18T 7 G0T°0. TAdoxg-osT
w deld
0£-2 L8°g 6 % 6t % L60°0 Thdoag-u
€901d
£8-0 04°LT 7,6°8% % 80T°0 : Té3ng-u
i 4901
ot T €8°L1 02 7 68M 7% 80T°0, Téng-u
_ _
m 0Tl
08°c 69°2T 7% 6°8% 7, 80T°0 TAyng-u
g6d
/8°0 6o°L Kq %, 0°02 7 25270 AU
. [-) w mwm
GT°1 g 9T % G*02 7> S0T°0 | Téyng-u
M q6d
0L°2T ¢1°¢ 0T %, 62 % 180°0 | TAy3g
— . S e e e B U
(suotTrw) _(® A/A uow A/p .
TGTToM J6uAT0g UDTEI0AGO) UO[J0druUeoU0) UOTFEAGuUeoU0) |
LG nOdo)  JO 3ydtay A JBWOUOK IoyetaTur _mvwﬁhmmﬂhmmm

0007 38 auop suopjestIaudAgod TV

€38( GOT388 [XoUATOg

AFAR N CU



A. Vanour Pressure Oznonoter (Eadett-Pagiinrd Inc)

Operation of this instrument (fig 2.3) depends on the difference
in resistance (AR) between two thermistor beads when one is coated
with solvent and the other with polymer solution in an etmosphere

saturated with solvent vapour68

« .Provided that the temperature
is kept constant, the resistance depends on the vapour pressure
round the bead, which, in turn, depends on the number of solute
molecules per unit weight of solvent (n).
ARe& n

But n & c/ﬁn Vhere ¢ is the concentration in g/100 g solveni

and Mn is the number average molecular weight.
;. tn = Ke/OR vwhere K is a constant.

The units of AR are not important since the instrunent is

calibrated with a standard compound, in this case benzil.

The value of AR/c used is that at infinite dilution (AR/c)c‘_’ 0

since interactions between polyzer molecules are significant even
at low concentrations. To find this, 'several concentrations are
made up, the graph of AR/c vs ¢ is found and extrapolated to
infinite dilution.

The apparatus is accurate to 11 9, wup to molecular weight 2000

and 230 9 up to molecular weight 20,000 and mey be used provided

that the vapour pressure of the solute is negligible compared _

with that of ths solvent.
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B. High Soesd Manbrane Osnougter (Hemleit-Packard Inc)

The osmotié pressure (=) of a solution st constent tenperature
(T) depends on the number of solute molecules per unit weight of
solvent (n)

7% = nRT  (van't Hoff's Law)
whers R is the gas constant
again, using the nomenclature above,
% = Ke/Tn
and ¥y = Ke/x .
As with the V.P.0., the value of x/b used is that et infinite

dilution and it is found in a similar mamner to (AR/c)eu 0

A schenatic drawing of the M.0. ig shown in fig 2.4. This
instrument is a refined form of the osmotic balance69. It is
accurate to 35 % in the molecﬂlar weight range 20,000 to 1,000,000.

For both the V.P.0. and M.0. concentrations of the solutions
supplied wers approximately 1 g to 100 g solvent. The concentrations
were obtained by evaporating the solvent (generally toluene) from
a 1 ml portion of the solution in an air oven at 120°C and weighing
the containing vessel empty and with the residual polymer.

These two instruments do not cover accurctely the whole

molecular weight range. Molecular weights between 2,000 and

20,000 are only approximate.
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2(x) _Thernal Yathods of Anslysis

Various methods have been devised for studying continuously
the changes in the nature of a substance on heating. Most of
thesé methods have been epplied to polymers and are widely
described in the literature/©. It'has been usual to programme
the tsmperature of the polymer and observe the changes produced
in one or more properties. The two methods used in this work
both follow this principle.

A. Thermogravimetric Anelysis (T.G.A.)

Madorsky and his coworkers used an electrically heated balance
to study weight changes in a large numbar of polymerslo. Most
of this work was done isothermally, but similer apparatus has
beén devised in which sample weight is plotted graphically against
temperature or time in linearly temperature programmed
degradations71. Many polymer systems have been studied in this
way and there have been many theoretical methods devised for
pbtaining kinétic data from T.G.A.72, but, in general, insufficient
barameters are obtained except in cases where there ere only a
few simple procésses involved in the degradation reaction.

In the present work the degradation processes are too complex
%o allow collecticn of kinetic data, but 7.G.A. thermograms
supplied qualitative information for the preliminary investigations

of the degredations. ‘“he buvont 950 Thermogravircetric Analyzer.
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(fig 2.5) was used. 7vhe semples were heated at 5C%/min from roon
témperature to 500°C in en atmosphere of oxvgen-free nitrogen.

It is not possible to obtain 2 high vacuunm with this apparatus
and, in general, T.G.A. gives bettgr results when verforaed at
afnospheric pressure since spatiering effects are greatly reduced.
Although no major inconsistencies are observed in relating T.G.A.
runs uvndéer nitrogen to other degradation results found in vacuunm,
the studies are not strictly comparsble.

B. Thermal Volatilisetion Anslysis (T.V.A.)

McFeill devised an apparatus73 which enablas the pressure of
volatiles evolved from a sample dJdecomposing under vacuum to be
measured. The temperature is increased linearly and a plot of
pressure sgeinst time is obtained. A later modificetion’ is
shown schematically in fig 2.6. A series of parallel traps at
different temperatures is incorporated into the system end the
pressure measured after each one. This epparatus is known as the
Differential Condensation T.V.A. and a typical thermogram is shown
in fig 2.7. Since the system is continuously pumped, the pressures
are small end are measured by means of Pireni Gauges (Edwards
High Vacuun Ltd). As with T.G.A., kiretic data for simple degrade-
tion reactions can be obtained, but polmacrylates present too
complicated a degradation pattern for this, and the thermograns

obtained can be only qualitatively interpreted.
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2(xi) Ths Dymanic Yolecular Still (D.4.S.)

The dynamic moleculer still used in the preliminery investi-
gations is a.development of the apparatus used by -Grassie and
Melville75, and by Grassie and others in a wide renge of polyrmer
degradation studiesl 39545, Fig 2.8 shows the D.M.S. apparatus
end fiz 2.9 the degradation trey and heating block.

The degradation tray was nzde from a copper block 36 mm = 36 nm
x 7om with & 32 nm diameter x 6 mm deep circular recess in one
side. Coppen/constantan thermocouple leads were silver soldered
to the base of this recess. These were connected to an ice/water
cold junction and to a millivoltmeter (S&ngamo-Weston Ltd) used
to monitor the temperature of the degrainiy sample. The tray
is bolted to a copper heating block, the two surfeaces of contact
being ground to ensure good thermal contact. Two 50 watt/240 volt
cartridge heaters (Hedin Ltd) are connected in series and their
output controlled by a Variac voltage regulator so that they were
capable of maintaining the temperature of the tray just below the
£equired degradation temperature. The third heater is connected
to en Ether 'Transitrol' controller through a varizble transforzer.
A second copper/constantan thermocouple in the heating block
activates the controller. By suitable adjustment of the controls

8 steady temperature of degradation can be maintained to $1.00cC.

The electrical leads to the still ere passed through cepillary
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Fig 2.9 Heatine Block end Tray for D.M.S.
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tubing which is sealed with picein wax.

The sample for degradation was oprepared by dissolving a known
weight of polymer in toluene, pouring the solution into the tray
and adding enough conper powder (60-30 mesh Hopkin and Williams Ltd)
to cover the polymer and ensure good thermszl contaect. The solvent
was then evaporated off, and the system pumped out to less than
10-5 torr and degredation begun.

The apparatus was continuously pumped during degrzdation and
the condensible volatiles were collected in a trap (B) at -196°C.
From there they could be distilled into a graduated tube (C).

This tube was weighed empty. Once the volatiles had been condensed
into it, it was sealed at G and weighed again. The difference

in the weights gave the weight of volatiles minus a small correction
for the air in the tube initially (about 4 mg). The gases were
analysed using an ¥S10 mass spectrometer (A.E.I.Ltd). Weight loss
in the degrading sample was found by weighing the degradation

tray plus polymer and copper powder before and after degradation.

2(xii) Objections to the Use of the D.M.S. for the Study of

Polyacrylates

The dynamic molecular still has many advantages over other

methods for the situdy of polymer degradation reactions. Some of

these are:
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l/v'cry gocd thermal contact between polymer end heater. This
means that with a suitable temperature controlling system, very
accurate and steady temperature settings can be obtained76.
2/ A high vacuun can be maintained during degradation by continuous
pumping. This enables the volatile products to escape from the
hot zone as quickly as possible 2nd nmininises the chance of
secondary reactions occuring between products. Also, very good
thermal insulation of the heating block and tray can be achieved.
3/ Use of the degradation tray enables weight losses to be
calculated readily.

However, the degradation of polyacrylates shows characteristics
which are not easily studied by the D.M.S. in its usual form.
Thus, some objections to its use are as follows:

A. Catalysis of Secondary Reactions by _Copper

In some of his earlier work on the thermal degradation of
poly(methyl acrylate), Kanel used the form of molecular still
described above. He found that the copper powder catalyses thermal
breakdown of methanol to carbon monoxide and hydrogen, in a
sinilar manner to that found by Hasegawa77. He therefore adopted
a new type of degradation tray which had a lining of platinum
on the inside surface. This has the disadvantage that spattering
occurs with loss of unreacted polymer since there is no hindering,

copper-powder layer. MAlso, it is by no means certain that
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platinun will not catalyse r22ction.

Another reaction knowm to be catalysed by the presence of
copper powder is the elimination of hydrogen chloride fron
poly(vinylchloride)78.b Use of iron and silver degradation trays
was also found to be unsatisfazctory in this case. Recently it has
been suggested79 that copper may catalyse the evolution of acetic
.acid fronm polyﬁinyl acetat@.

B, Collection of Short Chain Fragments

Cameron and Kanégi}found that up to 90% of the weight loss
frow degradation of poly(methyl ecrylate) consists of short chain
fragments with an average molecular weight of 704. Madorsky54
gives a value of 739% and an average molecular weight of 633 for
this fraction. 1t is not easy to measure accurately the amount of
this nmaterial with the D.M.S. since it is tw involatile to reach
"the cold trao (B) and, instead, condenses on the walls of the
still. Cameron and Kane used a glass surface fitted directly over
the heating block of the still to collect it. It is desirable
that the whole of this fraction should be recovered and measured,
however, and the D.M.S. is not entitely satisfactory for this
purposé.

C. Recovery of Residue

In the present work it was found that the residue becones

partly insoluble. This results in a hard, caked mass of residue
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and copoer powaer vhich is diff'icult to remove from the degreadation
tray for anslysis.

For these reasons it was decided to use the D.i.S. only for
qualitative investigations and a new type of degradation
apparatus, the sealed tube, was devised for quantitative
measurements.

2(xii1) _Sealed Tube Degradations

The sealed tube is shown in fig 2.10. It was made of 12 mn
outside diameter, medium wall, pyréx glass. Before use it was
wash2d overnight with cleaning fluid, then with distilled weater
and finally Analar acetone. It was dried by pumping out to high
vacuum, then limbs A and I were flamed out to remove absorbed
volatiles.

lPolymer was introduced into.the tube in two ways. In earlier
work the polymer was dissolved in Analar toluene and the required
volume pipetted down a long thistle funnel into section A as shown
in fig 2.11(a). The solvent was removed by distillation under
vacuun and the tube sealed off at the constriction,F (fig 2.10)

under a pressure of less than 10~ torr.

Later it was found nmore convenient to introduce the polyumer
into the tube by cutting the glass at B end using the device shown
in fig 2.11(b). This prevented the polymer sticking to the sides

of the glass except at end A. End A was glass-blown back into
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position on the tube and the tube evacuvated and ssaled as befors.

Degradations were performed in a Catterson-Snith G31LX type
electric furnace. This is fitted with en Ether 'Transitrol’
controller and temperature control of £1T% is obtained provided
that the furnace is allowed to come to equilibriua for 24 hours.
There is found to be a small vertical temperature gradient inside
the furnace, but none horizontally. The entrance is closed by
two refractory bricks, 10 cm thick. Three holes 15 mm in
diameter were bored through the bricks at the s@mne horizontal
level. Through these three sealed tubes can be inserted, one
containing 2 chromel/alumel thermocouple to monitor the temperature.
end thz other two for simultaneous degradations. The end I of
thg seeled tube is immersed in liquid nitrogen to ensure that the
pressure inside the tube remains low and to collect volatile
material.

The thermocouple is led to an ice/water cold junction and to
a 'Doran' thermocouple potentionster (Derritron Instruments Ltd).
The thermocouple leads can also be switched to a Honeywell-Brown
recorder which is used to check that ths temperature remains constant
between potentiometer readings.

After the reaction the sealed tube can be used to fractionate
the vroducts as follows. Gases can be analysed by breaking the

break seal D and distilling the gases into a suiteble measuring
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device (see 2{xiv)). Licuids collect in the capillery at J, and
linb I can be seeled off at the constriction,H, to isolate then.
Short chain fragnents collect in the 'cold ring' at C and may be
sevarated from the residue by cutting the tube at B.

2(xiv) Analysis of the Gasecus Volatiles

The apparatus shown in fig 2.12a was used to analyse the gases.
It consists bzsically of a corstant volune manometer (C.V.X.)

1 and en infravea gas cell 12 em long

similar to that used by Kane
by 4.5 cn in diameter (Techmation Ltd). The method of operation
of the C.V.M. has been described by Kane. The whole system is
evacuated to a pressure of iess then 10-5 torr, then taps B and F
are closed. ¥ith capillary J in ice to keep the vapour pressure

of liquids low, the break seal on the sealed tube is broken and

thé gases distilled into limb Z of the C.V.M.. The level of
mercury in limb L is adjusted to the zero mark and the pressure

of the non-condensible gases measured from the height of mercury

in limb R, ILimb 2 is then allowed to warm up to room temperature
with tap C closed and the pressure of condensible gases is measured
similarly. Tap G is closed and U-tube U is surrounded by liquid
nitrogen. The condensible gases are then allowed to condense
into this tube. Tap F is closed and the geses are allowed to

warnm up'to room temperature. Part of the gases occupy the infrared

gas ce2ll, which is then separated from the line and the spectrum

-
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of the gases is obtained on a Perkin Elmer 257 Grating

Infrared Svectrophotoneter. An identical infrared zas cell is
evacuated completely and placed in the reference beam. of the
spectrometer. The infrared detectors are flushed with oxygen-

free nitrogen. These precautions enable guantitative analysis

of carbon dioxide to be made with minimal interference from

carbon dioxide in the atmosphere. The szme instrument was used

Ain 21l the other infrared studies described in this thesis. Ths
volume of the C.V.M. was found as shown in Appendix A, to be

30.5 ml for the part enclosed by taps C and ¥ .and 423 ml for the
part enclosed by the sealed tube (with tep A 6pen) end taps B and F,
The total number of moles (n) of gas recovered from the degradation
can be found as follows:

By'the General Gas Law
PV = nRT where P is the pressure

V is the volume
R is the Gas Constent
and T is the absolute teaperature
In 211 experiments room temperature was taken as 295°A and the
gas constant R = 6.24x107 mlxXcn.Hz/moleXC.

For the smaller system

n= _____iﬂgi__. x P
6.24,x10 ;295
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or n = 1.657x10~2 p
For the larger system

n

1,23 P
6.21pc103x295
2.30x10~% p

In both cases, P is in units of em.HE.

By the use of standard samples of carbon dioxide (British
bxygen Ltd), ethylene, propylene and l-butene {(all iiatheson Inc.,
C.P. Grade), peaks for infrared absorption by the gases were
measured and graphs obtained of optical density of the peak against
pressure of the gas on the C.V.X..

In this way the gaseous fraction could be enalysed and, in the
cases of the volymers of ethyl, n-pronyl, iso-propyl and n-butyl
acrylate, was measured as weight of total gas, weight of carbon
dioxide and weight of olefin. In the case of poly(2-ethyl hexyl
acrylate) the infrared spectrumlwas used only to confirm that the
gaseous fraction was mainly carbon dioxide.

Gas chromatographic data presented in this thesis wes-obtained’
using a Misrotek 2000R Research Gas Chromatograph with a fleme
ionisation detector; except where otherwise stated. A 10 ft by
1/ in 30-50 mesh silica gel column and a 24 ft by 1/8 in 40 %
silver nitrate/benzyl cyanide column were used to look for traces

of gases other than those mentioned ebove. The detector will not



detect carbon dioxide, carbon monoxide, hydrogen or oxygen. The
apparatus shown in fig 2.12b was usecd. ter infrared analysis of
the gases they are condensed back into the U-tube, U. Tap I is
closed and the gases allowed to warm to room temperature and £ill
the system enclosed by taps F, G, H, I and ¥ and by the manometer.
A 'solvent' gas, argon, which will not be detected on the
chromatograph is ellowed to flow in until the systen is at
atmospheric pressure. Samples oflgas are then withdrawm through
septum V by means of a gastight syringe (Hamilton Co Inc) and
injected into theAchromatograph. |

After analysis gases can be distilled into reservoir P for
storage if necessary.

2(xv)  Anslysis of Liquid Volatiles

A. Gas Chronatogravh-Mass Spectrometer (G.C.M.S.)

The volatiles from some D.M.S. degradations were analysed by
neans of a L.K.B.9000 combined gas chromatograph-mass spectrometer
tL.K.B.—Produkter). A schematic diagrzm of this mechine iz shown
in fig 2.13. The novel feature is the molecule separator
(Becker-Ryhage)80 which pumps away most of the helium atoms, so
that molecules from‘the seperated component of the mixture under
analysis pass into the mass spectrometer in high concentration.
The mass spectrometer scans at 20 eV which is below the ionising

energy of helium except when a mass spectrun is being recorded.
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This enzbles an electroneter in the ion source to be used as a
detector for the gas chromatogzraph. The mass spectra are obtained
at 70 eV. As each peak appears on the chromatograph, a mass
spectrum may be obtained for the component. The column used in
this work was 10 £t by 1/4 in 1 % SE30.

B. Ggs-Liquid Chromatography (G.L.C.)

Linmb I from the sealed tube (fig 2.10) was broken open and the

contents distilled into another graduated tuve. This tube was
weighed before and after distillation and thus the weight of low
nolecular weight (distillable) liquids was found. The remaining
(undistillable) liquids were combined with the short chain fragnents
and were esnalysed as such; This procedure was followed in all
cases except poly(2-ethyl hexyl acrylate), where the liquids to
be measured are of too low volatility to distil. In this case
the whole of the fraction in limb I was analysed.

To the distilled liquids was edded & known weight of solvent

according to the table below.
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Tebla 2.3

rie

Data on Quantitative G.L.C. of Liauid Dezradation Products

Polyner

poly(ethyl
acrylate)

poly(n-propyl
acrylate)

poly{iso-propyl
acrylate)

poly(n-butyl
acrylate)

poly(2-ethyl
hexyl acrylate)

Liquids Solvent
dnalysed
ethanol ethyl
acetate
n-propanol
n-nropyl
acelate
iso-propanol
n-proonyl
n-butanol acgtafg
n=-butyl
ecetates -
2-ethyl &
hexan-l-o0l Q'thyl
2-ethyl benzoate
hex-l-ene

Isotharmeal
at

60°C

85°0C

70°C
100°C

programmed

The weights of sample (Wa) end solvent (W) are proportional to

the areas (43 and Ag) of the peaks on the chromatograph. A

sensitivity factor (f) relates these terms as follows:
\

1

fa = Aa/Wa and

£ = As/Vg

A combined sensitivity factor (f) is defined such that

- Ag.W
i w

This factor is determined for the pairs of sample and solvent

shovn in table 2.3 by running blank samples. The results are



given in Appendix B. Once this is deternined, the weight of a

samnle is found from a chronmatogran using the relation:

Vg = T, Eﬁﬁ%&

Typicel chronatograus of a distilled liquid sample and of that
sanple plus solvent are showm in fig 2.1k,

The runs were done isothermally on a 10 ft by 1/4 in 10%
dinonyl phthalate column in all cases except poly{2-ethyl hexyl
‘ acrylate); the column temperature iz showm in table 2.3. A 6 %
by 1/ in 1% carbowax 20n column was used to study the liquids
from poly{2-ethyl hexyl acrylate). These were temverature
programmed from 30°C to 100°C at 5C°/min.

2(xvi) Short Chain Fragment Analysis

The undistillable liquids and the fraction of degradation
products in section C of the sealed tube (fig 2.10) were combined
for each sample. This fraction was weighed and then combined with
the same fraction from other degraded samples of the same polymer.
The molecular weight of the total was found using the Vapour
Pressure Osnometer.

G.L.C. Chromatograns were run of this fraction, but it is thought
that only the more volatile species passed through the 6 ft by
1/L in carbowax 204 column used. A typical chromatogram is shown

in fig 2.15. YThe chromatogran of sonme straight chain alkanes on

the same c¢olunn is shown for conparison.
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2(xvii) Residue Analysis

The residue in part A of the sezled tube was allowed to stand
overnight in 10 ml Anslar %tcluens. The solution was then poured
throuzh a filter paper to separate sol and gel frections. The
filter paper was washed with further Anazlar toluene until constant
weight was attained for the dried paper and gel.

The gel was analysed by microsnalysis. The nolecular weight
of the soluble portion was deterained by osmometry. Infrared and
nuclear magnetic resonance (N.M.R.) spectra (Perkin Elmer R10
N.M.R. spectrometer) were obtained of the samples dried by evapor-
ation of toluene solvent and redissolved in Analar carbon

tetrachloride.

2(xviii) Infrared Analysis of Total Residue

A series of degradations were performed on films of poly
{(ethyl-), (iso-propyl-) and (n-butyl acrylate)} cast between two
scdiumchloride discs. The discs were placed in the end A of a
sealed tube which fortheseruns was made of 18 mm outside diameter
tubing. The discs were marked so that they were always positioned
in the same orientation in the infrared beam. The peak
intensities of the changing spectra were measured and plots of

optical density against time of degradetion drawn for the more

invortant peaks.



