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Abstract

Singlet oxygen, the lowest excited state of molecular oxygen, continues to play crucial roles in
natural and anthropogenic processes. Singlet oxygen signifies a prominent chemical species
in a wide array of prominent chemical and biochemical phenomena. This thesis explores the
thermodynamic and kinetic aspects of singlet oxygen-assisted oxidation of biogenic,
industrially-valuable, and environmentally-accumulating hydrocarbons. The work embodied
in this thesis has elucidated the governing mechanisms of the initiation oxidation reactions of
selected organic compounds by the highly reactive singlet oxygen species, as well as
characterised the physicochemical implications of the systems.

The selected organic substrates include biogenic hydrocarbons such as isoprene (C 5) and
monoterpenes (C10) that influence the atmospheric chemistry owing to their emission from
vegetation; oxazole, an active industrial ingredient whose photo-oxidation holds important
implications in syntheses of various pharmaceutical materials; coal surrogate, i.e., pyrrole to
shed light and insight into the occurrence of spontaneous fires in coal mines; and notorious
toxic environmental pollutants, including dioxins and furans compounds.

The method deployed a comprehensive atomistic molecular simulation, employing an
unrestricted density functional theory DFT-B3LYP functional in conjunction with the 6311+G(d,p) basis set, as well as energy refinements based on the approximated spin-projection
scheme. Due to the trivial enthalpic requirements of the entrance reaction channels, relatively
small at around 100 kJ/mol, the molecular interactions of the selected hydrocarbon with singlet
oxygen should be termed as “spontaneous reactions”, contrasting those initiated at higher
vii

temperatures by the ground-state molecular oxygen that typically ensures via very sizable
entrance barriers in the window of 200 -350 kJ/mol.

Furthermore, by overcoming a relatively small energy barrier, the thermal destruction of
notorious trace pollutants such as polychlorinated dibenzodioxins (PCDDs) and furans
(PCDFs) has been identified feasible by singlet oxygen under mild reaction conditions. Such
remediation process usually incurs high-energy high-temperature combustion operations. The
result of this thesis has described the influence of germane functional groups, with a wide range
of electronic effects, on the photo-oxidation reactivity of the parent molecules stemming from
their exerted effects on molecular electronic charge delocalisation through inductive and
resonance effects.

This thesis complements the scarce literature data on the thermodynamics and kinetics singlet
oxygen-induced reactions. Remarkably, the study encompassed in this thesis has explained the
spontaneity of organic reactions with singlet oxygen leading to self-heating, ignition and fires
of economically significant materials. Notably, we have designed an innovative low-energy
framework for practical photo-oxidation and enhanced thermal incineration of halogenated
waste products, i.e., enhanced thermal destruction of dioxins and furans through the
electrophilic attack of singlet oxygen.
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Chapter 1

Introduction

1

Chapter 1

1.1.

General background

This dissertation deals with identifying the initiation reactions that occur spontaneously at room
temperature, leading to self-heating and fire of valuable materials, as well as finding further
applications of such reactions in industrial chemical and biospheric settings. In spite of a
significant cost expended by industry and fire services to prevent and suppress spontaneous
fires, and more than 150 years of research, the initiation reactions remain obscured. As an
example, the spontaneous fire is allegedly the origin of 11% of underground coal mine fires in
the USA.1 In Australia, 125 incidents of spontaneous fire occurred in underground mines of
New South Wales over a period of thirty years.2 In South African collieries, the spontaneous
heating was reported as the major cause of fire incidents from 1970 to 1990 which comprised
more than one-third of the 254 reported fires.3

Aside from personal fatalities and economic losses, self-heating oxidation of hydrocarbons
corresponds to the production of massive environmental contamination and fugitive
greenhouse gas emissions which arises an urgent need to elucidate the fundamental principles
of initiation reactions in spontaneous combustion in order to suppress the self-heating effects
provoked from such exothermal reactions. Spontaneous oxidative reactions could also occur
within biological systems4, as well as in plants5. Cellular metabolic activities would result in
the formation of a range of beneficial and toxic compounds, including singlet oxygen as a
reactive oxygen species (ROS), inside living cells.6 An imbalance of the produced reactive
oxidising agents to the natural antioxidants in the live tissues could implicate to a number of
degradative changes that reduce the wellbeing of biomolecules and increase the oxidative stress
levels. Cancer, for instance, is a side effect of biological oxidation within tissues which evolves

2
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as a consequence of the reaction between potent reactive oxidising agents (i.e. singlet oxygen
molecules, oxygen atoms, and hydroxyl radicals) with DNA structure, lipids or proteins. 7

Ultimately, the key hypothesis of this thesis is that the initiation of the self-heating process
potentially involves an electronically excited species of oxygen, i.e., the so-called singlet delta
oxygen (1O2). Enhanced reactivity of 1O2 stems from its electrophilic nature and its high energy
level of 94.1 kJ/mol above the ground-state oxygen (3O2). In fact, singlet oxygen induces lowtemperature initiation reactions with electron-rich chemical moieties in the structure of
susceptible materials; the reactions that are not feasible to commence by the ground-state
molecular oxygen in ambient conditions in the absence of potent catalysts.

1.2.

Research motivation

Limited progress has been achieved in unravelling chemical reasons for the self-heating and
spontaneous fires of a large group of pricey materials in the industry over recent decades. As
a consequence, the catastrophic cases of spontaneous fires in industrial and commercial
premises are being reported regularly and with growing frequency and numerous hazards in
industry and dwellings.8-10 The current literature on singlet oxygen reactivity mainly focuses
on elucidating the propagation reactions leading to primary products with a rather limited
account on pertinent kinetic considerations, with no publications providing a first-principle
explanation of the initiation steps.

The scarcity of published literature warrants further attempts to model the initiation of
oxidation process induced by singlet oxygen quantum chemically as an essential aspect of
3
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spontaneous combustion at low temperatures. Our approach aims at using DFT calculations,
as the most accurate and cost-effective method to model systems with diradical characters, to
computationally demonstrate the feasibility of the oxidation initiation phenomena. A prime
focus throughout the thesis is to formulate new models of the self-heating process involving
realistic initiation reactions resulting from investigating the reactions of surrogate (but
practically relevant) species with externally generated singlet oxygen molecules.

1.3.

Research objectives

This dissertation intends to furnish the understanding of the reactions of 1O2 with surrogate
molecules and to develop new models of the spontaneous heating process. Electron-rich
chemical moieties were selected, comprising either the structural fragments with nitrogen and
oxygen heteroatoms or conjugated and non-conjugated double bonds that occur in many
biomolecules and aromatic organic compounds. The selected chemicals can be classified into
four categories (as depicted in Fig 1.1): fuel surrogates, atmospheric volatile organic
compounds, active pharmaceutical ingredients, and trace organic pollutants.

Figure 1.1: The organic materials covered in the subsequent chapters of this thesis
4
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The following outlines the objectives of this thesis:



The interaction of singlet oxygen with pyrrole, as a fuel surrogate: to provide the
fundamental understanding, from both the thermodynamics and kinetic viewpoints, of the
phenomenon of spontaneous combustion, with specific applications in coal industries, as
well as distinguish the effects of the substituent functional groups.



The singlet oxidation of biogenic organic compounds such as isoprene and various
monoterpenes: to elucidate the influence of excited oxygen in the phenomenon of
atmospheric degradation of biogenic volatile organic compounds (BVOC), as well as the
flow-on effects on the environmental chemistry.



The reactions involving singlet oxygen and oxazole: to explore the kinetic responsiveness
of five-membered oxazole moiety in biological activities to oxidative interactions with the
singlet state of dioxygen molecule and; to reinforce the biological applications and
spontaneous oxidation of oxazole, as well as distinguish the effects of the substituent
functional groups



The initiation mechanisms of destruction of dioxins and furans by singlet oxygen: to
develop an alternative method for destroying notorious environmentally persistent
pollutants at low temperatures, via application of singlet oxygen and; to clarify the reaction
intermediates as well as to assemble the rate parameters for industrial chemical process
modelling.

5
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1.4.

Thesis structure

Given the objectives mentioned above, this dissertation consists of the following chapters:



Chapter 2 includes a comprehensive review of singlet oxygen chemistry and its reactivity
towards electron-rich organic molecules. The review focuses on the methods of production
and detection of singlet oxygen, as well as the practical implications of interactions between
singlet oxygen and chemical substances. The chapter illustrates the gaps in the literature
as a limitation on “physical” modelling of the thermodynamics and kinetics for singlet
oxygen interactions of with a variety of hydrocarbons, and the scarcity of the relevant rate
expressions as well as applications in environmental technology.



Chapter 3 demonstrates the computational techniques and theoretical approaches deployed
throughout this research along with a brief description of computational packages (i.e.
Gaussian 09, ChemRate and Dmol3) that assisted the molecular modelling.



Chapter 4 and 5 investigate the detailed mechanism of singlet oxygen reaction with highly
reactive compounds including isoprene and several monoterpenes, representing the
mainstream non-methane volatile organic compounds being emitted by plants into the
atmosphere. The chapters present the possible reaction pathways and thermo-kinetic
parameters.



Chapter 6 explores a comprehensive mechanistic study of the oxidation of unsubstituted
pyrrole with singlet oxygen within a quantum chemical framework. Furthermore, the

6
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chapter demonstrates the kinetic features as well as the influence of substituents on the
reaction rate of the Diels-Alder addition of singlet oxygen to a pyrrolic ring.



Chapter 7 characterises the kinetic features of oxazole reaction with singlet oxygen along
with identifying the influence of the practically occurring substituents. The chapter
accounts for solvation effects on the reactivity of this five-membered aromatic heterocycle.
It should be noted that this type of reaction holds implications in synthesising highly
significant pharmaceuticals and agrochemicals, namely the synthesis of antimycin A3.



Chapter 8 presents an alternative low-energy approach for the destruction of dioxin- and
furan-like compounds which are regarded as very harmful chemicals having serious health
effects.

To this, the mechanisms of the electrophilic addition of singlet oxygen to

unsubstituted and chlorinated dibenzo-p-dioxin (DBD) and dibenzofuran (DBF) structures
are presented.



Chapter 9 draws the concluding remark of this thesis, and makes suggestions and
recommendations for future investigations.

7
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Figure 1.2: Schematic representation of research work followed in this study.
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2.0. Abstract

Singlet oxygen, known as a form of reactive oxygen species (ROS), is derived from molecular
oxygen as a result of electron transfer or energy absorption. It is of quite high energy (94
kJ/mol) as compared to the ground-state O2 and therefore leads to initiation of oxidative
reactions in low temperature circumstances with electron-rich chemical moieties in the
structure of susceptible materials; the reactions that are not feasible to commence by the
ground-state molecular oxygen in ambient conditions in the absence of potent catalysts. Singlet
oxygen signifies a prominent chemical species in a wide array of chemical and biochemical
phenomena. The purpose of this study is to review the intrinsic properties of this highly
reactive species along with its potential and practical applications, emphasising its natural
occurrence, synthetic production. It also concentrates on developments in the mechanism study
of singlet oxygen reactions with specific focus placed on the DFT computational quantum
mechanical modelling method.

2.1.

Introductory background of singlet oxygen

The pioneering milestone regarding the molecular activation of oxygen dates back to the 1930s
in a work conducted by Kautsky 1 on photo-oxidation by fluorescent dye. This novel concept
gained scientific interest when Seliger

2

detected a faint-red light emitted from a mixture of

sodium hypochlorite and hydrogen peroxide with a low resolution photomultiplier in 1960. In
support of this observation, Khan and Kasha 3 photographed the chemiluminescence (i.e., the
faint-red light), and interpreted it as an indication of the excited state of molecular oxygen.
Thereafter, this form of oxygen, later termed as singlet oxygen, has provoked a great deal of
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interest in the research community. Numerous applications of singlet oxygen have transpired
in strategic areas ranging from photo dynamic therapy (PDT),4-5 water purification and
wastewater treatment,6-7 lipid peroxidation,8-9 pharmaceutical delivery to photo-degradation of
polymers.10-11

The singlet excited oxygen exhibits exceptional reactivity in chemical and biological reactions
owing to the fact that it bears a higher electronic energy level in reference to the common
ground-state molecular oxygen. Therefore, it facilitates reactions with substrates which are
resistant towards oxidation by the ground-state molecular oxygen. The ground-state of O2 is a
triplet holding two parallel (unpaired) electrons in its outer orbital while its two higher energy
state species, 1Δg and 1Σg+, encompass a couple of paired electrons in their anti-bonding *
orbital, resembling singlet electronic states (Fig. 2.1).

Figure 2.1: Possible electron configurations for anti-bonding -orbitals of the ground and
excited states of molecular oxygen.
The 1Δg and 1Σg+ singlet states with spin 0 have the energy levels of about 94 kJ/mol and 157
kJ/mol, respectively, higher than its ground triplet state (3Σg- with spin-1);12 the latter state
being extremely short lived (<1 ns), 13 preventing its distinct contribution to reaction cascades.
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Thus, singlet oxygen O2(1Δg) remains the only excited species capable of diffusing in the
reaction medium long enough (varying from millimetres in gaseous 14 to nanometres in
condensed phase and living cells15) to affect chemical reactions. The spin-forbidden transition
from O2(1Δg) state to O2(3Σg-) state and the spin-allowed nature of O2(1Σg+) to O2(3Σg-)
transition verifies the fact that O2(1Δg) has a relatively longer lifetime.16 In this thesis, the term
“singlet oxygen” refers to the O2(1Δg), interchangeably written as (1O2).

Singlet oxygen (1O2) has different lifetime in various media (Table 2.1). For instance, in
solutions, the lifetime effectively relies on the interaction of singlet oxygen with solvent,
leading to the conversion of singlet oxygen electronic excitation energy into vibrational energy
within the medium and it varies from microseconds to milliseconds as solvents with higher
vibrational frequencies are efficiently deactivating solvents.17-18

The lifetime value is

commonly determined by means of evaluating the rate constants for the decay and reaction of
singlet O2 with certain acceptor molecules (i.e. 1,3-diphenylisobenzofuran and rubrene)
through direct or indirect modes; directly monitoring the 1O2 luminescence at 1270 nm or
indirectly tracing the disappearance of the acceptor molecule. It should also be borne in mind
that for lifetime values above 100 s, the indirect technique of evaluation is claimed to be
imprecise and with unreasonable degree of accuracy. 17

Table 2.1: Lifetime (τ∆) and decay constant (kd = 1/τ∆) of singlet oxygen in common media.19
Solvent

τ∆ (s)

kd (s-1)

Solvent

τ∆ (s)

kd (s-1)

C 6 H6

3.0 × 10-5

3.3 × 104

CH3CN

7.7 × 10-5

1.3 × 104

CCl4

5.9 × 10-2

17

CH2Cl2

9.9 × 10-5

1.0 × 104

CS2

4.5 × 10-2

22

CHCl3

2.3 × 10-4

4.4 × 103

H2 O

3.1 × 10-6

3.2 × 105

CH3OH

9.5 × 10-6

1.0 × 105

Note: These values are relatively higher in deuterated solvents
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Subsequent to the excitation, the electronic energy of singlet oxygen could be diminished by
the physical or chemical quenching processes. While the physical quenching exclusively
involves deactivation of the excited singlet oxygen to its ground-state, the chemical quenching
is ensued by the reaction of energetically richer form of molecular oxygen with other reactive
species to form oxygenated products. The mechanism of quenching of singlet oxygen by
numerous substrates has been studied in literature.20-21 Amines, for instance, are potent
quenchers of singlet oxygen and the quenching rate of singlet oxygen by a number of aliphatic
amines have been estimated by Monroe22 to be inversely dependent on the ionisation potential
and steric inhibition in their structure due to the substitution on the α-carbons bonded to the
nitrogen atoms.

2.2.

Natural occurrence of singlet oxygen

The following subsections discuss the natural occurrence of singlet oxygen in living systems,
water resources and atmospheric air.

2.2.1. Singlet oxygen in living systems

Oxidative stress is naturally occurring in living tissues triggering cellular damages. Promoting
oxidative damage in biological systems, reactive oxygen species (ROS) or oxidants (i.e. singlet
oxygen, superoxide, hydroxyl radical, etc.) are believed to trigger several biological diseases
and aid aging process. Singlet oxygen forms in living systems via various approaches. For
instance, irradiation of rhodamine dyes would lead to the synthesis of singlet oxygen in
mitochondria causing damages to live cells.23 It is also suggested that singlet oxygen is
14
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genuinely produced at the reaction centre of photosystem II by excited chlorophyll at its triplet
state (Fig. 2.2).24

Figure 2.2: Schematic representation of 1O2 generation by excited chlorophyll (Chl) and its
photo-oxidative damages.

Although singlet oxygen transpires from a variety of sources, including enzymatic activities, it
mostly occurs in biological systems by photosensitisation process. Active chloroplast is where
the production of 1O2 inside plants is highly probable through capture of energy from a quantum
of light by chlorophyll that subsequently enters an excited singlet state. The singlet state would
then rest to the triplet state and the triplet-triplet interaction with the ground-state oxygen
results in the formation of singlet oxygen.25 Moreover, singlet oxygen can be produced in
plants through plant-pathogen interactions, during which phytoalexins are produced by plants
once confronted with pathogenic bacteria. Some types of phytoalexins, i.e. phenalenone
chromophores, are photosensitisers that serve as 1O2 producers to kill pathogens.26

In plant–pathogen interactions, plants trigger the production of phytoalexins as a mechanism
of resistance. Some phytoalexins, such as phenalenone chromophores, are photosensitisers that
function as 1O2-generating phototoxins to kill pathogens.

By contrast, some species
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constitutively produce different types of secondary metabolites with photosensitizing
properties that make use of 1O2 to increase their efficacy as antimicrobial agents. For example,
psoralens and the extended quinone hypericin are phototoxins produced by Apiaceae and
Hypericum spp., respectively

The contradictory role of such ROS in biochemical and physiological systems is of interest for
many researchers. On one hand, singlet oxygen is a key participant in cancer phototherapy
which inhibits the growth of flawed mammalian cells and cancer tissues by ultraviolet (UVA)
activation of endogenous sensitisers such as riboflavins27 and heme precursor porphyrin28
found in living systems. On the other hand, it is capable of causing DNA damage and inducing
cellular death, cancer and aging process that is improbable to be sourced by normal oxygen. 29

The cytotoxicity of 1O2 provokes the protective mechanism of living cells such as lipids and
nucleic acids to prevent extensive tissue damages. It has been proposed that the substance
involved in the protection of organisms against the lethality of endogenous 1O2 sensitisers, such
as chlorophyll, is carotenoids.30 Similarly, the plant biosynthesised β-carotene, as a natural
antioxidant, is an effective quencher of singlet oxygen imposing plant defense mechanisms
against in vivo oxidation process.31 As a consequence of the enzymatic generation of singlet
oxygen, the disproportionation of hydroperoxides at the active site around enzymatic Fe-centre
would lead to the formation of excited state molecular oxygen. It should be borne in mind that
hydroperoxides could be metabolised by hemoprotein or halide ion enzymatic reactions in the
first place.32

Fe + ROOH → [FeO]
[FeO] + ROOH → Fe

+ ROH
+ ROH + O

⇒ 2ROOH → 2ROH + O

Equation 2.1
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In 1983, the chemiluminescence emission from a biological system constituting of
chloroperoxidase acting on H2O2 in the presence of Cl¯ was an apparent indication of singlet
oxygen generation via enzymatic reactions as the chloroperoxidase enzyme is obtained by a
fungus named Caldariomyces fumago.33 Likewise, more accurate detection of the near infrared
emission at 1268nm by Khan34 has indicated that living systems are capable of singlet oxygen
production through the decomposition of H2O2 via enzymatic activity of myeloperoxidase and
lactoperoxidase in systems encompassing halide ions. Furthermore, the gaseous singlet oxygen
could apparently be formed during the reaction of ozone with specific biomolecules such as
proteins, methionine, thiols and ascorbic acids.35-36

2.2.2. Singlet oxygen in atmosphere

The ultraviolet photolysis of ozone would stimulate the formation of singlet molecular oxygen
together with singlet atomic oxygen in polluted environments at wavelengths mainly below
3100 Å.37

O + ℎ𝑣 → O ( ∆ or Σ ) + O

D

Equation 2.2

Another chemical source of singlet oxygen involves the reduction of ozone by triphenyl
phosphate at low temperature condition and the subsequent decomposition of the produced
adduct.38
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The direct excitation of molecular oxygen, leading to the formation of singlet oxygen, became
efficient with the development of powerful laser technologies.39 However, the excitation
energy source for the formation of 1O2 in the atmosphere is originated from the sunlight. To
this, the solar radiation energy could be either directly absorbed by triplet oxygen or indirectly
received by an urban atmospheric contaminant to transfer its excitation to the ground-state O 2
forming excited state 1O2.40

2.3.

Artificial generation of singlet oxygen: methods and challenges

There exists a variety of singlet oxygen generating techniques including photochemical
reactions41-42, ozone photolysis43, microwave/radio frequency discharge44-45, thermal
decomposition of dioxetanes46, decomposition of hydrogen peroxide47, transition metal
activation48-49 and chemical synthesis50-51. Most of these methods mimic the natural mean of
generating singlet oxygen in the environment.

2.3.1. Electric discharge technique

The successful implementation of electric discharge in the production of electronically excited
O2(1g) from pure gaseous oxygen was first claimed by Foner and Hudson 45 in approximately

18

Chapter 2

10-20% conversion efficiency. In the early 1970s, Cook and Miller 52 observed that the
formation of singlet oxygen is not exclusively limited to discharged O2 stream, instead, CO2
and NO2 gaseous streams could also be exposed to the microwave discharge to generate singlet
oxygen in 0.5 and 3.5% conversion efficiencies, respectively.

The electrical source of singlet oxygen is apparently inefficient due to the limited overall yield
of singlet oxygen production. Another disadvantage of the electrical discharge systems is the
production of oxygen atoms and ozone molecules along with singlet oxygen during gas flow
through the discharge cavity, specifically at high pressure discharge systems (PO2>10 Torr).53
Elias et al.54 investigated the introduction of a mercury mirror ahead of the discharge tube and
found out that the atomic oxygen was eliminated from the system. However, the introduction
of mercury, itself, could result in external contamination. Furukawa et al. 55 applied the
conventional flow apparatus (depicted in Fig. 2.3) to study the reaction of olefins and amines
with discharge-generated O2(1Δg) and managed to minimise the mercury contamination
problem by cooling the tube after electrical discharge.

Figure 2.3: A conventional apparatus for generation of singlet oxygen by electrical discharge
method.55
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2.3.2. Chemical reaction approach

Detection of generated singlet oxygen in a H2O2/NaOCl system by Khan and Kasha3,
encouraged many researchers to investigate other chemical sources of this reactive oxygen
species. The challenge is that the decomposition rate of hydrogen peroxide into water and
singlet oxygen is considerably slow at room temperatures (Eq. 2.5); thus, the presence of
catalysts is inevitable to acquire rational decomposition rate in aqueous solutions.

2H O → 2H O + O

Equation 2.5

In 1985, Aubry47 investigated the decomposition of aqueous basic hydrogen peroxide catalysed
by various mineral compounds. He applied water-soluble tetrapotassium rubrene-2,3,8,9tetracarboxylate (RTC) as the chemical trap for singlet oxygen and detected the amount of
produced endoperoxide (RTCO2) as means of evaluating the yield of 1O2 production. Typical
catalysts such as MoO42-, Ca(OH)2 and NaOCl were among those minerals which led to RTCO2
yields (=[RTCO2]∞/[RTC]0) greater than 70%.

Similarly, Evans and Upton56 studied the decomposition of hydrogen peroxide in a basecatalysed system in the presence of anthracene-9,10-bis-(ethanesulphonate) as a chemical trap
of singlet oxygen in the aqueous phase, using highpressure liquid chromatography (HPLC)
analytical method.

They evaluated the decomposition rate of H 2O2 in the presence of

heterogeneous catalysis such as silver powder (Ag), platinum black (Pt) or MnO 2 to be
negligible. Moreover, they realised the concentration of endoperoxide formed due to the
reaction of singlet oxygen with the chemical trap (at PH=9 and 20˚C) in a Fe3+ catalysed system

20

Chapter 2

was smaller than 10-5 mole/dm3, which verified that even less than 0.03% of oxygen was
converted to the singlet state.

Böhme and Brauer49 specifically studied the production of singlet oxygen from hydrogen
peroxide with catalytic effects of molybdite ions (MoO42-). According to their findings, at low
concentration of hydrogen peroxide, the reaction between H2O2 and MoO42- resulted in the
formation of MoO62-, while MoO82- was produced when excess amounts of H2O2 was
introduced to the system. Consequently, the decomposition of both MoO62- and MoO82- could
lead to the generation of 1O2 as stated in Eq. (2.6 to 2.9). According to their work, singlet
oxygen was not substantially produced by the decomposition of MoO82-, but rather through the
decomposition of MoO62-; therefore, it was concluded that extra amounts of hydrogen peroxide
could not lead to the higher 1O2 production.

2H O + MoO
MoO

→ MoO

2H O + MoO
MoO

→ MoO

→ 2H O + MoO
+ O
→ 2H O + MoO
+ O

Equation 2.6
Equation 2.7
Equation 2.8
Equation 2.9

As a matter of fact, chemical sources of singlet O2 are so diversified. Decomposition of
hydrogen peroxide along with the decomposition of ozonides 57, endoperoxides58 and
superoxide ions59 effectively produce 1O2. A drawback of chemical synthesis of singlet oxygen
is that singlet oxygen could remarkably be quenched in the condensed phase without
participating in the reaction, underlying the lack of 1O2 trap effectiveness for many substrates.
Besides, these reactions endure considerable side reactions leading to the formation of other
strong oxidising agents. For instance, the formation of hydroxyl radicals has been detected by
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Chapter 2

Castagna et al.60 in NaOCl/H2O2 aqueous solution via EPR analysis of hydroxyl radical spin
trap adducts (i.e. DMPO-OH and DEPMPO-OH). According to Lau et. al. 61, it is feasible to
have a side reaction between 1O2 and H2O2 leading to the formation of hydroxyl radicals.
However, this is a favourable singlet oxygen synthetic technique specifically in systems where
the presence of light is intolerable.62

There exists a hypothesis blaming metal oxides in initiating self-heating and spontaneous fire
in coal mines.63 Metal oxides, namely SiO2, Al2O3, CaO, and Fe2O3, are the key constituents
of coal ash.64 Singlet oxygen is supposed to be photo-catalytically produced on metal oxide
surfaces65 assisting the initiation oxidation of hydrocarbons by lowering the activation energy
barriers. Similarly, the formation of singlet oxygen in dark is facilitated by horseradish
peroxidise (HRP) enzyme (Fig. 2.4) comprising of transition metals that enact as a catalyst and
fixes the oxidation exothermicity.66 The iron atom’s sixth octahedral position is considered as
the active site of the enzyme.67

Figure 2.4: Chemical structure of iron heme group in horseradish peroxidise.68

Oxidation of isobutanal in the presence of HRP enzyme results in the formation of triplet
excited acetone via the following mechanism (Fig. 2.5):
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Figure 2.5: Mechanism of enzymatic formation of singlet oxygen from excited acetone.

The electronically excited acetone in its triplet state, which is formed through homolysis of
dioxetane intermediate, will transfer its energy to molecular oxygen triggering to the formation
of O2 (1∆g).

2.3.3. Photosensitisation method

Photosensitisation, or the so-called dye-sensitised photo-oxidation, is known to be one of the
most common and efficient techniques to produce singlet oxygen and is widely used in
chemical69, medical70 and biological71 systems. This technique is based on the concept that the
ground-state photosensitiser (S0) receives energy from photons of light to reach to their
electronically excited singlet state (S1) followed by a conversion to the excited triplet form (T1)
through an intersystem crossing (ISC) transition (Fig. 2.6).

23

Chapter 2

Figure 2.6: Mechanisms of ROS generation in the presence of light, photosensitiser and
ground-state molecular oxygen O2(3Σg-).

Excited sensitisers channel through two types of interactions to regain their ground-state
electronic configuration: (1) excited triplet state sensitiser could directly react with the organic
substrate (RH) to produce radicals (R.) by means of hydrogen abstraction or electron transfer
via Type-I reaction, and (2) the triplet state sensitiser would energetically interact with groundstate molecular oxygen to produce singlet excited oxygen that is involved in Type-II reaction
mechanism with the substrate as follows:

S

S

T

S + R.

Oxidation products

Type-I

S + O

Oxidation products

Type-II

Equation 2.10

Among the variety of methods deployed for singlet oxygen synthesis, photo-sensitisation is a
high opportune method which involves electronic excitation of molecular oxygen upon
exposure of natural or synthetic dye to ultraviolet and visible light. The abundance of oxygen,
light and natural sensitisers on earth entitles this method as the most demanding methodology
of singlet oxygen production.72 The quantum yields of singlet oxygen production of some
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typical photosensitisers are reported in Table 2.2, corresponding to the molar amount of
produced singlet oxygen per absorbed quantum.

Table 2.2: Singlet oxygen quantum yield of different photo-sensitisers73-74
Sensitiser

Solvent

Φ

Rose Bengal

CH3OH

0.80

Rose Bengal

H2O

0.76

Rose Bengal

C2H5OH

0.79

Methylene Blue

CH3OH

0.51

Methylene Blue

C2H5OH

0.49

Tetraphenylporphine

C 6 H6

0.66

Benzophenone

C 6 H6

0.36

Photo-induced generation of singlet oxygen is feasible in the presence of either monochromatic
(lamp) or polychromatic (laser) sources of light. Loponov et al.

75

studied four different

spectral compositions of light (Actinic fluorescent, LED, Xenon arc, and medium pressure
mercury lamp) and their overall efficiencies on visible-light sensitised production of 1O2.
Among all, the LED lamp was proven the most efficient source with nearly 70% of the emitted
light being absorbed in the photoreaction. Perhaps, the photoexcitation of molecular oxygen
in biological environments is accomplished by monochromatic beams rather than
polychromatic illumination sources to have a controlled delivery of energy to the living tissues.

A common application of photo-oxidation would be in wastewater treatment technology for
the removal of dissolved organic materials in effluents produced in various industries. Cruz et
al.76 examined the efficiency of the removal of 32 micro-pollutants from municipal wastewater
by three different methods: ultraviolent light induced oxidation (UV 254 alone), dark-Fenton
(Fe2+,3+ / H2O2) and photo-Fenton (Fe2+,3+ / H2O2 / light). Two different batch reactors were
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employed for this purpose. The first one was a cylindrical glass reactor with a mechanical
stirrer and a low pressure mercury lamp as a source of 254 nm radiation. The second apparatus
was an artificial solar simulator which emitted light with wavelengths in the range of 300 to
800 nm. In such solar-light device, a cylindrical Pyrex reactor with magnetic stirring was
placed under the lamp for receiving direct irradiation. This study evidenced that the photoFenton system employing the UV radiation was the most effective process in eliminating
micro-pollutants within reasonable times. Indeed, this proves that although sun light provides
ample energy for photo-excitation of molecular oxygen, the controllable light sources promotes
the productivity of this method especially in singlet oxygen production in biological tissues
and living structures.

2.4.

Types of reactions of singlet oxygen in oxidation of hydrocarbons

Reactions of singlet oxygen (an electrophilic molecule owing to its low-lying -antibonding
LUMO.77) with electron rich acceptors such as olefins, dienes and aromatic compounds are
well categorised into three classes: [4+2]-cycloadditions, ene reactions, and [2+2]cycloadditions78 which are outlined in the following sections:

2.4.1. [4+2]-Cycloaddition

This intermolecular cycloaddition, also referred to as Diels-Alder reaction79, involves the
addition of singlet oxygen (dienophile) to conjugated dienes to form a six-membered
endoperoxide (Fig. 2.7) over a - rearrangement of two -bonds being replaced by two bonds. The significance of photo-induced [4+2]-cycloaddition of singlet oxygen to cyclic and
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acyclic dienes affords the possibility for synthesising complex naturally-occurring bioactive
substances, such as taxol80 and agarofuran81, with promising biological and anticancer
functions.

The classical [4+2]-cycloaddition of singlet oxygen to cyclic, acyclic and aromatic 1,3-dienes
was exclusively assumed to occur via a concerted mechanism for many years.82-83 Such a
concerted mechanism occurs between electrophilic singlet oxygen and cisoid conformation of
the diene yielding endoperoxides via steps A or B (Fig. 2.7) as six-membered ring transition
states.83 These steps solely differ in the bond formation sequence as A is a synchronous
mechanism due to the simultaneous formation of the C-O bonds and B is a nonsynchronous
reaction as the C-O bonds in the transition state are not equivalent.84

Figure 2.7: Concerted mechanism of [4+2]-cycloaddition of singlet oxygen

A range of stepwise (non-concerted) mechanisms, as alternative two-stage reaction routes,
involves the formation of diradical (C), open-chain zwitterion (D), or zwitterionic peroxolane
(E) intermediates as illustrated in Fig. 2.8.
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Figure 2.8: Stepwise mechanism of [4+2]-cycloaddition of singlet oxygen.

