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PREFACE

Research on the durability of polymeric materials is of growing
significance in view of the increasing impertance of these synthetic
products in our national economy., A knowledge of the mechanisms by
which polymers decompose is needed to facilitate accurate prediction
of their expected service life, to inhibit degradation more effect-
ively, and to devise better techniques of rapid testing,

Since the beginning of the present century, polymer degradation
reactions induced by a variety of agencies have been investigated.
Those of industrial interest are usually induced by a combination
of several factors, and although heat, light, and exidation are known
to be the mcst important of these, it is often difficult to unravel
the various causes and effects, In the fabrication of commercial
materials, for example, high temperatures are encountered in such
processes as rolling, moulding, and extruding, during which thermal
" and oxidative reactions occur simultaneously,

In the research laboratory, such composite reactions can be
conveniently broken down into their individual components, and a
separate study made of the degradative effects of each,

Of the influences which can induce the degradatien of polymers,
heat is by far the most widely encountered. Pyrolysis has been
described1 as "the transformation of a compound into another substance
or into other substances through the agency of heat alone", The
mechanisms of pyrolysis of several linear addition polymers, derived

from vinyl-type moncmers, have been elucidated by direct measurement
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of the changes in molecular weight and rate of evolution. of
volatile produsts that occur during the degradation of each
polymer, High yields of the original monomer are sometimes obtained
from such polymers on pyrolysis,

Since many cammercially impertant polymers are polyesters,
much interest has been centred, in these laboratories, on problems
of deterioration and thermal instability associated with this
class »>f compounds, With linear polyesters, pyrolytic regeneration
of the original monomeric components cannot, of course, cccur, since
a molecule of water is eliminated from the system for every ester
linkage formed duriag polycondensation, The wide variety of products
in the pyrolysate from a given polyester are often too complex for
accurate analysis, To overcome this difficulty it has become usual
to synthesisz and pyrolyse model compounds which bear a close struct-
ural resemblance to simple segments of the polyester chain,
Subsequent analysis of the products thus obtained usually provides
information which can be applied to elvcidate the pyrolytic breakdcwm
mechanism(s) of the pelyester itself,

Studies of the pyrolysis of relatively simple esters have not
only provided informatien invaluable in the elucidation of polyester
breakdown mechan:isms, but have in addition furnished the preparative
organic chemist with a nunber of valuabls synthetic routes to sub-
stances which may be otherwise inaccessible, or very costly (in

terms of time and materials)te prepare,
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Side effects, such as oxidatien and catalysis, have been
eliminated as far as possible from the present work by careful
control of the experimental conditions. To prevent oxidation,
the various pyrolyses have all been done either under an inert
atmosphere of carefully purified nitrogen (Part I), or under
high vacuum (Part II)., All pyrolysis vessels used have been
constructed of Pyrex glass, a material which is at present cons-
idered to be catalytically inactive toward reactions of the types

under investigation,
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SYNOPSIS

In Part I of this thesis, the thermal breakdown (vapour phase:
95?5000) of the lactides obtained from lactic and X-hydroxyiscbutyric
acid is critically re—examined, with the assistance of some model
compounds, The pyrolysis of the lactide of l-hydroxycyclohexane-
carboxylic acid is also studied., The predominating breakdown reaction
of all three is a concerted double decarbonylation (yielding carbon
monoxide and an aldehyde or ketone) together with minor compéting
reactions, Reasons are advanced for the failure of the lactides and
acyl derivatives of X ~hydroxy acids to show major alkyl-~oxygen scission
to the corresponding unsaturated acids, Reaction mechanisms are
discussed,

In Part II, the thermal degradation at 220 ~ 260° of the copolymer
poly (diethyl maleate~methyl ~methylacrylate), a suitable model for
the cross-linked unsaturated polyester resin, poly(ethylene fumarate-
methyl % -methylacrylate), is studied., Mechanisms are advanced for
the pyrolytic breakdown reactions of the relatively simple copolymer,
which enable predictions to be made about the mcde of thermal decomp-—
osition of the cross~linking polyaddition chains in the resin,

Possible ways of inhibiting thermal degradation of both these materials
are considered,

The Appendix to the thesis describes an investigation of the
possibility of inducing stéreospecific polymerisation of methyl
X - methylacrylate by means of circularly polarized ultraviolet light.

The results were, however, entirely nezative,
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LIST OF ABBREVIATTONS

For convenience. the following abbreviations have been

extensively used threughout the text of this thesis:

Part I
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(1 MeHC e
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(I1) _C0» O
: Mezc GMe2
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Part IT
(xv) Poly(ethylene fumerate-methyl
X —methylacrylate)
) Poly(diethyl maleate-methyl

(£ -methylacrylate)
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PART I

PYROLYSIS JF THRE TACTIDES AND ACYL

DERTVATIVES OF gSOME @-HYDROXY ACIDS




1. INTRODUCTION

1.1 The Pyrolysis of Simple Esters

Lactides and &« ~acyloxy acids are esters which possess special
structural features, Before discussing the results of pyrolysis of
these substances, a brief review of all the known routecs of pyrelysis
of simple esters is presented below, Although many examples given in
the early literature report one exclusive route for the thermal break—
down of an ester, it is now known thal nearly all esters pyrolyse by
two or more primary, competitive routes,

For example, ethyl formate, reported by Engler and Grimm in
1897 to yield ethylene and formic acid by an exclusive routez, wa.s
later .sshown3 to decomponse thermally by ne fewer than three primary
competitive routes, ethylene and formic acid being products of the
majer route:

gmm—s= H » COOH + CHZ:CH2

HeCO OEt » 7z(CH,0 + 00, + Et,0)

. —> CO + EtOH
Pyrolysis ty an exclusive route has been reported by Barton et _a_._l_.h'
for the thermal decorposition at ca, 300O of (-)-menthyl benzoate to

benzoic acid and a mixture of the isomeric menthenes, (+)-p—menth-3—ene

(64—68%) and (+)~m-menth-2~ene (36-32%).

\ o o .
(:Los 5 ma + () i\)\} )
’ A

/QH
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Muir and Ritchie have more recently confirmed the truly
exclusive nature of this thermal breakdown (in the absence of
metallic catalysts) by vapour-phase chromatography of the products.5

Since secondary pyrolysis of primary products can generally
occur, confusion has sometimes arisen in deciding whether a part-
icular product is formed via a primary or a secondary route, A
critical survey of the literature indicates that fer many pwrolyses,
the only products reported were those which were readily identified
by existing analytical techniques, Consequently, the literature
contains many seemingly anomalous results, It is often possible,
however, to explain such fragmentary observations by considering the
possibility of non-identification or further pyrelysis ef accompanying
products, In these laboratories, every product identified in the
pyrolysate from a given substance is regarded as a potentially
valuable piece of evidence, which may help to build a complete
Picture of the routes of pyrolytic decamposition,

Hnrdl has quoted several generalisations on pyrolytic behavieur,
but there are so many exceptions to these that they are of little worth
in predicting the course of thermal decomposition of a particular
substance, It can nevertheless be said that the main factors which
determine the course of thermal decomposition of a substance are its
molecular structure and the experimental conditions of pyrolysis, in

particular, the temperature and contact time in the reaction vessel,
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The known routes of pyrolysis of simple esters have been
classified, according to the position(s) in the molecule where
scission (if any) occurs, use being made of a nomenclature devised
by Ritchie.6 Bach type is discussed below; from these established
routes it is of'ten possible to predict correctly the general course
of thermal decomposition of a particular ester,

The thermal decomposition of an ester may occur in the follaowing
ways:

(1) Alkyl-oxygen scission, type A, where scission occurs
between the alkyl group and the ether exygen of the
carboxyl group;

(ii) Acyl-~oxygen scission, type B, where scission occurs
between the carbenyl group and the ether oxygen of
the carboxyl group;

These are illustrated below:

A

R~ CO

~d- -t

0 f B!
'

(iii) Decarbenylation, decarboxylation, type ¢, wherety
direct elimination of either carbon monoxide or
carbon dioxide eccurs;

(iv) Dispropcrtionation, type D, where, for example,
two identical molecules r=act to form two other
molecules cf greater symmetry;

and (v) Rearrangement, type R, which is essentially the

thermal isomerisation of an ester,
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These types of thermal decomposition are discussed below under
their respective headings, It is emphasized that most of the reac-
tions cited as examples do not occur alone, but compete with other
simultaneous pyrolytic breakdown routes of the ester being discussed,

1,1.1 Alkyl-oxygen Scission (A®)

A° scission is a rather uncommon type of scission which has been
observed for the pyrolysis of esters which have in the alkyl group an
0(~hydrogen atom when no /lg-hydrogen atom is present., Svich esters are
generally fairly thermostable, and break down only at high temper—-

atures, yielding an acid and an alkene:

o}
A .\
R * COOCH —3 R*COH + 7 C+sC
i 2
For example, Peytra.l7 has found methyl acetate to yield acetic
acid and ethylene on pyrolysis at ca. 1100°;
o}
A
Me + COGMe —> Me * COOH + 2 OH, : CH,
Presumably, the formation of the alkene in A° scission occurs by
combination of a pair of methylene~type diradicals, formed as transient

intermediates,

1,1.2 Alkyl-oxygen Scission (A')

A' scission is almost invariably the predominating route of
pyrolytic breakdown for esters which have in the alkyl group an avail-
able ﬂ—hydrogen atom, Scission, with migration of the ﬂ—-hydrcgen atom
to the carboxyl group, yields an acid and an alkene (or mixture of

isomeric alkenes).
i 4 A N
R*COC~CH —> R COOH + C : C
I P2

/7
N
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Thus, ethyl acetate undergoes pyrolytic conversion” to acetic

acid and ethylene:

Al o o
AGOCHQCH5 ——i  AcOH + CH2 : CH2

4 scission of esters is now well established as a convenient
general synthetic route to acids and unsaturated compounds, since
yields are usually high and side reactions occur only to a relative-
ly minor extent,

9

Thus, hexadecene has been prepared in excellent yield” by the

pyrolysis of cetyl palmitate:

Oy Hyy 00, (CH,), ¢ Ve £l Oy Hyy COH + CHy & CH (CH2)13Me

Many unsymmetrical secondary esters contain more than one
structural kind of /ﬁmhydrogen aton, the elimination of each of which
by A' scissicn would produce a different olefin, Thus, for example,
sec.~ budyl acefate has beer reported by Hcutman gﬁ_gl.lo to yield
on pyrolysis a mixture of the two formally possible alkenes, but-I1-
ene and but-2-ene

Me

! ~AcCH

Me » 002 CH CH? Me — —-—» CF, : CH CHé Me + MeCH : CHMe

Two rulzs have lLeen variously applied to the vyrolysis of such
esters, each leading to a different conclusion about the structure »f
the alkene preferantially fcrmed, The Saytzeff Rule, which governs the
dzhydrohalegenation of allyl halides, statec that tle most highly-
Lranched alkene is mainly produced, whereas the Hofmaia. Rule, for the
thermal dehydration of quaternary ammonium hydroxides, states that the

alkene with fewer altached alkyl substituents is favoured,
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In the A' scission of (-)-menthyl benzoa%e, cited above as an

L

example of an exclusive route in pyrolysis, Barton et al’ have shown

the major product to be the more highly branched alkene, (+)~p-menth-
3~ene, formed in 64~58% yiz=1ld, 4 similar result was cbserved by
McNiven and Readll Tor the pyrolysis of (~)-menthyi escetave., These
eliminations clearly follow the Saytzeff Rule,

Bailey‘gngg?,lz on the otaer hand, have reported for the
pyrolysis of meny alkyl acetates the formation of a single alkene by
exclusive A' scission according to the Hofmann Rule, Thus, for
example, the pyrolysis of l-msthylcyclohexyl acetate was reported

to yield as the scle elefinic product methylenecyclohexane:

) Me . sz CH
‘“'\‘<L An W 2 + AcCH
\‘) Obc
No l-methylcyclohex~l-ene was reported, although Birch, Ken, and
Norrisls have shown that in the cyclechexane ring an endecyclic double

bond should be more stable than an execyclic ene,

Bailey and szveral co-workers <EEE§£ al,Bailey and Rosenberg)}2
demonstrated that if carbonizzd deposits were present in the reactor
during such a pyrolysis, isomerisation occurred, ylelding a mixture of
the two fermally possible olefinic products, If the reactor was cleaned
(by oxidation of the carbonized deposits wi*h nitric acid followed by
washing with distilled water) before each pyrolysis, however, only a
single elefinic product was observed., A similar result had previously
been recorded by Wibaut and van Pelt,lh who obsecrved no double bond
isomerisation of the alkenes formed pyrolytically from a variety of

alkyl acetates,
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Houtman et al, 10, on the other hand, found that although carbon-
ized deposits in the reaction vessel promoted the onset of pyrolytic
decomposition of pure, primary alkyl acetates at ca, 5000, the presence
or absence of carbonization had no effect on the ratio of isomeric
butenes formed in the pyrolysis of sec, ~ butyl acetate. Since
veriation of temperature had no appreciable effect on this ratio
either, it was deduced that the alkenes are not an equilibrium
mixture, but are most probably formed in relative amounts determined
only by tle ratio of the rates at which the two types of }—hydrogen
are eliminated,

The generalizations of Bailey et al. regarding the course of
elimination ia tne pyrulysis of secondary esters have been disruted

5, and later by Eglinton and Rodgerlé. Using vapour-phase

by Rcyalsl
chromatography, these workers have identified both formally possible
isomeric alkenes in the pyrolvsates from several unsymmetrical second-
ary alkyl acetates, pyrolysed under conditions previously supposed by
Bailey et al, ¢o yield a single alkene, The erroneous conclusions of
Bailey et _al, havs been attributed to failure of these workers to achieve
separation of the alkeies on fractional distillation of the pyrolysates,
and to their use of infrared analysis in assiguing structures to the
mixed (supposedly pire) olefinic products, This has been admitted by
Bailey and Halel7 ir a recent publication, in which il is suggested

thet although exclusive Hofmann elimination does nol generally occur,
elimination at high terperatures (ca. 600°) may follow the Hofmann Rule
preferentially, the Saytzeff Rule predominating at lower temperatures

(ca.220°), This latter conclusion has been refuted by DePuy et al. ,18
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who suggest that traces of residual acid left after cleaning the
pyrolysis tube may have had a catalytic influence on the course of
pyrolysis of the esters studied by Bailey et al,

The eliminations thus far discussed do not facilitate pred-
ictior of which alkene will. be preferentially formed by A' scission
of a particular ester whken there are two possible courses of elim~
ination, Hughes, Ingold, et al. 19 have pointed out that, although
apparently antithetical, the forces motivating eliminatiorn by the
Hofmann Rule and by the Saytzeff Pule may co~exist, either in
conjunction or in oppositicn, the outcome being entirely dependant
on the particular conditions for each system,

Hurd and Blu.nck20 have propcsed a mechanism for A' scission,

involving formation of a transient 6-membered ring by bonding of the

,e'-hydrogen atom with the carbcayl oxygen of the carboxyl group:

H
r H
o o, | CCRzl o” CR,
A Y “’ ARZF'Q s
- _C

This mechenism, although criticized by Houtman et al, 10 en the
basis of lack of evidence for hydrogen bonding with atoms other than’
strongly electronegstive ones, is now widely accepted,21 with certain
qualificatiors. A similar mechanism has been proposed for the analogous
Tschugaeff reaction,22 which occurs on pyrolysis of alkyl xanthates,

Ma0001123 has described A' scission as a 'quasi~heterolytic', unimole-
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cular reaction, in which the inductive effect of the alkyl substituents
may have a strong influence on the polarfty of the 0 and H atums under-—
going bond formation, and hence on the rate of thermal decomposition.
In 1949, Barton24 postulated that a cis configuration of the
eliminated groups in the reactant is sterically essential for A' to
oceur, This stereoselectivity has been strikingly demonstrated by

5

Alexander and Mudrak,2 who pyrolysed both cis— and trans-2-phenylcyclo—

hexyl acetate:

H 575~600° H
'/g::> -273 K,_,} + AoCH
4 \*QAO

Ph
92, 8%
H 575~600° H
L@ —_—> ]C} + Ph@ + AcCH
Al =
1 Ph
" 13. 5% 86, 5%

A similar result was observed by Arnold et a1.26 for the pyrolysis

of ¢is~ and trans-2-methylcyclzhexyl acetates, and, more recently, by

Wright27, who pyrolysed the cis and trans isomers of l-cyano—2-methyl-

cyclohexyl acetate.

Although the above transition state theory for A' scission accounts
satisfactorily for the predominance of cis pyrolytic elimination, it
cannot explain the small, but detectable amount of trans product
sometimes cbserved. Gould28 has suggested for such examples that if
there is no thermal isomerisation, either of the ester before elimin-
ation or ef the product after elimination, the momentary heterolytic

alkyl-oxygen scission of the ester into a pair of transient ions must
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be oonsidered as the first stage of breakdown. Molecular rotation
during this orief, but significant time interval may allow another
A&-—hydrogen atom, originally trans to the acyl group, to enter the
cis position and be subsaquently eliminated, Acocording to Gould, a
higher activation energy would almost certainly be required for this
process than for direct elimination, so that while cis pyrolytic
elimination normally predominates, trans elimination may occur te
some extent at high temperatures,

1,1.3 Alkenyi-oxygen Scisgion (Az)

This mode of scission, formally similar to A!' scission of alkyl
esters, has been observed as a minor, competitive route in the pyrolysis
of certain.o(,fg—alkenyl esters, yielding an acid and an alkyune as
products:

t ! 2
R*COOC :O0H 2% R+ CO0H + =CiC-

Fer example, A2 scission has been observed by Allan, Forman and

Ritchie29 as a route in the pyrolysis of vinyl benzoate:

2
BzO * CH : CH, A5 By 4+ CH:OCH

A2 scission is thought to occur by an analogous mechanism te that of
A' scission, although the A? reaction generally requires a higher
temperature, Since a study of models indicates that the Hurd and
Blunck 6-menbered ring is formed with about the seme ease¢ for alkyl
and alkenyl esters, the higher temperature of breakdown of alkenyl
esters is possibly a reflection of the strengthening influence of the

existing double bond on the breaking C-0 single bond,
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1, L4 Alkynyl~cxygen Scission (A3 : as yet unknown.)

1

Although the pyrolysis of alkynyl esters does not appear to
have been investigated, thermal breakdown analogous to the A' and
A2 scissions described a2touve may be predicted., Thus, for example,
ethynyl acetate may undei-go pyrolysis to acetic acid and free carbon:

3
AcOC: CH —“—A,;-a ACOH 4+ 20

Alternatively, decarboxylation (02 : see below) to methylacetylene

may occur;

2

AcOC : CH -«%-9 CH i GMe + CO,

A third pcssibility is acyl-oxygen scission (B! : see below) to keten
(2 moles) as follows:

. ! "
Ao 0C i CH-2-% CH, : CO + [E{Owj:r
R

ox )

Co

? 2

1,1.5 Acyl-oxygen Scission (B!, Bz)

Esters which canrot undergo A' scissiocn, e.g. by lack of an
available é-hydrogen atom, are relatively thermostable, Acyl-
exygen scission of such esters may occwr in either of two distinct
ways, designaled B! scission and 32 scission respectively.

B! =scissior is an acyl-oXygen scission in which an ®~hydrogen
atom migrates from the acyl to the alkoxy group with formaciun of

a keten and a hydrexy compow.d:

~. T 7% \ B! ~ |
/CH'COTO(?H —-——-IF/G:CO-#HO"GH

The arrow indicates the direction of migration of the hydrogen atom,
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Examples of esters which decompose thus are phenyl acetatezo and

vinyl acetat628:

!
AoPh ~B-a CH, : O+  PhoH

B' . + L] . ‘
AcOCH : CH, -—» CH, : CO [Ho * om 2 omy)

}

Me ¢ CHO
The hydroxy compound formed may be stable (e.g. phenel) or an
unstable enol (e,g. of acetaldehyde),
B2 scission, in which an A~hydrogen atom migrates from the
alkoxy to the acyl group, yields two carbonyl campounds, which may

be either dissimilar or identical:

AN ‘& ' i/ B2 N
/CH * CO - OCH\ - /GH * CHO + O
1

C\
30

Thus, B2 scission is formally a reversal of the Tishchenke reaction:

Methyl acetate7 and berzyl benzoatejl each exhibit B2 scission on

pyrolysis:

2
Me * COOMe i—a MeCHO + GH20

2
B
BzO * CHzPh —> 2 Ph * CHO

B! scission is generally restricted to alRenyl and aryl esters, and
32 to alkyl esters, The products chserved by Hurd and Blunck in the
pyrolysate from ethyl acetatezo are compatible with primary, compet-

itive B' and B2 scissions, however, although A' is of course the main

route of thermal decomposition:
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At
o Me » 002H + CH2 : CHé
3
B
AcCEt e f——> CH2 s CO + BtOH
BZ

D 2 Me « CHO

Reininger and Ritchie52 have recently measured the relative
amounts of B2 scission products in the pyrolysates from vinyl o-,
m-, and p~ chlorobenzoates, and found that the extent of B2 scission
decreased with increasing distance of the chlorine atom from the
carboxyl group, B2 scission has not been observed, moreover, for
vinyl benzoate?8 It was deduced that the strong, electron—attracting
inductive effect of chlorine has a profound influence on the polarity
of the acyl-oxygen boad undergoing scission, and a heterolytic mech-—
anism has been proposed <Tor the B2 scisgsion of the esters studied,

No mechanistic studies have yet been made of B' scission,

1,1,6 Decarbonylation (Cf)

The direct decarbonylation of esters is uncommon, the few
examples given in the literature heing confined mainly to formates,
C' scission of formates may be considered analcgous to the commonly-
observed pyrolytic decarbonylation of aldehydes 1, since both classes
of compound contain the aldehydo functional group, ~CHO, Alternatively,
it may be regarded as a special kind of B‘ scission, in which migration

of the hydrogen atom to the alkoxy group leaves simply carbon monoxide:

t
H » COOR -szi CO + ROH
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For example, phenyl formete readily undergoes exclusive C'!

