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Abstract

Advancements in jet engine design have led to improvements in efficiency
and power output. As a result the operating temperature of the engine has
steadily increased over the years. To counter this increased thermal load on
the engine, aviation fuel is used as a heat sink, which leads to it becoming
thermally stressed. The increase in temperatures in the fuel causes it to
undergo autoxidation. In these conditions, insoluble material, such as gums
and sediments, are formed in the fuel systems. eventually this build up of
insoluble material leads to in-service issues and an increase in operating
costs for engine manufacturers and airlines. Not all fuels behave the same in
thermally stressed conditions, with the fuels chemical composition affecting
this property, referred to as thermal stability. The importance of environmental
concerns and security of supply issues have led to numerous alternative
fuels to be exploited in recent years. However, the effect that their chemical
composition has on their autoxidation behaviour is not well understood, as
these novel fuels can have very different chemistry to historical stocks.

These novel fuels are chemically purer than conventionally derived fuels with
lower concentrations of polar and sulfur species. As such, it is important
to understand the role that an aviation fuels hydrocarbon composition has
on its thermal stability, as this will become the dominant factor effecting
their thermal stability. The work in this thesis focuses on understanding the
mechanisms that govern the radical autoxidation of hydrocarbons and how
their chemical and electronic structure affects these processes. Aviation fuels
with well defined chemical composition, as well as individual hydrocarbon
components, such as n-alkanes, cycloalkanes and aromatics are investigated
in this study.

This thesis uses computational and experimental techniques to investigate
the role that hydrocarbon composition has on the thermal stability of an
aviation fuel. The PetroOxy oxidation stability tester is demonstrated as an
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effective research tool for investigating the oxidation mechanism, with good
repeatability of the data collected, and can study three distinct regimes of
hydrocarbon oxidation. The induction period, rapid radical oxidation and
slower oxidative coupling regimes are studied for fuels and mono-component
hydrocarbons, with the results linked to findings in the literature. From this
study, it is clear that aromatic hydrocarbon can act as antioxidants in the fuel
by increasing the induction period, but eventually led to bigger issues with
deposition in the fuels tested. As such, cycloalkanes offer an alternative, as
they can alter the density of the fuel without sacrificing the thermal stability
properties.

Density functional theory (DFT) has been used to construct pseudo-detailed
mechanisms for the initial oxidation of three distinct classes of hydrocarbons,
n-alkanes, cycloalkanes and mono-aromatics. These mechanism are able
to demonstrate the fundamental differences between the three classes of
hydrocarbons, and how these structural and electronic differences affect the
kinetics of their autoxidation. However, this work also highlighted the need
to correctly describe these radical reaction mechanism, as single reference
method like DFT fail to model the bi-radical nature of many of these reac-
tions. This phenomena is investigated further, by applying multi-reference
and unrestricted electronic structure methods to the reactions of peroxides
and peroxyl radicals. These reactions are shown to be vital to understand
autoxidation, and the inclusion of computational calculated rate parameter
for these reactions into pseudo-detailed mechanisms, allows them to be able
to predict the oxidation rate of an industrial solvent in an isothermal tube
reactor.

A key finding of this thesis is the importance of using multi-reference compu-
tational chemistry methods to investigate the radical reactions that occur in
the autoxidaiton process, and using these calculations to construct a pseudo-
detailed kinetic mechanism, in order to correctly model thermal stability and
better understand the fundamental chemistry at play. This also offers an
interesting challenge, as this work is at the cutting edge of applications for
theoretical chemistry, and can provide a link from first principles to real world
applications.
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1Introduction

The world is reliant on oil and petroleum products. Their chemical composition

is vital for its uses in modern applications and has a dramatic effect on its

performance properties. Petroleum is used for energy generation, pharma-

ceuticals, chemical feed-stocks, and in construction. The biggest demand for

oil comes from the transport sector, with road vehicles contributing to most

of that demand. However, aviation is requiring a larger and larger share of

the oil every year.[1] This can be seen in the change in oil use since 1973 in

�gure 1.1, as well as the growth in the overall use of oil in that time.

Fig. 1.1: Change in use of oil from 1973-2016. 2251 million tonnes of oil equivalent
(mtoe) of oil was used in 1973 and an estimated 4650 mtoe was used in

2016.[1]

Until recently the chemical composition of the oil products used in transport

has only been considered in terms of the fraction of the distillate that is used,

as this affects the combustion behaviour and physical properties of the fuel.

With greater understanding of the impact that the combustion products have

on the environment, sulfur has been limited in most fuels, due to legislation

imposed on the automotive sector. However, the effect that any fuel's speci�c

chemical composition has on its properties is only just beginning to be under-

stood. This thesis will focus particularly on how the chemistry of the major

hydrocarbon component of oil effects the properties of aviation fuel. Namely

one property, its thermal stability.[2]
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1.1 History of aviation and fuel

The majority of modern aircraft operate using the jet turbine engine. Early

work developing the engine began in the years following the First World War.

However, it was not until the leaps in development taken by necessity, due to

the Second World War that they entered production in 1944. These early jet

engines developed further over the following decades, increasing in ef�ciency

and performance and power output, leading to the rapid expansion of global

air travel for both passenger and freight uses. This expansion has continued

unabated since the 1970s, in spite of oil price spikes caused by wars in the

Middle East or the market collapse of the commercial aviation sector after

the 9/11 attacks.[3] The sector is expected to continue its expansion, at a

rate of 2.5-4.4 % per annum, despite climate change and measures aimed at

controlling its effects. Figure 1.2 demonstrates the results that these potential

increases can have on the demand for fuel. On the current technology, If

aviation's expansion is limited to 2.5 % per annum then an estimated 580

mtoe of fuel could be used by 2037, compared to the 362 mtoe used in 2016.

However if it expands by 4.4 % on the current technology then 910 mtoe will

be used by the aviation sector.[1, 3]

One driver is the economic growth and expansion of the middle classes

in the developing regions of the globe, leading to expectations for greater

access to air travel and trade. To meet this expansion in capacity, airplanes

have generally increased in size and load since the 1970s and thus the jet

engines used as propulsion have also been developed further. Technical

developments to improve the engine have included the turbo-prop, increasing

the by-pass ratios, turbo-jet and the move towards the high Mach number

ramjet engines.[4] This means that jet engines have increased in power output,

in-line with the improvements in combustion and fuel ef�ciency. The gains in

performance have resulted in an increase in the operating temperatures of

the jet engines. To ensure that there is no drop in performance this excess

heat needs to be removed. The current solution is that the fuel is used as a

heat sink.

The requirements for the fuel to act as a heat sink, in addition to its primary

function as an energy source, has meant that not every hydrocarbon fuel

is appropriate for use in aviation. In the early days of aviation, a wide cut

of kerosene was used, as it was widely available and had suitable physical
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Fig. 1.2: Growth of air travel since 1970 in revenue passenger kilometers (RPK),
with expected growth forecast up to the 2037, adapted from ICAO data.[3]

properties. However, due to increased development and specialisation of

jet engines this is no longer true. As such, specialised aviation fuels have

developed, which require speci�c properties to meet the demands of aviation.

The fuel requires good combustion characteristics and high energy density to

ensure its primary application as an energy source are met. Good lubricity,

low volatility, and the correct distillation pro�le are also required to aid its

handling and safety. To meet these speci�c requirements the fuels in service

have specialised as discussed in the section below.

Environmental concerns and security of supply are new drivers for both engine

ef�ciency and alternatively derived fuels, pushing operating temperatures

even higher and requiring the fuel to take higher thermal loads.[5] As will be

discussed below, this has lead to novel fuels to be derived from synthetic

means or though use of non-petroleum hydrocarbon sources, with some

�nding their way into circulation as blends with the conventionally derived fuel

Jet-A1.[6]

1.1 History of aviation and fuel 3



1.2 Fuel speci�cation

The properties of aviation fuel and methods of production are controlled

and regulated by the fuel speci�cation documents released by a number of

regulation bodies around the world. The most utilised fuel speci�cations are

controlled by the American Society for Testing and Materials international

(ASTM) in the USA, the Defence Standard (DEFSTAN) in the UK, GOST

in Russia, as well as separate Chinese standards.[7, 8] Primary physical

properties are controlled by the fuel speci�cation documents including freezing

point, appearance, distillation curves, and density. These requirements have

an impact on the types of fuels that can be used and as a consequence

the chemical compositions of such fuels. An example of this can be seen in

the property of freezing point as straight-chain alkanes have freezing points

too high for use at cold temperatures in polar regions and at high altitudes.

However, branched alkanes have energy densities which are too low to meet

speci�cation. As such, for an aviation fuel to be within the speci�cation, it is

required have a mixed hydrocarbon composition.

The fuel speci�cations also provide controls on the concentrations of speci�c

species in the fuel. The volume of aromatic hydrocarbons allowed in a

fuel is limited to 25% and the volume of naphthalenes, which are multi-ring

aromatics molecules, being limited to 3%. The fuel speci�cations also limits

the concentration of impurities which can be found in the fuel, such as sulfur

species, as they have a number of negative effects on the fuels properties or

detrimental environmental impacts.

The aviation sector is likely to undergo changes in the near future caused by

both internal growth and external pressures. The African and Asian markets

are currently under-exploited, with expansion expected, driven by demand

from the growing middle classes in those regions. This means that the sector

will take up a greater share of the available oil. There is likely to be more

differentiation in the types of aviation fuel available, due to the proliferation in

the number of alternative fuels, with the rate of change in engine architecture

unlikely to keep pace. There is also the rising concern about aviation's impact

on climate change and pressure for strategies to combat it. This means

changes in the engine to make them cleaner and more ef�cient, with the fuels

expected to follow suit, particularly looking at the exclusion of sulfur from the

fuels. Aviation fuel is currently treated as a commodity, purchased for use in
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the sector at the lowest price, with its affect on the performance properties

and thermal stability not being of the greatest concern. On top of the strong

motivation to make alternative fuels for environmental reasons, they also

offer an opportunity for the improvement in the fuel to become an enabler of

new engine technologies, which would be limited with current fuels. These

changes mean that a greater understanding of the affect that the chemistry of

a fuel has on its properties is required.

1.3 Thermal stability, oxidation chemistry and

mechanisms

One of the properties that the fuel speci�cation documents controls is thermal

stability.[9] Thermal stability is the property of a chemical to resist irreversibly

breaking down, through oxidation or other decomposition mechanism, at

high temperatures. The higher a chemical's thermal stability the greater its

resistance to decomposition. These mechanisms of breakdown are treated

separately, and happen at 2 different temperatures, as can be seen in �gure

1.3. This thesis will focus on the thermal stability of aviation fuel with respect

to oxidation.

Fig. 1.3: The log of the deposit growth in the autoxidation and pyrolysis region,
adapted from a �gure by Spadaccini et al .[10]

Because the engines operate at higher temperatures, and the fuel is expected

to remove this heat, the fuel is pumped around at increased temperatures.
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This leads to in-service issues, as the fuel starts to form insoluble gums and

deposits, which foul the fuel system. This reduces the effectiveness of the

fuel as a heat exchange �uid and increases the temperature of the aircraft

systems. To avoid this problem the airlines have to service the aircraft more

frequently. Accordingly, decreasing the time between shop visits has an effect

on the running costs of an OEM. This issue has other negative consequences

as current engines are pushing at the temperature limit that they can put into

current fuels. Increasing the ef�ciencies and power output of the engines

further will greatly increase the risk of engine malfunction.

To ensure the quality of aviation fuel from a thermal stability perspective, the

fuel is tested using the jet fuel thermal oxidation tester (JFTOT), to measure its

breakpoint. The breakpoint is the highest temperature that a fuel still passes

the speci�cation pressure differential and deposit colour requirements.[7, 9]

The test pressure differential rating is 25 mm Hg and the colour of the deposit

is compared to the ASTM colour standard. These tests take quantitative

and qualitative measures of the deposit, recording not only the colour and

thickness of the deposit, but also the uniformity of the deposit. Additionally, the

deposit thickness can be measured using the interferometric or ellipsometric

methods. The minimum breakpoint temperature required for a conventional

fuel to be suitable for use in �ight is 260°C.

Gums and deposits are formed in the fuel due to the increased temperature

causing the fuel to oxidise at a rapid rate. The oxidation occurs as the

hydrocarbons in the fuel react with the dissolved oxygen forming oxidation

products such as alcohols, aldehydes, ketones and esters.[11] The oxidised

products can react with the heteroatomic species naturally present in the fuel

to form larger more polar products. This is in addition to the heteroatomic

species reacting directly with the oxygen during oxidation. These oxidised

products are more polar than the hydrocarbon fuel and as such will fall out

of solution, forming the insoluble gums that remain in the bulk and deposits

that can form on the wall, which lead to fouling and in-service issues. There

can also be material formed that is partially or completely soluble, but which

changes the physical properties of the fuel. The nature of the oxidised

products will be discussed further in the literature review in chapter 3.

This highlight an important distinction to be made, the difference between

thermal stability and oxidative stability. Thermal stability is the irreversible

change of a chemical which leads to its properties changing and in aviation
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fuel results in the formation of insoluble species. Oxidative stability is the

ability of a chemical species to resist oxidation. Poor thermal stability can be

caused by poor oxidative stability but they are not always interchangeable. An

example would be the case of the phenols found naturally occurring in the fuel.

They are thought to act as antioxidants in the fuel as they are preferentially

oxidised instead of the bulk fuel. However, this is desirable in the fuel as

it has been shown to improve the thermal stability of a fuel, and synthetic

antioxidants are added to fuels with low phenol concentrations. The distinction

between oxidative and thermal stability will be important later when reviewing

the literature, and in the studies carried out in this thesis, as there are fuels

that have can have a high thermal stability but be oxidised very quickly.

Fig. 1.4: The Basis Autoxidation Scheme (BAS) proposed by Bolland and Bateman,
applied to aviation fuel by Zabarnick et al. This acts as a starting point for

most hydrocarbon oxidation mechanisms.[12–14]

Returning to autoxidation, it is generally assumed to occur though radical

reaction mechanisms. A radical refers to a chemical species with an unpaired

electron. This results in radicals reacting rapidly through chain reactions. The

reason for this is that each electronic orbital has a preference to be doubly

occupied, by electrons of opposite spin. The reason for which will be covered

in more detail in chapter 2. The hydrocarbons in the fuel undergo radical

initiation at increased temperature. A number of possible mechanisms are

proposed to initiate the oxidation of hydrocarbons. These routes include the

abstraction of a hydrogen from the hydrocarbons in the fuel, by dissolved

metals or peroxides in the fuel, or homolytic �ssion of the carbon-hydrogen

bond.[14] This means that it can react with the dissolved oxygen rapidly,
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forming peroxyl radicals, which are highly reactive species. A general mech-

anism for Basic Autoxidation Scheme (BAS) can be seen in �gure 1.4, with

the initiation step omitted, but the exact mechanism hasn't been determined

yet.

The oxidation mechanism then progresses through a number of radical path-

ways. As radicals are unstable species, and thus very reactive, they allow for

the formation of products which would otherwise not be possible in an apolar

medium. Addition, disproportionation, elimination, and hydrogen transfer reac-

tions occur until the alcohols, aldehydes, ketones, acids, and ester oxidation

products are formed. These are the primary oxidation products. They affect

the physical properties of the fuel and increase its acidity. However, they are

not large enough or polar enough to form the gums themselves, as they are

partially soluble in the fuel.

These primary oxidation products are more polar than the bulk fuel and as

such they will start to aggregate together. This is driven by the decrease

in the free energy of the system, in-spite of the entropic penalty, as the un-

favoured polar-apolar interactions are minimised through this process. These

aggregated oxidation products will then react further, allowing them to form

larger molecular weight species, which are more extensively oxidised. These

species are even more susceptible to oxidation, and will eventually become

too polar to be soluble in the hydrocarbon fuel and will fall out of solution. This

leads to insoluble sediments to form, which at higher temperatures can bind to

the metal surfaces causing deposition. A number of suggested mechanisms

have been suggested, including the SMORS mechanism proposed by Beaver

et al, which can be seen in �gure 1.5.

Fig. 1.5: SMORS mechanism proposed by Beaver et al, a possible route to the polar
products to form insoluble material.[15]
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The reason that the initial fuel cannot react directly with the dissolved oxygen

directly is because of quantum mechanical selection rules. The ground state

electronic structure of oxygen is a diradical triplet spin state. It is because of

this diradical nature, that oxygen can only slowly oxidise species in the air,

as reactions between the diradical oxygen and non-radical species are spin

forbidden. Incidentally, it is for this reason that life on earth is able to occur.

1.4 Fuel composition, oil �elds and production

methods

As has been discussed previously in the introduction, a number of petroleum

and alternatively derived products are suitable for use as jet fuels. Fuel pro-

duced from petroleum sources are referred to as conventional fuels. However,

they can have varied chemical composition depending on the origin of the oil

and the production methods employed. Understanding the composition of the

fuel that is extracted from each oil �eld is important, because as different oil

�elds are being exploited, the chemistry of the �nal jet fuel can change. As an

example, fuels derived from Brent crude or west Texas sources demonstrate

superior thermal stability to those from Venezuelan or Indonesian sources

because the latter two sources have high concentrations of heteroatomic

impurities in them.

Conventional fuels are formed from the middle-distillate fraction of the oil and

have an average carbon chain length of ten to sixteen. They can also have

high concentrations of iso-alkane and aromatic compounds in the fuel, which

alter the chemical composition, physical properties and thermal stability of the

fuel. The breakdown of the oil products obtained from the major oil �elds of

the world can be seen in �gure 1.6. The concentration of heavy oil waxes and

sediments found in the oil is usually a good indication of the concentration

of minor heteroatomic species in the fuel, which contribute to lower thermal

stability. These minor components include sulfur and phenolic species, as

well as some aromatic nitrogen species.

These minor components can be removed from the fuel to improve the thermal

stability by hydrotreating the straight run distillate using a heterogeneous

catalyst. Hydrogenation can be used to chemically reduce the heteroatomic

species found in the fuel into hydrocarbons and gaseous product, with these

1.4 Fuel composition, oil �elds and production methods 9



Fig. 1.6: Breakdown of the oil products obtained the worlds major oil �elds. The
yellow segment indicates kerosene, and the orange segment is the

naphtha. the dark green segment is gas/LPG and the light green is gas oil.
The dark blue segment indicates the amount of residue in the atmospheric

distillate.[16–18]

reactions summarised in �gure 1.7. Separate processes exist for sulfur,

nitrogen and oxygen species. Previous studies have shown that changing the

extent of hydrotreatment of a straight run fuel impacts its thermal stability.[2]

Mild hydrogenation to remove the polar species improved the breakpoint of a

reference fuel used in the study by 68°C to 354°C. This is a signi�cant increase,

so clearly these heteroatomic species which form a minor component in the

fuel, make a major contribution to the thermal stability of a fuel.