-51-

2(xix) Tow Temverature Dezredation Studies

A series of degradations of poly(n-buiyl acrylate) were
performed at 241°C and of poly(iso-propyl acrylate) at 195°C in
an attempt to study the changes in molecular weight of the polymers
vhen little volatilisation is occurting. The residue and short
chain fragment fractions were analysed as described above.

The volatiles were measured by meens of. a licLeod Gause,and
analysed by a 4.S.10 mass spectrometer (A.Z.I.Ltd)

A. The Mcleod Gauge

The McLeod Gauge was constructed as shown in fig 2.16. It
was calibrated by the procedure described in Appendix C. The
apparatus was pumped out to a pressure of less than 10'5 torr.
Capillary J was kept at liquid hitrogen temperature and breakseal
D broken with tav B closed. The pressure of non-condensibles was
found on the McLeod Gauge. The condensible gases were then
distilled into trap C and tap E was closed. Trap C was allowed
to warn up to room temperature and the pressure of the gases
measured.

The volume enclosed by the sealed tube, trap C, the lcLeod
Gauge (including the bulb) and taps A and B was found epproxinmately
(since the internal volume of the sealed tubes varies slightly)
as shown in Appendix C. The smaller volume enclosed by trap C,

the Mcleod Gauge, end taps A,B and E was found accurately. Thus
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the nunber of moles of non-condensible end totel goses could be
found for each sanple using the General Gas Law relatlionship
n = P.V/R.T Symbols as on page Lk

The method of calculsting n is given in Appendiz C
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Chavker 3 Prelininery Tnvaeshisatinng

3(;) Introduction

Before embarking on a quantitative stu&y of the degradation
of the polyacrylates, it was necessary to decide upon a suitable
standard temperature, at which volatilisation occurs at a
conveniently measurable rate. Although this is a much higher
temperafure than the polymer will meet in normal use, it is hoped
that the degradation reactions observed can be related to the
deterioration reactions to which the polymer is liable under
nornal conditions of processing and wear. It'is also important
to obtain a qualitative kmowledge of the degradation products
at this temperature, so that apparatus can be designed to analyse
quantitatively all the significant reaction products.

The dynamic molecular still was used to obtain most of this
information. Thermal volatilisation and thermogravimetric analyses
were used to study the overall nature of the degradation.

3(3i) Dynsmic Moleculsr Still Studies

Approximately 200 mg samples of poly(n-butyl ecrylate) {P6B}
were degraded for two hours at various temperatures between 290
and 360°C on the dynamic molecular still apparatus. Initial
weights, weights of residue and weights of volatiles were found
as deseribed in chapter 2. The weight of large chain fragments

was found as the difference betieen the weight of starting material
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and the weight of measurable rcaction products, that is, residue
and volatiles. Table 3.1 was drawn up from this informatiocn.

The nolecular weight of the soluble part of the residue was found
by the High Speed llembrane Osmometer. In the runs dons at 32,°C
and above the residue and copper powder were ceked on to the
tray, and no part of the residue dissolved in toluene. Tig 3.1
sunmarises these results graphically.

The volatiles from these degradations were analysed by
mass-spectrometry. The spectra did not vary significantly.

Fig 3.2 shows the spectrun of the voletiles from run HS5B et
70 eV. It can be accounted for by a mixture of carbon dioxide,
1-butene and n-butanol, the spectra of which are also 3hown81.

A 2 hour degradation of 200 mg of poly(n-butyl acrylete) (}S2B)
at 366°C was run outside this series. The volatiles were collected
and analysed in an infrared gas cell and by G.C.il.S.. The
infrared spectrum and the assignment of the peaks are shown in
fig 3.3 to correspond to a mixture of cavbon dioxide and butene.
The G¢.C.M.S. chromatogram is shown in fig 3.a. the peeks are

assigned from the mass-spectra as follows:



Molecular Still Degradatisn Data on _a Poly(n-buivl acrylatse) Sample

of Initial Molecular 7eight 1,150,000,

(2 Hour Runs at Various Temperatures)

A | B c D E F G H I
ﬁSAB 290 194.6 161.9 32.7 23.5 9.2 32,800 118
MS3B 300 192.7 118.3 T74.4 39.2 35.2 19,500‘ 160
MS10B 313 193.6 75.7 116.9 55.5 6l.4 11,200 57
MS9B 324, 195.0 27.5 167.5 81.7 85.8 Insol. 0
MS4B 347 190.0 17.1 172.9 77.5 95.4 Insol. 0
M578 355 191.8 20.1 171.7 83.5 88.2 1Insol. 0

0

MS53 363 191.4 — _— — 71.8 Insol.

A Sample

B Temperature (°C)

C TInitial Weight (mg)

D Teight of Residue (ng)

E Weight Loss (mg)

F Weight of Short Chain Fragments (u3)
¢ Yeight of Volatiles (mg)

H Molscular Weight of Soluble Resldue

I Weight of Soluble Residue (ng)



Weight Loss (% ) or Weight of Volatiles (%

Haterisl)

b}
i

of Starting

O ‘Weight Loss

A Veizht of Volatiles
O ‘Weight of Short Chain Fragnents
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Fig 3.1 Molecular Still Dsgrslifinn Dada, Polvi{n-~Bu%sL lerrivte)

(111 2 hour rins)
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Chronatogrann Pesk Commonent
1 chloroform (solvent)
2 n-butanol
3 | ‘n-butyl acrylate
L n-butyl methacrylate

The mass-spectra of the higher molecular weight components
were not easy to analyse because the# rarely gave a significant
parent peak and because peaks above mass 200 in the mass-spectrum
were difficult 1o assign with certainty. However the following

table gives a list of the main mass-spectirum peaks of the later

components in the chromatograph.

Table 3.3
Chromatosraph Peek Main Mass Spectrum Peaks
5 134, 117
356, 268, 73
428, 34, 73

502, 415, 261, 147, 73
407, 327, 155, 18

0w O N O



These vea's are not given in order of heizht since most of
them were off the scale of the mass-spectrometer. The appearance
of a large peak at mass 73 in thrze of these spectra would indicate
that these components contain butyl ester groups, which lose
_CHBCH2CH2CH20+ ions. Component 5 has a large parent peak and
so is probably arometic in character; possidbly an impurity in
the toluene sclvent used to cast the polymer film.

3(141) Thermsl Volatilisation Anzlysis

Fig 3.4 a-f shows the TVA thermog}ans of 50 mg sanples of the
polymers under study and also of a 100 mg sample of poly{methyl
ecrylate) (kindly supplied by Dr I.C.}cNeill), for conperison.
The trap temperatures (s;e fig 3.2) were -100°C, -75°C, -45°C
and 0°C and they are shown on the curves. The sample
temperature was programmed at 10C®/min from room temperature to
500°C.

It can be seen immediately that poly(iso-propyl acrylate)
behaves differently from the other polymers. It has a main peak
beginning at 260°C, with a maximum at 355°C. 4 secondary peak
oceurs at 442°C and volatiles are still being evolved at 500°C.

. The other five polymers show similar peak shapes - one main
peak followed by a low pleteau region. Poly(methyl aczylafe)

appears to be more stable than the remaining four polymers. It

begins +o volatilise at 325°C compared with 300°C and has a peak



0 4
i)
d
rH
h
H
(o]
A
rH
0 v
g
>> 0
H
o 0
d.
w
(1)
o tA
Q P-4
% g * ...
% 0
a_
P a0id o
o g = =%
S
p a
8 P
EH
0 EH
-g:= ~ o
&- H
P
EH
(eo]
>
m  fa
i
18
~ a3
flA
rH o
>> 0 Li
J6 -4 [}
Ip 0o
a iy
‘C‘» W
= y
0
cu P -
cl i
¢ u
<> i L . 5
4 i
vt %3011\01.0
() b0 o
EH irt 1
1 1
P
4 1 1
U 1 N
@ 1L CGSUCd3 3£

iy,

'SCTT



aSUCQSGH TU'BvI”*



S O US US O VO

83T.ICOSE



-57-~

maximun at 433°C compared witn L05°C.

To explain the differsnt responsss of the Pirani Gauges after
the traps it is necessary to consider the volatile products.
The gauges are set so that if the products do not condense in
or are not retarded by any of the traps, the responses should
be identical. Poly(iso-propyl acrylate) shows this in its main
peak.

It is found (see chapter 5) that in this £emperature region,
only carbon dioxide and propylene ére evolved, neither of which
would be expected~to condense above -100°C. Poly(n-propyl acrylate)
has a component in the volatiles which does condesnse at -759C
and -100°C. This is thought to be n-propanol; the short chain
fragments would be condensed in the cold ring ebove the
degradation oven. The thermogram of poly(n-butyl ecrylate)
can be explened in a similar way. With poly(ethyl acrylate),
however, it appears that ethanol is not condensed, merely retarded,
éy the trap at -75°C, whereas it condenses in the trap at -100¢C.
In the thermogrem for poly(methyl acrylate), there eppears to be
a component in the volatiles which coandenses at =45°C but not at
0°C. Ethenol melts at -117.3°C and boils at 78.5°C, whereas
methansl melts at -97.8°C and boils at €4.96°C7%, At -45¢C,
methanol may have sufficiently low volatility to condense, whilst.

ethanol may not.



Kanel observad very little non-condensibles in his degradation
studies at 290-310°C. The peak after the trap at -195°C,
corresponding to non-condensibles, does not begin until about
360°C. This peak is surprising, however, when compared with
Madorsky's claim that non-condensibles composed less than 1%
of the volatile products in his degradations of poly(aethyl
acrylate) bstween 250 and L400°C.

Thésecondary pesk from poly(iso-propyl acrylate) is associated
with the break-down of the insolubie residue obtained in the
present work. This is thought to consist of acid eand
anhydride groups and above LOC?C would be expected to give a
variety of small molecules, although, as fig 3.4d shows, it
appeafs that these are mostly non-condensible at -100°C.

3(iv) Thernogravinetric Anslysis

The T.G.A. thermograns of the polymers, except for poly(2-ethyl
hexyl acrylate), are shown in fig 3.5(a=d). These were run at
509/min from room temperature to 500°C with approximately 10 mg3
samples.

They confirm the information from the T.V.A. thermogranms.
Poly(iso-prooyl acrylate) volatilisation is o two-stage process
beginning at 265°C and leaving 8% residue at 500°C. The other
threepolymers degrade by a one-stage process beginning at 300°C

end leaving less than 5% residue at 500°C.



4 H

oo

oF wo 3 ABo0o P

FRrio> 3w

Hae =

ool

TO%

ox 00 o 3mm. Om.ﬁom
OMmO@.m

©x**S

ax 79/



o3eTAa0ovy

TAang-u) A1og

[e]e)

©

e

(e]e]

(o3eThaoy TAdoxg-osT)ATOo4d

©)

o)

seJeIbouTay],

.m\lw._H_

G'e

exdn-ey

«d
rre

quST'



3(y) Diseussion of Prali-inarr Inynshigations

Tt has been noted from T.V.A. and T.G.A. that poly
(iso-provyl acrylate) degrades at a lower temperature and in a
different manner from the other four polymers. It was decided
to study its degradation reactions at 265°C and they ers described
in a seperate chapter (chapter 5).

The other four polymers appear from T.V.A. and 7.G.A. to
degrade in a similar nmanner to poly‘(me‘thyl acrylate), though at
a rather lowver temperature. 3159 was chosen from the thermograns
as being a suitable temperature for the degradétion studies.

From the D.}.S. studies it was found that n-butanol, butene
and carbon dioxide are the‘low molecular weight products of
degradation of poly(n-butyl zerylate). Minor degradation products
are mononer and n-butyl acrylate. Short chain fragments are
also evolved in coﬁsiderable anounts. The residue from poly
(n~-butyl acrylate) becones insoluble to some extent at all the
temperatures of degradation used in the D.}.S. studies.

It was in the light of these preliminary experiments and with
the qualitetive knowledge of the nature of the degradation produéts
vhich they supplied,that apparatus was designed, as descriged in
chapter 2, for the quantitative measureument of the various
products.

The results of these measurements aée described in chapters 4 and

5.
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Chavter 4 Degradation Renctinng of Poly(Primary Acrylates)

at 315°C

L(i)  Tniroduction

As the vreliminary investigations have shown (Chapter 3), thre
poly(primary acrylates) all degrade at approximately the same
temperatures and by a one-stage process. Poly(iso-prooyl écrylate),
on the other hand, deconpcses at a lower temperature and by a
two-stage route; it will therefore be dealt with separately
(Chapter 5). In this and the folloézing chapter a thorough
quantitative enalysis of the degradation products of the polymers
at one temverature is described, using the degfadation and analyticsl
techniques mentioned in Chapter 2.

Although, in theory, one set of degradation experiments should
be sufficisnt for all the significant nroducts of degradation to
be analysed, it was found difficult to separate the lighter alcohols
from the gases, olefin and carbon dioxide. Two series of
dégradaticns were therefore performed at the same temperature for
a1l the poly(primary acrylates) except poly(2-ethyl hexyl acrylate),
in which cese the difference in volatility between the gas,
carbon dioxide, and the liquids, alcohol and olefin, is sufficient
to allow good separation. Thé first series was used to obtain
yields of carbon dioxide and olefin, and the second series gave the

amounts of the other degradation products. 'here only qualitative



results were recuilred, dztz vwas obtained froa either set of
degradations.

The degradation experimenis on the poly(primery zcrylates)
described in this chapter were all carried cut at 315¢C.

Vhere tables of results are necescary for the understanding of
the text, they appear in the vicinity of the reference to then in
the text. In other cases, they appear at the end of the chapter.

L(i1) Analysis of Major Gaseous Products

The method of analusing the gaseg gave three pressure readings
on the constant voiume manomneter: the total pressure of the gases was
read directly on the C.V.M.: and the infrared analysis of the gases
geve peak intensities which could be used in conjunction with the
calibration curves. to find the pressure on the C.V.M. of the carbon
dioxide and olefin individually: The sum of the pressures for
carbon dioxide (PCOQ) end olefin (P,yerin) did not aiways agree
exactly with the total pzessure (Py,¢.;), possibly because of
p;essure effects on the infrared spectrum of the gases. The infrared
sﬁectrum was therefore used to find the ratio of pressure of carbon
dioxide to pressure of olefin and a 'corrected pressure' (C.P.)

value was obtained, such that

C.P.glefin Polefin

and c'P‘COQ + C.P.lefin = Ptotal



Table 4.3 shows how the pressurcs of total gas, carvon dioxide and
l-butene were calculated for polyin-butyl acrylatz). The total
& v o
pressurs value showm in this table is the pressure of gases at room

temperature, P

Prts minus the pressure of gases non-condensible at

-196°C, Py o -
Ptotal = Frt - Py.c.

Use of the conversion factors given in 2(xiv) enables the number
of moles of gas (n) to be calculated. The weight of gas (W) is
found by multiplying n by M, the molecular weight. In the case of
the non-condensibles, the weight calculated is based on the
assunption that these gases are wholly carbon monoxide (see 4(iii)).

A similar method was used to find the weights of gases evolved
from the other polymers. These are given in Tables 4.1, L.2 and
L.y. Figs 4.1 to 4.4 show this data graphically with the gases
plotted as vercentage of the initial polymer. Tables L.5 to 4.8
show the amount of gas (and other products as described below) as
percentages of the initial polymer. Figs 4.5 to 4.8 plot the gas
evolution as moles per gram monomer unit; this data is 2lso noted in
tables 4.9 to L.12.

The amount of carbon dioxide evolvéd per uwoncuer unit fron
poly(ethyl-),(n-prooyl-) and (n-butyl acrylates) does not change
greatly, although in the early stages of degradation of poiy(n-butyl
acrylate).ﬁhe evolution is rather slower. Poly(2-ethyl hexyl

acrylate), however, produces very nuch less carbon dioxide, zbout

a third as ruch as the other threse polyaers.
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The amount of olefin produced per monomer wait seems to depend
on the number of B-hydrogen atoms on the alkyl group. Poly(ethyl
acrylate) evolves more than poly(n-propyl acrylate), which evolves
more than voly(2-ethyl hexyl acrylate). Poly(n-propyl-) and (n-butyl
acrylate) produce sinilar amounts except at high conversion.

Initially, the rate oroduction of olefin froa poly(ethyl-),
(n-orooyl-) and (n-butyl =crylates) is rather faster then that of
carbon dioxide. The molar ratio of the two gases is close to unity
until about 35 9 conversion efter which production of carbon
dioxide exceeds that of olefin. Poly(2-ethyl héxyl acrylate) also
evolves carbon dioxide and olefin at similar rates until 35 %%
conversion, but thereafter olefin prﬁduction slightly exceeds that
of carbvon dioxide. (see 4(viii)).

It is difficult to apply normal kinetic égbations to the evolution
of volatile material from these polymers. There are at least three
mutually exclusive, comoeting reactions; namely, the intramolecular
transfer reaction to produce short chain fragments, the elimination
of alcohol and the reaction or reactions which produce carbon dioxide
and olefin. Thus, in the reaction

ecrylate unit -—3 olefin + modifiied acrylate unit I
for example, the concentration of reagent (acrylate units) is
continually changing not only because of this reaction, but also

because of removal of acrylate units in the competing reactions-



5l

acrylate unit » alcohol + nodified acrylate vnit IT

and n(acrylate unit’ > short chain fragment
The calculation of kinetic data is normally done by use of the
ecquation
Rate of reaction = dA/d% = k([A)® whers A is & reagent or
a product,
k is the rate constant
and a is a number, the
order of the reaction.

It is, therefore, essential to know the concentration of reagents
or products throughout the reaction.

The initisl rates of production of volatile degradation products
can be found, hovever, by plotting the rates of the reactions at
various times during the degradation process and extrapolating the
curve to zero time. This is done for the gaséous degradation products
in figs 4.9-4.12. Estimated values for initial rates of appearance
of degradation products are given in table 4.13.

In cases where a rate maximum appears, the curve after the meximum

is extravolated back to the ordinate axis to find the rate of

evolution of volatiles.
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Table k.13

Initizl Rates of Production of Volatiles

Polyacrvlate Ethyl n-Propyl n-RButyl 2-Ethyl Hexyl

A. % Initial Polymer/Hour

co, 2.6 1.2 0.6 0.7
Olefin 1.6 1.8 1.6 1.9
Alcohol 4.3 5.1 2.5 2.2
Short Chain Fragments 2.0 1.8 3.3 20.0

B. MNoles per Gram Monomer Unit/Hour

co, 1 0.059 0.033 0.017  0.029
Olefin %0.057 0.0,9 0.037  0.031
Alcohol | 0,094 0.097 0.043  0.031

Short Chain Fragments 0.020 0.018  0.033  0.200

There is a tendancy for the initial rates of olefin and carbon
dioxide production to fall as thé size of the alkyl group increaces.
The initial rate of chain fragment production, however, increases
with the size of the alkyl group-

INESED) Analysis of Minor Gaseous Products

The gaseous products from poly(ethyl-),{h-propyl-) and (n-butyl
acrylates) degradations were anelysed by gzs-chromatography on a
silica gel column. The vroducts from poly(n—butyl acrylate)

degradations were elso analysed on a silver nitrate/benzyl cyanide



colunn. Thece columns are described in 2(xiv). Typical
chromatograns are shovn in figs 4.13 and L.l4. - Carbon dioxide and
carbon monoxide are not detectgd by the fizme ionisation detector
used. It was found in each casz that the olefin pegk was much
larger than any other: the next largest peak was attributed to the
corresponding alkane. The srees of the olefin and alkane peoks
were measured and assumed to be approximately proportional to the
concentrations of the substances. The ratio of alkane/olefin wes
found to lie in the range Bx10~% éo 8x10~3 and did not change
significantly from one polymer to another, or with time of heating.
A shoulder on the l-butene peak in fig L.1l4 is caused by cis-2-butene,
but this is small in anount compared with l-butene.

The geses not condensible at -195°C were studied with an MS-10
mass spectrometer. A sealed tube, containing & sample of 200mg
poly(n-prooyl acrylate) degraded for 14 hours at 3159 was attached
to the inlet system, the enclosed air pumped out, and the break
seal broken open while the volatiles in the sealed tube were cooled
at -196°C. The mass spectrum obtained at 70 eV is shown in fig 4.15.
By far fhe largest peakx is that at mass number 28. Very much smaller
peaks were found at mass numbers 2 and 12. The large peak at 28
was attributed to carbon monoxide which has small subéidiéry peaks
et 16 and 12. The small peak at mass.number 2 was sttributed to

hydrogen. The normal sensitivity ratio of hydrogen (mass number 2)
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to carbon nonoxide (mzss nuaber 23) obtained with this machine

is 1.4:1. The ratio of carbon monoxide to hydrogen in the
non-condensibles was therefore taken to be approximately 71:1. The
non-condensible gases consist mainly of carbon monoxide.

L(iv) Analysis of the Liouid Fraction

A. Poly(Ethyvl-).(n-Provyl-) end (n-Butyl Acrylates) Ligquid

Degradation Products

The liquid degradation products from these three polymers were
sealed in limb I of the sealed tube (fig 2.10) after removal of the
geses. VYhen requifed for analysis this tube was broken open and
the liquids were distilled into the capillary and weighed as
described in 2(xv)B. A known weight of a solvent was eadded to
the capillery and- quantitative Gas-Liquid Chromatographic snalysis
carried out on the mixture. The results of this investigation
are given in tables 4.14-4.16. The amounts of 2lcohol, monomer
end methacrylate vroduced are shown as percent of initial polymer
iﬁ tables 4.5-4.7 and the amount of alcohol as moles per gram
ménomer unit in tables 4.9-4.11.

Fig 2.14 is typical of the chromatograms obtained from the three
polymeré. The major peak is due to alcohol and miror peaks are
observed for monomer and the corresponding methacrylate. No §ther
component is observed in significant amount.

Figs 4.16-4.18 show the evolution of alcohol with tizme of
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degradation in terms of percent of initizl polyrier and figs 4.5
=4.7, in teras of holes ver gram monormer unit. The production of
a2lcohol exhibits a rate maximum and 2lcohol is eventually produced
in greater amounts thon olefin or carbon dioxide in all three cases.
The rate of evolution of alcohol is plotted against time in
figs 4.21-4.23. It is difficult to find the initial rates of 2lcohol
evolution with certainty becauses of the rate maxima in these curves.
The durves after thz rate maxima are extrapolated back to time
zero to give the approximate valués.shown in table 4.13. As with
olefin and carbon dioxide, there is a tendancy for the initiel rate
to fall off as the size of the alkyl group incfeases.

