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ABSTRACT

Methods have been developed for the purification of oleic acid,

oleyl alcohol and related substrates and for the determination of poly-

unsaturated impurities and peroxides in these compounds.

The autoxidation of purified oleic acid and oleyl alcohol has

been studied in the absence of additives and in the presence of deliberately

added impurities. These studies show that impurities, especially poly-

unsaturated impurities,.are of great importance in determining the stability

of these substrates.

These studies have been extended to examine the effect of a

range of antioxidant types on the oxidation of both pure and deliberately

contaminated substrates. The effects of antioxidant type and substrate

type are discussed .

Synergism between different antioxidants has been examined

and found to be significant. The implication of these results for the

stabilisation of fatty substrates in commercial practice is discussed.

The action of the newly developed nickel complex {bis (stilbene

dithiolato) nickel (II)} as an antioxidant has been investigated both

by oxygen absorption and by inhibitor consumption measurements on both

the original complex and a series of related molecules whose syntheses

are described. These complexes are found to be efficient antioxidants

for oleyl alcohol but are relatively inefficient in oleic acid. The induction

periods in all cases are terminated by the onset of a very rapid oxidation

which is beleived to be catalysed by the presence of free nickel ions

which are released during the thermal autoxidation of these nickel chelates.



Furthermore, the observed induction period for oxygen uptake

is somewhat larger than the time required to consume all of the initial

nickel complex. These results simply imply that the initial products of

oxidation of the complex are able to act as efficient inhibitors.

A brief investigation of the action of metal catalysts has been

made. The indications are that these metal catalysts act as powerful

pro-oxidants in the thermal autoxidation reactions of oleic acid and

oleyl alcohol, and the phenomenone of catalyst~-inhibitor conversion does

not occur in these systems.
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CHAPTER I

INTRODUCTION

1.1 GENERAL INTRODUCTION.

Atmospheric oxygen is the most universally prevalent as well as

economically important oxidising agent for a wide variety of organic

compounds including fats and fatty acids. Its action may be beneficial

or deleterious depending on the conditions and circumstances under which

it occurs. Large quantities of organic chemicals are produced by the

controlled oxidation of petroleum hydrocarbons. The process of film

hardening in applied protective coatingsis essentially an oxidative process.

The ultimate failure of these protective coatings, however, is a result of

prolonged and excessive oxidation. Rancidification and other forms of

oxidative deterioration of many fats and fat-containing materials are

likewise due to oxidation by atmospheric oxygen. ;

Both the favourable and unfavourable consequences of atmospheric

oxidation result from the same type of reactions between oxygen and the

organic components of the materials in question. Because of the spontaneous

nature of the reaction between atmospheric oxygen and many types of organic

compounds, the process is frequently referred to as "autoxidation".

Several factors such as light, heat, concentration of oxygen,

moisture, and the presence of catalysts or inhibitors affect the autoxi-

dation reactions, often with seemingly very different results. It is

sometimes difficult to evaluate the effect of a specific environmental

fetter in the overall oxidation process because in most cases several of

these factors are operating simultaneously. Owing to the complexity of the

autoxidation reactions an enormous amount of effort has been, and is still

being, expended in attempting to understand the fundamental principles of



autoxidations. Underlying all investigations in this field is a desire not

only to learn the nature of the products formed, but also to understand the

primary mechanisms involved, since only by control of these mechanisms can

the desired products be produced or the undesirable products be avoided.

Because autoxidation is a complex process, the relative importance

of the elementary steps may change with temperature so that considerable

care is needed in extrapolating the result of accelerated autoxidation

experiments, performed at high temperatures, to ambient temperatures.

The studies of the kinetics and mechanisms of the autoxidation

Fe 3 5 16239:
of organic substrates have been extensively reviewed ’”’~; the following

sections summarize some of the important conclusions which have been reached

and the areas of uncertainty which remain.

1.2 KINETICS OF AUTOXIDATION REACTIONS.

There is ample evidence that the thermal oxidation Ge organic

compounds proceeds by a free-radical chain reaction, since autoxidation is

readily inhibited by typical inhibitors of other free-radical processes.

"Spectroscopic studies have shown that in all cases the primary products of

autoxidations are hydroperoxides, although at elevated temperatures and

high conversion a wide range of carbonyl-containing products may be formed.

In common with other radical chain processes, autoxidation requires a

radical-generating initiation step. Initiation can be artificially induced

by the homolysis of thermally unstable compounds (initiators), by photo-

chemical processes, or by radical forming oxidation-reduction reactions

often catalysed by small amounts of metal salts. However, the detailed

mechanism of initiation in individual cases is often uncertain.

The formation of hydroperoxide is the result of a propagation

cycle, consisting of two steps: (a) alkyl radical addition to molecular



oxygen, forming a peroxy radical and (b) attack by the peroxy radical

upon the substrate molecule, transferring a hydrogen atom, forming a

molecule of hydroperoxide and generating another alkyl radical to continue

the kinetic chain.

One of the rate-limiting factors in all radical chain reactions

is the ease with which free-radicals combine or disproportionate with one

another to form non-radical products (termination). Since there are two

‘ kinds of radicals involved in simple propagation cycles (ignoring initiator

radicals) there are in principle three kinds of radical-radical terminations,

i.e. that between two alkyl radicals, between two alkyl peroxy radicals, or

between an alkyl radical and a peroxy radical. Actually the situation is

much simpler than this. Molecular oxygen behaves as a diradical and hence

there is virtually no energy requirement to reach the transition state for

the oxygen addition step, i.e. the oxygen addition to alkyl radicals is

extremely fast. On the other hand the hydrogen transfer step, which involves
'

C - H bond rupture, requires the investment of some appreciable amount of

energy to attain its transition state and is nearly always the slower and

rate determining propagation step. At any given instant the free-radical

population of an autoxidising system is made up almost entirely of peroxy

radicals, provided that there is a sufficient concentration of oxygen to

allow all the Bieri radicals to react rapidly. Therefore the most common

biradical termination step in simple autoxidation is that which occurs

between two peroxy radicals.

To generalise, it can be said that simple free-radical autoxidation

will consist of some initiation process whereby the substrate-derived

radical R° is generated:

Initiation ——» R* rate = r; Ae

a propagating cycle consisting of alternate oxygen additions and hydrogen



transfer steps:

k

R’ + een RO," 1.2

k

RO,* + RH——P_—_, RooH + R* 13
2

and a termination reaction which most commonly involves two peroxy radicals:

k,

RO,” BS RO,” Se Satable products + 0 1.4
o

This simple mechanism was first proposed by Bolland and Gee? and

its overall kinetics are readily predicted. Making the steady state assump-

tion with respect to each of the chain carrier free-radicals it follows

that:

rt k [Re] [Ro, “J =k Lo] L] 1.5

k, fo, |[2'] =e, [Re] [20,']* 2k, [Ro "] a 1.6

Adding equations 1.5 and 1.6:

72r, = 2k, [R0, 1

or: ile }[Ro, ] =(c; / 2k,) Le?

The rate of formation of hydroperoxide in reaction 1.3 is simply:

d [Roo / dt =k, [Ro,*] [Ra] 1.8

Substitution of 1.8 by the relationship of equation 1.7 gives the general

rate law for the simple autoxidation scheme represented by equations 1.1-1.4:

-d [o, ] / dt= d [Root] / at = x,t k, [ru] / 2k! 1.9

indicating that the rate of autoxidation is expected to be independent of

the oxygen concentration, provided that this is sufficiently high to ensure

that reaction 1.4 is the only significant termination step.

Although this simple scheme has been of considerable value in

interpreting the kinetics of autoxidation, it has considerable limitations.



In particular this simple scheme does not predict the autoacceleration

which is frequently observed in autoxidations and is discussed further

in section 1.3.

1.3 INDIVIDUAL REACTIONS OCCURRING DURING AUTOXIDATION.

1.3.1 Initiation.

While the propagation and termination steps of autoxidation

processes are well understood, there appear to be some major differences

of opinion amongst the investigators in the attempt to explain the

initiation process in autoxidation reactions. In an attempt to establish

the kinetics of the initiation step, Bolland and cee! obtained a linear

relation between the rate of oxidation and the extent of oxidation (i.e.

the concentration of the hydroperoxide produced in the course of the

reaction) for the aerobic oxidation of ethyl linoleate. It was later

confirmed that this relationship is also obeyed in other olefinic auto-

oxidationa”.. Such a relationship is consistent with the occurrence of a

chain process involving a bimolecular reaction which Bolland and Gee

postulated to be:

2 ROOH ——> RO* + RO," my #0 1.10

Extrapolation of the above mentioned plot gives a definite intercept

which was originally interpreted as being due to the thermal reaction

between oxygen and the olefin, i.e.

RH + 0) ae Be + HO, * 1.11

However, experiments at extremely low hydroperoxide concentrations

a : O57).carried out later by Bateman and his co-workers 7 indicated that the rate

of oxidation actually did not follow the extrapolated line, but a curved

line falling sharply towards the origin. This behaviour is consistent with



an initiation process which is unimolecular in hydroperoxide at low

concentrations. Very similar results have also been obtained with a non-

olefinic hydroperoxide by Stannett and Mesrobiian’.

According to one school of thought, therefore, the initiation

of pteetn autoxidation can be accounted for by the autocatalysis due to

unimolecular and bimolecular decomposition of hydroperoxide. This hydro-

peroxide initiating mechanism of autoxidation proposed by Bolland and his

co-workers, which is now accepted for a large number of saturated and

unsaturated hydrocarbons, has been found to fail in the case of aldehydes.

Mulcahy and watt? have found that the oxidation of benzaldehyde is auto-

retarding. Perbenzoic acid is not an initiator for the oxidation and its

breakdown products (e.g. benzoic acid ) retard. They postulated the following

reaction steps in which Q° is an unspecified energetic chain carrier and X

is an inert product:

k

RH < Q (initiation) id

Ou ep ©," 1.13
k \ propagation)

Q0,° + RH ———> ROOH + G° 1.14

k

©," e x 715
k } (termination)

Q’ + RH—S—> x 1.16

Making the usual stationary state assumptions, this leads to the rate

equation 1.17:

2 a

_ sb) | fax) * [21]
es a = = Lhd.

ae ke kg ey [rw]? + ey et eS [,]

George, Rideal, and Rohextaonse also found a second order

dependence on hydrocarbon concentration in the oxidation of tetralin and

Mulcahy and Watt? believe that a common mechanism, quite distinct from



the free-radical chain reaction is superimposed upon the latter and is

particularly important in the absence of added initiators.

In a recent attempt to review the Hilditch eoncanens of direct

interaction between olefins and molecular oxygen in a more complex form,

Khan proposed that the primary phase of autoxidation does not involve

the rupture of «-methylinic C - H bond? as had been thought before, but

the formation of hydroperoxide via a cyclic transition state by direct

addition of oxygen to the olefin. In a later publicatsonts he argues that

the exclusive formation of 9- and 13-hydroperoxides and the absence of

the ll-isomer in the autoxidation products of methyl linoleate precludes

a free-radical mechanism and is a further evidence in support of his

direct oxygen-olefin interaction theory. Whilst strong objections have

ase Khan's concept shouldbeen put forward for this line of reasoning

be considered as an alternative theory.

One other important theory which has emerged in recent years is

the theory of metal catalysis and the significance of trace metal impurities

first put forward by uril4, in which the initiation of the autoxidation

process has been regarded to be solely due to the catalysis of hydro-

peroxide decomposition by the trace metals particularly in the case of

fats and fat-containing materials. Uri obtained both quantitatively and

qualitatively similar relationships between the efficiencies of various

antioxidants in pure linoleic acid and in ethyl benzoate solutions of 0.1M

linoleic acid in the presence of ferrous phthalocyanine as catalyst at a

concentration of 5x107° M. The close quantitative agreement in the

relationship of antioxidant efficiencies for the metal catalysed reaction

on the one hand and the autoxidation of linoleic acid on the other has been

viewedas proof for the hypothesis that autoxidation in its initial stages

is in fact a trace metal catalysed reaction. Uri further claims that free-

radical reactions could not be expected to be dependent on the polarity



of the solvent to any significant extent, and the very large differences

in the induction periods, rather than in the propagation rate of the

chain reaction of the autoxidation can hardly be explained other than

by the assumption that initiation is catalysed by metals. A more detailed

account of the concept of metal catalysis is presented in a later section

of this work (section 1.5).

1.3.2 Propagation.

Propagation reactions are the product-controlling reactions of

the autoxidation sequence. There appears to be a general agreement amongst

the investigators as far as the propagation reactions (1.2 and 1.3) are

concerned, and research has been concentrated on the modes by which alkyl

radical and peroxy radical reactions occur.

(a) - Reactions of Alkyl Radicals:- Once an alkyl radical has been generated

in an initiation reaction it nearly always reacts readily with oxygen.

Oxygen behaves as a diradical, and its reaction with an alkyl radical can

be viewed as a radical coupling peectcnn

R' +6 - 1.18

Reaction 1.18 occurs with ease for most hydrocarbon radicals and hence

does not play an important part in determining the rate of the chain

propagation and termination except at very low partial pressures of oxygen,

or with reactive organic substrates?!” ,

(b) - Reactions of Peroxy Radicals:- Depending upon the structure of the

materials being oxidised, peroxy radicals can react in one of the following

ways (reactions 1.19 - 1.23):

RO," + RH ———> ROOH + R* 1.19

RO,” + Ri ———» ROO: + R° 1.20



Nae iheROD = = 00G t 1.21

0oe V/s

RO, ¢ siG === ROT c= 1,22
2 / \ ie {

RO,” + RO,” ————> 2R0° + 0, 1.23

The most common reaction is the abstraction of a hydrogen atom to give a

molecule of hydroperoxide and to regenerate an alkyl radical (reaction

1.19). The major factors controlling the reactivity of a C - H bond towards

a peroxy radical are the resonance stabilisation of the alkyl radical

6,17
being formed ’~’, and the availability of electrons at the C - H bond which

is being rupEucedaeaee .

Russel 171??? » after examining the autoxidation rates of a

number of pure hydrocarbons under uniform condition has found that the

relative reactivities of the «-hydrogen atoms of toluene, ethyl benzene,

and cumene towards a peroxy radical are 0.08, 0.5, and 1.00 respectively,

which indicates the strengths of primary, secondary, and tertiary carbon-

hydrogen bonds involved.

Wibaut and Strang’? pointed out that the attack of a peroxy

radical upon a C- H bond can occur either by an intermolecular or an

intramolecular reaction, and that an intramolecular reaction is especially

favoured in aliphatic systems if two reactive hydrogen atoms are located

in 1,4-positions. This phenomenon is particularly important in the oxidation

of polyolefins, where it may lead to the formation of long sequences of

intramolecular hydrogen bonded hydroperoxide prounes

Another process by which a peroxy radical can give rise to a

molecule of hydroperoxide involves electron transfer with an anion (reaction

1.20). This process has been demonstrated to occur in the oxidation of

2-nitropropane in aqueous basic solutions, where the resulting hydroperoxide



10

is not stable but gives a quantitative yield of acetone and nitrite ion

upon reaction with another 2-nitropropane anion”. Reactions-of this kind

are not expected to be very important in the oxidation of hydrocarbons.

Although peroxy radicals, react with unactivated double bonds

containing «-hydrogen atoms by hydrogen abstraction, activated double bonds

of polymerisable olefins, diolefins, and ketones react preferentially by

addition?®. The ease of the addition of a peroxy radical to a double bond

is again determined by the stability of the radical formed, and as in the

previous case it can proceed either by an intermolecular or an intra-

molecular reaction. The intramolecular reaction is often observed in the

oxidation of 1,5-diolefins such as squalene’:

*0-0

es 2 ¢ 0, ss | - La = Oe a
C=CH-CH, -CH-CH=C_ —————> C=CH-CH,,-CH-CH=C_ ———>C CH-CH=C

2 ~ - 2 S ONS a ‘
‘CH-CH,
: 2

(1) 0 0 = 0,

— + Xe 1.24
(2) RH ise

OOH

If reaction 1.21 occurs with a polymerisable olefin, the

resulting radical may either add another monomer unit or may undergo an

addition reaction with:oxygen (reaction 1.2). Under favourable conditions

a 1:1 copolymeric peroxide of oxygen and monomer may be formedsc san

Emanuel and his co-workers”? have concluded that, as the oxidation

proceeds, the propagating peroxy radicals generally tend to react more

with the oxygenated products than with the, as yet, unoxidised molecules,

since the former frequently contain more reactive C - H bonds. This effect

creates severe problem in the interpretation of kinetic data obtained at

high conversions.
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1.3.3 Thermal Decomposition of Peroxides.

Peroxides are the main source of chain initiating radicals in

autoxidation and as such much effort has been concentrated in order to

obtain some knowledge of the factors which determine their rate of decom-

position. The 0 - 0 bond is the weakest bond in all types of peroxides and

its scission gives rise to powerfully oxidising alkoxy or hydroxy radicals

leading to branching of the kinetic chain. These reactions are partly

responsible for the autocatalysis observed in many autoxidation reactions.

Although the rate of branching is a function of the concentration of hydro-

peroxide”, the overall decomposition is very complex, since at least three

different reactions can occur simultaneously. Moreover the solvent generally

plays an important role in the decomposition of hydroperoxide’) often

causing the rate of decomposition to change during an autoxidation reaction

as the substrate is progressively oxidised’“, and the reaction medium

becomes more polar.

At low concentration of hydroperoxides the initial rate of

decomposition is generally first order in hydroperoxide, but at higher

concentrations there are substantial deviations», and as is shown by Bell

et nice and Fordham and Williaus>>, the apparant rate constant increases,

probably due to the increasing importance of bimolecular and chain reactions.

The dependence of rate on concentration can often be expressed as the cum of

the rates of a first order and a higher (usually second) order process®?29»36,

The thermal decomposition of hydroperoxides can thus be described in terms

of the reactions 1.25 and 1.26.

ROOH ————» RO* + HO” 1.25;

2ROOH ————————-» RO* + RO," + HLO 1.26

Thomas and Harle? ‘have shown that the importance of reaction 1.26

relative to reaction 1.25 decreases with increasing temperature and decreas-—

ing concentration of hydroperoxide, a result which is consistent with the
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suggestion of Bateman and Hughess, that reaction 1.26 results from a

hydroperoxide dimer. The increasing concentration of higher order reactions

at higher hydroperoxide concentrations appears to be associated with the

formation of hydrogen bonded aggregates of hydroperoxide molecules. These

aggregates are readily detected by ir spectroscopy, and it has been shown

that they disappear as the concentration of hydroperoxide is reduced"?

It is important to notice that alkyl-oxy radicals formed by

reactions 1.25 and 1.26 may not reinitiate the oxidation in this form.

Radicals of this type readily rearrange by reaction of the form 1.27,

leading to the production of carbonyl containing products and alkyl radicals.

These latter radicals rapidly oxidise to ROO" radicals.

if yi
~ci,-G-cils ——> -CH. ae + “CH, > wea)

2 2: Ss

Morse’” has shown that the thermal decomposition of. hydroperoxides

cat lower temperatures may not involve an initial split into free-radicals,

since the rate of the first order decomposition reaction of dodecane

hydroperoxide is unaffected by the addition of an inhibitor of free-

radicals. Certain other hydroperoxides can also apparantly decompose

without the production of free-radicals'>. In order to take account of

this effect in a kinetic scheme it is necessary to include a reaction of

the form 1.28:

ROOH —————» non-radical products 1.28

In addition to the simple thermal decomposition described above

hydroperoxides are susceptible to induced decomposition reactions of the

form:

RO, *° + ROOH ———* RO* + ROH + 09 2 1.29

RO” + ROOH ———+ ROH + RO, *

Reactions of this type lead to hydroxyl products and represent the

1.30
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decomposition of hydroperoxides by chain reaction mechanism leading to

additional kinetic complications.

1.3.4 Catalysed Decomposition of Peroxides.

The catalysed decomposition of hydroperoxides can be represented

by the reactions 1.31 - 1.34.

X + ROOH W—~——___-» free-radicals 1.31

Y + ROOH W———————» ROH + YO 1.32

2+ ROOH ————— inactive products +'Z 1,33

M+ ROOH ——————» free-radicals 1.34

where X, Y, and Z are three different types of decomposers of organic

peroxides and M is a metal. Reactions of the type 1.31 and 1.34 lead to

radical production resulting in chain branching and an increase in the

overall oxidation rate. Reactions of the form 1.32 and 1.33, which do not

produce radicals cause the overall oxidation rate to be retarded or

inhibited.

“Reaction 1.31 involves induced decomposition by substances not

containing heavy metal with production of free-radicals. A number of alcohols,

ketones, ethers, and fatty acids fall into this class ( e.g. reaction 1.35)

ROOH + R'-CH=CH,———>RO, * + R'-CH-CH2 2 1.35
3

Thomas and Harle?! have found that for these reactions the rate of

decomposition can be affected by different saturated hydrocarbon solvents

and suggested that the influence of such solvents (SH) is due to reactions

of the type:

ROOH + SH —————>RO* + S° + H,0 1.36
2

The evidence that this reaction serves as a major source of free-radicals



14

is rather limited, since conflicting results have been obtained by Knorre,

Maizus, and Emanuel?° on the one hand and by Twigs? and subsequent

workers #2>43 on the other.

Reaction 1.32 involves a stoichiometric process in which the

ivaroueroxide is converted to the corresponding alcohol. Dentean’? was the

first to suggest that certain sulphur compounds particularly the monosulphides

which contain at least one aliphatic or cycloaliphatic group attached to the

sulphur atom, are capable of hydroperoxide decomposition by this type of

reaction. Although many sulphides are fairly stable towards oxygen, both

sulphides and sulphones are autoxidised rapidly forming strong acids which

are able to catalyse decomposition of further peroxides by ionic rearrange-

ment processes”.

The presence of a sulphur-containing compound in a system subject

to autoxidation, however, is not always advantageous since it may promote

the development of resinous compounds and sludges; Denison and Condit *®

have suggested that some of the disadvantages associated with sulphides can

be overcome by the use of selenides which result in fewer deleterious

end-products, and which are more effective decomposers of peroxides. However,

the value of this suggestion must be limited by the high toxicity of

selenium and its compounds.

The mechanism of decomposition of peroxides by sulphides has been

discussed in detail by Bateman and Hargrave’ who concluded that the reaction

can be both unimolecular and bimolecular depending upon the solvent medium.

Kennerly and Patterson‘® have also tested a variety of sulphur-containing

compounds as decomposers of peroxides for peroxidised mineral oil and for

cumene hydroperoxide in mineral oil. The reaction showed first order

dependence on peroxide and high yields of phenol were obtained which

suggested the occurrence of an ionic rearrangement process of the type
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catalysed by sulphonic acids.

Hydroperoxides are very sensetive to decomposition catalysed by

traces of transition metal ions. The first stage of this process is a one-

electron transfer reaction of the form:

(nt1)* . Ro* + On” 37+
ROOH + M"*———__»

Reactions of this kind are responsible for the role of trace metal impuri-

ties as catalysts of autoxidation; they are discussed in more detail

together with reactions of the form 1.33 in sections 1.5 and 1.4 respectively.

1.3.5 Termination.

When the sole termination reaction of an initiated oxidation

involves the interaction between two peroxy radicals to give non-radical

products the overall rate of oxidation will be independent of oxygen

pressure. For the interaction of primary and secondary alkylperoxy radicals

the following reaction has been postulated by Hissell? which portrays

i 0more concisely other gueeest ions ae advanced to explain the formation of

an alcohol and a ketone:

n
ne ae R!

2RR'CHOO’ ————» RR'-Cf ———> C=0 + RR'CHOH +0, 1.38

Sp O77 R® e

c
PASS

u71SR

For tertiary alkylperoxy radicals this type of chain termination is not

possible due to the lack of hydrogen atom on the «-carbon. It is generally

34,49,51,52
assumed that these radicals undergo a non-terminating inter-

action to produce alkoxy radicals and oxygen:

22,00," ———> 2R,CO° + 0, 1.39

Some of the alkoxy radicals may dimerise while some may enter into further
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chain reactions and yield varied products.

At low oxygen pressures the reaction between alkyl radicals and

peroxy radicals becomes an important termination reaction of the autoxida-

tion. This process becomes more important with an increase in the stability

of alkyl radical-since the most stable alkyl radicals react slowly with

oxygen.

A third type of termination is the reaction which occurs in the

presence of most antioxidant inhibitors and is discussed in the following

section.

1.4 MECHANISM OF ANTIOXIDANT ACTION.

1.4.1 Introduction.

By definition and in its briefest sense an antioxidant is a

substance capable of slowing the rate of oxidation in autoxidisable materials.

Antioxidants occur naturally in many organic compounds of an unsaturated

configuration, and both natural and synthetic antioxidants are added to

many processed or manufactured products. They are particularly important

to aid the longevity of fats, oils, fatty foods, soap, cosmetics, pharma-

couticals, rubber, petroleum products, plastics etc.. In principle several

different mechanisms of antioxidant action can be distinguished. The most

common antioxidants are compounds such as phenols and aromatic amines, which

are capable of interrupting the propagation chain by reaction with alkyl

or alkylperoxy radicals; antioxidants of this type are frequently called

"chain-breaking antioxidants".

A second class of antioxidants are those, termed "preventive

antioxidants", which operate by preventing the action of radical sources

in the system. The most important substances of this type are organic

sulphides, polyfunctional acids, and organometallic complexes especially
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nickel chelates which are able to decompose hydroperoxides without the

formation of radicals. Other systems of this type function by complexing

of trace metals to prevent their redox reaction with hydroperoxides.

Because chain-breaking and preventive antioxidants interfer at different

moines in the autoxidation process, they may mutually reinforce one another

leading to an effect greater than the sum of the effect of each antioxidant

alone. This phenomenon is commonly called "synergism" and is discussed

in detail in section 1.4.6.

1.4.2 Early Theories of Antioxidant Action.

It was recognised from an early date that most effective anti-

oxidants were readily oxidisable compounds?” , and a popular interpretation

of their action was that they competed with the substrate for oxygen. A

simple refutation of this view was provided by Mourea and Dufraisse?’

who showed that when benzaldehyde and a phenolic inhibitor were allowed

to stand in the presence of oxygen in a closed vessel no oxygen was

absorbed. The theory which gradually became preferred, although the name

"antioxygen" was retained to describe the phenomenon, was that inhibitors

act by destroying active peroxides which are the primary cause of oxidative

degradation. Bach”” had shown that a wide variety of compounds gave per-

oxides on oxidation and suggested that these are involved in further

reactions leading to the ultimate stable end-products.

Although the peroxide decomposition theory of antioxidant action

was generally accepted by a number of investigators, some attention must also

be paid to a theory put forward originally by Titofe® which was supported by

a considerable amount of experimental evidence, and still remains today, as

one explanation of antioxidant action. Titoff observed a marked acceleration

by traces of ionic copper, concentrations as low as 10 134 being effective.
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This lead him to suggest that inhibitors act by suppressing the action of

catalysts, whether added or adventitiously present. Later work by Rogers

and Taylor?’ on the mechanism of antioxidant action in the presence of

metal salts showed that this was not a complete explanation, since

although the effects of metal ions were reduced by antioxidants they could

not be completely suppressed.

