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Abstract

Certain oxygen free radicals are produced constantly in cells by metabolism and
exogenous agents. Some, such as the hydroxyl radical, may react with various
biomolecules like DNA, lipids or proteins, and thus be involved in the pathogenesis of
various diseases. It is often difficult to detect oxygen free radicals due to their relatively
short half-life. This problem may be overcome, however, using the spin trapping
technique. In this technique, the spin-trap compound is used to trap free radicals, making
them stable enough to be analysed using techniques like Electron Paramagnetic

Resonance (EPR) spectroscopy or Mass Spectrometry (MS).

In the current study, Fenton chemistry has been used to generate hydroxyl radicals. Since
the hydroxyl radical adduct of the spin-trap N-tert-butyl-a-phenylnitrone (PBN) is short-
lived at room temperature a secondary trapping technique is employed. The resulting
spin-trapped species have been sampled using solvent-free extraction approaches i.e.
Headspace Solid Phase Microextraction (HS-SPME) or Thermal desorption (TD), and
the extracted products then detected and identified by using gas chromatography-mass
spectrometry (GC-MS). GC-MS provides an alternative to other traditional techniques
like EPR spectroscopy, as it provides more detailed information about structure of the

radical adduct.

Aldehydes are some of the most important products of oxidative stress, mostly produced
through lipid peroxidation, and potentially may be used as biomarkers for different
diseases. Their reactivity, production in low quantities and need of derivatisation are
some of the challenges faced by analytical chemists to detect them. In the current
research, aldehydes are used as secondary source of radicals in the Fenton reaction to
produce aldehyde related free radicals. The developed method is not only a solvent free
approach but also there is no need of derivatisation. It has the potential to be used as a

biomarker assay of oxidative stress.
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Chapter 1

Introduction



1. Free radicals

In most of the stable atoms and molecules, electrons are in pairs. In contrast, free radicals
are atoms or molecules with one or more unpaired electrons; the unpaired electron is
usually represented by a dot on atom/molecule (Webb, 2013; Halliwell, 2001b). Some
examples of free radicals include: hydroxyl (OH"), the hydrogen atom (‘H) and
superoxide (O2™) free radicals. Due to paramagnetic behaviour, free radicals are attracted
towards a magnetic field (McMillan, 1961). They also tend to be highly reactive species.
Free radicals generally try to capture an electron from another molecule/atom/ion to gain
stability and this feature makes them potentially destructive to cells (Sarma, Mallick &
Ghosh, 2010).

1.1 Formation of Free radicals:

Radicals may be formed by losing or gaining a single electron from a non-radical
species. A cationic radical is formed when the electron is lost (Scheme 1.1) whilst
anionic radicals are the result of gaining an electron (Scheme 1.2). Homolytic fission of
covalent bonds also results in the formation of free radicals (Scheme 1.3). Ultraviolet
light, heat or ionizing radiation provides sufficient energy to break covalent bonds
(Halliwell and Gutteridge, 2015).

o+
X -€ > X
Radical cation

Scheme 1.1: Formation of a radical cation by the loss of an electron

Y +€ >y
Radical anion

Scheme 1.2: Formation of the radical anion by the gain of an electron

AB Homolytic fission o A , g

Scheme 1.3: Formation of free radicals by the homolytic fission of an organic molecule



1.2 Sources of Free Radicals:

The mitochondrial electron transport chain, oxidation in the endoplasmic reticulum,
inflammatory cell activities, and other enzymatic activities are some of the biochemical
processes where free radicals are being produced within the human body. The
mitochondrion is the powerhouse of the cell which has a central role in the respiratory
chain and thus the generation of reactive oxygen species (ROS) (Poyton, Ball & Castello,
2009; Chance, Sies & Boveries, 1979; Inoue et al., 2003). Free radicals help fight against
infections and foreign invaders like micro-organisms that is why they are produced
regularly by the immune system. Energy production increases during the condition of
stress which in turn results in the production of more free radicals. Reduction of oxygen
to water is a continuous process and a major source of ROS in the body (Sarma, Mallick
& Ghosh, 2010). Different sources of ROS are shown in Table 1.1 (Bagchi and Puri,
1998) and Figure 1.1 (Al-Dalaen & Al-Qtaitat, 2014).

Cigarette smoke, inflammation, radiation constituents of ozone, alcohol, compounds of
chlorine and metal ions are some of the external factors which can trigger the production
of free radicals (Sivanandham, 2011; Klaunig et al., 1997; Miller, Buettner & Aust,
1990; Poyton, Ball and Castello, 2009; Chance, Sies and Boveries, 1979). Other sources
include cleaning products, paints, perfumes and even some medications. Exposures to X-
rays also increase the level of ROS in the body. Coffee, alcohol, food of animal origin,
food cooked at high temperature, hydrogenated vegetable oils and sugar are also
responsible for the increased production of ROS (Sarma, Mallick & Ghosh, 2010).

Table 1.1: Sources of Free radicals (Bagchi & Puri, 1998)

Internally generated sources Externally generated sources
Mitochondria Cigarette smoke

Phagocytes Environmental pollutant
Exercise Radiation

Inflammation UV light

Peroxisomes Certain drugs/ Pesticides
Ischaemia/reperfusion Ozone
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Figure 1.1: Different sources of Reactive Oxygen Species (Al-Dalaen & Al-Qtaitat,
2014)

1.2.1 The Fenton reaction:

Most of the hydroxyl radicals generated in a living system are produced by this
mechanism (Melin et al., 2015). Under controlled conditions, this reaction may be used
to generate "OH in laboratories for studies. The reaction is named after H. Fenton who
described it in 1894. The reaction involves the reduction of H.O. by Fe?* to produce a
hydroxyl radical and hydroxyl ion (Scheme 1.4).

Fe?* + H,0» » Fe3* + OH + "OH

Scheme 1.4: The Fenton reaction



1.2.1.1 The Haber-Weiss reaction:

A chain reaction of free radical generation is triggered by the superoxide radical. Fe**, a
product of the Fenton reaction, is reduced by O>" to Fe?*. The net reaction is termed as
Haber-Weiss reaction and is shown in scheme 1.5 (Lemire, Harrison & Turner, 2013;
Powell & Hall, 1990; Kissner et al., 1997).

Fe?* + HO, —————— Fe®* +"'OH + OH Fenton reaction

“O2+HO0) ——mMM . 0O, +0OH+OH

Scheme 1.5: Haber-Weiss reaction

Besides the Fenton reaction, highly reactive hydroxyl radicals are also produced when
water is exposed to ionizing radiation (Attri et al., 2015). Reduction of many oxidases

also produces H2O: in the human body (Sivanandham, 2011).
1.2.2 Reactive Oxygen Species (ROS)

Radical species derived from molecular oxygen which are more reactive than oxygen
itself are termed as Reactive Oxygen Species (ROS) (Halliwell and Gutteridge, 2015). It
is the most important class of free radicals. Both exogenous and endogenous sources
contribute to the production of ROS; smoke, drugs, radiation, and pollution are
exogenous (Miller et al., 1990) while inflammation, peroxisomes, and mitochondria are
some of the endogenous sources contributing to an increased level of ROS (Klaunig et
al., 1997; Al-Dalaen & Al-Qtaitat, 2014).

Oxygen may accept an unpaired electron which results in the formation of the superoxide
anion (O2). This in turn leads to the formation of hydrogen peroxide (H202) and then
the hydroxyl ("OH) radical (Figure 1.2) which may start chain reactions, the potentially
damageing process for the cells (Riley, 1994; Lushchak, 2014).

The superoxide anion radical (O2") has a very short half-life and acts as an intermediate
in the production of H>O> (Figure 1.2). Hydrogen peroxide is a stable molecule but may

be converted into hydroxyl radicals, highly reactive species with a half-life of 10



seconds and thus potentially damageing to biomolecules (Dalle-Done et al., 2006;
Erzsebet et al., 2016). However, further one-electron reduction of the hydroxyl radical,
as occurs in mitochondria, leads to the generation of water. The overall process whereby
molecular oxygen is reduced to water is called oxidative phosphorylation (Alessio and
Blasi, 1997).

The peroxyl radical (ROO"; also known as hydroperoxyl radical) is another ROS and
may be formed by the protonation of superoxide anion (O2") (De Grey, 2002). It can
initiate lipid peroxidation and thus a chain reaction which is potentially destructive to the
cellular membrane (Aikens and Dix, 1991).

0, —— 0, —— H,0,—= * LHO
&~ s 2I_l+ & & H() H()
4e|4H™
| e, H' (H)
2H,0=

H'

Figure 1.2; Reduction of molecular oxygen to water via four one-electron steps
(Lushchak, 2014)

1.2.2.1 The hydroxyl radical

The hydroxyl radical is the most reactive known oxygen radical (Halliwell and
Gutteridge, 2015). It is mainly produced inside the cell from hydrogen peroxide through
the Fenton reaction (Scheme 1.4). Besides this reaction, there are other ways it can be
produced inside the living cells e.g. homolytic fission of hydrogen peroxide by UV light
may produce hydroxyl radicals (Dizdaroglu and Jaruga, 2012). High energy ionizing
radiation may also produce hydroxyl radicals from water in cells. Exposure to ultrasound
waves is also known to produce hydroxyl radicals. For example, hydroxyl radicals have
been generated during cataract removal when using an ultrasonic probe (Murano et al.,

2008) and also from fragmentation of a kidney stone using shock wave lithotripsy



(Ghulam et al., 2011). In addition, hydroxyl radicals are produced during oxidative stress
and during the period of ischaemia when the body is in the condition of hypoxia
(Lipinski, 2011).

Reactions of the hydroxyl radical include hydrogen atom abstraction, addition and
electron transfer reactions (Schacker et al., 1991). The hydroxyl radical may abstract a
hydrogen atom from an organic compound e.g. ethanal to form water and carbon
centered radical by leaving behind an unpaired electron on the carbon. In “addition”

reactions, the hydroxyl radical may react with aromatic compounds like benzene or with
compounds having double bond. In electron transfer reactions, ‘OH may react with ions

(e.g halides) to exchange ions and convert them into free radical (Halliwell and
Gutteridge, 2015).

The hydroxyl radical may react with all types of biomolecules including lipids, proteins
and DNA thus causing them damage which may lead to various consequences (Imlay,
2003). Directly or indirectly hydroxyl radicals are the cause of many life-threatening
diseases like stroke, Alzheimer’s disease, rheumatoid arthritis, respiratory, kidney
failure, cardiovascular diseases and cancer (Baradaran et al., 2014; Nasri and Rafieian-
Kopaei, 2014; Bocci and Valacchi, 2013; Halliwell, 1996; Shigenaga, Hagen & Ames,
1994; Halliwell, 1994).

Due to high reactivity and short lifetime, it is difficult to measure hydroxyl radicals. The
three general approaches usually used to measure them are (a) Electron paramagnetic
resonance (EPR) spectroscopy, for the measurement of radicals following spin-trapping,
(b) the measurement of hydroxyl radical-induced damage, e.g. oxidised DNA, protein
etc, after the reaction of free radicals with these molecules, and (c) the measurement of
hydroxylation products of aromatic compounds like aromatic amino acids (Themann et
al., 2001). Examples of techniques that may be used to measure hydroxyl radical-
induced damage include deoxyribose assay, EPR (Halliwell and Gutteridge, 2015), GC-
MS (Dizdaroglu, 1991), HPLC coupled with a variety of detectors including
electrochemical detection (ED) (Bergh et al., 2000).



1.2.3 Reactive Nitrogen Species (RNS)

Reactive Nitrogen Species (RNS) include a wide range of compounds derived from nitric
oxide (NO"). In biological tissues, nitric oxide synthases (NOSs) generate nitric oxide
(Ghafourifar and Cadenas, 2005). Nitric oxide is relatively stable and plays an important
role in regulating different vital physiological processes such as cellular defence and
blood pressure regulation if present in a small amount (Bergendi et al., 1999). It reacts
with other free radicals to produce RNS, for example, the reaction of nitric oxide with
superoxide will produce peroxynitrite anion (ONOQO"). This anion may react with thiols
to produce thiyl radicals leading to thiol oxidation (Patel et al., 1999). It can also
potentially break the DNA strand as well when to attack the sugar-phosphate backbone
through the process of oxidation and nitration (Carr et al., 2000). Increased production of
RNS is called “nitrosative stress” which is potentially damageing to the cell constituents
(Volka et al., 2007).

1.3 Oxidative Stress:

Sies (1991) introduced the term “oxidative stress” in the title of a book in 1985. The term
was defined in the second edition of the book published in 1991 as “a disturbance in the
proxidant antioxidant balance in favour of the former, leading to potential damage”.
Velavan et al. (2007) defined it as an imbalance between ROS and antioxidants (defence

system).

1.3.1 Causes of Oxidative stress

Two major reasons behind oxidative stress are reduced levels of antioxidants or
increased levels of ROS/RNS production. Decreased level of dietary antioxidants can be
the cause of dropped level of antioxidants in the body while elevated toxin levels or
inflammation can increase the production of ROS. Mutual association between oxidants

and antioxidants in the body is shown in Figure 1.3 (Durackova, 2010).



1.3.2 Consequences of oxidative stress

Oxidative stress may lead to a situation where cells can die (necrosis) thus
initiating/accelerating some fatal diseases. Three possible scenarios are:

i- Cells may adapt to survive oxidative stress, for example, rats exposed to elevated
oxygen can tolerate oxidative stress much longer than control rats.

ii- All the molecular targets like protein and DNA will be damaged during the

oxidative stress.

ili- Apoptosis and necrosis are phenomena triggered by oxidative stress. The intrinsic
“suicide mechanism” of the cell is activated during the former, thus leading to
the death of the cell. This happens in many neurodegenerative diseases. In the
latter process, the cell swells and ruptures, affecting adjacent cells by the

contents released (Halliwell, 2001).
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Figure 1.3: Mutual associations between oxidants and antioxidants (Durackova, 2010).
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1.4 Antioxidants:

Antioxidants are compounds (natural or synthesized) which prevent oxidative damage by
reacting with free radicals before they target important bio-molecules of the cell.
Antioxidants react with free radicals to terminate the chain reaction thus helping to
reduce the damage. "‘OH radicals have a strong affinity for double bonds converting them
to single bonds after the reaction. This is the basic phenomenon behind the scavenging
activity of compounds like polyphenolic natural substances and omega-3-fatty acids. All
compounds with double bonds show scavenging activity thus lowering the effect of ROS
(Liu et al., 2011; Czapski, 1984). Salicylates having a phenolic ring in their structure,
and with an “available” ortho-position, also act as scavengers and protect against free
radicals (Podhaisky et al., 1997; Kim et al., 2001). Flavonoids present naturally in fruits
and vegetables are also antioxidants (Areias et al., 2001). Soybean contains genistein
which can scavenge ‘OH radicals (Zielonka, Gebicki & Grynkiewicz, 2003). Many
reducing agents like ascorbate, tocopherols, and purines act as antioxidants which can
reduce the ROS to less reactive forms (Proctor & Reynolds, 1984; Carr, Zhu & Frei,
2000; Al-Dalaen & Al-Qtaitat, 2014).

To take more antioxidants is a way to neutralize the effects of free radicals thus reducing
oxidative stress. Various natural foods like beans and berries are high in antioxidants. By
lowering the concentration of free radicals, it may be possible to reduce the damage
caused by oxidative stress and help to avoid many diseases (Mastaloudis, Lenoard and
Traber, 2001).

Physical activity plays a vital role as a natural antioxidant “booster” but strenuous
exercise can lower the antioxidant level (Vinna et al., 2008). Living species have
antioxidants specific to radical species but this natural defence system is not strong
enough to stop all free radicals from reacting with biomolecules thus potentially leading
to cancer-like consequences (Alessio & Blasi, 1997; Sarma, Mallick & Ghosh, 2010).
There are different working mechanisms of antioxidants:

i- Scavenging active free radicals.

ii- Repairing/clearing damage.

iii- Reduction of hydroperoxides (ROO") and H.O> by suppression of active species
production.
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Oxidative stress can be minimized by natural antioxidants which strengthen the
endogenous antioxidant defence system to restore balance (Velavan et al., 2007). Both
endogenous and diet-derived molecules make a network complex of antioxidant defence,

for example:

i- Oz is removed by converting it into H2O2. The enzyme system responsible is

superoxide dismutase (SOD).

+
20, + 2H SOD

Cu (1)

> H,0, + O,

ii- The H202 produced is also dangerous for living cells and is then converted into

water and O2 by the catalase enzyme.

SOD Catalase

Cu () Fe (Il)

02 T" 02.' _— H202 e H20 + 02
NADHMNADPH oxidase
Xanthine oxidase

Lipoxygenase NO Fenton reaction
Cycloxygenase

P-450 monooxygenase
Mitochondrial oxidative- ' '

'ONOO- ‘OH

Figure 1.4: Production of different ROS in the body (Al-Dalaen & Al-Qtaitat, 2014).

Glutathione peroxidase and catalase are also part of antioxidant defence (Heilek &
Noller, 1996; Barciszewski et al., 1997). Non-enzymatic antioxidants like ascorbic
acid/ascorbate, alpha-tocopherol and beta-carotene also operate inside the body to break
the chain reaction of free radicals (Petersen et al., 2000; Caro & Puntarulo, 1996).

Nicotinamide adenine dinucleotide phosphate (NADPH) production helps to maintain

11



the reducing environment of the cell which in turn lowers the production of free radicals
(Beckman & Ames, 1998). Many scavengers of low molecular weight (LMW) also help
to neutralize the effect of free radicals. A balanced diet containing fruits, vegetables, and
whole grain lowers the free radical stress, thus, helps defend the body from many
diseases (Dauchet, Amouyel & Dallongeville, 2009). The mechanism of production of
key ROS and related species in the body is outlined in Figure 1.4 (Al-Dalaen & Al-
Qtaitat, 2014).

1.5 Benefits of Free Radicals:

Although in general, free radicals are harmful to living organisms, this is not always the
case. They help in the normal functioning of many systems both physiologically and
biochemically. For example, phagocytes activation produces a burst of ROS which attack
and inactivate microorganisms thus helping to defend the body against foreign invaders.
Free radicals also play an important role in growth and regulation when serving as a
physiological messenger for cell signaling (Saugstad, 2000; Droge, 2002). Some free
radicals have a role in controlling the blood flow through arteries which, in turn, is
helpful to keep the brain alert and active, especially during exercise (Trinity, Broxterman
and Richardson, 2016). Also, cancer cells may be destroyed by free radicals (Sarma,
Mallick & Ghosh, 2010). Polyunsaturated fatty acids (PUFAS) produce lipid peroxides
that contribute to oxidative stress but, in a recent study, their beneficial effect was noted
in diseases known to be associated with ROS (Schmidt, 1997). In fact, PUFAs protect
the body when oxygen supply is low. Fibrosis and wound healing promoted by the
growth of epithelial cells and fibroblasts may also be initiated by ROS (Turner, 1996) but
crucially important is their concentration, which can cause different disorders when
increased. Some of the pathological aspects of free radicals are outlined in Figure 1.5
(Sivanandham, 2011).
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Figure 1.5 Pathological roles of ROS (adapted from Sivanandham, 2011).

1.6 Chain reaction and damage by free radicals

Free radicals initiate chain reactions when reacting with other non-radical molecules of
the body, a very damageing process. Most biological molecules are non-radicals. New
radicals are generated when these non-radicals are attacked by free radicals. For
example, a carbon-centered radical is generated when hydrocarbons are attacked by an
"OH radical. Newly generated carbon-centered radicals react readily with oxygen to form
peroxyl radicals (scheme 1.6 & 1.7). Bio-molecules attacked by free radicals result in
impaired cell function leading to ageing and eventually cell death. (Sarma, Mallick &
Ghosh, 2010).

R-H + HO' » R+ HO

Scheme 1.6: Production of an alkyl radical when a hydrocarbon is attacked by hydroxyl
radical

13



R*+ O > R-0-O°

Scheme 1.7: Production of peroxyl radical from an alkyl radical

Carbon-centered peroxyl radicals will then attack membranes to produce lipid
hydroperoxides and a new carbon-centered radical (Scheme 1.8.1). This newly generated
carbon-centered radical will continue the chain propagation (Halliwell, 2001).

R-O-O" + Lipid > ROOH + Lipid’

(Scheme 1.8.1) (Lipid hydroperoxide)

Lipid® + O2 > Lipid-O-O°

(Scheme 1.8.2) (Fatty acid peroxy free radicals)
Lipid-O-O"+ RH > Lipid-O-OH + R’

(Scheme 1.8.3) (Alkyl radical)

Peroxyl radical attacks lipid to generate lipid hydroperoxide radical (scheme 1.8.1),
which is further oxidised to produce fatty acid peroxy free radical (scheme 1.8.2) which
in turn may attack hydrocarbon to produce an alkyl radical (scheme 1.8.3)

Types of Damage

All constituents of the cell are a target of free radicals. Some of the major cell

constituents with consequences of a free radical attack are summarized below.

1.6.1 Lipid hydroperoxide (LOOH)

Lipid peroxidation is defined as an oxidative destruction of poly unsaturated fatty acids
(PUFAS). A fatty acid radical (L") is produced by the oxidation of a PUFA. Fatty acid
radicals rapidly change into fatty acid peroxy radicals (LOQO") when exposed to oxygen
(Scheme 1.8.1 & 1.8.2). By-products of the reaction can cause direct destruction of the
membrane or indirectly to other structures, right from protein to DNA & RNA.
Peroxidation of lipids affects the function of enzymes and receptors (Halliwell, 2001).
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1.6.2 Protein oxidation

ROS and RNS can cause oxidative modification of proteins resulting in the pathogenesis
of various diseases. The biochemical functions may be lost if the protein is oxidatively
damaged, especially at an active site. Modification of protein may lead to cancer,

ischaemia-reperfusion injury, and atherosclerosis (Sarma, Mallick & Ghosh, 2010).

1.6.3 Carbohydrates

Carbon-centered free radicals are produced when OH reacts with carbohydrates. This
can cause chain breaks in important molecules like hyaluronic acid. There is evidence
that rheumatoid arthritis is induced by an excess production of oxy-radicals but the

mechanism is not fully understood and need further investigation (Sivanandham, 2011).

1.6.4 DNA oxidation

The poly (ADP-ribose) synthetase enzyme is activated when free radicals cause damage
to DNA. Protective properties of the cell are lost when damage is extensive (Sarma,
Mallick & Ghosh, 2010). Damage to DNA can be considered as most destructive as it
affects the cell cycle. DNA mutation can trigger many diseases like diabetes mellitus
(Dandona et al., 1996), cancer (Shu et al., 2017), inflammatory and liver diseases
(Sipowicz et al., 1997) and is suggested to be part responsible in the ageing process
(Nakao et al., 1999; Fraga et al., 1990).

1.7 Free radicals and Human diseases

As defined earlier, oxidative stress is the “imbalance between free radicals and reactive
metabolites called oxidants” (Reuter et al., 2010). A diagrammatic description of the
phenomenon is given in figure 1.6. The first documented evidence of oxidative stress
was a chromosomal mutation in pollens caused by higher oxygen level pressure (Conger
and Fairchild, 1952). The antioxidant defence system of the body copes with oxidative
stress under normal circumstances. However, increase in oxidative stress may induce

cancer (Sosa et al., 2013), rheumatoid arthritis, inflammation, diabetes, asthma, ageing
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(Lee, Koo & Min, 2004) and neurodegenerative diseases (Pham-Huy, He & Pham-Huy,
2008; Uttara et al., 2009).

Z=5

Pro-oxidants Anti-oxidants

Figure 1.6: Antioxidant/pro-oxidant balance in the cell (adapted from Reuter et al., 2010)

In biological systems, ROS plays a dual role since they can be beneficial or harmful
(Volka et al., 2007). However, damage is done when the balance is disrupted between
free radicals and antioxidants in favour of former. Some of the diseases which can be

induced by oxidative stress are listed in Figure 1.7 (Pham-huy, He & Pham-huy, 2008).
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Figure 1.7: Oxidative stress-induced diseases in humans (Pham-Huy, He & Pham-Huy,
2008).

1.7.1 Neurodegenerative diseases

Large amount of oxygen is needed for the functioning of the brain thus leading to a large
turnover of free radicals. Low levels of antioxidants around the brain and limited activity
from protective enzymes (Ferger et al., 1999) and high levels of ascorbate and iron (Fe*)
are the main causes of oxidative stress in the brain (Floyd & Carney, 1992) which can
lead to ataxia or dementia. Ataxia is a condition when there is functional loss whereas, in

dementia, there is sensory dysfunction of brain cells (Mattson, 2004).

Neurodegenerative diseases like Parkinson’s disease or Alzheimer's may be initiated or
triggered if the oxidative stress balance sways in the favour of pro-oxidants (Kumar et
al., 2012; Nikolova, 2012; Uttara et al., 2009; Simonian, 1996; Aslan & Ozben, 2004;
Perry et al., 2002).

Aggregation of proteins is associated with loss of specific neuronal cells which can lead
to neurodegenerative conditions like Alzheimer’s disease (AD), Parkinson’s disease
(PD) and sclerosis. Death or dysfunction of neuronal cells resulting in the loss of specific
population of the neuronal cell might be caused by oxidative stress thus contributing to
the pathogenesis of neurodegenerative diseases (Rahman et al., 2012).
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Products of LPO i.e. 2-hydroxy nonanal (2-HNE), malondialdehyde and F»-isoprostanes
were all elevated in the brains of patients with AD when compared to healthy controls
(Arlt, Beisiegel and Kontush, 2002). In another study, levels of F»-isoprostanes were
elevated in cerebrospinal fluid of patients with Huntington’s disease as compared to a
healthy group (Montine et al., 1999). These studies provide some evidence of free

radical damage in the pathogenesis of neurodegenerative diseases.

DNA modification is another possibility when cells are under oxidative stress. One study
found that levels of 8-hydroxyguanine and 8-hydroxy-2-deoxyguanosine (formed by the
attack of hydroxyl radical on guanine base of the DNA) were elevated in patients with
PD disease (Alam et al., 1997). In Parkinson’s disease a-synuclein, a protein that plays
role in the functioning of mitochondria was modified by the products of LPO and
accumulated in the cytoplasm, thus providing evidence of oxidative damage during the
progression of neurodegenerative disease (Dasgupta and Klein, 2014).

Neuronal cells are more vulnerable with increasing age. This is because high
concentrations of redox metals like copper, zinc, and iron accelerate the production of
free radicals at the junction of neuronal environment, thus triggering various
neurodegenerative diseases (Takahashi et al., 2001; Uttara et al., 2009). Moreover, high
levels of PUFA in neuronal cells and a poor antioxidant defence system make the

nervous system vulnerable to oxidative stress (Dasgupta and Klein, 2014).

1.7.2 Cardiovascular diseases

Raised level of cholesterol, smoking, hyperglycemia, stress and physical inactivity are
some of the risk factors in developing cardiovascular disease (CVD). In recent years,
various studies have established a strong link between oxidative stress and
development/progression of CVD (Bhattacharya, Ahmed and Chakraborty, 2011).
Cardiovascular function is affected by oxidative stress in two ways, either by the
development of atherosclerosis on a long-term basis or involving sudden damage during
stroke or heart attack (Dhalla, Temsah & Netticadan, 2000).

Atherosclerosis is a condition, in which, lipoproteins are deposited in arteries, which can
lead to plaque formation and thus obstructing the arterial blood flow. Free radical

mediated oxidative damage can play an important role in the inflammatory state of
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atherosclerosis and its pathogenesis (Steinberg, 1997; Al-Dalaen & Al-Qtaitat, 2014).
Low density lipoproteins (LDL) may react with ROS to form oxidised form of low

density lipoproteins (oxLDL) which, in turn, can initiate the process of atherosclerosis.

Uncontrolled lipid peroxidation causes cellular damage with the result of plaque
formation causing coronary artery disease (Mclntyre & Hazen, 2010). Leukocyte binding
is facilitated by the expression of cellular adhesion molecules up-regulated by oxLDL,
which in turn can increase the rate of plaque formation leading to different medical
conditions including stroke and heart attack (Devasagayam et al., 2004). There is
evidence that ischemic injury can be reduced by the reversal of oxidative stress with
antioxidants (Wang et al., 2016).

1.7.3 Rheumatoid arthritis

Rheumatoid arthritis (RA) is an autoimmune disease in which joints are mistakenly
attacked by body’s immune system resulting in inflammation, which can lead to cartilage
and bone destruction in a chronic condition. Although there is no established link
between oxidative stress and RA, increased levels of LPO products, protein oxidation
and an impaired antioxidant system have been reported in patients with rheumatoid
arthritis. The level of MDA and protein carbonyls formed by the oxidation of lipids and
proteins, respectively, were higher while the levels of antioxidants were significantly
lower in RA patients as compared to healthy controls (Mateen et al., 2016). In another
study, similar results suggested that oxidative stress may be involved in the
pathophysiology of RA. The levels of reactive aldehydes, which are the products of LPO
i.e. malondialdehyde (MDA) & 4-hydroxy nonanal (4-HNE) were at a higher level both
in plasma and urine while the level of antioxidants was lower when compared with
control group (Luczaj et al., 2016). Structural and functional alterations of biomolecules
caused by ROS may have a significant role in the pathogenesis of RA. Phull et al. (2018)
demonstrated a strong association between oxidative stress and RA severity score.
Oxidative stress may not be the direct cause of RA but it may be triggered if levels of
ROS are elevated (Lemarechal et al., 2006).
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1.7.4 Cancer

Cancer is a multistage process having three distinct phases i.e. initiation, promotion and
progression. All three stages are affected by oxidative stress (Klaunig and Kamendulis,
2004). Damage to DNA may occur during initiation stage resulting in gene mutation and
structural changes. During the promotion phase, expression of the gene is affected by
reactive oxygen species resulting in an increased cell proliferation. Further DNA
alterations are added by oxidative stress in the progression phase (Klaunig et al, 1998).
Damage to bases and backbone of DNA causes gene mutations leading to cancer (Al-
Dalaen & Al-Qtaitat, 2014). Initially, it was thought that ROS increases the mutation rate
by acting simply as a tumour initiator (Jackson and Loeb, 2001) but later studies revealed
that in addition to tumour initiation, they are involved in certain signaling pathways
which can contribute to tumour formation (Storz, 2005). A direct link has been suggested
between the product of oxidised DNA, 8-hydroxyguanine (8-OH-G) adduct and the size
of a benign tumour; for example, an increase of up to 17-fold in primary breast tumours
as compared to non-malignant tissues of the breast has been observed (Musarrat,
Arezina-Wilson and Wani, 1996). Further understanding of this link might be helpful to

explain benign to malignant tumour transformation (Loft and Poulsen, 1996).

Inflammation is a part of the immune system in which body tries to remove harmful
stimuli. Radiation, allergens, chemicals, chronic diseases, tobacco, viruses and microbes
are some of the sources of inflammation (Reuter et al., 2010). Acute and chronic are the
two stages of inflammation. Acute inflammation is for short term only and is usually
counter attacked by the immune system for neutralization, while inflammation lasting for
a longer period-of-time is called as chronic inflammation. Various chronic illnesses
including cancer may be caused by chronic inflammation (Lin and Karin, 2007). Chronic
inflammation produces oxidative stress which may change the immune responses to
various external and internal stimuli thus creating an immune system chaos leading to

various chronic conditions including cancer (Rahal et al., 2014).

Metals like iron, copper, and chromium are essential for the normal functioning of
various enzymes and proteins. These metals act as a catalyst in Fenton-type chemistry.
Accumulation of iron is closely associated with colorectal (Huang, 2003) and renal

cancer (Toyokuni, 1996). Iron loading can also lead to the promotion of a liver tumour
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(Mizukami et al., 2010). Hydroxyl radicals produced by the Fenton reaction may activate

redox-sensitive transcription factors leading to tumour promotion (Vogt & Bos, 1990).

Lipid peroxidation (mentioned earlier in section 1.6) may cause malignant neoplasia of
the breast, ovaries and rectum (Barrera, 2012). In a recent review, clinical evidence of
oxidative stress in different types of cancers was discussed in detail. The levels of MDA
were elevated in patients with ovarian, oral, breast, lung and cervical cancer patients
(Sharma, Shrivastav and Shirvastav, 2014).

1.7.5 Lung diseases

Chronic inflammation and oxidative stress may be involved in the respiratory system
diseases like asthma and chronic obstructive pulmonary disease. Inflammation is
enhanced through activation of different kinases and redox transcription factors by the
oxidants (Hoshino & Mishima, 2008).

In many studies, it has been suggested that pathogenesis of asthma could be linked to
oxidative stress. Airway inflammation might be exacerbated by oxidative stress which in
turn stimulates mucin secretion and induction of chemical mediators, believed to be
linked with asthma (Rahman, 2003). More cases of asthma have been reported in areas

of air pollution, a major exogenous source of oxidants (Battaglia et al., 2005).

Pulmonary fibrosis is another condition in which lung tissues become thickened and
scarred over a period-of-time. There are many factors like radiation, drugs, an
autoimmune reaction that can initiate fibrosis, but several studies suggested that a critical
role is played by the oxidant/antioxidant imbalance in the pathogenesis of fibrosis
(Cantin et al., 1987; Montuschi et al., 1998).

1.7.6 Hypoglycaemia

Free radicals’ production can be triggered by hypoglycemia which can further aggravate
the complications of diabetes (Johansen et al., 2005). Elevated levels of MDA has been

detected in patients with longer duration of disease as compared to newly diagnosed type
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1 diabetes mellitus which indicates that production of free radicals has increased as the

disease has progressed (El-samahy et al., 2009).

1.7.7 Reproductive system

Fertility status may also be affected by oxidative stress (Makker, Agarwal and Sharma,
2009). Approximately 4000 compounds are present in tobacco smoke; which may cause
oxidative stress. There is also strong evidence of sperm DNA fragmentation with
smoking (Sun, Jurisicova and Casper, 1997). In another study, it was found that the
sperm of smokers are more sensitive to DNA mutation than non-smokers (Potts, et al.,
1999). In addition, reduced levels of antioxidants like vitamin C & vitamin E can

increase the risk of abortion (Barrington et al., 1996).

1.7.8 Cataract and glaucoma

Loss of retinal ganglion cells and increased intraocular pressure are characteristic
features of glaucoma. Mitochondria may lose their function in glaucoma patients thus
leading to oxidative stress which in turn can cause secondary degeneration
(Chrysostomou et al., 2013).