B. Poly(2-Ethyl Hexyl Acrylate) Liouid Degradation Products

There ars two large peeks on the chrometogram of poly(2-ethy1
hexyl acrylate) liouid degradation products, identified by their
retention times as 2-ethyl l-hexene and 2-ethyl l-hexanol.
Quantitative G.L.C. analyses of the liquids after various times
of degradation were carried out as descrided in 2(xv)B. Tables
L .8 and 4 .17 summarise these results and they are plotted in
figs 4.8, 4.19 and 4.20. Rates of evolution of the liquid volatiles
are shown in fig %4.12 and estimated initial rates of volatilisation
in table 4.13

No attempt was made to analyse the monomer or methacrylate content

of the liquid fraction. These were included for enalysis in the
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short chain frazment fraction.

L(v) Short Chain Fregnent Analysis

In the cases of poly(ethyl-),(n-propyl-) and (n-butyl acrylates)
this fraction was made up of all the material collected fron the
sealed tube except the residue in the hot zone (limb A, fig 2.10)‘
"the gases and those liquids which distilled cver under vacuuva at
room temperature. In the case of poly(2-ethyl hexyl zcrylate),
the fraction was composed of material collected from the sealed
tube at C and that portion of the liquids which could not be
accounted for as 2;ethy1 l-hexene or 2-ethyl l-hexanol.

The infrared spectra of the fraction in carbon tetrachloride
solution were run when sufficient yield was obtained. The spectra
are very similar to those of the original polymer sanples. The
carbonyl veak and the peasks in the region 1500-1000cm~Lt show a
general broadening which increases with time of degradaetion. Two
shoulders at about 1760 cm~1 and 1715 cm-1 appear on the carbonyl
p;ak at 1730 cn=l and the C-0 single bond peak at'1160 em=1 beconme
more diffuse.

There was insufficient material fof molecular weight measurement
except after long degradation times. Therefore, the short chain
fragments fron ali.the degradations of each polymer were comdbined and

the molecular weight determined by the vapour pressure osmometer.
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Iable L.18

Moleculer Vizignt of Short Chain Fragment Fraction

Polyacrylate ethyl n-propyl n-butyl 2-ethyl hexyl

Molecular Teight 317 379 470 1,020

Figs 2.15a and 35,34 give typical chromatograms of the lower
molecular weight species in & short chain fragment fraction and
fig 2.15b shows retention times of some n-alkanes for comparison.
It would eppear that this fraction consists of a range of molecules,
generally similar fo the original polymer molecules but of a much
lower molecular weight. There appear, from the chromatograms, to
be some preferred species, but these are difficult.to identify.
The nature of the-end groups of the oligomers has not been
deternmined.

The fraction is yellow in colour, the intensity of the colour
devending on the length of time of degradation, but a1l attenpts
t; obtain significant ultraviolet or visible spectra were
uﬁsuccessful. |

The weight of this fraction was deternined as described in 2(xvi)
and is given in tables 4.5-4.8. Table 4.13 and figs 4.16-4.18 and
L .20-1..2) show these results treated in a similar manner to that

applied to the other volatile degradation products.
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L(vi) Analysis of the Residue

A. S01/Gel Anolysic

The residue was dissolved or swelled in toluene and poured through
Whatman No.l filter paver. The soluble 2nd insoluble material was

separated as described in 2(xvii). Tables L.5-4.8 give the weights
of soluble and insoluble material obtained. In thz case of

poly(2-ethyl hexyl ascrylate), no insolubility was found even after
32 hours degradation at 315°C.

This method for sevarating soluble and insoluble material is
-not considerzd to be entirely satisfactory because some of the
very high molecular weight polymers did not filter through
completely even in the undegraded state, and also it is thought
that the filter papers used do not give entirely satisfactory
reproducibility. To test the pqrosity of the filter paper to the
initial polymer, polymer solution in toluene was poured through a
filter paper and the paper washed with solvent repeatedly until the
dried filter naper gave a constant weight. Table L.19 gives the
weights of polymer which passes through and which is retained by °
the paner. The molecular weight of the initial polyuer and of

the 'soluble' portion is also recorded.



vo_Polvmars Used

Polyacrylate | ethyl n-propyl n-butyl 2-ethyl
hexyl

Weight retained ( 4 ) 11.7 3.2 0.0

5
fleight Oassed 1 75.5 38.3 96.8 100.0
throuzh ( % )
"16-6x loleculer weight | 12.7 2.3 1.15 0.253
orlglnel polyumer
10~%x iolecular weight :0.382 0.685  1.10  0.253
'soluble' polymer |

Coae number ! PS5E Dl2? POB P1,H
,WW.NW N
!
#
;

The Sol/gel figures in tables 4.5 and 4.6 for poly(ethyl-) an
(n-provyl acrylates) should therefore be treated with caution
particularly the figures at short times of degradation. After
degradation for 8 Hours or more at 315°C, the residue from 21l
three polymers is more easily separated into soluble and insoluble
perts, since the insoluble residue becomes dbrittle and is not
swollen by the toluene solvent.

The non-reproducibility of the filter paper is suggested by
the discontinuities in the sol/gel ratio, particularly those
showﬁ in tables 4.5 and 4.6.

Fig %4.25 shows the sol and gel fractions plotted against time
of degradation for »oly(n-butyl acrylate). These figures are used
in fig 4.26 to compare poly(n-butyl acrylate) behaviour with other

degradation studies. Kanel found that the percentage insolubility
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in poly(methyl acrylats) plotied azainst percentage conversion
gave a straight line through the origin. The samz plot for
poly(n-butyl acrylate) (fig 4.26) also gives a reasonable straight
1ine but it doces not pass through the origin. The crosc-linking
reaction, which causes insolubilitz like the reaction to fora
alcohol, anvears to have an induction period in this case.

B. Veight Lioss Data

Because of difficulties of separating sol and gel mentioned
above, ths residues fron poly(ethyl-) and (n-propyl sorylates)
are dealt with in their entirety. Fig L.272-d gives piots of
percentage volatilisation against time of degradation for the four
polymers.

For polymers wﬁich depropagate, either by unzipping or by
intramolecular transfer, in a first-order reaction, a graph of
rate of volatilisation against pércentage volatilisation gives a
straight line passing tﬁrough the point at 100 % volatilisation,
zero rate of volatilisation. In the case of poly(methyl acrylate),
studied by Kanel good straight lines are obtained, although they
meet the,volatiiisation axis at about 80 %, rather than 100 % ,
reflecting the more complicated nature of polyacrylate degradation.
Similar curves are drawn for the four polymers studied in the
present work in fig 4.28. None of the polymers gives a single

straight l1ine. As the length of the alkyl group increases, so
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does the initial rate of weight loss, and two straight lines can
be seen instead of one. Poly(ethyl acrylate) provides a smooth
curve which meets the volatilisation axis at about 58 9% . The
curve for poly(n—propyl acrylate) also sppears to meet this axis
before 100 %

C. Soluble Residue Analysis

The soluble part of the residue was analysed by infrared and
N.M.R. spectroscopy. Fig 4.29 compares the N.M.R. spectra of
undegraded poly(n-propyl acrylate) and a sample degraded for 10
hours at 315°C. There is no change in shift of the peaks, the
integral shows no detectable change in peak ratios, and there are
no new peaks apparent.

The main change in the infrared spectrum of the soluble part
of the polymer on degradation is 2 general broadening of the
carbonyl and C-0 single bond absorptions. Fig 4.30 ccampares the
infrared spectra of solutions of the residue from poly(2-ethrl
hexyl acrylate) in carbon tetrachloride. There is no change
aﬁparent in the C-H stretching absorptions betwsen 2850 and 3000 cm'l,
although their intensity increases relative to the carbon-oxygen
absorptions. The carbonyl peak becomes much broader and developes
a clear shoulder at 1750 cm’l. At earlier degradation times & small

pezk can be distinguished at 1810 cn~l, There is o general increase

in sbsorption in the region 1550 to 1650 cm™l and a small peak



0T 6 8 L 9 g
fro e g e e M.n\ === .s!«ll ——— {
, P M 7
AR W L
Ny 1 K
o i ’ 1}
I \
P A A !
34210l L A :
)
reed § (a)
! il
i ”__
o
m |
e - -
.
w B
g
39Ty !

@sd

[CRSTERIERERE GI))

0GTZ 3¢ Sanol O 407

Ia)
[
pPobLwd & ﬁm@

ALY TAd8II=U)AT0T (Q)




SUOIODTW

09

of®

: 0-L ! 0°'8 : 06’ 0-0T
-
u -
' |
coefis fv Koo Fg fog = mp_hww©_H e
—.J-_
co-Fg 80 Dvo T =og 8.3 80og =~
Jo=v.-oBed — —
Vo= . F-8 V80 o
So ™o F wp-§ 2Fox= BO UEYooOf TosTD Oy og T O
oot ¥ oo Tm oo & coB 0O 0.8

_I

Y

’

.q.TKSirajj

08



“75-~

-1, Infrared spectra of the polymer undegraded

avpears at 1603 en
and after Bé hours degradation were run also between sodiua chloride
discs, so that any veasks masked by absorption by the carbon tetra-
chloride solvent might be'seen. None was observed. In the polymers
in vwhich insoludility developes; the infrared spectra of the
soluble residues show similar, but not so marked, changes.

Table 4.20 records the molecular weights of the sbluble residues

of the four polymers at different times of degradation.

Table !..20

Mplecular Weizhts of Soluble Residues

Degradation fin for Polyacrylates (x1072)
Time (hours) Ethyl n-Propyl n-Butyl 2-Ethyl Hexyl
"‘W“g"“‘“ “”““1é;760 2,3007 1,150 253
1 87.5 11.2 36.5 17.0
2 53.6 5.06 2.9
L : 5.14 21.6 -9.70
L8 k.16 .80
10 1.082
1, 0.672
16 | 2.80

32 i 0.524 1.02



The values for poly(2-cthyl hexyl scrylate) are plotted on
fig 4.31 |

This data may be used to caleculate the nunber of chain scissions
occurring at sny given time of degradation as follows:

If a polymer which degrades by random scission of bonds has
initial molecular weight I, the initial chain length is given by
M = CLy where m is the molecular weight of the mononer unit.

After N chain scissions, the chain length becomes CL where

N =SLo -3
L

If » fraction x is lost as volatile products, and provided that
no complete molecules are lost by depropagation, then

N = (_I_:E')CLQ -1

or n = Lgle -al- where n is the number of

scissions per mononer unit
or n/m = (1-x)/tt - 1M .

Fig 4.32 is a plot of n/m egainst time of degradation. Tae
r;te of chain scission is fast in the early stages of the reaotion;
bﬁt it soon changes to a slower rate, uniform throughout the
remainder of the degradation.

D. Insoluble Residue Analysis

The insoluble residue is the most difficult fraction of the
degradation oroducts to analyse. It is not soluble in any common

organic solvent nor in 0.1 M sodium hydroxide solution even after
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prolonzed trzatment.

Microanalysis was the only tschniqus used and tabls 4.21 gives
~ figures for the carbon, hydrogen and oxygen (found by difference)
content for the three polyxzers which showed insolubility. A test
run was also carried out with samples of undegraded polyumer and

figures close to the theoretical were obtained.

Table k.21

Mioroanalyses of Tnsoluble Residues

Polyacrylate Degradation % ¢ % H % o
. mme (hours) .
Ethyl 0 59.99 8.05 31.95
Ethvl N 61.19  7.52 31.29
Ethyl 32 73.51 5.85 20.6l
n-Pronyl 0 63.14 8.83 28.03
n-Propyl 32 | TL.29  5.75 22.95
n-Butyl 0 65.60 9.4 24.97

n-Butyl 20 | 73.76 6.9 19.31

In all three cases the carbon content rises, and the hydrogen

and oxygen content falls with time of degradation and the changes

become less marked when the polymer has a longer alkyl group.



L(vi1) Other Posaibhls Preducts

All the major degradation products hava béen anelysed and, as
the mass-balance tables (tableé L.5-1..8) éhcw, they account for
nearly all of the totel initial weight of polymer. There remains
the vortion descrihed as 'remaining liquids' still to be accountsd
for. The most likely substance to avoid detection, and yet be
weighed in this frection is water. The tables show maximum yields
in this coluwn as 4.6 %, 4.5% and 8.9% of *+hs initial sample
of poly(ethyl-), (n-propyl-) and (n-butyl. acrylate) respectively.
No test for water was applied and therefore the yield of water
remains uncertain although it should be less than the figures
given above. There is, however, no smooth relationship between
the &ield and time of degradation, as appears in the other entries
in these tables. A likely explanation for a least some of this
portion is that part of the material distilled over may be short
chain‘fragments. The amount of short chain fragments which distilled
would depend on such verisbles as the temperature of distillation
and the pressure in the vecuum line and, hence, the yield/%ime
of degradation curve for this fraction would not be smooth.

L(vii1) Ratios of Products

As described in 4(11), 4(iv) and 4(v) there are differences in
rates of evolution between the different types of volatile products.

Tebles 4.9-4.12 give the yield of carbon dioxide, olefin and
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alcohol in molecules par monomer unit. Corrasmonding figures for
short chain fragment productiion can be read directly from the mass
balance tables, tables 4.5-4.8, assuning that the short chain
fragments are low moleculer weizht polymer. Fisgs 4.33-4.36 plot
the molar ratios of each of fhese products to olefin egainst time
of degradation for each of the polymer systems. Except in the case
of poly(2-ethyl hexyl acrylate), the carbon éioxide/olefin ratio
begins below 1 and converges to between 1.2 {poly(ethyl acrylate)}
and 2.0 {poly(n-butyl acrylate)}. In poly(2-ethyl hexyl acrylate)
degradation, the ratio begins sbove 1 and converges to 0.8. The
alcohol/olefin ratio is similar in e1l four cases, beginning at
about 0 and inereasing rather slowly to about 2.3. The ratio of
gram\honomer units of short chain fragments to noles of olefin
increases as the length of the alkyl group increases. After 32
hours it is 0.9, 1.3, 1.4 and 4.5 for poly(ethyl-), (n-propyl-),
(n-butyl-) and (2-ethyl hexyl acrylates), respectively.
Qsixi Summary

Chapter L gives a thorough analysis of the degradation products
of four poly(primary acrylates) at 315°C. Olefin and alcohol are
produced, presumasbly in seperate ester decomposiéion reactions.
Carbon dioxide production might be expected to occur concurrentiy
with or subsequent to olefin production, but, since carbon dioxide
production generally exceeds that of olefin, there is probably a

third ester decomposition mechanism operating. Cross-linking is
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found in three of the four polymers, elthough, as the size of the
ester group increases, the rate of cross-linking appears to decresse.
Chain scission occurs simultaieocusly and one of the major products
of degradation is short chain fragments. Coloration developes
and there are several minor products such as carbon monoxide,
‘monomer and methacrylate.

The significance of the results described is further discussed
in Chapter 8. Results of infrared studies on the polymer residues

after degradation at 315°C are given in Chapter 6.
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Weights of Geses fron Polv(Tihvl Acrylate)

Run Y¥o. | STI1E ST12F ST61E ST62E ST63E ST6LE
T%ﬁgurS) ! : ¢ K ,EEW_,-MW_wééﬁ__
Wco, 1.3 5.1 8.l 12.3 12.8 15.4
Voersn | 244 3.8 4.6 6.7 7.5 81
Weotal | 3.7 8.9 13.0 19.0 20.1 23.5
Vy.c. 0.1 0.1 0.2 0.4 1.1 1.1
W1.p, 196.8 196.8  126.8  126.8  126.8  126.8
Table 4.2

Weizhts of Gases from Poly(n-Prooyl Acrylate)
Run No. |ST31P -ST32P ST83P ST33P ST81P ST84LP ST3,4P
e oy 1 2 L 6.5 10  16.5 30
Vco, L.0 4.8 3.8 9.9 10.3 11.0 23.4
w§lefin 3.1 5.0 L.6 6.8 5.4 6.8 16.0
wtotal 7-1 9.8 8., 16.7 15.7 17.8 39.4
Ty 01 0.1 0.1 1.7 0.3 0.6 1.3
W 203%.2 203.2 113.6 20%.2 113.6 113.6 227.2

I.P.
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Calculation of ¥eighis of Gozos from Poly(n-Buiyd Asrylate)

o

Run No. | 8T21B ST222 §ST173 ST233 ST193 ST203 ST2uB

Time 1 2 v 6.5 10 1 30
(howrs) '
Piotal 439 9.72  12.21 19.16 26.51 28.,0 39.40

Peos 1.8 6.31 6.50 9.82 18.22 19.06 31.20
Pojefin |2-58 5.26 7.7% 10.24 14.95 17.10 15.35
C.P.co, [1.60 5.30 5.57 9.37 14.57 14.97 26.38

C.P. 2.78 L3 6.6l 9.78 11.94 13.43 12.98
olefin
PN.C. 0.02 0.00 0.0, 0.07 0.12 0.17 0.19

10% ngy 10.26  0.88  0.92 1.55 2.41 248  4.37

4
|

)
10%4, 50'45 0.73 1.10 1.62 1.98 2.22 2.15
Nolefin :
104x §0.05 0.00 0.09 0.16 0.23 0.39 0.4
nN‘c" -
v 1.1 3.9 4.0 6.8 10.6 10.9 19.2
002
wfotal 13.7 8.0 10.2 15.9 2.7 23.3 21.2
WI,I.C. 001 000 0-3 Onl|. Oa8 lol 102

W&.p. 1200.0 200.0 200.0 200.0 200.0 200.0 200.0



?_c‘}ble L‘.-n!.‘.

Jeights of Gases from Poly(2-Ethyl Hexyl Acrylate)

Run No. | ST91H ST924 ST93H SToLH ST95H ST96H

Time 1 2 L 8 16 32
Yoo, | 0.8 0.9 4.0 7.3 9.2 8.4
Wyeo., | 0.2 0.3 0.0 1.0 3.2 3.9

WI.p. | 435.0 393.0 450.0 393.5 453.5 1,00.0

In tables 4.1-L.4, P, C.P., n and W have the significance
mentioned on page 61, and units of cm.Hg., cm.ﬁg., no units and
mg, respectively.

The subscripts 'total’, 'CO,', folefin', 'N.C.' and 'I.P.!
signify total gas, carbon dioxide, olefin, non-condensibles and

initiel polymer respectively.



Degradaticn

Time (hours)

Weight of -

Initisl
Polymer
Residue

Insol. Res.

Sol. Res.
Short Chain
Fragments
Distillable

Liquids
Al cohol

Monomer

" Remaining
Liquids o
Total Gasas
SN

002

0lefin
Non-
Condensibles
Sum of
Products
Volatiles

Methacrylate i

i

5
i

1
|

ks

Ol -

1 2
100.0  100.0
98.0 92.9
4.2 31.1
49.8 60.8
2.1 3.8
0.4 1.0
0.3 0.9
0.00  0.02
0.00  0.02
0.1 0.1

1.9 4.5
0.7 2.6
1.2 1.9
0.1 0.1

5 98.5 101.3

9.4

100.0
83.4
39.0
45.6
4.7
6.3
3.5
0.18
0.05
2.6
10.3
6.6
3.6
0.2

106.1

2195

100.0
67.2
12.8
50.8

9.3

15.0

12.0
0.19
0.08
2.7

15.0
9.7
5.3
0.3

103.2

39.6

16

100.0
L5k
33.1
7.2
14.3
25.4
20.2
0.26
0.11
L.6
16.1
10.2
5.9
0.9
97.0
56.7

32

100.0
38.0

30.1

5.1
15.3
26.7
22.5

0.32

3.7
18.5
12.1

6ok

0;9
96.6
61.4



Volatiles

Toble L.6 Polv(n-Pronyl Acrylate)
Degradation
Timne (hours) ‘ 1 2 I 8
S— . ) —
Weight of - i
Tnitial 1100.0  100.0  160.0  100.0
Polymer §
Residue i 99.2 95.0 - 8..5 67.5
Tnsol. Res. | 31.7 = 12.9 2.6  12.8
{
Sol .Res. . 66.3 73.7 58.9 56.5
Short Chain = 2.2 b6 . 6.0 8.7
Fragments 2 »
Distillable " 0.5 6.2 %.S 1.1
Liquids ;
ﬁh‘lcohol ‘ 000 101 202 12.1
Monomer . 0.00 0.00  0.02  0.08
Methacrylate . 0.00 0.00 0.01 0.05
Remaining f‘ 0.5 5.1 2.6 1.9
Liquids :
Total Gases ’ 3.5 L.8 7.4 11.7
' R
- 002 : 200 i 201+ . 3-5 60!{.
Olefin 1.5 2.5 L1 4.6
Non"' 000 000 0-1 0'6
Condensibles
Sum of S104.2 102.2 98.8 104.4
_Products :
6.2 15.6 18.3 35.1

100.0
3.9
16.9
20.0
23.4
22.2
19.3

0.18
0.11
2.6
15.7
9.k
5.9
0.5
98.7
61.8

100.0
2.8
2.7

0.0
27.4
29.2
2.3

0.23

0.20

4.5
17.3
10.3

7.0

0.6
99.2
.5



Degradation
Time (hours)

Teight of -
Initial

Polyner
Residue

Insol. Res.
Sol. Res.
Short Chain
Fragments
Distillable
Liquids
Alcohol
Monomer
Methacrylate
Remaining
Liquids

Total Gases

. €0,

Olefin

Non-
Condensibles

Tarls .7 Poly{n=butyl Aerylate)

100.0
90.3
5.3
85.0
7.7
0.4
FO.2
0.00
0.00
0.2
1.8
0.5
1.3

0.1

Sum of Products 100.3

Volatiles

'~ 10.0

100.0
8.6
6.0
78.6
3.1
2.2
1.6

0.04

0.00

0:+6

4.0

109
2.0

0.0

949
10.7

100.0
7406
5.6
69.0
o11.1
10.6
2.6
0.08
0.03
7.9
5.1
2.0
3.1
0.2
101 6
27.0

100.0
67.2
13.1
Sh.1
11.5

9.8
9.0
0.10
0.04
0.7
9.k
4.1
5.1
0.5
98.4
31.2

100.0
55.8
29.6
26.2
16.3
19.8
17.6

0.16
0.05
2.0
14.8
7.9
6.1
1.1

106.8

52.0

100.0
35.2
33.6

1.6
17.1
28.7
19.6

0.20

0.03

8.9
15.4

8.9

6.1

1.1
97.5
62.3

100.0
33.9
33.9

0.0
21.7
29.6
20.7

8.4
15.5

9.6
6.0

1.2

101.9
68.0



Dagradation
Tine (hours)

