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Thermal Degradation of Pplyacrylates 
3i urn atv of Ph.D. Thesis*
John S. 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), 
noly(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. Five polymers were studied: poly(ethyl acrylate),
ooly(n-oropyl acrylate), poly(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 thersogravimetrie 
analysis of the five polymers showed that the thermal stabilities
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of the ooly(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 poly(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 begins to.exceed that of olefin. Aloohol 
production appears to be slightly autocatalytic in character. 
Cross-linking also appears to develop slowly at early Stages of 
degradation and more rapidly as degradation proceeds. As the size 
of the alkyl group of the ester increases, the ratio of short chain 
fragments to ester decomposition products increases, whereas the 
rate of cross-linking decreases.

Poly(iso-propyl acrylat^ gives quantitative yields of olefin 
and 60% of the theoretical yield of oarbon 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 acme 
poly (primary acrylates) were carried out. They provided evidence



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 241°C and poly(iso-propyl acrylate), at 195°C.

The overall characteristics of the degradation mechanisms are 
discussed. The poly(primary acrylates) are thought to degrade by 
a radical mechanism and all the major degradation reactions have 
a common initiator, radical I

Various reaction mechanisms for the observed major and minor 
degradation reactions are suggested. 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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Chaotnr 1 Introduction 

liiL The Title

Thermal degradation studies of five aciylate honopolyraers, 
namely, poly(ethyl-),(n-propyl-),(iso-propyl-),(n-butyl-) and 
(2-ethyl hexyl acrylates) are described in this thesis. ' The 
studies were carried out isothemally under high vacuum conditions. 
Previous work, carried out under the same conditions, on poly 

(methyl-)1 ^ ^ enayl-)! (t-butyl acrylates)^ is also

discussed and compared.
The processes described as ’thermal degradation* in the title 

and throughout the thesis are those resulting from the heating 
of a sample of the polymer at temperatures above ambient until 
chemical reaction is observed at a conveniently measurable rate. 
Chemical reaction may manifest itself by elimination of volatile 
material or change in molecular weight. 
l(ii) Degradation of Polymers

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

subjected to mechanical stress or increase in temperature, then 

mechanical or thermal degradation may also occur. These four



agencies, radiation, oxidising agent3, mechanical stross and heat 
most commonly cause deterioration in polymer properties, and the 
interest in polymer degradation stems from the need to prevent 
or retard the chemical processes which they induce. All of these 
degradation processes are very complex, but the study of 
thermally-induced degradation processes appears to present 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 method of recovering 

monomer, for example methyl methacrylate, and it is important in 
such cases to find the optimum conditions for efficient reaction. 
Another positive application of thermal degradation lies in the 
preparation of carbon fibres by heating polyacrylonitrile fibres 
to temperatures above 1500°C in an inert atmosphere.

There have been two recent monographs covering polymer degradation 
in general5>6, four dealing with the narrower fields, relevant
b̂o this thesis, of degradation of vinyl polymers?, and thermali
degradation of polyners°»9>10#
1(110 Thermal Degradation of Vinyl Polymers

Polymer degradation studies can be traced back to the work 

of Williams-^; 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
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nolecular weight material. Th= relationship between monomer and 
polymer was first demonstrated by Staudinger and coworkers in 
their classic work on polystyrene^, ^hich 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 polymer degradation: 
to provide information on the structure of the polymer chain.
In this casê -3̂  he showed that polystyrene consists 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 Kuhn*^ and Simha1 .̂

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 processes until more 
sophisticated techniques for analysing the reaction products 
gradually became available in the post-war years. It is now 
possible to subdivide thermal degradation reactions of vinyl polymers 
into four types. Generally, more than one type of degradation will 
be found in any polymer system, but, as shown below, there are 
systems which exemplify each type almost exclusively.
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Process Typical Polygon
A. Random Scission Polyethylene
B. Unzipping to Monomer Poly(methyl methacrylate)
C. Side G-roup Rearrangement Polyacrylonitrile
D. Side Group Elimination Poly(vinyl acetate)

A, Random Scission

Montroll and Simha*^ assumed 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 molecular weight than, the original 
polymer. The upper limit of molecular weight of this material 
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 polyethylene^? 
showed that the degradation products are, indeed, a continuous 
spectrum of hydrocarbon fragments, as predicted by this theory. 

However, in later work*-®, it became evident that there 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 Oakes and Richards found that it decreased 
with time. This discrepancy was explained by the suggestion that



-to "be extremely difficult to remove the last traces of oxygen 

from monomers containing carbon-carbon double bonds, and the oxygen 

becomes copolymerised into the polymer chain. This produces some 

weak links in the neighbourhood of the oxygen atoms which break 

preferentially to the normal carbon-carbon bonds. Similar 

weak-links have been suggested for other polymer systems-^ >20,
Oakes and Richards observed a second discrepancy from the 

theoretical picture: their polyethylene samples degraded at a much 

lower temperature -than model compounds such as n-hexadecane. This 

was explained by branching in the polymer chain of these polyethvlen 

sample^ which had been prepared under high pressure conditions. 

Tertiary hydrogen atoms are thus produced and they are particularly 

liable to radical attack^, Thus branched polyethylene is much 

less thermally stable than straight-chain paraffins. More 

recently, it has been shown^ 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:
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2. Propagation by Tnternoloo'i’.nr Transfer

~ ^ C H 2*
+

o**a/ CH2 + aa/CH^-CH^-C— CH2- w  “'■ 5* A/VCH3 +
Ch^ CH2=C— CH2^

CH3

or 3- Propagation bv Intramolecular Transfer.

r\ cht c h*
fr V C H 2 I J C H ?  •  CH2 I J C H oa/vCH2 £ C ^  -CH2  avCH2 + <CIi2

X CHP „CH?
•CH2 CH3

4- Termination by collision of two ^ive1 radicals.
SiS-lil

Random Chain Scission in Polyethylene by Inter- and Intramolecular
Transfer
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B. Unzipping to Monomer
In some of the earliest studies of common homopolymers, for 

example, polystyrene and polyisoprene, there was found to be a 
large amount of monomer among the degradation products. Simhâ -5 
explained this by suggesting that degradation occurs preferentially 
from chain ends. This would mean that the molecular weight would 
fall linearly with monomer production.

G-rassie and Melville^ 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 retains its original molecular 
weight even after 60 %  of the sample has degraded to monomer.
G-rassie and Melville supplied a theoretical explanation 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 molecular weight less 
than 100,000.

Further work by these authors substantiated this theory by 
showing that a radical inhibitor retards the chain reaction^, 
and that a small amount of acrylonitrile copolymerised with 
methyl methacrylate prevents unzipping proceeding through



acryloniirile units25f resulting in a quite different type of 
degradation. G-rassie and Vance^0 showed that the unstable chain
ends are those with a double bond. Termination in the free 
radical polymerisation of poly(nethyl methacrylate) has been shown 
to be by disproportionation, so that exactly half of the polyner 
chains have a double bond at one end.

The thermal degradation of poly(nethyl methacrylate) can be 
summarised by the following reaction scheme:

Initiation (slow)

The termination step, by combination of or disproportion between 
two radicals, appears to come on average after production of 1000 
monomer units. If the molecular v/eight is lower than 100,000, 
then most of the polymer molecules will degrade completely to

ch3 ch3
a /v CHo or /vvCKp-C —  CH=CI ICO2CH3 CO2CH2

• » ch3
.'w n CHo-C —  CH=C

2. Propagation (fast)

/ W “C

Thereafter monomer is produced by a similar process.
Fig 1.2

DePropagation of Poly(Methyl Methacrylate)
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nonomer before termination occurs , and little change in tho 
molecular weight of the residual polymer will be observed. 
Molecules terminated at one end by a catalyst residua and at the 

other by a saturated chain end degrade at a rather higher 
temperature by random chain scission followed by rapid unzipping 
as before.

These results were treated mathematically with some success 
by Simha, Wall and Blatz^7# Madorsky^®, using a different type 
of apparatus, obtained results in good agreement with those of 
&rassie 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 similar manner to poly(methyl 

methacrylate) are poly (?<-methyl styrene) and polytetrafluoro- 
ethylene^’̂ l̂  poiy^.methyl styrene) samples investigated
were prepared ionically. Hence they had no unsaturated 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 amounts of dimer, 
trimer and tetramer^3. Thus a propagation step involving 
intramolecular transfer (fig 1.1) competes with the monomer 
producing depropagation step (fig 1.2).

Depolymerisation reactions can be seen to depend on the polymer
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structure. Generally, those reactions are initiated by the formation 
of polymer radicals. In the case of polymers formed from 1:1 
disubstituted monomers, the polymer radicals are stabilised by 
the steric effects of large groups on either side of the active 
carbon atom and often by the inductive effect of an alkyl 
substituent or the resonance effect of a conjugated substituent.
ThP stabilised radical can very easily move do?/n the polymer 
chain, producing monomer molecules as it does so. Polymers formed 
from singly substituted monomers, however, give radicals which 
have much less stabilisation and they rapidly react either to 
return to the original polymer molecule or to produce inter- or 

■ intramolecular chain transfer.
As mentioned on page 5, a tertiary hydrogen atom is abstracted 

from a polymer chain by a radical more readily than a secondary 
hydrogen atom. Polymers from 1:1 disubstituted monomers have 
only secondary hydrogen atoms on the polymer chain, whereas polymers 
from singly substituted monomers have one tertiary hydrogen atom 
per 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 singly substituted monomers are much 
more liable to these reactions than those from 1:1 disubstituted 
monomers. .
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C. Side Group P-earran3enent
Heat induces a rearrangement in the chemical structure of some 

polymers without simultaneous evolution of volatile material. 

Polyraethacrylonitrile and polyacrylonitrile develope intense 
coloration when heated under vacuum below 200°C. The exact 
temperature at which coloration sets in depends on the conditions

of polymerisation^. Burlant and Parsons3-̂ proposed that a 
rearrangement of the nitrile groups occurs to form a conjugated 
carbon nitrogen system. This would explain the coloration. Grassie 

and McNeillsuggested that the coloration process is ionic in 
nature and is initiated by snail amounts of hydrolysed nitrile 
units in the polymer.

CHz CHz CHz CHz CKz CHz CHzW C H .  | jCHp | J C U 2 I J CH2 I 3 _^'vvCH2 | 3CH2 I 3CH2 | Jcil

C AA/

Fig 1*3
Coloration Peaotion in Polymethacrylonitrile
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Interchain linking nay occur during thi3 coloration process^
causing the insolubility observed particularly in degraded 
polyacrylonitrile.
D« Side G-roup Eliraination

The thermal decomposition of alkyl esters with a hydrogen atom 
on the J3-carbon of the alkyl group occurs by a cyclic mechanism 
to yield an acid and an olefin5^*57»33#

a Hydrogen Atom on the 0-Carbon of the Alkyl G-roup 

The ease with which the reaction occurs depends on the number of 
/J-hydrogen atoms and on the inductive effects of substituents on 
the alkyl group - that is, on the availability of the 0-hydrogen

above 190°C, to yield acetic acid and polyacetylene. Once one 
double bond is formed in the polymer chain, it weakens the bond 
in the next ester group between the 0-carbon and hydrogen atoms, 
so that a molecular chain reaction is produced.

.OH \■> + ,c=c
0 \

Fig l.k
Thermal Decomposition of Alkyl Esters with

atoms on the alkyl g r o u p 57*33#

Poly(vinyl acetate) was found^^ to degrade by this mechanism



-13-

A A /C H o ^C !T ^ C H *  > 0  'W  CHo-CH—-C K = C K  — C H = C H /v \
CH CPI ^>1 -----> *  I
I H OAo
OAc 0 ^  X CH3

+ AcOH

nsj^i
Elimination of Acetic Acid from PolyCVinyl Acetate)

Poly(vinyl chloride) gives degradation products analogous to 
those of poly(vinyl acetate), that is, hydrogen chloride and 
polyacetylene, in a chain reaction# However, a similar mechanism 
is not possible and Arlman^ proposed that elimination of hydrogen 
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 from 
poly(methacrylic acid). G-rant and G-rassie^ studied this reaction 
at 200°C.

1
nTT CHW  CH, CH, CH,aa»CH2 | 2 | a a /  CH2 | ^^^2 I

XC "C/ W  XC "C
1 1 — *■ 1 1>c^ c=o s*,c _ ^

0.H ' H H20

Fig 1.6
Elimination of ^ater from ?oly(Methacrylic Acid^

The acid groups combine in pairs along the polymer chain.



Insolubility was observed and explained by cross-linking through 
some intermolecular anhydride formation.
Kiv) Thermal Degradation of Polyesters

It may be relevant to the subject of polyacrylate degradation 
to mention thermal degradation studies on polyesters. Ritchie^ 
and G-oodings^ have made surveys of the thermal degradation of 
model compounds for both poly(ethylene terephthalate) 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 to 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 above 280°C. 
l(v) Thermal Degradation of Methyl Methacrylate/Methyl 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 
reaction by blocking it at acrylate units. McNeill^ used thermal 
volatilisation analysis to illustrate the increased stability of



the copolymers over pure_poly(methyl methacrylate). He also 
showed that higher members of the acrylate series have the sane 
stabilising effect, hut he suggested that they may have a different 
blocking mechanism from poly(methyl acrylate).

G-rassie and T o r r a n c e ^ s t u d i e d  a r-nge of copolymers 
from lOO/l to 2/l methyl methacrylate/methyl acrylate and.also 
lOO/l 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 acrylate content.

(b) A significant result^ of this work was the observation 
that one carbon dioxide molecule is produced per chain scission.

The following reaction scheme was proposed.
l/ Random chain scission to give polymer radicals.
2/ Depropagation through sequences of methyl methacrylate units

(see fig 1.2) until 
H3/ radical X» forms at a methyl acrylate unit.AVw
Ico2ch3

hr/ This radical transfers intermolecularly:
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5/ A cyclic step between the polymer radical and a neighbouring 
methacrylate unit produces carbon dioxide, a poly(methacrylate) 
type radical and a chain scission.

C02CH3 Ch3 ChT3
la- 1 'C IfC'VV ‘-l - I|H ,C H 2 I — >  / W C H 2- C *  + COo + C H c -C —  c:~lpw/w /  vc^vv * t * * ip C 02C H 3 CH3

■>"0 ^ 0
Etc.

SigJLZ
Degradation Mechanism for Methyl Methacrylate/LIethvl Acrvlate

Copolymers

Reaction 5 in this scheme is based on a mechanism proposed by 
Pox and others^ for the production of carbon dioxide in the 
photodegradation of poly(methyl acrylate).

(c) No methanol was found in the degradation products, even 
in the case of 2/1 copolymer. This is a surprising result when 
compared with Kane's findings^’̂  that methanol is a major component 
in the volatile fraction of poly(methyl acrylate) degradation 
products. Grassie and Torrance proposed that a requirement for 
methanol production is at least three methyl acrylate units adjacent

to one another. On the other hand, Strassburger and others^ have 

observed a small amount of methanol in the degradation products of 
4/l methyl methacrylate/methyl acrylate copolymer.

(d) The rate of chain scission is proportional to a power of
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the methyl acrylate content of the copolymer less than 0.5* By 
considering the kinetics of the reaction, G-rassie 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 dioxide elimination is given«

(e) A short chain fragment fraction, amounting to 13 % of 
the original weight of polymer, is observed in the degradation 
products of a 2/1 copolymer at 300°C. This compares with a figure 
of 38 % found by Kanê - for the short chain fragment yield from 
poly(methyl acrylate).

(f) Methyl methacrylate/ethyl acrylate copolymers behave very 
similarly to methyl methacrylate/methyl acrylate copolymers on 
degradation.
l(vi) Thermal Degradation of Higher Members of the Polymethacrylate 

Series
Crawford50 carried out a survey of some physical and chemical 

properties of seventeen members of the polymethacrylate series.
He degraded samples of the polymers under standard conditions 
for 100 minutes at 250°C and measured the percentage volatilisation 

of the polymers and the refractive index of the volatiles collected 
at -70*C. The refractive index of the volatiles from poly(primary 
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 monomers and poly(t-butyl methacrylate) 
gives a volatile fraction identified as iso-butene. Fig 1.8 shows 
Crawford's results for the polymer stabilities, measured as the 
percentage volatilisation under his standard conditions. He 
found that the polymethacrylates with a carbon atom of low 
electronegativity in the ot or £ position of the alkyl group are 
the most stable.

51G-rassie and MacCallum carried out a thorough investigation 
of the thermal degradation of poly(n-butyl methacrylate). They 
found that, after prolonged heating at 230°C, only 40 %  of the 
theoretical yield of the monomer is obtained. Small amounts of

1-butene are found, the infrared spectrum indicates the formation 
of glutaric anhydride type rings and some insolubility aevelopes. 
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 elimination of butene from neighbouring n-butyl acrylate units, 
tfater is also lost in the same reaction to produce anhydride groups 
which effectively block the depropagation reaction.
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CH3 CH3
a^vCHo-C*  > /W^CHo-C

I « ^C02C4H9 ,0-0 *7V. CH2-CtI~CH2-CHj
CHj CHj

yWvCHo-C  > ^'VNCHo-C1̂1 Mi/“°H .A.-0 *0 OH
^ XCH2-CH-CH2-CK3 + CH25CH— ch2-ch3

ch3
^vack9-C*MA0' OH

FigJ^2
Elimination of l-"utene from Poly'n-Butvl Methacrylate) 

a Radical Hechaniso 

Grant and Grassie^ earlier studied poly(t-butyl methacrylate) 
under similar conditions, but at 180-200°C. Very little monomer 
(about 4 %  of the theoretical yield), but large yields of 
iso-butene and water are recovered. The iso-butene production 
is autocatalytic in character and a mechanism was proposed for 
this molecular chain reaction(fig 1.10). The acid groups formed



-20-

soon couple together to produce anhydride groups and eliminate 
water as described in l(iii)D

CH, CH* CH- CH,I JCHo I * I JCHo I ^-/w  / w c  -C ' W
I I,cv c.

0 (T> 0  HO N0 KO 0* / Etc.
H-CHo-C r„

HzC CH, + CH2- C ^  33 * 2 ch3

Fig 1.10
Elimination of Iso-Butene from Poly(t-Butyl Acrylate) by 
an Acid-Catalysed Molecular Mechanism 

l(vii) Thermal Degradation of Polyacrylates

G-rassie and Vfeir^ in connection with G-rassie and Grant*s work 

on poly(t-butyl methacrylate), studied poly(t-butyl acrylate).
They 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(acrylic acid) is first produced, 
by 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 degradation products but the amount 
was not measured. Schaefgen and Sarasohn33 carried out a similar 
investigation and gave figures of 8 6 %  iso-butene, 11 %  water 
and 3 %  carbon dioxide for the composition of the volatile 
degradation products. They found that the residue is insoluble
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in organic solvents, but slowly soluble in sodium hydroxide 
solution, suggesting that it contains anhydride groups, some of 
which are intermolecular cross-links.

Poly(methyl acrylate) thermal degradation, studied by Madorsky 
and Straus^S>54̂  is very different from poly(t-butyl acrylate) 
degradation. Volatilisation from the former polymer does not 
begin until the temperature reaches 280°C, whereas the latter 
volatilises at 1$0°C. Carbon dioxide, methanol and short chain 
fragments are the principal volatile products from the former; 
it is not possible for a product analogous to iso-butene to be 
eliminated.

Cameron and Kane3 found a similar composition for the volatile 
degradation 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 l.l) is 
the principal route of degradation. The molecular weight of the 
degrading polymer is found to fall catastrophically, also indicative 
of a random chain scission process. Coloration and insolubility 
were observed in the residue^- and attributed to the formation of 
carbon-carbon double bond conjugation in the polymer chain and 
to radical coupling between neighbouring chains (fig l.ll) 
respectively. The rate of development of insolubility was found 
to depend upon the conditions of polymerisation.
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Mechanisms were proposed for carbon dioxide and methanol 
formation (figs 1.12 and 1.13)

co2ch5 co2ch5
^VCH2“C— Cri2/ W  a#vCH2”C~ CH2>w

+ ' • /vvCHo“C“”CKo/Vv'wv'CHp-C— CHow  I
AogCKj C°2CH3

Fig 1.11 Cross-Linking Reaction in Poly(Methyl Acrylate^ by 
Radical Coupling

^CHo . ^CK0/ w  CH /Vv CH A*/V
 ̂ !!  > j. II + •OCH^
^■1 *0 ^OCKz 0^ 0 ^  OCH?
C 0CH3 J

Fig 1.12 Production of Methanol in Poly (Methyl Acrylate’) 
Degradation

H CO2CK3 pj COpCHz
a a ,CK2^ C H 2. I ^   j, - W C H ^ ^ C K s . l ^

' <»3
+ C02

Fig 1.15 Production of Carbon Dioxide in Polyp,'ethyl Acrylate "l 
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 Torrance^
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(fig 1-7) and Fox^. Another reaction scheme suggested by Cameron 
and Kane might explain both the cro3S-linking reaction and alcohol 
production (fig 1.1!+.).

CO2CH3 CO2CK3
'w CH2**C — CH2/W  A/vCHg-C— Crl2'w

+  O./0CK3 > °~? + *0CK3
I v /wCH2*“CrI”CrI2'VV'

^ C h T2-CH-CH2/W

Fig 1.1k Simultaneous Cross-Linking and Alcohol Production 
from Polv(Methyl Acrylate)

Poly(benzyl acrylate) was also studied by Cameron and Kane‘S 
and was found to have similar degradation characteristics to 
poly(methyl acrylate), although the temperature at which 
volatilisation begins is some 30C° lower (250°C).

Other relevant studies of the thermal degradation of polyacrylates 
were carried out by Conley^^, Noel^^' and McCormick^?.

Conley55 investigated the changes in the infrared spectrum of 
films of poly(ethyl acrylate) degrading in air at temperatures 
between inO°C and 200°C. He found no functional group changes 
in the residue. The volatiles are made up mainly of short chain 
fragments which show signs of oxidation. No monomer was detected.

Noel^S followed the temperature-programmed degradation of 
poly(iso-propyl acrylate) by observing the change in thermal



conductivity of the volatiles. Ke concluded that degradation 
occurs by ester decomposition unaccompanied by chain scission.