Such intermediates could participate in further interconversion reactions which are
comprehensively explored by Maranzana et al.85. According to their study, the diradical
intermediate (Fig. 2.9) could transform to the relevant peroxirane or dioxetane through the ring
closure paths of F or G, respectively. It has been proven that the diradical to peroxirane
transformation is a higher energy barrier, and thus less attainable in comparison to the diradical
to dioxetane closure channel.

Figure 2.9: Ring closure of diradicals.
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Formation of a Diels-Alder adduct is accelerated as the gap between HOMO and LUMO
energy levels of diene and dienophile components are lessened. As a general rule, electrondonating groups elevate HOMO and LUMO energy levels in either the diene or the dienophile,
while electron-withdrawing substituents inversely influence such energy levels. 86 Thus, the
Diels-Alder reactivity associated with singlet oxygen (functioning as an avid dienophile) and
conjugated dienes interactions would be facilitated via substituting R and R’ (Fig. 2.7 and 2.8)
with electron-donating groups.

The [4+2]-cycloaddition was supposed to be insensitive to the solvent effects according to the
kinetic studies which examined the ratio between different produced peroxides. It was claimed
that compounds with symmetrical transition states are less sensitive toward the solvent polarity
compared to unsymmetrically substituted double bonds which clarifies why only the [2+2]cycloaddition reaction is dependent on solvent effects. The ene reaction is slightly solvent
dependent, while [4+2]-cycloaddition is essentially claimed to be free of solvent effects. 87-88
In contrast, Aubry et al.89 examined the photo-oxidation rate of [4+2]-cycloaddition of singlet
oxygen with some naphthalene derivatives in 28 solvents and perceived the high dependency
of the [4+2]-cycloaddition rate to solvent effects.

2.4.2. Ene reaction

Ene reactions of singlet oxygen have been the focus of a significant number of studies ever
since Foote and Wexler90 discovered the role of such active oxidant in the oxidation of olefin
and dienoid species in the last century. This type of reaction, which is also referred to as
Schenck reaction, has fundamental applications in the synthesis of a wide array of
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functionalised products.91 Allylic hydroperoxides are generated as a result of the ene-type
addition of singlet oxygen to cyclic and acyclic alkenes with allylic hydrogens and conjugated
dienes. The subsequent abstraction of allylic hydrogen (Fig. 2.10) at the adjacent methyl group
would lead to the formation of the recognised hydroperoxides. In other words, this mode of
reaction proceeds through singlet oxygen attack to the most congested side of olefins in terms
of the electron density and cleavage of the allylic hydrogen bond that causes a shift in the
double bond.92

Figure 2.10: Singlet oxygen ene reaction

The ene reaction of singlet oxygen evidently involves either a stepwise or concerted addition
of singlet oxygen to olefins and dienes and results in the formation of hydroperoxide final
product. A concerted mechanism is argued to evoke the formation of a six-membered ring (1)
(Fig. 2.11) as the geometrical nature of the transition state. However, intermediates such as
peroxiranes or perepoxides (2), zwitterions (3) and diradicals (4) are expected through the
cleavage of a single bond during stepwise mechanism in the ene reaction.
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Figure 2.11: Potential intermediates and transition states in the ene reaction.

A theoretical evidence published by Davies and Schiesser93 favours in both of concerted and
non-concerted pathways as they endure analogous energy barriers on the reaction coordinates.
An earlier mechanistic study by Yamaguchi et al.94 suggests that perepoxides and zwitterions
are literally too high in energy level and not achievable as genuine intermediates in singlet
oxygen ene reaction for simple and semi polar alkenes, whereas diradicals are more accessible
and stable intermediates. It has also been advised that unrestricted Hartee-Fock (UHF) method
is more efficient in estimation of characteristics of open-shell species, such as diradicals, in
comparison to the restricted HF. In fact, UHF method considers each orbital to be occupied by
a specific electron to avoid the overestimation of reagent properties and stabilities.

2.4.3. [2+2]-Cycloaddition

Electron-rich olefins, as well as compounds with geometrically inaccessible allylic hydrogens,
are among the reagents which are likely to undergo [2+2]-cycloaddition with singlet oxygen to
facilitate the formation of dioxetanes as the four-membered ring peroxides (Fig. 2.12) 88.
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Figure 2.12: [2+2]-cycloaddition of singlet oxygen.

The unstable cyclic dioxetane adduct would either participate in a thermal decomposition (path
a) to form carbonyl compounds enabling light emission upon chemiluminescent processes, or
would be reduced through path b to the relevant diol as depicted in Fig. 2.13. 95

The

luminescence consequent to the thermal cleavage of 1,2-dioxetanes was first evidenced by
Kopecky and Mumford

46

and they were pioneers in isolating such [2+2] cycloadducts of

singlet oxygen.

Figure 2.13: The conversion of sensitive dioxetanes as the products of [2+2]-cycloaddition of
singlet oxygen.
This mode of fundamental singlet oxygen reactions has been recognised in the late 1960s , 96-97
few years after ene reaction and [4+2]-cycloaddition have come to the focus of intense studies
of singlet oxygen attack to allylic hydrogens and conjugated dienes.

Although [2+2]-

cycloaddition is sterically plausible during photo-oxidation of trans conjugated dienes, the
32

Chapter 2

cycloaddition of singlet oxygen to cis-dienes is rather energetically favourable through [4+2]addition than [2+2]-reaction.98 Perepoxide (peroxirane), open zwitterion and diradicals are
mutual intermediates in stepwise pathways of singlet oxygen insertion to olefinic bonds via
ene and [2+2]-reaction routes, yet more theoretical and experimental support is addressed these
intermediates to be formed upon singlet oxygen stepwise ene reaction.99-100

Formation of perepoxide intermediate was first alleged by Schaap and Faler 101 from photooxidation of adamantylideneadamantane (1), as an alkene with inaccessible allylic hydrogen,
by singlet oxygen via [2+2]-cycloaddition mechanism (Fig. 2.14). They have accordingly
observed the production of relevant dioxetane (3) and epoxide (4) as final reaction products in
pinacolone (solvent). Dioxetane is supposed to be yielded via rearrangement of perepoxide
intermediate (2) through the channel (a), while the epoxide is formed by solvent trapping and
reduction of the perepoxide, as shown in the channel (b). The stepwise mechanism of such
[2+2]-reaction is depicted in Fig. 2.14.

Figure 2.14: Mechanism of [2+2]-cycloaddition of singlet oxygen to
adamantylideneadamantane.
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The aforementioned reaction routes of singlet oxygen have resulted in diverse applications, as
well as implications of singlet oxidation of organic compounds. The following section itemised
such effects in different scenarios, for instances, in some chemical processes.

2.5.

Implication of singlet oxygen in oxidation of organic compounds

The various reaction pathways of singlet oxygen (as discussed in Section 2.4 above) have
resulted in diverse implications in chemical industries. Some of the main practical functions
of reactions involving singlet oxygen are as follows:

2.5.1. Low temperature combustion

Low-temperature combustion is generally referred to as reactions in the temperature range of
500 to 1000 K, relying on the system pressure, leading to spontaneous fires. 102 However, this
temperature range is not explicitly defined and according to Fehlner and Matt103, the low
temperature oxidation is characterised to occur at temperatures near or below 25 °C between
the gas-solid phases. A comprehensive review on the kinetics of low-temperature ignition of
fuel species is published recently104 featuring the role of molecular oxygen in the hydrogen
abstraction from fuel molecules at initiation stage of auto-oxidation:

𝑅𝐻 + 𝑂 → 𝑅 ∙ + 𝐻𝑂

Equation 2.11
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Auto-oxidation involves the free radical formation of a variety of organic molecules, induced
by ultraviolet (UV) light, and their subsequent oxidation by gaseous oxygen at or near room
temperature to form organic peroxy radicals. It comprises four principle sequences: initiation,
trapping, propagation, and termination. The initiation step involves cleavage of the weakest
C-H bond in the structure of initiator molecule triggering free organic radical formation. 105 The
acquired radical would thereby interfere with molecular oxygen over trapping stage yielding
to peroxy radical formation. Ultimately, the free radicals would participate in “radical-original
reagent” and “radical-radical” interactions during chain propagation and termination stages,
respectively.106

𝑅∙ + 𝐻∙

Equation 2.12

Initiation:

𝑅𝐻

Trapping:

𝑅 ∙ + 𝑂 → 𝑅𝑂𝑂 ∙

Equation 2.13

Propagation:

𝑅𝑂𝑂∙ + 𝑅𝐻 → 𝑅𝑂𝑂𝐻 + 𝑅 ∙

Equation 2.14

Termination:

𝑅𝑂𝑂 ∙ + 𝑅𝑂𝑂 ∙ → 𝑅𝑂𝑂𝑅 + 𝑂

Equation 2.15

In spite of the fact that auto-oxidation is typically referred to as a radical chain process and is
primarily associated with the free radical formation during exposure to UV light, the oxidation
process in this phenomenon is assisted by triplet ground-state oxygen interacting with activated
radicals. Photosensitised oxidation (photo-oxidation), on the other hand, is based on the
activation of photosensitiser via absorption of energy from UV/visible light leading to the
formation of an unstable and excited sensitiser molecule.

The details on how an excited sensitiser is converted from the singlet excited state to the triplet
excited form is described elsewhere107; however, the triplet excited sensitiser, as the key
element in photo-oxidation, can either energetically interact with organics to produce free
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radicals or transfer its energy to atmospheric oxygen to produce singlet oxygen. A comparison
between the reaction rate of photo-oxidation and auto-oxidation for three particular fatty acids
is shown in Table 2.3 demonstrating the fact that photo-oxidation is exceedingly faster as
compared to auto-oxidation reactions related to the significant reactivity of singlet oxygen.

Table 2.3: Relative rates of auto-oxidation and photo-oxidation of oleate, linoleate and
linolenate compounds
Compound

Auto-oxidation

Photo-oxidation

Oleate

1

3 × 104

Linoleate

27

4 × 104

Linolenate

77

7 × 104

Complementary to the low-temperature oxidation (by triplet oxygen) described above, the UV
can directly excite O2 into the singlet state. Thereby, this can result in other photo-chemical
pathways as described in Section 2.4. Such spontaneous reactions, involving singlet O 2, have
been reported to lead to enhanced reaction rates; favourable in improving the performance of
internal combustion engines; and detrimental in causing unwanted (auto-ignited) fires. Table
2.4 lists reaction constants of singlet oxygen with some combustion-related hydrocarbons,
given in the literature. The electrophilic addition of singlet oxygen to a benzene ring (e.g.
toluene) has a lower rate constant and is less facile as compared to an alkene (e.g. isoprene),
perhaps due to electron delocalisation in aromatic molecules leading to the significantly higher
reactivity of alkenes towards singlet oxidation.

Table 2.4: Initiation rate constants for reaction of singlet oxygen with selected organic
compounds in gas-phase 108-111
Hydrocarbon
Toluene

k
(L mol-1 s-1)
7.8 × 10-14
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Aniline

2.2 × 10-8

Pyrrole

4.9 × 10-1

Isoprene

4.1 × 10-1

In brief, singlet oxygen is principally involved in the reactions of chain initiation and chain
propagation. Generally, electronically excited molecules are significantly faster in interacting
with chemical species as compared to the ground-state molecules due to the smaller reaction
barrier imposed by them. Alternatively, the conversion efficiency of chemical energy to heat
would be raised once excited O2 molecules take part in the combustion of reactants compared
with the ground-state molecular oxygen in conventional combustion induced by thermal
energy.112 At ambient temperatures, these reactions are slow but yet proceed at sufficient rates
to form initial radical species, which then react with the ground-state oxygen resulting in selfheating and ignition of susceptible materials.

2.5.2. Synthesis of pharmaceutical compounds

Although singlet oxygen is not a radical species, it is an excited molecule bearing a high energy
level that enables an exhibition of the almost as tantamount level of reactivity towards electron
acceptors as radicals.

It accelerates oxygenation of elements that are not commonly

conceivable at ambient and even lower temperature conditions by molecular oxygen. Unlike
the conventional temperature-induced oxidation, the driving force in photo-induced oxidation
is the light energy and therefore it affords reactions at normal temperature conditions.

In consistency to such low temperature atmosphere, photodynamic therapy (PDT) possesses a
unique and well-documented application of photo-oxidation in which singlet oxygen plays an
indisputable role in destruction of target malignant living cells.113-116 In the case of PDT,
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photosensitiser in abnormal tissue is required to be efficiently excited to the triplet state by
visible light irradiation in the presence of oxygen, yielding to reactive oxygen species (ROS)
production and stimulating carcinoma destruction effects.

Some sensitisers (i.e. carotenoids, flavonoids and chlorophyll) naturally occur inside cells 117;
however, for photodynamic therapy of diseased cells, the synthetic non-toxic photosensitising
drugs are intentionally introduced into the target organism and activated by the illumination of
the proper intensity and wavelength of light close to the maximum absorption peak of the
selected sensitiser.118 Among a variety of light sources employed in PDT, the fibre optic
devices and laser light sources have been reviewed to be the most typical and reliable sources
for light delivery.119

An alternative medicinal application of singlet oxygen reactions is the photo-oxidation of
oxazole derivatives (i.e. 2-methyl-4,5-diphenyloxazole) leading to the synthesis of antimycin
A3 which is a useful biological antitumor. Additionally, macrocyclic lactones and lactams,
with their escalating medicinal values, could mainly be formed upon a simple photo-oxidative
rearrangement of oxazole compounds to triamides intermediates120-121, emphasising the key
role of singlet oxygen in procuring vital chemical and natural products.

2.5.3. Waste water treatment

An additional employment of singlet oxygen reaction is for photosensitised water disinfection
by solar radiation. This process is assisted by either photosensitisers dissolved in the aqueous
phase122 or solid (polymer)-supported photosensitisers123.

To this, waterborne bacterial
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pathogens and other microorganisms undergo photocatalytic treatment and indirect
inactivation mechanism by singlet oxygen generated in solar photo-reactors or they are
damaged by the solar UV light through the indirect mechanism. In an experiment conducted
by Kohn and Nelson124, the influence of dissolved oxygen and PH variation (in the range of
6.5 to 9.3) is negligible in inactivation rate constants of pathogens, while an increase in the
salinity level of water is observed to adversely affect the inactivation constant. Table 2.5 lists
reaction constants of singlet oxygen with some organic pollutants in water (as well as other
solvents), indicating a relatively fast degradation of these contaminants.

Table 2.5: Rate constants for the interaction of singlet oxygen with some organic compounds 12

2.6.

k

Reactant

Solvent

2,5-diphenyl-Oxazole

H2O/D2O (50:50)

1.6 × 108

Pyrrole

C 6 H6

1.5 × 108

Cysteine

D2O

1.0 × 105

Pyridine

CCl4

2.0 × 103

Isoprene

CHCl3

3.7 × 104

Limonene

CH3COCH3

1.7 × 105

Malonic acid

D2 O

4.0 × 104

Benzene

CCl4

3.9 × 103

Aniline

MeOH

2.0 × 109

Phenol

D 2O

1.3 × 106

(L mol-1 s-1)

Computational studies on singlet oxygen reactions and literature gaps

The mechanism of singlet oxygen photo-oxidation reactions has been the subject of several
investigations during the past decade.77,

125-126

Theoretical investigation on kinetics and
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thermodynamic properties of singlet oxygen reaction across double bonds are mostly addressed
via two broad categories of computational approaches: Ab initio studies127-128 and density
functional theory (DFT)129-130. Ab initio calculation is a wave function based method which
estimates the electronic energy, electronic density and other atomic and molecular properties
of the system once the atomic coordinates and the total number of electrons are specified in the
system.131 A drawback of this method is that the wave function is a hypothetical construct and
not a physical parameter to be specified with sensible approaches.

Density functional theory (DFT), on the other hand, provides a reliable means of predicting the
geometries, vibrational frequencies and energies of reaction through deploying the measurable
electron density within simple or complex systems. Accordingly, there will be a considerable
decline in demanded computational time for the calculations, even though the precision of
calculation is substantially improved. As a drawback, DFT lacks a suitable strategy in terms
of treatment of singlet oxygen reactions with the broken-symmetry (open-shell) state due to
the spin contamination effects triggered by its lower lying triplet state and therefore spin
projection procedure needs to be applied for energy correction. 132

The open-shell electronic structure of singlet oxygen (with a diradical nature) could best be
described by the implementation of both dynamical and non-dynamical electron correlation. 77
DFT treats the dynamical electron correlations,133 while wave functions (i.e. CASSCF, HF) are
suited for the static (non-dynamical) correlation. Although DFT is claimed to be inconvenient
in the case of multi-reference systems with diradical characters,134 its association with B3LYP
level of theory is proven to be reliable in the prediction of diradical energetics in concerted and
stepwise pathways.135 In principle, the DFT approach is for the treatment of closed-shell
systems136; however, Filatov and Shaik

137

have proposed a spin-restricted open-shell Kohn-
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Sham method followed by the DFT approach to address this problem with DFT that would
cover open-shell molecules. This methodology employs a non-interacting reference wave
function with both the closed-shell and open-shell electronic subsystems in which the
electronic orbitals and energies are spin free suitable for multi-configuration frameworks.

Kearn98 published a pioneer theoretical investigation to examine the reactions of singlet oxygen
with mono-olefins and conjugated dienes in a concerted manner deploying a set of zero-order
singlet- and triplet-state wave functions. His ab-initio analysis is an evidence to the fact that
singlet oxygen is most likely capable of undergoing [4+2]-cycloaddition to cis-dienes, while
[2+2]-addition of singlet oxygen to olefins might not be the case in systems with high ionisation potential.

Lee et al.138 suggested that ab initio methods are not suitable to produce reliable results
responding to experimental data in predicting the geometries and energies of chemicals in small
molecular systems constituting only fluorine, oxygen and nitrogen atoms, specifically once
non-correlated method with minimal basis sets is selected. Thus, density functional theory is
a rather common methodology for electronic-structure calculations when pertaining with the
many-body systems in which the wave function is replaced with the electron density as a more
practical and fundamental variable.139

In accordance to the effectiveness of DFT approach in reproducing experimental values,
Jursic140 inquired into the geometric parameters and energies of small oxygen containing
molecules deploying both ab initio and DFT functions and demonstrated that DFT calculation
overrides MP2 ab initio method in obtaining satisfactory results, particularly when polarised
6-31G(d,p) basis set is utilised. Furthermore, the efficiency of DFT method in comparison to
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the ab initio approach in estimating the molecular properties has been recently investigated by
Ess and Cook141 concluding that density functional calculations are more authentic in the
prediction of the singlet-triplet gap energies and bond dissociation energies of various openshell singlet diradicals with inclusion of spin projection.

As an example of the recent theoretical investigations on photo-oxidative effects of singlet
oxygen, Reddy and Bendikov130 studied the addition of singlet state molecular oxygen to the
most electron-rich spots of acenes structure, concluding that the interaction of acenes with
singlet oxygen mainly dominates via Diels-Alder addition of O 2(1g) to the central ring (as the
most electron-rich regions of the molecule) through either a concerted or stepwise mechanisms
while the reactivity increases as the number of the rings increases from benzene through
pentacene.

A detailed mechanism study of singlet oxygen reaction with aniline reveals the formation of pand o-iminobenzoquinones as principle products via [4+2]-cycloaddition of O 2 1∆g to the
benzylic ring at para−ipso positions.108 In the study reported by Al-Nu’airat et al.142, the
mechanistic and kinetic aspects of phenol reaction with singlet oxygen are experimentally and
computationally addressed for the first time. Alike singlet oxidation of aniline, O 2 1∆g is
attested to have an acute selectivity towards phenol ring at para position, affording parabenzoquinone through a facile exothermic [4+2]-cycloaddition reaction. In a similar fashion,
a concerted [4+2]-cycloaddition energetically leads the initiation channels of toluene
interaction with excited oxygen, yielding to the production of para- and orthoquinonemethides as reactive intermediate species.110
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In accordance with the abovementioned results, our previous kinetic study on the mechanism
of singlet oxygen addition to pyrrolic ring111 justifies the tendency of singlet oxygen on
attacking aromatic and semi-aromatic rings via a concerted [4+2]-addition. Furthermore, our
obtained results authenticate the enhancement of pyrrolic ring reactivity towards singlet oxygen
attack via substitution of π-donating functional groups at beta-carbon (C β) position. On the
other hand, a stepwise [2+2]-cycloaddition mechanism energetically favours isoprene
oxidation initiated by singlet oxygen.109 Unlike the previously mentioned aromatic species,
isoprene features a conjugated π-system with double electron rich sites susceptible to singlet
oxygen electrophilic attacks. Accordingly, methyl vinyl ketone and methacrolein, as the two
experimentally detected products of isoprene photo-oxidation, are conceived to be generated
upon exceedingly exothermic C−C bond fission within the structure of 1,2-dioxetane
intermediates.

To date, there has not been ample systematic computational investigation on interactions
between singlet oxygen and reactive compounds and thus most of the experiments on singlet
oxygen reactions are yet to be validated by rigorous computational attempts. Although the
attribute of singlet O2 in initiating chemical reactions has been somehow validated in the
literature, a detailed view of the mechanistic pathways 108-109, 111, 142 will not only elucidate the
reaction channels, but also allow optimisation of the process in relevant industrial applications,
as well as in consideration of safety protocols (e.g., in spontaneous fires of organic substrates).
The influence of functional groups on enhancing/prohibiting the reaction pathways and
reactivity of singlet oxygen also needs ample empirical and theoretical studies.
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2.7.

Conclusion

An ongoing investigation is being conducted to examine the environmental and economic
impacts of oxidative reactions initiated by electronically excited oxygen molecules. Efforts are
being made to develop detailed kinetic mechanisms based on results of quantum chemical and
density functional theory calculations and precise experimental measurements for

1

O2

oxidation of biologically, environmentally and economically important materials. Recent
literature in the field focuses on elucidating the propagation reactions, with no ample
experimental and computational publications providing a first principle explanation of the
initiation steps. Perhaps, further efforts would result in positive outcomes in elucidating the
initiation reactions that must involve thermally-induced or photosensitised singlet oxygen as a
high energy, electronically excited state of oxygen.

2.8.
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3.1.

Theory of computational chemistry models

Over the last few decades, quantum chemistry has emerged as a powerful and accurate tool to
stimulate the quantitative understanding of the behaviour of chemical systems by employing
various models and simulation program codes. Resuts from quantum chemistry complement
and illutsrate experimental results. Intermediate chemical species are too transient for sucessful
experimental identification. Likewise, the complexity of the reacting systems, makes it is very
chanllenging to aquire accurate values of specefic reaction rate constants in experiments. The
newly developed computational tools have conspicuously facilitated the accurate and useful
prediction of different properties of small and complex molecular structures. There are several
computational techniques deployed with varying ranges of accuracy, including the ab initio
methods and density functional theory (DFT) calculations. The latter (i.e., DFT) performs
relatively well in general applications of organic chemistry.

However, in terms of accuracy,

the higher level of ab initio methods (e.g. CCSD(T)) yields better and more precise energy
calculations.1 The accuracy of any theoretical framework is typically assesse via benchmakring
against experimental values depending on the system under investigation (enthalpies of
formation, geometries, lattice constants, pKa, conversion, etc). The following subsections give
a brief account of the most common groups of techniques being deployed in computational
chemistry.

3.1.1. Ab initio electronic structure methods

The fundamental concept of ab initio electronic structure methods relies on physical constants,
in which an effort is made to solve Schrödinger equation by indicating sensible parameters (i.e.
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nuclei position and number of electrons) as input values in order to give outputs such as electron
density, molecular energies and other useful properties of systems. Hartree-Fock calculation
is the simplest ab initio calculation which is reasonably efficient in predicting the properties of
systems where electron correlation effects are negligible.2 This theory is a wavefunction-based
method developed to find a simple solution for the time-independent Schrödinger equation (Eq.
3.1):

𝐻𝛹 = 𝐸𝛹

Equation 3.1

where Ĥ denotes the Hamiltonian operator, Ψ represents the wave function and E corresponds
to the total energy of the system. By forming Hartree product of the wave function, one can
define 𝛹 as a combination of single spatial molecular orbitals (𝜙 ):

𝛹(𝑟 , … , 𝑟 ) = 𝜙 (𝑟 )𝜙 (𝑟 ) … 𝜙 (𝑟 )

Equation 3.2

In this approach, the assumption remains that electrons (constituting many-body systems)
occupy single-particle orbitals forming the wavefunction and each electron and their
corresponding orbitals are affected by the presence of electrons in other orbitals.

Other popular ab initio quantum chemistry methods are Møller–Plesset (MP) perturbation
theory, coupled cluster with singles and doubles (CCSD), complete active space perturbation
theory (CASPT) and multi-configurational self-consistent field (MCSCF). The treatment of
large systems is highly expensive once ab initio method is exclusively implemented.
Therefore, a relatively small region of the system can commonly be modelled at the ab initio
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quantum chemical level and the remaining parts can be treated by means of a relatively more
approximate model.

3.1.2. Density functional theory

The easier way to solve the problem of electronic correlation is by means of Density Functional
Theory (DFT). DFT is less expensive than any other correlation methods and is much more
precise in many cases. It is the only way to include electron-correlation in calculations on large
systems. Since DFT calculations include the effects of electron correlation, they can give the
benefits of some more expensive ab initio methods at a much lower cost.

Hohenberg-Kohn

3

and Kohn-Sham

4

were the pioneers in proposing the DFT approach in

which the electron density is exploited as a central variable to elucidate the interrelationship of
electrons. The premise of DFT is that the total energy and hence all the corresponding
electronic properties of a matter is expressed by the electron density (ρ) that is a non-negative
function of three spatial variables (x, y, z) which could be sensibly observed and measured
experimentally in electronic systems.

Principally, the state of quantum mechanical system and any molecular properties can be
precisely expressed by its wave function (Ψ) which is a function of spatial coordinates of the
particles and the time. The mathematical description of wave function is complex especially
for multi-component systems and therefore DFT-based approximation is approached as a
transcription of the time-independent Schrodinger equation [𝐻𝛹 = 𝐸𝛹] where the multi-

63

Chapter 3

electron wave function (ψ) is not the key descriptor of the system anymore and is replaced by
the ground-state electron density (ρ) that is physically meaningful.

Unlike wave function of an N-electron system which includes 3N variables and gets
challenging to be defined in convoluted multi-body systems, electron density is only a function
of three spatial dimensions x, y, z regardless of the number of electrons (N) in the multicomponent systems. Given that, the ground-state energy (E) is expressible as a function of ρ
and is composed of the following functionals:

𝐸(𝜌) = 𝑇(𝜌) + 𝑉 (𝜌) + 𝐽(𝜌) + 𝐸 (𝜌)

Equation 3.3

where T represents the kinetic energy of electrons, Vne describes the external potential energy
due to nuclear attraction (corresponding to nuclear-electron attraction and nuclear-nuclear
repulsion), J is the electron-electron repulsion energy and Exc stands for the exchangecorrelation energy corresponding to the interaction between electron particles.

Generally, the kinetic energy (T) and electron-electron repulsion energy (J) terms are
independent of the system properties and they are exclusively defined in terms of the number
of electrons (N) in the particular system of interest. The crucial insight is to introduce
approximate functionals to describe the external potential energy (Vne) and exchangecorrelation energy (Exc) forms in terms of the electron density that has led to the development
of modern DFT formalism; hence DFT methods alter as they present exchange-correlation
functionals and external potential energies.
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According to Kohn-Sham density functional theorem, as the most common methodology in
computational chemistry, the functionals are given as below:

𝑇=∫

(3𝜋 𝜌)

Equation 3.4

𝜌𝑑𝑟

𝑉 = ∫ 𝜐(𝑟) 𝜌𝑑𝑟

Equation 3.5

𝐽 = ∬|

Equation 3.6

𝐸

|

𝑑𝑟 𝑑𝑟

Equation 3.7

= ∫ 𝜌𝜖 (𝑟)𝑑𝑟

Exc is the exchange-correlation energy of an electron and 𝜐 is the static potential in a uniform
electron gas.

In the last few years, methods based on DFT have gained steadily in popularity. The best DFT
methods achieve significantly greater accuracy than HF theory at only a modest computational
cost. They do so including some of the effects of electron correlation much less expensively
than traditional perturbation methods. A variety of functionals have been defined, generally
distinguished by the way that they treat the exchange and correlation components:

Jacob’s ladder (Fig. 3.1) is a description of DFT methods modification and it classifies their
accuracy and computational resources in approximating Exc in terms of the electron density (n).
LSDA comprises the lowest rung of this ladder and GGA as the second rung developed by
introducing the gradient of electron density (∇𝑛). Higher rungs consist of more complex
nonlocal functional of the Kohn-Sham orbitals

5

that include parts of exact exchange from

Hartree-Fock theory.
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Chemical Accuracy
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Figure 3.1: Jacob's ladder of density functional approximations. 5

Density functional theory could be classified into three major categories: the local spin-density
approximation (LSDA), the generalised gradient approximation (GGA) and the hybrid density
functional. The LSDA is not recommended for inhomogeneous molecules as it is favourable
for the uniform electron gas systems where the electron density is considered as a constant
variable. The GGA, on the other hand, embeds the density gradient correction and is more
genuine and trustworthy for inhomogeneous systems. The hybrid functional (e.g. meta-GGA,
hybrid-GGA, hybrid-meta-GGA, long-range corrected GGA and double-hybrid GGA)
incorporates the Kohn-Sham reference system to improve the exchange-correlation energy
based on the effects of electron interactions in the real system. 6

The major categories of DFT based functional methods and levels of theories can be
summarised as:
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Local spin-density approximation (LSDA) (e.g. VWN 7, CP 8, PW92 9, ...) that only
involves the values of the electron spin densities.



Generalised gradient approximation (GGA) (e.g. Becke88 10, BP8611, PBE12, PW91 13, G96
14

, OLYP 15, mPWPW 16, ...) that involves both the values of the electron-spin densities and

their gradients.


Hybrid methods (B3LYP 17, PBE 18, M06 19, B3PW91 20, CAM-B3LYP 21, B2PLYP 22,...)
that define the exchange functional as a linear combination of Hartree-Fock, local and
gradient-corrected correlation functional.

The performance of a number of popular DFT methods in geometry optimisation via root mean
square (RMS) tracking of a set of 18 ruthenium-based catalyst precursors 23 is illustrated in Fig.
3.2. In this case, B3LYP features a relatively poor performance, while functionals such as
M06, M06L and PBE are in good agreement with experimental results obtained by singlecrystal X-ray diffraction experiments.

Figure 3.2: Root-mean-square (RMS) error for 18 catalyst precursors optimised by DFT
calculation relative to the corresponding X-ray structures.
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The B3LYP hybrid functional15, 17 is the most commonly used method in hybrid functional
category dealing with chemical system and predicting electronic parameters with moderate
accuracy. The B3LYP functional is comprised of the Becke’s 1988 10 exchange functional
(ExBecke88), the Lee-Yang-Parr (LYP)15 correlation functional (EcLYP), the Vosko-Wilk-Nusair
(VWN) correlation functional (EcVWN) and the difference between the Hartree-Fock and local
spin-density approximation (LSDA) exchange energy as given below 24:

𝐸

=𝐸

+ 0.20 (𝐸

−𝐸

) + 0.72 𝐸

+ 0.81𝐸

− 0.19𝐸

Equation 3.8

It has been demonstrated that the spin-projected unrestricted broken symmetry (U)B3LYP
precisely predicts the properties of diradical systems, i.e., the gap between singlet and triplet
states of molecular oxygen.25 As further discussed below, the energy of singlet oxygen O2
(1Δg) suffers from contamination by the ground triplet state as evidenced by an estimate of the
spin contamination operator S2 (HS) ∼ 1. As such, spin refinement is necessary for accurate
computation of the energy singlet oxygen. For comparison purposes, quantum chemistry
composite methods such as CAM-B3LYP overestimate the singlet−triplet energy gap of
oxygen by 68 kJ/mol (i.e., 163.0 kJ/mol instead of the reported experimental value of 95
kJ/mol),26 and cannot perform “unrestricted” calculations which is necessary to obtain the spincontamination operator S2 (HS) for energy refinements using the spin-projection scheme.

In this thesis, we have employed the B3LYP functional in conjunction with the 6-311+G(d,p)
and 6-311++G(2df,2p) basis sets expanded by d-type diffuse basis functions and p-type
polarisation functions on heavy atoms and hydrogen atoms. To include the electron density
polarisation effect caused by the neighbouring nuclei around a target nucleus, molecular
orbitals with more flexible shapes than the free atomic orbitals (i.e. s, p, d, etc.), are employed.
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Diffuse functions are also required for molecules with widely spread electronic density such as
excited states and anions.

3.2.

Spin contamination

Spin contamination remains an issue in systems that orbital-based wave functions are
implemented in the spin-unrestricted orbital formalism, which allows electrons with α and β
spins to freely occupy different spatial orbitals. This is applied for open-shell systems
containing unpaired electrons such as, radicals, diradicals, doublet and triplet states. Treatment
of such open-shell molecules could be addressed with an approximate spin-projection
technique (AP) that would result in a significant improvement of the predicted energies and
physicochemical properties.

