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ABSTRACT

The impact of ionising radiation in the living systems is being investigated for decades, because its
capability to induce damage in tissues and cells, compromising the DNA molecule integrity, resulting
in mutations and eventually cells death. Considering this, ionising radiation can be very useful in
different fields, especially in radiation therapy. However, it is necessary to guarantee that the effects
of radiation in normal tissues during a radiation treatment are minimised. Many efforts have been
made to improve the radiotherapy protocols, namely by the application of radiosensitisers which
enhance the effect of radiation. Recent research investigations have demonstrated the role of
secondary low-energy electrons as the main damaging agents in DNA. These secondary electrons
can interact directly or indirectly with molecules, producing highly reactive species (ions and
radicals). Moreover, it is also known that electrons do not exist freely in the physiological medium,
but rather in solvated and/or in pre-solvated states. Therefore, studies on electron transfer between
atoms/ions and biomolecules seems crucial to better understand the molecular mechanism of
radiation interaction.

The work presented in this thesis consists on the study of electron transfer collisions of atoms/ions
in molecules of biological relevance. Initially, neutral potassium collisions in imidazole,
nitroimidazoles (4-nitroimidazole and 2-nitroimidazole) and methylated compounds (1-methyl-4-
nitroimidazole and 1-methyl-5-nitroimidazole) were investigated by time-of-flight (TOF) mass
spectrometry in a crossed beam experiment comprising a neutral potassium beam and a molecular
effusive beam. In these experiments the anionic fragmentation patterns and yields were obtained.
These results present some differences from the dissociative electron attachment (free electrons)
results, highlighting the importance of charge transfer studies in understanding the molecular
reactions upon radiation. The second part of the work was performed in a novel crossed beam setup
where collisions between oxygen anions and molecules as nitrogen, water and pyridine were
investigated by measuring positive and negative fragmentation patterns through TOF mass
spectrometry. From these studies we obtained for the first time experimental electron detachment

cross-section of O, in water and pyridine.

Keywords: Electron transfer, radiosensitisers, time-of-flight mass spectrometry, atom/ion molecules

collisions, negative/positive ion formation.






RESUMO

A interacdo da radiacdo ionizante com os sistemas biologicos tem despertado o interesse da
comunidade cientifica nas Gltimas décadas, principalmente devido a capacidade de induzir dano ao
nivel dos tecidos e células, comprometendo as biomoléculas, nomeadamente a integridade da
molécula de ADN. Considerando estes efeitos, a radiacéo ionizante pode ser muito Gtil em diferentes
areas, nomeadamente em medicina através do seu uso em terapia oncoldgica. No entanto, é
necessario garantir que, durante os tratamentos, os tecidos normais adjacentes ao tecido tumoral
sejam preservados evitando posteriores danos a longo prazo. Neste sentido, tém sido feitos esforgos
no sentido de otimizar os protocolos de radioterapia, nomeadamente através de compostos
moleculares radiossensibilizadores. Descobertas recentes demonstraram que os eletrées secundarios
de baixa energia que se formam apos irradiagdo do meio bioldgico desempenham um papel fulcral
nos danos ao nivel do ADN. Estes eletr@es secundarios podem interagir direta ou indiretamente com
as moléculas produzindo espécies altamente reativas, tais como ides e radicais livres. Sabe-se ainda
gue os eletrbes ndo estdo presentes de forma livre no meio fisiol6gico, mas solvatados ou pré-
solvatados em molécula de dgua. Desta forma, estudos de transferéncia de eletrdo entre &tomos/iGes
e biomoléculas sdo crucias para um melhor conhecimento ao nivel dos mecanismos moleculares
envolvidos na interagdo com a radiag&o.

O trabalho apresentado nesta tese consiste no estudo de transferéncia de eletrdo em colisdes de
atomos/iGes com moléculas de relevancia bioldgica. Inicialmente, foram investigadas colisbes de
potéssio com a molécula imidazol, nitroimidazdis (4-nitroimidazol e 2-nitroimidazol) e compostos
metilados (1-metil-4-nitroimidazol e 1-metil-5-nitroimidazol) através de estudos de espectrometria
de massa do tipo tempo-de-voo. Para tal usou-se um equipamento de feixes cruzados onde um feixe
de 4tomos neutros de potassio colide com um feixe molecular em fase gasosa. Durante as medidas
experimentais foram obtidos os padrdes de fragmentacdo para as moléculas em estudo, que foram
comparados com estudos de captura eletronica dissociativa. Verificou-se que existem alguma
diferencas entre estes dois métodos, o que realca a importancia de estudo de transferéncia de carga
para melhor compreender as reagfes moleculares apos irradiagdo. A segunda parte deste trabalho foi
desenvolvida num equipamento inovador de feixes cruzados com o qual se podem realizar estudos
de colisbes entre ides negativos de oxigénio e moléculas, tais como azoto molecular, &gua e piridina.
Através de espectrometria do tipo tempo de voo foram analisados os padrdes de fragmentacéo para
ibes positivos e negativos, e obtidos experimentalmente pela primeira vez seccbes eficazes de

dissociacdo eletronica em colisdes envolvendo O, e moléculas como agua e piridina.

Palavras-chave: Transferéncia de eletrdo, radiosensibilizadores, espectrometria de massa, colisdes
atomo/ido-molécula, padrdo de fragmentacao.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

1.1.1 Cancer

Cancer represents a leading cause of death in developed and developing countries [1,2]. According
to the more recent statistics it was estimated that 18.1 million people were diagnosed with a cancer
disease and 9.6 million died from cancer in 2018, meaning that about 1 in 6 deaths worldwide is due
to cancer. The World Health Organization and the International Agency for Cancer Research predicts
an increase up to 29.5 million of new cancer cases in 2040 [3], which makes it one of the most
important obstacles to life expectancy around the world in the 21 century [2]. The numbers also
reveal that around 70% of deaths from cancer occur in less economically developed countries. In
Portugal, the incidence of new malignant tumour cases has increased around 3% per year [4]. The
most recent data reported in 2010 show an incidence rate of 441.9/100 000, with 67% of cancers
diagnosed at ages greater than 60 years old [4,5].

Briefly, this noncommunicable disease is characterized by an uncontrolled proliferation of
abnormal cells (tumour cells), which have suffered several mutations resulting into a malignant
tumour. These tumour cells can also migrate to different parts of the body through the blood flow or
lymph in a process named as metastasizing. Metastases become more difficult to control and are
considered a major cause of death from cancer. The reasons for cancer occurrence are many and
varied, and some of which are still unknown. However, in the last decades, some efforts have been
made in order to understand the major risks factors for cancer, especially through epidemiologic
studies. The possibilities of developing a neoplasm disease are related to a combination of genetic

and external factors. The external factors can be classified in three different groups: physical
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carcinogens (such ionising radiation (e.g. UV)), chemical carcinogens (such as asbestos, tobacco
smoke, food and water contaminants) and biological carcinogens (such as infections by virus and
bacteria) [3,6]. It is now identified that around 90-95% of the most cancer cases are associated with
lifestyle and environment [7]. About 30% of cancer deaths are due to behavioural and dietary risks,
such as, high body mass index, low fruit and vegetable intake, lack of physical activity, tobacco and
alcohol use [6,8]. Therefore, it becomes urgent to search and find strategies to fight against this
epidemic disease, either through early diagnosis or new treatment methods.

In the next subchapters we will focus on the role of radiation in living organisms especially due
its capacity to induce at the molecular and atomic levels alterations in biomolecules.

1.1.2 Effects of ionising radiation in biological systems

The biological organisms are continually being exposed to electromagnetic radiation. This
interaction with radiation can result from natural sources, such as food (potassium-40 is a radioactive
isotope present in bananas), sun, cosmic radiation, minerals and materials found in the ground (e.g.
uranium-238, radon-222, radium-226) and even living organisms (e.g. radioactive carbon-14 used to
dating organic material). Besides this natural exposure, we can also be a target to man-made radiation
which comprises essentially the radiation used for medical diagnosis and treatment, atmospheric
nuclear testing, wars, nuclear power production, and finally accidental nuclear disasters as Chernobyl
and Fukushima [9].

The radiation sources can be divided in two main groups according to the energy and the effects
they produce when interacting with matter. If we look at the electromagnetic spectrum, for lower
energies we find radiation sources like microwaves, infrared and visible radiation which are
considered as non-ionising radiation. At higher energies (shorter wavelengths) we find UV radiation,
X-ray and gamma radiation, termed ionising radiation. Other particles like alpha, electrons, neutrons
and heavy ions can also be treated as ionising radiation given the spectral energy ranges they are
commonly used. lonising radiation is capable, when interacting with matter, to ionise it through direct
and indirect processes producing several species along the ionisation track [10]. This occurs when
the energy of incident radiation transferred to the target is higher than the ionisation energy of atoms
and molecules. The ionisation energy is the minimum energy necessary to ionise an atom and ranges
from few eV for alkali atoms to 24.6 eV for helium (noble gas) [11,12]. lonising radiation is very
important and useful in different fields, such as industry, agriculture and in medicine. In medical
applications it can be used for diagnosis (diagnostic radiology and nuclear medicine) and treatment
of diseases particularly cancer-related diseases (radiotherapy, brachytherapy, among others).

Besides the benefits and positive effects about the use of ionising radiation, especially in medical
applications, it can also cause adverse health effects, even when we are dealing with low-dose

ionising radiation [13,14]. According to the US National Academy of Sciences BEIR VII Committee
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[15], approximately 50% of cancer patients are treated with ionising radiation. Yet, the most
important effect in humans resulting from low doses of radiation is the possibility to induce cancer
[16]. So, we are facing an antagonistic effect of using ionising radiation. Therefore, recommendations
from the dedicated Committees is the determination of the effects of low-dose ionising radiation on
DNA damage, especially the long-term effects. Epidemiological studies using the survivors of
Hiroshima and Nagasaki atomic bombs in 1945 have shown that there is a relationship between
cancer incidence and radiation doses in organs. Using this data is possible to extrapolate the effects
of low-dose radiation from exposure to high-doses based on a linear no-threshold (LNT) model
[16,17]. This model has been used to define numerous international rules and standards of radiation
protection (ICRP) [18]. Other nuclear accidents, like Chernobyl (April 1986) and Fukushima (March
2011) were also used to associate the risk of developing cancer diseases (as leukaemia, lymphoma,
thyroid cancers, skin cancers, sarcomas, lung and breast carcinomas) in long-term after exposure to
high doses of radiation [19]. Many other studies regarding the secondary effects of ionising radiation
after the use in some medical treatments and even, after some diagnostic scans, were carried out in
order to determine the main causes produced by exposure to very low radiation doses. These are
extremely important to assess because during these procedures not only the tumour tissues are
affected but also healthy tissue [18,20-22].
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Figure 1.1. Chronological diagram of radiation-induced damage.

Briefly we can describe the ionising radiation interactions with living organisms on a time scale.

At the time a primary high-energy ionising radiation interacts with biomolecules and tissues
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generates multiple sequences of physical and chemical reactions, within the early stages of irradiation
(=108 s), resulting mainly in electronic excitation and ionisation of the molecular constituents, with
subsequent bond breaks creating large amounts of secondary electrons and radicals. The damage in
DNA molecule created by these secondary species are characterized by single strand breaks (SSB),
double strand breaks (DSB), clustered damage, base damage and loss of the supercoiled helix
integrity. The consequences of these injuries in long-term (biological stage) can lead to several
mutations, chromosome aberrations, cell inactivation and other effects that compromise the genome
integrity which may result in cancer [23-26] (figure 1.1). Given this complexity, a complete
understanding of these processes represents a challenging task.

1.1.3 Impact of low-energy electrons in biomolecules

The impact of high-energy ionising radiation with biosystems generates a large amount of different
secondary species along the radiation track. As referred before, the ionisation processes triggered by
the primary beam create secondary electrons in abundance which interact with biological tissue
causing damage in biomolecules, especially in DNA. In fact, it is well-established that low-energy
electrons (LEE) and the radicals originated by them are the most responsible for the damage in DNA
and other cell molecular components. Typically, 5x10* secondary electrons (below 20 eV) are
produced per MeV of primary radiation [27-29]. Along the track and due to successive inelastic
interactions (see figure 1.2) with the medium, these secondary electrons transfer their kinetic energy
until they reach a near-zero energy (thermalisation) undergoing solvation [30,31]. At this energy
range, different electron induced processes can happen vyielding different levels of molecular
alterations, either producing ionisations (energies typically above 7 V), bond rupture or resonant

attachment, among several others.

Figure 1.2. Single electron tracks simulation in liquid water. (a) Electrons with 10 keV incident energies are slowed down
by successive interactions with matter (e.g. elastic scattering e, rotational excitation e, vibrational excitation e, electronic
excitation e, neutral dissociation e, ionisation e, and electron attachment e). Image taken from ref. [32].

4
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1.1.3.1 Direct effects: dissociative electron attachment

Electron attachment can occur even at very low-energies as close to 0 eV. It is defined as a direct
electron capture by a target molecule leading to formation of a transient negative ion (TNI) state with
a lifetime of ~10 s [33]. The process is considered as a resonant scattering, which means that the
energy of the incident electron must be exactly the energy necessary to reach a quasibound state of
the molecular target (resonance) [34]. If there is no energy lost during the interaction, which means
that the energy of the incident electron is roughly speaking the same of the scattered electron
(excluding rotational excitation), the process is termed elastic. However, the scattering mechanism
is considered inelastic where the energy of the incident electron is higher than the energy of the
scattered electron. In the latter case, the formation of a TNI represents a transition from the electronic
ground state of the neutral molecule (ABC + e°) to the potential energy surface of the molecular anion
(ABC") and can be described following the Franck-Condon transitions. The TNI has a very short
lifetime which depends on the size of the molecule as well as the width of the resonance according

to the Heisenberg’s uncertainty principle I'~ p where I is the energy width of the resonant anionic

state, h is the Plank’s constant/2x and 7 is the lifetime of the anionic state. As the TNI is very unstable
it can decay through three different channels: radiative stabilization (equation 1.1), auto-detachment

(AD) (equation 1.2) and dissociative electron attachment (DEA) (equation 1.3).

e~ + ABC — (ABC)™# — (ABC)™ + hv (1.1)
— (ABC)* + e~ (1.2)
— AC+ B~ (1.3)

(ABC)* means TNI with an excess of internal energy. The formation of a stable molecular anion via
radiative stabilization is much less likely and happens for time scales much longer than the other two
processes (1012 s) which means it is not a competitive channel. Auto-detachment consists on the
ejection of an extra electron from the TNI without dissociation. In the case of an inelastic mechanism
the incoming electron may leave the target molecule in an electronic or vibrational excited state. This
is a competitive process to DEA, which occurs when the TNI decay resulting in dissociation with
production of anions and one (or more) neutral species (equation 1.3). DEA typically occurs in the
timescale of 10" s to 102%s [34]. Briefly, the TNI dissociates through the instability created by the
extra electron, which is initially captured into an unoccupied anti-bonding molecular orbital, has the
capability to change the intramolecular potential and adds an excess of internal energy (figure 1.3).
DEA depends on the energy of the incoming electron and can also be site and bond selective, i.e. this
process can selectivity occur whether the electron attaches to specific sites in the atoms and bonds

of a molecule [35].
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Figure 1.3. Formation of a temporary negative ion in the DNA molecule after the capture of low-energy electrons that
which leads to DNA strand breaks. Taken from ref. [36].

During the last decades much effort has been given to the investigation of LEE impact with
molecules, with considerable interest to biomolecules (e.g. DNA bases and amino acids). In 2000, a
pioneering study performed by Boudaiffa and co-workers demonstrated that electrons with energies
up to 20 eV are capable to induce SSB and DSB in plasmid DNA in ultra-high vacuum conditions
(see figure 1.4). These authors have also observed that DNA damage is highly dependent on the
initial Kinetic energy of the incident electron, particularly below 15 eV, and even that SSB and DSB
yields in the region of 7—10 eV incident electrons are one to two orders of magnitude larger than
those for 10 to 25 eV photons. Therefore, the mechanisms of DNA damage depend not only on the
quantum of energy absorbed but also on the nature of the particle that deposits the energy [37].
Further to these findings, Huels et al. reported that besides SSB and DSB also multiple double strand
breaks (MDSB) occur from interactions with electrons below 100 eV, showing a strong monotonic
increase above 30 eV, however less intense than in SSBs and in DSBs [38]. These authors concluded
that MDSB are related with strand breaks clusters (nano-clusters) involving multiple successive
interactions of one single electron in different sites of the supercoiled DNA. After these studies,
several investigations were and are being performed in order to better understand the DEA processes
operative in both gas and condensed-phases.

Studies using DNA sugars [39,40] and bases [35,41,42] showed that electrons with very low
energies (< 3 eV) attack the molecular target decomposing it, especially by the loss of H atoms,
leading to formation of the dehydrogenated parent anion. It is being reported that a simple bond
cleavage can be related to the triggering of other bond cleavages resulting in degradation of an entire
cyclic structure. In most of the cases, it has been reported that this decomposition is remarkably bond
and site selective [35,39,42,43]. In some studies, in order to investigate how certain dissociation
channels may be quenched as a function of the electron energy, deuterated and/or methylated
compounds specific sites in molecules have been used. Additionally, studies using slow electrons as
a tool to control chemical reactions in condensed phase has also been reported. Balog and Illenberger
performed studies in thin films of 1,2-C,F4Cl> molecules by setting the electron beam energy to
values below 3 eV which resulted in a complete modification into molecular chlorine and other

products. This effect is based on both selectivity and energy dependence and is triggered by a DEA



1.1 MOTIVATION

process [44]. Electron irradiation of thymine and halogen-substituted nonamers films [45] and
pyrimidine [46] have shown that the TNI contributes significantly via DEA to molecular dissociation
at low energies.

Besides the extremely importance to investigate DEA processes in DNA and cell components,
other molecules have attracted the interest of the scientific community because their electron
scavenging properties (e.g. halogenated compounds) make them very useful as radiosensitisers in

medical treatments. This will be discussed in Section 1.1.5.
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Figure 1.4. Measured quantum yields, per incident electron (3 to 20 eV), for the induction of DSBs (A), SSBs (B), and loss
of the supercoiled DNA form (C), in DNA films. Taken from ref. [37].

1.1.3.2 Indirect effects: production of highly reactive species

As described in the previous paragraphs, secondary electrons are capable not only to induce directly
alterations in the structure of biomolecules, with focus on DNA constituents, but are responsible to
induce changes through indirect effects. The indirect effects of secondary electrons are related to the
production of free radicals, atoms or molecules with unpaired electrons, after interaction with other
cell components (DNA, water, oxygen and proteins). Most of these radicals are created from the
interaction of the incoming radiation with the water molecule (water radiolysis), since around 80%
of the cell is water [26]. These species are highly reactive and are responsible to permanent damage
of the target molecule. It is assumed that one third of the damage in the genome is caused by direct
effects whereas two thirds by indirect effects [36].

Thus, investigating the indirect mechanisms by LEE is essential to a comprehensive knowledge

of the damage produced at the molecular level. Experiments were carried out using biomolecules
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surrounded by water [31] and thin films of short single DNA strands embedded in a water medium
[47,48]. Such studies have proved that the presence of water around DNA changes the decomposition
channels and the SSB and DSB vyield functions. Furthermore, theoretical studies have demonstrated
that DNA solvation leads to an enhancement in electron capture with energies near zero eV or lower
via the modification of adiabatic electron affinity of solvated DNA bases in water [49,50]. As result
of water radiolysis, several reactive species are formed, such as hydroxyl radicals (OH®), hydrogen
radicals (H*®), as well as electrons (known as pre-hydrated electrons) [51], schematically represented
in figure 1.5. It is assumed that these species are responsible for most of the damage induce in cells
genome, leading to severe injuries, essentially because they have high electron affinities and can
produce the excision of hydrogen atoms from the biomolecules [30,52]. When high-energy ionising
radiation interacts with water molecules, ionisation processes are initiated producing water radical
cations and electrons (equation 1.4). This reaction rapidly transfers electrons to DNA causing rupture
and production of transient anions. As H>O*"is a strong acid it immediately reacts with the medium
components (equation 1.5) or can migrate over distances of a few molecular diameters by resonant
electron transfer and produce hydroxyl radicals and solvated electrons (equation 1.6). Moreover,
electronically excited states of water can also be produced and dissociate into H and OH radicals
(equation 1.7) [53][54].

H,0 ri‘szo“f +e” (1.4)
H,0** + H,0 — H;0% +0H" (1.5)
2H,0 — H30" +0H" + ezq (1.6)
H,0* — OH' + H* (1.7)

These are some examples of the interaction of radiation with water but there are also several other
channels related to the indirect effects of LEEs. One of the most important reactions is the production
of oxygen-derived free radicals (the so-called reactive oxygen species: ROS), which are short-lived
and highly reactive. The hydroxyl radical (OH®), the superoxide anion (O.*) and the hydrogen
peroxide (H20-) are some of the ROS [55]. At low levels, the ROS generation happens under normal
physiologic conditions to guarantee the good cellular functioning by regulating the expression of
specific genes and acting in the maintenance of redox balance of the organism. However, if a burst
occurs in the normal functioning of cells, through high-energy irradiation or in cancer for instance,
abnormal high levels of ROS are generated which can result in oxidative stress. Excess cellular levels
of ROS can cause damage to proteins, nucleic acids, lipids, membranes and organelles such as
mitochondria with severe consequences for organism [56,57]. Therefore, the high levels of ROS in
cellular microenvironment can be harmful to healthy cells or can be used as intermediate species in

tumour treatments using radiation [58,59].
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Figure 1.5. DNA damage caused by indirect effects (water radiolysis). Taken from ref. [60].

1.1.4 Electron transfer processes in biomolecules damage

In the previous sections it was briefly discussed the role of direct electron attachment and the
consequent dissociation processes of molecules. However, many elementary collisional processes
are not direct electron impact but rather depend upon electron transfer, since free electrons have very
limited lifetimes, losing their energies in successive inelastic collisions and reacting with or being
solvated by surrounding molecules. In this context, the studies on molecular damage by free electron
attachment processes must be complemented with studies on electronic capture of “bound” electrons
(as in atom-molecule and ion-molecule collisions).

In atom-molecule collisions the electron is not free but weakly bounded to a neutral atom, which
acts as an electron donor (A). This represents a better approximation to what may happen in the
physiological environment. In this type of collision, the presence of an electron donor makes the
collision system a three-body system, where the projectile significantly changes the fragmentation
pathways of the target molecules (BC). Briefly, it is a collision system composed by a projectile
which transfers a valence electron to the molecular target when reaching a given distance from the
target producing a cationic donor and a transient molecular anion [61-63]. Thereupon, several

channels can be opened as described in the following equations:

A+BC— AT + (BO)™ — A* + BC™ (non-dissociative ionisation)  (1.8)
— A*+B™+C (dissociative ionisation) (1.9)
— AB*T +C~ (associative chemionisation) (1.10)
— A+Bt*+C +e” (dipolar dissociation) (1.12)
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These processes can be characterised by two physical properties: the ionisation energy (IE) of the
electron donor atom (A) and the electron affinity (EA) of the target molecule (BC). EA is defined as
the energy difference between the neutral (BC) and the anion (BC"), termed vertical electron affinity
(VEA) [34] and if itis related to their respective ground states, then is termed EAxq, adiabatic electron
affinity. In this case it termed adiabatic electron affinity. It is also important to mention the
endoergicity (AE) of a reaction, which is (at large atom-molecule collisions) the difference between
the IE of the donor and the EA of the target, as shown in equation 1.12. If the ionisation energy is
higher that the electron affinity, the endoergicity is positive, meaning that the process is endothermic.