Closely related to the two mechanisms of inhibitor action were

the two theories put forward to explain the occurrence of an induction

period. In the first the peroxides were considered to be the true catalysts

for the oxidation, and the increase in their concentration was taken as the

reason for the characteristic autoaccelerating oxygen absorption rate

curves. Accordingly the induction period was believed to be due to the

virtual absence of the peroxide. The alternative theory supposed the presence

during the induction period of adventitious antioxidants which were

gradually destroyed by the peroxides. Evidence to support this was provided

58,59.
senby the experiments carried out by Hilditch and his co-workers

which natural oils were carefully purified by fractional distillation, when

it was found that the fractionated components, or the reconstituted oils

in which the purified materials were mixed in the correct proportions,

oxidised much more rapidly than the crude materials.

Most of the older theories of antioxidant action, notably that

of Mourea and Dufraisse, failed to provide a satisfactory explanation for

the extreme effectiveness of small quantities of antioxidants. Backstrom's

«60,61
conclusion that alcohols and phenols inhibited the autoxidation of

benzaldehyde by interfering with the chain reaction of the autoxidation

was an important step towards understanding the mechanism of antioxidant

action, but he was unable to give a chemical interpretation of the effect

since it was not clearly understood at that time that the energetic
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intermediates involved in the autoxidation were in fact free-radicals.

1.4.3 Kinetics of Reactions of Radical Chain-breaking (Phenols & Amines)

Antioxidants.

While the general principles of chain termination by free-

radical acceptors in autoxidation reactions had been clearly recognised by

60,61
Backstrom » the first detailed kinetic study was carried out by Bolland

and ten Have®2*63 . Their system consisted of autoxidising ethyl linoleate

containing benzoyl peroxide and ethyl linoleate hydroperoxide as initiators

and hydroquinone as inhibitor. In the absence of antioxidant the rate of

oxidation is given by 1.40 (see section 1.2).

afo,]
ak |qe ak, [ru] 1.40

where cs total rate of chain initiation.

In the presence of the inhibitor AH, Bolland and ten Have considered that

both the following chain-ending reactions could occur:

k

RO," + AH + ———*——» ROH + A" 1.41
Ke

R°+ aH ———_"_» pH+a’ 1.42

followed by the termination reaction:

k!

eae tS ARE non-radical products 1.43

There are two limiting equations for the rate of inhibited autoxidation

(r,). The first (1.45) holds when k_ >> k!
a a a

2 -1,-1 -1 -1Tt Reick, fe] [az] Dekh

r

5 Sl. is Sag zor: ek, ~3 [ru] [ay] K 1.45

u

and the second (1.47) when ki >> k,

7 x, k, kK? eau ety [08 [ra] ~? [ax ] Se
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or: ok, ee rete Ret [o,] 100m" 3 4 [xi]? [axi}= x" qe]
u «

Equation 1.45 was found to be in agreement with the experimental results

whilest equation 1.47 was not. It was, therefore, concluded by Bolland and

ten Have that for all practical purposes the free-radical acceptor reacts

with RO, * radicals and not with R* radicals.

From equation 1.45, since Us and k, depend (at least on the basis

of the underlying assumptions of the above scheme) only on the structure of

the olefin, then 1/K is a quantitative measure of the chain-breaking

efficiency of the antioxidant. Bolland and ten Have compared in this way

the efficiency of a number of phenolic antioxidants which were shown to

operate by the same mechanism as hydroquinone and, therefore, confirmed

their postulated reaction mechanism. This mechanism of antioxidant action

which had been recognised, qualitatively, by Backstrom? was thus put on a

firm kinetic basis. The same basic principles of mechanism and kinetics

were used by Davies et ale in a study of relative antioxidant efficiencies

in relation to structure. This work is discussed in greater detail in

section 1.4.4.

A completely different mechanism, however, has been proposed by

65
Boozer et al” which involves complex formation between RO,* radicals and

Zz

the antioxidant (inhibitor), and a reaction of the complex with another

RO, * radical as the rate-determining step of the inhibitor reaction. The

scheme is shown by equations 1.48 and 1.49 with the latter being the rate-

determining step:

RO, +inh. = [zo,-1mh.] 1.48

[ro,-10h } + RO, * te products 1.49

Stationary state kinetics lead to a rate equation which is substantially

different from that postulated by Bolland and ten Have, and HAS the rate
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of oxygen uptake in the presence of thé inhibitor, is evaluated as:

“2 =f, [Re] GMa [nn] y)? 1.50

When this rate equation (1.50) was tested for the autoxidation of

tetralin in chlorobenzene with azoisobutyronitrile as initiator and phenol

and N-methylaniline as respective inhibitors, it was found that the rate of

oxygen uptake was inversely proportional to the square root of the inhibitor

concentration in contrast to the previous experience whereby it was always

reported to be inversely proportional to the first power of the inhibitor

concentration. It was also shown that no isotope effect occurred with

deutrated aromatic amines; the isotope effect could be expected if the rate-

determining step in the inhibition reaction was:

ArNHR + RO," ROOK H7-AENE: 1.51

Conflicting evidence appears, therefore, to be present in the

‘literature with regard to the basic mechanism of antioxidant action. It

‘sould be pointed out that the mechanism involving complex formation of the

inhibitor with the free-radical has been confirmed only for a number of

relatively weak antioxidants, which are referred to by Boozer, Hammond and

their co-workers as antioxidants of “intermediate activity". It is feasible

that this complex formation is of importance only when the hydrogen abstraction

reaction (1.41) is not fast enough in the competetive system of reactions

which involve the RO, * radical as is the case with weak antioxidants. Bearing

in mind these exceptions, it appears that the above-mentioned hydrogen

abstraction reaction is the most important one in antioxidant action.

1.4.4 Relation Between Antioxidant Activity and Structure.

Antioxidant activity is the resultant, firstly, of the ability of
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the material to deactivate the alkylperoxy radicals and, secondly, of the

tendency of the antioxidant radical to continue the kinetic chain. The

‘ distinction between an inhibitor and a retarder is most conveniently made

by the fact that, ideally, the inhibitor gives no oxygen absorption indications

in the sample during the induction period, implying high chain transfer

efficiency (equation 1.41) and negligible reinitiation (reaction 1.42), while

the retarder shows a measurable rate of oxygen absorption during the initial

stage of oxidation which is a consequence of effective reinitiation or

inefficient chain transfer.

As a result of the complexity of the kinetics of inhibited reactions

the empirical comparison of antioxidants has largely been carried out for

simple organic liquids. Two techniques have been used to measure antioxidant

activity. The first, which was developed by Bolland and ten Have®”, using

ethyl linoleate, and has been followed up by Davies et ae, and by Bickel

and Kooyman’”, involves the measurement of the rate of reaction of oxygen with

the substrate during the induction period, in the presence of a constant

source of free-radicals and a chain-breaking antioxidant. From the kinetics

obtained which vary with the antioxidant, it is possible to obtain relative

walues of ‘ (equation 1.45) which are a measure of true efficiency of the

antioxidant. In the case of highly efficient antioxidants, however, the rate

ee oxygen absorption is too low to be measured accurately during the induction

period, and most other investigators have, therefore, based their measure-

ments of the relative antioxidant efficiency on the evaluation of the

induction period. Two recent studies by Rosenwald and his eo-voriara chic

based on the estimation of the induction periods, contain a comprehensive

survey of alkylated phenols and alkylated hydroxyanisoles. In the first

study®! the relative antioxidant efficiency of alkylated phenols in gasoline

oxidation was ascertained by determination of the antioxidant concentration
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which permitted a standard amount of oxygen uptake during a fixed time

interval. It was shown that under these conditions the efficiency of an

antioxidant per unit concentration (molar potency) was frequently dependent

on the concentration itslf. The induction period is represented by the

function:

log y=rxrt+s log x Loe

where y is the induction period, x is the inhibitor concentration; r and

s are constants which can be either positive or negative.

For alkylated hydroxyanisoles Rosenwald and Cheniceko> used an

inhibitor ratio defined by (t, - t,) / (ty - te) where ty is the length of

the induction period in the absence of antioxidant and ts and t, are

respectively the lengths of the induction periods obtained in the presence

of an arbitrary antioxidant at a given concentration and that of a standard

antioxidant at the same concentration. In these studies certain empirical

rules, albeit without theoretical correlation, were proposed to allow the

calculation of the appropriate efficiency for a given structure. uril4

considers that the validity of the dependence of antioxidant efficiency on

concentration observed by Rosenwald and Chenicek is largely due to the

disappearance of the antioxidant by "forbidden route" of a chain reaction.

Apart from the two techniques outlined above, any suitable

parameter which changes sharply at the end of the inhibition period, such as

the rate of oxygen absorption, the development of hydroperoxides or their

breakdown products (e.g. carboxylic acids) may also be used. After the

accumulation of a vast quantity of literature on 2,4,6-substituted phenols

in a variety of substrates, and on the basis of the kinetic measurements of

"ko", scott? has stated the following generalisations on the relative

efficiencies of phenolic antioxidants:

(a) Electron releasing groups (e.g. methyl, t-butyl and methoxy) in the
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ortho- and para-positions markedly increase the antioxidant activity. (This

is also true of substituents in the meta-position although much less so

than in ortho- or para-positions).

(b) Electron attracting groups (e.g. nitro, carboxy, halogen etc.) decrease

activity.

(c) «Branched ortho-alkyl groups considerably increase antioxidant activity

whereas such groups in the para-position decrease activity. This is illust-

rated by comparing the following dimethyl phenols, where the bracketed

figures represent an average value for antioxidant activity in petroleum:

OH OH OH

Me. Me t.But. Me Me Me

Me Me t.But.

(118) (170) (46)

Less systematic structure variation has been carried out in the

amine antioxidant field, but a sound basis has been laid in the work of

Bickel and reve who determined the antioxidant activity of most of the

more common amines. Pedersen’! has also compared a number of amines in

petrol by the induction’ period method and has found that substitution of

amine hydrogen by methyl has a relatively minor effect upon the antioxidant

efficiency whereas «-branched N-alkyl groups markedly increase antioxidant

activity.

N-Aryl substituents also have a powerful augmenting effect upon

the antioxidant activity, and some of the most important industrial anti-

oxidants are diarylamines. Electron releasing groups in the para-position:

of the benzene ring and particularly dialkylamino and alkoxy have shown

pronounced effects and have been studied extensively by Kuzminskii and

Amgert?2273574,
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1.4.5 Mechanism of the Action of Preventive (Sulphur Containing and Metal

Chelating) Antioxidants,

In conjunction with the breaking of the kinetic chains once they

have started an equally important antioxidant mechanism is the prevention of

chain initiation. There are several possible processes which may be involved

in the introduction of free-radicals into the hydrocarbon system, but the

most important source of free-radicals is the hydroperoxide, and both metal

ions and uv light are powerful catalysts for their homolytic decomposition.

This leads to three main preventive mechanisms viz. the deactivation of metal

ions, the absorption or screening of uv light, and the decomposition of hydro-

peroxides to non-radical products. However any discussion of these three main

preventive mechanisms of antioxidant action is complicated by the fact that

very often one compound can act in two or more ways (c.f. sec. 1.7.2). Thus

many chain-breaking antioxidants are also metal deactivators, and some metal

deactivators are also peroxide decomposers or in some cases uv absorbers.

There is now a good deal of evidence to suggest that metal ions

exert their pro-oxidant effect by forming unstable co-ordination complexes

with alkyl hydroperoxides followed by electron transfer to give free-radicals

(see sec. 1.5) . Chalk and Smith have suggested that the inhibition of metal

catalysed reactions may be achieved either by strongly complexing the ion to

its maximum co-ordination number and thereby inhibiting the further co-ordinar:

tion of nydoreres: deen or alternatively, and in some cases additively, by

stabilising one valency state of the metal at the expense of others’°,

As far as the photoinitiated autoxidation is concerned some doubt

exists in the identity of groups responsible for the photosensitisation of

hydrocarbon polymers, but the most likely possibility is that traces of

carbonyls may be responeibles’s Pitts and his co-workers!” have shown that
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some aromatic ketones (e.g. benzophenone) are particularly effective as

photo-activators since the diradical state (I) of the photo-activated

ketone is an efficient hydrogen abstracting agent (equation 1.53).

0

UE at | e

Recon [r-c-r}] Sap Se 1.53
()

In contrast to benzophenone itself, 2-hydroxybenzophenones which show

similar uv absorption characteristics are the most important class of uv

deactivators in use. This effect arises because abstraction of the hydroxyl

proton by the excited carbonyl would lead to the highly unfavourable loss of

the resonance energy of the aromatic ring; compounds of this form, therefore,

absorb strongly in uv but reradiate the energy without chemical reaction.

The effect of long alkyl chains in improving the effectiveness of the 2-

hydroxy-4-alkoxybenzophenone as uv deactivators was investigated by Coleman?)

who showed that C1 7835 improved the performance of the 2,2'-dihydroxy-4-

aleoxybensophenone by at least six fold.

In the case of peroxide decomposing antioxidants, it has been

demonstrated by Grant and Tipper®° that strong acids inhibit the autoxidation

of diphenylmethane. Strong acids are not, however, very practical as anti-

81,82 .
» in anoxidants due to their corrosive action, but Denison and Condit

extensive study of the effects of sulphides as antioxidants in purified

hydrocarbons, showed that a variety of sulphides have the capacity to decompose

hydroperoxides. Bateman and cgnmeeneo have carried out a more fundamental

study of the antioxidant action of sulphides. They found that many are auto-

inhibiting and that sulphoxides and thiosulphinates derived from them are

highly effective antioxidants. Hawkins et aie have also found that a wide

variety of sulphur containing compounds are effective heat stabilisers.

Bateman and others’> have shown that sulphur-containing compounds without

amino- and phenolic groups inhibit the oxidation process by the decomposition
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of hydroperoxides with the formation of stable molecules according to the

reaction:

ROOH + R',S ———+ ROH + R',S0 1.54

However, this reaction is undoubtedly an oversimplification, since it has been

shown that in some systems each molecule of dialkylsuphide may be responsible

for the decomposition of many molecules of hydroperoxide.

In a study of the kinetics of the reaction of a hydroperoxide with

sulphides it was shown that the reaction was first order with respect to the

iydreperestdeae with sulphides being oxidised furthe to sulphones.

Vet 'ROOH + R 25 ROH + R 25% 1.55

Reeraveon pointed out that apart from the reactions mentioned above

sulphides can be oxidised by peroxy radicals without chain termination so

that they are consumed and their effectiveness is reduced.

Another important class of sulphur-containing antioxidants is the

group of metal chelates derived from «-dithiodiketones, or metal dithio-

carbamates. Detailed seudiess! of the products formed when metal dithio-

carbamates were oxidised have indicated the formation of sulphur dioxide

and isothiocyanate among the products. It has been suggested eS that the

reaction sequence for these inhibitors involves the intermediate formation

of an unstable sulphonate according to the following scheme:

s $0 s

fl ROOH wu #0
R,N-C-S-M ————» R,N-C-S-M ———* R,N-C-OH + SO, + MSO 1.55
2 2 i 2 2 4

0

§

R,N-C-OH —— RnsCeS + ROH 1.56

The liberated sulphur dioxide is an effective catalyst for the decomposition

of hydroperoxide by reactions of the form:

ROOH + SO, ————> RO" + HSO,,”

380,95 ——————=" 50) + HO” 1.58

1.57
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which leads to the decomposition of many hydroperoxide groups by each

molecule of antioxidant. The metal ion released can also decompose peroxides

with radical formation. The antioxidant activity of the nickel chelates of

«-dithiodiketones are discussed in detail in section 1.7.2

1.4.6 Fundamental Bases of Synergism in Antioxidant Action.

When two or more inhibitors are introduced into the substance

undergoing autoxidation, an antioxidant effect in excess of the additive

value is frequently observed. Such an effect of the mixture is usually called

synergism and is defined by the expression:

Dive ati te 1.59

where T1,2, T1 and Tz are the induction periods for the mixture and the

89,90 ae
individual components respectively. Levin and his co-workers

defined the synergistic effect as " one in which the antioxidant efficiency

of the induction period for the mixture is higher than for any one component

taken separately at a concentration equal to the overall concentration of

the mixture".

Two mechanistically distinct types of synergism can be recognised

in theory. Firstly homo-synergism involving two compounds one of which is a

conventional antioxidant and the other a weak antioxidant which operates by

the same mechanism. Secondly hetero-synergism which is the co-operative

effect of two antioxidants acting by different mechanisms, such as the

combined action of a free-radical acceptor with a metal chelating reagent.

The kinetics of the homo-synergism were explained by uril* in the following

manner. Consider two antioxidants AH and BH and assume that the bond dissocia-

tion energy B- H is smaller than that of A- H , and also assume that the

radical derived from the autoxidising substrate (R0,*) reacts slowly with BH
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because of low steric factor. The following reaction sequence would then

materialise:

RO,* + AH ————> ROOH + A* 1.60

A* + BH ———~> AH + B° 1.61

Hence full use is made of the low bond dissociation energy B - H by side-

stepping the low steric factor of the "hypothetical" reaction:

RO," + BH ————~> ROOH + B° 1,62

with the added result that the tendency of A* radical to disappear by the

"forbidden route" (reaction 1.63) is substantially reduced.

A’ + 0, ae A059 1.63

An excellent example of this type is the combination of a phenolic anti-

oxidant (AH) and ascorbic acid (BH) . A mixture of two phenolic antioxidants

may also exhibit synergism; the important synergistic condition is that in

the inhibition reaction:

RO," + XH ———» ROOH + X” 1.64

one of the two antioxidants (jointly represented by XH) exhibits both a

lower activation energy (due to a lower bond dissociation energy) and

simultaneously a lower steric factor than the other.

In one form of the hetero-synergism, where a metal complexing

reagent is mixed with a free-radical acceptor, the important feature is the

partial inactivation of the pro-oxidant impurities by the metal complexing

reagent. A free-radical acceptor appears to be essential for achieving pro-

tection against all pro-oxidant impurities, but in autoxidising systems it

can be supported by a metal complexing reagent which may inactivate part of

the trace metal content. This partial inactivation can be so efficient that

a substantial gain would be obtained when the synergistic effect is evaluated

on the basis of additivity principle. Lundberg and his co-workers?! have shown

that since free-radicals are produced in an electron transfer reaction involving
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different valency states of the metal, those metal complexing reagents

which reduce the lability with regard to electron transfer could have metal

inactivating properties. A classic example of this type of synergist is

citric acid which does not appear to be an antioxidant alone, although it is

o2,353 Frankel, Evans , andknown to form chelates with iron and copper ions

cooneya. studied its reactivity as a synergist with tocopherol in the presence

of iron. As well as increasing the induction period for hydroperoxide forma~

tion, citric acid caused a reduction in the rate of destruction of the

phenolic antioxidants. The synergistic properties of citric acid have also

been investigated in this work (in conjunction with Embanox RHA) and some

remarkably favourable results have been obtained especially for oleyl alcohol

(see sec. 3.3).

Some remarkable observations concerning the synergistic effect of

amines were recently reported by Olcott and Ruta’? . The theoretical basis of

the effect of amines, however, is not yet fully understood, although chelating

of heavy metal porphyrines is a possibility which should be taken into

consideration

A second and particularly important form of hetero-synergism is

exhibited by mixtures of a peroxide decomposing agent with a chain breaking

antioxidant. Termination of a propagation reaction by a chain breaking anti-

oxidant inevitably leads to the production of some hydroperoxides; if these

are decomposed without radical production then the antioxidant efficiency

may be markedly increased. Moreover, many peroxide decomposers are in themselves

sensitive to oxidations with peroxy radicals so that, their lifetime can be

prolonged by the presence of a radical trapping agent’’°,

In the case ae synergism with mixtures of three or more anti-

oxidants the mechanism of the reaction kinetics becomes more complex. However

much better results may be obtained from combénation of three antioxidants

as has been*shown in this work (see section 3.5).
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1.5 KINETICS OF METAL-CATALYSED AUTOXIDATION.

1.5.1 Catalysis by Transition Metal Ions.

The thermal decomposition of hydroperoxides,ROOH, can give the

radicals RO,” and HO" both of which are active enough to attack the C-H bonds

of organic compounds, but the decomposition reaction is slow and kinetically

38 3 oecomplex”. However, the ions of a number of the transition metals are

effective as secondary catalysts of autoxidation. In one scheme, initially

they act as one-electron donors to give RO’ radicals by reaction 1.65

ee oe One 1.65———> RO’ + MROOH + M

In the absence of any competing reaction the RO’.radicals will react further .

with the metal ions:

RO eepeh g ne een 1.66

leading to a true catalytic decomposition of the peroxide.

According to Waters’”, with the effective catalysts this oxidation
2 . : : .of 2 to ae is followed by a second radical producing reaction (1.67, 1.68,

and 1.69 are all possibilities) which regenerates oe so that a second chain

sequence is set up.

ROOH oe Le 1.67

Mg oe Ree RoE ee 1.68

we een met co, +R! 1.69

If 1.65 is the rate determining catalytic reaction then the rate of auto-

oxidation (reaction 1.9) becomes:

Catalysed Autoxidation Rate = KO. ap, [Roo] [u?*] / x}

=x! [ru } inet] i 170

But since 1.65 destroys ROOH molecules a limiting state is soon reached in
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which reactions 1.3 and 1.65 balance. Then:

eee 2 2+[roon} ss. k, [ru] leeneRe [u ] ) 1.71

from which it follows that there is a limiting autoxidation rate (equation

1.72) which is independent of the concentration or the reactivity (k, Or
t.

the metal catalyst, a conclusion which was first reached by Woodward and

Meerobian © and later verified by Walling?°,

_¢ [0] a alg) = K [ru] 7-7 x
dt dt

1.72
t

lim. lim.

If other reactions such as 1.68 or 1.69 are rate determining then 1.72 is

still valid except that kK. then needs a modifying numerical factor Gao

The direct reaction of a metal ion with oxygen has been suggested

to occur in some metal catalysed autoxidations studied by Bawn and his co-

workers}°1 s oe

Mo Ome oy Otto 173
2 2

The om radical ion formed in this reaction would readily react with a

proton to form an HO,° radical which could initiate autoxidation. In
2

accordance with the general experience it would be expected that metal

activity would be enhanced in organic media.

A third type of metal catalysis based on the kinetic evidence

. 103 «104 eS
obtained by George and Weiss is the complex formation of metal com-

peunds with oxygen and subsequent formation of an HO,” radical.

2+ 2+
M+ o ——>+ Mm. 0, 1.74

34" 4 Ho, + wet 1.75w*. 0, + 2* (XH) —em i
2

This theory was supported also by Heaton and Uri on the basis of their

105, 106
findings in the case of cobaltous stearate . Further evidence for
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this type of reversible oxygen complex formation (similar to haemoglobin)

has been obtained by Martell and Calvin ?! with many cobalt compounds.

1.5.2 Effects of Ligand Groups on Catalytic Reactivity.

It is well known that different compounds of the same transition

metal may differ greatly in catalytic activity. This is understandable

because free metallic cations do not exist in solution; they are always

surrounded by solvent molecules or by other ligand groups so that to

oxidise or reduce a transition metal an electron has to be extracted from,

or added to, the d-orbitals of the metal by way of a ligand. There are two

general routes for this electron transfer viz. outer sphere and inner sphere

reaction process. For example in the case of a cobalt (III) complex for

which an outer sphere reaction process has been elaimed?? an unfilled 708

orbital of the cobalt atom can accept one further electron and this can pass

in from a p-electron of an organic radical or from a T-electron of an olefin

by hybridization.

Inner sphere reactions are two-stage processes in which the

attacking reagent first displaces a ligand group. Following this the path for

electron movement to or from the metal atom is easy and, therefore, the

catalytic activity of the metal is enhanced.

Ligands can also alter catalytic activity by altering the electron

density at the metallic centre of a complex ion and so its redox potential.

Since in electronic language oxidation is equivalent to electron loss and

reduction to electron gain it follows that metallic ions with vacant d-

orbitals of low energy level and a high localised positive charge are

strong oxidisers.
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1.6 AUTOXIDATION OF FATTY SUBSTRATES.

1.6.1 Fatty Substrates.

1.6.1.1 Oleic Acid, cis-Octadec-9-enoic Acid {CH, (CH) CH=CH (CH) ,COOH} .

Oleic acid was first recognised as a constituent of several common

fats by Chevreul in his "Recherches sur les Corps Gras" in 1815, although

it was probably not prepared in the pure condition until much later. Its

chemical constitution was subject to intensive investigations in the

8nineteenth cetury. For a long time after Recrcotrapr ae had shown in 1840

that palmitic acid was produced in large quantities when oleic acid was

fused with caustic potash, it was considered that the acid had the constitu-

tion CH, (CH, CH=CHCOOH, but this reaction undoubtedly involves the migration214

of a double bond towards the carboxyl group under the influence of molten

potash. The structure at present accepted for oleic acid was first proposed

109 . . 110
by von Meyer and Jacobsen in 1893, and later confirmed by Brauch «

As it is possible for the mono-ethylinic higher fatty acids to

exist in two geometric isomeric forms, octadec-9-enoic acid shows the two

isomeric forms (II) and (III) of which the more stable, higher melting form

is the trans-isomer (elaidic acid, III).

cH,- (cH,) 7 ae eS (CH,) 77 C008 cH,- (cHy) I~ Bek H

Hae gee (Cii,) ,-Coon

(11) (III)

Oleic, cis-Octadec-9-enoic Acid Elaidic, trans-Octadec-9-enoic Acid

Whilest oleic acid, which is the most widely distributed of all

fatty acids occurs naturally, elaidic acid has not been found in any natural

fat (except in small proportions in the fats of ruminant animals!) but it
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has long been known that on treatment with oxides of nitrogen, or by

heating with small quantities of sulphur, oleic acid is partially transformed

into its isomeric (elaidic) acid which still has the double bond in the

9-position.

Pure oleic acid crystallises in two eorneL eee one melting at

13 - 13.2°C and the other at 16 - 16.3°C. It partly decomposes on distilla~

tion at atmospheric pressure, but can be distilled at reduced pressures; its

boiling point is 285.5 - 286°/100mm., 232.5°/15mm., and 153.0°/1mm, +29,

1.6.1.2 Oleyl Alcohol,cis-9-Octadecen-1l-ol, {CH, (CHL) CH=CH (CH,),CH, Ou}

This is the most important of the unsaturated aliphatic fatty

alcohols. It was discovered independently by igiimocoee! and by Toyama’)?

in certain shark oils and also in piece oils. Both authors state that the

greater part of the alcohols present in the body of the ordinary sperm and

Arctic sperm whale consist of oleyl alcohol, while Hilditch and overran

give the percentage of the alcohol in sperm body oil as 66-70 per cent and

that in the head oil as about 27-30 per cent of the total higher alcohols

present. ;

As in the case of oleic acid, there are two isomeric forms of

the alcohol with the cis-isomer (IV) being oleyl alcohol and the trans-

isomer (V) known as elaidyl alcohol.

cH, (CH,) TM~ ie (cH) ~CH, OH CH, - (CH) ~ o H
7 oe wi s C=C <a

H H H (cH,) 77H, OH

(Iv) Ww)

Oleyl Alcohol, cis-Octadecen-1-ol Elaidyl Alcohol, trans-Octadecen-1-ol

Pure oleyl alcohol is a colourless syrupy liquid which solidifies

113at #2°c 143) and boils at 208 - 210715mm., and 150 - 152°/1mm.
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1.6.1.3 Other Fatty Substrates.