McCormick57 pyrolysed ethyl acrylate and 2-ethyl hexyl 
acrylate polymers in a nitrogen atmosphere and sv;ept the volatile 
degradation products on to a gas Chromatography column. Y/hen 
the pyrolysis was carried out at 500°C, the monomer yields from 
the two polymers were found to be 7 %  and 12 %  respectively.
YThen pyrolysis was carried out by increasing the temperature 
step-wise from 200°C to 400°C, the mononer yields were smaller:
6 % and 2.5 %  respectively. In all his pyrolysis studies 
of polyacrylates the yield of alcohol predominated over the yield 
of monomer.
l(viii) Aim of the Present ''■York

It is obvious, from the different degradation patterns of 
poly(methyl acrylate) and poly(t-butyl acrylate), that the structure 
of the alkyl part of the 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 and 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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^-hydrogen atoms in the alkyl group will be investigated. Poly 
(2-ethyl hexyl acrylate) has hesn chosen also to examine the effect 
of a bulky side group, which may, for example, prevent cross-linking 
between neighbouring polymer chains.
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Chapter 2 Exoerimental ?r oo■?■ dv.ros

2(1) Preparation of Monomers
Neither n-propyl acrylate nor iso-propyl acrylate is available 

commercially. They were prepared by the method of Behberg and

Fisher58# This is an ester exchange reaction involving reflux of 
a mixture of the appropriate alcohol with an excess of methyl 
acrylate in the presence of a suitable strong acid as catalyst.
A. Preparation of n-Propvl Acrylate

1.5 Kg methyl acrylate (B.D.H.Ltd), 360 g 1-propanol (W.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«l°c59 and n-propyl acrylate at 123°C^. ^he 
hydroquinone was added as a polymerisation inhibitor.

580 g crude n-propyl acrylate was recovered by distillation 
of the viscous and dark coloured reaction mixture under vacuum. 
Gas-licuid chromatography (G-.L.C.) of this product on a 6 ft x \/k in 
25 % carbowax 1000 column at 108°C showed one main peak and two 
small impurity peaks identified by retention times as n-propyl 
acrylate, methyl acrylate and n-propanol. Fractional distillation 
of the mixture under vacuum was carried out. 600 ml was collected,

I
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in five fractions. The thirds fourth end fifth fraction were 
taken and again distilled under vacuum. 350 ml was recovered 
and the last 300 ml of this was taken, and found to he pure 
n-propyl acrylate by gas chromatography on carbowax 1000 and 
dinonyl phthalate columns (see fig 2.1 a & b). 270 g of pure
n-propyl acrylate was obtained, representing a yield of 40%  .
This material was stabilised by addition of 0*9 £ of hydroquinone 
and stored in a refrigerator.
B. Preparation of iso-Prouvl Acrylate

1.6 Kg methyl acrylate (B.D.ii.LtdJ, 650 g iso-propanol 7̂/.
Jarvie Ltd), 11-g p-toluene 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 temperature of the distilling liquid reached 

95°C. iso-Propanol boils at 82.4°C^^ and iso-propyl acrylate at 
108-112°c6l. 520 g of crude iso-propyl acrylate was recovered
by distillation of the residual material under vacuum. Purification 
was performed as for n-pronyl acrylate above. 230 g of pure 
iso-propyl acrylate was obtained, representing a yield of 1 4 %  • 
Chromatograms of crude and pure material are shown in fig 2.1 c & d. 
2(ii) 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 vacuum. They were flamed 
out to remove volatiles absorbed on the glass.
2(iii) Purification and introduction of Initiator

In all the polymerisations ctccazobisisobutyronitrile (A3BN) 
(Kodak Ltd) was 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(lv) Purification of Solvent

The solvents ussd in the polymerisation of each monomer are 
given in the following table.

Monomer 
Ethyl acrylate

n-Propyl aciylate 
n-Butyl acrylate 
iso-Propyl acrylate 
2-Ethyl hexyl acrylate

Table 2.1 
Solvents Used in Polymerisations 

Solvent
Analar ethyl acetate (Hopkin & 
Williams Ltd)
n-Propyl acetate (B.D.H.Ltd) 
n-Butyl acetate (B.D.H.Ltd) 
iso-Propyl acetate (Fisons Ltd) 
Analar benzene (B.D.H.Ltd)
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The acetates were chosen "because of their similar chemical 
structure to the acrylates, so that if a few molecu3.es of solvent 
were incorporated in the polymer chain, minimal interference with 
the polymer structure would result- Analar benzene was used as 
solvent for the 2-ethyl hexyl acrylate polymerisation, 2-ethyl 
hexyl acetate being unavailable commercially.

Solvents were purified by treatment for 21+ hours with dried 
calcium chloride, then overnight with ground calcium hydride 
to remove all traces of water. They were degassed by the freezing 
and thav/ing technique and distilled under vacuum into a graduated 
reservoir(see fig 2.2),
2(v) Purification of Monomers

n-Butyl acrylate (Koch 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 21+ hours over dried calcium chloride followed by treatment 
overnight with ground calcium hydride, to remove any traces of 
water. For all monomers except 2-ethyl hexyl acrylate, the 
inhibitor was 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 monomer 
was then thoroughly degassed three times. It was thereafter ready
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for distillation into the polymerisation vessel.
2-Ethyl hexyl acrylate was purified in a different manner 

because its low volatility at room temperature made normal 
distillation under vacuum impracticable. A conventional vacuum 
distillation apparatus with an oxygen-free nitrogen leak was used.
The collecting vessel was a graduated reservoir which was connected 
to the polymerisation dilatometer by a glass tube. The monomer 
distilled over at 85-86°C under a pressure of 0.8 nm mercury into 
the reservoir which was cooled to -80°C. 100 ml of monomer was
used, the first 10 ml of which was allowed to pump away; the next 
44 ml was collected. The distillation apparatus was then removed and 
the reservoir closed at the top with a ground glass stopper.
The monomer was then thoroughly degassed as described above.
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 
monomer was poured into the dilatometer with the system under 
high vacuum. The tube between the reservoir and dilatometer was 
then sealed under vacuum and the reservoir removed. In all cases, 
once the monomer had been introduced into the dilatometer, it 
was kept at -1$)60C to prevent polymerisation.

Solvent was introduced to the dilatometer in all cases by 
distillation under vacuum from a graduated reservoir. Once the
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polymerisation mixture of initiator, monomer and solvent had been 
made up in the dilatometer, it was frozen v/ith liquid nitrogen, 
pumped to a pressure of less than 10“5 torr and the dilatometer 
sealed at the constriction.
2(yjj) Polymerisation

All polymerisations were carried out at 40»0~0.1°C in a stirred 
thermostat bath. The thermostat bath had a glass 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 uniform temperature within the dilatometer.

Some monomer and polymer density data have been obtained for 
methyl acrylate^2, ethyl a c r y l a t e ^  n-butyl aciylate^. 
Densities of ethyl and 2-ethyl hexyl acrylate monomers at 20°C 
are also knovm^. From this data, an approximate relationship 
between volume contraction and percentage conversion for each 
polymer at the polymerisation temperature could be derived. The 
polymerisations 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/water mixture.
2(vlii^ Purification of the Polymer

The precipitated polymer was removed by filtration, dried under 
vacuum, redissolved in fresh solvent and reprecipitated by slowly
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dripping the polymer solution into v/ell stirred precipitant. This 
process was repeated twice. Finally the polymer was dissolved 
in benzene and freeze dried until a vapour pressure of less than 

10-5 torr v/as obtained at room temperature. Thermal Volatilisation 
Analyses and theraogravinetric 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 Y?ork.

The polymers vary in appearance from poly(ethyl acrylate) and 
poly(iso-propyl acrylate), which are tough, leathery elastomers 
at room temperature,to poly(n-butyl acrylate) 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

Throughout this work, number average molecular weights were 
measured. Flory° has described methods and theory of determining 
molecular weights.

Methods for finding number average molecular weight are based 
on the colligative properties of polymer solutions and are fully 
described in a monograph by Bonnar, Dimbat and Stross^. The 
two types of apparatus employed in the present work are the vapour 
pressure osmometer (V.P.O.) and the high speed membrane osmometer 
(M.O.).

i
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A. Vaoour Pressure O s n o n c te r  ( f l 3 ' .d e t t - ? a c ' l.:.!i r d  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 atmosphere

Cosaturated with solvent vapour00. .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)•

AR ot n
But n cc c/iln Where c is the concentration in g/100 g solvent 

and Mn is the number average molecular weight.

Mn = Kc/^R where K is a constant.
The units of AR are not important since the instrument is 

calibrated with a standard compound, in thi3 case benzil.
The value of AR/c used is that at infinite dilution (AR/c)'c-*0
since interactions between polymer molecules are significant even 
at low concentrations. To find this, several concentrations are 
made up, the graph ofAR/c vs c is found and extrapolated to 
infinite dilution.

Kie apparatus is accurate to ti 0/o up to molecular weight 2000 

and tl0% up to molecular weight 20,000 and may be used provided

that the vapour pressure of the solute is negligible compared 
with that of th8 solvent.



Fxk 2.5 Vapour P r e or re 0fromoter

A - Insulated jacket with heating element 
B - Solvent in cup 
C - Tick
D - Thermistor bead + Drop of solvent 
D *— Thermistor bead Drop of solution 
E - Solvent syringe 
E*- Solution syringe 
F - Wheatstone Bridge 
G • 1.5 V Mercury battery 
H and K ’-Matched resistors



B. Hi.gh Snood Houbrpme Q m ooeter (?!e; t 1 e 11- - P a cka,rd Inc)

The osmotic pressure (ft) of a solution at constant temperature 
(r) depends on the number of solute molecules per unit weight of 
solvent (n)

ft = nRT (van't Hoff's Law)
where R is the gas constant 

again, using the nomenclature above, 
ft = Kc/Eln 

andMn = Kc/ft .
As with the V.P.O., the value of ft/c used is that at infinite 

dilution and it is found in a similar manner to (AR/c)c ^ q

A schematic drawing of the M.O. is shown in fig 2 This 
instrument is a refined form of the osmotic balance^. If is 

accurate to 15 %  in the molecular weight range 20,000 to 1,000,000.
For both the V.P.0. and M.O. concentrations of the solutions 

supplied were 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 accurately the whole 
molecular weight range. Molecular weights between 2,000 and 
20,000 are only approximate#



Fig 2.h High Speed Hembr ~ne Csnionetsr

K - Solvent Cup 
B - Screw Threat
C - Electric Hoi 
D - Light Detect 
E - Bubble 
F - Light Source 
G - Henbrane 
H - Solvent Cup
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2(x) Them el Hg thorls of Analysis

Various methods have been devised for studying continuously 
the changes in the nature of a substance on heating. Most of 
these methods have been applied to polymers and are widely 
described in the literature?0, it has been usual to programme 
the temperature of the polymer and observe the changes produced 
in one or more properties. The two methods used in this work 
both foilow this principle.
A. Thernogravimetrie Analysis (T.G-.A.̂

Madorsky and his coworkers used an electrically heated balance 
to study weight changes in a large number of polymers-*-0. Most 
of this work was done isothermally, but similar apparatus has 
been devised in which sample weight is plotted graphically against 
temperature or time in linearly temperature programmed 
degradations?^-. Many polymer systems have been studied in this 
way and there have been many theoretical methods devised for 
obtaining kinetic data from T.G.A.?^, but, in general, insufficient 
parameters are obtained except in cases where there are only a 
few simple processes involved in the degradation reaction.

In the present work the degradation processes are too complex 
to allow collection of kinetic data, but T.G-.A. thermograms 
supplied qualitative information for the preliminary investigations 
of the degradations. The impont 950 Thermogravimetric Analyzer.
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(fig 2.5) was used. The camples were heated at 5C°/^in frc-n room 
temperature to 500&C in an atmosphere of oxygen-free nitrogen.
It is not possible to obtain a high vacuum with this apparatus 
and, in general, T.G.A. gives better resuits when performed at 

atmospheric pressure since spattering effects are greatly reduced. 
Although no major inconsistencies are observed in relating T.G-.A. 
runs under nitrogen to other degradation results found in vacuum, 
the studies are not strictly comparable.
B. Thermal Volatilisation Analysis (T.V.A.)

McNeill devised an apparatus*^ which enables the pressure of 
volatiles evolved from a sample decomposing under vacuum to be 
measured. The temperature is increased linearly and a plot of 
pressure against time is obtained. A later modification^ is 
shown schematically in fig 2.6. A series of parallel traps at 
different temperatures is incorporated into the system and the 
pressure measured after each one. This apparatus is known as the 
Pifferential Condensation T.V.A. and a typical thermogram is shown 
in fig 2.7. Since the system is continuously pumped, the pressures 
are small and are measured by means of Pirani Gauges (Edwards 
High Vacuum Ltd). As with T.G.A., kinetic data for simple degrada­
tion reactions can be obtained, but polyacrylates present too 
complicated a degradation pattern for this, and the thermograms 
obtained can be only qualitatively interpreted.
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2(xi) The Dynamic Molecular Still (P.M.S.-)
The dynamic molecular still used in the preliminary investi­

gations is a development of the apparatus used by-G-rassie and 
Melville"^ ang hy G-rassie and others in a wide range of polymer 
degradation studies1’59'^. Fig 2.8 shows the D.M.S. apparatus 
and fig 2.9 the degradation tray and heating block.

The degradation tray was made from a copper block 36 mm z 36 mm 
x 7mm with a 32 mm diameter x 6 mm deep circular reces3 in one 
side. Copper/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 (Sangano-7/eston Ltd) used 
to monitor the temperature of the degrading sample. The tray 
is bolted to a copper heating block, the two surfaces 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 
required degradation temperature. The third heater is connected 
to an Ether ’Transitrol* controller through a variable transformer. 
A second copper/constantan thermocouple in the heating block 
activates the controller. By suitable adjustment of the controls 
a steady temperature of degradation can be maintained to ±1.0°C.
The electrical leads to the still are passed through capillary
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A - On-Off Heater 
B - Background Heaters 
C - Heating Block 
D - Tray 
E - Screws
F - Monitor Thermocouple 
G - Control Thermocouple
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tubing which is sealed with picein wax.
The sample for degradation was prepared by dissolving a known 

weight of polymer in toluene, pouring the solution into the tray 
and adding enough copper povrder (60-30 nesh Hopkin and Williams Ltd) 
to cover the polymer and ensure good thermal contact. The solvent 
was then evaporated off, and the system pumped out to less than 
10”5 torr and degradation begun.

The apparatus was continuously pumped during degradation 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 ?;eighed 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 MS10 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 P.M.S. for the Study of 

Polvacrvlates_
The dynamic molecular still has many advantages over other 

methods for the study of polymer degradation reactions. Some of 

these are:
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l/V ery good thermal contact between polymer and heater. This 
means that with a suitable temperature controlling system, very 
accurate and steady temperature settings can be obtained^.
2/ A high vacuum can be maintained during degradation by continuous 
pumping. This enables the volatile products to escape from the 
hot zone as quickly as possible and minimises 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 byCopper

In some of his earlier work on the thermal degradation of 
poly (methyl acrylate), Kane-*- used the form of molecular still 
described above. He found that the copper powder catalyses thermal 
breakdo?m of methanol to carbon monoxide and hydrogen, in a 
similar manner to that found by Hasegawa^. 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. Also, it is by no means certain that
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platinum v;ill not catalyse reaction.
Another reaction known to be catalysed by the presence of 

copper powder is the elimination of hydrogen chloride from 

poly(vinylchloride)7®. Use of iron and silver degradation trays 
was also found to be unsatisfactory in this case. Recently it has 
been suggested"^ that copper may catalyse the evolution of acetic 
acid from polyvinyl acetate).
B. Collection of Short Chain Fragments

Cameron and Kane‘S- found that up to 30% of the weight loss 
from degradation of poly(methyl acrylate) consists of short chain 
fragments with an average molecular weight of 704- Madorsky*^- 
gives a value of 73 %  and an average molecular weight of 633 for 
this fraction# It is not easy to measure accurately the amount of 
this material with the D.M.S. since it is tco involatile to reach 
’ the cold trap (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 

purpose.
C. Recovery of Residue

In the present work it was found that the residue becomes 
partly insoluble. This results in a hard, caked mass of residue



and copper powder which is difficult to remove from the degradatio 
tray for analysis.

For these reasons it was decided to use the D.M.S. only for 
qualitative investigations and a ne?/ type of degradation 
apparatus, the sealed tube, was devised for quantitative 
measurements.
2(xiii) Sealed Tube Degradations

The sealed tube is shown in fig 2.10. It was made of 12 mm 
outside diameter, medium wall, pyrex glass. Before use it was 
washed overnight with cleaning fluid, then v/ith distilled water 
and finally Analar acetone. It was dried by pumping out to high 
vacuum, then limbs A and I were flamed out to remo\re absorbed 
volatiles.

Polymer 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 
vacuum and the tube sealed off at the constriction,F (fig 2.10) 
under a pressure of less than 10“5 torr.

Later it was found more convenient to introduce the polymer 
into the tube by cutting the glass at B and 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 evacuated and sealed as before.
Degradations were performed in a Catterson-Snith G-31LX type 

electric furnace. This is fitted with an Ether 'Transitrol1 
controller and temperature control of ±3C* is obtained provided 
that the furnace is allov/ed to come to equilibrium 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 same horizontal 

level. Through these three sealed tubes can be inserted, one 
containing a chromel/alumel thermocouple to monitor the temperature, 
and the other two for simultaneous degradations. The end I of 
the sealed 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 potentiometer (Derritron Instruments Ltd).
The thermocouple leads can also be switched to a Honeywell-Brown 
recorder which is used to check that the temperature remains constant 
between potentiometer readings.

After the reaction the sealed tube can be used to fractionate 
the products as follows. G-ases can be analysed by breaking the 
break seal D and distilling the gases into a suitable measuring
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device (see 2(xiv)). Liquids collect in the capillary at J, and 
limb I can be sealed off at the constriction,!!, to isolate them. 
Short chain fragments collect in the 'cold ring1 at C and may be 
separated from the residue by cutting the tube at B.
2(xiv) Analysis of the G-aseous Volatiles

The apparatus shown in fig 2.12a was used to analyse the gases. 
It consists basically of a constant volume manometer (C.V.M.) 
similar to that used by Kane^ and an infrared gas cell 12 cm long 
by Jj.,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 less than 10"5 torr, then taps B and F 
are closed. With capillary J in ice to keep the vapour pressure 
of liquids low, the break seal on the sealed tube is broken and 
the 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 H. Limb Z is then allowed to warm up to room temperature 
with tap C closed and the pressure of condensible gases is measured 
similarly. Tap & 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 gases are allowed to 
warm up to room temperature. Part of the gases occupy the infrared 
gas cell, 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 Spectrophotometer. An identical infrared gas 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 quantitative analysis 
of carbon dioxide to be made with minimal interference from 
carbon dioxide in the atmosphere. The same instrument 7/as used 
in all the other infrared studies described in this thesis. The 
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 P .and 423 ml for the 
part enclosed by the sealed tube (with tap A open) and taps B and F, 
The total number of moles (n) of gas recovered from the degradation 
can be found as folloT/s:
By the General Gas Law

PV = nRT where P is the pressure 
V is the volume 
R is the Gas Constant 

and T is the absolute temperature 

In all experiments room temperature was taken as 295 °A and the 
gas constant R = 6.24x10^ mlXcm.Kg/moleXC0.
For the smaller system

n = W 5 __  x P
6.24x10^x295



or n = 1.657x10-5 p 

For the larger system

n = 423 p
6.24x10^x295

= 2.30x10*^ P

In both cases, P is in units of cm.hg.
By the use of standard samples of carbon dioxide ^British 

Oxygen Ltd), ethylene, propylene and 1-buiene ^all Matheson Inc., 
O.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.M..

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

Gas chromatographic data presented in this thesis was-obtained 
using a Microtek 2000R Research Gas Chromatograph with a flame 
ionisation detector, except where otherwise stated. A 10 ft by 

1/4 in 30-60 mesh silica gel column and a 24 ft by 1/0 in 40 % 
silver nitrate/benzyl cyanide column were used to look for traces 
of gases other than those mentioned above. The detector will not



detect carbon dioxide, carbon monoxide, hydrogen or oxygen. The 
apparatus shown in fig 2.12b was used. After 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 fill 
the system enclosed by taps F, G, H, I and W and by the manometer. 
A 'solvent* gas, argon, which will not be detected on the 
chromatograph is allowed to flow in until the system is at 
atmospheric pressure. Samples of gas are then withdrawn through 
septum V by means of a gastight syringe (Hamilton Co Inc) and 
injected into the chromatograph.

After analysis gases can be distilled into reservoir P for 

storage if necessary.
2(xv) Analysis of Liquid Volatiles
A. Gas Chromatograoh-Mass Spectrometer (G_.C_.H_.S.3

The volatiles from some P.M.S. degradations were analysed by 
means of a L.K.B.9000 combined gas chromatograph-mass spectrometer 
(L.K.B.-Produkter). A schematic diagram of this machine is shoT/n 
in fig 2.13. The novel feature is the molecule separator 
(Becker-Ryhage)^ which pumps away most of the helium atoms, so 
that molecules from the separated 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 spectrum is being recorded.
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This enables an electrometer in the ion source to be used as a 
detector for the gas chromatograph. 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 v/ork v/as 10 ft by I./4 in 1 %  SE30.
B. G-as-Liquid Chromatography (G-.L.C.)

Limb I from the sealed tube (fig 2.10) m s  broken open and the 

contents distilled into another graduated tube. This tube was 
weighed before and after distillation and thus the weight of low 
molecular weight (distillable) liquids was found. The remaining 
(undistillable) liquids were combined with the short chain fragments 
and were analysed as such. This procedure was followed in all 
cases except poly(2-ethyl hexyl aciylate), 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 added a knoT/n weight of solvent 

according to the table below.
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Table 2.1
Data on Quantitative &.L.C. of Liquid Degradation Products

Polymer

poly(ethyl 
acrylate)

poly(n-propyl
acrylate)
poly(iso-propyl 
acrylate)
poly(n-bvtyl
acrylate)
poly(2-ethyl 
hexyl acrylate)

Liquids
Analysed

ethanol

n-propanol

iso-propanol

n-butanol

2-ethyl 
hexan-l-ol
2-ethyl 
hex-l-ene

Solvent

ethyl
acetat*

n-pronylacetate

fn-prooyl \ acetate
\ n-butyl
acetate
ethyl
benzoate

Isothermal
at
60°C

85°C

70° C 
100°C

programmed

The weights of sample (\7a) and solvent (Ws) are proportional to 

the areas (Aa and As) of the peaks on the chromatograph. A 

sensitivity factor (f) relates these terms as follows:

fa = Ac A and ts = As/W,

A combined sensitivity factor (f) is defined such that

f = As.Wa 
'Aa

This factor is determined for the pairs of sample and solvent 
shown in table 2.3 by running blank samples. The results are
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given in Appendix B. Once this is determined, the weight of a 
sample is found from a chromatogram using the relation:

wa = f. a w A a 
As

Typical chromatograms of a distilled liquid sample and of that 
sample plus solvent are shown in fig 2.14.