AE = IE(A) — EA(BC) (1.12)

For large atom-molecule distances the ionic potential energy surface lies above the covalent. Due to
the Coulomb potential there is a crossing point at small distances at which both potential energy
surfaces have the same value. The crossing distance R is inversely proportional to the endoergicity
of the reaction. Consequently, in a reaction where it is formed a cation and an anion (ion-pair
formation) only the lowest ionic state will be involved. On the other hand, it should be noted that in
these processes the electron transfer is only possible between configurations of the same symmetry
and multiplicity [63-65]. Indeed, the presence of a third body (cationic donor projectile post-
collision) in the collisional mechanism may yield a different fragmentation pattern after the TNI
decays in contrast to DEA experiments. In fact, this was verified by Antunes et al. [66] in a study
using nitromethane as a molecular target, the formation of a parent anion (CHsNO;") which is not
detected in DEA experiments. Other studies developed in the Lisbon group have demonstrated the
ability to change the probability of certain reaction channels and to induce the formation of new
dissociation pathways by electron transfer in potassium-molecule collisions. Ferreira da Silva et al.
performed studies on different amino acids describing the side chain in the fragmentation pattern
comparing the ionic yields. In some of them the dehydrogenated parent anion is one the most intense
fragments and possibly leading to the formation of metastable fragments (at higher collision energies)
[67,68]. Dissociative ion-pair formation in collisions of fast potassium atoms with benzene and
fluorobenzene was also studied by Liméao-Vieira et al. [69]. Many studies performed by Almeida et
al. have shown the importance of a third body in the “stabilisation” of the TNI in the collisional
system. By tuning the collision energy of the hyperthermal neutral potassium beam in collisions with
methylated and deuterated pyrimidine molecules Almeida et al. have showed that H™ loss is site and
bond-selective [70,71]. Furthermore, they also studied D-Ribose [72], THF [73] and uridine [74]
sugar where major enhancements in the formation of OH™ and O~ were observed compared with
DEA experiments. Investigation on thymine and uracil molecules by Almeida et al. [75] also provide
information about the dissociation channels and the fragmentation pattern by electron transfer as well

as CNO™ formation as the major ring breaking anionic product for both molecules.
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1.1 MOTIVATION

Following these studies, the focus of this thesis is the study of electron transfer processes making
use of a crossed molecular beam setup where the electron donor is a neutral alkali atom (potassium
atom) due to its low ionisation energy (IE(K) = 4.34 eV). Although neutral potassium does not exist
in the physiological environment, it is a good candidate to mimic the charge transfer mechanism in
DNA damage caused by LEEs. A set of measurements were performed for molecular targets of the
nitroimidazoles family, including methylated compounds and imidazole. A comprehensive
comparison was also established between DEA results and the results are thoroughly presented in
this thesis. These studies were fully performed in the Atomic and Molecular Collisions Laboratory
(LCAM) in Lisbon.

Furthermore, and considering the importance of what has been described in Section 1.1.3.2, ion-
molecule collisions were also performed at Laboratorio de Interaccion Radiacién-Materia at CSIC
in Madrid. In order to study such processes, we have developed and improved a novel crossed beam
experimental setup to investigate negative and positive ion formation as well as cross-sections from
charge transfer processes between the superoxide anion (O;") as electron donor and isolated
molecules, N, water and pyrimidine as targets.

1.1.5 Radiosensitisers

Many cancer diseases are treated using ionising radiation through radiotherapy. The
microenvironment of some solid tumours is characterised by regions of low oxygen (hypoxia), which
plays a fundamental role in tumour progression. Tumour hypoxia arises from the high rate of tumour
growth that cannot be sustained by a limited oxygen supply (the so-called “oxygen effect”). Hypoxia
is directly related with aggressiveness of the tumour, and resistance to all available sorts of cancer
treatment, including chemotherapy, radiotherapy and indirectly surgery [76,77]. The radiosensitisers
used in radiotherapy to enhance tumour control of radioresistant hypoxic tumours are called electron-
affinic molecules. However, the detailed molecular mechanism of actual radiosensitisation is still
unknown. A working hypothesis is that these molecules undergo redox reactions inside the cells that
are deficient in oxygen, and that the nitroimidazole ring facilitates reduction via the formation of
radical anions [78]. In particular, the 5-nitroimidazole, nimorazole was shown to be effective in
several clinical trials and it has been used in routine treatments of head and neck cancer in Denmark
[79,80].

Feketeové and co-workers have reported on the formation of radical ions from radiosensitisers
using different spectroscopy techniques [43,81-84]. They have concluded that low—energy electrons
(0—8 eV) effectively decompose 4-nitroimidazole and two methylated isomers via DEA. The
observation that neutral and radical anions are formed via DEA with high efficiency already at
threshold (0 eV), shows the significant importance of the study of the molecular mechanisms

involved in these reactions and emphasises the implications of that for the development of
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CHAPTER 1. INTRODUCTION

nitroimidazole-based radiosensitisers in tumour radiation therapy. Yu and Bernstein demonstrated
that the decomposition of three nitroimidazole model molecules following electronic excitation
generates NO as an initial decomposition product at the nanosecond laser excitation wavelengths,
with vibrational warm and rotational cold distributions of the NO product, which are independent of
excitation wavelengths [85]. Some other studies using halogen-modified nucleic acids (such as 5-
bromouridine, 5-fluoroacil, 5-chlorouracil, etc.) have been suggested as the most promising

radiosensitisers for targeted therapies [86—-89].
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1.2 OUTLINE OF THE THESIS

1.2 OQutline of the Thesis

The present doctoral thesis describes the studies on interaction of low-energy electrons via charge

transfer processes with different molecular targets. To pursue this objective, two different cross beam

setups were used:

(1) To investigate atom-molecule collisions an hyperthermal neutral potassium (K) beam was

used as electron donor. The molecular targets studied were 4-nitroimidazole and methylated-

derived, imidazole and pyrimidine.

(2) To study ion-molecule collisions, the projectile used was a superoxide (O2") anion. The

molecular targets studied were nitrogen molecule, water and pyridine.

This thesis is organized in six chapters as follows:

Chapter 1: It is an introduction to the thesis presenting the main motivation and a state-of-
the art for the presented scientific research.

Chapter 2: It discussed some fundamental aspects of atom and ion-molecule collision theory
used to support the analysis of the results.

Chapter 3: It is presented and comprehensively described the experimental apparatus used
to perform electron transfer experiments in both laboratories, Lisbon and Madrid.

Chapter 4: It contains the experimental results obtained in electron transfer experiments
between neutral potassium and 4-nitroimidazole and methylated compounds, imidazole and
pyrimidine, as well as a comprehensive literature review, analysis and discussion results.
Chapter 5: It contains the experimental results obtained in electron transfer experiments
between the negative oxygen ion and the nitrogen molecule, water and pyridine as well as a
comprehensive literature review, analysis and discussion of results.

Chapter 6: It is a conclusion summarizing the results and some ideas and suggestions for

future work that can complement the present research.
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CHAPTER 2

COLLISION THEORY IN ELECTRON
TRANSFER PROCESSES

In this chapter it will be introduced the principal theoretical aspects about electron transfer processes.
Firstly, it will be discussed the generic fundaments about the simplest case in collisions between two
particles referring the Born-Oppenheimer approximation. lon-pair formation will be also explained
based on the Landau-Zener formalism. Thereafter, atom-molecule collisions will be explained
focusing on diatomic molecules. Finally, some important notions will be expounded regarding
collisions between ions and molecules, which constitutes the second part of this thesis dedicated to
the experimental results. It is important to point out that the molecules studied in this thesis are more
complex than the cases presented in this chapter. However, theoretical descriptions given in the next
sections represent useful guiding concepts to analyse and explained most of the experimental results

obtained in the thesis.

2.1 Two-Particles Collision

In collisions between two particles in their ground states two main processes can take place: the
elastic and inelastic scattering. Let us consider as simplification the atom-atom collision case. The
elastic scattering occurs when kinetic energy is transferred from an atom to the other yielding the
same two atoms in their original electronic states. The inelastic scattering refers to the collision
resulting in differences in final electronic states of the atoms. Here it will be discussed the case of

electron transfer interactions, which comprises an electron transfer from a donor atom to an acceptor
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CHAPTER 2. COLLISION THEORY IN ELECTRON TRANSFER PROCESSES

atom with possible electronic excitation of the target. Equation 2.1 represents schematically this

process.

A+ B — At + (B)*~ (2.1)

Where A is the donor atom, B is the acceptor atom and * means electronic excited. Equation 2.1
represents an ion-pair formation process, where after the interaction a cation and an anion are
produced. The interaction between two atoms in a collision can be described through the time-
dependent Schrédinger equation [61,62], as in equation 2.2:

5 . d¥(r,R)
A¥(r,R) = in (*20) 2.2)
In this equation, A is the Hamiltonian operator, ¥(r, R) is the total wavefunction of the atom-atom
system, r is the spatial coordinates of the electron and R of the nuclei. The Hamiltonian can be
described through three components, the T, (kinetic energy operator of the nuclei), Te (kinetic energy
operator of the electrons) and V is the sum of potential between the particles involved in the system

that depends parametrically on the nuclear coordinates, as described in equation 2.3.

A=T,+T,+V (2.3)

Since the collisional systems can be much more complex than just two single particles interacting, it
is necessary to find proper approximations to the solution of the Hamiltonian. In the next paragraphs
it will be discussed the Born-Oppenheimer approximation. This approximation considers the nuclear
motion and the electronic motion as two independent parameters. Therefore, the total wave function
W(r, R) can be expressed as a complete, orthogonal set of adiabatic electronic wavefunctions
@y(r; R) that depend parametrically on the nuclear coordinates R. In other words, separating this
wavefunction into a nuclear and electronic wavefunction [61,63,90,91]. The total wavefunction can

now be defined according to equation 2.4.

W(r, R) = Xy i (r; R) . Qe (R) (2.4)

in which Q(R) is the nuclear wave function associated with each electronic state k. Consequently,
the Born-Oppenheimer approximation comprises two main assumptions: the nuclear motion can be
considered as a classical trajectory R(t) which considers that the nuclei is moving as a function of
the final state of the electrons, and it is possible to state that the nuclei are fixed relative to the
electrons’ motion because they are much more massive. Considering this, the Hamiltonian can be re-

written just as an electronic Hamiltonian ignoring the T, parameter as follows:
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2.1 Two—PARTICLES COLLISION

H=T,+V (2.5)

and, equation 2.2 can be modified as in equation 2.6, where E,r are the electronic levels associated

with adiabatic electronic wavefunctions ®k(r; R).

(Te + V(13 R)). @ (1;R) = Ep g Py (15 R) (2.6)

In this first approximation, it is considered that the motion of nuclei does not exist, this means they
are kept at a constant mutual distance. Additionally, if the nuclei are considered to move slowly, the
Born-Oppenheimer approximation continues to be valid. But this situation only happens when the
electronic state will adiabatically follow the motion of the nuclei, which means that electrons will
adjust themselves according to the motion of nuclei reaching an equilibrium. In this way equation

2.6 can be adjusted considering the parameter R(t) as a function of time (equation 2.7).

(Te +V(r; R)). @ (r; R) = En(R)Px(r; R) 2.7)

The function @«(r; R) is an eigenfunction of (2.3) however it is not an eigenfunction of (2.5). This
can be solved by making use of perturbation theory, and so, a set of eigenfunctions ®@n(r; R) can be
obtained through the use of ®@y(r; R) [61]. The total wavefunction W(r,R) can also be expanded as in
equation 2.8.

it

W(r,R) = T @ O (13 R) = T Oy Py (5 R) . € 1o En (28)

From equation 2.2 and 2.8 the parameter a, can be obtained through equation 2.9.
it

an = @y (| 35 | e TR CEE (2.9)
Where v; is the nuclear radial velocity and can be defined as in equation 2.10. AR is a characteristic
length of the system and it is the responsible for the non-adiabatic coupling between the adiabatic
states [61,63,66,90].

v <<1>n| 92 |c1>,-> ~ L (2.10)

Applying the Heisenberg uncertainty principle to this system we can obtain:

AR
AE.ZZ > 1 (2.11)
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CHAPTER 2. COLLISION THEORY IN ELECTRON TRANSFER PROCESSES

When this condition holds, the adiabatic states are stationary or quasi-stationary and En(R) represents
the adiabatic potential energy surfaces that regulate the motion of the nuclei. If this condition is not
verified, there is a strong non-adiabatic coupling and the width between the energy levels is
comparable to the energy uncertainty and making possible the non-adiabatic transitions between
adiabatic states. This is a situation where it is possible to observe ion-pair formation in the case of
electron transfer processes in atom-atom collisions [61,63,66,90].

In the previous paragraphs we briefly described the atom-atom collisions in an adiabatic
framework. Next, we will discuss the diabatic approach. In the diabatic framework the two atoms
involved in the collision are moving so fast that there is not enough time to interact with each other,
and so, the electronic states maintain the same character independently of the nuclear distance R. Let
us make use of an example of a collision between an alkali atom (A) and a halogen (B). The
collisional system A + B can be described by two stationary states, the ionic, |pi> (A" + B™) and the
covalent, |p> (A + B), which are eigenfunctions of the non-perturbated Hamiltonian Ho, to which
corresponds the eigenvalues, Hi; and Hag, respectively. In this case, the Hamiltonian of the electronic
diabatic wavefunctions is given by equation 2.12, where the diabatic potential curves, Hi1 and Hy,

are coupled by the adiabatic elements Hi, and Ha;.

H,, H
H=[ 1 12] 2.12
Hyy Hy (212)

Considering that Hi2 = Haz1, the coupling matrix H is diagnosable, and the adiabatic states can be
defined as [63]:

1 1
Ey, = E(Hn + Hyp) & EJ(H11 — Hyp)? + 4H,,° (2.13)

Where Ei, are the adiabatic potential energies. From equation 2.13 we also conclude that if
H22 — Hi1 >> Hi, a diabatic transition occurs, in a distance away from the crossing point Re, as it can
be seen in figure 2.1. However, when the two states are close to the crossing point (H11(Rc) = Hz2(R¢)),
the two states are quite different and only the crossing of diabatic states takes place. Furthermore,
the possibility for the adiabatic states E; and E» to cross depends on the coupling Hi2(Rc), which must
be equal to zero. This happens when the two wavefunctions that describe these adiabatic states show
different symmetry and multiplicity [61,62].

A full analysis of the crossing between the curves represented in figure 2.1 allows to a better
understanding of the electron transfer in atom-atom collisions and the consequent ion-pair formation
process. One of the most used methods that leads with this type of processes is the formalism
developed by Landau, Zener and Stuckelberg, known by Landau-Zener (LZ) method [63,92], which

consists basically to find the inelastic transition probability at the crossing of two potential curves.
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R

Internuclear distance

Figure 2.1. Schematics of adiabatic and diabatic potential energy curves for an atom-atom collision. E1 and E2 represent
the adiabatic states (full curves). The dashed lines represent the diabatic states: Hii (covalent) and Hzz (ionic). Rc is the
crossing radius. Adapted from ref. [62].

The LZ method considers three main assumptions: the radial velocity (vr) is constant around R,
the diabatic states are linearly dependent on R and Hii(Rc) = H22(Rc), as explained before. Thus, an
expression to calculate the non-adiabatic transition probability can be obtained through equation
2.14. Briefly, it defines the probability of two-particle system staying in the diabatic potential energy
curve (p), which means the probability of passing R diabatically [63,65].

_I ; 2H2,(R¢) }
p=e hvr|ﬁ(H11—H22)|R=RC (214)

For large distances from the crossing point, the energy difference between the ionic and the covalent
configurations, i.e. the endoergicity of the system, corresponds to:

AE =1—EA (2.15)

Where | is the ionisation energy of the donor atom and EA the electron affinity of electron acceptor

atom. From this we can obtain a value for the crossing radius (R.) in A from equation 2.16.

R, = & = 1441 (2.16)
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Let us now look at figure 2.2, where it is depicted an atom-atom scattering process taking into account

the impact parameter b and two crossing points.

Covalent
trajectory

trajectory

Figure 2.2. Schematics of atom-atom scattering representing the four possible pathways considering the impact parameter
b and two different crossing radii. Adapted from ref. [62].

From figure 2.2 it is possible to discuss the electron transfer between two atoms through four different
pathways for b < Rc. When the crossing occurs at the first crossing point (R = Rc), the interaction
between the two particles is mostly due to the coulombic interaction and it will cause a strong
deviation in the trajectory of the cation formed after collision, meaning that an electron jump has
occurred leading to ion-pair formation. This is designated as “ionic” trajectory. Re-neutralization can
also occur, which means that the electron is transferred again to the cation. But, even in this case, a
considerable strong path deviation is observed. After the first crossing and as the atoms come close
together, they start to “repulse” each other and can reach the crossing point again (second crossing
point). This case is designated as covalent trajectory, and the crossing can be passed diabatically (no
electron transfer occurs) (maintaining as A + B), or it can be passed adiabatically, resulting in ion-

pair formation as well as in the ionic trajectory (A* + B7).

2.2 Atom-Molecule Collisions

In the previous section it was briefly discussed the simplest case about collisions between two atoms.
However, in most of the current studies, particularly throughout the course of this thesis, the
collisional system is much more complex, since we are dealing with polyatomic molecular systems.
Therefore, in collisions between atoms (usually an alkali atom) and molecules many different new
processes must be considered, namely electronic, vibrational and rotational excitations of the electron
acceptor (molecule) and chemical reaction processes which lead to dissociation. This is due to the
extra degrees of freedom of the molecular system. In this way, it is necessary to describe atom-

molecule collisions based on multi-dimensional potential hypersurfaces to account for all the reaction
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2.1 Two—PARTICLES COLLISION

coordinates. Furthermore, in this type of collisions the rotational and vibrational periods of the
molecule must be also considered, and so interesting aspects can be investigated depending on the
collision energy used. The comprehensive description of these processes has been already done
elsewhere [63,90,91] and here it will presented just a briefly discussion about the simplest one.

The analysis of the processes is facilitated by the fact that the electron transfer takes place at large
separation from the atom to the molecule. In first approximation the rotational and vibrational periods
are considered zero, which means the molecular target is “frozen” (the molecule is rigid during the
collision). This assumption is valid if the atom-molecule potential is isotropic and the electronic
properties of the molecule, especially its electron affinity, are independent of its internal degrees of
freedom. This is true in the case that the vibrational time is much larger than the collision time (high
velocity region: teol << tvib) [63,65,90]. Here, bond stretching does not occur, and the electron transfer
can be described following the Franck-Condon principle which can result in vibrational excitation of
the TNI. Briefly, Franck-Condon principle means that, because of the short interaction time between
the collision partners, the nuclear separation and the velocity of the relative nuclear motion will be
the same after the interaction. The point on the potential energy curve of the molecule that represents
the configuration before the transition lies directly below the point on the potential energy curve after
the transition (vertical transition). This leads to a number of possible electronic transitions which
depend on the relative shapes of the potential-energy curves available in a specific system [93]. For
instance, ion-pair formation in alkali-atom—molecule collisions is a good way to determine molecular
electron affinities. From the high velocity measurements, the vertical electron affinity can be
obtained. On the other hand, it is important to note that in atom-molecule collisions usually the
vibrational motion of the molecule is not frozen during the collision and additionally the molecular
potentials are deformed with respect to those found in isolated conditions (low-velocity regions) [63].
For this type of collisions, the molecular anion is formed on the repulsive slope of the potential and
has enough time to show an extension in its internuclear distance relative to a particular reaction
coordinate. This is associated with a bond stretching during the collision, and it is a very important
feature for ion-pair formation because the strong dependence of the coupling factor Hi, and R. with
the electron affinity. Here Hi> will be much smaller for the second crossing than for the first which
favours the molecule to stay in the anionic state, leading to the formation of negative ions [62,65].

As been referred before, the electron transfer reactions are characterized by the “bound” electron
being transferred from the electron donor to the molecular target which results in ion-pair formation.
The available energy in atom molecule collision experiments is defined by the difference between
the energy in the centre-of-mass frame and the ionisation energy of the electron donor, in equation

2.17 as follows:

Eay = Ecy — IE = —™— . Ep,, — IE (2.17)

mpy+mg
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Where E.y is the available energy in eV, Ecwm is the energy in the centre-of-mass frame, IE is the
ionisation energy in eV, which in the case of present thesis is 4.34 eV (potassium atom), my is the
mass of molecule, mk is the mass of potassium atom and a is an experimental correction factor (0.9)
[94]. This later parameter was previously obtained using experimental studies and simulations,
showing that the final Kinetic energy of the hyperthermal potassium beam is smaller than the
corresponding accelerating voltage. In this reaction, the velocity of the acceptor molecule is
negligible (thermal) in respect to the velocity of the projectile. From 2.17, that anionic states with
energies above E., cannot be accessed. So, tuning the projectile energy (in this case potassium) it is
possible to assess some and specific resonant states.

The presence of an electron donor in the collisional system represents an important and interesting
feature of an electron transfer system. The cation that results from the electron donor ionisation acts
as a “stabiliser” in the vicinity of the system (TNI) which leads to differences in the reactions
pathways that are accessible when compared with free electron attachment processes. Indeed, this
has been verified in some studies, namely using nitromethane as molecular target [66] in potassium-
molecule collisions, where the formation of parent anion is observed even at higher collision
energies. In DEA studies the channels that lead to formation of parent anion are not accessed [95].

Moreover, in this thesis, some of these characteristics of electron transfer processes will be shown
and discussed in collisions between potassium atoms and some molecules of interest (e.g.
nitroimidazoles). The fragmentation pattern and the different reaction pathways resulting from this
type of interaction will be highlighted in comparison with free electron capture studies whenever
applicable. In fact, after electron transfer, the third-body system constitutes a chemical complex that
interacts through a coulombic potential, which affects the transient molecular anion in different ways.
Comparing with DEA where there is a strong competition with auto-detachment, in electron transfer

processes the formation of anion is more favourable.

2.3 lon—-Molecule Collisions

Throughout the course of this thesis, electron transfer processes were also investigated through the
study between ions and molecules. In particular, we used molecular oxygen anion (O2") as projectile
and some simple molecular targets, such as N, water and pyridine. In previous sections it was already
introduced the principal theoretical aspects which involve collisions between two particles. In this
section it will be described briefly some specific aspects about ion-molecule collisions. The
importance of positive and negative ions chemistry and physics is of interest in several fields,
especially in astrophysics and in medical physics. The use of heavy ions in radiation therapy is a
growing area of research. Moreover, the impact of radicals and ions produced after radiation

interaction with matter (see Chapter 1) makes this type of processes an important research topic.
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Similarly to the case of atom-molecule collisions, the description of ion-molecule collisions is
also complex. Since in this thesis we will report experimental results from collisions between
negative ions and molecules, let us focus on this type of reactions. When an anion interacts with a

molecule several reactions can occur, as follows [96]:

AT+BC— A+BC+e” (2.18)
— A"+BC+e” (2.19)
— A" +BC— A(orA") + BC+e” (2.20)
— A+ BC" +e” (2.21)
— AT + BC + 2e~ (2.22)
— A+ (BC)™* > A+BC*+e” (2.23)
— A+ BC* + 2e” (2.24)
— A+B+C* +2e” (2.25)

Where A~ represents the anion projectile and AB the molecular target. These processes are: (2.18)
direct detachment (DD), (2.19) to (2.21) detachment with excitation, (2.22) two-electron detachment,
(2.23) charge transfer to temporary negative ion, (2.24) detachment with ionisation, and (2.25)
dissociative ionisation. The later process involves the loss of an electron from the anion that is
captured resonantly by the target, creating a short-lived TNI (BC)*, which can be electronically and
rovibrationally excited. In 2.23 (BC") is the resultant neutral excited molecule. In some cases, the
atom A can appear in excited state as well [97,98]. The negative ion electron detachment happens
when the anionic incident beam passes through a low density neutral gas and collisions between the
fast ions and the approximately stationary target atom or molecule remove one or more electrons
from the negative ions [99]. Experimentally there are different methods to obtain the cross-section
values for this type of collisions, namely the beam attenuation technique, which consists of
measuring the loss of negative ions from the beam as it passes through the target.

Some studies regarding collisions between anions and molecules [97,98,100-104] have shown
that for a low-energy range (up to 100 eV collision energy), direct detachment predominates
(equation 2.18), while charge transfer to shape resonances (CTSR) are prevalent with energy.
Moreover, DD also results in very low-energy loss (< 1eV) by the projectile and CTSR is responsible
for higher energy loss (~ 3—4 e¢V) [98]. Almeida et al. [98] investigated the fragmentation pattern in
collisions using different negative ions as projectiles and have compared to alternative energy
deposition mechanisms (electron impact ionisation, DEA and alkali-atom collisions), showing the
appearance of different fragmentation channels. However, there is not much information available

in the literature about experimental and theoretical research studies regarding anion-molecule
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collisions in terms of dissociative reaction and subsequent fragmentation for low-energies. In
collisions using H™ as projectile and N as target molecule, Risley [105] have also verified the
influence of the shape resonance in the detachment processes. In this work a model is proposed to
explain this influence based on formation and decay of a series of vibrational autodetaching states of
N . Briefly, it was demonstrated that the shape resonance state [T of N~ is involved in the dynamics
of detachment via charge transfer to the temporary negation ion. Identical results were also observed
in CI™ + N collisions [106,107]. Moreover, studies performed by Hasted et al. [108,109] and other
authors [110-114] in collisions using different anionic beams, including O™ and O, ", have suggested
that high cross-section values at lower energies could be due to the presence of stable excited states
of long lifetimes of the negative ions, whose electron affinities are low. This is observed for example
in0O™ + 0,0, + Ozand O + Kr interactions.

