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SYNOPSIS.

Methyl and ethyl esters of saturated dibasic
acids were chosen as models to represent saturated
segments of a co-polyester chain, giving a contrast of
the effects of presence and absence of P-hydrogen on
the alkyl group.

It was observed that not only does absence of
P-hydrogen confer a higher thermal stability but that
it entirely alters the pyrolytic decomposition. Alkyl-
oxygen scission, the predominant breakdown route of the
ethyl esters, did not occur in the methyl compounds.
Surprisingly, methylene-chain rupture was the principal
reaction of the latter, an a:P-unsaturated ester being
formed. The decomposition is complex and mechanisms are
considered.

A series of acid anhydrides, related to the esters
studied, were also examined, yielding interpretations of
secondary decomposition in the pyrolyses of esters. Perhaps
the most notable feature was the formation of unsaturated
monobasic acids from cyclic anhydrides by elimination of
carbon monoxide. A discussion of reaction mechanisms is

included.
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1. INTRODUCTION.

Commercial polyester resins are prepared from an
unsaturated dibasic acid and a dihydric alcohol and moulded at
low pressure by copolymerisation with a vinyl monomer. Maleic

acid or anhydride are most generally used to provide the
unsaturated centres(l) by condensation with ethylene glycol,
smaller quantities of saturated dibasic acids being incorporated.

Ethylene fumarate and maleate were first prepared by
Vorlander(2), 1894, but it was not until 1929 that Carothers
and Arvin(3) described them as polyesters and confirmed the
property of hardening on heating(4). Soon after that polyesters
were introduced as surface coatings, the hardening being
regarded as a combination of further condensation and
crosslinking(5). The first copolymers, with styrene, vinyl
acetate and methyl a-methylacrylate, were reported by Bradley,
Kropa and Johnstone(6), 1939. Relatively long curing times
were required and darkening of the resins occurred. These
difficulties were overcome and commercial production commenced
in 1940. The output of cast resins rose from 3.5 to 28.0
million pounds per annum between 1948 and 1953(1) showing the
rapid expansion of the industry. A wide variety of colours is
now available and much progress has been made in tailoring
of the physical properties by selection of suitable vinyl

monomer(7) or inclusion of saturated acids in the polyester
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chain(8). Specialised resins have such properties as fire-
resistance(9) and high electrical conductance(10).

Resins based on ethylene glycol/maleic anhydride
polyester have been most widely studied. Feuer(ll) has found
the structure to have a trans, fumarate configuration,
indicating isomerisation during the condensation. The most
satisfactory combination of physical and chemical properties
is obtained when the acid number is 25 - 50(75). Saturated
acids are employed mainly to improve the flexibility of the
moulded product but Parkes and Mofett(1l2) examining the
effects of varying ratios of saturated to unsaturated acid
groups found optimum compositions for maximum improvement
of tensile and flexural strength, illustrated by Fig. I.

The main defect of these resins is the low maximum
working temperature. Above 250° there is a marked loss of
mechanical strength,while at 300° use would be limited to
very short periods(76). The present work is part of a
fundamental study, by Ritchie et al.(13,14%), of the thermal
decomposition of poly(ethylene fumarate) crosslinked with an
unsaturated momomer, by the technique of model compounds
representing segments of the macromolecule, Fig. II. Esters
of succinic, adipic and sebacic acids have been chosen as

saturated models.
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l.ls Pyrolysis.

1.1.1. General,

Hurd(15) has described the process as "the transforma-
tion of a compound into another substance or into other sub-
stances through the agency of heat alone." Catalytic effects
have been excluded as far as possible using an all glass
apparatus. Carbonisation which accompanies most pyrolyses,
to a greater or lesser extent, was believed to affect the
breakdown(16,17) but recent work by Bailey et al.(20),
Royals(19) and Depuy et al.(18) has shown no gualitative
nor significant quantitative effects. Metallice catalysis
has increased in importance with the application of high
molecular weight esters in the high temperature lubricatioh of
gas turbines. This is being examined in the vapour phase
by Muir ahd Ritchie(21l) and in the ligquid phase at the
Royal Aircraft Establishment, Farnborough(22).

Two important general rules for the prediction of
probable routes of pyrolysis have been advanced. The Rule
of Least lMolecular Deformation was proposed by Peytral(23),
while more recently Rice and Teller(24) stated the Principle
of Least Motion. Both yield the same results, therefore only
the latter is discussed. It states that a purely thermal
reaction will be favoured when a) there is a maximum gain
in resonance energy in the transition state and b) there is

a minimum change in the electronic configuration. The
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Principle has heen successfully applied to many decompositions.
Elimination of hydrogen chloride from l-chlorobut-2-ene(24)

provides a good illustration;

CH cH CH
AN AN /7 \
caz/"/ CH 2 CHy — CH CH;_/ G
I I s : : ~> l
c1 ) g CH» c1 ) (¢t c1 CHp
’ o g

Here the conditions of minimum electronic displacement and
maximum resonance are fulfilled by the postulated transition
compound.

fany compounds undergo pyrolysis by two or more
simultaneous competitive routes(25,26,27). Norris(26)
found p-butane to yield methane and propene at 3752 while
at 438° ethylene accompanies these gases.

— + CH, :CHMe
Me(CHs) oMe =

e 2CHp:CH,

It was concluded that temperature had a controlling infleunce
over competitive reactions. Hurd and Blunk agreed with this,
attributing the complex pyrolysate from methyl esters to

he high temperature required to induce decomposition.

1.2, Pyrolysis of Hsters.

The therral decomposition of esters has been very widely
studied as a preparative method for complex olefinic compounds.

A striking example is the formation of 1l:2-dimethylene-
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4-cyclohexane(29).

CH50Ac 5_0;)0 CH CH,

CH,0Ac H, CHo0Ac

A patent exists for the preparation of unsaturated acids
from P-alkoxy-saturated acids(30).
180°
AcOCH,CH5COoH 3> AcOH + CHo :CHCOQH
1 %
hydroquinone
Mild conditions are sufficient and the inhibitor prevents
polymerisation.

Work in these laboratories has been concerned with
competitive reactions of model compounds representing
segments of a polyester chain. Ethylene dibenzoate, a model
of polyethylene terephthalate, undergoes a two-route break-
down(27), thus;

500° —> BzOH +  CH,:CHOBz

BzOCH,CHo0Bz e
L— MeCH(0Bz) o

A further example of complex breakdown is afforded by

methyl acetate(25).

> AcOH +  3CH,:CH,
AcOMe —E
MeCHO + CH50

1.2.1. Nomenclature.

The known routes of ester decomposition have been
described by Ritchie(12) and the following nomenclature,

which is used throughout, proposed.



Alkvl-oxygen Scission - A type.

Elimination of an olefin from the ester yields the

parent acid by a hydrogen transfer.

RCO,CRACHRS —  RCOoH ~ +  RyCiCR

Secondary and tertiary alkyl groups give mixtures of olefins.

Acyl-oxvgen Scission - B type.

Rupture of the acyl-oxygen bond is favoured by the
absence of hydrogen on the P-carbon of the alkyl group. Two
aldehydes or an alcohol and a keten may be formed, hydrogen
migration being possible in two directions.

Elimination - C type.

Direct loss of carbon monoxide or dioxide from an
ester is included, also decarbonylation of an aldehyde but
acid decarboxylation is not thus classified.
Disproportionation - D type.

This is the well known reaction of an asymmetrical
molecule decomposing to products of greater symmstry.

Rearrangement - R type.

Reactions yielding a single product isomeric with the
pyrolysand are termed rearrangements.

Intra-acyl Scission.

In this novel type of thermal breakdown, reported by
Mackinnon and Ritchie(31), scission occurs between the

carboxyl and alkyl groups of the acid, thusj;

CHo:CHCOoPh ~> CH:CH + HCOoPh



l.2.2. Alkvl-oxvegen Scission.

At type.

The presence of an available hydrogen on the P-carbon
of the alkyl group is essential and when this condition is
fulfilled the major fraction of the decomposition occurs by
this route.

RCO,CRHCHRD —>  RCO,H +  RiCiCRy ... &L

The temperatures at which decomposition occurs have
been studied by Hurd and Blunck(28). Tertiary esters gave
al scission in the region of 225%,while primary esters required
much more vigorous conditions. A kinetic examination by
Maccoll(32) showed a progressive increase in the relative
rates of decomposition from primary to tertiary.

Relative rates of decomposition

Bt prl By
Acetate 1 26 515
Formate 1 20 720

It is seen that the acid has 1little effect.

Only a single olefin may be formed from a primary
ester, but mixtures of isomers may be produced from secondary
and tertiary compounds. The Hofmann Rule(28) suggests that
the least substituted olefin would be formed preferentially.
Thus but-l-ene would be expected to be the exclusive

unsaturated product from sec-butyl acetate.




AcOBu® > AcOH + CHs $CHBE . Jakeet A-

However, a mixture of butenes is obtained(35). An electron-
withdrawing substituent affects the direction of elimination
and according to the Saytzeff Rule(33) the more highly
alkylated olefin should be formed. (-)-Menthyl benzoate

gives benzonic acid and the olefins (+)-p-menth-2-ene and
(+)-p-menth-3-ene in the ratio of 1:2 in the liguid phase(34),
the conclusion being that the Saytzeff Rule held under these
conditions. A séries of pyrolyses of tert-amyl acetate at
temperatures ranging from 225° to 600° yielded both possible
pentenes(18).

CHp: CHMeEt
+

AcOCMeoEt —> AcOH  + o

MeoC:CHMe

The interesting feature wes that in the liquid phase the
Saytzeff Rule was obeyed but the quantity of 2-methylbut-l-
ene increased with temperature, predominating at 600°, Thus
a single compound may react in accordance with both rules
but at different temperatures. A change from a cyclic to
an ionic mechanism was proposed as a possible explanation.

Some recent papers have questioned the specificity

of direction of elimination(19,35) on the evidence of more

accurate measurements by gas-liquid chromatography. Assuming
a completely random system, Depuy et al.(35) calculated by

statistical methods the expected yields of isomers from a
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number of gec- and tert- esters. Experimental figures were

in close agreement with the theoretical values, as illust-

rated for sec-butyl acetate, thus;

4 found ecalc.
4500 CH,:CHEt 57 % 60 %
AcOBuS -> AcOH % 4

MeCH:CHMe 43 % 40 %

form
The trans of but-2-ene predominated. The eyclic transition

states, shown by the Newman projections, were used to account

for this.

H O0:Cle I 0:CMe
Me é Me é
I IX
H Me Me H
H H

An eclipsing

o

effect of the methyl groups in II explains the

lower yield of the cis olefin.

Alicyclic esters having a l-methyl substituent are
formally capable of giving both endo- and exo- cyclic olefins.
A general preferance for the formation of the less strained
form has been found(18,36,37).

l-methylcycloheptene 76 %
l-methylcycloheptyl acetate —> i

methylenecycloheptane 24 %

2

Ring size does not appear to alter the relative proportions

A
2
O]
L)

significantly(18).

Hurd and Blunck(1l2) proposed a cyclic mechanism for



scission, involving transfer of the B-hydrogen. A simple

be made with ethyl acetate, thusj;

Z e\ i 4

| MeC CHp MeC GHo MeC CHo
| Il D | il aled el [

' 0 S::Vgg o C:phg 0 CHy
l H o i

for the existence of hydrogen bonds at high temperatures,
this mechanism is now generally accepted. Barton, Head and
Williams(34%) proved the exclusive Al scission of (-)-menthyl
benzoate to be unimolecular and cis-elimination to be
preferred, both facts being consistent with the ecyeclic

transition state. Further support is obtained from the

of the methyl groups prevent its formation from the trans

compound.,

A° £vype.

Although critised by Houtman et al.(38) on the lack of evidence

pyrolysis of l:2-dimethylecyclohexyl acetate(35). The cis form

gives 26 % l:2-dimethylcyclohex-l-ene, while the blocking effect

A form of alkyl-oxygen scission is possible when there

is no hydrogen on the P-carbon.

Combination of two alkyl groups gives the olefin.

Few examples of this reaction have been recorded and

the reaction is usuelly of a minor nature, as in the breagxdown

l
E
t RCO,CERS —>  RCOoH  +  $CR53CRs ... A°
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of methyl acetate(25).

— L0 01 + 4CHp3CH>  v.. A°
AcOMe e
—  leCHO  + CH,0
The mechanism is uncertain but the high temperatures required
would seem to contradict a molecular reaction.
A° type - Alkenyl-oxygen Scission.

This is the analogous reaction of alkenyl esters to
the Al scission of the saturated compounds, an alkyne and an
acid being formed. It is a minor route in the decomposition
of vinyl benzoate(27) and of the vinyl chlorobenzoates(39).
— 200+ CHicn T

H200T 10T, CO, + PhCH:CHs

e [ PhCOCH,CHO ] o AR

:

PhCOMe + CO
The cyclic mechanism of the Al scission would be consistent
with the findings while the conjugative effect of the double
bond would lower the resonance energy of the transition state,

accounting for the minor nature of the reaction.

l.2.3. Acyl-oxygen Scission.

Rupture of the acyl-oxygen bond gives two fragments,
hydrogen migration being necessary to give st@ichiometric
products. This can take place in two directions, each of which

is considered separately.
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pl type.
A keten and an alcohol are the primary products.
>CHCO5CHR —> >C:C0 + HOCHRp ascy; Bk
This is not a common reaction and does not usually occur in
the presence of a P-hydrogen. Phenyl acetate, in which the
structure precludes Al scission, decomposes to phenol and
keten(28)
350-400° 1
AcOPh —_ CHz#CO +  PhOH .S 1
Bl scission may ocecur in competition with other routes as in

the breakdown of ethyl acetate(28) where it is a very minor

route.
AcOEt > CHp:CO + EtOH it
> 2MeCHO
2
B~ type.

This reaction, giving two aldehydes,is the more
common in the absence of B—hydrogen,and where the Al scission
is possible it is often a minor route.

An early example was reported by Peytral(25), methyl
acetate giving two moles of formaldehyde.

11500
AcOMe - 2CH,0 es -

Many esters pocssessing a P-hydrogen have been shown to under-

go a minor B2 scission in a complex pyrolysis at 500°(4+0).
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Reininger and Ritchie(39) found the three isomeric vinyl
chlorobenzoates to yield k@l"ﬂt(?)and the corresponding

chlorobenzaldehyde in a four-route decomposition.

—> CLC4H,COpH +  CHICH oo B°

f— ClC6H)_|_CH:CH2 L CO2
C1C4H,COLCH:CHy —

— [ c1cgm,cocEaCHo | ... R

—> cicgmcuo  + [crscos] R

Although only small quantities of the aldehydes were present
the reaction is of interest as it was not observed in the
pyrolysis of vinyl benzoate(27).

Formally, the reaction is a reversal of the Tishchenko(41)

condensation,
RCHO +  OCHR' = RCO,CHoR |

However, Hurd and Blunck(28) have proposed a radical mechanism
on the grounds of the high temperature necessary, but no

direct evidence has been recorded.

1.2.%, BElimination Reactions.

cl type.
All eliminations of carbon monoxide are considered to
be Cl recctions. Thermal decarbonylatioﬁ of aldehydes is a well
known and general reaction but direct loss from an ester
occurs infrequently. At 500° phenyl formate decomposes to phen-

ol by loss of a mole of carbon monoxide(%2). A unigue example




was reported by Calvin and Lemmon and rigorously established

by a tracer technique(?77).
L cl
Mel*COCOQEt => €0 + CO5(trace) + g by-products

There can be no doubt that the carbon monoxide comes from the
ester group and therefore this is a true case of ct elimination.
The behavior of acetyl bromide may be compared with that

of an ester(43).
> MeBr +  CO i
AcBr —E i
> CH,:CO + HBr dee B
Other examples are found in the ethylene and trimethylene
oxalates which readily lose carbon monoxide to give the
corresponding carbonates(H+,45).
Detection of free radicals, by a mercury mirror technique,
in the decarbonylation of acetaldehyde and propionaldehyde
led to the formulation of a chain mechanism by Swarski and
Burton(%#3), supported by Nieclause(46) who suggests initiation
by traces of oxygen. The limited information available for
direct loss of carbon monoxide from an ester does not indicate

any specific mechanism.

02 type.
Anschutz observed carbon dioxide to be expelled during
the slow distillation of phenyl fumarate(4+7), phenyl cinnamate

and trans-stilbene being identified.

PhOCOCH:CHCOpPh —> CO, + PhCH:CHCO,Ph —> 002 + PhCH:CHPh ...C2



Comparatively few other instances were known until recent
work by Ritchie et _al.(26,27,39) showed a number of esters,
including vinyl benzoate and chlorobenzoates, in which the
Al scission was structurally precluded, to decarboxylate.
The occurmnce of methyl o-toluate in the products from the
decomposition of methyl phthalate at 400°(49) is best explained
as a loss of a single mole of carbon dioxide.
CO,Me Me 5
-> CO, + see G
COslMe COolMe
Methyl esters of a:P-unsaturated aliphatic acids may
decarboxylate(48,55) in the region of 500°.
In general this reaction has been observed in molecules
having some degree of unsaturation,although one example in

a fully saturated compound has been observed by the Author

C

and is discussed later. The association with unsaturation
and the elevated temperatures at which the reaction occurs

suggest a radical mechanism,but the evidence is inconclusive.

1.2.5. Disproportionation' D

Many asymmetrical molecules disproportionate. Some

general classes of esters which exhibit this behavior are

Q
Q
v
w
=
(@)
s <
(4]
D.l

When a single carboxyl group of a dibasic aecid is ester-
ified the resulting hydrogen ester will readily disproportion-

ate to the acid and the normal ester. Ethyl hydrogen succinate
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(50) and phenyl hydrogen sebacate(51) both react thus;
distil
2Ph0CO(CHp) gCOoH ~> PhOCO(CHp)gCOoPh  +
HOCO(CHp) gCOH s
It is a purely thermal reaction.

A second type of disproportionation occurs in the
monoesters of dihydric alcohols(78), equimolar quantities of
the diester and the alcohol being the products. At 300 - 350°
the monobenzoate of ethylene glycol is smoothly converted to
the dibenzoate and ethylene glycol(79).

2Bz0CH,CH,oOH —> BzOCHpCHo0Bz ¥
HOCHoCHo0H S

Ethylidene diesters yield acetaldehyde and an acid
anhydride by a disproportionation(52). An interesting example
was observed in the pyrolysis of ethylene dibenzoate(53).
Primary Al scission gave vinyl benzoate, which recombined
to ethylidene dibenzoate. Secondary decomposition accounted

for the unexpectedly large quantities of benzoic anhydride

found.
CH2:CH(OBz)2 —> MeCHO + Bzo0 doe vl

The yields from this reaction are high and the diacetate has
been employed in an industrial preparation of acetic anhydride(54)
The mechanism is obscure and it would seem unlikely

that a single interpretation would cover all the known cases.