To improve control over the chemical composition of the fuel even further, and

thus provide improvements of its thermal stability, further hydrotreatment can

carried out. More specialised catalysts are used to further alter the fuel. They

hydrogenate the unsaturated hydrocarbons, such as alkenes and aromatics,

to alkanes. These processes have the effect of producing a fuel which is

more chemically pure and demonstrates improved thermal stability. This

more severe hydrotreatment increased the breakpoint of the same reference

fuel in the previous study to >371°C.[2] It can be deduced from this, that

while the minor components have the main contribution to a fuel thermal

stability properties, the hydrocarbon composition also has an important role in

10 Chapter 1 Introduction



Fig. 1.7: Example of hydrogenation, dehydrogenation and isomerization processes
used in re�neries.

determining this behaviour. There is some logic to this, as the hydrocarbons

form the oxidation products and insoluble gums, so changing composition

should affect these mechanisms. This is demonstrated by the behaviour of

the single fuel that was used in this study.[2]

There are other processes that are employed in the production of conventional

fuel. These convert oil from natural gas condensates, heavy oil residues and

shale and oil sands into aviation fuel. To do this the feed-stock is cracked and

catalytically reformed into alkanes and aromatic hydrocarbons with the correct

physical properties for use in aviation. Despite the high processing, changing

the feed-stock has an affect on the thermal stability and chemical composition

of the fuels derived from them. For example, fuels manufactured from the

heavy oil residues left over after the distillation process generally have more

sulfur and oxygenated polar species in them, reducing the thermal stability,

or requiring a large amount of post-production processing to remove them.

These production methods lead to improvements in the fuels thermal stability.

However, they increase the cost of production and the fuel. These processes

can also have the result of negatively effecting other physical properties such

as reducing the lubricity of the fuel. This increased processing can also lead

to higher metal contamination from increased contact with metal catalysts.

which can further exacerbate the thermal stability problem.
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Compounding this is the increased utilisation of shale and oil sand derived

fuels, and all of the issues being reported in relation to their use, means that

these in-service issues are likely to increase in the future even using the

current engine architecture. However, the use of heavy oil residues, shale and

oils sands is only going to increase as the economic drive for oil requires their

exploitation. A summary of the production processes used in an oil re�nery

can be seen in the �gure 1.8.

Fig. 1.8: Flow diagram of the typical processes carried out in an oil re�nery. Adapted
with permission from a �gure on Wikipedia commons. [19]

Aviation fuel can also be produced from hydrocarbon sources other than

petroleum. These fuels are referred to generally as alternative, or synthetic

fuels. There is currently four commonly used approved methods for the

production of these synthetic fuels.[20] These are:
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1. Fisher-Tropsch synthesised paraf�nic kerosene (FT-SPK).

2. Synthesised paraf�nic kerosene from hydroprocessed esters and fatty

acids (SPK-HEFA).

3. Synthesised iso-paraf�n's from hydroprocessed fermented sugars (SIP-

HFS).

4. Alcohol-to-Jet synthetic paraf�nic kerosene (ATJ-SPK).

Because of this wide variety of hydrocarbon sources these fuels can have var-

ied compositions. However, synthetic fuels generally undergo post-production

processing. This improves the chemical purity of these fuels by removing the

polar species found in the feedstocks. Alternative fuels can potentially have

very high thermal stability compared to straight-run kerosene. However, this

is dependent on the feedstock and manufacturing processes used.

Fisher-Tropsch fuels are the most utilised alternative fuels currently in produc-

tion. They are produced from hydrocarbon sources, such as coal and natural

gas, which are converted into syngas using the steam-reforming reaction.

For this process any hydrocarbon source can be used, but these fuels have

developed in regions where oil is not readily available. As such, coal is usually

used as the hydrocarbon source. The syngas is used in the Fisher-Tropsch

reaction to form long chain hydrocarbons, known as Fisher-Tropsch waxes.

The Fisher-Tropsch waxes are hydrocracked to form kerosene suitable for

use in aviation. The composition of the fuel produced can be controlled by

the selection of catalyst. Fisher-Tropsch fuels are chemically very pure and

demonstrate high thermal stability. However, the reduced polar and aromatic

concentrations in the fuel can have a detrimental effect on its other physical

properties. This can be solved by the use of fuel additives to improve lubricity.

Despite the potential performance improvements from using Fisher-Tropsch

fuels, there is a high cost involved in their production because of the number of

processes, high operating temperatures and expensive catalysts needed. This

has limited their use to this point, outside of areas where political situations

have made oil alternatives a necessity.

The other alternative fuels approved for use in blends are derived from bio-

sources. These can be animal fats, crops cultivated for use, sugars and

farming waste, which can be converted into into hydrocarbons suitable for
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use in aviation. A number of production routes are used for converting the

biological feedstock into aviation fuel. For the production of SPK-HEFA oil and

fats undergoes trans-esteri�cation with alcohols, which converts these highly

branched carbohydrates into smaller straight chain molecules. These esters

are usually hydroprocessed into hydrocarbons with the correct molecular

weight for use as an aviation fuel. Their thermal stability and impurity levels

are heavily linked to the feedstock, and the level of post production processing,

such as hydrotreatment. If they are from a clean source, with low metal and

polar contamination, and undergo hydrotreatment these fuels can show very

high thermal stability. Synthetic fuels have been approved for use in blends

with conventional fuels. As such, this can reduce the overall production cost

for a synthetic source to a �nal fuel, but because of the ratios of blending they

can have properties indistinguishable from conventional fuels and fall under

D1655.[7]

Other methods for the production of bio-fuels, include the production from

iso-paraf�n's from hydroprocessed fermented sugars and Alcohol-to-Jet fu-

els. The synthesised iso-paraf�ns originate from the production of farnesene,

a branched alkene, which can then be hydroprocessed into saturated iso-

alkanes. The farnesene is produced from fermenting sugars from agricultural

waste. The �nal method for the production of synthetic fuel is to use ethanol

and iso-butanol from crop cultivation as a feedstock. The feedstock then

undergoes dehydration, oligomerisation and hydrogenation to produce hydro-

carbons in the jet range. These bio-fuels have very high chemical purity, and

thus demonstrate good thermal stability properties. However, because of the

need to cultivate crops for their production, they can effect food security and

have environmental impacts. because of this increased demand for sustain-

ability in the aviation sector a number of new production routes are in various

stages of development. These routes include the utilisation of waste carbon

from the waste of agricultural and industrial processes, as well as converting

carbon dioxide in the air to fuel.

1.5 Aims and thesis outline

As aviation develops and expands thermal stability is becoming a more signi�-

cant issue. The fuels used for jet engines will become more specialised to

extract greater performance from the fuel and improve the ef�ciency of the

engines. However, this requires a more detailed understanding of the role a
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fuels speci�c chemistry has on its properties than is currently available. It is

clear that not all fuel is the same, and as such not only the minor components

affect it thermal stability, but the bulk hydrocarbon component matters greatly

as well. This is particularly true with the expansion of the use of synthetic

routes to jet fuel, which have little to no heteroatomic species due to the

rather harsh production pathways, and as such the thermal stability of these

novel fuel will be dominated by the hydrocarbon component. However, it

is currently not clear what role each hydrocarbon class has on its thermal

stability properties and the development of the jet engine is being sti�ed by

this lack on knowledge. With a greater understanding of how a fuels chemical

composition affects its properties, they can be tailored for a speci�c purpose,

and help facilitate future improvements.

As such the overriding aim of this thesis will be to demonstrate that an

aviation fuels hydrocarbon composition matters, it should be considered when

selecting fuels for test programs and use in service, and that it can negatively

affect its performance and thermal stability. The hope would be that this leads

to synchronised improvements in the engines and fuels, leading to faster

advancements.

A more speci�c aim of this thesis will be to challenge the assumption that a

fuels thermal stability originates solely from the minor components, and that

the bulk hydrocarbon chemistry plays no part. The classes of hydrocarbon

discussed in this thesis have different physical properties, utilised to the fuels

advantage, but also very different chemistries available to them. Aromatic

hydrocarbon undergo electrophilic substitution reactions a class of reactions

unique to them. Electronic conjugation and conduction effects also deter-

mine a hydrocarbons reactivity. This thesis will investigate the hydrocarbon

chemistry and attempt to highlight their differences, showing that they must

be taken into account when trying to understand thermal stability, and the

oxidation mechanism which govern the process.

This thesis will take a multi-disciplinary approach to investigate the problem

of thermal stability in aviation and the oxidation mechanisms that cause

the insoluble products to form. An aim of the thesis is to demonstrate the

usefulness of computational chemistry methods and show their power as a

tool to aid in the understanding of thermal stability. This thesis will also attempt

to link these fundamental quantum chemistry calculations to experimental

work. This is to validate the fundamental work carried out and allow for these
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oxidation models to aid in the development of future fuels. These methods

will be used to understand the detailed reactions mechanisms that take place

in the oxidation aviation fuel. Peroxide species are thought to play a crucial

role in the formation of oxidation products. However, it is still not clear what

that role is, with a number of intermediates and reaction routes suggested, all

encompassing complex electronic spin con�gurations. As such this thesis will

investigate these reactions and mechanisms in the hope of providing clarity

on these processes.

The fuels being used in the future will have an increasingly higher synthetic

and chemically purer composition, hence they will be less like what is currently

found in service, and historical knowledge will be less valid. For this reason

it is of particular importance to carry out this work now, as the fuel is likely

to change rapidly due to environmental concerns and supply changes, so

we need to understand how these changes will affect its properties. This

thesis will focus particularly on the changes to thermal stability that having

chemically purer synthetic and hydrotreated fuels has on the fuel through a

study of the response of the hydrocarbon composition to thermal stressing.

The outline of this thesis is as follows:

1. Chapter 2 gives an introduction to the important quantum mechanics

and electronic structure concepts needed for the rest of the thesis. This

is intended to be a self-standing piece of work and not require the

reader to have to consult electronic structure and quantum mechanics

textbooks in order to understand the arguments being made within.

2. Chapter 3 is a literature review, focusing on the role of that the chem-

ical components in the fuel has on its thermal stability, the existing

mechanisms that govern this thermal stability and previous methods

modelling the process. A brief amount of time will dedicated to the

physical phenomena that affect this chemistry.

3. Chapter 4 presents the main experimental and modelling results of this

thesis. The experimental studies will investigate the thermal stability of

fuels and surrogate hydrocarbon blends in the PetroOxy static thermal

stability tests, and analysis the products formed using GC-MS, FTIR and

UV-Vis. The modelling work will focus on the development of detailed
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kinetic mechanisms for speci�c classes of hydrocarbon, namely: n-

alkanes, cyclic alkanes and mono-aromatic.

4. Chapter 5 studies the chemical reactions of peroxides and peroxyl radi-

cals found in the fuel using multi-reference electronic structure methods.

This chapter will provide fundamental understanding of the quantum

mechanical phenomena that allow for these reactions to progress rapidly

and inclusion of the results allows for the improvement kinetic predic-

tions.

5. Chapter 6 offers a general discussion on the results methodology pre-

sented in this thesis, the implications on the thermal stability �eld, and

to the understanding of the autoxidation mechanism.

6. Chapter 7 provides some conclusions originating form this study and

makes recommendations for future work.

7. Chapter 8 is a list of published work originating from this thesis at the

time of submission.
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2Theoretical Methods

Quantum mechanics, and thereby computational chemistry techniques used

in this thesis, has its origins from the beginning of the 20th century. This

development started with the need to �nd solutions to the black body and

photoelectric problems in classical physics. Planck achieved this through

the quantization of the treatment of energy, and subsequently, with Einstein

postulation that light had particle-like properties and matter having wave-like

properties. These early theories of quantum mechanics culminated in the

concept of wave-particle duality, with de Broglie proposing in 1924 that the

wavelength of light is related to its momentum,

� =
h
p

: (2.1)

This means that atoms and molecules can be treated as having wave-like

properties.[21] This had important consequences for how scientists viewed

chemistry and the physical description of the atom.[22, 23] The current model

of the atom has the electrons in "orbitals" surrounding the nucleus. These

orbitals represent the probability amplitude of �nding the electron. For an

extended system such an atom or molecule, the set of orbitals is referred

to as the electronic structure. We can characterise the electronic structure

by the quantum numbers of the orbitals, particularly for atoms and linear

molecules.

For atomic systems the principal quantum number, n, denotes the electronic

shell the orbital is in. The azimuthal quantum number, l , denotes the sub shell.

It is also called the angular quantum number, as it causes the shape of the

orbital i.e. s, p, d and f orbitals. The magnetic quantum number, ml, gives

the projection of the orbital. All of these quantum numbers have analogies

in classical mechanics. However, quantum mechanical particles also have a

spin quantum number, ms, which is intrinsic to quantum mechanics and has

no classical description. The allowed values for the electrons spin are + 1
2 and

� 1
2 since electrons are fermions. Molecular systems are more complex and

can not easily be described using this set of quantum numbers.
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Electronic spin is vital to chemistry in general and the radical reactions in-

vestigated in this thesis in particular. Two electrons of the same spin cannot

occupy the same orbital, as is stated by the Pauli exclusion principle. This

means that they cannot form a new bond. When radicals react together,

they must therefore pair up and have opposite spin. This will be of particular

importance to the reactions of peroxides and peroxyl radicals investigated in

chapter 5.

The application of quantum mechanics to chemistry presented new problems

and required new methods for investigating the electronic structure of atoms

and molecules. This started in 1925 with Heisenberg's development of matrix

mechanics and with Schrödinger developing wave mechanics in 1926.[24–

31]

2.1 Schrödinger equation

In 1926 Schrödinger developed solutions to quantum mechanical problems

through wave mechanics and applied it to a non-relativistic and time-dependent

system,

Ĥ 	( t) = i �h
@	
�t

; (2.2)

where, 	 , is the wave function of the system.[32, 33] The wave function

completely describes a system of particles, but has no physical meaning and

cannot be measured. However, j	 j2, is the probability density of the system,

which gives the probability of �nding a quantum mechanical particle, and is

a measurable value of the function within a �nite space. �h is the reduced

Planck's constant and i indicates that this problem is complex. Ĥ is the

Hamiltonian operator. If Ĥ does not depend on time the time-independent

Schrödinger equation can be extracted from this time-dependent equation.

This is done by separating the wave function into its spatial, (r ), and temporal,

(t), components, also known as its space and phase components

	( r; t ) = e� iEt
�h  (r ): (2.3)
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This separation of the wave function allows for the time-dependent Schrödinger

equation to be rewritten as

Ĥe
� iEt

�h  (r ) = i �h
�

� iE
�h

�
e

� iEt
�h  (r ): (2.4)

As the wave function is not a measurable property of the system, and only

the j	 j2 has physical meaning, the phase component of the time-dependent

Schrödinger equation can be cancelled out. This means that if the Hamiltonian

applied to the system does not depend on time, the Schrödinger equation

becomes independent of time

Ĥ (r ) = E (r ): (2.5)

Equation 2.5 is only true if the Hamiltonian for the system is not time-dependent,

and has stationary states which do not alter as a function of time, such as low

energy minima on the surface. These stationary states are related to proper-

ties that chemists are interested in, such as orbitals, equilibrium geometries

and the energies associated with them. Thus, for most properties of interest

to the chemical sciences, the simpler time-independent Schrödinger equation

can be used.

Equation 2.5 is an eigenvalue equation, where the Hamiltonian operator

acts on the the eigenfunction  (r ), to give a set of eigenvalues for that

eigenfunction. Solving this equation for a many-body system is not a trivial

problem, and can only be achieved exactly for simple systems such as the

hydrogen atom, without the problem becoming intractable. For more complex

systems, such as the ones of interest to us in this thesis, approximations

must be made, both in the implementation of the Hamiltonian and the wave

function.

2.2 Hamiltonian operator

The Hamiltonian is an operator, which acts on a set of eigenstates, to give a

corresponding set of eigenvalues, also known as its spectrum.[22, 34, 35] It

contains the kinetic, T̂ , and the potential energy, V̂ , operators
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Ĥ = T̂ + V̂ : (2.6)

The kinetic component can be further broken up into the movement of the elec-

trons and nuclei described by some set of electronic and nuclear coordinates,

i and A, in the system. As a consequence it's solution wiil be,

T̂ = �
X

i

�h2

2me

� @2

@x2i
+

@2

@y2i
+

@2

@z2i

�
�

X

A

�h2

2

� 1
MA

@2

@x2A
+

@2

@y2A
+

@2

@z2A

�
; (2.7)

where me is the mass of an electron, and MA is the mass of the nuclei. This

can be rewritten more concisely as

T̂ = �
�h2

2me

X

i

r̂ 2
i �

�h2

2

X

A

1
MA

r̂ 2
A ; (2.8)

where r̂ 2 is the laplacian and represents a 3-dimensional partial differentia-

tion,

r̂ 2 =
� @2

@x2
+

@2

@y2
+

@2

@z2

�
: (2.9)

The potential energy operator, V̂ , describes the interactions between the

particles in the system. This includes repulsive nucleus-nucleus and electron-

electron interactions, as well as an attractive interaction between the electrons

and the nuclei

V̂ = +
e2

4�" 0

� X

A>B

ZA ZB

RAB
+

X

i>j

1
r ij

�
X

A;i

ZA

rAi

�
; (2.10)

as described through Coulomb's law. The entire Hamiltonian operator can be

written as
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Ĥ = �
�h2

2me

X

i

r 2
i �

�h2

2

X

A

1
MA

r 2
A +

e2

4�" 0

� X

A>B

ZA ZB

RAB
+

X

i>j

1
r ij

�
X

A;i

ZA

rAi

�
:

(2.11)

This expression can be simpli�ed by setting the physical constants, e, me, �h

and 4�" , where "e is the electrical permeability of free space, to 1. As follows

in 2.12

Ĥ = �
1
2

X

i

r 2
i �

1
2

X

A

1
MA

r 2
A +

X

A>B

ZA ZB

RAB
+

X

i>j

1
r ij

�
X

A;i

ZA

rAi
: (2.12)

In this system of units the energy associated with the Schrödinger equation

is now the given in the units of Hartrees, which is 2625 kJ mol-1 or 631 kcal

mol-1. The Schrödinger equation is exact until this point, but can be simpli�ed

even further by applying the Born-Oppenheimer approximation.