Other studies reported by Jalbert and co-workers [115-117] have explored the role of shape
resonances in electron-detachment collisions between different negative ions and several atomic
targets for intermediate and high-energies. They have demonstrated that for intermediate velocities
this type of charge transfer processes are well reproduced by a model assuming an independent
contribution from the outermost quasi-free electron and the neutral core atom of the negative ion.

Single ionisation and dissociative ionisation processes were also investigated in some studies
performed at intermediate velocities, i.e. 1.0-2.14 a.u [118,119]. These results have shown that target
ionisation is mostly due to projectile single electron loss and direct processes while target ionisation
is a consequence of projectile double electron loss. Hence, two main features can be associated with
this type of reaction: (1) single ionisation and single electron loss are associated with large impact
parameters, (2) dissociative ionisation with consequent fragmentation and multiple electron loss are

related with small impact parameters.
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CHAPTER 3

EXPERIMENTAL SETUPS

The main focus of this chapter is the description and characterization of the two experimental
apparatus used to perform the experiments throughout the course of this doctoral project. The first
subchapter will be devoted to the setup where electron transfer collisions between neutral potassium
atoms and different molecules of interest were performed and recorded through time-of-flight (TOF)
mass spectrometry. This work was developed in the Atomic and Molecular Collisions Laboratory
(LCAM), CEFITEC, Faculdade de Ciéncias e Tecnologia, Universidade NOVA de Lisboa under the
supervision of Prof. Paulo Limao-Vieira. The second subchapter is related to the work performed in
Laboratorio de Interaccion Radiacién-Materia, CSIC, Madrid under supervision of Prof. Gustavo
Garcia. Here we will make a comprehensive description about all the main components of a novel
crossed beam apparatus for collisions between negative oxygen ions and different neutral molecular
targets. It is important to highlight that most of the system’s elements were designed and assembled
in the laboratory in order to suit the experimental purposes. Formation of positive and negations ions

were detected through TOF mass spectrometry and cross-section values were obtained.

3.1 Potassium-Molecule Collision Crossed Beam Experimental Setup

3.1.1 Overview

The crossed molecular beam apparatus is composed by two main chambers, the potassium chamber
and the collision chamber differentially pumped and inter-connected by a gate valve. Both chambers
are working under high vacuum conditions, 1x10° mbar (1x10* Pa) and 2x107" mbar (2x10° Pa),

respectively. The general schematics is shown in figure 3.1.
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Briefly, in the potassium chamber a neutral hyperthermal potassium beam is produced through a
resonant charge exchange between the accelerated cationic potassium beam (K*) and the thermal
potassium beam (K°). The neutral potassium beam is produced in an energy range between 8 and
1000 eV.

The second chamber comprises the Langmuir-Taylor detector, the molecular target oven, the
collision region and the TOF mass spectrometer. In this chamber, negative ions resulting from the
collision between the neutral potassium beam and gas-phase molecular target are detected through
TOF mass spectrometry. Throughout the course of this work two different TOF mass spectrometers
were used to perform the experiments, a dual-stage linear TOF (figure 3.1) and a reflectron TOF
(figure 3.2). The experimental setup is also equipped with a hemispherical analyser to follow the
resultant post-collisional potassium cation through energy loss measurements. The next sections will
introduce and discuss all of these components in more detail.

Figure 3.1. Schematics of the linear TOF experimental apparatus: a) potassium oven; b) charge-exchange chamber; c)
cationic potassium source; d) deflecting plates; e) Langmuir-Taylor detector; f) molecular target oven; g)
collision/extraction region; h) TOF mass spectrometer; and i) channeltron detector. Adapted from ref. [62].

3.1.2 Neutral Potassium Beam

The hyperthermal neutral potassium beam is produced as schematically shown in figure 3.3. Initially,
a hyperthermal cationic potassium beam (K*ny) is formed produced by a commercial K* ion source
(Heatwave Labs, model 1011139) and accelerated with kinetic energies between 8 and 1000 eV
towards the entrance of a charge exchange chamber (CEC) through a ~1.5 mm circular aperture. At
the same time, in the K oven a solid potassium chunk is heated to a temperature around 120° C
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(=393 K) and a vaporized thermal neutral potassium beam (K°%) is produced and diffused to the
CEC. The CEC is kept at a temperature of about 140 °C (~413 K) to avoid condensation in the
connection between the oven and chamber. The temperature of both K oven and CEC is maintained
by making use of two cartridge heaters and controlled by two PT100 resistors. For more detailed

technical information see ref. [62].

Figure 3.2. Schematics of the new reflectron TOF apparatus and the hemispherical analyser: a) stack of laser cut electrodes
(reflectron); b) deflecting plates; c) lens elements; d) hemispherical analyser; €) Einzel lens at the entrance of analyser; f)
channeltron detector; and g) microchannel plate (MCP) detector. Taken from ref. [120].
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Figure 3.3. Schematics of the charge exchange hyperthermal neutral potassium beam formation.
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Within the CEC, the potassium beam comprises K% and K*y, and a hyperthermal neutral potassium
beam (K°yy) is created through a resonant charge exchange process between them, as represented in

equation 3.1. This process is resonant since no kinetic energy of the hyperthermal projectile is lost.

Kiyp + KS — K + K,?yp (3.1)

Then, at the exit of the CEC after a~1.5 mm circular aperture, a set of deflecting plates are assembled
to deflect the K*y, that do not charge exchange, are extracted through an electric field applied
between the two plates. One of the plates is at a positive voltage while the other is connected to an
electrometer which measures a relative current of the K*ny,. This relative value of current is mainly
to monitor the performance of the potassium ion source and the efficiency of the charge exchange
process. Previous experimental tests were made in order to find the best potential to maximize the
K*hyp deflection for each ion beam energy (see ref. [62]). The comprehensive work of Aten and Los
[94] reports that some space charge effects in the system may be present. Because of that an

experimental parameter a. is considered in equation 2.17, Chapter 2.

3.1.3 Langmuir-Taylor detector

Once the hyperthermal neutral potassium beam is produced in the CEC, it travels to the second
chamber passing through a surface detector placed just after the gate valve (see figures 3.1 and 3.2).
The Langmuir-Taylor detector is used to monitor the neutral potassium beam and it is essentially
composed of a stainless steel cylindrical collector placed around a central high purity (>99 %) iridium
filament (figure 3.4). The fast neutral potassium atoms pass through the two wide holes placed on
opposing sides of the collector and a small fraction of the beam is ionised on the heated surface of
the iridium filament, kept at a current of 0.63 A and a voltage drop of +60 V applied to repel the
ionised potassium into the collector which is connected to an electrometer to measure the current of
the resultant cations produced after ionisation. The current value measured in the electrometer is used
later to normalise the ions yield produced after the collision between neutral potassium atoms and

the molecular target.

3.1.4 Molecular Target Oven

The molecular target oven is constituted by three main components: a stainless steel outer body, a
stainless steel container and a stainless steel capillary tip with 1.5 mm diameter. It is placed at right
angles from the direction of the potassium beam. The solid molecular samples inserted inside the
container and heated are sublimated using a halogen bulb (R7s/200Watts) and a cylindrical stainless
steel reflector to increase the heating efficiency. The bulb’s intensity is controlled by an adjustable

Variac and the temperature is measured by a K-type thermocouple. The heating temperature is
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changed accordingly to the sample under study. It is also possible to adjust the oven’s position since
it is placed on a movable holder that can move in the XY plane.

The liquid and gas molecular samples are introduced in containers placed outside the collision
chamber and are introduced inside the chamber through a Swagelock entrance in the outer body of
the oven, passing by a sapphire valve that allows to control the samples’ pressure. The sample
introduction system is independently pumped by a rotatory pump. In order to guarantee that the liquid
samples introduced into the system are purified, heat and thaw-pump cycles are performed prior to

their admission into the vacuum system.

colector
| = 0.63A

Iridium
filament

60V
/ Electrometer

Figure 3.4. Langmuir-Taylor detector. Taken from ref. [120].

3.1.5 Time-of-Flight Mass Spectrometer

3.1.5.1. TOF spectrometry introduction

The essential principle of time-of-flight (TOF) mass spectrometry is based on that ions with different
mass-to-charge ratios (m/z) and subject to the same electric field are accelerated with different
velocities reaching a detector at different time, along a field-free region of known length, in which
time is inversely proportional to the square root of m/z (see equation 3.3).

When the charged particles are formed in the extraction region, they are subject to an electric field
created between two plates. The potential energy (U) of these particles is given by the product of the
charge of the particle (z) and the electric field (V), U = zV. The charged particles are then accelerated

due to the potential V applied in one of the plates and the potential energy is converted into Kinetic

energy (Ex), Ex = %mvz, which means that:

U=E, & zV = %mv2 (3.2)
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Where m is the mass of the ion and v its velocity. Once flying the ions’ velocity does not change

during the path towards the detector. Since v = %, we can rearrange equation 3.2 as follows:

-4 |m =c |
N A aC (33)

The simplest version of a TOF mass spectrometer is made by an extraction region, where the ions
are repelled in direction to a detector passing through a drift field-free region. However, many
optimisations and improvements were made, especially in terms of mass resolution, as for example
by introducing a reflectron type TOF spectrometer. The TOF spectrometers have some advantages
compared to other mass spectrometry apparatus, especially because they can measure an unlimited
m/z range spectrum in a very short time (tens of microseconds) and its transmission and sensitivity

are usually higher [62].

In mass spectrometry it is conventional to measure the resolving power by the ratio of % where

Am is difference in mass between two distinguishable mass peaks in a mass spectrum. In TOF it is
convenient to work in the time domain. Thus the resolving power can be measured as in equation
3.4. The infinite time interval, At, is usually the full-width at half-maximum (height) of the peak
(FWHM).

oL (3.4)

The experimental results of this thesis regarding potassium-molecule collisions were obtained in a
custom-made dual-stage linear TOF spectrometer based on Wiley-McLaren geometry [121] and a

Reflectron TOF mass spectrometer (Kore Technology ©).

3.1.5.2. Dual-Stage linear TOF

The dual-stage linear TOF spectrometer implemented in LCAM laboratory is constituted by a
collision/extraction region, an acceleration region, a set of Einzel lens, deflecting plates, a field-free
region and a channeltron detector, as schematically represented in figure 3.5. In figure 3.6 we show

a schematics of the electrical connections for the extraction system.
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Figure 3.5. Schematics of the implemented linear TOF mass spectrometer.
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Figure 3.6. Electrical connections of the TOF extraction system.

The collision between the neutral potassium atoms and the molecules of interest occurs in the
extraction region placed between two electrodes separated by 12 mm. The top one has a 10 mm
diameter grid (extraction grid). In this region the negative ions produced during the collision are
extracted towards the acceleration region by a fast rise time pulsed voltage signal of -350 V applied
in the repeller plate. The pulse is applied through a Jordan D-1040 Pulser. The pulse duration is
typically one microsecond but can vary according to the fragments' mass being analysed (typically
1-2 ps). When no pulse is applied both repeller plate and extraction grid are at -3500 V constant
voltage.

The acceleration region is also a region between two electrodes separated by 12 mm, the
extraction grid and the acceleration grid (grounded). Here the anions are accelerated towards the next
regions due to the -3500 V constantly applied to the extraction grid. When no pulse is applied no
extraction occurs. Before reaching the detector, the anionic species pass through a set of Einzel lens
and deflecting plates allowing focusing and improving the transmittance. The Einzel lens system is
composed by three electrodes, two grounded and one (in the middle) at -1500 V. After leaving the
lens system, ions enter the deflecting plates that are kept at a ground potential (0 V), since no
significant improvement in the detection efficiency has been noticed [62]. After that, ions enter the
drift tube also known as field-free region of about 1 m length and are detected in a channeltron type

detector, operating in pulse counting mode. As a result, for each ion impinging on the detector, the
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channeltron generates a negative voltage pulse with 20 ns duration and an amplitude of typically 20
mV. This signal is amplified through the ORTEC VT-120 pre-amplifier and enters the FastComtec
P7888 multiscale. A full detailed description of the dual-stage TOF arrangement can be found

elsewhere [62].

3.1.5.3. Dual-stage Reflectron TOF

As referred before, part of the experiments of this doctoral project were performed using a
commercial Reflectron type TOF spectrometer (R-500-6) by Kore Technology ©. The main
difference between this type of device and the former one is basically the ion energy focusing
mechanism (ion mirror). Briefly, the apparatus comprises two extraction plates, the field-free region,
the ion mirror and the microchannel plate detector, as represented in figure 3.7.

The extraction region comprises two circular parallel electrodes separated by a distance of 10
mm. In this region the neutral potassium beam and the molecular target cross at right angles and the
ionic species formed are extracted and accelerated into the transfer lens by a 400 V/cm electrostatic
pulse. After the lens systems (two sets of lenses), the ions travel through two sets of deflecting plates
which allow the adjustment of ions trajectory in the XY plane passing through a 1 mm diameter
aperture for differential pumping. Deflection plates immediately after the transfer lens provide the
means to point the ions at the detector.

Reflectron

INEENER )
©
Oldé\:leccfor
. N,
-0 -0

Extraction
Figure 3.7. Schematic representation of the basic principle of a Reflectron TOF mass spectrometer showing two ions with

the same m/z produced in the extraction region with different velocity distributions.

Then, the ions pass through a field-free region, where they must traverse without experiencing
any further acceleration or deceleration and reach the ion mirror (reflectron). This region consists of

a series of annular electrostatic lenses placed at the opposite end of the drift tube (figure 3.7). Here,
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a constant electrostatic field is created to reflect the ion beam towards the detector. The reflectron is
used to compensate for the initial kinetic energy distribution of the ions in the direction of the ion
extraction. The more energetic ions penetrate deeper into the reflectron, thus taking a slightly longer
path to the detector. The less energetic ions (of the same m/z) penetrate a shorter distance into the
reflectron and hence take a shorter path to the detector than their more energetic counterparts. After
that, the ions reach the 25 mm diameter dual microchannel-plate (MCP) detector. The arrival times

of the ions are recorded with up to 0.25 ns resolution.

3.1.6 Hemispherical Energy Analyser (HEA)

The energy analyser recently implemented consists of two concentric hemispheres with a potential
difference acting as a narrow energy filter for charged particles, which in the present arrangement
allows to analyse the K™ ions formed after collision. Let us consider a K™ ion passing through the
centre of the hemispheric electrodes. The ion kinetic energy (E,/z), is given by equation 3.5.

h=2(%) (35)

Where V, is the voltage difference between the two hemispheres, R; and R; are the internal and
external radius. According to the previous equation the transmitted energy (E,/z) is proportional to
the potential V. An advantage of this energy analyser system is its large electrode gap which
increases the resolution and transmission.

The analyser entrance slit is positioned aligned with the beam’s optical path. Both entrance and
exit slits are adjustable in width, varying from 1 to 3 mm. A set of Einzel lens is placed at the
analyser’s entrance in order to focus the K* ions into the analyser without influencing its energy.
With the current configuration and for a potassium collision energy of 100 eV in the lab frame, the
energy resolution, AE = 0.5 eV at FWHM. This analyser can work in two energy scan modes:

constant transmission (CT) and sector field sweep (SFS). For more details check elsewhere [120].

3.1.7 Vacuum system

The vacuum conditions are achieved by making use of two diffusion pumps with 1300 I/s and 1550
I/s pumping speed for the potassium and collision chamber, respectively. Both chambers are
separated by a manual gate valve which guarantees a differential pumping, with an ultimate pressure
of 1x10°° mbar (1x10* Pa) in the potassium chamber and 2x107 mbar (2x10° Pa) in the collision
chamber. A nitrogen trap is coupled to each pump to avoid oil migration into the chambers and
undesired residues into the diffusion pump. The primary vacuum is guarantee by a two-stage rotary
pump with a pumping speed of 6 I/s that ensures an ultimate pressure around 3x102 mbar (3 Pa). A

molecular sieve trap is placed to avoid contamination with rotary oil vapours. The sample’s inlet
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system for liquid and gas samples is pumped by a two-stage rotary pump. Both TOF spectrometers
are differentially pumped by a Pfeiffer 600 I/s Turbo molecular pump achieving an ultimate pressure

of 1x10® mbar (1x10® Pa). Figures 3.8 and 3.9 depict the schematics of the vacuum system and the
reflectron TOF spectrometer.
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Figure 3.8. Vacuum system schematics: 1) Rotary pump; 2) Electro-magnetic valve; 3) Membrane valve; 4) Diffusion
pump; 5) Baffle; 6) Gate valve; 7) Potassium chamber; 8) Collision chamber; 9) Turbomolecular pump; 10) Flexible tube;
11) Vacuum gauge control unit with dial indicator; 12) Penning gauge; 13) Vacuum gauge control unit with digital
indicator; 14) TOF mass spectrometer; 15) Pirani gauge. Taken from ref. [120].
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Figure 3.9. Reflectron TOF instrument overview recently installed from Kore Technology, UK. Image courtesy of © Kore
Technology, Ltd.
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3.2 027 = Molecule Collision Crossed Beam Experimental Setup

3.2.1 Overview

The second part of the experimental study performed throughout the course of this doctoral project
is connected with collisions between oxygen negative ions and different gas-phase molecular targets.
For that, a novel experimental system has been developed at CSIC, Madrid to analyse the interactions
of negative radical species with biological relevant molecular targets.

The experimental setup comprises three interconnected high-vacuum chambers (projectile,
collision and transmission collision chambers, respectively). They are differentially pumped and
separated by a 2 mm diameter collimators which allow ultimate base pressures of 4.6x10°" mbar
(4.6x10° Pa) for the projectile chamber and 3.2x10® mbar (3.2x10° Pa) for the collision and
transmission chambers. A schematic diagram is shown in figure 3.10.

The projectile chamber comprises a pulsed gas valve, a cathode and two anodes, and a set of
Einzel lens. In this chamber, the anionic oxygen primary beam is produced through a pulsed hollow

cathode discharge induced-plasma for applied cathode voltages between 500 and 600 V.
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Figure 3.10. Schematics of the experimental setup with: V, pulsed supersonic valve; C, hollow cathode discharge; A1 and
Az, anodes; L1, L2 and Ls, Einzel lenses; D1, D2, D3 and D4, deflecting plates; M1 and Mz, magnets; Ei, Ez, Es and Ea,
extraction plates; Gz, focusing/attenuation grids; EG, electron gun; GC, gas cell; MCP 1 and MCP 2, multichannel plate
detectors; QMS, quadrupole mass spectrometer; SEM, secondary electron multiplier detector; P1, P2, P3 and Pa,
turbomolecular pumps.
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The collision chamber is composed by a set of deflecting plates, an electron gun, a gas-cell where
molecular samples maintained at a constant pressure, and the extraction region formed by two
extractive parallel plates and a deflection plate system to direct the ionic species formed after the
interaction through a drift tube constituting the first time of flight (TOF) spectrometer. Finally, the
transmitted beam enters the transmission chamber where negative charges are deflected and directed
to a second TOF spectrometer. A quadrupole mass spectrometer (QMS) is also placed in the anionic
beam optical path direction to detect neutral fragments which may be produced during the interaction
between the anionic projectile beam and the gas-phase molecules.

In the next sections a more detailed description of the main apparatus’ components as well as

some optimisation tests will be presented.

3.2.2 Anionic projectile beam

The negative oxygen ions (O, /O") that constitute the projectile beam are produced following the
mechanism of a pulsed hollow cathode discharge induced-plasma. An electric potential difference
(~500 V) is created between the hollow cathode and anode as shown in figure 3.11. Then utilising a
commercial Parker pulsed valve (VAC1250) the precursor gas projectile (O2) was admitted through
a supersonic expansion into the chamber. The valve is operated during 350 pus width a 0.44 % duty-
cycle under a gas pressure of 4.0x10° mbar. Oxygen negative ions are produced by the hollow
cathode effect (HCE), which is basically an electrical phenomenon described by an exceptionally
high discharge current produced inside the cathode accompanied by a high plasma density, light
emission, cathode sputtering and chemical changes in the gas [122]. One of the main characteristics
of this type of discharge is the electrostatic trapping of fast electrons in an oscillating motion inside
the cathode, known as pendulum effect [123]. The HCE occurs in different stages [124]. Firstly, the
electrons obtain enough energy from the electric field for electronic excitation. Then, inside the
cathode the fast electrons are continually being repelled by the inner walls’ potential and are
accelerated leading mostly to ionisations in the gas, producing positive ions. lonising processes
produce a cascade of slow secondary electrons which results in intense excitation and recombination
of ions and electrons. Since in this case is a pulsed mechanism, during a brief period of time in the
afterglow, the secondary electrons lose almost all their energy and electron attachment and charge
transfer processes can occur producing negative ions [125]. Equations 3.6, 3.7 and 3.8 indicate

possible processes for the production of O~and O, (electron attachment and charge transfer).

e"+0, >0 +0 (3.6)
0" +0,— 05 +0 (3.7)
e”+0, —0; (3.8)
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The primary beam (O, /0") is then focused towards the collision chamber through a set of three
element Einzel lens (L1) placed just after the anode (figure 3.11). At the entrance of the second
chamber XY deflecting plates are placed (figure 3.10) to control the direction of the beam across the
collision chamber. Attached to these plates two magnets are positioned to avoid stray electrons

passing to the collision region.
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Figure 3.11. Electrical schematics of the anion beam source. V, pulsed supersonic valve; A1 and Az, anodes; C, hollow
cathode discharge; L1, Einzel lens; VD, discharge voltage; VVF, focusing voltage.

3.2.3 TOF mass spectrometers

3.2.3.1. Post-collisional negative and positive ions detection

As mentioned before, there are two different extraction regions with their respective TOF mass
spectrometers in the collision and transmission chambers, respectively. The first TOF mass
spectrometer is used to detect the ionic species (positive and negative) formed in the collision
between the anionic projectile beam and the gas-phase molecules. Briefly, the O,7/O beam enters
the scattering chamber (SC) through a small hole with 2 mm diameter after being focused by a set of
Einzel lens (L2) placed just at the entrance of the SC, where it crosses orthogonally the gas-cell (GC)
containing the molecular target (figure 3.10). The molecules in study are admitted into the GC
through a sapphire leak valve and the pressure is monitored at two different points along the SC by
means of a calibrated MKS-micro-Pirani gauge and an absolute capacitance MKS Baratron (627B)
manometer, respectively.

The GC is basically a small cylindrical chamber with 36 mm in diameter and 27 mm in height
(figure 3.12 (b)), where a negative or positive voltage is applied to accelerate or decelerate the anionic
projectile beam so defining the kinetic energy of the O, /O~ anions, and therefore the collision energy
(in the lab frame). Throughout the course of the present PhD studies some modifications to the
scattering chamber were implemented in order to optimize the interaction process and to allow

measuring absolute total cross-section values. In figure 3.12 we show the commercial collision
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system initially implemented (a) and the adjustments made, namely the addition of a gas-cell (b).
Due to the projectile-target interactions, positive and negative anionic fragments of the target
molecule can be formed via ionisation and electron transfer processes. These anionic species are
extracted and accelerated by a pulsed voltage drop (varying between 0 and + 950 V) applied between
the extraction plates (E1 and E2) along the GC. The extractive pulse has a time duration of ~2 us and
pushes the resulting ions into a 1.4 m TOF mass spectrometer, where anions are mass analysed and
detected by a microchannel plate (MCP1) under single pulse mode operation. Additionally, beneath
the gas-cell a homemade electron gun is placed to provide an energy controlled electron beam (0-
500 eV incident Kinetic energy) crossing the GC perpendicularly to the anion beam direction and
opposite to the TOF mass analyser. This electron beam is used to test the system’s operation in order
to guarantee the proper working conditions. (a)

Deflecting
plates
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Scattering
chamber

1 » E,
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Figure 3.12. Schematics of the implemented TOF spectrometer with: a) the first commercial extraction system implemented
into the chamber; b) the modified extraction system with a homemade cylindrical scattering chamber. E1 and E: are the
extraction plates and Fs is an acceleration grid.

3.2.3.2. Post-collisional primary beam detection

The second TOF mass spectrometer in the transmission chamber is used to record and analyse the
O, /O™ incident beam before and after the interaction with the molecular target. This system
comprises a set of attenuation/focusing grids (G>), an extraction region with two extraction plates (Es
and E.) (see figure 3.13) and a TOF spectrometer.

If no extraction is applied to the collision region (gas cell), the anionic projectile beam reaches the
second extraction region where it is repelled by a negative voltage applied to E; towards the second

TOF mass spectrometer. The signal intensity of this beam is recorded by a microchannel plate
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(MCP2) placed 10 cm above the initial beam direction at a total distance of 0.47 m from the hollow

cathode source (figure 3.10).