The approximate spin-projection technique in the framework of Yamaguchi 27-28 deals with the
fact that the dynamics and behaviour of S = 1/2 systems are not accurately specified by the
classical physics, but rather by employing the quantum physics. The spin-projected total
energy for the broken-symmetry state (EBS; S=0) and the high-spin state (EHS; S=1) would
indicate the approximate spin-projected energy as follows:

𝐸

=𝑓

𝐸

− (𝑓

− 1)𝐸

Equation 3.9

where f AP is the approximate spin-projection factor measured by Eq. 3.10:

𝑓

=

〈

〉

〈

〉

(
〈

)
〉

Equation 3.10
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The terms <S2>HS and <S2>BS express the spin contamination of the pure high-spin and brokensymmetry states, respectively. In the AP method, the expected value of the spin contamination
for the high-spin state (EHS) is assumed to be negligible and constant and thus independent of
the geometrical parameters of the particular system. The derivative of EAP is written as:

− (𝑓

=𝑓

=

〈

〉

〈

〉

(
〈

)

− 1)

〈

〉

〉

+

(𝐸

−𝐸

)

Equation 3.11

Equation 3.12

The numerical method’s convergence to the optimum is effective once a proper initial guess is
employed. Gaussian 09 applies computation models based on Finite Element method. This
method converts the N-dimensional space into small sub-systems being specified by N linear
equations. The numerical solution is obtained once one of the linear equations is solved
through adopting an initial guess and then, all the other equations are solved. Once all solutions
are obtained, the initial guess can be modified and this procedure continues until the new
solution outputs converge.29

All in all, the uncorrected energy and gradient (𝜕 ⁄𝜕𝑥 ) for the BS and HS states could be
computed using Gaussian 09. The subsequent chapters and the accompanying supplementary
information provide the calculated values for the refinement of energy of singlet oxygen and
diradicals in the system. Table 3.1, lists the enthalpy gap between singlet and triplet states of
some diradicals at 298.15 K corrected based on the broken-symmetry approach.
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Table 3.5: The triplet-singlet enthalpy gap (∆H298.15) of a number of diradicals corrected
based on spin projected method.26
Compound

B3LYP

M06

B3PW91

HSEH1PBE

Experimental30

C

78

105

82

83

122

NF

102

158

104

101

144

NH

110

169

118

114

150

O2

86

132

85

84

95

Si

59

46

50

50

72

O

140

206

146

142

190

According to Table 3.1, in all cases, excluding O2 and Si, the M06 model functions better in
predicting the triplet-singlet enthalpy gap value. However, in the case of oxygen molecule,
M06 method overestimates the enthalpy gap by 37 kJ/mol in reference to the experimental data,
whereas B3LYP gives the most precise estimation and is offset by only 9 kJ/mol. Thus, B3LYP
is relatively more accurate in predicting the thermo-chemical properties of oxygen.

3.3.

Solvation

A polarisable Continuum Solvation model (PCM) is applied in this thesis to analyse the effect
of some selected solvent on the electronic transitions and reaction energies along the potential
energy surfaces, as well as to enable the comparison of the computed rate constants (which is
initially obtained in gaseous phase) with the existing condensed-phase values in literature. The
nature of intermolecular interactions between solvent and solute is described by solvation (Fig.
3.3). The enthalpy of solvation equals to the solution enthalpy minus the enthalpy of solvent
and dissolved materials as separate systems. Computational packages implement some typical
solvent models such as Polarisable Continuum Model (PCM)31 and Solvation Model based on
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Density (SMD) to simulate reactions taking place in solution rather than gaseous phase and to
accomplish the corresponding thermodynamic calculations. The continuum solvation model
accounts the solvent molecules as structureless polarisable medium being defined by their
dielectric constant with surface tension at the solute-solvent boundary.32 The PCM approach
is usually followed by the Integral Equation Formalism variant (IEFPCM) in which the solute
cavity is considered as a set of overlapping spheres. By default, the Gaussian 09 code that is
implemented in this work to model the solute and solvent interactions, builds up the cavity
using the UFF33 radii, which places a sphere around each solute atom, with the radii scaled by
a factor of 1.1. The SMD solvation model, on the other hand, is recommended for computing
ΔG of solvation and employs a single set of parameters, such as intrinsic atomic Coulomb radii
and atomic surface tension coefficients employing IEFPCM algorithm.

Figure 3.3: Schematic of a SES-based PCM 34

72

Chapter 3

3.4.

Natural population analysis (NPA)

The studies collated in this thesis employed the natural population analysis to estimates the
most congested and electron-rich molecular surfaces. This remains instrumental to provide
insights on the vulnerability of target molecules towards electrophilic attacks by singlet
oxygen. The electronic configuration and charge distribution in polyatomic systems would be
evaluated by population analysis study.

Atomic population analysis would require the

assignment of atomic charges which inquires the specification of spatial distribution of atomic
electron clouds within a molecule and then integrating the charge in that regional volume over
the defined atomic fragments.

NPA, as an advanced wave function-based method, is intrinsically nonnegative quantities and
exhibit sensible numerical stability in response to the changes in basis sets. It better functions
towards computation of the charge distributions in ionic compounds as compared to the
Mulliken populations that is often inconsistent with density integration and empirical ionicity
measures. However, the complexity and required computational efforts for natural population
analysis persuades extensive application of other methods developed based on the wave
function for atomic orbital population analysis, such as Mulliken population method and
Hirshfeld charge analysis due to their simplicity and ease of application. 35

3.4.1. Mulliken population analysis scheme

Mulliken population analysis is a quantitative method to approximate the atomic charges based
on linear combination of atomic orbitals (LCAO) where the electronic population of atoms is
divided into partial and total net atomic populations, taking into account the overlap between
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populations. From the molecular orbital analysis, if the overlap population between two
adjacent atoms is positive, they are bonded; and if negative, they are considered as antibonded.36 In a simple diatomic molecule, the spatial molecular orbital (𝜙) could be written as
a linear combination of basis functions on each atomic centre as follows:

Equation 3.13

𝜙 =𝐶 𝜒 +𝐶 𝜒

where χ is the normalised atomic orbital. Considering the molecular orbital (ϕ) to be occupied
by N electrons, the spatial population of molecular orbital can be acquired as follows:

𝑁𝜙 = 𝑁𝐶 (𝜒 ) + 2𝑁𝐶 𝐶 Δ

where 𝛥

+ 𝑁𝐶 (𝜒 )

Equation 3.14

is the overlap integral between basis functions on a and b. Integration of each term

in the above equation would result in the following approximation:

𝑁 = 𝑁𝐶 + 2𝑁𝐶 𝐶 Δ

+ 𝑁𝐶

Equation 3.15

The terms NCa2 and NCb2 express the net atomic populations and the middle term, 2NCaCbΔab,
denotes the overlap population. As a distinguished disadvantage of Mulliken population
analysis, the compound population N can be negative which is physically meaningless, bearing
little quantitative significance.37 It is also excessively dependent to basis set, especially once
extended basis sets of atomic functions are selected to a more reasonable agreement between
theoretical predictions and experiment. 35
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3.4.2. Hirshfeld charge analysis scheme

The Hirshfeld charge analysis is established based on the hypothesis that the charge density at
each spatial point in multi-atomic systems is proportional to the density value exerted by free
atoms at the corresponding distance from their nuclei.38 In general, a molecular system could
be partitioned into well-defined atomic fragments and examined how the bonded atoms behave
differently from the corresponding free atoms. In other words, in a neutral molecule, the net
atomic charge, qα , is defined through integration of the atomic deformation densities, 𝜌 (𝑟̅ ),
equivalent to molecular minus unrelaxed atomic charge densities.

𝜌 (𝑟̅ ) = 𝜌

Here 𝜌

(𝑟̅ ) − ∑ 𝜌 (𝑟̅ − 𝑅 )

Equation 3.16

(𝑟̅ ) is the molecular electron density at 𝑟̅ fragment, and 𝜌 (𝑟̅ − 𝑅 ) term denotes the

spherically averaged electron density39 of the free atom α at the centre of the atom nucleus, 𝑅 .
The effective charge of an atom is computed as follows:
𝑞 = − ∫ 𝜌 (𝑟̅ ) ∑

( ̅

)
̅

𝑑 𝑟̅

Equation 3.17

Thus, in Hirshfeld population analysis, the molecular charge density at each point of the system
is defined by atomic charges in proportion to their share in the pro-molecular density. 40

3.5.

Fukui function

Fukui function41 affords an understanding of the local reactivity within molecular structures by
quantitating the reactivity of atoms in the molecules: the larger the Fukui indices; the higher
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the local reactivity. The Fukui indices for different reaction types are calculated from a
Mulliken population analysis or a Hirshfeld analysis for cationic and anionic states as follows:

𝑓 = [𝑞(𝑁 + 1) − 𝑞(𝑁)]

Susceptibility to nucleophilic attack

Equation 3.18

𝑓 = [𝑞(𝑁) − 𝑞(𝑁 − 1)]

Susceptibility to electrophilic attack

Equation 3.19

𝑓 = [𝑞(𝑁 + 1) + 𝑞(𝑁 − 1)] Susceptibility to radical attack

Equation 3.20

The Fukui function describes the sensitivity of the atomic charge q(N) with respect to the loss
or gain of electrons (N). So, the terms 𝑓 and 𝑓 evaluate the density variation once the
molecule experiences an electron gain and loss, respectively.

Electron gain follows a

nucleophilic attack while electron loss transpires during an electrophilic attack. The radical
attack, on the other hand, simply represents the average of the aforementioned phenomena.

3.6.

Computational packages

3.6.1. Gaussian 09

Optimisation of molecular structures, prediction of vibrational frequencies and energies of
optimised structures, along with a variety of molecular properties are facilitated using Gaussian
09 program42 that exploits the basic laws of quantum mechanics for both simple and complex
systems. It is designed to study molecules and reactions involving both stable and short-lived
species and transition structures over a wide range of molecular systems in gas and liquid phase
conditions.

The study of substituent and solvent effects, electronic population, optical

properties and various thermodynamic parameters are also feasible by this computational
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chemistry software.

Additionally, Intrinsic Reaction Coordinate (IRC) calculations are

attainable by this software confirming the identity of each acquired transition structures. IRC
calculations are performed to confirm that the transition states connect the right reactants and
products. The vibration frequencies, moments of inertia and reaction barriers for reactants,
products and transition states will be derived from Gaussian 09 and subsequently employed as
input parameters to obtain the chemical kinetics and reaction rate parameters on the basis of
transition state theory using computational tools such as ChemRate code. The frequency
calculations confirm that all transition states are indeed first order saddle points as indicated by
the presence of one imaginary frequency.

3.6.2. ChemRate

Computation of reaction rate coefficients and Arrhenius parameters are assisted by ChemRate
package43 for reactions under both steady-state and unsteady (time-dependent) conditions at
different temperatures and pressures. Reaction types such as isomerisation, decomposition and
bimolecular reactions are supported by the software. It contains a master equation solver to
estimate the theoretical rate constant for a unimolecular reaction on the basis of Rice–
Ramsperger–Kassel–Marcus (RRKM) theory 44-47 as expressed below:

𝑘(𝐸) = 𝑙

( )
(

)

Equation 3.21

Here E is the internal energy, E0 is the critical energy of the reaction (that is the minimum
energy along the reaction coordinate), G+(E) is the total number of vibrational state at the
transition state (TS), up to and including E, l+ is the reaction path degeneracy (typically equals
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to 1 for large molecules), h is the Planck constant and N(E+E0) denotes the vibrational density
of states for the active degrees of freedom in the reactant. The density and total number of
vibrational states are derived using Whitten-Rabinovitch algorithm 48 holding vibrational
frequencies and moments of inertia as input parameters. Furthermore, the high pressure limit
rate constant is evaluated according to canonical transition state theory:

𝑘(𝑇) = 𝜅(𝑇)

𝑒𝑥𝑝 −

Equation 3.22

where  is the tunnelling correction factor49-50 and kB is the Boltzmann constant.

3.6.3. DMol3

DMol3 package51-52 in the Material Studio software is a unique efficient module that uses DFT
method to model electronic structures and energetics of simple and complex chemical systems,
including organic and nonorganic molecules, crystals and infinite surfaces. It is one of the
fastest and highly accurate quantum mechanical programs enabling the prediction of structural
properties in gas phase, aqueous media, surface systems and solid environments. In this
software, the atomic basis set could range from small to large sets balancing the cost and
accuracy of calculations which comprises of minimal (Min), double-numeric quality (DN), DN
plus polarisation functions (DNP), double-numeric plus d-function (DND) and triple numerical
plus polarisation (TNT). Different types of atomic population analysis including Mulliken,
Hirshfeld charges are facilitated by DMol3 code in addition to Fukui function calculations
which are rendered on a regular rectangular grid with 0.2 Å spacing.
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3.7.

Definition and applicability of some DFT-based descriptors

Some quantum mechanical descriptors assist in probing the reactivity and understanding the
behaviour of the selected hydrocarbons in chemical reactions, specifically in the singlet
oxidation process.

Such physicochemical parameters stem from the highest occupied

molecular orbital (HOMO) as well as the lowest unoccupied molecular orbital (LUMO) and
their corresponding energy levels. The DFT-based chemical descriptor employed in this thesis
involved global hardness and softness, electronegativity, chemical potential, and
electrophilicity index.

3.7.1. Global hardness and softness

Global hardness () and softness (S) of a species is a measure of its polarity and electron
distribution in an electric field; or in other words, they denote how the structures are resistant
towards deformation triggered by mechanical force. They are expressed by the gap between
the HOMO and the LUMO according to the following formulas:

𝜂=

Equation 3.23

𝑆=

Equation 3.24

As the gap between the frontier molecular orbitals increases (Fig. 3.4), the species hardens and
stabilises towards changes in their electron density and population. Contrarily, soft molecules
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with smaller LUMO and HOMO energy gaps are easily excitable and less resistance to ground
chemical reactions due to their polarisable nature.53

Figure 3.4: Global hardness descriptor expressed by HOMO and LUMO energy levels.

3.7.2. Electronegativity

This parameter is an indication of how likely the molecule is inclined to be attracted by
electrophilic agents. This descriptor is introduced by Pearson54 as the average of HOMO and
LUMO orbital energies of the bonding fragments, since the molecular orbital (MO) framework
is frequently being used in quantum chemical computations.

𝜒=

(

)

Equation 3.25
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Figure 3.5: Electronegativity trend within periodic table

3.7.3. Chemical potential

Chemical potential, as a parameter to evaluate the state of systems in diffusive equilibrium, is
defined as:

𝜇 = −𝑇

,

=

,

Equation 3.26

S represents entropy of the system as a function of U (total energy), V (volume) and N (number
of particles or electrons in the system).

This parameter refers to the probability of an electron being departed from the molecular
structure, where electrons will be transferred from molecules with the large chemical potential
() to the ones with the lower . In the MO scheme, the value of chemical potential is simply
given by the negative value of electronegativity ().
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𝜇 = −𝜒 =

Equation 3.27

3.7.4. Electrophilicity index

This indicator (ω) serves as the tendency and capacity of the electrophile to acquire electrons
from its environ, and as proposed by Parr et al.55, this value (as a sort of electrophilic activity)
implies to the energy reduction due to electron transfer from donor to the acceptor and could
be signified through the equation below:

𝜔=

Equation 3.28
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4.0. Abstract

In this contribution, we argue that the primary role of isoprene is to remove O 2 1∆g that forms
inside plants by UV-excitation rather than to provide heat protection or scavenge ozone, OH
or other reactive oxygen species (ROS) in the gas phase. By deploying a quantum chemical
framework, we address for the first time the exact mode of isoprene reactions with singlet delta
oxygen (O2 1∆g), the most prominent ROS that causes damage to leaves. Initial reactions of
isoprene with O2 1∆g comprise its addition at the two terminal carbon atoms. The two primary
open-shell adducts that appear in these reactions undergo a 1,2-cycloaddition to generate
methyl vinyl ketone and methacrolein; the sole products detected from in-house (i.e., inside
plants) oxidation of isoprene. Formation of other products, comprising the peroxy O-O bonds,
is kinetically insignificant. Furthermore, these adducts are thermodynamically too unstable to
diffuse outside plants. Oxidation of isoprene with O 2 1∆g does not produce new ROS (such as
OH or HO2) supporting the well-documented role of isoprene as an effective ROS scavenger.
Deploying a solvation model reduces energetic requirements for the primary pathways in the
range of 10-56 kJ/mol. The present results indicate that, plants attach significant value to the
in-home protection against O2 1∆g by investing carbon and energy into the formation of
isoprene, in spite of the appearance of the cytotoxic methyl vinyl ketone as one of the reaction
products. (The same chemical species also form in unrelated gas phase reactions involving
isoprene and other ROS). This finding explains the primary reason for the appearance of the
dynamic biosphere-atmosphere exchange of methyl vinyl ketone.
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4.1.

Introduction

Emission of isoprene (or 2-methyl-1,3-butadiene) from many terrestrial plants accounts for
nearly one third of the annual global budget of Volatile Organic Compounds (VOC) from all
biogenic and anthropogenic sources combined. 1 Owing to its high chemical reactivity, once
emitted to the atmosphere, isoprene plays a crucial role in many atmospheric phenomena. 2-3
This includes modifying the mechanisms of the atmospheric removal of other VOC,
influencing the secondary organic aerosol formation and affecting the production of ozone.
While isoprene exerts no greenhouse-gas (GHG) effect on its own right, its fast reaction with
OH radicals can change the atmospheric oxidation capacity and the atmospheric lifetime of
methane (the third most important GHG). But, this is not the reason for plants to invest their
carbon and energy resources to synthesise isoprene.

A significant debate has been sweeping the field on reasons for plants to produce isoprene in
an operation that is both biochemically expensive and energy dependent. 4-5

Mounting

experimental evidence demonstrates that, isoprene undergoes complex heat-tolerant
mechanisms in plants. The direct production of isoprene from light-dependent photosynthesis
indicates a plausible thermos-like protection of leaves from certain types of heat shocks.6
However, the most discussed role of isoprene represents the mitigation of the effect of Reactive
Oxygen Species (ROS) in plants.7 By acting as a ROS scavenger, isoprene can prevent visible
damage by exposure of leaves to ozone or the OH radicals and reduce the loss in their
photosynthetic capacity.

Nonetheless, isoprene-ROS reactions remain to be elucidated,

especially those occurring inside plants.
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The lowest excited state of singlet oxygen (O2 1∆g) constitutes the most prominent ROS causing
damage to leaves8 in such a way that this exotic species accounts for over 80 % of lipid
oxidation within leaf tissues.9 Photo-induced activation produces O2 1∆g in plants; mainly
mediated by the excited state of the triplet chlorophyll (3Chl*).10 Literature documents well
the O2 1∆g scavenging properties of isoprene11-13. Isoprene acts as an effective quenching agent
for many ROS, including the O2 1∆g.5 Through the use of rose bengal as a photo-sensitiser,
experiments11-12 have demonstrated that, isoprene protects plants against the damaging effect
of O2 1∆g. In fact, a UV-excitation of an isoprene/ground-state oxygen mixture results in the
formation of O2 1∆g.14 As the biochemical synthesis of isoprene displays light-dependency, the
resistance to O2 1∆g correlates positively with the light intensity.4 However, the exact mode of
isoprene attacks on O2 1∆g remains largely unclear.

Jardine et al.15 have simulated

experimentally a “within-plant” oxidation process of isoprene to report methyl vinyl ketone
and methacrolein as the sole oxidation products. The authors linked the formation of these two
compounds with the functionality of isoprene as a ROS scavenger, but without pointing to O 2
1

∆g, in particular.

We suggest that, the main role of isoprene is to remove O2 1∆g that arises inside plants by the
photo-induced activation process. From this perspective, by deploying quantum chemical
calculations, this contribution provides a detailed mechanistic account governing reactions of
O2 1∆g with isoprene. With the highly transient nature of O2 1∆g (lifetime of a few μs),16 the
reaction chemistry of O2 1∆g constitutes an excellent candidate for a purely theoretical scrutiny.
The reaction mechanism and the kinetic parameters developed herein will assist in formulating
an atomic-scale understanding of the protective functions of isoprene in plants against ROS,
particularly O2 1∆g.
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4.2.

Methodology

Normally, a treatment of the biradical character exhibited by the adduct of isoprene and O 2 1∆g
would require application of multireference wave function methods such as CASSAF and
CASSTP2.17-18

The pioneering work by the Yamagushi19 group has demonstrated that,

energies of biradical systems computed by any single-determinant method can be significantly
improved via the application of a simple approximate spin-projection (AP) scheme. In this
scheme, an approximate spin-projected energy (EAP) can be derived from the energies of the
broken-symmetry ( EBS) and pure high-spin ( EHS ) states:

E AP  f

AP

E BS  ( f  1) E H S

Equation: 4.1

where f AP denotes the spin-projection factor:

f AP 

 S 2  HS  s ( s  1)
 S 2  HS   S 2  BS

Equation: 4.2

and  S 2  HS and  S 2  BS signify expectation values of spin contamination pertinent to the pure
high-spin and broken-symmetry states, respectively. The application of the AP methodology
to various biradical systems yields B3LYP-derived energies to within 4.2 – 12.6 kJ/mol of
corresponding values obtained with the more expensive multireference methods. 20-21 In a series
of contributions,22-23 Cremer and co-workers showed that, unrestricted density functional
methods (UDFT) perform surprisingly well in deriving energies and geometries of singlet
biradicals.

93

Chapter 4

Accordingly, we deploy the DFT functional of B3LYP with the extended 6-311+G(d,p) 24 basis
set to investigate the biradical system of isoprene and O2 1∆g. Final energies are corrected
using the AP approach as described above, whenever the reacting species (including reactants,
products and transition states) attain a biradical character. As an initial accuracy benchmark,
we calculate the triplet-singlet delta enthalpic gap of the oxygen molecule to be 85.4 kJ/mol,
in relatively good agreement with the corresponding experimental value at 94.1 kJ/mol. 16
Standard UB3LYP calculations result in a significantly larger enthalpy gap of 161.5 kJ/mol
demonstrating the necessity of applying the AP approach.

Table S4.1 in Supporting

Information (SI) enlists calculated thermal enthalpies and expected spin contamination values;
i.e., values required in calculations based on the AP methodology. We carry out all structural
optimisation and energy calculations using the Gaussian 09 suite of programs. 25 We have
carefully confirmed the identity of each transition structure by performing intrinsic reaction
coordinate (IRC) calculations.

The ChemRate code facilitates the calculation of the reaction rate constants, in the temperature
range of 300 K to 600 K.26 We obtain the Fukui27 indices for electrophilic attack (f-1) and the
electronic Hirshfeld28 charges with the aid of the DMol3 code.29 The Fukui f-1 indices serve as
a molecular descriptor, reflecting tendency of a certain site in a chemical species to undergo an
electrophilic addition.

4.3.

Results and discussion

The structure of isoprene features a conjugated π system, where the digits 1 and 2 denote two
sites for the addition of singlet delta oxygen (Figure 4.1). Figure 4.2 depicts the mechanism of
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the reactions of isoprene with O2 1∆g, with the geometries of intermediates and transition
structures portrayed separately in Figures S4.1 and S4.2 of the Supplementary Information
Chapter (Chapter 10). The electrophilic properties of O2 1∆g enable oxygen atoms to be
introduced into olefins, dienes and aromatic structures through three main categories of
reactions: 1,2-cycloaddition to double bonds, 1,4-cycloaddition to aromatic rings and the socalled concerted ene reaction. Generally,30 the non-concerted mechanism underlying reactions
of typical dienes with singlet oxygen passes through diradical intermediates. For instance, the
diradical peroxy adduct has been previously observed in case of cis-1,3-butadiene.18 Similarly,
in this study simulations led to two diradical intermediates (M 1 and M14).

Figure 4.1: Isoprene chemical structure.

All attempts to locate transition structures leading to 1,2-/1,4-cyloadditions or a direct
abstraction of a methyl hydrogen atom (i.e., an ene reaction) converge to the peroxy adducts
M1 and M14, in which the oxygen molecule binds to the terminal carbon atoms at sites 1 and
14; respectively. If it operates in our system, ene reaction should result in the formation of an
allylic hydroperoxide upon a shift in the position of the most electron-rich double bond (i.e.,
species M3 in Figure 4.2). If the occurrence of an ene is a feasible opening channel, this would
violate the role of isoprene as a ROS scavenger, as it results in the generation of another potent
ROS species, namely the OH radical, through dissociation of the weak O-OH bond.
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Figure 4.2: Reaction routes in the isoprene + O2 (1∆g) system obtained by the calculation
level of B3LYP/6-311+G(d,p). Values in bold and italic signify reaction and activation
enthalpies computed at 298.15 K, respectively (in kJ/mol).

While peroxirane and zwitterionic intermediates were detected on the potential energy surface
for the reaction between butadiene and singlet oxygen, 31 despite of our best efforts, we were
unable to locate these intermediates. Nonetheless, conversion of the initially formed diradical
peroxy-type adduct into peroxirane was shown to be a highly endothermic process by about
100 kJ/mol. Analogously, a related study32 predicted that a zwitterionic adduct resides nearly
40 kJ/mol above the initially formed diradical intermediates.
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Rotation of the peroxy O-O bond in M1 and M14 adducts could potentially generate syn and
anti conformers. However, performing partial optimisation along the corresponding dihedral
angles leads to structures, in which the outer oxygen atom either abstracts a H atom or adds to
the carbon skeleton (one of the products in Figure 4.2); viz., stable syn and anti conformers do
not arise in M1 and M14.

M1 and M14 moieties, in addition to their transition structures TS1 and TS12, all possess an openshell character. Based on AP-corrected enthalpies (298.15 K), the reaction barrier of TS 12 (99
kJ/mol) overshoots that of TS1 by 51 kJ/mol. To elucidate different reactivity for addition of
singlet delta oxygen at sites 1 and 2, Figure 4.3 displays the calculated Fukui indices and
electronic charges on isoprene. Higher electron densities and f-1 values at site 2 in comparison
with analogous estimates at site 1 concur with the lower activation barrier of TS 1 in reference
to TS12.

0.095
0.202
[- 0.083]

2

1

0.193
[- 0.193]

[- 0.015]
0.085
[- 0.036]

Figure 4.3: Fukui f-1 indices (in bold) and Hirshfeld charges (in brackets).

The two initial adducts, M1 and M14, reside at a similar level above the entrance channel. As
Figure 4.2 depicts, the initial adduct M1 branches into seven exit routes, whereas M14 launches
six channels. In the main channel, a 1,2-cycloaddition occurs via TS 7 overcoming a modest
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enthalpic barrier of 46 kJ/mol and forms the M7 adduct. A very exothermic C-C bond fission
(-376 kJ/mol) in M7 affords the experimental product for in-house oxidation of isoprene, the
methyl vinyl ketone molecule. This process takes place through a barrier of 92 kJ/mol
embedded in TS8.

The transition states TS2, TS4, TS6 from the main channel, along with TS13 and TS14 signify Hmigration reactions, in which the outer oxygen atom abstracts a hydrogen atom from
neighbouring carbon atoms through sizable reaction barriers amounting to 151, 166, 80, 86 and
143 kJ/mol, respectively. Fission of the relatively weak O-OH bond in the structure of
hydroperoxide intermediates (such as M5 and M16) requires modest bond dissociation
enthalpies in the range of 141 kJ/mol to 147 kJ/mol. Nonetheless, significantly higher barriers
for the formation of allylic hydroperoxide (80 – 166 kJ/mol) in reference to the barrier of the
main route (46 kJ/mol) indicate that the formation of the propagating OH radical from
unimolecular rearrangement of M1 is highly unlikely. All our attempts, to find transition states
connecting M1 with M3 and M5 directly, have led to TS2 and TS4, respectively.

This

interpretation has been guided by detailed IRC calculations and vibration analysis. Formation
of hydroperoxide M6 from M1, as well as M15 from M14, occurs via H abstraction from the CH2
site by the terminal oxygen atom of the peroxy group, with modest reaction barriers of 80
kJ/mol (TS6) and 86 kJ/mol (TS13), respectively.

Transition structures TS9 (137 kJ/mol) and TS10 (67 kJ/mol) characterise 1,3- and 1,4cycloaddition commencing from M1. Formation of the six-membered ring, M11 structure, from
M1 and M14 proceeds via similar reaction barriers through TS10 and TS18. The peroxy O-O
bonds in molecules are typically very weak; i.e., 150 kJ/mol33. This could be regarded as
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another factor contributing to the absence of M10, M11 and M19 from the products of isoprene
oxidations initiated by singlet oxygen.

Both M1 and M14 are capable of forming short lived dioxirane species M 13 and M21 via a twostep pathway, initiated by 1,2-hydrogen transfer characterised by TS 11 (115 kJ/mol) and TS19
(117 kJ/mol) transition states. The corresponding biradical intermediates of M 12 and M20 then
pass through a barrier-less unimolecular cyclisation to form the highly stable heterocyclic
peroxides M13 and M21. As the reaction barriers associated with TS11 and TS19 significantly
overshoot barriers of the primary channels (TS 7 and TS15), synthesis of dioxiranes from
reaction of isoprene with singlet oxygen is largely negligible.

Based on the reaction and activation barriers displayed in Figure 4.2, the channel associated
with the attack of singlet oxygen molecule on the double bond at site 2 is expected to produce
predominantly methyl vinyl ketone. Likewise, oxygen addition at site 1 preferentially forms
the second experimentally detected product of methacrolein. Kinetic parameters enlisted in
Table 4.1 reveal that the overall isoprene + O2 1∆g reaction proceeds predominantly by the
addition of singlet delta oxygen at site 2 (M1) and forms methyl vinyl ketone molecule in a
three-step mechanism (M1 → M7 → M8 + M9).

All other channels display negligible

importance, including isomerisation of M1 into the six-membered cyclic peroxide M11.

Table 4.6: Arrhenius parameters for reactions encountered during oxidation by singlet
oxygen.
A

Ea

[s-1 or cm3 molecule-1 s-1]

[kJ/mol]

Isoprene + O2 1ΔgM1

2.60×10-12

55

M1M2

2.36×1012

132

Reaction
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M2M3

4.55×1013

22

M1M4

1.22×1013

147

M4M5

1.80×1013

26

M1M6

1.17×1013

61

M1M7

2.58×1012

27

M7M8 + M9

3.51×1013

180

M1M10

1.24×1012

118

M1M11

8.17×1011

48

M1M12

1.37×1013

96

Isoprene + O21ΔgM14

1.16×10-12

105

M14M15

1.39×1013

66

M14M16

1.69×1012

122

M14M17

4.88×1012

29

M17M18 + M9

2.55×1013

143

M14M19

1.31×1012

108

M14M20

2.47×1012

39

M14M21

1.88×1013
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In order to investigate the solvent effect on reaction energetics for the two main pathways (i.e.,
formation of M8 and M18 from M1 and M14, respectively), we deploy a polarisable continuum
model (PCM)34 at the B3LYP/6-311g+(d,p) level of theory. Figure 4.4 contrasts energies
obtained in gaseous and aqueous media. The PCM approach simulates the solvent effect by
generating multiple overlapping spheres inside of a dielectric continuum, around the atoms
within the molecule. The PCM model predicts a systematic energy reduction in the range of
10 kJ/mol (TS1) – 56 kJ/mol (TS12) for transition states, intermediates and final products along
the two primary channels. Overall, the effect of the solvent is limited to reducing energy
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penalties while the product distribution (i.e., based on kinetic values in Table 4.1) remains
unchanged in reference to the gas phase system.

Figure 4.4: Potential energy diagram of isoprene + O2 1∆g reaction with (red) and without
(black) solvent (water) effects.

Methyl vinyl ketone also constitutes a major product from the OH-initiated atmospheric
oxidation of isoprene.35 However, in an accord with the experimental finding of Jardine et
al.15, we have shown that methyl vinyl ketone also appears from a within-plant oxidation of
isoprene with O2 1∆g. As Jardine et al.15 have indicated, this calls for a re-consideration of the
biogenic life cycle of isoprene and its oxidation products. Clearly, plants devote a significant
effort into their protection against O2 1∆g by producing isoprene in a diurnal cycle 36 that reflects
the formation of singlet delta oxygen, in spite of the appearance of the cytotoxic methyl vinyl
ketone as the reaction product.
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Probing the Reactivity of Singlet Oxygen with Cyclic
Monoterpenes
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5.0.

Abstract

Monoterpenes represent a class of hydrocarbon consisting of two isoprene units. Like many
other terpenes, monoterpenes emerge mainly from vegetation, indicating their significance in
both atmospheric chemistry, and pharmaceutical and food industries.

The atmospheric

recycling of monoterpenes constitutes a major source of secondary organic aerosols.
Therefore, this contribution focuses on the mechanism and kinetics of atmospheric oxidation
of five dominant monoterpenes (i.e. limonene, α-pinene, β-pinene, sabinene and camphene) by
singlet oxygen. The reactions initiate via the ene-type addition of singlet oxygen (O2 1g) to
the electron-rich double bond, progressing favourably through the concerted reaction
mechanisms. The physical analyses of the frontier molecular orbitals agree well with the
thermodynamic properties of the selected reagents, and the computed reaction rate parameters.
The reactivity of monoterpenes with O2 1g follows the order of α-pinene> sabinene > limonene
> β-pinene > camphene, i.e., α-pinene and camphene retain the highest and lowest reactivity
towards singlet oxygen, respectively with rate expressions of k(T) (M−1s−1) = 1.13×108exp(48(kJ)/RT(K)), and 6.93×108exp(-139(kJ)/RT(K)). The effect of solvent on the primary
reaction pathways triggers slight reduction in energy, ranging between 12 and 34 kJ/mol.
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5.1.