2.3 Born-Oppenheimer approximation

All methods used in this thesis rely on the Born-Oppenheimer approximation,

which states that the kinetic energy terms of the electrons and the nuclei can

be decoupled from each other. This idea originates from the simple concept

that the nucleus is far heavier than the electron, � 1800 times more in the

case of the hydrogen atom. As such the kinetic energy terms of the electrons

operate on very different scales to those of the nuclei. The Born-Oppenheimer

approximation was proposed in a paper by Born and Oppenheimer in 1927,

where they demonstrated that the wave function can be separated into a

nuclear and electronic component, leading to equation 2.13.[36, 37] Here,

�( r ; R) is the electronic wave function for a set of electronic coordinates in a

�xed nuclei framework and � (R) is the nuclear wave function for this set of

coordinates

	( r; R ) = �( r ; R)� (R): (2.13)
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The way that the Born-Oppenheimer approximation is implemented in elec-

tronic structure calculations, is through the clamped nucleus approach, where

the electronic Schrödinger equation is solved for a series of stationary nuclear

coordinates. The nuclear coordinates can then be re-optimised for this new

electronic potential. The clamped nuclear electronic Schrödinger equation is

written as

Ĥel�( r ; R) = E(R)�( r ; R): (2.14)

Here the electronic energy for a single set of nuclear coordinates, E(R), is

obtained with the electronic wave function at this set of coordinates. The

electronic Hamiltonian has the nuclear kinetic operator omitted, and the

nuclear-nuclear potentials is treated as constant, when written in atomic units

the Hamiltonian has the form

Ĥel = �
1
2

X

i

r 2
i +

X

A>B

ZA ZB

RAB
+

X

i>j

1
r ij

�
X

A;i

ZA

rAi
: (2.15)

This can be written more compactly as

Ĥel = T̂e(r ) + V̂eN (r ; R) + V̂NN (R) + V̂ee(r ): (2.16)

From equation 2.16 a few important points should be made. The �rst being

that due to the V̂eN (r ; R) term, the electronic and nuclear components of the

Hamiltonian cannot be fully separated. Thus, the wave function cannot be

separated either, which increases the complexity of the problem. The second

important point to note is that the V̂NN (R) term is a constant, which shifts the

energy, but does not perturb the solution. Applying the electronic Hamiltonian

allows for the eigenvalues for a set of stationary nuclear coordinates to be cal-

culated. The second step is to optimise the nuclear coordinates to reduce the

repulsive nuclear-nuclear potential terms for the electronic potential calculated

using the electronic Schrödinger equation. This allows the full eigenvalue

equation to be written as
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Ĥel

X

i

� i (r ; R)� i (R) = E(R)
X

i

� i (r ; R)� i (R): (2.17)

The motion of the nuclei in the electronic potential can be calculated using the

nuclear Schrödinger equation in 2.18. In this equation the kinetic energy of

nuclei is calculated in a �eld potential casued by the movement of the electrons.

This �eld potential originates from solving the electronic Schrödinger equation,

and from solving the nuclear Schrödinger equation, the vibrational levels for a

speci�c electronic state can be calculated.

Ĥnucl � (R; r ) = E(r )� (R; r ): (2.18)

From solving the electronic and nuclear Schrödinger equations we can get

the equilibrium molecular geometry, ground state electronic structure, as well

as the spectroscopic and thermodynamic properties of a molecule can be

determined from �rst principles. Solving the electronic Schrödinger equation

for a set of coordinates results in a potential energy surface, which is a

powerful tool for investigating chemical reactions, and will be discussed in

more detail later in the chapter.

Fig. 2.1: Potential energy surface of a diatomic molecule, generated from solving the
electronic and nuclear Schrödinger equations.

2.3 Born-Oppenheimer approximation 25



2.4 The variational principle

The central aim of the electronic structure theory is to solve the eigenvalue

equation, namely the Schrödinger equation. To do this, a trial set of eigen-

values is calculated, and must be able to be minimised to the true minimum

energy. To do this, the variational principle is used, which states that for a

normalised wave function the expectation value of the Hamiltonian is larger

than or equal to the true ground state energy of the system. To demonstrate

this and discuss quantum mechanics theories further, we must �rst introduce

Dirac's bra-ket notation.[38]

Bra-ket notation allows for the wave function and operator to be described in

an n-dimensional space, known as the Hilbert space. If we take the example

below the left hand term, the bra, is usually a column vector, with the right

hand term, or the ket, being a row vector. This makes the solution, or action,

a scalar product of the 2 vectors,

h� aj� bi ; (2.19)

h� aj� bi =
�

a�
1 a�

2 � � � a�
n

�

0

B
B
B
B
@

b1

b2
...

bn

1

C
C
C
C
A

=
nX

i = a

a�
i bi (2.20)

The closed bra-ket in equation 2.19 also represents the integral of the wave

function over the Hilbert space,

h� aj� bi =
Z

� �
a� bdr: (2.21)

If we write the eigenvalue equation in bra-ket notation we get equation 2.22

Ĥ j� ai = "a j� ai : (2.22)
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If we assume that eigenfunction j� ai is orthonormal to another eigenfunction

j� bi , in that they are orthogonal to each other and normalised over all Hilbert

space then the overlap is

h� aj� bi = � ab: (2.23)

The � ab is the Kronecker delta and it equal 1 if a = b the 0 if a 6= b. How

orthonormality is imposed on a wave function will be discussed in the next

section. When Kronecker delta is equal to 1 their is full overlap of the wave

functions. If the h� bj is applied to equation 2.22 then we get

h� bj Ĥ j� ai = "a� ab: (2.24)

We can use equation 2.24 to prove that solutions to the eigenvalue equation

satisfy the variation principle. If we have a normalised trial wave function then

the expectation value can be used as the upper bound of the true ground

state energy

h~� j Ĥ j ~� i � "a: (2.25)

Where we only achieve equality if the trial wave function is the true wave

function, j ~� i = j� 0i . This can be proven by taking a trial function, which

is written as a linear combination of eigenfunctions. Thus, we get equation

2.26

h~� j ~� i = 1 =
X

ab

h~� j� ai h� aj� bi h� bj ~� i =
X

ab

h~� j� ai � ab h� bj ~� i

=
X

a

h~� j� ai h� aj ~� i =
X

a

j h� aj ~� i j 2:
(2.26)

If we apply this into equation 2.24 then we get

2.4 The variational principle 27



h~� jĤ j ~� i =
X

ab

h~� j� ai h� ajĤ j� bi h� bj ~� i =
X

a

"aj h� aj ~� i j 2: (2.27)

If the wave function is normalised we get "a � "0. This leads to equation

2.28

h~� jĤ j ~� i �
X

a

"0j h� aj ~� i j 2 = "0

X

a

j h� aj ~� i j 2 = "0: (2.28)

As the expectation value of the approximate wave function is always higher

than the true wavefucntion, the energy can be used to determine the quality

of the trial function, the trial function is altered until the energy is minimised.

The most common way of presenting this is

~E =
h~� jĤ j ~� i

h~� j ~� i
� "0: (2.29)

2.5 Hartree products and the Slater-Condon rules

Until this point electronic structure theory and the Schrödinger equation have

been discussed in a general terms. However, for these theories to be useful,

we need to be able to apply them to obtain approximate solutions to the

many-body Schrödinger equation. The �rst step to achieving this is being able

represent the wave function in a way that is easy to understand and use.[39]

If all of the electrons in the wave function are treated as independent particles

in an N electron wave function, then it can be written as a product of the one

electron functions.

�( r1; r2; r3; :::rN ) =  1(r1) 2(r2) 3(r3)::: N (rN ) =
NY

i

 i (r i ): (2.30)

This is the Hartree product of the wave function, � HP , with each one electron

function having spatial coordinates in Hilbert space r i = f x i ; yi ; zi g.[40–45]

These one-electron functions are independent of each other and ignore the
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electron-electron interactions. This is called the orbital approximation. In

addition to spatial coordinates, quantum mechanical particles also have spin

coordinates. As electrons are fermions, this takes the form of � 1
2 or � and

� . This is means that the coordinates can be split into a spatial and spin

component and the Hartree product can also be split into space and spin

parts

� i = f r i ; � i g = f x i ; yi ; zi ; � i g; (2.31)

�( � ) = �( r )�( � ): (2.32)

Thus the Hartree product is a product of a set of single particle space-spin

functions, presented in 2.33,

� (� ) = � (r )� (� ): (2.33)

Thus, equation 2.30 can be written as

� HP (� 1; � 2; � 3; :::� N ) = � 1(� 1)� 2(� 2)� 3(� 3):::� N (� N ) =
NY

i

� i (� i ): (2.34)

In this expression, electronic spin introduces an issue, as fermions are re-

quired to be indistinguishable due to the Pauli antisymmetry principle. This

requires that the wave function changes sign when two electrons coordinates

are exchanged, such as in 2.35

� 1(� 1)� 2(� 2) = � � 1(� 2)� 2(� 1): (2.35)

However this is not true for the Hartree product as the electrons can be

exchanged with no affect on the sign of the product
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� HP (� 1; � 2) = � HP (� 2; � 1): (2.36)

This representation of the wave function thus is incorrect. This problem

was solved in 1929 when Slater introduced a normalised determinant as an

approximation of the wave function. This satis�es both the antisymmetry

principle and the requirement for the electrons to be indistinguishable.[46]

This leads to the Hartree product being expressed as

� HP (� 1; � 2) =
1

p
2!

�
�
�
�
�
� 1(� 1) � 2(� 1)

� 1(� 2) � 2(� 2)

�
�
�
�
�

=
1

p
2!

[� 1(� 1)� 2(� 2) � � 1(� 2)� 2(� 1)]; (2.37)

� HP (� 1; � 2) =
1

p
2!

�
�
�
�
�
� 1(� 2) � 2(� 1)

� 1(� 1) � 2(� 2)

�
�
�
�
�

=
1

p
2!

[� 1(� 2)� 2(� 2) � � 1(� 1)� 2(� 1)]

= �
1

p
2!

[� 1(� 1)� 2(� 2) � � 1(� 2)� 2(� 1)]:

(2.38)

The other strength of the Slater determinant is that it easily allows for an

N electron wave function to be written. However this can become quite

cumbersome, so an alternative and convenient way of enforcing antisymmetry

on the wave function is to use the antisymmetrizer Â

Â =
1

p
N !

X

�̂�S n

� � �̂: (2.39)

The �̂ is the permutation operator, which exchanges the coordinates of the

particles in a symmetry group Sn , for a given number of particles n. The � �

is the sign change that would accompany that permutation. Â is a Hermitian

operator. A Hermitian operator is one which is a square matrix with complex

component, and is equal to its own conjugate transpose,

Âab = Ây
ab: (2.40)
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This allows us to write the complex elements of the matrix as a set of real

2� 2 matrices. Thus, the operator has a spectrum of real eigenvalues. The

antisymmetrizer is also an idempotent operator. Idempotence means that

once the operator has been applied once, subsequent applications have

no affect on the operation, a simple example of this is multiplication by 1.

The antisymmetrizer being idempotent means that when it is applied to an

antisymmetric wave function, or antisymmetric elements in the wave function,

it leaves it unperturbed. The use of the antisymmetrizer allows for an N

electron Slater determinant to be rewritten as

� HP (� 1; � 2; :::� N ) =
p

N !Â� 1(� 1)� 2(� 2):::� N (� N ): (2.41)

The bene�ts of using the antisymmetrizer can be seen when we use it to get

the electronic energy of a system in Dirac notation

Ee = h� jĤej� i = h� j
X

a

ĥa +
X

a>b

v̂ab)j� i : (2.42)

Where ĥa are the one electron terms from the Hamiltonian and v̂ab are the

two electron terms. The antisymmetrizer gives us the same results as that

obtained from determinants but in a more succinct notation. The nuclear

kinetic energy term and the nuclear-nuclear potential terms have been ignored

at this point.

We can greatly simplify the problem by applying the Slater-Condon rules,

which state that a wave function constructed from Slater determinants of

orthonormal orbitals can be expressed as a sum of the integrals of the one

and two-body operators acting on the individual orbitals.[46–48] This allows us

to separate the N -electron wave function into a sum of one and two-electron

integrals, thus, the problem becomes more tractable. For the one-body

operator the Slater-Condon rules are,

h� jĤ j� i =
NX

i = a

h� ajĥj� ai ; (2.43)
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h� jĤ j� b
ai = h� ajĥj� bi ; (2.44)

h� jĤ j� cd
abi = 0: (2.45)

In these expressions for the one-body operator, when there is no change in

the wave function, the integral over the wave function become a sum of the

one-electron integrals. The integral of the Hamiltonian over a wave function

with 1 orbital difference between the bra and ket becomes a single 1-electron

integral. All other terms disappear. This rule applies to our kinetic energy

operator. For the two-body operators, such as the electron-electron repulsion

operator, the following rules apply.

h� jĤ j� i =
1
2

NX

a=1

NX

b=1
b6= a

�
h� a� bjĥj� a� bi � h � a� bjĥj� b� ai

�
; (2.46)

h� jĤ j� c
ai =

NX

a=1

�
h� a� bjĥj� c� bi � h � a� bjĥj� b� ci

�
; (2.47)

h� jĤ j� cd
abi = h� a� bjĥj� c� di � h � a� bjĥj� d� ci : (2.48)

When the operator is applied to a wave functions with one or less orbital dif-

ferences the integral is a sum of two-electron integrals. When the the bra and

ket are different by two orbitals, the integral becomes a two-electron integral,

and if the bra and ket differ by more than two orbitals the integral vanishes.

These rules allow for the electronic structure problem to be simpli�ed.

2.6 Hartree-Fock theory

We can use the Slater-Condon rules in conjunction with the antisymmetrizer

to get our one and two-electron terms in Hartree-Fock theory. If we examine

the one electron term �rst for a system where a is an electron and a 6= b, this

term can be written as
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h� j
X

a

ĥaj� i = h� jĥ1j� i + :::; (2.49)

using the antisymmetrizer we get

h� jĥaj� i =
p

N !
�

hÂ� 1� 2:::jĥ1jÂ� 1� 2:::i + :::
�

: (2.50)

Due to the antisymmetrizer being Hermitian and idempotent, it means that

this can be rewritten so that the antisymmetrizer only has to be applied to the

bra or the ket

=
p

N !
�

hÂ� 1� 2:::jĥ1j� 1� 2:::i + :::
�

: (2.51)

When the antisymmetrizer is applied to equation 2.51 and the permutation

operator is applied we get the following expressions

h� j
X

a

ĥaj� i =
1

p
N !

�
h� 1� 2:::jĥ1j� 1� 2:::i + h� 2� 1:::jĥ1j� 1� 2:::i + :::

�
; (2.52)

=
1

p
N !

�
h� 1jĥ1j� 1i + h� 2jĥ1j� 2i + :::

�
; (2.53)

=
X

a

h� ajĥj� ai : (2.54)

Equation 2.54 contains only the one electron terms for the electronic energy.

This simpli�es the problem, as solution now relies on N terms rather than

N !� N ! terms. If this is carried out for the two-electron terms we get equation

h� j(
X

a>b

v̂abj� i =
1
2

X

ab

�
h� a� bjv̂abj� a� bi| {z }

Jab
coulombic integral

� h � a� bjv̂abj� b� ai
| {z }

K ab
exchange integral

�
: (2.55)
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The �rst term is the Coulombic term, and has analogies in classical mechanics.

However, the second term is the exchange term. This does not have a

classical physics interpretation, as it originates from the requirement for the

electrons to be indistinguishable and obey the antisymmetry principle. If we

rewrite equation 2.42 in this way we get

E =
X

a

h� ajĥj� ai +
1
2

X

ab

�
h� a� bjv̂abj� a� bi � h � a� bjv̂abj� b� ai

�
: (2.56)

The one-electron functions can now be selected variationally to minimise

the energy of the N electron system. This equation is exact within the Born-

Oppenheimer approximation Schrödinger equation. However, it is intractable

due to the two electron terms. To solve this issue in Hartree-Fock theory

the Hamiltonian can be simpli�ed by using the following pseudo 1-electron

operators,

F̂ = ĥ +
X

a

(Ĵa � K̂ a): (2.57)

Here ĥ is the one electron operator, Ĵa is the Coulomb operator and K̂ a is

the exchange operator. The Ĵa and K̂ a operators are described as acting on

single one electron space-spin functions � a(� 1), giving the equations

Ĵa� b(� 1) =
Z

� �
a(� 2)v̂12� a(� 2)d� 2 � � b(� 1) (2.58)

and

K̂ a� b(� 1) =
Z

� �
a(� 2)v̂12� b(� 2)d� 2 � � a(� 1): (2.59)

The Ĵa operator describes the average repulsion experienced by one electron

space-spin function by all of the other electrons, and the K̂ a operator similarly

does this, but for changing permutations. For this reason Hartree-Fock theory

is described as a mean-�eld approach. If we use the Fock operator on one of

the one electron space-spin functions we get an eigenvalue equation
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F̂ j� i i = " i j� i i : (2.60)

This is exact for each one electron eigenfunction, j� i i , and eigenvalue " i . The

eigenfunctions used in 2.60 are the electronic orbitals within a system, and

the eigenvalues are the orbital energies. Solving equation 2.60 can can be

carried out, but it is still very dif�cult and computationally expensive to do. This

means that the orbitals, and thereby the wave function, must be represented

as a set of simple functions. This is done by expanding them in some basis

functions,

� i =
X

�

c�i ' i ; (2.61)

where c�i is some coef�cient describing the weighting of the basis functions

' i . The choice of basis functions for use for this purpose will be discussed in

more detail in the next section. When this expansion is inserted into the Fock

equation we get

F̂
X

�

c�i j' � i = " i

X

�

c�i j' � i : (2.62)

When the bra h' k j is applied to equation 2.62 it can be solved

X

�

c�i h' k jF̂ j' � i = " i

X

�

c�i h' k j' � i : (2.63)

This can be written in the matrix form

Fc = "Sc: (2.64)

Equation 2.64 is the Hartree-Fock-Roothaan equation. c is the matrix coef�-

cient and " is the diagonal matrix of the orbital energies. F is the Fock matrix

and S is the overlap matrix which have the form,

2.6 Hartree-Fock theory 35



Fk� = h' k jF̂ j' � i ; (2.65)

Sk� = h' k j' � i : (2.66)

The Hartree-Fock-Roothaan equation allows for us to minimise the energy

systematically and iteratively.[49–53] This is because our overlap matrix and

Fock matrix depends on the quality of our trial wave function, and thus de-

pends on our trial coef�cients. We can solve the Hartree-Fock-Roothaan

equations, or the Secular equation version 2.67, to get new energies. We

can alter the coef�cient matrix to lower the energy variationally until we reach

convergence

(F � "S)c = 0: (2.67)

2.7 Representation of the wave function

As shown in equation 2.68, our trial wave function is an expansion of some

basis functions, using the orbital coef�cients.

� i =
X

�

c�i ' i ; (2.68)

This leads us to the question, how do we represent our unknown wave func-

tion best. In computational chemistry, 1-electron basis functions are built

as a linear combination, into molecular orbitals and the trial wave function.

Often a basis set will be formed of a number of basis functions. For this, any

set of functions that allows for ef�cient manipulation and implementation can

be used, for instance point grids are used in solid state electronic structure

calculations. It was found that the best set of basis functions to represent the

atomic orbital were Slater-type orbitals derived from the hydrogenic atomic

orbtals.[23] They perform well, because they have a cusp at the nucleus and

decay exponentially. However, they are computationally expensive when nu-

merous functions are used a basis set, as they cannot be integrated ef�ciently.
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As a consequence, usually Gaussian-type orbitals are used to form the basis

sets. They do not have the correct cusp at the orbital, nor do they decay

exponentially, but they are much computationally cheaper to integrate.[23,

54–57] The difference between a Slater orbital and a Gaussian orbital can be

seen in �gure 2.2.

Fig. 2.2: Comparison of Gaussian and Slater type orbital functions (taken from [58,
59]

Although Gaussian functions are not a good representation of the wave

function. They are computationally cheaper to use because a product of two

Gaussian functions is also a Gaussian. Thus, more Gaussian functions can

be combined together and contracted to form a function which looks like a

Slater orbital. This allows for larger basis sets, with polarisation and diffuse

functions included in them to improve the description of the wave function and

get higher chemical accuracy. Gaussian basis sets are what are used in this

thesis.[60–66]

To make the basis functions of use in chemistry they are required to have

a principal quantum number, some function for their angular momentum,

so that they can form the s, p, d, f and g atomic orbitals. This angular

momentum function must also have projection so that can act in Hilbert space.