A cyclic transition state has been proposed as an intermediate
in the breakdown of the ethylidene diesters(2i).

0 .0 0

I\GlC/ \)\ﬁl\le ? MeC..H. u\giMe Meclzlﬂ \C|Me
—_ : : C-—
0. ) [ © &,j) (o 0 0
\C '...C..c' /
0% e 07 e o‘C‘Me

The conditions of minimum electronic displacement and high

resonance energy are satisfied.

1.2.6. Rearrangement R.

Thermal rearrangement of esters is a comparatively
common reaction. Ethyl maleate isomerises to ethyl fumarate
in a complex decomposition at 500°(55), while a similar change
is observed during the polycondensation of ethylene glycol
and maleic anhydride, the polymer having a trans, fumarate,
structure(1l).

A number of a:P-unsaturated ésters have been reported
to rearrange to P-dicarbonyl compounds. It was first observed
for isopropenyl acetate by Wislicenus(56) and confirmed

recently by Boese and Young(57), -
AcOCMe:CHo - MeCOCHoCOMe & iy ok

Allan, Forman and Ritchie(27) identified acetophenone in the
prrolysate from vinyl benzoate. It was considered that an
initial rearrangement would give benzoylacetaldehyde, which

was shown to decarbonylate readily.




R
BzOCH:CH, —> PhCOCHoCHO —> PhCOMe * CO e

o

Another example is the formation of 2-benzoylcyclohexanone

from cyclohex-l-enyl benzoate(59).

S

Youngz et _al.(58) advanced an intramolecular four-
membered cyelic transition state for the enol-carboxylate

rearrangement.

- ! . 3 " a «
Where R is hydrogen the P-ketoaldehyde will decarbonylate.

_ of reaction »
A Fries type,was found, by Skraup and Beng(60), to oecur

in phenyl P:P-dimethylacrylate through the agency of heat alone.

MeoC: CHCO». OH
COCH:CMe2

The vield of the o-hydroxvketone is small but can be greatl;
o o o v o

inereased by the addition of a trace of hydrogen bromide.

l1.2.7. Intra-acyl Scission.

Mackinnon and Ritchie(6l) have reported the formation
formate and an alkyne in the pyrolysis of phenyl
acrylate and a-methylacrylate. A primary scission, termed

intra-acyl, was proposed.

500°
CHp:CRCOoPh - CHCR  +  HCOoPh

[
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Complete suppression of this route was achieved by the
addition of 1 % hydroquinone to the pyrolysand, therefore a
free radical mechanism was proposed;

Initiation:

CHo:CRCOSPh —> CHp:CR +  HCO.Ph
Propagations:
i CHp:CR + CHp:CRCOpPh —> CHSCHR + +CH:CRCOoPh
i1 - CH: CRCO2Ph —> CHICR + +C0oPh

iii  +COoPh + CHp:CRCOoPh —> HCOoPh + «CH:CRCOoPh

The alkyne and phenyl formate are thus satisfactorily

explained.

l.3. Pyrolysis of Anhydrides.

Work on the preparation of ketens led to a wide study
of the thermal breakdown of acid anhydrides. Wilsmore(63)
achieved the first preparation of keten by the action of a
hot platinum wire on acetic acid vapour. A dehydration of
the acid was suggested and supported by Bamford and Dewar(6kh),
who also recorded a second route.
p—> Ch, + COo

AcOH —1 2
L— cHpico + HRO

As the decomposition of acetic anhydride has been shown by
Szwarc and Murawski(65) to obey first order kinetiecs, the
sole products being keten and acetic acid, it would seem
probable that dehydration of the acid is the initial step in

the preparation of keten.
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Staudinger(66) deduced, from very extensive investiga-

tions, general equations describing the decomposition of

substituted malonic anhydrides and those of monobasic acids.

| . /8 :
| RR C\C,O =% BRYORC0 #1100,
, 6
(RpCHCO) 50 —>  RyC:iCO  + RoCHCOoH

No acid was reported in the second reaction but later work(65)
has shown it to be formed.

A series of monobasic acids, examined by Davidson and
Newman(67), were found, contrary to expectations, to undergo
thermal dehydration. It was suggested, from analysis of the
products, that anhydrides would give two pyrolytic routes.
— RCH:CO + RCHoCO2H

(RCH,C0)50 —
L—  (rcHp)0  + €O

A cbmplex mechanism was employed to account for the ketone

formation, a primary condensation of two molecules being

involved.

| Q

2(RCH,C0)50  => RCHpCORCHCO,COCHoR +  RCHCOoH
(RCH5C0) 50 1 RCHoCOCHRCOoH

(RCHp)5CO +  CO»



21

This hypothesis was not substantiated by identification of
any of the intermediates and would result in the formation
of a large quantity of acid, which was not commented on.

The Blanc Rule(68) states that seven and eight-
membered cyclic anhydrides readily lose carbon dioxide
vielding stable cyclic ketones.,Distillation at atmospheric
pressure is sufficient to convert monomeric adipic anhydride
to cyclopentanone:

TR S e = e

: ”06 c%xch2 g

This is comparable with the qugmann Reaction(69) for ring
closure of ethyl adipate in the presence of sodium ethoxide,
a mole of ethanol being eliminated. No mechanism has been est-
ablished, but,as in the Di imann reaction,the a-hydrogen 1is
essential, the u:a'—tetramethyladipic anhydride giving no
ketone while the Q:B'-tetramethyl compound reacts analogously
to the unsubstituted anhydride.

Five-membered ring anhydrides cannot give stable
cyclic ketones. Prolonged heating of succinic anhydride at

250 - 280° causes elimination of carbon dioxide and the

spiro-dilactone of acetonediacetic acid is present in the

residue(71):
CHp.CHo CHp.CH»  CHop.CHp
I | —> l \ / ' + COp



This was confirmed by Hurd and Bennett(72), who regarded the
most satisfzctory mechanism to be a loss of carbon dioxide
from an anhydride molecule to give a diradical which would then

add across a »C:0 bond of an unchanged molecule.

CHp.CHy : CH,.CH
I > L0 ECHQCHQCO-] + | : s
CO CO g, £
o7 l oZ ™o Y0
CHp.CH> CHs.CHo
<|:o c/ c':o

The evidence available provides no reason to oppose this
interpretation.
By application of the Principle ofLeast Motion(24),

Rice and Murphy(73) predicted the breakdown of a series of
compounds related to succinic and maleic anhydrides. In the
temperature range 800 - 900° only gaseous products were
obtained.

CHo.CHp

| | =>  CH53CHs & - COs " ' QO

co CO

\O/
This was in agreement with the postulated route but investiga-

tion has now shown this representation to be incomplete.

Anhydrides containing an ether bridge have been

n

found, by Hurd and Glass(74), to undergo a dehydration

affecting only the ether bridge and a decomposition of



whole molecule. Loss of a molecule of weter from dimandeleic
anhydride gives diphenylmgleic anhydride while phenylketen,

benzaldehyde and carbon dioxide arise from the second route.

Ph'C.C\O

Ph.CHCO — N >0 - H,0
/ \ PhC. €0 5

\ /

Ph.CHCO L > PnCH:CO + PhCHO + COp

Diglycollic anhydride behaves analogously but the tetraphenyl-
snbstituted compound cannot dehydrate and decomposes by the

second rouvute only.
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2 DISCUSSION OF RESULTS.

2.1le¢ Pyrolysands.

The thermal breakdown of two series of esters of
saturated dibasic acids has been studied; a) the ethyl esters
having an available f-hydrogen and b) the methyl esters having
no B-hydrogen. Very marked differences were observed both
in thermal stability and in the mode of decomposition.

Pyrolysis of a group of related anhydrides was also
carried out, Acrylic and a-methylacrylic anhydrides were
included,being of interest with regard to previous work on
the corresponding methyl(55) and ethyl(48) esters.

In addition to the above it was necessary to examine
the behavior of a number of other compounds to elucidate

breakdown routes. All pyrolysands are listed in Table 1.

2.2. Qualitative and Semi-guantitative Pyrolyses.

Pyrolyses were carried out in & flow apparatus describ-
ed in Section 3.1, while reaction conditions and analytical
data are tabulated in Section 3.4. The latter were obtained

by convential techniques supported by infrared spectroscopy

and in the later stages of the work by gas/liquid chromatography.

Quantitative values for breakdown routes are necessarily
estimations, the complexity of products preventing accurate
meagsurement. Quantitative application of gas/liquid chromato-

graphy was similarly limited but gave useful approximations.



Table 1.

Pyrolysands.

I Ethyl succinate XIV  Methyl methylsuccinate

IX Bthyl hydrogen succinate XV Methyl propionate

I1T Succinic aeid XVI Methyl allylacetate

IV Succinic anhydride XVII Methyl vinylacetate

v Ethyl adipate XVIII Methyl n-nonoate

VI Adipic acid XIX Methyl n-heptoate

VII Adipic anhydride XX Maleic anhydride

VIII Ethyl sebacate XXT Methylsuccinic anhydride
IX Sebacic acid XXII Acetic anhydride

X Methyl succinate XXIIT Acrylic anhydride

XI Methyl adipate XXIV Propiolaldehyde

XII Methyl glutarate XXV  w-Methylacrylic anhydride

XITII Methyl sebacate
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2.3« Pyrolysis of Ethyl Esters of Saturated Dibasic Acids.

Adipic and sebacic acids are commonly incorporated in
polyesters to improve the physical properties of the moulded
resin(12). The ethyl esters were chosen as models of the
saturated segments and ethyl succinate to represent the

points of crosslinking of the polymer chain.

2.3.1. Ethyl Succinate (I).

The total decomposition was 89 - 96 % at 500° and the
following gases were produced!ethylene, carbon dioxide and
monoxide, ethane and methaney while at high residence times
traces of acetylene were also formed. The yields of the prin-
cipal gaseous products are plotted against residence time,
Fig.III, showing an almost linear increase of ethylene over
the range 100 - 275 seconds, which suggests a unimolecular
reaction. The quantities of carbon monoxide and dioxide
approach a constant value and the molar ratio, table 2,
remains approximately constant. Although the formation of
these gzases, in the measured ratio, yia a single route would
explain the results,deviations caused by minor routes cannot
be accurately determined.

As would be expected from the presence of the P-hydrogen,
Al scission is the major route, evidenced by the large yield
of ethylene. Identification of sucecinic acid(III) and ethyl

hydrogen succinate(II) suggests that rupture of the two alkyl-
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following products have been omitted;

For simplicity th

D

Al s

2 cadonea Y am
SClLss1ons = etnylLene

B scissions - acetaldehyde
il = A - B
C™ scissions - carbon monoxide
Further decomposition of end products occurs by known routes.

Unidentified compounds are surrounded by square brackets
I y square brackets
3 i 3 = 5 3 2 a2 T3 e =S U e ST e X =l &
ar dottec nes indicate tentative routes.



oxygen bonds occurs consecutively, thusj

CH,COoBt Al %chogﬁ At cH,CO.H
- -
HoCOoEL CHoCO2Et CHoCOoH

arge quantities of succinic anhydride, water and minor

L—-l

amounts of ethanol were also present. Dehydration of the
pioe P YiGEOS < . .

acid(80) andAmost of the anhydride but a minor ring closure
of ethyl hydrogen succinate(8l) would give the latter by
elimination of ethanol.

Pyrolysis of (II) confirmed the Al scission and the
ring closure,while isolation of a trace of ethyl succinate
established the disproportionation which is known to occur

at lower temperatures(50).

CH»CO
—_s | ~ >0 F EtOH

CH,CO

CHpCOoH CH5COoEL CHpCOH |
+-> -é«' + —lgl e D

CHpCOoEL CHoCO5E CH,COoH

CH,CO,H

CHoCO2H

A difficulty exists in differentiating the Al scission of

the monoester and the D/2Al reaction, succiniec acid being the
end product of both. Reference to the behavior of ethylene
glycol monobenzoate provides a useful comparison. It has

been shown by Iengar and Ritchie(79) to disproportionate

D



smoothly at 375° while at 500° olefin elimination predomin-
ates. Ethyl propionate, formed from (I) by a B2/cl scission,
was not obtained from (II),which is consistent with a minor
disproportionation since acid decarboxylation is known not
to occur readily(82,83),

CH»COoH

/7> MeCH,COoEt  + co

CHoCOoEL = £
Oppenheim and Precht(84) showed ethyl acetate to eliminate
ethylene at a lower temperature than that required for
decarboxylation of acetic acid. Further support for the
preference of Al scission over disproportionation is found
in the molar ratios of carbon monoxide to dioxide, Table 2,
which in the pyrolyses of (I) are 1l.14 - 1.40 over a wide
range of residence timesgwhile from the hydrogen ester the
figures are 2.1 and 3.0. The higher figures in the second

case are inconsistent with a major disproportionation.

Table 2.

Pyrolysand 1 I I I I 1% - - B T VIV NEY
Run No. 1 ) 3 b 5 6 7 8 9 39
Mole ES 1.30 0230 11k 1,32 1.5 €1 83400 31318 B 0le) i

RatloCO

2
Two sites exist for acyl-oxygen scission which may occur

at both or B2 and Al scissions at different ester groups in the

same molecule. Acetaldehyde and propionaldehyde were the only




carbonyl productsgwhich is not surprising from the known ease
of decarbonylation(85,86). These are regarded as confirming
a double B2 scission followed by loss of carbon monoxide,

while a B2/Cl sequence accounts for ethyl propionate.

CH,CO5ES B CH,CHO B
- | -> (CHoCHO) 5
CHpCO,EL CHoCOoES
cl &
lr B2
MeCHoCORES —>  MeCH,CHO

It is seen that propionaldehyde can arise without the
necessary formation of the dialdehyde. As ethyl P-formyl-
propionate, the primery product of acyl-oxygen scission,
would lose carbon monoxide in preference to decomposition of
the ester group, it must be concluded that only traces of
succinodialdehyde would be formed,and it is unlikely to
survive pyrolysis conditions in detectable quantity.
Confirmation of rupture of alkyl-oxygen and acyl-oxygen
bonds in the same molecule was obtained by the identification
of propionic acid in the pyrolysates from (I) and(II). Only
one route is possible for the latter, namely the B2/Cl reaction,
but elimination of ethylene from ethyl propionate provides a
second route in the breakdown of ethyl succinate. The unstable
intermediates, P-formylpropionic acid and ethyl B-formyl-

propionate,could not be isolated.



?HQCOQH
CH2CO2Et

B2/¢L

= MeCHoCOSE
ol
B2/cL
s MeCH,COLH

Decarboxylation of ethyl hydrogen succinate must be discounted

from the previous discussion.

One important product,acrylic acid, remains to be account-

ed for. It is possible to formulate a route involving B

1

scission, which has the support of the production of ethanol

and the known decomposition of keten(é4):

CHoCOoEt 2 B
| s

CHoCOoEt

CH:CO - CO
| —-> CH2:CHC02Et
CH2>COoEL
Al
+ EtOH l

CH, : CHCOLH

Ethyl acrylate could not be detected but is known to be unstable

at 500°(48). 15 % ester decarboxylation was shown to occur,

vielding n-but-l-ene, but in the present examination this gas

was not formed. Ethyl acrylate, therefore,cannot be an

intermediate and the above scheme is unsatisfactory.

An attempt to resolve the problem by pyrolysimké

secondary products from (I) revealed the interesting fact

that succinic acid and anhydride gave major quantities of




acrylic acid. The primary reaction of the acid is an

exclusive dehydration. The decomposition of the anhydride is
discussed in detail in Section 2.4, but the results may be
stated here. Pyrolysis occurs by two routes to acrylic acid and
to acrolein, with elimination of a mole of carbon monoxide and

dioxide respectively.

> CH,:CHCOpH + CO ma jor
CH,yCQ
|~ 20
CH2CO

> CH,:CHCHO + COo minor

Acrolein was not detected in the ethyl succinate pyrolysate,
the result of the minor nature of the route and secondary
breakdown to ethylene and carbon monoxide(48). It has also been
shown that acrylic acid undergoes major decarboxylation and
minor C1 scission and dehydration(48), thus;

—_— EJHQ:CHCO)Q(J + 3 Ho0  minor

CHo :CHCOoH > CHp:CH» + CO0o major
—em CH, :CHOH J #. 00 minor

=

MeCHO

The anhydride is unstable but the known breakdown products
(Section 2.4 ) were confirmed. This is the most probable source
of acetylene but pyrolysis of ethylene cannot be disregarded.
The latter reaction is complex,giving(in addition to acetylene)
hydrogen, methane and ethaneybut these gases would have no

significant effect on the analysis.
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At 500° ethyl succinate decomposes by two routés, a
major At scission and a minor B2 scission. In a single
molecule the ester groups can vndergo one or both types of
breakdowngindicating that there is no significant interaction
of the funetional groups. The total decomposition, inecluding
secondary reactions, is given(page 252) with approximate

quantitative figures.

2.3.2. Ethyl Adipate (V).

4 - 7 % of this ester survived pyrolysis at 500°,
residence times varying from 44+ to 214 seconds. The gaseous
pyrolysate contained ethylene, carbon monoxide and dioxide,
methane and traces of n-butane and n-but-l-eney,while at the
highest residence times some acetylene was also found.

A high proportion of ethylene in the gases suggested a
ma jor Al scissionywhich was confirmed by identification of
adipic acid and ethyl hydrogen adipate, the ruptures being

consecutive as in the decomposition of ethyl succinate.

1 i
LOoEt A # COoH A »COH
(CHo)f = (CHy, ->  (CH) ©
\002Et NCOoEL: \COQH

The olefin indicated that approximately 87 % of the breakdown
occured by this route but the hydrogen ester and acid were
considerably deficient.

The structural similarity to the succinate suggests
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that the decomposition of ethyl hydrogen adipate will be
analogous to that of the lower homologue. A disproportionation
has been established at lower temperatures(SO) but would be of
minor importance at 5009 yielding no unexpected: products. It
will not be further considered. Ethylene elimination will
predominate but the formation of a small quantity of ethanol is

accountable by a minor cyclisation to the anhydride.

o9
>  (CHp)y, 0 + EtOH
»CO0sH \co
(CHp),
NCOoEL o~ COpH S
>  (CHo)y + CHoiCHp ... A
‘\CO2H

Further indication of the formation of anhydride was found
in the presence of water in the pyrolysate from ethyl adipate,
but testing with the sensitive colour reaction(88) failed
to reveal even traces.

Monomeric adipic anhydride decomposes, almost quantita-
tively, to cyclopentanone at 250 - 280°(68). Examination in
the flow system at 500° showed greater than 95 % decomposition,

the results being attributable to two routes(Section 2.4.)