Introduction

Plants emit nearly 98 % of the total non-methane volatile organic compounds into the
atmosphere, from which 20 % comprised of monoterpenes.1 Monoterpenes represents a class
of C10 members of terpene hydrocarbons, the biogenic (naturally-occurring) volatile organic
compounds (BVOC) with high chemical reactivity and annual global emission rate of between
128 and 450 Tg per year.2 Figure 5.1 summarises the photosensitised oxidation products of
selected monoterpenes detected and characterised in literature. 3-7 The chemical structure of
monoterpenes features two isoprene units, constituting the major component of essential oils
in various plant matters and can be isolated from trees for anti-inflammatory and antimicrobial
drug synthesis.8 An alternative source of monoterpene emission includes woody household
products.9

Figure 5.1: Oxidation products of limonene, α-pinene and β-pinene by O2 1∆g.3-7
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Limonene and pinene are among the most abundant monoterpenes operating in the global
tropospheric chemistry,10-11 being produced in relatively noticeable quantities by vegetation
such as aromatic plants, flowers and leaves. Limonene arises mainly from young plant leaves,
and its formation rate reduces rapidly based on the age and extent of oxidation of the leaves. 12
Moreover, this monocyclic monoterpene is significantly utilised in medicinal chemistry and
disease treatment due to its antitumor and antibacterial activity, and dietary formulations. 13-14
Over 80 % of the total monoterpene emission from a Monterey pine (Pinus radiata) comprises
α- and β-pinene15, and it has also been evidenced that about 50 % of the emitted monoterpene
from forests and tree species in the United States consists of α-pinene.16 Other examples of
bicyclic monoterpenes are camphene and sabinene which are minor constituents of many
essential oils from plants such as turpentine, rosemary, ginger and valerian.

Tropospheric hydrocarbons such as monoterpenes have relatively high molecular weights, and
thus their atmospheric oxidation gives rise to semi-volatile organic compounds and secondary
organic aerosol (SOA). SOAs originates primarily from oxidation of BVOCs including
monoterpenes. Subsequently, SOA plays a significant part in climate change and global
radiation imbalance, due to their involvement in absorption and scattering of solar radiation.
For instance, SOA are significant constituents of atmospheric fine particulate matters (PM2.5)
as well as various haze pollution episodes.17

Monoterpenes find further application in

aromatisation of cleaning products, paintings, air fresheners and flavouring agents due to their
pleasant fragrance. Therefore the risk of accumulation of the atmospheric oxidation products
(i.e., SOA) could be substantial in enclosed poorly-ventilated spaces.
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The maximum rate of singlet O2 formation by energy transfer mechanism in a polluted
atmosphere is approximated to be 4 × 10-12 mol lit-1 s-1, which corroborates the significant role
of such reactive oxygen species (ROS) as an atmospheric oxidant. 18 Reactions of singlet
oxygen with electron-rich acceptors such as olefins, dienes and aromatic compounds are
grouped into [4+2]-cycloadditions, [2+2]-cycloadditions and the so-called ene reactions. Ene
reaction is based on 1O2 interaction with an unsaturated compound containing an allylic
hydrogen, during which the allylic hydrogen is abstracted in association with a reorganisation
of the bonding to give allylhydroperoxides.19 Oxidation of substrates with conjugated double
bonds by singlet oxygen is feasible through [4+2]-cycloaddition yielding to the synthesis of
endoperoxides. Furthermore, the [2+2]-cycloaddition of singlet oxygen to one double bond
results in 1,2-dioxetane and apparently olefins with unreachable allylic hydrogen atoms tend
to give [2+2]-adducts.20 However, it should be noted that the all the reactions can compete on
the same substance in case the molecular structure allows it. 21

Previous research efforts had investigated the oxidation of monoterpenes to SOA by OH
radical,22-23 ozone,24-26 hydrogen peroxide,27-29 and nitrogen oxides,30-32 reporting the yield of
the corresponding carbonyl compounds as the predominant products as a result of oxidative
cleavage of C=C bonds.33 However, the role of highly reactive singlet molecular oxygen in
photo-oxidation of monoterpenes has not been properly addressed in the literature. Some
experimental studies elucidating the product distribution of dye-sensitised oxidation of
terpenoid biogenic hydrocarbons (i.e. limonene, α- and β-pinene) in different media
demonstrated the formation of organic aerosols.3-4, 34-35 The aim of this contribution is to report
modes of reactions between singlet oxygen and monoterpenes with a prime focus on deriving
kinetics parameters.
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5.2.

Results and discussion

5.2.1. Mechanism and kinetics of singlet oxygen oxidation of monoterpenes

Due to the extreme electrophilic nature of singlet oxygen, the introduction of oxygen atoms
into monoterpenes during photo-oxidation will occur at the molecular site where the Fukui
function for an electrophilic attack (f-1) displays its maximum value. This parameter indicates
the most reactive site of chemical systems for electrophilic substitution reactions. According
to Fig. 5.2, the f-1 indices are the largest at >C=C< sites associated with higher photo-oxidation
reactivity of nucleophile substrates therein.

Figure 5.2: Local electrophilic Fukui indices (f-1) of reactive monoterpenes.

The interaction between the nucleophile’s HOMO and the electrophile’s LUMO play a vital
role in elucidating the reaction dynamics; as though the larger LUMO-HOMO energy gaps
lead to the decelerated chemical reactivity. EHOMO for selected monoterpenes and ELUMO for
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singlet oxygen are shown in Fig. 5.3. Apparently, α-pinene appears the most reactive towards
singlet oxygen, whereas camphene exhibits the least reactivity among all. Based on the
electron cloud distribution in Fig. 5.3, the valence orbital electrons highly engulf the π-bond
justifying the Fukui indices results (Fig. 5.2) to designate the >C=C< as the most favourable
molecular site for electrophilic attacks.

Figure 5.3: Electron cloud distribution and energy levels of HOMO of monoterpenes and
LUMO of singlet oxygen. Energy values are in eV unit and obtained at B3LYP 6-311+G(d,p)
level of calculations.

Table 5.1 lists the global hardness (), softness (S), electronegativity (χ), chemical potential
(μ) and electrophilicity index (ω) of species derived from the computed HOMO and LUMO
energy levels, enabling the predictions of the respective chemical characteristics of the species.
Camphene remains the hardest reagent with the highest electronegativity and the lowest
chemical potential. Apparently, the higher electronegativity signifies the lower chemical
activity, all of which connote a higher oxidation resistance.36 Thus, the following trend of
chemical reactivity of the species is predicted herein: α-pinene > sabinene > limonene > βpinene > camphene. The stated reactivity sequence accords well with the arrangement of the
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energy gap between LUMO of O2 1∆g and HOMO of monoterpene species in Fig. 5.3, i.e., the
smaller the energy gap, the higher the reactivity.

Table 5.7: HOMO/LUMO energies, electronegativities (χ), hardnesses (η), softness (S) and
electrophilicity index (ω) of the monoterpene species obtained at B3LYP 6-311+G(d,p) level
of calculations. Values are in eV.
EHOMO

ELUMO

ELUMO-HOMO

χ

μ

η

S

ω

Limonene

-6.448

-0.055

6.393

3.252

-3.252

3.196

0.313

1.654

α-Pinene

-6.209

0.017

6.226

3.096

-3.096

3.113

0.321

1.540

β-Pinene

-6.529

0.005

6.534

3.262

-3.262

3.267

0.306

1.628

Camphene

-6.653

-0.007

6.646

3.330

-3.330

3.323

0.301

1.669

Sabinene

-6.309

-0.063

6.246

3.186

-3.186

3.123

0.320

1.625

The following sections present the mechanisms of reaction of each of the aforementioned
monoterpenes with singlet oxygen, discussing in details the energy potentials and kinetics
features of the reactions.

5.2.1.1. Limonene

Figure 5.4 displays the optimised structure of limonene. According to the acquired reactivity
indices in Fig. 5.2, the most vulnerable site for electrophilic attack rests on the trisubstituted
double bond (C1═C2). Therefore, the plausible reaction mechanisms for singlet oxidation of
limonene should involve the ene reaction and [2+2]-cycloaddition. The latter failed to locate
a genuine transition state, despite our best efforts. Thus the overall reaction merely involves
ene-type reaction of O2 1∆g with limonene’s unconjugated double bond to form allylic
hydroperoxides. Yet, our computational model failed to optimise related diradicals as potential
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intermediates in the ene reactions of limonene photo-oxidation prompting to suggest a
concerted mechanism for ene-type addition of singlet oxygen to limonene structure.

Figure 5.4: Optimised structure of limonene computed at B3LYP/6-311+G(d,p) level of
theory.
As illustrated in the proposed reaction mechanism in Fig. 5.5, singlet oxygen clings towards
the limonene’s cyclohexene ring at C2 atom, bearing analogous barrier enthalpies of TS2 and
TS3 around 40 kJ/mol. Hydrogen abstraction from methylene group (in P3) appears relatively
energetically more favourable as compared to methyl group (in P2). C1 atom represents an
alternative reactive spot for addition of singlet oxygen enduring a relatively higher enthalpy
barrier of TS1 (50 kJ/mol). In accordance to computed Fukui indices in Fig. 5.2, this enthalpic
behaviour is justifiable as C2 position is the most favourable site for electrophilic attack.
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Figure 5.5: The reaction mechanism of singlet oxidation of limonene. The enthalpies are
obtained at 6-311+G(d,p) level of theory and are reported in kJ/mol.

Although the electrophilic Fukui functions demonstrate that the likelihood of C 8═C9 site to be
attacked by electrophiles is negligible, the corresponding transition state values (TS 5 and TS6)
compare well with transition states for the attack on the C 1═C2 in-ring double bond. As
previously illustrated in Fig. 5.1, the literature suggests that the product distribution from
photo-oxidation of limonene consists of terpene alcohols that are being reduced from P 1, P2
and P3 hydroperoxides, whose RO-OH bond efficiently undergoes a cleavage. Table 5.2 lists
the reaction rate coefficient for the bimolecular reactions involved in interaction of limonene
with singlet oxygen, fitted to the Arrhenius equation of 𝑘(𝑇) = 𝐴𝑒

at the high pressure

limit for the temperature range of 300 and 600 K.
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Table 5.8: Kinetic parameters of limonene interaction with O2 1g
A
(s or cm molecule−1 s−1)

Ea
(kJ/mol)

Limonene + O2 1∆g → P1

1.53×10-13

57

Limonene + O2 1∆g → P2

1.87×10-13

48

Limonene + O2 1∆g → P3

9.71×10-13

49

Limonene + O2 1∆g → P5

3.43×10-13

54

Limonene + O2 1∆g → P6

2.25×10-13

49

Reaction

−1

3

The branching ratios for bimolecular reaction channels are evaluated based on the Arrhenius
parameters for ki(T) given in Table 5.2. Figure 5.6 plots the ki /  ki, verifying channel TS3 as
the dominant reaction pathway and P3 as the major primary product according to the reaction
network. In a qualitative agreement with the experimental results by Chalchat et al. 37, P3
constituted ~40% of the initial product yield from the photochemical hydro-peroxidation of
limonene in presence of oxygen. In general, photo-oxidation of products of limonene features
-OOH/-OH/-O substitution at a para position.7, 37 This is consistent with our prediction of P3
as the likely dominant initial intermediate.

A subsequent H transfer step into the outer OH group in the P3 intermediate liberates a water
molecule and forms the experimentally detected product of carvone (P 4) via an accessible
energy barrier of only 30 kJ/mol.
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Figure 5.6: Plot of branching ratios of different reaction pathways as a function of
temperature (K).
In addition to carvone, terpene alcohols constitute the major experimentally detected products
from photo-oxidation of limonene. As illustrated above, these molecules most likely arise from
a radical-induced mechanism that initiates with fissions of O-OH bonds in the P 1-P6
intermediates. For instance, the four para-substituted terpene alcohols:

Figure 5.7: Structures of para-substituted terpene alcohols.

accounted for 60% of the total product yields from the photo-oxidation of limonene. 37 Clearly,
these compounds may originate from the scission of the O-OH bond in the predicted dominant
P3 intermediate followed by H abstraction by the phenoxy-type O atom and structural
arrangements. Products that features an ipso-substitution:
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HO

OH

Figure 5.8: Structures of ipso-substituted terpene alcohols.

most likely directly stems from the P1 moiety or via an intramolecular transfer of the OOH
group along the reaction P3 → P1. Such step proceeds without encountering a reaction an
intrinsic barrier in a thermodynamically neutral reaction.

5.2.1.2. Pinene

Figure 5.9 depicts the optimised structures of α- and β-pinene. The f-1 indices (Fig. 5.2) reveals
C2 in α-pinene and C1 in β-pinene structures as the most preferred sites of interaction with
electrophilic species. We were unable to locate the transition structures for [2+2]-cycloaddition
of singlet oxygen to pinene, certifying that the formation of hydroperoxides as the sole lightinduced oxidation product of α- and β-pinene stems from ene-type reaction. 38-39

Figure 5.9: Optimised structures of α-pinene (left) and β-pinene (right) computed at
B3LYP/6-311+G(d,p) level of theory.
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The reaction mechanisms of singlet oxidation of α- and β-pinene are displayed in Fig. 5.10 and
11, respectively. The figures reveal that the ene reaction proceeds by addition of singlet oxygen
to the in-ring C2 atom of α-pinene and abstraction of allylic hydrogen from methyl group via
concerted or stepwise mechanisms. The stepwise TS 2 barrier overshoots the concerted TS1 by
20 kJ/mol, leaving the concerted mechanism as the dominating reaction pathway for the
formation of P1 hydroperoxide. The product P1 is also attainable through a stepwise channel
via a facile transformation of diradical (P2) to hydroperoxide (P1).40 Jefford et al.4 recorded
similar observation, identifying P 1 as the utmost product from the 1O2-initiated atmospheric
oxidation of α-pinene.

Figure 5.10: Reaction mechanism of singlet oxidation of α-pinene. The enthalpies are
obtained at 6-311+G(d,p) level of theory and are in kJ/mol.

Moreover, as shown in Fig. 5.11, ene-type addition of singlet oxygen to C1 atom within βpinene structure (the one with the highest Fukui function value) occurs similarly in both
stepwise and concerted fashions through TS1 (57 kJ/mol) and TS4 (49 kJ/mol) steps.
Apparently, the concerted mechanism (TS4) is the governing reaction channel triggering to the
formation of P2 hydroperxide as the major product of singlet oxidation of β-pinene. The
stepwise TS1 channel, on the other hand, gives rise to production of diradical P1 which further
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branches into two exit routes, resulting in two types of hydroperoxide adducts, P 2 and P3. The
product P2 resides in a significant well-depth in reference to the entrance channel, affirming its
greater stability as compared to P3 hydroperoxide. Besides, TS2 signifies a trivial transition
barrier leading to the formation of main product P2.

Figure 5.11: The reaction mechanism of singlet oxidation of β-pinene. The enthalpies are
obtained at 6-311+G(d,p) level of theory and are in kJ/mol.

Table 5.3 presents the fitted Arrhenius parameters. According to the computed reaction rate
coefficients, the α-pinene + O2 1∆g reaction proceeds predominantly by the ene addition of
singlet delta oxygen to C2 atom to form P1 hydroperoxide in a concerted mechanism. Oxidation
of β-pinene by 1O2 similarly proceeds through a concerted channel giving rise to the formation
of P2 hydroperoxide via an enthalpy barrier of 49 kJ/mol.

Table 5.9: Kinetic parameters of α- and β-pinene interaction with O2 1g

α-pinene + O2 1∆g → P1

A
(s−1 or cm3 molecule−1 s−1)
2.51×10-13

Ea
(kJ/mol)
57

α-pinene + O2 1∆g → P2

3.50×10-13

63

P2 → P 1

3.19×10+12

12

Reaction
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β-pinene + O2 1∆g → P1

1.18×10-12

64

P1 → P 2

2.93×10+12

25

P1 → P 3

1.16×10+12

45

β-pinene + O2 1∆g → P3

2.99×10-13

56

Data in Table 5.3 afforded the estimation of the branching ratios of bimolecular reaction
channels for α- and β-pinene as shown in Fig. 5.12. In view of that, the concerted TS1 channel
remains the dominant reaction pathway for singlet oxidation of α-pinene, and there exists a
moderate decline in the branching ratio value as the temperature increases, reflecting the
reverse effect of temperature on reaction rate constant of the concerted mechanism of singlet
oxygen addition to α-pinene.

In a similar fashion, the concerted TS4 step leads the reaction pathways for singlet oxidation of
β-pinene and the calculated branching ratios show that the contribution of the concerted
mechanism (k4) noticeably diminishes as the temperature increases.

Nonetheless, at

atmospheric relevant temperatures (i.e., 300 K), reaction of β-pinene with singlet oxygen
largely ensues via the concerted mechanism.
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Figure 5.12: Plots of branching ratios of α-pinene (top) and β-pinene (bottom) at different
temperatures (K).
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5.2.1.3. Camphene and sabinene

There exists a resemblance between the structure of camphene (Fig. 5.13) and β-pinene owing
to the presence of an exocyclic double bond. Therefore, the addition of singlet oxygen to
camphene in an ene reaction mode occurs at the C1 position via a stepwise mechanism.

Figure 5.13: Optimised structure of camphene computed at B3LYP/6-311+G(d,p) level of
theory.

According to the mechanism of singlet oxygen-initiated atmospheric oxidation of camphene
shown in Fig. 5.14, the initial reaction between camphene and singlet oxygen comprises O2 1∆g
addition to the terminal carbon atom of C1 via sizable thermal enthalpy (TS1) amounting to 132
kJ/mol. The resulting highly unstable diradical (P1) is then transformed to P2 hydroperoxide
adduct through a readily accessible transition state TS2 through an enthalpic barrier of 30
kJ/mol.
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Figure 5.14: The reaction mechanism of singlet oxidation of camphene. The enthalpies are
obtained at 6-311+G(d,p) level of theory and are in kJ/mol.

Table 5.4 assembles the fitted high-pressure limiting Arrhenius parameters. The relatively high
activation barrier of camphene photo-oxidation (Ea=139 kJ/mol) correlates well with its high
LUMO-HOMO energy gap (Table 5.1) and proves its slight tendency to undergo 1O2-induced
oxidation process.

Table 5.10: Arrhenius parameters for camphene oxidation by singlet oxygen.
Reaction
Camphene + O2 1∆g → P1
P1 → P 2

A
(s or cm molecule−1 s−1)
1.15×10-12

Ea
(kJ/mol)
139

3.58×10+12

33

−1

3

Furthermore, sabinene, as illustrated in Fig. 5.15, represents a bicyclic monoterpene and
encompasses an exocyclic double bond. The sabinene’s terminal double bond is characterised
as an exclusive electron rich molecular site, and could readily be attacked by reactive oxygen
species such as O2 1g.
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Figure 5.15: Optimised structure of sabinene computed at B3LYP/6-311+G(d,p) level of
theory.

Introduction of singlet oxygen to sabinene structure via ene reaction takes place at the C1 site
through a concerted bimolecular reaction bearing a slight thermal enthalpy barrier of 55 kJ/mol
(Fig. 5.16). The oxidation process proceeds with an activation energy of 62 kJ/mol as obtained
from first order Arrhenius equation fitted for the temperature range of 300 to 600 K (Table
5.5).
Sabinene
HO

O

P1
-136

TS 1
55

+
O2 1g

Figure 5.16: The reaction mechanism of singlet oxidation of sabinene. The enthalpies are
obtained at 6-311+G(d,p) level of theory and are in kJ/mol.

Table 5.11: Arrhenius parameters for sabinene oxidation by singlet oxygen
Reaction

A
(s or cm molecule−1 s−1)
−1

3

Ea
(kJ/mol)
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Sabinene + O2 1∆g → P1

5.12×10-13

62

The resulting hydroperoxide (P1) would presumably be reduced to the corresponding alcohol
(I) and aldehyde (II) via O-O bond fission stimulated by thermal or catalytic effects. 41

Figure 5.17: Reduction of hydroperoxide to terpene alcohol and aldehyde.

5.2.2. Effect of solvent on singlet oxidation of cyclic monoterpenes

This section considers the influence of solvent in the relevant process involving the interaction
of singlet oxygen with monoterpenes rather than atmospheric oxidation. The selected
monoterpenes are nearly insoluble in water42 and thus, methanol served as the solvent herein.
The polarisable continuum model (PCM)43 simulates the aqueous medium. In essence, this
method relies on the representation of a solute molecule as a charge distributor located inside
a cavity surrounded by a continuous dielectric medium, which is polarised as a result of point
charge distribution on the cavity surface.

According to Fig. 5.18, the effect of solvent is revealed through a systematic energy reduction
in the barrier enthalpies of transition states, intermediates and final products along the major
channels of singlet oxygen interaction with each monoterpene substrates.

The reduced

enthalpies (involving solvent effect) with reference to the gas-phase system range from 12
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kJ/mol (P1 value in α-pinene) to 34 kJ/mol (P7 value in limonene). Although the reaction barrier
enthalpies are influenced by solvent effects, the product distribution and reaction channels
remain intact.
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Figure 5.18: Potential energy diagrams of major monoterpenes + O2 1Δg reaction with (red)
and without (black) solvent (methanol) effects
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5.3.

Methodology

Gaussian 09 program44 deployed the unrestricted density functional theory (UDFT) in
acquiring optimised energies and geometries of reacting species due to its accuracy in
computing singlet biradical properties.45-46 For that reason we utilise the B3LYP functional
with the extended 6-311+G(d,p)

47

basis set. A simple approximate spin-projection (AP)

scheme48-49 served to correct the final energies of species displaying biradical characters. For
this, the approximate spin-projected energy (EAP) has been derived from the energies of the
broken-symmetry (EBS), and pure high-spin (EHS ) states according to Eq. 5.1.

E AP  f

AP

E BS  ( f  1) E HS

Equation 5.1

where f AP denotes the spin-projection factor:

f AP 

 S 2  HS  s(s  1)
 S 2  HS   S 2  BS

Equation 5.2

and  S 2  H S and  S 2  B S signify expectation values of spin contamination pertinent to the pure
high-spin and broken-symmetry states, respectively. We verified the transition structures via
intrinsic reaction coordinate (IRC) calculations.

ChemRate software 50 facilitated the

calculation of reaction rate constants, within the temperature range of 300 K to 600 K based on
the Arrhenius equation. The electrophilic Fukui indices, serving as indicators for molecular
site’s reactivity towards electrophilic addition reactions, are quantified by Dmol 3 code51 in
Material Studio package at the B3LYP functional, while applying a double numerical plus dfunctions (DND) atomic basis set.
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5.4.

Conclusion

Introduction of singlet oxygen to the cyclic monoterpenes exclusively follow the ene reaction
pathway to yield the corresponding allylic hydroperoxides. Limonene and sabinene photooxidation transpire through concerted mechanisms, whereas singlet oxidation of β-pinene and
camphene proceed via stepwise mechanism, resulting in the formation of diradical
intermediates. In case of α-pinene, the concerted channel ensues the most energetic favourable
pathway. In terms of reactivity, α-pinene and sabinene exhibit the highest reactivity while
camphene is kinetically evidenced to be the lowest reactive species incurring relatively high
activation energy of 139 kJ/mol.
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The Mechanism of Electrophilic Addition of Singlet Oxygen to
Pyrrolic Ring
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6.0. Abstract

Pyrrole plays an indisputable essential role in comprehending the chemistry of living organisms, coal
surrogates and novel drugs. However, literature reports a few studies on its reactivity toward
prominent oxidising agents. This contribution presents a comprehensive mechanistic study of the
oxidation of unsubstituted pyrrole with singlet oxygen (O2 1∆g) by deploying a quantum chemical
framework leading to the production of succinimide, as the major products, through a Diels-Alder
addition of O2 1∆g to the aromatic ring. Other products such as maleimide, hydroperoxide, formamide
and epoxide adducts, appear to form via insignificant channels. The primary Diels-Alder channel
encompasses a barrier of 41 kJ/mol with a fitted rate constant of k(T)=1.87×10-13 exp(-48 000/RT)
cm3 molecule-1 s-1. Furthermore, a kinetic study has been undertaken to investigate the influence of
substituents on reaction rate of the Diels-Alder addition of singlet oxygen to a pyrrolic ring. The
results clarify that electropositive substituents such as BeH and BH2 operate as π-acceptors, and thus
deactivate the ring towards electrophilic attack of singlet oxygen. However, substituents comprising
of strong π-donors, e.g., NH2 and OH, destabilise the ring structure, increasing its oxidation reactivity.
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6.1.

Introduction

Pyrrole, as schematised in Fig. 6.1, possess a pentagonal heterocyclic structure, featuring a planar
aromatic ring which principally constitutes the core skeleton of many naturally and synthetically
occurring cyclic-nitrogen compounds such as coal tar, and various natural pigments (e.g., heme and
chlorophyll). Therefore, structural entities featuring pyrrole assumes a fundamental importance in
many systems encompassing nitrogen chemistry in biomass and nitrogen cycle in many biological
systems.1-2 For instance, nitrogen speciation in coal mainly exists as heterocyclic compounds such
as pyrrole and pyridine structural entities; rather than in the form of saturated amines prevailing in
biomass. Aromatic pyrrolic nitrogen is the most abundant nitrogen-bearing fragments in coal 3 and
the content of pyrrole-type nitrogen increases with the coal rank. 4

Figure 6.1: Chemical structure of pyrrole.

Regardless of the aforementioned significance of pyrrole, the literature provides very little
experimental and theoretical investigations on the reactivity of pyrrolic systems towards singlet
oxygen, for application pertinent to spontaneous ignition of heterocyclic N-containing fuels and
biochemistry of pyrrole-like compounds in living systems. The electron-rich structure of pyrrole can
remarkably facilitate an electrophilic attack of singlet oxygen to its aromatic core. The very reactive
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nature of pyrrole,5 and the excessive transient nature of singlet oxygen6 renders experimental
investigation into this title reaction very challenging.

Few studies have attempted to identify the major products of pyrrole oxidation induced by singlet
oxygen.7-9 Quistad and Lightner

10

reported potential formation of methoxy-lactam as the major

product from photo-oxidation of unsubstituted pyrrole in methanol along with a small amount of
maleimide, in addition to the formation of hydroxy-lactam in the aqueous medium (Fig. 6.2).

Figure 6.2: Possible pyrrole photoxidation products.

Moreover, the formation of free radicals has been observed through ESR spectroscopy

11

during

photosensitised oxidation of pyrrole in ethanol or pyridine, which is generally attributed to the
commonly discussed role of biradicals in pyrrole photo-induced oxidation.

This chapter objectively provides comprehensive theoretical insights into the photo-induced
activation of pyrrole by singlet oxygen.

In doing so, we have employed quantum chemical

frameworks to ascertain all feasible reaction routes and their corresponding products. Results
presented herein will assist in attaining a better understanding for reactions operating during selfignition of nitrogen-contain aromatic compounds; i.e., major N-carriers in coal, as well as remediation
of organic pollutant in contaminated water bodies.
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6.2.

Methodology

The Gaussian 09 12 code carried out all structural optimisation and energy calculations, deploying the
conventional density functional theory (DFT) functional of B3LYP with the polarised 6-311+G(d,p)
basis set.13 The nature of minimum energy points has been confirmed via estimation of vibrational
frequencies in which transition structures contain one and only one negative eigenvalue along the
designated reaction pathway.

Furthermore, Yamaguchi’s exchange integral served to correct the final energies of the biradical
systems formed by the addition of O2 1∆g to pyrrole through the application of a simple approximate
spin-projection (AP) scheme, derived from the energies of the broken-symmetry (BS) and pure highspin (HS) states. We have also validated the identity of each transition structure employing Intrinsic
Reaction Coordinate (IRC) calculations. To obtain governing electronic descriptors, we computed
Fukui 14 indices for electrophilic attack (f -1) and Hirshfeld partial charges by the DMol3 code.15

The ChemRate

16

software facilitated the calculation of the reaction rate constants and Arrhenius

parameters, within the narrow temperature range of 300 K to 600 K, while the MESMER 3.0 code
delivered the RRKM-ME kinetic analysis for the prominent reaction pathway. 17

Finally, we

investigated the effect of solvation on reaction energies by deploying a polarisable continuum model
(PCM) 18 at the B3LYP/6-311+G(d,p) level of theory. According to this approach, the solvent effect
is incorporated by generating multiple overlapping spheres inside of a dielectric continuum, around
the atoms.19 Overall, the theoretical framework adapted herein is in line with methodologies applied
in our previous studies on reaction of singlet oxygen with isoprene,20 phenol,21 and aniline.22
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6.3.

Results and discussion

6.3.1. Reaction of singlet oxygen with unsubstituted pyrrole

Figure 6.3 presents the optimised structure of the unsubstituted pyrrole ring. The literature values 2324

for the bond lengths, as listed in Table 6.1, are well comparable with those obtained by our

computational approach, supporting the reliability of the adopted DFT method.

Figure 6.3: Calculated Fukui (f -1) indices (in bold) and Hirshfeld charges (in brackets) of pyrrole.

The Fukui indices and Hirshfeld charges on pyrrole atoms, as displayed in Fig. 6.1, indicate the
tendency of the compound to sustain electrophilic attack by singlet oxygen. The Fukui indices (f -1),
predict the most electron rich sites in a chemical species. These sites represent the most susceptible
ones to undergo an electrophilic addition. On the other hand, the Hirshfeld charge measures the
charge’s distribution in the molecular structure and stems from the generated spin densities.
Generally, the flat five-membered ring of pyrrole should facilitate the occurrence of 1,2cycloaddition, Diels-Alder reaction, and the so-called ene reaction.
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Table 6.12: The atomic bond lengths (Å) in pyrrole molecular structure
Atomic bond

Ref. 23

Ref. 24

Modelled

N-C2

1.370

1.383

1.375

C2-C3

1.382

1.371

1.377

C3-C4

1.417

1.429

1.425

N-H

0.996

0.993

1.006

C2-H

1.076

1.075

1.078

C3-H

1.077

1.075

1.079

Figure 6.4 portrays the mechanism of the reactions of pyrrole with singlet oxygen. Higher f -1 values
on C1 and C4 atoms verify that O2 1∆g inclines to attack pyrrole ring via these sites to confront a lower
activation barrier (in reference to other opening routes), yielding the corresponding endoperoxide
structure (P5) via TS5 route (Fig. 6.4). The ene-type addition of singlet oxygen to pyrrole proceeds
via an activation barrier of 104 kJ/mol characterised by the transition structure TS1. It is generally
viewed that such ene-type addition dominantly favours a stepwise mechanism resulting in the
formation of biradical intermediates.25 Formation of the biradical P1 is an endothermic process by 66
kJ/mol and passes through an enthalpic barrier of 104 kJ/mol. An intramolecular H movement from
the NH site to the outer oxygen atom in the proxy group in P 1 forms the allylic hydroperoxide, P2.

In a parallel channel, O2 1∆g attacks the double bond through 1,2-cycloaddition mode (TS 3) leading
to the dioxetane structure of P3. A ring-opening reaction in the former affords the ketoamide P 4
intermediate in a highly facile and exothermic reaction. Production of P4-like structures has been
previously observed via photo-oxidation of tetr-butyl-pyrroles as well as 3,4-diethyl-2,5dimethylpyrrolle in acetone with about 10% of yield. 26 P4 could further undergo a 1,2-cycloaddition
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by singlet oxygen forming the P17 dioxetane structure (Fig. 6.5) through a relatively sizable enthalpic
barrier of 99 kJ/mol (TS13). Simultaneous C-C/O-O bonds fission in P17 produces P18 and P19 adducts.
The reaction of water (i.e., hydrolysis) with the latter generates the formamide structure of P 21 through
a substantial barrier of 204 kJ/mol (TS15), as depicted in Fig. 6.5. Formation of similar carboxamides
has also been reported by Lightner and Pak

26

during photo-oxidation of substituted pyrroles.

However, the yield of formation of such product was observed to be a rather very negligible (~3%).
This observation could be rationalised in view of the relatively large barriers of the opening transition
structures, i.e., 99 kJ/mol and 204 kJ/mol (the uppermost part in Fig. 6.5).

Figure 6.4: Initial channels of pyrrole + O2 1∆g reaction obtained by B3LYP/6-311+G(d,p) level of
theory. Values in bold/italic denote reaction/activation enthalpies [kJ/mol] in reference to the initial
separated reactants.
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Figure 6.5: Mechanism of further oxidation of side product (P4) and hydrolysis of P18, leading to
production of formamide (P20).