Opacification of the eye lens is termed as cataract. In human beings, UV light filter
becomes weaker with increasing age resulting in elevated oxidative stress if exposed to
sunlight (Vinson, 2006). Kaur et al. (2012) found the levels of LPO products were
significantly elevated in a group of cataract patients as compared to control group. In
addition, levels of antioxidants were severely depleted suggesting a role for oxidative
stress in the progression of cataracts. In another study, similar observations i.e. increased
LPO products and lower level of antioxidants were found when age-related macular
degeneration was studied in 25 patients and results were compared with a group of
healthy controls (Yildirim, Ucgun and Tildirim, 2011). Age-related disorders of the
retina and cataracts are also caused by oxidative stress (Tavafi, 2013; Bagchi & Puri,
1998; Dalle-Donne et al., 2006). The leading cause of irreversible blindness is primary
open angle glaucoma, which may be triggered by ROS damage (lzzotti, Bagnis & Sacca,
2006).
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1.7.9 Immune system

The immune system of the body aids the defence against oxidative stress (Poli et.al.,
2004). The immune system of the body becomes weaker with the age and thus lowers the
fighting capabilities against diseases resulting in oxidative stress. This increases the
susceptibility to free radical damage with age (Yu, 1994; Halliwell and Gutteridge,
1989).

A correlation between disease and oxidative stress may also depend on the type of ROS
responsible for that oxidation. For example an amino acid, methionine oxidation produce
sulfonate derivative when attacked by singlet oxygen while a reaction with hydroxyl
radical gives hydroxyl methionine (Suto et al., 2006).

1.7.10 Ageing

Ageing is defined as a progressive decline in physiological functions with increased
chances of mortality. Although ageing is a universal phenomenon the underlying
mechanism behind it is largely elusive. There are two different types of ageing theories:
the programmed theory and the free radical/mitochondrial theory. Programmed theory of
ageing implies that ageing follows a timetable programmed in the genes. Regulation
depends on the change in gene expression which in turn affects immune, repair and

maintenance systems (Jin, 2010; Halliwell and Gutteridge, 2015).

Free radical theory of ageing proposes ROS as the main cause of ageing. The function of
mitochondrial DNA (mtDNA) is adversely affected, when under oxidative stress which
in turn enhances the production of ROS thus causing more damage to mtDNA (Cui,
Kong and Zang, 2012).

The free radical theory of ageing was first proposed by Herman in 1957 which
hypothesizes that the age-related damage is because of oxidative stress (Herman, 1957;
Ziegler, Wiley and Valerade, 2015; Turner, 1996). There are many studies which suggest
this theory by showing the increased levels of 8-oxo-dG (formed by the breakdown of
DNA because of oxidative stress) in aged tissues suggesting oxidative stress as a

contributory factor in the ageing process (Maynard et al., 2009).
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After genetic factors, metabolic rate also affects the process of ageing. The high
metabolic rate will produce more ROS thus making life span shorter. In general, reduced
production of free radicals in mitochondria, resistance to oxidative stress and improved

antioxidant resistance was seen in long-lived species (Simm & Bromme, 2005).

There are many pieces of evidence that show molecular damage by ROS can lead to
disorders, diseases and death. This evidence also suggests that oxidative stress is strongly

linked to cellular damage leading to ageing (Rattan, 2006; Simm and Bromme, 2005).

1.8 Aldehydes and free radicals

Aldehydes are low molecular weight compounds produced in the human body during
lipid peroxidation (Pillai et al., 2009). Aldehydes are some of the most important
products of oxidative stress, mostly produced through lipid peroxidation, and potentially
may be used as biomarkers of many pathological conditions (Deng and Zhang, 2004; Lili
et al., 2010).

Polyunsaturated lipids of the membrane can undergo peroxidation to initiate a chain
reaction leading to tissue damage (Rosen, Elmer and Rauckman, 1981). Cyclooxygenase
(COX) and lipoxygenase (LOX) (involved in fatty acid metabolization) are two main
pathways to do lipid peroxidation in the human body resulting in the production of free
radicals. These radicals then can target many other molecules like DNA/RNA or
proteins, thus causing different structural changes leading to a variety of consequences
(Xu, Gu and Qian, 2012).

Aliphatic aldehydes are produced during the peroxidation of polyunsaturated fatty acids
(PUFA). Enhanced activity of malignant tissues could be the reason for the increased
level of aldehydes. The body may recognise a tumour as an inflammation which can also
be another reason for causing oxidative stress thus elevating aldehyde levels (Fuchs et
al., 2010).
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1.8.1 Aldehyde radicals as potential biomarkers

Free radical induced lipid peroxidation produces aldehydes which can be used as
biomarkers for diseases such as atherosclerosis, carcinogenesis and dysplasia of the
pancreas (Basu and Marnett, 1983). Raised levels of many other aldehydes like
acetaldehyde, acrolein, hexanal and heptanal has been used as biomarkers for different
diseases (Gordon et al., 1985; Kato et al., 2001).

The type of aldehyde produced greatly depends on the type of PUFA in the membrane of
tumour cells. Pentanal is considered as a strong candidate as a biomarker of lipid
peroxidation in mammals (Eggink et al., 2008). Formaldehyde has been suggested as a
lung malignancy biomarker (Kushch et al., 2008). Higher concentrations of pentanal,
hexanal, octanal and nonanal were detected in cancer patients as compared to a control
group so these could also be used as a biomarker for lung cancer (Fuchs et al., 2010). In
another study levels of hexanal, heptanal and nonanal were elevated in patients with
blood cancer, showing potential to be used as biomarkers (Li et al., 2005a). Although it
is well established that lipid peroxidation increases the level of aldehydes, the exact
mechanism about their presence in body fluids and breath is still not fully understood
(Eggink et al., 2010; Hakim et al., 2012).

1.8.2 Solvent free approaches to detect aldehyde radicals

Aldehyde-based biomarkers were extracted successfully by solid phase microextraction
(SPME) after aqueous or on-fiber derivatisation and then analysed by GC-MS (Shin,
2009; Deng and Zhang, 2004). Liquid dispersive microextraction (LDME) or single drop
microextraction (SDME) is another method used for the extraction of volatiles like
aldehydes (Li et al., 2005b; Fiamegos and Stalikas, 2007).

Dispersive liquid-liquid microextraction (DLLME), introduced by Rezaee and his
colleagues is a fast and sensitive technique in which a dispersive solvent is used with an
appropriate extractant (Rezaee et al., 2006). The drawback of the method is limiting the
number of extracting solvents available because the density of solvent should be higher
than water for an extracting solvent. All the commonly used solvents like chloroform,
tetrachloromethane and chlorobenzene are toxic and not environment-friendly (Rezaee,
Yamini & Faraji, 2010; Chen et al., 2009; Moinfar and Hosseini, 2009).
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1.8.3 Challenges to detect aldehyde-related radicals

Aldehydes are reactive and decompose in a short period of time. They are produced in
low quantities, thus there is a need for derivatisation before analysis (Kato et al., 2001,
Schmarr et al., 2008; Fiamegos and Stalikas, 2008; Stashenko et al., 2000). For aliphatic
aldehydes the most commonly applied method is to react them with PFBHA O-
(2,3,4,5,6-pentaflurophenyl) methyl hydroxylamine hydrochloride to produce stable
oximes (Cancilla and Que Hee, 1992). Furthermore, separation of derivatised product
from unreacted derivatising reagent before chromatographic separation makes it harder
and less accurate. There is clearly a need to develop a method for the detection of

aldehyde-related radicals without derivatisation.

In the present project, solvent-free approaches are used without any derivatisation to
detect aldehyde related radicals produced from acetaldehyde and propionaldehyde by

using the Fenton chemistry, thus allowing indirect detection of the aldehyde.

1.9 Detection of free radicals

Damage made/induced by free radicals at the molecular level is quite severe and may be
detected by the use of biological markers produced by the reaction of free radicals like
"OH with other biological entities. Aromatic compounds such as 2-hydroxybenzoate have
been used to detect and measure the level of hydroxyl radicals (Ste-Marie et al., 1996).
Free radicals can be measured by trapping or by a process called “fingerprinting”, where
damage caused by free radicals is measured to quantify them (Halliwell and Gutteridge,
2015).

1.9.1 Spin trapping

As free radicals are short-lived, it is difficult to detect and analyze them directly (Holley
& Cheeseman, 1993). Spin trapping was introduced by Janzen’s group in 1968 in which
detection and identification of short-lived free radicals was achieved with more ease
(Janzen 1971). In this technique diamagnetic compounds called spin trapping agents,
such as nitrone or nitroso, react with a free radical to form spin adduct which is stable
enough to be used for further analysis by using techniques like EPR spectroscopy or MS
(Suezawa et al., 1981; Galkin et al., 1997; Halliwell & Gutteridge, 2007).
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1.9.2 Nitrones and nitroso spin traps

Nitroso (R-NO) and nitrone (R-CH=NO-Y) are two important categories of spin traps
used. An EPR detectable nitroxide radical adduct is produced by the reaction of free
radicals with a spin trap (Janzen & Blackburn, 1968; Lagercrantz, 1971) e.g. nitrones can
react with free radicals to form nitroxide radical adducts (Scheme 1.9) (Janzen et al.,
1988). The radical adds directly to the nitrogen atom in the case of the nitroso trap,
whereas it adds to an adjacent carbon atom for the nitrone. With both spin-traps an
aminoxyl radical adduct (nitroxide) is produced which can be detected by EPR
spectroscopy (Rosselin et al., 2016). The nitroso trapped radical may influence the EPR
spectrum more and generate extra hyperfine splitting, whereas with spectra of nitrones
spin traps tend to be broadly similar irrespective of the trapped radical. However, less
stable adducts are produced with nitroso compound (Scheme 1.10) when compared to
nitrone-trapped radicals, because nitrones are thermally and photochemically stable as
compared to nitroso compounds (Abe, Suezawa and Hirota, 1984). In addition, they tend
to be toxic to living organisms; hence nitrones are more common in use both in vivo and
in vitro. Ideal spin traps should react rapidly with specific radicals that needed to be
trapped, produce chemically stable adducts, should not be metabolised by cellular
systems and have unique EPR spectra (Britigan, Cohen and Rosen, 1987).

Nitrones are used extensively for spin trapping studies because of their low toxicity. N-
tert-butyl-a-Phenylnitrone (PBN), a-(4-pyridyl-1-oxide)-N-tert-butylnitrone (POBN)
and 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) are the most utilized nitrones. The first
cyclic nitrone used was DMPO which was mostly used to trap oxygen centered radicals
like superoxide (Buettner, 1993). The superoxide adduct of DMPO can decompose into
the hydroxyl adduct in less than a minute which has limited its use to detect this entity
(Samuni, Samuni and Swartz, 1989). POBN is another most commonly used spin trap for
the detection of hydroxyl and carbon centered radicals. POBN have been used
successfully not only in many EPR spin trapping studies (Kennedy et al., 1992;
Panchenko et al., 2004) but also using GC-MS (Ireland and Valinieks, 1992, Mistry et
al., 2008) and MALDI-TOF-MS (Podmore et al., 2013; Tian et al., 2007) studies. PBN
is another very common spin trapping agent which can stabilize free radicals thus
reducing their reactivity. It is mostly used for the detection of carbon centered radicals as

its radical adducts of oxygen centered radicals are less stable (Kotake and Janzen, 1991)
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Hydrolysis of PBN vyields tert-butyl hydroxylamine. It can also be formed by the
decomposition of PBN-OH adduct (Jerzykiewics et al., 2011; Turnbull et al., 2001).
Nitric oxide is involved in signal transduction and the physiology of cardiovascular and
immune systems, thus affecting many important physiological functions other than
acting as a spin trap (Chamulitrat et al., 1993) but an abnormal production of nitric oxide
may cause neuronal injury by inducing apoptotic death of neuronal cells (Wei et al.,
2000). Nitrones like PBN are an effective carrier of it in an inert form (Saito and Cutler,
1995).

In several experiments, nitrones have shown promising anticancer effects and thus
potentially have a future use as therapeutics for cancer (Floyd et al., 2008). PBN has
shown good pharmacokinetic properties when administrated to rats (Chen et al., 1990).
Nitrone analogues of PBN have shown promising neuroprotective effects after cerebral
ischemia in rats (Kuroda et al., 1999). In the Mongolian Gabril, age-related parameters

were reversed using PBN (Carney et al., 1991).
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Figure 1.8: Commonly used nitroso spin traps
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Figure 1.9: Commonly used nitrone Spin traps
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Scheme 1.9: Trapping of a free radical with a nitrone compound resulting in the

formation of a stable nitroxide radical adduct.
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Scheme 1.10: Trapping of a free radical with a nitroso compound resulting in the

formation of a stable nitroxide radical adduct.

1.9.3 Nitroxides as spin traps

Nitroxides (also known as aminoxyls or nitroxyls) are fairly stable free radicals that can
interact with other free radicals to help scavenge them. They often consist of a five or six
membered ring stabilized by methyl groups (Soule et al., 2007). The unpaired electron is
highly delocalized over the nitrogen and oxygen atom, making them stable even at room
temperature (RT) for many days (Likhtenshtein et al., 2008). The general structure of

nitroxides is shown in figure 1.10.
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Figure 1.10 General structure of nitroxide.

Typically, inert groups like methylated carbon atoms are attached giving them stability
as shown in Figure 1.11. 2,2,6,6-Tetramethyl-1-piperidinyloxy (TEMPO) and its

derivatives are the most studied nitroxides. Structure of TEMPO is given in Figure 1.11

(b).

T.

H3C\ /N\ /CH3 H3C CHg3
C C N

H3C/| |\CH3 H4C | CH3
CH3 CH3 O.

(a) (Di-tert-butylamino)oxidanyl (b) TEMPO

Figure 1.11 Structure of nitroxides (a) (Di-tert-butylamino)oxidanyl (b) (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO)

Nitroxides can undergo both oxidation and reduction, but in the precence of ascorbic
acid, nitroxides reduced rapidly (Scheme 1.11). A nitroxionium ion is produced when
nitroxide undergoes oxidation in the precence of the strong oxidising agent (scheme
1.12) (Janzen et al., 1985).
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Scheme 1.11: Reduction of a nitroxide radical
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Scheme 1.12: Oxidation of a nitroxide radical

Nitroxides are the most studied spin labels and make a stable non-radical compound
when reacting with a free radical (scheme 1.13) (Hideg, Kalai and Sar, 2005). They can
act as reporter group when inserted at a specific site in large biomolecules. Labeled site
emit exclusive EPR signals giving dynamical information about biological molecules
(Guzzi and Bartucci, 2015). Because of their stability and paramagnetic properties, they
have been used as spin trapping agents for a long time to detect free radicals (Wang, Lei
and Wu, 2005).

'e) OR

R,—N—~R, + R R;—N—R,

Y

Scheme 1.13: Trapping of radical by nitroxide and formation of the stable radical adduct

Nitroxides have shown promising benefits as a class of spin traps. However, some of the

benefits other than spin trapping abilities are as follows:
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1.9.3.1 Inhibiting the generation of Fenton-type radicals:

Nitroxides can accept an electron from reduced metal complex to prevent the generation

of hydroxyl radicals in the Fenton-type system (Mitchell et al., 1990).

RR’NO" + Fe? » RR’NOH + Fe**

1.9.3.2 Inhibition of lipid peroxidation

As discussed earlier, lipid peroxidation can cause cellular injury. Lipid peroxidation has
three phases i.e. initiation, propagation, and termination. Generally, antioxidants inhibit
the initiation step thus retarding the propagation of a chain reaction. Nitroxides may be
considered as antioxidants because by participating in redox reaction they can break the
chain at all three stages thus providing more protection (Miura, Utsumi and Hamada,
1993).

1.9.3.3 Protection against radiation-induced radicals

lonizing radiation produces hydroxyl radicals from water. These primary radicals can
react with other chemical species and biologically important molecules to produce
secondary radicals. These secondary radicals with a lifetime of microseconds may be
very damageing to the cells. Nitroxides not only help in scavenging the free radicals but
also in chemical repair by restoring damaged target molecules (donation of hydrogen
atom is an interaction to do this). Radical-radical recombination reactions are another

detoxification pathway to eliminate free radicals (Soule et al., 2007).
1.9.3.4 Mutagenicity

Nitroxides are free radicals by nature which gives rise to the concern about them as
potential mutagens. 4-hydroxy-TEMPO (TEMPOL) as a model was investigated for
mutagenicity. Studies showed that TEMPOL is neither mutagenic nor cytotoxic.
Interestingly, chromosomal aberrations were reversed by this nitroxide in radiation
exposed lymphocytes (DeGraff et al., 1992a; DeGraff et al., 1992b).
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1.9.4 Secondary spin trapping

It is not easy to detect short-lived hydroxyl radicals directly since they have a half-life of
less than a second. A secondary radical trapping technique is generally employed to
identify and quantify this most reactive species. In this technique, the "OH radical reacts
with a compound like dimethyl sulfoxide (DMSO) to form methyl ("CHs) and methoxy
radicals ("OCHzs) which will make more stable compounds/radicals when spin traps like
2,2,6,6-Tetramethyl-1-piperidinyloxy (TEMPO) or PBN are used. In the Fenton reaction,
excess DMSO is added before reaction starts so that “OH produced reacts readily with it
to form "CHs radicals (Scheme 1.14). Methyl radicals then react with a spin trap to form
methyl adduct which is stable enough to be detected using analytical techniques such as
HPLC-MS (Janzen et al., 1990), GC-MS (Mistry et al., 2008) and MALDI-TOF-MS
(Podmore et al., 2013).
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Scheme 1.14: The reaction of a hydroxyl radical with DMSO to produce a methyl radical
(Jerzykiewicz et al., 2011).

Isotopically labelled DMSO has been used to confirm the identity of the radical adduct
where normal DMSO is replaced with a deuterated analogue. Mass spectra of normal and
deuterated versions are compared to interpret data for the identification of adducts
formed (Burkitt & Mason, 1991). Based on this established technique, instead of DMSO
other organic compounds like acetaldehyde may be used in the Fenton reaction to

generate secondary radicals.

Various analytical techniques are used to detect and analyse free radicals. Every method

has its own pros and cons. Before discussing analytical techniques in detail, it is worth
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looking at sample extraction techniques i.e thermal desorption (TD) and solid phase

microextraction (SPME) used in the current project.

1.10 Extraction approaches

It is not possible to inject the products of the Fenton reaction directly onto a GC column
as the reaction is carried out in an aqueous medium which can damage the column. In
addition, direct injection onto an HPLC column will lead to rapid degradation of the
column. Thus, analytes need to be be extracted prior to separation on a column.
Extraction of the analytes into a suitable solvent such as chloroform is laborious, time
consuming, will often lead to loss/decomposition of target analytes and is a multi-stage
process with more chances of contamination leading to errors (Kuanglin et al., 2013;
Koning, Janssen and Brinkman, 2009). In addition, it is not easy to couple directly
traditional methods of sample preparation with techniques such as GC. A lot of work has
been done in past two decades on sample preparation techniques for GC analysis. The
main aims of developing new sample preparation techniques are for better isolation of
analytes from solid phase during separation and improved detection for molecules of

interest (Koning, Janssen and Brinkman, 2009).

It is beyond the scope of this thesis to discuss the pros and cons of every sampling
technique, however, for reviews showing their benefits and limitations see Kuanglin et

al., 2013; Koning, Janssen and Brinkman, 2009.

1.10.1 Thermal desorption (TD)

1.10.1.1 Introduction and history

The history of TD goes back to the mid-1970s. Initially, injector liners packed with
sorbent material were used for sampling air or gas and then inserted back into the GC
inlet for the analysis. Loss of highly volatile compounds and contamination from the
liner were among some of the disadvantages. Purge and trap GC methods were
developed by the US Environment Protection Agency (EPA) to measure volatile organic
compounds (VOCs) in drinking water (Li, 2010).
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During the late-1970s a group from UK scientists (known as WG5) worked on the
development of thermal desorption as a sampling approach, which had better sensitivity
than conventional approaches used at that time. In 1981, PerkinElmer developed ATD 50
addressing all the issues faced by WG5. They were able to quantitatively analyze a wide

range of compounds (Kristensson & Widen, 1987).

1.10.1.2 General principles

Thermal desorption units include a trap (sorbent tubes) which can be used to collect the
samples. These are heated for the release of adsorbed compounds to be analyzed by
GC/MS. Sampling with this solvent free approach can be done in minutes or even in
seconds (Woolfenden, 2010). The headspace of the sample is extracted in sorbent tube
after the required concentration is achieved. The sample can be extracted multiple times
if the concentration of the analyte is low. This helps to achieve the required
sensitivity/detection limit. Sorbent tubes are heated at high temperatures in a thermal
desorber connected with GC. Retained volatiles and semi-volatiles from the tube desorb
and are carried to GC using carrier gas (Woolfenden, 2012). Steps involved in adsorption

and desorption are shown in Figure 1.12.
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Sample Sorbent material

Extraction and adsorption of sample
Purging of nitrogen
e >~

Flushing of carrier gas

Figure 1.12: Steps of adsorption and desorption of molecules on sorbent material: (A)
sample and internal view of sorbent tube; (B) adsorption of a compound of interest on
sorbent material; (C) purging of nitrogen through sorbent tube; (D) the carrier gas is

flushed in a reversed flow to desorb molecules of interest (Hebestreit, 2011).
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Desorption is a two-step procedure i.e. primary and secondary desorption. The tube is
heated for a certain amount of time to desorb the volatiles from the tube, which is then
transferred to a cold trap. During secondary desorption, the cold trap is heated rapidly
which transfers the compounds to the GC column. By using two stages, problems like
peak broadening can be avoided as volatiles will enter the column at once (because of
rapid temperature rise) during the secondary desorption. A diagrammatic view of

primary and secondary desorption is shown in Figure 1.13.
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Figure 1.13: A diagrammatic view of primary and secondary desorption (Plant and Keen,
2007)
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1.10.1.3 Advantages
1.10.1.3.1 Desorption efficiency

It is possible to transfer more than 95% of the extracted sample to GC for analysis which
is of great advantage as compared to conventional liquid-liquid extraction where
generally only a microliter of the milliliter extract is being injected (Woolfenden, 2012).
High recovery of analytes is achieved by the fact of continuous purging from sorbent
tube as soon as retained sample enters the vapour phase by increasing the temperature.
Contrary to this, in liquid extraction approaches the analyte molecules are portioned
between the vapour (HS), the solvent and the sorbent (extracting material) which limits
the desorption efficiency to a maximum of 75% (ISO 16200-1).

1.10.1.3.2 Extraction efficiency

The compound of interest and type of interference can affect the efficiency of extraction
in traditional approaches eventually effecting sensitivity. For example, extraction of
polar compounds in the precence of moisture can lower the extraction efficiency to 20-
30% (Callan, Walsh & Dowding, 1993). This can lead to false results when samples are

collected from the field and the analyst has no information about the water level.
1.10.1.3.3 Reduced solvent interferences

The solvent can interfere when extraction is done by traditional approaches. Some of the
common issues include masking of the peak of interest (i.e. having the same retention
time as the peak of interest) and solvent and base line interferences. As TD is a solvent
free approach so all the above-mentioned disadvantages can be avoided.

1.10.1.3.4 Exposure risk

Many commonly used extraction solvents are potentially a health and safety hazard. By
using TD, all risks related to solvent can be avoided thus leading to the safer working

environment.
1.10.1.3.5 Low Cost

Although sorbent tubes are expensive as compared to tradionally used charcoal tubes,

they can be used around 100 times. In addition, they have advantage of being cleaned
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automatically by TD thus having longer lifetime which in turn reduces the cost per
analysis (Woolfenden, 2012).

1.10.1.4 Applications of TD

Thermal desorption can be used for air monitoring in an occupational place (Grote and
Kennedy, 2002), breath sampling for potential diagnostic biomarkers (Phillips, 1992,
Gordon et al., 1985), off line sampling of the outdoor environment (Ras et al., 2009),
measuring semi-volatiles in wine & fruit juices (Lee et al., 2011), forensic labs (Jones,
2000; Carter et al., 2003), measuring low molecular weight esters produced in fruit
(Agelopoulos and Pickett, 1998), pollutants in the air (Vu et al., 2018, Juillet et al.,
2014), VOCs in dairy (Rabaud et al., 2002) and other food products (Dong et al., 2013),
It may be also be used to identify different compounds in tobacco smoke (Savareear et
al., 2017), VOCs from industrial exhaust gas (Huilian et al, 2017), narcotics and
explosives traces (Forbes et al., 2017), contamination in soil (Zhao et al., 2016), aerosols
from electronic cigarettes (Rawlinson et al., 2017), volatiles in edible oil (Cacho et al.,
2016), flavour compounds in grilled beef (Ruan et al., 2015), ink dating (Koenig et al.,
2014), detecting biomarkers for chronic kidney disease (CKD) (Grabowska-Polanowska
et al., 2013) and VOCs from automobiles (Cheng-ping, 2011).

1.10.2 Solid phase microextraction (SPME)

Solid Phase Microextraction (SPME), as the name indicates, is an extraction technique. It
was invented by Janusz Pawliszyn and, in last decade, it has gained much importance for
the sampling a wide variety of analytes from liquids, solids, and gases (Spietelum et al.,
2010).

The fiber assembly and holder are the two main parts of the SPME device (figure 1.14).
Fiber assembly has a retractable (1-2 cm) fiber (Vas & Vekey, 2004) contained in a
modified syringe (Zhang and Pawliszyn 1993; Lord & Pawliszyn 2000). The septum is
pierced through by SPME needle to extend the fiber into the vial (figure 1.15). The fiber
is exposed for a pre-determined time according to the experimental protocol for

achieving an equilibrium (Merkle, Kleeberg and Fritsche, 2015).
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1.10.2.1 Working principle

A polymeric sorbent or an immobilized liquid is coated on a silica fiber as a thin layer
(5-100um) is used as a stationary phase helping to absorb/desorb the analyte (Spietelum
et al., 2010). There are two types of SPME fibers, absorption, and adsorbent type. In
absorbent type fibers, the analyte is extracted by its partitioning into a liquid-like phase
while in adsorbent type; physical interaction will be used to extract the analyte (Luks-
Betlej et al, 2001).

1.10.2.2 Sampling techniques

Based on the type of fiber, there are two categories of sampling, immersion and
headspace (HS) sampling. As the name indicates there is exposure of the fiber in the
headspace above the sample for HS sampling whilst the fiber is immersed in the aqueous
phase to extract the analyte in the case of immersion type sampling (Lord and Pawliszy,
2000). HS sampling works well for low molecular weight analytes and temperature
enhances extraction (Kirkbride et al. 1998). Direct immersion (DI) has not been used to
the same extent, however recently it has been used successfully for food analysis
(Naccarato and Pawliszyn, 2016). The SPME technique is based on analyte partitioning
between the sample and stationary phase (coated fiber). Time and temperature of the
sample to equilibrate, fiber exposure time, and temperature of the sample before and
during extraction and time of head space saturation are some of the factors by which HS-
SPME is affected (Lona-Ramirez et al., 2016).

1.10.2.3 Polydimethylsiloxane (PDMS) coating

PDMS is an immobilized liquid at the extracting temperature and is the most extensively
used sorbent in SPME analysis. Although it is a non-polar phase it can be used to extract
polar compounds as well. It can easily be identified in MS because of its known
decomposition products as it is commonly used stationary phase in GC. Other
advantages of PDMS are its thermostability and inertness. Analytes interact with the
sorbent and can easily be desorbed thus ruling out their decomposition (Baltussen,
Cramers and Sandra, 2002)
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Extraction of polar analytes may be enhanced by combining polar and non-polar
materials  (Alpendurada, 2000), for example, Carboxen/Polydimethylsiloxane
(CAR/PDMS) and Divinylbenzene/ Polydimethylsiloxane (DVB/PDMS) are more polar
than coating containing only polar material and this is the reason why these fibers are
used to extract polar molecules like alcohols and ethers. Mechanical stability also
increases by using the homogenous mixture of adsorbents (Penalver et al., 1999). These
fibers have been used to detect various volatile analytes in a variety of samples (Laguerre
et al., 2007; Zeng et al., 2008; Bryant and McClung, 2011).

1.10.2.4 Analytical techniques and SPME

SPME is used extensively for the analysis of organic compounds because of its
convenience to combine the pre-concentration and sampling steps (Lindholm et al.,
2014). It has been used successfully for the analysis of food (Jelen, Majeher and Dziadas,
2012), wine (Lona-Ramirez et al., 2016), environment samples (Vidal et al., 2009),
drugs (Kataoka, 2010), in clinical investigations (Bojko et al., 2012, Monteleone et al.,

2012, Naccarato et al., 2014) and to determine compound toxicity (Pragst, 2007).

In the past two decades, this very sensitive sampling technique has been combined with
other techniques like GC-MS (Hu and Chen, 2009; Luo et al, 2009; Griglione et al.,
2015), gas chromatography (Krogh, Grefslie and Ramsussen, 1997; Vita, Abdel-Rehim
and Nilsson, 2005), LC-MS (Caris, Chaves and Queiroz, 2012; Bojko, Vuckovic and
Cudjoe, 2011), and HPLC-UV (Rajabi et al, 2013; Buszewski et al, 2011) for the

separation and analysis of the different analytes.

SPME interfered with LC has had little attention from researchers. This is largely due to
longer equilibration times, no automation system and a lack of commercially available
interfaces (Merkle, Kleeberg and Fritsche, 2015)

1.10.2.5 Advantages and Disadvantages of SPME

Like any other technique, SPME has many pros and cons. There is a partial loss of fiber
coating in conditioning step which can result in extra peaks during analysis (Psillakis and
kalogerakis, 2001; Lindholm et al, 2014). Bending of the needle, the limited lifetime of

the fiber, which is mechanically weak as well, not being cost-effective, low selectivity
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and limited availability of fibers (Dietz, Sanz and Camara, 2006) are some other

challenges faced by this technique.

Although SPME has some disadvantages it is still one of the most reliable sampling
technique. It is a solvent-free approach which is not only rapid and sensitive but also
provides linear results for many analytes and over a wide range of concentration. It also
avoids the losses that occur during traditional extraction procedures (Nerin et al, 2009).
SPME is considered as an eco-friendly technique and has been presented as a greener
alternative to other extraction methods (Pena-Pereira et al., 2015). Operational
simplicity, time efficiency, the possibility of automation and can be directly linked to an

analytical instrument like GC are some of its other advantages (Spietelun et al., 2010).

Sampling Desorption

Fiber Placed into GC
SPME withdrawn injector port
holder

GC injector port
Fiber

Sample

To M5,

GC column

Figure 1.14: Diagram of analysis with solid phase microextraction gas chromatography-
mass spectrometry (SPME-GC-MS) (Schmidt and Podmore, 2015)
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1.11 Analytical techniques and spin tapping

Various analytical techniques have been used to study spin trapped free radicals. An
overview of their working principle, pros and cons and important work is outlined in this

section.

1.11.1 Electron Paramagnetic Resonance spectroscopy and spin trapping

Electron Paramagnetic Resonance (EPR) spectroscopy also known as Electron spin
resonance (ESR) spectroscopy or Electron Magnetic Resonance (EMS) spectroscopy is
the most commonly used technique to detect stable free radicals in biological & chemical
systems (Davies, 2016; Janzen and Nutter, 1998). The principle of EPR lies in
electromagnetic radiation absorption by paramagnetic species, placed in a magnetic field.
Depending on the type of species, radiation absorption occurs at a specific frequency
(microwave region) and magnetic field combination, producing lines at different regions
of the magnetic field (Davies, 2016). An unpaired electron behaves like a small magnet
because of its spin which could be either +1/2 or -1/2. Two energy levels will be created
when the unpaired electron is exposed to the external magnetic field. When exposed to
electromagnetic radiation, the electron resonates between the energy levels and thus an

absorption spectrum is produced.

Spin trapping is a traditional method to identify the radial adducts by using EPR (Janzen
and Nutter, 1998). Radical adducts of nitrones/nitroso are EPR active and thus can easily
be detected. The EPR signal intensity can be affected by a number of factors like
oxidation and reduction of radical/radical adducts in the system (Swartz, Khan &
Khramtsov, 2007).

In a study in 1997, high power UV radiation was used to produce acetaldehyde derived
radicals, which were further trapped by PBN and detected by EPR. Irradiation of
deoxygenated acetaldehyde with direct sunlight produces PBN-acetyl adducts whereas
acetoxyl (CHsCOy>") radicals were trapped when oxygenated acetaldehyde was irradiated
(Jenkins et al., 1997). In another study, DMPO was used as a spin trap to detect PUFA
derived alkoxyl radicals. Computer simulation was performed to identify the radical
adducts, as it was difficult to interpret the data because of overlapping EPR spectra

(Dikalov and Mason, 2001). Stolze and his colleagues used the Fenton system to produce
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linoleic acid derived radicals in the presence of DMPO. Computer simulation was used
to interpret the data and three radical adducts were identified including hydroxyl and acyl
adducts of DMPO. All three adducts were detected successfully when 5-
(Diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide (DEPMPO) was used as spin trap
instead of DMPO (Stolze, Udilova and Nohl, 2000).

Hydroxyl radicals were used to oxidize DMSO, thus producing methyl and methoxy
radicals which were further detected by EPR as PBN adducts. Initially, the methyl adduct
of PBN was in abundance but with time signals for PBN-methoxy adduct became more
prominent. Breakdown of PBN by the attack of hydroxyl radicals also produced MNP
which was detected as MNP-CHz and MNP-tert-butyl adducts (Jerzykiewicz et al.,
2011). In another study, hydroxyl adducts of DMPO and PBN were identified while di-
tert-butyl nitroxide was detected by using MNP as a spin trap by using EPR (Spulber &
Schlick, 2010).

The EPR spectrum of the spin adduct is helpful in detecting the original radical but it is
difficult to identify overlapping EPR spectra when a mixture of spin adducts are under
analysis or spin adducts are unknown (Janzen, Krygsman & Haire, 1988). Free radicals
in biological systems are not only short lived but low in concentration as well, which
makes it really difficult to detect them by using EPR (Jerzykiewicz et al., 2011; Swartz,
Khan & Khramtsov, 2007). Furthermore, species with unpaired electrons can only be
detected by this method (Davies, 2016).