CHoCHo
> 1 Zes + €02 major
_CO CH2CH2
(CI'Q)) \,O
CO
> CHo:CHCH2CH2CO2H + CO minor
Ethyl adipate gave cyclopentanone, in quantity, and a trace
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of allylacetic acidsverifying the routes. The total decomposi-
tion of the anhydride under pyrolysis conditions was tested by
distillation of the acid, known to be stable at its boiling
point(89), through a horizontal furnace at 500°. Water and
cyclopentanone were the main constituents of the pyrolysate
but the anhydride was not present in detectable quantity. A
possible explanation is that the anhydride formed at 500°
is in a more active state than the pure compound used as a
pyrolysand and is less stable. Howevery from the evidencey,it
must be assumed that in the pyrolysis of ethyl adipate the
anhydride decomposes at the same rate as it is formed.
Acyl-oxygen scission was indicated by significant
quantities of acetaldehyde. The aldehydo-ester, primary
product of a single scission, was not isolated but the best

explanation of ethyl n-valerate is a B2/Cl reaction, thusj;

- s
~COsEt B2 _CHO cl
(CH2 )y et (CHp)Y —> Me(CH,)3C0Et + CO
NCO-EL SNCOoEL
e & l At

Me (CHp) yCORH

The identified n-valeric acid arises yia elimination of a
second mole of ethylene.

Theoretically, adipic dialdehyde may be produced by suc-
cessive B2 scissionsgsbut for the same considerations given

for ethyl succinate, decarbonylation of ethyl L4-formyl-n-




valerate would occur with considerably greater ease than
elimination of acetaldehyde. For this reason a B2 scission of
ethyl n-valerate is regarded as the principal source of
n-valeraldehyde.

Methane, n-butane and n-but-l-ene remain to be accounted
for. The saturated gases are expected products from decarbon-
ylation of acetaldehyde(85) and n-valeraldehyde respectively,
while n-but-l-ene has been shown to be a breakdown product of
cyclopentanone(90).

?HQCHQ 488 - 543°
>€o - CHo:CHEt + CO
CHoCHo

The source of acetylene cannot be stated with certain ty. It
is only formed at high residence timesgthus dehydrogenation
of ethylene is possible(87) and appears the most acceptable
explanation.

Primary decomposition of ethyl adipate can occur by
At or B2 scission and a molecule may undergo one or both at
different ester groups. A representation of these and the

; . a
secondary breakdown is given on page 31°.

2.3+3. Ethyl Sebacate (VIII).

At 500° the total decomposition, 96 - 98 %, was rather
greater than for the lower homologues and larger quantities

of gas were produced. The principal constituent of the latter
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was ethylene with smaller amounts of carbon monoxide, dioxide,
methane and acetylene, present as a trace increasing to 1.4 %
at a residence time of 205 seconds.

Sebacic acid, in guantity, and traces of ethyl hydrogen

sebacate established major consecutive At scissions.

~COoEt AL L COSH at COoH
(CH2)g =% (CHo)g =3 (CHp) g
RC0oEL NCosEL NcooH

Disproportionation of the hydrogen ester(91l) is discounted
on the grounds that strong preference is shown for Al scission
at high temperatures(79) and ethyl sebacate is unstable at
the pyrolysis temperature. Absence of ethanol excluded ring
closure.

Acyl-oxygen scission is confirmed by formation of

acetaldehyde, pelargonaldehyde and pn-octane, thusj

»#COoEt  B? _CHO G
(CHy) g -> (CHo) g —>  Me(CHp),COoEL
NCOoES <N C0oEt
1
B° c
—>  le(CHp),CHO = Me(CHp)gMe

The aldehydo-estery which would be expected to be unstable,
was not identifiedywhile an ester corresponding to ethyl

pelargonate was detected but not rigorously characterised.
The arguments stated in the discussion on the breakdown of

6 s : : . 2
ethyl succinate and adipate, favouring a B /cl sequence before




decomposition of the second ester group, apply here, the forma-
tion of a dialdehyde being, therefore, improbable. It is,
however, included in the scheme(page 34%) as a tentative,
unconfirmed route.

A carboxyl group is more stable than an ester containing
a P-hydrogen(82,83) therefore decarboxylation of ethyl

hydrogen sebacate is not expected. Formation of pelargonic

acid is probably via the aldehydo-acid from a AL/B2 reaction.

~CO-Et  Al/B2 coE | ot
(CHp) g = (CH2{8 —>  Me(CHp),CO2H
N C0oEt N'CHO

Loss of carbon dioxide from pelargonic acid may contribute a
trace to the yield of n-octane but the reaction is of minor
significance.

The monomeric anhydride of sebacic acid is formed with
great difficulty(92) but water in the ethyl sebacate
pyrolysate suggests a thermal dehydration. An attempted
pyrolysis of the acid, by distillation through an horizontal
furnace at 500°, gave water, equivalent to almost total
dehydration, the reaction occurring mainly at the boiling point,
leaving a dark, tarry residue. The gas yield per mole of acid
was l.1 mole carbon dioxide, 0.17 mole carbon monoxide and
0.17 mole ethylene. A possible explanation is the formation,
in the liquid phase, of a polymeric anhydride which then

loses carbon monoxide to give a polymeric ketone, thus;



{COQH ) ? )
(CH2) o —> CO(CH») gCO>» —> -CO(CH») «
*Leo,n i )

+ Hy0 +  nCO»

It has been shown that the liquid phase pyrolysis of bis-
CYCLOMEXY L

2—etf@ﬁisebacate(22), at 350°, gives a polymeric ketone, in

the presence of metallic powders, although under the same

conditions the acid does not. Tests for anhydride were negative

as with the pyrolysate from the ethyl ester. Of greater interest

is the formation of ethylene, carbon monoxide and a trace of

n-hexane. These were also products from fhe ester and are

attributed to a complex breakdown of monomeric anhydride

formed in the vapour phase, the dilution effect preventing

polycondensation.

The relatively higher yield of acetylene from the
sebacate cannot be accounted for by any of the considered
secondary decompositions. Ethylene dehydrogenation would
appear to be the source, the higher molar concentration,
arising from the higher molecular weight of the acid residue,
giving the greater yield.

The decomposition of ethyl sebacate is analogous to
that of the lower homologues studied, al and B2 scissions
occurring independently at either ester group. The breakdown

scheme is given on page 342.



2.4. Pyrolysis of Methyl Esters of Saturated Dibasic Acids.

The methyl esters of sueeinic, adipic and sebaclic acids
give a useful comparison with the ethyl esters showing the
effect of absence of B-hydrogen. Information, required, of
the effects of & side-chain substituent and an odd number
of methylene groups has been obtained by examination of the
decomposition of methyl methylsuccinate and glutarate

respectively.

2.%4.1. General Pyrolyvtic Reactions of Methyl Esters.

Relatively little work has been carried out on the
breakdown of methyl esters but alkyl-oxygen, A°(25) and acyl-
oxygen scissions, BL(4+8) and B2(93), have been observed, the
last being the most common.

The esters studied were found to be relatively stable,
not more than 31 % decomposing at residence times up to
200 seconds. Each yielded a gaseous pyrolysate containing
carbon dioxide, monoxide, ethylene, methane and hydrogen
together with traces of acetylene(methylacetylene #) and
propene. Other products common to all reactions were methyl
acetate, n-butyrate and zcrylate(a-methylacrylate and
crotonate #), methanol, methyl formate and formaldehyde.
Because of this similarity each product is considered separately

rather than discussing individual esters.

# corresponding products from methyl methylsuccinate.



2.4.2, Formation of a:B-Unsaturated Esters.

Methyl acrylate(a-methylacrylate aﬁd crotonate #) was
the surprising and interesting principal product from all
pyrolysands. The routes whereby it may be formed are considered.
The most obvious route which must be considered is the
Bl scission which by elimination of methanol gives an
unsaturated molecule. It has been detected in the pyrolysis of
methyl phenylacetate by Engler and Low(93). Applied to the
decomposition of methyl succinate and methylsuccinate a keten

will be formed, thusj;

CHoCOoMe 2 Bl CH:CO
| — | b CH2 : CHCOgMe
CHoCOoMe CHoCOoMe

Loss of carbon monoxide is in accordance with the known,
major breakdown of keten(64), methyl substitution having no
effect other than to stabilise the keten. Against this
interpretation are the facts that no ketens were detected
and, more important, the quantity of methanol was considerably
less than the unsaturated ester in all cases. Secondary
decomposition cannot satisfactorily account for this
deficiency. Methanol yields formaldehyde, carbon monoxide and
hydrogen at 500°(98) but the extent of breakdown is very
small. The inapplicability to the higher homologues conclusively
disproves this route.

A more consistent explanation can be formulated if a

primary scission, giving the unsaturated ester, is assumed,




methyl formate being the other product.

> MeCH:CHCOoMe +  HCOoMe
MeCH. COsMe

CHoCOoMe
> CHo3CMeCOsMe +  HCOsMe
Methyl formate is deficient but has been shown to decompose

by three routes(55,9%) only 40 % surviving at 500°
2CHo,0 => Hy + CO major
HCOoMe > CHy + COs minor
> MeOH + CoO minor

A1l the products shown’ wére identified, the formaldehyde
being, generally, greater than expected. A previous example
of elimination of a formate from an ester was recorded by

Mackinnon and Ritchie(31).
CHQ:CMGCOQPh - CH:CHMe 1 HCO2Ph

Phenyl acrylate and a-methylacrylate behave in this way, both
being similar to methyl esters in that they possess no
B-hydrogen.

The main weakness of the above argument is that it
cannot hold for esters having more than two methylene groups.
The products of a splitting-off of methyl formate would be

esters having terminal unsaturation, thusj



(CHo)p, —> |CHp:CH(CHp),_,COoMej +  HCOoMe

N COoMe
However, methyl vinylacetate and allylacetate,which should be
formed from the glutarate and adipate respectively, were not
present in the pyrolysates. A separate pyrolysis of methyl
vinylacetate and of methyl allylacetate showed both to survive
to more than 50 % and neither to yield methyl acrylate. It
is not possible that these compounds could have escaped detection.
The possibility of a simple carbon-chain rupture exists,
comparable to cracking of a paraffin to ethylene and a lower
homologue(95).

»C0oMe ?

(CH —> CH,:CHCOpMe  + Me(CHg)n_3002Me

2)'ECOQMe
Methyl acetate and methyl propionate were obtained from the
glutarate and adipate respectively, in slightly smaller quantity
than the acrylate, while n-heptaldehyde was taken to confirm
scission of the B:U:carbon bond of methyl sebacate. A

precedent exists in the decomposition of esters of long chain

fatty acids, phenyl laurate, stearate and palmitate(96).
RCH2CHoCOoPh -> RH + CHp:CHCOpPh

The acrylate was accompanied by phenol, acetylene and carbon

monoxide from secondary decomposition, phenyl formate being



unstable.
CHo:CHCOoPh = CH:CH + [BECOAEPh , <> €O ¥ PhOH

In the present work this reaction has been confirmed for
the straight chain methyl esters, methyl n-heptoate and
n-nonoate, as a major route in the complex breakdown.

Scission of the B:xlbond of any of the esters under
examination can account for the formation of an a:iP-unsaturated
ester. Methyl succinate and methylsuccinate are exceptional
in that the corresponding saturated product, methyl formate,
is relatively less stable than the higher homologues.

It remains to account for methyl formate in the
pyrolysates from the esters having more than two methylene
groups. Although the guantities were similar to those from
the succinate, the secondary decomposition products were
appreciably less. Pyrolyses of methyl propionate, pelargonate
(n-nonoate), n-heptoate, vinylacetate and allylacetate all
yielded small amgunts of methyl formateythus the most

explanation
satisfactoryAis secondary decomposition of simple esters
formed in the course of pyrolysis.

One exception to the rule of scission of the P:¥-bond
is found in the breakdown of methyl methylsuccinate. Although
the crotonate and a-methylacrylate are formed, as previously

stated, a small quantity of methyl acrylate was also identified,

indicating a rupture of the a:P-bond, thus;



MeCH.COoMe
-3 CHpo:CHCOgMe + MCOosMe
CHoCOoMe

Tesult
This unusual may be regarded as consistent with the general

reactionysince the structure does allow the formation of
an a:p-unsaturated ester in this way whereas it is not
possible in the absence of an a-substituent.

The generalisation may be made that methyl esters of
saturated dibasic acids will undergo thermal decomposition
such that an a:f-unsaturated and a saturated ester will be

formed.

2.%4.3. Acyl-oxygen Scisgion B2

Formeldehyde is not necessarily indicative of acyl-
oxygen scissionj as has been shownyit may be formed by
decomposition of methyl formateybut the quantities were

generally greater than could be accounted for in
this way.

The aldehydo-ester, product of a single B2 scission,
did not in any pyrolysis survive. Ready decarbonylation is
probable from the known reactions of simple aldehydes(85,86).

»COolle B2 CHO cl

>
—> (CHQ)D — Me(CHg)n_lCOZMe

(CHy)
= Rcooie <co,le

+ CO
Methyl succinate, methylsuccinate and glutarate gave the

saturated esters corresponding to this reaction, namely



methyl propionate, n-butyrate and isobutyrate, and n-butyrate
respectively. No esters attributable to the B2/Cl reaction
of the adipate or sebacate were identified.

The high stability of the methyl ester group indicates
that the aldehydo-ester will lose carbon monoxide in
preference to any reaction of the second functional group,
thus no dialdehydes will be formed. The simple esters arising
via a B2/cL reaction of methyl succinate, methylsuccinate
and glutarate, underwent B2 scission which was confirmed by
identification of the appropiate aldehydes, propionaldehyde,
isobutyraldehyde and n-butyraldehyde.

The pyrolysates from methyl adipate and sebacate did
not contain the aldehydes expected from a 2B2/cl sequence
but it may be inferred from the normal paraffins found that

B2/Cl scissions occured at both ester groups.

,COoMe BZ/cl B2/ct
(CHoJ,, —>  Me(CHp)p_1C02Me —>  Me(CH2),_,Me
NCOsMe

The adipate gave n-butane and the sebacate n-octane. Despite
the non-identification of the intermediate esters, the above

route seems the most acceptable.

2.4, Formation of Methyl Acetate.

The presence of methyl acetate in the products from
methyl glutarate and methylsuccinate is explained by the

formation of a:P-unsaturated estersybut the smaller but
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nevertheless significant quantities obtained from the other
esters cannot be associated with the unsaturated products.

Carbon-chain scission can be invoked as a possible explanation,

thus
»# COoMe ?
(CHo)p —> AcOMe + [CHp:CH(CHp), ;COpMe
~COsMe

No unsaturated esters were found which would support thisg
also,in the case of the succinateythe energy barrier would
be highgas the residual fragment could not rearrange to a

stable molecule.

A tentative route to methyl acetate, applicable to all
pyrolyses, can be formulated by assumption of a free radiecal
mechanism. Mackinnon and Ritchie(31) proposed a +CO5Ph
radical in the formation of phenyl formate from phenyl acrylate.
By analogy it is reasonable to suggest that +<COoMe takes part
in the production of methyl formete from the methyl esters.
Loss of carbon dioxide gives the more stable methyl radicaly

which could combine with an unchanged +COoMe, thus;
*COoMe =ik Mge * CO»o
«COoMe *+ Mg =) MeCOolMe

This would be general for all methyl esters which give methyl
formate. It is favoured by the formation of methyl acetate in
the pyrolysis of methyl propionate, n-nonoate and n-heptoate.

The validity of the mechanism depends on the truth of the



initial assumption which is discussed in detail in Section 2.5.

2.4.5. Decarboxylation.

Known examples of ester decarboxylation(26,27,48) have
been observed in molecules having some unsaturated or benzenoid
character. Evolution of carbon dioxide, reported by Korshak
and Rogozhin(97), during the polycondensétion of ethylene
glycol with a dibasic acid, of general formula HOCO(CH2),CO2H,
is classed as C2 scission since the acids do notdcompose
under the same conditions.

The formation of methyl n-butyrate from methyl
succinate is interesting as an instance of decarboxylation
of a completely saturated, simple ester.

CHoCOMe c2
- Me(CHp)5COpMe +  COp
H->COoMe
It cannot be stated with ceftaint& whether direct loss of
carbon dioxide occurs or if methyl n-butyrate results from &

complex agaction. The latter contention is supported by the
W

presence, methyl n-butyrate in the pyrolysates from the homologuesy

A
but no evidence for decarboxylation was found.

2.4 ,6. Formation of Methyl n-Butyrate from Methyl Adipate and

Sebacate.
Methyl n-butyrate, formed from all the esters under
considerationgis unexplained in the case of the adipate and

sebacate. The requirements for carbon-chain seission,



corresponding unsaturated esters, are not fulfilled by the
findings.

If two radicals are produced by the established scission
of the B:X—bond then condensation with a methyl radical gives

a feasible explanation of the butyrate, thus;

#C05Me ?

(CHaY, —> -CHp(CHp)p_3CO0pMe +  +CHpCHoCOpMe
\COQMG

Mes +  <CHoCH5COoMe  —> MeCH,CH2CO0pMe

This tentative proposal has the advantage of accounting for
the butyrate without any associated products, in accordance

with the analytical results.

2.%.7. Trace Products.

Analysis of the constituents of pyrolysates was
complete to greater than 98 % in all instances, but the adipate
and sebacate each gave three trace components which could
not be identified by gas/liquid chromatography. Data are

given in table 7, Section 3.3.

2.4.8, Secondary Decomposition.

B scission of the simple esters has already been

considered. A three=route breakdown has been established

for methyl acrylate(55)



c2

> CH,:CHMe M CO» major
B2
CH5:CHCO2Me > CHo:CHCHO + CH50 major

> CHICH + co + MeOH minor

A minor decomposition of the acrylate was established by
identification of the above products. In general secondary

breakdown was not extensive.

2.5« Pyrolysis of Methyl Esters of Monobasic Acids.

It was necessary for the elucidation of the thermal
breakdown of methyl esters of dibasic acids to have information
on the behaviourof simple esters under pyrolysis conditions.

The compound were chosen to provide solutions to particular
problems and for this reasdn, the results are not, in all cases,

complete representations of the decompositions.

2.5.1. Pyrolysis of Methyl Propionate.

.Methyl propionate was a major component of the methyl
suecinate and adipate pyrolysates, both of which contained
compounds which can be attributed to secondary breakdown of
the propionate from the present examination.

A single pyrolysis at 500° gave 17 % decomposition
and a gas containing 6.1 % carbon dioxide, 8.4 % ethylene,

50 % carbon monoxide, 21.3 % saturated gases, methane and ethane,

and 14%.2 % hydrogen. The liguid pyrolysate contained methyl
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and
formate and acetete, methanolA propionaldehyde,while
formaldehyde was condensed in the cold trap at - 80°, Traces
of methyl n-butyrate and propionic acid were also found.

B2 scission is confirmed by formation of propioh—
aldehyde and formaldehyde but the latter was, surprisingly,
in excess in spite of its known, ready decomposition to
hydrogen and carbon monoxide(85). Hydrogen and part of the
carbon monoxide were attributed to this source,and
decarbonylation of propionaldehyde gave ethane.,

A clvue to the source of the additional formaldehyde is
found in the presence of methyl formateywhich is known to be
relatively unstable at SOOO, one route giving two moles of

formaldehyde(55).