Other major fatty substrates used in this work include the

following:

(a) Linoleic Acid, cis-cis-Octadeca-9,12-dienoic Acid

CH (CH,,) , CH=CH-CH, -CH=CH (CH) 7000824 2

(b) Linolenic Acid, cis-cis-cis-Octadeca-9,12,15-trienoic Acid

CH,,-CH, -CH=-CH-CH,1,-CH, |, ~CH=CH-CH, ~CH=CH- (CH) 7S00H

(c) Linoleyl Alcohol, Octadeca-9,12-dienol

CH, (CH, ) , CH=CH-CH,~CH=CH (CH. CH, OH27

(d) Methyl (all cis) Linoleate, Methyl cis-cis-Octadeca-9,12-dienoate

CH, (CH) 4CH=CH-CH,~CH=CH (cH,) 7S00cH,

1.6.2 Autoxidation of Oleic Acid and Oleyl Alcohol.

In the past fats and fatty acids have been selected by numerous

investigators for autoxidation studies owing to the ease with which they

absorb atmospheric oxygen. Natural fats, however, are too complex to permit

drawing of far-reaching generalisations concerning the mechanisms involved

in autoxidative processes. Consequently much work involving these reactions

has been carried out with simple substances such as oleic and linoleic acids,

their esters, and oleyl alcohol.

The bulk of the autoxidation studies of oleic acid and oleyl

alcohol reported in the literature have been concentrated in the two decades

1930-1950, when speculations about the kinetics of the mechanism of auto—

oxidation processes were at their height. The first study of the oxidation

of oleic acid appears to be that by Scalaly” in 1897. Much later Skelionos
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and Ellis)!” also investigated the oxidation of oleic acid by the isolation

and examination of the end products after prolonged exposure to oxygen.

Although some mention of the autoxidation of oleic acid was made in the work

wow who first investigated the autoxidationof SzeneeGyeraye ae > it was Meyer

of oleic acid in a Warburg apparatus in the presence of chlorophyll, and

on the basis of the results obtained suggested that the oxidation occurred

with the formation of hydroxyoleic acid. A year later, Hamilton and Oleotessoa

£6llowed the course of autoxidation of oleic acid, oleyl alcohol, and methyl

oleate in an apparatus specially designed to measure quantitatively the

oxygen absorbed and the water and carbon dioxide evolved at constant tempera~

ture and pressure. They found that in the initial reactions at the double bond

each molecule of methyl oleate and oleic acid absorbed approximatel four,

and each molecule of oleyl alcohol approximately five atoms of oxygen.

Simultaneously, each of the three compounds lost one molecule of water. They

also found that the peroxide level in the early stages of autoxidation was

higher in oleyl alcohol and methyl oleate than in oleic acid. This difference

between oleic acid on the one hand and oleyl alcohol and methyl oleate on the

other was attributed to the presence of the carboxyl group of oleic acid

which would be capable of reacting with the peroxide to form a hydroxyl

group.

Following the findings of Hamilton and Olcott, and using an

improved version of the same apparatus, Deatherage and Matei11!2* also

investigated the autoxidation of oleic acid, oleyl alcohol, methyl oleate,

and cis-9-octadecene. The last compound was a valuable addition to the

substrates which were studied by Hamilton and Olcott since it-contains no

functional groups other than the autoxidisable double bond. They reported

the compounds to autoxidise in a similar manner and to yield the same types

of products, amongst which peroxides, peracids, aldehydes, substituted
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ethylene oxides, acids, alcohols, combination of these and water were-

detected. On the basis of their findings, these authors suggested that

autoxidation occurs through the reaction between gaseous oxygen and the

double bond of the ethylenic linkage according to the reactionl.76.

-CH=CH- + oy ree ON GH 1.76
No-

‘
Oo

(VI)

(VI) is then reduced to the “oxido-oleic acid" either by the loss of an

oxygen atom (equation 1.77) or by the oxidation of a second ethylene linkage

(equation 1.78)

Be a Sereeeee ty ae pO: LIT

1
0

~cCH- cH- + -cuecH- ——~ 2 [-cy - cx] 1.78
0 0
+
0

Deatherage!*> claims that although "oxido-oleic acid" is not

found in autoxidised oleic acid in appreciable amounts, it is formed during

the course of autoxidation and susequently esterified to form a half ester

-of dihydroxystearic acid according to the equation:

cH, (cH) 7CH=CcH (cH,) 7000H ue CH, (cH) 7CH=CcH (CHA) 7600H SEE

CH, (cH,) 78 = ie (CHA) 7000H

OH ? 1.79

O=C (CHL) 7CH=CH (CH) 7H;

The formation of "oxido" compound as the primary step in the

autoxidation of fats and fatty acids was rejected by Franke and Seretel eo
on the grounds of the unreliability of the peroxide and iodine values

obtained by the investigators at the State University of Iowa Laboratories.
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As a result of a series of experiments in which various oxidation products

such as dihydroxymaleic acid, oxalacetic acid, acetaldehyde etc. were added

to the unoxidised or autoxidised fatty acids, Franke and Jerchel stated that

the peroxide and iodine methods gave reliable results in the early stages of

oxidation. However, in the late stages, when secondary products of oxidation

were present, the methods become increasingly unreliable. Their conclusion

was that the primary formation of peroxides affords the only logical ex-

planation of autoxidation of fatty compounds.

pole is due the credit for developingTo Farmer and his co-workers

‘the hydroperoxide hypothesis of autoxidation (see section 1.1) especially in

its application to fatty acids. According to Farmer, the autoxidation of

practically all unconjugated olefinic compounds proceeds by the addition of

a molecule of oxygen to the carbon atom adjacent to the double bond to form

a hydroperoxide having an intact double bond thus:

~CH,-CH=CH- + Ookamat CH(OOH) -CH=CH- 1.80

Of the various mechanisms by which hydroperoxide formation may

occur, Farmer and sutton incline to the view that olefinic peroxidation

occurs by way of free-radical mechanism in which the olefin passes through

the stages (VII) - (X).'

90° oon
-CH-C=C- ——® -C*C=C- ———» -C-C=C- ———— -C-C=C- 1.81

(WII): (VIII) © (Ix) «)

Recently, pnee lina has confirmed that the radical intermediate

is a mesomeric allylic radical, and in the case of oleic acid ( an

unsymmetrical olefin) four hydroperoxides (XI - XIV) are possible according

to the following scheme:
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OOH

|
r—~ RCH-CH=CH-CH,R*

(XI)

= et-—> RCHCH: CHCH R oon

|
—> RCH=CH-CH-CH,R!

(XII)

RCH, CH=CHCH,R'

(—~ RCH, CH=CH-CH-R'

|

OOH

(XIII)
"> RCH, CH=CHCHR i

ae RCH, Berens .

OOH

(XIV)

Ansell claims that although these peroxides have not been individually

isolated, good evidence has been obtained for their formation. He points

out further that such an allylic rearrangement during formation of the

hydroperoxides from oleic acid may be the explanation for the formation

of hydroperoxides with trans-double bonds during the autoxidation of

oleic acid.

Although several other workers in this field have also supported

the theory of the formation of four hydroperoxide isomers!22+133 » Khan has

rejected this in favour of a two-isomer theory!>*, He states that the

whole question of confusion about the number of isomers arises for two

main reasons: (a) the products of oxidation have been studied for very

different extents of reaction and (b) the products are subjected to

severely drastic experimental conditions, so changing their original

structures during analysis. Khan's findings, from a set of carefully

controlled experiments on the autoxidation of methyl oleate, are that

two hydroperoxide isomers are formed in approximately equal amounts, and

that the hydroperoxide groupsreside on the carbon atom adjacent to the

double bond.

Peroxide formation in oleic acid and other fatty substrates
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has been further studied by Kartha’-> , and it appears that actively

autoxidising fats contain two distinct peroxide forms designated I and

II. The structures of these peroxides were not identified, but it was

suggested that they show different decomposition rates in the presence

of antioxidants. Kartha points out that peroxide I is not detectable

during the induction period, but after active autoxidation has started

its concentration increases gradually to a maximum peroxide value of

40-50. The increase in peroxide I never exceeds 30% of the increase

in peroxide value and after the maximum value of 40-50 is reached, further

increase is due entirely to an accumulation of peroxide II.

Some work has also been carried out on the role of peroxides

in the autoxidation of oleic esters and elaidic acid by ego, His

investigations which were concentrated on the secondary changes which

result from the decomposition of hydroperoxides in the autoxidised

substrates lead to the following conclusions:

(a) - The decomposition of peroxides at 80-90°C appears to give rise

invariably to hydroxy compounds, and in the early stages of

autoxidation to «- and 8-unsaturated ketones, but not to peroxides.

(b) - Thermal decomposition of peroxide-enriched fractions from oleic

esters yields also other carbonyl compounds in which the carbonyl

group is not vicinal to the double bond.

The formation of «- and B-unsaturated ketones is also noticed

toe who followed the autoxidation of oleic acidby Mariani and Pochetti

in air/0, at 100-170°C by a continuous time study of the ir carbonyl

band at 5.7-5.8 nm and found that the «-carbon next to the unsaturation

was particularly active leading to the formation of «-and f-unsaturated

ketones !39 .

In a recent study of oxidation process of oleyl alcohol and
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oleic acid, Sliwiok and Reeeiaie followed the reactions by the measure-

ments of the peroxide, iodine and acid numbers, refractive index, the

partition and absorption chromatography, and ir and uv spectroscopy. Their

results suggest that the oxidation of oleic acid differs from that of

oleyl alcohol, largely due to the influence of their characteristic

groups. The carboxylic group accelerates the spiliting of the molecules

of oleic acid during the autoxidation with simultaneous formation of low

molecular weight fatty acids. The hydroxyls account for the increase of

hydroperoxides in the neighbourhood of a double bond in the molecules of

oleyl alcohol. On the basis of these findings, they present the two

following schemes for oleic acid and oleyl alcohol oxidation:

HOOC-(CH,)__CH,

i + main course of oxidation

H-C-(CH,)_-CH HOOC-(CH,) -COOH

i 07 Sas Qo

H-C-(CH,) 7-COOH H

0-C-(CH,) 7-CH,
—> | | collateral oxidation course

Darel) 77600H

H

H

|
‘cis (c,) ,-cH

: main course of oxidation
0-C-(CH,) --CH,OH

H-C-(CH,)_-CH ter
{ 21. 3 Oo H

H-C- (cH, ) 77 CH, OH

HOOC- (CH, ) 7k

+ collateral oxidation course

HOOC-(CH,) .~CH OH

Sliwiok and Kowalska point out that temperature is an important factor

since it accelerates the course of oxidation of oleyl alcohol towards
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cumulation of peroxides, and the course of oleic acid towards a more

effective spiliting of the molecule.

Recently several papers have been published on the mechanisms

of the autoxidation of fatty acids and their methyl esters, both in the

141-3 44 145presence and absence of inhibitors, by Polish S Czech?

146-8 147-50

» Bulgarian

workers. Nadin and Mitskevich!*6 haveRussian » and Japanese

found that oleic acid oxidises considerably more than its methyl esters

at elevated temperatures, but at 121°C. although the oxidation rate of

methyl oleate at the begining of the experiment is somewhat slower than

that of oleic acid, this situation is reversed as the oxidation proceeds.

These investigators also point out that cobalt stearate catalyses the

oxidation of these fatty compounds substantially, even at lower tempera-

tures such as 60.3°C.

One other aspect of the oxidation of oleic acid and oleyl

alcohol is the adverseeffect exerted by other unsaturated substrates,

mainly dienes and trienes. This effect was originally studied by Gunstone

and Hilditch?>? who investigated the autoxidation of methyl oleate in the

presence of small proportions of methyl linoleate. Their results showed

that the autoxidation of methyl oleate was strongly accelerated, and

the induction period much reduced, in the presence of 1% of added methyl

linoleate at 20°C, or of 0.2% of the latter at 50°C. Figs. 1.1 and 1.2

show the results obtained by these authors for different concentrations

of added methyl linoleate to methyl oleate at 20° and 50°C respectively.

In the light of these observations, Hilditch?* concludes

that, at ordinary temperatures, initiation of autoxidation is a function

solely of long chain unsaturated compounds which contain the pentadiene

system: ~CH=CH-CH, ~CH=CH- with a central reactive methylene group; and

that the simple mono-ethenoid system: -CH,-CH=CH-CH,- is not susceptible
z 2
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to similar direct attack by oxygen at temperatures below about 50°C.

2 °
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4 2% *

3 3
Wig 1% a

> >
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o o
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1

0 200 400 600 800

Time (hours) Time (hours)

Fig. 3.1 Fig. 3.2

Autoxidation of methyl oleate and Autoxidation of methyl oleate and

methyl linoleate mixtures at 20 C. methyl linoleate mixtures at 50°C.

153-5 : aoe
Other workers have also attributed the reactivity of

linoleic acid and its esters to the point of attack by oxygen being

between two double bonds. Bolltandee has pointed out that the resultant

decrease in bond strength increases the diene's reactivity by approximately

30 times compared to a corresponding mono-etheneic substrate. Advanced

oxidation of linoleic acid and its esters may lead to the formation of

cross-linked peroxides due to the RO,* radical adding to the double bond

system of another molecdies:

In the present work the effect of the deliberate addition of

linoleic and linolenic acids to oleic acid and also the effect of the

deliberate addition of linoleyl alcohol to oleyl alcohol have been studied

at different temperatures in the presence and absence of antioxidants.
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1.7 BIS (STILBENEDITHIOLATO) NICKEL (II) COMPOUNDS.

1.7.1 Preparation and Properties.

These nickel chelates are from the general group of bis-di-

thiolato-«- diketone metal complexes of composition M(RCSCSR) |, where M

is a transition metal, n is normally 2 or 3, and R represents an alkyl or

an aryl group. They were first discovered by Schrauzer and Mayweg!?’,

The early preparations of the nickel chelate; the first representative

of this new class of compounds, included either the reaction of di-

157,158
phenylacetylene with nickel sulphides » or by the action of HS/HC1

on benzoin in the presence of nickel chloride”. Analogous complexes were

also reported by the reaction of disubstituted alkynes with metal

carbonyls in the presence of sulphur)?

160,161

.- In a later paper Schrauzer and

his co-workers claimed that if acyloins were reacted in inert solvent

(e.g. xylene) by heating with phosphorous pentasulphide, phosphorothioic

esters of the dithioacylois are obtained, which frequently react directly

with metal salt solutions to yield the complex (XV). In this way they

prepared the chelates of V, Cr, Mo, W, Re, Fe, Co, Ni, Ru, Os, Pt, and Pd.

(xv)

Further work has proved that the best results are achieved when the

appropriate benzoin is used in place of ecylomnaa . The yield is also

improved if equimolar quantities of benzoin and phosphorous pentasulphide

are reacted in 1, 4-dicxans >.
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Since their discovery the structure of these compounds has been

subject to intensive investigation ©’. Schrauzer et al er formulated

these complexes as square planar structures. However, in a subsequent

examinations’ * they concluded that only certain of these metal chelates

pontese this type of structure and that the complexes of V, Cr, Mo, W, Re,

Ru, and Os are in fact 6-coordinated complexes.The 6-coordinate nature of

these complexes was firmly established in several different studies !®-7,

Davison and Biiers so have shown that in (XV), z may have values

of 0, -1, and -2 for the same metal and substituents R. This interesting

structural property has lead to a novel synthetic route for the preparation

of complexes of the general type (XV) by electron transfer reactions! ©>,

In Fig. 1.3 the bond lengths (8) and the angles obtained by

Sartin and Trutert!9 for the nickel chelate ring are shown.

Also Sartin and Truter's findings confirm the theory of Schrauzer and

Maywes’ 2? +72
that the variations in z do not correspond to changes of

oxidation state of the metal but result from extensive ground state

delocalisation, or in the valence bond representation: |
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1.7.2 Inhibiting Properties.

The fact that sulphur-containing chelates of heavy metals could

be expected to act as peroxide decomposers induced Copping and tril? to

investigate the antioxidant effect of these newly discovered metal chelates

derived from stilbene dithiol. The results obtained by these workers from

a series of autoxidation experiments suggested that these chelates are not

only effective hydroperoxide decomposers, but also efficient free-radical

acceptors. Amongst these metal chelates, the one containing palladium was

proved to be the most active inhibitor followed by the nickel chelate.

This interesting observation was studied in more detail and uri’ /4 reported

that apart from the above-mentioned properties, these complexes act as

very effective uv stabilisers.

Chien and Boss’? have also investigated the inhibitory effect

@f these metal chelates, and have put forward some theories for the hydro-

peroxide decomposition by these metal complexed (os The recent findings of

Copping and Uri regarding the antioxidant behaviour of the nickel and other
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heavy metal chelates of this type has been patented?””,

In the present work the antioxidant efficiency of bis (stilbene

dithiolato) Ni (II), (NiSDT), and some of its para-substituted compounds

in oleic acid and oleyl alcohol has been investigated. Two of these para-

substituted complexes, viz. bis (di-p-isopropyl stilbene dithiolato) Ni(II),

and bis (di-p-tert.butyl stilbene dithiolato) Ni(II), were new compeunds and

had to be synthesised from the more common starting materials.
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CHAPTER 2

EXPERIMENTAL TECHNIQUE

2.1 APPARATUS.

2.1.1 Warburg Apparatus.

A conventional circular Warburg apparatus was used for the auto-

oxidation reactions and related manometric studies up to 80°C (Plate 2.1).

The apparatus consisted of a circular bath fitted with a heating coil and

a mechanical stirrer. The heating unit was controlled by a contact thermo-

meter and the actual temperature setting was accurately determined using a

50mm immersion "Jena glass" reference thermometer. The shaking motor was

situated in the lower part of the apparatus, beneath the manometer support

tray, and was controlled by an on/off switch, positioned on the right foot

of the stand. The manometer support tray was internally geared to the shaking

motor and its shaking speed, together with the amplitude of the shaking

stroke, could be adjusted by means of the position of the connecting rubber

belt.

The manometers used were of the standard double~capillary type

(model 20-205) with a graduated range of 0-300mm, having a caliberation of

approximately 1.5 ml. These were employed in conjunction with calibrated

Warburg reaction flasks (model 30416) of approximately 14 ml. capacity,

containing an inner well for absorbants and a side arm, fitted with a vent

valve, to permit flushing of the manometric system with gas.

The manometer fluid was Brodies Solution which was a mixture of

sodium chloride, a wetting agent, and alcoholic thymol solution, stained

dark blue with acilan black. A 10,000mm Brodie column corresponds to 760mm Hgo

which gives very high sensitivity.
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2.1.1.1 Modifications.

Most of the experiments performed.in this work took place at

temperatures well above 60°C, which was the operating limit of the plexiglass

perspex bath originally supplied and, therefore, the latter was replaced

by a pyrex glass bath made to specifications by  (of Hemel Hempsted).

Also the 0-50°C contact and reference thermometers were replaced by the

corresponding 0-100°C thermometers.

The other important modification was the replacement of the

normal manometer-to-flask joints with greaseless ones. This was found to

be necessary since experiments of long duration at high temperatures were

adversely affected by penetration of Apiezon T grease into the reaction

vessels. The manometer cones' had grooves cut into them to allow "Viton A"

O-rings of the type EP101/80, I.D.=10.5mm, 0.D.=13.5mm, thickness=1.5mm

(obtained from James Walker &Co. Ltd.) to be used. The corresponding joints

on the reaction flasks were also polished to remove all grinding marks,

making them of "Clearfit" type (see Plate 2.2).

2.1.2 Automatic Oxygen Absorption Recording Apparatus.

This apparatus, the one most suitable for experiments carried out

above 70°C, was a larger modified version of the type originally described

by Sylves ter! 78 a, later modified by  and ultimately by  and

 8° (Plate 2.3). It was constructed by the Mechanical Engineering Depart-

ment's workshop under the supervision of       

to the specifications supplied by the Explosive Research and Development

Establishment, .

The apparatus consisted of a stainless steel tank of 15 litres

capacity, fitted with a Pyrotenax stainless steel sheathed mineral/insulated

heating cable of {" diammeter (specification 125-HTR), adjusted by means of
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a variac transformer, and thermostatically controlled by a contact thermo-

meter (0-200°C) in conjunction with a mercury relay switch. The heating

fluid was high quality silicone oil (Ms-550) and was stirred with a mechanical

stirrer.

The reaction flasks, each of approximately 25 ml. capacity, usually

contained 1 ml. of the sample and were stirred continuously throughout the

experiment by means of glass-coated micro-magnetic followers and rotating:

magnets close to the underside of the tank. Provision was made for each

flask to have a glass bucket of freshly baked (300° for 2-3 hours) calcium

oxide (AR grade) inserted in order to absorb any volatile products formed

during the course of the reaction. Up to a maximum of six reaction flasks

could be used per experiment, usually one being the thermal barometer, thus

compensating for any atmospheric pressure changes. Each flask was connected

to a U-tube mercury manometer, and changes in the mercury level in the open

manometer arm were followed by means of a PIFE float connected to a balanced

lever system, coupled to a recorder pen which produced a trace parallel to

the direction of the chart movement the speed of which could be varied. The

chart paper (obtained from Reed Charts Ltd.) was of the unperforated grade

AN-470, and its speed was adjusted to 10.25 mm per hour.The dimensions of the

apparatus (see section 2.3.4.2) gave an overall sensitivity of approximately

75 wl of oxygen absorption per millimeter of the recorder pen deflection.

2.1.2.1 Modifications.

The only modification of the Automatic Oxygen Absorption Recording

Apparatus was the substitution of greaseless ball and socket joints (obtained

from J. Youngs Ltd.) incorporating "Viton A" O-rings for the original Quickfit

joints. The Viton A rings had the same dimensions as those used with the

Warburg flasks.
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2.1.3 Shaking Reaction Incubator.

For the purposes of studying the kinetics of the inhibition of

the autoxidation of the substrates by nickel chelates at high temperatures,

a Gallenkamp shaking reaction incubator was used. This consisted of a 15

litre capacity stainless steel waterbath, thermostatically controlled by a

direct reading Compenstat (solid state) thermostat, which was fitted with a

rack carriage. Shaking of the racks was carried out by a Citenco drive motor

with a variable speed control.

The design of the thermostat element was such that the use of

liquids other than water in the bath was not advisable and for experiments at

temperatures higher than 70°C a 3mm layer of olive oil on the surface of the

water was used to prevent evaporation. The olive oil used was of high purity

and, in order to delay its oxidative degradation, Embanox 4 antioxidant

(section 2.2.9) was added at a volume concentration of 2%. It was found

that for most practical purposes this method was very effective up to 90°C.

At 85°C the olive oil (650 ml.) was changed every two weeks.

2.1.4 Low Temperature Filteration Apparatus.

For the preparation and purification of the fatty acid substrates

(sections 2.2.7 and 2.2.8) an improved design of a low temperature filtration

apparatus was constricted by the University glassblower (Plates 2.4 and 2.5).

The filter funnel contained a glass sinter disc (a range of perosities was

available) and had a working capacity in excess of 500 ml. The outer section

was a Dewar jacket to minimise unwanted temperature effects. When assembled,

the space between the two sections could be filled with an acetone/dry ice

mixture in order to obtain the desired temperature which was maintained by

the periodic addition of small lumps of solid carbon dioxide. A Quickfit
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joint at the extended lower section which was slightly greased (with

silicone grease) ensured the prevention of any leakage of the jacketing

liquid and helped with the easy removal of the filter funnel at lower

temperatures.

2.1.5 Distillation Apparatus.

As it was not possible to remove all the trace impurities and

hydroperoxides by low temperature filtration, it was found necessary to

further purify the fatty substrates by vacuum: distillation, with a slow

flow of 0,-free nitrogen prior to distillation, and for this purpose a

distillation apparatus was designed (Plate 2.6). The important feature of

this unit was the 20-cm. Vigreux column which was surrounded by an evacuated

glass jacket, which allowed a higher grade of purity in the distillate to

be obtained. Furthermore, the fractional distillation receiver head enabled

the first 5% of the distillate to be discarded, thus ensuring maximum

purity of the distillate.

2.2 REAGENTS.

2.2.1 Commercially Available Reagents.

Most of the common solvents for this work were obtained from the

commercial suppliers in their purest grade available. Acetone and Chloroform,

both AR grades, were obtained from Hopkin and Williams. Ethyl benzoate was

purchased from Koch-Light laboratories who also supplied the Fe (III)-acetyl-

acetonate and elaidic acid. Commercial oleic acid (Priolene) together with

commercial oleyl alcohol (A 11) were supplied by Prices Chemicals Ltd.

(Bromborough, Cheshire) although it is believed that the oleyl alcohol (A 11)

was originally manufactured by Henkel in Germany. Linoleic and linolenic

acids, linoleyl alcohol, methyl linoleate, and methyl linolenate were
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obtained from The Lipid Preparation Laboratories of The Hormel Institute

(Austin, Minnesota, U.S.A). These laboratories are now closed and no longer

supply the fatty substrates.

2.2.2 Oxygen-free Nitrogen.

For the determination of peroxide concentration (section 2.4.2)

and for some purification by distillation techniques (section 2.3.1), the

use of oxygen-free nitrogen was required. For this purpose commercial

0,~free nitrogen (99.9%) was further purified by the method of Heaton and

urit8t + The gas was passed through three Friedrich gas-washing bottles

(without joints) filled with a solution of sodium hydrosulphite (15%) plus

sodium hydroxide (10%) containing 0.2% sodium anthraquinone sulphonate as

indicator. The purified nitrogen was then bubbled through two further gas~

washing bottles containing 10% and 0.1% potassium permanganate solutions

respectively, to remove any traces of sulphur dioxide carried over from the

previous bottles, and finally passed through distilled water. The dilute

potassium permanganate solution acts as an indicator for any reducing

impurities in the nitrogen gas.

In the case of peroxide determinations, an extra bottle containing

the solvent mixture (acetic acid / chloroform) was used in order to saturate

the purified gas with solvent vapour before it entred the sample bottles.

2.2.3 Carbonyl-free Methanol.

For the determination of the carbonyl contents of the samples the

use of carbonyl-free methanol was required. This was obtained from AR grade

methanol by the method of Lappin and clark! 82,

Approximately 10 grams of 2,4~-dinitrophenylhydrazine and a few

drops of concentrated hydrochloric acid were added to 1000 ml. of AR-methanol

and the resulting mixture was refluxed for 2-3 hours. The reflux apparatus
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was then converted to a distillation unit, and the purified methanol was

distilled through a 50 cm. Vigreux column, and redistilled until completely

colourless. The methanol so obtained could be used up to several months

after the purification.

2.2.4 Wijs's Iodine Value Reagent.

For the iodine value determinations (section 2.4.4) Wijs's reagent

(iodine monochloride solution) was required. This was prepared by dissolving

separately 7.9 grams of pure iodine trichloride and 8.7 grams of pure

iodine in glacial acetic acid, by heating each solution separately on a

water bath, taking care to prevent the absorption of moisture. The two

solutions were then mixed together in a 1000 ml. volumetric flask, cooled

and diluted with glacial acetic acid . This reagent (Wijs's solution) was

stored in the dark, and since it deteriorated with time, a fresh solution

was prepared for every determination. To ensure purity, only solutions having

a freezing point above 15.2°C were used.