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 is shovm in table 2.3- A 6 ft 
by 1/4 in 1 */o carbowax 20m column was used to study the liquids 
from poly^2-ethyl hexyl acrylate). These were temperature 
programmed from 30°C to 100°C at 5C°/*ain.
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 Osmometer.
G-.L.C. Chromatograms were run of this fraction, but it is thought

that only the more volatile species passed through the 6 ft by 
1/4 in carbowax 20M column used. A typical chromatogram is shown 
in fig 2.15- The chromatogram of some straight chain alkanes on 

the same column is shown for comparison.
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The residue in part A of the sealed tube was allowed to stand 
overnight in 10 ml Analar toluene. The solution was then poured 
through a filter paper to separate sol and gel fractions. The 
filter paper was washed vrith further Analar toluene until constant 
weight was attained for the dried paper and gel.

The gel was analysed hy microanalysis. The molecular weight 
of the soluble portion was determined by osmometry. Infrared and 
nuclear magnetic resonance (N.M.R.) spectra (Perkin Elmer RIO 
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 
f (ethyl-) ,(iso-propyl-) and (n-butyl aciylate) i cast between two 
sodium chloride discs. The discs were placed in the end A of a 
sealed tube which fortheseruns was made of 18 nra 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 degradation dravm for the more 

important peaks.
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2(xix) Low Ter.inoratv.re Be2reflation Studies

A series of degradations of poly(n-butyl 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 
when little volatilisation is occurring. The residue and short 
chain fragment fractions were analysed as described above.

The volatiles were measured by means of a McLeod Gauge,and 
analysed by a M.S.10 mass spectrometer (A.S.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 nitrogen temperature end breakseai 
D broken with tap 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 warm up to room temperature and the pressure of the gases 

measured.
The volume enclosed by the sealed tube, trap C, the McLeod 

Gauge (including the bulb) and taps A and B was found approximately 
(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, and taps A,B and E was .found accurately. Thus
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the number of moles of non-conder.sible and total gases could be 
found for each sample using the General Gas Lav/ relationship 

n = P.V/R.T Symbols as on page 4+-
The method of calculating n is given in Appendix C
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C hap ter 3 Preliminary Tnves 11 g at .ton 3

liiL. Introduction

Before embarking on a quantitative study 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 
temperature 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 
normal conditions of processing and wear. It is also important 
to obtain a qualitative knowledge 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 theraogravimetric analyses 
were used to study the overall nature of the degradation.
5(ii) Dynamic Molecular Still Studies

Approximately 200 mg samples of poly(n-butyl acrylate) [P6sj 
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 described in chapter 2. The weight of large chain fragments 
was found as the difference between the weight of starting material



and the weight of measurable reaction products, that is, residue 
and volatiles. Table 3*1 was drawn up from this information.
The molecular weight of the soluble part of the residue was found 
by the High Speed Membrane Osmometer. In the runs done at 32if°C 
and above the residue and copper pov/der v;ere caked on to the 
tray, and no part of the residue dissolved in toluene. Fig 3.1 
summarises these results graphically.

The volatiles from these degradations were analysed by 
mass-spectrometry. The spectra did not vary significantly.
Fig 3»2 shows the spectrum of the volatiles from run US5B at 
70 eV. It can be accounted for by a mixture of carbon dioxide, 
1-butene and n-butanol, the spectra of which are also shown^.

A 2 hour degradation of 200 mg of poly(n-butyl acrylate) (MS2B) 
at 3b6°C was run outside this series. The volatiles were collected 
and analysed in an infrared gas cell and by G.C.M.S.. The 
infrared spectrum and the assignment of the peaks are shown in 
fig 3*3 to correspond to a mixture of carbon dioxide and butene.
The G.C.M.S. chromatogram is shown in fig 3'3a* The peaks are 
assigned from the mass-spectra as follo7/s:
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Table 3*1

Molecular Still Degradation Data on a Poly(n-butyl acrylate) Sample 
of Initial Molecular height 1,150>000.
(2 Hour Runs at Various Tsuper,atures)

A B C D E F G H I
MS4B 290 194.6 161.9 32.7 23.5 9*2 32,800 118
MS3B 300 192.7 118.3 74.4 39.2 35.2 19,500 100
MSI OB 313 193.6 76-7 116.9 55.5 61.4 11,200 57
MS9B 324 195.0 27.5 167-5 81.7 85.8 Insol. 0
MS6B 3^7 190.0 17.1 172.9 77.5 95.4 Insol. 0
MS7B 355 191.8 20.1 171*7 83.5 88.2 Insol. 0
MS53 363 191.4 — — — 71.8 Insol. 0

A Sample
B Temperature (°C)
G Initial height (mg) 
t> Weight of Residue (mg)
E Weight Loss (mg)
F Y/eight of Short Chain Fragments (mg) 
G Weight of Volatiles (mg)
H Molecular Weight of Soluble Residue 
I Weight of Soluble Residue (mg)
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Tabla ;«2
Chromatograph Peak Component

1 chloroform ^solvent)

2 n-butanol
3 n-butyl acrylate

4 n-butyl methacrylate

The mass-spectra of the higher molecular weight components 
were not easy to analyse because they rarely gave a significant 
parent peak and because peaks above mass 200 in the mass-spectrum 

were difficult to assign with certainty. Hov/ever the following 

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

components in the chromatograph.

Table 3*3

Chromatograph Peak Main Mass Spectrum Peaks

5 134, 117
6 356, 268, 73

7 428, 341, 73

8 502, 415, 281, 147, 73

9 407, 327, 156, 18
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These peavs are not giver. in order of height since most of 

them 7/ere off the scale of the mass-spectrometer. The appearance 

of a large peak at mass 73 in three of these spectra v/oulcl indicate 

that these components contain butyl ester groups, which lose 
CK^C^C^CHpO* ions. Component 5 has a large parent peak and 

so is probably aromatic in character; possibly an impurity in 

the toluene solvent used to cast the polymer film.

3(111) Thermal Volatilisation Analysis

Fig 3*4 a-f shows the TVA thermograms of 50 mg samples of the 

polymers under study and also of a 100 mg sample of poly(methyl 

acrylate) (kindly supplied by Dr I.C.McNeill), for comparison.

The trap temperatures (see fig 3*2) were -100°C, -73°0, ~45°C 

and 0°C and they are shown on the curves. The sample 
temperature was programmed at lCC°/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* A secondary peak 
occurs 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 plateau region. Poly(methyl acrylate) 
appears to be more stable than the remaining four polymers. It 

begins to volatilise at 325°C compared v/ith 300°C and has a peak
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raaximun at 433°C compared with 405°C.
To explain the different responses of the Pirani G-auges 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 temperature region, 

only carbon dioxide and propylene are evolved, neither of which 
would be expected to condense above -100°C. Poly(n-propyl acrylate) 
has a component in the volatiles which does condense at -75°$ 
and -100°C. This is thought to be n-propanol; the short chain 
fragments would be. condensed in the cold ring above the 

degradation oven. The thermogram of poly(n-butyl acrylate) 

can be explaned in a similar way. 7ft th poly(ethyl acrylate), 

however, it appears that ethanol is not condensed, merely retarded, 

by the trap at -75°C, whereas it condenses in the trap at -100°C.
In the thermogram for poly(methyl acrylate), there appears to be 

a component in the volatiles which condenses at -45°C but not at 

0°C. Ethanol melts at -117.3°C and boils at 78.5°C, whereas 

methandl melts at -97.8°C and boils at 64*96°C^« -45®C,

methanol may have sufficiently low volatility to condense, whilst 
ethanol may not.



Kane^ observed very little non-condensibles in his degradation 
studies at 290-310°C. The peak after the trap at -19S°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 °/0 
of the volatile products in his degradations of poly(nethyl 
acrylate) between 250 and 2{.00°C.

The:'secondary peak from poly (iso-propyl acrylate) is associated 

with the break-down of the insoluble residue obtained in the 
present work- This is thought to consist of acid and

anhydride groups and above k00°C would be expected to give a 

variety of small molecules, although, as fig 3*4d shows, it 

appears that these are mostly non-condensible at -100°C.

3(iv) Theraogravimetric Analysis

The T.G-.A. thermograms of the polymers, except for poly (2-ethyl 

hexyl acrylate), are shoY/n in fig 3*5(a-d). These were run at 
5C°/min from room temperature to 500°C with approximately 10 mg 

samples -
They confirm the information from the T.V.A. thermograms.

Poly(iso-propyl acrylate) volatilisation is a 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°G 

and leaving less than 5 %  residue at 500°C.
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7>(v) Discussion of Preliminary- Tnyostjgations

It has been noted from T.V.A. and T.G-.A. that poly 

(iso-prooyl 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 are described 

in a separate chapter (chapter 5)*

The other four polymers appear from T.V.A. and T.G-.A. to 

degrade in a similar manner to poly(methyl acrylate), though at 
a rather lower temperature. 315°C was chosen from the thermograms 

as being a suitable temperature for the degradation studies - 

From the D.M.S. studies it was found that n-butanol, butene 
and carbon dioxide are the low molecular weight products of 

degradation of poly(n-butyl acrylate). Minor degradation products 
are monomer and n-butyl acrylate. Short chain fragments are 

also evolved in considerable amounts. The residue from poly 

(n-butyl aciylate) becomes insoluble to some extent at all the 

temperatures of degradation used in the D.iM.S. studies.

It was in the light of these preliminary experiments and with 

the qualitative knowledge of the nature of the degradation products 

which they supplied*that apparatus was designed, as described in 

chapter 2, for the quantitative measurement of the various 

products.

The results of these measurements are described in chapters A and

5 .
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Chapter A De g radation Pn actions of Poly (Primary Acrylates')
at 515°C 

A(i^ Introduction

As the preliminary investigations have shown (Chapter 3), the 
poly(prinary acrylates) all degrade at approximately the same 

temperatures and by a one-stage process- Poly(iso-propyl acrylate), 
on the other hand, decomposes at a lower temperature and by a 

two-stage route; it 7/ill therefore be dealt with separately 
(Chapter 5)• In this and the following chapter a thorough 

quantitative analysis of the degradation products of the polymers 

at one temperature is described, using the degradation and analytical 

techniques mentioned in Chapter 2.

Although, in theory, one set of degradation experiments should 
be sufficient for all the significant products of degradation to 

be analysed, it was found difficult to separate the lighter alcohols 
from the gases, olefin and carbon dioxide. Two series of 
degradations were therefore performed at the same temperature f or 

all the poly(priraary acrylates) except poly(2-ethyl hexyl acrylate), 
in which case the difference in volatility between the gas, 
oarbon dioxide, and the liquids, alcohol and olefin, is sufficient 

to allow good separation. The first series was used to obtain 
yields of carbon dioxide and olefin, and the second series gave the 

amounts of the other degradation products. Yfhere only qualitative
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results were required, data v;as obtained from either set of

degradations
The degradation experiments on the poly(primary acrylates)

described in this chapter were all carried cut at 315°C.
Y/here tables of results are necessary for the understanding of 

the text, they appear in the vicinity of the reference to them in 

the text. In other cases, they appear at the end of the chapter. 
it(ii) Analysis of Ha.ior G-aseous Products

The method of analysing the gases gave three pressure readings 

on the constant volume manometer: the total pressure of the gases was 

read directly on the C.V.M.j and the infrared analysis of the gases 
gave 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 sun of the pressures for 

carbon dioxide (Pg02^ olefin (p0lefin) no*̂ always agree 
exactly with the total pressure (P-total)> possibly because of 
pressure effects on the infrared spectrum of the gases. The infrared 

spectrum 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

‘olefin polefin

and C -P *C02 + C *P ‘olefin = Ptotal
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Table 4*3 snows how the pressures of total gas, carbon dioxide and 

1-butene were calculated for poly(n-butyl acrylate). The total 
pressure value shov/n in this table is the pressure of gases at room 

temperature, minus the pressure of gases non-condensible at
-196*0, P;,.c .:

Ptotal = Prt “ PN.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 (V/) is 

found by multiplying n by 2.1, the molecular weight. In the case of 

the non-condensibles, the weight calculated is based on the 

assumption that these gases are wholly carbon monoxide (see 2f(iii))t
A similar method was used to find the weights of gases evolved 

from the other polymers. These are given in Tables 4.1, 4.2 and 
4 ,4 . Figs 4 .I to 4.4 show this data graphically with the gases 
plotted as percentage of the initial polymer. Tables 4*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 also noted in 

tables 4.9 to 4*12.
The amount of carbon dioxide evolved per monomer unit from 

poly(ethyl-),(n-propyl-) and (n-butyl acrylates) does not change 

greatly, although in the early stages of degradation of poly(n-butyl

acrylate) the evolution is rather slov/er. Poly(2-ethyl hexyl 

acrylate), however, produces very much less carbon dioxide, about 
a third as much as the other three polymers.
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oCM

—v o

_ CM

-o o

t>o'Q>

IT\
c

-*
c

— 1KV JL>
CM
c

iH
C

T̂Ufi artoucK k -j-2 / jo s©xcH jc -cj;

De
gr
ad
at
io
n 

Tim
e 

(h
ou
rs
)



Fig
 
2«..
8 

No.
 
of 

Mo
le
s 

of 
G-a
s 

Ev
ol
ve
d 

per
 
G-r̂

a 
Mo
no
me
r 

Un
it

ar:
ai
n?
t 

Tim
e 

of 
De

gr
ad
at
io
n 

for
 

Fo
Iy
(2
-3
th
yl
 
He
xy
l 

Ac
ry
la
te
)

Lir\

rH<D O
§ § X X<D o►r1 hh •A* HHI lH  H
iH iH

-P  -P  WO  I IO  CM CM

> □ O

l . _

CM

J-chCM

O
CM

: <H

>b “ CO

 I_

wU0oX

co
•H
-P0)"d
Utoaft

c o o  janouoyi •3/3*3 jo saxoyj jo *o^



The amount of olefin produced per monomer unit seems to depend 

on the number of ̂ -hydrogen atoms on the alkyl group. Poly(ethyl 

acrylate*) evolves more than poly(n-propyl acrylate), which evolves 
more than ooly(2-ethyl hexyl acrylate). Poly(n-propyl-) and (n-butyl 

acrylate) produce similar amounts except at high conversion.

Initially, the rate production of olefin from poly(ethyl-), 
(n-propyl-) and (n-butyl acrylates) is rather faster than that of 
carbon dioxide. The molar ratio of the two gases is close to unity 

until about 35 % conversion after which production of carbon 
dioxide exceeds that of olefin. Poly(2-ethyl h'exyl acrylate) also 
evolves carbon dioxide and olefin at similar rates until 35 %  

conversion, but thereafter olefin production slightly exceeds that 

of carbon dioxide-, (see 4(viii)).
It is difficult to apply normal kinetic equations to the evolution 

of volatile material from these polymers. There are at least three 

mutually exclusive, competing reactionsj 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

acrylate unit ---> olefin + modified 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-
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acrylate unit ---> alcohol + modified acrylate unit II

and n(acrylate unit) > short chain fragment

The calculation of kinetic data is normally done by use of the 

equation
Rate of reaction — &A/dt =.k[A]a 7/liere A is a reagent or

a producty 
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 initial, rates of production of volatile degradation products 
can be found, however, 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 gaseous 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 maximum 

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

evolution of volatiles.
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Tablc L..I3

Initial Pates of Production of Volatiles

Polyacrylate Ethyl n-Propyl n-Butyl 2-Ethyl :
A. °/0 Initial Polymer/rlour

co2 2.6 1.2 0.6 0.7
Olefin 1.6 1.8 1.6 1.9
Alcohol A-3 5.1 2.5 2.2

Short Chain Fragments 2.0 1.8 3.3 20.0
B. Moles per Gram Monomer Unit/Hour

CO 2 : 0.059 0.033 0.017 0.029
Olefin ! 0.0571 0.049 0.037 0.031

Alcohol
1
i 0.094 0.097 0.043 0.031

Short Chain Fragments ' 0.020 0.01S 0.033 0.200

There is a tendancy for the initial rates of olefin and carbon 

dioxide production to fall as the size of the alkyl group increases' 
The initial rate of chain fragment production, however, increases 

with the size of the alkyl group.
A(iii) Analysis of Minor Gaseous Products

The gaseous products from poly(ethyl-), (h-propyl-) and (n-'outyl 

acrylates) degradations 7/ere analysed hy gas-chromatography on a 
silica gel column. The products from poly(n-butyl acrylate) 

degradations were also analysed on a silver nitrate/benzyl cyanide
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column. These columns are described in 2(xiv). Typical

chromatograms are shov-n in figs 4*13 and 4*14* * Carbon dioxide and 
carbon monoxide are not detected by the flame ionisation detector 
used. It was found in each case that the olefin peak was much 

larger than any other: the next largest peak was attributed to the 

corresponding alkane. The areas of the olefin and alkane peaks 
were measured and assumed to be approximately proportional to the 

concentrations of the substances. The ratio of alkane/olefin was 

found to lie in the range 8x10“^ to 8x10“  ̂and did not change 
significantly from one polymer to another, or with tine of heating.

A shoulder on the 1-butene peak in fig 4*14 is caused by cis-2-butene^ 

but this is small in amount compared with 1-butene.

The gases not condensible at -196°C were studied with an MS-10 

mass spectrometer. A sealed tube, containing a sample of 200mg 

poly(n-prooyl acrylate) degraded for 14 hours at 313°0 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« 

%  far the largest peak 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 subsidiary peaks 

at 16 and 12. The small peak at mass number 2 was attributed to 

hydrogen. The normal sensitivity ratio of hydrogen (mass number 2)
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to carbon monoxide (mass number 23) obtained v/ith 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.

4(iv) Analysis of the Liquid Fraction

A. Poly(Sthyl-).(n-Proovl-) and (n-Butyl Acrylates) Liquid 
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 

gases. When required for analysis this tube 7/as broken open and 
the liquids were distilled into the capillary and v/eighed as 

described in 2(xv)B. A knov/n weight of a solvent was added to 

the capillary and quantitative Gas-Liquid Chromatographic analysis 
carried out on the mixture. The results of this investigation 

are given in tables 4.14-4*16. The amounts of alcohol, monomer 
and methacrylate produced are shown as percent of initial polymer 

in tables 4*5-4*7 and the amount of alcohol as moles per gram 

monomer unit in tables 4*9-4-H*
Fig 2.14 is typical of the chromatograms obtained from the three 

polymers. The major peak is due to alcohol and minor peaks are 
observed for monomer and the corresponding methacrylate. No other 

component is observed in significant amount.

Figs 4.16-4*13 show the evolution of alcohol with time of
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degradation in terms of percent of initial polymer and figs 4*5 

-4*7, in terms of moles per gram monomer unit* The production of 

alcohol exhibits a rate maximum and alcohol is eventually produced 
in greater amounts than 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 alcohol 
evolution with certainty because of the rate maxima in these curves. 

The curves after the rate maxima are extrapolated back to time 

zero to give the approximate values shown in table 4*13* As v/ith 

olefin and carbon dioxide, there is a tendancy for the initial rate 

to fall off as the size of the alkyl group increases.
B. Polv(2-5thvl Hexyl Acrylate) Lie.uid Degradation Products

There are two large peaks on the chromatogram of poly(2-ethyl 

hexyl acrylate) liquid degradation products, identified by their 

retention times as 2-ethyl 1-hexene and 2-ethyl 1-hexanol. 

Quantitative G.L.C. analyses of the liquids after various times 

of degradation were carried out as described in 2(xv)3. Tables 

4*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 analysis in the
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short chain fragment fraction.

4(v) Short Chain Fragment Analysis

In the cases of poly(ethyl-),(n-propyl-) and (n-butyl acrylates) 

this fraction was made up of all the material collected from the 
sealed tube except the residue in the hot zone (limb A, fig 2.10)% 
the gases and those liquids which distilled over under vacuum at 
room temperature. In the case of poly(2-ethyl hexyl acrylate), 

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-ethyl 1-hexene or 2-ethyl 1-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 samples. The 

carbonyl peak and the peaks in the region 1500-1OOOcm"^ show a 

general broadening which increases with time of degradation. Two 

shoulders at about 1760 cm“  ̂and 1715 cm~l appear on the carbonyl 

peak at 1730 cm~^ and the C-0 single bond peak at lloO cm“l become 

more diffuse.
There was insufficient material for molecular weight measurement 

except after long degradation times. Therefore, the short chain 
fragments from all the degradations of each polymer were combined and 

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

Molecular Y/oight of Short Chain Fragment fraction 

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

Molecular height 317 579 470 1,020

Figs 2.15a and 5.-3a give typical chromatograms of the lower 

molecular weight species in a short chain fragment fraction and 

fig 2.15b shows retention times of some n-alkanes for comparison.

It would appear that this fraction consists of a range of molecules, 

generally similar to the original polymer molecules but of a much 
lower molecular v/eight. 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 

determined.
The fraction is yellow in colour, the intensity of the colour 

depending on the length of time of degradation, but all attempts 

to obtain significant ultraviolet or visible spectra were 

unsuccessful.
The weight of this fraction was determined as described in 2(xvi) 

and is given in tables 4»5-Zf8. Table 4»13 and figs Zf.l6-2f.18 and 
Zf.20-Zf.24 show these results treated in a similar manner to that 

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

A, Spl/G-el Analysis
The residue was dissolved or swelled in toluene and poured through 

TiVhatman No.l filter paper. The soluble and insoluble material was 
separated as described in 2(xvii). Tables 5-4.8 give the weights 
of soluble and insoluble material obtained. In the ca3e of 
poly(2-ethyl hexyl acrylate), no insolubility was found even after 
32 hours degradation at 315°C.