Weight of -

Initiel
Polymer
Residue

Short Chain
Fragments
Alcohol

Olefin

€0,

Non-.
Condensibles
Sum of

Products
Volatiles

-87-~

Trble 1.8 Polw(2-Tthyl Haxyl ferylate)

1.7
0.0
0.0
0.2
0.0

98.9

149

100.0
78.1
19.7

0.9

0.0 -

0.2

99.0
20.9

100.0
69.4
23.8

3.6
1.2

0.9
0.0

98.9
29.5

100.0
57.2
27.3

9.1
bl
1.9
0.3
99.9
42.7

16

100.0
41.1
36.2
1.3

5.7
2.0
0.8

99.1
58.0

32

100.0
15.8
57.6
17.3

6.6
2.1
1.0

100.5

8.7



Gascous Degra

Tanlas 1.9l

88~

.12

tion Products as loles/Gran ]

Yoncner Unit

Tgble 1.9 Poly(Zthyl Acrvlats)

Degradation | 1 2 y | 8 |15 116 |30 | 32
Time (hours) | ‘ i
€Oy .. ]0.006 10.059 zo 2150 0 220 0.230___. 0.275
] i
Ethylgng_.__m_Qigki_TQLQéﬁ_;Q&l?ﬂ_u,;159_4Q1291“;" 0.228 !
! ! ?
Ethanol 0.007 10.020 .0.076 0.261 : __ 10.439 0.487
Table L .10 Poly(n-Propyl Acrylats)
Degradation 1 2 L - 6.5 8 10 |16 30 32
Time (hours)
€Oy 0.052 0.062!0.086 :0.127 0.236:0.251 0.267 i
\
Propylene 0.0410.068 0.111 0.090;  0.130 0.163 0.190:
i ?
n-Propangl 10.000 [0.021 0.042 0.230 ° 0.367 0.462
Table L.11 Poly(n-Butyl Acrylate)
Degradation 1 2 v ]6.5] 8 110 |14 by |32
Tirme (hours) l !
€0, 10.015 Q1055;04958:Q¢99% _0. lBﬁO 160 0 +279
- |
"1-Butene ___ |0.030!0.046:0.071 ,0.105 0 1280. lé? ; 0 137
|
n-Butanol 0.003]0.028 0.0G45 0. 156 ; b. 3040 3500 362
Table L.12 Poly(2-Ethyl Hexyl Acrylate)
Degradation 1l 2 L 8 32
Pime (hours)
COZ 0.008 0.008 | 0.038 0.080 0 08y, 10 088
: d i
2-Ethyl 0.000 0.000 0 020 0.067 0 ooy '0 108
1-Hexene f ‘ { ‘._,~_
2-Ethyl 0.000 ; 0.013 0.051 ; 0.129 0.202 0 24,6
1-Hexenol | 4 ‘



Sumple

Bthemol
Ethanol
Monomer
Methacrylate
Ethanol
Mononer
Methacrylate
Ethanol
Moncner
Methacrylate

~Ethan01
Monomer
Methacrylate
Ethenol

Monomer .

Liguid De

Teble L.} Poly{Ethyl

-80-

Tonles L.Ah-1,17

cadation Product rnalysis

forvlete)

Degrad- Desrad:
iine
(Hrs)

ation

STAOlm
STL02E
ST} 028
STL02%
STLO03E
STL03E
ST403E
ST, OLE
STy 0LE
ST4O04E
STL058
ST},05E
ST, 05E
ST) 068

STLO6E

1l

2

l

i
|
1

(0.561

3.2
52057
10.545
5
319.9

10,761
17.0
13.8
0.971

22,0,

H
!

9.6

‘1.030

17.5

1.000
193
1930
1.C00
274
2740
1.000
1350
25660
1.000
1690
1690
1.000

1140

Vg

1 2

3.8

3.8

3.8

16.5
16.5
16.5
394
394
394
43.8
43.8
43.8
534

1 049
1.049
1.000
1.000
1.049
1.000
1.000
1.049
1.000
1.000
1.049
1.000
1.000
1.049
1.000C

0 77
2,28
0.05
0.0L
9.42
0.49
0.12
31.45
0.50
0.20
L4.55
0.58
0.25
57.50

0'82

Y1.p.

275.5

255.5
255.5
255.5
265.6
265.6
265.6
262.1
262.1
262.1
221.6
221.5
221.6
256.6
256.6
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Table k.15 Poly(n-Propyl rcrylats)

Sample 2%33,(1;%& gi gga& Ay Ag Vg f W, Wr.p.
i (EES) R

" n-Propanol STyI1P 1 ; — — —_— —  0.00 —
n-Propanol STH12P 2 gloOOO 6.67 8.2 0.9 1.16 111.2
n-Propanol ST4L13P L 51.000 1.579 5.2 0.941 3.10 139.1
Nonomer STy, 13P b ;4.3 85, 5.2 1.000 0.04 139.1
Methacrylate  STL13P L 2.2 8540 5.2 1.000 0.02 139.1
n-Propanol STy 14P 8 51-000 1.154 22.5 0.941 18.36 152.1
Mononer STL14P 8 518.1‘. 2360 22 .5 1.000 0.18 152.1
Methacrylate ST aLP 8 530.8 - 5890 22.5 1.000 0.12 152.1

n-Propanol  STHISP 16 1.000 1.017 30.1 0.941 27.87 1.7
Mononer STL15P 16 ;7.8 665  30.1 1.000 0.37 1.7
Methaorylate STLISP 16 f25.7 3330  30.1 1.000 0.23 144.7
n-Propanol  SIKIP 32 '1.000 1.035 42.9 0.941 39.03 160.5
Monomer STLSP 32 17.5 1270 42.9 1.000 0.59 160.5

Methecrylate  ST416P 32 31.2 2530 42.9 1.000 0.52 160.5

|



Sample

n-Buf;nol
n-3utanol
Mononer
n-Butanol
Honomer
Methacrylate
n-3utanol
Honomer
Methacrylate
n-Butanol
Monomer
Methacrylate
- n=Butanol
Mononer
Methacrylate

n-Butanol

Teble 4.15 Polylu-Tutyl ferylate

-91-

Degrad Dzgred
ation jae

As
0.53
1.00

ST4213 1
ST1,223 2'
ST, 22B 2
STI,23B 4
ST4238 4
ST423B 4
smouB 8
sT248 8
SThoy3 8
ST)25B 20
STL258 20
ST).253 20
STL26B 24
ST, 268 24
STL26B 2

STy27B 32

16.7.

1.00

7.2
7.2

14.1
1.1
14.1
35.0
35.0
35.0
26.3
26.3
26.3
43.6
43.6
43.6
32.2

1.065
1.000
1.065
1.000
11000
1.065
1.000
1.000
1.065
1.000
1.000
0.866
1.000
1.000

1.065

g

20,0 1.065 0.37

6.3
0.15
3.83
0.12
0.0k
39.81
0.50
0.1}
26,02
0.23
0.08
29.02
0.30
0.0L
L.y

Vii.p.

200.0

399.0
399.0
147.6
147.6
147.6
L. 7
b .7
LLh.7
147.6
147.6
147.6
147.6
1,7.6
147.6
200.0



Sanple

Olefin
Alcohol
Olefin
Al cohol
Olefin
Alcohol
Olefin
Alcohol
Olefin
Alcohol
Olefin

Alcohol

Degrad Dogred A

Table L.17 Poly(2-n%hyl Heryl Aerylate)

~92a

ation %ﬁ?i) i ~a
ST91H 1 0.0

ST91H 1 0.0
ST92H 2 i78

ST92H 2 135.0
ST93H L 117.2
ST93H L 140.2
ST9LH 8 .29.2
STOLH 8 50.2
ST95H 16 g34.7
ST95H 16  66.6
ST96H 32 gzs.s
ST96H 32 347.1

47000
L70.0
417.5
L17.5

29.0
329.0
193.0
193.0
172.0

172.0

Wy £

—  0.797
— 1.045
45.0 0.797
45.0 1.045
161.8 0.797
161.8 1.045
226.0 0.797
226.0 1.045
180.0 0.797
180.0 1.045
2. 0.797
2,2.5 1.045

Wa
0.00
0.00
0.1

3.7

5.3

16.3
16.0
36.0
25.8
65.0
26.5
69.5

In tables 4 .14 = 4.17, the symbols used are as follows:

Ay - Area of sample peak

=
]

s ]
]

s = Area of solvent peak

8ensitivity factoer

W, - Weight (ng) of sample

W

Weight (mg) of solvent added to liquids

1.p. - Weight (2g) of initial polymer

Y1.p.

435.0
435.0
393.0
393.0
450.0
450.0
393.5
393.5
453.5
453.5
400.0

400.0
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Chanter 5 Dazrsdation Tesctions of Polvi(isa=Pronyl dcrvlate)

————

255°C

o
ot

5(1) Introduction

In this chapter, the analysis of the degradation products of
voly(iso-prooyl scrylate), by similar technicues to those used for
the study of the poly{primary acrylates), is described. The pfoducts
of degradation are found to resemble those from the poly(primary
acrylates), but there are some considerable differences. In Chapter
3 it was shown that poly(iso—propyl acrylate) evolves gaseous material
50°C below the polv(prinmary scrylates). It was decided to study the
thernal degradation of poly(iso-prooyl acrylate) at 265°C. One
series of degradation experiments was carried out at that temperature
and all the degradation oroducts from il were analysed and meesured.

As in Chapter L, tables of results are placed at the end of the
_ chapter unless they are of immediate relevance to the text.

5(33) Analysis of Major Gaseous Products

" The yields of carbon dioxide and propylene from poly(iso-propyl

acrylate) were found in the same way as. those from poly(n-propyl
acrylate) described in 2(xiv) and 4(ii).

The total gas pressure was measured on the constant volume manom-
eter and cuantitative infrared enalysis of the gases was used to find
the ratio of pressures of carbon dioxide énd propylene. The weights

of gases are shown in table 5.1. These are shown as weight



percentages of the initial polyzer sanple in table 5.2 and curves of
weight percent against time of dezgradation ere drawn in fig 5.1.
These results are shown also as molecules of gas evolved per monomer
unit.in table 5.3. TFig 5.2 illustrates this table ond fig 5.3 shows
how the molar ratio of carbon céioxide to olefin varies with time of
degradation. The carbon dioxide/olefin ratio begins st a low value
and converges to 0.6 in the later stages of degradation.

There #ppears to be sone autocatalysis in the olefin elimination
reaction. FHowever this effect is small in poly(iso-propyl acrylate)
compared with the éame effect in poly(t-butyl acrylate)4’53. The
calculation of kinetic data is conplicated by autocatalysis;
nevertheless, because of its.apparently slight extent, a rate constant
and the initial rate for the propylene elimination reaction could be
found as described below.

Similar values were obteined for carbon dioxide production.
However, in this case, the reaction kinetics are complicated by the
dépendence of the reaction on the olefin elimination reaction and
also by the competing anhydride forming rerction{see 8(ii)l, so that
both the reaction order and the rate constant found below are only
apparenf values and probably not true values.

For a reaction which obeys second-order kinetics,

Rate of reasction = -d[AJ/ﬁt.: k[ﬁ]z where A is a reagent and k is

the rate constant.
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If x represents the emount of reaction at time t and a, the anmount
of reaction at infinite degradation time, then the above equation can
be written as follows:

Rate = dx/dt = k(e-x)2
x 2
Jodx/ (a-x)
. %
[1/( a.—:*c)]o = kt
o 1/(a-x) - 1/a = xt

kdt

or 1/(a-%) = kt + 1/a

A graph of 1/(a-x) 2gainst t.%ill give a straight line of gradisnt
k. In the present case, a, the extent of reaction at infinite
degradation tine, was taken as 100 34 in the case of the olefin
elimination reaction and 60 % in the case of the carbon dioxide
elimination reaction since the molar ratio of carbon dioxide to
propylene is close to 0.6 : 1.0 at later stages of degradation
. (see fig 5.3).

Fig 5.4 shows second-order rate plots for propylene and carbon
dioxide. For each gas, the points for I hours degradation and
thereafter lie close to a straight line, The points for early
degradation times do not lie on these straight lines because of the
autocatalysis effect. Similar plots for other reaction orders can
be drawn but give curves rather than straight lines. This suggests
that the true reaction order for the olefin elimination reaction and

the apoarent order for carbon dioxide eliuination reaction are close
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to 2. Table 5.5 gives thza seconi-crder rate constants 2nd initisl
rates of vproduction for the two gases calculated from fig 5.4.

Rates of evolution of gas2s are plotted against percent
volatilisation in fig 5.5. The initial rates of carbon dioxide and
propylene production are obitained by extrapolating the curve back
from the maximum. The valuzs thus obtained for the initial rates are
also shown in table 5.4. Thew are rather lower than the values

the
obtained from the second-order rate plot because)linear extrapolation
of the rate of volatilisation against percent volatilisation curve

method for obt2ining initial rates is, strictly speaking, only valid

for first order reactions.

Table 5.)
Kinetic Data for Poly(iso-Propyl Acrylate) Degradation

€0, Propylene

From fig 5.4

Rate constant(g.m.u)(noles)~I(hovr)~t 0.320 0.178
Initial rate(moles)(g.m.u)~(hour)~1 0.115 0.178
Tnitial rate(wt % of initial polymer)(hr)=1 4.u 6.55

Prom fig 5.5

Initial rate(wt % of initizl polymer)(hr)=1l 4.07 5.50
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Fig 5.5 shows that the initiel rate of ¢lefin production exceads that
of carbon dioxide, but that the rates converge in the later stages of
degradation

5(1ii) lMinor Gassous Products

A small amount of material not condensible at -1969C is produced.
Analysis by mass spsctronetry gave similar results to those obtained
for the non-condensibles fronm poly(n-propyl acrylate) and the nmain
conponent of this fraction is therefore carbon monoxide.

5(iv) Liquid Degradation Products

A trace of liquid material was recovered in limb I of the sealed
tube (fig 2.10) after the degradation of 100 mg samples of poly
(iso-poropyl acrylate) for 8 hours or more at 265°C. n-Proprl acetate
vas added in weighed amount and gas-liquid chromatograms obtained
of the mixture. Only two  peaks could be found with both the dinonyl

_phthalate and carbowax 20M coluans mentioned in 2(xv)B. One peek
corresponds in retention time to iso-propanolvand the second to the
n-propyl acetate solvent. The amount of iso-propanol is found by
comparing peak areas as described in 2(xv)B. Table 5.5 gives these
results and uses the symbols mentioned in 2(xv)B. The sensitivity
factor for this analysis was not found accurately, but was assumed

to be 1.00,



Table 5.5

Weight of iso-Pronancl fron Poly(isc-Propyl ‘crylate) Desradations

Degradation -

Time (hours) Aa b s g fa
s lo.ss  1.000 2.6 1.0  0.25
- 14 0.107 1.000 3.0 1.00 0.32

30 ; 0.118 1.000 2.2 1.00 0.26

The weights of liquids found ;re given in table 5.2. There
remains a substantial amount of ligquid not accounted for by G L.C.
analysis. Therz is no chain fragment fraction‘to affect the weight
of liquid, and therefore this discrepancy is probably caused by the
oresence of water. No specific test for water was applied to this
fraction.

- 5(v)  Analysis of the Residue

Table 5.2 gives weight vercent of soluble and insoluble residue at
vérious times of degradation. The polymer rapidly becomes insoluble
and brittle on degradation and, as degradation proceeds, a yellow
coloration developes. The weight loss can be accounted for almost
conpletely by the carbon dioxide and propylene evolved. After 1 and
2 hours degradation, there is still some soluble residue, the amounts

and molecular weights are given in table 5.6



o S

Data on Soluble Reszidnss

Degradation ! Weight(eélhasidue) No.Av. Yolecular Weight x 10~
0 100 650
1 69.5 1,140
2 21.2 —

Thereafter the residus becomes completely insoluble. Infrared
and N.M.R. spectra show that the soluble residue af'ter these short
degradation times does not change significantly.

As with the poly(primery acrylates), an elemental analysis was
carried out on the insoluble residue. The results are showm in
table 5.7. |

The yields of carbon dioxide ;nd propylene after 30 hours degradat-
ion (see table 5.3) enable the composition of the residue to be
estimated. After 30 hours degradation, the monomer units should
be made up as follows:

51.0 %, ethylene
33.1 % acrylic acid
15.9 7@ unreacted iso-propyl zcrylate

This ignores any formation of anhydride by elimination of water

from ecrylic acid units. The composition of the residue based on

this estimate is also shoim in table 5.7.
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2able 5.7

Microonalyses of Poly{isc-Prouyl Acrvlate) Reszidues

Degradation % ¢ % H % 0

Time (hours) (by difference)

0 63.14 8.82 28.03

4 8 5744 7.2 35.32
30(measured) 6l .60 6.01 29.39
30(calculated) | 63.3 8.8 27.9

If carbon dioxide and propylene are evolved with a molar ratio
(002/65H6) of 0.6 throughout the degradation then the elemental
composition of the residue should change very little. Thus, after 30
hours degradation, when this ratio is in fact close to 0.6, the
composition of the residue is close to that of the original polymer.
At earlier stages, however, the ratio is less then 0.6 (see fig 5.3)
and the oxygen content after 8 hours degradation is correspondingliy
higher, as table 5.7 shows. The low hydrogen content at long
degradation times is surprising, but may be related to the
development of coloration (see 8(iii)). |

A sample of the residue after 30 hours degradation was shaken with
a benzene/0.1 M sodium hydroxide solution mixture. The residue

dissolved slowly in the aqueous layer, colouring this layer yellow.
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5(vi)  Sumaery

A thorough analysis of the products of degradation of poly(iso-
-propyl acrylate) at 265° shows that the main reaction occurring is
an ester decomposition process vhich evolves propylene quantitatively
and. up to a2bout 60 3é of the theoretical yield of carbon dioxide.
The cross-linking reaction occurs simultaneously, resulting in
insolubility in the residue. All other reactions proceed to a
neglible extent at this temperature, in contrast to the bechaviour
of poly(prinary acrylates) degrading at 315°C.

Further investigations of the degradation by infrared analysis of
the residue at various times of degradation is described in Chapter &.
The results are discussed in greater detail in Chapter 8 end Chapter

7 includes a study of the low temperature degradation of poly

(iso-propyl acrylate).



leight of Goscs from Poly(iso-Prooyl Acrylate)

Run No. g ST57I  ST52I ST58I  ST59T STS5T  ST60I
|
Degradation Time { 1 2 L 8 1, 30
hours e e et amancen e bt cmm e maam—s = - ——— - e —— - — -
Ppotal 5.80  7.17  18.72 43.0  55.7  62.1
Peo 0.00 2..8 5.23 12,40 22.52  24.35
2
Po1 ofin 2.96 5.93 14.78  25.35 36.18  40.33
6P 0 00 2.12 4.89  14.45 21.37  23.39
o
C‘P‘Olefin , 2.96 5¢05 13.82  29.545  34.33 38.72
{
pN c ; 0.01 0.01 0.02 0.03 0.04 0.06
10%x ngq } 0.00  0.35 0.8  2.39 3.5,  3.88
p) i
104x n . ' 0.49 0.84 2.29 4.89 5.68 6.41
Olefin j
10ty ny o i 0.02 0.02 0.05 0.07 0.09 0.1,
W ' 0.0 1.5 3.6  10.1  15.6  17.1
co,
2.1 . .6 20. 23.8 26.
LN | 3.5 9 5 23 9
LA | 21 5.0 13.2 30.6 39.4. 4.0
W 0.1 0.1 01 0.2 0.3 0.4
N'C [ ] ‘
wi P ' 100.8 100.8 100.8 100.8 100.8 86.8

The symbols in column 1 have the same significance as the symbols

used in tables 4.1 - L.k.
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Teble 5.2

Degraedation of Poly(iso-Propyl Acrylate)

at 265°
Degradation Time
(howrs) ~ b 2 *
Weight of -
Initial Polymer 100.0 100.0 100.0
Tot2l Residue 96.2 95.7 87.3
Insol .Residue 29.3 754 87.3
Sol .Resicdue 66.7 20.3 0.0
Distillable Liquids 0.0 0.0 OfO
Alcohol 0.0 0-0 0.0
Remaining Liquids 00 00 0.0»
Totel Gases 2.1 5.0 13.1
002 0.0 1.5 3.6
Olefin 2.1 3.5 9.5
Non-condensibles 0.1 0.1 0.1
ng of Products i98.u 100.8 100.5
Volatiles ! 2.2 5-1 13.2

8

100.0
7.5
71.5

0.0
.l.u
0.3
1.1
30.1
10.1
20.4
0.2

103.2

31.7

1y

100.0
59.2
59.2
. 0.0

1.6
0.3
1.3
39.3

15.6

23.7
0.3
100.4

41.2

30

100.0
47.7
47.7

0.0
1.6
0.3
1.3
50.7
19.7
31.0
0.4

100.4

22-7
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T=ble 5.3

Gaseous Degradation Products as Yolecules/

Yonomer Unit

Degradation Tirme
(nours) 1 2 4 8 1L 30
002 i 0.000 0.039 0.093 0.262 0.404  0.510

Propylene 0.057 0.095 0.258 0.55, 0.643 0.8,1



~105-

Chapter 6 - Infrared Snactral Studizs on the Polyner Residues

6(i) Introduction

As was shovm in Chapters 4 and 5, e considerable proportion of
the alkyl groups present in the initial polymer are lost edither
as olefin or ‘alecohol Aduring degradation. Teble 6.1 shows the
percentagé of the initial monomer units which lose alkyl groups
after 30 hours degradation at 315°C (for the poly(primary acrylates))

or at 265°C (for poly(iso-propyl acrylate)).