2.2.5 Alkaline Ethylene Glycol.

For the spectrophotometric determination of linoleic and linolenic

184 (section 2.4.5), anacids by the method of Hilditch, Morton, and Riley

alkaline ethylene glycol solution was required. The ethylene glycol was first

purified by fractional distillation under vacuum. 7.5 g. of AR grade potassium

hydroxide (assaying at least 85% KOH) were dissolved in 100 ml. of the

purified ethylene glycol. The solution was then heated to 190°C for two

minutes, cooled and stored in a stoppered flask.

2.2.6 Aldehyde-free Ethanol.

This reagent was also required for the spectrophotometric
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determination of linoleic and linolenic acids (section 2.4.5). 1000 ml. of

99.9% absolute alcohol was refluxed for one hour with 20 g. of zine dust

and 20 g. of potassium hydroxide, and was then distilled at atmospheric

pressure through a 50 cm. Vigreux column and stored in a stoppered container.

2.2.7 Oleic Acid, cis-Octadec-9-enoic Acid.

Crude oleic acid was obtained from Prices Chemicals Ltd. (section

22.1) under the trade name of Priolene. Several purity grades of these

were commercially available of which Priolenes 64, 95, and 96 were analysed.

Priolene 95 had a relatively lower concentration of other polyunsaturated

fatty acids present and was, therefore, selected for use throughout this

work. Pure oleic acid was prepared from Priolene 95 by the low temperature

crystallisation techniques. Originally the method of Gupta and Hilditen?®>

was utilised. A 10% solution of Priolene 95 in AR-grade acetone was first

cooled to -55°C and filtered. The filtrate, which contained mainly poly-

unsaturated fatty acids, was discarded. The solid residue was allowed to melt

and after the addition of sufficient acetone to restore the concentration

of the fatty acid to 10% the solution was cooled and filtered at -50°C, and

the filtrate was again discarded. The acetone was then removed from the

precipitate on a rotary film evaporator, and the substrate dissolved in

diethyl ether at a concentration of 15-20%. This solution was then cooled to

-30°C and filtered. The precipitate containing mainly saturated fatty acids

was discarded. The excess ether was removed from the filtrate, and the oleic

acid thus obtained was distilled at reduced pressures under a slow bleed of

nitrogen gas.

Analysis of oleic acid, purified by this method, indicated the

presence of small amounts of linoleic and linolenic acids, whose presence

was undesirable, since they are relatively sensitive to oxidation. In order
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to achieve a higher standard of purity, the purification method used by

Swern, Knight, and Pindleys oleae tried. In this procedure. a 10%: solution of

Priolene 95 in AR-grade acetone was slowly cooteds in a Dewar flask containing

a mixture of acetone and dry ice, to -20°C with continuous stirring. The

mixture was maintained at this temperature for one hour with occasional

stirring, and then filtered through the low temperature filter funnel which

had been pre~cooled to -20°C. The precipitate containing mainly saturated

fatty acids was discarded. The filtrate was diluted with acetone to its

original volume and cooled to ~50°C with stirring. After being maintained at

this temperature for about one hour, the mixture was filtered through the

filter funnel cooled to -55°C . The filtrate containing mainly polyunsaturated

fatty acids was discarded, and the white crystalline cake of oleic acid was

sucked and pressed as dry as possible, and washed on the filter funnel with

about 500 ml. of acetone cooled to ~70°C. It was then allowed to melt at

room temperature and the occluded acetone removed on a rotary film evaporator.

The purified oleic acid was distilled under vacuum (3 mmlig) with

a very slow flow of 0,-free nitrogen, and the fraction boiling in the range

174-186°C was collected as a colourless liquid. Analysis showed a peroxide

value of zero (see section 3.2) and an extremely low carbonyl value, which

could be attributed to a trace of residual acetone and higher ketones. The

result of the analysis for linoleic and linolenic acids is given in section

3.2.1.

2.2.8 Oleyl Alcohol.

Commercial oleyl alcohol (A 11) was supplied by Prices Chemicals

Ltd. (section 2.2.1). Its purification was carried out by the method of Swern

Knight, and Findley°°, which is similar to the method described for the

purification of oleic acid. The temperatures for the two crystallisation
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stages were -10° and -45°C. After the removal of the excess acetone from

the final precipitate on the rotary film evaporator, the purified oleyl

alcohol was distilled under vacuum with a ae current of nitrogen bubbling

through the solution to prevent any oxidation. The fraction boiling in the

range 145-158°C (1 mmfg) was collected as a colourless liquid, having zero

peroxide and negligible carbonyl values. The result of analysis for other

polyunsaturated fatty alcohols is given in section 3.2.1.

2.2.9 Antioxidants.

With the exception of the nickel chelate antioxidants, which were

prepared in the laboratory (section 2.2.10), a list of all the other anti-

oxidants, together with their commercial names and chemical structures is

given in Table 2.1.

The Topanol antioxidants were obtained from ICI, the Embanox

antioxidants were supplied by May and Baker, and Dilaurylthiodipropionate

DLTDP, was obtained from Robinson Brothers (Ryders Green, West Bromwich).

2.2.10 Nickel Chelate Antioxidants.

The bis (stilbene dithiolato) nickel (II) and its para-substituted

compounds, which were used as antioxidants, were prepared in the laboratory

by the method of Schrauzer and Mayweg!>8 . In the cases where the appropriate

benzoin needed for the preparation of a particular substituted compound was

not commercially available, this had to be prepared first.

2.2.10.1 Bis (stilbene dithiolato) Nickel (II), NiSDT.

The preparation consisted of two stages which are shown by the

equations 2.1 and 2.2:
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ANTIOXIDANT

1,1,3-Tris (2 —-methyl-5-tert. butyl-4-hydroxy

phenyl) butane.

3,5—Di (tert, butyl )-4—hydroxyanisole.

3-tert. Butyl-4—-hydroxyanisole.

20 per cent Embanox. BHA with 20per cent

citric acid in propylene glycol.

Dilaurylthiodipropionate.

TABLE 2.1

COMMERCIAL NAME

Topanol CA

Topanol 354

Embanox BHA

Embanox 4

Dect DLP.

FORMULA

C(CH3)3

CHX5~ CHy- CHX-CHg X= & OH

CH3

C(CHg)3

HO OCHg

C(CH3)3

C(CH3)3

H3co— OH

( Cyg Hog OCOCHo CHo)o S
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Equal amounts (35 g.) of benzoin and phosporous pentasulphide

together with 250 ml. of 1,4-dioxan as solvent were placed in a 500 ml.

round-bottomed flask fitted with a mechanical stirrer. (This ratio of the

reactants which corresponded to almost 100% excess of benzoin has been

founa!?3 to be advantageous). The flask and its contents were heated on an

isomantle, and the mixture was refluxed for three hours. During this period

a current of nitrogen was passed through the vessel to assist in removing

the hydrogen sulphide which was formed during the course of the reaction.

At the end of this period (2 hours) the resulting solution was allowed to

cool, and filtered through a number 4 porosity glass-sinter filter funnel,

to remove the unreacted starting materials. The filtrate was replaced in

26H, in 100 ml. of water

was added, with continuous stirring. The mixture was then heated on a steam

the reaction flask and a solution of 17.5 g. of NiCl

bath for 2-2} hours. At the end of the reaction time, the mixture was chilled

in an ice bath and the product filtered off on a number 4 pcrosity glass-sinter

filter funnel.

For the purification of the crude products, a hot-cold recrystal~

lisation from chlorobenzene was prefered to the soxhlet extraction with
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toluene, since in the latter method, a large proportion of the product

is lost in the toluene solvent. The purified dark Peeen crystals of NiSDT

were dried for 3 hours at 70°C in a vacuum oven The final yield was 22.3 g.

of pure NiSDT (48% ex benzoin) which melted, with decomposition, at 292.6°C,

(literature value = 292°C). The identity of the product was confirmed by a

high ‘resolution nmr spectrum obtained by the Physico-Chemical Measurements

Unit (PCMU) at Harwell using deutrated chloroform as the solvent (Fig. 2.1)

and by the ir spectrum (Fig. 2.2).

The nmr spectrum clearly showed the presence of a phenyl group

with the splitting of the ring protons caused by the electron deficient

nucleus. The peaks at 2.6twere due to the protons at the ortho- and meta-

positions thus showing two shoulders (c.f. expanded spectrum) while the

peak at 2.68t was assigned to the protons in the para~positions. The ir

spectrum showed three characteristic absorptions (w,, w2, & w3) in the

3000-600 en! range. These which were also observed in all the para-substi-

tuted complexes of this type, were assigned as follows: w =1360 ont due to

perturbed C=C; w2=1138 om due to perturbed C=S; w3=880 due to stretching

vibration of the. nce system. The position of the characteristic

absorption bands of the electronic spectrum and their extinction coefficients

were obtained with the Hitachi Perkin-Elmer EPS-3T recording spectrophotometer

and are given in the results section (section 3.5.3).

2.2.10.2 Bis (di-p-isopropyl stilbene dithiolato) Ni (II), DIP-NiSDT.

The di-p-isopropyl benzoin necessary for the preparation of this

metal complex was not commercially available and, therefore, was prepared in

the laboratory by the following procedure, derived from a general method

187
for the synthesis of benzoins first used by Ide and Buck . A solution of

200 g. of cuminic aldehyde in 700 ml. of 95% ethanol was mixed with a solution
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of 50 g. of AR-grade potassium cyanide in 100 ml. of water and placed in a

2000 ml. round-bottomed flask. The mixture was heated on an isomantle and

refluxed for three hours. It was then atiowed to cool and stand overnight.

Yellow crystals of the di-p-isopropyl benzoin were filtered off and washed

twice with cold ethanol. A hot-cold recrystallisation from ethanol gave

110 g. of faintly yellow needle-like crystals of di-p-isopropyl benzoin.

M. Pt.=166.5°C (Yield = 55% ex cuminic aldehyde).

The preparation of DIP-NiSDT was effected from the benzoin in

much the same way as for NiSDT itself. 108 g. of di-p-isopropyl benzoin

with 108 g. of phosphorous pentasulphide dissolved in 500 ml. of 1,4-dioxan

were refluxed for 2} hours, and the cooled solution was filtered. 50 ge of

NiC1, .6H,0 dissolved in 200 ml. of water was added to the filtrate and the

mixture was heated on a steam bath for 3 hours. The crude crystals of

DIP-NiSDT, obtained on filtration, were purified from 1,2-dichlorobenzene

and dried in a vacuum oven at 70°C for 3 hours. The green crystals of

bis (di-p-isopropyl stilbene dithiolato) nickel (II) (34 g.) melted, with

decomposition, at 294°C. The structure of this compound was confirmed by

irand nmr analysis and the interpretation of these spectra is described in

section 3.

2.2.10.3 Bis (di-p-tert.butyl stilbene dithiolato) Ni (II), DTB-NiSDT.

For the preparation of this metal chelate di-p-tert.butyl benzoin

was required. The synthesis of the latter had never been published and,

therefore, it was assumed to be a new compound. The p-tert.butyl benzaldehyde

intermediate was prepared from p-tert.butyltoluene. The whole synthesis

consisted of the five following stages (see also section 3.

(a) p-tert.Butylbenzyl bromide. This was prepared by Verley's method 88 ,



75 g- of Peeere betel angers were placed in a 500 ml. 3-necked round-bottomed

flask and heated to 115°C on an isomantle. 75 g- of bromine were placed in

a separating funnel and were added to the toluene drop by drop from the side

neck. The solution was stirred continuously with a mechanical stirrer, and

the temperature of the solution was maintained at 115°C. The bromination

takes place exclusively at the methyl group of the toluene and not at the

tert.butyl group as shown by the fact that it is impossible to carry out the

same reaction with mono- or di-tert.butylbenzenea “°°, The reaction also yielded

hydrogen bromide which was absorbed by passage through a dilute solution of

potassium hydroxide.

The crude light brown p-tert.butylbenzyl bromide so obtained was

purified by fractional distillation under vacuum (0.2 mmHg), and the fraction

boiling in the range 64-70°C was collected as 64 g- of colourless liquid

with a pungent odour. The nmr and ir spectra analyses confirmed the sample

as being p-tert.butylbenzyl bromide. (Found C=58%, H=6.4%, Br= 35.6%; calc.

C=58.22, H=6.6%, Br=35.2%).

(b) p-tert.Butylbenzaldehyde. This was prepared according to the method of

Baker, Davis, and Heming”°?, by the controlled oxidation of p-tert.butyl-

benzyl bromide with an equimolecular proportion of hexamethylenetetramine

in 60% ethanol.

60 g. of p-tert.butylbenzyl bromide were placed in a 2000 ml.

round-bottomed flask and a solution of 38 g. of hexamethylenetetramine in

900 ml. of 60% ethanol was added to it. The mixture was refluxed for 3} hours

with a current of carbon dioxide gas being passed through the solution all

the time. After the removal of the ethanol on the rotary film evaporator,

the mixture was steam distilled (using a current of oxygen-free nitrogen

to prevent further oxidation) and 4000 ml. of the steam distillate were
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collected. The aldehyde was extracted with ether and dried. After the

evaporation of ether, the aldehyde was first purified through its bisulphite

derivative and then by fractional distillation under vacumm, with a slow

current of nitrogen gas. The fraction boiling in the range 62-76°C was

collected (22 g.) as a colourless liquid with a bitter almond odour. The nmr

and ir spectra analyses confirmed the compound to be p-tert .butylbenzaldehyde.

(Found C=81.3%, H=8.5%; calc. C=81.4%, H=8.7%).

(c) Di-p-tert.butyl benzoin. The benzoin condensation was carried out

ae 20 g. of p-tert.-according to the method described by Ide and Buck

butylbenzaldehyde mixed with 130 ml. of 95% ethanol were placed in a round-

bottomed flask containing 10 g. of potassium cyanide dissolved in 50 ml. of

water. The mixture was refluxed for 3 hours and was then allowed to stand.

On cooling a pale yellow precipitate was obtained which was filtered and

washed with cold water.

The purification was carried out by recrystallisation from ethanol,

and 11 g. of faintly yellow needle-like crystals were collected. M. Pt.=172.6°C.

(Yield = 62% ex p-tert.butylbenzaldehyde). The structure of di-p-tert .butyl

benzoin was confirmed by nmr and ir analyses and the interpretation of these

spectra is described in section 3.

(d) Bis (di-p-tert.butyl stilbene dithiolato) Ni (II). The preparation was

carried out in a similar way to the preparation of NiSDT itself, as described

by Schrauzer and Mayweg aoe + 10 g. of di-p-tert.butyl benzoin together with

10 g. of phosphorous pentasulphide were dissolved in 80 ml. of 1,4-dioxan

in a round-bottomed flask and refluxed for 3 hours. At the end of the reaction

period the solution was cooled and filtered to remove any impurities. Then

6 g. of NiC1, .6H,0 dissolved in 20 ml. of water were added to the filtrate and

the reaction mixture was heated on a steam bath for 2} hours. During the
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reaction the mixture was stirred continuously with a mechanical stirrer. The

dark green crystals of the complex which were formed were then filtered

from the cooled solution. The purification was effected by dissolving the

crude crystals in a solution of hot chlorobenzene and reprecipitating the

pure crystals by the addition of excess cold methanol to the mixture. The

green crystals of bis (di-p-tert.butyl stilbene dithiolato ) nickel (II)

(5 g-) were filtered through a number 4 porosity glass sinter filter funnel

and dried in a vacuum oven at 70°C for 3 hours. The compound melted, with

decomposition, at 328.5°C. The structure was confirmed from the high resolution

nmr and the ir spectra. Interpretation of these spectra is described fully in

section 3.

2.2.10.4 Bis (di-p-chlorostilbene dithiolato) Ni (II), Cl-NiSDT.

The synthesis of this nickel chelate required the use of the

corresponding di-p-chlorobenzoin which was not commercially available, and

was, therefore, prepared in the laboratory by the method of Ide and Bice ae

for general syntheses of benzoins.

In a 1000 ml. round-bottomed flask 30 g. of p-chlorobenzaldehyde

dissolved in 300 ml. of methanol was mixed with a solution of 20 g. of

potassium cyanide in 50 ml. of water and the mixture was refluxed for 3} hours.

Methanol was used in place of ethanol since the p-chlorobenzoin was reported

to be excessively soluble in ethanol and its recovery from the latter solvent

would have been difficult. The di-p-chlorobenzoin (9 g.) was obtained from

the reaction mixture by dilution and refrigeration, in the form of an orange

paste. All attempts to purify the latter from several different solvents

failed to produce any pure crystals and, therefore, the product was used as

the paste in the preparation of the corresponding nickel chelate.

The preparation of the chloro-substituted nickel chelate was
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carried out in a similar way to that for NiSDT as described by Sctivaueee

and Mayweg) 8, 8 g. of the p-chlorobenzoin (prepared previously) together

with 8 g. of phosphorous pentasulphide were dissolved in 80 ml. of 1,4-dioxan

and refluxed for 2 hours. The solution was allowed to cool to room temperature

and filtered. 5 g. of NiCL, .61,0 dissolved in 40 ml. of water was added to

the filtrate and the mixture was heated on a steam bath for 2} hours. After

cooling, the impure crystals of the product were filtered through a number

4 porosity glass sinter filter funnel.

The purification was effected by dissolving the product in chloro-

benzene and reprecipitating the crystals by the addition of excess chilled

methanol. The precipitate was filtered and dried in a vacuum oven at 70°C for

3 hours. The dark green crystals (3 g.) of C1-NiSDT melted, with decomposition,

at 335°C (Schrauzer and Mayweg value = 335°C). The high resolution nmr (Fig.

2.3) clearly indicated the presence of the aromatic peak at 2.721. It

appeared that, since the electron donating power of both carbon and chlorine

atoms were the same, an "accidental magnetic equivalence" had occurred whereby

no splitting of the peak of the aromatic ring was observed (c.f. expanded

peak). The small peak at 2.781 was due to the chloroform impurity in

deutrated chloroform which was used as the solvent. The ir spectrum (Fig. 2.4)

showed the characteristic absorption bands (section 2.2.10.1) which occurred

at w,=1355 em 1 w9=1139 ca ty & w3=885 eee The position of the characteris~

tic absorption bands of the electronic spectrum and their extinction

coefficients are given in the result section (section 3.5.3).

2.2.10.5 Bis (di-p-methoxy stilbene dithiolato) Ni (II), MeO-NiSDT.

The starting material, anisoin (4,4'-dimethoxy benzoin), for the

synthesis of this metal chelate was commercially available. The procedure for

this preparation was very similar to that for NiSDT as described by Schrauzer
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and Mayweg oe) 17.5 g. of green-black crystals (41% yield ex benzoin) were

obtained which melted, with decomposition at 330°C (Schrauzer and Mayweg

value=329°C). The structure of the compound was confirmed from its nmr and

ir spectra. The nmr (Fig. 2.5) showed the aromatic peak being split with the

signal due to the ortho-hydrogens being moved upfield by the oxygen atom.

The peak at 6.18t was that, of the protons in the methyl group which had been

moved downfield due to the deshielding effect of the electronegative oxygen

atom. In the ir spectrum (Fig 2.6) the positions of the three characteristic

absorption bands (section 2.2.10.1) were as follows: w,=1343 cn, wg=1140 on

and w3=884 Gre The position of the characteristic absorption bands of the

electronic spectrum and their extinction coefficients are given in the

result section (section 3.5.3).

2.2.11 N-(n-alkyl) Salicylaldiamine Chelates.

The cobalt and copper chelates of n-alkyl salicylaldiamine, which

were used as catalysts/inhibitors in this work, were prepared at ERDE.

Tris-(n-butyl salicylaldiamino) Co (III) was prepared by the method of

Nishikawa et ge which was based on the interaction of the amine, sali-

cylaldehyde, and cobalt acetate. For the preparation of bis-(phenyl salicyl-

aldiamino) Co (II) and bis~(n-butyl salicylaldiamino) Cu (11) the procedure

described by Sacconi et aiace was used which involved the prior preparation

of the salicyladehyde metal complex. A full list of all the metal catalysts

used in this work is given in Table 2.2.

2.2.12 Preparation of Gas-Liquid Chromatography Column Packing.

The packing of this column was selected for the fatty substrates

according to the specifications given in the Perkin-Elmer Gas Chromatography

Supplies hand book. About 0.5 g. of Apiezon L was dissolved in 25 ml. of

hexane, and 12 g. of Chromosorb W-AWDMCS (80-100 mesh) was added to the
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Co

Co

Fe

Cu

Cu

(11)

(111)

(111)

(11)

(1)
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TABLE 2.2 -

LIGAND FORMULA

( ee

Bis (phenyl salicylaldiamino)

CH=N~ /2

O°

Tris (n-butyl salicylaldiamino) xe Co
one 3

Cag

Acetylacetonate (CHgCOCHCOCHg )g Fe

9)

Bis (n-butyl salicylaldiamino) ul

cH=N 2

C4Hg

Acetylacetonate (CH3COCHCOCH3) gCu
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solution and mixed thoroughly.The hexane solvent was then removed on a

rotary film evaporator. The column, made of stainless steel, 3meters long

and 0.5 cm. in diameter was packed in the usual way.

2.3 GENERAL PROCEDURES.

2.3.1 Purification of Substrates.

For all experiments the absence of peroxides and carbonyls in

the substrates was checked beforehand by the Heaton and Uri method's

(section 2.4.2) for the peroxide determinations and the Lappin and Clark

method !®? (section 2.4.3) for carbonyls. Due to the polarity of oleic

acid and oleyl alcohol the removal of hydroperoxides by column Chromato-

graphy with Brockman grade 1 alumina was riot possible. However, these

could be removed by repeated distillations unde reduced pressure with a

slow current of nitrogen.

2.3.2 Cleaning of the Glassware.

Owing to the sensitivity of the experiments the cleaning of the

glassware, especially the Warburg and the Automatic Oxygen Absorption

Recording Apparatus flasks, was of utmost importance. The method used was

adhered to throughout this work, so as not to adversely affect the repro-

ducibility of the experimental data. Usually, after removing the bulk of

the fatty substrates from the flasks with acetone and water, the flasks

were immersed in a bath of fuming nitric acid overnight to remove any

residual organic products, in particular traces of the antioxidants and

metal catalysts. The flasks were then removed and rinsed with tap water and

subsequently several times with distilled water and finally dried in a

vacuum oven.



2.3.3 Commencement of Experiment.

In order to ensure the purity of solutions, each solution was

made up freshly prior to every experiment. The antioxidants were introduced

into the substrates by a direct weighing method, using 10 ml. volumetric

flasks. Where txe quantity of the antioxidants or the catalysts present

was very small (e.g. Beto) 7 mol. an) a bulk solution of the latter in

chloroform was made up and the appropriate amounts were pipetted into each

flask. The chloroform solvent was then evaporated off very slowly under

reduced pressure, thus leaving the required amount of the catalyst or

antioxidant in the flask to which the substrates were then added. For all

experiments carried out in either the Warburg or the Automatic oxugen

Absorption Recording Apparatus the sample size used was 1 ml., while for

tle shaking incubator experiments 2.5 ml. samples in each test tube were

normally used. Usually after the immersion of the flasks in the baths, they

were left open to the atmosphere for a period not exceeding 10 minutes in

order to equilibriate. Since a 24-hour monitoring of the reactions on the

Warburg Apparatus or the shaking reaction incubator was not possible, in

some cases, the flasks were removed and stored at -40°C overnight, where the

rate of the reaction was assumed to be negligible.

2.3.4 Calculation of the Results.

2.3.4.1 Automatic Oxygen Absorption Recording Apparatus.

The induction periods and the rates of oxygen absorption were

calculated from the trace which was produced on the chart paper. The induction

period was usually taken as the time from the start of the experiment up to

the point where a sharp break from the straight trace was noticable. For

those reactions, where the rate of oxygen uptake was very slow, the induction
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period was defined as the time taken for the absorption of the first 150 ul

of oxygen.

For the calculations of the rates of oxygen absorption the ratio ;

of the volume of oxygen absorbed, at STP, V (ml) to the pen movement, L (cm.)

was given by the equation 2.3.

Woops eRe Ee: os [pesca Aerie ee ha annie RL) | 2.3

where: R = ratio of the pressure change (cm. Hg) to corresponding pen

movement.

V,= volume of air in the reaction flask (corrected to STP) (ml.)

volume of air in the manometer (corrected to STP) (ml.)

A 2.
X_= cross-sectional area of manometer tube (cm‘)

T,.= temperature of the reaction flask ( K&)
£

T= temperature of the manometer (9)

Pi initial flask pressure (cm. Hg)

es normal pressure (76 cm. Hg)

In a typical system the second order term in L is small enough to be ignored

and hence the equation is reduced to equation 2.4.

Ye aOReL7 [We Teen, CVS + x, 2] 2.4

In our system the parameters were: such that approximately each 75 ul. of

oxygen uptake corresponded to a pen movement of 1 mn,

2.3.4.2 Warburg Apparatus.

In this apparatus the amount of the oxygen absorbed was measured

by the pressure change in a constant volume system. This was indicated by the

difference in the levels of the double capillary manometer. The total

gaseous volume, vy Qu.) at the start was given by equation 2.5 and after

a corrected manometric pressure change of h mn. by Vy (ul.) in equation 2.6.
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where: ee volume of the gaseous part of the system (}1.)

Ver volume of the liquid sample (,1.)

P = initial pressure of the gaseous part of the system (mm. Brodie)

R = vapour pressure of the liquid sample (mm. Brodie)

P = normal pressure (760 mm. Hg = 10,000 mm. Brodie)

T = temperature of the reaction (' K)

« = gas absorption coefficient (ml. gas/ml. liquid) and denotes

the extent of the solubility of the gas in the liquid sample.

A typical value of 0.1 was used throughout.

The quantity of gas evolved or taken up, X pl. is then given by equation 2.7.

Nose eo taal Vio ewer
= aw = f =xev,-v,> [ P ja=kn Oe

where K was referred to as the reaction flask constant, consisting entirely

of parameters which were known and remained constant throughout the experiment.

The values of K for our system were within the range 1.0-1.2, and therefore,

a full scale deflection of the manometer ( 150 mn. Brodie) corresponded to

150-180 11. of oxygen absorbed at STP. During the reaction when a significant

amount of oxygen had been absorbed, readings were taken and the original

pressure restored by opening the manometer taps to the atmosphere, weneeiny

the fluid levels to the 150 mark and closing the taps again.

Almost all experiments were confined to the early stages of the

oxidation where the amount of oxygen absorbed by the sample rarely exceeded

300 H1. Since the total volume of air in the system was typically 15 ml. of

which one-fifth is oxygen, the volume of oxygen available is about 3 ml.

Absorption of 300 1. of oxygen thus corresponds to a 10% reduction in the
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partial pressure of oxygen in the system. This represent an upper limit

in the worst possible case and was considered to be negligible for all

practical purposes.

2.3.4.3 Shaking Reaction Incubator.

This apparatus was essentially used for measuring the fall in

the concentration of the nickel chelate antioxidants with time at different

temperatures. Usually the start of two parallel sets of duplicate experiments

was staggered at 12 hours intervals because of the uncertainty of the duration

of the induction period, and the need to take frequent readings during the

critical period in which the steady reaction becomes autocatalytic. During

the experiment, at suitable time intervals, 0.5 ml. samples were taken from

each test tube and the concentration of the nickel chelate in the solution

was determined spectrophotometrically (section 2.4.1), using 0.1 cm. cells.