Figure 3.13. Schematics of the second extraction system implemented to detect and analyse the anionic primary beam.

At the entrance of this second extraction region, the anionic incident beam passes through a set
of three grids (G2), the two externals are grounded and the central one is biased from 0 to -500 V.
The main role of these grids is to determine the primary beam energy distribution and therefore, the
energy resolution of the total cross-section measurements. In figure 3.14 a typical TOF mass
spectrum of the projectile anionic beam is shown. The two local maxima are assigned to O~ and O,

respectively.

3.2.4 Data acquisition methodology

3.2.4.1. Total electron detachment cross-sections

The electron detachment cross-sections (cexp) Were determined by using the beam attenuation

technique which is based on the well-known Beer-Lambert law (equation 3.9).

Ploexp

[ =lye &t (3.9)
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Where lgis the initial anion beam intensity, | is the transmitted anion signal through the gas cell, P is

the gas pressure, I is the effective path length of the GC (36 mm), k is the Boltzmann constantand T
is the temperature. T is derived from T = \/m where Tcand T are the temperature of the
scattering chamber, as measured with a thermocouple device, and the operation temperature of the
Baratron gauge, respectively. By assuming an ideal gas behaviour, equation 3.9 can be written as:

(i) = —=2p (3.10)

According to the above procedure, a semi-logarithmic plot of IL as a function of P provides the slope
0

(m) which is related to Gexp aS:

kT
Oerp = 2L (3.11)

Briefly, these measurements are performed by recording the TOF spectra of the transmitted anionic

beam intensity as a function of the gas pressure. The IL value is directly measured from the area of
0

the O~ peak while it is reduced up to half of its initial value. This procedure ensures that only single
scattering processes are taking place along the gas cell. The pressure range is then rearranged for
each incident energy in order to ensure that multiple scattering effects are negligible. This is
accomplished by checking that the attenuation of the transmitted beam intensity in this pressure range
follows a single exponential decay. The pressure range varied from 0 to 6 mTorr depending the
molecular sample under investigation. A LabView based acquisition and analysis data programme
has especially been designed for this experiment. This software has also been programmed to display
the attenuation of the beam and to calculate the slope of the corresponding semi-logarithmic plots
(equation 3.11) giving directly the experimental cross-section values (Gexp).

As mentioned above, pressure gradients in the GC were determined by measuring the gas pressure
at both sides of the cell with two different pressure gauges (a calibrated MKS-micro-Pirani gauge
and an absolute capacitance MKS Baratron (627B) manometer). By assuming that the right gas
pressure along the beam path is the average between both measurements, a correction factor of 1.15
has been applied to the MKS Baratron values. At least five attenuation measurements have been
performed for each considered energy in order to obtain statistical uncertainties within 5%.

To improve the accuracy of the cross-section measurements a retarding voltage is applied to the
grid system (G) placed just before the extraction of the O, /O™ signal. This allowed to find the best
operational point, in terms of energy resolution, just before initiating the measurements for each

molecular target under study.
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Figure 3.14. Typical Time-of-flight mass spectrum of the projectile beam (O27/0") at 200 eV in laboratory frame.

3.2.4.2. Positive and negative ions detection

As mentioned in Section 3.2.3.1, positive and/or negative ions are formed in the gas cell as a
consequence of the interaction between the oxygen anionic beam and the neutral molecular target.
These ionic fragments are detected by MCP1 and the corresponding signal are recorded by a high-
resolution digital oscilloscope (Tektronix MSO 3034, 2.5GS/s). In order to obtain the corresponding
signal, it is necessary to guarantee that the primary beam is coincident with the extraction pulse. This
situation is illustrated in figure 3.15 in the case of N as target molecule. The extraction pulse (black
line) can be delayed to select which part of the primary beam (dashed pink line) is generating the
extracted ions (green line). This timing procedure also allows to select the mass of the primary anion
species (O~ or O2") by simple time filtering. In other words, to ensure that the observed mass spectrum
is the result of a collision between O, (and not O7) with a neutral target molecule, it is necessary to
tune the extraction pulse to the intensity peak assigned to O,~, as shown in figure 3.15. In this figure
we ca also appreciate that the primary beam signal is attenuated (pink line) when the
positive/negative extraction pulse is applied and, in the case shown, the attenuation occurs at the O,~
local maximum.

Measuring the intensity of the corresponding ionic fragments formed during the collision is
possible to evaluate the partial relative cross-sections for the production of these positive and
negative ions as a function of the incident anion energy. These relative values are obtained through
the ratio of the detected positive/negative fragment intensities to the corresponding oxygen (O2")
primary beam intensity at the centre of the scattering chamber for different values of the target gas
pressure (equation 3.12). For each incident energy, the intensity of the ions (l.-) is directly recorded

by the MCP1 microchannel plate and the intensity of the oxygen negative beam in the centre of the
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chamber (lo) is determined from the O™ intensity measured by the MCP2 but corrected from the
attenuation which is calculated from the corresponding total cross-section value. The total relative
positive/negative ionisation cross-sections are then the sum of the corresponding partial cross-

sections (G4/-).

Op =—— = (3.12)

Where n is the neutral molecular gas density and | is the effective collision length.

primary beam after collision
— — primary beam before collision
extraction pulse

positive nitrogen fragments

M

time (us)

Figure 3.15. Example of a time-of-flight mass spectrum of N2 at 560 eV where: the black line is the extraction pulse at E,
the pink line is the anionic incident beam and the green line is the collision resultant positive ions.

3.2.5 Optimisation procedures

Since this is a novel experimental system, several optimisation procedures were carried out in order
to find the appropriate working conditions and verify its reliability. Time calibration tests were
initially made for different discharge precursor gases: hydrogen (Hz), oxygen (O>), carbon dioxide
(CO2) and argon (Ar). Considering the time of appearance of each mass a calibration curve was
obtained to be used a posteriori for other precursor gases. In figure 3.16 we show four spectra
obtained with different precursor gases (a) and the corresponding calibration curve (b).

In order to check the reliability of the entire system, first measurements were carried out for
O colliding with nitromethane (CHsNO-), a benchmarking molecule for which the electron transfer
fragmentation patterns are very well-known [66,98]. In addition, O, -nitromethane collisions were

previously studied by our research group and the results were already published by Oller et al. [126].
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Since then, as a part of this doctoral project, important modifications of the system have been
implemented and therefore, we can consider the present measurements with nitromethane as an
additional calibration procedure. As an example, figure 3.17 shows a mass spectrum of the positive
fragmentation induced to CH3NO; by O, collisions indicating the mass of the observed fragments.
After that, in order to analyse the composition and purity of the oxygen gas introduced into the
projectile chamber, four different working conditions were tested by using a quadrupole mass
spectrometer (with and without discharge). These situations are represented in figure 3.18. The first
one is a background measurement which will be subtracted to all the subsequent measurements. The
next situation corresponds to operating the pulsed valve letting the oxygen gas to enter the projectile
chamber (O gas situation). As seen from this figure there is an increment of the neutral 32 u mass
fragment in the quadrupole mass spectrum. Once oxygen is inside the chamber, a voltage drop
between the cathode and anode is applied to generate the discharge (O, gas + discharge situation)
and the intensity of neutral oxygen decreases, as expected, since part of the neutral oxygen is ionised
into the discharge. The final condition (O gas + discharge situation + G, voltage) is similar to the
previous one but applying a negative voltage to grid G2. No relevant change found in the latter

situation indicates that negative ions are not distorting the O intensity measured by the QMS.
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Figure 3.16. a) time-of-flight spectra of different discharge precursor gases: hydrogen (blue line), oxygen (red line), argon
(green line) and carbon dioxide (yellow line); b) calibration curve time x mass.
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Figure 3.17. Time-of-flight mass spectrum of positive ions detection in Oz~ + CH3NO2 at 1300 eV (lab frame).
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Figure 3.18. Oz precursor discharge gas analysis in four different situations.

3.2.6 Vacuum system

The vacuum conditions are achieved making use of four turbomolecular pumps, one for the projectile
chamber (AGILENT 510 I/s), two for the collision chamber (Pfeiffer 445 I/s and Varian 210 I/s) and
the last one for the transmission chamber (attached to the QMS). The three chambers are separated
by 2 mm diameter collimator holes which guarantee a differential pumping, with an ultimate pressure
of 4.6x107" mbar (4.6x10° Pa) in the projectile chamber and 3.2x10® mbar (3.2x10° Pa) in the
collision and transmission chambers. The primary vacuum conditions of the three chambers are

provided by two scroll and a two-stage rotary pumps with pumping speeds of 3.17 I/s, 1.8 I/s, and
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0.92 I/s, respectively which ensure the normal operation conditions for the turbo pumps. The gas line
to introduce the oxygen precursor into the pulsed valve is also pumped by and independent two-stage

rotary pump.
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CHAPTER 4

ELECTRON TRANSFER EXPERIMENTS IN

K—MOLECULES COLLISIONS

4.1 Selective Bond Excision of Nitroimidazoles in Electron Transfer
Experiments’

Abstract

We have performed comprehensive charge transfer experiments yielding negative ion formation in collisions
of fast neutral potassium atoms with nitroimidazole and methylated derivative molecules. The anionic pattern
reveals that in the unimolecular decomposition of the precursor parent anion, single and multiple bond
cleavages are attained. Selective excision of hydrogen atoms from the N1 position in 4-nitroimidazole (4Nl) is
completely blocked upon methylation in 1-methyl-4-nitroimidazole (Me4NIl) and 1-methyl-5-nitroimidazole
(Me5NI). Additionally, only (4NI) and 2-nitroimidazole (2NI) are efficient in selectively producing neutral
OH® and NO" radicals in contrast to (Me4NI) and (Me5NI). These findings present a novel experimental
evidence of selective chemical bond breaking by just tuning the proper collision energy in atom-molecule
collision experiments. The present work opens up an opportunity to contribute to the current need of
pinpointing many more charge transfer collisions that can initiate selective reactivity of the kind demonstrated
here, extending to tailored chemical control for different applications such as in tumour radiation therapy

through nitroimidazole based radiosensitisation.

1 This chapter is based on the following submitted publication: M. Mendes, M. Probst, G. Garcia, P. Lim&o-Vieira. Selective
Bond Excision of Nitroimidazoles in Electron Transfer Experiments (2019)
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Nitroimidazoles and derivatives have been used as potential radiosensitiser chemical compounds in
tumour hypoxia [79,127] and recently two new fluorine-18 labelled 2-nitroimidazole derivatives
were successfully prepared to be used as potential PET radioligands for tumour imaging [128]. It is
commonly accepted within the international community that the underlying molecular mechanisms
that govern the radiosensitisation process of the nitroimidazole-based chemical compounds are still
unknown. Yet, it is believed that the most relevant mechanism within cells deprived of oxygen is a
complex redox reaction where the nitroimidazole ring facilitates such process via formation of
negative radical ions [82,129]. Low-energy electrons (<15 eV) have been recognized to yield relevant
by products of radiation induced damage to DNA/RNA molecular constituents [52,130]. Such high
efficiency in changing the chemical environment is attained through formation of a transient negative
ion (TNI) that can subsequently dissociate into stable fragment anions (X°) and neutral radical (R)
species. Such mechanism is known as DEA. Interesting to note that electron induced bond breaking
pertains to the role of electron transfer processes which may be more prevalent under physiological
conditions rather than free electron attachment processes [51]. Electron transfer processes leading to
ion-pair formation (reaction 4.1), can be properly investigated in atom-molecule collision
experiments, where an electron donor (K=potassium) with low ionization energy (4.34 eV) delivers
to the target molecule (M) the extra charge, leaving the molecular compound in a metastable state
(M#):

K+M—K"+M# —K'"+R+X" 4.1)

The electron transfer process, yielding a particular radical anion, is dictated by non-adiabatic
transitions between the neutral (K M) and ionic (K* M) potential energy curves involved in the
collision [91]. Such mechanism is operative if the relative kinetic energy of the collision partners is
greater than AE, the electron donor ionization energy (IE) minus the electron affinity (EA) of the
target molecule. For the set of molecules investigated, a typical AE value <4 eV is obtained, meaning
that the molecular anion can be formed with an excess of internal energy. Given that in the present
experiments the lowest collision energy is 10 eV, the efficiency of such electron transfer process
allows to explore complex reactions associated with concerted cleavage of several bonds and the
formation of new molecules, such as radicals OH' and NO". Recent theoretical studies in the
DNA/RNA pyrimidine [131] and purine [132] bases, have shown that electron transfer can excise

several bonds at a threshold value of 5 eV to yield CNO~and CN-, respectively.
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Ha

O—2zZ -
0O—z-
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4-nitroimidazole 2-nitroimidazole 1-methyl-4-nitroimidazole 1-methyl-5-nitroimidazole

Figure 4.1. Molecular structures of 4-nitroimidazole (4NI), 2-nitroimidazole (2NI), 1-methyl-4-nitroimidazole (Me4NI)
and 1-methyl-4-nitroimidazole (Me5NI).

The present study deals with negative ion formation in electron transfer experiments to 4-
nitroimidazole (4Nl), 2-nitroimidazole (2NI), 1-methyl-4-nitroimidazole (Me4NI) and 1-methyl-4-
nitroimidazole (Me5NI) (figure 4.1) by means of a crossed molecular beam experiment coupled with
time-of-flight (TOF) mass spectrometry for ion detection. In order to further our knowledge on the
electronic structure of these molecules and helping with the assignment of the most relevant
molecular orbitals, we have performed quantum chemical calculations at different levels of theory.
In the gas-phase 4-nitroimidazole (4NI) and 5-nitroimidazole (5NI) coexist in a tautomeric
equilibrium [133], where XPS measurements together with density functional theory (DFT) based
theoretical calculations have found a relative population of 1:0.7 for 4NI:5NI at 390K [82]. Thus,
4NI and 5NI from now on referred as 4(5)NI. The negative ions TOF mass spectra at 100 and 10 eV
lab frame collision energy (figure 4.2 and 4.3) show how sensitive the nitroimidazole molecules are
to electron transfer induced decomposition. Interesting to note that 4(5)NI and 2NI, generally
speaking, generate identical fragmentation patterns regarding the major anions formed, while a
striking difference is observed with the methylated analogues, Me4NI and Me5NI.

The collision induced fragmentation pattern observed for 4(5)NI in electron transfer experiments,
is remarkably suppressed at lower collision energy, viz. 10 eV, in their methylated forms (Me4NI
and Me5NI). Such not only accounts for the loss of a hydrogen atom but to bond cleavages and
intramolecular reactions yielding radical units. Such unprecedented electron transfer studies are here
shown for H* loss, effective C-NO- bond breaking and complex reactions leading to OH" and NO*
radicals formation.

Figure 4.2 depicts the negative ions TOF mass spectra where the closed shell dehydrogenated
anion (M-H)" is only discernible for 4(5)NI and 2NI, although with a modest yield. Such loss of a

neutral hydrogen atom may be described according to reaction (4.2):

K+M—K"+M~# —SK'+(M-H)" +H" (4.2)

In DEA experiments, the (M—H)~ yield shows a series of sharp features below 2 eV and a broader

resonance contribution at 3.4 eV. The former were assigned to vibrational Feshbach resonances
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(VFRs) due to the considerable high dipole moments of 4Nl (7.78 D) and Me4NI (8.50 D) [43],
while the later to a ©* resonance subjected to vibronic coupling [43]. In electron transfer experiments,
such VFRs are not expected to play a significant role unless highly excited Rydberg atoms have been
used instead [134]. This is certainly not the case in the present experiments since the binding energy
of the unpaired electron is 4.34 eV in the neutral potassium atom. TOF mass spectra were recorded
at lab-frame collision energies of 10 and 100 eV (~2.5 and 65 eV in the centre—of-mass frame and
from now on referred as available energy). For the lowest collision energy probed, the available
energy is below the 3.4 eV ©* resonance, and so not expected to lead to dissociation as is the case of
the TOF mass spectra depicted in figure 4.3. However, at an available energy of 5.7 eV (not shown
here), 15 eV in the lab frame, no signal has been detected for Me4NI and Me5Nl, indicating that in
4(5)NI the loss of H exclusively follows from the N; site and, as predictable, in the methylated forms
that channel in completely blocked.
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Figure 4.2. Time-of-flight mass spectra of negative ions from electron transfer experiments at 100 eV lab frame energy for
4(5)NI, 2NI, Me4NI and Me5NI.

Relevant to note that a similar behaviour has been observed in the DNA base adenine [132], where,
as a function of the collision energy, the dehydrogenated parent anion is selective formed from the

breaking of the C—H or N—H sites. Methylation at the Ngand N-Cs resulted in a complete quenching
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of (M—H)~ meaning that the loss of H is exclusively from the Ny site. It is remarkable that such fine
control over reactivity can be achieved in an energetic collision between an atom and a relatively
complex molecule with several competing relaxation channels. This reflects the specific dynamics
of the three-body interaction involving the molecule, the transferred electron, and the donor atom,
where a similar condition is expected in the present study.

Apart from the absence of H loss in the methylated forms, another relevant aspect pertains to a
common pattern for all molecules investigated which are the NO,™ and the metastable parent anion
(M) formations. Although the scope of the present contribution is not to address the formation of
such anions, NO2™ stems from the particular high electron affinity of NO, while M*~ long-lived
lifetime (at least on the ps time scale of the TOF detection) is due to the different degrees of freedom,
where the excess energy provided in the electron transfer process can be statically distributed,
delaying autodetachment and successfully competing with dissociation.

O.N

O=—Z =
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Figure 4.3. Time-of-flight mass spectra showing anions produced in electron transfer experiments at 10 eV lab frame energy
for 4(5)NI, 2NI, Me4NI and Me5NI. The metastable parent anion M~ is visible for all cases while the loss of a OH" radical
is only operative in 4(5)NI and 2NI, the former also showing CN-formation.
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We now turn our attention to the loss of the neutral OH" radical. The reaction yielding the hydroxyl
radical requires the breaking of two bonds and the formation of an OH molecule. Such reaction is
only operative for 4(5)NI and 2NI and is completely suppressed in Me4NI and Me5NI regardless the
collision energy probed. This result is in striking contrast with DEA experiments where a single
resonance cantered at ~4 eV leads to (Me4NI-OH)~ formation [43]. The difference observed between
the electron transfer process and the DEA mechanism can reside on the effect produced by the K*
ion formed in the collision complex (K* M'#). Such strong coulomb interaction may delay
autodetachment long enough, in particular in the low-collision regime (~83 fs for 10 eV), for the
excess energy in the TNI to be redistributed through the different available degrees of freedom
enhancing a favourable fragmentation channel. Moreover, for higher collision energies (~26 fs for
100 eV), such stabilization effect may no longer hold, and other fragmentation channels may be
allowed in particular those resulting from statistical and/or direct dissociation. However, energy
constraints cannot explain site selectivity and such differences may be also related to the electronic
structure of the associated transient precursor ions accessed by electrons of different energies (either
shape or core excited resonances) [135]. In recent occasions we have shown that the polarization by
the potassium cation induces a global upward shift in energy of ~2 eV for the lowest © orbitals but
the effect remains weak on the ¢ orbitals [131,136]. Although with a modest yield (figure 4.2),
formation of (M—NO)- results in the loss of a neutral NO" radical from the cleavage of the C-NO,
and one of the two O=N=0 bonds. This reaction is not effective at low-collision energies for the set
of molecules studied (figure 4.3), while at higher energies (figure 4.2) such fragmentation channel is
selectively limited to 4(5)NI and 2NI molecules only.

Finally, our attention turns to CN- formation, which is visible in the TOF mass spectra at 100 eV
(figure 4.2) for all nitroimidazole molecules and the typical behaviour that methylation blocks its
appearance at low collision energy (figure 4.3). The cyanide anion can be formed by involving an N
atom either from the ring or the NO. group or simply from ring bond fragmentation. Such is
supported by the quantum chemical calculations in Figure 4.4 (left column) where nodes in the wave
functions are observed. Notwithstanding any of these complex reactions require substantial
rearrangement in the TNI. DEA experiments in nitroimidazole and methyl nitroimidazole molecules,
have shown that the reaction enthalpies yielding CN~ are —3.2 eV and -3.3 eV, for 4Nl and Me4NI
(and Me5NI), respectively [137], making the former highly reactive in the presence of an extra
electron whereas the later are blocked in their reactivity due to methylation. At 10 eV (figure 4.3)
another interesting aspect of cyanide anion formation pertains to its discernibility only for 4(5)NI,
where the signal is totally suppressed for 2NI. Such selectivity can be explained by looking at the
radical anions electron spin densities for the single occupied molecular orbitals (SOMO) and o*
orbitals in figure 4.4 for 4(5)NI, Me4NI and Me5NI, whereas for 2NI we convey the recent
calculations in ref. [138]. Following the atoms numbering in figure 4.1, the wave function is
delocalized along N;-C, with nodes between N1—Cs and N3—C; in 4(5)NI, but not in 2NI. Also
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relevant the fact that in 2NI there is no delocalized wave function over any N—C bond, meaning that
CN- in this molecule can only be formed at higher energies from O.N-C; (figure 4.2). Moreover, in
4(5)NI the o* orbital in localized mainly between N1-H with a smaller contribution within the ring.
A transition to a m* state does not lead to direct bond excision unless a repulsive o* state is crossed
diabatically. However, if the available energy is enough to permit intramolecular electron transfer
(o*—m*), this mechanism is possible if the nuclear wavepacket survives long enough along the
reaction coordinate to allow diabatic coupling between the two states. In the low-energy collision,
the presence of K* in the vicinity of the TNI may allow intramolecular electron transfer from N;—H
to the ring yielding CN- although with a modest intensity. Such mechanism has been observed in in
pyrimidine [131] and adenine [136] bases of DNA probed in electron transfer collisions with K as

the electron donor.

Figure 4.4. Left column: M06-2X/aug-cc-pvitz level of theory optimized structures of radical anions and their SOMOs;
Right column: lowest o* orbitals from HF/D95VH level of theory, for 4(5)NI, Me4NI and Me5SNI. C N, and O atoms are
represented in white, grey, blue and red colours, respectively. Positive and negative values of the wave function have a red
and green colours, respectively.

In summary, it is shown that in collision induced electron transfer to nitroimidazole molecules,
bond breaking selectivity is achieved upon methylation on the N; site. Such methylation is not only
responsible for blocking at low-collision energies the N1-CHs bond breaking channel but suppresses
an essential decomposition channel yielding the neutral radical OH'. The modest yield of radical NO*
is only operative at higher collision energies but limited to 4(5)NI and 2NI. Within the

nitroimidazoles radiosensitisation potential use, the redox mechanism delivered in electron transfer
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processes to these chemical compounds results in the formation of radicals with particular relevance
to NO® and OH' to act as an indirect DNA damage agent triggered by ionizing radiation. In the case
of nitric oxide, this radical has been acknowledged as a relevant cause to sensitize tumours to
cytotoxic treatments (e.g. radiotherapy and chemotherapy) in hypoxic solid tumours, facilitating
formation of new blood vessels (angiogenic effects), tumour perfusion, drug delivery and

oxygenation [139].

4.1.1 Experimental Section

The experimental setup is of a crossed molecular beam arrangement equipped with a high-resolution
reflectron time-of-flight mass spectrometer (KORE R-500-6). A resonant charge exchange chamber
allows neutral potassium beams to be generated in the laboratory frame from 8-1000 eV with an
energy resolution of 500 meV [135] and an effusive beam of molecules was generated by vaporizing
commercial molecular samples (4(5)-nitroimidazole, 2-nitroimidazole, 1-methyl-4-nitroimidazole
and 1-methy-5-nitroimidazole) in an oven heated to temperatures between 300 and 458 K depending
on the sample. The samples were purchased from Sigma-Aldrich with a stated purity of > 97% while
Me4NI was purchase by Fluorochem with a stated purity of > 95%. The energy scale was calibrated
with the K* energy loss features of CH3NO- and CCl4, and mass scale with the well-known anions

formed upon potassium collisions with CH3sNO.. For more details see Section 3.1.