This method for separating soluble and insoluble material is 

not considered 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 porosity 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 paper gave a constant weight. Table 4 .19 gives the 

weights of polymer which passes through and which is retained by 

the paoer. The molecular weight of the initial polymer and of 

the ‘soluble' portion is also recorded.
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Polyacrylate 

Code 11111111) er

Table J.-.19

Porositv of Pi?-ter Paoer to Polvners Used

ethyl n-propyl n-butyl 2-ethyl
hexyl

P5E PI 2? P63 P14H

i 24.5i 11.7 3.2 0.0

! 75.5 88.3 96.8 100.0
i
I 12'7 2.3 1.15 0.253

j 0.382 0.685 1.10 0.253

height passed 
through ( %  )

" 10“ Molecular weig original polymer
10“6x Molecul ar weigh 
’soluble* polymer

The sol/gel figures in tables 4«5 and 4*6 for poly(ethyl-) and 

(n-prooyl 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 all 

three polymers is more easily separated into soluble and insoluble 
parts, since the insoluble residue becomes brittle 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 

shown in tables 4*5 and 4'6.
Fig 4 .25 shows the sol and gel fractions plotted against time 

of degradation for ooly(n-butyl acrylate). These figures are used 

in fig 4.26 to compare poly(n-butyl acrylate) behaviour with other 

degradation studies. Kanê - found that the percentage insolubility
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in poly(methyl acrylate) plotted against percentage conversion 

gave a straight line through the origin. The same plot for 

poly(n-butyl acrylate) (fig 4*26) also gives a reasonable straight 

line but it does not pass through the origin- The cross-linking 

reaction, which causes insolubility, like the reaction to fora 

alcohol, appears to have an induction period in this case.
B. Tfeight Loss Data

Because of difficulties of separating sol and gel mentioned 

above, the residues from poly(ethyl-) and (n-propyl aorylates) 
are dealt with in their entirety. Fig 4.27a-d gives plots of 

percentage volatilisation against time of degradation for the four 

polymers.
For polymers which depropagate, either by unsipping or by 

intramolecular transfer, in a first-order reaction, a graph of 

rate of volatilisation against percentage volatilisation gives a 

straight line passing through the point at 100 %  volatilisation, 

zero rate of volatilisation. In the case of poly(methyl aciylate), 

studied by Kane^f good straight lines are obtained, although they 
meet the volatilisation axis at about 80 %  rather than 100 % , 

reflecting the more complicated nature of polyacrylate degradation. 
Similar curves are dra?m for the four polymers studied in the 

present work in fig 4.28. None of the polymers gives a single 

straight line. 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. Poiy(ethyl acrylate) provides a smooth 
curve which meets the volatilisation axis at about 53 %  . The 

curve for poly(n-propyl acrylate) also appears 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 a general broadening of the 
carbonyl and C-0 single bond absorptions. Fig 4*30 compares the 

infrared spectra of solutions of the residue from poly(2-ethyl 
hexyl acrylate) in carbon tetrachloride. There is no change 

apparent in the C-H stretching absorptions between 2850 and 3000 cm'"̂ > 
although their intensity increases relative to the carbon-oxygen 

absorptions. The carbonyl peak becomes much broader and developes 

a clear shoulder at 17^0 cm”^. At earlier degradation times a small 

peak can be distinguished at 1810 cm~^. There is a general increase 

in absorption in the region 1550 to 1650 cm“^ ana a small peak
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appears at 1603 cn“^. Infrared spectra of the polymer undegraded 
and after 32 hours degradation were run also between sodium chloride 
discs, so that any peaks masked by absorption by the carbon tetra­

chloride solvent might be seen. None was observed. In the polymers 

in which insolubility developes, the infrared spectra of the 

soluble residues show similar, but not so marked, changes.
Table if.20 records the molecular weights of the soluble residues 

of the four polymers at different times of degradation.

Degradation 
Time (hours)

0

1

2
4

i
' 8 

10

16

32

Table 4.20 
Molecular heights of Soluble Residues 

Mn for Polyacrylates (xl0~3)
Ethyl n-Propyl n-Butyl

12,700 2,300 1,130
11.287-5

53.6

4*16

5.06

5.14

36.5 

24*9
21.6

1.082

.'0.672

2-Ethyl Hexyl 

253 
17.0

9.70 
4 .80

0.524

2.80
1.02



The values for poly(2-ethyl hexyl acrylate) are plotted on 

fig 4.31
This data may be used to calculate the number of chain scissions 

occurring at any given time of degrad?4.tion as follows:
If a polymer which degrades by random scission of bonds has 

initial molecular weight M, the initial chain length is given by 
M/m = CL0 where m is the molecular weight of the monomer unit.
After N chain scissions, the chain length becomes CL where

N = ̂ 0  - 1 
CL

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

N = (l-xXttn -1Cl

or n = ^ 37̂  “ where n is the number of
scissions per monomer unit 

or n/m = (l-x)/Mt - l/MQ 
Pig 4.32 is a plot of n/m against time of degradation. The 

rate of chain scission is fast in the early stages of the reaction, 

but it soon changes to a slovrer rate, uniform throughout the 

remainder of the degradation#
D# Insoluble Hesidue 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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prolongea treatment.
Microanalysis was the only technique used and table 4*21 gives 

figures for the carbon, hydrogen and oxygen (found by difference) 

content for the three polymers which showed insolubility. A test 
run was also carried out with samples of undegraded polymer and 
figures close to the theoretical were obtained.

Table 4»21 

Mioroanalyses of Insoluble Residues

Polyacrylate Degradation Vo C %  H % 0Time (hours)
Ethyl " 6 59*99 ”8.05 31V96
Eth^l 4 61.19 7.52 31.29
Ethyl 32 73-51 5.85 20.64

n-Prot>yl 0 63.14 8.83 28.03
n-Propyl 32 71.29■ 5.75 22.96
n-Butyl 0 65.60 9.44 24.97
n-Butyl 24 73.76 6.93 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.
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4(vii) Other Possible Fronuots

All the major degradation products hays been analysed and, as 

the mass-balance tables (tables 4«5~4«S) show, they account for 
nearly all of the total initial weight of polymer. There remains 

the nortion described as ’remaining liquids’ still to be accounted 

for. The most likely substance to avoid detection, and yet be 

weighed in this fraction is water. The tables shov* maximum yields 

in this column as 4*6 %> 4*5 %  and 8.9 %  of the 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 yield 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 variables as the temperature of distillation
i

and the pressure in the vacuum line and, hence, the yield/time 

of degradation curve for this fraction would not be smooth.

4(vlii) Ratios of Products

As described in 4(ii)> 4(iv) and 4(v) there are differences In 

rates o^ evolution between the different types of volatile products. 

Tables 4.9-4.12 give the yield of carbon dioxide, olefin and
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alcohol in molecules per monomer unit. Corresponding figures for 

short chain fragment production can be read directly from the mass 

balance tables, tables 4*5-4*8, assuming that the short chain 
fragments are low molecular weight polymer. Figs 4*33-4*36 plot 

the molar ratios of each of these products to olefin against time 
of degradation for each of the polymer systems. Except in the case 
of poly(2- ethyl hexyl acrylate), the carbon dioxide/olefin ratio 

begins below 1 and converges to between 1.2 [poly(ethyl acrylate)J 
and 2.0 [poly(n-butyl acrylate)!. In poly(2-ethyl hexyl acrylate) 

degradation, the ratio begins above 1 and converges to 0.8. The 

alcohol/olefin ratio is similar in all four cases, beginning at 
about 0 and increasing rather slowly to about 2.3* The ratio of 

gram monomer units of short chain fragments to moles 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 aciylates), respectively.

4( ix) Summary
Chapter 4 gives a thorough analysis of the degradation products 

of four poly(primary acrylates) at 315°C. Olefin and alcohol are 

produced, presumably in separate ester decomposition reactions. 

Carbon dioxide production might be expected to occur concurrently 

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 polders, el though, as the size of the 

ester group increases, the rate of cross-linking appears to decrease. 
Chain scission occurs simultaneously 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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Table 2t..l

^eights of G-asen fro:i Poly(Ethyl Acrylate)

Run No* ST11E ST12E ST61E STo23 ST63E ST64E
Time
(hours) 1 2 4 8 13 30

° 
! 

O 
I

fO 
|

1.3 ~~5.r~ 8.4 12.3 12.8 15.4

^olefin 2.4 3.8 4-6 6.7 7.3 8.1

^total 3.7 8.9 13.0 19.0 20.1 23.3

%.C. 0.1 0.1 0.2 0.4 1.1 1.1

WI.P. 196.8 196.8 126.8 126.8 126.8 126.8

Table 4.2

heights of G-ases from Polyfn-Prouyl Acrylate)

Run No. ST31P ST32P ST83P ST33P ST81P ST84P ST34P
Time . (hours) 1 2 4 •6.5 10 16.5 30

11Ii1 
C\J

0k

4.0 4.8 T . 8 ' " 10.3 ‘- - - - - “23.4

^plefin 3.1 5.0 4*6 6.8 5.4 6.8 16.0

^total 7.1 9.8 8.4 16.7 15.7 17.8 39*4

WN.C. 0.1 0.1 0.1 1.7 0.3 0.6 1.3

*I.P. 203.2 203.2 113.6 203.2 113.6 113.6 227.2
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Table L.3

Calculation of *»eights of Gasss fro'1. Poly(n-Butyl Acrylate)

Run No. ST21B ST 2 23 ST173 ST 233 ST193 ST203 ST24B
Time 1 2 4 6.5 10 14 30
(hours)
Ptotal 4-39 '"9-72“ ""12.21 19.16" 26.51'"28.46"'39.40

PC02 1 -ii.8 6.51 6.5 0 9-82 18.22 19.06 31.20

olefin 2.55 5.26 7.74 10.24 14.93 17.10 15.35

C -P -C02 1.60 5.30 5.57 9.37 14.57 14-97 26.38
C.P.
olefin

2.78 4.43 6.64 9-78 11.94 13.43 12.98

PN.C. 0.02 0.00 0.04 0.07 0.12 0.17 0.19

1(,h* nco2 0.26 0.83 0.92 1.55 2.4L 2.^8 4.37
10^x
nolefin

1
O.46 0.73 1.10 1.62 1.98 2.22 2.15

104*
nN.C.

[0.05
i

0.00 0.09 0.16 0.23 0.39 0.2*4

CM
Ofc=° jl.l

I
3.9 4.0 6.8 10.6 10.9 19.2

^olefin ! 2.6i 4.1 6.2 9.1 11.1 12.4 12.0

^total ! 3-7 8.0 10.2 15.9 21.7 23.3 21.2

%.C. ! 0.1i 0.0 0.5 0.4 0.8 1.1 1.2

^I.P.
1
i200.0 200.0 200.0 200.0 200.0 200.0 200.0
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Table L . L

Weights of G-ases from ~Poly(2-Ethyl Hexvl -Acrylate)

Bun No. ST91H ST92H ST93H ST94H ST95H ST96H

Time 1 2 4 8 16 32(hours)
*C02 0.8 0.9 4.0 7.3 ' 9.2 " 8.4

WN.C. 0.2 0.3 0.0 1.0 3.2 3.9

*I.P. 435-0 393.0 450.0 393.5 453.5 400.0

In tables 4-1-4*4, P, C.P., n and W have the significance 
mentioned on page 6:L, and units of cm.Hg., cm.Hg., no units and 

mg, respectively.

The subscripts 'total*, *002', 'olefin*, 'N.C.' and 'I.P.* 
signify total gas, carbon dioxide, olefin, non-condensibles and 

initial polymer respectively.
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Tablos
Mass-Balance Tables for the Degradation of the Polymers at 315aC

Table L-5 Poly(Ethyl Acrylate)
Degradation i
Time (hours) 1 2 4 8 16 32

Weight of -
Initial
Polymer

100.0 100.0 100.0 100.0 100.0 100.0
Residue.

93.0 92.9 83*4 67*2 45.4 38.0

Insol. Res. 44 * 2 31*1 39.0 12.8 33.1 30.1

Sol. Res. 49*8 60.8 45.6 50.8 7.2 5.1
Short Chain 
Fragments

2.1 3*8 4-7 9.3 14.3 15.3
Distillable
Liquids

0.4 1.0 6.3 15.0 25.4 26.7

Alcohol 0.3 0.9 3.5 12.0 20.2 22.4

Monomer 0.00 0.02 0.18 0.19 0.26 0.32

Methacrylate 0.00i
0.02 0.05 0.08 0.11 ---

Remaining
Liquids

1
j 0.1
1

0.1 2.6 2.7 4*6 3.7
Total Cases 1 1#9 4*5 10.3 15.0 16.1 18.5

co2 I 0.7 2.6 6.6 9.7 10.2 12.1

Olefin ! x *2 1*9 3*6 5*3 5.9 6.4
Non-
Condensibles

1j 0.1 0.1 0.2 0.3 0.9 0.9

Sum of 
Products

1 98.5ii
101.3 106.1 103.2 97.0 96.6

Volatiles 1 4*5 9*4 21.5 39.6 56.7 61.4



Degradation 
Tine (hours)

Table

I
I i

d  4.6 Pol- 

2

•35-
t.

’(n-Propyl

4

Acrylate)

8 16 32-------------- i ------ — --------- ------- ---------- —  —
Weight of - 

Initial

i!
! 100.0 100.0 100.0 100.0 100.0 100.0Polymer

Residue
!
| 99*2 93*0 • 84*5 67*5 34*9 24.8

Insol* Res. I 31.7j 12*9 21.6 12.8 16.9 24.7
Sol.Res. i 66.3 73*7 58*9 56.5 20.0 0.0
Short Chain ■ 2*2 4*6 6.0 8*7 23*4 27.4
Fragments 
Distillable 0.5 6.2 4*3 14*1 22.2 29.2
Liquids
Alcohol ' 0.0 1.1 2.2 12.1 19*3 24.3
Monomer 0.00 0.00 0.02 0.08 0.18 0.23
Methacrylate 0.00 0.00 0.01 0.05 0.11 0.20

Remaining ; 0.5 5*1 2.6 1*9 2.6 4*5
Liquids 
Total G-ases 3*5i 4*8 7*4 11.7 15*7 17*3

C02 : 2.0
i

2*4 3*3 6*4 9*4 10.3
Olefin : i*5 •

C
M 4*1 4*6 5*9 7*0

Non- 0.0 0.0 0.1 0.6 0.5 0.6
Condenslbles 
Sum of : 104*2 102.2 98.8 104*4 98.7 99*2
Products 
Volatiles 6.2 15-6 18.3 35-1 61.8 74*5
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Table L.7 Pol 1 Aery!atel
Degradation 
Time (hours) 1 2 4 8 20 24 32
---------------- ------- ------- ---- — ------- ------- ------- -----
7/eight of - 
Initial 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Polymer
Residue 90.3 84.6 74.6 67.2 55.8 35*2 53.9
Insol. Res. 5.3 6.0 5.6 13.1 29.6 33*6 33*9
Sol. Res. 85-0 78.6 69.0 54*1 26.2 1.6 0.0

Short Chain 7*7 4*1 11.1 11*5 16.3 17-1 21.7
Fragments 
Distillable 0.4 2.2 10.6 9-8 19*8 28.7 29.6
Liquids
Alcohol 0.2 1.6 2.6 9.0 17.6 19*6 20.7

Monomer 0.00 0.04 0.08 0.10 0.16 0.20 --

Methacrylate 0.00 0.00 0.03 0.04 0.05 0.03 --

Remaining 0.2 0*6 7*9 0.7 2.0 8.9 8.4
Liquids 
Total Cases 1.8 4*0 ' 5*1 9*4 14*8 15*4 15*5

CO2 0.5 1*9 2.0 4*1 7*9 8.9 9.6

Olefin 1.3 2.0 3*1 5*1 6.1 6.1 6.0

N0n- 0.1 0.0 0.2 0.5 1.1 1.1 1-2
Condensibles 
Sum of Products 100.3 94*9 101 6 98.4 106.8 97*5 101.9
Volatiles ! 10.0 10.7 27*0 51*2 52.0 62.3 68.0
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TafrleJ^S Poly(2-■Hthyl HeT/l Acrylate)

Degradation 
Time (hours)

1
1!

2 4 8 16 32

Weight of - j

Initial 100.0 100.0 100.0 100.0 100.0 100.0
Polymer
Residue 84.0 78.1 69.4 57.2 41.1 15.8
Short Chain 14*7 19.7 23.8 27.3 36.2 57.6
Fragments
Alcohol 0.0 0.9 3.6 9*1 14.3 17,3

Olefin 0.0 0.0 ' 1.2 4*1 5.7 6.6

CVJ
oo 0.2 0.2 0.9 2.0 2.1

Non- 0.0 0.1 0.0 0.3 0.8 1.0
Condensihles 
Sum of 98.9 99*0 98.9 99*9 99*1 100.5
Products 
Volatiles 14-9 20.9 29.3 42.7 58.0 84*7
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T?bl2 3 lr-.9-L-.12
Gaseous Degradation Products as Holes/Gran Moncnsr Unit 

Table 4.9 Poly (5 thy I Acrylate)

Degradation 1 
Time (hours) !
CQo________

Ethylene.
Ethanol

2 4 | 8 15 j 16\ 30 32

0̂ 055.-. 0.150 -0.220 0.230 ' 0.275
0.045 lo.Q68 0_.123_ ;0.189_iQ.202.J.
0.007 !0.W0_^76_]p.26l_.| 10.439

0.228

Table 4.10 Poly(n~Propyl Acrylate)

Degradation 
Time (hours)c o 2„ - - - - - -
Propylene

1
L0_.P5_2
[o.oy,

n-Propanol iO.OOO

2
0.062

6.5
CK086 !0_.127_

10 | 16 
0v236.-0._251

30

0.487

32

0.068 L0.111 ,0.090
0.262_____
i ; :  j

0.021 0.042

 0_.130 0_.l63, '0.JL90.

JO.230 1 0.567 I ___’0.462

Table 4»11 PolyCn-3utyl Acrylate)

Degradation 
Time (hours) 
C0o

n-Butanol

1

Q..OI5
6.5 10 14 20 ! 24

0.055.; 0.._058_j0.033____ Q. 134Q-l6C____
lr_Butene________ 0.030 !0.046 ;0.071 |0«105____ 0.1280.142

0.003 0.028 0.045

32
rPi279.
0.137

0.156 0.3040-3390.362

Table 4.12 Polyf2-Sthyl Heryl Acrylate)

Degradation 
Time (hours)c o2

1
0-003

2
0.003

4
0.033

8
0.080

16

O.O84
32
0.088

2-Ethyl 0.000 0.000 0.020 0.067 0.094 0.108
1-Hexene. „ .

2-Ethyl
1-Hexanol

0.000 0.013 0.051 0.129 0.202 0.246
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Tablcs >̂ -2--17 
Liquid De rrrndabion Prodv.ot Analysis 

Table 4*14 Poly(Sthyi Acrylate’)

Sample Degrad- Begradj Aa
ation Time

(Hrs) 1

Ethanol ST401E 1 i 3*0I
j

Ethanol ST402E 2 jo.561
!

Monomer ST4022 2 i 3-2
j

Methacrylate ST402E 2
1
j20;7

Ethanol ST403E 4 ;0.5451
Monomer ST403E 4 |8.1
Methacrylate ST403E 4

j

|l9-9(
Ethanol ST404E 8 •0.761

Monomer ST4O4E 8 117-0
t

Methacrylate ST404E 8 jl3.8

Ethanol ST405S 16
j

j0.971

Monomer ST405S 16 : 22.4
i

Methacrylate ST405E 16 9.6
j

Ethanol ST406E 32 1.030i
Monomer ST4O6S 32 17.5

As Ws f *a %.P.

8.2 1.2 1.049 0.77 275.5
1.000 3.8 1.049 2.24 255.5
193 3.8 1.000 0.06 255.5
1930 3.8 1.000 0.04 255.5
1.000 16.5 1.049 9.42 265.6

274 16.5 1.000 0.49 265.6
2740 16.5 1.000 0.12 265.6
1.000 39-4 1.049 31.45 262.1

1330 39*4 1.000 0.50 262.1
2660 39.4 1.000 0.20 262.1
1.000 43-8 1.049 44.55 221.6
1690 43.8 1.000 0.58 221.6
1690 43.8 1.000 0.25 221.6
1.000 53.4 1.049 57.60 256.6

1140 33.4 1.000 0.82 256.6



-90-

Table 4*15 Poly(n-Propyl_/.crylats)
Sample De^radation Degr

Time

i1 
rri As Ws f WI .P.

(Hrs)_
n-Propanol S T U 1P 1 1

J
— — — 0.00 ----

n-Propanol ST412P 2 11.000I 6.67 8.2 0.9U 1.16 111.2
n-Propanol ST413P 4 ;1.000 1.379 5.2 0.9U 3.10 139.1
Monomer STU3? 4 4-3 854 5.2 1.000 0.04 139.1
Methacrylate STU.3P 4 '21.2i 8540 5.2 1.000 0.02 139.1
n-Propanol STifllfP 8 ,1.000 1.154 22.5 0.941 18.36 152.1

Monomer ST4J.4P 8 18.4 2360 22.5 1.000 0.18 152.1

Methacrylate STiflZiP 8 OO•0ro 5890 22.5 1.000 0.12 152.1
n-Propanol STU5P 16 1.000 1.017 30.1 0.941 27.87 144-7
Monomer ST415P 16 CO• 665 30.1 1.000 0-37 144.7
Methacrylate ST415P 16 ;23*7 3330 30.1 1.000 0.23 144-7
n-Propanol STUSP 32 1.000 1.035 42.9 0.9a 39.03 160.5
Monomer ST4I0P 32 17*5 1270 42.9 1.000 0.59 160.5

Methacrylate ST4I6P 32 31.2 2530 42.9 1.000 0.52 160.5
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Tablo A«lb ?oly(n-Bnty l Acrylate)

Sample De^rad at ion Desrad 
Tioe (hr 3)

-la f ^a wWI.P.

n-Butanol ST421B
" 1- 0.53 30.5 20.0 1.063 0.37 200.0

n-Butanol STZ*.22B 2 1.00 1.209 7.2 1.065 6.34 399.0

Monomer ST422B 2 16.7 812 7.2 1.000 0.15 399.0
n-Butanol ST423B 1.00 4.51 14.1 1.065 3.83 147.6

Monomer ST4233 4 13.6 1600 14.1 1.000 0.12 147.6
Methacrylate ST423B 4 8.0 3200 14.1 1.000 0.04 147.6

n-Butanol ST424B 8 1.000 0.936 33.0 1.065 39.81 444-7
Monomer ST424B 8 14.2 998 35.0 1.000 0.50 444.7
Methacrylate ST4243 8 19*4 4990 35.0 1.000 0.14 444*7
n-Butanol ST4253 20 1.000 1.077 26.3 1.065 26.02 147.6

Monomer ST425B 20 8.7 986 26.3 1.000 0.23 147.6
Methacrylate ST4233 20 31.2 9860 26.3 1.000 0.08 147.6

n-Butanol ST426B 24 0.768 1.000 43.6 0.8 66 29.02 147.6
Monomer ST426B 24 9.7 1430 43.6 1.000 0.30 147.6

Methacrylate ST426B 24 5.3 5700 43.6 1.000 0.04 147.6
n-Butanol ST427B 32 6.91 5.73 32.2 1.065 41-4 200.0
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Table 4.17 P 3i.y(2-sthyl Haxyl Acrylate)

Sample Begrad ation BegradTime
(hrs)

Aa As »/s f Wa Y;I.P.