Table 6.1

Percentaze_of the Initial Alkyl Groups Lost after 30 Hours Degradation

Polyscrylate Ethyl n-Propyl iso-Propyl n-Butyl 2-Ethyl Hexyl
L‘Z, MXyl Groups | 71.5  65.2 70.8 49.9 35.0
ost {

% Volatilisation 61l.4 745 51.8 68.0 8.7

This means that the residue of poly(ethyl acrylate) after 30
ho@rs degradation nust have few ester grouns renaining and that of
poly(2-ethyl hexyl acrylate) must have only about half the initial
number, since material is also being lost as short chain fragments.
It is reﬁérkable, therefore, that the infrared spectrum of poly(2-ethyl
hexyl acrylate) residuc after 30 hours degradation at 315°C shows
50 little change from the spectrum of the undegraded polymer

(fig ,..30). In the cases of the other three poly(prircary acrylates),
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more narzed changes would be expected since the alkyl groups sare

lost at a faster rate. It is notl possible, however, to find the

infrarcd spectra of these polymers under similar conditions since
they develove insolubility.

The experimeﬁtal technique used to find the infrared spectra
of the polymer residues is described in 2(xviii). The polymer in
these studies is degrading between sodiua chloride discs, and it is
therefore in a rather different environment from that of the
polymer degrading on the glass surface of the sealed tube in the
work described in Chapters 4 and 5. For this reason care nust be
taken in comoaring the results of the two sets of degradations.
However, as far as can be judged, the weight losses appear to be

comparable and the changes in the spectra can be related to the
loss of volatiles, as found in Chapters 4 and 5.

The only exception to this occurs when water is absorbed by the
sodium chloride discs. Because of the design of the degradation
apparatus, glass blowing had to be carried out rather close to the
s;dium chloride discs. Water tended to condense round about the
hot glass and unless great care was taken, it was absorbed by the
sodium chloride. This water is not driven off{ the sodium chloride
at 300°C under high vacuunm and as described below (6( v)) appears
to affect the infrared spectrum of the degraded »olymer. The water

can be detected in the spectra by a broad band around 3400 cm’l,
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and its presence ngy, in fact, help in interpreting the spsctra.

5(11)  The Infrored Spactro of the Reziduss fron Polv(n-3utvl Acrylate)

The infrared snectrum of a £iln of undegraded poly(ethyl scrylate)

between sodium chloride discs is snhown in fig 6.1. The spectrun

covers the region 4000-625 cm=l, The assignment of sone of the
peaks to the various types of molecular vibration is also shown
in this figure. The spectrum of undegraded poly(n-butyl acrylate)
is generally similar. The peaks are broader than those shown for
poly(2-ethyl hexyl acrylate) solution in carbon tetrachloride in
fig 4.30. This is due to restricted molecular vibrations in the
s0lid phase compared with the much freer vibrations in solution.
Fig 5.2 compares the infrared spectrua in the region 1900-900 en~l
of undegraded poly(n-butyl scrylate) to the spectrum of the same
sample degraded for 16 hours at 315°C. The main changes are the
developnent of a clear shoulder on the carbonyl peak at 1760 cm’l,
a general increase in absorptinn between 1650 cn~t and 1550 cm'l,
end the eppearance of a new peak at 1563 cx~l. There is a shift in
the maximun peak height in the carbonyl region from 1730 eca=1 to
1720 cm=l and in the C-0 stretch region from 1165 cn™L to 1175 cm~l.

Outwith the region 1900 cm™t

to 900 cm"l,,there is no significant
change in peak shape and no new peaks eppear. No peak developes for
water with this polymer sample and it is assumed that dry conditions

were obtained throughout the handling of the sample. Fig 6.3 shows
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how the peak in the carbouyl rezion changes with time of degradation.
‘s PO = -1
Table 6.2 shows the optical densities of the pzaks at 2958 em ~,

1760 e, 1730 en-l, 1563 c2~l and 1170 ca~! st different times of

degradation.

Table 6.2

Optical Densities of Peaks in the Infrared Spectrun at Vaerious Tines

of Degradation for Poly(n-Butyl Acrylate)

Degradation Pecks at (em—1)
Time (hours) | 2958 1760 1730 1563 1170
T 0.853 0.221 0.936 0.008" " 70.859
1 0.10l 0.148 0.509 0.005 0.437
2 0.459 0.177 0.572 0.018 0.502
L 10.421 0.218 0.567 0.024 0.4,67
8 0.203 0.140 0.313 0.038 0.231
16 0.110 0.086 0 198 0.052 0.133
32 | 0.062 0.078 0.14) 0.052 0.109

Fig 6.4 shows how the ratio of peak heights to the height of the
carbonyl peak at 1730 cn~1 changes during degradation.

6(iii) The Infrared Spectra of the Residue from Poly(Ethyl Acrylate)

Fig 6.5 compares the infrared spectrum in the region 1900-900 en~1
for a poly(ethyl acrylate) sample undegraded with the spectrum of the

same sanple degradea for 17 hours at 315%C. Outwith this région the
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orincioal chanze is in the C-H streiching frequencies between 3000 cu~t

and 2900 cn~1. The C-H peak for methyl groupsat 2978 et

decreases in size at a faster rate than the C-H peelk for methylene
grouos at 2930 em=l, This would be expected if the principal
degradation reactions resulted in the removel of ethyl groups from
the ester units. Thus all the methyl groups tend to be removed from
the polymer and only the methylene and methine groups on the polymer
chain are left.

Fig 6.5 shows that at 1570 05'1 é much larger pezak has developsd
in ﬁhis volyf{ethyl acrylate) sample than deveioped in the poly
(n~butyl acrylate) sample. On the other hand, tﬁere is no clear
shoulder at 1750 cn~l a3 appeared in the poly(n-butyl scrylate)
semple. Fig 6.6 shows how the absorption in this region changes with
time of degradation. Another significant difference in these spectra
from those of poly(n-butyl ecrylate) is the presence of a broad peek
at 34,00 cm~1 which appears in all the spectra obtained after 2 hours
degradation and indicates that water was absorbed on the sodium
chloride discs during the handling of this sample. As in the case
of poly(n-butyl acrylaste), the carbonyl peak shows a tendancy to move
to a lower frequency as degradation continues. In this case it
moves from 1726 cn™> to about 1705 ca~l.

Table 6.3 shows the optical densities of the important peaks at

various times of degradation.
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Table 6.3

Optical Densities of Pecks in the Infrared Sopectrun at Verious Times

of Degradation for Poly(Ethyl Acrylate)

e N Pt AP I
0 0 497 1.271 0.000 1.376

1 0.34, 1. 33 0.021 1.167

2 0.2,1 1.041 0.050 0.713

L 0.151 0.701 07124 0.1

8 0.133 O.Ll9 0.178 0.255

17 | 0.095 0.210 0.178 - 0.126

32 i 0.057 0.113 0.124 | 0.069

These figures are plotted in fig 6.7 as the ratio of the peak
heights to that of the peak at 1726 en~L,
6(iv) The Infrared Spectra of the Residues from Poly(iso-Propyl

Acrylate)

\ The infrared spectrum of undegraded poly(iso-propyl acrylate) is

génerally similar to that of poly(ethyl acrylate) (fig 6.1). As
with poly(ethyl acrylate), as degradation proqeeds, there is a

tendancy for the peak at 2980 cm’l, for C-H stretching in methyl
grouns, to fall at a faster rate than the peak at 2933 cn=l, for
C-H stretching in methylene groups. Fig 6.8 compares spectra in

the region 1900 en~1 to 900 el for an undegraded sample and the
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same ssmple degraded for 30 hours at 265°C. Fig 6.9 shows how the
carbonyl region changes with tinme of degradation. As degradation
proceeds a peak developes at 1762 en™L and a smeller one at 1810 em~l,

In the later stages of degradation there is generally increased absor-

ption between 1650 cn™l and 1550 cn™! and after 30 hours a new peak

can be seen at about 1575 cm'l. The C-0 stretching region also
changes cousiderably and a new peakx developes at 1135 enl, After

14 hours degradation there is a broad peak at 3400'cm'1

suggesting
that contanination of the sodium chloride by water has eccurred.

The optical densities of the important peeks are shown in table 6.4

Table 6.4

Optical Densities of Pesks in the Infrarsd Spectrum at Various Times

of Degradation for Poly(iso-Propyl Acrylate)

Digga?agﬁgg) 2938 1algeaks atlggg-l)wwy_}7§o~“-*~ 1575
0.338 0.000 0.100 1.320 0.020

1 0.32L 0.048 0.162 — 0.013
V2 0.239 | 0.054 0.217 — 0.020
| L 0.259 0.042 0.298 — 0.020
8 0.233 0.030 0.374 1.277 0.039

T | 0.162 0.048 0.392 0.718 0.071

32 i 0 107 0 066 0.366 0.350 0 126



00in?q4TEistrejj.



-112-

The C-H pealk at 2933 ¢u™1 décreasos uniforaly throughout the
degradation. The peak height of the 1810 cn~! peek appears to vary
irregularly during the degradation. This mey be tecausa of its |
position as a small shoulder of the carbonyl peak. The 1740 en—t
increases throughout the degradation relative to the other peaks.
The 1730 en™1 peak remains at about the same intensity until the
later stages of degradation.when it decreases in intensity. There
is no shift in the sbsorption meximum of this peak, in contrast to
the carbonyl peak in the degradétion of the poly(primary acrylates).
There is little absorption at 1575 en~luntil the polymer sample
has degraded for ?0 hours, when a peak appears here.

6(v) The Iffect of Water on the Infrared Specira

Most of the spectra of degraded poly(ethyl acrylate) and those
taken at the later stages of degradation of poly(iso-propyl acrylate)
show contamination of the sodiun chleride by water. In these spectra,
absorption at 1570 en~l is particularly pronounced. This absorption
‘is not detectable in the spectrum in carbon tetrachloride solution
of poly(2-ethyl hexyl acrylate) degraded for 32 hours. It is
surprising that this peak should be strong in degraded poly(ethyl
acrylate), weak in poly(n-butyl acrylats) and not present at 211
in poly(2-ethyl hexyl acrylate) when it is known (Chapter L) that

very similar reactions occur in the degradation of these three

polymers. These considerations suggest that the action of water
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on the dezrading volymer nay produce the veak at 1570 cu~l.
Tater itself gives a broad peak betivzen 1750 and 1580 e~ with

-1 82, mnis peak is not the right

a maximum intensity et 1640 cn
shape and does not occur at the right frequency to account for the
absorption at 1570 ca~l, Of the chenically feasible groups, the
only ones which normnally absorb at this frequency are enolisable
P -diketones, carboxylate ions and, possibly, but not very.likely,
conjugated carbon - carbon double bonds®3. Cameron and Kaae provosed
a mechanisn for elimination of methanol from poly(methyl acrylate)
in which the end product was a P -ketoester (fig 1.14)3.
Endlisablfaﬁ-ketoesters absorb at 1650 cm'l, But when the enolic
form-is imoossible, as in this case, they will absorb as isolated
ester and ketong groups around 1730 and 1710 cm‘l, respectively.
Conjugated carbon - carbon double bonds normally absorb between
1660 cm=l gna 1580 cm-l end it is difficult to suggest any mechanism
in which the presence of water would catalyse the formation of
‘séquences of carbon - carbon double bonds along the polymer chaiﬁ.
- The most likely explanation, therefore, for the appearance of
this peak in the spectra of the polyacrylate degradation residues
in the presence of water is that it is due to the carboxylate ion.
It is known32 that carboxylic acid groups ere lieble to some ion-
‘isation by the alkyl halide used as & support in the measurement

of infrared spectra; a peak occurs between 1610 and 1540 cn~l

-
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ascociated with the carbexylats ion, along with the peak between
1720 en™? and 1700 ca~l essociated with the unionised acid.
Poly(iso-propyl acrylate) degradation may produce acid groups by
elimination of olefin-(see Chapter 8). The presence of acid groups
in the degredation residue from the poly(primary ecrylate) has not
been proposed, however.. It may be that when water contanminates

the sodiun chloride-to form a strongly ionising medium, ester or
anhydride linkages in the polymer residue may be hydrolysed on
heating and the resulting acid groups ionised.

To test this, a disc of polymerised propiolactene in potassium
bronide was made up. The potassium bromide was not specially dried
and contained a trace of water. The infrared spectrum of the disc
was obtained. The disc and contents were then heated to 250°C
under high vacu;m, the tube broken open and the infrared spectrum
measured. A peak appears at 1570 cm'l, confirming that compounds
of the ester type are liable to hydrolysis when heated in an
ionising mediun in the presence éf traces of water.

§£vi) Sumnary

On degradation of poly(primary acrylates), the principal change
in the infrared spectrum is the appearance of a shoulder at 1760 cn~l
on the carbonyl peak. There is a general broadening of the spectrum
in the carbonyl region and also in the C-0 stretching region. Sonme
increase in absorption occurs in the carbon - carbon double bond
region. The carbonyl peak at 173C cn™L tends to move by about

20 cm~l towards lower frequency. A tendency to higher frequency



~115-

is observed in the C-0 stretching rezion.
Poly(iso-propyl acrylate) shows a large shoulder at 1760 cm—1

on the carbonyl peak and a smaller shoulder at 1810 cm'l. A ney

peak apovears at 1135 cn~1,

It should be noted that infrared spectra of samples in the solid
phase are broader and less well resolved than the spectra of samples
in the ligquid phase. The assignment of peaks cannot therefore bve

made with great precision in the spectra of the solid phase. All

figures quoted in this chapter are accurate to X 5 cm‘l,
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Chapter 7 Degradation Studies of tha Polyacrvlates et Lower
Temperatures

7(1)  Introduction

In chapters 4,5 and 6, all the degradation studies described were
carried out at one temperature for each polymer - 315°C in the
case of the poly(primary ascrylates) and 265°C in the case of poly
(iso-propyl acryléte). These studies show that at these temperatures
a complex series of reactions oécurs. By lowering the temperature
of degradation, it was hoped that a simpler degradation pattern might
be observed. T.V.A. and T.G.A. thermograms (figs 3.4 and 3.5)
show that volatilisation in the polyacrylates occurs mainly in one
stage end that the different voletile products are produced |
concurrentiy. It was therefore thought to be unlikely fhat, in the
study of the degradations at lower temperatures, one volatilisation
reaction woﬁld be found unaccompanied by the other such rezctions.
Rather, it was anticipated that molecular weight changes might be
observed and that a cross-linking or chein scission process might be
studied unaccompanied by large-scale volatilisation reactions. It
is useful, however, to measure such small emounts of volatilisation
es do occur. Interesting correlations between evolution of volatile
matérial and changes in molecular weight may be observed in this wayhﬁ
As deseribed in 4(vi)A, it is found that the polymers of ethyl

and n-propyl acrylates used in the present work have molecular



~117-

weights too high to 21lon the volymer to filter comnletsly throuzh
the filter paper used to separats sol and gel fractions. The present
studies are therefore confined to poly{n-butyl acrylate), studised

at 2,1°C, and voly(iso-propyl acrylate), studied at 1959, where

this coanplication does rot arise.

7(i1) Masmivement of Volatiles

The Yeleod Gauge and method of operating it are described in
2(xix)A and Appendix C. Series of degradations of poly(n-butyl
acrylate) and poly(iso-provyl acrylate) were carried out and the
gases analysed as described in 2(xix) and Appendix C. This gives
the number of moles of non-condensible gases (ny ¢ ) in the larger
system. The remaining volatile material is condensed into thse
smaller system end the number of moles (ng.p.) found. The number
of moles of condensible material (nc) is found by subtracting the

nunber of moles of non-condensible gas in the smaller systen (ns)

from vy g .

\‘ Ixc=I)R-T0-nS
" Tadbles 7.1 and 7.2 show the method of calculation of the number

of moles of gas frbm the two polymers at varibpus times of degradation.
These results are plotted as number of molecules of volatiles evolved
per monomer unit in figs 7.1 and 7.2. Volatile evolution from
poly(n-butyl acrylate) at 241°C seems to be at a uniform rate

throughout this early stage of degradation. The non~condensible



PR, AH - . NH

(sanoy) eumty uotymprIdeq

N
o

.zz OH m w d
{ T T T [

-

- 0,96T~ 3B 9TQTSUSPUOY-UON S$3SBY
0,961~ 3% 9TQTSUODPUO) 538BY

C

JO*ON Z{go-[

o
e
i

<
(9%)
sBH JO SaTNOITO

<
nougﬁ/

<
qfﬁn as

Dol V¢ (949TAIOV TAGNG-U)A{0g WOAJ UOTFONPOId O1F#Y10%

1L 97



9T .. T A 0T 8 ki 2 0

o ] ] i i - _m i 1 0 m.

] J ~

<] (- \ oz

o

1.8

o

=

/ Y

5.96T- B )
3}® 2TqISUSPUOH-UON $ISBH @ \ e,
0,961~ 3T 91qQTSULPUOY §85BH B o
’ . ’ . \l\\\ - | 0 No
. g =Y

\ Q2

@

"

m ,,\.\a\\-\\\\ u -1 O. Wm
T :

—— ®

]

| g
[ R

(sanoy) aswty uotsepRIe(Q

5.G6T 3¢ (OFUTAIOY [AAOII-081)A{0J Woay UOT3onpoid O1F3810A ¢ L T




gases avnear to increes2 in enount as degradation proceeds. Poly
(iso-nropyl acrylats) seems to have a fast rate of volatile evolution
initially, before settling down to a uniform rate. In this case

the non--condensible gases do not give a consistant relationship with
time of degradation.

Z(iii) Tatnre of Volatile Products

The mass spectra of the volatile materials from a 32 hour degredat-
ion of a L00 ng sanple of poly(n-butyl acrylate) at 241°C and froam en
8 hour degradation of a 100 ng sample of poly(iso-propyl acrylate)
are shown in fig 7.3. Fig 7.3 also shows the mass spectrum éf
propylene81. Fig 3.2 gives mass spectra for carbon dioxide, 1l-butere
and n-butanol.

The mass spectrum of the degradation products from poly(n-butyl
acrylate) corrééponds closely to that of a mixture of carbon dioxide
and l-butene, with l-butene present in rather greater amount than
carbon dioxide. At the low pressure of gases inside the sealed tube,
the vapour pressure of n-butanoi would be expected to be significent.
The base peak for n-butanol is at mass nuuber 31, but the peak here
(fig 7.3a) is very small. Hence, it can be concludéd that there is
very little n-butanol in the volatiles from poly(n-butyl acrylate) at
2,1°C,

The mass spectrum of the degradatibn products from poly(iso-propyl

acrylate) corresponds to that of a mixture of carbon dioxide and
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provylene, with provylene in excess over carbon dioxide. This does
not explain the large pzak at mass nuuber 23. It is probably caused
by nitrogen from the air leaking into the nmass~spectrometer. The
total nressure of the volatiles in this degradation is very small
and the nmass-spectroneter is not at full sensitivity at such a
pressure. Small amounts of extraneous.material, such as air, would
therefore affect the spectrum considerably.

The amounts of non-condensihles ere irregular in the case of
poly(iso-pronyl scrylate). This is possibly because air, dissolved
in the volymer, is released on heating. The small anounts of
non-condensidbles recorded for both polymers could also be explained
by the residual air sealed into the sealed tube before degradation.
Both these factors would be irregular, depending on the polymer

sample and on t-e vacuum conditions under which the degradation
tube was sealed.

7{iv) Short Chain Fragments

| In the degradations of poly(n-butyl acrylate) at 2,1°C, care was
taken to ensure that any short chain fragments producea would be
measured. A very small and irregular amount of material was found
and is fecorded in table 7.3. This indicatés that very few short
chain fragnents are produced at this temperature.
Since poly{iso-propyl acrylate) produces very few short chain

fragments vhen-degraded at 255°C, it was thought to be unlikely



that any would bz produced a2t 195°C and no attenpt was made to measure
this material.

2{v) _Analysis of the Residue

The sol and gel portions of the residue were scparated by the

filtration technique described in 2(xvii) and 4(vi)A. Tables 7.3
and 7.4 give the percentage soluble and insoluble residues at various
times of degrada%ion and also the molecular weight of the soluble
residue.

The percentage soluble and insoluble rasidue is shown graphically
on figs 7.4 and 7.5. In both cases, sone insolhbility developes
early in the reaction, but this remains at a constant value of about
25 %, in the case of poly(n-butyl scrylate) and 35 % in the case
of poly(iso-propyl acrylate) for some time thereafter. With the
latter polymer, however, there is some sign that the degree of
cross-linking continues to increase at long times of heating; this
is shown by the increase in molecular weight of the soluble material.
Vith poly(n-butyl acrylate), on the other hand, the molecular weight
of the soluble material falls slightly, in spite of the fact that the
provortion of soluble material remains almost constant. This suggests

that some chain scission is occurring alongside the cross-linking

reaction.

2(vi) Summary

The thermal degradation of poly(n-butyl acrylate) at 2,1°C, apert
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from exhibiting very nuch slowser voletilisation than the degradation
at 315°C, also shows some differences in the products. In particular,
no n-bu%anol is detected and the cross-linking reaction sets in at
an early stage, but thén levels off to give a constant sol/gel ratio.
There .does not seem to be a close relationship between changes in
molecular weight and extent of volatilisation.