4.1.2 Theoretical Section

The MO062x/augcc-pVTZ level of theory for geometry optimization, calculation of molecular
eigenfrequencies in the harmonic approximation, and exploration of parts of the potential energy
surfaces was used. For calculation of the dipole-bound states of the considered anions, we re-
optimized the neutral molecules at the MP2/cc-pVTZ level of theory before calculating the vertical
electron affinities corresponding to dipole-bound states in subsequent single-point calculations
employing large sets of diffuse basis functions. The resulting geometries were, however, very similar
to those obtained with M062x. To describe the diffuse form of the wave function of the loosely bound
electron, we generated an even-tempered sequence of diffuse functions according to the scheme
given by Woon and Dunning [140] to construct a set of basis sets augmented with multiple diffuse
functions based on the aug-cc-pVDZ and aug-pVTZ basis sets [141,142]. We found that, on inclusion
of a sequence of four diffuse s and p functions on the H, C, N, and O atoms and a sequence of three
diffuse d functions (and f functions in case of the quadruple-zeta basis) on the C, N, and O atoms,
the VEAs of all three considered isomers could be regarded as converged and are not affected much
by the number of used polarization functions. Electron correlation effects have been reported to
significantly change the properties of dipole-bound anions [143-145]. In addition, the use of size-
extensive methods such as MP2 is imperative, as the electron affinities are obtained by subtracting

the energies of anion and respective neutral molecule [146]. Hence, we employed the spin-
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unrestricted MP2 method. However, we found that HF already describes the identified dipole-bound
states qualitatively correct. Following the guidelines of Gutowski et al. [147] we avoided erroneous
results from the default direct SCF calculations due to the use of the large sets of diffuse functions
by using full integral accuracy throughout the SCF calculations and evaluating two-electron integrals
with an accuracy of 10-° au in the single-point calculations. All calculated structures and other details
of the calculations are provided in ref. [138]. All calculations were performed with the Gaussian 09

program package [148].
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4.2 Dynamics of Negative lons in Potassium Collisions with Imidazole,
Nitroimidazoles and Methylated Compounds?

Abstract

We report on a combined experimental and theoretical study of electron-transfer-induced decomposition of
nitroimidazole molecules and methylated compounds in collisions with neutral potassium (K) atoms. Time-of-
flight negative ion mass spectra have been obtained in a wide collision energy range (10-1000 eV in lab frame),
providing a comprehensive investigation of the fragmentation patterns of 4-nitroimidazole (4Nl),
2-nitroimidazole (2NI), 1-methyl-4-nitroimidazole (Me4Nl), 1-methyl-5-nitroimidazole (Me5N) and
imidazole (IM1). Following Section 4.1 on site and bond selectivity in nitroimidazoles upon methylation which
induced suppression of several fragmentation channels, this work focuses on the comprehensive description of
the main fragment anions formed in such collisions. In the present work dissociation channels that are
accessible in free electron attachment experiments are absent from the present mass spectra, notably formation
of the parent anion in nitroimidazole compounds. This can be understood in terms of a relatively long transit
time of the K* cation in the vicinity of the temporary negative ion (TNI) enhancing intramolecular electron
transfer in the TNI. In imidazole the most abundant anionic fragments have been assigned to the
dehydrogenated parent anion and C;HN~. Ab initio theoretical calculations were performed for 4-
nitroimidazole (4NI), 1-methyl-4-nitroimidazole (Me4NI), 1-methyl-5-nitroimidazole (Me5N) and imidazole

(IM1) supporting the experimental results.

2 This chapter is based on the following publication in preparation: Dynamics of negative ions in potassium collisions with
imidazole, nitroimidazoles and methylated compounds (2019).
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COMPOUNDS

4.2.1 Introduction

The 4-nitroimidazole (4NI; CsHsN3O»; 113 amu), 2-nitroimidazole (2NI; CsH3sN3zO»; 113 amu), 1-
methyl-4-nitroimidazole (Me4NI; CsHsN3zO,; 127 amu) and 1-methyl-5-nitroimidazole (Me5NI;
C4HsN30O,; 127 amu) are nitro compounds belonging to the big family of nitroimidazoles, with their
molecular structures shown in figure 4.5. They have been under investigation especially because of
their electron-affinic properties to be used as radiosensitisers in radiation treatments, namely in solid
tumours growing in a hypoxic environment [78]. However a detailed knowledge of the underlying
molecular mechanisms upon irradiation are still unknown. A working hypothesis is that these
molecules undergo redox reactions inside the cells that are deficient in oxygen, and that the
nitroimidazole ring facilitates reduction via the formation of radical anions. Nitroimidazoles
investigation as radiosensitisers have advanced in the context of new compounds as oxygen mimics
as well as inhibitors of carbonic anhydrase and new diagnostic imaging probes for hypoxic tumours
[149]. In particular, the 5-nitroimidazole, nimorazole was shown to be effective in several clinical
trials and it has been in routine use in the treatment of head and neck cancers in Denmark [79,150],
especially for patients with high concentrations of osteopontin in their plasma. The molecular
mechanisms related to the reactions involving nitroimidazoles after irradiation are not fully
understood yet. Therefore its understanding means a key step for the development of new
radiotherapeutic drugs and treatments. Feketeova et al. [81] have reported on the formation of radical
ions from radiosensitisers using electrospray ionisation. The principal key finding was that radical
anions are directly formed via electrospray ionization and was shown to be related to their electron
affinities of misonidazole and nimorazole. Misonidazole shows more complex fragmentation which
can be related to the observed higher toxicity in comparison to nimorazole. A more recent work by
Pandeti et al. [151] also investigated the nitroimidazolic radiosensitisers by electrospray ionisation
time-of-flight mass spectrometry and density functional theory. The photoelectron spectra and
electronic structures of nimorazole were also investigated by Feketeova et al. [82], showing that 4-
nitroimidazole (4NI) and 5-nitroimidazole (5NI) are regioisomers that in the gas phase coexist in a
tautomeric equilibrium in a ratio of 1:0.7. The 4NI isomer was also found to be more stable than
5NI in water and in the crystalline state [10]. Tanzer and co-workers [43,84] demonstrated that low-
energy electrons (0-8 eV) effectively decompose 4-nitroimidazole and two methylated isomers via
DEA. The observation that neutral and radical anions are formed via DEA at high efficiency already
at threshold (0 eV) show the significant importance of the study of the molecular mechanisms
involved in these reactions and emphasises the implications of that for the development of
nitroimidazole-based radiosensitisers in tumour radiation therapy. Yu and Bernstein [85]
demonstrated that the decomposition of three distinct nitroimidazole model molecules following
electronic excitation generates NO as an initial decomposition product at the nanosecond laser

excitation wavelengths, with vibrational warm and rotational cold distributions of the NO product,

57



CHAPTER 4. ELECTRON TRANSFER EXPERIMENTS IN K-MOLECULE COLLISIONS

which are independent of excitation wavelengths. Cartoni et al. [152] have studied the 2- and 4(5)-
nitroimidazole decomposition induced by VUV ionisation. Experimental and theoretical results have
shown several resultant compounds, such as CO, HCN, NO and NO,. Theoretical fixed-nuclei
scattering calculations using the Schwinger multichannel (SMC) method were performed by
Kossoski and Varella [153] to interpret the consequences of methylation of nitroimidazoles at the N1
site.

Imidazole (IMI; 68 amu) is a five-member aromatic molecule containing two nitrogen atoms. The
molecular formula is CsHiN; (figure 4.1) and is polar in nature with a dipole moment of 3.8 D. This
ring is present in several biological molecules, like histidine, purines, nitroimidazole, antifungal
drugs and antibiotics [154]. The imidazole is also being used in the synthesis of new drugs and it is
found in diverse molecules acting in anti-inflammatory, anticancer, antimicrobial, analgesic, and
anti-tubercular activity [155]. At an atomic and molecular level some studies have been performed
regarding the integrity of the IMI ring. In DEA, Ribar et al. [156] demonstrated that two low-energy
shape resonances at 1.52 and 2.29 eV lead to the most abundant dehydrogenated anion (IMI-H)"
through dehydrogenation at the N1 position. They have also shown that upon electron attachment
several more complex reactions involve the entire molecule, producing several small fragments
associated to a complete dehydrogenation induced by a simple reaction. Modelli and Burrow [157]
investigated by electron transmission spectroscopy, electron attachment energies of selected aza-
derivatives including imidazole. They observed that the replacement of a CH group in a ring with a
nitrogen atom increases the electron-acceptor properties. Additionally, they also found
experimentally the value of 3.12 eV for the imidazole vertical attachment energy (VAE), and two ¢~
orbitals (c™ringand c"nr) at 7.6 €V and 5.9 eV, respectively. The excess electron binding energies of
IMI was obtained by Rydberg electron transfer spectroscopy by Carles et al. [158]. Gianola et al.
[159] investigated via negative ion photoelectron spectroscopy the imidazolide anion, which
corresponds to the de-hydrogenated parent anion and obtained the electron affinities of the
imidazolyl radicals upon deprotonation at different sites.

In this chapter we report for the first time negative ion formation in neutral potassium-neutral
nitroimidazoles/imidazole collisions, together with ab initio calculations to support the experimental
findings. In the next sections we describe briefly the experimental s (further explained in Section 3.1)
and the theoretical methods, the results obtained and the main conclusions that can be drawn from

this investigation.
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Figure 4.5. Molecular structure of 4-nitroimidazole, 2-nitroimidazole, 1-methyl-4-nitroimidazole, 1-methyl-5-
nitroimidazole and imidazole.

4.2.2 Experimental Methods

The crossed molecular beam setup used to study collisions of neutral potassium (K) atoms with
neutral nitroimidazoles and related molecules, has been described in Section 3.1. Briefly, an effusive
target molecular beam crosses a primary beam of fast neutral K atoms and the product anions are
analysed using a reflectron (KORE R-500-6) and dual-stage linear time-of-flight (TOF) mass
spectrometers. The K beam is produced in a resonant charge exchange chamber from the interaction
of K* ions from a potassium ion source (10-1000 eV in the lab frame) with gas-phase neutral
potassium atoms from an oven source. Mass spectra (resolution m/Am =~ 800) were obtained by
subtracting background measurements (without the sample) from the sample measurements. Mass
calibration was carried out on the basis of the well-known anionic species formed after potassium
collisions with nitromethane [160]. The molecular samples 4-nitroimidazole, 2-nitroimidazole and
1-methyl-5-nitroimidazole were supplied by Sigma Aldrich with a stated purity of > 97%. The 1-
methy-4-nitroimdiazole was purchase by Fluorochem with a stated purity of > 95%, and imidazole

was supplied by Alpha Aesar with a stated purity of 99%. The solid samples were used as delivered.

4.2.3 Theoretical Method

The MO062x/augcc-pVTZ level of theory for geometry optimization, calculation of molecular
eigenfrequencies in the harmonic approximation, and exploration of parts of the potential energy

surfaces was used. For more details see Section 4.1.

4.2.4 Results and Discussion

This chapter is complementary to Section 4.1 on electron transfer from neutral potassium atoms to
4NI, Me4NI and Me5NI showing that methylation at N; site can selectively block several
fragmentation channels. In this section we present results on negative ion formation in electron
transfer from neutral K atoms to a set of molecules, 4NI, 2NI, Me4NI, Me5NI and imidazole,

combining experimental and theoretical methods to analyse the full fragmentation pattern.
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Dissociative electron transfer TOF mass spectra were obtained at laboratory frame collision energies
of 10—1000 eV (~1.4-680 eV available energy in the centre-0f-mass frame). Table 4.1 is a
compilation of all the assignments for the anions detected for the five molecules investigated.

Figures 4.6, 4.8 and 4.10 depict the TOF mass spectra recorded at 30, 100 and 500 eV lab frame
collision energy for 4NI, 2NI, Me4NI and Me5NI, respectively. Figure 4.12 shows the TOF mass
spectra for imidazole at 30, 100 and 500 eV lab frame, while branching ratios (BRs) for the major
fragments of 4NI, Me4NI, Me5NI and imidazole as a function of the collision energy are presented
in figures 4.7, 4.9, 4.11 and 4.13, respectively.

The TOF mass spectra yields of 4NI and 2NI are very similar and reveal that they are, generally
speaking, dominated by the parent anion (4NI~and 2NI7), NO,~, CN™ and the loss of OH. The
methylated compounds also show a strong evidence of parent anion (Me4NI~and Me5NI7), NO,~
and CN™ formation. The loss of OH is not observed for the methylated molecules as explained in
Section 4.1. Regarding the simple ring, imidazole, no parent ion is observed which can be
rationalized in terms of the high electron affinity of the imidazolyl radical [IMI — H]"to be 2.613 eV
in the case of deprotonation at the N position, and 1.992 eV in the case of deprotonation at the Cs
position [159]. Moreover, imidazole the major anionic fragments are the dehydrogenated parent
anion (IMI-H)~, CN™ and C;H;N". The latter is related with the loss of a HCN unit from the
dehydrogenated parent anion, which also leads to CH™ formation (loss of another HCN unit). Such
HCN loss mechanism is also operative in more complex molecules and was already observed for
potassium collisions with adenine and derivative compounds [1] and pyrimidine [161]. One of the
most important difference found in the present results compared with DEA measurements [84] is the
parent anion formation for all molecules, except the case of imidazole. Such differences can be
explained by the presence of cation potassium (K*) in the vicinity of the TNI formed upon electron
transfer, i.e. K + M — K*M™. The strong Coulombic interaction may delay autodetachment allowing
time enough to “stabilize” the system and redistribute the excess energy in the TNI through the
different available degrees of freedom leading to different fragmentation channels. Identical rationale
was put forward in the case of nitromethane as molecular target in potassium collisions [160], but
the parent anion was not the strongest anionic fragment formed. Moreover, in electron transfer
processes, an electronic transition accessing " states does not lead to direct bond cleavage unless a
repulsive ¢ is crossed diabatically. However, the available energy is enough to give access to
intramolecular electron transfer (n* — 6*), which is possible if the nuclear wavepacket survives long
enough along the reaction coordinate to allow diabatic coupling between the two states.

We now discuss the majority of the anions formed in such potassium-molecule collisions. Note
that formation of the dehydrogenated parent anion was already discussed in Section 4.1 and no further

discussion will be performed here.
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Nitroimidazoles and methylated compounds

Parent anion formation

The parent anion formation detected in all molecules in study is one of the most interesting processes
observed in these measurements, especially for high impact collision energies. The BRs of these
molecules as a function of the available energy (figures 4.7, 4.9 and 4.11) show that the parent anion
is formed for all energies and, in the case of 4NlI, represents the most intense anion between 5.7 eV
and 664 eV available energy. At higher collision energies 4N1~ accounts for around 60% of the total
anion yield. In collisions using methylated nitroimidazole compounds, the parent anion accounts for
~70% and ~60% of total anion yield, in Me5NI and Me4NI, respectively. However, for Me5NI at
energies between 6 and 13 eV the most intense fragment is (Me5NI — CHs)", and for Me4NI at
energies between 16 and 51 eV the most intense anion is NO>". Moreover, it seems that methylation
at the N1 position enhances parent anion formation. In DEA studies, the parent anion formation in
4N is not observed, but in Me4NI and Me5NI [43,84]. Tanzer et al. have shown that the non-
decomposed parent anion in Me4NI and Me5NI are formed within a very narrow resonance right at
threshold (close to 0 eV). Such was explained based on the assumption that the electronic energy of
the electron-attaching system, consisting by the energy of the incoming electron and the electron
affinity of the molecule, is transferred to the vibrational degrees of freedom of the TNI, which delays
autodetachment, into the ps time scale. The nitroimidazole molecules studied in this thesis have
strong dipole moments (see table 4.2), well above the threshold of 2.5 D [162], and therefore can
support stable dipole bound state (DBS). Indeed, the theoretical calculations in table 4.3 corroborate
such statement. This means that under appropriate conditions, a weakly bound electron (e.g. in a
Rydberg state) can be transferred to form a dipole-bound anion which may lead to valence states
[163]. These molecules also have positive electron affinities (see table 4.2) which means that the
ground state of the anion lies below the neutral molecule. Molecules with positive electron affinities
lead to the formation of stable anions where the extra electron exists in a bound state [34]. Following
this rationale, observation of the parent anion for all molecules in study is not surprising. However,
for higher energy collisions, which means fast collisions, the presence of the parent anion is still
evident as the most intense anion. Such observation is quite interesting since it seems do not follow
completely the so-called adiabatic principle (see Chapter 2). The adiabatic principle describes that if
the internuclear distance changes rapidly (fast collisions), the valence electron does not get sufficient
time to switch from one atom to another atom or molecule. In that case the system remains in the
same electronic configuration or diabatic state [164]. In the low-energy collision regime, the electron
is transferred from the potassium atom to the nitroimidazole during the approximation, it means at
the first crossing. Given the positive electron affinity of the target, a TNI can be formed where the
excess of internal energy may be distributed over the different degrees of freedom delaying

autodetachment. In this regime with typical collision times of the order of several tens of fs, the
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presence of the K* ion in the vicinity of the TNI (strong coulomb interaction) can also allow
intramolecular electron transfer yielding dissociative channels, in particular fragments with high
electron affinities as are the cases of NO, and CN, with the resulting anion with a lifetime long
enough to be detected through mass spectrometry. This description is much more attuned to adiabatic
processes. Such rationale seems plausible since in the low-energy regime, typically below 50 eV, we
observe the highest yields of fragment anions. However, when the collision energy is increased, the
potassium atom may not transfer its electron at the first crossing but rather at the second. In this case,
as the K™ ion flies away, there is no time enough for efficient intramolecular electron transfer and a
non-diabatic description is favourable, i.e. diabatic states can be described as those where the
electronic character does not change with respect to the nuclear coordinates. Such makes sense since
at high-collision energies, typically of the order of few fs, some vibrational modes within the
molecular frame can be considered frozen [69]. Feketeova et al. [81] have performed electrospray
measurements using different nitroimidazole molecules and derivatives to study radical anions
formation in solution (viz. methanol). They observed that the parent anion radical (M*") is the most
abundant in nimorazole, a derivative of 5-nitroimidazole. Such observations allow to suggest that
these molecules can be used as potential radiosensitisers since the formation of radical anions is

crucial in radiation therapy, especially in environments with deficiency in oxygen.

Formation of NO~, loss of neutral NO; and related multiple dehydrogenation (HNO-™,
H2NO2™, HsNOy")

The NO;™ yield is, together with the parent anion, one of the most intense in the nitroimidazoles TOF
mass spectra, which is is unsurprising because of its electron affinity, 2.27 eV [165]. For lower
collision energies (e.g. 30 eV in the lab frame, figure 4.6) and in the case of the methylated
compounds, NO2~ corresponds to the most intense anion. Formation of NO2™ occurs after cleavage
of the simple C—NO; bond (equation 4.3). However such bond breaking may also lead to the

complementary reaction yielding (M—NO_)~ (equation 4.4).

K+M— (K*TM™) — K* + M)~ — K* + NO; + (M — NO,) (4.3)

K+M— (K*"M™) —» Kt + (M)™* — K* + (M —NO,)” + NO, (4.4)

The BRs (figures 4.7, 4.9 and 4.11) show that the threshold of NO,™ formation is 5.7 eV (15 eV lab
frame), 6 eV (15 eV lab frame) and 2.5 eV (10 eV lab frame), for 4NI/2NI, Me4NI and Me5Nl,
respectively. This is consistent with DEA resonances found for these molecules [84]. Moreover, the
BRs also provide an interesting aspect of the collision dynamics, where the parent anion and NO,™
have complementary behaviour as function of the collision energy. Thus NO,™ formation is more
efficient at lower collision energies where direct electron transfer to the C—N bond is more

favourable. Comparing the two methylated molecules where the NO- group is in different positions

62



4.2 DYNAMICS OF NEGATIVE IONS IN POTASSIUM COLLISIONS WITH IMIDAZOLE, NITROIMIDAZOLES AND METHYLATED
COMPOUNDS

(C4 for Me4dNI and Cs for Me5NI), the efficiency of NO2~ formation in higher for Me5NI at lower
collision energies. The yield of formation can reach ~60% of the total anion yield at 6 eV, while in
Me4NI it does not increase more than 30%. For higher collision energies both molecules show a
similar behaviour as to the NO,~ yield accounting for ~20% of the total anion yield. In the case of
methylated compounds, this means that, the position of the NO, group affects the strength of the
C—N bond.

The loss of a neutral NO, leading to (M—NO)™ formation is also observed for all nitroimidazole
molecules studied. However the intensity of such fragments is much lower than to the complementary
reaction yielding NO,". These results are in quite good agreement with DEA studies [43,84], where
for methylated compounds, below 2 eV, the reaction in equation 4.4 is completely suppressed,
meaning that the methylation blocks the C4 and Cs positions. Such is not observed in the present
results where the appearance of (M—NO2)™ occurs at approximately the same energy for 4NI, 2NI
and methylated molecules (around 30 eV lab frame).

Another interesting set of reactions related to the nitroimidazoles is the formation of anionic
fragments at 66, 65 and 64 m/z, which are assigned to (M—HNO,)~, (M—H2NO;)™ and (M—HsNO_)".
These ions are only observed for 4NI and 2NI (not shown here) but have not been reported in DEA
measurements [84] at low electron impact energies. Such anion formation in potassium-4NI/2NI
collisions may result from the loss of neutral H atom from the N; site together with the loss of NO,
resulting in (M—HNO_)™ formation. This is different to what occurs in DEA measurements [84] where

they actually observed a block in formation of (M—HNO;)™ upon methylation at low energies.

Loss of neutral OHand NO

The loss of a neutral OH* (96 m/z) is one of the most intense anionic fragments observed in 4NI and
2NI (see figures 4.6, 4.8 and 4.10). Yet, after methylation at the N site, the channel that leads to the
formation of such anion is completely blocked, as explained in Section 4.1. A similar process seems
to occur in (M—NO)~ formation although the yield is much lower. These two anions can be formed

through the reaction in equations 4.5 and 4.6.

K+M— (K"M™) — K* + M)™# — K* + (M — OH)~ + OH" (4.5)

K+M— (K"M™) - K*+ M) — K* + (M = NO)~ + NO° (4.6)

The formation of these two negative ions requires the cleavage of several bonds, namely the cleavage
of C—N, C—H and N—O bonds. Since the loss of neutral OH is suppressed upon methylation, we can
assume that the H involved is originating from the position N1. The BRs (figures 4.7, 4.9 and 4.11)
show that the threshold of (M—OH)™ formation is 5.7 eV (15 eV lab frame) and 2.5 eV (10 eV lab
frame), for 4NI and 2NI, respectively. Although (M—NO)~ BR is not shown here, the threshold in
the case of 4NI (19.8 eV) is much more higher than in 2NI (5.7 eV). This is consistent with DEA
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resonances [84] and Ribar et al. [138]. These authors have observed that 2NI presents an

enhancement in the fragmentation pattern compared to 4(5)NI. These two reactions seem to be of

extremely importance within the biological environment further to low-energy electron transfer

collisions. As discussed in Chapter 1 of this thesis, formation of highly reactive species as OH and

NO in the cellular environment induces a set of reactions resulting in damage of the biocomponents

including the DNA molecule. Since nitroimidazoles are being investigated as attuned radiosensitisers

in radiotherapy of hypoxic tumours, the presence of such reaction channels may be extremely useful

in the improvement of dedicated radiation protocols.

Table 4.1. Assignment of the negative ions formed in potassium collisions with 4-nitroimidazole (4NI), 2-nitroimidazole

(2NI), 1-methyl-4-nitroimidazole (Me4Nl), 1-methyl-5-nitroimidazole (Me5NI), and imidazole (IMl).

Mass

m/z 4NI 2NI Me4NI Me5NI IMI

1 H- H~ H~ H~ H~

12 (on

13 CH™ CH™

14 CHz2™

15 CHs™/ NH"~ CHs™/ NH"~
16 O™/ NHz O/ NH2~ O/ NH2™ O™/ NH2™ O /NH2
17 OH~ OH~ OH~ OH~

24 Co Co Cz

25 CoH™ CaH™ CaH™ CaH™
26 CN~ CN- CN~ CN~ CN~

39 C2HN™/ CsH3™ C2HN™/ CsHs™ C2HN™/ CsHs™ C2HN™/ CsHs™
40 C2H2N"~ C2H2N"~ Cz2H2N"~ C2H2N"~ CaH2N"~
41 CzHsN~/ CHN~
42 CNO™/ CH2N~ CNO™/ CHzN"~ CNO™/ CHzN"- CNO~/ CH2N~

46 NO2~ NO2~ NO2~ NO2~

50 CsN™
64 (4N1 - HaNO2)~

65 (4N — H2NO2)~

66 (4NI - HNO2)~ (2NI-=HNO2)~  (Me4NI - CHsNO2)~ ((:I\IflljlélNOIz)i

67 (4Nl - NO2)~ (2Nl - NO2)~ (IM1 - H)~
68 (IMI — H) ™ isotope
81 (Me4NI —NO2)~ (Me5NI - NO2)~

82 (4Nl — HNO)~ (Me4NI—CH3sNO)~  (Me5NI — CH3NO)~

83 (4NI - NO)~ (2Nl - NO)~

96 (4NI - OH)~ (2Nl - OH)~ (Me4NI — HNO)~ (Me5NI — HNO)~

112 (4NI — H)~ (2NI - H)~ (Me4NI — CHs)™ (Me5NI — CHs)™

113 4ANI- 2NI~

114 4NI~ isotope

127 Me4NI~ Me5NI~

128 Me4NI~ isotope Me5NI~ isotope
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Table 4.2. Calculated dipole moments obtained with HF/aug-cc-pvtz level of theory and vertical electron affinities (VEAS)
obtained with HF/D95V level of theory, for 4-nitroimidazole, 1-methyl-4-nitroimidazole, 1-methyl-5-nitroimidazole and
imidazole.