Since this testing was not destructive, the samples were returned after the

measurement of the concentration. Depending upon the nature of the experiment

either pure oleic acid/oleyl alcohol or pure ethyl benzoate were used in the

reference cell. The optical density and hence, the concentration of the

antioxidant, was measured as a function of time and the rate of deterioration

of the antioxidant in the sample calculated from a time/concentration graph.

2.3.5 Solubility of Nickel Chelates.

In order to determine the maximum solubility of the nickel chelates

in oleic acid and oleyl alcohol, an excess quantity of the chelate was placed

in a flask containing about 5 ml. of the substrate. The mixture was gradually

heated in a water bath to 75-80°C and kept at this temperature for approxi-

mately one hour. At the end of this period the bath was removed and the

solution was allowed to cool to room temperature. A strong current of nitrogen
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gas was passed through the solution for five minutes before the commencement

of the heating and continued throughout the experiment until the contents

of the flask had reached the room rempersture: The solution was then filtered

at the pump using a micro-filter flask and funnel and the filtrate was kept

under a nitrogen atmosphere at room temperature for 24 hours. The concentration

of the nickel chelate was then measured spectrophotometrically.

2.4 ANALYTICAL PROCEDURES.

2.4.1 Spectroscopy.

Unless otherwise stated all nmr spectra were 60 MHz. spectra obtained

at the Physico-Chemical Measurements Unit, PCMU, (Harwell). The ir spectra

were run on a Perkin-Elmer 457 grating infrared spectrophotometer, and the

electronic absorption spectra were obtained with a Hitachi Perkin-Elmer EPS-37

drum recording spectrophotometer.

2.4.2 Determination of Nickel Chelate Concentration.

The concentration of nickel chelates was measured spectrophoto~

metrically. The peak selected for the concentration determinations was that

occurring in the range 850-950 nm. (slight variation in the position of this

peak for different substituted nickel chelates existed - see Table 3. )

where for all practical purposes the absorption of substrates, solvents or

any other ingredients was negligible.

2.4.3 Determination of Peroxide Concentration.

The hydroperoxide concentrations in the samples were determined

by the iodometric method due to Heaton and ies which depends upon

estimation of the iodine liberatedby the reaction of peroxides with KL. For

reacted samples containing a higher quantity of peroxides the macro-method
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was used, the liberated iodine being determined by titration, while for the

determination of the purity of some substrates the more sensitive micro~

peroxide determination procedure was adopted, the liberated iodine being

determined spectrophotometrically.

2.4.3.1 Macro-peroxide Determination:- The unit of apparatus used in this

method was a neckless pear-shaped Pyrex flask of 200 ml. capacity fitted with a

B-19 ground glass socket and gas inlet tube with corresponding cone (Plate

2.7). For practical purposes as many as 12 flasks could be connected in

series by means of rubber tubing. The solvent mixture consisted of two

volumes of glacial acetic acid (AR-grade) and one volume of chloroform. 70 ml.

of this mixture was placed in each flask and the samples (usually 0.5 ml.)

were introduced into each flask and dissolved. With all samples the disso-

lution occurred instantaneously. The de-aeration was effected by bubbling

oxygen-free nitrogen (section 2.2.2) vigorously through the solution and

continued for approximately one hour. A freshly prepared saturated aqueous

solution of potassium iodide (0.5 ml.) was added to the last flask in the

de-aeration train, by slightly raising the gas inlet tube, while nitrogen

continued to pass through the solution. The specially designed elongated

jet of the inlet tube remained inside the solvent mixture during this

manipulation, thus preventing the sucking in of any atmospheric oxygen. After

the addition of the potassium iodide solution the inlet tube was replaced

and de-aeration continued for a further 5 minutes before the flask was

removed from the system and kept in the dark for one hour with both taps

closed. 30 ml. of 5% aqueous solution of KI were then added and the contents

rapidly titrated against a solution of 0.002N aqueous sodium thiosulphate,

starch being added shortly before the end-point was reached.

2.4.3.2 Micro-peroxide Determination:—- The unit of apparatus applied to the
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micro~peroxide determination (Plate 2.§) was used in conjunction with a

Unican SP 600 spectrophotometer which was fitted with a special lid to

accomodate the special cells. The lower steak of the test tube was fused to

1 cm. matched spectrophotometric cells. The gas inlet tubes were designed in

a similar way to the ones previously described in the macro-determination,

except that care was taken to adjust the height of the inlet so that it did

not interferewith the optical path. The same solvent mixture as the macro-

determination method was used, but since the de-aeration in situ was rather

slow, the solvent mixture was deaerated in bulk prior to use. 7.5 ml. of

the solvent mixture was used together with 1 ml. samples. The test was carried

out exactly as in the macro-method; one additional tube containing the

solvent plus potassium iodide being used as the blank in the spectrophotometer.

The measurement of the optical density was carried out in the region

370-500 nm with the Unican SP 600 spectrophotometer. Variation of the observing

wavelength according to the concentration permitted readings to be taken

in the optimum range.

2.4.4 Determination of Carbonyl Concentration.

For the determination of the carbonyl contents of the samples, the

spectrophotometric method described by Lappin and Clark”? was used. This

method was most suitable for carbonyl concentrations in the range of Ton to

tone molar and, therefore, for samples containing higher concentration of

carbonyl, a prior dilution was found to be necessary. To 1 ml. of the sample

or its solution in carbonyl-free methanol (section 2.2.3) placed in a 10 ml.

volumetric flask, 1 ml. of a saturated solution of 2,4-dinitrophenyl hydrazine

in CO-free methanol was added, together with two drops of dilute hydrochloric

acid. the flask was loosely stoppered and maintained in an oven at 50°C for

2 hours. After cooling 5 ml. of a solution of 10 g. of potassium hydroxide
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dissolved in 20 ml. of water and made up to 100 ml. with CO-free methanol

was added. The resulting black solution which rapidly Cleared to a character-

istic wine-red colour was made up to the 10 ml. mark with CO-free methanol.

A blank solution was prepared simultaneously using 1 ml. of CO-free methanol

in place of the sample. The optical density of the solution was measured

using the Unican SP 1800 recording spectrophotometer, the measurement being

taken at the peak maximum. For the calculation, the average value of the

molar extinction coefficient of 2.72x10°* was employed.

2.4.5 Determination of the Iodine Value.

The iodine value is defined as the amount of halogen (expressed

as iodine) which reacts with 100 g. of the material under specified condi-

tions.

A determination of the iodine values was carried out in order to

measure the purity of oleyl alcohol and oleic acid according to the procedure

outlined in Institute of Petroleum Standard Test Methods”, Special iodine

value determination flasks of 500 ml. capacity were used. About 0.1 g. of tl

fatty substrate was weighed accurately on a watch-glass and was quantitatively

transferred into the iodine value flask with 20 ml. of carbon tetrachloride

(AR-grade). 25 ml. of the iodine solution (section 2.2.4) were pipetted

into the flask, and the flask with its contents were shaken until a clear

solution was obtained. It was then allowed to stand in the dark for 2hours

at room temperature. At the end of the reaction period 20 ml. of an aqueous

solution of potassium iodide containing 100 gram per litre were added and

mixed well. The neck and the inside walls of the reaction flasks were washed

with 200 ml. of water and the excess iodine was titrated with a 0.1N

standardised sodium thiosulphate solution using starch as an indicator near

the end of the titration. A blank determination was also carried out using
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the same quantities of all the reagents but omitting the sample.

The results were calculated by means of the. equation 2.8:

L= 12.7 N (B- A) / W 2.8

where: I = iodine value

N = normality of the thiosulphate solution

B = volume of thiosulphate solution used for blank (ml.)

A = volume of thiosulphate solution used for sample (ml.)

W = weight of the sample (g.)

The iodine values obtained for oleic acid and oleyl alcohol are

given in Table 3.3 (section 3.2.2) together with the theoretical values.

2.4.6 Determination of Linoleic and linolenic Acids and Linoleyl Alcohol.

192-6
Amongst the several methods which were available for the

spectrophotometric determination of polyunsaturated fatty acids and alcohols

fae was selected. This method hadthe method of Hilditch, Morton, and Riley

the advantage of utilising simple apparatus and non-toxic reagents, and

consisted of two separate determinations. In the first determination, for

linolenic acid samples of approximately 0.1 g. were weighed accurately in

small glass buckets, dropped into stoppered Pyrex test tubes containing

10 ml. of the alkaline ethylene glycol solution (section 2.2.5), and heated

in an oil bath at 170°C for 15 minutes. These were then removed and chilled

rapidly in an ice bath and the contents of each test tube were quantitatively

transferred into a 250 ml. volumetric flask, and made up to the mark with

aldehyde-free ethanol (section 2.2.6). No further dilution was found to be

necessary and the flasks were allowed to stand overnight at 0°. A blank

solution, using the alkaline ethylene glycol solution was prepared simul-

taneously in exactly the same way and was used in the reference cell.
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The spectral measurements were carried out using the Unican SP 1800

recording spectrophotometer. The region between 235-310 was scanned for each

sample with 0.5 em. cells. .

For the determination of the percentage of linoleic acid present

the above procedure described for the determination of linolenic acid was

used in exactly the same way with the exception that the samples were heated

at 180°C for 60 minutes in the oil bath.

For the calculation of the results, the extinction coefficients

of 1% solutions in 1 cm. cells given by the authors were used according to

Table 2,3.

Table 2.3

Values of the extinction coefficients for 1% solutions 25

linoleic and linolenic acids as given by Hilditch et al“~~.

Substrate Extinction coefficient

Linoleic acid 906 (at 234 nm.)

Linolenic acid 569 (at 234 nm.)

Linolenic acid 532 (at 268 nm.)

While the percentage of linolenic acid was found directly from

ue optical density measurements, for the determination of the percentage of

linoleic acid in the sample the increment of the absorption coefficient due

to the observed proportion of linolenic acid had to be deducted from the

optical density. The results obtained from these determinations are given in

Tables 3.1 and 3.2 (section 3.2.1) for the impurities present in oleic acid

and oleyl alcohol respectively.

2.4.7 _GascLiquid Chromatography Analysis of Fatty Substrates.

197,198
According to James and Martin the analysis of the fatty acids
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and alcohols by G.L.C. was possible, using a semi-polar column at temperatures

in the range of 196-205°C, and with a carrier gas flow rate of 96 ml. per

minute. The analysis was carried out using ie Perkin-Elmer Model [11 gas-

liquid chromatograph with a hydrogen flame ionization detector. The colum

(section 2.2.12) was set up in the oven and 2 ul. aliquots of sample dis-

solved in acetone were injected into the column in every case.

A preliminary analysis indicated that while the oven temperature

setting of 196°C was adequately high, the nitrogen flow rate of 96 ml. per

minute was rather too fast and was, therefore, reduced to 60 ml. per minute.

The chromatogram of the earlier batches of purified oleic acid

showed one sharp peak and two smaller peaks which were due to the presence of

linoleic . and linolenic acid impurities. In the later batches of oleic acid

which were purified by Swern, Knight, and Findley methods” (section 2.2.7)

these impurity peaks did not appear at the attenuations as low as 5. In the

case of oleyl alcohol’ only one broad peak belonging to oleyl alcohol was

indicated and no other impurities were observed.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 PRELIMINARY TESTS ON COMMERCIAL OLEIC ACID AND OLEYL ALCOHOL.

3.1.1 Diene and Triene Contents of Commercial Oleic Acid and Oleyl Alcohol.

The principal impurities in the commercial oleic acid (Priolene)

were linoleic and linolenic acids, whilst the impurities of the commercial

oleyl alcohol (A 11) included mainly linoleyl and linolenyl alcohols. The

analyses for the determination of these impurities were carried out by the

method of Hilditch, Morton, and mileyne (section 2.4.6). In every case the

sample (approximately 0.1 g.) was accurately weighed, in a small glass bucket,

and dropped into a loosely stoppered Pyrex test tube containing the alkaline

ethylene glycol solution. Heating was carried out in a thermostatically

controlied bath containing silicone fluid (MS 550). For the peak measurements

Unicam SP 500 spectrophotometer was used and the results were confirmed

using a Unicam SP 1800 recording spectrophotometer.

The results of the analyses of the fatty acids and alcohols by this

procedure are given in Tables 3.1 and 3.2 (section 3.2.1) respectively,

together with the manufacturere's values.

3.1.2 Determination of Lodine Value, Peroxide Value, and Carbonyl Content.

The peroxide values of the commercial samples of oleic acid and

oleyl alcohol were determined by the macro-method of Heaton and Ute Two

2 ml. samples of each of the fatty substrates were introduced into the

flasks and analysed in accordance with the procedure outlined previously

(section 2.4.3).
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For the determination of the carbonyl contents of the commercial

oleic acids and oleyl alcohol by the method of Lappin and clark 18? 1.0 ml.

samples were used according to the procedure described previously (section

2.4.4). The value of the maximum absorbance was measured on Unicam SP 1800

recording spectrophotometer and the average value of the extinction coeffi-

cient was taken as 2.72x10"4 for calculation of the results.

The iodine value determinations were carried out according to the

method described in the experimental section > (section 2.4.5). About 0.2 g.

of each substrate was used for the determination.

Table 3.3 (section 3.2.2) shows the results which were obtained

for the iodine, peroxide, and carbonyl values of the commercial grades of

oleic acid and oleyl alcohol together with the values for the purified

substrates.

3.2 PURIFICATION AND TEST OF PURITY OF OLEIC ACID AND OLEYL ALCOHOL.

3.2.1 Diene and Triene Contents of Purified Oleic Acid and Oleyl Alcohol.

Pure oleyl alcohol was obtained from the commercial grade (A 11)

by the method of Swern, Knight, and ee nulee ae whilst the purification of

oleic acid was first effected from Priolene 95 using the method of Gupta

and Hilditch?®> . However, the results of the diene and triene tests on the

purified substrates indicated that although the purification of oleyl alcohol

by the method of Swern, Knight, and Findley had been successful in removing

most of the linoleyl and linolenyl alcohol impurities, the method of Gupta

and Hilditch for the purification of oleic acid had failed to completely

remove the linoleic and linolenic acid impurities. For this reason the

method of purification of oleic acid was changed to that recommended by

Swern, Knight, and Findley (section 2.2.7).
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The diene and triene contents of the purified substrates were

determined by the method of Hilditch, Morton and Riley (section 2.4.6) using

0.1 ml. samples. Tables 3.1 and 3.2 show the results of these analyses for

oleic acid and oleyl alcohol respectively.

TABLE 3.1

Analytical results for determination of polyunsaturated

impurities in oleic acid.

Sample % Linoleic acid % Linolenic acid

Calculated Theory* Calculated Theory*

Purified (Gupta) 3.2 - 0.04 -

Purified (Swern) 0.2 - 0.03 -

Priolene 64A 7.6 6.0 2.1 1.0

Priolene 64B 7.7 6.0 22 1.0

Priolene 95 2.4 1.5 0.7 0.5

Priolene 96 4.0 3.0 1.7 1.0

TABLE 3.2

Analytical results for determination of polyunsaturated

impurities in oleyl alcohol

Sample Z% Linoleyl alcohol % Linolenyl alcohol

Calculated Theory* Calculated Theory*

Purified (Swern) 0.59 o 0.09 f=

Oleyl alcohol A 11 4.3 4.0 0.45 0.3

* Values quoted by manufacturer.

3.2.2 Determination of Iodine Value, Peroxide Value, and Carbonyl Content.

These determinations were carried out on the freshly purified

oleic acid and oleyl alcohol. The peroxide values were determined by the
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method of Heaton and Uri? using two 4.0 ml. samples of each of the fatty

substrates for the macro-determination, and two 0.5 ml. samples for the

micro-analysis. The carbonyl contents were measured by the method of Lappin

and Clark’, using duplicate 0.1 ml. samples. For the iodine value determina-

tion, pease E 0.2 g. of each substrate was weighed accurately and used

as described Besorees (section 2.4.5). The results of these analyses are

shown in Table 3.3.

TABLE 3.3

Analytical results for determination of iodine values, peroxide values,

and carbonyl contents of purified and commercial grades of oleic acid
and oleyl alcohol.

Substrate “Iodine value Peroxide value Carbonyl content

mol. cn. > mol. cae
Oleic acid (pure) 89.82% 0 0.96"
Oleyl alcohol (pure) 94.61% 0 3.2¢
Priolene 64A 85.0 2.4 12.9

Priolene 64B 84.0 2.6 13.4

Priolene 95 88.0 2s. 16.0

Priolene 96 87.0 7.1 20.9

Oleyl alcohol A 11 90.6 9.9 17.6

* Theoretical values; Oleic acid = 90.07, Oleyl alcohol = 94.77

+ This residual carbonyl content of the purified substrates was attributed
to the presence of traces of acetone which was used as the solvent

in the purification procedure.

From Tables 3.1, 3.2, and .the results obtained from the earlier

G.L.C. analyses (section 2.4.7) the indications were that the purification

techniques used for oleyl alcohol and oleic acid (S.K.F. method) gave

satisfactory results. Attempts to purify these substrates any further would

have been uneconomical in terms of time and material wastage. The results

shown in Table 3.3 confirmed the high degree of purity achieved for oleic
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oleic acid and oleyl alcohol; the close agreement between the theoretical

and calculated iodine values indicated the presence of unsaturated impurities

in the substrates to be negligible, while the zero peroxide values are in

accord with the expected results. Having obtained these materials at a

satisfactorily high degree of purity state, we proceeded with the main

autoxidation investigations.

3.3 EFFECT OF ANTIOXIDANTS.

3.3.1 Pure Substrates.

3.3.1.1 Oxidation Without Any Additives

All the experiments described in section 3.3 were carried out on

the Automatic Oxygen Absorption Recording Apparatus (section 2.1.2), using

duplicate 1 ml. samples. An initial study of the autoxidation of pure oleic

acid and oleyl alcohol was made; the induction periods together with the

maximum rates of oxygen absorption (corrected to STP) are shown in Tables

3.4-3.6 for oleic acid at 75°, 85°, and 95°C respectively, and in Table 3.7

for oleyl alcohol at 85°C.

3.3.1.2 Comparison of the Effect of Antioxidants at Constant Molarity.

In order to be able to make a direct comparison of the effects of

various antioxidants on oleic acid and oleyl alcohol, the concentration of

nol fan « In thethe antioxidants in this investigation was set at 2x10"

case of Embanox 4 (which is a synergistic mixture of 20% Embanox BHA and

20% citric acid in propylene glycol) the molarity was based on its BHA

content only. The induction periods and maximum rates of oxygen absorption

(corrected to STP) from this series of experiments are shown in Tables 3.4-

3.6 for oleic acid at 75°, 85°, and 95°C respectively, and in Table 3.7 for
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oleyl alcohol at 85°C.

TABLE 3.4

-Induction periods and maximum rates of oxygen absorption

for oleic acid at 75 C.

Antioxidant Induction period IP* Max. rate 0, uptake

hr. ro pl. (STP) hr. cm. >

Sample Sample Sample Sample
uf 2 2D 2

No antioxidant 4.1 4.0 = 35.3 ' 36.6

D.L.T.D.P. 4.3 4.6 1.1 34.1 33.1

Embanox BHA 45.0 45.2 11.1 32.8 31.2

Embanox 4 51.1 51.1 12.6 36.8 42.8

Topanol 354 21.0 22.8 5.4 26.1 27.0

Topanol CA 43.0 44.1 10.8 56.0 36.4

TABLE 3.5

Induction periods and maximum rates of oxygen absorption

for oleic acid at 85°C.

Antioxidant Induction period IP* Max. rate 0, uptake

hr. Py Wl. (STP) hr. > cm.
Sample Sample Sample Sample

i 2 1 2

No antioxidant 1.8 1.8 = 42.1 51.8

D.L.T.D.P. 2.1 2.2 1.2 48.8 39.0

Embanox BHA 39.8 38.6 21.7 43.3 41.8

Embanox 4 33.1 30.9 25.3 45.9 45.4

Topanol 354 15.6 14.6 10.0 39.5 37.4

Topanol CA 35.2 33.8 18.9 58.5 57.0

* Ratio of average induction periods for inhibited and uninhibited

samples.
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TABLE 3.6

Induction periods and maximum rates of oxygen absorption

for oleic acid at 95 C.

Antioxidant Induction period IP* Max. rate 0, uptake

hr. Po ul. (STP) hr.) cm.>
Sample Sample Sample Sample

1 2 1 2

No antioxidant 1.1 1.2 69.0 70.1

D.L.T.D.P. 1.2 1.3 1.1 62.4 61.8

Embanox BHA 5.2 5.3 4.6 54.1 74.0

Embanox 4 12.6 13.0 11.1 50.9 53.0

Topanol 354 6.3 6.6 5.6 61.6 58.6

Topanol CA 10.4 10.8 9.2 74.0 78.7

TABLE 3.7

Induction periods and Maximum rates of oxygen absorption

for oleyl alcohol at 85 C.

Antioxidant Induction period IP* Max. rate 0, uptake

hr. ae wl. (STP) hr. cm.>

Sample Sample Sample Sample

i z 1 2

“No antioxidant 2.4 2.4 > 31.9 30.1

D.L.T.D.P. 2.5 2.5 1.0 31.1 28.7

Embanox BHA 43.5 44.1 18.3 40.4 42.2

Embanox 4 101.0 98.9 41.6 58.2 59.8

Topanol 354 39.0 42.0 16.9 36.5 34.9

Topanol CA 45.0 45.9 18.9 36.8 36.0

* Ratio of average induction periods for inhibited and uninhibited

samples.

At the first glance, it appears from Tables 3.4-3.6 that, according

to the expectation, the magnitudes of the induction periods are lowered and
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the maximum rates of oxygen absorption increased as the experimental

temperature is raised from 75° to 95°C. However, within one temperature,

different degrees of inhibition, as indicated by the induction periods, are

obtained for various antioxidants. Also, while there is very little change

in the magnitudes of the maximum rates of oxugen absorption for the uninhi-

bited samples and those containing D.L.T.D.P. , Embanox BHA, and Embanox 4,

the corresponding values for samples with Topanol antioxidants show slight

deviations. The lower values obtained for Topanol 354 may be attributed to

the fact that the autoxidation products of Topanol 354 may themselves act

as retarders in the system.

Figs. 3.1 and 3.2 show the Arrhenius plots of induction periods

and maximum rates of oxygen absorption respectively obtained for samples of

oleic acid containing various antioxidants at 2x10" mol. dns? concentration,

The respective activation energies calculated from these graghs are given

in Table 3.8.

TABLE 3.8

Activation energies of induction periods (Eyp) and maximum

rates of oxygen absorption (E,,) obtained for samples of oleic
R

acid containing 2x10 . mol. duis? concentration of antioxidant.

Sample E,p/KJ mols) ED/KI mols?

No antioxidant 159.4 : 84.1

D.L.T.D.P 156.1 85.2

Embanox BHA 7 72.1

Embanox 4 157.5 43.7

Topanol 354 149.0 99.9

Topanol CA 152.0 73.2
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“FIGURE 3.1

Arrhenius plots of In (induction period) vs. 1/T for autoxidation of

oleic acid in the presence of antioxidants.
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Arrhenius plots of 1n (maximum rate of oxygen absorption) vs. 1/T

for autoxidation of oleic acid in the presence of antioxidants.
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Within the limits of experimental error the activation energy

associated with the induction period appears to be unchanged by the

inclusion of antioxidants; a distinctly non-linear Arrhenius plot was

obtained for Embanox BHA and is attributed to experimental error. The data

for mescutod rates is somewhat more scattered but the only major activation

energy change occurs with Embanox 4, which shows a very low activation

energy arising from the fact that this antioxidant appears to be an

efficient retarder at 95°C.

3.3.1.3 Comparison of the Effect of Antioxidants at Constant Weight Percentage.

For many practical applications, antioxidant activities are com-

pared at constant weight concentrations rather than at constant molarities.

It was, therefore, thought desirable to supplement the study of the activities

of antioxidants for oleic acid and oleyl alcohol by the comparison of their

effectiveness at a constant weight concentration of 0.0125% (equivalent

molarities are in the range of 6.6x10 4 cs 2x104 mol. dma?) In the case of

Embanox 4 the weight concentration was based on the total antioxidant

mixture; the equivalent weight concentration of Embanox BHA was then 0.00252.

The results obtained from these experiments, carried out at 85°C only, for

oleic acid and oleyl alcohol are represented in Tables 3.9 and 3.10

respectively.

From a direct comparison of the induction periods in Tables 3.5

and 3.9 for oleic acid and Tables 3.6 and 3.10 for oleyl alcohol, all at

85°C, the following conclusions can be drawn:

(i)- The induction periods for samples containing D.L.T.D.P. are longer

in experiments involving constant weight of antioxidant. This is due to the

fact that D.L.T.D.P., having a large molecular weight, is present in
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TABLE 3.9

Comparison of the induction periods and maximum rates of

oxygen absorption using antioxidants at constant weight
per cent for oleic acid at 85 C.

Antioxidant Induction period IP* Max. rate 0, uptake

hr. aS UL. (STP) hret cm.>
Sample Sample Sample Sample

Z 2 1 2

No antioxidant 1.8 1.8 = 42.1 51.8

D.L.T.D.P. 5.0 5.0 2.8 34.2 63.1

Embanox BHA 25.5 26.6 14.5 53.0 5353)

Embanox 4 21.3 20.6 11.6 53.2 53.0

Topanol 354 22.8 20.5. 12.3 38.7 54.7

Topanol CA 21.8 Zieh deed. 58.0 55.7

TABLE 3.10

Comparison of the induction periods and maximum rates of

oxygen absorption using antioxidants at constant weight
per cent for oleyl alcohol at 85°C.

Antioxidant Induction period IP* Max. rate 0, uptake

hr. Fy “ul. (STP) hr. cm.
Sample Sample Sample Sample

iL z aL 2

No antioxidant 2.2 2.4 i 48.3 49.8

D.L.T.D.P. 3.1 3.2 1.4 38.9 41.6

Embanox BHA 62.2 61.6 26.9 37.8 44.2

Embanox 4 31.1 32.3 13.8 57.0 44.5

~ Topanol 354 58.8 58.9 25.6 36.6 33.7

Topanol CA 23.3 22.8 10.0 34.2 29.0

* Ratio of average induction periods for inhibited and uninhibited

samples.
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much lower weight concentrations when its molar concentration is 2x10 4 mol.

au . Its concentration, therefore, in the sample for experiment at constant

weight is increased, resulting in its improved inhibiting properties. This

improvement is, however, more apparant for oleic acid.

(ii)- There is a dramatic reduction in the induction period of samples of

oleyl alcohol containing Embanox 4 at the constant weight experiment. This

behaviour is a direct result of the much smaller quantity of Embanox 4

being present at constant weight experiment. For the experiments carried out

at constant molarity, since the molarity of Embanox 4 has been based on its

BHA content only (which is 20%), its total quantity present was five times

that of Embanox BHA.

(iii)- The induction periods of samples containing Topanol 354 have increased

in the case of experiments carried out at constant weight per cent. This is

again due to the larger quantity of Topanol 354 (8.3x10> g. /100 g. substrate)

being present.