According to the kinetic parameters enlisted in Table 6.2, the pyrrole + O2 1∆g reaction readily initiates
by the Diels-Alder channel and proceeds via the reaction sequence P 5 → P6. The excessively unstable
P6 diradical would further undergo two barrierless conversions to form P 7 and P16 products. Thus,
our results suggest the formation of succinimide (P 16) as one of the principal product through instant
conversion of highly unstable biradical via the P6  P16 channel that is largely exothermic by 588
kJ/mol. Succinimide has also been identified as the product of pyrrole autoxidation in aqueous phase
by Ciamician and Silber. 27

In an equivalent barrierless transformation, P6 converts to P7 via simultaneous steps of C-N bond
fission and H atom transfer from carbon to nitrogen. Unimolecular elimination of a hydrogen
molecule from P7 produces maleimide (P8) that is reported to be one of the major products of pyrrole
photo-oxidation.10 However, a significant activation enthalpy of TS7 (343 kJ/mol) indicates that
formation of P8 from P7 most likely proceeds via alternatives routes including successive abstraction
of two hydrogen atoms by the ground-state oxygen. Nonetheless, TS 7 resides 66 kJ/mol below the
entrance channel. The P7 moiety is in a great well-depth (409 kJ/mol) with respect to the initial
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reactants; and thus it signifies a stabilised intermediate which could facilitate the unimolecular
evolution of a hydrogen molecule.

Along the same line of enquiry, it was suggested that formation of maleimide could directly be
originated from endoperoxide (P5) in a process that characterises intramolecular H movements.

28

However, we were unable to locate a relevant transition state. Instead, our foremost efforts resulted
in the production of the biradical adduct (P6) through TS6, which subsequently converts to P7. This
finding concurs with the fact that H-transfer in the 1* state of such systems is a barrierless process.
29

Table 6.13: Arrhenius parameters fitted for temperature range of 300-600K

Reaction

A

Ea

[s-1 or cm3 molecule-1 s-1]

[kJ/mol]

Pyrrole + O2 1Δg→P1

5.40×10-13

111

P1→P2

1.52×1012

15

Pyrrole + O2 1Δg→P3

2.48×10-13

158

2.13×10

14

47

Pyrrole + O2 Δg→P5

1.87×10

-13

48

P5→P6

6.32×1013

71

P7 → P8 + H2

3.35×1010

345

P6→P9

1.11×1014

68

P9→P10

1.58×1014

198

P10→P11

3.51×1011

233

P10→P13

3.37×10

11

331

3.79×10

14

241

P3→P4
1

P13→P14+ P15
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An additional channel, that is probably of a less significance, concerns the unimolecular cyclisation
of P6 leading to the epoxide-type adduct (P9) and subsequent unimolecular rearrangement to form
intermediate product of isoimides (P10). Insight into such an analogous transformation comes from a
study by Wasserman and Floyd

30

who identify isoimides from the reaction of substituted oxazoles

with singlet oxygen. As portrayed in Fig. 6.4, the isoimide (P10) preferentially proceeds through TS10
which leads to the production of epoxide intermediate P 11. Formation of a an analogous epoxide with
relatively high yields (70%) was observed during a selective photosensitised oxidation of Nphenylpyrrole.7 Additionally, P12 is generated via a cascade hydrogen transfer/cyclisation in P10,
leading to the formation of P12 and P13 via exothermic fission of relevant C-C, C-N and C-O bonds.

In Fig. 6.6, we have contrasted the acquired enthalpies of the main reaction channel in gas and liquid
mediums. An enthalpy reduction in the range of 10 kJ/mol (P5) – 20 kJ/mol (TS5) is predicted for
transition states, intermediates and final products by PCM model when methanol was chosen as a
solvent. In general, solvent effect reduces energy levels, while the product distribution and the
reaction kinetic values for most steps are not considerably affected in reference to the gas phase
system.
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Figure 6.6: Potential enthalpy surface of the main channel of pyrrole + O2 1∆g reaction. Dashed and
solid lines illustrate barrier enthalpies with and without solvent (methanol), respectively.

The estimated profile for species constituting the primary channel (Fig. 6.6) is obtained with
MESMER code at 300 K and 101.3 kPa and illustrated in Fig. 6.7. The profound stability of P16 (543 kJ/mol) along with the modest activation enthalpy of the opening step TS5 explain the nonexistent P5 and P6 intermediates. Therefore, there would be no accumulation of these intermediates
in the system. Conversion of the reactants to P16 occurs enduring an overall rate constant at 8.3×104

cm3 mol-1 s-1. Clearly, the modest barriers of TS5 and TS6 will be engulfed by the highly exothermic

conversion of P6P16 (-591 kJ/mol) forming a highly stable succinimide product.
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Figure 6.7: Time-dependent profile for species produced from pyrrole + O2 1∆g reaction at 300 K
and 101.3 kPa.

6.3.2. Effect of substituents on interaction of pyrrole with singlet oxygen

The current section deals with the effect of functional groups on the concerted [4+2]-cycloaddition
of singlet oxygen to substituted pyrrole to further compare their respective electrostatic effects on the
reactivity of the core molecule. The selected substituents (X = BeH, BH 2, CH3, NH2, OH, F) represent
a variety of electronic properties and are selected to assess the impact of substituents on electronic
properties. Figure 6.8 illustrates the concerted mechanism of singlet oxygen [4+2]-cycloaddition to
the chosen parent molecule.
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Figure 6.8: Scheme of concerted [4+2]-cycloaddition of singlet oxygen to pyrrole derivatives.

As previously described in Section 6.3.1, the Diels-Alder addition (i.e., [4+2]-cycloaddition)
constitutes the primary step, featuring the lowest activation enthalpy in the overall reaction pathways
of singlet oxygen reaction with pyrrole ring. Therefore, the computational study on the influence of
functional groups (X) on the reactivity of singlet oxygen with pyrrole-substituted compounds is
exclusively focused on [4+2]-cycloaddition reactions. The electrophilic Fukui indices displayed in
Table 6.3, as local quantities for indicating the reactivity of a particular site in molecular species,
reveal that pyrrole substituents are susceptible to the electrophilic attack of singlet oxygen over C 1
and C4 sites since these atoms possess larger Fukui function values for electrophilic attack.

Table 6.14: The electrophilic Fukui indices (f -1) calculated at B3LYP/6-311+G(d,p) level of theory
M1

M2

M3

M4

(X=H)

(X=BeH)

(X=BH2)

(X=CH3)
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M5

M6

M7

(X=NH2)

(X=OH)

(X=F)

We analyse the natural charge migration between the substituent (X) and the core molecule (R), as a
reference of the parent unsubstituted molecule (M1), employing the density functional theory at
B3LYP/6-311+G(d,p) basis via Natural Population Analysis (NPA).31 This method remains an
authentic approach to investigate the effect of substituents on the electron delocalisation in olefinic
and aromatic systems. Table 6.4 tabulates the results of the NPA analysis, revealing that the electrondonating groups exhibit a positive charge, whereas the negative values imply to the functional groups’
electron-withdrawing capability.
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Table 6.15: Electron transfer (e) from substituents to core molecule through C-X bond
X

NPA

BeH

+0.3722

BH2

+0.0101

H

0.0000

CH3

-0.1904

NH2

-0.3028

OH

-0.4232

F

-0.5318

Accordingly, BeH and BH2 are the electron donors for the fact that their electronic effects are
measured as a reference to a hydrogen atom in the parent molecule. Higher electronegativities of
beryllium (Be) and boron (B) based on Pauling’s32 thermochemical data in comparison to hydrogen
allow such electron transfer processes. Furthermore, the large ionisation energy of fluorine (F) among
the selected functional groups could explain the significant electron deficiency in fluorocarbon
system specified in Table 6.5. In five-membered aromatic heterocycle (M7), the inductive and
resonance electronic effects arise from highly polar C3-F bond, resulting in the polarisation of the
structure through fluorine electron withdrawal process. Similar substituent electronic effects hold for
OH, NH2 and CH3 but with a milder response since oxygen, nitrogen and carbon atoms are
intrinsically electronegative (more than hydrogen) arranged in decreasing order.
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The aforementioned total electron transfer through C 3-X bond could be classified into two sets of and -electron delocalisation as X is bonded to the sp2 carbon from the core molecule enabling both
inductive and resonance effects to influence electron transfer. In other words, the influences of the
substituent in the total molecular electron distribution within the molecular structure are divided into

-inductive and -resonance effects. However, it has to be borne in mind that the electron
donor/acceptor property indicates the electron shift between the substituent and the parent molecule
and not the evidence of atomic charge. 33

Table 6.16: The carbon orbital populations (e) and sEDA and pEDA for cyclopentenyl derivatives
sorted in decreasing order

Substituent

-total [e]

Substituent
sEDA [e]

(X)

-total [e]

pEDA [e]

(X)

BeH

16.6011

+0.4278

NH2

6.0660

+0.0956

BH2

16.3637

+0.1903

OH

6.0611

+0.0906

H

16.1733

0.0000

F

6.0301

+0.0597

CH3

15.9794

-0.1939

CH3

5.9768

+0.0064

NH2

15.7728

-0.4005

H

5.9704

0.0000

OH

15.6520

-0.5213

BeH

5.9105

-0.0600

F

15.5744

-0.5989

BH2

5.7957

-0.1747
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Based on the values listed in Table 6.5, F appears to be the most active -acceptor among all
substituents and a weaker -donor; while OH and NH2 are both powerful -acceptors and mild donors. Besides, CH3 offers moderate -withdrawal and much smoother -donation electronic
effects. On the other hand, BeH and BH2 act either as a -donors and -acceptors, where BeH is a
stronger -donor and a weaker -acceptor in regards to BH2. Likewise, the natural atomic charges
(Table 6.6) are acquired for the compounds by full natural bond orbital (NBO) analysis at the
B3LYP/6-311+G(d,p) level of theory as an indication of electron density delocalisation. The C 3
atoms which are directly bonded to X functional groups retain negative charges for X = BeH, BH 2,
H and CH3, corresponding to the electron donating potential of these functional groups. However,
the atomic charges of C3 carbon are positive in case of X = NH2, OH and F, signifying the increase
in its p orbital occupancy due to the electron withdrawing power of such X substituents.

Table 6.17: Atomic charges of the series of compounds obtained by NBO analysis at B3LYP/6311+G(d,p) level
Atomic charges

Atoms↓
Molecules→

M1

M2

M3

M4

M5

M6

M7

C1

-0.0569

-0.0628

-0.0616

-0.0465

-0.0483

-0.0368

-0.0357

C2

-0.2958

-0.2641

-0.2266

-0.2939

-0.3153

-0.3643

-0.3524

C3

-0.2957

-0.7427

-0.4963

-0.1138

0.0552

0.2361

0.3392

C4

-0.0571

-0.0071

0.0585

-0.0604

-0.0574

-0.1251

-0.1344

N5

-0.5347

-0.5358

-0.5242

-0.5351

-0.5317

-0.5269

-0.5253
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H6

0.4025

0.4032

0.4060

0.4013

0.4022

0.4034

0.4060

H7

0.2042

0.2058

0.2080

0.2026

0.2029

0.2044

0.2072

H8

0.2147

0.2086

0.2190

0.2128

0.2135

0.2136

0.2277

H9

0.2041

0.1991

0.2096

0.2023

0.2103

0.2114

0.2157

X

0.2147

0.5957

0.2076

0.0308

-0.1314

-0.2158

-0.3481

The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) denote the electronic parameters measuring the reactivity and kinetic stability of chemicals
in quantum chemical computations. HOMO exemplifies the electron donating power and LUMO
embodies the electron accepting nature of compounds.34 The HOMO-LUMO energy gap would
rationalise the energetic behaviour of the selected systems, as though the proximity of these energy
levels would occur in the molecular systems with lower stability. Figure 6.9 depicts the HOMO and
LUMO energy gaps as calculated based on the DFT method at 6-311+G(d,p) basis set. The HOMO
are mostly localised on OH, F, NH2 and CH3 functional groups, while the LUMO drags mainly
towards the substituents in case of BeH and BH2. Clearly, OH, F and NH2 functional groups reduce
the stability of pyrrolic ring the most due to their effective -electron donating power. Conversely,
BeH and BH2 remain the most stabilising substituents considering their role in reducing the -electron
density of the ring.
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Figure 6.9: Frontier molecular orbitals and the energy gap between HOMO and LUMO levels.

The LUMO and HOMO energies are also characteristics of ionisation potential (IP), electron affinity
(EA), chemical potential (), electronegativity () and chemical hardness () of the species. These
indices are alternative measures which are employed to simply evaluate the chemical reactivity of the
compounds and their tendency to take part in oxidation and reduction reactions. Basically, the
ionisation potential specifies the ease of electron donation in chemicals; electron affinity is an
indication of the electron accepting capability; electronegativity measures the element’s power to
attract electrons; chemical potential evaluates the driving force or the change in electronic energy of
the system during oxidation/reduction reactions; and chemical hardness estimates the resistance to a
change in the electron density of the system. The aforementioned parameters are computed and
enlisted for all the substituted molecules in Table 6.7. M3 has the largest HOMO-LUMO gap,
implying that the structure endures a relatively higher stability. This is supported by the fact that BH2
imposes the strongest -electron withdrawing activity. In fact, the -electron localisation is primarily
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responsible for the reactivity and physiochemical properties of core units in electrophilic addition
reactions. Contrarily, the -electron donating effects of hydroxyl, amine and fluorine functional
groups accommodate to their low-lying stable conformations.

Table 6.18: The reactivity descriptors of pyrrole substituents as calculated at B3LYP level of theory

Descriptor

M1

M2

M3

M4

M5

M6

M7

EHOMO [ev]

-9.19

-9.22

-9.35

-9.08

-9.01

-8.54

-8.68

ELUMO [ev]

-3.69

-3.69

-3.69

-3.67

-3.64

-3.64

-3.64

ELUMO-HOMO [ev]

5.50

5.53

5.66

5.41

5.36

4.89

5.04

Ionisation potential, IP [ev]

9.19

9.22

9.35

9.08

9.01

8.54

8.68

Electron affinity, EA [ev]

3.69

3.69

3.69

3.67

3.64

3.64

3.64

Electronegativity,  [ev]

6.44

6.46

6.52

6.38

6.32

6.09

6.16

Chemical potential,  [ev]

-6.44

-6.46

-6.52

-6.38

-6.32

-6.09

-6.16

Chemical hardness,  [ev]

2.75

2.77

2.83

2.71

2.68

2.45

2.52

The following discussion provides the necessary insight in the kinetics of the reactions. Table 6.8
assembles the high-pressure limiting Arrhenius parameters for the bimolecular reaction (Fig. 6.8)
between singlet oxygen and pyrrole substituents. The first-order Arrhenius parameters have been
fitted over the temperature range of 300-600 K using ChemRate software package. 16
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Table 6.19: Arrhenius parameters for [4+2] cycloaddition of singlet oxygen to pyrrole ring
A

Ea

[cm3 molecule-1 s-1]

[kJ/mol]

BeH

2.06×10-13

47

BH2

2.37×10-13

58

H

1.86×10-13

48

CH3

2.03×10-13

39

NH2

9.94×10-14

18

OH

4.61×10-14

31

F

1.60×10-13

49

Substituent (X)

Apparently, the rank order of the calculated kinetic rate constants is in accordance with the effects of
functional groups, as groups with lone pairs of electrons such as NH2, OH incur the lowest activation
energies (i.e., highest rate constant; refer to Fig. 6.10) in comparison to the remaining functionalities.
Fluorinated pyrrole experiences a relatively higher energy barrier (49 kJ/mol) which could have
emanated from the high electronegativity of fluorine (and hence, a large polarisation of the covalent
C-F bond) which inhibits the efficient electron donation to the electrophilic singlet oxygen during
auto-oxidation process. In fact, the high electronegativity of the fluorine group and the corresponding

-electron withdrawal power would obscure the -electron donating capacity of such substituent
contributing to the low reactivity of fluorinated pyrrole. Figure 6.10 expresses the Arrhenius plot of
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the reactions involving the effects of substituents on the reactivity of pyrrole towards singlet oxygen
via the [4+2]-cycloaddition pathway.

ln (k, cm3 mol-1 s-1)

1.50
-32

1.75

2.00

2.25

2.50

2.75

3.00

3.25

3.50
-32
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-36
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-40

-44

-44

NH2
-48

OH
CH3

-48

-52
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H
F
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-52

-56
-60
1.50

1.75

2.00

-56

2.25

2.50

2.75

3.00

3.25

-60
3.50

-1

1000/T (K )

Figure 6.10: Arrhenius plot of the effect of different functional groups. The arrow signifies the
direction of increasing reactivity of pyrrolic ring with singlet O 2.

6.4.

Conclusion

The suggested mechanism of singlet oxygen-induced oxidation of unsubstituted pyrrole discerns the
dominance of endoperoxides formation through singlet oxygen electrophilic attack to the aromatic
ring at C1 and C4 positions.

Evidently, the major foreseeable products (i.e. succinimide and

maleimide) will be derived from the endoperoxide (P5) as the most attainable intermediate originated
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from singlet oxygen reaction with the dienic system of pyrrole and its derivatives. A simplified
kinetic model indicates conversion of P5 - via the biradical P6 - into the succinimide structure (P16)
and P7 intermediate at relatively long reaction time. The production of maleimide (P 8), as another
principle product is anticipated to be hindered by very substantial energy barrier required for
unimolecular elimination of H2 molecule.

Furthermore, the obtained kinetics of reactions verifies that the reactivity of β-substituted pyrroles
through a [4+2]-cycloaddition reaction with singlet molecular oxygen is principally affected and
enhanced by π-donation ability of substituents. Thus, the reactivity of singlet oxygen with NH2
substituted pyrrole, as the most powerful π-electron donor, with the largest positive pEDA descriptor,
endures the minimal energy barrier while BH2 with the lowest π-electron donation capacity (largest
negative pEDA value) would lead to photo-oxidation reaction with the highest barrier of 58 kJ/mol.
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Kinetics of Photo-Oxidation of Oxazole and its
Substituents by Singlet Oxygen
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7.0. Abstract

Oxazole has critical roles not only in heterocycle (bio)chemistry research, but also as the
backbone of many active natural and medicinal species.

These diverse and specialised

functions can be attributed to the unique physicochemical properties of oxazole.

This

contribution investigates the reaction of oxazole and its derivatives with singlet oxygen,
employing density functional theory DFT-B3LYP calculations.

The absence of allylic

hydrogen in oxazole eliminates the ene-mode addition of singlet oxygen to the aromatic ring.
Therefore, the primary reaction pathway constitutes the [4+2]-cycloaddition of singlet oxygen
to oxazole ring, favouring an energetically accessible corridor of 57 kJ/mol to produce iminoanhydride which is postulated to convert to triamide end-product in subsequent steps. The
pseudo-first-order reaction rate for substituted oxazole (e.g., 4-methyl-2,5-diphenyloxazole,
1.14 × 106 M-1 s-1) appears slightly higher than that of unsubstituted oxazole (0.94 × 10 6 M-1 s1

) considering the same initial concentration of the species at 300 K, due to the electronic effect

of the functional groups. The global reactivity descriptors have justified the relative influence
of the functional groups along with their respective physiochemical properties.
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7.1.

Introduction

Oxazole, an exceptional nitrogen-containing heterocycle, serves as the building blocks of a
variety of unique and highly functional natural and artificial products. This five-membered
aromatic heterocycle holds implications for extensive research efforts in synthesising highly
significant pharmaceuticals1 and agrochemicals.2 Even though parent oxazole does not occur
in natural products, its structurally complex substituents transpire in biologically active
structures and marine micro-organisms.3 For instance, as illustrated in Fig. 7.1, pimprinine
(structure I), representing a remarkable antiepileptic compound, is analogous to 2-methyl-5phenyloxazole in chemical structure. Likewise, phosphorylated derivatives of oxazole (i.e.,
structures II and III) serve as photosynthetic stimulators, certifying the important application
of oxazole moiety in biological activities, germination of plant seeds and growth of vegetative
organs.4 Oxazole-containing amino acids also occur in natural cyclic peptides which are
fundamentally sourced from marine organisms.5

Figure 7.1: Chemical structures of oxazole derivatives. The red-coloured segments depict
oxazole.
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Generally, oxazole segments represent highly reactive units that efficiently participate in
photo-oxidation by singlet molecular oxygen to produce compounds such as isoimides 6 and
nitriles7 under mild atmospheric conditions. One of the significant applications of photooxidation of oxazole groups involves the synthesis of antimycin A3, a useful biological
antitumor, resulted from the reaction of singlet oxygen with the substituted oxazole (2-methyl4,5-diphenyloxazole).8-9 In a broader context, macrocyclic lactones and lactams, with their
escalating medicinal values, could mainly be formed upon a simple photo-oxidative
rearrangement of oxazole compounds to triamides intermediates10-11, accentuating the
formidable role of singlet oxygen in procuring vital chemical and natural products. 12

Oxazole exhibits some unique physicochemical properties exclusively discussed in the Section
7.3 of this contribution. Therefore, the pronounced chemical reactivity of unsubstituted
oxazole towards oxidation by singlet oxygen could be attributed to single electron transfer
reactions, as well as many other types of reactions that are not attainable under aerobic
conditions at room temperature by the ground state molecular oxygen. 13 Although the addition
of singlet oxygen to organic substrates usually follows the ene-type, [2+2]- and [4+2]cycloaddition reactions, the absence of allylic hydrogens in the molecular structure of oxazole
ring should impede the ene-type addition of singlet oxygen to such system. Hence, the [2+2]cycloaddition of singlet oxygen to oxazole ring to form of 1,2-dioxetane (Fig. 7.2) has been
excluded as a dominant channel.14 Accordingly, [4+2]-cycloaddition remain the primary
reaction route, resulting in the formation of endoperoxides (Fig. 7.2). A previous study on
photo-oxidation of substituted oxazoles by Gollnick and Koegler15 endorses the exclusive
production of endoperoxides through rapid reactions which are nearly independent of the
selected solvents.
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Figure 7.2: Chemical structures of endoperoxides and dioxetanes.

This study improves the current state of knowledge pertinent to oxidation of oxazole-derivative
compounds by singlet oxygen, employing the density functional theory (DFT) to scrutinise the
relative properties and molecular descriptors of unsubstituted and substituted oxazoles. This
offers remarkable insights into the mechanistic pathways and kinetic responsiveness of the
five-membered aromatic heterocycles to oxidative interactions with the singlet state of
dioxygen molecule.

The results should help reinforce the biological applications and

spontaneous oxidation of oxazole, as well as distinguish the effects of the substituent functional
groups.

7.2.

Computational approach

Ab initio quantum chemistry calculation remains an essential method to evaluate the electronic
structure and molecular properties of chemical compounds. In this work, the DFT approach
efficiently computed the optimised geometry of the molecules and located the transition states
through Gaussian 09 package16, employing the B3LYP functional in conjunction with the 6311++G(2df,2p) basis set expanded by d-type and p-type polarisation functions on heavy atoms
and hydrogen atoms, respectively, as well as diffuse functions for both hydrogen and heavy
atoms. Frequency analysis pinpointed the local minima of the optimised species.
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We applied the Yamaguchi17 correction technique to eliminate the considerable higher spinstates contamination in singlet diradicals. This procedure appears indispensable to predict
realistic energy gaps between singlet-triplet states of open-shell systems. We have shown in
our previous study18 that the commonly deployed B3LYP functional outperforms meta-hybrid
DFT methods in computing singlet-triplet energy gap for a wide range of diradical species.

Material studio DMol3 code19 afforded the estimation of the frontier orbitals, Hirshfeld20 atomic
charges and Fukui21 (ƒ-1) indices of electrophilic attack. The frontier molecular orbitals theory
defines the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) levels as a measure of molecular excitability from the ground state (S0) to the
relevant excited state (S1). The reactivity of molecules, in general, inversely correlates with
the energy gap between these two frontier orbitals. The gap between HOMO and LUMO
energy levels appraised the key features of the system, such as chemical potential (μ), global
hardness (η), global softness (σ), electronegativity (χ) and electrophilicity index (ω). For
kinetic considerations, the ChemRate software22 applied the master equation solver to compute
the activations energies and rate expressions for each mechanistic step over a temperature range
of 300 – 600 K.

7.3.

Physicochemical properties of oxazole

As represented in Fig. 7.3, oxazole exists in a hybrid resonance state of canonical structures,
and hence its aromatic character. The ionic resonance of oxazole structures corresponds to the
high reactivity of its ring as well as its considerable tendency to participate in reactions
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involving both electrophilic and nucleophilic reagents. In fact, oxazole ring cleaves readily to
produce acids, amides and imides during oxidation process.23

Figure 7.3: Set of resonance structures of oxazole.

Figure 7.4 portrays the maps and energy levels of the highest occupied and lowest unoccupied
molecular orbitals (i.e., HOMO and LUMO properties) of the core molecule. The HOMOLUMO gap indicates the chemical reactivity and kinetic stability of a molecular system; so
that, the larger the gap, the higher the stability and the lower the reactivity. To put into
perspective, the HOMO-LUMO gap of 6.957 reveals that oxazole is more stable (i.e., less
reactive) than benzene and furan that retain the energy gaps of 6.720 and 6.572, respectively.24
From a physical viewpoint, the energy gap between the electronic orbitals signifies the energy
required to transfer one electron from the molecular ground state to the excited state, thus, can
characterise the chemical and spectroscopic properties of organic molecules such as oxazole.25

The electron density in the HOMO is distributed around C1=C2 and C4=N5 double bonds, while
that of the LUMO encircles the C2, O3 and C4 atoms and the C1-N5 bond. The electrophilic
oxidation reaction should initiate via the interaction between HOMO of oxazole and LUMO of
singlet oxygen. Thus, HOMO lobes on oxazole distinguish the electron-donor sites (e.g., the
C1=C2 double bond with the highest electron population) that are relatively most reactive
towards singlet oxygen attacks.
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Figure 7.4: Frontier molecular orbital and energy levels computed in B3LYP/6311++G(2df,2p) level.

As shown in Fig. 7.5, the electrophilic Fukui function indices (f -1), a credible parameters to
locate the most reactive segments of a compound involved in an electrophilic addition reaction,
are in accordance with the frontier molecular orbital result, indicating the C1=C2 (due to the
largest f -1 value) as the most vulnerable site within the oxazole structure towards an attack by
electrophiles.
[0.178]

N [0.120]

[0.210]

[0.169]
O
[0.085]

Figure 7.5: Fukui indices (f -1) for oxazole.

As earlier stated, the absence of allylic hydrogen in oxazole should eliminate the ene-mode
addition of singlet oxygen to the aromatic ring. Consequently, the interaction of singlet oxygen
with oxazole is expected to exclusively follow the [2+2]- and [4+2]-cycloaddition processes.
These reactions are usually influenced by solvents, substituent functional groups and other
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reaction conditions.23

Therefore, the photo-oxidation of oxazole could readily result in

cleavage of the aromatic ring, owing to [4+2]- and [2+2]-cycloaddition of singlet oxygen to
the system, which is evidently followed by the formation of triacylamines. 7, 26-27

7.4.

Results and discussion

This section provides the results of DFT calculations performed on both substituted and
unsubstituted oxazole to elucidate the molecular electronic characteristics and reaction kinetics
of the chemicals in response to singlet oxygen electrophilic attack. The spin operator <S2>
values for singlet state energy and relevant thermal enthalpies of pure high-spin and brokensymmetry states have been estimated and corrected using the Yamaguchi’s formalism detailed
in our previous work. 28

7.4.1. Unsubstituted oxazole

7.4.1.1. Geometry and electronic structure

Figure 7.6 depicts the molecular conformation of oxazole as performed at B3LYP/6311++G(2df,2p) level. These results agree with a previous study conducted by Mukhopadhyay
et al. 29 who applied both the (U)B3LYP/cc-pVTZ and (U)M06-2X/cc-pVTZ levels of theory
to elucidate the structural aspects of heterocyclic oxazole. As enumerated in Table 7.1, these
values are also in a good accordance with Roche’s at al.30 result in which an improved linear
combination of atomic orbitals (LCAO) method is exploited in theory. The values of 104
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degrees for C2-N3-C4 and C5-O1-C2 angles (Table 7.1) reveal the electronic effects of lone pairs
in reducing the angles in the sp2 hybrid orbitals. However, the carbon-centred angles correlate
well with the analogous values for the common five-membered conjugated rings.

Figure 7.6: Optimised structure of oxazole derived from DFT B3LYP/6-311++G(2df,2p)
level of theory. Bond distances and angles are expressed in Å and degrees, respectively.

Table 7.20: Optimised geometrical parameters of oxazole structure
Model

O1-C2
C2-N3
N3-C4
C4-C5
C5-O1
O1-C2-N3
C2-N3-C4
N3-C4-C5
C4-C5-O1
C5-O1-C2

(U)B3LYP/cc-pVTZ 29
Selected bond lengths [Å]
1.355
1.288
1.389
1.349
1.369
Selected bond angles [º]
114.6
104.3
109.1
107.9
104.2

LCAO 30

This work

1.36
1.33
1.39
1.35
1.36

1.354
1.288
1.390
1.349
1.368

114
104
109
109
104

114.4
104.4
109.0
107.8
104.3

The reactivity of the chemicals can also be approximated by the atomic charge density analysis.
Therefore, Table 7.2 contrasts the relative -electron charge densities obtained from various
molecular orbital calculations to those acquired in this work. It remains evident that the C5
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atom embeds the largest electron density, inducing an excess potential for electrophilic
substitution at this site. It should be noted that the calculated charge densities are not the
definite values of the atomic orbital population, but rather a measure of distribution of charges
in the molecular structure.

Table 7.21: -electron population on oxazole ring atoms
O1

C2

N3

C4

C5

Method

Reference

1.660

0.956

1.288

1.005

1.091

SCF-CI

31

1.439

1.155

1.169

1.031

1.205

SCF-MO

32

1.842

0.982

1.124

0.951

1.101

HMO

33

1.694

0.953

1.216

1.048

1.062

DFT-B3LYP

Calculated

7.4.1.2. Mechanistic and kinetic investigation

The reaction of singlet oxygen with semi-aromatic oxazole ring commences via [2+2]- and
[4+2]-cycloaddition mechanisms and branches into a variety of channels emerging from
decomposition of endoperoxide and dioxetane intermediates. Seemingly, the singlet oxygen
ene-mode addition to the heterocyclic substrate is inconceivable due to the lack of allylic
hydrogen atom and thus, the production of allylic hydroperoxides appears unattainable. Figure
7.7 collates the proposed mechanism, while subsequent discussion relates to the enthalpic
requirements and kinetics of the decomposition and isomerisation channels.

In order to address the effect of dispersion corrections on computed reaction and activation
energies, all structures and transition states in Figure 7.7 have been reoptimised using the longrange corrected hybrid DFT wB97XD functional34 employing the same basis set. Calculated
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activation energies using the B3LYP and wB97XD methods are relatively close; within 2-7
kJ/mol. This confirms the satisfactory performance of the B3LYP functional in predicting
kinetic parameters for the title systems. A noticeable difference in values of reaction energies
between the two methods most likely originates from the well-established prediction of slightly
expanded structures by standard DFT methods.

Figure 7.7: The mechanism for oxazole oxidation by singlet oxygen. Enthalpies are
calculated with B3LYP and wB97XD (in brackets) functionals at 298.15 K and presented in
kJ/mol.

The electrophilic [4+2]-cycloaddition of singlet oxygen to oxazole ring readily occurs at C 2
and C5 sites, overcoming an enthalpy barrier of 51 kJ/mol, and resulting in the synthesis of
unstable bicyclic endoperoxide P1. Cleavage of the intermediate P1 ring proceeds through
either of TS2 and TS3 pathways, among which TS3 embodies slightly lower enthalpy barrier.
Thus, the leading ring-opening pathway follows through TS 3 , and triggers the formation of a
transient biradical structure P4, which subsequently is converted to intermediate P5 via a low
lying barrier (TS4).
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As a whole, the [4+2]-cycloaddition of singlet oxygen to oxazole, as the most kinetically
favourable step, contributes to the production of imino anhydrides (P 6), which is further
evidenced to undergo an easily accessible intramolecular reorganisation as outlined in Fig. 7.8,
to form reactive triamides (a potent acylating agent).26 It has been observed that P6 is isolable
if oxazole is substituted with functional groups that encompass a saturated ring.35

Figure 7.8: Triamide formation via O–N-acyl migration.

The secondary pathway proceeds through TS6, involving the formation of endoperoxide P7 via
a [2+2]-cycloaddition of singlet oxygen to the C4=C5 bond over an enthalpy barrier of 115
kJ/mol.

The simultaneous dissociation of C-C and O-O bonds during a concerted

transformation of TS7 would mutually give rise to the production of P6 intermediate.
Furthermore, the bond dissociation enthalpies, as a measure of atomic bond strengths in the
polyatomic structure of P6 molecule, have been approximated and illustrated in Fig. 7.9. For
this purpose, the thermal enthalpies of the optimised P6, as well as the dissociated radical
fragments, have been computed by Gaussian 09 code and applied in Eq. 7.1 to measure the
bond dissociation (disruption) enthalpies (BDE), where ∆f H represents the standard heat of
formation (at 298.15 K) and R and X symbolise the species’ segments breaking into respective
radicals.

𝐵𝐷𝐸(𝑅 − 𝑋) = ∆ 𝐻(𝑅 ∙ ) + ∆ 𝐻(𝑋 ∙ ) − ∆ 𝐻(𝑅 − 𝑋)

Equation 7.1
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Figure 7.9: Measured bond dissociation enthalpies for P6 structure.