Olefin ST9IH 1 ' 0.0 --- --- 0.797 0.00 435*0

Alcohol ST91H 1 0.0 --- --- 1*045 0.00 435*0
Olefin ST92H 2 78 47000 45*0 0.797 0.1 393*0
Alcohol ST92H 2 33.0 470.0 45*0 1.045 3*7 393*0
Olefin ST93H 4 17*2 417.5 161.8 0.797 5*3 450.0

Alcohol ST93H 4 40,2 417*5 161.8 1.045 16.3 450.0
Olefin ST94H 8 29.2 329*0 226.0 0.797 16.0 393*5
Alcohol ST94H 8 50.2 329*0 226.0 1.045 36.0 393-5
Olefin ST95H 16 34*7 193*0 180.0 0.797 25*8 453*5
Alcohol ST95H 16 66.6 193*0 180.0 1.045 65*0 453.5
Olefin ST96H 52 23*6 172.0 242.4 0.797 26.5 400.0

Alcohol ST96H 32 47*1 172.0 242.4 1.045 69*5 400.0

In tables 4*14 - 4*17, the symbols used are as follows: 

A& - Area of sample peak 

As - Area of solvent peak
Wg 7/eight (mg) of solvent added to liquids
f - Sensitivity factor

W& _ Weight (mg) of sample

WI.P. " Weight (mg) of initial polymer



Chanter 5 Degradation P.eactions of Polv(iso-°ro'oyl Acrylate) 

at 265°C

5li).... Introduction
In this chapter, the analysis of the degradation products of 

poly(iso-prooyl acrylate), by similar techniques to those used for 
the study of the poly(primary acrylates), is described. The products 

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 poly(primary acrylates). It was decided to study the 

thermal degradation of poly(iso-propyl acrylate) at 265°C. One 
series of degradation experiments was carried out at that temperature 

and all the degradation products from it were analysed and measured.

As in Chapter 4, tables of results are placed at the end of the 

chapter unless they are of immediate relevance to the text.
5(ii) Analysis of Haj or Caseous 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 quantitative infrared analysis of the gases was used to find 

the ratio of pressures of carbon dioxide and propylene. The weights 
of gases are shown in table 5*1- These are shown as weight



percentages of the initial polymer sample in table 5*2 and curves of 

weight percent against time of degradation are drawn in fig 5*1*

These results are shown also as molecules of gas evolved per monomer 
unit.in table 5*3* Fig 5*2 illustrates this table end fig 5*3 shows 

how the molar ratio of carbon dioxide to olefin varies with time of 

degradation. The carbon dioxide/olefin ratio begins at a low value 
and converges to 0.6 in the later stages of degradation.

There appears to be some autocatalysis in the olefin elimination 

reaction. However this effect is small in poly(iso-propyl acrylate) 
compared with the same effect in poly(t-butyl acrylate)^>53# ^he 

calculation of kinetic data is complicated 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 obtained for carbon dioxide production.

However, in this case, the reaction kinetics are complicated by the 

dependence of the reaction on the olefin elimination reaction and 

also by the competing anhydride forming re*ction[see 8(ii){, so that 
both the reaction order and the rate constant found below are only 

apoarent values and probably not true values.
For a reaction which obeys second-order kinetics,

Rate of reaction = -d[A]/dt = k[/L]̂  where A is a reagent and k is
the rate constant.
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If x represents the amount of reaction at time t and a, the amount 

of reaction at infinite degradation time, then the above equation can 
be written as follows:

Bats = dx/dt = k(a-x)2

J^dx/(a-x)2 = kdt

[l/(a-:t)]o = kt 
l/(a-x) - l/a = kt 

or l/(a-x) = kt + l/a 
A graph of l/(a-x) against t will give a straight line of gradient 

k. In the present case, a, the extent of reaction at infinite 

degradation time, v;as taken as 100 %  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 shoves second-order rate plots for propylene and carbon 

dioxide. For each gas, the points for ^ 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 elimination reaction are close
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to 2. Table 5*4 gives the second-order rate constants and initial

rates of production for the two gases calculated from fig 5*4*
Rates of evolution of gases are plotted against percent

volatilisation in fig 5*5* The initial rates of carbon dioxide and

propylene production are obtained by extrapolating the curve back
from the maximum. The values thus obtained for the initial rates are

also shown in table 5*4* They 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 obtaining initial rates is, strictly speaking, only valid 

for first order reactions.

Table 5*4

Kinetic Data for Foly(iso-Propyl Acrylate) Degradation

CO2 Propylene

Prom fig 5*4
Rate constant(g.m.u)(moles)"^(hour)"“̂  0.320 0.173
Initial rate(moles)(g.m.u)*'^(hour)“^ 0.115 0.173
Initial rate(wt %  of initial polymer)(hr)”1 4.44 6.56

Prom fig 5-5
Initial rate(wt %  of initial polymer)(hr)-1 4 .07 5*50
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Pig 5*5 shows that the initial rate of clefin production exceeds that 

of carbon dioxide, but that the rates converge in the later stages of 

degradation
5(iii) Minor Gaseous Products

A small amount of material not condensable at -19^°C is produced. 

Analysis by mass spectrometry gave similar results to those obtained 
for the non-condensibies from poly(n-propyl acrylate) and the main 

component 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-propyl acrylate) for 8 hours or more at 265°C. n-Propyl acetate 

was 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 columns mentioned in 2(xv)B. One peak 

Corresponds in retention time to iso-propanol and 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.
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T a b le  5 -5

height of iso-Pronanol from PoIy(iso-Propyl Acrylate) Degradation; 

Degradation 
Time (hours)

8
Ik
30

Aa Yf“s f ^a

0.095 1.000 2.6 1.00 0.25

0.107 1.000 3*0 1.00 0.32
0.118 1.000 2.2 1.00 0.26

The weights of liquids found are given in table 5*2. There 

remains a substantial amount of liquid not accounted for by G- L.C. 
analysis. Thera is no chain fragment fraction to affect the weight 
of liquid, and therefore this discrepancy is probably caused by the 

presence of water. No specific test for water was applied to this 

fraction.
5(v) Analysis of the “Residue

Table 5*2 gives weight percent of soluble and insoluble residue at 

various 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 

completely 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



Degradation Y/eight( %  Residue) No.Av. Molecular Weight x 10“
Time(hours)

0 100 650

1 69-5 1,140
2 21.2

Thereafter the residue becomes completely insoluble. Infrared 

and N.M.R. spectra show that the soluble residue after these short 

degradation times does not change significantly.

carried out on the insoluble residue. The results are shown in 

table 5*7*
The yields of carbon dioxide and 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:

This ignores any formation of anhydride by elimination of water

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

this estimate is also shown in table 5«7»

As with the poly(primary acrylates), an elemental analysis was

51*0 %  ethylene

33*1 Vo acrylic acid
15.9 % unreacted iso-propyl acrylate



Degradation 
Time (hours)

%  C

0 63*14 8.82 28.03
35.328 7.2/+

30(measured) 64.60

30(calculated) j 63*3
6.01
8.8 27*9

29.39

If carbon dioxide and propylene are evolved with a molar ratio

composition of the residue should change very little. Thus, after 30

hours degradation, v/hen 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 than 0.6 (see fig 5*3)

and the oxygen content after 8 hours degradation is correspondingly 

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.

throughout the degradation then the elemental
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5(vi) Summary

A thorough analysis of the products of degradation of poly(iso- 
-propyl acrylate) at 265°C shows that the main reaction occurring is 

an ester decomposition process which evolves propylene quantitatively 
and- up to about 60 %  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 behaviour 
of poly(priraary 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 6. 

The results are discussed in greater detail in Chapter 8 and Chapter 
7 includes a study of the low temperature degradation of poly 

(iso-propyl acrylate).
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Tab Xe. 5,1

height of G-.a3r.-s f r o :n_ ? o Iv (iso-Pr o ay I A.cyvl ate)

Bun No. ]] ST57I ST52I ST5SI ST59I ST55I ST60I

Degradation Time | 
(hours)

1 2 4 8 14 30

PTotal 5.80 7'17 18.72 43.0 55.7 62.1

pco2 |1
0.00 2.48 5.23 12.40 22.52 24.35

I
P01efin 2.96 5*93 14.78 25-35 36.18 40.33

c 'p ‘co2 0 00 2.12 4*89 14.45 21.37 23.39

C *P ‘Olefin 2.96 5.'05 13.82 29.54 34.33 38.72

P N.C.
0.01 0.01 0.02 0.03 0.04 0.06

lo4x nco2 0.00 0.33 0.81 2.39 3.54 3.88

lo'+x nOlefan 0.49 0.84 2.29 4.89 5.68 6.41

loSc n."n .c .
0.02 0.02 0.05 0.07 0.09 0.14

W
c°2

0.0 1.5 3.6 10.1 15.6 17.1

^Olefin 2.1 3*5 9-6 20.5 23.8 26.9
wTotal 2.1 5.0 13.2 30.6 39.4 44.O

wj*.c.
0.1 0.1 0 1 0.2 0.3 0.4

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 - 4*4*
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Mass-Balance Table for the Degradation of Poly(iso-Propyl Acrylate)

Degradation Time 
(hours)

at 265°G 

1 2 4 8 14 30

Weight of - j 

Initial Polymer j 100.0 100.0 100.0 100.0 100.0 100.0

Total Residue 96.2 93.7 87.3 71-5 59.2 47*7

Insol.Residue 29-3 75-1* 87-3 71*5 59.2 47-7
:'Sol.Residue 66.7 20.3 0.0 0.0 0.0 0.0

Distillable Liquids 0.0 0.0 0.0 1*4 1.6 1.6

Alcohol 0.0 0-0 0.0 0.3 0.3 0.3

Remaining Liquids 0 0 0 0 0.0 1.1 1*3 1-3

Total Gases 2.1 5.0 13.1 30.1 39*3 50.7

C°2 0.0 1.5 3-6 10.1 15.6 19-7

Olefin 2.1 3.5 9*5 20.4 23*7 31.0

Non-condensibles 0.1 0.1 0.1 0.2 0.3 0.4

Sum of Products 93.4 100.8 100.5 103.2 100.4 100.4

Volatiles
1
j 2.2 5-1 13-2 31.7 41.2 52.7
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Table 5*3

Gaseous Dagradation Products as Molecules/ 

Monomer Unit

Degradation Time 
(hours)
c o 2
Propylene

1 2 4 8 14

0.000 0.039 0.093 0.262 O.404
0.057 0.095 0.258 0.554 0.643

30

0.510

0.841
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Chaoter 6 • Infrarod St?ectral Studios on the Polymer Residues 

Introduction
As was shown in Chapters 4 &nd 5> a considerable proportion of 

the alkyl groups present in the initial polymer are lost either 

as olefin or alcohol during degradation. Table 6.1 chows the 

percentage of the initial monomer unit3 which lose alkyl groups 
after 50 hours degradation at 315°C (for the poly(prinary acrylates)) 

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

Table 6.1

Percentage of the Initial Alkyl Groups Lost after 30 Hours Degradation 
Polyacrylate ,Ethyl n-Propyl iso-Propyl n-Butyl 2-Ethyl Hexyl

I  -   - - •

%  Alkyl Groups ' 71.5 65.2 70.8 49*9 35*4
Lost |
%> Volatilisation 61.4 74*5 51*8 68.0 84*7

This means that the residue of poly(ethyl acrylate) after 30 

hours degradation must have few ester groups remaining 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 remarkable, therefore, that the infrared spectrum of poly(2-ethyl 
hexyl acrylate) residue after 30 hours degradation at 315°C shows 

so little change from the spectrum of the undegraded polymer 

(fig 4 .30). In the cases of the other three poly(primaiy acrylates),
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more narked changes v,vould "be expected since the alkyl groups cjtq 
lost at a faster rate. It is not possible, however, to find the 
infrared spectra of these polymers under similar conditions since 

they develops insolubility.
The experimental technique used to find the infrared spectra 

of the polymer residues is described in 2(xviii). The polymer in 

these studies is degrading between sodium 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 must be 

taken in coraoaring 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 cam 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
I

sodium chloride discs. Y/ater 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 vacuum and as described below (6( v)) appears 

to affect the infrared spectrum of the degraded polymer. The water 

can be detected in the spectra by a broad band around 3400 cm-1,
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and its presence may, in fact, help in interpreting the spectra.
6(j.i) The Infrared Spectra of the Residues from ?oly(n-3utvl Acrylate>

The infrared spectrum of a film of undegraded poly (ethyl acrylate)

"between sodium chloride discs is shown in fig 6.1. The spectrum 

covers the region 4000-625 cm"1 . ^he assignment of some 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 

solid phase compared with the much freer vibrations in solution.
Fig 6.2 compares the infrared spectrum in the region 1900-900 cm"1 

of undegraded poly(n-butvI acrylate) to the spectrum of the same 

sample degraded for 16 hours at 315°C. The main changes are the 

development of a clear shoulder on the carbonyl peak at 1760 cm"1, 
a general increase in absorption between 1650 cm"1 and 1550 cm"1, 

and the appearance of a new peak at 1563 cm"1 . There is a shift in 

the maximum peak height in the carbonyl region from 1730 cm*"1 to 

1720 cm"1 and in the C-0 stretch region from 1165 cm”1 to 1175 cm”1. 
Outwith the region 1900 cm"1 to 900 cm'*1, there is no significant 
change in peak shape and no new peaks appear. 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 carbonyl region changes with time of degradation. 

Table 6.2 shows the optical densities of the peaks at 2953 cm~~,

17o0 ora-1, 1730 on-1, 1563 ora"1 and 1170 ora-1 at different tiraes of

degradation.

Table 6.2

Optical Densities of Peaks in the Infrared Spectrum at Various Times

1170 
0.859
0.437
0.502
0.467
0.231 

0.133 
0.109

Fig 6.4 shows how the ratio of peak heights to the height of the 
carbonyl peak at 1730 cm“^ 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 cm“^ 
for a poly(ethyl acrylate) sample undegraded with the spectrum of the 

same sample degraded for 17 hours at 315°C. Outwith this region the

of Degradation for Polv(n-3utyl Acrylate)

Degradation 
Time (hours) 2953 1760

Peeks at (cm“^) 
1730 1563

6".. 0.853 '0.221 0.936 0.008

1 0.404 0.148 0.509 0.005
2 0.459 0.177 0.572 0.018

4 0.421 0.218 0.567 0.024
8 0.203 0.140 0.313 0.038

16 0.110 0.086 0 193 0.052

32 0.062 0.078 0.144 0.052
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principal change is in the C-H stretching frequencies between 3000 cm~~ 
and 2900 cm“-. The C-H peak for methyl groups at 2978 cnf^ 
decreases in size at a faster rate than the C-H peak for methylene

grouos at 2930 cm“l. This v.Tould be expected if the principal 
degradation reactions resulted in the removal of ethyl groups from 

the ester units. Thus all the methyl groups tend to be removed from 

the polymer and only the methylene and raethine groups on the polymer 

chain are left.

Fig 6.5 shows that at 1570 cm”-*- a much larger peak has developed 
in this poly(ethyl acrylate) sample than developed in the poly 

(n-butyl acrylate) sample. On the other hand, there is no clear 

shoulder at 17^0 cm~^ as appeared in the poly(n-butyl aciylate) 
sample. 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 acrylate) is the presence of a broad peak

at 3400 cm“^ 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 acrylate), the carbonyl peak shows a tendency to move 
to a lov/er frequency as degradation continues. In this case it 

moves from 1726 cm“^ to about 1705 cm*"̂ #
Table 6.3 shows the optical densities of the important peaks at 

various times of degradation.
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Table 6.J

Optical Densities of Peaks in the Infrared Spectrum at Various Tines 
of Degradation for Poly(Ethyl Acrylate)

Degradation Time (hours)
   ~o .

1 
2 

4 
8

17
32

Peaks at (cra“-M
2930 1726 1580 1158
0 497 '1.271 0.000 1*376

0-344 1 334 0.021 1.167
0.224 1.041. 0.060 0.713
0.161 0.701 0.124 .0.411

0.133 0.419 0.178 0.255
0.095 0.210 0.178 - 0.126

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 cn“ .̂
6(iv) The Infrared Spectra of the Residues from Poly(iso-Propyl 

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

generally similar to that of poly(ethyl acrylate) (fig 6.1). As 

with poly(ethyl acrylate), as degradation proceeds, there is a 

tendency for the peak at 2980 cm*"1, for C-H stretching in methyl 

groups, to fall at a faster rate than the peak at 2933 for

C-H stretching in methylene groups. Fig 6.8 compares spectra in 

the region 1900 cm"*! to 900 cm“^ for an undegraded sample and the
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same sample degraded for 30 hours at 2o5°C. Fig 6.9 shows how the 
carbonyl region changes with tine of degradation. As degradation 

proceeds a peak developes at 17&2 cm"1 ana a smaller one at 1810 cm”1 

In the later stages of degradation there is generally increased absor­

ption between 1650 cm”1 and 1550 era"1 and after 30 hours a new peak

can be seen at about 1575 cm"1 . The C-0 stretching region also 
changes considerably and a new peak developes at 1135 cm”1. After 

14 hours degradation there is a broad peak at 3400 era”1 suggesting 
that contamination of the sodium chloride by water has occurred.

The optical densities of the important peaks' are shown in table 6.4

Table 6.4
Optical Densities of Peeks in the Infrared Spectrum at Various Times 

of Dsgradation for Poly(iso-Propyl Acrylate)
Degradation Time (hours) 2938

Peaks1810 at (cm”1) I76O 1730 1575
0 0.338 0 . 0 0 0 0.100 I.32O 0.020

1 0.324 0.048 0.162 - - - - - - - - 0.013

1 2 0.299 0.054 0.217 --- 0.020

4 0.259 0.042 0.293 — . . 0.020

8 0.233 0.030 0 374 1.277 0.039

14 0-162
1

0.048 0.392 0.718 0.071

52
i

! 0107 0 066 0.366 0.350 0 126
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The C-H peak at 2933 cm decreases uniformly throughout the
degradation. The peak height of the 1810 cn“  ̂peak appears to vary
irregularly during the degradation. This may be because of its

position as a small shoulder of the carbonyl peak- The 17^0 cm"̂ -
increases throughout the degradation relative to the other peaks.

—1The 1730 cm“ peak remains at about the same intensity until the
later stages of degradation.when it decreases in intensity. There

is no shift in the absorption maximum of this peak, in contrast to

the carbonyl peak in the degradation of the poly(primary acrylates).
*1There is little absorption at 1575 cm~xuntil the polymer sample 

has degraded for 30 hours, when a peak appears here.
6(v) The Effect of Yfater on the Infrarod Spectra

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 chloride by water. In these spectra, 

absorption at 1570 cm"-*- 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 acrylate) and not present at all 

in poly (2-ethyl hexyl acrylate) when it is known (Chapter h) 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 degrading polymer nay produce the peak at 1370 cm”*-*-.

Water itself gives a broad peal: between 1750 and 1580 cnf*̂ - with 
a maximum intensity at I64O cm-1 • This peak is not the right 

shape and does not occur at the right frequency to account for the 

absorption at 1570 cm-1. Of the chemically feasible groups, the 
only ones which normally absorb at this frequency are enolisable 

£ -diketones, carboxylate ions and, possibly, but not very likely, 

conjugated carbon - carbon double bonds^. Cameron and Kane proposed 
a mechanism for elimination of methanol from poly(methyl acrylate) 

in which the end product was a ji-ketoester (fig 1.14)5.

.Enolisable ̂ -ketoesters absorb at 1650 cm“^, but when the enolic 
form is impossible, as in this case, they will absorb as isolated

ester and ketone groups around 1730 and 1710 cm"-*-, respectively. 

Conjugated carbon - carbon double bonds normally absorb between

1660 cm”-̂ and 1580 cm*"-*- and it is difficult to suggest any mechanism 
in which the presence of water would catalyse the formation of 
sequences of carbon - carbon double bonds along the polymer chain.

• 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 known^ that carboxylic acid groups are liable to some ion­
isation by the alkyl halide used as a support in the measurement 

of infrared spectra; a peak occurs between 1610 and 1540 cm“*̂
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associated with the carboxyl at 3 ion, along with the peak between

1720 cm“^ and 1700 cm”  ̂associated with the unionised acid.
Poly(i so-propyl acrylate) degradation may produce acid groups by 

elimination of olefin (see Chapter 8). The presence of acid groups 
in the degradation residue from the poly(primary acrylate) has not 

been proposed, however.. It may be that when T̂ ater contaminates 
the sodium chloride to form a strongly ionising medium, ester or 

anhydride linkages in the polymer residue may bs hydrolysed on 
heating and the resulting acid groups ionised.

To test this, a disc of polymerised propiolactone in potassium 
bromide 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 vacuum, the tube broken open and the infrared spectrum 

measured. A peak appears at 1570 cm“\  confirming that compounds 

of the ester type are liable to hydrolysis when heated in an
ionising medium in the presence of traces of water.• \
6(yj) Summary

On degradation of poly(primary acrylates), the principal change 
in the infrared spectrum is the appearance of a shoulder at 17&0 cm“  ̂

on the carbonyl peak. There is a general broadening of the spectrum 

in the carbonyl region and also in the C-0 stretching region. Some 

increase in absorption occurs in the carbon - carbon double bond 

region The carbonyl peak at 1750 cm“^ tends to move by about 

20 cm~^ towards lower frequency. A tendency to higher frequency
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is observed in the C-0 stretching region.