Dipole moment (D)

Molecule Neutral Anion VEA (eV)
4-nitroimidazole 7.78 11.18 0.99
1-methyl-4-nitroimidazole 8.45 135 1.47
1-methyl-5-nitroimidazole 4.40 7.98 0.91
Imidazole 3.79 11.52 -3.02

CN~formation

The TOF mass spectra in figures 4.6, 4.8 and 4.10 show that CN~anion also contribute significantly
to the total anion pattern of 4NI, 2NI, Me4NI and Me5NI. The CN™ ion can be formed through the
loss of an N atom from the NO- group or from the ring, or by excision of a CN unit directly from the
ring. Both of these processes are formed after a complex rearrangement of the molecules after
formation of the transient negative ion. The cyanide anion, CN~, was already observed for many
biomolecules, such as pyrimidine [161], adenine [136], thymine and uracil [75] upon electron
transfer with potassium as electron donor. According to the BR (not shown here) CN™ threshold of
formation is 9 eV for all the molecules except for 4NI, which is below 2.35 eV. This agrees with
DEA experiments where a resonance near 0 eV and 4 eV for 4Nl and 2NI, and around 4 eV in the

case of methylated molecules [84,138] are operative.

Table 4.3. Calculated highest occupied molecular orbitals (HOMOs) and lowest unoccupied molecular orbitals (LUMOSs)
for 4-nitroimidazole (4NI), 1-methyl-4-nitroimidazole (Me4NTI), 1-methyl-5-nitroimidazole (Me5NI) and imidazole (IMI)
anions obtained at the M06-2X/aug-cc-pvtz level of theory.

HOMO LUMOs
T o
ANI
]
MedaNl | 2 [
J‘-J
Me5NI H’
IMI aj
s
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Figure 4.6. Time-of-flight negative ion mass spectra in potassium collisions with 4-nitroimidazole (4Nl), 2-nitroimidazole
(2N1), 1-methyl-4-nitroimidazole (Me4NI), 1-methyl-5-nitroimidazole (Me5NI) at 30eV lab frame energy (15.7 and 16.3
eV available energy in the centre-of-mass, respectively). See text for details.
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Figure 4.7. 4-nitroimidazole (4NI) branching ratios (fragment anion yield/total anion yield) of the main negative ions
formed as a function of the collision energy in the centre-of-mass frame. See text for details.
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Figure 4.8. Time-of-flight negative ion mass spectra in potassium collisions with 4-nitroimidazole (4Nl), 2-nitroimidazole
(2N1), 1-methyl-4-nitroimidazole (Me4NTI), 1-methyl-5-nitroimidazole (Me5NI) at 100 eV lab frame energy (62.6 and 64.5
eV available energy in the centre-of-mass, respectively). See text for details.
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Figure 4.9. 1-methyl-4-nitroimidazole (Me4NI) branching ratios (fragment anion yield/total anion yield) of the main
negative ions formed as a function of the collision energy in the centre-of-mass frame. See text for details.
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Figure 4.10. Time-of-flight negative ion mass spectra in potassium collisions with 4-nitroimidazole (4NlI), 2-nitroimidazole

(2N1), 1-methyl-4-nitroimidazole (Me4Nl), 1-methyl-5-nitroimidazole (Me5NI) at 500 eV lab frame (330 and 340 eV
available energy in the centre-of-mass, respectively). See text for details.
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Figure 4.11. 1-methyl-5-nitroimidazole (Me5NI) branching ratios (fragment anion yield/total anion yield) of the main
negative ions formed as a function of the collision energy in the centre-of-mass frame. See text for details.
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Imidazole molecule

(IMI-H)" formation

The most intense anionic fragment observed in K—imidazole collisions over the energy range
(15—1000 eV) is the dehydrogenated parent anion, (IMI-H)~ (figures 4.12 and figure 4.13). The BRs
show that the (IMI-H)~ yield decreases from 5.4 eV (17 eV lab frame) to 52.8 eV (100 eV lab frame)
where it reach a plateau contributing to ~ 40% of the total anion yield. In figure 4.8 is also discernible
that the (IMI-H)™ BR decreases with energy while other fragments as CN™and C,H:N" their BRs
increase. This indicates that the hydrogenated parent anion seems to be a precursor in the formation
of other anions. Such behaviour was already demonstrated in electron transfer collisions in neutral
potassium with adenine [136], a molecule that generally speaking is a combination of a pyrimidine
and an imidazole ring. Formation of (IMI-H)™ can occur from the cleavage of an C—H or N—H bond,

described as follows:

K+M— (KtM™) > Kt + M) - K*+(M—-H)"+ H 4.7)

From the BRs (figure 4.13) the appearance threshold of (IMI-H)~, which is around 5.4 eV (17 eV
lab frame). This is consistent with DEA measurements [156] showing two low-energy shape
resonances at 1.52 eV and 2.29 eV leading to formation of this anion through dehydrogenation at the
N; position. Two other resonances have been reported for higher energies (~7 and 11 eV) and
assigned to core excited resonances. From table 4.3 we note that the loss of a neutral H can proceed
through a coupling between a ©" resonance and a dissociative ¢~ state localized at the N—H bond.
Alternatively, a direct initial electron transfer to the ¢” state and consequent dissociation can take
place, which may explain (IMI—H)~higher yields at higher collision energies. Cunha et al. [132] have
shown in adenine and derivative molecules that the dehydrogenated parent anion is formed from the

loss of an H atom from the Ng site which corresponds to the N position in the imidazole moiety.

CoH2N~and CH™ formation

Formation of C,H;N™ may proceed from the loss of a HCN unit from the dehydrogenated parent
anion, while CH™ formation may result from the loss of another HCN unit from C;H,N". Thus, the
dehydrogenated parent anion seems to be a precursor of such reactions. Formation of such anions
results from ring opening. The BR in figure 4.13 show that C;H;N™ and CH™ thresholds of formation
are 10 eV (25 eV lab frame) 24.3 eV (50 eV lab frame), respectively. Another interesting aspect of
the BR is that between 52.9 eV and 167.2 eV CoH:N" represents the second most intense anionic
fragment, competing with CN~, especially at higher energies. In DEA experiments C,H,N~formation
exhibits two resonances at 6.6 and 10.0 eV [156].
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Figure 4.12. Time-of-flight negative ion mass spectra in potassium-imidazole (IMI) collisions at 30, 100 and 500 eV lab
frame energy (12.8, 52.9 and 282 eV available energy in the centre-of-mass, respectively). See text for details.
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Figure 4.13. Imidazole (IMI) branching ratios (fragment anion yield/total anion yield) of the main negative ions formed as
a function of the collision energy in the centre-of-mass frame. See text for details.
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CN~ formation

The TOF mass spectra in figure 4.12 and the BRs in figure 4.13 show CN™ as one of the most relevant
negative ions formed in K—imidazole collisions. Indeed, it is the second most intense fragment
between 6.5 and 35.7 eV (19 eV and 70 eV lab frame). For higher energies, especially for 167 eV
(300 eV lab frame), we also observe a strong competition between CN~and C,H.N-formation. From
figure 4.13 we observe that CN™~ threshold of formation is 6.5 eV (19 eV lab frame). Similarly to
K-—pyrimidine studies [161] and in contrast to adenine [136], uracil and thymine [75], in the case of
imidazole the dehydrogenated parent anion is not a precursor in the formation of CN".

4.2.5 Conclusions

The present work provides the first comprehensive investigation of the decomposition mechanisms
of neutral nitroimidazoles and methylated compounds (4NI, 2NI, Me4NI, Me5NI and IMI) in
electron transfer collisions with neutral potassium atoms. The major fragment anion channels have
been investigated as a function of the available energy in the centre-of-mass frame. In the case of
nitroimidazoles (4NI, 2NI and methylated molecules) the parent anion was identified as the most
intense fragment over the entire energy range (10-1000 eV lab frame) investigated, as opposed to
DEA studies, where the parent anion is only observed in the case of methylated molecules for very
low energies (near 0 eV). Such difference may be explained considering the high dipole moment of
these molecules and the presence of a third body (K*) in the collisional complex system (K* M™).
Other important anionic species were assigned as part of the fragmentation pattern of
nitroimidazoles, such as NO ", the loss of OH and NO. Some differences were also found between
the 4NI and 2NI molecules, and between the methylated compounds, suggesting that the position of
the nitro group may influence the fragmentation pattern. Additionally, the studies with imidazole
show that the presence of a NO, group in the imidazole ring brings considerable modifications in the
fragmentation pattern, as compared to the nitroimidazoles. In the imidazole molecule, the TOF mass
spectra are dominated by the dehydrogenated parent anion, CN~and C,H,N". We have also observed
that the dehydrogenated parent anion seems to be a precursor in the formation of other fragment
anions. The decomposition channels presented here upon electron transfer showing formation of
parent anion and other radicals even at higher energies, demonstrate the capability of these
nitroimidazole compounds to act as radiosensitisers in treatments using radiation. Some differences
found between nitroimidazole molecules and related methylated compounds as well as the
differences observed in imidazole molecules (which is basically a replacement of the nitro group by
an H atom) demonstrate the importance of these studies in understanding the underlying molecular
mechanisms that govern such electron induced decomposition which can be used to formulate new
radiopharmaceutical compounds or new methodologies to make these chemical compounds more

attuned to key specific reaction.
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4.3 lon-Pair Formation in Neutral Potassium-Neutral Pyrimidine Collisions:
Electron Transfer Experiments3

Abstract

We report novel data on ion-pair formation in hyperthermal (30-800 eV) neutral potassium collisions with
neutral pyrimidine (Pyr, C4H4N2) molecules. In this collision regime, negative ions formed by electron transfer
from the alkali atom to the target molecule were time-of-flight mass analysed and the fragmentation patterns
and branching ratios have been obtained. The most abundant product anions have been assigned to CN~ and
CoH~ and the electron transfer mechanisms are comprehensively discussed. Particular importance is also given
to the efficient loss of integrity of the pyrimidine ring in the presence of an extra electron, which is in contrast
to dissociative electron attachment experiments yielding the dehydrogenated parent anion. Theoretical
calculations were performed for pyrimidine in the presence of a potassium atom and provided a strong basis
for the assignment of the lowest unoccupied molecular orbitals accessed in the collision process. In order to
further our knowledge about the collision dynamics, potassium cation (K*) energy loss spectrum has been
obtained and within this context, we also discuss the role of the accessible electronic states. A vertical electron

affinity of (—5.69+0.20) eV was obtained and may be assigned to a 3 (b1) state that leads to CN~ formation.

3 This chapter is based on the following submitted publication: M. Mendes, B. Pamplona, S. Kumar, F. Ferreira da Silva,
A. Aguilar, G. Garcia, M.-C. Bacchus-Montabonel, P. Limdo-Vieira. lon-pair formation in neutral potassium-neutral
pyrimidine collisions: electron transfer experiments (2019).
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4.3.1 Introduction

Radiation induced damage by low-energy electrons (<15 eV) has proven to be an efficient
mechanism to promote local chemical changes when attaching to DNA/RNA molecular constituents
[37]. In such electron attachment process as a function of the phase and stage of aggregation,
formation of a transient negative ion (TNI) can subsequently dissociate into stable fragment anions
and neutral radical species [60], where the latter may also trigger complex chemical damage within
the biological environment. Another interesting aspect of such electron induced bond breaking
pertains to the role of electron transfer processes which may be more prevalent under physiological
conditions rather than free electron attachment processes [166]. As far as electron induced processes
are concerned, pyrimidine (Pyr) has been extensively studied as a prototype molecule of DNA and
RNA building blocks (thymine, cytosine, and uracil) both in the gas [52] and condensed phases
[167,168]. Electron interactions with pyrimidine nucleobases are well represented in the literature,
where we note relevant experimental studies on electron transmission spectroscopy [169], DEA
experiments [170,171], and electron impact ionisation studies [172]. More recently, site-selective
bond excision of selected pyrimidines yielding the dehydrogenated parent anion upon electron
transfer in collisions with neutral potassium atoms [173] and with low-energy electrons [174] have
been reported. N-site de-methylation in pyrimidine bases as studied by low-energy electrons and ab
initio calculations gave a comprehensive description into the dynamics of the decaying transient
anion and more precisely into the competition between dissociation and auto-detachment [71].
Potassium-uracil/thymine ring cleavage enhancement was reported in electron transfer experiments
and theoretical calculations [131]. Studies on threshold behaviour in metastable dissociation of multi-
photon ionized thymine and uracil [175] have been also investigated.

The topic of this contribution deals with electron transfer experiments with Pyr (C4H4N>) and
within this context, a literature survey reveals that Nenner and Schulz experimental electron
transmission spectroscopy data report the three shape resonances at 0.25 (X 2A), 0.77 (4 2B,) and
4.24 (B ?B,) eV [176] while Modelli and Burrow [177], and more recently Modelli et al. [178], placed
the three lowest electron affinities of z* character at 0.39 [rr7(a2)], 0.82 [r3(b1)] and 4.26 [r1(b1)]
eV and a core-excited resonance at 5.5 eV. An unprecedented investigation on the effect of solvation
on electron attachment to pure and hydrated Pyr clusters, has shown that hydration quenches all
fragmentation channels in the pyrimidine molecule [31]. Regarding theoretical calculations, we note
a detailed study of the effect of the third z* resonance on the angular distributions for electron-
pyrimidine scattering [179] and electron affinities and ionisation potentials of DNA radical ions
[180]. Total electron-scattering cross-sections have been thoroughly investigated in several
occasions [181,182] together with differential cross-sections for low-energy electron-impact
excitation [183-185]. Theoretical elastic and electronic excitation cross-sections and experimental

electronic excitation cross-sections for electron collisions with pyrimidine have been reported by
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Masin and co-workers [186]. Additionally, fragmentation of pyrimidine induced by core ionisation
by photoelectron-photoion-photoion coincidence (PEPIPICO) spectroscopy [187] and the absolute
total and partial dissociative cross-sections of pyrimidine at electron and proton intermediate impact
velocities [188] have been probed. The electronic state spectroscopy of pyrimidine has been
comprehensively investigated by different methods, with threshold-electron excitation reported up
to 12.5 eV [189], absolute cross-sections for electronic excitation have been obtained by electron
impact up to 18 eV [190] and absolute cross-sections by high-resolution VUV photoabsorption up to
11 eV [191]. Low-energy (2—-12 eV) electron vibrational and electronic electron-energy-loss [192]
and electron stimulated desorption from condensed pyrimidine [46,168] have also been reported.
Finally, a comparative study on the role of pyrimidine and water as underlying molecular constituents
for describing radiation damage in living tissue, in terms of energy deposition (absorbed dose and
stopping power) but also in terms of the number of induced molecular processes [193] has been
reported. Thus we consider that the present data on collisional electron-transfer induced dissociation
of pyrimidine may serve for future applications in nanoscale models of radiation damage in
DNA/RNA as we have recently proposed for the purines [132,136] and other biological relevant
molecules as uridine [74] and small amino acids [194] just to mention a few.

In this manuscript we therefore report for the first time negative ion formation in neutral
potassium-neutral pyrimidine collisions, together with K* energy loss data and novel ab initio
calculations to support the experimental findings. In the next sections, we describe our experimental
methods and theoretical methodology. Afterwards, our results are presented and discussed and

conclusions from this work are finally summarised.
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Figure 4.14. Molecular structure of pyrimidine (Pyr).

4.3.2 Experimental Methods

The crossed molecular beam setup used to study collisions of neutral potassium (K) atoms with
neutral pyrimidine (Pyr), has been described in detail in Section 3.1. Briefly, an effusive target
molecular beam crosses a primary beam of fast neutral K atoms and the product anions are analysed
using a reflectron time-of-flight (TOF) mass spectrometer (KORE R-500-6). The K beam is produced
in a resonant charge exchange chamber from the interaction of K* ions from a potassium ion source
(30-800 eV in the lab frame) with gas-phase neutral potassium atoms from an oven source. Residual

ions were removed from the primary beam by electrostatic deflecting plates outside the oven. The
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neutral potassium beam’s intensity was monitored using a Langmuir—Taylor ionisation detector
before and after the collection of each TOF mass spectrum and the beam energy resolution in the
collision energy range as measured as ~0.5 eV (FWHM) using a hemispherical electrostatic energy
loss analyser to characterise the K* ion signal at a fixed energy, following K collisions with
nitromethane (CHsNO>). The effusive beam of pyrimidine from an oven source was admitted into
vacuum through a 1 mm diameter capillary where it was crossed with the neutral fast potassium
beam. Negative ions formed in the collision region were extracted by a ~380 V cm™ pulsed
electrostatic field. The typical base pressure in the collision chamber was 6x10° Pa and the working
pressure was 4x10* Pa. Mass spectra (resolution m/Am = 800) were obtained by subtracting
background measurements (without the sample) from the sample measurements. Mass calibration
was carried out on the basis of the well-known anionic species formed after potassium collisions with
nitromethane [66]. Pyrimidine (Pyr) was supplied by Sigma Aldrich with a stated purity of > 98%.
Repeated freeze-pump-thaw cycles were performed before each spectrum collection. The extraction
region and the TOF system were heated during the measurements in order to prevent any sample
condensation and thus charge accumulation on the electrodes.

The entrance slit of the hemispherical energy analyser used in the K* energy loss measurements
is aligned in the forward direction with the neutral K beam’s optical path. The analyser was operated
in constant transmission mode, hence keeping the resolution constant throughout the entire scan
where the energy resolution for the present measurements was ~0.6 eV in the lab frame. The energy
loss scale was calibrated using the experimental threshold energy of formation of 4.5 eV from CN~-

since it is the most intense fragment anion formed in K-Pyr collisions.

4.3.3 Theoretical Method

The theoretical description of the charge transfer process in the interaction of a neutral potassium
atom with a selected nucleobase, is based on the evolution of the quasi-molecular system formed by
the potassium projectile and the molecular target along the reaction coordinate within the framework
of the molecular representation. We have implemented with success the one-dimension coordinate
approximation in previous ion/neutral-biomolecule collision systems [131,195,196], where the atom-
nucleobase collision system is thus treated as a pseudo-diatomic molecule evolving along the
coordinate associated with the distance between the impinging atom and the nucleobase [197,198].
Within the frame of such approximation, we do not consider the internal degrees of freedom of the
biomolecular target, which is reasonable since in very fast collision processes where nuclear
vibration and rotation motions are much slower than the collision time, these can be considered
frozen during the collision. The geometry of pyrimidine has been optimized at the MP2 level of
theory from the work of [199]. A perpendicular approach of the potassium atom, pointing at the
centre of the pyrimidine ring (see figure 4.14) has been considered, as the charge transfer process has

been clearly shown to be favoured in such orientation for the case of pyrimidine targets [200,201].
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Ab-initio molecular calculations have been performed with the MOLPRO code [202], where the
pyrimidine target is kept frozen in its ground state geometry during the collision process. The
calculation has been performed in Cartesian coordinates, with no symmetries. All electrons have
been considered for C, N and H atoms with the VTZ basis set, although the 18 core electrons of
potassium have been treated through the ECP18sdf core-electron pseudopotential [203], with the
corresponding basis set. The natural molecular orbitals for K-Pyr have been determined by
CAS(3,11) state-averaged CASSCF calculations for the reaction coordinate R = 10 A corresponding
to the asymptotic region. The 1s orbitals of carbon, nitrogen and oxygen are treated as frozen cores.
The resultant lowest unoccupied molecular orbitals (LUMOSs) for pyrimidine are shown in figure 4.4
together with the corresponding orbitals without the presence of potassium. The polarization by the
potassium atom induces a global shift in energy of ~1.5-2.0 eV for the z* orbitals and 2.0 eV for the

o™ orbital.

4.3.4 Results and Discussion

This is the first investigation on negative ion formation in electron transfer from neutral K atoms
with Pyr combining experimental and theoretical methods to comprehensively analyse the full
fragmentation pattern. Dissociative electron transfer TOF mass spectra were recorded at lab-frame
collision energies of 30-800 eV (~14-480 eV in the centre—of—mass frame and from now on referred
as available energy). Table 4.5 is a compilation of all fragment anions detected and their proposed
assignments in the wide energy range of collisions investigated. Figure 4.15 shows the Pyr negative
ions TOF mass spectra recorded at 30, 100 and 700 eV lab frame energy (13.8, 56.2 and 419.3 eV
available energy), while in figure 4.16 we present the K* energy loss spectrum measured in the
forward direction in collisions of potassium atoms with pyrimidine at 111 eV lab frame energy (67.2
eV available energy). Branching ratios (BRs) for the major fragments of Pyr as a function of the
collision energy are presented in figure 4.17.

A careful inspection of the TOF mass spectra reveals that they are dominated by the cyanide anion
(CN") and show no evidence of parent anion formation (Pyr-), which is expected since the vertical
electron affinity of pyrimidine lies between -0.39 and -0.54 eV [176,178]. Another interesting aspect
of the collision induced fragmentation pertains to the loss of different HCN units from the
dehydrogenated parent anion of Pyr, (Pyr—H)-, yielding CsH>N~ (and/or the isobaric species C2N2)
and C,H~ (table 4.5), with such mechanism also reported in the case of potassium-adenine electron
transfer experiments [132,136]. The presence of the K* ion in the vicinity of the TNI formed upon
K + Pyr — (K* Pyr’) plays a significant role in the decomposition mechanism yielding particular
fragmentation channels, which are different from those observed in DEA experiments [31]. Such
strong coulomb interaction in the collision complex (K* Pyr) may delay autodetachment allowing
time enough, in particular in the low-collision regime, for the excess energy in the TNI to be

redistributed through the different available degrees of freedom enhancing a favourable
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fragmentation channel. In Pyr the fragmentation predominantly results in CN- formation which is
not surprisingly given its high electron affinity (3.8620 £ 0.0050) eV [165]. The ab initio calculations
in table 4.4 show that the lowest-lying z* states are considerably shifted to higher energies in the
presence of a potassium atom in comparison to respective calculated MOs without the presence of
K. During the electron transfer process, an electronic transition accessing a z* state does not lead to
direct cleavage of a bond unless a repulsive o* state is crossed diabatically. In the present experiments
the available energy is larger than the threshold for electron transfer (AE = IE(K)-EA(Pyr) = 4.34 +
0.39 =4.73 eV), with IE(K) the ionisation energy of the potassium atom and EA(Pyr) the Pyr electron
affinity), and if the lifetime of the metastable ion is long enough, intramolecular energy redistribution
may occur competing with direct dissociation. Such is possible if the nuclear wavepacket survives
long enough along the reaction coordinate to allow diabatic coupling between the two states, i.e. 7*
and o*. This is discussed in the next sections within the scope of the different z* and ¢* MOs

involved in the formation of specific fragment anions.

K* energy loss spectrum

The energy loss spectrum of K* ions formed in the forward direction from the collision of potassium
atoms with pyrimidine at 111 eV lab frame energy, is shown in figure 4.16. Note that the lowest
energy loss scale appears above ~ 4 eV to account for the potassium ionisation energy, 4.34 eV. Two
features are visible at 10.03 and 11.91 eV, the former more intense than the latter and with a full
width at half-maximum (FWHM) of ~1.2 eV. The position of the maxima does not shift with the
collision energy within + 0.2 eV. The main anionic yield from the TOF mass spectra at all collision
energies is due to CN- (figures 4.15 and 4.17). The energy loss AE at the maximum of the features
is given by AE = IE(K) — EAmax, Which results on an electron affinity of (-5.69+0.20) eV and
(=7.57%0.20) eV, assigned to 3(b1) and a sy core-excited resonance, respectively. This is in good

agreement with the theoretical calculations presented in table 4.4.