When coupled with HPLC-MS (or tandem mass spectrometry) EPR provides more
detailed information (Steven, Yi & Yan, 2012). From the hyperfine splitting it is possible
to classify the type of radical but often no structural information is obtained (Tian et al.,
2007). Many radicals have a similar pattern of hyperfine splitting making interpretation
difficult. In addition, signals are unstable and become weak with time. This has lead to

the need for alternative approaches to identify free radicals (Ste-Marie et al., 1996).

1.11.2 Spin trapping- Nuclear Magnetic Resonance (ST-NMR) spectroscopy

During 1995, Tordo and his co-workers synthesised 5-diethoxyphosphoryl-5-methyl-1-
pyrroline-N-oxide (DEPMPOQO), a phosphorous containing analog of DMPO. By taking

the advantage of phosphorus (3'P) in the structure, a new technique called nuclear
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magnetic resonance (NMR) spin trapping (ST) was introduced to study the radical

reaction and degradation pathway of radical adducts (Khramtsov et al., 1999).

It is difficult for paramagnetic adducts to accumulate in a reducing environment of
biological systems. To overcome this limitation spin trapping with NMR (ST-NMR) was
used in the late nineties. It was demonstrated that diamagnetic products formed by the
decay of spin trapped radical adducts (paramagnetic species) can be identified by NMR.
These diamagnetic adducts are stable enough to be accumulated up to NMR detectable
levels (Khramtsov et al., 1999). Detection of stable diamagnetic products makes ST-
NMR a valuable tool for spin trapping studies in biological systems (Zoia and

Argyropoulos, 2010).

Multiple resonances of more commonly used nuclei i.e. *H and **C can be avoided by
using spin traps containing 3P or *F. Any molecule which is a stable diamagnetic
adduct can be used potentially for ST-NMR, unlike EPR where nitroxides are the only

choice (Khramtsov and Clanton, 2011).

Many oxygen and carbon-centered radicals were detected using *'P ST-NMR. Stable
radical adducts were produced by using the nitrone, 5-diisopropoxy-phosphoryl-5-
methyl-1-pyrroline-N-oxide (DIPPMPO) and detected and identified by using 3P NMR.
EPR detectable paramagnetic radical adducts were produced when free radicals reacted
with this spin trap. These paramagnetic adducts have shorter half life and dissociate into
stable diamagnetic species which can be further quantified by using ST-NMR giving
more details about the structure of the radical adducts (Zoia and Argyropoulos, 2010;
Zoia et al., 2011).

Selinsky and co-workers suggested the use of '°F to get insight about spin trapped radical
adducts. They successfully detected in vitro organic free radicals but were not able to
extrapolate the method because of the low level of free radicals in biological systems.
Low concentration of radical adducts results in paramagnetic broadening of NMR
spectrum which in turn made its use difficult for the detection of spin trapping studies
(Berliner et al., 2002).

1.11.3 Liquid Chromatography (LC) and spin trapped free radicals

LC-MS has the advantage over GC-MS in that the radicals may be analysed in an
aqueous solution. It means LC-MS can be used to identify spin adducts which are not
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volatile. LC-EPR has been used successfully to identify linoleic acid-derived radicals
trapped by nitrosobenzene (lwahashi et al., 1991). MS combined with LC and using
either EPR or Thermospray (TSP) was used to identify and characterize methanol and
ethanol-derived free radicals in the Fenton system. Deuterated methanol and ethanol
were used to confirm the structure of carbon-centered free radicals (Iwahashi et al.,
1990).

Parker and his co-workers (1991) used HPLC-ESI-MS to identify ethyl and pentyl
radicals trapped by 4-POBN. Spin trapped radical adducts were not only identified but
also proved as a powerful tool to determine their structure. A POBN-ethyl adduct was
identified at m/z 224 and a POBN-pentyl radical adduct at m/z 266, which were
confirmed by using HPLC-EPR technique (Parker et al., 1991).

Cationic intermediates of radicals (multi-phenyl substituted) were detected and
characterized successfully by using ESI-MS and ESI-MS/MS (Zhang et al., 2005). Spin
traps TEMPO and DMPO were used successfully to detect intermediates of radicals by
ESI-MS. Cationic intermediates were detected at m/z 260 for styrene and m/z 274 for
alpha-methyl styrene when TEMPO was used as radical trap while fluorine radicals and
radical adducts were detected at m/z 131, 132 and 152 with DMPO (Zhang et al., 2006).

1.11.4 Matrix Assisted Laser Desorption lonisation time of flight (MALDI-
TOF) mass spectrometry

Matrix Assisted Laser Desorption lonisation time-of-flight (MALDI-TOF) mass
spectrometry is a soft ionisation technique developed for thermolabile and non-volatile
compounds of higher molecular weight. It has been used successfully for the analysis of
macromolecules like proteins and peptides. Single charged ions are produced which
make the spectra much easier to interpret (Cohen & Gusev, 2002). As the name indicates
matrices, which are low molecular weight compounds are used to aid the ionisation
process. It is usually difficult to use “MALDI” for the analysis of low molecular weight
compounds because of interference caused by matrix ions in the low mass range (Hashir
et al., 2007; Jing, Hao-Yang & Yin-Long, 2005). During the ionisation process,
fragments and cluster ions of low molecular weight compounds are generated which can

significantly mask the analyte signals thus limiting the analytical ability.
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Previous studies include the trapping of "OH radicals by DMPO which was then detected
at m/z 128 while using 2,5-dihydroxybenzoic acid (DHB) as a matrix using the MALDI-
FTMS approach. Several radicals were identified with their structure and mechanism of
formation by using this high throughput instrument (Tian et al., 2007).

A secondary spin trapping technique was used to produce methyl radicals from hydroxyl
radicals by using DMSO in a Fenton-type reaction as described earlier. POBN was used
successfully as a spin trap for methyl radicals. POBN/dimethyl adducts were identified.
Identification was confirmed by substituting DMSO with a deuterated analogue (de-
DMSO) (Podmore, Cunliffe & Heshmati, 2013).

1.11.5 GC-MS and Spin trapping

GC-MS is another popular technique used to study free radicals. Each compound elutes
from the column at a certain time which allows a more specific identification of spin-
trapped adducts by mass spectrometry. Because of different molecular masses, different
adducts can be recognised easily. Moreover, each adduct has a specific fragmentation
pattern which provides more reliable identification. Several spin adducts can be
identified in the same run by using mass spectrometric information of the molecular ion,
isotope peaks, fragment ions and pattern of fragmentation (Abe, Suezawa & Hirota,
1984). A typical GC-MS is shown in figure 1.15 (Chromedia.org, 2015).

GC-MS in selected ion monitoring (SIM) mode has been used successfully to detect
hydroxyl and 1-hydroxyethyl (1-HEt) radicals produced by the Fenton system. Hydroxyl
and 1-Hydroxyethyl radicals were detected as DMPO-OH and DMPO-1HEt adducts
when DMPO was used as a trapping agent in the presence of ethanol. The concentration
of 1-HEt was low despite the varied amount of ethanol used. Ethanol adducts were
detected more efficiently as PBN-1-HEt adduct by using PBN as trapping agent instead
of DMPO (Castro and Castro, 2002).

Abe and co-workers used GC-MS to identify aryl and hydroxyl radicals. Adducts of
hydroxyl radicals were generated by reacting sodium peroxidisulphate and water in the
precence of nitrone spin trap. Substituted phenyl azo triphenylmethane (PAT) was

thermally decomposed to generate aryl radicals. Radical adducts were trimethylsilylated
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to make them volatile and thermally stable, suitable for GC-MS analysis. Silylated spin
adducts of hydroxyl and various aryl radicals were identified successfully in this study
(Abe, Suezawa & Hirota, 1984). Methyl radicals produced by the reaction of DMSO and
hydroxyl radicals generated chemically in Fenton system were detected by using POBN.
A novel POBN-dimethyl adduct was identified by using GC-MS. This was confirmed by
replacing normal DMSO with ds-DMSO (Mistry et al., 2008).

4-hydroxybenzoate and salicylates were used to trap free radicals. GC-MS and HPLC-
EC (electrochemical detection) were used to identify the products. Hydroxyl radicals
were successfully measured by using both methods with enhanced sensitivity compared
to previous methods. While comparing different trapping agents, 4-hydroxybenzoate was

much more sensitive than salicylates (Ste-Marie et al., 1996).

The pesticide fenvalerate was irridated using ultraviolet (UV) light source to produce
free radicals which were trapped by PBN. These aminoxyl spin adducts were detected
and analysed successfully by using GC-MS (Mikami et al., 1985). Alkyl spin adducts
produced by Grignard addition to PBN followed by oxidation of the resulting
hydroxylamine were detected by using GC-MS. They successfully produced and
explained the dimethyl adduct of the PBN (Janzen et al., 1985). In addition, mass
spectrometry was used to investigate the structure of hydrazyl-PBN adduct formed in
microsome of rat livers (Ortiz de Montellano et al., 1983).

GC-MS was used to analyse trimethylsilylated (TMS) PBN-methyl radical adduct (PBN-
methyl OTMS) with a molecular ion at m/z 265. Repeating the same experiment but
using deuterated (ds) methyl confirmed the molecular ion at m/z 268 (PBN-methyl-ds
OTMS) thus proving it as a reliable procedure for the detection of spin trapped free
radicals by using GC-MS. Silylated radical adducts gave strong signals as they are more
stable. Also, isotopes of silicon may help to deduce the structure of a compound (Janzen
etal., 1988).
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Figure 1.15: Schematic of a typical GC system (Chromedia.org, 2015).

1.12 Other biochemical assays to measure oxidative stress

1.12.1 Total antioxidant capacity (TAC)

Free radical damage is mediated by antioxidants thus the level of the antioxidant in
biofluids has been used to measure the extent of oxidative stress. Measuring
concentration of different antioxidants can give an idea about the level of oxidative stress
but it is neither easy nor economical. Hence, an overall level of antioxidants known as
TAC is measured. Secondly, the activity of enzymes like superoxide dismutase (SOD)
which can convert free radicals into less toxic products can be useful to get an idea about
risk reduction of disease by oxidative stress. The level of these two major groups i.e. low
molecular weight antioxidants and enzymes like SOD, catalase and glutathione
peroxidise decreases when oxidative stress increases (Young, 2001). Measurement of
TAC in biofluids and tissues can be done easily which is a big advantage of this process
(Somogyi et al., 2007).
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Another major in vivo radical scavenger, ascorbic acid has also been used as a biomarker
of oxidative stress. Ascorbic acid is converted into dehydroascorbic acid when the cell is
under oxidative stress. An elevated level of dehydroascorbic acid is indicative of
oxidative stress and can be measured easily in biofluids (Lykkesfeldt, 2007).

Catalases, glutathione peroxidises and SOD are major enzymes of the antioxidant
defence system. Measurement of these three enzymes together may be helpful to
evaluate the antioxidant status of the cell. Various disorders have been associated with
the change of activity of these enzymes (Halliwell, 2001). Another family of enzymes
which is involved in the metabolism of carcinogens in the liver are glutathione S-
transferases (GSTs). To protect the cell from electrophilic entities, they bind with them
and neutralise their effects. GST has a potential to be used as a biomarker for oxidative
stress in some cancers (Khan et al., 2010).

Some important effects might be missed if only the level of individual antioxidants is
measured. Similarly, variation in enzyme activity can make it difficult to measure
antioxidant status. Simultaneous measurement of low molecular weight antioxidants and
enzyme activity may potentially be used as an indication of oxidative stress (Lowe,
2014).

1.12.2 Flow cytometry

Fluorescent probes like 2'-7'-Dichlorodihydrofluorescein diacetate (DCFH-DA) can be
used for the detection of ROS at the cellular level. DCFH-DA is a non-fluorescent
precursor of Dichlorodihydrofluorescein which can pass through the cell easily.
Cleavage of DCFH-DA produces H2DCF, a non-fluorescent probe which is polar and
thus not cell-impermeable. Highly fluorescent molecules of DCF are produced from
H2DCF when the cell is under oxidation (Marrocco, Altieri & Peluso, 2017), which will
accumulate thus increasing the fluorescence. The increase in fluorescence at 530 nm can
be measured by using a flow cytometer which is assumed to be directly proportional to
the level of H.O,. Hydrogen peroxide does not actually react with most molecules itself;
it may form hydroxyl radicals which do (Eruslanov and Kusmartsev, 2009).

It is a sensitive technique which is not only easy to use but relatively inexpensive as well.
A very simple technique where data is read by increase or decrease in fluorescence. The

biggest advantage is no need for trypsinization of cells. When coupled with confocal
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microscopy, cells can be viewed in real time which in turn can be helpful to understand

the role of different cell organelles in oxidative stress.

On another hand, its main weakness is that it gives an idea about the general state of
oxidative stress rather than measuring individual reactive oxygen species. Secondly,
superoxide can be converted to hydrogen peroxide by SOD, which can result in
accumulation of DCF in the cell. Lastly, hydrolysis of DCFH-DA requires esterases and
some cells have limited esterase activity which in turn can affect the results (Eruslanov
and Kusmartsev, 2009).

1.12.3 Assays measuring ROS induced modifications

Reactive oxygen species can modify the molecules of DNA, protein and lipids which in

turn affect the function of target molecules like enzymatic function inhibition.

1.12.3.1 Measuring lipid peroxidation products

Unsaturated double bonds in PUFAs make them highly susceptible to oxidative damage
(Negre-Salvayre et al., 2010). End products of LPO i.e. lipid hydroperoxides and
secondary carbonyl compounds like aldehydes may be used as potential biomarkers of
oxidative damage (Niki, 2018). The most investigated products are malondialdehyde
(MDA) and 2-hydroxy-2-nonenal (HNE) while the long list of end products includes
many aldehydes, alkanes and alkenes (Sousa, Pitt & Spickett, 2017).

LMW aldehydes may react with biological molecules especially DNA to form DNA-
aldehyde adducts (Voulgaridou, 2011). 4-hydroxy-2-nonenal (4-HNE), malondialdehyde
(MDA) and acrolein are some of the reactive aldehydes which can modify DNA bases
thus leading to mutagenic and carcinogenic effects (Voulgaridou et al., 2011). HNE can
be detected directly by using HPLC coupled with electrochemical detector (Goldring et
al., 1993) or can be derivatised by using 2,4-dinitrophenylhydrazine followed by GC-MS
detection (Zelzer et al., 2015). In another study, HPLC-MS was used to correlate COPD
and MDA levels. They found elevated levels of MDA in COPD patients when compared

with healthy controls (Milevoj Kop¢inovi¢ et al., 2016). In many other studies levels of
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MDA was elevated in patients with ovarian (Bandebuche and Melinkeri, 2011), cervical
(Looi et al., 2008), oral (Beevi et al., 2004) and breast cancer (Gupta et al., 2012).

Thiobarbituric acid reactive substances (TBARS) assay is widely used to detect LPO
products. In this assay, the major products of LPO i.e. lipid peroxides, MDA and other
LMW aldehydes reacts with 2-thiobarbituric acid (TBA) to form compounds exhibiting a
characteristic pink colour. A spectrophotometer is used to measure the concentration of
the product formed and this is an indicator of oxidative stress. Although it is a most
widely used assay, TBA is able to react with several compounds like albumin, sugars and
amino acids, thus causing interference in measurements which can lead to misleading

results (Dreissigacker et al., 2010; Natarajan et al., 2015).

The reaction of free radicals with PUFA of membrane phospholipids produces
chemically stable Fo-isoprostanes (F2-I1soPs) which can be used as a biomarker of
oxidative stress (Diniz et al., 2018). Although it is considered as one of the more reliable

methods it needs costly instrumentation, i.e. GC-MS or LC-MS (Natarajan et al., 2015).

Although measurement of F.-IsoPs in biofluids is a complex process but these small
molecules might be used as potential biomarkers of oxidative stress (Van 't Erve, 2017).

1.12.3.2 DNA oxidation

DNA modifications induced by oxidative stress includes oxidised nucleotides, a basic
sites and formation of adducts. A variety of products are formed when DNA is attacked
by hydroxyl radicals, of which the most common is 8-hydroxy-2'-deoxyguanosine
(80x0dG) (Cadet et al., 2003).

Addition of a methyl group to the cytosine ring resulting in the formation of 5-
methylcytosine is one aspect of a process of DNA methylation which is a regular part of
cellular differentiation in living organisms. This can inhibit the binding of transcriptional
mechaniery (Jenuwain & Allis, 2001) which in turn results into preventing the gene
expression, which might lead to the development of various pathological conditions
(Lowe, 2014).

Oxidative stress related aberrant methylation of genes like the formation of 5-

methylcytosine at the individual or multiple sites could possibly serve as a biomarker of
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oxidative stress (Zukiel et al., 2004; Menezo, 2016), although understanding of the

methylation process needs more thorough investigation (Shenker & Flanagan, 2012).

Reactive products formed by ROS-induced damage of other macromolecules like lipids
can also cause DNA damage, for example, producing etheno-DNA adducts which may

also be used as indicators of oxidative damage (Li et al., 2015).

1.12.3.3 Protein oxidation

Oxidative modification of amino acids includes aromatic & aliphatic group
hydroxylation, oxidation of residues containing sulfur and the modification of cysteine
(Davies, 2016). Aggregation of oxidatively cleaved cross-linked proteins can also be the

result of ROS damage to proteins (Hohn, Jung & Grune, 2014).

The high levels of carbonyls are also used as an indicator of protein damage which is
considered as a most abundant by-product (Zinellu et al., 2016). Carbonyls are produced
by different mechanisms which include cleavage of the protein backbone and attack of
hydroxyl radicals on some of the amino acids such as proline, lysine, arginine &
threonine (Stadtman & Levine, 2003). Carbonyl compounds are relatively more stable
thus can be measured easily but their levels not only increase with age but also in several
pathological conditions which elevate them (Gil et al., 2006; Sultana, Perluigi &
Butterfield, 2006).

Protein carbonyl content (PCC) assay is used to measure the products of protein
oxidation. The sample is incubated for one hour after the addition of 24-
dinitrophenylhydrazine (DNPH) which, in turn, follows the addition of 50% (v/v)
trichloroacetic acid (TCA). The supernatant is washed after centrifugation followed by
incubation for 30 minutes at 60°C and then overnight incubation at room temperature.
For each sample, a control tube is used and the absorbance at 370 nm measured and
compared to evaluate the levels of oxidative stress. The drawback of this assay is the
need to derivatise which is not only laborious but time consuming as well (Reznick &
Packer, 1994).

Oxidative damage can change the three-dimensional structure of the protein, which in

turn will change the biochemical properties. Many methods have been developed to
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detect the modification of proteins but still their use as a biomarker is limited because

there is no concrete method for the identification and quantification of protein

modifications (Marrocco, Altieri & Peluso, 2017).
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Figure 1.16: Formation pathways of different biomarkers of oxidative stress (Ho et al.,
2013).
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More relevant biomarkers are needed as the role of oxidative stress in many pathological
conditions is still not clear. Oxidative injury may also be seen as a pre-disease stage like
hepatitis B & C infections, diabetes and alcohol related disease. Biomarkers which can
help identify the pre-disease stage could be beneficial for an early diagnosis of the
disease. Although the discovery of oxidative stress related biomarkers is a complex their
detection would help better understanding of underlying biology which in turn will be

helpful in the diagnosis of various diseases (Lowe, 2014).

1.13 Aims and objectives of the research

The primary aim of the current study is the separation and mass spectrometric analysis of
spin trapped aldehyde free radicals by using N-tert-butyl-a-phenylnitrone (PBN) and
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPQ) and their derivatives as trapping agents.
Gas chromatography-mass spectrometry (GC-MS) using headspace thermal desorption
(TD) and solid phase microextraction (SPME) as extraction techniques will be used,
having the advantage of being solvent free and much sensitive over traditional method of

extraction.

Fenton chemistry will be used to produce hydroxyl radicals which will then react with
aldehydes to produce free radicals. This secondary spin trapping may then be used to
confirm the presence of the primary radical (hydroxyl in this case) as well as identify the
radical adduct itself. Nitrones like PBN and nitroxides like TEMPO may be used to trap

free radicals both in chemical and biological systems.

Electron paramagnetic resonance (EPR) spectroscopy, a traditional method used to detect
spin trapped free radicals is not so useful for the detection of trapped free radicals,
especially when they are unknown. This is because the stable nitroxide produced when
the spin trap reacts with free radical gives limited structural information. In addition, the
hydroxyl radical adduct of PBN and its derivatives are unstable and decay in seconds
making them difficult to be identified and quantified by the spin trapping method. GC-
MS provides an alternative to EPR for the detection and identification of spin trapped
free radicals since chromatography will separate out the adducts and mass spectrometry
may detect and characterize them (Mistry et al., 2008).
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Hydroxyl radicals generated by using the Fenton system react with aldehydes like
acetaldehyde and propionaldehyde to generate methyl (Nakao et al., 2000; Jenkins et al.,
1997) and ethyl radicals (Wang, Lei and Wu, 2005) respectively. In this study these
radicals were trapped by nitroxides such as TEMPO and its derivatives or nitrones like
PBN and its derivatives. Headspace sampling techniques were used as they are solvent
free and more efficient than traditional solvent extraction — see earlier for discussion.
Effectiveness of all these techniques and derivatives of TEMPO and PBN will be used

for comparative study.
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Chapter 2

Materials and Methods
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2.1 Chemicals

Ethylene di-amine-tetra-acetic acid (EDTA), L-ascorbic acid, di-potassium hydrogen
phosphate (K2HPOs), N-tert-Butyl-a-phenylnitrone (PBN), and propionaldehyde (d2)
were purchased from sigma-Aldrich. Acetaldehyde-ds was purchased from CDN
Isotopes, UK. Ammonium ferrous sulfate Hexahydrate Fe(NH4)2(SO4)26H.0 was
purchased from Fluka, Biochemika. Acetaldehyde, 30% (w/v) hydrogen peroxide
(H202), 2,2,6,6-Tetramethyl-1-piperidinyloxy (TEMPO), 4-Hydroxy-TEMPO, 4-Oxo-
TEMPO and 4-Methoxy-TEMPO were purchased from Alfa Aesar, UK. All derivatives
of the PBN were synthesised in the lab using the method of Hinton and Janzen (1992).

2.2  Reagent preparation for the Fenton reaction

The reagents were prepared at specific concentrations to give optimum generation of free
radicals and adducts, as described previously (Mishra, 2016). The stock solutions were
prepared by using distilled water in following concentrations:

100 mmole dm™ potassium phosphate buffer (pH 7.4)
11 mmole dm= EDTA (sodium salt)

3% (w/v) hydrogen peroxide solution

100 mmole dm ascorbic acid

10 mmole dm Fe(NH4)2(SO4)2.6H20

2.2.1 Standard conditions for the Fenton Reaction

A standard method was used throughout the experiment to generate and spin trap free
radicals by using different spin traps (one at a time). Two main spin traps used were PBN
and TEMPO. Their derivatives were used for the confirmation of the identified spin
adducts. The Fenton reaction produces hydroxyl radicals which attack the secondary

source of free radicals to produce secondary radicals with comparatively longer half-life.
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Various sources (one at a time) of secondary radicals were used in the Fenton system,

which is summarised in Table 2.1 with their volume.

Table 2.1: Volumes of different aldehydes used as a source of secondary free radicals

generated in the Fenton reaction

A secondary source of free radicals Volume (uL) Molarity (mM)
Acetaldehyde 132 2.4
Deuterated acetaldehyde (ds) 132 2.4
Propionaldehyde 174 2.4
Deuterated propionaldehyde (d>) 174 2.4

The prepared reagents were added to a 25 mL beaker in a strict order as stated below:
100 mmole dm phosphate buffer (pH 7.4) (5 mL),

11 mmole dm= EDTA solution (1 mL),

100 mmole dm spin-trap compound (1 mL),

3% hydrogen peroxide solution (1 mL),

100 mmole dm ascorbic acid solution (1 mL) and

Aldehyde (see table 2.1).

To initiate the reaction 10 mmole dm= Fe (NH4)2(SO4)2.6H20 (1 mL) was added to the

mixture. The reaction was left for 5 minutes with continuous stirring.

The aldehyde was introduced into the Fenton system to generate secondary radicals.
Hydroxyl radicals produced during the Fenton reaction attacked the aldehyde to produce
secondary radicals (the type of radical depending on a chain length of the aldehyde) i.e.
methyl and ethyl radicals were produced in the precence of acetaldehyde and propanal
respectively (demonstrated in chapters 3, 4 and 5).
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2.3  Gas chromatography-mass spectrometry (GC-MS)

Gas chromatography (GC) is a technique used in analytical chemistry to separate,
analyse and identify volatile compounds. Like any other chromatography technique, the
stationary phase helps to separate the chemical entities. However, unlike other
chromatography techniques the mobile phase (known as a carrier gas) does not take part
in the separation, but merely transport the sample mixture through the column

(Blumberg, 2012). Helium was used as the carrier gas in this study.

In the gas chromatograph (see figure 1.15) the sample is injected through the injection
port, which has been set at a high temperature, typically 250°C, to vaporise the sample
without dissociation. The carrier gas transfers the vapours of the sample to the column
which is placed in an oven. The column is usually about 25-30 meters in length and
internally lined with a liquid or solid stationary phase (Christian, 1994). Compounds will
be retained by the stationary phase to different extents because of differences in their
chemical properties. From the GC, through a transfer line, the separated compounds
transfer to the mass spectrometer, which has three main parts: an ion source, a mass
analyser and an ion collection system (figure 2.1). The ion source ionises the molecules
which will then be separated by the mass analyser according to their mass-to-charge
(m/z) ratio. Finally ions are detected by the ion collection system and recorded in the
form of a graph called a mass spectrum. The size of the peak and the amount of detected
compound are generally directly related to each other i.e. higher amount of detected
compound the more intense the peak, however this is not always the case. The most
commonly used ion source is electron ionisation (EI) in which an electron beam from a
heated filament is used to ionise the sample molecules. These high energy electrons
remove an electron from a parent molecule thus converting it to a molecular ion (M*)
which has a positive charge with an odd number of electrons (radical cation) as shown in
following reaction (Christian, 1994).

ot
M + ¢ » M + 2¢

A reaction showing the formation of molecular ion (M), by removing an electron from
a parent molecule (M) (Christian, 1994).

60



As the mass of an electron is neglible when compared to the parent molecule, the
identification of the compound becomes easier since the molecular ion will have the
same mass as the neutral molecule (assuming the charge z = 1). The energy absorbed
during the ionisation process can cause the molecular ion to break into fragments. Every
compound has its own fragmentation fingerprint under certain El conditions which can
be used to identify the compound, a major advantage of mass spectrometry. The
molecular ion with its fragmentation pattern is presented in the form of the mass

spectrum.

In the present study, two different GC-MS systems were used. A Varian CP-3800 GC
coupled with 1200 MS/MS mass spectrometer was used for SPME analysis whilst a
PerkinElmer Turbomatrix 300 thermal desorber attached with Clarus 5800 GC and

Clarus 800 MS was used for thermal desorption experiments.
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Figure 2.1: A schematic of mass spectrometer (adapted from Tring, 2018)
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2.4  Extraction Techniques

2.4.1 Headspace solid phase microextraction (HS-SPME)

As described in Chapter 1, SPME is a solvent-free extraction technique in which
sampling, isolation, and enrichment are achieved in a single step. In SPME, a fiber
coated with the polymer is exposed to the headspace (HS) above the sample for several
minutes to achieve equilibrium between the sample and fiber coating. Once equilibrium
has been established, the extracted quantity will remain constant (Lord and Pawliszyn,
2000).

The fiber is then transferred into the GC-MS for the analysis. Different products
including spin trapped free radicals are desorbed when the temperature is increased. This
is known as thermal desorption. After desorption, analytes are carried onto the GC
column for separation and then further detection according to their mass/charge (m/z)
ratio by MS (figure 2.1). For this study, a carboxen-polydimethylsiloxane
(CARB/PDMS) SPME fiber of 75 um was used with needle size of 23 ga (Supelco, UK)

to extract radical adducts.

2.4.2 Thermal desorption gas chromatography mass spectrometry (TD-GC-
MS)

The Fenton reaction solution carried out in a beaker (9.1mL) was transferred to 40 mL

vial which was set aside for 3 minutes for headspace saturation. Easy-VOC pump

(Markes International, UK) was used to extract the headspace as shown in figure 2.2.

SVI™ sorbent tubes were used for sampling which were conditioned before the analysis.

The collected headspace volume was set at 50 mL and the pump released after 30

seconds so that analytes have enough time for adsorption.

At least one “blank” (i.e. headspace in a vial with no sample) was taken after each

analysis to remove any carry over from the previous sample.
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Figure 2.2: Sampling of headspace by using Easy-VOC

2.5 Instrumentation for current study

2.5.1 Solid-phase microextraction gas chromatography-mass spectrometry
(SPME- GC-MS)

As mentioned earlier, for SPME analysis Varian GC (GC-3800) was coupled with a
Mass Spectrometer (1200). Data handling was done by using the application package for
a Varian workstation. The GC column used for separation of the analytes was 30 meters

in length with a diameter of 0.25 mm and film coating thickness of 0.25 pum.

The SPME fiber was conditioned before first use according to the supplier instructions.
Optimized extraction time (exposure of fiber in the HS) was 3 minutes and then analytes
on the fiber were desorbed for 5 minutes at 250°C into the injection port, operated in
splitless mode. Standard GC conditions used throughout the experiment were gas flow
rate 1 mL/minute, oven temperature 100°C for 10 minutes which was increased to 320°C

by 15°C/min and held for 1 minute. The scan range for the electron ionisation (EI) mass

63



spectra was 50-500 m/z. A photomultiplier voltage of 900 V was used to detect the

generated ions.

2.5.2 Thermal desorption gas chromatography-mass spectrometry (TD-GC-
MS)

A Turbomatrix 300 thermal desorber (Perkin Elmer, UK) was used to extract the
adsorbed analytes from the sorbent tubes. A sorbent tube with adsorbed analytes was
loaded and purged for 5 minutes by using oxygen-free nitrogen gas (BOC, UK). Primary
desorption was conducted at 330°C for 5 minutes. This step removes adsorbed analyte
from the sorbent tube and takes them to the GC by using helium as a carrier gas, where
separation takes place according boiling point and interaction with the stationary phase.
This separation was conducted by using Clarus 5800 gas chromatograph (Perkin Elmer,
UK) which was equipped with a Restek capillary column using mainly
polydimethylsiloxane as the stationary phase (Rtx-5). The capillary column was 30
meters in length with a diameter of 0.25 mm and film coating thickness of stationary

phase was 0.25 um.

The initial column temperature was set at 100°C for 5 minutes and was set to increase at
5°C/minute to 150°C and finally to increase until 300°C by 40°C/minute and held for 2

minutes. Electron ionisation mass spectra were obtained from scan range of 45-500 m/z.

2.6 GC-MS method development

Free radicals were produced by using Fenton chemistry as detailed earlier in the chapter.
A series of experiments was carried out to validate the Fenton system. Acetaldehyde was
used as a secondary source of free radicals for the development and validation of the
method. Standard conditions described in section 2.4.2 were used to develop a method.
Although it is well established and one of the most studied reactions, it was necessary to

develop a method to optimise the conditions.

64



2.6.1 The Fenton reaction in the precence of a secondary source of radicals
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Figure 2.3: The total ion chromatogram (TIC) for the standard Fenton reaction in the

precence of acetaldehyde. For identification of peaks see chapter 3.

GC-MS analysis of the Fenton reaction by using acetaldehyde as a secondary source of

free radicals was carried out under standard conditions mentioned in section 2.3. Many

different peaks are shown which are identified and explained in chapter 3.

Various control experiments were performed to identify the products of the Fenton

reaction and the source of free radicals.
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2.6.2 Control reaction (Buffer & PBN)
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Figure 2.4: The GC-MS TIC when PBN (spin trap) was stirred in a phosphate buffer (pH
7.4) and extracted using VOC pump for thermal desorption analysis

A very important control was carried out by stirring PBN in the buffer for five minutes
under standard conditions (at room temperature with continuous stirring). The El-mass
spectrum of peak retained at 1.53 minutes was identified as dimethylpolysiloxane
following a search on mass spectral library of National Institute of Standards and
Technology (NIST). It is coming out because of a column bleed (i.e. very slight
breakdown of the stationary phase). Since the peak has been identified it can be

eliminated.
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2.6.3 Buffer, PBN & acetaldehyde
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Figure 2.5: The GC-MS TIC when PBN (spin trap) with acetaldehyde was stirred in a
phosphate buffer (pH 7.4) and extracted using VOC pump for thermal desorption

analysis.

This control was carried out to determine if any peaks in the chromatogram from fig. 2.3

were derived from acetaldehyde other than those from it behaving as a secondary source

of free radicals in the Fenton reaction. In addition to dimethylpolysiloxane, a peak,

retained at 1.82 minutes, was identified as paraldehyde by comparison to the NIST

library (see chapter 3). This control indicates that these are not the products of the Fenton

reaction.
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2.6.4 Comparison of the Fenton reaction with controls
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Figure 2.6: Comparison of gas chromatograms of control samples with the Fenton
reaction (Rt 1-4 minutes). Chromatograms shown are [(Buffer and PBN), (Buffer, PBN
and acetaldehyde), (Fenton reaction when acetaldehyde was used as secondary source of

radicals)], from bottom to top respectively.

The gas chromatogram of the Fenton reaction (figure 2.3) compared with controls
showed that initial peaks are not products of the Fenton reaction. Peaks eluting at Rt
2.04, 2.23 & 2.61 minutes represented as 1, 2 and 3 are di-tert butyl hydroxylamine,
phenyl methanimine and benzaldehyde. These are produced as a result of Fenton
chemistry. These are peaks of interest which are identified by looking into respective

mass spectra (see section 3.6-3.8 in chapter 3 for the detailed analysis).
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2.6.5 Analysis of the Fenton reaction containing the spin trap PBN carried

out in the absence of a secondary source of free radicals
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Figure 2.7: The GC-MS TIC of the Fenton reaction containing the spin trap PBN carried

out in the absence of a secondary source of radicals showing five peaks.