33

secission to phenol on distillations

?
HOOOPh  —2-% GO 4+ PhOH

Similarly, carbon monoxide, and the small amounts of methanol

and ethanol observed in the pyrolysates from methyl f'o:ma.‘bey" and

3

ethyl formate” respectively are attributable to C' scission of these

esters,

Pentaerythrit-l tetraformaie, pyrolysed at 220 - 2300, has
35

been reported”” to yield pentaerythritol quartitvatively:

C(CHO * €O » 1), AN c(oH,0H), +  4oO
36

Calvin and Lemmon” have investigated the pyrolytic decarbony-

lation of ethyl pyruvate and have shown it to be a true example of
ester C' scission, The carbon monoxide observed in the pyrolysate

from this ester would be expected to arise by elimination of the

hPm

X —keto group, but by introducing the radiocactive isotope ~'C into

this group, and subsequently analysing the products of pyrolysis for

radioactivity, only the non-gaseous residue was found to contain

L,

U c

1
CO « NOCEt —=> (€O , trace Co, + (residue containing L

Me - c)

No acceptablzs general mechanism for C! scission cf esters has yet

been proposed,

1,1.7 Decarboxylation (02)

Very few examples of direct decarboxylation of esters have been

reported, Phenyl malzate and phenyl fumarate have long been known to
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yield phenyl cinnamate on pyrolysis, the latter undergoing secondary

decarboxylation to trars—stilbene. 31
CH « COCPh c2 C2
1 -—-W Ph* CH : CH - COCFPh s Ph » CH : CHPh
CH » COCPh 2 2

(cis or trans) (trans)

Recent work in these laboratories has shown decarboxylation (02)

to be a general reactien for esters which have an®X, /5/' ~unsaturated

acyl or alkoxy group., Thus, for example, both vinyl benzoa‘t628 and
phenyl acrylate:’ 8 have been observed to undergo 02 scission:
2
BzO + CH : GH, ——% FPh+ OH:CH, + 00,
2
CH, : OH » COCPh ——» Fn* CH:CH 4 0O,
28

Vinyl acetate similarly uniergoes 02 scission to propzene,

2
AcOCH : CH, L3 Me.o0H: CH, + GO0,

O’ the saturated, aliphatic open—chain 2sters which have been
Pyrolysed, only formates have been reported to undergo 02 soission,.
Myricyl formate, for example, 33 vields triacontane on dry-distill~
ation:

H. OO C3OH61 —_— 030H62 + 002
Staudinger’ has shown that, in general, fa—lactones undergo

pyrolytic 02 scission to alkenes:

R'R%C -~ co 02 2 5
] { — R!'R°C : CR'R

R‘RZG - 0
No acceptable general mechanism has yet been proposed for 02

scission of esters,
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1.1.8 Disproportiocnation (D)

Esters may undergo disproportionation in several ways, The
well~known D reaction of moncesters of dibasic acids on pyrolysis
is illustrated by the behaviour of monoethyl succinate, which yields

diethyl succinate and succinic acid on dry-distillation:

CHéCO ¢« (Bt D CH2 « COOH CH2 * COEt
2 —_— { + |
CHéCOOH CH2 * COCH CH2 s COEt

Similarly, monoaryl esters of ethylene glycol have been .s;hownl+l

to
yield ethylene glycol and the corresponding diester; thus, for

2-hydroxyethyl benzoate:

2 BrOGHCH,0H -2 PP fHp O
Bz0CH, CH,, OB

A different kind of D reaction is undergone by ethylidene
dibenzoate, which on pyrolysis42 yields benzoic anhydride and acetald-
ehyde :

Bz0~9H~OBz
Me

D 4 3220 4+ Me ¢ GCHO

A D reaction has been proposed by Hurd and Bennett31 to account
for the presence of {nluene, benzaldehyde, and benzoic anhydride in
the pyrolysate from benzyl benzoate:

Bz0 CH2 Ph ’ y GHéPh

+ D? Bz

Bz0 GH2 Ph ) CHéPh

Ph * CHO + Ph « CHB
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There is no obvious general mechanism for D reactions of esters,
although it can be said that the usual result is an increase in mole-

cular symmetry,

1,1, 9 Rearrangement (R)

Several different kinds of thermal rearrangement of esters are

known, ZFarly examples given in the literature include the geometrical

43

isomerisation of dibenzyl maleate to dibenzyl fumarate -, and of phenyl

oleate to phenyl elaidatef*4

CH s COOCH, CH » CO OCH.Ph
T 2 N 1 2"
CH * COOCH,Fh Ph CH, 000 « CH

CH- (cH )7Me . C:I'i . (GH2)7.Me

CH . (cH )7COOPh — PhOGO(CH2)7 CH

Another kind of rearrangement .(R) is the pyrolytic conversion

of phenyl cyclohexanecarboxylate to cyclohexyl o~hydroxyphenyl ke’coneL"5

CH

,coo\ij R _co \4k
ey
O SRS
The rearrangement (R) of enol carboxylates (other than vinyl esters)

to/g~diketones has been demonstrated by Young et al%ﬁ This reaction is

now known to be reversible, the equilibrium strongly favouring formation

' 7
of the /é;diketone at 22,5000% Thus, isopropenyl acetate undergoes
rearrangement to acetylacetone:

4c0 * OMe : CH, LN Me * GO « CH, » CO * Me
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48

Allan and Ritchie™ have observed the analogous rearrangement (R)

of cyclohex-l-enyl benzoate to 2-benzoylsyclohexanone, and Allan,

Forman and Ritc:hiez8 postulate rearrangement of vinyl carboxylates to
‘ /ff»—-ketoaldehydes, which, being unstable, were not isolated, but
probably undergo decarbonylation to the appropriate ketones observed
with carbon monoxids in the pyroliysave, The acetophenone observed in
the pyrolysate from vinyl benzoate is explained thus:

R

.
Ph e COOCH : CH, —=> [Ph ) :‘(CH . CHOJ

2 2

Ph* CO- CI-I3 + 00O
L
Young et al, 6 have suggestod that this kind of rearrangement occurs
by intramolecular formation of a L-centre cyclic transition state, =,g.

for isopropenyl acetate:

.
Me i e
RO e + -
(.?~c=o ! o-q-o —> Me » CO -+ CH, * CO* Me
Sy i
Me ~ C =:CH, &16~0~CH2

1.2 The Pyrolysis of Lactides and other Derivatives of ocHydroxy Acids

During a search for a new general synthetic route to polymerisable
monomers of the acrylic acid type, it was shown by Burns, Jones and
Ritc}ﬁ.el"g that methyl lactate can be smoothliy but indirectly converted
to methyl acrylate by vapour-phase pyrolysis of methyl ¢ -acetoxypropionate
at 2.4800, thuss

MeGH (OH)COMe ——  MeGH(QAc)0O, e -‘f—,; AcCH + OH, : CH » COMe

480

It might thercforc be predicted, a priori, that lactide (1), containing
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two ester groupings each with an avai]ab19/6~hydrogen, would break
down pyrolytically in an analogous way, yielding acrylic acid, perhaps

in two stages, thus:

/CO' O\ A' =3 Al
MeCH CHMe ~= { on, scn- 00+ Cilie-00H | 7> 2 CHy:CH* CO,H
~ 0000”7 -

(1)

It had, however, been noted previously by Blaise " that (I) pyrolyses
to acetaldehyde and carbon monexide, There is no immediately obvious
reason for elimination of carbon monoxide in this way, and before
considering possible mechanisms, it is desirable to review the known
pyrolytic decompositions of the other groups of related substances which
also yield carbon monoxide - (a)e#-hydroxy acids, and (b)OX-acyloxy acids,

51

(a) Blaise and Bagard’ ™ have shown that, in general, the products
obtained on dry-distillation of a given®-hydroxy acid are water,
carbon monoxide, a carbonyl campound, an®, ,és-unsaturated acid and

the corresponding lactide:
- CO-0 ~,

ORR' (CH)COH — H,0 + CO + CORR' + unsat.acid + RR'C ORR!
2 Y eloldl

The formation of the lactide and of theX, ﬁ—unsaturated acid are
competitive modes of elimination of water, the former being a two-stage

intermolecular esterification with intermediate formation of a hemi-

lactide:
~Hg0 ~Ho0 A0 0
2 CRR! (OH)COZH —3 CRR! (OH)GGZCRR'COZH ——3 RR'C CRR'
N0eC0”

hemilactide
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and the latter a simple intramolecular elimination of water, thus:

R COHE 1,0
~cZ 2 == R OH : CR' » OO
ROH,, o

A mixture of isomeric{X, ,3~unsaturated acids may, ef course, be formed
from an®-hydrcxy acid containing a dissymmetrically disubstituted
K —carbon atom.

The ratic of the products observed on pyrolysis of anX -hydroxy
acid varies markedly with the size of the(X~substituent(s), For
instanee, the formation of(X, ﬁ—unsaturated acids appears to be
favoured by large alkyl & -substituents, whereas X~hydroxy acids of low
molecular weight form lactides in yields which may be as high as 30%,
The yields of such lactides fall off rapidly with increaszing mole-
cular weight, however, so that in theX,® ~disubstituted series, for
example, no lactides have been reported for diethylglycollic acid cr higher
homologues,

The occurrence of a carbonyl compcand and carbon monoxide as
major products of pyrelysis is not readily explained, The carbonyl
compound fermed may be an aldenyde (€or a mono-substituted X-carbon atom)
or a ketone (for a disubstituted ®-cirbon atom)s Le Sueau.r"j 2 has observed

analogous results for certaingf, ' dihydroxy dibasic acids. For example;

_CH (OH)002H % CHO
(cd,) 6 (GHZ) 6 + 200 + 280
\ CH/OH)GO,H ™ CHO

Following the report by Blaise5o that mary aliphatic aldehydes

could be obtained in good yields (50 - 60%) by dry-distillaticn of the
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55 recorded that on pyrolysis of

appropriate lactides, Bagard
o hydroxyheptoic acid he obtained a 50% yield of caproic aldehyde,
and that by arresting pyrolysis at an early stage, be isolated
heptolaciide among other minor products, Subsequent pyrolysis of

this lactide at 280° - 300° yielded caproic aldehyde.

It has been tentatively suggested by Hurdl on the basis of the
above results, that "it is reassnable to infer that lass of carbon
monaxide (from-~hydroxy acids) is more praperly a functicn of the
lactide than of the i -hydroxy acid", Hurd, hemwever, offers no detailed

mechenism for the elimination of carbon monoxide from the lactide,

which may be represented in general thus:
"L 060

BRI 5o, o5 —>  20cRR! + 2 CO

() It was first shown by Ba.gard5 5 that oK ~acyloxy acids break down

thermally as fellows:

R COZCH R! 002 H ——> R COZH + R'CHO + CO

This is in sharp contrast to the pyrolytic behaviour of the corres—
ponding W -~acyloxy methyl esters, which, as shown by the example given

above, yield the expected {X, f;—unsa'curated methyl ester by A' scission,
52

An analogous result was recorded by Ie Sueur”  for theQl, Of'-diacyl

derivatives of o ; &'~dihydroxy dibasic acids; thus, for example:

L) _~ CH(0AC)COH \ ~ CHO
26 — (CH,) ¢ + 2AcOH + 20C0

N\ CH(OAO)COZH N CHO
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The aldehydes formed on pyrolysis of an ® ~acyloxy acid contains
one carbon atom less than the parent ®~hydroxy acid, this being one
of the classical descents of a homologous series,

1,3 Objects ef Research

No explanation has hitherto been offered for the somewhat anomalous
pyrolytic behaviour of lactides and of ¥ ~acyloxy acids, The work
described in Part I of this thesis deals with a more detailed invest-
igation of their respective thermal decompositions than was possible
at the time of the earlier werk by Blaise, Begard et al. This closer
study has been facilitated by the relatively recent advent of highly
sensitive analytical techni.ques, such as vapourwphase chramatography
and paper clrowatography.,

A series of three lactides was selected as being representative
of the various structures encountersd in that class of compounds.

These are lact:de (I), the lactide (II), a.nd the spirodilactone (III):

. O . O
MeCH CHMe Me,C CME
Noeoon N0 00’ 2
69 (11) (III)

(III) was also chosen because of its structural similarity to the

spiro-lactone~lactam,

{ /O’Nphxrﬁ‘“‘)
“0 -co
which was found by Bain and Ritchie54 tw yield, on pyrolysis at gg,5h0°

in the vapour phase, a large gaseous pyrolysate consisting of carbon
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monoxide and carbon dioxide. The formation ¥f carbon monoxide could
not be explained by assuming cleavage of the spiro-lactone-lactam just
as (III) might be expected to break down:

hY

/“%XOC(‘)>Q_2_> O:O +2C0 4+ Nph :Q

since neither cyclohexanone not its anil could be detected in the
pyrolysate,

D(---Ace*boxypropionic: acid, a typical ®~-acyloxy acid, was chosen
to represent that class of compounds for pyrolysis studies in the

present work,
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2., DISCUSSION OF RESULTS

2,1 Pyrolysis of (I)

At 500° in a Pyrex glass flow reactor, (I) decamposes to the

extent of ca, 50% (Runs 1 and 2) yielding, as is predictable from

the work of Blaise "

acetaldehyde and carbon monoxide as major products,

In addition, however, ethylene and carbon dioxide were observed as

minor products, together with traces of methylglyoxal and acrylic acid;

this shows the thermal breakdown of (I) to be more complex than was

formerly believed,

Other substances sought, (see below) but with

negative results, were acraldehyde, pyruvic acid, ethyl acrylate,

« ~acetoxypropionaldehyde; 2-methylbut-3-enoic acid, but-l-ene and

but~2~ene,

The best interpretation of the results indicates decomposition

of (I) by three competi%ive routes, as follows:

00 - 0
! AN
CHy . CH CHCH.
3 \ / 3
0 - O
(x)
, s
C'J, (major) A' V¥ (minor) B® ,!,,(minor)
2 Me « CHO E?HZ:CHwCOOoOHMe’OOZHJ 2 CHy * GO + CHO
+
2 GO ’l/
CH, ¢ OH * COH 2 CHgCHO
+ +
OH1GHO ) co
+

co



Major C' scission of (I)

Carbon monoxide is the secondary product of pyrolysis by both
the A' and B2 routes. as indicated in the annexed scheme, Pyrolysis
by the A' route should result in formation of acrylic acid, acetald-
ehyie and carbon monoxide in equimolar amounts., In view nf the extremelj
small ratio of acwylic acid to carbon moncxide ebsexved (Runs 1 and 2),
however, this route can make cnly a very small contribution to the
total quantity of carbon monoside .bserved, Pyrolysis by the B2 route
should result in the formation of equal quantities cf acetaldehyde and
carbon monoxide, Althcugh a separate semi-micro pyrolysis of the
intermediate, mothylglysxal (Run 14) confirms this routs qualitatively,
the decompcsivion of methylglyoxal occuried only te the extent of ca,
50%, From the trace amoun: of methylglyoxal cbscrved in the pyrolysate
frem (I), i% is concluded tha’ the B‘2 route can only meke a minor
contribution *o the carbon mcnoxide observed on pyrolysis of (I).

The only plausible explaanation of the large amount of carbon
monoxid: from (I) is “herefore that it is fermed mainly by direct
C' scission of (I) to acetaldehyce (formed in roughly equimolar amount

to the carbon monoxide),

0-0
s ; N Cf
McHC CHMe —3 2 MeCHO + 2 CO
Y - co”

Minor Alkyl-Oxyger Scissivn (A') of (I)

Alkyl-oxygen scission (A') is shown to take part in the pyrolysis

of (I) by the posituve test for a carboxylic acid given by the main
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pyrolysate (Runs I and II) before fractionation. Although the acid
formed could re+ be detected in any of the various fractions cbtained
in distillation of the main pyrolysate, the addition of hydroquinone
to the pyrolsand (Rn 8) resulted in the identification of acrylic
acid as a miner product,

Since alkyl-oxygen scission (A') is normally the major route of
pyrolytic decamposition of esters possessing an evailable/@;hydrogen,
it might have bzen precdicted that (I) weuld break down thus, by a
double A' scission ylelding acrylic acid as a majer product, In
accounting for the dbserved deficiency of acrylic acid, twe possibilities
may be considered:

(2) its szcondary thermal breakdown during pyr-lysis
and (b) its polymerisatior during fractionation,

(2) It has been shown by Mackimen”” that acrylic acid breaks down

on pyrolysis at 93°5000, vnder comparable conditions, teo the extent of
ca, 25% yielding mainly carboa dioxide and ethylene, The quantities of
carbon dZ axide and ethylene obsarved ZIn the gaseous pyrolysa*e from (1),
however, were not equimolaxr, there beiug a laige excess of carbon

56 under the experimental

ciexide. Ethylene, moreover, vhould te stable
conditions employed.

Fron these censideratioas, it may be dedvced that the thermal
breakdown of acrylic acid can oaly cccount for a small part of its
deficiency from the pyrolysate frum (I). This has been confirmed by a
cortrol experiment (Run 11) in which acrylic acid, intentienally added

to the pyrolysand (T), was not cumpletely destroyed under camparable

conditions,
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(b) Polymerisation of acrylic acid during fractionation of the main
pyrolysate appears to be the main cause of its apparent deficiency,
Supporting evidence for this argument is provided by the fact that
fractimation of the pyrolysate in the presence of the polymerisation-
inhibitor hydroquinene afforded a detectable amount (under 1%) of acrylic
acid,

The pyrolytic formation of acrylic acid from (I) is believed to
occur, not by a double A' scissicn route, but via a single A' scission
to K-acrylyloxypropienic acid, This intermediate, although not iden-—
tified (its isolation has not hitherto been reported) is an ¥-acyloxy
acid, and is thersfore likely to ne unstable at SOOO, pyfolysing to
acrylic acid, acetaldehyde and carbon monuxide (see abeve schems),

Minor B scissicn of (1)

Formation cof methylglycxal frum {I) is best explained by a double
Bz scission, as follows, with sulsequent decarbonylation to acetaldehyde,

as has been

’/CO -0 -
\ Z’B"
MeHC\ 0 - Go EHMS (L_W 2 MGCOlGHO
Decarbonylation
v

2 MeCHO + 200
confirmed by a sevarate semimicropyrolysis (Run 14) of methylglyexal,
Whether methylglyoxal is formed in one stage, or in two CEEi
lactaldehyde pyruvate) cannot be resoived with certainty, since the
intermediate could not be detected; not has it been reported in the

literature, 1In view of the known thermal instability of ethyl _pyruvate36
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partial decarbonylation (C!') of lactaldehyde pyruvate to X —acetoxy-

propionaldehyde might have been expected, but the latter could not be

detected:
Me /CHO Me CHO
\ ' N 7
(1) L PN ,00CHy ——> PN CHy + CO
H 0 = CO H "0 - Co

Other Possible Breakdown Routes of (I)

Following a single A! scission, there are several other predictable

breakdown routes as set out in the following scheme:

CH Co,H
1) A% AN
. C GH:CH2
/N /
H 0~ Co
J’ B< ? —$ c< 2 —.i Decarboxylatien
?
Me « CO » COZH 002 002
+ + +
GH2 * CH » CHO Mb\\- ‘/,GOZH MBCHé * O« CO*CH: CHé
v C\
H CH=CH,,

An A‘/BZ sequenze would lead to formation of pyruvic acid and acralde-
‘nyde, neither »f which could, nowever, ne detected,

An A'/C2 sequence would yield 2-methylbui-3~enoic acid which could
not be detected {aor could its possible decarboxylation product, but-l-
ene, be detected),

The priuwary A' sciazsion product, td—acrylyloxypropionic acid, might
conceivably undergo decarbaxylation to ethyl acrylate (also not detected),

55

It is known -~ that etkyl acrylate breaks down at 500° to the extent
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of ca.95%, yielding mainly its A' products acrylic acid and ethylene,
and also as minor products, carbon dioxide and but-l-ene, There is
nevertheless insufficient evidence to establish ethyl acrylate as an
intermediate in the pyrolysis of (I).

Origin of Carbon Dioxide

The formation of all of the carbon diocxide in-the pyrolysate from
(I) cannot be positively attributed to any single route:ro far discussed,
so that the possibili‘y of a minor nrimary decarboxylation (02) of (I)
must now be considered,

Primary 6% seission of (I) would probably first yield a /g-&actone,
which, in accordance with the known therma. behaviour of such substances,

wpuld be expected to undergo readily further decarbexylation (02) to but—-

2~ena:t
/CO - O\ o 5 02
MeHC CHMe —5—9 C?IMe - C{‘HMe — CHMe : CHMe
Vi t .
Mo - 6o 0 ~—— CO

No but~2~ene could be detected, howerer, so that there is no experimental
evidence to Justify postulstion of primary 02 scission of (I). Most of
the carbon dicxide in the pyrolysate from (I) therefore remains for *he
present uwnaccouvnted for,

(II) decomposes to the extent of _03,,69-% when pyrolysed at 500° in
*+he gaseous mhase (Runs 3 and k) yielling mainly acetone and carbon
monoxide, Minor amounts of &{-methylacrylic acid, prcpene and carbon

dioxide are also formed, Other substances sought (see below) but with
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negative results, were & -methylacraldehyde, 2:3~dimethylbut-2~ene,
2:3~dimethylbut-l-ene and isopropyl & -methylacrylate,

The best interpretation of the results indicates breakdown of (II)
as shown in the following scheme, accompanied by certain other simple,
predictable decompositions:

/GO - O\

Me 20\ /(JMe2
0~ CO

(11)

|

¢! \}((major) ' Al 1 (minor)

2 Me,CO [CH :CMe»CO0,,+ CMe -co?_HJ
+ ¥

2 GO CH,, :Cles COH
+

MezCO + <0

Alkyl-oxygen scission(A') cccurs to a much greater extent in the
pyrolysis of (II) than in that of (I), although it is still a mincr
route. Primary acyl-oxygen scission (B2) of (II) is precluded by the
absence »~f an available{X-hydrogen atom, Possibly the only explanation
other than direct C!' scissicn that might be submitted for the formation
of carbon monoxide and acetone as major preducts would be a primary A!
scission toof- (X —methylacrylyloxy) isobutyric acid and subsequent
decarboxylation of the latter to isopropyl o-methylacrylate., The
isopropyl of~methylacrylate thus formed could then conceivably undergo

B2 scission to acetone and X-methylacraldehyde:
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Al v ~C0,
1) -2 {ou, + e + co,0me, cozﬂ] — e [CH : CMe » GO, * cmez}

? 2
BZL?

CH2 :CMe~CHO + Me200

GO + CH2 ¢ CHMe

O-Methylacraldehyde is knOWu.57 to underge major decarbonylation to propene “
under comparable conditions, but although the propene and carben monoxide '
thus formed should be in equimolar amounts, the gaseous pyrolysate from
(II) (Runs 3 and 4) shows a great preponderance of carben monexide,

To test the above hypothesis, isopropyl @~methylacrylate was
pyrolysed at SOOO (Runs 5 and 6), yielding mainly-methylacrylic acid

and propene by A' scission,
Al

CH2 : CMe * 002 CHM82 ——— CH2 s CMe » 002H + CH2 : CHMe
and a minor quantity of acetone, accountable for as the secondary

decarboxylation product of H-methylacrylic za.cic"l.5 ! No O{-methylacraldehyde

could be detected, although 21% was found to survive pyrolysis when this

was pyrnlysed alone5 7 at 5000.