(iv)- There is very little change in the values of the maximum rates of

oxygen absorption between the two sets of experiments. Any marginal differences

can be attributed to the experimental errors.

3.3.1.4 Molar Concentration of Topanol CA.

Topanol CA, being an outstanding tris-phenolic free-radical

acceptor, was selected for a study of the effects of the variation of the

cs es ° . . °,
starting antioxidant concentration. The experiments were carried out at 85 C

and the effect was investigated in the concentration range 2x10°3 = Talon

3 mol. ane)mol. an? of antioxidant. The most concentrated solution (2x10

was prepared by direct weighing and the other solutions were made up from

the stock solution by successive dilution . Figs. 3.3 and 3.4 show graphs of

the mean induction periods and the mean maximum rates of oxygen absorption
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respectively against concentration of antioxidant for oleic acid and oleyl

alcohol.

FIGURE 3.3

Variation of induction period with starting Topanol CA

concentration for autoxidation of oleic acid and oleyl

alcohol at 85°C.
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FIGURE 3.4

Variation of maximum rates of oxygen absorption with starting

Topanol CA concentration for autoxidation of oleic acid and

oleyl alcohol at 85°C.
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Fig. 3.3 which illustrates the dependence of the induction period

on the starting concentration of Topanol CA clearly shows that at the lower

concentrations up to 3x10-4 mol. dns? there is a linear relationship between

the induction period and the inhibitor concentration; at higher concentrations
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the graph becomes curved indicating some loss of efficiency of the

antioxidant. This type of behaviour can be explained in the following way.

Consider the typical reactions 3.1 - 3.8 taking place in the system:

ROOH ———————> RO* + HO" 3.1

RO’ (HO", HO, *) + RH——>ROH (H,0; 1,05) + R'pInitiation 3.2

AH + Cee a + HO, 3.3

R’ + Oa RO," 3.4
ke Propagation

RO," + RH————> ROOH + R* : 3.5
k

2. RO," feeeeenone Ty Termination 3.6

RO,* (RO*, HO", HO,*) + AH——»ROOH (ROH, H,0, H,O Jo sAS “S57
2 2 2 a Fa gate

Inhibition

RO, * (RO*, HO’, HO, *) + A° ——+ Y 3.8

As the inhibitor concentration is raised reaction 3.7 proceeds more rapidly

and is able to compete more strongly with reaction 3.5 for peroxy radicals.

This reduces the amount of hydroperoxide formed by reactions 3.4 and 3.5.

By thus lowering the rate of formation of hydroperoxides, the hydroperoxide

concentration at any given time is lowered. This lowers the rate of formation

of radicals by slowing down reaction 3.1. The radicals formed in reaction

3.1 ultimately consume inhibitor molecules, so that reducing the rate of

reaction 3.1 reduces the rate of inhibitor consumption. Therefore, the

overall effect of raising the concentration of the antioxidant is to lower

the rate of its consumption; thus, for example, doubling the starting

concentration of Topanol CA should more than double the induction period if

reaction 3.3 could be ignored. However, the rate of reaction 3.3 is directly

dependent on inhibitor concentration. As the inhibitor concentration is

raised, reaction 3.3 followed by reactions 3.7 and 3.8, will eventually
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contribute significantly to the total inhibitor consumption. The overall

effect of this process would be that doubling the starting inhibitor

concentration would less than double the induction period. By reasoning

along the same lines, Ingold??? explained similar behaviour which he

observed for a large number of phenolic antioxidants. He also pointed out

that, with the exception of some inhibitors at low concentrations, the

induction period is proportional, not to the first power of the inhibitor

concentration, but to some fractional power between 0.5 and 1.0. Moreover

the order decreases as the inhibitor concentration is increased. In the

present work this observation is fully confirmed. A double logarithmic plot

of the data in Fig. 3.3 gives a power dependence of 1.0 at low concentrations

of inhibitor and 0.5 at higher concentrations.

Fig. 3.4 shows that, as for the induction periods, the rate of

oxygen absorption decreases linearly with the starting concentration of

Topanol CA at the lower concentration range. However, at the higher Topanol CA

concentrations, where the oxygen-inhibitor reaction predominates, the

effectiveness of the added Topanol CA for the rates of oxygen absorption

falls off rapidly. Since these maximum rates of oxygen absorption were

measured at the end of the induction period, i.e. when all the Topanol CA

molecules had been consumed, this dependence of the rates on concentration

indicates that the products of the reaction of Topanol CA with hydroperoxides

are in themselves retarders of the autoxidation reactions of the fatty

_Bubstrates. The shapes of the graphs, however, suggest that the retarding

properties of these products are also subject to the same conditions as

Topanol CA itself. In other words, at higher concentrations their reaction

with atmospheric oxygen becomes more significant, resulting in a reduction

of their efficiency in the system. Antagonism, as a result of their
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interaction at higher concentrations, may also be a possible mechanism

affecting their efficiency.

One other point of interest which emerges from the results obtained

in this set of experiments is the significance of the termination reaction.

By a steady state analysis of reactions 3.1 - 3.8 and assuming that T3.g> 3.6

the following expression for the overall rate of oxygen absorption is

obtained (see section 1.2).

a [o]__*s Le)
aah

dt kg [an] @

Therefore, a graph of the rate of oxygen absorption agaist the reciprocal

3.9

of the antioxidant concentration should produce a straight line the slope

of which is ks feu] T; / kg . Such a graph for the above experiment is

illustrated in Fig. 3.5 for oleic acid and oleyl alcohol. These graphs

approach linearity only at the very early parts of the curves (along the

dotted lines), where the concentration of Topanol CA is quite high. This

indicates that a substantial rate of termination occurs via reaction 3.6 at

low concentrations of Topanol CA, while as its starting concentration is

increased, reactions 3.7 and 3.8 become more significant.

3.3.2 Oleic Acid with Added Polyunsaturated Fatty Acid Impurities.

3.3.2.1 Added Linoleic Acid.

In order to establish the effect of linoleic acid on oleic acid

solutions containing 10%, 5%, 2.5%, and 1% by weight of linoleic acid in

oleic acid were prepared by the direct addition of linoleic acid to oleic

3‘ ke . : -4 cs
acid. Where antioxidant was present its concentration was 2x10 ~ mol dm~.

The experimental temperatures selected for this study were 75°, 85°, and 95°C.
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Tables 3.11-3.13 show the induction periods obtained at 75°; 85°, and 95°C

respectively, while the corresponding results of the maximum rates of oxygen

absorption (corrected to STP) are given in Tables 3.14-3.16.

TABLE 3.11

Induction periods (hr.) for solutions of oleic acid containing

different percentages of linoleic acid at 75°C.

LINOLEIC ACID

% 10% 5% 2.5% 1%

Sample Sample Sample Sample Sample Sample Sample Sample

ANTIOXIDANT as Z 2 gi a A i 2
No antioxidant 1.0 1.0 1.9 1.9 2.4 2.4 3.7 3e5)

D.L.T.D.P. 1.0 1.0 1.7 1.6 2.2 2.3 3.7 3.8

Embanox BHA 6.6 6.7 9.4 9.5 18.8 19.3 33.4 34.0

Embanox 4 9.3 9.6% 1207 2 13.0 Zio Zoek, 206d) Boer

Topanol 354 3.9 4.0 7.9 8.2 10.6 10.5 14.4 14.2

‘Topanol CA 13.6 13.2 18.0 17.6 23.5 24.1 29.6 ° 2919

TABLE 3.12

Induction periods (hr.) for solutions of oleic acid containing

different percentages of linoleic acid at 85°C.

LINOLEIC ACID

% 10% 5% 2.5% 1%

Sample Sample Sample Sample Sample Sample Sample Sample

ANTIOXIDANT a 4 2 1 Z : Z

No antioxidant 0.6 0.6 1.1 1.1 1.3 1.4 By 1.7

D.L.T.D.P 0.5 0.5 0.9 0.9 1.3 1.3 1.7 1.8

Embanox BHA 4.4 4.2 8.6 8.1 17.1 1541. 28.9) 27.3

Embanox 4 7.3 6.9 10.1 10.4 20.2 20.7 23.8 25.5

Topanol 354 2.0 3.1 6.4 6.6 7.0 730) 1056) 1047

Topanol CA 10.6 9.6 14.2 14.6 21.2 2153! 24.6 24.9
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TABLE 3.13

Induction periods (hr.) for solutions of oleic acid containing

different percentages of linoleic acid at 95°C.

LINOLEIC ACID

% 10% 5% 2.5% 1%

Sample Sample Sample Sample Sample Sample Sample Sample

1 2 1 2 iL 2 al
ANTIOXIDANT

No antioxidant 0.2 0.2 0.5 0.5 0.7 0.7 1.0 1.0

D.L.T.D.P. 0.2 0.2 0.5 0.5 0.9 0.9 1.1 1.1

Embanox BHA 1.8 1.8 2.5 2.3 3.9 3.8 4.4 4.7

Embanox 4 a7 2.4 4.5 4.7 6.3 5.9 6.8 7.4

Topanol 354 1.0 0.9 1.6 1.6 2.3 2.3 3.8 4.0

Topanol CA 1.4 1.5 2.3 2.4 Sed. 3.1 4.5 4.9

TABLE 3.14

1
Maximum rates of oxygen absorption (y1 (STP) hr cm?) for solutions

of oleic acid containing different percentages of linoleic acid at 7526.

LINOLEIC ACID

Zz 10% 5% 2.5% 1%

Sample Sample Sample Sample Sample Sample Sample Sample

1 2 1 2 i 2 i 2

ANTIOXIDANT :

No antioxidant 61.7 61.2 51.3 49.8 42.5 40.0 39.6 38.0

D.L.T.D.P. 63.0 60.1 49.1 48.6 39.7 39.6 38.6 38.1

Embanox BHA 60.5. 61.5 51.0 — 52.9 39.2 40.0 36.1 35.0

Embanox 4 69.8 70.0 59.3 59.7 47.6 48.8 43.2 41.0

Topanol 354 49.7° 50.8 41.9 42.1 33.1 36.5 30.1 30.0

Topanol CA 67.2 64.0 56.1 54.2 45.6 46.2 39.8 39.2
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TABLE 3.15

Maximum rates of oxygen absorption (1 (STP) br com >) for solutions
of oleic acid containing different percentages of linoleic acid at 85°C.

LINOLEIC ACID

z 10% 5% 2.5% 1%

Sample Sample Sample Sample Sample Sample Sample Sample

1 Z: 1 2 1 Zz iu ie
ANTIOXIDANT

No antioxidant 78.5 75.9 69.5 68.8 62.0 6150 7 59.399 5937

D.L.T.D.P. 73.5 77.0 67.5 . 67.0: 5963 95858 54.2 ~755,1

Embanox BHA 70.2 73.8 65.5 63.5 54.8 54.4 48.5 47.6

Embanox 4 78.0 77.0 69.6 68.5 S74 58:9 5059 (S10

Topanol 354 69.5 67.4 61.0 59.7 51.4 53.7 43.3 46.9

Topanol CA 8154 -82.6 -75.1 75.3 69-8 -71.9 -63.4 65.0

TABLE 3.16

Maximum rates of oxygen absorption (ul (STP) cae cn) for solutions
of oleic acid containing different percentages of linoleic acid at 95°C.

LINOLEIC ACID

% 10% 5% 2.5% 1%

Sample Sample Sample Sample Sample Sample Sample Sample

1 2 1 2 1 2 as 2
ANTIOXIDANT

No antioxidant. 90.8 90.2 86.4 87.4 81.0 7939) 76.2). 75.0

D.L.T.D.P. 83.4 84.5 79.6 78.5 737. 73.0) 68.1. 68.7

Embanox BHA 81.9 82.6 75.0 74.6 68.2 69.5 60.5 61.8

Embanox 4 84.2 82.8 74.2 76.5 66.2 66.9 58.8 58.9

Topanol 354 83.1 83.3 76.5 77.4 73.1 72.9 67.7 681

Topanol CA 95-8" 96.6. 95.27 93.1 88.2 86.9 81.1 79.0
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3.3.2.2 Added Linolenic Acid.

This series of experiments with linolenic acid was carried out

in a similar manner to the experiments with linoleic acid (section 3.3.2.1).

The following percentages by weight of linolenic acid in oleic acid were

used: 10%, 5%, 2.5%, and 1%. The temperatures selected for these

investigations were 75a; 85°, and 95°C. Where antioxidant was present its

concentration was 2x10 “mol dmc The induction periods obtained from these
°oexperiments at 75°, 85°, and 95°C are given in Tables 3.17 - 3.19 respectively,

while the corresponding maximum rates of oxygen absorption (corrected to SIP)

are shown in Tables 3.20 - 3.22.

TABLE 3.17

Induction periods (hr) for solutions of oleic acid containing

different percentages of linolenic acid at TS°Cs

LINOLENIC ACID

z 10% Seas 2.5% 1z

Sample Sample Sample Sample Sample Sample Sample Sample

i 2 1 2 1 z 1 2

ANTIOXIDANT

No antioxidant 0.5 0.5 0.8 0.9 1.2 1.2 1.7 1.8

D.L.T.D.P. 0.9 of 1.2 1.1 1.6 1.4 2.3 2.8

Embanox BHA 7.2 Tete” 21a] 10.8 14.4 15.3 18.7 18.9

Embanox 4 4.5 4.9 7.2 7.2 14.4 14.4 16.2 16.3

Topanol 354 6.7 8.1 9.8 10.3 13.3 14.4 17.5 18.0

Topanol CA 5.8 Sol EIS.) #1369 1752 & 745, 1928) 5 2018)
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TABLE 3.18

Induction periods (hr) for solutions of oleic acid containing

different percentages of linolenic acid at 85°C.

LINOLENIC ACID

a 102% 52% 2.5% 1%

Sample Sample Sample Sample Sample Sample Sample Sample

i. 2 z 2 1 2 z 2
ANTIOXIDANT

No antioxidant 0.2 0.2 0.2 0.2 0.5 0.5 1.0 1.0

D.L.T.D.P. 0.2 0.2 0.2 0.2 0.6 0.6 1.2 Lee

Embanox BHA 2 tge RON RS A ch 28 Donat 04) 209l4eamels,S

Embanox 4 3.4 3.4 4.1 4.5 5.2 5.4 8.1 Hah

Topanol 354 3.1 3.6 4.1 4.1 4.9 4.9 529 6.1

Topanol CA 2.0 1.8 4.3 4.5 9.0 8.8 14.4 13.9

TABLE 3.19

Induction periods (hr) for solutions of oleic acid containing

different percentages of linolenic acid at 95°C.

LINOLENIC ACID

% 10% 5% 2.5% 1%

Sample Sample Sample Sample Sample Sample Sample Sample

i 2 uv 2 1 2 a 2
ANTIOXIDANT

No antioxidant 0.2 0.2 0.2 0.2 0.5 0.5 0.5 0.5

D.L.T.D.P. 0.2 0.2 0.2 0.2 0.5 0.5 0.7 0.7

Embanox BHA 0.9 0.9 2.0 2.1 2.3 2.3 2.7 2.7

Embanox 4 0.9 1.2 1.8 1.8 3.2 3.0 4.1 4.1

Topanol 354 1.4 1.6 1.8 1.8 2.0 2.0 2.2 2.2

Topanol CA 1.0 1.0 2.3 2.7 3.1 3.2 4.3 4.7



TABLE 3.20

LMaximum rates of oxygen absorption (41 (STP) hr cae) for solutions
of oleic acid containing different percentages of linolenic acid at 75%.

LINOLENIC ACID

Z 10% 5% 2.5% 1%

Sample Sample Sample Sample Sample Sample Sample Sample

1 2 1 2 1 2 et c
ANTIOXIDANT

No antioxidant 70.0 70.8 54.1 53.3 46.7 47.7 36.2 39.5

D.L.T.D.P. 63.4 62.5 49.6 50.0 45.3 43.4 39.7 39.2

Embanox BHA 66.9 64.8 59.8 55.2 49.2 48.7 41.8 41.5

Embanox 4 75.015 1500: 4. Olsen = ond 51.2 51.1 44.0 43.0

Topanol 354 53.8 55.7 44.9 47.5 41.0 40.2 33.7 32.1

Topanol CA 80.1 82.8 68.7 69.1 62.0 60.1 50.8 50.0

TABLE 3.21

3;Maximum rates of oxygen absorption (1 (STP) hr cm >) for solutions
of oleic acid containing different percentages of linolenic acid at 85°C.

LINOLENIC ACID

Z 10% 5% 2.5% 1%

Sample Sample Sample Sample Sample Sample Sample Sample

1 2 1 2 3 2 1 2

ANTIOXIDANT

No antioxidant 82.5 82.0 72.4 72.0 66.3 65.7 59.2 58.1

D.L.T.D.P. 78.8 78.0 66.3 64.5 58.4 59.9 57.6 58.8

Embanox BHA 7958) 19.51 10.49" 71.3 63.5 62.5 57.2 60.0

Embanox 4 77.5 75.6 70.9 70.1 3929)! 5967) 5542) = 5160

Topanol 354 66.2 65.4 57.6 59.4 52.0 51.0 44.8 43.2

Topanol CA 8959" "89.6" 83-5» 810 75.6 73.2 66.7 66.1
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TABLE 3.22

Maximum rates of oxygen absorption (1 (STP) br cm”) for solutions
of oleic acid containing different percentages of linolenic acid at 95°C.

LINOLENIC ACID

2 10% 5% 2.5% 1%

Sample Sample Sample Sample Sample Sample Sample Sample

1 2 1 2 1 2 1 2

ANTIOXIDANT

No antioxidant 94.7 95.6 89.9 90.1 83.4 18255 —78sie 77.5

D.L.T.D.P. 90.1 89.5 79.6 79.5 74.5 73.4 69.7 69.8

Embanox BHA 90.5 90.0 82.5 81.6 53276680 | 64 e1* 05,9

Embanox 4 88.4 88.8 77.2 79.3 65.8 67.7 58.4 58.5

Topanol 354 88.0 88.2 80.4 81.6 T3sl y- T1s& 70530 7082)

Topanol CA Boe ILO,” ted, “OLeL 87.2 79.0 82.3 81.4

3.3.2.3 Added Methyl Linoleate

In order to establish the function of the carboxylic group of the

impurities, such as linoleic and linolenic acids, present in oleic acid, an

. ° OAs * : : : one

experiment was carried out at 85 C in which solutions of oleic acid containing.

10%, 5%, 2.5%, and 1% concentration by weight of added methyl linoleate were

autoxidised. The concentration of antioxidant, where present, was 2x10-* mol

a The results obtained for the induction period and maximum rate of

oxygen absorption from this set of experiments are given in Tables 3.23 and

3.24 respectively.
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TABLE 3.23

Induction periods (hr) for solutions of oleic acid containing

different percentages of added methyl linoleate at 85°C.

METHYL LINOLEATE

% 10% 5% 2.5% 1%

Sample Sample Sample Sample Sample Sample Sample Sample

ak 2 1 2 av 2 2 2

ANTIOXIDANT

No antioxidant 0.6 0.6 0.9 0.9 1.2 1.3 io 1.6

D.L.T.D.P. 0.9 0.9 1.3 1.3 1.5 1.5 2.0 2.0

Embanox BHA 6.3 6.7 8.3 8.7 9.3 9.4 10.3 10.3

Embanox 4 Zoo 2.4 3.8 3.8 4.9 4.9 5.9 5.6

Topanol 354 2.3 2.1 3.3 3.1 4.1 4.0 5.1 5.0

Topanol CA 3.1 3.4 4.7 5.3 6.7 6.8 7.6 7.6

TABLE 3.24

itMaximum rates of oxygen absorption (y1 (STP) hr cm) for solutions

of oleic acid containing different percentages of methyl linoleate at 85°C.

METHYL LINOLEATE

% 10% 5% 2.5% 1%

Sample Sample Sample Sample Sample Sample Sample Gample

1 2 i 2 34 2 al 2
ANTIOXIDANT

No antioxidant 81.1 79.9 74.0 71.2 64.7. 63.5) (5753 56.4

D.L.T.D.P. 81.4 78.6 73.8 71.6 63.2 64.0 54.1 55.2

Embanox BHA 69.8 72.9 66.5 67.2 58.4 59.3 51.7 50.6

Embanox 4 83.1 81.2 70.6 72.8 GE.3 5926 516A 5357,

Topanol 354 71.6 72.0 62.1 60.0 52:7 +7523) 4355" “A526

Topanol CA 85.6 82.4 79.1 79.6 73.2 71.4 64.2 64.3
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3.3.3. Oleyl Alcohol with Added Linoleyl Alcohol.

A series of experiments with oleyl alcohol containing different

percentages of deliberately added linoleyl alcohol was performed in a similar

manner to those with oleic acid in the presence of linoleic and linolenic acids

Solutions of oleyl alcohol containing 10%, 5%, 2.5%, and 1% concentration

by weight of linoleyl alcohol were autoxidised in the usual manner at 85°C.

The concentration of antioxidant, where present, was 2x1074 mol dake The

observed induction periods and maximum ates of oxygen absorption are given

in Tables 3.25 and 3.26 respectively.

TABLE 3.25

Induction periods (hr) for solutions of oleyl alcohol containing

different percentages of linoleyl alcohol at 85°C.

LINOLEYL ALCOHOL

% 10% 5% 2.5% 1%

Sample Sample Sample Sample Sample Sample Sample Sample

iu 2 i 2 1 2 il 2
ANTIOXIDANT

No antioxidant 0.8 0.8 1.0 1.1 1.2 1.3 2.1 2.2

D.L.T.D.P. 0.8 0.8 1.1 Le 1.6 1.5 aoe 2.2

Embanox BHA 5.5 2.0; 13.9" “15.5 29.1 290) 3752) 3607)

Embanox 4 26.1 26.6 42.7 41.1 572% 6052) 88.91) 9262

Topanol 354 9.5 9.8 16.7 16.7 27.2. 28.7. 34.4 3545

Topanol CA 5.2 5.8 9.4 10.0 28.9 28.9 35.5 35.8
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TABLE 3.26

Maximum rates of oxygen absorption (1 (STP) roe ac) for solutions

of oleyl alcohol containing different percentages of linoleyl alcohol at 85°C.

LINOLEYL ALCOHOL

Z 10% 5% 2.5% 1%

Sample Sample Sample Sample Sample Sample Sample Sample

1 2 J: 2 1 2 1 2
ANTIOXIDANT

No antioxidant 5765 56.7 449.8 50.1 42.0" 139.9). 332° - 33.5

D.L.T.D.P. 55.6 52.4 48.3 47.5 37.6 38.4 33.0 32.6

Embanox BHA 62.1 60.4 56.0 52.8 47.0 46.1 43.9 42.6

Embanox 4 84.5 83.8 71.9 77.2 68.6 68.5 63.3 62.4

Topanol 354 58.2 59.1 47.6 48.3 39.1 40.2 36.1 34.0

Topanol CA 63.3 64.5 57.8 55.6 49.1 48.2 39.0 38.4

From a survey of the results given in Tables 3.11 - 3.26 the

following conclusions can be drawn:

(i) - The effect of the impurity on the substrate is to drastically reduce

the magnitude of the induction period and increase the corresponding value

of the maximum rate of oxygen absorption.

(ii) - While the number of ethylenic double bonds present in the impurities

has an important effect on the autoxidation behaviour of oleic acid, the

effect of the functional groups (such as carboxylic group) present in the

impurities is almost negligible.

(iii) - The presence of antioxidants in the system results in an improvement

in the induction periods, even at impurity concentrations as high as 10%.

There is, however , very little change in the values of the maximum rates
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of oxygen absorption between samples containing various antioxidants and

those without any antioxidant. This is, of course, due to the fact that

the maximum rates of oxygen uptake measurements were taken at the end of

the induction period, when the antioxidant in the system had been totally

consumed. It is conceivable, however, that the products of the thermal

autoxidation of some of the antioxidants used may themselves act as retarders

or accelerators in the samples (c.f. section 3.3.1.4) leading to the slight

differences in the rates.

(iv) - The temperature range 75° - 95°C at which the autoxidation of oleic

acid in the presence of linoleic and linolenic acids was investigated

proves to be an adequate range, with the best results being obtained at

85°C.

(v) - Judging by the induction periods only, it appears that although

increasing the percentage of impurity has a worsening effect on the substrates

it is the first 12% of the impurity which causes the most significant reduction

in the induction period.

Figs. 3.6 and 3.7 show the dependence of the induction periods

and maximum rates of oxygen absorption respectively on the weight percentage

of linoleic acid in oleic acid at 85°C for samples containing various

- mol am. Similar graphs are also obtained forantioxidants at 2x10_

linoleic acid and methyl linoleate in oleic acid, and for linoleyl alcohol

in oleyl alcohol. Since these plots are all non-linear it is convenient for

the purposes of comparing the adverse effects of different impurities, to

define two constants Ky and kK such that Ky is the slope of the tangent

drawn at the initial part (zero concentration of impurity) to the curves

of induction period against weight per cent at 85°C, and Kk is the correspond-

ing slope of the tangent drawn at the initial part to the curves of maximum
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rate of oxygen absorption against weight per cent at 85°C. The values of

Ky and kK obtained in this way are indicated in Table 3.27.

TABLE 3.27

Values of Ky and K for autoxidation of oleic acid and oleyl

alcohol containing added impurities and antioxidants at 85°C.

SUBSTRATE IMPURITY ANTIOXIDANT K G

Oleic acid Linoleic acid No antioxidant 0.18 8.5

D.L.T.D.P. 0.2 8.8

Embanox BHA 12.5 5.5

Embanox 4 8.4 6.1

Topanol 354 5.6 5.5

Topanol CA hob 5.5

Olic acid Linolenic acid No antioxidant 0.45 6.3

x D.L.1.D.P. 0.5 a7,

Embanox BHA 93.7 ek

Embanox 4 64.0 8.5

Topanol 354 a5) 6.6

Topanol CA 28.8 8.1

Oleic acid Methyl linoleate No antioxidant 0.22 54

: D.L.T.D.P. 0.25 9.0

Embanox BHA 28.8 7.6

Embanox 4 26.7 9.0

Topanol 354 10.1 Bel:

Topanol CA 26.5 6.0

Oleyl alcohol Linoleyl alcohol No antioxidant 0.3 562

D.L.T.D.P. 0.31 4.3

Embanox BHA 6.8 3.0

Embanox 4 12.5 3.8

Topanol 354 28.9 2.5

Topanol CA 9.7 5.7

* Units of Ky and KR are hr weet and yl 0, (STP) nr em? weer respectively.
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These results show that the presence of polyunsaturated impurities

not only affects the stability of the pure substrates, but also the effect

of antioxidants. This latter effect is revealed by an examination of the

values .of Ky in Table 3.27 which vary very widely between antioxidants. From

the point of view of commercial utility it is clear that removal of poly-

unsaturated compounds can have a very dramatic effect on the stability of

these fatty substrates.

In the case of experiments carried out with oleic acid containing

linoleic and linolenic acids as impurities, since the results were obtained

at three different temperatures, it was possible to plot the Arrhenius

graphs. Figs. 3.8 and 3.9 illustrate the typical Arrhenius graphs which are

obtained when the maximum rates of oxygen absorption are plotted against

the reciprocal values of the absolute temperature of the experiment for

samples of oleic acid containing 2x10"* mol an? of antioxidant and 5%

concentration by weight of linoleic acid and linolenic acid respectively.