Poly(iso-ﬁrop&l acrylate) appears to give the same volafile
products at 195°C as at 265°C. Cross-linking increases slcwly at the
lower temperature as degradation proceeds. In this polymer, the

degree of cross-linking appears to increase with volatilisation.
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Calculation of Number of Iloles of Volatiles from Poly(n-Butyl lerylaie)

at 241°C

Run No. | ST3018 ST3023 ST3033 ST3043 ST3053
Degradation Time (hours) E 1 2 b SM“_.;wfs
A. Non-Condensibles | -

o (cn) | 38.113 37.626 37.600 37.637 37.418
B (cn) : 38 144 37.568 37.499 37.118 537.544
-y (en) | 35.501 33.826 33.886 33.076 32.320
x=-y (cn) 2.612 3.800 3.714 L.561 5.098
(x-0.015) (cm) 2.597 3.785 3.699 L.54,6 5.083
V=(%-0.015) . A(em) 3 0.0683 0.0996 0.0973 0.1196 0.1337
P= p-y (cm.Hg) 2.6L3  3.742  3.613  4.3,2 5.22),
P.V.(cn)3.(cn.Hg) 0.1806 0.3726 0.3515 0.5193 0.5986
10%n, 210677 /2.7 0.0981 0.2024 0.1910 0.2821 0.3795
106ns=106n1 «1.991 0.1953 0.4030 0.3803 0.5617 0.7556
106nN.C.=106n1x2.566 , 0.2517 0.519% 0.,901 0.7239 0.9738
B. Condensibles 5

o (en) }38.113 37.626 37.600 37.637 37.418
ﬁ(cm) §38.103 37.671 37.67% 37.737 37.353
y (cm) | 33.303 31.110 30.337 25.748 22.682
x=ot-y (cm) iz.,.slo 6.516 7.263 11.889 14.736
(x-0.015) (en) P 4.795  6.501  7.248  11.874 14.721
V=(x-0.015) .A(cm)3 © 0.1262 0.1710 0.1907 0.312% 0.3873
P-p-y (cn.Eg) | 4800 6.561  7.337 11.989 14.671
P.V (cmn)3(cm.Hg) | 0.6056 1.1222 1.3991 3.7454 5.6822
106n1=105P.v/R.T , 0.3290 0.6095 0.7600 2.034, 3.0865
1o5nR_T=105n1x1.991 | 0.6550 1.2137 1.9502 4.0505 6.1452

10%g=10%(og gong). O uS97 06107 156399 34888 53096
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Table 7.2

Calculeztion of inter of Minles of Volzatiles

fron Poly(iso-Crooyl Acrylate) at 195°C

Run No.

Degradation Tine (hours)

A.Non-Condeﬁsibiés
oC(cm)

p (cm)

y (em)

x=&-Y (cm)
(x-0.015)(cm)
V=(x-0.015. (cn) 3
P=p-y (em.Hg)
P.V (cm)3(en.Hs)
105n1=1o5P.v/h.T
10%n5-10%1.991
10%n;, . =10°n;x2.566
B. Condensibles

o< (cm)

p (cm)

y (cn)

x=x-y (cm)
(x-0.015) (cu)
V=(%-0.015) .A(cn)?
P=ﬁ-\( (e .Hg)
P.V (cm)3(cm.Hg)
10‘n1=106p.v/h.w

S
10%6=10"(ng_g-ng)

O 0o o 0o o o o o

106nR .T=105n1:<1 99_1

ST311T ST312T ST313I ST3141

1

37.895
37.836
37.230
.665

650
.0171
.606

.0104
.0056
.0112
014

37.895
38.253
30.956
6.939
6.92
0.1822

7.297

1.3293

0.7221
14377
1.4265

2

38.11Y
38.197
35.379
2.735

2.720

0.0715
2.818

0.2017
0.1096
0.2182
0.2812

33.11L
38.218
29.182
8.932

8.917

0.2346
9.036

2.1199
1.1515
2.2926
2,07

b

38.120
38,14
%4,..708
3.112

3.397

0.089l,
3.436

0.3071
0.1668
0.3321
0.4280

38.120
38.269
29.318
8.802
8.787
0.2312
8.951
2,059
1.12,1

2.2391

1.9060

8

38.122
38.051
34.617
5.505

3-490

0.0918
5.337

0.3064
0.1654
0.3313
0.4270

38.122
38.251
27.623
10.499
10.48%
0.2758
10.638
2.9343
1.5939

3.1735
2.8422

ST315X
16

38.070
38.011
37.195
.575

.550

L0147
516

.0076
0041
.0081
.0105

SO O O O O O O O

38.070
38.136
27.862
10.208
10.193
0.2682
10.274
2.7553
1.4956
2.9797

2.9716
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Table 7.3

Mass Balance for the Dagradation of Polw(n~Tutyl Acrylate) at 2,1°C

Run No. ST3013 ST3023 ST3033 ST304,3 ST305B

!
i
}
!

Degradation Time (hours) ; 1 2 I 8 16

Height of =

Initial Polymer 100.0 109.0 100.0 100.0 100.0
SOl. Residue ’ ' 92’3 85‘2 5901 7807 79-0
Insol. Residﬁe - 7.6 15.8 30.6 21 .. 20.2
Short Chain Fragments v 0.2 1.0 0.3 0.0 0.8
103 x fin Sol. Residue 632 333 316 316 220

Table 7.l
Mass Balance for the Degradation of Poly(iso-Prooyl Acrylaite) at 195°C
Run No “ST311I ST312I ST313I ST314,I ST3151
Degradation Time (hours) 1 2 4 8 16

Weight of -

Initial Polymer '100.0 100.0 100.0 100.0 100.0

" Sol. Residue &0 65.7 TL.5 643 72.5
Insol. Residue § 16.0 36.3 28.6 35.6 27.5

!

10-3 x Tin Sol. Residue 281  L60 372 903 2,530



Chapter 8 Gonzenl Discuzzion

In this chapter, verious reaction machonisms introduced in earlier
chapters are discussed. For conveanlence of reference, Appendix D
gives a list of these mechanisms in the order in which they are
nentioned in this chapter.

8(1) Overall Characteristics of the Degradation Reactions

Madorskylo has suggested that, since little monomer is formed,
the mechanisms of the degradation reactions occurring in poly(methyl
“acrylate) do not involve free radicals. Camsron and Kane1’2’3, on
the other hand, proposed free-rédica1 mechanisns for these reactions
and suggested that only a small amount of monomer is formed because
of unfavourable factors in the structure of the monomer unit.

Small gaseous organic molecules of the ester type do not normally
show bond scissibn'to give fres-radicals at temperatures below 400°C
AZ’BA, except in especially favourable circumstances. But in a
polymer environment and particularly where a radical stabilised by
resonance or inductive effects can be formned, there is overwvhelming
evidence that free-radical mechanisms may operate below 300°C.

Indeed, . at temperatures sbove 280°C, degradation mechanisas other

then by radicels are rare. This epplies to such widely different

polymers as polyestershz’AB, polyethylenelg, and poly(tetrafluoro-
ethylene)30’31. Certainly, the variety of products from the

degradation of poly(primary acrylates), polyesters or polyethylene,
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is -indicative of particicaticn of radical mechanisns in their
formations

The initial step in the degradation of the poly(primary acrylates)
is therefore likely to be the scission of a polymer nolecule at a
weak link to give two polymer redicals. At least somz of these
radicals would be of the type

A CHS I

and would therefore be unstable?l. Cameron and Kanels2s3
suggested that the most_likely ﬁond‘to be attacked by these initial
radicals would be that between a tertiary hydrogen and a carbon aton.

)

This would result in a hydrogen atom being removed and a relatively

stable radical

c c I
/
o7 o : 0" “or

being formed.

Cameroﬁ and Kane pronosed that all the major decoaposition reactions.

in poly(methyl acrylate) were initiated by radical II. Evidence to

" support this theory in the case of other poly(primar acrylateé) is

provided by the T.V.A. thermograns (fig B.A) and by the qualitative

analysis of the products described in Chapter 3 of this thesis. It
Es difficult to exolain how such a varisty of producsts could be

evolved in a one-stage process unless all the reactions have a

common initistor, such as radical II.



Poly(iso-provyl acrylat:z) degroizs at a rather lower tempsreturs
end in two stages  The major degradation prcduct is the olefin and,
to this extent, the degradation is a2nalogous to those of poly
(t-butyl acrylats)ls53 and poly(t-butyl methacrylats)52. The
mechanisn proposed for ester deconposition in these last two polyuers
is non-radical, of the molecular type (fig 1.10). Hewever, in the
case of poly(n-bdtyl methacrylate) degradation, Grassie and MeCallumol
proposed a radical mechanism for the ester deccmposition reaction
(fig 1.9).' Ho direct evideﬁce is'preéented in this thesis as to the
exazct nature of the wechanism.of the olefiﬁ elimination reaction,
but this may w2ll be an exzmple of a reaction where the mechanism‘
varies, being completely nolecular &t low temperatures in the sbsence
of radicals, and completely radical at high temperatures and where
radicals are available from accompanying reactions.

It is vezy'dften‘true that for an ionic reaction mechanism there
exists e radical counterpart. It follows that chemical situations
may arise wherec the mechanism is nesither entirely ionic nor entirely
radical in character, but partly both. The same arguement may be
applied to molecular and radical mechanisms in polymers, the
glimination of olefin from polyacrylates being a case in point.

Another exauple of this effect is given by the decartoxylation
reaction. In small organic moleéules in a polar medium,

decarboxylation will generally occur by an ionic mechanism (fig 8.1)85,
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Fig 8.1 Decarboxylation by on Jonic Mechanism

But, in a polymer melt, at high {enmperatures, a much more likely

route is by radical decomposition (fiz 8.2). Analogous reaction

mechanisns have bsen proposed for small moleoules86.
i | i
va?\A/ N C AN
. -_“"9 !
R + Cu C + RH
N\ : 3
H—nc'/ Y o o’ Yo
H
/\/V'%S”V\ —— /\A~?\A/ + C0p
VAN
‘0" o

Fig 8.2 Decarboxylation by a Radical lMechanism

8(ii) The Reactions in the Degradation of Poly(iso=Propyl Acrylate)

Poly(iso-propyl acrylate) seems to have the most readily
understood degradation pattern of the five polymers studied. As
wifh poly(t-butyl acnylate)h’53 and poly(t-butyl methacrylate)52,

quantitative yields of olefin are recovered and insolubility develops

in the residue.

-

However, there are considerable differences from the poly
(tertiary acrylates). Poly(iso-propyl acrylate) volatilises very
slowly at 195°C (fig 7.2), at which temperature poly(t-butyl acrylate)

exhibits much faster volatilisation to yield iso-butene and water.



=129~

Scheaefgen and Sarasoha®d found a nolar ratio of isc-butene to carbon
dioxide of about 25:1 in the dsgradation prodvcts of poly(t-butyl
acrylate). Poly(iso-provyl zcrylate), however, evolves large yields
of carbon dioxide. After 30 hours degradaﬁion at 255°C, the wolar
ratio of vropylene to carbon.dioxide is 1.7 to 1 (see fig 5.3); at
this time of degradation 8. % of the alkyl grouns have been
eliminated as olefin and 51 33 of the carboxyl grouns, as carbon
dioxide (teble 5.3). The T.G.A. thermogram (fig 3.5¢) showrs that the
rate of weight loss slows after' 59 3é'volati1isation. This |
corresponds closely to loss of all the alkyl groups as'olefin and

60 % of thé carboxyl groups as carbon dioxide. Water is also
produced with a yield of about B.0 mole percent after 30 hours
degradation. The yield of water was not obtained directly (sce 5(iv)),
so this figure is only approxinmate.

Grant and Grassiesz, Teirk end Scheefgen and Sarasohns3 a1l
observed autccatalytic behaviour in the elimination of olefin fronm
acrylate polymers with tertiary ester groups. They accounted for this
b; the suggestion that the elimination of olefin wes catalysed by
neighbouring acid groups (fig 1.10). There appears to be similar
behaviour in poly(iso-propyl scrylate) but to a much smaller extent
(see figs 5.1 and 5.2). This is not surprising since acid groups
are being lost extensively as carbon dioxide and, hence, this molecular

chain reaction will be curtailed. Mechanisms for ester decomposition
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in poly{iso-propyl cerylets) may thorefora ba suzgested as follors:
There are three princinzl roulees.

In routes 1 and 2, the initial step will be the elimination of
an olefin molecule by the cyclic mechanisa shown in fig 1.4 or by

the radical equivalent of this mechanisa (fig 8.3)

T ~AStw AN AN EIAA
| —_— | _— ]
RN 7\ N
0 083H7 0 003H7 ‘0 0
: + RH H\/\,&(
/C\
/wvgxﬂv /v~5-A ol
—y — | + g
75\ N 7
w o° ' m’ Mo

Fiz 8.3 Radical Mechanism for the Elimination of Oiefin

Thereafter the acid group will catalyse decomposition of a

neighbouring ester group as follows:

"Route 1 is the molecular reaction shown in fig 1.10 or a similar

reaction involving radicals.

Routs 2_ is the simultaneous‘elimination of olefin anid water to

give en anhydride ring?l (fig 8.1)
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Fig 8.k Simultaneous Flirmin=tion of Propylens ond “ater to Give

Anhydride Grouns.
Route 3 involves a radical mechanism and results in the sinultaneous

elimination of carbon dioxide and propylene. (fig 8.53)

H H
_,//////’ﬂN\&s CHp
R+ NS?/ 2\(|;Nv
C C
Vi
0/ \? I \?
C}H7 C3H7
H H
« CH CH,_t
PV Tt N P AA G TS AN
— i i = 1P
| 4 J\ o \ /
! o7 \? o 0 c 3H70/ 0 o7 a?
CzH»  CzH XA
2 75
CHp
- A~ CH ‘QH/\/V
. —_— (l: + €0z + CHp=CH—CHj
WO/ \0C3H7

Fig 8.5 Simultsneous Elimination of Propylens and Carbon Dioxide




Al theso reactions seem chenica2lly feasible, Route 3 ends with
a rac¢ical which would be rather unstzble, but the same redicel is
formed in all the proposed carbdn dioxide producing recctiorz except
one vhick involves a four nembered ring with en sp2 hybridised carbon

aton (fig 8.6) and which would therefore not be sterically favoured.

0=02Tx
\0/

Fig 8.6 Four-lcmbered Fing Elimiration of Carbon Dioxide

 Once acid groups are forned by route 1, they may remain unreacted
~in the residue, decompose to give carbon dioxicde (fig 8.2) or couple
with other acid groups on the same nolecule or another molecule to
give anhydride groups (see fig 1.6). 1If coupling occurs dbatween two
separate bolymer molecules, a cross-link is forued.

The orders of the olefin elimination and of the carbon dioxide
‘elinination reactions are found to be closs to 2 }5(ii)}. As far as
the,olefin elimination reaction is concerned, this may well be
caused by the necessity for two monomer units to be involved in the
production of each olefin molecule (See fig’8-5). Thus the rate of
ﬁroduction of olefin will dépend on the square of the concentration

of monomer units.

In the carbon dioxide elimination rsaction, the apparent second



order bzhaviour uay ve snurlously coused by the dependence of ihis
resction on the olefin elimination reaction. The true reaction order
cannot be determined from the present data.

8(iii) The Residue fron Poly(iso~Pronyl Acrylate) Degrsdstions

The residue dissolves in alkali solution dbut not in organic
solvents. Insolubility in organic solvents sugzggests either that
cross-linking occurs or that the polymer becomas rigid becaﬁse of the
large number of intramolecular anhydride rings. Grant and Grassiell
showed that poly(methacrylic anﬁydride) with no c¢ross-links is
insoluble in all non-polaf organic solvents, but soluble in polar
solvents such as dimethyl formamide (D.M.F.). The residue from
‘polyl(iso-propyl ecrylate) is insoluble in D.M.F. and it was therefore
concluded that some cross-linking occurs through anhydride grouns.

Poly(iso-propyl acrylate) loses olefin quantitatively, about 60 %
of the theoretical yield of carbon dioxide and about 20 ﬂé,of the
theoretical yield of water at 265°C (5(ii) and 5(iv)). After complete
d?gfadation at this temperature the residue should therefore contain
efhylenic, acrylic acid and acrylic anhydride units. The elemegtal
analysis (5(v)) is in agreement with the composition found by taking -
into account the products of degradation. After 30 hours degradation,

IN

the monomer units are estimated to be made up as follows:
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16 9, uarzescicd iso-propyl zerylate
16 % 1/2(acrylic anhydride)
17 % acrylic acid
51 % ethylene
Each acrylic anhydride unit is equivalent to 2 units of the other
nmonomers. The infrared spectrum (fig 6.8) agrees well with this

ostimation. Grant and Grassieltl

gave the infrared absorption of the
carbonyl peaks in both poly(methacrylic anhydride) and degraded
poly(methacrylic acid) as 1750 Em'l and 1795 cm“l, whereas glutaric
anhydride absorbs at 1756 ca~t and 1802 ca™l. Schaefgen and Sarasohn
53 give figures for the anhydride carbonyl absdrption in degraded
-poly(t-tutyl acrylate) as 1725 en~l and 1807 L. The forner

figure (1725 cmfl) seems rather iow when compared with normal anhydride
carbonyl absorption (180-1800 en—t and 1780-1740 p——t 83). In the
present work, absorption attributed to anhydride carbonyl groups

is observed at 1762 cm'l and 1810 el gnd a third peak, attributed
to carbon-oxygen single bond stretching is observed at 1135 cn~L

(fig 6.8). No reference to this last peak can be found in previous
work on polymer degradation, but the carbon-oxygen single bonds

in cyclic anhydrides normelly sbsorb in the region 1175 en~1 to

iOhB en-1 83, ‘

The relative intensities of the carbonyl peeks remain to be

considered. Grant and Grassie®! made a thorough investigation of
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the infrared zbsorotion of the t.o carbonyl pecks in several anhydrida
systems, both in small organic nolecules and in a polymer environnent.
They found that in ring systens the lower frequency sbsorption is
the more intense, whereas, in acyclic anhydride structures the higher
frequency absorption is the more intecnse. In degraded poly(iso-~pronyl
acrylate) the lower frequency absorption is the more intense (figs 6.8
and 6.9) and it is concluded that most of the annydride groﬁps ars
of the glutaric enhydride type, with a few open anhydride groups
forming cross~links. '

 Acid ‘groups normelly absorb in the carbonyl region at 1725-1700 em~1
8. The acrylic acid units remeining in the pdlymer would therefore
cause part of the broadening towards lower frequency observed in

1 at long times of degradation. The

the carbonyl group at 1730 cm™
carboxyl ion peak at 1575 en~1 (fig 6.8) may be caused by ionisation
of acid groups by the sodium chloride discs or by hydrolysis of

some anhydride or ester groups by traces of water (see 6(v)).

‘ The residue develops a yellow coloration as degradation proceeds.
It was found to be very difficult tb obtéin filns suitable for
ultraviolet or visible spectroscopy and no significant spectra
were obtained for double bond absorption in this region.- However, the
;oloration is thought to be due to a small amount of carbon-carbon
double bond conjugation in theApolymer chain. A possible mechanism

for double bond formation would invo}ve e polymer radical as shown

in fig 8.7.
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Fig 8.7 Possible Mechanism for Double Bond Foruation in

Poly(iso-Propyl Acrylate)

Once one such double bond is formed, it will weaken the C-~H bonds
in the alpha position and hence'encourage conjugation. Coloration
provides additional evidence for radical involvenment in the reaction
mechanisuws.

The surprisingly small hydrozen content of the residue after
30 hours degradation (see table 5.7) is not in sgreement with the
products of degradation found (tablev5.2). This discrepancy could
be caused by:

1/ inaccuracy in the hydrogen analysis
\ or 2/ non-detection of a degradation product. This is
m;st likely to be molécular hydrogen which might escape by diffusion

before a mass-spectral analysis of the non-condensible gases could

be made.

The residue degrades further when heated to higher temperatures

as T.V.A. (fig 3.4d) and T.G.A. (fig 3.5c) show. From the T.V.A.

thermogram it can be deduced that the material given off at this
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n ~

steze is mossly non-condsasibtle at -100°C. Saall umolecules are

the residue conteins a large number of

therefore evolved. Sinca
polyethylene units, it sesas likely that low molecular weight chain
fragnents ars also given off at this stagelg. This fraction would

mainly condease on the cold fing of the T.V.A. apparatus (fig 2.6)

e Pirani Gougss.

and would not be recorded on &ny of

8(iv) The Reactions in the Degradation of the Poly(Prinary Acrylates)

A. Production of 0lefin and Cerbon Dioxide

Cameron and Kanel»2,3 éuggested that the degradation reactions
in voly(methyl scrylate) occur by nechanisms involving free radicals.
Since the poly(primary ecrylates) studied in the present work degrade
at about the same temperature and give similar products, it is
reasonable to suppose that the came reaction schemes may apply.
At low tempefatures (7(1i1)) and at early stages of dezradation
(4(i1) and 4(iv)B), carbon dioxide and olefin are evolved from these
polymers in a molar ratio close to unity. It seems probable that
a reaction mechanism similar to that shown in fig 8.5 is operating.
\ At 315°C there is no evidence for autocatalytic production of
olefin. Thers appears to be negligiblecoampetition to the reaction
shown in fig 8.5 from that shown in‘fig 1.10. Although the reaction

in fig 8.5 is shown as being catalysed by a radical on a neighbouring

monomer unit, there is nd reason why any available radical should not

be the initiator.
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There avncars to te a connectiion between the nuaber of B-hydrogan
atons on the alkyl gzgroun and the production of olefin. Thus the
yield of olefin from the four polyacrylates decreases in the order,
ethylene > propylene = l-butene > 2-ethyl l-hexenz (tables 4.9-4.12)
and the initial rate of production shows a corresponding trend
(table 4.13). This would agree with a mechenism such as that shown
in fig 8.5, where the extent of rcaction depends on the availability
of the P-hydrogen atonms.

In the infrared spsetré of the residues from poly(2-ethyl hexyl
acrylate), a small peak can be observed at 1810_cm‘1 as wsll as the
pesk at 1760 cm'l. There may be some tendency‘for olefin elimination
to occur unaccompanied by carbon dioxide production in this polymer.
The carbvoxyl radical formed may then attack neighbouring ester
units to produce anhydride rings and eliminate an alkoxyl radical.

No other poly(primary acrylate) gives evidence for anhydride formation,
but this is presumably a minor reaction. |

With the remaining poly(primary acrylates), carbon dioxide

\
|

production exceeds that of olefin at long degradation times. The

most likely mechanism to account for this is one first suggested by

Fox and otherst8 and later used by Grassie and Torrancet?s47 gng
Cameron end Kanels3 to account for carbon dioxide production in
degradation systems involving methyl acrylate units (figs 1.7 and 1.13).

It is a rather unusiual type of reaction, involving shift of an



kvl group, and it may thercfore be thought to becoae less likely
as the size of the alkyl groun increasss. This may explain why in
the present work it is only observed at later stages of degradation
and only in polymers which have developed insolubility. The rest-
rictions on the movement of the side grouo which extensive cross-
~-linking produces may tend to hold ths allkyl group close to the
polymer radical énd hence encourage reaction. In previous papers
evidence for this reaction was provided by the existence of methyl
methecrylate monomer amonést the degradation products. In the
present work, no corresponding «-substituted acrylate mononer
was found, yet the methacrylate was still recovered in the volatile
degradation products (4(iv)A). The methacrylate found is probably
from reactions at chain ends (see 8(iv)E).