The С5-O1 bond has the lowest dissociation enthalpy, affirming the fragility of this molecular
site. For instance, hydrolysis of P6 can readily lead to the formation of N-formylformamide
(P8) along with formic acid (P9) across a moderate enthalpy barrier (TS8) of 55 kJ/mol, by direct
cleavage of С5-O1 covalent bond (Fig. 7.10).

P6
O
O

C
H

P9

P8

N
O

+

H 2O

TS 8
55

O

N
H

O

+

HO

O

-93

Figure 7.10: Hydrolysis of P6 intermediate (enthalpies are in kJ/mol).

Apparently as shown in Fig. 7.7, formic anhydride (P2) and hydrogen cyanide (P3) are the
alternative products of the endoperoxide ring cleavage. This process follows a moderate
enthalpy barrier (TS2) of 48 kJ/mol which slightly overshoots the barrier of major pathway
(TS3) by 19 kJ/mol. Figure 7.11 plots the potential energy surface (PES) of the major reaction
channel.
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Figure 7.11: Potential energy surface for oxidation of oxazole as computed at B3LYP/6311++G(2df,2p) at 298.15 K.

Table 7.3 assembles the reaction rate coefficient for all the unimolecular isomerisation and
bimolecular reactions involved in interaction of oxazole with singlet oxygen, fitted to the
Arrhenius equation of 𝑘(𝑇) = 𝐴𝑒

at high pressure limit, within the temperature range of

300 and 600 K (Table 7.3). The relatively high activation energy of 80 kJ/mol is related to the
unimolecular isomerisation of P1P4, which indicates that TS3 constitutes the rate determining
step.

Table 7.22: Kinetic parameters of oxazole oxidation by O2 (1g).
Reaction
Oxazole + O2 1Δg → P1
P1 → P2 + P3
P1 → P4
P4 → P5
P5 → P6
Oxazole + O2 1Δg → P7
P7 → P6

A
[s-1 or cm3 molecule-1 s-1]
1.68×10-13
1.01×1014
7.99×1013
2.44×1011
2.17×1013
7.60×10-13
8.35×1013

Ea
[kJ/mol]
58
100
80
4
21
123
168
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1.09×10-15

P6 + H2O → P8 + P9

61

Wasserman et al.35 have previously reported the rate constants of 2,5-diphenyl-4methyloxazole (Fig. 7.12) photo-oxidation by singlet oxygen in a number of solvents. The
proposed k values (at 273 K) vary from 2.67×10-14 cm3 molecule-1 s-1 to 6.51×10-14 cm3
molecule-1 s-1 from dioxane to benzene solvents, respectively. The corresponding value
obtained in this work (Table 7.3) for the rate determining step, indicates that the rate constant
for P1→P4 conversion at 300 K equals to 1.56×10-15 cm3 molecule-1 s-1 following the first order
equation of Arrhenius theory:

𝑘 = 7.99 × 10

exp

.

Equation 7.2

= 0.94 𝑠

×

Figure 7.12: Chemical structure of 2,5-diphenyl-4-methyloxazole.

Since P1→P4 is a unimolecular reaction, comparison between experimental data and theoretical
calculation is applicable through creating a pseudo-first-order reaction rate constant. This
assumption can be justified by considering the initial concentration of the excess reactant
(oxazole) to be 1 M. As a result, the krxn results from Eq. 7.3:

𝑘=𝑘

×𝐶

⟹𝑘

=

=

.



= 1.56 × 10

.

Equation 7.3
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Oxazole does not exist in natural form, but as a major segment of important chemicals. As
shown in the comparison above, a substituted oxazole (e.g., 2,5-diphenyl-4-methyloxazole)
reacts faster with singlet oxygen relatively to an unsubstituted oxazole. The following section
treats, in details, the effect of the substituting functional groups on the reaction of oxazole with
singlet oxygen. However, for the current leading reaction pathway, the polarisable continuum
model (PCM) 36 accounts for assessing the influence of bulk methanol and water solvents on
molecular enthalpies of the reactive agents. As illustrated in Fig. 7.13, we observed a slight
decline in thermal enthalpy, ranging from 7 to 22 kJ/mol as the result of solvent effects.

Figure 7.13: Free enthalpy diagram for main pathway in the mechanism of singlet oxidation
of oxazole computed using the PCM solvent model.
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7.4.2. Interaction of singlet oxygen with substituted oxazole

7.4.2.1. Electronic effects

This section focuses on the effects of substituent on the reaction pathway of oxazole derivatives
with singlet oxygen. Replacing hydrogen atoms with methyl and phenyl functionalities would
contribute to molecular electron density variations which could be approached by inductive
and resonance electron donating/withdrawing effects. Accordingly, the -inductive and resonance effects of methyl and phenyl substituents have been evaluated by means of sEDA
and pEDA descriptors, respectively (Table 7.4). The sEDA descriptor serves as the -electron
donating ability of substituents while pEDA represents their -electron donating potential. The
natural population analysis (NPA) was carried out using the Gaussian 09 to attain atomic orbital
population symbolised by sEDA descriptor, which has been defined as the sum of valence
electrons of s, px, py orbitals of all atoms in the oxazole ring. The pEDA on the other hand, is
the addition of valence electrons in pz orbitals.

Table 7.23: Atomic orbital population [e], sEDA and pEDA descriptors for substituted
oxazole.

(R1 , R2)

-total [e]

sEDA [e]

(R1,R2)

-total [e]

pEDA [e]

(H , H)

17.51

0.00

(H , H)

5.97

0.00

(Methyl, H)

17.35

-0.16

(Methyl, H)

6.00

0.03

(H , Phenyl)

17.31

-0.20

(H , Phenyl)

5.97

0.00

(Methyl, Phenyl)

17.15

-0.36

(Methyl, Phenyl)

5.98

0.01
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As is shown in Table 7.4, introducing phenyl functional group has no notable impact on the electron distribution of oxazole ring, whereas methyl group slightly increases the electron
density via resonance interactions. However, both substituents reduce the  occupancy of inring atomic orbitals, especially phenyl that imposes a stronger electron withdrawing ability via
inductive effects. Moreover, we implement the Hirshfeld and Mulliken population analysis to
predict the ionic character and partial electronic charges within molecular structures (Fig. 7.14).
Hirshfeld technique is genuinely more accurate approach and less sensitive towards the chosen
basis set as compared to the Mulliken37 method that suffers a severe dependence on the
deployed basis set.
R1

R2

R3

R4

Figure 7.14: Hirshfeld and Mulliken (in square bracket) electronic charges [e] for in-ring
atoms of oxazole derivatives.

The methyl group induces a growth in the positive Hirshfeld charge on the adjacent ring carbon
from 0.104 in parent oxazole (R1) to 0.142 and 0.144 in 2-methyloxazole (R3) and 2-methyl-5phenyloxazole (R4), respectively. Similar sequence holds true for phenyl functional group,
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since the positive Hirshfeld charges on the alpha carbons rise from 0.013 in unsubstituted
oxazole to 0.057 in R2 and 0.052 in R4. Therefore, one can conclude that the effective positive
charge on the alpha carbon of semi aromatic oxazole ring increases once hydrogen atom is
substituted by phenyl and methyl groups, perhaps due to the significant -electron withdrawal
ability of these functionalities, contrary to their feeble -electron donor potential.

7.4.2.2. HOMO-LUMO analysis

Figure 7.15 illustrates the HOMO and LUMO surface contours for singlet oxygen and
oxazoles. A chemical reaction will involve the interaction of the HOMO levels of oxazole
(electron donors) with LUMO of singlet oxygen (electron acceptor).

According to the

molecular orbital maps, the methyl functional group barely affects the distribution of HOMO
and LUMO contours in oxazole rings. On the other hand, phenyl group slightly pull the
electronic densities of LUMO, while the HOMO densities remain intact by this group.
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Figure 7.15: Frontier molecular orbital maps for oxazole and its derivatives (The positive
phase is in blue and negative phase is in red).

7.4.2.3. Global reactivity descriptors

Table 7.5 lists the computed energies of frontier molecular orbitals (HOMO and LUMO),
energy gap (E=EHOMO-ELUMO), electronegativity (𝜒), chemical potential (𝜇), global chemical
hardness (𝜂), global chemical softness (S), and global electrophilicity index (𝜔) of selected
oxazole moieties.
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Table 7.5: Calculated EHOMO, ELUMO, ELUMO– HOMO, electronegativity (), chemical potential
(), global hardness (), global softness (S), electrophilicity index () for oxazole derivatives
EHOMO ELUMO

ELUMOHOMO

Compound

𝝌

𝝁

𝜼

S

𝝎

1.926

6.308

6.308

0.963

1.038

20.660

-0.618

6.640

3.938

3.938

3.320

0.301

2.336

-6.868

-0.337

6.531

3.603

3.603

3.266

0.306

1.987

5-phenyloxazole

-6.345

-1.542

4.803

3.944

3.944

2.402

0.416

3.238

2-methyl-5phenyloxazole

-6.109

-1.401

4.708

3.755

3.755

2.354

0.425

2.995

[eV]

[eV]

Singlet oxygen

-7.271

-5.345

Oxazole

-7.258

2-methyloxazole

[eV]

The magnitude of the values in Table 7.5 can assist in analysing the chemical reactivity of the
selected compounds with singlet oxygen. A larger gap between HOMO and LUMO levels
signifies that the unsubstituted oxazole is a hard molecule with a more stable conformation,
which will adversely influence its chemical reactivity. Furthermore, the chemical potential ( )
of oxazole derivatives are similarly larger in reference to the singlet oxygen value, justifying
their tendency to donate electrons, since electrons flow from a molecule with higher  (lower
electronegativity ) to that of lower  (higher electronegative ). To the contrary, the HOMO
and LUMO gap, as a measure the electronic excitation from ground state to transition state of
molecular structures, in 2-methyl-5-phenyloxazole is the smallest among the selected
derivatives of oxazole.
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7.4.2.4. Kinetics and mechanistic investigation

The effect of introduction of methyl and phenyl functional groups, in the formation of DielsAlder oxygen-bridged adducts and the subsequent ring cleavage products, is investigated
herein. As it is formerly verified in Fig. 7.7, this type of cycloaddition (i.e., [4+2]-) is the main
channel through auto-oxidation of oxazole. Figure 7.16 contrasts the reaction channels and
enthalpy barriers involved in oxidative reaction of oxazole derivatives with singlet oxygen. It
is clear in Fig. 7.16 that methyl group boosts the stability of the ring-opening products with
respect to the parent oxazole, while phenyl functionality destabilises the transition complexes
and reaction intermediates. This fact could mainly be ascribed to the weaker -electron
withdrawal and stronger -electron donation ability of methyl group, as compared to phenyl
substituent.

The reaction kinetics for the gas-phase photo-oxidation of 2-methyl-5-

phenyloxazole and 2,5-diphenyl-4-methyloxazole has been scrutinised to elucidate the
energetically favourable pathway.
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Figure 7.16: Mechanism of the concerted Diels-Alder addition of singlet oxygen to
substituted oxazoles at B3LYP/6-311++G(2df,2p) level of theory. The reported enthalpy
values are in kJ/mol.

The molecular geometry of these chemicals are optimised at the same level of theory and
displayed in Fig. 7.17. Evidently, the molecules are coplanar and benzene and oxazole rings
are aligned in the same plane.
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Figure 7.17: Optimised structures of 2-methyl-5-phenyloxazole (left) and 2,5-diphenyl-4methyloxazole (right) at DFT/B3LYP method (bond lengths are in Å).

We could not attain convergence for the stabilised transition states and vibrational frequencies
of 2,5-diphenyl-4-methyloxazole by applying B3LYP functional combined with highly
accurate 6-311++G(2df,2p) basis set. As a result, the smaller 6-311 G(d,p) basis set was
established due to the utility of such basis set in determining the vibrational properties that was
previously certified encompassing similar root-mean-square (RMS) error in comparison with
the larger 6-311+G(d,p) set.38

The concerted mechanism of Diels-Alder reactions of

substituted oxazole with singlet oxygen is illustrated in Fig. 7.18.

Figure 7.18: Mechanism of the concerted Diels-Alder addition of singlet oxygen to 2methyl-5-phenyloxazole [top] and 4-methyl-2,5-diphenyloxazole [bottom] at 6311++G(2df,2p) and 6-311G(d,p) basis sets, respectively.

According to the obtained computational results, the Diels-Alder interaction of the electron
poor singlet oxygen molecule with oxazole derivatives occurs via a low-lying transition state
(TS1) to synthesise 6-membered endoperoxides (P1). Transformation from P1 to P5 does not
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proceed through a direct pericyclic reaction. However, the simultaneous cleavage of O-O and
C-O bonds in P1 structure is attributed to the formation of a highly unstable biradical (P4) in
which an essentially barrier-less intramolecular rotation provokes ring closure via TS4. The
cleavage of O-O and C-C bonds in P5 constitutes a slight barrier of TS5 (17 and 20 kJ/mol) and
produces P6 via highly exothermic channels. Figure 7.19 shows the optimised transition states
derived from Diels-Alder reaction between singlet oxygen and oxazoles.

Figure 7.19: Transition states acquired via DFT/B3LYP method at 6-311++G(2df,2p) and 6311G(d,p) basis sets.

Wasserman’s et al. 35 reaction rate constant of dye-sensitised photo-oxidation of 2,5-diphenyl4-methyloxazole in a number of solvents ranges from 1.61×107 M-1 s-1 (i.e., 67×10-14 cm3
molecule-1 s-1) in dioxane to 3.92×107 M-1 s-1 (i.e., 6.51×10-14 cm3 molecule-1 s-1) in benzene.
Table 7.6 assembles the calculated high-pressure limit rate parameters for aryl and alkyl
substituted oxazole in gaseous state. As earlier hinted in section 7.4.2.4, the substituting
functional groups decrease the activation energy, hence fasten reaction rates.
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Table 7.6: Comparison of kinetic parameters of oxazole and 2-methyl-5-phenyloxazole
oxidation by O2 (1g). A is in s-1 or cm3 molecule-1 s-1 and Ea is in kJ/mol

Reaction
A
Reactant + O2 1Δg → P1 1.68×10-13
P1 → P4
7.99×1013
P4 → P5
2.44×1011
P5 → P6
2.17×1013

Ea
58
80
4
21

A
1.03×10-13
7.85×1013
3.40×1011
3.28×1013

Ea
44
70
10
20

A
6.66×10-14
1.96×1013
2.19×1011
1.27×1013

Ea
42
76
2
13

It should be noted that even though the enthalpy of P 4 (as indicated in Fig. 7.18) is higher than
the transition state (TS3), transition states are hypothetical structures corresponding to the
energetic state which joins reactants and products. In order to enable the comparison of
theoretical and experimental data, we have here assumed that the enthalpy of related transition
state (TS3) is equal to that of the product (P4), and subsequently measured the Arrhenius
parameters by ChemRate code taking this assumption into account. The corresponding value
of the rate determining step in Table 7.6 indicates P1→P4 conversion at 300 K equals to 1.14 s1

following the first order equation of Arrhenius theory (Eq. 7.3).

𝑘 = 1.96 × 10

exp

.

×

Equation 7.3

= 1.14 𝑠

Accordingly, a pseudo-first-order reaction rate constant assumes the initial (excess)
concentration of 4-methyl-2,5-diphenyloxazole to be 1 M, transforming the rate function as
follows:

𝑘=𝑘

×𝐶

⟹𝑘

=

.



= 1.14 × 10 𝑀

𝑠

Equation 7.4
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The resulting rate constant for substituted oxazole in gaseous phase (Eq. 7.4) is one order of
magnitude less than the literature value, but in reasonable agreement because we have
neglected the solvent effect which is supposed to slightly reduce the enthalpy barrier and
increase the overall reaction rate as illustrated in Fig. 7.13.

7.5.

Conclusion

This manuscript characterises the kinetic features of the photo-oxidative reaction of oxazole
compounds with singlet oxygen, identifying the influence of the practically occurring
substituents. To sum up, phenyl (an electron withdrawing group) leads to a decline in the
overall electron population of atoms constituting oxazole ring. Furthermore, substitution of a
methyl group (an electron withdrawing group in reference to hydrogen) on the sp2 carbon
slightly increases the likelihood of an electrophilic attack on oxazole heterocyclic ring by
lowering the activation barrier and enhancing the exothermicity of the reaction. The obtained
DFT-based gas-phase reaction rates for substituted oxazole conforms to the analogous
literature data, justifying the validity of the employed theoretical method adopted in this work.
Moreover, polar solvents such as water and methanol reduce the activation energy of the singlet
oxygenation of oxazole and subsequently play a noticeable role in increasing the oxidation rate
constant.
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Destruction of Dioxin and Furan Pollutants via
Electrophilic Attack of Singlet Oxygen
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8.0. Abstract

Polychlorinated dibenzo-p-dioxins (PCDDs) and dibenzofurans (PCDFs) remain of particular
concern owing to their extensive toxicity towards health and accumulation in the environment.
Atmospheric oxidation (by ambient oxygen molecules) of this class of persistent environmental
pollutants has little to no kinetic feasibility due to very sizable activation energies in the
entrance channel. The current control measures involve energy-intensive source incineration
of contaminated materials at high temperatures as high as 850 °C. This study finds an
alternative low-energy approach of destroying dioxin-like compounds, proposing that
advanced oxidation by highly reactive singlet oxygen (O2 1∆g, originated from chemical,
surface-mediated and photochemical processes) can initiate low-temperature remediation of
these pollutants.

This contribution completes the first milestone in mapping out the

mechanisms of the electrophilic addition of singlet oxygen to unsubstituted and chlorinated
dibenzo-p-dioxin (DBD) and dibenzofuran (DBF) structures, according to density functional
theory DFT-B3LYP method in conjunction with the 6-311+G(d,p) basis set, as well as energy
refinements based on the approximate spin-projection scheme.

The [2+2]-cycloaddition

mechanism appears dominant for singlet oxidation of dibenzo-p-dioxin with a fitted rate
constant of k(T) = 5.01 10-14 exp(-98000/RT). On the other hand, the addition of singlet
oxygen to the aromatic ring of dibenzofuran primarily transpires via [4+2]-cycloaddition
channel with a fitted rate constant of k(T) = 2.16 10-13 exp(-119000/RT). The results suggest
that application of singlet oxygen can reduce the energy cost of recycling halogenated and
flame retarded materials.

199

Chapter 8

8.1.

Introduction

Polychlorinated dibenzo-p-dioxins (PCDDs) and dibenzofurans (PCDFs) represent aromatic
environmental contaminants displaying severe impacts on ecosystems and human safety. They
are generally resistant towards ambient oxidation, reduction and hydrolysis, and thus classified
as persistent organic pollutants (POPs) 1. PCDDs and PCDFs exist as impurities in chlorinated
phenols found in industrial chemicals such as wood preservatives, herbicides and pesticides 2.
Pulp and paper mill effluents remain another source of dioxin/furan discharge into the
surrounding environment 3. Likewise, they materialise in the incineration of halogenated and
flame retarded materials via well-characterised homogenous and heterogeneous pathways, as
well as constitute the flue gas of the electric arc furnaces (EAFs) and secondary aluminium
smelters (ALSs). The amount of PCDD/PCDF emission from EAFs and secondary ALSs are
20 and 18 g I-TEQ/year, respectively 4; nearly 40 % of that released from sinter plants.

Generally, the PCDD/PCDF are emanated from industrial processes such as power plants 5,
road transport vehicles 6 and chlorinated waste incinerators 7 that represent the chief source,
comprising nearly 95 % of the total environmental emission by volume 8. Natural disasters
such as volcanic eruption and forest fires can also give rise to the atmospheric discharge of
such chlorinated aromatic hydrocarbons. The stability of PCDDs and PCDFs increases with
the total number of chlorine substituents 2, contributing to their accumulation in various
elements of the global ecosystem and environmental matrices, such as food chain and living
tissues.

Removal of dioxin/furan-like compounds from fly ash is thermally assisted in tubular treatment
furnaces at temperatures above 350 ºC 9 or through a non-thermal degradation by calcium oxide
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additive via mechanochemical treatment

10

which requires high rotational blending energy.

Adsorption of PCDD/PCDF within activated-carbon supported packed-beds is an alternative
high-temperature destruction technique

11

.

A further efficient technology to reduce the

emission of PCDD/PCDFs includes their ozone-enhanced oxidation over iron oxide catalyst at
a relatively low operating temperature of 120-180 ºC 12. A detailed radical mechanism for the
oxidation of dibenzofuran (DBF), as a model molecule for dioxin-like toxicants, is presented
by Marquaire et al. 13, in which the initiation step takes place via the following two bimolecular
reactions at high temperatures (900 ºC) by hydrogen abstraction as expressed in Eqs. 8.1 and
8.2. These reactions usually incur at sizable entrance barriers in the order of 350 kJ/mol, hence
the high operating temperature.
DBF + O2  DBF'• + HO2

Equation 8.1

DBF + R•  DBF'• + RH

Equation 8.2

DBF• + O2  DBF'-OO•

Equation 8.3

where R• symbolises any radical formed at the excessive operating temperature in the system.
According to Altarawneh et al.

14

, dibenzofuranyl radical (DBF'•) could further undergo

oxidation by ground-state molecular oxygen (O2 3Σg) to generate dibenzofuranylperoxy (DBF'OO•), according to Eq. 8.3.

Pyrolysis of PCDD/PCDF with excess amounts of hydrogen is another high-temperature
treatment deployed for degradation of these lethal compounds leading to the formation of CO,
benzene and naphthalene in the temperature range between 600 to 1000 ºC 15.

Effective low-temperature decomposition of dioxin/furan derivatives has been proven feasible
via catalytic destructions. For instance, ternary-component noble metal catalyst deposited on
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different metal oxides (Au/Fe2O3-Pt/SnO2-Ir/La2O3)

16

or a combination of transition metal

oxides (TiO2-V2O5-WO3) 17 and (TiO2-V2O5-CeO2) 18 resulted in efficient catalytic oxidation
of dioxins. In fact, the V2O5/TiO2 catalysts are the basis for the efficient gas-phase removal of
dioxin at temperatures around 100 ºC in shell dedioxin systems (SDDS) 19. Additionally, fly
ash has been reported to catalyse the decomposition of PCDD and PCDF in the lowtemperature region (at around 300 ºC) under lean oxygen condition

20-21

. Nano-sized iron

oxides (FexOy) could also catalyse oxidation of gaseous PCDD/Fs by ozone at temperatures as
low as 120-180 ºC with efficiencies up to %91 12.

Singlet oxygen undergoes a unique interaction of singlet oxygen with hydrocarbons

22-25

,

stemming from its electronic configuration of paired electrons in antiparallel spins of its
external orbital. Such characteristic tends singlet oxygen to cling to the electron rich double
bonds of unsaturated hydrocarbons at reaction rates about 1500 times higher than the groundstate O2.

26

Thus, singlet oxygen-induced oxidation should also represent an alternative

technique for the destruction of PCDD/PCDF at ambient or low temperatures which affords
relatively negligible energy requirements of the reaction entrance channels.

Singlet oxygen forms either spontaneously by photosensitisation 27 and electrical discharge 27
or thermally via surface mediated reactions on particles of transition metal oxides 28. Metaloxide surfaces (e.g., V2O5/TiO2 catalyst) transform the electronic features of absorbed
molecular oxygen, serving as excellent generators of singlet oxygen that reacts with
hydrocarbons in the gas phase. Therefore, singlet oxygen may coexist with PCDD/PCDFs
during incineration of organic matters laden with chlorines and transition metals 29.
To the best of our knowledge, no previous study has investigated the interaction of singlet
oxygen with PCDD/PCDF. Therefore, we selected dibenzodioxin (DBD) and dibenzofuran
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(DBF) as modelled compounds for PCDD and PCDF, respectively, to report the mechanism
and kinetics of their reactions with singlet oxygen. We extended the study to explore the
characteristic effect of chlorine substitution on the reactions. These outcomes should have
practical implication in photo-induced oxidation and enhanced thermal incineration of
halogenated waste products. Regarding the latter, similar technology has been tested for
compression engines; wherein minuscule application of singlet oxygen in oxy-fuel systems
reduces the activation energy of the initiation reactions, accelerating the chain-branching
mechanism to decrease the overall operating temperature.

Therefore, enhanced thermal

destruction of dioxins and furans through the electrophilic attack of singlet oxygen should be
instrumental in reducing the risk of exposure of these notorious compounds.

8.2.

Computational details

Gaussian 09 suite of programs 30 deployed the hybrid density functional theory of B3LYP with
the polarised basis set of 6-311+G(d,p) for gas-phase optimisation of the molecules and
intermediate species, serving to compute their respective energies and vibrational frequencies.
The intrinsic reaction coordinate (IRC) calculation enabled the validation of the geometries of
transition states linking reactants and products. We calculated the Fukui functions

31

for
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electrophilic attack by employing Hirshfeld population analysis

32

at the same level of theory

according to Eq. 8.4.

𝑓 = 𝑞 (𝑁) − 𝑞 (𝑁 − 1)

Equation 8.4

where qk(N) and qk(N-1) is the molecular electronic population on atom k for neutral and
cationic electron systems, respectively.

The Yamagushi 33 model served to correct the energy of biradical systems via the application
of a simple approximate spin-projection (AP) scheme. In this scheme, an approximate spinprojected energy (EAP) can be derived from the energies of the broken-symmetry ( EBS) and pure
high-spin (EHS ) states:

𝐸

=𝑓

𝐸

− (𝑓

− 1)𝐸

Equation 8.5

where f AP denotes the spin-projection factor:

f AP 

 S 2  HS  s(s  1)
 S 2  HS   S 2  BS

Equation 8.6

where  S 2  HS and  S 2  BS signify expectation values of spin contamination pertinent to the pure
high-spin and broken-symmetry states, respectively. While meta-hybrid DFT methods are
generally more accurate than the B3LYP functional, applying the AP approach in meta-hybrid
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DFT methods resulted in a notable difference in the computed singlet-triplet energy gap in the
oxygen molecule in reference to the B3LYP functional 25.

Furthermore, the computation of the Hirshfeld charge and Fukui function, as quantitative
measures of molecular electrophilicity and nucleophilicity, were carried out by DMol 3 code 34
in Material Studio package, implementing the B3LYP functional through the application of a
double numerical plus d-functions (DND) atomic basis set. Due to the strong dependence of
Mulliken population analysis 35 to the selected basis set, Hirshfeld charge was chosen as a more
reliable technique to model atomic charge distribution.

8.3.

Results and discussion

8.3.1. Preliminary model validation

The literature lacks both experimental and theoretical studies on the reaction mechanism of
PCDD/PCDF with singlet oxygen. Therefore, we considered benzene and naphthalene as
prototypical building blocks for such aromatic organic compounds to enable the validation of
our proposed reaction kinetic model in reference to the existing literature data. Earlier works
have investigated the [4+2]-cycloaddition of singlet oxygen to benzene and naphthalene rings
via deploying a corrected ab initio multireference (CAS MCQDPT2) method
31G* basis set

37

36

, with the 6-

. According to their finding, the reaction pathway appears concerted,

demanding an energy barrier of 115 kJ/mol and 87 kJ/mol for Diels-Alder addition of singlet
oxygen to benzene and naphthalene aromatic rings, respectively. Our computed reaction
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barriers, i.e., 117 kJ/mol (for benzene) and 88 kJ/mol (for naphthalene) agree well with the
literature values.

The abovementioned computational approach have been successfully applied for various
organic functional groups in our previous studies to elucidate the reaction of singlet oxygen
with phenol 23, aniline 22, isoprene 24 and aromatic fuels 25.

8.3.2. Geometry and electronic structures of DBD and DBF

Figure 8.1 illustrates the geometries of DBD and DBF, tri-cyclic aromatic compounds, as
obtained by B3LYP/6–311+G(d,p) level of theory. The C1-C6 and C3-C4 bonds within DBD
and DBF structures represent the longest bonds, suggesting that these are the most vulnerable
sites for electrophilic attack by singlet oxygen 1O2. The computed Fukui indices (f-1), as the
local reactivity descriptors for the electrophilic attack by singlet oxygen, confirms that C3 and
C4 atoms possess the largest Fukui function values and are the most susceptible targets for
electrophilic attacks. Although C3 and C4 are predicted to have different Fukui indices in DBF,
they possess the largest f-values and thus, C3=C4 should remain the most reactive sites.
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Figure 8.1: Optimised geometries of DBD (left) and DBF (right) at the B3LYP/6311+G(d,p) level of theory. The Fukui indices (f-1) of carbon atoms for electrophilic attack
are reported in skeletal sketch below each figure. Bond lengths are in Å.

As shown in Fig. 8.2(a), the LUMO-HOMO energy gap in dibenzodioxin is smaller by 0.3 eV
than that in dibenzofuran, perhaps corresponding to the higher reactivity of DBD. The HOMO
orbital distribution represents the electron-rich molecular sites that are most likely to donate
electrons to the vacant orbital within singlet oxygen to afford the electrophilic interaction. The
HOMO electron density surfaces are fairly evenly spread across the carbon atoms of the
aromatic rings in both structures. Furthermore, the relatively smaller difference between
LUMO of singlet O2 and HOMO of DBD, as compared in Fig. 8.2(b), indicates the high
feasibility of the reaction of singlet oxygen with dibenzodioxin and justifies the higher
reactivity of this compound as compared to DBF.
(a)

(b)

Figure 8.2: LUMO-HOMO electron density surfaces and their energy gaps (a) of DBD and
DBF and (b) between singlet O2 and DBD/DBF obtained at B3LYP/6-311+G(d,p) level of
theory.
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8.3.3. Mechanism of reactions of Dibenzo-p-dioxin and Dibenzofuran with singlet
oxygen

8.3.3.1. Dibenzo-p-dioxin (DBD)

Singlet oxygen reacts with aromatic hydrocarbons mainly via [4+2]- and [2+2]-cycloaddition
reactions, while the ene type reaction is unattainable presumably due to the lack of allylic
carbon and hydrogen atoms. Herein, we first investigated the oxidation of dioxin and furan
parent molecules by singlet oxygen, aiming to provide an overview of the possible initial
reaction channels. We thereupon substituted chlorine atoms at the reactive molecular sites to
explore the reactivity of the chlorinated reagents.

As depicted in Fig. 8.3, oxidation of DBD by O2 (1Δg) branches into four channels; two of
which represent [4+2]-cycloaddition and the rest being classified as [2+2]-cycloaddition
reactions. The reaction enthalpy barriers are quite close, ranging between 91 and 125 kJ/mol.
A stepwise [2+2]-cycloaddition mechanism (TS1) is responsible for binding singlet oxygen to
the benzene ring from C1 position forming P1 diradical intermediate. This step appears the
most energetically favourable one, leading to the formation of P 2 dioxetane that further
converts to oxirane-like product (P3) via TS3 saddle point undergoing a relatively high enthalpy
barrier of 116 kJ/mol. The P5 diradical arises from an alternative stepwise [2+2]-cycloaddition
attack by electrophilic singlet oxygen to in-ring C 3 or C4 atoms which incurs an enthalpic
penalty of 111 kJ/mol (TS5). The closure of highly unstable P5 diradical to P6 dioxetane occurs
via TS6 transformation through almost no enthalpic barrier pathway.

Singlet oxygen tackles the DBD aromatic ring diagonally through TS4 and TS7 in a mode
labelled as supra-supra C2v symmetry approach 38 during which one  system of 1O2 is solely
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involved in the bond formation between carbon and oxygen atoms. These conformations lead
to the formation of P4 and P7 endoperoxide intermediates with modest enthalpic levels of 97
and 79 kJ/mol, respectively. In our effort, the produced [4+2]-cycloadducts arise from
concerted mechanisms, even though the stepwise mechanisms are generally entitled as
energetically more favourable 39.

Figure 8.3: Initial reaction routes for DBD and singlet oxygen interaction by the calculation
level of B3LYP/6-311+G(d,p). The values in bold and italic signify reaction and activation
enthalpies computed at 298.15 K, respectively (in kJ/mol).

It is noteworthy to point out that the focus of this section is to explore the mechanism of
initiation oxidation of DBD/DBF by singlet oxygen, which is believed to be the more
energetically favourable process for destruction of such pollutants at low temperatures, as
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compared to the ground-state molecular oxygen. The initiation oxidation exclusively involves
the formation of endoperoxide or diradical products.

Subsequent decomposition into

permanent oxidation products will follow a similar mechanism described in Altarawneh et al.
1, 14

.

8.3.3.2. Dibenzofuran (DBF)

As illustrated in Fig. 8.4, the reaction of DBF and singlet oxygen follows [4+2]- and [2+2]cycloaddition mechanisms. The addition of singlet oxygen to dibenzofuran consists of five
opening channels; the TS4 transformation depicts a [2+2]-cycloaddition mode, and the
remaining four addition modes are [4+2]-cycloaddition. The [2+2]-addition follows a two-step
(non-concerted) reaction forming a hypothetical and highly unstable diradical intermediate
(P4); closure of which is readily attainable via a low lying TS5 step which yields to the
formation of P5 dioxetane as the four-membered ring product.