Poly( iso-propyl aciylate) shows a large shoulder at 1760 cm"*̂ - 
on the carbonyl peak and a smaller shoulder at 1810 cm~^. A new 

peak appears at 1135 cm“^.
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 liquid phase. The assignment of peaks cannot therefore be 

made with great precision in the spectra of the solid phase. All 
figures quoted in this chapter are accurate to ^ 5 cm“^.

\
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Chapter 7 Degradation Studies of the Polyacrylates at Lo?:9r 
Temperatures 

7(i) 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 acrylates) and 265°C in the case of poly 
(iso-propyl acrylate). These studies show that at these temperatures 

a complex series of reactions occurs. 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 ancl 3*5) 
show that volatilisation in the polyacrylates occurs mainly in one 

stage and that the different volatile products are produced 

concurrently. I-t was therefore thought to be unlikely that, in the 

study of the degradations at lov/sr temperatures, one volatilisation 
reaction v̂ ould be found unaccompanied by the other such reactions. 

Bather, it was anticipated that molecular weight changes might be 

observed and that a cross-linking or chain scission process might be 
studied unaccompanied by large-scale volatilisation reactions. It 

is useful, however, to measure such small amounts of volatilisation 

as do occur. Interesting correlations between evolution of volatile 
material and changes in molecular weight may be observed in this way^, 

As described in 4(vi)A, it is found that the polymers of ethyl 

and n-propyl acrylates used in the present work have molecular
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weights too high to all or; the polymer to filter completely through 

the filter paper used to separate sol and gel fractions- The present 

studies are therefore confined to poly(n~butyi acrylate), studied 

at 241°C, and poly(iso-propyl acrylate), studied at 195°C, where 
this complication does not arise.
7(ii) Measurement of Volatile s.

The McLeod 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-propyl acrylate) were carried out and the 

ge.3es analysed as described in 2(x.ix) and Appendix C. This gives 

the number of moles of non-condensible gases (njj#g #) in the larger 
system. The remaining volatile material is condensed into the 

smaller system and the number of moles (np.T.) found. The number 

of moles of condensible material (ng) is found by subtracting the 
number of moles of non-condensible gas in the smaller system (ng) 

from

\ ^  = HR.T. - nS
Tables 7 1  and 7.2 show the method of calculation of the number

of moles of gas from the two polymers at various times of degradation. 
These results are plotted as number of molecules of volatiles evolved 

per monomer unit in figs 7*1 &n& 7*2. Volatile evolution from 

poly(n-bu1yl acrylate) at 241*C seems to be at a uniform rate 
throughout this early stage of degradation. The non-condensible
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gases appear to increase in amount as degradation proceeds. Poly 

(iso-oropyl acrylate) seems to have a fast rate of volatile evolution 
initially, before settling dov;n to a uniform rate. In this case 
the non-condensible gases do not givo a consistant relationship with 

time of degradation.
7(ili) Nature of Volatile Products

The mass spectra of the volatile materials from a 32 hour degradat­

ion of a 400 ng sample of poly(n-butyl acrylate) at 241°C and from an 
8 hour degradation of a 100 mg 'sample of poly (iso-propyl acrylate) 

are shown in fig 7»3» Fig 7*3 also shows the mass spectrum of 

propylene^. Pig 3*2 gives mass spectra for carbon dioxide, 1-butene 
and n-butanol.

The mass spectrum of the degradation products from poly(n-butyl 

acrylate) corresponds closely to that of a mixture of carbon dioxide 
and 1-butene, with 1-butene present in rather greater amount than 

carbon dioxide. At the low pressure of gases inside the sealed tube, 

the vapour pressure of n-butanol would be expected to be significant. 
The base peak for n-butanol is at mass number 31f but the peak here 

(fig 7.3a) is very small. Hence, it can be concluded that there is 
very little n-butanol in the volatiles from poly(n-butyl acrylate) at 

2U°C.
The mass spectrum of the degradation products from poly(iso-propyl 

acrylate) corresponds to that of a mixture of carbon dioxide and
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propylene, with propylene in excess over carbon dioxide. This does 
not explain the large peak at mass number 23- It is probably caused 

by nitrogen from the air leaking into the mass-spectrometer. The 

total pressure of the volatiles in this degradation is very small 
and the mass-spectrometer 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-condensibles are irregular in the case of 

poly(iso-propyl acrylate). This is possibly because air, dissolved 
in the polymer, is released on heating. The small amounts of 
non-condensibles 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 

i In the degradations of poly(n-butyl acrylate) at 241°C, care was 

taken to ensure that any short chain fragments produced would be 
measured. A very small and irregular amount of material was found 

and is recorded in table 7*3* This indicates that very few short 
chain fragments are produced at this temperature.

Since poly(iso-propyl acrylate) produces very few short chain 

fragments when'degraded at 265°0, it was thought to be unlikely
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that any would be produced at 195°C &nd no attempt wa.s made to measure 

this material.
 Analysis of the Residue
The sol and gel portions of the residue were separated by the 

filtration technique described in 2(xvii) and 4(vi)A. Tables 7-3 
and 7.A give the percentage soluble and insoluble residues at various 
times of degradation and also the molecular weight of the soluble 

residue.
The percentage soluble and insoluble residue is shown graphically 

on figs 7«if and 7*5* In both cases, some insolubility developes 
early in the reaction, but this remains at a constant value of about 

25 %  in the case of poly(n-butyl acrylate) and 33 Vo in the case 

of poly(iso-propyl acpylate) for some time thereafter. Y/ith 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. 
Y7ith poly(n-butyl acrylate), on the other hand, the molecular weight 
of the soluble material falls slightly, in spite of the fact that the 
proportion of soluble material remains almost constant. This suggests- 

that some chain scission is occurring alongside the cross-linking 

reaction.

?(viV Summary
The thermal degradation of poly(n-butyl acrylate) at 241°C, apart
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from exhibiting very much slower volatilisation than the degradation 
at 315°C, also shows some differences.in the products. In particular, 

no n-butanol is detected and the cross-linking reaction sets in at 
an early stage, but then 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-propyl acrylate) appears to give the same volatile 
products at 195°C as at 263°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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Table 7-1

Calculation of Number of .'ole3 of Volatiles from Poly(n-Butvl AcrvlaJ
at 2U°C

Run No. | ST3013 ST3023 ST3033 ST3043 ST3053
Degradation Time (hours) ; 1 2 4 8 16
A. Non-Gondensiblos ! 
oc(cra) 33.113 37.626 37.600 37.637 37.418
(i (cm) 38 11,4 37.568 37.499 37.418 37-52,4
Y (cm) 35-501 33.826 33.886 33.076 32.320
x=et-y (cm) 2,. 612 3.800 3.714 4.561 5.098
(x-0.015)(cm) 2.597 3-785 3.699 4 * 54 6 5.083
V=(x-0-015)-A(cm)3 0.0633 0.0996 0.0973 0.1196 0.1337
p=t P~y 2.643 3.742 3.613 4.342 5.224
P .V.(cm) 3. (cn ,Hg) 0.1806 0.3726 0.3516 0.5193 0.69S6
106n1=10^?.V /R.T 0.0931 0.2024 0.1910 0.2821 0.3795
lO^ns^lO^n^xl.991 0.1953 0.4030 0.3803 0.5617 0.7556

10%r.c.=1°6nix2*566 | 0.2517
1

0.5194 0.4901 0.7239 0.9738

B. Condensibles 
(cm)

|
j
j 38.113 37.626 37.600 37.637 37.418

P (cm) ! 33.103i 37.671 37.674 37.737 37.353
y (cm) j 33.303 31.110 30.337 25.748 22.632«
x=oc-y (cm) | 4-810 6.516 7-263 11.889 14.736
(x-0.015)(cm) 4.795 6.501 7.248 11.874 14.721
V=(x-O.Ol5).A(cm)3 | 0.1262 0.1710 0.1907 0.3124 0.3373
P = P ~ Y  (cm.Kg) ! 4*800 6.561 7.337 11.989 14.671
P.V (cm)3(cnl,Hg) j O.6056 1.1222 1.3991 3.7454 5-6322
10^ = 10%  .v/r.t j 0.3290 0.6096 0.7600 2.0344 3-0865
10S ^ T =1°6nlxl’991 ! 0.6550 1.2137 1.9502 4.0505 6.1452
10 ng=10^(n^^-ng) 0 4597 0.8107 1.5699 3.4888 5.3896
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ri
Calculation of I

aola 7-2
'u r fo s r  of Holes of Volatilos

from Polv(iso-?ronvl Acrylate) ab 195°C
Run No• ; ST311I ST312I ST313I ST314I ST315I
Degradation Tims (hours) 
A.Non-Condonsibles

1 2 4 8 16

oC (cm) 37.895 38.114 38.120 38.122 38.070
£ (cm) 37.836 38.197 38.144 38.054 38.011
Y (cm) 37.230 35.379 34.703 34.617 37.495
x=oC-y (cm) 0.665 2.735 3.U2 3.505 0.575
(x-0.015)(cm) 0.650 2.720 3.397 3.490 0.5o0
V=(x-0.015)A.(cm)3 0.0171 0.0716 0.0894 0.0913 0.0147
P = £ - y  (cm.Hg) ' 0.606 2.818 3.436 3.337 0.516
P.V (cm)3(cm.Hg) 0.0104 0.2017 0.3071 0.3064 0.0076
lO^n-,=10^P.V/R.T 0.0056 0.1096 0.1663 O.I664 0.0041

- X
106ns=10SnlXl .991 0.0112 0.2182 0.3321 0.3313 0.0081

=1oA jx2.566
B. Condensables

0.0144 0.2812 0.4280 0.4270 0.0105

cC (cm) 37.893 33.114 33.120 38.122 38.070
P (cm) 38.253 38.218 38.269 38.261 38.136
Y (cm) 30.956 29.182 29.318 27.623 27.862V
x=oC-y (cm) 6.939 8.932 8.802 10-499 10.203
(x-0.015)(cm) 6.9% 8.917 8.737 IO.484 10-193
V=(x-0.015)-A(cm)5 0.1822 0.2346 0.2312 0.2758 0.2632
P = 0 - y  (cm.Hg) 7.297 9-036 8.951 10.638 10.274
P.V (cm)3(cm,Hg) ,1-3293 2.1199 2.0694 2.9343 2.7553
lO^slO^P.V/R.T 0-7221 1-1515 1.1241 1-5939 1.4966
10^ ^ = 10^ x 1.591 1 4577 2.2926 2.2331 3.1735 2.9797
l°̂ nC=l°̂ (nR.T-ns) I .4265 2.0744 1.9060 2.8422 2.9716
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Table 7_il
Mass Balance for the Degr? dation of PolyXn-Butyl Acrylate) at 2U°C

Run No. ST3013 ST3023 ST3033 ST3043 ST305B

Degradation Time (hours) 1 2 k 8 16

7/eight of -
Initial Polymer 100.0 100.0 100.0 100.0 100.0

Sol. Residue 92.3 83.2 69.1 78.7 79.0

Insol. Residue 7-6 15.8 30.6 21.1*. 20.2

Short Chain Fragments 0.2 1.0 0.3 0.0 0.8

10“3 x Mn Sol’. Residue 632 333 316 316 220

Table 7.4-

Mass Balance for the Degradation of Poly(iso-Prot>yl Acrylete) at 195*0

Run No ST311I ST312I ST313I ST314.I ST315I

Degradation Time (hours) 1 2 k 8 16

7/eight of -

Initial Polymer : 100.0 100.0 100.0 100.0 100.0

Sol. Residue 1 81*..0 63.7 71.5 64.3 72.5

Insol. Residue | 16.0
I

36.3 28.6 35.6 27-5

10“  ̂x Mn Sol. Residue 281 4.60 372 903 2,530
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C hap ter 8 G-e n -3 r al D 1 .?■ o u::1 o n
In this chapter, various reaction mechanisms introduced in earlier 

chapters are discussed# For convenience of reference, Appendix D 
gives a list of these mechanisms in the order in which they are 

mentioned in this chapter.
8(i) Overall Charactoristics of the Degradation Reactions

M a d o r s k y 1 ^  h a s  suggested that, since little monomer is formed,

the mechanisms of the degradation reactions occurring in poly(methyl
acrylate) do not involve free radicals. Cameron and K a n e 1 ’ 2 , 3  ̂ on

the other hand, proposed free-radical mechanisms 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 scission to give free-radicals at temperatures below kOO°C 
k?. ,84, except in especially favourable cire instances. But in a 

polymer environment and particularly where a radical stabilised by 

resonance or inductive effects can be formed, there is overwhelming 
evidence that free-radical mechanisms may operate below 300°C. 

Indeed,: at temperatures above 280°C, degradation mechanisms other 

than by radicals are rare. This applies to such widely different
s

polymers as p o ly e s te r s 1*'2 ’ ^ ,  polyethylene1 ,̂ and poly(tetrafluoro- 

e t h y l e n e ) 3 0 > 3 1 # Certainly, the variety of products from the 

degradation of poly(primaiy acrylates), polyesters or polyethylene,
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is -indicative of participation of radical mechanisms in their 

formation.-
The initial, step in the degradation of the poly(primary acrylates) 

is therefore likely to he the scission of a polymer molecule at a 
weak link to give two polymer radicals. At least some of these 
radicals would he of the type

-vwCHj I

and would therefore he unstable^*. Cameron and Kan^^,̂ ,̂  

suggested that the most likely bond to be attacked by these initial 

radicals would be that betv/een a tertiary hydrogen and a carbon atom. 

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

stable radical
•> W C v V  a a/ C WI II>C C II

0/ OR *0 OR
being formed.

Cameron and Kane proposed that all the major decomposition reactions 

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

support this theory in the case of other poly(primaiy acrylates) is 
provided by the T.V.A. thermograms (fig 3-4) and by the qualitative 

analysis of the products described in Chapter 3 of this thesis. It 

is difficult to explain how such a variety of products could be 
evolved in a one-stage process unless all the reactions have a 

common initiator, such as radical II.



Poly(iso -propyl acrylate) degrades at a rather lower temperature 

and in two stages The major degradation product is the olef5.n and, 
to this extent, the degradation is analogous to those of poly 
(t-butyl acrylate)^*53 pJ1̂  poly(t-butyl methacrylate)52# 2j-,e
mechanism proposed for ester decomposition in these last t?/o polymers 
is non-radical, of the molecular type (fig 1.10). However, in the 

case of poly(n-butyl methacrylate) degradation, G-rassie and KcCallun^- 

proposed a radical mechanism for the ester decomposition reaction 
(fig 1.9)# No direct evidence is presented in this thesis as to the 

exact nature of the mechanism.of the olefin elimination reaction, 
but this may well be an example of a reaction where the mechanism 

varies, being completely molecular at low temperatures in the absence 

of radicals, and completely radical at high temperatures and where 
radicals are available from accompanying reactions.

It is very often true that for an ionic reaction mechanism there 

ejxists a radical counterpart. It follows that chemical situations 

may arise where the mechanism is neither entirely ionic nor entirely 
radical in character, but partly both. The same arguement may be 

applied to molecular and radical mechanisms in polymers, the 

elimination of olefin from polyacrylates being a case in point.
Another example of this effect is given by the decarboxylation 

reaction. In small organic molecules in a polar medium, 
decarboxylation will generally occur by an ionic mechanism (fig 8.1) ^



But, in a polymer melt, at high temperatures, a much more likely 

route is hy radical decomposition (fig 8.2). Analogous reaction 
mechanisms have been proposed for snail molecules^.

9 9
■A/V C W  A A  C a / v

\  + (\y \  — > Q + m
H-— 0 0 *0 'o

H H• »
A / V  C v V S  -------->  aa Ova/ + COo1$ • *
♦o No

Fig 8.2 Decarboxylation by a Radical Mechanism 

8(11) 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 

with poly(t-butyl acrylate)*<->53 and poly( t-butyl methacrylate) 
quantitative yields of olefin are recovered and insolubility develops 

in the residue.
v

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.



Schaefgen and Sarasohn53 found a nolar ratio of iso-'butene to carbon 

aioxido of about 25:1 in the degradation products of poly (t-butyl 
acrylate). Poly(iso-propyl acrylate), however, evolves large yields 
of carbon dioxide. After 30 hours degradation at 265°C, the molar 

ratio of propylene to carbon-dioxide is 1.7 to 1 (see fig 5.3)j at 

this time of degradation 8^ %  of the alkyl groups have been
eliminated as olefin and 51 %  of the carboxyl groups, as carbon

dioxide (table 5*3). The T.G.A. thermogram (fig 3»5c) shows that the 

rate of weight loss slows after' 59 %  volatilisation. This
corresponds closely to lo3s of all the alkyl groups as olefin and

60 %  of the carboxyl groups as carbon dioxide. Yfater is also 

produced with a yield of about B.O mole percent after 30 hours 

degradation. The yield of water was not obtained direct3.y (see 5(iv))^ 
so this figure is only approximate.

Grant and Grassie^^ v.eir^ and Schaefgen end Sarasohn^ all 
observed autocatalytic behaviour in the elimination of olefin from

acrylate polymers with tertiary ester groups. They accounted for this
\

by the suggestion that the elimination of olefin was catalysed by 
neighbouring acid groups (fig 1-10). There appears to be similar 

behaviour in poly(iso-propyl acrylate) 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 acrylate) may therefore bo suggested as follow 
There are three principal routes.

In routes 1 and 2, the initial step will he the elimination of 

an olefin molecule by the cyclic mechanism shown in fig 1.4 or by 
the radical equivalent of this mechanism (fig 8.3)

_  0*9R# + /VVC vV
Ic

0/ OC3H7

A ^ C W
I

0^ XOC3H7 
+ RH

/ W C W S

S \

A V C W
*  c

HO7 N0*

A ^ C W A
I

V C \HO N0
c3h6

Fjg 8.3 Radical Mechanism for the Elimination of Olefin 

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.
Route 2 is the simultaneous elimination of olefin anc water to 

give an anhydride ring^ (fig 8.4)



Fig 8 •K Simultaneous Elimination of Propylene and Vtater to C-ive
Arthyd ride 5-rouosi[

Route 3 involves a radical mechanism and results in the simultaneous 

elimination of carbon dioxide and propylene, (fig 8 0 )

/vw C C a /v
I

A  A
1 1
c3h7 c3f i7

• >>CH, 1 -CH, ?/ w  C 0 a a /    v / C  * C  A A /
1 1 — —  n *3/\ A „ „ /V, A0 0 0 0  c 3»1 1 ,7 o r t o y  

Vh/ v c hC3 H7 C3 H7  CH2^GH3

/CH2 
- a a CH *CHa /v

“----> I * + C02 + CH2 -CH— CH3
0^Cn0C3H7

Fig 8.5 Simultaneous Elimination of Propylene and Carbon Dioxide
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All the so reactions seem chemically feasible. Route 3 ends with 

a raclical which would be rather unstable, but the same radical is 
formeC in all the proposed carbon dioxide producing reactions except 

one which involves a four nembered ring with an sp~ hybridised carbon 

atom (fig 8#6) and which would therefore not be sterically favoured.

'wvCH-CH2"vV'
o - c )1 h 

o

Rig 6*6 Four-Hombered Ring Elimination of Carbon Dioxide 

Once acid groups are formed by route 1, they may remain unreacted 

in the residue, decompose to give carbon dioxide (fig 0.2) or couple 

with other acid groups on the same molecule or another molecule to 
give anhydride groups (see fig 1.6). If coupling occurs between two 
separate polymer molecules, a cross-link is formed.

The orders of the olefin elimination and of the carbon dioxide 

elimination reactions are found to be close 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 (3ee fig 8.3)* Thus the rate of 

production of olefin will depend on the square of the concentration 

of monomer units.
In the carbon dioxide elimination reaction, the apparent second

~V'CH2-CH2>W  + C02
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order behaviour may he spuriously caused by the dependence of this 

reaction on the olefin elimination reaction. The true reaction order 

cannot be determined from the present data.

8(iii) The Residue from Poly(iso-Propyl Acrylate) Degreflations
The residue dissolves in alkali solution but not in organic 

solvents. Insolubility in organic solvents suggests either that 

cross-linking occurs or that the polymer becomes rigid because of the 

large number of intramolecular anhydride rings. Grant and G-rassie^- 
showed that poly(nethacrylic anhydride) with no cross-links is 

insoluble in all non-polar organic solvents, but soluble in polar 
solvents such as dimethyl formamide (D.M.F.). The residue from 
poly(iso-propyl acrylate) is insoluble in D.M.F. and it was therefore 

concluded that some cross-linking occurs through anhydride groups.
Poly(iso-propyl acrylate) loses olefin quantitatively, about 60 %  

of the theoretical yield of carbon dioxide and about 20 %  of the 
theoretical yield of water at 265°C (5(ii) and 5(iv)). After complete 
degradation at this temperature the residue should therefore contain

i

ethylenic, acrylic acid and aciylic anhydride units. The elemental 

analysis (5(v)) is in agreement with the composition found by taking ' 
into account the products of degradation. After 30 hours degradation, 

the monomer units are estimated to be made up as follows:



-1 3 4 -

16 %  unrcactod ico-propyl acrylate

16 %  l/2(acrylic anhydride)

17 %  acrylic acid

51 %  ethylene

Each acrylic anhydride unit is equivalent to 2 units of the other 

monomers# The infrared spectrum (fig 6.8) agrees well with this 

estimation. Grant and Grassio^ gave the infrared absorption of the 
carbonyl peaks in both poly(methacrylic anhydride) and degraded 
poly(metHacrylic acid) as 1730 cm"-*- and 1795 cm“^, whereas glutaric 
anhydride absorbs at 1756 cm“^ and 1802 cm“^. Schaefgen and Sarasohn 

give figures for the anhydride carbonyl absorption in degraded 

poly(t-Lutyl acrylate) as 1725 cm"*̂  and 1807 cn“^. The former 

figure (1725 cm~^) seems rather low when compared with normal anhydride 
carbonyl absorption (I84O-I8OO cm“^ and 1780-1740 cm“^ 83)• In the 

present work, absorption attributed to anhydride carbonyl groups 

is observed at 1782 cm**̂  and 1810 cm**̂  and a third peak, attributed 

to carbon-oxygen single bond stretching is observed at 1135 cm“^
(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 normally absorb in the region 1175 cm"^ to 

1045 cm~^ 83
The relative intensities of the carbonyl peaks remain to be 

considered. Grant and Grassie^ made a thorough investigation of
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the infrared absorotion of the two carbonyl peaks in several anhydride 
systems, both in snail organic molecules and in a polymer environment. 