To confirm the generation of spin-trapped free radicals in figure 2.3 from acetaldehyde,
the Fenton reaction was carried out in the absence of a secondary source (i.e.
acetaldehyde). Hydroxyl radicals produced during the Fenton reaction reacts with PBN
at the a-carbon atom to break it down and produce different adducts which are identified
as tert-butylaminoxyl-CHz (R: 1.56 minutes), di-tert-butyl hydroxylamine (R: 2.04
minutes), phenyl methanimine (Rt 2.22 minutes), benzaldehyde (Rt 2.61 minutes) — see

chapter 3 for EI-mass spectra and peak identification.
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2.6.6 GC-MS analysis of the Fenton reaction in the absence of PBN
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Figure 2.8: Gas chromatogram when the Fenton reaction was carried out without PBN

showing only dimethylpolysiloxane peak.

The GC-MS TIC generated following sampling of the Fenton reaction in the absence of
spin trap is shown in figure 2.8. While looking at corresponding mass spectrum (data not
shown), peak retained at 1.54 minutes is identified as dimethylpolysiloxane (from the
column). The result demonstrates that all peaks in the chromatogram of the Fenton
reaction (Figure 2.3) are derived from PBN, except those that are present in this

chromatogram.
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2.6.7 Analysis of the Fenton reaction containing the spin trap PBN but

carried out in the absence of Fe?* and ascorbic acid

1.64 e s TIc

100
9.57e8

S

Figure 2.9: The GC-MS total ion chromatogram for the Fenton reaction containing the
spin trap PBN but carried out in the absence of Fe?* and ascorbic acid showing dimethyl

polysiloxane and paraldehyde retained at 1.54 and 1.81 minutes respectively.

In the Fenton reaction Fe?* reduces hydrogen peroxide to generate hydroxyl radicals
which may then react with compounds like acetaldehyde to form secondary radicals.
Ascorbic acid acts as a reducing agent which converts Fe3* to Fe?*, thus a continuous
supply of Fe?* is maintained during the reaction which in turn increases the yield of

hydroxyl radicals.

To confirm the importance of ascorbic acid and Fe?*, the Fenton reaction was carried out
in the absence of these chemicals. The GC-MS TIC shows peaks which are also present
in other control experiments, demonstrating, as expected, that ascorbic acid and Fe?* play

a significant role in the Fenton reaction.
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2.6.8 Analysis of the Fenton reaction containing the spin trap PBN but in
the absence of H.O>

% i L TIC
o
199, 8.29e8

o

1.81
2.61

Figure 2.10: GC-MS total ion chromatogram for the Fenton reaction containing the spin
trap PBN but carried out in the absence of H202 showing dimethylpolysiloxane,
paraldehyde and benzaldehyde retained at 1.53, 1.81 and 2.61 minutes respectively.

The source of hydroxyl radicals in the Fenton reaction is H202 which may then react
with a secondary source (e.g. acetaldehyde) to produce secondary radicals (e.g. methyl).
To confirm this, the Fenton reaction was carried out in the absence of H2O> while
keeping all other conditions same. Only one new peak is generated, at Rt 2.61 minutes,
and has been identified as benzaldehyde, formed by the breakdown of PBN — see chapter
3 for El-mass spectra and identification. Since the TIC does not show any other peaks,
when compared to figure 2.3, it is clear that H20., as expected, is the primary source of

radicals in the Fenton system.
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Chapter 3

Detection and analysis of spin-adducts from ethanal and N-
tert-Butyl-a-Phenylnitrone (PBN) using Thermal
Desorption-Gas Chromatography-Mass Spectrometry (TD-
GC/MYS)
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3.1 INTRODUCTION

Ethanol is metabolised into ethanal (acetaldehyde) by alcohol dehydrogenase in the liver
which is further converted to acetate by aldehyde dehydrogenase (Edenberg, 2007;

Scheme 3.1), therefore, biological fluids may contain acetate (Hipolito et al., 2007).

Catalase and cytochrome p4502E1 are other enzymes involved in the production of
acetaldehyde from ethanol (scheme 3.1), though their part is minor (Edenberg, 2007;
Mezey, 1976; Khanna and Israel, 1980). Acetaldehyde is a class 1 carcinogen and can
cause mutagenesis at the concentration of 50-100 uM (2.2-4.4 mg/L) (Seitz and Stickel,
2007) and is 30 times more toxic than ethanol (Zakhari, 2006)

Alcohol is distributed to other body parts including the brain after being absorbed by the
stomach and intestine lining. Catalase and CYP2E1 are the enzymes which can convert
ethanol to acetaldehyde in the brain (Zimatkin et al., 2006). The pancreas and
gastrointestinal (GI) tract are other sites of alcohol metabolism that can face the

damageing effects of acetaldehyde (Vonlaufen et al., 2007).

Although acetaldehyde is an intermediate product which is short lived, it can cause
significant damage, especially in the liver where alcohol is being metabolised (Zakhari,
2006). Acetaldehyde may be the cause of some of the behavioural and physiological
effects previously associated with alcohol (Deitrich et al., 2006), for example, sleepiness,
lack of coordination and memory loss symptoms (Quertemont and Didone, 2006). The
presence of acetaldehyde in the brain is more damaging as it can combine with
neurotransmitters like dopamine to produce salsolinol which is an opiate like addictive
biochemical (Juricic et al., 2012; Blum and Payne, 1991). It can also damage the red
blood cells (RBC) by making their membrane less flexible making it hard for RBCs to
pass through capillaries, making the cells oxygen deficient (Tusboi et al., 1981). It can
promote carcinogenesis by interfering with replication and inhibiting the repairing
process of the DNA (Seitz and Becker, 2007).

Ethanol is not the only source of acetaldehyde in the body. Some medical conditions and

pollution also contribute. For example, candida is a medical condition when a yeast
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called Candida albicans starts producing acetaldehyde by sugar fermentation in GI tract.
Acetaldehyde can reach other body parts from Gl tract thus increasing the risk of damage
(Truss, 1984).

A variety of aldehydes including acetaldehyde are produced by burning wood, natural
gas, fuels and tobacco. According to the Environmental Protection Agency (EPA),
fireplaces in the home, campfires, stoves and burning plastic all release acetaldehyde as a

pollutant (Environmental Protection Agency, 2000)

Measurement of acetaldehyde levels in biological fluids also has significance as a
biomarker, in acute alcohol intoxication and diagnosis of alcohol disorder (Schlattler et
al., 2014).

Catalase
NAD* NADH
ADH
Ethanol —> Acetaldehyde %be Acetate

NAD* NADH

CYP2E1

0,+ NADPH  NADP* + H,0

Scheme 3.1: Metabolism of ethanol into acetaldehyde (Zimatkin et al., 2006)
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3.2  Chromatograms

Figure 3.1 shows the chromatogram produced following the introduction of acetaldehyde
into the Fenton system. Methyl radicals are primarily produced on reaction of hydroxyl
radicals with the acetaldehyde, and these are then trapped by PBN (Scheme 3.4). The
Fenton reaction was carried out under standard conditions for five minutes then reactants
(9.13 mL) were transferred into 40 mL vial and the headspace sampled (see section 2.4.2
for experimental procedure).
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3.2.1 Fenton reaction with acetaldehyde and PBN
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Figure 3.1: The total ion chromatogram (TIC) obtained from the headspace Thermal

desorption (TD)-GC-MS analysis of the Fenton reaction containing acetaldehyde and

PBN.

Figure 3.1 shows the detection of tert-butylhydroaminoxyl-CHz (Rt 1.63 minutes), di-
tert-butyl hydroxylamine (R: 2.04 minutes), phenyl methanimine (Rt 2.23 minutes),
benzaldehyde (R: 2.61 minutes), N-methoxy-1-phenylethanimine (Rt 5.22 minutes),
methoxy(1-phenylethylidene)amine (R: 6.32 minutes), hydrogen & methyl adduct of
PBN (H-PBN-CHs; Rt 8.52 minutes), a dimethyl adduct of the PBN (PBN-Me>; Rt 10.27
minutes) and 2,3-Diphenylbutane isomers (Rt 15.91 and 16.25 minutes). For a detailed

analysis of EIl-mass spectra see sections 3.3 — 3.12.
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3.2.2 Fenton reaction with ds-acetaldehyde {CDsC(H)O} and PBN
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Figure 3.2: The total ion chromatogram (TIC) obtained from the headspace Thermal
desorption TD-GC-MS analysis of the Fenton reaction containing ds-acetaldehyde
{CDsC(H)O} and PBN.

Figure 3.1 shows the detection of tert-butylhnydroaminoxyl-CDs (Rt 1.65 minutes),
deuterated paraldehyde-ds (Rt 1.80), di-tert-butyl(ds) hydroxylamine (Rt 2.04 minutes),
phenyl methanimine (R: 2.23 minutes), benzaldehyde (R: 2.61 minutes), N-methoxy-1-
phenylethanimine(ds) (Rt 5.22 minutes), methoxy(1-phenylethylidene)amine-(ds) (Rt
6.32 minutes), hydrogen & deuteron-methyl adduct of PBN (H-PBN-CDs; R: 8.52
minutes), a di-deuteron-methyl adduct of the PBN (PBN-(CDs)2; Rt 10.27 minutes) and
2,3-diphenylbutane (d12) isomers (Rt 15.91 and 16.25 minutes). For a detailed analysis of

El-mass spectra see sections 3.3 — 3.12.
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3.2.3 Fenton reaction with acetaldehyde and ds-PBN
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Figure 3.3: The total ion chromatogram (TIC) obtained from the headspace Thermal
desorption (TD)-GC-MS analysis of the Fenton reaction containing acetaldehyde and ds-
PBN.

Figure 3.3 shows the detection of tert-butylhydroaminoxyl-CH3z (Rt 1.63 minutes), di-
tert-butyl hydroxylamine (Rt 2.04 minutes), ds-phenyl methanimine (R: 2.23 minutes),
de-benzaldehyde (R: 2.60 minutes), de-N-methoxy-1-phenylethanimine (R: 5.16
minutes), methoxy(1-phenylethylidene)amine(ds) (Rt 6.29 minutes), hydrogen & methyl
adduct of ds-PBN (H-ds-PBN-Me; R: 8.46 minutes), a dimethyl adduct of ds-PBN (ds-
PBN-Mez; Rt 10.19 minutes) and 2,3-diphenylbutane isomers (di2) (Rt 15.91 and 16.25
minutes). For a detailed analysis of EI-mass spectra see sections 3.3 — 3.12.
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3.2.4 Fenton reaction with acetaldehyde and F-PBN
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Figure 3.4: The total ion chromatogram (TIC) obtained from the headspace Thermal

desorption (TD)-GC-MS analysis of the Fenton reaction with acetaldehyde and F-PBN.

Figure 3.4 shows the detection of tert-butylhydroaminoxyl-CHs (Rt 1.63 minutes), di-
tert-butyl hydroxylamine (Rt 2.04 minutes), F-phenyl methanimine (Rt 2.23 minutes), F-
benzaldehyde (Rt 2.53 minutes), F-N-methoxy-1-phenylethanimine (Rt 5.34 minutes),
4F-methoxy(1-phenylethylidene)amine (Rt 6.15 minutes), hydrogen & methyl adduct of
F-PBN (F-PBN(H)Me; R 8.70 minutes), a dimethyl adduct of the F-PBN (F-PBN-Me;
Rt 10.50 minutes) and 2,3-diphenylbutane isomers (Rt 15.91 and 16.25 minutes). For a
detailed analysis of EI-mass spectra see sections 3.3 — 3.12.
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3.2.5 Fenton reaction with acetaldehyde and CI-PBN

ClBenzaldehyde
tert-buty-MOHCH:

floxane . Di-tert-butyl hydroxylamine

+ Chphenyl methanimine
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Figure 3.5: The total ion chromatogram (TIC) obtained from the headspace Thermal
desorption (TD)-GC-MS analysis of the Fenton reaction containing acetaldehyde and ClI-
PBN.

Figure 3.5 shows the detection of tert-butylhydroaminoxyl-CHz (Rt 1.63 minutes), di-
tert-butyl hydroxylamine (Rt 2.04 minutes), Cl-phenyl methanimine (R: 3.75 minutes),
Cl-benzaldehyde (Rt 4.63 minutes) and a dimethyl adduct of the CI-PBN (CI-PBN-Mey;

Rt 15.32 minutes). For a detailed analysis of EI-mass spectra see sections 3.3 — 3.12.
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3.3  Electron ionisation mass spectra (EI-MS) of the di-methyl adduct of

PBN
3.3.1 Dimethyl adduct of PBN {PBN (CHs),}

133
100 H ,C H

CHs
i AN
s He” T e ’/\\/
L
P
[ )
LSS
; / o
( M-56-CH;)

s1 S6 136
130 137 146
a9 59 69 79 89 29

60163

109 119 129 139 149 159 169 179 189 199 209

. _+
loss of methyl (M-15)

-+
M

X 20
192 A
124 m/z

Figure 3.6: Electron ionisation (EI) mass spectrum of the peak at 10.26 minutes (figure

3.1) corresponding to PBN(CHz)2. The structure given in the top right corner is that of

the molecular ion (M*) of PBN(CH?3)2, corresponding to the peak at m/z 207.

The EI mass spectrum shown in figure 3.6 corresponds to the PBN dimethyl adduct
PBN(CH?3)2. The peak at m/z 207 corresponds to the molecular ion of PBN-Me; (Scheme

3.4). The fragment at m/z 192 is formed by the loss of a methyl radical from the 'Bu

group of the molecular ion, while the loss of 2-methyl-1-propene (from M™) gives the

peak at m/z 151. Dissociation of the molecular ion between the alpha carbon and nitrogen

gives the base peak at m/z 105; further, break down of the molecular ion gives a phenyl

peak at m/z 77. The fragment at m/z 57 corresponds to the tert-butyl cation.
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3.3.2 PBN (CD3)2 adduct
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Figure 3.7: Electron ionisation (EI) mass spectrum of the peak at 10.16 minutes (figure
3.2) corresponding to the di-deuteron-methyl adduct of PBN {PBN(CDs):}. The
structure given in the top right corner is that of the molecular ion (M*") of PBN(CDs)2,

corresponding to the peak at m/z 213.

The EIl mass spectrum shown in figure 3.7 corresponds to PBN(CD3)2 detected at 10.16
minutes when the reaction was carried out by using ds-acetaldehyde (the methyl
hydrogen atoms replaced by deuterium) as a secondary source of radicals in the Fenton
reaction system. The molecular ion can be clearly seen at m/z 213 (difference of 6 m/z
units when compared to the molecular ion of PBN-Mez) which confirms the trapping of
two deuteron-methyl (CDz3) radicals by PBN. The fragment at m/z 198 is formed by the
loss of a methyl radical (from the '‘Bu group of the molecular ion), while the loss of 2-
methyl-1-propene (from M™) gives a peak at m/z 157. Dissociation of a molecular ion
between alpha carbon and nitrogen generates the base peak at m/z 108, thus retaining one
CD3 group; further break down gives a phenyl peak at m/z 77. The fragment at m/z 57
corresponds to the tert-butyl cation.
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3.3.3 ds-PBN(CHs3) adduct
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Figure 3.8: Electron ionisation (EI) mass spectrum of the peak at 10.19 minutes (figure
3.3) corresponding to de-PBN(CHz3).. The structure given in the top right corner is that of
the molecular ion (M*") of ds-PBN(CHs)2, corresponding to the peak at m/z 213.

The EI mass spectrum shown in figure 3.8 corresponds to the ds-PBN(CHs)2. The
molecular ion can be clearly seen at m/z 213 when ds-PBN was used as the spin-trapping
agent. The m/z value for the molecular ion is 6 units higher than when non-deuterated
PBN was used, thus confirming the identity of adduct and the trapping of two methyl
radicals. The fragment at m/z 198 is formed by the loss of a methyl radical (from the t-Bu
group of the molecular ion), while the loss of 2-methyl-1-propene (again directly from
the t-Bu group of the molecular ion) gives a peak at m/z 157. Dissociation of the
molecular ion between alpha carbon and the nitrogen atom gives the base peak at m/z

111. The fragment at m/z 57 corresponds to the tert-butyl cation.
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3.3.4 ds-PBN(CD3); adduct
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Figure 3.9: Electron ionisation (EI) mass spectrum of the peak at 10.09 minutes (figure
Al; appendix) corresponding to de-PBN(CD3).. The structure given in the top right
corner is that of the molecular ion (M*) of ds-PBN(CD3)2, corresponding to the peak at
m/z 219.

The EI mass spectrum shown in figure 3.9 corresponds to de-PBN(CD3).. The molecular
ion has shifted to m/z 219 (a difference of 12 m/z units when compared to the molecular
ion of PBN(CHs3)2; figure 3.6). As for spectra shown as figure 3.9, the fragment at m/z
204 is formed by the loss of a methyl radical (from the t-Bu group of the molecular ion),
while the loss of 2-methyl-1-propene (from M™) gives a peak at m/z 163. Dissociation of
the molecular ion between the alpha carbon and nitrogen atom gives the base peak at m/z

114. The fragment at m/z 57 corresponds to the tert-butyl cation.
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3.3.5 F-PBN(CHs), adduct
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Figure 3.10: Electron ionisation (EI) mass spectrum of the peak at 10.49 minutes (figure
3.4). The structure given in the top right corner is that of the molecular ion (M*™) of F-
PBN(CHz3)2, corresponding to the peak at m/z 225.

The EI mass spectrum shown in figure 3.10 corresponds to the F-PBN(CHs)2. The
molecular ion is at m/z 225 (a difference of 18 m/z units when compared to the molecular
ion of PBN(CHz).; figure 3.6), thus confirming the identity of the di-methyl adduct. The
fragment at m/z 210 is formed by the loss of methyl radical (from the t-Bu group of the
molecular ion), while the loss of 2-methyl-1-propene (from M™) gives a peak at m/z 169.
Dissociation of the molecular ion between the alpha carbon and nitrogen atom gives the
base peak at m/z 123.
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3.3.6 CI-PBN(CHs), adduct
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Figure 3.11: Electron ionisation (EI) mass spectrum of the peak at 15.32 minutes (figure
3.5). The structure given in the top right corner is the molecular ions (M™) of ClI-
PBN(CHz3)2, corresponding to the peaks at m/z 241/243 (depending upon the Cl isotope

present).

The EI mass spectrum shown in figure 3.11 corresponds to the CI-PBN(CHz)2. The
molecular ion is at m/z 241 or 243, depending upon which isotope of chlorine is present
(3°Cl or ¥'CI). This difference of 34/36 m/z units when compared to the molecular ion of
PBN (figure 3.6) confirms the detection of the di-methyl adduct. The fragment at m/z
226/228 is formed by the loss of a methyl radical (from the t-Bu group of the molecular
ions), while the loss of 2-methyl-1-propene (from M™) gives rise to peaks at m/z
185/187. Dissociation of the molecular ion between the alpha carbon and nitrogen atom
gives a base peak at m/z 139 (containing the *Cl isotope) and the peak at m/z 141

(containing the 3’Cl isotope).
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Table 3.1: Summary of GC-MS data for the dimethyl-adduct of PBN and its derivatives

Spin adduct Retention Molecular | Base peak | Characteristic fragment peaks
time (Rg |ion(m/z) | (m/2) (m/z)
minutes)
PBN(CHs3): 10.26 207 105 192, 151, 136, 77, 57
PBN(CD3)2 10.16 213 108 198, 157, 139, 77, 57
dsPBN(CHs3)2 10.19 213 111 198, 157, 142, 82, 57
dsPBN(CD3)2 10.09 219 114 219, 163, 145, 82, 57
F-PBN(CHz)2 10.49 225 123 210, 169, 154, 77, 57
CI-PBN(CHs3): 15.32 241/243 139/141 226/228, 185/187, 170/172, 77,

57
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3.4  Electron ionisation mass spectra (EI-MS) of the H-PBN-CH3z adduct

3.4.1 CHs & H adduct of PBN (H-PBN-CH5)
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Figure 3.12: Electron ionisation (EI) mass spectrum of the peak at 8.52 minutes (figure
3.1) corresponding to a hydrogen and methyl radical-adduct of PBN (H-PBN-CHz). The
structure given in the top right corner is that of the molecular ion (M**), corresponding to
the peak at m/z 193.

The El mass spectrum shown in Figure 3.12 corresponds to the hydrogen & methyl
radical-adduct of PBN (H-PBN-CHzs). The molecular ion can be seen at m/z 193. The
fragment at m/z 178 is formed by the loss of a methyl radical from the ‘Bu group of the
molecular ion, while the loss of 2-methyl-1-propene (from M*) gave a peak at m/z 137.
The fragment at m/z 91 is a tropylium cation formed by the rearrangement of a benzyl
cation. The fragment at m/z 77 corresponds to a phenyl cation while one at m/z 57 is a
tert-butyl cation.
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3.4.2 CD3 & H adduct of PBN (H-PBN-CD3)
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Figure 3.13: Electron ionisation (EI) mass spectrum of the peak at 8.48 minutes (figure
3.2) corresponding to a hydrogen and CDs radical adduct of PBN. The structure given in
the top right corner is that of the molecular ion (M*") of H-PBN-CDs3, corresponding to

the peak at m/z 196.

The EI mass spectrum shown in figure 3.13 corresponds to H-PBN-CD3 detected at 8.48
minutes when the reaction was carried out by using ds-acetaldehyde (the methyl
hydrogen atoms replaced by deuterium) as a secondary source of radicals in the Fenton
reaction system. The molecular ion can be clearly seen at m/z 196 (difference of 3 m/z
units when compared to the molecular ion of H-PBN-CHs; figure 3.12) which confirms
the trapping of one deuteron methyl (CDs) radical by PBN. The fragment at m/z 181 is
formed by the loss of a methyl radical from the t-Bu group of the molecular ion, while
the loss of 2-methyl-1-propene (from M*™) gives a peak at m/z 140. The fragment at m/z
91 corresponds to a tropylium cation which is also the base peak; in addition, break
down gives a phenyl peak at m/z 77. The fragment at m/z 57 corresponds to the tert-butyl

cation
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3.4.3 CHs & H adduct of ds-PBN (H-dsPBN-CHs)
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Figure 3.14: Electron ionisation (EI) mass spectrum of the peak at 8.46 minutes (figure
3.3) corresponding to a hydrogen and methyl radical-adduct of ds-PBN. The structure
given in the top right corner is that of the molecular ion (M*) of H-ds-PBN-CHs,

corresponding to the peak at m/z 199.

The EI mass spectrum shown in figure 3.14 corresponds to the hydrogen and methyl
radical-adduct of PBN (H-ds-PBN-CH3). The molecular ion can be seen at m/z 199 when
ds-PBN was used as the spin trapping agent. The m/z value for the molecular ion is 6
units higher than when non-deuterated PBN is used, thus confirming the identity of the
adduct and the trapping of a hydrogen atom and a methyl radical. The fragment at m/z
184 is formed by the loss of a methyl radical from the t-Bu group of the molecular ion,
while the loss of 2-methyl-1-propene (also directly from the 'Bu group of the molecular
ion) gives a peak at m/z 143. The fragment at m/z 97 corresponds to tropylium (ds) cation
which is also the base peak; in addition, break down gives a phenyl (ds) peak at m/z 82.

The fragment at m/z 57 corresponds to the tert-butyl cation.
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3.4.4 CDs & H adduct of dg-PBN (H-dsPBN-CD3)
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Figure 3.15: Electron ionisation (EI) mass spectrum of the peak at 8.40 minutes (figure
Al; appendix) corresponding to a hydrogen atom and a CD3 radical-adduct of de-PBN.
The structure given in the top right corner is that of the molecular ion (M*™) of H-de-

PBN-CDs3 corresponding to the peak at m/z 202.

The EI mass spectrum shown in figure 3.15 corresponds to H-ds-PBN-CD3. The
molecular ion has shifted to m/z 202 (a difference of 9 m/z units when compared to the
molecular ion of H-PBN-CHz; figure 3.12) thus confirming the identity of adduct. The
fragment at m/z 187 is formed by the loss of a methyl radical from the t-Bu group of the
molecular ion, while the loss of 2-methyl-1-propene (also directly from the ‘Bu group of
the molecular ion) gives a peak at m/z 146. The fragment at m/z 97 corresponds to
tropylium (de) cation which is also the base peak; in addition, break down gives a phenyl
(ds) peak at m/z 82. The fragment at m/z 57 corresponds to the tert-butyl cation.
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3.45 CHs & H adduct of F-PBN {F-PBN(H)CHs}
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Figure 3.16: Electron ionisation (EI) mass spectrum of the peak at 8.70 minutes (figure
3.4) corresponding to a hydrogen atom and methyl radical-adduct of F-PBN. The
structure given in the top right corner is that of the molecular ion (M**) of F-PBN(H)CH3

corresponding to the peak at m/z 211.

The EI mass spectrum shown in Figure 3.16 corresponds to a hydrogen & methyl
radical-adduct of PBN {F-PBN(H)CHs}. The molecular ion can be seen at m/z 211 (a
difference of 18 m/z units when compared to the molecular ion of H-PBN-CHj3) thus
confirming the identity of the adduct. The fragment at m/z 196 is formed by the loss of a
methyl radical from the 'Bu group of the molecular ion, while the loss of 2-methyl-1-
propene (from M™) gave a peak at m/z 155. The fragment at m/z 109 is a fluoro-
tropylium cation formed by the rearrangement of F-benzyl cation; in addition,
breakdown gives a F-phenyl peak at m/z 95 while the fragment at m/z 57 corresponds to

tert-butyl cation.
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Table 3.2: Summary of GC-MS data for the hydrogen & methyl adducts of PBN and its

derivatives.
Spin adduct Retention Molecular | Base peak | Characteristic fragment peaks
time (Rg |ion(m/z) | (m/z) (m/2)
minutes)
H-PBN-CH3 8.52 193 91 178, 146, 137, 103, 91, 77, 57
H-PBN-CDs3 8.48 196 91 181, 146, 140, 103, 91, 77, 57
H-de-PBNCH3 8.46 199 97 184, 152, 143, 109, 97, 82, 57
H-de-PBN-CD3 | 8.40 202 97 187, 152, 146, 109, 97, 82, 57
F-PBN(H)CH3 8.70 211 109 196, 164, 155, 109, 95, 57

94




3.5  Methyl adduct of tert-butylhydroaminoxyl (‘Bu-NOMe)

3.5.1 EI mass spectrum of '‘Bu-NOHMe

ch"f'x‘nH-\

Figure 3.17: Electron ionisation (EI) mass spectrum of the peak at 1.63 minutes (figure
3.1) corresponding to 'Bu-NOHMe. The structure given in the top right corner is that of

the molecular ion (M™) corresponding to the peak at m/z 103.

The EI mass spectrum shown in figure 3.17 corresponds to tert-butylhydroaminoxyl
(‘Bu-NOHMe). The molecular ion may be seen at m/z 103. Loss of methyl radical from
the molecular ion gives a peak at m/z 88 which is also the base peak. The fragment at m/z

57 corresponds to the tert-butyl cation.
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3.5.2 EIl mass spectrum of ‘BuNOH(CDs)
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Figure 3.18: Electron ionisation (EI) mass spectrum of the peak at 1.62 minutes (figure
3.2) corresponding to ‘Bu-NOH(CDs). The structure given in the top right corner is that
of the molecular ion (M*) corresponding to the peak at m/z 106.

The EI mass spectrum shown in figure 3.18 corresponds to 'Bu-NOH(CD3) detected at
1.62 minutes when the reaction was carried out by using dsz-acetaldehyde- (the methyl
hydrogen atoms replaced by deuterium) as a secondary source of radicals in the Fenton
reaction system. The molecular ion can be seen clearly at m/z 106 which helps to confirm
the identity. Loss of a methyl group from the ‘Bu group of the molecular ion gives a peak
at m/z 91 which is also the base peak. The fragment at m/z 57 corresponds to the tert-

butyl cation.
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Table 3.3: Summary of GC-MS data for ‘Bu-NOHMe when PBN and its derivatives were
used as trapping agents

Reagents in the Fenton | Identified adduct Retention time | Molecular
system (Rt; minutes) ion (m/z)
PBN and acetaldehyde ‘Bu-NOHMe 1.63 103

PBN & ds-acetaldehyde '‘Bu-NOHCD3 1.63 106
ds-PBN & acetaldehyde ‘Bu-NOHMe 1.63 103
ds-PBN & ds-acetaldehyde | 'Bu-NOHCD3 1.63 106
F-PBN & acetaldehyde ‘Bu-NOHMe 1.63 103
CI-PBN & acetaldehyde ‘Bu-NOHMe 1.62 103
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3.6  Di-tert butyl hydroxylamine

3.6.1 EI mass spectrum of di-tert butyl hydroxylamine
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Figure 3.19: Electron ionisation (EI) mass spectrum of the peak at 2.04 minutes (figure
3.1) corresponding to di-tert butyl hydroxylamine. The structure given in the top right

corner is that of the molecular ion (M™) corresponding to the peak at m/z 145.

The EI mass spectrum shown in figure 3.19 corresponds to the di-tert butyl
hydroxylamine. This is formed from the tert-butyl part of the PBN. 2-methyl-2-
nitrosopropane (MNP) is one of the products formed by the breakdown of PBN during
the reaction. Di-tert butyl hydroxylamine is formed when MNP gains another tert-butyl
group (formed by the breakdown and rearrangement of acetaldehyde) and a hydrogen on
the oxygen of the nitroxide to attain stability (Turnbull et al., 2001). Loss of a methyl
group from a molecular ion gives a peak at m/z 130 which further losses tert-butyl to
give a base peak at m/z 74. The fragment at m/z 113 corresponds to the loss of methanol
from the molecular ion while loss of methanol from the (M-15)* fragment gives a peak at
m/z 98. The fragment at m/z 88 is formed by the loss of a tert-butyl group from

molecular ion while the fragment at m/z 57 corresponds to the tert-butyl cation.
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3.6.2 EI mass spectrum of di-tert butyl (dy) hydroxylamine
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Figure 3.20: Electron ionisation (EI) mass spectrum of the peak at 2.02 minutes (figure
3.2) corresponding to di-tert butyl (de) hydroxylamine. The structure given in the top

right corner is that of the molecular ion (M*) corresponding to the peak at m/z 154.

The El mass spectrum shown in figure 3.20 corresponds to di-tert butyl (do)
hydroxylamine detected at 2.02 minutes when the reaction was carried out by using ds-
acetaldehyde (the methyl hydrogen atoms replaced by deuterium) as a secondary source
of radicals in the Fenton reaction system. The molecular ion can be clearly seen at m/z
154 (a difference of 9 m/z units when compared to the molecular ion of Di-tert butyl
hydroxylamine) which confirms the gain of three deuteron-methyl (CDs3) groups. As for
previous spectra, the fragment at m/z 139 is formed by the loss of a methyl radical (from
MNP part of the molecular ion), while the loss of CD3OH gives a fragment at m/z 1109.
The fragment at m/z 104 is formed by the loss of CD3OH from (M-15)" fragment. The

fragment at m/z 57 corresponds to the tert-butyl cation.
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The identity of di-tert butyl hydroxylamine was confirmed when the Fenton reaction was
carried out by using other derivatives of PBN and by using either acetaldehyde or
deuterated acetaldenyde (ds3) as a secondary source of free radicals. Summary of
identified compound with its retention times and molecular ion (m/z) is presented in
Table 3.4.

Table 3.4: Summary of GC-MS data for di-tert butyl hydroxylamine when the reaction
was carried by using PBN and its derivatives as trapping agents and

acetaldehyde/deuterated acetaldehyde as a secondary source of free radicals

Reagents in the Fenton | Identified Retention time (Ry; Molecular ion

system compound minutes) (m/z)

PBN and acetaldehyde Di-tert butyl 2.04 145
hydroxylamine

PBN & ds-acetaldehyde Di-tert butyl (do) | 2.02 154
hydroxylamine

de-PBN & acetaldehyde Di-tert butyl 2.04 145
hydroxylamine

de-PBN & ds- | Di-tert butyl (dg) | 2.02 154

acetaldehyde hydroxylamine

F-PBN & acetaldehyde Di-tert butyl 2.03 145

hydroxylamine

CI-PBN & acetaldehyde Di-tert butyl 2.03 145
hydroxylamine
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3.7  EIl mass spectrum of phenyl methanimine
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Figure 3.21: Electron ionisation (EI) mass spectrum of the peak at 2.22 minutes (figure
3.1) corresponding to phenyl methanimine. The structure given in the top left corner is
that of the molecular ion (M™) corresponding to the peak at m/z 105.

The EIl mass spectrum shown in figure 3.21 corresponds to phenyl methanimine. The
molecular ion can be seen at m/z 105. The base peak is formed by the loss of a hydrogen
atom from molecular ion. The fragment at m/z 78 corresponds to the benzene radical
cation (“CsHs) while m/z 77 is a common fragment of PBN breakdown identified as a

CeHs cation.

The identity of the compound was confirmed when the Fenton reaction was carried out
using other derivatives of PBN and/or using either acetaldehyde or deuterated
acetaldehyde as a secondary source of free radicals. Summary of identified compounds

with their retention times and molecular ions (m/z) is presented in Table 3.5
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Table 3.5: Summary of GC-MS data for X-phenyl methanimine (where X is H, F or Cl)
when the reaction was carried using PBN and its derivatives as trapping agents and

acetaldehyde/deuterated acetaldehyde as a secondary source of free radicals

Reagents in the Fenton Identified compound Retention time (R; Molecular
system minutes) ion (m/z)
PBN and acetaldehyde phenyl methanimine 2.23 105
PBN and ds- | phenyl methanimine 2.23 105
acetaldehyde
ds-PBN & acetaldehyde | de-phenyl methanimine | 2.23 111
F-PBN & acetaldehyde | F-phenyl methanimine | 2.22 123
CI-PBN & acetaldehyde | Cl-phenyl methanimine | 3.75 140/142
H
I
C
\H
X=H (PBN)
F (4-FPBN)
X Cl (4-CIPBN)

X-Phenyl methanimine

For de-phenyl methanimine, all five hydrogen atoms on the ring and the hydrogen
attached to alpha carbon are replaced by deuterium.
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3.8  EIl mass spectrum of benzaldehyde
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Figure 3.22: Electron ionisation (EI) mass spectrum of the peak at 2.61 minutes (figure
3.1) corresponding to benzaldehyde. The structure given in the top right corner is that of

the molecular ion (M™) corresponding to the peak at m/z 106.