The indirect explanation outlined above must therefore be rejected
in favour sf direct C' scission of (II) as in the annexed scheme, The

formation of X-methylacrylic acid from (II) is analogous to that of

acrylic acid from (I) and requires no further comment, By a course of
reasoning analogous to that employed for (1), primary decarbcoxylation
(0%) of (II) is excluded, since 2:3 ~dimethylbut-2-ene could not be
detected, Carbon diexide and propene are qualitatively accounted for as

the secondary decarboxylation products of X-methylacrylic acid, 51
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Quantitatively, however, these were not equimolar in the gaseous
pyrolysate fram (II)$ the excess of carbon diexide remains to be
accounted for, A formally possible source, which has not so far
been considered, is decarboxylation (02) of ¥ =(X~-methylacrylyloxy)
iscbutyric acid to 2:2:3-trimethylbut-3~enoic acid. This acid has
not hitherto been reported, and so could not be identified; its
passible decarbexylation product, 2:3-dimethylbut-l-ene, ocould not
be detected in the gaseous pyrolysate from (II), so that there is no

real evidence to establish decarbexylatien in this ways

-

2 ~CO
(11) &> [CH2:CMe-002-CMez'COZHJ < [CHZ:CMe'CMez'COZH-I—?-z-vEHz:GMe-GI-Meg

2.3 Pyrolysis of (III)
When pyrolysed at ca.500° in the vapour phase (Runs 7 and 15), (III)

decamposes to the extent of ca. L4%., As for its analogues (I) and (II),
a majer decarbonylation (C') appears to be the main route, yielding
cyclehexanone as expected, A minor quantity of carbon dicxide was also
observed. As for (II), B2 scission is precluded by the absence of an
available °(--hydrogen atom, The trace amount of an unidentified carboxylic
acid detected in the main pyrolysate from (TII) is best explained by
pastulating a primary minor A! scission to the prediotable W-acyloxy
acid (which has not hitherto been reported), In accordance with the
general pyrolytic behaviour of such acids, however, its immediate and
complete breakdown to cyclohex-l-enecarbexylic acid, cyelohexanene and
carbon monaxide would be expected, The annexed scheme summarizes these

reactions:




(T11)

c! i{(ma,] or) A" | (minor)

2@,“0 . [O(\o ]
co + {Q~co { + C};o

2 GO
The non-detection of gyclohex—l-enecarboxylic acid (and formation of
minor amounts of carbon diaxide) might be formally attributable to its
further decarbaxylation to cyclohexene, but, since the latter could
not be detected, there is no real evidence for this,
Primary decarboxylation (02) of (III) must be excluded as a route,

since no cyclohexylidenecyclohexane could be detected:

O(JOOCO "’ » ) ?

Similarly, there is no evidenece fcr decarboxylaticn (02) of the
primary A' product, since 1—-(cxclohex—-l‘-enyl)czclohexanecarboxylic
acid could not be identified =~ it does not appear teo have been

recorded in the literature,

Ol 2ol 2 OF2D

2,4 Pyrolysis ofyf —~acetoxypropionic acid

When X ~acetoxypropionic acid is pyrolysed in the vapour phase at



92,5000 (Runs 12 and 13) it breaks down completely (ca.100%) to give
acetic acid, acetaldehyde, and carbon monoxide as the only primary

productss

Me » 002 ° CHMe - COZH ——> Me » GOZH + Me * CHO + CO

This result is in qualitative agreement with the earlier experimental
observations of Bagard53, for pyrolysis at lower temperatures, The
traces of acetic anhydride and water detected in the main pyrolysate
are readily accounted for as the secondary decomposition praducts of
acetic acid, The A' scission product that might formally have been
expected, acrylic acid, could not be detected, It had been considered
formally possible ithat lactide (I) might be formed as an intermediate
by ester-interchange, and that its subsequent breakdown might account

for the formation of carbon munoxide and acetaldehyde:

(24
2 Me » CO, * CHfe » COH —=» (I) + 2 AcCH

i I

2MeCHO+2C0
No lactide (I) could be detected, however, in the pyrolysate from
A —acetox ropionic acid, so that the possibility of breakdown in this
YP s
way mucst be rejected,
The observed complete thermal breakdown of O{~acetuxypropionic acid
o) . . 49 o
at ca,500" contirms an earlier report’ ~ that, above 4507, ethyl g&~acetoxy-
propionate pyrolyses toX~acetoxypropionic acid, The latter, although
not itself identified, was considered to be the precursor of the acetald-
ehyde found in the pyrolysate. The non-detection of Cx;acetoxypropionic

acid can thus be accounted for,
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2.5 Reaction Mechanisms

2.5,1 Mzjor Decarbonylation (G!') of Lactides

The major direct decarbonylation (C') of the three lactides studied
is a new addition to the few examples of primary C' of esters which have
hitherto been recorded,

The reaction cannot be considered to be completely free~radical in
character, since it was not campletely suppressed by the addition of 1%
of hydroquinone (c.f. the total suppression of the intra-~acyl scission
(IA) of phenyl acrylate by added hydroquinone?S) Each of the lactides was
pyrolysed, as befare, in a flew reactor at 5000, in presence of the
inhibitor (Runs 8, 9, 10). The pyrolysis of (I) appears to be the least
affected, by comvarison of the results of Runs 1 and 2 with those of Run
8, in all of which breakdown occurs to the extent of ca,50%. Presence
of the inhibitor appears to have reduced the extent of breakdown of (II)
from 69% to 53%, and of (III) from 44% to 28%, Nevertheless the gas
analyses in all of these runs are not much affected. It is possible to
conclude from these results that the breakdown of lactides is partially
free radical in character, but, to give them any real significance, a
leng series of pyrolyses would have to be done, with and without added
hydroquinone, and the results analysec by statistical methods. For the
present, the decarbonylation is considered to occur mainly by a concerted
rearrangement of electrons as shown, resulting in formation of the exper-

imentally ebserved products

QA
\ P R
/ \Va\_ C/‘(}C\
o

— zco+2>c=o
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This simple mechanism which requires no migration of atoms or groups,

7

should be favoured by the Principle of Least Motion,' according to
which a reaction involving the minimum molecular deformation of the

reactant(s) is favoured.

2.5.2 Mincr- Alkyl-oxygen Scission (A!') of Laotides

An outstanding feature of the pyrolysis of all three lactides
studied is the minor rdle of alkyl-oxygen scission (A'), which is
almost invariably the predominating route of breakdown of simple
esters possessing an available ﬁ—hydrogen in the alkyl group,

The only plasible explanation for its suppression is that the
steric requirements of the A' scission mechanism first pestulated by
Hurd and Blunckzo are not fulfilled, Formation of the quasi-6~menbered
ring rsquired by this theory necessarily involves close proximity of an
execyclic l—hydrogen atom with the carbonyl oxygen of an ester linkage
as shown:

.--.H
0’ \
\\C C o /o
Ne” o

/ No-¢7 \
\\O

This arrangement would apparently place too much internal strain
on the lactide molecule, which would account for the observed minor role
of alkyl-cxygen scission., Menipulation of Stuert models for (I) - (III)
supports this conclusion. A /g—hydrogen aton can Jjust be made to touch
the corresponding carbonyl exygen atom, but considerable strain is thus

placed upon the bonds joining the atoms in the lactide ring, In none
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of the three models (I)~(III), moreover, was it possible to achieve the
arrangement necessary for a double, simultaneous A' scission of the
lectide, which is therefore considered unlikely. Although lactide (1)
can exist in a trens farm (With methyl groups above and below the plane
of the ring) 4a.nd two erantiemorphic cis forms (with both methyl groups
on one side of the ring) the models for these forms all exhibit similar
A' behaviour,

Statistically, the expected order of decreasing extent of A' scission
(based solely on the number of available K-hydrogen atoms) would be (II),
(111), and (I), which have 12, 8, and 6 /g-hydrogen atoms respectively,
The order observed experimentally, nowever, was (1), (1), and (111).
The abnormally low yield of A' scission preduct from (III) is probably
best explained by the fact that, in the Stuart model, all four valency
bonds of each spiro carbon atom are held rigidly in space, aid do not
readily permit spproach of a 5—hydrogen atom to the corresponding carbonyl
axygen atom without rupture of the C - C bonds of the molecule,

Similar results were observed by Bird5 8, who, in ar independent
iavestigation, found that both ¥-butyrolactone and ¥-valerolactone are
thermostable =z @_‘.5900, and do not break down by alkyl-oxygen scission
(A') to the corresponding terminally unsaturated acids, It was found,
moreover, that &--caprolactone yielded 5% of unsaturated acid at ca,
520° and 52, 8% at ca. 5800, while ~&~methyl G-caprolactone is smoothly
converted pyrolytically at these temperatures to unsaturated acic by

A' scission Znvolring a ,g—hydrogen atom of the exocyclic methyl grcup.
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Straight chain lactones of larger ring-size were found to be readily
converted thermally to the corresponding unsaturated acids. It was
deduced that only in the larger rings is there sufficient flexibility
to allow mutual interaction between thef24uﬁrogen and carbonyl oxygen
atoms, Although Bird did not study the pyrolysis of S-valernlactone
or its analogue S:methyl S;valerolactone, it is apparent from his work
that the minimum ring-size n necessary to permit ready A' scission of
straight chain lactones is approximately n = 8 (where n is the number
of atams in the ring), er n = 7 if an wmethyl group is also present
in the molecule,

Huisgen and Ott59

physical constants (e.g. boiling points, dipole moments, and rate constants

of alkaline hydrolysis) fall into two groups, corresponding to cis and
trans configurations about the single C - O bond of the ester group.
The ring structure of the léctones of ring size n = L4 to 7 forces these
into the energetically less favoured cis configuratien, whereas the
larger lactones, of n = 10 to 16, assume the energetically more favour—
able trans configuration, a planer confomation inherent in simple,
open—~chain esters. Iactones of n=8 and 9 were found to be intermediate
in character,

To correlate these two sets of observations, the present author

constructed Stuart models of lactones of about the critical ring-size,

n = 8, It was found that formation of the gquasi-6~membered ring required

for A' scission was most readily accomplished@ when the lactone model was

manipulated into the trans configuration., The observations of Bird and

have observed that, in a series of w~lactones, the
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of Huisgen and Ott are thus found to be in good agreement.

Applying thiese observations to the present investigation, it is
clear that lactides fall inic the category of double cis esters,
This expiaine their reluctance to undergo A' scission. In the invest—
igation of the pyrolysis of lactones, Bird did not observe any decarb—
enylation (C'), although this has besn found to be the major route of
pyrolysis for lactides, This aromaly may be cxplained by the councerted
mechanism postulated above for the C' of lactides. Lactones, having only
a single carbcxyl group, are structurally incompatible with decomposition
by such a mechanism, and C' has not been reported, moreover, for simple,
open—chain esters, dJince the cis ester configuration has an excess of
free energy of ca,3.6 K cal,/mole over the 1733._11_5_5 9 the energy of act-
ivation for decarbonylation of each lactide molecule should therefeore
be compensated by ca.7.2 K cal, and the reaccion thus facilitated,

2,5.7 Mechanism of Thermal Breakdown of & -zcyloxy acids

The absence of A' scission from the pyrolysis at 500O of
K-acetoxypropicnic acii is remarkable in that there is no immediately
obvious structural feature that could preclude formation of the quasgi-6-
membered ring required for A' by the Hurd and Blunck mechanism,

Maripulation cf the Stuart model forfR—~acetoxypropionic acia
confirms this: proximity of a ﬂ-—hydrogen atom to the carbonyl oxygen

of the acetoxy groip is readily achieved:

/COZH

~N
i
CH

H\
c

Q0O
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Similar ease of formation of a quasi-6-membered ring is encountered
with methyl #~acetoxypropionate, as expected, Mlaocollz3 has established
that for simple esters, the Hurd and Blunck mechanism is more properly
"quasi~heterolytic", depending for its ease of occurrence on the induct-
ive effect of the alkyl substituents (if any) on the &¢-carbon atom, and
their corresponding influence on the polarity of the O and H atoms under~
going bond formation in the transition state,

Since the carbaxylic acid group and carbomethoxy group are similar
in their electron~attracting inductive effect, it is considered unlikely
that any such difference could cause the wide variation observed in the
thermal behaviour of the compounds under discussion, The observed mode
of thermal decomposition of p-acetoxypropionic acid is therefore most
probably facilitated by the achievement of some preferred configuration
involving a special feature of the carboxylic acid group not possessed
by the carbomethoxy group; an obvious such feature is the high mebility
of the carboxylic proton,

Formation of the quasi-~6~membersd ring of A' scission theory
requires, in the last analysis, some form of hydrogen bonding, The

forces involved should therefore be weak, The mechanism which is now

proposed for the observed breakdown of o{~acetoxypropionic acid is in
effect a concerted mechanism activated by relatively strong electro-

static forces, as shown in the follewing simplified scheme:

H_ -0 NP i Gy * O

(‘}/ \CE=O ?/’\.\;c‘):O +
CHy- Gbx 805 T foH —cz--fo - co

Ogl H)- ] 0——H +

- - cH3 « CHO
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The ester carbonyl group, like the carbonyl group of ket@mes,
is normally slightly polarized as shown (as witness the addition
reaction with Grignaré reagents exhibited by bcth classes of compound).
The carboxylic acid group is even more highly pnlarized, cf course,
and, as a result of electrostatic attractien betwezn the two geoups,
formation of the transient intermediate is thought to occur,

Although this does not occur at lewer temperatures (®X -acetoxy-
propionic acid distils without decomposition at 1276/ 11 mm.), migration
of the proton is thought to be facilitated energetica.lly at the more
elevated temperetures of pyrolysis,

The transient intermediate postulated should be sterically strain—
free, since it is readily formed by Stuar* models., Breakdown of the
intermediate is thought to occur by the concerted mechanism shown,
wnich involves no migration of atoms or groups, and results in formation
of the experimentally observed prcducts.

A somewhat similar reaction mechanism has been proposed by
Westheimer and 7 ones6o, for the decarboxylation of the ﬁ-—keto acid
intermediate formed in the acid-cotalysed 'ketone hydrolysis' of
,g ~keto esters. It was proposed thab decarboxylation of the undiss—
ociated /’g-vketo acid occurs via a 6~membered cyclic transition state,
formed by mutual inteiaction between the carboxylic proton and the

cxygen atom of the fg—-carbonyl group; this for dime*thylacetoacetic

acid:

-H

. \

A i OH
8 /5 \O‘ ( 1 /Me
CH3- 0\(-:>6=0 —_—> CH} C = C\Me + 00,

> CY I

Me Me :

CI'IB'GO'C'HMG2




2.6 Conclusions

The individual results of pyrolysis of lactides and related
sibstainces have been discussed above as fully ac possible: the
overall significance of these results is considered below,

The minor r8le of primary A' scission in the pyrolytic brealk-
down patterns of lactides and of W -acylory acids arises from the
intervention of steric and elcctrostatic factors respectively, which
avert the normal course of predominent A' scission. In the pyrolysis
of lactides, primary A' scission is sterically hindered by difficulty
of formation of the quasi-heterolyiio 6-membered ring reqiired by the
Hurd and Blunck theary, an effect particularly marked in the pyrolysis
of the spiro-dilactone (TII), which, as shcwn by a study of models,
exhibits high molecular rigidity., The absence of A' scission from
the pyrolytic breakdown of {{-acyloxy acids is attributed to the
intervention of intramoleculer elzctrostatic forses, which enable
preferential formation of a transient b-membered cyclic intermediate
to occur.

The cbserved major routes of pyrolytic decgmposition of lactides
and of X-acyloxy enids are attiibuted to breakdown by concerted
mechanisms which, involving nc migration of atoms or groups, are
favourable accord’ag to the Principle of Least Motion.

Lactides in general break down mainly by direct decarbonylation (C')
to a carbonyl compound, es is predictable from the earlier work of
Blaise, Bagard el al., but evidence for a minor, primery A' scission

(and subsequent secordary reactions) is usually also observed.
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Lactide (I), possessing available &{-hydrogen atoms, also exhibits,
in addition to the above breakiown reactions, a minor double B2
scission to methylglyoxal, which undergoes partial secondary decarbony-
lation to acetaldehyde,

LOb-2cyloxy acids appear to break down completely to give as the
only primary products carbcn monoxide, a cerboxylic acid, and a
carbonyl compound cortaining one carbon atom less +han the parent
&% ~hylroxy acid

The concerted general mechanism which has been proposed for the
thermal decomposition of lactides cannot be applied to explain the
formation of carbon monovxide as a product of pyrolysis of the spiro-

Sk

lactone-lactam studied by Bain and Ritchie” ", since an analogous re-
arraigement of electrons in the latter substance would forually lead
also to formaticn of gyclohexapone and ils anil, neither of which

could be detected in the pyrolysate.

Ph

(,---N
})Q e D:O +C>=NPh+2co

O

It is concluded, therefore, that replacement of an oxygen atom
in the lectide ring by the{)NPh group nas the effect of stabilizing
the ring to electrcmic rearrangement of the type envisaged tor the
pyrolysis of lactides,

A possible explanation may be that at the elevated temperature of

Eyrolysis (ca.540%) the O-N bend of the —CO-NPh-group is strengthened by
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migration of electroms as shown, aided by the electron.recpelling
inductive effec’ of the phenyl group and the electrom—~attrasting
inductive effect of the carbonyl oxygen atom:

Ph o) Ph
O

Q("“‘N = O«“‘"N)C)
-
Qo

If the spiro-lactone-lactam exists at 540° partly in the second
canonical form shown, decomposition by the concerted mechanism proposed

for lLactides should be strongly disfavoured,
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2 EXPERTMENTAL

2.1 Pyrolysis Apparatus and Procedure

3.1, 1 Flow Pyrolysis : Macro -lethod

The flow pyrolysis apparatus used extensively for qualitative
and semi-guantitative work is shown in Figure 1,

A Pyrex glass reaction vessecl was used, of cylindrical central
section, 12 in, long aad 1,5 in, in diameter, packed with short lengths
of Pyrex glass tubing, This vessel was supported vertically inside
an electric furnace, of cylindrical construction, which kept the
central section of the reaction vessel at a temperature of 500 t 50,
regulated by a Survic energy controller, The temperature was measured
by a chromel~alunel thermnocouple, kept in a pocket located axially within
the reaction véssel.

All pyroiyses were done in an inert atmosphere of nitrogen at
atmospheric pressure. Before each run, the system was several times
evacuated and thoroughly flushed with nitrogen to prevent combustion of
the gases formed during pyrolyses, Cylinder nitrogen was freed from
oxygen by passage through alkaline nyrogallol and concentrated sulphuric
acid traps, the function of the latter trap being to remove water vapour,

Solid pyrolysands were introducea into the reaction vessel in the
molten state by means of a tap-funnel, surrounded by an electric heating
Jjacket which served to melt the pyrolysand, I'or pyrolysands that were
liquid at room temperature, this pre-heating was, of course, unnecessary,
The tap~funnel was fitted with a glass 1imb, connecting the spaces above

and below the feed liquid, thereby equalising the pressures in this region,
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Liquid and solid pyrolysis products emerging from the reactor
were collected together in a first receiver after passage through a
vertizal air cordenser, Thre gases leaving this point were then
passed “hrough an inclined water condenser to a second receiver, cooled
in Drikold acetone, Volatile carbonyl corpounds were removed from the
gas stream by passare tnrough a reagunt trap containing 2:4~dinitrc-
phenylhydrazine in 27 hydrochloric acid, The final, uncondensed gases
we,ce collected in a 20 1, aspirator, fitted with a self-aijusting
constant-pressure device, The water ip the asnirator was covered by a
layer of liquid paraffin to prevent sclution of water—soluble constit-
uents of the gaseous pyrolrsate,

During earh run, pressure ir the system was mecsured by manometers
loceted enove the dropping funnel and at the aspirator entry, so that a
blockage in any pavrt of the syster could ve detected, Another manometer
reasured the vacuum pressure during removal of oxygen from the apparatus,

The effective contact time for each run was calculated from the

. 61
equation,
5, = 2.2 = Vg
¢ - N, x T

R

where t, is the contact time in seconds,
V& is the free, contact volume of the reactor, in mi,
N_ is the feed rate of the pyrolysend, in mole/hr,
and T is the 2bcolute temperature,
Any carbonaceous or barry deposits left in the reaction vessel
were reroved berore each run by heating the vessel in the furnace at

o . .
£a.500" in a current of air.
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3,1s2 Flow Pyrolysis : Semimicro Method

The Pyrex glass apparatus shown in Figure 2 was used primarily
for the collection and study of the gaseous pyrolysates from pyrolysands
which were ouly available in small amounts, The pyrolysand (ca.300 mg.)
was placed in bulb 4; bulb B was “hen filled with small Pyrex glass
beads up to a constiiction at C, The assembled appacatus was repeatedly
evacuated and filled with nitrogen via inlets D and E, A short cylin-
drical electric furnace F, and the similar furnace G (in position 1),
were maintained a% 500° for a veriod of 2 hours, after which G was moved
to rosition 2, encios:'mg bulb A, The gaseous pyrolysate was collected
at approximately atmospher:c pressure by adjustment of the barometric
Limb H during the run. Any non-gaseous pyrolysate was removed at the
limb J or in the cold trap K.

Arter pyrolysis, which took aoout 10 min., the reactor was removed
from the furnace and allowed to cool down to room temperature (about
15 m.'i.n.), The total gas evolved was measured by the difference between
the initial and final wolume readings on the gas buretie. By lowering
the mercury level of the gas bure!te ca,B80% of the gaseous pyrolysate
was collected for analysis, Sleigh's me’uhod62 being a particularly
suitable method of analysis,

3.1.3 Analytical Technigue

Standard cheical methods of identilication were emploved through-
out, solld products and derivatives being characterised by mixed melting
point determinations (except for methylglyoxal bis-2.4 dinitrophenyl-

hydrazone, for which paper chromatography was preferred). Gaseous
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pyrolysates obtained by the macro-method were accurately anelysed by
a standaizd Herprl apparatus, cupplemented by use of an alkaline
potassium iodomercurate pipeite for specific abosorption of acety‘leneé3
Gravimetitc estimaticn of solid and liquid pyrolrysates wes, however,
rerdeed approximate by the frequemt complexity of the pyrolysates,
In consequence, only an approximate 2stimatior.of the weight contrib-
ution of eesch campetitive route to the overall ireakdown scheme could
Ye made for any given pyrolysand,

Stardard identification methods were occanionally suyplemented by

the following spueciel techniques:

Vapour—-phase Chrcnatography

This highly sensicive technique was found particulerly suitable
for the detection and identificeticn of liquid products of pyrolysis for
which e sufficiently high degrez of separation could not be obtained on
fractional distillation of the pyrolysate, The instrument used in Part I
of this thesis was the Griffin and George Mark ITB Vapour Phase Chromat-
ograph, waich is fitted with a katharometer detector, The length of the
column employed was 6 feet, with a bore of 4 mm, The stationary pnase
was 30% w/w Silicone E,307 un celite (100 mesh), with nitrogen as carrier
gas, The sample quantity usedwas 1 drop, intrcduced into the column by
means of an Agla micrometer syringe, Comparison of the retenticn times
cf the various pyrolysis products in the colunn with those of a number of
standards yielded rapid and accurate identification,

Infrared gpectrometry

Infrared spectrometry has been used to fecilitate identification of
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gthylene and propene in the vapour phase, The instrument used was the
Perkin Elmer Tnfrared Spectrometer, Identification was achieved by
comparison of the product spectrum with a number of standards.