B. Produection of Alcohol

Cemeron and Kanels3 have suggested four possible mechanisms for
the production of a methoxyl radical from poly(methyl acrylate).
QWO of thess are given in figs 1.12 end 1l.14k. The other two involve
f;rmation of a ketenels3 and formation of a vinyl ketonel., The
ketene forming reaction was discounted because absorption was not
detected at 2160 ca~l in the infrared spectrum of the polymer
residue. The carbonyl absorption of «:B unsaturated ketones occurs

at 1695 - 1660 cn~Ll 83 and since only slight increase in absorption

was observed in this region both in the present studies and those
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by Czmeron and ¥ane, this can also be discounted as a major reeaction.
There remain the reactions shom in figs 1.12 end 1.14. The former
produces a x':é unsaturated § lactone ring systen (intramolecular
reaction) or an ester (intermolecular reaction) and the latter, a
non-enoliseble f-ketoester which can be in a 6-nembered ring
(intranolecular reaction) or acyclic (intermolecular reaction).

Al though, at first sight, it scems the less likely of the two
reactions, that shown in fig 1.12 receives sirong support from the
infrared spectre of the degradeé polymers. A shoulder develops in
the spectra of poly(ethyl acrylate) (S(iii)), poly(n-butyl acrylate)
(6(11) end poly(2-ethyl hexyl acrylate) (4{vi)C) at 1760 ca-l, which
is at a higher frequency than most carbmyl absorption. In the
absence of an accompanying peak between 1800 cn™l ana 1850 em~L
(except for a small peak in the spectrun of degraded poly(2-ethyl
hexyl acrylate) (see 8(iv)A)), the most likely ceause is a lactone.

A ﬁY unsaturated y lactone (III) night be formed by redical
coupling,
CHo

fvvsc’, S oA

/ / III
RO,C \0 c<
OR

but this would sbsorb et rather higher frequency (1805 - 1785 cn=1 83).

The normal absorvtion for & lactones is 1750 - 1735 en=1 83, but,
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with ¥ : & unsaturation in ths ring, this would move to higher

1 agrees with the

frequency, so that the ebsorption at 1750 cm”
product shom in fig 1.12. Carbon-carben doudle bond absorption is
normally much weaker than carbonyl absorption. However, in this

case, the polarity of the bond will be greater because of the presence
of two carbon-oxygen bonds at one end and two carbon-carbon bonds at
the other end. This should cause enhanced absorption in the carbon

1 and 1620 en™? 83, there

~carbon double bond region between 15680 cn”™
is a general increase in ébsorp%ion in this region as degradation
proceeds, but no clear peak can be distiﬁguished. However, the
carbonyl peak overlaps into this region at later stages of degradation
and, therefore no firm conclusions about this structurs can be

drawn fron consideration of carbon-carbon double bond absorptiox;

The other roﬁteAfor alcohol production suggested by Cameron and
Kane (fig 1.14) yields a product which would absorb in the 6-meubered
cyclie ketone region between 1720 en~Ll ana 1700 enL, This is
slightly 1§wer in frequency than the carbonyl absorption from the
ester group and the presence of ketones in the degradation residue
may explain the shift in the carbonyl peak to shorter frequency as
degradation vproceeds. This shift is observed in the residuesfroa all
three poly(primary acrylates) studied and is most marked in poly

(ethyl acrylate) (fig 6.6) which would be expected to lose nearly

all of ifs ester groups (see 6(i)) at long times of degradation.
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In conclusion, it coun b2 sedd that there is strong infrared

[an

evidence for lzctone formation in %thz residuss froa poly(primary
acrylate)‘ degradetion, whilst the changes in the infrared svectrum
agree well with; but do not prove, the formation of ketonic grouns.
These reactions both result in the production of alkoxyl radicals.
Shaw and Trotman—Dickenson87 found that mesthoxyl radicals in the gas
phase have & stability between that of a methyl radical and that of a
chlorine aton. Thererore, the formation of these radicals in a
degrading polymer system at 315°C ié not an unreasonable suggestion.
Tt has also been shown~8 that, in the gas phase, the alkoxyl radicals
have stabilities in the order CP130'>CH50H20'}CHBCHZCHZCHZO'
>(CH3)20501120'. Thus the alcohol elimination reactions will be
less 1likely in ﬁhe polymers of acrylates with fewer ﬁ-hydrogen atons
and this will account for the decreasing yield of alcohol in the four
poly(orinsry acrylates) in the order : Ethyl® n-propyl n-butyl
> 2-ethyl hexyl (tables 4.9 - 4.12).

' McBay and Tucker89 have shown that, in solution, at temperatures
between 110 and 155°C, the alkoxyl radicals can react either by
hydrogen sbstraction (H.A.) from a solvent molecule to give alcohol
or by disprovortionation (D.P.) with another alkoxyl radical to give
eéual yields of alcohol and aldehyde. Rust, Suebold and VaughanBB
studied the reaction of the alkoxyl radicals with cyclohexene in the

' gas vhase at 1§5°C.~ Théy found that both H.A. and D.P. occurred and
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that, in the gas phizsz a2t 19290, the ratio H.A./D.P. decreascd in the

. - nir . oA T 1 4 11y CFJ' L4 . RPN
order CH Hy0" > ¢H u,‘2c.~120 > ((mj)2 mzo In the

3 3" 3772
as

present work, no a2ldehyde was recovered, but abstraction of a tertiary

0° > CH

hydrogen atom from the acrylate polymer chein would, no doubt, occur
much more readily than abstraction of a hydrogen atom from cyclohexene,
which has no tertiary hydrogen atoms.

One striking feature of the production of alcohol (see figs 4.16- ‘

4 .18 and 4.20) is that it appears to be autocatalytic in character.
Cameron and Kane, on the dther'hand, make no mention of a similar
effect in méthanol production frou poly(methyl acrylate). The

G.L.C. technigue used to analyse the ligquid degraaation.products in
the present work apvears to give rather low values at low yield of
product and, hence, spuriously introduce autocatalytic character into
yield/time of degradation curves. This can be seen in the production
of 2-ethyl l-hexene from poly(2-ethyl hexyl acrylate) (fig 4.19).

However, it is thought that this effect is insufficient to explain
thé apparently autocatalytic nature of aleohol production. The
mechanisms so far prooosed for alcohol production are all initiated by
the same polymer radical (II) as initiates other degradation reactions,
Since no other reaction is autocatalytic, it seems unlikely that the

autocatalytic nature of the alcohol elinmination reaction is brought

gbout by the removal of alcohol molecules encouraging the formation

of radical II. It is also difficult to suggest any other chemical way



in which the products  of thz alcohol elinination reaction can
encourage further alcohol nroduction.

The answer may lie in the changes in the physical character of the
polymer molecule brouzht about by alcohol elimination. Both reactions
1.12 and 1.1\ involve either formation of a ring (when they occur
intramolecularly) or formation of a cross-link (when they oceur
internolecularly). These new structures will increase the rigidity
of the polymer. A rigid sysiem might be expected to encourage reacti-
ons involving 6-membered rings,'such as those proposed for alcohol
production (figs 1.12 and 1.1)), carbon dioxide production alone
(figs 1.7 and 1.13) and intramolecular transfer (fig 1.1), whilst
discouraging reactions such as the simultaneous olefin and carbon
dioxide eliminating reaction (fig 8.5) which involves a 1lO-membered
ring. There doés not apoear to be any mention in the literature of
cases in which reaction rates are altered by increasing rigidity in
polymer systems and therefore this explanation for autocatalysis of
alcohol production should be regarded as being tentative. On the other
hand, in polymer degradations studied in detail in which crosse=
~linking occurs, there have not been competing volatilisation
processes vhich might be selectively influenced by the cross-linking.

In this respect the polyacrylates should be regarded as a novel

systen.
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C. Production of Short Choin Yrognents and Chain Scission

oS

The largs anounts of short chain fragments profuced and the rapid
decrease in molecular weight of poly(2-ethyl hexyl acrylete) are
probably the result of a considerable degree of chain transfer

(fig 1.1). Cameron and Kanel’2

suzgested that intramolecular transfer
predominates in the degradation of poly(methyl acrylate) as thié
favours the formation of small chain fragments. They termed the
process whereby a radical moves along the polymer chain eliminating
small polymer molecules 'unbutténing' to compare it with the so-called
‘unzipping' process which results in high nonouer yields from poly |
(methyl methacrylate) (fig 1.2).

The main feature of interest in the unbuttoning reaction, as it
occurs in the pqumers studied in the present work, is that it
increases in exten£ relative to the ester decomposition reactions
as the size of the alkyl group increases. There are probably two
reasons for this.

1/ Table L4.18 shows that the molecular weight of the short chain

| fregment fraction increases with the length of the alkyl group on the
polyner. This would mean that'higﬁer molecular weight materisl can
volatilise from degrading poly(octyl acrylate) more readily than from
degrading poly(ethyl acrylate). Material which would remain in the
degradation zone in the case of poly(ethyl acrylate) and be liable

to ester decomposition would be lost as short chain fragments froa
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poly(octyl 2crylate). As the lenzth of the alkyl group increases,
the polymer becomes less polar znd hence the attrzctive forces
between neighbouring polymer chzains, or between segments of the sane
chain, become smaller. Thus, with the higher homologues, larger
chain frazments cen volatilise.
2/ Both the olefin elimination reaction (see 8(iv)A) and thc' alcohol
elinination reactions (8(iv)3) become less likely as the availability
of the B-hydrogen atoms in the ester group decreases. This effect
will increase the short cﬁain fregment/ester decomposition product
ratio, as the nurber of P-hydrogen atous on the ester group decreases.
Fig 4.32 shows that for poly(2-ethyl hexyl acryiate) after an
initially fast rate of bond scission, the rate throughout the rest
of the degradation is constant. The faster initial rate may be
explainedby the‘presehce of weak links in the polymer, although this
effect is surprisingly large.
For e polymer degrading only by random scission of polymer chain,
Simha and %all90 haye calculated that the rate of volatiiisation.
' against percent volatilisation curve should show a maximum rate at
about 26 % volatilisation. Thereafter the curve should follov a
straight line to meet the percént volatilisation axis at 100 jé .
This curve is shown for poly(2-ethyl hexyl acrylate) in fig 4.283. It
does not azgree with the calculations of Simha end %Wall and it must

be concluled that other volatilisation reactions are masking the
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chain scission nrocess. The initial rate of volatilisalion is fast
and linesar and this changes at about 30 3é conversion to give a
second anproximately linearArelationship. .With 50 many volétilisation
reactions occurring plus, indeed, the possibility that a small

amount of cross-linking may take place with this polymer, as in the
other poly(primary acrylates), it is perhaps unwise to attempt to
interpret this curve and the corresvonding curves for the other
poly(prinary acrylates) (fig 4.28a-c) before more extensive studies of
the degradations are carried ouf. They may, however, represeat the
sun of three curves: one for weak link scission, one for randonm

chain scission and one for the volatilisation of ester decomposition

products.

D.: The Cross-Linking Besctions
Cross-linking occurs in at least three of the poly(primary azrylates)

1,3 suggested that the cross-linking

studied (4(vi)). Cameron end Kane
reactions might be radical coupling between polymer chainsf(fig 1.11)
or intermolecular forms of the alcohol elimination reactions (figs
1t12 and 1.14). The residue is insoluble in alkali solution which
would be expected to cause hydrolyéis of the ester formed jn the
reaction shown in fig 1.12. It can therefore be said that one of the
reactions ;hown in figs 1.11 and 1.1l4 must operate.

The development of insolubility in the residue has an induction

veriod in poiy(n-butyl acrylate) (figs 4.25 and 4.26) and in this
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resvect parallels the production of n-butanol (fig 4.18). It seens
likely, therefore, that the alecohol elinination reactions are respon=’
sible for most of the eross-linking. However, since zlcohol is also
produced from poly(2-ethyl hexyl acrylate), in which no insolubility
is observed and since in the other polymers, insolubility develops
rather slowly, the intramolecular forms of the alcohol elinination
reactions appear.to predoninate and the intermolecular forms are
comparitively minor in extent. A parallel reaction is that of
anhydride formation in pol&(methacrylic acid)hl which has been
showm to be mostly intramolecular, but with sufficient intermolecular
structures to cause insolubility. -

Insolubility apnears to develop faster in the lower homologues
of the polyacrylate series and decrease in rate as the size of the
ester group increases. This would appear to be purely steric effect.
In polyacrylates with large alkyl groups, polynmer molecules are kept
so far apart by the bulky ester groups that radicals on the polymer
cLain cannot attack neighbouring molecules

It is unfortunate that the polymers used in the present study
decreased in molecular weight with-increase in size of the alkyl
groun. This might suggesf-that development of insolubility is a
function only of the initial molecular weight of the undegradea
polymer. However, insolubility was observed by Kanel in the'

dégradation of poly(methyl acrylate) of initial molecular weight as
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low as 120,000. Also, Tortune®t has ovserved insolubility in 15:1
ﬂ-butyl acrylate:nethyl methacrylate copolymers of molecular weight
7@,500: in this systen, cross-linking is thought to occur by a
similar mechanism to that in the polyaciylate systenm.

At lower degradation temperatures, there is no alcohol produced
fron degrading poly(n-butyl acrylate) (7(iii)). The degradation
pattern at this %emperature is very sinilar to that of poly(iso-propyl
acrylate) at the same teaperature (8(ii)). The volatiles consist
largely of carbon dioxide and olefin and it seems likely that the
insolubility which develops in poly(n-butyl acgylate) at fhis

temperature is caused by anhydride formation, Uﬁlike the insolubility
in poly(iso-prppyl acrylate) which is complete at 265°C after 4 hours
degradation, that in poly(n-butyl acrylate) at 2,1°C levels aff at
about 25 % z2nd the molecular weight of the remaining soluble
material falls as degradation prooeeds. This suggests that a chain
scission process is competing with the cross-linking reesction in
_ pply(n—butyl acrylate), but not in poly{iso-propyl acrylate).

At higher ‘temperatures olefin and carbon dioxide elimination
apvears to be nearly sinmultaneous. Hence anhydride cross-links
cannot form in the poly(primary acryletes) at 315°C and inso;ubility

develops more slowly and by a different route from that taken at
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E. Ym0y Dazzrvistion Daceilons

The resifuzs froa poly(vrinsry acrylate) dezradation becons
progressively more intensely coloured as degradGation proceeds.
Unfortunately, all the good solvents for the polymeis absorb»in the
ultraviolet region and no significant spectra could te found in the
visivle region. t is presuned, however, that fhe colour devolops
from double bond conjugation, involving mainly carbon-carbon double
bonds, but possibly also carbonyl groups. Carbon-carbon double bonds
will be formed in the polymer molecules by such reactions as chain
transfer (fig 1.1) and alcohol elimination (fig 1.12). Once one
such bond is formed, it will tend to weaken the carbon-hydrogen
bonds on carvon atoms in the ® position and hence promote the form-
ation of a double bond between it and the P carbon atom. Thus
conjugated sequénces nay be built up. These seéuences do not appear
to run to great length as there does not seem to be a bathychromic
shift on degradation. Little hydrogen is obsesrved in the degradation
products at 315°C (gee L(iii)) and therefore it appearé that
' sgontaneous carbon-hydrogen bond fission does not occur. On the
other hand, as in poly(iso-propyl acrylate) (see 8(iii)) the
hydrogen content of the residue at long degradation times is rather
low (teble 4.21) and some doubt remains as to whether the amount
ofvhydrogen gas evolved from the degrading polymer is as low as the

mass spectrum suggests (4(iii)).
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The presence of mathacrylate grouss in small cmounts in the
liguid degradatién products cannnt arise from the formation of
nethacrylate units in the polymer chain as has been suggested for
nethyl acrylate polymers3. It is more likely that it arises from

reactions at chain ends (fig 8.8).

WCH2-CltH—-CH2-(|J=GII2 —_— /WCHQ-?H + °cz-12—(|:=0H2
CO,R  CO,R Co,R COpR

Fig_ 8.8 Formation of Methacrylate Radicel

The bond P to the double bond is particularly vulnerable to scission.
| Acrylate is found in rather greater amount than methacrylate. It
probably arises from a suall auount of depropagétion (fig 1.2),
although; of course, this reaction is very minor in polyacrylate
degradation.
Another minor product identified in poly(primary acrylate)
degradation is carbon monoxide. The most likely source of this is

homolytic scission of the acyl-oxygen bond of the ester group (fig 8.9)-

W CHww . M?Hw vvngw
T — . >
o7 No—r o7 + CO

Fig 8.9 Formation of Carbon 'onoxide

" The carbonyl radical produced is very unstabled? ang will decompose

immediately, generally to give carbon monoxide.v
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8(v) Residus from the Poly(Frirry Lerviastes)

The infrared studies of the poly(primary acrylates) show that at
lonz degradation times, the principal change is the development of a
pesk at 1760 ca™t (see 6(ii) and fig 4.30). This has been attridbuted
to lactons formation (see 8(iv)3). The spectrum of poly(ethyl acrylate)
at long degradstion times, in the presence of traces of watgr, chows
the development of & strong peek at 1570 on~L. This has besn
discussed and explainad by formgtion of the carboxyl ion following
hydrolysis of ester-type grouos (6(v)). Since little ethyl ester
remains in the residue at long degradation tines (6(1)), it is
thought that this peak arises largely frowm hydrolysis of the lactone
rings produced on elimination of elcohol (fig 1.12). The small
size of the shoulder at 1760 cn™! in the spectrunm of degraded
poly(ethyl acrylate) supporis this theory. There is, however, still
a considerable carbonyl psak, which has shifted in mexinum absorption
froa 1730 en~l to 1705 em~'. This is in the region of ketonz
aﬂsorption and is evidence for the existence of the alternative
alcohol elimination reaction (fig 1.14).

The development of insolubility in ths residus has already bzen
discussad (8(iv)D).

8(vi) Suggestions for Further Vork

The degradation pattern of poly(iso-propyl acrylate) seems to be

fairly straightforward. There are, However, some unanswered prohlsas;
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1/ the elirination of rronylene and carvon dioxide may be
sinultanecus (fig 8.5) or consecutive (fig 1.10 and 8.2). The first
of these reactions involves free radicals, while the olefin elimination
may be a molecular procsss. There has been no direct evidence for
free radical participation in the degradation of poly(iso-propyl
acrylate) ahd studies of the degradation using a free radical trap
such as disminoanthroquinone may be useful in determining the eitent
of each of these reactiocas.

2/ An accurate method of measuring the small amounis of water
evolved from the polymer would allow the amount of anhydride formed in
the polymer to be calculated. In contrast to the findings of
Schaefgeh and Sarasohn?’ in the case of poly(t-butyl acrylate), in the
present work it was estimated that some acid groups remain in the
poly(iso-provyl acrylate) residues at long degradation times.

However, the amount of water produced fron poly(iso-propyl acrylate)
was not measured accurately and the relative amounts of acid and
a?hydride are not known with certainty.

3/ Studies of the degradation at three or four different temper-
atures would allow activation energies to be calculated for the ester
decomposition reaction. It would be of interest to compare these

values for voly(iso-propyl acrylete) with values for other poly-

ecrylates, as an exercise in ester decomposition kinetics. However,

the autocatalytic effect in olefin production will complicate
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calculatiosn of Xinotic data.

The voly(orimary azcrylates) would repoy = good dsal of attention.
There is good evidence that the pronosed nmechanisms for olefin,
carbon dioxide and short chain fragment production ere substentially
corrzct. The lactone~forninz aleohol elimination reaction (fig 1.12)
receives sirong supvort frow infrared stulies (5(ii), 6(iii) srea
8(iv)B), but the existanse of its ketone~foraing counberpart (fig 1.14)
is still ndt definitely proven. The cross-linking reactions have
also not been substantiated by experinent. The following would
seem to be the most fruitful areas for further research.

)/ A great deal of work is still to be carried out on the insolubility
which develons in thz polyacrylates. Kanet studied ths Adsvolopment

of insolubility in degrading poly{nethyl acrylais) and conslnlsd

that it denends primarily on the temperaturs of polymerisation. It
has also besn shown?? that in the degradation of n-butyl acrylate/
methyl methacrylate copolyners. insolubility depends on the initial
molecular weight. It remains to be clarified how cross-linking

can be related to such factors as initial rmolecular weight end
nolecular weight distrbution, polynerisation conditions, size of the
ester group, temperature of degradation and evolution of alcohol

froa ester deconposition. The filtration method of separating sol

end gel is not considered satisfactory (4(vi)A) and a Soxhiet



extrootion methol?d 1s 4o bo prefervred. The latter is, howvever,

opeﬁ to objection in thixt it requires the polymer residuss to be
refluxed for long veriods in a solvent, thus rendering them liable

to further brezkdovm. Studies of ths extent of cross-linking by the
swelling nethod % should also prove rewarding.

5/ Degradation studies of the polf(primary acrylates) at temperatures
other than 3159C .might usefully be pursved. For exanple, Chapter 7
of this thesis contains a description of a brief investigation of

the degradation of some polyacrylates at temperatures at which little
volatilisation is occurring. Use of the lMcLeod Gauge in such studies
enables the production of small amounts of volatiles to be invest-
igated 2nd, hopefully, related to changes in molecular weight.

6/ Poly(2-ethyl hexyl acrylate) degradation is not complicatgd by the
development of.insolubility and a study of this polymer at a suitable
temperature (below 315°C) should enable the chain scission reaction
in the poly(primary acrylates) to be examined in greater detail.

There appears to be a large 'weak-link' effect in this polymer

(figs 4.20 & 4.283) which results in a fast evolution of chain
fragments early in the degradation This is rather unusual and not
easy to explain. A useful approach to the study of the chain scission
reaction might be to attempt the characterisation of preferred species
in the short chain fragnent fraction, or of the end groups of the

molecules in this fraction.