It is common practice to include functions with higher angular momentum

(polarisation functions), in order to improve the description of bonding orbital,

and diffuse function to improve the description of inter-molecular forces and

non-bonding interactions. To cause the functions to collapse to 0 at distance,

they have an exponential term, with some exponent which effects the shape
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of the basis function. The form of the Gaussian type function can be seen in

equation 2.69

' n = Nnl mle� �r 2
: (2.69)

The quality of the basis set is determined by the number of basis functions it

contains (its size). This directly in�uences the accuracy of the results of the

calculations. However, even with an in�nite-sized basis set (a complete basis,

the energy obtained from Hartree-Fock would still not be the true ground state

energy of the system. To understand this further and improve on Hartree-Fock

we need to introduce electron correlation.

2.8 Electron correlation and perturbation theory

Hartree-Fock theory is one of the simplest methods for solving the approx-

imate Schrödinger equation. However, it has a number of issues with its

description of the electrons, which lead to errors in the calculated energy.

The difference between the true energy of the system calculated from the

full Schrödinger equation and the Hartree-Fock equations is called the cor-

relation energy.[67] The correlation energy is a direct consequence of the

Hartree-Fock treatment of the electrons i.e. the mean �eld approach, where

an electron interacts with the average potential of the other electrons in the

system, rather than interacting with the individual electrons.[68–70] This has

the effect of increasing the energy of the system, as the potential energy will

be arti�cially high in places where there should be an electronic hole. This can

be seen in �gure 2.3. This poor description of electron-electron interactions is

called dynamic correlation.

Dynamic correlation is important to describe a number of interesting prop-

erties, including inter-molecular forces, and leads to errors in the energies

obtained. Therefore, a number of post Hartree-Fock methods have been

developed to recover this dynamic correlation energy and improve accuracy.

Therefore, a number of post Hartree-Fock methods have been developed to

recover this dynamic correlation energy
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Fig. 2.3: Potential energy of a system when a third electron is introduced, the red
lines are the position of the electrons and the blue are the potential energy.

In the mean �eld method, the energy is arti�cial high between the two
electrons.

The simplest improvement to Hartree-Fock theory is Møller–Plesset or Rayleigh–Schrödinger

Perturbation theory, which are a subset of the wider mathematical �eld of

perturbation theory.[71, 72] In this thesis Rayleigh-Schrödinger perturbation

theory will be used. The reason for using perturbation corrections is that it

makes improvements to the description of dynamic correlation at short and

long ranges, which are particularly important for calculating bond breaking

and forming reactions. Perturbation theory makes this improvement by mak-

ing a small change to the reference Fock wave function, the perturbation. The

effect it has on the solution of the Fock operator are the corrections to improve

the accuracy and description of the system. Perturbation theory only works

if this perturbation is not too large and the effects not too great. If this is not

the case, the description of the system can break down. In the case of the

breaking the hydrogen-hydrogen bond this effect is quite dramatic.

We can apply this perturbation to the Hamiltonian

Ĥ = Ĥ 0 + � V̂ ; (2.70)

where Ĥ 0 is our Hartree-Fock reference and � some perturbation parameter

which we apply to the operator V̂ . This can then be applied to our Schrödinger

equation to get

(Ĥ 0 + � V̂ ) j� ai = EN j� ai ; (2.71)
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With j� ai and Ea being perturbed

j� ai = j� a� i ; (2.72)

Ea = Ea�: (2.73)

If we expand the wave function and energy through a Taylor series we get

equations 2.74 and 2.75 respectively

j� ai = j� ai j � =0 ; +
@j� ai

@�

�
�
�
�
� =0

� +
@2 j� ai

@�2

�
�
�
�
� =0

� 2

2!
+ :::; (2.74)

Ea = Eaj � =0 ; +
@Ea
@�

�
�
�
�
� =0

� +
@2Ea

@�2

�
�
�
�
� =0

� 2

2!
+ :::: (2.75)

This allows us to express the wave function and energy to the nth term as

j� (n)
a i =

1
n!

@n j� ai
@�n

�
�
�
�
� =0

; (2.76)

and

E (n)
a =

1
n!

@nEa

@�n

�
�
�
�
� =0

: (2.77)

When this is expansion is substituted into the Schrödinger equation and

simpli�ed we get

(Ĥ 0 + � V̂ )( j� (0)
a + i + � j� (1)

a i + � 2 j� (2)
a i + :::)

= ( E (0)
a + �E (1)

a + � 2E (2)
a + :::)( j� (0)

a + i + � j� (1)
a i + � 2 j� (2)

a i + :::):
(2.78)
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The zeroth order perturbation is the standard Schrödinger equation, and the

�rst and second order perturbation Schrödinger equation can be written as

�rst order Ĥ 0 j� (1)
a i + V̂ j� (0)

a i = E (0)
a j� (1)

a i + E (1)
a j� (0)

a i ; (2.79)

second order Ĥ 0 j� (2)
a i + V̂ j� (1)

a i = E (0)
a j� (2)

a i + E (1)
a j� (1)

a i + E (2)
a j� (0)

a i : (2.80)

We can then used these equations to get our �rst and second order energy

correction. If we apply the zeroth order wave function h� (0)
a j to equation 2.79

we get

h� (0)
a j Ĥ 0 j� (1)

a i + h� (0)
a j V̂ j� (0)

a i = h� (0)
a j E (0)

a j� (1)
a i + h� (0)

a j E (1)
a j� (0)

a i : (2.81)

This makes our �rst order perturbation energy

E (1)
a = h� (0)

a j V̂ j� (0)
a i : (2.82)

If we consider this perturbation, the reference wave function is still a valid

state, but no longer had valid eigenvalues attached to it as the energy differs

by h� (0)
a j V̂ j� (0)

a i . This is caused by our perturbed wave function h� (0)
a j 6=

j� (0)
a i . As such we have improved our solution to the Schrödinger equation by

applying this �rst order perturbation, but to get more of the correlation energy

and improve further, higher order corrections are needed.

When the same process is applied to equation 2.80 we get

h� (0)
a j Ĥ 0 j� (2)

a i + h� (0)
a j V̂ j� (1)

a i

= h� (0)
a j E (0)

a j� (2)
a i + h� (0)

a j E (1)
a j� (1)

a i + h� (0)
a j E (2)

a j� (0)
a i ;

(2.83)
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and we can write the second order perturbation energy as

E (2)
a = h� (0)

a j V̂ j� (1)
a i : (2.84)

From the second order correction we recoup more of our correlation energy.

The perturbed wave function can be constructed from a linear combination of

unperturbed wave functions using a perturbation coef�cient

j� (n)
N i =

X

�

Cn
� j� (0)

� i : (2.85)

The utilisation of second order Rayleigh-Schrödinger perturbation theory

allows most of the dynamic correlation energy to be recovered. Even if

we went to the nth order of perturbation and recouped all of the dynamic

correlation energy, there is still inaccuracies present in our description of

the electronic structure of molecules. Another contribution to the correlation

energy comes from the use of a single Slater determinant in Hartree-Fock

and post Hartree-Fock methods. The use of a single determinant leads to the

electronic structure being described qualitatively incorrectly in situations far

from equilibrium, such as for breaking bonds. In such cases the electronic

con�guration not being correctly described with a single Slater determinant.

This is called static correlation, due to it being caused by the electrons having

the wrong orbital con�guration. To solve this issue, con�guration interaction

and multi-reference methods need to be used.

2.9 Con�guration Interaction and multi-reference

methods

The problem of correctly describing the electronic con�guration of a system

can be seen clearly if we take a system of two bonded atoms, A-B, which

share a pair of electrons in the bond. When we extend the distance between

the two atoms, we start to break the bond homolytically. Thus, the atoms are

pulled further away from each other, the electrons should be shared equally

between each atom, and we form two radicals. However, in Hartree-Fock

theory as the bond is extended, we actually form a mix between 2 neutral
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atoms and an ion pair. In the ion pair one of the atoms keeps both electrons

and there is an electron hole on the other atom. This is qualitatively incorrect.

It also leads to quantitative errors, as the coulombic interactions will continue

to rise as the two ions are pulled apart. As such, we never achieve the

situation where the two atoms are non-interacting particles and the potential

reaches its asymptotic value.

What we should see is that one electron is placed in one orbital that is centred

on A and the other electron should be in an orbital which is centred on B.

However as electrons have spin, we can write this con�guration in two different

ways, in one where the A orbital has � spin and the other, where the B orbital

has � spin. This is why using a single Slater determinant can not describe the

system correctly, as in that case the wave function will be a combination of

both of these electronic con�gurations, as well as the two ionic con�gurations.

To describe this system completely we will need four con�gurations, and

to achieve this we will need four Slater determinants. This can be seen

visually below in �gure 2.4. To solve this problem, we need to introduce

con�guration interaction theory, from which we can extract Multi-con�guration

SCF theory.[73–78]

Fig. 2.4: Possible electronic con�gurations and potential energy surfaces for two
electrons as the A-B bond is broken.

Con�guration interaction theory solves the non-relativistic Schrödinger equa-

tion, within the Born-Oppenheimer approximation. If we assume we have a
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complete set of basis function for a single variable, x1, the wave function has

the form

�( x1) =
X

i

ai ' i (x1): (2.86)

If we then expand our wave function as a function of two variables, x1 and x2,

which share the same domain and �x x2 we get the following expression

�( x1; x2) =
X

i

ai (x2)' i (x1): (2.87)

Each of these expansion coef�cients, ai (x2), is a function of a single variable

and thus can be expanded to give

ai (x2) =
X

j

bij ' j (x2): (2.88)

When equation 2.87 and 2.88 are combined we get the following expression

�( x1; x2) =
X

ij

bij ' i (x1)' j (x2): (2.89)

If we did this for an N electron system, using space-spin orbitals we get

equation 2.90

�( x1; x2; :::xN ) =
X

ij:::N

bij:::N ' i (x1)' j (x2)::::' N (xN ): (2.90)

We need to enforce Pauli antisymmetry on the system, so that

�( x1; x2:::xM ; xn ) = � �( x2; x1:::xN ; xM ) (2.91)
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meaning that bij = � bji and bii = 0. This can alternatively written as

�( x1; x2; :::nM ; nN ) =
X

ij::N

bij:::M;N [' i (x1)' j (x2):::' M (xM )' N (xN )

� ' j (x1)' i (x2):::' N (xM )' M (xN )];
(2.92)

This simpli�es to

�( x1; x2; :::nM ; nN ) =
X

j>i

2
1
2 bij j' i ' j i : (2.93)

For a N -electron wave function, it can be expressed as a linear combination of

all possible N -electron Slater determinants for a complete basis of space-spin

orbitals. If we solve the Schrödinger equation in a complete basis set, we get

a complete set of electronic eigenstates of the system. If our complete set of

N -electron basis functions are described by

j� i i =
X

i

ai j' i : (2.94)

The the eigenvectors of the Hamiltonian Ĥ are described by

j� j i =
IX

i

cij j' i i : (2.95)

If the Hamiltonian is constructed so that is satis�es equation 2.96 for a system

where i; j = 1; 2; :::I ,

Ĥ ij = h� i jĤ j� j i ; (2.96)
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then we can use Slater's rules to write Ĥ as a set of one and two electron

integrals. Similarly to how we used it in Hartree-Fock theory.[46, 47] For the

one electron terms we get

hi jĤ jj i =
Z

' �
i (r1)ĥ(r1)' j (r1)dr; (2.97)

and the two electron terms we get,

hij jj kl i = hij jkl i � h ij jlk i : (2.98)

Where

hij jkl i =
Z

' �
i (r1)' �

j (r2)
1

r12
' k(r1)' l (r2)dr1dr2 (2.99)

and

hij jlk i =
Z

' �
i (r1)' �

j (r2)
1

r12
' l (r1)' k(r2)dr1dr2: (2.100)

To take advantage of Slater's rules, the Slater determinant must be rearranged

to maximise the similarity, or coincidence between the Slater determinants.

This means that when

h� 1jĤ j� 2i (2.101)

where,

j� 1i = jabcdi

j� 2i = jcrdsi
(2.102)
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if we interchange the columns to increase this coincidence, obeying the Pauli

antisymmetry principle, we get

j� 2i = jcrdsi = � j crsdi = jsrcdi : (2.103)

Once we have done this we apply Slater's rules and determine how many

space-spin orbitals differences there is between the Matrices. This leads to

the following expressions

0 differences h� 1jĤ j� 1i =
NX

m

hmjĥjni +
NX

m>n

hmnjjmni ; (2.104)

1 difference h� 1jĤ j� 2i = hmjĥjpi +
NX

n

hmnjjpni ; (2.105)

2 differences h� 1jĤ j� 2i = hmnjjpqi ; (2.106)

>2 differences h� 1jĤ j� 2i = 0: (2.107)

Equation 2.104 describes the ground state con�guration, equation 2.105

describes a single excitation, and equation 2.106 describes a double excitation.

When there are more than two differences, then the term becomes zero and

can be ignored. This allows us to write our wave function as an expansion by

a set of excitation's function of a reference determinant, which we will take to

be the Hartree-Fock determinant,

j� i = A0 j� HF i +
X

ra

A r
a j� r

ai +
X

a<b;
r<s

A rs
ab j� rs

abi +
X

a<b<c;
r<s<t

A rst
abc j� rst

abci + :::: (2.108)

This gives us a set of variational coef�cients, A i , which we can use to optimise

to the ground state energy. The terms in the equation describes the Slater
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determinants where we have replaced space-spin orbital a in the reference de-

terminant with orbital r . We can combine a set of Slater determinants together

to make them eigenfunctions of the spin operators Ŝ2 and Ŝ2. These eigen-

functions are often referenced as the con�guration state functions (CSFs)

and can have any variation of allows spin con�gurations. The CSFs allow us

to study excited states or bond breaking systems, where no single CSF can

describe the system fully, so linear combination of a set of CSFs. This theory

is ferred to as Con�guration Interaction theory.

Con�guration Interaction (CI) theory has a number of issues when using it

to solve these multi-con�gurational problems. This originates from the fact

that to carry out a Full CI calculation, where every possible CSF is included

would be computationally unfeasible. Therefore, truncated CI expansions are

used, which introduces errors into the calculation. We are not only failing

to recover all of the correlation energy due to limiting the size of the basis

set and the number of CSFs, but size consistency problems are introduced

into the problem. Size consistency refers to the properties of a quantum

chemistry method describing the electronic structure and energy of a system

consistently at any separation.

An example would be if we separated two atoms to an in�nite distant. If

a double excitation was taken from the the dimer of the two atoms when

separated to in�nite distance then the system will behave correctly. However,

if the two atoms are calculated separately, with a double excitation carried out

on both individual fragments, then the system is incorrectly described with a

quadruple excitation being carried out in total on the system. This is not true

for closed shell methods such as Hartree-Fock. This is particularly important

when trying to describe the process of bond breaking. As a consequence,

we need a method that can describe this problem in a size-consistent and

computationally feasible way.

Multi-con�gurational SCF (MCSCF) or complete active space SCF (CASSCF)

is one method of solving these problems. In this method, only the con�gu-

rations where the electrons of interest are involved are included in the �nal

solution, if they have the correct spin state and symmetry.[79–83] This allows

one to limit the size of the expansion to something which is manageable. We

can extract the MCSCF equations from CI, starting by writing the MCSCF

wave function and energy in terms of the CI expansion
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	 MCSCF =
CIX

i

A i � i ; (2.109)

E =
CIX

IJ

c�
I cJ H IJ : (2.110)

H IJ is the matrix elements of the electronic Hamiltonian between two deter-

minants j� i i and j� j i . Due to Slater's rules, these can be written as one

and two electron integrals. The simplest way to do this is with unitary group

generators, with equation 2.110 as,

E =
CIX

IJ

c�
I cJ

hX

pq

� IJ
pqhpq +

1
2

X

pqrs

� IJ
pqrs hpqjrsi

i
: (2.111)

If we sum over the CI coef�cients we can write the energy as

E =
X

pq

hpq� pq +
1
2

X

pqrs

� pqrs hpqjrsi ; (2.112)

with

� pq =
CIX

IJ

c�
I cJ � IJ

pq ; (2.113)

and

� pqrs =
CIX

IJ

c�
I cJ � IJ

pqrs: (2.114)

These are our one and two electron density matrices, which gives a convenient

form of our MCSCF energy. This allows us to variationally optimise the energy
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as a function of the con�gurations and the orbital coef�cients. The MCSCF

equations are written as

	 MCSCF =
CIX

i

A i � i ; (2.115)

� i = A
n Y

j<i

� j

o
; (2.116)

� j =
X

�

c�j ' � : (2.117)

Here, A i are our CSF coef�cients and c�j are our orbital coef�cients. The

number of CSF coef�cients increases with the number of states. We can

get the energy from equation 2.110. MCSCF differs from CI in that both the

CSF coef�cients (2.115) and the orbital coef�cients (2.116) are optimised

simultaneously in MCSCF to get the ground state energy of the system,

whereas in CI only the CSFs are optimised. Moreover, each CSF consists of

Slater determinants which consist of orbitals, � j . These orbitals are expressed

as a set of basis functions in equation 2.117. MCSCF also differs from CI

as the user can determine the CSFs used by constricting the number of

active electrons and active orbitals in the con�gurations and restricting the

optimisation to a speci�c spin state and symmetry.[84]

To explain the consequences of this, consider the following. If we take our

example of A-B from before, and this time say our dummy atoms have the

3 electrons each i.e. Li. If we take the ground state of the bonded system,

then we have 3 doubly occupied molecular orbitals. This system is a singlet,

as the � and � electrons are paired up in the orbitals. As we break the bond,

to correctly describe the system, the � and � electrons need to be able to

occupy different orbitals. We could include all of our electrons in the active

space, which would allow electrons in the lowest occupied orbital to be excited

to a higher orbital. If we assume that 6 orbitals are active in the bond breaking

then the number of con�gurations will be 175. As the system gets larger the

number of con�gurations becomes unmanageable. But we do not need to

include every electron and as many orbitals in the calculation, as the core

electrons are unlikely to be important in the bond breaking, and high energy
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unoccupied orbitals are unlikely to be involved. Thus, we can limit our active

space, to include only important electrons and orbitals. This should mean that

all important con�gurations are included in the solution.

Fig. 2.5: Improvements to the electron correlation energy through the use of
different levels of theory.

MCSCF with the second order Rayleigh-Schrödinger perturbation correction

has been used extensive in chapter 5 of this thesis. The active spaces

selected and reasoning for selecting them will be in that chapter in more

detail.[71–74]

2.10 Density Functional Theory

While the wave function methods discussed up to this point are very effective at

solving electronic structure problems, they offer one major drawback, namely

that the solutions become increasingly complex as the size of the system

increases. Thus, they become computationally prohibitively expensive. This

means that another approach must be taken to �nding solutions to the many-

body problem. An alternative methodology to �nd the approximate solution to

the electronic Shrödinger equation is Density Functional Theory, or DFT.