(Pyr—H)~
The dehydrogenated closed shell anion (Pyr—H)~ is formed through the ion-pair reaction:

K+ Pyr — (K*Pyr~) — K* + (Pyr) ™ — K* + (Pyr—H)~ + H (4.8)

which represents a direct cleavage of the (C—H) bonds and (Pyr)* stems for a TNI formed with an
excess of internal energy. Formation of the parent anion with H abstraction has been reported in DEA
experiments on pyrimidine through a core-excited resonance at 5.5 eV [31], where the three lowest
7* resonances do not contribute to such anion formation due to their short-lived character. Moreover,
recent R-matrix calculations [186] predict higher excited states which may contribute to (Pyr—H)"

formation. Pyrimidine BR as a function of the available energy (figure 4.17), shows that (Pyr—H)"

77



CHAPTER 4. ELECTRON TRANSFER EXPERIMENTS IN K-MOLECULE COLLISIONS

yield only accounts for 10-20 % of the total anions in the 50-480 eV energy region, and vanishes
below the threshold of formation at ~26 eV. Such low anion yield in respect to the other fragment
anions is in sharp contrast to the experimental observations in the low-energy collision regime of
potassium atoms with DNA/RNA pyrimidines, thymine and uracil [170,173]. Such is certainly due
to the different sort of molecular bonding where the presence of N-H bonds (in contrast to the C—H
bond) lowers the threshold of the de-hydrogenated parent anion formation, which does not prevail in
the case of pyrimidine.

Table 4.4. Calculated lowest unoccupied molecular orbitals (LUMOs) for pyrimidine (Pyr) and pyrimidine (Pyr) in the
presence of a potassium atom in the perpendicular geometry inside the pyrimidine ring. Energies in eV.

pyrimidine K + pyrimidine

o*cH
1.8eV
o*eN o*cH

7.6 eV 9.4eV

T[*ring T[*ring

a 4
0
LUMOs 3.9V ﬁ 5.0 eV @
T[*ring
6.6 eV

w¥*cH
59¢eV
T¥*cH

8.0eV

In table 4.4 we show the three lowest calculated z* MOs at 5.0 eV (1r5;,4), 6.6 eV (1r5;,4) and 8.0
eV (mry) and at higher energy a o™ resonance at 9.4 eV (o;y) along the Cs—H bond. Pyrimidine BRs
in figure 4.17 shows that (Pyr—H)~ cannot be produced < 25 eV which can be related to an electron
promotion to the 5, , orbitals yielding instead CN". Accessing a mrz, state may be only possible by
increasing the collision energy, and so (Pyr—H)~ formation certainly occurs through access of the o/
state via curve crossing. The present energy loss data provides evidence that the feature at 11.91 eV,
7.57 eV for the electron affinity, (see figure 4.16) is indicative of the vertical transition energy to the
ey State, and the closeness with the ogy state allows us to specify the dominant pathway to

dissociation. Alternatively, a direct initial transfer to the o* state and subsequent dissociation may be
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considered, playing a relevant role in the higher-energy collision region where the (Pyr-H)~ yield
predominates in respect to the fragment anions produced through the my,,/mcy resonances.
Interesting to note the resonances that are prominent in the excitation functions for vibrational
excitation, and peaking at ~10 eV, have been assigned to ¢* with pronounced C-H stretching

character although ring breathing modes may be present [190].
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Figure 4.15. Time-of-flight negative ion mass spectra in potassium-pyrimidine (Pyr) collisions at 30, 100 and 700 eV lab
frame energy (13.8, 56.2 and 419.3 eV available energy in the centre-of-mass, respectively). See text for details.

CsH2N7/CoN3, CoH-

Hydrogen cyanide abstraction is operative from the de-hydrogenated parent anion leading to
pyrimidine ring opening, with assignment of the fragment anions indicated in table 4.5. Formation
of CsH2N~ (and/or the isobaric C2N2") from potassium collisions with pyrimidine occurs at threshold
> 38 eV while for C;H™ above 14 eV in the centre-of-mass frame (see 4.17), the latter the second
most intense fragment anion up to 250 eV. However, owing to C,H electron affinity, (2.969+0.006)
eV [204] in contrast with -0.27 eV for CsH:N adiabatic electron affinity (from our present VTZ
basis/fCASSCF calculation), the former anion may prevail in the electron transfer induced
decomposition of the pyrimidine molecule. We also observe a strong competition between C,H™ and
(Pyr—H)~ formation which is enhanced above 250 eV. The LUMOs of Pyr in table 4.4 show relevant

7* antibonding character with nodes along the C—N bonds. Such electron spin densities are indicative
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of favourable bond breaking in particular where curve crossing in the diabatically frame description
may be relevant (i.e. moy/ocy). However, at low collision energies (< 26 eV), the de-hydrogenated
parent anion channel is not operative but is C,H™ although with modest intensity. The dominant K*
energy loss features peaks at 10.03 eV (figure 4.16), 5.69 eV for the electron affinity and lends
support to the electron spin densities suggesting that the electron may be initially transferred to the
Tring States. This (Pyr—H)" suppression can be rationalised in terms of a slow collision process
(> 46 fs) enhancing a coulombic stabilization of the TNI by the proximate K* ion, increasing the
probability of intramolecular electron transfer that may favour dissociation or may favour
autodetachment (supressing dissociation), certainly explaining the low yields observed in this energy
region. As far as authors are aware, no DEA experiments to pyrimidine have been produced these
fragment anions. Within the collision energy range studied for pyrimidine, i.e. for the available
energy (14-480 eV), such loss of HCN units is operative since the estimated threshold of the
decomposition reaction requires —0.89 eV given that AiHy° (C4HaN2) = 196.65 kJ/mol (2.04 eV)
[205], AiHg° (C3H2N) = 242 kd/mol (—2.51 eV) [206], EA (CsH2N) = -26.05 ki/mol (-0.27eV, from
our present VTZ basis/CASSCF calculation), AHg° (HCN) = 135.14 kJ/mol (1.4 eV) and AHy° (H)
= 218 kJ/mol (2.26 eV) [165].

10.03 eV

11.91 eV

/A e e e e e e |
0 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Energy Loss (eV)

Figure 4.16. Energy loss spectrum of K+ ions measured in the forward direction in collisions of potassium atoms with
pyrimidine (Pyr) at 111 eV lab frame energy (67.2 eV in the centre-of-mass system). See text for details.
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4.3 IoN-PAIR FORMATION IN NEUTRAL POTASSIUM-NEUTRAL PYRIMIDINE COLLISIONS: ELECTRON TRANSFER
EXPERIMENTS

CN-

The TOF mass spectra in figure 4.15 and the BRs in figure 4.17 are dominated by the cyanide anion
in all collision energy range investigated. In sharp contrast to uracil and thymine collisional electron
transfer experiments where the unimolecular decomposition process proceeds through the
dehydrogenated parent anion as a precursor in the formation of fragments that require bond cleavages
in the ring, namely CN- [170], that is not the case in pyrimidine. DEA experiments on pyrimidine
report CN- formation via two broad resonances at 5.5 and 9.0 eV [31]. In order to aid our
understanding of the underlying molecular mechanisms and the accessed states that are responsible
for CN- formation in K-Pyr collisions, table 4.4 shows the three low-lying calculated z* orbitals at
5.0, 6.6 eV and 8.0 eV. At higher energy a ¢* resonances at 9.4 eV is present with antibonding
character along the C5-H bond. We now turn again our attention to the energy loss data in figure

4.16 where the features have been assigned to transitions to electronic states through 7y, ; (3(b1))

and a gy core-excited resonances at 5.69 and 7.57 eV, respectively. In the collision energy range
investigated, CN~ is the major fragment anion and is mainly formed through an electron promotion

to the 7y, Orbitals. Such finding lends support to the theoretical prediction of the 7y, , orbitals at

5.0 and 6.6 eV. Accessing the different z* orbitals is achieved by increasing the collision energy and
efficient bond breaking should proceed through access of o* states. However, the present calculations

for K-Pyr do not predict any a¢, states close in energy to the my;,, orbitals since these were

performed without the presence of the K* ion post-collision. From table 4.4 and in the case of the
MOs for pyrimidine (left column), the o, state shows strong antibonding character between Ces—N3
and Cs—Ns bonds. Owing to the similarity in the calculated electron spin densities between Pyr and
K+Pyr in table 4.4, and apart from the differences in energies, we can anticipate a similar character
for the C—N bonds. Notwithstanding, the proposed mechanism as suggested before in the case of the
pyrimidines thymine and uracil [75,131], accounts for the initial access to one of the z* states and
subsequent intramolecular electron transfer into one of the highly antibonding ¢* states enhancing
an effective ring-breaking pathway. Such is achieved in electron transfer studies since the presence
of the K* ion in the vicinity of the TNI may suppress autodetachment long enough for the
fragmentation pathway successful competition [75,131].

4.3.5 Conclusions

The present work provides the first comprehensive investigation of the decomposition mechanisms
of neutral Pyr in collisions with neutral potassium atoms yielding ion-pair formation. The major
negative ions formed have been investigated as a function of the available energy in the centre-of-
mass frame, and assigned to the cyanide anion, the de-hydrogenated parent anion, and fragment
anions related to the pyrimidine ring opening due to abstraction of HCN units from (Pyr—H)~. The

theoretical calculations reveal detailed information about the electronic structure of K+Pyr and hence
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provide insight into the electronic states that are most likely participate in the major fragment anion
channels. We have also shown that ion-pair formation in collisions of potassium atoms with
pyrimidine molecules, yields two different electronic states of the metastable parent anion. These
states have vertical electron affinities of (-5.69+0.20) and (-7.57+0.20) eV, assigned to r3(b;) and a

moy States, the latter accessible through a core-excited resonance.
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Figure 4.17. Pyrimidine (Pyr) branching ratios (fragment anion yield/total anion yield) of the main negative ions formed as
a function of the collision energy in the centre-of-mass frame. See text for details.

Table 4.5. Negative ions formed in potassium collisions with pyrimidine (Pyr).

Mass (u) Proposed assignment

12 C

13 CH-

14 CHy

15 CHs

24 Co

25 CoH-

26 CN~/CzHz
39 CoHN/ C3Hs™
40 CoHoN-
50 CsN-

52 CsHzN-/ CoNy~
79 CsH3N2~
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CHAPTER 5

ELECTRON TRANSFER EXPERIMENTS IN

O2"— MOLECULES COLLISIONS

5.1 Experimental Electron Detachment Cross-sections for Collisions of Oz
with N2 Molecules in the Energy Range 50-7000 eV*

Abstract

A novel experimental setup has been implemented to perform gas-phase collision experiments between anionic
beams and neutral molecular targets. The experimental arrangement can be found in Chapter 3. The primary
anionic beam is produced through a pulsed hollow cathode discharge-induced plasma, deflected and focused
towards the collision region where impact with the gas-phase target molecule occurs. Electron detachment
cross-sections are measured from the attenuation of the anionic beam after the interaction with a well-known
N2 molecular density. During the collision, negative and positive fragment ions are produced, and mass
analysed by time-of-flight (TOF) mass spectrometry. Here we present absolute total electron detachment cross-

sections and relative ionisation cross-sections in the energy range 50-7000 eV.

4 This chapter is based on the following publication in preparation: Experimental electron detachment cross-sections for
collisions of Oz~ with N2 molecules in the energy range 50-7000 eV (2019).
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5.1.1 Introduction

Collisions between electrons and atoms/molecules have been extensively studied for decades within
the scope of different research fields (fundamental and applied) and more thoroughly during the last
20 years regarding their interaction with biomolecules to understand the underlying molecular and
atomic mechanisms of radiation induced interaction with such constituents [35,37,207—209].
However, free electron attachment processes may not be sufficiently representative to completely
describe the interactions within a particular environment. However, studies on electron transfer
processes are also predominant in several mechanisms and play relevant roles in a variety of
environments in particular within the biological environment [69,73,75,98,131,210].

A particular interest is being given to the comprehensive knowledge of ion interactions with atoms
and molecules, especially in themes related to astrophysics and interstellar medium but with
increasingly interest to biological effects. The production of excited negative and positive ions and
free radicals especially those oxygen-derived, termed reactive oxygen species (ROS), plays a
significant role in planetary systems and in biology and medicine [211]. The overproduction of ROS
results in oxidative stress in cellular environment destabilizing cells integrity, a mechanism which
seems to be operative in the case of tumour cells. Additionally, the interaction of radiation with
biological matter, in the case of radiation therapy, yields high levels of ROS. In the living systems
the superoxide anion (O2") is one of the products formed by the interaction of free electrons with
oxygen molecules, which subsequently interact with other surrounding molecules producing several
highly reactive species, like hydrogen peroxide and peroxynitrite, resulting in severe damage for key
physiological components [59]. Therefore, accurate cross-section results for these interactions are
extremely relevant to the use of radiation in medicine and in the development and optimization of
new radiotherapy protocols. However the molecular description regarding electron transfer processes
and the efficiency of such radiation induced processes are still poorly known. Another interesting
aspect pertains to simple molecules such as Oz, N2, CO, CO; and CH that are important constituents
of numerous interstellar environments [212,213]. For instance, it was shown that the superoxide
radical ion (O2") can be formed directly on Mars-analogue mineral surfaces exposed to ultraviolet
radiation under a simulated Martian atmosphere [214].

From a literature survey, we note that several studies have been published regarding collisions
between ions and atoms/molecules, with special relevance to positive ions as projectiles, in ionization
cross-section measurements [212,215-219]. However, the studies using negative oxygen ions as
projectiles are still relatively scarce and old, particularly for low-energy collisions (< 1000 eV). Some
studies regarding collisions of O, with N> reported experimental and theoretical calculations for
electron detachment cross-sections of negative ions. For high energy collisions (> 30 keV) Jalbert et
al. [115] have demonstrated that the electron detachment cross-section for different incident ions in
N2 shows a maximum at a velocity 0.4 a.u, which was interpreted to a shape-resonance that appears

in electron-N; collisions. These authors have also proposed a semi-empirical model to extrapolate
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cross-section values for lower energies. At intermediate and low energies, ion-N; collisions have
been also investigated emphasizing the role of the %1y shape resonance of N.. Interesting to note that
in H™— N collisions, a similar behaviour has been observed [97,103,220]. Bennett et al. [110] have
also performed measurements using different incident beams and different targets (including O in
N,) in the energy range 1 to 4 keV. Moreover, Doering [112] and Mati¢ and Cobi¢ [113] also
demonstrated a cross-section enhancement (10°-10"%> ¢cm?) with ion incident energy. Inelastic
collisions between ions (H™, O~ and CI") and atoms (H., O, and Cl) were also investigated by Hasted
and co-workers [108,109,221,222], where large cross-section values at low energies have been
obtained and interpreted as due to the prevalence of excited states of the negative ions.

In this study we report on the absolute total electron-detachment cross-sections in the energy
range from 50 eV to 7 keV as measured in a transmission-beam attenuation experiment. In addition,
total and partial ionisation cross-sections have been derived by correlating the observed ionic
fragment intensities with the O, beam intensity.

More details on the experimental setup and procedure followed to determine the present cross-
section data on nitrogen are given in Section 3.2.

5.1.2 Results and Discussion

A comprehensive investigation of the electron detachment cross-sections (cexp) has been performed
in a wide range of energies, from 50 up to 7000 eV with total uncertainty limits within 7-9 %. These
include statistical uncertainties (5%) and the sum in quadrature of all the known error sources. The
experimental results are presented in figure 5.1 for collisions of O,~ with N, molecules, and the
numerical values are also listed in table 5.1. The experimental cross-section values between 50 and
3000 eV show a rather constant behaviour (~9.0x101¢ cm?) with the exception of a minimum at ~100
eV and a significant enhancement at ~200 eV (peaking at 13.3x1071® cm?). Above 3000 eV the cross-
section takes off reaching a value of 14.4x10° cm? at 7000 eV cross-section.

As far as we know, studies in collisions between negative oxygen ions (O™ and O;") and neutral
gas-phase molecules are quite scarce and old, and normally performed at higher energies than those
presented in this work. Figure 5.2 shows the experimental total electron detachment cross-sections
(TEDCS) together with two other set of results from Jalbert et al. [115] and Bennett et al. [110].
Jalbert et al. [115] data reported a maximum TEDCS value at 0.4 a.u. (~130 keV) decreasing as the
energy decreases down to 30 keV (blue triangles). Additionally, these authors presented a
semiempirical model to extrapolate their data down to 200 eV (green dashed line), by assuming that
the anion projectile can be viewed as a superposition of a neutral projectile (O, core) plus a free
electron simultaneously interacting with the molecular target. Interesting to note that this model
provides cross-section values at 200 eV and 7 keV in relatively good agreement with the present data

albeit the energy dependence fails to reproduce the local minimum that we observed at ~ 1-3 keV.
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Older measurements from Bennet et al. [110] for incident energies from 1 to 4 keV (see figure
5.2) report absolute values for the TEDCS of O, with N2 at 1 keV, 57% higher than the present data
and about 13% lower than the semi-empirical model from ref. [115]. The origin of the discrepancies
between Bennet e al. ’s [110] and Jalbert et al.’s [115] is not clear. Notwithstanding, we believe that
the semiempirical model from ref. [115] cannot be safely extrapolated to much lower energies, since
in the 200—7000 eV incident anion energy range is equivalent (same velocity) to the electron 0.003-
0.12 eV energy range. We now turn to a close comparison with the data of Bennett and co-workers
[110], where their results are about 35% higher than ours, showing however cross-section values
approximately constant in this energy range. Such discrepancy could be attributed to systematic
errors in the sample target pressure reading and ion beam current measurements. Additionally we
note that these authors used a Faraday cup to measure the projectile ion beam current. At these
collision energies, positive ions can be formed from the impinging ion beam on the metal surface of
the Faraday cup, which tend to underestimate the real negative ion current being collected.

Collisional detachment cross-sections for O, and O™ on nitrogen were also reported by Doering
[112] in the energy range 1.6—10 keV. The results show a similar behaviour with the present data. In
terms of absolute values, and comparing the present data with Doering’s, we note that the agreement
is much better for O~ rather than for O,", the former yielding 9x10%6 cm? at ~900 eV and 15x10%
cm?at ~7000 eV, while the later showing differences of about 50-65% higher. Moreover, the results
of Ranjan and Goodyear [114] for collisions at incident energies from 20 to 100 eV show a reasonable
agreement with the present data, although with some discrepancies as to the behaviour of the cross-
section as a function of the energy. Additional comparison with other results for collisions of O~ with
N2[111,223] also show a reasonable good agreement in terms of magnitude, although not in energy
dependence up to 100 eV. From 100 to 400 eV the cross-section values increase with energy likewise
in the present measurements but with no evidence of a local maximum.

Studies performed by Hasted and co-workers [109] in collisions of O,~ and O~ with different
atomic and molecular targets in an energy range of 5-3600 eV are also used to compare with the
present set of measurements. Detachment cross-sections results of O~ in Noand H™in Hz show an
increasing tendency up to 400 eV where a plateau is reached, decreasing up to 3600 eV. These
authors concluded that the dominant process is due to direct detachment, and no negative ions can
be formed. However, for the case of O~ in O.and O, in O;a very pronounced local maximum is
visible at around 100 eV following a similar behaviour to that of the present measurements. Hasted
and co-workers associated this with a strong dominance of charge transfer processes, following
Massey’s assumption [224,225] that a simplified form of ‘near-adiabatic’ theory governs the charge
transfer of negative ions. Indeed, some other studies using H™as incident projectile and N as target
have shown that electron detachment can proceed via formation of a temporary negative ion, in a

process known as charge transfer to shape resonances (CTSR) [97,103,105]. Theoretical and
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experimental measurements using electron spectroscopy have attributed this to the post-collisional
decay of the N2~ Iy shape resonance formed by charge exchange during the collision.

Comparing cross-section absolute values for the same incident anions and different targets (O~
with N2, O,, Ar and Ne) also shows that the type of neutral target is not the principal governing factor
in determining its detachment cross-sections in the low-energy collision regime, i.e. < 100 eV.

Another interesting aspect of the collisional process pertains to the possible role of excites states
of the negative ions. In the case of collisions of O~ with rare gas atoms, a maximum around 200 eV
has been reported (note that such is also observed in the present data although with a O, projectile)
by Hasted [108] and attributed to excited states of long lifetimes in the negative ion beam. Moreover,
identical rationale was put forward in CI~ collisions with rare gases (Xe, Ar, He) [108]. Therefore,
large cross-sections at low energies can be interpreted as being due to the presence of excited stated
of the ion.
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Figure 5.1. Electron detachment cross-sections in the 50-7000 eV energy range for Oz collisions with Na.

In figure 5.2 we also present the results of the N>* and N* partial ionisation cross-sections for three
different collision energies (200, 550 and 1000 eV). These are relative values since we cannot give
an accurate measure of the absolute beam intensity of the oxygen projectile in the collision region.
From the total relative cross-section values we have established an approximation considering that
no attenuation occurs after the beams exists the collision chamber. At 200 eV the partial relative
ionisation cross-section for N* production shows a local maximum. This may indicate that the

maximum of the total electron detachment cross-section can be associated with ionisation processes
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between O, and N, especially those yielding dissociative ionisation (i.e. N* formation). Recently,
Takahashi et al. [226] (and references therein) have reported doubly excited states of molecular
nitrogen in the generalised oscillator strength distributions of N,* and N*, showing their mainly auto-
ionising character. It has been commonly accepted that optically allowed doubly excited states of N,
are observed for photon excitation energies in the 20-40 eV range as broad features [227]. We note
that in the photoabsorption spectrum of Codling [228] a discrete structure at 23 eV was assigned to
doubly excited Rydberg states (17ty) ' (304) ! (17g) ! (nsou)! with principal quantum number n =4, 5
converging to the C2x, * state of N,*. Additionally, fluorescence data extended those Rydberg states
for n = 3-10 and dissociative doubly excited states correlating with satellites of N.* as broad peaks
in the range 23— 33 eV were reported by Ukai and co-workers [229]. At 200 eV energy ion impact
an average of 10% energy loss to the target may be expected [161] and so, we suggest that the
enhancement feature at 200 eV (figure 5.1) is due to the role of such double excited states, which by
their nature result in either auto-ionisation or neutral dissociation [226]. Such assumption seems

reasonable since we note in figure 5.2 higher No* and N* yields at 550 eV rather than at 1000 eV.

Table 5.1. Present experimental results of total electron detachment cross-sections for Nz in collisions with Oz".

Oex Statistical
Energy (eV) (><10‘16pcm2) uncertainty (%)

50 8.6 8.09

70 8.9 7.68

85 7.9 8.32
100 6.5 8.46
125 8.4 7.99
150 9.4 7.57
170 12.2 8.51
200 133 8.64
250 11.4 8.17
350 9.4 9.10
450 8.8 8.95
550 9.7 8.27
650 9.0 8.58
790 9.6 7.98
1000 8.3 8.81
1500 8.2 8.40
3000 8.6 8.90
4050 10.2 7.83
5050 12.2 8.56
6050 13.2 7.62
7050 144 7.52

5.1.3 Conclusions

A novel experimental setup for investigating collisions between anionic beams and neutral gas-phase
molecular targets has been described. The precursor anionic beam projectile is produced in a hollow
cathode discharge-induced plasma, guided to the interaction region by a set of deflecting plates and
made to interact with a neutral target beam in an interaction region. With this configuration it was

possible to measure total electron-detachment cross-sections for molecular oxygen anions impinging
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on nitrogen molecules at selected incident energies between 50 and 7000 eV. Positive TOF mass
spectra for N2 were obtain and partial and total ionisation cross-sections were obtained.

The total cross-section measurements have an increasing behaviour with energy, showing a local
maximum at 200 eV (lab frame). Since no measurements of this type covering the entire energy range
were reported previously, some tentative assignments have been put forward here. Comparisons with
other studies [108-110,112,113,115] using different projectile anionic beams (O,, O-, H") and
different target molecules have shown reasonably good agreement with the present results in
magnitude and energy dependence,. The structure at 200 eV was interpreted on the light of different
processes either through the decay of a temporary negative ion of N, %I, shape resonance formed
by charge exchange [97,103,105]or reactions involving excited states of O,". Relative ionisation
cross-sections were also reported for N* and N>* and the energy behaviour related to N* formation
(dissociative ionisation) discussed on the basis of double excited sates of the molecular nitrogen
[226-229].

Future improvements and comprehensive work exploring the mechanism in anion-molecule
collisions, especially through energy loss experiments are mandatory to help interpreting the
interaction processes involved in these type of collisions as well as relevant theoretical contribution

to further our knowledge about this processes.
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Figure 5.2. Total electron detachment cross-sections for Oz~ on N2 (black squares) compared with previously published
experimental results from Jalbert et al. (blue triangles) and Bennett et al. (violet circles), and a theoretical model from
Jalbert et al. (green dash line). The red circles represent the total ionization cross-sections for the formation of N2*and N*.
See also the legend on the plot for other symbols.
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5.2 Experimental Electron Detachment Cross-sections for Collisions of Oz~
from Water and Pyridine Molecules in the Energy Range 10-4000 eV°

Abstract

In this section, we report an experimental study of electron detachment cross-sections for O2™ in water and
pyridine molecules. Following the results discussed in Section 5.1, these experimental results were obtained
by making use of a novel homemade crossed beam apparatus described in detail in Section 3.2. Relative cross-
sections for the formation of positive and negative ions were also obtained as well as time-of-flight negative
ion mass spectra in a wide collision energy range (10—4000 eV in lab frame), providing the first measurements

of such ionic projectile in water and pyridine molecular targets.