The EI mass spectrum shown in figure 3.22 corresponds to benzaldehyde. The fragment
at m/z 105 is formed by the loss of hydrogen atom from the molecular ion. The fragment

at m/z 77 corresponds to the CeHs cation.

The identity of the compound was confirmed when the Fenton reaction was carried out
using other derivatives of PBN and/or using either acetaldehyde or deuterated
acetaldehyde as a secondary source of free radicals. A summary of benzaldehyde

derivatives with their retention times and molecular ion (m/z) is presented in Table 3.6
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Table 3.6: Summary of GC-MS data for X-Benzaldehyde (where X is H, F or Cl) when

the reaction was carried by using PBN and its derivatives as trapping agents and

acetaldehyde or ds-acetaldehyde as a secondary source of free radicals

Reagents in the Fenton | Identified benzaldehyde | Retention time (Ry; Molecular
system derivative minutes) ion (M/z)
PBN and acetaldehyde Benzaldehyde 2.61 106
PBN and ds- | Benzaldehyde 2.61 106
acetaldehyde
ds-PBN & acetaldehyde | de-benzaldehyde 2.60 112
F-PBN & acetaldehyde | F-benzaldehyde 2.52 124
CI-PBN & acetaldehyde | Cl-benzaldehyde 4.63 140

ﬁ

C

\H
X=H (PBN)

X-benzaldehyde

F (4-FPBN)
Cl (4-CIPBN)

For ds-benzaldehyde all five hydrogen atoms on the ring and the hydrogen attached to
alpha carbon are replaced by deuterium
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3.9  N-methoxy-1-phenylethanamine

3.9.1 EI mass spectrum of N-methoxy-1-phenylethanamine
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Figure 3.23: Electron ionisation (EI) mass spectrum of the peak at 5.22 minutes (figure

3.1) corresponding to N-methoxy-1-phenylethanamine. The structure given in the top

right corner is that of the molecular ion (M*) corresponding to the peak at m/z 151.

The EI mass spectrum shown in figure 3.23 corresponds to N-methoxy-1-

phenylethanamine detected at 5.22 minutes. The fragment at m/z 136 is formed by the

loss of a methyl radical from the molecular ion. Dissociation of the molecular ion

between the alpha carbon and nitrogen gives the base peak at m/z 105. The fragment at

m/z 57 corresponds to the tert-butyl cation.
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3.9.2 EI mass spectrum of N-methoxy-1-phenylethanamine (ds)
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Figure 3.24: Electron ionisation (EI) mass spectrum of the peak at 5.13 minutes (figure
3.2) corresponding to N-methoxy-1-phenylethanamine (ds). The structure given in the

top right corner is that of the molecular ion (M™) corresponding to the peak at m/z 157.

The EI mass spectrum shown in figure 3.24 corresponds to N-methoxy-1-
phenylethanamine (de) detected at 5.13 minutes when the reaction was carried out using
ds-acetaldehyde (the methyl hydrogen atoms replaced by deuterium) as a secondary
source of radicals in the Fenton reaction system. The molecular ion can be seen at m/z
157 (difference of 6 m/z units when compared to the mass spectrum when using non-
deuterated acetaldehyde; figure 3.23) which confirms the trapping of two deuteron-
methyl ("CD3) radicals. The fragment at m/z 139 is formed the loss of a "CD3 from the
molecular ion. Dissociation of the molecular ion between the alpha carbon and nitrogen
gives the base peak at m/z 108. The fragment at m/z 57 corresponds to the tert-butyl

cation.
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Furthermore, the identity of the compound was confirmed when the Fenton reaction was
carried out using other derivatives of PBN and/or using either acetaldehyde or deuterated
acetaldehyde as a secondary source of free radicals. Summary of identified compounds

with their retention times and molecular ions (m/z) is presented in Table 3.7
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Table 3.7: Summary of GC-MS data for N-methoxy-1-X-phenylethanamine (where X is

H, F or CI) when the reaction was carried out by using PBN and its derivatives as

trapping agents and acetaldehyde/deuterated acetaldehyde as a secondary source of free

radicals
Reagents in | Identity Retention | Molecular | Base | Characteristic
the Fenton time (Ry; | ion (m/z) | Peak | fragment
system minutes) (m/z) | peaks (m/z)
PBN & H 5.21 151 105 | 136,119, 77
acetaldehyde T Jl
PN
Cc OCH
@ o
PBN & ds- i 5.13 157 108 | 139,122, 77
acetaldehyde | N
c< \oco3
©/ CDs
ds-PBN & H 5.16 157 111 | 142,125,82
acetaldehyde T Jl
D PN
C C OCH
DT/ ‘ \CH3 ’
DC\C/CD
D
ds-PBN & T 5.08 163 114 | 145,128,82
D
& D AN
acetaldehyde c c ocp
DT/ ‘ \CD3 ’
DC\C/CD
D
F-PBN & H 5.34 169 123 | 154,137,95
acetaldehyde T Jl
c< \OCH3
CHg
F
CI-PBN & | Not detected

acetaldehyde
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3.10 EIl mass spectrum of methoxy-(1-phenylethylidene)amine
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Figure 3.25: Electron ionisation (EI) mass spectrum of the peak at 6.32 minutes (figure
3.1) corresponding to methoxy-(1-phenylethylidene)amine. The structure given in the top
right corner is that of the molecular ion (M*) corresponding to the peak at m/z 149.

The EI mass spectrum shown in figure 3.25 corresponds to methoxy-(1-
phenylethylidene)amine detected at 6.32 minutes. The suggested adduct is formed by
trapping two methyl radicals and loss of tert-butyl group from PBN & loss of both
hydrogens i.e. from alpha carbon and nitrogen. Loss of the methoxy group from
molecular ion gives a peak at m/z 118. Dissociation of the molecular ion between the
alpha carbon and nitrogen gives the base peak at m/z 105. The fragment at m/z 57
corresponds to the tert-butyl cation. The fragment at m/z 77 is a CsHs cation which is

also the base peak.
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The identity of adduct was confirmed when the Fenton reaction was carried out using
other derivatives of PBN and using either acetaldehyde or deuterated acetaldehyde as a
secondary source of free radicals. Summary of identified compounds with their retention
times and molecular ion (m/z) is presented in Table 3.8

110



Table 3.8: Summary of GC-MS data for methoxy(1-phenylethylidene)amine derivatives,

when reaction was carried out by using PBN and its derivatives as trapping agent and

acetaldehyde/deuterated acetaldehyde as a secondary source of free radicals

Reagents | ldentity Retention | Molecular | Base | Characteristics
in the time (Ry; |ion (m/z) | Peak | fragment
Fenton minutes) (m/z) | peaks (m/z)
system
PBN & CHs 6.32 149 77 134, 118, 105
acetaldehyde
: ,C\N /ocH3
PBN & da- CD; 6.22 155 77 137,122,
acetaldehyde
: ,C\N /OCD3
ds-PBN & CHs 6.29 154 82 139, 123, 108
acetaldehyde D |
c Cx _-OCHs
DT/ | \N/
DC CD
\C/
D
ds-PBN & CDs 6.18 160 82 142, 126, 108
ds- D |
acetaldehyde C Cn OCD;
DT/ T \N/
DC CD
\C/
D
F-PBN & CH, 6.15 167 95 152, 136, 122
acetaldehyde
C\N /OCH3
F
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3.11 EIl mass spectrum of 2,3-diphenylbutane
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Figure 3.26: Electron ionisation (EI) mass spectrum of the peaks at Ry 15.96 & 16.25
minutes (figure 3.1) corresponding to isomers of 2,3-diphenylbutane. The structure given
in the top right corner is that of the molecular ion (M*) corresponding to the peak at m/z
210.

The EI mass spectrum shown in figure 3.26 corresponds to isomers of 2,3-
diphenylbutane detected at 15.96 & 16.25 minutes. Dissociation of the molecular ion at
the C-C bond gives the base peak at m/z 105. The fragment at m/z 57 corresponds to the
tert-butyl cation. The fragment at m/z 77 is a CeHs cation while the fragment at m/z 91

corresponds to the tropylium cation.
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The identity of compound was confirmed when the Fenton reaction was carried out using
other derivatives of PBN and using either acetaldehyde or deuterated acetaldehyde as a
secondary source of free radicals. Summary of identified diphenylbutane derivatives with
their retention times and molecular ions (m/z) is presented in Table 3.9

Table 3.9: Summary of GC-MS data for 2,3-X-diphenylbutane (where X is H, F or Cl)
when the reaction was carried out using PBN and its derivatives as trapping agents and

acetaldehyde/deuterated acetaldehyde as a secondary source of free radicals

Reagents in the | Identity Retention Molecular ion | Base Peak

Fenton system time (Ry; (m/z) (m/2)
minutes)

PBN & | 2,3-diphenylbutane 15.96/16.25 | 210 105

acetaldehyde

PBN & ds- | 2,3-diphenylbutane-de | 15.92/16.21 | 216 108

acetaldehyde

ds-PBN & | 2,3-diphenylbutane- | 15.91/16.19 | 222 111

acetaldehyde di2

de-PBN & ds- | 2,3-diphenylbutane- | 15.86/16.14 | Not detected 114
acetaldehyde dis

F-PBN & | Fluoro-2,3- 16.15/16.42 | 246 very weak | 123
acetaldehyde diphenylbutane
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3.12 Paraldehyde:

3.12.1 EIl mass spectrum of paraldehyde
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Figure 3.27: Electron ionisation (EI) mass spectrum of the peak at R: 1.80 minutes
(figure 3.1) corresponding to paraldehyde. The structure given in the top right corner is

that of the molecular ion (M™) corresponding to the peak at m/z 132.

The EI mass spectrum shown in figure 3.27 corresponds to paraldehyde detected at 1.80
minutes. The peak is present in non-Fenton control experiments (data not shown) when
acetaldehyde is used and suggests that the compound is derived from acetaldehyde and
not from the Fenton reaction. A search of the NIST library suggests it to be paraldehyde,
which is not only a precursor of acetaldehyde but can also be formed by self-aldol
condensation of acetaldehyde molecules in the presence of protons (Hill, Miessner &
Ohlmann, 1989; Georgieff, 1966). Scheme of paraldehyde formation from acetaldehyde
is presented in appendix as figure A2. Fragments at m/z 131, 89 and a base peak at 45 are

the characteristic fragments of paraldehyde

114



3.12.2 El mass spectrum of paraldehyde (do)
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Figure 3.28: Electron ionisation (EI) mass spectrum of the peak at R: 1.79 minutes
(Figure 3.2) corresponding to de-paraldehyde. The structure given in the top right corner

is that of the molecular ion (M™) corresponding to the peak at m/z 141.

The EIl mass spectrum shown in Figure 3.28 corresponds to do-paraldehyde detected at
1.79 minutes when the reaction was carried out by using dsz-acetaldehyde (the methyl
hydrogen atoms replaced by deuterium) as a secondary source of radicals in the Fenton
reaction system. The molecular ion is just visible at m/z 141 (difference of 9 m/z units
when compared to that in figure 3.27 where non-deuterated acetaldehyde was used) thus

confirming the formation of paraldehyde.
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3.13 Discussion:

The aim of the study in this chapter was to develop a solvent free method for the
detection and analysis of the spin trapped free radicals generated by acetaldehyde as a
secondary source of radicals in the Fenton system. The Fenton reaction is one that
generates hydroxyl radicals (scheme 3.2) which can be damageing to different
constituents of the cell. Hydroxyl radicals are short-lived which makes them very hard to
detect. They can react with many organic molecules at near diffusion-controlled rates to
produce other radicals and possibly initiate a chain reaction which is even more
destructive to the living body (Dalle-Done et al., 2006).

Spin trapping is a technique used to trap these radicals. Spin traps are chemical
compounds which react with free radicals to produce comparatively stable radical
adducts which can be measured by using different analytical techniques, principally
electron paramagnetic resonance (EPR) spectroscopy (Halliwell & Gutteridge, 2015). In
this study, the Fenton reaction was used to generate hydroxyl radicals which then reacted
with acetaldehyde to produce acetyl radicals, which further decompose into methyl
radicals and hydrogen atoms by decarbonylation (Nakao et al., 2000) as shown in
scheme 3.3. In another study hydrogen radicals produced from acetaldehyde were spin
trapped by PBN and detected by EPR (Jenkins et al., 1997). These free radicals then
react with PBN derivatives to produce stable radical adducts which may be extracted and
analysed by using TD-GC-MS.

Fe2* + H,0, » Fe’*+OH+OH

Scheme 3.2: The Fenton reaction

//O

> CH3 + CO

H,c—¢& + OH > HC—C=—0
\ T H0 N
H
Acetaldehyde Acetyl radical Methyl radical

Scheme 3.3: Generation of methyl radicals from acetaldehyde during the Fenton reaction
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The chromatogram in figure 3.1 shows several peaks which are not present in “non-

Fenton” control reactions thus confirming them as products of the Fenton reaction. These

peaks have been identified by carrying out the Fenton reaction with PBN or its

derivatives in the precence of acetaldehyde or deuterated acetaldehyde (ds).

The most intense peak at 10.27 minutes in figure 3.1 has been identified as a di-methyl
adduct of PBN (PBN-Me). Formation of the di-methyl adduct of PBN is a two-step

process. In the first step, methyl radical are trapped at the alpha carbon, converting the

molecule into a nitroxide which, in turn, traps another methyl group at the oxygen and

generates a stable non-radical adduct (scheme 3.4).

Step 1: Formation of mono-methyl adduct

PBN

Step 2: Formation of the di-methyl adduct

PBN-mono-methyl adduct

Y

tbu

PBN-mono-methyl adduct
(a nitroxide; EPR active)

OCH;

CH;
tbu

PBN-di-methyl adduct

(EPR inactive)

Scheme 3.4: Trapping of methyl radicals by PBN (Janzen et al., 1985).
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The mass spectrum in figure 3.6 clearly shows a molecular ion at m/z 207 which loses a
methyl radical to give a fragment at m/z 192. The methyl radical is lost from the '‘Bu
group as indicated by experiments using ds-acetaldehyde as the source of secondary
radicals. One of the trapped methyl groups may also be lost which further loses tert-butyl
to give a peak at m/z 136. Loss of 2-methyl-1-propene from the molecular ion gives a
fragment at m/z 151. Dissociation of the molecular ion between the alpha carbon and

nitrogen gives the base peak at m/z 105 (shown in scheme 3.5).

To confirm the source of the methyl radicals, deuterated acetaldehyde was used in the
Fenton system. Deuteron-methyl radicals ((CD3) were generated and then trapped by
PBN to form a PBN(CDz)> adduct (Figure 3.7). This clearly demonstrates that
acetaldehyde is the source of the trapped methyl radicals in the system. Furthermore, the
identity of the adduct was confirmed by using different combinations of spin trap and

acetaldehyde/deuterated-acetaldehyde, summarised in Table 3.1.

The chromatogram shown in figure 3.1 has a small peak retained at 8.52 minutes. This is
hydrogen & methyl adduct of PBN (H-PBN-Me). A hydrogen atom is trapped by the
alpha carbon to give an unstable nitroxide, which then traps a methyl radical to stabilise
itself (Janzen et al., 1985). The molecular ion can be seen at m/z 193 (figure 3.12) which
then loses a methyl group to give a peak at m/z 178. The methyl radical is lost from the
'Bu group as demonstrated by experiments using ds-acetaldehyde. Loss of 2-methyl-1-
propene from parent molecular ion gives a peak at m/z 137. Further loss of [HNOCHs3]’
from this fragment generates a peak at m/z 91 (scheme 3.6). Janzen and his colleagues

also observed same fragmentation pattern for the adduct in 1985.

The identity of adduct was confirmed using deuterated acetaldehyde in the Fenton
reaction. A small peak retained at 8.48 minutes (figure 3.2) is the hydrogen and CDs
adduct of PBN (H-PBN-CD3). The molecular ion has shifted to m/z 196 confirming the
addition of one deuteron-methyl radical. Furthermore, experiments using different
combinations of PBN or its derivatives and acetaldehyde/ds-acetaldehyde help to
confirm the identity of the adduct; retention times, the m/z value of the molecular ions

and characteristic fragments are all summarised in table 3.2.

118



H
OCHs
N
CHs |
C(CH3)3
T L m/z 207
S
s
=
£
o .U
8 1
&
= Y H
=
[0)
g . _~OCHs
8 N
5 CHs ||
w2
8 C(CHa),
Y
B o+ m/z 192
H
_OCH{ a
N N
CHs | S
G
o
w
— - v
m/z 151 °
H
Y
(0]
=
R’l/
CHs
H
m/z 136

Scheme 3.5: Fragmentation pattern of the PBN-di-methyl adduct

119

—e}

- ['Bu-NOCH,] *

Y
~

X
F

m/z 105



H
OCH,
N
Ho |
C(CH3)3
—_— (]
[=}
L m/z 193 _ 2.
9
&~
) n
O =
b b
; ;
2 N
S
7]
8
" o ‘—‘" o
H H
+/OCH3 N/OCH3
N
| )
C(CH3),
m/z 178 - m/z 137 _

loss of [HNOCH,] *

-
-

m/z 91

Scheme 3.6: Fragmentation pattern of hydrogen & methyl adduct of PBN (H-PBN-Me)
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The chromatogram shown in figure 3.1 gives two peaks retained at 15.91 and 16.25
minutes with the same mass spectrum suggesting that these are isomers. The suggested
compound is 2,3-diphenylbutane. The adduct is most probably formed in the Fenton
system although mechanism of its formation needs further investigation (figure 3.26).
The base peak at m/z 105 is formed by the dissociation of the molecule from the centre

point.

An experiment carried out by using deuterated acetaldehyde with PBN showed a
molecular ion at m/z 216, demonstrating the presence of two deuteron-methyl radicals.
Further experiments involving de-PBN and acetaldehyde or ds-acetaldehyde suggest that
the compound is 2,3-diphenylbutane. A summary of retention times and m/z values for

the base peaks and characteristic fragments is presented in table 3.9.

A peak retained at 1.63 minutes (figure 3.1) has been identified as a methyl adduct of
tert-butylhydroaminoxyl. Hydroxyl radical attack on PBN may lead to the formation of
2-methyl-2-nitrosopropane (MNP) (Turnbull et al., 2001). MNP is a known free radical
spin trap which, in this study, may trap a methyl radical & then be reduced to the tert-
butylhydroaminoxyl in the presence of ascorbate (scheme 3.7). Production of tert-
butylhydroaminoxyl by the degradation of PBN is well documented (Kotake and Janzen,
1991; Jerzykiewics et al., 2011). The molecular ion of the adduct is seen at m/z 103
(figure 3.17). In the corresponding experiment, using ds-acetaldehyde the m/z value of
the molecular ion increases by 3 units to 106 (figure 3.18) thus confirming the addition

of methyl in the structure (summarised in table 3.3).

The peak retained at 2.04 minutes (figure 3.1) is di-tert butyl hydroxylamine with a
molecular ion at m/z 145 (figure 3.19). It is believed that MNP, formed from the
breakdown of PBN, traps a tert-butyl radical to produce di-tert-butylnitroxide radical
(Makino, Moriya and Hatano, 1985; Turnbull et al., 2001; Jerzykiewics et al., 2011),
which subsequently reduces in the precence of ascorbate to generate di-tert butyl
hydroxylamine (scheme 3.8). Loss of methyl radical from the molecular ion gives a peak
at m/z 130 while the base peak at m/z 74 may be formed by the loss of methyl radical
from the ion at m/z 89 which, in turn, may be formed by loss of a tert-butyl radical from
m/z 130 (figure 3.19; scheme 3.9). Further evidence to support the suggested structure of
the compound is obtained when the Fenton reaction is carried out using ds-acetaldehyde.
The molecular ion m/z value increases by 9 units to 154 (figure 3.20) thus confirming the
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identity of adduct. Detection of di-tert butyl hydroxylamine while using different
derivatives of PBN is summarised in table 3.4.

- t
Bu N=—7O o Bu N—O
)\//
) CH;
[
CH3 o
()
+
+
=)
)
<
=
.2
k3
=
3
o
\
t
Bu N—OH
CHj

Scheme 3.7: Pathway of methyl adduct of tert-butylhydroaminoxyl formation from 2-
methyl-2-nitrosopropane (MNP)
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Scheme 3.8: Pathway of di-tert-butyl hydroxylamine formation from MNP
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Scheme 3.9: Fragmentation pattern of di-tert-butyl hydroxylamine.
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The peak retained at 2.22 minutes (shown in figure 3.1) is identified as phenyl
methanimine with a molecular ion at m/z 105 (figure 3.21). Loss of a hydrogen atom
gives the base peak at m/z 104, which further losses a hydrogen atom to generate a peak
at m/z 103 (scheme 3.10). The peak in the mass spectrum at m/z 78 corresponds to the
benzene radical cation and that at m/z 77 to the C¢Hs" cation. No methyl group is added
to form this compound and thus experiments using ds-acetaldehyde generated no changes
in the mass spectrum. Experiments using de-PBN and other derivatives of PBN generated
F-phenyl methanimine, Cl-phenyl methanimine and de-phenyl methanimine with
molecular ions at m/z 123, 140/142 and 111, respectively, when F-PBN, CI-PBN and de-

PBN were used. Retention times and identified adducts are summarised in table 3.5.

_ o+
H
M N~
! : '<':
H
o -
B - m/z 104
m/z 105
=
I | ot
N
]
©/C
m/z 103

Scheme 3.10: Suggested pathway of phenyl methanimine fragmentation
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An intense peak retained at 2.61 minutes (figure 3.1) is identified as benzaldehyde,
which is a well known product of PBN degradation (Turnbull et al., 2001; Eberson and
Persson, 1998; Atamna, Paler-Martinez & Ames, 2000) The molecular ion was seen at
m/z 106 and base peak at m/z 77 (figure 3.22). When different PBN derivatives were
used in the Fenton reaction, the respective benzaldehyde derivatives i.e. Cl-benzaldehyde
from CI-PBN and F-benzaldehyde from F-PBN were detected, confirming the identity.

Retention times & m/z values for molecular ions are summarised in table 3.6

A small peak retained at 5.22 minutes (figure 3.1) is identified as N-methoxy-1-
phenylethanamine with a molecular ion at m/z 151 (figure 3.23). Loss of a methyl radical
gives a peak at m/z 136 and dissociation of the molecular ion at the alpha carbon and
nitrogen gave the base peak at m/z 105, a fragment also formed from the breakdown of
the molecular ion of the PBN dimethyl adduct (PBN-Mez). A possible mechanism of
formation for this adduct is that, following the formation of PBN-Me,, as discussed
earlier, 2-methyl propane (CH3CH(CHzs)CHs3) is lost. This reaction may occur in either
the reaction mixture or within the injector port of the GC-MS. The identity of adduct was
confirmed by using ds-acetaldehyde in the Fenton reaction. The molecular ion is clearly
seen at m/z 157 showing an increase of 6 m/z units, confirming that two deuteron-methyl
radicals have been trapped. Retention times and m/z values for the molecular ion, base

peak and characteristic fragments are summarised in table 3.7.

Another small peak retained at 6.32 minutes (figure 3.1) is methoxy-(1
phenylethylidene)amine with a molecular ion at m/z 149 (figure 3.25). Possibly, this is
formed from the loss of 2-methyl-1-propene from PBN-Me>. The structure of molecular
ion is presented in the mass spectrum in figure 3.25). Loss of a methoxy radical from the
molecular ion gives a peak at m/z 118 while other characteristic fragments are also seen
at m/z 105 & 77. When deuterated acetaldehyde is used in the Fenton system the
molecular ion is detected at m/z 155, an increase of 6 m/z units, confirming the addition
of two deuteron-methyl groups. Loss of OCDs from the molecular ion gives a fragment
at m/z 137. Retention times, molecular ion structures, m/z values of characteristic

fragments, molecular ions and base peaks are summarised in table 3.8.

As discussed in the introduction, acetaldehyde is a primary metabolite of ethanol and
considered as a potential carcinogen (Seitz and Stickel, 2007). The main objective of this
research work was to develop a method for the detection of acetaldehyde. Thermal
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desorption is a novel approach to detect spin trapped free radicals and the results
presented here demonstrate the potential of this approach. Volatile PBN radical-adducts

may potentially be used as biomarkers for the facile detection of acetaldehyde (see
chapter 6 for further discussion).
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Chapter 4

Detection and analysis of spin-adducts from propanal and
N-tert-Butyl-a-Phenylnitrone (PBN) using Thermal
Desorption-Gas Chromatography-Mass Spectrometry (TD-
GC/MYS)
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4.1 Introduction

Free radicals may attack lipids especially polyunsaturated fatty acids (PUFAS) to start a
chain reaction called lipid peroxidation (LPO). Lipid peroxidation is one of the most
researched areas with the number of publications increased from 98 (1970-1974) to
13165 (2010-2013) (Ayala, Munoz & Arguelles, 2014), which shows the importance and
scope of this process. LPO produces lipid hydroperoxides (LOOH) as a primary product
while aldehydes like malondialdehyde (MDA), propanal (propionaldehyde), hexanal &
4-hydroxynonenal (4-HNE) can be formed as secondary products (Ayala, Munoz &
Arguelles, 2014). There are literally hundreds of products formed during this process
making it difficult to quantify them. This problem is made worse by the fact that they
metabolise and are excreted at different rates. Nevertheless, they are still potentially very
useful biomarkers for LPO (Niki, 2014). Oxidation of lipids may be responsible for the
formation of toxic compounds which not only cause off-flavours to products but may
also initiate different diseases like Alzheimer disease, Parkinson disease and Huntington
disease (Reed, 2011; Shaker, 2006). Propanal and hexanal have been studied as
secondary products of LPO and potentially may be used as indicators of the LPO in
edible oils (Van Ruth, Roozen & Jansen, 2000).

Lipids can easily be oxidised by air so care should always be taken during sample
handling to avoid artefactual oxidation (Niki, 2014). HPLC with various post column
detection systems like UV spectrophotometry, chemiluminesence and mass spectrometry
was used successfully for the detection of lipid hydroperoxides. Mass spectrometry is
considered the best detection method but thermal instability in gas chromatograph is a
disadvantage (Niki, 2014). Secondary oxidation products including aldehydes like
propanal, hexanal and octanal have been evaluated by using proton transfer reaction-
mass spectrometry (PTS-MS) as indicators of damage made by LPO in sunflower oil
(Shaker, 2006). Pentaflurobenzyl (PFB) hydroxylamine was used to convert aldehydes
into their PFB-oximes which can be detected easily by using GC-MS (Kawai, Takeda &
Terao, 2007). Malondialdehyde (MDA) was detected successfully by using GC-MS with

the suggestion that it is more sensitive than other methods (Liu et al. 1997).
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One objective of this study is to spin trap the radicals produced by propanal in the Fenton
reaction and detect the resulting adducts. PBN and its derivatives were used as spin
trapping agents to make the radicals stable, which were further sampled and analysed by
using TD-GC/MS.

4.2  Chromatograms

Figure 4.1 shows the chromatogram produced following the introduction of propanal into
the Fenton system containing the spin trap PBN. The Fenton reaction was carried out
under standard conditions for five minutes then the reaction mixture (9.17 mL) was
transferred into 40 mL vial and the headspace sampled (see section 2.4.2 for

experimental procedure).
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4.2.1 Fenton reaction with PBN and propanal (CH3:CH2CHO)
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Figure 4.1: The total ion chromatogram (TIC) obtained from the headspace thermal

desorption (TD)-GC-MS analysis of the Fenton reaction containing propanal and PBN.

Figure 4.1 shows the presence of peaks for the following compounds: unreacted propanal
(Rt 1.56 minutes); a hydrogen & ethyl adduct of MNP (H-MNP-CzHs) (Rt 1.69 minutes);
2-methyl-2-pentenal (Rt 1.95 minutes); 2-methylcyclopentenone (Rt 2.23 minutes);
benzaldehyde (Rt 2.59 minutes); phenyl propene (Rt 3.16 minutes); N-ethoxy-1-phenyl-
1-propanamine (R: 8.74 minutes); and a di-ethyl adduct of the PBN (PBN-Et2) (Rt 12.97
minutes). For a detailed analysis of electron ionisation-mass spectra (EI-MS) see sections
4.3-4.8.
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4.2.2 Fenton reaction with PBN and d.-propanal (CH3CD.CHO)
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Figure 4.2: The total ion chromatogram (TIC) obtained from the headspace thermal
desorption (TD)-GC-MS analysis of the Fenton reaction containing dz-propanal
{(CH3CD2C(H)O} and PBN.

Figure 4.2 shows the presence of peaks corresponding to the following compounds:
unreacted dz-propanal (Rt 1.55 minutes); a hydrogen & deuteron-ethyl adduct of MNP
(H-MNP-CD2CH3) (Rt 1.66 minutes); 2-methyl-2-pentenal-d> (Rt 1.94 minutes);
benzaldehyde (Rt 2.59 minutes); di-phenyl propene (R: 3.16 minutes); a hydrogen atom
& de-tert-ethyl adduct of MNP (H-MNP-(CD2CH3)s (Rt 3.51 minutes); N-ethoxy-1-
phenyl-1-propanamine-ds (Rt 8.66 minutes); and a di-deuteron-ethyl adduct of the PBN
[PBN-(CD2CHz3)2] (Rt 12.97 minutes). For a detailed analysis of El-mass spectra see
sections 4.3 —4.8.
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4.2.3 Fenton reaction with de-PBN and propanal
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Figure 4.3: The total ion chromatogram (TIC) obtained from the headspace thermal
desorption (TD)-GC-MS analysis of the Fenton reaction containing propanal and de-
PBN.

Figure 4.3 shows the presence of peaks corresponding to the following compounds:
propanal (Rt 1.57 minutes), a hydrogen & ethyl adduct of MNP (H-MNP-CzHs) (Rt 1.69
minutes); 2-methyl-2-pentenal (R: 1.95 minutes); 2-methylcyclopentenone (Rt 2.23
minutes); de-benzaldehyde (Rt 2.58 minutes); ds-phenyl propene (Rt 3.14 minutes); de-N-
ethoxy-1-phenyl-1-propanamine (R; 8.66 minutes); and a di-ethyl adduct of the de-PBN
(dsPBN-Etz) (Rt 12.97 minutes). For a detailed analysis of EI-mass spectra see sections
4.3-4.8.
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4.2.4 Fenton reaction with de-PBN and d.-propanal (CH3CD.CHO)
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Figure 4.4: The total ion chromatogram (TIC) obtained from the headspace thermal
desorption (TD)-GC-MS analysis of the Fenton reaction containing dz-propanal
(CH3CD2CHO) and ds-PBN.

Figure 4.4 shows the presence of peaks corresponding to the following compounds: d»-
propanal (Rt 1.57 minutes); a hydrogen & CH3CD> adduct of MNP (H-MNP-CD2CHz)
(Rt 1.67 minutes); 2-methyl-2-pentenal-d2 (Rt 1.94 minutes); des-benzaldehyde (R; 2.58
minutes); dz-phenyl propene (R: 3.14 minutes); dio-N-ethoxy-1-phenyl-1-propanamine
(Rt 8.66 minutes); and a di-deuteron ethyl adduct of the de-PBN [ds-PBN-(CD2CH3)2] (Rt
12.82 minutes). For a detailed analysis of EI-mass spectra see sections 4.3 — 4.8.
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4.2.5 Fenton reaction with F-PBN and propanal
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Figure 4.5: The total ion chromatogram (TIC) obtained from the headspace thermal

desorption (TD)-GC-MS analysis of the Fenton reaction containing propanal and F-PBN.

Figure 4.5 shows the presence of peaks corresponding to the following compounds:
propanal (R: 1.59 minutes); a hydrogen & ethyl adduct of MNP (H-MNP-CzHs) (Rt 1.69
minutes); 2-methyl-2-pentenal (R: 1.95 minutes); 2-methylcyclopentenone (Rt 2.23
minutes); F-benzaldehyde (Rt 2.52 minutes); an ethyl adduct of di-tert-butyl (Rt 2.77
minutes); F-phenyl propene (Rt 3.18 minutes); a hydrogen atom & tri-ethyl adduct of
MNP [H-MNP-(C2Hs)3] (Rt 3.59 minutes); N-ethoxy-1-4F-phenyl-1-propanamine (R:
8.90 minutes); and a di-ethyl adduct of the F-PBN (F-PBN-Et.) (Rt 13.20 minutes). For a
detailed analysis of EI-mass spectra see sections 4.3 — 4.8.
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4.2.6 Fenton reaction with CI-PBN and propanal
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Figure 4.6: The total ion chromatogram (TIC) obtained from the headspace thermal

desorption (TD)-GC-MS analysis of the Fenton reaction containing propanal and ClI-

PBN.

Figure 4.6 shows the presence of peaks corresponding to the following compounds:
propanal (R: 1.54 minutes); a hydrogen & ethyl adduct of MNP (H-MNP-CzHs) (R 1.66
minutes); 2-methyl-2-pentenal (Rt 1.95 minutes); 2-methylcyclopentenone ( Rt 2.23
minutes); an ethyl adduct of di-tert-butyl (Rt 2.77 minutes), a hydrogen & tri-ethyl
adduct of MNP [H-MNP-(C2Hs)3] (Rt 3.59 minutes); Cl-benzaldehyde (R 4.61 minutes);
Cl-phenyl propene (Rt 6.61 minutes); and a di-ethyl adduct of the CI-PBN (CI-PBN-Et>)

B e

—_
13.00

Cas

00

TIC
8.71e9

CI-PBN-(C;Hs),

16.52

e Time
17.00

(Rt 16.52 minutes). For a detailed analysis of EI-mass spectra see sections 4.3 — 4.8.
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4.2.7 Comparison chromatograms (control reactions versus the Fenton
reaction; Rt 1-4 min)
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Figure 4.7: Comparison of chromatograms (Rt 1-4 minutes). Chromatograms generated
for control experiments whereby the headspace was extracted for a sample containing
(A) phosphate buffer, propanal and spin trap. (B) All Fenton reagents (section 2.2.1)
except iron and ascorbic acid. (C) All Fenton reagents (section 2.2.1) except iron. (D)

The Fenton reaction (From top to bottom respectively).