B2
s 2CH20 minor
c2

HCOoMe > CHy + CO2 trace
cl
> CcO + MeOH ma jor

Methanol may also arise from this reaction but the formation
of methyl formate must be considered. Direct elimination is

most probabley,being supported by the presence of ethylene.

EtCOoMe = CHo:CHo + HCOpMe

An analogy is found in the intra-acyl scission of phenyl

acrylate(6l).



CHp:CHCOoPh > CHiCH * HCOoPh

The scission of the saturated ester is of relatively less
importance. A similar elimination has been established for
methyl succinate and methylsuccinate.

Peytral(25) detected acetic acid in the breakdown
products of mmethyl acetate. Propionic acid from methyl

propionate should arise from this A° scission, thus;
EtCOoMe - EtCOH + %CHQ:CHQ von B9

It is a minor routey, contributing only a small part of the
total ethylene.

Two most surprising products were methyl acetate and
h-butyrate. The former was present in significant quantity
and the postulated mechanism for its formation from the
methyl esters of dibasic acids is considered to be the most
reasonable explanation. Existence of +COpgMe and Me+ radicals
is assumed from the identification of methyl formate,

condensation of these giving the acetate, thus;
Me. +  +COpMe - MeCOoMe

No similar mechanism will yield methyl n-butyrate and the
evidence is insufficient to justify a more complicated
interpretationy the question is therefore left open.

The following scheme gives the confirmed breakbown



Ha

routes.

> CHpiCHp +  HCOoMe
EtCO5Me > EtCHO +  CH0 s (B
EtCOoH  + 3CHp:CHo e B

Secondary decomposition of methyl formate and formaldehyde

is great, accounting for methanol and other gaseous products.

2+5.2. Pyrolysis of Methyl Vinvlacetate and Allvlacetate.

Froﬁ the previous discussion(Section 2.%.2 ), these
compounds were possible but unobserved products from the
pyrolysis of methyl glutarate and adipate. Points of interest
are the relative thermal stability and whether methyl acrylate
could be formed from either.

Eyrolysis at 500° showed less than 50 % decomposition

in each case and the gas analyses were;

€05 CoHp Olefin €O  Sat.H/C. Hp
Methyl
vinylacetate 4.5 t 8.1 7746 0.8 10
Methyl
allylacetate 2.7 1.3 3.6 81.8 X2 Ok

The olefin was ethylene and the saturated gases mainly methane.
Small amounts of methyl formate, methanol and an acid were
detected but methyl acrylate was absent. The Davidson and
Newman test(&8) gave a positive reaction indicating a trace

of anhydride.
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It may be concluded that failure to detect methyl
vinylacetate and allylacetzte in the pyrolysates from methyl
glutarate and adipate cannot be a result of total decomposition,
nor is methyl acrylate formed by them. No further information
pertaining to the present work would be obtained so the

investigation was not continued.

2.5.3. Pyrolysis of Methyl n-Nonoate and n-Heptoate.

Phenyl esters of lauric, palmitic and stearie acids
undergo thermal scission at the P:¥-carbon bond(96) to give

phenyl acrylate and & paraffin.
RCH2CH2CO2Ph v RH * CHo:CHCO2Ph

Chain length should not be of any significance, with the
proviso that it exceeded four; thus methyl n-nonoate and
n-heptoate were considered suitable to test the occurkence of
this reaction in methyl esters. They would also yield
information directly applicable to the breakdown of methyl

sebacate as both are possible products from this compound,

thus;
> CH2:CHCOpMe + Me(CH2)s5COoMe
~C0sMe
(CH2)8
NCooMe B2/cl

>  Me(CH2)7COoMe + CHp0 + CO

Gas/liquid chromatography did not separate these esters from

methyl sebacate but their presence was strongly indicated.
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a) Methyl n-nonoate.

A relatively short residence time, 4.9 seconds, caused
47 % breakdown at 500° while a feature of the gas analysis,
6.4 % carbon dioxide, 22.2 % monoxide, 38.3 % olefin, 26 %
saturated hydrocarbons and 7.1 % hydrogen) was the major
component, an olefin, whereas pyrolysis of other methyl
esters gave carbon monoxide as the principal gaseous product.
The olefin and saturated gases were not identified owing to
the unavailability of the infrared spectrometer.

The liguid pyrolysate was separated into two rough
fractions; i) 62 - 72° and ii) 160 - 195°. The decomposition
was undoubtedly complex as the first fraction contained no less
than ten constituents. Methyl acrylate and a minor quantity

of n-hexane confirmed B:a&bond rupture.
Me(CHp)»CO2Me \—=>  Me(CHp)yMe +  CHp:CHCOoMe

The paraffin is stable at 518° at atmospheric pressure(99),

so secondary decomposition does not account for the shortage.
Tupture

Carbon-chaigAis not confined to the B:Ulposition, as shown

by the formation of methyl n-heptoate, thus methyl acrylate

may not come entirely from the n-nonocate,rather arising

in a complex reaction which yields only minor amounts of

n-hexane. Logically ethylene would be the olefin associated

with methyl n-heptoate, formed thusj



Me (CHp) »COMe —> Me(CHp) COpMe +  CHp:CHp

15 -20 % of the total decomposition was estimated to ocecur by
this route, explaining the high olefin yield.

The precsence of methyl formate requires no comment as
its formation has been discussed for other esters. It was acc-
ompanied by methanol, formaldehyde and probably methane as
expected(55,9h). Acrolein would come ylg_Bz scission of
methyl acrylate.

Acyl-oxygen scission of methyl pelargonate(n-nonoate)
would give pelargonaldehyde. Although this was not identifiedy

n-octane and formaldehyde confirmed the:route.

Me (CHp)»COpMe —>  Me(CHp),CHO +  CHs0

lcl

Me(CHp)¢Me

Formaldehyde decomposes to hydrogen and carbon mondxide.
The radical mechanism proposed for the formation of

methyl acetate is appliceble from the presence of methyl

formate. It is consistent with the complexity of the total

breakdown.

Of six substances detected in the higher boiling fraction,

n-octane, n-heptaldehyde, methyl n-heptoate and unchanged
methyl n-nonoate were definitely identified. Elimination of

formaldehyde from the n-heptoate yields the corresponding
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aldehyde.
From the results it appears that the work required for
a complete analysis and interpretation of the findings would
be totally disoroportionate to the relevant information provided.
For this reason the investigation was abandoned’ at this
stage; however,complete chromatographic data are included in

Table 7, Section 3.3.

b) Methyl n-heptoate.

Methyl n-heptoate is slightly more stable than the
n-nonoate, 58 % surviving pyrolysis at 500° and residence time
of 5.1 seconds. An olefin was again the largest component of
the gases, analysis showing 6.6 % carbon dioxide, 3% %
olefin, 22.8 % saturated hydrocarbons, 22.8 % carbon monoxide
and 9.0 % hydrogen. The liquid separated into two rough
fractions i) 58 - 76° and ii) 158 - 170°.

Six compounds, in identifiable quantity, and three
uncertain traces were found in fraction i). Methyl acrylate
was the principak product but the presence of n-butane could

not be proved without the aid of infrared spectroscopy.
Me(CHp) 5COoMe —> CH,:CHCOoMe + Me(CHp)oMe

An equivalent amount of n-butane would only be formed by a
simple scission. This does not seem probable from the
behaviour of methyl n-nonoate.

Elimination of methyl formate from an ester is
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postulatedybut the particular source is not specified as

more than one exists. Secondary decomposition of the formate

was also confirmed. These observations admit the application

of the radical mechanism to the formation of methyl acetate
The importance of B2 seission is evidenced by the

quantity of formaldehyde and n-heptaldehyde, formed thusj;
Me(CH2)5C02Me; - Me(CHg)gCHO + CHxO

This accounted for 10 - 15 % of the breakdown.

A more detailed scheme was not looked for as the
pertinent questions have been answered.

The most important point reported here is the new
reaction of the methyl esters of long, straight-chain,
monobasic aclds which yields methyl acrylate. Surprisingly,
these esters have a more complex pyrolysis than the corres-

rupture

ponding esters of dibasic acids, carbon-chain occurfing at

more than one site.

2.6. Comparison of Thermal Stability of Esters.

An indication of the relative stability of compounds
may be obtained by measurement of the percentage decomposition,
in the flow pyrolysis apparatus, at identical residence times.
Exact control of the feed flow-rate, and therefore of the
residence time, is difficult and tedious, while quantitative

analysis is not sufficiently accurate for differentiation

of compounds of similar stability.
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The apparatus devised by Mackinnon and Ritehie(100)
for the measurement of 'threshold' temperatures has been mod-
ified(Section 3.1.4.) and applied to the present work.
Basically it is & static reactor through which a stream of
nitrogen is passed while the temperature is gradually raised.
Volatile products are carried to a detection cell and the
temperature of first evolution recorded.

Comparison of stabilities is made by determination of
the 'onset temperature, defined for the present purpose
as the lowest temperature at which detectable decomposition
occurs under standard conditions. This is preferred to
'threshold' temperature, regarded as the temperature at which
a particular product was evolved, because it allows comparison
of esters both with and without B-hydrogen.

The absolute significance which may be placed on
'onset temperatures is uncertain. Work by Boyd(1l0l), using
the modified apparatus, showed the values to be reproducible
under varying gas flow and heating rates and with reactors
of different sizes. By following the pressure-temperature cHANGCES,
Norris(102) concluded that there was a definite temperature at
which decomposition occured and in complex breakdown each
route appeared at a fixed temperature. External conditions
do have an effect as shown by the behavior of n-hexane, stable

at 500° under atmospheric pressure(98) but decomposing

- explosively at high pressure(104).

In the present discussion only the relative values are



considered; thus,irrespective of the true meaning of the
temperatures, an accurate comparison is obtained. The 'onset’
temperatures for the ethyl and methyl esters of saturated
dibasic acids are plotted against methylene groups, Fig. IV,
the third curve being for methyl esters containing 3 %
benzoyl peroxide, A similar graph could be constructed using
the molecular weight as the abscissa.

Stabilities appear to decrease approximately linearly
with increasing molecular weight. Flow pyrolysis measurements,

for the ethyl esters, were in rough agreement, Table 3.

Table 3.

Pyrolysand 1 v VILI X XI XIT XIIX
Mol. wt. 174 202 288 146 174 160 230
% Decomp. 92 96 98 23,5 2k, 2hilgr - 2650

It is seen that methyl esters give less concordant figures.

Absence of P-hydrogen gives a marked increase in 'onset’

temperature, as expected. Methyl methylsuccinate is more

stable than isomeric methyl glutarate which suggests participa-

tion of hydrogen in the a-position, any effect of the methyl

substituent on the methyl of the ester group being improbable.
A similar relationship between molecular weight and

stability was found by Smith and Wetzel(103) who compared

ethyl esters of a series of straight chain, monobasic acids

by calculation of 'characteristic! temperature - temperature
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at which a maximum is obtained on the plot of % yield/
pyrolysis temperature versus pyrolysis temperature. In

effect it is the temperature at which most efficient pyrolysis -
takes place. Characteristic. temperature increases inversely
with molecular weight in a zig-zag manner, esters with an

odd number of methylene groups having relatively higher

values.

Direct evidence of radical initiation of therﬁal
brealkdown i1s found in the set of readings obtained for the
methyl esters containing benzoyi peroxide, a known source of
free radicals(106). These were 50 - 80° lower than for the
pure esters indicating that presence of radicals facilitated
decomposition. The presence of the initiator did not
significantly effect the comparftive values.

Ethyl suberate zave an anomolous ‘onset' temperature
which did not fit the general scheme. No explanation can

be advanced as the decomposition has not been studied.

2.7. Reaction Mechanisms in the Pyrolysis of Esters.

The mechanisms of pyrolytic reactions been the subject
of much research,but because of the complexity of the
kinetics, remain controversial. The Al scission has been most
widely studied and the cyclic transition state is generally
accepted, the work of Barton, Head and Williams(3%) on
(-)-menthyl benzoate confirming first order kinetics and

preference for gis-elimination. Most other decomposition
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routes are competitive, not admitting simple measurement of
reaction order. The B2 scission would not be expected to
differ in ethyl and methyl esters, thus only mechanisms for
the breakdown of the latter are further considered.

The principal decomposition route of the methyl esters
of saturated dibasic acids(hereinafter referred to as
dimethyl esters) is that yielding methyl acrylate. A parallel
has been drawn with the intra-acyl scission of phenyl

acrylate(31l) for which a radical mechanism was proposed.

Initiations.
CHp:CHCOoPh ~ ~=> CHpiCH +  ~COsPh
Propagation:
i CHy:iCH + CHp:CHCOpPh —> CHp:CHp + +CH:CHCOoPh
11 .CH:CHCOoPh —> CHICE +  +COoPh

il M *CO-Ph + CHp:CHCOpPh —> HCOoPh + +CH:CHCOoPh

The initiation step for dimethyl esters would be a simple
seission giving two radicals but no highly favourable site
exists. Hydrogen abstraction from an unchanged molecule can

account for methyl acrylate, thus;

COpMe »CO0oMe
(CHQ{-Q + R* = (CHQ)n_l. * RH
N COoMe = CHCOsMe

V

CHyp:CHCOoMe AP . CH2 ( CHo ) =3 COsMe
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The final radical produced would replace Re in propagating
the reaction, the saturated ester Me(CH2)n_3COZMe being
formed. |

One initiating secission which would account for methyl

formate may be considered.
RCH,COsMe - RCH, +  +COoMe

The «COoMe or the methyl radical from its decomposition,

could abstract hydrogen, thusj;
RCHoCOoMe  + «COpMe —> RéHCOQMe +  HCOoMe
*COoMe —> Me- + Co,
RCH,COoMe  + Me- . RéHCOgMe * MeH

The new radical is identical with that formed in the

proposed proragation and will decompose to methyl acrylate,

as shown. Detection of methane and carbon dioxide supports

this interpretation and methyl acetate, another common product,

can arise yia a termination reaction, thus;
Mes» *+  +COoMe =>» MeCOoMe

The quantities of acetate found indicate that the number of
hydrogen transfers in a given chain reaction will be small.
Methyl n-butyrate could arise from more than one

scission of the adipate and sebacate but rupture of a
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P:¥bond is consistent with the saturated ester products

and the availability of methyl radicals.

CHoCH5COole * CH,CHpCO Me
_— +
(CHp),,_»CO0nMe -CHg(CHg)n_3C02Me
Mes +  +CH,CHoCOoMe —> MeCH>CHoCOoMe

Although the quantity was again large to arise from a
termination no transfer reaction nor other priméry scission
would fit the experimental findings.

Care must be exercised in interpretating the effect of
benzoyl peroxide on the 'onset' temperatures as it lowered
the temperature at which formaldehyde was evolved. B2 seission
and methyl formate would both give this product. The actual
reaction which is initiated cannot be ascertained but there
can be no doubt that free radicals participate in the
breakdown, giving a basis for the above proposed mechanism.
The peroxide decomposes in the region of 100°(106) to
benzoyl and phenyl radicals and hydrogen abstraction does not
require more vigorous conditions(105). The following scheme

is proposed to represent the formation of methyl acrylate.

i RCHoCHoCOpMe + Ph- —> RCHoCHCOoMe +  PhH
i1 RCHpCHCOpMe + RCHoCHoCOoMe & RCHoCHoCOsMe + RCHoCHCOoMe

1% RCHCHCOsMe —> CHp:CHCOoMe + Re
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Initial hydrogen abstraction is represented by i, while a
dynamic equilibrium, ii, is set up until the 'onset’
temperature is reached when decomposition, iii, occurs.
Agreement with the known chain transfer reactions(105,106)
may thus be achieved. Radical formation from benzyl esters
of acetic and formic acids, which lack P-hydrogen, was
illustrated by Szwarc and Watson(107)gwho found bond

dissociation energies corresponding to the seissionj
AcOCHpPh - AcO- ¥ * CHoPh

A molecvlar mechanism can be advanced for the

formation of u:P-unsaturated esters, thus;

R.CHpCHCOoMe —>  R.CH,CHCOoMe —>  CHp:CHCOpMe
— | : (-; +
H TN (- RH
Unsaturated triad systems exhibit this type of hydrogen
migration(124) and the high energy available at 500°
could facilitate it in a saturated molecule. However a
strong objection is the absence of side reactions which
are necessary to account for the variety of products.
Hurd and Blunck(28) have suggested that B2 scission
is & chain reaction, primary hydrogen abstraction being

followed by decomposition of the resulting radical.
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RCOpMe + R* —> RCO,CH, + R'H

|

CH20 * _RCO —> Re + CO

Decarbonylation of RCO accounts for the deficiency of the
corresponding aldehyde. A four-membered cyclic transition
state may be deduced but strong electromeric withdrawal

would considerably weaken it.

R.C H R.E....H R.C—H
'§:~| = gt ¥
0——CH, Os2CH, o==cH,

This is not acceptable on the grounds of the unfavourable
structure and the comparatively low yield of the higher
molecular weight aldehyde.

Two facts favour a radical mechanism over a molecular
interpretation. The complex pyrolysates are more easily
explained by the former and the effect of benzoyl peroxide
on the 'onset' temperature indicates radical initiation.
Further evidence for occurrence comes from the work of
Swarski and Burton(43) and Niclause(46), showing decarbonylation
of aldehydes, a known secondary reaction in the breakdown of
methyl esters, to be a chain reaction. The high stability of
methyl esters is consistent with the initiation energy

required for primary scission to two radicals.

jLb)



2.8. Pyrolysis of Anhydrides.

1

Monobasic acids have been found to be thermally stable
and only acetic acid was known to dehydrate thermally(l5).
Recent work by Davidson and Newman(88) has shown the earlier
observations to be in error, most monobasic acids giving
small quantitieé of anhydride at 200 - 250°, Partial
dehydration of acids must therefore be expected in pyrolyses
at 500O and knowledge of the behavior of anhydrides is

essential.

2.8.1.. Pyrolysis of Succinic Anhydride.

Thie five-membered cyclic anhydride was nof particularly
stable at 5000, 50 - 55 % decomposing,while at 585° only
20 - 25 % survived. A typical gaseous pyrolysate contained
29.2 % carbon dioxide, 10.65 % ethylene, 60.2 % carbon
monoxide and a trace of acetylene. The liquid product was
acrylic acid containing a trace of acrolein while the solid
was entirely unchanged anhydride.

Breakdown of succinic anhydride has been examined at
temperatures of 800 - 9000(73), equimolar quantities of
carbon monoxide, dioxide and ethylene being the only recorded
products. At 250 - 280° a condensation, with elimination of
carbon dioxide, occurs giving the gpiro-dilactone of
acetonediacetic acid(71). Attempts to isolate the dilactome
were conclusively negative; thusyif formed,it must be

completely decomposed at the ambient temperature in the



reactor.