Paper Chromatcgraphy

Tle paper chromatography techrigue described by Eux ton&" was succ~
essfully applied to identify the nitroberizenes—goluble 2:l-dinitrophenyl—
hydrazone derivative obtaincd from the pyrolysete from lactide(I) as
methylgiycxal bis-2:4-dinitirophenylhydrazone, The stationary phase
employed was a stancard grade of paper (Whatman's No, 1), pretreated
with & 70% aqueous solution of ethyl lactate, To pretreat the paper,
it was immersed in the soiition, drained, and allowed to become surface-
dry in a curr:nt of air, Test spots of the unknown and standard deriv—
atives were applied, and the chromatogram developed by the ascending
technique in & tank presaturated witk the solvent mixture - e 2% solution
of carbon tetrachlorice in petroleum ether (b. 60-800). The distances
travelled by the spots were cowpared under ultra-~violet light,

Colour test for anhydrid-=s

55

A colour test, desnribed by Davidson and Newman ~, has been used
for the detection .of linear anhydrides, The test depends on the prod-
uction of a “ransient bluish~grcen coloration when gn sniydride reacts vwith
(p-nitrobenzamido) ~phenylacetic acid in dry pyridine solution., The test
is not applicavle to cyclic aidycrides,.

3.2 Preparation of Pyroiysands

3,2,1 Preparation of Lactide (I)

Lactide (I) was prepared by the slow distillation of commerc.al lactic
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acid at 120 - 140o under reduced precssure, following the procedure
of Carothers, Dorough, and van Natta66. On recrystaliization from
ethanol, (I) was obtained as colourless plates, mep. 12,° (Lit.121+.50);
yield 3L,

3,2,2 Preparation of the Lactids (II)

Acetone cyanohyd~in was hydrolyssd by concentrated hydrochloric
acid to d‘-hydroxy.j___;_xgoutyric ncild, following the method of Blaise67.
The Of -hydroxy acid was obtainred as colourless needles from benzene,
meps 79° (Lit. 79°), in 80¢ yield., The & ~hydroxyischutyric acid was
subsequeatly conrerted to the lactide (II) by slow distillation at 190 -
220° according to the method of Blaise and Bagard6e. Recrystallized
from petroleum =zther (b.l;.O—-GOO), (II) was obtained as colourless prisms,
mep. 79° (Tit, 79°); yield 12% (Lit. 30%).

3,2,3 Prevaration of the spiro-Dilactone (TIT)

cyclo Hexanone wes convertad to its cyanohydrin by reac-"'tion with
concentrated hydrochloric acid and sodium cyanide oelow Oo, following
the proceiure of Billiamoria and Maclagan69. Suvsequent hydrolysis of

70 yicldea

the cyanohydrin with hot, concentrated hydrochloric acid
1-hydroxygyclohexanecarboxylic acid, obtaired on recrystallization
from petrolsum ether (b,%40-60°) as cclourless plates, m,107 - 108°
(zit, 108°), in 55% yield, based on initisl gyclohexanome.

The optimum conditions for the thermal couversion of l~hydroxycyclo-
bexanecerhoxyiic acid to (IIT) were first determined on a small scale

by trial and error. The best yield was obtained by maintaining 20 g,

of the hydroxy acid at _c_a...L5OO for B hours, dvring whieh time 0,5 cc. of
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a mixture of water and cyclohexanone distillel out, Subsequent fract-
ionation of the residue yielded a solid fraction, b. 125-160/6 mm,,
conaisting mainly of w.decomnposed hydroxy acid, cyclchex-l-enecerboxylia
acid, ana (III). TLe acldic components were removed by treatment with
satur.ted aguecus potassium bicartonate soliution, lsaving a residue of
(III), recrystallizel from ethancl a3 colou-less needles, m.pe 1760,
yvield 9.5% (for final stags)., On scaling up the quantity of l~hydroxy-
cyciohoxanecerboxyliz  acid used in the finul stage, however, this yield

fell to ca., 5%

Fouar.: Cs €7.0%; H, €.2%; M (f.p.in benzene) 254
Cale.for Gll;.HZOOL,_.: C, &5, 7%: H, 7.%; M 252

(III) has princ.pal infrared absorption bands at wave numbers,
2867 (8), 1728 (s), s (S, 1375 (), 1266 (8),
1247 (8), 1159 M), 1084 (8), 98l (s), 930 (M),
Y17 (W), 881 (i), 87 (), 727 (%), o

Whether (III) has the true lactide structure or that of its isomeric
ether—anhydride (cf,analogous I~hydroxycyclobutanecarboxylic acid deriv-

atives7l) , cannct be dstermined by quantitative exhaustive hydrolysis,

since for either strusture, 2 equivaieats of alkali woulcd be used up per

molecule,
g OO0 NaOH C/(CO oNe. HO NaOH GOZNa
O~COX (slow) 0 - oc 0 slow
(T112) AN OH
C— GO, NaCOH <—)’ COZNa NaCH Q OOZNa

0 + H.O

/ (slow 5 (fast;
)v co & COH d‘_ oo, 2

(IIIb)
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(III)a would be expected to hydrolyse in two stages, kiretically, while
(III)b should hydrolyse in a single stage, since the rate-determining
step would be the opening of the anhydride ring,

Attempted hydrolysis to the first stage was unsuccessful, because of
the extreme slowness of hydrolysis under mild conditions, Under the
more forcing conditions found necessary to achieve hydrolysis, however,
hydrolysis proceeded beyond the first and well into the second stage,
80 that no definite conclusion could be reached in this way,

It was thought that lithium aluminium hydride reduction of (II}-a)
(cf. reduction of ¥-valerolactone to pentandi—l:erl?z) might result
in formation of l-methylolcyclohexan-l-ol (m.p. 77°).  Unfortunately
reduction could not be achieved, possibly because of steric hindrance,

CO L OO 2
TAiAYH CHZOH
0. CO ¥ s 2 g

OH

Since the pyrolytic behaviour of (III) (see below) is analogous to
that of (I) and (II), it is considered to have the true lactide structure,

3,2,4 Preparation of Methylglyoxal

Following *the procedure of Riley et al, ,73 methylglyoxal was pre-~
rared by the selenium dioxide oxidation of acetone. It was obtained as
a yellow, mobile ligquid, distilling under high vacuum at the ambienv
temperature (vapour condensed in liquid nitrogen). It very slowly poly-

merises on standing.

3,2.5 Preparation of iscoPropyl ®-Methylacrylate

The commercially obtained ester (ex Polymers Consultants Limited),

purified by vacuum distillation, was a colourless liquid, b,p. 1050;

25- 26/ mm,
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3, 2,6 Preparation of f¥-Acetoxypropionic acid

Lactide acid was acetylated by a mixture of acetic acid and acetic

anhydride, containing 4% of hydrogen chloride, by the method of Filachione
74

and Fisher, The O(~acetuxypropionic acid thus cbtained was a colourless

liquid, b, 126 - 130°/11 mm, (Tit. 127°/11 m,), in 65% yield,

Note: Solid (X-acetoxypropionic acid has been variously reported in

the early literature as colourless crystals, m 39-40O 75, and m, 57 - 60° 76.5

More recent preparations of the substance do not indicate the existence of !

a solid form, however, and the product obtained by the method described :
above did not deposit crystals on freezing, either in ice or in Drikold- ;

acetone,

3e¢3 Results of Pyrolysis ;
The general conditions of pyrolysis are summarised in Table 1
(Runs 1 - 13 : macro—method) and Table 2 (Runs 14 and 15, semimicro~me£hod);.

the temperature was 500O throughout. Detailed analyses are given below,

3, 3.1 Pyrolysis of lactide (I) - Runs 1 and 2

Runs 1 and 2 gave concordant results; those of Run 1 are giVen here,
Distillation of the main pyrolysate (b) yielded three fractions (i)-(iii) |
and a residue (iv) as foliows:-

(i), b. h5—60?/15mm, (0,05 g.) Was a white crystalline solid. ;
(1i),b. 60-80°/15mm, (0.7 g.) was a yellowish solid.
(iii),b, 70~150°/8m, (11.5 g.) Was an amber solid.
(iv), weighing 6.0 g,, was a »rown, tarry solid,
On testing each of these fractions in turn with aqueocus sodium

bicarbonate sblution, no effervescence was cbserved; the main pyrolysate (b)
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Pefore fractionation, however, gave a slight positive reaction with the
reagent, thus indicating the presence of a carboxylic acid,

Each fraction on recrystallisation from ethanol gave colourless
crystals of (I), mep. and mixed m,p. 124°,

Acrylic acid (byps 48,5°/15 mm.) could not be detected in fractions
(i) or (ii) by vapour—phase chromatography.

A 2:hp-dinitrophenylhydrazine reagent trap, placed between the main
receiver and the cold trap, yielded a derivative, obtained as yellow
needles, m,p. 1580, on recrystellisation from ethanol, A mixed m,p,.
detemination with scetalidehyde 2:4~dinitrophenylhydrazone gave no
depression,

A nitronenzene~soluble portion of ihe crude product from tne
reagent trap was identified by paper chromatography as methylglyoxal bis-
2 sh~diritrophenylhydrazonz,

The gaseous pyrolysate (c) w23 shown by infrared analysis to contain
ethylene, No but~l~ene or but-2-ene could be Adetected,

Other compourds sought, but with negative results, were the foll-
owing:

pyruvic acid (bep. 165° (decomp,); meps 14°);

acraldehyde  (b.p. 52050);

ethyl acrylaie (t.p. 101°);

c~methylbut-3-enoic acid (bep. 95,5°/25 mm);

and O(-acetoxypropionaldehyde (bo 50 - 62°/33 mm),
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3, 3,2 Pyrolysis of the lactide (TI) - Runs 3 and 4

The results of Runs 3 and L were in good agreement; those of Run 3
are given here,

Filtration of the main pyrolysate (b) yielded 3.5 g. of undecomposed
starting material and a filtrate which on distillation yielded three
fractions (i)-(iii) and a residue (iv):-

(1), b, 56 - 6c°, (3.2 g.) was a clear liquid,

(ii), Db, 60 - 80°, (4s2 g.) was a clear liquid,

(iii), b. 60 - 82°/25 mm (5.4 g.) was a pale yellow liquid,

(iv), weighking 7.5 g.,Wwas a brown tar, which, on cooling, deposited |

crystals of ucdecomposed (II), mep. and mixed meps 79 ‘

Fraction (1) consisied mainly of acctone, characterised as its 2:4-
dinitrophenylhydrazone, m.p. and mixed m,p, 1270.

Fraction (ii) was a mixture of acetone and ®g-methylacrylic acid (b.p.
1610), identified by wvapour—phase chromatography, No 2;3~dimethylbut-2-ene
('b.730) could be detected,

Fraction (iii) was mainly X-methylacrylic acid, identified by vapour—
phase chromatogrephy; no isopropyl ¢-methylacrylate (b.p. 105°; 25~26°%/
1. mm, ) could be detected.

A 2:4~dinitrophenylhydrazine trap yielded a product which contained
the derivative of acetone only: ©(-methylacraldehyde 2:4 dinitrophenyl-~
hydrazone could not be detected by paper chromatographny.

Infrared analysis of the gaseous pyrolysate (c) showed the presence

of propene,
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363¢3 Pyrolysis of isopropyl & -methylacrylste — Runs 5 and 6

The results of Runs 5 and 6 were concordant; Run 5 is described
here,

Attempted fractionation of the main pyrolysate (b) at atmospheric
pressure yielded no distillate below 90°, Distillation under reduced
pressure, yielded three fractions (i)~(iii) and a residue (iv).

(i), b. 25 - 40°% 14 mm, (18 g.) was a clear liguid.

(ii), b, 40 - 570/1»4 mm, (3.4 g.) was a pale yellow liquid,

(1ii), b, 60 - 83°%/L4 mm, (3.1 g.) was a yellow iiguid,

(iv), was a brown tar, weighing ca, 1 g.

Fraction (i) was shown b;" vapour phase chromatography to consist mainly
of undecomposed isopropyl &r-methylacrylate,

Fraction (ii) consisted of a mixture of isopropyl O¥-methylacrylate
and &¢-methylacrylic acid (iden‘cified by vapour phase chromatography).

A 2:)-dinicrophenylhydrazine reagent trap yielded orange needles,

Mo P 126°; a mixed m,p. with acetone 2:4—dinitrophenylhydrazone
(m, Po 1280) gave 1.0 depression, No other 2:4~dinitrophenylhydrazones could
be detected by paper cnromatography.

ILicuid (a) from tae cold trap, raised to room temperature, evolved
0,24 1. of gas, identified by infrared spectrometry as propene,

34344 Pyrolysis of the spiro-dilactone (III) - Runs 7 and 15

An exploratory semi-micro pyrolysis of (III) (Run 15) was followed
by a more detaileu study on the macro-scale (Run 7),

Filtration of the main pyrolysate (b) from Run 7 gave 15,7 g. of
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walte solid material and 7,8 g, of a yellowlsh liquid, which distilled
at 140 - 168° leaving a small, tarry residue (ca,0.2 g.)s No cyclo-
hexylidenecyc.ohexane (b. Pe 2570 could be detected), The solid
pyroliysate gave a faiut effervescence with aqueous sodium bicarbonate
solution, thus indicating the presence of a trace of a carboxylic acid,
The liquid pyrolysate yielded a Z:4~-dinitrophenylhydrazone, m,p. 1600;
a mixed m.p, determination with tne derivative of cyclohexanone (m.p. 1620)
gave no depression,
Vapoui—phase chromatography of the total liquid pyrolysate detected
only cyclonexanone; cyclohexene could not be detected.

39345 Pyrolysis of lactide.r in the presence of free-radical inhibitor

Pyrolysis of lactide (I) containing 1% w/w of hydroguinone - Run 8

T'ractionatioa of the main pyroiysate (b) yielded three fractions
(1)-(iii) and a residue (iv) as follows:—

(i), b, 40-60°%/15 m, (0,5 z.) was a yeilowish liquid.

(ii), be 60-80°/15 mm, (C.6 go) was a yellowish semi-~solid,

(iii), b. 60-170°/8 mm, (10,2 g,) vas an amber solid.

(iv), weighiug ca.> g.,was a brown, tarry solid.,

Fraction (i) contained accylic acid, identified by -vapour-phase
chromatography.,

Fraction (ii) consisted of a mixture of acrylic acid and undecomposed
(1).

Fracticn (.111) was mainly undecomposed (I).

A 2:4~cinitropheny’hydrazine trap yielded jellow prisms, m.p. 1600,

identified as acetaldehyde 2:L~dinitrophenylhydrazone by a mixed m.p,



- 59 -
determination which gave no depression. Paper chromatography of a
nitrobenzene—-soluble portion of the crude product from the reagent
trap detected the presence of methylglyoxal bis~2:4-dinitrophenyl-~
hydrazone,

Pyrolysis of the lactide (II) containing 1% w/w_of hydroquinone-Run 9

The seml~solid pyrolysate ('b) yielded on filtration 5,6 g. of unde-
composed (II) and 21.4 g. of liquid., The latter on fracticnation yielded
two fractions, (i) and (ii), and a residue (iii).

(i), b, 56-69° (3.8 g.) was a pale yellow liquid,

(1), b. 70~100°%/14 ma, (4.8 g.) was an amber liquid.

(ii1), weighing ca,ll g,, was a brown ter which, on standing,

deposited crvstals of undecomposed (II).

Fraction (i) was mainly acetone characterised as its 2:4~dinitro-
phenylhydrazone, m, 0, 1250: mixed m,p, no depression,

Fraction (ii) contained meinly A-methylacrylic acid, identified

by vapour~phase chromatography.

Pyrolysis of the sviro~dilactone (III) containing 1% w/w of
' hydroquinone - Run 10

The mein pyrolysate (b) oca filtration yielded 12,2 g. of white solid
material and 2.5 g. of a ligquid which distilled at 135-1650, leaving a small,
tarry residue (ca. 0.2 g.)

The solid material gave a faint effervescence on testing with
aguecus scdium bicarbonate solution, showing the presence of a trace of

a carboxylic acid.,
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The liquid fraction yielded a 2:4~dinitrophenylhydrazone: yellow
prisms m.p. 162°, identificd as the derivative of cyclchexanone by a
mixed m,p. determination, which gave no depression,

No cyclohexene could be detected by vapour phase chromatography.

343.6 Co—pyrolysis of lactide (I) and acrylic acid — Run 11

The pyrclysand consisted of a mixture of 25 g, lactide and 2.5 g.
acrylic acid.

The main pyrolysate () on distillation yielded three fractions
(i)~ (iii) and a residue (iv), as follows:

Fraction (i), consisting of 0,5 g. of amber liquid, b, 40~60°/15 mm,,
contained mainly undecomposed acrylic acid (identified by vapour-phase
chromatography).

Fraction (ii), an amber semi-solid (1.5 ge) be 60~80/15 mm, cont-
ained acrylic acid (identified by vapour-phase chramatography) and undec—
omposed (I).

Fraction (iii) was an amber solid (6.9 g.) b,70-150°/8 m,, consist-
ing mainiy of undecomposed (I).

The residue (6.0 g.) was a dark brown tar,

Acetaldehlyde was identified as its 2:4~dinitrophenylhyirazone, m.p.
and mixed m,p, 1600, obtained from a reagent trap placed in the pyrolysis
system,

3,3,7 Pyrolysis of & —acetoxypropionic acid ~ Runs 12 and 13

Runs 12 and 13 gave concordant results:; those for Run 12 are given

here,
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Tie main pyrolysate (b) before fractionation gave a positive colour
test with the Davidson-Newman reagent65 and with anhydrous copper sulphate,
indica*ing the presence of axn anhydride and water respectively, On fract~
ionation, (b) yielded three fractions (i)~(iii) end a small, tarry residue:-

Fraction (i), a yellow liquid (5,0 g,) b, 16-100°, consistsd mainly
of acstaldehyde (identified as its 2:4~dinitrophenylhydrazone: m.p, and
mixed m, p. 1620) and acetic acid (identified by vapour phase chro:natography).

Fraction (3i),a yellow liquid (8.3 g.) b. 100-130°, consisted mainly
of acetic acid and acetic anhydride (both identified by vapour-phase
cbromatogr-aphy) .

Fraction (iii), a yellow liquii (2.1 g.) b, 90-100°/15 mm., was
similar to fraction (ii) in composition, containing mainly acetic acid
and aretic anhydride,

A 2:4-dinitrophenylhyirazine reagent irap placed in the pyrolysis
system yielded a crystalline derivative, identified as that of acetalie-~
hyde: m,p, and mixed m.p, 160°, The prcduct from this trap was completely
soiuble ir ethancl ~ a fact whiclh excludes the lixkelihood of formation of
methylglyoxal as an intermediate during pyrolysis.

Ne acrylic acid couvld be detected by vapour-phase chromatography of
the various fractions,

3,3.,8 Semi-micro pyrolysic of methylglyoxal — Run 1k

The liquid (a) in the air-cooled limb of the apparatus gave a 2:4~
dinitrophenyllydrazons identified by paper chromatography as that of

methylglyoxal,
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Iiquid (b) yielded a mixture of 2:4~dinitrophenylhydrazones.
Repeated extraction of the cruade product with ethanol yielded yellow
reedles, m,P. 1590, identified as acetaldehyde 2:4~dinitrophenylhydrazone
by the method of mired i p., which gave no depression, “he remainder,
soluble in nitrobenzene, was identified by paper chromatography as
methylglyoxal bis—2:4~dinitrophenylhydrazone,
Note: The gaseous pyrolysate (q) almost certainly contained a large
proporcion of acetaldehyde, because of the inefficiency of the Drikcld
trap in cooling rhe relatively hot, rapid stream of asetaldehyde vapour
emerzing from the furnacs,

Thus the uncondensed asetaldehyde and any carbon iicxide formed
arz reported together, toth being soluble in the aqueous sodivm hydroxide

used in the gas analysis apparaius.
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PART II

PYROLYSIS OF POLY(DIETHYL MALEATE~METHYL &-~METHYL ACRYLATE)
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l.  INTRODUCTION

1.1 Polyester Resins, their Manufacture and Uses

Unsaturated polyester resins have recently beecme established camm—
ercially, in the form of laminates, for such diverse purposes as the
manufacture of car bodies, the hulls of ships up to the size of medium
launches, and aeroplane radome housings,

Resins of this type are made by copolymerising an unsaturated poly-
ester, usually poly(ethylene fumarate), with an unsaturated moncmer of
the vinyl type, e.g. styrene or methyl M-methylacrylate, on a supporting
structure of glass fibre, cloth, paper, or the like, The laminates thus
formed are strong, light, and highly corrosion~resistant., They also have
excellent thermal and electrical characteristics,

Their greatest advantage, however, is undoubtedly their ease of
fabrication, since high pressures and elaborate moulding equipment are
not required, The resins liberate no volatile products on setting, and
can thus be moulded at very low pressures -~ hence the term "contact resins,!
Commercially, unsaturated polyester resins are usually supplied as a syrup
containing three essential camponents - unsaturated polyester, vinyl mon~
omer, and inhibitor, The presence of an inhibitor is necessary to prolong
the storage life of the product before it is cured., text,~ Butyl catechol,
hydroquinone, and quingne are among the most effective inhibitors used,

Copolymerisation is generally initiated by dissolving a peraxide -
type eatalyst (usually benzoyl peroxide) in the resin and heating for a
short time, Laminates are prepared by spreading successive layers of the

filling material and resin on a mould of the desired shape, and curing,
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Resins are available that will cure in a few hours at room temperature,
while others cure in as little as % minute at 110°, 77

For econamic reasons, styrene is the vinyl-type monomer most often
employed. Ethylene glycol and maleic anhydride, both cheap and readily
available, are the most common difunctional alcoholic and acidic comp=-
cnents used in the preparation of the polyester,

The mechanical properties of unsaturated polyester resins can be
varied from strong, rigid materials to toough, flexible ones by a suitable
choice of the following variables:

(i) the type of dihydric alcohol used;

(ii) the type of dibasic acid used;

(iii)the ratio of saturated to unsaturated dibasic acid [fo incr-

. eage bthe flexibility of the product, the double bonds of the
unsaturated polyester can be spaced out by adding a long-chain
saturated dibasic acid during polycondensatioé};

and (iv) the type and amount of vinyl monomer used,

Special characteristics can be imposed upon the resins by different
canbinations of these variables, The resin of particular interest in the
present work, for example, poly(ethylene fumarate-methyl(f-methylacrylate)
(IV), has been used to make vitreous, transparent plastics which are stable
to light.78

The thermal degradation of (IV) has been found to yield products of
such complexity55 that accurate analysis is practically impossible. Part‘

IX of this thesis describes an investigation of the mode of thermal break-
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down of the cross—linking polyvinyl chains in (IV), using the relatively
‘simple copolymer poly(diethyl maleate-methyl -methylacrylate) (V) as a
model,

1,2 Chemical Constitution of Polyester Resins

When an unsaturated polyester resin sets, the unsaturated polyester
chains are rapidly cross~linked by copolymerising with the vinyl monomer,
yielding ultimately a rigid, three-~dimensional macromolecular network,
(IV), for example, would have the partial structure represented in Fig.3.