They found that in ring systems the lower frequency absorption is 

the more intense, whereas, in acyclic anhydride structures the higher 
frequency absorption is the more intense. In degraded poly(iso~propyl 
acrylate) the lower frequency absorption is the more intense (figs 6.8 

and 6.9) and it is concluded that most of the anhydride groups are 
of the glutaric anhydride type, with a few open anhydride groups 

forming cross-links.
Acid groups normally absorb in the carbonyl region at 1725-1700 cit~^

83- The acrylic acid units remaining in the polymer would therefore 

cause part of the broadening towards lo7/er frequency observed in 

the carbonyl group at 1730 cm“^ at long times of degradation. The 

carboxyl ion peak at 1575 cm“^ (.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 to obtain films suitable for

ultraviolet or visible spectroscopy and no significant spectra 
were obtained for double bond absorption in this region. However, the 

coloration is thought to be due to a small amount of carbon-carbon 

double bond conjugation in the polymer chain. A possible mechanism 

for double bond formation would involve a polymer radical as shown 
in fig 8.7.



CĈ Ĉ Hy
+ RH

Fig 3.7 Possible Mechanism for Double Bond Formation in 

Poly( iscr-Prop.yl 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 involvement in the reaction 

mechanisms.
The surprisingly small hydrogen content of the residue after 

30 hours degradation (see table 5*7) is not in agreement with the 
products of degradation found (table 3»2). This discrepancy could 

be caused by:
1/ inaccuracy in the hydrogen analysis 

or 2/ non-detection of a degradation product. This is 

most likely to be molecular 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.&.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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stage is mostly non-condensible at -100°C. Small molecules are 
therefore evolved. Since the residue contains a large number of 

polyethylene units, it seems likely that low molecular weight chain 
fragments are also given off at this stage-^. This fraction ?rould 

mainly condense on the cold ring of the T.V.A. apparatus (fig 2.6) 

and would not be recorded on any of the Pirani Gauges.
8(iv) The Reactions in the Dogradation of the Poly(Primary Acrylates^

A. Production of Olefin and Carbon Dioxide

Cameron and Kane1*2*̂  suggested that the degradation reactions 
in poly(methyl acrylate) occur by mechanisms involving free radicals. 

Since the poly(primary acrylates) studied in the present work degrade 

at about the same temperature and give similar products, it is 
reasonable to suppose that the same reaction schemes may apply.

At low temperatures (7(iii)) and at early stages of degradation 

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. There appears to be negligible competition 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 no reason why any available radical should not 

be the initiator.
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Thcre appears to "be a connection between the number of -hydrogen 

atoms on the alkyl group and the production of olefin. Thus the 

yield of olefin from the four polyacrylates decreases in the order, 

ethylene > propylene = 1-butene > 2-ethyl l-hexene (tables 9-4*12) 

and the initial rate of production shows a corresponding trend 
(table if.13)* This would agree with a mechanism such as that shown 
in fig 8.5, where the extent of reaction depends on the availability 

of the p -hydrogen atoms.
In the infrared spectra of the residues from poly(2-ethyl hexyl 

acrylate), a small peak can be observed at 1810 cra“^ as well as the 

peak at 1760 cm-**'. There nay be some tendency for olefin elimination 
to occur unaccompanied by carbon dioxide production in this polymer.

The carboxyl radical formed may then attack neighbouring ester 
units to produce anhydride rings and eliminate an alkoxyl radical.
No other po!y(primary acrylate) gives evidence for anhydride formation* 

but this is presumably a minor reaction.

With the remaining poly(primary acrylates), carbon dioxide
\I

production exceeds that of olefin at long degradation times. The 

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

Fox and others^^ and later used by G-rassie and T o r r a n c e ^ *  V7 

Cameron and K a n e - * - to account for carbon dioxide production in 

degradation systems involving methyl acrylate units (figs 1.7 and 1.13). 

It -is a rather, unusual type of reaction, involving shift of an
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alkyl group, and it nay therefore be thought to become less likely 

as the size of the alkyl group increases. 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 the alkyl group close to the 

polymer radical and hence encourage reaction. In previous papers

evidence for .this reaction was provided by the existence of methyl 
methacrylate monomer amongst the degradation products. In the 
present work, no corresponding oc-substituted acrylate monomer 

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)s).

B. Production of Alcohol

Cameron and Xane-*-»3 have suggested four possible mechanisms for 
the production of a methoxyl radical from poly(methyl acrylate).

Two of these are given in figs 1.12 and 1.14* The other two involve
I

formation of a ketene-*-’  ̂ formation of a vinyl ketone-*-. The 

ketene forming reaction was discounted because absorption was not 

detected at 2160 cm"-*- in the infrared spectrum of the polymer 
residue. The carbonyl absorption of oc:£ unsaturated ketones occurs 

at 1695 - 1660 cm~^ ^3 and since only slight increase in absorption 
was observed in this region both in the present studies and those
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by Cameron and Kane, this can also be discounted as a major reaction. 

There remain the reactions s Ii o '.tti in figs 1 . 1 2  and l . l Z ^ .  The former 

produces a y :6 unsaturated 6 lactone ring system (intramolecular 

reaction) or an ester (intermolecular reaction) and the latter, a 
non-enolis&ble ^S-ketoester which can be in a 6-membered ring 
(intramolecular reaction) or acyclic (intermolecular reaction).

Although, at'first sight, it seems the less likely of the two 

reactions, that shown in fig 1.12 receives strong support from the 

infrared spectra of the degraded polymers. A shoulder develops in 

the spectra of poly(ethyl acrylate) (6(iii)), poly(n-butyl acrylate) 
(6(ii) and poly(2-ethyl hexyl acrylate) (A(vi)C) at 1760 cm-1, which 

is at a higher frequency than most carocr.yl absorption. In the 

absence of an accompanying peak between 1800 cm*"-*- and 1850 cm“^ 

(except for a small peak in the spectrum of degraded poly(2-ethyl 

hexyl acrylate) (see 8(iv)A)), the most likely cause is a lactone.
A f i : y unsaturated y lactone (ill) might be formed by radical 

coupling,

CHo
>s-cA/ŝ ‘

\ r

but this would absorb at rather higher frequency (1805 - 1735 cm~^ 83) 
The normal absorption for Slactones is 1750 - 1735 cm"^ 83 f hut,
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with y r 6 unsaturation in the ring, this would move to higher 

frequency, so that the absorption at 1760 en*”̂  agrees with the 

product shorm in fig 1.12. Carbon-carbon double bond absorption is 
normally much weaker than carbon;/! 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 

-carbon double bond region between 1630 cm“^ and 1620 cn~^ There
is a general increase in absorption in this region as degradation 
proceeds, but no clear peak can be distinguished. However, the 
carbonyl peak overlaps into this region at later stages of degradation 

and, therefore no firm conclusions about this structure can be 
drawn from consideration of carbon-carbon double bond absorption*

The other route for alcohol production suggested by Cameron and 

Kane (fig 1.14) yields a product 7/hich would absorb in the 6-nembered 

cyclic ketone region between 1720 cm”-** and 1700 era*"'*'. This is 
slightly lower 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 proceeds. 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 its ester groups (see 6(i)) at long times of degradation.
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In conclusion, it can "bo said that there is strong infrared 

evidence for lactone formation in the residues from poly(primary 

acrylate^' degradation, whilst the changes in the infrared spectrum 

agree well with, hut do not prove, the formation of ketonic groups.

These reactions both result in the production of alkoxyl radicals. 
Shaw and Trotman-Dickenson®? found that methoxyl radicals in the gas 
phase have a stability between that of a methyl radical and that of a 

chlorine aton. Therefore, the formation of these radicals in a 

degrading polymer system at 313°C is not an unreasonable suggestion. 

It has also been shovm®® that, in the gas phase, the alkoxyl radicals 
have stabilities in the order CH^O*> CH^CH^O’̂  Cr^CHgCHgCI^O*

>  • Thus the alcohol elimination reactions will be

less likely in the polymers of acrylates with fewer £ -hydrogen atoms 

and this will account for the decreasing yield of alcohol in the four 
poly(t»rimary acrylates) in the order : Ethyl> n-propyl > n-butyl

> 2-ethyl hexyl (tables 4*9 - 4*12).

McBay and T u c k e r ® ^  have shown that, in solution, at temperatures 
between 110 and 155°C, the alkoxyl radicals can react either by 
hydrogen abstraction (H.A.) from a solvent molecule to give alcohol 

or by disproportionation (D.P.) with another alkoxyl radical to give 

equal yields of alcohol and aldehyde. Rust, Suebold and Vaughan®®

studied the reaction of the alkoxyl radicals v/ith cyclohexene in the
gas phase at 193°C. They found that both H.A. and D.P. occurred and
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that, in the gas phase at _1330C, the ratio li.A./D.P. decreased in the 

order Cr^O' >  CHjCHgO- >  CI^GH^I^CHgO' >  (CH^gCECHgO* . In the 
present work, no aldehyde was recovered, but abstraction of a tertiary 

hydrogen atom from the acrylate polymer chain would, no doubt, occur 

much more readily than abstraction of a hydrogen atom from cyclohexene^ 
T/hich has no tertiary hydrogen atom’s.

One striking feature of the production of alcohol (see figs 4.16- 
4*13 and k»20) is that it appears to be autocatalytic in character. 

Cameron and Kane, on the other hand, make no mention of a similar 
effect in methanol production from poly(methyl acrylate). The 

G-.L.C. technique used to analyse the liquid degradation products in 
the present work appears to give rather low value3 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 1-hexene from poly(2-ethyl hexyl acrylate) (fig 4 .19)• 

However, it is thought that this effect is insufficient to explain 

the apparently autocatalytic nature of alcohol production. The 
mechanisms so far proposed for alcohol production are all initiated by 

the same polymer radical (il) as initiates other degradation reactions^ 

Since no other reaction is autocatalytic, it seems unlikely that the 

autocatalytic nature of the alcohol elimination reaction is brought 

about by the removal of alcohol molecules encouraging the formation 

of radical II. It is also difficult to suggest any other chemical way
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in which the products of the alcohol elimination reaction can 

encourage further alcohol proauction.

The answer may lie in the changes in the physical character of the 
polymer molecule brought about by alcohol elimination. Both reactions 

1.12 and 1.14 involve either formation of a ring (when they occur 

intramolecularly) or formation of a cross-link (when they occur 
interraolecularly).. These new structures will increase the rigidity 

of the polymer. A rigid system might be expected to encourage reacti­

ons involving 6-membered rings, such as those proposed for alcohol 

production (figs 1.12 and 1.14), carbon dioxide production alone 

(figs 1.7 and 1.13) aad intramolecular transfer (fig l.l), whilst 
discouraging reactions such as the simultaneous olefin and carbon 

dioxide eliminating reaction (fig 3.5)-which involves a 10-merabered 
ring. There does not appear 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 cross- 

-linking occurs, there have not been competing volatilisation 

processes which might be selectively influenced by the cross-linking.

In this respect the polyacrylates should be regarded as a novel 

system.



C . Production of Short Ghaln Prngoents and Chain Scission

The large amounts of short chain fragments produced and the rapid 
decrease in molecular -weight of poly(2-ethyl hexyl acrylate) are 

probably the result of a considerable degree of chain transfer 

(fig l.l). Cameron and Kano1,2 suggested that intramolecular transfer 
predominates in the degradation of poly(methyl acrylate) as this 

favours the formation of small chain fragments. They termed the 
process whereby a radical, moves along the polymer chain eliminating 
small polymer molecules Unbuttoning1 to compare it with the so-called 

‘unzipping* process which results in high monomer yields from poly 

(methyl methacrylate) (fig 1.2).
The main feature of interest in the unbuttoning reaction, as it 

occurs in the polymers studied in the present work, is that it 

increases in extent relative to the ester decomposition reactions 
as the size of the alkyl group increases. There are probably two 

reasons for this.

l/ Table 4'IS shows that the molecular weight of the short chain 
fragment fraction increases with the length of the alkyl group on the 

polymer. This would mean that higher molecular weight material 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 from



poly(octyl acrylate). As the length of the alkyl group increases, 

the polymer becones less polar and hence the attractive forces 

between neighbouring polymer chains, or between segments of the same 
chain, become smaller. Thus, v/ith the higher homologues, larger 

chain fragments can volatilise#

2/ Both the olefin elimination reaction (see 8(iv)A) and the alcohol 
elimination reactions (8(iv)3) become less likely as the availability 

of the p-hydrogen atoms in the ester group decreases. This effect 

will increase the short chain fragment/ester decomposition prod.uct 
ratio, as the number of p-hydrogen atoms on the ester group decreases.

Fig h .32 shows that for poly(2-ethyl hexyl acrylate) 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 presence of weak links in the polymer, although this 
effect is surprisingly large. .

For a polymer degrading only by random scission of polymer chain, 

Simha and Vfell^O have calculated that the rate of volatilisation 
against percent volatilisation curve should show a maximum rate at 
about 26 %  volatilisation. Thereafter the curve should follow a 

straight line to meet the percent volatilisation axis at 100 %  •

This curve is shown for poly(2-ethyl hexyl acrylate) in fig 4.28d. * It 

does not agree with the calculations of Simha and "Vail and it must 
be concluded that other volatilisation reactions are masking the
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chain scission process. The initial rate of volatilisation is fast 

and linear and this changes at about 30 *%> conversion to give a 
second approximately linear relationship. VtLth so many volatilisation 
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 corresponding curves for the other 
poly(primary acrylates) (fig 4*28a-c) before more extensive studies of 

the degradations are carried out. They may, however, represent the 
sum of three curves: one for weak link scission., one for random 

chain scission and one for the volatilisation of. ester decomposition 

products.
D.~ frhe Cross-Linking Reactions

Cross-linking occurs in at least three of the poly(primary acrylates) 

studied (4(vi)). Cameron and Kane^’̂  suggested that the cross-linking 
reactions might be radical coupling between polymer chains (fig l.ll)
01? intermolecular forms of the alcohol elimination reactions (figs

1-12 and 1 .14). ^he residue is insoluble in alkali solution which 

would be expected to cause hydrolysis of the ester formed in the . 
reaction shown in fig 1.12. It can therefore be said that one of the 

reactions shown in figs 1.11 and 1.14 must operate.

The development of insolubility in the residue has an induction 
period in poly(n-butyl acrylate) (figs 4*25 and 4*26) and in this
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respect parallels the production of n-butanol (fig 4*18)* It seems 

likely, therefore, that the alcohol elimination reactions are respon-' 

sible for most of the cross-linking. Hov/ever, since alcohol 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 elimination 
reactions appear to predominate and the intermolecular forms are 

comparatively minor in extent. A parallel reaction is that of 
anhydride formation in poly(methacrylie acid)^ which has been 
shown to be mostly intramolecular, but with sufficient intermolecular 
structures to cause insolubility.

Insolubility appears to develop faster in the lov/er hornologues 

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, polymer molecules are kept 
so far apart by the bulky ester groups that radicals on the polymer 

chain 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 

group. This might suggest that development 6f insolubility is a 

function only of the initial molecular weight of th8 undegraded 
polymer. However, insolubility was observed by Kanê - in the 

degradation of poly(methyl acrylate) of initial molecular weight as
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- O']low as 120,000. Also, for tune-'' has observed insolubility in 15:1 

n-butyl acrylate:methyl methacrylate copolymers of molecular weight 

7^,500: in this system, cross-linking is thought to occur by a 
similar mechanism to that in the polyaciylate system.

At lower degradation temperatures, there is no alcohol produced 

from degrading poly(n-butyl acrylate) (7(iii))* The degradation 
pattern at this temperature is very similar to that of poly(iso-propyl 
acrylate) at the same temperature (8(ii)). The volatiles consist 

largely of carbon dioxide and olefin and it seems likely that the 

insolubility which develops in poly(n-butyl acrylate) at this 
temperature is caused by anhydride formation. Unlike the insolubility 

in poly(iso-propyl acrylate) which is complete at 265°C after A hours 

degradation, that in poly(n-butyl acrylate) at 2Z,10G levels off at 

about 25 %  and the molecular weight of the remaining soluble 

material falls as degradation proceeds. This suggests that a chain 
scission process is competing with the cross-linking reaction in 

pply(n-butyl acrylate), but not in poly(iso-propyl acrylate).

At higher temperatures olefin and carbon dioxide elimination 
appears to be nearly simultaneous. Hence anhydride cross-links 
cannot fora in the poly(primary acrylates) at 315°C and insolubility 

develops more slowly and by a different route from that taken at 

241®G.
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5. -:5-Uor I)e gr \dabion 2 e r-ctions

The residues from polyCprimary acrylate) degradation become 

progressively more intensely coloured as degradation proceeds. 

Unfortunately, all the good solvents for the polymers absorb in the 
ultraviolet region and no significant spectra could be found in the 

visible region. It is presumed, however, that the colour develops 

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 l.l) and alcohol elimination (fig 1.12). Once one 
such bond is formed, it will tend to weaken the carbon-hydrogen 
bonds on carbon atoms in the 0C position and hence promote the form­

ation of a double bond between it and the carbon atom. Tlius 
conjugated sequences may be built up. These sequences do not appear 

to run to great length as there does not seem to be a bathychromic 

shift on degradation. Little hydrogen is observed in the degradation 

products at 315°C (see 4(iii)) and therefore it appears that 
spontaneous 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 (table 4*2l) and some doubt remains as to whether the amount

of hydrogen gas evolved from the degrading polymer is as low as the 
mass spectrum suggests (4(iii))*
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liquid degradation products cannot arise from the formation of 

methacrylate units in the polymer chain as has been suggested for

The bond ^ to the double bond is particularly vulnerable to scission.
Acrylate is found in rather greater amount than methacrylate. It 

probably arises from a small amount of depropagation (fig 1-2), 

although, of course, this reaction is very minor in polyacrylate 

degradation.
Another minor product identified in poly(primaiy 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)

methyl acrylate polymers^, it is more likely that it arises from 
reactions at chain ends (fig 8.8).

Fig 8.8 Formation of Methacrylate Radical

-vvCHv'v' /s a CHa a * a a /CHna/*
■>

+ CO

PifiL 8.9 Formation of Carbon Monoxide 

The carbonyl radical produced is very unstable^2 and will decompose 

immediately, generally to give carbon monoxide.
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8(v) Residue from the Poly (?ri'v^r/ Acrylates')

The infrared studies of the poly(primary acrylates) shovf that at 

long degradation tines, the principal change is the development of a 

peak at 1760 cm“^ (see 6(*ii) and fig 4.30). This has teen attributed 
to lactone formation (see 8(iv)3). The spectrum of poly(ethyl acrylate) 

at long degradation times, in the presence of traces of water, shows 

the development of a strong peal: at 1570 cm”**’. This has teen 
discussed and explained ty formation of the carboxyl ion following 

hydrolysis of ester-type groups (6(v)). Since little ethyl ester 

remains in the residue at long degradation tines (6(i)), it is 

thought that this peak arises largely from hydrolysis of the lactone 
rings produced on elimination of alcohol (fig 1*12). The small 

size of the shoulder at 1760 era”-*- in the spectrum of degraded 
poly(ethyl acrylate) supports this theory. There is, ho7/ever, still 

a considerable carbonyl peak, which has shifted in maximum absorption 

from 1730 cm“” to 1705 cm“^. This is in the region of ketone 
absorption and is evidence for the existence of the alternative 

alcohol elimination reaction (fig 1*14)*
The development of insolubility in the residue has already been

discussed (#(iv)D).
8(vi) Suggestions for Further Tfcrk

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

fair^ straightforward. There are, However, some unanswered problems;
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l/ the elimination of propylene and carbon dioxide may be 

simultaneous (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 process. There has been no direct evidence for 

free radical participation in the degradation of poly(iso-propyl 
acrylate) and studies of the degradation using a free radical trap 

such as diaminoanthroquinons may be useful in determining the extent 
of each of these reactions.
2/ An accurate method of measuring the small amounts 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 

Schaefgen and S a r a s o h n ^  the case of poly(t-butyl acrylate), in the 

present work it was estimated that some acid groups remain in the 
poly(iso-propyl acrylate) residues at long degradation times.
However, the amount of water produced from poly(iso-propyl acrylate) 

was not measured accurately and the relative amounts of acid and 

anhydride 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 poly(iso-propyl acrylate) with values for other poly­

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

the autocatalytic effect in olefin production will complicate



- 1 5 4 -

calculation of kinotic data*

The poly(primary acrylates) would repay a good deal of attention* 
There is good evidence that the proposed mechanisms for olefin, 

carbon dioxide and short chain fragment production are substantially 

correct* The lactone-?arming alcohol elimination reaction (fig 1*12) 
receives strong support from infrared studies (6(ii), 6(ii.i) and 

8(iv)B), but the existence of its ketone-forming counterpart (fig' 1*14) 
is still not definitely proven* The cross-linking reactions have 

also not been substantiated by experiment. The follo?/ing would 

seem to be the most fruitful areas for further research#

4/ A great deal of work is still to be carried out on the insolubility 

which develops in the polyacrylate3* Kane-*- studied the development 

of insolubility.in degrading poly(nethyl acrylate) and concluded 

that it depends primarily on the temperature of polymerisation* It 
has also been shown^ that in the degradation of n-butyl acrylate/ 
methyl methacrylate copolymers; insolubility depends on the initial 
molecular weight. It remains to be clarified how cross-linking 

can be related to such factors as initial molecular weight and 

molecular weight distrbution, polymerisation conditions, size of the 

ester group, temperature of degradation and evolution of alcohol 

from ester decomposition. The filtration method of separating sol 

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



open to objection in that it requires the polymer residues to be 

refluxed for long periods in a solvent, thus rendering them liable

to further breakdown. Studies of the extent of cross-linking by the

SY/elling method^ should also prove regarding.
5/ Degradation studies of the poly(primary acrylates) at temperatures 

other than 315°C .might usefully be pursued. For example, Chapter 7 
of this thesis contains a description of a brief investigation of 

the degradation of some polyacrylates at temperatures at Tfhich little 

volatilisation is occurring. Use of the McLeod Gauge in such studies 
enables the production of small amounts of volatiles to be invest­

igated and, hopefully, related to changes in molecular weight.
6/ Poly (2-ethyl hexyl acrylate) degradation is not complicated 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 aciylates) to be examined in greater detail.