=t

oss of a mole of carbon monoxide from an anhydride
molecule gives a fragment which could rearrange to acrylic

acid, the major product.

CHoQO CH,CO0-
L DO # e, L0 A | —>  CHyp:CHCO,H
CHCO CHyp-

Decarbonylation was the primary step suggested for the
formation of the dilactone, the fragment adding to an
unchanged anhydride molecule(71). Internal rearrangement is
probably favoured by the higher temperature. Similarly,
acrolein is accounted for by loss of a mole of carbon dioxide

followed by hydrogen migration, thus;

CHCO HpCO-
| 0o —=> co, + —>  CH,:CHCHO
CH,CO CH,-

Both routes require rupture of a -C0-0- bond but subsequent
elimination of carbon monoxide is strongly preferred.

Exclusive decarbonylation of acrolein(48) and the

threesroute breakdown of aecrylic acid(48) are probable

secondary reactions.
—> CH53CHs * COg ma jor

CHp:CHCOoH =

>§(CH2:CHCO)20 B %Héo minor

bema® CHoCHOH + co minor



Neither acetaldehyde, via rearrangement of vinyl alcohol,

nor acrylic anhydride were detected but decomposition of the

latter(Section 2.8.6 ) would account for the trace of acetylene.
A two-route breakdown of succinic anhydride occurs at

500°.

CHQCQ > CH,:CHCO,H + CO ma jor:

-0 T

CH,CO

— CH2 :CHCHO + C02. minor

The less stable acrolein is regarded as the main source of
ethylene, acrylic acid undergoing only minor secondary

decomposition.

2.8.2. Pyrolysis of Methylsuccinic Anhydride.

The most obvious effect of the methyl substituent is
an increase in thermal stability. Decomposition was negligible
at 5005 while at 550° and 600°, 50 % and 10 % survived
respectively. Gas analysis gave the following;
CO, CHiCMe Olefin CO
Pyrolysis at 550° 18.7 - 18.% 62.9 &
8 " 600° 30.8 0.8 & 17.% &

The olefin was mainly propene. The solid product was unchanged
pyrolysand and the liquid contained a major quantity of
a-methylaerylic acid and smaller amounts of a-methylacrolein
and crotonaldehyde.

By analogy with sucecinic anhydride a major decarbonylation



and a minor decarboxylation are proposed.

—> CH,:CMeCOH + CO major
MeCH. CO

O
CH>CO CHp :CMeCHO
* +  CO5 minor
MeCH:CHCHO

Absence of a-crotonic acid is surprising since both aldehydes
were identified. A blocking effect of the methyl group
should act equally in both routes unless the mechanisms
differ. This point is discussed in Section 2.8.7.

The improvement of stability by replacement of one
a-hydrogen is interesting. It is comparable with the high

stability of a:a'-tetramethyladipic anhydride whereas the

unsubstituted adipic anhydride decomposes at its boiling point(70)

It is concluded that a-hydrogen has an important role in

decomposition of anhydrides.

2.8.3. Pyrolysis of Maleic Anhydride.

Rice and Murphy(73) obtained an eguimolar mixture of
carbon dioxide, monoxide and acetylene from pyrolysis of
maleic anhydride at 800 - 900°, It was of interest to determine
whether acidic and aldehydic intermediates could be isolated
at lower temperatures.

Pyrolyses at 430° and 500° gave only gaseous products,
the extent of decomposition being 9 % and 50 % respectively.
The gas formed at 500° consisted of approximately equal

gquantities of carbon dioxide, monoxide and acetylene but that




from obtained at the lower temperature showed a deficiency
of monoxide and acetylene. Negligible breakdown was observed
at 350°,

Propiolic acid and propiolaldehyde are the possible
intermediates. The acid is known to readily decarboxylate at
its boiling point(108) which accounts for its non-detection.
50 % propiolaldehyde survived pyrolysis at 500°, The reaction
was not simple, 30 % of the pyrolysate being a carbonaceous
deposit on the reactor. Decarbonylation was a minor route,
as shown by the gas analysis, 4.2 % carbon dioxide, 7.8 %
acetylene, 4.0 % ethylene and &3.9 % carbon monoxide.
Addition of each drop of pyrolysand was accompanied by a
flash suggesting a highly exothermic reaction. A similar
occurrénce was reported in the pyrolysis of acetylene(109)
and attributed to polymerisation,which could apply here, the
polymeric aldehyde losing carbon monoxide which would account
for the excess of this gas. The ligquid pyrolysate was pure
propiolaldehyde.

The possibility of unstable intermediates is unconfirmed
while the moderate carbonisation is inconsistent with other
than very minor quantities of the aldehyde. No liquid triple-

bond compounds were detected.

2.8ee. Pyrolysis of Monomeric Adipic Anhydride.

Monomeric adipic anhydride obeys the Blanc Rule(68)

for the formation of eyclic ketones under relatively mild
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conditions.

CH,CH,GO CH,CHy
230 > |~ Seo + oo

At 500° decomposition was effectively 100 % and the
above reaction was confirmed as the major route. A gas,
83.2 % carbon dioxide, 10.4 % monoxide, 6.75 % ethylene and
a trace of but-l-ene, was obtained and a little allylacetie
acid was also identified.

The unsaturated acid is the most interesting product.
A new brealidown route can be postulated, namely elimination

of carbon monoxide with rearrangement of the residual

fragment.
CH,CH,CO CH,CH,CO0-
S0 = co * | —> CH, :CHCHoCHoCOoH
CHpCH,CO CH,CHp -

No previous record exist. At lower temperatures cyclopentanone
is the exclusive product.

The gaseous olefins can both arise from cyclopentanone(90}
——> CHo:CHEt: * co
CH,CHp

2 GOk P
CHoCHo

- ZCHQ : CH.2 = Cco

A second possible source of n-but-l-ene is decarboxylation of

allylacetic acid. Some contribution is probably made by each

route,



2.8¢5. Pyrolysis of Acetic Anhvdride.

Thermal breakdown of acetic acid is well established,by
Szwarc and Murawski(65) and Davidson and Newman(67), to occur
by two routes.

—>  AcOH +  CHp:CO

ACQO S ——

—>  MeoCO  + €05

Both were confirmed at 500° in a 70 - 75 % decomposition,
which also gave 36.9 % carbon dioxide, 42 % moroxide, 13.2 %
ethylene, 7.9 % methane and a trace of acetylene in the gas
and a significant quantity of acetaldehyde.

Acetaldehyde deserves comment. It is not known to
arice from any of the primary products. A mechanism based on
rupture of a -C0-0- bond, which is necessary for the formation
of acetic acid and keten, would be the most acceptable,
hydrogen transfer between the fragments giving the aldehyde.

MeCO-

Ac,0 - - ECHZCOO-] + MeCHO
[eCO0-

1CH,:CHy +  CO,

The gases are not confirmatory as carbon dioxide is a
co-product with acetoneyand keten yields principally

ethylene(64) on decomposition.




2¢8e6s. Pyrolysis of Acrylic and a-Methylacrylic Anhydrides.

These unsaturated anhydrides are not of direct interest
in the present work but provide information relevent to
the study of the pyrolysis of acrylates(55) and a-methyl-
acrylates(i8).

a) Acryvlic Anhvdride.

In two pyrolyses at 500°, 12 % and 17 % acrylic anhydride
remained undecomposed while the gases had similar composition,
analysis of the first being 15.% % carbon dioxide, 18.1 %
acetylene, 8.38 % ethylene and 58.2 % carbon monoxide. A
trace of acrolein was ildentified with the main product, acrylie
acid.

An acidic product from an anhydride is normally
associated with keten formation.In this case the latter,
methylené:keten, would be extremely unstable and is the

probable precumor of acetylene and carbon monoxide.

(CHp:CHCO) 50 -> EHz:C: CEI +  CHp:CHCOoH

|

CH:CH + CO

It is possible that the keten has no real existence,

acetylene znd carbon monoxide being produced directly.
Acrolein is less easily explained. Carbon dioxide loss

from the anhydride would give divinyl ketone which, although

not found, could decompose completely to acrolein by the



general reaction for ketones(l5), thus;

(CHp $CHCO) ,0 —> ECHQ:CH)QCQ R

l

CHiCH + CHo:CHCHO

Alternatively, if no ketone is formedythe reaction will be

equivalent to that of acetic anhydride.

| (CHQ:CHCO)QO o [;?H:CHCOO;] + CHo ¢ CHCHO

CHiCE + CO,

The end-products are identical, preventing differentiation
of the routes. However, the major decomposition to the acid,

acetylene and carbon monoxide is established.

b) a-Methylacrylic Anhydride.

a-Methylacrylie acid, in quantity, and a trace of
a-methylacrolein indicated that breakdown was similar to
acrylic anhydride, but a superior stability was imparted by the
methyl group. Carbon dioxide 26.5 %, methylacetylene 0.9 &,
propene 11.1 % and carbon monoxide 56.2 % comprised the
gaseous pyrolysate. The -80° trap also contained methylacetylene.
The a-methyl group obstructs formation of a keten so
methylacetylene and carbon monoxide will be primary products

with the acid, thus;




7+

(CHQ:CK@CO)zO —> CHp3CMeCOoH + CHiCMe + CO

MIra A TS P 2 W y e £ 2
The arguments applied to the pyrolysis of acrylic
arhydride to acrolein are revelent to the formation of

a-methylacrolein. It can come directly from the pyrolysand

or via the unstable intermediate, isopropenyl ketone.

i (CH.,:CM )c]
—~ O [ 2 Tel2

(CH2:CMeC0) 50 et $

L—> CH:CMe + CHy:CMeCHO

Although these routes cannot be distinguished, the end-

products a 2lso the major breakdown of a-methylaecrylic anhy-
dride to the acid are confirmed.
2.,8.7. Reaction Mechanisms in the Pyrolysis of Anhydrides.

The breakdown of acetic anhydride to acetic acid and
keten is unimolecular, Szwarc and Murawski(65), requiring

an intramolecular mechanism. A cyclic transition state,

C‘
-.J

] J

1iilar to that for Al gscission of esters(l2 34)

proposed.

429.0\\\\ ,ES‘ N\ /§9f0~\\\
Gkt H4g L’? ol e

CHp "*cn CE 7



Application to any anhydride having a-hydrogen 1s possible,
but where B-hydrogen is available the keten is unstable(66).
Cyelic anhydrides of dibasic acids would form strained,

bieyclic transition compounds, the resulting keten and acidie

iHéQg CH:CO
~0 -> | —> CHp:CHCOzH + CO
CH,CO CH2CO,H

The methyl substituent of methylsuccinic anhydride will
interfere in the transition state, thus hydrogen transfer from

the unsubstituted carbon would be favoured;

MeCH. CQ MeCHCO,H
>0 = | —> CH,:CMeCOoH + CO
CHoCO CH:CO

This explains the exclusive formation of a-methylacrylic acid
and absence of a-crotonic acid.

a :P-unsaturation increases the resonance energy of the
transition state as one double bond would be in conjugation
with the partial double bonds. The highly strained structure
of the keten will render it very unstable and none has ever
been isolated, although expected products(64) from secondary

breakdown have been confirmed.
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CHsCH., C CHy3CH,, Cy CHo:CH. C
o/ \o 2 o.-"/ N o/ \o
Rl k.
' »
C

He 77— 0 H.. % 0 H Cco
\C-—{Hg ..°C..*.-CH2 C%HZ

When the a-hydrogen is replaced by a methyl group thermal
stability is considerably greater but, surprisingly, the
formation of acid is not prevented,which suggests a second
mechanism is possible. This latter is obscure.

The ecyclic transition state fulfils: the conditions,
of the Principle of Least Motion(24%), of minimum electronic
displacement and maximum resonancegalso, the importanceé of
a-hydrogen has been illustrated by the increased stability
when wholly or partly replaced by a substituent. The
main negative indication is the formation of w-methylacrylic
acid from the anhydride which has no a.-hydrogen.

Ketone formation is general in the competitive breakdown
of the anhydrides of monobasic acids(67), and for seven and
eight-membered cyclic compounds it is an exclusive reaction
in the range 200 - 300°. Participation of the a-hydrogen
was confirmed by the non-formation of a cyclic ketone from
a:u'—tetramothyladipic anhydride. Kinetic evidence is not
available but a molecular mechanism is postulated on the
basis of the relatively mild conditions for decomposition of

the cyeclic anhydrides.



0 0 0
[ Eg I
R.CHp o C e O 5 ; .cng.c‘:---k;:o R.CH».C 0
l —> e El —>
R.CHp=C=0 R.CHss*»C=0 R.CH, C==0
R may be hydrogen or any alkyl group,while in the cyclic anhyd-

rides both are replaced by a methylene chain. In the latter
case the transition compound will consist of a four and a
five or six-membered ring.
The reguirements of the Principle of Least Motion are
satisfied by the above. The difference in ease of reaction
is explained by the preference, in the breakdown of open-
chain anhydrides, for the six-membered transition state which
vields an acidywhereas transformation from a strained to
a strainless five or six-membered ring structure is
favoured in the decomposition of the cyclic anhydrides, .
Uncertainity of the route to aldehydes limits discussion
of a mechanism. If they are formed yia ketones it is difficult
to foresee a simple, low energy molecular mechanismgwhile

s not sufficient to allow formulation of a

==

the evidence
mechanism for a direct route. An exception is the breakdown
of succiniec and methylsuccinic anhydride§ where the postulated
primary product, a keten-acid, could rearrange and undergo

partial decarboxylation, thus;
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2.8.8. Conclusions.

The pyrolyses of methyl and ethyl esters of saturated
dibasic acids at 500° are widely different. The latter
decompose extensively by known reactions, while the former are
relatively stable and show several new types of scission.
Application of the results to the decomposition of polyesters
is necessarily tentative as the detailed breakdown of
saturated polymers is not known.

As would be expected from the presence of P-hydrogen,

Al scission predominates in the ethyl esters while a minor
B2 scission is also general. The evidence showed no interaction
between ester groups in a single molecule.

Absence of P-hydrogen greatly increases thermal stability
and also the complexity of breakdown. Several general
pyvrolytic reactions have been established for the methyl esters.
The most important and previously unobserved are the principal
route yielding a:P-unsaturated esters and the minor reaction
forming methyl formate. Aldehydic compounds also arise via
B2 scission. Other products are not attributable to simple
routes, being more easily explained by a complex decomposition,

The mechanism of decomposition of the methyl esters
has been discussed and a free radical reaction could account
for the findings. This is supported by the high energy
required, the numerous products and the effeet of a radical

initiator on the 'onset' temperatures.
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The behaviourof saturated fragments of a polyester
may be prdicted from the above conclusions. Where P-hydrogen
is available only Al and B? scissions should occur as primary
reactions. In absence of P-hydrogen thermal stability should
be greater and decomposition would be expected to involve
the methylene chain of the acid as well as the ester groupings.
The relatively higher stebility of methyl methylsuccinate
indicates that a-substitution of the acid would have a
beneficial effect on the polyester.

Two new decomposition routes are reported for five-
membered cyclic anhydrides, yielding an unsaturated zecid
and aldehyde respectively, while adipic anhydride is shown
to give a minor quentity of unsaturated acid in addition to
the expected cyclopentanone(68). The decomposition of
o tP-unsaturated anhydrides is analogous to that known for
saturated compounds(67). Molecular mechanisms are postulated
on the basis of the confirmed importance of the a-hydrogen
and the absence of side-reactions.

Anhydride decomposition has accounted for unexpected
products in the pyrolyses of ethyl esters showing acid
dehydration to occur at 500°, It has also been shown: to be
significant in the breakdown of maleates and a-methylacrylates,

(55) and acrylates(i8).
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3. EXPERIMENTAL .

3.1. Apparatus.

3.1¢l. Flow Pyrolysis Apparatus.

Pyrolyses were carried out in a flow system, Fig. VI,
in an atmosphere of oxygen-free nitrogen. Pyrolysand was
admitted at the top of a vertical reactor and the products
separated into rough fractions, liquids and solids, low
boiling liquids condensed at -80° and gases. The choice of
reactor depended on the quantity of material and the
temperature desired.

Dimensions of the three vertical pyrolysis tubes are
given in Fig. VII. A and B, constructed of Pyrex glass,
differed only in size, the former being used for 15 g.
pyrolysand or more and the latter for quantities down to % g.
The third vessel, a silica tube, allowed temperatures above
550°, taking 1 - 10 g. pyrolysand. The Pyrex reactors were
packed with % inch lengths of 6 mm. diameter tubing, C being
filled with silica chips of 4% - 8 mm. diameter. The following

are the characteristics of the furnaces;

Furnace Length Bore Winding Resistance
A 46.0 cm, 53 Cma 35 ohms
B 25.5 cm. 3.5 em 70 ohms
c 135 hexm 2.5 cm. 80 ohms

A Sunvic energy controller regulated the heating.



‘'QAIBOT1D SENT IDWNWNY - QTPY

"SIAWNY NOLNGINISIQ INNLVNIGWNA]

WD NY¥f4 4 &
ov < Sz ot ) b |
—, \
- : /
g x
P /
= 00%
/# /. W \
. 8] [

/ /./ 4 3
0sem

N A [

. = :
' a
/ &/x o $ o T * xluI.L\* \ ._3:..
o

. \ o5y

Mr .\
e sy g
TEs d-f‘O\ " - bo | 00§




82

Temperature of pyrolysis is regarded as the maximum
in the reactor while the reaction volume, the packed section,
is maintained within ¥ 5° of this value. The temperature
distribution curve, Fig. V, shows the range of temperatures
in the reactor when both ends of the furnace were open -and
when closed with asbestos plugs to prevent excessive
convection. The latter precaution gave satisfactory results
and was adopted as part of the regular procedure. The
correct position for the thermocouple was obtained from the
distribution graph and readings taken at the central axis
of the larger tubes and on the outside wall of the silica
reactor because the size prevented insertion of a thermo-
couple pocket.

Liguids were fed to the reactor z;g_a dropping funnel
fitted with a pressure-balancing arm, low melting solids
being liquified by electrical heating. Liquids and solids
condensed together at the exit in water and air condensers.
In specific pyrolyses reagent traps were in¢luded after the
water condenser to remove volatile aldehydes and ketones

(2:h-dinitrophenylhydrazine in 2N hydrochloric acid) and
ketens (aniline,which reacts to give anilides) Finally the
low boiling liquids were removed from the gases by a
Drikold/acetone trap at -80°. The gas aspirator was maintained
at atmospheric pressure and was filled with water covered
by a thick layer of ligquid paraffin to avoid solution of gas.

Nercury manometers indicated pressure before and after the
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cold trap which was important as blocking of this receiver
could cause pressure build-up in the reactor.

It was more convient to pyrolyse stable solids in the
apparatus shown in Fig. VIII. The pyrolysand was melted in
and distilled from a flask through a furnace inclined at
approximately 10° to horizontal, the receiving arrangement
as before. The flow rate was less easily controlled than by
the dropper but the problem of feeding a high melting solid
was solved. Furnace B was suitable for the reaction vessel.