The pattern shown by these graphs are very similar to those which are

obtained when the Arrhenius graphs are plotted for other concentrations

of the polyunsaturated acid impurities.

The corresponding Arrhenius plots for the induction periods

were, however, rather scattered owing to the significant influence of these

impurities on the magnitude of the induction period when present at 1%

and, therefore, were omitted.

From Figs. 3.8 and 3.9 and the corresponding Arrhenius plots

obtained for experiments with 1%, 2.5%, and 10% impurities, it appears that

at higher temperatures ( 95° ¢ and above), antioxidants such as Embanox 4

and Embanox BHA are quite efficient in retarding the rate of autoxidation

of oleic acid contaminated with linoleic and linolenic acid impurities. As

the temperature is lowered, however, their efficiency is reduced and in fact
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at temperatures of 75°C and below they markedly increase the rate of oxygen

absorption of the substrate. For samples containing Topanol 354 or D.L.T.D.P.

as antioxidants, however, the efficiency for the reduction of the rates of

oxygen absorption is operative even at lower temperatures.

The activation energies obtained from the Arrhenius plots of

the maximum rates of oxygen absorption of oleic acid samples containing

different weight percentages of linoleic and linolenic acid impurities are

given in Tables 3.28 and 3.29 respectively.

TABLE 3.28

Activation energies (KJ mol‘) for maximum rates of oxygen uptake

of oleic acid samples containing different percentages of linoleic

acid.

LINOLEIC ACID

z 10% 5% 2.5% 1% Negligible

ANTIOXIDANT

No antioxidant | 45.3 64.2 76.0 79.9 84.1

DsL. TDi: 38.0 63.1 75.1 78.5 85.2

Embanox BHA 19.8 43.1 61.7 63.1 201

Embanox 4 12.7 26.7 37-5. 41.7 43.7

Topanol 354 60.8 79.4 90.9 95.7 99.9

Topanol CA 46.7 61.0 69.1 72.8 73.2
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TABLE 3.29

Activation energies (KJ mole) for maximum rates of oxygen uptake

of oleic acid samples containing different percentages of linolenic

acid.

LINOLENIC ACID

% 10% 5% 2.5% 1% Negligible

ANTIOXIDANT

No antioxidant 37.3 54.6 67.0 83.8 84.1

D.L.T.D.P. 39.8 56.0 61.5 74.4 85.2

Embanox BHA 39.6 49.3 55.7 70.2 7264

Embanox 4 19.5 31.8 35.7 39.6 43.7

Topanol 354 56.0 66.5 65.2 86.6 99.9

Topanol CA 13.3 35.2 36.8 58.2 73.2

The values given in Tables 3.28 and 3.29 show a sharp drop in

the activation energies as the concentration of polyunsaturated impurity

is increased. Mostly, activation energies are halved with the presence of

10% impurity, and in some cases (e.g. with linoleic acid in conjunction with

Embanox 4) the activation energy is reduced by a factor of 3.

3.4 SYNERGISM IN ANTIOXIDANT ACTION.

3.4.1 Combination of Two Antioxidants.

In these experiments the synergistic effects for the two following

systems were investigated at 85°C on the Automatic Oxygen Absorption Recording

Apparatus:

(i) - Dilaurylthiodipropionate (D.L.T.B.P.) plus one of each of the other
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antioxidants.

Solutions of oleic acid and oleyl alcohol containing 2x10~4 mol dns?

concentration of D.L.T.D.P. were prepared in bulk. Using these solutions

the sample solutions were made up containing 2x1074 mol dn? concentration

of one of each of the other antioxidants.

(ii) - Embanox 4 ( which itself is already a synergistic combination of

monophenolic Embanox BHA (20%) mixed with citric acid (20%) in propylene

glycol) with trisphenolic Topanol CA antioxidant.

The solutions of oleic acid and oleyl alcohol with the two

antioxidants were prepared in such a way that the concentration of each

antioxidant was 2x10 4 mol aus? with respect to the substrate, and 1 cm?

duplicate samples of these solutions were used. The induction periods

obtained from these experiments are given in Table 3.30 (section 3.4.2).

3.4.2 Combination of Three Antioxidants.

The effect of synergism for the following combinations of

antioxidants were investigated at 85°C:

(i) - D.L.T.D.P. + Embanox 4 + Topanol CA.

(ii) - D.L.T.D.P. + Embanox 4 + Topanol 354.

(iii) - D.L.T.D.P. + Embanox BHA + Topanol CA.

(iv) - D.L.T.D.P. + Embanox BHA + Topanol 354.

In every case, the concentration of each individual antioxidant

4
was fixed at 2x10’ mol an? with respect to the substrate. Since D.L.T.D.P.

was the common antioxidant in all these experiments, stock solutions of

: mol dm concentration ofoleic acid and oleyl alcohol containing 2x10

D.L.T.D.P. were prepared in advance. Appropriate quantities of each of the

other antioxidants were weighed in volumetric flasks and the final solutions



126

were made up by the direct addition of the stock solutions of oleic acid

or oleyl alcohol to each flask. The flasks were shaken thoroughly using a

mechanical shaker to ensure complete dissolution of the antioxidants, and

the experiments were then carried out in the usual way. The induction period.

obtained for each of these systems are given in Table 3.30 together with

the induction period for each individual antioxidant at 85°C.

TABLE 3.30

Induction periods (hr) obtained for each antioxidant and the synergistic

combination of antioxidants at 85°C.

ANTIOXIDANT OLEIC ACID OLEYL ALCOHOL

1p tebe’ Bo 1p. 1pl eato
IP, IP,

No antioxidant 1.8 2.3

DLTDP 2.1 2.5

Embanox BHA 39.1 43.5

Embanox 4 46.3 101.1

Topanol 354 16.8 40.2

Topanol CA 34.0 45.1

DLTDP + Embanox BHA 46.6 41.2 1.13 51.3 46.0 1.11

DLTDP + Embanox 4 53.2 48.4 1.09 118.4 103.6 1.14

DLTDP + Topanol 354 22.4 18.9 1.18 49.5 42.7 1.15

DLTDP + Topanol CA 43.0 36.1 1.19 57.9 47.6 Look

Embanox 4 + Topanol CA 92.2 80.3 1.14 225.5 146.2 1.54

DLTDP+Embanox BHA+Topanol 354 71.4 58.0 1.23 184.0 86.2 2.13

DLTDP+Embanox BHA+Topanol CA 93.8 75.2 1.24 136.6 91.1 1.49

DLTDP+Embanox 4+Topanol 354 81.7 65.2 1.25 291.9 143.8 2.02

DLTDP+Embanox 4+Topanol CA 97.1 82.4 1.17 277.2 148.7 1.86

* IP, = Observed induction period.

pe. Expected induction period calculated by summing induction periods

for each antioxidant when used alone.
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From Table 3.30, it appears that, for all the antioxidant

combinations which were investigated some degree of synergism is obtained,

and none of the mixtures show antagonistic effects. In the case of the

combination of two antioxidants a mild synergistic effect is shown which is

fairly comparable in both substrates. For the triple antioxidant combinations

while there is no drastic change in the induction periods of oleic acid

samples, some significant synergisms (which in some cases are more than

100%) are achieved for samples of oleyl alcohol.

Considering the typical reactions taking place in an autoxidation

system (section 3.3.1.4), however efficient a free-radical inhibitor may be

at suppressing reaction 3.5, some hydroperoxide is bound to be formed from

reaction 3.7 if from no other source. If this hydroperoxide is destroyed

by a peroxide decomposer before it can decompose into free-radicals, the

effectiveness of the free-radical inhibitor will be increased. Furthermore,

since the peroxide decomposer may itself be subject to attack by peroxy

radicals*/*9® » its own effectiveness is also improved by the free-radical

inhibitor. It is clear, therefore, that a free-radical inhibitor anda

peroxide decomposer play complementary roles in inhibiting autoxidation

reactions. The highly hindered phenols such as Topanol CA, Topanol 354, and

Embanox BHA are quite strong inhibitors, but are very inactive peroxide

decomposers. Their rate of reaction with peroxides is, in fact, sufficiently

small that the reaction can be neglected in oil autoxidations-°, and they

can, therefore, be considered to function solely as free-radical traps. The

results given in Table 3.30 show that mixtures containing these antioxidants

always exhibit true synergism which suggest that the second inhibitor

(D.L.T.D.P. or Embanox 4) is functioning as a peroxide decomposer. This

behaviour of D.L.T.D.P. as an active synergist is consistent with the findings

of Neureiter and Brown20! who discovered that amongst all the sulphur
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containing antioxidants which they investigated, D.L.T.D.P. showed the most

outstanding synergistic activity.

The anomalously large synergistic effect which is shown for the

triple antioxidant combinations in the case of oleyl alcohol may be due

to the formation of primary products which are themselves inhibitors in

oleyl alcohol. Also the favourable synergistic antioxidant combination of

Embanox 4 for oleyl alcohol is a major factor influencing the results

obtained for oleyl alcohol.

3.5 SYNTHESES OF NEW NICKEL CHELATES.

In order to investigate the inhibiting effect of bis (stilbene

dithiolato) nickel (11) ,¢ NiSDT,) compounds in more detail, and to examine

the effects of changes in structure upon inhibition efficiency, the need

arose for the preparation of certain para-substituted NiSDT compounds. For

this reason, the syntheses of bis (di-p-isopropyl stilbene dithiolato) Ni(II)

(DIP-NiSDT) and bis (di-p-tert.butyl stilbene dithiolato) Ni(II) ,( OTB-NisDD

were carried out.

3.5.1 Bis (di-p-isopropyl stilbene dithiolato) Ni (II).

The di-p-isopropyl benzoin intermediate necessary for this synthesis

was prepared by the condensation of cumin‘c aldehyde as described in the

previous section (section 2.2.10.2). After purification the benzoin was

reacted with phosphorous pentasulphide and the mixture heated with a solution

of nickel chloride as described before (section 2.2.10.2). A yield of 34 g.

of DIP-NiSDT was obtained which melted with decomposition at 294°C. The

structure of the compound was confirmed from its nmr and ir spectra. In the

high resolution nmr spectrum ' (Fig. 3.10), as was expected, the aromatic



Teh eaae aay

eet

N.M.R.

FIG. 3.10

et

621

gig hay



WO) SSENANSAVM
OL 00zL

02
LdastN-dId 40 WhYLoads *a°t

It’€ *d1d

OF

3a

OF

\

u

08

Saree
OLE sa: SS|BS

Peeper



131

protons were split into doublets with coupling constant, a 8 Hz (expécted

value of J for the para-positions is 6 - 9 Hz). Tie peak at 7.61 (heptet)

was assigned to the single proton of the isopropyl group while the protons

of the methyl groups were shown by the doublet at 8.76t. In the ir spectrum

from a KBr disc (Fig. 3.11) the characteristic peaks (section 2.2.10.1)

occurred at w,=1355 cm; w2=1148 ce and w3= 882 enue The absorption bands

and their extinction coefficients obtained from the electronic spectrum

of DIP-NiSDT are given in Table 3.31 (section 3.5.3).

3.5.2 Bis (di-p-tert.butyl stilbene dithiolato) Ni (II).

Since none of the intermediate compounds necessary for this

synthesis was commercially available, p-tert.butyl toluene was chosen as

the starting material (section 2.2.10.3). 75 g. of the toluene were brominated

exclusively at the methyl group. The p-tert.butylbenzyl bromide (I) (64 g.)

was oxidised to the aldehyde (II) using hexamethylenetetramine (Sommeletts'

Reaction). The benzoin condensation of the p-tert.butylbenzaldehyde (22 g.)

yielded 1lg. of faintly yellow needle-like crystals of di (p-tert.butyl)

benzoin (III), melting at 172.6°C. The structure was confirmed from the

nmr and ir spectra analysis. In the high resolution nmr (Fig. 3.12) the

aromatic protons are split three ways with the peaks at 2.1 - 2.21 and

2.5t being due to the protons of the phenyl ring adjacent to the C = O group

and the doublet at 2.7t due to the protons of the second phenyl group. The

single peak at 4.11t was assigned to the isolated hydrogen atom and the peak

at 7.18t was that of the OH group. The tertiary butyl protons appear as a

doublet at 8.71-3t.

Bis (di-p-tert.butyl stilbene dithiolato) nickel (11) was prepared

by first reacting di(p-tert.butyl) benzoin with phosphorous pentasulphide
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in 1,4-dioxan, and heating the ester (IV) with an aqueous solution of

nickel chloride. Green crystals (5 g.) of DIB-NiSDT (V) were obtained

which melted with decomposition at 328.5°C. The structure was confirmed

from the high resolution nmr (Fig. 3.13) and ir (Fig. 3.14) spectra analysis.

Interpretation of the nmr spectrum was very simple, with the peak at 2.721

being assigned to the aromatic protons (not affected by the tert.butyl group)

and the peak at 8.691 being due to the protons of the methyl groups of

the tert.butyl substituents. (The small peak at 2.79t was due the chloroform

impurity present in the deuterated chloroform which was used as the solvent).

In the ir spectrum the characteristic bands (section 2.2.10.1)

occurred at w,=1350 én, wo= 1140 cae and w3=880 care. The absorption

bands, together with their extinction coefficients, of the electronic

spectrum are given in Table 3.31 (section 3.5.3).A reaction scheme for the

preparation of bis (di-p-tert.butyl stilbene dithiolato) nickel (II) is

presented on the next page.

3.5.3 Visible and U.V. Absorption Spectra of the Nickel Chelates.

The positions and the extinction coefficients for the characteristic

absorption bands of the nickel chelate and its para-substituted compounds,

used in this work, are given in Table 3.31. The visible and uv spectra of

these compounds in chloroform were obtained on a Hitachi Perkin-Elmer “PS-3T

drum recording sectrophotometer, using 0.1 cm cells.

The spectra obtained and the extinction coefficients were in

close agreement with literature values wherever the latter were available.

The extremely high values of the extinction coefficients for the visible

region bands of these compounds implies that even extremely dilute solutions

are quite strongly coloured; this factor may be a limitation in practical
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REACTION SCHEME FOR THE PREPARATION OF DTB-NiSDT

(CHg)3 C(CHg)3

1) + By ——

CH3 CHpBr

OcHyg C(CHa)s

1) ob (Cte, (Sommetett's Reaction)

CHoBr CHO

OCHa)3 C(CHa)3 .

Ht) —— Or CHa),

CHO
i(p-tert. butyl) benzoin

CC Ha)g

C(CH3)3

IV) ae P. 1,4-Dioxane | aN f
| aa 4 Sio = Oe

OH—C—H 120 7) of
Ny

C(CH3)3

C(CHg) Thiophosphoric ester
3/3

(V) NiClo
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TABLE 3.31

Values of a (nm) for the principal absorption bands of NiSDT

and its para~substituted derivatives. Values of log € are indicated

in parentheses.

NICKEL CHELATE Vv} vo v3 Vy V5

NisDT 865(4.49) 602(3.31) 317(4.71) 271(4.55)

DIP-NisDT 895(4.54) 595(3.54) 320(4.72) 278(4.66) 236(4.53)

DIB-NiSDT 896(4.47) 625(3.39) 324(4.64) 277(4.59) 237(4.44)

C1-NiSDT 870(4.53) 605(3.54) 322(4.72) 278(4.66) 237(4.54)

MeO-NiSDT 930(4.57) 635(3.38) 332(4.56) 303(4.70) 285(4.66)

3.6 SOLUBILITY OF NICKEL CHELATES.

A series of solubility tests was carried out on the nickel

chelate inhibitors, using different solvents (see section 2.4.2). The

values of the maximum solubility (in molar concentration) for each of the

nickel chelates in chloroform, ethyl benzoate, oleic acid, and oleyl alcohol

are given in Table 3.32.

Clearly the introduction of hydrocarbon substituents has a beneficial

effect on the solubility of the complexes in the fatty substrates, while

polar substituents markedly reduce the solubility. From these solubility

data it was concluded that, with the exception of MeO-NiSDT, all the other

nickel complexes have a greater solubility than 2x10"* mol an? in oleic
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acid and oleyl alcohol. These chelates could, therefore, be incorporated

4
in these fatty substrates up to concentrations of 2x10 mol an? without

the need for a carrier solvent.

TABLE 3.32

Maximum solubility (x10? mol ani) for various nickel chelates

in chloroform, ethyl benzoate, oleic acid, and oleyl alcohol at

room temperature.

COMPOUND CHLOROFORM ETHYL BENZOATE OLEIC ACID OLEYL ALCOHOL

NiSDT 37 14 5.0 2.7

DIP-NiSDT 48 19 5.4 8.1

DTB-NiSDT 51 20 5.7 Bee

C1-NiSDT 39 : 11 4.6 : 2.2

MeO-NiSDT 17 8.8 1.2 0.7

3.7 KINETIC STUDIES WITH NICKEL CHELATE ANTIOXIDANTS.

3.7.1 Experiments Without Carrier Solvent.

In this series of experiments the inhibiting effect of NiSDT and

its para-substituted derivatives on oleic acid and oleyl alcohol was

investigated at different temperatures. While the Warburg apparatus was

used for the measurement of the induction periods and the rates of oxygen

absorption the determination of the kinetics of consumption of these chelates

was carried out using Shaking Reaction Incubators.
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3.7.1.1 Experiments Using Warburg Apparatus.

Solutions containing 2x10“ mol fa concentration of NiSDT and

its para-substituted compounds were prepared from the more concentrated

bulk solutions. 1 cm? samples were placed in the reaction flasks and

immersed in the Warburg baths, set at temperatures 65°, 75°, and 85°C.

The induction periods and the maximum Fates of oxygen absorption which were

measured for each sample are given in Table 3.33 for oleic acid and oleyl

alcohol.

_ TABLE 3.33

Induction periods and maximum rates of oxygen absorption (corrected

to STP) obtained for samples of oleic acid and oleyl alcohol with

different nickel chelates at 65°, 75°, and 85°C.

The induction periods (IP) are given in hours and the maximum rates

of oxygen absorption (RATE) are given injl (STP) nr cm? .

SUBSTRATE CHELATE 65°C 75°C 85°C

IP RATE IP RATE IP RATE

Oleic acid - - - 4.1 36.1 1.8 46.8

NiSDT 21.5, 109s) 15.0 po liyt2" . 9,0)0125403

DIP-NisDT 18-5 © 113.289 Alea $201. «(605° 130.6

DIB-NiSDT 51.0 96.4 27.5 102.0 18.0 107.8

C1-NisDT 41.5 99.2 24.0 106.8 13.5 114.3

Oleyl alcohol - Ee = - 2.4 31.0

NiSDT 175.0 62.8 88.0 69.1 56.5 76.3

DIP-NiSDT 163.2 65.7 77.0 74.3 45.5 83.4

DIB-NiSDT 214.6 Shed. 121.55: 63:9; 68'-1) 70-5

C1-NiSDT 182.0 62.0 93.0 68.7 52.0 75.6
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Since the concentration of the nickel chelate antioxidants used

in this set of experiments, i.e. 2x10 4 mol ani is the same as the

concentration of the conventional antioxidants which were used in the

parallel set of experiments previously (section 3.3.1.2), it is possible

to compare and contrast these results, particularly those obtained at 85°C,

directly with those given in Tables 3.5 and 3.7 for oleic acid and oleyl

alcohol. It is evident that the antioxidant efficiency of the nickel chelate

antioxidants, as indicated by the induction periods is rather poor compared

to the conventional phenolic antioxidants for oleic acid solutions. However,

the chelates show much better efficiency in solutions of oleyl alcohol and,

in fact, in most cases they are better inhibitors than the conventional

mono- and tris-phenolic antioxidants.

Fig. 3.15 shows the typical oxygen uptake graphs for oleic acid

and oleyl alcohol with DTB-NiSDT from which it can be seen that the ending

of the induction period in system containing these nickel chelate antioxidants

is extremely sharp compared with other inhibitors. This is consistent with

the idea that free metal. ions are released during the.induction period and

are able to catalyse the subsequent degradation. This conclusion is amply

confirmed by the high rates of oxygen absorption indicated in these reactions

and the comparatively low activation energies which are obtained for the

post inhibition rates.

The activation energies for the induction periods and the maximum

rates of oxygen absorption which were obtained from the Arrhenius plots for

oleic acid and oleyl alcohol containing various nickel chelates are given

in Table 3.34.
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TABLE 3.34

Activation energies of induction periods (5) and maximum rates of

of oxygen absorption «@,) for oleic acid and oleyl alcohol samples

containing various nickel chelate antioxidants.

NICKEL CHELATE OLEIC ACID OLEYL ALCOHOL

ES EL ES E.

KJ mol KJ noi + KJ mol! KJ mol!

No additive 159.4 89.1 os =

NiSDT 95.7 27.4 125.2 28.2

DIP-NiSDT 119.7 30.7 143.6 29.8

DIB-NiSDT 117.0 24.4 126.4 22.1

C1-NiSDT 126.0 26.6 143.6 a 32020)

3.7.1.2 Experiments Using Shaking Reaction Incubator.

Solutions containing 2x10“ mol an? concentration of the nickel

chelates prepared previously (section 3.7.1.1) were used for these experiments.

2.5 cn? samples were placed in stoppered Pyrex test tubes and immersed in

the Shaking Reaction Incubator baths set at temperatures 65°, 157% and 85°C,

The fall in the concentration of the nickel chelates with time, which was

measured spectrophotometrically, are shown in Figs. 3.16 - 3.18 for oleic

acid at 65°, 75°, and 85°C , and in Figs. 3.19 - 3.21 for oleyl alcohol at

65°, 75°, and 85°C respectively.

The shapes of the curves implied that the order of the reactions
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was non-zero. The data for the consumption of the nickel chelates with

time were, therefore, checked for lst.-order, 2nd.-order, and half-order

reactions. In the case of graphs plotted as tests for first-order or second-

order reactions a linear relationship was observed only for the first 40%

consumption after which a sharp deviation from this linearity occurred. In

the case of graphs plotted as a test for half-order reactions, however, a

straight line was obtained for more than 75% of the chelate consumption,

suggesting that the reactions of these nickel chelate antioxidants in

pure oleic acid and oleyl alcohol are closer to being half-order than to

any other order of the reaction. Some typical plots for half-order reactions

are shown in Fig. 3.22. The very steep fall observed in the graphs, after

approximately 75% of the chelate has been consumed, can be attributed to

the autocatalytic nature of the autoxidation process of the fatty substrates,

owing to the significant increase in the number of branching reactions

occurring simultaneously, and is almost certainly exaggerated by the

catalytic effect of the free metal ions released during the chelate

consumption.

The rate constants obtained from the graphs of the square roots

of the concentration of the chelate against time are given in Table 3.35

for oleic acid and oleyl alcohol at the three different temperatures at

which the experiments were performed.

The pattern shown by the values of the rate constants for the

half-order reactions is very similar to that shown by the activation

energies given in Table 3.34. It is interesting to note that these KX,

values are entirely consistent with the induction periods obtained previously

(Table 3.33), which justifies the assumption of a half-order reaction

taking place at least for the first 75% of the chelate consumption.
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TABLE 3.35

Rate constants «) obtained for the half-order reactions of the

nickel chelates in oleic acid and oleyl alcohol at 65°, 75° & 85°C.

SUBSTRATE CHELATE K.
xr

a aE es

1074 more da tne >

65°C 75°C 85°C

Oleic acid NiSDT 3.54 4.87 9.50

DIP-NisDT 4.12 7.25 14.33

DIB-NiSDT 1.01 2.20 4.30

C1-NisDT 1.50 2.47 5.37

Oley1 alcohol NiSDT 0.31 0.57 1.06

DIP-NisDT 0.33 0.76 1.25

DIB-NiSDT 0.26 0.45 0.81

C1-NisDT 0.29 0.54 0.91

It is worth noticing that the time taken for the complete

consumption of the nickel chelates in oleic acid and oleyl alcohol appeared

to be somewhat shorter than the induction periods which were indicated

in the previous experiments (section 3.7.1.1). This time lapse between

the total consumption of the nickel chelate antioxidants and the start of

oxygen absorption by the samples (i.e. the end of the induction period)

is given in Table 3.36 for each individual nickel complex.

Although these time intervals are not very long, nevertheless

they are significant enough to suggest that the initial products of the
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thermal autoxidation of these chelates in the fatty substrates are acting

as inhibitors. Taker in conjunction with the previous ene » the

implication is that an initial oxidation of the chelate produces certain

products which have low extinction coefficient values but are still

antioxidants; subsequent decomposition, however, produces free metal ions

which act catalytically.

TABLE 3.36

Comparison of the time taken for the complete consumption of nickel

chelate antioxidants a) and the corresponding induction periods

(7) in oleic acid and oleyl alcohol at 65°, 7", and 85°C.

SUBSTRATE CHELATE 65°C 75°C Sone

T/hr T,/ar T /br T,/hr T/br 7; /hr

Oleic acid NiSDT 16.0 21.5 11.9 15.0 6.1 9.0

DIP-NiSDT 13.8 18.5 8.0 11.4 4.2 6.5

DIB-NiSDT 39.8 51.0 24.0 27.5 13.2 18.0

C1-NiSDT 36.0 41.5 22.0 24.0 10.8 13.5

Oleyl alcohol NiSDT 165.0 175.0 80.0 88.0 46.0 56.5

DIP-NiSDT 154.5 163.5 66.5 77.0 39.5 45.5.

DIB-NiSDT 198.0 214.6 111.0 121.5 60.0 68.1

C1-NiSDT 171.0 182.0 84.0 93.0 49.0 52.0

Because of the limited solubility of NiSDT in the fatty substrates

it was considered difficult to study the variation of the rate of its
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consumption with the chelate concentration. Accordingly it was decided

to use ethyl benzoate as a carrier solvent so that the rate of disappearance

of the chelate could be studied as a function of the initial concentration

of both substrates and chelate.

3.7.2 Kinetic Studies with Ethyl Benzoate as Carrier Solvent.

In this series of experiments ethyl benzoate was used as carrier

solvent for the nickel chelate antioxidants. The use of ethyl benzoate as

solvent not only enabled experiments with solutions of higher NiSDT

concentrations to be used, but also permitted the investigation of the

solutions containing different molarities of oléic acid or oleyl alcohol.

Ethyl benzoate was chosen as a convenient solvent for the following

reasons: (a) in its pure form it is fairly stable against autoxidation,

(b) it is a good solvent for long-chain fatty acids and their derivatives,

and also for most antioxidants, (c) it has a low vapour pressure even at

elevated temperatures, and would thus allow an easy and accurate measure-

ment of the oxygen uptake of the autoxidation reactions.

In one set of experiments, solutions containing 1 mol dur of

oleic acid or oleyl alcohol in ethyl benzoate were prepared. NiSDT was

then introduced in these solutions at concentrations of 2x107", 2.5x10"*,

es and 5x10 mol dn >, 2.5 cn? samples of each mixture were studied3.3x10

using the Shaking Reaction Incubator at 85°C in the usual way. Fig. 3.23

represents the results obtained for solutions of oleic acid and oleyl

alcohol when the fall in the concentration of NiSDT is plotted agaist time.