5 This chapter is based on the following publication in preparation: Experimental electron detachment cross sections for
collisions of Oz~ from water and pyridine molecules in the energy range 10—4000 eV (2019).
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MOLECULES IN THE ENERGY RANGE 10—-4000 EV

5.2.1 Introduction

In Chapter 1 we have discussed the role of indirect effects of radiation caused by the production of
secondary low-energy electrons (LEE) and highly reactive species due to water radiolysis. In fact,
after high-energy radiation impact a set of reactions are triggered in the physiological environment
in particular those due to the interaction of such LEE with biomolecules. Since living organisms are
composed by ~70/80 % of water (H20), the interaction of LEE with such molecule may result in the
production of ions and radical species, such as H=, OH*. Furthermore, the presence of oxygen in the
cellular systems and the interaction of LEE with O also leads to the formation of ions and reactive
compounds such as the superoxide anion (Oz*"). Further to this, the study on the interaction between
O, and molecular constituents of living systems is crucial to understand the role of such processes
and the consequences they may have in cellular damage. The role of the oxygen and water are not
exclusive of the living organisms, but also important in astrophysics. Indeed, studies on water-vapour
photonucleation demonstrate the formation of water droplets upon UV radiation of supersaturated
air [230]. This was explained using a theory based on the excitation by a UV photon of a collision
complex (H20+0,) to a charge transfer complex (H.O*O2"). Owing to its large dipole moment, the
complex acts as an effective nucleation centre, attracting the polar water molecules and promoting
the formation of a cluster (Wilson cluster). Studies on the water molecule, have been performed for
many years, using several spectroscopic techniques and methods. Dissociative electron attachment
to H2O and DO was studied using ion momentum imaging spectrometry [231]. Fuss et al. [232]
have developed a model based on electron interaction cross-sections with water which allows the
study of radiation effects not only in terms of energy deposition (absorbed dose and stopping power)
but also in terms of the number of induced molecular processes. Itakawa and Mason [233] presented
a compilation of cross-section data for electron collision with water molecules. Total elastic, total
inelastic, and elastic differential cross-section measurements were performed by Tattersall and co-
workers in positron interactions with water [234]. Total absorption and photoionisation cross-
sections of water vapour between 100 and 1000 A were reported by Haddad and Samson [109].
Gobet el al. [235] reported cross-section for electron-loss and ionisation of water vapour molecules
by neutral atomic hydrogen impact at velocities of the order of the Bragg peak (20—150 keV). These
are only some of the many research studies performed using the water molecule.

Pyridine (CsHsN) is the simplest aromatic azabenzene heterocyclic compound with a N atom
replacing the CH bond in the benzene ring (figure 5.3). It is present in many compounds of biological
relevance as nicotine, B group vitamins and nucleotides cytosine, uracil and thymine [1]. It is
naturally occurring and synthetic pyridines led to investigations into their pharmacological
properties, as well as agrochemical properties [237]. Therefore, pyridine has attracted considerable
attention due to its industrial and biological relevance. The replacement of a carbon atom by a
nitrogen atom in the benzene ring leads to perturbations in the energy levels and, consequently results

in new transitions due to excitation of the lone-pair electrons [238,239]. The need to understand at
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the molecular level radiation damage induced processes in biomolecules, such as water and pyridine,
has motivated numerous theoretical and experimental studies, especially for electron scattering. This
data is extremely useful to model radiation tracks within the biological medium since it gives a
description of both energy deposition and angular distributions. Pyridine has been investigated in
many research experimental and theoretical studies. It has a relatively high permanent dipole moment
(~2.2 D [240]) so the dipole driven cross-section behaviour (magnitude) at low scattering angles
may be particularly enhanced among the differential cross-sections (DCSs). The formation of
temporary negative ions (TNIs) (shape resonances) in electron interactions with pyridine and other
azo-related compounds was also investigated [176,177,241]. Three m" shape resonances were
identified at 0.72, 1.18 and 5.58 eV by Modelli and Burrow [177]. Total electron-scattering cross-
sections from pyridine were experimentally measured by Lozano et al. [242] and Traoré et al. [243].
Theoretical calculations on electron scattering cross-section for elastic and inelastic processes were
also explored using R-Matrix and IAM-SCAR methods [244], as well as the Schwinger Multichannel
Method (SMC) with pseudopotentials [245]. Electron impact ionisation cross-sections were
measured by Jiao et al. [246] and Bull et al. [247]. Dissociative electron attachment to pyridine and
other molecules containing the pyrazine ring was studied in the gas phase for low energy electron
interactions [238] showing the dehydrogenated parent anion as the dominant yield. Electronic
excitation and ionisation of pyridine were also investigated by Wan et al. [239], while the ionisation
energies for both outer and inner valence orbitals and new adiabatic values were also reported [248].
Finally, we note VUV photoionisation studies of free azabenzenes such as pyridine [249].

Studies on ion impact with water and pyridine are scarce in the literature and those available are
more related to the impact of positive ions at higher energies, i.e. in the keV domain [250-254]. In
Section 5.1, we have presented a set of results regarding the impact of O, in N2 combining a
comprehensive literature inspection about collisions between negative ions and molecules. We have
discussed the possible mechanisms that can lead to the high cross-section values observed for lower
impact energies which may be associated with the presence of excited states of the molecular target.
In studies on collision detachment cross-sections for O, H™ and Cl~ in different neutral atoms and
simple molecules (including O~ in H,0), Hasted and Smith [109] have discussed the fact that the type
of neutral target with which the projectile negative ion collides is not the principal governing factor
in determining its detachment cross-section at energies between 10 and 2500 eV. Tuan et al.
[100,102] have also investigated the electron detachment in H™and F~ with CO, demonstrating that
in such processes the influence of the charge transfer to shape resonances and the excitation of the
target molecule constitute an important detachment channel. Doering and Moore [255] studied the
excited states of pyridine by proton-impact and He*-impact energy-loss spectra in gas-phase at low
pressure.

Therefore, the deficiency in studies on negative ion impact in neutral biomolecules incited us to

explore the fragmentation spectra and electron detachment cross-sections for collisions between O2~

92



5.2 EXPERIMENTAL ELECTRON DETACHMENT CROSS-SECTIONS FOR COLLISIONS OF O2~ FROM WATER AND PYRIDINE
MOLECULES IN THE ENERGY RANGE 10—-4000 EV

and water and pyridine molecular compounds, over the impact-energy range from low to

intermediate energies, i.e. 10 to 4000 eV.

Details on the experimental setup and procedure followed to determine the present cross-section

data on water and pyridine are given in Section 3.2.
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Figure 5.3. Molecular structure of water (H20) and pyridine (CsHsN).

5.2.2 Results and Discussion

In this section we present the results obtained in collisions between oxygen anions and neutral
molecules of water and pyridine. In table 5.2 we present the experimental electron detachment cross-
sections (Gexp) (in cm?) for O, in water and pyridine in the energy range 10 to 4000 eV, together with
their respective statistical uncertainties. These values are also plotted in figure 5.4. The relative cross-
section values related to the negative and positive ions formation are shown in figures 5.5 and 5.6,
for water and pyridine, respectively together with the electron detachment cross-section values.
Figures 5.7 and 5.8 depict typical TOF mass spectra of ions from both molecules, and tables 5.3 and
5.4 present the assignments to the anionic fragments detected (negative and positive ions).

The oexp Values for water decrease with energy showing a maximum value of 19.9x107¢ cm?at 10
eV (lab frame) and a minimum value of 5.1x101® cm?at 4000 eV. A careful inspection of figure 5.2
also reveals that in the cross-section data two main local structures with higher ey Values at 250 eV
and 500 eV are observed. At 1500 eV it seems that there is also a slightly increase in the Gexp Values.
In the case of pyridine, the oexp results in figure 5.4 show a decreasing tendency with energy with a
maximum value at 10 eV (57.2x10® ¢m?) and minimum value of 15.3x10® cm?at 4000 eV. This
means that the cross-section values for pyridine are approximately three times higher than for water.
Similarly to the water molecule, pyridine cex, Values also show three main local maxima at 130, 400
and 1200 eV. This resemblance is in agreement with the discussion in Hasted and Smith [109], where
these authors have verified that the type of neutral target is not the principal governing factor in
determining the detachment cross-section. In collisions of negative ions with neutral atoms, the large
cross-section values obtained in the first few hundred eV have been interpreted as being due to the
presence of ions in an excited state near the continuum [108].

We also note that there are some other studies using H™as a projectile in collisions with molecules,
showing that in addition to a continuous distribution, which can be attributed to a direct detachment

process, the H atoms energy loss spectra display prominent peaks at the position of the shape
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resonance Iy of the molecular target. Such results indicate the importance of CTSR in negative ion-
molecule collisions in fast collisions. However, unlike this case, in other studies using F~and CI~this
CTSR process is not visible in the low velocity collision regime. Therefore, there is some controversy
about the influence of such collisional reaction in negative ion-molecule collisions [100,102,103].
Although these studies have been performed for simple molecules like N, or CO they can give some
highlights to the present results where structures associated with high cross-section values are

observed, for both water and pyridine molecules.
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Figure 5.4. Electron detachment cross-sections in the 10—4000 eV energy range for Oz  collisions with water (cyan
diamonds) and pyridine (purple squares).

The relative cross-section values for positive and negative ions formation were also experimentally
obtained for both pyridine and water. These results can also give some hints about the structures that
appear in the electron detachment cross-section showed in figure 5.4. A close observation of figure
5.5, shows that at 500 eV and 1500 eV an increase of the relative cross-section for the negative ions
formation (yellow dash line), which may indicate a close relation between the high cross-section
values in total electron detachment cross-section at that energies. Therefore, such peaks can be due
to charge transfer processes. However, the peak at 250 eV cannot be explained as based on this
assumption, as well as the strong enhancement in the relative cross-section for both positive and
negative ions at 3000 and 4000 eV (lab frame), respectively. Further experiments are needed to

clarify this behaviour.
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The same procedure was implemented for the pyridine molecule, and it seems that the positive
ions formation through ionization processes may play an important role in the preeminent peaks
observed in the electron detachment cross-sections. Additionally, the feature at 1200 eV may be
related to negative ion formation through charge transfer reactions since a significate enhancement

is observed in the relative negative ions cross-section (yellow dash line in figure 5.6).

Table 5.2. Experimental electron detachment cross-sections for Oz~ collisions with water and pyridine.

Water Pyridine
Gexp Statistical Gexp Statistical
Energy (V) (x10% cm?)  uncertainty (%) Energy (V) (10 cm?)  uncertainty (%)

10 19.9 7.80 10 57.2 7.52
20 19.2 7.54 20 55.8 8.18
40 18.0 8.55 30 50.5 8.32
50 17.0 7.91 50 42.5 8.56
70 17.3 8.52 70 41.3 8.80
100 17.2 8.98 100 42.6 8.74
150 15.8 7.66 120 48.3 7.79
170 14.0 8.95 130 49.8 8.37
200 11.8 7.83 140 43.7 7.53
220 13.2 8.92 150 41.0 8.33
250 14.3 8.73 160 36.4 7.73
300 13.9 8.48 170 322 8.55
350 129 8.67 200 29.0 7.73
400 11.7 8.93 250 22.1 8.53
420 149 8.19 300 30.2 7.99
450 154 8.13 320 374 7.62
500 16.5 7.57 340 40.0 8.27
600 15.7 8.50 350 43.1 7.63
650 154 7.93 400 48.2 8.63
700 133 8.04 500 514 8.84
1000 11.9 8.44 600 47.1 8.55
1500 12.0 8.75 700 41.1 8.76
1700 105 7.55 800 42.8 8.91
2000 8.6 7.99 900 37.7 7.91
3000 7.0 8.76 1000 31.2 7.88
4000 5.1 8.70 1100 36.4 7.74
1200 51.5 8.67

1500 46.5 9.03

2000 43.9 8.24

2200 34.5 8.61

2500 239 7.88

3000 15.5 7.64

The time-of-flight mass spectra for water and pyridine are shown in figures 5.7 and 5.8 and the
assignment are presented in tables 5.3 and 5.4 for negative and positive ionic formation in good
agreement with the data of Cacace et al. [230]. Figure 5.7 depicts two typical TOF mass spectra for
water at 500 eV lab frame, for both positive and negative ions formation, while figure 5.8 is for
pyridine at 1000 eV lab frame. In the case of water molecule the most intense ionic fragments
correspond to those at 16, 17 and 18 m/z, which were assigned to O/O*, OH/OH* and H,O". The
TOF mass spectra resolution is relatively poor and, therefore it is not possible to distinguish properly

consecutive peaks with mass difference of 1 m/z.
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Figure 5.5. Comparison between electron detachment cross-section values and the relative cross-section for positive and
negative ions formation in Oz~ + H20 collisions. The values are normalized to the maximum value.
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Figure 5.6. Comparison between electron detachment cross-section values and the relative cross-section for positive and
negative ions formation in Oz + CsHsN collisions. The values are normalized to the maximum value.
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Table 5.3. Tentative assignment of negative and positive ions formed in O2~ collisions with water (H20).

Mass (m/z) Negative ions Positive ions
1/2 H™/H2™ H*/ H2*
16 /17 O /OH" O*/ OH*
18 H.0*
32 02 o7y
50 (H20 = O2) (H20 = O2)*

Regarding pyridine molecule, the main cationic fragments have been assigned to CsHs* (39 m/z),
CsHsN* / C4H4™ (53/54 m/z), CsHN* (75 m/z) and CsHsN*/CsHsN* (78/79 m/z). Regarding the
fragmentation, we find some similarities with studies on electron impact ionization of pyridine [246]
where the parent ion (79 m/z) and fragment ion CsH4* (52 m/z) are the most abundant throughout the
energy range probed, i.e. 10-200 eV. Some of the neutral products from dissociative ionization are
due to the loss of H atoms and HCN molecules. These authors have also investigated charge transfer
and proton transfer mechanisms of four important ions CsHsN*, C4H4*, C4Hs*, and C4H,* in collisions
with pyridine. Another interesting aspect of the TOF mass spectrum yielding positive ions is the
presence of a feature at 111 m/z. Like in the case of water, here we tentatively assigned this anion to
(CsHsNe«O2)*, although we could not find any related work in the literature to compare with.
Moreover, it is remarkable that in the case of pyridine, such complex anion yield is the most intense
of all anions assigned in the TOF mass spectrum which is in clear contrast with the case of water.
This can be related to the dipole moment in water (1.85 Debye) and in pyridine (2.2 Debye), although
the difference in not substantially high. We do not have any reasonable explanation for that at the
moment and further studies are urgently needed to help clarifying such differences.

As far as negative ions formation is concerned, the most intense features in figure 5.8 are assigned
to H7, CsHsN™ and the dehydrogenated parent anion and/or the parent ion. It is not possible to
unambiguously distinguish between these two later ions given the limited mass resolution of the
system. We note that DEA studies performed by Ryszka et al. [238] reported two main anions, 78
m/z (dehydrogenated parent anion) and 51 m/z (CsHs™ and CsHN"), where formation of the
dehydrogenated parent anion proceeds through resonances at 2.5, 5.3 and 9.0 eV, the later assigned

to a core-excited shape resonance.
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Table 5.4. Tentative assignment of negative and positive ions formed in Oz~ collisions with pyridine (CsHsN).

Mass (m/z) Negative ions Positive ions

1/2 H™/H2 H*/ H2*

12/13 C/CH C*/CH*

14 /15 N~/ CHs~
18 HaN*

26/ 27 CN~ CN*/ CHN*/ CaHs*
29 CHsN- CHsN*
39 CsHs*

40/41 C2HaN~/ C2HsN™

52 /53 C3HsN~ C4Hg* / CsH3N*
75 CsHN™ CsHN*

78179 CsH4N~/ CsHsN- CsHsN*
111 (CsHsN « O2)*,

HZO cations (500 eV)

O'/OH'/HQ'

7?7 (18 + 32)

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
m/z

H:,O anions (500 eV)
O /OH

77 (18 + 32)
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0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
miz

Figure 5.7. Time-of-flight positive and negative ion mass spectra from O2"-pyridine collisions at 500 eV lab frame energy.
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Figure 5.8. Time-of-flight positive and negative ion mass spectra from Oz2"-pyridine collisions at 1000 eV lab frame energy.

5.2.3 Conclusions

The present work provides the first investigation of the decomposition mechanisms of neutral water
and pyridine in collisions with negative oxygen ions yielding different negative and positive ionic
fragments, together with the first electron detachment cross-sections measurements. These results
have been also performed for the first time in polyatomic molecules using a homemade crossed beam
apparatus at Laboratorio de Interacciones Radiacion-Materia, CSIC, Madrid. For both water and
pyridine molecules, the electron detachment cross-section values show pronounced features which
are suggested to be associated with the presence of excited states of the projectile and target species.
Moreover, formation of negative and positive ions from water and pyridine after collisions with O,
were also investigated, and it seems that a correlation exists between the local maxima peaks
observed in electron detachment cross-sections, and those due to ionization and/or to charge
exchange interactions (negative ion formation). Notwithstanding, further comprehensive
experimental studies are needed in order to clarify such dependency as well as state-of-the art
calculations to further our knowledge on the underlying molecular mechanisms responsible for such

findings

99



100



CHAPTER 6

CONCLUSIONS

6.1 Concluding Remarks

The main goals of this thesis were to investigate the mechanisms involved in electron transfer
processes in atom/ion-molecule collisions. In order to achieve such attempt, this work was divided
in two stages. The initial stage was developed using a crossed beam experiment where a neutral
hyperthermal potassium beam crosses orthogonally with a gas-phase neutral molecular beam. This
work was carried out by measuring the negative ion mass spectra that result from collisions of
potassium atoms at different collision energies with a set of molecules, nitroimidazoles (4-
nitroimidazole, 4Nl and 2-nitroimidazole, 2NI) and methylated derivatives (1-methyl-4-
nitroimidazole, Me4NI and 1-methyl-5-nitroimidazole, Me5NI). Imidazole and pyrimidine
molecules were also investigated. The second stage comprised studies on collisions between oxygen
negative ions (O2") and molecules of biological relevance, such as water and pyridine. The nitrogen
molecule (N2) was also investigated in an initial phase of the experiments. These measurements were
performed on a novel suitable cross molecular beam experimental setup, developed and optimised
during the course of this thesis.

Next, we will present the main conclusions about the results obtained in these two different
experimental systems, and finally, we will discuss some suggestions for future investigations as

complement of the present work.

6.1.1 Electron Transfer in K = Molecule Collisions

This section comprises two different research studies: (1) experimental studies with imidazole and

nitroimidazole molecules, and (2) experimental studies with the pyrimidine molecule.
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One of those studies involved measurements of site specific methylated derivatives of
nitroimidazoles, in an attempt to understand the underlying molecular mechanisms during and after
the collision. It was shown that in collision induced electron transfer to nitroimidazole molecules,
bond breaking selectivity is achieved upon methylation on the N site. Such methylation is not only
responsible for blocking at low-collision energies the N:—CHs; bond breaking channel but suppresses
an essential decomposition channel yielding the neutral radical OH'. The modest yield of radical NO*
is only operative at higher collision energies but limited to 4(5)NI and 2NI. These findings present a
novel experimental evidence of selective chemical bond breaking by just tuning the proper collision
energy in atom-molecule collision experiments.

A comprehensive investigation of the decomposition mechanisms of nitroimidazoles and
imidazole in electron transfer collisions with neutral potassium atoms was also carried out. The major
fragment anion channels have been investigated as a function of the available energy in the centre-
of-mass frame. In the case of nitroimidazoles (4NI, 2NI and methylated molecules) the parent anion
was identified as the most intense fragment over the entire energy range (10 — 1000 eV lab frame)
which is only observed in DEA studies for resonances close to 0 eV. Such difference may be
explained considering the high dipole moment of these molecules and their electron affinity. The
presence of a third body (K*) in the collisional complex system (K*M") can also contribute to the
observation of different reaction channels, which can be explained based on the non-adiabatic
description of the collision process. Other important anionic species were assigned as part of the
fragmentation pattern of nitroimidazoles, such as NO2~, the loss of OH and NO. Additionally, the
studies with imidazole showed that the presence of a NO group in the imidazole ring brings
considerable modifications in the fragmentation pattern, as compared to the nitroimidazoles. In the
imidazole molecule, the TOF mass spectra are dominated by the dehydrogenated parent anion, CN~
and C,H:N". We have also observed that the dehydrogenated parent anion seems to be a precursor in
the formation of other fragment anions. Therefore, the present work opens up an opportunity to
contribute to the current need of many more charge transfer collisions that can initiate selective
reactivity of the kind demonstrated here. Moreover, such studies can support investigation for new
chemical compounds for different applications such as in tumour radiation therapy through
nitroimidazole based radiosensitisation.

The decomposition mechanisms of neutral Pyr in collisions with neutral potassium atoms yielding
ion-pair formation were also explored in this thesis, supported by theoretical calculations. These
studies revealed that the major negative ions produced during the electron transfer were assigned to
the cyanide anion, the de-hydrogenated parent anion, and fragment anions related to the pyrimidine
ring opening due to abstraction of HCN units from (Pyr—H)~. We have also shown that ion-pair
formation in collisions of potassium atoms with pyrimidine molecules, yields two different electronic

states of the metastable parent anion. These states have vertical electron affinities of (—5.69+0.20)

102



6.2 FUTURE WORK

and (—7.57+0.20) eV, assigned to rr3(b1) and a -y, states, the latter accessible through a core-excited

resonance.

6.1.2 Electron Transfer in O~ = Molecule Collisions

Comprehensive studies on the interaction of nitrogen, water and pyridine with an oxygen anionic
beam were performed in a wide range of collision energies. In such studies, positive and negative
ions formation was detected by TOF mass spectrometry. The absolute electron detachment cross-
sections were also experimentally obtained in a wide energy range for the molecules listed.

Regarding N> measurements, the total electron detachment cross-section values present a
remarkable dependence on the incident energy, peaking at 200 eV (lab frame). Since no
measurements of this kind covering the entire energy range were reported previously, some tentative
assignments have been put forward through comparisons with other related studies. The structure at
200 eV was interpreted on the light of different processes either through the decay of a temporary
negative ion of N2 2I1y shape resonance formed by charge exchange or reactions involving excited
states of O;".

The results on water and pyridine represent the first studies in polyatomic molecules for collisions
with anionic projectiles. For both water and pyridine molecules, the electron detachment cross-
section values show pronounced features which are suggested to be associated with the presence of
excited states of the projectile and target species. Moreover, formation of negative and positive ions
from water and pyridine in collisions with O, were also investigated, and a correlation between the
local maxima peaks observed in the electron detachment cross-sections, and those due to ionisation

and/or to charge exchange interactions (negative ion formation) with energy has been suggested.

6.2 Future Work

The work performed throughout this thesis can be complemented with further specific studies to
clarify unexplained observations. Several suggestions for future investigations suggesting
improvements to the current experimental system can greatly increase the value of the obtained data,
as well as studies with other molecular targets can greatly increase the scientific contribution.
Regarding the K—molecule collisions experiments, it will be interesting to probe new molecular
targets in the follow-up of the present results, such as nimorazole, misonidazole, etanidazole and
EF5, which belong to the family of nitroimidazoles and are under investigation as possible
radiosensitizer agents. In order to fully understand the influence of the nitro group in molecules of
biological relevance, it will be also pertinent to study nitrobenzene molecule in atom-molecule
collisions. Theoretical calculations involving the presence of K* in the vicinity of the molecular target
in the case of nitroimidazole studies should also be implemented to help uncovering particular

underlying molecular mechanisms about the parent anion formation in particular at high-collision
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energies. It will be also important to perform kinetic energy loss of the potassium cationic beam after
electron transfer for collisions with nitroimidazoles, similarly to the case of pyrimidine.
Unfortunately, the energy loss analyser implemented in the setup does not respond properly to
working temperatures above room temperature, since most of the nitroimidazoles molecules need to
be heated inside the collision chamber in order to be brought into the gas-phase with a reasonable
density for these experiments.

In the case of ion-molecule experiments, future improvements and comprehensive work exploring
the mechanism in anion-molecule collisions, especially through energy loss experiments are
mandatory to help interpreting the interaction processes involved in these type of collisions as well
as relevant theoretical contribution to further our knowledge about these processes. Additionally, the
novel experimental relative cross-section values for the production of positive and negative ions
presented in this study will require further measurements in order to cover a broader impact energy
range and improve the statistical uncertainty
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