Cxygen was removed from the apparatus before
commencement of a run by flushing with nitrogen and successive
evacuations to 5 mm. pressure. Cooling of low boiling
pyrolysands was necessary to prevent evaporation during
evacuation.

Flow rate effects the extent of decomposition. The

residence time was calculated from the Barton formula(ll2).

3600 x 273 x Ve,

Residence time =
22400 x (N, + NNQ) % T
Vo eeeees contact volume
Np +e..0e moles pyrolysand per hour
NN, ++++.. moles nitrogen per hour(in this case zero)

i & o emiese pyrolysis temperature, degrees absolute

Residence time is preferred to the previously used termn,

contact time, as there is no evidence that the material is
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actually in contact with the packing. Comparison of the

degrees of decomposition at the same residence time can

be made irrespective of the different molecular weights.
Pyrolyses were invariably accompanied by some

carbonisation of the reactor which was removed before each run

by burning in a stream of air. Refluxing of concentrated

nitric acid was sometimes necessary when carbonisation was

heavy.

3.1.2. Chromatography.

a) Paper chromatography.

A method of separation of 2:%4-dinitrophenylhydrazones
of aldehydes and ketones, devised by Burton(11l3), was applied.
Whatman No.l paper was the support for a methanol-water-
ethyl tartarate mixture in the ratio of 12:3:1l. Elution
with 2 - 3 % carbon tetrachloride in light petroleum ether
separated the derivatives.

Circular papers held between glass plates and fed
by a central wick gave fairly good separation but Re values
were not sufficiently reproducible for identification
although a convient indication of more than one derivative
was obtained. The usual tank method, using comparison

standards, was satisfactory.

b) Column chromatography.

Separation of mixtures of 2:L4-dinitrophenylhydrazones
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on a column of bentonite/kieselghur(4+:1l) has been reported

by Elvidge and Whalley(1ll4). The solid was applied to the
column in chloroform solution and eluted with chloroform/
ethanol mixtures, increasing from 5 to 100 % alcohol. The dark
colour of the column prevented easy detection of the bands,
therefore the emergence was observed by measurement of the
optical density of fractions with an Eel photometer. The
method is extremely slow but had the advantage of allowing

isolation of pure derivatives.

c¢) Gas=liquid chromatography.

This technique for separation of liquid mixtures has
considerable advantages over convential distillation. Samples
required are of the order of one or two drops and liquids
of similar boiling points can be separated.

Martin and James devised the method in 1952 and much
development has occurred since. An inert gas stream carries
the vapourised sample through a column of absorbent liquid
supported on an inactive solid e.g. kieselghur. Separation
takes place by virtuve of the differences of the partition
coefficients of the materials between the gaseous and liquid
phases. Column efficiencies of several thousand theoretical
plates and numerous methods of detecting fractions have
been reported(116).

In the present investigetion two units have been

employed. The first, built by Williams et al.(117), has twin
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columns packed with silicone grease on kieselghur and hot-
wire katherometer detectors, the whole being maintained at

a constant temperature by a wvapour jacket. One column
separated the materials while the other served as a comparison
reference. This unit was used for preliminary work at a
column temperature of 100°.

A Griffin and George mark IIB model was used for the
final analysis of pyrolysates. The single column was packed
with silicone 301/kieselghur, heated by an air bath and had
katharometer detectors. Temperature control was less exact
than with a vapour jacket but this was compensated by the
ease with which the working temperature could be altered.

The lower temperatures obtainable were more suitable for
analysis of the complex low-boiling mixtures.
Calculation of Standard Retention Volumes.

The method of calculation is designed to yield a value
of retention volume which is independent of gas flow rate,
weight of stationary liquid phase, inlet and oulet pressures.
At a given working temperature the standard retention volume
of a substance should be a constant for a particular

stationary liquid phase.

Retention volume Vy = gas flow from column in unit time x
time between the air peak and the centre
of the 2zone.

W = retention volume corrected for pressure

drop across the column.
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per g. stationary liquid phase

Re x FR x P;y x Ty Ry = retention time

V. =
1 S d PR
Py, x T, R nitrogen flow rate
P; = inlet pressure
: 2
V? = o E EA . (Pi/P5)” - 1 Py, = outlet pressure
. . : 3
% (P3/Po) -1 Ty = column working
temperature
(9] 0
B Ve/w T, = atmospheric
temperature
w = weight of stationary

liquid phase

It was not possible to calculate the standard retention volumes
for materials analysed on the Griffin and George column
as the weight of liquid phase was not known. It could not
be determined in the normal way, with a standard, as no
data have been published for silicone 301. Comparison of
retention volumes is sufficiently accurate for identification
when the same column is used and a low working temperature
limits loss of liquid phase.
Great care is essential in interpretating the results
as two compounds may have very similar retention volumes.
Use of different working temperatures resolved this difficulty.
Katharometer detectors give a response proportional
to the thermal conductivity of the vapour and to the quantity
present(117). For vapours having similar thermal conductivities

the area under the peak gives an approximate measure of the
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weight present. Trial estimations of synthetic mixtures on

the Griffin and George column showed an error of % 25 %

and poor reproducibility. Accurate quantitative analysis

was therefore not possible but a moderately good indicationl
of relative proportions was obtained. Certain compounds gave
very weak responses causing a false impression of the quantity
and difficulty in detection. At the highest wvalue of the
variable sensitivity_these could be identified but major
fractions overloaded the detector. Runs were carried out at

different sensitivities to complete analyses.

3.1.3. Infrared Spectrometer.

— —

The double beam instrument has been described in
detail by Brownlie(118). Closed and capilliary liguid cells
were available also a 10 cm. gas cell.

Normally the spectrum of a pure fraction was obtained
and compared with that of a pure standard which compensated
for irregularities. The identity of olefins and saturated
gases could be established from the spectrnum of the total
gas. Mixtures of low boiling esters were found to give
unsatisfactory results owing to overlapping of peaks when

traces of impurities were present.

3.1.%. Apparatus for Determinstion of 'Onset’ Temperature.

The apparatus was devised and described in its original
form by Mackinnon(48). Several modifications have been made

but the basic principle remains the same. A continuous stream
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of nitrogen passes through a static reactor while the
temperature is slowly raised, volatile products being carried
to a detector. Evolution is indicated by change in optical
density of a suitable reagent.

Fig. IX illustrates the apparatus. The reactor has a
simple test-tube form with a small thermocouple pocket at
the base. Nitrogen is admitted yia an axial tube and a water
condenser at the exit prevents carry-over. The output from the
chromel-alumel couple is recorded on a 0 - 30 millivolt
Kent recorder. The cylinder head was found to give
fluctuations in the nitrogen pressure which interfered with
optical density measurement. Insertion of a large buffer
vessel and a needle valve gave the desired control.

The new detection unit, in which the thin glass
reagent cell is placed, has light bafflessand the photocell
is situated at the end of a cylindrical extension to
exclude extraneous light. A beam of light focussed on the
photocell, passes through the reagent. A Pye amplifier/
galvanometer records the output from the light cell

The gas stream enters the reagent via a dreschel head
and the first evolution of a gaseous product alters the
light absorption. Primary scissions which eliminate wvolatile

products may be observed by an appropiate reagent solution.
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Scission Volatile Reagent Sensitivity
product
Al olefin Bro/CCly good
B2 aldehyde 2:l-dinitrophenyl-
hydrazine/2N HC1(119) excellant
cl carbon phosphomolybdic acid/ poor
monoxide PdCly(120)
c2 carbon aqueous BaCls good
dioxide

Although it is claimed that the threshold temperature for
each route of a complex breakdown may be determined(4+8) no
allowance can be made for secondary reactions. In the present
work only the lowest temperature at which decompostion

could be detected, the ‘onset’ temperature, is regarded as
significant.

Boyd, using the modified apparatus, showed the
reproducibiltiy of the determinations for gas rates of 15 -
20 ml. nitrogen per mins and varying sample size. The latter
has a serious effect when a small reactor is used, quantities
greater than 0.5 g. giving falsely high results. Rapid reflux
in the 50 ml. reactor was thought to be the cause. Consistent
readings were obtained with a larger vessel, reaction volume
175 ml., for samples up to 1.5 g.

The most important time lag is in the transference of the
volatile product from the reactor to the detector. The dead-

space was estimated to be 20 ml. and would be completely



swept once per minute with a gas flow of 20 ml./min. Heating

at 1°/ min. gives a negligible error.

3.2, Analysis.

The gases were analysed by an absorption method
while the combined liquid products were separated by
fractionation. The -80° condensate was allowed to evaporate
into an ice and a Drikold/acetone receiver. Chemical
methods of identification were supplemented by infrared
spectroscopy and in later stages of the work by gas/liquid
chromatography. The latter was particularly useful in
analysing pyrolysates from methyl esters which yielded
complex azeotropes. For these mechanical separation was not

possible and resolution of the infrared spectra was poor.

3¢2.1. Gas Analysis.
A standard Hempel apparatus was supplemented with a

potassium iodomercurate pipette for absorbing acetylene.
The percentage combustible gas was determined by explosion

with air and identification achieved by infrared.

3.2.2. Spot Tests.
a) Esters(122)

Esters when heated with hydroxylamine and sodium
hydroxide give a sodium salt of hydroxamic acid. Acidification
yields hydroxamic acid which forms a violet colour with

ferric chloride,
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The test solution is treated with equal volumes of
saturated alcoholic hydroxylamine and aqueous sodium
hydroxide. The mixture is warmed and on cooling, acidified
with 2N hydrochloric acid. A violet colour on addition of a
drop of ferric chloride confirms the presence of an ester.
b) Anhydrides(67)

This useful and sensitive test depends on the formation
of an azlactone by the reagent, a-(p-nitrobenzoyl)-
aminotoluic acid, with an anhydride. When a pyridine
solution of the reagent is added to a similar solution of
an anhydride a temporalyblue or green colour develops. The
reaction is general for all anhydrides with the exception
of five and six-membered cyclic compounds.
¢) Alcohols

(i) Alkali-alkyl xanthate test(120).

Primary and secondary alcohols can be detected by

formation of an alkali-alkyl xanthate with sodium hydroxide

and carbon disulphide, thus;
ROH + CSp + NaOH = CS(OR)(SNa) + Hp0

Addition of a mineral acid solution of ammonium molybdate
gives a violet colour.

Carbon disulphide and solid sodium hydroxide are mixed
with the sample and after shaking ammonium molybdate and
2N sulphuric acid is added. The violet colour is seen more

clearly if extracted with a few drops chloroform.
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(ii) Vanadium oxinate test(123).

The reagent is a complex of vanadium with 8-hydroxy-
quinoline which is greenish-black in benzene solution.
Alcohols give a red colour believed to result from the
formation of an alcoholate. The reagent must be freshly
prepared by mixing a solution containing vanadium with a
2.5 % solution of 8-hydroxyquinoline in 6 % acetic acid.

The test has the advantage of being sensitive for
all alcohols and less affected ﬁy esters than the xanthate
test. The colour change is moderately good but deteriorates

on standing.

3.3. Preparation and Purification of Pyrolysands.

3.3.1. Esters of Dibasic Acids.

The normal methyl and ethyl esters were obtained from
commercial sources or by simple esterification of the acid.
Carbonate washing, drying over anhydrous magnesium sulphate
and fractionation with a six inch Vigreux column yielded
a pure pyrolysand. Two general methods were applied to the
preparation of the hydrogen esters;

a) partial esterification of the acid(125) with limited quantity
of alcohol in the presence of concentrated sulphuriec acid,

b) reaction of the acid on the normal ester(126), refluxing

of equimolar mixtures of the reactants giving good yields of

the hydrogen ester.

Carbonate extraction of the distillate separated the hydrogen
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ester. The extract was acidified and the ester taken up in
ether. After drying, ether was removed under vacuum and the
ester distilled at 5 - 15 mm. A pure product was obtained

finally by a vacuum fractionation.

3¢3.2. Monomeric Adipic Anhydride.

Polymeric adipic anhydride, formed by dehydration of
the acid with acetic anhydride, may be decomposed to the
monomer by heating under vacuum(127).

Adipic acid, one mole, was refluxed with three moles
acetic anhydride for three hours. Vacuum removal of excess
acetic anhydride was followed by reduction of pressure to
5 - 8 mm. and further heating. At 220° the pressure increased
sharply to 14 mm. when the monomsric anhydride distilled at
100 - 1259, Crystals of adipic acid were centrifuged from
the distillate and fractionation yielded the product, 970/
1 - 3 mm.

Analysis: Found 56.1 % C; 6.4 % H; 37.5 % 0.
Cale. 56.25 % C3 6.28 % Hy 37.%7 % 0.
Molecular weight: Found, in benzene, 130.2.

Calc. 128.0.

3¢3¢3. Acrylic Anhydride.

Acryloyl chloride and sodium acrylate, in equimolar

quantities, react to form acrylic anhydride(128).
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The chloride was prepared simply by warming acrylic
acid with benzoyl chloride. The product distilled at 73 - 81°
and redistilled at 75 - 76°. It was added dropwise to sodium
acrylate, moistened with a little liquid paraffin, with
continuous stirring, the temperature being maintained below
20°, The mixture was refluxed for half an hour and then distilled
at 38 mm., the 97 - 103° fraction being collected. ¥ields
from several preparations were combined, three fractionations
giving pure acrylic anhydride, 97°/38 mm. It is a colourless
highly lachrymatory liquid which polymerises with ease.
Analysis: Found 56.7 % C; 4.8 % H; 38.5 % O.

Calc., 57.1 % C; .76 % H; 38.1% % O.

A second method was devicsed for preparation of acrylie
anhydride. The acid was dehydrated by refluxing with three
moles acetic anhydride for six to eight hours, addition of
10 - 15 % hydroquinone preventing polymerisation. Yields
were low but recovery of the acid ﬁas possible and the

overall yield was comparable to the previous method, 5 - 15 %.

Purification was as above.

3.3 4 d=Methylacrylic Anhydride.

The action of thionyl chloride on potassium
a-methylacrylate, at moderate temperature, gives a-methyl-
acrylic anhydride(129).

Thionyl chloride, 65 g., in 250 g. dry petroleum ether

was added to 50 g. dry potassium a-methylacrylate and the
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temperature held at 55 - 60° for six hours. Filtration was
followed by vacuum distillation, the fraction 82 - 86°/11 mm.
being collected. The combined yields were fractionated twice,
o -methylacrylic anhydride distilling finally at 84°/11 mm.
The colourless liguid polymerises with great ease.
Analysis: Found 62.55 % C; 6.7 % H; 30.75 % 0.

Calc. 62.3 % C; 6.5 % H; 31.2 % O.

Dehydration of a-methylacrylic acid with acetic
anhydride in presence of hydroquinone gave slightly improved
yields, 8 - 12 %.

A mixture of one mole u-methylacrylic acid, three moles
acetic anhydride and 10 - 15 % hydroquinone was heated on a steam
bath for 10 to 12 hours, higher temperatures giving extensive
polymerisation. The crude material was combined with product

from the above preparation.

3.3.5. Propioclaldehyde.

Controlled oxidation of propargyl alcohol at room
temperature yields propiolaldehyde(130).

360 ml. of a 33 % aqueous solution of the alcohol was
placed in an ice cooled flask. Nitrogen was admitted to the
system via a capilliary immersed in the liquid and the
pressure was maintained at 40 -60 mm. A cooled solution of
135 ml. concentrated sulphuric acid in 200 ml. water was added.
Chromium trioxide, 210 g. in 135 ml. concentrated sulphuric

acid and 400 ml. water, was dropped into the flask over three
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hours. Propiolaldehyde was removed as it was formed and
: 0 ; i
condensed at -80"., It is a colourless, lachrymatory liquid

boiling at 49 - 50°.

3.%. Experimental Results.

Results have been stated in tabular form, the numerials
assigned to the pyrolysands, Table 1, Section 2, being used.
Tables 6 and 7 contain respectively distillation data and
summaries of gualitative analyses by conventional methods
while retention volumes obtained by gas-liquid chromatography

are listed in Table 9.
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Abbreviations:

~r

L

trace (infrared)

3




Table 5 -
Run No. I
CO» 15
Coll, "
Olefin 5642
(40) 20.0
Sat.HfC. ' 3.68
Hp 5
Run No. 10
COp 25.1
CoHb t
Olefin 647
Cco 6.2
Sat. . H/C 4.2
H2 -
Run No. 19
COo 26,2
Colyo t
Olefin 9.5
CO 25U
Sat.H/C 154
Ho 235

Absorption Analyses of Gaseous

15.78

62+55
19.862
17k

3.76

20
28.0

8.5

22,8
22.3
18.4

1745

59.1
20.2
3.23

12
2843
15
57.0
6.8
6 .t

16.6

61.2
20,8
1.38

13
86.1

5476
8,17

22
1809

8.8

284
17.5
263

Pyrolysates.

12,6

6605
17.63
3.26

1k
83,2

6075
10k

23
18.8

17.6
4,6
12,9
6.1

9.76

59.0
29,0
2,28

15
10.0
1.k
66.5
10.9

9.6

24
19.5

19.0
hh,1
12.6
4,8

7 8
13.85 37.7
" £
62.3 17.8
29.6 L44.5
4,39 -

A7

14,1
t 1.0
64,9
4.3

57

26
1747

25
18.2

193
k5.8
12.1
4.6

19.2
48,3
12.%

2:5

103

2942

10.65
60,2

18
68.0

10,2
21.8

27
12.0

13.8
545
13.3
6.k



Abbréviations:

v

trace (infrared)

not present

not analysed

no gaseous product .
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Table 5 (cont.) - Absorption Analyses of Gaseous Pyrolysates.