In the second set of experiments, solutions containing DxlOn

mol du? of NiSDT and various concentrations of oleic acid or oleyl

alcohol in ethyl benzoate were prepared. The molar concentrations of
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the fatty substrates selected for these investigations were 1, 0.75 , 0.5

and 0.25 mol ole In the case of the samples containing 0.25 mol a

concentration of the fatty substrates, the time required for the complete

consumption of NiSDT was far too long (>600 hours) and, therefore, the

experiment for that particular run was not completed. The results obtained

for the fall in the concentration of NiSDT with time for solutions containing

different molar concentrations of oleic acid and oleyl alcohol in ethyl

benzoate at 85°C are shown in Fig. 3.24.

From a comparison of the results presented in Figs. 3.23 and 3.24

with those presented in Figs. 3.16 - 3.21 it is immediately obvious that

the introduction of ethyl benzoate has induced a change in the mechanism

of inhibition. In the pure substrates the maximum rate of inhibitor

consumption occurs at the begining of the experiment, where the NiSDT

concentration is highest. In contrast, when a carrier solvent is used the

inhibited consumption is autoaccelerative. In view of this observation

it was considered that the results obtained with a carrier solvent could

not be correlated directly with those obtained with pure substrates. In

view of the already complex reactions involved this approach was therefore

abandoned.

3.7.2.3 Antioxidant Efficiency of MeO-NiSDT.

Solubility determination experiments (Table 3.32, section 3.6)

indicated that bis (di-p-methoxy stilbene dithiolato) nickel (II) was

practically insoluble in both oleic acid and oleyl alcohol at room tempera-

ture. In order to investigate the antioxidant efficiency of this nickel

chelate, therefore, the use of a carrier solvent such as ethyl benzoate

* ae 3 5 2
was necessary. Solutions containing 1 mol dm ~ concentration of oleic
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acid (or oleyl alcohol) and 2x10 4 mol am? MeO-NiSDT in ethyl benzoate

were prepared. The fall in the concentration of the chelate with time

was measured in the usual way, using the Shaking Reaction Incubator at

85°C.”

The time taken for the complete consumption of MeO-NiSDT for

solutions of oleic acid and oleyl alcohol in ethyl benzoate were 34.5 hr

and 119.0 hr respectively, at 85°C. The corresponding periods for the

complete consumption of NiSDT in solutions of oleic acid and oleyl alcohol

in ethyl benzoate were 60.0 hr and 134.0 hr respectively, at 85°C (section

3.7.2.1). Therefore, although as in the case of previous nickel chelates,

it appears that the efficiency of MeO-NiSDT inhibitor for oleyl alcohol

is much greater than that for oleic acid, nevertheless it is a much poorer

antioxidant compared to the other nickel chelate antioxidants used in

this work. This result can also be regarded as a further confirmation

of the fact that the mechanism by which these nickel compounds inhibit

the autoxidation reactions of hydrocarbons is completely different to

that of the conventional phenolic antioxidants, since according to

Scott's eiadisieenre the effect of the addition of a strong electron releasing

group such as methoxy group to the para-position of a phenolic antioxidant

is to enhance the inhibiting efficiency of the latter.

Furthermore, the effect of MeU-NiSDT as an antioxidant in oleic

acid and oleyl alcohol must be somewhat limited owing to the fact that its

solubility is extremely low in these fatty substrates. There is, therefore,

no advantage attached to the use of this particular para-substituted

nickel complex as an antioxidant for fatty acids and alcohols.
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3.8 KINETICS AND MECHANISM OF METAL CATALYSIS.

3.8.1 Experiments in the Absence of Antioxidants.

The metal complexes of Co (II), Co (III), Fe (III), and Cu (II)

(section 2.2.11, Table 2.2) were introduced into solutions of oleic acid

4 4
and oleyl alcohol at the three different concentrations of 2x10) seulxlOr

e mol an, by the direct addition of the complexes to theand 5x10

substrates. After the complete dissolution of the cemplexes, 1 cm? samples

were placed in reaction flasks and immersed in the Warburg bath-at 50°C.

The induction period and the oxygen absorption for each sample were

measured and a graph of the latter against time was plotted for each

sample.

Fig. 3.25 shows the catalytic effect of tris (n-butyl

salicylaldiamino) Co(III) at different concentrations in oleic acid and

oleyl alcohol at 50°C. At this temperature the induction period in the

absence of catalyst is extremely long and oxygen absorption is indetect+

able in the time scale of these experiments. Very similar results were

also obtained with other metal complexes used. The indications were that

the catalytic activity of the metal complexes increased only slightly with

their increasing concentration. The effect was much more severe in the

case of oleic acid. The order of the catalytic activity for the individual

metals was Co (III)> Co (II) > Fe (III). Surprisingly, the two copper

chelates which were examined, i.e. Cu (II)-acetylacetonate and bis (n-butyl

salicylaldiamino) Cu(il), showed very little catalytic activity.

From their investigations of the catalytic behaviour of certain

18)metal chelates, which were also used in this work, Betts and Uri i. have

reported that while the autoxidation of 2,6,10,14-tetramethylpentadecane
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(TMPD) was strongly catalysed by bis (n-butyl salicylaldiamino) Co (II)

at low concentrations up to 5x10TM mol nee at 1x10~4 concentration of

the latter the first indications of prolonged induction periods occurred,

and this induction period increased to over 700 hours when the cobalt

chelate's concentration was increased to Sate mol an so that it could

be regarded as an efficient inhibitor. These authors have argued that in

these systems the following reactions are all possible:

Co?*xH 0, ——= cots HO, * 3.10

Cost + ROOH == Co” Oe HOS 3.11

Bea ROH eee =e Con) + CasaeeeRO + OHae ue dita

RO," + RO, * ——> inactive products 3.13

2Cox, + RO," === (CoX,), + RO, 3.14

(CoX,) + RO, + RO,"——» (CoX)* 2RO, 3.15

As long as the concentration of hydroperoxide is very low, a relatively

inefficient initiation reaction of the type 3.10, involving molecular

oxygen, which is first order with regard to cobalt, competes with

termination reactions 3.13 - 3.15; reactions 3.14 and 3.15 being second

order with regard to cobalt. Since initiation reaction 3.11 (a first

order reaction with regard to Co) is also possible, at low concentrations

of the metal the latter reaction (3.11) produces radicals at a much faster

rate than the termination reaction 3.13 destroys them. Hence an overall

catalytic action is observed. At higher concentrations of cobalt, however,

the significance of the second order termination reactions 3.14 and 3.15

increases rapidly, and the chelate acts as a free-radical scavenger,
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showing inhibiting properties in autoxidation reactions.

This catalyst-inhibitor conversion phenomenor , however, did

not appear to take place in oleic acid or oleyl alcohol at the metal

complex concentration of Peis mol an? for any of the catalysts used

in this work. Owing to the solubility difficulties experiments at higher

concentrations of these metal catalysts were not attempted.

3.8.2 Experiments in the Presence of Antioxidants.

The three antioxidants which were selected for investigation

in conjunction with metal catalysts were Embanox 4, Topanol CA, and

Dilaurylthiodipropionate (D.L.T.D.P.), each at the concentration of 2x10~4

mol an >, It was shown by the experiments carried out previously (section

3.8.1) that, with the exception of the two copper chelates, the metal

complexes catalyse the autoxidation reactions of oleic acid and oleyl

alcohol efficiently at 5x10> mol a concentration and, therefore, this

concentration of the metal catalysts was chosen for these investigations.

As in the previous experiments, Warburg apparatus was used for these

studies, which were carried out at 60°, 70°, and 80°C with 1 eae samples.

Figs. 3.26 - 3.34 represent the graphs which were obtained for

the experiments with oleic acid solutions, when the amount of oxygen

absorbed was plotted against time. Figs. 3.35 - 3.43 show the corresponding

graphs of the oxygen uptake against time obtained with samples of oleyl

alcohol. Each set of three graphs represents the results obtained in

conjunction with each individual antioxidant at the three different

oexperimental temperatures of 60°, 70°, and 80°C.

The shapes of these graphs suggest that the thermal autoxidation
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Fig. 3.29 - Oleic acid containing 2x10 mol dm Embanox 4 + 5x10 mol dm? metal catalysts at 60°C.
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Fig. 3.38 - Oley1 alcohol containing 2x10" mol dm? Embanox 4 + 5x10”> mol dm” metal catalysts at 60°C
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reactions of oleic acid and oleyl alcohol are strongly catalysed by the

presence of certain transition metal ions, even when antioxidants are

present in the system. The indications are that the catalysis exhibited

by thé two cobalt compounds is much more pronounced than that shown by

the iron complex for oleic acid samples, with the Co (III) complex showing

the most significant catalysis. This is in close agreement with the findings

of Unie » regarding the catalytic activity of some transition metals in

fatty substrates. Uri has found that for different metal catalysts in the

form of heavy metal stearates, the order of catalytic activity of the

metals in the autoxidation reactions of linoleic acid and methyl linoleate

were as follows: co** > cu* > FeTM* > vin",

While this is true for the experiments carried out with oleic

acid, it appears that the catalytic activity of Fe (II1)-acetylacetonate

is enhanced for solutions of oleyl alcohol and in some cases, it shows

a greater catalytic effect than tris (n-butyl salicyaldiamino) Co(III).

The reason for this behaviour may be the influence exerted by the change

in the polarity of the medium from oleic acid to oleyl alcohol. It has

been well established ue that most metal compounds which are efficient

reducing agents are more readily oxidised in non-polar media. The

magnitude of the effect depends on the particular compound, but it has been

shown that certain metal catalysts in which the metal is oxidisable by

one electron transfer, are less efficient catalysts in polar environments.

No catalytic activity is shown by the two compounds of copper

which were used in this work. An explanation for this type of behaviour

may be found in the work of Uri regarding the catalytic activity of

copper compounds. Uri points out that copper (II) compounds are active

catalysts only if peroxide is present in the system (Cu (II) compounds
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act as catalysts in the decomposition of the peroxide, thus producing

free-radicals) or in the presence of reducing agents. In the latter case

free-radicals are formed in the course of the reduction of cu2* ion to

Cu* ion which is being continuously re-oxidised by the aerobic oxygen.

It is, therefore, possible that in some systems cue* ion is practically

inactive while in different circumstances it might be one of the most

powerful catalysts. The lack of catalytic activity of the copper complexes

shown in our systems could be attributed to the absence of any peroxides

in the purified oleic acid or oleyl alcohol as was shown by the tests

carried out previously (section 3.2). Further examples of this remarkable

lack of catalytic activity show by cue* ions are given in the work of

Tundberg?oe .

It is also appar.at from the graphs that in almost all the

experiments the rate of ee absorption by the samples containing

Fe (III)-acetylacetonate is considerably lower than the corresponding

samples containing either of the two cobalt compounds. The mechanism which

is operating in the case of cobalt ions present in the system can be

represented by the equations 3.16 and 3.17:

ROGH +p en ROE HON + Co>*

ROOH 4 G67 RO," + HY + Co2+

2+Both Co and co?* ions are effective catalysts (as has been shown by the

work of uril4 and Waters’”) for the autoxidation reactions of fats and

fat containing materials, and their speedy interconversion of the form

Come Come Con" etc., which is taking place in the reactions leads
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to the rapid formation of free-radicals in the system and is responsible

for the phenomenally fast rates of oxygen absorption observed in these

: + ¢ ‘ ;reactions. In the case of the Fe? ions, the reaction occurring is of

the form of reaction 3.18:

3+
ROOH + Fe~*————+ RO,° +H” + Fe

+

2 3.18

: : r 2+ 3+
The reverse reaction involving Fe ————»Fe step, however, does not

: ° ° 24.
occur with the same speed as the corresponding reaction for Co” , since

2+. 2 @ ake
Fe" ion is a much weaker peroxide decomposer metal ion '. Hence, as the

* . P 24. :
autoxidation proceeds, the concentration of Fe ions increase at the

Se. : * “
expense of Fe” ions, resulting in a slower rate of oxygen absorption

observed in these samples.
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CHAPTER 44

CONCLUSION

4.1 AUTOXIDATION OF UNINHIBITED SUBSTRATES.

Although there are several methods available for the separation

and purification of fatty acids and alcohols, amongst which urea complex

formation and gas-liquid chromatographic techniques have been extensively

reported in the literature, the slightly modified low temperature crystal-

lisation method of Swern, Knight, and Findley used in this work (sections

2.2.7 and 2.2.8) appeared to be successful in removing almost all of the

polyunsaturated fatty acids or alcohols and other impurities normally

present in commercial oleic acid and oleyl alcohol. Substrates thus

purified contained only traces of polyunsaturated impuritiesiynich have

been regarded as insignificant in studies of autoxidation. However, the

results of the present study indicate that the presence of even trace .

amounts of the polyunsaturated impurities may have a drastic effect upon

the: oxidative stability of oleic acid and oleyl alcohol. This by reference

to the results shown in section 3.3.2 and Figs. 3.6 and 3.7, it can be

seen that the deliberate addition of linoleic acid, linolenic acid, and

methyl linoleate to oleic acid, and the addition of linoleyl alcohol to

oleyl alcohol caused an appreciable reduction in the magnitude of the

induction periods of both inhibited and uninhibited samples of the fatty

substrates. Although the induction periods decreased and the maximum rates

of oxygen absorption increased with an increase in the percentage of

these polyunsaturated impurities present in the system, the effect is
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most pronounced for the first 1% of the impurity addition. Furthermore,

the substrates were more adversely affected by linolenic acid than by

linoleic acid or methyl linoleate, the effect of the latter two compounds

being almost the same. This implies that the autoxidation of oleic acid

and oleyl alcohol is accelerated by the presence of polyunsaturated impuri-

ties containing ethylenic double bonds, with effect increasing markedly

as the number of double bonds in the impurity increases; the role of the

functional groups, such as carboxylic or hydroxyl groups,.in the autoxidation

reactions of the fatty substrates being relatively unimportant. This

effect undoubtedly arises from the high reactivity of the «-methylenic

hydrogen atoms in the polyunsaturated acids. A methylenic hydrogen atom

flanked by two double bonds is readily abstracted, since the resulting

radical can be stabilised by delocalisation over two double bonds:

~C=C-C-C=C- «—* -C-C=C-C=C- ~—+ -C=C-C=C-C-

An important additional point can be made by reference to Figs. 4.1

and 4.2 which show the Arrhenius plots for the induction period and maximum

rate of oxygen absorption of samples of pure oleic acid and of oleic acid

containing 1% by weight of either linoleic acid or linolenic acid, plotted

on a scale which allows extrapolation to room temperature. It is apparent

that polyunsaturated substrates not only accelerate the rate of oxidation

but also lower the activation energies for the degradation (Tables 3.28

and 3.29). Thus as the temperature is lowered, the effects of impurities

would be expected to become much more significant. Although extended

extrapolations of this kind can be criticised on theoretical grounds, and

are subject to experimental error, the, present results emphatically seem
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to point to the desirability of using highly purified substrates where

long shelf-life at room temperature is needed; it is unfortunate that

economical considerations make this approach unattractive to commercial

users.

In the presnt work all substrates have been purified to leave

only trace amounts of polyunsaturated impurities. Furthermore, induction

periods and oxidation rates were generally reproducible. It seems reasonable

to conclude that although there may well be some contribution from initiation

by oxidation of impurities, this contribution is, at least, reproducible

from sample to sample, and will not affect our general conclusions.

From the data in Tables 3.5 and 3.7 it can be seen that at 85°C

the induction periods for uninhibited samples of oleic acid and oleyl

alcohol are rather similar as are the maximum rates of oxygen absorption.

Oleyl alcohol is more stable than oleic acid, but the effect is not large.

These results suggest that the effect of changing functional groups from

-COOH to CH, OH is to produce only a moderate change in stability, which

is consistent with the view that oxidation occurs mainly at the double

bond, where the distant terminal substituent would not be expected to

have any effect. However, this conclusion does not extend to experiments

involving antioxidants which are discussed in the following section.

4.2 EFFECTS OF CONVENTIONAL ANTIOXIDANTS.

The results of the studies of the autoxidation of purified oleic

acid and oleyl alcohol in the presence of a cross-section of typical

conventional antioxidants are summarised in Tables 3.4 - 3.7. The antioxidants

employed included monophenolic (Embanox BHA), trisphenolic (Topanol CA),
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and synergistic (Embanox 4) chain-breaking compounds, and the hydroperoxide

decomposing compound dilaurylthiodipropionate (D.L.T.D.P.). From these

results the following general conclusions are easily drawn:

(i) - D.L.T.D.P. alone is a very inefficient antioxidant, although as

will be discussed later it is a very efficient synergist.

(ii) - Considerable improvements in stability are produced by all of the

other systems studied, although the newly developed Topanol 354, which

is highly effective in pure hydrocarbons, is relatively ineffective in

fatty substrates.

(iii) - No significant change is observed in the values of the maximum

rates of oxygen absorption for the inhibited and uninhibited samples;

this is due to the fact that the rate measurements are taken after the

total consumption of the antioxidant in the system.

From a comparison of Tables 3.5 and 3.7 it is interesting to note

that there are some remarkable differences in the efficiencies of some

antioxidants in the two substrates. Thus at 85°C the efficiencies of

D.L.D.T.P., Topanol CA, and Embanox BHA, as determined by the fractional

increase in the induction periods, are similar in both substrates. However,

Embanox 4 is a very much more efficient antioxidant in oleyl alcohol than

in oleic acid. Since the efficiency of Embanox BHA is comparable in the

two substrates, the implication is that the citric acid component of

Embanox 4 is very much more efficient as a synergist in oleyl alcohol

that in oleic acid. The synergistic effect of citric acid has been attributed

to a deactivating effect on metal ions. However, since citric acid alone-is

not effective as an antioxidant, this view is undoubtedly an oversimpli-

fication of the problem, and the mechanism of synergism is not understood.

A probable explanation of the results in this case arises from the fact
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that citric acid is readily dehydrated under acid conditions; in oleic

acid solutions this reaction could lead to rapid consumption of citric

acid with a consequent reduction of its synergistic effect. If this

conclusion is true, it would be expected that consumption of the synergist

might be very much slower at room temperature, so that the efficiency of

Embanox 4 may rise rapidly as temperature is lowered, implying a non-linear

Arrhenius plot. This possibility is not observed in present results

(Fig. 3.1) which were obtained at high temperatures.

From Table 3.8 it can be seen that all antioxidants in oleic

acid increase the induction period without major changes in its activation

energy. This result implies that (with the reservation for Embanox 4

outlined above) the relative efficiencies of these stabilisers do not

change appreciably upon lowering the temperature.

The detailed investigation of the antioxidant efficiency of

Topanol CA as a function of its starting concentration (Figs. 3.3 and 3.4)

revealed that, while increasing the inhibitor concentration in the samples

leads to an increase in the induction periods, the relationship is non-linear

at higher starting concentrations of the antioxidant, a doubling of the

quantity of the latter in the system may result in only a fractional

increase in the induction period; a possible interpretation of these

results in terms of destruction of the antioxidant by reaction with oxygen

has been discussed in detail in section 3.3.1.4.

Studies of the synergistic effects of antioxidant combinations

have been described and discussed in section 3.4. In this connection

it is interesting to note that synergistic effects of pairs of antioxidants

are similar in oleyl alcohol and oleic acid, but that of some triple

antioxidants combinations show marked enhancement of synergism in oleyl
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alcohol. In particular the two antioxidants which have higher efficiency

in oleyl alcohol (Topanol 354 and Embanox 4) also extend this behaviour

to a higher level of synergism in oleyl alcohol. From these results it

is clear that D.L.T.D.P. is a relatively inefficient synergist in these

fatty materials, its synergistic property being no more marked than that

of the citric acid component of Embanox 4. The reason for the relative

inefficiency of D.L.T.D.P., compared to its behaviour in hydrocarbons

is not clear.

4.3 STUDIES INVOLVING NICKEL CHELATES.

Studies made in connection with the inhibiting property of

NiSDT were rather limited owing to the low solubility of the latter in

the fatty substrates. It was thought that the addition of alkyl groups

to the phenyl rings of the complex would lead to an improvement in the

solubility of the chelate in oleic acid and oleyl alcohol. For this

purpose, two such para-substituted derivatives, viz. bis (di-p-isopropyl

stilbene dithiolato) Ni (II) and bis (di-p-tert.butyl stilbene dithiolato)

Ni (11), were synthesised from simple starting materials. Also to investigate

the effects of electron donating and withdrawing groups on the antioxidant

activity of the chelate, bis (di-p-chlorostilbene dithiolato) Ni (I1) and

bis (di-p-methoxy stilbene dithiolato) Ni (II) were prepared in the

laboratory. All structures were confirmed from nmr and ir analyses, and

a list of characteristic absorption bands with their coefficients of

absorption of the Piectronic spectrum of each individual nickel chelate

was obtained.

Solubility determinations (Table 3.34) indicated that, with the
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exception of MeO-NiSDT, all other nickel chelates were sufficiently

soluble in oleic acid and oleyl alcohol to allow solutions of 2x10~4

mol au concentration of these nickel chelates to be examined, with

DIP-NiSDT and DTB-NiSDT showing the greatest solubilities.

The autoxidation experiments carried out with the nickel

chelates endorsed the view that such complexes show some antioxidant

activity for the thermal autoxidation of fatty substrates, with the

order of their efficiency being DIB-NiSDT > Cl1-NiSDT > NiSDT > DZP-NiSDT >

MeO-NiSDT (Table 3.33). The induction periods produced in oleic acid

samples were rather poor compared to the conventional phenolic antioxidants

at the same molar concentration, but there was a marked improvement

for samples of oleyl alcohol, particularly with DIB-NiSDT which proved to

be a much better inhibitor than all the antioxidants previously tested.

However, the ending of the induction period was very sharp and extremely

large rates of oxygen absorption were recorded (Table 3.33, Fig. 3.15).

This strongly suggests that nickel ions are released by the reactions

of NiSDT during the induction period and act as catalysts of the oxidation

in the post-inhibition period. Similar effects have been observed with

related compounds such as the transition metal salts of thiocarbamic aciaiee

The kinetic measurements for the determination of the rate of

consumption of these nickel chelates during the induction period showed

that the order of the reactions is nearest to being half-order for the

first 75% consumption (Fig. 3.22); however, owing to the autocatalytic

nature of these Peaceionay and the occurrence of several branching reactions

near the end of the induction period, the order of the reaction is disturbed

during the last 20% or so of the chelate consumption. There is also a
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definite time interval between the complete consumption of the chelates

and the commencement of absorption of oxygen by the samples (Table 3.36).

A likely explanation for this is the formation of secondary inhibitors,

which are the thermal oxidation products of the chelates, and act as

retarders of the autoxidation of the fatty substrates.

Chien and Boss+/6 have studied the decomposition of hydroperoxides

by metal sulphur complexes and concluded that much of the activity of these

complexes results from the release of sulphur dioxide by the oxidation of the

complexes. Sulphur dioxide is a powerful co-catalyst for the decomposition

of hydroperoxides by an acid catalysed mechanism. It seems plausible to

suggest that a mechanism of this kind is operating in our system resulting

in the extended induction period. In view of the observed complexity of

these reactions which involve the simultaneous production of a hydroperoxide

decomposer (so,) and an autoxidation catalyst (free nickel ions), it is

doubtful whether the observed half-order consumption of NiSDT and its

para-substituted compounds can be explained in terms GE a detailed reaction

mechanism; indeed this half-order behaviour may be fortuitous.

The large difference in induction periods observed with oleic

acid and oleyl alcohol might be attributed to one of the following possibi-

lities:

(i) - Decomposition of NiSDT by reaction with oleic acid

(ii) - Reduction in the efficiency of NiSDT as a hydroperoxide decomposer

or free-radical scavenger in acid medium.

(iii) - Reduction of the efficiency of sulphur dioxide or other oxidation

products of NiSDT as hydroperoxide decomposers in the presence of acids.

(iv) - Enhancement of the rate of peroxide decomposition to radical
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products catalysed by free nickel ions in acid medium.

The first of these possibilities was ruled out by an experiment

in which NiSDT was heated with oleic acid at 85°C in an inert atmosphere;

after 96 hours no change in the concentration of NiSDT occurred. The

present results are insufficient to allow the remaining possibilities to

be distinguished although the known ability of organic acids to alter

the redox potentials of metal ions by chelation suggests that (iv) may

be important.

Schrauser and his eoeworkera (79405 have suggested that oxidation

at one of the sulphur atoms of NiSDT will lead to activation of the second

sulphur atom of the same ligand towards further reaction. In the light

of this observation the following mechanism can be tentatively proposed

to account for hydroperoxide decomposition by NiSDT.

Ee Ph Ph 1
Cae 2ROOH Se ell eo < fj i aut + 2ROH
cm eC cas :

ph eneko arr FEC |
oO

(A)

Ph g

XX FOS; ee
(A) —4ROOH_, f oN... + 4ROH

ae tal
Ph 0

(B)

Ph,

He Non a
OC ——— it + 280, + Ni

oo
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If this reaction sequence can proceed in both ligands then

each molecule of NiSDT should be able to decompose 12 molecules of hydro-

peroxide. However, nickel ions released can catalyse hydroperoxide

decomposition by the familiar redox reaction , whilst sulphur dioxide

catalytically decomposes hydroperoxides by reactions of the form:

+ =

———— es4,0 + SO, H + HSO,

+ +

R,C-O0H Cees R,CO + HAO

+
+ FASTee ae ee =R,CO RC OR

+ OH

RC = OR HSO, 88, + RC - OR

Qu

2 OR ecR,C - OR R,C=0 + ROH

This mechanism follows those postulated by other workers but a

considerably more detailed investigation of the inhibiting behaviour of

such compounds in fatty substrates is needed before its validity can be

proven.

4.4 ACTION OF METAL CATALYSTS.

From the experiments which were carried out with oleic acid

and oleyl alcohol samples containing different concentration of various

salts of Co (II), Co (III), Fe (III), and Cu (II) metals, it was concluded

that the catalytic activity of these metal complexes increases only slightly

with their increasing concentration; this catalytic effect being much more
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severe for oleic acid. The order of the catalytic activity observed for

the individual metals was Co (III) > Co (II) > Fe (III). The two copper

chelates did not show any significant catalytic effect; the reasons for

this have been discussed fully in section 3.8.2. Also the phenomenone of

catalyst-inhibitor conversion , which has been observed by Betts and

180,203
riU with certain of these metal complexes was not observed in these

fatty substrates, even at catalyst. concentrations as high as Eeione mol

an,

A series of investigations of ‘the catalytic activities of these

transition metal salts in conjunction with antioxidants demonstrated the

drastic effect of these metal catalysts (Figs. 3.26 - 3.43) on the

autoxidation of oleic acid and oleyl alcohol. The appreciable catalytic

activity of the two cobalt salts was attributed to the ability of the

+. 4 7 fe 3 2+interconversion reactions of the form Co” —— Co ——-+Co etc. to

proceed rapidly.

4.5 FINAL CONCLUSIONS AND FUTURE WORK.

The studies described in this thesis have provided a basis for

understanding the effects of a wide variety of conditions (oxidation

temperature, impurities, antioxidants, and pro-oxidants) on the autoxi-

dation of fatty substrates. Whilst the results have clear implications

in the choice of substrate and antioxidant in commercial use, it is very

clear that the reactions involved in these systems are extremely complex.

For future development of this work it would seem reasonable to suggest

that many of the systems which have been examined might be worthy of much

more detailed kinetic investigation in the hope of clarifying the
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underlying reaction mechanisms. It is hoped that this thesis will serve

as a useful basis for such studies in the future.
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