Successful fabrication of reinforced laminates from these resins
requires a knowledge of the relationship between the ratio of starting
camponents and the composition of the resin produced,

A general equation has been formulated for the ideal copolymerisation

of two simple unsaturated monomers, A and B,as follows:

B
da A (r + =)
dB B (rg IB + l)

where -g'-% is the instantaneous relative rate of entry of the monomers into

the copolymer,

A and B are the instantaneous concentratioms of A and B respectively,
and Ty and r, are the reactivity ratios for A and B respectively, under
the experimental conditions employed,

The reactivity ratios for a given pair of monomers are parameters
which give a direct measure of the relative tendencies of the growing
radical of each species, 4 or B, to combine with a monomer molecule of

its own kind rather than with a molecule of the comonomer during chain
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propagation, For a given set of conditions, therefore, the reciprocal
reactivity ratio of each monomer in the system is a direct measure of
the alternating tendency of its own radical,

The above equation can generally be applied to the initial stages
of copolymerisation of A and B when 4 and B are the initial concentr-
ations of the two monomers respectively, provided, of course, that
neither monomer is being used up too quickly relative to the other,

To evaluate the reactivity ratios of a given monomer peir, it is
necessary to determine the composition of the copolymers obtained fram
a series of monomer mixtures of known camposition, Copolymer analysis
is much more readily achieved, however, for a simple copolymer system,
eege poly(styrene-methyl Or-methylacrylate) than for a cross~linked unsat-
urated polyester resin, Experimental difficulties, especially the high
‘insolubility of the resins, have so far deterred attempts to measure the
reactivity ratios of the two types of unsaturation initially present,
Such difficulties have been successfully overcome in these laboratories by
Gordon g§_§£,79 for the resin (IV) by a special "swelling and extraction"
technique of purification and analysis of the resin formed in the initial
stages of copolymerisation, An average bridge-length of 18 methyl
v°{-methy1acry1ate units was hence calculated for the resin formed from an
equimolar feed mixture of each type of unsaturation.

Frisch and Stannetteo were the first to use model systems to determine
the mean bridge-length between adjacent chains, thus reducing the analy-

tical difficulties inherent in unsaturated polyester resins, They selected
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diethyl maleate as a suitable model for the unsaturated polyester, poly
(ethylene maleate), prepared by polycondensation of maleic anhydride
with ethylene glycol, With a knowledge of the reactivity ratios of the
monomer pair styrene and diethyl maleate, they deduced an average bridge~
length of 8 styrene units for poly (ethylene maleate-styrene), prepared
from an equimolar feed ratio of each type of unsaturation,

Although the choice of diethyl maleate as a model appeared to be
appropriate at first sight, more recent work79 has shown that in the
above polycondensation, conversion of maleic to fumaric umsaturation is
substantially complete,

This discovery led Wycherley81 to select diethyl fumarate rather than
diethyl maleate as a suitable model for the unsaturated polyester, Fram
the known reactivity ratios of diethyl fumarate and styrene, he cal~
culated the average nunber of styrene units per cross-link to be 1,2,
starting with an equimolar feed.

A similar estimate of the number of cross—linking monomer units per
bridge was obtained by Hayes and Hunter82 for poly(propylene fumarate -
styrene), Complete hydrolysis of the copolymer obtained from an equimolar
feed gave a fumaric acid-styrene copolymer, from the analysis of which the
average number of styrene units per bridge was estimated to be ca. 1.6

Application of the above relatively simple copolymerisation equation
to the cross—~linking of an unsaturated polyester is subject to several
qualifications:

(1) There must be no excessively rapid depletion of the cross-linking

monomer, as explained above,




(1)

(iii)

(iv)
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It must be assumed that the reactivity of fumardic double bonds
is independent of the nature of the attached ester groups ~
here pendant polyester chains.
The copolymerisation equation is only applicable to low con-
versions, such as occur up to the gel point, since, after
formation of the cross—linked macromolecule, the reaction cond-
itions change, The diffusibility of unreacted double bonds in
the polyester chains may well be reduced, with corresponding
decrease in their reactivity., Those double bonds which are
located near a point of cross—linking may also be blocked by
steric hindrance,
Effects such as chain transfer are not taken into account by

&3 applied the equation

the equation, Robertson and Shepherd
to calculate the composition of several polyfumarate resins,

and correlated the mechanical strength with the degree of cross-—
linking, The vinyl acetate~ and styrene- polyfumarate resins
were found to be mechanically stronger than the corresponding
methyl <X-methylacrylate and acrylonitrile resins, The higher
degree of cross-linking calculated for the former pair (using
model systems) was thought to be responsible for this, The
relationship broke down, however, when applied to the corres-
ponding methyl acrylate resin, which was surprisingly strong,
although it had a low calculated degree of cross-linking,

This has been attributed to a high true degree of cross-linking

of the resin, associated with chain transfer, since the bulk
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polymerisation of methyl acrylate is known to be prone to chain
84

transfer and consequent gelation, Although the bulk polymer-
igation of vinyl acetate may under certain conditions proceed
with o::'os:?wl].:i.l’zk:i.ng,85 the vinyl acetate resin is so tightly

cross~linked that the effects of transfer are not obvious,

1,3 Pyrolysis of Poly(ethylene fumarate — methyl Of-methylacrylate
' ~and Related Polymeric Systems

The resin which has hitherto received most attention in these
laboratories is (IV), for which Gordon 31_7__%3;79 evaluated the monomer
reactivity ratios. Two main reasons suggest this resin as-a:rmodel
for study, in preference to poly (ethylene fumarate-styrene):

(i) Poly (ethylene fumarate) is soluble in methyl & -methylacrylate,
whereas in styrene it is not, and the latter copolymerisation system
is complicated by the necessary addition of a third monomer or sol-

vent,
and

(ii) The degradation characteristics of poly(methyl ef ~methylacrylate)
are somewhat less complex than those of polystyrene (see below),
Exploratory pyrolyses of (IV) by ]&/Iaczkinno:n5 2 have shown that degrad-

ation of the polyvinyl chains commences at a lower temperature than that

of the polyfumarate chains, Depolymerisation appeared to start at the
ends of the poly(methyl . -methylacrylate) chains and to be terminated

at the first point of cross-liaking with a fumarate unit, as indicated

by the evolution of a markedly lower yield of monomeric methyl &-methyl-

acrylate from the degrading resin than from the simple homopolymer,

poly (methyl X -methylacrylate), pyrolysed under the same eonditions
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(based on the actual methyl ®™-methylacrylate content of each system),

Accurate qualitative and quantitative analysis of the degradation
products of the cross-linked polyester resin were, however, precluded
by the structural rigidity of the macromolecule, which hinders the
escape of volatile products and thus enables complicating secondary
reactions to occur, Perhaps the most important conclusion emerging from
Mackinnon'a work is that, as the working temperature of the resin is
raised, degradation of the poly(methyl & —methylacrylate) chains will
probably be the primary source of failure, The need for a further study
of the degradation characteristics of the polyvinyl chains in (IV), €ege
by pyrolysis of relatively simple models, is thus apparent,

1,3,l Pyrolysis of Vinyl Polymers

Theoretically, the degradation of polymers derived from vinyl-type
monomers may follow one ol three courses ,86 as shown in Fig, L,
Type 1, represented by the line ABD, is characteristic of chain depoly-
merisation, a free radical process which is essentially the reverse of
polymerisation, Entire molecules of the polymer are rapidly converted
to monomer, whicl. escapes from the system as a vapour, the molecular
weight of the residual polymer. remaining constant throughout degradation.
Type 2,represented Ly 40D, is characteristic of random degradation, i.e.
scission of the polymer at random points along the chain, resulting in a
rapid drop in molecular weight,
Type 3, represented by the diagonal 4D, is intermediate in character,

Pyrolysis proceeds by the successive breaking-off of short fragments, up
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to a few monomer units in length, from the degrading chain-~end, resulting
in stepwise reduction of the molecular weight of the polymeric residue,
The exclusive pyrolysis of a polymer by any one of these basic
processes is not usually encountered in practice; the predominating type
of degradation undergone by a particular polymer is dictated by the exper-
imental conditions, especially the temperature,

le3.2 Pyrolysis of Polystyrene

The thermal degradation of polystyrene has been investigated by
Jelil.inekB7 and by Madorsky88, according to whom two distinct mechanisns
are involved, one operating below and the other above ca. 3L|.O°. Below
34,0°, only slight volatilization (a few per cent) occurs, but there is
a rapid decrease in molecular weight. The fall in molecular weight has
been attributed to breakage of weak links in the polystyrene chains,
possibly formed either by hydroperoridation of a limited number of
tertiary nydrogen atoms by molecular oxygen during storage, or by the
copolymerisation of molecular oxygen (present as an impurity) into the
polystyrene during polymerisation., At higher temperatures, further
decomposition occurs, by a different mechanism, After the weak link
scission phase of the reaction, there ensues a steady evolution of monomer,
dimer, trimer, tetramer gtc.,while the molecular weight of the non-volatile
residue decreases almost linearly to zero at 100% conversion. This latter
behaviour approximates to degradation Type 3 (see above),

1,3.3 Pyrolysis of Poly(methyl ® -methylacrylats)

The thermal degradation of poly(methyla(-methylacrylate) also occurs

by a low- and a higb-temperature mechanism, with a critical temperature of
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5553000 89. For a polymer of initial number average molecular weight

Gﬁn) of up to 500,000, depolymerisation at 220° has been shown by

Grassie and Melville86 to be initiated at the chain-ends, and to proceed
by a kind of "unzippering" action in which successive monomer units are
rapidly removed from the degrading chain-end -~ essentially degradation

of the above Type 1. The molecular weight of the polymeric residue remains
approximately constant over a large part of the degradation process,

but falls slightly in the later stages, (This fall in molecular weight
occurs sooner for higher molecular weight polymers Gﬁn>v500,000), for
which the kinetic chain length of depolymerisation is less than the degree
of polymerisation, For such polymers, incomplete decomposition of degrad-
ing molecules leaves fragments of shorter chain length, which lower the
average residual molecular weight)., At 2200, only ca.50% of the polymer
is degradable; the remaining half is much more stable, and must be heated
to 92,3000 before it too undergoes breakdown, In the polymerisation of

0

methyl &(-~methacrylate at 60° s chain termination occurs entirely by

disproportionation, and therefore half of the polymer molecules in a

91

given sample must contain a double bond at one end, It has been proposed
that those chains containing a terminal double bond undergo primary

activation by the removal of an allyl~type radical from the chain-end.

COgle  COLMe (ione ;)OzMe lQone GO Me
‘ i \

-C~-CH,~C~CH=C =-——» +rm CH,~C~-CH,*+°*C~CH=C
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This process requires the input of much less energy than the rupture of an
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ordinary C - C bond, since conjugation energy, which may reach 23 kecal,
per mole, is liberated in the removal of the relatively stable allyl-type
radicals To prove that a double bond is needed for chain-end initiatiom,
Grassie and Mblville86 used different methods of polymerisation (e.g.
polymerisation with chain transfer agents) whereby it was possible to
regulate the proportion of molecules which have terminal double bonds,

It was found that only the polymer molecules containing such double bonds
can be degraded at 220°, Brockhaus and Jenckel92 finally confirmed this
by quantitative permanganate determination of the number of terminal
double bonds in the polymer, done in parallel with measurements of the
degradation rate,

At higher temperatures (above 3000), Hart93

has shown degradation to
proceed with a sharp initial fall in molecular weight, which then diminishes
gradually towards zero at 100% depolymerisation, The reason underlying

this behaviour has been shown to be random rupture of the C - C bonds in

the polymer chain backbone (cf, Type 2, above); this leads to formation

of new radical ends, at which chain depolymerisation can recommence,

The monomer yield, and monomer content of the products of degradation
obtainable from polystyrene and poly(methyl ©-methylacrylate) are very
different, Whereas 22,90% of methyl ¢& ~methylacrylate is recoverable from
poly (methyl O¢~methylacrylate), only ca,40% of monomeric styreme is cbtained
from polystyrene. The volatile product from poly(methyl &¢-methylacrylate)
is ca,100% monomer, but for polystyrene, there is only ca.hk2% of styrene in

the volatile product, (All percentages are on a weight basis),




- 79 -

It is apparent from the foregoing summary that any deviation from
normal pyrolytic behaviour produced by the incorporation of isolated
comonomer units into the polymer would be more readily detected for the
poly (methyl of ~methylacrylate) than for the polystyrene system, at temp-
eratures below 3000.

1, 3,4 Pyrolysis of Copolymers

Although much work has been done on the pyrolysis of linear addition
homopolymers, relatively little has been done on copolymers,

Wall%'

pyrolysed at @_.2,.250 a number of copolymers and related the
variation in the yield of the individual monomers to the camposition of
the copolymers studied, The chief quantity studied by Wall was the
relative monomer yield", which is *he yield of a monomer obtained from
the copolymer divided by the yield of the same monomer from its simple
homopolymer, pyrolysed under the same conditions,  According to Wall,
there are two distinet ways in which the individual monomer yields may
be decreased. For a sopolymer derived from two monomers, A and B, these
are:
(i) Preferential formation of co-dimer (or co-trimer) at the
boundaries between sequences of A and B units;
or (ii) Formation of hybrid monomers, which may be formed from fragments -
of adjacent A and B units by rupture of the internmal bonds of
these wiits,
Examples of copolymers studied thus by Wall include poly (styrene-methyl

o -methylacrylate), poly(dimethyl fumarate-styrene), and poly(stilbene-

methyl & -methylacrylate).
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As described above, poly(methyl O¢-methylacrylate) and polystyrene
differ in their pyrolytic behaviour in that monomeric methyl @G¢-methyl-
acrylate is the sole volatile product fram the former, whereas styrene,
its dimer, trimer etc,are formed from the latter, The relative yield of
styrene obtained from poly(styrene—methyl O(-methylacrylate) was found
to have been increased, whereas the relative yield of methyl ¥-methyl-
acrylate was unchanged, The enhanced relative yield of styrene illustrates
the lower tendency of methyl @~methylacrylate to form dimers compared to
styrene, 4 certain number of styrene units in the copolymer, being isolated
between the other monomer units, are thus restrained fram dimerising with
their own kind, The unaffected relative yield of methyl e¢-methylacrylate,
on the other hand, is as expected, since dimer formation is not favoured,
and it is structurally obvious that no hybrid monomer effect can deplete
the yield.

Poly (dimethyl fumarate-styrene) on pyrolysis yielded, in addition to
the original monomers, a minor amount of methyl acrylate, This was taken
to indicate some preferential splitting of the internal C-C bonds of the
original monomer units, with formation of the hybrid monomers, methyl aory-
late and methyl cinnamate (not detected) as shown: ,
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Poly(stilbene-methyl % -methylacrylate), on the other hand, yielded
on pyrolysis only the original monomers, It was concluded that this
copolymer undergoes thermal degradation by the breaking of the bonds
originally formed during copolymerisation:

?OZMeE ; Gogte

~r CHy = C ~——— CHPh ~ CHPh ——i— CHy = C
' |
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Further interesting examples of hybrid monomer formation have
been brought to light in a recent paper by Haszeldine 23_3;95. A new
type of copolymer has been produced by copolymerising perfluoroalkyl
nitroso~-compounds, RFNO, with olefine, The N=O group acts like a C=C
group, so that the repeat unit in the 1:1 copolyiner usually obtained
is ~N=0~C~C~, Thus, for example, itriflucronitrosomethane reacts with
tetrafluorethylene below room temperature to give a 1l:1 copolymer:

. N~O-CF. ~CF .~ }
OFNO + CF, : CF, —> N-0-GF =0~ |

Pyrolysis of this copolymer at 25,5500 in vacuo,yields as the
exclusive volatile products equimclar amounts of the hybrid monomers
carbonyl fluoride, COF,, and. parflucro(methylenemethylamine), CFz» N = CFye
The hybrid monomer effect has been reported only for pyrolysis at elevated
temperatures, well above BOOo,at which temperature randomn rupture of the

C-C bonds in the chain backbone occcurs,
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In addibion to these studies of the nature of the volatile
products cbtained on pyrolysis of copolymers, there is one recorded
account of the accompanying changes that occur in the molecular weight
of the residual copolymer, This is the study by Grassie and M61v111e86’96
of tke thermal degradation of poly(acrylonitrile-methyl &~methylacrylate),
The degradation characteristics of poly (methyl X -methylacrylate) were
found to be fundamentally altered by incorporation in the chains of
minute amounts of acrylonitrile, Kinetic measurements on the degrading
copolymer at 220° showed that, instead of starting at maximum rate, as
for poly(methyl & -methylacrylate), there was an induction period,

- accampanied by a rapid fall in number—-average molecular weight, Later
in the reaction, Mn levelled off to a value corresponding to chain
scission in the region of every acrylonitrile 'mit spaced out along
the chains., The introduztion of occasional acrylonitrile units into
the poly/methyl &~methylacrylate) chain was thus found to lead to
formation of points of thermal instability.

The most plausible mechanism suggested by Grassie and Melville to
explain these phenomena, particularly vhe induction period, was disprop~
ortionation into two stable moiecules at the junction of an acrylonitrile
unit with a methyl Of-methylacrylate unit:

?OZMG %N ?OZMG ?N
MCH2~(‘)~GH2—CHW‘--——4> ~WCH=(‘3 + OHS-CHW
Ne Me

The increasing concentration of the former end-stiucture, identical
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with the unsaturated chain-ends of poly(methyl &--methylacrylate), was
thought to account for the induction period, Several anomalous results
were obtained, however, so that the above mechanism could not definitely
be established,

Objects of Research

The primary object of Part II of this work is to elucidate, by means
of a relatively simple model system, the pyrolytic breakdown mecha.nism(s)
of the cross~linking poly(methyl O(-methyacrylate) chains in (IV), and
hence,if possible, suggest improvements whereby the thermal stability of
the resin might be improved,

Poly(diethyl malsate-methyl &~methylazrylate) (V), for which the
monomer reactivity ratios are 1mown97, has been chosen as a suitable model

for a systematic, quantitative pyrolytic study of this kind.

86,96 that thermal

In view of the cbservation by Grassie and Melville
chain scission occurs in the vregion of each isolated acrylonitrile unit
in voly(acrylonitrile~methyl €f-methylacrylate), pyrolysed at 2200, the
idea occurred to the present author that for copolymers of methyl & -methyl-
acrylate containing only occasional isolated comonocmer units, studies of
the molecular weight changes during pyrolysis might be the basis for an
elegant general method of determining (or at least, approximately checking)
monomer reactivity ratios. The pyrolysis of samples of (V) of known compos-
ition may therefore be regarded as a test of the practicability of this
method,

If chain depolymerisation of (IV) starts at the loose poly(methyl

& -methylacrylate) chain ends, and stops at the first attachment to a
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polyester chain, as was tenbatively suggested byMackinnon,.55 a system-
atic study of this process conld possihly yield information on the mean
length of the loose ends of the polyaddition chains in the network, and,
indirectly, on the average length of the polyaddition chain segments acting
as cross~links, Some confirmation of the monomer reactivity ratios govern-
ing the cross-linking of (IV) could thus be obtained,

A study of the degradation characteristics of (V) could clearly give

an indication of the value of undertaking the latter project.
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2, DISCUSSION OF RESULTS

2,1 The Pyrolysis of Poly(diethyl maleate-methyl &-methylacrylate) (V).

General Preliminary Considerations

The molar ratio of methyl O¢-methylacrylate to diethyl maleate in the
copolymer (V) prepared as described in the Experimental Section, was ca.
18:1. The number-average molecular weight (Mn) was found osfiotdically to
be ca, 471,000.

Temperature of Pyrolysis

Before studying the thermal degradation characteristics of (V), a
suitable temperature for pyrolysis was first determined, The lower temp-
erature limit is, of course, the onset temperature of degradation, As
noted by Grassie9 6, however, when poly (methyl O(—methylacrylate) is pyrolyse:
below 1600, the characteristics of thermal degradation are complicated by
secondary effects arising from the slow rate of diffusion of monomer through
the highly viscous polymer,

The anset temperature of pyrolysis of (V) was found to be 170°, More
precisely, this is the lowest temperature at which a detectable amount of
unsaturated product, presumably methyl Gf-methylacrylate, was evolved from
the copolymer in the onset—temperature determination apparatus desoribed
in the Experimental Section (p.126).