Run No. 28 29 .30 . 3L, 32 33 3 3F 3
02 15.0 13.7 37.8 16.9 6.1 45 &7 3.0 6.k
ColHo t e A P s S t 1.3 1.5 &
Olefin 11.5 21.6 5.6 12,7 8.4% 8.1 3.6 4.0 38.3

co 52,5 369 35.6 9.5 50.0 77.6 81.8 91.5 22,2
Sat.H/C. 15.6 10.5 14,0 6,7 21,3 0,8 1.2 x 26.0
Ho 5.3 164 5.2 12,2 14k.2 10.0 9.4 x 741

Run No. 37 38 39 40 L1 ) 43 Ll L5

€05 6.6 24.8 16.2 28,2 33.1 n 52,1 n 30.8
Colp t t t 0.2 32.3: B 19.6 n 0.8
Olefin %¥.0 16.3 10.5 13.6 0.39 n t n 174
{0 22,8 37.4% 73.4 58.0 34.21 n 28.3 1 510
Sat.H/C. 22.8 9.8 - - - n - n -

Hp 9.0 11.75 - - £ n 5 n 4

Run No. L6 47 48 49 50 51 52 53

05 18.7 47.5 36.9 15.% 13.8 4.2 26.5 34.7
C2H, t t t 18,1 25.8 7.8 .87 # t #

Olefin 184+ 13.6 13.2 8.38 5.4 4,0 11,1 9.1

co 62.9 38.9 42,0 58.12 55.0 83.9 61.7 56.2
Sat H/C. = x 7.9 - > L - M

Ho - A g = - = . -

7 methylacetylene



105

§ 2°0 2°H B g

OhT-8ET  59- D AT 6
S §°2 6°0 8T g ‘w4
6ET-HET 00T-96 09— Do FIT 8
$°0 T°0 +H°0 0%e g € T %8
o.Ed..Hm\v\ ogm\ i
LeT=€el Ll=0L £X/T-BYT FEOL=86 “Rb6-5i4 "9y II L
s 6°0 3 6°0 2 Lz 9°T °3
‘um GT/ ‘um ST/
LHT-0KT S0T-ZOT OHI-LET 00T-86 86-64 "D 1 3 9
s 9°¢ 9°0 9°0T T3 0°H 6°¢ g0 -3
‘um gg/ cwa Qg/ )
TST-6HT €TT-60T OHI-GET TOT-86 86-04 04705 "D, 1 §
s T°6 Ao 8°9 A TYE 61 4L°0 °@
‘mw 4/ cum // ‘ww 09/
L2T~E2T GL-04 24-69 00T-86 86-04  04-0§ Do I H
LT 4T £ 0°T 8°0 c°0 °3
- 6T2-6T2 EHI-6ET 20T-00T O00T-0Z4 04-0S5 °Do I €
8 6T €*0 e 9°¢ 0°c w'T 60 3 5
‘um Q
GLT-04T 92T-02T  eB8-44 GG+t  +h0kh Oh~ Do I c
g g*z H°0 2+ T'2 9°T £°T €0 °3
‘mm T/ ‘um GT/
SHI-THL SOT-00T €HI-6ET TOT-56  G6-04  04-0S& °Og I T
anpTsay ITTA ITA TA A AT 5 TT T "o
UOTIDBI,] *=—=TOJAg Uuny

pu

*So]esA[0dhg DLOD[] JO UOLJRUOLJOBI] = 9 9Iqe]




B i

S 8°'T

anpTSay

0
‘mx oL/
G6T-T6T

A0
‘I OT/
GAT=04 T

€£°0
“mt GT/
®4LT-89T

TTTA

i €£°0
‘wm T/ ‘W QT/
6LT-9LT GET-62T

T2 #°0
‘uw QT/ ‘W QT/
08T-G4T GET-62T

T°T ®'0
‘il Qg/ ‘W 0g/
EO6T-68T HET-9%T

9°¢ €°0
‘um 0T/ ‘W QT/

CET=gIT.  T[8~2/

§°¢ 3
gHe=G+we €QT-ELT
* UIUI me il

HET-0ET GQT-84T

TA

TTA

£°0
‘mi QT/
c8=Ll

0
‘uu QT/

X

f T

18-4s S2T-6TT

70

¢ 0

68T-48T SeT-8T1T

£*0

$°8

6HT-CHT CSET-92T

¢’0

Bt

TST-9HT TET-92T

T°0

§

TST-GHT TET-82T

A

AT

UOT3OBRI,]

X X
$°0 0
86=48 €L=99
4°0 40
66-88 24~99
20
48T-08T
2°0 S°h
+HQT-QLT TET~4eT
2 T
HOT=46  L6-98
27 2T
HOT-86 -R86-26
$°0 /8
€0T-86 g6-¢b
[ e F

*SO0]8SATOJAd PLUDL] JO UOLJBUOLj}OBIL -

80
26-08
€0
c6~08

oOO
*3

oUO

.OO

(*quo0) 9 9Tg®R]

IIIA LT
IIIA 9T
IIIA ST
IIA HT
IA €T

A cT

A TT

A 0T

*ON

.wmﬂomhm uny



107

g DT 0°6 LB
.gu. Ns\ ..QHE N_\
9l-2l £9-94

2 T 6°6 6°2

‘wm TT/ W Q4LT/
€oT-66 O0TT-96

s ®°0
s 6°0 ok 8 °H
‘mm QT/ ‘W OT/
T4-89  6HSH
s 6°0 Gk » T
‘um ZT/°wWl 06T/
€4-69  98-64
T2'T  6°+Hxt 6°TT

SHI-6ET 02T-4TT

*say TTT T

+~¢O om
* I N.\
6= . "0y REX
g0 °3
‘mm QLT/
gt- 0, AXX
.:om ow
L5-£S5 *0, AIXX
3
= 9, TR
3 . %@
‘um 04T/
B~  *9, TILXX
Hoo o-mw
96-8h 0o IIXX
T
.mmﬁopmm

cs

TS

06

81

*oN
uny

5]

mn

4 !

41

¢'0

"0

20

*say

0°*Tc

EHT-6ET TST-LTIT .

TLE

*S978SA10dLd DPLODPL] JO UOLJBUOL3OBd] -

4°8 2
46-6H
6°0 T°0
99T-T9T +®6-49
4% -
99T-29T 86-69
T°9 9
"wa e/
H6-86  GG6-GH
#°2T
‘m GG/
=569 =
E*E %0
00T-86  §9-09
EF T

(*3u0d) 9 aTqE]

*3
Do IIXX
°3
‘Do IXX
*3
Q0 IXX
.3
Do AT
*8
*Oo AT
°8
U5 XTI
.@Qﬁophm

i

Gh

0H

8T

"oN
uny




Run
No.
1-5.

6,7.

Table 7

ol
PyrolEL,

I

LT

- Analys

LU0

is of Liquid/Solid Pyrolysates.

Fract.

cold trap
liguid

i3 &
K e

iv

vi

solid

cold trap
liquid

Identification

Aldehyde; column chromatography of crude DNP
derivative gave two fractions, a) acetaldehyde,
mp 164-166° mixed mp 165-166°;

Y roplonalachyde, mn 1L 500 v ved s
155-156°.

Alcohol, aldehyde; a) DNP derivative mp 155-
156° mixed with propionaldehyde derivative

mp 155-156°, b) 3:5-dinitrobenzoate mp 91-93°
mixed with ethyl ester mp 91-930,

Alcohol, water and ester; a) water confirmed
by anhydrous copper sulphate and Fischer
reagent, b) excess sodium acetate added,
distilled. Fraction 78-80°, alcohol,
3:5-dinitrobenzoate mp 90-92° mixed with
ethyl ester mp 92-93° and fraction 98-1000,
ethyl propionate ideritified by infrared and
hydrolysis to propionic acid and ethanol.

Unsaturation, acidj; acrylic acid identified
as the dibromo derivative, mp 61-64 mixed mp
63-64°. The acrylic acid was polymerised with
benzoyl peroxide and the unchanged liquid
distilled at 139-141°, propionic acid by
infrared and p-nitrobenzyl ester mp 28-30°
mixed 28-30°.

Ester; ethyl succinate by infrared.

Acid, ester; heating yielded succinic acid
and ethyl succinate. Ethyl hydrogen suceinate
confirmed by infrared.

Acid; extraction with hot chloroform, residue
was sucecinic acid mp 185° mixed mp léSO.
Needle crystals from extract gave mp 1199
mixed with succinic anhydride mp 119°.

Aldehyde; acetaldehyde, DNP derivative mp 160-
163° mixed mp 162.5-164°.
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Table 7 (cont.) -

Run Pyrolﬁg. Fract.

6,7 3 i& i

315 s

iv

solid

8 R it cold trap

107

Analysis of Liquid/Solid Pyrolysates.

Identification

Alcohol, waterj; anhydrous copper sulphate
confirmed water. Sodium acetate was added

and the alcohol distilled 77-80°. Shown to be
ethanol, 3:5-dinitrobenzoate mp 89-92° mixed
mp 90-920,

Unsaturation, acidj; acrylic acid, infrared

and the dibromo derivative mp 61-63° mixed

mp 62-63°. Aerylic acid was polymerised

and a liquid distilled from the solid, 137-
140°, Infrared and p-nitrobenzyl ester, mp

27-29° mixed mp 28-30°, confirmed propionic
acid.

Ester; ethyl succinate by infrared and
refluxing with ethanolamine to form
N:N—di-g-hydroxyamide mp 154-156° mixed mp
155-156".

Acid, esterj; unchanged ethyl hydrogen
succinate, infrared.

Acids extraction with hot chloroform, residue -
suceinic acid mp 184° mixed rp 1859, Succinic
anhydride crystallised mp 119° mixed mp 119°.

& DNP trap Aldehydej; paper chromatography showed a

1]

dife

Y cold trap
& i

single DNP derivative of acrolein, mp 160-163°
mixed mp 161-163°.

Acrolein confirmed as above.

Water confirmed by anhydrous copper sulphate
and Fischer reagent.

Unsaturation, acids; Acrylic acid, infrared
and @ :p-dibromopropionic acid mp 59-62°
mixed mp 60-620,

Aldehyde; Acrolein, DNP derivative mp 160-
163° mixed mp 160-163°,



Table 7 (cont.) ~

Run PyrolBd,

No.
o)
/l

10,
i

IV

v

Fract.

ik

cold trap

ii & iii

iv

110

Analysis of Liguid/Solid Pyrolysates.

Tdentification

Unsaturation, aeid; acrylic acid by infrared
énd6d3bromo derivative mp 58-62° mixed mp
50-62.

Distilled from a water bath. Condensate in

ice cooled receiver was aldehydic, DNP
derivative mp 160-163° mixed with acetaldehyde
deriyative mp 163-164°. Condensate in trap at
- 80° contained p-butane and p-but-l-ene,
confirmed by infrared.

Alcohol, waterj; anhydrous copper sulphate
showed water present. Sodium acetate was
added and alcohol distilled 77-80°.
3:5-dinitrobenzoate had mg 91-93° mixed

with ethyl ester mp 92-93°, ethanol confirmed.

Water, ester, carbonyl; water as above. DNP
derivative mp 94-96° mixed with n-valeraldehyde
derivative mp 95-96°. The azeotrope was

broken down by addition of sodium acetate.
Distillation gave two fractions, 105-110°
mainly water and 118-130°, ethyl g:valera%e
confirmed by infrared and hydrolysis.

Water, carbonyl; two layers - lower water
positive reaction with Fischer reagent. Upper
layer cyclopentanone, DNP derivative mp l3§-
139° mixed mp 139-140°.

Ester; confirmed to be ethyl n-valerate by
infrared.

Unsaturation, acidj; allylacetic acid by
infrared and dibromo derivative mp 52-55°
mixed mp 52-55°, Combined fractions brominated
with Brp/CSp. The solvent removed under vacuum
and n-veleric acid distilled, p-bromophenacyl
ester mp 62-64° and mixed mp 62-640,

Ester; ethyl adipafte confirmed by infrared.

Acid, ester; ethyl hydrogen adipate - infrared
and disproportionation to adipiec acid and
ethyl succinate. mp of the ester 25-280

mixed mp 26-28°



Table 7 (cont.) =

Run Pyrolﬁi.
No.

10, V
81,12,

13 VI
1% Loy
18, 1 CYTET
16,175

Ll It

Analysis of Liguid/Solid Pyrolysates.

Fract.

solid

cold trap

i

3

cold trap

2

il

[
e

-
=0
Lo

iv

Identification
Acid; adipic acid mp 146-148°, mixed mp 148-
1499, No anhydride detected with Davidson
and Newman colour test(67).
n-but-l-ene by infrared.
Water, carbonyl; anhydrous copper sulphate
and Fischer reagent confirmed water. DNP
derivative mp 136-138°, mixed with
cyclopentanone derivative mp 137-139°.

Water, carbonyl; water and cyclopentanone
identified as above.

Unsaturation, acidj; infrared showed
allylacetic acid.

n-but-l-ene identified by infreared.
mp 137-13 xed mp 137-138°,

Unsaturation, acidj; Allylacetic acid
confirmed by infrared.

Carbonyl; cyclopentanone, DNP derivative
8°, mi

Liquid combined with total pyrolysate. A
trace condensed in -80° trap during
distillation. Infrared gave no definate
information.

Carbonyl; acetaldehyde, DNP derivative mp
162-164°, mixed mp 163-165°.

Unsaturation; Infrared indicated n-hexane
and n-hex-l-ene.

Water, ester; water shown by Fischer reagent
Ethyl pelargonate, which forms azeotrope with
watler, suspected.

n-octane identified by infrared.
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Table 7 (cont.) =~ Analysis of Liquid/Solid Pyrolysates.
Run Pyrolgg. Fract. Identification
No.
15, VIII v Carbonyl; pelargonaldehyde DNP derivative
16,17, mp 90-93°, mixed mp 91-93°.

vi Acid; pelargonic acid confirmed by infrared
and p-bromophenacyl ester mp 61-65°, mixed
mp 63-65°.

vii Ester; unchanged ethyl sebacate confirmed
by infrared.

viii Acid,ester; disproportionation to sebacic
acid and ethyl sebacate and infrared
confirmed ethyl hydrogen sebacate.

solid Acid; sebacic acid mp 131-132°, mixed mp 131-
1329, No anhydride found.

18, IX cold trap m-hexane confirmed by infrared.

& i

uaT water shown by Fischer reagent.

39, IV cold trap Carbonyl; acrolein, DNP derivative mp 160-
40, & i 163°, mixed mp 160-163°.

1 § Unsaturation, acid; dibromo derivative, mp
58-62° and mixed mp 60-62°, and infrared
confirmed acrylic acid.

solid Succinic anhydride mp 118°, mixed mp 1199.

L5, XXT cold trap Carbonyl, unsaturated gas; paper chromatography
Lé. & i of DNP derivative showed a-methylacrolein
and crotonaldehyde. Propene identified by
infrared.

ii Acid, unsaturationj; a-methylacrylic acid by
infrared.

solid Methylsuccinic anhydride mp and mixed mp 29-

IR



Run
No.
47,
L8,

50.

50
53.

PyrolZQ,

ZXTT

XXIII

Table 7 (conts) .-

cold trap

cold trap
gt

!

i e

solid

cold trap

7

e 3

solid

113

Analysis of Liquid/Solid Pyrolysates.

e

Identification

Unsaturation, carbonyl; keten identified by
formation of acetanilide mp 111-113°, mixed
mp 112-113°, Two carbonyl compounds shown
to be acetaldehyde and acetone by paper
chromatography.

Carbonyl; acetone containing a trace of
acetaldehyde by paper chromatography of
DNP derivatives.

Acetic anhgdride, anilide mp 109-111°, mixed
mp 110-112°,

Carbonyl; acrolein, DNP derivative mp 158-
163°, mixed mp 160-163°.

Unsaturation, acidj,Acrylic acid, dibromo
derivative mp 59-61, mixed mp 59-61°

Acrylic anhydride by infrared.
Polymeric; assumed to be polymeric acrylic

anhydride.

Unsaturation, carbonyl; methylacetylene
identified by infrared. Paper chromatography
confirmed the DNP derivative of a-methyl-
acrolein.

Carbonyl; a«-methylacrolein, DNP derivative
mp181-184°, mixed mp 182-1850,

Acid, unsaturation; a-methylacrylic acid by
infrared.

a-Methylacrylic anhydride confirmed by infrared

Polymericj; assumed to be polymeric
a-methylacrylic anhydride.



Abbreviations: P ... a principal olefinic or saturated gas
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Table & -
Run No. Pyrolysand
Ya 2336 I
10513,12, )4
13 VI
14 VII
1616/ VIII
19,20. X
23,2k, X1
27 428 XIT
29,30, XIII

Note: ethylene is omitted where it is the sole olefinic

Qualitative Infrared Analysis of Gases.

component.

Gas

Identified

methane
ethane

methane
n-butane
ethylene
n-but-l-ene

ethylene
n-but-l-ene

ethylene
n-but-l-ene

methane

methane
ethane
ethylene
propene

methane
ethane
n-butane
ethylene
propene

methane
propane
ethylene
propene

methane
ethylene
propene

Relative
Quantity

ot chtEB W ety o'l g B BN odHorty WON
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Abbreviations: P s+ a principal olefinic or saturated gas

m ... & minor " " 1" "

B % va SUTTaCe " " " "




Table 8 (cont.) - Qualitative Infrared Analysis of Gases.

Run No.

Al

32

b, L5,

47,48,
52,53,

Note: ethylene is omitted where it is the sole olefinic

Pyrolysand

XTIV

XXT

XXIT

component.

Gas
Identified

methane

propane
ethylene
propene
methylacetylene

methane
ethane
ethylene
propene

ethylene
propene
methylacetylene

methane
ethylene

propene
methylacetylene

Relative
Quantity

ctdtd®d o H OB o

‘s BYWH

HwWE

14 5
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Analysis of Pyvroly

7

sates by

118

Gas=liguid Chromatographyv.

Table 10 -
Methyl succinate
Column G
Temp. $ 6245
‘' 1.39 6,91
ii Ye 75 - 847
134 Pl e 1

iv 2e57 1

v 3ol

vi 659 “
vl 762 38
bt b o 158 7b

Methyl methylsuccinate pyrolysate; fraction 80 -

trap liquid.

i

5 % A

s o [ 1
iv
v

vi
vii
viii
i 2

xi.

Methyl

i 5 0
y L
iv

vi
vii
viil
1

1, 36
1.96
2.85
S 61
7

8. 5
12.18
15.2
16.2

18.53 92.

231k

glutarate pyrolysate; fraction 69 -

NON il M OANS U SO el
. .

+ O\ 4 ONO F
(DF%NLUUI ~ N

_)}—J}—!. e s e

6.77
9. 7
14,
18,
35.

60.

/A
80.

RYQ\OO“ﬂﬂ)O

136
.8
7.06

75
0
(

2Z 6.

3

3 33
4,19
5 Ll
6,15
8.2

15«75
18525
37.95

3+25
k.69
86
8.68
16.95
20.45
29.05
36.45
38.65
1R T S F)’

115.4 55.45

6.96
8.69

3.35
k.19

12.78 6.14%

16.9

2 55 lll 0

8.15
13.08
15.7
26.25
2795
53.45

Ae)
78
e
1.27 4,34 3,01
1.69 5.78 k4,01
2.16 7.% 5.15
3.05 104 7.25
5.49 18.7 13.0
6.27 21.4% 14,86
12,36 42.1 29.35
1.275 4.69 3.0%
1.62 6.0 3.85
2,72° 10.02 6,45
.94 11.93 7,68
5.86 21.6 13.85
6.82 22.4 16.2%
9.7% 3.0 23.0
g T L8 T T LR 0
12.3. 45.k 29,05
4.4 53.0 34%.05
16.8 62.0 39.95
GO

1.2% th 197 2085
10651!' 5071 309
2,78 Q.63 6,57
3.58 12.% 8.45
4.93 15.7 10.69
5.61 1945 13.25
8.28 28.6 -19.55
12.19 42.15 28.75
14,78 51.1 34.95

=y
d-

@l -Eor EHEE
. . e ¢ o

\D L ON Q0N
= O FWw

=

(&

N
o

HWO~31 Ot FPONE I
\O
O

S

pyrolysate; fraction 70 - 88° + cold trap ligquid.