The origins of DFT can be found in Thomas-Fermi (TF) theory, developed

in the 1920s, to �nd the distribution of electrons in atoms.[85, 86] Instead of

using the wave function, TF theory �nds solutions to the electronic structure

problem using the electron density, n(r ), as a function of the nuclear potential,

V(r ), in a �nite volume in phase space

2.10 Density Functional Theory 51



n(r ) =
8�
3h3

p3
f (r ): (2.118)

Here p3
f (r ) is the Fermi momentum. When equation 2.118 is solved for the

Fermi momentum and substituted into the kinetic energy equation gives the

TF kinetic energy

tT F [n] =
p2

2me
/

(n
1
3 )2

2me
/ n

2
3 (r ); (2.119)

TT F [n] = CF

Z
n(r )n

2
3 (r )d3r = CF

Z
n

5
3 (r )d3r; (2.120)

where CF is given by

CF =
3h2

10me

�
3

8�

� 2
3

: (2.121)

The potential energy can also be derived. However, TF theory has a number

of issues with its description of the electronic structure problem. The �rst

is that it approximates that electrons are evenly distributed in phase space.

This is a poor description of electrons in an atom. It is also only correct when

the nuclear charge is in�nite. Thus, it is particularly poor in describing light

atoms. However, even for systems where these conditions are met, it does

still not correctly describe the system, as it is a purely classical theory. In

particular it does not include exchange, nor does it does it take the correlation

of the electrons into account. This made it unsuitable for anything of chemical

interest.

Despite these limitations, Walter Kohn and Pierre Hohenberg turned to TF

theory, when they were looking at metal alloys in 1963. They used TF theory

to derive a solution to their problem, as it described interacting electrons in an

external potential

n(r ) = 
 (� � vef f (r ))
3
2 : (2.122)
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Here � is the chemical potential. The effective potential, vef f , and 
 are given

by


 =
1

3� 2

�
2m
�h2

� 3
2

and vef f (r ) = v(r ) +
Z

n(r 0)
jr � r 0j

dr0: (2.123)

Equation 2.122 represents an alternative way of thinking about the electronic

structure problem. The effective potential is the nuclear charge, and 
 relates

to the kinetic energy of an electron in the potential. This is used as the starting

point of Density Functional Theory.[87] Hohenberg-Kohn DFT is based on the

lemma that the ground state density, n(r ), of a bound system of interacting

electrons in an external potential, v(r ), determines the potential uniquely. This

can be seen below if we take a non-degenerate ground state density, n(r ), in

a potential, v1(r )

Ea = h	 ajĤaj	 ai =
Z

va(r )n(r )dr + h	 ajT̂ + Ûj	 ai : (2.124)

Where T̂ is the kinetic operator and Û is the electronic interaction operator. If

we now assume there is a second potential, vb(r ), with the same density, but

is not equal to va(r ) plus some constant

Eb = h	 bjĤbj	 bi =
Z

vb(r )n(r )dr + h	 bjT̂ + Ûj	 bi : (2.125)

When Kohn, Levy and Lieb used the Rayleigh-Ritz minimal principle for � a

and � b, then the inequalities below are given.[88–90]

Ea < h	 bjHaj	 bi =
Z

va(r )n(r )dr + h	 bjT + Uj	 bi

= Eb +
Z

(va(r ) � vb(r ))n(r )dr;
(2.126)

and
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Eb < h	 ajHbj	 ai =
Z

vb(r )n(r )dr + h	 ajT + Uj	 ai

= Ea +
Z

(vb(r ) � va(r ))n(r )dr;
(2.127)

by adding the two equations together, you get the relationship below

Ea + Eb < E a + Eb: (2.128)

As this is absurd, the density n(r ) cannot describe both potentials va(r ) and

vb(r ). Therefore, it must describe the potential uniquely, and the lemma is

correct.

Hohenberg-Kohn DFT has two central theorems. The �rst is that the external

potential, and hence the total energy, is a unique functional of the electron

density. If va(r ) and vb(r ) have the same ground state density, n(r ), then

va(r ) � vb(r ) = constant. This means that a functional of the ground state

n(r ) uniquely determines the potential and all other properties. This is the

Hohenberg-Kohn functional

F [n] = T[n] + U[n]: (2.129)

The second Hohenberg-Kohn theorem states that the functional, F [n], only

gives the ground state energy of the system if the density is the true ground

state density for and N electrons and potential v(r )

E(v;n ) [n] = F [n] +
Z

v(r )n(r )d3r: (2.130)

This is analogous to the variational principle used in wave function methods

discussed previously in the chapter. For 2.130 to be useful for electronic

structure problems, it needs to be variational so that it can be optimised to the

true ground state. This was shown by Levy and Lieb using the constrained

search method.[89, 90] They applied the Rayleigh-Ritz minimal principle

54 Chapter 2 Theoretical Methods



E = min 	 h~	 jH j ~	 i : (2.131)

This is where the ~	 is the trial wave function, as the trial density is a function

of the trial wave function, the minimisation can be carried out for the trial

density. The trial density, ~n(r ), if �xed for a set of trial functions, ~	 n

Ev[~n(r )] = min h~	 n jH j ~	 n i

=
Z

v(r )~n(r )dr + F [~n(r )]:
(2.132)

Here, F [~n(r )] is the universal functional and has the form

F [~n(r )] = min h~	 n(r ) jT + Uj ~	 n(r ) i : (2.133)

When the energy is minimised over all possible trial densities, we get equation

2.134, which demonstrates that the minimum is found when the true ground

density is obtained

E = min ~n(r )Ev[~n(r )] = min ~n(r )

Z
v(r )~n(r )dr + F [~n(r )]: (2.134)

The power in this, is that now �nding the approximate solution to the Shrödinger

equation is optimising to the minimum energy as a function of the 3-dimentional

electron density, rather than the complex task of �nding the minimum as a

function of ~	 . Which is a function of all n-electrons.

Thus, Hohenberg-Kohn DFT offers a way of getting to the true ground state

density of a system, and thus the minimum energy variationally. In 1965 Kohn

and Sham attempted to extract the Hartree equations from Hohenberg-Kohn

DFT to make it iterative and to improve the description of the kinetic energy

operator.[91] The Hartree equations for a set of spatial and spin coordinates j

can be seen below
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vH (r ) = �
Z
r

+
Z

n(r 0)
jr � r 0j

dr0; (2.135)

�
1
2

r 2 + vH (r ) j (r ) = " j  j (r ); (2.136)

n(r ) =
NX

j =1

j j (r )j2: (2.137)

Equation 2.135 describes the potential due to the nuclear charge and the

mean density of the electrons. Equation 2.136 is the Shrödinger equation

for a single particle and 2.137 gives the new density as a function of the trial

 j (r ).

The Hartree equations use the density of the system to generate new poten-

tials and trial wave functions. The Hartree equation 2.136 is for a set of non-

interacting electrons in an external potential, analogous to The Hohenberg-

Kohn variational equation, which can be seen in 2.138. As the number of

electrons in the system is not changing, and we are searching for a stationary

point in the change in n(r ), the Euler-Lagrange equation for this system is

2.139

Ev(r ) [~n(r )] =
Z

v(r )~n(r )dr + Ts[~n(r )] � E; (2.138)

�E v[~n(r )] =
Z

� ~n(r )f v(r ) +
�

� ~n(r )
Ts[~n(r )]j~n= n � "gdr = 0: (2.139)

Now for a non-interacting system the ground state density and energy can be

calculated

(�
1
2

r 2 + v(r ) � " j ) j (r ) = 0 ; (2.140)
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n(r ) =
NX

j =1

j j (r )j2; (2.141)

E =
NX

j =1

" j : (2.142)

However, this formulation of DFT has some issues. The �rst of these being that

it is for non-interacting electrons. It also fails to take correlation or exchange

into account. For an interacting system the Hohenberg-Kohn functional is

equation 2.143

F [~n(r )] = Ts[~n(r )] +
1
2

+
~n(r )~n(r 0)
jr � r 0j

drdr 0+ Exc[~n(r )]; (2.143)

and the variational equation has the form 2.144

Ev[~n(r )] =
Z

v(r )~n(r )dr + Ts[~n(r )] +
1
2

Z
~n(r )~n(r 0)
jr � r 0j

drdr 0+ Exc[~n(r )] � E:

(2.144)

The Exc[~n(r )] is the exchange-correlation functional, and turns the system from

an non-interacting classical system into an interacting quantum mechanical

one. The Euler-Lagrange equations are

�E v[~n(r )] =
Z

� ~n(r )f vef f (r ) +
�

� ~n(r )
Ts[~n(r )]j~n= n � "gdr = 0; (2.145)

vef f = v(r ) +
Z

~n(r )~n(r 0)
jr � r 0j

dr0+ vxc(r ); (2.146)

vxc(r ) =
�

� ~n(r )
Exc[~n(r )]j~n(r )= n(r ) : (2.147)
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The equations can now be solved and give the self-consistent Kohn-Sham

equations which can be solved iteratively to the true density, or some desired

cut off

(�
1
2

r 2 + vef f (r ) � " j ) j (r ) = 0 ; (2.148)

vef f (r ) = v(r ) +
Z

n(r 0)
jr � r 0j

dr0+ vxc(r ); (2.149)

n(r ) =
NX

j =1

j j (r )j2; (2.150)

E =
X

j =1

" j + Exc[n(r )] �
Z

vxc(r )n(r )dv �
1
2

Z
n(r )n(r 0)
jr � r 0j

: (2.151)

The Kohn-Sham equations require some set of orbitals to be used during

the optimisation. These are called the Kohn-Sham orbitals. However, un-

like orbitals used in wave functions methods where they are one electron

eigenfunctions of the system, the Kohn-Sham orbitals do not have the same

physical meaning.[92, 93] But, the sum of the orbitals energies is related to

the total energy via

E =
NX

j =1

" j � EH [n(r )] + Exc[n(r )] �
Z

�E xc[n(r )]
�n (r )

n(r )dr; (2.152)

E[n(r )] = Ts[n(r )] +
Z

vext (r )n(r )dr + EH [n(r )] + Exc[n(r )]: (2.153)

Here, E H is the Hartree energy and the kinetic energy has the form

Ts[n(r )] =
NX

j =1

Z
� �

j (r )( �
�h2

2m
r 2)� j dr: (2.154)
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The vext is the nuclei-electron interaction and can be substituted into equation

2.149 instead of the v(r ) term and the exchange-correlation potential, vxc(r )

can be substituted for

vxc(r ) =
@Exc[n(r )]

@n(r )
: (2.155)

This allows the Kohn-Sham potential to be constructed from a sum of the

external potentials of the inter-electronic interactions and the effective poten-

tial. This is done through a chosen set of Kohn-Sham orbitals to give the

one-electron Kohn-Sham equation

�
�

1
2

r 2 + vks(r ) � " j

�
 j (r ) = 0 : (2.156)

Kohn-Sham DFT and orbitals allow for a basis set to be selected and a

solution to the Kohn-Sham equations to be found in an iterative and variational

procedure. The solution should be exact, if the trial density used to construct

the potential is close enough to the true density. However, for that to be

correct the true functional, F [n(r )] or Exc[n(r )] needs to be used. This is

problematic, since the Hohenberg-Kohn theorems do not offer a description

of the functional. As such a number of approximations for the functional

have been made. This thesis will present the approximations to the Kohn-

Sham Exc[n(r )] functional as that is the most common implementation of DFT.

Moreover, it is the one used in this work.

The �rst approximation for the Kohn-Sham Exc[n(r )] functional was the local

density approximation. This used the density from the uniform electron gas,

in a �nite set of space

E LDA
xc =

Z
exc(n(r ))n(r )dr: (2.157)

The energy exc can be split into it constituent parts of exchange and correlation,

which were calculated by Ceperley and Wigner for the homogeneous gas

cloud
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ex (n) = �
0:458

r s
; (2.158)

ec(n) = �
0:44

r s + 7:8
; (2.159)

r s is the one-electron radius. It allows the potential to be constructed from

the sum of these one electron terms.[94–96] There are a number of problems

with the local density approximation. The most important of these is that it

underestimates the exchange component in the system and overestimates

the correlation part. This is because it is constructed from the homogeneous

electron gas cloud, and as such is inherently mean �eld. Where this approxi-

mation is not appropriate, such as for any system of chemical interest, this

leads to poor description of the systems. The approximation does work for

some systems, where the errors cancel. However, such as predicting for solid

state calculations.

The local density approximation treats the electrons in the system as being

non-interacting. However, this is not a true re�ection of the system.[97–99]

If we take a system with an electron at some position r i , then the density at

position r j can be given by

Z
nxc(r i ; r j )dr j = � 1: (2.160)

This is known as the exchange-correlation hole and transforms the system

into one of an interacting set of electrons. It describes the reduction in

electron density at r j due to the electron being present at position r i . This

is sometimes called screening. To develop density functional theory further,

screening needs to be incorporated into the functional. The way this is done is

by introducing a Hamiltonian that depends on the � , where � = 0 represents

the Kohn-Sham system and � = 1 is the true physical system. This allows the

density to be written as

nxc(r i ; r j ) =
Z 1

0
nxc(r i ; r j ; � )d�: (2.161)
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Equation 2.161 can be solved exactly to give the exchange-correlation func-

tional

Exc = �
1
2

Z
n(r ) �R� 1

xc (r [n(~r )])dr; (2.162)

where �R� 1
xc (r [n(~r )]) has the form

�R� 1
xc (r [n(~r )]) =

Z
� ~nxc(r i ; r j [n(~r )])

jr i � r j j
dr: (2.163)

As �R� 1
xc (r [n(~r )]) is expected to drop off rapidly with distance, we can expand

the term and integrate to give

Exc = E LDA
xc +

Z
G2(n)(r n)2dr +

Z
[G4(n)(r 2n)2]dr + ::::; (2.164)

G2 is a functional of the density. However this expression gives poor results,

but resummation can leads to a useful sequence

E 0
xc =

Z
� (n(r ))n(r )dr(LDA ); (2.165)

E 1
xc =

Z
f 1(n(r )jr (r )j)n(r )dr(GGA): (2.166)

The GGA, or generalised gradient approximation, depends not only on the

density but the gradient of the density hence the name.[100–102] Most modern

functionals are variants of GGA functionals, and they offer improvements in the

calculated energies and thermodynamic data compared to LDA functionals.

Another class of functional is the hybrid functional, most of which are GGA

hybrid functionals. hybrid functionals make improvements to the functional

by taking some contribution from the Hartree-Fock exchange energy. The

inclusion of a better description of exchange results in improvements in the

equilibrium bond length and vibrational frequencies. As such, they allow for
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more accurate calculation of stationary point properties, compared to pure

GGA functionals.

The most popular modern functional in use is the B3LYP functional developed

by Becke, Lee, Yang and Perdew.[103, 104] It has some exhange contribution

from the Hartree-Fock energy, and some contribution from the LDA exchange

and correlation energy. This functional has 3 parameters which were opti-

mised against the G1 molecule set. More recent functionals have undergone

more byzantine parameterisation against data sets. Due to the inclusion

of components from the LDA exchange-correlation energy, as well as the

Hartree-Fock exchange, B3LYP offers excellent results for the equilibrium

bond distances, Thus can give good starting geometries for higher level wave

function methods.[103, 104] The bene�t to using density functional theory is

that due to its low computational expense, it allows hundreds of atoms to be

treated using electronic structure methods, something that would be very hard

with wave function methods beyond Hartree-Fock theory, without considering

advances in linear scaling methods.[105–107]

2.11 Potential energy surfaces and chemical

kinetics

As we have seen in this chapter computational chemistry allows us to calculate

the energy of a system at a set geometry. This would in principle allows

us to calculate the energy of the system at every geometry related to a

reaction of interest. These energy points would be connected to each other

through the change in coordinates along some vector, and thus we would

be generating a potential energy surface (PES) of the reaction of interest.

In chemistry this allows us to determine how likely a reaction is to happen,

through kinetics, as well as calculate the energetics of the reaction, through

thermodynamics. The power of this ab initio approach is that it allows us to

understand fundimentally why reactions happen, as the surface depends on

steric and electronic factors.

However, it becomes clear that doing this presents a number of challenges.

The �rst is how to interpret and present the PES in a convenient and under-

standable manner. It is clear that the energy as a function of a few sets of

coordinates could be presented as a 3-dimensional graph or as a contour
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plot. However, it is not clear how it could be shown as a function of every

coordinate in the system. The second issue is an even more fundamental

one. If no other forces are acting on the system, then a non-linear system

has 3N-6 degrees of freedom where N is the number of atoms. It would be

unfeasible to calculate the energy at every point as a function of all these

degrees of freedom for any system of interest. It is also not likely that all

of these degrees of freedom are of interest to the reaction. If we take the

reaction of peroxyl-dodecane (known as 1-oxidooxydodecane) abstracting

a hydrogen from dodecane then in principle we have to calculate a surface

dependent on 225 degrees of freedom. However, as this reaction is going to

be most effected by the coordinates that pertain to the R-H bond breaking

and O-H bond forming, we assume that it is not necessary to calculate all the

other coordinates.

Most quantum chemistry software packages allow us to carry out a con-

strained optimisation of a system. This means that a single point on a reaction

surface can be calculated, where all the other degrees of freedom are un-

restricted, and can be optimised to the lowest energy point for that point of

interest. This allows us to take a slice of the PES, �xing only the most impor-

tant coordinate, while keeping the others free. If we consider this idea further,

to determine whether a reaction is going to take place, and the rate at which it

takes place. We can see that it is not even necessary to calculate every point

along this reaction pathway. The most important states for determining the

kinetic of a reaction are the low energy reactants, products and the transition

state linking the two states, seen in �gure 2.6.

The transition state in �gure 2.6 is the highest energy point on a low energy

reaction pathway. Other points on the full potential energy surface may be

higher in energy, i.e. if all the bond lengths are extended by 1 Ångström, but

these states are physically unlikely to be formed. This transition state can

also be called an activated complex, and is the conceptual highest energy

state in a single step reaction, and thus is the rate limiting state.[108–110]

The concept of the transition states give a physical meaning to the Arrhenius

rate equation and allows us to use quantum chemistry to investigate chemical

reactions from �rst principles.

This thesis will construct a kinetic mechanism by using the kinetic and ther-

modynamic parameters calculated from the ab initio calculations in Gaus-
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Fig. 2.6: A theoretical 1-dimensional potential energy surface between some
reactants and products through a transition state.

sian.[111–119] The kinetic and thermodynamic data can be used to generate

Arrhenius parameters from the Arrhenius rate equation seen in 2.167

k(T) = Ae
� E a
RT : (2.167)

In equation 2.167, Ea is our energy of activation, R in the gas constant,

T is the temperature and A is the pre-exponential factor. Alternatively the

Arrhenius equation can be rewritten as 2.168 through the transition state

theory (TST) interpretation proposed by Eyring et al.[108, 109, 120] In this

form the Arrhenius equation can be written as

k(T) =
kB T

h
e

� � G z

RT ; (2.168)

with the pre-exponential factor being replaced by a term including the Boltz-

mann constant, kB . As the Gibbs energy can be separated into its component

parts, equation 2.168 can be rewritten as

k(T) =
kB T

h
e

� S z

R e
� � H z

RT : (2.169)
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In condensed systems, as the P� V term will be small, this is the equivalent

to

k(T) =
kB T

h
e

� S z

R e
� � E z

RT : (2.170)

As such we see that our Arrhenius parameters can be derived from �rst

principles, with H z being our energy of activation, and 2.171 being our pre-

exponential factor

A =
kB T

h
e

� S z

R : (2.171)

This gives us a physical interpretation of the pre-exponential factor from the

Arrhenius equation. It can also be called the frequency factor, and in collision

theory it depends on how likely a reaction between two species is to happen if

they collide, determined by the orientation of the molecules. In transition state

theory this is interpreted as the entropy of activation. This is more rigorous,

as it can tell more about nature of the transition state, and the reactions

kinetics. The internal energy of the transition state is now included in the

pre-exponential factor using transition state theory. This allows molecular

vibrations and rotations that couple to the reaction coordinate, which could

stabilise or destabilise the transition state, to be included. The thermodynamic

data generated from Gaussian, and particularly the entropic contribution of

the Gibbs energy, can be improved through the use of the GoodVibes pro-

gram.[121] In this program, improvements are made to the thermodynamics

by correcting the description of the low frequency rovibrational modes by

introducing a quasi-harmonic approximation to the vibrational modes.[122–

126] The correction to the entropic terms can be done in two ways, either

the more simple approach of cutting of the contribution from all mode bel-

low 100 wavenumbers, or by dampening these modes. Improvements are

also made to the enthalpic description of the rovibrational modes allowing

for better descriptions of the vibrations and rotations that effect the reaction

coordinate.