The upper limit of temperature for the pyrolysis of (V) is the onset
temperature for A' scission of the cavbethoxy groups in the copolymer,

The carbomethoxy groups are, of course, stable up to higher temperatures
(see p. 127). The onset temperature for A' scission of (V) was found to

be 280° (Which is considerably lower than that of the relatively simple
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ester, diethyl succinate,for which breakdown by 4' scission commences

© 55)5 Pyrolysis of (V) at temperatures above 280o would probably

at 330
be complicated by structural changes in the copolymer, resulting from the
thermal conversion of carbethoxy groups to carbaxylic acid groups, and of

the latter to anhydride urits by loss of water:

VAAN
COBt COEt A' COBt COH A' COH COH ~H,0 co 00
{ e e Ve —5 | |
~oiCH —— CH mnrs #wetCH oo CH mrrt rsCE —— CH v w~CH ~ CHwen

An alternative sequence of reactions, also leading to formation of

anhydride units, may be written as follows: 0
YN
co co
t ! t ~Et
?OZEt C‘}OZE A (\JOZE CEOZH B OH. \ {
Ared CH S—— CH st ,_,."_,CH S CH anr ‘.,,/CH - — CH Ao

An analogous sequence was pos*ulated by Brown98 to explain the
detection of ethanol and succinic anhydride in the pyrolysate from diethyl |
succinate,

The intramolecular formation of anhydride units which occurs during
the thermal degradation of poly(tert,-butyl -'me‘bhylacrylate) has been
shown ty Grant and Grassie9 9 to have a marked inhibitory effect on the
depolymerisation of the polymeric residue,

The pyrolysis of (V) was therefore studied well within the limits
170 - 280°, at 220° and 260° respectively,

Prevention of oxidation and catalysis

To avoid oxidation, (V) was pyrclysed under high vacuum, a technique
which also fazilitates rapid removal of volatile produvcts from the reaction

zone and thus prevents possible secondary reactions.
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In the thermal degradation of poly(methyl of-methylacrylate) at
2200, Grassie and Melville86 used copper powder in intimate contact
with the molten polymer to improve heat transfer without apparent
catalytic effect, Copper is nevertheless known to have catalytic
influence in many free-radical reactions. Kern _e_t__q_]_.loo have recently
reported that when polymerisation of methyl of -methylacrylate is conp-
leted between copper sheets, small anounts of copper may be detected
sore distance within the polymer mass, To explain this, it was suggested
that the copper formed a complex which then nigrated through the polymer
mass, It is considered probable that such complex formation will be
favoured at the high temperatures encountered in pyrolysis, when both
monomer and polymer are present, No matter how efficient the removal of
monomer from the pyrolysis system in vacuo, there will always be a small
amount present in the degrading polymer as a result of diffusion,

To minimise possible catalytic side~reactions, therefore, an all-
Pyrex glass reaction vessel was used in the present work,

Approach to the Problem

Since the complete kinetic analysis of the thermal degradation of
a copolymer is inevitably much more complex than that of a simple homo-
polymer, attention has been centred on the molecular weight changes which
accompany the pyrolysis of (V) rather than on kinetic measurements. In
addition, however, very approximate measurements of volatilization rate
at each temperature (220° and 260°) have been made, by interpolating the

loss—-in-weight data observed for a series of pyrolyses of varying duration,
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2.2 Pyrolysis Characteristics

The general conditions and vesults of pyrolysis of (V) and related
substances are summerized in Table 3 (in Experimental Section of Part
11),

Specimens of (V) were pyrolysed for various lengths of time at
260° (Runs 1 - 6) and at 220° (Runs 7 and 8), From the graph of relative
number-average molecular weight against percentage volatilization, (Fig.

5 : lowest curve) it is apparent that the thermal degradation of (V) at
260° proceeds with a sharp initial fall in molecular weight, which
gradually levels off to ca.15% of the original value at ca.L5% conversion,
when degradation stops. 4 similar though less marked decrease in molecular
weight is observed for pyrolysis at 220° (middle curve), The uppermost
curve is that observed for a reference sample of poly (methyl O ~methyl-
acrylate) (Mn = 717,000), pyrolysed (Runs 9 - 1l) under the same exper-
imental conditions as for (V), at 260°.

Fig, 6 shows that the iniial rate of volatilization of (V) at 260°
is slightly higher than that for poly (methyl L ¢ -methylacrylate), Volat-
ilization of (V) at 220° is , on the other hand, slow compared with that
at 260°, For all three pyrolyses, its rate fell to zero after ca.40 =
50% conversion.

The volatile produects of pyrolysis of (V) at 220° and at 260° were
identified by vapour phase chromatography as methyl "\’ ~methylacrylate
(major product), diethyl maleate (minor product) , and diethyl fumarate

(minor product), 4as expected, only methyl ¢-methylacrylate could be
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detected in the volatile pyrolysate from poly (methyl of-methylacrylate).

The gradual fall in molecular weight of the poly(methyl &¢-~methyl-
acrylate) sample during degradaticn at 260° is best explained as the
result of disproportionation termination of pairs of degrading radicals:
a similar result has been observed by Grassie and 1\/Ielw)'i31.le86 for the
pyrolysis at 220° of samples of poly(methyl o-methylacrylate) of Mn
higher than ca, 500,000,

Moreover for poly(methyl o¢-methylacrylate) samples which contain
equal numbers of terminally saturated and unsaturated molecules, Mn
cannot theoretically fall below 50% of the original value if disproport—
ionation is the sole cause of deerease in molecular weight. Since the
number—-average molecular weight of (V) fell to ca, 15% of the original
after pyrolysis at 220--2600, it might therefore be deduced that chain
suission occurs, followed by depolymerisation of the resulting fragments,
a process comparable with the pyrolysis at 22()O cf poly(acrylonitrile -
methyl Q/—-rneth;yia.crylate).8 J I”, however, chain scission were to take
place at every dicthyl malecate unit in the 18:1 copolymer, of Mn =
471,000, a simple calculation shows that the molecular weight of the

1

latter would fall togca 260 th, of its original value = far below the
1

experimentally observed limiting value of ca. 7 th,

Since, moreover, the residual copolymer showed no further decrease
in molecular wcight on prolorged heeting at 260° for 5 hr, after volat-—
ilization had ceased (kun 1), it follows that the diethyl maleate linkages
in (V) ars pot inherently unstable at that temperature, Weak links which

could conceivably be present in limited number are those which might arise
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by incorporation of molecular oxygen (or other impurity) into the
copolymer during copoiymerisatiocn, Nevertheless, the experimental
conditions of copolymerisation, in particular the use of high vacuum
and purification of the monomers and catalyst, were such as to elim-
inate impurities: weak links in the copolymer are therefore considered
unlikely, Further proof of the inherent thermal stability at 220° of
the diethyl maleate units in (V) and of the absence of weak links is
given velow,

. 2,2,1 Site of Initiation of Degradation of (V)

From the apparent thermal stability of the diethyl maleate link-
ages in (V) it might be inferred that the initiation of the thermal
degradation of (V) a% 220° and at 260° ocours in the vicinity of the
chain-ends, pernaps with forma*ion of free radicals, as for poly(methyl
O -methylacrylate) pywolysed below 300°,

To test this idcz, atitempts werc made to inhibit degracation by
pyrclysing the copolymer in the presence of various known free radical
inhibitors (Rune 12-16). Most of *he common organic free redical inhib-
itors, such as ihe anthraquinone dyestuffs, were too volatile at 260°
for this purpose, Evea 1l:L -«diaminoenthraquinone; successfully used by
Grassie and Melvilless to irhibit completely the degradation at 220° of
poly (methyl &-m.thylecrylate), was found to be too volatile at 260°,

Addition of fine copper pwider (ca.zh% w/w) to (V) failed to produse

any marked inhibition at 2600, as is apparent from camparison of the results

of Run 2 and Run 12,
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Pyrolysed alone at 260° for a period of 1.5 hrs. ®un 3), (V)
undergoes ca, 37,67 volatilization, Addition of ca.2% w/w of the invol-

atile dyestuff 'Caledon Gold Orange 3G', of formula:

to (V) before pyrolysis under the same conditions reduced volatilize
ation to 10,5% (Run 13), In an analogous experiment (Run 14) addition
of ca,2fvi/w of 1l:4~dibenzamidoanthraquinone reduced volatilization to
27%,

The number-average molecular weight of the polymeric residue remaining
after degradation in the presence of an added inhibitor cannot be acourately
measured by the osmotic method, since traces of the relatively low mole-
cular weight inhibitor would give rise to an osmotic pressure, and prob-~
ably also affect the'semipemeable menbrane, Mcasurements of Intrinsic
viscosity were thcrefore ussd to indicate molecular weight changes, since
this method is insensitive to traces of inhibitor, Viscosimetric data
show that the molecular weight of (V) pyrolysed at 260° in presence of
the most effective inhibitor tried ('Caledon Gold Orange 3G': Run 13)
still fell considerably below the original value,

Since no highly efficient inhibitor could be found for the reaction

at 2600, and the molecular weight of the residual copolymer rapidly falls
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to a low value after only a few percent degradation, no definite
conclusions could be reached about the site of initiation at that
temperature, It is neverthsless obvious that the reaction is free-rad-
ical in character, since it is retarded to a certain extent by small
amounts of the substances tried,

To study the reaction at lower temperatures, equimolar amounts of

1l:4~diaminocanthraquinone and (V) were heated together at 220° for 17 hours
(Run 1£), during which time 32,3} volatilization occurred [ cf. 53.5%
volatilization when (V) is pyrolysed alone at 220° for 20 hrs (Run 7i1.
On increasing the amount of inhibitor to 2#% w/w, however, which represents
a large molar excess of inhibitor to (V), complete inhibition of degrad-
ation was obgerved on prolonged heating for 9 hours at 220° (Run 16),
The molecular wcight of the copoiymer was found viscosimetrically to have
undergone no change during this period, This is in marked contrast with
the pyrolysis of (V) alone a% 220° for 9 hours (Run 8) when 27,57 volat-
ilization occurred end the mole-ulsr weight fell to 4L, 3% of original,

The function of the irhibitor is to react with and stabilize free
radicals formed n the system and thus prevent their participation in
chain reactions such ws depolymerisation, The inhibitor carmot prevent
the initial formation of these radicals, but merely ieacts with them
once they have been formed, If scission to a pair of free-radicals were
to occur near the middle of each chain, therc would be a marked fall in
molecular weight, If scission occurred in the regior of the chain~ends,
on the other hand, the molecular weigh' of the residue would remain essen-

tially constant., It follows, therefore, that the free-radical initiation
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of degradation of (V)at 220° occurs at or near the chain-ends. This result

also demonstrates that at 220° there are no thermally weak linkages in the

copolymer chain backbone, Although rigid proof is lacking it is probable

that the same initiation mechanism also holds at 2600, since random scission
of the carbon-carbon bonds in the chain backbone of vinyl polymers does not

normally occur below 3000. A similar result was cbserved by Grassie and

Melvi11686 for the inhibition of degradation of poly(methyl V—-methylacrylatei
at 220° by small amounts of 1:4~diaminocanthraquinone.

242,2 The Macromolecular Structure of (V)

(2) Chain-end structures

Under the experimental conditions of copolymerisation employed
(’benzo;}l peroxide (0,1 mols#) as initiator at 60°) it may be reasonably
assumed that every growing radical in the copolymerisation system contains
an initiator fragment at one end, In the homopolymerisation of vinyl
monomers, chain termination of growing free radicals generally occurs
either by disproportionation or cambination of pairs of radicals, There
are three reasons for believing that cross-disproportionation is likely :
to be an important chain-termination process in the copolymerisation of
methyl of-methylacrylate and diethyl maleate at 60°,

(1) At 60°, the homopolymerisation of methyl < -methylacrylate

is known90 to be terminated entirely by disproporationation
of pairs of growing radicals;

(ii) Cross-termination is known to be markedly favoured in nearly

1
all copolymerisation systems;




and (iii) The penultimate tertiary hydrogen atom of a diethyl maleate-
type macroradical should be even more readily transferred in
an act of disproportionation than the penultimate methylene
hydrogen atom of a methyl N-methylacrylate—type macro-
radical,
The mechanism proposed for chain termination by disproportionation
is therefore as shown:
?OzMe C;OzEt tGOzEt C‘)OZMe (.JOZMe ('JOZEt (:OzEt ?Ozlde
NWGH2 = C~—CH -~ CHe 4 *C ~ CH,y™ —>raCH, -C-——C:--—-CH+HC‘J~ CH,‘;vw

| | |
Me Me Me Me

For benzoyl peraxide-catalysed poly(methyl ((¢~-methylacrylate) samples,
the initiator fragment at one end of each molecule has been shovm86 to be
stable to at least 220°, The saturated end formed in disproportionation
termination is similarly stable; the unsaturated end thus formed, however,
is capable of initiating depolymerisation at 220° by splitting into two
fragments - a relatively stable allyl-type radical and an unstable macro-
radical which immediately depolymerises., A similar degradation initiation

mechanism can be proposed for the terminally unsaturated molecules of (V)

formed during copolymerisation:

GO, Me 00, Me CO,Et CO Bt CO,Me ?one :JOZEt (‘)OzEt
} ! | I |
AwC = CH, = 6 — C —=CH ——snw?-cﬂz- + ¢C — 0 === CH
! !
Me Me Me Me

Termination of copolymerisation by combination of a growing methyl

& —methylacrylate-type macroradical with a diethyl maleate-type macroradical
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can, of coursy, also possibly occur, The suggestion that approach of
these two radical—ends might be disfavoured sterically is refuted in
view of the structural symmetry of diethyl maleate and the obwious

fact that copolymerisation with methyl & -methylacrylate does occur,.

There is, indeed, experimental evidence to suggest that the term—
ination of copolymerisation of diethyl maleate and methyl G¢-methylacrylate
occurs by simultaneous cross-—combination and cross—disproportionation,
Melville _e_t_iq.}oz have shown that the characteristic values of Mw (i,e,
the ratio of weight~average to number-average molecular weight)Nhare
theoretically the same for copolymerisation as for homopolymerisation:
in either process, termination entirely by combination results in a Mw
ratio of 1.5, while termination entirely by disproportionation givest
ratio of 2,0, 1w and Mn were measured for the undegraded sample of (V)
by the osmotic and light—-scattering methods respectively., Respective
values of 828,000 and 471,000 were observed, giving a Mw ratio of 1,76,
This value, lying close to the arithmetic mean of 1.5 Ia'.lfilld 2,0, suggests
that terminatior of the copcliymerisation of methyl -methylacrylate and
diethyl maleate at 60° may occur by combination and disproportionation to
an approximately egual extent,

It follows that the weight fraction of molecules bearing unsaturated
chain~ends in the copolymer should be theoretically ca.25%, If chain-
end initiated depolymerisabion were the only moleculer weight-reducing
Process ian tne degradation of (V) , & simple calculation shows that the

number-average molecular weight cannot fall bzlow ca. 757 of the original
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value, and a theoretical meximum of only ca.25/ volatilization can
ocour,

It was observed experimentally, however, that the number-average
molecular weight of the copolymer pyrolysed at 260° fell to ca,15% of
the original value, and that ca,50# volatilization occurred, Clearly,
then, molecular weight-reducing processes other than chain-end initiated
depolymerisation must take part in the pyrolysis of (V) at 260°,

(t) Possibility of Branching in (V)

The failure of an equimolar amount of 1:4~diaminocanthraquinone to
inhibit completely the degradation of (V) at 220° might suggest that
there is a far greater average number of terminal double bonds per
copolymer molecule than was originaily supposed, The possibility of
chain branching of the copolymer must therefore be considered. This
could have the effect of producing on a given copolymer molecule a
number of chain-ends, a fraction of which are unsaturated. The complete
inhibition of degradation observed on adding a large molar excess of
inhibitor to the copolymer before pyrolysis gt 220° would appear to suppor
this theory,

Stockmayer and Fixmanlo3 have developed a general method for
determining the degree of branching of polymers by viscosity measurements,
According to their theory,

&,3 _ g&;]branched
B E?}Jinear
where i»is the ratio of the effective hydrodynamic radius of a branched

polymer molecule %o that of a linear molecule of the same weight-average




molecular weight,
B’j brencheq 1S the intrinsic viscosity of the branched sample,
and [izj linear is the intrinsic viscosity of a linear sample of the
same weight-average molecular weight and local chain
structure as the branched sample,
/Z»} has been plotted against the theoretical nunber of trifunctional

104

branch~points per polymer molecule, To determine the degree of bran-

ching, the intrinsic viscosity-weight-average molecular weight relation-
ship must be known for the linear polymer of the same local chain structure
as the branched sample,

[QZ] branched and Mw are measured for the branched polymer and the
value of C’?] Tinear calculated for the same Mw as the branched sample,
Hence )'? is calculated, and the number of branch points per molecule
sinply read from the theoretical curve referred to above,

Assuming that (V) is brenched, its (2] . and Mwv were readily

ranched

measured, .?recise evaluation of E;?Jlinear for the copolymer could not
be achieved, however, since a definitely linear sample of the copolymer
was unobtainable. As a first approximation, it was therefore assumed

that the intrinsic viscosity - weight-average molecular weight relation-

ship is the same for the linear 18:1 copolymer as for linear poly (mevhyl

0
& -methylacrylate), Substituting the values of Meyerhoff and Schulz19?

for K and ¢/ in the equation,
I o where K' and X are constants for
‘__'2 J = K MW the polymer=solvent system and

[/t}and Mw have their usual

significance,
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we have, for the 18:1 copolymer

(%7 1inear *= 0o8% x 107 x 828,000 %7

‘= L, 77
and,&; '=. %‘E‘}‘-'/tg“': 0, 82

Hence, from the theoretical curve » the approximate average number of
branch points per molecule of (V) was found to be 1.8, Considering the
approximations made, however, it can only be concluded that there is
possibly a low degree of branching in the copolymer,

(¢) Possible Mechanism of Chain Branching during Copolymerisation

In the bulk homopolymerisation of vinyl monomers, there are two
widely recognised ways in which branching may occur, Each of these
depends on a chain transfer process, one with monomer, the other with
previously~formed polymer,

A growing macrorudical can undergo chain transfer by abstractin
a labile hydrogen atom from a monomer molecule, This results in
formation of a polymer bearing a terminal unsaturated group which may
be combined as one of the units entering into the subsequent growth of
another polymer molecule, A polymer molecule with a single branch is
thus formed., Repetation of this process with addition of the terminal
unsaturated groups of several polymer molecules can clearly lead to form—
ation of highly branched structurs,

A growing macroradical may undergo chain trausfer with polymer by
abstracting a hydrogen ato (usual]y tertiary) from tie chain backbone,

leaving behind 2 free radical which can then gene.ate a branch by the
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addition of successive monomer units, Chain transfer with polymer is a
more efficient branching process than transfer with monomer, sinca
every act of transfer resuits directly in the formation of a bransh,

85

Poly(vinyl acetate), polymerised to high conversion, - is an
example of a polymer with branches formed partially by chain transfer
with monomer (the hydrogen atoms of the acetoxy group being suffieciently
reactive for transfer) and partially by transfer with polymer (oy
removal of tertiary hydrogen atoms attached to the polymer chain back-
bone).

Methyl asrylate, on the other hand, undergoes branching on poly-
merisation chiefly by chain transfer to nolymer, 8
Since every branch~forming act of transfer ylelds one branch and

two chain ends, and there will ordinarily be other chain-ends in a
polymerisation system, formed, e.g, in initiation and termination, it
follows that the ratio of »ranch points to chain ends ¢X) cannot exceed
the critical value 0.5 in abseince of reactions other than those Jjust
considered.

As shown by Fox and Gratch, 8 however, if termination in such a
system occurs predomirantly by combination of pairs of growing radicals,
the proportion of chain-ends is reduced, and O(may exceed O, 5. Since
cross~linking occurs if two branch radicals combine, and a given mole~-
cule may contain more than one brauch, it is apparent that polymerdisation
by such & mechenism may lead to gelation,

Gelation of poly(winyl acetate) occurs st very high conversions,
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Methyl acrylate, polymerised in bulk, readily undergoes microgelation
at conversions less than 1%, to the well-known 'popcorn! type of polymer.&"
No gelation has been observed, however, for the bulk homopolymerisation of
other common monomers, such as methyl O(-methylacrylate or styrene,

In (V), each maleate unit conbains two tertiary hydrogen atoms that

are theoretically capable of removal by chain transfers:

(‘JOZMe C‘OZEt ?OZEt ?OZMe
’V"CHZ - C—CH - CH——'-CH2 - C

| * |

Me Me

Sterically, the more vulnerable of the two would appear to be the
one marked &, During copolymerisation, a growing macroradical could
approach and abstract this hydrogen atom more easily than the other,
leaving behind on the copolymer backbone a free radical capable of
initiating a branch,

The possibility of chein uransrer with each monomer during copol-
ymerisation must also be considsred, Since transfer with monomer is
unimportant in the bulk polymerisation of methyl ©¢-methylacrylate, it
is assumed to be so in oopolymerisation also, Although it is difficult
to exclude with vertainty the possibility of chain transfer with diethyl
maleate (its participation in chain transfer reactions has not hitherto
been recorded), its slight structural similarity to ethyl aorylate would
suggest that chair transfer to this uonomer is also unimportant (aorylic
esters do no’ generally exhibit chain transfer to moromer in polymeris-

ation),
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Sumarizing, it would appear that chain transfer to copolymer is the
most likely possible source of branching for (V), Although cambination
| of free radicals plays a considerable part in chain termination during
copolymerisation, the degree of branching was apperently too low to
produce gelation,

(@) Possible Influence of Branching on the Degradation of (V)

Although the overall average degree of branching of (V) is very low,
branching may have a profound effect on the pyrolytioc behaviour of a
given branched copolymer molecule, If degradation from the end of a
terminally unsaturated branch proceeds as far as the point on the chain
backbone where the branch originated, a tertiary free radical is formed:

gojie COEL 0GB Gojie

arCH, = C = CH - C = CH, = C re~

2 | . 2 |
Me Me
This radical is identical with the one formed during copolymerisation by
chain transfer to copolymer, Under the degradative conditions at 220 -
2600, it is probable that this radical splits into a shorter free radical

and a relatively stable unsaturated chain-end:

?OzMe ;JOZEt ?OZEt ('Jone Ct}OZMs(‘)OzEt ?Oft ?Q}/Ie

— +0

'W\'CH2 - C!J CH G CH2 - (:m-—-) w«c‘H2 - (": - CH C = CH2 c’:.w.,
Me Me Me Me

. 106
A similar mechanism has been proposed by Oskes and Richards for one of

the principal routes of pyrolysis of polyethylene, Depolymerisation of the

shorter radical formed can, of course, occur immediately, The unsaturated
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chain-end can eventually undergo homolytic scission to an allyl-type
radical and a macroradical which immediately depolymerises:
C‘JOZMe (;%Et (‘}OZEt C|102Me ?%E’b fOZEt
~v CHy = ?-——CH-—-G:CH2 -—%-WCHQ - ?- + -CH——-—-C:C‘H2
Me Me
The allyl-type radical thus formed is identical (by virtue of
resonance) to the cne generated in initiation of degradation by the
mechanism proposed above;
?OéEt ?OéEt “3 ?OéEt ?OéEt
+CH - C = CH CH c - CH2'

2
Bccause of the extremely small number of these allyl-type radicals

formed in the system, however, it is impossible to determine their fate,
Complete depolymerisation of a branch can thus result in chein scission
of the copolymer at the original trifunctional branch point, with the
further possibility of chain depolymerisation in both directions away
from tne site of the break, This process, if it cccurred widely, could
partly account for the initial fall in the number-average molecular

weight of (V) observed during its pyrolysis at 220 - 260°,

2.3 Influence of Molecular Weight Distribution on the Degradation

of gV}

As pointed out by Grassie%, the characterictic degradation curve of

molecular weight as a percentage of whe original versvs percentage volat-
ilization for an unfractionated polym:>r sample is the net result of two

Processes, These are

(i) Total elimination of the smaller molecules by their

rapid and complete depolymerisation,
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and (ii) Partial degradation of those larger molecules for which the
kinetic chain length of depolymerisation is less than the degree
of polymerisation,
Of these processes, (i), tends to increase the number-average molecular
weight of the residual polymer, whereas (ii) tends to reduce it.