92°
Vr

<
HO

0 O
o
.

Hixowmt Frot
.
Oy O3

O

D Hoowa F
. . .
e O\

O

W
3
ON T OG0 G

o
O
}__J
o

3.72
9,91
8.04
13.6
21.55
26.0
30.9
34.9



Table 10 (cont.)

119

Analysis by Gas-liquid Chromatography.

Methyl adipate pyrolysate; fraction 66 - 102° + cold trap liquid.

Column A

Temp. s 62.5

i 1335 67

34 1775 679

iii ) - U T )
iv 2.56 . 12.8

v 3.525 17.6

vi 6.54 32.55
vii 7.61 38.0

viii 16.0 979.5
ix 21.6: 107.9
X oY < TR e e
xi S i oy 5 5
Methyl

i 1.39 6.96

i3 1.775 8.89

141 2,27% 11.2

iv 3.7 18.47
v 6.62 35.2

vi 11,0 55.1

vii 12.17 60.9

viii 6.2 81,0

ix 2k.5 122.0
X 33.6 168.0

lethyl succinate

cold

i

s

¥ e
iv
v

vi
vii
viii
ix

“H

trap liquid.

1.35

6.71

L.762°8.8

56

65
.56
9.

e

—

}——‘}-—"QC\LA)I\.H\)
O FOo

I
b
N

(@)
| )
vy

£

15

11198
lo.
16.
33.

OMNO OvH co~a~3
PINO

78° 92°

Ve By i W Ry Vp Vo
3. 24 1.3 4.45 3.1 995 3,11 2.17
&, 25 1.68 5.71 3.99 1.%6 .56 3.19
2.33 ok B8.27 5.75 2.21 6.92 L L8
i = = = = . =

3 L 3.18 10.82 7.55 2.5 7.81 5.45
15.67 5.41 18.7 12.85 4,9 15.3 10.65
18.25 6.1 20.8 14.45 - = -
38.25 11.93 4%0.6 28.35 9.0% 28.3 19.7%
51.95# 16.% 56.0 38.95 11.76 36.75 25.55
61.25# 19.55 66.8 46.45 14.58 k5.5 31.75
76.15# 23.% 79.8 55.45 53,5 5l.1 . 35485

sebacate pyrolysate; fraction 72 - 100° + cold trap ligquid.

|

17 W25 2,89

333 i - -

I, 25 1.5  9:87 3.58 1.3 4%.16 2.9
5. Ll 2,16 .2:59, 5.16 1.99 6.31 L.k
8.85 3.0 10.63 7.25 2,36, 751 '5,.2%
16.85 5.2 19.0 12.95 bk 14,0 9.73
26 . 45# - - - - - -
29.05¢ - - - - - -
38.75 11T BIL0E . 27895 9.18 29.1 20.35
58.457 - ’ = = = -
80.45 20.5 71.8 uB.75 17.95 57.0 39.65

+ hydroquinone pyrolysate; fraction 68 - 85° +

3.2k = - f

U, ok 1.33% 4,72  3.24%
515 - - -
6.13 2.405 8.5 5.85
8.1 2.95 10.% 7.15
15.95 5.00 17.98 12.35

B 6.4 22.9% 19.55
2k.95 9.85 3%.8 23.95
38.25 11.%2 “o.% 27.75

imate values for trace components.
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Table 10 (cont.) - Analysis by Gas-liguid Chromatography.

Methyl propionate pyrolysate; total liguid.

Colunmn

Temp. 3 62.5° " 780 - 92° S
Rt Vp Vf R¢ Vr Vr Rt Vp Vp

i 1.39 6.91 3.33 1, 2 4,05 2.8% ol 2.96 2.06

ii 1.65 8.21  3.95 1.55 5.23 3.66 1.2% 3.9 2074

. i s 231 0s 56 507 2.159 7.28 §.1 1.87 5.9 T

iv 3.5 17.6 8.46 3.16 10.66 7.49 - = -

v - - - 3.58 12.05 8.4%5 3.09 9.61 6.7

vi 7,62 IO 1825 6.3 21.2 14,84 5.06. 15.96 11.1

vii 15,99 98.% 379 m - - - 2.9 A2 2EVT

Methyl vinylacetate pyrolysate; total liquid.

b | 1339, 6:67 . 32 - - -

i i 1.6+ 8.21 3.9% 1.49 5.15 3.55
e sl 203 1156 5.55 1.975 6.81 4.7
iv el 25.5 "'12.8%8 k.21 6.1 10.05
v 6.25 H2.1 25.05n =~ - -

Methyl allylacetate pyrolysatej; total liquid.

i V.335 6.67 3.
13 1.64% 8.21 3.
b B 2.69 9.39 6.
i3
27

2 = > =5
95 - - -

L8 2.51 8.9 6.13
.05 4,61 16.39 11.27
&5 8.55 30.3 20.95

iv 541 18 93
v 11.% 39.6

Methyl n-heptoate pyrolysate; fraction 68 - 80° + cold trap liquid.

i = = - .53 2.92 1.k16
19 1.299 15,29 3.3 .92 5.09 2.45
s 1.53 6.28 4.0 1.21 6.7 3.2k

iv o6k 1078 7.2 1.3 2523 ¢3.5

v 3,06 12.56 8.56 F 1m A7 4 a3

vi 5.82 23.95 16.85 5.58 30.7 1h.81
vii 8.92 36.5 26.05 7.57 41.8 20,2
widd 32.27 51.1 36,55 13.63 75.3 36.5
ix 20.% - 83.2 160.25 16.53 85.9 L41.5
p¢ 26.7 109.% 79.25
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Table 10 (cont.) =~ Anslysis by Gas-liguid Chromatography.

- 1 A = ) . O :'! . .
Methyl n-nonoate pyrolysate; fraction 62 - 78~ + cold trap liquid.

Column

Temp. s 62:5° 78° g2°
Ry Vr V? Rt Vp Vg Rt Vr Vg
i 1.39 5,72 3.k§5 1.01 &%.15 2.59
ii 1.56 6.41 3.98 1.5 6ul7 3.8%
s s - - - 1.97 10.87 5.28
iv 3.29 13.58 8.46 2.81 15.55 7.51
v B2 21,15 I41 3.79 21.0 10.6
vi 5.79 23.9 16.08 3.63 20.0 13.0
vil 8.8 36.1 24.6 5.93 32.8 21.3
viii- 712.0 59,2 33.8 2.7 Lals 7.6
ix 28.2 115.9 80.2 12.6 69.7 u45.2
X - - = 34,05 188.0 91.0

Methyl sebacate pyrolysate; fraction >100°.

Column

Temp. 150° 159°

4 2.96 17.4% 7.9 2.1% 8,41 5.5

i3 5.08 29.8 13.54 J.1% 12.% 8.1
1id 5.6 20.75 13.74#

i 8.4 L47.9 21.8 8.8 132.6 2l.6
v 14.8 84,2 38.4 13.38 49.5 32.8

Methyl n-heptoate pyrolysate; fraction 158 - 170°.

Column

Temp. : 140° 159°

£ Loy 24,45 11,25 2,19 10,02 ¥.2
14 3.0% 13,92 5.8#

12 508 3056 13:83 4,11 18.9 7.83
iv 6.% 38.75 17.56 - - -
v 10.57 63.9 28.96 9.86 uf5.1 18.6
vi 17.7% lo7.4 48.5 - - -

# approximate values for trace components.
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Table 10 (cont.) - Analysis by Gas-liguid Chromatography.

Methyl n-nonoate pyrolysate; fraction 160 - 195°,

Column

Temp..: 0% 1885
Ry Vp Vrp R¢ Ve Vo

i 3.1 18,79 8.5 Sy G fES

id L,35 26.4+ 11.94 4. bk 20,4 8.53

5 o 6.93 42.0 19.01 - - -

iv 10.82 66.0 29.8 9. % 43,25 18.1

v 20.1 122.0 55.15 11.2 51.2 205

vi 30.5 184%.3 83.8 25.9 119.0 49.8

Notes: The higher boiling fractions of the pyrolysates
from methyl suceinate, glutarate, adipate and methylsuccinate

contained only unchanged pyrolysand in detectable quantity.



Table 11

Pyrolysand

ViTI
"

"
"
X
"
1"
"

XIT

v
Ethyl suberate
X1
XIIT
X
XTI
XITT
Methyl pimelate

+ 3 % Benzoyl
Peroxide.
X
XI1T
KT
Methyl pimelate
XIIT

Sample

[og
S e

wn

P~ DUTO~J Wi own o

s\

QOO @ eO
RS2 S)

@ e L% » @ ¢

\n

'"Onset! Temperatures.

Detection
Reagent

Brp/CCly
n

"
"
2:4-DNP/HECL
"

1
"
"
"
"
"

Br»/CC
urgﬁ Ly,
"
24 -DNP/HC1
11}

"
"
"
n

n
"
"
"
"

'Onset!
Temperature

325
327
343
351
482
490
493
529
L69
473
L71
469
364
348
S0
463
402
485
458

399

L2

395
410
385
378
361

Reactor
Volume

50 ml.
1"

n
Al
n
"
LAl
n

135 ml

"
11
"
"

125 ml
"

"
n
"
n
n

123



124

REFERENCES.

1) Schildwecht, "High Polymers'", Vol.X, Interscience, New York,
1956.

2) Vorlander, Ann., 18%%, 280, 188-9k.

3) Carothers and Arvin, J.Amer.Chem.Soc., 1929, 51, 2586.

4) Carothers, ibid., p.2548.

5) Bradley, Ind.Eng.Chem., 1937, 29, 440.

6) Bradley, Kropa and Johnston, ibid., 1939, 31, 1512.

7) Blout et al., "Monomers", Vol.I & II, Interscience, New York,
1949.

8) Bradley, U.S.P. 2,671,070.

9) Robischek and Bean, Ind.Eng.Chem., 1954, 46, 1628.

10) Sweitzer, Lyon and Grabowski, ibid., 1955, 47, 2380.

11) Feuer, ibid., 1954, 46, 1643.

12) Parkes and Mofett, ibid., p.1615.

13) Allan, Forman and Ritchie, J., 1955, 2717.

14) Mackinnon, Forman and Ritchie, in preparation.
15) Hurd, "Pyrolysis of Carbon Compounds", Chemical Catalog Coy.,
Inc., New York, 1929.

16) Houtman, van Steenis and Heertjes, Rec.Trav.chim., 1946,
66, 781.

17) Bailey and King, J.Amer.Chem.Soc., 1951, 27, 75.

18) Depuy et al., ibid., 1959, 81, 643.
19) Royals, J.Org.Chem., 1958, 23, 1822.

20) Bailey and Hale, J.Amer.Chem.Soc., 1959, 81, 643.




125

21) Muir and Ritchie, unpublished observation.

22) Barke, Royal Aircraft Establishment, Farnborough, personal
communication.

23) Peytral, Compt.rend., 1917, 165, 703; 1924, 179, 831.

24)
25)
26)
- 27)
28)
29)
30)
31)
32)
331
34)
35)

Rice and Teller, J.Chem.Phys., 1938, 6, 489.

Peytral, Bull.Soc.chim., 1923, (%), 31, 2167.
Norris, J.Chem.Ed., 1932, 9, 11, 1890.

Allan and Ritchie, Chem.and Ind., 1953, 747.

Hurd and Blunck, J.Amer.Chem.Soc., 1938, 60, 2419.
Bailey and Rosenberg, ibid., 1955, 7L, 73.
Ballard and Bradford, U.S.P.2,459,677.

Mackinnon and Ritchie, J., 1957, 256k.

Maccoll, J., 1958, 3398.

Saytzeff, Ann., 1875, 179, 296.

Barton, Head and Williams, J., 1953, 1715.

Froemsdorf, Collins, Hammond and Depuy, J.Amer.Chem.Soc.,

1959, 81, 643.

36)
37)
38)
66,
39)
40)
41)
42)

Depuy and Leary, ibid., 1957, 79, 705.
Roger and Eglinton, Chem.and Ind., 1959, 8, 256.

Houtman, van Steenis and Heertjes, Rec.Trav.chim., 1946,

781,

Reininger and Ritchie, unpublished observation.
see 48) and 55)

Tishchenko, J.Russ.Phys.Chem.Soc., 1906, 38, 355.

Adickes, Brunnert and Lucker, J.Prakt.Chem., 1931, 130, 163.




43)
L)
45)
46)
7Y
48)
49)
12,
50)
51)
52
53)
54 )
55)
56)
57)
58)

Swarski and Burton, J.Amer.Chem.Soc., 1951, 71, 319%.

Tilicheev, Ber., 1923, 56, 2218.
Cahours, Ann.chim.phys., 1847, (3), 19, 352.
Niclause and Letort, Compt.rend., 1948, 226, 77.

Anschutz, Ber., 1885, 18, 1947.
Mackinnon, Ph.D.Thesis, Glasgow, 1959.

Zelinski, Siedlecki and Anderson, J.Amer.Chem.Soc., 1950,

5503.
Blaise, Bull.Soc.chim., 1899, (3), 21, 643.

Grun and Wirth, Ber., 1922, 55, 2206.

Geuther, Ann., 1858, 106, 249.

Allan, Jones and Ritchie, J., 1957, 524.

Clark, "Industrial Chemicals"™, Wiley and Sons Ltd., New York,
Forman, Ph.D.Thesis, Glasgow, 1958. Rt
Wislicenus, Ber., 1905, 38, 5u46.

Boese and Young, U.S.P. 2,395,800.

Young, Frostick, Sanderson and Hauser, J.Amer.Chem.Soc.,

1952, 72, 3635.

59)
60)
61)
62)
63)
64)
65)

Allan and Ritchie, unpublished observation.

Skraup and Beng, Ber., 1927, 60, 942.

Mackinnon and Ritchie, J., 1957, 2564.

see 42).

Wilsmore, J., 1907, 54, 1938.

Bamford and Dewar, J., 1949, 2877.

Szwarc and Murawski, Trans.Far.Soc., 1957, 47, 269.




66) Staudinger, Ber., 1905, 38, 1735; 1906, 39, 968; 1907, 40,
1145.
67) Davidson and Newman, J.Amer.Chem.Soc., 1952, 74, 1515.

68) Blanc, Compt.rend., 1907, 14k, 1356.

69) Dieckmann, Ber., 18%%, 27, 102,
70) Hill, J.Amer.Chem.Soc., 1930, 51, 4111.

71) Volhard, Ann., 1689, 253, 206.
72) Hurd and Bennett, unpublished observation.

73) Rice and Murphy, J.Amer.Chem.Soc., 1942, 46, 896.

74%) Hurd and Glass, ibid., 1939, 42, 3490.
75) Church and Berenson, Ind.Eng.Chem., 1955, 42, 2456.
76) Hayes, Read and Vaughan, Chem.and Ind., 1957, 980.

77) Calvin and Lemmeon, J,Amer.Chem.Soc., 1947, 69, 1232.

78) Cretcher and Pittenger, ibid., 1925, 47, 2560.
79) Iengar and Ritchie, J., 1957, 2556.

80) D'Arcet, Ann.chim., 1835, (2), 58, 288.

81) Anschutz, Ann., 1886, 235, 220.

82) Cahours, Compt.rend., 1844+, 19, 771; 1845, 20, 51.
83) Senderens and Aboulenc, ibid., 1920, 170, 1064,
84) Oppenheim and Precht, Ber., 1976, 9, 325.

85) Bone and Smith, J., 1926, 87, 910.

86) Hinshelwood and Thomson, J., 1926, 1134, 221.
87) Bone and Coward, J., 1908, 93, 1216.

88) Davidson, Anal.Chem., 195%, 26, 576.

89) Krafft and Noerdlinger, Ber., 1889, 22, 816.



128

90) Everett, Johnston and Walters, J.Amer.Chem.Soc., 1954, 76,
6266.

91) see 51).

92) Carothers and Van Natta, J.Amer.Chem.Soc., 1930, 52, 31k.

93) Engler and Low, Ber., 1893, 26, 1436.
o4) Peytral, Bull.Soc.chim.., 1925, 32, 113.

95) Hurd and Spence, J.Amer.Chem.Soc., 1929, 51, 3353.

96) Skraup and Neiten, Ber., 1924, 57, 129k4.

97) Korshak and Rogozhin, Izvetya Akademi Nauk, SSSR, 0.Kh.N.,
195%, (2}, SHl.

98) Nef, Ann., 1901, 318, 191.

99) Haber, Ber., 1896, 29, 2694.
100) Mackinnon and Ritchie, unpublished observation.

101) Boyd, A.R.C.S.T. Thesis, R.C.S.T., Glasgow, 1959.

102) see 26).

103) Smith and Wetzel, J.Awmer,Chem.Soc., 1957, 79, 875.

104) Ipatiew and Dowgelewitsch, Ber., 1911, 44, 2987.

105) Flory, "Principles of Polymer Chemistry", Cornell University
Press, New York, 1953.

106) Bawn, "Chemistry of High Polymers", Butterworth's Scientific
Publications, London, 1948.

107) Szwarc and Watson, J.Chem.Phys., 1953, 21, 1746.

108) Baudrowski, Ber., 1882, 66, 2701.
109) Robertson, Magee, Fain and Matsen, 5th. Symposium on
Combustion, Pittsburgh, 1954, pp.628-31.

Stehling, Diss.abs., 1958, 18, 2008.



2

110) Arnold, Smith and Dodson, J.Amer.Chem.Soc., 1950, 72, 4359.

112) Barton, J., 1949, 35.
113) Burton, Chem.and Ind., 1954, 576.

114) Elvidge and Whalley, ibid., 1955, 589.

115) Martin and James, Biochem.J., 1952, 50, 679.

116) Philips, 2nd. Symposium on Gas Chromatography, Amsterdam,
1958.

117) Williams et al., lst. Symposium on Gas Chromatography,
London, 1956.

118) Brownlie, J.Sci.Instr., 1950, 27, 215.

119) Iddles et al., Ind.Eng.Chem.(Anal.), 1939, 11, 102.

120) Feigl, "Spot Tests", CleaverHume Press, London, 5th. ed.,
1956.

121) Lebeau and Damiens, Ann.chim., 1917, 8, 221.

122) Feigl, Anger and Frehden, Microchemie, 1934, 19, 18.

123) Buscarin, Marin and Claver, Anal.acta., 1950, 4, 996.
124) Ingold, "Structures and Mechanisms in Organic Chemistry",
Bell and Sons, Ltd., London, 1953.

125) Blaise, Bull.Soc.chim., 1910, (%), Z, 218.

126) Furneau, ibid., 1928, 43, 859.

127) see 70).

128) Mureau, Ann.chim.phys., 1907, (7), 2, 167.

129) Rubenstein, U.S.P. 2,13%,924.
130) Sauer, Org.Synth., 36, 66.