The mode of 1O2 approach towards the benzylic ring in DBF structure is a concerted suprasupra approach which is divided into three possible confrontations: TS3, TS6 and TS7.
Although according to Fukui indices (Fig. 8.3) C 3 and C6 atoms are the most electron rich and
vulnerable molecular spots for 1O2 attack through [4+2]-cycloaddition mode, TS6 embeds the
lowest enthalpy barrier corresponding to the higher tendency of singlet oxygen to
simultaneously bind with C1 and C4 atoms to produce P6 endoperoxide. This proves the fact
that Fukui function is not necessarily a reliable indicator in localising the most reactive
molecular site. The reaction of 1O2 with the furan moiety of DBF substrate via TS1 would
initially result in the formation of highly unstable endoperoxide P 1 which later would collapse
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via TS2 to form dione P2. This transformation is energetically the least likely to occur, leaving
benzene aromatic ring as the most favourable site for electrophilic interactions.

Figure 8.4: Initial reaction routes for DBF and singlet oxygen interaction by the calculation
level of B3LYP/6-311+G(d,p). The values in bold and italic signify reaction and activation
enthalpies computed at 298.15 K, respectively (in kJ/mol).

8.3.4. Kinetic considerations

To explore the reaction kinetic models and rate constants for the interaction of singlet oxygen
with DBD/DBF, the ChemRate code 40 afforded the estimation of Arrhenius parameters. Table
8.1 summarises the reaction rate coefficient for the bimolecular reactions corresponding to the
interactions of dibenzodioxin and dibenzofuran with singlet oxygen. The pre-exponential
factors (A) and activation energies (Ea) are fitted to the first order Arrhenius equation of 𝑘(𝑇) =
𝐴𝑒

at high-pressure limit in the temperature range of 300-600 K. As reported in Table

8.1, the rate constant values (k) at 298.15 K enable a comparison of singlet oxygen
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cycloaddition to the aromatic rings of DBD and DBF and corroborate the leading role of [2+2]and [4+2]-cycloaddition of O2 1∆g to DBD and DBF structures, respectively.

Table 8.1: Kinetic parameters of DBD and DBF interactions with O 2 1g, and reaction rate
constants at 298.15 K and 1 atm
Ea
(kJ/mol)
98
104
129
132

k
(cm3 molecule−1 s−1)

DBD + O2 1∆g → P1
DBD + O2 1∆g → P4
DBD + O2 1∆g → P5
DBD + O2 1∆g → P7

A
(cm3 molecule−1 s−1)
5.01 × 10-14
4.42 × 10-14
4.95 × 10-13
8.87 × 10-14

DBF + O2 1∆g → P1
DBF + O2 1∆g → P3
DBF + O2 1∆g → P4
DBF + O2 1∆g → P6
DBF + O2 1∆g → P7

1.73 × 10-13
9.79 × 10-14
8.52 × 10-13
2.16 × 10-13
1.22 × 10-13

153
133
126
119
128

2.70 × 10-40
4.89 × 10-37
7.16 × 10-35
3.06 × 10-34
4.58 × 10-36

Reaction

3.39 × 10-31
2.66 × 10-32
1.24 × 10-35
6.63 × 10-37

The branching ratios for bimolecular reaction channels are also computed based on the
Arrhenius parameters for ki(T) itemised in Table 8.1. We plotted the ki /  ki values in Fig. 8.5,
attesting to the leading role of channels TS1 and TS6 in the reaction networks of DBD and DBF
with singlet oxygen, respectively. The role of TS4 in both of the aromatic hydrocycles’ reaction
pathways become more momentous as the system temperature rises, while the leading reaction
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Figure 8.5: Plot of branching ratios (%) of dibenzo-p-dioxin + O2 1∆g reaction (left) and
dibenzofuran + O2 1∆g reaction (right) at different temperatures (K).

8.3.5. Analysis of chlorination effects

This section focuses on the effect of substitution of chlorine (for hydrogen atoms) on the
reactivity of DBD/DBF aromatic moieties with singlet oxygen. Our calculation indicates that
the susceptibility of benzylic ring towards singlet oxygen electrophilic attack remains mostly
intact once hydrogen atoms are replaced by chlorine at reaction sites. As listed in Tables 8.2
and 8.3, the chlorine substitution on Diels-Alder reactive sites has approximately no effect on
altering the activation energy of singlet oxidation of PCDD/PCDF compounds, and both preexponential factor (A) and activation energies (Ea) stay consistent in reference to unsubstituted
parent compounds. It should be noted that due to the great instability of diradical intermediates
produced during singlet oxidation of both DBD and DBF, chlorine substitution inhibits
optimisation and convergence to equilibrium through repeated interactions and thus, [2+2]cycloaddition is neglected from analysis of chlorination effects on title reactions. Due to the
trivial enthalpic requirements of the entrance reaction channels, relatively small at around 100
kJ/mol, the molecular interactions of the selected hydrocarbon with singlet oxygen should be
termed as “auto-oxidation reactions”, contrasting those initiated at higher temperatures by the
ground-state molecular oxygen that typically proceed via very sizable entrance barriers in the
window of 200 -350 kJ/mol.
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Table 8.2: Effect of chlorination in changing Arrhenius parameters of dioxin titled reactions

Dioxin

Reactants + O2 1∆g

Products

A
(cm3 molecule−1 s−1)

Ea
(kJ/mol)

4.42 × 10-14

104

3.02 × 10-14

106

3.26 × 10-14

105

8.87 × 10-14

132

4.34 × 10-14

128

4.41 × 10-14

131
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Table 8.3: Effect of chlorination in changing Arrhenius parameters of furan titled reactions
Products

A
(cm3 molecule−1 s−1)

Ea
(kJ/mol)

1.22 × 10-13

128

7.14 × 10-14

132

6.94 × 10-14

130

2.16 × 10-13

119

1.33 × 10-13

121

1.44 × 10-13

121

9.79 × 10-14

133

6.94 × 10-14

137

8.60 × 10-14

138

Furan

Reactants + O2 1∆g
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8.4.

Conclusion

This study has elucidated the thermodynamic and kinetic feasibility of singlet oxygen-assisted
oxidation of polycyclic and halogenated aromatic hydrocarbons. In cases of DBD, the nonconcerted 1,2-cycloaddition of O2 1∆g displays favourable energy barrier yielding dioxetane
product via diradical intermediate channels. However, singlet oxygen binds with the benzylic
ring of DBF diagonally via a concerted [4+2]-cycloaddition mechanism forming an
endoperoxide product. The enthalpic requirements of the initial reactions in both cases are
relatively small at around 100 kJ/mol, as compared to those overcame in high-temperature
incineration by ground-state molecular oxygen. Moreover, the supplementary Diels-Alder
reaction corridor appears inferior as the so-called ene reaction is impractical due to the absence
of allylic hydrogen in the selected aromatic systems. Eventually, the chlorine substitution at
reactive sites is shown to impose negligible effect on the reactivity of parent compound towards
singlet oxygen. Overall, the data provides single-step kinetic information which would enable
to present a reaction formalism to report real-time profiles of species as a function of
operational conditions in singlet oxygen-led reactions.

8.5.
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9.1.

Conclusion

In this dissertation, addition of singlet oxygen to various types of hydrocarbons has been
investigated to gain understanding of the initiation reactions that occur spontaneously at lowtemperatures between O2 (1∆g) and selected organic surrogate. The work embodied in this
thesis further elucidates the fundamental processes attributed to the auto-oxidation, as well as
ignition of valuable compounds. The detailed reaction chemistry provides a comprehensive
kinetic model for four environmentally and economically important chemicals, including:


Coal surrogate (pyrrole)



Atmospheric compositions (isoprene and monoterpenes)



Active pharmaceutical ingredients (oxazole)



Trace organic pollutants (dioxins and furans)

The mechanistic maps of singlet oxygen-induced oxidation of pyrrole discerns the dominance
of endoperoxides formation through singlet oxygen Diels-Alder attack to the aromatic ring
leading to the formation of the major anticipated products that are succinimide and maleimide.
Additionally, the impact of the functional groups on the reactivity of singlet oxygen with
substituted pyrrole verifies the fact that the reactivity of β-substituted pyrroles through a [4+2]cycloaddition reaction with singlet oxygen is markedly influenced and enhanced by π-donation
ability of substituents as compared to unfuntionalised pyrrole.

Furthermore, introduction of singlet oxygen to isoprene and monoterpenes represents the
environmental significance of these classes of reactions. Although it is evidenced that addition
of singlet oxygen to the cyclic monoterpenes (i.e. limonene, α-pinene, β-pinene, sabinene and
camphene) follows the ene reaction pathway yielding to allylic hydroperoxides, singlet
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oxidation of isoprene follows all three types of singlet oxygen reactions. We found that the
opening channel in isoprene and 1O2 interaction is a non-concerted mechanism yielding to the
production of methyl vinyl ketone and methacrolein via [2+2]-cycloaddition reactions. In case
of monoterpene oxidation, limonene, α-pinene and sabinene follow concerted mechanisms;
whereas singlet oxidation of β-pinene and camphene proceed via a stepwise mechanism
yielding to the formation of diradical intermediates. In terms of reactivity, α-pinene and
sabinene exhibit the highest reactivity while camphene is kinetically the least reactive species.

Pertaining to oxazole, the kinetic features of reaction of this compound with singlet oxygen
reveals the influence of the practically occurring substituents. It has been concluded that
phenyl, as an electron withdrawal, causes a decrease in the overall electron population of atoms
constituting oxazole ring, while substitution of a methyl group, as an electron donor, on the sp2
carbon slightly decreases the activation barrier and enhances the exothermicity of the reaction.
Moreover, polar solvents (i.e. water and methanol) lower the activation energy of the singlet
oxygenation of oxazole and play a significant role in increasing the oxidation rate constant.

The last section of this thesis explores the thermodynamic and kinetic feasibility of singlet
oxygen-assisted oxidation of dibenzo-p-dioxin (DBD) and dibenzofuran (DBF). The nonconcerted [2+2]-cycloaddition of O2 1∆g to DBD displays a favourable energy barrier yielding
to dioxetane formation via diradical intermediate channels. In case of DBF, O2 1∆g diagonally
binds with the benzylic ring via a concerted [4+2]-cycloaddition mechanism forming an
endoperoxide product. Moreover, the structural substitution of chlorine substitution imposes
no significant effect on the reactivity of parent compounds towards singlet oxygen.
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In regards to the kinetic modelling results obtained in this dissertation, the following points
could be listed as the key general remarks:



Singlet oxygen modelling should include spin contamination corrections for its
diradical characteristics. In case of isoprene, for instance, this yields an enthalpy
correction of 5-15 kJ/mol.



The suggested mechanisms of singlet oxygen-induced oxidation of selected
hydrocarbons verify the relatively low activation energy of the reactions (<100
kJ/mol).



In most cases, [4+2]-cycloaddition represents the leading pathway, unless the
conjugated double bonds do not exist in the structure of the substrate.



Analysis of functional group effects justifies the fact that the strong π-electron donors
(e.g. NH2) activate the photoreactions, while powerful π-electron acceptors (e.g. BH2)
play role in deactivation process.



Plants produce biogenic volatile organic compounds (BVOC), including isoprene and
monoterpenes, to remove O2 1∆g from their system rather than to provide heat
protection or scavenge ozone, OH or other reactive oxygen species (ROS).



Singlet oxygen plays a significant role in the atmospheric recycling of BVOCs.



Reactions involving singlet oxygen could be responsible for spontaneous fires, e.g., in
coal mines.



Pollutants such as dioxin/furan could be readily eliminated by singlet oxygen at mild
thermal conditions.
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9.2.

Recommendations

Owing to the fact that the literature lacks sufficient experimental and theoretical studies on the
reaction mechanism of singlet oxygen with electron-rich hydrocarbons, further validation of
our proposed kinetic models should be highly beneficial. It will be worthwhile to
experimentally perform the singlet-oxidation of reactive hydrocarbons specifically the ones
suggested in this thesis, such as pyrrole and isoprene, and to challenge the validity of our
proposed models under ambient conditions.

In an attempt to identify the oxidation products of pyrrole with singlet oxygen in methanol
solution in the presence of rose bengal (as the photosensitiser), among the peaks detected by
gas chromatography-mass spectroscopy (GC/MS) instrument, there was a major peak (Fig.
S9.2, peak (2) in Supplementary Information chapter), other than the ones corresponding to
maleimide and succinimide as the verified products of the pyrrole photo-oxidation, which could
not be identified in this research as ill. Due to the fact that most of the research works
conducted in identifying the products of photo-oxidation is based on HPLC-MS analysis, it
would be beneficial to study the reaction using this instrument and test if there is an alternative
major product which is overlooked in literature.

The photo-degradation of trace organic pollutants, i.e. polycyclic aromatic hydrocarbons
(PAHs), induced by molecular oxygen under ultraviolet light or sunlight has been the focus of
extensive research. Yet, little is known about the mechanism of oxidation and decomposition
of such persistent organic pollutants (POPs) by reactive oxygen species (ROS), including
singlet oxygen and other excited species. It would be crucial to investigate the role of singlet
oxygen in destruction of such toxic compounds (e.g. benzo(a)pyrene, chrysene,
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benz[a]anthracene, as well as various groups of per- and polyfluoroalkyl substances – PFAS)
in order to alleviate their adverse effects on living organisms and the environment.

Besides, molecular based electronics, such as semiconductors, endure flexibility in design and
technology that is based on operating the system with numerous available molecules. To fully
exploit the synthesis of such molecular devices, investigation of the effect of a given change in
the molecular structures is vital. Therefore, studying the influence of functional groups on
charge distribution and electronic population of the molecules is critical. In this thesis, we
carried out such analysis on a few parent molecules’ chemistry. Thus, future research involving
functional groups (electron donors or withdrawals) analysis on the electronic properties is
essential.
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Appendix I.

Supplementary information for chapter 4

Table S4.1: Calculated thermal enthalpies (in Hartree) and expected spin contaminations; <S2>
Singlet

Triplet

Broken symmetry
Corrected Values

H

<S >

H

<S >

H

<S2>

O2

-150.301953

0.00

-150.363389

2.008759

-150.346987

1.004215

-150.330590

TS1

-345.550147

0.00

-345.564149

2.045935

-345.562577

0.848535

-345.561463

M1

-345.556864

0.00

-345.549324

2.027056

-345.564592

0.624026

-345.571383

TS2

-345.515397

0.00

-345.496082

2.023639

-345.51764

0.358908

-345.522288

TS4

-345.505453

0.00

-345.490141

2.023973

-345.510165

0.477675

-345.516351

TS6

-345.536945

0.00

-345.529636

2.027746

-345.543565

0.577776

-345.549115

TS7

-345.545167

0.00

-345.552767

2.028868

-345.558432

0.793882

-345.562074

TS9

-345.506566

0.00

-345.523154

2.013826

-345.525541

0.880574

-345.527396

TS10

-345.548596

0.00

-345.51661

2.02142

-345.549688

0.237078

-345.554083

TS11

-345.527425

0.00

-345.506650

2.023080

-345.530340

0.378196

-345.535787

M12

-345.588972

0.00

-345.51532

2.008477

-345.588972

0.00

-345.588972

TS12

-345.546836

0.00

-345.612085

2.008755

-345.576251

0.980291

-345.542095

M14

-345.55129

0.00

-345.556071

2.029797

-345.565151

0.768368

-345.570682

TS13

-345.530018

0.00

-345.529133

2.029474

-345.540927

0.685598

-345.546944

TS14

-345.51712

0.00

-345.495887

2.010277

-345.519784

0.378033

-345.525319

TS15

-345.540663

0.00

-345.551614

2.030691

-345.556965

0.836647

-345.560714

TS17

-345.528554

0.00

-345.495021

2.049148

-345.528942

0.096354

-345.530616

TS18

-345.545713

0.00

-345.527941

2.029334

-345.549951

0.479511

-345.556761

TS19

-345.522261

0.00

-345.511206

2.026078

-345.528652

0.543562

-345.535049

M20

-345.592235

0.00

-345.520301

2.008033

-345.592235

0.000000

-345.592235

1

2

2
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M1

M2

M3

M4

M5

M6

M7

M8

M9

M10

M11

M12
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M13

M14

M15

M16

M17

M18

M19

M20

M21

Figure S4.1: Optimised structures of reaction products from oxidation of isoprene by singlet
delta oxygen (distances are in Å).
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TS1

TS2

TS3

TS4

TS5

TS6

TS7

TS8

TS9

TS10

TS11

TS12
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TS13

TS14

TS15

TS16

TS17

TS18

TS19

Figure S4.2: Optimised structures of transition states formed in the oxidation of isoprene by
singlet delta oxygen (distances are in Å).
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Appendix II.

Supplementary information for chapter 7

Cartesians Coordinates (B3LYP/6-311++G(2df,2p))

1. Unsubstituted oxazole

Oxazole

01
C

1.10047100 0.05030200

0.00004900

C

-0.93629000 -0.63804300 0.00002300

C

-0.91037600 0.71088500 0.00001300

N

0.41179300 1.13855100 -0.00002700

O

0.35796300 -1.08236000 -0.00002700

H

2.16989300 -0.06816500 -0.00004100

H

-1.73255000 1.40397200 -0.00003800

H

-1.70643200 -1.38565900 -0.00003000

TS1

01
C

-0.56055900 1.09483600 0.06776100

C

-0.38869200 -0.92338200 0.69172000

C

-0.85592700 -0.85879000 -0.64099200

N

-0.98427000 0.42276500 -0.98799400

O

-0.42392200 0.31879400

O

1.47220400 0.63052500 -0.25368000

O

1.39710200 -0.64693400 -0.19066800

1.18592700
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H

-0.57016900 2.15983600

0.21244600

H

-1.02207600 -1.67746900 -1.31949900

H

-0.24987100 -1.73678900 1.37945100

P1

01
C

-0.02153000 -1.01760800 0.29423600

C

0.03570500 1.02222200

C

1.26673900 0.54126900 -0.39510100

N

1.22760600 -0.73020800 -0.43565700

O

-0.12467400 -0.02150200 1.29318000

O

-1.08670700 -0.68133100 -0.60227700

O

-1.04420200 0.79018400 -0.57053900

H

-0.15424700 -2.02708500 0.66022500

H

1.97849400 1.14815700 -0.93917700

H

-0.05831000 2.01628600

0.78355400

C

0.91102700 0.58109800

0.52936100

C

-1.06570400 -0.53936600 0.03729600

C

-0.93957800 0.84884700 -0.57218700

N

0.08713700 1.45140300 -0.10132800

O

-0.68111700 -0.58933700 1.23406000

O

1.34987800 -0.46687000 -0.15073600

O

0.30431900 -0.99780200 -0.94801600

H

1.55335900 0.86964800

H

-1.57902700 1.29383500 -1.32496100

0.36454500

TS3

01

1.34810900
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H

-1.80340200 -1.23470100 -0.36314300

P4

01
C

1.12548700 0.73125100

0.27669300

C

-1.58597600 -0.50369600 0.23549700

C

-1.16847000 0.86792300 -0.18621300

N

-0.00766000 1.38288500 -0.02793100

O

-2.68056400 -0.92440300 -0.04193000

O

1.39701100 -0.38631700 -0.27480500

O

2.62902800 -0.92039500 -0.04363100

H

1.88563300 1.19238000

H

-1.95557500 1.48642400 -0.60900600

H

-0.86647700 -1.08294900 0.83605400

0.89554100

TS4

01
C

1.40479900 0.35263300

0.34095100

C

-1.19567000 -0.21557500 -0.24576300

C

-0.54319900 1.08736300 -0.51427600

N

0.66625000 1.36428300 -0.08083100

O

-1.55715200 -0.16311700 0.95986600

O

1.23118700 -0.90562300 0.13810400

O

0.07365900 -1.26691400 -0.58372100

H

2.31062700 0.53665100

H

-1.12467600 1.91447100 -0.91138800

H

-1.82683700 -0.66240500 -1.03018500

0.90793900
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P5

01
C

1.37116800 0.60966700

0.05847200

C

-0.99249200 -0.60111600 -0.31957100

C

-0.85994800 0.84504500 -0.33144300

N

0.43106000 1.41625100 -0.19484800

O

-1.37812700 0.10184000

O

1.33947300 -0.72414000 0.24220000

O

0.13860200 -1.41335700 -0.26375500

H

2.39758800 0.94110700

H

-1.58906600 1.48741700 -0.80369100

H

-1.73789300 -1.17860100 -0.85867700

0.82010700

0.19314900

TS5

01
C

-1.50597700 -0.39592300 0.00217500

C

1.07382700 0.48556700 -0.34846000

C

0.70328100 -0.99522900 -0.23290400

N

-0.62401000 -1.33236300 -0.19150600

O

1.37593600 -0.22542000 0.80779500

O

-1.30391300 0.82704100

O

0.18905300 1.45032300 -0.30392200

H

-2.55303700 -0.63369300 -0.19428300

H

1.35294500 -1.72856500 -0.69023400

H

1.85276300 0.70675400 -1.07922200

0.34355400

P6
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01
C

0.11499300 0.76553600 -0.05412900

C

2.02599900 -0.62264600 0.09976600

C

-2.09284300 0.01881300 0.32968900

N

-1.11527500 0.96450500

O

0.66804300 -0.46870100 0.21958700

O

-2.60892500 -0.71805300 -0.46548700

O

2.79513500 0.22556600 -0.22423000

H

0.82745900 1.53499600 -0.32190600

H

-2.41771500 0.09054900

H

2.27425700 -1.65779100 0.35325600

0.01374800

1.38150100

Cartesians Coordinates (B3LYP/6-311++G(2df,2p))

2. Substituted oxazole
2.1.

2-methyloxazole

2-methyloxazole

01
C

0.60338700 0.09786500

0.00009100

C

-1.44590200 0.67468600 0.00005000

N

-0.14161700 1.15389400 -0.00018000

O

-0.10699200 -1.06419900 -0.00027300

H

-2.29487400 1.33495500

C

-1.41955600 -0.67239500 0.00019500

H

-2.15974400 -1.44984000 0.00031500

0.00008800

238

Chapter 10
C

2.08253000 0.00222500

0.00010900

H

2.43874400 -0.53330200 0.88097900

H

2.43876000 -0.53382700 -0.88043300

H

2.50161000 1.00406400 -0.00017800

TS1

01
C

-0.86964700 -0.24083800 -0.04029000

C

1.06003800 -0.69934200 0.75801600

C

0.97245500 -1.12670600 -0.58085800

N

-0.24839700 -0.84592600 -1.04205000

O

-0.16800500 -0.32821100 1.13827800

O

0.29753900 1.56966700 -0.29443400

O

1.46704100 1.08991800 -0.10882400

H

1.75546200 -1.54319300 -1.19050400

H

1.81162300 -0.81286000 1.51684400

C

-2.27935900 0.19064700 0.02473000

H

-2.89605100 -0.59254300 0.47057500

H

-2.36948000 1.08990300

H

-2.63628500 0.38660700 -0.98184100

0.62952400

P1

01
C

0.71018500 0.06668200

0.00331500

C

-1.25828900 -0.05015100 0.59596500

C

-1.09780500 1.20732800 -0.24687300

N

0.11705400 1.27621800 -0.61588700

O

-0.00531900 -0.11423600 1.22045800
239

Chapter 10
O

0.21782900 -1.03185200 -0.79562800

O

-1.18847800 -1.11645000 -0.38117400

H

-1.88313500 1.85992000 -0.60579000

H

-2.10154000 -0.22192200 1.25364100

C

2.19579200 0.02136000

H

2.64145600 0.06312100 -0.86663000

H

2.52989500 0.88647700

H

2.50239100 -0.89213800 0.62704000

0.12432300

0.69331300

TS3

01
C

0.84329200 0.07320400 -0.17457400

C

-1.37724200 0.05819100 0.57776100

C

-1.05233300 1.12745200 -0.45381900

N

0.20391300 1.16172700 -0.68734800

O

-0.49597400 -0.03739200 1.47567600

O

0.39451700 -1.11833200 -0.55951000

O

-1.02540400 -1.12731200 -0.61442900

H

-1.75254300 1.76885200 -0.97633400

H

-2.42258300 -0.19308800 0.76512900

C

2.24815700 0.10634700

H

2.91680900 0.13300000 -0.57475800

H

2.40824700 1.00665900

H

2.46632700 -0.77439400 0.88427300

0.28795000

0.87532400

P4

01
C

-0.91564900 -0.41773200 -0.06687300
240

Chapter 10
C

1.92434800 0.31774100

0.36936100

C

1.36476100 -0.83553400 -0.40034300

N

0.13492300 -1.17682200 -0.46355800

O

3.09086700 0.60772600

O

-0.90552800 0.81668300 -0.41817400

O

-2.02956800 1.54883500 -0.13402200

H

2.10132200 -1.46057800 -0.89864400

H

1.23502500 0.85469600

C

-2.09350300 -0.99927000 0.59820800

H

-2.27837800 -0.46745000 1.53314800

H

-2.97248800 -0.80407800 -0.02216800

H

-1.95585400 -2.06201100 0.76741600

0.28003100

1.04036200

TS4

01
C

-1.08813700 -0.06326600 -0.08210100

C

1.63187000 0.02541000 -0.02068700

C

0.85354100 -1.12179000 -0.54560100

N

-0.45112400 -1.17780800 -0.44250300

O

1.67109200 -0.14802700 1.23360900

O

-0.61637600 1.13979400 -0.13335900

O

0.73374500 1.28267900 -0.55269700

H

1.36209300 -2.02657400 -0.86615500

H

2.52193300 0.34458000 -0.58986200

C

-2.48815400 -0.13169600 0.40896200

H

-2.91323500 0.85839200

H

-3.08145300 -0.71486900 -0.29382000

H

-2.49388600 -0.66438200 1.36143400

0.54206000

241

Chapter 10
P5

01
C

-1.08552200 -0.15426800 -0.02774500

C

1.56977800 0.30710900 -0.28210700

C

1.01035600 -1.03122800 -0.32163400

N

-0.39355000 -1.19057100 -0.27397300

O

1.66542700 -0.46994600 0.86995900

O

-0.63060100 1.10309900

O

0.72200500 1.41104800 -0.28160400

H

1.54388200 -1.86514000 -0.75460500

H

2.47962700 0.63511200 -0.77659800

C

-2.57654300 -0.16886000 0.08233400

H

-2.89619000 0.29829100

H

-3.01726900 0.39427900 -0.74061600

H

-2.91826400 -1.19867000 0.05078300

0.21417600

1.01350800

TS5

01
C

1.16600900 -0.06985900 -0.00349200

C

-1.60725800 0.38106600 0.30630300

C

-0.93407300 -0.99675200 0.33449600

N

0.40326200 -1.12543100 0.04945400

O

-1.88202100 -0.65312000 -0.64943700

O

0.80624500 1.16948600

O

-0.91059700 1.40714200 -0.08137600

H

-1.29976900 -1.67436900 1.09977800

H

-2.37201800 0.57564900

C

2.65681900 -0.24030500 -0.07580700

H

3.07353100 0.34351900 -0.89447600

0.02965100

1.05304900

242

Chapter 10
H

3.11596700 0.09973500

0.85262300

H

2.86145300 -1.29948500 -0.21686100

P6

01
C

-0.49401700 -0.31068500 -0.74120000

C

-2.36053700 0.20678100 0.62280000

C

1.73204600 0.17046000 -0.11388800

N

0.73171800 -0.33714800 -0.97094500

O

-1.00320000 0.18105900

O

2.02192600 1.33991100 -0.10935500

O

-3.17163700 -0.16839500 -0.16428300

H

-1.24015700 -0.66945800 -1.43808500

H

-2.57004100 0.63126000

C

2.45867900 -0.89096100 0.67247900

H

3.24195800 -0.42902400 1.26601700

H

1.76209700 -1.42098100 1.32392400

H

2.89037100 -1.62593600 -0.00732700

2.2.

0.44879000

1.60973200

5-phenyloxazole

5-phenyloxazole

01
C

-3.03325500 -0.66232200 0.00043900

C

-1.01846300 0.12948100 0.00002300

C

-1.93063800 1.13960500 0.00000000

N

-3.21135100 0.61334600 -0.00019800

O

-1.73525900 -1.04440300 -0.00030100

243

Chapter 10
H

-3.77220100 -1.44457300 0.00042000

H

-1.76042500 2.20128700 -0.00002500

C

0.43270700 0.05433200

C

1.09302400 -1.18003400 -0.00000200

C

1.19878500 1.22756800

C

2.48025000 -1.23551400 -0.00000300

H

0.51549200 -2.09284600 -0.00002000

C

2.58321200 1.16563500

0.00002700

H

0.70817300 2.19120800

0.00003700

C

3.23174500 -0.06621900 0.00001300

H

2.97516300 -2.19736000 -0.00002100

H

3.15898700 2.08129400

H

4.31213700 -0.11240000 0.00000800

0.00003000

0.00003400

0.00003300

TS1

01
C

-2.59696500 -0.53294100 -0.69555000

C

-0.59366800 0.13574100 -0.35839200

C

-1.49031300 1.23429700 -0.51451300

N

-2.70775100 0.78188600 -0.79562000

O

-1.29576600 -0.96303800 -0.68137600

O

-2.50534800 -0.55786400 1.35061800

O

-1.48006800 0.19421900

H

-1.26588100 2.28089800 -0.40425000

C

0.84354400 0.05294100 -0.20070100

C

1.49374600 -1.18697000 -0.22276200

C

1.59512600 1.21911200 -0.01427400

C

2.86879900 -1.25284200 -0.06417600

H

0.91638700 -2.08959000 -0.35861400

C

2.96988300 1.14469600

1.52765100

0.14912800
244

Chapter 10
H

1.10567700 2.18250000

0.00997100

C

3.61043800 -0.08985300 0.12300000

H

3.36421400 -2.21382000 -0.08249600

H

3.54198300 2.05027400

H

4.68304300 -0.14585700 0.24903200

H

-3.34524600 -1.26921700 -0.92633600

0.29633000

P1

01
C

2.62362100 0.60316400 -0.11849500

C

0.67275600 -0.05256100 -0.06916700

C

1.46277800 -0.92244000 -1.05046700

N

2.66254300 -0.50324500 -1.09008000

O

1.33963400 1.17879700 -0.23591800

H

1.10993600 -1.82034400 -1.54144000

C

-0.81160700 -0.00660200 -0.04170700

C

-1.48488500 1.20989600 -0.12962900

C

-1.53321600 -1.19508100 0.07452000

C

-2.87364600 1.23364600 -0.10831800

H

-0.92067000 2.12660200 -0.21637700

C

-2.92108700 -1.16446700 0.10390300

H

-1.01341800 -2.14041400 0.15561700

C

-3.59288600 0.04957300 0.00969900

H

-3.39383800 2.17892900 -0.18148300

H

-3.47659500 -2.08715200 0.20043900

H

-4.67403800 0.07225800

O

1.20474600 -0.50397200 1.22596600

O

2.58640900 -0.00700900 1.17580600

H

3.43354800 1.31953500 -0.16361300

0.02854600

245

Chapter 10

TS3

01
C

2.88447600 0.40216700 -0.08008400

C

0.60055500 0.15994700 -0.37924400

C

1.45393900 -0.98410300 -0.88717800

N

2.69491100 -0.67173000 -0.89952400

O

1.20142900 1.26283600 -0.49036900

O

2.57037900 0.23728200

O

1.35315500 -0.46854800 1.31442400

H

1.09107300 -1.93914400 -1.24280000

C

-0.85664700 0.06542600 -0.18975300

C

-1.48662500 -1.17178700 -0.03282700

C

-1.61973900 1.23536900 -0.17171900

C

-2.86204300 -1.23607100 0.14074500

H

-0.90595900 -2.08350200 -0.02010400

C

-2.99462900 1.16605600 -0.00405100

H

-1.12180200 2.18650100 -0.29141400

C

-3.61784400 -0.06849800 0.15213700

H

-3.34337000 -2.19563100 0.27049300

H

-3.58152000 2.07433300

H

-4.69014300 -0.12059100 0.28422200

H

3.67897400 1.11655000 -0.23846100

1.20606600

0.00561000

P4

01
C

-3.07389200 0.30590500 -0.19911100

C

-0.21202600 -0.06490400 -0.78557900

C

-1.01683700 1.22916800 -0.80250900
246

Chapter 10
N

-2.27862000 1.29181200 -0.67178900

O

-0.73157000 -1.06514600 -1.23233200

O

-2.81716500 -0.22812400 0.91802900

O

-3.75882800 -1.08797900 1.43985700

H

-0.49562200 2.14923600 -1.05259600

C

1.18488900 -0.01797300 -0.29719700

C

1.69082400 1.08877700

C

2.00387500 -1.13456900 -0.50394400

C

2.99563400 1.07984900

0.86660300

H

1.06782700 1.95232700

0.58146900

C

3.30753500 -1.13606400 -0.03876200

H

1.59619700 -1.98730600 -1.02773200

C

3.80486200 -0.02902200 0.64676700

H

3.37915200 1.93405500

H

3.93864400 -1.99839600 -0.20366800

H

4.82297900 -0.03348700 1.01199800

H

-4.00750900 0.06388100 -0.69198000

0.39267200

1.40694800

TS4

01
C

-3.18879800 -0.40694100 -0.15655200

C

-0.58991700 0.55580600 0.22121900

C

-1.46426900 -0.03430300 1.26248700

N

-2.72623400 -0.36099900 1.07956900

O

-0.97874300 1.75640000

O

-2.54122700 -0.39505100 -1.26584700

O

-1.13213500 -0.35633900 -1.17484800

H

-1.11451200 -0.00796200 2.29098100

C

0.85788600 0.18058000

C

1.29155600 -1.13369000 0.27565200

0.20947700

0.10351300

247

Chapter 10
C

1.78444900 1.18734700 -0.15768000

C

2.64398300 -1.43812800 0.18673800

H

0.57363700 -1.92105400 0.46391800

C

3.13534200 0.88061000 -0.25160600

H

1.42832800 2.20099100 -0.27707000

C

3.56642000 -0.43126100 -0.07884500

H

2.97748000 -2.45849800 0.31890600

H

3.85300600 1.66388900 -0.45520300

H

4.61955000 -0.66861700 -0.14926900

H

-4.25691700 -0.48197100 -0.32906700

P5

01
C

-3.21201500 -0.41544800 0.24777300

C

-0.60276300 0.20963300 -0.14910200

C

-1.45416700 0.91120400 0.80918900

N

-2.79356700 0.49636800

O

-1.12959600 1.45727500 -0.50580500

O

-2.58562600 -1.06027400 -0.75165500

O

-1.12043200 -0.91630000 -0.81623900

H

-1.02298100 1.46294300

C

0.87813500 0.03806700 -0.06127700

C

1.43262200 -1.17334400 0.35541600

C

1.70999400 1.11153600 -0.37307900

C

2.81050300 -1.30264900 0.46470600

H

0.78827900 -2.00952900 0.58617900

C

3.08855800 0.97521700 -0.26221900

H

1.27129200 2.04357400 -0.69873500

C

3.64083900 -0.22958000 0.15678100

H

3.23630000 -2.24256300 0.78860800

1.01607000

1.63321900

248

Chapter 10
H

3.73038600 1.81085700 -0.50620200

H

4.71409500 -0.33359000 0.24161700

H

-4.22739000 -0.79968500 0.30329400

TS5

01
C

-3.14122800 0.48129000 -0.56843800

C

-0.58559500 -0.19685600 0.44946800

C

-1.46114800 -1.07752200 -0.48485600

N

-2.76214000 -0.73760100 -0.78583800

O

-1.08596100 -1.51911100 0.78027500

O

-2.52467200 1.42702800

0.05670300

O

-1.22312500 0.79713100

1.00432200

H

-0.89970700 -1.49703000 -1.31623100

C

0.87684300 -0.04097800 0.18752000

C

1.41334600 1.23363500

C

1.70610100 -1.15954200 0.11347300

C

2.76854200 1.38423300 -0.25572500

H

0.76975600 2.09854900

C

3.06242500 -1.00014700 -0.14539100

H

1.29258000 -2.14469900 0.27455800

C

3.59660100 0.26922800 -0.33319400

H

3.17859000 2.37526900 -0.39553200

H

3.70175100 -1.87116900 -0.19537100

H

4.65235600 0.38987400 -0.53435500

H

-4.10560500 0.81199000 -0.96003500

0.00695200

0.07858000

P6

249

Chapter 10
01
C

-3.54750900 -0.95069100 0.35421100

C

0.04356600 1.16218600 -0.02650400

C

-2.32265600 1.02658800 -0.03182200

N

-3.40507100 0.41245900

0.10694100

O

-1.11412600 0.39579500

0.06948500

O

-3.50907500 -1.81122600 -0.48526800

O

0.01252300 2.35812700 -0.11183500

H

-2.26996800 2.08836900 -0.23496700

C

1.25574800 0.31884900 -0.00189000

C

1.19694200 -1.07770700 0.01667700

C

2.49535600 0.96582800 -0.00770600

C

2.37199800 -1.81598100 0.03036700

H

0.24031500 -1.57736400 0.01333000

C

3.66427900 0.22216200

H

2.52231600 2.04585200 -0.02522600

C

3.60344200 -1.16896000 0.02817700

H

2.32641300 -2.89614900 0.04103900

H

4.62230300 0.72343000

H

4.51683600 -1.74847000 0.03984800

H

-3.80428900 -1.15809300 1.40730000

2.3.