The molecular weight distribution of a polymer formed over a finite
range of conversion is the summation of that of increments made under
different conditions, The distribution of the polymer being formed
over a small range of conversion can be caloulated without great diff-
iculty. As conditions change with increasing conversion, however, the
overall moleeular weight distribution broadens somewhat, and, if branch—
ing occurs, extremely broad molecular weight distributions can result,
The great breadth arises from the fact that each act of chain transfer
to polymer adds a branch to the molecule, increasing its molecular weight,
Since the probability of branching is épproximately proportional to the
weight-average molecular weight, branched molecules tend to become more
and more highly branched, as a resull of which the molecular weight
distribution curve has a long, high molscular weight 'tail', For
branched polymers, the ratio Mw may beccme very much higher than for
the corresponding linear polyfnm;rs. Highly branched polyethylene, fcr
example, may have a Mw ratio as high as 50107,' for this polymer, mcreover,
it was also found thbag:1 there is a very broad distribution in the number

of branches ver molecule, a large fraction of the molecules remaining

unbranched,
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Applying these considerations to (V), it is apparent from the
low Mw ratio of 1,76 that no measurable broadening of the molecular
We:’.gllvlh‘;1 distribution has occurred - a result in good qualitative agree-
ment with the very low degree of branching estimated viscosimetrically,

The low conversion (g_a_x. 10%) at which copolymerisation was arrested
is no doubt mainly responsible for this, It follows that the effects
of branching on the molecular weight distribution of (V), and conseq~
uently on the shape of the characteristic degradation curve (Fig, 5) are,

at most, very slight,

2.4 Chain Depolymerisation of (V)

The volatile products of degradation of (V) at 220 - 260° have
been shown by vapour-phase chromatography (Experimental Section: Fig,12)
to consist of methyl & -methylacrylate (major product), diethyl maleate
(minor product) and diethyl fumarate (minor product). This shows that
direct chain depolymerisation is an important proness in the degradation
of (V) under the experimental conditions employed, No hybrid monomer effect
was observed: ethyl acrylate and the mixed methyl ethyl esters of mesaconic
and citraconic acids could not be detected in the pyrolysate fram (V),
% % Me 220~260° 0QMe COEt

S L A G N il LN
MCHZ-(IJ‘--—GH—-—CH-—-GH-C‘} ~CH2-+(.3—- + CH,: > +'~w

Me Me Me Me

cis and trans

The geometric isomerism displayec by diethyl maleate and diethyl
fumarate is, of course, lost when either is incorporated into a copolymer,

by opening of the double bonds and free rotation about the bewly-formed




- 105 =~

C~C single bonds within the copolymer chain backbone, Depolymerisation
of such a copolymer may formally yield either the maleic or fumaric
ester, This gqualitatively explains the detection of both isameric
products in the pyrolysate from (V). Similarly, both iscmers were
identified as minor products in the pyrolysate from a copolymer of
diethyl fumarate and methyl o~methylacrylate, pyrolysed at 260°

(Run 17) under the same conditions as for (V),

Since thermal initiation of the depolymerisation of (V), acoording
to the mechanism proposed above, occurs by the splitting-off of an
allyl-type radical from an unsaturated chain end, the degrading macrorad-
ical thus formed, after splitting off successive methyl ©(-methylacrylate
units, will almost certainly yield the intermediate structure shown:

(‘JOZMe ?OZEt (.“,OZEt
wCHz - (‘3 —— CH — CH — CH,*
Me

This macroradical may ther theoretically either (1) split oft
successively ethyl acrylate and methyl ethyl mesaconate or citraconate,
followed by elimination of a series of methyl ¢f ~methylacrylate units;
or (ii) split off a methylene diradical, followed by elimination of diethyl
maleate or fumarate and a series of methyl €X -methylacrylate units; or
(iii) abstract a hydrogen atom by transfer or termination and thus from a
stable end-structure,

Of ihese possibilities, process (i) would be expected to lead to a

strong hybrid monomer effect, since il could theoreticeliy be repeated
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all along the depolymerising copolymer chain, Process (ii), on the
other hand , is considered to be much more likely, Since it accounts
for the experimentally observed products. No products could be detected
in the pyrolysate from (V) which might indicate the existence of a
hybrid monamer effect at 220-260°,

This experimental observation is in agreement with the general

9L

conclusions of Wall,” " who recorded that the pyrolysis of copolymers
of methyl & -methylacrylate, even at relatively high temperatures @.
425°), is not accompanied by formation of hybrid mcnmomers.

The formation of only one methylene diradical per degrading copolymer
chain is thus sufficient to account for the observed products, The fate
of the methylene diradicals so formed is unkmown, but it is highly
probable that they would cambine in pairs to foirm ethylene (cf. combinat.
ien of methylene diradicals in the A° scission of methyl a.ceta'l:e7).

Process (iii) ccmes into the category of chain transfer or chain
termination, and is discussed i1 the appropriate sub-sections (see

below),

2,5 Chain Tiansfer in the Degradation of (V)

An important fealvre of the pyrolysis of (V) at 220-26C° is the
possibility of intermoleculer chain transfer. A degrading macroradical
in the system migh* ab-stract a tertiary hydrogen atom fran the copolymer
chain backbcne, leaving there a tertiary tree radical, Since this rad-
ical is idenuical with the one formed by camplete depolymerisation of a

(o]
branch (see sbove) it follows that every act cf transfer at 220-260" should
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result in chain scission of the copolymer at the point attacked:

COMe CQEt COEt GO, Me CO,Me CO,EtCOEt CO Me
0pe00FY QOB dofle cojie oot oo
RU+M0—0H—'CH"—CH2"CP’MRH+ fmC----'-CH—_’(E-----CHZ"G'v-A

\ } | \
Me Me Me Me

‘GCE_,MeC‘SO2Et C;OZEt CiOZMe%)_ 260° ?%Me Ci)QzEt C:OzEt ?OzMe
~«({?——CH-—-(.J—'-OH2 - ?f\ﬂ—amc—CH—C=CH2 + °(‘3~w
Me Me Me Me

Thus chain transfer at 220-260° may introduce a considerable degree
of randomness into the overall thermal degradation process, As seen
from Fig, 5, the initial fall in molecular weight is steeper at 260°
than at 220°, This is attributed to a greater degree of chain transfer
at 2600, since transfer is, in general, favoured by high temperatures,
Since the molecular weight of the degraded copolymer at 260° reached a
limiting value of ca, 15%.of the opiginal, it is apparent that chain
transfer can only have occurred at a small fraction of the total »
nunber of tertiary hydrogen atams available,

From the sharp initial fall in molecular weight observed at 260°
(Fig. 5) it is probable that several acts of transfer occur for every
kinetic chain initiated at that temperature.

According to the overall chain transfer scheme proposed above, two
degradable chain-ends should rassult from one originally present:
the terminal double bond formed by chain seission after transfer may,

under the prevailing degradative conditions, eventually react to form
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a depolymerising chain-end. vathis is correct, transfer should
strongly promote volatilization, since the cumulative effect of
successive transfer acts should be to inorease the rate of initiation
and also the ultimate extent of volatilization., The approximate rate
measuvements made (Fig. 6) do not, however, permit detection of any
rate increase that may have oeourred.

At 220° and at 260°, volatilization of (V) ocourred to the extent
of 22.5Q%, which is approximately equal to that of the reference spec-
imen of poly(methyl Of -methylacrylate) pyrolysed under the seme conditions
at 260°. TFor the homopclymer, this is the expected result, since 50%
of the polymer molecules theoretically porsess a terminal double bond.
Theoretically only ca. 25% of the molecules in the sample of (V) pyrolysed
were terminally unsaturated, however, so that transfer gppears to have
doubled the extent of volatilization that would otherwise have occurred.

It is apparent from Fig. 5 that the effect cf increased transfer
at 260° in sharply reducing the molecular weight of the copolymer is
not accompanied by & corresponding increase in the extent of volatil-
ization relative to that observed at 220°, It can only be surposed that
some stabilized structure is produced which prevents complete depolymer-
isation from the reactive chair-ends formed by chain scission after every
act of transfer.

The mechanism of formation of such a structure is, however, uncer-

tein. I+ might be thought to be a catalytic effect, associated in some
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way with the unexplained progressive development of a brownish color—
ation observed throughout pyrolysis of (V) at 220-260°, this being
more pronounced at the higher temperature: the catalytic effects of
carbonization have already been referred to in the Introduction to
Part I of this thesis., A more likely explanation, however, is the
pyrolytic formation of occasional anhydride groups along the copolymer
chain, these having a marked inhibitory influence on depolymerisation.99
Close examination of the vapour-phase chromatogram of the diethyl
maleate sample used in the preparation of (V). (Fig. 12a)reveals the
presence of two tiny peaks, norresponding to traces of unidentified
impurities, together with a small hump corresponding (Fig. 12 b) to a
trace of diethyl fumarate., The presence of diethyl fumarate is best
attributed to slight thernal isomerisation of maleic to fumaric diester
during esterification or fractionation., One of the two unidentified
impurities present in the sample of diethyl muleate might be monoethyl
maleate, formed either by incomplete esterification or (as 1s more
probeble) by a slight degree of A' scission during subsequent fract-
ional distillation of the product.

Unfortunately, a specimen of the mono-ester was not available for
use as a standard for vapour-phase chromatography - its b.p. and other
physical constants do not sppeer to have been recorded in the literature.
Maleic acid, maleic anhydride or fumaric acid, each of which might
conceivably be present as an impurity, could not be detected in the

sample of Ciethyl maleate by vapour phase enromatography.
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If occasional monoethyl meleate units were incorporated into (V)
during copolymerisation, each of these could have the effect of prom-
oting pyrolytic A' scission of the adjacent carbethoxy group, followed
by formation of a 5-membered cyclic anhydride group by loss of water

from the resultant adjacent carbuxylio acid units:

.0 ~
COZEt 002H 002H 002H -0 co co
| { Al { \ = | |
A~ CH == - CH T 7 e CH— o CH wn —> rrnCH e CH

99

A similar mechanism has been proposed by Grant and Grassie
for the intramoleculer formation of anhydride units within the polymer
chain during the thermal degradation of poly (EEEE - butyl A ~methylacry- ,
late). Proximity of a carboxylic acid unit was shown to facilitate A'
scission or ester groups attached to the chain., The mechanism now

proposed for (V) is as follows:

Oty ~ Oy = B CH, ¢ CH,
~
0 0 070 +
N 5. L\
;J H ‘ — ('JOZH (’J_OZH :
~~~. CH - CH ~~— rnCH —ee CH onm ‘

A study of Stuart models shows that the above transition state should
be sterically strain-free. In view of the strong polarizing influence
of the adjacent scardoxylic acid proton on the ester carbonyl oxygen,

the energy of activation for formation of this transition state may
well be lower than that for the corresponding Hurd and Blunck A-membered

ring, This could explain the experimental nbservation (Experimental
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Section, p.127) that the onset temperature for A! soission of (V) was
50o lower than that for the simple diester, diethyl succinate.

An alternative anhydride-forming route to the above, whereby -
ethanol is eliminated from a monoethyl maleate unit in the oopolymer,
must also be considered a formal possibility, although no ethanol oould
be detected in ths volatile pyrolysate from (V). Nagel and A.belsdorfflo8
have shown that diethyl phthalate decomposes thermally by the following
mejor route:

<)iCOZE‘c o @: 002H —EtOH 00\

00,Bt  (SCH,iCH,) GO,Et Q cor

and not by successive A' scissions of the diester to phthalic acid which
might then conceivably eliminate water to give the anhydride. Although
no anhydride could be detected in the degraded copolymer, nor water in
the voiatile pyrolysate (infrared spectroscopy and anhydrous copper
sulphate test vrespectively) it is possible that even minute amounts of
anhydride formed in the copolymer chain may have a profound stabilizing
influence 99 on the depolymerisation o€ (V). 4 possible mechanism of
stabilization msy be resonaace between the 1adical structures shown: if
the second structuce contributes markedly, further depolymerisation of

the macroradical should be disfavoured:

0 0 0 v 0 0-

\\C/ \C’? \XC/ \C/
i \ > \ i

~~vCH «— CH* ~~ CH — CH

i
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Alternatively, depolymerisation may yield at some stage the

macroradical shown:

PAN
COZMS 6o GO
| ! |
~~CH, = (\3 —— CH - CH - CH,.

Me
This macroradical should exhibit great reluctance to undergo possible

further depolymerisation as follows:

0 0 0 0
N\ 1\ O % 0
Coglle "¢ ?4 <> CO Me C Yo7
\ [ i
~~CH, = (\: — CH=- CH=-CHy,y ~CH, - (’:__ CH- CH = CH,
Me Me \1
% 0. o
coMe ¢ ¢%
V2
-'vvCHZ- + C = CH CH = CH2

Polymerisation and depolymerisation are sssentially reaotions which
normally exist in equilibrium. Since the intermediate radical shown is
always associated with an unsaturated structure, and may be compared
to an ordinary polymer radical, surrouaded by a high monomer concentr-
ation, the equilibrium of tne first reaction should be well over to the
left. Depolymerisation would thus be inhibited, the radicals being
destroyed ultimately in some other process.

The low extent of volatilization reached in the somewhat random

degradation of (V) can thus be explained.




2.6 Termination of Degradstion of (V)

In addition to the inhibitory termination process discussed in
the preceding section, another kind of depolymerisation termination
may occur for (V). For the thermal degradation at 220° of poly(methyl
o -methylacrylate) of relatively high moleoular weight (Mp greater
than ca. 500,000), Grassie and Melvi11986 attributed the experimentally
observed gradual decrease in molecular weight to termination by disprop-
orticaation of pairs of degrading macroradicals before whole polymer
molecules could be eliminated. The smaller volymeric residues thus
left had a lowering effect on the moleculer weight of the polymer.
Every act of termination by disproportionation results in formation
of a saturated and an unsaturated chain-end, the latter being capable
of subsequent activalion tc iritiate a degradiiag macroradical. Thus
one 'active! chain c¢nd results from two that were originally present,
anl the number of degradstle chain-ends in the system rapidly decreases
to zero at the end of pyrolysis.

An analogcus disproportionation termination mechanism may be

0o
proposed for the pyrolysis of (V) at 220-260:

COzMe COZEt COZEt ?02M9 ?OZEt fOZEt
i t t —_—
~ CH2 - Co -+ 'CH - CHW-' MCHZ - CH + CH e 0.~
{ }
Me Me

Although a considerable aegree of ccmbination appears to occur
in the termination step of copolymerisation of dietkyl maleate with

methyl ¢ -methylacrylate at 600, disproportionation, wnich is essenticlly




S b )
a transfer process, is strongly favoured at the elevated temperatures
of pyrolysis. The disproportionation termination mechanism as
written above governs the interaction of pairs of dissimilar radicsals:
it could also formally occur betv}een pairs of like radicals. It is
practically impossible, however, to determine whether exclusive cross-
termination occurs during pyrolysis (as for copolymerisation), or
whether termination occurs partly between pairs of like radiocals.

2.7 Conclusions

Several salient points emerging from the results of pyrolysis of
(V) at 220 - 260° are presented below:
(1) Depolymerisation of (V) at 220° (and presumably also at 260°) is
initiated at the chain-ends, probably by chain scission in the region
of each terminal double bond to an allyl-type radical and a macrorac'iical
which then immediately undergoes depolymerisation.
(i) Thes shape of the molecular weight versus pernentage volatilization
curves for (V) at 220 - 260° -ould indicate the presence of a large
random factor, although the extent of volatilization ultimately reached
(ca. 45 - 55%) is lower than that observed by other workers (ca.100%)
for the random thermsl degradation of poly(methyl & -methylacrylate) at
300° and nigher temperatures. The randomness observed for (V) at 220 -
260° is attributed to intermolecular chain transfer followed by chain
scissiorn of the sopolymer nolscule at the point attacked. A stabil-

izing i i intra i occasional
izing iwfluence, possibly intramolecular formation of
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anhydride units, develops in the degrading system, inhibiting complete
depolymerisation of the copolymer from the chain-ends formed after
secission. This would account for the unexpectedly low extent of
volatilization reached in the somewhat random process.
(iii) Although branching of (V) could theoretically introduce a
considerable random factor to the degradation process, physical meas-
urements made on the copolymer before pyrolysis deteoted no marked
degree of branching,
(iv) It is aspparent from the experimental results that chain scission
of (V) does not occur at every diethyl maleate unit in the copolymer
'_L- c.f. the degradation of poly (acrylonitrile-methyl oX —methylacrylatei) ’
and hence it is unlikely that stndies of the molecular weight changes
that take place during the pyrolysis of copolymers could be used as the
basis of e general wethod of checking monomer reactivity ratios.
Applying these wvesults to the pyrolysis uf the cross-iinked resin
(IV), it may be deduced that, in the resin, depolymerisation starts at
the terminal dcuble bonds of the loose polyaddition chains, but is not
normally terminated at the first attachment to a fumarate unit in the
polyester chain., Moxre likely, the unzippering process proceeds right
through the fumarate units of several successive polyester chains, If
the !anhydride theory! proposed above for the pyrolysis of (V) is correct,
there is the forual possibiliiy that at those pclycondensation chain-ends
in (IV) which are termineted by & cross-linked fumaric acid unit,

pyrolytic anhydride formation may eventually occur and thus inhibit
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further depolymerisation beyond this point. This process is probably
unimportant in the pyrolysis of (IV), however, for two reasons:
(1) Formation of the 10-membered cyclic transition state
may well be sterically hindered by the rigidity of
the macromoliecule,
and  (ii) The relatively small number of points of cross-linking
which have the necessary structure for eventual low-
temperature anhydride formation reduces the importance
of inhibition in the resin on purely statistical grounds.

The chain transfer process nbserved in the pyrolysis of (V) at
220 - 260° may be somewhat suppressed in the resin (IV). Each act of
iransfer almost certainly requires close approach of a degrading macro-
radical to a labile tertiary hydrogen atom attached to the polyaddition
chain backbone. In (IV), every tertiary hydrogen atom is located at a
puint of oross-—lihking between a polyester chain and a polyadflition
chain. A considerable ?shivlling! effect around each tertiary hydrogen
atom might thus arise, preventing approach of an attacking free-radical
and thus decreasing the efficiency of chain transfer.

Another predictcble effect, peculiar to the pyrolysis of (IV),
might arise from the lower mobility of degrading polyaddition chain-
ends within the c¢igitly-bound micromolecular network. This would
be expected to lead to a lower rate of chain termiration and hence a
higher rate and mean kinstic chain-length of depolyrerisation vhan would

exist for (V) pyrolysed under the same conditiors - i.e, @ kind of




- 117 -

tTrommsdorf effect! applied to depolymerisation. M though necessarily

hypothetical, the above considerations make it clear that direct

depolymerisation of the polyalditiom cheains in (IV) should be by

far the most important process in the degradation of the resin at

temperatures below 3000, this being the onset temperature for random

scission of the internal C-C bonds of the poly(methyl X methylacrylate)
chains,

To prevent depolymerisation of the polyaddition chains in (IV),
three modifications of the resin can be suggested:

(1) An inhibitor, such as l:4~Aiaminoanthraquinone, might somehow
be incorporatel in the resin, thus stabilizing it to temper-
atures up to 220°. The disnersion of the inhibitor throughout
the resin is, however, problematic, Inhibitor cannot be added
to the resin befére curing since it would, of course, inhibit
the cross~linking process., The fully cured resin is, moreover,
highly insoluble in owrganic solvents.

(ii) Saturation of the terminal double bonds of (IV), e.g. by hydro-
genation, might somehow be achieved, although this is of course
subject to *he same solubility difficulties as would be encoun~
tered in (i).

(iii) Oross-linking in the presence of a chain transfer solvent might

have the effect of reducing the ratio of -msaturated to satur- |

i
i

ated chain-~ends in the resin, This technique. devised by Grassie,

was successfully employed by the latter to vary the proportion of

terminal double bonds in poly(methyl O(—methylacnylate).lo9
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3.  EXPERIMENTAL

3.1 Preparation of Polymeric Pyrolysands

The polymeric pyrolysands were prepared from carefully purified
monomers, polymerisation at 60° being initiated by the thermal decom~
posilion of benzoyl percxide (0.3 mole %).

3.1.1 Purification of Benzoyl Peroxide

'Analar' benzoyl peroxide was purified by recrystallisation from
chloroform~methanol in the cold. The white crystals were filtered off,
washed with a little methanol, and dricd by suction at the filter pump.
The purified benzoyl peroxide was stored in a desiccator over calcium
chloride before use.

3.1.2 Purification of Methyl X ~Methylacrylate

To remove inhibitor. commercial methyl oX-methylacrylate (25
1.C.I. Ltd.) was shaken with successive portions of 10% acueous sodium
hydroxide solution until the sodium hydroxide leyer was colourless. The
monomer was then shaken thoroughly two or three times with distitled
water to remove any residual sodium hydroxide, dried over calcium
chloride, and further purified by disvillation under reduced pressure,
the clear fraction b:259/lh mmn. being collected for use. The purified
methyl «« -methylacrylate was stored in a refrigerator until required.

3.1.3 Prepoaration and Purification of Diethyl Maleate

Diethyl maleate was prepared by esterificetion of maleic aecid, foll-
owing the phase separetion method of Klostergaardllo. Maleic acid (232 g.

and ethanol. 230 g.) were refluxed fo:r 15 min. with & catalytic amount of
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conc, hydrochloric acid, followed by the addition of the ester solvent
toluene (24 ml.) under continued reflux. Additional cone, hydrochloric
acid (25 ml.) wes added, followed by anhydrous calcium chloride (50 g.).
The whole mixture was refluxed overnight., The toluene layer was separ-
ated, washed with a little water, dried over anhydrous sodium sulphate,
and then fractionated, Diethyl maleate (301 g., b.105-6/1L mm.) was
obtained in 87% yield on re-fractionation of the product.

3.1.% Preparation of Poly(diethyl maleate-methrl & -methylacrylate)
Tiin "= 471,000)

Copolymerisation of diethyl maleate and methyl (W -irethylacrylate
was effected in a cylindrical Pyrex glass vessel of ca, 300 ml, capacity,
containing an expansion bulb just below the sealing constriction. The
initiator was introduced into the vessel as a standard solution in
chloroform, the solvent being completely evaporated off under vacuum
before adding the comonomers, The ratio of the comonomers was chosen
s0 as to yield an initial copolymer of methyl O¢-methylecrylate : diethyl
maleate ratio of 18:1, the reactivity ratios being 20 and O respectivelf 7.

A charge of diethyl maleate (201 g.) and methyl o¢-methylacrylate
(99.3 g.) was added to the reaction vessel containing 0.522 g. benzoyl
peroxide., The contents were thoroughly degassed, sealed off under high
vacuum, and the vessel allowed to stand for 1 hr. in a thermostatic tank
at 600, during which time a low degree of copolymerisation occurred, as
indicated by a slight increase in the viscosity of the system,

The reaction vessel wes broken open, and its contents slowly poured
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into an excess of methanol with wvigorous stirring to precipitate the
copolymer. After decanting the supernatant liquid, the gelatinous
white precipitate was rendered amorphous by washing with fresh methanol.
The crude copolymer was roughly dried, redissolved in acetone, and
re-precipitated by pouring into an excess of methanol, with brisk
stirring. After decanting and discarding the supernatant liquid,
precipitation was completed by the successive addition and decantation
of two or three batches of fresh methanol, with continued vigorous
stirring.

The amorphous copolymer vas ellowed to dry in air for 4 hrs.,
before being ground to a particle size of less than 80 mesh, The
powdered copolymer was finally dried in a steam oven for 24 hrss
yield 10.5 g., or ca. 10% (vased on methyl ¢ -methylacrylate).

3.1.5 Preparation of Poly(methyl X -methylacrylate) (ln "z 717,000).

Methyl @ -methylacrylate was polymerised at 60° in bulk (0.1 mole
% benzoyl peroxide as initiatcr) under essentially the same experimental
conditions as descrited above for poly (diethyl maleate-methyl (¢ ~methyl
acrylate). Purification of the resultant polymer was similarly achieved.
A 100 g. batch of monuner yislded ca.L.5 g. of the polymer in powder .
form,

7.1.6 Preparation of Poly{ & .ethvl fumaiate-methyl & -methylacrylate).

Poly (diethyl fumarate-mechyl & -methylacrylate) was prepared under
the same experimental conditions as for poly( diethyl maleate-methyl

& -methylacrylate) (see above). The reactivity ratios for the monomer
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pair diethyl fumerate and methyl X -methylacrylate do not appear to
have been reported in the literature, but, since pyrolysis of this
copolymer was only of qualitative interest, its exact composition
d&id not have to be found,

3.2 Apparatus and Prucedure for Pyrolysis of Polymeric Substances

The apparatus used for the pyrolysis of polymeric materials is
illustrated in Fig., 8. The cylindrical reaction vessel (height 5 in.,
I.D. 13 in,) was constructed of Pyrex glass, and contained a thermocouple
pocket lccated so that the hot junction of the chromel-alumel thermo-
couple just came into contact with the flat base of the vessel. During
a run, the reaction vessel was heated to within 229 of the required
terperature in a cylindrical external heater regulated by a Sunvic energy
controller, The base of the vessel rested on a steel disc, the whole
being kept in positicn (and thermally insulated) by asbestos packing,.

The vessel was evacuated by means of' a high vacuium oil pump, used in
conjunction with a mercury diff ision pump,

Before pyrolysis, the specimen of powdered polymer (ca. 0.5 g.)
was spread as evenly as possible over the bottom of the reaciion vessel.
The degree of volatilization was determined by weighing the vessel and
its contents on a semimicro balance before and after each run, Volatile
- products of pyrolysis were condensed in a cold trap, cooled in Drikold-
acetone, situated between the rzaction vessel and the pumps,

To prevent oxidation, the pyrolysis vessel containing the polymer

specimen was slowly and carefuliy evacuated aad sealed »ff at the stopcock
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before being placed in the heater, which had previously been maintained
at the required temperature for ca.2 hr, With the vessel in pésition,
the electrical input to the heater was increased by a predetermined
amount until the specimen reached the desired temperature, which took
ca.5 min, At this point, the stopcock was opened to high vacuum and
pyrolysis allowed to commence., At the end of the run, the stopcock
was closed and the evacuated reaction vessel immediately removed from
the heater and quickly cooled down to room temperature by standing in
a current of cold air. The vessel was then opened to atmosphere and
finally weighed., The results of pyvrolysis of polymeric substances are
stmmarized in Tabls 3,

3.3 Preparation of Polymer Samnles for Physical Measurements

After each run, the polymeric residue was completely dissolved from
the reaction vessel in a little acetone, and the 3olution passed through
a fine sintered-glass filter. The polymer was then re-precipitated in
amnrphous form by pouring into an excess of methanol with vigorous
stirring, follow=d by wushing with successive batches of fresh methanol.
The amorphous polymer was dried for 24 hr. at 80° before being re~dissolved
in pure benzene and f{reeze-dried' for 12 hrs, on the vacuur line, The
polymer was thus obltained as a porous wnite solid, rvadily soluble in
benzene and~chloroform.

344 Molecular Weight Iieasyremenrns

(a) Osmotic Method

Number-wverage molscular weight measurem~nts were made using the
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Pimer-Stabin-type osmometer - (Polymer Consultants Ltd.) with membranes
prepared from undried cellulose., Measurements were made in chloroform
(Ana.lar) solution at 20 ¥ 0.0050 for = series of concentrations obtained
by successive dilutions of the original polymer solution. The osmotic
pressure in the system attained its equilibrium value in ca. 12 hrs.
The osmotic data for poly (diethyl maleate-methyl ¢ -methylacrylate)
and poly (methyl of-methylacrylate) at various stages of thermal degra-
dation at 220-260° are given in Table L. For each sample, the ratio of
p was plotted against ¢ (where p is the osmotic height in om. of solution,
gna ¢ is the concentration in g./100 ml. of solution), and the limiting
value at zero concentration determined by graphical extrapolation (Figs.
9 and 10).

Hence the number-average molecular weight. Mn, for each polymer

sample was calculated from the equation

where ﬂ, is the osmotic pressure in atm,
C  is the polymer concentration in g./litre.
R is the gas constant
= 0.082 litre atm./°C x mole
and T is the absclute temperature.
The following example serves to illustrate the calculation of Mn.

For the undegraded copolymer (V),



(3), =0
C=0
¢ - 0032 X 1.:202
o (E%) = 76.0 x 13.59 x 10
“C=0
Hence Mp = = 20982 £ 293 x 76.0 x 13,59 x 10

0.35 x 1,502

471,000

(b) Intrinsic Viscosity Method

All measurements of intrinsic viscosity were made at 20 I 0.0050
in benzene solution, in a2 viscometer of the Ubbelohde type. This has
the advantage that measurements are independent of the amount of solut-
ion in the viscometer, successive dilutions being made simply by measur-
ing a known volume of solvent into the viscometer. Before use, the
viscometer was steeped overnight in chromic acid mixture, washed with
distilled water, rinsed with acetone, and dried in a warm oven.

The viscosimetric data are given in Table 5, For each ’Specimen,

%

_'lg'g_ was plotted against c (where ,7, sp is the specifio viscosity of a
:olution of concentration ¢ g./100 ml,), and the limiting velue at
zero concentration (the intrinsic viscosity, [} 3 ) determined by graph-
ical extrapolation (Fig. 7).

(c) Light-scattering kethod

The weight-average molecular weight (Mw) of the 18:1 copolymer (V) ,

was determined by light~-scattering measurements, made using the S.0,F.I.C.A

machine, whereby the relative intensity of the scattered light from
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solutions of the copolymer was measured as a function of angle and
concentration., Monochromatic light of wavelength 5 ,460oA (mercury
green line) was used. Acetone solutions of the copolymer were
rendered as dust-free as possible by passage through a No. 5 sintered
glass filter,

Por each of a series of solutions of concentration ¢ g./ml. , the
relative intensity of light, X (I-IO), was measured as a function of
the angle of measurement ©, where I is the intensity of light trans-
mitted by the solution at any given angle, IIZ0 is the intensity of
light transmitted by the pure solvent at the seme angle, and & is a
factor, depending on the angle of measuremsnt, which reduces the scatter
to that from the minimum volume, The data thus obtained (Table 6) were
treated in the form of a Zimm plot (Fig. 11). TFor each concentration,

c henceforth abtreviated to ( __c_"},was plotted against (s.r.:'.n2 € + Ka)
I 2

J
X(I-I 05
where K is an arbitrary constant, (here 10,000), chosen for convenience
in plotting., The intercept on the abscissa, obtained by extrapolation

, was measured, and the weight-

I)&,c:o
average molecular weight, My, calculated by substitlution of this value in

to zero angle and zero conoentration,(c

the characteris+ic equation for the instrument:

2
dn c
1 = 0.506 I (—-—) (—-) \
W B de 1 9, c=o

where IB (= 100) is the value of(_g‘) for pure benzene, by means of which
I .

the instrument was calibrated, and (@ is the rate of change of
de
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refractive index with concentration of (V) in acetone solution (meas-
ured by the Pulfrich refractometer).
Thus, for the sample of (V) studied,

1 6

& = 0.506 x 100 x (0.11)% x 1.81 x 10
W

whence My = 828,000,

3.5 Measurement of Onset Temperatwe

The onset (or threshold) temperatures ot which competing depoly-
merisation and A! scission of the 18:1 copolymer (V) make their first
appearance, under arbitrary standard conditions, have been determined
by a simple technique devised by Mack.:i.nnon5 5 . A small amount ( ca.0.5 g.)
of the copolymer was placed in a Pyrex glass reactor, whose temperature
was slowly raised a% a coutrolled rate (ca. 1°/min.). Volatile products
were carried by a slow stream cf nitrogen into an optical cell, traversed
by a beam of light aand containing a very dilute solution of bromine in
carbon tetrachloride. The change in colour intensity produced by the
onset of breakdown was detected by a photo-cell, To distinguish between
thevonset of depolymerisation of (V) and its A' scission reection, the
lowest temperature (1700) at which a detectable amount of unsaturated
product was evolved from (V) was taken as the onset temperature of
depolymerisation, presuming the product being evolved to be methyl
& -methylacrylate. To remove metl yl X-methylacrylate from the nitrogen
gas stream during determination of the onset semperature of A' scission,
a cold trap, cooled in Drikold-acetone, was placed between the reactor

and the opticel detection system, thus permitting specific detection of
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the A' scission product ethylene to be achieved, The onset temp~
erature of A' scission of (V) was thus found to be 280°,

3.6 Vapour-phase Chromatography

The volatile products of pyrolysis of the polymeric substances
described in Part IT of this thesis were examined by means of the
Pye Argon Chromatograph, Cat. No, 12001, which is equipped with a
highly sensitive ionization detection device. The column used, of
length 4 ft. and bore 4 mm,, was packed with 10% w/w Apiezon L
stopecock grease on celite (100 mesh). A column temperature of 150°
was used, with an ergon flow rate of ca. 1,95 l./hour, The detector
yoltage was 1,000 volts throughout. The sample (0.1/«1.) was introduced
into the column by means of a micropipette.

Satisfactory quantitetive analysis of the various volatile pyrolysates
could not be achieved, since, although all of the methyl oX-methylacrylate
condensed in the Drikeld trap, the relatively irvolatile maleic and
fumaric components were found to condense out partly in the Drikold trap,
partly in the glass inlet tube of the latter, and even inside the stop-
cock of the reaction vessel. Accurate sampling of the total volatile
pyrolysates was thus prevented.

Qualivative vapour-phase caromatograms of the pyrolysates from
poly+( diethyl maleate wethyl  -methylacrylate) and poly(diethyl
fumarate-nethyl o -methylacrylste) ace representzd in FPig, 12, together

with reference standurds for comparison,
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TEBLE b

OSMOTIC DATA: CHLOROFORM SOLUTION AT 20°

Conc. ¢ (g/100 ml.) | Height p (cm.) E ; Intercept,I n
) 0.60 0.802 1.33
0.50 0.521 1.10
0.40 0.365 0.91
0.30 0.243 0.81 0.35 67%683,90  rimal
0.20 0.123 0,62 = H0r origina
Bunl 4 5 1.321 2,65 )
0.40 0.948 2,57
0.30 0.681 2.27 1.75 93,700
0.20 0.410 2.05 = 19.9% original
0.10 0.190 1.90
Bun 2 560 2.153 3.59
0.50 1.637 3.27
0.40 1,199 3.00 2,41 68,300
0.30 0.867 2.89 = L. 5% original
0.20 0.534 2.67 )
0.10 0.258 2,58
Run 3 '
0.68 2.339 3.90
0.50 1.801 3.60
0.40 152 3.31 2.62 | 63,100
0.30 0.927 3.09 : %2 .
0.20 0.582 2.91 = 13.4% original
0,10 0.284 2.8l
Bmk 4.5 1,581 3,16
0.40 1.158 2.90
0.25 0.667 2.67 2.35 70,200
0.20 0.509 2,55 , = 1;.9% original
0.10 0.245 2.45 ] :
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TABLE 4 (continued)

Conc. ¢ (g/100 ml,) | Height p (cm.) g- ; Intercept, I Mn

Run 0.50 1.09 2.18
0.40 0.819 2.05
0.30 0.571 1.90 1.40 | 117,800
0.20 0.339 1.70 » = 25.05% originall
0.10 0.157 1.57

Run 6 0.60 1.267 2,11
0.50 0.265 1.93
0.14.0 On 37 1'59
0.30 0.426 | 1.42 0.%5 173é2°° .
9.20 0.259 1.30 = 36.8% original
0.15 0.179 1.19

Bun 7 0.50 1,219 2.4,2
0.40 0.875 2.19

| 0.30 0.612 2.0, 1.58 | 104,600
0.20 0.368 1.8y = 22.2% original
0.10 0.173 1.73 )

Run 8 0.60 0.146 1.91
0.50 0.281 1.76
0.40 0.601 1.51
.20 0.22 1.12 = Yoo OTLE
0.15 0.157 1.05

Run 9 0.60 0.899 1.50
0.50 0.640 1.28
0.40 0.420 1.05 % 0.38 | 433,000
0.30 0.261 0.87 ( = 60.5% original
0.20 0. 141 0.70 |

Bun 10 ¢ 0.793 1.32

0.50 0.565 1.13
0.40 0.368 0.92 0.28 | 591,000
0.30 0.234 0.78 = 82.5% original
0.25 0.168 0.67
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TABLE 4 (continued)

Cone. e. (g/100 m1.) I!Height p (cm.) % ; Intercept,I Vn
Run A 0.60 0.738 1.23
0.50 0.51 1.0
o.io o.§5§ 0.82 0.23 | 717,000
0.30 0.219 0.73 = 100% original
Methyl &tmethylacrylate
starting material
0.60 0.667 1.12
0.50 0.489 0.98
0.40 0.328 0.82
o.go 0.209 0.72 0.25 {717,000
0.25 0.152 0.61 = 100% original
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TABLE 5
INTRINSIC VISCOSITY[%] IN BENZENE SOLUTION AT 20°

Purs Solvent Flow Time = 72.4 seos.

v

Conc. c (g/100 ml.)} t (sec.)| ‘r N sp "&.32 ;[ ng
C ==® O

Gopolymer (V)
0.51 128.9 1.78 | 0.78 1,55 )
0.40 115.8 1.60 0.60 1.50 L
0.34 108.6 1.50 | 0.50 1.47 1.45

Run8 ¢ 209.2 1.51 | 0.51 1.11
0.40 102.8 1.42 | 0.52 1.05 | 5 s
0.27 92.7 1.28 | 0.28 1.0, [ T
0.23 89.8 1.2 | 0.2 1.04 J

B 1l 50 106.6 | 1.47 | 047 | 0.9
&40 8.5 1.36 | 0.36 0.90 0.67
C.30 2.0 1.27 | 0.27 0.90 ( 9
0.23 87.6 1.21 | 0.21 0.91

Run 15

= 0.50 100.7 |21.39 |0.39 | 0.78 ]
0.4 9.8 |1.31 | o0.31 0.78 0.78
0.34 92,0 1.27 0.27 o.79f .
0.23 85.4 1.18 | 0.18 0.78

Rid 16 0.50 126.0 | 2.7% | 0.7 | 1.8

0.4V 11,3 1.58 | 0.58 1.45 1.3

0.30 104.,2 144 | 044 | 1.7 .
0.20 93.), 1.29 | 0.29 1.45 J
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APPENDIX

Photopolymerisation of Methyl @ -methylacrylaete with
Circularly Polarized Ultraviolet Light

1. Introduction

1.l Asymmetric Influence of Circularly Polarized Light

In 1894, varlt Hof‘f112 suggested that optically active substances
might be produced under the asymmetric influence of circularly polar-
ized light, although he did not specifically mention ultraviolet light.
Since then, several investigators have succeeded in realizing this idea
experimentally; a few examples are given here:

Kuhn and Braunll3

irradiated alcoholic solutions of racemic ethyl
O -bromopropionate in quartz vessels with right-and left-handed circ-
ularly polarized ultraviolet light. The solution acted on by the right-
handed light developed a slight dextro-rotation and vice versa., Similar
results were recorded by Mitchellllh, who was working with a solution of
humdene nitrosite in ethyl n-butyrate.

Karagunis and Drikosll5 later showed thet the addition of chlorine
to certain triarylmethyl free radicals, in presence of circularly polar-
ized light, produced optically active products. A total asymmetric
synthesis was demonstrated b& Davis and Heggiellé, whe found that bromine

combines with trinitrostilbene in a beam of circularly polarized light to

form an optically active (dextrorotatory) product.
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1.2 Isotactic Polymers

When a monomer of the type CH,:CRR' (R £ R!) is polymerised a
new asymmetric centre is created at every second carbon atom in the
resulting polymer chain. Stereoisomerism is thus clearly possible,
and is manifested in the three basic types of polymer designated by

Netta et el.l1/

as atactic, syndiotactic and isotactic polymer.

Atactic polymers are essentially amorphous. Each chain
contains a rardom distribution of d- and l-configurations, which
prevents regular, close packing of adjacent chains in a given spec-
imen.

Syndiotactic polymers, on the other hand, exhibit a much higher
degree of crystallinity, since each chain contains a regularly altern-
ating sequence of d ard 1 acymmetric carbon atous.

Isotactic polymors, in which every asymmetric carbon alom in a
givan chuin has the seme zcnfiguration Q@ or 1 : vhere being equal
numbars of each type of chain in a given sample) exhibit the commer-
cially desirable properties associated with a high degree of crystall-
inity.

Certain catalysts, discovered by Nattall7 (e.g. titenium tetr-

achloride-trisobutylaluminium complex) are claimed to be highly stere-

oselective, producing syndiotactic and isotactic polymers., The mechanism

of this type of heterogeneous catalysis has long been under discussion,
1

but is not yet exactly known. It has been .suggestedJ 8 that the surface

of the catalyst acts as a mould on which the growihg polymer adopts a

snecial configuration.
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Under conditions of total solvation, anionic, low-temperature
stereospecific polymerisation has been attributedll9 to small
differences in the free~energies of the two possible transition
states (each leading to formation of a unit of opposite optical
rotation) resulting from interaction between the growing macroradicel
chain~-end and the adding monomer molecule,

1.3 Objects of Research

The examples cited above show that circularly polarized light
can exert a certain degree of influence over asymmetric synthesis.
No consideration has hitherto been given to the possibility of stere-
ospecific photopolymerisation of digsymmetrical olefins of the type
CH2:CRR' (RAR!) by circularly polurized ultraviolet light, with prod-
uction of crystalline polymers (perhaps isotactic). It was thought
possible that during bulk polymerisation initiated by circularly polarized
ultraviolet light, stereoselective formation of isotactic polymers might
occur by an analogous mechanism to that proposed above for homogeneous
stereospecific polymerisation; i.e. that the transition state of each
successive monomer addition step might be influenced so as to result in
stereospecific polymerisation.,

The industrial advantages of such a process, if practicable, cannot
be over-rated, since the costs of Natta catalysts are high. The present
work was undertaken to investigate this possibility.

2. Discussion of Results

An optical system was constructed for the production of circularly

polarized ultraviolet light (for details see Experimental Section) and a
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high vacuum system set up for filling dilatometers with purified
monomer.

Methyl S =-methylacrylate was selected as being a suitable
monomer for the present study, since polymerisation data was readily
available. A triel experiment was run with methyl #-methylacrylate
as monomer (no catalyst) contained in a cylindrical dilatometer made
of Pyrex glass. During this run, lasting 13 days, polymerisation
occurred to the extent of ca. 25%. No crystallinity could be detected
by comparison cf the X-ray diffraction pattern of a film made from
the total resultant polyuer (completely soluble in boiling heptan—4~one)
with one of a film of the atactic polymer. It was therefore decided to
attempt to reduce possible stray in‘erference effects of the circularly
polarized ultraviolet light caused by the curvature of the dilatometer
walls. Dilatometers used ir. subsequent runs were constructed with
built-in optically flat Pyrex gless discs.,

Three runs, each lasting 13 days, were made in the thus modified
dilatometers:

(i) using circularly polarized light (no catalyst);

(ii) wusing circularly polarized light (with azo-bis~isobutyronitrile
as catalyst);

(iii) with plene polarized light.

In all of these runs, the resultant polymer was found to be compl-

etely soluble in boiling heptan-4-one, which suggests prima facie that

no marked degree of crystallirity was produced. Distinction could not
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readily be made between isotactic and atactic poly(methyl &Y’~methyl-
acrylete) by means of density measurements (isotactic 4. = 1,19 g/ml.;
atactic 4. = 1,188 g./ml.) A film made from the total polymer from
each run was subjected to X-ray diffraction. No difference in cryst-
allinity could be detected by examrnation of the diffraction patterns.
It is therefore concluded that circulardy polarized ultraviolet light
does not induce isotactic polymerisation of methyl o¢-methylacrylate.

3.  Experimental
3.1 Polymerisation Apparatus

An optical system similar to that of Berson and Brown120 was set
W in a Light-tight vox, fitted with two l.ght-baffled apertures through
which adjustments could be made to ilhe apparatus. All wall surfaces were
painted matt tlack to minirise stray reflections. The only illumination
was provided by a G.E.C. compact source mercury arc lamp, mcunted in a
black metal housing fitted with a Chance OX1 filter to isolate the 365 Tjw
linte. Heat developed by the lamp was removed by means of an extractor
fan mounted in a light-baffled funnel above the lamp housing.

A 6 in. collimating lens was placed in front of the source at its
focal length. The collimated, monochromatic beam was polarized by
reflection from a 6 x 9" plate of black glass. This plate was mounted
in an adjustable clamy and rotated until the reflected beam was plane
polarized. Plane polarization vas tested hy passing the beam through
a Nicol prism on to a fluorescent screen, and was indicated by total

extinction ol the image on the screen when th>» Nicol prism was rotated
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to the 'crossed' position. The plane~polarized beam was then passed
through a specially constructed quarter-wave plate of thickness 0.0003 in|
to achieve circular polarization. The emergent beam was tested for
circular polarization with a similar quarter-wave plate, a Nicol prism
and a fluorescent screen.

2.2 Purification of Monomer

Commercial methyl &f-methylacrylate (ex I.C.I. Ltd.) was freed
from inhibitor by shaking with aqueous sodium hydroxide solution,
followed by washing with distilled water and Arying over calcium
chloride. The monomer was distilled under reduced pressure and the
middle fraction collected for use., Final purification was achieved

by distillation on the high vacuum line.
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