It is important to remember that Arrhenius reaction rate theory was developed

as an empirical theory. Thus, in its original formulation, a multi step mech-

anism had a single set of reaction rate parameters. This means that when
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constructing a mechanism using quantum chemistry to study the autoxidation

of aviation fuels, care must be taken to construct it from single step processes.

The entire mechanism may have a rate determining step, or rate determining

state, which we will be able to identify using quantum chemistry.[110] These

discussions will be based not only on the kinetics parameters calculated

from the frequency calculations carried out in Gaussian, which takes the

second derivatives of the wavefunction to calculate the thermodynamics of

the systems, but also from the electronic energy of the systems.

There are some limitations to the interpretation of transition state theory that

are being used in this thesis. It is assumed that when the transition state is

formed, the reaction goes to completion, and products are formed. This is not

always true if the transition state is very short lived and the vibrational modes

in the transition state do not have time to reach a Boltzmann distribution.

Standard transition state theory also does not include quantum tunnelling

into its description of a reaction. This is of particular importance for cold

temperature reaction. Therefore, it is unlikely to be in effect during autoxidation.

However, transition state theory can be modi�ed with WKB theory to include

it. As can be expected, at higher temperature the theory also breakdown,

as it does not fully describe the role of vibrational modes in stabilising and

destabilising transition states.
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3Literature Review

The literature review in this thesis focuses on the previous work carried out in

the �eld of thermal stability. The main purpose of this literature review will be to

cover the effect that a fuels chemical composition has on autoxidaiton, and its

role in the deposition mechanisms. This includes the implication that the origin

and production methods have on the chemistry and composition of aviation

fuel. However, this is just one aspect of the �eld of thermal stability, with

physical and �ow issues also affecting thermal stability, and will be covered

in this review. This review will also summarise and critique the literature

investigating the modelling approaches used to predict the thermal stability of

aviation fuels. Finally a summary of the literature will be presented and future

directions to �ll gaps in the literature will be discussed.

3.1 Chemical composition and thermal stability

Before commencing the review of the literature into the role that a fuels

chemical composition has on its thermal stability, it is important to discuss what

chemical species are present in the fuel, and how they alter the properties

of the fuel. The major component of all aviation fuel is the hydrocarbon

component, but as discussed in chapter 1, the nature of this component can

be varied while still meeting the property requirements set out in the fuel

speci�cation documents. The hydrocarbon species found in jet fuel include

straight chain n-alkanes, branched iso-alkanes, cyclic alkanes of various sizes,

mono and poly-aromatics rings. These hydrocarbons all have different effects

on the fuel properties. The n-alkanes and iso-alkanes form the majority of

the hydrocarbon fuel, they have high hydrogen to carbon ratios, increasing

the fuels heat to weight ratio. They offer good combustion properties for the

fuel, reducing the polluting emissions, and the fuels negative environmental

impacts. However, due to n-alkanes uniform structure they have high freeze

points, as they can pack tighter, and form strong Van der Waals forces

between the chains. They also have high viscosity at low temperatures which

can reduce the ability to pump the fuel to the engines. To combat this issue,

the ratio of iso-alkanes can be increased to reduce the freezing point of the

fuel, and improve their viscosity. However, this can reduce the energy density
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and the maximum range of the fuel. To improve the energy density of the

fuel, aromatic hydrocarbons can be added to the fuel. They are hydrogen

de�cient compared to saturated hydrocarbons, meaning they have very poor

combustion properties, and form a lot of smoke and carbon particulates when

burned. Example chemical structures of these classes of hydrocarbon can be

seen in �gure 3.1.

Fig. 3.1: Common chemical structures of classes of the hydrocarbon components
found in aviation fuel.

The hydrocarbon component of the fuel is known to control its bulk properties.

However, aviation fuel has trace components and impurities, with their concen-

tration being limited by the fuel speci�cation as they affect some properties

of the fuel. These include the fuels lubricity and cleanliness. These minor

components of the fuel include polar oxygenated species, sulfur and nitrogen

containing compounds and metal impurities. An example of the species which

can be found in the fuel can be seen in �gure 3.2. The exact composition

and concentrations of these species can be affected by the a number of

factors such as the feedstock and the post-production processing that the

fuel is subjected to. Oxygen and nitrogen containing species, particularly

heteroatomic aromatic species, have been suggested to have negative effects

on the fuels thermal stability and cleanliness. However, they can act as antiox-

idants in the fuel, with particularly phenolic species found in the fuel thought

to improve the storage and thermal stability. Sulfur species are found in high

concentrations in fuels originating from heavy oils sources, and have been

suggested to improve the lubricity of the fuel by binding to the metal surfaces

and increasing the slip between the fuel and the surface. However, all of these

species have been linked to reduce the thermal stability of a fuel, as sulfur,
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oxygen and nitrogen have been found in the deposits in high concentrations.

This will be discussed later in this review in more detail.

Fig. 3.2: Example chemical strucutres of trace impurities commonly found in aviation
fuel.

A number of additive packages are also used in the fuel to alter it properties,

with these having heteroatomic species in them, and are found in low concen-

trations in the fuel. However, they can affect the thermal stability of the fuel,

which will discussed in greater detail in the relevant section.

3.1.1 Hydrocarbon composition

This review will start by investigating the affect that hydrocarbon composition

has on the thermal stability of a fuel and the oxidation rate and mechanism.

Early studies into the affect of the hydrocarbons structure has on its oxidation

was focused not only in relation to the thermal stability of these chemicals, but

also on their use as monomers for polymerisation. The work by Mayo et al,

Howard et al and Taylor et al investigated the rate of oxidation of a number

of saturated and unsaturated hydrocarbons including aromatic species.[127–

137] The authors found in separate studies that alkenes, particularly styrene,

were very reactive to radical oxidation and radical species, and formed higher

molecular weight products. Under oxidative conditions these products would

also have high amounts of oxygen present in them. However, the authors

were unclear if the styrene monomers are oxidised prior to polymerisation or

if the extended oligomer system, are oxidised post polymerisation. Due to the

fast rate of polymerisation of the styrene monomers once initiated, and high

aromatic stabilisation of oxidisation products, it would be suggested that the
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oligomer is oxidised after formation. The literature indicates that all alkenes

have a very poor effect on the thermal stability of aviation fuel as they can form

oligomers in the fuel. Alkenes are also easily oxidised, as the hydrogen next

to unsaturated double bond can be easily abstracted and the radical formed is

stabilised by conjugation with the double bond. The product of these reactions,

and the alkenes themselves are facile towards addition reactions with the

oxygenated products of the fuel, yielding extended oxygenated compounds.

For this reason alkenes are seen as undesirable in the fuel, as they do not

provide any bene�ts to the other fuel properties, and are excluded from the

fuel through hydrotreatment.

Alkanes fall into two branches, cyclic and noncyclic, which can be branched or

unbranched. These classes of alkanes are also referred to as cycloalkanes,

n-alkanes and iso-alkanes. Previous work investigating the affect that branch-

ing has on the abstraction has shown that tertiary carbons react quicker,

forming the radical.[138] This is caused by the adjacent carbons donating

electron density to the electron de�cient radical centre, stabilising the radical

through inductive effects. Experimental work carried out at IFPEN found

that increasing chain length caused a reduction in the induction period of

the fuel.[138, 139] This continued up to a plateau reached at 12 carbons

chains and longer. The authors also found that a mixtures of hydrocarbon

with various chain lengths showed a linear response behaviour, indicating

that the rate of their autoxidation is caused by the ratio of terminal and chain

carbons in the hydrocarbon. This would provide evidence in support that its

the stabilisation of the radical through inductive effects that affects the rate of

hydrogen abstraction.

The roles that cycloalkanes have on the thermal stability is open to debate.

They increase the density of a fuel when compared to iso-alkanes, which

means that they offer the bene�t of improving the range of aircraft when used

if their thermal stability can be understood. Previous work at IFPEN indicates

that they do not increase the induction period and as such the authors stated

that they are not acting as an antioxidant in the fuel.[140] The work by IFPEN

indicates that they do not increase the induction period or the total deposit

formed when compared to aromatic species. This is important as they would

improve the thermal stability of a fuel, when compared to aromatics, meaning

they can be used to increase energy density of a fuel without decreasing

thermal stability. If cyclic hydrocarbons increase the range without affecting

thermal stability, then synthetic fuels can be developed to take advantage of
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this. However the work from IFPEN and Dayton point to the fact that not all

aromatics and cyclic-alkanes are the same, with toluene behaving differently

to methyl-naphthalene, and decalin to tetralin.

Wong and Bittker investigated the deposition of four hydrocarbons over a

temperature range of 150-450°C.[141] In this study it was found that 1-hexene

was the most autoxidatively unstable and formed the most deposits, this is

unsurprising, because as discussed due to the unsaturated double bond

it is particularly reactive to radical addition. Cyclohexane caused the next

most deposits, with decane and benzene exhibiting much less deposition.

The authors said that this was due to decane and cyclohexane having much

stronger C-H bonds, and as such initiating the oxidation reactions was more

dif�cult.

Aromatics

Aromatic hydrocarbons that occur naturally in aviation fuel help to improve

the energy density both in terms of by volume and weight. However, they

have a negative effect on the combustion properties of the fuel, hence limits

are imposed. Their affect on the thermal stability of aviation fuel is complex

and not completely understood. The literature indicates that the aromatic

hydrocarbons can improve the stability of the fuel, by reducing the rate of

the deposition, while increasing the amount of deposit formed overall. Work

carried out at IFPEN indicated that the addition of aromatic increased the in-

duction period of the oxidation of the fuel.[140] This increased induction period

was found to be particularly effective for larger aromatic hydrocarbons with

benzylic carbons. This supports the earlier work carried out by Igarashi et al

and Taylor et al.[134, 142, 143] That work showed that 1-methyl-naphthalene

(1-MN) had a dramatic affect in increasing the induction period of the fuel.

It is suggested that this is caused by the stabilisation of the radical formed

on the benzylic carbon by conjugation through the two aromatic rings. The

effect was seen by Taylor et al in a number of aromatic hydrocarbons, with the

increased aromaticity of the hydrocarbon used leading to decreasing rates

of deposition. Taylor suggested that there was a a trend with the number of

benzylic hydrogen available, and the inhibition in the rate of deposition, with

separate trends of the mono-aromatic and bi-aromatic species. Wong and

Bittker investigated the deposition of four hydrocarbons over a temperature

range of 150-450°C.[141] In this study it was found that benzene was a pecu-
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liar molecule, as it has no labile C-H bonds to abstracted easily, and different

results would be expected for alkyl substituted benzene molecules. As such it

is not particularly representative of the fuel.

Fig. 3.3: Effect of aromatic structure on deposition rate seen by Taylor in 1969
(taken from [134])

Research has been carried out recently by groups at the University of Day-

ton and French Institute of Petroleum and Energy (IFPEN) investigating the

effect that hydrocarbon structure has on the induction period and total de-

position.[138, 140, 144–146] It has been found that despite increasing the

induction period of oxidation in aviation fuels, aromatic hydrocarbons increase

the total amount of deposit formed during the oxidation process. Increasing

the size of the aromatic species added to a test fuel has shown an increase

in the amount of deposit, with 1-MN leading to a dramatic increase in deposit

over single ringed aromatics. This leads to a picture where aromatics are

slower to oxidise, and slow the rate of deposition, but form more deposits

eventually. This is highlighted by Heneghan et al where the the addition of

antioxidant to a fuel leads to slow deposition but more deposit over all.[147]

This would suggest that the product forming reactions for the AO2 recombi-

nation are much slower than that for RO2 recombination, but the products
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must at least be much more polar compared to the bulk fuel, if not more

thermodynamically stable, to form increased amounts of deposit.

The group based in IFPEN have investigated the role that aromatic hydro-

carbons and chain length have on thermal stability. Their work showed that

aromatics increased the induction period slowing the deposition rate. In the

case of 1-methyl-naphthalene (1-MN) the increase in induction period was

dramatic, with the addition of 10% 1-MN resulting in a 25 fold increase. This

supports the �nds of Igarashi et al previously. However the inclusion of 1-

MN lead to greater total deposition, indicating that they are susceptible to

oxidation. It's proposed that the aryl C-H bonds are weaker than alkyl C-H,

and act as antioxidants in the fuel. It is also suspected that they are prefer-

entially oxidised, forming phenols which also act as antioxidants, increasing

the induction period. This explains how the addition of aromatics increase

total deposition as was found by the group in Shef�eld.[148] The mechanism

proposed by Igarashi is presented below.[142, 143]

The Zabarnick group at the University of Dayton demonstrated that increasing

aromatic species size leads to increased deposit formation.[145, 146] It is

suggested that because of their size, it requires fewer monomer units to

form the insoluble gums. This coupled with the work from IFPEN suggests

that larger aromatic species are easier to oxidise, the likely cause being

that oxidising one of the rings maintains aromaticity in the other ring, with

the aromaticity stabilising the radicals through conjugation. This would also

account for these species demonstrating antioxidant effects on the fuel.

Jones and Balster added an aromatic hydrocarbon solvent to a hydrotreated

fuel already doped with antioxidants, which had already shown to have good

thermal stability, to investigate the role that the alkyl aromatics on a fuel

thermal stability.[149] It was found that the addition of 12% by volume of

aromatics to the fuel reduced the thermal stability, with the fuel having its time

to reach a 50% oxygen depletion in the static bomb test decreased by 3 hours,

from 13 hours to 9 hours. This can be seen in �gure 3.4. The authors state

that this reduction in thermal stability was caused by the labile C-H bond on

the alkyl aromatics and thus they are preferentially oxidised at a much quicker

rate.
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Fig. 3.4: The affect of the addition of alkyl aromatics to a hydrotreated fuel on its
oxygen consumption in a static fuel tester, reprinted with permission from

[149].

3.1.2 Minor components, additives and impurities

The hydrocarbon component of the fuel controls its bulk properties but the

majority of the work investigating the thermal stability of a fuel has focused

on the minor components. This is because the heteroatomic impurities and

additives are generally thought to control the thermal stability and deposition

behaviour of the fuel. These minor components in the fuel include polar

oxygenated species, which either occur naturally or are added to the fuel as

additives, sulfur and nitrogen containing compounds and metal impurities.

This section will give an overview of the affect that these species have on

thermal stability.

Fuel additives

A number of additives are added to the fuel to alter its properties and deal

with speci�c issues in the fuel. The most important of these additives for

thermal stability is antioxidant. The commonly used antioxidant is butylated

hydroxytoluene (BHT), which is a highly sterically hindered phenol, but other

hindered phenols are approved for use.[7, 20] Static dissipators (SDA) are

used to improve the conductivity of the fuel and stop accidental sparking and
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ignition of the fuel. Fuel system icing inhibitors (FSII) are added to stop the

formation of water ice during high altitude �ights. If fuels have poor lubricity,

lubricity improvers can be added, to ensure that excessive wear does not

occur. They also have the bene�t of improving the resistance of the air-frame

to corrosion so can also be called corrosion inhibitors (CI). Metal deactivators

(MDA) are a subset of antioxidants, and are used in the fuel to chelate copper

and stop it from reacting with the fuel, but can also act as a hydrogen donating

antioxidant. Some of these additives can be seen in �gure 3.5. Other additives

can be used to counter speci�c problems encountered during service. Biocide

can be used to deal with the microbial growth in the fuel tanks and leak

detection additives during fuel tank �lling. Signi�cant study has focused on

the affect of doping fuels with antioxidants and MDA. This will be the main

focus of this section, with limited consideration of the other additives.

Fig. 3.5: Additives approved for use in aviation fuel.

A number of studies have been carried out investigating the affect of doping

fuels with approved additives, and unapproved derivatives and alternatives, on

the fuels thermal stability. It was reported that the addition of additives to shale

derived fuels had limited effect on the level of deposition, but antioxidant did

improve the storage stability.[150] Nitrogen based antioxidants were shown to

have a complex relationship in the fuel, with them neutralising acids formed

during oxidation, but generally agreed to reduce the thermal stability.[151]

A study by Abdallah tested the affect that different additives packages had

on the breakpoint of a fuel and the deposit of the fuel in the JFTOT.[152]

Antioxidants (AO) were added to a base fuel with a high concentration of polar

species, the author reported 181 ppm of phenols, with no affect observed

on the break point of the fuel. Antioxidants were also added at a higher

concentration of 400 ppm without the breakpoint being affected. The author

speculates that this lack of response to antioxidants could be caused by the
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fuel already having a high concentration of naturally occurring phenols in the

fuel ful�lling the role of antioxidants in the fuel. The author was also able

to show that icing inhibitors (+10°C) and metal deactivators increased the

breakpoint of the fuel, with metal deactivators improving the breakpoint by at

least 45°C, with the breakpoint of the fuel extending beyond the range of the

test. Static dissipators (SDA) and corrosion inhibitors (CI) lowered the break

point of the fuel by -5°C and -10°C respectively. Abdallah combined additive

packages and doped them in the fuel. FSII when used in combination with CI,

AO and SDA, it was found that its positive effects on breakpoint were nulli�ed,

although the overall deposit formed above the breakpoint was reduced.

Abdallah also investigated the affect that doping had on the amount of de-

position in the JFTOT.[152] It was found that AO, SDA and CI all increased

the amount of deposit compared to the reference fuel when heated above

the breakpoint. The same increase in deposit was observed when the fuel

was doped with AO, CI, SDA, and FSII. The author highlighted the interesting

antagonist behaviour that all these additives had on the deposit. As AO did not

affect breakpoint of the test, but increased the level of deposit, it is clear that

the heteroatomic aromatics such as AOs can react to form deposits without

being involved in the oxidation reactions.

Rawson et al demonstrated that the addition of synthetic antioxidants to

thermal stressed MEROX treated and hydroprocessed fuels, results in all

fuels demonstrating an improvement in induction period during testing in

the PetroOxy static bomb reactor.[153] However, it was also found that the

addition of antioxidants to aged fuels had little effect on the level of peroxides

formed in the fuels. As such, it can be concluded that antioxidants have a

limited role in the breakdown of peroxides in the fuel. Therefore, it would be

expected that at longer test times greater levels of deposition should be seen.