There were six major peaks in the chromatogram when the Fenton reaction was carried
out by using propanal and PBN. It can be seen clearly in above comparative
chromatograms that the peaks at 1.56, 1.95, & 3.04 minutes are present in control
reactions as well which is evident that either they are impurities or the products of non-

radical mechanisms which are occurring alongside the Fenton reaction.

Peaks indicated with arrows (Rt 1.69, 2.59 & 3.16 minutes) are the products of the
Fenton reaction as they are present only when the Fenton reaction is carried out in the
presence of propanal and PBN. The peak observed at 1.69 minutes is a hydrogen & ethyl
adduct of MNP (H-MNP-CzHs) while the peak at 3.16 minutes corresponds to phenyl
propene. The peak at 2.59 minutes corresponds to benzaldehyde, which is formed by the

breakdown of PBN and has already been identified in chapter 3.
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4.2.8 Comparison chromatograms (control reactions versus the Fenton
reaction; Rt 4.19-14.19 min)
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Figure 4.8: Comparison of chromatograms (R: 4.19-14.19 minutes). Chromatograms
generated for control experiments whereby the headspace was extracted for a sample
containing (A) phosphate buffer, propanal and spin trap. (B) All Fenton reagents (section
2.2.1) except iron and ascorbic acid. (C) All Fenton reagents (section 2.2.1) except iron.

(D) The Fenton reaction (From top to bottom respectively).

Figure 4.8 shows two major peaks in a chromatogram when the Fenton reaction was
carried out containing propanal and PBN spin trap. Both peaks (R: 8.74 & 12.97
minutes) are not present in any of the “control” experiments which confirms them as the

products of the Fenton reaction.

The most intense peak at 12.97 minutes is a di-ethyl radical adduct of the PBN (PBN-
Et,). To best of our knowledge, this adduct has never been reported. For the confirmation
of the adduct different experiments were performed which also identified characteristic
fragments and fragmentation patterns within the El-mass spectra. Since this is most
significant adduct, confirming the successful trapping of ethyl radicals, its El-mass

spectrum will be discussed first in this chapter.
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4.3  Electron ionisation mass spectra (EI-MS) of the di-ethyl adduct of PBN
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Figure 4.9: Electron ionisation (EI) mass spectrum of the peak at 12.97 minutes (figure
4.1) corresponding to a PBN-diethyl adduct {(PBN-C2Hs).}. The structure given in the
top right corner is that of the molecular ion (M™) of PBN(C2Hs)2, corresponding to the
peak at m/z 235.

The EI mass spectrum shown in figure 4.9 corresponds to the PBN di-ethyl radical
adduct {PBN(CzHs)2} with a molecular ion at m/z 235. The fragment at m/z 220 is
formed by the loss of a methyl group from the 'Bu group of the molecular ion while the
loss of an ethyl group (from M™) gives a peak at m/z 206. Loss of 2-methyl-1-propene
(from M™) gives a weak peak at m/z 179. Dissociation of the molecular ion between the
alpha carbon and nitrogen gives the peak at m/z 119; further break down leads to a
phenyl cation peak at m/z 77, whilst loss of ethene and rearrangement of the ion at m/z
119 is the most likely mechanism for the formation of the base peak at m/z 91 (which is a
tropylium cation). The fragment at m/z 57 corresponds to the tert-butyl cation and is a
common fragment derived from the 'Bu group of PBN adduct. A suggested

fragmentation pathway for generation of the key ions is given in scheme 4.1.
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Scheme 4.1: The fragmentation scheme for PBN-diethyl adduct (X is hydrogen for PBN,
Chlorine for CI-PBN and Fluorine for F-PBN)
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4.3.2 PBN(CD;CHs), adduct
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Figure 4.10: Electron ionisation (EI) mass spectrum of the peak at 12.90 minutes (figure
4.2) corresponding to the di-deuteron-ethyl adduct of PBN {PBN(CD2CHs).}. The
structure given in the top right corner is that of the molecular ion (M™) corresponding to
the peak at m/z 239.

The EI mass spectrum shown in figure 4.10 corresponds to PBN(CD2CHz). detected at
12.90 minutes when the reaction was carried out by using deuterated propanal
(CH3CD2CHO) as a secondary source of radicals in the Fenton reaction system. The
molecular ion can be clearly seen at m/z 239 (difference of 4 m/z units when compared to
the molecular ion of PBN-Et; figure 4.9) which confirms the trapping of two deuteron-
ethyl (CD.CHg) radicals by PBN. The fragment at m/z 224 is formed by the loss of a
methyl group (from the ‘Bu group of the molecular ion), whilst the loss of 2-methyl-1-
propene (from M*) gives a peak at m/z 183. Dissociation of the molecular ion between
alpha carbon and nitrogen generates the base peak at m/z 121 thus retaining one CD2CH3
group; further break down leads to the phenyl cation peak at m/z 77, whilst loss of either
C2D, or CDHCH_ from the ion at m/z 121 gives a tropylium cation peaks at m/z 91 or 92,
respectively (C7H7" and C7DHs"). The fragment at m/z 57 corresponds to the tert-butyl

cation.
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4.3.3 de-PBN-(C2Hs), adduct
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Figure 4.11: Electron ionisation (EI) mass spectrum of the peak at 12.89 minutes (figure
4.3) corresponding to de-PBN(C2Hs)2. The structure given in the top right corner is that
of the molecular ion (M*") of ds-PBN(C2Hs)2, corresponding to the peak at m/z 241.

The EI mass spectrum shown in figure 4.11 corresponds to ds-PBN(C2Hs)2. The
molecular ion can be clearly seen at m/z 241 when de-PBN is used as the spin trapping
agent. The m/z value for the molecular ion is 6 units higher than when non-deuterated
PBN is used (figure 4.9), thus helping to confirm the identity of adduct and the trapping
of two ethyl radicals. The fragment at m/z 226 is formed by the loss of a methyl group
from the tert-butyl part of the molecular ion whilst the loss of 2-methyl-1-propene (from
M™) gives a peak at m/z 185. Dissociation of the molecular ion between the alpha carbon
and nitrogen atom gives the peak at m/z 125; further break down leads to a ds-phenyl
cation peak at m/z 82, whilst loss of either C.DH or C2H: and rearrangement generates
the base peak at m/z 96 (C7DsH.") and a peak at m/z 97 (C7D¢H™), corresponding a ds-
and de-tropylium cations, respectively. The fragment at m/z 57 corresponds to the tert-

butyl cation.
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4.3.4 dePBN-(CD2CHz3)2 adduct
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Figure 4.12: Electron ionisation (EI) mass spectrum of the peak at 12.82 minutes (figure
4.4) corresponding to ds-PBN(CD2CHj3)2 . The structure given in the top right corner is
that of the molecular ion (M™) of dg-PBN(CD2CHjs)2, corresponding to the peak at m/z
245.

The El mass spectrum shown in figure 4.12 corresponds to ds-PBN(CD2CH3)2 with a
molecular ion at m/z 245. The molecular ion has shifted to m/z 245 (a difference of 4 m/z
units) when compared to the molecular ion of de-PBN(C2Hs)2 (figure 4.11). Thus
confirms the identity of adduct i.e. trapping of two deuteron-ethyl (CD2CHa) radicals by
de-PBN. The fragment at m/z 230 is formed by the loss of a methyl group (from the 'Bu
group of the molecular ion), whilst the loss of 2-methyl-1-propene (from M*™) gives a
peak at m/z 189. The peak at m/z 214 is formed by the loss of a deuterated ethyl
(CH3CDy) group. Dissociation of the molecular ion between alpha carbon and nitrogen
generates a peak at m/z 127; further break down leads to a ds-phenyl peak at m/z 82,
whilst loss of CD2H> and rearrangement gives a de-tropylium cation peak at m/z 97

(C7DgH"). The fragment at m/z 57 corresponds to the tert-butyl cation.
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4.35 F-PBN-(CzHs), adduct
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Figure 4.13: Electron ionisation (EI) mass spectrum of the peak at 13.20 minutes (figure
4.5) corresponding to F-PBN-diethyl adduct F-PBN-(C2Hs)2. The structure given in the
top right corner is that of the molecular ion (M™) of F-PBN-(C2Hs)2, corresponding to
the peak at m/z 253.

The EIl mass spectrum shown in figure 4.13 corresponds to the F-PBN di-ethyl adduct
{F-PBN-(C2Hs)2} with a molecular ion at m/z 253 (a difference of 18 m/z units when
compared to the molecular ion of PBN(C2Hs)2; figure 4.9), thus confirming the identity
of the di-ethyl adduct. The fragment at m/z 238 is formed by the loss of a methyl group
from the 'Bu group of the molecular ion, whilst a loss of an ethyl radical (from M*)
generates the fragment at m/z 224. Dissociation of the molecular ion between the alpha
carbon and nitrogen generates the peak at m/z 137; further break down leads to an F-
phenyl cation peak at m/z 95, whilst loss of ethene and rearrangement gives the base
peak at m/z 109 which is an F-tropylium cation (C7H¢F"). The fragment at m/z 57

corresponds to the tert-butyl cation.
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4.3.6 CI-PBN-(C;Hs), adduct
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Figure 4.14: Electron ionisation (EI) mass spectrum of the peak at 16.52 minutes (figure
4.6) corresponding to CI-PBN-diethyl adduct {CIPBN-(C2Hs)2}. The structure given in
the top right corner is that of the molecular ion (M™) of CI-PBN(C2Hs)2, corresponding
to the peaks at m/z 269/271.

The EI mass spectrum shown in figure 4.14 corresponds to the CI-PBN di-ethyl adduct
{CI-PBN(C2Hs)2} with a molecular ion at m/z 269/271, depending upon which isotope of
chlorine is present (**Cl or ¥’ClI). This difference of 34/36 m/z units when compared to
the molecular ion of PBN (figure 4.9) confirms the detection of the di-ethyl adduct. The
fragment at m/z 254/256 is formed by the loss of a methyl radical (from the ‘Bu group of
the molecular ion) and those at m/z 240/242 by the loss of ethyl group (from M™).
Dissociation of the molecular ion between alpha carbon and nitrogen gives the base peak
at m/z 153 (containing the 3°Cl isotope) and a peak at m/z 155 (containing the *'Cl
isotope); further break down leads to a low intensity Cl-phenyl cation peak at m/z 95,
whilst loss of ethene and rearrangement gives a Cl-tropylium cation peaks (C7HsCI") at
m/z 125 and 127. The fragment at m/z 57 corresponds to the tert-butyl cation.
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Table 4.1: Summary of GC-MS data for the diethyl-adduct of PBN and its derivatives

Spin adduct Retention | Molecular | Characteristics fragment peaks (m/z)
time (R ion (m/z)
minutes)
PBN(C2Hs):2 12.97 235 220, 206, 179, 174, 162, 150, 119, 77, 57
PBN(CD2CHz3): 12.90 239 224,208, 183, 176, 162, 152, 121, 77, 57
dsPBN(C2Hs): 12.89 241 226, 212, 185, 179, 168, 156, 125, 82, 57
dsPBN(CD2CH3)2 12.82 245 230, 214, 189, 181, 168, 158, 127, 82, 57
F-PBN(C2Hs): 13.20 253 238, 224,192, 180, 168, 137, 57
CI-PBN(C2Hs)2 16.52 241 254, 240, 196, 184, 153, 77, 57
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4.4  Electron ionisation mass spectra (EI-MS) of N-ethoxy-1-phenyl-1-
propanamine

4.4.1 EI mass spectrum of N-ethoxy-1-phenyl-1-propanamine
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Figure 4.15: Electron ionisation (EI) mass spectrum of the peak at 8.74 minutes (figure
4.1) corresponding to N-Ethoxy-1-phenyl-1-propanamine. The structure given in the top
right corner is that of the molecular ion (M*) corresponding to the peak at m/z 179.

The EIl mass spectrum shown in figure 4.15 corresponds to N-ethoxy-1-propanamine
detected at 8.74 minutes. A weak peak at m/z 179 corresponds to the molecular ion. The
fragment at m/z 150 is generated by the loss of an ethyl group from the molecular ion. It
is not clear from the fragmentation pattern which of the ethyl groups is lost. The base
peak at m/z 91 is a tropylium cation (C7H7") while the fragment at m/z 57 corresponds to

the tert-butyl cation.
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4.4.2 EI mass spectrum of N-ethoxy-1-phenyl-1-propanamine-ds
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Figure 4.16: Electron ionisation (EI) mass spectrum of the peak at 8.66 minutes (figure
4.2) corresponding to N-ethoxy-1-phenyl-1-propanamine-das. The structure given in the
top right corner is that of the molecular ion (M*) corresponding to the peak at m/z 183.

The El mass spectrum shown in figure 4.16 corresponds to N-ethoxy-1-phenyl-1-
propanamine-ds (Rt = 8.66 minutes) when the reaction was carried out using deuterated
propanal (CH3sCD2CHO) as a secondary source of free radicals in the Fenton reaction
system. The molecular can be seen at m/z 183 (a difference of 4 m/z units when
compared to the mass spectrum of non-deuterated propanal; figure 4.15) which confirms
the trapping of two deuteron-ethyl (CHsCD>) radicals. The fragment at m/z 152 is
generated by the loss of a CD>CHz group (31 m/z units) from the molecular ion,
although it is not clear which of the two groups is lost. The peaks at m/z 91 and 92,
respectively, correspond to the tropylium cation (C7H;") and di-tropylium cation
(C7HeD"). The fragment at m/z 57 is a tert-butyl cation.
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4.4.3 EI mass spectrum of N-ethoxy-1-phenyl-1-propanamine-ds
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Figure 4.17: Electron ionisation (EI) mass spectrum of the peak at 8.66 minutes (figure
4.3) corresponding to N-ethoxy-1-phenyl-1-propanamine-de. The structure given in the

top right corner is that of the molecular ion (M™) corresponding to the peak at m/z 185.

The EI mass spectrum shown in figure 4.17 corresponds to N-ethoxy-1-phenyl-1-
propanamine-ds (Rt = 8.66 minutes) when the reaction was carried out using de-PBN as
the trapping agent in the Fenton reaction system. The molecular ion can be seen at m/z
185 (a difference of 6 m/z units when compared to the mass spectrum when PBN is used;
figure 4.15) which confirms the formation of the adduct. The fragment at m/z 156 is
generated by the loss of ethyl group (from M*). The base peak at m/z 96 and the peak at
m/z 97 correspond to the ds and de tropylium cations, respectively (C7H2Ds" and
C7HDs"). The fragment at m/z 82 corresponds to a ds-phenyl cation. The fragment at m/z
57 corresponds to the tert-butyl cation.
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4.4.4 EIl mass spectrum of N-ethoxy-1-phenyl-1-propanamine-dio
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Figure 4.18: Electron ionisation (EI) mass spectrum of the peak at 8.60 minutes (figure
4.4) corresponding to N-ethoxy-1-phenyl-1-propanamine-dio. The structure given in the

top right corner is that of the molecular ion (M™) corresponding to the peak at m/z 189.

The EI mass spectrum shown in figure 4.18 corresponds to N-ethoxy-1-phenyl-1-
propanamine-dio (Rt = 8.60 minutes) when the reaction was carried out using deuterated
propanal (CH3CD2CHO) as a secondary source of radicals in the Fenton reaction system.
The molecular ion can be seen at m/z 189 (a difference of 4 m/z units when compared to
the mass spectrum of de-PBN; figure 4.17) thus confirming the trapping of two deuteron-
ethyl (CD2CHs5) radicals. The fragment at m/z 158 is generated by the loss of deuteron-
ethyl group (CD2CHzs) from the molecular ion. The peak at m/z 97 corresponds to de-
tropylium cation (C7HDs") whilst the fragment at m/z 82 corresponds to a ds-phenyl

cation. The fragment at m/z 57 corresponds to the tert-butyl cation.
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4.4.5 EI mass spectrum of N-ethoxy-1-fluorophenyl-1-propanamine
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Figure 4.19: Electron ionisation (EI) mass spectrum of the peak at 8.90 minutes (figure
4.5) corresponding to N-ethoxy-1-fluorophenyl-1-propanamine. The structure given in
the top right corner is that of the molecular ion (M™) corresponding to the peak at m/z

197.

The EI mass spectrum shown in figure 4.19 corresponds to N-ethoxy-1-fluorophenyl-1-
propanamine (R: = 8.74 minutes). The molecular ion can be seen at m/z 197 (a difference
of 18 m/z units when compared to the molecular ion of N-ethoxy-1-phenyl-1-
propanamine; figure 4.15), thus confirming the identity of the adduct. The fragment at
m/z 168 is generated by the loss of ethyl group (from M™). The base peak at m/z 109
corresponds to F-tropylium cation (C7HesF") while the fragment at m/z 95 is an F-phenyl

cation.
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Table 4.2: Summary of GC-MS data for X-(N-ethoxy-1-phenylethanamine) where X is
H for PBN, F for 4-FPBN, CI for 4-CIPBN, when the reaction was carried out using PBN

and its derivatives as trapping agents and propanal/deuterated (d2) propanal as a

secondary source of free radicals.

Reagents in Identity Retention | Molecular | Characteristics
the Fenton time (min) | ion (m/z) | fragment peaks (m/z)
system
PBN & ., T 8.74 179 150, 132, 122, 104, 91, 77,
propanal | N ol
C{__ TOC:Hs
©/ CoHs
PBN & d»- HT 8.66 183 152, 134, 122, 104, 91, 77,
N 51
propanal (|;< ~oCD,CH
O/ CD,CHs;
ds-PBN & . T 8.66 185 156, 137, 128, 109, 96, 82,
54
ropanal N
prop B A Moo,
D(|J | C,Hs
DC\C/CD
D
de-PBN & d»- o | 8.60 189 158, 139, 128, 109, 97, 82,
54
propanal 8 cls/N OCD,CH
DT/ | \CDZCH32 ’
DC%(;/CD
D
F-PBN & H T 8.90 197 168, 150, 140, 122, 109,
propionaldehy | N 95, 51
C{__ TOC;Hs
de /Q/ CaHs
F
CI-PBN & Not detected

propionaldehy
de
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45 A hydrogen and ethyl adduct of MNP (H-MNP-C3Hs)

4.5.1 EI mass spectrum of H-MNP-C>Hs adduct
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Figure 4.20: Electron ionisation (EI) mass spectrum of the peak at 1.69 minutes (figure
4.1) corresponding to a hydrogen & ethyl adduct of the MNP. The structure given in the

top right corner is that of the molecular ion (M™) corresponding to the peak at m/z 117.

The EI mass spectrum shown in figure 4.20 corresponds to a hydrogen and ethyl adduct
of MNP (H-MNP-C2Hs). The molecular ion can be seen at m/z 117. The fragment at m/z
102 is formed by the loss of methyl group from the molecular ion; further loss of ethene
gives a peak at m/z 74. The ion for the fragment at m/z 57 is believed to be
(CH2NC2Hs)™.
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4.5.2 EI mass spectrum of H-MNP-CD,CH3 adduct
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Figure 4.21: Electron ionisation (EI) mass spectrum of the peak at 1.66 minutes (figure
4.2) corresponding to a hydrogen & CH3CD: adduct of the MNP (H-MNP-CD2CHy3).
The structure given in the top right corner is that of the molecular ion (M™)

corresponding to the peak at m/z 119.

The EIl mass spectrum shown in Figure 4.21 corresponds to H-MNP-CD2CH3 detected at
m/z 119 when the reaction was carried out by using deuterated propanal (CH3CD2CHO)
as a secondary source of radicals in the Fenton reaction system (a difference of 2 m/z
units when compared to the molecular ion of H-MNP-CzHs; figure 4.20). This confirms
the trapping of one deuteron-ethyl (CD.CHjs) radical. As for the previous spectrum, the
fragment at m/z 104 is formed by the loss of a methyl group (from the MNP part of the
molecular ion). The ion at m/z 59 is believed to be (CH.NCD>CHa)™".
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Table 4.3: Summary of GC-MS data for the hydrogen and ethyl adduct of MNP, formed

when the reaction was carried out by using PBN and its derivatives as trapping agents

and propanal/deuterated propanal as a secondary source of free radicals.

Reactants in the | Spin adduct Retention | Molecular Characteristic
Fenton system time (Ry) ion (m/z) fragment peaks
(m/z)

PBN & propanal | H-MNP-C2Hs 1.69 117 102, 74, 56, 57
PBN & d»- H-MNP-CD2CHs3 1.66 119 104, 90, 58, 59
propanal

ds-PBN & H-MNP-C2Hs 1.70 117 102, 74, 56, 57
propanal

ds-PBN & d»- H-MNP-CD2CHs3 1.66 119 104, 90, 58, 59
propanal

F-PBN & H-MNP-C2Hs 1.67 117 102, 74, 56, 57
propanal

CI-PBN & H-MNP-C2Hs 1.66 117 102, 74, 56, 57
propanal

154




4.6 El mass spectra of phenylpropene

4.6.1 Phenylpropene
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Figure 4.22: Electron ionisation (EI) mass spectrum of the peak at 3.16 minutes (figure
4.1) corresponding to phenylpropene. The structure given in the top left corner is that of

the molecular ion (M*") corresponding to the peak at m/z 118.

The EI mass spectrum shown in figure 4.22 corresponds to the phenylpropene with a
molecular ion at m/z 118. The fragment at m/z 117 is formed by the loss of hydrogen
from the molecular ion. The loss of methyl group from the molecular ion generates a
fragment at m/z 103. Other characteristics fragments are identified and shown in above

figure.
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4.6.2 di-phenylpropene
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Figure 4.23: Electron ionisation (EI) mass spectrum of the peak at 3.15 minutes (figure

4.2) corresponding to di-phenylpropene. The structure given in the top left corner is that

of the molecular ion (M*) corresponding to the peak at m/z 119.

The EI mass spectrum shown in figure 4.23 corresponds to di-phenylpropene (molecular

ion appears at m/z 119) when the reaction was carried out by using deuterated propanal

(CH3CD2CHO) as a secondary source of radicals in the Fenton reaction system. The

fragment at m/z 118 is formed by the loss of hydrogen, whilst a loss of methyl group

from the molecular ion generates a fragment at m/z 104. Other characteristic fragments

are identified and their structures are shown in above figure.

Further experiments using other derivatives of PBN confirms the identity of adduct

which is summarised in Table 4.4.
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Table 4.4: Summary of GC-MS data for X-(phenylpropene) where X is hydrogen for
PBN, F for 4-FPBN, CI for 4-CIPBN, when the reaction was carried out by using PBN

and its derivatives as trapping agents and propanal/deuterated propanal as a secondary

source of free radicals.

Reagents in Identity Retention | Molecular | Characteristics
the Fenton time (min) | ion (m/z) | fragment peaks (m/z)
system
PBN & T 3.16 118 117, 115, 103, 91,77, 58,
51
propanal
c\C /H
L,
PBN & d»- T 3.15 119 118, 116, 104, 91, 77, 58,
51
propanal
C\C /D
L,
de-PBN & I|> 3.14 124 123, 109, 96, 82, 61, 54
propanal 2 c H
T
DC CD CH
NF 3
D
de-PBN & d»- | 3.14 125 124, 110, 96, 108, 82, 61,
54
propanal 2 ¢
T
DC CD CH
~F ’
D
F-PBN & T 3.18 136 135, 133, 121, 109, 95
propanal C\c A
L,
.
CI-PBN & T 6.61 152/154 151/149,137/139,125/127,
propanal 115/117, 89/91, 58, 51
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4.7 Identification of extra peaks found with other derivatives of PBN:

4.7.1 El mass spectrum of CoHs-MNP-tert butyl
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Figure 4.24: Electron ionisation (EI) mass spectrum of the peak at 2.77 minutes (figure
4.5 & 4.6) corresponding to an ethyl adduct of di-tert-butyl nitroxide (C2Hs-MNP-tert
butyl). The structure given in the top right corner is that of the molecular ion (M™)

corresponding to the peak at m/z 173.

The EI mass spectrum shown in figure 4.24 corresponds to CoHs-MNP-tert butyl adduct
detected at 2.77 minutes when the reaction was carried out by using F-PBN (figure 4.5)
and CI-PBN (figure 4.6) as spin trapping agents. The molecular ion can be seen clearly at
m/z 173. The fragment at m/z 158 is generated by the loss of a methyl group from
molecular ion, whilst loss of an ethyl group (from M™) gives a fragment at m/z 144. The
fragment at m/z 102 is formed by the loss of 56 mass units from the fragment at m/z 158.
The base peak at m/z 88 is formed by the loss of 56 mass units from m/z 144. The peak at

m/z 57 corresponds to the tert-butyl cation.
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4.7.2
4.7.2.1
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Hydrogen & tert-ethyl adduct of MNP
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Figure 4.25: Electron ionisation (EI) mass spectrum of the peak at 3.59 minutes (figure
4.5) corresponding to hydrogen and a CEts adduct of MNP (H-MNP-CEts). The structure

given in the top right corner is that of the molecular ion (M*) corresponding to the peak

at m/z 187.

The EI mass spectrum shown in figure 4.25 corresponds to H-MNP-CEtz adduct detected

at 3.59 minutes when the reaction was carried out by using F-PBN (figure 4.5) as a spin

trapping agent. The molecular ion can be seen clearly at m/z 187. The fragment at m/z

172 is generated by the loss of methyl group from the molecular ion, whilst loss of an

ethyl group (from M™) gives a fragment at m/z 158. The base peak at m/z 102 is formed

by the loss of 56 mass units (H.C=CMez) group from the fragment at m/z 158. The peak

at m/z 57 corresponds to the tert-butyl cation.
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4.7.2.2  EIl mass spectrum of H-MNP-tert ethyl-ds adduct
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Figure 4.26: Electron ionisation (EI) mass spectrum of the peak at 3.51 minutes (figure
4.2) corresponding to a hydrogen and ds-CEts adduct of MNP. The structure given in the
top right corner is that of the molecular ion (M*) corresponding to the peak at m/z 193.

The EI mass spectrum shown in figure 4.26 corresponds to H-MNP-C(CD2CHa)3
detected at 3.51 minutes when the reaction was carried out by using deuterated propanal
(CH3CD>CHO) as a secondary source of radicals in the Fenton reaction system (figure
4.2). The molecular ion can be clearly seen at m/z 193 (a difference of 6 m/z units when
compared to the molecular ion of H-MNP-(C2Hs)s (figure 4.25) which confirms the
trapping of three deuteron-ethyl ((CD2CHa) radicals and thus supporting the formation of
suggested adduct. The fragment at m/z 178 is generated by the loss of a methyl group
from the molecular ion, whilst loss of a CD2CH3 group (from M™) gives the fragment at
m/z 162. The fragment at m/z 106 is formed by the loss of 56 mass units (H.C=CMe)

from the fragment at m/z 162.
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4.8 Ildentification of other peaks (not derived from the Fenton reaction)

4.8.1 Propanal

El mass spectrum of the peak (data not shown) retained at 1.56 minutes was searched in
NIST library and been identified as unreacted propanal. Propanal is a volatile chemical
and its precence in all controls as compared in figure 4.19 confirms that it is not a Fenton

reaction derived peak.

4.8.2.1 EIl mass spectrum of 2-methyl-2-pentenal
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Figure 4.27: Electron ionisation (EI) mass spectrum of the peak at 1.95 minutes (figure
4.1) corresponding to 2-methyl-2-pentanal. The structure given in the top left corner is

that of the molecular ion (M™) corresponding to the peak at m/z 98.

The EI mass spectrum shown in figure 4.27 corresponds to 2-methyl-2-pentanal with a
molecular ion at m/z 98. The fragment at m/z 83 is formed by the loss of a methyl group
(from M™). The EIl mass spectrum was searched in the NIST library and identified as 2-
methyl-2-pentenal. Propanal can go under self-aldol condensation resulting in the
formation of 2-methyl-2-pentenal. It is also present in all control reactions (figure 4.7)

further demonstrating that it is formed by a non-Fenton pathway.
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4.8.2.2 EIl mass spectrum of 2-methyl-2-pentenal (d2)
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Figure 4.28: Electron ionisation (EI) mass spectrum of the peak at 1.94 minutes (figure

4.2) corresponding to 2-methyl-2-pentanal-d2. The structure given in the top left corner is

that of the molecular ion (M™) corresponding to the peak at m/z 100.

The EI mass spectrum shown in figure 4.28 corresponds to 2-methyl-2-pentanal-dz> with

a molecular ion at m/z 100. The fragment at m/z 85 is formed by the loss of methyl group

from the molecular ion. The mass spectrum supports the mechanism of self-aldol

condensation (where two hydrogen atoms from carbon at position 2 and oxygen from

another molecule of propanal are released to form a water molecule and 2-methyl-2-

pentenal-d2). The fragmentation pattern also supports the formation of this compound.
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4.8.3 El mass spectrum of 2-methylcyclopentenone
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Figure 4.29: Electron ionisation (EI) mass spectrum of the peak at 2.23 minutes (figure
4.1) corresponding to 2-methylcyclopentenone, with a molecular ion peak at m/z 96. It is
present in all control reactions (figure 4.7) which demonstrates that it is not a product of
the Fenton system. A NIST library search suggested it to be 2-methylcylopentenoane.
This identity was confirmed when analysis of a purchased standard was carried out (see

Figure A3; appendix).
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4.9 Discussion:

The aim of this series of experiments was to trap the free radicals generated from
propanal by using the Fenton based chemistry, as explained in section 2.2.1. Propanal
was used as a secondary source of free radicals, derived from hydroxyl radicals produced
in the Fenton system (Scheme 4.2). PBN and its derivatives were then used as trapping
agents to produce products stable enough to be sampled and analysed by using TD-GC-
MS.

Step 1: Formation of propionyl radical from propanal

H
H3C C H
N7 : > o) 2 + H,0
ﬁz ° i OH \C/C\CH 2
3
Propanal Propionyl radical

Step 2: Formation of ethyl radical from propionyl radical

C CHj >  H,C—CH, + Cco

Ethyl radical Carbon monoxide

Scheme 4.2: Formation of ethyl radicals from propanal. Formation of propionyl radical
from propanal (step 1), which further breaks down to give ethyl radical (step 2).
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4.9.1 The Fenton reaction derived peaks

Five new peaks were observed when Fenton chemistry was used (with propanal as a
secondary source of free radicals) as compared to control experiments (Figure 4.7 &
4.8). The most intense peak has been identified as a di-ethyl adduct. As described in
chapter 3, the formation of a di-radical-adduct with PBN is a two-step process (Janzen et
al., 1985). Initially, an ethyl radical is trapped at the alpha carbon, converting the
molecule into a nitroxide, which in turn traps another ethyl radical at the oxygen site and

generates a stable di-ethyl species (scheme 4.3).

The mass spectrum in figure 4.9 clearly shows a molecular ion at m/z 235 and a peak at
m/z 220 corresponding to loss of a methyl radical from the molecular ion. The methyl
radical is lost from the 'Bu group of PBN as indicated by experiments using d2-propanal
(CH3CD2CHO) as the source of secondary radicals. One of the trapped ethyl groups
many also be lost from alpha carbon which further loses 56 mass units (H.C=CMey) to
give a peak at m/z 150. Loss of 2-methyl-1-propene from the molecular ion gives a
fragment at m/z 179. Dissociation of the molecular ion between the alpha carbon and

nitrogen gives a peak at m/z 119 (shown in scheme 4.1).

To confirm the source of the ethyl radicals, deuterated propanal was used in the Fenton
system. Deuteron ethyl radicals (CH3’CD.) were generated and then trapped by PBN to
form a PBN(CD2CHz)2 adduct (figure 4.10). The shift of 4 m/z units clearly demonstrates
that propanal is the source of the trapped ethyl radicals in the system. Furthermore, the
identity of adduct was confirmed by using different combinations of spin trap and

propanal/deuterated-propanal, summarised in table 4.1.
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Step 1: Formation of a mono-ethyl adduct

ész\H H
o o)
Q(\ﬁ/ N/
’ o
‘Bu ¢
Bu
X X
PBN PBN-mono-ethyl adduct
Step 2: Formation of di-ethyl adduct
OC,H5
H Y H |
h C,Hs N
é \tBu
N/ _ CoHs
C2oHs | o
‘Bu

PBN-mono-ethyl adduct

PBN-di-ethyl adduct

Scheme 4.3: Reaction mechanism for trapping ethyl radicals by PBN (or its derivatives)

with the formation of a mono-ethyl adduct (step 1), and the addition of a second ethyl

radical at the oxygen site to give a di-ethyl adduct (step 2). (X is H for PBN, F for F-

PBN and Cl for CI-PBN).

The chromatogram shown in figure 4.1 has a small peak retained at 8.74 minutes which

has been identified as N-ethoxy-1-phenyl-1-propanamine. The suggested adduct is

formed by trapping two ethyl radicals with a loss of 56 mass units (H.C=CMe) from

PBN. The molecular ion can be seen at m/z 179 (figure 4.15) which then loses an ethyl

radical to give a peak at m/z 150. The identity of adduct was confirmed by using d»-
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propanal in the Fenton reaction. The molecular ion is clearly seen at m/z 183 showing an
increase of 6 m/z units, and thus confirming that two deuteron-ethyl radicals (CH3"CDy)
have been trapped. Furthermore, the identity of the adduct was further supported by
using different combinations of spin trap and propanal/deuterated propanal, summarised
in table 4.2.

A peak retained at 1.69 minutes (figure 4.1) has been identified as an ethyl adduct of
tert-butylhydroaminoxyl. Hydroxyl radical attack of PBN leads to the formation of 2-
methyl-2-nitrosopropane (MNP) and benzaldehyde (Turnbull et al., 2001). MNP is a
known free radical spin trap which, in this study, may trap an ethyl radical and then the
resulting nitroxide may be reduced to the hydroaminoxyl in the presence of ascorbate.
The molecular ion of the adduct is seen at m/z 117 (figure 4.20). In the corresponding
experiment done by using dz-propanal the m/z value of the molecular ion increases by 2
mass units to m/z 119 (figure 4.21) confirming the addition of ethyl in the structure,
summarised in table 4.3. The use of PBN derivatives demonstrates that the adduct no
longer contains the benzene ring or alpha carbon, both of which are lost when the PBN is
cleaved following hydroxyl radical addition. It is interesting to note that in the absence of
both hydrogen peroxide and a secondary source of radicals from the “Fenton” system,
MNP is still observed. This may be due to the presence of oxygen in the system, which
can pick up an electron from Fe?* to generate the superoxide radical. It is reasonable to
suggest that superoxide radical addition to PBN may lead to the breakdown of PBN and
thus formation of MNP and benzaldehyde.