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

(figs t .20 & 4.28d) 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 fragment fraction, or of the end groups of the 
molecules in this fraction.
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7/ V/ith very careful measurement of initial rates of volatile 

production, kinetic data and activation energies could be found 

and corresponding data from the various polymers compared.

8/ Careful choice of other acrylate polymers for comparative 

degradation studies might well be useful. For example, 2-hydroxy 

ethyl acrylate monomer is available commercially and a study of the 

degradation of its polymer should show interesting changes in the 

ester decomposition reactions.
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Ar>pondi^ A

Calibration of Constant Volume Manometer 

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

constant volume manometer. The constant volume is the volume 
enclosed by taps C and F and the mercury at level zero in limb L.

It was found as follows.
The cross-sectional area 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 limb L. The 

mercury level was found by means cf a cathetometer. A known weight of 

mercury v/as 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
1st Mercury level 
2nd Mercury level 

Difference
Weight of mercury added 
Density of mercury at room temp (25*0)

Hence, volume of mercury
Therefore, cross-sectional area of tubing = 2.405 cm*

pAverage cross-sectional area = 2.401 cm^

= 26.778 cm 30.084 cm
= 30.095 cm 31.147 cm

= 3.317 cm I.0b3 cm
= 107.96 g 34.49 g
= 13.5340gcm"^ 13.5340gcm'
= 7.9768 cm3 2.5482 cm^
=r 2.405 cm^ 2-397 cm2
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Y/ith the level of mercury down belov; tap 0, the apparatus was 

pumped out to high vacuum. Taps C and f were closed and the level 

of mercury allowed to rise into limbs L and R. A small amount of 
air was let into limb L and a plot of l/? against V obtained where 
P is the difference in heights of mercury in the two limbs and Vn 

is the volume of limb L above the zero nark occupied by mercury.

The volume occupied by gas is V - Vo where V is the constant volumeV S .  Q

By Boyle1s Law,

for a given mass of gas,
P(VQ - V ) = k where k is constant 

Vo - Va = k/P
Va = -fc/P + VQ

A plot of Va vs l/P should therefore be a straight line of gradient 
-k which intercepts the V& axis at VQ . Hence VQ can be found.

Three values for VQ v/ere obtained using different amounts of gas, 
and the average taken as follows:
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Trblr k.̂ 2
Mercury level in Prescure l/P Va

Liir/b B(c:n) Liab L(cs) P(cn.KS) (cn.Hj)-1 (cu3)
9*83 7.20 2.68 0.373 17.29

8.92 6.55 2.37 0.422 15.73

7.48 5.49 1.99 0.503 13.18
6.31 4.57 - 1.74 0.575 10.97
4-93 3.41 1.52 0.653 8.19
3.92 2.43 1.44 0.694 5.95
2.80 1*51 1.29 0.775 3.63

1*55 0.39 1.16 0.862 0.94

10.21 6.01 4.20 0.238 14.43
8.96 5.23 3.73 0.268 12.56
8.00 4.55 3.45 O .290 10.92

7.19 4.01 3.18 0.314 9.63
5-86 2.97 2.89 O .346 7.13
if.89 2.25 2.64 0.379 5.40
3.a 1.03 2.38 0.2̂ 20 2.47
2.23 0.00 2.23 0.448 0.00

10.29 5.34 4.95 0.202 12.82
8.52 4.28 4.24 0.236 10.28
7.51 3.58 3.93 0.265 8.60

6.69 3.00 3.69 0.271 7.20
5.90 2.42 3*48 0.287 5.81
5.31 1.98 3.33 0.303 4.75
3.90 0.90 3.00 0.333 2.16
2.85 0.00 2.85 0.351 0.00
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Fig A.l shows the plots for l/P against Va for these three sets of

values. The three intsrceuts on the V axis area
A B C

30.57 30.52 30.38

The average value of the volume for the constant volume nanometer 
is therefore taken as 30.5 cm^.

It was found, however, that too much gas was evolved from some 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 limb L. The value of 30.5 cm^ found above is referred to as the 

volume of the smaller system and the enlarged volume referred to as 

the larger system.
The volume of the larger system cannot be found in the same way 

as that of the smaller system because Va is very small in comparison. 

Instead, gas was let into the smaller system and its pressure found. 

The remainder of the larger system was pumped out to high vacuum.
Tap 3 was closed and the gas allowed to expand into the larger system. 

A new value for the pressure was obtained,

From Boyle*s Law *3^1 = ^2^2’ hence ^he volume of 
the larger system was found. The average of eleven readings shown in 

table A . 3 was taken.
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Tablo A.3

Pressure in 
smaller volume 

21.81 
27.28 
13*62 
14-67
16.36 
18.18 
19-45 
21.43 
22.03 
24.38
27.10

The average value for

Pressure in 
larger volume
 1.55

1.96
0.99
1.08
1.20
1.36
1.41
1.52
1.53 
1-73 
1.93

Volume of larger system 
Volume of smaller system 

14.07 
13.92 
13.76 
13-58 
13.63
13.37 
13.79
14.10 
13.94 
14.09
14:04

is 13.84Volume of larger system 
Volume of smaller system

Volume of larger system = 423 cm^
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Appendix B

Determination of Sensitivity Factors in G-.L.C.

The Microtek 2000R Research G-as Chromatograph 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 component 
being analysed- To check this, standard mixtures were made up of the 

liquid to be analysed and a suitable solvent. The liquids analysed 

and the solvents are given in 2(xv)B, as is the method of calculating 

the sensitivity factor (f).
f = (Wa x Ag)/(’i7g x A&), 

where 77a and YT are the weights of sample and solvent in the 
standard mixture and Aa and Ag are the areas of the peaks corres­
ponding to sample and solvent.

Commercial reagents were used in making up standard mixtures 

(except for 2-ethyl 1-hexene). 2-Ethyl 1-hexene was made by 

refluxing 2-ethyl 1-hexanol with 50 %  by weight of p-toluene 
sulphonic acid. 2-Ethyl 1-hexene distilled off at 119°C and was 

dried with calcium chloride.
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Tab 1 a B.3. 

Standard Wixturec

Mixture Polyacrylate Weight Weight Acetate Weight
Number Alcohol

(mg)
Olefin
(mg')

Solvent Solvent
(mg)

_
ethyl “ '23.7 ethyl 27.3

2 ethyl 47.6 ethyl 26.9
3 ethyl 23*5 • ethyl 53.3
4 n-propyl 2 4.6 n-propyl 26.6
5 n-propyl 48.5 • n-propyl 26.7
6 n-propyl 24.6 n-propyl 53.7
7 n-butyl 24.5 n-propyl 26.8
8 n-butyl 24*4 n-propyl 53*1
9 n-butyl 48.8 n-propyl 26.1

10 n-butyl 25.6 n-butyl 27*3
11 n-butvlV 49*5 n-butyl 26.3
12 n-butyl 24o n-butyl 53*7
13 2-ethyl hexyl 29.8 31-5 ethyl

benzoate 30.7
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Table J3.2
Calculation of •Sensitivity Factors

•̂ a _ As ^Q/'7aa s f

Ethanol/Ethyl Acetate

26.̂ 33.2 0.868 1.091

33*2 37.0 0.868 0.963

29.6 37.4 0.868 • 1.097
35.2 47.6 0.868 1.176

31.0 37.2 0.868 1.041

45 *4 27.6 1.770 1.077
31.2 19.2 1.770 1-090

79*2 44*0 1-770 0.933

26.8 17.0 1.770 1.123

24.0 56.4 0.437 1.026

52.4 74.8 0.437 1.010

34.4 76.8 0.437 0.976

40*0 83.2 0.437 0.910

14.3 37.3 .0.437 1.117

Av. Sens* Factor for ethanol vs ethyl acetate = 1*049



,3.63*"

Table B.2 Cont.

Aa As V ^ s f
n-Prop?mol/n-Propyl Acetate

18.8 19.6 0.923 0.9U
18.8 19-4 0.925 0.954
13*6 14*0 0.925 0.953
18.6 ■9*6 1.818 0.938
20.6 10.6 1.818 0.935

34 »4 17.2 1.818 0.909

7.95 15.7 0.458 0.905

3.75 8.1 0.453 0.989

10.9 22.0 0.458 0.924

Ay. Sens. Factor for n-propanol vs n-propyl acetate = 0.941
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Table_8.2 Cent.

K _______ ■̂ s i'ra/"s f
n-Butanol/n--Frooyl Acetata

20.9 24-4 0.914 1.167
29.0 28.4 0.914 0.896
29.6 25.1 0.914 0.713
22.3 46.8 O.46O 0.943
33.5 63.2 O.46O 0.754
8.9 14.2 O.46O O.733

36.5 16.0 I .869 0.820

13.9 9.4 I.869 0.930

30.5 13.6 1.869 0.834

Av. Sens. Factor for n-butanol vs n-prooyl acetate = 0.866



Table 2 Cont.

Aa As V/a/v's f
n-Butanol/n-B’atyl Acetate

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 1.832 1.114

13*8 7-3 1.882 O.996
20.6 10.9 1.882 0.996
4.6 10.6 0.456 1.051

8.8 18.2 0.456 0.943

13.8 46.0 0.456 1.328

Ay. Sens. Factor for n-butanol vs n-butyl acetate = 1.065

2-Ethvl 1-Hexene/Ethyl 3enzoate

56.1 45.0 0.972 0.780
57.0 47.0 0.972 0.801

56.4 47.0 0.972 0.811

Ay. Sens* Factor for 2-ethyl 1-hexene vs ethyl benzoate = 0*797
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Table S.2 Cent.

Aa As V ’-?s f
2-Ethyl 1-Hexanol/Ethyl Benzoate

44*6 45*0 1.027 1»033

46.7 47*0 1.027 1.031
45*0 47*0 1.027 1.070

Ay. Sens. Factor for 2-ethyl I-hexanol vs ethyl benzoate = 1.045
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Appendix 0 

McLeod Gauge Calibration 

The McLeod Gauge system used in the low temperature degradation 

studies is shown in fig 2.16. Fig C.l shows the capillary section 
on a larger scale.

The capillary was made of Veridia Precision Bore tubing. The 

internal diameter v/as measured by means of a cathetometer before 
the McLeod Gauge was assembled. * It was found to be 0 . 1 8 3  e r a .

The volume of the bulb plus capillary (the volume of the McLeod 

G-auge, V ) was found by weighing this portion of the gauge empty and 

then full of distilled water to level H-I (fig 2.16). The 

temperature of the water was taken and from its weight and density 

the volume of the McLeod G-auge was found to be 134*8 crâ .
Each time the pressure of a gaseous sample was measured, three 

readings were taken: 
oC- the height of the top of the closed limb
fi - the level of the top of the mercury meniscus in the open limb 

and
y - the height of the top of the mercury meniscus 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 = oC - y

Two corrections have to be made as follows: 

l/ The top of the closed limb is taken to be hemispherical, not
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cylindrical. It therefore has a volume of 2/3. instead of 
where r is the radius of the capillary tubing. l/3.^r^ is therefore 
subtracted from x to find the volume of the gas.

2/ The mercury meniscus is taken as being a segment of a sphere, 

the height, c, of the meniscus vras measured. The meniscus occupies

a volume 2/3.7;r^c, and a correction factor of l/j>.nr̂c must be added 
to the volume of the gas in the closed limb.

This, therefore, is taken as

V = ttr2x - l/3 + l/3#7ir2c

= *r2(x _ r/3 + c/3)
=  w 2 [ i  -  ( 0 . 0 9 1 5  -  O.OJv53)/3j 

s nr2 ^x - 0.015) cm^
The pressure, P, is given by y = £ -y (fig C.l)
The initial volume occupied by the non-condensible gases (the 

‘larger system*) (V^) is bounded by the sealed tube, the trap C, 
taps A and B and the bulb and capillary of the McLeod Gauge-(fig 2.16), 
The initial volume occupied by the condensible gases (the 'smaller 

system') (Vg) is bounded by trap C, taps A, E and B and the bulb and 
capillary of the McLeod Gauge. To find these volumes a smell amount 

of air was allowed to enter the system through tap A. The pressure 

exerted by the air 7/as found using the McLeod Gauge. 7/ith the mercury

level still inside the bulb of the gauge, tap 3 was opened to pump 
out the 'dead space' to high vacuum. This tap was closed and the
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air in the bulb and capillary v/as allowed to exoand to fill the 

volume to be measured. This process v:a.s repeated three times and 
three values for the ratio 

Volume of McLeod Gauge + dead space
= V-./V or V9/V Volume of McLeod Gauge -*■ 2

were found as shown below. Hence V2 and V^ were found.
c is defined as c- = PV/AT = kn where n is the number of moles of gas,

k is a constant,

T is temperature in °A,

and A is the cross-sectional area of
the capillary.

Initially nQ moles of gas are compressed into the McLeod Gauge 
and Cg measured. This gas is then allowed to expand into the volume 

V . 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

is measured to find c^. is proportional to the volume of the 
gauge, V, in the same ratio as the original number of moles, nQ,

is proportional to the total volume, V^
. , Volume of gauge + dead space

" A  = v c! = — -----------------------Volume of gauge 
For the larger system, V^

the following table may be dravra up.
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T'ibl! C.l
1 Oc A Y  1

'eno >>0.015 y
(cm) (cm) (cm) :°c) (cm) (era) cm^deg

r38.081 33.409 22.841 22.8 15.225 15.563 0.8008 .

1 33.033 ..37.990 22.657 22.8 15.411 15*333 0.7983 •0.7993

JS.087 33.155 22.733 22.8 15.334 15.417 0.7939.
”38.085 37.634 23.241 22.4 9-829 9.443 0.3140'
< 38.083 '38.032 23.491 22.2 9-552 9.591 0.3111 0.3124

38.087 38.053 28.462 '22.0 9.610 9.591 0.3122,

"38.099 38.067 32.068 21.6 6.016 5.999 0.1224'

- 38.096 38.045 32.070 21.7 6.011 5.975 0.1218 •0.1219

,33.097 33.031 32.070 21.5 6.012 5.961 0.12l6j

[38.098 37.800 34.177 21.2 3.906 3.623 0.0481"
<38.100 38.218 34-439 20.9 3.646 3*779 0.0468 ►0.0473
(38.093 38.396 34*515 20.6 3.568 3.881 0.0471

Cj/c = 0.7993/0.3124 = 2,559
c^/c = 0.3124/0.1219 = 2.563

and c2/c 3 = 0.1219/0.0473 = 2.577
The average value is 2.566
Volume of larger system , V^ = 2.566 x 134*3

= 346 cm^
Volume of dead suace = 211 cm^
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r the smailer s.7 3 ten ('y
Table C .2

pansion cc Y Tempfx-0.01§) (2c-0.015)y/T
(cm) (cm) (cm) (°c)

_ (cm) (cm2 C*-1
[33.921 33.902 25.917 22.7 12.939 0.5700'

0 |38.906 38.790 23.329 22.6 13.062 0.5723 0.5719
(33.910 33.890 25.868 22.7 13.027 0.5733, •

(38*927 33.919 29.667 23.2 9.245 0.2386''1
1 38.903 38.946 29.703 23.6 9-180 0.2857, 0.2874

(38.917 38.824 29.613 23.9 9.289 0.2880J

r38.917 38.9A1 32.376 24.0 6.526 0.1442^

2 38.922 33.883 32.275 24.9 6.632 0.1465 k O.I465
t38.930 38.935 32.274 24.I 6.6a 0.1483^
r3S.906 33.900 34*258 24.O 4.633 O.0724'

3 38.922 33.930 34.277 24.0 4.630 0.0725 0.0725

38.929 38.681 34.146 24.2 4-763 0.0727

c</° = 0.5719/0.2874 =1.990
c/ 0 = 0.2374/0.1465 = 1.962

and Cg/c^ = 0.1465/0.0725 = 2*021
The- average value is 1.991

Volume of smaller system, = 1*991 x 134*8 cm^
= 268.4 cn^

Volume of dead space = 133*6 cn^



Yfasn a sample is being measured three readings,eC, ^ and y  

(see fig C.l) are tahen. The volume of the gas in the capillary

V = (oC- y  - 0*015) .A c
= 0.0263(a- y  - 0.015)cm5 

The pressure of the gas, P = cm
P.V. = 0*0263( f> - Y  )(<* - Y  - 0.015)(cm.Hg) (cm5)

The number of moles of gas in the capillary is calculated as 

n = P.V/P..T = 1.430 X 10“8( £  - ^  ) ( < K - y  - 0.015)

Therefore the number of moles of gas evolved from the degradation 

is x 1.991 or x 2.566 depending on whether the gas is
enclosed in the smaller or larger system.
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Appendix 7)

Proposed Pa action Mechanisms in Polyacrylnte Degradation 

In Chapter 8, the reaction mechanisms shown belov; have been put 
forward to account for the degradation products evolved fron the 

polyacrylates. In this appendix, they are collated in the order 
in which they are mentioned in Chapter 8. Under the heading 

'reference' are noted some relevant papers in which the same, or 

a similar reaction scheme has been discussed.

Reference

Fig 1.10 Molecular Hechanisa for the Elimination of 52

Olefin

  ...CHfc
/ W  CH A/v <WCH ^ C H / v V

i i — > I iC V V M ^ C  c ,

z O' £ o Ho' no HO' "o
J  \  +  - /H— — C ~ — .C=sC,

W  I
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Refer-;noe
Fig 1»9 Radio.ai_ chonism .f or ̂ tho.J-n.ji")?.rA;biprtmj)£

Olefin
H
1

a a / CH*— — C*
1
COzR

<37 =2 * W  CH:
H
I
c
I!

A0' o
p  •

/ ^

51

HI
-> ' W C H * — C

IIA•O OH

H 
I* - W  CH C*

0^ n oh

/ C = : C N

ElsJ. .2 Radical Mechanism for Decarboxylation of 

an Acid G-roup

86

H H
I IW  C A/V  > W C W \

R‘~\ + I I + RH
H - V S )  - 0 ^ 0

? ?\*S caaa — > V v  c w s  + coz
p
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Reference

Pig 1.10, Sae abOV3.
Fig l.li. Spontaneous Fli^in^.tlon of Olefin, 36,37,38

A A /  CD  W  A A / C H W

0 ^ 0

H < > c x

*  h c A o

Fig 8.3 Radio?! Mechanism for Eliiaination of 

Olefin Alone

A A / C ^ WR +  I
£

0* O R

-> A A /  C A A /

0 ^ C n 0 R

/ V V  C ' W

»0 /  >0 
c l /

h n ^ c  
/  \

-> • w  c - w
I!
c

HO 0*

w c w

H 0 /  ^ 0

I
c -
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Pig 1.10, so a f.jovo. Reference

Fig 8*h S ieral ten 3 ou s 7i3.iiiin niton of Ol efin a no Vie ter 51

A A /C H  vc a w  — > A A / CM NCH A V  1

I 1^.0 I I +

0 ^  A  V / ' 0 - H  c /  ^  A  1

Fig 8.5 Simu.1 tr.noous Elimination of Olefin and CO2

H TM H Ci I 
AaA*C s C W

R ,v +  I I

o \
I

A r t0 0 
I

.ch. H
. I

A A A C
I

^ C A A /
I + RH

A 0 0A

w c r
Ic

0 0
1R

t w

+ - ^ c '

+ CO.

?
V v  C  ^ C / W

PII
o/ C V )  0A 0
1 t
* X A / <  

/ \



‘"CM 'SC H W
A V C M ,  y M z

'c

Ic c

A /V C H a /C H . 
’  VCH

0

X N ' W
i I 

^ c \ 0 / % 0

HiO

Fig 8.5, see above.

8(iiO
Fig 8*7 Mechanism for Double Bond Formation

CO

X CH.
< W  CH ^ C H v V S

COt R
+ RH

8(i\0 A
Figs 8.5 and 1.10, see above 

UzJL-UL. Elimination of COo Along 3,47,48

C0,R
^ W C H ,  /CHj |

> H  C A /V
C| t?

/s/s/
‘CH-

coar  

: w
+  C<
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Reference

Fig 1*12 Blinination of Alcohol; & -lactone Forced 1,3

W C H  ''C/W  A/s/CH S C A A /
I II  >  I II +  ’ OR

0  d y ° ' c " op' o ^ C x o / C x o r

Fig 1.1k Elimination of Alcohol: Ketono Formed 1,3

o  a  o
r o 2c  |j l o r  r o , c  ||

I c I c
A A / C \ /  " ^ C H A V  W C 7  S C H W

CHj, CHt
CH

+  ‘ OR

I
C 0*R  COjR

Figs 1.13 and 8.3, see above.
Fig 1.1, see below.
8(iv)C
Fig 1.1 Intramolecular Transfer —   *— . 2,18

A A /  c h * -C H ^ -C h£ |  (-CHr C H -)^-C H z- C ‘

c o 2r  co2r  c o * r  cozr

H
' - X r u-,A A / C H j - C *  +  CH2= C  CH2— CH* ETC,

C0,R C0aR C04R C02R



" w e — ch.,— c  — >  - w c  +  a u - c  etc.
I I 1 |
CO*R C04R COjR CQ jR

8(lv^D
Fig 1.11 Cross-linking by Radical Coupling 1,3

CO,'R ■ CO,f(
I • I “

A A / C H j - C — -CH2A A /  V v C H j - C — CH, V V
^  ’  -> A A  CH2— C —  CHg A V  

C o4RA / V C H S- C —  C H 2 W  

C02R
Figs 1.12 and 1.1k, seo above.

8(iv^E
Figs 1.1 and 1.12, see above.
Fig 8.8 Formation of Methacrylate 1,3" HtA/VCH2-CH— CH?— C=CHj — > AA'CHj-C‘ + *CH2-C=CHa 

CO*R COjR COaR co2r
Fig 1.2, see above.

Fig 8.9 Formation of Carbon Monoxide 92

A A / C H A A /  v A A C H A V  A A / C H  A V
I  >  *0R +  I - — ?> * +  C O

✓ S k

SfcQ

Figs 1.12 and 1.1k, see above.
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