The hydroprocessed fuel had slower antioxidant consumption during storage

than the MEROX treated fuel The authors stated indicated that the synthetic

antioxidants added to the MEROX fuel were preferentially consumed over the

naturally occurring phenols. This would suggest that hydroprocessed fuels

are naturally more stable to storage than MEROX fuels, but that they oxidise

quicker under thermal stressing due to the lower concentration of natural

antioxidants in the fuels, as seen by the shorter induction period times for

these fuels in the PetroOxy tests.
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Morris et al also found that the addition of antioxidants to fuels had limited

impact on the level of peroxides formed in a fuel during storage.[154] However,

It was found that the addition of antioxidants to a hydroprocessed fuel prior to

testing stopped the formation of peroxides during thermal stressing in the low

pressure reactor at 90°C in an oxygen rich environment. Without antioxidants,

the hydroprocessed fuel would produce 2400 ppm of active oxygen in 64

hours of testing, compared to 8 ppm when 24 mg/L of antioxidant was added

to the fuel. Dinkov et al investigated the affect of that adding antioxidants

to bio-fuel blends on their properties by measuring the Total Acid Number

(TAN), density and viscosity, total solubles formed during oxidation and the

concentration of peroxides.[155] It was found that the addition of 250 ppm of

antioxidants had no impact on the physical properties of the bio-fuel blend.

Moreover, it reduced the TAN and concentration of unsaturated hydrocarbons

in the blends. The antioxidants reduced the amount of insoluble material

formed during oxidation for all blending ratios. For blends with <10% bio-fuel

content, it stopped the formation of peroxides during heating at 93°C for 16

hours. At higher bio-fuel percentage blend concentrations, this reduction

was not observed. As the antioxidants had no effect on the concentration

of peroxides at 30% blending ratio, but did reduce the amount of insoluble

material, the relationship is more complex than that as reduction in peroxides

leads to less insoluble material formed. The reason for the observation could

be that increasing bio-fuel blend ratio increases the solubility of the fuel, as

the authors note. However, an iso-octane wash was used to separate the

insolubles. Thus, it cannot account for all of the observations.

Jones and Balster investigated the interaction of synthetic antioxidants with

those naturally occurring in the fuel and the affect of blending of straight-run

fuel with solvent.[149] These experiments, fuels and industrial hydrocarbon

solvents were doped with antioxidants and thermally stressed in a static bomb

reactor, measuring the oxygen depletion. The authors reported that as the

concentration of naturally occurring and synthetic antioxidants in the fuel

increased, so did the time needed to induce rapid oxidation, indicating that

both classes of antioxidants participated in chain-breaking mechanisms. It

was also found that a synergistic effect was observed, when 5% of the fuel

with natural antioxidants was added to the paraf�nic solvent, and the synthetic

antioxidant was in concentrations over 10 mg/L. These results can be seen in

�gure 3.6. However, deposition studies were not carried out so it is unclear if

this high concentration of polar species lead to greater deposition in longer

tests. Moreover, the authors state that because of the level of dilution of the
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fuel in the blends tested, to achieve similar results in straight-run fuel a high

concentration of >100 mg/L would need to be used.

Fig. 3.6: The calculated synergistic effect for an industrial solvent, blended with
increasing concentration of a fuel with naturally occurring antioxidants, and

doped with increasing concentrations of the synthetic antioxidant BHT.
Reprinted with permission from [156].

Kerkering et al studied the effect of different phenol antioxidants on the

oxidation induction period and nature of sedimentation.[157, 158] In the �rst

study, a middle-distillate model fuel was doped with 0.1 mol/L polar species,

including phenols. The samples were heated at 120 °C for 24 hours in an

autoclave. 2,6-dimethylphenol reduced the amount of sediment formed, from

164 mg to 148 mg over 24 hours, and 2-naphthol reduced sedimentation by 1

mg. Both phenols tested reduced the percentage of oxygen in the sediment

and increased the percentage of carbon in the deposit, but had no effect on

the percentage of hydrogen. This indicates that the deposit is formed from

aromatic rings, and with the 2-naphthol having a higher carbon percentage

and a lower oxygen percentage compared to 2,6-dimethylphenol, that the

phenols are forming a major constituent of the deposit. The authors proposed

possible products from the electron-spray mass-spectrometry carried out

which can be seen below in �gure 3.7. It was conclude that the phenols

were preferentially oxidised and formed polymeric insoluble products up to

6 units long during sedimentation. In a follow up study, model fuels were

doped with different naturally occurring and synthetic phenols, and heated

in the PetroOxy static fuel tester at 140 °C. All phenolic antioxidants tested

improved the induction period of the fuels. However, the stability increase by
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the individual phenols was dependent on the model fuel being tested, but the

general trend of phenols with multiple aromatic rings and substitutions on the

ortho and para position being the most effective held true for all fuel. It was

suggested that the increase in the oxidative stability was due to the reduced

bond strength of the O-H bond and the stabilisation of the radical species

formed by the substitutions on the ring in those positions. This study did not

investigate the affect that the antioxidants had on the total deposition or on

the nature of the products formed.

Fig. 3.7: Possible oxidation products found in the sediment for 2,6-dimethylphenol
and 2-naphthol proposed by [158].

Heneghan et al investigated the effect of number of additive packages in-

cluding antioxidants.[159] It was found that when antioxidant was added to

a straight run Jet-A fuel, little affect was observed on the temperature at

which oxidation occurred in a single-pass heat-exchanger test rig, and had

a negative effect on the level of deposition. Improvements were observed

when antioxidants were used in combination with MDA. Jones et al observed

that the doping of fuels with antioxidants slowed the rate of oxidation.[160,

161] However, when not used in combination with MDA and dispersants, the

antioxidant had little impact on the level of deposit. A number of synthetic

antioxidants were added to bio-fuels by Karavalakis et al and Focke et al, the

structure of which can be seen in �gure 3.8.[162, 163] Focke et al demon-

strated that tert-butylhydroquinone (TBHQ) improved the stability of bio-fuels

in the Rancimat test and at doping levels of 0.5% wt and above the bio-fuels

had induction times exceeding the European minimum of 6 hours. Karavalakis

et al found that TBHQ, propyl gallate (PG), and pyrogallol (PA) improved the

induction period in the Rancimat test by 19, 15 and 14 hours respectively.[162]
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Butylated hydroxytoluene (BHT) and butylated hydroxyanisol (BHA) were less

effective, only improving the induction period by 2 and 45 hours respectively.

The authors suggested that the greater stability demonstrated by TBHQ, PG

and PA could be attributed to them having more than one phenol group, and

them being in the ortho or para position supporting the �ndings by Kerkering

et al.[164]

Fig. 3.8: Phenolic antioxidants used in the study by [162, 163]. Butylated
hydroxytoluene (BHT), tert butylhydroquinone (TBHQ), butylated

hydroxyanisol (BHA), propyl gallate (PG), and pyrogallol (PA)

A number of papers have looked at the development of future antioxidants

for using in petroleum products.[165–171] This review will brie�y summarise

the �ndings and proposals from these papers. Most of the literature in this

�eld suggests novel antioxidants based on a heteroatomic aromatic backbone

with nitrogen and oxygen groups present. A paper by Wijtmans et al found

that 6-Substituted-2,4-dimethyl-3-pyridinols compounds were very effective

antioxidants for slowing the autoxidation of sytrene, with the most electron

rich pyridinols performing the best.[165] Valgimigli and Pratt proposed antiox-

idants which had multi-ring sytems and both oxygen and nitrogen present,

as well as N,N-diarylalkoxyamines, as a next genration of antioxidants.[166]

N,N-diarylalkoxyamines was found to react rapidly with peroxides indepen-

dent of temperature, which the authors attributed to the lack of a reaction

barrier. A study by Haidasz et al studied the mechanism of oxidation inhibition

of N,N-diarylalkoxyamines and N-phenyl-� -naphthylamines though kinetic

isotope studies.[167] The two classes of antioxidants demonstrated different

mechanisms for reacting with radicals. These can be seen in �gure 3.9. The

N,N-diarylalkoxyamines decompose though N-O homolytic �ssion and dispro-

portionation. The N-phenyl-� -naphthylamine instead decompose though a

retro-carbon-yl-ene reaction. The authors comment that this make N-phenyl-
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� -naphthylamines more suitable for use as antioxidants as deleterious side

reactions are limited.

Fig. 3.9: Mechanism for radical decomposition by proposed antioxidants, from [166,
167].

These �ndings are supported by the work of Bendary et al, who investigated

the effectiveness of phenols and anilines as antioxidants, through chain

breaking mechanism.[172] In that study the authors found that anilines reacted

more readily with hydrogen peroxide in scavenging reactions and thus slowed

the rate of oxidation more than phenols. This was attributed to the anilines

having lower ionisation potential with the authors stating that the peroxide

scavenging reactions being controlled by the rate of electron transfer. However,

the nitrogen containing aromatics reactivity was far more sensitive to the

structural position of the amino group and they were less reactive to free

radicals in the experiment. This would suggest that nitrogen containing

antioxidants have a duel mechanism to slow oxidation. The �rst by reacting

with peroxides, similar to the suspected role of sulfur, and the second by

donating hydrogen to radicals formed in the fuel. Interestingly, the number of

functional groups and position of the functional groups effected the reactivity

of both types of antioxidants to hydrogen transfer reactions with radicals.

Antioxidants with another functional group in the meta position had much

lower reactivity.

Work by Beaver et al investigated the use of potential future antioxidants for

use in high temperature fuels.[168–171] In the �rst study they investigated
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dicyclohexylphenyl phosphine (DCP) reaction with molecular oxygen in the

fuel.[169] The authors found that phospha dioxirane was formed during the

oxidation of dodecane and that this similar reactivity was seen in other phos-

phine species. The formation of phospha dioxirane occurred through a low

energy reaction, with an activation energy of 21 kcal mol-1, at 160 °C. The

DCP was also found to reduce the level of deposit formed in the tube reactor

below that of the neat fuel in both the oxidative and pyrolytic regions. A

concern for this additive would be that it could stimulate microbial growth as

fuel lacks a natural source of phosphorus in the fuel naturally. As such, in the

2nd and 3rd paper oxygen based antioxidants were investigated.[170, 171] In

these studies the authors proposed tetralin, � -tetralol and � -tetralone, which

can be seen in �gure 3.10. Tetralin and � -tetralone lead to a reduction in the

level of deposition in a tube reactor, with the effect being dramatic when both

were doped into the fuel, � -tetralol lead to a negligible drop in deposition. At

longer tests in dodcane the � -tetralone lead to an increase in deposit formed

when compared to the base dodecane, particularly at higher temperatures.

The authors speculated that the antioxidants improved the thermal stability

of fuel though two methods, one as a preferential hydrogen donor in the

fuel, inhibiting aromatic oxidation. Interestly, the other was that the dopants

changed the solubility of the fuel, and thus made it a better solvent for the

polar oxidation products and limited agglomeration.

Fig. 3.10: Tetralin, � -tetralol and � -tetralone antioxidants proposed by [170, 171].

Waynick reviewed the development of metal deactivators and how they affect

the thermal stability of aviation fuels.[173] The author presented evidence for

MDA's improving the thermal stability of fuels, in the JFTOT test, without the

presence of metal impurities in the fuel. However, the rate of oxygen was

more complex as at two different copper concentrations, 1 and 4 ppb, the rate

was slow signi�cantly for the fuel with 1 ppb of copper but the MDA had a

smaller effect on the higher concentration. A number of reasons for this were

postulated for this, that the MDA is passivating the surface of the JFTOT and

thus stopping heterogeneous catalysis, and at the higher concentration the

MDA was chelating with the copper and could not bind to the surface. Another

reason could be at that copper concentration, more of the MDA is chelating
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with the metal, and thus cannot ful�l its duel role as an antioxidant in the fuel

as effectively. In a further test, where MDA was added to fuel in different

stages of the JFTOT test, it was found that the MDA again reduced depositon

in the test even after deposit had already formed on the surface in the earlier

testing. The author stated that this was evidence that surface passivation

could not be the reason for reduced deposit formation in the JFTOT test.

During longer testing after initial deposition, the level of deposit was worse

for a fuel doped with MDA than for a fuel without the MDA. This indicates

that while the MDA reduces the rate of oxidation and thus deposition it can

eventually lead to greater deposition.

Pande and Hardy carried out longer JFTOT tests to understand the behaviour

of MDA doped fuels under extended thermal stressing.[174] It was found that

when MDA added to fuel at concentrations of 35 ppm it improved the gravi-

metric rating of the JFTOT test, because of the reduction in �lterable insoluble

material, whereas when antioxidant was added by it self no improvement was

observed. The author postulated that due to the test length of 120 hours

the effect of surface passivation of the steel metal strip used to stimulate

heterogeneous catalysis was not important. The authors also concluded that

MDA cannot be improving the thermal stability of a fuel though antioxidant

behaviour alone, as the BHT didn't improve the thermal stability in these tests,

although Waynick pointed out that BHT is less effective at improving thermal

stability at the temperature and duration of testing used in the study.[173]

Waynick suggests that the improvement by MDA could be due to acting as

a Brønsted base which can neutralise the acidic oxidised products that can

react further to form insoluble species and deposits with the author stating

that there is evidence for the amount of deposit being linked to acidity and that

more work is required to investigate this observation in relation to MDA.

The study by Pande and Hardy also investigated how doping a fuel with

MDA and BHT during storage effected its thermal stability.[174] It was found

that when 35 ppm of MDA and 24 mg/L of BHT was added to the fuel its

was less effective at reducing insoluble material than just the MDA at this

concentration. Interestingly, when 15 ppm of MDA was used with the same

concentration of BHT, the reduction in insoluble material was the same as

when MDA was used by itself. This indicates that the two additives when

used together have a deleterious synergistic effect. However, the doped fuel

still performed better than the neat fuel in the gravimetric JFTOT. A similar

reduction in deposit was observed by Abdallah when a fuel was doped with
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MDA, the author also noted that the character of the deposit formed in the

JFTOT tests was changed by the addition of MDA, and that while increasing

temperature increased deposit it didn't produce the same linear response

with the deposit build up moving to closer to the pipe inlet.[152] Heneghan

et al also observed that MDA was the most effective additive at reducing the

formation of insoluble material.[159] However, it was observed in that study

that the pressure dropped in the �lter with the addition of MDA, indicating

that deposit was formed. With the material not being collected because it

was soluble in the haxane wash used. In a similar study by Zabarnick and

Grinstead in the QCM static bomb reactor fuels were doped with MDA, BHT

and a dispersant.[175] In this study, 5 of the fuels demonstrated an increase in

the amount of deposit formed during test, 2 decreased and 1 was unaffected.

The authors stated that all fuels demonstrated improved thermal stability with

MDA doping at higher temperatures.

This was supported by the �ndings of Jones et al in a study of 6 fuels with

MDA, BHT and dispersants added, with the oxygen consumption and total

deposit formed measured.[160] The rate of oxygen consumption was reduced

for the 3 fuels with metals present and delayed deposition for 3 of these fuels.

The MDA had little effect on the 3 fuels with no metals present. This study

also found the complex behaviour of the additives when used in combination

with each other, with the resulting thermal stability also effected by the fuels

base chemical composition. This study highlighted that the dispersant was

particularly effective at slowing oxidation and deposition, which the authors

attributed to it stopping agglomeration of polar oxidised products.

Another study by Zabarnick and Whitacre doping a fuel with varying levels of

MDA in the QCM at 140°C demonstrated that increasing the concentration

of MDA increased the induction period and that this occurred above the

concentration need to chelate the copper present in the fuel.[176] The authors

proposed that this observation was caused by either the MDA acting as an

antioxidant or by complexing with acids in the fuel. They expanded on the

mechanism already postulated, by stating that as the fuel oxidised the MDA

would be protonated and thus bind less strongly with copper. This would

explain the increasing time of the induction period, as once all the MDA

had been protonated the released copper would greatly increase the rate of

oxidation. Thus, as the oxidation mechanism progresses it would be expected

to increasing concentration of protonated MDA. However, GC-MS studies

were inconclusive.
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As would be expected fuel additive packages have a signi�cant impact on their

thermal stability. Antioxidants and Metal deactivators improve the storage

stability and resistance to oxidation of fuel when used to deal with speci�c

problems in the fuel. However, it is clear that misuse and over use can lead to

great deposition under extended periods of heating. An interesting area of

future study would be the investigation of the affect of using multiple additive

packages in combination with each other. The literature indicates that some

combinations demonstrate a synergistic improvement, while other have a

negative effect when used together.

Heteroatomic species

The additive packages used in aviation fuel are a subset of the heteroatomic

minor compounds found in the fuel. The concentration of these heteroatomic

species is signi�cantly altered by the origin of the feedstock and the post-

distillation processing that the fuel undergoes. The heteroatomic minor

species found in the fuel can be oxygenated species, as well as nitrogen

and sulfur contain compounds, with these species being both aromatic and

aliphatic in nature.[177–179] This section focusing on the naturally occurring

oxygen and nitrogen species in the fuel, as they have been suggested to have

negative effects on the fuel thermal stability, particularly the heteroaromatic

species as they are thought to react with the radical product of oxidation to

form insoluble material. The role of sulfur species will be treated separately in

a subsequent section. The chemical structure of some of the heteroatomic

species found in the fuel can be seen in �gure 3.11.

Phenols are the most abundant heteroatomic species found in the fuel, with

them occurring naturally in the fuel, and being added in the form of additive

packages discussed previously to improve their storage stability. As discussed

in the previous section, antioxidant additives are thought to slow the rate of

oxidation through radical chain breaking reactions by hydrogen abstraction

reactions, and stabilising the radical with the steric large side groups hindering

further reaction. However, naturally occurring phenols have demonstrated

a more complex relationship in the fuel. In a review of thermal stability

of diesel oils by Batts and Zuhdan Fathoni, there were con�icting reports of

phenols either had a no effect of sedimentation, or of them causing a decrease

in stability.[150] However it was highlighted that Naphthol was particularly

deleterious to thermal stability. It was suggested that this could be due to it
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Fig. 3.11: A non-exhaustive list of some of the naturally occurring heteroatomic
species found in aviation fuel, with the exact composition dependant of

the fuels origin and post-distillation processing.[177–179]

being susceptible to oxidative coupling and forming larger polar species.[180,

181]

The mechanism for this oxidative coupling has been studied in great depth by

the groups of Hardy and Beaver.[15, 180–185] Hardy and Wechter proposed

the importance of Soluble Macromolecular Oxidatively Reactive Species

(SMORS) in the formation of insoluble materials in middle distillate fuels in

1990.[180] The authors found that when methanol soluble species were

extracted from pre-aged and thermally stressed fuel, this resulted in an

improvement in the thermal stability of the fuel, and that a correlation existed

between the concentration of methanol soluble species extracted and the

overall sediment formed post oxidation. This relationship between the amount

of insoluble material extracted pre-stressing, termed SMORS, and the total

amount of insoluble gums formed post-stressing can be seen in �gure 3.12.