Another peak retained at 2.59 minutes (figure 4.1) is identified as benzaldehyde,
previously identified in chapter 3 (section 3.13). As explained above, benzaldehyde is
formed from the free radical induced breakdown of the spin trapping agent (PBN or its

derivatives).

The peak retained at 3.16 minutes (figure 4.1) is phenyl propene with a molecular ion at
m/z 118 (figure 4.22) which readily loses a hydrogen to generate a peak at m/z 117 while
a loss of methyl radical from the molecular ion gives a peak at m/z 103. A possible
mechanism is the breakdown of a mono-ethyl radical-adduct and formation of a double
bond between the alpha carbon of PBN and carbon of ethyl, resulting in the formation of
phenyl propene (scheme 4.4). Further evidence to support the suggested structure of the
compound is obtained when the Fenton reaction is carried out using dz-propanal. The
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molecular ion value increases by 1 m/z unit to m/z 119 (figure 4.23), which follows the
same fragmentation pattern. Furthermore, the identity of adduct was confirmed by using
different combinations of spin trap and propanal/deuterated-propanal, summarised in
table 4.4.

L
\
Y
/

Scheme 4.4: Suggested mechanism of phenylpropene formation from the mono-ethyl
adduct

The peak retained at 3.59 minutes (figure 4.5) is detected only when F-PBN is used as a
spin trapping agent. It is identified as hydrogen and a CEts adduct of MNP with a
molecular ion at m/z 187 (figure 4.25). The loss of a methyl group (from M*") generates a
fragment at m/z 172 while a loss of ethyl radical (from M*) gives a fragment at m/z 158.
The identity of adduct was confirmed by using d2-propanal in the Fenton reaction. The
molecular ion is clearly seen at m/z 193 (figure 4.26) showing an increase of 6 m/z units,
confirming that three deuteron-ethyl radicals have been trapped.

A peak retained at 2.77 minutes was detected when the reaction was carried out by using
either F-PBN (figure 4.5) or CI-PBN (figure 4.6). The suggested compound is an ethyl
adduct of di-tert-butyl nitroxide with a molecular ion at m/z 173. Because of its presence
in only two derivatives with similar information, it is not possible to confirm the identity
of the adduct but its formation in two different derivatives of PBN i.e. CI-PBN & F-
PBN, confirms that the non-ring part of the spin trap is involved in its formation.
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4.9.2 Peaks not derived from the Fenton reaction

An intense peak seen at 1.56 minutes (figure 4.1) is identified as propanal. It is present in
all non-Fenton derived reactions (figure 4.7) which confirms that it is not a product of
the Fenton reaction. Its identity is confirmed through a NIST library search. Propanal is a
known volatile organic compound which evaporates very easily (Curwin, Deddens &
McKernan, 2015).

The peak retained at 1.95 minutes (figure 4.1 & 4.7) was identified as 2-methyl-2-
pentenal through a NIST library search. Self-aldol condensation of propanal molecules
can give 2-methyl-2-pentenal and a water molecule. The molecular ion can be seen
clearly at m/z 98 (figure 4.27). The identity of the compound was confirmed when
deuterated propanal (d2) was used in the Fenton reaction, resulting in the formation of a
molecular ion which is 2 m/z units higher than when non-deuterated propanal was used,
detected at m/z 100 (figure 4.28).

A very small peak retained at 2.23 minutes (figure 4.1 & 4.7) is present in all non-Fenton
derived reactions as well. It has been identified as 2-methylcyclopentenone when
searched for in NIST library. Its presence in control reactions shows that it is not formed
because of the Fenton free radical chemistry. This is most probably an impurity in a

chemical used in the Fenton reaction.

Different aldehydes including propanal are identified as secondary products of LPO.
Thiobarbituric acid (TBA) is the most common method used to detect aldehydes,
whereby TBA and the sample are heated in an acid buffer and the resulting pink
chromogen is measured. MDA is one of the lower molecular weight aldehydes formed
by the decomposition of primary and secondary products of LPO, which can then be
detected by using the TBA assay. Iron dependent reactions and radiation damage to
nucleic acids, proteins and carbohydrates can also produce MDA, which is a limitation of
the method in terms of measuring damage made by LPO (Liu et al. 1997). Furthermore,
MDA can react with other compounds like sialic acid, amino pyridines and ribose. Thus,
to measure MDA it is often derivatised with 2-4-dinitrophenylhydrazine (DNPH) before
being separated by high performance liquid chromatography (HPLC) and measured by
UV spectrophotometry (Cordis, Das & Riedel, 1998). As mentioned earlier in
introduction chapter, mass spectrometry combined with HPLC may be used to identify
the MDA from other products of oxidative stress (Cordis, Maulik & Das, 1995).
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However, the derivatisation process is not only lengthy but complex as well. Other
techniques used to identify small volatile organic compounds is gas chromatography
coupled with mass spectrometric techniques like Proton transfer reaction mass
spectrometry (Romano et al. 2015; Blake, Monks & Ellis, 2009) and selected ion flow
tube mass spectrometry (Pysanenko, Spanel & Smith, 2009) but need of expensive

instruments is a big drawback of these techniques.

The TD-GC-MS measurement of propanal radicals following spin trapping by PBN
offers a potential alternative to the above-mentioned assays. Thermal desorption is a
novel approach to detect spin trapped free radicals and the results presented here
demonstrate the potential of this approach. Volatile PBN-adducts may be used as
biomarkers for the facile detection of aldehydic products of LPO (see chapter 6 for

further discussion).

170



Chapter 5
(Part 1)

Detection and analysis of spin-adducts from ethanal and
2,2,6,6-Tetramethylpiperidin-1-yl-oxyl (TEMPO) using
Thermal desorption - Gas Chromatography-Mass
Spectrometry (TD-GC/MS)
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5.1 Introduction”

Ethanal (acetaldehyde) is a primary metabolite of ethanol and considered as a Class |
carcinogen (Seitz and Stickel, 2007). Production routes, importance, damageing effects

and detection of acetaldehyde are already discussed in the introduction to chapter 3.

As part of the current study, 2,2,6,6-Tetramethylpiperidin-1-yl-oxyl (TEMPO) and its
derivatives were used as spin trapping agents to stabilise the free radicals and which
were then further extracted from the headspace (HS) by two different approaches prior to
analysis by GC-MS. To the best of our knowledge, these approaches have never been
used to analyse radical adducts of TEMPO.

5.2  Chromatograms

Figure 5.1 shows the chromatogram produced following the introduction of acetaldehyde
into the Fenton system. Methyl radicals are primarily produced on reaction of hydroxyl
radicals with the acetaldehyde (discussed in chapter 3) and these are then trapped by
TEMPO. The Fenton reaction was carried out under standard conditions for five minutes
with the sample mixture then transferred into a 40 mL vial and the headspace sampled

(see section 2.4.2 for experimental procedure).
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5.2.1 Fenton reaction with acetaldehyde and TEMPO

100 o 7.27 TIC
5. 529

) PSS

Figure 5.1: The total ion chromatogram (TIC) obtained from the headspace thermal
desorption (TD)-GC-MS analysis of the Fenton reaction containing acetaldehyde and

TEMPO showing a major peak at 7.27 minutes and several minor peaks.

Figure 5.1 shows the chromatogram following TD-GC-MS analysis of the Fenton
reaction containing acetaldehyde and TEMPO with peaks corresponding to the following
compounds of 1) acetaldehyde (Rt 2.31 minutes); 2) paraldehyde (Rt 2.86 minutes); 3) 1-
methoxy-2,2,6,6-tetramethyl-1,2,3,6-tetrahydropyridine (isomers at Rt 5.80 & 6.54
minutes); 4) TEMPO-CHs adduct (Rt 7.27 minutes); 5) 1-methoxy-2,2,4,6,6-
pentamethylpiperidine (Rt 10.07 minutes); 6) TEMPO-tert-butyl adduct (R¢ 13.85

minutes). For a detailed analysis of EI-mass spectra see sections 5.3-5.8.
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5.2.2 Fenton reaction with ds-acetaldehyde (CD3CHO) and TEMPO
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Figure 5.2: The total ion chromatogram (TIC) obtained from the headspace thermal
desorption (TD)-GC-MS analysis of the Fenton reaction containing ds-acetaldehyde

(CD3CHO) and TEMPO showing a major peak at 7.23 minutes and several minor peaks.

Figure 5.2 shows the chromatogram following TD-GC-MS analysis of the Fenton
reaction containing ds-acetaldehyde and TEMPO with peaks corresponding to the
following compounds: 1) deuterated acetaldehyde (Rt 2.31 minutes); 2) deuterated
paraldehyde-ds (Rt 2.84 minutes); 3) 1-(methoxy-ds)-2,2,6,6-tetramethyl-1,2,3,6-
tetrahydropyridine (isomers at Rt 5.17 & 6.52 minutes); 4) TEMPO-CD3 adduct (Rt 7.23
minutes); 5) 1-methoxy(ds)-2,2,6,6-tetramethyl-4-(methyl-ds)piperidine (Rt 9.97
minutes); 6) TEMPO-tert-butyl-dg adduct (Rt 13.70 minutes). For a detailed analysis of
El-mass spectra see sections 5.3-5.8.
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5.2.3 Fenton reaction with acetaldehyde and 4-methoxy-TEMPO

100

Figure 5.3: The total ion chromatogram (TIC) obtained from the headspace thermal
desorption (TD)-GC-MS analysis of the Fenton reaction containing acetaldehyde and 4-

methoxy-TEMPO showing major peaks at 11.71, 2.26 and 2.41 minutes.

Figure 5.3 shows the chromatogram following TD-GC-MS analysis of the Fenton
reaction containing acetaldehyde and 4-methoxy-TEMPO with peaks corresponding to
the following compounds: 1) acetaldehyde (R 2.31 minutes); 2) paraldehyde (Rt 2.86
minutes); 3) 1,4-dimethoxy-2,6-dimethyl-1,4-dihydropyridine (Rt 5.02 minutes); 4) 1,4-
dimethoxy-2,6-dimethyl-1,2-dihydropyridine (Rt 5.73 minutes); 5) an unidentified peak
(Rt 10.75 minutes) 6) CHs radical adduct of 4-methoxy-TEMPO (4-CH30-TEMPO-CH3)
Rt 7.27 minutes); 7) 1,4-dimethoxy-2,2-dimethyl-1,2-dihydropyridine (R: 13.11
minutes); 8) 1,4-dimethoxy-2,2,6-trimethyl-1,2-dihydropyridine (R: 15.93 minutes). A
comparison chromatogram (controls versus the Fenton reaction) is presented as figure

A4 (appendix). For a detailed analysis of EI-mass spectra see sections 5.3-5.8.
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5.2.4 Fenton reaction with acetaldehyde and 4-oxo-TEMPO
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Figure 5.4: The total ion chromatogram (TIC) obtained from the headspace thermal
desorption (TD)-GC-MS analysis of the Fenton reaction containing acetaldehyde and 4-
oxo-TEMPO showing two major peaks at 2.32 (peak 1) and 11.59 minutes (peak 3) and
one minor peak (2).

Figure 5.4 shows the chromatogram following TD-GC-MS analysis of the Fenton
reaction containing acetaldehyde and 4-oxo-TEMPO with peaks corresponding to the
following compounds: 1) acetaldehyde (Rt 2.32 minutes); 2) paraldehyde (R:; 2.82
minutes); 3) 4-oxo-TEMPO-CHs adduct (Rt 11.59 minutes). For a detailed analysis of
El-mass spectra see sections 5.3-5.8.
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5.2.5 Comparison chromatograms (control reactions versus the

reaction)
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Figure 5.5: Comparison of chromatograms:

Chromatograms generated for control

experiments containing TEMPO (spin trap) and acetaldehyde (secondary source of

radicals), whereby the headspace was extracted for a sample containing (A) phosphate

buffer and spin trap, (B) All Fenton reagents (section 2.2.1) except iron and ascorbic

acid, (C) All Fenton reagents (section 2.2.1) except iron, (D) The Fenton reaction (From

bottom to top respectively).

There is a major peak in the chromatogram when the Fenton reaction was carried out
containing acetaldehyde and TEMPO i.e. corresponding to TEMPO-CH3 adduct (5.5; D).
Peak at 8.43 minutes (5.5; A) corresponds to the unreacted TEMPO. For a detailed

analysis of EIl-mass spectra see sections 5.3-5.8.
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5.3  Electron ionisation (El) mass spectra of the methyl adduct of TEMPO
and its derivatives

5.3.1 Methyl adduct of TEMPO (TEMPO-CHj3)
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Figure 5.6: Electron ionisation (EI) mass spectrum of the peak at 7.27 minutes (figure
5.1) corresponding to TEMPO-CHs. The structure given in the top right corner is that of
the molecular ion (M™) of TEMPO-CH3, corresponding to the peak at m/z 171.

The EI mass spectrum shown in figure 5.6 corresponds to the methyl adduct of TEMPO
(TEMPO-CHzs). The molecular ion can be seen at m/z 171 which may readily lose a
methyl radical to give the base peak fragment at m/z 156. Further loss of methanol
(CH30OH) gives a peak at m/z 124. Loss of NH2OCH3 from the base peak fragment at m/z
156 generates a peak at m/z 109 (see schemes 5.1).
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Scheme 5.1: Possible fragmentation pathways in the EI-MS source for TEMPO-CH3

starting with the molecular ion.
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5.3.2 TEMPO-CD3z adduct
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Figure 5.7: Electron ionisation (EI) mass spectrum of the peak at 7.23 minutes (figure
5.2) corresponding to the deuteron-methyl adduct of TEMPO (TEMPO-CDs). The
structure given in the top right corner is that of the molecular ion (M*") of TEMPO-CDs,

corresponding to the peak at m/z 174.

The EI mass spectrum shown in figure 5.7 corresponds to the CD3 adduct of TEMPO
(TEMPO-CD3), observed at 7.23 minutes when the reaction was carried out by using ds-
acetaldehyde (the methyl hydrogen atoms replaced by deuterium) as a secondary source
of radicals in the Fenton reaction system. The molecular ion can be seen at m/z 174 (a
difference of 3 m/z units when compared to the molecular ion of TEMPO-CHg; figure
5.6) which confirms the trapping of a deuteron-methyl (‘CD3) radical by TEMPO. The
fragment at m/z 159, which is also the base peak, is formed by the loss of a methyl
radical (from M™). Further loss of deuteron-methanol (CDsOH) gives a peak at m/z 124.
The fragment at m/z 109 is formed by the loss of NH2OCD3s from the base peak at m/z
159.
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5.3.3 4-methoxy-TEMPO-CH3; adduct
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Figure 5.8: Electron ionisation (EI) mass spectrum of the peak at 11.71 minutes (figure
5.3) corresponding to 4-methoxy-TEMPO-CHz. The structure given in the top right
corner is that of the molecular ion (M™) of 4-methoxy-TEMPO-CHjs, corresponding to
the peak at m/z 201.

The EI mass spectrum shown in figure 5.8 corresponds to 4-methoxy-TEMPO-CHs. The
molecular ion can be seen at m/z 201. The m/z value for the molecular ion is 30 units
higher than when TEMPO was used as the spin trapping agent, thus confirming the
identity of the adduct and the trapping of a methyl radical. The fragment at m/z 186 is
formed by the loss of a methyl radical (from M™) which is also base peak. Further loss of
methanol (CH3OH) gives a peak at m/z 154. The fragment at m/z 124 is formed by the

loss of a methoxy group from the fragment at m/z 154.
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5.3.4 4-oxo-TEMPO-CHz3 adduct
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Figure 5.9: Electron ionisation (EI) mass spectrum of the peak at 11.59 minutes (figure

5.4) corresponding to 4-oxo-TEMPO-CHa. The structure given in the top right corner is

that of the molecular ion (M™) of 4-oxo-TEMPO-CHj, corresponding the peak m/z 185.

The EI mass spectrum shown in figure 5.9 corresponds to 4-oxo-TEMPO-CHs. The

molecular ion can be seen at m/z 185. The m/z value for the molecular ion is 14 units

higher than when TEMPO is used, thus confirming the identity of adduct and trapping of

a methyl radical. The fragment at m/z 170 is formed by the loss of methyl (from M™).

Further fragmentation beween the carbon next to hydrogen and the carbon attached to

oxygen gives a fragment at m/z 129, The key GC-MS data for the methyl adduct of

TEMPO and its derivatives is given in table 5.1.
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Table 5.1: Summary of GC-MS data for the methyl adduct of TEMPO and its derivatives

Spin adduct Retention | Molecular | Base Characteristic fragment
time (Ry) |ion (m/z) | peak peaks (m/z)
(m/z)
TEMPO-CH3 10.26 171 156 124,109, 97, 88, 69, 55
TEMPO-CD3 10.16 174 159 124, 109, 97, 91, 69, 55
4-methoxy-TEMPO- 10.19 201 186 154, 130, 124, 99, 82,
CHs 55
4-0x0-TEMPO-CHs 10.09 185 87 129, 114, 98, 87, 69, 55
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54  Paraldehyde

The peak retained at 2.86 minutes is also present in non-Fenton control reactions (figure
5.1). A NIST library search identifies the peak as paraldehyde, which is not only a
precursor of acetaldehyde but can also be formed by self-aldol condensation of
acetaldehyde molecules in the precence of protons. The identity of the peak was
confirmed when the Fenton reaction was carried out by using ds-acetaldehyde. Three
deuterated acetaldehyde-ds molecules combine stepwise to form deuterated paraldehyde,
giving an increase of 9 m/z units for molecular ion at m/z 141 when compared to non-
deuterated paraldehyde. The identification of the compound and formation pathway of
paraldehyde is already explained in chapter 3 (section 3.12). Paraldehyde is also detected
when PBN and its derivatives are used as spin trapping agents and acetaldehyde used as
a secondary source of radicals in the Fenton reaction system (chapter 3).
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5.5  Electron ionisation (EI) mass spectra of the methyl adduct of 2,2,6,6-
tetramethyl-3,6-dihydropyridine

55.1 EI' mass spectrum of 1-methoxy-2,2,6,6-tetramethyl-1,2,3,6-
tetrahydropyridine

154 z.87e6

100
.t
/\\“
-
= %’\W
HaC CH
\-..r\." ~ I
y - Loss of CH;OH from m/z 154 HC Pt
HC | : /T “CH,
2N HoC
1 SCH, O
“CH,
El
/’\“\ ~. H
( N2
‘ L HAC H
Ry / NH
HiC |
O
CH;
"
. CH
+
CH N
” S
P . c
|| /(_,H\“‘./
c g N M
P 128
HiC CH
55
a1
| 108 169
GE
a8z
79
53 70 | 152 155
94 96 109
‘ 55 > 78
s1 N &s 2 . 86 91 100 129 137 )
se | ‘:m | : ‘ 121 131 - 168 | 170
50 . € 114 3 3 i 156
3z az 52 6z 72 az o2 102 12 122 132 192 152 162 172

Figure 5.10: Electron ionisation (EI) mass spectrum of the peak at 6.55 minutes (figure
5.1) corresponding to 1-methoxy-2,2,6,6-tetramethyl-1,2,3,6-tetrahydropyridine. The
structure given in the top right corner is that of the molecular ion (M™), corresponding to

the peak at m/z 169.

The EI mass spectrum shown in figure 5.10 corresponds to the methyl adduct of 2,2,6,6-
tetramethyl-3,6-dihydropyridine. The pathway of 1-methoxy-2,2,6,6-tetramethyl-1,2,3,6-
tetrahydropyridine formation is suggested in scheme 5.2. The molecular ion can be seen
at m/z 169 which readily losses a methyl radical to give the base peak at m/z 154. Further
loss of ethyne (C2H2) gives a peak at m/z 128, whilst the loss of methanol (CH3OH)
generates a fragment at m/z 122. A peak at m/z 107 is formed by the loss of NH.OCH3
from m/z 154.
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loss of hydrogen
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Scheme 5.2: A possible mechanism
tetrahydropyridine formation

of 1-methoxy-2,2,6,6-tetramethyl-1,2,3,6-
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55.2 ElI mass spectrum of 1-(methoxy-ds)-2,2,6,6-tetramethyl-1,2,3,6-
tetrahydropyridine
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Figure 5.11: Electron ionisation (EI) mass spectrum of the peak at 6.52 minutes (figure
5.2) corresponding to 1-(methoxy-ds)-2,2,6,6-tetramethyl-1,2,3,6-tetrahydropyridine.
The structure given in the top right corner is that of the molecular ion, corresponding to
the peak at m/z 172.

The EIl mass spectrum shown in figure 5.11 corresponds to the CDs adduct of 2,2,6,6-
tetramethyl-3,6-dihydropyridine observed at 6.52 minutes when the reaction was carried
out by using ds-acetaldehyde (the methyl hydrogen atoms replace by deuterium) as a
secondary source of radicals in the Fenton reaction system. The molecular ion can be
seen at m/z 172 (a difference of 3 m/z units when compared to the molecular ion of 1-
methoxy-2,2,6,6-tetramethyl-1,2,3,6-tetrahydropyridine; figure 5.10), which confirms the
trapping of one deuteron-methyl (‘CDs) radical by 2,2,6,6-tetramethyl-3,6-
dihydropyridine. The fragment at m/z 157 (the base peak) is formed by the loss of a
methyl radical from the molecular ion. Further loss of ethyne (C2H>) gives a peak at m/z
131, whilst the loss of deuteron-methanol (CD3OH) generates a peak at m/z 122. Further
loss of methyl group with an addition of hydrogen gives a peak at m/z 108, whilst the

loss of NH,OCD3 from m/z 154 generates a peak at m/z 107.
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5.6
TEMPO and its derivatives

5.6.1 TEMPO-tert-butyl adduct
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Figure 5.12: Electron ionisation (EI) mass spectrum of the peak at 13.85 minutes (figure

5.1) corresponding to TEMPO-C(CH?3)s. The structure given in the top right corner is

that of the molecular ion (M™), corresponding to the peak at m/z 213.

The EI mass spectrum shown in figure 5.12 corresponds to the tert-butyl adduct of
TEMPO (TEMPO-tert-butyl). The loss of C(CHz)3OH from m/z 198 gives a fragment at

m/z 124, whilst a loss of NH,OC(CHz)s generates a peak at m/z 109.
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5.6.2 TEMPO-tert-butyl(ds) adduct
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Figure 5.13: Electron ionisation (EI) mass spectrum of the peak at 13.70 minutes (figure
5.2) corresponding to TEMPO-C(CDs)s. The structure given in the top right corner is

that of the molecular ion, corresponding to the peak at m/z 222.

The EI mass spectrum shown in figure 5.13 corresponds to the dg-tert-butyl adduct of
TEMPO observed at 13.70 minutes when the reaction was carried out by using ds-
acetaldehyde as a secondary source of radicals in the Fenton reaction system. The
molecular ion can be seen at m/z 222 (a difference of 9 m/z units when compared to the
molecular ion of TEMPO-C(CHz3)s; figure 5.12) which confirms the inclusion of three
deuteron-methyl (CDz3) groups in the compound. The fragment at m/z 207 is formed by
the loss of a methyl radical (from M™) which further losses C(CD3)sOH to give a
fragment at m/z 124. The loss of NH2OC(CDs)s from a fragment at m/z 207 generates a
peak at m/z 109.
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5.7

pentamethylpiperidine

Electron ionisation (EI) mass spectra of the methyl adduct of 2,2,4,6,6-

5.7.1 EI-MS of 1-methoxy-2,2,4,6,6-pentamethylpiperidine
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Figure 5.14: Electron ionisation (EI) mass spectrum of the peak at 10.07 minutes (figure

5.1) corresponding to a methyl adduct of 2,2,4,6,6-pentamethylpiperidine. The structure

given in the top right corner is that of the molecular ion, corresponding to the peak at m/z

185.

The El mass spectrum shown in figure 5.14 corresponds to the 1-methoxy-2,2,4,6,6-

pentamethylpiperidine. The fragment at m/z 170 is formed by the loss of a methyl radical

(from M™), which may then further lose CH3OH to generate a fragment at m/z 138.

Further loss of methyl group with an addition of hydrogen gives a peak at m/z 124.
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5.7.2 EI mass spectrum of 1-(methoxy-ds)-2,2,6,6-tetramethyl-4-(methyl-ds)
piperidine
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Figure 5.15: Electron ionisation (EI) mass spectrum of the peak at 9.97 minutes (figure
5.2) corresponding to the deuteron-methyl (CDs) adduct of 2,2,4-d3,6,6-
pentamethylpiperidine. The structure given in the top right corner is that of the molecular

ion, i.e. corresponding to the peak at m/z 191.

The EIl mass spectrum shown in Figure 5.15 corresponds to the 1-(methoxy-ds)-2,2,6,6-
tetramethyl-4-(methyl-ds) piperidine observed at 9.97 minutes when the reaction was
carried out by using ds-acetaldehyde as a secondary source of radicals in the Fenton
system. The molecular ion can be seen at m/z 191 (a difference of 6 m/z units when
compared to the non-deuterated adduct in figure 5.14, which confirms the trapping of
two deuteron-methyl ("CD3) radicals. The fragment at m/z 176 is formed by the loss of a
methyl radical (from M™) which further losses CD3OH to generate a fragment at m/z
141. Further loss of CDs group from the ion at m/z 141 with an addition of hydrogen

gives a fragment at m/z 124.
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5.8

the trapping agent

Identification of other peaks when for 4-methoxy-TEMPO is used as

5.8.1 EI mass spectrum of 1,4-dimethoxy-2,6-dimethyl-1,4-dihydropyridine
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Figure 5.16: Electron ionisation (EI) mass spectrum of the peak at 5.02 minutes (figure

5.3) corresponding to 1,4-dimethoxy-2,6-dimethyl-1,4-dihydropyridine. The structure

given in top right corner is that of the molecular ion (M*), corresponding to the peak at

m/z 169.

The EI mass spectrum shown in figure 5.16 corresponds to 1,4-dimethoxy-2,6-dimethyl-

1,4-dihydropyridine. The fragment at m/z 154 is formed by the loss of a methyl radical

(from M™), which then further loses CH3OH to generate a fragment at m/z 122. Loss of a

methyl group from the ion at m/z 122 gives the fragment at m/z 107.
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5.8.2 EI mass spectrum of 1,4-dimethoxy-2,6-dimethyl-1,2-dihydropyridine
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Figure 5.17: Electron ionisation (EI) mass spectrum of the peak at 5.74 minutes (figure
5.3) corresponding tol,4-dimethoxy-2,6-dimethyl-1,2-dihydropyridine. The structure
given in the top right corner is that of the molecular ion (M**), corresponding to the peak
at m/z 169.

The EIl mass spectrum shown in figure 5.17 corresponds to 1,4-dimethoxy-2,6-dimethyl-
1,2-dihydropyridine. The fragment at m/z 154 is formed by the loss of a methyl group
(from M™), which further losses CHsOH to generate a fragment at m/z 122. Further loss
of a methyl group gives a fragment at m/z 107. Structures of major ions are suggested
which can be formed by the fragmentation of 1,4-dimethoxy-2,6-dimethyl-1,2-
dihydropyridine.
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5.8.3 EI mass spectrum of 1,4-dimethoxy-2,2-dimethyl-1,2-dihydropyridine
(isomers)
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Figure 5.18: Electron ionisation (EI) mass spectrum of the peak at 13.11 minutes (figure

5.3) corresponding to 1,4-dimethoxy-2,2-dimethyl-1,2-dihydropyridine. The structure

given in the top right corner is that of the molecular ion (M), corresponding to the peak

at m/z 169.

The EI mass spectrum shown in figure 5.18 is believed to correspond to 1,4-dimethoxy-

2,2-dimethyl-1,2-dihydropyridine. The fragment at m/z 154 is formed by the loss of a

methyl radical (from M™), which further loses CH3OH to generate a fragment at m/z 122.

Further loss of a methyl group from the ion at m/z 122 gives a fragment at m/z 107.

Suggested structures of major ions which can be formed by the fragmentation of 1,4-

dimethoxy-2,6-dimethyl-1,2-dihydropyridine are given in above figure.
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58.4 EI mass spectrum of 1,4-dimethoxy-2,2,6-trimethyl-1,2-
dihydropyridine

100 /L 3
HiC ‘ﬂ B ocH 7
o | \W
) C—cH
OCH ~c/ ATC
" q \
CH CH [ CHa
|| .,
C+ l ﬂl L en, i
~
N N G
N
O\ (|)
CH; eH OCH;4
CHy |
~ o
HC”
| \“l
‘ c
|| Hie” N eH
CH
e (|)
3
ey
,/”“w
\ N | \l‘ M
68 HsC .'./
‘\
H\LH
67 09 183
SE v
3 168
5; 7P eal| e o 108
51 57 65 | .”94 101 n— 122 126 152 2
. r‘(_,l._. I 63|, J?_'-’v [ “‘ 88 ‘.II. _ ""]J o 127 | 139 .- | 154 1&;;13("!, 169 435 .nm
(S— AR el el LS. L 221 : .

L B ESE TR TR RN PR r. = T T 1 I e bovgeras
a7 57 a7 77 a7 7 107 117 127 137 147 157 167 177 187

Figure 5.19: Electron ionisation (EI) mass spectrum of the peak at 15.93 minutes (figure
5.3) corresponding to 1,4-dimethoxy-2,2,6-trimethyl-1,2-dihydropyridine. The structure
given in the top right corner is that of the molecular ion, corresponding to the peak at m/z
183.

The EI mass spectrum shown in Figure 5.19 corresponds to 1,4-dimethoxy-2,2,6-
trimethyl-1,2-dihydropyridine. The peak at m/z 183 corresponds to the molecular ion.
The fragment at m/z 168 is formed by the loss of a methyl radical (from M™), which
further loses methane to generate a fragment at m/z 152. A similar pathway (loss of
methane) is followed in the formation of the fragment at m/z 136. Structures of major

fragments are suggested in figure 5.19.
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Chapter 5
(Part 2)

Detection and analysis of spin-adducts from ethanal and
TEMPO by using Solid phase microextraction-Gas
Chromatography-Mass Spectrometry (SPME-GC/MS)

196



5.9 Chromatograms

5.9.1 Fenton reaction with acetaldehyde and TEMPO
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Figure 5.20: The total ion chromatogram (TIC) obtained from the headspace solid phase
microextraction (SPME)-GC-MS analysis of the Fenton reaction containing
acetaldehyde and TEMPO.

Figure 5.20 shows the chromatogram following SPME-GC-MS analysis of the Fenton
reaction containing acetaldehyde and TEMPO with peaks corresponding to the following
compounds: 1) CHs adduct of TEMPO (Rt 8.4 minutes); 2) 1-methoxy-2,2,6-trimethyl-
2,3,4,5-tertrahydropyridin-1-ium (Rt 8.6 minutes); 3) unreacted TEMPO (R: 8.7
minutes); 4) 2,6-Dimethyl-1,5-heptadiene (R: 8.9 minutes); 5) 1-methoxy-2,2,4,6,6-
pentamethylpiperidine (Rt 9.1 minutes); 6) 1-(1-methoxy-2,2,6-trimethylpiperidin-4-yl)
ethan-1-one (Rt 9.5 minutes); 7) acetyl adduct of TEMPO (R: 9.7 minutes); 8) TEMPO-
tert-butyl adduct (Rt 9.9 minutes).
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5.9.2 Fenton reaction with ds-acetaldehyde and TEMPO
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Figure 5.21: The total ion chromatogram (TIC) obtained from the headspace solid phase
microextraction (SPME)-GC-MS analysis of the Fenton reaction containing ds-
acetaldehyde and TEMPO.

Figure 5.21 shows the chromatogram following SPME-GC-MS analysis of the Fenton
reaction containing ds-acetaldehyde and TEMPO with peaks corresponding to the
following compound: 1) the CD3 adduct of TEMPO (Rt 8.3 minutes); 2) 1-(methoxy-
d3)-2,2,26-trimethyl-2,3,4,5-tertrahydropyridin-1-ium (Rt 8.6 minutes); 3) unreacted
TEMPO (Rt 8.7 minutes); 4) 2,6-dimethyl-1,5-heptadiene (R: 8.9 minutes); 5; 1-
(methoxy-ds)-2,2,4,6,6-tetramethyl-4-(methyl-ds) piperidine (Rt 9.1 minutes); 6- 1-(1-
methoxy-ds)-2,2,6-trimethylpiperidin-4-yl) ethan-1-one-ds (Rt 9.5 minutes); 7; an
unidentified impurity (Rt 9.5 minutes); 8) an acetyl-ds adduct of TEMPO (Rt 9.7
minutes); 9- TEMPO-tert-butyl-dg adduct (Rt 9.9 minutes).
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5.9.3 Fenton reaction with acetaldehyde and 4-methoxy-TEMPO
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Figure 5.22: The total ion chromatogram (TIC) obtained from the headspace solid phase
microextraction (SPME)-GC-MS analysis of the Fenton reaction containing
acetaldehyde and 4-methoxy-TEMPO.

Figure 5.22 shows the chromatogram following SPME-GC-MS analysis of the Fenton
reaction containing acetaldehyde and 4-methoxy-TEMPO with peaks corresponding to
the following compounds: 1) a CHz adduct of methoxy-TEMPO (Rt 9.5 minutes); 2)
unreacted 4-methoxy-TEMPO spin trap (Rt 9.7 minutes); 3) an acetyl adduct of
methoxy-TEMPO (R: 10.3 minutes); 4) a tert-butyl adduct of methoxy-TEMPO (R; 10.4

minutes).
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5.9.4 Fenton reaction with acetaldehyde and 4-oxo-TEMPO
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Figure 5.23: The total ion chromatogram (TIC) obtained from the headspace solid phase
microextraction (SPME)-GC-MS analysis of the Fenton reaction containing
acetaldehyde and 4-oxo-TEMPO.

Figure 5.23 shows the chromatogram following SPME-GC-MS analysis of the Fenton
reaction containing acetaldehyde and 4-oxo-TEMPO with peaks corresponding to the
following compounds: 1) a CHs adduct of 4-oxo-TEMPO (Rt 9.5 minutes); 2) a 4-0xo-
TEMPO-tert-butyl adduct (Rt 10.4 minutes).
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5.10 Detection and analysis of methyl radical adducts.