0.00922000

0.00665400

2-methyl-5-phenyloxazole

2-methyl-5-phenyloxazole

01
C

2.68528800 -0.13395100 -0.00003300

C

0.57032100 0.39146000 -0.00000400

C

1.34059200 1.51113200 -0.00006500

250

Chapter 10
N

2.67941000 1.15881000 -0.00006600

O

1.43865100 -0.67757300 0.00015300

H

1.03140800 2.54115200 -0.00014700

C

3.84284800 -1.05912200 0.00001200

H

3.82927800 -1.70267900 0.88081800

H

3.82885600 -1.70329600 -0.88033200

H

4.75999900 -0.47762300 -0.00039700

C

-0.85718900 0.12299900 -0.00000400

C

-1.34646600 -1.18888100 -0.00005600

C

-1.77568900 1.18181000 0.00005500

C

-2.71362500 -1.43135200 -0.00006000

H

-0.65094400 -2.01532000 -0.00009700

C

-3.13904600 0.93337400 0.00004900

H

-1.41994600 2.20303700

C

-3.61639100 -0.37455400 -0.00001000

H

-3.07389800 -2.45139400 -0.00010400

H

-3.83294300 1.76323500

H

-4.68075700 -0.56568300 -0.00001300

0.00011500

0.00009500

TS1

01
C

2.37315800 0.28320000 -0.43317600

C

0.28431500 -0.23305400 -0.31251400

C

1.07506700 -1.35939300 -0.67749600

N

2.34595800 -0.99237400 -0.80070300

O

1.11015200 0.82625200 -0.35429200

O

2.11962800 -0.16616500 1.59591800

O

1.01308500 -0.81175700 1.54143400

H

0.74364000 -2.37450600 -0.81023600

C

3.51800000 1.21373600 -0.48914800
251

Chapter 10
H

3.53666500 1.73901900 -1.44626300

H

3.44505200 1.94744300

H

4.43813100 0.64689400 -0.38286900

C

-1.14532900 -0.02893700 -0.19655200

C

-1.66832700 1.24861500 0.03750800

C

-2.01899000 -1.11705000 -0.30776100

C

-3.03749600 1.42886300 0.15466600

H

-0.99742200 2.08979000

C

-3.38727600 -0.92974100 -0.18474900

H

-1.62962600 -2.10987200 -0.48392700

C

-3.90071800 0.34252600 0.04508500

H

-3.43331400 2.41874600

H

-4.05384400 -1.77699400 -0.26875100

H

-4.96833200 0.48686700

0.31024900

0.13159400

0.33602700

0.13944200

P1

01
C

2.36444000 0.24195700 -0.05982100

C

0.34091000 -0.21739500 -0.06212900

C

1.04275000 -1.08957800 -1.10439200

N

2.27959100 -0.80087200 -1.10798900

O

1.13066900 0.94302100 -0.13265200

H

0.60030800 -1.90516200 -1.66241400

C

3.58370400 1.10151400 -0.05587100

H

3.51341300 1.84789600

0.73127300

H

4.46220400 0.48080400

0.10439200

H

3.67520800 1.59112500 -1.02329000

C

-1.13209700 -0.02239100 -0.03728500

C

-1.67972600 1.25761000 -0.08396800

C

-1.97061000 -1.13563300 0.03001000
252

Chapter 10
C

-3.05942400 1.42043600 -0.06932800

H

-1.02510400 2.11516300 -0.13290800

C

-3.34859100 -0.96676100 0.05254300

H

-1.54860300 -2.13060000 0.07888200

C

-3.89484700 0.31122900 0.00007400

H

-3.48137900 2.41539200 -0.10933900

H

-3.99470400 -1.83192200 0.11112600

H

-4.96847400 0.44151700

O

0.80630600 -0.82030300 1.19568100

O

2.22939300 -0.47572200 1.18512100

0.01400900

TS3

01
C

2.59367100 0.05144900

0.00366100

C

0.28672900 0.04651600 -0.32227900

C

1.03347900 -1.11498900 -0.94791100

N

2.29763600 -0.93898200 -0.89922300

O

0.97761100 1.10461900 -0.36497400

O

2.20132500 -0.18531900 1.26359800

O

0.90325600 -0.74228200 1.28188100

H

0.58741100 -1.98840700 -1.40607600

C

3.79204900 0.91323700 -0.12572400

H

3.83323100 1.32170600 -1.13208400

H

3.75711800 1.71746500

0.60301300

H

4.68713200 0.31208800

0.04046700

C

-1.18257200 0.06527800 -0.16791900

C

-1.91537900 -1.11999200 -0.07404600

C

-1.84727200 1.29183900 -0.11975600

C

-3.29575600 -1.07723500 0.06696600

H

-1.41018700 -2.07589600 -0.08473900
253

Chapter 10
C

-3.22766400 1.33045600 0.01449700

H

-1.26985500 2.20212500 -0.19043200

C

-3.95409200 0.14731500 0.10779500

H

-3.85672400 -1.99823900 0.14787900

H

-3.73815400 2.28339900

0.04709900

H

-5.03012100 0.17924600

0.21368500

P4

01
C

-2.71262700 0.31528000 -0.00900200

C

0.08808600 -0.07396100 -0.73524300

C

-0.70709300 1.22446200 -0.76846000

N

-1.95679900 1.30741100 -0.56447100

O

-0.45568500 -1.08564200 -1.12635100

O

-2.34627600 -0.09628700 1.13897400

O

-3.19273400 -0.98804800 1.77730100

H

-0.19266400 2.12544000 -1.09282100

C

-3.97399100 -0.13432700 -0.61742700

H

-3.92627300 -1.21648600 -0.74812800

H

-4.78555500 0.04243100

H

-4.15211000 0.36921700 -1.56221700

C

1.50355400 -0.02462100 -0.30302900

C

2.04382000 1.09971900

C

2.30591300 -1.15390900 -0.50449500

C

3.36620900 1.09555100

0.75221600

H

1.43364800 1.97326700

0.51425000

C

3.62681700 -1.15128300 -0.09048600

H

1.87181600 -2.01994800 -0.98333700

C

4.15849600 -0.02656600 0.53797100

H

3.77644600 1.96361100

0.09271500

0.32952900

1.24919200
254

Chapter 10
H

4.24476600 -2.02398200 -0.25086500

H

5.18997200 -0.02767600 0.86368100

TS4

01
C

-2.83295100 -0.27403500 -0.05567000

C

-0.19568300 0.56715600 0.22452800

C

-1.03202200 -0.01817200 1.30130400

N

-2.30501100 -0.30266700 1.16709400

O

-0.54981400 1.78481800

O

-2.18965000 -0.26935700 -1.17527900

O

-0.77079300 -0.30647900 -1.11042900

H

-0.63131000 -0.03954500 2.31127200

C

1.25203000 0.16927600

C

1.66940100 -1.15372300 0.23118600

C

2.19116000 1.16751500 -0.15669900

C

3.01723600 -1.47507200 0.12706300

H

0.94237200 -1.93535800 0.40858700

C

3.53753500 0.84468900 -0.26557100

H

1.84633400 2.18761500 -0.25187900

C

3.95221100 -0.47603600 -0.12338800

H

3.33722100 -2.50263100 0.23601500

H

4.26452400 1.62256600 -0.45711800

H

5.00158200 -0.72626300 -0.20536600

C

-4.31062200 -0.25586100 -0.21978900

H

-4.59694600 -0.33174800 -1.26426700

H

-4.73942200 -1.07554900 0.35557200

H

-4.69699000 0.67330100

0.23361500

0.08915100

0.20158100

255

Chapter 10
P5

01
C

-2.86998300 -0.16132600 0.16569500

C

-0.19438400 0.30058700 -0.16923500

C

-1.01710400 1.01939300 0.79949600

N

-2.37254000 0.66850300

O

-0.64299600 1.58350300 -0.50167600

O

-2.24775700 -0.75821200 -0.88176700

O

-0.77618600 -0.77591000 -0.85993400

H

-0.56494600 1.53080000

C

-4.29930200 -0.60006100 0.20307600

H

-4.76695000 -0.46163200 -0.77141300

H

-4.36009100 -1.65927000 0.45367200

H

-4.82425600 -0.01265200 0.94979600

C

1.27196000 0.03742900 -0.06341000

C

1.74828300 -1.21654300 0.32285500

C

2.17032500 1.06933100 -0.32664900

C

3.11439300 -1.42939700 0.44961800

H

1.05280700 -2.02031300 0.51744400

C

3.53663500 0.84976300 -0.19809100

H

1.79152200 2.03502700 -0.62865500

C

4.01107500 -0.39772300 0.19015700

H

3.47922300 -2.40238800 0.74961800

H

4.22976200 1.65407700 -0.40432200

H

5.07482500 -0.56692300 0.28887700

0.98753900

1.63816100

TS5

01
C

2.83363600 -0.24524400 -0.27925500
256

Chapter 10
C

0.15974900 0.32907600

0.52886000

C

1.03427300 1.19546900 -0.41081700

N

2.37013200 0.92629600 -0.59359900

O

0.54528300 1.70417100

O

2.20369900 -1.18470800 0.35675600

O

0.82333600 -0.57965600 1.19200000

H

0.50843100 1.52454200 -1.30404400

C

4.22869900 -0.63365100 -0.67141800

H

4.81186500 -0.89120700 0.21157900

H

4.20760100 -1.50468500 -1.32652100

H

4.67854500 0.20748800 -1.19383400

C

-1.27026000 0.05379900 0.19503900

C

-1.71309800 -1.26428400 0.08466600

C

-2.16273500 1.10373500 -0.01824000

C

-3.03585300 -1.52644000 -0.24701200

H

-1.02211000 -2.07526200 0.26455100

C

-3.48627000 0.83358100 -0.34559800

H

-1.82312700 2.12395800

C

-3.92600700 -0.47975800 -0.46381100

H

-3.37238300 -2.55096300 -0.33129800

H

-4.17459400 1.65284700 -0.50389400

H

-4.95649600 -0.68694200 -0.71856400

0.79307900

0.08804500

P6

01
C

-3.26876100 -0.63178200 -0.11958200

C

0.44645400 1.24935500 -0.01968600

C

-1.91572000 1.29490700 -0.23231900

N

-3.04402300 0.75393800 -0.22644900

O

-0.76059700 0.56888700 -0.09065100
257

Chapter 10
O

-3.14977000 -1.37360300 -1.06409800

O

0.50716000 2.44729500

H

-1.77156400 2.36132900 -0.34676600

C

1.59436100 0.31848400

C

1.44163300 -1.06251400 -0.14796700

C

2.86944700 0.86508000

C

2.55925200 -1.88516600 -0.12571800

H

0.45810400 -1.48329000 -0.29168200

C

3.98039400 0.03729600

0.20245100

H

2.96908400 1.93511000

0.28960900

C

3.82603900 -1.33829900 0.05083500

H

2.44150900 -2.95294500 -0.24812800

H

4.96579100 0.46114400

H

4.69409800 -1.98358400 0.06871200

C

-3.78222900 -1.06180400 1.23240900

H

-3.06052700 -0.80641700 2.00990500

H

-4.70577300 -0.53007900 1.46269800

H

-3.96211700 -2.13281300 1.22963400

0.02165000

0.00499100

0.17752800

0.33831000

Cartesians Coordinates (B3LYP/6-311G(d,p))

2.4.

4-methyl-2,5-diphenyloxazole

4-methyl-2,5-diphenyloxazole

01
C

1.15221900 0.54257600

0.01366000

C

-1.02760200 0.50854200 0.00351500
258

Chapter 10
C

-0.57696400 1.80295300 0.07749400

N

0.80586700 1.79507000

O

0.08926900 -0.30197600 -0.03062000

C

-2.32724000 -0.14557300 -0.01148800

C

-2.44169500 -1.50890900 0.31252400

C

-3.49431200 0.56110900 -0.34878300

C

-3.68165300 -2.13564000 0.31097200

H

-1.55178100 -2.06814400 0.57132500

C

-4.73263600 -0.07132100 -0.34175700

H

-3.43171400 1.60141700 -0.63925600

C

-4.83455400 -1.42094200 -0.01101900

H

-3.74888100 -3.18730000 0.56632300

H

-5.62061400 0.49144700 -0.60711000

H

-5.80083700 -1.91193100 -0.00933300

C

2.49709100 -0.01864600 -0.01635200

C

2.71036100 -1.40043300 -0.11619200

C

3.59985700 0.84558100

C

4.00570000 -1.90593300 -0.14317300

H

1.86156400 -2.06990100 -0.17560400

C

4.88996000 0.33244500

0.02707400

H

3.42291200 1.91103200

0.13022900

C

5.09844000 -1.04379900 -0.07143700

H

4.16234900 -2.97583100 -0.22110300

H

5.73697500 1.00684400

H

6.10687300 -1.44109100 -0.09262200

C

-1.32875300 3.09108000 0.17475700

H

-2.22960600 2.98958100

0.78365200

H

-0.68286700 3.84448400

0.62709400

H

-1.62891600 3.46117200 -0.81160800

0.07923800

0.05448100

0.08265100

TS1
259

Chapter 10

01
C

-1.15114600 0.43794600 -0.16450300

C

1.00334200 0.35626500 -0.13267500

C

0.54306700 1.68193400 -0.47693300

N

-0.78681300 1.66744600 -0.52542400

O

-0.08621700 -0.43738500 -0.16753900

O

-0.59828300 0.70574300

1.88510300

O

0.63130000 1.04367800

1.69896400

C

-2.49766600 -0.11254100 -0.15782500

C

-2.72872400 -1.43206800 0.25046100

C

-3.57314300 0.70046200 -0.53814900

C

-4.02415400 -1.93529200 0.26058000

H

-1.89585100 -2.04519900 0.56923400

C

-4.86500300 0.18959900 -0.52332400

H

-3.37781500 1.72202800 -0.83800300

C

-5.09324100 -1.12803300 -0.12670900

H

-4.20199300 -2.95615300 0.57839600

H

-5.69589400 0.81943300 -0.81954500

H

-6.10269400 -1.52332200 -0.11448800

C

2.31564800 -0.27838200 -0.14964600

C

2.43294300 -1.64421200 -0.44890000

C

3.47329200 0.45857300

C

3.68238700 -2.25208500 -0.46868200

H

1.54295100 -2.21908700 -0.66959000

C

4.71898900 -0.15753800 0.12204300

H

3.39865600 1.50357800

C

4.82932900 -1.51235500 -0.18599200

H

3.76084000 -3.30705400 -0.70492300

H

5.60536500 0.42058100

H

5.80244300 -1.98946000 -0.20096600

C

1.34572800 2.91274700 -0.71797400

0.14078500

0.40982300

0.35638100

260

Chapter 10
H

1.76575100 3.28094000

0.22199600

H

2.16917500 2.73116300 -1.41326900

H

0.69247100 3.68401300 -1.12463900

P1

01
C

-1.11601100 0.39933900 0.18569200

C

0.95845800 0.30551700

C

0.52669600 1.64964100 -0.42460200

N

-0.75062300 1.67779200 -0.43534300

O

-0.09957400 -0.52335200 -0.21125500

O

-0.81746000 0.55346500

1.60553500

O

0.65262900 0.52422900

1.62003100

C

-2.51184000 -0.09172900 0.01058400

C

-2.83958300 -1.38539300 0.42609700

C

-3.48639700 0.73771200 -0.54346300

C

-4.14110700 -1.84929300 0.27475800

H

-2.07234600 -2.01538000 0.85848900

C

-4.78962300 0.26777900 -0.69037300

H

-3.21181600 1.73725800 -0.85357000

C

-5.11737800 -1.02302400 -0.28301200

H

-4.39611900 -2.85359700 0.59303100

H

-5.54793600 0.91098400 -1.12197700

H

-6.13247700 -1.38649500 -0.39817300

C

2.32531800 -0.26168500 0.02416100

C

2.59648700 -1.05187700 -1.09591600

C

3.34083800 0.01980300

C

3.87868000 -1.55446800 -1.29619100

H

1.80017200 -1.28089500 -1.79344100

C

4.62167100 -0.48591500 0.73438600

0.20589100

0.94117600

261

Chapter 10
H

3.12414900 0.61613400

1.81894800

C

4.89354300 -1.27074600 -0.38390300

H

4.08332700 -2.17269700 -2.16275600

H

5.40543400 -0.27070000 1.45154200

H

5.89116600 -1.66451700 -0.54157700

C

1.43058100 2.76889000 -0.79666800

H

2.00939700 3.08859100

H

2.14780500 2.45299300 -1.55963000

H

0.84685800 3.61174200 -1.16534600

0.07567300

TS3

01
C

-1.28977900 0.48400000 0.39361500

C

0.95358500 0.08287200 -0.08209700

C

0.49714700 1.54222300 -0.31627800

N

-0.77653500 1.62512500 -0.17139100

O

0.06949100 -0.73088100 -0.50599100

O

-0.79878300 0.13409600

1.59789400

O

0.61515000 0.28511500

1.60743100

C

2.40341900 -0.28979200 -0.11671900

C

3.34960100 0.32972700

C

2.80974900 -1.29033300 -1.00274000

C

4.68850100 -0.04270600 0.63319300

H

3.03429000 1.07387600

C

4.15171500 -1.65208300 -1.08123500

H

2.06183500 -1.77700000 -1.61598200

C

5.09351300 -1.02847900 -0.26556200

H

5.41488600 0.43189200

H

4.46058600 -2.42666400 -1.77411600

H

6.13780900 -1.31426200 -0.32342000

0.70626700

1.42779500

1.28319600

262

Chapter 10
C

-2.64749600 0.01568300 0.12691300

C

-3.08440600 -1.20128200 0.66613400

C

-3.50095100 0.77326300 -0.68452400

C

-4.37138800 -1.64979400 0.39825000

H

-2.40433300 -1.78709100 1.27044800

C

-4.78610100 0.31553100 -0.94894900

H

-3.14819100 1.71388200 -1.08723500

C

-5.22282500 -0.89316300 -0.40740600

H

-4.70974000 -2.59322800 0.81037300

H

-5.44920200 0.90189200 -1.57427900

H

-6.22601500 -1.24768100 -0.61595000

C

1.35786900 2.70053200 -0.67282800

H

1.96343100 2.46887200 -1.55360200

H

0.74487000 3.58155700 -0.85954900

H

2.05573100 2.91423700

0.14117300

P4

01
C

1.18303600 -0.03662600 -0.44710500

C

-1.32477100 0.78828500 0.80570000

C

-0.48274000 1.58689900 -0.20217500

N

0.66745600 1.23098400 -0.63360900

O

-0.94603900 0.79812400

O

0.31841000 -0.98082300 -0.59878100

O

0.65693100 -2.31384700 -0.57480800

C

-2.59193400 0.15606500 0.36219900

C

-2.89015500 -0.02549600 -0.99333800

C

-3.49610700 -0.28514100 1.33742600

C

-4.08335400 -0.63290000 -1.36946700

H

-2.17766800 0.27689500 -1.75233500

1.95931300

263

Chapter 10
C

-4.68903400 -0.88538100 0.95908000

H

-3.23936500 -0.14943800 2.38085800

C

-4.98408100 -1.05821700 -0.39449900

H

-4.30634100 -0.78395800 -2.41905600

H

-5.38870000 -1.22406400 1.71437200

H

-5.91387500 -1.53184400 -0.68889000

C

2.60676100 -0.18105400 -0.19156900

C

3.20280300 -1.41543500 0.13916900

C

3.41240800 0.97729200 -0.24999400

C

4.56600200 -1.47162800 0.40901300

H

2.57658400 -2.29280200 0.17247700

C

4.76979800 0.90166000

H

2.95610800 1.92111200 -0.51478900

C

5.35172700 -0.32408500 0.34556400

H

5.01606600 -2.42332100 0.66686300

H

5.37905600 1.79636700 -0.04106900

H

6.41516400 -0.38086900 0.55019600

C

-1.01158300 2.95039100 -0.53888300

H

-2.00403100 2.88212100 -0.99356200

H

-1.12412700 3.53579900

H

-0.32814400 3.46170800 -1.21548700

0.01382400

0.38022100

TS4

01
C

1.43322200 -0.04679100 -0.14997200

C

-1.23839100 0.10657000 0.57372600

C

-0.45900100 1.24053100 -0.02333900

N

0.84168500 1.14042200 -0.25099100

O

-0.92856500 0.19471500

O

0.83554800 -1.20504100 -0.08234000

1.80327600

264

Chapter 10
O

-0.58570700 -1.20226200 -0.20854300

C

2.89829400 -0.13738600 -0.11326000

C

3.54832400 -1.37899700 -0.01570700

C

3.65539700 1.04208100 -0.17551500

C

4.93456900 -1.43206200 0.01714700

H

2.96484800 -2.28850300 0.03747600

C

5.04241100 0.97812900 -0.14433400

H

3.13775400 1.98866600 -0.24814900

C

5.68357400 -0.25606700 -0.04765300

H

5.43409800 -2.39044600 0.09472000

H

5.62427000 1.89094200 -0.19328700

H

6.76636500 -0.30310500 -0.02122300

C

-2.67615200 -0.12931100 0.15020100

C

-3.06534100 -0.20348500 -1.19038400

C

-3.63264300 -0.26568400 1.15593000

C

-4.40342300 -0.40486600 -1.51898200

H

-2.32070600 -0.12254000 -1.97435800

C

-4.96984400 -0.46898900 0.82688400

H

-3.30027500 -0.20656000 2.18540800

C

-5.35735800 -0.53712100 -0.51057500

H

-4.70150100 -0.46525400 -2.55984700

H

-5.71015100 -0.57384300 1.61233600

H

-6.39923200 -0.69380800 -0.76743800

C

-1.08817800 2.58445300 -0.15333600

H

-1.77146600 2.76373300

H

-0.32847500 3.36357800 -0.20174500

H

-1.69029100 2.60887100 -1.06935400

0.67826900

P5
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C

-1.46149200 0.11081100 -0.12638700

C

1.26161900 0.12633000 -0.38122200

C

0.50883400 1.30889500

0.06238600

N

-0.88143400 1.15976700

0.30694600

O

0.95044600 1.08177200 -1.34362900

O

-0.85787800 -0.90853300 -0.80628100

O

0.55486700 -1.10102500 -0.45524800

C

2.68764900 -0.20693500 -0.07678200

C

3.69959900 0.31650000 -0.88305900

C

3.01196600 -1.03343100 1.00355800

C

5.03180300 0.02221900 -0.60371200

H

3.43156100 0.95111100 -1.71867400

C

4.34476900 -1.32372500 1.27774400

H

2.22367800 -1.44902900 1.61933000

C

5.35626700 -0.79656000 0.47574400

H

5.81555400 0.43072300 -1.23144900

H

4.59424700 -1.96305800 2.11684600

H

6.39393200 -1.02432900 0.69191200

C

-2.91861900 -0.11039700 -0.00102500

C

-3.49027400 -1.36595600 -0.24234600

C

-3.73653700 0.96503200 0.37064100

C

-4.86448800 -1.54034500 -0.10886800

H

-2.85864700 -2.19640900 -0.52798400

C

-5.10625100 0.78222700 0.50508100

H

-3.27773700 1.92862100

C

-5.67382400 -0.46991100 0.26427900

H

-5.30236300 -2.51429900 -0.29456600

H

-5.73477300 1.61676000

H

-6.74420600 -0.60896600 0.36672400

C

1.12487600 2.50183500

0.73300600

H

0.64883200 3.41034300

0.35578300

H

0.94828900 2.44959500

1.80960800

0.55013800

0.79408500
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H

2.19681500 2.55331400

0.54667400

C

1.45410500 0.01181000

0.16808200

C

-1.34303900 0.13268100 0.71107700

C

-0.47506500 1.31688200 0.17081500

N

0.90779400 1.18811100

0.19827600

O

-1.15405500 1.39372400

1.39944300

O

0.81835100 -1.12775800 0.28638300

O

-0.63956200 -0.88104000 1.16543000

C

-2.71052400 -0.18879200 0.19370200

C

-2.90917500 -1.36499900 -0.53534600

C

-3.79254200 0.65362900 0.45941900

C

-4.17696500 -1.68233800 -1.01163000

H

-2.07087900 -2.02705500 -0.71492300

C

-5.06149100 0.32586300 -0.01382600

H

-3.63477300 1.55125700

C

-5.25650800 -0.83819000 -0.75297300

H

-4.32383600 -2.59358900 -1.58031100

H

-5.89868400 0.98025700

H

-6.24450600 -1.09027800 -1.12106200

C

2.91734800 -0.13450100 -0.02714500

C

3.57381100 -1.31527200 0.34075500

C

3.64294000 0.92629200 -0.58151400

C

4.94883300 -1.42663200 0.16215800

H

3.00475900 -2.12819400 0.77278000

C

5.01679800 0.81028000 -0.75146900

H

3.11573800 1.82914900 -0.86243200

C

5.67090300 -0.36625500 -0.38251500

TS5

01

1.04387300

0.20154100
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H

5.45790300 -2.33806900 0.45343700

H

5.57920000 1.63356500 -1.17672600

H

6.74263300 -0.45540800 -0.52057000

C

-0.99367400 2.15823700 -0.97236000

H

-2.08094800 2.16115400 -1.00837200

H

-0.63497800 3.18065500 -0.82864500

H

-0.59859300 1.78819300 -1.91995000

P6

01
C

-1.73670300 0.30858300 -1.21809000

C

1.75615200 1.01618700

C

-0.20886300 1.97873300 -0.55412100

N

-1.36924200 1.63286200 -0.90368700

O

0.77360900 1.00198400 -0.42975400

O

-1.30012000 -0.26434500 -2.19459900

O

1.77434300 1.79339100

C

0.18866700 3.40958000 -0.36667100

H

0.41443900 3.61258400

H

1.09147200 3.62549200 -0.94454300

H

-0.62756100 4.04214100 -0.70912500

C

-2.77370400 -0.29004200 -0.32367500

C

-3.35608700 0.42192900 0.73071600

C

-3.16128300 -1.61438100 -0.56048000

C

-4.30818800 -0.18764100 1.54264300

H

-3.06949000 1.45182600

C

-4.11093700 -2.22072000 0.25188800

H

-2.70375600 -2.14548600 -1.38593500

C

-4.68529500 -1.50813900 1.30547200

H

-4.75890900 0.36815200

0.53718400

1.45444900

0.67992000

0.90132200

2.35694700
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H

-4.40619000 -3.24716400 0.06617800

H

-5.42778600 -1.98128100 1.93852300

C

2.74461400 -0.06446800 0.29847000

C

3.81504400 -0.17432000 1.19436000

C

2.63277100 -0.95766700 -0.77468800

C

4.76987400 -1.16705700 1.01618400

H

3.87947800 0.52464700

C

3.59223700 -1.95020500 -0.94553900

H

1.79767900 -0.87415700 -1.45782200

C

4.65894600 -2.05537300 -0.05401300

H

5.59905200 -1.25080500 1.70901500

H

3.50617900 -2.64315800 -1.77427800

H

5.40395500 -2.83105500 -0.19191700

Appendix III.

2.01891300

Supplementary information for chapter 9

A brief experimental analysis for identifying pyrrole photo-oxidation products was performed
by irradiating a solution of 1 mM pyrrole and 30 μM rose bengal (RB) in methanol (solvent)
in a photo-reactor illustrated in Fig. S9.1. Eight green LED strips (10 pcs / light) operated at
24 V were deployed as the light source and synthetic air was bubbled into the solution with
flow rate of 50 mL/min. The product samples were collected and analysed by Shimadzu
GCMS-TQ8040.
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Figure S9.1: Schematic representation of horizontal and vertical cross-sections of the photoreactor

The GC/MS analysis conditions are as follows:
Column oven temperature = 30 °C
Column injection temperature = 250 °C
Injection mode = Split
Flow control mode = Linear velocity (72.1 cm/s)
Pressure = 49.6 kPa
Purge flow = 6.0 mL/min
Column flow = 2.0 mL/min
Split ratio = 10
Program column oven temperature:
Rate
Final temperature
30.0
5.0
270.0

Hold time
1.0
1.0

Total program time = 50.00 min
Interface temperature = 300 °C
Ion source temperature = 200 °C
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TIC chromatogram for the products of pyrrole photo-oxidation for the retention time between
7.5 min to 50 minutes is depicted in Fig. S9.2. The black line associates with the reactant which
is composed of 1 mM pyrrole and 30 μM RB in methanol. The purple line is obtained after the
reactant solution is solely bubbled with air in the absence of light. The blue line is acquired
after the reactant solution is bubbled with air and irradiated with the green LED light.

Figure S9.2: TIC chromatogram for samples from pyrrole photo-oxidation.

The MS spectra for peak (1) and peak (2) are illustrated in Fig S9.3 and S9.4, respectively. It
should be noted that we were unable to identify the structure of peak (2).
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Figure S9.3: Mass spectroscopy of peak (1) that is analogous to the maleimide one.

Figure S9.4: Mass spectroscopy of peak (2).
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