Hardy and Wechter analysed the SMORS material, they concluded that it

was soluble in middle distillate fuel, and had higher molecular weights than

single molecules found in the fuel. From the correlation of SMORS material

with the total insoluble sedimentation the author proposed that SMORS were

required to form the sediment in fuels. However, it was pointed out that it was

not the only thing that determined the amount of sediment formed, with acidity

of fuels during testing also being of particular importance in their testing. The

authors suggested that the SMORS and other fuel species react with dissolved

oxygen to form acid which then react ionically with basis SMORS species to
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Fig. 3.12: The amount of SMORS material extracted pre-stressing correlated to the
total amount of insoluble gums formed post-stressing. Reprinted with

permission from [180].

precipitate out. Although, this seems unlikely that ions would form in the fuel,

as the enthalpic penalty would be particularly high. Evidence was provided

for this mechanism, with the molecular weight of the SMORS products being

in the range of 650-1000 Da, but the coupling could be caused by other

mechanism.[181] These species had high oxygen and nitrogen content in

them, with oxygen making up between 9.7-13.7% of the molecular weight,

and nitrogen being on average 4%. Dihydroquinolines, indoles, carbazoles

and multi-ring nitrogen containing aromatics were suggested as chemical

structures for the nitrogen containing species.

Beaver et al developed the oxidative coupling mechanism further and sug-

gested that they progressed through a mix of radical reaction mechanisms

and electrophilic aromatic substitution reactions with the aromatic oxidation

products and heteroatomic species present in the fuel.[15, 182–185] In a

paper from 2005, Beaver et al proposed that the formation of deposits and

sediments in storage and thermally stressed conditions proceeded though the

same bulk mechanisms. In the mechanism, seen in �gure 3.13, the phenols

present naturally in the fuel could be oxidised to a quinone. The quinone is

more electrophillic than the phenol, and as such could react with other elec-

tron rich heteroaromatic species present, through coupling reactions to form

extended oxidised aromatic systems. The quinone species were expected to

react with the more electron rich nitrogen containing aromatics such as indoles

and carbazoles, rather than oxygen and sulfur containing aromatics. The

resulting products formed in the mechanism had molecular weights and chem-
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ical formulas similar to those found by Hardy and Wechter.[181] The coupling

reactions were proposed to occur through electrophilic aromatic substitution.

Evidence for these mechanism were provided by the rate enhancement be-

haviour seen in the literature of acids and copper present in the fuel. The

authors linked the acids to enhancing the rate of electrophilic aromatic substi-

tution, as it can act as a proton shuttle during a number of steps. The copper

was expected to increase the rate of reaction of the peroxyl radicals in step 3

and 4. However, it could also increase the rate or the electrophilic aromatic

substitution reactions through the Ullmann reaction. Experimental tests were

carried out to validate this mechanism, with them proving inconclusive, with

no deposit formed during autoxidation when oxygen was sparged from the

�ow reactor with Silicosteel treatment. However, when oxygen was present in

the fuel, insoluble deposit was formed in the autoxidation region. The authors

speculate that the electrophilic aromatic substitution reactions in the SMORS

mechanism can occur without the presence of oxygen, but as deposition only

occurred in the pyrolytic region in the sparged system, this seems unlikely.

In a series of three papers, Beaver et al investigated the SMORS mechanism

they proposed further, and the role of speci�c species in this mechanism.[182–

184] In the �rst paper in the series by Sobkowiak et al, the role of phenols,

indoles, and carbazoles was investigated.[182] In this study, 4 fuels with

varying polar concentrations were investigated, and different compositions of

the polars. The fuels were selected to validate the mechanism presented in

�gure 3.13, which indicated that both phenols, as well as nitrogen species

such as indoles and carbazoles are important for deposition. It was found that

increasing the total polar concentration lead to an increase in the total deposit

formed, both when thermally stressed when neat, and when blended in a 1:1

ratio with a Fischer-Tropsh fuel. However, hydrocracked fuel 3658 was an

outlier, with it having high indole and carbazole concentrations but was an

intermediate depositor. This was also found in previous testing in the QCM

static thermal stability tester and is contrary to the expected result from the

SMORS mechanism. The 4 fuels selected were tester in �ow reactor. Better

correlation was found for the concentration of phenols present in the fuel and

the total amount of deposit formed. However, the neat fuel 3658 was still an

outlier. The authors proposed that this could be caused by the increased

indole/carbazole concentration changing the nature of the deposit pre-cursors

by preferentially reacting with peroxyl radicals or by changing the solvent

properties of the fuel. The two plots of total carbon deposit verses total polar

and phenol concentration can be seen in �gure 3.14 It was found that at indole
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Fig. 3.13: The SMORS mechanism proposed by Beaver et al for the formation of
insoluble sediment and deposits in storage and thermally stressed

conditions conditions. Reprinted with permission from [185]

and carbazole concentrations higher than 85 ppm a change of mechanism

occurs and the trend of total polar concentration verses deposition breaks

down. The results lead to the conclusion that step 1 in �gure 3.13 was the

rate determining step and that increasing indole and carbazole concentrations

can alter this rate by reacting with the peroxyl radicals.

In the second paper in the series, Aksoy et al investigated the link between the

SMORS species formed and the total deposit formed, and that these species
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Fig. 3.14: Carbon deposit as a function of total polar concentration and phenol
concentration in the fuels tested in the study by Sobkowiak et al.

Reprinted with permission from [182]

are also responsible for changing the smoke point.[183] It was found that

the smoke point decreased as the level of thermal stressing increased and

that this was caused by an increase in the concentration of SMORS species

during thermal stressing. One reason for this could be that increasing the

concentration of SMORS species leads to an increase the aromatic content

of the fuel and that this will decrease the smoke point. This is supported by

the �nding by the authors that blending with Fischer-Tropsh fuels increased

the smoke point by diluting the SMORS species. The 4 fuels investigated

in this study demonstrated good storage thermal stability, with all of them

demonstrating low levels of deposit formed over storage, with this being

suggested as being due to the low concentration of aromatic species in the

fuel by the authors. This was particularly true for fuel 2827, which had been

stored for 14 years, but formed not extractable precipitate in the intervening

time. Thermally stressing all fuel increased the total amount of deposit formed

in all fuels and increased the concentration of SMORS species in the new

fuels. However, it the concentration of SMORS species decreased for the old

fuel, and no trend was observed for the concentration of SMORS species and

total precipitate formed. When phenols, indoles and carbazoles were doped

in the the fuels, it was found that the total deposit formed increased as the

polar concentration increased, indicating that these pre-cursors are important

in the mechanism. This �nding also supports the previous papers proposition

that step 1 in �gure 3.13 is the rate determining step. However, the linear

relationship between added polar concentration and total deposit plateaued

above 100 ppm, but this could be due to the additive package having indoles

and carbazoles present in them. It was also suggested by the authors that

another caused of this observation could be due to the indigenous polar
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species in the fuel aid in the production of peroxyl radicals which can react

together through alternative mechanism.

In the third paper in the series, by Gül et al, investigated the role that peroxyl

radicals have on the SMORS mechanism and affect that chain reaction

inhibitor have on them.[184] The previous 2 papers in the series had proposed

that step 1 in �gure 3.13 is the rate determining step. In this paper, �ow reactor

tests were carried out with fuels doped with 1,4-dihydrobenzene (DHB), to

block this step in the SMORS mechanism by preferentially reacting with

the peroxyl radicals. As the concentration of DHB was increased, the total

amount of deposit dropped dramatically in fuel POSF-3804 under thermal

stressing, with 5647 ppm DHB leading to a drop in total deposition of 88%.

The mechanism for this is shown in �gure 3.15. As can be seen, the overall

result of this mechanism is the production of oxygen, hydrogen peroxides

and benzene, while inhibiting the peroxyl radicals by hydrogen donation.

The authors noted that when the DHB was at lower concentrations, it would

increase the rate of oxidation, as it could initiate the mechanism by reacting

directly with oxygen in the fuel and producing hydroperoxyl radicals. At high

concentrations it was suggested the negative effect of these reactions was

out stripped by the positive effect of the DHB reacting with the peroxyl radicals

generated during oxidation. Similar results were observed with other fuels

tested, but to a lesser extent, with this being suggest to be caused by a

change in polar concentrations in the fuels.

Fig. 3.15: Mechanism for the inhibition of peroxyl radical in the SMORS mechanism
proposed by Gül et al. Reprinted with permission from [184]
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A further study investigating the SMORS mechanism was carried out by Ka-

bana et al.[15] In this study, �ask oxidation studies were carried out on fuels

doped with pre-cursors for the SMORS mechanism, namely 2-methylindole

and 1,4-benzoquinone. It was found that the addition of these species in-

creased the total amount of deposit formed during thermal testing. The

mechanism was further investigated by the addition of 2-methylindole and

benzoquinone oligomers to the test fuel, upon which rapid and signi�cant

deposition occurred. The authors suggested that this was further evidence

that step 1 in the mechanism presented in �gure 3.13 is the rate determining

step. As such, the authors suggested that inhibiting this step could reduce

deposition, but that naturally occurring species such as pyyroles and alkenes

could react directly with oxygen in the fuel to initiate the reaction or the fuel

species cumene could be naturally converted into benzoquinone in the au-

toxidation regime. Thus, limiting the concentration of heteroatomic would not

necessarily stop deposit formation during storage or under thermal stressing.

In support of the previous studies, it was also found that thermal stressing

increased the aromatic/aliphatic ratio, and this ratio was higher in the SMORS

products and thermal deposit. The principle conclusion from the studies by

Beaver et al is that increasing the concentration of phenols in an aviation fuel

increases its propensity for forming deposits and that peroxyl radicals critical

species to control in the autoxidation mechanism. The production of these

peroxyl radicals and phenols can be altered by the chemical composition of

the fuel, with increasing aromatic content, and reactive electrophilic polar

concentration leading to rate enhancement of the production steps.

In two reviews by Batts and Zuhdan Fathoni, the authors stated that peroxides

and phenols were generally found to have the most negative impact of the

thermal stability.[150, 151] The peroxides species in particular have been

found to have signi�cant negative impacts of the thermal stability. In a study

by Taylor and Frankenfeld, peroxide species were shown to cause signi�cant

sedimentation, all chemical structures having this effect. The most deleterious

peroxide species was found to be tert-butyl peroxide.[186] This is likely caused

by the bulky tert-butyl group being able to stabilise the radical formed and

thus able to promote the �ssion of the oxygen-oxygen bond. In the same

review by Batts and Zuhdan Fathoni, ketones, acids and esters were found

to be deleterious to the thermal stability of the fuel, and ethers had no effect

of the amount of deposit formed. It was also reported that the removal of

oxygen during storage minimised the formation of sediment. Interestingly,

Taylor and Frankenfeld demonstrated that deoxygenated fuels were resistant

92 Chapter 3 Literature Review



to the deleterious effects of carboxylic acids in general.[186] This could be a

result of deoxygenated fuels being stored in the absence of light leading to a

total reduction in sedimentation by over 95% over 15 to 30 day period and by

87% over a 60 day period.[187]

Taylor and Frankenfeld in the same study were able to demonstrate that aro-

matic ester, such as methyl benzoate, were mildly delirious. Non-aromatic

esters demonstrated differing behaviour, as cyclohexyl formate had no affect,

but pentyl formate had intermediate negative effects. The same observa-

tion was seen in ketones, with the straight hydrocarbon chained 5-nonanone

being a mild depositor, and 4-methylcyclohexanone having no impact. The

reason for this could be caused by the cyclic structure �xing the oxygenated

species in this form and placing signi�cant steric barriers on further reac-

tion. The two compounds showing the greatest tendency to interact were

2,5-dimethylpyrrole and n-decanoic acid as it was found carboxylic acids ac-

celerated sedimentation with 2,5-dimethylpyrrole. This supports the �ndings

of Hardy and Beaver, that nitrogen compound negatively effect the thermal

stability of fuels. In contrast, it was found that when oxygenated species

were added in combination with each other, they result in synergistic stabili-

sation and a reduction in deposition. This could be a result of the change in

solvent properties of the fuel samples with the oxygenated species in them

which leads to oxidised products being stabilised in an partially polar solvent

matrix.

Hazlett also carried out a review of the affect that oxygenated species on the

thermal stability of fuel.[188] In this review Hazlett highlighted a study by Mayo

et al re-added polar material from previously oxidised fuels to an unoxidised

fuel, with monomeric and polymeric polar material being added separately.

The monomeric polar species had minimal effect on the breakpoint of the

fuel in the JFTOT test. However, the polymeric polar species caused a 20

fold increase in the dielectric measurement of the JFTOT test compared to

the base fuel. This would provide some supportive evidence for the SMORS

mechanism proposed byt Hardy and Beaver. However, it is not clear what

chemical species are being doped into the unoxidised fuel, as it would be

expected that speci�c monomeric species would take part in this mechanism.

Work by Turner et al presented in this review also highlights the affect of

pre-heating a fuel has on its thermal stability in the JFTOT test and how this

is linked to polar species already present in the fuel. Turner et al were able

to show that two fuels at 60°C resulted in an increase in the concentration
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of peroxides, acids and insoluble material present in the fuel. When the

fuels were subsequently tested in the JFTOT, no correlation was observed

between the acid number and the breakpoint of the fuel, or the amount

of deposit formed during testing. However, another study by Kendell et al,

demonstrated that strong acids were the most deleterious species by weight.

This inconstancy could be caused by the nature of the acids being studied

by Turner et al not being known, with Kendell et al in their study �nding that

weak acids had no effect on thermal stability, and that the chemical structure

of the acid was important for determining its affect.

Nitrogen containing impurities can also be found in the fuel. However, much

less study has been carried out investigating their affects on thermal stability.

The main reason for this is historical, with the level of nitrogen species found

in fuels from conventionally derived fuels generally being very low, but with

greater utilisation of shale and other alternative sources this is changing.

Nitrogen species present in the fuel at detectable limits are; amines, amides,

analines, indoles, pyridines, pyrroles, carbazoles, and quinolines. There

is agreement in the literature that the aromatic nitrogen species, indole,

carbazoles, quinolines pyridines and pyrroles, are deleterious to the thermal

stability of a fuel.[150, 151, 189] As discussed above, they are linked to be

involved in the SMORS mechanism developed by Beaver et al.[15, 182–185]

However, it has been proposed that the aliphatic nitrogen species have no

effect on the fuels thermal stability properties.

Even among the aromatic nitrogen heterocycles there is variation in the

reactivity of the species. Pyrroles and indoles have been shown to have the

biggest negative impact with pyridines having a smaller effect on the thermal

stability.[187, 190, 191] Pyrroles have been demonstrated to being particularly

reactive, with it being reported that doping levels 0.01-01.1% resulted in a drop

in the breakpoint of a reference fuel by 40°C.[2] Indoles had a less signi�cant

effect but still lead to a reduction in the breakpoint by 20°C. The likely reason

for this is the difference in the chemical structure, with the pyrroles and indoles

having easily abstractable hydrogens bonded to the nitrogen, which can help

to facilitate radical reactions in the fuel. A number of studies have invesitgated

the reactivity of 2,5-dimethylpyrrole, with Loe�er and Li �nding that it was

particularly deleterious to the thermal stability of the fuel.[192] This was also

found by Beaver and Hardy. Loe�er and Li compared its N-methylpyrrole,

where the hydrogen atom attached to the nitrogen has been replaced with a

methyl group, and dimethylquinoline. 2,5-dimethylpyrrole was found to result
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in the biggest drop in thermal stability and when the fuel was stored in the

presence of light the concentration of 2,5-dimethylpyrrole dropped from 500

ppm to 10 ppm over the two day period. The cause of this is most likely the

easily �ssionable N-H bond, which can be �ssured by the ultraviolet light, with

the symmetry of the molecule potentially promoting reactivity.

Fig. 3.16: Nitrogen species studied by Loe�er and Li and Frankenfeld et al.[187,
190–192]

Frankenfeld et al extended this study by investigating a wider range of nitrogen

compounds, which can be seen in �gure 3.16, and their affects on sedimen-

tation in the fuel. The authors found that the reactivity was linked to the

basicity, with nonbasic nitrogen being more deleterious, and that substitution

of the aromatic rings could also have an affect. This alkyl substitution on the

carbon adjacent to the nitrogen group was particularly effective at promoting

instability of the fuel when the nitrogen species was doped into it. However,

alkylation at other positions seemed to reduce the affect of the nitrogen to

induce stability issues.

Frankenfeld et al were able to show the reactivity series as substitution

occurred for the pyrrole, indole and quinoline family of heterocycles. The 2

and 5 substituted analogues were found to be the most deleterious for each

family. The results were more complex when the nitrogen species were added

in combination with each other, with most reducing that stability, but with

2,5-dimethylpyrrole added with 2-methylindole leading to an increase in the

thermal stability. These �ndings, in conjunction with other studies, resulted

in the conclusion that the total nitrogen concentration could not be used to

predict the thermal stability of a fuel.[150, 151]
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Nitrogen containing species have also been shown to act as antioxidants in the

fuel. Siddiquee and Wijtmans demonstrated that different nitrogen containing

antioxidants had different reactivities as antioxidants. However, that when

used together they can results in an increase in the total amount of deposit

formed.[165, 193] This suggests that the radical products of the nitrogen

antioxidants react with phenols and peroxides in teh fuel, yielding polymeric

oxidation products. This supports the SMORS mechanism proposed by Hardy

and Beaver.[15, 180–185]

Substituted pyridines and quinolines when added in combination with tert-

butylhydroperoxide was found have mildly deleterious effects on the amount

of deposit formed. However, when added in combination with sulfonic acid,

the results was a large increase in the levels of sedimentation. This would

suggest that some kind of acid-base reaction is occurring, and that the pic-

ture of nitrogen's reactivity in the fuel is more complex than that presented

by Frankenfeld et al.[187, 190, 191] Carbozoles demonstrated the opposite

behaviour, with the addition of acid in combination reducing the sedimentation,

while peroxides resulting in an increase in insoluble material being formed.

The authors speculated this was due to the peroxides acting as initiator in

the oxidation rather than reacting with the nitrogen species directly.[150, 151]

Similar results were reported by Hazlett, with high sulfur and high nitrogen

doping in a fuel reducing a reference fuels breakpoint in the JFTOT test by as

much as 60°C.[2] However, it was noted by the author that this interaction de-

pended on the chemical structure of the sulfur species, with benzothiophenes

not having an affect on the deposition. The literature is more conclusive on

the interactions between acids and nitrogen species, with similar results seen

for the sulfonic acid as with carboxylic acids. Indoles and pyrroles were found

to reduce the breakpoint of a fuel when doped with hexanoic acid, quinolines

and pyridines having a smaller effect.[2]

A recent study by Zabarnick et al investigated the affect of doping an industrial

solvent with indole and other heteroatomic species in combination.[179] Dop-

ing with indole at 100 mg/L resulted in an increase in the amount of insoluble

material formed from 0.5 to 0.8 µg/cm2 when compared the the nitrogen

sparged industrial solvent reference. 17% of the indole was consumed during

this set of testing. The addition of 100 mg/L of 2-ethylphenol to the indole

resulted in a negligible increase in the level of deposition formed during test-

ing in a static bomb reactor. However, the addition of 100 mg/L hexylsul�de

and indole to the industrial solvent resulted in a jump in deposition to 3.3
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