The most intense peak in all chromatograms (figure 5.20-5.23) is that of the methyl
adduct of TEMPO and its derivatives. The relevant mass spectra of the methyl adduct of
TEMPO and its derivatives are the same as described earlier in section 5.3 when the

sampling and analysis was done by using the TD-GC-MS approach.

5.11 Methyl adduct of 2,2,4,6,6-pentamethylpiperidine

The methyl adduct of 2,2,4,6,6-pentamethylpiperidine was identified previously when
using TD-GC-MS as the sampling and analysis technique (for relevant mass spectra of
the adduct see earlier in this chapter (section 5.7). The identity of adduct was confirmed
in this study when ds-acetaldehyde was used as a secondary source of radicals in the
Fenton reaction system. The molecular ion shifted position in the EI-mass spectrum by 6
m/z units, thus confirming the addition of 2 deuteron-methyl (‘CDs3) radicals (figure
5.15).

5.12 Detection and analysis of a tert-butyl adduct of TEMPO and its
derivatives

A tert-butyl adduct of TEMPO and its derivatives is detected when sampling is carried
out using SPME-GC/MS. This adduct is detected by TD-GC-MS when TEMPO is used
as a spin trapping agent (see chapter 5, part 1). The relevant mass spectra for the adduct
are exactly the same as described earlier in this chapter (section 5.6) when the sampling
and analysis was done by using thermal desorption TD-GC-MS. Interestingly, it is
detected with not only TEMPO but with all of its derivatives, which not only confirms
the identity of the adduct but also helps in the understanding of the fragmentation
pattern. GC-MS data for the identification of the tert-butyl adduct of TEMPO and its

derivatives is summarised in table 5.2
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Table 5.2: Summary of GC-MS data for the tert-butyl adduct of TEMPO and its

derivatives when the analysis was carried out by SPME-GC-MS

Spin adduct Retention Molecular | Characteristics fragment peaks
time(Ry) ion (m/z) | (m/z)

TEMPO-tert-butyl 9.9 213 198, 130, 124, 109, 88, 74, 69, 56

TEMPO- tert-butyl-dg 9.7 222 207, 139, 109, 80, 69, 56

4-methoxy-TEMPO-tert- | 10.4 243 228, 139, 130, 99, 88, 69, 56

butyl

4-0x0-TEMPO- tert-butyl | 10.4 227 212, 170, 139, 130, 88, 69, 56
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5.13 Electron ionisation (EI) mass spectra of the acetyl adduct of TEMPO
and its derivatives

5.13.1 TEMPO-COCH;3 adduct
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Figure 5.24: Electron ionisation (EI) mass spectrum of the peak at 9.7 minutes (figure
5.20) corresponding to TEMPO-COCHSs. The structure given in the top right corner is

that of the molecular ion (M™), corresponding to the peak at m/z 199.

The EI mass spectrum shown in figure 5.24 corresponds to the acetyl adduct of TEMPO
(TEMPO-COCH?3). The peak at m/z 199 corresponds to the molecular ion. The fragment
at m/z 184 is formed by the loss of a methyl radical (from M™). The base peak at m/z 142
is formed by the loss of methyl group from a peak at m/z 157. Other characteristic
fragments of TEMPO can be seen at m/z 109, 69 and 55.
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5.13.2 TEMPO-COCD3 adduct
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Figure 5.25: Electron ionisation (EI) mass spectrum of the peak at 9.7 minutes (figure

5.21) corresponding to TEMPO-COCDs. The structure given in the top right corner is
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that of the molecular ion, corresponding to the peak at m/z 202.

The EI mass spectrum shown in figure 5.25 corresponds to the ds-acetyl adduct of
TEMPO (TEMPO-COCD:3) observed at 9.7 minutes when the reaction was carried out
by using dz-acetaldehyde as a secondary source of radicals in the Fenton system. The
molecular ion can be seen clearly at m/z 202 (a difference of 3 m/z units when compared
to the molecular ion of TEMPO-COCHSs; figure 5.24) which confirms the trapping of a
ds-acetyl radical by TEMPO. The fragment at m/z 187 is formed by the loss of a methyl
group (from M*). The loss of a methyl group from the fragment at m/z 158 gives a peak
at m/z 143. Other characteristic fragments of TEMPO can be seen at m/z 109, 69 and 55.

The GC-MS data for this adduct is summarised in table 5.3.
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Table 5.3: Summary of GC-MS data for the acetyl adduct of TEMPO and its derivatives
when the analysis was carried using SPME-GC-MS.

Spin adduct Retention Molecular | Characteristic fragment peaks
time (Ry) ion (m/z) | (m/z)

TEMPO-acetyl 9.7 199 184, 157, 142, 109, 83, 69, 55

TEMPO-acetyl(ds) 9.7 202 187, 158, 143, 124, 109, 83, 69, 56

4-methoxy-TEMPO- 10.3 229 214,186, 142, 109, 88, 69, 56

acetyl
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5.14 Electron ionisation (EI) mass spectra of a methyl adduct of 2,2,6-
trimethyl-2,3,4,5-tetrahydropyridin-1-ium

5.14.1 EI mass spectrum of 1-methoxy-2,2,6-trimethyl-2,3,4,5-
tetrahydropyridin-1-ium
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Figure 5.26: Electron ionisation (EI) mass spectrum of the peak at 8.6 minutes (figure
5.20) corresponding to the 2,2,6-trimethyl-2,3,4,5-tetrahydropyridin-1-ium. The

molecular ion can be seen at m/z 156.

Figure 5.26 shows the EI-MS for the peak observed at 8.6 minutes. It may correspond to
a methyl adduct of 2,2,6-trimethyl-2,3,4,5-tetrahydropyridin-1-ium with a molecular ion
at m/z 156. The molecular ion may lose a methyl group to give the fragment at m/z 141,
whilst the loss of CH3OH (from M™) generates a fragment at m/z 124. Although the
fragmentation pathway needs further investigation the structure for the base peak at m/z
88 is supported when using ds-acetaldehyde (figure 5.27). Characteristic fragments of
TEMPO can be seen at m/z 69 and 55.
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5142 El mass spectrum of 1-(methoxy-ds)-2,2,6-trimethyl-2,3,4,5-
tetrahydropyridin-1-ium
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Figure 5.27: Electron ionisation (EI) mass spectrum of the peak at 8.5 minutes (figure
5.21) corresponding to 1-(methoxy-ds)-2,2,6-trimethyl-2,3,4,5-tetrahydropyridin-1-ium.

The molecular ion can be seen at m/z 159.

The EI mass spectrum shown in figure 5.27 is believed to correspond to 1-(methoxy-ds)-
2,2,6-trimethyl-2,3,4,5-tetrahydropyridin-1-ium observed at 8.5 minutes when the
reaction is carried out by using ds-acetaldehyde as a secondary source of radicals in the
Fenton system. The molecular ion can be seen clearly at m/z 159 (a difference of 3 m/z
units when compared to the molecular ion of 2,2,6-trimethyl-2,3,4,5-tetrahydropyridin-1-
ium; figure 5.26) which confirms the trapping of a "CD3 radical. A peak expected at m/z
144 (loss of methyl group) was not detected but a fragment at m/z 124 can clearly be
seen which is most probably formed by the loss of CD3OH from the molecular ion.
Characteristic fragments of TEMPO can be seen at m/z 69 and 55 while the suggested
structure for the base peak at m/z 91 clearly correlates with that suggested for the base

peak in figure 5.26, when the reaction was carried out by using acetaldehyde.
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5.15 Electron ionisation mass spectrum of 2,6-dimethyl-1,5-heptadiene

57 89
'
/
G HoC /L
\ \“\,/ \.\\ /AQ“\‘“\“:;,//\/’ \\\\:‘\
[c',ul
HE=c{ - ' s /
\ 85 FINTTN N
55
HC ::b/\\/l\\
67
53 56 109 M
58
81
54 65 ! !
51 59 86 70 77 83 86 00 95 115 124
- 61 64 72 B84 98 101 104 18 '[7118 122
50 70 90 110

Figure 5.28: Electron ionisation (EI) mass spectrum of the peak at 8.9 minutes (figure

5.20 & 5.21) corresponding to 2,6-dimethyl-1,5-heptadiene. The structure given in the

top right corner is that of the molecular ion, corresponding to the peak at m/z 124.

The EI mass spectrum shown in figure corresponds to 2,6-dimethyl-1,5-heptadiene. The

molecular ion can be seen at m/z 124. This may lose a methyl group to generate a

fragment at m/z 109. Further loss of CoH4 generates a fragment m/z 85.
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5.16 Electron ionisation (El) mass spectrum of methyl and acetyl adduct of
2,2,6-trimethylpiperidine.
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Figure 5.29: Electron ionisation (EI) mass spectrum of the peak at 9.5 minutes (figure
5.20) corresponding to a methyl and acetyl adduct of 2,2,6-trimethylpiperidine. The
structure given in the top right corner is that of the molecular ion, corresponding to the
peak at m/z 199.

The suggested structure for the peak observed at 9.5 minutes is shown in the top right
corner of the mass spectrum. It is believed to correspond to a methyl & acetyl adduct of
2,2,6-trimethylpiperidine with a molecular ion at m/z 199. The fragment at m/z 184 is
formed by the loss of a methyl radical from the molecular ion. Although the
fragmentation pathway needs further investigation the structures of major fragments at
m/z 84 and 128 are suggested (figure 5.30). The peaks at m/z 55 and m/z 69 are
characteristic of TEMPO derivatives.
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5.16.2 EI mass spectrum of 1-(1-(methoxy-ds)-2,2,6-trimethylpiperidin-4-yl)
ethan-1-one-2,2,2-ds
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Figure 5.30: Electron ionisation (EI) mass spectrum of the peak at 9.4 minutes (figure
5.21) corresponding to a deuteron-methyl (\CDs3) and a deuteron-acetyl ((COCD3) adduct
of 2,2,6-trimethylpiperidine. The structure given in the top right corner is that of the

molecular ion, corresponding to the peak at m/z 205.

The EI mass spectrum shown in figure 5.30 corresponds to 1-(1-(methoxy-ds)-2,2,6-
trimethylpiperidin-4-yl)ehtan-1-one-2,2,2-dz when the reaction is carried out by using ds-
acetaldehyde as a secondary source of radicals in the Fenton system. The molecular ion
can be seen clearly at m/z 205 (a difference of 6 m/z units when compared to the
molecular ion in figure 5.29) which confirms the trapping of two CDs groups (believed
to be CD3 and COCD3). Comparing the mass spectrum to the one for non-deuterated
acetaldehyde, the structure for the molecular ion is suggested as shown in top right
corner of the above figure. The fragment at m/z 190 is formed by the loss of methyl
radical from the molecular ion. Although the fragmentation pathway needs further
investigation suggested structures for major fragments at m/z 134 and 87 are given in

figure 5.30. The peaks at m/z 55 and m/z 69 are characteristic of TEMPO derivatives.
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5.17 Electron ionisation mass spectrum of unreacted TEMPO
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Figure 5.31: Electron ionisation (EI) mass spectrum of the peak at 8.7 minutes (figure
5.20) corresponding to unreacted TEMPO. The structure given in the top right corner is

that of the molecular ion (M™), corresponding to the peak at m/z 156.

The EI mass spectrum shown in Figure 5.31 corresponds to the unreacted TEMPO. The
molecular ion can be seen at m/z 156 which may lose a methyl radical to give a fragment
at m/z 141. Further loss of a methyl group gives a fragment at m/z 126. Characteristic
fragments of TEMPO can be seen at m/z 109, 69 and 55.
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5.18 Discussion

In the current study, the Fenton reaction was used to generate hydroxyl radicals which
may then react with acetaldehyde (a secondary source of free radicals) to produce acetyl
radicals, which further decompose into methyl radicals by decarbonylation (Nakao et al.,
2000), already explained in chapter 3. The secondary radicals (mainly methyl and acetyl)
then react with TEMPO to produce stable radical adducts which may be extracted from
the headspace by TD or SPME and analysed by using GC-MS.

The chromatogram obtained (figure 5.1) for the Fenton reaction containing acetaldehyde
shows an intense peak retained at 7.27 minutes and the corresponding mass spectrum
(figure 5.6) shows a molecular ion at m/z 171 for the methyl adduct of TEMPO. For
confirmation and interpretation of the mass spectrum, other derivatives of TEMPO i.e. 4-
methoxy-TEMPO and 4-oxo-TEMPO were used in the Fenton reaction as spin-trapping
agents and both derivatives showed intense methyl adduct peaks in the TIC with similar
fragmentation patterns. To confirm the identity and source of the methyl radical,
deuterated acetaldehyde was used in the reaction. Deuterated acetaldehyde generated
‘CDs radicals which were then trapped by TEMPO to form a TEMPO-CD3 adduct
showing the shift of 3 mass units from m/z 171 to 174 and thus confirming acetaldehyde
as the source of the free radicals (figure 5.7).

The methyl adduct peak was absent when control reactions were carried out (figure 5.5),
which means the Fenton reaction is responsible for the production of methyl radicals

(when hydroxyl radicals attack acetaldehyde as explained in chapter 3, scheme 3.3).

A small peak retained at 13.85 minutes (figure 5.1) corresponds to a TEMPO-tert-butyl
adduct which has not previously been observed, to the best of our knowledge. An
addition of m/z 57 units to TEMPO produces a molecular ion at m/z 213 units. The loss
of methyl radical (from M*) produces an ion at m/z 198, whilst a loss of m/z 57 from the
molecular ion generates a peak at m/z 156. A similar fragmentation pattern is observed
with both methyl and acetyl adducts. To confirm the identity of the tert-butyl adduct of
TEMPO, the Fenton reaction was carried out by using ds-acetaldehyde. A small peak
retained at 13.70 minutes (figure 5.2) corresponds to TEMPO-deuterated tert-butyl-de
adduct. The m/z value of the molecular ion increases by 9 units to m/z 222, thus
confirming the addition of a tert-butyl group (figure 5.13). The generation of tert-butyl

radical is not fully understood but there is one study which suggests the production of
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tert-butyl radical when iso-butane is attacked by methyl radicals (Anastasi, 1983), but

their generation in the Fenton system needs further investigation.

The tert-butyl adduct is not detected with any of the TEMPO derivatives when TD
extraction approach is used. Interestingly, this adduct is detected not only with TEMPO
but also with its other derivatives when SPME is used as a sampling approach, which not
only confirms the identity of the adduct but also helps in understanding its fragmentation
pathway. Confirmation of the fragmentation pathway of this adduct needs further
investigation, possibly by using isotopically labelled TEMPO & its other derivatives and
by using other analytical techniques.

Two very small peaks retained at 5.80 & 6.54 minutes (figure 5.1) may be isomers of a
methyl adduct of 2,2,6,6-tetramethyl-3,6-dihydropyridine. A possible mechanism of
suggested adduct formation from TEMPO-CHjs is shown in scheme 5.2. It is believed
that methyl adduct of TEMPO breaks down in two steps successively loosing hydrogen
in each step to generate the suggested adduct with molecular ion at m/z 169, which loses
methyl radical to give a fragment at m/z 154. Further loss with the ring opening generates
the fragment at m/z 128, whilst the loss of CH3OH gives a fragment at m/z 122. To
confirm the identity of the adduct, the Fenton reaction was carried out by using ds-
acetaldehyde which shows two small peaks at 5.17 & 6.52 minutes (figure 5.2). The
corresponding mass spectrum (figure 5.11) shows a shift of 3 m/z units thus confirming
the addition of a "CDs radical. The molecular ion can be seen clearly at m/z 172. This
may readily lose a methyl radical to give a fragment at m/z 157. Further loss ring opening
give a fragment at m/z 131, whilst the loss of CD3OH generates a fragment at m/z 122.
Further loss of methyl from this fragment with an addition of hydrogen gives a fragment
at m/z 108 (figure 5.11).

A very small peak retained at 10.07 minutes may be a methyl adduct of 2,2,4,6,6-
pentamethylpiperidine. As discussed earlier, TEMPO can give different structures

because of its internal re-arrangement reactions.

It is suggested that a TEMPO-CHs adduct traps another methyl radical by replacing an
hydrogen to give 1-methoxy-2,2,4,6,6-pentamethylpiperidine (methyl adduct of
2,2,4,6,6-pentamethylpiperidin). The molecular ion can be seen at m/z 185 which may
then lose a methyl radicals to give a fragment at m/z 170. Loss of CH3OH from m/z 170

generates a peak at m/z 138. Then further loss of methyl group with an addition of

213



hydrogen gives a fragment at m/z 124. Other fragments characteristic of TEMPO and its
derivatives are seen at m/z 109, 69 and 56. Structures of all major fragments are shown in
the corresponding mass spectrum (figure 5.14). To confirm the identity of this adduct,
the Fenton reaction was carried out using ds-acetaldehyde. A small peak observed at 9.97
minutes (figure 5.2) corresponds to the deuterated version of the adduct. The m/z value
of the molecular ion increases by 6 units to m/z 191, thus confirming the addition of two
"‘CDs radicals (figure 5.15). This adduct was also detected when sampling was carried out
using SPME approach. No other derivatives of TEMPO appeared to show this adduct

with either of the extraction techniques.

The chromatogram (figure 5.20) shows a small peak retained at 9.7 minutes and the
corresponding mass spectrum (figure 5.24) shows a strong peak for molecular ion at m/z
199, corresponding to an acetyl adduct of TEMPO. For confirmation of the adduct and
interpretation of the MS, derivatives of TEMPO were used in the Fenton reaction. Acetyl
radicals were successfully trapped by 4-methoxy-TEMPO where molecular ion can be
seen at m/z 229. Acetyl radicals were not observed when the reaction was carried out
with 4-oxo-TEMPO. To confirm the identity and source of the acetyl radicals, deuterated
acetaldehyde was used in the Fenton reaction. Deuterated acetaldehyde generates the
CDsCO radical which is then trapped by TEMPO to form a TEMPO-acetyl adduct
showing a shift of 3 mass units from m/z 199 to 202, thus confirming the acetaldehyde as

a source of acetyl radicals (figure 5.25).

Nakao and his colleagues also detected acetyl radicals by trapping with DMPO & POBN
whilst studying the metabolism of acetaldehyde (Nakao et al., 2000). They successfully
detected the methyl and acetyl adducts of the POBN and DMPO by using EPR
spectroscopy. In another study, acetyl radicals were detected as PBN-acetyl adducts
when the Fenton reaction was carried out by using acetaldehyde as secondary source of

radicals (Castro, Costantini and Castro, 2009).

5.18.1 Possible fragmentation pathways of radical adducts

The fragmentation pathway of nitroxide spin traps is neither simple nor easy to interpret
because of the inner rearrangement in the structure of the spin trap. One mechanism

which could fit with different fragments is the following one: cation radical is generated
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in the ion source when an electron is lost by the nitrogen atom. The presence of peaks for
TEMPO-CH3s at m/z 171 (molecular ion) and m/z 156 (obtained after demethylation of
the molecular ion) can be explained by this mechanism. The ion at m/z 156, after an
electronic arrangement, abstracts a proton-linked to the carbon beta to the nitrogen,
resulting in the ejection of a methanol molecule (loss of 32 mass units) resulting in the
production of a cyclic piperidine cation (m/z 124) with a charge on the carbon atom
(scheme 5.1). This fragmentation pattern follows the one observed for TEMPO
breakdown by other groups (Morrison and Davies, 1970; Smith et al., 2000).

Another possible fragmentation pattern for TEMPO-CHz is shown in scheme 5.1. Loss
of a methyl radical from adduct molecule molecular ion will form the peak at m/z 156.
Further loss of NH2OCH?3 will result in the formation of the peak at m/z 109. Further loss
of CsH4 and CsHe may form the peaks at m/z 69 and m/z 55 respectively. Both peaks at
m/z 55 and m/z 69 appear in many of the mass spectra of TEMPO and its derivatives. In
the case of ‘CDs trapping, the initial loss of methyl results in the formation of the base
peak at m/z 159, as shown in scheme 4.4. Further loss of NH>OCD3 forms a peak at m/z
109. Subsequent fragmentation follows a similar pattern to that of the methyl adduct, as
explained in scheme 5.1 (Morrison and Davies, 1970; Smith et al., 2000). Most of the
ions produced during the fragmentation of the acetyl adduct are similar to ions produced
during the fragmentation of the methyl adduct, which suggests a similar fragmentation

pattern.

This study demonstrates that solvent free approaches may be used for indirect detection
of the hydroxyl radicals and to study the breakdown of acetaldehyde, which is a product
of ethanol metabolism (Zhang et al., 2004). Furthermore, solvent-free extraction
approaches have the advantage of no direct contact with reactants in the Fenton mixture,

which are sometimes damageing for the GC columns.
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Chapter 6

Conclusions and future work
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6.1 Summary and Conclusions

The Fenton reaction is one of the most studied biochemical reactions. It generates
hydroxyl radicals which can be damageing to different constituents of the cell. Hydroxyl
radicals are short-lived with a half-life of 10 seconds, making them very hard to detect.
They can react with organic molecules to produce other radicals and possibly initiate a
chain reaction which is even more destructive to the living body (Dalle-Done et al.,
2006). Free radicals may trigger different diseases, which include neurodegenerative
diseases like Parkinson’s or Alzheimer’s (Nikoloa, 2012; Uttara et al., 2009), rheumatoid
arthritis, diabetes and asthma (Lee, Koo & Min, 2004).

Spin trapping is a technique used to trap free radicals. Spin traps are chemical
compounds which react with free radicals to produce comparatively stable radical
adducts which can be measured by using different analytical techniques (Halliwell &
Gutteridge, 2015). EPR spectroscopy is commonly used for the detection of free radicals
but it is not easy to identify them because of similar EPR signals irrespective of the
radical being trapped. The cost of coupling EPR spectroscopy with MS is quite high and
hence not available in most laboratories. Other techniques like LC/MS, GC-MS, NMR
(Valery et al., 2011) and MALDI-TOF-MS (Podmore et al., 2013) may be used for the

detection and identification of spin trapped free radicals.

The main objective of the present research work was to use GC-MS for the separation
and identification of spin trapped free radicals following TD or SPME sampling of the
headspace as solvent free extraction approaches. To the best of our knowledge, this is a
completely novel approach to the identification of spin trapped free radicals. Hydroxyl
radicals can react with secondary source of free radicals (ethanal and propanal in this
project) to produce more stable radicals, which may then react with spin trapping agents
(PBN and its derivatives/ TEMPO and its derivatives) to produce stable radical adducts.
These adducts may then be extracted and analysed/identified using GC-MS, for
methodology see chapter 2. Solvent free sampling has an advantage over traditional
extraction using an organic solvent in that it leaves much “cleaner” samples e.g. if not
fully removed prior to entry into the GC, the Fenton reagents can heavily contaminate
the GC inlet and column. In addition, the solvent free extraction approach is less

laborious and time efficient.
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In chapter 3, acetaldehyde was used as a secondary source of free radicals and PBN and
its derivatives as trapping agents. Acetaldehyde present in the Fenton reaction was
readily attacked by the hydroxyl radicals to produce methyl radicals which were then
trapped by PBN & its derivatives to produce stable radical adducts. These adducts were
extracted, separated and analysed by TD-GC-MS as a novel approach to study the spin
trapped free radicals. PBN traps a radical at its a-carbon site to give a nitroxide, which
may then further trap a radical at the oxygen (unpaired electron on the nitroxide is
delocalised between the nitrogen and oxygen atoms). Methyl radicals are generated in
abundance and readily trapped by PBN to give a di-methyl adduct with a molecular ion
at m/z 207. Although the PBN-dimethyl adduct is the most intense peak in the
chromatogram, other peaks were also observed that are clearly formed via Fenton
chemistry.

To confirm acetaldehyde as the source of free radicals and to confirm the identity of the
di-methyl adduct, ds-acetaldehyde was used in the Fenton reaction. The chromatogram
(figure 3.2) shows an intense peak at 10.16 minutes. the EI mass spectrum of the peak
shows a molecular ion at m/z 213, which is 6 m/z units higher than the corresponding
mass spectrum for the non-deuterated dimethyl adduct of PBN, clearly demonstrating the
addition of 2 ‘CDs radicals and thus confirming the identity of the adduct. Furthermore,
when deuterated PBN (de-PBN) is used as the trapping agent with non-deuterated
acetaldehyde (and then separately with ds-acetaldehyde) molecular ions at m/z 213 and
m/z 219, respectively, are observed, which not only confirms the identity of the adduct

but helps to identify the fragments and pattern of fragmentation.

Another small peak retained at 8.52 minutes (figure 3.1) is identified as a methyl &
hydrogen adduct of PBN with a molecular ion at m/z 193, formed by a similar pathway
as of di-methyl adduct; a hydrogen is trapped at the alpha carbon site which then readily
traps methyl radical to give a stable adduct. The identity of the adduct was confirmed
when the Fenton reaction was carried out by using ds-acetaldehyde. The molecular ion
has moved from m/z 193 to m/z 196 confirming the addition of 3 deuterium atoms
(‘CD3). Further experiments using de-PBN in the precence of acetaldehyde or ds-
acetaldehyde & other derivatives of PBN also provided evidence to confirm the identity
of the adduct.
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A strong peak retained at 2.61 minutes is identified as benzaldehyde with its
characteristic fragmentation pattern. Benzaldehyde is a known product of PBN
breakdown (Turnbull et al., 2001; Kotake and Janzen 1991).

Two very small peaks at 15.91 & 16.25 minutes were identified as isomers of 2,3-
diphenylbutane with a molecular ion at m/z 210. The adduct is most probably formed in
the Fenton system although mechanism of its formation needs further investigation.
These peaks were absent in control reactions which also support the evidence as they are
formed from Fenton-based chemistry. To confirm the identity of the adduct, the Fenton
reaction was carried out by using dsz-acetaldehyde. The molecular ion shifted by 6 units
to m/z 216 thus demonstrating the addition of two ‘CDs. A further experiment with ds-
PBN gave a molecular ion at m/z 222 providing further evidence of the suggested

structure.

From these results, it can be concluded that acetaldehyde, when used as a secondary
source of free radicals, produces methyl radicals which may then be trapped by PBN and
its derivatives to give volatile radical adducts. These adducts may be extracted very
easily using a solvent free approach and detected by using GC-MS. In many studies, only
one biomarker of oxidative stress is often used which may not be indicative of the
condition as one product may be formed by different pathways. During this study,
different products, which may be potential biomarkers of oxidative stress, have been
successfully identified and characterised. These products may be particularly useful as
“fingerprint” markers of lipid peroxidation, and possibly more reliable than using only
one biomarker. Moreover, headspace sampling is not only time efficient but cost
effective as well.

To confirm the effectiveness of the developed method, propanal was used as a secondary
source of free radicals in the Fenton reaction. Propanal produced ethyl radicals when
attacked by hydroxyl radicals. Ethyl radicals were spin trapped by PBN to produce a
PBN-diethyl adduct with a molecular ion at m/z 235. To confirm the identity of adduct,
deuterated propanal (CH3CD.CHO) was used in the Fenton reaction. The resulting
strong adduct peak (figure 4.2) confirmed the identity of the adduct by showing the shift
of 4 m/z. This confirmed the addition of two ethyl radicals to PBN with the molecular ion
at m/z 239.
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Another very small peak retained at 8.74 minutes (figure 4.1) is identified as N-ethoxy-1-
phenyl-1-propanamine. It is not present in any of the control reaction experiments which
shows that it is formed via Fenton chemistry. An experiment using dz-propanal helped to
confirm its identity. Further experiments using other derivatives of PBN as spin traps

helped to elucidate the structure of the fragments.

Alongside these two major products, three other peaks, including benzaldehyde, were
identified and fully characterised in chapter 4. These results are promising as all major
peaks are identified and clearly demonstrate that the developed method may be used
effectively for the identification of radical adducts.

In chapter 5, TEMPO & its derivatives were used as spin trapping agents to identify
acetaldehyde derived radical adducts by using two different sampling approaches, i.e.
TD and SPME. A very strong peak for the TEMPO-CH3 adduct (molecular ion at m/z
171) was detected when the headspace (HS) was extracted and analysed using TD-GC-
MS. To confirm the identity and acetaldehyde as the source of methyl radicals, ds-
acetaldehdye was used in the Fenton reaction. The molecular ion was seen m/z 174,
showing an increase of 3 mass units and thus confirming acetaldehyde as the source of
methyl radicals. Further experiments using other derivatives of TEMPO not only
confirmed the identity of adduct but also helped to deduce the structure of different
fragments.

A very small peak at 13.85 minutes (figure 5.1) is identified as a tert-butyl adduct of
TEMPO with a molecular ion at m/z 213. The identity of adduct was confirmed when the
reaction was carried out by using ds-acetaldehyde. The molecular ion showed an increase
of 9 m/z units (seen at m/z 222) thus supporting the suggestion of tert-butyl addition to
TEMPO.

The small peak at 10.07 minutes may be a methyl adduct of 2,2,4,6,6-
pentamethylpiperidine with a molecular ion at m/z 185. The identity of this adduct is
supported by experiments carried out by using dsz-acetaldehyde. The molecular ion
increases to m/z 191, clearly showing the addition of two methyl radicals. Although it
has not been confirmed, the site of addition for the second methyl radical has been
suggested and is supported by the fragmentation pattern.
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An acetyl adduct was detected when extraction was carried out using the SPME
approach. The TEMPO-COCHz3 adduct was observed with a molecular ion at m/z 199
and its identity confirmed when the reaction was carried out using ds-acetaldehyde. The
molecular ion at m/z 202 shows an increase of 3 m/z thus confirming the detection of

acetyl adduct.

Another very small peak at 6.55 minutes is identified as 1-methoxy-2,2,6,6-tetramethyl-
1,2,3,6-tetrahydropyridine. A possible mechanism is that methyl adduct of TEMPO loses
two hydrogen atoms (a two-step process) to generate suggested adduct. Extra peaks in
the chromatogram are detected when the reaction is carried out using 4-methoxy-
TEMPO as a trapping agent. Although the structures of these adducts are suggested, their

identity is less certain as they are detected with only one spin trap.

6.2  Areas of future study

Other chromatographic techniques like liquid chromatography coupled with mass
spectrometry can also be used to identify adducts formed during the current project. The
most important finding of the work is the successful trapping of methyl and ethyl
radicals. Structure and formation of newly suggested adducts can be analysed by using
other techniques like NMR.

During the current project, deuterated propanal (CH3CD.CHO) was used for the
confirmation of adducts. In future experiments, other forms of deuterated propanal i.e.
CD3CH2CHO, CD3CD2CHO and CD3:CD.CDO might be useful for the Dbetter
understanding of the reaction mechanism, breakdown of propanal and formation of
different adducts. This will also help to understand the fragmentation pattern of
molecular ion for different adducts. Carbon labelled (*3C) ethanal and propanal can also
be used in future studies which might add something new about formation and

fragmentation pattern of spin adducts.
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Although the possible mechanism of formation & fragmentation pattern for some new
adducts are suggested but it will be worth using perdeuterated TEMPO for a detailed
study. This will be of great help to elucidate the structure of different fragments which in
turn will be helpful to understand the fragmentation pattern.

After successful in vitro studies and characterisation of adducts from acetaldehyde by
using two different classes of spin traps, it will be worthwhile to do PBN and TEMPO
dose response studies on a different type of cells. In a second phase, it is suggested to
study cell lines under oxidative stress (with PBN or TEMPO) and formation of different
adducts (characterised during the current project) can be focused which can potentially

be used as a biomarker fingerprint for the oxidative stress.
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Fenton reaction with ds-acetaldehyde {CD3C(H)O} and de-PBN
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Figure Al: The total ion chromatogram (TIC) obtained from the headspace Thermal
desorption TD-GC-MS analysis of the Fenton reaction containing ds-acetaldehyde
{CD3C(H)O} and ds-PBN.

Figure 1 shows the detection of tert-butylhnydroaminoxyl-CDz (Rt 1.67 minutes),
deuterated paraldehyde-ds (Rt 1.81), di-tert-butyl(ds) hydroxylamine (Rt 2.02 minutes),
de-phenyl methanimine (R: 2.23 minutes), des-benzaldehyde (R: 2.61 minutes), N-
methoxy-1-phenylethanimine(di2) (Rt 5.08 minutes), methoxy-(1-
phenylethaylidene)amine (di2) (Rt 6.32 minutes), hydrogen & deuteron-methyl adduct of
PBN (H-PBN-CDs; Rt 8.40 minutes), a di-deuteron-methyl adduct of the de-PBN
(dsPBN-(CD3)2; Rt 10.27 minutes) and 2,3-diphenylbutane (dis) isomers (Rt 15.91 and
16.25 minutes). For a detailed analysis of El-mass spectra see sections 3.3 — 3.12 of

chapter 3.
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Self-aldol condensation of acetaldehyde into paraldehyde
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Figure A2: Aldol condensation of acetaldehyde into paraldehyde (Hill, Miessner &
Ohlmann, 1989; Georgieff, 1966)
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Standard mass spectrum of 2-methylcyclopentenone
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Figure A3: Standard mass spectrum of 2-methylcyclopentenone
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Comparison chromatograms for the Fenton reaction containing 4-methoxy-
TEMPO and acetaldehyde using TD-GC-MS
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Figure A4: Comparison of chromatograms: Chromatograms generated for control
experiments containing 4-methoxy-TEMPO (spin trap) and acetaldehyde (secondary
source of radicals), whereby the headspace was extracted for a sample containing (A)
phosphate buffer and spin trap. (B) All Fenton reagents (section 2.2.1) except iron and
ascorbic acid. (C) All Fenton reagents (section 2.2.1) except iron. (D) The Fenton

reaction (From bottom to top respectively).

There were eight peaks in the chromatogram when the Fenton reaction was carried out
containing acetaldehyde and 4-methoxy-TEMPO. It can be seen clearly in above
comparative chromatogram that the peaks at 2.25 & 2.81 minutes are present in control
reactions as well which is evident that either they are impurities or the products of non-

radical mechanism which are occurring alongside the Fenton reaction.

Peaks indicated with numbers 3-8 are the products of the Fenton reaction as they are
present in a chromatogram obtained by the headspace analysis of the Fenton reaction
containing spin trap and acetaldehyde (figure A4: D). For a detailed analysis of EI-mass

spectra see sections 5.8.
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