7/ With very careful mzasursueni of initial rates of volatile
production, kinetic data and activation energies could be found
and corresponding data from the various polymefs comparedp

8/ Careful choice of other acrylate polymsrs for comparative
degradation studies might well be useful. For exaaple, 2-hydroxy
ethyl acrylate monomer is available connercially and a study of the
degradation of its polymer should show interesting changes in the

ester decomposition reactions.
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Calibration of Constant Volwue llanonster

The apparatus shown in fig 2.12a for gas analysis includes a

constant volune manoﬁeter. The constant volume is the volume
enclosed by tape C and F and the mercury at level zero in limb L.
It was found as fellows.

The cross—sectional aree of limb L must be found. This was done
before assembly of the C.V.M. by partially filling with mercury a
length of the glass tubing to be used for making 1limb L. The
mercury level was found by means cf a cathetometer. A known weight of
nmercury was added to the tube and a second cathetometer reading of

the mercury level taken. The cross-sectional area of the tube was

found as follows:

Table A.l
26.778 cn 30.084 cm
30.095 cm 31.147 cm

1st Mercury level

2nd Mercury level

3.317 ea 1.063 cn
107.96 g 34.49 g
13.5340zca™>  13.534,05cm=3

Difference

Weight of mercury added

Density of mercury at room temp (25°C)

7.9768 em3  2,5,82 cad
2.405 ¢m? 2.397 en?

Hence, volume of mercury

1l

Therefore, cross-sectional area of tubing

Average cross-sectional area = 2.401 cn?



With the level of nmercuxry dcwn below tar 0, the apparatus was
punped out to high vacuua. Taps C and i were closed and the level
of mercury allowed to rise into limbs L and R. 4 gnall aemount of
air was let into linb L and a plot of 1/P agzinst V, obtained where
P is the difference in heights of mercury in the two limbs and Va
is the volume of limd L above the zero nmark occupied by mercury.
The volunme occupiéd by gas is Vo - Va where VO is the constaint volunme
By Boyle's Law{
for a given mass of gas,

PV, - Va) = k where k is constant

k/F

~X/P &+ v,

[t}

Vg -Va

Va

A plot of V,-vs 1/P should therefore te a straight line of gradient
-k which intercepts the V, axis at V,. Hence V, can be found.
Three values for Vo were obtained using different amounts of gas,

and the average teken as follows:



Hercury

Lisd R(en) Iimb L{cz)

9.88
8.92
7.48
6.31
4.93
3.92
2.80
1.55

10.21
8.95
8.00
7.19
5.86
L.89
3.41
2.23

10.29

~ 8.52
7.51
6.69
5.90
5.3
3.90
2.85

level in

7.20
6.55
5.49
L.57
3.4
2.48
1.51
0.39

6.01
5.23
4.55
4.01
2.97
2.25
1.03
0.00

5.34
4.28
3.58
3.00
2.2
1.98
0.90
0.00

Taple 4,2

Preccurs

O O O O O O O

1/p

o O O O O O o

0.
0.
0.
0.
0.
0.
0.
0.

P(cn.E3) (cn.H;)'l
} L ,
422
-503
575
.653
-69L
775
.862

375

.238
.268
<290
<314
346
<379
420
0.

1,8

202
236
265
27
287
303
333
351

Va

(erd)
17.29
15.73
13.18
10.97
.19
.95
.63
94

O v v @

.43
12.56
10.92

9.63
.13
40
A7
.00

SO N WU~

12.82
10.28
8.60
7.20
5.81
L.75
2.16
0.00



Fig A.1 shovws the plots for 1/P azainst V., for these three sets of

values. The thres intercepts cn the V& axis ers
A B C
30.57 30.52 30.38

The average value of the volune for the constant volume manometer
is therefore tzken as 30.5 omd.

It wes found, Hovever, that too nmuch gas was evolved from sone of
the degradations to be measured on this form of C.V.M.. The constant
volume was therefore increased to include the sealed tube and the
volume enclosed by taps B and F and the mercury level at the zero mark
in 1imb L. The value of 30.5 cnd found sbove ié referred to as the
volume of the smaller system and the enlarged volume referred to as
the larger system.

The volume of the larger systen cannot be found in the same way
as that of the smaller system because V, is very small in comparison.
Instead, gas was let into the smeller system and its pressure found.
The remainder of the larger system was pumped out to high vacuun.

Tap B was closed and the gas allowed to expand into the larger system.
A new valus for the pressure was obtained,

¥rom Boyle's Law Plvl = P2V2, hence the volume of
the larger system was found. The average of eleven readings shown in

table A.3 was taken.
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Zeele A3

Pressure in Pressure in Voluze of larger systen
smaller voluwe largur voluae Volee of eualler syytem

21.81 I 55W-N“ T 14 07

27.28 1.96 13.92

13.62 0.99 13.76

1.67 1.08 13.58

16.36 . 1.20 13.63

18.18 1.36 13.37

19.45 1.1 13.79

21 .43 1.52 14.10

22.03 1.58 ‘ 13.94

21,.38 ' 1.73 : 1.09

27.10 1.93 14.04

The average value for Voluma of larger systen is 13.8)
Volume of smaller systenm

*. Volume of larger system = 423 cnd



Appendiz B

Daternination of Sensitivity Foetors in G.L.C.

The Miecrotek 2000R Research Ges Chromatogzreph used to analyse the
liquid volatiles, has a flame ionisation detector. It is found that
the response of the detector depends on the weight.of the couponent
being analvsed. To check this, standard mixtures were made up of the
liouid to be anai&sed end a suitable solvent. The liquids analysed
and the solvents are given in 2(xv)B, as is the method of celculating
the sensitivity factor (f).

£ = (7, x As)/(WS x Aa),

where W, and Ws are the welghts of sample and solvent in the
standard mixture and A, and As‘are the areas of the peaks corres-
ponding to sample and solvent.

Comnmercial rzagents were used in making up standard mixtures
(except for 2-ethyl l-hexene). 2-Ethyl l-hexene was nade by
refluxing 2-ethyl l-hexenol with 50 % by weight of p-toluene
sulphonic acid. 2-Ethyl l-hexene distilled off at 119°C and was

dried with calcium chloride.



Hixture

Number
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\ooo\!mm#'wmk-‘!
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Table Bl

- e e e m—

Stenderd lixiurss

Polyacrylate  Teight Vieight  Acetate
Alcohol  Clefia  Solveat
(ng) (mg)

Cetayl  23.7 ethwl
ethyl L7.6 ethyl
ethyl 23.5 - ethyl
n-prooyl 2i.6 n-prooyl
n-propyl 48.5 . n-progyl
n-propyl 2.6 n-propyl
n-butyl 24.5 n-propyl
n-butyl 24.h n-propyl
n-butyl 48.8 n-propyl
n-butyl 25.5 n-butyl
n-butyl 49.5 n-butyl
n-butyl 24.5 n-butyl
2-ethyl hexyl 29.8 31.5 ethyl

ben.,oe.t‘a

Weight .

Solvent

(me)
27.3
26.9
53.8
26.€
25.7
53.7
26.8
53.1
26.1
27.3
26.3
53.7
30.7
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Tahle R, 2

Celculasion of Seasitivity Yootors

_»fa; Ag W,/ £

Ethanol/Ethyl Acetate

26.1 33.2 0.868 1.091
33.2 37.0 0.868 0.953
29.6 37.4 0.868 - 1.097
35.2 47.6 ~ 0.868 1.176
31.0 37.2 0.868 1.041
454 - 27.6 1.770 1077
31.2 19.2 1.770 1.090
79.2 Lk .0 1.770 0.983
26.8 -17.0 1.770 1.123
2.0 56.1 0.437 - 1.026
32.4 7.8 0.437 1.010
3.0 76.8 0.437 0.976
10:0 83.2 0.437 0.910
14.8 37.8 | 0.437 1.117

Ay . Sensg. Factor for ethanol vs ethyl acetatz = 1.049




Table 5.2 Cont.

A, A LVER £

n-Propancl/n-Prooyl Acetats

18.8 19.6 0.925 0.941
18.8 19.4 0.925 0.954
13.6 14.0 0.925 0.953
18.56 9.6 1.818 0.938
20.6 10.6 - 1.818 0.935
3.0 17.2 1.818 0.909
7.95 15.7 0.458 ’ 0.905
3.75 8.1 0.458 0.989
10.9 - 22.0 0.458 .92

Av. Sens. Factor for n-provanol vs n-propyl_acetate = 0.9.1




Aa

n-Butanol/n-Propyl Azetats

Ag

20.9
29.0
29.6
22.8
38.5

8.9
36.5
18.9
30.5

Av. Sens. Factor for n-butanol vz n-prooyl acetate

2l .1,
28.1,
23.1
16.8
63.2
1.2
16.0
9.4
13.6

-166-

0.91L
0.914
0.91)
0.450
0.460
0.460
1.869
1.869

1.869

1.167
0.895
0.713
0.943
C.754
0.733
0.820
0.930
0.834

0.866




~187-

f,

7zbl2 3.2 Cont.

" oo e

n-Butanol/n-Butyl Acstote

10.0 11.7 ' 0.938 1.098
12.9 12.6 0.938 0.916
13.0 15.8 0.938 1.140
10.3 “6.1 1.882 1.110
13.8 7.3 1.832 0.996
20.6 10.9  1.882 0.995
4.6 | 10.6 0.456 _ 1.051
8.8 18.2 0.456 | 0.943
15.8 - 46.0 ‘ 0.456 1.328

Av. Sens. Factor for n-butanol vs n-butyl zcetate = 1.065

2-Ethyl 1-Hexene/Ethyl Bengoate

56.1 15.0 0.972 0.780
57.0 47.0 ' 0.972 0.801
56.4 : L7.0 0.972 0.811

Av. Sens. Factor for 2-ethyl l-hexene vs ethyl benzoate = 0.797




Table B.2 Cent.
A, A, o /g f
“2-Bthyl 1-Mexsnol/Ethyl Bemzoste
LY .6 45.0 ‘ 1.027 1.033
46.7 47.0 1.027 1.031

45.0 47.0 1.027 1.070

Av. Sens. Faclor for 2-ethyl l-hexanol vs ethyl benzoate = 1.0L5
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APPINLIIL Y,

Meleod Gougze Calibration

The Mcleod Gauge system used in the low teuperature degradation
studies is shom in fig 2.16. Fig C.1 shows the capillary section
on a larger scale.

The capillary was made of Veridia Precision Bore tubing. The
internal diemeter was neasured by means of a cathetometer before
the YcLeod Gauge was assembled. It was found to be 0.183 cm.

The volume of the bulb plus capillary (the volume of the lLicLeod
Gauge, V ) was found by weighing this poriion of the gauge enpty and
then full of distilled water to level H-I (fig 2.16). The
tenperature of the water was taken and from its weight and density
the volume of the MeLeod Gauge was found to be 134.8 cnd.

Each time the pressure of a gaseous sample was measured, three
readings were‘taken:

ol - the height of the top of the closed limb

p - the level of the top of the mercury meniscus in the open limb
and

Y - the height of the top of the mercury rzeniscus in the closed limb‘

The volume occupied by the gas is a cylinder of diameter the same

as that of the inside of the tube and of height x where x = =~ Y

T™wo corrections have to be made as follows:

1/ The top of the closed linmb is taken to be hemispherical, not
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cylindrical. I% therefora has a volune of é/i-ﬂ?B instzad of ur3
where r is the radius of the capillary tuning. 1/3.%r3 is therefore
subtracted from x to find the voluae of the gas.
2/ The mercury meniscus is teken as being a segment of a sphere.
the height, ¢, of the neniscus was measured. The meniscus occupies

2

a volume 2/3.7r ¢, and a correction factor of l/}.xrzc nust be added

to the volume of the gas in the closed limb.

This, therefore, is taken as

A

1]

xrzx - 1/3.1tr3 + 1/3.xr20

r2(x - v/3 + ¢/3)
ar2fx - (0.0915 - 0.0453)/3]

v

7r(x - 0.015) cm’

The pressure, P, ic given by y = B -y (fig C.1)

The initial vélume occunied by the non-condensible gaées (the
*larger system') (Vi) is bouﬁded by the sealed tube, the traplc,
taps A and B and the bulb and capillany of the McLeod Gauge.(fig 2.16).
The initial volume occupied by the condensible gases (the 'smaller
systen') (V2) is bounded by trap C, taps A, E and B and the buld and
capillary of the McLeod Gauge. To find these volumes a small amount
of air was allowed to enter the system through tap A. The pressure
exerted by the air was found using the lcLeod Gauge. With the mercury
level still inside the bulb of the gauge, tap B was opened to punp

out the ‘dead space' to high vacuun. This tap was closed and the
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volune to be measured. This process was repeated three times and
three valuas for the ratio

Volume of MelLeod Gauge + dzzd space

=V or Vo/V
Volume of licLeod Gauge l/v 2/

were found as shown below. Hence Vy and V, were found.
¢ is defined as ¢ = PV/AT = kn wvhere n is the number of moles of ga23,

k is a constant,

T is temperature in °A,
and A is the cross-sectional area of
the capillary.

Initially n_ moles of gas are compressed into the Mcleod Gauge

and Cq nmeasured. This gas is then allowed to expand into the volume
Vl. The mercury level is raised into the bulb of the gauge and the
air in the dead space is pumped away. The remaining number of moles

n, is measured to find cy. my is proportional to the volume of the

gauge, V, in the sagme ratio as the original nuaber of moles, n,
\

i

is proportimal to the total volunme, Vi
Volune of gauge + dead space

no/nl = Co/cl‘ =

For the larger systen, Vl

Volume of gauge

the following table may be drawn up.
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Taple C.1

e i,

Expansion o ﬁ )( Ternp x-0.015

38,081 38.,09 22.8,1 22.8 1
0 38.083 37.990 22.657 22.8 1
38.087 38.155 22.738 22.8 1
38.085 37.6%) 23.241 22.4
1 38.088 38.082 28.491 22.2
38.087 38.053 28.462 22.0
38.099 38.067 32.0568 21.6
{%8.096 38.045 32.070 21.7
138.097 38.031 32.070 21.5
38,098 37.800 34.177 21.2
3 38.100 38.218 34.439 20.9
38,098 38.395 34.515 20.6

0.7993/0.312) =
= 0.3124,/0.1219

Q
>
o
n

H

Q
I—'\
Q
t

end c2/c3 = 0.1219/0.0475'

The average value is 2.566

Volune of larger system, V. _

ik

Volume of dead s»ace

(em) —(em) (em) €°C)  (en)

5.
5

5
9
9
9.
6
6
6

3

W

3.

225

411
330
.829
-582

610

.016
.011
.012
906
NSNS

568

y

15.558
15.333
15.417
9443
9.591
9.591
5.999
5.975
5.961
3.623
3.77S

3.881

%=0.015 .
20005

(em)

0.
c.
0.
e.

G.

0.8008

.122),)
.1218)0.1219

.1216

cndeg™t
798330.7993
7989
3120
311140.312)

5122)

0481
.0468}0.0473

-OL71

2.566 x 134.8 cn

36 cnd

211

end
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For the smeller systen (Vz)

Table C.2
Expansion ot B Y Temp(x-0.015) (x-0.015)y/2
(em) (em) (em)  (°C) (cn) (en? C°_l)

38.921 33.902 25.917 22.7 12.989 0.5700

¢ 38.906 38.790 25.829 22.6 13.062 0.5723} 0.5719
38.910 .33.890 25.858 22.7 13.027 0.5733
38.927 38.919 29.667 23.2  9.245 0.2886)
1 38.903 38.946 29.708 23.6 9.180 0.2857; 0.2874
38.917 38.825 29.613 23.9 9.289 0.2830)
(38.917 38.941 32.376 24.0 6.526‘ 0.142.2)
2 {38.922 33.883 32.275 24.9 6.632 0.1405» 0.1465

(38930 38.935 32.274 2.1  6.641 0.1488
(33.906 38.900 34.258 2,.0 4.533 0.072;
3 $38.922 38.930 3L.277 24,.0 4.630 0.0725) 0.0725

38.929 38.681 34.146 24,.2 4.768 0.0727

0.5719/0.2874 = 1.990
0.287,/0.1465 = 1.962

l'-'o o
> Qé\
ot
1] "

0.1465/0.0725 = 2.021

and Cz/b5

The. average value is 1.991

Volume of smaller systen, V = 1.991 x 134.8 cmd
268 L, ¢cn 3

Volume of dead space = 133.6 cnd
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Ythen a szuple is being measured three readings, oK, @ and X’
(see fig C.1) ars taken. The volure of the gas in the capillary

v

(- y - 0.015).4 cn’

0.0263(e¢ - y = 0.015)cn?

The pressure of the gas, P = g-y ca .Hg
P.V. = 0.0253( ﬁ -Y Y(o¢ - Y - 0-015)(02\.?{3)(0313)“

The number of moles of gas in the capillai*y is calculated as

n, = P.V/R.T = 1.430 x 10~8( B -y M-y - 0.015)

Therefore the number of moles of gas evolved from the degradation

is nl x 1.991 o::"n1 x 2.566 depending on whether the gas is

enclosed in the smaller or larger system.
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Appendixz D

Proposed Reaction Mechonisns in Polyasrylate Dagradation
In Chapter 8, the reaction machanisms shown below have been put
forward to account for the dzgradation products evolved from the
polyacrylates. In this eppendix, they are collated in the order
in vhich they are mentioned in ChajterAS. Under the heading
'reference' are noted some relevant papers in which the sane, or

a similar reaction scheme has been discussed.

8(1) Reference
Fig 1.10 Molecular lMechanisn for the Elimination of 52
0lefin
AN CH/CHZ\CH/W A eH” CH?'\CH AN
! AMHANL : !
7 Noo T & C\o no' o H o7 Yo
P / N o’



Referanre

Fig 1.9 Radie-l Yaghonisn Por the [Tinirstion of 51
Olefin
3 !
A= L s City =
p
. |
CO,R C
2 N
5
~ 2
C AN\ ¥
AN
7N
) !
—_— 'VVCHQ""ﬁ T= ANV CH,—C*
l
C - C
7"\ Y
‘0" oy 0?7 “ou
+
~ v
’,C-~C~\
Fig 8.2 Radicnl Mechanisn for Decarboxylation of 86

an Acid Group

|
ANV CIAA —> ANV CVAA + €O,



-177~

8(ii) Raference

Fig 1.10, sce abova.

Fig 1.k  Spontanzous Flimination of 0lefin 3

N

Fig 8.3 Radicol Mechanism for Elimination of —_
Olefin Alone
}
/\NC%\/ — M C WV = MWW
o N
Va
o” Nor 0” Nor 0”7 No
l
7
¥
7 N\
— ANVCW = AVCAW |
| ! v o2
DS
HO/ \0' HO/ \o |-



Fig 1.10, s22 ehova.

Fig 8.4 Simwltenzous Flininnhi

~178-

Reforonee
fslexranes

on _of Olafin and Vater 51

_CH, CHy
AN TeRwW —> AWV G STHAY |
cI: <':¢ ° /é é t_ AT
o” o CS-—H T |
\'-
/C{f\/H +  Hy0
/}:“
Fig 8.5 Simvltcncous Flinination of Olefin and C0s —
‘H H CH H
| M - 2 !
f/v?qc/ SANV —> MWL ey
R+ | | é ('._ + RH
. L .
7 N o o’ Yo o7 o
| l | | |
R R R I R
H H H
|/C’Hl ' /c“}z\.l
M TSEW &— /Wg, 'c:;w
l
C | A S
0 o ++ c 0 0
' "'c?¢ é Z '/
R l H\/g‘/c\
7\

+ €0,



Fig 8.2, s22 chove. Referencs
Fiz J.A _Eliminaticn of “oter bebroon Nadghhoneing L1
Acid Syouns
ANV CH, L /\/\/C&f!a\ L
CH SCHAY L 2 CH CH VW
l i | + H0
C C== c Coao
2NN
o? o j‘/l 0 o~ o
1“4 o
h H
Fig 8.5, see above.
8;111}
Fig_ 8.7 Yechanism for Double Bond Formatien -

H
)
" e
ANCH SCHAN A SeiaA
R? - I + RH
Co,R Co,R

\
1

8(iv)A

Figs 8,5 and 1.10, see above

Fiz 1.13 Elirination of COp Alone 3,47,48
CO,R | T%R
MCH, oty | | MV, LR,
a\CH/ {C/\N — SCH YAV

< P __L_R +C0;,
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8(ix)3 Pofercnce
Fig 1.12 Tlinmination of Alcohnl: &-Iactoann Poraad 1,3
_CHy | CH
amved TS oA MV CH/ z‘c %%
_L/) ! > é g + *OR
IN07 Dor 0 No” or
RO
FPig 1.1k Filiminaltion of Alcohol: Ketone Formed 1,3
0 . 0
RO,C || LOR RO,¢ |
| e PN
MW clz'J CIJH AN AN C <|:H AN
—— I + *OR
CH, CH CH CH
ek 2 2
. |
COzR CO,R
Figs 1.13 and 8.5, see agbove.
Fig 1.1, see below.
8(iv)C
. Eig 1.1 Intrsmoleculay Trensfer _ 2,18
H H
| |
v cig-itend 'c———éwz—'cw-);—cuz—('r
|
COR  COR COzR COR
. H .
—>  ANCHE + CH=C——LeH - — o
) l 1= —LH, | In A ‘ 2 ETC.

CO,R COR €0z% CO,R
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Rofersama
Fig 1.2 Dooropnssiion fznobion i Polyiiniinsrylutes 23
| ” |
WV C—~CH—C —> ANVC 4 CHEC ETC.
i
R CoR COK COR
8(iv)D
Fiz 1.11 Cross-Linking by Radical Coupling 1,3
o
/WCFLA-—.C--CH{\/\/ W CHg-C—— CH, AV
+ —>
> AN CHy= C —CHz ANV
AN CHy—C—CHy AW I ‘
. Co,R
Co,R
Fige 1.12 and 1.1k, seca above.
8liv)E
Figs 1.1 and 1.i2, see gbove.
Fig 8.8 TFormation of Methacrylate 1,3

H

AN CHp=CH—CHp—C==CH, —> AA/CHz=C’ + °CHa-C=CH;,

COR  CoR COR Co,R
Pig 1.2, see above. '
Fig 8.9 Formation of Carbon Xonoxids 92
ANV CHAN VW CH AW AV CH VWYV
| —> °‘OR + ' —> '+ (O
Ny g
0 OR o”

8(v)

Figs 1.12 ans 1.1k, see sbove.
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